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Anna Król-Górniak, Katarzyna Rafińska, Fernanda Monedeiro, Paweł Pomastowski and
Bogusław Buszewski
Comparison Study of Cytotoxicity of Bare and Functionalized Zinc Oxide Nanoparticles
Reprinted from: Int. J. Mol. Sci. 2021, 22, 9529, doi:10.3390/ijms22179529 . . . . . . . . . . . . . . 16
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Ramı́rez-Valdespino, Linda-Lucila Landeros-Martı́nez, Erasmo Orrantia-Borunda and
Hilda-Esperanza Esparza-Ponce
Antimicrobial Resistance and Inorganic Nanoparticles
Reprinted from: Int. J. Mol. Sci. 2021, 22, 12890, doi:10.3390/ijms222312890 . . . . . . . . . . . . . 412
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Preface

Welcome to “Functional Nanomaterials for Healthcare”, a compilation of articles that highlights

the latest developments in the synthesis and customization of advanced nanomaterials for healthcare

applications. In a period when science and innovation are reshaping the landscape of healthcare,

these articles provide the latest insights into the practical applications of advanced nanomaterials.

In recent years, researchers have been dedicated to synthesizing and tailoring nanomaterials for

healthcare purposes. These materials play a crucial role in enhancing diagnostics, medical imaging,

precise drug delivery, and supporting tissue engineering. They can even integrate diagnostics and

therapies into a single solution, opening the door to exciting advancements in therapeutics and

diagnostics, known as theranostics.

This reprint compiles a series of recent articles and reviews authored by experts in the field.

They delve into the intricacies of advanced nanomaterial synthesis and functionalization, as well as

characterization techniques, while exploring their potential medical applications.

We invite you to explore this collection of articles, which contribute significantly to the field

of advanced functional nanomaterials in healthcare. Whether you are a researcher, a student, or a

healthcare professional, you will discover a comprehensive overview of the latest innovations and

discoveries in this dynamic field.

Monica Terracciano, Ilaria Rea, Nicola Borbone, and Chiara Tramontano

Editors
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ZnO Tetrapods for Label-Free Optical Biosensing:
Physicochemical Characterization and
Functionalization Strategies
Monica Terracciano 1,† , Simas Račkauskas 2,† , Andrea Patrizia Falanga 1, Sara Martino 3,4,
Giovanna Chianese 3 , Francesca Greco 1 , Gennaro Piccialli 1 , Guido Viscardi 5 , Luca De Stefano 3 ,
Giorgia Oliviero 6 , Nicola Borbone 1,* and Ilaria Rea 3
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* Correspondence: nicola.borbone@unina.it; Tel.: +39-081678521
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Abstract: In this study, we fabricated three different ZnO tetrapodal nanostructures (ZnO-Ts) by a
combustion process and studied their physicochemical properties by different techniques to evaluate
their potentiality for label-free biosensing purposes. Then, we explored the chemical reactivity of ZnO-
Ts by quantifying the available functional hydroxyl groups (–OH) on the transducer surface necessary
for biosensor development. The best ZnO-T sample was chemically modified and bioconjugated
with biotin as a model bioprobe by a multi-step procedure based on silanization and carbodiimide
chemistry. The results demonstrated that the ZnO-Ts could be easily and efficiently biomodified, and
sensing experiments based on the streptavidin target detection confirmed these structures’ suitability
for biosensing applications.

Keywords: surface characterization; quantum yield; label-free detection; zinc oxide nanostructure;
surface functionalization

1. Introduction

The increasing interest in the earliest diagnosis has led to a considerable expansion of
the biosensing field, with the continuous search for the most suitable materials for develop-
ing high-performance and low-cost detection devices [1,2]. Bulk materials lack important
physicochemical properties (e.g., high surface-to-volume ratio, chemical reactivity, optical
and electrical properties) needed for the development of biosensors, thus promoting the
synthesis of nanostructured materials. Due to their distinct physicochemical properties,
nanomaterials are appropriate as building blocks for biosensor development, providing
high sensitivity and a valuable platform for analyzing single-molecular activity [3]. Among
different materials, zinc oxide (ZnO) has arisen as a versatile, low-cost, and abundant
metal oxide semiconductor useful to synthesize new transducer platforms for biosensor
development [4–6].

Various forms of ZnO nanostructures, such as nanowires, nanotubes, tetrapods (Ts),
nanorods, etc., are obtained by simple synthetic processes from low-cost materials [7,8]. The
easy tuning of nanostructures’ morphology can significantly alter their physicochemical
properties, such as enhancing their surface area and promoting variations in their optical,
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electrical, and electrochemical responses [9]. In addition, their properties, such as their
ultraviolet (UV) light sensitivity, wide bandgap (~3.37 eV), high electron transfer capability
(~60 meV), and high isoelectric point (IEP ~ 9.5), make them promising materials for
biosensing applications [10]. Thanks to the great progress in nanotechnology and material
science, new technological methods have been developed to fabricate nanostructured
ZnO templates with high surface area and advanced properties. In a previous work,
we demonstrated that the emerging ZnO tetrapodal structures (ZnO-Ts), compared to
ZnO nanorods and nanoparticles, have better electrochemical properties as a transducer
platform for biosensing applications [10]. ZnO-Ts are characterized by four connective
arms protruding from the core center at an average angle of ~110◦. Their characteristic
three-dimensional structure makes them better than one-dimensional nanostructures for
biosensing applications due to the requisite high conductivity, limited agglomeration, and
easy fabrication of electrodes and sensing devices, opening the way for the development of
a label-free, multiparametric-read-out platform [4,5].

A nanostructured matrix used in biosensor development acts as both a solid sup-
port, which is used for the platform for the immobilization of sensing biomolecules (i.e.,
bioprobes) and as a transducer, which is able to convert target detection into an analyti-
cal read-out signal [11]. The bioprobe label can be ascribed to a variety of biomolecules
spanning among simple or complex structures: single-stranded (DNA and RNA) oligonu-
cleotides, aptamers, peptide nucleic acids (PNAs), proteins, enzymes, antibodies, peptides,
etc. [7,12–17].

The fabrication of a new generation of hybrid biosensors in which biological or bio-
inspired molecules are fully integrated with transducer platforms strongly depends on the
functionalization and bioconjugation strategies of the device’s surface [11,18]. Therefore,
not only are the support’s physical and chemical properties fundamental for determining
the bioprobe immobilization method but the stability of the transducer surface during the
functionalization and detection procedures must also be considered [19].

In this context, we explored ZnO-Ts as potential nanostructures for the development of
label-free optical biosensors, paying particular attention to their physicochemical properties.

Three different ZnO-T samples (SH0, SH1, and SH2), synthesized by the combustion
process and separated by centrifugation method in different size fractions, were char-
acterized by dynamic light scattering (DLS), transmission electron microscopy (TEM),
Brunauer-Emmett-Teller (BET) analyses, Fourier-transform infrared spectroscopy (FTIR),
UV-vis spectroscopy, spectrofluorimetry, steady-state photoluminescence (PL), and fluores-
cence microscopy.

The use of ZnO-Ts as transducers in biosensor development requires the creation of
coupling points for the biomolecules’ immobilization (the so-called bioconjugation process),
preserving the specific functionalities of biological receptors through good control of their
orientation and organization on the inorganic surface [20]. To this aim, to estimate the
number of hydroxyl groups (–OH) exposed on the tetrapods’ surface potentially available
for functionalization with the bioprobe, we functionalized the nanostructures’ surface with
5′-DMT-3′-phosphoramidite-thymidine nucleotides via phosphoramidite chemistry and
quantified, by colorimetric analysis, the amount of the DMT+ cation released in solution
after coupling and acid treatment, which corresponds to the amount of reactive –OH groups
exposed on the Ts’ surface [21]. Then, the best T sample in terms of colloidal stability,
PL quantum yield, and chemical reactivity was chemically modified and bioconjugated
with biotin (used here as the bioprobe model), experiencing chemical protocols able to
preserve the physicochemical properties of the matrix. To this end, ZnO nanostructures
were chemically modified with a multi-step procedure consisting of a silanization step
by a 3-(aminopropyl)triethoxysilane compound (APT) followed by biotin conjugation by
carbodiimide chemistry [22–24]. The efficacy of the resulting ZnO-biotin biosensor was
evaluated by exploiting the real-time detection of streptavidin using optical methods based
on steady-state PL and fluorescence microscopy.
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2. Results and Discussion
2.1. Physicochemical Characterization of Bare ZnO-Ts

ZnO-Ts were obtained by a combustion method and then separated by size into
three fractions, SH0, SH1, and SH2, as described in Section 3.2. Centrifugation separates
ZnO-Ts into fractions by their mass; therefore, the largest ZnO-T structures are obtained
in fraction SH1, the smallest are obtained in fraction SH2, and the initial fraction, SH0,
has both large SH1 and small SH2 fractions. The morphology of as-synthetized ZnO-
Ts was investigated by transmission electron microscopy (TEM). The analysis revealed
nanostructures characterized by the typical tetrapodal shape consisting of four connected
nanorods (legs) with a diameter of 20–100 nm and a length of 100–1000 nm (Figure 1a).
Different tetrapods’ leg morphology could be connected to local fluctuations of synthesis
conditions in the combustion chamber. The sample SH2 showed the smallest diameters and
lengths; SH1 showed the biggest diameters and lengths, while SH0 had both small and big
ZnO-Ts. A BET analysis (Figure S1) revealed the increase in the surface area along the series
SH1 < SH0 < SH2, with corresponding values of 7.1 ± 0.1, 8.9 ± 0.1, and 10.8 ± 0.2 m2 g−1.
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Figure 1. Morphological and chemical characterization of SH0, SH1, and SH2 ZnO-T samples. (a) 
TEM images showing the characteristic tetrahedral structure of ZnO-Ts. (b) ATR-FTIR spectra. 
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The absorbance of ZnO-Ts dispersed in PBS-T was investigated by UV-vis 
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this interval, an absorption peak at 370 nm was observed; the peak can be ascribed to the 
intrinsic bandgap absorption of ZnO due to the electron transitions from the valence band 
to the conduction band (O2p → Zn3d) [28]. The fluorescence emission of ZnO-Ts in PBS-
T was studied under an excitation light of 370 nm. The emission spectra of samples SH0, 
SH1, and SH2, reported in Figure 2b, are characterized by a broad band centered at 500 
nm due to the defects present in the materials, in particular oxygen vacancies and –OH 
groups [29,30]. A weak peak at about 420 nm can also be observed. This peak can be 
attributed to the transitions from Zn interstitials to the valence band [31]. 

Figure 1. Morphological and chemical characterization of SH0, SH1, and SH2 ZnO-T samples.
(a) TEM images showing the characteristic tetrahedral structure of ZnO-Ts. (b) ATR-FTIR spectra.

The surface chemistry of bare ZnO-T samples was investigated by attenuated total
reflectance Fourier-transform infrared (ATR–FTIR) spectroscopy. The spectra reported in
Figure 1b show absorption bands at 3500 cm−1 and 1050 cm−1 due to the O–H stretching
and bending vibrations, respectively. The band at 1630 cm−1, attributed to zinc carboxylate
due to the synthesis process, is also evident [25,26].

Dynamic light scattering (DLS) analysis was performed to evaluate the stability of
colloidal suspensions by measuring the hydrodynamic diameter (size), polydispersity
index (PdI), and surface charge (zeta potential) of the three ZnO-T bare samples. To this
aim, ZnO-Ts were dispersed in ultra-pure water (pH 7) at a concentration of 0.05 mg mL−1

following the procedure described in Section 3.3. SH0 showed a smaller size, lower PdI,
and higher zeta potential than the other samples, thus confirming the good homogeneity
and stability of the SH0 ZnO-T colloidal suspension (Table 1). However, we observed that
the bare ZnO-Ts had a very high tendency to agglomerate in deionized water, leading to a
larger size in the DLS analyses compared to the real size determined by TEM due to the
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lack of stabilizing surface chemistry [27]. Therefore, it was necessary to chemically stabilize
the ZnO-Ts surface for biosensing purposes.

Table 1. Hydrodynamic diameter (size), polydispersity index (PdI), and surface charge (zeta potential)
of ZnO-T samples obtained by DLS measurements. The analyses were performed in ultra-pure water
(pH 7).

Sample Size (nm) PdI Zeta Pot (mV)

SH0 330 ± 120 0.3 −47 ± 5
SH1 470 ± 100 0.5 −40 ± 5
SH2 600 ± 250 0.4 −43 ± 4

The absorbance of ZnO-Ts dispersed in PBS-T was investigated by UV-vis spectroscopy
in the wavelength range included between 280 and 800 nm (Figure 2a). In this interval, an
absorption peak at 370 nm was observed; the peak can be ascribed to the intrinsic bandgap
absorption of ZnO due to the electron transitions from the valence band to the conduction
band (O2p→ Zn3d) [28]. The fluorescence emission of ZnO-Ts in PBS-T was studied under
an excitation light of 370 nm. The emission spectra of samples SH0, SH1, and SH2, reported
in Figure 2b, are characterized by a broad band centered at 500 nm due to the defects
present in the materials, in particular oxygen vacancies and –OH groups [29,30]. A weak
peak at about 420 nm can also be observed. This peak can be attributed to the transitions
from Zn interstitials to the valence band [31].
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Figure 2. Optical characterization of ZnO-T samples SH0, SH1, and SH2. (a) UV-Vis absorption
spectra showing an absorption peak at 370 nm. (b) Fluorescence spectra of the samples excited at
370 nm.

After this preliminary optical characterization, the fluorescence quantum yields (QYs)
of SH0, SH1, and SH2 were determined by measuring the absorbance and the fluorescence
intensity (λexc = 370 nm) of the samples dispersed in PBS-T at different concentrations
ranging from 0.05 to 0.2 mg mL−1 (Figure 3a,b). QYs were estimated relative to Hoechst
33342 (Hoechst) used as a standard dye (the QY of Hoechst in DMF is 35% and calculated
using the following equation:

QYZnO Tds

n2
PBS−TαZnO Tds

∣∣∣∣∣
λexc

=
QYHoechst

n2
DMFαHoechst

∣∣∣∣∣
λexc

(1)

where n is the refractive indices of the media (PBS-T or DMF) and α represents the ratio
between the integrated fluorescence intensity and the absorbance at λ = 370 nm) [32,33]. The
coefficients αSH0 = (3.6 ± 0.4) × 104, αSH1 = (11.0 ± 0.8) × 104, and
αSH2 = (4.4 ± 0.9) × 104 were obtained via linear regression from the plots of integrated
fluorescence intensity versus absorbance for SH0, SH1, and SH2, respectively (Figure 3c).
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The coefficient αHoechst = (2.3 ± 0.1) × 105 was calculated for Hoechst in DMF. Using
nPBS−T = 1.33 and nDMF = 1.43 as refractive indices. The QY values reported in Table 2 were
determined from Equation (1).
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Table 2. Relative quantum yield values calculated from Equation (1).

Sample QY%

SH0 4.7 ± 0.6
SH1 14 ± 1
SH2 6 ± 1

2.2. Nucleotides Conjugation to ZnO-Ts by Phosphonamidite Chemistry and Quantification of
Reactive Hydroxyl Groups on ZnO-T Surface

Proper surface chemical functionalization of the transducer material is paramount
for biosensor development. The transducer surface is frequently functionalized to im-
prove its physicochemical properties and enrich its functionalities. Therefore, the precise
quantification of available functional groups on the transducer surface is fundamental to
adequately control the chemical modification [22]. We determined the number of reactive
–OH groups exposed on the bare ZnO-Ts’ surface using a non-conventional methodology
based on nucleotide derivatization followed by a colorimetric assay. To this aim, ZnO-
Ts (1, Figure 4a) were left to react with tetrazole-activated 5′-DMT-3′-phosphoramidite-
thymidine nucleotides (2, Figure 4a) using the well-known phosphoramidite chemistry.
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This reaction allowed the binding of T nucleotides on the ZnO surface by the fast forma-
tion of 3′-phosphite-triester groups with the –OH groups exposed on the ZnO surface (3,
Figure 4a). The amount of the bonded nucleotides, which reflects the amount of the reactive
–OH groups on the ZnO-Ts’ surface, was assessed by spectrophotometrically quantifying
the amount of the 5′-dimethoxytrityl cations (DMT+) released from the ZnO-T-bound
5′-DMT-protected nucleotides (3, Figure 4a) using a solution of dichloroacetic acid in
dichloromethane (3% w/w). The release of the DMT+ cations generates a bright red-orange
colored solution (Amax = 503 nm) whose color intensity is directly proportional to the
content of –OH groups and quantifiable by the Lambert–Beer law (ε = 71,700 M−1 cm−1)
as shown in Figure 4b [34]. The amount of DMT+ cation released in solution was 3.9 ± 0.2,
3.5 ± 0.6, and 1.8 ± 0.5 µmol mg−1, respectively, for SH0, SH1, and SH2 (Table 3).
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Figure 4. (a) Functionalization scheme of ZnO-Ts (1) with 5′-DMT-3′-phosphoramidite-thymidine
nucleotide (2) via coupling reaction; the removal of 5′-DMT from thymidine nucleotide-bounded
on ZnO-Ts surface (3) via detritylation reaction provided the ZnO-Ts surface (4). (b) Representative
images of DMT cation bright red-orange colored solution resulting from detritylation where the
quantity of the released DMT cation is measured by UV-vis spectroscopy at 503 nm.

Table 3. Quantification of reactive hydroxyl (–OH) groups.

Sample –OH (µmol mg−1)

SH0 3.9 ± 0.2
SH1 3.5 ± 0.6
SH2 1.8 ± 0.5

2.3. Biofunctionalization of ZnO-Ts Surface and Sensing Experiment

The selectivity of the device is another key issue in biosensor development. Selectivity
is achievable by using specific bioprobes that can be either directly grown into the PSi
matrix (in situ synthesis) or synthetized ex situ and then immobilized on the surface
via electrostatic or covalent interactions [12,13,15]. This delicate step might affect the
mobility, conformation, and functionalities of the selected bioprobes; therefore, various
chemical strategies were developed to preserve the bioprobe’s functionality for biosensing
applications [2].
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Another important aspect to consider in biosensor development is the pH of aqueous-
based solutions used during biofunctionalization procedures. The pH could hugely impact
the ZnO-based nanostructures and their properties considering that ZnO is an amphoteric
oxide easily dissolvable in both acid and basic conditions. The metal oxide ZnO in water
solution undergoes hydrolysis, creating a hydroxide coating on its surface (≡M–OH) [19].
In acid conditions, the H3O+ ions react with the ZnO surface, causing the dissolution of
nanostructures with rapid release of Zn2+(aq) in the alkaline condition (pH higher than
8.5) also occurs due to the dissolution of ZnO nanostructures related to their hydroxide
which produces soluble species in the form of hydroxyl complexes such as Zn(OH)2(aq).
The mechanisms of ZnO-based structures’ dissolution in acid and alkaline conditions are
described in detail in the “Supporting Information”. Considering the results reported in
the literature, the best working condition to develop a ZnO-based biosensor preserving the
physicochemical properties is to use mild alkaline pH solutions [19,35,36].

The SH0 sample was chosen for the experiments of bioconjugation and optical sensing
due to two main properties: the superior ability to form a stable colloidal suspension in
water-based solutions, as highlighted by the measurements of DLS (Table 1), the reactive
surface characterized by the presence of a larger amount of –OH groups, useful for an
efficient functionalization, as demonstrated by the studies of –OH quantification (Table 3).
The ability of the SH0 sample to act as an optical transducer of biomolecular interactions
was investigated by studying selective biotin-streptavidin recognition.

Biotin, a member of the water-soluble B-complex group of vitamins, is a molecule
involved in a wide range of metabolic processes in humans and other organisms. Due to
the strong affinity of biotin to streptavidin, it is commonly used as a model of interaction
for the development of diagnostic tools. Once the biotin slides into the tight-fitting pocket
of streptavidin, the flexible loop of streptavidin folds over the biotin and acts as a lid for
stable binding [23].

Biotin bioprobes were immobilized on the surface of the SH0 ZnO-Ts following the
functionalization procedure schematized in Figure 5a. Firstly, the bare ZnO-Ts were
silanized by the chemical reaction between the triethoxy groups of APT and the −OH
groups on the ZnO-TS surface, generating self-assembled monolayers covalently bonded
to the surface via Zn–O–Si bonds able to passivate the surface. This chemical strategy
improves the surface stability and introduces coupling points (–NH2 groups) for the im-
mobilization of the bioprobe [11,37]. The surface was then biotinylated by the reaction
between the N-Hydroxysuccinimide (NHS) esters of biotin (NHS-biotin) molecules and the
amine groups of the ZnO-Ts via carbodiimide chemistry at slightly alkaline conditions (pH
8), yielding stable amide bonds.

The chemical modification of the ZnO-T surface was analyzed by ATR-FTIR spec-
troscopy (Figure 5). As already observed by the graph reported in Figure 1, the spectrum
of bare ZnO-Ts is characterized by a broad band at 3500 cm−1 due to the presence of –OH
hydroxyl groups on the sample surface [25]. After the silanization process, the ZnO-Ts–APT
displayed a decrease in the signals related to –OH groups involved in the covalent bond
with the silane compound. The characteristic bands of APT, corresponding to the bending
mode of free NH2 at 1520–1330 cm−1 and the rocking CHx vibration of the Si–OCHx bond
at 870 cm−1, are well evident in the spectrum of the silanized sample. After the biotin
immobilization, no significant changes in the FTIR spectrum were observed. The surface
charge of the bare ZnO-Ts passed from −45 ± 10 mV to 5 ± 2 mV after the silanization
process and to−27± 18 mV after biotinylation, confirming the success of the ZnO-T surface
functionalization. The effectiveness of the surface functionalization was also demonstrated
by photoluminescence (PL) measurements performed by exposing the sample to UV laser
light (λ = 325 nm) and analyzing its emission spectrum after each functionalization step. In
these investigations, the sample was deposited on a silicon piece. PL measurements were
preferred to standard fluorescence investigations performed in solution because they allow
exploring a wider spectral range with higher resolution due to the use of high-performing
source and detector devices. Figure 5d shows the PL spectra of ZnO-Ts before and after
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each functionalization step. Compared to the fluorescence spectrum (λexc = 370 nm) of
bare SH0 reported in Figure 2b, its corresponding PL spectrum excited at 325 nm allows
observing an intense peak at 372 nm, which can be assigned to the radiative recombination
of the electron-hole pairs due to the transition from the conduction band to the valence
band (excitonic emission). The visible broad band that peaked at 500 nm (green emission),
related to the recombination of electrons with photo-generated holes occupying defect sites,
is also well evident [38].
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After the silanization process, a slight shift of the peak at 372 nm towards shorter
wavelengths (∆λ = −2 nm) was observed; the shift can be attributed to the coordination
between the APT molecules and ZnO, which affects the band gap of the material. On the
other hand, the decrease in the green emission intensity (about 40%) was due to the binding
of the APT molecules with the ZnO-Ts through the –OH groups, reducing the availability
of surface holes (i.e., the recombination centers) and, consequently, the intensity of green
emission. This result agrees with the FTIR measurements highlighting the decrease in –OH
groups after the silanization.
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After the functionalization with biotin, only a weak increase in the green emission
intensity (about 15%) was monitored.

The biotinylated ZnO-Ts can interact with streptavidin, a homo-tetrameric (66 kDa)
protein from the bacterium Streptomyces avidinii with an extraordinary affinity to biotin
with a dissociation constant (Kd) in the order of ≈10−14 mol L−1. The binding of biotin to
streptavidin is one of the strongest non-covalent interactions known in nature, forming the
basis for many diagnostic assays that require the formation of a specific linkage between
biological macromolecules [23].

To verify the interaction between biotinylated ZnO-Ts and streptavidin, functionalized
ZnO-Ts were preliminary incubated with 0.4 mM of Cy3-labelled streptavidin solution (PBS,
pH 8) for 1 h under stirring (Figure 6a). After the incubation, biotinylated ZnO-Ts were
washed, deposited on a silicon piece, left to dry, and analyzed by fluorescence microscopy.
Figure 6b reports the fluorescence images of biotinylated ZnO-Ts before and after the
incubation with fluorescent streptavidin under two different excitation wavelengths, 365
and 530 nm, respectively. The typical yellow emission of Cy3, well evident in the case
of biotinylated ZnO-Ts incubated with Cy3-labeled streptavidin under an excitation of
530 nm, confirms the biomolecular interaction.
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rescence microscope images of functionalized SH0 before and after the interaction with Cy3-labeled
streptavidin. Scale bar 75 µm. (c) Normalized PL intensity spectra of functionalized ZnO-Ts before
and after the exposure to label-free streptavidin at the excitation wavelength of 325 nm.

An analogue investigation was also performed using a label-free streptavidin; in this
case, the biomolecular recognition was monitored by PL analysis. The analysis did not
reveal any variation in the PL spectrum.

We can conclude that the analysis of the photoluminescence emission can be a valid
strategy for studying the surface functionalization of ZnO-Ts; indeed, the results are
consistent with the preliminary FTIR characterization. On the contrary, the technique
did not provide information on the interaction between the biotinylated ZnO-Ts and
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streptavidin. The weak sensing capability could be attributed to the low specific surface
area (up to 10 m2 g−1) that characterizes this nanostructured material compared to other
forms of nanostructured ZnO such as ZnO-NWs [39] and porous ZnO [40].

3. Materials and Methods
3.1. Materials and Reagents

Phosphate-buffered saline tablets (PBS CAS No.: P4417-50), Tween 20 (CAS No.: 9005-
64-5), 3-aminopropyltriethoxysilane (APT CAS No.: 919-30-2), DMT-dT Phosphoramidite
(CAS No.: 98796-51-1), tetrazole (CAS No.: 919-30-2288-94-8), deblocking solution of
trichloroacetic acid in dichloromethane 3% w/w (CAS No.: 8-570-14); tetrahydrofuran
anhydrous (THF CAS No.: 109-99-9), acetonitrile (CAS No.: 75-05-8), hydrochloric acid
(HCl CAS No.: 7647-01-0), and sodium hydroxide solution (NaOH CAS No.: 1310-73-2)
were all purchased from Sigma-Aldrich. Dimethyl sulfoxide (DMSO CAS No.: 67-68-5),
sulfo-N-hydroxysuccinimide biotin (biotin-NHS CAS No.: 119616-38-5) water-soluble,
streptavidin (SA CAS No.: 9013-20-1) from Streptomyces avidinii, and streptavidin−Cy3
(Cy3-SA CAS No.: S6402) from Streptomyces avidinii were purchased by Merck KGaA (DE).
Hoechst 3342 Trihydrochloride Trihydrate-10 mg/mL solution (Hoechst CAS No.: 23491-45-
4) in water was purchased from Invitrogen by Thermo Scientific. Absolute ethanol (EtOH
CAS No.: A3678) was purchased from PanReac Applichem ITW Reagents. Ultra-pure
water (18 Ω·cm) purified from a Milli-Q purification system (Millipore, Bedford, MA, USA)
was used to prepare all the aqueous solutions.

3.2. ZnO Tetrapods (ZnO-Ts) Synthesis

ZnO-Ts were synthesized in a vertical reactor with heating similar to a combustion
method described earlier [41]. Briefly, micron-sized Zn particles, entrained in the air, were
supplied to the reactor and combusted to form a nanopowder of ZnO. Differently from
the previous method, heating from the combustion of methane gas was used instead
of electrical heating, and wet air was additionally supplied to the reactor to control the
reaction rate. The nanopowder containing ZnO-Ts and some other forms on nanowires
and nanoparticles were collected downstream of the reactor on the cellulose filter and
further used in the analysis. The tetrapodal shape of the ZnO nanomaterials obtained
was confirmed by in-depth TEM analysis in earlier work [41] using the same synthesis
conditions. The combustion synthesis method was used because it delivers the synthesis of
chemically pure ZnO-Ts in high yield, which is especially attractive for further practical
application [10].

After synthesis, the as-obtained ZnO-Ts mixture was separated into 3 fractions with
the help of a centrifuge (Table 4). The initial ZnO-T mixture was marked as SH0; it was
suspended in isopropanol (IPA CAS No.: 67-63-0) at a concentration of 1 mg/mL, sonicated
in the bath for 1 h, and further separated in the centrifuge at a rotation speed of 1000 rpm.
The sediments were collected and marked as SH1. The supernatant was further centrifuged
at a rotation speed of 3000 rpm; the sediments were then collected and marked as SH2. All
fractions were characterized without further processing.

Table 4. Fabrication procedures of the ZnO-T samples.

ZnO-Ts Sample Fabrication Procedure

SH0 as-obtained ZnO-Ts

SH1 SH0 dispersed in IPA, sonicated for 1 h, and centrifuged at 1000 rpm,
with the sediment collected and marked as SH1

SH2 The supernatant of SH1 centrifuged at 3000 rpm, with the sediment
collected and marked as SH2
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3.3. ZnO-Ts Characterization

Dynamic light scattering (DLS). Each sample of ZnO-Ts (SH0, SH1, and SH2) was
prepared for DLS characterization as described in the following. A stock suspension of
ZnO-Ts with a concentration of 0.2 mg mL−1 was obtained by dispersing the powder in
PBS 1× + 0.1% Tween 20 (PBS-T). Then, a sample with a concentration of 0.05 mg mL−1

was prepared by dispersing an aliquot of the stock suspension in ultra-pure water (pH = 7).
The sample was centrifuged at 3500 rpm for 3 min and resuspended in ultra-pure water
to completely remove the PBS-T. Before the DLS analysis, the sample was sonicated for
5 min. Hydrodynamic diameter and surface ζ-potential of ZnO-Ts were measured using
a Zetasizer Nano-ZS instrument (Malvern Instrument Ltd., UK) equipped with a He-Ne
laser (633 nm, scattering angle of 90◦, 25 ◦C). Size distribution and surface zeta-potential
values were obtained by averaging three measurements.

UV-Vis spectroscopy. Absorption spectra of ZnO-Ts were acquired using a Jasco V-730
UV-Vis double beam spectrophotometer (Jasco Inc., Easton, PA, USA) in the wavelength
range of 280–800 nm. The samples were analyzed at the concentration of 0.2 mg mL−1

in PBS-T using a quartz cell with a path length of 10 mm and a total volume capacity of
0.5 mL.

Fluorescence spectroscopy. Fluorescence emission spectra of ZnO-Ts were acquired using
a PerkinElmer LS 55 Luminescence spectrometer (PerkinElmer Inc., Waltham, MA, USA)
in the wavelength range of 380–700 nm, setting the excitation wavelength at 370 nm, and
the excitation and emission bandwidth at 10 nm and 5 nm, respectively. The samples were
suspended in PBS-T, and a quartz cell with a path length of 10 mm and a total volume
capacity of 0.5 mL was used.

Fluorescence microscopy. Fluorescence images of ZnO-Ts were acquired using a Leica
AF6000LX-DM6M-Z microscope (Leica Microsystems, Mannheim, Germany), controlled
by LAS-X (Leica Application Suite; rel. 3.0.13) software and equipped with a DFC7000T
Leica Camera. Fluorescence images were obtained using a 50× objective and an I3 cube
constituted by a 365 nm band-pass excitation filter. ZnO-Ts were dispersed in ultra-pure
water (250 mg mL−1), and 20 µL of the samples were left to dry on silicon pieces to acquire
the images.

Brunauer-Emmett-Teller (BET) analysis. The textural parameters of the samples were
determined by nitrogen adsorption–desorption isotherms at −200 ◦C (77 K) using a Quan-
tachrome Autosorb-iQ-KR/MP automated gas sorption analyzer. Before the analysis, the
powder samples were outgassed under a vacuum at 200 ◦C for 3 h. The specific surface
area was calculated using the BET (Brunauer–Emmett–Teller) equation.

Transmission Electron Microscopy. The morphology of the samples SH0, SH1, and
SH2 was investigated using a transmission electron microscope (TEM, Jeol JEM-1400, Jeol
Ltd., Akishima, Japan). To this aim, the samples were dispersed in ultra-pure water at a
concentration of 0.2 mg mL−1 and dropped on a carbon-coated copper TEM grid before
air-drying overnight at room temperature.

ATR-Fourier Transform Infrared Spectroscopy. The surface chemical composition of ZnO-
Ts was investigated by attenuated total reflectance Fourier transform infrared spectroscopy
(ATR–FTIR). The ATR– FTIR spectra of the samples were obtained using a Nicolet iS50
(Thermo Scientific) FTIR spectrometer equipped with a Germanium (Ge) crystal element.
The ATR–FTIR spectra were recorded in the wavenumber region 4000–525 cm−1 with a
resolution of 4 cm−1. The measurements were carried out on dried ZnO-Ts deposited on
the Ge crystal.

Photoluminescence. The photoluminescence analysis of ZnO-Ts was performed by
depositing 20 µL of the samples dispersed in ultra-pure water (0.2 mg mL−1) on silicon
pieces; the samples were left to dry at RT before the investigations. The photoluminescence
(PL) spectra of ZnO-Ts were excited by a continuous wave He-Cd laser at 325 nm (KIMMON
Laser System). PL was collected at normal incidence to the surface of samples through a
fiber, dispersed in a spectrometer (Princeton Instruments, SpectraPro 300i), and detected
using a Peltier-cooled charge-coupled device (CCD) camera (PIXIS 100F). A long pass filter
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with a nominal cut-on wavelength of 350 nm was used to remove the laser line at the
monochromator inlet.

3.4. Quantum Yield (QY) Calculation

Quantum yields (QYs) of the samples SH0, SH1, and SH2 dispersed in PBS-T were
calculated by measuring their absorbance and the integrated fluorescence intensity at
different concentrations (0.05, 0.1, 0.15, and 0.2 mg mL−1). Absorption spectra were
obtained using a Jasco V-730 UV-Vis double beam spectrophotometer (Jasco Inc., Easton,
PA, USA) in the wavelength range of 280–800 nm. Emission spectra were acquired using a
PerkinElmer LS 55 Luminescence spectrometer (PerkinElmer Inc., Waltham, MA, USA) in
the wavelength range of 410–600 nm, setting the excitation wavelength at 370 nm. The QYs
of ZnO-Ts were estimated relative to Hoechst 33342 (Hoechst) used as a standard dye. To
this aim, Hoechst was dispersed in DMF at the concentrations of 0.0075, 0.015, 0.025, and
0.050 mg mL−1 and analyzed.

3.5. Quantification of -OH Groups

ZnO-T samples SH0, SH1, and SH2 (20 mg) reacted with tetrazole activated (18 mg)
5′-(dimethoxytrityl)-thymidine-phosphoramidite dissolved in dry THF (30 mg/mL) for 1 h
at room temperature under mild stirring [34].

Then, the samples were centrifuged for 3 min at 5000 rpm and washed 10 times
with acetonitrile to remove adsorbed reagents. The removal of the 5′-dimethoxytrityl
protecting group from the supports bound 5′-terminal nucleotide was performed by using
the deblocking solution of dichloroacetic acid in dichloromethane (3% w/w). The ZnO-Ts
were centrifuged at 5000 rpm, and the amount of DMT in the supernatant was measured
by a UV-Vis spectrometer (V-73, Jasco Europe, Italy) at 503 nm (ε = 71,700 M−1 cm−1).
Functionalization of the samples was performed in triplicate.

3.6. ZnO-Ts Stability at Different pH Conditions

To investigate the stability of ZnO-Ts on exposure to acidic and alkaline conditions,
ZnO-Ts were dispersed at a concentration of 0.2 mg mL−1 in PBS-T at different pHs (3,
4, 5, 6, 7, and 8) for 0, 2, and 24 h. After the exposure, the samples were investigated by
absorbance, fluorescence, and ATR-FTIR analyses.

3.7. ZnO-Ts Functionalization

The studies of functionalization were performed on the SH0 sample. ZnO-Ts (1 mg) of
SH0 were amino-modified using APT 5% (v/v) in absolute EtOH (1 mL final volume) for 1 h
at room temperature (RT) in mild stirring conditions [42]. The sample was centrifuged at
3500 rpm, and the supernatant was replaced twice with EtOH and once with PBS (pH = 8) to
remove unreacted APT. Amino-modified ZnO-Ts (1 mg) were resuspended in biotin-NHS
solution (1 mM in PBS, pH 8) and left to react for 1 h [23].

ZnO-Ts were characterized after each functionalization step by DLS, photolumines-
cence, and ATR-FTIR analyses.

3.8. Sensing Experiment

Two aliquots of biotinylated ZnO-Ts were incubated with 0.4 mM of SA and Cy3-SA
and left to interact for 1 h with an agitation of 800 rpm. After the interaction, the samples
were washed and resuspended in PBS (pH = 8).

The interaction between the biotinylated ZnO-Ts and the streptavidin was monitored
by fluorescence microscopy and photoluminescence spectroscopy.

4. Conclusions

The growing advancement of the biosensor field provides a powerful driving force for
the constant research and fabrication of advanced nanostructured materials with enhanced
properties for developing a new generation of diagnostic devices. Zinc oxide (ZnO) is
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one of the most interesting metal oxide materials used in biosensing due to its unique
and versatile physicochemical properties. It has been observed that the properties of
ZnO can be improved through the nanoscale-up architectural process, making ZnO-based
structures suitable for biosensing applications and opening the way for the development
of multiparametric, label-free transducers. In this work, we discussed the potentiality
and performance of various novel ZnO-tetrapod nanostructures for label-free optical
biosensing applications. The physical and chemical properties of three different ZnO-T
samples (SH0, SH1, and SH2), synthesized by the combustion process and separated by
a centrifugation method in different size fractions, were evaluated by DLS, TEM, BET
analyses, FTIR, UV-vis spectroscopy, spectrofluorimetry, steady-state PL, and fluorescent
microscopy. Then, we explored the chemical reactivity of the samples by surface coupling
with monomeric oligonucleotide bases via the phosphoramidite method and quantified the
available functional hydroxyl groups (–OH) on the transducer surface necessary for the
subsequent functionalization steps. The best ZnO-T sample in terms of colloidal stability,
PL quantum yield, and chemical reactivity was chemically modified and bioconjugated
with biotin using chemical protocols able to preserve the physicochemical properties of
the matrix based on silanization and carbodiimide chemistry. FTIR, zeta potential and PL
analyses confirmed the successful obtainment of the biotinylated ZnO-T-based biosensor.
The sensing properties of the obtained device were investigated by optical methods based
on the steady-state PL and fluorescence microscopy, confirming the biotin-streptavidin
interaction. Although further modifications in the synthetic process will have to be carried
out to implement the chemical-physical properties of these emerging structures for label-
free biosensing applications, the detailed analysis of ZnO nanostructures conducted in this
study will contribute to future biosensing applications of these appealing structures.
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Abstract: In this paper, a study of the cytotoxicity of bare and functionalized zinc oxide nanoparticles
(ZnO NPs) is presented. The functionalized ZnO NPs were obtained by various types of biologi-
cal methods including microbiological (intra- and extracellular with Lactobacillus paracasei strain),
phytochemical (Medicago sativa plant extract) and biochemical (ovalbumin from egg white protein)
synthesis. As a control, the bare ZnO NPs gained by chemical synthesis (commercially available) were
tested. The cytotoxicity was measured through the use of (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) dye as well as lactate dehydrogenase (LDH) assays against murine
fibroblast L929 and Caco-2 cell lines. As a complementary method, scanning electron microscopy
(SEM) was performed to assess the morphology of the tested cells after treatment with ZnO NPs. The
microscopic data confirmed the occurrence of apoptotic blebbing and loss of membrane permeability
after the administration of all ZnO NPs. The reactive oxygen species (ROS) concentration during
the cell lines’ exposure to ZnO NPs was measured fluorometrically. Additionally, the photocatalytic
degradation of methylene blue (MB) dye in the different light conditions, as well as the antioxidant
activity of bare and functionalized ZnO NPs, is also reported. The addition of all types of tested ZnO
NPs to methylene blue resulted in enhanced rates of photo-degradation in the presence of both types
of irradiation, but the application of UV light resulted in higher photocatalytic activity of ZnO NPs.
Furthermore, bare (chemically synthetized) NPs have been recognized as the strongest photocatalysts.
In the context of the obtained results, a mechanism underlying the toxicity of bio-ZnO NPs, including
(a) the generation of reactive oxygen species and (b) the induction of apoptosis, is proposed.

Keywords: zinc oxide nanoparticles; organic surface deposit; cytotoxicity assay; photocatalytic
activity; ROS generation; toxicity mechanism

1. Introduction

Currently, zinc oxide is one of the main pillars of research in the field of nanotech-
nology and medicine, mainly due to its high applicability—it is widely used in many
bactericidal formulations (such as ointments for controlling eczema) or in the cosmetic
industry (in UV rays protection creams) [1,2]. The nanomaterials of zinc oxide, including
bare nanoparticles (ZnO NPs), but also those functionalized with various types of surface
modifications, attract special attention [3,4]. The concept of functionalization (inorganic
core and organic deposition) is well known from the chromatographic sciences (the de-
signing of stationary phases with specific modifications) and can be successfully applied
to the nanotechnology field [5,6]. Some research groups have proposed the addition of
polyethylene glycols (PEGs), which are known for their biocompatibility and biodegrada-
tion properties [7,8]. Another widely used type of functionalization is silica coating—silica
is the most common material applied in analytical chemistry as column packing for liquid
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chromatography [5,6], but the thin film of silica can be also used in nano deposition. It
seems clear that the surface chemistry of ZnO NPs might be a decisive factor in describing
the cell–nanoparticle interactions in in vitro studies. According to data in the literature,
functionalized ZnO NPs consisting of an inorganic metal oxide core and organic surface
deposition represent a new class of nanomaterials. Furthermore, they exhibit improved
properties such as, e.g., stability, biocompatibility and toxicity, in comparison with native
nanoparticles. However, not all types of the ZnO NPs’ surface manipulation will result
in the enhancement of such attributes. As an example, Yin et al. [9] modified ZnO NPs
with a SiO2 coating and performed a toxicity study on human lymphoblastoid cells. The
experimental data proved that, regardless of the surface modification, the toxicity of bare
and functionalized NPs was the same. Recently, a new approach based on the biological
production of ZnO NPs was able to be suggested. Based on our latest experience, ZnO
NPs can be described as functionalized due to the specific organic deposit on their surface,
which comes from the bacterial biomass, for example, the probiotic Lactobacillus paracasei
strain [10], plant extracts, e.g., Medicago sativa [11], or proteins, e.g., egg white protein [12],
that is used in the synthesis process. The presence of characteristic organic residuals of
natural origin on bio-ZnO NPs significantly increases their luminescence and antimicrobial
properties [10–13]. This subject led our research group to the main motivation of the
experiments presented in this paper—the interest in biologically synthetized ZnO NPs as a
potentially safe agent for the treatment of oral and external bacterial infections.

Despite many potential medical applications of bio-ZnO NPs, it is necessary to con-
sider the fact that each antimicrobial agent can be risky for human health because of its
potential to reach any organ or tissue [4,14,15]. Nano-ZnO might have an impact on the loss
of membrane integrity, the decrease in cells viability or even the activation of apoptosis [16].
The mechanisms underlying the nano-toxicity have been studied intensively, but there are
still many questions and doubts. One of the possible toxicity mechanisms is the generation
of reactive oxygen species (ROS) in cells after the nanomaterials’ treatment [17,18]. The
production of radicals by nano-ZnO is strongly related to the catalytic properties of this
material. Zinc oxide is a wide-bandgap (3.3 eV) semiconductor and it is able to absorb the
UV and other higher energy radiations, producing a hole in the valence band and a free
electron in the conduction band [19]. The reactions of holes and/or electrons in ZnO NPs
can further produce another activated reactive oxygen species [19,20]. The redox reactions
caused by the photoinduced electrons (e−) and holes (h+) enhance the nano–ZnO photocat-
alytic activity [21]. The photocatalysis process is commonly used on an industrial scale for
the degradation of dyes and pollutants in environmental samples, e.g., water [21–24].

On the other hand, nanomaterials can also show antioxidant activity, which means
protecting cells from the damaging effects of reactive oxygen species [4,25–28]. This can be
explained by the transfer of electron density located in oxygen to the odd electron located
in the outer orbits of oxygen in OH• and O2

•− radicals [17,29]. The totally different mode
of nano-ZnO action might be associated with the concentration and colloidal stability of
the used nanoparticles. Baskar et al. [26] revealed that the antioxidant activity of ZnO
NPs followed a decreasing order with increasing concentrations of NP treatment. A
similar result was described by Zafar with colleagues [28], who reported that, at lower
concentrations, ZnO NPs showed increased 2,2-diphenyl-1-picrylhydrazyl (DPPH) activity
in comparison with the higher content of nanoparticles. Moreover, according to [30],
with the increasing of the concentration of ZnO NPs, the content of glutathione (GSH) in
adipocyte cells also increased. Glutathione is a major antioxidant that can help prevent this
process through the removal of ROS. With higher concentrations of ZnO NPs, the level of
reactive oxygen species (ROS) was also increased. These results suggest the hypothesis
that higher concentrations of nanomaterials exhibit pro-oxidative activity, while, at lower
concentrations, the nanoparticles act as antioxidant agents [26,28,30].

According to the Food and Drug Administration (FDA) regulations, physicochemical
characterization, assessment of the size distribution, in vitro and in vivo toxicology studies,
and the evaluation of photocatalytic properties, are recommended for the safety assessment
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of nano-ingredients [31]. Furthermore, the choice of the appropriate assay is important
for the accurate assessment of NPs’ cytotoxicity. Although there are clear guidelines for
nanomaterials against cell lines, there is no consensus on the exact nano-ZnO toxicity mech-
anism. So far, the basic mechanism of nanotoxicity related to the size and concentration
of NPs has been proposed. Valdiglesias with colleagues [32] tested the cytotoxic effect
of ZnO NPs of around 100 nm in size on human SH-SY5Y neuronal cells with the MTT
assay—the viability of the neuronal cells depended on the NPs’ concentration. As for the
second mechanism, the release of toxic zinc ions [33,34] or ROS production was suggested.
Although the use of the ZnO NPs as photocatalysts is a great opportunity, it is important
to remember that all of ROS might be responsible for lipid peroxidation, DNA damage or
even the activation of apoptosis [18]. Punnoose et al. [35] demonstrated that the ZnO NP
sample with the higher photocatalytic activity displayed around 1.5-fold stronger cytotoxic
effect on the Hut-78 lymphoma T cell line.

However, despite numerous literature reports, the nanotoxicity mechanism is ambigu-
ous and the specific determination of its foundations is still a challenge. Therefore, the
concern for the correlation between photocatalytic activity and cytotoxicity of ZnO NPs
seems to be crucial. The translation of biological and catalytic properties of ZnO to applied
medicine is a novel approach and will allow the successful design of medical products
such as, e.g., bedsore ointments.

Taking the above into consideration, a novel approach for evaluating the biological
effect of synthetized ZnO NPs, based on complementary and interdisciplinary methods, is
proposed. The present research compares the toxic potential of bare and functionalized ZnO
NPs during biological synthesis via microbial (intra- and extracellular), plant-based and
biochemical approaches, respectively. Cytotoxicity tests were performed on the Caco-2 and
murine fibroblasts L929 cell lines using lactate dehydrogenase (LDH) and tetrazolium dye
(MTT) assays. Based on the experimental data, the factors influencing the ZnO nanotoxicity
(size, concentration, origin, and the presence of specific organic deposits on the surface) are
demonstrated. Furthermore, the tight relationship between the oxidative potential of ZnO
NPs (photocatalytic and antioxidant activity) with the cytotoxicity is shown. The described
unique attributes of functionalized ZnO NPs indicate their potential for further application
in medical fields. Finally, the results of the performed study support the proposed ZnO
NPs’ nanotoxicity mechanism.

2. Results and Discussion
2.1. Antioxidant Activity of ZnO NPs

In Figure 1, the DPPH scavenging activity of bare and functionalized ZnO NPs is
presented. The obtained data indicate that the antioxidant activity of ZnO NPs depends
on their concentration. At 200 µg/mL concentration, biochemically synthetized ZnO NPs
(ZnO_Prot) have the highest ability to scavenge the DPPH radical (48.87 ± 4.21%), whereas
the nanoparticles formed by M. sativa plant extract (ZnO_Phyto) and by L. paracasei LB3
cells (ZnO_Intra) exhibit the lowest antioxidant activity (32.54 ± 2.02 and 37.29 ± 1.07%,
respectively). With the decrease in the ZnO NPs’ concentration, their scavenging activ-
ity increases to 84.62 ± 1.25% (ZnO_Prot), 79.59 ± 3.54% (ZnO_Phyto), 76.16 ± 1.37%
(ZnO_Chem), 65.05 ± 1.85% (ZnO_Extra) and 56.31 ± 1.21% (ZnO_Intra) at 1.56 µg/mL
concentration level, respectively (Figure 1). Analysis of variance (ANOVA) between the
tested groups revealed the significant influence of the studied concentrations on the DPPH
scavenging effect for the bio-ZnO NPs (p-value < 0.001) as compared to bare ZnO NPs.

The greatest increase in the antioxidant activity was observed for plant-based nano-
ZnO (ZnO_Phyto). The higher ability of two ZnO NPs types (ZnO_Phyto and ZnO_Prot)
to scavenge the DPPH radical might be related to the presence of biologically active groups
on the surface of nanoparticles. As shown in the previous study [11], Medicago sativa,
used for the biosynthesis, is a material that is rich in flavonoids, saponins or phenolic
compounds. All of them have free radical scavenging abilities [36]. Interestingly, the
interaction of flavonoids, such as zinc, with Me2+ may enhance the antioxidant properties
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of the flavonoids [37]. During the biosynthesis of ZnO NPs with M. sativa (ZnO_Phyto),
an increase in antioxidant activity was observed in comparison with a crude extract [11].
This is in a good correlation with the data obtained in present study. The next ZnO
NPs with good antiradical properties were obtained from egg white protein, known as
ovalbumin [12]. The data in the literature point out that proteins and peptides derived
from egg white produce a good antioxidant effect [37–39]. Furthermore, the complexes of
zinc with peptides [40] or amino acids (e.g., histidine) [41,42] were proven to have boosted
the antioxidant properties.
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Figure 1. Antioxidant activity (%) of bare and functionalized ZnO NPs (at 200, 100, 50, 25, 12.5,
6.25, 3.12 and 1.56 µg/mL concentrations). The values are expressed as mean ± SD values of
three independent experiments (n = 3); * p < 0.001 compared to bare ZnO NPs (ANOVA).

2.2. Photocatalytic Degradation of Methylene Blue (MB) by ZnO NPs

The bare and functionalized ZnO NPs were used as a photocatalyst for the degradation
of methylene blue dye under different light conditions (dark, sunlight and UV light at
λ = 365 nm; Figure 2A). After 8 h of photocatalysis, the degradation of MB in the dark
was the slowest in comparison with the light conditions (sunlight and UV irradiation).
Moreover, for all types of tested nanoparticles, the percentage of MB degradation was in
the range of 24.88 ± 1.3–29.12 ± 1.4% (dark). In the sunlight, at the same time (8 h), the
MB degradation was found to be at the 32.37 ± 2.48–63.04 ± 1.64% level. The highest
degradation of methylene blue was observed under UV irradiation and the percentage
of this varied from 67.13 ± 1.42 to 82.22 ± 1.1%. The greater efficiency of photocatalysis
after UV irradiation finds its explanation in the semiconductor properties of zinc oxide.
ZnO has a band gap of 3.3 eV, which corresponds to the emission in the UV region [19].
When the photon energy (hν) is equal or exceeds the band gap of the photocatalyst, the
photon is absorbed. Next, the electron from the VB is excited to the CB—at the same time,
the positive charge holes in the valance band are created. Then, the electron and hole pairs
might take part in a series of redox reactions, leading to the formation of reactive oxygen
species [20,21,31].
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Figure 2. Photocatalytic activity of bare and functionalized ZnO NPs toward methylene blue (MB). The efficiency of MB
photocatalytic degradation (%) (A) in different light conditions (dark, sunlight and UV irradiation), and (B) for different pH
values (pH 3 and 10); (C) MB degradation time-dependency at pH 10 under UV irradiation; (D) UV-vis plot of MB in the
presence of ZnO_Chem at pH 10 under UV irradiation. All ZnO NPs were at 1000 µg/mL concentration. The values are
expressed as mean ± SD values of three independent experiments (n = 3); * p < 0.001 compared to bare ZnO NPs (ANOVA).

In addition to factors such as the type of irradiation or the type of nanoparticles used
in photocatalysis, it is also important to consider the effect of pH [43,44]. In order to
investigate the influence of pH on bare and functionalized ZnO NPs’ photocatalytic activity,
the degradation of MB dye was studied in acidic and alkaline conditions (Figure 2B). It
was observed that the decolorization of methylene blue is strongly dependent on the
pH of the solution, which plays an important role in photocatalytic degradation. From
the chart (Figure 2B), it can be seen that about 56% and 77% of MB dye was degraded
after 480 min illumination by the ZnO_Prot NPs at pH = 3 and pH = 10, respectively.
This tendency was visible for almost all tested nanoparticles except for the ZnO_Intra
NPs, which show a slightly higher ability to degrade the dye at pH = 3 (Figure 2B).
The explanation of this phenomenon can be the fact that the alkaline pH value could
provide a higher concentration of hydroxyl ions, which are able to react with holes and
form hydroxyl radicals. In consequence, the photocatalytic degradation of methylene
blue is enhanced [1,2]. Therefore, the presence of UV-irradiation and the pH value of
10 have been recognized as the most efficient conditions in terms of photocatalysis speed
(Figure 2C) and were, therefore, chosen as the final experimental conditions. ANOVA on
the tested experimental conditions revealed significant results (p-value < 0.001) (showed in
Figure 2A–C), indicating that the type of tested ZnO NPs had a significant influence on the
observed MB degradation, under all of the studied conditions. Additionally, Dunnett’s post
hoc test was performed in order to compare the results from each type of functionalized
ZnO NPs in relation to the bare (ZnO_Chem) NPs. In addition, the average percentages of
MB degradation, observed for conditions of dark, sunlight and UV light, were significantly
different in all ZnO NPs (p < 0.001). The results of the post hoc assay are summarized in
the Supplementary Material (Tables S1 and S2) and are presented in the form of asterisks
in Figure 2.
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Methylene blue dye shows a prominent peak at λ = 665 nm, as shown in Figure 2D. The
peak intensity decreases gradually with the addition of ZnO NPs under UV irradiation and
shows an increase in the MB degradation from 29.72 ± 1.09 to 85.22 ± 1.36% within 720 min.
To sum up, among all tested nanoparticles, the bare chemically obtained NPs (ZnO_Chem)
are considered as the most efficient photocatalysts. Those data are the opposite of the DPPH
test results—the highest antioxidant activity was shown by the nanoparticles that were
also the weakest photocatalysts (ZnO_Phyto). ZnO NPs synthetized by M. sativa aqueous
extract showed a DPPH radical scavenging effect at the 79.59 ± 3.54% level (1.56 µg/mL
concentration), while the higher concentration (1000 µg/mL) of the tested nanoparticles
allowed degradation only with 17.53 ± 0.77% of dye. This strongly supports the hypothesis
that higher concentrations of nanomaterials exhibit pro-oxidative activity, while lower
concentrations of nanoparticles act as antioxidant agents [29,45]. Furthermore, it is clear
from the experimental data and our previous works [10–13] that the differences between the
bare and functionalized ZnO NPs photocatalytic activity may be related to the size of the
nanoparticles. Bare NPs (ZnO_Chem) were recognized as the strongest photocatalysts—the
size of this nanomaterial was about 100 nm. The remaining functionalized NPs (ZnO_Prot,
ZnO_Intra, ZnO_Phyto, ZnO_Extra) were smaller, at a size of 40, 16.7, 13.9 and 13.7 nm,
respectively [10–13]. Thus, it can be stated that photocatalytic activity increases with the
increase in the nano-ZnO particle size. The work of Kusiak-Nejman et al. [46] confirmed
that the ZnO NPs’ photoactivity under UV light increases mainly with the increase in
the ZnO particle size. The highest phenol degradation was found for a ZnO sample with
an average particle size of 71 nm [46]. Murakami et al. [47] prepared titanium(IV) oxide
(TiO2) NPs for the photocatalytic degradation of acetaldehyde. They found a size of about
40 nm to be optimal for the effectiveness of the photocatalysis process, mainly due to the
optimized balance between efficient separation of redox sites and large specific surface
area [47].

According to the data in the literature [19,48,49], the dyes’ photo-degradation might
be related to the generation of electron–hole pairs. The mechanism underlying the process
described in this study is discussed later.

2.3. Cytotoxicity of ZnO NPs

To examine the cytotoxicity effect of bare and functionalized ZnO NPs in vitro, two cell
lines—murine fibroblast L929 and human epithelial colorectal adenocarcinoma Caco-2—
were chosen. Caco-2 cells show many morphological and biochemical similarities to
intestinal cells, or enterocytes. In addition, this type of cell line is commonly used in
the pharmaceutical industry as an in vitro model of the human small intestine mucosa to
predict the absorption of orally administered drugs [50,51]. Moreover, Caco-2 cells were
used as model to assess the toxicity of ZnO NPs in many studies [52–55]. The application of
mouse fibroblast L929 cells is most frequently undertaken to evaluate cytotoxicity and may
represent a sufficient in vitro screening model for skin formulations [56–58]. Furthermore,
the cytotoxicity assay with mouse fibroblasts L929 is in compliance with ISO 10993-5
standards, and is often used for comparative studies of different types of nanoparticles [59].

The anti-proliferative effect was determined using two colorimetric assays—3–(4,5–
dimethylthiazol–2–yl)–2,5-diphenyl tetrazolium bromide (MTT) and lactate dehydrogenase
(LDH). The first of these, the MTT test, is based on the ability of mitochondrial dehydroge-
nase enzyme to convert yellow tetrazolium dye into formazan crystal. The rate of formazan
crystal formation is directly proportional to cell viability; the untreated (positive) control
is set to 100% viability [60,61]. In the LDH assay protocol, lactate dehydrogenase, as a
soluble cytosolic enzyme, is released into the culture medium following the loss of mem-
brane integrity. Then, LDH activity can be used as an indicator of cell membrane integrity
and serve as a general means to assess cell viability by measuring plasma membrane
permeability [62].

As shown in Figure 3A,B, the MTT results demonstrated that, for both types of cell
lines, higher concentrations of ZnO NPs generated more serious cytotoxicity. At the
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lowest concentration of 1.56 µg/mL, intracellularly synthetized ZnO NPs (ZnO_Intra) were
able to reduce both Caco-2 and L929 cells’ viability to 20.28 ± 9.54 and 26.09 ± 6.74%,
respectively. On the other hand, the biochemically synthetized NPs (ZnO_Prot) turned
out to be the least toxic to cells—the concentration of 50 µg/mL might be considered as
an IC50. At the highest concentration (100 and 200 µg/mL) (Figure 3C), all types of tested
nanoparticles significantly reduced the cells’ viability, while the bare and functionalized
ZnO NPs were significantly more toxic to the fibroblasts L929 (Figure 3B). The work of
Valdiglesias et al. [32] also showed the concentration-dependent toxicity of nano-ZnO—
significance was obtained from 25 µg/mL for all of the treatments. Despite the crucial
role of the ZnO NPs’ dose, the size of the nanoparticles used should be also taken into
consideration. Many papers indicate the influence of the nano-ZnO size on its further
toxicity. Kang et al. [55] tested ZnO NPs at different sizes (26, 62 and 90 nm) against
Caco-2 cells and observed that 26-nm ZnO NPs exhibited the highest toxicity. The different
toxic effects of ZnO_Intra and ZnO_Prot NPs can be also explained by their various sizes—
as mentioned above, the size of biochemically (ZnO_Prot) synthetized NPs was about
41 nm [12], whereas the ZnO_Intra NPs were smaller, at a size of 16.7 nm [10]. Furthermore,
biologically synthetized NPs are functionalized by the specific organic deposit on their
surface—the presence of organic residues was confirmed by the LDI-MS method in our
previous study [13]. It was proven that the organic deposit plays an important role in the
antibacterial action of nanomaterials. Silver [27] and zinc oxide NPs [13], naturally coated
by microbial compounds, exhibit higher antibacterial effects compared with chemically
synthetized nanomaterials. Intriguingly, the presence of the surface deposit might affect
the cell–NPs interaction, and consequently, the intended bio-application of the obtained
nanoparticles. As shown in the present paper, the extracellularly synthetized ZnO NPs,
with organic deposits on their surfaces, were less toxic for Caco-2 cells than the chemically
obtained NPs (29.26 ± 1.15% and 4.81 ± 1.57%, respectively, at 200 µg/mL concentration).
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The MTT results presented in this paper are also in good correlation with the data
from the photocatalytic study. The highest tested concentration of ZnO NPs resulted in
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a significant reduction in the number of live cells (Figure 3) as well as in the degradation
of MB dye (Figure 2A). The photocatalytic activity of nano-ZnO is connected to the toxic
oxygen species [18,20,21]. In consequence, the toxicity of effect is enhanced.

The decrease in cell viability is very often correlated with apoptosis. Cell death
occurred as a result of, e.g., cell membrane damage, and, in consequence, the release of
LDH into the extracellular medium took place. In our study, LDH activity was measured to
observe the effect of bare and functionalized ZnO NPs on membrane integrity by treating
fibroblast L929 and Caco-2 cells. The results of this assay show that the enzyme release
depends on the nanoparticles concentration, as shown in Figure 4. The ZnO_Chem and
ZnO_Prot NPs exhibited a significant increase in LDH leakage at 25–100 µg/mL for the
L929 cell line (Figure 4A,B). On the contrary, the intracellularly synthetized NPs (ZnO_Intra)
already caused the release of LDH at the 1.56 µg/mL concentration level (Figure 4C) for
both types of tested cells. The lack of leakage of LDH at 50–200 µg/mL was not due to
a lack of ZnO_Intra NPs toxicity, but the fact that, at this concentration, the cell number
was too small to give the correct results (Figure 4C). The tested nano-ZnO were more toxic
against the fibroblast L929 than Caco-2 cell line. The higher sensitivity of murine fibroblasts
could be explained by a different expression of specific control mechanisms, which play an
important role in the differentiation and the apoptosis of various cells. One such mechanism
is MAPKs (mitogen-activated protein kinases) [63]. Krüger et al. [64] showed that the
addition of TiO2 NPs activated the p38 mitogen-activated protein kinase pathways in
Caco-2 cells and, furthermore, did not affect enterocyte differentiation. Another mechanism
of cell lines’ resistance might be associated with the induction or inhibition of the membrane
transporting proteins. Guarnieri et al. [65] emphasized the correlation between metallic
uptake, intracellular localization and cytotoxicity. Brück with colleagues [66] compared
two different types of cells and showed that the protein expression patterns of membrane
transporters in Caco-2 cells and jejunal cells differed notably. However, a detailed genomic
and proteomic study regarding the exact nanotoxicity mechanism of tested nanoparticles is
required to confirm the differences between the cell lines used in our study.
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To observe the changes in murine fibroblast cells’ morphology, scanning electron
microscopy (SEM) images, after treatment with 6.25 µg/mL of bare and functionalized
ZnO NPs (the concentrations where an effect on the cell growth was noticed), were obtained.
According to Figure 5, cells exposed to nano-ZnO differed significantly from the control.
The L929 cells treated with the different types of nanoparticles became spherical and
specific blebs were formed on their surface (Figure 5B–F). Moreover, the ZnO_Intra NPs
caused the destruction of cells such as, e.g., cell membrane collapse (Figure 5D). All of the
noticed morphological changes are related to the apoptosis process [67], in which the cell
breaks into several vesicles, which are known as apoptotic bodies [68].
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(F) biochemically synthetized ZnO NPs’ exposure. The concentration of the used ZnO NPs was 6.25 µg/mL.

The interaction of nanoparticles with cells’ surfaces leads to the loss of membrane
integrity, but also presents itself in the production of reactive oxygen species (ROS). In
order to detect the ROS involved in the MB degradation and the cytotoxicity of the tested
bare and functionalized ZnO NPs, a fluorometric intracellular ROS Kit (Sigma-Aldrich,
St. Louis, MO, USA) was used (Figure 6). Importantly, the applied kit detects superox-
ide and hydroxyl radicals in particular. Murine fibroblasts and human epithelium cells
exposed to ZnO NPs exhibited a significant concentration-dependent increase in intracel-
lular ROS generation. Figure 6 shows that intracellularly synthetized (ZnO_Intra) NPs
cause the highest increase in ROS production—from 153.65 ± 11.52% (at 1.56 µg/mL) to
308.49 ± 43.29% (at 200 µg/mL). The observed tendency may be explained by the fact that,
at higher NP concentrations, the higher amount of OH• and O2

•− radicals production
exceeds the defense capability of the cells [69]. Laurent et al. [70] and Popescu et al. [69]
observed that treating cell lines with low amounts of ROS increased their proliferative rate,
while further increased amounts of radicals resulted in cell death. Oxygen radicals were
also found to be produced during the photocatalysis process [21]—the ZnO_Intra NPs
were found to degrade the 71.67 ± 0.47% of methylene blue after 12 h and the same type of
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nanocomposite showed the greatest production of ROS in tested cells. In contrast to the
ZnO_Intra NPs, NPs obtained with OVA protein (ZnO_Prot) act as antioxidant agent at the
lowest concentration (75.19 ± 29.46% and 106.56 ± 3.65% for L929 and Caco-2 cell lines,
respectively). For both types of tested cells, a similar trend was observed in terms of ROS
production. It is strongly associated with DPPH assay results (Figure 1) and confirms the
thesis that higher concentrations of nano-ZnO promote pro-oxidative activity, while lower
concentrations act as antioxidant agents.
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In summary, based on the experimental data obtained in this study, it can be concluded
that the type of biological synthesis influences the further toxic properties of functionalized
ZnO NPs. The phyto- and biochemical synthesis resulted in the nanoparticles having high
antioxidant activity toward the DPPH radical. It is well known that both raw sources used
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for the ZnO NPs production (Medicago sativa extract and OVA protein [11,12]) have scaveng-
ing ability [36–39]. Furthermore, the interaction of metal ions (Me2+), including zinc, with
peptides [40] or flavonoids [37] might enhance the antioxidant properties. Intriguingly, the
intracellular synthesis of nano-ZnO using the bacterial biomass [10] turns out to produce
the most toxic nanoparticles. It might be related to their size (16.7 nm)—numerous factors,
including composition, size and shape, are well known to influence nanotoxicity [71].
The crucial aspect is also the presence of organic deposits on the nanoparticles’ surface,
which might be the key in the reduction in ZnO NPs’ toxicity. Experimental data from the
actual study confirmed the presence of less cytotoxicity of extracellularly synthetized ZnO
NPs [13] with organic constituents on the surface (against Caco-2 cells) compared to the
bare, chemically obtained nanoparticles.

According to the data in the literature, it seems that the mechanism of toxicity de-
pends on the aforementioned properties of the nanomaterials (size, concentration, cat-
alytic/luminescence properties or surface characterization and coatings) [3,4,35,46]. How-
ever, the exact mechanisms and the material dependence of ZnO nanomaterials’ cytotoxicity
is still unclear. Metal oxide nanomaterials are well known to alter the environment around
the cells and, thus, induce ROS generation [69,72]. It is also well reported that different
mechanisms are proposed for nano-toxicity and one of them includes the production of
radicals [4,14,17,18,73]. Based on the experimental results obtained in this study, it can be
concluded that the generation of ROS plays a key role in the inhibition of cell growth, the
loss of their membrane integrity and, in consequence, the apoptosis process. Moreover, the
tight relationship between the harmful impact of the oxygen radical on the living cells and
the bio-ZnO NPs’ photocatalytic activity could clearly explain the probable mechanism
of bio-ZnO NPs toxicity (Figure 7). During photocatalysis, specific electron–hole pairs
are created—the reactions of holes and/or electrons in ZnO NPs lead to the production
of reactive oxygen species (Figure 7B). Accordingly, the bio-NPs with greater catalytic
properties also exhibited higher toxic impacts on the tested cell lines.

1 

 

 

Figure 7. The proposed mechanism of (A) photocatalytic degradation of methylene blue and (B) cytotoxicity of functional-
ized ZnO NPs.
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Despite the observed dose-dependent action of ZnO NPs, which is related to greater
ROS production, attention should be also paid to another possible nanotoxicity mechanism.
The smaller nanoparticles (e.g., ZnO_Intra; about 16.7 nm) have an extraordinary ability
to internalize into living cells through different biological mechanisms and reach the
nucleus, thereby generating genotoxic damage with the consequent triggering of apoptosis.
Mittag et al. [74] investigated the cellular uptake of two differently sized ZnO NPs (<50 nm
and <100 nm) against two human intestinal cell lines (Caco-2 and LT97). The outcomes
of this study showed that ZnO NPs, at smaller sizes (<50 nm), led to the formation of
micronuclei in LT97 cells. Micronucleus analysis is normally performed to examine whether
some potentially toxic agent is able to cause chromosome damage [75]. To conclude,
the smaller nanoparticles might often exhibit a strong genotoxic activity. Therefore, the
undertaking of more detailed studies of ZnO NPs’ genotoxicity seems to be crucial.

3. Materials and Methods
3.1. Biological Synthesis and Physicochemical Characterization of ZnO NPs

Four different biological methods of synthesis—phytochemical using Medicago sativa
plant extract (ZnO_Phyto) [11], microbiological intracellular using Lactobacillus paracasei
LB3 biomass (ZnO_Intra) [10], microbiological extracellular with Lactobacillus paracasei
supernatant (ZnO_Extra) [13] and a biochemical approach with ovalbumin (OVA) protein
(ZnO_Prot) [12]—were used to obtain the ZnO NPs. All biologically synthetized nanoparti-
cles were functionalized by the presence of the specific organic deposit on their surface.
ZnO_Prot, ZnO_Intra, ZnO_Phyto and ZnO_Extra NPs were found to have sizes of 40,
16.7, 13.9 and 13.7 nm, respectively. All further details of the synthesis methods as well as
physicochemical characterization of all ZnO NPs are described in our previous papers.

For the comparison, in all experiments, bare chemically synthetized nano-ZnO (ZnO_Chem)
NPs from Sigma-Aldrich, Poznań, Poland (CAS number: 1314-13-2; <110 nm particle size)
were used.

3.2. Antioxidant Activity of ZnO NPs

Evaluation of the antioxidant activity of bare and functionalized ZnO NPs was per-
formed using 2,2-diphenyl-1-picrylhydrazyl (DPPH) test [76]. The DPPH radical (Sigma-
Aldrich, Steinheim, Germany), at 0.1 M concentration in methanol, was added to different
concentrations (200, 100, 50, 25, 12.5, 6.25, 3.12 and 1.56 µg/mL) of each bio-ZnO NP at a
ratio of 1:1. All samples were incubated in the dark for 30 min; after the incubation time, the
UV-vis absorbance at λ = 517 nm was recorded using a NanoDrop 2000 spectrophotometer
(Thermo Scientific, Waltham, MA, USA). The DPPH scavenging activity was calculated
using the following equation:

AA% =
(A0 − A1)

A0
× 100 (1)

where A0 and A1 are absorbance of DPPH and ZnO NPs sample at λ = 517 nm, respectively.
All of the experiments were prepared in triplicate.

3.3. Photocatalytic Degradation of Methylene Blue (MB) Dye by ZnO NPs

The bare and functionalized ZnO NPs were studied in terms of their catalytic prop-
erties under sunlight and UV-light (λ = 365 nm), during the degradation of methylene
blue (MB) dye, according to a procedure adapted from [77]. The ZnO NPs, at 1000 µg/mL
concentration, were added to the dye solutions (Aqua-Med, Łódź, Poland) at 0.015 mg/mL
concentration and pH = 3 and 10. The mixture was magnetically stirred in dark conditions
in order to maintain the absorption–desorption equilibrium. After the incubation, the
suspension of MB dye and ZnO NPs was subjected to solar light and UV irradiation, respec-
tively. The UV-vis spectra and absorption maxima (λ = 665 nm) were registered at fixed
intervals using Varioskan TM LUX multimode microplate reader (Thermo Fisher Scientific,
Waltham, MA, USA). The experiment was performed in triplicate, and the photocatalytic
degradation was calculated using Equation (1), where A0 and A1 are the absorbance of MB
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and MB with ZnO NPs sample at λ = 665 nm, respectively. As a control, the degradation of
MB dye was carried out in dark conditions.

3.4. Cytotoxicity of ZnO NPs

The L929 normal mouse fibroblast cells and Caco-2 from human colon were obtained
from the European Collection of Authenticated Cell Cultures. The cells were cultured as
adherent monolayers in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum, 100 U/mL penicillin, and 100 µg/mL streptomycin. Cells were passaged
using 0.25% trypsin/EDTA every 3–4 days.

3.4.1. MTT, LDH Release and Intracellular ROS Assays

For MTT, LDH release and intracellular ROS assays, cells were cultured on 96-well
plates at 2 × 105 cells/mL and incubated under 5% CO2 at 37 ◦C for 24 h. When cells were
adherent, ZnO NPs were added and incubated for another 24 h. In all cell experiments, the
L929 and Caco-2 cells without ZnO NPs were used as controls. Then, 10 µL of Thiazolyl
Blue Tetrazolium Bromide (MTT) solution (5 mg/mL in PBS) was added and incubated
for 4 h at 37 ◦C. After incubation, medium from wells was discarded and the crystalline
formazan was dissolved in DMSO. Absorbance was measured at λ = 570 nm using a
Varioskan TM LUX multimode microplate reader (Thermo Fisher Scientific, Waltham, MA,
USA). The results were expressed as percentages relative to the negative control—cells in
standard medium without ZnO NPs that are considered as 100% viable. All experiments
were performed in three independent replicates.

The LDH release assay was performed using a commercially available kit from
Sigma Aldrich (Lactate Dehydrogenase Activity Assay Kit MAK066) and all samples
were prepared according to the manufacturer’s instructions Absorbance was measured
at λ = 450 nm using a Varioskan TM LUX multimode microplate reader (Thermo Fisher
Scientific, Waltham, MA, USA). Briefly, cultured cells were incubated with bare and func-
tionalized ZnO NPs to induce cytotoxicity and subsequently release lactate dehydrogenase
(LDH). The LDH released into the medium was transferred to a new plate and mixed with
50 µL of the Reaction Mixture in each well. The plate was protected from light during the
incubation (37 ◦C). The measurements of absorbance were taken each 5 min until the value
of the most active sample was higher than the value of the highest standard in the standard
curve (12.5 nmole/well). The results are presented as percentages of activity in comparison
to control. All samples were run in the three independent replicates.

For reactive oxygen species measurements, the Fluorometric Intracellular ROS kit
(MAK144), from Sigma-Aldrich, was used. All samples were prepared according to the
manufacturer’s instructions. To induce ROS, the cells, after bare and functionalized ZnO
NPs treatment, were incubated in 96-well plates in a 5% CO2, 37 ◦C incubator for 24 h.
After the incubation time, 100 µL of Master Reaction Mix were added to each well and
the cells were incubated again in a 5% CO2, 37 ◦C incubator for 30 min. After that, the
fluorescence intensities (λex = 540/λem = 570 nm) were measured using a Varioskan TM
LUX multimode microplate reader (Thermo Fisher Scientific, Waltham, MA, USA). Each
experiment was performed in the three independent replicates.

The results of the LDH release and ROS level measurement are presented as percent-
ages of reactive oxygen species in comparison to the control sample, and were calculated
according to Kalińska et al. [78] and Lin et al. [79], respectively.

3.4.2. SEM Analysis

Adherent cells were fixed in 2.5% glutaraldehyde in PBS for 30 min and washed
3 × 5 min times in PBS. The next step was washing 2 × 2 min with dH2O, dehydration
in 95% EtOH for 1 × 2 min followed by 4 × 5 min in 100% EtOH. In the next step, cells
were dehydrated 2 × 10 min with 100% HMDS at room temperature. Slides with cells
were fixed on a holder with carbon tape and coated with Au with in a SC7620 Mini Sputter
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Coater (Quorum Technologies, Lewes, UK). The cells were examined using a Quanta 3D
FEG scanning electron microscope/focused ion beam (SEM/FIB).

3.4.3. Statistical Data Analysis

Significant differences among means of the groups were evaluated using one-way
analysis of variance (ANOVA). The test was performed employing the software IBM SPSS
Statistics v.23. Additionally, Dunnett’s post hoc test was performed in order to compare the
results from each type of functionalized ZnO NPs in relation to the bare (ZnO_Chem) NPs.
The results of post hoc assay are summarized in the Supplementary Material (Tables S1–S6).

4. Conclusions

This study presents, for the first time, the comparative evaluation of the cytotoxicity of
bare and functionalized ZnO NPs against L929 murine fibroblasts and Caco-2 cells as model
cell lines. The outcomes of this work showed the dependence of ZnO NPs’ concentration
and size on their biological properties such as antioxidant, photocatalytic and cytotoxic
activity. Moreover, the toxic action of functionalized ZnO NPs can be also connected to
the presence of a specific organic deposit on their surface. Intracellularly and chemically
synthetized ZnO NPs were considered to be the most toxic agent, while the ZnO NPs
obtained with ovalbumin protein exhibited the lowest toxicity toward the tested cells.
Intriguingly, cell lines showed different sensitivities to ZnO NP treatment—the murine
fibroblast L929 was discovered to be more susceptible than Caco-2 cell lines. Accordingly,
the functionalized bio-ZnO NPs might be a promising antibacterial agent when used as
an oral treatment rather than in skin formulations. The ROS generation assay and SEM
microscopy confirmed the oxidative stress induction and the morphological changes in the
cells exposed to the ZnO NPs. Based on the data from our investigation, the bio-ZnO NPs
toxicity mechanism was proposed—it is tightly related to the generation of ROS which
leads to, e.g., the loss of membrane permeability, mitochondrial dysfunction and, at the
highest concentrations, the apoptosis of cells.
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Abstract: Biopolymeric nanoparticles are gaining importance as nanocarriers for various biomedical
applications, enabling long-term and controlled release at the target site. Since they are promising
delivery systems for various therapeutic agents and offer advantageous properties such as biodegrad-
ability, biocompatibility, non-toxicity, and stability compared to various toxic metal nanoparticles, we
decided to provide an overview on this topic. Therefore, the review focuses on the use of biopoly-
meric nanoparticles of animal, plant, algal, fungal, and bacterial origin as a sustainable material for
potential use as drug delivery systems. A particular focus is on the encapsulation of many different
therapeutic agents categorized as bioactive compounds, drugs, antibiotics, and other antimicrobial
agents, extracts, and essential oils into protein- and polysaccharide-based nanocarriers. These show
promising benefits for human health, especially for successful antimicrobial and anticancer activity.
The review article, divided into protein-based and polysaccharide-based biopolymeric nanoparticles
and further according to the origin of the biopolymer, enables the reader to select the appropriate
biopolymeric nanoparticles more easily for the incorporation of the desired component. The latest
research results from the last five years in the field of the successful production of biopolymeric
nanoparticles loaded with various therapeutic agents for healthcare applications are included in
this review.

Keywords: nanoparticles; biopolymers; therapeutic substances; incorporation; biocompatibility;
healthcare; biomedical applications

1. Introduction

The field of nanotechnology, which encompasses the synthesis, development, and
application of nanomaterials in a size range from 1 to 100 nm, has gained increasing
interest in various areas in recent years. Among other things, nanomaterials, especially
nanoparticles, play an important role, especially in the field of healthcare applications,
where they offer higher efficiency and lower toxicity [1–3].

Treatment of various life-threatening diseases, such as chronic diseases (e.g., cancer,
heart disease, HIV/AIDS, diabetes) and severe neurological and infectious diseases, is
becoming increasingly challenging. Nanomaterials are successfully addressing these chal-
lenges by finding new ways for potential treatment, intending to overcome the obstacles of
conventional treatment forms [1,2,4]. Various existing formulations for the treatment of
certain diseases are poorly soluble, resulting in minimal systemic bioavailability, unstable
in vivo, reducing the efficacy of the drug, and causing toxic side effects, even to normal
cells. Furthermore, they can cause nephrotoxicity, neurovirulence, and gastrointestinal
reactions. Drug resistance may also occur, reducing the impact of further treatment [5].

Nanomaterials are defined as materials with at least one dimension smaller than
100 nm [2,6]. Compared to bulk materials, nanomaterials have different physicochemical
properties, such as different shapes, surface area, size, and reactivity, leading to their ex-
ceptional performance in many applications. Nanomaterials can be classified according
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to different criteria [7,8]. One is the classification into four different categories depend-
ing on the dimensionality, as shown in Figure 1. Zero-dimensional nanomaterials (0–D)
include nanoparticles, fullerenes, and quantum dots. All their three dimensions are in
the nanometer range. In one-dimensional nanomaterials (1–D), one dimension is outside
the nanoscale, while the other two are inside the nanoscale. This classification includes
nanofibers, nanorods, nanotubes, nanowires, and nanohorns. Two-dimensional nanomate-
rials (2–D), such as nanofilms, nanosheets, and nanolayers, have two dimensions beyond
the nanoscale. The most common examples of three-dimensional nanomaterials (3–D) or
bulk nanomaterials are core shells, arrays of nanotubes, and nanowires. In this category,
the materials are not in the nanoscale in any dimension [2,6,9–12].
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Nanotechnology-based formulations enable better, more effective, and safer use of
drugs for the prevention and treatment of various conditions, which is why the production
of new nanocarriers for therapeutic agents is becoming increasingly important [1].

A variety of nanoparticles with unique physical and chemical characteristics hold
promise for disease diagnosis, biological imaging, and nanomedicine applications [1,14].
They provide the ability to protect the drug from premature degradation, improve intracel-
lular penetration, prolong release, increase absorption and efficacy of the drug at the target
site, and therefore represent significant potential in the healthcare sector [4].

It is important to note that the most crucial factor in the production of nanoparticles is
to avoid biological and physical barriers such as diffusion, protein adsorption, aggregation,
renal or hepatic clearance, and phagocytic sequestration [14].
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An important advantage of nanoparticles is that they can be reused after the removal
of the incorporated component, which is an important contribution to the circular economy
from an economic point of view [15].

Nanoparticles can also be divided according to their composition, meaning according
to the material from which they are produced. These include in particular organic, inorganic,
and carbon-based nanoparticles (Figure 2) [16]. Carbon-based nanoparticles consist only of
carbon atoms and have different morphologies. They are divided into fullerenes, graphene,
carbon black, carbon quantum dots, carbon nanotubes, and nanodiamonds [2,7,17,18]. Non-
carbon nanoparticles are inorganic nanoparticles and can be produced from pure metals
(Au, Ag, Al, Zn, Fe, Cd), metal oxides (ZnO, TiO2, MnO2, Fe2O3, Al2O3), semiconductors
(CdS, ZnS), and ceramics (SiO2, ZrO2) [7,16,19]. Organic nanoparticles include proteins,
lipids, polymers, carbohydrates, or other organic compounds and can be classified as
synthetic or natural. They are biocompatible, biodegradable, generally non-toxic, and
improve pharmacokinetic properties, bioavailability, and drug targeting. Examples are
liposomes, polymersomes, micelles, polymer constructs, and protein complexes [2,19,20].
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Inorganic nanoparticles, especially metal- and metal oxide-based nanoparticles, are
among the most popular. In various applications, such as drug delivery, they are charac-
terized by good stability and half-life of the carrier in the bloodstream, adequate biodistri-
bution, and targeted delivery of the drug to the desired target site [21]. For example, gold
nanoparticles are used for numerous diagnostic purposes [22], and silver nanoparticles
are also important in biomedicine, primarily because of their antimicrobial potential [23].
Among the metal oxide nanoparticles, ZnO nanoparticles should be highlighted, which are
biocompatible, non-toxic, non-expensive, and provide effective antibacterial activity and
UV protection [24].

However, they are harmful to the environment, soil, water, and the organisms in
them. In addition, some can be very toxic to the human body. Therefore, their use is
limited because the body cannot metabolize and excrete them [3]. In contrast, biopolymeric
nanoparticles are suitable for various healthcare applications due to their biocompatibil-
ity, biodegradability, nontoxicity, and other advantageous properties. The review article
covers the latest research results of the last five years on nanoparticles based on natural
biopolymers such as proteins and polysaccharides of animal, plant, algal, fungal, and
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bacterial origin. Special emphasis is paid to the incorporation of various therapeutic agents
such as bioactive agents, conventional drugs, antibiotics, and other antimicrobial agents,
extracts, and essential oils into biopolymeric nanoparticles. These thus represent promising
delivery systems that prevent potential adverse side effects of therapeutic agents, enable
targeted delivery to target sites, and thus contribute to enhanced therapeutic efficacy and
sustained release.

2. Polymeric Nanoparticles

Drug delivery systems must meet specific criteria, such as being biocompatible,
biodegradable, stable, non-toxic, non-immunogenic, cost-effective, selective, easy to pro-
duce, and delivering and releasing drugs only at specific locations. When using free dosage
forms, not only diseased but also healthy cells, tissues, organs, or subcellular organs can
be damaged during drug administration and release. Various delivery systems, such
as nanoparticles with encapsulated drugs, can successfully circumvent these limitations
(Figure 3) [25–27]. Drug delivery systems also make it possible to achieve the desired
therapeutic effect of drugs and, at the same time, greater efficiency and safety, as well as
controlled release of the drug at the target site and prevent aggregation and reduce possible
side effects of delivered drugs [25,28,29].
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Polymer-based nanoparticles are important as alternative carriers for various thera-
peutic agents for different medicinal purposes mainly due to their biodegradability, bio-
compatibility, non-immunogenicity, and non-toxicity [29]. Drugs can be incorporated
into polymeric nanoparticles by physical or chemical means, i.e., by various adsorption
processes on their surface after the nanoparticle formation or by incorporation of drugs
into the nanoparticles during the production process. The loading efficacy of therapeu-
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tic agents on or into nanoparticles is mainly influenced by nanoparticle size, molecular
weight and solubility of drugs, and chemical interactions between drugs and nanoparticles.
The release rate of therapeutic agents from polymeric nanoparticles is primarily based on
the desorption of surface-bound or adsorbed therapeutic agents, diffusion of therapeutic
agents from polymeric nanoparticles, erosion of polymeric nanoparticles, and the combined
process of diffusion and erosion [31,32]. Polymeric nanoparticles offer several advantages.
They increase the absorption of loaded drugs, provide protection against degradation,
prolong the circulation time, and ensure delivery to the target site due to their good solu-
bility, safety and stability, and long-term release [33]. They can be of synthetic or natural
origin. However, synthetic polymers can be toxic and immunogenic. Therefore, natural
and biodegradable polymers offer better opportunities for nanoparticle production for
various biomedical applications [29,34]. Figure 4 shows the advantages and disadvantages
schematically and provides examples of synthetic and natural polymers.
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2.1. Biopolymers Used for the Preparation of Biodegradable Nanoparticles

The most favorable nanoparticles for medical use must meet certain requirements,
such as improved bioavailability, protection of therapeutic agents from degradation, con-
trolled drug release, specific targeting, minimal toxicity, stability, and low cost [38], and
biopolymeric nanoparticles best meet these requirements.

Biopolymeric nanoparticles comprise biopolymers—natural biological materials that
are also generally recognized as safe (GRAS). Biopolymers are macromolecules composed
of repeating units of monomers linked together by covalent bonds. Biopolymers such
as proteins and polysaccharides are suitable for the preparation of biodegradable poly-
meric nanoparticles for various biomedical applications, especially for drug delivery, tissue
engineering, and wound healing, as the therapeutic effect of the incorporated bioactive
substances can be enhanced, and potential side effects can be reduced. This is due to
their unique functions and properties, including biodegradability, biocompatibility, pho-
toprotection, and antibacterial and antioxidant properties. In addition, they are naturally
renewable, relatively inexpensive, and provide high stability in biological fluids and during
storage [3,39–43]. Furthermore, various drugs and therapeutic agents can be successfully
incorporated into biopolymeric nanoparticles, contributing to enhanced release at the
target site [44]. Both natural polysaccharides and proteins are appropriate carriers for
various therapeutic agents in the biomedical field [45]. The use of polysaccharide–protein
complexes and conjugates (protein–protein, polysaccharide–polysaccharide, and protein–
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polysaccharide composite nanoparticles) may be even more efficient due to their additional
enhanced properties. Biopolymer composite nanoparticles offer many opportunities to
improve biological functions. The preparation of protein–polysaccharide complexes can
be manipulated to exhibit improved biocompatibility, biodegradability, stability, targeting,
and mechanical properties [46].

Biopolymers can be obtained from various natural sources [37]. Depending on their
origin, they can be divided into the animal, plant, algal, fungal, and bacterial biopolymers.
Figure 5 shows a schematic representation of the biopolymers classification that can be used
for the preparation of biopolymeric nanoparticles, depending on their origin, including the
main representatives.
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Figure 5. Classification of biopolymers based on their origin (summarized from [47,48]).

Due to their biodegradability, biocompatibility, nontoxicity, and stability, biopolymeric
nanoparticles are promising nanocarrier systems for many drugs and other therapeutic
agents. Through different production methods, biopolymeric nanoparticles can be success-
fully produced. The most commonly used methods are shown schematically in Figure 6.
However, the choice of method plays a crucial role in the synthesis of nanoparticles with
suitable properties, as it depends on the biopolymer used, the type of therapeutic agent,
and the possible route of administration [44,49,50].
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Figure 6. Schematic representation of most commonly used methods for producing biodegradable
nanoparticles from biopolymers.

The desolvation method is based on using a desolvating (dehydrating) agent, such as
ethanol or acetone, which changes the structure of the polymer and reduces its solubility,
resulting in the formation of a precipitate of polymeric particles. This method is most
commonly used to prepare protein-based nanoparticles [51–53]. The self-assembly method
depends on the formation of biopolymeric nano-systems by self-assembly, both naturally
and artificially, through non-covalent bonds [54,55]. The emulsification method is based on
the preparation of nanoparticles by forming an emulsion system by mixing two immiscible
liquids, namely the organic and aqueous phases, at very high shear. The organic solvent
is then removed by evaporation to form solid nanoparticles [54,56,57]. The nano-spray
drying method transforms the material from a liquid into a powder. The solution is sprayed
into small droplets through a nozzle into a chamber where drying is carried out by hot
gas. The evaporation of the solvent forms dry particles that collect at the bottom of the
chamber. The electrospray method is based on manipulating materials on the submicron
scale. The polymer solution is sprayed using high voltage through a capillary nozzle that
forms aerosolized droplets containing polymer nanoparticles of colloidal size [52,54,58,59].
The complex coacervation method uses pH-dependent electrostatic interactions between
biopolymers to form stable nanoparticles and coacervates [52,60]. The ionic gelation method
depends on electrostatic interactions between charged polysaccharides in an aqueous
medium under certain conditions. It is considered the most commonly used method for
the preparation of stable polysaccharide nanoparticles [3,61–63].

2.1.1. Protein Nanoparticles

Proteins are biological macromolecules with a high molecular weight, which are
inexpensive, abundant, and renewable. Their unique functionalities and properties make
them ideal natural materials for the preparation of biodegradable polymeric nanoparticles.
They are amphiphilic, which allows good interactions with solvents and various drugs.
Protein nanoparticles are produced under mild conditions that do not require the use of
toxic chemicals or organic solvents [54,64]. They offer many advantages because they are
biocompatible, biodegradable, stable, have non-antigenic properties, are non-immunogenic
and non-toxic, and safe.

Moreover, surface modifications of nanoparticles are also possible [52,65]. They are
suitable as carriers for various substances, such as natural or chemical therapeutics, growth
factors, peptides, vaccines, and nucleic acids. In this way, the potential side effects of the
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drugs are eliminated, while at the same time, their therapeutic effect at the target site is
increased [56]. Therefore, they can be successfully used in various biomedical applications,
especially for tissue engineering and the delivery of drugs and other therapeutics [65,66].

Furthermore, various innovative protein-based nanoparticles offer enhanced proper-
ties such as biocompatibility, stability, etc. For example, intrinsically disordered proteins
(IDPs) are promising nanomaterials for various medical and biotechnological purposes.
They can help improve the development of drug delivery systems by enhancing the self-
assembly, stimuli-responsiveness, and recognition properties of protein/peptide copoly-
mers [67–70].

Protein-based nanoparticles can be classified according to the origin of the proteins
used for their production. Proteins can be isolated from various animal and plant species.
The most commonly used proteins are, for example, collagen, gelatin, and keratin. The
composition of proteins depends mainly on the species from which they are obtained.
Table 1 lists the most important examples of proteins and their origins suitable for protein-
based nanoparticles production.

Table 1. Examples of proteins used for the production of protein-based nanoparticles.

Origin of Protein Protein Source Protein Ref.

Animals

Ovalbumin and bovine serum albumin Albumin [71]

Milk Casein [72]

Muscles, tendons, skin, bones Collagen [73]

Bones, skin, connective tissue Gelatin [74]

Hair, nails, skin, feathers, wool, hooves, beaks, horns Keratin [75]

Silkworm Bombyx mori Silk fibroin and sericin [76]

Plants
Wheat Gliadin [77]

Corn kernel Zein [78]

2.1.2. Polysaccharide Nanoparticles

Polysaccharides are natural biopolymeric materials suitable for biopolymeric nanopar-
ticle fabrication due to their exceptional structural characteristics. They consist of monosac-
charide units linked together by glycosidic bonds [79]. Polysaccharides have many ad-
vantageous properties, such as biocompatibility, biodegradability, and nontoxicity. In
addition, they are relatively inexpensive and readily available [79–81]. The presence of
hydroxyl groups and other hydrophilic groups, such as carboxyl (e.g., in alginate) and
amino groups (e.g., in chitosan), allows easy modification and functionalization of many
types of polysaccharides for specific purposes [82,83].

Due to various favorable properties, polysaccharide-based nanoparticles are suitable
for biomedical applications such as drug delivery and tissue engineering. In addition, they
are successfully used as delivery vehicles for different therapeutic agents, including pro-
teins, peptides, and nucleic acids. They can ensure high encapsulation efficiency of various
substances and rapid and controlled release at the target site. Furthermore, polysaccharide-
based biomaterials have the potential to be used in skin tissue engineering because they
can absorb a large amount of water. Due to their biocompatibility and good mechanical
properties, they are also increasingly used for bone and cartilage tissue engineering and
are also important for the tissue engineering of nerves [80,84].

Polysaccharide nanoparticles can be divided according to the origin of the polysaccha-
rides used for their production [85]. Polysaccharides can be isolated from animal, plant,
algal, fungal, and bacterial species. They have different biological characteristics and ac-
tivities due to different chemical structures and ionic nature [61]. The most well-known
natural and biodegradable polysaccharides used in healthcare applications are chitosan,
alginate, carrageenan, gellan gum, and dextran [86,87].
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Table 2 lists the most important examples of polysaccharides and their origins used
for polysaccharide-based nanoparticles production.

Table 2. Examples of polysaccharides used for the production of polysaccharide-based nanoparticles.

Origin of Polysaccharide Polysaccharide Source Polysaccharide Ref.

Animal Shells of arthropods such as crabs, prawns, shrimps,
and lobsters Chitosan [88]

Plant

Larix spp. Arabinogalactan [89]

Agricultural trashes: sugarcane bagasse, rice husks

Cellulose

[37,90]

Plant sources: wood, cotton, jute, hemp, bamboo,
coconut, wheat, rice, grass, agave, flax [37,90]

Cyamopsis tetragonoloba
Guar gum

[91]

Cyamopsis psoraloides [92]

Globe artichoke, topinambur, elecampane, chicory Inulin [93]

Citrus peels, apple pomace Pectin [94]

Potatoes, corn, tubers, fruits, legumes, roots, cereals,
rice, yams, banana wheat, sorghum Starch [37]

Plant tissues (trees, cotton) Cellulose [95]

Algae

Nizimuddinia zanardini

Alginate

[96]

Sargassum latifolium [97]

Cystoseira barbata [98]

Ascophyllum nodosum [99]

Laminaria digitata [100]

Laminaria hyperborea [101]

Laminaria japonica [102]

Macrocystis pyrifera [103]

Sargassum wightii [104]

Chondrus crispus

Carrageenan

[105]

Sarcothalia crispata [106]

Gigartina skottsbergii [106]

Eucheuma denticulatum [107]

Kappaphycus alvarezii [108]

Hypnea musciformis [109]

Fungi

Aureobasidium pullulans

Pullulan

[110]

Cytaria harioti [111]

Cytaria darwinii [111]

Cryphonectria parasitica [111]

Termella mesenterica [112]

Teloschistes falvicans [112]

Rhodotorula bacarum [112]

Saccharomyces cerevisiae Dextran [113]

Rhizopus oryzae Chitosan [114]
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Table 2. Cont.

Origin of Polysaccharide Polysaccharide Source Polysaccharide Ref.

Bacteria

Lactobacillus plantarum

Dextran

[115]

Weissella confuse [116]

Weissella cibaria [117]

Leuconostoc mesenteroides [118]

Leuconostoc reuteri [117]

Lactobacillus gasseri [119]

Sphingomonas elodea
Gellan gum

[120]

Sphingomonas paucimobilis [120]

Leuconostoc citreum

Levan

[121]

Bacillus subtilis [122]

Bacillus atrophaeus [123]

Acinetobacter nectaris [124]

Xanthomonas campestris Xanthan gum [125]

Gluconacetobacter xylinus Cellulose [126]

Azotobacter spp. Alginate [127]

Pseudomonas spp. [127]

3. Animal-Based Biopolymeric Nanoparticles Used for Healthcare Applications

Biopolymers of animal origin, such as proteins and polysaccharides, play an essen-
tial and versatile role in various biomedical applications, including the production of
nanoparticles, especially for drug delivery and tissue engineering.

3.1. Protein Nanoparticles of Animal Origin

For the use of biopolymeric nanoparticles for various biomedical applications as
carriers of numerous therapeutic substances, proteins of animal origin are most commonly
used, of which albumin, casein, collagen, gelatin, keratin, and silk proteins (fibroin and
sericin) are the best known.

3.1.1. Albumin

Albumin is the main protein in blood plasma, and due to its many favorable properties,
it is a versatile and suitable biomaterial for the preparation of biopolymeric nanoparticles.
It is biodegradable, biocompatible, non-toxic, non-immunogenic, available in pure form,
highly soluble in water and physiological fluids, and stable in the pH range between 4.0 and
9.0. It also exhibits thermal stability when heated to 60 ◦C for up to 10 h, as it does not cause
denaturation. Albumin can be obtained from a variety of sources, including human, bovine,
rat, and chicken, with bovine serum albumin (BSA), human serum albumin (HSA), egg
white albumin (ovalbumin), etc. Albumin-based nanoparticles can successfully contribute
to increased bioavailability, improved pharmacokinetic properties, and enhanced ability to
release incorporated drugs at target sites [51,56,71,128,129].

They are successfully used as nanocarriers in the treatment and diagnosis of vari-
ous diseases, as they can effectively and safely deliver nonspecifically distributed drugs
in the body which can cause serious side effects [71,130]. Albumin-based nanoparticles
have already been developed for the treatment of cancer, diabetes, hepatitis C, and arthri-
tis [131,132]. Yan et al. [130] prepared albumin nanoparticles loaded with prednisolone
and curcumin using a high-pressure homogenization method. Combining two therapeutic
substances loaded into albumin-based biopolymeric nanoparticles has shown promise as
a delivery system for combined chemotherapy in rheumatoid arthritis. By using biopoly-
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meric nanoparticles, a better anti-inflammatory effect against macrophages was obtained
than with a free mixture of drugs. Gawde et al. [133] came to similar conclusions that
albumin nanoparticles with incorporated paclitaxel and difluorinated curcumin are suitable
for the treatment of gynecologic cancers. Zhao et al. [134] also demonstrated that albumin-
based nanoparticles are potential carriers for the co-delivery of paclitaxel and resveratrol for
effective synergistic cancer treatment. Moreover, albumin-based nanoparticles produced
by the desolvation method with incorporated methylene blue can effectively inhibit the
growth of the yeast Candida albicans and reduce biofilm formation, as demonstrated in a
study by Ambrósio et al. [135]. Using the desolvation method, the most commonly used
technique for the preparation of albumin-based nanoparticles, nanoparticles with uniform
size, spherical shape, and low aggregation tendency can be produced [135].

3.1.2. Collagen

Collagen is a natural biopolymer and the most abundant protein in the human body,
namely the primary material of the extracellular matrix of bones, skin, muscles, cartilage,
ligaments, and tendons. It accounts for more than 30% of all body proteins. Due to
numerous advantages such as biocompatibility, biodegradability, non-immunogenicity, non-
toxicity, tensile strength, low antigenicity, extensibility, and accessibility, it plays an essential
role in the synthesis of nanoparticles in various biomedical fields, especially in drug
delivery and tissue engineering [136–138]. Biodegradable and thermally stable collagen
nanoparticles are suitable nanocarriers for many therapeutic and cytotoxic substances,
genes, proteins, growth factors, and drugs. In dermatology, for example, they are important
for administering antimicrobials and steroids. They have good absorption capacity, large
contact surface area, and ensure controlled and long-term release of drugs [136,139,140].

Vijayakumar and Vaseeharan [141] synthesized non-toxic and environmentally friendly
collagen-based ZnO nanoparticles with antimicrobial and antibiofilm activity against Gram-
positive bacteria Streptococcus mutans and Gram-negative bacteria Proteus vulgaris and yeast
C. albicans, and good anticancer activity against human hepatoma cancer cells (HepG2) at a
very low concentration (75 µg/mL). Due to their biocompatibility and potential to mimic
the extracellular matrix, collagen nanoparticles play an essential role in tissue engineering
and regenerative medicine, especially in bone, cartilage, dental, vascular, corneal, and
skin tissue engineering, wound healing, spinal cord injury repair, and nerve and oral
mucosa regeneration [137,142,143]. In a study by Mondal et al. [144], the chemotherapeutic
drug doxorubicin was successfully incorporated into gold-loaded collagen hydroxyap-
atite nanoparticles. The synthesized nanoparticle system is a promising material for drug
delivery and an extracellular matrix for tissue engineering.

3.1.3. Other Animal-Based Protein Nanoparticles

One other important biopolymer for producing nanoparticles of animal origin, which
is also promising for nanoparticle fabrication to improve bioavailability, efficacy, and con-
trolled release, is casein, the main protein in milk and a good source of amino acids. Various
therapeutic substances, such as the anticancer drug doxorubicin [145], the polyphenolic
compounds resveratrol [146], curcumin [147] and quercetin [148], the antibacterial agent
mequindox [149], and the phenylpropanoid eugenol [150], have already been successfully
incorporated into casein nanoparticles for use in various healthcare applications. Gelatin is
another natural, water-soluble protein. Various anticancer drugs, anti-inflammatory drugs,
analgesics, antimicrobial agents, and other drugs have already been successfully loaded
into gelatin nanoparticles [139,151]. Keratin is a protein rich in amino acids and is fibrous
and insoluble. Keratin-based nanoparticles are suitable carriers for various antitumor drugs
such as doxorubicin, paclitaxel, and chlorine c6 and 9(R)-9-hydroxystearic acid, and multi-
ple polyphenols such as rutin, quercetin, and curcumin. In addition, they are also crucial for
tissue engineering and wound healing [152,153]. Fibroin and sericin are the major proteins
of silk proteins. Silk protein nanoparticles are also favorable delivery systems for many
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drugs, such as paclitaxel, 5-fluoroacil, doxorubicin, gemcitabine, fenofibrate, atorvastatin,
methotrexate, inulin, resveratrol, and curcumin [154,155].

3.2. Polysaccharide Nanoparticles of Animal Origin

Polysaccharides of animal origin can be successfully used for various healthcare
applications, with chitosan being the most important and well-known representative. It is
a promising natural biomaterial for the synthesis of nanoformulations for the delivery of
different therapeutic agents.

Chitosan

Chitosan is a natural biopolymer composed of N-acetyl-D-glucosamine and D-glucos-
amine units linked by β-1,4-glycosidic bonds. It is a cationic polysaccharide derived from
chitin by demineralization and deproteinization. This is found mainly in the exoskeleton
of crustaceans and insects, fish scales, and in the cell wall of fungi. Due to its excep-
tional physicochemical properties such as biodegradability, biocompatibility, non-toxicity,
low immunogenicity, mucoadhesiveness, low cost, bio-renewability, and environmental
friendliness, chitosan plays an important role in various biomedical and pharmaceutical
applications. In addition, they have antitumor, antioxidant, and antimicrobial properties
against the growth of Gram-positive and Gram-negative bacteria. Chitosan nanoparticles
are stable, increase bioavailability, improve the solubility of poorly soluble drugs, and
enhance the targeted delivery of various therapeutic compounds. Chemical modification
or integration with functional materials has positive properties to improve in vivo release
stability [156–163]. Chitosan-based nanoparticles can be used as nanocarriers for various
drug antibiotics, proteins, vaccines, and genes [164,165]. They can be administered by nasal,
intravenous, oral, and ocular routes [166].

For example, Ansari et al. [167] synthesized chitosan-based nanoparticles loaded
with zinc gluconate using an ionic gelation method. They possess significant antioxidant,
anti-inflammatory, and anti-arthritic potential, making them a potential alternative for the
treatment of rheumatoid arthritis. Tzeyung et al. [168] prepared rotigotine-loaded chitosan
nanoparticles for nose-to-brain delivery using an ionic gelation method. The nanoformula-
tion did not cause toxicity or structural damage to the nasal mucosa, making chitosan-based
nanoparticles an effective drug carrier for nose-to-brain delivery as an alternative to con-
ventional administration routes. Yu et al. [169] synthesized dexamethasone–glycol chitosan
nanoparticles that exhibited good ocular tolerance and had relatively longer precorneal
retention than an aqueous solution. Therefore, these nanoparticles are relevant for oph-
thalmic drug administration in the treatment of various inflammatory diseases. Chitosan
nanoparticles and chitosan/collagen peptide nanoparticles have been shown to be effective
biopolymeric stabilizers of Pickering emulsions used for cosmetic applications [170,171].
In addition, chitosan nanoparticles have already been shown to be excellent inhibitors of
bacteria, both Escherichia coli and Staphylococcus aureus [172]. Recent findings include the
use of chitosan in the preparation of nanocarriers to enhance the antimetastatic properties
of the entrapped drug in vitro and in vivo [173].

Table 3 summarizes examples of biopolymeric nanoparticles of animal origin for
various healthcare applications, including their preparation method and the size of the
synthesized nanoparticles.

Table 3. Examples of animal-based biopolymeric nanoparticles for healthcare applications.

Biopolymer Preparation Method Particle Size (nm) Loaded Cargo Healthcare Application Ref.

HSA Self-assembly method <200.0 Docetaxel Delivery of anticancer
drug [174]

HSA High-pressure
homogenization 150.4 Prednisolone and

curcumin

Drug delivery for the
treatment of rheumatoid

arthritis
[130]
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Table 3. Cont.

Biopolymer Preparation Method Particle Size (nm) Loaded Cargo Healthcare Application Ref.

HSA
Desolvation method

<200.0 Piperine
Drug delivery for the

treatment of breast
cancer cells (MCF-7)

[175]
Self-assembly method

HSA Coacervation method 85.0–120.0 Imipenem and
ciprofloxacin Delivery of antibiotics [176]

BSA Emulsification method 100.0 - Drug delivery studies [177]

BSA Desolvation method 156.0–315.0 Doxorubicin Delivery of anticancer
drug [178]

BSA Anti-solvent
precipitation method 150.0 Paclitaxel and

resveratrol
Delivery of anticancer

drug [134]

BSA Desolvation method 100.0–200.0 Methylene blue
Delivery of antifungal
drugs for the treatment

of Candida infections
[135]

Collagen Electrospinning/electrospray
method - -

Appropriate mimicry of
the extracellular matrix

for biomedical
applications

[142]

Collagen Film dispersion method 35.2–107.0 Cucurbitacin B Oral delivery [179]

Chitosan Ionic gelation method 106.5 Zinc gluconate
Drug delivery for the

treatment of rheumatoid
arthritis

[167]

Chitosan Emulsion-ionic gelation 40.0–100.0 Clove essential oil
Superior inhibitory

effect against Aspergillus
niger

[180]

Chitosan Ionic gelation method 75.4 Rotigotine Nose-to-brain drug
delivery [168]

Chitosan Emulsion-ionic gelation 198.7–373.4 Basil essential oil Delivery of antibacterial
substances [181]

Chitosan Ionic gelation method 208.1 Cinnamaldehyde Delivery of anti-quorum
sensing agents [182]

Chitosan Ionic gelation method 174.0–898.0 Pomegranate peel
extract

Controlled delivery of
natural antioxidants and

antimicrobials
[183]

Chitosan Emulsification-ionic
gelation method 174.0–293.0 Lemongrass

essential oil
Delivery of antibacterial

substances [184]

4. Plant-Based Biopolymeric Nanoparticles Used for Healthcare Applications

Plants are a rich source of many vital substances, including various polysaccharides
and proteins, promising biomaterials for producing biopolymeric nanoparticles for various
biomedical applications.

4.1. Protein Nanoparticles of Plant Origin

Protein nanoparticles of plant origin are of great importance in the production of
biopolymeric nanoparticles because they offer a significant advantage over protein nanopar-
ticles of animal origin. Not only are they much cheaper and widely available, but they are
also safer, as diseases from animals can be transmitted to humans through nanoparticles of
animal origin. The most important representatives include zein and gliadin.
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4.1.1. Gliadin

Gliadin is an important natural protein found in wheat gluten. It can be divided into
four classes, namely α-, β-, γ-, andω-gliadin, according to electrophoretic mobility. The
structure of gliadin consists of a terminal region, namely a short N-terminal domain and a
C-terminal domain, which is more hydrophobic due to the presence of amino acids, and
a central repetitive region rich in glutamine and proline, which confers amphiphilicity
to gliadin. Due to its relevant properties, it is suitable for the synthesis of nanoparticles
for various therapeutic applications. They are biocompatible, biodegradable, non-toxic,
and stable. Due to their hydrophobic nature and low solubility in aqueous solutions,
they provide protection and controlled release of the loaded drugs [56,185–187]. Gliadin
nanoparticles are suitable nanocarriers for various hydrophilic therapeutic agents [188].
Hydrophilic and amphiphilic compounds such as vitamins A and E and amoxicillin have
already been successfully incorporated into gliadin nanoparticles [139].

In the study, Alqahtani et al. [189] confirmed that gliadin nanoparticles prepared by
a modified antisolvent nanoprecipitation method were compatible with blood regardless
of the size of the synthesized nanoparticles. Wu et al. [190] prepared potential delivery
agents, resveratrol-incorporated gliadin nanoparticles, by an antisolvent precipitation
method and stabilization with gum Arabic and chitosan hydrochloride. The nanocarriers
prepared in this way significantly increased the release of resveratrol in water and the
simulated digestive tract, thereby increasing its bioavailability. Moreover, they improved
the chemical stability and antioxidant activity of the encapsulated polyphenolic compound.
Sharif et al. [191] prepared zein nanoparticles with incorporated γ-oryzanol by electro-
spray method. Due to the encapsulation of γ-oryzanol, the synthesized nanoparticles
were rounder and smoother with a homogeneous distribution of γ-oryzanol. The synthe-
sized γ-oryzanol-loaded gliadin nanoparticles had improved stability and decreased the
proliferation of HT-29 human colon cancer cells.

4.1.2. Zein

Zein is a major plant-based protein obtained mainly from corn. It is rich in prolamin,
poorly soluble in water, and resistant to high temperatures. It is divided into four classes
according to different peptide chains, solubility, and molecular size, namely α-, β-, γ-, and
δ- zein. Zein is biodegradable, biocompatible, and safe and therefore promising for the
synthesis of natural biopolymeric nanoparticles for various healthcare applications. Namely,
it offers greater bioavailability, protection, and prolonged, controlled, and more effective
release of incorporated substances at the target site. Many therapeutic agents have been
successfully loaded into zein-based nanoparticles, e.g., doxorubicin, heparin, 5-fluorouracil,
coumarin, quercetin, resveratrol, vitamin D3, and different antimicrobials [185,192–194].

Zein-based nanoparticles are applicable nanocarriers for hydrophobic molecules to
enhance their bioavailability for various therapeutic purposes. Nunes et al. [195] success-
fully prepared zein nanoparticles using the nanoprecipitation technique, into which they
incorporated resveratrol with an efficiency of 77%. The resveratrol-loaded zein nanopar-
ticles successfully protected resveratrol from enzymatic degradation and showed low
toxicity to human colorectal cell lines Caco-2 and HT29-MTX. Using a modified phase
separation method, Zhang et al. [193] prepared dodecamer peptide (G23)-functionalized
polydopamine (pD)-coated curcumin-loaded zein nanoparticles. The prepared spheri-
cal nanoparticles with a diameter of about 120 nm showed excellent cellular uptake by
C6 glioma cells and the ability to penetrate 3D tumor spheroids. Zein is also widely used
in tissue engineering [192]. Hadavi et al. [196] synthesized zein nanoparticles as a delivery
system for a bone morphogenic protein-6 (BMP6) derived peptide using a liquid–liquid
phase separation method. They are promising in bone regeneration due to their low toxicity,
high encapsulation efficiency, and osteoinductivity.
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4.2. Polysaccharide Nanoparticles of Plant Origin

Polysaccharides are found in large amounts in various plant species and, due to their
non-toxicity compared to various synthetic materials, represent an important natural and
biodegradable material for the synthesis of nanoparticles. These nanoparticles are often
used as nanocarriers for therapeutic agents for healthcare applications. The best-known
polysaccharides of plant origin include arabinogalactan, cellulose, guar gum, inulin, pectin,
and starch.

4.2.1. Pectin

Pectin is a structural polysaccharide and consists of the main chain of D-galacturonic
acid units linked by α-(1,4) glycosidic bonds and side chains of galactose, arabinose,
and rhamnose. It is derived from various plant sources, mainly apples, citrus fruits,
and sugar beets, but algae, such as Spirulina maxima can also produce it. It is water-
soluble, biodegradable, biocompatible, and non-toxic, making it a promising biomaterial
for the preparation of nanocarrier systems for various therapeutic agents for biomedical
applications [197,198]. Pectin-based nanoparticles are unique systems for targeted drug
delivery in the colon because pectin is readily degraded in the colon while remaining
chemically intact in the stomach and small intestine [199].

Jacob et al. [200] synthesized polysaccharide nanoparticles based on pectin extracted
from citrus fruits using the ionotropic gelation method based on the difference in their
degree of esterification, namely high, low, and amidated low methoxylated pectin. Mag-
nesium (Mg2+) was used as a divalent crosslinker. All three pectin samples proved to
be potential delivery systems for hydrophobic drugs for oral administration. Bostanudin
et al. [201] synthesized butylglyceryl-modified pectin nanoparticles by nanoprecipitation.
The spherical nanoparticles produced were stable and less than 300 nm in diameter, making
them appropriate drug delivery vehicles.

4.2.2. Starch

Starch is a natural biopolymer containing two different polysaccharide structures,
amylose, and amylopectin. Amylose is a linear or slightly branched biopolymer and consists
of glucose units linked by α-1-4 glycosidic bonds. Amylopectin is a highly branched
biopolymer with short chains of glucose units linked by α-(1,4) glycosidic bonds and
additional branches linked by α-1-6 glycosidic bonds. Like all other biopolymers, starch is
biocompatible, biodegradable, nontoxic, nonimmunogenic, and renewable. Therefore, it
represents a significant natural biopolymeric material for the preparation of nanoparticles
as successful delivery systems for various drugs and bioactive substances with controlled
release at the target site [202,203].

Farrag et al. [204] synthesized starch-based nanoparticles of various botanical ori-
gins into which the polyphenol quercetin was incorporated using the nanoprecipitation
method. The results showed that the synthesized starch nanoparticles had a spherical
shape. However, the origin of the starch had an influence on the size of the nanoparticles,
the percentage of loading with quercetin, the release kinetics, and the antioxidant activity.
Chin et al. [205] successfully synthesized paracetamol-loaded pH-responsive starch–citrate
nanoparticles using a nanoprecipitation method. Synthesized nanocarriers are applicable
for targeted drug delivery, with relatively high loading capacity and low toxicity. Chen
et al. [206] demonstrated that starch-based nanoparticles could be used as nanocarriers
for chemotherapeutic agents. In their study, they successfully prepared amphiphilic self-
assembled glycyrrhetinic acid–biotin–starch nanoparticles with encapsulated hydrophobic
anticancer drug doxorubicin. The nanoformulation showed enhanced cellular uptake and
cytotoxic effect on HepG2 cells as a free drug.

4.2.3. Cellulose

Cellulose is a natural structural polysaccharide and the main component of many plant
tissues. It is also found in seaweed and various non-pathogenic bacterial species. It is a
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linear biopolymer composed of D-glucose units linked by β-1,4-glycosidic bonds. Cellulose
is the most abundant renewable biopolymer and is biocompatible, biodegradable, non-
toxic, and stable under acidic conditions [95,126,207,208]. Cellulose-based nanomaterials
(nanocellulose) can be used for a variety of biomedical applications, including wound
healing, tissue engineering, drug delivery, bone regeneration, and as antibacterial and
antifouling agents [209,210].

Chin et al. [211] demonstrated that curcumin-incorporated cellulose nanoparticles are
a promising approach for curcumin delivery to the stomach and upper intestinal tract. In
an in vitro study in simulated gastric fluid, higher stability and greater release of the drug
were obtained. Cellulose-based nanoparticles are important for achieving target specificity
and long-term efficacy in the delivery of therapeutic agents because they can be easily
modified to obtain the appropriate chemical, mechanical, and physical properties [209].

4.2.4. Other Plant-Based Polysaccharide Nanoparticles

In addition to pectin and starch, there are other important biopolymers, including
arabinogalactan, guar gum, and inulin, which can be used to produce nanoparticles as
promising carriers for numerous therapeutics to improve their properties for healthcare
applications. Most studies have been conducted primarily on the potential use of biopoly-
meric nanoparticles to deliver chemopreventive and chemotherapeutic agents [207,212,213].
For example, celecoxib has been successfully incorporated into guar gum nanoparticles to
target colon cancer [214], as well as model drugs doxorubicin, 5-fluorouracil, rifampicin,
rhodamine B, angiotensin II, antibiotic ciprofloxacin, and polyphenolic compounds, such as
curcumin and caffeine. Furthermore, guar gum nanoparticles are suitable for oral as well as
buccal, transdermal, and intravenous administration [215]. Inulin nanoparticles have also
been developed for efficient delivery of the incorporated drug epirubicin [216]. In addition,
inulin-based nanoparticles are potential carriers for unstable molecules in oral delivery sys-
tems. They ensure successful encapsulation, protection, and controlled release of quercetin
for colon-targeted drug delivery [217]. Moreover, arabinogalactan-based nanoparticles
are also suitable as carriers for various therapeutic agents, such as recombinant human
thrombin [218].

Table 4 summarizes examples of biopolymeric nanoparticles of plant origin for use in
various biomedical applications, including their preparation and the size of the synthesized
nanoparticles.

Table 4. Examples of plant-based biopolymeric nanoparticles for healthcare applications.

Biopolymer Preparation Method Particle Size (nm) Loaded Cargo Healthcare Application Ref.

Gliadin Desolvation method 1.0–181.0 Sumatriptan Brain-targeted drug
delivery [188]

Gliadin Electrospray method 481.6 γ-Oryzanol Drug delivery to reduce
HT-29 cell proliferation [191]

Zein Nanoprecipitation
method 120.0–180.0 Resveratrol Oral drug delivery [195]

Zein Liquid–liquid phase
separation method 379.4 BMP6-derived

peptide
Bone regenerative

medicine [196]

Zein Phase separation 37.0–112.3 Maytansine Delivery of anticancer
drug [219]

Zein Self-assembly method 180.0 Thymbra capitata
essential oil Drug delivery [220]

Pectin Ionotropic gelation
method 700.0–850.0 - Potential oral drug

delivery [200]

Pectin Ionic gelation method 482.7 Metformin Drug delivery for type
2 diabetes mellitus [221]
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Table 4. Cont.

Biopolymer Preparation Method Particle Size (nm) Loaded Cargo Healthcare Application Ref.

Starch Nanoprecipitation
method 500.0 Quercetin Estimation of release

kinetics [204]

Starch Nanoprecipitation
method <250.0 Curcumin Drug delivery for

polyphenols [222]

Starch Nanoprecipitation
method 255.0–396.0 Ginkgo biloba

extracts Oral drug delivery [223]

Starch Emulsification method 300.0 5-Fluorouracil Colon-specific drug
delivery [224]

Starch Acid hydrolysis and
precipitation method 85.1 Paclitaxel Delivery of anticancer

drug [225]

Starch Nanoprecipitation
method 105.0 Paracetamol pH-responsive drug

delivery system [205]

Starch Microemulsification
method 282.9 Triphala Churna

Drug delivery of drugs
with antimicrobial,

antibiofilm, and
neuroprotective effects

[226]

Cellulose Nanoprecipitation
method 70.0–365.0 Methylene blue Sustained and controlled

release [227]

Guar gum Emulsification method 200.0 Celecoxib Oral drug delivery [214]

Inulin Emulsion solvent
evaporation method 224.0–365.0 - Intracellular stimulation

of probiotics [228]

Inulin Spray drying method 289.8 Quercetin Colon-targeted drug
delivery [217]

5. Algae-Based Biopolymeric Nanoparticles Used for Healthcare Applications

Algae are autotrophs, mixotrophs, and heterotrophs and are found everywhere in
freshwater sources and the marine environment. They are divided into microalgae and
macroalgae, and both are important for the production of various biopolymers from which
nanoparticles can be successfully synthesized [229].

5.1. Polysaccharide Nanoparticles of Algal Origin

Many polysaccharides, promising biopolymeric materials for biocompatible, biodegrad-
able, and nontoxic nanoparticles, can also be obtained from algal species. Some important
biopolymers of plant origin are also produced by various algae, such as cellulose and starch.
Alginate and carrageenan are among the most commonly used biopolymers of algal origin.

5.1.1. Alginate

Alginate is a natural linear and unbranched polysaccharide consisting of a repeating
unit of β-D-mannuronic acid (M-blocks) and α-L-guluronic acid (G-blocks) linked by 1,4-
glycosidic bonds. The physicochemical properties of alginate are based on the composition,
i.e., the M/G ratio and the length and sequence of the building blocks. The high content of
M and G blocks contributes significantly to the thickening and gelling properties. Alginate
is mainly derived from marine algae but can also be produced by some bacterial species.
Due to its important properties, such as biodegradability, biocompatibility, non-toxicity,
and non-immunogenicity, alginate is an important natural biomaterial for the preparation
of nanoparticles for numerous therapeutic applications. Alginate nanoparticles successfully
protect the incorporated therapeutic agents and ensure the controlled release of the thera-
peutic agent at the target site. The release properties of therapeutic agents are influenced
by the presence of monomer units in alginate [127,230–235].
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Spadari et al. [236] have successfully incorporated miltefosine, a drug with great
antifungal potential, into alginate nanoparticles. These have been shown to be alternative
nanocarriers for antifungal drugs to treat invasive fungal infections without having a
cytotoxic effect on healthy cells, as may be the case when the free drug is administered. The
bacteriocins of Lacticaseibacillus paracasei CNCM I-5369 show good activity against Gram-
negative bacteria, including E. coli, which contains the mcr-1 gene that makes it resistant
to the antibiotic colistin. In a study, Belguesmia et al. [237] successfully loaded alginate
nanoparticles with bacteriocins, providing a successful therapeutic alternative in the fight
against infections caused by Gram-negative bacteria. The results showed that antibacterial
activity against E. coli increased significantly. Moreover, the alginate nanoparticles loaded
with bacteriocins were not cytotoxic to human HT29 and animal IPEC-1 cell lines.

5.1.2. Carrageenan

Carrageenan is a linear sulfated polysaccharide obtained mainly from various species
of seaweed. It is a hydrophilic biopolymer with a high molecular weight. Its polymer
structure consists of 3-linked-β-D-galactopyranose and 4-linked-α-D-galactopyranose or
4-linked 3,6-anhydro-α-D-galactopyranose units. According to the structural features of
the repeating disaccharide units, it can be classified into seven types, namely λ-, κ-, ι-, υ-,
µ-, θ-, and ξ-carrageenan. Due to biodegradability, biocompatibility, bioavailability, non-
toxicity, and thermostability, carrageenan is the ideal basis for the production of important
nanoparticles based on natural polysaccharides in biomedical applications. It significantly
contributes to improving the properties of incorporated therapeutic substances, increases
bioavailability and durability, and prolongs the release of bioactive ingredients at the target
site. In addition, carrageenan also has antioxidant, anticarcinogenic, anticoagulant, and
immunomodulatory properties [61,238–241].

Fani et al. [242] used an electrospray method to synthesize carrageenan nanoparticles
loaded with the sensitive bioactive compound D-limonene (R-(+)-limonene) and achieved
an encapsulation efficiency of about 97%. Carrageenan-based nanoparticles were found
to be effective nanocarrier systems for lipophilic compounds such as D-limonene, as
both photostability and thermostability were significantly improved by encapsulation.
Vijayakumar et al. [243] synthesized carrageenan-coated ZnO nanoparticles with successful
antibacterial activity against MRSA. Moreover, the prepared nanoparticles had proven
anti-inflammatory activity, good compatibility with human red blood cells, and were
environmentally safe.

Table 5 summarizes examples of algae-based polysaccharide nanoparticles for various
healthcare applications, including preparation methods and the size of produced nanoparticles.

Table 5. Examples of algal-based biopolymeric nanoparticles for healthcare applications.

Biopolymer Preparation Method Particle Size (nm) Loaded Cargo Healthcare Application Ref.

Alginate Ionic gelation method - Rifampicin Drug delivery without
systemic toxicity [244]

Alginate Emulsification method 279.1 Miltefosine Antifungal drug
delivery [236]

Alginate Emulsification method 150.0–270.0 Betamethasone
sodium phosphate Ocular drug delivery [245]

Alginate Ionic gelation method 400.0–1000.0 Grape pomace
extract Oral delivery [246]

Alginate Electrospray method 228.0 CRISPR plasmids
DNA Gene delivery [247]

50



Int. J. Mol. Sci. 2023, 24, 3188

Table 5. Cont.

Biopolymer Preparation Method Particle Size (nm) Loaded Cargo Healthcare Application Ref.

Alginate Emulsification method 279.1 Bacteriocins from
L. paracasei

Drug delivery for the
treatment of fungal
diseases caused by
Candida spp. and
Cryptococcus spp.

[236]

κ-Carrageenan Electrospray method 309.5–663.8 D-limonene
Drug delivery of highly

sensitive bioactive
agents

[242]

κ-Carrageenan Emulsification method 211.0 Curcumin Drug delivery [248]

6. Fungal-Based Biopolymeric Nanoparticles Used for Healthcare Applications

Fungi are an essential source of various natural compounds, including polysaccharides.
Biodegradable and biocompatible nanoparticles, as carriers of drugs and other important
therapeutic agents, can be synthesized from successfully extracted biopolymers from fungi
by various methods.

Polysaccharide Nanoparticles of Fungal Origin

Pullulan is one of the most important and commonly used fungal polysaccharides for
the preparation of biopolymeric nanoparticles. In addition to pullulan, the polysaccharide
dextran, mainly of bacterial origin, and the protein chitosan, primarily derived from
animals, can also be isolated from fungi.

Pullulan

Pullulan is a natural biopolymer obtained mainly by a fermentation process from
the yeast-like fungus A. pullulans. The structure of pullulan contains maltotriose units
linked by α-1,6 glycosidic bonds, which contributes significantly to the structural flexi-
bility of pullulan. It is a nonionic linear exopolysaccharide easily soluble in water but
insoluble in most organic solvents. Compared to other polysaccharides, the aqueous
pullulan solution is stable and has a relatively low viscosity. Due to its advantageous
properties, such as biodegradability, biocompatibility, non-immunogenicity, non-toxicity,
non-mutagenicity, and non-carcinogenicity, pullulan is an important biomaterial for the
preparation of nanoparticles based on natural polysaccharides, applicable for various
biomedical use [61,111,249–251]. Pullulan-based nanoparticles are nanocarriers for various
therapeutic substances, for example, antimicrobial agents and essential oils with inhibitory
activity against pathogenic Gram-negative and Gram-positive bacteria and fungi, including
multidrug-resistant and biofilm-forming bacteria [252].

Tao et al. [253] synthesized potential biopolymer-based nanocarriers to reduce the dose
of chemotherapeutic drugs while increasing their delivery efficiency. They successfully
incorporated the drug mitoxantrone into cholesterol-substituted pullulan nanoparticles,
which showed successful growth inhibition of bladder cancer cells in vitro. Yuan et al. [254]
synthesized cholesteryl-modified aminated pullulan nanoparticles loaded with cholesterol
succinate, an acidic cholesterol ester. Sustained release of incorporated substance and
cytotoxicity on Lewis lung cancer cells were obtained. In a study, Laha and Maiti [255]
found that stearyl pullulan-based nanocarriers with the incorporated drug glipizide could
prolong the release of the loaded drug under simulated gastrointestinal conditions. Thus,
they proved to be favorable nanocarriers for poorly soluble drugs that can achieve con-
trolled release and successfully improve the therapeutic efficiency of the incorporated
drugs. Li et al. [256] demonstrated that pullulan–doxorubicin nanoparticles loaded with
1,1,2-trichlorotrifluoroethane are a new potential delivery system with a synergistic effect
that significantly improves ablation and therapeutic efficacy.
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Table 6 summarizes examples of polysaccharide nanoparticles of fungal origin for use
in various biomedical applications, including synthesis methods and the size of nanoparti-
cles produced.

Table 6. Examples of fungal-based biopolymeric nanoparticles for healthcare applications.

Biopolymer Preparation Method Particle Size (nm) Loaded Cargo Healthcare Application Ref.

Pullulan Nanoemulsification
method 98.0 Ursodeoxycholic

acid
Drug delivery for

neuroprotective effect [257]

Pullulan Self-assembly method 86.4–222.3 Mitoxantrone Delivery of anticancer
drug [253]

Pullulan Nanoprecipitation
method <200.0 Valsartan Delivery of

cardiovascular agents [258]

Pullulan Emulsion solvent
evaporation method 200.0 Doxorubicin Liver-specific drug

delivery [259]

Pullulan Self-assembly method 185.7
Methotrexate and

10-
hydroxycamptothecine

Tumor-targeted drug
delivery [260]

Pullulan Probe-sonication
method 84.1 Erlotinib Drug delivery for

cervical cancer therapy [261]

7. Bacterial-Based Biopolymeric Nanoparticles Used for Healthcare Applications

Several bacterial species can produce various bioactive compounds, including polysac-
charides, from which biodegradable, biocompatible, and nontoxic nanocarriers for potential
use in biomedical applications can be prepared.

7.1. Polysaccharide Nanoparticles of Bacterial Origin

Polysaccharides that are successfully used to produce biopolymeric nanoparticles of
bacterial origin include dextran, xanthan gum, levan, and gellan gum, of which dextran is
the best known. In addition, pullulan can also be of bacterial origin. Polysaccharide-based
nanoparticles of bacterial origin can successfully enhance bioavailability and consequently
reduce the side effect of the incorporated drug or other therapeutic substance.

7.1.1. Dextran

Dextran is a natural, branched exopolysaccharide with a hydrophilic nature. It is
produced mainly by some Gram-positive bacteria such as Leuconostoc and Streptococcus.
The main dextran chain consists of glucose monomers linked by α-1,6 glycosidic bonds and
short-side branches linked by α-1,3 glycosidic bonds. However, the properties of dextran,
such as branching and molecular weight, may vary depending on the bacterial strain
and production conditions. Due to its advantageous properties, such as biodegradability,
biocompatibility, non-toxicity, and non-immunogenicity, it is considered as a suitable bio-
material for the preparation of polysaccharide nanoparticles as delivery systems for various
therapeutic agents, including proteins and nucleic acids. Moreover, dextran nanoparti-
cles successfully reduce the potential negative side effects of incorporated substances by
delivering them to the target sites in a controlled manner [262–264].

In order to minimize the local and systemic side effects of local retinoblastoma
chemotherapy, Delrish et al. [265] synthesized thiolated and methylated chitosan–carboxy-
methyl dextran nanoparticles by the ionic gelation method. They studied their biodistribu-
tion after intravitreal injection into the eyes of rats with retinoblastoma. The diameter of
the prepared biocompatible polymer nanoparticles was 34 ± 3.78 nm and 42 ± 4.23 nm,
respectively. These showed increased ocular bioavailability in retinoblastoma-induced
rat eyes. In a study, Han et al. [266] found that paclitaxel-loaded dextran nanoparticles
decorated with the RVG29 peptide can cross the blood–brain barrier and reach intracranial
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tumors. Therefore, they are suitable drug delivery systems for the treatment of C6 glioma.
Jamwal et al. [267] synthesized a dextran-based insulin delivery system. An in vitro in-
sulin release study was performed in an artificial gastric and artificial intestinal fluid
and showed controlled release of insulin from synthesized glucose oxidase immobilized-
acryloyl crosslinked dextran dialdehyde nanoparticles.

7.1.2. Other Bacterial-Based Polysaccharide Nanoparticles

Other bacterial-derived polysaccharides, such as xanthan gum, levan, and gellan
gum, are also nontoxic, biodegradable, and biocompatible polymers for the synthesis of
biopolymeric nanoparticles promising for biomedical applications as delivery systems.
Therefore, various therapeutic substances have already been successfully incorporated into
bacterial-based polysaccharide nanoparticles. For example, gellan gum and levan nanopar-
ticles have been successfully loaded with resveratrol for oral administration [268,269], and
the hydrophilic antihypertensive drug Atenol was incorporated into gellan gum nanoparti-
cles [270]. Moreover, a chemotherapy drug, doxorubicin, was also successfully incorporated
into xanthan gum nanoparticles [271].

Table 7 summarizes examples of polysaccharide nanoparticles of bacterial origin for
use in various healthcare applications, including preparation methods and size of the
synthesized nanoparticles.

Table 7. Examples of bacterial-based biopolymeric nanoparticles for healthcare applications.

Biopolymer Preparation Method Particle Size (nm) Loaded Cargo Healthcare Application Ref.

Dextran Spray drying method - Rifampicin Enhanced deep lung
delivery [272]

Dextran Ionic gelation method 34.0–42.0 - Ocular drug delivery [265]

Dextran Single emulsion
evaporation method 99.8–181.3

5, 10, 15, 20-
tetraphenyl-21H,
23H-porphyrine

Drug delivery for a
tumor cell-targeted

photodynamic therapy
[273]

Dextran Self-assembly method 260.0 Naproxen Anti-inflammatory drug
delivery [274]

Dextran Solvent diffusion
method <70.0 Chloroquine

diphosphate
Delivery of antimalarial

drug [275]

Dextran Ionic gelation method 69.3 - Antibacterial agents [276]

Xanthan gum Anti-solvent
precipitation 149.0–241.0 Cinnamon bark

extract
Controlled delivery of

polyphenols [277]

Levan Electrohydrodynamic
atomization method 82.1 Resveratrol

Drug delivery for
wound healing and
tissue engineering

[269]

Gellan gum Nebulization/ionic
gelation method 337.1 Resveratrol Oral drug delivery [268]

Gellan gum Ionic gelation method 85.6 Atenol Delivery of
antihypertensive drug [270]

8. Incorporation of Different Therapeutic Substances into Biopolymeric Nanoparticles
for Healthcare Applications

Biopolymeric nanoparticles are applicable for clinical use as delivery systems for
various drugs, genes, and other therapeutic agents and tissue engineering. This is due
to their favorable properties, especially biodegradability, biocompatibility, non-toxicity,
and low induction of immune responses [278,279]. Since they allow targeted delivery of
incorporated drugs to target sites, preventing toxic effects on healthy cells, they can be
loaded with a high concentration of drugs, allowing enhanced therapeutic effects due to
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sustained release. The loaded drug is successfully protected from metabolic processes and
thus retains its bioactivity [3,84].

Free drugs require high dosages to achieve a pharmacological effect and are potentially
toxic. In contrast, biodegradable biopolymer nanocarriers represent unique and effective
systems for various healthcare applications due to their favorable properties and enhanced
drug delivery in the human body. Moreover, they successfully reduce the potential risks
and drawbacks of conventional therapies. There are several routes of administration by
which therapeutic agents can be introduced into the human body using biopolymeric
nanoparticles, namely the enteral (oral, ocular, nasal) or parenteral (subcutaneous, in-
travenous, intramuscular) route. However, the appropriate route of administration is
influenced by the disease state, the desired therapeutic effect, and the bioavailability of the
drug [278,280].

8.1. Incorporation and Delivery of Bioactive Compounds

Biologically active compounds, such as polyphenolic compounds, have antioxidant,
anti-inflammatory, antimicrobial, antitumor, antiallergic, and other beneficial biological
activities. However, they are susceptible to environmental conditions such as light, heat,
and oxygen and are, therefore, chemically unstable. Furthermore, they are poorly soluble
in water and are rapidly metabolized [49]. These limitations can be successfully overcome
by incorporating bioactive compounds into nanocarriers, such as biopolymeric nanopar-
ticles [195]. It has already been confirmed that encapsulation of phenolic compounds in
nanoparticles significantly improves their stability, water solubility, and bioavailability, as
well as their biological activity. Therefore, biopolymeric nanoparticles are suitable carriers
for these compounds, as they can also reduce the required dose of bioactive compounds,
further reducing potential side effects [49].

Many bioactive compounds also have good antioxidant properties. However, their
potential use in the treatment of diseases caused by oxidative stress, including neurodegen-
erative diseases, is a significant concern because brain targeting is still a major challenge.
Nanoformulations with incorporated antioxidants are promising delivery systems because
they protect antioxidant molecules from degradation while allowing improved bioavail-
ability and targeted delivery to specific organs, cells, or tissues [31].

The bioactive ingredient curcumin has many beneficial properties for human health.
Therefore, many studies have already been conducted on its encapsulation in various
biopolymeric nanoparticles to provide protection from rapid degradation and enhance its
therapeutic effects. Das et al. [281] successfully incorporated curcumin into albumin-based
nanoparticles, which showed enhanced cellular uptake and cytotoxicity in human lung
carcinoma cells (A549) compared with the free compound. Hassani et al. [282] successfully
encapsulated curcumin into sodium alginate–gum Arabic nanoparticles for enhanced an-
tioxidant and drug-release properties of curcumin. The curcumin alginate–gum Arabic
nanoparticles were prepared by an ionotropic gelation technique with slight modifications
using calcium chloride as a crosslinker. Curcumin-loaded nanoparticles have significant
therapeutic potential in preventing and treating solid malignancies. Compared with free
curcumin, they showed enhanced anticancer activity against HepG2, HT29, A549, and
MCF-7 cancer cells, as demonstrated by a cytotoxicity study using the MTT assay. Nogueira
et al. [283] have also successfully incorporated curcumin into biopolymeric nanoparticles
based on the polysaccharide carrageenan. High hydrophobicity may hinder the in vivo
bioavailability of curcumin, reducing its therapeutic effect. Consequently, its incorporation
into biodegradable nanoparticles is crucial. Curcumin-loaded carrageenan nanoparticles
are a potentially effective and safe system for the treatment of bone-related diseases. Starch
nanoparticles can also be used as nanocarriers for curcumin. Acevedo-Guevara et al. [222]
used natural and acetylated starch from green bananas to prepare nanoparticles. Curcumin
was successfully incorporated into both nanoformulations with an encapsulation efficiency
greater than 80%. However, the acetylated starch nanoparticles were more successful
because the acetylation of starch caused stronger hydrogen bond interaction between
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curcumin and the starch matrix, making the encapsulation more effective. In addition,
improved controlled release of the polyphenolic substance from the acetylated starch
nanoparticles was achieved. By incorporating curcumin into ovalbumin/κ-carrageenan
nanoparticles, Xie et al. [284] demonstrated high antioxidant activity and stability in simu-
lated gastric fluid and enhanced thermal and light stability of curcumin. Fan et al. [285]
synthesized nanoparticles based on BSA and dextran for the preparation of curcumin
delivery systems. The results of the study showed that the prepared nanoparticles loaded
with curcumin were stable. Further, the antioxidant activity of curcumin in Caco-2 cells
compared to the free bioactive compound was significantly improved. Liu et al. [286]
synthesized zein nanoparticles with incorporated curcumin and stabilized dual-coating
shell structure in combination with sodium caseinate (SC) and sodium alginate (SA). Zein
nanoparticles stabilized with SC-SA significantly improved the photochemical stability
and antioxidant activity of curcumin and enabled controlled release under simulated
gastrointestinal conditions. The nanocarriers prepared in this way, therefore, have the
potential to successfully deliver chemically unstable hydrophobic bioactive compounds.
They can improve the water solubility, photochemical stability, and antioxidant activity
of bioactive compounds such as curcumin. The same conclusions were reached by Yao
et al. [287], who used zein nanoparticles loaded with curcumin and an alginate/gelatin
biopolymer coating in their study. Biopolymeric materials can form stable coatings on
the surface of zein and other nanoparticles made of natural polymers, which contributes
to improved pH stability of nanoparticles and inhibition of particle aggregation during
long-term storage [192,287]. Sorasitthiyanukarn et al. [288] successfully prepared chi-
tosan/alginate nanoparticles loaded with curcumin diglutaric acid, a prodrug of curcumin
with enhanced solubility and antinociceptive activity. These were more stable than free cur-
cumin diglutaric acid under UV radiation and in simulated gastrointestinal environments.
Additionally, they showed enhanced anticancer activity against Caco-2, HepG2, and human
breast cancer cells (MDA-MB-231), as well as higher in vitro cell uptake in Caco-2 cells.
Therefore, the authors claim that chitosan/alginate nanoparticles are a potential system
for the oral delivery of curcumin diglutaric acid for cancer treatment. In a more recent
study [289], the same authors synthesized chitosan/alginate nanoparticles loaded with
curcumin diethyl disuccinate, an ester prodrug of curcumin. Compared with the free thera-
peutic substance, these showed improved stability, bioavailability, bioaccessibility, cellular
uptake, and cytotoxicity against HepG2. In addition, chitosan-κ carrageenan nanoparticles
with incorporated α-mangostin, a xanthone derivative isolated from the pericarp extract
of mangosteen (Garcinia mangostana L.), are also promising delivery systems exhibit anti-
cancer and excellent physicochemical properties [290]. They showed increased solubility,
prolonged release, and cytotoxicity against MCF-7 cancer cells.

Rathore et al. [291] incorporated silymarin, a flavonoid, into collagen-based nanoparti-
cles. Silymarin is a bioactive compound with hepatoprotective and neuroprotective proper-
ties isolated from milk thistle. The silymarin-loaded nanoformulation showed improved
therapeutic efficacy of the flavonoid against acute ischemia/reperfusion injury. Moreover,
a lower drug dose can achieve an appropriate neuroprotective effect by using nanoparticles.
In addition, Roy and Rhim [292] incorporated a natural antioxidant flavonoid quercetin
into chitosan-based nanoparticles, which exhibited good antioxidant and antimicrobial
properties. Quercetin was also successfully loaded into zein nanoparticles stabilized with
soluble soybean polysaccharide. This nanoformulation significantly improved the encap-
sulation efficiency and photochemical stability of quercetin [293]. Cinnamaldehyde is
another natural compound belonging to flavonoids. Subhaswaraj et al. [182] prepared
chitosan nanoparticles loaded with cinnamaldehyde, which showed significantly higher
anti-quorum sensing activity and antibiofilm activity against Pseudomonas aeruginosa com-
pared to free cinnamaldehyde. Moreover, slow and sustained release of cinnamaldehyde
was achieved in an in vitro release study. Liang et al. [294] incorporated the polyphenolic
compound tannic acid into synthesized zein/pectin nanoparticles with an average diameter
of 166 nm and achieved an encapsulation efficiency of 89%. The results showed good an-
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tioxidant activity of the incorporated tannic acid, gradually released from the nanoparticles
under simulated gastrointestinal conditions, especially in the small intestine.

Anacardic acid is a hydroxybenzoic acid with exceptional antimicrobial properties.
Araujo et al. [295] successfully loaded anacardic acid into zein nanoparticles using a nano-
precipitation method. This method is considered an economical, environmentally friendly,
low-energy, and reproducible technique. Nanoencapsulation of anacardic acid even in-
creased antimicrobial activity against S. aureus, P. aeruginosa, and Candida auris. In another
study, zein nanoparticles loaded with anacardic acid showed high bactericidal activity
against S. mutans and potential antiplaque activity [296]. Bernal-Mercado et al. [297] incor-
porated carvacrol, a monoterpenoid phenol extracted from oregano and thyme essential
oils, into chitosan nanoparticles, enhancing their antibacterial and antibiofilm properties
against P. aeruginosa. Furthermore, Jain et al. [298] successfully loaded beta-carotene into
zein nanoparticles prepared by a modified phase separation technique. They demonstrated
enhanced cellular uptake, cytotoxicity, and improved oral biopharmaceutical performance
of beta-carotene.

8.2. Incorporation and Delivery of Conventional Drugs

Selective therapeutics targeting diseased areas is a significant challenge in the treat-
ment of many diseases, especially various forms of cancer [299]. Different anticancer
drugs are poorly soluble in water and may have multiple toxic side effects, which can
be successfully eliminated by incorporation into different nanocarriers [219]. Therefore,
chemopreventive and chemotherapeutic agents can be successfully encapsulated into vari-
ous biopolymeric nanoparticles. These offer improved stability and solubility of the drug,
as well as a longer half-life in the blood due to protection from modifications caused by
metabolic enzymes. In addition, drug encapsulation successfully reduces drug resistance
and enables controlled drug release at the target site [31]. Nanoparticles have the ability to
deliver incorporated drugs to the target organ, cells, or tissues, preventing the potentially
toxic effects of drugs on healthy cells, as is the case with conventional forms of drug delivery.
As a result, the amount of drug administered can also be reduced to achieve the desired
therapeutic effect [300]. They are also potential gene nanocarriers due to their nanoscale
size, high surface-to-volume ratio, and stability [31].

Yu et al. [219] successfully incorporated the anticancer drug maytansine with an
encapsulation efficiency of 82.97% into zein nanoparticles prepared by phase separation
to target the tumor and reduce the toxic side effects of the drug. Maytansinin-loaded
zein nanoparticles have been shown to be non-toxic and promising nanocarriers for the
treatment of non-small cell lung cancer, demonstrating enhanced antitumor efficacy in
A549 cells compared to the free drug. Another anticancer drug, paclitaxel, was successfully
incorporated into potato starch nanoparticles by Putro et al. [225]. The cytotoxicity assay
results showed good biocompatibility of the nanoparticles with 7F2 mouse osteoblast
cells. Abid et al. [299] synthesized enzyme-responsive dextran-based oligoester crosslinked
nanoparticles containing the anticancer drug 5-fluorouracil as a potential oral delivery
system to combat colon cancer. In a study by Ding et al. [224], 5-fluorouracil was also
successfully incorporated into biopolymeric particles. The synthesized retrograded starch
nanoparticles showed high absorption capacity and long in vitro release of the loaded drug,
making them promising nanocarriers for colon-specific controlled release of 5-fluorouracil.

Pirfenidone is a drug with anti-inflammatory and antifibrotic activity used to treat
idiopathic pulmonary fibrosis. Abnoos et al. [301] incorporated pirfenidone into chi-
tosan/alginate nanoparticles with an encapsulation efficiency of 94%. An in vitro drug
release study showed sustained release of the encapsulated drug, and skin penetration of
the nanoparticle-loaded pirfenidone was compared to the free drug. Kianersi et al. [245]
prepared alginate nanoparticles coated with chitosan and gelatin and loaded with the
anti-inflammatory drug betamethasone sodium phosphate.

Thomas et al. [302] prepared starch-modified alginate nanoparticles using the ionotropic
gelation method, into which they incorporated the drug theophylline and the protein BSA as

56



Int. J. Mol. Sci. 2023, 24, 3188

model drugs. In vitro cytotoxicity studies showed that the nanoparticles were completely
nontoxic and exhibited excellent biocompatibility. Nanoparticles prepared in this way
successfully protected the incorporated drug in the acidic environment of the gastric fluid,
and complete release of the drug in the intestinal fluid was achieved. Constantin et al. [303]
prepared spherical nanoparticles based on a pullulan derivative incorporated with the
model drug sodium diclofenac. In vitro studies revealed that the polymeric nanoparticles
did not exhibit cytotoxicity at a pharmacologically relevant concentration of diclofenac and
retained typical cell morphology.

Ursodeoxycholic acid is an oral drug for the treatment of primary biliary cirrhosis.
Yu et al. [257] successfully demonstrated the neuroprotective effect of ursodeoxycholic
acid-loaded pullulan acetate nanoparticles stabilized by poly(vinyl alcohol). Chinnaiyan
et al. [221] prepared metformin-loaded pectin-based nanoparticles with an encapsulation
efficiency of 68% by an ionic gelation method. The results showed reasonable stability in
the presence of excess BSA and slow and sustained release of the drug at pH 6.8. In vivo
stability of the nanoparticles and the possibility of prolonging the retention time of the drug
in the bloodstream were demonstrated. Therefore, the pectin nanoparticles developed in
this way are appropriate for enhancing the bioavailability of metformin for the successful
treatment of type 2 diabetes.

8.3. Incorporation and Delivery of Antibiotics and Antimicrobial Agents

Due to increasing resistance to antibiotics and other antimicrobial agents, the search
for new formulations for their administration has become increasingly important. Various
metal nanoparticles are considered effective inhibitors of bacterial growth but are also
highly toxic to human cells [304,305]. On the other hand, biocompatible and non-toxic
biopolymeric nanoparticles also exhibit antimicrobial activity against various bacterial
species [3]. Different nanoformulations, including polymeric nanoparticles in addition to li-
posomes, micelles, and solid lipid nanoparticles, can be considered suitable nanocarriers for
antibiotics and other antimicrobial agents. Incorporating antibiotics into suitable nanopar-
ticles can overcome antibiotic resistance, which increases the efficacy against pathogenic
bacteria and contributes to the controlled release of the drug at the site of infection. In
addition, encapsulation of antibiotics also has a positive effect on overcoming certain limi-
tations, including poor solubility and stability of the drug and low permeation through
biological barriers [306–308]. Thus, they can protect antibiotics from pH and/or enzymatic
degradation [309].

Biopolymeric nanoparticles have been shown to be effective antibiotic carriers for
combating antibiotic resistance. In vitro studies have demonstrated superior antibacterial
activity against clinical isolates of multidrug-resistant E. coli, Klebsiella pneumoniae, and
methicillin-resistant S. aureus (MRSA) compared to free antibiotics [306]. Furthermore,
several antibiotics, such as colistin, can be toxic and provide low tissue penetration, so
they are not commonly used. However, Scutera et al. [306] successfully incorporated
the antibiotic colistin into HSA-based nanoparticles coated with chitosan. Compared to
the free antibiotic, high antibacterial activity against the growth and inhibition of biofilm
formation of multidrug-resistant Gram-negative bacterial species responsible for hospital-
acquired severe infections (Acinetobacter baumannii and K. pneumoniae) was demonstrated.
The antibacterial activity of the antibiotic imipenem and ciprofloxacin separately and in
combination incorporated into albumin nanoparticles was increased, particularly against
methicillin-resistant S. aureus and S. mutans [176]. Alginate/chitosan nanoparticles with
incorporated antimicrobial drug tobramycin could be effectively used in the treatment of
chronic infection with P. aeruginosa [310].

Furthermore, Liu et al. [311] prepared chitosan–sodium alginate nanoparticles into
which they incorporated ε-polylysine, a homo-poly amino acid. In antimicrobial studies
against the growth of E. coli, S. aureus, B. subtilis, and Micrococcus luteus, they showed three
times higher bacteriostatic activity than free ε-polylysine. In vitro studies also showed
prolonged release of the component from the nanoparticles. In patients with recurrent
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pulmonary infections, intrapulmonary administration of antibiotics may be beneficial
compared with intravenous injection. Namely, inhalation can achieve a faster onset of action
and a higher concentration of therapeutic agents in the lungs. Therefore, Falciani et al. [312]
prepared a nanoformulation by binding the SET-M33 peptide, a not natural antimicrobial
peptide, to single-chain dextran nanoparticles. Nanoparticles have been shown to be
effective against pneumonia-causing P. aeruginosa in a mouse model by intrapulmonary
administration. In addition, the retention time of the SET-M33 peptide in the lungs was
effectively improved by incorporation into dextran-based nanoparticles. Moreover, Yu
et al. [313] synthesized conjugates of chitosan nanoparticles and the antimicrobial peptide
microcin J25. These have significantly enhanced antimicrobial activity against Gram-
negative and Gram-positive bacteria while causing no toxicity in HEK293 T and Caco-2
cell lines.

8.4. Incorporation and Delivery of Extracts

It is known that natural extracts contain various biologically active substances that
have a positive effect on health. Since they can be degraded in the gastrointestinal tract, their
bioavailability is often poor. For the protection of sensitive compounds, the encapsulation
of the extracts in different nanocarriers is crucial. A sustainable and suitable option are
natural, non-toxic, biodegradable, and biocompatible protein- or polysaccharide-based
nanoparticles to enhance their bioavailability and overcome biological barriers [246].

For this purpose, Costa et al. [246] successfully incorporated bioactive grape pomace
extract into alginate and chitosan nanoparticles and investigated their potential as suit-
able nanocarriers for oral delivery. Alginate and chitosan nanoparticles protected the
extract from the gastrointestinal environment, increasing the bioavailability of polyphe-
nolic compounds in the extract and thus enhancing antioxidant and antimicrobial activity.
In addition, the encapsulation of the extract also reduced its permeability through the
intestinal barrier, allowing the extract to remain in the intestine longer, thus improving the
prebiotic potential of the extract. Rahimivand et al. [314] successfully synthesized alginate
nanocarriers with an incorporated ethanolic extract of Artemisia ciniformis, which increased
cytotoxicity and induced apoptosis against AGS gastric cancer cells compared with the free
extract. Encapsulation successfully protected the extracts from environmental stress. Wang
et al. [223] synthesized starch nanoparticles obtained from ginkgo and corn, respectively,
loaded with Ginkgo biloba extract using the nanoprecipitation method. Starch nanoparticles
proved to be promising delivery systems for Ginko biloba extract or other bioactive com-
pounds. The extract-loaded starch nanoparticles showed sustained release compared to
the free extract in artificial gastric and intestinal juices. Additionally, Nallasamy et al. [226]
have prepared starch-based nanoparticles into which they have successfully incorporated
Triphala Churna extract, a polyherbal formulation rich in polyphenols and vitamin C
that has rejuvenating and anti-aging effects. Encapsulation in biopolymer nanoparticles
increased the stability, solubility, and efficacy of the Ayurvedic drug and achieved sustained
release. In addition, antioxidant and anticholinesterase activities were maintained. A strong
antimicrobial activity against Salmonella typhi, Shigella dysenteriae, and S. aureus, as well as
anti-biofilm activity against ATCC MRSA 33591 and clinical strain N7 were demonstrated.
Soltanzadeh et al. [183] synthesized spherical, physically stable chitosan nanoparticles with
a diameter of 174–898 nm, into which pomegranate peel extract was successfully encapsu-
lated. The study indicates promising nano-delivery systems for extracts and the resulting
protection and controlled delivery of natural, sensitive substances with antioxidant and
antimicrobial properties. Furthermore, Beconcini et al. [315] incorporated cherry extract
into chitosan nanoparticles, successfully protecting the antioxidants contained in the extract
from degradation in the gastrointestinal tract.

8.5. Incorporation and Delivery of Essential Oils

The labile and volatile compounds in essential oils can easily evaporate or decompose
and are poorly soluble in water, affecting their antioxidant and antibacterial properties.
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Incorporating essential oils into nanoparticles, such as natural and biodegradable biopoly-
meric particles, successfully protects the essential oil components from degradation under
adverse environmental conditions, extends shelf life, and contributes to controlled re-
lease [316,317].

Hadid et al. [316] successfully synthesized chitosan-based nanoparticles loaded with
extracted clove bud essential oil, which exhibited better antioxidant and antimicrobial activ-
ity against Listeria monocytogenes and S. aureus compared to free essential oil. Hasheminejad
et al. [180] also successfully incorporated clove essential oil into chitosan nanoparticles,
which increased antifungal activity against A. niger. The in vitro release studies showed
a controlled release of the essential oil over 56 days. By successfully encapsulating basil
(Ocimum basilicum L.) essential oil in chitosan nanoparticles, Cai et al. [181] demonstrated
enhanced antibacterial activity and strong antibiofilm activity against E. coli and S. aureus.
Similarly, mandarin (Citrus reticulata L.) essential oil was successfully loaded into chitosan-
based nanoparticles [318]. The nanoformulation successfully damaged the cell membrane
of E. coli and S. aureus and inhibited biofilm formation and destroyed mature biofilms.

By incorporating essential oil from nettle leaves into chitosan nanoparticles, Bagheri
et al. [319] achieved improved antioxidant activity compared to free essential oil and a more
effective inhibitory effect on the growth of E. coli and S. aureus. Soltanzadeh et al. [184] incor-
porated the essential oil of lemongrass (Cymbopogon commutatus) into chitosan nanoparticles
and demonstrated a time- and pH-dependent release of the essential oil in an in vitro re-
lease study. The chitosan nanoparticles also successfully retained the essential oils and
preserved their bioactivity. Compared to free nanoparticles, nanoparticles with incorpo-
rated essential oil exhibited stronger antibacterial and antifungal activities. Furthermore,
the essential oil of peppermint (Mentha piperita) and green tea (Camellia sinensis) [320] were
also successfully loaded into chitosan nanoparticles, which exhibited enhanced thermal
stability, antioxidant and antimicrobial activity. Additionally, cumin (Cuminum cyminum)
seed essential oil was successfully encapsulated in chitosan nanoparticles [321]. Therefore,
chitosan-based nanoparticles have emerged as a novel approach for the production of new
pharmaceutical products with antimicrobial activity.

Furthermore, Yoncheva et al. [322] successfully encapsulated oregano essential oil in
chitosan-alginate nanoparticles. The thermal stability of the oil, as well as antibacterial
and antimetabolic activity compared to pure oil, was improved. In addition, an in vitro
cytotoxicity test on human keratinocytes and an in vivo skin irritation test in an animal
model demonstrated the safety profile of the oil-loaded nanoparticles. Merino et al. [220]
incorporated Thymbra capitata essential oil into zein nanoparticles prepared by the self-
assembly method and achieved an encapsulation efficiency of 77.8%. Compared with
the essential oil in suspension, the essential oil-loaded nanoparticles exhibited enhanced
antimicrobial activity. In addition, zein nanoparticles enable the controlled release of
essential oils, making them beneficial nanomaterials for pharmaceutical and cosmetic
purposes. Cai et al. [323] successfully incorporated tea tree essential oil into gliadin-based
nanoparticles stabilized with gum Arabic.

8.6. Incorporation and Delivery of Different Therapeutic Substances: A Summary

Many studies have already been conducted testing both protein and polysaccharide
nanoparticles of different origins as promising biodegradable and biocompatible delivery
systems for drugs and other therapeutic agents. The aim of the studies was the improve-
ment of bioavailability and therapeutic effect, as well as preventing possible adverse side
effects of the loaded cargo.

Table 8 shows examples of drugs and other therapeutic agents incorporated into
biopolymer nanoparticles, including their potential therapeutic applications.
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Table 8. Examples of therapeutic agents loaded into biopolymeric nanoparticles for different biomed-
ical purposes.

Incorporated Therapeutic
Compound Biopolymer Administration Route Therapeutic Application Ref.

Bioactive compounds

Sylmarin Collagen Intraperitoneal injection
Enhanced neuroprotective

effect against acute
ischemia/reperfusion injury

[291]

Cucurbitacin B Collagen Oral delivery Enhanced absorption of orally
administered Cucurbitacin B [179]

Curcumin BSA/dextran In vitro
Enhancement of cellular
antioxidant activity of

curcumin in Caco-2 cells
[285]

Curcumin Zein Oral administration Increased oral bioavailability [324]

Curcumin Zein Intravenous injection
Potential drug delivery
platform for therapy of

glioblastoma
[193]

Beta-carotene Zein Oral administration

Enhanced cellular uptake,
cytotoxicity, and improved oral

biopharmaceutical
performance

[298]

Anacardic acid Zein In vitro Enhanced antimicrobial
activity [295]

Quercetin
Zein stabilized with

soluble soybean
polysaccharide

In vitro
Potential all-natural delivery

systems for bioactive
molecules

[293]

Morin Starch Intravenous injection Therapeutic efficacy in the
treatment of hyperuricemia [325]

Conventional drugs

Prednisolone and
curcumin HSA Intravenous injection

Improved in vivo therapeutic
effect in rats with rheumatoid

arthritis
[130]

Paclitaxel and resveratrol BSA Intravenous injection
Improved suppression of

tumor growth without
systemic toxicity

[66]

Paclitaxel and
di-fluorinated curcumin BSA Intravenous injection A promising platform for

treating gynecological cancers [133]

Rotigotine Chitosan Nose-to-brain
administration

Efficient drug delivery as an
alternative to conventional

routes
[168]

Zinc gluconate Chitosan Intraperitoneal injection
A potential alternative for the

treatment of rheumatoid
arthritis

[167]

Pirfenidone Chitosan/alginate Transdermal
administration

Drug delivery for the
treatment of idiopathic

pulmonary fibrosis
[301]

Rifampicin Alginate Oral administration

No systemic toxicity and
excellent safety after oral

administration of
nanoparticles

[244]
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Table 8. Cont.

Incorporated Therapeutic
Compound Biopolymer Administration Route Therapeutic Application Ref.

Maytansine Zein Intravenous injection Strong anti-A549 tumor cell
activity [219]

Sumatriptan Gliadin Nasal administration Effective crossing of the
blood-brain barrier [188]

Metformin Pectin In vitro
Oral administration for
management of Type
2 Diabetes Mellitus

[221]

Ibuprofen Starch Oral administration Colon-targeted drug delivery [326]

Mitoxantrone Pullulan In vitro Inhibition of the growth of
bladder cancer cells (MB49) [253]

Ursodeoxycholic Acid Pullulan In vitro Increased neuroprotective
effect [257]

Paclitaxel Dextran Intravenous injection Potential for C6 glioma
treatment [266]

Chloroquine diphosphate Dextran Parenteral administration Treatment of malaria [275]

Antibiotics and antimicrobial agents

Colistin HSA In vitro

High antibacterial activity
against the growth and

inhibition of biofilm formation
of multidrug-resistant

Gram-negative bacterial
species

[306]

Tobramycin Alginate/chitosan In vitro Efficient delivery of
antimicrobial drug [310]

ε-Polylysine Alginate/chitosan In vitro Delivery of antibacterial agents [311]

SET-M33 peptide Dextran Intrapulmonary
administration

Efficient treatment of lung
infection [312]

Extracts

Pomegranate peel extract Chitosan In vitro Enhanced antioxidant and
antimicrobial properties [183]

Grape pomace extract Chitosan/alginate Oral delivery Improved biological activity [246]

Artemisia ciniformis extract Alginate In vitro Inhibition of proliferation of
AGS cells [314]

Ginkgo biloba extract Starch In vitro Sustained release in artificial
gastric and intestinal juices [223]

Essential oils

Oregano essential oil Alginate/chitosan Dermal administration Enhanced antimicrobial
activity [322]

Clove essential oil Chitosan In vitro Improved antioxidant and
antibacterial activity [316]

Basil essential oil Chitosan In vitro
Enhanced antimicrobial

activity and strong antibiofilm
activity

[181]

Mandarin essential oil Chitosan In vitro Enhanced inhibition of biofilm
formation [318]
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Table 8. Cont.

Incorporated Therapeutic
Compound Biopolymer Administration Route Therapeutic Application Ref.

Lemongrass and
peppermint essential oil Chitosan In vitro

Enhanced thermal stability,
antioxidant, and antimicrobial

activity
[184]

Green tea essential oil Chitosan In vitro
Enhanced thermal stability,

antioxidant, and antimicrobial
activity

[320]

9. Regulatory Aspects of Biopolymer-Based Nanoparticles

Biopolymers play a crucial role in major industrial sectors. Their sales are increasing,
however, their demand for biomedical applications will grow rapidly in the coming years.

Various nanoparticles represent successful materials in numerous health applications,
but there are still concerns about their safe use and long-term effects on human health.
Therefore, risk management and regulatory issues remain [327]. Although biopolymeric
nanoparticles are considered safe, biocompatible, biodegradable, and nontoxic, clinical
studies on their safe use in drug delivery are urgently needed. Considering the many suc-
cessful studies on biopolymeric nanoparticles with incorporated therapeutic agents, many
companies are already developing suitable biopolymer-based nanoparticle formulations,
some of which are already close to pre-clinical and clinical trials or are already in Phase 1.
An example of a commercial formulation that is in Phase 1 is DE-310, which consists of a
topoisomerase I inhibitor (exatecan mesylate) and a biodegradable carboxymethyl-dextran
polyalcohol polymer covalently linked via a Gly-Gly-Phe-Gly peptidyl linker. In a Phase 1
clinical trial, it achieved complete remission in one of 27 patients with metastatic adenocar-
cinoma studied and partial remission in one patient with metastatic pancreatic cancer. In
addition, it led to stabilization of disease progression in 14 patients. Delimotecan (MEN
4901/T-0128) is also a Phase 1 dextran-based nanoformulation with incorporated camp-
tothecin (T-2513) for the treatment of solid tumors. The alginate and calcium gluconate-
based formulation IK-5001 is also in Phase 1 for the prevention of ventricular remodeling
and congestive heart failure. Another formulation is already in Phase 2, chitosan-based
Milican, with incorporated holmium-166 for the treatment of small hepatocellular carci-
noma [83].

On the other hand, some formulations containing biopolymeric nanoparticles are
already successfully used and approved by the Food and Drug Administration (FDA) for
various applications, including cancer treatment [52]. The first nanoformulation containing
biopolymeric nanoparticles for the treatment of advanced metastatic pancreatic, breast,
and non-small lung cancer is Abraxane, which the FDA has approved. Abraxane is a
commercial formulation of the hydrophobic anticancer drug paclitaxel loaded into albumin-
based nanoparticles. The nanoformulation is intended for intravenous administration
and contains nanoparticles of 135 nm diameter [133]. Yuan et al. [328] investigated the
efficacy and mechanism of two commercially available formulations to eliminate cancer
stem cells in vitro and in vivo. In their study, they found that Abraxane, which contains
paclitaxel-loaded albumin nanoparticles, improved the efficacy of paclitaxel in eliminating
breast cancer stem cells over Taxol, a micelle formulation of paclitaxel [133].

However, the regulatory requirements for biopolymeric nanoparticles need greater
attention and further research to ensure that commercial formulations can successfully
overcome the challenges associated with stability and, more importantly, safety.

10. Conclusions

Research in the field of various nanoparticles as delivery systems for drugs and other
therapeutic agents for healthcare applications is growing rapidly. However, synthetic
nanoparticles can be toxic and have other unfavorable properties. Therefore, nanoparticles
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derived from natural materials such as biopolymers of animal, plant, algal, fungal, and
bacterial origin are receiving increasing attention. Namely, they offer many advantages
that are important factors for their potential use as successful and safe nanocarriers for
drugs in the human body. Precisely because of their biocompatibility, biodegradability,
nontoxicity, antioxidant properties (natural polysaccharides), and stability, research on the
potential use of protein- and polysaccharide-based nanoparticles as favorable nanocarriers
for therapeutic agents as new forms of treatment has significantly increased in the last
decade. Furthermore, biopolymeric nanoparticles enable efficient encapsulation of many
therapeutic agents, ensuring successful protection from degradation in the gastrointestinal
tract, preventing potential toxic side effects of the loaded therapeutic agents, and ensuring
controlled release at the target site, making them particularly promising for oral administration.

This review aims to generally outline the current state of research in the field of promis-
ing delivery of biopolymeric nanoparticles loaded with various therapeutic agents, both
drugs and antibiotics, as well as natural extracts and bioactive compounds for biomedical
applications. Biopolymeric nanoparticles successfully increase the bioavailability and im-
prove the therapeutic effect not only of drugs, antibiotics, and other antimicrobial agents
but also of extracts and essential oils, especially naturally isolated bioactive compounds.
As far as natural compounds and their incorporation into biopolymeric nanoparticles are
concerned, most studies have been conducted on curcumin and other bioactive compounds,
which have thus shown promise as nanocarriers for various biomedical purposes. However,
different encapsulated extracts and essential oils show significantly enhanced antioxidant
and antimicrobial activity. Therefore, nanoparticles prepared from natural biopolymers
with incorporated natural extracts and bioactive compounds are a promising alternative
to various conventional therapies and therapeutic agents that cause toxic side effects and
cytotoxicity to healthy cells. Moreover, they may not reach the target sites at all, leading to
drug resistance in patients.

Based on the reviewed literature, studies on the use of polysaccharide nanoparticles for
healthcare applications predominate. Chitosan is among the most studied biopolymers for
the preparation of nanoparticles for the successful delivery of various therapeutic agents,
as demonstrated by numerous in vitro studies. It is one of the most readily available
and economical biopolymers and, therefore, the most suitable for commercial application.
Nevertheless, further studies are urgently needed because chitosan nanoparticles, despite
their excellent potential, are less recommended for therapeutic purposes due to the possible
transmission of diseases from animals to humans by animal-based nanoparticles. It should
be emphasized that preclinical studies are crucial for potential commercial use. Therefore, it
is recommended to focus more on plant and microbial polysaccharide-based nanoparticles.
Nowadays, polysaccharides can be largely obtained from algae, which are considered
to be of less concern for healthcare use. Although there is a great tendency to cultivate
algae for other applications such as food applications, fuels, etc., it is reasonable to direct
the cultivation towards the extraction of polysaccharides for the synthesis of algae-based
nanoparticles. However, further studies are critically needed to ensure the production
of the most therapeutically successful, safe, sustainable, and biodegradable biopolymeric
nanoparticles for healthcare applications.
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Abstract: Nano- and micrometer-sized compartments composed of synthetic polymers are designed
to mimic spatial and temporal divisions found in nature. Self-assembly of polymers into compart-
ments such as polymersomes, giant unilamellar vesicles (GUVs), layer-by-layer (LbL) capsules,
capsosomes, or polyion complex vesicles (PICsomes) allows for the separation of defined environ-
ments from the exterior. These compartments can be further engineered through the incorporation
of (bio)molecules within the lumen or into the membrane, while the membrane can be decorated
with functional moieties to produce catalytic compartments with defined structures and functions.
Nanometer-sized compartments are used for imaging, theranostic, and therapeutic applications
as a more mechanically stable alternative to liposomes, and through the encapsulation of catalytic
molecules, i.e., enzymes, catalytic compartments can localize and act in vivo. On the micrometer scale,
such biohybrid systems are used to encapsulate model proteins and form multicompartmentalized
structures through the combination of multiple compartments, reaching closer to the creation of artifi-
cial organelles and cells. Significant progress in therapeutic applications and modeling strategies has
been achieved through both the creation of polymers with tailored properties and functionalizations
and novel techniques for their assembly.

Keywords: polymers; compartments; biomedical

1. Introduction

Mimicking the structure and function of materials found in nature is a well-known
strategy for developing materials with structures and functions of interest. Vesicles are
nature’s simplest compartments (e.g., organelles inside cells) and have existed since the
first cells. While cell membranes are based on phospholipids, as they are natural am-
phiphiles, vesicle-forming molecules can also be synthetic. Copolymers are alternative
amphiphiles that self-assemble into macromolecular assemblies [1,2]. Block copolymers,
containing hydrophilic and hydrophobic regions that can be arranged in different repeating
orders, have properties that can be controlled through chemical modification to support
a desired application [3]. Based on the number of blocks used, amphiphilic polymers are
referred to as di- or triblock copolymers, AB or ABA, respectively, with A representing
the hydrophilic and B the hydrophobic block. Polyelectrolytes, polymers containing ionic
or ionizable groups, also have the ability to self-assemble into synthetic compartments
such as layer-by-layer (LbL) capsules or PICsomes [4]. Various molecular properties of
the polymer blocks such as polydispersity, charge, block ratio and length, and molecular
weight are essential to induce the supramolecular assemblies formed thereof. The addition
of biomolecules changes the properties of the polymer membranes, the integration of
phospholipids can change membrane mechanical properties [5–7], and membrane proteins
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can alter membrane permeability [8] and even provide the desired functionality via their
intrinsic bioactivity [9,10].

In this review, we give an overview of polymer compartments and indicate how they
have been engineered when medical applications are the aim, ranging from simple drug
delivery systems to artificial organelles and cells. After starting with the basic concepts of
self-assembly and methods for the formation of polymer compartments, we give details
on the complex requirements for medical applications and eventually cover both novel
examples serving as models and systems already designed for specific medical applications.
With a focus on polymer vesicles (polymersomes (<1 µm in diameter) and giant unilamellar
vesicles (GUVs, 1–100 µm in diameter)), we also present other polymer compartments
such as hybrid vesicles, LbL capsules, capsosomes, and PICsomes. While drug delivery
systems based on polymer compartments constitute a fast-growing field, we only briefly
present on these, as excellent reviews on this topic can be accessed elsewhere [11–14].
Eventually, we highlight open questions in the field and discuss how they might be solved
by future studies.

2. Generation of Synthetic Compartments

A hollow cavity surrounded by a synthetic barrier (membrane, layers of polymers)
represents the common architecture that forms single compartments. When more complex
structures are the aim, there are two different approaches: (i) encapsulation of small
nanocompartments in GUVs to generate compartments-in-compartments and (ii) zipping
together compartments to generate clusters or networks [15–18].

Self-assembly of amphiphilic block copolymers in aqueous solutions can result in
several types of nano- or micrometer-sized structures such as micelles, tubes, or vesicles
(polymersomes and GUVs) [19,20]. Self-assembly is driven by noncovalent interactions
such as the hydrophobic effect or electrostatic interactions [21]. A list of polymers commonly
utilized to form compartments with a hollow-sphere architecture is presented in Table 1.

Here we present the most established self-assembly methods for nano- and micro-
sized polymer vesicles (Scheme 1) and briefly describe how layer-by-layer assembly is
used to generate capsules and capsosomes. In methods such as solvent switch, the block
copolymer is dissolved in a water-miscible organic solvent. This is followed by the drop-
wise addition of an aqueous buffer to slowly replace the organic phase [22,23]. Contrarily,
the cosolvent method is based on the dropwise addition of a copolymer solution to an
aqueous buffer phase, which induces the self-assembly process of copolymers [24]. One
drawback of these methods is the residual presence of organic solvent in the final solution,
which is undesirable for biologically relevant applications. The film rehydration method
(Scheme 1A) takes place in a more biocompatible manner, as the organic solution of the
copolymer is completely dried, forming a film. The thin copolymer film is subsequently
rehydrated with an aqueous solution, inducing the self-assembly process and resulting
in supramolecular architectures (micelles, polymersomes, worm-like assemblies). When
the hydrophilic–hydrophobic ratio f of the copolymers is in the range of 35 ± 10% [25],
vesicles are the favored supramolecular assembly, even if the copolymers have a rather high
polydispersity index (PDI) [17,26]. Film rehydration is well suited for loading polymer-
somes with sensitive molecules, such as enzymes and proteins, during the self-assembly
process [27]. However, as this process is based on statistic loading of the desired molecules
present in the rehydration solution, the encapsulation efficiency is highly dependent on
their solubility and usually ranges between 5 and 20% for encapsulation of a single type
of high-molecular-weight molecule, such as proteins and enzymes, and decreases even
further for coencapsulation of two types of proteins [28–30].
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Scheme 1. Schematic representation of selected production methods of synthetic compartments:
(A) film rehydration and subsequent extrusion of block copolymers; (B) electroformation; (C) double
emulsion formation with a microfluidic setup; (D) polymerization-induced self-assembly (PISA);
(E) layer-by-layer (LbL) assembly; (F) assembly of capsosomes; and (G) PICsomes.

When the aim is giant unilamellar vesicles, methods used for polymersome generation
are joined by other methods, including electroformation. The electroformation technique
(Scheme 1B) is based on the spontaneous swelling of a dried block copolymer film that
has been deposited on two electrodes of indium tin oxide (ITO)-coated glass or platinum
and the consequent formation of GUVs in the presence of an aqueous solution stimulated
by an electric field [17,31]. This method has a high yield of assemblies with high lev-
els of unilamellarity [32] but is limited by a broad size dispersity and can be used only
for uncharged amphiphiles to avoid electrostatic interactions affecting the self-assembly
process [33]. Emulsion centrifugation is a method for the formation of GUVs wherein a
water-in-oil emulsion suspension is transferred into a water phase by centrifugation [34].
The single emulsions cross a polymer monolayer at the water/oil interface and are coated
by a second monolayer, resulting in a bilayered GUV. Microfluidic technology represents
a step forward that has been recently used for high-throughput GUV formation with a
narrow size distribution based on microdevice channel sizes and junction design [34–36].
Polymer-stabilized water–oil–water (w/o/w) double emulsions are used to form GUVs.
An aqueous solution is enclosed in a layer of organic phase, consisting of the amphiphilic
block copolymer dissolved in a volatile organic solvent (Scheme 1C). A flow of outer
aqueous solution then pinches off the double emulsion droplets. Double emulsions can be
created with a multitude of different microfluidic designs, such as glass capillaries [36,37] or
molded microchannels in varying layouts [38–40]. Subsequent evaporation of the volatile
organic solvent leads to the formation of a GUV with a polymer membrane. An extremely
high encapsulation efficiency (99%) can be obtained by including in the inner flow the
molecules (enzymes, proteins) desired to be encapsulated within the generated GUVs.
The molecules planned to be entrapped in the membrane (biopores, membrane proteins)
are also included in the aqueous flow at this stage [39]. Despite the high encapsulation
efficiency and monodispersity, there are still limitations to using this method for GUV
formation, such as its complexity and the necessity of specialized equipment.

An entirely different approach is that of polymerization-induced self-assembly (PISA),
a technique that directly produces nanoassemblies during the block copolymer synthesis
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(Scheme 1D) [41–43]. PISA’s principle is based on the chain extension of a soluble precursor
polymer block in a suitable solvent with the simultaneous use of a second polymerizing
monomer, resulting in the formation of an insoluble second block, yielding polymer-
somes [41–43]. The advantage of the method is its efficiency, as it combines synthesis with
self-assembly and is characterized by monodispersity. On the other hand, this method is
limited by decreased colloidal stability in the presence of ionic surfactants. Furthermore,
PISA can only be applied for a small selection of monomers [44].

Polymer capsules are frequently formed through LbL deposition (Scheme 1E), a
technique that involves the controlled adsorption of polymer layers on a sacrificial colloidal
particle, alternating between oppositely charged materials, i.e., one layer of negatively
charged polymer is followed by one of positively charged polymer [45–47]. Once the
appropriate number of layers has been applied, the system is submerged in a solution
designed to either dissolve the template or simply detach the vesicle membrane, allowing
one to separate out the freshly formed vesicles. LbL capsule formation is simple yet
versatile in terms of compartment size and components, including their functionality
possibilities [48,49]. However, this method is limited by its dependence on the sacrificial
template. Formed through a similar technique, capsosomes are capsules of which the
membranes are composed of smaller vesicles. Their fabrication involves the deposition of
an initial number of polymer layers onto a colloidal particle of specified size. Next, one
or multiple layers of liposomes are attached, segregated by a polymeric separation layer,
followed by a final deposition of several protective polymer layers (Scheme 1F) [50,51].
Assemblies of a different type, PICsomes, are the vesicular form of polyion complex (PIC)
particles and are self-assembled through electrostatic interactions [23,26]. PICsomes are
composed of oppositely charged block copolymers (Scheme 1G), and their membranes
are semipermeable, especially to hydrophilic solutes. A major advantage of PICsomes is
their facile formation—they naturally self-assemble through the mixing of their charged
components [52]. One disadvantage of PICsomes is that their components typically need
to be combined at equal concentrations to result in a charge-neutral vesicle, though recent
experimentation has shown that charge-balance-sensitive materials can be formed by
varying this ratio [53].

Table 1. Polymers used for biomedical applications.

Polymer Method of Self-Assembly Characteristics

Carbohydrate-b-PPG Direct hydration method [54] Forms capsosomes, inherently permeable to
low-molecular-weight compounds

Chitosan Sonication-assisted mixing
(capsules) [55], LbL [56] Biocompatible, natural polymer

CTAB LbL [56] Surfactant, forms micelles in the absence of
another polymer

PA/DEX LbL [57] Biocompatible polysaccharide (anionic)

P(OEGMA300-grad-HPMA) PISA [43]
Biocompatible assembly, monomers and a

macromolecular precursor need to be:
(i) solvophilic and (ii) compatible with each other

PA/PLA LbL [57] Biocompatible cationic polyelectrolyte

PAA LbL [58] Anionic polyelectrolyte

PAH LbL [59,60] Cationic polyelectrolyte

PAMAM Mixing (PICsomes) [61] Dendrimer (branched structure)
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Table 1. Cont.

Polymer Method of Self-Assembly Characteristics

P(Asp-AP) Mixing (PICsomes) [62–64] Anionic polyelectrolyte, forms PICsomes, cannot
form vesicles on its own

PATK Mixing (PICsomes) [65] Cationic polyelectrolyte

PBd-b-PEG Double emulsion microfluidics [37] Biocompatible

PBd–b-PEO
Emulsion centrifugation [34],

Electroformation [66],
Film rehydration [67]

Pure or as hybrid (with POPC) polymersomes for
membrane protein insertion, assembly of

asymmetric polymer/lipid (POPC)
hybrid membranes

PBO-b-PG Microfluidic double emulsion, solvent
switch [68] Biocompatible

PCL-b-P[Glu-stat-(Glu-ADA)] Solvent switch [69] Biodegradable, bone-targeting

PCL-b-PTrp-b-P(Lys-statPhe) Solvent switch [70] Biocompatible, biodegradable, antibacterial

PDMS-b-heparin Film rehydration [71]
Forms polymersomes in combination with

PMOXA-b-PDMS-b-PMOXA, forms micelles
by itself

PDMS-g-PEO Electroformation,
Film rehydration [72]

Pure or as hybrid (with PC) polymersomes and
GUVs for membrane protein insertion

PEG-b-PCL Electroformation [73], film
rehydration [74]

Multidomain membrane formation with
lipids (DPPC)

PEG-P(CLgTMC) Direct hydration method [75] Biodegradable, intrinsic fluorescence

PEG-b-P(CPTKMA-co-PEMA) Solvent exchange method [76] Biocompatible, conjugated with campthothecin

PEG-GPLGVRG-PCL-PGPMA Film hydration method [77] Biocompatible, MMP-cleavable peptide and
CPP-mimicking polymer

PEG-b-PHPMA PISA [78] Highly hydrated membrane, size-selective
transport of molecules

PEG-b-PIC Solvent exchange [79] Biocompatible, iodine-rich for SPECT/CT and
radioisotope therapy

PEG-b-PLA Film rehydration [74], double emulsion
microfluidics [37]

Forms polymersomes with and without lipid
mixing, biodegradable

PEG-b-polypeptide Mixing (PICsomes) [80] pH-responsive, biocompatible

PEG-b-PAsp Mixing (PICsomes) [62,64] Linear polymer, forms PICsomes, micelles or
hydrogels, biocompatible

PEG-b-PS Solvent switch method [81,82] Biocompatible, formation of stomatocytes,
rigid assemblies

PEI-b-PDLLA Microfluidic double emulsion [83] Biocompatible, cationic assemblies,
can form polymer stomatocytes

PEO-b-PBO Film rehydration [84] Forms asymmetric polymersomes

PEO-b-PCL Emulsification-induced assembly [85] Low interfacial tension solvent or SDS is needed to
control the assembly

PEO-b-PCL-b-PMOXA Film rehydration [86] Rehydration at 62 ◦C due to the semi crystalline
nature of the PCL block

PEO-b-P(CMA-stat-DEA-
stat-GEMA) Solvent exchange method [87] Biocompatible, CMA

photocrosslinking stabilization

PEO-b-PEHOx-b-PEtOz Solvent switch, film rehydration [26] Asymmetric membrane, can be used for directed
protein insertion
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Table 1. Cont.

Polymer Method of Self-Assembly Characteristics

PEO-b-PPO-b-PEO
(Pluronics L121) Double emulsion microfluidics [37] Assembly via DNA linkage

PiB-b-PEG Freeze–thaw extrusion [88] Biocompatible, high chemical and thermal stability

PLys Mixing (PICsomes) [89] Cationic polyelectrolyte

PMA LbL [60] Labor-intensive LbL assembly

PMOXA-b-PDMS Film rehydration [90,91],
microfluidic double emulsion [39]

Formation of nano- and micro-sized vesicles in
biocompatible, aqueous conditions, various

channels and proteins can be inserted

PMOXA-b-PDMS-b-PMOXA Film rehydration [71,92]
Formation of nano and micro-sized vesicles in

biocompatible, aqueous conditions, various
channels and proteins can be inserted

PMPC-b-PDPA Film rehydration [84,93] Formation of (asymmetric) polymersomes, can
be electroporated

POEGMA-b-P(ST-co-VBA) PISA [41]

Biocompatible assembly,
monomers and a macromolecular precursor need

to be: (i) solvophilic and (ii) compatible with
each other

Poly(dopamine) LbL [94] Simplified LbL capsule formation

PS-b-PEO Emulsification [95] High capacity of ammonia capture in bile
salt-containing buffer

PSMA-PBzMA PISA [42]

Biocompatible assembly,
monomers and a macromolecular precursor need

to be: (i) solvophilic and (ii) compatible with
each other

PSS-b-PEO-b-PSS Mixing (PICsomes) [61]
Forms PICsomes with loops within the membrane

when combined with
poly(amidoamine) dendrimers

PVP LbL [96] Work-intensive LbL assembly

2.1. Surface Functionalization of Polymer Compartments

The external surfaces of compartments can be functionalized to attach different
molecules with the aims of increasing their stability by cross-linking [97], attaching them
on solid support to generate surfaces with nano/micro texture [98], or targeting specific
biolocations (e.g., tumors [99,100] or specific organs [59,69,101,102]).

One approach to achieve external attachment of molecules is to introduce the desired
chemical or reactive groups to the end of the hydrophilic copolymer block during the
polymerization process [103]. The functional end groups often include hydroxyl [91,103],
amine [104], and N-hydroxysuccimidyl esters [105]. Then, by using a mixture of the
end-functionalized block copolymer with a nonfunctionalized copolymer at the desired
molar ratio and the methods described above, compartments bearing functional groups
are formed. The molar ratio in which the functionalized copolymer is mixed is opti-
mized to be both high enough to support the desired fraction of attached molecules after
polymersomes/GUVs formation and low enough to not impede their formation. Us-
ing only functionalized polymers often leads to the formation of undesired micelles or
aggregation phenomena.

Once the compartments expose the functional groups at their external interface to the
environment, they can be used to further attach the desired molecules either by covalent attach-
ment or by using molecular recognition. Covalent attachment of molecules at the compartment
surface involves different chemical approaches. For example, strategies based on Cu2+-free

83



Int. J. Mol. Sci. 2022, 23, 5718

click chemistry are achieved by: (i) azide–alkyne cycloaddition [106–110], (ii) maleimide
and thiol-ene [111–115], and (iii) amine coupling [114,116–118]. Using a combination of
strain-promoted azide–alkyne cycloaddition (SPAAC) and thiol-ene reactions, the surface
modification of poly(2-methyl-2-oxazoline)-block-poly(dimethylsiloxane) (PMOXA-b-PDMS)
polymersomes served to immobilize polymersomes on surfaces [111,112,119]. The functional-
ization of PMOXA-b-PDMS polymersomes with 4-formylbenzoate facilitated the attachment
of hydrazone(HyNic)-functionalized antibodies for biotin [116]. Moreover, a recent study
reported a general methodology for the surface functionalization of polymersomes. Starting
from poly(ethylene glycol)-block-poly(styrene) (PEG-b-PS) and poly(ethylene glycol)-block-
poly(D,L-lactic acid) (PEG-b-PDLLA) polymers and activating the amine functionalization, the
authors were able to form surface-functionalized polymersomes featuring various functional
groups (Figure 1A) [117].
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Figure 1. (A) Structure of the modular PEG-b-PS and PEG-b-PDLLA polymer with amine moiety
used for attaching various functionalities. Functionalized PEG-b-PS and PEG-b-PDLLA polymers
are self-assembled into polymersomes upon the addition of water. Functionalized polymers can
be used for further decoration of polymersomes. Adapted with permission from [117]. Copyright
2020 American Chemical Society. (B) Schematic representation of DNA-decorated polymersomes;
chemical structures of the block copolymers and ssDNA sequences used for assembly and step-by-
step clustering process of ssDNA-polymersomes. Polymersomes link via DNA hybridization, which
is followed by migration of the nonhybridized ssDNA and the formation of a DNA bridge area.
Adapted with permission from [120]. Copyright 2020 Royal Society of Chemistry.

While it is more common to functionalize the surface of polymersomes than those of
PICsomes and LbL capsules, some recent examples exist where the PICsome surface or the
last layer of a capsule’s membrane was functionalized or designed to be functionalizable.
For example, a common way to add antifouling properties to a capsule is the addition of
PEG to the final polymer layer. This allows the capsules to circulate within the bloodstream
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for the length of time necessary for them to reach their intended target [121]. PICsomes
were functionalized with cyclic arginine-glycine-aspartic (cRGD) peptides via covalent
attachment of the N-terminal cysteines of the cRGD peptides to aldehyde groups on the
PICsome surface in order to specifically recognize integrins expressed at high levels in the
neovascular system [122].

A second option for attaching the desired molecules at the surface of compartments
is to use molecular recognition as the driving force. Among the most effective pairs of
molecules involved in molecular recognition are biotin–streptavidin proteins [118,123,124]
and nucleic acid hybridization [118]. A highly specific conjugation method was medi-
ated by oligonucleotide sequences such as single-stranded DNA (ssDNA) [37,118]. In
detail, azide-exposing PMOXA-b-PDMS polymersomes enabled coupling of dibenzocy-
clooctyne (DBCO)-derivatized ssDNA or its complementary oligonucleotide. Because of
the specificity of complementary base pairing, DNA can be used as a means to direct the
self-organization of polymersomes into more complex structures (Figure 1B) [125].

The combination of increased stability and enhanced flexibility of polymersomes
with the precision of DNA hybridization leads to the formation of clusters that are both
biocompatible and stable in physiological conditions. In particular, when DNA-zipped
polymersome clusters were incubated with DNase I, a well-known endonuclease, the
clusters maintained their structure. Additionally, polymersome–DNA clusters remained
stable for up to 10 h in cell medium [120].

2.2. Assemblies of Compartments

Compartments have been used to generate more complex assemblies, either by encap-
sulating nanoassemblies into GUVs (compartments-in-compartments architecture) [67,71,92]
or by the association of compartments and formation of networks and clusters [91,103,120].
Compartment-in-compartment architectures include various combinations of functional poly-
mer or lipid membranes and multilayer capsules enclosed in a GUV membrane within which
they can interact. The encapsulation of multiple compartments, each with distinct membranes
and functionality, into a GUV membrane forms a system of increased complexity that mimics
the eukaryotic cell. Such systems allow for the study of cascade reactions or signaling path-
ways between the environment of the GUVs and their inner compartments or in between them.
While such systems allow more controlled cascade reactions, the encapsulation efficiency of
nanocompartments into GUVs is still low, which generates issues of sensitivity [126]. On
the contrary, clusters, which are formed by zipping together compartments into a structure
similar to that of cell colonies, have an architecture that supports an increase in the encapsu-
lation efficiency while allowing for the location of different molecules in segregated spaces
at the nano scale [91,103,120]. Bioconjugation based on nucleic acid hybridization has been
applied to both liposomes [127] and polymersomes [125]. For example, polymersomes deco-
rated with exposed ssDNA were zipped to polymersomes exposing complementary ssDNA
strands to form clusters that remained stable in vitro and in vivo. Another example illus-
trated that by using DNA as a polymer block, polymethyl acrylate-block-DNA (PMA-b-DNA)
and poly(butadiene)-block-poly(ethylene oxide)-block-DNA (PBd-b-PEO-b-DNA) supported
the formation of DNA-bearing giant vesicles (GUVs) that were interconnected via DNA
interactions and assembled into a “vesicular island” structure [128]. A critical aspect of poly-
mersome clusters is the control of their size to avoid aggregation. This control is achieved
by optimizing the number of ssDNA strands exposed at the surface of polymersomes to
support the zipping process while keeping the number of unbound ssDNA strands low [129].
The unique advantages of clusters of compartments are the possibility of having segregated
spaces for different molecules and an increase in the encapsulation efficiency compared
with that of compartments-in-compartments. Both types of complex compartments support
multifunctionality as an essential step for advanced applications.
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3. Requirements for Compartments to Be Used in Biomedical Applications

For any biologically relevant material, the transition from the research laboratory to a
clinical setting is a complex procedure. This is particularly true when the final application
is in the field of medicine, pharmaceutical production, or personal care [130–132]. In the
case of compartments, there is a complex set of requirements, first for the copolymers
used to generate the compartments and then for the compartments themselves. There-
fore, for an amphiphilic block copolymer or a polyelectrolyte to be used in biomedical
applications some crucial aspects need to be considered: (i) the polymers should be able
to self-assemble in aqueous solutions [19,23,86]; (ii) they need to be nontoxic and biocom-
patible [133]; (iii) they need to have the appropriate physical characteristics (i.e., flexibility,
membrane thickness) [134] in order to facilitate the functional insertion, encapsulation, and
reconstitution of biomolecules [135,136]; (iv) control over their surface charge is crucial
for the attachment of biomolecules or further in vivo applications [137]; (v) they need to
maintain stability under physiological conditions [138,139] (i.e., in high temperature or salt
concentration, their functionality must remain, and the availability of the encapsulated
biomolecules must be sustained); and (vi) of particular import for therapeutic compart-
ments is their ability to undergo endosomal escape so the therapeutic agent is not hindered
by cells’ defense mechanisms and can arrive at the pathogenic site [140–142]. Besides
these, one of the most limiting factors is the fate of copolymers in the body. Therefore,
their biodegradability still remains a real challenge for various copolymers that fulfill the
complex list of factors aforementioned.

Second, the compartments planned to be used in medical applications should fulfill
their own set of requirements. While polymersomes, capsules, and capsosomes should pre-
serve their integrity and act as catalytic compartments, they must also allow the molecular
flow of substrates and products. Their membrane can be rendered permeable by biopores
such as ion channels [135,143], peptide pores [30,144], DNA nanopores [93], and natural
membrane proteins [139]. While many examples of functional protein reconstitution in
polymeric membranes have been shown, the increased hydrophobic mismatch of polymeric
membranes as compared with lipidic ones limits the choice of membrane protein. High
membrane fluidity is essential for protein incorporation, as it allows integrating proteins
into membranes that are several times thicker than the protein itself and helps the protein
to overcome the size mismatch between its own hydrophobic region and the hydrophobic
region of the polymer membrane [134]. Furthermore, the surface charge plays a crucial role
in the in vivo functionality, biodistribution, and cellular uptake of the systems [145,146].
Specifically, positively charged compartments have been found to be better uptaken by
cells and exhibit improved biodistribution [147–149], while negatively charged ones are
usually less toxic and better at specific tissue targeting [149–151].

The surface functionalization of polymersomes, capsules, and capsosomes opens
up many possibilities for the assembly of complex soft compartments. However, the
attachment of functional groups changes the overall charge and might induce interactions
with the environment or trigger aggregation, increasing the intrinsic toxicity. Additionally,
the formation of clusters of compartments increases the size of the final assembly. This
limits the possible applications mainly to the intercellular matrix [152,153]. Overall, use in
medical applications requires both the polymer properties (e.g., toxicity, biocompatibility)
and those of the compartment (e.g., membrane composition, functionalization, size, charge)
to be carefully tailored.

4. Applications of Compartments in the Biomedical Field

Numerous studies have investigated the benefits and limitations of nanometer-sized
compartments for their use in imaging, therapeutics, and theranostics. As a first step,
in vitro studies have explored the activity and cytotoxicity of the systems for these appli-
cations, while in vivo studies have highlighted their suitability and investigate in-depth
parameters for clinical translation. Meanwhile, micrometer-sized vesicles have facilitated
the modeling of cells, a crucial step in bottom-up synthetic biology aiming to bring further
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insights to real-life processes. An overview of biomolecules that have been used within
compartments or in their membranes is presented in Table 2.

Table 2. Biomolecules and their applications in compartments.

Biomolecule Polymer Location in Assembly Application/Function

Actin PMOXA-b-PDMS-b-PMOXA [71] Encapsulated (in GUVs) Polymerization to form
a cytoskeleton

ATP synthase PDMS-g-PEO, PBd-b-PEO [72,154] Incorporated within
membrane (GUVs) ATP generation

Bacteriorhodopsin PDMS-g-PEO, PBd- b-PEO [154] Incorporated within
membrane (GUVs)

Pumping protons
across membrane

Catalase PEG-b-PS [82], PAH and DEX [59]

Encapsulated with the
stomata of polymer
stomatocytes and

LbL capsules

Conversion of hydrogen
peroxide to oxygen and

water for
self-propelled movement

Cholesterol–DNA PEO-b-PPO-b-PEO (Pluronics L121),
PBd-b-PEG, PLA-b-PEG [37]

Incorporated within
membrane (GUVs) Clustering of polymersomes

Cytochrome bo3 ubiquinol
oxidase (Cyt bo3)

PBd–PEO:POPC hybrid [155],
PDMS-g-PEO and

PDMS-g-PEO/PC hybrid [72,156]

Incorporated within
membrane

(polymersomes, GUVs)

Pumping protons
across membrane

DNA nanopore NP-3c PMPC-b-PDPA [93] Incorporated within
membrane (GUVs)

Pore formation for
cross-membrane diffusion

Dopa decarboxylase (DDC) PMOXA-b-PDMS [157] Encapsulated (in
polymersomes) Production of dopamine

Erythrosine B (and its
ester derivatives)

F127 Pluronic (mixed with DPPC
lipids) [158]

Incorporated within
membrane (polymersomes) Photodynamic therapy

Glucose oxidase (Gox)
PMOXA-b-PDMS [39,91],

PEG-b-P(CPTKMA-co-PEMA) [76],
PATK and PEG-b-Pasp [65]

Encapsulated (in GUVs,
polymersomes,
and PICsomes)

Catalysis of glucose
oxidation to hydrogen

peroxide and
D-glucono-δ-lactone

Gramicidin PMOXA-b-PDMS [39],
PMOXA-b-PDMS-b-PMOXA [71]

Incorporated within
membrane

Membrane permeabilization
towards ions

Horseradish peroxidase
(HRP)

PMOXA-b-PDMS [39],
PMOXA-b-PDMS-b-PMOXA

[90,138],
carbohydrate-b-PPG [54]

Encapsulated (in GUVs,
polymersomes, capsosomes)

Catalysis of oxidation of
organic substrates by
hydrogen peroxide

Icosane PAA and PAH (LbL) [58] Encapsulated (in capsules)
Acting as a phase change

material for thermal energy
storage

Inducible nitric oxide
synthase (iNOS) PMOXA-b-PDMS-b-PMOXA [159] Encapsulated (in

polymersomes)

Oxidation of l-arginine to
l-citrulline and nitric

oxide (NO)

Ionomycin PMOXA-b-PDMS-b-PMOXA [71] Incorporated within
membrane

Membrane permeabilization
towards ions

Laccase PMOXA-b-PDMS [120] Encapsulated (in
polymersomes)

Oxidation of phenolic and
nonphenolic compounds

Lactoperoxidase (LPO) PMOXA-b-PDMS [91] Encapsulated (in
polymersomes)

Oxidation of Amplex red
using hydrogen peroxide
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Table 2. Cont.

Biomolecule Polymer Location in Assembly Application/Function

L-asparaginase

PMPC-b-PDPA and PEO-b-PBO
[84], PEG-b-Pasp and P(Asp-AP)

[64],
PEG-b-PHPMA [78]

Encapsulated (in
polymersomes, PICsomes)

Catalysis of L-asparagine to
l-aspartic acid and ammonia

Lipase PMOXA-b-PDMS-b-PMOXA [71] Encapsulated (in
polymersomes)

Catalysis of the hydrolysis
of fats

Luciferase PMOXA-b-PDMS [160] Encapsulated (in
polymersomes) Bioluminescence

Melittin PMOXA-b-PDMS [91,144,161]
Incorporated within

membrane
(polymersomes, GUVs)

Pore formation for
cross-membrane diffusion

Methionine γ-lyase (MGL) PEG-P(Asp) and PLys [63,89] Encapsulated (in PICsomes) Cancer therapy

Outer membrane protein F
from E. coli (OmpF)

PMOXA-b-PDMS [39],
PMOXA-b-PDMS-b-PMOXA

[90,138]

Incorporated within
membrane (GUVs,

polymersomes)

Pore formation for
cross-membrane diffusion

Penicillin acylase PMOXA-b-PDMS-b-PMOXA [162] Encapsulated (in
polymersomes)

Production of
antibiotic cephalexin

Rnase H
PEG-b-polypeptide (with

single-stranded
oligonucleotides) [80]

Encapsulated (in PICsomes) Gene knockout therapy

β-galactosidase PMOXA-b-PDMS [39]
carbohydrate-b-PPG [54]

Encapsulated (in GUVs,
capsosomes)

Catalysis of the hydrolysis
of β-galactosides into

monosaccharides

β-glucuronidase PMOXA-b-PDMS [161] Encapsulated (in
polymersomes)

Cleavage of the glucuronide
moiety from

glucuronide-conjugates

Soluble guanylyl
cyclase (sGC) PMOXA-b-PDMS-b-PMOXA [159] Encapsulated (in

polymersomes)

Production of cyclic
3,5-guanosine

monophosphate (cGMP)

Trypsin PMPC-b-PDPA [93] Encapsulated (in
polymersomes) Hydrolyzation of proteins

Tyrosinase PMOXA-b-PDMS [163] Encapsulated (in
polymersomes) Oxidation of L-DOPA

Urate oxidase (UOX) PMOXA-b-PDMS-b-PMOXA [16] Encapsulated (in
polymersomes)

Production of hydrogen
peroxide for a cascade

reaction

4.1. Imaging and Theranostic Applications

Fluorescence and bioluminescence are powerful optical techniques that are often
used in medical imaging. However, limitations associated with low specificity and sol-
ubility or high toxicity of imaging agents have led to an increased interest in designing
nanocompartments for such applications. While nanoparticles are promising candidates for
theranostic agents, they are not discussed here, as thorough reviews have been published
recently [164–166].

By forming polymersomes from polyisobutylene-monomethyl-block-polyethylene gly-
col (PiB-b-PEG) block copolymers, triplet–triplet annihilation-based molecular photon
upconversion (TTA-UC) chromophores, palladium(II) tetraphenyl tetrabenzoporphyrin
and 2,5,8,11-tetra(tert-butyl)perylene were entrapped and protected by natural antioxi-
dants [167]. This system allowed red-to-blue upconversion in aerobic conditions, which is
otherwise hindered. When these polymersomes were tested on lung carcinoma cells treated
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with a mixture of antioxidants in 1% oxygen, mimicking the low oxygen concentrations
encountered in tumors, the upconversion emission was one order of magnitude higher,
proposing a solution to the oxygen sensitivity of TTA-UC systems. Going a step further,
PiB-b-PEG polymersomes containing one fluorescent probe in the polymer membrane and
a second in the aqueous cavity served for dual fluorescent imaging (Figure 2A) [168]. In
lung cancer cells, these polymersomes remained intact for 90 h postinjection and were not
exocytosed but did reduce the cell proliferation. When injected in zebrafish embryos, they
remained intact and active 96 h postinjection, were not excreted or degraded, and did not
cause any animal death. In the same respect, the successful encapsulation of quantum
dots in PMOXA-b-PDMS polymersomes shielded their toxic effects, as no cytotoxicity was
observed when uptaken by HepG2 liver cancer cells [169]. Furthermore, they were found
to be more stable than the respective liposome nanostructures which released the quantum
dots in the cytoplasm of the cells. However, in comparison with free quantum dots, which
are internalized rapidly but nonspecifically by living cells, the internalization of these
polymersomes occurred over almost 17 h, which should be taken into consideration during
the clinical translation of this system. To capitalize on the advantages of luminescence, poly-
mersomes made of PMOXA-b-PDMS with encapsulated luciferase served for the in vitro
production of strong and long-lasting luminescence, giving the system the potential to be
used in biomedical imaging applications [160].

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 12 of 32 
 

 

served for the in vitro production of strong and long-lasting luminescence, giving the sys-

tem the potential to be used in biomedical imaging applications [160]. 

 

Figure 2. Imaging and theranostic applications of nanocompartments. (A) Dual fluorescence of pol-

ymersomes for optical imaging. Adapted with permission from [168]. Copyright 2018 Elsevier. (B) 

Magnetic LbL capsules for cancer targeting and treatment by magnetic resonance imaging (MRI). 

Adapted with permission from [57]. Copyright 2021 Ivyspring International Publisher. (C) Radio-

labeled iodine-rich polymersomes for single-photon emission computed tomography (SPECT)/com-

puted tomography (CT) dual imaging and cancer therapy. Reprinted with permission from [170]. 

Copyright 2019 American Chemical Society. (D) Theranostic DNA-zipped polymersome clusters 

composed of two nanocompartments: a therapeutic, dopa decarboxylase (DDC)-containing poly-

mersome and an imaging, DY-633-containing polymersome. Reprinted with permission from [103]. 

Copyright 2020 John Wiley and Sons. 

Moreover, a theranostic system can be established, offering the advantage of simul-

taneous diagnosis and treatment [114]. For example, poly(ether imide)-block-poly(D,L-lac-

tide) (PEI-b-PDLLA) polymersomes were recently used for neuronal restoration treatment 

trackable by magnetic resonance imaging (MRI) [171]. Superparamagnetic iron oxide na-

noparticles (SPIONs) and the siRNA targeting the Nogo-66 receptor (NgR) gene were en-

capsulated in these nanocompartments. Although the application of these polymersomes 

led to around five times less NgR protein expression, a 30% increase in neuronal differen-

tiation of stem cells was shown in vitro. In an acute ischemic stroke rat model, the poly-

mersomes promoted the recovery of the animals better than the control group (resulting 

in a lower infarct volume and modified neurological severity scores (mNSS)). Employing 

the same principle, LbL capsules composed of magnetite nanoparticles and layers of poly-

L-arginine and dextran sulfate were used in cancer treatment (Figure 2B) [57]. These cap-

sules were traceable and directed using an external magnetic field during MRI in a mouse 

breast cancer model. Although they exhibited a high spleen accumulation postinjection, 

when a magnetic field was applied, their accumulation in the tumor increased threefold. 

For single-photon emission computed tomography (SPECT)/computed tomography (CT) 

dual imaging, polymersomes based on radiolabeled poly(ethylene glycol)-block-poly(io-

dinated carbonate) (PEG-b-PIC) block copolymers were tested on immunodeficient mice 

for the theranostic treatment of 4T1 murine breast cancer (Figure 2C) [170]. The injection 

of these polymersomes was found to double the lifetime of the mice and reduce the tumor 

Figure 2. Imaging and theranostic applications of nanocompartments. (A) Dual fluorescence
of polymersomes for optical imaging. Adapted with permission from [168]. Copyright 2018
Elsevier. (B) Magnetic LbL capsules for cancer targeting and treatment by magnetic resonance
imaging (MRI). Adapted with permission from [57]. Copyright 2021 Ivyspring International Pub-
lisher. (C) Radiolabeled iodine-rich polymersomes for single-photon emission computed tomog-
raphy (SPECT)/computed tomography (CT) dual imaging and cancer therapy. Reprinted with
permission from [170]. Copyright 2019 American Chemical Society. (D) Theranostic DNA-zipped
polymersome clusters composed of two nanocompartments: a therapeutic, dopa decarboxylase
(DDC)-containing polymersome and an imaging, DY-633-containing polymersome. Reprinted with
permission from [103]. Copyright 2020 John Wiley and Sons.

Moreover, a theranostic system can be established, offering the advantage of simulta-
neous diagnosis and treatment [114]. For example, poly(ether imide)-block-poly(D,L-lactide)
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(PEI-b-PDLLA) polymersomes were recently used for neuronal restoration treatment track-
able by magnetic resonance imaging (MRI) [171]. Superparamagnetic iron oxide nanoparti-
cles (SPIONs) and the siRNA targeting the Nogo-66 receptor (NgR) gene were encapsulated
in these nanocompartments. Although the application of these polymersomes led to around
five times less NgR protein expression, a 30% increase in neuronal differentiation of stem
cells was shown in vitro. In an acute ischemic stroke rat model, the polymersomes pro-
moted the recovery of the animals better than the control group (resulting in a lower
infarct volume and modified neurological severity scores (mNSS)). Employing the same
principle, LbL capsules composed of magnetite nanoparticles and layers of poly-L-arginine
and dextran sulfate were used in cancer treatment (Figure 2B) [57]. These capsules were
traceable and directed using an external magnetic field during MRI in a mouse breast
cancer model. Although they exhibited a high spleen accumulation postinjection, when
a magnetic field was applied, their accumulation in the tumor increased threefold. For
single-photon emission computed tomography (SPECT)/computed tomography (CT) dual
imaging, polymersomes based on radiolabeled poly(ethylene glycol)-block-poly(iodinated
carbonate) (PEG-b-PIC) block copolymers were tested on immunodeficient mice for the
theranostic treatment of 4T1 murine breast cancer (Figure 2C) [170]. The injection of these
polymersomes was found to double the lifetime of the mice and reduce the tumor volume
twofold when compared with the controls. However, it should be noted that after their
intravenous injection, the polymersomes accumulated in healthy organs, with a 10% higher
prevalence in the spleen than at the tumor site. For enhanced photodynamic therapy, poly-
mersomes made from poly(ethylene glycol)-block-poly(caprolactone-gradient-trimethylene
carbonate) amphiphilic block copolymers (PEG-b-P(CLgTMC)) and a terminal block of
tetraphenylethylene pyridinium-modified trimethylene carbonate (PTMC) intrinsically
fluorescent polymer were loaded with BODIPY photosensitizer [75]. These polymersomes
showed enhanced mitochondrial targeting and tumor accumulation in A549 tumor-bearing
nude mice, reducing the size of the tumor almost five times more than in control animals.
However, these results were obtained after intratumoral injections of the polymersomes
to the mice, which might be a limiting factor in clinical translation. Based on the same
principle, polymersomes made from poly(ε-caprolactone)-block-poly(tryptophan)-block-
poly(lysine-stat-phenylalanine) were able to exhibit intrinsic blue fluorescence for bacterial
monitoring and antibacterial properties [70]. When tested on Escherichia coli and Staphylococ-
cus aureus, the planktonic bacteria were killed within 4 h of polymersome administration, at
a minimum effective concentration of 600 mg/mL for E. coli and 62.5 mg/mL for S. aureus.
Clusters of PMOXA-b-PDMS polymersomes have also served as nanotheranostics agents
(Figure 2D) [103]. Generated by the hybridization of DNA exposed on their surface and
separately loaded with fluorescent dyes and enzymes, they successfully targeted human
embryonic kidney cells. Interestingly, the ssDNA that remained free after the cluster
formation facilitated their interaction with scavenger receptors on cells. Dopa decarboxy-
lase (DDC), the enzyme that produces the neurotransmitter dopamine, was encapsulated
separately from the fluorophore DY-633, resulting in clusters serving both imaging and
therapeutic purposes (such as for the treatment of atherosclerosis).

4.2. Therapeutic Applications: From In Vitro to In Vivo
4.2.1. In Vitro Studies

Before proceeding with any in vivo studies, in vitro evaluation of the toxicity and ther-
apeutic potential of the nanocompartment system is of crucial importance. In one of the first
studies of catalytic nanocompartments (CNCs) for antibacterial applications, penicillin acy-
lase was encapsulated in PMOXA-b-PDMS-b-PMOXA polymersomes equipped with outer
membrane protein F (OmpF) pores in the polymer membrane to facilitate the diffusion of
the substrates and products [162]. These catalytic nanocompartments produced antibiotics
locally and on demand and successfully inhibited the growth of E. coli cells. Antibacterial
activity against E. coli and Pseudomonas aeruginosa was also exhibited by LbL capsules made
of triclosan@cetyltrimethylammonium bromide micelles incorporated in dextran aldehyde
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polyelectrolyte multilayers [56]. These capsules inhibited bacterial growth in the short
term (24 h) and the long term (up to 30 days), suggesting a means of extending the life
of antimicrobial coatings. However, the importance of OmpF membrane permeabiliza-
tion was further established in other PMOXA-b-PDMS or PMOXA-b-PDMS-b-PMOXA
catalytic nanocompartments, designed for enzyme replacement therapy [16,159]. When
urate oxidase (UOX) or HRP was loaded in polymersomes equipped with OmpF pores,
the detoxification of uric acid and prevention of H2O2 accumulation took place in kidney-
derived HEK293T cells as a first step towards the treatment of gout and oxidative stress [16].
Similarly, a cascade reaction in situ inside epithelial cells of adenocarcinoma and myoblasts
served for the production of cyclic guanosine monophosphate (cGMP), a second messenger
molecule involved in a number of pathologies [159]. Inducible nitric oxide synthase (iNOS)
and soluble guanylyl cyclase (sGC) were encapsulated in separate nanocompartments,
and the production of cGMP was monitored by measuring the cytoplasmic calcium levels.
The highest response was recorded when both of the nanocompartments were present,
highlighting their potential to influence cell physiology. However, it should be noted that
OmpF allowed for the diffusion of molecules only up to 600 Da, limiting the possible
applications of permeabilized polymersomes [90]. Apart from OmpF, melittin biopores can
also be used for membrane permeabilization [161]. Melittin-permeabilized polymersomes
made from PMOXA-b-PDMS encapsulating β-glucuronidase were prepared to invert the
glucuronidation of drugs in situ. When tested in hepatocellular carcinoma cells, they were
noncytotoxic, internalized, and successfully produced the drug hymecromone over 24 h
when given its glucuronide conjugate. However, when the retention of the reaction prod-
ucts inside the cavity is crucial, no membrane permeabilization is necessary, and the catalyst
and substrate can be coencapsulated. For example, PMOXA-b-PDMS polymersomes en-
capsulating tyrosinase and L-DOPA/dopamine, the precursors of melanin/polydopamine
(PDA), were incubated for 24 h in order for their polymerization to occur. The resulting
melanosome mimics had the ability to cross the cellular membrane, localize around the
nucleus, and offer photoprotection to immortalized human keratinocytes (HaCaT cells)
under UV irradiation [163].

Clusters of CNCs encapsulating glucose oxidase (Gox; Gox-CNCs) and lactoperox-
idase (LPO; LPO-CNCs) can be used for a cascade reaction that functions as protection
from lung infections, treatment of hyperglycemia, and reactive oxygen species (ROS) ther-
apy [91]. The clusters were tested on lung carcinoma epithelial cells, where they successfully
consumed glucose. When amyloglucosidase was attached to the outer membrane of the
Gox-CNCs, the cell viability was no different from that of Gox-LPO-CNCs, and the cells
were able to metabolize amylose. PICsomes have also been used for the encapsulation
of Gox [65]. These nanocompartments were made of poly([2-[[1-[(2-aminoethyl)thio]-1-
methylethyl]thio]ethyl]-α,β-aspartamide) (PATK) and PEG-block-poly(α,β-aspartic acid)
(PEG-b-Pasp) and tested on two breast cancer cell lines and human fibrosarcoma cells for
the treatment of cancer by pyroptosis (Figure 3A). The increased cell death from pyroptosis
when cells were incubated with these nanocompartments was investigated and proven by
extensively analyzing the cell morphology and detecting higher levels of DNA damage
and release of intracellular components in treated than in untreated cells.

Apart from polymersomes and PICsomes, LbL capsules have been investigated for
their in vitro efficiency in chemophotothermal therapy [60] and oxidative stress [59]. LbL
capsules made from poly(allylamine hydrochloride) (PAH) and poly(methacrylic acid)
(PMA) coencapsulated doxorubicin hydrochloride with gold nanorods, as well as nimbin
within the layers of the membrane (Figure 3B) [60]. Upon near-infrared (NIR) irradiation,
the increased temperature of the gold nanorods led to the formation of pores and ultimate
rupture of the vesicles, causing almost 90% of the encapsulated material to be released
within 30 min. In leukemia monocytes, the cell death was calculated at 99%, although
50% cell death was still observed without NIR irradiation. For reducing oxidative stress,
LbL capsules with tannic acid (TA) surface functionalization were successfully tested in
an in vitro inflammation model [59]. Layers composed of PAH, dextran sulfate, and TA
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had the ability to scavenge both H2O2 and radical -OH while having no negative effect on
the nucleus pulposus cells that they treated. While the capsules did function to reduce the
concentration of H2O2, they were less efficient than free enzymes because of the barrier
between enzyme and substrate in the form of the polymer shell. Although LbL capsules
have exhibited some very promising results when tested in vitro, it is important to bear in
mind that their large size (2–5 µm) limits their in vivo use and further application.
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for the treatment of diabetes mellitus. Adapted with permission from [87]. Copyright 2017 American
Chemical Society.

Polymer stomatocytes are bowl-shaped polymersomes that have the ability to entrap
catalytic cargo in their stomata [172,173]. When the cargo is appropriately selected (e.g.,
encapsulated Gox and catalase) and O2 is generated, the stomatocytes act as nanomotors
and are able to perform slow self-propelled motion [174]. This feature has been investigated
for its potential use in biomedical applications such as drug delivery and ROS therapy.
For example, PEG-b-PDLLA stomatocytes loaded with inorganic MnO2 nanoparticles
showed the ability to convert H2O2 into mechanical motion [83]. When tested on H2O2-
exposed adenocarcinoma cells, the stomatocytes had a positive effect on the cell viability
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and decreased ROS induction. In another study, PEG-b-PS stomatocytes with platinum
nanoparticles (Pt NPs) in their stomata and naphthalocyanine, a NIR light absorber, in the
hydrophobic parts of the membranes were prepared [81]. They exhibited the ability to
practice chemotactic-controlled movement towards H2O2 produced from human breast
adenocarcinoma cells and allowed photothermal ablation and subsequent cell death when
NIR light was applied. However, as for all nanocompartments, the size of the nanomotors
remains an important aspect in their design for their further application in the biomedical
area. Ultrasmall stomatocytes (approximately 150 nm) were prepared from PEG-b-PS block
copolymer with encapsulated catalase in their stomata and evaluated for their ability to
cross the membranes of HeLa cells [82]. It was found that they exhibited better cellular
uptake than larger stomatocytes and presented the highest internalization values when in-
cubated with the fuel, H2O2, highlighting its beneficial effect on their movement. Although
the studies concerning nanomotors in biological conditions are at an early stage, they show
promise for further use in biomedical applications, such as cell sorting and directional
movement, taking into consideration parameters such as control over speed and direction,
enzyme loading and activity, and substrate availability [175].

4.2.2. In Vivo Studies

Successful in vitro evaluation of nanocompartments leads to in vivo studies for vari-
ous biomedical applications and treatments, such as enzyme replacement [78,89,120,138]
and gene therapy [80], cancer [76,77], hyperammonemia [95], diabetes [87], and osteoporo-
sis [69]. When L-asparaginase was loaded in poly(ethylene glycol)-block-2-hydroxypropyl
methacrylate (PEG-b-PHPMA) polymersomes, the enzyme was more protected from pro-
teolytic attack in vitro and in vivo than native or PEGylated enzymes. In addition, the
immunogenicity was significantly reduced in an immunocompetent Balb/c mouse model,
making the system a promising alternative for enzyme replacement therapy [78]. For
the same purpose, PMOXA-b-PDMS-b-PMOXA polymersomes, encapsulating HRP and
permeabilized with an OmpF mutant, were evaluated in vitro and in vivo in zebrafish
embryos, establishing their potential to act as homeostatic artificial organelles, as they
preserved their structure and detoxification ability for at least 24 h (Figure 3C) [138].

Clusters of nanocompartments were evaluated for their potential in enzyme replace-
ment therapy, as they offer the advantage of colocalization and high cell-surface binding
and accumulation [120]. DNA polymersomes encapsulating laccase, an enzyme that ox-
idizes mainly phenolic compounds, were tested on zebrafish embryos for their stability,
cluster formation, and biodistribution. Within 30 min of injection, the clusters of nanocom-
partments interacted with the posterior caudal vein and preserved their architecture for at
least 24 h. PICsomes have also been extensively investigated for their potential in enzyme
replacement and gene therapy [80,89]. PICsomes made of α,β-polyaspartic acid, PEG-
block-poly(α,β-aspartic acid), and poly([5-aminopentyl]-α,β-aspartamide) that contained
guanidinium groups were evaluated for their in vivo use [62]. It is important to mention
that one of the main drawbacks to the use of PICsomes in biological conditions is their sen-
sitivity to high ionic strength, leading to their deformation in physiological environments.
However, the addition of guanidinium groups increased the stability of these PICsomes,
and when injected in BALB/c mice, they performed with increased circulation time in the
bloodstream and no apparent aggregation. These promising results led to their further
development as a dual-delivery system with Rnase H encapsulated in their cavity and
single-stranded oligonucleotides in the PICsome membrane for gene knockout therapy [80].
When tested on lung carcinoma cells, the PICsomes successfully delivered their cargo,
exhibiting the desired gene knockout activity. Apart from Rnase H, two methionine γ-lyase
mutants were also successfully encapsulated in PEG-Pasp- and poly-L-lysine (PLys)-based
PICsomes and tested on BALB/c mice [89]. Although low percentages of enzyme encapsu-
lation were reported (3.7% and 11%) in the blood circulation, the half-lives of the enzymes
increased at least 20%, and their activity remained high for at least 24 h.
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For cancer treatment, polymersomes made of poly(ethylene glycol)-block-thioketal-
linked camptothecin methacrylate-co-2-(pentamethyleneimino) ethyl methacrylate encap-
sulating Gox and ultrasmall iron oxide nanoparticles (USIONs) were designed for precise
cooperative cancer therapy [76]. These catalytic nanocompartments exhibited high efficacy
in suppressing the tumor size in lung tumor-bearing mice, increasing the survival rate
from 0% for untreated and camptothecin-treated animals to 80% in 90 days while their
systemic toxicity remained low. Meanwhile, taking advantage of the overexpression of
matrix metalloproteinases (MMPs) in tumor sites, polymersomes composed of triblock
copolymers of MMP-cleavable peptide-linked poly(ethylene glycol), poly(ε-carprolactone)
(PEG-GPLGVRG-PCL), and CPP-mimicking polymer poly(3-guanidinopropyl methacry-
lamide) (PGPMA) were loaded with the MMP inhibitor marimastat and colchicine, an
inhibitor of microtubule formation [77]. The nanocompartments not only reduced the
tumor size by almost 1.5 times in orthotopic and metastatic breast cancer-bearing mice
but were successful in inhibiting its relapse after surgical abscission in almost 70% of
the animals.

Polymersomes designed for the oral treatment of hyperammonemia were prepared from
poly(styrene)-block-poly(ethylene oxide) (PS-b-PEO) polymersomes, encapsulating the pH-
dependent fluorescent dye 8-hydroxypyrene-1,3,6-trisulfonate (HPTS), and tested on bile duct-
ligated (BDL) rats [95]. These polymersomes were found to be more stable and effective
for oral administration than the current liposome peritoneal treatment used in hospital set-
tings. Meanwhile, for the treatment of diabetes mellitus, “sugar-sponges” were prepared
from poly(ethylene oxide)-block-poly[(7-(2-methacryloyloxyethoxy)-4-methylcoumarin)-stat-2-
(diethylamino)ethyl methacrylate-stat-(α-D-glucopyranosyl)ethyl methacrylate] (Figure 3D) [87].
The lectin moieties of these glycopolymersomes facilitated the uptake of glucose into their cav-
ities when glucose concentrations were high, maintaining the blood sugar of type I diabetic
KM mice at normal levels for at least 36 h. For the treatment of osteoporosis, polymersomes
made from poly(ε-caprolactone)-block-poly[(L-glutamic acid)-stat-(L-glutamic acid-alendronic
acid)] diblock copolymers were prepared, encapsulating β-estradiol. The presence of alendronic
acid (ADA) in the outer membranes of these vesicles increased their affinity for hydroxyapatite,
a mineral found in bones, by 20% and promoted osteogenic differentiation. Overall, a 70.4%
recovery rate of total bone mineral density (BMD) and a 99.3% recovery rate of tibia BMD were
reported after treating ovariectomized osteoporosis rats [69].

4.3. Vesicles as Model Systems for Organelles and Cells

While bottom-up synthetic cells have reduced complexity relative to native cells, they
offer simplified views on cellular processes, supporting our understanding of complex
metabolic processes. One can develop insights into the fundamental elements that control
cellular behavior and function and gain greater knowledge of diseases and treatment
approaches. The bottom-up strategy also offers the unique opportunity to combine artificial
and biological components to create hybrid biological systems augmenting certain aspects
of living systems. GUVs serve as excellent models for cells because of their size similarity
and unilamellar membrane structure. There are various aspects that have to be taken into
account, starting with the type of membrane and its properties up to the functionality of
the whole system.

Lipids and lipid mixtures frequently serve as simplified models for cellular mem-
branes [176–180]. However, natural cell membranes are much more complex in their
composition and architecture [181]. Membrane asymmetry is an important parameter that
is often overlooked but plays a major role in the function of a membrane, as it affects
signal transduction and enables orientation of membrane proteins, which is crucial for their
directional enzymatic activity [182,183]. Using emulsion–centrifugation, giant vesicles with
an inner leaflet composed of PBd-b-PEO copolymer and an outer leaflet of 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) were produced to mimic the asymmetry of cell
membranes. However, this approach is limited to vesicles with a polymer inner leaflet and
lacks long-term stability in the inverse conformation [34]. Microfluidic methods have also
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been employed for the high-throughput generation of asymmetric giant vesicles but have
been applied only to lipid vesicles to date [184–186]. Cellular membranes not only show an
asymmetry between leaflets but possess compositional heterogeneities and form domains
in a range of sizes that can contain specific proteins important for membrane trafficking,
signaling, and the assembly of specialized structures [187]. By mixing the phospholipid
(PL) 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and the semicrystalline block
copolymer methoxy-poly(ethylene glycol)-block-poly(ε-caprolactone) (mPEG-b-PCL), large
PL-rich and block copolymer-rich phase-separated domains and small domains of mixed
PL and copolymer (Figure 4A) can be created in hybrid GUVs. The formation of crystalline
PCL and gel-like DPPC regions was confirmed through X-ray scattering and diffraction.
These regions strongly influenced the PL membrane fluidity and order, indirectly influenc-
ing the mechanical and permeability properties of the membrane [73]. Polymer crystallinity
plays an important role in the formation of heterogeneous membranes. When mixing
the noncrystalline polymer PBd-b-PEO with the phospholipid POPC, no evidence for the
formation of lipid-rich or polymer-rich domains was found. Membrane fluidity was shown
to decrease with increasing polymer fraction by a factor of five to seven, depending on
the polymer length [66]. While polymeric membranes are promising candidates for the
creation of artificial cell membranes, using hybrid lipid–polymer cell membrane models
combines the chemical versatility and robustness of polymers with the biocompatibility of
lipids and allows for the formation of membrane domains for spatial organization.
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Figure 4. Applications of polymeric compartments to mimic cellular aspects. (A) Cross-sectional
micrograph of DPPC-mPEG-b-PCL GUVs stained via fluorescein isothiocyanate (FITC, on mPEG-
b-PCL, green) and Liss Rhod PE (in DPPC, red). Adapted with permission from [73]. Copyright
2020 MDPI. (B) Schematic representation of selective membrane permeabilization resulting in the
formation of actin filaments triggered by ion import. Adapted with permission from [71]. Copyright
2020 John Wiley and Sons. (C) Schematic representation of an ATP-producing vesicle and light-driven
ATP synthesis in lipid and hybrid vesicles. Adapted with permission from [154]. Copyright 2020
John Wiley and Sons. (D) CLSM micrograph of PMOXA-b-PDMS GUVs containing β-galactosidase
enzymes labeled with Cy5 (red), glucose oxidase enzymes labeled with Oregon green 488 (green),
and HRP enzymes labeled with Atto 550 (blue) (scale bar 50 µm). GUVs equipped with OmpF pores
enabled the influx of resorufin galactopyranoside, which was converted to the fluorescent product
resorufin (red) by β-galactosidase (scale bar 50 µm). Adapted with permission from [39]. Copyright
2020 John Wiley and Sons.
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Natural membranes are constantly being remodeled in a dynamic process, enabling
the adaptation of cells to their current environment [188]. Fission and fusion of vesicles
are among the most important membrane remodeling processes, with the latter being
promoted by the fusogenic SNARE proteins. Using SNARE proteins, membrane fusion
in poly(dimethylsiloxane)-graft-poly(ethylene oxide) (PDMS-g-PEO) membranes and hy-
brids thereof was achieved. Through the reconstitution of SNARE proteins in polymeric
membranes, a size increase and membrane protein coreconstruction using two proteins
reconstructed in different polymersomes were obtained [156]. Membrane remodeling
arises not only from membrane fusion but from trans-bilayer migration (flip-flop) of am-
phiphilic molecules [189] and was also demonstrated in asymmetric PBd-b-PEO/POPC
membranes [34]. For those membranes, a flip-flop half-life of around 7.5 h was demon-
strated, despite the size difference between the hybrid asymmetric membrane sheets, which
was consistent with values reported for lipid vesicles [190,191].

Most cellular systems are compartmentalized across several length scales and sub-
compartments, i.e., organelles, which are essential to spatially separate processes within
cells [192]. Using multicompartmental vesicles, supramolecular assemblies with hier-
archical organization, increased complexity, and subcompartments can be created. A
simple example of a multicompartmentalized vesicle was obtained by (co)loading lipidic
(POPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), phosphatidylcholine (PC),
DPPC) nano-sized vesicles within PBd-b-PEO giant vesicles using emulsion centrifugation.
Through the use of thermosensitive lipids with different release temperatures, a simple
microreactor with the ability to externally stimulate contained cascade reactions on demand
was created [34]. In another example, multicompartmental GUVs were formed by the
encapsulation of responsive nanoparticles loaded with biomolecules inside GUVs. The
nanoparticles were loaded with either enzyme substrates or biopores and disassembled in
the presence of dithiothreitol (DTT), thus releasing the nanoparticles’ cargo. The release of
the enzyme substrates catalyzed the reaction of coencapsulated enzymes, while the release
of the ion channels (gramicidin) allowed them to integrate into the vesicle membrane,
causing controlled permeabilization (Figure 4B). Using this approach, a multicompartment
cellular system was created that was able to change membrane permeability upon external
signals, a process naturally occurring in neurons [92]. An evolution of that study examined
these multicompartmental vesicles encapsulated with two different subcompartments:
reduction-sensitive nanoparticles and non-reduction-sensitive heparin micelles. Upon
reductive external stimuli, signaling cascades were triggered that led to the assembly of
a cytoskeleton in the form of an actin network within GUVs while maintaining internal
compartmentalization through reduction-insensitive compartments [71].

To understand the interaction mechanisms of cells in tissues from a bottom-up per-
spective, artificial cells can be assembled into tissues. Simple artificial tissues comprising
GUV aggregates segregated by an artificial membrane can be used for this purpose. Using
a DNA-based linking system, a multicompartment GUV network containing a mixture
of GUVs, each composed of either Pluronic L121, PBd-b-PEG, or polylactic acid-block-
polyethylene glycol (PLA-b-PEG), served for the selective assembly of polymeric vesicles.
The functionalization of GUVs with cholesterol-tagged DNA mediated the linkage of the
vesicles and resulted in deformation at the adhesion site. The thermal regulation of the
DNA hybridization allowed the linkage that controlled the contact area between the GUVs
to be switched on and off [37].

Assembling polymeric and lipidic vesicles into hierarchical structures is a promising
strategy to establish cell or organelle models closer to nature. However, controlling the
encapsulation of smaller vesicular structures is challenging, as it is often governed by
stochastic processes, and control over the encapsulation efficiency is limited. Precise
control over the encapsulated cargo and the influence thereof is essential for the creation
of model systems. While membranes serve a very important role in separating aqueous
compartments from their surroundings, selective transport of certain molecules across
a bilayer membrane is a key requirement for any cell. A straightforward method for
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introducing selective transport to hybrid GUVs is through the use of a permeable polymer.
The block copolymer oligo(aspartic acid)-block-poly(propylene oxide) forms polymer-rich
domains in a polymer/lipid hybrid membrane that are intrinsically permeable to small
molecules, but the selectivity and specificity of the transport across the membrane is
limited. A more challenging approach is the insertion of pores or membrane proteins into
synthetic bilayer membranes to induce selective permeability. Through film rehydration,
membrane proteins can be directly added to the rehydration buffer, as shown for the model
biopore OmpF [90] or the membrane proteins ATP synthase and cytochrome bo3 ubiquinol
oxidase [156]. The addition of membrane proteins to preformed vesicles presents an
alternative means of protein incorporation and has been shown for OmpF and gramicidin
in microfluidic double emulsion templated PMOXA-b-PDMS GUVs [39,68].

In cells, a majority of the energy used for chemical work is stored in the form of
adenosine triphosphate (ATP). ATP drives a plethora of energy-consuming processes
within a cell, such as protein biosynthesis, motility, membrane transport, and intracellular
signaling. In eukaryotic cells, most ATP is produced in the mitochondrion [193], making it a
biologically relevant organelle to mimic. One popular approach for this is the reconstruction
of a proton pump within a polymeric or hybrid polymer/lipid membrane to generate a
proton gradient that can subsequently power a reconstructed (F0F1-)ATP synthase for the
production of ATP from adenosine diphosphate (ADP) and inorganic phosphate (Pi). This
has been shown using polymersomes and GUVs made from the graft polymer PDMS-
g-PEO and the diblock copolymer PBd-g-PEO (Figure 4C) [72,154]. PDMS-g-PEO and
PDMS-g-PEO/PC hybrid polymersomes and GUVs served as the base for directional
insertion of a proton pump into the membrane and subsequent lowering of pH inside
the GUV through active transport of protons across the polymer bilayer. Rheological
testing revealed that PDMS-g-PEO and hybrid membranes showed higher flexibility than
pure PC membranes and that the insertion of protein pores into the membrane further
decreased rigidity and increased membrane fluidity. The high fluidity of the copolymer was
attributed to the fact that the molecular weight of the PDMS was inversely proportional
to the membrane’s diffusion coefficient [194]. In a similar study, the transmembrane
protein F0F1-ATP synthase and the light-sensitive proton pump bacteriorhodopsin were
integrated into the membranes of PDMS-g-PEO, PBd-b-PEO, and polymer/lipid hybrid
polymersomes. This study demonstrated enhanced long-term stability of the membrane
proteins as compared with liposomes, with the highest activity and longest stability in
PDMS-containing membranes [154].

Using microfluidic double emulsion templated GUV formation, bioactive cargo has
been encapsulated with an encapsulation efficiency of up to 99%. Through pore formation
using OmpF, catalytic GUVs were produced to create a three-step enzymatic cascade that
converted fluorescein di-β-galactopyranoside (FGD) into resorufin via two intermediate
steps, demonstrating a simple intracellular communication pathway (Figure 4D) that could
be extended in a modular fashion [39]. Through the encapsulation of bioactive molecules,
e.g., enzymes, simple model artificial cells with in situ enzymatic activity have been created
that could convert substrates from outside of the GUVs. While the complete removal of
organic solvent is not always trivial, this method allows for the efficient, high-throughput
production of vesicles with precise control over lumen and membrane composition, which
is essential for the applicability of GUVs as cell mimics [195].

5. Conclusion and Perspectives

Polymeric micro- and nanocompartments offer great versatility; they can be loaded
with various functional molecules, their surfaces can be functionalized using targeting
moieties, and their membranes can gain specific functions using membrane proteins.
Polymer vesicles have been studied extensively, as they offer several advantages over
liposomes, such as increased chemical versatility and mechanical stability, and have found
applications in imaging, therapeutics, and creation of artificial cellular models.
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Nanoscale polymeric vesicles, including clusters of nanocompartments, have been
applied for imaging and theranostics by combining therapeutic and imaging properties. By
encapsulating imaging probes (e.g., quantum dots, fluorescent dyes) and/or therapeutic
compounds, potentially toxic or quenching side effects can be avoided while maintaining
observable, targeted delivery. Similar approaches have been applied for therapeutic appli-
cations; cargo can be encapsulated within their cavities or loaded within their structure to
increase stability, activity, and blood circulation. Specifically, through the permeabilization
of enzyme-loaded polymersomes using pore proteins or pore-forming peptides, catalytic
nanocompartments can be created that perform catalytic activity. This can apply to enzyme
replacement therapy or on-demand drug production.

Polymeric microvesicles have mainly been used for cellular modeling and the creation
of artificial cells. Using polymeric or hybrid polymer/lipid membranes, natural mem-
branes can be mimicked in terms of membrane asymmetry or domain formation. Through
reconstitution of membrane proteins, cellular signaling can be studied, and by combining
nano- and micrometer-sized vesicles, structures with complex hierarchies can be built that
mimic natural compartmentalized systems. Using both lipids and polymers allows for
the exploitation of the advantages of both types of amphiphiles, facilitating membrane
protein reconstitution while increasing the compartment’s stability. Attempts have been
made to mimic cytoskeleton networks, cellular movement, and inter- and intracellular
communication. However, progress still needs to be made in order to gain understanding
and to realize the full potential of artificial cell models.

Progress in polymer chemistry has enabled the creation of polymers with tailored
properties, and because of the immense variety of chemical compositions and functionaliza-
tions, polymers can be tailored to improve biocompatibility, biodegradability, and toxicity.
Even so, the production of compartments thereof is still challenging; most of the fabrication
techniques are laborious and low throughput, which also complicates subsequent scale-up
attempts. Using microfluidic methods enables the high-throughput production of poly-
meric vesicles; however, examples are still limited, in the early stages of development, and
mainly applied to micrometer-sized compartments. Even though significant progress has
been made in the formulation of catalytic compartments and control over the encapsulation
efficiency, surface functionalization, and membrane protein reconstitution, further research
is still needed to obtain insight into the structure and behavior of said compartments in
a biomedical context. Hybrid materials are being investigated with significant progress;
however, research is still needed to study interactions of polymeric and biological materials
in order to increase biocompatibility. For therapeutic applications, most of the studies
presented tested in vitro, and the in vivo studies were limited to mice. While most studies
presented showed promising results, tests for the efficacy and compatibility of polymer
compartments are necessary for their effective application in a medical context. Employing
multifunctional materials is expected to increase applicability of polymeric compartments
for patient-oriented medical strategies; incorporation of multistimulus-responsive ma-
terials that activate their functionality in response to multiple intracellular or external
signals would increase the number of applications of polymeric compartments in the
biomedical field.
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Abbreviations

ADA alendronic acid
ADP adenosine diphosphate
AP poly([5-aminopentyl]-α,β-aspartamide)
ATP adenosine triphosphate
BDL bile duct-ligated
BMD bone mineral density
cGMP cyclic guanosine monophosphate
CLSM confocal laser scanning microscope
CMA 7-(2-methacryloyloxyethoxy)-4-methylcoumarin
CNC catalytic nanocompartment
CPP cell-penetrating peptide
CPT camptothecin
CPTKMA thioketal-linked CPT methacrylate monomer
cRGD cyclic arginine-glycine-aspartic
CT computed tomography
CTAB cetyltrimethylammonium bromide
DBCO dibenzocyclooctyne
DDC dopa decarboxylase
DEA 2-(diethylamino)ethyl methacrylate
DEX dextran sulfate
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine
DNA deoxyribonucleic acid
DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
DTT dithiothreitol
E. coli Escherichia coli
FGD fluorescein di-β-galactopyranoside
FITC fluorescein isothiocyanate
FRAP fluorescence recovery after photobleaching
GEMA (α-d-glucopyranosyl)ethyl methacrylate
Gox glucose oxidase
GUV giant unilamellar vesicle
HPTS 8-hydroxypyrene-1,3,6-trisulfonate
HRP horseradish peroxidase
iNOS nitric oxide synthase
ITO indium tin oxide
LbL layer-by-layer
L-DOPA levodopa/l-3,4-dihydroxyphenylalanine
LPO lactoperoxidase
MMP matrix metalloproteinase
mNSS modified neurological severity scores
mPEG methoxy-poly(ethylene glycol)
MRI magnetic Resonance Imaging
NgR Nogo-66 receptor
NIR near-infrared
NP nanoparticle
OEGMA oligo(ethylene glycol) methyl ether methacrylate
OmpF outer membrane protein F (from Escherichia coli)
PA poly-L-arginine
PAA poly(acrylic acid)
PAH poly(allylamine hydrochloride)
PAMAM poly(amidoamine)
PAsp poly(α,β-aspartic acid)
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PATK
poly([2-[[1-[(2-aminoethyl)thio]-1-
methylethyl]thio]ethyl]-α,β-aspartamide)

PBd poly(1,2-butadiene)
PBO poly(butylene oxide)
PBzMA poly(benzyl methacrylate)
PC phosphatidylcholine
PCL poly(ε-caprolactone)
PDA polydopamine
PDLLA poly(D,L-Lactic Acid)
PDMS poly(dimethylsiloxane)
PDPA poly [2-(diisopropylamino)ethyl methacrylate]
PEG poly(ethylene glycol)
PEHO poly(3-ethyl-3-hydroxymethyloxetane)
PEI poly(ether imide)
PEMA poly(ethyl methacrylate)
PEO poly(ethylene oxide)
PEtOz poly(2-ethyl-2-oxazoline)
PG poly(glycidol)
PGPMA poly(3-guanidinopropyl methacrylamide)
PHPMA poly(N-(2-Hydroxypropyl) methacrylamide)
Pi inorganic phosphate
PiB polyisobutylene
PIC polyion complex
PISA polymerization-induced self-assembly
PL phospholipids
PLA polycaprolactone
PLys poly-lysine
PMA polymethyl acrylate
PMOXA poly(2-methyl-2-oxazoline)
PMPC poly(2-methacryloyloxyethyl phosphorylcholine)

POEGMA
poly(oligo(ethylene glycol) methyl ether
methacrylate)

POPC
1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine

PS polystyrene
PSS poly(styrene sulfonate)
PSMA poly(stearyl methacrylate)
PPG poly(propylene glycol)
PPO poly(p-phenylene oxide)

PTMC
tetraphenylethylene pyridinium modified
trimethylenecarbonate

PVP polyvinylpyrrolidone

P(CLgTMC)
poly(caprolactone-gradient-trimethylene
carbonate)

ROS reactive oxygen species
S. aureus Staphylococcus aureus
sGC soluble guanylyl cyclase
siRNA small interfering ribonucleic acid
SPAAC strain-promoted azide-alkyne cycloaddition
SPECT single-photon emission computed tomography
SPIONs superparamagnetic iron oxide nanoparticles
ssDNA single-stranded deoxyribonucleic acid
TA tannic acid

TTA-UC
triplet–triplet annihilation based molecular photon
upconversion

UOX urate oxidase
USIONs ultrasmall iron oxide nanoparticles
VBA poly(vinyl benzaldehyde)
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Abstract: In this review, we summarize recent work on the “green synthesis” of carbon nanoparticles
(CNPs) and their application with a focus on biomedical applications. Recent developments in
the green synthesis of carbon nanoparticles, from renewable precursors and their application for
environmental, energy-storage and medicinal applications are discussed. CNPs, especially carbon
nanotubes (CNTs), carbon quantum dots (CQDs) and graphene, have demonstrated utility as high-
density energy storage media, environmental remediation materials and in biomedical applications.
Conventional fabrication of CNPs can entail the use of toxic catalysts; therefore, we discuss low-
toxicity manufacturing as well as sustainable and environmentally friendly methodology with a
focus on utilizing readily available biomass as the precursor for generating CNPs.
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1. Introduction

Carbon nanoparticles (CNPs) have demonstrated utility in a wide range of biological
applications such as imaging, sensing and surface-coating. They enjoy a growing range of
applications in the drug delivery of a number of biomolecules such as DNA, antibodies,
and proteins. CNPs are considered the ideal candidates for metal-based sensor applications
and rapid diagnostic assays due, in the main part, to their high fluorescence value. As such,
they can displace gold, colored latex, silica, quantum dots, or phosphor nanoparticles, in
relevant applications (Figure 1) [1–5].
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Figure 1. Synthesis, properties and applications of carbon nanoparticles.
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CNPs have a range of highly desirable attributes; they exhibit low toxicity, high
biocompatibility, can be readily suspended into solution [6] and can be modified post-
production with a range of chemical functionality. Carbon based materials already play a
critical role in many applications: electro-catalysts, electrodes in storage devices, biofuels,
heterogenous catalysis and photo catalysis [7]. Carbonaceous materials form the basis of
gas storage (e.g., CO2), hydrogen capture, water purification and as additives to rectify soil
properties [2]. The field of optical sensing has been extended with the discovery of highly
fluorescent CNPs and carbon nanodots (CNDs) [8,9]. CNP and CND probes demonstrate
remarkable properties; emission characteristics that are tunable based on particle size,
high emission quantum yields, physical and chemical stability, narrow spectral bands
and optimization of the surface to effect selective sensing applications [10]. Other than
optical sensing, these CNPs have also seen use in applications such as photocatalysis,
bioimaging and optoelectronics [11–13]. A typical example of optical sensing is the light-
emitting properties of semiconductor quantum dots (QDs) used for in vitro and in vivo
bioimaging [14–16] (Figure 2). QD’s strong optical absorption peaks are very sensitive to
the surrounding environment and medium, which enables biomolecule calorimetry to be
completed [17,18]. Another significant advantage of CNPs is that they can be produced
economically with high purity and are readily fabricated from naturally occurring biomass
and generated utilizing green chemistry [19].
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Since the pioneering studies by Sumio Iijima in 1991 with the characterization of
carbon nanotubes, CNPs have been used in a number of applications. The impact of CNPs
has been recognized internationally with researchers receiving the highest of scientific
awards [20]. More recently, due to their adoption in the fields of medical, environmental
and novel materials, industry has paved the way for the rapid development of various
CNPs, such as carbon nanotubes (CNTs), QDs, graphene and nano diamonds (NDs). Based
on the lattice arrangement of the main building unit carbon, CNPs are classified as either
one-dimensional (1D), two-dimensional (2D) or three-dimensional (3D) structures. For
instance, CNTs are 1D, graphene is 2D and NDs have a 3D structure [21,22]. Among these
CNPs, CNTs are the hardest materials due to their extended aromatic C-C bond network.
The arrangement of these single C-C network layers may be classified further into either
single-wall carbon nanotubes (SWCNTs) or multiwall carbon nanotubes (MWCNTs) [23,24].
This C-C bond network gives a honeycomb-like arrangement. SWCNTs and MWCNTs have
inter-layer distances of 0.32–0.35 nm and 2 to 50 sheets are found arranged in the tubules.
This gives rise to a wide range of wall thicknesses [25]. In the case of graphene, discovered
recently in single-layer form as reported by Novoselov [26], a hexagonal arrangement is
generated through an extended sp2 hybridized network.

Production of CNPs may be achieved through chemical vapor deposition (CVD), arc
discharge vaporization, floating catalytic methods, laser ablation/evaporation and low
temperature solid pyrolysis (Figure 2) [27–30]. However, accepted methods for the synthesis
of CNPs have environmental concerns such as the high consumption of raw materials
and the use of strong acids. In addition, CNP containing materials produced using these
methods exhibits a limited capacity for the loading of metals oxides or post-generation
modification of the particle surface [31,32]. Therefore, the focus of CN production has
moved towards establishing methods that are less demanding of resources, low-cost and
eco-friendly [33].

In a green-synthesis approach, biomass such as woods, leaves and low-value biomate-
rials, such as plant husks, have been used as the precursor for developing carbon materials.
In this review we consider that a green-synthesis attribute permits inclusion. For example,
a renewable feedstock, process attribute or combination therein. In some cases, green syn-
thesis through biomass as the starting material can also replace the metal catalysts used in
CNP fabrication. Based on the reaction conditions and precursor materials, different forms
of CNPs such as nanofibers, nanotubes or nanoporous configurations can be generated.
For instance, allotropic forms of graphitic carbon nanostructures, with a coil morphology,
were fabricated by a precipitation method at 900 ◦C via the hydrothermal treatment of
cellulose [34]. In addition, carbon nanosheets can be fabricated from lignocellulosic biomass
derived from coconut coir through the action of hydrothermal carbonization followed by
pyrolysis [35]. The effect of clay mineral particles has also been evaluated [36,37]. Similarly,
cellulose (husk) has been used to develop carbon hollow nanostructures via a three step
acid digestion process, followed by charring and high temperature pyrolysis (CO2 laser
2200 ◦C) [38]. Many other types of food and agricultural waste such as proteins, chitin,
lignin, carbohydrates, hemicellulose, and honeycomb have been used in the fabrication of
CNPs using a green synthesis approach [19,39,40].

Herein, we describe the methods used for generating CNPs from renewable precursors
and highlight some examples of their application in the environmental, energy-storage and
medicinal fields.

2. Processing of Biomass

Biomass waste can be derived from either plant or animal matter as a result of pro-
cessing higher-value materials, for instance leaves from trees as by product from processed
wood or paper production [41]. Biomass is abundant: trees, agriculture crops, energy
crops, fruits, vegetation, wood, aquatic plants and algae, general municipal waste and
animal waste [7,42]. In general, such biomass materials are subjected to various processing
methods to obtain energy and carbon allotropes. Two broad classifications may be made:
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biochemical processing (e.g., anaerobic digestion and fermentation) and thermochemical
processing (e.g., pyrolysis, combustion and gasification) [43].

The process of pyrolysis can be a highly efficient energy recovery process and has the
potential to produce products ranging from char, to gas and oil [44]. Char as a by-product of
energy recovery processes can act as a source for various carbon materials such as activated
carbon, porous carbon and CNPs such as CNTs, graphene and fullerenes, all of which
can be generated through controlled green synthesis processes [45–48]. These CNPs can
be functionalized further and their surface texture and functionality modified by using
different surface treatment agents and activation methods [49,50]. Final products find a
wide range of applications such as environmental sensors, water purification, hydrogen
capture and storage, energy conversion and air pollution control [50,51]. Generally, to
obtain CNPs from the by-product of biomass processing three types of treatments are used:
physical activation, chemical activation and hydrothermal carbonization (HTC) [20,52].

Physical activation is a two-step process; raw materials are subjected to pyrolysis
and carbonization at a temperature below 1000 K, and in second step, subjected to con-
trolled gasification process at high temperatures above 1150 K, in the presence of oxidizing
gases (CO2, air, steam or a mixture of these) [53]. With steam or CO2 as an activation
gas, equipment is easy to clean, and the removal of the oxidant is straightforward. Vari-
ous biomasses such as rice straw, peanut, rice husk, corn hulls, corncob, coconut shells,
pecan shell and almond shells have all been used to developed CNPs using this physical
activation method [54–58].

With chemical activation, a well-established single step is undertaken where a precur-
sor is mixed with a chemical activation agent (H3PO4, ZnCl2, KOH, K2CO3, etc.) and when
heated to temperatures ranging from 700 K to 1200 K, carbonization and activation occur
simultaneously [59–62]. The chemical activation process results in carbon materials with
high porosity and surface area (>2000 m2 g−1), and larger pore sizes [41]. The chemical
activation process has advantages compared to physical activation as it is faster, requires
lower conversion temperatures, is higher in carbon yield and provides a more uniformly
high-porosity material. Among chemical agents, KOH is favored and since 1978 active
carbon produced from KOH treatment processes has generated material with uniform
porosity and a high surface area (up to 3000 m2 g−1) [63].

The process of hydrothermal carbonization (HTC) is inspired by natural processes
in which biological materials undergo a long, natural chemical coaling process. The
application of high pressure and heat converts biomass to peat or coal over thousands to
millions of years in a natural phenomenon [40]. HTC is the direct chemical imitation of
this natural process but occurring over a much shorter timeframe. This process was first
reported by Bergius in 1913 and remodeled by Berl and Schmidt in 1932, which is the well-
known methodology for converting cellulose to activated carbon, and is still in common
use today [63]. Recently, this method was shown to produce carbon materials from biomass
with much milder conditions using temperatures below 500 K, pure water and self-steam
pressure [40,49]. This process is considered both physical and chemical processing and is
desirable due to the comparatively low temperature, cost effectiveness and overall eco-
friendly synthesis. Carbohydrates and their derivatives such as hydroxymethyl furfural,
glucose, xylose, furfural, sucrose and starch have all been converted to carbonaceous
materials with HTC using a temperature of only 180 ◦C [64]. HTC can generate porous
materials directly from biomass but, as compared to the chemical process, a less porous
and lower surface area product results [40,65]. Therefore, such carbon materials are not
optimal for the applications of chemical or gas adsorption, or catalysis and energy storage.
To improve the porosity of carbon materials from HTC, different templates (e.g., SPA-
15) or additives (and therefore more chemical-process aligned methods) such as KOH
are used [66,67].
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3. Carbon Nanotubes (CNTs)

CNTs were discovered in 1990 by Iijima and research into their potential has blos-
somed in the field of nanotechnology [68]. The unique chemical, optical, physical, thermal
conductivity and electrical properties make these particles ideal for sensors, transistors,
fuel cells, field emission devices and logic circuits [69–78]. CNTs and fullerenes are carbon
forms that are characterized by their hollow structure. The cylindrical form is known as a
nanotube, while spherical fullerenes are known as bucky balls [79,80]. The single-walled
carbon nanotubes (SWCNTs) are types of CNTs that are developed by rolling single sheets
of graphene into seamless cylinders [81]. Multiwalled graphene sheets are called multiwall
carbon nanotubes (MWCNTs) and were discovered by the Russian scientists Radushkeivch
and Lukyanovich in 1951 [82], preceding SWCNTs by decades [68,83].

3.1. Biomedical Applications of CNTs

CNTs possess unique characteristics which make then an ideal candidate for various
applications in biomedicine. CNTs are hydrophobic and therefore are suitable for various
therapeutic and diagnostic biological applications [84]. In addition, CNTs have a high
drug loading capacity, large surface area, high mechanical strength, and adequate chem-
ical stability, which has made CNTs idea candidates for both therapeutic and diagnostic
applications, including being excellent nanocarriers for drug delivery [85]. For instance,
CNTs have been shown to interact with receptors present on the cell surface that can result
in greater cell loading of drugs and therefore, a reduction in the dose of a drug required to
achieve an effect [86].

To date, CNTs have been utilized in a wide variety of drug delivery systems for the
treatment of numerous diseases. For instance, substances such as acetylcholine, that does
not cross the blood-brain-barrier, can be delivered readily to the brain using CNTs [87]. In
addition, because CNTs interact with brain cells they are becoming recognized as being
ideal for developing efficient gene and drug delivery systems [88]. In support of this, cell
delivery of nucleic acids has become one of the prime functions for the use of CNTs [89]. In
addition, groups have also used CNTs (as graphene nanosheets) to deliver angiogenic genes
specific for tissue engineering and regenerative medicine to promote revascularization and
cardiac repair [90]. Whilst the biological applications for CNTs are vast, much work is
needed to validate their use in order to take them into the clinic.

3.2. Synthesis of CNTs

Other than the natural production of CNTs, as discussed earlier, there are many syn-
thetic ways to develop CNTs such as electrolytic methodologies, arc discharge vaporization,
laser ablation/evaporation, low temperature solid pyrolysis, chemical vapor deposition
(CVD), the floating catalyst methods, and the ion bombardment growth method [27–30].
All these processes generate CNTs in moderate yield with unique morphology [91]. Some
of these methods, such as CVD, laser ablation and arc discharge require an atmosphere of
inert gas (such as He, N2, or CF4) to allow condensation of the nanoparticles to form
in the cooler parts of the chamber and to minimize the chances of over-oxidation at
high temperature [92].

In order to produce a large quantity of CNTs, CVD of carbon placed in a fluidized
reactor at 15–150 kgh is used [93,94]. This multidimensional process controls CNT agglom-
erate formation, provides delicate catalyst control at the atomic level, and keeps large scale
production of CNTs at a macroscopic level [93]. The structure of CNTs can be modulated
by the choice of the catalyst that acts at the atomic scale—this is one of most important
factors when producing large quantities. Generally, transition metals such as Y, Pt, La, Mo,
V, Ni, Co, and Fe are used as a catalyst in the synthesis of CNT [95]. Metal is preloaded
into a catalyst carrier (mostly alumina) by a process of impregnation, co-precipitation and
also other processes which are common in the petrochemical industry. The calcination
reduction method used for metal particle activation during or before CVD treatment gives
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rise to catalytically active nanoparticles that show dual functionality as a time activator for
carbon and as a template for the formation of the CNP product [96].

Metal catalysts have a significant disadvantage in that any entrained catalyst in the
production of CNTs pose a significant health threat, particularly if the product destina-
tion is for in vivo medical applications [97]. Metal catalyst particle residue in CNTs has
resulted in misalignment of plant chromosomes during the metaphase resulting in cell
division arrest [98]. In the textile industry, metal residue was not readily removed by water
treatment [99]. Nanoparticulate metal catalyst can inhibit florescent attributes of CNTs
and so are not suitable for preparing materials for semiconductor based devices as their
presence reduced quantum efficiency and detector life [100,101]. During the process of
CVD using high temperature, metal particles vaporize and re-condense to the surface of
CNTs, intimately coating the CNT surface to block their lattice vibration, and ultimately
disrupting the lattice wave propagation [100].

In addition to the aforementioned conventional synthesis methods for CNTs, another
important factor is cost: instrumentation, extreme temperature (700–1200 ◦C) and metal
catalysts all contribute to CVD manufacturing economics [102,103]. Therefore, development
of non-metallic, cost-effective catalysts, ideally functional and using lower temperatures,
will enable better production and commercialization of CNTs to meet the obvious demands
in medical, agriculture, textile and electronic fields [104].

3.3. Green Synthesis of CNTs

In order to simplify the preparation, and improve the quality and quantity of CNPs,
new CVD preparation processes have been developed, which include radio-frequency en-
hanced CVD, plasma-enhanced (PECVD) and microwave-enhanced methodology [105,106].
In addition, spray pyrolysis has emerged as an alternative process for commercial produc-
tion of CNTs [107] and is attractive due to the much reduced complexity in processing,
the use of low-cost instruments, and it does not require high vacuum or the application
of reducing agents. It is also highly amenable to scaled-up commercial production. In
combination with a renewable biomass starting material this is a highly attractive method-
ology. For instance, the addition of wood sawdust in spray pyrolysis resulted in CNPs
of good quality and quantity producing both carbon fibers and nanotubes [108]. Hydro-
gen was produced as a by-product alongside a small amount of toxic gases (NO2, CO).
Significantly, a low temperature of 750 ◦C (as compared to CVD to develop CNT/CE
that uses a temperature of 1200 ◦C), resulted in the production of CNPs with a diameter
of 50 nm [109].

The use of oils in spray pyrolysis has been shown to produce both MWCNT and
SWCNTs. For instance, neem oil pyrolysis was used to develop uniformly aligned MWC-
NTs [110], whereas eucalyptus and turpentine oils produced SWCNTs with a thickness of
0.79–1.71 nm [108,111]. CNTs produced from turpentine oil developed within 60 min at
700 ◦C, with the size shorter than eucalyptus oil derived materials, while the turpentine oil
based CNTs demonstrated a good degree of graphitization and exhibited finely resolved
concentric shells. Furthermore, CNTs produced from turpentine oil contained less defects
and had a notably higher current density capability and field emission strength [112]. In a
similar manner, a castor oil–ferrocene mixture in an ammonia solution generated nitrogen-
containing CNTs through spray pyrolysis [113] that resulted in CNTs with a distinctive
bamboo shape and a wavy tube-like structure of 50–80 nm thickness.

3.4. Synthesis of CNTs from Natural Precursors

The structure and morphology of CNTs can be regulated by controlling the reaction
gas, temperature, catalyst and precursors during their synthesis. Due to the high demand
for CNTs worldwide [114], specifically for cancer treatment with graphene NT and medical
imaging it is desirable to find eco-friendly precursors for commercial production. Biomass
derived natural materials such as camphor powder, palm oil, neem oil, eucalyptus and
palm tree provide alternatives to fossil-fuel based precursors such as xylene, acetylene,
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methane or toluene, etc. [115]. The use of these natural precursors can produce large
quantities of CNTs and through the application of appropriate processes may also be
generated cost effectively [116].

The elemental analysis of edible oils has shown that they are a viable source for CNTs
where the oils solids comprise 73.8% to 77.2% carbon [106]. In a recent report, coconut
milk has been used as a precursor for CNP production through a simple and one step
process using thermal pyrolysis at 120–150 ◦C. Particles were produced in only 2–5 min,
without the use of any passivating or carbonizing agent [19]. In this process, carbon rich
residues are separated from coconut oil by pyrolysis and when dissolved in water, exhibit
blue fluorescence under UV light. A similar process was used to develop CNTs from
olive oil as carbon precursor and NiCl2 as the catalyst at 900 ◦C [105]. The resultant CNTs
were SWCNTs with uniform surface morphology and diameters of ∼27–31 nm [105]. In
another study, SWCNTs were produced from vegetable oil as the carbon precursor with
CNTs being produced having a diameter of 0.79–1.71 nm [117]. The MWCNTs with an
aligned macrostructure of nanotubes were developed when vegetable oil was premixed
with ferrocene.

A crystalline latex that was extracted from Cinnamomum camphora (camphor C10H16O)
has been used as the carbon precursor for large-scale production of CNTs [118,119]. Plants
of C. camphora are very common in the sub-tropical region including Japan, India, China
and Indonesia. Thermal decomposition of camphor at 875 ◦C under argon produced a
variety of nanotube that contained a mix of aligned CNTs, as well as multiwall and single
wall CNTs [39]. The CNTs that are well aligned vertically are called vertically aligned
CNTs (VACNTs) and are 1D carbon objects that are anchored atop of a solid substrate.
These VACNTs are geometrically fixed compared to their counterparts, randomly oriented
carbon nanotubes (CNTs). With camphor, a minute amount of catalyst was required and no
amorphous carbon was produced, meaning no post deposition heat-process was required
as is required in thermal decomposition methods [118]. Similar to vegetable oil, chicken fat
mixed with ferrocene can be used as the precursor for CNT production [120]. Suriani et al.,
showed that VACNTs can be generated from chicken fat by using a ferrocene catalyst and
deposition of carbon particles onto a silicon wafer substrate [107]. VACNTs demonstrate
a highly crystalline structure with a D- Raman peak and G- Raman peak ratio (ID/IG)
of 0.63 and in 88.2% purity with a very low amount of amorphous carbon content [107].
Coconut oil has been used as a carbon precursor for developing MWCNTs by using the
CVD process [121]. Nitrogen gas was used as the carrier for evaporating the precursor and
provided an inert environment. The MWCNTs so produced have a diameter of 80–90 nm
(under optimum conditions). Finally, castor oil has also been used for the production of
CNTS through spray pyrolysis with argon as the evaporated precursor carrier and with
heating to 850 ◦C [121].

3.5. Biomass as the Green Catalyst for CNT Synthesis

Development of green catalyst assisted CNTs’ has obvious advantages. Utilizing the
biomass as both the carbon source and catalyst doubly so [103] and can provide metal
impurity-free CNTs. Natural green catalysts are available in abundance at negligible
cost and have been shown to operate at significantly reduced temperature. There is no
requirement of costly equipment such as evaporative sputtering or controlled dip coating
when green catalysts are used. Because of the ease of production and non-toxic nature of a
green catalyst, there is no requirement for a clean room to optimize CNTs’ growth [104].

CNT production does require a catalyst or a substrate to act as a template [122].
Biomass derivatives can act as that catalyst in CNT fabrication. Iron containing active
carbon (AC) is a type of biomass-derivative that can be used as a catalyst in the synthesis of
CNTs. Chen et al., demonstrated that wheat straw (AC-W), palm kernel shell (AC-P) and
coconut (AC-C) contain iron as an impurity that catalyzes CNT production. If this biomass
is pre-reduced with H2, the catalyst embedded in AC can be activated [123]. Further,
graphitization determines the quality of CNPs if carbon is used. When biomass is used as a
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carbon precursor, or source of catalyst, or as a catalyst support, then there is a significant
saving in time and energy [124]. Botanically derived volatile hydrocarbons are a rich
source of carbon and can act as carbon precursors as compared to conventional gaseous
precursors [118]. Camphor has been extracted from the latex of the Cinnamomum camphora
tree and exploited to develop MWCNTs and SWCNTs produced over quartz, zeolite and
silicon substrates [118,125,126]. Camphor is less toxic, cost effective and a readily available
biomass. Sublimating at around 25 ◦C it is therefore an ideal candidate for CVD methods in
the production of CNPs. When a zeolite catalyst support was impregnated with Fe–Co at
atmospheric pressure and temperature of 650 ◦C, MWCNTs are produce in large quantity
and with high purity (88%) from a pure camphor precursor, which made this process
suitable for large-scale synthesis [118].

Similarly, walnut (Juglans regia), neem (Azadirachta indica), garden grass (Cynodon
dactylon) and rose (Rosa) plant extracts have also been used in the production of CNTs, as
they act both as source of carbon and as a catalyst due to the presence of active carbon
(Figure 3) [104].
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The CNTs produced from walnut extract through the CVD process (at 575 ◦C) are of
high quality and good yield when compared to other plant extracts that have been used.
Interestingly, when the temperature was raised to 800 ◦C an increase in another allotrope
was observed; carbon nano belts (CNBs) were detected. Their presence was confirmed
using scanning electron microscopy, IR and Raman characterization [104].

Rice husk (RH) has been used as a carbon precursor as well as the source of catalyst
in the production of CNTs under microwave treatment [127,128]. Rice husks are rich in
lignin and cellulose, therefore they are an ideal carbon precursor [127]. The introduction
of ferrocene enhanced the RH decomposition in the microwave oven induced plasma.
It was observed that during this process, ferrocene was converted to non-toxic iron II,
III oxide [127]. A major advantage of this green synthesis methodology of CNPs is that
either non-toxic metals are produced, or no additional metals are required to be added as
catalysts. This method has also been adopted for hybrid synthesis of CNT using polyaniline
(PANI), forming CNT/PANI. The nickel electrodes used in the catalytic process are coated
by this CNT composite material through surface modulation. This composite material is
fabricated by polymerization of aniline in the presence of MWCNT-COOH in a solvent
consisting of water and green solvent. The green solvent used is a mixture of ionic liquids
(methylimidazolium tetrafluoroborate, [BMIM] BF4) and mineral acids such as HCl or
HNO3. This reaction, which results in CNTs covering the surface of aniline, results in a
product that is often used in electronic applications such as chemical sensors [129].

The form and function of CNPs synthesized using a green catalyst methodology is
predicated by the composition of the biomass used and processing steps. For example,
carbon microspheres (4–6 µm in diameter) were produced when waste cooking oil was
used as the starting substrate [130]. Replacing the cooking oil with engine oil generated
4µm spherical CNPs. This difference in size was attributed to engine oils pure hydrocarbon
nature, compared to waste cooking oil that is fatty acid derived where stearic palmitic
linoleic and oleic acids dominate [131]. Fatty acid decomposition produces more gasses
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due to the presence of oxygen, which can help in the production of filamentous structures
of semi-graphics [132].

Oils are a naturally rich source of fatty acids and in turn carbon, which is used in the pro-
duction of CNTs. For instance, palm oil from cooking waste has been used for the production
of SWCNTs and MWCNTs via the floating-catalyst thermal CVD method [133]. Importantly,
the impurities found in these oil wastes do not affect this CNT fabrication process [134].

Over the past 30 years, green chemistry has been a significant focus in the chemical
industry, and the use and/or replacement of undesirable solvents one of the central themes.
For example, traditional solvents have been substituted by greener solvents as new disper-
sants for CNT [135], e.g., room-temperature ionic liquids (RTILs). This is because RTILs
do not evaporate and therefore are still present at the end of the CNT formation process.
With the undesirable catalyst residue dissolved in the solvent the CNT may be recovered
through centrifugation or filtration. Recently, deep eutectic solvents (DESs) have been
recognized as a new type of low cost RTIL [136]. When RTILs and DESs are combined to
form a porogen, they enhance the solubility of DESs, which influence the RTILs’ supra
molecular assembly. This may be an advantage for CNT-filled molecularly imprinted
powder (MIP) preparations. A CNT-MIP composite was prepared by using RTILs and
DESs’ as a binary green porogen system. The RTILs [BMIM] BF4 was chosen to stabilize a
nanotube dispersion from re-aggregation [137].

4. Carbon Quantum Dots (CQDs)

Carbon quantum dots (CQDs) are one of the most important allotropes among
CNPs [10]. QDs are usually just a few nanometers in size (1–5 nm) and display a myriad of
desirable attributes: high photo stability, high luminescent, broad absorption spectra, low
toxicity even compared to other nano-carbon forms, high quantum yield, long fluorescent
life, ready surface functionalization with biological molecules, chemical inertness, biocom-
patibility and high emission tenability [138,139]. With such functionality, CQDs garner in-
terest in applications from energy storage, photocatalytic activity, biosensing, drug delivery,
bio-imaging, light emitting diodes, through to their use as fluorescent probes [10,138–148].
In addition, CQDs have a been shown to have wide utility in nanomedicine and biomedi-
cal applications [143,148]. CQDs are semiconductor nanocrystals (2–100 nm) and impart
unique electrical and optical properties. Due to their single step synthesis, and the above-
mentioned qualities as well as water miscible nature, CQDs present as an alternative to
traditional fluorescent dyes and inorganic semiconductors. Many environmental, physical
and biosensing devices use CQDs and can be used to substitute metal based QDs.

4.1. Biomedical Applications of CQDs

The treatment of many disease conditions requires both spatial and temporal precision
for drug delivery. Carbon QDs have the potential here to be superior in that they offer a dual
function, that is, they are nanocarriers for specific bioactive compounds in addition they can
be used for simultaneous bioimaging. One example is the use of carbon QDs conjugated
with doxorubicin which revealed targeted drug release into tumor cells. Further, the
fluorescence property of these carbon QDs allowed for image-guided drug delivery [149].
Whilst the update and use of carbon QDs in biological applications has been slow, based
on the recently demonstrated utility for targeted drug delivery, there is hope that this will
encourage others to use carbon QDs more in biological applications in the future.

4.2. Green Synthesis of CQDs

Biomass has been applied as the carbon precursor, catalyst or catalyst carrier to gener-
ate CQDs [19]. Fluorescent CQDs were synthesized by green chemical methods utilizing
a wide range of natural resources, for example: pomegranate extract, D-glucose and an
aqueous extract from beetroot [150,151]. A cost-effective and environmentally attractive
white light emitting material for use in chemical sensing and biomedical applications was
prepared through the hydrothermal treatment of pomelo peel [152]. Synthesis of carbon
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dots has been carried out using naturally available carbohydrates such as glucose, sucrose,
citric acid, pomelo peel, and willow bark [151–153]. The optical, physical and chemi-
cal properties of CNPs are affected by the molecular precursors employed, the specific
methodology used, and the pre- and post-treatments carried out.

In another study, a by-product of coconut milk pyrolysis was used for the development
of CQDs. Coconut milk is composed of a high proportion of saturated fat (lauric acid
comprises ~50% of this oil) which is converted to coconut oil by thermal pyrolysis [154]. A
black residue formed during thermal pyrolysis is, in general, discarded, but can be a source
of CQDs through further pyrolysis that does not involve any surface passivating (coating to
make the materials produced less active) or use of an acidic reagent, with the CQDs being
able to be readily dispersed in water. A simple shift in pH and temperature can be used
to develop blue wave length emitting CQDs to detect Fe3+ ions from coconut milk [154].
Similarly, leaf extracts of neem (Azadirachta indica) have been used to develop CQDs by
a one-pot hydrothermal treatment [138]. This process was particularly eco-friendly and
low cost with the resultant CQDs expressing a high fluorescent quantum yield (up to
27.2%) [155]. These CQDs were used for biosensing, displaying a peroxidase-like-mimetic
activity upon oxidation of peroxidase substrate 3,3′,5,5′-tetramethylbenzidine (TMB), when
in contact with hydrogen peroxide (H2O2) (Figure 4).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 10 of 24 
 

 

Biomass has been applied as the carbon precursor, catalyst or catalyst carrier to 
generate CQDs [19]. Fluorescent CQDs were synthesized by green chemical methods 
utilizing a wide range of natural resources, for example: pomegranate extract, D-glucose 
and an aqueous extract from beetroot [150,151]. A cost-effective and environmentally 
attractive white light emitting material for use in chemical sensing and biomedical 
applications was prepared through the hydrothermal treatment of pomelo peel [152]. 
Synthesis of carbon dots has been carried out using naturally available carbohydrates such 
as glucose, sucrose, citric acid, pomelo peel, and willow bark [151–153]. The optical, 
physical and chemical properties of CNPs are affected by the molecular precursors 
employed, the specific methodology used, and the pre- and post-treatments carried out. 

In another study, a by-product of coconut milk pyrolysis was used for the 
development of CQDs. Coconut milk is composed of a high proportion of saturated fat 
(lauric acid comprises ~50% of this oil) which is converted to coconut oil by thermal 
pyrolysis [154]. A black residue formed during thermal pyrolysis is, in general, discarded, 
but can be a source of CQDs through further pyrolysis that does not involve any surface 
passivating (coating to make the materials produced less active) or use of an acidic 
reagent, with the CQDs being able to be readily dispersed in water. A simple shift in pH 
and temperature can be used to develop blue wave length emitting CQDs to detect Fe3+ 
ions from coconut milk [154]. Similarly, leaf extracts of neem (Azadirachta indica) have been 
used to develop CQDs by a one-pot hydrothermal treatment [138]. This process was 
particularly eco-friendly and low cost with the resultant CQDs expressing a high 
fluorescent quantum yield (up to 27.2%) [155]. These CQDs were used for biosensing, 
displaying a peroxidase-like-mimetic activity upon oxidation of peroxidase substrate 
3,3′,5,5′-tetramethylbenzidine (TMB), when in contact with hydrogen peroxide (H2O2) 
(Figure 4).  

 
Figure 4. One-pot hydrothermal based green synthesis of nano-CQDs. 

This H2O2 sensitive TMB oxidation property could be exploited for colorimetric 
detection of H2O2. In support of this, the amount of ascorbic acid (AA) in solution has been 
detected by TMB colour change, [155,156] and the assay evaluated using different levels 
of ascorbic acid from fruits. This low cost and eco-friendly assay based on CQDs set a 
benchmark for detection of AA in real and complex biological samples. This finds utility 
with AA a naturally occurring reducing agent, which is highly water soluble and has 
demonstrated roles in a wide range of human ailments: cancer, Parkinson’s disease, 
cardiovascular disease, scurvy, mental illness, infertility as well as the common cold [157]. 
In a similar fashion, Luo et al. reported a CQD system for detecting AA in fruit [156]; the 
leaves of neem were processed in a one-pot hydrothermal method, devoid of any chemical 
reagent for passivation, resulting in CQDs uniform in size and of a high florescent value. 
This study demonstrated a cost effective and eco-friendly conversion of neem leaf to 
CQDs.  

Figure 4. One-pot hydrothermal based green synthesis of nano-CQDs.

This H2O2 sensitive TMB oxidation property could be exploited for colorimetric
detection of H2O2. In support of this, the amount of ascorbic acid (AA) in solution has
been detected by TMB colour change, [155,156] and the assay evaluated using different
levels of ascorbic acid from fruits. This low cost and eco-friendly assay based on CQDs
set a benchmark for detection of AA in real and complex biological samples. This finds
utility with AA a naturally occurring reducing agent, which is highly water soluble and
has demonstrated roles in a wide range of human ailments: cancer, Parkinson’s disease,
cardiovascular disease, scurvy, mental illness, infertility as well as the common cold [157].
In a similar fashion, Luo et al. reported a CQD system for detecting AA in fruit [156]; the
leaves of neem were processed in a one-pot hydrothermal method, devoid of any chemical
reagent for passivation, resulting in CQDs uniform in size and of a high florescent value.
This study demonstrated a cost effective and eco-friendly conversion of neem leaf to CQDs.

Similarly, sweet potato peels, cinnamon, red chili, black paper and turmeric were
subjected to hydrothermal treatment to produce aqueous fluorescent CQDs with sizes
ranging from 3.14 to 4.32 nm [158]. The dose-dependent toxicity (0.1 mg/mL–0.5 mg/mL)
was evaluated and the toxicity recorded was dependent on the starting material. Citric acid
derived CQDs showed less toxicity as compared to red chili derived CQDs. This difference
was attributed to the surface functionality. A similar fluorescent CQD was developed
from Tamarindus indica leaves by hydrothermal treatment, displaying a quantum yield of
46.6% and were used for Hg2+ sensing in the range from 0.01 to 0.1 mM, applicable for
biomedical applications [159]. In addition to these studies, edible Eleocharis dulcis plant
extract underwent hydrothermal treatment to generate water soluble N/P co-doped CQDs
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(at 90–150 ◦C) and were utilized in a Fe3+ sensor that found utility in an anticounterfeiting
application [160].

Ultrasound treatment has been used in the synthesis of CQDs. Laminar CQDs from
commercial graphite were produced in a top-down process using ultrasonication (30 min)
where Opuntia ficus indica extract was used as the catalyst [161,162]. When the same graphite
precursor was stirred at low-temperature (50 ◦C) and for a brief 30 min ultrasonic treatment,
small (5–7 nm) CQDs were produced [145]. Another study utilized lemon peel waste
developing water-soluble photoluminescent CQDs (size 1–3 nm, quantum yield 14%) with
a hydrothermal process that was used for detecting Cr6+ (limit 73 nM) (Figure 5). These
CQDs were a TiO2 composite and demonstrated the photolytic degradation of methylene
blue dye where the catalytic activity was enhanced 2.5 times as compared to TiO2 alone.
This was attributed to a better charge separation at the interface of the composite. Further,
sweet potatoes have also been used as the carbon precursor, resulting in the formation of
CQDs with a size of 2.0 ± 0.6 nm and quantum yield of 8.9%. The CQDs formed, when
coated with (3-aminopropyl) triethoxysilane, provided an environmentally friendly sensing
material for detection of oxytetracycline to concentrations as low as 15.3 ng/mL [163].
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5. Nano-Diamonds (NDs)

Nano-diamonds (NDs) are a new addition to the nanocarbon family, recognizable by a
nanosized tetrahedral arrangement of carbon atoms. NDs were discovered accidently when
in 1963, modification of carbon through shock compression in a blast chamber generated
this allotrope [164]. The detonation process is used for industrial scale production of
NDs, where an inert gas or water (ice) filled enclosed chamber is used, which undergoes
an explosive pressure change. Based on the gas or liquid coolant it is either a dry or
wet synthesis process. This pressure blast process results in a mixture of soot, which
consist of 4–5 nm sized diamond particles and other carbo allotropes and impurities [165].
NDs produced as a result of the detonation process exhibit oxygen containing function
groups on their surface such as -OH and -COOH. Such chemistry can be used for further
functionalization to enhance biological, physical and chemical properties in order to extend
their industrial applications [166,167].

The NDs core is made of a sp3 hybridized lattice arrangement with a disordered car-
bon grouping including sp2 hybridization at the surface [168]. Their characteristic Raman
spectrum [169] and low toxicity made them a useful agent for medical diagnostic applica-
tions. The diamond core contains lattice defects, which generates fluorescence-emitting
colour centers [170]. These colour centers can vary to an extent that the emission covers
almost the entire visible spectrum. The centers can be excited with almost any excitation
wavelength; the fluorescence emitted is stable and the characteristic of photobleaching is
limited. Moreover, the defect centers can be enhanced with high-energy beam treatment
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followed by thermal annealing [171]. This conveys significant advantage as compared with
the molecular dyes that are commonly used in biological imaging. Therefore, the defect-
originated colour centers of NDs (after careful optimization) provide an ideal bioimaging
tool as an alternative to molecular dyes [172].

The term ND reflects a broad range of diamond-based materials ranging from nanoscale
single diamond crystals to a bulk cluster of diamonds [167,173]. There are different classifi-
cations of NDs such as nanocrystalline diamond (NCD) and ultra nanocrystalline diamond
(UNCD), which is specific to the morphology generated during the crystal growth process.
NCD consist of facets less than 100 nm in size, while UNCD describe materials with a
particle size of less than 10 nm [174]. NDs are found naturally in interstellar dust, pro-
toplanetary nebulae, meteorites, diamond films and in residues of detonation processes.
It has been confirmed that NDs are present in primitive chondrites at a concentration of
1500 ppm along with isotopically anomalous noble gases, hydrogen, nitrogen and other
elements. This confirms that natural ND were synthesized before the Sun’s formation and
outside of our solar system [175]. NDs, due to their unique optical, thermal, mechanical
and electrical properties have a wide range of applications in physical, mechanical and
biological systems. In particular, their optical transparency in the form of a diamond thin
film, and a high energy band gap in their activation state, make them an ideal candidate
for semiconductor applications [176]. In recent studies, various aspects of NDs have been
highlighted, such as their role in NCD film fabrication from hydrogen rich and hydrogen
deficient plasma, field emission properties, modifying the mechanical behavior of NCD
films, chemical and bio functionalization of diamond nanowires, as well as their use for the
study of non-covalent interactions [177–179].

5.1. Biomedical Applications of NDs

NDs have high biocompatibility, and are superior to other CNPs such as CNTs, car-
bon black or fullerenes, hence they have received significant attention for their use in
biomedical applications [180]. NDs high size to surface ratio and easy functionalization
with biological molecules give them an edge for both in vitro and in vivo biomedical ap-
plications such as drug delivery, single cell imaging, biosensing and protein purification.
NDs can emit a specific wavelength of photoluminescence (red or green) when a specific
functional molecule is embedded in their crystal lattice [181]. Therefore, they are used as
enterosorbents or solid phase carriers in conjugated and non-conjugated form for small
and middle size biological molecules such as drugs, proteins (lysozyme) and vaccines [182].
ND use as a probe has been reported by Cheng et al. for the detection of growth hormone
receptors in single cancer cell [183]. The growth hormone molecules were covalently linked
to carboxylated NDs (100 nm), which were recognized by the A549 cells growth hormone
receptors. Similarly, NDs produced through a detonation process were conjugated with
bovine insulin applying a physical adsorption process in aqueous solution. This material
regulated sodium hydroxide absorption based on pH. When the pH was alkaline, NDs
conjugated with a vaccine at a 4:1 ratio and showed 31.3± 1.6% adsorption, while at neutral
pH demonstrated 79.8 ± 4.3% adsorption [184].

The biocompatibility of NDs during cell division and differentiation in a single cell
was assessed by Liu et al. who injected clusters of 100 nm size carboxylated NDs into cells,
where cell imaging revealed that they remained in the intracellular environment for an
extended time without causing cell damage [185]. It has been shown that NDs are nontoxic
during cell division and differentiation thus can be used as a labelling method for tracking
cell organelles in stem cells as well as cancer cells [186]. NDs used as fluorescent labels in
cells demonstrate the high photostability of the colour emitted as compared to single dye
molecules in photoluminescence experiments [186]. In another study, uptake of NDs in
cancer and non-cancer cells such A549 human lung adenocarcinoma cells, HFL-1 fibroblast-
like human fetal lung cells and Beas-2b non-tumorigenic human bronchial epithelial cells
was studied and compared. It was found that in these cells, NDs uptake is mediated by
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a clathrin-dependent endocytosis mechanism, with healthy cells showing higher update
compared to cancer cells [187].

The use of NDs for single cell imaging was reported recently by Mi et al. who showed
that when NDs are excited by alpha particles they quickly emit a stable and ultrabright
emission [188]. Such types of fluorescent NDs enjoy application in biomedical imaging
as biomarkers when functionalized with a nitrogen vacancy (NV) colour center [189], for
example; femtomolar detection in immunoassays using magnetic modulation [190]. In
addition, nanoscale quantum biosensors have also been used as magnetometers to measure
magnetic fields and dipole moments [191–193]. Based on the data presented to date, NDs
appear to be ideal agents for use as quantum biosensors, as they have good biocompatibility,
are sustainable, show stable fluorescence and photostability, and have good coherence time
of the NV centers [166]. Another unique trait of NDs modulated with NV centers is that
they can release a far red fluorescence which is particularly useful as it differentiates from
the auto fluorescent components of cells [194].

NDs use in cellular imaging is extensive, and this carbon allotrope sees additional
applications as a drug formulation reagent. Aqueous solubility and membrane permeability
have been classified as major factors that limit drug absorption [195]. For instance, sparingly
soluble drugs were successfully formulated as demonstrated by Chen et al., where a ND
cluster dispersed Purvalanol A and 4-hydroxytamoxifen in water [196]. Therefore, the
enhanced aqueous solubility imparted by NDs can be used to generate optimized drug-
concentrations in aqueous formulations (Figure 6). This reduces the necessity of complex
formulation ingredients or production methods. In addition, the high solubility permits a
tuned drug delivery where frequent low-doses (of a highly soluble ND associated drug)
are more effective than infrequent high doses (of the poorly soluble drug-form) which is
more effective and less likely to drive drug-resistance [197].
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Further, NDs have also been applied to catalyzed reactions, as oxygen reduction
reactions are electrocatalysis by nitrogen-enriched carbon hybridized nanodiamonds (N-
doped CND) [198].
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5.2. Towards the Green Synthesis of NDs

There is a growing field of the biomedical applications of NDs [199] but their synthesis
in a green-chemistry or green-precursor sense is very limited, notably being absent in
reviews [200,201]—even of those focused on green-synthetic processes [202]. Simple and
relatively environmentally friendly synthesis of ND’s from coal in solution by laser ablation
has been demonstrated, and while not a renewable resource this is a low-energy path to
ND generation [203]. The green synthesis of carbon nanodiamonds by green synthesis
presents an opportunity for future development.

6. Graphene

The graphene lattice has a honeycomb-like structure due to the sp2 hybridized carbon-
carbon network [79] and can be synthesized using both top-down and bottom-up methods.
Mechanical and chemical approaches for the synthesis of graphene involve silicon carbide
(SiC) for exfoliation of graphite [204], titanium carbide (TiC) [205], tantalum carbide (TaC),
unzipping of CNTs [206–208], metals such as Co, Ni, Pt, Cu, Ir, Ru [209,210], solvothermal
synthesis [211], chemical vapor deposition (CVD) and organic synthesis [212]. Further,
graphene oxide (GO) reduction has also been used in the production of graphene [213].
For this reduction process, pre-reduced GO is preferred over non-reduced GO due to its
high conductivity. In 1962, Boehm and colleagues were the first to reported low cost and
large scale synthesis of graphene through the reduction in GO using hydrazine [212]. The
production of graphene through chemical reduction in GO is well established; however,
it remains hard to produce large panels of graphene through this process [213,214]. A
major limitation is the incorporation of impurities, mainly not fully reduced oxide species,
which results in poor electronic properties. Despite extensive advancements in materials
sciences, this remains a big challenge to develop a cost-effective process for the high-quality
production of graphene.

Green chemistry is paving a way to solve this challenge to some extent. Ruan and
colleagues have reported the use of low cost carbon resources such as food, agriculture
waste materials and insects, which has resulted in the production of high quality single layer
graphene sheets directly from a copper foil surface when in the presence of argon, without
using any purification steps [215]. Similarly, sugar (glucose) in the presence of ammonia
solution as the reducing agent, reduced glucose oxide into graphene nano sheet [39].
Similarly, dextran as used by Kim et al. reduced GO for the production of graphene.
Due to the biocompatible nature of dextran this process was highly eco-friendly [216].
Triethylamine or Ginkgo biloba extract are also reported as reducing and stabilizing agents
for green chemical synthesis of graphene. Similarly, the amino acid glycine can also be
used as a reducing agent to generate graphene oxide [217–219].

Molecular probes or biological molecules interact with GO dynamically allowing the
investigation of special biological functions or responses as detected by changes to Raman
scattering patterns and unique fluorescence observations [220]. Graphene nanomaterials
were effective in the biosensing of genetic materials; e.g., single and double stranded DNA
and RNA [221]. Their highly selective biosensing ability is attributed to a strong ionic
interaction with positively charged nucleobase to negatively charged carboxyl groups on
the GO surface, high electrochemical nature and fast π–π stacking between the nucleobases
and honeycomb carbon structure. Using these properties the group of Rahighi fabricated
reduced graphene nanowire (RGNW) as a biochip for detection of the four bases of DNA
with the potential to detect at the remarkably low sub-femtomol level [222]. Similarly Zhang
et al. functionalized GO with -COOH and with polyaniline (PANI) to fabricate two different
type of GO such as GO-COOH and GO-PANI to detect DNA, also at very low concentrations
(10−6 to10−14 mol/L) [223]. Graphene nanoparticles have been adopted widely to the field
of drug delivery and sustained release applications. Pei et al. delivered the well-studied
oncology therapeutic doxorubicin to PEGylated nano graphene oxide (pGO) and showed
its sustained delivery of the cytotoxin with a twofold increased anticancer effect [224].
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7. Conclusions

High carbon content biomass can be used to synthesized CNPs through simple, green,
low cost, and time efficient methods, often with minimal additional chemical or solvent
components. Fruit waste is an excellent resource, readily available and requires no addi-
tional preconditioning. These biomasses may be manipulated further to produced varieties
of CNPs according to their applications. CNPs such as CNTs (SWCNTs, MWCNTs), NDs
and QDs have been used for delivery biomolecules (drugs, vaccine, mRNA, DNA, etc.),
biosensing for diagnosis of cancer and other diseases, as antimicrobial agents (e.g., antibac-
terial, antifungal and antiviral) and as coating materials. They are also used as composite
materials for 3D bioprinting and tissue engineering. These CNPs have wide ranging appli-
cations and significance yet there exists significant opportunity to enhance and simplify
their production and purification processes to develop more efficient CNPs and CNPs
based devices to improve human wellbeing.
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Abstract: Reactive oxygen species (ROS) are compounds that readily transform into free radicals.
Excessive exposure to ROS depletes antioxidant enzymes that protect cells, leading to oxidative stress
and cellular damage. Nanomaterials (NMs) exhibit free radical scavenging efficiency representing
a potential solution for oxidative stress-induced disorders. This study aims to demonstrate the
application of machine learning (ML) algorithms for predicting the antioxidant efficiency of NMs.
We manually compiled a comprehensive dataset based on a literature review of 62 in vitro studies.
We extracted NMs’ physico-chemical (P-chem) properties, the NMs’ synthesis technique and various
experimental conditions as input features to predict the antioxidant efficiency measured by a 2,2-
diphenyl-1-picrylhydrazyl (DPPH) assay. Following data pre-processing, various regression models
were trained and validated. The random forest model showed the highest predictive performance
reaching an R2 = 0.83. The attribute importance analysis revealed that the NM’s type, core-size and
dosage are the most important attributes influencing the prediction. Our findings corroborate with
those of the prior research landscape regarding the importance of P-chem characteristics. This study
expands the application of ML in the nano-domain beyond safety-related outcomes by capturing the
functional performance. Accordingly, this study has two objectives: (1) to develop a model to forecast
the antioxidant efficiency of NMs to complement conventional in vitro assays and (2) to underline
the lack of a comprehensive database and the scarcity of relevant data and/or data management
practices in the nanotechnology field, especially with regards to functionality assessments.

Keywords: nanomaterials; nanoparticles; machine learning; antioxidant; reactive oxygen species

1. Introduction

Reactive Oxygen Species (ROS) are molecules that contain one or more unpaired
electrons in their orbitals and can lead to the formation of free radicals, e.g., superoxide
(O2•−), hydroxyl (•OH), peroxyl (ROO•) or hydrogen peroxide H2O2. ROS are generated
during normal cellular functions as a by-product of aerobic metabolism and are essential to
regulate physiological functions in biological systems [1]. However, exposure to exogenous
factors such as heavy metals or ionizing radiation can trigger the excessive generation of
ROS. The disruption of the equilibrium of ROS leads to oxidative modifications of biological
systems at a molecular level, causing damage to cellular components, such as DNA, lipids
and proteins. Moreover, it leads to the acceleration of cellular death which underlies several
diseases [2]. Therefore, it is necessary to reduce or eliminate the excess of free radicals.
Free radicals can be eliminated or detoxified by a selection of antioxidative enzymes or
antioxidants [3]. Therapeutic approaches for preventing oxidative damage are currently at
the core of medical research, including the use of antioxidants [4].

The antioxidant efficiency (anti-ox) is defined as the ability of molecules to scavenge
the free radicals. Antioxidant compounds (natural or synthetic) control autoxidation by
preventing the formation of free radicals or interrupting their spread by neutralizing them
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which delays or inhibits the damage to the target cells, decreasing oxidative stress, enhanc-
ing immune function and increasing longevity [5,6]. Numerous studies have investigated
the anti-ox properties of various materials [7–9]. Conventional antioxidants are designed
to reduce ROS in biological systems [10]. However, clinical investigations have shown that
traditional molecules provide little to no protection or even, in some instances, increase
the risk of mortality [11]. Ghorbani [12] demonstrated that antioxidants show inadequate
effects due to their unspecific distribution and poor retention in disease sites. Therefore,
the need for an efficient, safe yet more specific antioxidant is undeniable.

Nanotechnology has gained tremendous attention due to its potential to treat diseases
and it is growing rapidly within the medicinal disciplines [13–15]. Nanomaterials (NMs)
are particles with unique features such as a high surface-to-volume ratio, biocompatibility,
redox and catalytic properties and are used in many fields such as the pharmaceutical
industry, textile, cosmetics, food, water treatment, and particularly in health-related biolog-
ical fields [16–19]. Nanomedicines overcome limitations such as non-specific distribution,
high renal clearance, low delivery efficiency and inadequate in vivo bioavailability [20,21].

There are numerous organic and inorganic NMs exhibiting strong ROS-scavenging
activities [22,23]. Studies have demonstrated promising results in developing a novel class
of antioxidants (nano-antioxidants) to overcome the challenges associated with conven-
tional antioxidants [12]. The potential use of NMs to reduce damages related to oxidative
stress and prevent diseases is the subject of intense scientific research [20,24]. The potential
use of NMs in treatments of degenerative Alzheimer’s disease, cancer, metabolic diseases
and chronic inflammatory diseases has been reported [25,26]. Ghorbani [12] demonstrated
that NMs have stable anti-ox activity with specific pharmacokinetic actions, intrinsic ROS-
scavenging properties and fewer adverse effects.

In recent decades, there has been considerable interest in digitising the information
in medical and pharmaceutical disciplines and the use of such data to explain biological
phenomena [27]. As more data becomes available, the application of artificial intelligence
(AI) becomes increasingly valuable for analysing the data. AI technology, implemented
in various fields, e.g., molecular medicine, drug development and nanotechnology, pro-
vides great reproducibility and timeliness to accomplish a variety of tasks [28–30]. This
approach is data intensive [31] and has been applied in fields of medicine including disease
prediction [32], the discovery of new medicine [33], the prediction of drug responses [34],
medicine’s toxicity [35], nanotoxicity [36], antimicrobial resistance [37], antibiotic resis-
tance [38] and the antibacterial capacity of NMs [39], to mention a few. In the era of data,
machine learning (ML) models, a sub-field of AI, can improve the predictions of toxicologi-
cal and functional effects and provide insights into the design of NMs and/or strategies
to eliminate exposure and minimize risks, contributing to sustainable and safe-by-design
approaches (SSbD) [31,40,41]. The ML approach is a promising tool as it is time- and cost-
effective reducing the number of tests required while allowing the researcher to be more
effective by providing them precise forecasts. Furthermore, the traditional risk assessment
is transforming into digital frameworks consisting of new approach methodologies (NAMs)
without the need for animal testing [42,43].

ML models have been used to predict anti-ox activities, for example, Karydas [44]
successfully developed an ML model to assess cherries’ free radical scavenging capacity
where in their analysis they utilised the 2,2-diphenyl-1-picrylhydrazyl (DPPH) and folin-
ciocalteu (FCR) lowering capacity as outputs while sensing indices, soil attributes, climatic,
topographic and hydrographic data were used as input features. They employed and
achieved an extreme gradient boosting (XGBoost) algorithm with an accuracy of R2 = 0.89.
They employed important attribute analysis using the F-score method and determined the
variables that affect the antioxidant capacity of cherries. Another example is from Idowu
and Fatokun [45], which examined supervised and unsupervised algorithms to correlate
polyphenol’s antioxidant activity (output feature) to molecular descriptors, with parameters
regulating in vivo antioxidant behaviour (input features). Olsen [46] demonstrated the use
of a deep convolutional neural network (CNN) to predict the anti-ox efficiency measured
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by a DPPH assay based on the properties of 687 peptides. They demonstrated that the
model can be used to estimate the potential of a protein’s peptides to scavenge free radicals.

Given the time-consuming, expensive and work-intensive nature of NMs’ synthesis,
having a computational method that can predict the anti-ox properties is beneficial. In
addition, due to the large number of NMs’ P-chem possible combinations and the impact
of experimental variables, it is not feasible to evaluate all of them using conventional
laboratory tests to determine the ones with the highest capacities. In this work, we manually
compiled a dataset derived from a literature review of in vitro studies in different mediums
that can be used by other researchers to train models, augment the dataset with additional
features, fill data gaps through grouping approaches and predict the efficiency of NMs to
scavenge free radicals. Despite the limited data available [47], we explored ML tools and
we were able to predict the anti-ox efficiency of NMs and we also demonstrated which
attributes have a substantial impact on the predictions. To the best of our knowledge, no
study has been undertaken on the use of ML tools to predict the scavenging efficiency of
NMs. This novel study contributes significantly to the existing research by proposing a
model that can fit the SSbD framework, in the functionality dimension [31]. This tool utilizes
P-chem properties, exposure conditions and the method of NMs’ synthesis preparations. A
random forest algorithm demonstrated the highest accuracy, reaching an R2 = 0.83.

2. Results
2.1. Data Pre-Processing

Due to high missing values among the input-related data collected, we selected NMs’
type, core size, shape, dosage, coating as well as the synthesis process, medium used,
absorbance and duration as the input features for the model. This data cleansing resulted
in a final dataset consisting of 10 columns and 1027 rows. Table 1 shows the percentages
of missing values among the initial input variables: core size (3%), HDS (78.30%), shape
(15.68%), EE (90.34%), ZP (65.09%), PDI (82.05%), SA (99.51), dosage (9.86%), temperature
(76.33%), pH (98.62%) and thermal stability (86.59%).

Table 1. The primary and final input variables in dataset I and dataset II.

DATASET I DATASET II

Category Variables Type Min-Max or Labels Data
Transformation

Methods of
Determination

Missing
Values %

Ph
ys

ic
o-

ch
em

pr
op

er
ti

es

Core Size

Numeric

3.7–313 (nm), NaN Selected 3.7–313 (nm), NaN SEM, EDX, TEM,
DLS, etc., 3.06

Hydrodynamic
Size 32–752 (nm), NaN

Eliminated due
to high NaN

_ DLS 78.30

Encapsulation
Efficiency 59.7–237 (%), NaN _ DLS 90.34

Zeta Potential −20.6–46.8 (mV), NaN _ DLS 65.09

Polydispersity
Index 0.145–1.76, NaN _ DLS 82.05

Surface Area 52.2–135.5 (m2/g), NaN _ _ 99.51

Dosage 0– 200,000 (µg/mL), NaN Selected 0–200,000 (µg/mL),
NaN _ 9.86

Synthesis
Technique

Nominal

Green, Chemical Selected Green, Chemical _

Shape
Spherical, Hexagonal, Rod,
Spherical/Rod, Dendrimer,

Triangular, Cubic
Selected

Spherical, Hexagonal,
Rod, Spherical/Rod,

Dendrimer,
Triangular, Cubic

TEM, HRTEM,
SEM, FESEM,

EDX, XRD
15.68

NMs’ Type
Ag, ZnTe, CdTe, Chs, Se,

Nd/ZnO, Au, Cu, CdSe, Chs/AL,
AL, NaCas/GA, TiO2, MgO, etc.,

Selected
Ag, ZnTe, CdTe, Chs,
Se, Nd/ZnO, Au, Cu,
CdSe, Chs/AL, etc.,

XRD, EDX, SEM,
FESEM, TEM,
HRTEM, etc.,

_

Coating

Allium sativum, areca catechu
nut, Carboxymethyl cellulose

(CMC), carboxymethyl cellulose
(CMC)/curcumin, CCS, etc.,

Simplified:
Transformed into

Binary
Coated, Uncoated

SEM, EDX, TEM,
DLS, XRD,

HRTEM, STEM,
FTIR

_
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Table 1. Cont.

DATASET I DATASET II

Category Variables Type Min-Max or Labels Data
Transformation

Methods of
Determination

Missing
Values %

Ex
po

su
re

Medium Used
for Antioxidant

Evaluation
Nominal Extract, Solution, Emulsion, Food,

Nanocomposites, Coating films Selected

Extract, Solution,
Emulsion, Food,
Nanocomposites,

Coating films

_ _

Temperature

Numeric

0–37 (◦C), NaN

Eliminated due
to high NaN

_ _ 76.33

pH 7–7.4, NaN _ 98.62

Thermal Stability 12–600, NA _ TGA 86.59

Spectrophotometer
Absorbance 517–540, NaN Selected 517–540, NaN _ _

Duration 0–2190 (h), NaN Selected 0–2190 (h), NaN _ _

The HDI, EE, PDI, SA, ZP, temperature, pH and thermal stability columns were
excluded due to the presence of numerous missing values. Null data in core size, dosage
and shape were replaced with the mean (for numeric features) or mode value (for nominal
features) [48]. Additionally, to avoid overfitting the model, the coating was transformed to
a binary feature (coated and uncoated).

2.2. Model Validation

Following data homogenization and pre-processing, we trained and compared several
regression models. The models are trained with the training dataset comprising 70% of
the data (719 rows). Internal 10-fold cross validation is performed to optimize the hyper
parameters and to ensure the models’ robustness and goodness-of-fit. Following the model
training, we performed model validation using 308 rows out of 1027 (30% of data) as a test
set (external validation) to evaluate the final tuned predictivity. As shown Figure 1, the
external validation of the RF model outperformed the other regression models exhibiting
the lowest error with MAE at 7.8, RMSE at 12.7 and the highest accuracy displaying a
R2 = 0.83.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 5 of 14 
 

 

 
Figure 1. External models’ validation metrics from the test dataset (30%). Comparison of the seven 
regression models (columns used for this evaluation includes type of NMs, medium used, core-size, 
shape, synthesis techniques, coating, dosage, absorbance, duration. 

Nonlinear regression models (RF and ET) outperform linear models (LASSO and EN) 
because they exhibit more parameters (properties of training data learned during the 
learning process). RF is excellent at processing categorical, binary and numeric features, 
making it ideal for working with high-dimensional data with minimal pre-processing re-
quirements. 

Figure 2 presents the validation curve of the RF algorithm derived from the internal 
validation dataset (70%), the values of the training and cross-validation score are close, 
indicating the model goodness of fit and robustness of the training model. 

 
Figure 2. The internal model validation curve of RF model for the training score and the cross-vali-
dation score. x-axis represents the hyperparameter of the tress depth, y-axis represents the score 
(accuracy) of the model. 

Depicted in Figure 3are the prediction error of the predicted values against the actual 
values. It shows that the predicted values produced by our model (0.83) are close to the 
observed targets from the dataset. In regression models, prediction error measures how 
effectively the model predicts the response variable and as can be seen, the predicted val-
ues are relatively close to the actual values. 
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regression models (columns used for this evaluation includes type of NMs, medium used, core-size,
shape, synthesis techniques, coating, dosage, absorbance, duration.

Nonlinear regression models (RF and ET) outperform linear models (LASSO and EN)
because they exhibit more parameters (properties of training data learned during the learn-
ing process). RF is excellent at processing categorical, binary and numeric features, making
it ideal for working with high-dimensional data with minimal pre-processing requirements.
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Figure 2 presents the validation curve of the RF algorithm derived from the internal
validation dataset (70%), the values of the training and cross-validation score are close,
indicating the model goodness of fit and robustness of the training model.
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Figure 2. The internal model validation curve of RF model for the training score and the cross-
validation score. x-axis represents the hyperparameter of the tress depth, y-axis represents the score
(accuracy) of the model.

Depicted in Figure 3are the prediction error of the predicted values against the actual
values. It shows that the predicted values produced by our model (0.83) are close to the
observed targets from the dataset. In regression models, prediction error measures how
effectively the model predicts the response variable and as can be seen, the predicted values
are relatively close to the actual values.
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2.3. Model Prediction
Attribute Importance

The feature importance in the RF model is calculated using the impurity Gini-based
feature importance (or Mean Decrease in Impurity). Figure 4 presents the attribute impor-
tance analysis performed by RF. As illustrated, NMs’ type, core-size and dosage appeared
as the top three most important attributes influencing the prediction of the outcome.
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The duration of exposure, the medium used and the absorbance are relatively im-
portant attributes that affect the prediction. The synthesis techniques, shape and coating
(presence or absence) have relatively less effect on the prediction.

3. Discussion

The purpose of this research was initially to (i) gather data from the literature related
to the anti-ox efficiency of NMs, (ii) to present the landscape of data gaps related to
functionality assessments, (iii) to apply a tool to demonstrate the feasibility of ML for this
outcome and iv) to identify significant factors influencing the prediction of the outcome.

Tremendous efforts are being put together to create databases with complete datasets
and also many initiatives to promote the FAIR (findable, accessible, interoperable and
reusable) principles are being created in the nano-domain [49,50]. To the best of our
knowledge, there is no publicly accessible database that collects and summarizes data on
the P-chem characteristics, functionality, application and production of NMs and at the
same time links this information to safety aspects. Such a database could enhance the
correlation between functionality and safety and thus support the SSbD paradigms [51]. In
this study, we manually built a dataset that adheres to the FAIR principles: it is findable
(10.5281/zenodo.6584826, accessed on 26 May 2022), accessible (open access), interoperable
(containing the methodology and source of data as well as experimental parameters)
and reusable in order to aid data scientists to accelerate the nano-informatics field. We
collected data on P-chem experimental settings, such as TEM, SEM, FESEM, HRTEM,
XRD, EDX, UV–vis spectroscopy and FTIR, and employed them to measure and evaluate
intrinsic properties such as size, morphology, chemical composition and extrinsic properties
such as encapsulation efficiency, polydispersity index and zeta potential. The various
methodologies have an impact on the features’ quality and homogeneity of information.
However, due to the lack of data, we utilized all the available information. When more
data becomes available and FAIR, attributes generated through one technique will reflect
more scientifically sound choices for these modeling purposes.

To evaluate the free radical scavenging capacity, we gathered data from six differ-
ent methods such as DPPH, ABTS, NO, H2O2, OD and metal chelating. However, we
selected the DPPH assay as the outcome due to substantial missing values among the other
techniques. According to the literature, ABTS and DPPH assays are recommended with
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ABTS considered lengthy and expensive. It is challenging to conclude which approach
is the most suitable for assessing the anti-ox activity. Bedlovičová [52] examined DPPH
and ABTS assays, and they concluded that DPPH assay is inexpensive and simpler. When
more information becomes available it could be feasible to utilize all the assays under
one dataset if the parameters affecting the measurements become transparent with an
increased variability due to data size. Another factor regarding the quality of data is the
comparable measurements (unit metrics), which makes it difficult to merge a homogeneous
dataset that contains all the knowledge gained through valuable experimental research.
This may obstruct the advancement of a data-driven research. Thus, our work points out
the shortcoming in current data management practices and reporting schemes in the field
of nanotechnology. A uniform and homogenous system for reporting data on properties
and experimental conditions will help to improve the quality of data and completeness.

Regarding P-chem characteristics, only 35%, 22%, 10%, 18% and 1% of the selected
studies reported ZP, HDS, EE, PDI and SA of NMs, respectively. Therefore, due to a sub-
stantial number of missing values, we were unable to incorporate all these data. Therefore,
for this study we employed the type of NM, medium used, core-size, shape, synthesis
techniques, coating, dosage, absorbance, duration and DPPH variables. However, the
performance of the models was compared by including ZP values computed with an ML
missing values imputation methodology, and/or including shape (Supplementary Mate-
rials, Tables S1–S3). These properties are important in determining the activity of NMs.
Regarding the core size, dosage and shape, the missing values were replaced with the
mean or mode value. Thus, we stress that future research should report as many P-chem
properties as feasible to allow the usage of intrinsic and/or extrinsic properties information.
For experimental settings, we obtained data on the medium used, temperature, pH, thermal
stability, spectrometers absorbance and exposure duration. However, the majority of them
were excluded due to substantial number of missing values.

We utilized a model that adheres to OECD (organization for economic co-operation
and development) principles (https://github.com/mahsa-mirzaei/NMAOP_M-M_wo-
ZP-/blob/main/AOP_M%26M_wo%20ZP%20.ipynb, accessed on 18 January 2023), has a
well-defined approach and is validated and built to an explicit endpoint derived from one
assay [53]. The RF model surpasses all other models, with the highest R2 value, R2 = 0.83.
In the nano domain, ML tools have been implemented to predict and assess the toxicity
and functionality of NMs [54]. Furxhi [55] investigated NF’s toxicity, whereas Mirzaei [39]
and Mirzaei [56] assessed the antibacterial properties of NMs as such or coated on textiles,
respectively. However, to our knowledge, no similar studies that predict the anti-ox capacity
of NMs have been published. This approach is the initial step toward assisting researchers
in discovering NMs with a high capacity and determining their P-chem properties and/or
experimental settings. Despite these limitations, our findings are congruent with the
previous literature [57–59]. The RF model’s attribute importance analysis showed P-chem
characteristics including type and core-size as influential variables on the prediction of
the outcome, followed by shape, zeta potential and synthesis techniques. Researchers
have investigated the anti-ox efficiency of numerous NMs and discovered that properties
including particle core size, chemical composition, surface charge and surface coating have
an impact on their anti-ox capacity [60–63]. According to Sharpe [57], the type of NM, core-
size and dosage are among the most pivotal components. Fafal [59] stated that different
synthesis techniques can affect the anti-ox capacity of NMs, they demonstrated that green
techniques could have relatively higher activity. Nevertheless, the other characteristics
such as ZP, EE and PDI can be equally valuable and play an important role. A study by
Ruktanonchai [64], indicated that the ZP is a useful tool to predict the physical stability of
NMs, and the PDI can show the size distributions. Kim [58] identified that particle-size,
ZP, EE and PDI can enhance the release property and as a result improve the activity. One
limitation of our study is the categorical representation of NMs in our dataset which are
converted into binary representation through one-hot encoding. The categorical attributes
can be changed only when the chemical composition of the NMs is available or swapped
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with theoretical descriptors. Future studies should focus on the accurate representation of
the intrinsic properties related to the composition, in order to be used with ML applications.

Significant numbers of NMs have been evaluated to date, resulting in a large pool of
information scattered through the literature; it becomes increasingly challenging to analyze
all NMs using traditional test methods. Accordingly, the demand for computational
methods increases. We investigated inorganic and organic NMs to develop a model with
good predictability (R2 = 0.83). In addition to complementing conventional in vitro testing,
this approach is substantially more cost-effective and time-efficient. The capacities of
algorithms can be exploited to fulfill new approach methodologies [65]. Once safety can be
integrated with the functionality of NMs, the modeling tools will allow the development
and optimization of NMs with desired properties while ensuring worker, public and
environmental safety, and functionality.

4. Materials and Methods

Figure 5 depicts an overview of the workflow followed. First, a literature review
of studies investigating the efficiency of NMs via in vitro experiments was performed.
P-chem properties of NMs, exposure conditions, measurement equipment-related features,
characterization methodologies and assays used for assessing the anti-ox efficiency were
extracted. Following an investigation of the dataset’s completeness, data pre-processing
was carried out, including normalization [66], one-hot encoding [67] and data split [68].
Several regression models were trained and validated using a variety of performance
parameters in order to identify a model with high predictability. To train ML models,
we used Scikit-learn and PyCaret library [69]. Finally, importance attribute analysis, a
supervised technique that identifies and ranks the variables was used [70].
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4.1. Data Collection

In order to compose a high-quality dataset, a great amount of data must be integrated
in a harmonized fashion which is the most challenging aspect of the ML workflow. A litera-
ture search was conducted for studies that investigated NMs’ antioxidant efficiency with
quantitative results from 2013 to 2021. Following keywords were used ‘antioxidants’, ‘free
radicals’, ‘ROS’, ‘Oxidative stress’, ‘RNS’, ‘nanoparticles’, ‘nanoforms’ and ‘nanomaterials’.
We selected 73 studies that investigated different organic and inorganic NMs with in vitro
experiments. We excluded 11 studies due to binary or qualitative results. From the studies
gathered, the following information was manually extracted:

Input-related collection: (1) information related to NMs’ P-chem properties such as
the NM type, core-size, coating, hydrodynamic size (HDS) and its polydispersity index
(PDI), shape, surface area (SA), zeta potential (ZP) and encapsulation efficiency (EE); (2) ex-
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perimental conditions such as the methods of NMs’ synthesis such as chemical (top-down
and bottom-up approach) and green (bottom down approach employing natural extracts or
microorganisms and biological components as reducing agents), the culture medium for the
anti-ox activity evaluation, information related to the application of the NF (pharmaceutical
and food packaging, nanomedicine, etc.), pH, temperature, thermal stability, absorbance
and duration of the test. In addition, the characterization methodologies used, i.e., scan-
ning electron microscopy (SEM), field emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM), high-resolution transmission electron microscopy
(HRTEM), X-ray Diffraction (XRD), energy dispersive X-Ray (EDX), Fourier transform
infrared spectroscopy (FTIR), dynamic light scattering (DLS) and Ultraviolet–visible spec-
troscopy (UV–vis spectroscopy) to evaluate the P-chem properties were collected.

Output-related collection: various assays can be used to assess the anti-ox efficiency of
NPs including 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid (ABTS), nitric oxide (NO) or total radical-trapping antioxidant potential
(TRAP). After collecting the above information, we selected the DPPH assay that measures
the anti-ox efficiency of NMs as the output to be predicted, since it is the most popular,
rapid, inexpensive and simple test [69]. In addition, the DPPH assay appeared as the most
frequent assay (resulting in sufficient data points for modelling purposes) in the literature
search and by choosing one assay we reflect the homogeneity of the experimental data
measurements.

4.2. Model Development

Data pre-processing: PyCaret executes missing value imputation and categorical one-
hot encoding. The missing values in the numerical features are replaced with the mean value
of the features in the training dataset, whereas the missing values in categorical features are
imputed with the most frequent or the mode value [70]. Rafsunjani [48] compared several
imputation techniques and found that mean imputation performed the best for handling
missing values. One-hot encoding was performed since regression models cannot handle
categorical features. Normalization was used to rescale numerical values to reduce the
impact of magnitude in the deviation without altering the differences in the range of values.
The dataset was split into training (internal, 70% of the dataset to fit the model and to test
goodness of fit) and test set (external, 30% of the dataset for evaluation of predictability).

Model development: We trained several regression models including Random Forest
(RF), Light Gradient Boosting Machine (LIGHTGBM), Extra Trees (ET), Decision Tree (DT),
K-Nearest Neighbors (KNN), Least Absolute Shrinkage And Selection Operator (LASSO),
Elastic Net (EN) Least Angle Regression (LAR), passive aggressive regressor (PAR), Lasso
Least Angle Regression (LLAR), Huber Regressor (HUBER), Adaboost Regressor (ADA),
Bayesian Ridge (BR), Ridge Regression (RIDGE), Gradient Boosting Machine (GBM) and
Orthogonal Matching Pursuit (OMP). All models were evaluated and compared to find the
best model with good predictivity. The following seven models are selected for reporting
in this study: RF is a supervised algorithm that employs both decision trees and bagging
techniques. These decision trees organize attributes by arranging them by their values. RF
executes feature selection, each tree calculates the significance of a feature based on its abil-
ity to improve the integrity of the leaves [71]. LIGHTGBM is a gradient boosting algorithm
that uses decision trees. Different data points play different roles in the computation of the
information gain. Higher gradient data points will have a greater influence on the informa-
tion acquisition [49]. ET algorithm generates a large number of the unpruned decision or
regression trees from the training dataset and then combines the predictions of multiple
decision trees. ET possess similar properties as RF, randomly samples the features at each
split point. Nevertheless, differs from RF, where it splits nodes by selecting cut-points
entirely at random and fits each decision tree to the entire training dataset [50]. DT is a
decision support technique that employs a binary model to display the hidden association
between the input and outputs, also known as a pattern recognition capable of categorizing
input variables into categories. It has some limitations such as failing to recognize the
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impact of weak attributes [51]. The KNN technique works on the principle that compa-
rable/similar samples exist in the vicinity and have a higher probability. KNN approach
finds distances between a new data point and all existing training data points, then selects
the nearest data points (k) to the query [52]. LASSO is used for the regularization of data
models. It conducts feature selection and can minimize model complexity while preventing
overfitting. It executes L1 penalty, providing a type of automatic feature selection that has
the effect of shrinkage of coefficients and thus input variables that do not provide much to
the prediction set to zero [53]. EN is a standardized or penalized linear regression approach
that is commonly used to solve high-dimensional feature space regression problems. EN
automatically chooses variables, promoting continuous shrinkage [54].

Model validation: 10-fold cross-validation was performed on the training set (70%) to
optimize the hyperparameters and to ensure robustness. The mean absolute error (MAE),
root mean square error (RMSE) and coefficient of determination (R2) were employed to
assess the performance of the models. In addition, the external data (30% of data) was used
to assess the predictability of the models.

Attributes importance: A supervised approach that ranks features that are important
for predicting the outcome was performed once the best model was selected [55]. The
value of attributes varies from 0 to 1, with 1 representing the most information gain. In a
regression model, the concept of “variance reduction” is used to guide the feature selection
for internal nodes. Thus, we can evaluate how each feature reduces the impurity of the split
(the feature with the highest reduction is chosen for the internal node). We measure the
average impurity reduction for each feature across all trees in the RF model representing
the feature relevance:

Ig ( f ) = ∑
M

wp,n ∑
M

∆i f (τ , M)

where Ig is the Gini importance which identifies the frequency of a particular feature ( f )
chosen for the split and the importance of the feature’s value. Gini impurity reduction
resulting from any peak split ∆i f (τ , M) is assembled individually for each feature nodes τ
in the M number of weighted trees in the forest [71].

5. Conclusions

Researchers from multiple domains are interested in the application of nano-antioxidants
for the prevention and treatment of oxidative stress-mediated disorders. We demonstrate
the application of an RF algorithm to predict the efficiency of nano-antioxidants. The
attribute importance analysis demonstrated the NMs’ P-chem characteristics such as type
and core-size to have a significant impact on the predictions along with the exposure
concentration (dosage). Furthermore, this paper emphasizes the significance of a consistent
and systematic reporting structure and comparable measurement techniques indicating that
their absence can result in an obstacle for modelling purposes. This is an important finding
for policymakers and research funding bodies alike. The ability to predict functionalities
represents a great opportunity in the healthcare field. Additionally, it will assist insurers and
other stakeholders in the healthcare ecosystem to determine whether it is safe and beneficial
(profitable) to invest in the development of nano-antioxidant therapies. Future research
should therefore attempt to address this challenge through data capturing templates from
empirical researchers that facilitate the construction of a comprehensive dataset.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24032792/s1.
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Abstract: Traumas and chronic damages can hamper the regenerative power of nervous, muscle,
and connective tissues. Tissue engineering approaches are promising therapeutic tools, aiming to
develop reliable, reproducible, and economically affordable synthetic scaffolds which could provide
sufficient biomimetic cues to promote the desired cell behaviour without triggering graft rejection
and transplant failure. Here, we used 3D-printing to develop 3D-printed scaffolds based on either
PLA or graphene@PLA with a defined pattern. Multiple regeneration strategies require a specific
orientation of implanted and recruited cells to perform their function correctly. We tested our
scaffolds with induced pluripotent stem cells (iPSC), neuronal-like cells, immortalised fibroblasts and
myoblasts. Our results demonstrated that the specific “lines and ridges” 100 µm-scaffold topography
is sufficient to promote myoblast and fibroblast cell alignment and orient neurites along with the
scaffolds line pattern. Conversely, graphene is critical to promote cells differentiation, as seen by the
iPSC commitment to neuroectoderm, and myoblast fusions into multinuclear myotubes achieved
by the 100 µm scaffolds containing graphene. This work shows the development of a reliable and
economical 3D-printed scaffold with the potential of being used in multiple tissue engineering
applications and elucidates how scaffold micro-topography and graphene properties synergistically
control cell differentiation.

Keywords: graphene; G+; PLA; Grafylon; scaffold; neuronal differentiation; stem cells; 3D printing;
regenerative medicine

1. Introduction

It is the well-known features of the tissue environment, such as the mechanical,
electrical, and molecular cues, which play a pivotal role in regulating cell differentiation,
proliferation, shape and orientation. Therefore, the ability of scaffolds to mimic tissue
environmental stimuli is crucial in regenerative medicine and tissue engineering projects [1].
Decellularised tissues from animal donors or human cadavers are promising ‘physiological’
scaffolds encapsulating the natural composition and the three-dimensional organisation of
the extracellular matrix (ECM) [2]; however, antigens from such scaffolds may elicit adverse
immune responses leading to transplant failure [3], and the batch-to-batch variability would
impair the reliability of protocols and results [4]. To alleviate these issues, in recent years
the focus has switched to the design and development of synthetic biocompatible polymers
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and nanocomposites which represent a much more attractive option for drug delivery,
biosensors and tissue engineering applications [5]. Among them, Poly-L-Lactic Acid (PLA)
has proven reliable for tissue engineering manufacturing, as it shows low immunogenicity,
batch variation and easy modulation of its physical and biochemical features by blending
with different nanofillers [6].

PLA-based scaffolds are self-standing and can be used for cell growth and differen-
tiation. In vivo, bare PLA is degraded by non-enzymatic hydrolysis of esther bonds [7].
Although it is fully reabsorbed, degradation rate is very slow, and PLA residues can be
detected up to 5.5 years in the human body even after it loses its functions as biomaterial [8].
Such features make PLA scaffolds suitable for planned reabsorption [9] and are therefore
the preferred base materials for the fabrication of artificial tissue or scaffolds for tissue
regeneration [10].

Since cells have micro and nanoscale sensitivity and are able to respond to an extra-
cellular environment presenting a variety of spatially defined cues in the sub-micron to
micron scale, the incorporation of nanomaterial in biocompatible polymers greatly im-
proves the scaffold performance by mimicking the multiple environmental stimuli of the
chosen tissue [4,11]. Among the plethora of nanomaterials available, graphene and its
derivatives are attractive candidates for developing tissue engineering scaffolds due to their
tuneable electrical conductivity, excellent mechanical properties, biocompatibility, chem-
ically modifiable surface, and nanoscale dimension matching cell surface receptors and
extracellular matrix (ECM) nanotopography [12]. Graphene consists of a two-dimensional
monolayer of sp2 hybridised carbon atoms bonded in a hexagonal lattice [13]. Although
its physico-chemical properties make it an attractive material in several fields [14–16], its
use for biological applications has been shown to have a dose- and time-dependent toxic-
ity [17–19]. Since its first discovery, several derivatives, including graphene oxide (GO) and
reduced graphene oxide (rGO) have been developed to both reduce fabrication costs and
modulate physico-chemical properties [20–22]. Particularly, properties of graphene-based
nanomaterials (GBN) are strongly influenced by several factors, including shape, size,
lateral dimension, surface chemistry and defect density. GO and rGO based nanomaterials
are less hydrophobic than graphene-based ones, thus showing reduced aggregation and
improved biocompatibility; however, toxicity of bare GBN is still a matter of concern. For
instance, cytotoxicity of GO flakes used for neuronal differentiation of stem cells has been
found to be strongly dependent on flake dimensionality, whereas surface roughness was
responsible for better cell attachment and proliferation [23]. Surfaces with large flakes of
GO or rGO are the most biocompatible for mesenchymal stem cells propagation and do not
affect their proliferation and survival [24]. It has been shown than incorporation of GBN
into polymeric matrices can further reduce their toxicity and, at the same time, improve
properties of the dispersing matrix [25].

In neural regenerative projects, incorporation of graphene in polymeric scaffolds
endows them with nanoroughness, which contributes to cell anchoring and modulation
of cell morphology, and allows the establishment of tight contact with the growth cone
that guides the spreading of developing neurites [26]. Since for regenerating axons it is
critical to reach their correct targets, the development of scaffolds incorporating patterns of
graphene could provide the physical guidance cues to allow neurite elongation facilitating
nerve formation [27]. In addition, neuronal differentiation of stem cells or precursor cells
is boosted by electrically conductive scaffolds mimetic of the neural tissue electroactive
properties [12,28,29]. As graphene is electrically conductive and its conductivity is stable in
biological environments, its incorporation in polymeric scaffolds can reduce the polymer
electrical resistance and offer a permissive environment for neuronal differentiation.

Electrical and nanotopographical stimuli are not only important for the neuronal
cell physiology but also play a vital role in multiple cellular process like myoblast fusion
and wound healing. After skeletal muscle injury, myoblast precursors first migrate to the
damaged site, then they align longitudinally, and finally they fuse their membranes to form
multinuclear myotubes [30]. Since such geometrical directionality has a close relationship
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with function, the simulation of the ECM natural topography is a critical factor in the gen-
eration of muscle tissue engineering scaffolds [31]. Like myoblasts, fibroblasts are sensitive
to topographical cues that play a critical role in the wound healing process. Fibroblast
alignment allows deposition of highly anisotropic ECM and collagen fibres which support
the wound healing process whilst reducing the scar tissue formation [32]. By being strongly
dependent on ionic channel activation and Ca2+ concentration [30], myoblast fusion is
facilitated by electrically conductive scaffolds. Likewise, the wound regeneration process is
accelerated by conductive materials supporting the transmission of endogenous/exogenous
electrical stimuli [33]. Therefore, scaffolds bearing graphene patterns have great potential
in providing contact guidance to alignment, ECM protein-like nanofeatures to stimulate
intracellular-responsive pathways, and electrically conductive properties which finally
enhance myoblast membrane fusion [34,35] and wound healing [36–39].

Although graphene-based nanocomposite scaffolds can modulate cell fate, even small
variations in their composition can have unpredictable effects on cellular response [40].
In recent years, fused deposition manufacturing (FDM) 3D-printing has emerged as a
cost-effective, reliable, and reproducible tool to rapidly generate scaffold for cell growth
with desired micro-topographical features. The main drawback of FDM is the inherent
presence of wrinkles on the surface of objects due to the side-by-side deposition of extruded
material; however, even those micro-topographic imperfections (i.e., grooves, pillars, and
ridges) have been shown to influence migration and orientation of various cell lines [41].

In this work, we exploited FDM to develop 3D printed scaffolds based on either PLA
or graphene@PLA with defined patterns and we tested them with different cell types to
assess how scaffolds influence cell behaviour. Such scaffolds resulted to be biocompatible
and to promote the alignment of neuronal, fibroblast and myoblast cells due to their 3D
printed topographies. In addition, the scaffolds containing the graphene could stimulate the
differentiation of induced pluripotent stem cells (iPSCs) to neuroectodermal precursors and
promote the myoblast membrane fusion to generate multinuclear myotubes. In summary,
we obtained state-of-the-art and cost-effective scaffolds with the potential for being applied
in multiple regenerative medicine applications. Such scaffolds intrinsic properties can
directly stimulate the desired cell behaviour, without addition of any exogenous factor.

2. Results
2.1. 3D Printing

Scaffold design and printing parameters were optimised to obtain a regular pattern of
creases at increasing distance, to test whether an increase in pattern spacing could influence
cell alignment and differentiation. Ultimately, we opted for two series of micropatterned
scaffolds that correspond to two different printing techniques: (i) 100 µm-spaced scaffolds
(100 µm) and (ii) 400 µm-spaced scaffolds (400 µm). The 100 µm series was designed so
that neighbouring filament depositions were at a distance comparable with that of a cell
in its larger dimension. These scaffolds were built vertically from the printing table to
take advantage of the higher resolution of the z printing axis, though alterations on the
printing bed led to a more consistent ~100 µm pattern. Such increase in resolution also
involves an increase in roughness, as single lines of filament are extruded on top of each
other making the scaffold surface not completely even. To fix this predicament, the 400 µm
series took advantage of the smooth surface of the build table itself to yield objects with a
flat surface. Scaffolds were printed upside-down: a single line of material was deposited
back-and-forth on the xy plane, spaced apart by 400 µm (much higher than the average
diameter of a cell soma). Then, the build plate was lowered, and fused filament was poured
in larger quantities, higher temperature, and lower speed along a complementary path, so
it could expand and completely fill in the empty spaces. Therefore, ridges form only in
near proximity of the initial path: this allows to obtain flat surfaces with wrinkles roughly
every 400 µm.

Using the methods described above, we were able to create micropatterned scaffolds
made entirely of PLA or graphene@PLA, as seen in Figure 1.
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Figure 1. Frontal, lateral and axonometric views of scaffold design. (A) 100 µm series (B) 400 µm
series. Scalebar of the fourth image of each panel is 100 µm and 400 µm, respectively.

2.2. Cell Viability and Proliferation

Carbon-based nanofillers, including graphene, have been reported to be biocompat-
ible at concentrations up to 3–5% in either PLA [42] or other matrices [43] and although
graphene concentration in graphene@PLA is as low as roughly 1%, i.e., similar to already
validated, graphene@PLA flat scaffolds [29,40], we tested viability and proliferation of
cells cultured onto both graphene@PLA and corresponding pure PLA filaments to exclude
that any negative effects from eventual impurities impaired biocompatibility. Figure 2A
shows that viability of SH-SY5Y cells at 24 h (Day 1) and 72 h (Day 3) after seeding onto
graphene@PLA and corresponding pure PLA scaffolds is not significantly different from
cells seeded onto plates used as control. Viability ranges between 90 and 100%, and slightly
lower values at Day 1 are known to depend on post-detachment stress [42].

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 5 of 18 
 

 

 
Figure 2. Effects of bare Poly-L-lactic acid (PLA) or graphene@PLA (Gr@PLA) on SH-SY5Y. (A) Cell 
viability at either 24 or 72 h after cell seeding. Lower values at 24h are due to post-detachment stress. 
(B) Cell proliferation expressed as ratio between number of cells at 72h and 24h after seeding. 
Scaffolds do not significantly interfere with cell proliferation. All data represent the mean ± SD of at 
least three independent experiments. Statistical significance was determined with one-way ANOVA 
with Tukey’s correction. 

Once cytotoxicity was excluded, we checked eventual effects on cell proliferation, 
because exogenous materials eventually stimulating cell division are potentially 
tumorigenic. Figure 2B shows that proliferation of cells grown on the scaffolds is never 
significantly different from control, suggesting scaffolds do not alter cell proliferation. 

2.3. 100 µm graphene@PLA Scaffolds Promote Neuronal Commitment and Neurite 
Sprouting whilst Directing Neurite Elongation 

To test whether the bio-printed scaffolds could promote the neuronal differentiation 
of pluripotent stem cells, we cultured iPSCs onto the scaffolds with ectoderm-inducing 
media and we performed gene and protein expression analyses. As shown in Figure 3A,B 
graphene-containing scaffolds promote the expression of the transcription factor PAX6, 
which is the master regulator of the neuroectoderm specification [44] and of Nestin, an 
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Figure 2. Effects of bare Poly-L-lactic acid (PLA) or graphene@PLA (Gr@PLA) on SH-SY5Y. (A) Cell
viability at either 24 or 72 h after cell seeding. Lower values at 24h are due to post-detachment
stress. (B) Cell proliferation expressed as ratio between number of cells at 72h and 24h after seeding.
Scaffolds do not significantly interfere with cell proliferation. All data represent the mean ± SD of at
least three independent experiments. Statistical significance was determined with one-way ANOVA
with Tukey’s correction.
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Once cytotoxicity was excluded, we checked eventual effects on cell proliferation, be-
cause exogenous materials eventually stimulating cell division are potentially tumorigenic.
Figure 2B shows that proliferation of cells grown on the scaffolds is never significantly
different from control, suggesting scaffolds do not alter cell proliferation.

2.3. 100 µm Graphene@PLA Scaffolds Promote Neuronal Commitment and Neurite Sprouting
whilst Directing Neurite Elongation

To test whether the bio-printed scaffolds could promote the neuronal differentiation
of pluripotent stem cells, we cultured iPSCs onto the scaffolds with ectoderm-inducing
media and we performed gene and protein expression analyses. As shown in Figure 3A,B
graphene-containing scaffolds promote the expression of the transcription factor PAX6,
which is the master regulator of the neuroectoderm specification [44] and of Nestin, an
intermediate filament protein mainly expressed by neural progenitor cells with an impor-
tant role in cellular remodelling [45]; however, cells did not seem to follow the spatial
organisation of the scaffold (not shown), possibly because they are still too immature and
not yet extending neurites.
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Figure 3. Neuroectodermal commitment of iPSCs grown onto 3D-printed scaffolds. (A) PAX6 and
(B) Nestin expression increases when cells are cultured on graphene@PLA (Gr@PLA) scaffolds. All
data represents the mean ± SD of at least three independent experiments. Statistical significance was
determined with a two tailed t-test. Significance at p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***) between
samples is reported. CTRL condition consists of cells seeded onto common 24-well plates.

Therefore, to investigate if the scaffold pattern could trigger the neurite sprouting
and orient their elongation, we used the neuronal-like cell line SH-SY5Y. This cell line is
characterised by neuroblast-like, non-polarised cell bodies with few truncated processes.
Moreover, cells grow in clusters and express immature neuronal markers, which make them
resemble immature catecholaminergic neurons [46]. Upon differentiation, SH-SY5Y cells
express mature neuronal markers, such as the neurotrophin receptor (TrKB) and increase
their neurite length and number [47,48].

Although scaffolds did not result in a significant increase in neurite length or number
(Supplementary Figure S1), they were able to strongly influence cell cluster formation.
Specifically, we analysed the contact guidance of SH-SY5Y by considering the angle between
the pattern and the trajectory of processes and we addressed the alignment in terms of
percentage of neurites within a specific angle range on the total number of neurites. As
shown in Figure 4, SH-SY5Y better align on 100 µm scaffolds compared to 400 µm. This
is probably due to the different dimensionality of the two micropatterns. The 400 µm
series has 400 µm-wide flat surfaces divided by creases: since SH-SY5Y neurites reach only
~100 µm in length, smooth surfaces are vast enough to be sensed as non-patterned and
neurites sprout randomly (~20% in each angle range). On the other hand, 100 µm scaffolds
are designed with a denser pattern, so non-aligned neurites forcefully get into contact with
it, resulting in a higher percentage of orienteered neurites.
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2.4. Contact Guidance Is Influenced by 3D-Printing Method and Promotes Myoblast 
Fusion into Multinuclear Myotubes When Combined with Graphene Cues 

Cell alignment is critical for the fibroblast deposition of anisotropic matrix favouring 
wound healing and for the myoblast fusion into multinuclear myotubes. Given the ability 
of our 3D printed scaffolds to affect neurite orientation, we hypothesised that scaffold 
composition and pattern could also affect contact guidance of fibroblasts and myoblast 
leading to an aligned cell organisation. We tested contact guidance as the percentage of 
cells with a specific angle with respect to scaffold pattern. We analysed cell morphology 

Figure 4. Alignment of SH-SY5Y cells to scaffold patterning. Values are at (A) day 1 and (B) day 6
from cell seeding. Cell orientation is influenced by scaffold patterning independently of its composi-
tion. CTRL condition consists of cells seeded onto common 24-well plates. All data represents the
mean ± SD of at least three independent experiments. Statistical significance was determined with
two-way ANOVA with Dunnet’s correction; significance at p < 0.05 (*), p < 0.01 (**) and p < 0.001
(***) between samples is reported, (C–L) representative fields of cells grown onto scaffolds. (C) Day
1 control, (D) Day 1 PLA_100 µm, (E) Day 1 PLA 400 µm, (F) Day 1 Gr@PLA_100 µm, (G) Day
1 Gr@PLA_400 µm, (H) Day 6 control, (I) Day 6 PLA_100 µm, (J) Day 6 PLA 400 µm, (K) Day 6
Gr@PLA_100 µm, (L) Day 6 Gr@PLA_400 µm. Scalebar 50 µm.

Together, whilst the graphene presence in the scaffold boosts the iPSC commitment to
neuroectoderm, the specific 100 µm printing pattern orient the neurite elongation along the
scaffold aligned features.
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2.4. Contact Guidance Is Influenced by 3D-Printing Method and Promotes Myoblast Fusion into
Multinuclear Myotubes When Combined with Graphene Cues

Cell alignment is critical for the fibroblast deposition of anisotropic matrix favouring
wound healing and for the myoblast fusion into multinuclear myotubes. Given the ability
of our 3D printed scaffolds to affect neurite orientation, we hypothesised that scaffold
composition and pattern could also affect contact guidance of fibroblasts and myoblast
leading to an aligned cell organisation. We tested contact guidance as the percentage of
cells with a specific angle with respect to scaffold pattern. We analysed cell morphology
on the scaffold at 48 h and 168 h after cell seeding for immortalised fibroblasts and at 72 h
after cell seeding for immortalised myoblasts.

As shown in Figure 5, hTERT-immortalised fibroblasts seeded onto scaffolds were
aligned to the printing axis, whereas control cells displayed random orientation.
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This was expected, as fibroblasts are known to be highly responsive to topographical 
cues. 100 µm scaffolds have an increased density of topographical stimuli; thus, we were 
expecting a higher percentage of aligned cells on those scaffolds compared to 400 µm. 
However, this was not the case, as alignment on 400 µm and 100 µm at day 6 is not 
meaningfully different. Intriguingly, Miyoshi and co-workers [49] found fibroblasts to 

Figure 5. Alignment of hTERT-immortalised fibroblasts to scaffold patterning. Values are at (A) day
1 and (B) day 6 from cell seeding. Cell growth is influenced by scaffold patterning independently
of its composition. CTRL condition consists of cells seeded onto common 24-well plates. All data
represent the mean ± SD of at least three independent experiments. Statistical significance was
determined with two-way ANOVA with Dunnet’s correction; significance at p < 0.05 (*), p < 0.01
(**) and p < 0.001 (***) between samples is reported, (C–L) representative fields of cells grown onto
scaffolds. (C) Day 1 control, (D) Day 1 PLA_100 µm, (E) Day 1 PLA 400 µm, (F) Day 1 Gr@PLA_100
µm, (G) Day 1 Gr@PLA_400 µm, (H) Day 6 control, (I) Day 6 PLA_100 µm, (J) Day 6 PLA 400 µm,
(K) Day 6 Gr@PLA_100 µm, (L) Day 6 Gr@PLA_400 µm. Scalebar 50 µm.
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This was expected, as fibroblasts are known to be highly responsive to topographical
cues. 100 µm scaffolds have an increased density of topographical stimuli; thus, we were
expecting a higher percentage of aligned cells on those scaffolds compared to 400 µm. How-
ever, this was not the case, as alignment on 400 µm and 100 µm at day 6 is not meaningfully
different. Intriguingly, Miyoshi and co-workers [49] found fibroblasts to migrate and align
along the longitudinal axis of micropatterned surfaces, therefore, the vast majority of cells
moved near scaffold ridges and experienced contact guidance, independently from scaffold
pattern dimensionality and graphene presence.

We recently reported reduced graphene oxide (rGO) PLA composite scaffolds to be
able to increase the expression of pro-myogenic markers on human circulating multipotent
cells [40]; however, manually cast scaffolds were unable to increase fusion index of primary
myoblasts in culture. We then wondered if the improved control over surface roughness and
pattern of 100 µm and 400 µm printed scaffold could solve this issue. As shown in Figure 6A,
cell alignment ability seems to be independent of the scaffold composition but rather on the
topographies generated by the 3D printing process. Conversely, when analysing the ability
of cells to fuse their membranes, we found that the 100 µm-graphene@PLA scaffolds almost
doubled the fusion index of control cells, whilst 400 µm- graphene@PLA scaffolds and
PLA-only scaffold were unable to improve the cell membrane fusion capacity (Figure 6B).
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3. Discussion 

Figure 6. Effects of 3D-printed scaffolds on myoblasts. (A) Myoblasts alignment to scaffold pattern is
strongly influenced by scaffold dimensionality, however it is independent from scaffold composition.
(B) Fusion index is strongly increased by the combined effects of graphene and patterning. CTRL
condition consists of cells seeded onto common 24-well plates. All data represents the mean ± SD of
at least three independent experiments. Statistical significance of panel (A) with two-way ANOVA
with Dunnet’s correction, whereas that of panel (B) was determined with one-way ANOVA with
Tukey’s correction; significance at p < 0.05 (*), p < 0.01 (**), p < 0.001(***) and p < 0.0001 (****)
between samples is reported, (C–G) representative fields of cells grown onto scaffolds. (C) control,
(D) PLA_100 µm, (E) PLA 400 µm, (F) Gr@PLA_100 µm, (G) Gr@PLA_400 µm.
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Altogether, such data suggest that contact guidance and alignment are purely regulated by
the scaffold features provided by the 3D-printing process, whilst cell behaviours like membrane
fusion are controlled by a combination of 3D-printed cues and graphene incorporation.

3. Discussion

Although nervous, muscle, and connective tissues can partially regenerate after injury,
in chronic damages or after traumas, their endogenous self-regeneration is impaired and,
consequently, tissue engineering approaches are promising therapeutic tools; however,
despite the advances in microfabrication techniques, tissue engineering applications are
still struggling to develop immune-compatible biomaterials, retaining the features of the
natural tissue of interest. Therefore, it is critical to develop reliable, reproducible, and eco-
nomically affordable synthetic scaffolds which could provide sufficient biomimetic cues to
promote the desired cell behaviour without triggering graft rejection and transplant failure.
Poly-L-lactic acid-based scaffolds demonstrated high versatility in promoting cell growth
and differentiation. We previously found that rGO@PLA based scaffolds could modulate
cell commitment toward the neuronal or muscle fate [40]; however, manual casting of
scaffolds proved unreliable and expensive. Here, we took advantage of cost-effective fused
deposition manufacturing 3D-printing technology and commercially available nanocom-
posite filaments to design biocompatible scaffolds which can be used as a platform for
different tissue engineering applications. We found that both PLA and graphene@PLA
filaments do not significantly alter cell vitality as viability was found to be above 90%.
Moreover, a 3- to 5-fold increase in cell number between 24 h and 72 h after seeding
was found in all condition tested and is compatible with the 27 h doubling time of the
SH-SY5Y cell line [46], indicating scaffolds do not alter cell proliferation. When iPSCs
were seeded onto scaffolds, we found graphene could increase expression of Pax6 and
Nestin, independently on scaffold micro-topography, suggesting commitment toward the
neuronal lineage. Conversely, no condition tested was found to induce an enhancement
in neurite sprouting or elongation of the more mature cell line SH-SY5Y. As SH-SY5Y cell
differentiation has been associated with a decrease in cell proliferation, this is in agreement
with reported observations on proliferation rate [50]. Moreover, SH-SY5Y growth appears
strongly oriented toward scaffold topography. Albeit cells are strongly oriented both on
day 1 and day 6, differences observed between the 100 µm and 400 µm class might be
due to cell migration timing. Evidence reported in the literature suggests migration of
proliferating SH-SY5Y is poor and substrate dependent [51,52]. 3D printed scaffolds proved
to influence cells outside the neuronal lineage, as micro-topographical features influenced
orientation of hTERT-immortalised fibroblasts and myoblasts. Strikingly, myoblasts seeded
onto 100 µm scaffolds containing graphene, showed an increase in fusion rate into mult-
inuclear cells, indicating patterning and graphene are both required to favour myotube
formation. In conclusion, here we show the development of a reliable and economical FDM
printed scaffold with the potential of being used in multiple tissue engineering applications,
and we elucidate how micro-topographies provided by the 3D printed line pattern and
the nano-topographies/conductive properties provided by the graphene incorporation
synergistically control cell differentiation.

4. Materials and Methods
4.1. 3D-Printing

Poly-L-lactic acid (PLA) and graphene@PLA (GRAFYLON® 3D) ø 1.75 mm filaments
were purchased from FILOALFA, Ozzero, Italy. GRAFYLON® 3D consists of G+ Graphene
Plus (Directa Plus, Lomazzo, Italy) dispersed in pure PLA. G+ Graphene Plus is made up of
pristine graphene nanoplatelets (GNPs), which are obtained by purely physical treatments
of natural graphite, thus avoiding any chemical treatments with organic solvents or acids,
and just exploiting water, temperature and pressure to reduce the graphite thickness to
the nanometric level. G+ Graphene Plus GNPs have a lateral dimension in the micrometer
range, whilst the thickness is in the nanometer scale (https://graphene-plus.com/ accessed
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on 19 January 2022). The 3D-printable scaffolds were designed using Fusion 360 (v2.0.9719,
Autodesk, San Rafael, CA 94903, USA), whilst 100 µm-micropatterned scaffolds were
developed as 50 × 50 × 15 mm hollowed cubes with 1.0 mm wall width and presented
regularly alternated materials every 50 µm. Final scaffolds were cut from the cube into
round-edged squares of approximately 13.0 × 13.0 mm and 1.0 mm in height, well suited
for 24-well plates. To obtain scaffolds with a patterning much higher than average cell
length, 400 µm-patterned scaffolds were designed directly as 13.0 × 13.0 × 1.0 mm round-
edged squares with a 400 µm-wide pattern. STL files were imported in Simplify3D (v4.1.2,
Cincinnati, OH 45241, USA) and slicing presets were configured. Layer height and nozzle
temperature varied based on the type of support and material: 100 µm scaffold series was
printed with 0.050 mm layer height, 100% infill at 195 ◦C for both PLA and graphene@PLA,
whereas 400 µm series was printed with 0.1 mm layer height, 100% infill, 195 ◦C for
graphene@PLA and 0.2 mm layer height, 100% infill, 215 ◦C for PLA. To improve first
layer adhesion, the printing plate was coated with a saturated solution of sucrose in water.
Specifically, the sucrose solution was dispersed onto the glass-slide printing plane. The
printing plane was then heated to 40 ◦C and water was left to evaporate to create a sticky
film over the glass. Models were printed by fused deposition manufacturing (FDM) with a
NG dual 3D printer (Sharebot, Nibionno, Italy). After printing, scaffolds were sterilised
under UV-light, 30 min on all sides after a 30 min wash in 75% ethanol. Pure PLA and
graphene@PLA 3D-printed scaffolds were pre-incubated for 3h in DMEM/F-12 10% FBS
(growth medium).

4.2. SH-SY5Y Cell Culture and Differentiation

Exponentially growing human neuroblastoma-derived SH-SY5Y cells were cultured
with Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12, GlutaMAX™ supplement
(DMEM/F-12, Gibco™, Fisher Scientific Italia, Rodano, Italy), enriched with 10% heat-
inactivated foetal bovine serum (FBS, Euroclone) and 25 µg/mL gentamicin (Sigma-Aldrich,
St. Louis, MO, USA), in a humidified atmosphere of 5% of CO2 in air at 37 ◦C. Cells were
split into 25 cm2 flasks (Sarstedt, Nümbrecht, Germany) every 2 days. Cell differentiation
was induced by treating cells with all-trans-retinoic acid (RA, Sigma-Aldrich) at 10mM
concentration and lowering the FBS in the culture medium to 2% (differentiation medium)
24 h after seeding. In undifferentiated control samples, Dimethylsulfoxide (in which RA is
dissolved) was added as the equivalent amount.

4.3. Immortalised Fibroblast Cell Culture

hTERT-immortalised fibroblasts were cultured in high glucose Dulbecco’s Modified
Eagle Medium, GlutaMAX™ and pyruvate supplement (DMEM, Gibco™) enriched with
10% FBS, MEM non-essential amino acids (NEAA, Gibco™), 50 U/mL penicillin and
50 µg/mL streptomycin (Pen/Strep, Gibco™) in a humidified atmosphere of 5% of CO2
in air at 37 ◦C. Cells were split into 75 cm2 vented flasks (Sarstedt, Nümbrecht, Germany)
every 3 days.

4.4. Immortalised Myoblasts Cell Culture

Immortalised human myoblasts, obtained by double transduction with hTERT and cdk4,
were kindly supplied by the Institut de Myologie (Pitié-Salpétrière Hospital, Paris, France).
These myoblasts (wt AB1190) were cultured with a growth medium containing F12 supple-
mented with 20% FBS (Invitrogen Life Technologies, Waltham, MA, USA), 25 µg/mL fetuin
(Invitrogen Life Technologies), 5 ng/mL hEGF (ImmunoTools GmbH, Friesoylthe, Germany),
0.5 ng/mL bFGF (ImmunoTools GmbH), 5 µg/mL insulin (Sigma-Aldrich), and 0.2 µg/mL
dexamethasone (Sigma-Aldrich).

4.5. Cell Proliferation Assay

Cell proliferation was measured using the resazurin reduction assay. The assay is based
on the reduction of the non-fluorescent indicator dye resazurin to the highly fluorescent
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resorufin (Ex 569 nm, Em 590 nm) by viable cells. Cells were seeded onto scaffolds or
24-well plates as control (time 0) and cell number was evaluated at 24 h and 72 h after
seeding. At each time point, the culture medium was replaced by resazurin solution
(resazurin, 15 µg/mL in growth medium; Sigma-Aldrich) and cells were incubated for
4 h in the dark at 37 ◦C, 5% CO2. Absorbance at 590 nm was detected using a Fluoroskan
Ascent fluorometer (Fisher Scientific Italia, Rodano, Italy) and background values from
blank samples were subtracted. To infer the number of cells in each sample, a titration
curve was obtained by performing the assay on a known number of cells seeded onto
control gelatin/poly-L-lysine coated wells. The number of cells in each condition tested
was determined by linear regression from the titration curve and cell proliferation was
determined as the ratio of the number of cells 72 h and 24 h after seeding.

4.6. Cell Viability Assay

Cell viability was assessed with CytoTox-ONE™ Homogeneous Membrane Integrity
Assay, (Promega Italia, Milano, Italy), which is based on the estimation of the LDH released
by dead cells. According to manufacturer protocol, cells were grown onto scaffolds for
24h or 72h. At each time point, an equal volume of CytoTox-ONE™ Reagent was added
and samples were incubated for 10 min. Reaction was then stopped with blocking solution
and fluorescence at 590 nm was detected using a Fluoroskan Ascent fluorometer (Fisher
Scientific Italia). A negative (medium without cells) and positive (cells lysed with Promega
Lysis Solution) control were used to determine blank and maximal LDH release. Toxicity
was then evaluated using:

Percent Cytotoxicity = 100 · Sample− Blank
Maximum LDH Release− Blank

4.7. Differentiation and Contact Guidance Analysis

Cells were seeded onto different types of 3D-printed scaffolds and morphology was
evaluated at 24 h (Day 1) and 168 h (Day 6) (SH-SY5Y cells and immortalised fibroblasts)
or 72 h (Day 3, myoblasts) after seeding. Based on each line proliferation rate, a different
number of cells was seeded for observation at day 1 and 6. Specifically, proliferative SH-
SY5Y were seeded 35 k/well for Day 1 and 20 k/well for Day 6. Fibroblasts were seeded
20 k/well for Day 1 and 10 k/well for Day 6. Finally, myoblasts were seeded onto scaffolds
and gelatin-coated control wells at 25 k cells/well density. Culture medium was refreshed
every 2 days.

Cells were visualised after incubation with calcein acetoxymethyl ester (Calcein-
AM, Biotium, Fremont, CA 94538, USA), 1 µM in Hank’s Balanced Salt Solution (HBSS,
Gibco™, Fisher Scientific Italia) and 10 µg/mL Hoechst 33258 (Invitrogen Life Technologies)
for 30 min in the dark at 37 ◦C and 5% CO2. Medium was then replaced with fresh
HBSS and cells were observed with a DMI4000 microscope (Leica, Wetzlar, Germany) at
10× magnification with a GFP and DAPI filter. Ten images per well were recorded; the
first two fields were set to correspond to the centre of the well. Next, fields were then
selected in the periphery of the well (N, NE, E, SE, S, SW, W, NW, in respect to the centre),
so that images could be representative of the whole well. Images were evaluated with
Fiji suite v. 2.3 [53]. Cells were counted by manually counting nuclei. Overall, between
1000 and 2000 cells were recorded per condition. SH-SY5Y differentiation was evaluated
considering neurite outgrowth and elongation. Neurite length was measured using Fiji
suite [53] by tracing the path of the neurite from the tip to the junction between the neurite
and cell body. Processes were considered neurites when their length was longer than 50 µm
and neuritogenic properties were analysed in terms of total number of neurites to cell
ratio and their mean length as described in [54]. Contact guidance on neurite growth and
fibroblast and myoblasts orientation was evaluated comparing the angle (0–90◦) between
the trajectories of neurites or cell bodies and the pattern. Cells were sorted into 15◦ classes,
and data are presented as percentage of cells in a given class respect to the total number of
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cells. Cells or neurites were considered aligned if their angle did not exceed 15◦ respect to
pattern angle. All experiments were performed in triplicate.

4.8. Fusion Index Analysis

Myoblasts were stained with 2 µM Calcein-AM (Biotium) in HBSS (Gibco™, Fisher
Scientific Italia) and 10 µg/mL Hoechst 33258 (Invitrogen Life Technologies) for 45 min in
dark at 37 ◦C and 5% CO2. Cells were visualised under a DM4000B fluorescent microscope
(Leica) using GFP and DAPI filter. Fusion index, which describes the number of nuclei
inside myotubes as a percentage of the total number of nuclei, was evaluated.

4.9. iPSC Culture and Neuroectodermal Induction

iPSCs (A18945, Thermofisher, Waltham, MA, USA) were cultured on a Matrigel
substrate (Corning, Somerville, MA, USA) with mTeSR media (Stemcell Technologies,
Vancouver, BC, Canada) and maintained at 37 ◦C, 5% CO2, 95% humidity. For neuroec-
todermal induction, cells were detached from the culture dish when 70% confluent with
TripLE (Thermofisher) incubation for 5 min at 37 ◦C to obtain a single cell suspension.
Next, 200K cells/well were seeded onto Matrigel coated wells or on scaffolds placed in a
24-well plate in mTeSR supplemented with 2uM of Y-27632 Dihydrochloride (Peprotech EC,
London, UK). 24h after seeding, culture media was replaced with the ectodermal inducing
media (R & D systems, Minneapolis, MI, USA) and cultured for additional 3 days. On day
4, cultures were stopped to perform RT-qPCR and immunofluorescence.

4.10. RT-qPCR

Media was removed from the wells, cells were incubated with TRIzol (Thermofisher)
for 5 min at RT, and RNA extraction was performed using the RNeasy Micro Kit (Qiagen)
following the manufacturer instruction. Next, cDNA synthesis was achieved by using the
iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) following manufacturer instruction.

Gene expression was then analysed by qPCR. 1 ul of cDNA was used for each reaction
that was performed using SYBR green (Quantabio, Beverly, MA, USA) in a final reaction
volume of 20 µL. The thermal cycler was set as follows: 9′ at 95 ◦C followed by 30 cycles
consisting of 30” melting at 95 ◦C + 30” annealing at 60 ◦C + 35” extension at 72 ◦C. GAPDH
expression was used as the housekeeping control for normalization. The comparative
CT method (2-∆∆ct) was used to quantify gene expression. Melting curve analysis was
performed to ensure all transcripts under investigation would be represented by a single
peak, as an index for specificity (melting ramp from 70 to 95 ◦C). PAX6 [44] and NESTIN [55]
expression relative to GAPDH was performed by using the following primers:

PAX6_FW_GTCCATCTTTGCTTGGGAAA
PAX6_RV_TAGCCAGGTTGCGAAGAACT
NESTIN_FW_ GCTCAGGTCCTGGAAGGTC
NESTIN_RV_TAAGAAAGGCTGGCACAGGT
GAPDH_FW_ACGAATTTGGCTACAGCAACAGGG
GAPDH_RV_TCTACATGGCAACTGTGAGGAGG

4.11. Statistical Analysis

Data are presented as a Mean ± Standard Deviation (Mean ± SD) unless otherwise
noted. Cytotoxicity, Viability and fusion index data were analysed using one-way ANOVA
with Tukey’s correction, as the mean of each dataset was compared to the mean of all the
others. Two-way ANOVA with Dunnet’s correction was used to analyse cell alignment
data, as the mean of each dataset was compared to that of the control condition.

5. Conclusions

Reliability of scaffold for tissue engineering is an issue that regenerative medicine
must address, especially when research innovations are translated to clinical practice.
Particularly, they have to combine standardised nanocomposite formulations and ease of
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fabrication with robust and consistent biological response. In graphene-based nanocompos-
ite scaffolds, issues with biocompatibility may even arise from just using different batches
of the same GBN, as flakes dimensionality, type and amount of chemical impurities, may
vary due to different purification strategies [13]. In this work, we used a graphene@PLA
nanocomposite filament consisting as a matrix of pure PLA, a polymer that is FDA-certified
for regenerative medicine, and, as nanofiller, graphene G+, which is produced by means
of a physical method ensuring the absence of any chemical contaminant. Even though
the absence of cytotoxicity for neuronal-like cells and other cellular types of carbon-based
nanomaterials dispersed in PLA was already established by several works, hand-made
fabrication of such nanocomposite scaffolds may result in unpredictable influence on cell
fate and differentiation [40]. Whilst retaining the biocompatibility feature of pure PLA as a
matrix and conductivity feature of pristine graphene as nanofiller, FDM 3D-printing with
the graphene@PLA and pure PLA filaments used in this work also excluded hand-made
batch variation effects on cell growth and differentiation. Furthermore, 3D-printing allowed
at the same time to investigate the effect of topographic patterning of scaffolds on cell orien-
tation. In this pilot study, we exploited the effect of scaffolds with different topography and
composition on growth, commitment and/or differentiation of iPSCs, neuronal-like cells,
immortalised fibroblasts, and primary myoblasts, demonstrating that the specific scaffold
topography can promote cell alignment, whereas the presence of graphene promoted iPSC
commitment to neuroectoderm and myoblast fusion into multinuclear myotubes.
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Gharbia, S.; Baltă, C.; Ros, u, M.;

Mihali, C.V.; Ionit,ă, M.; Serafim, A.;
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Abstract: Over the years, natural-based scaffolds have presented impressive results for bone tissue
engineering (BTE) application. Further, outstanding interactions have been observed during the
interaction of graphene oxide (GO)-reinforced biomaterials with both specific cell cultures and injured
bone during in vivo experimental conditions. This research hereby addresses the potential of fish
gelatin/chitosan (GCs) hybrids reinforced with GO to support in vitro osteogenic differentiation
and, further, to investigate its behavior when implanted ectopically. Standard GCs formulation
was referenced against genipin (Gp) crosslinked blend and 0.5 wt.% additivated GO composite
(GCsGp/GO 0.5 wt.%). Pre-osteoblasts were put in contact with these composites and induced to
differentiate in vitro towards mature osteoblasts for 28 days. Specific bone makers were investigated
by qPCR and immunolabeling. Next, CD1 mice models were used to assess de novo osteogenic
potential by ectopic implantation in the subcutaneous dorsum pocket of the animals. After 4 weeks,
alkaline phosphate (ALP) and calcium deposits together with collagen synthesis were investigated by
biochemical analysis and histology, respectively. Further, ex vivo materials were studied after surgery
regarding biomineralization and morphological changes by means of qualitative and quantitative
methods. Furthermore, X-ray diffraction and Fourier-transform infrared spectroscopy underlined
the newly fashioned material structuration by virtue of mineralized extracellular matrix. Specific
bone markers determination stressed the osteogenic phenotype of the cells populating the material
in vitro and successfully differentiated towards mature bone cells. In vivo results of specific histo-
logical staining assays highlighted collagen formation and calcium deposits, which were further
validated by micro-CT. It was observed that the addition of 0.5 wt.% GO had an overall significant
positive effect on both in vitro differentiation and in vivo bone cell recruitment in the subcutaneous
region. These data support the GO bioactivity in osteogenesis mechanisms as being self-sufficient to
elevate osteoblast differentiation and bone formation in ectopic sites while lacking the most common
osteoinductive agents.

Keywords: graphene oxide; biopolymer blends; biomineralization; ectopic bone formation;
osteoinduction; ex vivo analysis
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1. Introduction

The field of regenerative medicine and tissue engineering (TE) has emerged as a
necessity for tissue substitutes in the case of major trauma. Therefore, the development of
novel biomaterials to efficiently support tissue repair and regeneration is a serious matter
in this research area. Thus, the goal of BTE relies on generating the expected support for
the repair of bone defects based on biocompatible scaffolds with unique properties that
enhance cell adhesion and formation of new bone extracellular matrix (bECM) and tissue.

High-performing artificial bone substitutes raise critical issues since engaging in
the fabrication of autografts with equal performance to the “gold standard” is still tech-
nologically out of reach. Particularly in BTE, calcium (Ca2+) mineral-enriched scaffolds
possess the ability to generate osteogenic signaling in osteoprogenitor populations [1]. Most
mineral-based substrates investigated for these purposes successfully cover the mechanical
features [2] but lack in the areas of morphological mimesis, pore interconnectivity, and
pairing with organic compounds, unless they are supplied from allo-/xeno- graft sources.
Even so, immunogenicity and unpredictable resorption rates can occur with low prospects
of restraint [3].

Over the years, several polymers, mostly natural compounds, have been found to
successfully mimic the bECM, thus generating a perfect microenvironment for cell prolifera-
tion, which is an important feature for BTE-designed scaffolds [4]. Fish gelatin, a derivate of
a major component of the ECM, allures with good biocompatibility [5], high degradability
rate [6] and low immunogenicity [7], while chitosan, due to its structural resemblance
with glycosaminoglycans naturally sited in bECM, augments cell adhesion [8]. Therefore,
gelatin and chitosan-based scaffolds have been demonstrated to meet the expected results
in the case of osteogenic differentiation and engagement in bone repair [9,10]. Genipin is
mostly used as a crosslinking agent for scaffold development due to its low toxicity and
biosafety features [11–13]. Modern techniques in biomaterial design include the reinforce-
ment of natural scaffolds with bioactive nanostructures. The oxygen-containing functional
groups found in the GO structure ensure a great interaction with cellular proteins, hence
significantly contributing to cellular behavior [14] in terms of cell growth and viability. GO
has turned out to be a reliable nano-component due to its biocompatibility, which has been
addressed in several studies over the years [15,16].

This carbon-based material turned out to present remarkable physiochemical charac-
teristics, which have resulted in good biocompatibility and proper support for a plethora of
next-generation targeted biomedical applications. Its versatility and tunable compatibility
with robust and diverse materials captivated the focus in the research on skin [17] and adi-
pose [18] regeneration, muscle (cardiac and skeletal [19]) engineering, nerve [20], as well as
de novo cartilage and bone tissue [21]. GO demonstrated excitingly good interaction with
many kinds of cell types, such as stem cells [22,23], neural cells [24,25], cardiomyocytes [26]
and endothelial [27] cells and osteoblasts [28], while the non-toxic effect of GO-reinforced
materials has been numerously reported in both in vitro and in vivo experimental con-
ditions [29,30]. Even though there is not a global consensus on the drawbacks that GO
additivities can be associated with, many results support that the impact of GO in the
osteogenic development is rather positive, as long as the concentration of GO is not very
high (~0.5 wt.%) [31–33].

Interestingly, studies have observed that the implantation of a scaffold engineered for
BTE purposes at an ectopic site still has the means to recruit bone cells and to generate
bone tissue, even if not surrounded by it [34]. Exquisite studies reported the implantation
of BTE-designed scaffolds in other areas (e.g., subcutaneously/in muscle) in order to prove
the osteoinductive and osteoconductive properties of the scaffolds [35–38]. These unique
events have been proven for biomaterials such as β-tricalcium phosphate scaffolds [39],
hydroxyapatite-based materials [40] and also phosphate graphene composites [41].

In our previous studies, we developed a new scaffold composed of fish gelatin/chitosan
crosslinked with genipin (GCsGp) and reinforced with various GO:biopolymer mass ra-
tios [15,42]. Appertaining on preliminary results, including thorough biocompatibility, we
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concurred and highlighted that the macromolecule network best performs if reinforced
with 0.5 wt.% GO.

Predicated on these positive outcomes, we designed a study whose novelty is manifold:
(i) complete characterization of partially investigated new BTE promising materials, (ii) sur-
vey of their specific osteoinductive features manifesting in ectopic sites and (iii) pioneering
structural analysis of this kind of ex vivo sample. Firstly, we substantiated the materials’
characterization to the full extent, building on our previous findings on these types of
composites. In this stage, we assessed their intrinsic osteoinductive properties in ectopic
sites in mice models. Thus, by implantation in a non-osteogenic area, the number of vari-
ables involved in bone formations was reduced, eliminating the effects of bone stimulating
cytokines, bone-forming cells and potentially bone-promoting mechano-transduction, and
therefore, the onset of osteogenesis was attributed exclusively to the scaffold itself.

Cell-laden hydrogels such as acid-g-chitosan-g-poly(N-isopropyl acrylamide) [43],
bone morphogenetic protein-2 embedded collagen [44] or thiolated chitosan [45] exhibited
promising bone formation when injected subcutaneously; furthermore, chitosan/calcium
phosphate putties developed ectopic bone-like tissue when implanted intramuscularly.

To the best of our knowledge, our formulations are the only cell-barren polymer
hybrids of this kind that manifest ectopic osteogenesis while lacking bone progenitor
recruitment cues, differentiating inducers or Ca2+ and PO4

3− rich substrates. In addition,
we showed that its remarkable behavior is strengthened by the presence of graphene oxide,
known for synergistically promoting bone differentiation in hydroxyapatite composites [46]
or as an osteomimetic support designed by phosphate functionalization of graphenic
sheets [41].

Last but not least, we exploited these results from more than one perspective, and
the paper advances a creative means to approach the explanted mineralized scaffolds
from the standpoint of the engineer, issuing an uncommon process of physico-chemical
characterizations meant to support and refine established immunohistological techniques.

2. Results and Discussion

The fish gelatin/chitosan crosslinked with genipin and reinforced with different
GO biopolymer scaffolds have been previously analyzed by our group for their good
physico-chemical properties and biocompatibility [15,42]. The in vitro osteogenic potential
analysis and the de novo bone-forming capacity in vivo was compared for three materials:
i. GCs (to evaluate the baseline osteoinductivity of an unmodified hybrid substrate);
ii. GCsGp (to survey whether the osteoinductivity is conditioned by the biopolymer
network crosslinking) and iii. GCsGp/GO 0.5 wt.% (to apprehend the contribution of GO
to the de novo process of osteogenesis). These outcomes are supported by some studies
which have focused on chitosan or gelatin-based materials enriched with graphene and
its derivatives [22,47–49]. Thus, we used physical and morphological characterization of
the material before implantation and on day 28 post-implantation in order to evaluate
de novo osteoinductive properties of the materials by supplementation with GO in the
absence of bone stimulating cytokines, bone-forming cells and potentially bone-stimulation
mechano-transduction. The early stage of the osteogenesis under the material’s support
was evaluated by using biological tests, respectively biochemical, histochemical methods
and specific analysis of early and late markers of osteogenesis, both in vitro and in vivo.

2.1. A Priori Scaffold Characterization

Engineered biomaterials for BTE can issue and propagate stimuli in cells regulating
their early contact with a new lodging substrate, familiarization, adjustment and ultimately
their phenotype outcome. This is most likely to occur due to the materials’ chemistry,
physio-mechanical properties and distinctively tweaked nanostructuration [50].

Swollen freeze-dried GCs, GCsGp and GCsGp/GO 0.5% scaffolds, after reaching equi-
libria (2 h) [15], were subjected to mechanical testing meant to assess the effect of crosslink-
ing and GO reinforcements generated within the GCs network with regards to compressibil-
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ity. The measured values of E (plotted in Figure 1a as the average values ± SD) portray an
expected image whereby the stiffness of the materials is augmented first by Gp crosslinking
and additionally via GO embedding. In particular, compression modulus values are as
following: EGCs > EGCsGp > EGCsGp/GO 0.5% (81.67 kPa > 126.67 kPa > 179.50 kPa).
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Figure 1. (a) Plotting of the compression modulus of hydrated materials, before implantation;
(b) histogram depiction of the wall thickness size domain calculated in CTAn (Bruker); (c) color-
highlighted 3D renderings of (*) GCs, (**) GCsGp and (***) GCsGp/GO 0.5% scaffold captured
in CTVox.

The porous dry networks of the components were investigated by micro-CT analysis
with the purpose of endorsing the mechanical behavior. Figure 2b consists of a chart of the
incidence (in percentages) of dimensional domains as calculated for the scaffold walls. Gp,
as well as consequent GO reinforcement, are able to customize the solid phase templating
as a result of the GCs chains densification through crosslinking and additional centers
of physical interactions supplied by the carbon nanomaterial within. As a consequence,
scaffold walls tend to become thicker and stiffer—in agreement with the tendency of
the detrimental shift the ratio of thinner walls exhibit with Gp and GO supplementation
(Figure 1b). Moreover, the estimation of “intersection surface” values, areas of higher solid
density where congruent walls meet, merge and overlap, support the theory according to
which crosslinking and GO compositing of biopolymer blend favor the materialization of
areas of variable density and stiffness.
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Figure 2. In vitro osteogenic profile analyses of runx2 (a) and opn (b) gene expression in differentiated
3T3-E1 cells in contact with GCsGp/GO materials with statistical significance ### p < 0.001; ** p < 0.01;
#,* p < 0.05; (c) immunohistochemical runx2 and opn expression in differentiated 3T3-E1 cells in
contact with GCsGp/GO materials.

In order to provide a visual representation of the stiffness gradient, we depicted
in Figure 1c a generic colored representation of the scaffold walls, pigmented in direct
proportionality with the initial grey tones CT images possessed based on X-ray absorbance.
Therefore, the areas where the colors are more pronounced feature superior agglomerations
of solid matter (thicker walls), and the pale areas are associated with the finest layouts of the
scaffolds. The classic greyscale (0–255) was converted in a reduced unit bar (0–1) for each
colorized microtomography, and wall distribution was depicted both unaltered and 30%
attenuated in the (0.7–1) region in order to highlight the volume spread of durotactic nuclei.

In the case of GCs, they seem homogeneously spread within the sample volume,
however light-consistent and sheer (Figure 1c *). GCsGp, on the other hand, features the
coarsest associations of high-density domains but remotely distributed and preferentially
toward the outer region of the scaffold (Figure 1c **). Antithetically, the GO composite
(Figure 1c ***) displays a very interesting distribution of durotactic poles, with the highest
isotropy in terms of both 3D distribution and dimensional extent. Consequently, its intrinsic
structuration enables it to manifest the best mechanical performance in wet states, endorsed
by synergistic Gp reticulation and GO embedding.

2.2. Effects of Graphene–Oxide Porous Biopolymer Hybrids on In Vitro Osteogenesis

In vitro osteogenic profile of GO-biopolymer composite resulted from experimental
assay trials against 3T3-E1cell line. During the differentiation of pre-osteoblasts, Runx-
related transcription factor 2 (runx2) is a master transcription factor, which is responsible
for the regulation of other important osteoblast markers such as collagen type I alpha I
(Col1a1) and osterix (SP7) [12]. In this study, qPCR evaluation of runx2 gene expression
was evaluated after 7 and 28 days of osteogenic induction (Figure 2a) and revealed that
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murine pre-osteoblast differentiated successfully started the differentiation towards the
osteogenic lineage. At 7 days, significant levels of runx2 expressions were found on the
composites enriched with 0.5% wt.% GO as compared to the controls, GCs (p < 0.01) and
GCsGp (p < 0.05). No significant differences were observed between the two tested controls,
GCs and GCsGp, respectively. The expression on day 28 was found to be significantly
(p < 0.05) lower as compared to the levels found after 7 days. This can be explained by the
fact that runx2 acts in a stage-dependent manner during this process and is considered an
early osteogenic marker, which is expected to present in higher expression levels within the
first week of osteogenic differentiation. Moreover, it has been stated that the two isoforms
of runx2, namely type I and type II, regulate different stages of a bone cell. Thus, runx2 type
I is present in pre-osteoblasts [51], whereas runx2 type II is necessary for terminal phases of
the osteogenic differentiation [52,53]. This comes in support of our results, which highlight
that runx2 expression is still present after 28 days. Even so, the differences remained
similar to those found at 7 days between the composites; namely, runx2 expression on
GCsGp/GO 0.5% wt.% systems was found to be significantly higher (p < 0.05) as compared
to GCs and GCsGp.

At the same time, expression of the osteopontin (opn) gene (Figure 2b) was evaluated
by qPCR. During osteogenesis, opn is highly expressed, as it produces an important protein,
which is present in the bECM when cells achieve the stage of mature osteoblasts [31]. As
compared to runx2, its levels of expression at 7 days of osteogenic differentiation were
barely detectable as opn is a late osteogenic marker, which is expressed during the last
weeks of osteogenesis.

Therefore, significant opn expression levels (p < 0.001) were found after 28 days of
induction for the composite containing 0.5% wt.% GO in comparison to the expression
levels found after 7 days of osteogenic induction (Figure 2b) on the same composite.
Moreover, qPCR results for opn expression indicated a significantly increased (p < 0.01)
expression on GCsGp/GO 0.5 wt.% in comparison to GCsGp control, after 28 days of
osteogenic induction. As these results are in concordance with the one obtained in the case
of runx2 expression, no significant opn expression levels were found on the two tested
controls. Thus, these results suggest that incorporation of GO to GCsGp materials has
significantly supported in vitro osteogenic differentiation of 3T3-E1 cells. A similar study
has underlined that the addition of GO to composites based on poly(lactic-co-glycoid)
acid surfaces [54] may enhance the expression of runx2 and opn during in vitro 3T3-E1
osteogenic differentiation. Moreover, it has been reported that in the presence of titanium
surfaces with reduced GO [55], osteoblasts present a higher expression of opn bone marker.

A similar pattern was recorded for immunohistochemical expression of both RUNX2
and OPN osteogenic markers (Figure 2c). Here, it can be observed that the expression
of both makers is present in the tested biosystems. The staining reveals the presence of
differentiated cells within the pores of the material, by expression of RUNX2. Another
study demonstrated that human mesenchymal stem cells have been found with a higher
protein expression of RUNX2 in the presence of GO-collagen scaffold when compared to
the collagen control [56]. The immunohistochemical staining for OPN expression showed
a more pronounced expression for the composites enriched with GO, as compared to the
GCs and GCsGp scaffolds. The expression of OPN and OCN by 3T3-E1 pre-osteoblasts has
also been investigated by Lee et al. [46] in composites based on hydroxyapatite reinforced
with reduced GO, where it was underscored that the presence of GO had an important
contribution to the osteogenic differentiation of pre-osteoblasts. Moreover, cell clusters
are predominantly present in the systems where GO was added, supporting once again
the idea that the addition of GO has a beneficial impact on the cellular behavior during
cell-scaffold interactions. These results come in support of the gene expression patterns
found by qPCR, thus demonstrating the achievement of mature osteoblasts from 3T3-E1
precursors in contact with GO-enriched scaffolds.

Cell morphology and distribution within the biocomposites were qualitatively eval-
uated by SEM. The obtained images revealed 7 days post-induction that cell adhesion
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occurred on all composites (Figure 3(A1–A3)). Interestingly, cells on GCsGp/GO 0.5% wt.%
formed groups and populated the scaffolds’ pores. It can be observed that morphologically
these cells present the characteristics of osteoblast precursors, namely a smooth surface
structure with low amounts of mineral accumulation.
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Figure 3. Qualitative evaluation of cellular distribution and morphology in GCsGp/GO scaffolds
during 7 (A1–A3) and 28 (B1–B3) days of osteogenic differentiation using SEM while the A1’–A3’
and B1’–B3’ subsets depict corresponding close-ups of the areas marked in red squares above; quali-
tative evaluation of in vitro calcium accumulation in bECM using ARS histological staining at after
7 (Ai–Aiii) and 28 (Bi–Biii) days.
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After 28 days of in vitro differentiation, cell adhesion and spread are reconfirmed. It
can be observed that cells exhibit different morphological features in opposition to those
captured 7 days post-induction. In this latter case, it can be clearly distinguished that cells
secreted a mineralized matrix on the surface and cells presented a cuboidal shape, thus
demonstrating the presence of mature osteoblasts in the pores of the materials.

ARS is a widely used histological staining to evaluate extracellular bone matrix accu-
mulation and namely to qualitatively certify the observations on the SEM images. Seven
days after osteogenic induction, only low amounts of calcium were detected in all scaffolds
by ARS histological staining (Figure 3(Ai–Aiii)). Even so, these low quantities demonstrate
the inception of the osteogenic differentiation in murine pre-osteoblasts. No significant dif-
ferences were observed between the three tested composites within 7 days from induction.
Twenty-eight days after induction, significant calcium accumulation can be observed in
all the materials, in contrast to those found on day 7 (Figure 3(Bi–Biii)). It can be noticed
that GO-enriched materials presented significantly more calcium aggregates in comparison
to GCs and GCsGp scaffolds. Therefore, GO embedding in crosslinked GCs featuring
the best pre-osteoblast differentiation motifs for in vitro osteogenesis is also confirmed by
ARS staining.

Our previous studies [57–59] on GO-based composites underlined the active engage-
ment of the 2D nanomaterial in cell adhesion and differentiation but also its welcome
nature to catalyze cell viability and proliferation. Furthermore, we prove that functional
GO-reinforced GCsGp scaffolds could serve as an osteoinductive matrix in vivo: seizing
native cells to the site and harnessing differentiation into osteoblast in a non-osteogenetic
area. We chose to study ectopic bone formation in the subcutaneous dorsal space of mice
because osteoinductivity is clearly demonstrated, while the ability to develop bone in
this non-specific location is more challenging and, thus, more persuasive of the innate
properties of the scaffold [41,60,61].

2.3. Effects of Graphene–Oxide Porous Biopolymer Hybrids on Ectopic Bone Formation

In the in vivo study, we investigated the ectopic osteogenic differentiation potential
of the scaffolds, without any advantage (dedicated cells, specific matrix, suitable growth
factors) provided by an osteogenic area, wherein osteoblastic differentiation is stimulated
by different signaling pathways (BMP, NF-kB, MAPK, Wnt) [62].

In vivo osteogenesis stimulated by GO addition in GCs networks was evaluated by
quantitative analysis of biomarkers (seric ALP, opn and runx2) and the span of bECM
deposits. Furthermore, by confocal microscopy, protein expression of opn and runx2 was
illustrated, while histological staining results were captured under the light microscope.
All of the mice survived until the retrieval of the implanted specimens, and there were no
general or local complications.

ALP is an early marker of osteogenic differentiation. The serum expression variations
of ALP based on the nature of the scaffolds are not very high and borderline significant,
but it still registers an increase with the addition of Gp, however, and is hindered by the
presence of GO (Figure 4a). Of note, the presence of Gp as a crosslinking agent in the
second tested control in this present study has channelled beneficial effects with respect
to in vitro osteogenic differentiation, along the same lines with other studies that have
explored the addition of this biomolecule in scaffolds designed for BTE [62,63].

The profile of osteogenic differentiation in implanted GCs, GCsGp and GCsGp/GO
0.5% wt.% was evaluated by qPCR analysis for two osteogenic markers, namely runx2 and
opn. qPCR results indicated that 28 days post insertion, cells populated the material, since
both osteogenic opn and runx2 genes were expressed in vivo (Figure 4b).

At the scaffold implantation site, the early osteogenesis process was quickly activated,
showing an increased gene expression of the essential transcription factor runx2 toward
Gp and Gp/GO enhanced scaffolds [64]. Furthermore, cell differentiation into mineralized
matrix producing osteoblast phenotype was also stimulated by the GO enriched substrate
during late osteogenesis, as shown by the immunopositivity of opn, which was strongly
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expressed 28 days after implantation. In a similar pattern, it was documented for runx2
and opn during osteoblast differentiation in vitro.
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Figure 4. (a) Seric ALP activity 28 days post-implantation of GCs, GCsGp and GCsGp/GO 0.5% wt.%
Scaffolds to mice; in vivo osteogenic profile analyses (b) mRNA expression of opn and runx2 four
weeks post-implantation (statistical significance #,* p < 0.05); (c) confocal microscopy protein expres-
sion of opn (red) and runx2 (green) and cell nuclei stained in blue four weeks post-implantation.

After 28 days of in vivo state, both gene expressions were significantly lower in
GCs and GcsGp compared to the GO-reinforced scaffold (p < 0.05). These data suggest
the initiation of in vivo osteogenesis for all tested compositions, but with a significant
stimulation per the scaffold containing 0.5% GO. Thus, these results indicate that the
addition of GO brings an important contribution to the triggering and maturation of
in vivo osteogenic differentiation. The confocal microscopy revealed the same pattern for
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opn and runx2 positivity (Figure 4c). It can be noticed that runx2 protein expression (green
labeling) has been evidenced in the case of all three tested composites after 28 days of
in vivo ectopic implantation, suggesting the presence of bone cells within the structure of
the scaffold. Conversely, runx2 expression is stronger for all compositions as green staining
fluorescence is visually clearest. It is better regulated in vivo rather than in vitro, advancing
the idea that the master osteoblast regulator and transcription factor, promoter of key
collagen I, ALP, opn and osteocalcin downstream genes [65], better intervene in support of
osteoblast phenotype when in genuine physiological media. The obtained images indicate
a more intense labeling in the case of a GCsGp/GO 0.5% system. The same can be stated
in the case of opn protein expression (labeled in red), which has been found to be better
outlined in the system where GO was added. opn, nonetheless, down-regulates osteoclasts
cycles, is involved in bone matrix resorption, as it can bind calcium phosphates, and most
likely connects superficial cell receptors to the support matrix through its specific RGD
sequence [66]. For simply being expressed at the implantation site, one can analogize the
resembling phenomena of the native bone metabolism cycle to the incipient event of ectopic
bone formation within the implanted scaffolds.

Histological examination of the samples by H&E, Gömöri trichrome and ARS staining
was performed under a light microscope, which enabled the detection of cell infiltration
on all of the retrieved scaffolds implanted subcutaneously (Figure 5a). H&E staining
demonstrated that the number of cells spread into the GCsGp/GO 0.5% network is superior
to cell percolation observed against the controls. Furthermore, the highest amount of EC
matrix found embedded in the scaffold pores corresponds to GO composite too. The GCs
control, in particular, exhibits the poorest ECM penetration in the interconnected pore
network; still, well-defined sectors were formed, preferentially following the durotaxis
gradient (Figure 1c).

Gömöri’s trichrome staining was green positive in all samples, yet distinctly significant
for GCsGp/GO 0.5% scaffold (p < 0.001). In this respect, collagen subsequently connected
to create basic fibrous frameworks supporting bone formation. When reported to the bare
GCs control, the production and in bulk pore occupancy by the secreted collagen was
increased 3.7-fold upon GO and Gp supplementation and only by 1.2× for the scaffold
reinforced with crosslinking agent alone (Figure 5b). Moreover, we assert that calcium
mineral deposits developed against the foreign matrix of GCsGp/GO 0.5% and overlapped
across the collagen Gömöri’s positive areas is a prompt but firm mark of ectopic bone
formation. According to ARS staining, ectopic bone formation commenced mainly in
GO-filled scaffold (p < 0.001 compared to GCs), while less evidence of mineralization could
be identified in the two controls. In those cases, the nuclei of mineralization are rather
disconnected or in the process of convergence (Figure 5c).

The three staining assays concur in regards to the matter of the composition best
endowed to support de novo bone tissue ingrowth. Twenty-eight days post-implantation,
functional GO-reinforced 3D scaffold implants exhibited a better cellular infiltration and
matrix production compared to GCs and GCsGp. Conformal to these intermediary staining
outcomes, GO composites behaviorly outdo the in vivo performance of the controls. By its
distinct nature, GCsGp/GO 0.5% excels at indulging the ectopic percolation of individual
osteoblasts and finally the formation of the organic/inorganic osteogenic matrix.

GO embedded polymer-based frameworks for bone regeneration have been previously
reported by us [59]. Our experimental results support the finding that GO promotes ectopic
osteogenesis, as we have previously shown that with increasing graphene concentration in
chitosan scaffolds implanted in bone defects, early and late osteogenesis marker expression
is stimulated [57]. Other studies suggested innate osteoinductivity for GO, but the effects
were weak under those conditions [19,67,68].
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Figure 5. Histological analysis of the ectopic bone occurrence in GCs, GCsGp and GCsGp/GO
0.5% wt.% Scaffolds 28 days post-implantation. (a) Representative H&E, Gömöri trichrome and ARS
stainings. Scale Bar 20 µm; (b) The analysis of the area of collagen domains according to Gömöri
staining indicated that significantly more collagen was secreted within GCsGp/GO 0.5% wt.% Group
as opposed to GCs group (* p < 0.001); (c). ARS staining indicates that significantly more calcium
mineral deposits are present in the GCsGp/GO 0.5% wt.% group than GCs group (* p < 0.001).

2.4. Dynamic Changes in Graphene–Oxide Porous Biopolymer Hybrids during Ectopic
Bone Formation

Biomaterials, after explantation on day 28 after surgery, are only occasionally charac-
terized from the morphological point of view and scarcely structurally. This lot, however,
after retrieval, was subjected to some unconventional analyses to uncover possible clues
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pointing towards the certification of biochemical and immunohistochemical results. Firstly,
µCT provided the global image of ectopic mineral formed inside each specimen, and cus-
tomized image data analysis allowed a volumetric assessment of bone amount. By SEM,
sharpened morphological aspects were provided, while some new bECM structuration
theories were outlined empirically. FTIR and XRD spectra granted fundamental insight into
the bi-phasic nature of the neotissue, from the angle of its patterning with respect to the
remnant scaffold and the layout of the implant after long exposure to physiological media.
In addition, structural analysis enables the corroboration of the osteoblast’s phenotype
with the structuration of authentic bone by way of associating detected attributes of the
explants to the acknowledged particularities of genuine tissue.

GO intrinsic osteoconductivity is also highlighted by the results obtained through SEM
(Figure 6) and µCT (Figure 7) investigations. The SEM images of functional GO-reinforced
GCsGp scaffolds showed a higher population of cell scaffolds with a differentiated phe-
notype towards osteoblasts and extensively secreted matrix, compared to GCsGp and
GCs, respectively (Figure 6). On the pristine polymer scaffolds, bECM was formed in
a lower amount and, based on the image contrast and surface texture, with a higher
organic:inorganic ratio. The new collagenous deposits appear to be heavily laden with
inorganic phase, most probably germinal calcium phosphates; still, it is not until the mat-
ter of GO composition that the phosphate phase of the ECM exceeds the organic quota.
Furthermore, roughness is a heightened, topographical feature that favors the adhesion of
circulating bone progenitor cells and the growth of tissue overall.
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Figure 6. SEM micrographs of GCs, GCsGp and GCsGp/GO 0.5% wt.% scaffolds 28 days post-implantation.

Moreover, these findings are supported by the E modulus measurement. EGCsGp/GO 0.5,
despite being within the order of kPa while native bone sites reach 26 GPa [69], significantly
favors the bone formation compared to the two control subjected in our study. GO, besides
patterning the architecture of the 3D network [15], provides loci of amplified stiffness that
delineates cell-friendly durotactic gradients [58], in particular, beneficial for BTE [70].

µCT rendering showed that the biomineral deposits after 28 days of subcutaneous
implantation reside preferentially on the outskirts of the scaffold, penetrating the volume
to a lower extent. This phenomenon might be due to the fact that, initially, the recruited
progenitor cells populate the interface of the living tissue with the artificial material. The
proliferation within the volume can also be influenced by the size of the pores and the cell’s
robustness to infiltrate through the interconnecting channels.

The resolution of the scan is 1.5 µm (pixel equivalent), so individual cells cannot be
displayed; however, the aspect of the inorganic phase of the newly formed bECM suggests
that tissue formation occurs in clusters casually spread at the interphase. These organiza-
tional domains feature a dense and compact aspect, as well as rough topography, resulted
from the agglomeration of quasi-spherical phosphate deposits with slight irregularities.
Incipient clusters of mineralization can also be identified in the innermost areas of the
scaffolds, adhered to the resilient stiffer walls.
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Figure 7. Colorized µCT images of (a) GCs, (b) GCsGp and (c) GCsGp/GO 0.5% wt.% scaffolds
explanted 28 days; (*) marks indicate captures whereby the bi-phasic nature of the samples was
separately highlighted and (**) marks indicate sectional views of the central morphology of the
samples. (d) Charted data correlating mechanical properties and mineral formation based on the
constitutional nature of the composites.

The 3D analysis enables the visualization of the dense crystalline phosphate agglomer-
ation in light shades of gray and white while the lower density domains (original porous
composite and collagenous share of the bECM) in darker tones. For a better visualization,
in Figure 7a,a*,b,b*,c,c*, the mineral deposits were depicted in colors and the organic phase
in white. Figure 7a**,b**,c** illustrates various angles and cross-sections of the tomograms
without color alterations. Crystalline domains are contrastingly highlighted from the non-
mineralized areas and delineate a gradient density sketch whereby the explant resembles
a light-cored/dense-shelled model, as depicted in the cross-sectional views in Figure 8.
Furthermore, the porous architecture of the materials is preserved in all compositions, even
in the case of the uncrosslinked control. This remarkable stability might be due to the
fact that the subcutaneous implantation inferred space constrictions, which limited the
expected solvability.

The CT datasets processing enabled the determination of organic/inorganic fractions
in each composite, as cataloged in Table 1. Considering the scanning resolution, the total
volume of the object was calculated by counting the three-dimensional pixel building blocks
(voxel) of the tomograms and translating the voxel size to metric units; the object volume
does not include the volume of the pores within. Mineral volume and non-mineral volume
were determined by establishing a threshold level in the gray scale pallet of each tomogram,
a clear separation of the inorganic/organic phases based on the image contrast. These
quantitative data are detailed in Table 1, and the mineral percentage in each composition
(vs. the object volume) is consistent with immunohistochemical and biomarkers assays and
substantiates these findings.
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Table 1. Quantitative µCT measurements performed on the GCs, GCsGp and GCsGp/GO
0.5% samples.

Ex Vivo Sample Object (Total)
Volume (mm3)

Mineral
Volume (mm3)

Non-Mineral
Volume (mm3)

Mineral
Percentage (%)

GCs 9.85 2.11 7.74 21.47
GCsGp 9.33 2.99 6.34 32.05

GCsGp/GO 0.5% 10.11 3.96 6.15 39.23

In addition, we plotted the mineral ratios of pairing composites against compression
modulus ratios (Figure 7d) to survey the correspondence between the mechanics and osteo-
genesis, indicating linear and univocal proclivity between the two features. The durotaxis
(cell guidance according to stiffness gradients) of GCs, GCsGp and GCsGp/GO 0.5% can
be pinpointed by unified interpretation of compression test results and quantitative µCT
data; the ratios between the E values and mineral formation follow a linear slope of direct
proportionality. Durotaxis by itself confined the performance of the formulations (under
both in vivo and in vitro angles) to linear variability.
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The nature of the dense crystalline domains in particular was further overviewed
by FTIR and XRD. Figure 8 depicts the FTIR complex spectra of the explanted materi-
als merging specific signal of both initial scaffolds and de novo material formation. The
νOH broad domain of 3600–3000 cm−1 displays a shredded profile due to the plethora
of local maximums of absorption connected to H bonding in remains of the initial im-
planted materials, the newly formed hybrid bECM and the interface of the two (Figure 8a).
Furthermore, as some suggest, the domain can be seen as a heterogeneous area where
proteic νNH signals (often ~3400 cm−1) [71] mingle with the νOH band [30]. Thoroughly
addressing the convoluted band in similar scaffolding materials can be of remarkable
interest in understanding the structural evolution of bioactive materials for BTE during
the process of integration and regeneration. Symmetric and asymmetric stretching of the
C–H bond appear within the 3000–2800 cm−1 range, indicating either specific to residues
on the polysaccharide backbone [72] or lipidic tainting/formations in the bECM [73,74]; in
GCs (2924 and 2858 cm−1) and GCsGp (2922 and 2850 cm−1), the maximum of absorption
manifests slight shifts probably due to the important variations in the amount of new min-
eral formations and the molecular constraints that emerge as a result. In the GO composite,
the symmetric stretching signal disappears as a broad domain in which a maximum of
2951 cm−1 is singularized.

Regarding protein structuration, amide I, II and III signals occur in all compositions. A
signal at ~1730 cm−1 distinguishes with the Gp crosslinking and, consequently, with a GO
addition that can be attributed to νC=O in amide I. Furthermore, the peaks in the range of
1700–1500 cm−1 are linked to amidic vibrations [75]. The amide II signal is weaker in GCs
(1544 cm−1) due to the less chemically stable structure and incidental gelatin dissolution
and increases with the control material’s crosslinking and compositing, manifesting a blue
shift towards 1547 cm−1 [76]. Nonetheless, amide I fingerprint redshifts in GCsGp and
GCsGp/GO 0.5% (towards 1643 and 1647 cm−1) [77]. In a similar fashion, the signals are
stronger as a result of the collagen-based organic matrix formed in vivo and probably also
as a result of the tendency of gelatin to renaturate to collagenic triple helical form. Amide
III absorption peaks in the 1247–1240 cm−1 range [78]. GCs and GCsGp also exhibit weaker
peaks at 1321 and 1375 cm−1 and 1335 and 1398 cm−1, which can be attributed to CO2
saturation of Ca2+ phosphates, whereas the GO composite features a stronger single peak
at 1386 cm−1 [79,80]. Such variations indicate intimate interactions of mineral phases with
the organic artificial matrix as well as the collagenous bECM. With respect to control, Gp
and GO customization of the fish gelatin–chitosan hybrid generates material structurations
that more resemble the natural bone molecular architecture [81]. Crosslinking on its own
could partly renaturate the gelatin structure, while GO was shown to pattern the protein’s
helicity closer to its natural state [82]. Moreover, the appearance of more defined peaks is
supported by the protein rich content of the bECM secreted in the in vivo models. Initial
matrix footprints emerge at ~1450 cm−1, where δCH2 signals lodge, related in particular to
the proline ring [83].

In GCs, the strongest signal originates at 1055 cm−1 for the vibrations of νPO4
3−

moiety in stoichiometric apatite formations [84]. After GCs crosslinking and GO embedding,
its broadness is diminished and the peaks are split to 1061, 1034 and 1066, 1022 cm−1,
respectively [85]. The lower wavenumbers emerging are indications of CO3

2− substitutions
of Ca2+ and, thus, of fluctuations in crystallinity. The 1061/1034 and 1066/1022 ratios are
flipped since the lower wavenumber absorbance is more enhanced in the case of GCsGp/Go
0.5% and still, within the domain of 1000–900 cm−1, particularly for the unsubstituted
(crystalline) apatitic environment, a sharpening tendency is observed [85]. The decline
in the crystallinity of in vivo biominerals is also partway supported by the 1164 cm−1 (in
GCsGp) and 1165 cm−1 (GCsGp/Go 0.5%) peaks of less crystalline apatites; in addition,
within the range of 900–750 cm−1, pyrophoshate specific signals emerge as markers of
less ordered Ca2+ domains while above 600 cm−1, νOH vibrations from stoichiometric
hydroxyapatite are highlighted.
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towards 562 and 564 cm−1, but not outside of the characteristics of ideal crystallinity
of native bone structures [86,87]. Similarly, the position of the 475 peak (νPO4

3−) in
the control is pushed to lower wavenumbers. Intermediary vibrations were detected at
538 ± 5, 496 ± 3 and 452 ± 3 cm−1 assigned to δPO4

3− in apatites with various stoichio-
metrical coefficients [85,88].

The main target of XRD studies was to establish the influence of GO on GC composites’
general mode of structuration and ability to encourage osteoinduction by crystallinity
index determination. According to the spectra displayed in Figure 9a, the XRD pattern
of unloaded composite consists of two diffraction peaks located at 8.5◦ and 11.7◦, one
weak diffraction at 17.9◦ and a broad band around 21.5◦ [2]. The intensity maxima at 8.5◦

and 17.9◦ are assigned to the G domains (organized/unorganized). Their correspondent
d-spacing values of 1.03 and 0.49 nm are in direct relation to the diameter of triple helical
structures (lateral packing of gelatin) and to the isotropic amorphous region (the distance
between amino-acid components), respectively [89,90]. The peak from 11.7◦ and the
broadening domain at 21◦ ascribe to the semi-crystalline chitosan [91,92].
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(b) after explanation; (c) crystallinity index of the three scaffold compositions.

XRD spectra revealed that the addition of GO within the GCs matrix seems to cause
alterations [2] within the unmodified samples spectrum, as the 11.7◦ peak associated with
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chitosan’s crystal I [93] and 21◦ band paired to the crystal II structure [94] significantly
sharpen. Hence, it can be assumed that the identified sharpening is associated with a
higher degree of crystallinity of the polysaccharide [95]; crystallization firstly occurred
after crosslinking and accelerated with the GO embedding [30] within the matrix. This is
confirmed by the crystallinity index (CI) that resulted from

CI = [(Icr − Iam)/I110] × 100, (1)

where Icr is the maximum intensity of the diffraction peak of Cs, and Iam is the intensity
of amorphous diffraction at 2θ = 16◦ [96]. CI values determined for GCs, GCsGp and
GCsGp/GO 0.5% were: 30.84◦, 32.4◦ and 33.55◦, plotted in Figure 9c against the ones
calculated for the ex vivo specimens.

G–Cs interactions partially result from hydrogen bonds and electrostatic interactions
between carbonyl, amino and hydroxyl groups in polymer chains and genipin crosslink-
ing. Generally, they facilitate the miscibility of the protein and polysaccharide but im-
pede gelatin renaturation by decreasing the number of triple helices in the composite
mass [97]. Nonetheless, by adding GO, gelatin renaturation reoccurs, as indicated by the
8.5◦ peak individualization.

The lack of GO signals within the FTIR spectra can be due to equipment limitations
of detecting both the well dispersed and low amounts of GO sheets. Nevertheless, XRD
characterization pointed out the fact that once GO sheets are incorporated within the
hybrids, a slight sharpening of the maximum at 21◦ occurs, as well as an increase in intensity
for the peak at 11.7◦ can be observed, suggesting that GO holds the ability to promote GCs
crystalline features. With respect to the GCs pair affinity, the partial overlapping of the 17.9◦

peak with the 21◦ band is the result of crosslinking between the different species’ chains.
The absence of GO specific intensity maximum from the composite’s spectra supports the
idea of adequate GO nanosheet dispersion throughout the materials volume.

The XRD patterns of explanted scaffold (Figure 9b) reveal the tendency of the material
to rearrange in more ordered patterns with Gp and moreover with GO addition. Explanted
GCs exhibit a rather amorphous structuration with the exception of three sharper but weak
peaks in the range of 31–34◦. These signals appear in the more complex scaffolds too,
featuring fewer broad extents and stronger intensities. Furthermore, the existence of sharp
peaks, which generally characterize the hydroxyapatite at 25.9◦, 28.9◦, 31.9◦/32.4◦/32.0◦,
32.3◦/32.1◦/32.0◦, 33.0◦/33.2◦/33.2◦, 46.7◦, 49.8◦ and 53.2◦ corresponding to the diffraction
planes (002), (120), (121), (112), (300), (222), (123) and (004) [98], respectively, indicate the
presence of native-similar bECM in the explant structure. Meanwhile, the patterns of
the crosslinked and composite matrices show two broad diffraction peaks centered at
2θ 11◦ and a broad band above 16◦, which indicates their semi-crystalline nature. The peak
identified at 11◦, as well as the broad band are attributed to the semi-crystalline structure
of chitosan and the unorganized and endorsed organized domains of gelatin.

The XRD spectra suggest that overall crystallinity increases in the following order:
GCs < GCsGp < GCsGp/GO 0.5%. The CI index calculated for the three specimens follow
the same trend—linearly correlated with the CI of original scaffolds. This suggests that
FTIR analysis cannot support crystallinity observations on its own; to reiterate, the FTIR
spectra pointed out that upon customizing the control material, contrasting variations in
stoichiometric and non-stoichiometric apatite vibrations were detected, with difficulty in
providing a substantial judgment on the most ordered composition.

3. Materials and Methods
3.1. Scaffold Preparation

Graphene oxide powder, crab shell-derived medium molecular weight chitosan with
75–85% deacetylation degree, coldwater fish gelatin, genipin (purity > 98%—HPLC grade),
and acetic acid (99.7%) were purchased from Sigma Aldrich (St. Louis, MO, USA) and
used without prior purification. The composites’ synthesis was carried out in double
distilled water.
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Gelatin/chitosan (GCs), genipin crosslinked gelatin/chitosan blend (GCsGp) and
0.5 wt.% graphene oxide-reinforced genipin crosslinked gelatin/chitosan blend (GCsGp/GO
0.5%) scaffolds were prepared under identical conditions as previously reported [13]. Briefly,
a GO dispersion procedure was carried out using a VCX 750 ultrasonic device from Sonics
and Materials, Inc. (Newton, CT, USA) provided with a Ti-6Al-4V probe tip and a 750 W
processor operating at 20 kHz. The amplitude of the probe tip vibrations was set at 70%
throughout the 1 h GO exfoliation procedure. Gelatin was solubilized in water/GO aqueous
dispersions (5% w/v) and mixed with the chitosan solution prepared in mild acidic solution
(1% v/v). For a total of 50 mL solution, 8.33 mL of gelatin solution was homogenized with
41.67 mL chitosan solution. The crosslinking was carried out with genipin (1% w/w). Next,
materials were frozen at −80 ◦C and freeze-dried (−55 ◦C).

3.2. Former Material Characterization
3.2.1. Compression Tests

Compression tests were performed using a Brookfield CT3 texture analyzer equipped
with a 4500 g cell. Freeze-dried samples with a diameter of 5 mm and a height of 3 mm
were swollen at equilibrium, removed from the aqueous media and blotted dry before
testing. The compressions were performed at a speed of 0.05 mm/s at room temperature.
All measurements were performed in triplicate. A stress–strain graph was plotted using
the dedicated software, and the compression modulus (E) was computed at 2% strain (in
the linear part of the curve).

3.2.2. Micro-Computed Tomography (µCT)

Freeze dried specimens of the GCs, GCsGp and GCsGp/GO 0.5% wt.% scaffold
batch were scanned with Bruker µCT 1272 high-resolution equipment under the following
conditions: no filter, 45 kV source voltage, 200 µA current intensity, 550 ms exposure per
frame. The scanning was performed while samples rotated 180◦, with a rotation step of
0.15. Every recorder projection was the averaged result of 6 acquisitions. Throughout
the scaffold lot, the scanning resolution (image pixel size) was fixed at 4 µm. Tomogram
reconstruction was performed in Bruker NRecon 1.7.1.6 software (Kontich, Belgium) and
rendered in CTVox 3.3.0.0 (Bruker), while sample analysis was performed in CTAn 1.17.7.2
software (Bruker, Kontich, Belgium). For each composite, 4 cylindrical volume-of-interest
(VOI) datasets (constrained in terms of diameter and height) were extracted. VOIs were
subjected to an image-processing task list consisting of thresholding, despeckling, and 3D
analysis (to quantify wall thickness and “intersection surface”). Wall thickness distribution
was depicted while the values calculated for the intersection surface are tabulated in the
adjacent inset (both with standard deviation ± SD).

3.3. In Vitro and In Vivo Biological Assessment
3.3.1. In Vitro Differentiation of 3T3-E1 Cell Line in Contact with GCsGp/GO Biomaterials

Murine pre-osteoblasts from the MC 3T3-E1 cell line (ATCC) were seeded on GCs,
GCsGp and GCsGp/GO composites at a density of 6.5 × 105 cells/cm2 and incubated
for 24 h in standard conditions (37 ◦C, 5% CO2 and humidity). Then, culture media
was discharged and replaced with a commercially available osteogenic induction cocktail
media (StemPro Osteogenesis Differentiation Kit, Thermo Fischer Scientific, Waltham, MA,
USA). The osteogenic process was monitored for 28 days of in vitro cell culture and the
differentiation media was changed every 3 days. The in vitro differentiation was evaluated
at 7 and 28 days post-induction.

3.3.2. Animals and Subcutaneous Mouse Model of Ectopic Bone Formation

CD1 male mice (6 weeks old, weight: 20–25 g) were used. Mice handling was car-
ried out in accordance with the EU Directive 2010/63/EU and national legislation (Law
No.43/2014). All experimental procedures have been approved by the Vasile Goldis West-
ern University Ethics Committee for Research. Animals were housed in individually
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IVC cages, with ad libitum access to food/water, with standard conditions of tempera-
ture/relative humidity and a light/dark cycle of 12/12 h.

Surgical procedures were executed under anesthesia by intraperitoneal (i.p.) ad-
ministration of 100 mg/kg b.w. ketamine hydrochloride and 10 mg/kg b.w. xylazine
hydrochloride. Scaffolds were implanted ectopically into a subcutaneous pocket in the
dorsum of the animals (Figure 10), randomly assigned to three groups (n = 10/group):
1 (GCs), 2 (GCsGp), 3 (GCsGp/GO 0.5 wt.%). After 28 days, mice were euthanatized, and
the subcutaneous explants were removed and collected for further analysis.
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The lack of GO signals within the FTIR spectra can be due to equipment limitations 

of detecting both the well dispersed and low amounts of GO sheets. Nevertheless, XRD 

characterization pointed out the fact that once GO sheets are incorporated within the hy-

brids, a slight sharpening of the maximum at 21° occurs, as well as an increase in intensity 

for the peak at 11.7° can be observed, suggesting that GO holds the ability to promote GCs 

crystalline features. With respect to the GCs pair affinity, the partial overlapping of the 

17.9° peak with the 21° band is the result of crosslinking between the different species’ 

chains. The absence of GO specific intensity maximum from the composite’s spectra sup-

ports the idea of adequate GO nanosheet dispersion throughout the materials volume. 

The XRD patterns of explanted scaffold (Figure 9b) reveal the tendency of the mate-

rial to rearrange in more ordered patterns with Gp and moreover with GO addition. Ex-

planted GCs exhibit a rather amorphous structuration with the exception of three sharper 

but weak peaks in the range of 31–34°. These signals appear in the more complex scaffolds 

too, featuring fewer broad extents and stronger intensities. Furthermore, the existence of 

sharp peaks, which generally characterize the hydroxyapatite at 25.9°, 28.9°, 

31.9°/32.4°/32.0°, 32.3°/32.1°/32.0°, 33.0°/33.2°/33.2°, 46.7°, 49.8° and 53.2° corresponding 

to the diffraction planes (002), (120), (121), (112), (300), (222), (123) and (004) [98], respec-

tively, indicate the presence of native-similar bECM in the explant structure. Meanwhile, 

the patterns of the crosslinked and composite matrices show two broad diffraction peaks 

Figure 10. Experimental design. (a) Preparation of subcutaneous pocket in the dorsum of mice;
(b,c) ectopic subcutaneous implantation of the scaffold; (d) closure of the overlaying skin;
(e) scaffolds before implantation; (f) GCsGp/GO 0.5% wt.% scaffold 28 days after subcutaneously
implantation to mice.

3.3.3. Biochemistry

Blood samples were collected by cardiac puncture into sterile containers, without
anticoagulant. Biochemical analysis was carried out to determine the serum level of alkaline
phosphatase (ALP) using a biochemical analyzer (Mindray BS-120, ShenzenMindray Bio-
Medical Electronics).

3.3.4. Histology

The in vitro samples and the in vivo explants were fixed for 24 h in 4% paraformalde-
hyde, embedded in paraffin and cut in 5.0 µm thick sections. All samples were stained with
Hematoxylin and Eosin (H&E) for morphological analysis and Alizarin Red S (ARS), to
label calcium deposits as indicative of mineralization from cells displaying an osteogenic
phenotype. Ex vivo explants were also stained by a Gömöri’s trichrome kit (Leica Biosys-
tems) to demonstrate collagen synthesis. Microscopic sections were analyzed with an
Olympus BX43 microscope.
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3.3.5. Immunohistochemistry

Immunohistochemical staining was performed on in vitro slides, with anti-mouse
RUNX2 (diluted at 1:100; sc-390715, Santa Cruz Biotechnology, CA, USA) and OPN (diluted
at 1:100; sc-73631, Santa Cruz Biotechnology, CA, USA) primary antibodies. For visualiza-
tion, Novocastra Peroxidase/DAB kit (Leica Biosystems, Nussloch, Germany) was utilized,
according to the manufacturers’ instructions.

3.3.6. Immunofluorescence

The in vivo sections were incubated with primary antibodies against RUNX2 (di-
luted at 1:100; sc-390715, Santa Cruz Biotechnology, CA, USA) and OPN (diluted at 1:100;
sc-73631, Santa Cruz Biotechnology, CA, USA), and then with secondary antibody con-
jugated with Alexa Fluor 488 flourescent dye (diluted at 1:200; A-11029, Thermo Fischer
Scientific, Waltham, MA, USA). Finally, cell nuclei were visualized by DAPI and viewed un-
der the confocal Leica TCS SP8 microscope system (Leica Biosystems, Nussloch, Germany).

3.3.7. qPCR Analysis of Osteogenic Markers

Total RNA isolation was achieved by using TRIzol (Thermo Fisher Scientific, Waltham,
MA, USA) and further RNA integrity number (RIN) was analyzed using an Agilent
2100 bioanalyzer. cDNA was synthesized using an iScript DNA synthesis kit (BioRad,
Hercules, CA, USA) and was amplified by PCR using Veriti 96-well Thermal Cycler (Ap-
plied Biosystems, Waltham, MA, USA). qPCR was performed using SYBR Select Master
Mix (Thermo Fisher Scientific, Waltham, MA, USA) and Viia7 equipment (Thermo Fisher
Scientific, Waltham, MA, USA). Every sample was evaluated in triplicate and the gene ex-
pression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a reference
gene (Table 2).

Table 2. List of primers used for qPCR analysis of osteogenic differentiation in 3T3-E1/GCsGp/
GO biosystems.

Genes Primers

opn Forward: 5′-CTGGCAGCTCAGAGGAGAAG-3
Reverse: 5′-TTCTGTGGCGCAAGGAGATT-3

runx2 Forward: 5′-ATCCCCATCCATCCACTCCA-3
Reverse: 5′-GGGGTGTAGGTAAAGGTGGC-3′

gapdh Forward: 5′-AACTTTGGCATTGTGGAAGG-3′

Reverse: 5′-ACACATTGGGGGTAGGAACA-3′

3.3.8. Statistical Analysis

The resulted data were statistically evaluated using one-way ANOVA method fol-
lowed by a Bonferroni multiple comparison test. For this matter, GraphPad Prism 6.0
software (San Diego, CA, USA) for Windows 10 was used. All results are presented
as mean ± SD of n = 3 experiments, and p-values < 0.05 were considered to be
statistically significant.

3.4. Ex Vivo Material Characterization (28 Days Post-Implantation)
3.4.1. Fourier-Transform Infrared Spectrometry (FTIR)

FTIR investigations were carried on a SHIMADZU 8900 (Kyoto, Japan) on the subcu-
taneously explants, collected 28 days after material’s implantation, under Attenuated Total
Reflectance (ATR) mode. The spectra resulted from the average of 32 acquisition with a
resolution of 4 cm−1 over the range of 400–4000 cm−1.

3.4.2. X-ray Diffraction (XRD)

X-ray diffraction measurements were performed at room temperature using a Pan-
alytical X’Pert Pro MPD (Malvern, UK) instrument provided with a Cu Kα radiation
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source. For analogy reasons, XRD spectra were recorded before implantation and 28 days
post-implantation.

3.4.3. Scanning Electron Microscopy (SEM)

Both of the in vitro and in vivo samples were processed according to the technique
described previously [33] and analyzed under scanning electron microscope—Quanta
Inspect F SEM device equipped with a field emission gun (Fei Company, Hillsboro, OR,
USA) with 1.2 nm resolution.

3.4.4. Micro-Computed Tomography

Explated scaffolds were scanned with the same equipment as before the surgical
procedure, under different parameters: 50 kV source voltage, 200 µA source current,
1200 ms exposure, 1.5 µm image pixel size. The rotation step was increased to 0.2◦ while
the scan was performed upon a 360◦ sample rotation to avoid artifacts that may appear
due to the presence of high-density mineral. Every projection was the averaged result of
3 acquisitions. Reconstruction, 3D illustration and bone mineral analysis were carried out
in the same dedicated pieces of software provided by Bruker.

4. Conclusions

The aim of this study was to design a porous biopolymer hybrid as solutions to the lack
of autologous bone needed to regenerate large defects in orthopedics. This is a pioneering
account that graphene oxide incorporation in fish gelatin/chitosan/genipin scaffolds up-
regulates both osteogenic differentiations in vitro and above all bone formation in ectopic
sites when implanted in mice models.

To sum up, the data presented in this paper demonstrated that the addition of GO
to the GCsGp composite enhances the expression of runx2 and opn during osteogenic
differentiation. Moreover, data on collagen production and ectopic calcium deposits within
the explanted composites originated from histology staining and underlined the capacity
of the biomaterial alone to recruit bone cells in an ectopic site. Further, µCT results pro-
vided a measure of quality control over the Ca2+ biomineral survey. Overall, GCsGp/GO
0.5% wt was validated as the material with the strongest osteoinductive character, empha-
sizing, once again, the high gain from low GO supplementation of the polysaccharide-
protein conjugate.

Bone formation within artificial materials is a process that is far from being fully com-
prehended down to its finely tuned mechanisms especially in the case of multi-component
materials, which lack well-known bone-forming inducers and are structurally extremely
complex. The present study covers the multi-angle investigation of a substrate of G and
Cs, which we customized to a more bone-oriented scaffold by Gp crosslinking and GO
embedding. These optimizations lead to a composite with osteoinduction-friendlier chem-
istry, crystallinity and durotaxis. The previously discussed results corroborate an overview
understanding of material structuration and the GO-enabled features that best favor best
the bone tissue formation in the experiment designed for this study. Quantitatively, the
bECM secreted by the cells recruited to the implantation site was higher in the GO compos-
ite with the remark that the stoichiometry of in situ formed apatite was slightly below the
GCs and GCsGp.

Among our perspectives, we consider addressing this issue upon a longer timeframe
in order to gain insights on the osteoinductive manifestation of GCsGpGO materials and
its aftereffects with respect to time. The variety of physical particularities and key chemical
signals it provided enables the ranking of this survey as the first report on the osteogenic
differentiation in vitro and bone formation in ectopic sites on the echelon of Ca2+ free GO
embedded GCs blends.
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Abstract: Photodynamic therapy (PDT), as a novel technique, has been extensively employed in
cancer treatment by utilizing reactive oxygen species (ROS) to kill malignant cells. However, most
photosensitizers (PSs) are short of ROS yield and affect the therapeutic effect of PDT. Thus, there is a
substantial demand for the development of novel PSs for PDT to advance its clinical translation. In
this study, we put forward a new strategy for PS synthesis via modifying graphene quantum dots
(GQDs) on the surface of rare-earth elements doped upconversion nanoparticles (UCNPs) to produce
UCNPs@GQDs with core-shell structure. This new type of PSs combined the merits of UCNPs and
GQDs and produced ROS efficiently under near-infrared light excitation to trigger the PDT process.
UCNPs@GQDs exhibited high biocompatibility and obvious concentration-dependent PDT efficiency,
shedding light on nanomaterials-based PDT development.

Keywords: photodynamic therapy; photosensitizer; upconversion nanoparticles; graphene quantum
dots; reactive oxygen species

1. Introduction

Photodynamic therapy (PDT) is an emerging cancer treatment method combining
light, oxygen, and a photosensitizer (PS) to produce highly cytotoxic reactive oxygen
species (ROS) that cause cancer cell death [1–3]. Two kinds of mechanisms (type I and II)
are involved in the PDT process. In most cases, the type II mechanism needs to transform
ground-state triplet oxygen (3O2) into highly reactive singlet oxygen (1O2) and is limited
by the concentration of O2. Different from the type II route, the type I process takes place
through either electron or hydrogen atom abstraction by exciting PSs from the substrate
and performs well even under low O2 conditions [4,5]. Compared with conventional
cancer therapy methods, PDT is superior in minimal side effects, low cumulative toxicity,
precise targeting therapy with no damage to neighboring normal tissues, and long-term
therapeutic effect [6]; however, inherent shortages of PDT impede its clinical translation,
such as limited depth of light penetration, inefficient ROS generation, and lacking ideal PSs.

In recent years, nanoparticles (NPs) have been tried to be used as PSs toward solving the
associated problems with PDT [7,8]. Upconversion nanoparticles (UCNPs) are a new type of
optical nanomaterials composed of rare earth elements with low bandgap and featured with
narrow emission bands and excellent photostability [9–12]. The upconversion luminescence
of UCNPs provides an alternative way to overcome the existing drawbacks of PDT [13].
The near-infrared (NIR) excitation light of UCNPs is a transparent window in tissue and
permits deep tissue penetration. Besides that, due to the adjustable doped ratio of rare earth
elements, the intramolecular charge transfer can be realized via excited state absorption
and energy transfer, which provides a promising pathway for electron transfer aiding ROS
generation [14,15]. Meanwhile, versatile nanocomposites based on UCNPs can be designed
due to their easy surface functionalization and show great potential for PDT applications.
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In this work, UCNPs (NaYF4:Yb/Er) were modified with graphene quantum dots
(GQDs) to obtain a composite (UCNPs@GQDs) which was used as PSs for PDT in the
NIR therapeutic window. The surface of UCNPs was activated by the N-doped GQDs,
which were synthesized by using folic acid (FA) as a carbon source. GQDs were selected as
the modification agent due to their rich valence band could stabilize electrons/holes [16].
GQDs displayed some advantages which were beneficial for PDT, such as excellent photo-
luminescent features, corrosion resistance, high water solubility, high photo/pH-stability,
in vitro and in vivo biocompatibility, and efficient ROS generation [17,18]. Here, the ROS
generation performance was dramatically promoted in the composite of UCNPs@GQDs
due to the up-convert energy transition and dexter excitation transfer (DET), which was
identified by photoluminescence (PL) spectra. ROS production was accompanied by the
chemical adsorption of oxygen, which was reduced by the photo-induced electrons to
be O2

•− and then was oxidized to be 1O2 by holes. Significantly, upon protonation, the
charge separation was further increased due to the improved light absorption capacity and
limited electron–hole recombination. Combined with the excellent charge separation and
promoted oxygen diffusion and ROS release, the modified UCNPs led to excellent PDT
performance through the type I mechanism.

2. Results
2.1. Characterization of UCNPs@GQDs

The morphology of UCNPs@GQDs was examined by transmission electron microscopy
(TEM) and scanning electron microscope (SEM) (Figures 1a and S1b). UCNPs@GQDs ex-
hibited a core-shell structure, and the thickness of the shell was about 1.8 nm. All of the
nanoparticles displayed similar shapes and equal sizes. UCNPs lattice was observed, and
the width of lattice fringes was 0.51 nm which was consistent with the characteristic packing
of UCNPs demonstrating the core-shell structure of UCNPs@GQDs. Elemental mapping
images in Figure S2 also proved this and showed that the distribution of elements C, N, and
O was consistent with that of elements Y and Yb. The X-ray diffraction (XRD) patterns of
the synthesized GQDs, UCNPs, and UCNPs@GQDs are presented in Figure 1b. XRD profile
of UCNPs clearly revealed their crystallization of the α phase (JCPDS 77-2042) [19]. The ob-
vious peak located at 25◦ in the XRD pattern of GQDs arose from the 002-lattice plane [20].
The XRD pattern of UCNPs@GQDs demonstrated their well-crystallized structure, which
was the same as that of UCNPs. The zeta potential of GQDs, UCNPs, and UCNPs@GQDs
was detected in pH = 7 aqueous medium and is shown in Figure 1c. It exhibited that the
zeta potential of GQDs was opposite to that of UCNPs. That was why the two particles
were mutually combined to form a composite. Meanwhile, the decrease in zeta potential
for UCNPs@GQDs proved the successful loading of GQDs. The detailed bond structure
on the UCNPs@GQDs surface was confirmed by X-ray photoelectron spectroscopy (XPS)
spectra (Figure 1d–f). In the high-resolution XPS spectra of C 1s of UCNPs@GQDs, C=C
(284.2 eV), C-O (284.9 eV), and C=O (288.4 eV) peaks were observed and demonstrated the
existence of GQDs on the surface of UCNPs. The high-resolution XPS spectra of Y 3d also
confirmed this result. In addition to the presence of the Y-F (161.2 eV) peak of NaYF4, Y-O
(159.2 eV) peak also presented with higher strength, possibly because the oxygen-containing
functional groups existing on the surface of GQDs filled within lattice defects of NaYF4. As a
result, DET may occur between GQDs and UCNPs. The convergence of the XPS profiles of C
1s and Y 3d was good, demonstrating the credibility of these data (Figure S3).
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the lattice fringes of UCNPs. (b) XRD pattern of UCNPs@GQDs. (c) Zeta potential of GQDs, 
UCNPs, and UCNPs@GQDs. (d) XPS survey spectrum of UCNPs@GQDs. (e) High-resolution C1s 
XPS profiles of UCNPs@GQDs. (f) High-resolution Y 3d XPS profiles of UCNPs@GQDs. 

As one kind of carbon dot, GQDs also have excitation wavelength-dependent PL 
emission [21]. GQDs emission exhibited a red shift as the excitation light shifted to a 
longer wavelength (Figure 2a). The strongest emission of GQDs was located at 412 nm 
when the excitation wavelength was 350 nm. Such properties were inherited in 
UCNPs@GQDs PL spectra, which also had the red-shift effect and gave the maximum 
emission at the wavelength of 382 nm excited by the light of 320 nm (Figure 2b). The PL 
emission of UCNPs@GQDs gives them the potential to be fluorescent imaging materials. 
The decrease in emission intensity of UCNPs@GQDs was referred to as the result of the 
blocking of n-π* transitions of oxygen-containing functional groups on the surface of 
GQDs. Based on XPS spectra, the oxygen-containing functional groups partially filled in 
the lattice defects of UCNPs, making some n-electrons participate in forming feedback 
bonds, which weakened the PL emission of UCNPs@GQDs. These results indirectly 
proved the successful formation of the core-shell structure in UCNPs@GQDs. Mean-
while, under the irradiation of 980 nm laser, the main emission peaks of the UCNPs lo-
cated at 407, 525, 543, and 657 nm and were attributed to 2H9/2→4I15/2, 2H11/2→4I15/2, 4S3/2→
4I15/2, 4F9/2→4I15/2 transitions of Er3+ ions, respectively. GQDs gave a broad UV-Vis absorp-
tion band which centered at ~310 nm but had no overlap with the emission of UCNPs, 

Figure 1. Characterization of UCNPs@GQDs. (a) HRTEM image of UCNPs@GQDs. The inset was the
lattice fringes of UCNPs. (b) XRD pattern of UCNPs@GQDs. (c) Zeta potential of GQDs, UCNPs, and
UCNPs@GQDs. (d) XPS survey spectrum of UCNPs@GQDs. (e) High-resolution C 1s XPS profiles of
UCNPs@GQDs. (f) High-resolution Y 3d XPS profiles of UCNPs@GQDs.

As one kind of carbon dot, GQDs also have excitation wavelength-dependent PL
emission [21]. GQDs emission exhibited a red shift as the excitation light shifted to a longer
wavelength (Figure 2a). The strongest emission of GQDs was located at 412 nm when
the excitation wavelength was 350 nm. Such properties were inherited in UCNPs@GQDs
PL spectra, which also had the red-shift effect and gave the maximum emission at the
wavelength of 382 nm excited by the light of 320 nm (Figure 2b). The PL emission of
UCNPs@GQDs gives them the potential to be fluorescent imaging materials. The decrease
in emission intensity of UCNPs@GQDs was referred to as the result of the blocking of n-π*
transitions of oxygen-containing functional groups on the surface of GQDs. Based on XPS
spectra, the oxygen-containing functional groups partially filled in the lattice defects of
UCNPs, making some n-electrons participate in forming feedback bonds, which weakened
the PL emission of UCNPs@GQDs. These results indirectly proved the successful formation
of the core-shell structure in UCNPs@GQDs. Meanwhile, under the irradiation of 980 nm
laser, the main emission peaks of the UCNPs located at 407, 525, 543, and 657 nm and
were attributed to 2H9/2→4I15/2, 2H11/2→4I15/2, 4S3/2→4I15/2, 4F9/2→4I15/2 transitions
of Er3+ ions, respectively. GQDs gave a broad UV-Vis absorption band which centered
at ~310 nm but had no overlap with the emission of UCNPs, indicating there was no
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Förster resonance energy transfer between UCNPs and GQDs (Figure 2c) [22,23]. The
emission spectra of UCNPs@GQDs, UCNPs, and GQDs were detected through exciting
by a 980 nm laser to explore the possible energy transfer mechanism between the UCNPs
and GQDs. Compared with the emission spectrum of UCNPs, the main emission peak
located at 543 nm significantly dropped as well as a new emission peak appeared at 354 nm
in the emission spectrum of UCNPs@GQDs (Figure 2d). The new emission at the short
wavelength availed electron ionization in high-energy states to generate ROS in an aqueous
environment. The emission intensity of UCNPs@GQDs was dramatically quenched by
GQDs, giving a promise for cytotoxic 1O2 generation [24]. The inset photograph in Figure 2d
also clearly showed that the upconversion emission of UCNPs was partially quenched
by the incorporated GQDs. Pure GQDs gave no upconversion emission irradiated by the
980 nm laser. As a result, the synthesized UCNPs@GQDs can be used as a potential PDT
agent activated by NIR lights.
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Figure 2. Optical properties of UCNPs@GQDs. (a) PL spectra of GQDs detecting with differ-
ent excitation wavelengths. (b) PL spectra of UCNPs@GQDs detecting with different excitation
wavelengths. (c) The spectral overlap of GQDs absorption and UCNPs emission (λex = 980 nm).
(d) Upconversion luminescence spectra of UCNPs@GQDs, UCNPs, and GQDs (λex = 980 nm). The
insert is the photograph of UCNPs@GQDs and UCNPs upon 980 nm laser irradiation.

2.2. In Vitro ROS Detection for UCNPs@GQDs

·OH and 1O2 are two kinds of ROS that are cytotoxic to cancer cells and can kill them
by activating cell apoptosis or necrosis by attacking organic compounds encountered in
the PDT process. Room-temperature electron paramagnetic resonance (EPR) spectra were
collected to detect ·OH generated by UCNPs@GQDs under the irradiation of a 980 nm
laser. DMPO was utilized as a specific detection reagent for ·OH to examine the variation
of ·OH generation with the irradiation time. In Figure 3a, the characteristic 1:2:2:1 EPR
signals (marked with red asterisk symbols) were assigned to DMPO-·OH and confirmed the
generation of ·OH, which increased with the time of laser irradiation. In this system, DMPO
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was oxidized by 1O2 to be 5,5-dimethyl-2-oxopyrroline-1-oxyl (DMPOX), which gave triplet
signals in EPR spectra (marked with black square symbols), indicating the existence of 1O2
in this system. Meanwhile, 1O2 generation was further detected by two specific fluorescent
probes, Singlet Oxygen Sensor Green (SOSG) and 1,3-diphenylisobenzofuran (DPBF). SOSG
was sensitive to 1O2, while it did not react with ·OH or superoxide. SOSG reacted with 1O2
to give green FL, which became more intense with the increasing amount of 1O2. As shown
in Figures 3b and S4a,b, the FL intensity of SOSG rapidly increased with the presence of
both UCNPs and UCNPs@GQDs under the 980 nm laser irradiation. Compared with the FL
intensity curve of UCNPs, the slope of the curve of UCNPs@GQDs was larger, indicating
more 1O2 generation induced by UCNPs@GQDs. Then, 1O2 production of UCNPs@GQDs
was investigated by DPBF, which was a commercial fluorescent probe and irreversibly
reacted with 1O2 to be 1,2-dibenzoylbenzene (DBB) (Figure S4c). The conjugated structure
in DBB was broken and resulted in the decrease of absorbance of DPBF. Upon irradiation by
a 980 nm laser, the absorbance intensities were decreased by UCNPs and UCNPs@GQDs,
while GQDs brought no effect on the absorbance intensity (Figures 3c and S3d). Both
UCNPs and UCNPs@GQDs induced 1O2 generation. The irradiation time was longer,
and the decrease in the absorbance intensity was faster (Figure S4e,f). The slope of the
curves in Figure 3c represented the efficiency of 1O2 generation. It was obvious that the
efficiency of 1O2 generation induced by UCNPs@GQDs was higher than that of UCNPs.
All these results demonstrated the capability of UCNPs@GQDs for ROS generation, which
is promising for their application in PDT.
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Figure 3. In vitro 1O2 detection for UCNPs@GQDs. (a) EPR spectra of UCNPs@GQDs were detected
under the irradiation of a 980 nm laser for different times. DMPO was used as the specific scavenger
agent to detect ·OH generation. The EPR signals marked with red asterisk symbols were assigned
to DMPO-·OH. The EPR signals marked with black square symbols were assigned to 1O2. (b) FL
intensity curves of SOSG were detected at 525 nm upon treatment by UCNPs and UCNPs@GQDs
and subsequent 980 nm laser irradiation in different time duration. (c) Absorption decay curves
of DPBF were detected at 420 nm upon treatment by UCNPs@GQDs and subsequent 980 nm laser
irradiation in different time duration.

2.3. PDT Assessment for UCNPs@GQDs

Before PDT assessment, the cytotoxicity of UCNPs@GQDs was evaluated by Live/Dead
assay kit to make sure whether their biocompatibility was appropriate for PDT tests. A
series of UCNPs@GQDs concentrations ranging from 0.16 to 1600 µg·mL−1 were assessed
in order to test all the concentrations used in PDT tests. Without NIR laser irradiation,
the cells treated by UCNPs@GQDs exhibited high cell viability, which was above 80% at
the concentration even up to 1600 µg·mL−1 suggesting the good biocompatibility of the
synthesized UCNPs@GQDs (Figures 4a and S5a). UCNPs@GQDs-treated cells followed
by NIR laser irradiation had an apparently declined cell viability compared with the dark
group demonstrating UCNPs@GQDs had perfect PDT efficacy for tumor cells (Figures 4b
and S5b). The data in Figures 4b and S4c also indicate that UCNPs@GQDs displayed poor
toxicity to the cells under dark conditions.
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High ROS generation is indispensable for a PS and plays an important role in the PDT
process. The amount of ROS is kept low in a normal intracellular microenvironment of
cancer cells and easily neutralized by in vivo antioxidants. PS can break this balance by
inducing a large amount of ROS generation and initiating cell apoptosis. Dihydroethidium
(DHE) was used as a specific FL probe to detect intracellular ROS generation induced
by UCNPs@GQDs under NIR laser irradiation. Intracellular DHE gave blue FL emis-
sion (λex = 370 nm) before illumination and reacted with ROS to give red FL emission
(λex = 535 nm) after illumination. As shown in Figure 5, the red FL of ROS augmented with
the increase in UCNPs@GQDs concentration, and the results were consistent with the data
on cell viability.
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Figure 5. Intracellular ROS detection using DHE as the specific fluorescent probe. HeLa cells were
treated with different concentrations of UCNPs@GQDs and illuminated by a 980 nm laser.

3. Discussion

Here, GQDs-modified UCNPs were used as a novel PS in the PDT process induced by
NIR light. The composite UCNPs@GQDs were facilely prepared and exhibited excellent
biocompatibility. Cytotoxic ROS was efficiently generated upon NIR light irradiation. As a
result, this work provides a novel paradigm with highly integrated functionalities, which
exhibits excellent prospects not only for imaging-guided PDT but also encourages us to
further explore new types of multifunctional NPs for biomedical applications.
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4. Materials and Methods
4.1. Reagents and Materials

FA, oleic acid, 1-octadecene, and Tris-HCl buffer were all purchased from Sigma-
Aldrich Chemical Co. Ltd. (St. Louis, MO, USA). Ethanol (99.7%) and sodium hydroxide
were purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Hydrochlo-
ric acid (HCl), methanol (MeOH), and cyclohexane were supplied by Beijing Chemical
Reagent Co. Ltd. (Beijing, China). SOSG, DPBF, and DHE were purchased from Leyan
reagent Co. Ltd. All chemical reagents were used as received without further purification.

4.2. Apparatus

High-resolution TEM (HRTEM) images were recorded by a JEOL-1400 transmission
electron microscope (JEOL, Tokyo, Japan). The PL spectra were performed on an Agilent
Cary Eclipse spectrofluorometer (F-7000, Hitachi, Japan). The silt width was set as 5 nm.
The voltage of the photomultiplier tube (PMT) was controlled to be 700 V. UV-vis absorption
spectra were collected on a Perki-nElmer Lambda 950 spectrophotometer. SEM images were
taken on a field emission scanning electron microscope (FESEM, Carl Zeiss AG, Germany).
XRD spectra were collected on Bruker D8 diffractometer with the Cu Kα radiation. XPS
was measured by an X-ray photoelectron spectrometry (AXIS SUPRA, SHIMADZU, Japan).
EPR spectra were measured on a Bruker E500 spectrometer.

4.3. Material Synthesis
4.3.1. Synthesis of GQDs

GQDs were synthesized according to a previous method with some modifications [25].
Then, 10 mg FA was dissolved in 15 mL of deionized water. It was uniformly dispersed
under ultrasonic conditions and then transferred into a 25 mL Teflon-lined stainless-steel
autoclave. The FA solution was heated at 240 ◦C for 6 h. After cooling to room temperature,
a dark brown liquid was obtained and centrifuged at 12,000 rpm for 10 min to remove the
sediment. The product was freeze-dried and stored at room temperature for further use.
The obtained N-doped GQDs were sphere-like NPs of about 2–3 nm size (Figure S1a) and
consisting of nitrogen and functional groups of –OH, –NH2, and –COOH.

4.3.2. Synthesis of UCNPs

The coprecipitation method was adopted to synthesize the UCNPs (NaYF4:Yb/Er)
following a recipe from the literature with some slight modifications [26]. Then, 3.2 mL
Y(OAc)3 (0.2 M), 720 µL Yb(OAc)3 (0.2 M), 80 µL Er(OAc)3 (0.2 M), and 6 mL oleic acid
were mixed well in a 100 mL two-neck flask, and the reaction was carried out at 150 ◦C
for 30 min under vigorous stirring to evaporate the water. Then, 14 mL1-octadecene was
added to the mixture, and the reaction was kept at 150 ◦C for another 30 min. After that,
the temperature of the mixture was cooled to ~50 ◦C. Then, 4 mL NaOH solution (0.5 M,
dissolved in MeOH) was mixed with 8 mL NH4F solution (0.4 M) and quickly added into
the reaction system, which was kept at 50 ◦C for 30 min. Then, the temperature of the
system was warmed up to 100 ◦C and held for 20 min to remove MeOH. After three cycles
of pumping and charging with high-purity nitrogen, the reaction was carried out at 290 ◦C
for 2 h under nitrogen protection. After the reaction was completed and cooled to room
temperature, ethanol, cyclohexane, 2 M HCl:ethanol (V:V = 1:1), and deionized water were
used to clean the reactant by centrifugation, and the solid was collected for subsequent use.

4.3.3. Synthesis of UCNPs@GQDs

In total, 4 mL GQDs (1 mg·mL−1) were uniformly mixed with 12.8 mg UCNPs and then
sonicated for 20 min. Subsequently, the mixture was loaded into a Teflon line stainless steel
autoclave and reacted at 80 ◦C for 6 h. After the reaction, it was cooled to room temperature.
The product was mixed with deionized water and centrifuged twice at 12,000 rpm for 15 min.
The solid was collected and dispersed in 0.05 M Tris-HCl buffer (pH = 7.4) for further use.
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4.4. Assessment of 1O2 Generation

SOSG was used as a 1O2 indicator to evaluate the 1O2 generation [27]. SOSG reacted
with 1O2 to give bright green fluorescence (FL) (λex/λem = 504/525 nm). GQDs, UCNPs,
or UCNPs@GQDs were suspended in 2 mL water at the concentration of 500 µg·mL−1

in the presence of 10 µM SOSG. The mixed suspension was exposed to laser irradiation
(0.8 W·cm−2, 980 nm) for 0, 10, 20, 30, 60, 90, 120, and 180 s, and the FL at different time
points was measured with a fluorimeter. Further, 1O2 generation was monitored by DPBF
via UV-vis spectroscopy [28]. DPBF (100 µg·mL−1) was dispersed in GQDs, UCNPs, or
UCNPs@GQDs solutions. Then, the mixed solution was irradiated by a 980 nm laser with
the power of 0.8 W·cm−2. The change of absorption of DPBF at 412 nm was recorded over
time.

4.5. PDT Tests
4.5.1. Biocompatibility of UCNPs@GQDs

HeLa cells were seeded at a density of 1 × 104 cells per well in a 96-well plate and
cultured at 37 ◦C for 24 h in a 5% CO2 environment. After that, the culture medium was
replaced by a series of UCNPs@GQDs solutions (dissolved in Tris-HCl) with concentra-
tion gradients (1.6 × 10−4, 1.6 × 10−3, 1.6 × 10−2, 0.16, and 1.6 mg·mL−1) and the cells
continued to be cultured for 24 h. Afterwards, cell apoptosis was analyzed by staining
cells with a Live/Dead assay kit (Calcein-AM/EthD-1, Invitrogen, CA, USA). The stained
cells were observed by an FL confocal microscope, and the data were analyzed by the
program Image-Pro Plus 6.0. Three independent experiments were carried out with the
same concentration gradients of UCNPs@GQDs solutions.

4.5.2. Cell Apoptosis Assays

HeLa cells were seeded at a density of 1 × 104 cells per well in a 96-well plate and
cultured at 37 ◦C for 24 h in a 5% CO2 environment. The 96-well plate is numbered from
top to bottom and from left to right. The No. 1–3 rows on the 96-well plate were used
for PDT tests, and the No. 4–6 rows were used as the control groups without NIR laser
irradiation. After 24 h cell culture, UCNPs@GQDs solutions were infused into the wells in
rows 1–6. The wells in rows No. 7 and 8 were infused with blank Tris-HCl buffer solution.
Cells were incubated with UCNPs@GQDs for 6 h. After that, a 980 nm laser beam with the
power of 0.8 W/cm2 was used to irradiate the cells in No. 1–3 and 7 rows for 20 min, and
the irradiation was stopped for 1 min every 1 min. After another 48-h incubation, the cells
were stained by a Live/Dead assay kit and observed by an FL confocal microscope. For
intercellular ROS detection, the cells were stained by DHE and observed by an FL confocal
microscope. The data were analyzed by the program Image-Pro Plus 6.0.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232012558/s1.
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Abstract: Atomistic level characterisation of external surface species of mesoporous silica nanoparti-
cles (MSN) poses a significant analytical challenge due to the inherently low content of grafted ligands.
This study proposes the use of HR-MAS NMR spectroscopy for a molecular level characterisation
of the external surface of carbohydrate-functionalised nanoparticles. MSN differing in size (32 nm,
106 nm, 220 nm) were synthesised using the sol-gel method. The synthesised materials displayed
narrow particle size distribution (based on DLS and TEM results) and a hexagonal arrangement
of the pores with a diameter of ca. 3 nm as investigated with PXRD and N2 physisorption. The
surface of the obtained nanoparticles was functionalised with galactose and lactose using reductive
amination as confirmed by FTIR and NMR techniques. The functionalisation of the particles surface
did not alter the pore architecture, structure or morphology of the materials as confirmed with TEM
imaging. HR-MAS NMR spectroscopy was used for the first time to investigate the structure of the
functionalised MSN suspended in D2O. Furthermore, lactose was successfully attached to the silica
without breaking the glycosidic bond. The results demonstrate that HR-MAS NMR can provide
detailed structural information on the organic functionalities attached at the external surface of MSN
within short experimental times.

Keywords: mesoporous silica nanoparticles; MSN; porous materials; functionalisation; NMR; HR-
MAS NMR; surface

1. Introduction

Porous materials are solids that have pores, cavities, channels or fissures with depths
greater than the width [1]. Three types of porous materials can be distinguished based on
the pore size: microporous (pore diameter < 2 nm), mesoporous (pore diameter 2–50 nm)
and macroporous (pore diameter > 50 nm) [1]. Mesoporous silica materials are synthe-
sised using the sol-gel method in the presence of an acidic or basic catalyst [2–4]. The
first synthesis of MCM−41 (Mobil Crystalline Materials/Mobil Composition of Matter)-
type mesoporous silica particles was described in 1992 by Beck et al., which enabled
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particles characterised by a hexagonal pore arrangement with a pore size of 2–10 nm to be
obtained [5,6]. In the MSN synthesis, the source of silica is usually TEOS (tetraethoxysilane),
whose alkoxy groups undergo hydrolysis to silane groups, followed by homo- (reaction
of silane groups with each other) and heterocondensation (reaction of alkoxy groups with
silane groups) resulting in the formation of Si-O-Si siloxane bridges. Silica condensation
occurs on a template (e.g., CTAB, cetyltrimethylammonium bromide) that forms cylindri-
cally organised micelles. The surfactant (template) is removed by solvent extraction or
calcination (at about 550 ◦C) leading to the final product. The particle size, pore size or
shape can be modified by controlling the reaction conditions [7].

Mesoporous silica nanoparticles (MSN) have two surfaces, an outer surface and an
inner surface, both covered with silanol (Si–OH) groups which allow their covalent conjuga-
tion with different types of functional groups such as carboxylates, amines, phosphonates,
polyethylene glycol, octadecyl and carboxylate/octadecyl groups to name a few [8,9]. This
property of MSN can be utilised for the synthesis of targeted drug delivery systems that
can selectively bind to different cellular receptors or cell compartments [3,10]. One can dis-
tinguish between two methods of surface functionalisation: grafting and co-condensation.
Co-condensation is a process that allows the direct functionalisation of silica during the ma-
terial synthesis process. Typically, R–TMS or R–TES organosilanes, where R is the organic
functional group and TMS or TES (trimethoxysilane and triethoxysilane, respectively) are
added to the reaction either together with TEOS or immediately after the addition of TEOS,
which ensures the incorporation of the organosilanes into the final product. This method
is mainly preferred for the functionalisation of the inner surface of nanoparticles [11]. In
contrast, grafting is a post-synthetic method of attaching organic or inorganic functional
groups to the MSN surface. The reaction requires the condensation of organosilanes of the
(R’O)3SiR type (where R stands for an organic radical) with reactive –Si–OH end groups in
an anhydrous solvent, e.g., toluene. Grafting allows the preparation of hydrothermally sta-
ble MSN using classical synthesis methods and the subsequent selective functionalisation
of the outer surface of these materials [7,12,13]. The grafting method was used in this work
to functionalise nanoparticles with an amine group, galactose and lactose.

The unique properties of MSN, e.g., a high degree of ordering of their internal porous
structure, hydrothermal stability and the possibility of surface modification has led to the
application of MSN in many branches of science, including nanotechnology, medicine
or pharmaceutical drug delivery [3,14–17]. A number of reports have demonstrated that
the functionalisation of the MSN external surface is desirable for targeted cancer ther-
apy applications as it increases the efficiency of material penetration into the tumour
microenvironment [3,8,17–21]. MSN can also be used as novel carriers for nucleic acids
in emerging gene therapies. Mukherjee and co-workers investigated the possibility of
hepatitis C therapy using galactose-functionalised MSN with encapsulated shDNA. The
presence of galactose at the silica surface was responsible for their selective uptake by liver
cells that overexpress the asialoglycoprotein receptor. The plasmid shDNA encapsulated
in the particles acted as a precursor for in situ siRNA production that binds to the target
HCV mRNA sequence causing its degradation. Biodistribution studies in an in vivo model
showed an increased uptake of galactose-modified silica in the liver compared to other
organs. Further in vitro infection studies showed a significant (94%) reduction in viral RNA
after shDNA delivery using Gal–AMSN in a HCV-JFH1 cell culture [21].

Understanding the spatial distribution of the functional groups at the silica surface is
important for the rational design of new MSN for targeted drug delivery. The molecular
structure of functionalised MSN can be analysed with solid-state NMR spectroscopy [22–24].
This method allows the chemical characterisation of the material structure along the surface
species, enabling an investigation into the local environment of different nuclei (e.g., 1H,
29Si and 13C) to obtain distance information, the degree of organic functionalisation or the
dynamics of functional groups [25]. The main limitation for the broad application of solid-
state NMR spectroscopy for the characterisation of organically modified silica materials is
the low sensitivity of the method which is mostly pronounced in the case of nanomaterials
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that possess functionalities exclusively at the external surface of the particles. Furthermore,
the 1H NMR spectra of solids often show very broad lines due to the presence of strong
dipolar couplings or orientation-dependent interactions (e.g., chemical shift anisotropy)
even under RF decoupling or high rates of magic angle spinning (MAS). Structural analysis
using the abovementioned methods is usually performed on dried powders, which does not
reproduce the behaviour of MSN in an aqueous environment [26]. It should be considered
that complex chemical transformations that do not occur in the solid phase may occur in
biorelevant fluids (e.g., aggregation or opsonisation) [27]. For this reason, the development
of novel methods for the structural analysis of functionalised nanomaterials is crucial for
understanding their structure and dynamics in solutions. Recently, Tataurova et al. [28]
authors used solution-state NMR spectroscopy to determine the number of bound and
released ligands or groups that were exchanged upon the hydrothermal treatment of
functionalised mesoporous silicas [29,30].

Advantages of solid- and solution-state NMR can be combined in the so called High
Resolution Magic Angle Spinning (HR-MAS) technique that allows the analysis of materials
that swell and become partially soluble or form true solutions even when some solids are
still present. High resolution spectra are obtained due to spinning the sample at the
’magic angle’ (θ = 54.7◦) with respect to the static magnetic field, which enables the strong
anisotropic interactions to be overcome and as a consequence the width of the signals can
be reduced. One of the advantages of this NMR technique is its timing. High resolution
two-dimensional spectra (e.g., 1H-13C HSQC) in HR-MAS can be acquired in much less time
(as short as 30 min) compared to the spectra obtained using solid state 1H-13C HETCOR
NMR techniques (several hours to several days) [31,32].

In this work we propose for the first time the application of HR-MAS NMR spec-
troscopy for the molecular level characterisation of the surface of functionalised MCM-41-
type MSN in an aqueous medium in minutes. For this purpose, silica nanoparticles varying
in size (32 nm, 106 nm, 220 nm) were synthesised and then their external surface was
functionalised with APTES (amino group donor), galactose and lactose using the grafting
method following the removal of the templating agent (Figure 1, Scheme 1). The size,
shape and hexagonal structure of the particles were confirmed using DLS, low angle PXRD
and N2 physisorption analysis corroborated with TEM imaging. The presence of organic
functionalities at the silica surface was confirmed with 1H-29Si CP/MAS NMR, HR-MAS
NMR spectroscopy and with FTIR. The development of a novel analytical technique for the
molecular level understanding of functionalised nanomaterials enables a knowledge-based
design of advanced functionalised nanocarriers for targeted drug delivery.
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2. Results and Discussion

The successful synthesis of MSN (Scheme 1) was confirmed by a combination of
analytical techniques which enabled an assessment of the size of the particles, BET surface
area, pore volume and architecture as well as the formation of specific bonds. The main
manuscript provides a detailed characterisation of the ‘M’ particles, while the analysis of
‘S’ and ‘L’ particles is provided in the Supplementary Materials (Figures S1–S10), which
proves that the approach is applicable for nanoparticles with different sizes.

2.1. Particle Size, Morphology and Pore Architecture

The particle size was confirmed directly by TEM (Figure 2) imaging and the results
were supported indirectly by dynamic light scattering (DLS) analysis (Figure 3). The
obtained particles were 32 nm (PDI = 0.261) (for the ‘S’ materials), 106 nm (PDI = 0.163) (for
the ‘M’ materials) and 220 nm (PDI = 0.165) (for the ‘L’ materials) in diameter, respectively.
The particle sizes observed in the TEM images were slightly smaller than the particle sizes
determined by the DLS studies due to the differences in the analytical principle used in
both methods. The size of the particles obtained from DLS analysis is the hydrodynamic
diameter, which takes into account the diameter of the particle along with the solvation
layer adsorbed on its surface.
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ments were also performed to confirm the hexagonal arrangement of the pores before
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and after surfactant removal. Three intense peaks indexed as reflections (100), (110) and
(200) characteristic of MCM−41 type materials were observed, confirming the hexagonal
arrangement of the pores. The pore architecture was preserved as evidenced by the contrast
noted in the structure in the TEM images (Figure 2). The ‘L’ particles, despite the altered
morphology to a rod-like shape, did not differ from the other particles in pore architecture.
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Figure 4. Low angle PXRD patterns of the ‘M’ particles functionalised with APTES (M−NH2) and
galactose (M−Gal) before (AS) and after (SR) template removal.

The strong FTIR vibrational bands of the synthesised materials (M−SR, and M−AS,
Figure 5, for ‘S’ and ‘L’ materials see Supplementary Materials Figures S1 and S3) character-
istic of asymmetric stretching vibrations of Si-O-Si groups were centred at 1030 cm−1 and
784 cm−1. The peaks at 564 cm−1 and 426 cm−1 corresponded to the bending vibrations
of Si−-O−Si groups. The peak seen at 956 cm−1 was attributed to the stretching of the
Si−OH bond. The observed broad peaks centred at 3200 cm−1 indicated O−H groups and
adsorbed water. Similarly, the peak at 1646 cm−1 corresponded to the bending vibrations
of the O−H group of adsorbed water.
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In the spectra of AS materials, the peaks located at 2919 cm−1, 1480 cm−1 and 720 cm−1

corresponded to the surfactant template (CTAB) present in the silica pores. Their disap-
pearance in the spectra of SR−labelled materials indicated the successful removal of
the template.

2.2. Surface Functionalisation with GAL and LAC

MSN functionalised with galactose (‘S’, ‘M’ and ‘L’) or lactose (only ‘M’ particles)
displayed no change in particle morphology while increased aggregation was observed
across all functionalised materials (Figure 2). Furthermore, TEM images confirmed the
presence of the pores in the functionalised materials. This was corroborated with N2
adsorption–desorption isotherms (Supplementary Materials, Figure S5 and Table S1). The
presence of the reflections (100), (110) and (200) in low angle PXRD (Figure 4, Supplementary
Materials Figures S2 and S4) traces confirmed the presence of the hexagonal arrangement
of the pores in the functionalised particles while some loss of signal intensity was observed
after surfactant removal. Loss of signal intensity was associated with the difference in the
scattering power/scattering contrast between the amorphous silicate wall and amorphous
sorbate in the mesoporous structure as well as the presence of organic groups close to the
pore openings.

To confirm the presence of NH2, Gal and Lac groups at the surface of functionalised
materials, FTIR and NMR analyses were performed. Although FTIR is frequently used
to confirm the presence of organic groups at the silica surface, for the materials that have
an external surface that is exclusively functionalised the application of this method is
challenging due to (i) the low content of organic functionalities, i.e., <3%, of the material
mass as well as (ii) substantial broadening of the peaks that represents a lack of long-range
ordering. The low intensity bands at wavenumbers of 1525 cm−1 and 690 cm−1 indicated
the successful attachment of the amino groups (Figure 5 insets, Supplementary Materials
Figures S1 and S3). The appearance of the vibrational bands at 1470 and 1410 cm−1 can
be assigned to the presence of galactose molecules at the silica surface (Figure 5 insets,
Supplementary Materials Figures S1 and S3). It is important to notice that the reductive
amination of galactose led to the opening of the galactose ring (Figure 1). Therefore,
it is expected that some of the FTIR peaks characteristic for galactose will disappear or
undergo substantial shifts, making the molecular level characterisation of the functionalised
materials based on FTIR spectra extremely challenging.

In contrast, the solid-state 1H-29Si CP/MAS and 1H-13C HSQC NMR spectrum of
M−Gal−SR particles obtained under HR-MAS conditions provided a wealth of structural
information. At least nine distinct signals were observed in the spectrum (Figure 6, see
Supplementary Materials Figures S6–S9 for ‘S’ and ‘L’ particles) proving the successful func-
tionalisation with the aminopropylene group (peaks 1, 2 and 3), followed by the attachment
of the galactose functionality (peaks 4–9) via reductive amination. In comparison to the neat
galactose 1H-13C HSQC spectrum (Supplementary Materials, Figure S7), in the spectrum of
the M−Gal−SR particles, a substantial shift of anomeric carbon towards a higher field (ca.
40 ppm shift in 13C spectrum; ca. 2 ppm in 1H spectrum) was observed (peak 4), indicating
an opening of the galactopyranose ring following the attachment of amine. Furthermore,
peak 4 was composed of three resonances similarly to peak 2 in the aminopropylene group.
This may indicate slight differences in the environment of both sites once being grafted as
T1, T2 or T3 sites that have frequently been described for organofunctionalised mesoporous
silica materials [25]. The 1H-29Si CP/MAS NMR spectrum displayed only Q sites for neat
L−SR particles while the presence of T sites was observed in the spectra of L−NH2−SR
and L−Gal−SR particles (Supplementary Materials, Figure S6).
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In order to investigate the possibility of attaching galactose to the material while
preserving its structure (without breaking the ring), the functionalisation of ‘M−NH2−AS’
particles with lactose (a sugar composed of galactose and glucose units), was performed
(Figure 7). This system also enabled us to evaluate the applicability of HR-MAS NMR
spectroscopy for a more complex system that has disaccharide at the surface (at least
15 sites were expected in the spectrum). The TEM image (Figure 7A) confirmed the
preservation of particle structure and morphology and the presence of the pores after
functionalisation and surfactant removal. The FTIR analysis (Figure 7C) confirmed the
presence of amino functionality (peaks at 1525 and 690 cm−1) as well as the presence of
lactose (low intensity, broad bands at 1470 and 1410 cm−1). The PXRD patterns (Figure 7B)
of the particles after surfactant removal displayed a decrease and a broadening of the peaks
that could be attributed to the loss of signal intensity due to the difference in the scattering
power/scattering contrast between the amorphous silicate wall and the amorphous sorbate
in the mesoporous structure.

The functionalisation of the particle surface with lactose was also confirmed by a
HSQC NMR study (Figure 8). The obtained spectrum displayed 15 signals that were
assigned to the structure of lactose-functionalised particles. In comparison to the spectra
of neat lactose (Supplementary Materials, Figure S10), the substantial shift of anomeric
carbon of glucose towards a higher field (ca. 40 ppm shift in 13C spectrum; ca. 2 ppm in 1H
spectrum) was observed (peak 4) indicating an opening of the glucose ring following the
attachment of amine, leaving the galactose ring intact. This may be of great importance
in the development of novel galactose-functionalised MSN-based carriers for targeted
delivery to the liver [21,36,37]. Similar to the galactose-functionalised particles, some of the
peaks were present in more than one environment which can be attributed to the different
binding motifs of APTES to silanol groups.
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3. Materials and Methods

Three types of MCM−41 silica nanoparticles differing in size (S—32 nm, M—106 nm,
L—220 nm) were synthesised using the sol-gel method. All chemicals were purchased
from Sigma-Aldrich, USA. Tetraethoxysilane (TEOS) was used as the silica precursor
and hexadecyltrimethylammonium bromide (CTAB) was used as the template, while
(3-aminopropyl)triethoxysilane (APTES), D-(+)-galactose and lactose were used to func-
tionalise the material surface in the presence of sodium cyanoborohydride (NaBH3CN) and
a borate buffer.

3.1. MSN Synthesis

MCM−41 type MSN were synthesised (see Scheme 1) according to the previously
reported procedure [38]. The NH4OH solution was prepared by diluting 25% ammonia
solution in water. The pH was adjusted to 11.00, 11.32 and 11.38 in order to provide
the control over materials size (particles labelled S—small, M—medium, L—large). The
solution was heated to 50 (S−particles), 40 (M−particles) or 30 (L−particles) ◦C and CTAB
was added and stirred until dissolved. In a separate beaker, 0.88 M ethanolic TEOS solution
was prepared and added dropwise into ammonia water. The solution was stirred for 1 h.
After this time stirring was turned off and the solution was allowed to age at a constant
temperature. After 18 h, the product (AS—as synthesised, S−AS, M−AS, L−AS) was
filtered, washed with deionised water and ethanol and dried. The obtained material
was divided into two parts. One was destined for subsequent functionalisation and the
remaining part was extracted for 24 h in a mixture of ethanol and hydrochloric acid to
remove the surfactant. The product (SR—surfactant removed, S−SR, M−SR, L−SR) was
filtered, washed with water and ethanol and dried.

3.2. MSN Functionalisation

To functionalise the external surface of the nanoparticles, a grafting method was used.
Parts of dried, templated particles of a given size (S−AS, M−AS, L−AS) were suspended in
100 mL of toluene. Then (3-aminopropyl)triethoxysilane (APTES) was added and allowed
to stand for 20 h. After this time, the product (labelled: S−NH2−AS, M−NH2−AS,
L−NH2−AS) was filtered, washed several times with ethanol and deionised water and
allowed to dry. One part of the dried material was destined for further functionalisation,
and the other was subjected to template removal in a mixture of ethanol and HCl following
the procedure described above in the Section 3.1. MSN Synthesis.

Gal/Lac were grafted on the silica surface by reductive amination using NaBH3CN as
a reducing agent. The obtained particles (S−NH2−AS, M−NH2−AS, L−NH2−AS) were
suspended in a borate buffer (pH 9). Then 50 mg of galactose was added and stirred for
15 min. After this time, sodium cyanoborohydride (NaBH3CN) was added to the mixture
and stirred overnight. The product (S−Gal−AS, M−Gal−AS, L−Gal−AS) was filtered,
washed several times with ethanol and water and dried. The surfactant was removed by
24 h extraction in a mixture of ethanol and HCl. The final product (S−Gal−SR, M−Gal−SR,
L−Gal−SR) was filtered, washed extensively with water and ethanol and dried. For lactose
functionalisation, M−NH2−AS particles were selected. All steps were performed in the
same manner as for galactose functionalisation, the amount of added lactose was 95 mg
and the resultant products were labelled M−Lac−AS and M−Lac−SR.

3.3. Particle Size and Shape

Hydrodynamic diameters of the synthesised particles were determined by dynamic
light scattering. The measurements were performed with Zetasizer Nano ZS ZEN3600
(Malvern Instruments Ltd., Malvern, UK) equipped with a laser light source (λ = 633 nm)
and a detector operating at a 173◦ scattering angle. The 1 mL samples were taken directly
from the synthetic mixture at the end of the aging step and investigated immediately.
Experiments were run at 25 ± 0.1 ◦C. Each sample was measured at least 5 times. The
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values of hydrodynamic diameters presented in this work are based on the intensity
weighted size distribution.

The materials after filtration, functionalisation and surfactant removal were imaged
with transmission electron microscopy (TEM; Hitachi H-800 microscope) providing a direct
measure of the diameter of the particles as well as the presence of pores within the silica.
The materials prior to the analysis were dispersed in ethanol and a drop of the obtained
suspension was placed on the carbon on copper grids (Agar S160) and analysed after
solvent evaporation.

3.4. Low Angle Powder X-ray Diffraction

The architecture of the hexagonal pores was confirmed using low angle PXRD (D2
Phaser Bruker, Billerica, MA, USA) with Cu Kα radiation (1.5418 Å) and a LynxEye detec-
tor. Each material was analysed in the range of 2θ 0.65–8◦ with 0.02◦ increment and 1 s
irradiation time per step.

3.5. N2 Adsorption

Nitrogen adsorption−desorption isotherms for S−SR, M−SR, L−SR, L−NH2−SR
and L−Gal−SR particles were measured using an autosorb iQ gas sorption system and
ASiQwin software (Quantachrome Instruments, Boynton Beach, FL, USA) or ASAP 2020
(Micromeritics, Norcross, GA, USA) at 77 K. Samples were outgassed under a high vacuum
at 313 K for 16 h prior to the analysis. The BET specific surface area (SBET) and the
volume of monolayer coverage were determined using the Brunauer–Emmett–Teller (BET)
equation [39] in the linear range of the adsorption curve (0.1–0.25 P/P0). The pore size and
distribution curves were calculated using N2 adsorption on silica at 77 K and the NLDFT
cylindrical pore equilibrium model as implemented in the ASiQwin™ software (ver. 5.2,
Quantachrome Instruments, Boynton Beach, FL, USA).

3.6. Fourier Transformed Infrared Spectroscopy (FTIR)

FTIR spectra of the as−synthesised (AS), surfactant−removed (SR) and function-
alised materials were acquired using a Nicolet iS50 FTIR spectrometer (Thermo Scientific,
Waltham, MA, USA) in the attenuated total reflectance (ATR) mode. All measurements
were carried out in the wavelength range of 400–4000 cm−1 at a 4 cm−1 resolution with at
least 512 scans per measurement.

3.7. Nuclear Magnetic Resonance (NMR) Spectroscopy

All HR-MAS and solution-state NMR spectra were acquired using a Bruker AVANCE
III™ NMR spectrometer, consisting of the 54 mm bore superconducting, actively shielded
Ascend™ magnet operating at 600.13 MHz and 150.91 MHz for 1H and 13C, respectively.
The spectra of the functionalised materials were acquired using a dual inverse high-
resolution magic angle spinning (HR-MAS) probe 1H/13C, 2H-lock; (optimised for 1H
observation); equipped with a single axis magic angle gradient. The samples were packed
in Kel-F inserts, soaked with D2O until wetted and transferred to 4 mm zirconia rotors.
The 1D 1H MAS and 2D 1H-13C HSQC spectra of the materials were acquired at 4 kHz
MAS rate.

29Si solid-state NMR spectra of L−SR, L−NH2−SR and L−Gal−SR particles were
acquired using a Bruker 300 MHz Avance III spectrometer with a double resonance probe
operating at frequencies 300.13 MHz and 59.63 MHz for 1H and 29Si, respectively. The
materials were packed into Kel-F inserts and transferred to the 4 mm zirconia rotors
and analysed at an MAS rate of 4 kHz. The materials were characterised using 1H-29Si
(CP/MAS) NMR (29Si π/2 pulse length 4.5 µs with a contact time of 2 ms, SPINAL64
decoupling was used during signal acquisition, 2048 transients were acquired with a recycle
delay of 30 s). The Hartmann–Hahn conditions for 1H-29Si CP/MAS NMR experiments
were set with kaolinite. The 29Si chemical shifts were recorded with respect to TMS.
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4. Conclusions

Three types of MCM−41 type mesoporous silica nanoparticles, differing in size
(S—32 nm, M—106 nm, L—220 nm), were synthesised and their surface was function-
alised with galactose (‘S’, ‘M’ and ‘L’ particles) or lactose (‘M’ particles). The synthesised
materials displayed a narrow particle size distribution (‘S’ particles PDI = 0.261; ‘M’ par-
ticles PDI = 0.163; ‘L’ particles PDI = 0.165) and a hexagonal arrangement of pores with
a diameter of ca. 3 nm. The pore architecture and the structure and morphology of the
particles did not change after surface functionalisation with functional groups. The pres-
ence of saccharides covalently attached at the materials surface was confirmed using the
combined application of FTIR and HR-MAS NMR spectroscopy. The use of HR-MAS
NMR spectroscopy for the characterisation of organic groups attached at the silica surface
enabled the successful functionalisation of the particles to be confirmed. High resolution
2D 1H-13C HSQC spectra were obtained within 2 h compared to the few days that would
be required to acquire 1H-13C HETCOR solid-state NMR spectrum. Wider application
of HR-MAS NMR may enable the development of new spectroscopic methods to study
the interactions of targeted nanocarriers with proteins and complex biological systems in
biorelevant media.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: In clinical cancer research, photothermal therapy is one of the most effective ways to
increase sensitivity to chemotherapy. Here, we present a simple and effective method for developing
a nanotherapeutic agent for chemotherapy combined with photothermal therapy. The nanotherapeu-
tic agent mesoporous polydopamine-Fe(III)-doxorubicin-hyaluronic acid (MPDA-Fe(III)-DOX-HA)
was composed of mesoporous polydopamine modified by ferric ions and loaded with the anticancer
drug doxorubicin (DOX), as well as an outer layer coating of hyaluronic acid. The pore size of the
mesoporous polydopamine was larger than that of the common polydopamine nanoparticles, and the
particle size of MPDA-Fe(III)-DOX-HA nanoparticles was 179 ± 19 nm. With the presence of ferric
ions, the heat generation effect of the MPDA-Fe(III)-DOX-HA nanoparticles in the near-infrared light
at 808 nm was enhanced. In addition, the experimental findings revealed that the active targeting of
hyaluronic acid to tumor cells mitigated the toxicity of DOX on normal cells. Furthermore, under
808 nm illumination, the MPDA-Fe(III)-DOX-HA nanoparticles demonstrated potent cytotoxicity to
HCT-116 cells, indicating a good anti-tumor effect in vitro. Therefore, the system developed in this
work merits further investigation as a potential nanotherapeutic platform for photothermal treatment
of cancer.

Keywords: mesoporous polydopamine; ferric ions; doxorubicin (DOX); hyaluronic acid target modification

1. Introduction

Colon cancer is a disease with a high morbidity and mortality rate worldwide, which
may be attributable to poor diet and a reversed work schedule [1,2]. Although academic re-
search on colon cancer treatment has never stopped, the incidence of colon cancer continues
to rise [3–5]. Currently, the primary anticancer treatments include surgery, chemotherapy,
and radiotherapy [6–8]. Chemotherapy using doxorubicin (DOX), a broad-spectrum an-
thracycline antitumor drug, is widely used to develop model drugs for tumor-targeted
drug delivery systems [9–12]. However, a single chemotherapy regimen can lead to sev-
eral serious side effects, cancer metastasis, and tumor resistance [13,14]. Studies have
demonstrated that chemotherapy combined with photothermal therapy (PTT) can reduce
the heat resistance of tumor cells and that the heat generated by PTT can alleviate tumor
hypoxia to further promote chemotherapy [15–17]. Thus, combined photothermal and
chemotherapeutic treatment can effectively mitigate the drawbacks of monotherapy. With
the ongoing development of nanotechnology, it has been found that nanodrug delivery
systems can be used for targeted drug delivery to the tumor site, reduce dosage, and
enhance the anticancer activity of chemotherapeutic drugs [18–20]. This type of loading
system is typically biocompatible, degradable, and modifiable [21,22].

Polydopamine (PDA), a natural melanin polymer formed by the self-aggregation of
dopamine (DA) [23], can be decomposed in the weakly acidic tumor microenvironment [24].
PDA has many applications in multifunctional surface modification due to its natural
nontoxicity, biodegradability, and high absorptivity in the near-infrared region (NIR) [25].
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Therefore, PDA has numerous applications in tumor photothermal therapy. However,
the lack of photothermal performance hinders its chemotherapeutic effects. Studies have
shown that PDA strongly chelates metal ions, and the addition of metal ions to PDA can
significantly improve the photothermal conversion efficiency of PDA nanoparticles [26].

In addition, we selected mesoporous polydopamine nanoparticles (MPDA) as drug
carriers to increase the loading rate of chemotherapeutic drugs. With a specific surface
area and pore size, MPDA nanoparticles can effectively increase the loading capacity of
chemotherapeutic drugs [27]. During drug administration, mesoporous nanoparticles
exhibit severe drug leakage. Therefore, an appropriate encapsulant is typically used when
designing the drug delivery system [28]. Hyaluronic acid (HA) is highly hydrophilic, which
can increase the stability of MPDA nanoparticles and also has a targeting effect due to the
expression of specific receptors on the surface of tumor cells [29]. As an encapsulant, HA
can therefore reduce drug loss and cytotoxicity.

Here, we designed and synthesized a photothermal–chemotherapy combined drug
delivery system (MPDA-Fe(III)-DOX-HA) by introducing ferric ions to enhance the pho-
tothermal effect of the mesoporous PDA nanoparticles loaded with the chemotherapeutic
drug doxorubicin and encapsulated with hyaluronic acid. The simplify preparation process
is shown in Figure 1.
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Figure 1. Schematic representation of the preparation of MPDA-Fe(III)-DOX-HA nanoparticles and
their anti-tumor activity.

MPDA-Fe(III)-DOX-HA nanoparticles were gathered near tumor cells via the active
target of HA. Due to the sensitivity of tumor cells to temperature, 808 nm near-infrared
light irradiation caused polydopamine nanoparticles to generate a substantial amount of
heat and inhibit the growth of tumors. Subsequently, PDA disintegrated in a weakly acidic
environment, releasing the chemotherapeutic drug doxorubicin, which, when combined
with the photothermal effect, killed tumor cells. In summary, the MPDA-Fe(III)-DOX-
HA delivery system not only increased the efficacy of chemotherapy but also decreased
cytotoxicity, indicating that photothermal combined with chemotherapy is a promising
strategy for treating tumors and that tumors can be destroyed by the synergistic effect of
the two treatments.
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2. Results
2.1. BET Analysis

The N2 adsorption–desorption isotherms of PDA and MPDA were measured (Fig-
ure 2a,b, with the pore size distribution in the top right corner). Both PDA and MPDA
had typical Langmuir IV isotherms, as shown in Figure 2a,b, indicating that both PDA
and MPDA may have pore structures [30]. The pore size curve of PDA in Figure 2a shows
that the existing pore structure may have larger pores caused by mutual adhesion and
polymerization of PDA, so the pore content of mesopores is relatively low. In Figure 2b, the
specific surface area of MPDA is shown to be 36.824 m2g−1, which is significantly larger
than that of non-mesoporous PDA spheres (17.126 m2g−1), indicating that MPDA is more
suitable for drug loading as a drug carrier than PDA.
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Figure 2. N2 Adsorption and desorption isotherms, as well as size analysis of PDA nanoparticles
(a) and MPDA nanoparticles (b). The abbreviations Ads and Des in the figures refer to adsorption
and desorption, respectively.

As shown in Figure 2, an H4-type hysteresis loop caused by capillary agglomeration
occurs in the P/P0 range of 0.2–0.9. The average pore size of MPDA is 3.827 nm (Figure 2b),
and that of PDA is 1.347 nm (Figure 2a), with poor pore size distribution. Based on these
findings, it can be concluded that the mesoporous structure of MPDA can provide a larger
specific surface area for drug loading and improve the drug loading capacity.

2.2. SEM and Particle Size Analysis

SEM images of various nanomaterials obtained in the experiment are shown in
Figure 3. Results indicate that the addition of TMB could optimize the preparation of
MPDA. Figure 3a shows that the PDA nanoparticles without the TMB template lack
a mesoporous structure and have a non-uniform particle size distribution with an average
particle size of 296 nm. The MPDA particles prepared with TMB have a distinct mesoporous
structure and a uniform particle size. The results of optimizing the elution conditions of
the template are shown in Figure 3b,c. MPDA nanoparticles with a relatively uniform
distribution and small particle size (133 ± 18 nm) were obtained in the studies using
acetone–ethanol and ethanol as the elution templates and acetone–ethanol as the eluent
(Figure 3b). In contrast, the MPDA nanoparticles (Figure 3c) prepared after the removal of
the template using ethanol as the eluent had a non-uniform particle size distribution and
a mean particle size of 156 ± 21 nm. Therefore, the acetone–ethanol elution condition was
selected as the subsequent elution condition.
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Figure 3. SEM and particle size analysis template-free dopamine nanoparticles (a), acetone–
ethanol elution dopamine nanoparticles (b), anhydrous ethanol elution dopamine nanoparticles (c),
m (MPDA-Fe(III)-DOX:HA) = 1:1 (d), m (MPDA-Fe(III)-DOX:HA) = 1:2 (e), m (MPDA-Fe(III)-
DOX:HA) = 1:3 (f)).

In this study, the effect of HA modification at different proportions on the particle size
of MPDA drug-loaded nanoparticles was investigated. When comparing Figure 3d–f to
Figure 3b, HA was successfully coated on the MPDA particles. The HA-modified MPDA
nanoparticles are distributed evenly because the hydrophilicity of HA improves the dis-
persibility of nanoparticles in the solution. Figure 3d–f correspond to m (MPDA-Fe(III)-
DOX:HA = 1:1), m (MPDA-Fe(III)-DOX:HA = 1:2), and m (MPDA-Fe(III)-DOX:HA = 1:3),
respectively. When m (MPDA-Fe(III)-DOX:HA = 1:1) was used instead of m (MPDA-
Fe(III)-DOX:HA = 1:2, 1:3), the prepared nanoparticles were more evenly distributed with
an average particle size of 179 ± 19 nm. Therefore, m (MPDA-Fe(III)-DOX:HA = 1:1) was
selected for the preparation of the MPDA nanoparticles as drug carriers.

2.3. Zeta Potential Analysis

As shown in Figure 4a, the surface potential of MPDA was −10.86 mV. After dox-
orubicin was loaded into MPDA, the surface potential of MPDA-Fe(III)-DOX increased to
−1.42 mV (Figure 4b), which may be because the negative charge of the MPDA carrier itself
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was significantly reduced due to the chelation of metal ions on the surface and the loading
of DOX drugs. The surface electronegativity of MPDA nanoparticles was significantly
increased after HA modification due to the strong electronegativity of the carboxyl group
in sodium hyaluronate. As shown in Figure 4b, the surface potential of MPDA-Fe(III)-DOX-
HA modified by HA was more electronegative than that of MPDA-Fe(III)-DOX, reaching
−9.17 mV (Figure 4b). The zeta potential of MPDA modified with HA was also investigated.
As shown in Figure 4d–f, the zeta potential of the HA-modified MPDA nanoparticles was
deprotonated by the carboxyl group on the HA surface. The electronegativity of MPDA
nanoparticles with a higher proportion of HA modification was higher, indicating that HA
was successfully modified on the surface of MPDA.
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(d) m (MPDA-Fe(III)-DOX): m (HA) = 1:1, (e) m (MPDA-Fe(III)-DOX): m (HA) = 1:2, (f) m (MPDA-
Fe(III)-DOX): m (HA) = 1:3.

2.4. FTIR Analysis

The infrared absorption of MPDA, MPDA-Fe(III)-DOX, and MPDA-Fe(III)-DOX-HA
nanoparticles was investigated using infrared spectroscopy. As shown in Figure 5, the
absorption peaks of PDA are at −1630 cm−1 (the telescopic vibration peak of the aromatic
ring and the bending vibration peak of N–H) [31], −1380 cm−1 (the phenolic C–O–H
bending vibration), −1120 cm−1(C–O vibration) [32], and 2921 cm−1 (the C–H telescopic
vibration peak caused by aromatic and aliphatic C–H) [33]. This further indicates that PDA
is prepared. The absorption peak at 1745 cm−1 could be attributed to the C=O stretching
vibration peak [34]. The peak intensities at 2921 cm−1 and 1745 cm−1 were significantly
reduced after DOX loading and HA modification, which was due to the reduction of
the aldehyde group caused by the participation of Fe in chelation after DOX loading.
The bands at 546 and 521 cm−1 in MPDA-Fe(III)-DOX-HA are attributed to the elastic
and contractile vibration peaks of Fe–O [35], indicating that some free Fe ions may be
involved in the chelation of HA and that the HA layer on the drug-loaded nanoparticles has
been modified.
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2.5. XPS Analysis

The X-ray photoelectron spectroscopy results of MPDA, MPDA-Fe(III)-DOX, and
MPDA-Fe(III)-DOX-HA are shown in Figure 6a,b. The full spectrum in Figure 6a shows
that each material contains C, N, and O elements [36]. Because of the relatively low content
of Fe, we further analyzed the Fe 2p spectra of MPDA-Fe(III)-DOX-HA and MPDA-Fe(III).
The peak in MPDA-Fe(III) indicates that Fe was chelated successfully on MPDA [37]. The
Fe content of MPDA-Fe(III)-DOX-HA decreased, which could be attributed to the relatively
low Fe content on the surface of HA-modified nanoparticles.
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2.6. Photothermal Conversion Capability Analysis

As a photothermal agent, PDA has a strong near-infrared absorption capacity and
an absorption capacity in the 808 nm near-infrared band [38]. Ferric ions were added to the
MPDA preparation process to improve the infrared absorption capacity and photothermal
efficiency of the obtained MPDA nanoparticles [39]. In this study, the ferric ion addition
ratio was optimized. The effects of different ferric ion addition ratios on the photother-
mal efficiency of MPDA nanoparticles were investigated under irradiation conditions of
808 nm and 2 W/cm2. Figure 7a shows that the prepared nanoparticles had the best heating
effect when the dopamine (DA):Fe ratio was 3:1.
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Figure 7. After 5 min of 2 W/cm2 NIR laser irradiation, the temperature difference curve of different
DA:Fe molar ratio (a), materials (b), and MPDA-Fe(III)-DOX-HA concentration (c). Temperature
difference curve for a 1 mg/mL MPDA-Fe(III)-DOX-HA solution at various laser powers (d). The
temperature change per 10 s of 5 min irradiation by a 2 W/cm2 NIR laser after three cycles of cooling
to room temperature (e).

Figure 7b shows the photothermal experiments on samples from various prepara-
tion steps. MPDA-Fe(III)-DOX-HA demonstrated good photothermal conversion ability,
whereas the pure water temperature in the control group changed slightly. Under the irra-
diation of different powers of near-infrared laser (Figure 7c) and 808 nm near-infrared light
for 10 min (1 W/cm2 and 2 W/cm2), the 2 W/cm2 laser exhibited a superior photothermal
conversion effect.

The photothermal performance of MPDA-Fe(III)-DOX-HA was further evaluated by
dispersing MPDA-Fe(III)-DOX-HA in an aqueous solution at varying concentrations (50,
100, and 200 µg/mL). As shown in Figure 7c, the temperature of the MPDA-Fe(III)-DOX-
HA solution varied in a concentration-dependent manner. The increase in temperature of
the MPDA-Fe(III)-DOX-HA solution (200 µg/mL) from 18.3 ◦C to 27.3 ◦C indicates that
MPDA-Fe(III)-DOX-HA could effectively convert near-infrared light into thermal energy.
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In this study, the photothermal stability of MPDA-Fe(III)-DOX-HA was further evalu-
ated using cyclic laser irradiation. As shown in Figure 7e, the highest temperature reached
by MPDA-Fe(III)-DOX-HA was relatively stable after three cycles of laser irradiation,
indicating that MPDA-Fe(III)-DOX-HA possessed good photothermal stability.

2.7. DOX Loading and Release Analysis

Table 1 shows that when the DA to Fe(III) molar ratio is 6:1, 3:1, or 2:1, the drug loading
rate and encapsulation efficiency of the obtained nano-sized drug-loaded particles (MPDA-
Fe(III)-DOX-HA) are 80.41 ± 0.84%, 16.08 ± 0.16%; 84.90 ± 0.68%, 16.98 ± 0.13%; and
81.87 ± 1.26%, 16.35 ± 0.25%, respectively. The loading effect of MPDA-Fe(III)-DOX-HA
was optimal when the DA to Fe(III) molar ratio was 3:1.

Table 1. Drug loading capacity of nano-system with different DA to Fe(III) molar ratios.

Molar Ratios of DA:Fe(III) 6:1 3:1 2:1

Loading Capacity (LC) 80.41 ± 0.84% 84.90 ± 0.68% 81.87 ± 1.26%
Encapsulation Efficiency (EE) 16.08 ± 0.16% 16.98 ± 0.13% 16.35 ± 0.25%

To investigate the drug release behavior of MPDA-Fe(III)-DOX-HA, PBS and ABS
buffer were used to simulate the internal body environment and the tumor microenviron-
ment, respectively. As shown in Figure 8, the drug release rate increased by nearly 30% to
53.1% under the simulated tumor microenvironment when compared to the normal PBS
environment. This indicates that MPDA-Fe(III)-DOX-HA had a more potent disintegration
and release capacity in acidic environments, which may be due to the instability of the
dopamine structure in an acidic solution, which increased the drug release [40]. Addition-
ally, protonation of amine groups in DOX at acidic pH results in higher solubility of DOX
and faster drug release [41].
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2.8. Cytotoxicity Analysis

Nanodrug carriers are used for drug delivery, and their toxicity should be deter-
mined [42]. In this study, the MTT assay was used to determine the toxicity of DOX,
MPDA-Fe(III)-DOX, and MPDA-Fe(III)-DOX-HA on L929 and HCT-116 cells. As shown in
Figure 9a, freely available DOX, MPDA-Fe(III)-DOX, and MPDA-Fe(III)-DOX-HA had no
significant toxicity to mouse fibroblasts. The survival rate of cells receiving MPDA-Fe(III)-
DOX was 66.94% at a DOX concentration of 20 µg/mL, which may be attributed to the
targeting effect of MPDA-Fe(III)-DOX without a modification layer in a normal cell culture
environment [43]. DOX release was uncontrolled, so its release capacity was high, resulting
in increased toxicity to normal cells [44]. The survival rate of MPDA-Fe(III)-DOX increased
to 79.28% after HA modification. Survival rates were greater than 80% at the remaining
DOX concentrations.
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The toxicity of varying DOX concentrations (calculated by release rate) was evaluated
using HCT-116 cells. The results indicated that the drug-loaded nanoparticles MPDA-
Fe(III)-HA had no significant toxicity on tumor cells (survival rate > 80%), as shown in
Figure 9b, but the survival rate in the corresponding MPDA-Fe(III)-HA-NIR group was
only 50.29% at a DOX concentration of 20 µg/mL, due to the photothermal properties of
the nanoparticles. As demonstrated in the MPDA-Fe(III)-DOX-HA experimental group, at
a DOX concentration of 20 µg/mL, the tumor cell viability was significantly different in
the NIR group, indicating that MPDA-Fe(III)-DOX-HA had good photothermal properties
and could work in conjunction with DOX to kill tumor cells (Figure 9b). At this time,
the tumor cell viability was reduced to 39.1%. In comparison to the free DOX group
and the MPDA-Fe(III)-DOX-HA group, the MPDA-Fe(III)-DOX-HA-NIR group exhibited
significant inhibition at the same drug concentration. The enhanced cytotoxicity was caused
by the thermal effect generated by near-infrared radiation in combination with the action
of DOX.

2.9. Cellular Uptake Analysis

This study investigated the distribution of DOX after 4 h and 8 h of incubation of HCT-
116 cells with drug-loaded nanoparticles, as well as the tumor cell uptake of MPDA-Fe(III)-
DOX-HA nanoparticles. CD44 receptors are highly expressed in HCT-116 cells [45]. Tumor
cell uptake of MPDA-Fe(III)-DOX (without HA modification) and MPDA-Fe(III)-DOX-HA
(HA-modified) nanoparticles were compared. In addition, the differences in nanoparti-
cle uptake behavior with and without near-infrared light irradiation were investigated.
As shown in Figure 10, the fluorescence intensity of HCT-116 cells treated with Hoechst
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33,258 increased with culture time. At the same time, the fluorescence intensity of DOX
in cells increased over time, indicating that the nanoparticles were ingested rather than
attached to the cell surface. In addition, when compared to MPDA-Fe(III)-DOX nanoparti-
cles, MPDA-Fe(III)-DOX-HA demonstrated higher DOX fluorescence intensity at varying
uptake times, indicating that the HA-modified nanoparticles could enhance nanoparticle
uptake by tumor cells. The DOX fluorescence intensity of tumor cells in the near-infrared
light irradiation group was higher than in the group without NIR light irradiation because
the heat generated after the near-infrared light irradiation could promote drug release by
the nanocarriers [46].
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same DOX concentration.

3. Discussion

Overall, our studies establish that the MPDA-Fe(III) prepared by adding trivalent ferric
ions significantly improved the photothermal effect of MPDA, which was consistent with
the conclusion in the relevant literature that metal ions enhanced the photothermal effect
of polymers [47]. However, we found that the photo-conversion of MPDA-Fe(III)-DOX-HA
was lower than that of MPDA-Fe(III), possibly due to the chelation of some iron ions by
HA. However, photothermal cycling experiments showed that MPDA-Fe(III)-DOX-HA still
had good photothermal stability.
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In addition, we have found in the cell experiment that the mesoporous polydopamine
has good biocompatibility, and the killing effects of free doxorubicin within a certain
concentration range on normal cells and cancer cells are different, which may be related to
the action mechanism of doxorubicin. At the same time, the cell experiment also showed
the targeting effect of hyaluronic acid. The material encapsulated by hyaluronic acid could
reduce the toxic effect on L929 cells. In addition, experiments on cancer cell HCT-116
cells proved that MPDA-Fe(III)-DOX-HA had a good killing effect on tumor cells, and the
differential expression of this nanodrug delivery system in normal cells indicated that it is
a potential good platform for cancer drug delivery.

4. Materials and Methods
4.1. Materials

Doxorubicin hydrochloride (DOX · HCl, 98%) was purchased from Shanghai Haoyun
Chem Technology Co., Ltd. (Shanghai, China) F127 (Biochemical Reagent, BR) was
purchased from Sigma-Aldrich (Shanghai, China) Trading Co., Ltd. (Shunan, Japan)
Hyaluronic acid (97%, 40 KDa–100 KDa) was purchased from Shanghai Macklin Bio-
chemical Co., Ltd. (Shanghai, China) Ammonia (NH3·H2O, Analytical Reagent, AR) was
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) Dopamine
hydrochloride (DA · HCl, 98%), 1,3,5-trimethylbencene (TMB, AR, 97%), and FeCl3·6H2O
(AR, 99%) were purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shang-
hai, China) L929 mouse epithelial cells (SCSP-5039) and HCT-116 cells (TCHu 99) were
purchased from National Collection of Authenticated Cell Cultures.

4.2. Synthesis of Mesoporous Polydopamine (MPDA) Nanoparticles

Mesoporous polydopamine (MPDA) nanoparticles were prepared using the one-pot
method [48], and in the classic experiment, TMB was added to optimize the preparation of
MPDA nanoparticles. First, 250 mg of F127 and 100 µL of TMB were added to 10 mL of 50%
ethanol. After 5 min of ultrasonic treatment, 75 mg of DA · HCl was added, followed by
450 µL of ammonia to adjust the pH value. The mixture was magnetically stirred for 24 h
before being centrifuged at 12,000 rpm for 12 min at 25 ◦C. The precipitate was washed
three times with acetone:ethanol (1:3; v:v). To compare the effect of TMB on MPDA
nanoparticles, MPDA nanoparticles without TMB were prepared without changing any
other parameters.

4.3. Preparation of MPDA-Fe(III)-DOX Nanoparticles

The MPDA nanoparticles were first prepared according to the molar ratios (DA:Fe) of
6:1, 3:1, and 2:1. The obtained MPDA nanoparticles and ferric chloride were dissolved in
the above molar ratio in PBS and vortexed at 1000 rpm for 5 min to obtain three different
iron-crosslinked MPDA (MPDA-Fe(III)) nanoparticles. DOX in various concentrations was
dissolved in PBS, and the three ferric crosslinked MPDA nanoparticles were added in turn.
The supernatant was obtained by centrifugation at 11,000 rpm for 10 min. The performance
of the three ferric crosslinked loaded DOX was evaluated, and the best one, MPDA-
Fe(III) nanoparticle-loaded DOX, was optimized to obtain MPDA-Fe(III)-DOX for the
subsequent experiments.

4.4. Hyaluronic Acid-Based Modification of Nanoparticles

In the experiment, the optimal MPDA-Fe(III)-DOX was used for HA modification,
and the mass ratios of MPDA-Fe(III)-DOX to HA were 1:1, 1:2, and 1:3. High-speed
centrifugation was used after thorough mixing to obtain MPDA-Fe(III)-DOX-HA modified
with varying proportions of HA. Zeta potential values and SEM images were evaluated to
obtain the optimal proportion of HA.

220



Int. J. Mol. Sci. 2023, 24, 6854

4.5. Characterization of Nanocarrier
4.5.1. Brunner–Emmett–Teller (BET) Measurements

In this study, the IQ3 automatic specific surface and porosity analyzer was used to
determine the specific surface area and pore volume of the nanocarrier via adsorption. The
N2 adsorption–desorption isotherms were determined in continuous adsorption mode at
77.35 K, and the specific surface area, pore size, and pore volume were determined using
BET and BJH methods.

4.5.2. Scanning Electron Microscopy (SEM)

The nanoparticles were dispersed in an ethanol solution, sampled, dropped onto tin-
foil paper, and sprayed with gold after natural drying. The morphology of the nanoparticles
was examined under a scanning electron microscope.

4.5.3. Fourier Transform Infrared Spectroscopy (FTIR)

Experimentally obtained nanoparticles were dried and sample-prepared before in-
frared spectrum analysis using the Bruker Tensor II infrared spectrometer.

4.5.4. X-ray Photoelectron Spectroscopy (XPS)

The X-ray photoelectron spectrum of the nanocarrier was analyzed, and the changes
in the energy spectrum of the nanocarrier were compared before and after drug loading.

4.5.5. DOX Loading and In Vitro Release

1. Standard curve

The standard curve of DOX was plotted using ultraviolet spectrophotometry. Follow-
ing the preparation of 10 mg DOX in 1 mg/mL mother solution with H2O, the mother
solutions were diluted to obtain 2, 4, 8, 10, and 16 µg/mL DOX solutions. At 480 nm, the
absorbance value was measured, and the standard curve of DOX was plotted.

2. Loading rate and encapsulation efficiency

The nanocarrier was added to a 100 µg/mL DOX solution, oscillated and loaded
overnight, and centrifuged at 11,000 rpm for 10 min. The supernatant was taken to deter-
mine DOX content. The centrifuged precipitate was lyophilized and weighed. The loading
rate and encapsulation efficiency of MPDA-Fe(III) nanoparticles were calculated.

The loading capacity (LC) and encapsulation efficiency (EE) were calculated using the
following formulas:

LC =
W0 − W1

W2
× 100% (1)

EE =
W0 − W1

W0
× 100% (2)

The W0, W1, and W2 represent the initial DOX addition, the DOX content of the
supernatant after centrifugation, and the weight of the centrifuged precipitate after freeze-
drying, respectively.

4.5.6. In Vitro Release

The release capacity of MPDA-Fe(III)-DOX-HA at different pH values was determined
using dialysis. The dialysis bag (MW = 3500) was packed with the same amount of MPDA-
Fe(III)-DOX-HA in PBS (pH = 7.4) or acetic acid buffer (pH = 5.2). After sealing, it was
dispersed in the corresponding 200 mL buffer to simulate the normal human internal
environment and tumor microenvironment, and the release process of the drugs in vivo
was examined. Under constant temperature oscillation at 150 rpm and 37 ◦C, 2 mL of
dialysate in the beaker was collected, and 2 mL of the corresponding buffer was added at
a certain time point for continuous release for 48 h. The DOX content of the dialysate was
measured, and the ratio to the initial DOX content was calculated to plot the release curve.
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4.5.7. Photothermal Conversion Efficiency

MPDA, MPDA-Fe(III)-DOX, and MPDA-Fe(III)-DOX-HA solutions were prepared
in 100 µL deionized water at a concentration of 200 µg/mL, and the temperature rise
was measured under near-infrared laser irradiation (2 W/cm2, 5 min). The nanomaterial
solutions with different concentrations (50, 100, and 200 µg/mL) and power densities
(1 and 2 W/cm2) were irradiated for 5 min to evaluate the photothermal effects at different
irradiation powers. The 200 µg/mL MPDA-Fe(III)-DOX-HA solution was irradiated with
a near-infrared laser (2 W/cm2) for 5 min and allowed to naturally cool to 25 ◦C. The
photothermal conversion rate of MPDA-Fe(III)-DOX-HA was then calculated.

4.5.8. Cytotoxicity

The MTT assay was used to evaluate the cytotoxicity of drugs and nano-systems to
L929 and HCT-116 cells. L929 mouse epithelial cells and HCT-116 cells were cultured in
Gibco MEM medium and Gibco DMEM medium, respectively, supplemented with 10%
fetal bovine serum and 100 µg/mL streptomycin in a humidified atmosphere with 5%
CO2 at a constant temperature of 37 ◦C to the logarithmic phase. The cells were seeded
in a 96-well plate at a density of 5 × 104 cells per well. After 18 h of incubation, 20 µL
of samples with different concentration gradients were added to each well. After 12 h of
coincubation, the illumination group was irradiated with a near-infrared light for 10 min.
After 12 h, 20 µL MTT solution (5 mg/mL) was added to each well in the dark, followed by
4 h of incubation. After incubation, the solution was carefully removed from the wells, and
150 µL DMSO was added to each well. After shaking in the dark for 10 min, the absorbance
was measured using a microplate reader at an absorbance of 490 nm, and the ratio of the
absorbance of the drug-co-cultured cells to the absorbance of the medium reference was
calculated to measure the survival rate of various cells.

4.5.9. Uptake of Nanomaterials by Tumor Cells

The uptake of nanomaterials by tumor cells and their targeting to HA were evaluated.
HCT-116 tumor cells were used to assess cellular uptake (the cell surface contains CD44
receptors), and the cellular uptake of the HA-modified nanocarrier was compared to
that of the non-HA-modified nanocarrier. HCT-116 cells were seeded into 6-well plates
(containing 1 mL of culture medium) at a density of 1 × 106 cells per well and grown for
24 h. Subsequently, 1 mL of PBS, DOX, MPDA-Fe(III)-DOX, and MPDA-Fe(III)-DOX-HA
were added (the equivalent DOX concentration in each group was 10 µg/mL), followed by
an incubation of 4 or 8 h. After adding the samples, the irradiated group was incubated
with near-infrared light (808 nm, 2 W/cm2) for 10 min. After incubation, cells were washed
three times with PBS and stained with 1 mL of Hoechst 33,258 for 25 min. After discarding
the staining agent, the cells were again washed three times with PBS before being observed
under a fluorescence inverted microscope.

4.5.10. Statistical Analysis

The results were expressed as mean ± SD. Statistical analysis was performed using one-
way analysis of variance (ANOVA) and t-test. p < 0.05 was considered statistically significant.

5. Conclusions

In this study, mesoporous polydopamine nanoparticles (MPDA) were prepared using
the template method, and an integrated photothermal–chemotherapy platform (MPDA-
Fe(III)-DOX-HA) was subsequently established. MPDA-Fe(III)-DOX-HA had a uniform
particle size of (133 ± 18 nm), a high drug-loading capacity for DOX (84.90 ± 0.68%), and
a high release capacity at pH = 5.2 (release rate: 53.1%). Photothermal experiments revealed
that the MPDA nanoparticles with surface-modified ferric ions had greater photothermal
conversion ability and good photothermal stability. In addition, under local irradiation
with an 808 nm near-infrared laser, MPDA-Fe(III)-DOX-HA exhibited strong cytotoxicity to
HCT-116 cells, whereas targeted modification of hyaluronic acid reduced the cytotoxicity

222



Int. J. Mol. Sci. 2023, 24, 6854

of nanoparticles to normal cells. The results showed that MPDA-Fe(III)-DOX-HA exhibited
good biocompatibility and anti-tumor effect, which could be used as a reference for further
research into photothermal–chemotherapy combination therapy in the future.
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Abstract: The spontaneous interaction between human papillomavirus type 16 (HPV16) L1 virus-like
particles (VLPs) and non-functionalized gold nanoparticles (nfGNPs) interferes with the nfGNPs’ salt-
induced aggregation, inhibiting the red–blue color shift in the presence of NaCl. Electron microscopy
and competition studies showed that color-shift inhibition is a consequence of direct nfGNP–VLP
interaction and, thus, may produce a negative impact on the virus entry cell process. Here, an in vitro
infection system based on the HPV16 pseudovirus (PsV) was used to stimulate the natural infection
process in vitro. PsVs carry a pseudogenome with a reporter gene, resulting in a fluorescent signal
when PsVs infect a cell, allowing quantification of the viral infection process. Aggregation assays
showed that nfGNP-treated PsVs also inhibit color shift in the presence of NaCl. High-resolution
microscopy confirmed nfGNP–PsV complex formation. In addition, PsVs can interact with silver
nanoparticles, suggesting a generalized interaction of metallic nanoparticles with HPV16 capsids.
The treatment of PsVs with nfGNPs produced viral infection inhibition at a higher level than heparin,
the canonical inhibitor of HPV infection. Thus, nfGNPs can efficiently interfere with the HPV16 cell
entry process and may represent a potential active component in prophylactic formulations to reduce
the risk of HPV infection.

Keywords: gold nanoparticles; nanoprophylaxis; viral inhibition; human papillomavirus; HPV;
pseudovirus; viral infection inhibition; nanocomplex formation

1. Introduction

Infection by the high-risk human papillomavirus (HPV) is the most significant risk
factor in the development of malignant tumors of the anogenital tract, including cervical
cancer. Despite the increasing use of prophylactic vaccines against HPV infection, cervical
cancer is still a primary health threat for women living in developing countries. Vaccine
cost, inadequate healthcare infrastructure and socio-cultural issues are some of the main
reasons for this apparent lack of effectivity. Hence, there is still a pressing need for new
and efficient strategies for HPV transmission control, detection and treatment [1,2].
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Genital dysplasia and cervical cancer are associated with a subset of HPVs referred to
as high risk, consisting of HPV types 16, 18, 31, 33, 45, 52 and 58. HPVs are small (50 nm)
icosahedral viruses with an 8 kb double-stranded circular DNA genome, encoding eight
early and late genes. Early genes regulate cellular transformation, and early and late viral
DNA replication. The late genes code for the L1 and L2 proteins, which self-assemble
within the host cell nucleus to encapsidate the viral DNA and constitute infective virions.
High-risk HPVs infect mucosal genital epithelia, where the key event is the binding of
the positively charged viral capsid to heparan sulfate (HS), a negatively charged linear
oligosaccharide attached to a protein core on the cell surface [3].

Gold nanoparticles (GNPs) are biocompatible Au clusters from 1 to 100 nm in size.
GNPs display distinctive physicochemical properties depending on their size and shape,
including surface plasmon resonance (SPR) and fluorescence enhancement effects [4].
Different forms of GNPs have been used as small-volume, ultra-sensitive label-free optical
sensors, leading to the development of several biomedical applications, such as real-time
imaging and biosensing, as well as the delivery of either genes or anti-tumor drugs for
cancer diagnosis and therapy, respectively. An easily noticeable red to blue color shift
results from particle–particle plasmonic coupling of GNPs. While in suspension in water,
GNPs electrostatically repulse each other, maintaining a stable color. However, the presence
of counterions (i.e., Na++) neutralizes electrostatic repulsion and the distance between the
GNPs decreases, producing near-field coupling that results in bigger particle size and a
strong enhancement of the localized electric field within the interparticle spacing, leading
to a pronounced color shift. The clearly distinguishable color shift facilitates detection
readout to such a degree that it can be performed with the naked eye [4].

GNP conjugation (functionalization) with biomolecules has been extensively reported
in several biodetection methods. Non-functionalized GNPs (nfGNPs) in water suspension
will eventually aggregate and precipitate as metallic gold powder. However, nfGNP
stabilization by protective or capping agents, such as thiols or citrate, prevents uncontrolled
aggregation, allowing long-term storage. The capping agent generally forms a monolayer
coat (ligand shell) that plays a critical role against aggregation, thus improving solubility
and electron-transfer efficiency while allowing controlled shape and assembly. The ability
to integrate nfGNPs into biological systems relies on the basic understanding of their
interactions with electrolytes, macromolecules and metabolites adsorbed onto their surface
by electrostatic, hydrophobic, van der Waals and dispersive forces forming a dense coating
known as the biocorona. Such a coating shields the original nfGNP surface properties acting
as a “complex” surfactant interface modifying their size and composition, thus defining
the physiological response and interaction with living systems including viruses [5].

Our group first reported the spontaneous interaction between HPV16 L1 virus-like
particles (VLPs) and nfGNPs, which resulted in the stabilization of purified VLPs and
the inhibition of the nfGNPs’ salt-induced aggregation. Ionic-competition and genetic
data showed that the nature of an nfGNP–VLP interaction was mainly hydrophobic [6].
Furthermore, nfGNPs covered substantial areas on the VLPs’ surface, suggesting that
nfGNPs may be used as a steric inhibitor of the HPV-16 virion interaction with the host cell
surface receptor, thus blocking infection. The present work showed, for the first time, the
interaction of nfGNPs with functional HPV16 PsVs and characterized the effect of the PsVs
in the nfGNPs’ aggregation process and the impact of the nfGNPs in the HPV virion cell
entrance process in vitro. Aggregation assays showed that PsVs can inhibit the nfGNPs’
color shift in the presence of NaCl in a dose-dependent manner. High-resolution TEM
showed that nfGNPs can directly interact with HPV16 PsVs. The nfGNP–PsV complex
prevented the characteristic red to blue color shift in aggregation assays and, in the presence
of ethanol, revealed that the interaction is essentially hydrophobic. The PsVs’ aggregate
size in solution decreased rapidly in the presence of nfGNPs, as previously determined
with VLPs. The nfGNPs were capable of inhibiting virus entry in a pseudovirus model
with no toxic effects. This is not unique to nanometric gold, as non-functionalized silver
nanoparticles (nfSNPs) can also inhibit the viral cell entry process. We compared the
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inhibition effect of non-functionalized metallic nanoparticles (nfMNPs) with heparin, the
canonical inhibitor of HPV, and showed that nfGNPs can inhibit the infection process more
efficiently than heparin.

Non-functionalized metallic nanoparticles (nfMNPs) can be useful to efficiently inhibit
the HPV16 infection process and have the potential to be incorporated in prophylactic
formulations as a functional component.

2. Results
2.1. Non-Functionalized Gold Nanoparticle (nfGNP) Characterization

HPV-16 L1/L2 pseudoviruses (PsVs) (a functional model for HPV infection) were
incubated with nfGNPs in HPV pseudo-infection assays. The nfGNPs were synthesized by
a modified citrate reduction method and characterized by high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) as spheroidal shaped parti-
cles of about 10–20 nm in diameter (Figure 1A). Dynamic light scattering (DLS) analysis
showed a narrow nfGNP size distribution of 18 nm with a standard deviation of 8.164, a
polydispersity index of 0.245 and a zeta potential of −22.8 mV with a standard deviation of
6.63, in the synthesis reaction final conditions at pH 5.5 (Figure 1B). These results indicate
that the synthesis produced a uniform nfGNP population. For functional characteriza-
tion, nfGNP response to Na++ counterions was tested by incubating 100 µL of nfGNPs
(2 nM) with increasing NaCl concentrations (20–100 mM) and measuring the red–blue color
shift by absorbance at a 650/520 nm wavelength ratio. Color change was apparent from
a 20-mM NaCl increase in the 650/520 ratio, showing that the produced nfGNPs were
competent for further experimentation (Figure 1C).
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Figure 1. Characterization of non-functionalized gold nanoparticles (nfGNPs). (A) Quasispherical
nfGNPs were directly visualized by HAADF-STEM (scale bar = 10 nm). (B) Hydrodynamic diameter
of nfGNPs as determined by DLS. (C) Salt-induced aggregation of nfGNPs. Increasing NaCl concen-
trations were used to determine the minimum concentration required to trigger nfGNP aggregation
(color shift from 650 to 520 nm). Bars represent the mean and standard deviation of three independent
experiments.

2.2. Characterization of PsVs

HPV16 PsVs expressing the yellow fluorescent protein (YFP) reporter gene were pro-
duced in 293TT cells and purified through ultracentrifugation, as previously described [7].
The PsVs were immunoreactive to HPV16 L1 and L2 antibodies in immunoblot assays
(Figure 2A). Transmission electron microscopy (TEM) analysis showed homogeneous
55 nm icosahedral capsids (Figure 2B).
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Figure 2. Characterization of PsVs. (A) HPV16 PsV immunoblotting. Purified PsVs were elec-
trophoresed by SDS-PAGE and immunoblotted against HPV16 L1 and L2 protein monoclonal anti-
bodies. Prominent 55 and 70 KDa bands corresponding to the L1 and L2 monomer confirmed the
purity of PsVs. MWM, molecular weight marker. (B) Negative-stain TEM microphotography of PsVs
(scale bar = 200 nm).

2.3. nfGNPs Interact with PsVs

As an initial approach to determining the effect of nfGNPs on HPV16 infection, the
reported inhibitory effect of HPV16 L1 VLPs on the aggregation of nfGNPs was further
tested with HPV16 L1/L2 VLPs and PsVs, which closely resemble the natural virion.
Challenging nfGNPs (100 µL) with L1/L2 VLPs or PsVs (200–500 ng) in aggregation
assays showed that the inhibition of nfGNP aggregation is not exclusive for L1 VLPs [6]
but was also extensive to L1/L2 VLPs (Figure 3A). This was expected because the L1
protein that comprises most of the HPV capsid and L2 is minimally exposed on the virion
surface [8]. Moreover, PsVs blocked salt-induced aggregation of nfGNPs, establishing that
nfGNP–PsV and nfGNP–VLP interactions are very similar or identical. TEM and HAADF-
STEM microphotography showed a direct interaction of nfGNPs with the PsV surface
(Figure 3B,C), suggesting that an nfGNP–PsV interaction may have biological relevance to
blocking the infection process [9].

As with VLPs, the PsVs tend to form clusters in suspension because of the relative
high abundance of hydrophobic contacts on the virion surface [10]. Such contacts are
likely destabilized by the hydrophobic interactions occurring with the nfGNPs [6]. The
effect of nfGNP concentration on PsV clustering (size about 200 nm) was analyzed using
purified HPV16 PsVs incubated with increasing amounts of nfGNPs (50–300 pM) and
immediately analyzed by DLS. The nfGNP treatment resulted in the disaggregation of
the PsV clusters into particles around 50 nm (Figure 3D), consistent with the previously
reported nfGNP-induced disaggregation of HPV16 L1 VLP clusters [6].
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2.4. nfGNP-PsV Interaction Is Mediated by Hydrophobic Interactions

Toward further insight into the nature of nfGNP–PsV interaction, aggregation as-
says were performed with rising EtOH concentrations to increase solubility as previously
reported for HPV VLPs [6] (Figure 4). The observed recovery of aggregation suggests
that, as with VLPs, the nfGNP–PsV interaction is mediated through the participation of
hydrophobic interactions.
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Figure 4. EtOH treatment recovers nfGNP aggregation in the presence of PsV. nfGNPs with increasing
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PsV; black bars, with PsV. The plot represents the mean and standard deviation of three independent
experiments. The asterisk indicates the statistical significance (p = 0.0001).
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2.5. nfGNPs Inhibit HPV16 PsV Pseudo-Infection

Infection of 293TT cells with HPV16 PsV is the most widely used model for HPV
infection. To evaluate the effect of nfGNPs on the HPV16 infection process, HPV16 PsV was
treated with increasing amounts of nfGNPs before addition to monolayer 293TT cultures.
A qualitative evaluation by fluorescence microscopy of the infected cells showed lower
fluorescence levels relative to higher nfGNP concentrations (Figure 5A). Flow cytometry
quantification of the pseudo-infected cultures showed that the nfGNP treatment decreased
PsV-mediated fluorescence by up to 80–90% relative to the non-treated PsV control. Cell
viability assays showed no harmful effects of the nfGNPs on 293TT cells (Figure 5B).
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2.6. nfGNPs Efficiently Inhibit Pseudo-Infection at Ineffective Concentrations of Heparin

To evaluate whether the inhibition property of nfGNPs on HPV16 infection was
restricted to nanometric gold, non-functionalized silver nanoparticles were tested. First,
the nfSNP–PsV complex formation was confirmed by microscopy. TEM negative stain
showed that nfSNPs interact with PsVs the way as nfGNPs; the nfSNP–PsV complex
formation did not disturb the PsV three-dimensional structure visually (data not shown).
Second, relative infection was determined to nfSNPs. Flow cytometry quantification of the
pseudo-infected cultures showed 80% infection inhibition with nfSNPs in a dose-dependent
manner (Figure 6), as previously shown with nfGNPs.
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Heparin is a potent HPV16 pseudo-infection inhibitor, as previously reported [7]. To
compare with the HPV16 pseudo-infection inhibition potential of nfGNPs, HPV16 PsV
was treated with increasing heparin concentrations before addition to monolayer 293TT
cultures. Heparin did not show the HPV16 pseudo-infection inhibition effect for the tested
concentrations (Figure 6), as previously reported [11].

3. Discussion

Pseudo-infection inhibition by nfGNPs was better than by heparin, a molecule struc-
turally related to HS and widely accepted as an efficient inhibitor of the HPV infection [3].
However, the antiviral application of heparin is contraindicated due to its anticoagulant
activity and inherent toxicity. On the other hand, nfGNPs have high specificity, even in a
complex mixture of proteins, and have a hydrophobic surface that mediates nfGNP–PsV
interaction, as recently reported for an influenza virus-sensing platform [11]. s Metal
nanoparticles (MNPs) have been widely used to inhibit viral infection, and this has been
extensively reviewed by Kaminee Maduray and Raveen Parboosing [12]. Functionalized
gold nanoparticles with polyethylene glycol (GNP-PEG) of 10 nm in size have been used
to inhibit the HIV cell fusion process, supporting the idea of inhibiting the HIV infection
process by gp120-CD4 recognition by raising 60% of inhibition at 0.8 mg/mL [13]. Poly-
sulfated gold nanoparticles (GNP-SO4Na) from 110 nm were used to efficiently inhibit
the binding of vesicular stomatitis virus (VSV) by a three-dimensional network formation
that prevents VSV from cell binding; conversely, 19 nm GNP-SO4Na only decorate the
virion at the concentration tested, probably inhibiting virus-cell binding by a complete
steric shielding [14]. nfGNPs from 9.5 nm in size (initially 24 h after infection and every
24 h thereafter, for a total of three times at concentrations of 5 mg/kg and 20 mg/kg) were
applied intranasally in 8–10-week-old female BALB/c mice against H2N2 influenza virus,
obtaining 100% survival at eight days compared with zero survival for the control [15].

In perspective, nfGNPs could be a component of a novel topical application product
as suggested for carrageenan (a polysaccharide such as heparin and a potent inhibitor of
HPV infection) and the positively charged polymer AGMA1 [11]. Thus, incorporating
nfGNPs into a mixture with carrageenan and AGM1 in a single treatment could completely
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inhibit HPV entry in different ways, resulting in an effective prophylactic tool. The major
concern with nanoparticle application in vivo is its potential toxicity; this concern has been
widely reviewed by Sani et al. [16]. nfGNPs have a great potential to be incorporated as
a functional component in a lubricant, where the nanoparticles would be in contact with
the mucus-coated vaginal tissue—a non-keratinized stratified squamous epithelia. Vaginal
epithelium is structured by basal membrane, stratum granulosum, stratum spinosum,
intermediate cells, superficial squamous flat cells and stratum corneum cells. Stratum
corneum cells, where nfGNP toxicity could occur, slough off by a natural process [17].
Ensign et al. exposed the difficulty of going through the mucous layer coating the vagina
epithelium. Mucus traps particles efficiently by adhesive and steric interactions, preventing
cell penetration. Particles and pathogens trapped in the upper mucus layer would be
expected to rapidly clear [18].

This is the first report of nfGNPs blocking HPV infection. Although a full understand-
ing of the molecular mechanisms governing the nfGNP–HPV interaction remains to be
fully understood, the strong inhibitory effect of the nfGNPs on the PsV pseudo-infection
process could provide a novel and affordable prophylactic method against HPV infection,
thus preventing cervical cancer.

4. Materials and Methods
4.1. Synthesis of Non-Funtionalized GNPs (nfGNPs)

Non-functionalized GNPs (nfGNPs) were prepared by a modified Turkevich method,
as described [19,20]. Briefly, 45 mL of deionized water was added to a reaction flask and
refluxed. A mixture of 5 mL of 0.1% tetrachloroauric acid, 2 mL of 1% trisodium citrate
and 42.5 µL of 0.1% silver nitrate was added dropwise. Synthesis reactions were carried
out for 60 min and allowed to cool to room temperature. Colloidal nfGNPs were stored
at 4 ◦C until used. The nfGNP characterization was made in the synthesis final reaction
conditions (pH 5.5), nfGNP shape was determined by HAADF-STEM in a JEM-ARM200F
transmission electron microscope (JEOL Ltd., Tokyo, Japan). nfGNP size was determined
using dynamic light scattering (DLS) in a Zetasizer Nano-ZS90 (Malvern Panalytical Ltd.,
Cambridge, UK) with detection at 173◦, and nfGNP concentration was determined by
UV-visible spectra, using the equation c = A450/
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450 is the molar extinction coefficient for
GNPs of 18 nm (3.87 × 108 M−1 cm−1) [21]. The nfGNP suspension pH was changed to
pH 7.2–7.7 through 1:100 dilution in DPBS buffer before incubation with the PsVs.

4.2. Production of HPV16 L1 Virus-Like Particles (VLPs)

HPV16 L1 virus-like particles (VLPs) were produced as we previously reported [1,22].
Briefly, Spodoptera frugiperda Sf21 cells (Life Technologies Corporation, Carlsbad, CA, USA)
in Sf900TMII medium (Life Technologies) were infected with L1-producing recombinant
baculovirus for 72 h at 26 ◦C. Infected cells were pelleted by centrifugation and resus-
pended in 1X Dulbecco’s phosphate-buffered saline (D-PBS) (2.67 mM KCl, 1.47 mM
KH2PO4, 137.93 NaCl mM and 8.06 mM Na2HPO4-7H2O pH 7.2–7.7) complemented with
cOmpleteTM protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MI, USA) in siliconized
microtubes and lysed by sonication in a GEX 130 PB ultrasonic processor (Cole-Parmer
Instrument Co., Vernon Hills, IL, USA) at 60% cycle duty 3 times (5 s each). Total lysates
were incubated overnight at 37 ◦C for VLP maturation; digested at 37 ◦C for 1 h with Serratia
marcescens nuclease (Sigma-Aldrich) at 0.1% final concentration; and immediately chilled
on ice, mixed with a 0.17 volumes of 5 M NaCl and clarified by centrifugation at 2000× g for
15 min. The resulting supernatant was purified through CsCl isopycnic centrifugation and
extensively dialyzed against 1X D-PBS at 4 ◦C. VLP production was verified by negative
stain in TEM and immunoblotting, and VLP stock was stored in 1X D-PBS at 4 ◦C until use.
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4.3. GNP Aggregation Assays

Non-functionalized GNP aggregation was carried out in 96-well microplates by adding
nfGNPs (100 µL), VLPs or PsV and NaCl for a 250 µL final volume. Absorbance at 520
and 650 nm was measured immediately using an Epoch™ microplate spectrophotometer
(Biotek Instruments, Winooski, VT, USA). The mean and standard deviation of the color-
shift 650/520 ratio from each sample were plotted by triplicate.

4.4. Dynamic Light Scattering (DLS)

Sample measurements were performed at 25 ◦C using a Zetasizer Nano-ZS90 (Malvern
Instruments, Malvern, UK) with detection at 90◦. The hydrodynamic size of the VLPs
was recorded as Z-average hydrodynamic diameter (Dh). The plotted data represent the
average size of five measurements from the same sample.

4.5. Cell Culture

The human embryonic kidney 293TT (ATCC CRL-3467) cells were cultured in Gibco®

Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermo Fisher Scientific Inc., Waltham,
MA, USA) supplemented with 5% Gibco® fetal bovine serum (FBS) (Thermo Fisher Scien-
tific), 100 IU/mL penicillin, 100 µg/mL streptomycin (PAA Laboratories Inc., Pasching,
Austria) and 200 µg/mL Gibco® hygromycin (Thermo Fisher Scientific) at 37 ◦C and
5% CO2.

4.6. HPV16 Pseudovirus (PsVs) Production

HPV16 PsVs were produced as previously described [23]. Briefly, 293TT cells were
co-transfected with the p16sheLL expression plasmid [11] and the reporter plasmid pSV-
LYFP using the Lipofectin® transfection reagent (Thermo Fisher Scientific). Cells were
harvested 72 h post-transfection, lysed in lysis buffer (DPBS-9.5 mM MgCl2 and 0.25%
Brij® 58) and incubated at 37 ◦C for 24 h for maturation. The mature mixture was digested
with Benzonase® (Merck KGaA, Darmstadt, Germany) and clarified by centrifugation.
Supernatant was placed on an OptiPrep™ gradient (Sigma-Aldrich) for ultracentrifugation
at 170,000× g for 20 h. The fraction containing PsVs was recovered and filtered through
a Sephadex® G25 column (Cytvia, Marlborough, MA, USA) in DPBS-0.5M NaCl. PsV
production was verified by immunoblotting and transmission electron microscopy (TEM).
Infectivity was a measure of the number of 293TT fluorescent cells generated by 1 µL of
viral stock after 72 h post infection. Each fluorescent cell was considered an infectious unit
(InU). PsVs were stored at 4 ◦C until use.

4.7. Pseudovirus Infection Inhibition

293TT cells were seeded into 24-well plates (1 × 104/well) and incubated overnight at
37 ◦C. Infection mixes were prepared with 5000 InU PsVs and increasing concentrations of
nfGNPs (Thermo Fisher Scientific) until a final volume of 80 µL of DPBS. Infection mixes
were maintained on gentle agitation at room temperature for 20 min and then added to
293TT in 500 µL of DMEM. PsV adsorption was allowed for 20 min before removal of the
infection mix followed by addition of 1 mL of pre-warmed DMEM supplemented with 5%
FBS. After 72 h, cells were harvested, washed with DPBS and resuspended in 0.5 mL of
DPBS for analysis in a FACScalibur flow cytometer (BD Biosciences, San Jose, CA, USA)
with a band-pass filter at 530/30 nm (FL1). Excitation was performed with a 488 nm argon
laser (1 × 104 cells/read).

4.8. Cellular Viability Assay

293TT cells were treated as described in the Section 4.7. Seventy-two hours post
treatment, the cells were harvested and an aliquot of the suspension cell was mixed with an
equal volume of 0.4% blue trypan (Bio-Rad Laboratories, Hercules, CA, USA). The number
of viable cells was evaluated in a TC10 automated cell counter (Bio-Rad Laboratories).
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5. Conclusions

Nanomaterials used to integrate theranostic tools have become an essential part
of health care research and development. In the present work, nfGNPs were tested as
inhibitors for the infection of HPV16 (the main etiological agent of cervical cancer) in an
in vitro PsV model that recapitulates the HPV16 L1 interaction with HS as an essential step
for viral entry to the host cell. As with HPV16 VLPs, nfGNP NaCl-induced aggregation was
inhibited by an interaction with HPV16 PsV, suggesting that nfGNPs can inhibit the viral
entry process. Moreover, the nfGNPs stably interacted, disaggregating PsV–PsV complexes
through direct hydrophobic contacts with the surface of the virions. Pseudo-infection
experiments showed that the nfGNPs can significantly inhibit the HPV16 entry process in a
dose-dependent manner without affecting cell viability and more efficiently than heparin,
a classic inhibitor of HPV infection. A similar effect was observed with silver nanoparticles,
suggesting a general mechanism for metallic nanoparticles.

Therefore, nfGNPs could be used as a part of topical formulations to prevent HPV
infection on genital mucosa, thus providing a novel prophylactic alternative for the fight
against cervical cancer.
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Abstract: Background: Breast cancer is the most common cancer in women globally, and diagnosing
it early and finding potential drug candidates against multi-drug resistant metastatic breast cancers
provide the possibilities of better treatment and extending life. Methods: The current study aimed to
evaluate the synergistic anti-metastatic activity of Curcumin (Cur) and Paclitaxel (Pacli) individually,
the combination of Curcumin–Paclitaxel (CP), and also in conjugation with gold nanoparticles (AuNP–
Curcumin (Au-C), AuNP–Paclitaxel (Au-P), and AuNP–Curcumin–Paclitaxel (Au-CP)) in various
in vitro and in vivo models. Results: The results from combination treatments of CP and Au-CP
demonstrated excellent synergistic cytotoxic effects in triple-negative breast cancer cell lines (MDA
MB 231 and 4T1) in in vitro and in vivo mouse models. Detailed mechanistic studies were performed
that reveal that the anti-cancer effects were associated with the downregulation of the expression
of VEGF, CYCLIN-D1, and STAT-3 genes and upregulation of the apoptotic Caspase-9 gene. The
group of mice that received CP combination therapy (with and without gold nanoparticles) showed a
significant reduction in the size of tumor when compared to the Pacli alone treatment and control
groups. Conclusions: Together, the results suggest that the delivery of gold conjugated Au-CP
formulations may help in modulating the outcomes of chemotherapy. The present study is well
supported with observations from cell-based assays, molecular and histopathological analyses.

Keywords: Curcumin; Paclitaxel; gold nanoparticles; triple-negative breast cancer cell lines (4T1 and
MDA MB 231); metastasis

1. Introduction

According to the published report by the International Agency for Research Cancer
(IARC) on the global burden and the incidence of various cancer cases (36 types of cancers)

237



Int. J. Mol. Sci. 2022, 23, 2150

in the year 2020 using a statistical database (i.e., Globocan 2020), around 19.3 million active
cases and 10 million cancer-related deaths were reported in over 185 countries. Among
these 19.3 million cases, the incidence of breast cancer cases was higher in comparison to
other cancer cases [1].

Triple-negative breast cancers (TNBC) are a type of breast cancer characterized by
a lack of cell receptors such as ER (estrogen receptor), PR (progesterone receptor), and
human epidermal growth factor receptor 2 (HER2). TNBC is considered a dreadful and
highly malignant cancer, due to the high chances of re-emergence and frequency at which
it metastasizes in comparison to the other breast cancers. Currently, there are no effective
therapies available against TNBC due to the lack of molecular targets in cancer cells, which
underscores the need for developing novel therapies for this subtype of breast cancer [2].
The literature suggests the role of a multitude of proteins in tumor growth, cell–cell interac-
tion, and metastasis. E-cadherin (E-cad) is such a protein whose suppression is linked with
increased invasiveness and metastasis of tumors. TNBC molecular phenotype presents
a higher risk for the loss of E-cad expression in comparison to the tumors of non-TNBC
molecular phenotypes [3]. Metastasis is an impenetrable event that involves multiple
interrelated biochemical events that makes it less lucid. Metastasis is divided into four
essential steps: invasion, adhesion, detachment, and migration of different signaling path-
ways, and extracellular matrix regulated in cancer metastasis. The metastatic genes are
stress-related genes that contribute to wound healing, inflammation, and stress-induced
angiogenesis [4]. Yang et al. (2019) [5] demonstrated the crucial role of a signaling molecule
known as signal transducer and activator of transcription 3 (STAT3) in evading the immune
system, proliferation, and metastasis of TNBC5. TNBC continuously expresses the STAT
gene for downregulating certain genes for gaining cellular responses by angiogenesis,
anti-apoptosis, chemoresistance, immunosuppression, invasion, and migration. TNBC can
be characterized by enhanced expression of vascular endothelial growth factor (VEGF)
and vasculature [6]. Among the known chemotherapy drugs, Paclitaxel (Taxol) is the most
extensively used chemotherapeutic drug for treating various cancers (i.e., breast, lung,
ovarian cancer, and solid tumors). Paclitaxel exerts its anti-cancer effects by attaching
itself to microtubules and inhibits cell division leading to induced apoptosis in cancer cells.
However, the beneficial property of Paclitaxel as a chemotherapy drug has its limitations
as it also causes adverse side effects including myelotoxicity and neurotoxicity [7] retinal
vein occlusion, deep vein thrombosis, pulmonary embolism, stroke [8], and cataracts in
cancer patients. Hence, the search for an alternate anti-cancer drug, which comes with the
fewest side effects, is still on. Curcumin is a polyphenol known for its anti-inflammatory,
anti-microbial, antioxidant, and anti-cancer properties [9,10]. Curcumin is known to act
against many signaling molecules, including growth factors (VEGF-a/b/c/d), transcription
factors, kinases, metalloproteases (MMP1/2) cytokines, and other receptors associated with
angiogenesis and angiogenesis-dependent metastasis of tumor cells by downregulating
respective genes [11]. Therefore, based on the extensive research findings regarding phyto-
chemicals, and their derivatives, this can be a promising option for cancer treatment with
lower toxicity and effectiveness [12,13]. After the selection of the phytochemicals, the focus
shifts to the delivery systems that are inert and apt in delivering the drugs to the site of
cancers. Scientists have researched varied delivery systems such as nanoparticles (silver
and gold), liposomes, etc., both in vitro and in vivo for utilizing better therapeutic efficacies
against different cancers, metastatic and drug-resistant tumors. Among the nanoparticles,
gold nanoparticles (AuNPs) were extensively used as drug delivery systems (DDS) due to
their easy synthesis, high surface volume, easy functionalization, and high biocompatibility.
Nanoparticles exhibit better efficacy and a censorious role in drug delivery [3,14]. Our
earlier publication on the evaluation of biosynthesized gold nanoparticles (i.e., Au-Cur,
Au-Tur, Au-Qu, and Au-Pacli) alone and in combination in vitro has generated encouraging
results giving us evidence on the synergistic effect of phytochemicals and Paclitaxel in
employing significant anti-cancer properties with the regulation of gene expression playing
a vital role in disease progression [15,16]. Based on the evidence from our earlier studies,
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we developed an in vivo breast cancer model (i.e., Balb/c mice) by injecting the 4T1 cell
line into the fourth inguinal (lower mammary fat pad) [17–20] of the mice for evaluating
the anti-cancer properties of experimental drugs (Curcumin and Paclitaxel) and biosyn-
thesized gold nanoparticles (Au-C, Au-P, and Au-CP) individually and in combination.
The current study evaluates the anti-metastatic and synergistic effects of Curcumin and
Au-CP in metastatic triple-negative breast cancer cell lines and mouse breast cancer models.
Findings from the study exhibited anti-cancer and anti-metastatic properties of b-AuNPs
(i.e., Curcumin alone and in combination with Paclitaxel) by controlling the expression
of pro-oncogenes (MMPs, STAT, VEGF, Cyclin D) and enhancing the expression of the
apoptotic gene (Caspase 9), anti-metastatic gene (E-cadherin), reduction in migration of
cells in vitro, and reduction in the tumor size (in vivo). Based on the findings, it is evident
and safe to promote to the phytochemical combinatorial chemotherapy approach in treating
the triple-negative breast cancers as could be the future of nanomedicine in the field of
cancer treatment.

2. Results
2.1. Characterization of Gold Nanoparticles (AuNPs) and Stability Study

After synthesis of drug conjugated gold nanoparticles, initially, we evaluated physic-
ochemical parameters such as hydrodynamic diameter (HDD), zeta potentials, and poly-
dispersity index (PDI) of Au-C, Au-P, and Au-CP by using dynamic light scattering spec-
troscopy (DLS) in various media (Mili-Q water and 10% serum containing media has
a lot of BSA (bovine serum albumin) proteins, these proteins may bind to the surface
of the gold nanoparticles and it may help to increase the surface diameter of the gold
nanoparticles [21,22] (Table 1).

Table 1. Characterization of Au-C, Au-P, and Au-CP in water and cell culture media with serum.

Nanoparticles In Water In 10% Serum-Containing Medium

HDD (mm) Zeta Potentials (mV) PDI% HDD (mm) Zeta Potentials (mV) PDI%

Au-C 101.5 ± 15 −0.2 ± 0.1 25.2 ± 2.5 152 ± 8 −6.9 ± 1.5 23.1 ± 1.5

Au-P 115 ± 9 −5.8 ± 2.1 23.9 ± 3.3 140 ± 15 −8.2 ± 2.3 20.2 ± 4.3

Au-CP 128 ± 10 −3.0 ± 1.1 25.5 ± 1.2 166 ± 6 −3.9 ± 1.12 22.41

We observed that these particles were in the nanometer range in water (101–128 nm)
(Figure 1a, middle panel and Table 1) and serum-containing medium (Table 1) and negative
zeta potentials in both the mediums (Figure 1a, lower panel and Table 1). Transmission
electron microscopic images clearly showed that all three formulations were circular and
uniformly distributed (Figure 1a, upper panel).

The stability of the particles was analyzed in water for up to 100 days. We observed
that there was no significant change in the particle HDD (Figure 1b) indicating high stability
of the nanoconjugates that are essential for any biomedical applications.
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Figure 1. Cytotoxicity and cell viability assessment (MTT assay). (a) Characterization of gold
nanoparticles conjugated with Cur, Pacli, and CP. Upper panel: Transmission electron microscopic
(TEM) images of Au-C, Au-P, and Au-CP (scale bar 500 nm). Middle panel: Hydrodynamic dynamic
diameter histograms of Au-C, Au-P, and Au-CP obtained by DLS in water. Lower panel: Zeta
potential histograms of Au-C, Au-P, and Au-CP obtained by DLS in water. Each formulation was
prepared and characterized thrice, and representative histograms are shown. (b) Stability analysis of
Au-C (blue line), Au-P (orange line), and Au-CP (grey line) in deionized water at different time points
at room temperature. (c) MTT assay (cytotoxicity and cell viability) was performed in cancer cell
lines MDA-MB-231, 4T1 by treating with 10.0 and 20.0 µg/mL individually and in the combination of
Au-CP at 5.0 and 10.0 µg/mL for 36 h. Similarly, HEK-293 cells were treated with three concentrations
(10, 20, and 30 µg/mL). p-value < 0.05, * indicates significance.
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2.2. Apoptotic Assay

The observations from the apoptotic assay highlight the treatments with Cur, Pacli,
Au-C, Au-P, CP, and Au-CP, individual 10.0 µg/mL and in the combination of AuNPs-CP
at 5.0 µg/mL for 36 h. The triple-negative metastatic cancer cell lines (4T1 and MDA MB
231 cell lines undergoing apoptosis) were quantified by the Annexin-V binding assay. The
Annexin-V (apoptotic cells) phosphatidylserine (dead cells) showed 4T1 and MDA MB
231 cancer cells enhanced the apoptosis on treatment with the experimental drugs and the
percentages of dead cells in the MDA MB 231 cell line are as follows: Cur (34.03% early
apoptosis cell and 0.70% late apoptosis cell), Pacli (16.18% early apoptosis cell, 6.92% late
apoptosis cell, and 4.96% necroptosis cell population), CP (52.40% early apoptosis cell
and 12.67% late apoptosis cell), Au-C (32.57% early apoptosis cell, 18.22% late apoptosis
cell, and 2.18% necroptosis cell population), Au-P (10.29% early apoptosis cell, 23.34% late
apoptosis cell, and 5.74% necroptosis cell population), and Au-CP (38.36% early apoptosis
cell, 35.20% late apoptosis cell, and 1.58 necroptosis cell population).The percentage of dead
cells in the 4T1 cell line are as follows: Cur (26.39% early apoptosis cell, 4.67% late apoptosis
cell, and 0.76% necroptosis), Pacli (17.87% early apoptosis cell, 6.54% late apoptosis cell, and
1.10% necroptosis cell population), CP (29.48% early apoptosis cell, 20.60% late apoptosis
cell, and 6.32% necroptosis cell), Au-C (39.38% early apoptosis cell, 4.77% late apoptosis
cell, and 0.58% necroptosis cell population), Au-P (32.36% early apoptosis cell, 2.20% late
apoptosis cell, and 1.63% necroptosis cell population), and Au-CP (43.52% early apoptosis
cell, 28.76% late apoptosis cell, and 0.09 necroptosis cell population). The results showed
significant cytotoxicity in both 4T1 and MDA MB 231 cell lines on treatment with individual
agents and also in combination, but the combination treatments demonstrated better
apoptotic efficiencies in comparison to the individual treatments (Figure 2a,b) [23–27].

2.3. DCFDA Assay

To determine whether Cur, Pacli, Au-C, Au-P, CP, and Au-CP-mediated apoptotic
cell death was due to intracellular reactive oxygen species (ROS) accumulation, we used
an H2DCFDA fluorescence assay and ROS generation was measured using fluorescence
microscopic analysis. Fluorescence microscopic images of treated MDA MB 231 and 4T1
cells showed enhancement in the level of green color fluorescent intensity (Cur (6.5 and 6.5),
Au-C (10 and 10), Pacli (4.5 and 4.5), Au-P (8 and 7), CP (18 and 16), and Au-CP (22 and
18)) as compared to control untreated cells indicating intracellular ROS accumulation. The
combination therapies demonstrated significant intracellular ROS accumulation in both 4T1
and MDA MB 231 cell lines in comparison to the individual treatments (Figure 2c,d) [28,29].

2.4. Retardation in MDA-MB 231 Cell Migration

To further investigate whether anti-proliferative changes in Cur, Pacli, Au-C, Au-P,
CP, and Au-CP treated cells affected the migratory activity of MDA-MB 231 and 4T1 cells,
a bidirectional scratch assay was performed. Decreased cellular migration in the wound
areas which were treated with Cur, CP, Au-C, and Au-CP was observed, indicating that
they could inhibit the mobility of breast cancer cells. The cells treated with Pacli and Au-P
showed the least effect as a result of lesser inhibition of cellular migration in the wound area
in comparison to control cells that gradually migrated and filled the wounded area after
24 h of treatment. To confirm our above-mentioned findings, the transwell migration assay
was performed using Cur and Pacli (10.0 µg/mL) individually and in the combination of
Au-CP at 5.0 µg/mL for 36 h. Consistent with our findings from the scratch assay, data
from the transwell migration assay also showed in response to Cur, CP, Au-C, and Au-CP,
lower numbers of cells migrating to the undersurface transwell insert in comparison to a
significantly high number of migratory cells that migrated to the undersurface transwell
insert in Pacli and Au-P-treated and control sets (number of cells migrated in different
treatment groups, i.e., control (2500 and 1800), Cur (1250 and 1000), Au-C (600 and 600),
Pacli (1600 and 1000), Au-P (800 and 700), CP (300 and 450), and Au-CP (200 and 300)).

241



Int. J. Mol. Sci. 2022, 23, 2150

Thus, these observations indicate that Curcumin in combination could be a very effective
treatment regimen for controlling breast cancers (Figure 3a,b) [30].

Figure 2. (a,b) Apoptotic assay—percentage of cells undergoing apoptosis in different breast cancer cell
lines, (a) MDA MB 231 and (b) 4T1, after treatment with Cur, Pacli 10.0 µg/mL, and in the combination
of Au-CP at 5.0 µg/mL for 36 h; Annexin V–PI assay). (c,d) DCFDA assay—fluorescence microscopic
images of treated (c) MDA-MB 231 and (d) 4T1 cells showed enhancement in the level of green color
fluorescent intensity as compared to control untreated cells indicating intracellular ROS accumulation.
p-value: <0.05, 0.01, 0.001 indicates * significant, ** very significant, *** highly significant.
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Figure 3. (a,b) Transwell migration assays of (a) MDA-MB 231 and (b) 4T1 were performed to assess
the motility of metastatic cancer cells upon treatments with Cur and Pacli individually and both in
combination CP in a transwell chamber with the non-coated membrane (24-well insert, pore size:
8 mm, Corning, Life Sciences). (c,d) Flow-cytometric analysis of E-cadherin in (c) MDA-MB 231
and (d) 4T1 metastatic breast cancer cell lines on treatment with Cur, Pacli at 10.0 µg/mL and the
combination of AuNPs-CP at 5.0 µg/mL for 36 h. p < 0.001 *** signifies highly significant.

2.5. Flow Cytometer Analysis—E-Cadherin Expression in 4T1 and MDA-MB 231 Cell Lines

The below figure illustrates the efficacy of the anti-cancer treatments for controlling
metastasis by enhancing the expression of E-cadherin in MDA-MB 231 and 4T1 cancer
cells. E-cadherin expression signal was more evident in Cur, Pacli (10.0 µg/mL), and the
combination of Au-CP at 5.0 µg/mL for 36 h treatments in comparison to the control group.
The expression signals of E-cad in Pacli and Au-P treatment groups (MDA MB 231 and
4T1) were low in comparison to the other treatments groups (i.e., Cur, Au-C, CP, Au-CP)
suggesting low efficacy against metastasis (Figure 3c,d) [31,32].
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2.6. Scratch Assay

To determine the efficacy of different anti-cancer agents against cancer cell motility
in vitro, the scratch assay was employed at different time points (0 and 24 h). The wound
that was created was considered time zero. MDA-MB-231 cell migration was observed for
24 h and it was observed that the wound area increased in the cells, which were treated with
Cur, CP, Au-C, and Au-CP, indicating that they could inhibit the motility of breast cancer
cells. The cells treated with Pacli and Au-P showed the least effect as a result as the wound
area appeared smaller which was similar to the control group [5,33]. Cur and Pacli at
10.0 µg/mL and the combination of Au-CP at 5.0 µg/mL for 36 h inhibited cell migration in
MDA-MB-231 indicating that Curcumin in combination could be a very effective treatment
regimen for controlling breast cancers (Figure 4a,b) [34].

2.7. Gene Marker Studies

MDA-MB 231 and 4T1 cell lines were treated with Cur, Pacli, CP, Au-C, Au-P, and
Au-CP to assess their effect on the expression of Caspase 9, VEGF, STAT, and Cyclin D gene
markers. The expression of different gene markers in the cells were treated individually
and in combination with Cur, Pacli, CP. We observed that the combinational treatments
significantly downregulated VEGF, CYCLIN D1, and STAT-3 genes and upregulated the
Caspase-9 expression in comparison to the individual treatments in both 4T1 and MDAMB
231 cell lines. The individual and combinational treatments gave significant results in the
case of the 4T1 cell line when compared to the MDA MB 231 cell line (Figure 4c,d) [30].

2.8. Tumor Induction and Treatment

A reduction in tumor size (primary xenografts) in BALB/c mice was observed. Cur-
cumin decreased tumor size in primary breast cancer xenografts individually and in
combination with Paclitaxel. BALB/c mice bearing 4T1 cells as xenografts were intraperi-
toneally treated with 50 mg/kg Curcumin and Paclitaxel daily for 3 weeks. Tumors in
Cur, Pacli, and CP-treated mice were 50% of the size of control animals at the end of drug
treatment. Xenografts were introduced into the breast fat pads of Balb/c mice and in a
week the tumors were visible. The treatment with the Curcumin and Paclitaxel alone
and in combination showed a reduction in tumor size. The mice that received Curcumin
and CP combination showed a significant tumor reduction in comparison to the control
and Pacli-treated mice. The use of AuNPs increased the therapeutic efficacy in all groups
possibly due to the higher availability of drugs at disease sites using enhanced permeability
and retention phenomena (Figure 5a) [35–37]. The size of tumors was measured externally
in the experimental mice using a Vernier caliper at different time points (days 0, 10, and 21)
and it was observed that the tumors regressed with the experimental treatments. The
tumors significantly regressed in mice that received Cur, CP, Au-C, Au-CP, indicating the
effectiveness of the treatments against breast cancers individually with Cur and Au-C and
also in combination CP and Au-CP with the known anti-cancer drug Paclitaxel. The mice
that received Paclitaxel showed minimal effects on tumors in comparison to other treat-
ments, but the effect increased significantly when used as a combination with Curcumin,
demonstrating the synergistic and beneficial effects in controlling tumor progression and
disease (Figure 5b).
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Figure 4. (a,b) Scratch assay—analysis of (a) MDA-MB 231 and (b) 4T1 cell migration by in vitro
scratch assay upon treatment with sub-toxic concentrations of Cur and Pacli individually and both in
combination CP, as indicated. Images were acquired under a phase-contrast microscope at 0 and 24 h.
The dotted lines define the areas lacking cells. Cur, Au-C, CP, and Au-CP inhibited cell migration
in MDA-MB-231 whereas Pacli and Au-P did not inhibit the cell migration. (c) The gene marker
expression studies were undertaken in both in vitro 4T1 and MDA MB 231 cell lines. The in vitro
expression of Caspase 9 was upregulated while STAT3, VEGF, Cyclin D were downregulated when
compared with GAPDH in cell lines treated with Cur and Pacli 10.0 µg/mL and in the combination
of Au-CP at 5.0 µg/mL for 36 h. p-value: < 0.01 ** signifies very siginificant.
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Figure 5. (a) Reduction in tumor size (primary xenografts) in BALB/c mice. BALB/c mice bearing
4T1 cells as xenografts were intraperitoneally treated with 50 mg/kg Cur and Pacli daily, individually
and in combination with AuNP for 3 weeks. CP combination decreased tumor size more efficiently
when conjugated with AuNP. (b) The size of tumors was measured externally in the experimental
mice using a Vernier caliper at different time points (days 1, 10, and 21) and it was observed that the
tumors regressed with the experimental treatments. (c) Histopathological evaluation of metastasis
in breast fat pad and liver of the Balb/c mice that were treated with 50 mg/kg.bw Cur, Pacli, CP,
Au-C, Au-P, and Au-CP. (d) The in vivo expression of STAT3, MMP2/3/9, Cyclin D, and VEGF was
downregulated in rat tissues treated with 50 mg/kg Cur and Pacli individually and 25 mg/kg in
combinations of CP with and without AuNPs groups [19]. **** p-value: <0.0001, *** p-value: <0.001,
** p-value: ≤0.01.
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2.9. Histopathological Studies

Figure 5c demonstrates the histopathological evaluation of the breast and hepatic
tissues of experimental mice for the status of metastasis and the potency of experimental
drugs for controlling the progression of cancer and metastasis in vivo. Metastasis was
prominently seen in the positive control, Pacli, and Au-P groups. Mild metastasis was
observed in the groups that received Cur and Au-C, but the groups that received a combi-
nation of CP and Au-CP showed no signs of metastasis (i.e., neoplasticity in both mammary
and hepatic tissues) indicating the effective therapeutic potential of CP and Au-CP [35].

3. Discussion

Over the years, focus has shifted towards phytochemical supplementation in cancer
management that has become acceptable and cost-effective, but there is limited evidence
that plant-derived constituents could decrease the risk or prognosis of cancer. In the
last two decades, varied non-nutritive phytochemicals were isolated individually or as a
mixture of agents, and their potency as chemo-preventive agents was evaluated. Despite
scientific advancements in understanding of the incidence and progression of cancer,
limitations in elucidating the chemo-preventive abilities of most phytochemicals are still
encouraging researchers to conduct extensive research in this area of therapy. Anti-tumor
activities of most phytoextracts are due to the combination of varied phytochemicals acting
synergistically against carcinogenesis rather than an individual agent. It is hypothesized
that an individual agent may not exert its anti-tumor properties similarly or may lose its
bioactivity when isolated from the whole compound [36,37]. The challenge for researchers
is the identification and characterization of compounds, molecular and cell signaling
networks for better assessment of phytochemicals and the dosage to be administered to
humans in a day.

The combination of Curcumin–Paclitaxel is potent for controlling the cancers by
inhibiting the cell proliferation, metastasis, and enhancing the pro-apoptotic markers such
as P53 and caspases 3, 7, 8, and 9 [38].

Gold nanoparticles are behaving as a delivery system as they can overcome the
biological barriers, sustain the blood flow for a long duration, reach target specific cancer
cells in distant areas, and accumulate densely in the tumor sites and release drugs [39].

The present study demonstrated the anti-cancer and anti-metastasis mechanisms of
Curcumin, Paclitaxel, gold nanoparticle conjugated Curcumin, and Paclitaxel on metastatic
cancers individually and in combination. Our earlier study reported the anti-metastatic
properties of nanoparticle conjugated phytochemicals by targeting the STAT3, Cyclin D,
and VEGF pathways in vitro [40,41]. STAT3 and MMPs hold a key role in proliferation and
evasion of the apoptotic pathway in metastatic breast cancers. The authors of [42] reported
on the tumor cells undergoing apoptosis, blebbing, necrosis, nuclear fragmentation, and
formation of apoptotic bodies upon treatment with pectolinarigenin. Bcl-2 proteins are
known as apoptosis regulators as they regulate the caspase-9 and caspase-3 genes in
an apoptotic cascade and caspase-2/9 were mostly found in apoptotic pathways [43].
Observations in this study revealed that Cur, Pacli, CP, Au-C, Au-P, and Au-CP inhibited
the metastasis of negative breast cancer cells by downregulating STAT3, MMP2/9, and
cyclin D-1 and induced apoptosis in both in vitro and in vivo models and our findings
co-relate with the literature [40–43].

TEM analysis was carried out to determine the size of monodispersed spherical
nanoparticles of the Au-C and Au-P. The average size of Au-C and Au-P was found to be
5–40 nm (Figure 1a). DLS studies were carried out to calculate the hydrodynamic diameter
and zeta potential. DLS results showed that the sizes of the nanoparticles for Au-C and Au-
P were 101 and 128 nm; zeta potential was −0.2 ± 0.2 mV for Curcumin and 15.5 ± 0.9 mV
for Paclitaxel (Figure 1b). It is important to mention that the size of the b-AuNPs obtained
from DLS is greater than the size obtained from TEM [15].

The hydrodynamic diameter of AuNPs is shown to be higher in DLS in comparison
to TEM analysis because DLS considers the water surrounding the nanoparticles and also

247



Int. J. Mol. Sci. 2022, 23, 2150

the coated phytochemicals, but TEM considers only the metallic part of the nanoparticles.
We also measured the zeta potential of Au-C and Au-P, which provides the surface charge
or surface potential of the nanoparticles. High positive or negative zeta potential data
indicates the colloidal stability of nanoparticles. The result showed negative zeta potentials
(Au-C: −0.2 ± 0.2 mV and Au-P: −5.8 mV ± −6.7 mV) for Au-C and Au-P that supports
the colloidal stability of the nanoparticles (Table 1 and Figure 1b).

An MTT assay was performed to demonstrate the cytotoxic properties of Cur, Pacli,
CP, Au-C, Au-P, and Au-CP in breast cancer cell lines (i.e., MDA MB 231, 4T1, and HEK
293). Cytotoxicity was successfully induced by phytochemical combination of anticancer
drugs at 10–20 µg/mL Cur, Pacli, and combinations of CP and Au-CP (5.0–10 µg/mL)
concentrations in breast cancer cell lines. It was observed that combination treatments
exerted better cytotoxicity in both MDA-MB 231 and 4T1 cell lines when a comparison
was made between these individual and combination treatments in cell lines. Similarly,
when these treatments were examined on the normal cell line (HEK-293) they did not exert
any cytotoxic effects. Hence, we conclude that Cur, CP, Au-C, and Au-CP (10–30µg/mL)
selectively target the cancer cells. Our results are in agreement with earlier findings
(Figure 1c).

Gene marker studies (qPCR) revealed the anti-metastatic and apoptotic properties
Cur, Au-C, CP, Au-CP in both triple-negative cell lines (4T1 and MDA MB 231) by under-
expressing the VEGF, Cyclin D, and STAT3 genes and enhancing caspase 9 gene expression.
However, Pacli and Au-P treatments showed minimal effects on the expression profile of
metastatic genes when compared to other treatment groups and their expression profile
was similar to that of controls. Based on the results, it is convenient to say that Curcumin
alone and in combination effectively controlled the metastatic process in comparison to
the Paclitaxel treatment alone. Similar findings were observed in our in vivo studies
(qPCR) which supported our in vitro findings. Based on the results, it is convenient to
say that Curcumin alone and in combination effectively controlled the metastatic process
in comparison to the Paclitaxel treatment alone. Our data is in agreement with existing
literature [44].

Similar studies were reported, illustrating the role of nanoparticles in the treatment of
various cancers by inducing increased apoptosis signals and activation of ER stress and
Ca2+ signaling pathways. Varlamova et al. (2021) and Turovsky and Varlamova (2021)
reported on cytotoxicity effects of Selinium nanoparticles (SeNPs) in cancer cells (A-172
and MCF-7) by activating the mitochondrial apoptosis pathway and by overexpression of
pro-apoptotic gene markers such as BCL-2 and caspase 3 and by releasing cytochrome-C
into the cytoplasm of cells by increasing the permeability of the mitochondrial membrane,
when treated with 5 µg/mL SeNP. As a consequence of SeNP treatment, higher expression
of the caspase 4 gene in A-172 cells indicates modulation of the intrinsic ER-mediated
pathway of apoptosis and Ca2+ signaling pathways [45,46].

Flow cytometric analysis of E-cadherin and apoptosis in MDA-MB-231 and 4T1
metastatic breast cancer cell line was undertaken after treatment with Cur, Pacli, CP,
Au-C, Au-P, and Au-CP, and it was observed that combination treatments were exerting
better cell apoptosis and inhibiting the metastatic E-cadherin pathway in both breast cancer
cell lines in comparison with either substance alone in cancer cell lines. Therefore, breast
cancer treatment may benefit from the use of a combination of drugs in chemotherapy
(Figure 3c,d).

Observations from the in vitro study suggest the synergistic efficacy of Curcumin in
combination with Paclitaxel for controlling the TNBC cells from metastasizing. Hence,
the combination therapy could be a potential treatment regimen for controlling metastatic
breast cancers (Figure 4c). Numerous in vitro and vivo studies reported on the combination
of Paclitaxel with phytochemicals and nanoparticles exhibiting synergistic anticancer effects
in the treatment of breast cancer [47–49]. The physical and topical examination of induced
tumor in the breast tissue revealed significant progression of disease and size of the tumor
in the positive control, Pacli and Au-P groups, whereas reduced tumor size was observed
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in groups that received individual treatments with Cur and Au-C, but the groups that
received combinational treatments (CP, Au-CP) demonstrated the efficacy of combinational
therapy against the induced tumor progression and metastasizing tumor cells (Figure 5a,b).

The status of metastasis in the breast and hepatic tissues of experimental mice was
assessed. The neoplastic cells (Grade 3) with variation in size, shape, and multiple mitotic
figures were also observed in the brain and liver of positive control and Paclitaxel-treated
groups (Pacli and Au-P) indicated by arrows [50–58]. The mice that received Cur and Au-C
showed the fewest neoplastic cells in mammary glands, whereas the observation in liver
tissue revealed the presence of multiple nodular tumor mass with poorly differentiated
neoplastic cells which were indicated by arrows. Whereas, the mice treated with CP and
Au-CP showed normal cell morphology in the subcutaneous region in the mammary gland
and normal portal triad with the portal vein and bile duct in the liver tissues (indicated by
an arrow) (Figure 5c).

Our earlier studies demonstrated the apoptotic, anti-angiogenesis, anti-proliferative,
anti-colony formation, and anti-spheroid formation properties of biosynthesized gold
nanoparticles (i.e., Au-Cur, Au-Tur, Au-Qu, and Au-Pacli) when treated alone and in
combination with Paclitaxel in vitro and provided evidence of the synergistic effects of
phytochemicals and Paclitaxel in exerting significant anti-cancer effects by controlling
the expression of various genes playing roles in disease progression [15]. The presence
of Curcumin (non-conjugated and conjugated with gold nanoparticles) will enhance the
anti-cancer properties of Paclitaxel even in the drug resistant and TNBC by activating
different apoptotic pathways and reducing the expression of different metastatic genes.
The biosynthesis of gold nanoparticles is an easy and economical process in reducing
aurum chloride by using phytochemicals in the presence of heat. Developing an in vivo
model for evaluating the potential therapeutic agents is very crucial for understanding the
anti-metastatic mechanism in real-time. Therefore, it is speculated that the combination
of Paclitaxel and Curcumin with gold nanoparticles may be an ideal strategy in clinical
practice for cancer treatment. The advantages include lower cost, faster, and minimum
ethical concerns.

4. Materials and Methods
4.1. Chemicals and Reagents

Chemicals and reagents were obtained from Merck (Mumbai, India), Himedia Mumbai,
India), Invitrogen (Benguluru, India), SRL (Hyderabad, India), DCFDA (#D6883) was
purchased from Sigma-Aldrich (Benguluru, India). Fetal bovine serum (#16000044) was
obtained from Gibco, Cleveland, TN, USA, and MEM sodium pyruvate, MEM non-essential
amino acids L-glutamine and Gentamicin, were procured from Hi-Media, India.

4.2. Preparation of Stock Solutions

A stock solution of 10−2 M was prepared by dissolving 1 gm of HAuCl4.3H2O in
253.92 mL of autoclaved Milli-Q water (Millipore). We further prepared stocks of 10 mg/mL
of Curcumin in 1 mL of DMSO. Moreover, we prepared a stock of Paclitaxel at a concentra-
tion of 10 mg/mL.

4.3. Synthesis of Gold Nanoparticles Using Phytochemicals (Curcumin and Paclitaxel)

HAuCl4 (200 µL, 10−2 M) solution was added to a 4.8 mL water fraction of Curcumin
and Paclitaxel (10 µg/mL). The total volume of the reaction mixture was adjusted to 5 mL
in all experiments. The resulting Au-C and Au-P were purified by ultracentrifugation
at 15,000 rpm (25,000× g) for 40 min at 15 ◦C (Sorvall WX ultra-100, Thermo scientific,
Benguluru, India) [15,18].
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Physicochemical Characterization of Curcumin and Paclitaxel Conjugated
Gold Nanoparticles

Hydrodynamic diameter (HDD), zeta potentials, and poly-dispersity index (PDI)
of Au-C, Au-P, and Au-CP were analyzed by photon correlation spectroscopy using a
Lite Sizer TM 500 Particle Analyzer, manufactured by Anton Paar. The HDD, charges,
and PDI of the particles were analyzed in deionized water and a 10% serum-containing
medium. The stability of the particles was measured in deionized water up to 100 days
DLS. The size and morphology of the particles were examined using transmission electron
microscopy (TEM), Tecnai G2 F30 S-Twin Microscope, operated at 100 kV. Selected area
electron diffraction patterns were also recorded using this instrument. Inductively, each
experiment was carried out in triplicate in three different batches [15,18].

4.4. Cell Culture

The 4T1 cell line, mouse epithelial triple-negative breast metastatic cell line and MDA-
MB 231 cell line, a human epithelial breast cancer cell line (4T1 cells and MDA-MB 231)
were aseptically cultured in multi-well cell culture plates using Dulbecco’s Modified Eagle’s
Medium, (DMEM High Glucose) supplemented with 10% fetal bovine serum, 50 units/mL
penicillin, and 50 µg/mL streptomycin. Then, 24 h after seeding, these cell lines were
treated with 10.0 µg/mL of Cur, Pacli, Au-C, and Au-P (optimized dose) when treated
alone, and 5.0 µg/mL of CP and Au-CP as combination therapy. The 4T1 and MDA-MB
231 cell lines were processed for various tests at indicated post-treatment periods (36 h for
cell apoptosis; 36 h for quantitative PCR) [15,19].

4.5. Cell Viability Assay/MTT Assay

4T1, MDA-MB 231, and HEK293 cell lines were plated in 96-well plates for cell viability
assay. The cell lines were treated with vehicle control or different doses of Cur, Pacli, Au-C,
and Au-P (10 and 20 µg/mL), and with combinations of CP and Au-CP (5 and 10 µg/mL)
for 36 h. A dose of 5 µg/mL was selected for combination therapy which is precisely half
of the dose of the pristine nanoconjugates. The reason behind this selection is to avoid
unwanted cytotoxicity in normal cells as in the combination of b-AuNPs it is much more
cytotoxic than its pristine form. After 36 h, cell viability was analyzed using the MTT assay
using a published protocol and absorbance was recorded at 475 nm concerning 660 nm [20].

4.6. Annexin V-FITC/PI Staining for Apoptosis Assay

Induction of apoptosis was quantified via flow cytometric analysis of control and
Cur, Pacli, CP, Au-C, Au-P, and Au-CP-treated cells that were stained with Annexin V-
FITC/PI using the Annexin V-FITC apoptosis detection kit according to the manufacturer’s
protocol (BD Bioscience, San Jose, CA, USA). Briefly, 4T1 and MDA-MB-231 cells treated
with compounds for 36 h were subjected to Annexin-V assay to quantify the number of
apoptotic cells by flow cytometry. Cells were further trypsinized, washed once in PBS, and
the pellets were collected after centrifugation and resuspended in binding buffer and to
this 5 µL fluorescein isothiocyanate (FITC)-labeled Annexin-V and 10 µL propidium iodide
(PI) were added. The resulting mixtures were incubated in the dark for 10 min at room
temperature and the fluorescence of the cells was determined immediately using BD FACS
Verse flow cytometer (BD Biosciences, San Jose, CA, USA). Annexin V/FITC positive cells
were regarded as apoptotic cells analyzed using Cell Quest Software (BD Biosciences) [19].

4.7. Measurement of Cellular ROS Using DCFDA

To estimate the intracellular reactive oxygen species (ROS) production due to Cur, Pacli, CP,
Au-C, Au-P, and Au-CP treatment, the DCFDA method was used (2, 7-Dichlorodihydrofluorescein-
diacetate). Briefly, MDA-MB 231 and 4T1 cells were seeded in a 6-well plate and treated
with test compounds (10 mg/mL) for different periods. Post-treatment, the media was
discarded and incubated with 10 µM H2DCFDA for 30 min at 37 ◦C. For fluorescent imag-
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ing, H2DCFDA incubated cells were washed, resuspended in 1x PBS, and directly imaged
under a fluorescent microscope (Leica) [18,19].

4.8. Transwell Migration Assay

To assess cell migration and invasion capacities of Cur, Pacli, CP, Au-C, Au-P, and
Au-CP-treated MDA-MB 231 and 4T1 cells, a transwell assay was undertaken using cell
culture inserts with a pore size of 8 µm. Briefly, cell culture inserts were placed in 12-well
companion plates containing 300 µL of serum-free DMEM media and MDA-MB 231 and
4T1 cells at a density of 2 × 105 cells were seeded in the upper half of the insert. Then,
700 µL DMEM media containing 10% FBS were then added into the lower chamber and
treated with a respective concentration of compounds for 24 h. Post-treatment, the inserts
were removed and the cells on the upper surface of the membrane were wiped off with
cotton swabs. Then, the cells that had invaded into the micro-porous membrane were
washed three times with 1X PBS, fixed with 3.7% formaldehyde, and were permeabilized
using methanol. At last, cells were stained with Giemsa stain for 30 min, and the cells were
observed with a microscope, and images were obtained. Cells present in the lower part of
the inserts were counted in three microscopic fields per well, and the extent of migration
was expressed as an average number of cells per microscopic field [19].

4.9. E-Cadherin Expression by Flow Cytometry

MDA-MB 231 and 4T1 cell lines were harvested after trypsinization then washed with
1X PBS and stained with primary antibody for E-cadherin, incubated for 30 min on ice at
room temperature. After incubation, cells were then washed three times. E-cadherin and
the control samples were then incubated with anti-rabbit-FITC IgG antibodies for 30 min
under the same conditions. Cells were washed again, and flow cytometric analysis was
performed [20].

4.10. Scratch Assay

A bidirectional scratch assay was used to determine the migration of breast cancer
cells MDA-MB 231 and 4T1 under different conditions. Firstly, 4T1 and MDA-MB 231 cells
were cultured in 6-well plates for 24 h to achieve 100% confluence followed by starvation in
serum-free DMEM. After which, a scratch was done using a 200 µL sterile pipette tip to
form a bidirectional wound. Cells were then treated with Cur, Pacli, CP, Au-C, Au-P, and
Au-CP for different time periods (0 and 24 h). The migration width at each time point in
each treatment group was measured at four different positions when microscopic images
of the cells were captured and compared with the gap width at 0 h [19].

4.11. Quantitative RT-PCR

Total RNA was extracted with an RNASure mini-isolation kit Nucleo-pore, Genetix,
and RNA (1 µg) was converted to cDNA using a Thermo fisher cDNA synthesis kit. The
analysis of gene expression was performed using gene-specific primers (Table 1). The
qRT-PCR steps were as follows: (1) denaturation at 95 ◦C for 3 min, (2) 30 cycles at 95 ◦C for
1 min, (3) 57 ◦C for 30 s (depending on primer sets), (4) 72 ◦C for 1 min, and (5) extension
at 72 ◦C for 7 min. The melting curve examination verified a single product. Relative
expression quantities were evaluated and normalized by comparing them to action [19,20].

4.12. Tumor Induction in Mice

Our study adopted the methodology and therapeutic strategies of [19] in developing
the induced breast tumor model for safety and efficacy studies of our treatments. For
the present study we used 8–10 weeks old female BALB/c mice, weighing about 25–32 g,
for developing the tumor model. For developing the model, we sedated the mice by
administering ketamine and xyalzine (as per animal weight and accepted norms). Once the
animals were completely in sedation, we identified the mammary gland (i.e., 3rd and 4th
glands in abdomen area) and injected a low count of 4T1 breast cancer cells (1 × 104 cells)
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into the BALB/c mouse mammary fat pad using a tuberculin syringe. Weekly assessments
of weight and tumor size measurements, food and water intake were completed.

4.13. Statistical Analysis

The results were expressed as mean ± SEM. One-way ANOVA was followed by
Tukey’s comparison test. The level of significance was set at **** (p-value: <0.0001)
*** (p-value: <0.001); ** (p-value: ≤0.01); * (p-value: 0.05) in respect to the control. GraphPad
Prim 5.0 software was used to statistically analyze the data.

5. Conclusions

The current study demonstrated the inhibitory role of various individual and com-
binational treatments on different triple-negative metastatic breast cancers (in vitro and
in vivo). The treatments controlled or reduced the progression, proliferation, and metasta-
sis of cancer cell lines. Better efficacy was observed when drugs were delivered using gold
nanoparticles that acted as a delivery vehicle and helped to provide targeted therapy. The
present study was a comparative study between the individual and combination treatments
to evaluate the synergistic activity of Curcumin and Paclitaxel for controlling the metastasis
and disease progression. This study also provided rationale for considering the use of
Curcumin, gold conjugated–Curcumin individually or in combination with Paclitaxel as an
alternative therapeutic strategy to the existing chemotherapy regimens. The combination
of Curcumin–Paclitaxel might help by ameliorating the side effects caused by Paclitaxel
such as oxidative stress and induced cytotoxicity in cardiomyocytes. Further studies are
still required before taking it into the clinics.
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Abstract: Advances in nanomedicine have seen the adaptation of nanoparticles (NPs) for subcellular
delivery for enhanced therapeutic impact and reduced side effects. The pivotal role of the mitochon-
dria in apoptosis and their potential as a target in cancers enables selective induction of cancer cell
death. In this study, we examined the mitochondrial targeted delivery of betulinic acid (BA) by the
mitochondriotropic TPP+-functionalized epigallocatechin gallate (EGCG)-capped gold NPs (AuNPs),
comparing the impact of polyethylene glycol (PEG) and poly-L-lysine-graft-polyethylene glycol
(PLL-g-PEG) copolymer on delivery efficacy. This included the assessment of their cellular uptake,
mitochondrial localization and efficacy as therapeutic delivery platforms for BA in the human Caco-2,
HeLa and MCF-7 cancer cell lines. These mitochondrial-targeted nanocomplexes demonstrated
significant inhibition of cancer cell growth, with targeted nanocomplexes recording IC50 values in
the range of 3.12–13.2 µM compared to that of the free BA (9.74–36.31 µM) in vitro, demonstrating
the merit of mitochondrial targeting. Their mechanisms of action implicated high amplitude mito-
chondrial depolarization, caspases 3/7 activation, with an associated arrest at the G0/G1 phase of
the cell cycle. This nano-delivery system is a potentially viable platform for mitochondrial-targeted
delivery of BA and highlights mitochondrial targeting as an option in cancer therapy.

Keywords: mitochondrial targeting; gold nanoparticles; cancer chemotherapy; drug delivery; be-
tulinic acid; laminin receptor

1. Introduction

The continuous rise in cancer-associated mortality against a backdrop of advances in
drug discovery highlights the prevailing challenges of existing therapeutic interventions for
cancer. Cancer remains the second leading cause of death worldwide, with approximately
9.6 million deaths recorded in 2018 and another 18 million new cases reported in the
same year [1]. While traditional treatment approaches such as surgery and radiotherapy
have their limitations, the major demerits of chemotherapy are poor bioavailability, a low
therapeutic index, and a marked increase in normal cell cytotoxicity on any compensatory
dose increase [2].

The idea of a “magic bullet” in the treatment of diseases proposed by Paul Ehrlich,
suggesting the precise delivery of therapeutics to their active sites may have inspired
the targeted delivery concept, which has gained traction in recent times [3]. In cancer
therapy, the application of this concept has seen the development of nano-delivery systems
engineered to target and accumulate in cancerous tissues. Their application significantly
enhances drug pharmacokinetics, minimizes side effects, and improves the drug’s thera-
peutic index [2,4]. Further advances in this research area have also led to the introduction of
optimized systems suitable for efficient delivery of the cargo to molecular targets localized
in intracellular organelles [5]. Recent reports revealed that nanoformulations targeted
to organelles such as the mitochondria, endosome, lysosome, nucleus, ribosome and the
Golgi apparatus, demonstrated efficacy in the delivery of genes, proteins and drugs, thus
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highlighting their potential application in clinical scenarios [6,7]. It is anticipated that the
preferential targeting of subcellular compartments with nanomedicines would significantly
improve treatment selectivity and biocompatibility, with the potential of achieving higher
therapeutic indices at lower doses. The central role of mitochondria in bioenergetics and
apoptosis signaling has made them a focus of clinical research, and a therapeutic target
for diseases in recent years. Although apoptosis is a well-regulated physiological process,
certain extracellular agents have been shown to modulate mitochondria function and
induce apoptosis, thus presenting an in-road to preferentially targeting the organelle in
related disease conditions [8].

Betulinic acid (BA) is a pentacyclic triterpenoid, from a subclass of terpenes com-
posed of isopentenyl pyrophosphate oligomers, that have been studied for their medicinal
potential [9,10]. BA demonstrates potent activity against bacterial and viral infections,
inflammation, malaria, and cancer [10,11]. Research has shown that the anticancer effect
of BA is linked to its impact on the mitochondria. BA induces membrane permeabil-
ity transition (MPT) in cancer mitochondria, consequently triggering the dissipation of
mitochondrial membrane potential, cytochrome c release, caspase activation and finally,
apoptosis [12–14]. A major drawback to BA’s clinical potential is its poor solubility, which,
coupled with other common limitations such as high blood clearance and low specificity,
impacts its efficacy in vivo. To improve the therapeutic effectiveness of the drug on the
cancer cell mitochondria, a nano-delivery system with the capacity to successfully nav-
igate physiological and cellular barriers and ensure the delivery of the payload to the
mitochondria for maximum impact is imperative [15].

Biocompatibility is a critical factor in the efficacy of nano-delivery platforms. The
green or organic synthesis of inorganic nanoparticles (NPs) offers, among other things, the
elimination of toxicities associated with chemical synthesis, as well as the transfer of bioac-
tive properties from plant-based reductants. Green synthesis of inorganic NPs employs the
reductive power of bio-extracts to affect the reduction of metallic salts from their initial
oxidative state to zero [16]. Generally, green synthesized NPs adopt the unique features
of bio-extracts employed in their synthesis. Organic synthesis with extracts from fungi,
algae, plants, and bacteria have given rise to NPs with inherent antioxidant, antibacterial
and self-targeting properties. EGCG has been reported to show an affinity for the 67 kD
laminin receptor (67LR), that is overexpressed in most aggressive tumors [17–20]. The
laminin receptor-dependent uptake of EGCG-reduced radioactive gold NPs (AuNPs) by
cancer cells has been reported [21]. Considering the potential inherent in the preferential
targeting of therapeutics to intracellular sites of action to bring about improved bioavail-
ability and therapeutic efficacy at a lower dose with tolerable side effects, we have studied
the capacity of EGCG-capped, laminin receptor-avid AuNPs for mitochondrial-targeted
delivery of BA in selected cancer cells in vitro. The decoration of an inorganic NP surface
with biodegradable polymers has been reported to improve NP biocompatibility, stability,
and influence cargo release [22]. PLL, a biocompatible and biodegradable polymer of
the amino acid L-lysine exerts these effects, and apart from the provision of functional
amino groups for the easy conjugation of other components, its net electropositive charge
promotes an electrostatic interaction with the electronegative cellular membrane, aiding NP
uptake [23,24]. The pegylation of NPs, among other things, confers stealth properties and
correlates with increased residence time in vivo [22,25]. Therefore, we assessed the impact
of surface design on NP efficiency, comparing the activities of PEG-coated nanocomplexes
to the PLL-g-PEG-coated variant. To the best of our knowledge, this study is the first
attempt at preferentially targeting BA to the mitochondria.

2. Results
2.1. Synthesis and Functionalization of EGCG-Capped AuNPs

EGCG-capped AuNPs were synthesized by the reduction of gold (III) chloride with
the green tea polyphenol, EGCG, as illustrated in Figure 1. Surface functionalization of
EGCG-capped NPs involved coating with either PEG, or a graft polymer of PLL-PEG (PLL-
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g-PEG) to produce two polymer-coated variants, the Au-PEG and the Au-[PLL-g-PEG]
NPs, respectively. Further functionalization included the conjugation of the drug BA, and
the lipophilic moiety, triphenylphosphine (TPP+) for enhanced mitochondria localization.
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2.2. UV-Vis Spectroscopy

The synthesis and functionalization of EGCG-capped AuNPs were monitored by
UV-vis spectroscopy. Inorganic NPs generally show distinct optical properties, which are
representative of their physical features such as size and stability [26,27]. The successful
functionalization of a NP results in changes in the oscillation state of its surface electrons,
otherwise referred to as localized surface plasmon resonance (SPR), manifesting as change
in optical properties. AuNPs generally show a strong absorbance peak between 500 and
600 nm, and in this study, EGCG capped AuNPs had a strong absorbance peak at 524 nm,
comparable to citrate capped AuNPs (520 nm) [28,29]. Subsequent surface designs resulted
in band shifts and reduction in peak intensities in Au-PEG (522 nm), T-Au-PEG and T-
Au-PEG-BA (542 nm), with the blueshift on PEG conjugation indicating a reduction in
size, the redshift to 542 nm on TPP+ and BA showing a slight reduction in NP stability
compared to unfunctionalized AuNPs, with the widening of the peak indicating an increase
in dispersity. Similarly, the coating with PLL-g-PEG resulted in a band shift to 534 nm,
while the conjugation of TPP+ and BA resulted in a shift to 541 and 533 nm, respectively
(Figure 2), indicating an increase in size or slight reduction in stability compared to the
unfunctionalized AuNPs. Overall, the PLL-g-PEG coated NPs seemed to be the more stable
of the two designs. The band shifts and reduction in peak intensity are suggestive of a
successful binding of the polymer and drug.

2.3. Fourier-Transform Infrared Spectroscopy (FTIR)

The frequency of vibration of molecules upon absorption of electrochemical radia-
tion is distinctive for individual molecules. These vibrations, represented as band shifts
at characteristic wavelengths in the IR spectrum are applied in the analysis of organic
compounds, especially in the identification of functional groups [30]. The synthesis and
subsequent functionalization of NPs with polymers, drug, and the targeting moiety were
monitored and confirmed by FTIR analysis. As represented in Figure 3, EGCG capped
AuNPs showed stretching vibrations of O-H (3400 cm−1) and C-H (3000 cm−1) of the
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aromatic rings characteristic of the polyphenol groups of EGCG. In addition, the aromatic
skeletal vibrations at 1630 cm−1 also of the EGCG moiety further confirmed the successful
capping of AuNPs by the polyphenol. The successful functionalization of AuNPs with PEG
was evident from the stronger peak at 3000 and 1190 cm−1 due to the stretching vibrations
of the C-H bonds and C-O bonds of the polymer, respectively.
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The lipophilic cation TPP+ moiety of the targeted NP (T-Au-PEG) coupled by Steglich
esterification to the OH groups of Au-PEG, showed characteristic skeletal vibrations of its
three aromatic rings at 1800, 1750 and 1625 cm−1. Similarly, the very strong vibrations of
the C=O group at 1681 cm−1, and those of the CH3, CH2, and CH, at 2950 and 3000 cm−1

in T-Au-PEG-BA, confirmed the loading of BA into the NPs [31]. The coating of NPs with
PLL-g-PEG to yield the Au-PLL-g-PEG, showed the characteristic stretch vibration for
the repeating CH2 groups of PLL at 2917 cm−1, and the secondary amine groups (NH) at
1603 cm−1. The subsequent conjugation of TPP+ is evident from the stretching vibrations
of the C-H bonds of the benzene rings at 3312 cm−1, and the stretching vibration of CH2
and CH3 groups at 2945 and 2835 cm−1, respectively. The loading of BA in T-Au-[PLL-g-
PEG]-BA was confirmed by the amplification of IR peaks at 3309 cm−1 for OH stretching
vibration, and at 2943 cm−1 for CH3, CH2 and CH groups. Furthermore, the bands at
1793 cm−1 (shoulder) and 1648 cm−1 are representative of the C=O group of BA, while the
signal at 1448 cm−1 is due to the bending vibrations of the CH3 and CH2 groups of the
aliphatic ring of the drug [30].

2.4. Drug Loading, TEM and NTA

Au-PEG-BA and T-Au-PEG-BA had loading efficiencies of ~25.4%, while Au-PLL-g-
PEG-BA and T-Au-PLL-g-PEG-BA had loading efficiencies of ~21% (Table 1). Table 1 also
reflects the NTA hydrodynamic size, zeta potential and polydispersity indices of all NPs.

Table 1. Hydrodynamic size, zeta potential (ζ), polydispersity indices (PDI) and drug loading efficiencies of nanoparticles.

NPs Hydrodynamic Size (nm) PDI ζ Potential
(mV) BA Loading Efficiency (%)

EGCG-AuNP 127.3 ± 3.1 0.10 −28.3 ± 1.6 -
Au-PEG-BA 110.1 ± 5.3 0.22 −25.0 ± 0.9 25.4 ± 0.04

T-Au-PEG-BA 97.1 ± 2.5 0.035 −23.1 ± 1.1 25.4 ± 0.12
Au-[PLL-g-PEG]-BA 147.2 ± 4.7 0.13 +11.8 ± 1.6 21.0 ± 1.2

T-Au-[PLL-g-PEG]-BA 119.2 ± 3.5 0.11 +23.4 ± 0.5 21.0 ± 0.7

TEM showed stable, spherical NPs (Figure 4) with an average size diameter of 15 nm.
Analysis following surface design showed negligible change in particle size, and no ag-
glomeration. The hydrodynamic diameter (NTA) for AuNPs was in the 127 nm range,
while subsequent modification resulted in a reduction in the diameter to 110.1 and 97.1 nm
for Au-PEG-BA and T-Au-PEG-BA, respectively. Upon coating with PLL-g-PEG and TPP+-
PLL-g-PEG, an increase in NP diameter to 147.2 nm and a reduction to 119 nm were
recorded, respectively (Table 1). The polydispersity index (PDI) provides information
on the size distribution of NPs. Generally, NPs with low PDI values are monodispersed
and uniform in size [32]. The PDI estimations for the nanocomplexes studied suggests
moderate dispersity with values closer to 0.1, except for the Au-PEG-BA nano-construct
with a PDI value of 0.22, suggesting some polydispersity.

The zeta potential measurement which informs on the surface charge of the NP with
respect to that of the conducting fluid, in this case water (pH 7), is a marker for NP stability
and biomolecular interactions. The PEG functionalization of the AuNPs only effected
marginal changes, with the zeta potential remaining negative even upon further functional-
ization with TPP+. Conversely, coating with the cationic PLL-g-PEG and TPP+-PLL-g-PEG
resulted in positive surface charge for the NPs, of 11.8 and 23.4 mV, respectively. Over-
all, the zeta potentials recorded indicated that the nanocomplexes were stable, however,
the negative charge of T-Au-PEG-BA and Au-PEG-BA could have adversely influenced
their interaction with the cell and mitochondria due to the negative potentials (Ψ) of
both membranes.
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2.5. Cellular Uptake and Mitochondrial Targeting

The ability of NPs to cross the cell membrane bilayer and translocate efficiently to
subcellular targets is pivotal to their application in therapeutic delivery. Given earlier
reports on the affinity of EGCG for the 67-kDa laminin receptor [21,33], the laminin re-
ceptor dependent uptake of T-Au-PEG and T-Au-PLL-g-PEG was studied in the HeLa
cell line due to its high expression of the receptor [34]. Cellular uptake in cells prein-
cubated with the laminin receptor antibody were generally lower compared to cells
not treated with the antibody (Figure 5). For T-Au-PEG NPs, uptake was significantly
lower in preincubated cells (T-Au-PEG: 51 980.98 particles/µg protein; T-Au-PEG/+Ab:
12,059.37 particles/µg protein), thus showing a strong dependence on laminin receptor
mediated uptake. Although recording a lower level of uptake compared to T-Au-PEG, a sta-
tistically significant reduction in uptake upon receptor blocking was also recorded for the
T-Au-[PLL-g-PEG] NPs with 30,451.87 particles/µg protein, and T-Au-[PLL-g-PEG]/+Ab
with 11,273.19 particles/µg protein). The lower levels observed for T-Au-[PLL-g-PEG]
NPs can be attributed to their larger size which may have an impact on the efficiency of
NP uptake.

The distribution of NPs between the cytoplasm and mitochondria, in the Caco-2, MCF-
7 and HeLa cell lines, was determined after a 12 h period by the differential centrifugation
of the cell lysate to obtain the cytoplasmic and mitochondrial fractions, and thereafter
analyzed by ICP-OES to obtain a quantitative estimate of the mitochondrial localization
efficiency of these NPs. Significant mitochondrial localization was achieved by T-Au-PEG
and T-Au-[PLL-g-PEG] NPs compared to their untargeted counterparts (Au-PEG and
Au-[PLL-g-PEG]) (Figure 6).

Furthermore, in all three cell lines, mitochondrial localization was higher for T-Au-
[PLL-g-PEG] NPs compared to T-Au-PEG NPs. Interestingly, mitochondrial localization
for the two targeted NPs was highest in the MCF-7 and lowest in Caco-2 cells. While the
presented data does not establish the rate of NP uptake in the different cell lines, it suggests
that the intracellular trafficking of NPs may vary for the respective cell lines.
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2.6. Cytotoxicity

The impact of targeted and untargeted nanocomplexes, and the free drug on cell prolif-
eration was assessed in the HEK293, Caco-2, HeLa and MCF-7 cells, using the colorimetric
MTT assay (Figure 7).

The drug-loaded nanocomplexes tested were reported in the concentrations of their
respective BA content (µM) for easy comparison with free BA, while the corresponding
volume of drug-loaded NPs used for each drug concentration was adopted for drug free
nanocomplexes. Negligible cytotoxicity was recorded for all NPs in the HEK293 cells,
suggesting that these normal cells showed good tolerance to these treatments. Similarly,
drug loaded NPs showed low cytotoxicity, while free BA recorded marked cytotoxicity in
normal HEK293 cells, recording an IC50 value of 32.4 µM compared to >80 µM recorded for
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T-Au-PEG-BA and T-Au[PLL-g-PEG]-BA. The efficacy of the NPs in mitochondrial accumu-
lation, and subsequent delivery of their cargo is evident from the low IC50 values recorded
for targeted nanocomplexes compared to their nontargeted counterparts and the free drug.
As presented in Table 2, the estimated IC50 values for T-Au-PEG-BA in Caco-2, HeLa and
MCF-7 cells are 3.13, 6.51 and 13.2 µM, respectively, which are markedly low compared
to the 8.20, 25.37 and 53.74 µM recorded for Au-PEG-BA; and 9.74, 17.73 and 36.31 µM
recorded for free drug. Similarly, T-Au[PLL-g-PEG]-BA inhibited proliferation at levels
significantly higher compared to Au[PLL-g-PEG]-BA and BA, recording low IC50 values
in Caco-2, HeLa and MCF-7 cells (3.12, 3.26 and 13.13 µM, respectively), compared to the
higher IC50 values recorded by Au[PLL-g-PEG]-BA (5.72, 23.64 and 22.25 µM) and free BA
(9.74, 17.73, 36.31 µM) in the same cells. In spite of the lower mitochondrial accumulation
seen in T-Au-PEG-BA (Figure 6), its impact on cellular proliferation is not different from
that of T-Au[PLL-g-PEG]-BA, which suggests the possibility of extra-mitochondrial targets
for T-Au-PEG-BA.

1 
 

 

Figure 7. Effect of nanoparticles and drug nanocomplexes on cell viability in (A) HEK 293, (B) Caco-2,
(C) HeLa and (D) MCF-7 cells. Au-PEG-BA; Au-[PLL-g-PEG]-BA = untargeted nanocomplexes, T-Au-
PEG-BA; T-Au-[PLL-g-PEG]-BA = targeted nanocomplexes, and BA= free drug. Data is represented
as mean ± SD (n = 3); * p < 0.05); ns = no significant difference.
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Table 2. Estimated IC50 values of BA, targeted and untargeted nanocomplexes.

Au-PEG-BA T-Au-PEG-BA Au-[PLL-g-PEG]-BA T-Au-[PLL-g-PEG]-BA BA

Estimated IC50 Values (µM)

Caco-2 8.20 3.13 5.72 3.12 9.74
HeLa 25.37 6.51 23.64 3.26 17.73

MCF-7 53.74 13.2 22.25 13.13 36.31

2.7. Effect on Mitochondrial Membrane Potential

To elucidate the impact of targeted nanocomplexes on the mitochondria and their
underlying mechanism of action, the effects of all nanocomplexes and free drug on the
mitochondria in the three cancer cell lines was investigated. Due to their efficient mitochon-
drial localization, the targeted nanocomplexes, T-Au-PEG-BA and T-Au-[PLL-g-PEG]-BA
showed significant impact on mitochondrial membrane potential compared to the untar-
geted and free BA (Figures 8 and 9).
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Figure 8. Cytographs of the effect of the targeted and untargeted nanocomplexes on the mitochondrial membrane potential
in Caco-2, HeLa and MCF-7 cells. Au-PEG-BA; Au-[PLL-g-PEG]-BA = untargeted nanocomplexes, T-Au-PEG-BA; T-
Au-[PLL-g-PEG]-BA = targeted nanocomplexes, and BA = free drug. Top left quadrat: cell death by mitochondrial
depolarization; top right quadrat: non-mitochondria dependent cell death; lower left quadrat: mitochondrial depolarization
in live cells; lower right quadrat: live cells.

Results suggest a significant impact by the cationic T-Au-[PLL-g-PEG]-BA recording
74.94%, 68.7% and 33.35% depolarization in the Caco-2, HeLa and MCF-7 cell lines, com-
pared to the 31.94%, 54.15% and 28.75% observed for T-Au-PEG-BA. Furthermore, the
activity of the nanocomplexes in the MCF-7 cells was generally lower in comparison with
their activity in the other cells, highlighting the selective sensitivity of BA to certain cancers
and confirming previous reports [10,35].
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2.8. Impact on Caspases 3 and 7 Activity

The activity of caspases 3 and 7 (Figures 10 and 11) were assessed as markers of
apoptosis initiation, using a fluorescent substrate—DEVD of the executioner proteases,
and the cell death marker 7-AAD. From Figures 10 and 11 it can be observed that the
highest levels of activation were recorded by T-Au-[PLL-g-PEG]-BA in all three cells, with
a total of 52.81%, 67% and 32.84% apoptotic cell populations compared to the 35.71%,
49.95% and 24.25% for T-Au-PEG-BA, which is in tandem with results from the mito-
chondrial membrane potential dissipation. Apart from the demonstrated efficacy of the
targeted nanocomplexes, they also demonstrated appreciable improvement over free BA in
caspase induction.

2.9. The Effect of Targeted Nanocomplexes on Apoptosis Induction

Following incubation with the nanocomplexes and drug at predetermined concen-
trations, cells were stained with the AO/EB dual stain [28], to determine the extent of
apoptosis in vitro. Fluorescent images showing cytomorphological changes indicative of
apoptosis were noticed for treated cancer cell lines at varying degrees (Figure 12).

In comparison to the control cells (nontreated), morphological changes such as cell
shrinkage and membrane blebbing indicative of apoptosis were observed in treated cells.
These changes were moderate in BA treated cells, but generally severe in cells exposed to
nanocomplexes. The dual staining technique is able to distinguish between early apoptotic
cells, from cells at the final stage of apoptosis, with light yellow fluorescence indicating
early apoptosis, and orange fluorescence suggesting cells are in the late stage of apop-
tosis. Overall, both targeted nanocomplexes showed significant improvement over free
BA, demonstrating the importance of these NPs to enhance drug bioavailability and im-
prove pharmacokinetics.

2.10. The Impact of Targeted Nanocomplexes on Cell Cycle Progression

The targeted nanocomplexes were then studied further to determine their impact
on the cell cycle. Cells were incubated with an equimolar concentration of the drug and
the nanocomplexes were assessed for distribution across the G0/G1, S and G2/M phases.
There was appreciable cell distribution across the S and G2/M phases in the control group
for the Caco-2, HeLa and MCF-7 cells, compared to the treated groups (Figure 13), which is
indicative of the high rate of proliferation in this group of cells.
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Upon addition of the various treatments, a comparable decrease in cell population for
the two phases was noticed, with a corresponding increase in cell number at the G0/G1
phase. In the Caco-2 cells, a significant increase in the number of cells arrested at the G0/G1
phase was observed for T-Au-[PLL-g-PEG], recording a 1.8-fold increase over the control.
T-Au-PEG-BA and BA also recorded increases. In the MCF-7 cells, the trend was similar,
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with the G0/G1 cell population increasing from 30% in the control to 46%, 57%, and 66%
in BA, T-Au-PEG-BA, and T-Au-[PLL-g-PEG], respectively. However, in the HeLa cells,
the highest G0/G1 arrest was observed for T-Au-PEG-BA, recording a 1.83-fold increase
compared to that for T-Au-[PLL-g-PEG] (1.48-fold), further demonstrating the efficacy of
the targeted nanocomplexes over the free drug.

Figure 14 provides an illustration depicting the cellular uptake, mitochondrial local-
ization and mechanisms involved in cell death.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 14 of 26 
 

 

 
Figure 13. Graphical representation showing the effect of T-Au-PEG-BA, T-Au-[PLL-g-PEG]-BA and BA on cell cycle pro-
gression. T-Au-PEG-BA; T-Au-[PLL-g-PEG]-BA = targeted nanocomplexes, and BA= free drug. Data is represented as 
mean ± SD (n = 3). * vs. control, # vs. free drug at * p < 0.05. 

Upon addition of the various treatments, a comparable decrease in cell population 
for the two phases was noticed, with a corresponding increase in cell number at the G0/G1 
phase. In the Caco-2 cells, a significant increase in the number of cells arrested at the 
G0/G1 phase was observed for T-Au-[PLL-g-PEG], recording a 1.8-fold increase over the 
control. T-Au-PEG-BA and BA also recorded increases. In the MCF-7 cells, the trend was 
similar, with the G0/G1 cell population increasing from 30% in the control to 46%, 57%, 
and 66% in BA, T-Au-PEG-BA, and T-Au-[PLL-g-PEG], respectively. However, in the 
HeLa cells, the highest G0/G1 arrest was observed for T-Au-PEG-BA, recording a 1.83-
fold increase compared to that for T-Au-[PLL-g-PEG] (1.48-fold), further demonstrating 
the efficacy of the targeted nanocomplexes over the free drug. 

Figure 14 provides an illustration depicting the cellular uptake, mitochondrial local-
ization and mechanisms involved in cell death. 

 
Figure 14. Illustration indicating possible mechanisms involved in cell death. 

  

Figure 14. Illustration indicating possible mechanisms involved in cell death.

3. Discussion

The identification of the mitochondria as a therapeutic target for cancer chemotherapy
initiated the search for therapeutics capable of impacting mitochondrial integrity and
inducing apoptosis in cancer cells. Although studies have identified other cytoplasmic
targets for BA, the merit for preferentially targeting the mitochondria lies in the high
susceptibility of cancer mitochondria to mito-active agents owing to their dysfunctional
status, thereby making the approach more specific as the impact on noncancer cells is
generally negligible [36–38]. Therefore, for efficacy and specificity, the targeted delivery of
mitochondrial-active principles has become an emerging area of research.

The organic synthesis of NPs which has seen increasing application in clinical re-
search has shown significantly low environmental toxicity and ease of synthesis. AuNPs
were successfully synthesized by exploiting the strong redox properties of the green tea
polyphenol, EGCG to reduce the gold chloride. The EGCG-capped AuNPs were further
functionalized with PLL and PEG to produce EGCG-capped laminin receptor-avid AuNPs
for drug delivery to the mitochondria. The functionalization of NPs with polymers has been
reported to improve NP stability, reduce agglomeration, allow for conjugation of bioactive
moieties, and importantly, forestall NP immunogenicity while improving stealth properties
in vivo [7,39,40]. The covalent attachment of PLL to AuNPs via its amide group has been
reported to provide the gold-based nano-delivery system with favorable properties for
gene delivery. The many active amino groups of PLL can accept protons at acidic pH and
have been observed to significantly promote cell adhesion [41]. The amount of PEG in the
formulation was sufficient to promote stabilization and produce NPs and nanocomplexes
smaller than 150 nm. Higher densities of PEG may cause the PEG chains to extend further
from the NP forming a brush border [42,43]. This may impact on the interaction between
the NP and the cells.
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The successful synthesis and functionalization of the NPs was confirmed by UV-vis
spectroscopy, FTIR and 1H NMR (Supplementary Materials Figures S1–S3), with NPs and
nanocomplexes exhibiting varying color intensities. The magnitude of absorption and
wavelength shifts observed from the UV spectra indicate changes in nanoparticle size and
stability upon functionalization, due to its impact on the charge density and oscillation of
electrons on NP surface. The presence of the AuNPs was confirmed by an excitation peak
at 524 nm, while evidence for functionalization with PEG and PLL, and BA encapsulation
were observed as red or blueshifts in the SPR, corresponding to a reduction or increase in
NP size, respectively. It has been reported that modification of the surface of AuNPs is
often denoted by a significant reduction in the absorption intensity in addition to marginal
peak shifts [28], with the broadening of a peak suggesting NP aggregation due to low
stability [44]. Upon PEG conjugation, a minimal blueshift in peak wavelength from 524 to
522 nm was observed, reflecting a change in the surface property of the NP, as reported
previously [45]. TPP+ and BA conjugation resulted in a redshift to 542 nm, indicating a size
increase, with the broadening of peaks and reduced intensity suggesting a tendency for
agglomeration, especially for the T-Au-PEG-BA nanocomplexes. Although T-Au-PEG-BA
had high a zeta potential (Table 2), indicating strong stabilizing repulsive forces between
the colloidal particles, a mild to severe agglomeration has been associated with increasing
ionic strength of NP suspensions in spite of high zeta potential values. It is suspected that
an increase in ionic strength upon addition of TPP+ to Au-PEG may have impacted on the
stability of T-Au-PEG-BA. In contrast, PLL-g-PEG coated NPs demonstrated significant
stability, with the redshifts indicating changes in surface properties and size increase. This
observed stability may be a combination of its high zeta potential (Table 1), the steric
stabilization conferred by PEG, and the high density of positively charged amines on the
NP surface which prevented aggregation. Furthermore, T-Au-[PLL-g-PEG]-BA (533 nm)
produced a sharp peak and a blueshift compared to T-Au-[PLL-g-PEG] (541 nm) and
Au-[PLL-g-PEG] (534 nm) indicating better stability.

For drug loading, BA was coupled to the NP’s surface by Steglich esterification
between the hydroxyl groups on the NP and the carboxylic groups of BA. Although, the
functionalized NPs recorded low (<25%) loading efficiency which was lower than that for
porous NPs with efficiencies >50%, the values recorded are higher than the 10% benchmark
for ideal nanocarriers [46]. It has been suggested that significant therapeutic effects are
achievable at lower drug concentrations for subcellular targets such as the mitochondria,
with drug release proposed to involve the action of mitochondrial proteases [47]. NP
size, surface charge and shape influence their delivery potential, distribution, clearance,
accumulation at intended sites via enhanced permeability retention (EPR) and cellular
and organellar interactions [48]. TEM revealed small spherical particles which were dark
and dense due to the great light scattering properties of gold. As expected, the size of the
NPs using TEM were in contrast with that of the hydrodynamic analysis (NTA) which
determines the properties of NPs in an aqueous medium which could have resulted in
some swelling of the NPs. NTA is a robust technique that provides the size, dispersity and
colloidal stability of a NP in real time, by using laser light scattering to track individual
particles based on their Brownian motion [2]. The hydrodynamic diameter, also referred to
as the Stokes diameter, takes into consideration the presence of a hydration layer around
the NP, and is also dependent on the diameter of the NP corona. The initial hydrodynamic
diameter of the AuNPs resulted in size changes upon functionalization, which was not very
clear from the TEM images. It has been reported that NPs of the sizes <200 nm have good
interaction with the cellular membrane and are readily taken up via clathrin-mediated
endocytosis [49,50]. All nanocomplexes in this study were favorably under 150 nm in
size. Such small sizes are significant in drug delivery, since these drug nanocarriers can
easily escape the leaky tumor vasculature to accumulate at the tumor site and induce their
anticancer effects [2].

Zeta potential has become a powerful tool for examining the electrostatic forces within
the bulk solution and on the surface of the NPs and nanocomplexes [51]. It is de-fined as
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the magnitude of the electrostatic potential generated on the edge of the slipping plane
between the particle and the dispersant medium. The NP interacts with the ions in the
dispersant medium [52,53]. The zeta potential is a good measure of NP stability, with
values of ±20 mV irrespective of charge being regarded as highly stable. It can also inform
on the net surface charge of a NP [54]. When zeta potentials are <−15 or >+15 mV, the
attractive forces exceed the repulsive forces resulting in NP aggregation [2]. This was
evident for Au-[PLL-g-PEG]-BA which had a low zeta potential (11.8 mV) in addition to
being larger (147.4 nm) than the other nanocomplexes. Hence, these nanocomplexes had
the tendency to aggregate which could account for the large size recorded. T-Au-PEG and
T-Au-[PLL-g-PEG] recorded high zeta potential values of −23.1 and +23.4 mV, respectively,
suggesting stability and low tendency for agglomeration. Since NPs with positive zeta
potentials are assumed to interact favorably with anionic cell membranes, it is also possible
for NPs with negative zeta potential to enter cells and induce their therapeutic activity [53].
The polydispersity index (PDI) provides us with an indication of the uniformity of a particle
size in solution. The larger the PDI value, the larger the size distribution in the sample.
The PDI value can also provide an insight into particle aggregation, consistency and the
efficiency of the modifications on the NP. Generally, monodisperse samples have PDI
values less than 0.1 [32], moderately dispersed samples have PDI values between 0.1 and
0.4, and PDI values >0.4 have a broad size distribution [40]. Hence, the formulated NPs
and nanocomplexes were close to homogeneity with only Au-PEG-BA being moderately
dispersed. Importantly, the functionalization of the AuNPs did not greatly affect their
dispersity in solution.

Charged NPs generally are capable of indiscriminate interaction with biomolecules,
nevertheless, cationic NPs readily associate with the cellular membrane and enjoy signif-
icant cellular uptake by cells compared to anionic NPs. The uptake of NPs into cancer
cells is mediated via three classical pathways, the clathrin mediated pathway, caveolae
dependent endocytosis and macropinocytosis. However, the route of uptake is determined
by the size, shape and surface charge of the NPs. Cellular targeting using receptor agonists
as the homing moiety for NPs help improve uptake, allows for cell-specific delivery, and
precludes toxicity to normal cells [55]. The avidity of the nanocomplexes to the laminin re-
ceptor in the presence of the laminin receptor-specific Laminin-R antibody (H-2), suggested
that cellular uptake was largely receptor-dependent, with both targeted nanocomplexes
recording a marked reduction in uptake in the presence of the antibody. Although cationic
NPs are expected to easily cross the cell membrane due to the negative membrane potential
across the bilayer, the lower count observed for the T-Au-[PLL-g-PEG] NPs in spite of its
cationic nature may be due to its larger size (147 nm compared to the 98 nm of T-Au-PEG).

The high negative membrane potential (−180 mV) perpetuated by oxidative phospho-
rylation restricts the movement of negatively charged particles into the inner mitochondrial
membrane. In its hyperpolarized state, as in cancers, mitochondrial membrane potential
may increase to as high as−210 mV, encouraging a high amplitude translocation of cationic
molecules across the inner membrane. This is one of the factors responsible for the higher
susceptibility of cancer mitochondria to mitochondriotropic agents compared to those of
noncancer cells. T-Au-[PLL-g-PEG] due to its highly cationic nature, showed the highest mi-
tochondrial localization compared to Au-[PLL-g-PEG], T-Au-PEG and Au-PEG in all three
cell lines. Although, T-Au-PEG also demonstrated appreciable mitochondrial localization,
its lower mitochondrial accumulation compared to T-Au-[PLL-g-PEG] in spite of a high
cellular uptake, may have been influenced by its negative surface charge hampering its
interaction with the hyperpolarized mitochondrial membrane. Studies on the relationship
between NP size and mitochondrial uptake reported optimum uptake at a particle size
between 80 and 100 nm, with a gradual decline till about 210 nm, after which uptake is
negligible [47].

The observed tolerance of NPs and drug loaded nanocomplexes in the noncancer
HEK293 cells, compared to the toxicity of the free BA affirms their biocompatibility and
potential to prevent cargo-associated toxicity in normal cells. Their negligible impact on
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HEK293 cell viability may be associated with their high affinity for the laminin receptor,
which is not overexpressed in these cells as in cancer cells, in addition to the normal
functional state of the mitochondria in the HEK293 cells. In the cancer cells, drug-loaded
nanocomplexes showed significant cytotoxicity compared to the free drug across all con-
centrations. T-Au-PEG-BA and T-Au[PLL-g-PEG]-BA displayed a concentration dependent
inhibition of cell growth in all three cancer cell lines. Cancer cell mitochondria are dys-
functional and significantly hyperpolarized, enhancing the mitochondrial accumulation of
cationic or mitochondrial targeted NPs and their cargo [47,56]. This explained their high
susceptibility to T-Au-PEG-BA and T-Au[PLL-g-PEG]-BA treatments. Some studies have
reported that negatively charged NPs do not readily translocate into the mitochondria due
to their high negative membrane potential, while other studies have established the affinity
of EGCG to the mitochondria [49,57]. A 90–95% accumulation of radioactive 3Au-EGCG in
the mitochondria of primary cultures of rat cerebellar granule neurons was reported [58].
Hence, T-Au-PEG-BA in spite of its negative surface charge may have been influenced by
the EGCG component of the nanocomplex. Overall, the lower impact of free BA on the
viability of the cancer cells compared to that of the targeted nanocomplexes emphasizes
the challenge of poor pharmacokinetics in chemotherapy, while demonstrating the impor-
tance of specialized nanodelivery platforms such as T-Au-PEG and T-Au[PLL-g-PEG] in
mitigating this challenge.

Tumors are reliant on anerobic respiration for energy generation, and mitochondrial
membrane hyperpolarization is a consequent anomaly arising from the accumulation of
the proton motive force across the inner mitochondria membrane. The dissipation of this
membrane potential compromises the mitochondrial membrane integrity, setting-off a
cascade of events leading to cell death [59]. While its antiproliferative effect has been
linked to a host of mechanisms, the impact of BA on the modulation of apoptotic signal-
ing, the consequent opening of the mitochondria membrane permeability transition pore
through ROS generation, and the release of cytochrome c has been established [13,60]. The
assessment of the impact of free BA, and the nanocomplexes on mitochondrial membrane
potential revealed highly significant membrane depolarizations by T-Au-PEG-BA and
T-Au[PLL-g-PEG]-BA compared to the untargeted (Au-PEG-BA and Au-[PLL-g-PEG]-BA),
and free BA, highlighting the efficacy of this targeted approach. Moreover, T-Au-[PLL-g-
PEG]-BA showed higher depolarization of the cancer cells, compared to T-Au-PEG-BA.
Considering the cytotoxicity initially recorded for T-Au-PEG-BA, and its low impact on the
mitochondrial membrane potential, attests to the possibility of other cytoplasmic targets,
and the induction of non-mitochondrial dependent auxiliary pathways of cell death, as
reported by other investigators [60–63].

The cascade of events following the loss of mitochondrial membrane potential due
to mitochondrial membrane disruption includes the release of cytochrome c from its
intermembrane stores and the activation of initiator caspases, and the subsequent activation
of executioner caspases such as caspases 3 and 7. A similar trend to that of the membrane
potential analysis was noted, with targeted constructs eliciting the highest percentage of
caspase 3/7-mediated cell death compared to both the untargeted and free BA treatments.
Overall, T-Au-[PLL-g-PEG]-BA demonstrated a higher efficacy compared to T-Au-PEG-BA,
corroborating earlier inference that the comparable cytotoxic effect of T-Au-PEG-BA is
likely connected to its impact on other cytoplasmic targets as influenced by its higher
cellular uptake and lower mitochondrial localization. Hence, the apparent effectiveness
of T-Au-[PLL-g-PEG]-BA may be linked to its superior mitochondria targeting potential
as demonstrated in the localization study. These findings further emphasize the potential
of efficient mitochondrial targeting platforms, especially, T-Au-[PLL-g-PEG] to enhance
drug pharmacokinetics. The significant apoptogenic potential of T-Au-[PLL-g-PEG]-BA
was again confirmed by fluorescent apoptotic studies employing the AO/EB dual stain.

Studies have established a relationship between cell cycle arrest and caspase depen-
dent apoptosis [64,65]. The upregulation of the p53 protein, its downstream effector, p21,
and the downregulation of cyclins D and E, and an arrest at the G1 phase of the cell cycle
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are some of the consequent highlights of apoptosis induction [66]. The effect of the targeted
nanocomplexes on the cell cycle revealed arrests at the G0/G1 phase compared to the
control in all the cells, with T-Au-[PLL-g-PEG]-BA having a significant impact in the Caco-2
and MCF-7 cells, compared to the control, free BA and T-Au-PEG-BA. These findings are
in consonance with earlier reports on the effect of BA-rich Dillenia suffruticosa root extracts
in MCF-7 cells and as well as free BA in oral squamous cell cancer [67,68].

4. Materials and Methods
4.1. Materials

Tetrachloroaurate (III) trihydrate (HAuCl4-3H2O), poly-L-lysine hydrobromide (PLL,
Mw 1000–4000), (−)-epigallocatechin gallate (EGCG), N-hydroxysuccinimide (NHS), be-
tulinic acid, N-(3-dimethyl aminopropyl)-N′-ethyl carbodiimide hydrochloride (EDC),
4-(dimethylamino)pyridine (DMAP), (4-Carboxybutyl)triphenyl-phosphonium bromide,
dialysis tubing (MWCO 2000) and the bicinchoninic acid (BCA) assay kit were obtained
from Sigma-Aldrich, St. Louis, MO, USA. Polyethyleneglycol 2000 (Mw 1800), acridine
orange, ethidium bromide, and 3-(4-,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) were supplied by Merck, Darmstadt, Germany, while cell lysis buffer (5x) was
purchased from Promega Corporation, Madison, USA. The Muse® cell cycle, caspase and
mitopotential kits were sourced from Luminex Corporation, Austin, TX, USA All other
reagents were locally purchased and of analytical grade. The human embryonic kidney
(HEK293), colorectal adenocarcinoma (Caco-2), breast adenocarcinoma (MCF-7), and cer-
vical adenocarcinoma (HeLa) cell lines were initially procured from the American Type
Culture Collection (ATCC), Manassas, VA, USA. Minimum essential medium (EMEM),
trypsin-versene and penicillin/streptomycin (10,000 U/mL penicillin, 10,000 U/mL strep-
tomycin) were obtained from Lonza Bio Whittaker, Verviers, Belgium. Fetal bovine serum
(FBS) was supplied by Hyclone, GE Healthcare, Utah, USA. All sterile tissue culture grade
plasticware were obtained from Corning Inc. (New York, NY, USA). Cell culture medium
was supplemented with 10% FBS and 1% penicillin/streptomycin amphotericin B mixture,
and incubated at 37 ◦C in 5% CO2.

4.2. Synthesis of EGCG Capped AuNPs

We synthesized EGCG-capped AuNPs by the reduction of hydrogen tetrachloroaurate
(III) trihydrate (HAuCl4-3H2O) with EGCG as previously described [21,40]. Briefly, 100 µL
of 0.3 mM HAuCl4-3H2O was added to a 10 mL stirring 0.11 mM solution of EGCG in
water. The mixture was stirred for an additional 10 min to allow for complete AuNP
formation. Thereafter, the suspension was purified by dialysis (MWCO 2000 Da) against
ultrapure water over 12 h. The formation of EGCG capped AuNPs was confirmed by
UV spectroscopy.

4.3. Synthesis of AuNP-BA

BA was loaded into the EGCG capped AuNPs by Steglich esterification involving
the carboxylic group of BA and the hydroxyl groups of EGCG [69]. BA (0.5 mM) and
4-dimethylaminopyridine (0.4 mM) were dissolved in 2 mL deionized water and stirred for
1 h. The mixture was then added with stirring to the AuNP suspension in a 1:5 final ratio
(v/v). Thereafter, EDC (0.134 g, 0.7 mM in 2 mL deionized water) was added dropwise to
the mixture, which was stirred overnight at room temperature for the reaction to proceed.
The AuNP-BAs were purified by dialysis as in Section 4.2.

4.4. Synthesis of Poly-L-Lysine-Graft-(g)-Polyethylene Glycol Copolymer (PLL-g-PEG)

PEG-imidazole (PEG-CI) was first synthesized. Approximately, 0.2 g of 1, 1′-carbonyl
diimidazole (CDI) was dissolved in 10 mL dioxane and added to a 0.1 g dry PEG solution
in 25 mL of toluene. The mixture was stirred overnight at 50 ◦C and concentrated by
rotary evaporation. The resultant yellow liquid was diluted with 50 mL dichloromethane
and transferred to an ice bath where 20 mL of 1 M NaCl was added while stirring until
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effervescence ceased. The organic layer was then separated from the cloudy aqueous layer,
washed twice with water and dried for 12 h with anhydrous Na2SO4. The Na2SO4 was
then filtered and the filtrate concentrated and lyophilized. 1H NMR (600 MHz, CDCl3)
δ 8.88, 8.11, 7.49, 7.30, 7.29, 3.75, 3.74, 3.74, 3.68, 3.68, 3.67, 3.66, 3.66, 3.63, 3.63, 2.97
(Supplementary Materials Figure S1).

Poly-L-lysine (PLL, 5 mg) was dissolved in freshly prepared sodium borate buffer
(pH 9), followed by the addition of 20 mg of PEG-CI (based on the 82% yield) and
stirred overnight. The solution was then dialyzed as in Section 4.2, concentrated and
lyophilized. 1H NMR (400 MHz, D2O) δ 4.70, 4.23, 4.14, 3.62, 3.01, 2.86, 1.81, 1.58, 1.29
(Supplementary Materials Figure S2).

4.5. Synthesis of Triphenylphosphine-PLL-g-PEG (T-PLL-g-PEG)

The synthesis of T-PLL-g-PEG was accomplished by amide coupling between the free
carboxylic end of (4-carboxybutyl) triphenyl-phosphonium bromide (TPP–(CH2)4–COOH)
and the free amino groups of PLL. TPP–(CH2)4–COOH (0.1 g, 0.226 mM), NHS (0.04 g,
0.339 mM) and EDC (0.0433 g, 0.226 mM) were dissolved in 5 mL of water and stirred
for 1 h. To this was added PLL-g-PEG-OH (10 mg/mL) with stirring overnight at room
temperature. The product was purified by dialysis as in Section 4.2 for 6 h and then
concentrated and lyophilized. 1H NMR (400 MHz, DMSO) δ 7.90, 7.81, 7.76, 6.07, 6.00, 3.51,
2.99, 2.89, 2.59, 2.46, 2.39, 1.71, 1.61, 0.99 (Supplementary Materials Figure S3).

4.6. Synthesis of T-Au-[PLL-g-PEG]-BA), Au-PLL-g-PEG-BA, and T-Au-PEG-BA

Lyophilized T-(PLL-g-PEG) was resuspended in ultrapure water (2 mg/mL) and
added dropwise to a stirring AuNP-BA suspension in a 1:10 (v/v) final ratio. The mixture
was stirred for 6 h, and thereafter dialyzed overnight against water to remove any unreacted
T-(PLL-g-PEG). This procedure was repeated for formation of untargeted constructs using
PLL-g-PEG. T-Au-PEG-BA NPs were synthesized by a sequential conjugation of PEG-CI
and TPP–(CH2)4–COOH to the OH groups on AuNP-BA. A PEG-CI solution (10 mg/mL)
was added dropwise to a stirring AuNP-BA suspension (pH 9). The reaction was allowed to
proceed overnight, and thereafter dialyzed, as previously for 8 h to remove unreacted PEG-
CI. Thereafter, TPP–(CH2)4–COOH (0.29 mM) and 4-dimethylaminopyridine (0.29 mM)
were dissolved in 2 mL deionized water and stirred for 1 h. The mixture was then added
to the AuNP-PEG-BA suspension in a 1:10 final ratio (v/v) with stirring. Thereafter, EDC
(0.29 mM in 1 mL deionized water) was added dropwise to the stirring mixture. The
reaction was allowed to proceed overnight at room temperature and thereafter, the product
was purified by dialysis as in Section 4.2.

4.7. Drug Loading Efficiency

A 2 mL aliquot of the NP–drug complex (nanocomplex) was degraded by using
1.0 mM potassium iodide, and then centrifuged at 12,000× g for 10 min to obtain a clear
supernatant. The supernatant was subjected to UV-vis spectroscopy at 210 nm, while
the corresponding BA concentration was deduced from a standard curve. The proce-
dure was repeated 5 times, and loading efficiency determined from the average by the
Equation below:

Loading efficiency (%) = (Encapsulated drug)/(Total drug added) × 100 (1)

4.8. Nanoparticle Characterization

Changes in optical property and stability of the AuNPs upon synthesis and function-
alization were monitored via UV-vis spectroscopy (Jasco V-730 Bio Spectrophotometer,
JASCO Corporation, Hachioji City, Japan) over a wavelength range of 400–800 nm. Bond
formation and functionalization of the AuNPs were determined by changes in absorption
bands as evidenced by Fourier Transform Infra-red (FTIR) spectrometry (ATR-FTIR spec-
troscopy PerkinElmer, Inc. USA). NP shape, size and dispersity were determined from
images generated by transmission electron microscopy (TEM) (JEM 1010, JEOL, Tokyo,
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Japan). Hydrodynamic diameters, zeta-potential and stability were measured by nanopar-
ticle tracking analysis (NTA) (Nanosight NS500, Malvern, Worcestershire, UK), at 25 ◦C,
and analyzed using the NTA version 3.2 software.

4.9. Cell Culture

All cell culture protocols were conducted under sterile conditions in an Airvolution
Class II biosafety laminar flow hood (United Scientific, South Africa). Human colorectal
adenocarcinoma (Caco-2), cervical carcinoma (HeLa), breast adenocarcinoma (MCF-7) and
embryonic kidney (HEK293) cells were grown as adherent cultures at 37 ◦C under 5% CO2
(Steri-Cult CO2 incubator with class 100 HEPA filtration, Thermo Electron Corporation), in
25 cm2 culture flasks containing 5 mL of complete medium (EMEM supplemented with
FBS 10% (v/v) and antibiotic (100 U/mL penicillin, 100 µg/mL streptomycin, 0.25 µg/mL
amphotericin B)). Medium was routinely renewed until cells reached confluency. Confluent
cells were trypsinized and cryopreserved, or propagated to increase cells numbers, or
seeded into multiwell plates for cell-based experiments. All cell-based experiments were
conducted in triplicate.

4.10. Cellular Uptake Studies

Cellular uptake was undertaken in HeLa cells that were seeded in 48-well plates
(2.0 × 103 cells/well) and incubated for 12 h. Cells in selected wells were incubated with
the Laminin R antibody (H-2) (5 µg/mL) for 1 h prior to medium replacement. Targeted
NPs (T-Au-[PLL-g-PEG] and T-Au-PEG) were then added at 80 µg/mL and cells incubated
for 6 h. Thereafter, cells were washed with cold PBS to remove residual medium and NPs.
Cells were then trypsinized, lysed and centrifuged at 3000× g for 5 min to remove all cell
debris. The resulting supernatant was then filtered through a 30-kDa MWCO Amicon®

filter (Millipore) to remove other cellular contaminants. The filtrate was analyzed by NTA
to determine the constituent nanoparticle concentration. Untreated cells were subjected to
the same procedure and served as the control.

4.11. Quantitative Determination of Nanoparticle Distribution by ICP-OES Analysis

Caco-2, HeLa and MCF-7 cells (2.0 × 105/mL) were seeded into 75 cm2 flasks, con-
taining 25 mL EMEM and incubated overnight at 37 ◦C in 5% CO2. Following medium
replacement, 1.58 mg/mL of targeted and untargeted NPs were added, and cells incubated
for 12 h at 37 ◦C in 5% CO2. The medium was then discarded, and the cells washed 3 times
with cold PBS (pH 7.4.) Cells were harvested by trypsinization and subsequent centrifuga-
tion at 300× g for 5 min at 4 ◦C. The cell pellet was resuspended in 50 µL of 10% cell lysis
buffer (1×) and placed on ice for 5 min, with vortexing at 1 min intervals. Thereafter, 450 µL
of a 0.25 M sucrose buffer (pH 7.4) was added and the cell suspension centrifuged twice
at 700× g at 4 ◦C to remove cellular debris. The supernatant was further centrifuged at
12,000× g for 10 min at 4 ◦C, to obtain the mitochondrial fraction (pellet), and cytoplasmic
fraction (supernatant). The mitochondrial fraction was washed once in sucrose buffer at
10,000× g for 10 min at 4 ◦C. Both samples were digested in aqua regia (2 h at 90 ◦C) and
subjected to inductively coupled plasma–optical emission spectrometry (ICP-OES) analysis
for the determination of elemental gold concentration. ICP-OES was conducted on a Perkin
Elmer Optima 5300 DV Optical Emission Spectrometer, and calibrated using 0, 50, 100,
200, 300, 400 and 500 parts per billion (ppb) of Au standard stock solution. Results were
expressed in ng/µg protein. The analysis was conducted in triplicate.

4.12. MTT Assay

The MTT cytotoxicity assay determines the percentage viability of a cell population as
a function of the ability of live cells to reduce the MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) to formazan by the NAD(P)H dependent oxido-reductase
enzyme system [70]. Confluent HEK293, Caco-2, HeLa, and MCF-7 cells were seeded
(2.0 × 103 cells/well) into 96-well plates and incubated overnight at 37 ◦C in 5% CO2. The
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medium was then replaced, and NPs at varying concentrations were added, followed by
incubation at 37 ◦C in 5% CO2 for 48 h. At the end of the incubation period, the spent
medium was replaced with fresh medium (100 µL) containing 10 µL (5 mg/mL in PBS)
MTT reagent, and cells incubated as above for 4 h. Control wells containing untreated cells
were treated similarly. Thereafter, the MTT/medium was removed and 100 µL DMSO was
added to solubilize the formazan product. Absorbance was read against a DMSO blank at
540 nm using a Mindray MR-96A microplate reader (Vacutec, Hamburg, Germany). Cell
viability was determined using the Equation below:

Cell Viability (%) = (OD treated cells)/(OD control cells) × 100 (2)

4.13. Cell Cycle Analysis

Caco-2, HeLa, and MCF-7 cells were seeded (4.0 × 103 cells/well) into 48-well plates
and incubated for 12 h (37 ◦C and 5% CO2). After medium replacement, cells were treated
with both targeted and untargeted nanocomplexes, and free BA at the equimolar BA
concentration of 25 µM, and incubated for 48 h. The cells were then rinsed twice with cold
PBS (pH 7.4), trypsinized and centrifuged at 300× g for 5 min. Cells were then washed
once with PBS, suspended in 70% cold ethanol, and then incubated for 3 h at −20 ◦C.
Ethanol was removed by centrifugation (300× g for 5 min) and cells washed once with
PBS. Thereafter, 200 µL of the Muse® cell cycle reagent (containing premixed propidium
iodide and RNase A), was added to each tube, and incubated for 30 min in the dark, at
room temperature. Thereafter, cells were assessed using the Muse™ cell analyzer (Luminex
Corporation, Austin, TX, USA).

4.14. Mitopotential Assay

Cells were seeded and treated as in Section 4.12. After a 48 h incubation, cells were
trypsinized, centrifuged at 300× g for 5 min, washed once with PBS and resuspended in
100 µL PBS. Approximately, 95 µL Muse® mitopotential working solution was added to
each tube, and cells incubated at 37 ◦C for 20 min. Thereafter, 5 µL of 7-aminoactinomycin D
(7-AAD) was added, followed by incubation at room temperature for 5 min. Mitochondrial
membrane potential was assessed using the Muse™ cell analyzer.

4.15. Caspase 3/7 Analysis

Cells were seeded and treated as in Section 4.12. After incubation, cells were trypsinized,
centrifuged and suspended in PBS. To a 50 µL cell suspension, 5 µL caspase-3/7 working
reagent was added, and cells incubated at 37 ◦C for 30 min. Thereafter, 150 µL 7-AAD
working solution was added to each tube, thoroughly mixed, and analyzed using the
Muse™ cell analyzer.

4.16. Apoptosis Assay

A qualitative assessment of apoptosis induction in the selected normal and cancer
cells was conducted by the acridine orange/ethidium bromide (AO/EB) dual staining
method [28]. Cells were seeded as in Section 4.12 and incubated for 24 h at 37 ◦C in
5% CO2. Subsequently, the spent medium was replaced, and cells incubated for a further
48 h in the presence of the nanocomplexes and the free drug at their pre-determined IC50
concentrations. Untreated cells were used as controls. After the incubation the cells were
washed twice with cold PBS, 15 µL of the AO/EB dye mixture (0.1 mg/mL:0.1 mg/mL) was
added, and cells incubated for 5 min at ambient temperature. The cells were then washed
with PBS to remove any unabsorbed dye and viewed under an Olympus fluorescence
microscope (Wirsam Scientific and Precision Eq. LTD., Johannesburg, South Africa). Images
were captured using a CC12 fluorescence camera and Analysis Five Software (Olympus
Soft Imaging Solutions, Olympus, Japan) at 200×magnification.
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4.17. Statistical Analysis

Data are presented as mean ± standard deviation (SD; n = 3). Data were analyzed
using GraphPad Prism Version 7.3 (GraphPad Software Inc., San Diego, CA, USA). A two-
way ANOVA with a post-hoc Tukey test was used to identify significant differences among
the groups, while differences between two values were performed using an unpaired
Student’s t test. Differences were considered statistically significant at * p < 0.05. All
experiments were conducted in triplicate.

5. Conclusions

This study highlights the merit of NP application in drug delivery as a tool for improv-
ing drug bioavailability and pharmacokinetics. Furthermore, it provides a proof of concept
for the subcellular delivery of therapeutics as an alternative approach to improving selectiv-
ity. As demonstrated in this study, the targeted T-Au-[PLL-g-PEG]-BA and T-Au-PEG-BA
showed measurable impact at lower doses with negligible side effects in normal cells. They
effected significant cytotoxicity in the Caco-2, HeLa and MCF-7 cell lines, compared to the
free drug. The underlying mechanism involved the mitochondrial dependent pathway of
apoptosis, with T-Au-[PLL-g-PEG]-BA being the most efficient of the nanocomplexes. This
study also confirmed the laminin receptor-dependent uptake of EGCG-capped NPs and
demonstrated their potential suitability as a platform for mitochondrial targeted delivery
of therapeutics, following functionalization. Importantly, we established the proficiency of
the T-Au-[PLL-g-PEG] nano-construct as a favorable platform for mitochondrial delivery of
BA, with attention to its enabling physicochemical properties. Further research is however
required, especially in vivo studies, to assess its potential for clinical applications.
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Abstract: Background: Capsaicin, the hot pepper agent, produces burning followed by desensi-
tization. To treat localized itch or pain with minimal burning, low capsaicin concentrations can
be repeatedly applied. We hypothesized that alternatively controlled release of capsaicin from
poly(lactic-co-glycolic acid) (PLGA) nanoparticles desensitizes superficially terminating nociceptors,
reducing burning. Methods: Capsaicin-loaded PLGA nanoparticles were prepared (single-emulsion
solvent evaporation) and characterized (size, morphology, capsaicin loading, encapsulation efficiency,
in vitro release profile). Capsaicin-PLGA nanoparticles were applied to murine skin and evaluated in
healthy human participants (n = 21) for 4 days under blinded conditions, and itch and nociceptive
sensations evoked by mechanical, heat stimuli and pruritogens cowhage, β-alanine, BAM8-22 and
histamine were evaluated. Results: Nanoparticles (loading: 58 µg capsaicin/mg) released in vitro
23% capsaicin within the first hour and had complete release at 72 h. In mice, 24 h post-application
Capsaicin-PLGA nanoparticles penetrated the dermis and led to decreased nociceptive behavioral
responses to heat and mechanical stimulation (desensitization). Application in humans produced
a weak to moderate burning, dissipating after 3 h. A loss of heat pain up to 2 weeks was observed.
After capsaicin nanoparticles, itch and nociceptive sensations were reduced in response to pruri-
togens cowhage, β-alanine or BAM8-22, but were normal to histamine. Conclusions: Capsaicin
nanoparticles could be useful in reducing pain and itch associated with pruritic diseases that are
histamine-independent.

Keywords: capsaicin; nanoparticles; human; pruritogens; desensitization; itch

1. Introduction

A persistent itch that accompanies neurological, dermatological and systemic diseases
can cause suffering and a loss in the quality of life [1]. While receptors for pruritogens
are expressed in cutaneous nociceptors, there are few treatments that block the patholog-
ical transmission of pruritic information in these neurons in disorders causing acute or
chronic itch. There are two types of pruriceptive nociceptors that transduce and transmit
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pruritic information from the skin [2–4]. One type responds to noxious mechanical and heat
stimuli and to pruritogens that elicit a histamine independent itch [5]. These pruritogens
include cysteine proteases, such as mucunain in the trichomes of cowhage, β-alanine, and
bovine adrenal medulla 8-22 (BAM8-22) [5–10]. The other type of pruriceptive nociceptor
is mechanically insensitive and responds to histamine [11–13]. In humans, monkeys and
mice, pruriceptive nociceptors responsive to histamine or histamine-independent pruri-
togens typically express TRPV1, a non-selective cation channel responsive to capsaicin
and noxious heat [14–16]. Thus, one treatment for itch that has shown some effective-
ness is the topical application of capsaicin, which activates these nociceptors, leading to
a longer lasting desensitization [17]. Commercially available topical preparations of cap-
saicin containing different concentrations have been used in the management of cutaneous
neuropathic sensations including post-herpetic pain [18–20], brachioradial pruritus, and
atopic dermatitis [21,22]. In an experimental study, daily topical application of capsaicin in
humans elicited a persistent burning pain. After four days, there was a loss of transient
heat pain and itch in response to cowhage spicules [23]. The itch to intradermal injection
of histamine was unaffected by capsaicin. However, responses to β-alanine and BAM8-22
were not tested. In other studies, the transdermal delivery of higher concentrations of
capsaicin, (e.g., 8% capsaicin in the Qutenza patch over 24 h) reduced or eliminated both
histamine-dependent and histamine-independent itch and heat pain [24,25]. However, a
major adverse event of capsaicin application experienced by patients is the painful burning
sensation associated with the application of capsaicin. To treat localized itch or pain in
humans through desensitization with low burning, very low concentrations of capsaicin
are applied several times daily over a prolonged period of time. Strategies including the
encapsulation of capsaicin in controlled release systems, such as poly(lactic-co-glycolic acid)
nanoparticles (PLGA NPs) could reduce these adverse effects associated with capsaicin
application. The slow-release effect of PLGA NPs as a carrier for bupivacaine or opioids to
reduce nociceptive behavior in mice has been studied previously [26–28].

In the present study, we test the hypothesis that at single application of controlled
release capsaicin-loaded PLGA NPs, over a period of hours to days, can achieve desensiti-
zation to histamine-independent pruritogens and to transient noxious heat, while eliciting
a minimal ongoing burning pain sensation.

2. Results
2.1. Physicochemical Attributes of NPs

SEM analysis showed that both blank and capsaicin PLGA NPs are spherical in mor-
phology and uniform in size (Figure 1A,B). All NPs were spherical in morphology, with a
corresponding diameter of 108.11 ± 17.36 and 110.45 ± 18.33 nm as determined by analysis
of SEM micrographs. No statistically significant difference in size was noted between
blank and capsaicin NPs (Figure 1E). Data obtained from the dynamic light scattering
analysis of capsaicin NP intensity-based particle size distribution showed a unimodal size
distribution (Figure 1C), with a corresponding peak occurring at approximately 250 nm and
a polydispersity index of 0.157. The zeta potential for capsaicin PLGA NPs was determined
as −17.53 ± 0.13 mV.

Capsaicin drug loading and encapsulation efficiencies were determined using a cap-
saicin ELISA kit. Capsaicin loading was determined to be 58.01 ± 5.87 µg per 1 mg for
capsaicin-loaded PLGA NPs, and 0 µg per 1 mg of blank PLGA NPs. Therefore, capsaicin
loading was measured as 5.8% by weight, and the corresponding encapsulation efficiency
was determined to be 16.57%.
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NPs was measured as 0.16 µg/mL in 6 µg/µL total protein. In comparison, skin in which 
30 µg of capsaicin was intradermally injected before harvesting exhibited a slightly higher 
amount of 0.25 µg/mL. In contrast, the amount of capsaicin in the skin treated with blank 
NPs was 0 µg/mL. 

The in vivo skin penetration ability of capsaicin NPs containing red dye into the skin 
of the cheek was also assessed. The red colored areas were measured relative to the un-
stained skin. Untreated control tissue had only small amounts of red stain detected in 1 of 
18 samples in the dermis and 3 of 18 in the epidermis, most likely due to autofluorescence 
of high-density areas of the tissue (Figure 2A). Blank NPs and capsaicin NPS (Figure 2B,C) 
showed insignificantly higher amounts of red stain in the dermis and epidermis possibly 
due to agglomerated NPs. The amount of red stain after DiL NPs was detectable in all 
samples in the epidermis and in 17 of 18 samples in the dermis, mainly located in more 
superficial regions (Figure 2D). The amount of staining for the DiL NPs was significantly 

Figure 1. Characterization of the physicochemical attributes of NPs. (A) SEM of capsaicin NPs.
(B) SEM of blank NPs. Scale bar is 500 nm. (C) Intensity-based particle size distribution as measured
by dynamic light scattering. (D) Cumulative in vitro release of capsaicin from NPs over time under
agitation. (E) Measurements of size, capsaicin loading, encapsulation efficiency and pH (in Vanicream)
for capsaicin-loaded and blank NPs. Mean ± SEM.

In vitro capsaicin release from PLGA NPs under agitation showed an initial capsaicin
release of approximately 22.9% from the NPs within the first hour (Figure 1B). This initial
burst, leading to a release of 34% of the payload at 8 h, of capsaicin release from PLGA NPs
continually increased until reaching a peak at about 72 h (Figure 1D).

The pH of Vanicream (5.28) was not changed by the addition of capsaicin-loaded (5.29)
and blank PLGA NPs (5.17) (Figure 1E). The resultant pH was appropriate as to minimize
pH-related irritation following topical application.

2.2. In Vivo Quantification of Capsaicin

The amount of capsaicin in murine cheek skin after 24 h of treatment with capsaicin
NPs was measured as 0.16 µg/mL in 6 µg/µL total protein. In comparison, skin in which
30 µg of capsaicin was intradermally injected before harvesting exhibited a slightly higher
amount of 0.25 µg/mL. In contrast, the amount of capsaicin in the skin treated with blank
NPs was 0 µg/mL.

The in vivo skin penetration ability of capsaicin NPs containing red dye into the
skin of the cheek was also assessed. The red colored areas were measured relative to the
unstained skin. Untreated control tissue had only small amounts of red stain detected in 1
of 18 samples in the dermis and 3 of 18 in the epidermis, most likely due to autofluorescence
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of high-density areas of the tissue (Figure 2A). Blank NPs and capsaicin NPS (Figure 2B,C)
showed insignificantly higher amounts of red stain in the dermis and epidermis possibly
due to agglomerated NPs. The amount of red stain after DiL NPs was detectable in all
samples in the epidermis and in 17 of 18 samples in the dermis, mainly located in more
superficial regions (Figure 2D). The amount of staining for the DiL NPs was significantly
higher than in control tissue or tissue exposed to blank or capsaicin NPs (Figure 2E). This
finding is consistent with a good penetration with NPs.
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Figure 2. Intracutaneous penetration of NPs topically applied to the skin in the mouse. Exemplary
microscope images (Scale bar is 400 µm) of (A) a potential autofluorescence (red area) of untreated
skin from mouse cheek, (B) after treatment with blank NPs, (C) after treatment with capsaicin NPs,
(D) treated with red dye (red area) containing DiL NPs. (E) Mean values of red color measured in
cheek tissue from 18 samples per group. *** p < 0.001, **** p < 0.0001, mean ± SD, one-way ANOVA
with Bonferroni correction.

2.3. Behavioral Responses of Mice to Mechanical and Heat Stimuli

Mice were scored for aversive behavioral responses to punctate mechanical indenta-
tion and heat stimulation of the cheek prior to and 24 h after application of a Finn chamber
containing either blank NPs or capsaicin-loaded NPs. In comparison with scores obtained
before NP application, mice receiving capsaicin NPs exhibited significantly lower discom-
fort scores to filament indentations of 2, 20 and 20 mN and to the heat stimulus of 52 ◦C
Figure 3A,B). Responses to the lowest filament force of 0.23 mN and to the heat stimulus of
38 ◦C remained unchanged. In contrast, discomfort scores remained the same in response
to each force of indentation and stimulus temperature before vs. after the application of
blank NPs.
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Figure 3. Discomfort scores to mechanical and heat stimuli applied to the cheek. The mechanical
stimuli were produced by application of von-Frey type filaments with indentation forces (and
tip diameters) of 0.23 mN (67 µm) and 2, 10 and 20 mN (100µm). Heat stimuli were applied
by a thermode preheated to the indicated temperature. Each stimulus was applied prior to and
24 h following removal of NPs. (**** p < 0.0001) for significance before and after treatment, ####
indicating significant differences between the blank vs. capsaicin NPs groups p < 0.0001, error
bars: SD n = 10 male mice per group. RMANOVA—2 within timepoints (before, after treatment)
× treatments (capsaicin vs. blank NPs) × forces (0.23, 2, 10, 20 mN) for (A) and temperatures for
(B) (38, 52 ◦C) with Bonferroni correction.

For human subjects, the highest indentation force and the heat stimulus of 50 ◦C, but
not the two lowest forces or 39 ◦C stimulus, readily elicited pain when applied to the volar
forearm. Thus, capsaicin NPs decreased the aversive behavior of mice to stimuli that are
nociceptive for humans (Figure 3B).

2.4. Evaluation of the Sensations Evoked by Treatment with Capsaicin PLGA NPs in Humans

Subjects used the generalized labeled magnitude scale [10,29,30] to rate the average
perceived intensity of any burning, pricking/stinging and pain sensation originating from
beneath each Finn chamber following application of NPs. Subjects made ratings every
hour for 6 h followed by every 12 h from 12 to 84 and a final rating at 90 h. Between 1
and 3 h after application of the chambers, subjects reported significantly higher rating
scores from capsaicin NPs, in comparison to placebo (blank) NPs for burning, described
as moderate, and pain rated as barely detectable to weak on the scale (Figure 4). These
sensations subsided after 3 h and mirrored the in vitro measurements reflecting the initial
burst of capsaicin release from NPs. After 3 h there were no significant differences in ratings
of any sensory quality or in pain for the two sites of NP application. Although there were
more frequent reports of pricking/stinging sensation but not itch in response to capsaicin
during the first 12 h (Fishers Exact Test, p = 0.01), these sensory qualities did not yield
significant differences in magnitude for the two treatments.

2.5. Effects of Capsaicin NPs on Thresholds and Magnitude Estimates of Mechanical and Heat
Stimuli

After removal of NP Finn chambers, mechanical pain thresholds for nociceptive sensa-
tions evoked by von Frey filaments were significantly higher for capsaicin in comparison
to blank NP sites, but only on day 1 (Figure 5A).
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Figure 4. Magnitude ratings of spontaneous (background) sensations of burning and pain referred to
the sites of application of blank and capsaicin filled NPs. (A) Magnitude of burning, (B) magnitude
of pain. Mean ± SD, n = 21, mixed effect model 2 within subject treatments (capsaicin vs. placebo
treatment) × 14 repeated timepoints (0–90 h) with Bonferroni correction. * p < 0.05, ** p < 0.01, ****
p < 0.0001 for blank vs. NP comparison.
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Figure 5. Mechanical pain thresholds, and thresholds and magnitude ratings of warmth and heat
pain. (A) Thresholds for mechanically evoked pain (MPT) obtained at sites of blank and capsaicin
NPs obtained 4 days before and on each designated day after removal of the NPs. (B) Detection
thresholds for warmth (WDT) and heat pain (HPT, same format as in A). (C) Magnitude ratings of
warmth and heat pain produced by 38 and 50 ◦C, respectively. n = 21, mixed effect model 2 within
subject treatments (capsaicin vs. placebo treatment) × 4 repeated timepoints (0, 7, 14, 21 days) with
Bonferroni correction. Means with SEMs for capsaicin and blank NPs are black and gray, respectively.
* p < 0.05, *** p < 0.001 and **** p < 0.0001 for blank vs. NP comparison.

The dominant sensory quality evoked by 50 ◦C was burning. The thresholds for
detecting warmth (WDT) and painful heat (HPT) at the site of blank NPs administration
were stable over the duration of the experiment. WDT and HPT increased on day 1
(after removal of Finn chambers with NP) in relation to prior tests after application of
capsaicin NPs (Figure 5B). At this time, all subjects had a higher WDT and HPT on day
1 after capsaicin NP application in comparison with pre-treatment values at that site. A
2 treatment × 4 days mixed effect model followed by Bonferroni correction revealed a
significant interaction between treatment and days (WDT: F(2.423, 48.46) = 6.976, p = 0.0012;
HPT: F(2.651, 53.02) = 5.932, p = 0.0022). Both WDTs and HPTs were significantly higher
at the capsaicin than blank NP site on days 1, 7 and 14. Recovery of WDT and HPT was
observed on day 21.

There were also decreased magnitude estimates of the intensity of suprathreshold
warming and noxious heat. Magnitude ratings of the warmth evoked by sustained warming
at 38 ◦C on the capsaicin vs. blank sites occurred on days 1 through 14 (F = 9.657, p = 0.0055).
Pain in response to 50 ◦C heat for 7 s as suprathreshold stimulation was reduced in all
subjects and abolished in 16 of 21. The mean magnitude estimate of pain elicited by
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application of 50 ◦C heat was significantly lower on the capsaicin-treated side on days 1
through 14 (all p < 0.0001) but partially recovered on day 21 (p = 0.087); partial recovery
was obtained (F = 23.70, p < 0.0001).

Noxious heat stimulation resulted in a local redness of the skin in 12 of 21 subjects
before treatment and on the control site but in only one subject on the capsaicin-treated
area. Another one of the capsaicin-treated subjects exhibited a white or vasoconstricted
reaction. These findings suggest that capsaicin decreased heat-induced vascular dilation.

In contrast to the effects of capsaicin in decreasing the perceived intensity of warmth
and heat pain, a RMANOVA revealed no significant differences between NPs and blank
NPs sites in subjective magnitude estimates of mechanically evoked pain for any force on
any day of testing (Supplementary Figure S1).

2.6. Effects of Capsaicin NPs on Itch, Nociceptive Sensations and Dysesthesias Evoked by
Pruritogens

In response to cowhage application on the day of NP removal, there was a significant
decrease in the peak magnitude, AUC, and duration of itch and each type of nociceptive
sensation on the capsaicin vs. the blank NP site (Figure 6A–F). Eight subjects reported
a complete abolition of itch as well as heat pain. In accordance with a decrease in sensa-
tions, capsaicin NPs also significantly decreased the areas of alloknesis, hyperalgesia and
hyperknesis induced by cowhage (Figure 6G).
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Figure 6. Effects of capsaicin NPs pretreatment on cowhage evoked sensations and dysesthesias
applied by spicules. (A–C) Time course of perceived intensities of itch, pricking/stinging, and
burning. Data are means with SEMs. For clarity, the SEMs are presented at the peak and every
5 min thereafter. (D) Peak magnitude (Peak) of each sensory quality. (E) Area under the rating curve
(AUC). (F) Duration of response. (G) Area of each type of dysesthesia: alloknesis, hyperalgesia and
hyperknesis. n = 21, (A–C) repeated measures two-way ANOVA; two repeated treatment groups
(capsaicin vs. placebo treatment) × 40 repeated timepoints (0–20 min) with Bonferroni correction,
(D–G) Wilcoxon test. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.

In response to injections of β-alanine, the perceived intensities of itch and each nocicep-
tive sensation were reduced early after injection, starting at 1 min after injection and lasting
2.5 min for itch and 3.5 min for the nociceptive sensations (Figure 7A–C). In relation to
placebo (blank) NPs, capsaicin NPs resulted in significantly lower peak magnitude ratings
and AUCs for both itch and pricking/stinging sensations but not for burning (Figure 6D,E).
In contrast, there were no significant differences in the duration of each quality of sensation
(Figure 7F). There was a significant decrease in the area of hyperalgesia (Figure 7G), and
no significant differences in areas of alloknesis or hyperknesis between the capsaicin and
blank NP sites were reported.
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Figure 7. Effects of capsaicin NP pretreatment on sensations and dysesthesias evoked by injection of
beta alanine. (A–C) Time course of perceived intensities of itch, pricking/stinging and burning. Same
format as Figure 7. (D) Peak magnitude (Peak) of each sensory quality. (E) Area under the rating
curve (AUC). (F) Duration of response. (G) Area of each type of dysesthesia: alloknesis, hyperalgesia
and hyperknesis. n = 21, (A–C) repeated measures two-way ANOVA; two repeated treatment groups
(capsaicin vs. placebo treatment) × 40 repeated timepoints (0–20 min) with Bonferroni correction,
(D–G) Wilcoxon test. Data are means with SEMs. * p < 0.05 and ** p < 0.01and *** p < 0.001.

In response to injections of BAM8-22, the perceived intensities of itch and each no-
ciceptive sensation were significantly lower for capsaicin in comparison with blank NP
application (Figure 8A–C). The reduced ratings at the capsaicin application site were ap-
parent within the first minutes after injection. Sensation at the capsaicin application site
was reduced in comparison to blank for up to 3 min after injection for itch, up to 7 min
for pricking/stinging and 5 min for burning. Similar to the effects of β-alanine, the peak
ratings were significantly lower at the capsaicin site for each sensory quality (Figure 8D).
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Figure 8. Effects of capsaicin NP pretreatment on sensations and dysesthesias evoked by injection of
BAM8-22. (A–C) Time course of perceived intensities of itch, pricking/stinging, and burning. Same
format as Figure 7. (D) Peak magnitude (Peak) of each sensory quality. (E) Area under the rating
curve (AUC). (F) Duration of response. (G) Area of each type of dysesthesia: alloknesis, hyperalgesia
and hyperknesis. n = 21, (A–C) repeated measures two-way ANOVA; two repeated treatment groups
(capsaicin vs. placebo treatment) × 40 repeated timepoints (0–20 min) with Bonferroni correction,
(D–G) Wilcoxon test. Data are means with SEMs. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.
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In contrast to β-alanine, for injection of BAM8-22 the AUC was lower only for
pricking/stinging and the duration of itch was significantly longer for the capsaicin site
(Figure 8E,F). Differences in the areas of dysesthesia did not reach significance (Figure 8G).
The only skin reaction to be affected was the area of local redness which was smaller on the
capsaicin than the blank NP site (1.2 ± 2.2 vs. 5.4 ± 7.5 cm2, p = 0.0005).

The effects of capsaicin on responses to spicules containing BAM8-22 were similar to
those of cowhage, resulting in significantly lower peak ratings, AUCs and shorter durations
of itch and pricking/stinging in comparison with the effects of blank NPs (Figure 9A–F).
However, unlike cowhage there were no differences in the peak magnitude, rating, or
duration for burning. Treatment with capsaicin NPs provoked a reduction in alloknesis
induced by BAM8-22 spicules (Figure 9G). There was also a decrease in the area of local
redness at the application site within the capsaicin-treated area (0.8 ± 2.9 vs. 0.1 ± 0.1 cm2,
p = 0.044).
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spicules. (A–C) Time course of perceived intensities of itch, pricking/stinging, and burning. Same
format as Figure 7. (D) Peak magnitude (Peak) of each sensory quality. (E) Area under the rating
curve (AUC). (F) Duration of response. (G) Area of each type of dysesthesia: alloknesis, hyperalgesia
and hyperknesis. n = 21, (A–C) repeated measures two-way ANOVA; two repeated treatment groups
(capsaicin vs. placebo treatment) × 40 repeated timepoints (0–20 min) with Bonferroni correction,
(D–G) Wilcoxon test. Data are means with SEMs. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.

Capsaicin NPs did not affect the maximum perceived intensity or duration of the
histamine injection-evoked itch or pricking stinging compared to the blank NPs (Sup-
plementary Figure S2). Interestingly, 17 of 21 subjects exhibited a blanching of the skin,
resembling a vasoconstriction around the histamine injection site. This effect was only
observed on capsaicin-treated sites. In addition, treatment of capsaicin NP reduced the area
of the local redness (27.2 ± 15.7 vs. 20.7 ± 19.0 cm2, p = 0.0239). No significant differences
were observed in areas of histamine-induced alloknesis, hyperalgesia and hyperknesis.

Following the application of histamine spicules, the duration of each sensory quality
was slightly but significantly decreased at the capsaicin vs. blank site without any change
in peak magnitude (Supplementary Figure S3). The areas of hyperalgesia and hyperknesis
were significantly smaller at the capsaicin vs. blank site (7.657 ± 13.09 vs. 4.769 ± 9.13 cm2,
p = 0.0408) and (4.982 ± 7.367 vs. 1.435 ± 2.792 cm2, p = 0.0136), respectively. The area of lo-
cal redness was also significantly decreased on the capsaicin site (7.0 ± 5.6 vs. 1.5 ± 2.9 cm2,
p = 0.0003) and the appearance of white areas around the capsaicin application area was
observed in 10 out of 21 subjects.
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Capsaicin had the major effect of reducing and in some instances eliminating the itch
and nociceptive sensations evoked by the histamine-independent pruritogens cowhage,
β-alanine and BAM8-22 but had little or no significant effect on the sensations evoked
by histamine.

3. Discussion

In this study, capsaicin-loaded PLGA NPs were developed for topical application
in humans and their in vitro physicochemical attributes were characterized. An initial
in vitro release of 22.9% capsaicin within the first hour was observed (burst), followed by a
lower continuous release until 72 h, where complete capsaicin release was observed. In a
murine model, capsaicin NPs applied to the skin for 24 h penetrated the dermis and led to
a behavioral desensitization to heat and mechanical stimuli. Application in humans caused
weak to moderate burning sensation lasting approximately 2 h followed by a short-lasting
elevation of mechanical pain threshold and a lasting desensitization to warm and noxious
heat. During this period of heat desensitization there was also a significant decrease in the
magnitude ratings of itch and nociceptive sensations evoked by cowhage, β-alanine, and
BAM8-22 but little or no significant effect on sensations elicited by histamine.

PLGA NPs to alter pain or itch in humans have not yet been applied in practice [28].
Capsaicin-loaded PLGA NPs have been investigated for the treatment of chronic pain
in animal models, due to their controllable prolonged release and biocompatibility and
acceptable safety [26,31,32]. Our prototype PLGA NPs showed an initial low burst effect
and a continuous release profile designed to desensitize while diminishing an unpleas-
ant burning sensation. Using other PLGA compositions or biocompatible polymers to
encapsulate capsaicin could alter the release profile [33].

Capsaicin has been applied in previous studies to desensitize the skin to noxious and
pruritic stimuli experimentally applied to the skin in human volunteers. For example,
three days of repeated topical applications of 0.1% capsaicin abolished transient heat pain
and itch to cowhage but not itch to histamine [23]. A higher dose of 8% topically applied
capsaicin was subsequently found to reduce both histaminergic and non-histaminergic
cowhage itch [25].

A limitation of other topical applications of capsaicin is the associated prolonged
burning pain sensation. Conversely, the slow release of the capsaicin from NPs in the
present study leads to low pain and burning sensation. A positive control with active
capsaicin was not applied in this study. However, lower burning pain was observed in
comparison, for example to previously described for a 1 or 24 h application of 8% capsaicin
in other studies [24,25] or capsaicin injection [34]. Therefore, capsaicin NP formulations
could be a valuable treatment application for pain- and itch-associated diseases. The
missing desensitization to histamine in our study could be due to the late testing after
desensitization, when some functions had almost recovered. Other reasons could be the
small area of desensitization which, after injection, was smaller than the wheal, indicating
that the histamine diffused beyond the capsaicin-treated area into surrounding untreated
skin. This was less likely to happen with the histamine spicules, whose effects were
confined within the treated area. An effect of capsaicin after histamine injection was
especially seen in a localized vasoconstriction or white area in the capsaicin application
area surrounded by a local redness [24,35,36]. Other possibilities would be the amount of
capsaicin being too low or the penetration depth not deep enough to reach the terminal
endings of histamine-responsive mechanically insensitive nociceptors.

Capsaicin application decreased sensory responses to β-alanine and BAM8-22 spicules
thought to activate mechanosensitive polymodal nociceptors mediating histamine-independent
reactions [7,8,14,37,38]. Consequently, capsaicin could be effective in treating chronic
pruritic disorders that elicit histamine-independent itch. Additionally, the capsaicin NP
formulation is a feasible approach which should be investigated in further studies for its
efficacy and safety to treat chronic pain and itch.
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Experimental outcomes from the present work are clinically relevant and demonstrate
the novel concept of controlled NP delivery of capsaicin for the future treatment of chronic,
localized itch or pain that typically accompanies eczema or post-herpetic neuralgia. PLGA
is readily hydrolyzed to its monomer components (lactic acid and glycolic acid), which
are metabolized to non-toxic byproducts, with a demonstrated safety profile. Numerous
FDA-approved PLGA formulations are routinely used in the clinical setting [39]. We
anticipate that a single topical application of capsaicin-loaded NPs would minimize sensory
discomfort and the need for multiple clinic visits for re-application. The minimization of
discomfort would increase compliance of patients using the preparation. Thus, the present
findings could motivate the use of capsaicin NPs for the clinical treatment of certain types
of chronic inflammatory or neuropathic itch.

4. Materials and Methods
4.1. Nanoparticle Preparation

Capsaicin-loaded PLGA nanoparticles (NPs) were prepared under clean conditions
using a single-emulsion, solvent evaporation approach previously described by Zhou
et al. [26,32]. The PLGA (50:50 Poly(DL-lactide-co-glycolide)) and capsaicin (Sigma Aldrich,
St. Louis, MO, USA) were mixed and dissolved in ethyl acetate (60 mg of capsaicin per
100 mg PLGA). The resultant solution was added dropwise to 5% polyvinyl alcohol (PVA).
Following sonication, the resultant mixture was slowly added to a 0.3% v/v PVA solution
while stirring. Over 5 to 6 h, the ethyl acetate was allowed to evaporate under a fume
hood. Capsaicin-loaded PLGA NPs were collected through centrifugation (18,000× g for
20 min) and washed twice in sterile de-ionized water to remove unencapsulated capsaicin.
Following the final wash step, the NPs were collected and resuspended in 5 mL sterile
de-ionized water. Trehalose was added as a cryoprotectant to the NP suspension at a
mass ratio of 0.1:1 (trehalose:NP). After flash freezing with liquid nitrogen, the NPs were
lyophilized for 2 days using a freeze dryer (Labconco, Kansas City, MO, USA). The dry NP
powder was stored at −20 ◦C until further use. Blank NPs (placebo control) were prepared
under identical conditions in the absence of capsaicin.

4.2. Analysis of NP Physicochemical Attributes

Scanning Electron Microscopy (SEM): The morphology and size of NPs were character-
ized by SEM. NPs were mounted on a carbon tape and sputter-coated with gold in an argon
atmosphere using a sputter current of 40 mA (Dynavac Mini Coater; Dynavac, Hingham,
MA, USA). SEM analysis was carried out with a Philips XL30 SEM using a LaB electron gun
with an accelerating voltage of 3 kV. NP size was determined from SEM micrographs using
ImageJ software (version 1.5, National Institutes of Health (NIH), Bethesda, MD, USA).

Dynamic Light Scattering: Corresponding particle size distribution (hydrodynamic
diameter) and polydispersity index were measured using a Zetasizer nano (Malvern, UK).
The zeta potential of manufactured capsaicin NPs was measured using the electrophoretic
light scattering function of the Zetasizer. All measurements were performed in triplicate.

4.3. Quantification of Drug Loading and Encapsulation Efficiency

A total of 1 mg of PLGA NPs was dissolved in 100 µL DMSO and made to a volume
of 1 mL by adding PBS. An Enzyme-linked Immunosorbent Assay (ELISA) Capsaicin
High Sensitivity Plate Kit (Beacon Analytical Cat.# 20-0027, Saco, ME, USA) was used
for the quantification of capsaicin content as per manufacturer instructions. In brief, a
serial dilution of PLGA NPs and a capsaicin standard for a calibration curve was made.
Aliquots of 100 µL volume were pipetted in triplicates into the wells of antibody-coated
stripes, mixed with 100 µL of enzyme conjugate and incubated for 30 min under agitation.
Subsequently, the wells were washed five times with water, incubated with 100 µL reaction
substrate for 10 min, and the reaction was stopped by adding 100 µL stop solution to
each well. The resultant absorbance (450 nm–650 nm) was measured by a plate reader.
The amount of capsaicin in the resultant solution was determined from the calibration
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curve, and the corresponding NPs loading (Equation (1)) and encapsulation efficiency
(Equation (2)) were determined from the following equations.

NP capsaicin loading =
Released Capsaicin (mg)

NP weight (mg)
× 100 (1)

Encapsulation Efficiency =
Measured capsaicin content (mg)

Added capsaicin weight (mg)
× 100 (2)

4.4. In Vitro Release of Capsaicin from PLGA Nanoparticles

The vitro release of capsaicin from NPs was evaluated at various time points in
phosphate buffer (pH 6.5) at 35 ◦C in an agitated system (150 rpm). Aliquots were removed
at pre-determined time points and replaced with the same volume of fresh pre-warmed
phosphate buffer. Sample aliquots removed were centrifuged at 18.000 rpm for 10 min
and the resultant supernatant was removed for the quantification of released capsaicin
using the aforementioned ELISA capsaicin quantification kit. Cumulative in vitro release
of capsaicin from PLGA NPs was determined for each timepoint.

4.5. Quantification of pH

The pH of the combination of cream and NPs for topical application was determined
in triplicate, on the same formulation composition used for the topical application. Briefly,
a 1 mg aliquot of capsaicin-loaded PLGA NPs was dissolved in 20 µL of sterile water,
vortexed for 1 min and sonicated for 5 min. The resultant NP suspension and pure sterile
water were added to 80 mg of Vanicream dissolved in 50 µL DMSO and mixed in 15 mL of
water. The resultant pH was quantified after 1 hr using a pH meter. The same procedure
was carried out for the placebo (blank) NPs.

4.6. Preparation of the NP Cream for Topical Application

A 1 mg aliquot of NPs was suspended in 20 µL of sterile water by vortexing for 1 min,
and then placed in an ultrasonic bath for 5 min. The resultant NP suspension was stirred
into 80 mg of Vanicream. Then resultant preparation was filled into a 12 mm Finn chamber
for human subjects. An equivalent dose corresponding to 1/8 of the human total dose was
filled into an 8-mm Finn-type chamber for mice. Placebo controls included Vanicream and
blank PLGA NP mixtures.

4.7. In Vivo Application of Capsaicin NPs in a Murine Model
4.7.1. Animals

C57BL/6 male mice (Charles River Laboratories), each weighing 20–25 g and aged
6–8 weeks old, were used for behavioral experiments, ultrasound, skin thickness measure-
ments and histological evaluation. All experimental procedures were approved by the
Institutional Animal Care and Use Committee of Yale University School of Medicine and
were in accordance with guidelines provided by the National Institute of Health and the
International Association for the Study of Pain. Mice were housed under a 12 h light/dark
cycle with free access to standard laboratory food and water.

4.7.2. In Vivo Application of Capsaicin NPs

The Finn-like chambers for mice were constructed in the Yale Medical School Machine
Shop from polyether ether ketone (PEEK) (Trident Plastics, Ivyland, PA, USA). The chamber
had an outside diameter of 8 mm and a well that was 5 mm wide and 0.2–0.3 mm deep.
PEEK is a medically compatible plastic and used for orthopedic surgery, bone replacement,
dental implants, and other biomedical applications [40]. The chamber accommodated up
to 10 mg of Vanicream filled with NPs in the same concentration as used for humans. This
amount contained a maximal amount of 44 µg of capsaicin. The dermal LD50 for capsaicin
was determined to be > 512 mg/kg in mice [41].
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Under brief anesthesia (2% isoflurane in 300 mL/min oxygen), the PEEK chamber was
applied on the shaved cheek of the mouse with a thin coat of cyanoacrylate glue on the
rim. An Elizabethan collar prevented the animal from removing the cup for 24 h. After
this time, the chamber was removed with a small amount of acetone and water under brief
anesthesia. Then, the cheek was carefully wiped with ethanol, to eliminate remnants of
glue, cream, superficial NPs and capsaicin.

4.7.3. In Vivo Quantification of Capsaicin from PLGA Nanoparticles in Mouse Skin

Skin from mice treated 24 h with NPs was harvested 1 hr after taking off the cham-
ber filled with capsaicin or blank NPs. As a positive control, mice were injected with
30 µg/10 µL of capsaicin in 8% Tween 20 in normal saline (0.9 w/v) and the cheek skin
was harvested 1 hr later. After euthanasia, the treated cheek skin (approximately 1 × 1 cm)
was removed and directly frozen in a −80 ◦C freezer. For analysis, the tissue was cut into
small pieces, mixed with 50 µL tissue extraction buffer (20 mM HEPES, pH 7, 420 mM
NaCl, 0.2 mM EDTA, 1.5 mM MgCl2, 1% NP40, 1 mM PMSF, 25% Glycerol, 0.4% PIC) and
homogenized using a Biomasher II® Closed System Disposable Micro Tissue Homogenizer.
Samples were centrifuged at 4 ◦C, 13,000 rpm for 20 min and the supernatant was isolated
for further analysis. A Standard Bradford assay was used to measure the total protein
concentration of samples. The samples were diluted to an equal total protein concentration
of 6 µg/µL for the aforementioned ELISA capsaicin quantification kit in tissue. Three
samples per group of mice were analyzed using the ELISA assay.

4.7.4. Analysis of Capsaicin Penetration Depth In Vivo

For the analysis of skin penetration of the NPs, either capsaicin, blank or capsaicin
NPs each encapsulated with a dye (DiL) were applied to the cheek of mice for 24 h as
described. One hour after cup removal, the cheek was carefully cleaned with 70% ethanol
solution. Mice were euthanized under anesthesia and a section of the skin from the cheek
was harvested (approximately 1 × 1 cm2). The skin was fixated with 4% w/v PFA/10%
formalin for 24 h at −20 ◦C. Excess PFA was removed by rinsing with PBS and the samples
were soaked in 40% w/v sucrose in PBS for 2 days. For cryoembedding, the tissue was
equilibrated at room temperature in OCT-compound for 10 min, transferred and orientated
in fresh cooled OCT in a cryomold surrounded by dry ice and isopentane. Samples were
stored at −20 ◦C and cut with a cryostat on the next day into sections of 7 µm thickness.
Sample sections were photographed using an EVOS FL Cell Imaging System with a EVOS
Light Cube RFP (Thermofisher, Waltham, MA, USA). For statistical comparisons, three
images of random sections for six mice per condition were acquired to obtain a mean value.
ImageJ software with a color deconvolution plugin [42,43] was used for detecting the
percentage of area stained red or red autofluorescence signal compared to the whole tissue
sample in the image [44]. Only the epidermis and dermis were included in the analysis and
the rest were manually excluded. Colored tissue in each sample was automatically detected
using an adaptation to an ImageJ macro, which was designed to count cells in a designated
area of the tissue sample [44]. The color deconvoluting macro was used to separate the
staining colors in each image. The Focinator tool was used to threshold and binarize the
color-separated images, segmenting the stained and unstained regions and differential
quantification of intensity for stained areas from each micrograph. The macro automatedly
detected regions of interest using a thresholded mask of the image and measuring the
different areas across multiple regions of interest per image. Additionally, each image was
surveyed for fluorescence in the dermis and epidermis by an operator who was blinded to
the treatment conditions.

4.7.5. Testing Mice for Behavioral Responses to Mechanical and Heat Stimulation

Prior to collecting data, each mouse was placed daily for 5 days in a meshed test cham-
ber for 30 min. After 15 min, mechanical and heat stimuli were periodically applied to the
cheek as described for testing but with only 5 presentations of each stimulus, always ending
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with the lowest intensity [45]. The mechanical stimuli consisted of nylon filaments with tip
diameter (and delivering different bending forces) of 67 µm (0.23 mN) and 100 µm (2, 10
and 20 mN). A contact thermode with a chip resistor (2 × 3 mm) and a thermocouple were
used for electronically servocontrolling temperature at the skin-probe interface, delivering
stimulus temperatures of either 38 or 52 ◦C.

After the 5 days of habituation to the testing chamber and stimuli, daily testing began
24 h after removal of the Finn chamber. The mechanical stimuli were presented first. Each
stimulus force was presented five times and delivered in order of ascending force and
again in descending order of applied force. Then five warm, 38 ◦C stimuli were delivered
followed by five presentations of noxious 52 ◦C stimuli. Lastly, the same heat stimuli
were presented again this time with stimuli of 52 ◦C delivered first. Each mechanical or
heat stimulus was applied for a maximal contact time of one second or less if withdrawal
occurred and with interstimulus intervals of at least 60 s.

During testing, mice were video recorded from the side, with a mirror positioned on
one side to allow for a two-sided view. After each stimulation, the behavioral responses to
each stimulus were documented and later confirmed or corrected in the videorecording.
The operator performing the experiments was blinded to the placebo and treatment groups.
Each behavioral reaction to a stimulus was assigned according to the following categories;
a discomfort score (DS) according to whether “no reaction” (DS = 0), “looking” or turning
the head or body towards the stimulating object (DS = 1), “withdrawal’ from the stimulus
by turning the head or body away or pulling backward after stimulation (DS = 2), rapid
“flinching” (DS = 3), “biting”, consisting of a fast turning of the head toward the object and
trying to bite it (DS = 4), “shaking”, a short, quick vibratory movement of the body (DS = 5),
“jumping aside” from the stimulus (DS = 6), “jumping in the air” (DS = 7), or audible
squeaking (DS = 8). In the case of observing a series of two immediate behaviors, only
the behavior with the highest score was used. Each wipe directed towards the stimulated
cheek was counted and added to the DS. The mean score from ten presentations of the
same stimulus was calculated.

4.8. Testing Human Subjects for Responses to Heat, Mechanical Stimuli and to Pruritogens

Twenty-one healthy human subjects (10 females and 11 males, age: 28.9 ± 8.3) were
included in this study. Subjects reporting a history of dermatological, neurological, im-
munological or cardiac disorders were excluded. In addition, subjects were required to
refrain from taking antihistamines or analgesics at least 24 h prior to the first experiment
and during the whole testing period. All protocols were approved by the Yale University
Human Investigative Committee. Before the experiments, participants were trained to use
the generalized Labeled Magnitude Scale (gLMS) to rate the perceived intensity of itch and
pain-like (nociceptive) sensations of pricking/stinging and burning evoked by a given stim-
ulus [29]. Itch was defined as a sensation that evokes a desire to scratch. Pricking/stinging
was defined as a sensation that was sharp and well localized, either intermittent like a
needle prick or continuous like an insect sting. Burning was defined as a sensation most
often associated with sunburns or thermal burns, but also with skin abrasions, strong cold,
or chemical irritants. Participants were instructed that the nociceptive sensations may or
may not be painful (“hurt”).

Beginning with the application of a pruritogen and every 30 s thereafter, subjects
were instructed to use a computer mouse to make three successive ratings using the
gLMS presented on a video-screen using DAPSYS 8 software (http://www.dapsys.net/
accessed on 3 April 2022, Brian Turnquist, Bethel University, St. Paul, MN, USA). The
scale consisted of a vertical line with labels, positioned in a quasi-logarithmic manner,
of “no sensation”, “barely detectable”, “weak”, “moderate”, “strong”, “very strong”,
and “strongest imaginable sensation”. The subject was instructed to judge the maximal
magnitude of each of the three qualities of sensation that occurred during the previous
interval of 30 s, first “itch”, then “pricking/stinging” and lastly “burning” [46]. Ratings

293



Int. J. Mol. Sci. 2022, 23, 5275

were recorded every 30 s until either there occurred no sensation of any kind for three
successive 30 sec periods or after a 20 min period had elapsed.

The subject’s ratings were saved from the position of the cursor on the scale and
converted to a numerical value between 0 and 100. The numbers were not visible to the
subject. The positions of the labels were 0 for “no sensation”, 1 for “barely detectable”, 6 for
“weak”, 17 for “moderate”, 35 for “strong”, 53 for “very strong”, and 100 for the “strongest
imaginable sensation of any kind”.

Once ratings of a pruritogen were completed, subjects were tested for the presence of
any mechanically evoked hypersensitivity (dysesthesia) surrounding the application site.
These were defined as (a) alloknesis, itch evoked by stroking the skin with a cotton swab
attached to a coping-saw blade that exerted approximately 100 mN of compressional force;
or, alternatively, allodynia, if stroking evoked tenderness, (b) hyperalgesia, characterized
by a sensation of enhanced pricking pain to a one-second application of a von Frey filament
with a tip diameter of 200 µm and exerting a bending force of 80 mN; (c) hyperknesis,
defined as enhanced itch to pricking the skin with a von Frey filament having a tip diameter
of 50 µm and exerting a bending force of 20 mN. Subjects were instructed to judge only
the intensity of the sensation and not the perceived geometric features of the stimulus
itself such as how small or “sharp” it was. Additionally, the borders of any skin reactions
such as wheal, erythema, or changes in skin appearance such as lighter areas (blanching,
white-reaction or vasoconstriction), were marked on the skin following each experiment.

4.9. Application of NPs

Following gentle cleaning of the arms with ethanol wipes and taking a picture of the
skin, filled Finn chambers with an inner diameter of 12 mm were randomly placed on the
volar forearm and held in place with Tegaderm film and additionally covered with white
tape. The opposite forearm received the same treatment with Finn chambers filled with
blank NPs. The chamber was left in place for four days. Subjects and investigators were
blinded to the type of application. The locations of the Finn chambers on the arms were
documented and photographed to be able to find the correct areas for further testing. The
subjects were asked to refrain from sunbathing, bathing and strenuous physical activity to
prevent alterations in the pharmacokinetics of the applied PLGA NPs, and received a cover
for showering to ensure the integrity of the Tegaderm. The subjects were provided with four
paper copies of the labeled magnitude rating scale to rate the mean and maximal perceived
intensity of itch, pricking/stinging, burning, and pain and describe other experienced
effects separately for left and right arm. Ratings were performed every hour for the first
8 h. The subjects were asked to continue the ratings in the morning and once in the evening
every day for three days. On the day 4, the subjects returned to the laboratory, where the
Finn chambers were removed, and the skin was cleaned with alcohol wipes and gently
washed with soap and water.

4.10. Ratings of the Perceived Intensity of Pain Evoked by Punctate Mechanical Stimuli of
Differing Indentation Force

Von-Frey type filaments having a tip diameter of 200 µm and delivering bending forces
of 2, 8, 16, 32, 64, 128, 256 and 512 mN were initially each applied once to the treated area of
skin in ascending order of force. The duration of indentation was 1 s and the interstimulus
interval 30 s. In response to each stimulus the subject assigned a number of his/her own
choosing for a rating in proportion to the perceived intensity of any “pain” sensation (here
defined as any painful or pain-like quality such as pricking/stinging) according to the
method of magnitude estimation [47]. If there occurred a sensation of touch-pressure with
no pain or pain-like quality, the subject assigned the number zero. The stimuli were applied
to the treated area of the arm prior to, and again 1, 7, 14 and 21 days after removal of
the NPs. The ratings were normalized with respect to each subject’s particular internal
modulus as follows [47]. For each subject, the mean of the ratings for every stimulus was
obtained and an overall grand mean of these means was calculated across all subjects. By
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dividing each subject’s mean into the grand mean, a normalizing factor was obtained which,
when multiplied by the subject’s mean, equaled the grand mean. This factor, varying for
each subject, was multiplied by each of the subject’s ratings to obtain a new set of now
normalized data which were then averaged for the subjects for each stimulus applied on
each day of testing.

4.11. Pain Threshold for Nociceptive Punctate Mechanical Stimuli of Differing Indentation Force

The “mechanical pain threshold” (MPT) was obtained on each day of testing in
response to the same von-Frey filaments with the use of a Quantitative Sensory Testing
(QST) protocol [48]. Each filament was applied first in order of ascending force, starting
with the lowest value until the sensation of touch-pressure was accompanied by or changed
to pain-like pricking or stinging sensation. This force was used as the first suprathreshold
value. Then, the whole process was repeated first with the ascending and then descending
series of forces until five supra- and five subthreshold values were obtained. The MPT was
defined as the geometric mean of these values.

4.12. Thresholds for Warmth and Heat-Pain

The warmth detection threshold (WDT) and heat pain threshold (HPT) were deter-
mined in response to heat stimuli delivered with a Peltier contact thermode having a 1 cm2

contact area and stimulus temperature electronically controlled within to 0.1 ◦C of the
desired value via feedback from a thermocouple located at the skin-thermode interface [36].
The procedure of testing followed the QST protocol and instructions. The thermode was
centered on the locus of prior NP application. An increasing ramp of temperature was
delivered at 1 ◦C/s from a base temperature of 32 ◦C until reaching 50 ◦C. The thermode
was programmed and the subject’s reaction registered with DAPSYS 8 software. Warmth
and heat sensations were registered by the subject using a button connected to the computer.
Subjects were asked to press the button when a warming sensation was felt (for WDT)
and again when the sensation of warmth changed to an additional, pain-like sensation
of pricking/stinging or burning (for HPT). The WDT and HPT were calculated as the
average threshold temperature of 3 measurements. Next, the subjects were presented with
a warm stimulus of 38 ◦C for 40 s and a following suprathreshold stimulus 50 ◦C for 6 s.
These suprathreshold stimuli were each an incremental heat stimulus with a trapezoidal
temperature waveform. After these stimuli, the subjects were asked to rate the perceived
magnitude of warmth, burning, pricking/stinging, and pain on the gLMS scale.

4.13. Ratings of Perceived Intensity of Itch and Nociceptive Sensations in Response to Pruritogens

Following removal of the Finn chambers, MPT, WDT and HPT were determined as on
day 3, except that both arms were tested. After a 30 min break, subjects were asked to rate,
the itch, pricking/stinging, and burning every 30 s after the application of a pruritogen
to each test site. A different pruritogen was applied on each day of testing (Figure 10):
day 1, cowhage spicules (trichomes from the plant, Mucuna pruriens) [10]; day 2, injection
of either 90 mg β-alanine or 1 mg/mL BAM8-22 in 10 µL of normal saline (selected in
randomized order and double-blinded); day 3, injection of the other pruritogen (β-alanine
or BAM8-22); day 4, injection of 10 µg of histamine in 10 µL of normal saline; day 5, heat-
inactivated spicules previously soaked in 3 mg/mL of BAM8-22; day 6, heat-inactivated
spicules previously soaked in 10 mg/mL of histamine [10]. After all the sensations evoked
by a particular pruritogen disappeared, or 20 min had elapsed, the borders of regions
exhibiting any of the dysesthesias to the three mechanical stimuli were mapped on the skin.
The mapped arms were photographed along with a scale bar; areas of dysesthesias were
analyzed using ImageJ. Ratings of subjects were assessed using DAPSYS 6.
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Figure 10. Timeline for human testing. Thresholds for warmth, painful heat and to mechanical stim-
uli (Mech) were obtained at the test site on each arm prior to application of blank and capsaicin NPs 
on Day 3 and again after NP removal four days later (D1) and again on D7, 14 and 21. Sensory 
ratings to cowhage spicules on D1, and to injection of ß-alanine (ß-Ala), BAM8-22 and histamine as 
indicated and subsequently to application in heat-inactivated spicules containing BAM8-22 and to 
histamine. 

4.14. Statistical Analyses 
Data evaluation and all analyses were performed by blinded investigators. For each 

pruritogen applied to the forearm and for each sensory quality (itch, pricking/stinging 
and burning) a comparison of differences in ratings of a pruritogen over time between 
blank- and capsaicin-treated areas were analyzed using a within subject repeated 
measures mixed effect model with Bonferroni post hoc correction. 

For each pruritogen and each sensory quality, the means for peak magnitude, AUC 
and duration were analyzed for differences between the two NP treatments (placebo and 
capsaicin PLGA NPs) using a Wilcoxon signed-rank test. 

Differences between groups in the proportions of subjects reporting a sensation were 
analyzed with the Fisher’s exact test. Differences between areas of dysesthesias and skin 
reactions were analyzed with a Wilcoxon matched pairs signed-rank test. Behavioral re-
sponses to mechanical and heat stimuli in mice were assessed with a repeated measures 
two-way ANOVA. For statistical analysis, GraphPad Prism 8 (GraphPad Software, Inc, La 
Jolla, CA, USA) was applied. 
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Figure 10. Timeline for human testing. Thresholds for warmth, painful heat and to mechanical
stimuli (Mech) were obtained at the test site on each arm prior to application of blank and capsaicin
NPs on Day 3 and again after NP removal four days later (D1) and again on D7, 14 and 21. Sensory
ratings to cowhage spicules on D1, and to injection of β-alanine (β-Ala), BAM8-22 and histamine
as indicated and subsequently to application in heat-inactivated spicules containing BAM8-22 and
to histamine.

4.14. Statistical Analyses

Data evaluation and all analyses were performed by blinded investigators. For each
pruritogen applied to the forearm and for each sensory quality (itch, pricking/stinging and
burning) a comparison of differences in ratings of a pruritogen over time between blank-
and capsaicin-treated areas were analyzed using a within subject repeated measures mixed
effect model with Bonferroni post hoc correction.

For each pruritogen and each sensory quality, the means for peak magnitude, AUC
and duration were analyzed for differences between the two NP treatments (placebo and
capsaicin PLGA NPs) using a Wilcoxon signed-rank test.

Differences between groups in the proportions of subjects reporting a sensation were
analyzed with the Fisher’s exact test. Differences between areas of dysesthesias and skin
reactions were analyzed with a Wilcoxon matched pairs signed-rank test. Behavioral
responses to mechanical and heat stimuli in mice were assessed with a repeated measures
two-way ANOVA. For statistical analysis, GraphPad Prism 8 (GraphPad Software, Inc.,
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Abstract: Cardiovascular diseases (CVDs) are the leading causes of morbidity and mortality world-
wide. However, despite the recent developments in the management of CVDs, the early and long
outcomes vary considerably in patients, especially with the current challenges facing the detection
and treatment of CVDs. This disparity is due to a lack of advanced diagnostic tools and targeted
therapies, requiring innovative and alternative methods. Nanotechnology offers the opportunity to
use nanomaterials in improving health and controlling diseases. Notably, nanotechnologies have
recognized potential applicability in managing chronic diseases in the past few years, especially
cancer and CVDs. Of particular interest is the use of nanoparticles as drug carriers to increase the
pharmaco-efficacy and safety of conventional therapies. Different strategies have been proposed
to use nanoparticles as drug carriers in CVDs; however, controversies regarding the selection of
nanomaterials and nanoformulation are slowing their clinical translation. Therefore, this review
focuses on nanotechnology for drug delivery and the application of nanomedicine in CVDs.

Keywords: nanotechnology; nanomedicine; nanoparticles; metal-organic framework; cardiovascu-
lar diseases

1. Introduction

The concept of nanotechnology was first introduced to the public in December 1959
when Richard P. Feynman proclaimed, “There is Plenty of Room at the Bottom” [1] at an
annual meeting of the American Physical Society. This new concept of nanotechnology
gained more attention in 1986 when K. Eric Drexler published his book, Engines of creation:
the coming era of nanotechnology [2]. This book further discussed how nanotechnology
could be applied in the medical field to be used for drug delivery, diagnostic imaging
of diseases, tissue engineering, and gene delivery systems [2]. Nonetheless, the term
“nanomedicine” was first disclosed by K. Eric Drexler, Chris Peterson, and Gayle Pergamit
in their book, Unbounding the Future: The Nanotechnology Revolution, published in 1991 [3].
The term became popular following the book, Nanomedicine, by Robert A. Freitas in 1999 [4].
Since then, nanomedicine has been investigated to revolutionize the therapeutic strategies
to impacted different healthcare fields [1].

Nanomedicine is defined as “the use of materials, of which at least one of their dimen-
sions that affects their function is in the scale range 1–100 nm, for a specific diagnostic or
therapeutic purpose” [5]. This field expands to integrate biology, chemistry, pharmacol-
ogy, and material sciences. Despite being described in the early 1990s, nanomedicine is
still considered a new and rapidly evolving field that has drawn the attention of medical
researchers, the biotech industry, engineers, legislatures, and public consideration. By 2009,
200,000 research articles [6] were published on the use of nanomaterials in medicine and
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their potential to improve drug administration, implants, surgical devices (e.g., nanonee-
dles, nanoblades), nanorobotics, and nanosystems that combine therapeutics and real-time
disease monitoring [6,7]. One of the emerging interests in nanomedicine is their application
as drug carriers to improve the pharmaco-efficacy and safety of conventional therapies [8].
In addition, nanotechnology for drug delivery holds the promise to improve the diagnosis
and treatment of several diseases such as cardiovascular diseases (CVDs) [9], neurodegen-
erative diseases, inflammation, diabetes, orthopedic disorders, and cancer [1]. This review
focuses on the use of nanotechnology for drug delivery and its application in CVDs.

2. Nanoparticles as Drug Carriers

The use of nanoparticles (NPs) as carriers for drugs can offer many advantages over
conventional therapies due to their tunable physiochemical and structural properties [10,11].
Loading conventional therapeutics into NPs, combined with the precise design and ac-
curate tuning, can improve pharmacokinetic/pharmacodynamic properties, efficacy, and
solubility by changing the properties of the loaded drug in a way that sides with the
therapeutic purposes [10]. Such nanoformulations may also increase the drug’s safety and
tolerability by reducing organ toxicity and non-selective drug delivery to undesirable sites.
They could also be tuned to prevent the pre-activation and consequent early clearance
of the drug by the immune system, thus enhancing drug stability. Furthermore, these
formulations may promote a selective, guided, and sustained drug release to the affected
tissues when labeled with a specific antibody, maintaining a specific and homogenous drug
absorption and distribution [12,13].

Developing NPs from biocompatible and biodegradable materials has unceasingly
been a major concern to improve drug delivery and bring considerable advances to other
biomedical domains such as tissue engineering and biomaterial sciences [12]. Such devel-
opment imperatively requires interdisciplinary networking involving biologists, chemists,
engineers, and clinicians [12]. The careful and precise design of NPs, the choice of their
material structure, and the methodology used to load the drugs into these NPs are all
crucial aspects that affect the carried drug’s stability, solubility, pharmacokinetics, and
tissue distribution [8]. Thus, the following section provides an overview of the currently
used material substrates for NPs, the parameters that influence drug delivery, the available
methods to load drugs into NPs, their pharmacokinetics, and their interaction with the
immune system. Moreover, the optimized protocols employed to achieve targeted drug
delivery will be discussed.

2.1. Material Substrate

Different materials from organic or inorganic sources are being used to synthesize NPs,
resulting in variable biological, toxicological, and chemical properties. Examples include
proteins, micelles, liposomes, dendrimers, polymers, lipids, carbohydrates, nanocrystals,
nanotubes, metals, and metal oxides, in addition to other inorganic materials. The efficacy
of these NPs as drug delivery systems is affected by the properties of these materials
and the NPs structures. NPs are composed of a surface layer, a shell, a core and may
exhibit different sizes, shapes, and core/shell thicknesses [14]. The size, shape, polarity,
and surface topography of NPs can significantly affect the drug’s biodistribution, tissue
absorption, cellular uptake, and accumulation. These properties can be tuned in a manner
that facilitates the drug to cross biological barriers, increase its bioavailability, and provide
a controlled clearance mechanism [15]. These same features can be used to customize
treatments to be disease specific.

2.2. Size and Shape

Size is an important factor that ensures the safe travel of the nanoparticles in the
bloodstream and determines their accumulation sites. Small nanoparticles are more likely
to accumulate in leaky and deformed vessels in cancer and many cardiovascular diseases
(due to angiogenesis), and they can also extravasate into normal tissues. In contrast, large
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nanoparticles cannot easily accumulate in leaky vessels or extravasate into the surrounding
normal tissues [16]. Once NPs are used up in the body, different body organs clear them
out depending on their size. Small NPs with size <10 nm are removed by the kidney,
while NPs > 10 nm are removed by the mononuclear-phagocyte system (MPS) [16]. This
indicates that, by tuning and controlling NPs size, we can positively act on their uptake,
tissue retention, distribution, and clearance from the body. In addition, NP shape influences
their interaction in vivo and their body’s retention due to its impact on fluid dynamics [16].
The shape has also been shown to impact cellular uptake and internalization, as well as
cytotoxicity [17].

Nanoparticle functionalities can be tailored by altering the size, shape and/or surface
chemistry of the nanoparticles. The purpose of functionalizing the nanoparticles it to help
them reach the targeted tissue/organ, it also helps in enhancing the cellular uptake of the
nanoparticles and their permeability. Choosing the nanoparticles optimal size depends
on the specific type and the location of the targeted tissue/organ; this requires additional
studies to understand the interactions between the nanoparticle and cells component of
that tissue. Analytical models are also used to guide in designing and functionalization
nanoparticles; these methods can help choose the NP shape. For instance, a comparison
between spherical, cubic, and rod-like gold nanoparticles showed that spherical particles
have the highest uptake in terms of weight; however, rod-like nanoparticles were higher in
terms of quantity.

Furthermore, the size of the nanoparticle impacts cellular uptake, as it affects the adhe-
sion strength between the nanoparticles and cellular receptors. Through the manipulation
of that interaction, we can use the same nanoparticle (with different sizes) in many types
of immune regulations. Small nanoparticles were shown to be great conjugates to vaccine
antigens, with high cellular uptake rates compared to microsized particles. In addition,
sizes between 25 and 40 nm showed high tissue penetration rates, which aid in activating
the adaptive immune responses [18].

Variation in nanoparticles sizes can be accompanied with aggregation problems, where
small nanoparticles are shown to aggregate into clusters up to several microns in size.
Therefore, studying nanoparticles aggregation is crucial in determining the toxicity and
nanoparticle risk in biological systems. Moreover, when small nanoparticles accumulate
in organs and tissues with altered pH, it was shown that the more acidic the environment
is, the greater the nanoparticles’ aggregation tendency. In addition, nanoparticle aggrega-
tion can affect the size distribution, which in turn influences the toxicity and fate of the
nanoparticles, altering the exposure location pathways [19].

Nanoparticle aggregation was also shown to affect the mode of cellular uptake in turn
modifying the subsequent biological responses. Some nanoparticles use the aggregation
on the cell membrane as a way to interact with the membrane proteins and to use it as
a way to enter the desired cells. This is often seen with small-sized nanoparticles, when
these nanoparticles fail to be wrapped by the cell membrane through receptor-mediated
endocytosis, in which they often tend to aggregate, forming clusters of larger sizes to
help in the internalization process. The rate of aggregation on the cell surface is regulated
by the nanoparticles’ size/shape/surface chemistry and by membrane tension. There-
fore, nanoparticle aggregation is sometime beneficial, and understanding nanoparticle
interactions with the cell membrane is important in the application of drug delivery sys-
tems [20,21].

2.3. Surface Chemistry

Similar to what is described for size/shape, nanoparticle surface chemistry properties
impact their distribution in tissues/organs. Biocompatible nanoparticles often do not
generate an immune response; therefore, biocompatibility of the nanoparticles should be
first fully assessed, and the interactions between the nanoparticles and the serum proteins
should be investigated. The surface chemistry of the nanoparticle not only affects its
function, but it also determines its fate and clearance mood [21].
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Nanoparticle surface charge, surface chemistry, and surface functional groups are
important in determining the interaction between the nanoparticle and the cellular compo-
nents of a particular tissue or organ. To do so, nanoparticles often come into contact with
extracellular fluids (ECFs) (e.g., blood, lymph and interstitial fluid); this interaction forms a
layer or shell that surrounds the nanoparticle, called the corona. This layer often contains
the following ECFs components, proteins, ions, sugars, and lipids. The function of the
corona is to mitigate nanoparticle cytotoxicity and to facilitate its clearance by the immune
system. However, recent studies have shown the possibility of tailoring the nanoparticles’
surface chemistry in order to recruit certain components of the ECFs to prolong its half-life,
increase its permeability, tailor the immune response to the nanoparticles, and facilitate its
cellular uptake [22].

The clearance of NPs from the bloodstream is primarily influenced by their hydropho-
bic/hydrophilic proprieties. For instance, hydrophobic nanoparticles are easily recognized
by the reticuloendothelial system (RES), tagged with opsonin proteins [18] to be eliminated
by the monocytes and macrophages and cleared from the body before reaching the affected
tissue. Thus, coating them with a hydrophilic layer (e.g., polyethylene glycol (PGE) can
mask their hydrophobicity. PEG can be used to coat hydrophobic drugs to improve their
solubility, stability, and bioavailability and to enhance their retention by leaky vascula-
ture [23,24]. However, materials used in the synthesis and the surface modification of
nanoparticles should be carefully validated for their safety. Despite having Food and Drug
Association (FDA) approved PGE nanoformulations, it still has some drawbacks, such
as unfavorable physicochemical characteristics due to particle aggregation, post in vivo
administration complications such as hypersensitivity reactions, and developing immune
tolerance that limits their pharmacological effect [25].

2.4. NPs and the Immune System

Since the introduction of NPs as drug carriers and detection agents, concerns about
their effect on the immune system have been raised. Historically, concerns were mainly
centered on the immunostimulatory effect of the NPs; however, NPs unintended im-
munosuppressive and anti-inflammatory effects are currently drawing more attention [26].
For that particular purpose, monitoring immunosuppression, immunostimulation, anti-
inflammatory effect of nanomaterials, and whether that effect is to the benefit of the studied
disease is crucial to assure the nanomaterials safety [26]. Some of the currently existing
nanoformulations possess anti-inflammatory effects on their own, as they reduce inflamma-
tory, immune responses, and oxidative stress in diseased tissues [16]. Metals such as iron,
gold, silver, copper, zinc oxide, zinc peroxide, magnesium oxide, nickel, selenium, cerium
oxide, and titanium dioxide have been endowed to have anti-inflammatory as well as
anti-proliferative effects [27]. Of these NPs, iron oxide NPs have drawn attention due to the
many therapeutic properties they possess. Iron oxide NPs have been implicated in the treat-
ment of many inflammatory disorders. For example, a study conducted by Saeidienik et al.
showed that iron oxide NPs have neuroprotective and anti-inflammatory effects [28]. In this
study, treatment of depressed mice with different doses of iron oxide NPs resulted in the
attenuation of the depression symptoms through the modulation of neurotransmitters and
the anti-inflammatory effects of these NPs [28]. Other NPs can be designed and engineered
to specifically target the immune system causing an intended stimulatory or suppressive
effect [29,30]. For example, several studies have shown that iron-oxide-containing NPs
possess unintended immunosuppressive effects [29,30], which could be used in the field of
organ and tissue transplantation to track the distribution of the administered stem cells and
to study the viability of implanted cells within scaffolds intern monitoring the transplanted
grafts; in addition, if loaded with other immunosuppressive drugs, they can be used to eval-
uate drug release and distribution in the tissues/scaffolds [31]. Therefore, NPs modulation
of the immune responses led to the development of the nano-immunotherapy field [32,33].
This strategy is essentially used in cancer therapy to stimulate or boost the natural defenses
of the immune system to recognize and kill cancer cells. Thus, nano-immunotherapy may
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increase the ability of the body to recognize and destroy abnormal cells (e.g., cancer cells)
while protecting the body from the side effects of chemotherapy [32,33].

2.5. Drug Loading and Release Pharmacokinetics

Drugs can be loaded into NPs by encapsulation, conjugation, linking, or other tech-
niques [8]. In addition, they can be loaded with more than one drug to enable combined
drug therapy. Examples of combined nanotherapies are the micellar nanoparticles loaded
with both bortezomib and doxorubicin, which exhibited a synergistic antitumor effect on
ovarian cancer [34]. Another example is the use of PLGA-NPs to carry multiple siRNAs
either alone or in combination with drugs showed an increase in the tumor’s sensitivity
to the treatment [35,36]. The technicality by which drugs are loaded into NPs affects the
carried drug’s stability and solubility, as well as its pharmacokinetics and body distri-
bution [8]. The mechanisms controlling the pharmacokinetics of drug-loaded NPs vary
from those controlling conventional drugs and biologics. Therefore, understanding these
processes is crucial to improving NPs efficacy and in vivo performance [37]. Glassman
and Muzykantov have provided a comprehensive review of the differences between the
pharmacokinetics of small drug molecules and drug-loaded NPs. In this review, we only
highlight some of the key elements involved in NP pharmacokinetics [37].

One key element that affects drug pharmacokinetics is the duration by which the
NPs can stay in the body, which varies according to the class of the NPs. Nanomedicine
research reveals the involvement of a protein layer, called corona in defining the NPs
half-life [24]. Protein corona is responsible for the NPs clearance from the body as it adheres
and accumulates on the surface of the NPs. This accumulation acts as a signal and activates
immune cells (e.g., macrophages) to clear the NPs [24]. This unwanted mechanism can be
prevented by the surface functionalization and coating of the NPs with organic material
such as PEG, which can inhibit the NPs early recognition by the immune system.

2.6. Surface Modifications for Targeted NPs Delivery

Some NPs have chemical properties that can help to achieve targeted delivery. Targeted
delivery depends on the used nanoformulation and comprises either passive and/or active
targeting. Passive targeting occurs due to the non-specific accumulations of NPs in the
diseased tissues, a phenomenon seen in remodeled and impaired vessels [23]. These
nanoparticles have high enhanced permeability and retention (EPR) properties, which
help them to accumulate in the diseased tissues passively. This occurs in the damaged
areas of the blood vessels, where the microvascular endothelial cell space is thin and
damaged, making it easy for the drug-loaded nanoparticles to pass through the vascular
wall [38]. Many CVDs such as acute ischemic stroke, myocardial infarction, atherosclerosis,
abdominal aortic aneurysm, varicose veins, and hypertension have elevated vascular
permeability [39,40]. Impaired or damaged vasculature is characterized by deformed and
remodeled blood vessels with poor structural integrity and accumulation of inflammatory
and progenitor cells. This results in having increased levels of the inflammatory cytokines
such as TNF-α, TGF-β, IL-12, IL-6, IL-1 β, IFN-β, and cell adhesion molecules such as
VCAM, ICAM-1, E selectin, and P-selectin [39–41]. Unfortunately, passive targeting cannot
eliminate the accumulation of the nanocarriers in tissues that generally have fenestrated
blood vessels, such as the liver or the spleen [42]. Conversely, active targeting occurs
when NPs are tagged to selectively transport therapies to the desired sites. Tagging NPs
surface with an endogenous guiding ligand (micro and/or macromolecule such as proteins
antibodies, peptides) that are designed to single out diseased cells, tissues, and organs has
the potential to increase the drug’s intracellular and tissue accumulation [16,42].

3. Nanoimaging

Nanoimaging refers to the use of nanoformulation as detection agents. Some NPs on
their own can offer both pharmacological and imaging properties [15]. In nanoimaging, NPs
are used for disease detection and monitoring during follow-up. Similar to their effect with
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drugs, NPs can improve the pharmacokinetics, efficacy, and safety of the loaded detecting
agent and, in some cases, add some targeting benefits. In addition, they can provide better
contrast compared to the conventional imaging techniques, thus promoting earlier and
rapid disease detection [15]. This feature is a turning point in the prognosis of rapidly
progressing diseases, such as cancer, making nanoimaging a valuable diagnostic tool [15].
Finding the proper nanoimaging tool is a herculean task that requires full knowledge of the
targeted cell type, suitable photosensitive organic dye or radiolabeling the nanomaterial,
and detection wavelength. The ability of the NP to accurately select the desired tissue is
critical in nanoimaging to avoid non-specific cell binding and, therefore, to avoid false-
positive results [10,43]. Examples of nanoimaging tools are the nanoscale crystals, quantum
dots that can be attached to proteins to increase their cellular permeability, and they are
often used in cancer detection [44].

Another example is the use of polymers to deliver detection agents such as the
poly lactic-co-glycolic acid (PLGA), which is favored because of its biocompatibility and
biodegradability. In one study, PLGA was used to encapsulate the highly toxic benzophe-
nothiazinium dye EtNBS used in photodynamic therapy. The encapsulation reduced the
amount of free EtNBS, which significantly reduced its toxicity [44]. Using nanoimaging-
mediated cardiovascular theranosis is one of the recent areas in the CVD detection area.
An example of this is the use of a nano-based theranostic approach in reducing the plaque
volume. In that context, it was shown that rTPA tagged iron oxide nanoparticles where
more efficient in dissolving clots. Once dissolved, it is important to monitor the migration
and fate of any clot remains, which is performed using fluorophores coated nanoparticles.

Another example is the use of nanoparticles in the detection and inhibition of angio-
genesis, which is an important step in the atherosclerotic plaque formation. To determine
the presence of neovascularization ultra-small super paramagnetic iron oxide nanoparticle
that can target integrin ανβ3 receptor have been developed, once iron nanoparticles target
the integrin ανβ3, angiogenesis is determined and quantified using MR. Furthermore,
supermagnetic iron nanoparticles tagged with fluorophores were shown to be effective in
the detection and destruction of the inflammatory macrophages in atherosclerotic plaques.

Additionally, nanoimaging can also be used in labeling and tracking down the trans-
planted Stem cells. A study showed that transplanting mesenchymal stem cells can improve
the cardiac activity in myocardial infarction (MI) patients. However, once transplanted, it is
hard to know the % of the cells that reached the infracted area. To overcome this problem,
supermagnetic iron oxide nanoparticles (SPOIN) showed to be effective in marking the
transplanted cells, tracking them down which aids in determining how many of these cells
will reach the infracted area as well as knowing the location of the others. Moreover, when
patients undergo transplant (e.g., heart transplant), often the only way to determine the
presence of organ rejection is through repeated biopsies. Recent studies have shown the
possibility of using fluorophore-tagged iron-oxide nanoparticles, which were shown to be
highly taken up by macrophages, which are found in abundance during organ rejection [45].

3.1. Smart NPs (Dynabeads)

The use of NPs in medicine is limited to nanopharmaceuticals and nanoimaging and
blood disorders [46]. Smart nanomaterials (or Dynabeads) are used to magnetically activate
and sort cells to purify the blood from harmful compounds such as pathogens and toxins,
as well as proteins. This procedure is used to replace the ordinary dialysis methods and
employs iron oxide or carbon-coated metal NPs. The iron atoms provide the ferromagnetic
or super magnetic properties and can be linked to different antibodies, proteins, antibiotics,
or other molecules. Once mixed with blood during dialysis, each linked molecule binds to
the relevant target (i.e., cell, protein, other blood components). Then, the fluid is subjected
to an external magnetic field whereby blood components attached to the Dynabeads will
aggregate around the magnetic pole, whereas all the undesired components will pass
by [46,47]. Although in the early stages, this technique can decidedly be used for other
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blood disorders. Other uses of nanomaterials in medicine include nano-nephrology and
nanorobots [46,47].

3.2. Multifunctional NPs

Multifunctional nanoparticles are defined as “nanoparticles that are capable of accom-
plishing multiple objectives such as imaging and therapy or performing a single advanced
function through the incorporation of multiple functional units” [48]. These NPs are at-
tractive due to their small size, which allows dosage reduction and improves their toxicity
profile. These NPs have a large surface-area-to-volume ratio, which increases their solubil-
ity and improves their intracellular uptake. They can encapsulate drugs, thus protecting
them from external agents. Most importantly, their size can be adjusted such that they
readily diffuse through cell membranes and, in some cases, cross the BBB through different
uptake mechanisms [49].

Furthermore, these NPs act as therapeutic cargo that allows controlled and sustained
release of the therapeutic agent. Different parameters can be activated to ensure the
controlled release of a drug, such as temperature, pH level, enzyme activity, magnetic
field, etc. One of the most recent trends in NP formulation is the use of DNA as drug
delivery systems, where researchers have focused their attention on DNA nanostructures
due to their high biocompatibility and the fact that they are less prone to degradation when
compared to synthetic NPs [50]. Similar to cancer, CVDs involve vasculature remodeling
and lesion development with affected areas of high porosity. Porous vasculature can
utilize the enhanced permeability retention (EPR) effect, allowing the nanoformulation to
transport drugs to the affected cells. In ischemic tissue injury, the expression of vascular
endothelial growth factor (VEGF) induces the breakdown of the endothelial lining by
uncoupling endothelial cell-cell junctions, resulting in leaky vasculature. This results in
the accumulation of excessive fluid in the affected area as well as the surrounding tissues.
Therefore, tagging the nanoformulation with an anti-VEGF antibody might offer actively
targeted drug delivery [51,52].

3.3. Nanomedicine and the COVID-19 Pandemic

The nanomedicine field has proven its effectiveness and uniqueness during the COVID-
19 pandemic. A year after the COVID-19 pandemic, two nanomedicine-based mRNA
vaccines have been, developed, tested, validated, and authorized to be used in facing the
still ongoing pandemic. The nanotechnology part of the COVID-19 vaccine which consists
of the lipid, enabled the formulations of the first two COVID-19 vaccines in a way that
advanced the clinical translation of the nanomedicine drug delivery systems from bench to
bed use. The quick translation has distinguished the lipid based nanoparticles from the
other forms as it showed its readiness to face the clinical challenge of the rapid development
of mRNA vaccine [53]. The development of these two vaccines drew the world’s atten-
tion to the transformative potential of the RNA-based nanotherapeutics. Especially with
recent findings suggesting the ability of RNA-based therapeutics in targeting previously
“undruggable” pathways that are involved in the development of many diseases such as
CVDs [54].

Thus far, there are three mRNA-nanotherapeutics approved clinically with many more
in different clinical phases. Therefore, the further investigation of this field could have
significant implications in the future of nanotechnology-based drug and gene delivery.
Now more than ever, the successful delivery of advances such as vaccines, mRNA, and
nucleic acid material depends on nanomedicine. Furthermore, the lessons learned from the
translation of these lipid-based nanoparticles to the clinical phase can be used in forming the
foundation for the safety COVID-19 pandemic tremendous scientific achievements caused
by the COVID-19 helped in better shaping the translational of nanomedicines applications.

305



Int. J. Mol. Sci. 2022, 23, 1404

4. Approved and Clinically Tested Nanoformulations: State of the Art

Despite the numerous scientific articles published on nanomedicine every year, the
number of nanomedicine formulations currently approved for clinical use is approximately
one-tenth of what is reported in the scientific literature [49]. Experimental and regulatory
barriers contribute to the low number of nanomedical formulations currently approved
for clinical use. The main experimental obstacle is the full characterization scheme and
extended toxicity profile of the tested NPs. In contrast, the main regulatory barrier is the lack
of specified international regulatory guidelines and the need to illustrate the cost-benefit
considerations for using nanomedicine formulations. Therefore, our expectations from the
nanomedicine field should remain realistic until we fully understand the nanoformulations
and their interactions with the human body [15].

Nevertheless, we still need to develop a more “precise” understanding of this field.
This involves accurate characterization measures for the existing nanomedicines to under-
stand their intrinsic properties and biological effects fully. This will enable the design of
smart novel nanomedicines that are limited to precisely addressing diseases and personal-
izing nanotherapies.

As of November 2021, 91 clinical trials, including the term “nano,” were listed as
“recruiting” or “active”, and 164 trials were under the term completed on ClinicalTri-
als.gov [55]. A quick screening through the progress in the nanoformulation clinical
trials since 2000’ shows a steady increase starting from 2007, with the years 2013–2015
having the highest number of nanoformulation entering clinical trials [15,42]. In addi-
tion, a PubMed search of the word nanomedicine returns 37,170 results. Thus far, there
are 52 nanomedicine formulations approved by the FDA [6,56,57], and 34 are approved
by EMA (with one nanoformulation only approved in the Netherlands) [6,10,57] (see
Supplementary Tables S1–S6 and Figure 1) [58–62]. Of these, three have been discontinued,
which indicates the high success rate of the approved nanoformulations [6,10,56,57].

Nanomedicine is one of the hottest topics in cancer therapy, with more than 10,296 hits
for “oncology” and “nanomedicine”, and 14,896 hits for “nanomedicine” and “cancer” on
PubMed, making it the medical field that benefits the most from nanomedicine [9]. Other
fields in medicine are picking up with infectious diseases and nanomedicine having 808 hits
in PubMed and 84 hits in LitCOVID for COVID19 issues.

Despite having few clinically approved nanoformulations thus far, there is an abun-
dance of available data, experimental research, and clinical trials reflecting the prevalence
of this field [58]. Other medical fields should benefit from the knowledge gained from
nanomedicine applications in cancer.
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5. Nanoformulations in Cardiovascular Diseases (CVDs)

CVDs are considered the major cause of disability and the number one cause of death
worldwide [58], with 17.7 million deaths recorded in 2015, a figure that is expected to
reach 23.6 million in 2030 (WHO 2017) [63]. In Europe, 45% of all deaths are due to CVDs,
accounting for 3.9 million deaths/year [9]. In the United Kingdom, CVDs represent the
second cause of death in the country, with 2 million people suffering from CVDs [63,64].
CVDs occurrence is either primary due to a defect in the heart, such as congenital heart
disease [65], or secondary to other diseases such as diabetes [66] and hypertension [67].
Despite the advances in the treatment and control of CVDs, some diseases are still poorly
managed and could benefit from nanomedicine such as hypertension [68], atherosclero-
sis [69], thrombosis [70], cardiovascular inflammatory disordered such as myocardium and
endocarditis [71,72], stroke [68], myocardial infarction (MI) [73], and pulmonary arterial
hypertension (PAH) [74,75]. There are many challenges that face CVDs such as: (i) failure in
identifying the gaps in areas between CVDs prevention and treatment; (ii) failure to mark
the risk factors and to learn how modify them; (iii) failure in identifying and meeting indi-
vidual needs; (iv) failure in diagnosing CVDs; (v) failure in accessing first line treatments;
(vi) failure in identifying and using advanced CVDs treatments; and finally, (vii) failure in
providing patients with supportive care [76]. Overcoming these challenges will lead to the
development of new technologies, the development of new diagnostic approaches and the
use of modern technologies that will help improving CVDs diagnosis and treatment [77].
In terms of the drug delivery systems, there are several grand challenges and hurdles
that need to be addressed and overcome to improve the outcomes of patients with CVD.
The first challenge is innovation, where scientists need to understand the basic molecular
mechanisms that underline the development the CVD. By understanding these mechanisms
relevant drug’s delivery options can be selected. Second, different patients might require
different delivery mechanisms, which has initiated the personalized therapeutic option. It
is now clear more than ever that each patient comes with their individual: (i) risk factors,
(ii) genetic background, (iii) lifestyle environment, and (iv) disease burden. Therefore,
it is necessary to employ extensive diagnostics such as imaging, DNA sequencing, and
proteomics to improve the clinical decision-making process [78].

Third, available CVD pharmacologic therapies are still combined with considerable
drawbacks, these are the drug’s low efficacy, side effects, and drug tolerability doses. A
possible way to overcome CVDs challenges are the use of the advances made in the nan-
otechnology field in medicine and implement it in the CVD area. The use of nanoparticles
as drug carriers can overcome these challenges, as there are nanoparticles that naturally
interact with different biological pathways; others can be modified in terms of their charges,
sizes, solubility to accumulate in the desired tissues. They can also be tagged with agents
or ligands to make sure that they accumulate in the desired site. Upon accumulation,
these nanoparticles will be stimulated by the intrinsic changes that occur at the disease site
(e.g., PH) to release their payload a term called Smart Nanoparticles. Other extrinsic stimuli
could be applied in other cases such as using ultrasound, light, magnetic or electrical fields
directed at a specific region of the body [78]. This has highlighted the need for explor-
ing new therapeutic strategies to overcome the limitations of current CVD conventional
therapeutics. Thus, it has become crucial to apply the advances made in nanomedicine
to improve CVDs diagnosis (e.g., Ferumoxytol) and treatment. Of relevance to CVDs is
that many nanoformulations, such as polymeric NPs and metallic NPs (metal oxides),
enable surface modification, allowing the NPs to code with ligands such as antibodies. This
modulation improves their biodistribution and provides greater permeability into inflamed
tissues [58].

Despite the late start of cardiovascular nanomedicine (CVN), this field is rushing
with many promising lab-scale results. There are 1850 hits for “cardiovascular” and
“nanomedicine” on PubMed, with studies working to establish innovative solutions for the
current CVDs challenges. Many CVN trials remain focused on detecting, monitoring, and
treating atherosclerosis; examples are BLAST, NANOM, and Nano-Athero [9]. The use of
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stimuli-responsive NPs has also been reported [9]. These NPs are tailored to respond to
internal vascular changes such as shear stress, with others responding to external stimuli
such as magnetic and temperature-sensitive NPs [9].

5.1. Atherosclerosis

Atherosclerosis is a chronic inflammatory disease of the blood vessel walls resulting
from the interaction between modified lipoproteins, circulating blood cells, and the en-
dothelium. The etiology of atherosclerosis includes the slow and progressive build-up of
vulnerable fatty plaques under the lining of the arterial wall, which gradually narrows the
lumen of the artery and restricts blood flow to the heart, impelling myocardial ischemia.
Acute myocardial infarction (AMI) is the major complication of atherosclerosis and is
defined as a sudden, unpredictable plaque disruption (rupture or erosion) with superim-
posed thrombus formation. Atherosclerosis is a condition that can primarily benefit from
nanomedicine due to the cellular and molecular mechanisms underlying the pathophysiol-
ogy of the disease [79,80]. Atherosclerosis involves the formation of vascular lesions and
the accumulation of inflammatory cells such as macrophages that express and upregulate
cell surface receptors (e.g., vascular cell adhesion molecule-1, VCAM-1) that could be used
as disease markers [79,80]. Several studies have been published investigating the use of
nanoformulations that can target lesions sites and can be taken up by vascular cells through
the surface modifying the NPs with either radiolabeled antibodies or fluorescent agents
specific for the highly expressed receptors at the lesion site using protease-activatable
nanosensors [81]. An example is the use of the surface modified copper sulfide (CuS) NPs
to target the Transient Receptor Potential Vanilloid-1 (TRPV1) and reduce vascular lipid
accumulation [82]. Elevated levels of blood lipids or hyperlipidemia are well-documented
risk factors for atherosclerosis. The incorporation of the chemotherapeutic drug “Paclitaxel”
into a cholesterol-rich nanoemulsion (LDE) was found to promote atherosclerosis regres-
sion and, when tested in vivo, showed a 65% reduction in the size of the atherosclerotic
lesion with low toxicity [83].

5.2. Thrombosis

Thrombosis is defined as the formation of a malignant blood clot, and it is considered
one of the leading causes of death. Despite knowing that in the process of the thrombus
formation, platelets, and coagulation factors play a crucial role, the diagnosis of this disease
is often limited to late stages, with treatment options being limited and unable to provide
reasonable and effective results. Thus, identifying innovative diagnostic and treatment
options are highly recommended in thrombosis [84]. Thrombosis underlines many CVDs,
such as pulmonary embolism and myocardial infarction [70,85].

The clinical diagnostic of thrombosis relies on CT imaging, Doppler ultrasound, x-ray,
and MRI. These techniques are routinely used in localizing the thrombi. Unfortunately,
they fail in providing information about the composition and the age of the clots [86].
This kind of information can be obtained using nanomedicine techniques such as NPs
radiolabeled with fibrin ligands and other coagulation factors and components involved in
thrombus formation [87,88]. Another example of the use of nanomedicine in thrombosis
is the development of the perfluorocarbon-core nanoparticle, which was functionalized
by covalent binding to the Phe(D)-Pro-Arg-Chloromethylketone (PPACK) drug. PPACK
is a synthetic peptide that can selectively and irreversibly inhibit thrombin activation.
However, this drug has a short half-life in the body, and linking it to the perfluorocarbon-
core nanoparticle prolonged its presence in circulation and, when tested in vivo, showed
significant improvements in antithrombotic activity [89]. Another example is the use
of iron oxide nanoworms (NWs) as carriers for a ligand-labeled peptide containing the
Thrombin-activatable peptide (TAP); this nanoconjugate was shown to have high selectivity
to thrombin [84].
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5.3. Stroke

Stroke is a cerebrovascular disease that occurs when there is an abnormal cerebral
blood flow (CBF), the disturbance then leads to either transient or permanent deficits in
the function of one or more parts of the brain. Due to the metabolic and cellular changes
caused by the disturbance, cellular death and disruption of the nervous system occurs, and
if not intervened in time, the deficit can lead to disability, which is seen in high prevalence
in developed countries. Therapeutic options available for stroke include recanalization and
then using neuroprotective drugs. Despite the improvement in recovery strategies, there
are still some major limitations that dramatically affect patients’ lives in stroke. Some of
the main limitations are the narrow therapeutic window, the limited ability to target the
brain, and the side effects associated with the used drugs. For these reasons, nanomedicine
seems perfect to be used in this area to overcome these limitations and to improve the
treatments efficacy. In this area, nanoparticles could be used either as contrast agents or
drug carriers [90].

An example of nanomedicine used in treating stroke is the liposome cytidine 5′-
diphosphate conjugate tested to treat ischemic stroke. Liposomes and other NPs can be
synthesized in a small size that can cross the blood-brain barrier (BBB) without compromis-
ing its integrity [91]. In addition, the use of liposome cytidine 5′-diphosphate conjugate
can offer neuroprotective capacity in ischemia–reperfusion, which is an effective way of
rescuing neural cells and avoiding the brain dead [91]. Another example is the emergence
of a new micro-sized particle of the iron oxide (MPIOs) family that contains MRI contrast
agents. Using MPIOs conjugated with monoclonal antibodies that targets vascular cell
adhesion molecule-1 (VCAM-1) were shown to be effective in defining the “inflammatory
penumbra” in ischemic stroke [90].

5.4. Myocardial Infarction (MI)

Adult cardiac tissues have limited regenerative capacity that is not enough in repair-
ing the massive loss of heart tissue, which occurs following serious myocardial injuries
(ischemia). Delivery of essential therapeutics agents (e.g., growth factors, cells, . . . etc.) is
essential in facilitating the regeneration process. This is where using nanomedicine becomes
essential due to the urgent need for the controlled release characteristics nanoparticles have.
Applying the advances made in the nanomedicine field to enhance the drug’s cardiopro-
tective potential will revolutionize this area [92]. MI is associated with an inflammatory
response, in which neutrophils and macrophages are recruited to the damaged area of the is-
chemic myocardium. These cells secrete different pro-inflammatory cytokines, chemokines,
and proteolytic enzymes such as matrix metalloproteinases and cathepsin B [93]. This
has enabled researchers to design probes that can carefully monitor and assess the pro-
inflammatory secretome in subjects followed-up, especially for those with high-risk factors.
Once fully established, this will help in the early detection of MI [94]. Conversely, iron
oxide superparamagnetic nanoparticles possess remarkable magnetic properties that make
them promising contrast agents. Furthermore, these NPs are biocompatible, and therefore,
they have been used to monitor the homing of stem cells to ischemic myocardium. In
addition, they can be used to sort and label stem cells [95]. Another example is the use of
VEGF, stromal cell-derived factor-1 (SDF-1), FGF1 and/or Ang-1 loaded in nanoparticles to
the ischemic myocardial tissue to stimulate angiogenesis. Recently, nanoparticle delivery
through intravenous injection with targeting peptides has merged as a promising strategy.
Another study reported an early targeting therapy property when anti-miR-1 antisense
oligonucleotide (AMO-1) loaded and myocardium-targeting dendrimer: PEGylated den-
drigraft poly-L-lysine with angiotensin II type 1 receptor (AT1-PEG-DGL AMO-1) were
used with decreased cell death [92].

5.5. Hypertension and Pulmonary Arterial Hypertension (PAH)

Nanomedicine has been applied to improve hypertension treatment. Examples are
gold and silica nanoparticles that were developed to enhance the bioavailability of the
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nitric oxide (NO) supply to diseased vasculature [96]. Another example is cerium dioxide
nanoparticles (CeO2 NP) that have antioxidant potential, and when tested in vivo, they
showed a significant decrease in both the levels of the antioxidants and the microvascular
dysfunction [97]. PAH is a devastating, incurable disease with a poor prognosis and a low
survival rate of 2–5 years [98]. Available treatments rely on restoring the normal pulmonary
artery pressure by blocking the proliferative/vasoconstriction pathways and enhancing
anti-proliferative/vasodilatory pathways [99–102]. When first introduced, PAH clinical
treatment strategies were hampered by the short half-life of the drugs, implying the need
for multiple doses or 24/7 infusion. Fortunately, these strategies have been improved
to prolong the drug’s half-life in circulation [103–107]. The utmost crucial limitation still
facing scientists is the systemic side effects of the current drugs [108,109].

PAH drugs work better in preclinical animal models where PAH is prevented or
reversed [110–112]. A possible explanation could be that these drugs are given to the
tested animals at the early stages of PAH induction; thus, they work in a “prevention”
setting, obviously, without predictors. In humans, this type of “pre-treatment” is often
not applicable, as it is hard to identify an asymptomatic patient with PAH. Therefore,
targeted delivery is of utmost importance to overcome current limitations and improve PAH
detection/therapy by taking lessons from the advances made in other CVDs and cancer.

Despite the lack of clinically approved nanoformulations for PAH, preclinical studies
are ongoing to investigate their use for this disease. An example is the NF-kappa B
polymeric nanoformulation. Studies have shown that in the presence of the PAH lesions,
there is an increase in the concentration of the transcription factor NF-kappa B. Blocking the
NF-kappa B receptors with the polymeric nanoparticle-NF-kappa B antagonist conjugate
can not only prevent PAH development, but can also improve PAH patient survival
rate [113]. Most CVDs involve an inflammatory component in their pathogenesis; therefore,
using nanoimmunotherapies could improve treatment strategies. A drug class called statins,
composed of 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor, is commonly
used to lower lipid levels, and they have some vasculoprotective effects such as reducing
antioxidant properties, inhibiting inflammation, and improving endothelial dysfunction.
Statins can prevent inflammation and, therefore, can be utilized in the prevention and in
slowing down the development of several CVDs, including PAH. In addition, statin has
been incorporated in a polymeric NP to maximize its anti-inflammatory property [69]. Thus
far, this application has been tested in various animal models, and its clinical applications
are in progress [69]. It is well known that inflammation is involved in the development of
PAH [114]. Patients with PAH have high levels of pro-inflammatory cytokines [115] and
interferon (IFN) in their plasma [116]. Inflammation also causes the recruitment of immune
cells such as macrophages and neutrophils as well as circulating progenitor cells [117].
Accumulated cells will then release an increased amount of cytokines and inflammatory
mediators such as IFNs. This accumulation eventually leads to vascular remodeling that
affects small pulmonary arteries (~500 mm) [118–120] and causes lesions in some cases
(the so-called plexiform lesions) [121]. Targeting NPs to lesions and inflammation sites can
improve the detection and targeted therapy of PAH and allow studying and characterizing
the constituents of the plexiform lesions. Additionally, some NPs can be engineered to
have a higher affinity to accumulate at the sites of inflammation and remodeled vessels, a
phenomenon well studied in cancer [122,123].

Thus far, there is no drug available to explicitly stop the progressive cellular (inflam-
matory and progenitor cells) accumulation into the pulmonary artery vessel wall. This
pulmonary vascular remodeling is a key pathological feature in PAH, contributing to the
progressive narrowing of the lumen responsible for the functional decline and the right
ventricle hypertrophy and dysfunction. In PAH, other cells are involved in vascular re-
modeling, such as the pericytes, which develop into pulmonary artery-like smooth muscle
cells suggesting that these cells contribute to the excessive accumulation of pulmonary
artery smooth muscle cells and fibroblasts within the pulmonary vascular wall of PAH
patients [124]. Pericytes are central regulators of endothelial and smooth muscle cells pro-
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liferation, vascular tone, and autoimmunity. Pericytes are responsible for regulating vessel
maturation and for stabilization it. Furthermore, an accumulating body of evidence showed
that in response to various pro-inflammatory stimuli they can participate in the onset of
the innate immune responses. As a response, they then secrete a variety of chemokines and
express different adhesion molecules including ICAM-1 and VCAM-1 which then causes
the trafficking of the immune cells on the walls of the defected vessel [125,126]. Although
pericytes appear to be an attractive therapeutic target in PAH, little is known about the
intrinsic characteristics of lung pericytes and their role in the pathogenesis and particularly
in the obstructive remodeling in PAH. Therefore, additional studies are needed. Although
the contribution of altered immune responses in PAH pathogenesis is consensual, the exact
role of inflammation in pulmonary vascular remodeling is still unclear. Whether immune
dysregulation represents a cause, or an effect of PAH onset is still unknown [124]. Further
studies are needed to assess the inadequate crosstalk between immune mediators and the
components of the pulmonary vascular wall to identify novel therapeutical targets [124].
Another NP property that could be used is the affinity of iron nanoparticles to the lung [29],
with studies showing the accumulation of the iron nanoparticle MIL-89 in the lung when
tested in vivo [29].

Besides benefiting from the passive drug delivery offered by the NPs and the structural
changes caused by the PAH prognosis, active targeting can also be achieved by coating the
NPs with antibodies against antigens highly expressed in PAH endothelial cells. Examples
of these antigens are: Nestin [127], BMPR2; EIF2AK4; TBX4; ATP13A3; GDF2; SOX17; AQP1;
ACVRL1; SMAD9; ENG; KCNK3 and CAV1 [128]. A study conducted by Long et al. [129]
reported the beneficial effects of BMP9 administration in heterozygous BMPR2 knockout
mice, suggesting that compensating for BMPR2 haploinsufficiency by increasing dose of
the ligand might constitute a targeted therapy for human PAH [129].

Designing an effective treatment strategy for PAH requires a complete understanding
of the cellular mechanisms and the molecular pathways involved in the pathogenesis
of the disease. This could explain why combined therapy for PAH has proven to be
more effective than single therapy, with the European Society of Cardiology (ESC) and
European Resuscitation Council (ERC) guidelines 2015, recommending the use of dual
therapy in PAH by using a combination of the Phosphodiesterase type 5 inhibitor (PDE5)
and Endothelin-1 (ET-1) drugs as the first-line therapy [130]. Therefore, encapsulating
dual or triple PAH drugs might provide a “super” combination of PAH drugs to achieve
a higher efficacy. In addition, this encapsulation may also protect the drugs from early
immune clearance overcoming the drug tolerance issue seen with PAH drugs. In addition,
we can take advantage of the fact that in PAH, endothelial cells are dysfunctional and
express specific surface receptors. These receptors could be used as markers in synthesizing
NP-coupled antibodies directed against dysfunctional endothelial cells to improve PAH
treatment and detection.

The current clinical diagnostic detection for PAH relies on utilizing the suitable heart
catheter, an invasive and inconvenient procedure [131]. Furthermore, some NPs, such as Fe-
NPs, have shown a specific affinity to the lung, which could be used to direct drugs/agents
to the lung for detection and treatment [29]. The ultimate treatment option in PAH is a lung
transplant, which is subjected to organ failure [132]. NPs could also be used as a strategy
for monitoring lung rejection [29] by detecting the presence of macrophage infiltration
and measuring protease activity [75]. Thus, organ rejection could be predicted at the early
stages to provide alternative options to save patients’ lives. Despite their promise, all these
PAH drugs incorporating NPs have not yet been transitioned to clinical trials [75].

6. CVN: Bench to Bed Translation Challenges

Despite having many CVN formulations that are either being used in medicine
(Supplementary Tables S1–S7) or being tested in vitro and in vivo, the effective transla-
tion of these nanoformulations is still in process, with most of these formulations struggling
to beat the challenges of the preclinical stage as they are hampered by challenges that
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significantly slows down this process. These challenges include: (i) nanoparticles develop-
ment and manufacturing, (ii) validating the safety/tolerability of the NPs when intact and
when metabolized by the body, (iii) NPs stability in bench and biological environments,
(iv) NPs biocompatibility, (v) drug loading and release efficacy and pharmacokinetics, (vi)
regulating their pathway requirements and finishing the clinical trials within reasonable
time, and finally, (vii) the feasibility of scaling up the produced nanopharmaceuticals [9,78].
However, these challenges are also faced by other cardiovascular drugs that do not have
advanced delivery system. Furthermore, these challenges should be met while adhering to
the Good Manufacturing Practice, as compliant production is essential [133]. Achieving
this will require multi-disciplinary collaborations between research experts, both basic and
clinical, academia, and industry to successfully translate NPs with high potential from
bench-studied materials to viable clinical products. During the last two years of the still
ongoing pandemic, we have seen that a nano-based vaccine rose to the occasion and is now
saving the lives of millions of people. This achievement will certainly reshape the way we
view, study and implement nanomedicine in many fields, including in the CVDs area [78].

7. Conclusions

Nanoformulations represent an emerging tool in biology and medicine. They possess
several physicochemical and biological properties attributed to their size, shape, and
surface, making them a promising platform for launching alternative non-conventional
therapies. We need to use all the advances made in the nanomedicine research field to
develop a more “precise” understanding of this field to translate the findings to a clinical
scenario. This involves gathering accurate information about the existing nanotherapeutics
and thoroughly estimating their intrinsic properties and biological effects. This will enable
the design of smart nanoformulations that are created to precisely address diseases and to
personalize nanotherapies.

Furthermore, several aspects must be addressed for a nanoformulation to be translated
from the laboratory to the drug market. These involve a comprehensive assessment of
nanoformulation chemical and biological proprieties, identifying the required ethics and
other regulatory guidelines, identifying the market size, costs, and commercial develop-
ment. A strong network with pharmaceutical companies will allow the researchers to better
and rapidly translate the considerable number of preclinical findings into novel drugs for
precision medicine. An example of this network has been established during the current
pandemic, which has allowed for the fast development of a lipid-based nano-vaccines that
have saved the lives of millions. A lesson could be taken from this success to be applied in
another field, such as in CVDs.
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Abstract: Nanoparticles are efficient drug delivery vehicles for targeting specific organs as well
as systemic therapy for a range of diseases, including cancer. However, their interaction with the
immune system offers an intriguing challenge. Due to the unique physico-chemical properties,
carbon nanotubes (CNTs) are considered as nanocarriers of considerable interest in cancer diagnosis
and therapy. CNTs, as a promising nanomaterial, are capable of both detecting as well as delivering
drugs or small therapeutic molecules to tumour cells. In this study, we coupled a recombinant
fragment of human surfactant protein D (rfhSP-D) with carboxymethyl-cellulose (CMC) CNTs
(CMC-CNT, 10–20 nm diameter) for augmenting their apoptotic and immunotherapeutic properties
using two leukemic cell lines. The cell viability of AML14.3D10 or K562 cancer cell lines was reduced
when cultured with CMC-mwCNT-coupled-rfhSP-D (CNT + rfhSP-D) at 24 h. Increased levels of
caspase 3, 7 and cleaved caspase 9 in CNT + rfhSP-D treated AML14.3D10 and K562 cells suggested
an involvement of an intrinsic pathway of apoptosis. CNT + rfhSP-D treated leukemic cells also
showed higher mRNA expression of p53 and cell cycle inhibitors (p21 and p27). This suggested
a likely reduction in cdc2-cyclin B1, causing G2/M cell cycle arrest and p53-dependent apoptosis in
AML14.3D10 cells, while p53-independent mechanisms appeared to be in operation in K562 cells.
We suggest that CNT + rfhSP-D has therapeutic potential in targeting leukemic cells, irrespective of
their p53 status, and thus, it is worth setting up pre-clinical trials in animal models.

Keywords: carbon nanotubes; human SP-D; cancer cells; apoptosis; immunotherapy

1. Introduction

The innate immune system plays a key role in the clearance of pathogens and synthetic
compounds including nanoparticles [1,2]. Nanoparticles have numerous biomedical appli-
cations [3–6], which can serve as drug delivery carriers or vaccine adjuvants [7]. Among
nanoparticles, carbon nanotubes (CNTs) have unique physico-chemical properties, and
hence, they are amenable as therapeutic nanocarriers [8–10]. CNTs can be single-walled
(SWCNTs) and multiple-walled (MWCNTs), depending on length, diameter, and structure,
and the layers of single CNT the wall is composed of [11].

Human surfactant protein D (SP-D) is a humoral, pathogen pattern recognition
molecule, which is found to be associated with pulmonary surfactant, as well as mu-
cosal surfaces outside the lungs [12,13]. SP-D belongs to the collectin family, a collagen
containing C-type (calcium-dependent) lectin [14]. The primary structure of SP-D com-
prises a cross-linking amino-terminal region, a triple-helical collagen region, a coiled-coil
neck region, and a C-type lectin domain or carbohydrate recognition domain (CRD) as
a trimeric unit [15,16]. SP-D can bind to various carbohydrate and/or charge patterns on
the surface of pathogens and become involved in clearing them by recruiting phagocytic
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cells such as neutrophils and macrophages [15,16]. SP-D can also interact with a range of
cancer cell lines (leukemic, lung, pancreatic, prostate, ovarian and breast). For example,
a truncated form of recombinant human SP-D (rfhSP-D), composed of trimeric neck and
C-type lectin domain, has been shown to interfere with tumour progression via apoptosis
induction, invasion, and epithelial-to-mesenchymal transition [17–22]. These studies have
thus suggested that SP-D has an immune surveillance role against tumors.

SP-D can associate with nanoparticles and modulate their uptake by macrophages [23,24].
SP-D can bind efficiently with oxidized (Ox) DWCNTs via their C-type lectin domain [2,25].
SP-D mediated enhancement of nanoparticle uptake by alveolar macrophages and dendritic
cells in mice has been examined using polystyrene, carbon black and silica nanocarriers [23].

CNTs, when opsonized with rfhSP-D, can provoke a differential pro-inflammatory
immune response [26]. Surface modifications of hydrophobic CNTs are used for their good
dispersion via covalent or non-covalent surface coatings [27]. For instance, the dispersion
of MWNTs via oxidation (Ox-CNT), or with carboxymethyl-cellulose (CMC-CNT), has
been reported [27]. Soluble complement components, such as factor H and C1q, opsonize
functionalized CNTs, suggesting that key innate immune molecules can bind CNTs and
alter inflammatory response [27].

This study was aimed at examining the ability of CNT + rfhSP-D to induce apoptosis
using an eosinophilic cell line, AML14.3D10 [28], and a chronic myelogenous leukemia cell
line, K562, to assess if CNT + rfhSP-D nanomaterials are worth testing in animal models.

2. Results
2.1. CNT + rfhSP-D Treatment Reduces Cell Viability of AML14.3D10 and K562 Leukemic
Cell Lines

First, we analysed and confirmed the stable binding of purified rfhSP-D with CMC-
MWCNTs, as evident from the SDS-PAGE (Figure 1). Supernatant after centrifugation
was also loaded, which did not show presence of rfhSP-D. rfhSP-D (10 µg/mL), without
the addition of CNT, was used as a positive control. The quantitative analysis of viability
in treated (cells + CNT + rfhSP-D; 5, 10, and 20 µg/mL in serum-free RPMI medium;
cells + CNT as control) leukemic cells was carried out using trypan blue (Figure 2) and
MTT (Figure 3) assays at 24 h time point. Trypan blue exclusion assay revealed a significant
reduction in the cell viability in CNT + rfhSP-D treated cell lines (AML14.3D10: ~48%;
K562: ~56%) at 24 h in a dose-dependent manner (Figure 2). This was confirmed by the
MTT assay: AML14.3D10 (~37%) and K562 (~55%) (Figure 3). As evident by the MTT
assay, rfhSP-D (20 µg/mL) alone was also able to reduce cell viability in both AML14.3D10
(~51%) and K562 (~69%) cell lines.

2.2. Proliferation of AML14.3D10 and K562 Cell Lines Is Reduced following
CNT + rfhSP-D Treatment

Experiments were carried out to determine whether CNT + rfhSP-D (20 µg/mL) affected
AML14.3D10 and K562 cell proliferation (Figure 4). Mouse anti-Ki-67 antibody staining was
used to measure the percentage proliferation. CNT + rfhSP-D treated AML14.3D10 cells
showed ~29% cell proliferation compared to rfhSP-D alone (20 µg/mL) (~57%) (Figure 4).
However, a higher percentage of cell proliferation was noted in CNT-treated AML14.3D10 cells
(~88%). In the case of K562 cell line (Figure 4B), approximately ~34% cell proliferation was
noticed following CNT + rfhSP-D treatment (compared to CNT alone; ~107% proliferative
cells stained with Ki-67 antibody), suggesting that cells treated only with CNT continued
to proliferate and grow unhindered. rfhSP-D alone (20 µg/mL) treatment was also capable
of reducing proliferation of AML14.3D10 (~57%) and K562 (~63%) cells when compared to
CNT alone. These data suggested that CNT + rfhSP-D was more effective in reducing cell
proliferation of both AML14.3D10 and K562 cell lines, indicating its therapeutic potential
against acute and chronic leukemic cell lines.
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Figure 1. Purified rfhSP-D (10 µg/mL) or carboxymethyl cellulose-coated carbon nanotubes (rfh-SP-
D-CNTs) coupled-rfhSP-D (10 µg/mL) samples were subjected to an SDS-PAGE (15% v/v). Lane 1: 
Supernatant (10 µl/well) taken after centrifugation of rfhSP-D-CNT. Lane 2: purified rfhSP-D. Lane 
3: rfhSP-D-CNT. The original image is available as a supplementary material. 

Figure 1. Purified rfhSP-D (10 µg/mL) or carboxymethyl cellulose-coated carbon nanotubes (rfh-
SP-D-CNTs) coupled-rfhSP-D (10 µg/mL) samples were subjected to an SDS-PAGE (15% v/v).
Lane 1: Supernatant (10 µL/well) taken after centrifugation of rfhSP-D-CNT. Lane 2: purified rfhSP-D.
Lane 3: rfhSP-D-CNT. The original image is available as a Supplementary Materials.

2.3. Apoptosis Induction by CNT + rfhSP-D in AML14.3D10 and K562 Cell Lines

The quantitative analysis of apoptosis induction by CNT + rfhSP-D was performed us-
ing flow cytometry. A significant proportion of AML14.3D10 or K562 (Figure 5) cells treated
with CNT + rfhSP-D (20 µg/mL), or rfhSP-D (20 µg/mL) alone, resulted in increased apop-
tosis induction at 24 h, compared to CNT alone (untreated control). CNT + rfhSP-D was
effective in inducing the maximum apoptosis at 24 h; AML14.3D10 (~71%) and K562 (~66%),
when compared to CNT alone [AML14.3D10 (~12%) and K562 (~7%)]. rfhSP-D (20 µg/mL)
alone was also able to reduce cell viability in both AML14.3D10 (~43%) (Figure 5) and
K562 (~37%) cell lines (Figure 5; Supplementary Materials). This assay is based on the
ability of annexin V/FITC to bind to phosphatidylserine (PS) on apoptosing cells. A higher
percentage of PI positive AML14.3D10 compared to K562 cells appeared to suggest that
these cells were late apoptotic/necrotic. Staurosporine (1 µM/mL), used as a positive
control for triggering apoptosis, brought about ~72% apoptosis at 24 h.

2.4. Up-Regulation of Cell-Cycle Inhibitors by CNT + rfhSP-D Treatment

To further understand the mechanism of apoptosis induced by CNT + rfhSP-D in
AML14.3D10 or K562 cells, we analysed the expression of cell cycle inhibitors by qRT-
PCR. p21 was upregulated in CNT + rfhSP-D treated AML14.3D10 (log10 5.7-fold) and
K562 (log10 2.7-fold) (Figure 6) [compared to CNT alone: AML14.3D10 (log10 1.2-fold) and
K562 (log10 1-fold)]. p27 transcripts were also upregulated in CNT + rfhSP-D challenged
AML14.3D10 (log10 2.5-fold) and K562 (log10 2-fold) cells. The level of upregulation was
considerably higher compared to CNT or rfhSP-D alone that were negative and positive
controls, respectively, suggesting that coating rfhSP-D on CNTs enhanced rfhSP-D potency
for targeting tumors.
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Figure 2. Cell viability following treatment with CNT + rfhSP-D-CNT in AML14.3D10 (A) and
K562 (B) cell lines via trypan-blue-dye exclusion assay. Cells (0.1 × 105) were treated with
CNT + rfhSP-D (5, 10, 20 µg/mL), rfhSP-D (20 µg/mL) or CNT alone (20 µg/mL) for 24 h at 37 ◦C.
The data has been normalized with cells only as 100% of the cell viability. * p < 0.05, ** p < 0.01 and
*** p < 0.001 compared to CNT only group.

2.5. rfhSP-D Upregulates p53 Expression in AML14.3D10 Cell Line

p53, a transcription factor, regulates oncogenic responses including DNA damage, cell
cycle arrest, and apoptosis. CNT + rfhSP-D or rfhSP-D alone treated AML14.3D10 cells
showed increased transcript levels of p53 when compared to untreated cells. CNT + rfhSP-D
treated cells showed log10 8.2-fold increased mRNA levels, compared to rfhSP-D treated cells
(approximately log10 5.2-fold) (Figure 7). p53 transcripts were not measured in K562 cells as
these cells do not express wild type p53. These data suggest that CNT + rfhSP-D treatment
can induce apoptosis in these cell lines regardless of their p53 status.

2.6. Apoptosis Induction in AML14.3D10 and K562 Cells by rfhSP-D-CNT via Intrinsic Pathway

Since apoptosis can be initiated via intrinsic or extrinsic pathways, expression of
caspases was examined in AML14.3D10 or K562 cell lines treated with CNT + rfhSP-D
(20 µg/mL) or rfhSP-D alone (20 µg/mL), using a fluorogenic substrate to detect the
activation of caspase 3 and 7 (Figure 8). Higher levels of caspase 3 and 7 were observed
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in CNT + rfhSP-D treated AML14.3D10 (Figure 8A) and K562 (Figure 8B) cells, when
compared to rfhSP-D or CNT alone-treated cells. There was a time-dependent increase in
caspase 3 and 7 activation, which peaked at 24 h. Cleaved caspase 9 level was observed in
CNT + rfhSP-D (or rfhSP-D-treated) AML14.3D10 or K562 cells at 12h, reflecting an intrinsic
pathway (Figure 9).
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Figure 3. CNT + rfhSP-D treatment reduced viability of AML14.3D10 (A) and K562 (B) cells, as
measured by MTT assay. The data have been normalized with cells only as 100% of the cell viability.
Values are means ± SEM (n = 3) * p < 0.05, ** p < 0.01 and *** p < 0.001 compared to CNT only group.
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Values are means ± SD. ** p < 0.01, and *** p < 0.001 compared to CNT group only. The raw data are
available as Supplementary Materials.
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Figure 6. CNT + rfhSP-D treatment causes the upregulation of p21 and p27 cell cycle inhibitors
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The RQ value was calculated using the formula: RQ = 2 − ∆∆Ct. Values represent means ± SEM
(n = 3). * p < 0.05 and ** p < 0.01 compared to CNT only group.
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Figure 8. Activation of caspase 3/7 in AML14.3D10 (A) or K562 (B) cell lines following
CNT + rfhSP-D treatment. AML14.3D10 or K562 cells (0.1 × 105) were seeded and challenged
with CNT + rfhSP-D (20 µg/mL) or rfhSP-D (20 µg/mL) Cells + CNT was used as an untreated
control. **** p < 0.0001 versus control group (n = 3).
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Figure 9. CNT + rfhSP-D treatment upregulates the levels of cleaved caspase 9 on AML14.3D10 (A)
or K562 (B) cell lines at 24 h. AML14.3D10 or K562 cells (0.4 × 106) were treated with rfhSP-CNT or
rfhSP-D, along with an untreated control (cells + CNT). Values are expressed as mean ± SD (n = 3).
** p < 0.01, and *** p < 0.001 versus control group.

3. Discussion

The involvement of innate immune mechanisms in cancer progression and resistance
has opened up opportunities for using innate immune molecules as a part of anti-tumour
therapeutic strategies. Immune system, innate as well as adaptive, is a double-edged
sword that can either foster tumour progression via immunosuppression, angiogenesis,
and metastasis, or resist oncogenesis [29,30]. SP-D, especially the trimeric CRDs in its
recombinant form (rfhSP-D), has recently been shown to be protective against a range
of cancer, based on in vitro studies. Coupling rfhSP-D with nanoparticles triggers a dif-
ferential immune response [26]. rfhSP-D-bound CNTs upregulate the pro-inflammatory
response (IL-1β, TNF-α, IL-6 and IL-12) in U937 and THP-1 cells [26]. Here, we exam-
ined the ability of CNT + rfhSP-D to act as a potent inducer of apoptosis in leukemic
AML14.3D10 or K562 cell lines. CNT + rfhSP-D treatment reduced the cell viability of
AML14.3D10 and K562 cells and induced apoptosis at 24 h in a dose- and time-dependent
manner, peaking at 24 h and 20 µg/mL. A significant reduction in viability was observed in
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CNT + rfhSP-D treated AML14.3D10 (~37%) and K562 (~55%) cells compared to untreated
control (cells + CNT), based on trypan blue and MTT assays.

FACS analysis revealed a significant increase in the percentage of Annexin V-/PI-
positive leukemic cells following CNT + rfhSP-D treatment, characterized by the disruption
of the asymmetric arrangement of the membrane, and appearance of PS on the outer side
of the cell membrane in the cells undergoing apoptosis [31]. Annexin V, a 36 kDa protein,
can bind PS, and also enter the entire plasma membrane in necrotic cells. CNT + rfhSP-D
triggered the maximum apoptosis at 24 h [AML14.3D10 (~71%) and K562 (~66%)], when
compared to CNT alone [AML14.3D10 (~12%) and K562 (~7%)]. However, no significant
difference in terms of cell viability reduction/apoptosis induction was noticed following
rfhSP-D treatment at 48 h in AML14.3D10 and K562 cells, suggesting recovery of the cells
after 24 h. Apoptosis induction in AML14.3D10 and K562 cell lines by CNT + rfhSP-D
may occur through the intrinsic pathway, supported by increased levels of caspase 3, 7
and cleaved caspase 9. This validates earlier studies on AML14.3D10, prostate and breast
cancer cells [20,21,32], and the involvement of a mitochondrial pathway [20,21,32].

We also tried to understand the underlying mechanism of apoptosis induction by
CNT + rfhSP-D and the associated signaling pathways. CNT + rfhSP-D caused increased
transcript level of p53 in AML14.3D10 cell line, probably due to oxidative stress [17,33]. The
upregulation of p53 in CNT + rfhSP-D treated AML14.3D10 cells may downregulate pAkt
pathway, increasing Bad and Bax, which in turn, causes the release of the cytochrome c, and
caspase 9 cleavage. In addition, the increased expression of p53 and cell cycle inhibitors
(p21/p27) can cause inactivation of the cyclin B–cdc2 complex, crucial for G2/M cell cycle
transition [17]. The existence of a lack of p53 wild type gene in K562 cell line, and its
increased susceptibility to CNT + rfhSP-D, the protective effects of rfhSP-D bound to CNTs
seem p53 independent. An involvement of cellular receptors expressed by these cancer cell
lines is of paramount importance. SP-D interaction with HMGA1, CD14, CD91-calreticulin
complex, SIRPα, EGFR, and GRP78 has been reported [20–22,33,34]. The presence of rfhSP-
D on CNT as an array of therapeutic molecule is likely to have a clustering effect on these
putative receptors, enhancing the potency of rfhSP-D.

In conclusion, CNT + rfhSP-D nanomaterial seems to be an attractive and novel thera-
peutic approach for targeting intracellular signaling cascades. There is a clear therapeutic
potential of rfhSP-D against tumour cells. The advantage here is that the enhanced glycosy-
lation of oncogenic targets can evade natural or therapeutic antibodies. Having established
the specific nature of interactions between CNT + rfhSP-D and receptors found on leukemic
cancer cells, we can hope to investigate host response in the murine models of cancer using
wild type and SP-D knock-out mice.

4. Materials and Methods
4.1. Cell Culture

AML14.3D10 and K562 cells (ATCC) were cultured in RMPI media containing 10%
v/v fetal calf serum (FCS), 2 mM L-glutamine, and penicillin (100 U/mL)/streptomycin
(100 µg/mL) (ThermoFisher Scientific, Oxford, UK). Cells were grown at 37 ◦C under 5%
v/v CO2 until 80–90% confluency was reached.

4.2. Dispersion and Functionalization of CNTs

The CNTs used in this study were characterized and functionalized as previously
described [26,27]. Briefly, CNTs (diameters 10–20 nm, length 5–20 µm; Arry Nano) were
dispersed using CNT sulfuric acid/nitric acid (3:1 ratio) via sonication and functionalized
using CMC (Sigma-Aldrich/Merck, Dorset, UK) in a 1:2 mass ratio [26,27].

4.3. Expression and Purification of rfhSP-D

A recombinant fragment of human SP-D (rfhSP-D) was expressed and purified as
described previously [17,32]. Affinity purified rfhSP-D was then subjected to endotoxin
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level measurement using QCL-1000 Limulus amebocyte lysate system (Lonza, Slough, UK);
the endotoxin levels were found to be ~5 pg/µg of rfhSP-D.

4.4. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The binding of rfhSP-D to CMC-CNTs was assessed via SDS-PAGE (12% v/v). CNT + rfhSP-D
samples were boiled in a treatment buffer containing SDS and β-mercaptoethanol at 95 ◦C for
10 min before loading on to the gel. The SDS-PAGE gel was stained for 2 h using brilliant
blue stain containing methanol (50% v/v) and acetic acid (10% v/v). This followed sub-
mersion of the stained gel with gentle shaking with de-staining solution (staining solution
without brilliant blue).

4.5. Trypan-Blue-Dye Exclusion Assay

AML14.3D10 or K562 cells (0.1× 106) were seeded in a 12-well plate in complete RPMI
complete medium overnight under 5% CO2 at 37 ◦C. Next, the cells were washed with
PBS and treated with CNT + rfhSP-D (5, 10 or 20 µg/mL), or rfhSP-D alone (20 µg/mL),
in serum-free RPMI for 24 h. Cells + CNT and Staurosporine (1 µM/mL) were used as
an untreated/negative and positive control, respectively. Cells were then washed, detached
using 5 mM EDTA, and centrifuged (1200× g). The cell pellet, re-suspended in RPMI, was
treated with Trypan blue (10 µL) (60%), and viable cells were counted using hemocytometer
in 5 different optical fields with a threshold value of 200 cells per field.

4.6. MTT Assay

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Sigma-Aldrich,
Dorset, UK) assay was performed to assess the cell metabolic activity (cells + CNT + rfhSP-D;
cells + CNT). AML14.3D10 or K562 cells (0.1 × 105) were seeded in 96-well plates in
RPMI complete medium until 85% confluency, and treated with CNT + rfhSP-D (5, 10 or
20 µg/mL), or rfhSP-D (20 µg/mL), in serum free RPMI medium for 24 h. MTT (50µg/µL)
per well was added for 4 h at 37 ◦C. 25µL medium per well was then mixed with 50 µL
DMSO (10′, 37 ◦C), and the absorbance was read at 570 nm using an ELISA plate reader.

4.7. Flow Cytometry

For apoptosis assays, AML14.3D10 or K562 cells (0.4 × 106) were seeded in culture
petri dishes (Nunc) in complete RPMI medium for 24 h and treated with CNT + rfhSP-D
(20 µg/mL), or rfhSP-D (20 µg/mL), in serum-free RPMI medium for 24 h. Other controls
were used as described above. Detached, centrifuged and PBS washed cells were incubated
with Alexa Fluor 488 (1:200) (Sigma-Aldrich/Merck, Dorset, UK) (15◦, RT) in dark, and
the extent of apoptosis was measured using Novocyte Flow Cytometer. Compensation
parameters were acquired using unstained, untreated FITC stained, and untreated PI-
stained samples for all the cell lines.

For proliferative studies, AML14.3D10 or K562 cells (0.4 × 106) were washed with
PBS, probed with anti-mouse Ki-67 (BioLegend, San Diego, CA, USA) diluted in permeabi-
lization reagent of the FIX&PERM kit (Fisher Scientific), and incubated for 30 min at room
temperature (RT). Goat anti-mouse-FITC conjugate (1:200) (Fisher Scientific) was used as
a probe at RT in the dark for 30 min. Cells (12,000) were acquired for each experiment and
compensated before plotting the acquired data.

For caspase 9 and 8 studies, AML14.3D10 or K562 cells (0.4 × 106) were treated with
CNT + rfhSP-D or rfhSP-D (cells + CNT as a control) for 24 h at 37 ◦C, and probed with
rabbit anti-human cleaved caspase 9 or 8 (Cell Signaling Technology, Danvers, MA, USA)
(1:200) for 1 h at RT. Cells were washed in PBS, incubated with Alexa Fluor 488 (1:200)
(Sigma-Aldrich) at RT in dark for 30 min, acquired and compensated (12,000) prior to
plotting the data.
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4.8. Caspase-3/7 Analysis

AML14.3D10 or K562 cells (0.1 × 105) were seeded in 96 well plates in RPMI com-
plete medium until 80% confluency. The cells were then treated with CNTs, as described
above, in serum-free RPMI medium containing CellEventTM Caspase-3/7 Green Detec-
tion Reagent (5 µM; Thermo-Fisher) (0, 10, 20, 30 or 40 h). Cells + CNT was used as
an untreated/negative control. CellEventTM Caspase-3/7 Green Detection Reagent is
a fluorogenic substrate for activated caspases 3 and 7 in cells undergoing apoptosis. The
plates with treated and untreated samples were incubated at 37 ◦C with 5% CO2 to detect
the levels of Caspase 3/7 using a Clariostar plus microplate reader (BMG Labtech, Cary,
NC, USA).

4.9. Quantitative RT-PCR

AML14.3D10 or K562 cells (0.5× 106) were incubated with CNT + rfhSP-D (20µg/mL)
or rfhSP-D (20 µg/m in serum-free RPMI medium for 18 h and RNA was isolated us-
ing GenElute Mammalian Total RNA Purification Kit (Sigma-Aldrich) and treated with
DNase I. 2 µg of total RNA was used for cDNA synthesis using High Capacity kit (Ap-
plied Biosystems/ThermoFisher, Abingdon, UK). Primer sequences were designed using
Primer-BLAST software (Table 1). Each PCR reaction, carried out in triplicates, contained
SYBR Green (5 µL) MasterMix (Applied Biosystems), primers (75 nM), and cDNA (500 ng)
(7900HT; Applied Biosystems). The cycle involved 2′/50 ◦C and 10′/95 ◦C, and 40 cycles
(15 s/95 ◦C; 1′/60 ◦C). Human 18S rRNA was used as a housekeeping gene control. Rel-
ative quantification (RQ) value and formula: RQ = 2 − ∆∆Ct were used to calculate the
relative expression of each target. Cells + CNT was used as an untreated/negative control.

Table 1. Target genes and terminal primers used in the RT-qPCR analysis.

Target Gene Forward Primer Reverse Primer

18S 5′-ATGGCCGTTCTTAGTTGGTG-3′ 5′-CGCTGAGCCAGTCAGTGTAG-3′

P53 5′-AGCACTGTCCAACAACACCA-3′ 5′-CTTCAGGTGGCTGGAGTGAG-3′

p21 5′-TGGAGACTCTCAGGGTCGAAA-3′ 5′-CGGCGTTTGGAGTGGTAGAA-3′

p27 5′-CCGGTGGACCACGAAGAGT-3′ 5′-GCTCGCCTCTTCCATGTCTC-3′

4.10. Statistical Analysis

The graphs were generated using the GraphPad Prism 6.0 software. A one-way ANOVA
test was carried out for statistical significance analysis. values less than 0.05 were considered
as statistically significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms221910445/s1.
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Abstract: Cancers are a major challenge to health worldwide. Spinel ferrites have attracted attention
due to their broad theranostic applications. This study aimed at investigating the antimicrobial, an-
tibiofilm, and anticancer activities of ebselen (Eb) and cerium-nanoparticles (Ce-NPs) in the form of
ZnCexFe2−XO4 on human breast and colon cancer cell lines. Bioassays of the cytotoxic concentrations
of Eb and ZnCexFe2−XO4, oxidative stress and inflammatory milieu, autophagy, apoptosis, related sig-
nalling effectors, the distribution of cells through the cell-cycle phases, and the percentage of cells with
apoptosis were evaluated in cancer cell lines. Additionally, the antimicrobial and antibiofilm potential
have been investigated against different pathogenic microbes. The ZOI, and MIC results indicated that
ZnCexFe2−XO4; X = 0.06 specimen reduced the activity of a wide range of bacteria and unicellular fungi
at low concentration including P. aeruginosa (9.5 mm; 6.250 µg/mL), S. aureus (13.2 mm; 0.390 µg/mL),
and Candida albicans (13.5 mm; 0.195 µg/mL). Reaction mechanism determination indicated that after
ZnCexFe2−xO4; X = 0.06 treatment, morphological differences in S. aureus were apparent with complete
lysis of bacterial cells, a concomitant decrease in the viable number, and the growth of biofilm was
inhibited. The combination of Eb with ZFO or ZnCexFe2−XO4 with γ-radiation exposure showed marked
anti-proliferative efficacy in both cell lines, through modulating the oxidant/antioxidant machinery im-
balance, restoring the fine-tuning of redox status, and promoting an anti-inflammatory milieu to prevent
cancer progression, which may be a valuable therapeutic approach to cancer therapy and as a promising
antimicrobial agent to reduce the pathogenic potential of the invading microbes.

Keywords: MDA-MB-231; HT-29; ebselen; cerium; ERK1/2; STAT-6; IL-4; STAT-1; antimicrobial activity

1. Introduction

Spinel ferrite is a class of magnetic materials that derives its name from its similarity
to the naturally occurring mineral. Spinel ferrites have possible application in areas such as
water treatment, data storage, the segregation of biomolecules, colour imaging, therapeutic
diagnosis, antimicrobial activities, cores of transformers, bubble devices, electronic com-
munication devices, sensors, and drug delivery [1–4]. Structure studies of spinels showed
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that the size of the cations in a sample plays a vital role in determining their site occupancy
preferences. The presence of larger ions shifts the oxygen ions diagonally and expands the
lattice parameter. The distribution of cations over the sub-lattices has a significant effect on
both the chemical and physical properties of the spinel structure and subsequently affects
their applications and performance [5,6]. Manipulation of the physical properties of Co-Zn
spinel ferrite nanoparticles (NPs) by the incorporation of larger ions into their structure
has attracted the attention of researchers. For example, Pawar et al. [7] have addressed the
changes induced in the optical properties of cobalt–zinc ferrite Co0.7Zn0.3HoxFe2−xO4 (0
≤ x ≤ 0.1) due to the insertion of (Ho3+), using a facile sol–gel method. These researchers
found that the energy bandgap rose from 1.72 to 1.84 eV when the x increased from 0.0 to
0.1. Panda et al. [8] have described the consequences of the incorporation of chromium
(Cr3+ ( ions into the system CoFe2−xCrxO4 (X = 0, 0.15, 0.3). They found that the coerciv-
ity was lowered upon the insertion of Cr3+ due to the magnetic coupling with a weaker
magnetic moment of Cr3+ (3µB). Farid et al. [9] substituted praseodymium (Pr3+) instead
of Fe3+ into the system Co0.6Zn0.4PrxFe2−xO4 (X = 0.0, 0.025, 0.05, 0.075, 0.10). They found
that the insertion of Pr3+ increased the lattice constant due to the large difference between
the ionic radii of Pr3+ and Fe3+. The resistivity and activation energy also increased with
the Pr3+ substitution. In our previous work, we synthesised Co-Zn spinel ferrites (ZCFO)
NPs via a sol–gel method. The ZCFO sample showed a low crystallite size (11.7872 nm)
and high surface area (106.63 m2.g), which made it suitable for environmental applications.
ZCFO NPs have been used as antimicrobial agents [10], biosensors [11], and as a promising
catalyst [12].

Colon cancer is the third most common cancer globally and is the second most common
cause of cancer mortality after lung cancer. Approximately 5% of colon cancer patients
have an additional primary cancer. In comparison, breast cancer is the single most common
cancer of women worldwide, is responsible for 30% of all cancer diagnoses in women, and
has a mortality rate of approximately 14% in women. About 3% of breast cancer patients
have an additional primary cancer. Breast cancer susceptibility genes have been found to
increase the susceptibility to colon cancer of patients with breast cancer [13].

The tumour microenvironment (TME) is a complex network composed of multipotent
cells such as stromal cells, mesenchymal stem cells, fibroblasts, blood vessels, endothelial
cell precursors and immune cells, and secreted mediators such as cytokines, growth factors,
and reactive oxygen species (ROS), which are related to the initiation and maintenance of
tumorigenesis. Oncogenic pathways can be associated with major changes in the TME to
induce proliferation and inhibit apoptosis and promote angiogenesis and avoid hypoxia
as well as inhibit the immune detection and activate immune cells to support invasion
and metastasis [14]. Hence, cancer manipulation targeting the components of the TME
including metabolites, ROS, hypoxia, and cytokine-mediated inflammation could be a
valuable approach to cancer therapy. In radio-therapeutic oncology, radiation directly and
indirectly, via radiolysis, induces damage to the structure of DNA, proteins, and lipids,
leading to injury of the organelles and cell membranes of cancer cells. Irradiation also
disrupts the immunogenicity and microenvironment of cancer cells. These factors have
a vital role in regulating cancer cell mitosis, apoptosis, necrosis, proliferation, and other
biological functions [15]. Radiotherapy is considered to be an effective treatment option
after surgery. However, colorectal cancer exhibits resistance to ionising radiation (IR) as
used in radiation oncology treatment. The high doses of radiation required to be delivered
to a tumour also result in damage to adjacent normal tissues or organs [16]. Triple-negative
breast cancer (TNBC) is the most aggressive breast cancer subtype and has a poor prognosis.
Radiotherapy plays an important role in treating TNBC [17]. Hence, there is an urgent need
for the development of drugs that serve as radiosensitisers to overcome the radioresistance
exhibited by various cancers, including colorectal and TNBC [16,18].

In the current study, we supplemented radiotherapy with theranostic nanoparticles
constructed using several approaches such as by conjugating therapeutic agents to imaging
nanoparticles, then imaging agents to therapeutic nanoparticles, and hence engineering
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unique nanoparticles possessing both therapeutic and diagnostic abilities [19]. Ebselen (Eb)
(N-phenyl-1,2-benzisoselenazol-3(2H)-one) is one of the organo-selenium compounds that
mimics glutathione peroxidase and exhibits a wide range of biological activities including
antibacterial, cyto-protective, anti-inflammatory, antioxidant, and anticancer activities [20].
In biomedical applications, nanoparticles have attracted attention due to their physio-
chemical properties such as appropriate size, large surface-to-mass ratios, high reactivity,
and the ability to modify the biological influence of diffusivity and immunogenicity [21].
The rare earth element cerium (Ce), which has the electronic configuration [Xe] 4 f26s2,
has valuable properties due to its possession of shielded 4f electrons. Ce can exist in two
common oxidation states, Ce3+ and Ce4+ [22]. In biology, cerium oxide nanoparticles (Ce-
NPs) have attracted particular interest because of their regenerative and multi-enzymatic
scavenging of ROS. The unique antioxidant/catalytic properties of Ce-NPs stem from their
reversible switching between the oxidation states of Ce3+ and Ce4+ and their low reduction
potential of around 1.52 V23. The bulk of crystals of cerium dioxide consists of Ce4+, but
the nano-dimensions reduce the size to Ce3+, resulting in a higher activity of biological
antioxidant processes [19,22]. We synthesised the ZnFeO4 (ZFO) system using the sol–gel
method. Ce3+ ions were then inserted into the pristine sample using Fe3+ ions with dif-
ferent concentrations: ZnCexFe2−xO4; X = 0.0–0.8; step = 0.02). We then investigated the
antimicrobial and antibiofilm activities against some pathogenic microbes with the possible
reaction mechanism determination (SEM imaging, and protein leakage assay) as well as
anticancer effects of Eb and ZnCexFe2−xO4 nanoparticles (X = 0.0, 0.02, 0.04, 0.06, and 0.08)
conjugated with Eb on human breast and colorectal cancer cell lines, evaluating their levels
of ROS, inflammatory milieu, and related signalling effectors as well as investigating their
effects on autophagy, cell cycle, and apoptosis.

2. Results and Discussion
2.1. Structural Studies

The X-ray diffraction (XRD) patterns of ZnCexFe2−xO4 (X = 0.0, 0.02, 0.04, 0.06, 0.08)
NPs are presented in Figure 1. The diffraction peaks observed correspond to those of spinel
ferrites, belonging to the Fd3 m space group (JCPDS card nos. 88-1935, and 74-2082) [23,24].
The crystallite size (D) ranged between 7.75 and 11.63 nm, and the lattice constant, aexp,
was in the range 8.34–8.44 nm, as obtained in our previous work [25]. The change in aexp
and D is attributed to the replacement of the smaller ionic crystal radius of Fe3+ (0.064 nm)
by the larger Ce3+ (0.103 nm) ions [26–29].
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Figure 2 shows the Fourier transform infrared (FTIR) spectra of ZnCexFe2−xO4
(X = 0.0, 0.02, 0.04, 0.06, 0.08) samples. For the ZFO spinel ferrite sample used in this
work, there were two peaks, υ1 = 551.06 cm−1 and υ2 = 433.67 cm−1. These peaks are
fundamental and confirm the successful formation of the cubic spinel phase in the ZFO
sample [30–32]. The positions of the vibrational bands are listed in Table 1. In general,
spinel ferrites show two essential vibrational bands, υ1 and υ2, which correspond to the
stretching vibration of tetrahedral groups (A-site) and the stretching vibration of octahedral
groups (B-site) [25]. From Figure 2, it is clear that the insertion of Ce3+ ions into the struc-
ture of ZnCexFe2−xO4 shifted the bands of the tetrahedral and octahedral sites toward the
lower-frequency side. The substitution of Ce3+ ions into the B-site resulted in the migration
of an equal number of Fe3+ and Zn ions from A sites to B sites to ease the strain [26]. The
ionic radii of the B sites increased due to the settlement of the Ce3+ ions. This augmentation
in the ionic radii of the A and B sites reduced the fundamental frequency [26,33]. The peaks
with a wave number of 2354 cm−1 were attributed to the presence of carbonyl groups,
while the peak at around 2926 cm−1 was ascribed to O-H stretching [10–12,25,34,35].
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Figure 2. FTIR spectra of ZnCexFe2−xO4 (X = 0.0, 0.02, 0.04, 0.06, 0.08) samples.

Table 1. Absorption bands at the tetrahedral and octahedral sites of ZnCexFe2−xO4 (X = 0.00, 0.02, 0.04, 0.06, and 0.08).

υ1 υ2

Doped Ferrites x cm−1 cm−1

ZnCexFe2−xO4

0.00 594.75 404.81

0.02 549.12 429.17

0.04 547.97 427.66

0.06 553.24 426.81

0.08 549.99 400.32

The scanning electron microscopy (SEM) images of ZnCexFe2−xO4 (X = 0.0, 0.02, 0.04,
0.06, 0.08) NPs are shown in Figure 3a–e. The surface behaviour reveals an inhomogeneous
grain appearance, in which the smooth agglomerates can be observed due to the occupa-
tion of a large quantity of Ce3+ ions at the grain boundary that could control the grain
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growth [36]. The surface was markedly porous and presented a coalescing form of the
agglomerated particles connected with the interfacial surface tension phenomena [25]. The
composition of the ZnCe0.8Fe1.92O4 sample was analysed using energy-dispersive X-ray
spectra (EDX) (Figure 3f), and the presence of Ce, Zn, O, C, and Fe was confirmed [11,12].
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To further illustrate the structural features of the samples, mapping of elements to the
ZnCe0.8Fe1.92O4 sample was carried out (Figure 4). It is evident from these images that the
elements Zn, Fe, Ce, C, S, and O exist, an observation that agreed with the preceding EDX
results. These elements were homogeneously distributed.
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The Zeta potential of the synthesised ZnCexFe2−xO4 (X = 0.0, 0.02, 0.04, 0.06, 0.08)
NPs was examined at the culture media as used in the treatments to determine the surface
charge of the synthesised samples, which in turn determine the stability, as observed in
Figure 5. From the present results, it is notable that the Zeta potential of the ZnCexFe2−xO4
(X = 0.0, 0.02, 0.04, 0.06, 0.08) NPs surface maintains a negative statement at pH 7 (cultural
media pH). The initial Zeta potential of ZnFe2O4 NPs was −38.2 mV (Figure 5a), which
completely agrees with the previous results obtained [37,38]. After the substitution of Ce3+

on ZnFe2O4 NPs (at different concentrations), the potential of substituent samples was
slightly changed to be −37.7, −36.5, −30.5, and −30.2 mV when X = 0.02, 0.04, 0.06, and
0.08, respectively, due to the positive charge of Ce3+ and the net charge still negative at
neutral medium (pH 7), as shown in Figure 5b,c,d,e, respectively. The magnitude of the
zeta potential is predictive of the colloidal stability [39]. Nanoparticles with Zeta potential
values from ±30 to ±40 have moderate stability [40], as shown in our synthesised samples.
Dispersions with a low zeta potential value will eventually aggregate due to the Van Der
Waal inter-particle attractions [41].
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Dynamic light scattering (DLS) analysis was performed to evaluate particle size
distribution and to calculate the average particle size of the synthesised ZnCexFe2−xO4
(X = 0.0, 0.02, 0.04, 0.06, 0.08) NPs that was found as 36.71 nm when X = 0. Additionally,
the particle size was found to be 43.20, 45.91, 49.27, and 54.87 nm when X = 0.02, 0.04, 0.06,
and 0.08, respectively, in the synthesised ZnCexFe2−xO4 NPs, as shown in Figure 6.
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It is important to state that the grown moderate mono-size distributed ZnCexFe2−xO4
(X = 0.0, 0.02, 0.04, 0.06, 0.08) NPs were attributed to the synthesis method, and the particle
size distribution was sharply increased as Ce3+ ions content increased in the prepared
sample. It is common that DLS size measurements become higher than the crystallite size
(D) measurements (Figure 1), as DLS analysis is estimating the hydrodynamic radius of
ZnCexFe2−xO4 (X = 0.0, 0.02, 0.04, 0.06, 0.08) NPs bounded by water molecules, resulting
in larger particle sizes of the capped NPs, while XRD analysis is calculating the crystallite
size of the powder material without water layer [42].

The polydispersity index (PDI) can be obtained from instruments that use DLS or
are determined from electron micrographs. International standards organisations (ISOs)
have established that PDI values < 0.05 are more common to monodisperse samples, while
values > 0.7 are common to a broad size (e.g., polydisperse) distribution of particles [43].
Herein, for the obtained PDI values (Figure 6), we found that the PDI value increases
as Ce3+ ions content increases in the prepared sample and was found to be 0.304, 0.395,
0.399, and 0.539 in ZnCexFe2−xO4 NPs when X = 0.0, 0.02, 0.04, 0.06, 0.08, respectively. The
present values indicate that the synthesised samples were moderate mono-size distributed.

2.2. Antimicrobial Potential

Antimicrobial agents have been used to treat and control the microbial infection [44].
The use of novel nanomaterial-based agents for the limitation of pathogenic microbes has
received attention from several researchers [10]. In our study, the as-synthesised ferrite samples
were checked for their antimicrobial activity using the agar-disc diffusion technique. The
results indicated that the ferrite specimens reduced the activity of a wide range of bacteria
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including P. aeruginosa, P. mirabilis, and S. aureus. ZnCexFe2−xO4; X = 0.06 had the most powerful
antimicrobial effects against all the microbes examined. The power of ZnCexFe2−xO4; X = 0.06
as antimicrobial agent declines in the following order: C. albicans (13.5 ± 0.5000 mm), >S. aureus
(13.2 ± 0.2335 mm), >P. aeruginosa (9.5 ± 0.5000 mm), >P. mirabilis (9.5 ± 1.0000 mm), >P. vulgaris
(9.0 ± 0.2335 mm), >S. typhi (9.0 ± 0.6545 mm), >C. tropicalis (8.9 ± 0.6545 mm), >E. coli (8.5 ±
0.6545 mm), and >K. pneumoniae (8.0 ± 0.5755 mm) (Table 2).

Table 2. Antibacterial and antifungal activities of ZnCexFe2−xO4 against some multi-drug resistant bacteria and pathogenic
Candida species according to ZOI (mm) and MIC (µg/mL).

Pathogenic Microbes ZOI (mm), ZnCexFe2−xO4 (10 µg/mL) ZnCexFe2−xO4; X = 0.06
(Starting with 50

µg/mL Concentration)
AX & NS

X = 0 X = 0.02 X = 0.04 X = 0.06 X = 0.08

Staphylococcus aureus Nil Nil 9.0 c ± 0.6545 13.2 d ± 0.2335 10.1 c ± 0.2335 0.390 Nil

Pseudomonas aeruginosa Nil 7.0 a ± 0.5000 9.0 c ± 0.5000 9.5 bc ± 0.5000 9.5 bc ± 0.555 6.250 Nil

Escherichia coli 7.0 a ± 0.5755 Nil 7.0 a ± 1.0000 8.5 a ± 0.6545 8.0 a ± 0.6545 12.50 Nil

Klebsiella pneumoniae Nil Nil Nil 8.0 a ± 0.5755 Nil ± 0.6387 6.250 Nil

Proteus vulgaris Nil Nil 8.0 b ± 0.5755 9.0 b ± 0.2335 8.5 ab ± 0.2335 12.50 Nil

Salmonella typhi Nil Nil Nil 9.0 b ± 0.6545 Nil 12.50 Nil

Proteus mirabilis Nil Nil Nil 9.5 c ± 1.0000 8.5 b ± 0.2335 6.250 Nil

Candida albicans Nil Nil 9.5 d ± 0.6387 13.5 d ± 0.5000 10.9 c ± 0.2335 0.195 Nil

Candida tropicalis Nil Nil Nil 8.9 ab ± 0.6545 8.0 a ± 0.6387 12.50 Nil

LSD ——— ——— 0.33330 1.00500 0.12552 ——– ——-

Values are means ± SD (n = 3). Data within the groups were analysed using one-way ANOVA followed by a,b,c,d Duncan’s multiple range
test (DMRT) and LSD = least significant differences. Nil means that no ZOI had been measured and therefore no activity of the tested
samples. AX = Amoxicillin (antibacterial standard). NS = Nystatin (antifungal standard).

The antimicrobial activity of the synthesised ZnCexFe2−xO4 increased as the X value
increased (Figure 7a). The highest zone of inhibition (ZOI) of S. aureus was observed when
X = 0.06 in ZnCexFe2−xO4 and slightly decreased when X = 0.08. In the case of C. albicans,
the active sample was ZnCexFe2−xO4 with X =0.06 (Figure 7b).
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Figure 7. Antimicrobial activities and ZOI (mm) of tested ferrites (ZnCexFe2−xO4) against the pathogenic microbes
Staphylococcus aureus (a) and Candida albicans (b), where (1) X = 0.08, (2) X = 0.02, (3) X = 0.06, (4) X = 0.00, (5) standard
positive control as amoxicillin (AX), and nystatin (NS), (6) DMSO (negative control), (7) Fe(NO2)3·9H2O, (8) ZnSO4.7H2O,
(9) X = 0.04, (10) Ce(NO3)3.6H2O, and (11) Eb; circle indicating the presence of ZOI.

The antimicrobial abilities of the as-synthesised samples were compared with the standard
antibacterial amoxicillin (AX; 25.0 µg/mL) and the antifungal agent nystatin (NS; 25.0 µg/mL)
as a positive control. Our samples were more active than the standard antibiotics, and the

341



Int. J. Mol. Sci. 2021, 22, 10171

microbes tested were resistant to the standard antibiotics. The synthesized ferrites samples
(5.0 µL; 1.0 µg/mL) were placed over 6.0 mm applied disks.

Next, nanoparticles were compared with the precursors used in the synthetic process,
Eb alone and the dimethylsulfoxide (DMSO) organic solvent (as a negative control), and
not all were active against the microbes tested (Figure 7a,b).

The synthesised ZnCexFe2−xO4; X = 0.06 was more active against Gram-positive bac-
teria than against Gram-negative bacteria because the cell wall of Gram-negative bacteria
contains a thick layer of lipopolysaccharides in addition to a small layer of peptidoglycans,
whereas Gram-positive bacteria have a thicker layer of peptidoglycans [45]. In general,
inorganic NPs have high surface-to-volume ratios and nanoscale sizes. Consequently, they
can combine and interact with some pathogenic microbes such as yeasts, bacteria, and
fungi [46]. The unique properties of the inorganic NPs make them potentially valuable in a
wide range of biomedical applications. With the decreases in the effectiveness of traditional
antibiotics due to the increases in drug resistance in some bacteria, NPs may be valuable as
medications [47].

The results of the minimum inhibitory concentrations (MIC) tests (ranged from 0.195 to
12.50 µg/mL) of the samples against all microbes were tested. The MIC of ZnCexFe2−xO4;
X = 0.06 was 0.390 µg/mL against S. aureus. The synthesised ZnCexFe2−xO4; X = 0.06
had an MIC of 0.195 µg/mL against C. albicans, suggesting that it could be used as an
antifungal agent at low concentration, which means that the minimum concentration of
our synthesised sample gave antimicrobial activity that was less than 0.5 part per million
(ppm), which is a good and promising result, especially as they will not have any toxicity
when applied in the in vivo studies.

The properties of the synthesised ferrites play a vital role in their antimicrobial char-
acteristics: their elemental structure, purity, and size of the synthesised ferrites must be
analysed to explain their antimicrobial activity [48]. The composition of the ferrites, their
particle size, and the doping with Ce played an important part in improving the antimi-
crobial efficacy of the ZnCexFe2−xO4 at very low concentrations (10.0 µg/mL) against all
tested bacteria and yeasts. They possess encouraging physical and chemical behaviour,
more than those of the usual organic and synthetic antimicrobial agents, such as a unique
link to pathogens, leading to more interaction with pathogenic bacteria and yeasts and
therefore increasing their antimicrobial potential [49]. The mechanisms of action were
enhanced by the ability of the NPs to modify the distribution of ROS such as the superoxide
anion O2

− [50], the infiltration of ZnCexFe2−xO4 within the pathogenic microbes, and an
alkaline tendency [51]. ZnCexFe2−xO4 might be able to alter the microbial morphology
and the composition of the biofilms, change the microbial membrane permeability, and
induce expression of the oxidative stress genes [52].

2.3. Antibiofilm Activity of ZnCexFe2−xO4; X = 0.06

The production of biofilms by pathogenic microbes is characterised by the secretion of
exo-polysaccharides [53]. The test tube method was applied to determine the antibiofilm
potential of the synthesised ferrites against some familiar pathogenic microbes.

Figure 8 shows the antibiofilm action of the as-synthesised ZnCexFe2−xO4; X = 0.06
against S. aureus and C. albicans. The complete steps were (I): normal microbial growth and
production of a distinct ring in the absence of the synthesised ZnCexFe2−xO4; X = 0.06 and
interference with microbial growth in the vicinity of ZnCexFe2−xO4;
X = 0.06, (II): staining of the biofilm with crystal violet (CV), which produced qualita-
tive results, and (III): elimination and separation of the adhered microbial cells after the
addition of ethanol for the semi-quantitative measurement of the extent of biofilm hin-
drance (Table 3).
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(1) growth of the bacterial and yeast cells and biofilm formation (rings) without the treatment with
the synthesised ZnCexFe2−xO4; X = 0.06 and inhibition of the bacterial and yeast growth after
treatment with ZnCexFe2−xO4; X = 0.06; (2) staining of the adherent bacterial and yeast cells with
crystal violet, and (3) removal and dissolution of the adherent bacterial and yeast cells by ethanol for
semi-quantitative biofilm inhibition determination.

Table 3. Semi-quantitative inhibition of biofilm formation for bacterial and yeast pathogens non-treated and treated with
ZnCexFe2−xO4; X = 0.06.

Bacterial and Yeast Strains
O.D. of Crystal Violet Stain at 570.0 nm

Inhibition %
Control ZnCexFe2−xO4; X = 0.06 (10.0 µg/mL)

Staphylococcus aureus 1.058 e ± 0.0080 0.020 a ± 0.0021 92.73%

Pseudomonas aeruginosa 0.945 d ± 0.0062 0.241 c ± 0.0047 78.83%

Escherichia coli 0.877 b ± 0.0070 0.298 c ± 0.0053 75.27%

Klebsiella pneumoniae 0.998 d ± 0.0025 0.388 d ± 0.0062 61.24%

Proteus vulgaris 0.899 c ± 0.0046 0.444 e ± 0.0036 56.29%

Salmonella typhi 1.222 f ± 0.0070 0.831 a ± 0.0053 26.18%

Proteus mirabilis 0.989 d ± 0.0062 0.211 c ± 0.0047 79.54%

Candida albicans 0.999 d ± 0.0080 0.099 b ± 0.0021 90.18%

Candida tropicalis 0.557 a ± 0.0080 0.451 e ± 0.0021 34.16%

LSD 0.01767 0.01267 ————

Values are means ± SD (n = 3). Data within the groups were analysed using one-way analysis of variance (ANOVA) followed by a,b,c,d,e,f

Duncan’s multiple range test (DMRT) and LSD = least significant difference.

Figure 8a displays the start of the tube design for the determination of the antibiofilm
potential of ZnCexFe2−xO4; X = 0.06 against S. aureus. This bacterium produced a thick
whitish-yellow layer at the air–liquid interface in the ZnCexFe2−xO4; X = 0.06 control. The
matte layers produced were fully adhered across the walls of the tubes and developed a
blue colour following staining with CV. A dark blue colour was created in the solution
subsequent to dissolving CV with absolute ethanol (Figure 8a).

The managed tubes that included S. aureus cells and 10.0 µg/mL ZnCexFe2−xO4; X = 0.06
showed a marked negative effect on biofilm and ring formation. The colour of the adherent
cells was muted, and the blue colour was faint after the addition of ethanol (Figure 8a). Similar
results were observed for the repression of biofilms of the yeast C. albicans (Figure 8b).
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The semi-quantitative determination of the inhibition percentage was performed
using a UV-Vis spectrophotometer at 570.0 nm. The optical density (O.D) was estimated
following the elimination of CV-stained biofilms.

Table 3 discerns the percentage of inhibition. The highest percentage was observed for
S. aureus (92.73%), P. mirabilis (79.54%), and C. albicans (90.18%) following the addition of
10.0 µg/mL ZnCexFe2−xO4; X = 0.06.

ZnCexFe2−xO4; X = 0.06 controlled the growth of biofilm at a constant degree of
adhesion, the first step in the antimicrobial behaviour [54]. The difference in the inhibitory
percentage may be produced by many factors, such as the potential of the antimicrobial
agents, the attraction on the surface because of the large surface area of the ZnCexFe2−xO4;
X = 0.06, physical features such asZnCexFe2−xO4 particle sizes, invasion skills, and different
chemical characteristics influencing the relationship and communication of ZnCexFe2−xO4
with biofilm-producing microbes. ZnCexFe2−xO4; X = 0.06 repressed the growth of S. aureus
by more than 98% at 0.390 µg/mL, as mentioned in the MIC results. By arresting exo-
polysaccharide synthesis, which is a precursor to biofilm formation, the creation of S. aureus
biofilm was then prevented [53].

2.4. Reaction Mechanism Determination Using SEM Analysis

To explain the antimicrobial behaviour of the synthesised ZnCexFe2−xO4; X = 0.06, we
tried to define the mechanism of action toward S. aureus after the SEM analysis. The SEM
analysis showed the appearance of the bacterial cells (S. aureus) following ZnCexFe2−xO4;
X = 0.06 treatment of the control sample. In the control sample, bacterial groups were
constantly developed and displayed typical cellular forms, including the normal bacterial
surface and semi-formed biofilm (Figure 9a).
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Figure 9. SEM images of S. Aureus; (a) regular bacterial cells (S. aureus) without ZnCexFe2−xO4; X = 0.06 treatment, (b)
other magnified area regarding control S. aureus, (c) malformed and an irregular bacterial cells after ZnCexFe2−xO4; X =
0.06 treatment showing full lysis (yellow arrows), and (d) other magnified area regarding treated S. aureus showing the
formation of pits on the bacterial surface (yellow circles).
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After treatment with ZnCexFe2−xO4; X = 0.06, morphological differences in S. aureus
were apparent (Figure 9b). We also observed the complete lysis of bacterial cells with
a concomitant decrease in the viable number, and ultimately the growth of biofilm was
inhibited (Figure 9b). These results reflected the antimicrobial activity of Ce addition in the
synthesised ZnCexFe2−xO4; X = 0.06 and confirmed the ZOI results (Table 2).

2.5. Determination of Protein Leakage from Bacterial Cell Membranes

The quantities of protein discharged in the suspension of the treated S. aureus cells
were determined applying the Bradford method [55]. As shown in Figure 10, it is obvious
that the quantity of cellular protein discharged from S. aureus is directly proportional to the
concentration of ZnCexFe2−xO4; X = 0.06 nanocomposite and was found to be 79.05 µg/mL
after the treatment with 1.0 mg/mL of the tested ZnCexFe2−xO4; X = 0.06 nanocomposite,
which proves the antibacterial characteristics of the synthesised nanocomposites and
explains the creation of holes and destruction in the cell membrane of S. aureus, causing the
oozing out of the proteins from the S. aureus cytoplasm. On the other hand, the synthesised
ZnCexFe2−xO4; X = 0 nanocomposite exhibited reduced activity in membrane leakage after
measured cellular protein release from S. aureus and was found to be 18.95 µg/mL.
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where X = 0 nanocomposite. Therefore, it could be assumed that confusion of membra-
nous permeability would be a vital portion of the repression of bacterial mass. Related 
studies [57] and [58] described comparable outcomes when ferrites were incorporated, 
which revealed concentration-dependent destabilisation in the cell membrane of bacterial 
cells and pointed to leakage of their intracellular substance into the extracellular form 
(bacterial cell suspension).  

Figure 10. The effect of ZnCexFe2−xO4; X = 0 and 0.06 on the protein leakage from S. aureus
cell membranes.

These results revealed that ZnCexFe2−xO4 nanocomposite; where X = 0.06 showed an
improvement in the permeability of S. aureus cell membranes more than ZnCexFe2−xO4;
where X = 0 nanocomposite. Therefore, it could be assumed that confusion of membranous
permeability would be a vital portion of the repression of bacterial mass. Related stud-
ies [56] and [57] described comparable outcomes when ferrites were incorporated, which
revealed concentration-dependent destabilisation in the cell membrane of bacterial cells
and pointed to leakage of their intracellular substance into the extracellular form (bacterial
cell suspension).

Paul et al. [58] proved that the difference in bacterial cell membrane permeability was
shown in percentage difference in corresponding electric conductivity. It was reported
that the percentage of relative electric conductivities of all tested samples improves with
the rise in the concentration of the treated nanocomposites. The integrity of the bacterial
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cell membrane is defined by analysing the discharge of bacterial cell components such as
proteins; the leakage developed with time, as there was constant cell membrane injury
that pointed to the leakage of cell components deriving from the cell destruction, which
confirms the results obtained in SEM analysis (Figure 9).

El-Batal et al. [59] have shown that there are four mechanisms that produce the effects
of metal NPs on microbial cells. After comparison with our study, we recognise that
ZnCexFe2−xO4; X = 0.06 start their activity by adhesion at the outer surface of the microbial
cell, allowing membrane damage, formation of pits (as mentioned in membrane leakage
assay), and switching off of the ions’ transport activity (Figure 11).
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Figure 11. Proposed schematic representation illustrating the four prominent methods of antimicrobial activity of
ZnCexFe2−xO4; X = 0.06, where (1) ZnCexFe2−xO4; X = 0.06 adheres to the bacterial cell surface and results in mem-
brane damage and altered transport activity; (2) ZnCexFe2−xO4; X = 0.06 creates and increases ROS, leading to cell damage;
(3) ZnCexFe2−xO4; X = 0.06 blocks the transport of ions to and from the bacterial cell; and (4) ZnCexFe2−xO4; X = 0.06
penetrates the bacterial cells and interacts with cellular organelles and biomolecules, affecting the cellular machinery,
modulating the cellular signal system, and causing cell death. ZnCexFe2−xO4; X = 0.06 may serve as a vehicle to effectively
deliver Ce3+ ions to the bacterial cytoplasm and membrane, where a proton motive force would decrease the pH to less
than 3.0 and therefore improve the release of Ce3+.

The nano-metals then modify the ionic structure (Ce3+) inside the bacterial cell at pH
3 and interfere with the intracellular structures such as plasmids, DNA, and other vital
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organelles. Cellular toxicity occurs due to the oxidative stress generated by the produc-
tion of ROS (Figure 11). ZnFe2O4 NPs could withstand the acidic conditions inside the
bacterial cells, and the conversion described above did not occur [60], but the antibacterial
effect was caused by the presence of nano-structures inside the bacterial cells, which, in
turn, affected signal transduction pathways. There were significant reaction mechanisms
such as reactive oxygen species (ROS) division (superoxide anion; O2

−) [59], and it is
suggested that ZnCexFe2−xO4; X = 0.06, could alter the microbial morphology, diminish
the microbial membrane permeability, and induce the abundance of oxidative stress genes
as a compensatory response due to the H2O2 production [49,59].

2.6. Antitumour Activity of Eb-ZFO and Eb-ZnCexFe2−xO4; X = 0.06 Nanocomposites with or
without γ-Radiation
2.6.1. Screening of the Cytotoxic Profile of Different Concentrations of Eb and
ZnCexFe2−xO4 Nanocomposites on Human Breast Cancer (MDA-MB-231; Triple-Negative
Basal B Subtype) and Colon Cancer (HT-29; Colorectal Adenocarcinoma)

The cytotoxicity screening found the half-maximal inhibitory concentration (IC50) of
Eb to be 57.28 µg/mL on MDA-MB-231 cells (Figure 12I(a)) and 60 µg/mL on HT-29 cells
(Figure 12II(a)). The optimal cytotoxic concentration of ZnCexFe2−xO4 nanoparticles at
different concentrations of (X) on MDA-MB-231 and HT-29 cell lines were 100 µM/L for
ZnFe2O4 (Figure 12I(b)) and 100 µM/L for ZnCe0.06 Fe1.94 O4 (Figure 12II(b)), respectively.
Magnetic nanoparticles have valuable properties as theranostics, including hyperthermia
and magnetic resonance imaging (MRI), and can be used in biosensors and drug delivery
platforms [61,62]. Saquib et al. [63] reported that ZnFe2O4 NPs possess antitumour potential
via the induction of apoptosis and necrosis in human amnion epithelial (WISH) cells,
through the mitochondria-dependent intrinsic apoptotic pathway. It has also been found
that ZnFe2O4 NPs cause genomic instability in the meristematic root cells of sunflowers,
through induced chromosomal aberrations [64], supporting the contention that ZnFe2O4
NPs are cytotoxic. Several studies have found Ce oxide to have a unique electronic
configuration, providing anti-inflammatory, non-invasive, and oxidative stress features.
These characteristics result in the production of ROS at the microvascular stage level, owing
to their natural reduction and oxidation reactions in the cells [65,66]. ROS generation
relies on the production of defects caused by oxygen vacancies in the crystal structure
of the nanoparticles, which could be boosted by selective metal ion doping of the lattice
structure [67]. Apart from the stabilised dissolution of Zn from the ZnFe2O4 lattice owing
to Fe doping, which contributes to the tumour cell growth inhibition, CeO2 doping with
metals resulted in an increased photocatalytic activity, due to a better separation of h+/e-

pairs [68] owing to the electron accepting capability and/or hole donors, and facilitates
charge carrier localisation [69]. In turn, these migrated holes contribute to the production
of ·OH radicals when reacted with chemisorbed H2O molecules and form the free radicals
·OH and O2

., which are the primary cause of cell death and the oxidation of organic
matter such as bacterial cell walls and membranes [70]. This phenomenon might explain
the potentiated cytotoxic activity of ZnFe2O4 lattice after CeO2 doping observed in the
current data. Furthermore, the antitumour efficacy of Eb, an organo-selenium compound,
is attributed to its ability to induce apoptosis, inhibit angiogenesis, upregulate caspases
and DNA fragmentation, cause cell-cycle arrest, and reduce oxidative stress in many
cancers [71,72]. The IC50 of Eb was taken into account when determining the optimal
concentration of ZnFe2O4 nanocarrier, which was then incorporated into the optimal
concentration of ZnFe2O4, afterwards applied to MDA-MB-231 cells, and the IC50 was
found to be 25.7 µg/mL (Figure 12I(c)). In HT-29 cells, the previously determined IC50
of Eb was incorporated into the optimal cytotoxic concentration in the ZnCe0.06Fe1.94O4
nanocarrier, and the IC50 was found to be 15.29 µg/mL (Figure 12II(c)). The incorporation
of Eb to ZnCexFe2-xO4 nanocomposite enhanced the cytotoxic effect against cancers cell
lines, as shown in our study. However, incubation of normal Vero renal epithelial cells
with Eb-ZnFe2O4 and Eb-ZnCe0.06Fe1.94O4 at concentrations ranging from 1–100 µM over
24 h showed no cytotoxicity or morphological changes (Figure 12III) versus MDA-MB-
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231 and HT-29 cells, which revealed a notable greater susceptibility against both NPs at
corresponding concentrations. The morphological alterations represented reduced cell
viability and population, detachment, rounding, and shrinkage, suggesting the incidence of
apoptosis (as shown in Figure S1-I, II, and III). Accordingly, these data suggest the selective
toxicity against MDA-MB-231 and HT-29 cells.
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MDA-MB-231 cells treated as follows: (a) Eb, (b) ZnCexFe2-XO4, and (c) Eb-ZnFe2O4. (II) HT-29 cells treated as follows: (a)
Eb, (b) ZnCexFe2-XO4, and (c) Eb-ZnCe0.06Fe1.94O4. (III) Normal Vero cells treated by Eb-ZnFe2O4 and Eb-ZnCe0.06Fe1.94O4

at a concentration of 100 µM. The percent survival was calculated based on untreated cells of both cell lines and was set at
100% (n = 3). Inverted light microscopy images of all the above tests are represented as shown in Figure S1 (I, II and III).

2.6.2. ROS Status and Signaling Molecules ERK1/2, JNK and NRF-2 in MDA-MB-231 and
HT-29 Cells
MDA-MB-231 Cell Line

The effect of Eb-ZFO on ROS status including hypoxia-inducible factor-1 alpha (HIF-1α),
intracellular hydrogen peroxide (H2O2), malondialdehyde (MDA), and glutathione(GSH) levels
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as well as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX)
activities, and the associated signalling molecules extracellular signal-regulated kinases 1 and 2
(ERK1/2), Jun N-terminal Kinase (JNK), and nuclear factor erythroid 2-related factor 2 (NRF-2)
in MDA-MB-231 cells are shown in Figure 13. The data for the MDA + Eb-ZFO group showed
a significant reduction (p < 0.05) in the levels of HIF-1α (47.41%), intracellular H2O2 (50.52%),
MDA (40.81%), the protein expression of p-ERK1/2 (46.03%), and p-JNK (58.82%) associated
with a significant elevation in antioxidant system NRF-2 (2.96-fold) and GSH levels (1.47-fold)
as well as SOD (2.17-fold), CAT (1.89-fold), and GPX (2.04-fold) activities when compared to the
MDA group (MDA-MB-231 untreated cancer cells).
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Figure 13. ROS status and associated signalling molecules ERK1/2, JNK, and NRF-2 in the MDA-MB-231 cell line. ROS
status indicators were the levels of (a) HIF-1α, (b) intracellular H2O2, (c) GSH, and (d) MDA; activities of (e) GPX, (f) CAT,
and (g) SOD. ROS-sensing signalling molecules were (h) NRF-2 level; fold change in protein expression of (i) ERK1/2, (j)
JNK, and (k) representative western blot analysis, SDS-PAGE of ERK1/2, JNK, and β- actin. Results are expressed as the
mean and standard error of the mean (SEM) (n = 3). Columns with dissimilar letters (a, b, c . . . ) overhead within the same
histogram are significantly different, and columns that have the same letters are not significantly different at p < 0.05. MDA
group: untreated MDA-MB-231 cells served as control, MDA + Eb-ZFO group: MDA-MB-231 cells treated with Ebselen (Eb)
and ZnFe2O4 nanoparticles (ZFO), MDA + IR group: MDA-MB-231 cells exposed to γ-radiation; and MDA + Eb-ZFO + IR
group: MDA-MB-231 cells treated with Eb-ZFO and exposed to IR.
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The exposure of MDA-MB-231 cells to γ-radiation (IR) produced insignificant changes
in SOD and CAT activities. GSH levels showed a significant decrease (p < 0.05), as did
the levels of HIF-1α (59.84%), intracellular H2O2 (26.98%), MDA (37.03%), the protein
expression of p-ERK1/2 (83.99%), and p-JNK (69.54%), paralleled by a significant increase
in NRF-2 level (1.89-fold) and GPX (0.43-fold) activity when compared to the MDA group
(Figure 13).

The data from the MDA + Eb-ZFO + IR group revealed a significant decline
(p < 0.05) in the levels of HIF-1α (52.69%), intracellular H2O2 (52.10%), MDA (53.31%), and
the protein expression of p-ERK1/2 (87%) and p-JNK (65%) associated with a significant
upregulation in antioxidant system in terms of NRF-2 (3.48-fold) and GSH levels (1.89-fold)
along with SOD (2.60-fold), CAT (1.97-fold), and GPX (2.24-fold) activities when compared
to the MDA group. The combination of Eb-ZFO with IR induced a significant modulation
(p < 0.05) in ROS/antioxidant machinery imbalance, and the fine-tuning of redox status,
compared to either each one alone and the MDA group (Figure 13).

HT-29 Cell Line

As shown in Figure 14, the effect of Eb-ZCFO on ROS status and the levels of the
signalling molecules ERK1/2, JNK, and NRF-2 in the HT-29 cell line showed a significant
reduction (p < 0.05) in the levels of HIF-1α (19.39%), intracellular H2O2 (55.95%), and MDA
(66.24%), as well as p-ERK1/2 (45.39%) and p-JNK (47.00%) protein expression associated
with a significant elevation in the antioxidant system (NRF-2 1.64-fold, SOD 1.84-fold, and
GSH 1.40-fold) along with a non-significant change in CAT and GPX activities as compared
to the HT-29 group. The exposure of HT-29 cells to IR caused insignificant changes in SOD
and CAT activities, though a significant decrease (p < 0.05) in the levels of HIF-1α (30.77%),
intracellular H2O2 (60.75%), MDA (35.56%), GSH (35.76%), and GPX activity (28.64%) as
well as the protein expression of p-ERK1/2 (75.00%) and p-JNK (51.02%) coupled with a
marked elevation (p < 0.05) in NRF-2 level (1.89-fold) was observed as compared to the
HT-29 group (Figure 14). Combining Eb-ZCFO with IR induced a significant reduction (p <
0.05) in HIF-1α (61.30%), intracellular H2O2 (62.88%), MDA (64.54%), p-ERK1/2 (80.54%),
and p-JNK (58.07%) and a significant increase (p < 0.05) in SOD activity (1.39-fold) and NRF-
2 level (2.02-fold) compared with the HT-29 group (Figure 14). A delicate balance of the
intracellular ROS levels is essential for cancer cells. High levels of ROS encourage tumour
development and progression. Thus, the fine-tuning of intracellular ROS signalling is a
challenge for novel therapeutic strategies. This, achieved through depriving cells of ROS-
sensing signalling pathways, induces tumour progression, versus tipping the balance to
ROS-induced apoptotic signalling [73]. In many types of cancers, ROS-sensitive signalling
pathways such as mitogen-activated protein kinase/ERK cascade, signal transducer and
activator of transcription (STAT), and nuclear factor κ-B (NF-κB)-activating pathways are
elevated and participate in cell proliferation, regulate protein synthesis and activity, induce
inflammation, and promote cell survival [73,74]. In response to inflammatory signals,
interferon gamma (IFN-γ) and lipopolysaccharide (LPS) sensitised macrophages polarise
into the classical or “M1” state, which is characterised by the secretion of pro-inflammatory
signals, such as tumour necrosis factor-alpha (TNF-α), interleukin 6 (IL-6), and IL-12. In
contrast, alternatively activated macrophages, known as M2 macrophages, are polarised by
anti-inflammatory signals such as IL-4, IL-10, and IL-13 [75]. Ohmori and Hamilton [76] and
Hobson-Gutierrez and Carmona-Fontaine [75] demonstrated that the JAK-STAT pathway
is an essential part of the pro-inflammatory (via STAT-1, which is activated by IFN-γ)
and anti-inflammatory (via STAT-6, which is activated by IL-4) responses that generate
“M1” and “M2” macrophages, respectively. The health of tissues and the quality of the
cellular compartments are actively maintained by a range of cell–cell interactions, in a
process known as cell competition. Through cell competition, cells sense fitness level
heterogeneities across cell populations, resulting in the elimination of the less-fit cells
(or losers) when they are in the presence of fitter cells (or winners), in a process akin to
natural selection. It could be postulated that cell competition for healthy life is present
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between normal (winners) and cancers (losers) in the TME. The stress response pathways,
including the Jun N-terminal kinase (JNK), STAT, and the transcription factor NRF-2 that
targets many genes involved in the oxidative stress response pathways, play vital roles in
cellular competition and induce the three main aspects of the competition process: slow
proliferation of losers, over-proliferation of winners, and loser cell elimination [77]. Owing
to the complexity of ROS interconnections with stress-sensing signalling pathways, tight
regulation and fine-tuning of intracellular ROS and scavengers is a recent approach in
cancer therapy [78]. Cancer-associated fibroblasts (CAFs), which are highly represented in
the TME, actively contribute to the regulation of tumour homeostasis, the promotion of
tumour progression, and the invasion of cancer cells [79]. ROS and CAFs participate in two-
way crosstalk: on the one hand, fibroblasts are targeted by ROS, particularly H2O2, which
is able to transform them into active CAFs via the upregulation of HIF1α. On the other
hand, CAFs are critical for the increase in ROS levels observed in cancer [80]. ROS largely
impacts the redox-sensitive kinases ERK1/2 and JNK and induces proto-oncogenes [81,82].
Upon phosphorylation of the target proteins, these kinases can induce cell proliferation and
survival [81]. Tumour cells have more abundant ROS levels than their normal counterparts,
which are responsible for the maintenance of the malignant phenotype. Tenacious ROS
stress enables cancer cells to adapt and survive [83]. Therefore, utilising drugs that decrease
ROS and enhance the antioxidant machinery in tumour cells overwhelms the stress-sensing
signalling pathways and renders them more vulnerable to external stimuli, especially when
combined with therapies that elevate ROS, such as γ-radiation, as seen in our data. The
antitumour efficiency of the ZFO and ZCFO nano-platform could be attributed to Eb, which
blocked ADAM-9, a disintegrin and metalloprotease-9, by inhibiting ROS production, and
reduced the progression of human prostate cancer cells [84]. Gao et al. [85] and Kang et al.
(2019) [86] found that the expression of apoptosis-related proteins and antioxidant enzymes
was increased through the upregulation of NRF-2 in cancer cells. Kucinski et al. [77] found
that NRF-2 overexpression abolishes JNK expression, indicating that NRF-2 is not upstream
of constitutive JNK activation, and therefore JNK activation is not necessary for cells to
acquire loser status. As well as Eb, zinc oxide nanoparticles (ZnO-NPs) are known for
toxicity and the ability to form nanoparticle–cell contacts [87].

Walkey et al. [88] showed that nanoceria selectively protect normal cells, but not cancer
cells, from damage; in cancer cells, nanoceria are pro-apoptotic. This selective toxicity of
nanoceria against cancer cells is due to the inhibition of nanoceria catalase-like activity
occurring in acidic (pH 4.3) environments, and this is based on the assumption that the pH
of cancer microenvironment is low due to the Warburg effect. Das et al. [89] reported that
Ce-NPs in the A2780 ovarian cancer cell line had decreased ROS generation compared with
control. These researchers explored the pro-oxidant effect of Ce-NPs as radiation sensitisers
for pancreatic cancer radiotherapy. Pešić et al. [90] suggested the potential of using Ce-NP
as a treatment for colorectal carcinoma, as it would selectively eliminate cancer cells and
leave healthy cells intact. Ce-NPs serve as an enduring redox metabolism regulator rather
than as simple scavengers, efficiently eliminating ROS when needed and thus maintaining
basal cellular activities. They could therefore be used as a bio-compatible antioxidant
system [91]. Their ROS-scavenging properties make Ce-NPs an attractive countermeasure
against the detrimental effects of IR on normal cells [92]. Owing to their unique ROS-
scavenging properties, Ce-NPs offer a valuable tool to aid in achieving ROS fine-tuning
within the TME and prevent IR-associated NRF-2 over activation. Rice et al. [93] reported
that a diminished level of phosphorylated ERK-1/2-MAPK protein was detected after
CeO2 instillation into rat lung. McDonald et al. [94] demonstrated that the MCF-7 cell line
displayed a dose-dependent cytostatic, rather than cytotoxic, response to radiation, instead
of rapid inter-phase death within hours by apoptosis like most cell lineages that exhibit
mitotic cell death, autophagy, or senescence, and respond only over a period of many days,
through the activation of NRF-2.
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measured as follows: the levels of (a) HIF-1α, (b) intracellular H2O2, (c) GSH, and (d) MDA; activities of (e) GPX, (f) CAT,
and (g) SOD. ROS-sensing signalling molecules as follows: (h) NRF-2 level; fold change in protein expression of (i) ERK1/2,
(j) JNK, and (k) representative western blot analysis, SDS-PAGE of ERK1/2, JNK, and β-actin. Results are expressed as
the mean and standard error of the mean (SEM) (n = 3). Columns with dissimilar letters (a, b, c . . . ) overhead within the
same histogram are significantly different, and columns with the same letters are not significantly different at p < 0.05.
HT-29 group: untreated HT-29 cells served as control, HT-29 + Eb-ZCFO group: HT-29 cells treated with Ebselen (Eb) and
ZnCe0.06Fe1.94O4 nanoparticles (ZCFO), HT-29 + IR group: HT-29 cells exposed to γ-radiation, and HT-29 + Eb-ZCFO + IR
group: HT-29 cells treated with Eb-ZCFO and exposed to IR.

2.6.3. Inflammatory Status and Crosstalk of Signalling Pathways TNF-α/NF-κB,
INF-γ/STAT-1, and IL-4/STAT-6 in MDA-MB-231 and HT-29 Cell
MDA-MB-231 Cell Line

The application of Eb-ZFO, IR, and Eb-ZFO + IR to MDA-MB-231 cells induced a
significant decline (p < 0.05) in the inflammatory mediators NF-κB by 59.33%, 60.52%, and
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68.28%; IL-4 by 25.41%, 62.71%, and 66.09%; INF-γ by 62.33%, 65.71%, and 63.07%; and
TNF-α by 64.44%, 63.98%, and 67.63%, respectively. The protein expression of p-STAT-1
signalling effector declined by 69.80%, 46.54%, and 67.55%, respectively, linked with a
significant increase (p < 0.05) in IL-10 level by 2.25-fold, 1.51-fold, and 2.29-fold, respectively,
and p-STAT-6 protein expression by 3.697-fold, 3.799-fold, and 5.199-fold, respectively, as
compared to the MDA group (Figure 15).
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Figure 15. Inflammatory status and crosstalk of the signalling pathways TNF-α/NF-κB, INF-γ/STAT-1, and IL-4/STAT-6 in
MDA-MB-231 cells. Represented as follows; levels of (a) INF-γ, (b) protein expression of STAT-1, (c) IL-4, (d) protein expression of
STAT-6, (e) representative western blot analysis, SDS-PAGE of STAT-1, STAT-6, and β- actin, (f) TNF-α, (g) NF-κB and (h) IL-10.
Results are expressed as the mean and standard error of the mean (SEM) (n = 3). Columns with dissimilar letters (a, b, c . . . )
overhead within the same histogram are significantly different, and columns with the same letters are not significantly different at
p < 0.05. MDA group: untreated MDA-MB-231 cells served as control, MDA + Eb-ZCFO group: MDA-MB-231 cells line treated
with Ebselen (Eb) and ZnFe2O4 nanoparticles (ZFO), MDA + IR group: MDA-MB-231 cells exposed to γ-radiation, and MDA +
Eb-ZFO + IR group: MDA-MB-231 cells treated with Eb-ZFO and exposed to IR.

HT-29 Cell Line

Treatment of HT-29 cells with either Eb-ZCFO or IR exposure or both Eb-ZCFO + IR
showed a significant decrease (p < 0.05) in the inflammatory mediators NF-κB 40.71%, 64.10%,
and 69.49%; IL-4 30.90%, 21.31%, and 38.37%; INF-γ 58.29%, 43.82%, and 64.38%; and TNF-α
50.56%, 41.14%, and 73.43%, and the protein expression of STAT-1 by 78.41%, 40.18%, and
71.55%; signalling effector showed a significant rise (p < 0.05) in IL-10 level of 1.73-fold, 1.92-fold,
and 2.42-fold; and its signalling effector STAT-6 protein expression by 4.03-fold, 4.09-fold, and
4.1-fold, respectively, as compared to the HT-29 group (Figure 16). The link between chronic
inflammation and tumour development is well-established, and it has become evident that
an inflammatory microenvironment is a prerequisite for all tumours, including those that
emerge in the absence of overt inflammation [95]. Chronic inflammation affects the TME
and impacts cell plasticity through the epithelial–mesenchymal transition, dedifferentiation,
the polarisation of immune cells, production of ROS and cytokines, epigenetic mechanisms,
miRNAs, and complex regulatory cascades in tumour and stromal cells [96]. The current data
showed a considerable reduction in pro-inflammatory TME through the activation of STAT-6
expression. Consistently with our data, a study by Ohmori and Hamilton [76] found that
STAT-6 mediates the suppression of INF-γ/STAT-1 and TNF-α/NF-κB-dependent transcription
by distinct mechanisms. Park et al. (2019) [97] found that the restoration of STAT-6 levels
in glioblastoma (GBM) suppresses HIF-1α protein synthesis and induces STAT-6-regulated
immune responses and apoptosis, thereby leading to the suppression of GBM proliferation.
Tissue hypoxia in cancer induces cell growth, neovascularisation, invasion, resistance to chemo
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and radiotherapy, and ultimately recurrence after treatment [97]. IL-10 is a potentially valuable
target of immunomodulatory therapy, as observed by Brunn et al. [98], who postulated a dual
role for macrophages during initiation and recovery from experimental autoimmune neuritis
(EAN), especially in the imbalance between autoimmune pro-inflammatory milieu and the net
effect of various immunoregulatory mediators, such as IL-10, IL-4, and STAT-6. It was found that
the absence of a single anti-inflammatory Th2-derived cytokine, such as IL-10 or IL-4, and even
the absence of a single downstream signalling molecule of the IL-4 pathway, STAT6, markedly
interferes with recovery from EAN. Tewari et al. [99] found that Eb not only down-regulated
the enhanced ROS production of TNF-α treated glioma cells but also overcame TNF-α-induced
pro-inflammatory mediators to prevent the build-up of a deleterious pro-inflammatory TME.
Based on the current data, Eb appears to efficiently modulate the pro-inflammatory TME
via augmentation of STAT-6 expression and its antioxidant and immunoregulatory activity.
Irradiation was found to promote M2 phenotype macrophages in hypoxic TME, thereby
directing the pro-inflammatory milieu within tumours toward an alternative anti-inflammatory
TME [100]. Thabet and Moustafa [101] found that Eb and γ-radiation at 1, 3, and 6 Gy induced
apoptosis and anti-angiogenic and antiproliferative effects by reducing NF-κB signalling and
increasing IL-10 in MCF-7 cells. One of the factors contributing to the anti-inflammatory effect
of IR in the current study is NRF-2 upregulation in response to irradiation. Considering the
biphasic role of NRF-2 in cancer therapy [102], constitutive activation of NRF-2 is associated
with the promotion of development of several cancers, poor diagnosis in clinical settings,
and resistance to therapies [103]. NRF-2 hyperactivity in cancer cells confers chemo- and
radioresistant characteristics [102]. However, activation of the Nrf2/ARE signalling pathway
plays a critical role in the alleviation of chronic inflammation, which is associated with cancers,
since Nrf2 positively regulates a large number of cytoprotective proteins. Elimination of ROS
has been widely accepted as the molecular basis of Nrf2-mediated anti-inflammation [104,105].
Hence, the boost in NRF-2 and STAT-6 expression elicited by Eb-ZCFO or IR exposure, or
their combination, produces an anti-inflammatory response within the TME that might hinder
tumour progression, as revealed in the present study.
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Figure 16. Inflammatory status and crosstalk of the signalling pathways TNF-α/NF-κB, INF-γ/STAT-1, and IL-4/STAT-6 in
HT-29 cells. Represented as follows: levels of (a) INF-γ, (b) protein expression of STAT-1, (c) IL-4, (d) protein expression of
STAT-6, (e) representative western blot analysis, SDS-PAGE of STAT-1, STAT-6, and β- actin, (f) TNF-α, (g) NF-κB, and (h)
IL-10. Results are expressed as the mean and standard error of the mean (SEM) (n = 3). Columns with dissimilar letters
(a, b, c . . . ) overhead within the same histogram are significantly different, and columns with the same letters are not
significantly different at p < 0.05. HT-29 group: untreated HT-29 cells line served as control, HT-29 + Eb-ZCFO group: HT-29
cells line treated with Ebselen (Eb) and ZnCe0.06Fe1.94O4 nanoparticles (ZCFO), HT-29 + IR group: HT-29 cells exposed to
γ-radiation, and HT-29 + Eb-ZCFO + IR group: HT-29 cells treated with Eb-ZCFO and exposed to IR.
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2.6.4. Assessment of Autophagy and Apoptosis-Related Proteins in MDA-MB-231 and
HT-29 Cells
MDA-MB-231 Cell Line

The data shown in Figure 17 show a significant increase (p < 0.05) in autophagy
markers (Beclin-1 3.92-fold, 4.21-fold, and 5.09-fold and LC3B-II/I 3.8-fold, 3.9-fold, and
5.3-fold) and apoptosis-related protein cleaved caspase-3 (3.85-fold, 5.23-fold, and 6.14-fold)
associated with a significant diminishment (p < 0.05) in p62 (49.52%, 72.27%, and 55.46%),
caspase-dependent cleaved poly (ADP-ribose) polymerase (PARP), an apoptosis marker
and enzyme responsible for DNA repair (61.39%, 74.26%, and 68.35%) and anti-apoptotic
B-cell lymphoma 2 (BCL-2) (45.87%, 49.66%, and 73.64%) in MDA-MB-231 cells treated with
Eb-ZFO, IR, and Eb-ZFO + IR, respectively, when compared to the MDA group (Figure 17).
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and chemotherapy [107]. It is a highly conserved cellular catabolic process that degrades 
and recycles cellular components through lysosomes [108]. During starvation, cells can 
supply self-nutrition via lysosomal enzyme-induced degradation of macromolecules and 
damaged proteins [109]. Autophagy, however, can serve as a double-edged sword and 
activate cellular apoptosis through type II programmed cell death. Through the interac-
tion between the C-terminal cleavage of light chain 3 (LC3)-associated microtubule pro-
tein (LC3B peptide) and autophagy-related gene 4, which is a type of cysteine protease, 
autophagy is induced. It produces LC3BI, which conjugates with phosphatidylethano-
lamine (PE) to yield LC3BII [110], which can integrate with autophagy-related proteins 5, 
7, and 12 to create autophagosomes, along with phospholipid bilayers. In contrast, LC3 
interacts with p62/sequestome-1 (SQSTM1), which functions as a ubiquitin-binding pro-
tein to break down damaged organelles and macromolecules [111]. Therefore, the levels 
of proteins LC3 and p62 are broadly recognised as prominent markers of autophagy 
[112,113]. As shown in our data, an increase in the autophagic flux was detected in 
MDA-MB-231 and HT-29 cells, as indicated by enhancedbeclin-1 and LC3BII protein ex-
pression, paralleled by boosted cleaved caspase-3 along with reduced BCL-2 and p62 
protein levels, suggesting a switch from cytoprotective to cytotoxic autophagy, which 
resulted in apoptotic death induced by Eb-ZCFO or IR, or their combination. Ample ev-

Figure 17. Autophagy and apoptosis in MDA-MB-231 cells. Represented as follows: fold change in protein expression of
(a) beclin-1, (b) P62, (c) LC3B-II, (d) cleaved PARP-1, (e) representative western blot analysis, SDS-PAGE of beclin-1, P62,
LC3B-II/LC3B-I, cleaved PARP-1 and β-actin, (f) BCL-2, and (g) cleaved caspase-3 protein levels. Results are expressed as
the mean and standard error of the mean (SEM) (n = 3). Columns with dissimilar letters (a, b, c . . . ) overhead within the
same histogram are significantly different, and columns with the same letters are not significantly different at p < 0.05. MDA
group: untreated MDA-MB-231 cells served as control; MDA + Eb-ZFO group: MDA-MB-231 cells treated with Ebselen (Eb)
and ZnFe2O4 nanoparticles (ZFO); MDA + IR group: MDA-MB-231 cells exposed to γ-radiation; and MDA + Eb-ZFO + IR
group: MDA-MB-231 cells treated with Eb-ZFO and exposed to IR.

HT-29 Cell Line

A significant increase (p < 0.05) was observed in the expression of autophagy proteins
(Beclin-1 4.62-fold, 4.04-fold, and 5.78-fold and LC3B-II/I 2.67-fold, 2.98-fold, and 3.86-fold)
and apoptosis-related protein; cleaved caspase-3 (3.27-fold, 4.83-fold, and 5.61-fold) was ob-
served in HT-29 cells treated with Eb-ZCFO or exposed to IR or both (Figure 18). Eb-ZCFO
+ IR groups associated with a significant reduction (p < 0.05) in p62 (52.93%, 69.00%, and
57.00%) and cleaved PARP protein expression (52.46%, 81.18%, and 60.39%) as well as the
anti-apoptosis protein; BCL-2 level (26.61%, 34.39%, and 62.39%), respectively, as compared
to the HT-29 group (Figure 18). Autophagy is a recently recognised response of tumour
cells to various anticancer therapies, including radiotherapy and chemotherapy [106]. It is a
highly conserved cellular catabolic process that degrades and recycles cellular components
through lysosomes [107]. During starvation, cells can supply self-nutrition via lysosomal
enzyme-induced degradation of macromolecules and damaged proteins [108]. Autophagy,
however, can serve as a double-edged sword and activate cellular apoptosis through type
II programmed cell death. Through the interaction between the C-terminal cleavage of
light chain 3 (LC3)-associated microtubule protein (LC3B peptide) and autophagy-related
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gene 4, which is a type of cysteine protease, autophagy is induced. It produces LC3BI,
which conjugates with phosphatidylethanolamine (PE) to yield LC3BII [109], which can
integrate with autophagy-related proteins 5, 7, and 12 to create autophagosomes, along
with phospholipid bilayers. In contrast, LC3 interacts with p62/sequestome-1 (SQSTM1),
which functions as a ubiquitin-binding protein to break down damaged organelles and
macromolecules [110]. Therefore, the levels of proteins LC3 and p62 are broadly recog-
nised as prominent markers of autophagy [111,112]. As shown in our data, an increase
in the autophagic flux was detected in MDA-MB-231 and HT-29 cells, as indicated by
enhancedbeclin-1 and LC3BII protein expression, paralleled by boosted cleaved caspase-3
along with reduced BCL-2 and p62 protein levels, suggesting a switch from cytoprotective
to cytotoxic autophagy, which resulted in apoptotic death induced by Eb-ZCFO or IR, or
their combination. Ample evidence has shown an association between the induction of
autophagy and radioresistance in a wide range of tumours, including pancreatic cancer,
breast carcinoma, and glioma [113–115].

The antitumour effect of Beclin-1 has been confirmed in many types of tumours such
as breast [116], colon [117], cervical [118], ovarian [119], and glioblastoma [120]. Huang et al.
(2014) [121] found that the autophagy gene Beclin-1 promotes apoptosis and reduces cell
proliferation by increasing the expression of LC3 and caspase-3, associated with a decreased
expression of p62 and Bcl-2. Thus, Beclin-1 plays an important role in the fine-tuning of
autophagy and apoptosis. Song et al. [122] found that AKT inactivation-induced elevation
of Beclin-1 cleavage resulted in disruption of the R-BiP/Beclin-1/p62 complex, which led to
switching from autophagy to the synergistic induction of apoptosis. Baek et al. [123] found
that Eb decreased the phosphorylation of IκB, PI3K, and AKT in lipopolysaccharide-induced
inflammatory bone destruction models. A study by Kaczor-Keller et al. [20] demonstrated that
Eb efficiently inhibits cancer cell proliferation, induces G2/M cell-cycle arrest, and promotes
cell death in prostate cancer by switching from apoptotic cell death to necrosis via a significant
decrease in the level of cleaved PARP after 24 h exposure to Eb. Although necrosis as an
uncontrolled modality of cell death is generally associated with damage to peripheral tissues
and increased systemic inflammation, recent observations highlight a positive role for necrosis
induction during cancer therapy [20]. PARP-1 plays an important role in the response to IR-
induced DNA damage and may confer radioresistance [124]. Hampering PARP-1 activity may
therefore be a successful approach to the sensitisation of TNBC and colorectal adenocarcinoma to
radiotherapy, a process that was achieved by Eb-ZFO and Eb-ZnCe0.06Fe1.94O4 nanocomposites
in our study.
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Figure 18. Autophagy and apoptosis in HT-29 cells. Represented as follows: fold change in protein expression of (a)
Beclin-1; (b) P62; (c) LC3B-II; (d) cleaved PARP-1; (e) representative western blot analysis, SDS-PAGE of Beclin-1, P62,
LC3B-II/LC3B-I, cleaved PARP-1, and β-actin; (f) BCL-2; and (g) cleavedcaspase-3 protein levels. Results are expressed
as the mean and standard error of the mean (SEM) (n = 3). Columns with dissimilar letters (a, b, c . . . ) overhead within
the same histogram are significantly different, and columns with the same letters are not significantly different at p < 0.05.
HT-29 group: untreated HT-29 cells served as control. HT-29 + Eb-ZCFO group: HT-29 cells treated with Ebselen (Eb) and
ZnCe0.06Fe1.94O4 nanoparticles (ZCFO). HT-29 + IR group: HT-29 cells exposed to γ-radiation. HT-29 + Eb-ZCFO + IR
group: HT-29 cells treated with Eb-ZCFO and exposed to IR.

2.6.5. Flow Cytometric Analysis of Cell Cycle inMDA-MB-231 and HT-29 Cells

The flow cytometric analysis of the cell-cycle distribution was used to study the anti-
cancer effects of Eb + ZnFe2O4 (Eb-ZFO) on MDA-MB-231 cells and Eb + ZnCe0.06Fe1.94O4
(Eb-ZCFO) on HT-29 cells alone and in combination with γ-radiation (IR; 4 Gy) for 24 h.

MDA-MB-231 Cell Line

The data from the MDA + Eb-ZFO group showed a significant decrease (p < 0.05) in the
percentage of cells in the G0/G1and S phases, associated with a noticeable accumulation of
cells in the G2/M and pre-G1 phases. This distribution caused cell-cycle arrest at the G2/M
phase as compared to the MDA group (Figure 19a). After exposure to γ-radiation, the MDA
+ Eb-ZFO + IR group showed a significant decrease (p < 0.05) in the percentage of cells in
G0/G1 phase, associated with an accumulation of cells in the G2/M and pre-G1 phases,
causing cell-cycle arrest at the pre-G1phase as compared to the MDA group (Figure 19a).
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Figure 19. Cell-cycle analysis via flow cytometry. (a) Distribution of MDA-MB-231cells through the cell-cycle phases after
treatment with Eb-ZFO alone or in combination with 4 Gy γ-radiation for 24 h. MDA group: untreated MDA-MB-231 cells
served as control. MDA + Eb-ZFO group: MDA-MB-231 cells treated with Ebselen (Eb) doped intoZnFe2O4nanoparticles
(ZFO). MDA + IR group: MDA-MB-231 cells exposed to γ-radiation. MDA + Eb-ZCFO + IR group: MDA-MB-231 cells
treated with Eb-ZFO and exposed to IR. (b) Distribution of HT-29 cells through the cell-cycle phases after treatment with
Eb-ZCFO alone or in combination with 4 Gy γ-radiation for 24 h. HT-29 group: untreated HT-29 cells served as control.
HT-29 + Eb-ZCFO group: HT-29 cells treated with Ebselen (Eb) and ZnCe0.06Fe1.94O4 nanoparticles (ZCFO). HT-29 + IR
group: HT-29 cells exposed to γ-radiation. HT-29 + Eb-ZCFO + IR group: HT-29 cells treated with Eb-ZCFO and exposed
to IR. Results are expressed as the mean and standard error of the mean (SEM) (n = 3). Columns with a, b, and c letters
overhead within the same phase are significantly different from the control, treated group, or IR group of each cell line,
respectively, at p < 0.05.
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HT-29 Cell Lines

The data from the HT-29 + Eb-ZCFO group showed a significant decrease (p < 0.05)
in the percentage of cells in the G0/G1 and S phases associated with an accumulation
of cells in the G2/M- and pre-G1 phases, causing cell-cycle arrest at the G2/M phase as
compared to the HT-29 group (Figure 19b). After exposure to γ-radiation, the results from
the HT-29 + Eb-ZCFO + IR group displayed a significant increase in S- and pre-G1 phases
and caused cell-cycle arrest at the S-phase, compared with the HT-29 group (Figure 19b).
The cell cycle includes a number of checkpoints that allow the cell to repair its damaged
DNA. Checkpoints at the G1/S and G2/M transitions are essential regulatory gates during
cell-cycle progression, whereas loss of cell-cycle checkpoints ahead of completing DNA
repair can activate the apoptotic cascade and result in cell death [125]. Our data indicated
that Eb-ZFO and Eb-ZCFO induced cell-cycle arrest at the G2/M phase in both MDA-MB-
231 and HT-29 cells, suggesting that cells undergo apoptosis or mitotic catastrophe, but
when exposed to IR, as observed in the MDA + Eb-ZFO + IR and HT-29 + Eb-ZCFO + IR
groups, caused cell-cycle arrest at the sub-G1 (total apoptosis) and S-phases, respectively,
suggesting the fragmentation of DNA and impairment of DNA synthesis and replication.
Most antitumour agents interrupt the cell-cycle checkpoints at the G0/G1, S, and G2/M
phases and then trigger apoptosis [126]. The G2 checkpoint prevent cells from entering
mitosis when the DNA is damaged, providing an opportunity for repair and prevention of
the proliferation of damaged cells [127]. Cytotoxic drugs that cause S-phase arrest prevent
accurate DNA synthesis and replication [128].

2.6.6. Detection of Apoptosis in MDA-MB-231 and HT-29 Cells Lines by Flow Cytometry

Apoptosis and necrotic cell death were assessed using flow cytometric analysis with
Annexin-V-FITC and PI dual-staining to evaluate the pro-apoptotic effects of Eb + ZnFe2O4
(Eb-ZFO) on MDA-MB-231 cells and Eb + ZnCe0.06Fe1.94O4 (Eb-ZCFO) on HT-29 cells,
alone and in combination with γ-radiation (IR; 4 Gy) for 24 h.

MDA-MB-231 Cell Lines

The proportion of apoptotic and necrotic cells in a population of MDA-MB-231 cells
treated with IC50 is shown in Figure 20a. In Figure 20a, the data from the MDA + Eb-ZFO
and MDA + Eb-ZFO + IR groups show a significant increase (p < 0.05) in the total apoptotic
cells (early and late) compared to the MDA group. The MDA + Eb-ZFO + IR group showed
a significant increase (p < 0.05) in necrotic cells compared to the MDA, MDA + Eb-ZFO,
and MDA + IR groups. Based on these observations, it could be concluded that γ-radiation
(IR) elevates both apoptotic and necrotic death in TNBC cells when coupled with Eb-ZFO
nanocomposite (Figure 20a).
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Figure 20. Detection of apoptosis via flow cytometry. (a) Eb-ZFO and IR induced apoptosis and necrosis in MDA-MB-231
cells after 24 h. The upper-left panel shows representative images of cell apoptosis. The percentage of apoptotic and necrotic
cells was determined and is represented in the upper-right panel. MDA group: untreated MDA-MB-231 cells line served as
control. MDA + Eb-ZFO group: MDA-MB-231 cells treated with Ebselen (Eb) and ZnFe2O4 nanoparticles (ZFO). MDA + IR
group: MDA-MB-231 cells exposed to γ-radiation. MDA + Eb-ZFO + IR group: MDA-MB-231 cells treated with Eb-ZFO and
exposed to IR. (b) Eb-ZCFO and IR induced apoptosis and necrosis in HT-29 cells after 24 h. HT-29 group: untreated HT-29
cells served as control. HT-29 + Eb-ZCFO group: HT-29 cells treated with Ebselen (Eb) and ZnCe0.06Fe1.94O4 nanoparticles
(ZCFO). HT-29 + IR group: HT-29 cells exposed to γ-radiation. HT-29 + Eb-ZCFO + IR group: HT-29 cells treated with
Eb-ZCFO and exposed to IR. The lower-left panel shows representative images of cell apoptosis. The percentage of apoptotic
and necrotic cells was determined and is shown in the lower-right panel. The results are expressed as the mean and standard
error of the mean (SEM) (n = 3). Columns with a, b, and c letters overhead within the same phase are significantly different
from control, treated group, or IR group of each cell line at p < 0.05.
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Figure 20b shows data from the HT-29 + Eb-ZCFO, HT-29 + IR, and HT-29 + Eb-ZCFO
+ IR groups, revealing a significant increase (p < 0.05) in the total apoptotic cells (early
and late) compared to the MDA group. The HT-29 + Eb-ZCFO + IR group showed a
significant elevation (p < 0.05) in necrotic cells compared to the HT-29 and HT-29 + Eb-
ZCFO groups. Accordingly, it could be concluded that γ-radiation (IR) promotes apoptotic
and necrotic death in colorectal adenocarcinoma cells when combined with Eb-ZCFO
nanocomposites (Figure 20b). A complex relationship is evident between autophagy and
apoptosis. Autophagy frequently occurs with or before apoptosis. In the latter case, a
surge in autophagic flux regulates tumour cell growth by facilitating the induction of
apoptosis or necrosis [129,130]. As a crucial cellular process, apoptosis is modulated by
multiple regulatory molecules and different pathways [131]. These modulators are essential
for regulating the growth of various cancers. Both the blockage of pro-apoptotic Bcl-2
family molecules and the enhancement of anti-apoptotic family signals are required for the
modulation of apoptotic dysregulation in tumours [132]. Caspases, a family of cysteine acid
proteases, are key regulators of cell survival and apoptosis [133]. Our findings indicated
that Eb-ZFO or Eb-ZCFO alone or in combination with IR could reduce the level of BCL-2
protein, which is known to be an essential anti-apoptotic signal in MDA-MB-231 and HT-29
cells, accompanied by an increase in cleaved caspase-3 protein, coupled with a marked
curtailment of PARP-1 cleavage. In a mouse proximal tubular cell ATP depletion model,
Lieberthal et al. [134] found that mild ATP depletion led to apoptosis, whereas severe ATP
depletion led to necrosis. ATP is required for apoptosis, such that severe ATP depletion
inhibits the apoptotic pathway in a number of cell types [135,136]. This phenomenon
might explain the dual induction of apoptotic and necrotic cells in Eb-ZFO and Eb-ZCFO
nanocomposites alone or when combined with IR, suggesting the radiosensitisation of
MDA-MB-231 and HT-29 cells. A marked increase in the population of necrotic cells in the
MDA-Eb-ZFO + IR and HT-29 + Eb-ZCFO + IR groups suggests the strong inhibition of
ATP with the activation of ATP-independent necrosis.

Overall, as shown in Figure 21, the mechanism of Eb-ZFO in the MDA-MB-231 cell line
depends primarily on the Eb antioxidant/anti-inflammatory capability and the cytotoxicity
profile of the ZnO-NPs. However, the exhibited antitumour activity of Eb-ZCFO in HT-29
cell line depends on Ce nanoparticles as ROS scavenger and Eb as immunomodulatory of
TME. The findings of the current study agree with those obtained by Barrera et al. [137]
and Liu et al. [138].
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anti-inflammatory, and immunomodulatory effects of Eb, plus the cytotoxicity of ZnO-NPs in
MDA-MB-231cells, whereas the cytotoxic effect of ZnCe0.06Fe1.94O4 relies mainly on Ce3+ as a ROS
scavenger and the immunomodulatory capability of Eb in HT-29 cells, leading to an overwhelming
response in the tumour antioxidant machinery, coupled with reversion of the pro-inflammatory
TME to an anti-inflammatory milieu. This reversion, in turn, resulted in an alteration in the tumour
proliferation pathways, accompanied by a switch from cytoprotective to cytotoxic autophagy, and
eventually a marked rise in pro-apoptotic and decrease in anti-apoptotic proteins. Treatment of
both cells with Eb-ZFO or Eb-ZCFO alone or in combination with IR provoked cell-cycle arrest at
the major checkpoints, with elevated levels of apoptotic and necrotic cells, suggesting an excellent
antitumour effect and radiosensitisation of TNBC and colorectal adenocarcinoma cells.

3. Materials and Methods
3.1. Synthesis of ZnCexFe2−xO4 Nanoferrites

The (Ce (NO3)3.6H2O, 99.99%), (Fe (NO3)3·9H2O, 98.0%), (ZnSO4.7H2O, 98%), (C6H8O7,
99.57%), and (C2H6O2, 99.8%) were purchased from Sigma-Aldrich, Germany and used as
received without further purification. The synthesis of ZnCexFe2−xO4 (X = 0.0, 0.02, 0.04,
0.06, 0.08) powders was carried out using a facile sol–gel method as described in detail in our
previous work [10–12,25,34,35].

3.2. Characterisation of the Nanoferrites

The stoichiometry of the ZnCexFe2−xO4 (X = 0.0, 0.02, 0.04, 0.06, 0.08) samples was
examined using energy dispersive X-ray spectra (EDX) (JEOL JSM-5600 LV, Japan). In
order to confirm the formation of the spinel ferrite phase, Fourier transform infrared
(FTIR) spectroscopy using a NICOLET iS10 model instrument was conducted over a range
from 350 to 3000 cm−1. The crystal structure of the samples was investigated using X-ray
diffraction (XRD) (Shimadzu XRD-6000, Japan). XRD patterns were obtained in a range
of 2θ from 17◦ to 90◦ at room temperature. Cu Kα was used as the radiation source of
wavelength λ = 0.15408 nm, with a scan rate of 0.8◦/min, an operating voltage of 50 kV,
and a current of 40 mA [139,140]. Information about the shape and grain size of the sample
particles was obtained using high resolution scanning electron microscopy (SEM) (JEOL
JSM-5600 LV, Japan). Finally, the particle size distribution, the hydrodynamic radius, and
the polydispersity index (PDI) of the synthesised ZnCexFe2−xO4 (X = 0.0, 0.02, 0.04, 0.06,
0.08) samples were determined by dynamic light scattering (DLS; Malvern devise, UK) and
the indirect measurement of the surface charges of ZnCexFe2−xO4 (X = 0.0, 0.02, 0.04, 0.06,
0.08) samples was estimated by the zeta potential analyser (Malvern devise, UK) at the
culture media as used in the treatments.

3.3. Antimicrobial Activities of ZnCexFe2−xO4 Nanoparticles and Ebselen

The antimicrobial potential of the as-synthesised Zn ferrites and ferrites substituted
with Ce and Ebselen against different pathogenic microbes, both yeast and bacteria, were
examined using the agar-disc diffusion method [141].

The as-synthesised ZnCexFe2−xO4 nanoparticles (X = 0.0, 0.02, 0.04, 0.06, and 0.08)
and Ebselen were dissolved in DMSO at a concentration of 0.01 mg/mL, equivalent to
10 ppm.

The synthesised nanocomposite powder must be dispersed into solvent (DMSO) and
applied as solution to be diffused on the surface of the agar plate, so they have single
nanoparticles rather than agglomerated nanoparticles. The activity of the as-synthesised
compounds were examined against Gram-positive bacteria (Staphylococcus aureus ATCC
25923, Proteus vulgaris ATCC 26325, and Proteus mirabilis ATCC 26659) and Gram-negative
bacteria (Pseudomonas aeruginosa ATCC 27853, Escherichia coli ATCC 25922, Klebsiella pneu-
moniae ATCC 28896, and Salmonella typhi ATCC 26510). All of the above bacteria were
established and fixed from 2 to 5 × 108 CFU/mL (0.5 McFarland; at 600 nm). The inhibition
of bacterial growth was defined by the zone of inhibition (ZOI) after 24 h of incubation.
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The antifungal potential of the as-synthesised ZnCexFe2−xO4 nanoparticles (X = 0.0,
0.02, 0.04, 0.06, and 0.08) and Ebselen against the pathogenic unicellular fungi Candida
albicans ATCC 90028, and Candida tropicalis ATCC 90159 was also examined. The inoculums
of the yeast cells were set from 1 to 4 × 107 CFU/mL. Nystatin (NS) and amoxicillin (AX)
were used as standard antibiotics. AX is similar to penicillin in its bactericidal action against
susceptible bacteria during the stage of active multiplication. It acts through the inhibition
of cell wall biosynthesis that leads to the death of the bacteria [142]. NS is an antifungal that
is both fungistatic and fungicidal in vitro against a wide-variety of yeasts and yeast-like
fungi. It exerts its antifungal effects via disruption of the fungal cell membrane [143].

The investigation of minimum inhibitory concentrations (MIC) was performed using
a serially diluted Luria–Bertani (LB) broth of the synthesised NPs. A positive control
consisting of the microorganism and the nutrient, a negative control consisting of the
nutrient alone, and the ZnCexFe2−xO4 nanoparticles (X = 0.0, 0.02, 0.04, 0.06, and 0.08)
and Ebselen (beginning with 0.1 mg/mL concentration; 100 ppm) were used. The MIC
was defined following 24 h of incubation at 37 ◦C. The inocula of the bacteria were 3–5 ×
108 CFU/mL and 2–3 × 107 CFU/mL for Candida species. The MICs were defined using
enzyme-linked immunosorbent assays (ELISA) plates at 600 nm.

3.4. Antibiofilm Activities of ZnCexFe2−xO4 Nanoparticles (X = 0.0 and 0.06)

Qualitative measurement of biofilm inhibition was carried out as described by Chris-
tensen et al. [144]. The extent of the biofilm that formed at the tube wall in the absence and
presence of the synthesised ZnCexFe2−xO4 nanoparticles was measured. The antibiofilm
activity of the as-synthesised ZnCexFe2−xO4 nanoparticles at 10.0 µg/mL was measured in
the selected bacteria and Candida spp. and compared with the non-treated control.

Five millilitres of the nutrient broth medium was added to each tube, and the bacteria
and yeast were inoculated after adjusting 0.5 McFarland to 1–2.5 × 108 CFU/mL. The tubes
were incubated at 37.0 ± 0.5 ◦C for 24 h. The contents of the control and treated tubes
were removed, mixed with phosphate buffered saline (PBS; pH 7.0), and desiccated. The
bacterial and yeast cells that adhered to the tube walls were fixed with 5 mL sodium acetate
(3.0%) for about 15 min and then rinsed with de-ionised water.

The biofilms that developed inside the tubes were stained with 15 mL of 0.1% crystal
violet (CV) and washed with de-ionised water to remove the rest of the CV. For the semi-
quantitative estimation of the antibiofilm activity, 5 mL of absolute ethanol was added to
dissolve the stained bacterial and yeast biofilms. The optical density (O.D.) of the stained
bacterial and yeast biofilms with CV was examined using a UV-Vis spectrophotometer at
570.0 nm. The percentage of inhibition bacterial and yeast biofilms was estimated using
Equation (1):

Biofilm inhibition % = (O.D.Control sample − O.D.treated sample)/O.D.Control sample × 100 (1)

3.5. Reaction Mechanism Using SEM Analysis

The bacterial cells that were determined by the antibiofilm tests to be sensitive were
cleaned with PBS three times and fixed using 3.5% glutaraldehyde solution. The microbial
cells were repeatedly rinsed with PBS and dried using different concentrations of ethyl
alcohol: 30%, 50%, 70%, 90%, and 100% for 15 min at 27 ± 2 ◦C. The prepared samples
were then fixed on an aluminium substrate for SEM/EDX analysis. The morphological
features of the control and the ZnCexFe2−xO4 nanoparticles (X = 0.06)-treated bacteria were
examined using SEM.

3.6. Effect of the Synthesised Nanocomposites on Protein Leakage from Bacterial Cell Membranes

To confirm the SEM reaction mechanism of the synthesised nanocomposites against
the microbial cell, the protein leakage assay has been conducted [145]. Pure 18 hr bacterial
culture was set at 0.5 McFarland (1–3 × 108 CFU/mL), and 100 µL was injected into 10 mL
of the nutrient broth, including well-sonicated and dispersed ZnCexFe2−xO4 nanoparticles
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(X = 0, and 0.06) at various concentrations (0.125, 0.25, 0.5, and 1.0 mg/mL). Nanocomposites-
free broth injected with culture has been used as the control. All the treated samples were
incubated at 37 ◦C for 5 h and then centrifuged at 15 min at 5500 rpm [146]. For the different
samples, 100 µL supernatant was combined with 1 mL of Bradford reagent. Optical density
was measured at 595 nm for 10 min of dark incubation [146].

3.7. Cell Lines, Treatment, and Reagents

Human breast cancer (MDA-MB-231; triple negative basal B subtype), colon cancer
(HT-29; colorectal adenocarcinoma), and Vero kidney epithelial (normal epithelial cells
derived from the African green monkey) cell lines provided via the American Type Cul-
ture Collection (Rockville, MD, USA) were bought from the Tissue Culture Unit in the
Holding Company for Biological Products and Vaccines (VACSERA-Giza, Egypt). Ebselen
(Eb) was purchased from Sigma-Aldrich (St. Louis, MO, USA). For western blot analy-
sis, antibodies against Beclin-1 (CAT# ab137161), LC3B (CAT#192890), and P62 (CAT#
ab91526) were obtained from Abcam. t-STAT-1 (rabbit polyclonal antibody, PA1-41383),
p-STAT-1(Tyr701) (rabbit polyclonal antibody, CAT# 44-376G), t-STAT-6 (mouse monoclonal
antibody, CAT#MA5-15659), p-STAT-6(Tyr641) (mouse monoclonal antibody, CAT#700247),
t-ERK1/2 (mouse monoclonal antibody, CAT# 14-9108-82), p-ERK1/2(Thr202,Tyr204) (mouse
monoclonal antibody, CAT# 14-9109-82), t-JNK (rabbit polyclonal antibody, CAT#51151-
1-AP), p-JNK(Thr183,Tyr185) (mouse monoclonal antibody, CAT#MA5-15228), and PARP-1
(mouse monoclonal antibody, CAT#436400) were obtained from ThermoFisher Scientific.
ELISA kits for the determination of INF-γ (CAT# MBS824507), TNF-α (CAT# MBS175820),
IL-4 (CAT# MBS268288), MDA (CAT# MBS728071), GSH (CAT# MBS042904), GPX (CAT#
MBS284182), SOD (CAT# MBS005068), and CAT (CAT#MBS165657) were purchased from
MyBioSource (San Diego, CA, USA). ELISA kits for assaying IL-10 (CAT# ab100549), hu-
man active caspase-3 (Ser29) (CAT# ab181418), BCL-2 (CAT# ab119506), HIF-1α (CAT#
ab82832), and NRF-2 (CAT# ab207223) were obtained from Abcam, and NF-κB (CAT#
85-86081-11) was provided by ThermoFisher Scientific. The other chemicals and reagents
used in this study were purchased from Sigma-Aldrich (St Louis, MO, USA).

3.8. Culture Media

The cell lines MDA-MB-231, HT-29, and Vero were maintained in DMEM media sup-
plemented with streptomycin (100 mg/mL), penicillin (100 units/mL), and heat-inactivated
fetal bovine serum (10%) in a humidity of CO2 (5% v/v) and a temperature of 37 ◦C.

3.9. Subculture of Cell Lines

The cultures were viewed under an inverted microscope (CKX41; Olympus, Japan), to
estimate the degree of confluence and to verify the lack of bacterial and fungal contaminants.
Cells of MDA-MB-231, HT-29, and Vero were washed with PBS free of Ca2+/Mg2+, with a
volume equivalent to half of the volume of the culture medium. Trypsin/EDTA was then
added at 1 mL/25 cm2 of surface area, and the flask rotated to merge the trypsin/EDTA
with the monolayer. The flasks were incubated for 10 min. Finally, an inverted microscope
was used to confirm that the cells had detached.

3.10. Sulforhodamine B (SRB) Assay

The cytotoxicity screening of Eb at various concentrations ranging from 0–100 µM and
Ce nanoparticles at 10 and 100 µM Ce3+ ranging from 0–0.08 in ZnCexFe2−xO4 nanoparti-
cles individually on the MDA-MB-231 and HT-29 cell lines was assessed using SRB assays
as described by Vichai and Kirtikara [147]. In a 96-well plate, aliquots of 100 µL of cell
suspension (5 × 103 cells) were incubated in complete media for 24 h. Then, the cells were
treated with another aliquot of 100 µL of medium containing the Eb and Ce nanoparticles
at different concentrations. After 72 h of exposure, cells were fixed by replacing the media
with 150 µL of 10% TCA and incubating them at 4 ◦C for 1 h. The TCA solution was
removed, and the cells were washed five times with distilled water. Aliquots of 70 µL
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SRB solution (0.4% w/v) were added, and the cells were incubated in the dark at room
temperature for 10 min. Plates were washed three times with 1% acetic acid and allowed to
air-dry overnight. Then, 150 µL of TRIS (10 mM) was added to dissolve the protein-bound
SRB stain. The absorbance was measured at 540 nm using a BMG LABTECH®-FLUOstar
Omega microplate reader. The half-maximal inhibitory concentration (IC50) of Eb or Ce in
ZnCexFe2−xO4 nanoparticles was investigated individually in the MDA-MB-231 and HT-29
cell lines. Then, the Eb and Ce in ZnCexFe2−xO4 nanoparticles were used in conjunction
to examine their cytotoxicity profiles on the MDA-MB-231 and HT-29 cell lines (based on
the IC50 identified for each one individually previously) to obtain the final IC50 of each
nanocomposite on the MDA-MB-231 and HT-29 cell lines. Afterwards, these two final IC50
were examined for their cytotoxicity profiles on Vero cells.

3.11. Irradiation

The cultured MDA-MB-231 and HT-29 cells were irradiated with a Canadian gamma
cell-40 exactor, (137Cs) (Best Theratronics Gamma cell 40 Exactor, Ottawa, ON, Canada) at
the NCRRT (Cairo, Egypt) at a dose of 4 Gy, with a dose rate of 0.427 Gy/min.

3.12. Culture Models and Experimental Protocol

In the current study, the cultures of MDA-MB-231 and HT-29 cells were divided into
two sets, as follows:

1. The MDA-MB-231 cell line was divided into four groups. The MDA group: untreated
MDA-MB-231 cells line served as control; the MDA + Eb-ZFO group: MDA-MB-231
cells treated with Ebselen (Eb) and ZnFe2O4 nanoparticles (ZFO); the MDA + IR
group: MDA-MB-231 cells exposed to ionising radiation; and the MDA + Eb-ZFO +
IR group: MDA-MB-231 cells treated with Eb-ZFO and exposed to IR.

2. The HT-29 cell line was divided into four groups. The HT-29 group: untreated HT-29
cells served as a control; the HT-29 + Eb-ZCFO group: HT-29 cells treated with Eb and
ZnCe0.06Fe1.94O4 nanoparticles (ZCFO); the HT-29 + IR group: HT-29 cells exposed to
ionising radiation; and the HT-29 + Eb-ZCFO + IR group: HT-29 cells treated with
Eb-ZCFO and exposed to IR.

3.13. Cell-Cycle Analysis and Apoptosis Detection Using Flow Cytometry

MDA-MB-231 and HT-29 cells were stained with propidium iodide (PI) (Sigma-
Aldrich) for cell-cycle analysis, or with PI and annexin V-FITC (BD Biosciences) for the
detection of apoptosis. The distribution of cells in the different phases of the cell cycle,
based on the differences in DNA content, and the apoptosis positive cells were determined
using flow cytometry with a FACS Calibur flow cytometer (BD Biosciences). MDA-MB-231
and HT-29 cells were seeded at a density of 5 × 105/mL in six-well tissue culture plates.
After the cells adhered, the MDA-MB-231 cells were treated with Eb-ZnFe2O4, and the
HT-29 cells were treated with ZnCe0.06Fe1.94O4 at the concentrations determined from
theIC50 obtained from the cytotoxicity screening. Cells were exposed to 4Gy irradiation
(either with or without pre-treatment) and cultured for 24 h. The cells were harvested
by trypsinisation, washed with PBS, and fixed with pre-chilled 70% ethyl alcohol at 4 ◦C
overnight. The cells were then again washed with PBS and incubated with RNase A for
30 min, followed by staining with 400 µL PI (50 µg/mL PI, 0.1% Triton X-100, and 0.1%
sodium citrate in PBS) for 30 min at room temperature in the dark. The percentage of
cells in each phase of the cell cycle was calculated using an Accuri C6Flow Cytometer (BD
Biosciences, Mountain View, CA, USA). For the detection of apoptosis and necrosis, the
cells were harvested using trypsinisation, washed with PBS, and resuspended in 0.5 mL
of binding buffer containing 0.5 µg/mL Annexin-V-FITC and 5 µg/mL PI for 30 min in
the dark, according to the protocol supplied with the FITC Annexin V apoptosis detection
kit (CAT# ab139418, Abcam) and the percent of apoptotic and necrotic cells was assessed
using a BD Flow Cytometer (BD Biosciences, USA).
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3.14. Determination of Intracellular Hydrogen Peroxide (H2O2)

The concentration of intracellular H2O2 was measured using colorimetric assay kits
(ICT Technologies, CAT#9132).

3.15. Quantification of Pro- and Anti-Inflammatory Cytokines, Pro- and Anti-Apoptotic, and
Oxidative Stress Markers by ELISA

Levels of INF-γ, TNF-α, IL-4, IL-10, HIF-1, Caspase-3, BCL-2, NF-κB NRF-2, MDA,
GSH, GPX, SOD, and CAT were determined according to the protocols accompanying the
ELISA kits.

3.16. Western Blot Analysis

In a cold homogeniser tube, MDA-MB-231 and HT-29 cells lines were homogenised
using a homogenisation lysis buffer (Sigma–Aldrich, St. Louis, MD, USA) according to the
method published by [148]. The lysate was centrifuged at 8678× g for 20 min at −4 ◦C, and
the protein concentration was measured using BCA protein kits (Thermo Fisher Scientific).
Protein aliquots of 7.5 µg from each sample were denatured and loaded onto 8% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis, (SDS-PAGE) and transferred to a
nitrocellulose membrane (Amersham Bioscience, Piscataway, NJ, USA) using a semidry
transfer apparatus (Bio-Rad, Hercules, CA, USA). The membranes were then incubated at
4 ◦C with 5% non-fat milk blocking buffer, which consisted of Tris–HCl (10 mmol/L–1—
pH 7.4), Tris-buffered saline with Tween-20 (TBST) (0.05%), and NaCl (150 mmol/L−1).
The membranes were then washed with TBST and incubated overnight with a 1:1000
dilution of Beclin-1, LC3B II, P62, total and phosphorylated STAT-1 and STAT-6, ERK1/2,
JNK, and PARP on a roller shaker at 4 ◦C. Immunoblotting was performed using the
indicated primary antibody and the appropriate horseradish peroxidase (HRP), which
was conjugated with goat immunoglobulin (Amersham Biosciences, Piscataway, NJ, USA).
Using Amersham® detection kits, chemiluminescence detection was performed according
to the manufacturer’s protocols and exposed to X-ray film. The protein levels obtained
were estimated using β-actin as a housekeeping arbitrary unit [149].

3.17. Statistics

In the analysis of antimicrobial and antibiofilm data, the results were analysed using the
least significant difference (LSD) and one-way analysis of variance (ANOVA) followed by
Duncan’s multiple range using SPSS version 15. In the analysis of anticancer data, the data were
analysed using ANOVA followed by Tukey multiple comparison. Kolmogorov–Smirnov and
Bartlett’s tests were used to evaluate the normality of the distribution and the homology of the
variance, respectively. Statistical analyses were performed using GraphPad Prism, Version 6
(GraphPad Software, San Diego, CA, USA, www.graphpad.com). All tests were two-tailed, and
p-values < 0.05 were considered to be statistically significant.

4. Conclusions

A cost-effective sol–gel method was used to prepare ZFO or ZCFO ferrites, which were
later conjugated with Eb. The antimicrobial and antibiofilm were proved against a wide
array of pathogens. Moreover, the antiproliferative, antioxidant, and anti-inflammatory
abilities of the prepared systems against human breast cancer (MDA-MB-231) and colon
cancer (HT-29) cell lines were studied in detail. XRD analysis confirmed the chemical
structure and crystallinity of the prepared samples, which possessed Fd3 m space groups.
The chemical composition and purity of the materials were confirmed by EDX and FTIR
analyses. Finally, the external morphology and the porous nature of the prepared sam-
ples were investigated using SEM analysis. The antimicrobial activity of the synthesised
ZnCexFe2−xO4 increased as the x value increased. The highest ZOI of S. aureus was ob-
served when X = 0.06 in ZnCexFe2−xO4 and slightly decreased when X = 0.08. In the case
of C. albicans, the active sample was ZnCexFe2−xO4 with X =0.06. The semi-quantitative
determination of the inhibition percentage was estimated following the elimination of
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CV-stained biofilms, and the results showed the percentage of inhibition for S. aureus
(92.73%), P. mirabilis (79.54%), and C. albicans (90.18%) following the addition of 10.0
µg/mL ZnCexFe2−xO4; X = 0.06.After treatment with ZnCexFe2−xO4; X = 0.06, morpho-
logical differences in S. aureus were apparent, and a complete lysis of bacterial cells, with
a concomitant decrease in the viable number, and ultimately the growth of biofilm was
inhibited. These results reflected the antimicrobial activity of Ce addition in the synthesised
ZnCexFe2−xO4; X = 0.06. Overall, we conclude that Eb-ZFO or Eb-ZCFO with or without IR
affected the fine-tuning of intracellular ROS signalling in MDA-MB-231 and HT-29 cells by
reducing ROS production through altering the antioxidant defence machinery associated
with the deactivation of the ERK1/2, JNK, NRF-2, TNF-α/NF-κB, INF-γ/STAT-1, and
IL-4/STAT-6 signalling pathways. The mechanism of Eb-ZFO in the MDA-MB-231 cell line
depends primarily on the Eb antioxidant/anti-inflammatory capability and the cytotoxicity
profile of the ZnO-NPs. However, the antitumour activity of Eb-ZCFO in the HT-29 cell
line depends on Ce nanoparticles as ROS scavengers and Eb as an immune modulator of
the TME.
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Abstract: Nanomaterials have found extensive interest in the development of novel vaccines, as
adjuvants and/or carriers in vaccination platforms. Conjugation of protein antigens at the particle
surface by non-covalent adsorption is the most widely used approach in licensed particulate vaccines.
Hence, it is essential to understand proteins’ structural integrity at the material interface in order to
develop safe-by-design nanovaccines. In this study, we utilized two model proteins, the wild-type
allergen Bet v 1 and its hypoallergenic fold variant (BM4), to compare SiO2 nanoparticles with
Alhydrogel® as particulate systems. A set of biophysical and functional assays including circular
dichroism spectroscopy and proteolytic degradation was used to examine the antigens’ structural
integrity at the material interface. Conjugation of both biomolecules to the particulate systems
decreased their proteolytic stability. However, we observed qualitative and quantitative differences
in antigen processing concomitant with differences in their fold stability. These changes further
led to an alteration in IgE epitope recognition. Here, we propose a toolbox of biophysical and
functional in vitro assays for the suitability assessment of nanomaterials in the early stages of vaccine
development. These tools will aid in safe-by-design innovations and allow fine-tuning the properties
of nanoparticle candidates to shape a specific immune response.

Keywords: Alhydrogel®; silica nanoparticles; Bet v 1; BM4; SiO2; allergen; structural integrity; alum

1. Introduction

Engineered nanomaterials have gained significant research interest as novel vacci-
nation platforms. They have been utilized to enhance vaccine efficacy by modulating
the quality, specificity and durability of immune responses towards a specific antigen [1].
Adjuvants and/or carriers are important in vaccine formulations as they are essential for
the efficient activation of the immune system. In this regard, nanomaterials are attractive
platforms as they can transport protein antigens effectively close to or even into antigen-
presenting cells, leading to decreased systemic or local side effects concomitant with a
reduction in the antigen dose [2], in addition to their intrinsic immunomodulatory proper-
ties [3,4]. Moreover, the huge diversity in the physicochemical properties of engineered
nanomaterials along with their ability to be tailored can be harnessed for directing a specific
immune response [5]. Together, these novel opportunities have contributed to an explosion
in the exploration of nanoparticles (NPs) in novel vaccine technologies, especially in the
field of infectious disease, allergy and cancer [6–8].

However, despite their promising potential, only a limited number of nanovaccines
have been approved for clinical use thus far. This may be due to challenges in the clinical
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translation and commercialization of nanomaterials, which include restrictions in large-
scale manufacturing, establishment of biopharmaceutical correlations between the prop-
erties of the nanomaterial and their in vivo performance and the lack of clear regulatory
and safety guidelines [9]. The structural and physicochemical diversity of nanomaterials
complicates large-scale manufacturing and can pose difficulties for quality assessment [10].
Compared to other biopharmaceutical products (e.g., highly purified monoclonal antibody
preparations), vaccines are, in general, more complex due to the often heterogeneous na-
ture of the active components (live-attenuated or inactivated/chemically modified whole
microbes, crude allergen extracts, etc.) and their interaction with adjuvants or other ex-
cipients [11]. This contributes to increased concerns regarding the safety and efficacy of
vaccines and results in the scrutiny of novel vaccine technologies. To a great extent, vac-
cines still rely on in vivo testing; nevertheless, a strong demand for novel in vitro testing
methods ensuring consistency of vaccine formulations has been articulated [12]. The estab-
lishment of in vitro testing methods which are applicable early in the development pipeline
and have a satisfying predictive power is in high demand. These methods in combination
with functional assays can be used to determine the safety, efficacy and consistency of
nanovaccines.

One critical step in the development of nanovaccines includes the rational selection
of a nanoparticulate adjuvant for a specific antigen aiming at eliciting a desired immune
response. To attain a potent antitumor response, a nanoparticulate system that can enhance
the host immunity is favored, whereas in the case of hypersensitivity or autoimmune
disorders, materials suppressing a harmful immune response are beneficial [13]. Thus,
tailoring the physical and biochemical properties of NPs is crucial in evoking a specific
immune response, thereby improving the efficacy of vaccines with an optimum safety
profile. Tailoring novel vaccine strategies is of particular interest for the elderly and
immunocompromised population, who are more prone to diseases and less responsive
to vaccines [14]. In the case of the SARS-CoV-2 pandemic, we can see a direct impact of
age on the increased vulnerability to severe infection [15]. The increased susceptibility
to infection and diminished responsiveness to vaccines can be explained by the reduced
number of naïve T cells, reduced T cell receptor diversity and other defects in the innate
immune cells usually associated with aging [16]. Hence, to increase the efficacy of vaccines
in the immunocompromised or elderly population, NPs that can induce inflammatory
responses in a well-controlled fashion may be favorable as they are reported to enhance T
cell function [17]. Furthermore, the tunable properties of NPs can be used to manipulate
and optimize the quantity and proteolytic accessibility of antigens [18]. The differences in
an antigen’s stability, spacing and orientation when linked to NPs can affect the immune
response. For example, a desired antibody response with negligible adverse effects can
be accomplished by intentionally masking the undesirable epitopes of the antigen and
exposing the desired epitopes. Once the structural integrity of an antigen associated with
a specific NP is established, it may be tuned in such a way that a desired outcome can
be achieved. By understanding its structural integrity, we can predict the behavior of an
antigen upon conjugation to NPs. The resulting insights in antigens’ immunogenicity will
ultimately facilitate a “safe-by-design” nanovaccine development strategy [19].

In this study, we established an in vitro test strategy to study the interaction of nanopar-
ticulate adjuvants with antigens, investigating the structural integrity of antigens at the
nanoparticulate surface by using biophysical methods and a set of functional assays. We
aimed to evaluate the early events in immune modulation to fine-tune nanoparticulate
adjuvants. The goal was to test for desired immunological outcomes of novel nanovac-
cines displaying an optimal safety and efficacy profile. SiO2 NPs were used as a model
nanoparticulate platform and were compared with Alhydrogel®, the most-applied partic-
ulate adjuvant in vaccines. Alhydrogel® or alum is still considered as the gold standard
among the clinically available adjuvants despite its recognized drawbacks [20,21]. SiO2
NPs, on the other hand, are promising candidate adjuvants and/or vaccine carriers and
are widely studied due to their biodegradability, biocompatibility, ease of surface mod-
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ification, low production costs and low toxicity [22]. The model proteins used for this
study included Bet v 1, the major birch pollen allergen, and BM4, a molten globule-like
hypoallergenic variant of Bet v 1 [23]. Both proteins display almost identical amino acid
sequences (with a deviation in five amino acids only) but differ in their conformational
stability [24]. We deliberately opted for model allergens with different conformations to
determine if the conformational stability of the antigens has an influence on the interaction
of the proteins and the particulate systems. The model proteins were conjugated to both
selected particulate systems by non-covalent surface adsorption. This is the best established
approach in developing licensed particulate vaccines due to its simplicity and increased
effectiveness [25].

2. Results and Discussion

2.1. Characterization of the Synthesized SiO2 NPs and Alhydrogel®

As the initial step, we characterized the two particulate systems to determine differ-
ences in their physicochemical properties. We adopted the microemulsion method for the
synthesis of SiO2 NPs as this method has been reported to produce highly monodisperse
NPs [26]. Characterization of the synthesized NPs by dynamic light scattering (DLS) in-
dicated a highly monodisperse suspension of SiO2 NPs with an average hydrodynamic
diameter of 100.3 ± 3.4 nm and a zeta potential of −38.9 ± 2.8 mV. Consistently, monodis-
persity and a hydrodynamic diameter of 102.4 ± 39.3 nm were confirmed by nanoparticle
tracking analysis (NTA) (Table 1). Furthermore, from the transmission electron microscopy
(TEM) images, the primary particle size of the synthesized NPs along with the uniform
spherical shape was further established. The average diameter of the NPs was calculated
from the TEM images and was found to be 96.3 ± 4.9 nm (Figure 1A). On the contrary,
Alhydrogel® was found to be highly polydisperse, with an average size of 585.9 ± 174.2 nm,
and exhibited a surface zeta potential of +18.0 ± 1.5 mV (Table 1). Alhydrogel® consisted
of large clusters of nanofibers, which heavily agglomerated to form microstructures, as evi-
dent from the TEM images (Figure 1B and Figure S1A). The scanning electron microscopy
(SEM) images further confirmed these heterogeneous microstructures (Figure S1B). The
presence of these larger agglomerates impaired their characterization by NTA. The charac-
terization data for Alhydrogel® concur with previously published reports [27,28]. From
these characterization data, the morphological distinction of both particulate systems was
evident.

Table 1. Physicochemical characterization of the synthesized SiO2 NPs and Alhydrogel® by measurement of hydrodynamic
size, polydispersity index and zeta potential by DLS (NP concentration of 0.1 mg/mL) and NTA (NP concentration of
0.02 mg/mL).

Sample Technique Number Mean Diameter (nm) PDI Size (Z Average) (nm) Zeta Potential (mV)

SiO2 NPs DLS 100.3 ± 3.4 0.025 120.2 ± 1.2 −38.9 ± 2.8
SiO2 NPs NTA 102.4 ± 39.3 - - -

Alhydrogel® DLS 585.9 ± 174.2 0.345 1082.0 ± 63.4 +18.0 ± 1.5
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2.2. Efficient Conjugation of Allergens with SiO2 NPs and Alhydrogel®

Following the characterization of particles, we examined their conjugation efficiency
with the model allergens. The allergens were incubated with the particles, and the con-
jugated allergens were quantitatively and qualitatively analyzed. From the analysis of
the centrifuged pellets by sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE), a conjugation efficiency of 14.5 ± 3.5% for Bet v 1 and 58.7 ± 5.8% for BM4
was obtained with SiO2 NPs (Figure 2). To further confirm our observation, the supernatant,
which contained the non-conjugated allergen, was quantified using standard protein assays
such as Bradford and bicinchoninic acid (BCA) assays. The amounts of protein bound were
back-calculated from the concentrations obtained from these assays. From the Bradford
assay, the percentage of conjugation efficiency was found to be 16.8 ± 6.2% for Bet v 1 and
64.3 ± 1.5% for BM4. This was similar in the BCA assay, where 28.1 ± 11.8% of Bet v 1 and
63.7 ± 4.8% of BM4 were conjugated to SiO2 NPs (Figure 2). These results are consistent
with the SDS-PAGE analysis. Thus, we observed significant differences in conjugation
efficiency with both allergens when bound to SiO2 NPs. This discrepancy can be attributed
to the conformational differences in both allergens [24]. We used only BCA and Bradford
assays for the quantification with Alhydrogel® as we obtained comparable results from
all three methods using SiO2 NPs, and a lack of complete dissociation of allergens from
Alhydrogel® leads to technical difficulties in their analysis by SDS-PAGE. Alhydrogel®

exhibited a conjugation efficiency of 103.7 ± 0.4% for Bet v 1 and 97.0 ± 0.3% for BM4
from the Bradford assay. Similarly, we attained 99% efficiency with both allergens from the
BCA assay (Figure 2). Furthermore, the conjugation efficiency of both candidate allergens
and the particles was confirmed qualitatively by the changes in the zeta potential. Upon
conjugation of the allergens to SiO2 NPs or Alhydrogel®, we observed a more positive
zeta potential compared to the pristine NPs (Table 2). This further confirms the effective
conjugation of the allergens. From all these data, it can be concluded that the conjugation
efficiency of allergens with both candidate NPs is quite different. From previous reports,
Alhydrogel® adsorbs proteins dominantly through ligand exchange and by electrostatic
interactions [29], whereas SiO2 NPs adsorb proteins mainly by hydrophobic and electro-
static forces [30,31]. As both model allergens have a pI of around 5 (Bet v 1, 5.4; BM4,
5.6), they exhibit a negative net charge at pH 7.4 [32]. Alhydrogel® displays a strongly
positive zeta potential, which further indicates the possible role of strong electrostatic
interactions leading to the increased conjugation efficiency in Alhydrogel®. Furthermore,
the network of nanofibrillary structures of Alhydrogel® can create more binding sites for
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the protein compared to the highly monodisperse spherical SiO2 NPs used as model NPs
here (Figure 1). SiO2 NPs exhibit a negative zeta potential at neutral pH. Thus, theoretically
the role of electrostatic interactions should be negligible or repulsive in SiO2 NPs. However,
there are reports indicating the adsorption of proteins to equally charged surfaces [33].
Even though a protein exhibits an overall negative charge, it can have local positively
charged surface patches [34]. These areas in the allergen can attract the negatively charged
SiO2 NPs, leading to weak attractive electrostatic interactions resulting in effective protein
conjugate formation.
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Figure 2. Conjugation efficiency of particulate systems. The quantitative analysis of percentage of
allergen bound to SiO2 NPs and Alhydrogel® was performed by SDS-PAGE, Bradford assay and BCA
assay. A 100% conjugation efficiency here represents a conjugation of the total amount of allergen
taken for the experiment (160 µg/mL).

Table 2. Zeta potential of the particles and particle–allergen conjugates determined by DLS.

Sample Zeta Potential (mV)

SiO2 NPs −38.9 ± 2.8
SiO2 NPs + Bet v 1 −25.7 ± 5.8
SiO2 NPs + BM4 −19.2 ± 5.5

Alhydrogel® +18.0 ± 1.5
Alhydrogel® + Bet v 1 +31.2 ± 1.2
Alhydrogel® + BM4 +32.3 ± 1.4

2.3. Conjugation of Allergens Decreases Their Proteolytic Stability

The structural stability of proteins can affect the major molecular events leading to
an immune response, from uptake to antigen presentation, thereby exerting a significant
impact on the immunogenicity of the administered vaccine [35,36]. As an initial method
to understand the structural integrity of the conjugated protein, we determined the prote-
olytic stability of the allergens conjugated to SiO2 NPs and Alhydrogel® by comparing the
degradation kinetics, using microsomal extracts of an immortalized murine dendritic cell
line (JAWS II). The microsomal extracts are composed of several exo- and endoproteases
which include cathepsin S, D, K and L and legumain, amongst others [37]. These proteases
proteolytically process the protein antigens to smaller peptides for their presentation by
MHC molecules. Initially, we confirmed that the conjugation of SiO2 NPs and Alhydrogel®

did not inhibit the activity of proteolytic enzymes by an enzymatic assay (Figure S2). Fur-
thermore, the stability of allergen–NP conjugates in the microsomal degradation assay was
verified (Figure S3). We observed that conjugation of allergens to both candidates increased
the proteolytic susceptibility of the allergen. Bet v 1 bound to SiO2 NPs and Alhydrogel®
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was proteolytically cleaved much faster than the unconjugated allergen (Figure 3A,B). With
BM4, we observed a similarly increased degradation upon conjugation (Figure 3A,B). This
observation was further confirmed by simulating in vitro endolysosomal processing using
recombinant human cathepsin S, a prominent endolysosomal cysteine protease (Figure S3).
In accordance with the former results, a similar trend in the kinetics of degradation was
evident. Subsequent analysis of the peptides derived from the endolysosomal degrada-
tion using liquid chromatography-mass spectrometry (LC-MS) resulted in qualitatively
identical degradation patterns (Figure 4). However, we could observe a large diversity
in the peptides generated for the conjugated samples. Interestingly, alterations in the
kinetics of proteolytic processing also prompted the generation of more peptides in the
immunodominant T cell epitope region [38] (Figure 4, highlighted in gray). For the quanti-
tative analysis of the peptides, we grouped the generated peptides into eight main clusters
based on the qualitative data and calculated the percentage of relative abundances for each
peptide cluster (Figure 5). The conjugation of allergens to both particle systems clearly
affected the rate of peptide production in different ways. Conjugation of both allergens
to SiO2 NPs significantly increased the relative abundance of peptides in clusters 1 and 8
compared to the unconjugated allergen. However, in Alhydrogel®, we observed this shift
towards peptide clusters 2 and 3 (Figure 5). The increased rate of core peptide production
in cluster 8, thus, resulted in a more efficient generation of the immunodominant T cell
epitope in the case of SiO2-conjugated allergens. However, the increased or decreased
peptide abundance in other clusters was, immunologically, not as significant as cluster 8.
Even though both particles showed identical processing patterns, there is a deviation in
their relative abundance of peptides. The fold or conformational stability of allergens has
previously been shown to have a huge impact on the processing and immunogenicity of
allergens [39]. Thus, the increased proteolytic processing of allergens upon conjugation
to particles may be due to a change in the conformational stability of the allergens, and
the deviation in the relative abundance of peptide clusters may indicate alterations in the
interaction of allergens with the two different particulate systems, leading to differences in
preferential exposure to the proteolytic enzymes.
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Figure 3. Impact of allergen conjugation to particles on the kinetics of allergen processing. (A) Comparison of the processing
behavior of allergens conjugated to the particulate systems and the unconjugated allergens by assessing their proteolytic
degradation at 37 ◦C for different time points (0, 0.5, 1, 3, 6, 12, 24 and 48 h) using the microsomal extracts from JAWS II
determined by 15% SDS-PAGE and Coomassie staining (left panel denotes samples with Bet v 1 and right panel those with
BM4), and (B) densitometric analysis of their proteolytic stability with Image lab 4.01 software (left panel denotes samples
with Bet v 1 and right panel those with BM4).
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2.4. Changes in the 3D Fold of the Allergen upon (Nano)Particle Conjugation

The proteolytic resistance of allergens depends on their structural integrity; thus, a
partial or complete unfolding of the allergen can make it more susceptible to proteolytic
enzymes. The proteolytic cleavage sites for Bet v 1 are mostly located within its secondary
structures, thus making Bet v 1 relatively proteolytically resistant [40,41]. Therefore, we
investigated if the conjugation of the allergens to SiO2 NPs or Alhydrogel® changed
the conformational stability of both model allergens. From the circular dichroism (CD)
spectroscopy data, it was evident that conjugation to SiO2 NPs induced conformational
changes in the allergens (Figure S5). The deconvoluted CD spectra indicated that upon
conjugation to SiO2 NPs, the allergen significantly lost its alpha-helical structures, as seen
in the case of Bet v 1, whereas in the case of BM4 (partially unfolded allergen), it induced a
partial stabilizing effect in the alpha-helical content (Figure 6A). This may be due to the
interaction of the positively charged amino acid residues in both the allergens with the
negatively charged surface of SiO2 NPs. In the case of Alhydrogel®, we observed that
the alpha-helical structures were relatively stable, whereas there was notable depletion
in the beta structures in both model allergens. However, in the case of BM4, an apparent
re-folding effect was observed, as indicated by an increase in the alpha-helical content
(Figure 6A). Thus, we hypothesize that in a well-folded allergen (Bet v 1), the interaction
disrupts the fold stability, while in a molten globule-like allergen (BM4), the interaction
with particles partially induces fold stabilization, as indicated by the increase in beta
structures in BM4 conjugated to SiO2 NPs and alpha structures in Alhydrogel®. The
distinct stabilizing effects on BM4 by the two types of particles are intriguing and may
occur due to the differently charged surfaces of SiO2 NPs and Alhydrogel®. The observed
beta-stabilizing effect in BM4 by SiO2 NPs may result from their high curvature and their
potential for electrostatic interactions, whereas in Alhydrogel®, the interaction stabilizes
the alpha-helical content of BM4 with a concomitant decrease in the beta structure content.
We observed that the negatively charged SiO2 NPs induced a relative destabilization of the
alpha-helical structures in both Bet v 1 and BM4, suggesting that the interaction tends to
distort the alpha helices in the protein. Conversely, the positively charged Alhydrogel®

repels the alpha helices and attracts the beta structures, thereby destabilizing the beta
structures and stabilizing the alpha helices. To further confirm this observation, we carried
out infrared spectroscopy, which, in general, is more sensitive to the beta structures of
proteins. The results additionally verify that the conjugation of allergens to SiO2 NPs did
not alter the beta structures (Figure 6B). However, in the case of allergens conjugated to
Alhydrogel®, interpretation of the data was not possible as Alhydrogel® interfered with the
results by exhibiting a strong peak similar to the allergen in the amide I region (Figure S6).
The anilino-napthalene sulfonic acid (ANS) fluorescence spectroscopy data reveal that
conjugation to SiO2 NPs decreased the fluorescence intensity at least two-fold, which
is an indication that the interaction of the allergens with the SiO2 NPs further prevents
the accessibility of hydrophobic regions of Bet v 1. Bet v 1 in its native state exhibits a
solvent-exposed hydrophobic cavity favoring the binding of ANS [42]. In the case of the
molten globule-like allergen (BM4), conjugation to SiO2 NPs led to a slight decrease in
the fluorescence intensity, whereas in Alhydrogel®, the fluorescence intensity increased to
a level seen in native Bet v 1, which suggests that conjugation induces a stabilization of
the correctly folded allergen (Figure 6C). This may be an indication that SiO2 NPs interact
with positive charges in the C-terminal alpha helix of Bet v 1 in close proximity to the
solvent-accessible hydrophobic cavity.

The conjugation of the well-folded allergen Bet v 1 to SiO2 NPs or Alhydrogel®

resulted in fold destabilization (at pH 7.4). During the process of allergen processing, these
candidates are subjected to further chemical or physical stress. This includes a change in pH
(acidic environment in the endolysosomes). It is obvious that the change to a more acidic
environment can further pose chemical stress to the allergens and thereby induce further
destabilization or unfolding of the allergen, making it more accessible for proteases [43].
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2.5. Structural Integrity of T Cell and IgE Epitopes

The conformational stability of allergens has been reported to alter their allergenicity
and immunogenicity [35]. We, therefore, sought to investigate if the changes in the fold
stability of the allergens upon conjugation resulted in any differences in the immunological
properties of the allergens. We determined T cell activation using a dominant T cell epitope
recognizing T cell hybridoma by measuring the concentration of secreted interleukin (IL)-2,
a cytokine indicative of T cell proliferation, but we could not detect any significant differ-
ences between the conjugated and the unconjugated allergens. However, we observed a
tendency for an increase in the IL-2 concentration when conjugated to SiO2 NPs. This in-
crease most likely resulted from the activation of T cells by SiO2 NPs alone (Figure S7). This
observation also corresponds to the appearance of more peptides in the immunodominant
T cell epitope cluster (Figures 4 and 5). Even though the conjugation affected the 3D fold of
the allergens, it did not drastically affect the integrity of T cell epitopes. This confirms the
functional integrity of T cell epitopes in both conjugated forms (Figure 7A). Decreased fold
stability of an allergen can also lead to the loss of conformational epitopes. This property
has been applied for hypoallergenic variants, where the T cell epitope is still intact and
functional, whereas conformational B cell epitopes recognized by IgE are reduced [44,45].
We investigated the integrity of IgE epitopes by a mediator release assay using a humanized
rat basophil leukemia cell line assay. As shown in Figure 7B, conjugation of both allergens
to SiO2 NPs did not change their capacity to crosslink cell-bound IgE. However, allergens
conjugated to Alhydrogel® significantly reduced their IgE crosslinking capacity compared
to the unconjugated allergens. Thus, we could confirm that the surface structure of the
SiO2 NP-conjugated allergens resembled the native Bet v 1, whereas in Alhydrogel®, it was
significantly altered or blocked by Alhydrogel® binding. The IgE epitope binding in Bet v
1 has been established to be strongly conformation-dependent [46]. There are also reports
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on amino acids that may be involved in the recognition of IgE antibodies. This includes
amino acids E42, N43, I44, E45, G46, N47, G48, G49, P50, G51 and T52, and R70, D72, H76,
I86 and K97 [47,48]. These amino acids are predominantly located in the beta structures of
Bet v 1. In the case of SiO2 NPs, the beta structures are stabilized, whereas in Alhydrogel®,
they are distorted and electrostatically attracted, i.e., blocked. It is likely that this distortion,
and potential blockage, of beta structures is the reason for the decreased IgE crosslinking.
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Figure 7. Immunologic properties of conjugated allergens. (A) The integrity of the dominant T cell
epitope was determined as the concentration of IL-2 (indicator of T cell activation) released from
T cell epitope-recognizing T cell hybridoma (panel on the left shows particulate systems with Bet
v 1 and that on the right those with BM4). (B) The integrity of IgE epitopes was determined by
mediator release assay using a humanized rat basophil leukemia cell line (panel on the left shows
particulate systems with Bet v 1 and that on right those with BM4). Values are expressed as the protein
concentration required to attain half-maximal release compared to the maximum release attained
with 10% Triton X-100. Stars indicate the significance of difference in the protein concentration for
half-maximal release: *** p < 0.0001, * p < 0.01.

3. Materials and Methods
3.1. Patients and Sera

Sera from birch pollen-allergic patients were collected for the mediator release assay
and were selected (n = 10) based on their allergen-specific IgE reactivity. The procedure was
approved by the local ethics committees of the Medical University and General Hospital of
Vienna (No. EK1263/2014) and Salzburg (No. 415-E/1398/4-2011).
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3.2. Synthesis and Physicochemical Characterization of SiO2 NPs

SiO2 NPs were synthesized by the microemulsion method using tetraethylorthosilicate
(TEOS) (Sigma, Darmstadt, Germany) as the precursor, as previously described [49]. A
detailed description of the synthesis can be found in the Supplementary Materials File.
Alhydrogel® was purchased from Brenntag, Germany. The size distribution, polydispersity
index and zeta potential of particulate systems were determined using dynamic light
scattering (Malvern Zetasizer Nano ZS, Malvern instruments Ltd., Malvern, UK) and
nanoparticle tracking analysis (NanoSight LM10, Malvern instruments Ltd., Malvern,
UK). The morphology of the particulate systems was observed by a transmission electron
microscope (EM 910, Zeiss, Oberkochen, Germany; JEM F-200, JEOL, Freising, Germany).
The average primary particle size of the SiO2 NPs was calculated from the TEM images by
utilizing 30 particles.

3.3. Determination of the Efficiency of Conjugation

Two recombinant pollen allergens, Bet v 1.0101 and BM4 (hypoallergenic variant of
Bet v 1), were chosen as the model allergens for this study. Both allergens were produced
and characterized in our laboratory according to previously published protocols [24,50].
NPs and Alhydrogel® (2 mg/mL) were incubated with 160 µg/mL of allergens in an
isotonic environment by maintaining a pH of 7.4 and a temperature of 4 ◦C for 17 h on a
rotator. After incubation, the samples were centrifuged at 18,000× g for 1 h at 4 ◦C, and
the supernatant and pellet were separated. The obtained pellet was then washed with
endotoxin-free water to remove the unbound proteins. The protein content of the pellet
was determined by SDS-PAGE by successfully separating the allergen bound to the NPs
using a reducing buffer, whereas the supernatant was analyzed by colorimetric protein
assays, which included Bradford and BCA assays (Sigma-Aldrich, St. Louis, MI, USA). The
supernatant was also quantified using SDS-PAGE, and the amount of adsorbed allergen
was back-calculated from the value obtained. The identity of the allergens was confirmed
using standard molecular weight markers, while the quantity of adsorbed allergens was
determined by comparing the intensity of the bands of the samples with the standard
allergen concentration after Coomassie brilliant blue R250 staining (Bio-Rad, Irvine, CA,
USA). The absolute quantity of adsorbed allergens was calculated using the quantity
tool function of Image lab 6.01 software. The efficiency of conjugation was calculated by
determining the percentage of allergen bound to the NPs. Furthermore, allergen corona
formation was qualitatively confirmed by DLS.

3.4. Simulation of In Vitro Endolysosomal Degradation Using Microsomes

The endolysosomal degradation assay was performed with SiO2 NPs and Alhydrogel®

conjugated to both model allergens and compared to unconjugated allergens, as previously
described [37,51]. The samples containing 5 µg equivalent allergen were incubated with
7.5 µg of microsomal extract of JAWS II (American Type Culture Collection, Manassas,
VA, USA) in 0.1 M citrate buffer pH 4.8 and 2 mM Dithiothreitol (DTT) for 0, 0.5, 1, 3,
6, 12, 24 and 48 h at 37 ◦C. At the end of incubation, the digestion was halted by incu-
bation of samples at 95 ◦C for 5 min. The intact protein after different time points was
analyzed by SDS-PAGE and quantitatively determined using Image lab 6.01 software.
The proteolytic stability of conjugated allergens was compared with the unconjugated
allergens. The quantitative amount of allergen at the zero time point was considered
as 100%. The abundance of generated peptides obtained after 1 h of digestion was fur-
ther analyzed by mass spectrometry (MS) using a Q-Exactive Orbitrap Mass Spectrom-
eter (Thermo Fisher Scientific, Waltham, MA, USA), nanoelectrospray ionization and
nano-HPLC (Dionex Ultimate 3000, Thermo Fisher Scientific) [35]. The MS data were
qualitatively analyzed using MS Tools software [52]. Furthermore, the generated MS
data were quantitatively analyzed by calculating the relative abundance of the generated
peptides at 1 h of degradation. This was achieved by clustering the obtained peptide
sequences into 8 groups according to their amino acid sequence. For Bet v 1, the clusters
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are cluster 1: GVFNYETETTSVIPAARLFKAFILD, cluster 2: FKAFILDGDNLFPKVAPQA2,
cluster 3: ILDGDNLFPKVAPQAISSVENIEGNGGPGTIKKISFPEGFPFK, cluster 4: YVK-
DRVDEVDHTNFK, cluster 5: YNYSVIEGGPIGDTLEKISN, cluster 6: GDTLEKISNEIKIVAT-
PDGGSILKISN, cluster 7: KAEQVKASKEMGETL and cluster 8: GETLLRAVESYLLAHS-
DAYN. Similarly, for BM4, the clusters include cluster 1: GVFNYETETTSVIPAARLFKAFILD,
cluster 2: FKAFILDGDNLFPKVAPQA2, cluster 3: ILDGDNLFPKVAPQAISSVENIEG-
NGGPGTIKKISFPEGFPFK, cluster 4: YVKDRVDEVDHTNFK, cluster 5: YNYSVIEGG-
PIGDTLEKISN, cluster 6: GDTLEKISNEIKIVATPSGSTIKSISN, cluster 7: KAEQVKASKEMGETL
and cluster 8: GETLLRAVESYLLAHSDAYN. The peak areas of each cluster were calculated
by summing up the sequences appearing under each cluster, and this was expressed in
percentage by counting the total sum of the peptide sequences.

3.5. Evaluation of the Changes in the Protein Structure

The changes in the conformation of the proteins with allergen–(nano)particle con-
jugation were determined by techniques such as ANS spectroscopy, circular dichroism
spectroscopy and Fourier transform infrared spectroscopy (FTIR). The changes in the
accessibility of hydrophobic regions of allergens when bound to particles were monitored
by using the fluorescent probe ANS. The samples (SiO2 NPs and Alhydrogel® conjugated
with both model allergens) and controls (unconjugated allergens) at a concentration of
19 µM (90 µL) were incubated with 1 mM of ANS (10 µL). The fluorescence intensity was
measured after 30 min using an Infinite M200 Pro plate reader (Tecan, Grödig, Austria).
The excitation wavelength was set at 370 nm, and an emission scan was performed from
450 to 550 nm. For CD spectroscopy, samples (Alhydrogel® and SiO2 NPs with BM4 and
Bet v 1 and unconjugated allergens) were diluted to a concentration of 0.12 mg/mL using
10 mM sodium phosphate buffer, pH 7.4, and the ellipticity was measured with a JASCO
J-815 spectropolarimeter fitted with a PTC-423S Peltier-type single position cell holder
(Jasco, Tokyo, Japan) over the wavelength range of 190 to 260 nm. The CD spectra obtained
were deconvoluted using Bestsel software [53]. The changes in protein structure were
confirmed using FTIR where the spectra in the range of the amide I and amide II peaks
(1500–1700 cm−1) were recorded at a constant temperature (25 ◦C) using a Bio-ATR II
transmission cell adapted to a Tensor II FTIR system (Bruker Optics, Bremen, Germany).
Protein concentrations of 1.0 mg/mL were used for the measurement. The analysis of
the software was accomplished by using OPUS spectroscopy software 6.0 (Bruker Optics).
The second derivative of the amide I vibration was calculated after vector normalization
(25 smoothing points) using the Savitzky–Golay algorithm [46].

3.6. Determination of the Structural and Functional Integrity of T Cell Epitope by T Cell
Activation Assay

To determine the structural and functional integrity of the T cell epitopes of the
conjugated allergens to SiO2 NPs or Alhydrogel®, a T cell activation assay was performed.
SiO2 NPs and Alhydrogel® bound to both model allergens along with unconjugated
allergens, as controls, were incubated with murine bone marrow-derived dendritic cells
(BMDCs) from BALB/c mice at a concentration of 10 µg/mL or 5 µg/mL for a defined
period of 16 h. After incubation, BMDCs were washed and cocultured with CD4+ T
cell hybridoma cells specific for the immunodominant epitope of both proteins (amino
acids 142-153) in a ratio of 1:10 for 16 h. The supernatants were harvested, and the
concentration of IL-2 release was measured by ELISA (ELISA MAXTM standard set mouse
IL-2, Biolegend, CA, San Diego, USA). To avoid the variability within repeated experiments,
the concentration of IL-2 release was normalized to unconjugated Bet v 1 and BM4.

3.7. Determination of the Structural and Functional Integrity of IgE Epitopes by Mediator Release
Assay

To determine the structural and functional integrity of the IgE epitopes of the allergens
when conjugated to SiO2 NPs or Alhydrogel®, a mediator release assay was performed [54].
Human high-affinity IgE receptor (FcεRI)-transfected rat basophilic leukemia cells (RBL-
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2H3) were sensitized with the sera (containing allergen-specific IgE antibodies) of birch
pollen-allergic patients overnight at 37 ◦C, 5% CO2. Sera from birch pollen-allergic patients
were selected (n = 10) based on their allergen-specific IgE reactivity. All of the patients’ sera
were preincubated with AG-8 cells (ATCC, Germany) in order to deactivate the complement
system. After incubation, cells were washed with Tyrode’s buffer (9.5 g/L Tyrode’s salts
(Sigma), 1 g/L sodium bicarbonate and 0.1% (w/v) BSA) and incubated with either SiO2
NP- or Alhydrogel®-bound model allergens as well as the unconjugated allergen controls
for 1 h at 37 ◦C, 5% CO2. The concentrations of allergens used for the assay ranged from
10,000 to 0.0001 ng/mL (8 serial dilutions). After the incubation time, the supernatants were
collected, and the fluorogenic substrate 4-methyl umbelliferyl-N-acetyl-β-glucosaminide
(Sigma-Aldrich, St. Louis, MO, USA) was added. The release of β-hexosaminidase into
the supernatant cleaves the fluorogenic substrate, leading to fluorescence. The reaction
was stopped after 1 h using 0.2 M glycine buffer pH 10.7. The fluorescence intensity
was measured at an excitation wavelength of 360 nm and emission at 440 nm, and the
percentage of release was calculated by comparing it with the maximum release attained
with 10% Triton X 100 (Sigma-Aldrich). The viability of the cells was confirmed with an
MTT assay. The results were statistically evaluated by ANOVA followed by a Bonferroni
post hoc test. A p value greater than 0.05 was considered as not statistically significant.

4. Conclusions

In this study, we utilized an in vitro test strategy that is suitable to analyze antigens
at the material interface during the early stage of product development. The strategy
comprises biophysical methods and functional assays to understand the structural in-
tegrity of proteins, using allergens as models here, at the particle surface. Our findings
indicate the dominant role of electrostatic interactions in modulating protein–particle
interaction, and we were able to prove that both particulate systems induced structural
alterations in the model allergens. These changes significantly altered the immunological
response, as confirmed by the biophysical and functional assays. This is a strong indication
that the structural stability of antigens should be thoroughly investigated in the initial
stages of nanovaccine development. In our study, when we compared the safety of the
two particulate systems, the results revealed Alhydrogel® was still a better candidate for
allergen-specific immunotherapy, as it exhibited a decreased IgE crosslinking potential,
which is an indication of lower adverse effects. Furthermore, it showed better conjugation
efficiency putatively due to its nanofibrillar, highly agglomerated and polydisperse state.
For SiO2 NPs, IgE crosslinking was similar to the unconjugated allergen, thereby indicating
a risk of adverse effects during allergen-specific immunotherapy. However, fine-tuning of
these NPs through surface functionalization could potentially attenuate this fold destabi-
lization effect, thereby maintaining structural integrity. This could be a desirable property
for other types of nanovaccine development. Thus, our early decision toolbox can readily
be employed to compare an array of different NP and/or antigen candidates.

In summary, we herein described an early-stage in vitro test strategy applied for nano-
material candidates for use as adjuvants and/or carriers of allergens, but which can also be
applied for other diverse antigens in nanovaccine development, allowing fine-tuning of
the nanovaccine properties in order to achieve a desired immune response. This approach,
integrated early into the development process, can contribute to the establishment of safe
and efficacious nanovaccines in a cost-effective and time-efficient manner and, thus, aid
safe-by-design approaches in nanovaccine innovation.
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Abstract: The pandemic caused by the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
has upended healthcare systems and economies around the world. Rapid understanding of the
structural biology and pathogenesis of SARS-CoV-2 has allowed the development of emergency
use or FDA-approved vaccines and various candidate vaccines. Among the recently developed
SARS-CoV-2 candidate vaccines, natural protein-based nanoparticles well suited for multivalent
antigen presentation and enhanced immune stimulation to elicit potent humoral and cellular immune
responses are currently being investigated. This mini-review presents recent innovations in protein-
based nanoparticle vaccines against SARS-CoV-2. The design and strategy of displaying antigenic
domains, including spike protein, receptor-binding domain (RBD), and other domains on the surface
of various protein-based nanoparticles and the performance of the developed nanoparticle-based
vaccines are highlighted. In the final part of this review, we summarize and discuss recent advances
in clinical trials and provide an outlook on protein-based nanoparticle vaccines.

Keywords: SARS-CoV-2; protein nanoparticles; vaccines; nanovaccine; nanomedicine; protein-
based nanotechnology

1. Introduction

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2), which first appeared in Wuhan, Peo-
ple’s Republic of China, in late 2019 and has since spread around the world, resulting
in a pandemic [1,2]. The SARS-CoV-2 pandemic has disrupted global public health and
economies in 216 countries, with over 49 million deaths since 29 December, 2019 [3].

Among the recently developed vaccine candidates for SARS-CoV-2, natural protein-
based nanoparticles that can confer stronger and broader protective immunity have been
shown to be effective [4–14]. A recent phase 3 clinical trial has demonstrated the Novavax
vaccine, a recombinant nanoparticle vaccine made of a stabilized form of the coronavirus
spike (S) protein, to be safe with an efficacy of 89.7% [15,16]. Additionally, ferritin-based
protein nanoparticles presenting the SARS-CoV-2 S protein are entering phase 1 clinical
trials (NCT04784767). These nanoparticle-based vaccine technologies can enhance the
immunogenicity and stability of soluble antigens by multivalent antigen display on their
surface [17–23]. They can facilitate numerous immunological processes, including the
efficient delivery of antigens to lymph nodes, retention of follicular dendritic and helper
T cells, and generation, activation, and expansion of B cells, including memory B cells
and long-lived plasma cells [18,24–34]. In particular, protein-based nanoparticles have no
special biosafety environmental issues in their manufacturing procedures and potentially
greater accessibility to the public with reduced production costs [12,35–39]. Thus, protein-
based nanoparticles have been widely used as a delivery platform for various vaccines
and drugs. A more detailed description of the biological function, structure, and geometry
of various protein nanoparticles and their application in nanomedicine, including the
development of other vaccines, are described in excellent recent reviews [40–46].
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This review mainly focuses on recent innovations in protein-based nanoparticle vac-
cines for protection against SARS-CoV-2 (Figure 1). First, the design and strategy of
displaying antigenic domains, including S protein, receptor-binding domain (RBD), and
other domains, into various protein nanoparticles are discussed. The performance of
these engineered protein nanoparticle vaccines for protection against SARS-CoV-2 in mice,
human angiotensin-converting enzyme 2 (ACE2) transgenic mice, rabbits, hamsters, ferrets,
and macaques, and their ability to protect against other viruses in the Coronaviridae family
is highlighted. Finally, we present a summary and perspective of recent advances in protein
nanoparticle vaccines involving clinical trials.

Figure 1. Application of protein nanoparticles (PN) that elicit severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2)- and SARS variant-specific immune response: (A) methods for ligating
PN components, nanoparticles, and immunogens based on covalent (SpyCatcher/SpyTag, recom-
binant DNA, and sortase-mediated bonding) and non-covalent (streptavidin/biotin) interactions;
(B) schematic structure of the SARS-CoV-2 spike (S) protein; (C) type of immunogen applications for
displaying PNs from the partial epitope region of SARS-CoV-2 to other types of receptor-binding
domains (RBDs) and S proteins; SPY C/T, SpyCatcher/SpyTag; HR, heptad repeat.

2. S Protein Domain-Conjugated (Presenting) Protein Nanoparticles

SARS-CoV-2 is a positive-strand genomic RNA virus, and its RNA encodes non-
structural proteins such as proteases and RNA polymerase and major structural proteins,
including nucleocapsid, membrane, envelope, and S protein [47]. SARS-CoV-2 has a similar
cell entry mechanism to other coronaviruses. The S protein protruding from the viral
surface mediates host cell receptor recognition, viral attachment, and entry into the host
cell via the formation of a trimeric hairpin structure [7]. The S protein mainly consists
of S1 and S2 domains. First, the S1 domain binds to the ACE2 receptor on human cell
surfaces through its RBD. Then, the S1 domain is cleaved by the host cellular protease
furin, followed by the mediation of fusion of the viral envelope and host cell membrane
by the S2 domain through its heptad repeat 1 (HR1), heptad repeat 2 (HR2), and fusion
peptide domain. Therefore, the S protein is an ideal target for vaccine development due to
its biological functions, and most of the currently developed vaccines against SARS-CoV-2
mainly target the S protein as an immunogen.

Powell et al. first reported S protein-conjugated protein nanoparticles based on
Helicobacter pylori ferritin (Table 1) [48]. H. pylori ferritin self-assembles into 24 multimeric
spherical nanoparticles approximately 12 nm in size [49]. Primarily, three-fold symmetric
axes of the ferritin N-terminus have been used to display trimeric complexes, including
surface glycoprotein antigens such as human immunodeficiency virus-1 (HIV-1) and the
Epstein–Barr virus [12,36]. Using a similar approach, the full-length S protein or a C-
terminal 70 amino acid-deleted S protein was genetically fused to the N-terminus of H. pylori
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ferritin and successfully produced in human Expi293 cells. Cryogenic electron microscopy
(cryo-EM) images showed S protein-displaying nanoparticles, and two-dimensional class
averages and single-particle analysis confirmed that the octahedral nanoparticles had eight
trimeric S antigens on their surfaces. The S protein-displaying nanoparticles with Quil-
A/monophosphoryl lipid A successfully elicited a more consistent neutralizing antibody
response compared with that with a trimeric form of S protein using the trimeric coiled-coil
protein GCN4 and higher S-pseudotyped viral neutralizing titers than those in convalescent
COVID-19 patient plasma, even in a single dose.

Table 1. Summary of advances in protein nanoparticle vaccines for severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2).

Nanoparticle Immunogen In Vivo Model Adjuvant Route Dose (µg) Infection Ref.

Ferritin
(Bullfrog and

Helicobacter pylori)

S protein
RBD protein

RBD protein and
N-terminal

domain

BALB/c mouse
C57BL/6 mouse

K18-hACE2 mouse
ALFQ or

Alhydrogel Intramuscular 0.08–10 Intranasal
(1.25 × 104 PFU) [13]

S protein C57BL/6 mouse ALFQ or
Alhydrogel Intramuscular 10 N/A [50]

S protein Rhesus macaque ALFQ Intramuscular 5–50
Intranasal and
Intratracheal

(1.00 × 106 TCID50)
[51]

RBD protein Ferret AddaVax Intramuscular 15 Intranasal
(1.00 × 105–1.00 × 106

TCID50)
[7]Intramuscular

and
Intranasal

Ferritin
(Helicobacter pylori) RBD protein

Cynomol
gusmacaque 3M-052 and

Alhydrogel Intramuscular 100 Intranasal and
Intratracheal

(1.00 × 105 PFU)
[52]

Rhesus macaque

RBD protein and
HR domain

BALB/c mouse Sigma Adjuvant
System

Subcutaneous 10 Intranasal
(4.00 × 104 FFU) [35]C57BL/6

mouse(hACE2
transgenic)

Rhesus macaque Intramuscular 50
S protein C57BL/6 mouse Sigma Adjuvant

System
Subcutaneous 20 N/A [53]Syrian golden

hamster Intramuscular 100 Intranasal
(1.99 × 104 TCID50)

S protein BALB/c mouse Quil-A
and MPLA Subcutaneous 0.1–20 N/A [48]

Ferritin
(Pyrococcus furiosus) RBD protein C57BL/6 mouse CpG 1826 Subcutaneous 12.3–30.7 N/A [54]

I53-50
(Artificial) S protein

BALB/c mouse Poly(I:C) Subcutaneous 13 N/A [55]New Zealand
white rabbit

Squalene
emulsion Intramuscular 39

Cynomolgus
macaque MPLA liposome Intramuscular 50

Intranasal and
Intratracheal

(1.00 × 106 PFU)

RBD protein BALB/c mouse AddaVax Intramuscular 0.9–5
Intranasal

(1.00 × 105 PFU) [56]
Kymab Darwin

mouse N/A

Mi3
(Artificial)

RBD protein
(4a, 4b, or 8) BALB/c mouse AddaVax Intraperitoneal 5 N/A [57]

MS2
(Emesvirus zinderi) S protein Syrian golden

hamster Alhydrogel Subcutaneous 60 Intranasal
(1.00 × 103 PFU) [58]

Dps
(Sulfolobus islandicus)

RBD protein C57BL/6J mouse
CpG 1668 Subcutaneous

25–50 N/A
[59]K18 mouse

(hACE2 transgenic) 25 Intranasal
(1.00 × 104 PFU)

S protein C57BL/6J mouse 25–50 N/A
Nucleocapsid

protein C57BL/6J mouse 25–50 N/A

I3-01v9
(Artificial) S protein

BALB/c mouse AddaVax or
Adju-Phos Intraperitoneal 50 N/A [60]E2p

(Geobacillus
sterothermophilus)

S protein

Ferritin
(Helicobacter pylori)

S protein
RBD protein
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Table 1. Cont.

Nanoparticle Immunogen In Vivo Model Adjuvant Route Dose (µg) Infection Ref.

Bann
(Tomato bushystunt

virus) RBD protein BALB/c mouse

N/A
Intramuscular,
Intranasal, or

Sublingual
20

(Plasmid) Intranasal
(70 µL of VSV-S

pseudovirus)
[61]AddaVax Intramuscular 100

(protein)
Foldon

(T4 bacteriophage
fibritin)

N/A Intramuscular 20
(Plasmid)

Ferritin
(Bullfrog and

Helicobacter pylori)
N/A Intramuscular 20

(Plasmid)

AaLS
(Aquifex aeolicus) N/A Intramuscular 20

(Plasmid)

I53-50
(Artificial) RBD protein BALB/c mouse

AddaVax or
Sigma Adjuvant

System
Subcutaneous

11.91
N/A [20]Mi3

(Artificial) 9.51
Ferritin

(Helicobacter pylori) 9.34

Abbreviations: ALFQ, army liposome formulation containing QS-21; COVID-19, coronavirus disease 2019; PFU, plaque-forming units;
RBD, receptor-binding domain; Th1, T helper 1 cells; APC, antigen-presenting cells; TCID50, tissue culture infectious dose 50; HR, heptad
repeat; hACE2, human angiotensin-converting enzyme 2; MPLA, monophosphoryl lipid A; sgRNA, subgenomic RNA; 4a, (SARS-CoV-2,
SHC014, RaTG13, Rs4081); 4b, (pang17, RmYN02, Rf1, WIV1); 8, (4a and 4b).

Icosahedral protein nanoparticles with 120 subunits have been computationally de-
signed and developed as vaccines against HIV-1, the respiratory syncytial virus, and in-
fluenza via two-component self-assembly, such as I53-50 and dn5 [10,62,63]. Brouwer et al.
developed a SARS-CoV-2 vaccine based on I53-50 nanoparticles composed of 20 trimeric
(I53.50A.1NT1) and 12 pentameric (I53.50B.4PT1) subunits [55]. I53.50A.1NT1 was geneti-
cally conjugated with the S protein, and the recombinant fusion protein was purified as
a trimeric complex using size exclusion chromatography. Then, the trimeric SARS-CoV-
2 S-I53.50A.1NT1 was incubated with pentameric I53.50B.4PT1, resulting in S protein-
displaying nanoparticles with a diameter of ~30 nm. The multivalent display of the S
protein of I53-50 nanoparticles enhances cognate B cell activation in vitro compared with
a trimeric form of the S protein (SARS-CoV-2 S-I53.50A.1NT1). The S protein-displaying
I53-50 nanoparticles successfully induced neutralizing antibody responses in mice and
rabbit models and S protein-specific B and T cell responses in cynomolgus macaques.
Furthermore, these nanoparticles showed potent protective efficacy against 10- to 100-fold
higher doses of SARS-CoV-2 challenge compared with other studies with reduced viral
subgenomic RNA replication in tracheal and nasopharyngeal swabs.

As SARS-CoV-2 vaccine candidates, other types of protein nanoparticles such as the
coat protein of the RNA bacteriophage MS2, dihydrolipoyl acetyltransferase (E2p) from
Bacillus stearothermophilus, and computationally designed I3-01v9 have been utilized to
display the S protein [45,47]. MS2 consists of 90 homodimers, resulting in 180-subunit
icosahedral nanoparticles with a diameter of ~30 nm. Biotin-fused S protein was added
to the surface of streptavidin-MS2 nanoparticles using streptavidin and biotin-specific
binding systems [58]. Specifically, in addition to a prefusion-stabilized S protein (S2Pro),
which contains two proline substitutions and is mostly used in other studies, Hexapro
(S6Pro), a variant of S2Pro that contains six proline substitutions and higher stability and
expression yield than that of S2Pro, was used in this study. A single immunization of S2Pro-
or S6Pro-displaying MS2 with Alhydrogel (AH) effectively protected Syrian hamsters from
SARS-CoV-2 infection with rapid elimination of the virus in the nasal turbinates and viral
titers more than 150- (S2Pro-MS2) and 700-fold (S6Pro-MS2) lower than those in controls.

Zhu et al. developed various SARS-CoV-2 nanoparticle vaccines using 24-mer ferritin,
60-mer E2p, and 60-mer I3-01v9 [60]. They designed a stable S protein (S2G∆HR2) with
a deleted HR-2 stalk and two substituted glycine residues, and genetically conjugated
S2G∆HR2 with ferritin, E2p, and I3-01v9. Additionally, S2G∆HR2-E2p and -I3-01v9
had genetically fused locking domains and PADRE, a 13-amino acid pan-DR epitope
that activated CD4+ T cells, in their inner cavity. These nanoparticles produced higher
neutralizing antibody responses in mouse models than did soluble full-length SP2 and
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S2G∆HR2, with their average EC50 titers corresponding to their size (ferritin < E2p < I3-
01v9).

A recently developed nanoparticle vaccine called S protein ferritin nanoparticle (SpFN)
developed by the Walter Reed Army Institute of Research of the US Army Medical Research
and Development Command (USAMRDC) is being actively investigated in phase 1 tri-
als [13,50,51]. SpFN was developed by the genetic fusion of prefusion-stabilized S protein
and H. pylori ferritin. First, the efficacy of SpFN was evaluated in a mouse model with two
different adjuvants, AH and army liposome formulation containing QS-21 (ALFQ) [50].
SpFN with ALFQ showed significantly higher recruitment and activation of classical and
non-classical antigen-presenting cells and a T helper 1 cell (Th1)-based cellular response
than SpFN with AH. Moreover, this combination induced a SARS-CoV2 spike epitope
(VNFNFNGL; aa 539–546)-specific polyfunctional CD8+ T cell response and killed the
peptide-pulsed target cells. This epitope is also present in SARS-CoV1, possibly suggesting
the generation of cross-reactive T cells. The vaccination efficacy of SpFN with ALFQ was
further evaluated for potent neutralizing antibody responses and neutralizing activity
against live virus, pseudovirus, and SARS-CoV-2 protection in rhesus macaques [51]. In
this study, SpFN with ALFQ showed a strong cellular immune response, including a
Th1-based S protein-specific CD4+ T cell response and reduced viral titer upon high-dose
SARS-CoV-2 infection in the lung parenchyma and the upper and lower airways. Neutral-
izing activity against authentic and pseudo-SARS-CoV-2 variants of concern (VOC) and
SARS-CoV-1 was induced by vaccination with SpFN. Therefore, the generation of cross-
reactive T cells by SpFN with ALFQ may provide protection against other coronavirus
strains and SARS-CoV-2 VOCs.

3. RBD and Other Domain-Conjugated (Presenting) Protein Nanoparticles

A high-resolution cryo-EM study of the SARS-CoV-2 structure and interface mutation
scanning revealed that the RBD in the S protein of SARS-CoV-2, the key binding interface,
recognizes the ACE2 receptor in host cells [64,65]. Therefore, the RBD domain is being
studied as a promising target for designing candidate SARS-CoV-2 vaccines.

Walls et al. first reported a SARS-CoV-2 nanoparticle vaccine using the RBD do-
main [56]. I53-50, a two-component icosahedral protein nanoparticle, was used to display
the RBD domain. Trimeric I53-50A was genetically fused to the RBD domain with 8, 12,
or 16 glycine and serine flexible linkers to present the native trimeric form of RBD and
mixed with pentameric I53-50B, resulting in a SARS-CoV-2 nanoparticle vaccine displaying
60 copies of RBD on its surface. This nanoparticle vaccine showed an enhanced binding
profile against human ACE2 (hACE2) and physical and antigenic stability compared with
the monomeric form of RBD and the trimeric form of S2Pro. In BALB/c mice and mice with
human immune repertoire (Kymab Darwin mice), strong neutralizing antibody responses
can be induced by I53-50-based nanoparticle vaccines. These nanoparticle vaccines present
potent neutralizing activity against pseudo and live SARS-CoV-2, whereas the monomeric
form of RBD and S2Pro showed little to no neutralizing effect. In particular, although
linker length and antigenic valency do not substantially affect the overall immunogenicity,
RBD I53-50 nanoparticles with 12 and 16 glycine and serine linkers induced 10-fold higher
neutralizing antibody titers and neutralizing activity compared with S2Pro. Furthermore,
RBD-specific germinal center B cells, which are essential for forming a durable B cell mem-
ory, were significantly increased with RBD I53-50 nanoparticle treatment compared with
those with treatment with the monomeric forms of RBD and S2Pro.

Various types of protein nanoparticles of different sizes and antigen valencies are
being compared as potential SARS-CoV-2 vaccine platforms [20,60,61]. Zeng et al. utilized
24-subunit H. pylori ferritin, computationally designed and optimized 60-subunit mi3 and
120-subunit I53-50, and developed three different RBD-displaying nanoparticle vaccines
using a spy catcher (SpyCatcher) and tag (SpyTag) system [20]. The bacteria-derived
SpyCatcher and SpyTag pair efficiently formed covalent bonds by simple mixing. Therefore,
the ligation strategy based on SpyCatcher-SpyTag has been utilized to display HIV, hepatitis
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B virus, and SARS-CoV-2 antigens on the nanoparticle scaffold [30,66]. The produced RBD-
SpyTag in HEK293F cells was incubated with the produced SpyCatcher nanoparticles
in Escherichia coli, resulting in RBD-displaying nanoparticles. The three RBD-displaying
nanoparticles (RBD-ferritin, RBD-mi3, and RBD-I53-50) showed high thermal stability,
which may benefit commercial production and supply. Additionally, they presented
significantly higher binding ability against hACE2 and RBD-specific neutralizing antibody
(CB6) and neutralizing antibody titers in mouse models than monomeric RBD. In particular,
RBD-mi3 and RBD-I53-50 elicited a higher neutralization effect than RBD-ferritin, indicating
that nanoparticle vaccines with higher antigen valency could produce more effective
immune responses.

Other nano-scaffolds, including bann (β-annulus-scaffold peptide from the tomato
bushy stunt virus), bullfrog-H. pylori hybrid ferritin, AaLS (lumazine synthase from Aquifex
aeolicus), and foldon from T4 bacteriophage fibiritin have been investigated and compared
as potential RBD-nano-scaffold plasmid DNA vaccines [61]. As a result, these nano-scaffold
vaccines showed potent neutralizing antibody responses compared with RBD alone. How-
ever, in this study, given that foldon with six copies of RBD elicits stronger neutralization
effects than AaLS with 60 copies of RBD, nano-scaffold sizes and antigen valency on the
surface are not the only main factors contributing to vaccine efficacy. Therefore, bann, a
small scaffolding domain with many antigen valencies, might be an ideal vaccine platform
because of its strongly augmented immune response against the antigen and minimal
antibody response against the nano-scaffold itself compared with those with large scaf-
fold domains.

Currently, owing to the risk of emerging variants of SARS-CoV-2 and other zoonotic
viruses, research into vaccine development and cross-reaction efficacy analysis against other
viruses is being expedited [35,52,57,67]. Haynes et al. developed RBD-displaying ferritin
using the sortase A reaction [52]. RBD with a sortase A donor sequence was conjugated
to H. pylori ferritin with a sortase A acceptor sequence, resulting in 24 RBD-displaying
ferritin nanoparticle vaccines. The nanoparticle vaccine successfully induced neutralizing
SARS-CoV-2 RBD-specific antibody responses and protection against SARS-CoV-2 in a
macaque model. In particular, cross-neutralizing antibody responses against SARS-CoV-2
variants B.1.1.7, P.1, and B.1.351., bat CoV, and SARS-CoV-1 were elicited in macaques
with RBD-ferritin immunization. Similarly, Halfmann et al. designed RBD-conjugated mi3
nanoparticles using SpyCatcher-SpyTag systems and tested their efficacy against various
viruses [67]. The nanovaccine induced potent cross-reactive antibodies against SARS-CoV-
2, SARS-CoV-1, and SARS-CoV-2 variants B.1.1.7, P.1, and B.1.351. Moreover, neutralizing
antibody responses against the above five viruses and important VOC Delta variants
(B.1.617.2) were demonstrated.

In another report, given that 97.9% of patients who recovered from SARS-CoV-2
showed a high IgG-specific antibody titer against the HR domain, ferritin nanoparticle
vaccines have been developed with additional HR-labeled surfaces along with RBD [35].
Based on sequence homology analyses, HR1 and HR2 are more highly conserved than
RBD against three SARS-CoV-2 strains (Wuhan-HU-1, SYSU-IHV, and USA-IA-6399) and
six human pathogenic coronaviruses (SARS-CoV Tor2, Middle East respiratory syndrome-
related coronavirus [MERS-CoV] EMC, human coronavirus [hCoV]-HKU1, hCoV-OC43,
hCoV-NL63, and hCoV-229E), five bat coronaviruses, and two pangolin coronaviruses.
Both RBD- and HR-displaying nanoparticle vaccines elicited cross-reactive neutralizing
antibody responses against SARS-CoV, MERS-CoV, HCoV-229E, HCoVOC43, and RATG13.

Cohen et al. designed heterotypic mosaic nanoparticle vaccines by co-displaying
SARS-CoV-2 RBD with RBDs from other animal coronaviruses to evaluate whether the
heterotypic nanoparticles can elicit cross-reactive antibody responses. They displayed
four or eight of the 12 RBDs on the surface of mosaic nanoparticles using SpyCatcher-
SpyTag ligation. Heterotypic nanoparticle vaccines successfully induced broader anti-
coronavirus responses than homotypic nanoparticle vaccines displaying SARS-CoV-2 RBD
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alone, suggesting that the co-display strategy is advantageous for inducing cross-immunity
against zoonotic sarbecoviruses.

4. Conclusions and Perspectives

Viral vector vaccines from Astra Zeneca and Johnson & Johnson, mRNA-based vac-
cines from Pfizer and Moderna, and inactivated vaccines from Sinovac Biotech have been
distributed worldwide, and hundreds of SARS-CoV-2 vaccine candidates are currently
being evaluated in clinical trials. Among them, recombinant protein subunit vaccines
using S protein or RBD are an attractive alternative to inactivated, viral vector, and mRNA-
based vaccines owing to their track records of safety. However, despite extensive efforts to
develop and apply the S protein or RBD-based subunit as vaccine candidates, their low
immunogenicity remains a hindrance.

Compared with the monomeric form of recombinant S protein subunit vaccines,
nanoparticle-based vaccines provide multivalent S protein or RBD display. This repet-
itive array promotes various immunological events, including robust B cell activation,
memory B cell expansion, and retention of follicular dendritic cells. Therefore, protein
nanoparticle-based vaccines have proven to have enhanced efficacy, neutralizing anti-
body responses, and specific humoral and cellular immune responses at lower doses
than the S protein subunit vaccine. Additionally, inherent stability, the lack of a strict
cold-chain supply, and no special biosafety environment concern in manufacturing proce-
dures with reduced production costs are major advantages of protein nanoparticle-based
SARS-CoV-2 vaccines [38]. Therefore, nanoparticle vaccines against SARS-CoV-2 (IVX-
411) and other viruses (malaria (NCT04296279), Epstein–Barr virus (NCT04645147), and
influenza (NCT03186781; NCT03814720; NCT04579250)) are currently being investigated
in clinical trials.

On the other hand, the protein nanoparticle-based vaccine platform generates strong
cross-reactive immunity against emerging SARS-CoV-2 VOCs and other zoonotic coron-
aviruses such as SARS-CoV and MERS-CoV. Despite mRNA-based vaccines from Pfizer
and Moderna and viral vector vaccines from Astra Zeneca and Johnson & Johnson showing
strong protective efficacy against the original Wuhan-Hu-1 strain (wild-type) and slowing
the infection rate, the recent emergence of rapidly evolving SARS-CoV-2 VOCs, including
Delta and Mu coronavirus variants, presents new challenges. Additionally, two other
zoonotic betacoronaviruses, SARS-CoV and MERS-CoV, have appeared in human popula-
tions over the past 20 years, and the possibility of future potential zoonotic coronavirus
emergence exists, making the next pandemic imminent. From this point of view, protein
nanoparticle-based vaccines allow the development of a next-generation vaccine platform
for protecting against SARS-CoV-2 VOCs and other zoonotic coronaviruses. They could
provide strong protection against the destructive effects of pandemics on the public health
system and economy.
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Abstract: The virucidal activity of a series of cationic surfactants differing in the length and number
of hydrophobic tails (at the same hydrophilic head) and the structure of the hydrophilic head (at the
same length of the hydrophobic n-alkyl tail) was compared. It was shown that an increase in the
length and number of hydrophobic tails, as well as the presence of a benzene ring in the surfactant
molecule, enhance the virucidal activity of the surfactant against SARS-CoV-2. This may be due to the
more pronounced ability of such surfactants to penetrate and destroy the phospholipid membrane
of the virus. Among the cationic surfactants studied, didodecyldimethylammonium bromide was
shown to be the most efficient as a disinfectant, its 50% effective concentration (EC50) being equal to
0.016 mM. Two surfactants (didodecyldimethylammonium bromide and benzalkonium chloride) can
deactivate SARS-CoV-2 in as little as 5 s.

Keywords: SARS-CoV-2; COVID-19; cationic surfactants; virucidal activity; quaternary ammonium
compounds; disinfectants

1. Introduction

The ongoing coronavirus disease (COVID-19) pandemic caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) is the most dramatic public health crisis in the last 100
years. By 30 May 2022, there were over 531 million infected people and 6.3 million deaths
worldwide [1]. Therefore, it is extremely important to use multiple means of controlling the
disease. Although airborne, and droplet transmission are the most common ways of SARS-CoV-2
spreading, contact transmission (through contaminated hands and surfaces touched by infected
persons) also takes place. It was demonstrated that at room temperature SARS-CoV-2 survives
for up to 3–4 days on plastic [2–4] and stainless-steel surfaces [2,3] and for up to 2 days-on glass
and banknotes [3]. To avoid contact transmission, it is necessary to use hand sanitizers and
efficiently disinfect surfaces, especially in public places like hospitals, transport, stores, malls, etc.
At present, most of the hand sanitizers used for SARS-CoV-2 control are represented by alcohol-
based solutions [5]. Some of them (containing alcohol at high concentrations) are flammable;
also, they evaporate rapidly thereby shortening the exposure time; among other disadvantages is
their ability to cause skin drying/cracking [6] and induce contact and atopic dermatitis [7]. As an
alternative, one can consider another commonly used wide class of disinfectants—quaternary
ammonium compounds (quats) [8,9] often called the “workhorses” of modern disinfection [10].
They are non-flammable and some of them (for example, benzalkonium chloride (BAC)) are less
irritating to the skin [5]. Quaternary ammonium compounds exert antiviral effects by disrupting
the lipid bilayer of viral envelopes [5,11] (all coronaviruses, including SARS-CoV-2, belong to
enveloped viruses) [12]. The spike (S) of SARS-CoV-2, responsible for its entry, is an integral
glycoprotein of the lipid membrane of the virions. After binding to its cellular receptor, S-protein
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undergoes conformational changes resulting in the fusion of the cellular and viral membranes.
Virions with damaged lipid membranes cannot enter the cells and initiate the infection. Therefore,
disruption of the virion membrane contributes to SARS-CoV-2 inactivation. Another mechanism
of the antiviral activity of quaternary ammonium compounds consists in their lysosome tropism
and accumulation in lysosomes or endosomes, ultimately blocking viral entry [11].

The most common quaternary ammonium disinfectants are probably BAC, cetylpyri-
dinium chloride (C16Py), and didodecyldimethylammonium chloride/bromide [8]. BAC is
utilized in hand sanitizers, soaps, cleaning wipes, hospital sanitation kits, surface disinfec-
tants [5,10,11], etc. C16Py is widely used in mouthwash, toothpaste, cough lozenges, and
so on [13,14]. The newer fourth-generation quaternary ammonium compounds, referred to
as twin-chain or dialkyl quaternaries (e.g., didodecyldimethylammonium bromide (C12-
C12DMA)), are used for the stabilization of emulsions [15]. They have some advantages
since they remain active in hard water and are tolerant to anionic residues [16].

Even now, little is known about the resistance of SARS-CoV-2 to cationic surfactant-
based common disinfectants. In particular, it was shown that a 0.2 wt% aqueous BAC
solution reduces the infectious titer of SARS-CoV-2 by 3 orders of magnitude in 1 min [5,17];
in another paper [3], it was claimed that SARS-CoV-2 becomes undetectable after 5 min
treatment with a less concentrated (0.1 wt%) BAC. As for the twin-chain cationic surfactant
di-N-decyldimethylammonium chloride (C10-C10DMA), it was shown to reduce SARS-
CoV-2 by almost 5 orders of magnitude at concentrations exceeding 283 mg/L (0.028
wt%) [18]. Moreover, virucidal activity against SARS-CoV-2 was found for the cationic
surfactant C16Py [11,13] in vitro and for a mouthwash with 0.075 wt% C16Py (Colgate
Plax) in vivo [14]. However, none of those studies compared the virucidal activities of the
different cationic disinfectants against SARS-CoV-2.

Therefore, the aim of the present work is to assess the virucidal efficacy against
SARS-CoV-2 for diverse cationic surfactant-based disinfectants and to reveal the role of
their structure (length and number of their hydrophobic tails and type of head) on the
activity. For these studies, we selected the three most common disinfectants based on
cationic surfactants (BAC, C16Py, and C12-C12DMA) as well as their analogs differing in
the length and number of surfactant tails and the structure of hydrophilic head (as depicted
in Figure 1). We believe that the results obtained will help prepare cationic disinfectants of
optimum composition, e.g., for surfaces and hands contaminated with SARS-CoV-2.
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2. Results and Discussion
2.1. Effect of the Surfactant Structure on the Virucidal Efficacy

Comparative studies of the virucidal activity were carried out at fixed surfactant
concentration (0.28 mM) and contact time (1 h). For most of the surfactants (except C12-
C12DMA) the concentration used was below the critical micelle concentration (cmc). The

401



Int. J. Mol. Sci. 2022, 23, 6645

results are summarized in Table 1. They demonstrate that, under those conditions, four
surfactants (C12BAC, BAC, C12-C12DMA, and C16Py) ensure complete inhibition of
the infection (inhibition coefficient IC = 100%) and reduce SARS-CoV-2 titer by 7 orders
of magnitude.

Table 1. SARS-CoV-2 inactivation by 0.28 mM solutions of different cationic surfactants (contact
time 1 h).

Surfactant Abbreviation Hydrophobic Tail
Critical Micelle
Concentration
(cmc), mM

Hydrophile-
Lipophile Balance
(HLB)

Virus Titer
Inhibition
Coefficient IC, %

Control Ac Experiment Ae
Log10 Reduction
A

Benzyldimethyldode-
cylammonium
chloride

C12BAC C12 1.2 * 14.2 ** 7.00 0.00 7.00 100

Benzalkonium chloride BAC C12 (70%),
C14 (30%)

0.37 *,
0.43 [19] 13.9 ** 7.00 0.00 7.00 100

Didodecyldimethyl-
ammonium
bromide

C12-C12DMA C12-C12 0.08 [20],
0.15 [21] 10 [22] 7.00 0.00 7.00 100

Dodecyltrimethyl-
ammonium
chloride

C12DMA C12 21.3 [23]
15 [22],
17.1 [24],
18.5 [25]

7.00 5.75 1.25 18

Cetylpyridinium chloride C16Py C16 0.9 [26–28] 14.5 ** 7.00 0.00 7.00 100
Dodecylpyridinium
chloride C12Py C12 15 [29] 16.4 [30] 7.00 4.75 2.25 32

Octylpyridinium bromide C8Py C8 190 [29] 18.3 ** 6.50 6.25 0.25 3.8

* in 0.9 wt% NaCl. ** calculated by group contribution method according to Refs. [30,31].

Structural determinants of the virucidal activity of the surfactants were studied. We
first assessed the effect of the length of hydrophobic tails. For that, we compared activities
of a series of N-alkylpyridinium surfactants (C16Py, C12Py, and C8Py), which have the
same hydrophilic pyridinium head and hydrophobic n-alkyl tails of different lengths
(Figure 1). As shown in Table 1 and Figure 2, increasing the length of the hydrophobic tail
of a surfactant enhances its activity against SARS-CoV-2. Previously, C16Py was shown
to destabilize the SARS-CoV-2 membrane through electrostatic interactions of the cationic
head groups of the surfactant with the negatively charged viral membrane, as was detected
by the shift in zeta potential [13]. Simultaneously, the hydrophobic groups of the surfactant
penetrate the hydrophobic interior of the phospholipid bilayer of the viral membrane,
thereby destroying it [32]. Higher surfactant hydrophobicity favors this process.
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Figure 2. Effects of hydrophobicity on the virucidal activity of cationic surfactants against SARS-CoV-
2: (left) effect of the length of the hydrophobic tail (for C8Py, C12Py, and C16Py surfactants having
the same hydrophilic pyridinium head group) and (right) effect of the number of hydrophobic tails
(for C12DMA and C12-C12DMA surfactants) on the values of the inhibition coefficient, observed at
0.28 mM concentration of each surfactant.

A comparison of the data obtained for alkylammonium surfactants C12-C12DMA
(with two C12 tails) and dodecyltrimethylammonium chloride C12DMA (with one C12
tail), having similar ammonium head group (Figure 1), shows that the two-tailed surfactant
is 5.5-fold more active against the virus (as judged by IC values; Table 1 and Figure 2).
This finding lends support to the idea that surfactant hydrophobicity is a key factor in
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virucidal activity. Note that the change of the type of counterion from chloride to bromide
does not affect the virucidal activity against SARS-CoV-2 as was clearly demonstrated for
di-N-decyldimethylammonium chloride and bromide recently [18].

One can also compare the virucidal activity of C12BAC and C12DMA, which have
the same hydrophobic tail (C12), but differ in the presence of an additional substituent
(benzene ring) at the surfactant head (Figure 1). It follows from Table 1 that the introduction
of this substituent causes a 5.5-fold increase in IC. This also appears to be underlain by
enhanced hydrophobicity of the surfactant molecule.

The contribution of surfactant head type to the antiviral effects was further studied
using two surfactants with the same hydrophobic tail (C12) and different heads, i.e.,
pyridinium chloride C12Py and trimethylammonium chloride C12DMA (Figure 1). The
data in Table 1 demonstrate that C12Py exhibits a more pronounced virucidal activity. This
effect can also be related to the higher hydrophobicity of the pyridinium chloride head,
which contains more nonpolar groups as compared to the trimethylammonium head [30].

Now let us consider the correlations between the virucidal activity and such character-
istics of surfactants as cmc and hydrophile-lipophile balance (HLB) values. The cmc value
(i.e., the concentration at which surfactant molecules start to aggregate into micelles) is an
important characteristic related to the free energy of micelle formation, ∆Gmic, as [33,34]:

RT ln cmc = ∆Gmic. (1)

One can see from Figure 3a that the virucidal activity increases with decreasing cmc.
Therefore, the surfactants more prone to aggregation possess better virucidal properties
against SARS-CoV-2. This may be related to the fact that such surfactants are easily
incorporated into the virion’s phospholipid bilayer.
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Figure 3. Inhibition coefficient as a function of: (a) critical micelle concentration cmc and
(b) hydrophile-lipophile balance HLB of different cationic surfactants for SARS-CoV-2 inactivation by
0.28 mM surfactant solutions (contact time 1 h).

Another important characteristic of surfactants is the HLB value - the number related
to the hydrophilic to lipophilic moieties ratio. This value, connected to the work of surfac-
tant transfer from water to oil phase [35], serves as an empirical measure of the relative
hydrophobicity [36,37]: the lower the HLB, the stronger the hydrophobicity. Figure 3b
shows that HLB values correlate with virucidal activity demonstrating that the activity
increases with surfactant hydrophobicity. Note that Figure 3b presents the HLB values for
C12DMA surfactant averaged over three values obtained in different papers (Table 1).

Thus, our study of the effect of the structure of cationic surfactants on the virucidal
activity against SARS-CoV-2 showed that the introduction of additional hydrophobic
groups into surfactants augments their activity. This may be due to the more pronounced
capacity of such surfactants for penetrating and destroying the phospholipid membrane of
SARS-CoV-2.
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2.2. Concentration Dependence of Virucidal Activity of the Most Efficient Surfactants

Table 2 shows the effect of the concentration of cationic surfactants on SARS-CoV-
2 inactivation at constant contact time (1 h). For those studies, the four most efficient
surfactants (C12BAC, BAC, C12-C12DMA, and C16Py) were used. From Table 2 it is clear
that the virucidal activity increases with increasing surfactant concentration. It appears
that the density of surfactant ions acting on the lipid membrane is an important factor. At
0.0048 mM, even prolonged incubation (1 h) favoring a gradual influx of surfactant ions
does not result in pronounced SARS-CoV-2 inactivation. Complete inactivation occurs at
surfactant concentrations exceeding 0.112 mM.

Table 2. SARS-CoV-2 inactivation by cationic surfactants of different concentrations (contact time 1 h).

Surfactant

Concentration Virus Titer
Inhibition Coefficient IC, %

mM wt% Control
Ac

Experiment Ae
Log10
Reduction A

Benzyldimethyldodecylammo-
nium chloride (C12BAC)

0.0224 0.0008 6.5 5.5 1.0 15
0.112 0.0038 6.5 2.0 4.5 69
0.56 0.0190 6.5 0 6.5 100
2.8 0.0950 6.5 0 6.5 100
50% effective concentration (EC50) 0.081 mM

Benzalkonium chloride (BAC)

0.0048 0.0002 6.5 6.0 0.5 7.7
0.0224 0.0008 6.5 5.5 1.0 15
0.112 0.0039 6.5 0 6.5 100
0.56 0.0195 6.5 0 6.5 100
2.8 0.0970 6.5 0 6.5 100
50% effective concentration (EC50) 0.072 mM

Didodecyldimethylammonium
bromide (C12-C12DMA)

0.0048 0.0002 6.75 6.5 0.25 3.7
0.0224 0.0010 6.75 2.0 4.75 70
0.112 0.0052 6.75 0 6.75 100
0.56 0.0259 6.75 0 6.75 100
2.8 0.1295 6.75 0 6.75 100
50% effective concentration (EC50) 0.016 mM

Cetylpyridinium chloride (C16Py)

0.0048 0.0002 6.75 6.5 0.25 3.7
0.0224 0.0008 6.75 6.0 0.75 11
0.112 0.0038 6.75 0 6.75 100
0.56 0.0190 6.75 0 6.75 100
2.8 0.0950 6.75 0 6.75 100
50% effective concentration (EC50) 0.101 mM

The 50% effective concentrations (EC50) were derived from concentration dependences
of virucidal activity (expressed as IC values). The double-chain surfactant C12-C12MA
exhibits the lowest EC50 (0.016 mM; Table 2) and, therefore, maximum efficiency in inacti-
vating SARS-CoV-2. This may be due to its highest hydrophobicity among the surfactants
under study. In addition, the presence of two chains may facilitate the penetration of the
viral membrane, thereby accounting for the stronger antiviral activity of double-chain
surfactants. Indeed, the second hydrophobic group (lying some distance off the first one)
likely augments the membrane-perturbing effect.

The values of EC50 for BAC and C12BAC are equal to 0.072 and 0.081 mM, respectively
(Table 2). Those surfactants possess the same hydrophilic head but differ in the length
of hydrophobic groups (C12BAC contains only C12 tails, whereas BAC has 70% of C12
tails and 30% of C14 tails). Thus, the lower EC50 for BAC correlates well with its higher
hydrophobicity.

As regards C16Py, its EC50 value (0.101 mM; Table 2) exceeds those of other surfactants
under study. Note that C16Py and C12BAC have the same number of carbon atoms con-
tributing to hydrophobicity (21 carbon atoms), the same empirical formula (C21H38ClN),
and close HLB values. Moreover, each of the two surfactants has hydrophobic fragments
(a long n-alkyl chain and an aromatic ring) on either side of its cationic group (Figure 1).
Nevertheless, C12BAC exhibits a higher activity against SARS-CoV-2. It is conceivable
that the difference in the activity may be due to the presence in C12BAC of a CH2-group
separating the aromatic ring from the cationic group. This additional group likens C12BAC
to two-chain surfactants capable of perturbing the membrane more efficiently.

For all substances under study, their EC50s are 5-10-fold lower than their respective
cmc values (Tables 1 and 2), suggesting that the virucidal effects are produced by the
nonaggregated surfactants. This implies that surfactant monomers (rather than aggregates)
are interacting with the lipid structures, which is consistent with the results obtained for
solubilization of phosphatidylcholine bilayers of liposomes by cationic alkyl pyridinium
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surfactants [38]. Figure 4 shows that the EC50 values decrease with decreasing cmc. Note
that the three first points of the dependence of EC50 on the logarithm of cmc lie on the same
line (Figure 4) suggesting that, in this range of cmc values, EC50 is directly proportional to
the free energy of micelle formation, ∆Gmic, since ln cmc ~ ∆Gmic (Equation (1)).
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micelle concentration cmc of different cationic surfactants in semi-logarithmic representation.

From Tables 1 and 2 it is evident that for all surfactants the EC50 values decrease with
HLB, that is with increasing hydrophobicity. This is related to the enhanced ability of the
surfactants to interact with lipophilic lipid bilayers of the virus.

Thus, among the studied surfactants, C12-C12DMA has the lowest EC50 value (0.016
mM). It may be accounted for by its double-chain structure in addition to the overall
greater hydrophobicity.

2.3. Time Dependence of Virucidal Activity of the Most Efficient Surfactants

Figure 5 demonstrates time dependence of SARS-CoV-2 inactivation by 0.14 mM (0.005
wt%) BAC. It is evident that BAC starts to inactivate the virus after a 5-min contact and
completes the inactivation in 15 min. It can be assumed that, for faster inactivation, higher
surfactant concentrations are needed.
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Therefore, subsequent experiments were performed at 20-fold higher surfactant con-
centrations, 2.8 mM. For those studies, we used three cationic surfactants, BAC, C16Py, and
C12-C12DMA. The results are summarized in Table 3. It is seen that two surfactants (BAC
and C12-C12DMA) completely inactivate SARS-CoV-2 at contact times as short as 5 s. The
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efficiency of BAC against SARS-CoV-2 was reported previously in several papers [3,5,17].
For instance, a 0.1 wt% aqueous solution of BAC was shown to inactivate the virus after 5
min of treatment [3]. In the present study, we demonstrate that a 5-s incubation with 0.1 wt%
solution of this surfactant is sufficient to ensure complete SARS-CoV-2 inactivation (Table 3).
These results also indicate that BAC efficiency is much higher than found in another re-
port [17], where SARS-CoV-2 treatment with 0.2 wt% BAC for 5 s led to as little as 1.83 log
reduction of the virus titer. As regards C12-C12DMA, the data obtained are consistent with
those reported for another two-chain cationic surfactant, di-N-decyldimethylammonium
chloride [18]; in the present study, however, a much shorter contact time was sufficient (5 s
instead of 30 s).

Table 3. SARS-CoV-2 inactivation by 2.8 mM cationic surfactants at different virus-disinfectant
contact times.

Surfactant Contact
Time

Virus Titer
Inhibition
Coefficient IC, %Control

Ac

Experiment
Ae

Log10
Reduction A

Benzalkonium chloride
(BAC)

5 s 7.50 0.00 7.50 100
15 s 7.50 0.00 7.50 100
30 s 7.50 0.00 7.50 100
5 min 7.50 0.00 7.50 100

Didodecyldimethylammonium
bromide (C12-C12DMA)

5 s 8.00 0.00 8.00 100
15 s 8.00 0.00 8.00 100
30 s 8.00 0.00 8.00 100
5 min 8.00 0.00 8.00 100

Cetylpyridinium chloride
(C16Py)

5 s 7.75 6.00 1.75 23
15 s 7.75 4.50 3.25 42
30 s 7.75 3.25 4.25 55
5 min 7.75 0.00 7.75 100

In addition, Table 3 shows that 2.8 mM C16Py inactivates SARS-CoV-2 completely
after no less than 5 min of contact. This is consistent with the weaker antiviral activity of
this surfactant, evidenced by its higher EC50 value (as compared to those of the other two
surfactants; Table 2).

Thus, BAC and C12-C12DMA, which ensure SARS-CoV-2 inactivation in as little as 5
s of contact, are the most promising disinfectants among the surfactants under study.

3. Materials and Methods
3.1. Surfactants

Benzyldimethyldodecylammonium chloride C12BAC (>99%) from Sigma Aldrich
(Saint Louis, MO, USA, product number 13380), benzalkonium chloride BAC (>95%) con-
taining 70% C12BAC and 30% benzyldimethyltetradecylammonium chloride from Sigma
Aldrich (product number 12060), didodecyldimethylammonium bromide C12-C12DMA
(>98%) from ABCR (Karlsruhe, Germany), cetylpyridinium chloride C16Py (>98%) from
Sigma Aldrich, dodecylpyridinium chloride C12Py (>99%) from ABCR, octylpyridinium
bromide C8Py (>99%) from Chemos GMbH (Altdorf, Germany), dodecyltrimethylammo-
nium chloride C12DMA (>97%) from ABCR, pyrene for fluorescence (>99%) from Sigma
Aldrich were used as received. All solutions were prepared by weighing with dissolving the
surfactant in physiological solution (0.9 wt% NaCl) as a solvent. Distilled deionized water
for the preparation of the solutions was obtained using an ultrapure water purification
system Milli Q (Millipore, Burlington, MA, USA).

3.2. Cells

Vero E6 cells (ATCC, Manassas, VA, USA; catalog number CRL-1586), a continuous
line isolated from African green monkey (Chlorocebus sp.) kidney epithelium, were cultured
in high glucose Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 5% fetal calf serum (FCS), 2 mM L-glutamine, 150 u/mL
penicillin, and 150 u/mL streptomycin (all from Thermo Fisher Scientific, Waltham, MA,
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USA) (growth medium) at 37 ◦C in 5% CO2. This lineage is widely documented to be
sensible and permissive to SARS-CoV-2 infection, leading to high titer replication [39].

3.3. Virus and Virus Titration

SARS-CoV-2 used in this work was a clinical isolate (hCoV-19/Russia/Moscow-PMVL-
12/2020; GISAID reference EPI_ISL_572398) belonging to B.1.1.4 lineage [40]. The viral
stock was propagated in confluent Vero E6 monolayers, harvested on day 5, concentrated
by centrifugation at 140,000× g and 4 ◦C for 1 h (Optima XPN 100, Beckman Coulter, Brea,
CA, USA) to achieve 1 × 108 median tissue culture infectious doses (TCID50) per 1 mL, and
stored at −80 ◦C.

TCID50 is the measure of infectious virus titer; this endpoint dilution assay quantifies
the amount of virus required to produce cytopathic effects (CPE; structural changes in
host cells, caused by the viral invasion and leading to cell death) in 50% of inoculated
tissue cultures. Determination of TCID50 is one of the established methods of SARS-CoV-2
quantification [41]; 10 TCID50 were shown to be equivalent to 2–4 infectious virions [42,43],
which is somewhat less than the theoretical value (equal to 7 [44]).

In brief, a suspension of Vero E6 cells in a growth medium (1.2 × 106 cells/mL) was
introduced in 96-well flat-bottomed Costar tissue culture plates (Corning, Corning, NY,
USA) at 100 µL/well and cultured at 37 ◦C in 5% CO2 for 24 h (until the formation of
confluent monolayers). Thereafter, the monolayers were washed with FCS-free DMEM
(2 × 5 min) and inoculated with serial 10-fold dilutions of the virus (101–108 TCID50/mL)
in a support medium (DMEM, 1% FCS) at 100 µL/well. Each dilution was tested in eight
replicates; in every plate, eight wells were used as no-virus control. Following a 2-h
incubation (at 37 ◦C in 5% CO2) for virus adsorption, the inoculum was removed, and the
plates were washed twice with FCS-free DMEM, filled with (DMEM, 2% FCS), and further
incubated (at 37 ◦C in 5% CO2) for 96 h. The plates were observed daily to monitor the
development of virus-induced CPE, which was completed in 72–96 h (Figure 6).
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Figure 6. Micrographs displaying the time course of the development of SARS-CoV-2-induced
cytopathic effects CPE in the Vero E6 cell monolayer. The CPE were visually scored for each well in a
blinded fashion by two independent observers. Wells with 0, 25, 50, 75, and 100% cells exhibiting
CPE or viability loss were scored, respectively, CPE–, CPE+, CPE++, CPE+++, and CPE++++. The
photo in Panel (A) shows non-infected cells (no-virus control) after 72 h of incubation (no CPE or
dead cells). Panels (B) and (C) show, respectively, cells inoculated with 103 TCID50/mL 36 and 72
h post-infection. About 50% of cells in Panel B exhibit CPE or loss of viability (score: CPE++). In
Panel (C), all cells are dead (score: CPE++++). The photos were taken using an inverted microscope
(×200 magnification; Leitz Diavert, Wetzlar, Germany).

To confirm the results of visual observation, cell viability was further assessed by the
MTS test (CellTiter 96® AQueous One Solution Cell Proliferation Assay; Promega, Madi-
son, MI, USA; catalog number G3582) based on the ability of live cells to convert 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, in-
ner salt (MTS) into a colored formazan product that is soluble in tissue culture medium (this

407



Int. J. Mol. Sci. 2022, 23, 6645

conversion, presumably accomplished by NADPH or NADH produced by dehydrogenase
enzymes in metabolically active cells [45,46], is to a certain extent directly proportional to
the concentration of viable cells). When the incubation was completed, the culture medium
was removed from the wells, and 100 µL of support medium (DMEM, 2% FCS) and 20 µL
MTS reagent were added to each well, and the plate was incubated at 37 ◦C for additional
3 h. Absorbance was measured at 490 nm on an iMark plate reader (Bio-Rad Laboratories,
Hercules, CA, USA) using 630 nm as a reference wavelength. No discrepancies between
the two methods of CPE assessment have been observed. The percentages of cultures
with virus-induced CPE or viability loss were recorded for each virus dilution; the titer
was calculated using the Spearman–Kärber method and presented as TCID50/0.1 mL or lg
TCID50/0.1 mL [47,48].

3.4. Fluorescence Spectroscopy

Fluorescence spectroscopy measurements with pyrene as a probe were performed
with the Perkin Elmer LS-55 spectrofluorimeter. The excitation wavelength was 338 nm,
and 7 and 3 nm spectral slits were used for excitation and emission, respectively. Samples
for measurements were prepared by first pipetting 0.01 mL of pyrene stock solution (10−4

M in ethanol) into a flask, and evaporating ethanol at ambient conditions. Then, 1 mL of a
surfactant solution of a given concentration was added to the flask and stirred for 1 day
before the measurements. The ratio of the first (371 nm) to the third (383 nm) vibronic
peaks in fluorescence spectra of pyrene I1/I3 is known to be sensitive to the polarity of its
microenvironment [49,50]. The formation of micelles and the penetration of hydrophobic
pyrene molecules in their cores leads to the drop in the polarity parameter I1/I3 (Figure 7).
The cmc was determined as an inflection point of the dependence of I1/I3 on surfactant
concentration. The cmc of the surfactants are displayed in Table 1.
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3.5. Evaluation of Virucidal Activity

Virucidal activity is defined as the ability to kill viruses [51], i.e., to cause them to
lose “viability”. In its turn, the “viability” of a virus is equivalent to its capacity for
replication [52,53]; if the replication competence of a virus is irreversibly disrupted, the
virus is no longer “alive”. To assess the virucidal activity of surfactants under study,
we compared the replicability of surfactant- and mock-treated SARS-CoV-2 virions in
permissive cells.

Surfactant solutions of a given concentration (0.0096 mM, 0.0448 mM, 0.224 mM, 0.56
mM, 1.12 mM, or 5.6 mM; in a volume of 1 mL) were incubated with an equal volume of
the virus stock (108 TCID50/mL) at room temperature for a certain period (contact time: 5
s, 10 s, 15 s, 30 s, 1 min, 5 min, 15 min, 30 min, 45 min, 60 min). To avoid the presence of
surfactant during infection and its toxic effects on the cells, the samples (surfactant + virus)
were centrifuged at 140,000× g (Optima XPN 100, Beckman Coulter, Brea, CA, USA) for 1 h.
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A positive control (the virus stock without surfactants) was used in every run. Viral pellets
were resuspended in 300 µL of support medium (DMEM, 1% FCS), and, for each pellet,
10-fold dilutions in support medium were prepared. The titer of infectious SARS-CoV-2
was determined as described in Section 3.3 above. This endpoint dilution assay measures
the amount of replication-competent SARS-CoV-2 particles directly: by the extent, to which
the infection they induce is pronounced.

The virucidal efficacy of surfactants was assessed by the difference in the virus titers
(A) between control (Ac) and experimental (Ae) samples:

A = Ac − Ae

The protection index, or inhibition coefficient IC, was calculated for all concentrations
and contact times using the formula:

IC = [(Ac − Ae)/Ac] × 100%

The values of the 50% effective concentrations EC50 were derived from IC dependences
on surfactant concentrations, using non-linear regression analysis (Prism 6; GraphPad
Software, San Diego, CA, USA).

4. Conclusions

In the present paper, we report on establishing a relationship between the molecu-
lar structure of the “workhorses” of modern disinfection [10], cationic surfactants, and
their virucidal efficacy against SARS-CoV-2. It was shown that increasing the overall
hydrophobicity and/or the number of hydrophobic fragments attached to the cationic head
group of a surfactant enhances its virucidal activity. Those structural features presumably
facilitate the incorporation of the surfactant into the lipid membrane of the virus and its
subsequent disintegration.

Among the cationic surfactants studied, didodecyldimethylammonium bromide was
the most effective. It has the lowest 50% effective concentration (EC50) − 0.016 mM
(7.4 × 10−4 wt%). Didodecyldimethylammonium bromide, as well as benzalkonium
chloride, were demonstrated to ensure fast (in 5 s) inactivation of SARS-CoV-2 at a sur-
factant concentration of 2.8 mM. Those surfactants may serve as a base of highly efficient
disinfectants for hands and surfaces, which will limit the spread of COVID-19.
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Abstract: Antibiotics are being less effective, which leads to high mortality in patients with infections
and a high cost for the recovery of health, and the projections that are had for the future are not very
encouraging which has led to consider antimicrobial resistance as a global health problem and to be
the object of study by researchers. Although resistance to antibiotics occurs naturally, its appearance
and spread have been increasing rapidly due to the inappropriate use of antibiotics in recent decades.
A bacterium becomes resistant due to the transfer of genes encoding antibiotic resistance. Bacteria
constantly mutate; therefore, their defense mechanisms mutate, as well. Nanotechnology plays a
key role in antimicrobial resistance due to materials modified at the nanometer scale, allowing large
numbers of molecules to assemble to have a dynamic interface. These nanomaterials act as carriers,
and their design is mainly focused on introducing the temporal and spatial release of the payload
of antibiotics. In addition, they generate new antimicrobial modalities for the bacteria, which are
not capable of protecting themselves. So, nanoparticles are an adjunct mechanism to improve drug
potency by reducing overall antibiotic exposure. These nanostructures can overcome cell barriers
and deliver antibiotics to the cytoplasm to inhibit bacteria. This work aims to give a general vision
between the antibiotics, the nanoparticles used as carriers, bacteria resistance, and the possible
mechanisms that occur between them.

Keywords: nanoparticles; antimicrobial resistance; bacteria; resistance mechanism

1. Introduction

The application of scientific knowledge to manipulate and control matter predom-
inantly in the nanoscale to make use of size and structure dependent properties, and
phenomena distinct from those associated with individual atoms or molecules, or extrapo-
lation from larger sizes of the same material [1], which consist of the ability to synthesize,
manipulate, and modify materials below 100 nanometers [2–5], has postulated as nanotech-
nology a fundamental discipline in scientific and technological advances in different areas,
such as medicine and the pharmaceutical industry, to provide solutions for various existing
problems in these areas.

It is considered that a nanostructured material must have dimensions within 1 to
100 nm [5,6]. However, in medicine, these values can range up to 200 nm in diameter [7].
Among these materials, the use of nanoparticles (NPs) stands out metallic, bimetallic, metal
oxide, and magnetic [8–10].

The use of metallic and metal oxide NPs has been increasing due to the chemical and
physical intrinsic properties acquired by NPs synthesized [11]. Depending on their applica-
tion, the optical, catalytic, and electrical behavior, mechanical and chemical stability [12,13],
as well as morphology and particle size, can be controlled [14], which makes them suitable
for the pharmaceutical industry.
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Metallic NPs allow the possibility of interacting at biomolecular levels [15]. This im-
proves detection, treatment, and monitoring of pathologies, through the specific targeting
of cells and tissues. In addition, it helps with the administration of drugs, evaluation of
diseases, and treatment of degenerative conditions [16], which makes them promising
materials for directing chemotherapeutic drugs.

The pharmaceutical and medical industry was presented with one of the biggest
problems worldwide since 2015, when the World Health Organization (WHO) declared the
increase of antimicrobial resistance by pathogenic bacteria as a priority to study. The WHO
published in 2017 a list of pathogens with the highest risk worldwide (Table 1) [17]. These
bacteria are resistant to antibiotics and have been classified based on various criteria, such
as mortality and resistance prevalence, among others, classifying them as critical, high, and
medium priority [18].

Table 1. The official list of pathogen bacteria with declared priority by the WHO. Adapted with
permission from WHO (permission 387722) [17].

Priority Pathogenic Bacteria Antibiotics for Which There is Resistance

Critical

Acinetobacter baumannii
CarbapenemPseudomonas aeruginosa

Enterobacteriaceae
Mycobacteria Carbapenem and 3rd generation cephalosporins

Mycobacterium tuberculosis 3rd generation cephalosporins

High

Enterococcus faecium Vancomycin and methicillin
Staphylococcus aureus

Helicobacter pylori Vancomycin
Campylobacter Clarithromycin

Salmonella spp. Fluoroquinolones
Neisseria gonorrhoeae 3rd generation fluoroquinolone

Medium
Streptococcus pneumoniae

Haemophilus influenza Non-sensible to penicillin
Shigella spp. Ampicillin and fluroquinolones

Antimicrobials are organic small molecules (they vary in size at angstrom level)
that prevent the development of pathogenic microorganisms, which are generally used
in bacteria. Antimicrobial agents can be divided into three groups according to their
characteristics: disinfectants, antiseptics, and those for clinical-therapeutic use [19]; the
latter are known as antibiotics capable of reducing and controlling the presence of bacteria
that have invaded the patient’s body.

Before the use of antibiotics, the mortality rate caused by pathogenic bacteria was
high [18]. However, at the end of the 19th century and the beginning of the 20th century,
antibiotics began to be studied. This led to the discovery of penicillin, using it clinically
in 1930, together with sulfamide. These antibiotics were effective against Gram-positive
and Gram-negative bacteria [20]. Unfortunately, the capacity of these antibiotics to treat
infectious diseases caused by bacteria has not been enough, and this represents a danger
for the population [21].

Excessive and uncontrolled use of antibiotics have generated resistance to antimicro-
bials by bacteria, as well as the spread of resistant bacteria in hospitals, and have become
some of the most important problems in recent years [22].

In the United States alone, according to the Centers for Disease Control and Prevention
(CDC), the first report on threats by antimicrobial resistance was published in 2013. This
report mentions that, in the U.S., at least 2 million people contract an infection by bacteria
resistant to antibiotics, and at least 23,000 people died because of this [23]. However, in
2019, an increase to 2.8 million infected patients by resistant bacteria was reported, of
which more than 35,000 people died every year. Thus, producing an economic impact of
more than 4.6 billion dollars annually in the United States alone [24].

On the other hand, in the publication of projections made by the Organization for
Economic Co-operation and Development (OECD), it is predicted that, by 2030, the increase
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in deaths caused by resistant bacteria will increase up to 60% in less developed countries,
while the increase is approximately 5 to 20% in more developed countries [25].

In this work, we discuss some articles on metal and metal oxide nanoparticles having
been used as a means of transportation of antibiotics to reduce antimicrobial resistance
and also to analyze the various inhibition mechanisms. In summary, the NP size, mor-
phology, and surface functionalization of the antibiotic, type of resistance mechanism, and
nanoparticle toxicity are analyzed.

2. Methodology

This review was done to answer the following questions: what are synthetic antibi-
otics, and what is their classification? What is antimicrobial resistance, and why does it
develop? What are the mechanisms of resistance of bacteria to antibiotics? What are the
mechanisms of action of inorganic nanoparticles against antimicrobial resistance? What
are the mechanisms of action of inorganic nanoparticles against antimicrobial resistance?
In addition, how has the use of inorganic nanoparticles against antimicrobial resistance
influenced the development of antimicrobial resistance? Which nanoparticles are being
used to combat antimicrobial resistance? What are the mechanisms of action of inorganic
nanoparticles against resistance? How has the use of inorganic nanoparticles functionalized
with antibiotics influenced resistance?

We started to study articles from different official databases, such as Elsevier, Sci-
enceDirect, PubMed, Google Scholar, Scopus, and SciFinder, to identify relevant papers
according to the topic.

To describe the current situation and discuss research on inorganic nanoparticles
functionalized with synthetic antibiotics, we chose to search for articles between the years
2015–2021. While, for basic information articles, such as what are antimicrobials and the
types of resistance presented by bacteria, information was obtained from research, books,
and review articles from 2005–2021.

The keywords used throughout the literature search were: nanoparticles, gold nanopar-
ticles, silver nanoparticles, copper oxide nanoparticles, titanium oxide nanoparticles, zinc
oxide nanoparticles, antimicrobial mechanism nanoparticles, ROS generation, antimi-
crobial resistance, bacteria, antibiotics, chromosomal mutation, biochemical mechanisms,
pathogens, antibiotic mechanisms of action, World Health Organization, biofilm generation,
and bacterial cell membrane inhibition.

A total of 300 to 400 articles were read, of which only 246 are cited because they were
those that provided relevant, basic information or contributed something of importance to
the review.

3. Antibiotics

Antibiotics are antimicrobial drugs capable of reducing and controlling the presence
of bacteria that have invaded the tissues of a subject. Antibiotics are grouped into classes
according to their chemical structure, effect, spectrum, and action mechanism [26–29].

3.1. By Chemical Structure

According to their chemical structure, the antibiotics can be grouped as β-lactam
antibiotics, macrolides, aminoglycosides, and tetracycline antibiotics [30].

3.2. By Effect

This group corresponds to those that caused the death of the most sensitive microor-
ganism, in the bacteria growth phase (bactericidal) or those that inhibit bacterial growth
(bacteriostatic) [31].

3.3. By Spectrum

This classification is divided into three branches: the broad spectrum, the limited
spectrum, and the narrow spectrum. When talking about broad spectrum antibiotics, it
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emphasizes that the drug acts on a wide range of bacteria which can be Gram-positive and
Gram-negative. Limited spectrum antibiotics are those acting only against Gram-positive
or Gram-negative cocci, as well as Gram-positive bacilli and spirochetes, as is the case with
penicillin. Lastly, narrow spectrum antibiotics, which attack only a very small sector of
bacteria [32].

3.4. By the Mechanism of Action

The classification of antibiotics according to their mechanism is divided into four
main ones which consist of inhibiting cell wall synthesis, protein synthesis, nucleic acid
synthesis, and antimetabolites.

According to Murray et al. [32], in Medical Microbiology, antibiotics for inhibiting cell
wall synthesis are the penicillins, cephalosporins, carbapenems, and cephamycins, since
they bind to penicillin-binding proteins (PBP) and enzymes responsible for peptidoglycan
synthesis. On the other hand, vancomycin, such as the other antibiotics, usually damages
the cell wall; however, the mechanism of vancomycin is to inhibit the cross-linking of the
peptidoglycan layers, such as cycloserine, thus causing cell death. Bacitracin is responsible
for inhibiting the cytoplasmic membrane of the bacterium, as well as the movement of
peptidoglycan precursors. Antibiotics of the polymyxin family often damage the bacterial
membrane [27].

In the case of inhibiting protein synthesis, in Murray et al. [32], drugs, such as amino-
glycosides, are used because they are responsible for the premature release of peptide
chains from the 30S ribosome. Likewise, tetracyclines damage proteins by preventing
polypeptide elongation in the 30S ribosome. Antibiotics of the macrolide, ketolide, clin-
damycin, oxazolidinone, and streptogramins groups are responsible for preventing protein
synthesis and polypeptide elongation on the 50S ribosome.

The groups of quinoline, rifampicin, rifabutin, and metronidazole are antibiotics that
usually impair nucleic acid synthesis, i.e., their mechanism of action is given by binding
the DNA gyrase subunit, preventing transcription by binding DNA dependent RNA
polymerase [32].

Finally, according to Murray et al. [32], antibiotics of the sulfonamide, dapsone, and
trimethoprim families are responsible for damaging the metabolic pathways of bacteria, as
they tend to inhibit dihydropteroate synthase and dihydrofolate reductase, which triggers
the folic acid synthesis disruptions.

4. Antimicrobial Resistance

Antimicrobial resistance (AMR) is a natural phenomenon of bacteria [33] that develops
thanks to its intrinsic evolutionary nature, as well as its easy and rapid adaptability to
various environments [34]. However, the abuse and excessive use of antibiotics has given
bacteria the ability to create greater resistance to antimicrobials [35–42], which translates
into the lack of ability of antibiotics to inhibit the growth of pathogens [43]. This has alerted
public health organizations worldwide and has led to major regulated and controlled
antibiotic administration measures, to improve treatments in patients [44,45].

Resistance levels can vary greatly according to the groups of bacteria. Susceptibility
and resistance are generally measured as a function of the minimum inhibitory concen-
tration (MIC), which is the minimum concentration of the drug that will inhibit bacteria
growth [46]. Susceptibility is a range of the average MICs for any given drug in the same
bacterial species. If the average MIC for a species is in the resistant part of the range,
such species are considered to have intrinsic resistance to that drug. Bacteria can also
acquire resistance genes from other related organisms, and the level of resistance will vary
according to the species and the genes acquired [47,48].

When referring to intrinsic resistance, it means that bacteria can be naturally resistant
to some antibiotics [49], and this is due to the particular characteristics of each bacterium,
which depend on its structure and function [50]. That is when the composition and
chemical structure of the antibiotic is unable to penetrate or react with the structure of
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the bacterial membrane. An example of this type of resistance is Pseudomonas aeruginosa
because it has a membrane with low permeability, and this makes it naturally resistant to
most antimicrobials [51–54].

On the other hand, bacteria can also acquire various AMR mechanisms either by gene
transfer mechanisms or by biochemical mechanisms [55]. Among the genetic mechanisms
are the chromosomal and extra chromosomal mutation [56], which is called acquired
resistance [57]. This type of AMR is due to the evolutionary pressure that bacteria de-
velop against the attack of antibiotics, changing their genome through genomic mutation
or by cellular selection. This exchange of genes is carried out through transformation,
transduction, or conjugation [32].

Mutations develop after excessive exposure to antibiotics, which provides pathogens
with strong resistance mechanisms and, therefore, greater virulence, which complicates
drug treatment against bacterial infections and can result in a greater complication [48].

The biochemical mechanisms of AMR can occur due to the modification of the antibi-
otic bacterial target, but the enzymes that modify antibiotics are only capable of affecting
certain antimicrobials [55,58]. The enzymatic inactivation of antimicrobial drugs is when
there are mutations in genes that can encode porin proteins around the bacterial membrane
to slow down the action of antibiotics. Another biochemical mechanism is the flow pump
system that can expel antimicrobial drugs without being damaged and the reduction of
intracellular concentrations because of the decrease in permeability and flow [59,60].

AMR can be caused not only by chromosomal or extrachromosomal mutations but
also by cross-transfer. This means that a bacterium resistant to one antibiotic or a family
of antibiotics, in particular, when encountering another antibiotic or another group of
antibiotics with a similar chemical structure, will likely recognize such structure and create
this immunity to this new family of antimicrobials [61–63].

4.1. Mechanisms of AMR Gene Transfer

Two types of AMR gene transfer exist: chromosome mutation and extra chromosomal mutation.

4.1.1. Chromosome Mutation

This type of resistance occurs when changes are produced in the genomic sequence of
bacteria, specifically in the main chromosome, and it is presented by vertical transmission,
i.e., they are transmitted through offspring [62]. This type of mutation appears sponta-
neously and is irreversible, resulting in changes in the bacterial chromosome due to various
factors that can be chemical and physical or both, which leads to changes in the bacterial
cell [53] that modifies the permeability and drug target to prevent the effect of antibiotics
on bacteria.

The chromosomal mutation depends on whether there are changes in the suitability or
virulence of the pathogen and whether these genetically modified microorganisms prevail
or arise more frequently; consequently, they would begin to replicate and would continue
to cause pathologies [60].

4.1.2. Extra Chromosomal Mutation

Extra chromosomal resistance is when transmission of genetic material occurs through
plasmids, transposons, and integrons [64], which are extra chromosomal material. This
type of resistance is also known as horizontal genetic transmission mutation [58,65–68].

According to the National Human Genome Research Institute (NHGRI), plasmids are
small circular DNA biomolecules that contain small groups of genes, which are generally
associated with genes resistant to antibiotics [69]. These molecules can be separated
from the chromosome and can be replicated independently of the chromosome; likewise,
plasmids can be transferred between different bacterial cells [70–72]. Plasmids are generally
responsible for developing enzymes that inactivate antibiotics [62,73,74].

On the other hand, transposons are sequences present in the genome that show a high
recombination and mobility capacity, which means that they can be easily integrated into

416



Int. J. Mol. Sci. 2021, 22, 12890

the bacterial genome [75]. These can be transferred from one plasmid to another, or from a
plasmid to a chromosome, and vice versa [76]. However, unlike plasmids, transposons are
not capable of self-replicate [47]. The transposition process is catalyzed by an enzyme called
transposase which is encoded by the genetic element itself; for example, in Gram-negative
bacteria, various transposable elements will play a crucial role in the dispersal of resistance,
and some will also contribute to the mobilization of integrons [61].

Through these transposons, the AMR genes may be transferred from one bacterium to
another. An important characteristic of these is that they present extra genes that encode
at least one function that changes the phenotype of the recipient cell in a predictable way,
such as AMRs [77].

In the case of integrons able to encode cassettes of AMR genes specialized in capturing
and expressing genes that encode the integrase enzyme [78], such integrons are responsible
for recognizing the exogenous gene and integrating it at points of the integron [79]. These
integrons also present sites specific for recombination where they can integrate genes and
the promoter to express the integrated sequences [52,80–83].

What these genomic mutation methods have in common are the mechanisms of
AMR gene transfer which are presented as transformation, conjugation, and transduction
(Figure 1).

Transformation.
The transformation occurs when the bacterium can capture the exogenous from the

DNA and manages to incorporate it into its genome through recombination. This process
takes place in some bacteria that are from the same species; therefore, the DNA has a certain
resemblance and homology [84].

Conjugation.
The mechanism of genetic transfer between two bacteria employing pili is known as

conjugation; generally, by this mechanism, resistant plasmids are transferred [85].
Transduction.
Transduction occurs when a virus is capable of infecting bacteria, where said virus

can transfer genetic material. The best-known strains to which this type of mechanism is
attributed are Staphylococcus spp. [86].

4.2. Biochemical Mechanisms of AMR

The bacteria have four AMR biochemical mechanisms which are focused on inactivat-
ing the antibiotic and protecting its structure.

4.2.1. Inactivation of the Antibiotic

This mechanism can use enzymatic inactivation, which is responsible for modifying
existing cellular enzymes that react with the antibiotic [87], thus avoiding cell damage [88].
An example is β-lactamase enzymes, which can hydrolyze the most common antibiotics,
such as penicillins and cephalosporins. Likewise, bacteria can inactivate antibiotics through
the transfer of acetyl, phosphoryl, and adenyl chemical groups into the antimicrobial
drug, with acetylation being one of the mechanisms best known for the inactivation of
aminoglycosides and chloramphenicol, among other groups of antibiotics [89].

4.2.2. Antibiotic Excretion

Another way to avoid cellular damage caused by antibiotics is the excretion of an-
timicrobial drugs through the activation of outlet pumps [90], which are proteins that can
eliminate or get rid of a wide variety of antibiotics and compounds from the periplasm
to the outside of the cell [91]. They are outlet pumps responsible for eliminating all toxic
substances for bacteria, preventing their death. Five main families of pumps have been
observed, which are classified according to their structure and the available energy source
(Figure 2) [62,92].
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The ABC Family handles ATP-binding cassettes, through the transport of amino acids,
drugs, ions, polysaccharides, proteins, and glucose [93–95].

The MATE Family or of extrusion of toxic compounds through Na+ used as an energy
source. This type of pump can eliminate efflux cationic dyes, fluoroquinolone antibiotics,
and some aminoglycosides [96–98].

The SMR Family is a group of small resistance to multiple antibiotics, which uses the
energy of the H+ protons, and, because these have hydrophobic nature, these can expel
lipophilic cations [99,100].

The MFS Family are facilitator superfamily pumps that can dispose of antibiotics
through the transport of anions, metabolites, and glucose [101–103].
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The RND Family is given by resistance nodulation cell division, as these can catalyze
the flow of substrates through the substrate/H+ anti-port mechanism. This type of pump
can not only get rid of antibiotics but other antimicrobials, such as detergents, heavy metals,
solvents, etc., that compromise the life of the bacteria [104,105].
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4.2.3. Permeability of the Outer Membrane

This mechanism is given by generating changes in the lipid bilayer regardless of
whether the permeability of the membrane is altered by changes in the porins, i.e., nothing
can be absorbed, resulting in the entry of small molecules, such as antibiotics, to be limited.
Likewise, some bacteria have managed to generate biofilms that enter into this resistance
mechanism [106], where they manage to create through the same colony a kind of shell that
protects them through different biomolecules to prevent the antibiotic from penetrating the
membrane [18,107,108]. These biofilms are made up of lipids, polysaccharides, proteins,
and extracellular DNA, which are responsible for interacting with antimicrobial agents,
whether antibiotics or nanoparticles, modifying surface charge, size, concentration, and
particle shape in the case of NPs, while, in the case of antibiotics, these are capable of
modifying the chemical structure [109–111].

4.2.4. Target Modification

This type of mechanism is characterized by modifying or generating changes in the
structures of antibiotics in specific places or in the target, which causes the inactivation
of the drug. This mechanism takes place when the bacteria can alter the site where the
antibiotic binds with it to deactivate the main function of the antimicrobial [112].

5. Nanotechnology Applied to Antimicrobial Resistance

Nanotechnology currently plays a key role in scientific and technological advances in
medicine and the pharmaceutical industry, this concerns the use of materials controlling
their size and shape [2]. In these senses, the nanoparticles (NPs) are particulate materials
on a nanometric scale that allow modifying both the physical and chemical properties of
materials, as well as their morphology and size, which ranges from 1 to 100 nm [113–115].
The smaller and more spherical the NPs are, the greater the surface-volume ratio is achieved,
which helps to enhance the chemical and biological activities of the NPs [116,117].
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The NPs which have been used for different applications [118,119], such as drug
administration, photo ablation therapy, biological imaging, applications in biosensors,
and even as an alternative to reduce antimicrobial resistance, have stood out with great
relevance [120–122].

These applications include the use of NPs as antimicrobial components on advanced
materials for medical devices as catheters walls, valves, stents, and a surface that could
be found inside or outside the body or could be designed for in vivo therapies. The
development of advanced materials includes the use of Fe3O4 functionalized with chitosan
and lysozyme to produce a coating for producing biofilm-resistance surfaces [123]. The
NPs designed for in vitro applications include their use as a drug administration; in these
applications, the NPs can load with different molecules as an essential oil, such as the
ZnONPs have been loaded with Citronella essential oil [124] or Oxide-Silica Core-Shell with
essential oil [125], both with antimicrobial activity. In addition, Fe2O3NPs have been used
as carrier paclitaxel and β-cyclodextrin [126] or PdNPs capping with polyvinylpyrrolidone
load with quercetin [114], and Silica Core-Shell Au [127] for Cancer Therapy.

NPs can be classified as metallic, metal oxide, bimetallic, and magnetic [8,128,129]. It
has been demonstrated that this type of particle can obtain antimicrobial properties so that,
when increasing the surface area of the particles, a greater contact area with microorganisms
is generated [15,130–132], thus enhancing its antimicrobial activity.

As well as acting as antibacterial agents that can cause alterations in the bacterial mem-
brane, metallic, bimetallic, and metal oxide NPs usually produce reactive oxygen species
(ROS) by releasing metallic ions that alter the cellular components of bacteria [133,134],
and the smaller nanoparticles are the damage created by them will be greater because they
tend to be better absorbed on the bacterial surface. This is because, in some cases, the NPs
have a positive surface charge that facilitates the union with the negative charge on the
surface of bacteria [129,135,136]. Likewise, the photodynamic and photothermic effects of
NPs generate a greater impact as antimicrobial agents (Figure 3), which is directly related
to the release of metallic ions and ROS [6].
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NPs sizes are largest than antibiotics which allow the use of these as carriers of
antibiotics or other small molecules as antibodies or chemotherapeutic agents [126].
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5.1. Nanoparticles Antimicrobial Effects

There are six main antimicrobial effects of nanoparticles: (1) Interaction with cell wall
and membrane, (2) Generation of ROS, (3) Penetration of the cell membrane, (4) Inhibition
of protein synthesis and DNA damage, (5) Damage to metabolic pathways, and (6) Biofilm
inhibition (Figure 3) [137–140].

5.1.1. Interaction with the Cell Wall and Membrane

Cell membrane and cell wall are one of the main resistance barriers that bacteria have,
which are constituted by several molecules that help the adsorption of nanoparticles.

In the case of Gram-positive bacteria, the main component is teichoic acid, which
causes the NPs to be distributed along the phosphate molecule chain, thus preventing their
aggregation [141]. However, the fact that Gram-positive bacteria have a thick peptidoglycan
wall and pores allows the penetration of smaller molecules that can cause damage to the
cell wall, as well as the death of the bacteria [142].

On the other hand, in Gram-negative bacteria, this is the opposite, since having a
higher concentration of lipopolysaccharides, lipoproteins, and phospholipids allows the
bacteria to have a negatively charged cell wall and, thus, be able to attract NPs with greater
intensity. However, these bacteria are the most prone to generate a barrier that prevents
the penetration of small molecules [143,144].

5.1.2. Generation of ROS

The main mechanism by which nanoparticles can damage bacteria is through oxidative
stress caused by ROS because, under normal conditions, bacteria can maintain a balance in
the generation of ROS. However, when in contact with some NP, this balance is affected.
This causes an excess of ROS that will inevitably in an alteration of the oxide-reduction
state of molecules that will favor cellular oxidation.

Main Types of ROS:
There are four main types of ROS: radial hydroxyl (·OH), singlet oxygen (O2), su-

peroxide radical (O2·−), and hydrogen peroxide (H2O2) [145,146]. For both H2O2 and
O2·−, there have been reports that these come from the stress of short-term reactions and
are reduced by antioxidants, such as catalases. Therefore, when it comes to physiological
damage, it can be attributed largely to oxidative stress caused by O2 [147].

5.1.3. Penetration of the Cell Membrane

Once the nanoparticles manage to penetrate the cell wall, they tend to release ions
and generate ROS by diffusion. In the case of the release of metal ions, one of the main
mechanisms that have been observed is the affinity of the ions to bind to the negatively
charged functional groups of the cell membrane, such as phosphate and carboxyl groups.
This phenomenon is known as adsorption [141,148–150].

5.1.4. Inhibition of Protein Synthesis and DNA Damage

Another of the most reported mechanisms attributed to metal nanoparticles is DNA
damage and inhibition of protein synthesis. These usually cause a breakdown in the ribo-
somal subunit proteins, enzymes, and other proteins synthesized in the membranes of the
bacterial cell. Likewise, a degradation, compression, and fragmentation of bacterial DNA
have been observed, resulting in a reduction of the physiological activity of genes [151,152].

This was demonstrated in a study by Su et al. [153] using ZnONPs against E. coli
DNA. They found that concentrations and the greatest damage caused by the NPs were
found in 10 areas of the bacterial genome, as well as gene expression, ribosome composi-
tion, molecular structure-activity, and RNA modification, were altered in the presence of
the NPs.

Similarly, Nagy et al. [154] used silver NPs to cause DNA damage by positively reg-
ulating various antioxidant genes, metal depletion, ATPase pumps, and genes encoding
metal transport in S. aureus and E. coli. In this study, they concluded that silver nanoparti-
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cles have an antibacterial mechanism that causes a depletion of the antioxidant capacity
of bacteria.

5.1.5. Damage to Metabolic Pathways

Metabolic pathways of bacteria are not isolated and are integrated in a complex way in
the activity of the cells since their main role is to maintain the growth and reproduction of
bacteria. However, it has been observed that, when nanostructures enter the bacterial cell,
alterations in metabolism occur, causing damage to the cell membrane, inducing oxidative
stress and, finally, the death of the bacteria [155,156]. It has also been proposed that NPs can
regulate and damage the metabolic processes directly of the target proteins of the bacteria,
which is why they can affect the adhesion of bacteria and the formation of biofilms [155].

5.1.6. Biofilm Inhibition

One of the main mechanisms that nanoparticles present when interacting with biofilms
generated by bacteria is the interaction with EPS, which will allow the access of any
chemical molecule agentive to the bacteria and, thus, cause damage to the cell [157,158]. It
has also been reported that NPs in contact with bacteria can affect the bacterial adhesion
rate causing damage to biofilms, which is attributed to metabolic inhibition processes by
releasing metal ions; however, the specific mechanisms cannot yet be fully explained.

5.2. Interaction between Antibiotics, Nanoparticles and Bacteria

The inorganic nanoparticles most used to inhibit the growth of bacteria due to their
antimicrobial properties are those made of gold (Au), silver (Ag), silicon (Si), iron (Fe),
silver oxide (Ag2O), copper oxide (CuO), titanium oxide (TiO2), zinc oxide (ZnO), and
magnesium oxide (MgO) [2,8,119]. However, not all of the NPs are usually used for
medical applications because they could have toxicity [138,139,159]. In addition, they can
be accumulated on different organisms [160,161] and tissues [162]. Such is the case of
apatite NPs in lipids that surround the site where the NPs was collocated. As well, the NPs
were preferentially taken up by macrophages [163]. The mice exposition to AuNPs showed
an increase in the Au accumulation after 6 h and liver and spleen accumulation of it [164].

The use of NPs together with antibiotics have been proved to act in a synergic
way [124,165], reduce the dose used of antibiotic and NPs, achieve a high local concentra-
tion [166] or inclusive reverse the antibiotic resistance [165,167].

As with antibiotics, NPs also have various mechanisms of action against bacteria
because they can alter the metabolic activity of pathogens. It has been observed that
NPs act when they are in contact with the bacterial cell walls, and, because of this, the
following interactions have been proposed to explain how the contact between the NP
and the bacteria is: electrostatic attraction, by ligand-receptor interactions, hydrophobic
reactions, and Vander Waals forces [168–171].

Likewise, there are metallic ions that are released through the metal oxides that are to
be absorbed in the membranes of the bacteria, allowing them to interact with the functional
groups of biomolecules, such as proteins and nucleic acids. This will trigger direct changes
in the structures of bacteria, as well as the overproduction of enzymes, which will generate
physiological disturbances [172–174].

It has been observed that bacteria produce an extracellular matrix that is responsible
for nanoparticles agglomeration. This generates bacterial resistance to nanoparticles with
a size larger than 10 nm [175,176]. Regarding nanoparticles smaller than 10 nm, bacteria
have been mutating their genes, achieving to make changes in the regulation of reduction
of porins, which prevents NPs from entering the cells.

Such was the case of P. putida which was able to change the composition of unsaturated
fatty acids found in the membrane, generating a less permeable membrane [177].

The same happens when bacteria are attacked through the surface charge of both
the nanostructure and the bacterial membrane because bacteria are capable of regulating
and modifying the electrical charge of their surface, which will cause the nanoparticles
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to be repelled [178,179]. According to Niño-Martínez et al. [157], this phenomenon is
supported by the envelope stress response (ESR) mechanism present in Gram-positive
and Gram-negative bacteria. This one is responsible for monitoring biogenesis, as well as
protecting the integrity of the bacterial envelope.

Unlike antibiotics, NPs have dimensions smaller than 100 nm, resulting in novel
physicochemical properties which can have greater interaction with cells due to a higher
volume-to-surface ratio, making them versatile for strategic adjuvants. The mechanisms of
action of antibiotics are usually relatively basic and simple, resulting in genomic mutation
of bacteria to resist their mechanisms. However, NPs alone often have complex mechanisms
that act simultaneously to prevent the generating genomic mutations of bacteria and inhibit
their growth.

NPs used as transport media, loaded or functionalized with antibiotics, can enhance
the mechanisms of action of the drug. This is because the particle size >100 nm is so small
that the bacterial phagocytes can easily phagocytose them, in addition to the fact that the
morphology of the particle itself allows greater flexibility to penetrate the cell and cause
endocytosis, allowing the drug to be released intracellularly [180].

Another advantage of NPs as an antibiotic adjuvant is that they function as protectors,
which means that the NPs can increase the serum levels of the drugs and, in this way, can
protect from the enzymatic action of the target [181].

Likewise, by having an NP functionalized with an antibiotic, a more controlled and
potent administration of the drug can be obtained, activating the effect of the NP through
controlled stimuli of light, pH, photothermal, and magnetic, among others, which, unlike
the antibiotic, would only need to be exceeded in doses and repeatedly to achieve the same
effect [182,183].

The efficiency of antibiotics gets lower as time passes, and additionally, the human
body can only absorb 50% of the antibiotic, while the other 50% is excreted in the urine [184],
which further lowers its efficiency. It has been reported in the literature how complicated it
is to stimulate the absorption of antibiotics in high doses due to the toxicity that the drug
can present in the organism, as well as the development of side effects in the patient [185].

Such was the case of the research proposed by Qi et al. [185], where they explain that
vancomycin has a strong mechanism of action against Gram-positive bacteria; however,
the level of toxicity it has in the organism is high, causing side effects in kidneys and ears.
Therefore, they proposed the synthesis of mesoporous silica nanoparticles functionalized
with vancomycin with which they were able to inhibit the cell growth of Gram-positive
pathogens selectively in macrophage-like cells.

For this reason, the targeting of antibiotic-functionalized nanoparticles employing
an active targeting, which can be magnetic or by temperature, has been used. Table 2
shows some studies reported by different researchers, in which a greater inhibition of multi-
resistant bacteria is reported when using metal nanoparticles functionalized with antibiotics.

In the next sections, a compilation of works with different compositions of NPs for
inhibition of bacteria are analyzed.

5.2.1. Silver Nanoparticles

Silver nanoparticles (AgNPs) have become one of the most studied protagonists for
the inhibition of bacteria due to their high antibacterial properties in concentrations that are
not cytotoxic for humans, and they have become strong candidates to replace antibiotics
for clinical use against bacterial resistance.

The mechanisms of action of AgNPs as antimicrobial agents depend on physico-
chemical properties [186], that is, on their morphology, size, whether they are linked or
functionalized with any biomolecule or metal [177,187]. However, it has been reported
that one of the main mechanisms of AgNPs is their binding to the cell wall and membrane,
damaging biomolecules and structures found within the cell, as well as oxidative stress
causing the release of silver ions [188–191].
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The use of silver as an antimicrobial agent dates back to 1852 when it was used by
Dr. J. Marion Sims for the treatment of vesicovaginal fistulas. In 2007, Pal et al. [192]
studied the antimicrobial effects of silver by varying particle size, obtaining results that
show that, by decreasing the particle size, it was possible to increase the surface area, which
would result in a greater affinity when interacting with the biomolecules in bacterial cells.
They observed that the morphology of the particle had a great influence to enhance the
antimicrobial activity, thus concluding that the triangle-shaped nanoparticles generated a
greater cell death compared to the ones with a spherical shape or nano-rods.

This was also confirmed by Nanda et al. [193] as they conducted a study about the
biosynthesis of AgNPs with Staphylococcus aureus and its antimicrobial activity against
Methicillin-Resistant S. aureus (MRSA) and Methicillin-Resistant Staphylococcus epidermis
(MRSE), including Methicillin-Resistant Streptococcus pyogenes, Salmonella typhi, and Kleb-
siella pneumoniae. They reported AgNPs of approximately 160 to 180 nm and of irregular
shape, which was characterized by the AFM technique. In the toxicity trials, for the in-
hibition of the bacteria they used a concentration of 20 µL (0.002 mg) of AgNPs, bacteria
Gram-positive was the affected bacteria. Was observed a diameter reduction of the bacterial
cultures to 18 mm for MRSE, 17.5 mm for MRSA, and 16 mm for S. pyogenes. They con-
cluded that the susceptibility for Gram-positive bacteria, and especially for MRSA bacteria,
is because of the inhibition of the synthesis of the bacterial cell wall.

In 2010, Lara et al. [194] conducted a very similar study in which they sought to inhibit
the growth of the pathogens S. pyogenes resistant to erythromycin, E. coli 0157:H7 resistant
to ampicillin, and P. aeruginosa resistant to multiple antibiotics, using a concentration of
6.25, 12.5, 25, and 50 mM of AgNPs of 100 nm. They reported the inhibition of 99.7%
of S. pyogenes, 95.7% for E. coli, and P. aeruginosa 92.8%, concluding that the higher the
concentration, the greater the death of bacteria, and also confirming that time is not an
important factor for AgNPs to cause bacterial inhibition. However, they decided to carry
out studies to see if bacteria could become resistant to the AgNPs functionalized with
antibiotics, leaving the bacteria exposed to the AgNPs for 3 weeks. They reported that
MRSA could grow at a concentration of nanoparticles of 100 mM, S. aureus at 200 mM,
and, finally, for P. aeruginosa and E. coli, they achieved to generate resistance at the con-
centration of 75 mM. These results show that lipopolysaccharides could trap and block
positive charges of silver nanoparticles and make Gram-negative bacteria less vulnerable to
nanoparticles. However, it has also been proposed that AgNPs adhere to the surface of the
cell membrane, thus altering their function, penetrating the cells, and releasing silver ions
that cause oxidative stress through ROS. On the other hand, resistance to AgNPs implies
changes in the inhibited cell target, so, if there is a change in proteins or in how antibiotics
are directed, the bacterial sensitivity to the antibiotic used can be modified.

In 2018, Panáček et al. [179] demonstrated the resistance of the Gram-negative strains
E. coli and P. aeruginosa to AgNPs after repeated exposures. They determined the minimum
inhibitory concentrations (MIC) of AgNPs at 432 mg/L. Their results focus on bacteria
repeatedly exposed to sub-inhibitory concentrations of AgNPs, where pathogens were
able to rapidly develop AMR. They state that said resistance is due to the production of
flagellin, which is an adhesive protein of the bacterial flagellum that causes the aggregation
of AgNPs, eliminating its antimicrobial effect against Gram-negative bacteria.

Ashraf et al. [195], in their study of bacterial extracellular proteins interacting with
silver ions for the production of AgNPs encapsulated in proteins, found the potential that
the E. cloacae protein has within the synthesis of AgNPs. It assists in the elimination of the
risk of toxic agents, and this could have a great impact on medical applications, since it
generates greater biocompatibility. In this study, they carried out various nanoparticle’s
synthesis by chemical and biological methods, where they obtained nanoparticles with
a size approximate of 58 nm, to which they exposed various Gram-positive and Gram-
negative strains, proposing the mechanism of interaction between the extracellular protein
and the silver ions that are released to cause cell death. However, they emphasize the need
for more research to confirm their hypothesis.
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The discovery of antibacterial and catalytic activities of AgNPs that are biosynthesized
with Convolvulus fruticosus (CF-AgNPs) to inhibit the growth of pathogens resistant to
multiple drugs was studied by Shirzadi-Ahodashti et al. [196]. They obtained nanoparticles
of 45 nm with spherical morphology. AgNPs have been exposed to the strains S. aureus,
E. faecalis, A. baumannii, E. coli, P. mirabilis, K. pneumoniae, and P. aeruginosa, using a MIC
of 0.1 µg/mL for S. aureus, A. baumannii, and E. faecalis, which had a greater inhibitory
response compared to the exposure of the reference antibiotic ciprofloxacin, while E. coli
showed the same inhibitory activity for both the antibiotic and AgNPs. Finally, K. pneu-
moniae and P. mirabilis showed a lower sensitivity to CF-AgNPs with MIC. The authors
report various mechanisms of action of nanoparticles, such as the release of lipopolysaccha-
rides, electrostatic interactions, and alterations in the permeability of the cell membrane.
However, they specifically describe that a binding and penetration of CF-AgNPs into the
bacterial membrane was observed through the destruction of the cell wall; likewise, some
reactions occurred with the thiol groups (-SH) of proteins, and, finally, DNA replication
was prevented, causing bacterial death.

5.2.2. Zinc Oxide Nanoparticles

Zinc oxide nanoparticles (ZnONPs) have been of interest to researchers because they
are inorganic semiconductors, which can be easily absorbed by organisms in regulated
concentrations [197]. It has caused the fact that the research of ZnONPs focuses on en-
vironmental, biological, cosmetic [198], and renewable energy applications [199], such
as catalysts [200], biosensors, and even microbial enzyme inhibition, among many other
applications. Its application in the medicine and pharmaceutical industry is not behind
because, recently, its use as anti-inflammatories, for drug administration, cancer therapy,
and as antimicrobial agents [201] on their own or as a potentiator for antibiotics [202] has
been studied.

As in other metal or metal oxide nanoparticles, ZnONPs have mechanisms of action
against bacteria. However, their exact mechanism remains difficult to confirm. For this
reason, various authors have supported the interactions caused by ROS, since inducing
oxidative stress in cells interrupts the synthesis of biomolecules, such as lipids, proteins,
and even DNA, resulting in bacterial death [173,203]. In addition, it has been proposed
that particle size, as well as the morphology they present, can cause less or more damage,
depending on what is intended, since these can enter the cells and damage the integrity
of bacteria by attacking the membrane [202,204]. Finally, there is a discussion about the
possibility that Zn+2 ions can delay the growth of bacteria by binding with the receptors
located in the membranes [205–207].

In 2010, Banoee et al. [208] conducted a study of ZnONPs where they improved the
antibacterial activity of the antibiotic ciprofloxacin in S. aureus and E. coli bacteria. The
authors report nanoparticles of 10 and 45 nm in diameter with a concentration of 500 µg
and obtained an increase in the zone of inhibition by 27% for S. aureus and by 22% for
E. coli. They concluded that ZnONPs are powerful adjuvants for antimicrobial inhibition
when working together with antibiotics because the mechanism of action of antimicrobials
is potentiated.

Patra et al. [209] carried out the study of ZnONPs with a size of 18 to 20 nm and with
a semispherical morphology, which was functionalized with the antibiotics ciprofloxacin
(CIP), whose ligands were verified by the FTIR spectroscopic technique. Inhibition of
S. aureus, Klebsiella sp., and E. coli was given with a MIC of 10 µg/mL of ZnONPs-CIP,
obtaining favorable results for bacterial death compared to the trial carried out of the
pathogens with the antibiotic. The authors reported that the combination between the
nanoparticle improve the antibiotic activity, causing damage to the bacterium cell mem-
brane, which allowed ciprofloxacin to enter into the cell, causing ROS and, thus, interrupt-
ing cell division.

The biocompatibility of ZnONPs has been demonstrated, Zhong et al. [210] incorpo-
rated ZnONPs into carboxy methyl chitosan (CMCS) by spray drying. They demonstrated
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that both ZnONPs and CMCS-ZnO microspheres of sizes from 1 to 6 µm in diameter had
the same antimicrobial activity, which was dose dependent. The activity against E. coli
showed that the ZnONPs alone have better activity with the smallest NPs (10 nm). These
NPs exhibit an 87% of inhibition with 125 µg/mL while the ZnONPs with a size of 30 nm,
while ZnONPs with a size of 10 nm showed a 97% of inhibition with 62.5 µg/mL. The use
of CMCS-ZnO microsphere showed an increase of concentration for the E. coli inhibition
until 2 µg/mL. The explanation for this is that the CMCS-covered ZnONPs turned out to
have a better interaction when binding to the cell membrane through the –NH2 group of the
CS group, thus, improving the permeability of the membrane and making the cytoplasm
capable of filtering the nanostructure causing cell death.

The ZnONPs antimicrobial mechanism is based on their ability to damage the integrity
of the cell membrane, slow down the replication of AMR genes in bacteria, prevent the
formation of biofilms, and decrease the hydrophobicity of the cell surface. Likewise, the
antibacterial action of these nanoparticles depends significantly on their size, since it is a
crucial factor due to the ease of entry of small particles through the pores on the surface of
the bacterial cell. These pores on the surface of the bacterial cell are in the nano-size range.
Furthermore, the ZnONPs exhibited anticancer activity compared to normal cells. Two
mechanisms based on ROS production, ZnONPs toxicity and induction of apoptosis, were
predicted [211–214].

5.2.3. Gold Nanoparticles

AuNPs arrived at the pharmaceutical and medical industry due to their intrinsic
properties because they can be synthesized in different sizes and morphologies. In addition,
the reduction from Au+3 to Au0 facilitates their functionalization with ligands, such as
aptamers, polymers, drugs, and genetic material, among others [215–217]. In addition,
the chemical inertness of gold allows good in vitro and in vivo biocompatibility [218], so
there has been a proposal to functionalize AuNPs surfaces with antibiotics to increase
antibacterial efficacy against resistant pathogens [219].

In 2016, a new approach was reported using gold nanoparticles functionalized with
chitosan streptomycin (CANP). These ligands were characterized by various techniques,
such as UV-Vis, SEM, TEM, and DLS. The 35 nm size spherical nanoparticles were stud-
ied to avoid the formation of biofilms in microorganisms, such as Listeria monocytogenes,
S. aureus, E. coli, P. aeruginosa, and Salmonella typhimurium, obtaining favorable results for
research, by inhibiting the survival of bacteria up to 95%, whose mechanism of action by
the nanostructure was focused on cell wall damage [220].

Kalita et al. [167] demonstrated the increase in the bactericidal activity of the beta-
lactam broad spectrum drug against Methicillin-Resistant Staphylococcus aureus (MRSA). In
this research, they functionalized gold nanoparticles with amoxicillin (Amox) through the
electrostatic interaction of the attraction forces regulated by the protonated amino and the
thioether group. The AuNPs-Amox complexes were tested in in vitro and in vivo trials,
where they revealed a potent anti-MRSA activity, improving the survival rate of clinical
patients. They reported that the use of the nanostructure could assist the antibiotic in
penetrating inside the cell. In addition, it inhibits the cell wall synthesis.

Hu et al. [221], proposed biofilms based on gold nanoparticles for photothermal
ablation treatment to fight the resistance of Methicillin-Resistant Staphylococcus aureus.
The AuNPs were 14 nm in diameter with a mixed charge of hybrid ions, which adapt
to the surface of any biomolecule, and were functionalized with 10-mercaptodecyl and
electrolytic 11-mercaptoundecanoic acid. The obtained favorable in vivo results, in which
healthy tissues did not show damage by AuNPs due to NIR light irradiation, showing
damage and inhibition of the spread of bacteria.

Due to generalized multidrug resistance caused by antibiotic abuse, Xie et al. [222]
proposed the use of 2 nm diameter gold nanoparticle (AuNP) to fight multi-resistant
bacteria (MDR), coating AuNP with quaternary ammonium (QA) as a solution to MDR
Gram-positive bacteria, including Methicillin-Resistant Staphylococcus aureus (MRSA) and
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Vancomycin-Resistant Enterococci (VRE) in vivo assays. They present results where QA-
AuNP kills bacteria through combined physicochemical mechanisms without causing
damage to surrounding tissues in the living organism.

In 2019, a study in which there was an evaluation of the antibacterial activity of
gold nanoparticles of 10 nm in diameter, functionalized with gentamicin and amikacin
in Acinetobacter baumannii strains from patients with severe burn infections, was reported.
They obtained results of 94.5% in the bacterial inhibition of AuNp with amikacin, while
AuNPs functionalized with gentamicin had an antimicrobial effect 50% superior to the use
of gentamicin alone. They concluded that the combination of amikacin and gentamicin
with AuNPs has a very significant antibacterial efficacy against A. baumannii [223].

Khan et al. [224] used gold nanoparticles bound to chitosan oligosaccharide (COS-
AuNPs) to inhibit the formation of Pseudomonas aeruginosa biofilms, where they obtained
favorable results for the eradication of biofilms and were able to reduce bacterial hemolysis
and different virulence factors produced by P. aeruginosa. They concluded that the hybrid
COS-AuNPs nanoformulation could act as a potential agent to exhibit inhibitory properties
against pathogenesis derived from biofilm formation as a result of a resistance mechanism
of P. aeruginosa.

In more recent studies, Riaz et al. [225] reported the effects of gold nanoparticles
coated with flavonoids (FauNP) with spherical shape and 23 nm in diameter in mice,
against the resistance of Enterococcus faecalis, which mainly colonize tissues in the liver and
the kidneys. They obtained significant results in the reduction in bacterial counts in vivo
and in vitro in organs compared to free flavonoids.

Chavan et al. [166] synthesized 25 nm AuNPs coated with ampicillin (AuNPs-Amp)
and evaluated their interaction with Escherichia coli bacterial cells. The results showed
a successful accumulation of AuNPs-Amp on the surface of the bacterial cell, forming
pores in the bacterial membrane. They evaluated membrane damage by atomic force
and fluorescent microscopy, and functionalized particles showed promising antimicrobial
activity against resistance to ampicillin in E. coli bacteria resistant to ampicillin with an
increase of 95%.

5.2.4. TiO2 Nanoparticles

Another clear example of materials that have been of interest to researchers is titanium
oxide nanoparticles (TiO2NPs), due to their chemical and physical stability, as well as their
strong corrosion resistance. These nanoparticles have low toxicity at low concentrations
without altering their antimicrobial activity, which has makes them even more interest-
ing. In general, TiO2NPs are reported in conjunction with other types of antimicrobial
nanoparticles. Such is the case in the study carried out by Stoyanova et al. [226], where
they prepared TiO2-ZnO nanocompounds to study their bactericidal properties in E. coli
strains. Another similar case was that of Menazea et al. [227], where they studied a ZnO
compound spiked with TiO2 to evaluate its antimicrobial effect against resistant strains
E. coli, P. aeruginosa, S. aureus, and B. subtilis, obtaining results of an increase in inhibition
when ZnO NPs were spiked with TiO2 compared to when they were each separately.

Sunscreen with TiO2/Zn2 and TiO2/Ag has been developed to inhibition of UV radia-
tion and bacteria protection. Nanocomposite showed a correlation between concentration
and inhibition efficiency. The most effective concentration to inhibit in 60–70% of E. coli
and S. aureus bacteria was 100 mg/mL [228].

It has been proven that the interaction between the phospholipid presented in the
bacteria membrane and TiO2 nanoparticles. This interaction has a direct relationship with
the superficial charge and the pH. With acid pH, the nanoparticles have a positive charge
that allowed the interaction with the membrane cell. In addition, UV irradiation has a
greater effect on membrane stabilization, triggering oxidative stress [229].

TiO2 photoactivity has been increased with sodium nitrite, increasing nanoparticle
ability to inhibit MRSA Staphylococcus aureus and kill E. coli. The reported mechanisms
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to inhibit these bacteria were the production of nitrogen reactive species as peroxynitrite,
tyrosine nitration [230].

5.2.5. Other Nanoparticles

The antimicrobial activity presented by magnetic iron, manganese, and magnesium
nanoparticles has aroused the interest of researchers in recent years due to the dam-
aging effect they have on bacteria by interfering with their respiratory and metabolic
processes [40,211,231,232]. Likewise, Davarpanah et al. [233] mention in their study that
the release of metal ions, the destruction of the cell membrane and wall, and the generation
of ROS, as well as the internalization of nanoparticles in bacteria, are the mechanisms most
representative of inhibiting the growth of pathogens.

In 2019, Madubuonu et al. [234] used magnetic nanoparticles to inhibit the growth
of Gram-positive bacteria mainly, they said nanostructures were synthesized by the sol-
gel method with sizes of approximately 71–90 nm. In this investigation they tested the
cytotoxicity of the nanoparticles with a concentration of 256 to 2040 µg/mL approximately
in E. coli, Shigella, P. aeruginosa, S. aureus, and Salmonella typhi, obtaining favorable inhibition
results with Gram-positive bacteria, while, in Gram-negative bacteria, they failed to inhibit
the growth, attributing it to the natural resistance of the bacteria by having a double
lipid membrane.

On the other hand, cobalt oxide nanoparticles have been studied in the last three years
after discovering their antibacterial properties [211,235]. In 2019, Dogra et al. [236] evalu-
ated cobalt hydroxide and oxide nanostructures synthesized by the microemulsion method,
obtaining favorable results for the antimicrobial property against the multi-resistant bac-
terium S. aureus, reporting that said bacterium presented a cellular contraction, rupture of
the cell wall, and membrane, as well as a change in the morphology of the microorganism.

Table 2. Recent studies on metallic nanoparticles against pathogenic bacteria resistance.

Elemental
Composition

Size and
Morpho

Concentration
(µg/mL) Bacteria Antibiotic Inhibit Mechanims Author

AgNPs 10 nm 2.5 P. aeruginosa N/A ~90%

AgNPs can enter
cells and inhibits

enzymatic
systems in the

respiratory chain,
thereby altering

their DNA
synthesis

Salomoni
et al.

(2017) [4]

AgNPs 35 ± 15 nm
Spheroide

0.35
0.5
0.05

8

E. coli
S.

typhimurium
S. aureus
B. subtilis

Chloramphenicol 50% The combination
of the AgNPs +

antibiotic
produced
membrane

damage

Vazquez-
Muñoz et al.
(2019) [237]0.05

0.1
16

0.12

Kanamycin 95%
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Table 2. Cont.

Elemental
Composition

Size and
Morpho

Concentration
(µg/mL) Bacteria Antibiotic Inhibit Mechanims Author

AgNPs ~26 nm
Spheras

1 + 5 E
1 + 10 AMP

1 + 30 C
1 + 30 KF
1 + 2 DA
1 +30 TE

1 + 10 GEN
1 + 30 AMC
1 + 10 CFP
1 + 30 CXM

S. aureus
MRSA
E. coli

P. aeruginosa
A. actino-

mycetemcomi-
tans

Erythromycin
(E)

Ampicillin
(AMP)

Chloramphenicol
(C)

Cephalothin
(KF)

Clindamycin
(DA)

Tetracycline
(TE)

Gentamycin
(GEN)

Amoxycillin
(AMC)

Cefpodoxime
(CFP)

Cefuroxime
(CXM)

~80%

ROS generation
and mechanism

of action of
antibiotic

Ipe et al.
(2020) [238]

AgNPs 8–21 nm
Spherical

15.62
15.62

7.8
31.25

S. epidermis
S.

haemolyticus

Ciprofloxacin
Methicillin

Gentamycin
Rifampicin

0.25 mm
0.06 mm
0.12 mm

1 mm

ROS generation
and

enhancement

Thomas et al.
(2020) [239]

Mesoporous
silica

50–100 nm
Spherical

426
170 A. baumannii Cefepime

Meropenem
11 mm
11 mm

Antibiotic
mechanims

Najafi et al.
(2021) [240]

AuNPs 33 ± 14 nm
2/4
1/2
1/2

E. coli
S. aureus

S. epidermis
Amoxicillin

31 mm
30 mm
19 mm

The combination
of antibiotic and
NPs increase the
concentration of
antibiotic at the

site of bacterium-
antibiotic

interaction; in
additionthe
multivalent

presentation of
amoxicillin

blockade of the
bacterial efflux

pump

Kalita et al.
(2016) [167]

AuNPs 35 nm
200 nm

0.72
0.73

Klebsiella
pneumaniae

A. baumannii

Impinem
Meropenem

72 mm
I/35 &
48 mm
I/200

73 mm
M/35 &
46 mm
M/200

The NPs
improve the

mechanism of
action of
antibiotic

Shaker et al.
(2017) [241]

AuNPs 8 ± 2 nm 0.15
1.5

S aureus
MRSA Amoxicillin 85%

ROS generation
by the

antibiotic effect

Silvero et al.
(2018) [242]

AuNPs 30 ± 20 nm
Irregular 1.5 P aeruginosa Amoxicillin 60–70% Biofilm damage Rocca et al.

(2020) [243]

AuNPs 5 nm 1.18
0.23 E. coli Colistin -

6.8% fold N/A Fuller et al.
(2020) [244]
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Table 2. Cont.

Elemental
Composition

Size and
Morpho

Concentration
(µg/mL) Bacteria Antibiotic Inhibit Mechanims Author

AuNPs 25 nm 62.5 P. aeruginosa
S. aureus N/A 19 mm

15.8 mm

AuNPs have a
significant

inhibitory effect
on bacteria, to
their ability to
associate with

the bacteria cell
wall and rupture

it, as well as
disrupting
bacterial

metabolism by
interfering with
bacterial DNA

Abdulazeem
et al.

(2021) [245]

TiO2NPs
64 ± 0.14 nm

Irregular
spheres

8–64 P. aeruginosa

Ceftriaxone
Amikacin

Ciprofloxacin
Cefepime

96%
88%
80%

100%

The antibiotic in
combination

with the
nanostructure
increases the

synergistic effect
of an antibiotic
as can inhibit

the cell

Youssef et al.
(2020) [246]

6. Conclusions

The inorganic nanoparticles composed of metals, including silver, magnetic metals,
such as iron and magnesium, cobalt, zinc oxide, titanium dioxide, and gold, have been
shown to possess high antibacterial activity. However, limited information is available on
the in vivo antibacterial efficacy of nanostructures, their ability to inhibit pathogenic strains,
and mechanisms of action. In general, metal nanoparticles have some advantages, such as
a large surface area and multimodal applications. However, there are obstacles of toxicity,
instability, and storage which prevent its replication and the limitation of information.

It has been proposed that, once NPs accumulate in the metabolic pathway and cross
the bacterial membrane, they can interact with lysosomes, DNA, enzymes, and ribosomes,
which triggers oxidative stress, changes in membrane permeability, cell electrolyte imbal-
ances, heterologous alterations, protein inactivation, inhibition of resistant enzymes, and
decoding of genomic expression.

The NPs’ toxicity depends on both the NPs and bacterial characteristics. Differences
between experimental conditions make it difficult to compare results. However, NPs can
interrupt the AMR and make the cells more sensitive to the antibiotic, generating a new
use of the ancient antibiotic with improved characteristics.

Finally, nanoparticles not only improve the therapeutic activity of antimicrobials but
also restrict the stimulation of resistance generated by bacteria. Thus, there is a need for
developing simultaneous strategies to deactivate beta-lactamase, deactivating enzymes,
efflux pumps, as well as generate damage to cell wall, and membrane, protein and DNA
damage, change in cell permeability, and generation of ROS.
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Abstract: Silver nanoparticles (Ag NPs) appeared as promising antimicrobial candidates to face the
development of antibiotic resistance. Although reported as toxic towards mammalian cells, their
combination with biomolecules have shown reduced toxicity, while maintaining the antimicrobial
function. Herein, hyaluronic acid (HA) with low (40 kDa), medium (200 and 600 kDa) and high
(2 MDa) molecular weight (Mw) was modified with adipic acid dihydrazide (ADH) and used as
reducing and capping agents to synthesise antimicrobial hybrid Ag NPs. The Mw of the polymer
played a crucial role in the morphology, size and antibacterial activity of the Ag NPs. The 600
and 200 kDa HA-ADH-Ag NPs were able to reduce the Escherichia coli and Staphylococcus aureus
concentration by more than 3 logs, while the 40 kDa NPs reached ~2 logs reduction. The 2 MDa
HA-ADH failed to form homogenous NPs with strong bactericidal activity. A mechanistic study of
the interaction with a model bacterial membrane using Langmuir isotherms confirmed the greater
interaction between bacteria and higher Mw polymers and the effect of the NP’s morphology. The
nanocomposites low toxicity to human skin cells was demonstrated in vitro, showing more than 90%
cell viability after incubation with the NPs.

Keywords: hyaluronic acid; adipic acid dihydrazide; silver nanoparticles; polymer molecular
weight; antimicrobial

1. Introduction

Inefficacy of antibiotics due to the advent of multidrug resistance of pathogens has
become a global health emergency, causing complicated infections and even death. Conven-
tional antibiotics have very specific mechanisms of action, which enable the development of
resistance associated to single mutations sufficient to counteract the effect of the drug [1,2].
Conversely, metal (silver [3] and copper [4]) and metal oxide (zinc oxide [5]) nanoparticles
(NPs), possess multiple antimicrobial mechanisms, comprising membrane disruption, ion
release, ROS formation, inactivation of bacterial enzymes and metabolic pathways and
damage of pathogen’s DNA [6]. Simultaneous and unspecific mechanisms broaden the
spectrum of antibacterial activity and hamper the resistance acquisition due to multiple
mutations required to overcome the antimicrobial action. Compared to their bulk forms,
NPs possess larger surface area to volume ratio allowing stronger interaction with bacterial
cell structures, resulting in higher antimicrobial efficiency. Despite the potential of these
materials as antimicrobial agents, they have been described as toxic towards mammalian
cells [7]. To avoid their intrinsic toxicity these nano-antimicrobials can be combined with
biomolecules, for both enhanced biocompatibility [8] and antimicrobial efficacy [9].

Silver is still by far the most extensively used antimicrobial metal for biomedical appli-
cations. Biopolymers, such as polysaccharides, have been increasingly employed as natural
alternatives to traditional chemical reducing and capping agents for Ag NPs synthesis,
providing multiple benefits as: (i) NPs’ stabilisers prolonging their shell-life, (ii) protective
agents that decrease the NP toxicity to human cells, (iii) enhancers of the antimicrobial
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properties of Ag NP and (iv) providers of functional groups allowing immobilisation on
solid substrates or further surface functionalisation. Positively charged biopolymers, such
as chitosan and aminocellulose, are well-known antimicrobials agents, which interact with
bacterial membranes, producing changes in their permeability, homeostasis failure and
membrane hydrolysis, ultimately resulting in cell death [10]. Conversely, biopolymers
without antimicrobial activity, e.g., hyaluronic acid, enhance the biocompatibility of toxic
antimicrobial agents towards mammalian cells [11]. Moreover, their functional groups
allow for further modifications to provide additional bioactivities. In the synthesis of metal
NPs, these biomacromolecules may serve as reducing agents of the corresponding metal
salt to generate stable NPs dispersion [12–14].

Herein, a hydrazide-modified hyaluronic acid (HA) was synthesised and used for
production of antimicrobial silver-enabled nanocomposites. HA is a linear glycosamino-
glycan formed by alternating units of β-1,4-linked D-glucuronic acid and β-1-3-linked
N-acetyl-D-glucosamine. It is the main structural component of the extracellular matrix
involved in signalling processes, inflammation, wound repair and morphogenesis, among
others. Furthermore, the biological function of HA is determined by its molecular weight
(Mw). For instance, low Mw stimulates inflammation, while higher chain length induce
anti-inflammatory response [15]. On the other hand, adipic acid dihydrazide (ADH) is a
low toxicity ligand that have been described to form complexes with metal ions such as
Ag+ or Cu2+ [16,17].

This study attempts to achieve green synthesis of stable and concentrated dispersions
of antimicrobial HA-derivative capped Ag NPs using biopolymer-assisted Ag+ reduction
into Ag NPs. HA was modified with adipic acid dihydrazide (HA-ADH) in order to
promote the interaction between silver ions and the biopolymer, and thus enhancing
its potential as a reducing and capping agent in the synthesis of Ag NPs. Since little
is known on how the polymer Mw influences the NPs synthesis, the size/distribution
and antibacterial efficacy of HA-ADH-Ag NPs were studied using HA-derivatives with
increasing molecular weight (40, 200, 600 kDa and 2 MDa).

2. Results and Discussion
2.1. Amination of HA

Biopolymers have been widely used to synthesise nanocomposite materials, yielding
hybrid structures with a broad range of functionalities and superior performance compared
to their individual constituents. In the synthesis of Ag NPs, the biopolymers are involved in
both silver ion reduction and capping, thus overcoming the major drawbacks of traditional
chemical synthetic methods, such as the use of chemical reducers or high temperature.
However, pristine HA is not able to produce metal NPs without these conditions [18,19].
In the current work, the modification of HA with ADH moieties was expected to promote
the metal coordination-driven interaction between the silver ions and HA, and enhance
the hybrid HA-ADH-Ag NPs formation. The conjugation reaction was performed using
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), which activated the carboxylic
groups in HA for reacting with the amino groups of ADH (Scheme 1) [20]. In the FTIR
spectrum of HA-ADH, compared to unmodified HA, the presence of the signal at 1281 cm−1

corresponded to the stretching vibration of C-N bonds from the ADH functional groups.
The new amide I (1650 cm−1) and amide II (1535 cm−1) peaks confirmed the presence
of the amide groups of ADH [21]. The signal at 3000 cm−1 in the pristine HA samples
split into two signals in the modified samples due to the stretching vibration of the C-H
bonds of ADH. Finally, the subtle change in the shape of the signal at 3300 cm−1 could
correlate with N-H vibration [16]. These changes were observed in the spectra of the four
modified HA samples when compared to their unmodified counterparts, indicating that
the ADH-grafting reaction was successful regardless the Mw of HA (Figure 1). The degree
of HA amination (~60%), quantified by the trinitrobenzene sulfonic acid (TNBSA) assay,
was similar for the low and medium Mw HA samples. On the other hand, the 2 MDa
showed slightly lower modification (~45%) (Figure S1).
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Scheme 1. Hyaluronic acid modification with adipic acid dihydrazide.

Figure 1. FTIR spectra of pristine and ADH-modified hyaluronic acid: (A) 40 kDa, (B) 200 kDa, (C) 600 kDa and (D) 2 MDa.

2.2. HA-ADH-Ag NPs Characterisation

The synthesis of stable and concentrated dispersion of HA-ADH-Ag NPs were achieved
upon mechanical stirring of four different Mw HA-ADH (40, 200, 600 kDa and 2 MDa)
solutions with silver nitrate at room temperature for 24 h. In this study, the different
polymer molecular weights were used to investigate the effect of the chain length on
the NPs size/distribution and their antimicrobial performance. After centrifugation and
separation process to remove the unreacted precursors, the NPs dispersions presented
turbidity and brownish colour [22]. The Ag NP formation was confirmed by UV-vis
spectrophotometry. Unlike the unmodified HA (Figure S2), all the samples prepared
with HA-ADH showed absorbance spectra with the characteristic peak of nano-silver at
420 nm (Figure 2) [23]. Besides this, the spectra corresponding to medium Mw polymer
(200 and 600 kDa) showed narrower and more intense absorbance peak than the low and
high molecular weight counterparts [24]. TEM analysis demonstrated that the Mw of
the biopolymer determined the particle size and polydispersity. HA-ADH with 200 and
600 kDa produced uniform spherical HA-ADH-Ag NPs of approximately 18 nm, whereas
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the Ag NPs prepared with low Mw (40 kDa) displayed irregular form and heterogeneous
size distribution (Figure 3). The nanoparticulate conjugates obtained with 2 MDa HA-ADH
were larger (around ~20–40 nm), with irregular forms (images showed spherical, amor-
phous, oval and triangular morphologies) and higher polydispersity (Figures 3D and S3).
The size and polydispersity of hybrid NPs are typically controlled by varying the tem-
perature, reaction time and ratio of the reagents used. Herein, the results indicated that
the size and polydispersity of the NPs could be tuned simply by varying the biopolymer
Mw. The presence of the hydrophilic biopolymer on the surface of the NPs provided a
molecular barrier that acts as a stabiliser for the nanocomposites through steric repulsions,
preventing them from agglomeration. As reported, such effect is enhanced by the length
of the polymer chain [25–27]. Similarly, higher Mw polyvinyl alcohol and chitosan used
as silver reducing agents yielded smaller and more stable Ag NPs than their lower Mw
counterparts [28,29]. At the same mass concentration, the HA-ADH solution of low Mw
contains more macromolecules than the corresponding solutions of higher Mw biopolymer.
Higher HA-ADH molecular concentration might boost the HA-ADH/silver nanostructures
aggregation, resulting in larger nanoparticles. It is reported that high Mw HA solutions
present pseudo-gel-like behaviour due to polymer chain entanglement [30]. The viscosity
of 2 MDa solutions drastically increased compared to the 40, 200 and 600 kDa samples,
which may hinder the diffusion of the metal ions through the polymeric matrix, favouring
the formation of bigger metal-polymer clusters with irregular shape.

Figure 2. UV-vis spectra of HA-ADH-Ag NPs dispersions synthesised with different Mw HA-
ADH derivatives.

2.3. Mechanism of HA-ADH-Ag NPs Formation

Metal ion-biopolymer interaction has been identified as a key factor in the hybrid
metal-organic NPs synthesis. Although HA could interact with Ag+ through glucosidic
groups, the unmodified polymer failed to form NPs. Therefore, the capacity of hydrazides
to form complexes with metal ions was explored to enhance the interaction of the polymer
with Ag+ during the NPs formation [31,32]. In order to assess the interaction between the
silver ions and HA-ADH, the UV-vis spectra of HA-ADH/Ag+ mixtures were recorded.
The addition of silver salt increased the signal at ~220 nm and shifted it towards longer
wavelength, which correlate with a coordination reaction between HA-ADH and Ag+

(Figures 4A and S4). This interaction makes available and exposes Ag+ to reduction
by the -OH groups in HA, yielding HA-ADH-Ag NPs. The FTIR analysis of the NPs
revealed the increase of the following signals in HA-ADH spectrum: at 2859 and 1297 cm−1

corresponding to C-H stretching and bending vibration from aldehydes, at 1693 cm−1
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assigned to C=O stretching vibration, and at 1420 cm−1 corresponding to the increase of
carboxylic groups. These changes were observed in the spectra of 200, 40 and 600 kDa
(Figures 4B and S5). The same signals appear in HA-ADH treated with sodium periodate
(Figure 4B) due to the formation of carbonyl groups by oxidation of C2 and C3 and opening
of the glucuronic acid ring of HA [33]. Thus, we hypothesised that the oxidation of
HA-ADH during the Ag NPs formation follows a similar pattern.

Figure 3. TEM images of HA-ADH-Ag NPs synthesised with (A) 40 kDa, (B) 200 kDa, (C) 600 kDa
and (D) 2 MDa.

2.4. Antibacterial Activity of HA-ADH-Ag NPs

The antibacterial efficacy of HA-ADH-Ag NPs were assessed towards two medically
relevant bacterial pathogens: the Gram-negative E. coli and the Gram-positive S. aureus.
Biocidal activity of the nanocomposites was expected due to the generation of ROS and
release of Ag+ [34,35]. In order to compare the antibacterial activity of HA-ADH NPs
obtained from HA-ADH of different Mw (40, 200, 600 kDa and 2 MDa), each NPs solution
was prepared at the same silver concentration. Interestingly, significant differences in
the antibacterial performance of the four sets of NPs were observed. At a total silver
concentration of 12 ppm, both bacteria were completely eradicated by 40, 200 and 600 kDa
HA-ADH-Ag NPs, however, the 2 MDa NPs were only able to reduce ~2.5 logs of the
bacterial concentration. The NPs of 600 kDa HA-ADH, containing 6 ppm silver, efficiently
eradicated both bacteria, while those prepared with 200 kDa HA-ADH at the same silver
concentration caused full killing of E. coli and 3 logs reduction of S. aureus concentration.
On the other hand, the HA-ADH-Ag NPs made of 40 kDa HA-ADH at 6 ppm of silver
presented lower activity, reducing less than 3 logs the bacterial concentration. Finally, the
ones prepared with 2 MDa HA-ADH did not show bactericidal activity at this concentration
towards any of the tested bacterial species (Figure 5). Although HA-ADH in bulk form did
not display antimicrobial activity, different Mw HA derivatives unexpectedly modulated
the antimicrobial activity of the nanocomposite. The impact of the chain length on the
antimicrobial activity has been previously described for other biomolecules, such as chi-
tooligosaccharides [36]. On the other hand, the size and shape play a crucial role in the NPs
activity. It has been reported that small changes in the size of the particles can affect their
antimicrobial potential, generally improving with smaller particle sizes [37,38]. Accord-
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ingly, the irregular morphology of the 40 kDa and 2 MDa NPs may reduce their interaction
with the bacterial membranes, and therefore, their antimicrobial efficacies [39,40].

Figure 4. (A) UV-vis spectrum of the HA-ADH subtracted to the spectra of HA-ADH/Ag+ mixtures.
(B) FTIR spectra of 200 kDa HA-ADH, HA-ADH-Ag NPs and HA-ADH oxidised with sodium
periodate (HA-ADHox).
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Figure 5. Antimicrobial activity of HA-ADH-Ag NPs synthesised using 40, 200, 600 kDa and 2 MDa
HA-ADH towards E. coli and S. aureus. t0 indicates the initial bacterial concentration of the test.

2.5. HA-ADH-Ag NPs Interaction with a Bacterial Model Membrane

In order to elucidate the effect of the Mw on the antimicrobial performance of the
nanocomposites, the interactions between the HA derivatives and a mimetic Gram-negative
bacterial membrane model were studied using Langmuir isotherms. The monolayer was
formed using the two main phospholipids of the E. coli membrane-phosphatidylethanolamine
(PE): phosphatidylglycerol (PG) [41]. Similar to previous studies, the PE:PG π-A isotherm
presented a monotonic increase until the collapse pressure (CP) at π ~48 mN·m−1 [42].
As expected, unmodified HA did not produce significant changes in the compression
isotherm for E. coli model membrane (Figure S6). In contrast, at low lateral pressures
(π < 25 mN·m−1), the addition of HA-ADH and HA-ADH NPs shifted the control PE:PG
isotherm (Figure 6A,B, black line) towards higher values of area per molecule. Analogous
behaviour has been reported for membrane disturbing biopolymers such as chitosan [43].
The increase of the area observed may be due either to intercalation of the polymer/NPs
between the phospholipids chains, or to electrostatic interactions [44]. At π > 25 mN·m−1,
the 40 kDa HA-ADH in bulk and nanoform behave similar to the PE:PG, but presented
slightly lower CP. In the case of 200 and 600 kDa HA-ADH in both forms, the initial shift
was maintained, increasing the area per molecule, however, the CP was the same as in the
PE:PG isotherm. Finally, the highest Mw HA-ADH (2 MDa) promoted the interaction and
shifted the position of the isotherm towards higher area per molecule values (Figure 6A).
On the other hand, 2 MDa capped Ag NPs did not interact with a detectable affinity with
E. coli model membrane (Figure 6B).
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Figure 6. π-A isotherms of a PE:PG 8:2 mix monolayers in PBS subphase (solid black), or with
HA-ADH in bulk form (A) or in nano-form (B) of 40 kDa (grey solid), 200 kDa (grey dash), 600 kDa
(grey dot) and 2 MDa (grey short dot). Insets: the inverse of the compressibility modulus. (C) Cartoon
illustrating the interactions of the HA-ADH-Ag NPs with the model membrane.

The effect of the NPs and biopolymers on the lipid monolayer was measured compar-
ing the area of the isotherms at 33 mN·m−1, corresponding to the physiological membrane
pressure [45]. At this pressure, the PE:PG monolayers with PBS, 40 kDa HA-ADH and
40 kDa HA-ADH-Ag NPs presented an area of ~63 Å2/molecule, indicating that at this
pressure, the 40 kDa samples were not interacting with the model membrane. On the other
hand, the 200 kDa and the 600 kDa HA-ADH showed areas of 71 and 74 Å2/molecule in
bulk form, and 73 and 78 Å2/molecule in nanoform, respectively. Finally, 2 MDA HA-ADH
presented an area of 82.4 Å2/molecule and 65.3 Å2/molecule in NPs form. Despite not
having antibacterial activity, the HA-ADH polymer displayed almost a linear area incre-
ment (from 63–82.4 Å2/molecule) with higher Mw, which may be correlated with stronger
interactions with the bacterial membrane (Figure S7). From low to medium Mw polymer
NPs, the interaction with the PE:PG monolayer is clearly enhanced by HA-ADH polymer
chain length. In agreement with the antibacterial properties, polymer-capped Ag NPs with
higher Mw (600 kDa) presented stronger activity than NPs with similar sizes and morphol-
ogy (40 and 200 kDa). The drastic interaction loss of the 2 MDa NPs (65.3 Å2/molecule)
may be due to the higher size, polydispersity and heterogeneous shape of the NPs. The
Langmuir study results showed the contribution of both factors: (i) biopolymer Mw and
(ii) NPs size, morphology and polydispersity, in the interaction of the nanocomposite with
the bacterial surface.

In the case of the inverse of the compressibility module curves, although the PE:PG
monolayer is maintained in a fluid or liquid state, the NPs induced a decrease in the Cs−1

values (Figure 6A,B), indicating an increase of the membrane fluidity [46]. As this effect
could not be correlated with the antimicrobial-Mw tendency observed in the antimicrobial
assay, we assumed that it may not have an important contribution in the antimicrobial
mechanism of the NPs.
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2.6. Biocompatibility of the HA-ADH-Ag NPs

The unspecific and multiple antimicrobial mechanism of Ag NPs has been reported
to cause toxicity towards mammalian cells [47]. Although the HA used in this work has
been modified, it did not show any toxicity against human skin cells at a concentration
of 0.9% (w/v) (Figure S8) [48]. The NPs synthesised with different Mw HA-ADH were
tested with fibroblasts (BJ5tα) and keratinocytes (HaCat) at antimicrobial concentration
of 6 ppm silver for 24 h. After one day of direct incubation and a further recovery time of
24 h, none of the four HA-ADH-Ag NPs was toxic towards the skin cells, which showed
viability higher than 90% (Figure 7A). The fluorescence microscopy images confirmed that
the HA-ADH-Ag NPs did not affect the morphology of the human skin cells (Figure 7B).

Figure 7. Cytotoxicity of HA-ADH-Ag NPs synthesised using 40, 200, 600 kDa and 2 MDa HA-
ADH at 6 ppm of silver content. (A) AlamarBlue assay for assessment of the cellular metabolic
activity of fibroblast (BJ5tα) and keratinocytes (HaCat) after 24 h incubation with HA-ADH-Ag
NPs. (B) Fluorescence microscopy images of fibroblasts (BJ5tα) and keratinocytes (HaCat) after 24 h
incubation with HA-ADH-Ag NPs. The green (live cells) and red (dead cells) fluorescence images
are overlaid in one picture for better comparison.
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3. Materials and Methods
3.1. Reagents and Enzymes

Pharmaceutical grade hyaluronic acid (HA) sodium salt from Streptococcus Equi
(MW = 40, 200, 600 kDa and 2 MDa) was obtained from Lehvoss Iberia (Barcelona, Spain).
Silver nitrate, Muller-Hinton Broth (MHB), Coliform ChromoSelect agar, Braid-Parker
agar, Dulbecco’s modified Eagle’s medium—high glucose (DMEM) were supplied by
Sigma-Aldrich (Madrid, Spain). Invitrogen Life Technologies Corporation (Sant Cugat
del Vallès, Spain) provided the alamarBlue cell viability reagent. Adipic acid dihydrazide
(ADH), hydrochloric acid, nitric acid, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) and 2,4,6-trinitrobenzene sulfonic acid (TNBSA) were supplied by Thermo Fischer
Scientific (Sant Cugat del Vallès, Spain). Sodium dodecyl sulfate was purchased from
Fisher Bioreagent (Madrid, Spain). Bacterial strains Staphylococcus aureus (ATCC 25923)
and Escherichia coli (ATCC 25922), and human fibroblast (ATCC-CRL-4001, BJ-5ta) and ker-
atinocyte (HaCaT cell line) cells were obtained from the American Type Culture Collection
(ATCC LGC Standards, Barcelona, Spain).

3.2. Hyaluronic Acid Modification

Four HA Mws (40, 200, 600 kDa and 2 MDa) were modified with adipic acid dihy-
drazide as previously described [49]. Briefly, each HA was dissolved in MilliQ water at
a final concentration of 2.5 mg/mL. When the HA was completely dissolved, adipic acid
dihydrazide (ADH) was added in 1:40 (HA:ADH) molar ratio. After 30 min of stirring at
room temperature, the pH was adjusted to 4.8 with hydrochloric acid. Subsequently, EDC
was added in a molar ratio of 1:4 (HA:EDC). The reaction was performed for 2 h, adjusting
the pH every 10 min to 4.8. Then, the HA was dialysed four times with distilled water to
remove the unreacted compounds, the first one in 20% (v/v) of ethanol, and subsequently
freeze it overnight at −80 ◦C. Thereafter, the HA was freeze-dried for 3 days. The HA
modification was assessed through FTIR, performing 64 scans over 4000–650 cm−1 range
with PerkinElmer Spectrum 100 (PerkinElmer, Boston, MA, USA). In order to assess the
modification degree of the polymer, the TNBSA assay was performed. Briefly, 500 µL of
sample and standard solutions were reacted with 250 µL TNBSA solution 0.01% (w/v)
prepared in 0.1 M sodium bicarbonate buffer pH 8.5. After 2 h of incubation at 37 ◦C,
250 µL of 10% SDS and 125 µL of 1 M HCl were added to each sample to stop the reaction.
Finally, 200 µL of all reaction were transferred to a 96-well plate and the absorbance of the
solutions was measured at 335 nm.

3.3. Synthesis of NPs

Modified-HA of each Mw was resuspended in water to obtain 1.5% (w/v) solution.
After complete dissolution, 2 mg/mL silver nitrate was added in a volume ratio of 1.5:1
(HA: silver nitrate) and stirred at 300 rpm for 24 h at room temperature. Since the 2 MDa
polymer was not dissolved at a concentration of 1.5% (w/v), the HA-ADH solution was
prepared at the final concentration of synthesis reaction 0.9% (w/v) and the silver salt was
added in solid and subsequently the mix was strongly vortexed in order to dissolve the
salt. After that, the particles were separated by centrifugation at 18,000× g for 40 min. The
particles were washed twice with miliQ water, and finally resuspended in miliQ water.

3.4. Characterisation of the NPs

The study of NPs size and morphology was performed using a JEOL JEM-2100 LaB6
transmission electron microscope (TEM) operating at an accelerating voltage of 200 kV
with holey carbon grid.

The NPs were analysed spectrophotometrically over the 230–930 nm range, using
a microplate reader Infinite M200 (Tecan, Grödig, Austria) to identify the characteristic
absorption peak of nano-silver at 420 nm. The silver content of the HA-ADH-Ag NPs
was assessed using ICP. The sample preparation consisted in dissolving the NPs with 20%
(v/v) nitric acid at 100 ◦C for 60 min. Thereafter, the volume was completed to 5 mL with
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ultrapure water to reach a final concentration of 2% (v/v) nitric acid. Then the samples
were filtered to remove any remaining solid and the measurement was performed using an
ICP-MS 7800 (Agilent Technologies, Madrid, Spain) calibrated by internal standard with
45Rh and a standard curve of 107Ag.

3.5. Mechanism of NPs Formation

HA-ADH and ADH with 0.5, 1 and 2 mg/mL silver nitrate were analysed spectropho-
tometrically using a Varian Cary 100 Bio spectrophotometer (Varian, Belrose, Australia)
over a wavelength range of 200 to 400 nm in 1 cm quartz cuvettes. The HA-ADH-Ag NPs
were lyophilised and compared to the HA-ADH by FTIR, performing 64 scans over the
4000–650 cm−1 range with PerkinElmer Spectrum 100 (PerkinElmer, Boston, MA, USA).

3.6. Antibacterial Activity of HA-ADH-Ag NPs

The antibacterial activity of the HA-ADH-Ag NPs was assessed towards Escherichia coli
and Staphylococcus aureus. The NPs solutions at different concentrations were mixed with
50µL bacterial inoculum at optical density (OD) at λ = 600 nm OD600 = 0.01 (~105–106 colony
forming units (CFU) mL−1) in a 96-well polystyrene plates. The samples were incubated
for 24 h at 37 ◦C with shaking at 230 rpm. A microplate reader was used to assess the
bacterial growth in presence of the NPs measuring at 600 nm (OD600). Samples without
turbidity (OD600 ~ 0) were considered antibacterial. Afterwards, the number of survived
CFU was assessed by plating 10 µL of the suspensions onto coliform Agar for E. coli and
Braid Parker Agar for S. aureus. The agar plates were incubated for 24 h at 37 ◦C and
counted. All results are reported as mean value ± standard deviation (n = 3).

3.7. Langmuir Experiments

The capacity of the modified HA and NPs to interact with a model Gram-negative
membrane was studied under biomimetic conditions by means of the Langmuir technique.
Monolayers of phosphatidylethanolamine (PE): phosphatidylglycerol (PG) in a ratio of 8:2,
using subphases with PBS, PBS + HA-ADH and PBS + NPs, were formed in a Langmuir
trough (KSV NIMA Langmuir–Blodgett Deposition Troughs, model KN2002, Finland)
equipped with two mobile barriers mounted on an antivibration table, housed in an
insulation box at 23 ± 1 ◦C. The surface pressure (π) was measured using a Wilhelmy
plate connected to the trough. The system was cleaned twice with chloroform and several
times with water until the pristine subphase confirmed the cleanliness of the system. The
experiments were performed with a barrier closing rate of 15 cm2 · min−1. The subphases
were prepared using 100 mM PBS at pH 7.4 and 0.05% (w/v) of HA-ADH, and the NPs
samples were normalised regarding the HA-ADH content determined by TNBSA. After
the establishment of the subphases, 30 µL of the phospholipid mixture at a concentration of
0.5 mg/mL dissolved in chloroform was gently added on the surface of the subphase. The
recording of the surface pressure-area per molecule (π-A) isotherm started after 10 min of
lagging for complete chloroform evaporation. All the experiments were carried out at least
three times. The physical states of the monolayers were estimated by the inverse of the
compressibility modulus Cs

−1 that is obtained from the π-A isotherms calculated according
to the following equation, where A is the mean area per molecule (Å2 · molecule−1), π the
surface pressure (mN·m−1) and T the absolute temperature (K):

C−1
s = −A

(
dπ

dA

)

T

3.8. Biocompatibility of the HA-ADH-Ag NPs

Human fibroblast cell line BJ5tα and human keratinocytes cell line HaCaT were
used to determine the toxicity of the hybrid NPs towards mammalian cells as previously
described. NPs suspensions were put in contact with the previously cultured in a 96-well
plate (6 × 104 cells per plate) cells, and after 24 h the particles were removed and the cells
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were let for 24 h to recover. Thereafter, the number of viable cells was detected using
alamarBlue assay kit. All results are reported as mean value ± standard deviation (n = 3).
In parallel, 20 µL of a PBS solution containing 0.1% (v/v) of calcein AM and 0.1% (v/v) of
ethidium homodimer-1 were added to each well and the cells were stained for 15 min in
the dark. The stained cells were observed using a fluorescence microscope (Nikon/Eclipse
Ti-S, Amstelveen, The Netherlands), the stained live cells are displayed in green and the
dead cells in red.

4. Conclusions

Silver NPs have been postulated as a powerful tool against the rising drug-resistant
bacteria. In this work, we developed a safe to human cells antimicrobial nanocomposite
through reduction of silver nitrate with HA-ADH of increasing Mw. The adipic acid-
modified polymer was not only used as a silver reducing agent to obtain Ag NPs, but also
stabilised the NP dispersion, decreased the NPs toxicity to human cells and enhanced their
antimicrobial efficacy. TEM analysis revealed that the Mw of the biopolymer determined
the size, morphology and polydispersity of the NPs, being the ones produced with medium
molecular weight polymer (600 and 200 kDa) smaller and less polydisperse than those
produced with 40 kDa or 2 MDa HA-ADH. The hybrid HA-ADH-Ag NPs showed strong
antimicrobial effect towards the planktonic form of Gram-negative E. coli and Gram-
positive S. aureus without affecting the viability of fibroblast and keratinocytes cells. Mw-
related antimicrobial activity of the HA derivatives and developed nanocomposites was
studied through Langmuir isotherms. Interestingly, higher Mw of HA-ADH in bulk
form, presented greater interaction with a model bacterial membrane. The Langmuir
characterisation of NPs-E. coli model membrane interaction also showed correlation with
their antimicrobial activity. At physiological membrane pressure, 200 and 600 kDa HA-
ADH-Ag NPs displayed the strongest interaction, followed by 2 MDa and 40 kDa. From low
to medium Mw HA-ADH-generated NPs, the antibacterial capacity is clearly influenced
by higher polymer Mw. On the contrary, although strong effect of 2 MDa HA-ADH in bulk
form was observed in the Langmuir isotherm, the low interaction of the corresponding
NPs, being larger and irregular in shape, with the model membrane confirmed the role
of the NP size/morphology in their antimicrobial activity. Thus, the polymer Mw not
only determines the NPs synthesis outcomes in terms of size, stability and dispersity, but
also endowed them with the ability to interact with the bacterial membrane conferring
enhanced antibacterial activity.
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Abstract: The current status of controversy regarding the use of certain preservatives in cosmetic
products makes it necessary to seek new ecological alternatives that are free of adverse effects on
users. In our study, the natural terpene thymoquinone was encapsulated in chitosan nanoparticles.
The nanoparticles were characterized by DLS and TEM, showing a particle size of 20 nm. The
chemical structure, thermal properties, and release profile of thymoquinone were evaluated and
showed a successful stabilization and sustained release of terpenes. The antimicrobial properties of
the nanoparticles were evaluated against typical microbial contaminants found in cosmetic products,
showing high antimicrobial properties. Furthermore, natural moisturizing cream inoculated with
the aforementioned microorganisms was formulated with thymoquinone-chitosan nanoparticles to
evaluate the preservative efficiency, indicating its promising use as a preservative in cosmetics.

Keywords: nanotechnology; cosmetic; chitosan; essential oils; antimicrobial; preservative agents;
nanoparticles

1. Introduction

Microorganism contaminants are one of the most usual causes of alteration in cosmetic
products (CPs) due to over-exposition to atmospheric oxygen [1]. When the CPs are opened
for daily use, the microorganisms present in the atmosphere make contact with the cosmetic
formulation, producing problems such as the appearance of mold, separation of phases
of the emulsions, loss of viscosity, change in aroma, or rancidity of fats [2]. Moreover, the
presence of pathogenic microorganisms in CPs has been associated with the development
of some adverse effects, such as dermatitis, irritation, or peeling as well as conjunctivitis,
asthma, urticaria, angioedema, or pneumonia [3].

The rising CP market, which is projected to reach $429.8 billion by 2022, is linked to
an increased consumption of long shelf-life products. The cosmetic industry uses several
compounds to prolong the period of use in cosmetics. One of the most common approaches
is the incorporation of preservative agents, i.e., substances that inhibit the growth of
microorganisms and counteract the generation of reactive oxygen species and oxidation
processes [4]. Some cosmetic preservatives such as parabens, triclosan, benzalkonium
chloride, formaldehyde, phenoxyethanol, and chlorphenesin produce adverse effects in
humans such as DNA damage, antiandrogenic activity, cytotoxicity and genotoxic effects
on human lymphocytes, cytotoxicity in meibomian glands, risk of cancer, and allergic
reactions and also produce environmental and animal toxicity [5,6]. Due to these results,
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the traditional use of preservatives in cosmetics is leading us to search for new “eco-friendly”
and efficient alternatives.

Essential oils (EO) are volatile compounds present in some aromatic plants and spices.
Terpenes and isoprenoids are compounds derived from isoprenes and are the main com-
ponent of several EOs that are widely used in medicine due to their varied biological and
pharmacological activity, including high antimicrobial and antioxidant properties [7]. Thy-
moquinone (TQ) is the most abundant constituent of the volatile oil of Nigella sativa seeds,
contributing to most of the properties of N. sativa. Different pharmacological properties
of TQ have been previously described, e.g., immunomodulatory [8], anti-histaminic [9],
anti-tumor [10], hepatoprotective [11], gastroprotective [12], nephroprotective [13], neuro-
protective [14], antioxidant [15], and antimicrobial activity [16]. However, its high volatility
and easy degradation can make its applications difficult.

The encapsulation of terpenes in different raw materials can improve the stability of
compounds and increase their therapeutic efficacy. One of the most promising approaches
is through the use of nanotechnology, with the encapsulation of terpenes in different
formulations with a range of sizes between 1–1000 nm, thus improving their effect and
stability [17].

Chitosan (CH), a linear polysaccharide consisting of 1, 4-linked glucosamine and
N-acetylglucosamine, is a natural polymer derived through deacetylation of chitin in an
alkaline media, with chitosan being the major component in shrimp and other crustaceans’
cuticular exoskeletons [18]. CH is one of the most popular polysaccharides used as a raw
material to encapsulate active compounds such as essential oils, terpenes, and several
drugs due to its structure-forming, biocompatibility, and high stability [19,20]. Due to its
versatile and easy manipulation, several formulations of chitosan have been formulated
such as gel beads [21], polyelectrolyte complex-based hydrogels [22], microparticles [23],
and nanoparticles, among others. The encapsulation of TQ into chitosan nanoparticles
has been tested in different medical areas [14], where the TQ encapsulation is evaluated in
radioiodinated folic acid-chitosan nanoparticles in order to target ovarian cancer, showing
lower cytotoxicity in healthy cells [24]. Encapsulation of TQ in chitosan nanoparticles
coated with polysorbate 80 showed an improvement in the antidepressant effect of terpene
in Wistar rodents [25]. Moreover, in the cosmetic industry, CH is widely applied in CPs as
an antioxidant, emulsifying agent, and skin protective agent in chitosan form or in different
chitosan forms such as carboxymethyl chitosan [26].

Thus, the present study shows, for the first time, the assessment of TQ encapsulated in
chitosan nanoparticles (NPCH-TQ) as a cosmetic preservative agent through the evaluation
of antimicrobial activity in natural formulated moisturizing cream.

2. Results
2.1. Particle Size and Z Potential of NPCH and NPCH-TQ

Photon correlation spectroscopy or dynamic light scattering (DLS) is a technique based
on the scattering of a laser beam of a given wavelength by particles or macromolecules
in a liquid medium due to their Brownian motion, which is widely used to determine
particle size and surface charge. The results presented in Table 1 show an average range of
nanoparticle size from 48.6 to 65.0 nm, showing an increase in size from non-encapsulated
nanoparticles due to the incorporation of terpenes into raw material. The results of the
polydispersity index (PDI) show values below 0.5, achieving PDI values of 0.2 in the
formulations of ratios 1:0.75 and 1:1. All nano-formulations present positive Z values from
+23.9 up to +49.8 mV due to the use of chitosan as a raw material. The results presented
in Table 1 show a decreasing trend in Z values related to the amount of TQ encapsulated
in nanoparticles.
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Table 1. DLS measures, encapsulation efficiency (EE%), and efficient loading (EL%) of nano-formulations.

Formulation Average Size (nm) PDI Z-Value (mV) EE% EL%

NPCH 48.6 ± 3.40 0.4 ± 0.02 +49.8 ± 0.75 - -
NPCH-TQ 1:0.25 65.0 ± 1.40 0.4 ± 0.01 +35.8 ± 3.23 88.2 ± 6.39 44.8 ± 0.70
NPCH-TQ 1:0.5 57.5 ± 0.36 0.3 ± 0.01 +27.8 ± 1.13 93.2 ± 2.05 48.4 ± 1.14

NPCH-TQ 1:0.75 57.5 ± 0.33 0.2 ± 0.01 +25.3 ± 0.76 94.5 ± 1.94 48.8 ± 1.24
NPCH-TQ 1:1 63.4 ± 0.65 0.2 ± 0.01 +23.9 ± 0.58 90.6 ± 10.4 50.7 ± 8.70

2.2. Successful Encapsulation of Thymoquinone in Chitosan Nanoparticles

Encapsulation efficiency and efficient loading are parameters related to the capacity of
encapsulation of drugs by different raw materials and the quality of formulation. These
parameters mainly depend on the type of raw material, drug polarity, and approach used
in nanoparticle preparation. The results presented in Table 1 show different EE% and EL%
obtained by the different ratios used to obtain NPCH-TQ. The EE% values are between
88.2% and 94.5%, showing the maximum value in the 1:0.75 ratio. The maximum EL%
value reached 50.7% in the 1:1 ratio corresponding to the formulation with the highest
amount of initial thymoquinone used.

2.3. Morphology Characterization of Nanoparticles

Transmission Electron Microscope (TEM) is a common microscope technique to de-
termine the surface properties and morphology characteristics of nanoparticles and nano-
formulations [27]. Figure 1 shows two different micrographs which correspond to (A)
NPCH and (B) NPCH-TQ 1:1. Both images show nanoparticles with non-defined surfaces,
clearly trending toward forming aggregates or gel-like structures. All nanoparticles have a
size smaller than 50 nm with approximately 20 nm with narrow size distribution.
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Figure 1. TEM micrograph of (A) NPCH and (B) NPCH-TQ 1:1.

2.4. Chemical Structure of NPCH-TQ

The chemical composition of NPCH-TQ was determined by identification of the prin-
cipal functional groups through the FTIR technique. The attenuated total reflectance (ATR)
accessory allowed us to identify the main functional groups present directly from the
nanoparticles or essential oils without the need to use matrices. FTIR is typically employed
to investigate the interaction between functional groups. However, this technique allows
us to verify the existence of functional groups whose vibrational modes are characteristic.
FTIR spectra of TQ, NPCH, and NPCH-TQ are shown in Figure S1. In the TQ spectrum, the
signals corresponding to the stretching vibrations of the most important functional groups
are observed. The most intense signal in the spectrum is broadband at 1636 cm−1, which
corresponds to the overlap of two vibrations, the C=O double bond strain and the C=C
double bond strain. The conjugate system between the C=O and C=C of the TQ makes these
vibrations overlap in the spectrum. Moreover, intense bands corresponding to the sp3 car-
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bon C-H bonds (2969 cm−1) and the C-O bond strain (1249 cm−1) are observed. The NPCH
and NPCH-TQ spectra are very similar since their content is mainly chitosan. A broadband
between 3750 cm−1 and 2500 cm−1, associated with the stretch of the O–H and N–H bonds,
was clearly observed. As shown in the gravimetric analysis, chitosan nanoparticles were
hygroscopic and had a great tendency to absorb water. This signal includes both chitosan
O–H structure and water in its different strengths due to the hydrogen bonds formed. From
the spectra, additional characteristic peaks of chitosan were observed at 2916 cm−1 and
2864 cm−1 due to C–H bond stretching of sp3 carbon, 1634 cm−1 due to carbonyl stretching
C=O of the amide, 1533 cm−1 due to N–H bending of the chitosan, and 1066 cm−1 due to
the tension of the different C-O bonds. Because the most important TQ signals overlap with
important bands in the NPCH, it is difficult to appreciate significant changes, although
variations in signal intensities indicate the presence of TQ in the nanoparticles [28].

2.5. Thermal Properties of NPCH-TQ

Thermo Gravimetric Analysis/Differential Scanning Calorimetry (TGA/DSC) was
used to evaluate the absorbed material, thermal stability, and decomposition temperatures
of the TQ, NPCH, and NPCH-TQ. TQ is a volatile yellowish solid. Figure S1a shows the
combination of TGA and DSC for TQ. In DSC, an endothermic peak is observed at 45 ◦C
(119 J/g) which correlates with the loss of virtually all mass in TGA. This indicates that
the compound is volatile and sublimes at this temperature. Previously, we showed that
chitosan nanoparticles have two degradation steps, the initial step starting from the very
beginning of the experiment and ending at 100 ◦C, and the second one starting at 170 ◦C up
to 333 ◦C (Figure S2). The first transition corresponds to a 3% mass drop and is attributed
to the loss of adsorbed/bound water/moisture vaporization [28]. The degradation of the
pure chitosan biopolymer resulted in a 60% weight loss in the second stage. This has been
found previously for various chitosan polymers, where the amount of moisture and the
range of breakdown temperatures are dependent on the chitosan polymer’s molecular
weight. A similar trend is observed in the NPCH-TQ thermogram (Figure S2b), coinciding
in the temperature ranges. In the second transition, the mass loss was 58%, matching with
the degree of NPCH decomposition [28]. In first transition, the mass loss is considerably
higher, reaching 9.4% and, even though the water absorbed by both particles may differ,
this may indicate that this 9.4% loss could correspond not only to water but also to TQ
loss. These data were confirmed by comparing the endothermic peaks between 25 ◦C and
100 ◦C. There is a considerable difference between the NPCH and NPCH-TQ evaporation
enthalpies. For NPCH, an enthalpy of 145 J/g has been determined, while NPCH-TQ
shows a higher value, reaching 274 J/g, which indicates that TQ-loaded nanoparticles need
more energy to evaporate both water and TQ.

2.6. In Vitro Drug Release of NPCH-TQ

Drug release studies can offer information concerning nanoparticle behavior to release
its encapsulated drugs. In this study, the pH of the buffer release medium was chosen
according to the nanoparticle application. In this case, the pH of the CPs was close to 6. The
results presented in Figure 2 show a triphasic release profile of TQ, achieving a maximum
of 62% of TQ release at 28 days. Nanoparticles showed a slow initial release reaching 11%
TQ in the first 24 h. Then, the release of TQ was governed by diffusion and degradation of
the polymer matrix showing a slow-release profile due to the high hydrophobicity of TQ,
resulting in the release mechanism being dependent on the nature of the raw material.
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2.7. DPPH Scavenging Activity of Free TQ and Nano-Formulations

To determine the antioxidant properties of nano-formulations, we used the DPPH
scavenging method. DPPH was chosen for its simplicity since it is one of the few organic
radicals with nitrogen atoms in its structure. This structure confers stability because
of the delocalization of an unpaired electron on the molecule. This delocalization also
causes an intensification in the purplish color characteristic of the radical, which in an
ethanolic medium absorbs at 515 nm. This purplish coloration of the solution is attenuated
in the presence of an antioxidant that can donate or transfer a hydrogen atom, giving a
yellowish color due to the reduced form of DPHP-H [5]. Figure 3 presents the % of DPPH
scavenging of free TQ, NPCH and NPCH-TQ on the range of concentrations between 0.125
and 1 of tested material. NPCH did not show antioxidant properties against DPPH in the
concentration range tested. Free TQ shows a maximum of 83.6% of inhibition of DPPH at
1 mg/mL of TQ, higher than NPCH-TQ, which showed a maximum inhibition of 29.3% at
1 mg/mL of total material corresponding to 0.48 mg/mL of pure TQ.
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2.8. Antimicrobial Evaluation of Free Terpene and Its Nano-Formulation

The microorganisms used to check the activity in preservative agents in CPs are
P. aeruginosa, E. coli, S. aureus, A. brasiliensis, and C. albicans. The broth microdilution
method is a widely used technique to evaluate the antimicrobial properties of volatile
compounds such as essential oil and terpenes [17,29]. The Minimum Inhibitory Concentra-
tions (MICs) after 24 h of treatment for bacteria and 48 h for fungi are presented in Table 2.
The minimum inhibitory concentrations (µg/mL) of different treatments are presented in
Table 2. NPCH did not display an increase in the antimicrobial effect with respect to the
control treatments against tested microorganisms, showing the same MICs in E. coli and
P. aeruginosa (1000 µg/mL) and lower MICS against S. aureus, C. albicans, and A. brasiliensis
(>1000 µg/mL). The encapsulation of TQ in chitosan nanoparticles resulted in improved
antimicrobial activity reaching 292 µg/mL, 417 µg/mL, and 333 µg/mL in E. coli, P. aerugi-
nosa, and S. aureus, respectively. However, the NPCH-TQ showed lower MICs than free TQ
against C. albicans and A. brasiliensis, obtaining 250 µg/mL and 500 µg/mL, respectively.

Table 2. Minimum inhibitory concentrations (µg/mL) of control drugs (Gentamicin (*) and Tebu-
conazole (**)), TQ, NPCH, and NPCH-TQ.

Microorganism Control MIC
(µg/mL) TQ (µg/mL) NPCH (µg/mL) NPCH-TQ

(µg/mL)

E. coli * 1000 1000 1000 292
P. aeruginosa * 1000 >1000 1000 417

S. aureus * 1000 >1000 >1000 333
C. albicans ** 250 333 >1000 250

A. brasiliensis ** 250 250 >1000 500

2.9. Evaluation of NPCH-TQ as a New Preservative Agent in Cosmetic Products

In order to evaluate the effect of NPCH-TQ as new a preservative agent in cosmetic
products, we formulated a natural moisturizing cream with the ingredients shown in
Table 3. After formulation, control cream and NPCH-TQ cream were both inoculated with
common contaminant microorganisms in CPs as recommended by UNI EN ISO 11930:2012,
detailed in Section 4.8. At different intervals of days, 1 g of the creams was inoculated
in different culture media, and the UFC/g was counted for each microorganism. The
results of the antimicrobial activity of NPCH-TQ in the formulated cream are presented
in Figure 4. The control cream did not display any preservative activity against all tested
microorganisms, showing an increasing trend over the days in all bacteria and fungi
reaching 108 UFC/gr for P. aeruginosa and E. coli and 107 for S. aureus. Preserved cream with
NPCH-TQ displayed high antibacterial activity against E. coli and S. aureus, reducing the
UFC/g to zero. Meanwhile, in P. aeruginosa, NPCH-TQ showed bacteriostatic properties
during the time of the experiment, maintaining stable CFU/g. The antifungal effects of
NPCH-TQ in formulated cream against A. brasiliensis and C. albicans are shown in Figure 4
revealed a total reduction in the number of UFC/g to zero.
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Table 3. Cream composition. A (Aqueous phase), B (Oil phase), and C (thermolabile compounds).

Ingredient Control Cream (%) NPCH-TQ Cream (%)

Water (A) 47 46.5
Vegetable glycerin (A) 10 10

Urea (A) 3 3

Glyceryl monostearate (B) 8 8
Argania spinosa kernel oil (B) 28 28

Allantoin (C) 0.4 0.4
Avena sativa extract (C) 3 3

Vitamin E (C) 0.5 0.5
Parfum (C) 0.1 0.1

NPCH-TQ (C) - 0.5
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3. Discussion

The main objective of this work is to develop a new alternative to conventional preser-
vative agents based on green nanotechnology through the encapsulation of the natural
terpene thymoquinone in chitosan nanoparticles. There is a lack of studies on TQ encap-
sulation in chitosan formulations; studies have focused mainly on the treatment of breast
adenocarcinoma [30], ovarian cancer [24], nose-to-brain targeting [31], and depression
treatments [25], among others.

In this study, we obtained four types of nano-formulations of NPCH-TQ through
the utilization of different ratios of NPCH:TQ, where the particle size measured by the
DLS technique did not show too many differences among obtained nano-formulations.
The particle size ranged from 48.6 to 65.0 nm. However, the TEM micrograph presented
in Figure 1 shows nanoparticles with a size close to 20 nm. Other works obtained the
same trend with terpenes encapsulated in chitosan nanoparticles, obtaining different data
regarding particle sizes in DLS and TEM. This was the case in the study performed by
Woranuch et al., where chitosan-eugenol nanoparticles showed an average particle size of
683 nm by DLS and close to 100 nm by TEM due to the swelling and aggregation effect
of chitosan in water solutions [32]. All NPCH-TQ revealed a positive surface charge with
a decreasing trend related to the incorporation of TQ into the polymer matrix. The same
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pattern is shown in the encapsulation of other volatile compounds such as garlic essential
oil in chitosan nanoparticles with a Z potential range from +45.8 to +19.8 mV [28]. The
positive surface charge of nanoparticles is associated with increased antimicrobial activity
due to their ease of interaction with the wall of microorganisms [17]. Our nano-formulations
showed a successful encapsulation of TQ in all tested ratios, with a maximum of 94.5% of
EE% and 50.7% of EL for the ratio 1:1. Other works with chitosan-TQ nanoparticles coated
with polysorbate 80 reported an EE% of 85.6% and 16.26% of EL% [25]. The encapsulation
of TQ has also been explored in other polymeric raw materials such as PLGA, showing
EE% values of 79.9% [33].

The release profile in long-term experiments gives us an idea of how the nanoparticles
release the encapsulated compound with a suitable pH for CPs as well as the release
profile during 28 days of storage. NPCH-TQ showed a triphasic release profile with a
maximum release of 62% at 28 days. The insolubility of TQ in water results in a slow
burst release and diffusion phase showing a slower release profile than other water-soluble
drugs such as doxorubicin encapsulated in chitosan nanoparticles, which reached 100%
of release at 170 h [34]. Another work in which TQ was encapsulated in pegylated poly-
lactide co-glycolide nanoparticles (TF-PEG-PLGA-TQ NPs) for the treatment of non-small
cell lung carcinoma achieved a maximum of 50% cumulative release of TQ in 24 h at
pH 7.4, showing a faster release than NPCH-TQ due to the more hydrophilic nature of
PEG-PLGA, facilitating the release of the hydrophobic compound from raw materials [35].
More hydrophilic terpenes, such as eugenol, showed a faster release than the TQ profile
encapsulated in chitosan nanoparticles, with a maximum release of 73% at 36 h [36].

The study of antioxidant properties of NPCH-TQ is suitable to increase the usefulness
of this nano-formulation in CPs. NPCH-TQ showed a maximum DPPH scavenging of
29.3% at 1 mg/mL of total material, lower than other essential oil encapsulated in chitosan
nanoparticles such as clove essential oil, which showed a maximum value of 71% at the
same concentration. However, this low value might be due to the fact that at DPPH
scavenging measure time (30 min) and based on the release profile shown in Figure 2, the
TQ released to the medium only reached 3.3% of total encapsulated TQ, and the antioxidant
properties were due mainly to the presence of TQ and not to the chitosan as shown in
Figure 3. Another nano-formulation with eugenol encapsulated in chitosan nanoparticles
showed a maximum of 70% inhibition of DPPH at 4.0 mg/mL. Meanwhile, carvacrol
encapsulated in the same nano-formulation achieved close to 40% of DPPH inhibition [37].

The encapsulation of TQ in chitosan nanoparticles resulted in an improvement of
antibacterial activity in the bacteria tested. The antibacterial activity of NPCH-TQ was
higher against E. coli than S. aureus and P. aeruginosa with 292 µg/mL, 333 µg/mL, and
417 µg/mL, respectively. NPCH-TQ displayed a higher antibacterial activity against
E. coli and S. aureus than other nanoparticles made of carvacrol and eugenol-chitosan
nanoparticles, which showed MICs values of 0.5–1 µg/mL for the same bacteria [37].
However, the encapsulation of TQ in chitosan nanoparticles was not associated with an
increase in the antifungal activity of TQ. TQ nanoparticles obtained through the ball milling
method obtained lower MICs with values of 160 µg/mL against C. albicans [38]. The same
trend was observed in A. brasiliensis after NPCH-TQ with an MIC value of 500 µg/mL.
Garlic essential oil encapsulated in chitosan-TPP nanoparticles via crosslinking showed
different MIC values against two different Aspergillus species, A. niger and A. versicolor,
with 0.37 µg/mL and 3.33 µg/mL, respectively [28].

To confirm the preservative effect of NPCH-TQ in naturally formulated cream, we
evaluate the antimicrobial activity in contaminated cream with the microorganisms de-
scribed above. After 28 days of storage, non-preserved cream (control cream) shows an
increase in total UFC/gr in all tested microorganisms, reaching an increase of 3 logs in
E. coli, P. aeruginosa, and A. brasiliensis. However, the synthesized NPCH-TQ displayed a to-
tal reduction in UFC/gr in E. coli, S. aureus, C. albicans, and A. brasiliensis and a maintenance
of the total UFC/gr of P. aeruginosa related to the lower activity of NPCH-TQ against this
microorganism. These results confirm the preservative activity of NPCH-TQ in formulated
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creams. Other works with biogenic silver nanoparticles from Iris tuberosa aqueous extract
confirm the role of nanotechnology to be used as a platform to obtain new preservative
agents [5].

In conclusion, the results shown in this work present a new and effective preservative
agent based on the encapsulation of a terpene in chitosan nanoparticles to satisfy the
regulations and the growing demands of the consumers of natural, green, and sustainable
products. This approach achieves a sustained and controlled release of TQ, allowing for
a greater stabilization of the terpene and a higher antimicrobial activity over time and
offering a long-lasting, effective, and preservative effect in natural cosmetics. However,
additional experiments are necessary to support the use of our nanoparticles in humans
before commercialization.

4. Materials and Methods

Low molecular weight chitosan (CH) (50–190 kDa) with a 75–85% degree of deacetyla-
tion, tripolyphosphate (TPP), 3-(4-dimethylthiazol-2-yl)-2 5-diphenyltetrazolium bromide
(MTT), thymoquinone (TQ), and all the solvents were supplied by Sigma-Aldrich (Madrid,
Spain). Microorganisms were purchased from the American Type Culture Collection (Man-
assas, VA, USA), namely E. coli (ATCC25922), P. aureginosa (ATCC27853), S. aureus (ATCC
6538), C. albicans (ATCC 10231), and A. brasiliensis (ATCC16404).

4.1. Preparation of Loaded and Unloaded Thymoquinone-Chitosan Nanoparticles (NPCH-TQ)
4.1.1. Formulation of NPCH

Chitosan nanoparticles (NPCH) were formulated through the ionic-gelation method
described by [28]. Briefly, CH solution at 0.2% was prepared by dissolving CH flakes
in acetic acid at 1% under continuous stirring overnight. Then, 50 mL of CH solution
was mixed at 1000 RPM in a 1% Tween 80 solution and heated to 50 ◦C. Finally, TPP
aqueous solution at 0.2% was added dropwise at 2 mL/min under continuous stirring to
induce the ionic gelation to form the nanoparticles. Afterward, agitation was carried out at
700 RPM for 40 min. The nanoparticles were collected after centrifugation at 15,000 RPM
for 20 min at 4 ◦C and subsequently washed several times with mQ water. The nanoparticle
suspension was frozen at −80 ◦C and freeze-dried for 48 h at −50 ◦C (LyoQuest-85/208 V
60 Hz, Teslar).

4.1.2. Formulation of NPCH-TQ

Encapsulation of TQ into chitosan nanoparticles (NPCH-TQ) was formulated in a
two-step process. Firstly, oil-in-water emulsification (o/w) was carried out, followed
by the ionic gelation method as described above. Briefly, 50 mL of previously prepared
CH solution was mixed at 1000 RPM in a 1% Tween 80 solution and heated at 50 ◦C.
Subsequently, different amounts of terpene, previously preheated at 50 ◦C to form the
liquid state to perform different ratios of CH:terpenes (1:0, 1:0.25, 1:0.5, 1:0.75, and 1:1 w/w),
were added dropwise under continuous agitation and emulsified at 1500 RPM during
10 min at room temperature. Finally, TPP aqueous solution at 0.2% was added dropwise at
2 mL min−1 under continuous stirring to induce the ionic gelation. Afterward, agitation
was carried out at 700 RPM for 40 min. The nanoparticles were collected after centrifugation
at 15,000 RPM for 20 min at 4 ◦C and subsequently washed several times with mQ water to
eliminate unencapsulated terpenes. The nanoparticle suspension was frozen at −80 ◦C and
freeze-dried for 48 h at −50 ◦C (LyoQuest-85/208 V 60 Hz, Teslar).

4.2. Determination of Encapsulation Efficiency and Loading Efficiency of Thymoquinone-Chitosan
Nanoparticles (NPCH-TQ)
Determination of Encapsulated TQ in Nanoparticles

To determine the total amount of TQ encapsulated into chitosan nanoparticles, 2 mL
acetonitrile was added to 5 mg of TQ-NPCH, and suspension was sonicated for 1 h at
room temperature and left overnight with the solvent. Then, the supernatant was filtered
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through 0.45 µm Millipore filter to measure in HPLC. The mobile phase employed was
acetonitrile:water 70:30 and the amount of TQ was measured at 254 nm [39].

Loading capacity (LC) and encapsulation efficiency (EE) of terpenes were calculated
according to the following equations (Equation (1), Equation (2)):

LC% = (weight of encapsulated terpene (mg)) ÷ (weight of total
(terpene encapsulated + scaffold weight) (mg)) × 100

(1)

EE% = (weight of encapsulated terpene (mg)) ÷ (weight of terpene feeding (mg))
× 100

(2)

4.3. Instrumental Characterization of Nanoparticles
4.3.1. Particle Size Analysis

Characterization of nano-formulations (size, zeta potential, and polydispersity index
(PDI)) was determined by dynamic light scattering (DLS) using a Zetasizer (3000 HSM
Malvern Ltd., Madrid, Spain) with the following specifications: chitosan refractive index
(IR) of 1.700, absorption index 0.010, and water solvent RI: 1.33, with a viscosity of 0.8872 cP.
Measurements were performed in triplicate.

4.3.2. Chemical Analysis of Nanoparticles

R spectra were recorded on an attenuated total reflectance-Fourier transform infrared
(ATR–FTIR) spectrophotometer (VARIAN 640-IR with a Pike Diamond/KRS-5 HS Perfor-
mance Crystal Plate), and the main peaks were given in cm−1. ATR allows us to use the
samples directly in a solid or liquid state without the need of KBr or Lugol’s iodine matrix.
Specifically, for NPCH and NPCH-TQ, 20 mg of nanoparticles was powdered in a mortar,
and the thin solid was placed on the diamond plate and pressed until a homogeneous
pellet was obtained. For TQ, being liquid, a drop of approximately 200 µL was placed on
the plate, and the tip was placed in such a way that the surface tension of the drop covered
the diamond plate homogeneously. 256 scans were acquired at an instrument resolution of
1 cm−1 over the spectral range between 650 and 4000 cm−1 owing to the frequency cutoff
of the ATR–FTIR internal reflection element (IRE) used.

4.3.3. Thermal Properties of Nanoparticles

The thermal decomposition mechanisms were determined on a thermogravimetric
analyzer (TGA Q20, TA Instruments) fitted with a standard platinum pan. The differential
scanning calorimetry (DSC) experiments were carried out using a DSC Q50 system (TA
Instruments) equipped with a standard aluminum pan with 10 ◦C/min increasing heat
rate (30–320 ◦C) to investigate the thermal stability of pure TQ, NPCH, and NPCH-TQ. A
sample of indium was used as reference. In all cases, samples of about 3 mg were heated at
a 10 ◦C min−1 rate under nitrogen atmosphere.

4.3.4. Morphology Studies of Nanoparticles

High-resolution electron microscope images of NPCH-TQ were obtained on a Jeol JEM
210 TEM microscope operating at 200 kV and equipped with an Oxford Link EDS detector.
The resulting images were analyzed using Digital Micrograph™ software from Gatan.

4.4. In Vitro Release Studies of NPCH-TQ

One milligram of lyophilized nanoparticles was sealed in a dialysis membrane (molec-
ular weight cut off 3500 Da) and suspended in 10 mL of phosphate-buffered saline at
optimum pH in CPs (pH 6) in continuous stirring at 200 rpm to ensure homogeneity. At
certain intervals of incubation time at 37 ◦C, 3 mL of release medium was removed to
evaluate the amount of released terpene and replaced with 3 mL of fresh medium. The
concentration of released TQ was determined with a spectrophotometer at wavelengths of
258 nm. Terpene release was performed in triplicate.
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4.5. 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Radical Scavenging Activity

FRS, free radical scavenging activity, was determined as described previously [5].
Briefly, 0.5 mL for each concentration (1 mg/mL, 500 µg/mL, 250 µg/mL, and 125 µg/mL)
of synthetized NPCH-CAR, NPCH-EUG, and free terpenes was mixed with 0.1 mM ethano-
lic DPPH radical solution (1.5 mL) and then mixed and kept in the dark at room temperature
for 30 min. The absorbance of the solution was measured at 517 nm. The FRS was calculated
by % = (A0 − A1/A0) × 100, where A0 is absorbance at Time = 0 and A1 is the absorbance
after 30 min.

4.6. Antimicrobial Assay

Different ratios of CH:TQ (1:0.25, 1:0.5, 1:0.75, and 1:1) were evaluated in order to
perform the optimal formulation. For antimicrobial analysis, the NPCH:TQ ratio 1:1 was
chosen to perform the assay because this ratio has better loading efficiency values than the
other ratios (50.7%) plus similar sizes and PDIs.

The antimicrobial activity and minimum inhibitory concentration (MIC) of terpenes
and nanoparticles were tested against the most common pathogenic microorganisms in
cosmetics and those that the UNI EN ISO 11930:2012 recommend for preservative efficacy
evaluation. Antimicrobial activity of nanoparticles against P. aeruginosa, E. coli, S. aureus,
A. brasiliensis, and C. albicans was tested using the broth microdilution method [17,40]. Stock
cultures were prepared from Culti-Loops ™ (Sigma-Aldrich, Madrid, Spain) in Nutrient
Broth (NB) and Potato Dextrose Broth (PDB) at 37 ◦C. Standardized inoculum was then
created by dilution in Müller–Hinton medium to a final density of 0.5 McFarland units by
densitometer McFarland type DEN-1B (Biosan, Riga, Latvia). TQ, NPCH-TQ, and NPCH
were tested in concentrations of 1000 µg/mL to 15.6 µg/mL. Gentamicin (for bacteria) and
Tebuconazole (for mold and yeast) were used as standards. After treatment, plates were
incubated 24 h at 37 ◦C for bacteria and 48 h at 30 ◦C for yeast and fungi.

4.7. Moisturizing Cream Formulation

Two types of moisturizing creams were formulated: control cream without any preser-
vative agent and NPCH-TQ with the addition of nanoparticles on formulated cream. The
composition of both creams is shown in Table 3 Oil phase (B) and water phase (A) were
preheated at 70 ◦C to achieve the fusion of oils and waxes present in this phase. Then, B
was added slowly under agitation in a homogenizer at 3000 RPM to form an oil/water
emulsion. Upon cooling, the thermolabile compounds (C) and preservatives (NPCH-TQ)
at a dose of 500 µg/mL (maximum of MIC value) were added to the cooled cream under
continuous agitation.

4.8. Preservative Activity of AgNPs in Formulated Cream

The preservative efficacy of NPCH-TQ in the moisturizing creams was carried out
comparing the antimicrobial activity of NPCH-TQ cream against non-preserved cream.
Briefly, twenty grams of each cream (Control and NPCH-TQ) was diluted with a sterile
NaCl solution at 0.9%. Then, each cream was inoculated with 105 UFC/mL for bacteria,
104 CFU/mL for yeast, and 103 CFU/mL for mold. Contaminated creams were stored at
room temperature for 30 days. After 2, 7, 14, and 28 days, one gram of each contaminated
cream was diluted and spread in Petri dishes to count CFUs of bacteria. Yeast and mold
contaminations were evaluated at 7, 14, and 28 days using the same methodology.
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