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Jeanne Fèvre, Elena Leveille, Aurélie Jeanson, Sabine Santucci-Darmanin, Valérie
Pierrefite-Carle and Georges F. Carle et al.
Chelating Polymers for Targeted Decontamination of Actinides: Application of PEI-MP to
Hydroxyapatite-Th(IV)
Reprinted from: Int. J. Mol. Sci. 2022, 23, 4732, doi:10.3390/ijms23094732 . . . . . . . . . . . . . . 25

Cheng-You Wu, Ashenafi Zeleke Melaku, Fasih Bintang Ilhami, Chih-Wei Chiu and
Chih-Chia Cheng
Conductive Supramolecular Polymer Nanocomposites with Tunable Properties to Manipulate
Cell Growth and Functions
Reprinted from: Int. J. Mol. Sci. 2022, 23, 4332, doi:10.3390/ijms23084332 . . . . . . . . . . . . . . 41

Anju, Raghvendra Singh Yadav, Petra Pötschke, Jürgen Pionteck, Beate Krause and Ivo
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In the present Special Issue “Functional Nanomaterials and Polymer Nanocomposites:
Current Uses and Potential Applications”, two review articles and nine original research
articles are published. The published review article by M.S.A. Darwish et al. [1] presents
the research advances on polymeric nanocomposites for environmental and industrial
applications. Further, C.V. Rocha et al. [2] provide a review article on current advances in
the development and biomedical applications of PLGA-based materials.

In a published research article in this Special Issue, M. Aviv et al. [3] describe the
behavior of the double-fluorinated Fmoc-Phe derivatives, Fmoc-3,4F-Phe and Fmoc-3,5F-
Phe, and the influence that the position of single fluorine has on the self-assembly process
and physical characteristics that the material produces. Moreover, S. Stojanov et al. [4]
reported the incorporation of vaginal lactobacilli into electrospun nanofibers to achieve
a prospective solid vaginal delivery system, and further, the fluorescent proteins were
incorporated to differentiate them and allow their tracking in the future probiotic-delivery
investigations. C. Miyamaru et al. [5] developed CaCO3-coated vesicles by biomineraliza-
tion and further their utilization as carriers of drug-delivery systems. In this Special Issue,
M.B. Stie et al. [6] described mucoadhesive electrospun nanofiber-based hybrid system
with the controlled and unidirectional release of desmopressin. Anju et al. [7] investigated
highly efficient electromagnetic interference shielding of CuxCo1−xFe2O4 (x = 0.33, 0.67, 1)
magnetic nanoparticle-based polyurethane nanocomposites with reduced graphene oxide.
Further, C.-Y. Wu et al. [8] report conductive supramolecular polymer nanocomposites with
tunable characteristics to manipulate cell growth and functions. J. Fèvre et al. [9] describe,
in this Special Issue, chelating polymers for targeted decontamination of actinides and
application of PEI-MP to Hydroxyapatite-Th(IV). Furthermore, Z. Wang et al. [10] describe
mono-sized anion-exchange magnetic microspheres for protein adsorption. In addition, M.
Park et al. [11] investigated the impact of hexagonal boron nitride insulating layers on the
driving ability of ionic electroactive polymer actuators for lightweight artificial muscles.
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Abstract: In this study, mono-sized anion-exchange microspheres with polyglycidylmethacrylate
were engineered and processed to introduce magnetic granules by penetration–deposition approaches.
The obtained magnetic microspheres showed a uniform particle diameter of 1.235 µm in average and a
good spherical shape with a saturation magnetic intensity of 12.48 emu/g by VSM and 12% magnetite
content by TGA. The magnetic microspheres showed no cytotoxicity when the concentration was
below 10 µg/mg. The magnetic microspheres possess respective adsorption capacity for three proteins
including Bovine albumin, Hemoglobin from bovine blood, and Cytochrome C. These magnetic
microspheres are also potential biomaterials as targeting medicine carriers or protein separation
carriers at low concentration.

Keywords: magnetic microspheres; surface embedding; magnetic separation; protein adsorption

1. Introduction

The purified proteins play a crucial role in the research of protein on life activities,
such as catalytic metabolic reactions and growth control. However, current separation and
purification methods are tedious and time-consuming [1–3], such as affinity chromatog-
raphy, dialysis, salting, and ultrafiltration. Magnetic separation technology has potential
in protein purification due to its advantages of easy operation and rapid separation [4–6].
Magnetic microspheres are composite material particles [6,7] consisting of both inorganic
magnetic materials providing magnetism and organic active functional groups carrying
affinity ligand to target on the surface.

Magnetic microspheres have been successfully used for the separation of proteins [8–10]
based on the interaction between protein and functional groups or special ligands on
the microspheres, including electrostatic adsorption and specific adsorption. Moreover,
magnetic microspheres modified with affinity ligands may have high selectivity to the
target proteins, but the available ligands are limited and relative expensive [11,12]. Some
commercial magnetic beads modified with monoclonal antibodies were successfully used
for target substances identification, especially in diagnosis. However, the high cost, the
tedious modification process, and the difference in separation effect severely limit their
widespread application.

Magnetic polymer microspheres could be synthesized by several methods. The em-
bedding method [13] is typically applied in the preparation of magnetic microspheres with
a magnetic shell, which is simple and easy to carry out, but results in the magnetic particles
with irregular shapes and polydisperse states. The emulsion polymerization method [14]
provides monodispersed magnetic microspheres, but the small grain size beads below
l.0 µm that exhibit higher separation efficiency under magnetic field are hard obtain. An
in situ method [15] is a way to obtain the magnetic nanocomposite materials by binding
nanoscale magnetic materials on the pre-synthetic polymer surface. During the magnetiza-
tion process, the particle size and distribution of the monodisperse polymer microspheres
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could be maintained. Each microsphere, containing the same concentration of magnetic
particles, ensures that it has uniform magnetic response in the magnetic field.

In this study, two kinds of anion-exchange microspheres were prepared by an in situ
method and applied for protein adsorption study. A novel method for modification of
amino-microsphere to carboxyl-microsphere by EDC, NHS, and sodium carboxymethyl
cellulose was proposed. The particle size, functional groups, and magnetic properties of
the resultant magnetic particles were characterized. The maximum binding capacity was
relatively high compared with similar research [16–18].

2. Results and Discussion
2.1. Synthesis of Anion-Exchange Magnetic Microspheres

The functional magnetic microspheres were synthesized by an in situ synthesis method
with moderate size and functional group beneficiation on the surface for further modi-
fication. Glycidyl methacrylate (GMA) was selected as the basic monomer to structure
monodisperse polymeric microspheres. The PGMA microsphere surface was rich in amino
group after reacting with EDA (Figure 1a). The amino group is a strong polar group, which
can form an ionic bond and a complex coordinate bond with a metal ion, thereby reducing
the probability of collision between the particles and preventing excessive aggregation
of the particles. Magnetic microspheres were prepared when Fe3O4 nanoparticles were
precipitated in the surface and the internal of PGMA microspheres through the interfacial
stripping precipitation method (see Figure 1b). Furthermore, a novel method in which
carboxymethyl cellulose was bonded to the surface of magnetic microspheres by the EDC
method was applied to prepare carboxyl magnetic microspheres (Figure 1c).

Figure 1. Schematic diagram of the preparation of magnetic anion-exchanged microspheres.
(a) Preparation and amino modification of PGMA Polymer Microspheres. (b) Synthesis of amino
magnetic microspheres. (c) Carboxyl coating on the surface of amino magnetic microspheres.

2.2. Characterization of the Magnetic Microspheres

The morphologies of microspheres were studied by SEM. It could be observed that the
PGMA microspheres were mono-sized microspheres with very smooth surfaces, while the
magnetic microspheres were relatively rough on the surface (Figure 2). The average diame-
ter of the magnetic microspheres was 1.235 ± 0.017 µm according to the 100 microspheres
selected from SEM images randomly, and the diameter of the Fe3O4 particles coated
by sodium carboxymethyl cellulose on the microspheres was 30~50 nm. The size of
these magnetic microspheres is relatively smaller compared with a similar polymerization
method [19]. Generally, smaller diameter means larger specific surface area and greater
adsorption capacity for the target.
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Figure 2. SEM images of microspheres. (a) PGMA microspheres. (b) Carboxyl magnetic microspheres.
(c) The close-up of carboxyl magnetic microspheres.

The presence of the functional groups of PGMA and amino-PGMA microspheres was
verified by FT-IR in Figure 3. PGMA microspheres were obtained by the polymerization
of GMA monomer with DVB as cross-linker; therefore, epoxy groups and carbonyl group
should distribute throughout the microspheres surface. The strong adsorption peak at
1727 cm−1 corresponds to C=O stretching vibration. Compared with Figure 3a, the char-
acteristic bands at 848 cm−1, 908 cm−1, and 1250 cm−1 belong to the epoxy group which
disappeared in Figure 3b, indicating that the epoxy groups transformed into an amino
group after the amino modification.

Figure 3. IR spectrum of microspheres. (a) PGMA microspheres. (b) Amino microspheres.

Controlling the magnetite content of the microspheres is important for realizing the
rapid response to external magnetic fields for efficient adsorption. TGA measurement
showed that the main weight loss of all microspheres was in the range of 200~450 ◦C,
indicating that the microspheres should have stable thermal performance in the adsorp-
tion condition (Figure 4A). By comparing the residual mass after full burning, it can be
calculated that the magnetite content of amino magnetic spheres and carboxyl magnetic
spheres is about 12%. The magnetic properties of the carboxyl magnetic microspheres
were measured by vibrating sample magnetometry (VSM). The magnetization curve shows
that the saturation magnetization of the microspheres reached 12.48 emu/g, while the
residual magnetism and coercive force were almost zero (Figure 4B). It means the magnetic
microspheres are of high enough magnetism such that they can be separated from a suspen-
sion quickly. Moreover, they are superparamagnetic, which could disperse in the solution
uniformly when there is no magnetic field. Compared with previous reports, magnetic
intensity lowering of sodium carboxymethyl cellulose coated magnetic decrease may be
caused by the embedding of the coating.
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Figure 4. (A) TGA of (a) PGMA microspheres, (b) Amino microspheres, (c) Amino magnetic mi-
crospheres, and (d) Carboxyl magnetic microspheres. (B) Hysteresis curve of carboxyl magnetic
microspheres. The inset shows photos of the carboxyl magnetic microsphere in aqueous solution
without (left) and with (right) a magnet.

The density of amino groups and carboxyl groups on corresponding microspheres
measured by the titration method was 2.75 mmol/g and 1.32 mmol/g respectively. It could
be inferred from the result that amino groups incompletely reacted with carboxymethyl
cellulose, so both amino groups and carboxyl groups exist on the surface of carboxyl
magnetic microspheres.

Investigation of the biological safety of magnetic microspheres is critical for biomolec-
ular separation medium. Herein, human pulmonary epithelial cells were used to study
the in vitro cytotoxicity of carboxyl magnetic microspheres solution and its supernatant
measured using a water-soluble tetrazolium cell proliferation assay. It could be inferred
from Figure 5 that the supernatant of suspension showed no cytotoxicity to the cell, and
the carboxyl magnetic microspheres showed no cytotoxicity when their concentrations
were lower than 10 µg/mg. Therefore, it could be said that the magnetic microspheres are
potential targeting medicine carriers or cell separation carriers at low concentrations.

Figure 5. Relation curve of cell viability with the concentration of magnetic microspheres.

2.3. Binding Capability of Magnetic Microspheres

The adsorption capability of magnetic microspheres to proteins is mainly affected by
the properties of the protein, the functional groups content on the surface of the micro-
spheres, and the adsorption conditions. Generally, proteins are more likely to precipitate
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around their isoelectric point. It is comprehensible that pH value has a great effect on
the adsorption of proteins by the microspheres. The maximum adsorption capacity of
three proteins to amino magnetic microspheres is in close proximity to the isoelectric point
(pI) in Figure 6a. Amino magnetic microspheres were positively charged while BSA was
negatively charged at pH 5, which means BSA (pI 4.6) would be more easily absorbed on
the magnetic surface of the microspheres due to its electrostatic interaction. The absorption
mechanism of Hb (pI 7.0) was similar to BSA with the optimal amount of adsorption at pH
7. However, the adsorption for Cyt C (pI 10.65) was not very significant and the adsorption
amount differences between each pH value were slight.

Figure 6. Adsorption capacity of three proteins to magnetic microspheres with different pH values.
(a) Amino magnetic microspheres. (b) Carboxyl magnetic microspheres.

The carboxyl magnetic microsphere was negatively charged on the protein surface.
Due to electrostatic adsorption, binding capacities of Hb to the microspheres were greater
when the pH value was below 7. Since there were both carboxyl groups and amino groups
existing on the carboxyl magnetic microsphere surface, the adsorption of carboxyl magnetic
microspheres was more complicated than the adsorption of amino magnetic microspheres.
Binding experimental results (Figure 6b) suggested the overall adsorption of BSA was not
much with the maximum adsorption when the pH value was close to its isoelectric point;
greater adsorption of Hb is observed in an acidic environment; maximum absorption of Cyt
C is also near the isoelectric point. According to our experiment, the optimal adsorption
conditions Hb, BSA, and Cyt C are pH 5, pH 7, and pH 9 for amino microspheres, pH 4, pH
3, and pH 11 for the carboxyl microspheres, respectively. The adsorption of Hb was also
recorded in the concentration ranging from 0 to 10 mg/mL at 25 ◦C (Figure 7). With the
increase of the initial concentration of Hb, the equilibrium adsorption amount generally
increased and eventually became saturated.

Figure 7. Adsorption isotherm of magnetic microspheres on Hb at 25 ◦C.
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The adsorption capacities of several magnetic microsphere adsorption materials were
compared in Table 1. We can see that the adsorption capacity of the prepared microspheres
is comparable to that of the magnetic microspheres prepared by the in situ method. Mean-
while, they have the advantages of simple preparation and low cost. The immunoaffinity
magnetic microspheres are highly specific to the target protein, however, sacrificing part of
the adsorption capacity. The magnetic microspheres prepared by the imprinting technology
have ordered imprinting pores and excellent specificity for target protein, realizing an
efficient adsorption rate, which is higher than immunomagnetic microspheres. In addition,
the surface mesoporous structure and the enrichment effect of metal particles are also
considered to be the factors that improve the ability to adsorb proteins.

Table 1. Comparison of the adsorption capacity of several magnetic microspheres for proteins.

Magnetic Microspheres Protein Maximum Adsorption Capacity
(mg/g)

Thepreparedmagnetmicrospheres Hb 217
Chitosan-based magnetic beads byin situmethod [20] BSA 240.5

Cu2+-cooperated magnetic imprinted nanomaterial [21] Hb 116.3
surface-imprinted polyvinyl alcohol microspheres [22] papain 44

magnetic immunoaffinity beads by dispersion
polymerization [23] Anti-Tf 2.0

Fe3O4@PMAA@Ni microspheres with flower-like Ni
nanofoams [7] Hb 2660

The adsorption isotherm describes the distribution of the adsorbed molecules between
the liquid phase and the solid phase when the adsorption process reaches equilibrium. To
study the adsorption mechanism of amino magnetic microspheres and carboxyl magnetic
microspheres to Hb, whose adsorption capacity is larger than that of other proteins, the
isotherm data were analyzed based on the Langmuir and Freundlich models respectively.
The expressions, adsorption constantsm and correlation coefficients of the Langmuir and
Freundlich models at 25 ◦C were calculated and are presented in Table 2.

Table 2. The adsorption isotherm parameters of Hb by amino magnetic microspheres and carboxyl
magnetic microspheres.

Adsorbents

Langmuir Adsorption Isotherm
ce
qe

= ce
qm

+ 1
Kqm

Freundlich Adsorption Isotherm
lnqe=lnKF+ lnce

n

qm (mg/g) K R2 KF (mg/g) 1/n R2

amino magnetic
microspheres 131.27 1.4837 0.9966 52.55 0.5342 0.9427

carboxyl
magnetic

microspheres
215.74 0.4282 0.9997 48.41 0.6603 0.9750

Where ce is the equilibrium concentration (mg/L), qe is the adsorption amount at
equilibrium (mg/g), K is the Langmuir adsorption equilibrium constant, qm is the Langmuir
constant, which represents the saturated monolayer adsorption capacity (mg/g), KF is a
Freundlich constant related to the adsorption capacity (mg/g), and n is a Freundlich
adsorption equilibrium constant relevant to the adsorption intensity.

Comparing the adsorption constants and correlation coefficients (R2) of the Langmuir
and Freundlich isotherms, it is suggested that the adsorption of the magnetic microspheres
to Hb is in accordance with the Langmuir equation and the adsorption process is chemical
monolayer adsorption. In Langmuir model, the maximum capacity q_mof the carboxyl
microspheres in the Langmuir constant monolayer was 215.74 mg/g at 25 ◦C, indicating
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that the carboxyl magnetic microspheres have better adsorption capacity than the amino
magnetic microspheres.

The kinetic curves (Figure 8) showed that the adsorption of the microspheres saturated
quickly in 15 min. It is because electrostatic force between magnetic microspheres and
proteins occurs mainly on the surface of the magnetic microspheres without the inward
diffusion phenomenon. In the initial stage, there are a large number of active sites on
the surface of the magnetic microspheres, and proteins were easily adsorbed. As the
adsorption increases, the surface active sites of the magnetic microspheres decrease, and
the adsorption becomes slower. Therefore, the microspheres would be more efficient for
protein purification.

Figure 8. Adsorption kinetics of three proteins to magnetic microspheres. (a) Amino magnetic
microspheres. (b) Carboxyl magnetic microspheres.

The adsorption data of the microspheres to Hb were respectively fitted to the pseudo
first-order and pseudo-second-order kinetic models (Table 3). The correlation coefficients
of the pseudo second-order kinetic model for amino magnetic microspheres and carboxyl
magnetic microspheres were 0.9981 and 0.9911, and the maximum adsorption amounts
obtained were 119.05 mg/g and 172.41 mg/g, respectively, which are consistent with the
experimental results. It is suggested that the adsorption process is a pseudo second-order
kinetic adsorption, which is consistent with the mentioned adsorption mechanism above.

Table 3. Adsorption kinetics parameters of HB by amino magnetic microspheres and carboxyl
magnetic microspheres.

Amino Magnetic Microspheres Carboxyl Magnetic Microspheres

k qe/(mg/g) R2 k qe/(mg/g) R2

Lagergren first-order rate kinetics
ln(qe − qt) = ln qe − kt 0.2660 166.05 0.9209 0.1143 153.33 0.9767

Lagergren second-order rate kinetics
t
qt

= 1
kq2

e
+ t

qe

2.352 119.05 0.9981 0.0010 172.41 0.9911

Where qe and qt signify the amount adsorbed at equilibrium and at any time t, k is a
Lagergren constant.

3. Materials and Methods
3.1. Materials

Glycidyl methacrylate (GMA) was obtained from TCI Company (Shanghai, China). Divinyl-
benzene was obtained from J&K chemical (Beijing, China). 1-Ethyl-3-(3-dimethyllaminopropyl)
carbodiimide hydrochloride (EDC·HCl) and N-Hydroxysuccinimide (NHS) were purchased
from Shanghai Medpep corporation (Shanghai, China). Bovine albumin (BSA), Hemoglobin
from bovine blood (Hb), Cytochrome C (Cyt C) were obtained from Aladdin chemical corpora-
tion (Shanghai, China). Polyvinyl pyrrolidone (PVP K-30), 2,2′-azobis-(isobutyronitrile) (AIBN),
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ethylenediamine (EDA), anhydrous morpholine ethanesulfonic acid, and other chemicals were
received from Beijing Chemical Factory (Beijing, China). Cell Counting Kit-8 (CCK-8) was received
from Dojindo Laboratories, Kumamoto, Japan. Human pulmonary epithelial cells were purchased
from InvivoGen (San Diego, CA, USA) and grown in Dulbecco’s modified Eagle’s medium (Sigma-
Aldrich, St. Louis, MO, USA) containing 10% (v/v) fetal bovine serum, 50 units/mL penicillin,
50 mg/L streptomycin, 100 µg/mL normocin, and 10 µg/mL blasticidin. All chemicals were
used without further treatment. Deionized water used in polymerization and characterization
was distilled and purified by Aqua Pro (Chongqing, China).

3.2. Synthesis of PGMA Microspheres

PGMA microspheres are fabricated by dispersion polymerization method [24]. The
polymerization was carried out under nitrogen in the three-necked flask equipped with
a condenser. PVP K-30 (2.4 g) and GMA (8.0 g) dissolved in ethanol (67.0 g) was stirred
at 300 rpm under nitrogen at room temperature for 15 min. After the initiator AIBN
(0.16 g/5 g ethanol) was added, the polymerization was carried out at 70 ◦C for 2 h. There-
after, Divinylbenzene (DVB, 0.24 g) was added into the flask smoothly, keeping the reaction
going on for 5 h. Then the microspheres were centrifuged and washed with ethanol and
water several times and dried under vacuum.

3.3. Synthesis of Amino Magnetic Microspheres

The amino magnetic microspheres were synthesized according to the reported method [15].
The dry PGMA microspheres (2.0 g) were added into a mixture of ethylene diamine (EDA,
50 mL) and water (50 mL) while stirring at 80 ◦C for 6 h. The microspheres were centrifuged
and washed with water, and then dried under vacuum. The EDA functionalized microspheres
(1.0 g) were added into water (100 mL), which was cooled to 0 ◦C under nitrogen for 30 min.
Afterwards, FeCl3·6H2O (0.41 g) and FeSO4·7H2O (0.24 g) dissolved in water (10 mL) were
added to the mixture respectively, and stirred for 3 h below 5 ◦C. After adding the ammonia
solution (10 mL) smoothly, the ice bath was removed and the temperature was raised to 80 ◦C
for 1.5 h. The resulting microspheres were centrifuged and washed with 0.5 M HCl three
times and followed by pure water. The magnetic microspheres were dried by lyophilization
and reserved.

3.4. Synthesis of Carboxyl Magnetic Microspheres

The amino magnetic microspheres were modified with sodium carboxymethyl cel-
lulose to the synthesis of the amino-microspheres. EDC (1.94 g) and NHS (0.58 g) were
dissolved in MES solution (100 mL, 0.1 M) together with sodium carboxymethyl cellulose
solution (100 mL, 2.5 g/L). Then the dry amino magnetic microspheres (1.0 g) were added
and stirred at room temperature for 2 h. Finally, the microspheres were washed with pure
water and dried by lyophilization.

3.5. Characterizations of the Magnetic Microspheres

The morphology of magnetic microspheres was observed by scanning electron mi-
croscopy (SEM, S-4800, HITACHI, Tokyo, Japan). The sample powders were sputter-coated
with gold before examination. The magnetic properties of magnetic microspheres were
measured by a vibrating sample magnetometer (VSM, 9600-1, LDJ Electronics, Troy, MI,
USA) at room temperature. TGA was performed with a thermal gravimetric analyzer
(DTG-60H, Shimadzu, Kyoto, Japan) in the temperature range from room temperature
to 800 ◦C with a scanning rate of 10 ◦C/min under nitrogen stream. The presence of
certain functional groups was detected by Fourier Transform infrared spectrometer (FT-IR,
ALPHA, Bruker, Billerica, MD, USA). The densities of amino groups and carboxyl groups
on the microspheres were measured by a titration method.
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3.6. Cytotoxicity Test of the Carboxyl Magnetic Microspheres

The cytotoxicity of the carboxyl magnetic microspheres was investigated using a
CCK-8 method in vitro. The 96-well plates were seeded with a suspension of 5000 human
pulmonary epithelial cells for 24 h to allow the cells to adhere. Then serial dilutions of
carboxyl magnetic microspheres solution, the supernatant and medium alone (control)
were added into the wells. After incubation at 37 ◦C for 24 h in an atmosphere of 5% CO2,
10 µL CCK-8 solution was added to each well and the cells were incubated for another three
hours. Absorbance at 450 nm was determined using a microplate reader using a microplate
reader (MTP-880 Lab, Corona Electric, Ibaraki, Japan). Cytotoxicity was expressed as a
percentage of viable cells compared with untreated control ones.

3.7. Binding Experiment

The binding properties of magnetic anion-exchange microspheres to the proteins were
studied by HPLC with a diode array detector and the C8 column at 40 ◦C. The standard
curves and adsorption capability for the proteins were measured with the corresponding
conditions. For BSA, the mobile phase was acetonitrile/water (2/8–8/2, v/v), using a
linear gradient elution at the wavelength of 280 nm, and the injection volume was 10 µL.
For Hb, the mobile phase was acetonitrile/water (5/5, v/v), using isocratic elution at the
wavelength of 400 nm, and the injection volume was 20 µL. For Cyt C, the mobile phase
was acetonitrile/water (3/7–5/5, v/v), using linear gradient elution at the wavelength of
400 nm, and the injection volume was 20 µL.

The adsorption of proteins by magnetic microspheres was carried out in phosphate
buffers (100 mM) of different pH values ranging from 3–11, adjusted with phosphoric
acid solution or sodium hydroxide solution. The following experiment was performed
in triplicate. The dry magnetic polymer microspheres (5 mg) were dispersed in 1 mL
buffer solution followed by the adsorption experiment while the initial concentration of
protein was determined from 0 to 10 mg/mL and the equilibrium time was 60 min. In the
adsorption kinetics experiment, protein solution with initial concentration (BSA 5 mg/mL,
Hb 5 mg/mL, Cyt C 1 mg/mL) was added, and the mixture was incubated at 25 ◦C
for different times (0~60 min) respectively. Then the tubes were placed in the magnetic
separation rack for 2 min, and the supernatant was extracted carefully for HPLC detection.

The protein binding quantity q (mg/g) of magnetic microspheres could be calculated
from Formula (1).

q =
(C0 − C)×V

W
(1)

where C0 and C are the protein concentrations (mg/mL) before and after adsorption; V is
the volume of protein solution (mL); W is the weight of magnetic microspheres (g).

4. Conclusions

A new process to obtain the carboxymethyl cellulose surface-coated magnetic polymer
microspheres by EDC method was performed in this study. The superparamagnetism and
no significant cytotoxicity of the magnetic microspheres attribute to their potential appli-
cation in vivo. The adsorption capacity of three proteins (BSA, Hb, and Cyt C) on amino
magnetic microspheres and carboxyl magnetic microspheres was evaluated, wherein maxi-
mum adsorption capacity of Hb on carboxyl magnetic microspheres reached 215.74 mg/g
within sufficient binding time at appropriate pH value. However, further studies based
on the increase of the stability of magnetic microspheres, specific adsorption of a certain
protein, and desorption of protein are required. This paper provides an idea for the prepa-
ration of magnetic microspheres for protein separation, which is expected to be a fast and
efficient new way of protein separation in the future.
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published version of the manuscript.

11



Int. J. Mol. Sci. 2022, 23, 4963

Funding: This research was funded by the Natural Science Foundation of China, grant number 21874009.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We are grateful for the support of the SEM test from Analysis &Testing Center
in Beijing Institute of Technology and cytotoxicity test from National Institute for Materials Science
(NIMS), Japan.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Schmelter, C.; Funke, S.; Treml, J.; Beschnitt, A.; Perumal, N.; Manicam, C.; Pfeiffer, N.; Grus, F. Comparison of Two Solid-Phase

Extraction (SPE) Methods for the Identification and Quantification of Porcine Retinal Protein Markers by LC-MS/MS. Int. J. Mol.
Sci. 2018, 19, 3847. [CrossRef] [PubMed]

2. Karakus, C.; Uslu, M.; Yazici, D.; Salih, B.A. Evaluation of immobilized metal affinity chromatography kits for the purification of
histidine-tagged recombinant CagA protein. J. Chromatogr. B 2016, 1021, 182–187. [CrossRef] [PubMed]

3. Keilhauer, E.C.; Hein, M.Y.; Mann, M. Accurate Protein Complex Retrieval by Affinity Enrichment Mass Spectrometry (AE-MS)
Rather than Affinity Purification Mass Spectrometry (AP-MS). Mol. Cell. Proteom. 2015, 14, 120–135. [CrossRef] [PubMed]

4. Ma, Y.; Chen, T.; Iqbal, M.Z.; Yang, F.; Hampp, N.; Wu, A.; Luo, L. Applications of magnetic materials separation in biological
nanomedicine. Electrophoresis 2019, 40, 2011–2028. [CrossRef]

5. Schwaminger, S.P.; Blank-Shim, S.A.; Scheifele, I.; Pipich, V.; Fraga-García, P.; Berensmeier, S. Design of Interactions Between
Nanomaterials and Proteins: A Highly Affine Peptide Tag to Bare Iron Oxide Nanoparticles for Magnetic Protein Separation.
Biotechnol. J. 2019, 14, 1800055. [CrossRef]

6. Tavakoli, Z.; Rasekh, B.; Yazdian, F.; Maghsoudi, A.; Soleimani, M.; Mohammadnejad, J. One-step separation of the recombinant
protein by using the amine-functionalized magnetic mesoporous silica nanoparticles; an efficient and facile approach. Int. J. Biol.
Macromol. 2019, 135, 600–608. [CrossRef]

7. Wang, Y.; Wei, Y.; Gao, P.; Sun, S.; Du, Q.; Wang, Z.; Jiang, Y. Preparation of Fe3O4@PMAA@Ni Microspheres towards the Efficient
and Selective Enrichment of Histidine-Rich Proteins. ACS Appl. Mater. Interfaces 2021, 13, 11166–11176. [CrossRef]

8. Yang, Q.; Wu, Y.; Lan, F.; Ma, S.; Xie, L.; He, B.; Gu, Z. Hollow superparamagnetic PLGA/Fe3O4 composite microspheres for
lysozyme adsorption. Nanotechnology 2014, 25, 085702. [CrossRef]

9. Yang, S.; Zhang, X.; Zhao, W.; Sun, L.; Luo, A. Preparation and evaluation of Fe3O4 nanoparticles incorporated molecularly
imprinted polymers for protein separation. J. Mater. Sci. 2015, 51, 937–949. [CrossRef]

10. Bae, S.W.; Kim, J.I.; Choi, I.; Sung, J.; Hong, J.-I.; Yeo, W.-S. Zinc Ion-immobilized Magnetic Microspheres for Enrichment and
Identification of Multi-phosphorylated Peptides by Mass Spectrometry. Anal. Sci. 2017, 33, 1381–1386. [CrossRef]

11. Lai, Z.; Zhang, M.; Zhou, J.; Chen, T.; Li, D.; Shen, X.; Liu, J.; Zhou, J.; Li, Z. Fe3O4@PANI: A magnetic polyaniline nanomaterial
for highly efficient and handy enrichment of intact N-glycopeptides. Analyst 2021, 146, 4261–4267. [CrossRef]

12. Shen, L.H.; Zhou, J.; Wang, Y.X.; Kang, N.; Ke, X.B.; Bi, S.L.; Ren, L. Efficient Encapsulation of Fe3O4Nanoparticles into Genetically
Engineered Hepatitis B Core Virus-Like Particles Through a Specific Interaction for Potential Bioapplications. Small 2015,
11, 1190–1196. [CrossRef]

13. Wang, Y.; He, J.; Chen, J.; Ren, L.; Jiang, B.; Zhao, J. Synthesis of Monodisperse, Hierarchically Mesoporous, Silica Microspheres
Embedded with Magnetic Nanoparticles. ACS Appl. Mater. Interfaces 2012, 4, 2735–2742. [CrossRef]

14. Liu, Y.; Song, L.; Du, L.; Gao, P.; Liang, N.; Wu, S.; Minami, T.; Zang, L.; Yu, C.; Xu, X. Preparation of Polyaniline/Emulsion
Microsphere Composite for Efficient Adsorption of Organic Dyes. Polymers 2020, 12, 167. [CrossRef]

15. Yan, B.; Zeng, C.; Yu, L.; Wang, C.; Zhang, L. Preparation of hollow zeolite NaA/chitosan composite microspheres via in situ
hydrolysis-gelation-hydrothermal synthesis of TEOS. Microporous Mesoporous Mater. 2018, 257, 262–271. [CrossRef]

16. Liao, M.H.; Chen, D.H. Fast and efficient adsorption/desorption of protein by a novel magnetic nano-adsorbent. Biotechnol. Lett.
2002, 24, 1913–1917. [CrossRef]

17. Heebøll-Nielsen, A.; Dalkiær, M.; Hubbuch, J.J.; Thomas, O.R.T. Superparamagnetic adsorbents for high-gradient magnetic
fishing of lectins out of legume extracts. Biotechnol. Bioeng. 2004, 87, 311–323. [CrossRef]

18. Zhang, H.P.; Bai, S.; Xu, L.; Sun, Y. Fabrication of mono-sized magnetic anion exchange beads for plasmid DNA purification. J.
Chromatogr. B 2009, 877, 127–133. [CrossRef]

19. Jiang, X.Y.; Bai, S.; Sun, Y. Fabrication and characterization of rigid magnetic monodisperse microspheres for protein adsorption.
J. Chromatogr. B 2007, 852, 62–68. [CrossRef]

20. Mahdavinia, G.R.; Soleymani, M.; Etemadi, H.; Sabzi, M.; Atlasi, Z. Model protein BSA adsorption onto novel magnetic
chitosan/PVA/laponite RD hydrogel nanocomposite beads. Int. J. Biol. Macromol. 2018, 107, 719–729. [CrossRef]

21. Shi, L.; Tang, Y.; Hao, Y.; He, G.; Gao, R.; Tang, X. Selective adsorption of protein by a high-efficiency Cu2+-cooperated magnetic
imprinted nanomaterial. J. Sep. Sci. 2016, 39, 2876–2883. [CrossRef] [PubMed]

12



Int. J. Mol. Sci. 2022, 23, 4963

22. Gao, B.; Chen, T.; Cui, K. Constituting of a new surface-initiating system on polymeric microspheres and preparation of basic
protein surface-imprinted material in aqueous solution. Polym. Adv. Technol. 2018, 29, 575–586. [CrossRef]
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Abstract: To improve the energy efficiency and driving performance of ionic electroactive polymer
actuators, we propose inserting insulating layers of 170 nm hexagonal boron nitride (h-BN) particles
between the ionic polymer membrane and electrodes. In experiments, actuators exhibited better
capacitance (4.020 × 10−1 F), displacement (6.01 mm), and curvature (35.59 m−1) with such layers
than without them. The excellent insulating properties and uniform morphology of the layers reduced
the interfacial resistance, and the ion conductivity (0.071 S m−1) within the ionic polymer improved
significantly. Durability was enhanced because the h-BN layer is chemically and thermally stable
and efficiently blocks heat diffusion and ion hydrate evaporation during operation. The results
demonstrate a close relationship between the capacitance and driving performance of actuators. A
gripper prepared from the proposed ionic electroactive polymer actuator can stably hold an object
even under strong external vibration and fast or slow movement.

Keywords: insulators; interface structure; electrochemistry; mechanical properties; ionic electroactivepolymers;
acuators; artificial muscle; capacitance

1. Introduction

Ionic electroactive polymer (IEAP) actuators have garnered significant attention for use
in applications such as intelligent robots, biomedical devices, and micro-electro-mechanical
systems [1–3]. They are lightweight, operate at low voltages, and are suitable for a wide
range of environments [4–8]. IEAP consists of two electrodes and a polymer membrane.
Various types of electrodes [9–11] and polymer materials [12–17] have been considered for
improving IEAP actuator performance, but further research is required to increase energy
efficiency, reliability, and durability. Recently, the interface between the electrode and
polymer membrane has attracted research attention with regard to improving the actuation
performance, stability, and electrochemical properties of the IEAP actuator. For the study
of the actuator interface, the basic structure of IEAP should be noted.

The structure of an IEAP actuator is similar to that of a capacitor, which stores energy
in the form of electrical charge [18,19]. This has led to some researchers in the IEAP field
to report the capacitance results of actuators [13]. For example, Akle et al. [20] reported
a linear correlation between the strain response and capacitance of ionomeric materials.
However, the capacitance and strain values of actuators require further improvement,
and there have been few studies of the relationship between the driving performance and
capacitance of IEAP actuators. Known methods of improving capacitance include the
use of electrolyte polymers, insulators, and carbon materials [21–23]; we suggest that the
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electrochemical and driving properties of IEAP actuators could be improved by placing
insulating layers between the polymer membrane and electrodes, forming a structure
similar to that of a traditional capacitor. As the insulator, we suggest hexagonal boron
nitride (h-BN). This chemically stable material, which has a two-dimensional structure,
excellent thermal conductivity (~400 W m−1 K−1), and a wide band gap of ~6 eV [24–29],
has been reported to block large ions under an applied voltage [30]; these characteristics
indicate that it would be a suitable insulating material for use in IEAP actuators.

IEAP actuators work because ion hydrates and water molecules move within the ionic
polymer membrane upon application of an external voltage. Unfortunately, as the actuator
is operated, the ion hydrates evaporate because of the heat generated by the electrodes;
this reduces durability. However, water molecules are larger (>0.28 nm) than the lattice
constant of h-BN (ah-BN = 0.25 nm); therefore, their evaporation from the ionic polymer can
be efficiently blocked by h-BN insulating layers.

In this study, we developed and tested an IEAP actuator with insulating layers of
h-BN particles between the ionic polymer membrane and the top and bottom electrodes.
The insulating properties of h-BN particles of different sizes were systematically tested
to determine the optimal performance. We observed the changes in the driving and
electrochemical properties according to the h-BN particle size and compared the results
with those obtained using a conventional IEAP actuator without insulating layers. The
IEAP actuator with h-BN insulating layers (particle size = 170 nm) exhibited improved
capacitance and ion conductivity compared to the actuator without h-BN insulating layers;
thus, the driving characteristics were improved. In addition, the layered actuator had high
energy and power densities and exhibited stable gripping abilities even when subjected to
external vibration and movement, suggesting that IEAP actuators with insulating layers
could be utilized in soft robotics and the flexible actuator field as well as in energy storage.

2. Results

We designed an IEAP actuator (Figure 1) with an ionic polymer (Nafion-117) mem-
brane, P/GO–Ag electrodes, and insulating layers between the polymer membrane and
electrodes composed of h-BN powders with particle sizes of 1 µm, 800 nm, 300 nm, or
170 nm (denoted h-BN−1 µm, h-BN−800 nm, h-BN−300 nm, and h-BN−170 nm, respec-
tively), in a Nafion matrix. The P/GO–Ag paper electrode and h-BN insulating layers were
included to increase the mobility of ions in the Nafion membrane and decrease the interface
resistance between the electrodes and Nafion membrane, respectively.
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Figure 1. Schematic of ionic electroactive polymer (IEAP) actuator structure with hexagonal boron
nitride (h-BN) insulating layers.

Figure S1 shows the morphological properties of the P/GO–Ag paper electrode. The
Ag NWs within the electrode were well connected, as shown in Figure S1a,c. The average
thickness of the P/GO–Ag electrode was ~13 µm (Figure S1b), and the surface was smooth,
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with an average surface roughness of ~88 nm (Figure S1c). The sheet resistance was uniform
across the entire electrode surface, with a value of ~200 mΩ sq−1. The h-BN powder was
well dispersed without aggregation within the insulating layer (Figure 2a–d), particularly
for smaller h-BN particle sizes; the roughness of the insulating layer decreased with de-
creasing h-BN particle size (Figure S2). The P/GO–Ag electrode and Nafion-117 membrane
became more smoothly attached as the h-BN particle size decreased (Figure 2e–h). These
results suggest that the h-BN−170-nm insulating layer, which was thin and uniform on
both sides of the Nafion membrane, may have reduced ion intercalation to the PEDOT:PSS
layers of the electrode. This would increase the capacitance and water uptake (WUP)
of the actuator by blocking the leakage of ions from the Nafion membrane through the
P/GO–Ag electrodes.
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Figure 2. Top and cross-sectional scanning electron microscopy (SEM) images of IEAP actuators
with h-BN insulating layers with different particle sizes: (a,b) 1 µm, (c,d) 800 nm, (e,f) 300 nm, and
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We also investigated the effect of these layers on the ion capacitance and driving
performance. An IEAP actuator with insulating layers between the electrodes and ionic
polymer membrane can be regarded as a capacitor. We measured the electrochemical
properties of the IEAP actuators with and without h-BN insulating layers and observed the
effect of the h-BN insulating layers on the current–potential curves and capacitance. Cyclic
voltammetry (CV) was conducted in the applied voltage range of −1.0 to +1.0 V at a scan
rate of 50 mV s−1, revealing quasi-ideal parallel-plate capacitive behavior.

The CV curves differed with the size of the h-BN particles. The actuators without
h-BN layers produced rectangular CV curves (Figure 3a and Figure S3a). No redox peak
was observed and the specific capacitance was 0.5 mF g−1 at a scan rate of 50 mV s−1. By
contrast, the actuators with h-BN layers produced redox peaks in both the negative and
positive regions (−0.4 to +0.4 V) because of the redox reaction at the h-BN surface. The area
of the CV curve was much larger for the IEAP actuators with h-BN insulating layers than
for those without them; it increased as the h-BN particle size decreased.

The total area of the CV curve corresponds to the capacitance. The average capaci-
tances are presented in Figure S3, and the average specific capacitances considering the
weight of the IEAP actuators are presented in Figure 3b. The IEAP actuators with h-BN
insulating layers had much higher specific capacitances than those without, and the specific
capacitance increased with decreasing h-BN particle size. In particular, the IEAP actuator
with h-BN−170 nm insulating layers exhibited greater capacitance (4.020 × 10−1 F) and
specific capacitance (5.83 F g−1) than the IEAP actuator without insulating layers. These
results are sufficient to show that the IEAP actuator has excellent capacity performance and
high energy efficiency within the Nafion membrane [31–33].
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The electrochemical impedance of the fabricated IEAP actuators was measured in the
frequency range from 1 Hz to 100 kHz. Figure 3c shows Nyquist plots of the IEAP actuators.
Each Nyquist plot comprises a semicircle and line. The presence of the semicircle demon-
strates that the system has an equivalent electrical circuit (inset in Figure 3c) with electrolyte
resistance Re and double-layer capacitance Cdl in parallel at high frequencies [34,35]. The
ion conductivity (σi) was calculated from the electrolyte resistance of the IEAP actuator
(Equation (S2)); it increases as the electrolyte resistance of the actuator decreases. The
electrolyte resistance represents the interface resistance between the electrode and ion
polymer film, and a decrease in interface resistance can enhance the ion conductivity of the
ion polymer film. The ion conductivities of the IEAP actuators with h-BN insulating layers
increased with decreasing h-BN particle size (Figure 3b). The ion conductivity of the IEAP
actuator with h-BN−170-nm insulating layers was approximately twice that of the IEAP
actuator with none.

We measured the driving performances of the IEAP actuators according to the particle
size of the h-BN powder. The driving performance was also evaluated as a function
of the capacitance. In addition, the weights of the IEAP actuators before and after the
ion-substitution process were measured to assess the WUP within the Nafion membrane
(Equation (S3)), thus obtaining information on the amount of water molecules and ion
hydrates contained in the Nafion membrane. The weights and WUPs of the IEAP actuators
are presented in Table 1. The IEAP actuator with h-BN−170-nm insulating layers had
the highest WUP of the fabricated actuators (32.69%), because the uniform formation of
the insulating layers across the electrode/Nafion membrane interface reduced the ion
intercalation of the PEDOT:PSS layer and ensured the ions were retained inside the Nafion
membrane. Table 1 also presents the weights of the IEAP actuators before and after
actuation. The weight loss of the IEAP actuator with h-BN−170-nm insulating layers was
~2.9%, which is one-ninth that of the IEAP actuator without insulating layers (27.54%). The
results suggest that the 170 nm h-BN particles form a uniform interface layer, improving
the durability of the IEAP actuator because they are smaller than water molecules and
therefore inhibit evaporation from the Nafion membrane during operation.
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Table 1. Water uptake (WUP) and weight loss (WL) of IEAP actuators without and with h-BN
insulating layers.

Sample Wd
1

[g]
Ws

2

[g]
Wf

3

[g]
WUP 4

[%]
WL 5

[%]

h-BN−× 6 0.056 0.069 0.050 23.21 27.54
h-BN−1 µm 7 0.059 0.074 0.063 25.42 14.86

h-BN−800 nm 7 0.056 0.071 0.065 26.79 8.45
h-BN−300 nm 7 0.054 0.069 0.065 27.78 5.80
h-BN−170 nm 7 0.052 0.069 0.067 32.69 2.90

1 Wd: Initial (dry) weight of IEAP actuator. 2 Ws: Weight of IEAP actuator after ion substitution of water molecules
and ion hydrates in ionic polymer. 3 Wf: Weight of IEAP actuator after actuation. 4 WUP: Water uptake during ion
substitution {WUP = [(Ws − Wd)/Wd] × 100}. 5 WL: Weight loss during actuation {WL = [(Ws − Wf)/Ws] × 100}.
6 IEAP actuator without insulating layers. 7 IEAP actuators with insulating layers comprising h-BN powder with
a particle size of 1 µm, 800 nm, 300 nm, or 170 nm in a Nafion matrix.

The Nafion membrane of the IEAP actuator with h-BN−170-nm insulating layers
contained 50% more ions than that of the actuator without insulating layers (see WUP in
Table 1). Therefore, the insulating layers may improve the driving properties. The driving
performances of the IEAP actuators were measured under a sinusoidal input with a peak
voltage of 2.5 V and excitation frequency of 0.2 Hz (Figure 4a,b). The IEAP actuator with h-
BN−170 nm insulating layers exhibited a larger displacement (3.21 mm) and peak-to-peak
value (6.01 mm) than the other IEAP actuators. In agreement with the weight-loss results,
the IEAP actuator with h-BN−170 nm insulating layers had better durability than the
other IEAP actuators: it showed only slight degradation (within 4.5%) of the peak-to-peak
value over 5 h, compared to the drastic 96.3% degradation over 5 h of the IEAP actuator
without insulating layers (Figure 4b). Its curvature performance (35.59 m−1) was also better
than those of the other IEAP actuators and ~7.4 times greater than that of the actuator
without insulating layers. Figure 4d shows the actual movement of the IEAP actuators after
60 s under 2.5 VDC input. These results show that the h-BN insulating layers reduced the
interface resistance, thus increasing the ion storage capacitance and ion conductivity in the
Nafion-polymer membrane. The driving characteristics improved accordingly. Figure S4
shows the driving performance of the IEAP actuator with h-BN−170-nm insulating layers
under various voltages and frequencies.
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3. Discussion

The surface resistance, capacitance, and driving characteristics of the actuators ob-
tained in this study are compared with reported results [36–41] in Table 2. The maximum
strain value of the IEAP actuator with h-BN−170-nm insulating layers was 8.31%, larger
than those of the earlier actuators (the calculation details [42] are provided in the Supple-
mentary Materials). In addition, the electrode surface resistance and capacitance of the
developed actuator were superior to those of earlier actuators. Most previous studies did
not investigate both the capacitance and driving characteristics of the actuator, and none
mention the correlation between them reported here. Figure 5 shows that the displacement
and curvature of the IEAP actuators increase with increasing capacitance. Moreover, the
capacitance and driving performance of IEAP actuators increase with decreasing h-BN
particle size. In particular, the capacitance of the IEAP actuator with h-BN−170-nm insu-
lating layers is more than 105 times that of the IEAP actuator without insulating layers.
These results highlight that the h-BN insulating layers increase the capacitance of the IEAP
actuator, with a positive effect on the driving performance.

Table 2. Electrode, capacitance, and driving characteristics of various actuators from prior reports
and the IEAP actuator with h-BN−170-nm insulating layers.

Actuator Types
Electrode Sheet

Resistance
[Ω sq.−1]

Specific
Capacitance

[F g−1]

Max.
Displacement

[mm]
(at 2.5 VAC)

Curvature
[m−1]

Strain
[%] Ref.

P/GO-Ag IEAP 1

Actuator with
h-BN−170-nm

Insulating Layers

2.00 × 10−5 5.83 6.01 35.59 8.31 This work

Au <100 10−4 - - 1.04 [5]

Pt 10 7.5 × 10−4 [F cm−2] - - 5 [10]

Ag nanopowder 0.12–0.15 - 5.00 - - [14]

Graphene - 0.95 [meq/g] 0.145 (at 0.5 VAC) - - [15]

Ionomer - - 5.00 - - [16]

IPMC - - - 0.2 × 10−3 - [17]

Ionomeric-IL - (1–5) × 10−3 [F cm−2] - - 2.44 [43]

PSS-b-PMB - 0.12 4.00 (at 3.0 VAC) - 4 [44]

1 PEDOS:PSS/graphene oxide–Ag nanowire electrode-based ionic electroactive polymer.
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(1 µm, 800 nm, 300 nm, and 170 nm): (a) Capacitance vs. maximum displacement; (b) Capacitance
vs. curvature.

As shown in Figure 6a, different potential application sectors of IEAP actuators have
distinct power-density and energy-density requirements; actuators without insulating
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layers do not satisfy any of them. We investigated the power densities (P) and energy
densities (E) of the IEAP actuators with h-BN insulating layers (Figure 6a). The IEAP
actuators with h-BN insulating layers had supercapacitor characteristics [41]. As the h-BN
particle size decreased from 1 µm to 170 nm, P increased from 23.97 to 606.88 W kg−1,
whereas E increased from 0.2 to 5.06 Wh kg−1. In particular, the P and E values of the
IEAP actuator with h-BN−170 nm insulating layers were superior (P: 606.88 W kg−1, E:
5.06 Wh kg−1) to those of the IEAP actuator without insulating layers (P: 0.054 W kg−1, E:
4.54 × 10−4 Wh kg−1).
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BN−×) and with h-BN insulating layers with different particle sizes (1 µm, 800 nm, 300 nm, and
170 nm) compared to requirements of various industrial fields. Images of (b) sheets of IEAP actuator
with h-BN−170 nm used in (c) two-finger gripper. Images taken (d) before and (e) after grasping an
object at 1.0 VDC.

A simple device was developed to illustrate the applicability of the IEAP actuator with
h-BN−170 nm insulating layers. A two-finger gripper composed of two IEAP cantilevers
(IEAP-actuator sheets) was designed to imitate the grasping motion of fingers; its operation
is shown in Figure 6d, e, as well as Video S1. Figure 6b shows the two metal plates
used to create the gripper. The two-finger gripper had a length and width of 23 and
10 mm, respectively, and a weight of 0.087 g (Figure 6c). Given the importance of water
molecules and cations inside the polymer membrane for actuator operation, working
voltage conditions that would not cause water decomposition (i.e., <1.23 V) were required;
therefore, the actuator was operated at 1 V. The performance of the two-finger gripper
on a 1.5 g plastic ball is shown in Figure 6d. In fact, the two-finger gripper was able
to maintain a stable hold on objects that weighed more than 8.6 times as much as the
actuator device, despite strong external vibration and fast or slow movement (Video S1,
Supporting Information).

The high capacitance, high driving performance, and minimal leakage of vaporized
water molecules and cations during electrical stimuli exhibited by IEAP actuators with
h-BN−170 nm insulating layers suggest other possible applications, including biomedical
devices [42,45] and biomimetic soft robots [46,47]. Moreover, the power and energy density
results show that these actuators could be used as supercapacitors [43].

4. Materials and Methods
4.1. Materials and Characterization

We used deionized (DI) water (resistivity: >18 MΩ cm at 25 ◦C) in all experiments.
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (1.3 wt%) and Tri-
ton X-100 were purchased from Sigma-Aldrich (St. Louis, MO, USA). Graphene oxide
(GO) was synthesized by the Hummers and Hoffman methods, and Ag nanowires (NWs)
were purchased from DUKSAN Hi-Metal (Ulsan, Korea). Cellulose-membrane filter papers
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(pore size: 0.20 µm, diameter: 47 mm) were purchased from HYUNDAI MICRO., Ltd.
(Anseong, Korea). The PEDOT:PSS, GO, Ag NWs, and cellulose filter papers were used
to fabricate PEDOT:PSS/GO–Ag (P/GO–Ag) NW paper electrodes for the IEAP actuator.
Sulfonated-tetrafluoroethylene-based fluoropolymer-copolymer membranes (thickness:
~183 µm; Nafion 117) and Nafion solution were purchased from Dupont (Wilmington, DE,
USA). These were used as the polymer membranes of the IEAP actuator and the attachment
resin between the polymer membranes and P/GO–Ag electrodes, respectively. Insulating
layers for the IEAP actuators were formed from h-BN powders with different particle sizes
(1 µm, 800 nm, 300 nm, and 170 nm), purchased from Ditto Technology (DT-BN-20PG,
Korea). Lithium chloride (LiCl) purchased from Sigma-Aldrich (Seoul, Korea) and 1-ethyl-3-
methylimidazolium trifluoromethanesulfanate (EMIM-OTf) purchased from Merck (Seoul,
Korea) were used in the ion-substitution process to produce the actuator. We fabricated an
h-BN/Nafion mixture using an ultrasonic probe sonicator (UW200, Bandelin, Germany)
to ensure that the h-BN powder (0.5 wt%) was well dispersed in the Nafion solution. The
morphological properties of the P/GO–Ag electrode, h-BN insulating layer, and IEAP
actuator were investigated using field-emission scanning electron microscopy (S-4300,
Hitachi, Japan) and atomic force microscopy (non-contact mode, XE-100, Parksystems,
Suwon, Korea). The sheet resistance of the P/GO–Ag electrodes was measured using a
four-point probe system (DASOL, ENG, FPP-HS 8). The electrochemical properties of the
IEAP actuator were measured using cyclic voltammetry (CompactStat, HS Technology,
Korea), and the current density, capacitance, and impedance were analyzed. The driving
performance was measured using a laser displacement sensor (OMRON, ZS-LD80; beam
length: 0.9 mm, beam thickness: 60 µm).

4.2. Fabrication of IEAP Actuator with Insulating Layers

First, we incorporated Li+ and EMIM-OTf cations into the Nafion-117 membrane by an
ion exchange process using LiCl (LiCl: 16 g, DI water: 244 mL) and EMIM-OTf (EMIM-OTf:
55 g, methanol: 28 g) solutions. Second, we mixed GO and Ag NWs in a 1:2.5 volume ratio,
and then fabricated the GO–Ag NW electrodes by filtration using the cellulose filter paper.
The filtered GO–Ag NW electrode was put into acetone to peel off the filter paper and dried
in a vacuum oven at 100 ◦C. Subsequently, we coated the Nafion-117 membranes with the
h-BN/Nafion mixture to create a uniform insulating layer. The GO–Ag NW electrodes
were attached to the Nafion-117 membrane by hot-pressing at 0.1 MPa and 100 ◦C for 5 min.
Finally, a mixture of Triton X-100 (0.766 mL) and PEDOT:PSS (10 mL) [27] was spin-coated
onto both surfaces of the IEAP actuator. The finished P/GO–Ag electrode-based IEAP
actuators with h-BN insulating layers were rectangular with dimensions 0.5 × 3.5 cm. An
actuator sample without h-BN insulating layers was fabricated in a similar manner but
without the h-BN/Nafion mixture coating.

5. Conclusions

In this study, IEAP actuators with h-BN insulating layers between the ionic polymer
membrane and the top and bottom electrodes were fabricated and tested. We demonstrated
for the first time that the driving performance of an actuator improves as its capacitance
increases, highlighting the strong relationship between the capacitance and actuator per-
formance. The IEAP actuator with h-BN−170-nm insulating layers showed the highest
capacitance (4.020 × 10−1 F) and largest bending value (6.01 mm) of the tested IEAP actua-
tors. The durability of this IEAP actuator (displacement degradation within 4.5%) was also
greatly improved (by a factor of ~21.4) over that of the IEAP actuator without insulating
layers (displacement degradation of 96.3%). We attribute the improved durability to the
lattice constant of the h-BN particles being smaller than the size of the hydrated ions; this
suppresses evaporation from the Nafion membrane during operation. Our results suggest
a new direction for IEAP actuator research and may to contribute to the commercialization
of actuators in the fields of intelligent robotics and biomimetic medical devices.
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Abstract: In case of an incident in the nuclear industry or an act of war or terrorism, the dissemination
of plutonium could contaminate the environment and, hence, humans. Human contamination mainly
occurs via inhalation and/or wounding (and, less likely, ingestion). In such cases, plutonium, if
soluble, reaches circulation, whereas the poorly soluble fraction (such as small colloids) is trapped
in alveolar macrophages or remains at the site of wounding. Once in the blood, the plutonium is
delivered to the liver and/or to the bone, particularly into its mineral part, mostly composed of
hydroxyapatite. Countermeasures against plutonium exist and consist of intravenous injections or
inhalation of diethylenetetraminepentaacetate salts. Their effectiveness is, however, mainly confined
to the circulating soluble forms of plutonium. Furthermore, the short bioavailability of diethylenete-
traminepentaacetate results in its rapid elimination. To overcome these limitations and to provide a
complementary approach to this common therapy, we developed polymeric analogs to indirectly
target the problematic retention sites. We present herein a first study regarding the decontamination
abilities of polyethyleneimine methylcarboxylate (structural diethylenetetraminepentaacetate poly-
mer analog) and polyethyleneimine methylphosphonate (phosphonate polymeric analog) directed
against Th(IV), used here as a Pu(IV) surrogate, which was incorporated into hydroxyapatite used
as a bone model. Our results suggest that polyethylenimine methylphosphonate could be a good
candidate for powerful bone decontamination action.

Keywords: actinides; decontamination; DTPA; chelating polymers; PEI-MP

1. Introduction

Actinide contamination may result from an incident in the nuclear industry, a malicious
act targeting a nuclear power plant, the explosion of a dirty bomb, or a degraded situation
in a nuclear-powered naval vessel such as an icebreaker or submarine. Although rare in the
history of nuclear facilities, radioelement contamination is particularly harmful because
these elements, all alpha emitters, present both chemical and radiological toxicity. Among
these, plutonium (Pu) is particularly involved in both civil and military nuclear activity. It
is highly toxic whatever its isotopy and remains an emblematic radioelement linked to the
nuclear industry for the general public.

Despite the panic it may inspire, one should still consider that Pu is only/mainly
toxic once it has entered the organism. Indeed, alpha emitters exhibit a limited power of
penetration (e.g., about 5 cm in air and only about 30 µm, representing a few cell diameters,
in living tissues); however, the deposited energy is enormous (alpha particles are on the
order of MeV energy). Unfortunately, human exposure to Pu can be efficiently widespread
through the inhalation of small particles kicked up by wind and dust after the accident
has occurred.
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Inhalation is, thus, the most likely entry route into the organism. The retention and
the fate of the inhaled particles depend on their size and physicochemical form [1]. Bigger
particles are either filtered by the upper respiratory region and swallowed or transferred
into the throat by the lung clearance process (elimination of the mucus layer and particles
through the natural motion of the bronchial cilia). In both cases, these particles are directed
into the gastrointestinal tract and mainly excreted. On the contrary, the smaller particles
(10 nm to 1 µm) are capable of reaching the lung alveoli [2], where they are sequestered by
alveolar macrophages [3] and eventually transferred to lymph nodes or into lung tissues,
representing long-term storage (for years), which contributes to lung cancers. The soluble
forms (nitrates, citrates, and certain oxides) of inhaled Pu are absorbed more easily, pass
into the bloodstream [4], and are redistributed throughout the body. About 90% of this
absorbed Pu is then equally deposited in the liver and bones, where it contributes to the
distribution of the dose over very long periods causing, in particular, bone cancer. In case
of ingestion of Pu, subsequent entry into the bloodstream from the digestive tract is very
low (<1%) [5]. Most of the ingested Pu is then eliminated in the feces [6].

As for the absorption of Pu through the skin, this represents a risk only for workers
in highly contaminated areas and/or in the case of wounding (cut or blast injury). In that
case, Pu follows the same paths as described earlier in the case of its transfer into the blood,
whereby about 90% of the Pu absorbed is retained, mostly in the liver and bones.

Therefore, these three major compartments, lung, liver, and bones, constitute a real
sanctuary for sequestered Pu.

The current recommended and approved treatment for contamination with transuranic
radionuclides (e.g., plutonium, americium, and curium) is chelate calcium- and zinc-
diethylenetriaminepentaacetic acid (Ca and Zn-DTPA), administered intravenously (i.v.) or
by nebulizer. However, DTPA exhibits a narrow biodistribution [7,8] and, thus, is elimi-
nated very quickly through urine [9]. Moreover, DTPA is only active on the soluble forms
of Pu [10]. Of course, new chelating agents, some of which are promising, such as hydrox-
ypyridonates (e.g., 3,4,3-LI(1,2-HOPO)) are still being developed [11]. However, as with
DTPA chelation therapy, their action is mainly directed toward the soluble forms of Pu
such as nitrates.

To address the limitations of DTPA, special formulations such as aerosolized Ca-DTPA
for pulmonary administration have been tested [12,13]. Despite its effectiveness on soluble
forms of Pu deposited in the lungs, it remained ineffective on insoluble oxides (PuO2)
at the primary site of contamination. However, independently of the primary site of
contamination or the DTPA treatment regimen (i.v. or by aerosolized Ca-DTPA), it reduced
the systemic retention (skeleton and liver). Thus, there is still a need for a more effective
treatment for the remaining Pu at the primary site of contamination.

Stealth liposomes encapsulating DTPA have also been tested [14] for their enhanced
half-life in the blood and, hence, higher biodistribution. However, again, they showed
improved efficiency when soluble forms such as 238Pu-phytate were injected. As for the
bones, to the best of our knowledge, only one team [15] reported a real in vivo decontam-
ination, of uranium only, using a 3,2-hydroxypyridinone-based compound. Indeed, the
lower observed actinide level in the liver and/or bones highlighted in most studies should
be rather attributed to the chelation effect (subsequent to the i.v. administration) of the
decontaminating agent rather than to actinide extravasation (e.g., real decontamination)
from the liver and/or bones. In other words, once the Pu has been incorporated into a
retention compartment, it is virtually inextricable.

In spite of its limitations (effectiveness mainly confined to circulating soluble forms
of Pu), i.v. DTPA remains the most efficient treatment and constitutes a solid basis for
comparison. It should be noticed that DTPA decontamination therapy is also quite well
tolerated since, according to the National Council on Radiation Protection and Measure-
ments, NCRP (Report No. 166), Bethesda, MD, 2011, the recommended dose (i.v. or
nebulized inhalation) represents 1 g (in one shot) of chelate/day, while, in case of multiple
treatments, total amounts as high as 500 g of DTPA could be administrated within several
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years. However, at the present time, no treatment fully meets all the required specifications.
More specifically, no agent is currently capable, in addition to its action in the bloodstream,
of (i) specifically targeting the three major biological Pu retention compartments, and
(ii) extracting it from there.

Our challenge was then to propose a simple, effective, and affordable complementary
method to DTPA therapy based on a polymeric platform. We postulated that a chelating
polymer would indirectly target the main organs (liver and lungs) or the bones (provided
an affinity for bone fixation sites would be implemented in that case). This strategy could,
therefore, be entirely complementary to Ca-/Zn-DTPA therapy which, as previously seen,
is the only one currently in use despite being mainly effective for the circulating (e.g.,
soluble) forms of Pu.

During the past years, our group has been developing a macromolecular approach
based on a polyethyleneimine backbone for the decontamination of actinides [16–19].
This can provide, after adequate functionalization, polymeric analogs of DTPA, PEI-MC
(polyethyleneimine methylcarboxylate, true polymeric analog) and PEI-MP
(polyethyleneimine methylphosphonate, phosphonate analog) from a commercially avail-
able 25 kDa branched PEI (polyethyleneimine, see Figure 1). One fully functionalized
polymer is most likely represented by a wide polydisperse population with a mass fraction
ranging from ~5–150 kDa.
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Figure 1. Chemical structures of the chelating polymers carrying carboxylic or phosphonic functions
and their reference molecular analogs.

The syntheses of these chelating PEIs can be carried out in a single step, with very
high yields, and are very cheap. Purification via ultrafiltration is straightforward. Too
many chelating agents developed so far require a greater number of tedious synthesis and
purification steps. Furthermore, as these compounds are polyelectrolytes salts, they readily
dissolve in water, making them very easy to use.

We have clearly demonstrated the ability of PEI-based polymers to sequester both
U(VI) (uranyl) and actinides(IV) (Pu and Th as a chemical surrogate of Pu). Indeed,
under (pseudo)physiological conditions, the two polymers show an EC50 (50% effective
concentration) comparable to DTPA taken as a reference. Complexation to Pu(IV) was also
demonstrated by EXAFS spectroscopy with both polymers, PEI-MC and PEI-MP [18,19].

We present now, in this report, a first study on the decontamination of Th(IV) from
a hydroxyapatite (HAp) matrix in which Th(IV) has been used as a chemical surrogate
of Pu(IV) (see Section 2.4). Dose–response and kinetic profiles of decontamination associ-
ated with this model are provided. Furthermore, viability experiments realized in bones
constitutive cells (osteoblasts and osteoclasts) are also reported for PEI-MC and PEI-MP
compared to DTPA, taken as the gold standard.
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2. Results and Discussion
2.1. PEI-MP as a Bone Seeker

The development of radiopharmaceuticals with specific bone-targeting abilities, such
as ligand–radionuclide conjugates, has been carried out extensively considering metastatic
bone cancer. In that case, the ligand should not only prevent radionuclide dissociation but
also exhibit a strong affinity for the principal mineral phase of bone, hydroxyapatite (HAp).
Indeed, HAp which is a calcium phosphate, Ca5(PO4)3(OH), constitutes 70% of the bone
weight. HAp, then, undoubtedly constitutes a robust structural and chemical model for
studying the actinide decontamination process. Phosphonates show a particular affinity
for Ca2+. As a consequence, lower and higher (di)phosphonate analogs of DTPA have
been considered as ligands with bone-seeking properties for diverse radionuclides (153Sm,
117mSn, 99mTc). For example, the beta emitter 153Sm complexed with ethylenediaminete-
tramethylene phosphonate (Quadramet®) found a clinical use with osteoblastic skeletal
metastases [20]. To improve radionuclide import, Zeevaart et al. showed that PEI-MP,
loaded to some extent with radionuclides (99mTc, 153Sm), could target the bone after i.v.
injection in dogs [21]. Dormehl et al. demonstrated, in primates, that t1/2 and percentage
of uptake of the 99mTc–PEI-MP complexes, in diverse compartments, could be modulated
by manipulating the mass fraction of the polymer. The same study also reported on the
excretion of these complexes through the kidneys related to diverse mass fractions (kDa)
of the polymer [22]. From these studies, they concluded that the fraction size 10–30 kDa
seems to be the most suitable for radioisotopic therapy, with a lower uptake and shorter
t1/2 in liver and kidneys while having the highest bone uptake.

In the case of actinide contamination, particularly in the case of bone invasion by
Pu(IV), we envisioned a similar approach with the use of chelating polymers as potential
candidates. PEI-MP in particular should exhibit bone-seeking abilities. After adsorbing
onto bone (i.e., HAp), it could behave as a decontaminant and extract the actinide(IV)
provided the thermodynamic and kinetic profiles (adsorption/desorption of ligand and
complexes) are compatible/tunable with the targeted biological utilization. As the liver or
even the kidneys (in the case of contamination by U) could also be taken as relevant targets,
our chelating polymers were not fractionated except for the smallest sizes (<5 kDa), which
were eliminated via ultrafiltration (see Section 3).

2.2. Toxicity of PEI Chelates toward Bone Constitutive Cells

Bones undergo a constant cycle of construction and resorption, which must remain in
equilibrium. Many types of cells and factors are involved in this process. Osteocytes and
osteoblasts from mesenchymal stem cells are in charge of matrix formation and mineral-
ization, whereas osteoclasts ensure the resorption process. The whole process constitutes
the bone homeostasis. The potential decontamination of actinides through this chelation
therapy should ideally be highly tolerated by the constitutive cells. Accordingly, viability
was assayed onto SAOS-2 osteoblastic cells and MLO-A5 cells (osteocytes). The results are
presented in Figure 2.

Interestingly, PEI-MP did not show any toxicity regardless of cell type or dose utilized,
except at the highest dose, 50 mM, on SAOS-2 osteoblasts, where we observed a very slight
effect (80%), despite the result at 48 h not showing a significant statistical difference with
the untreated cells. On the contrary, DTPA was toxic from 10 mM toward both cell lines.
This result, together with the evidence of PEI-MP excretion provided by Dormehl et al. [22],
is very encouraging given that, when used in vivo, PEI-MP does not show any serious
deleterious effects.
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2.3. Affinity toward HAp

To assess the targeting abilities of the chelates for the bones, their affinity toward a
hydroxyapatite powder was measured by thermogravimetric analyses. We, thus, monitored
the mass percentage degradation of the organic matter, in the 250–500 ◦C range, due to
PEI-MP, PEI-MC, and DTPA (as a control) after being immobilized on HAp.

Figure 3 shows the thermogravimetric analysis curves for each chelating molecule. For
reading convenience, each thermogram was normalized so that 100% fit the initial mass loss
plateau (around 200 ◦C). Keeping the initial ratio of chelating monomer to HAp constant,
the HAp mass loss exhibited the expected trend with increasing loss from DTPA to its
homolog PEI-MC and then to the phosphonate analog PEI-MP. Maximum adsorption onto
HAp was observed with PEI-MP with a mass loss of about 4.7%, whereas the degradation
due to PEI MC corresponded to about 1.8%. As for the DTPA, adsorption was negligible
(0.3%). This experiment confirmed that the chelating polymers showed a higher affinity
toward the target HAp. One can calculate that PEI-MC and PEI-MP exhibited sixfold and
15-fold higher affinity, respectively, for the HAp matrix as a bone model than DTPA. An
affinity of 0.042 µmol of PEI-MP/µmol of HAp could be calculated.
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2.4. Contamination of HAp

In case of contamination, postmortem radiometry showed that 90% of plutonium
activity in extrapulmonary sites was deposited in the liver and skeleton. Additionally, the
fraction of plutonium deposited in the skeleton increased with time [23]. Decontamination
of Pu(IV) from the bones remains of particular interest especially, for workers who have
suffered from a wound while handling irradiated material.

To facilitate both handling and radioprotection, the experiments were carried out
with Th(IV) as a chemical surrogate of Pu(IV), which is the major form of Pu in biological
media. Th is indeed easier to manipulate (6 log lower specific activity for 232Th compared to
239Pu) while exhibiting the same +IV oxidation state with a comparable ionic radius [24,25].
This is very important since chelation and desorption of complexes from the HAp matrix
strongly depend on these parameters. Nonetheless, this approach must be considered with
some care, and test experiments with Pu will possibly be performed after full optimization
with Th.

HAp was contaminated with Th(IV) through a reverse ionic exchange process. The
Th(IV) source was provided by thorium carbonate, generated in situ from its nitrate form,
in sodium carbonate excess, under the chemical form of the pentacarbonate complex
[Th(CO3)5]6−. A contact time of 48 h with HAp was set to ensure equilibrium was reached.
After purification, the extent of Th4+ replacement at Ca2+ was measured by ICP-MS analyses.
Thus, 35 ± 1.2 µg (n = 3 on six independent HAp-Th samples) of elementary Th (0.7% of
initial Th) was found to be incorporated in 5 mg of HAp. Considering that 5 mg of HAp
contained 49.75 µmol of Ca, this corresponds to a molar ratio Th/Ca of almost 0.003.
Furthermore, the speciation of the Th(IV) cations into the HAp was investigated via EXAFS
spectroscopy to make sure all the Th was fully incorporated (chemisorbed) into the matrix
and not simply physisorbed as a carbonate complex. This spectrum constitutes a reference
to be compared with those from the chelate–Th complexes, DTPA–Th, PEI-MC–Th, and
PEI-MP–Th, after the decontamination process was carried out.

The EXAFS spectrum of HAp–Th is presented in Figure 4, and the corresponding
best-fit parameters are displayed in Table 1.
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The fitting procedure included the contributions of oxygen and phosphorus atoms
from the phosphate groups, showing that the Th atoms were incorporated in the phosphate
matrix. The average distance of the oxygen contributions of the first coordination sphere
(2.45 Å) was close to the average distance in the phosphate diphosphate Th4(PO4)4P2O7
(2.44 Å) [26]. The short phosphorus distance (3.21 Å) is in agreement with bidentate
phosphate groups, while the longer phosphorus contribution (3.82 Å) would correspond
to monodentate phosphate groups as in the phosphate diphosphate phase. Adding a
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Th–Th contribution did not significantly improve the fit, meaning that the Th atoms were
dispersed in the apatite phase and did not form clusters.

Table 1. EXAFS best-fit parameters for HAp–Th, PEI-MP–Th, and PEI-MP–HAp–Th under
(pseudo)physiological conditions a.

Sample First Coordination Sphere Second Coordination Sphere Fit Parameters

HAp–Th

2.0 (1) O at 2.32 (3) Å
σ2 = 0.0032 Å2 1 P at 3.21 (3) Å

σ2 = 0.0074 Å2

6 P at 3.82 (6) Å
σ2 = 0.0181 Å2

S02 = 1.0
e0 = 1.86 eV

Rfactor = 3.3%
Q = 15

4.0 (1) O at 2.45 (2) Å
σ2 = 0.0032 Å2

2.0 (1) O at 2.59 (5) Å
σ2 = 0.0032 Å2

PEI-MP–Th 9 O at 2.36 (1) Å
σ2 = 0.0109 Å2

2.8 P at 3.88 (4) Å
σ2 = 0.0927 Å2

1.8 Cl at 3.13 (3) Å
σ2 = 0.0117 Å2

S02 = 1.0
e0 = −0.13 eV
Rfactor = 5.4%

Q = 88

PEI-MP–HAp–Th 9 O at 2.37 (2) Å
σ2 = 0.0111 Å2

2.8 P at 3.82 (9) Å
σ2 = 0.0171 Å2

1.8 Cl at 3.14 (4) Å
σ2 = 0.0096 Å2

S02 = 1.0
e0 = −0.34 eV
Rfactor = 5.5%

Q = 52
a σ2 is the Debye–Waller factor of the considered scattering path. S02 is the global amplitude factor, e0 is the energy
threshold, Rfactor is the agreement factor of the fit in percentage, and Q is the quality factor (reduced chi2) of the fit.
Uncertainties given in brackets are related to the last digit. Numbers in italics were fixed. For HAp–Th, the sum
of the coordination numbers of the oxygen atoms was fixed to 8, and the coordination numbers for the second
sphere were fixed to the corresponding crystallographic phase of Th4(PO4)4P2O7. The coordination numbers for
PEI-MP–Th were fixed to the values obtained in the previous study [17].

Surprisingly, a similarly good fit could be obtained by replacing one of the phosphorus
contributions with C and O (distal) contributions of a carbonate anion (Rfactor = 2.6%). Thus,
the EXAFS spectrum did not allow us to conclude on the presence or not of carbonate
anions in the Th coordination sphere within the apatite matrix. Indeed human bone may
contain up to 8 wt.% carbonate ions that occupy phosphate and hydroxide positions in the
HAp lattice [27]. Note, however, that the spectrum could not be adjusted with carbonate
contributions only (like in the pentacarbonato complex [28]), which confirmed that thorium
in HAp was not in the form of pure carbonate complexes. In conclusion, our sample
preparation incorporated Th in the HAp matrix in the form of a Th phosphate disordered
phase with the possible occurrence of carbonate anion(s) in its coordination sphere.

2.5. Thermodynamics of HAp–Th Chelate Systems: Dose–Response Curves

The capacity of the two chelating polymers to extract Th from the contaminated
HAp was measured, at day 8, in TBS (50 mM Tris, 150 mM NaCl, pH 7.4) at different
monomer concentrations and compared to DTPA as a reference by titrating the elementary
Th (ICP-MS) present in the filtrate and, hence, complexed to the chelating agents.

The uptake curves of Th(IV) from contaminated HAp–Th with PEI-MP, PEI-MC,
and DTPA are shown in Figure 5 and adjusted using a four-parameter logistic equation:
response = min + (max − min)/(1 + (EC50/dose)hill), where response is the Th% de-
contaminated, dose is the monomer concentration, min is the response in the absence of
chelate (blank), max is the plateau, EC50 is the efficient concentration required to produce
50% response, and hill is the slope at the EC50. Very importantly, for each experiment, the
Th content remaining bound to HAp was also determined to ensure 100% recovery (see
Supplementary Materials).

First of all, despite a better affinity for HAp (sixfold when compared to DTPA; see
thermogravimetric results), PEI-MC showed unexpected outcomes. Indeed, the maximum
Th content, 2.3%, recovered from the filtrate (green diamonds in Figure 5) was quite low,
as with the blank (0.75%, at 0 mM). This could be due either to much more unfavorable
desorption kinetics of the PEI-MC/Th complexes from the HAp or to a precipitation of
these complexes. Secondly, despite similar values of EC50 and hill factors (i.e., the slope
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at the EC50 describing the transition rate from the concave to convex part of the sigmoid),
the efficiency (maximum value at the plateau) strongly differed between the PEI-MP
and the reference. Both of them undoubtedly showed decontamination abilities, but the
phosphonate polymer was almost twice as effective: 29% versus 17% for DTPA (test for
equal means provided a probability p (same mean) < 0.005). This result is undoubtedly
significant. Indeed, DTPA is unlikely to reach the sequestering actinides site because of
its low bioavailability, unless it is injected locally in the vicinity of the contaminated bone.
However, even in this particular case, its activity would be limited due to its low affinity
for the mineral part of the bone matrix, i.e., HAp. On the contrary, the thermodynamics of
PEI-MP is more favorable, with higher affinity toward HAp and twofold better efficiency at
extracting Th(IV). Furthermore, biodistribution, t1/2, affinity, and uptake are all compatible
with the envisioned objective [22].

The minimal monomer concentration needed for maximum decontamination under ex-
perimental conditions was determined and set at 6.3 mM, just after reaching the plateau and
below the toxicity threshold of DTPA. This concentration, corresponding to a monomer/Th
molar ratio of ~60, was used for studying the kinetics of decontamination with the chelates
(see here after).
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TBS at day 8.

2.6. EXAFS of PEI-MP–Th and PEI-MP after Contact with HAp–Th

The fit of the EXAFS spectrum of PEI-MP–Th is shown in Figure 4, and best-fit param-
eters are provided in Table 1. Distances are characteristic of monodentate phosphonate
coordination from a Th–phosphopeptide complex (2.35 Å for the Th–O(P) distance) that
has already been described in a previous study [17]. It is quite remarkable that, using
different sample preparations (present study from Th carbonate, previous study from Th
NTA), very similar parameters were obtained. The presence of additional Cl anions in the
second sphere is surprising but arose from the high chlorine content of the physiological
medium (150 mM). This was also observed in Lahrouch et al. [17].

The EXAFS spectrum of HAp–Th in contact with PEI-MP was compared with the
EXAFS spectra of HAp–Th and PEI-MP–Th (see Figure 4). Best-fit parameters were very
similar to those obtained for PEI-MP–Th, meaning that Th incorporated into the HAp
matrix changed speciation in the presence of PEI-MP. The resulting coordination sphere
was similar to the environment of Th when complexed directly with PEI-MP alone and also
similar to the previous preparation from Th-NTA. This confirmed the ability of PEI-MP to
extract Th from the HAp matrix.
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2.7. Kinetics of HAp–Th Chelate Systems

We then investigated kinetics, at 6.3 mM (minimal experimental monomer concen-
tration to reach the highest Th extraction with both DTPA and PEI-MP) to see whether or
not it would be possible to enhance the maximum efficiency obtained at day 8. The results
are presented in Figure 6. Again, complementary Th content was checked to ensure 100%
recovery (see Supplementary Materials). As for thermodynamics, curves were fitted using
the same equation in Section 2.5 with the “min” parameter set to 3.4 (mean blank value
across the whole time period).
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1.5 mL of TBS over 21 days.

First of all, decontamination due to Th solubilization and/or release from HAp only
was marginal (3.4% ± 1.3%), as seen with blank samples across the time period. This
mean value could be attributed to the phosphate ions released from HAp at equilibrium in
TBS. Secondly, the extraction of Th content with PEI-MC remained very inefficient with
values of the same order of magnitude as the blanks. Most importantly, here again, huge
behavior differences could be drawn between DTPA and PEI-MP. DTPA decontamination
kinetics were very fast, with the highest value by day 2, but reached a plateau at 20%
that could not be exceeded whatever the incubation time. It should be noted that this
maximum efficiency value could not be enhanced even with a higher concentration of the
chelate, as seen before with the dose–response curve. On the contrary, the kinetics with
PEI-MP were much slower. Thus, the effectiveness of DTPA was matched by days 6–7.
However, contrary to the DTPA trend, the Th decontamination increased across the used
time period of 21 days. Strikingly, the maximum efficiency reached a top value of 46% at day
21 (p (same mean as DTPA) < 0.005). Furthermore, it should be noted that Th extraction at
day 8, 29%, remained consistent with the value found during the dose–response experiment
(30%). Additionally, when the filtrate was replaced at day 12 (35.8% Th extraction) with a
fresh amount of 6.3 mM monomer PEI-MP, the cumulative Th decontamination reached
64.9% at day 21 (see Table 2). This indicates that additional treatment with PEI-MP over
time could allow for almost a full recovery of all the mobilizable Th content.

Most importantly, these results also indicated that, unlike DTPA, the desorption of
PEI-MP/Th complexes from the contaminated HAp was a slow time-dependent process
that, once the effective dose was reached, continuously dragged the Th out of the HAp
matrix. It should be noted that we set up here a particularly unfavorable situation where
the HAp was highly contaminated (0.7% Th). Despite these conditions, PEI-MP showed an
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interesting ability to extract Th(IV) even though the kinetics were slow. In vivo, this could
eventually be compensated for/modulated by its higher affinity for the HAp, by adjusting
the polymer mass fraction and, hence, the desorption equilibrium from HAp and/or by
using it in combination with the DTPA.

Table 2. Effect of cumulative dose administration.

Th % Removal at d12 Total Th % Removal at d21

1 dose only from d1 38.2 ± 0.85 46.1 b ± 0.52
2 doses a 35.8 ± 0.49 64.9 b,c ± 0.98

a Independent experiment: medium was withdrawn at d12 and replaced with a fresh amount of 6.3 mM monomer
PEI-MP. b Probability p (same mean as d12) < 0.005. c Probability p (same mean with one or two doses) < 0.005.

3. Materials and Methods
3.1. Reagents

Bromoacetic acid, sodium carbonate, acid chloride (37%), phosphorous acid H3PO4,
branched polyethyleneimine (bPEI, 25 kDa MW), formaldehyde (37% solution), and hy-
droxyapatite nanopowder (<200 nm particle size (BET), ≥97%, synthetic) were purchased
from Sigma-Aldrich, Saint-Louis, Mo, USA. This hydroxyapatite (HAp in the text) was
provided with the following elemental analysis: Ca, 39.89%; H, 0.20%; O, 41.41%; P, 18.50%,
corresponding to a formula of Ca5(OH)(PO4)3, and it was kept under inert atmosphere. Ni-
tric acid (67–70%, Plasmapure plus degree) and ICP-MS standard solution were purchased
from SCP Science, Villebon sur Yvette, France and Honeywell Fluka, Guyancourt, France. A
Th(IV) stock solution was prepared from thorium nitrate solution (5.8 mg Th(NO3)4.5H2O
in 1 mL of HNO3 0.1 M, (Th(IV)) = 0.01 M). Ultrafiltration was carried out with a stirred
ultrafiltration cell (Millipore, 76 mm) equipped with ultrafiltration membrane disc filters
Omega™ membrane, OM005076, 5 kDa MWCO (Pall corporation, port Washington, NY,
USA) for the polymer purification. Ionic chromatography was performed with a Metrohm,
Villebon sur Yvette, France 761 compact apparatus, equipped with a Metrosep Anion Dual
1 (3 × 150 mm) column, using 2.4 mmol/L NaHCO3/2.5 mmol/L Na2CO3 + 2% acetone
(conductivity after chemical suppression approximately 16 µS/cm) as eluent for the deter-
mination of chloride content. Na+ counterions and phosphorus content were determined
from ICP-AAS optima 8000 (Perkin Elmer, Villebon sur Yvette, France) with, respectively,
Na standard solution and ICP P standard solution (Honeywell Fluka, Guyancourt, France)
(see specific conditions below). Quantification of the thorium content was carried out by
resorting to external calibration with standards of Th in HNO3 1% prepared from ICP-MS
Th standard solutions plasmaCAL. (SCP Science, Villebon sur Yvette, France). All ICP-MS
experiments were performed with ELAN 9000 ((Perkin Elmer, Villebon sur Yvette, France).

3.2. Synthesis of PEI Chelates
3.2.1. Synthesis of PEI-MC

Branched PEI 25 kDa (10 g, 77.52 mmol of monomeric units, C6H15N3) was dissolved
in 500 mL of sodium carbonate solution (0.1 M). Then, bromoacetic acid (53.9 g, 387.6 mmol,
5 eq) diluted in water was added dropwise under constant stirring. The reaction mixture
was stirred at room temperature overnight. The resulting solution was acidified with HCl
to pH ≈ 7, and then purified by ultrafiltration (5 kDa MWCO) with a three-step sequence
procedure. First, the neutral reaction mixture coming from the functionalization step was
passed through the 5 kDa MWCO membrane (under adequate pressure); the resulting
residue was then rinsed thoroughly with a saturated solution of NaCl (250 mL) and then
with ultrapure water (250 mL × 2). Finally, the product was freeze-dried and conserved
under inert (argon) to prevent moisture addition. This yielded 26 g of the water soluble
polyethyleneimine methylcarboxylate sodium salt. Microanalysis revealed a C/N mass
ratio of 3.43 (C/N molar ratio of 4) indicating that a full level of methylene carboxylation
was achieved. Furthermore, the counterion amount, sodium for carboxylate and eventually
chloride for tertiary amine, was determined with ICP-AAS and ionic chromatography,
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respectively (see Supplementary Materials). The following molecular formula per monomer
was derived: C12H19N3O6Na2 (MW 347.28 g/mol), suggesting that the dried polymer, as a
sodium salt, dissociated into polyampholyte.

3.2.2. Synthesis of PEI-MP

PEI-MP was synthesized as described elsewhere [29]. Basically, phosphorous acid
H3PO4 (19.1 g) was dissolved in concentrated HCl solution (50 mL) and heated at 80 ◦C.
Then, formaldehyde 37% (37.8 mL) was added dropwise. Branched 25 kDa PEI (10.0 g) was
dissolved in water (48 mL), and this solution was added dropwise to the reaction mixture.
The reaction mixture was stirred at 90 ◦C for 2 h and then cooled slowly overnight. The
product was separated as a viscous oil. After decanting, this viscous oil was washed with
water to form a doughy substance. This decanting/washing procedure was repeated twice.
The resulting oily residue was basified with Na2CO3 to pH ≈ 5, concentrated under vacuum,
and then purified by ultrafiltration (5 kDa MWCO) as above, before being freeze-dried
and conserved under inert (argon) to prevent moisture addition. This yielded 7.8 g of the
water-soluble polyethyleneimine methylphosphonate sodium salt). Microanalysis revealed
a C/N mass ratio of 2.57 (C/N molar ratio of 3) indicating that a full level of methylene
phosphonylation was achieved. As for the PEI-MC, counterions were determined with ICP-
AAS and ionic chromatography (see Supplementary Materials). The following molecular
formula per monomer was derived: C9H21.5N3P3O9Na3.5 (MW 488.16 g/mol), suggesting
that the dried polymer, as a sodium salt, dissociated into polyampholyte.

3.3. Toxicity of PEI Chelates toward Bone Constitutive Cells

The SAOS-2 cell line was purchased from the American Type Culture Collection.
Briefly, SAOS-2 cells were maintained in McCoy’s 5A medium without phenol red (Hy-
Clone, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 15% heat-
inactivated fetal bovine serum (Biowest, Nuaille, France) and antibiotics (100 IU/mL
penicillin, 100 µg/mL streptomycin, Sigma-Aldrich, Saint-Louis, MO, USA). Prior to as-
sessment of toxicity, SAOS-2 cells were plated in 96-well plates (12,000 cells/well).

The MLO-A5 (murine-like osteocytes) cell line obtained from Linda Bonewald lab [30]
was maintained at 37 ◦C, 5% CO2 using rat tail collagen I-coated (Sigma-Aldrich, Saint-
Louis, MO, USA) wells, in α-MEM with nucleotides and Ultraglutamine (BE02-002F,
Lonza, Basel, Switzerland) supplemented with 1% penicillin/streptomycin (P/S, Sigma-
Aldrich, Saint-Louis, MO, USA), 5% heat-inactivated fetal bovine serum (FBS: Hyclone
SH30071.03 GE Healthcare, Chicago, IL, USA) and 5% heat-inactivated calf serum (CS:
Hyclone SH30072.03, GE-Healthcare, Chicago, IL, USA).

For the assessment of toxicity, the medium was replaced by complete culture medium
supplemented with DTPA, PEI-MP, or PEI-MC (0.1 µM, 1 µM, 10 µM, 100 µM, 1 mM, 10 mM,
50 mM, and 100 mM). Cells were further incubated for 1 h and washed three times with PBS
buffer to remove the noninternalized polymers or DTPA. Next, 200 µL of culture medium
was added, and cells were incubated for 24 or 48 h. At the end of the incubation period,
cytotoxicity was assessed using the MTT assay. Briefly, culture medium was removed and
replaced by 100 µL of EMEM containing MTT. After 1 h at 37 ◦C, EMEM containing MTT
was removed and replaced by 150 µL of DMSO. After 15 min, absorbance was measured at
570 nm. The mean absorbance of nonexposed cells was taken as the reference value. The
percentage of cell viability was calculated on the basis of the ratio between the absorbance
of each sample compared to the average absorbance of the untreated cells. Results were
expressed as the percentage mean (±SD) from two independent experiments performed
in triplicate.

3.4. Determination of the Affinity of the Chelating Agents toward HAp by
Thermogravimetric Analysis

HAp powder (10 mg) was dispersed in a 1.5 mL solution of DTPA, PEI-MC or PEI-MC
(10 mM, based on monomer concentration), 1.5 µmol monomer/mg, and stirred overnight.
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Samples were then centrifuged at 15,000 rpm during 15 min and washed (three times), to
remove unbound DTPA, PEI-MC, or PEI-MP. The resulting HAp–chelate powder was freeze-
dried to eliminate the water excess and kept under inert atmosphere. Thermogravimetric
analyses (TGA) were performed on a Mettler Toledo, Columbus, OH, USA, TGA 851e using
STAR© software (version 13.00) for data analysis. Freeze-dried samples (~10 mg) were
placed in 70 µL alumina pans and heated at 10 ◦C·min−1 from 25 to 800 ◦C under N2 flow
(50 mL·min−1). Calculation of the mass loss percentage, in the 200–400 ◦C range, allowed
directly determining the affinity of each chelate toward HAp their comparison.

3.5. Contamination of HAp

To avoid hydrolysis at physiological pH, Th(NO3)4, was converted into Th(CO3)4.
Briefly, a Th(CO3)4 (1.33 mM) solution was prepared by adding 400 µL of Th(NO3)4
(0.1M) in 29.6 mL of Na2CO3 (0,1M). The resulting Th(IV) solution, 30 mL (1.33 mM),
was then incorporated into the hydroxyapatite (HAp) (500 mg). This suspension was
stirred for 48 h. The contaminated HAp–Th powder was submitted to three cycles of
centrifugation/washing steps with ultrapure water until no Th could be detected (ICP-MS)
into the last filtrate (see Supplementary Materials). HAp–Th powder was then freeze-dried
to yield 480 mg of a white powder. The incorporation level of Th(IV) into the HAp was
ensured by quantifying the elementary Th via ICP-MS from different aliquots of the HAp–
Th powder. It should be noted that the incorporation level of Th(IV) into the HAp matrix
could be very precisely controlled using this procedure. This procedure was independently
repeated onto different HAp samples, and contamination rates were found to be highly
repeatable. Overall, the total Th content into the contaminated HAp samples was 0.7%.

3.6. Efficiency of Th Extraction: Dose–Response of HAp–Th Subjected to the Chelates

First, 5 mg of HAp–Th powder (0.7% Th content as determined by ICP-MS) were
added to 1.5 mL of chelates (PEI-MC, PEI-MP, or DTPA), at different concentrations, in
TBS buffer (50 mM Tris, 150 mM NaCl, pH 7.4) and mixed (orbitally) for 7 days. The
corresponding chelate monomer molar concentrations were equal to 0 (blank), 0.010, 0.015,
0.039, 0.050, 0.077, 0.15, 0.23, 0.39, 0.77, 1.16, 1.93, 3.14, 6.29, and 10.0. Each of these samples
was prepared in triplicate. After 8 days, a purification step (15,000 rpm, 15 min) was carried
out. Then, 500 µL of supernatant was recovered from two centrifugations (250 µL 2×)
for each sample and digested in 5 mL of 67–70% HNO3 (Plasmapure plus degree, SCP
Science, Villebon sur Yvette, France) at 120 ◦C during 2 h. The digested samples were then
evaporated to dryness at 90 ◦C using a heating block. Finally, 5 mL of 1.5% HNO3 was
added to the tubes. Each sample was analyzed by ICP-MS (Perkin Elmer ELAN 9000).
Operation conditions were daily optimized using a tuning solution. Determination of the
Th concentrations was carried out by resorting to external calibration with standards of Th
prepared from single-element ICP-MS standard solutions (SPEX CertiPrep, Inc., Vernon
Hills, IL, USA) for thorium. An analytical blank consisting of HAp–Th without polymers
or DTPA was prepared in the same conditions. Bismuth was added to each sample at a
concentration of 10 ppb to correct for sample matrix effects. Dose–response curves represent
the percentage of Th recovered from the filtrate versus the chelate concentration (monomer).
Results were expressed as the mean (±SD) from triplicates.

3.7. Kinetics of Th Extraction from the HAp–Th Subjected to the Chelates

Firstly, 5 mg of HAp–Th powder (9.3 ppm Th content as determined by ICP-MS) was
added to a 1.5 mL solution of PEI-MC, PEI-MP, or DTPA at a concentration of 6.3 mM
(monomer) in TBS buffer (50 mM Tris, 150 mM NaCl, pH 7.4). Each sample was prepared
in triplicate. A centrifugation step (15,000 rpm, 15 min) was carried out at different times
(2, 18, 42, 66, 90, 114, 162, 186, 210, 290, 354, and 504 h). Blank samples (absence of chelates)
were also evaluated in the same conditions. Next, 500 µL of supernatant was recovered
from two centrifugations (250 µL 2×) for each sample and digested in 5 mL of 67–70%
HNO3 (Plasmapure plus degree, SCP Science) at 120 ◦C for 2 h. The digested samples were
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then evaporated to dryness at 90 ◦C using a heating block. Finally, 5 mL of 1.5% HNO3
was added to each tube, and samples were analyzed by ICP-MS (Perkin Elmer ELAN 9000)
as previously described. Kinetic curves represented the percentage of Th recovered from
the filtrate with a 6.3 mM chelate concentration (monomer) at the specified time. Results
were expressed as the mean (±SD) from triplicates.

3.8. EXAFS of HAp–Th, PEI-MP–Th, and PEI-MP–Th–HAp
3.8.1. Sample Preparation

Solid pellets were prepared by mixing HAp–Th (5mg) with polyethylene to obtain
homogeneous solid pellets.

PEI-MP–Th was also prepared by using the same stock solution of Th(IV) as described
above (Th(NO3)4 (0.1 M)). Then, 50 µL of Th(NO3)4), [Th] = 2.5 × 10−3 M pH = 1, was
mixed with 250 µL of PEI-MP solution (5 mM of monomeric units) in Tris/NaCl buffer
(50 mM, 150 mM). The pH was increased slowly to pH 7.0 by adding NaOH.

PEI-MP–Th–HAp was prepared by directly using the sample from the dose–response
experiments of HAp–Th subjected to the chelates. Then, 1.5 mL of supernatant was
recovered for each experiment. A centrifugation step (12,000× g, 5 min, 20 ◦C) was carried
out on 10 kDa microcon® centrifugal filter, allowing us to concentrate the sample for
suitable EXAFS measurements.

3.8.2. Data Recording and Processing

XAS data were recorded at the Th LIII edge (16,300 eV) on the MARS beamline at
the SOLEIL synchrotron facility, which is dedicated to the study of radioactive materials.
The optics of the beamline consisted of a water-cooled double-crystal monochromator for
incident energy selection and horizontal focalization and two large water-cooled reflecting
mirrors for high-energy rejection (harmonic part), vertical collimation, and focalization. All
measurements were recorded in double-layered solution cells (200 µL) specifically designed
for radioactive samples at room temperature. A 13-element Ge detector was used for data
collection in the fluorescence mode.

Data treatment was carried out using ATHENA code of Demeter 0.9.26 package [31].
The Eo energy was identified at the maximum of the absorption edge. Background removal
was performed using a pre-edge linear function. Atomic absorption was simulated with a
cubic spline function.

3.8.3. Data Fitting

The extracted EXAFS signal was fitted in R space without any additional filtering after
Fourier transformation with a Hanning window in k2 and k3 using the ARTEMIS code
of Demeter 0.9.26 package [31]. Phases and amplitudes were calculated with Feff7 code
embedded in ARTEMIS code. Only one global amplitude factor S02 fixed to 1 and one
energy threshold correction factor ∆e0 were used for all paths. The agreement factor R (in
%) and quality factor-reduced χ2 were both provided as an indication of the fit quality.

HAp–Th (Hanning window = 2.7–11 Å−1, fit range = 1–4 Å). The model used for
phases and amplitude calculations was a Th4(PO4)4P2O7 crystallographic structure [26]
where the coordination sphere of Th was composed of six monodentate and one bidentate
phosphate. The first coordination sphere was adjusted with three contributions of oxygen
atoms sharing the same Debye–Waller factor. The total number of oxygen atoms was set to
nine atoms as the average for Th coordination. Two contributions of one and six phosphorus
atoms were included in the fitting procedure. The triple Th–O–P and quadruple Th–O–P–O
paths for the monodentate phosphorus contribution were also considered. The multiple
scattering paths shared the same Debye–Waller and distance correction factors.

PEI-MP–Th and PEI-MP–Th–HAp (Hanning window = 2.7–10 Å−1, fit range = 1–4 Å).
The model used for phases and amplitude calculations was described elsewhere [32]. The
fitting procedure was the same as that used to fit previous EXAFS data of PEI-MP–Th
(but synthesized differently, as described in Lahrouch et al. [17]). The first coordination
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sphere was fitted with a single scattering path of nine (fixed) oxygen atoms. A single
scattering path of phosphorus atoms and the corresponding quadruple scattering path
Th–O–P–O were also included in the fitting procedure. The addition of a single scattering
path of chlorine atoms significantly improved the quality of the fit, as already observed
elsewhere [17].

4. Conclusions

We showed herein, on the basis of strongly supported literature data and previous
work we performed on actinide complexation with chelating polymers based on a PEI
scaffold, that PEI-MP, i.e., the polyphosphonate analog of DTPA, can be considered as
serious candidate for decontamination of Pu(IV) specifically targeted to the bones. Firstly,
the PEI-MP, synthetized from a branched PEI (25 kDa), used without mass fractionation, did
not show any toxicity toward bones constitutive cells, SAOS-2 and MLO-A5, unlike DTPA,
which substantially decreased the viability at a concentration of 10 mM. Secondly, we
demonstrated, using thermogravimetric analysis, that PEI-MP had a 15-fold higher affinity
than DTPA toward hydroxyapatite, which constitutes the major part of the mineral bone
matrix. We then successfully prepared hydroxyapatite contaminated with 0.7% Th(IV) (used
as a Pu(IV) surrogate) and demonstrated through EXAFS experiments the full incorporation
of this actinide into the bone mimicking matrix. Under the tested conditions, an optimum
chelate concentration of 6.3 mM was sufficient to achieve maximum Th extraction with both
compounds (DTPA and PEI-MP). However, the PEI-MP was able, in this case, to extract
twice the amount of Th(IV), 29% versus 17%, than the gold standard DTPA. Additionally,
when a kinetic study was performed over a 21 day period, this difference continued
to increase, and the decontamination with the PEI-MP reached almost 50% at day 21,
whereas it remained constant at 20% from day 1 with DTPA. Subsequent treatment with
a fresh dose even increased the final level to almost 65%. In a more general context of
actinide contamination, targeting the biological sites (lungs, liver, bones) that are involved
in the sequestering of a substantial proportion of these radioelements could constitute a
real advance in the field. This polymeric strategy, thus, provides a first, but nonetheless
interesting complementary approach to the chelating therapy currently used based on
Ca-/Zn-DTPA. Future studies aimed at tuning the kinetics and limiting the depletion of
endogen cations are currently in progress.
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Abstract: Synthetic bioactive nanocomposites show great promise in biomedicine for use in tissue
growth, wound healing and the potential for bioengineered skin substitutes. Hydrogen-bonded
supramolecular polymers (3A-PCL) can be combined with graphite crystals to form graphite/3A-PCL
composites with tunable physical properties. When used as a bioactive substrate for cell culture,
graphite/3A-PCL composites have an extremely low cytotoxic activity on normal cells and a high
structural stability in a medium with red blood cells. A series of in vitro studies demonstrated that
the resulting composite substrates can efficiently interact with cell surfaces to promote the adhesion,
migration, and proliferation of adherent cells, as well as rapid wound healing ability at the damaged
cellular surface. Importantly, placing these substrates under an indirect current electric field at only
0.1 V leads to a marked acceleration in cell growth, a significant increase in total cell numbers, and
a remarkable alteration in cell morphology. These results reveal a newly created system with great
potential to provide an efficient route for the development of multifunctional bioactive substrates
with unique electro-responsiveness to manipulate cell growth and functions.

Keywords: bioactive supramolecular polymer; conductive graphene nanosheet; cell culture; hydrogen
bonding; indirect electrical stimulation

1. Introduction

Polymer-based bioengineering approaches have risen to prominence in the biomedical
field as potential materials for use in fabrication with a wide range of tissue engineering
applications [1–4]. Several studies have shown that synthetic bioactive polymers with a
tailorable structural composition, surface microstructure and wettability can substantially
affect cellular response and growth through the addition of specific functional monomers
and control of the monomer addition sequence during the polymerization process [5–7].
However, the development of synthetic bioactive polymers is frequently constrained by
our limited understanding of how cell adhesion and proliferation are regulated by the
extracellular matrix (ECM) [8–11]. Recently, supramolecular polymers produced via re-
versible non-covalent interactions have attracted attention owing to the unique mechanical
properties of their matrices, such as their environmental stimuli-responsiveness [12,13], self-
healing [14,15] and shape-memory behavior [16,17]. Specifically, supramolecular hydrogen-
bonding moieties (or synthons) within the polymer that drive self-assembly behavior
might be exploited to manipulate supramolecular polymer–cell junctions [18–22]. For
example, Dankers and coworkers synthesized novel synthetic supramolecular polymers
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with quadruple hydrogen-bonding ureido-pyrimidinone (UPy) moieties that could sponta-
neously self-assemble into a membrane-like structure and improve the bioactivity of cell
growth and proliferation, thereby achieving a biocompatible polymer [23,24]. Therefore,
functional polymeric materials with supramolecular moieties and strong hydrogen-bonding
capability have critical factors required for the development of multifunctional tissue engi-
neering scaffolds with tunable physical properties that can enhance the overall growth of
cultured cells.

Graphene is a one-atom-thick two-dimensional material with a hexagonal structure
that provides distinct features, including a large surface area, excellent thermo-electrical
conductivity, high mechanical strength and light transmittance [25–27]. In particular, con-
ductive materials such as graphene have the potential to provide an essential role in tissue
regeneration that can accelerate cell adhesion and migration during wound healing by
electrical stimulation. Cells have an innate self-electroactivity ability that enhances the
overall efficiency of their cellular wound healing after electrical stimulation [28–32]. Nev-
ertheless, full carbon-based graphene nanosheets have limitations. In particular, they are
extremely hydrophobic, making it a challenge to interface them with biological systems
and thus causing the significant inhibition of cell growth and functions [28–30]. Given
the hydrophobic nature of graphene, we speculate that introducing hydrogen-bonded
supramolecular polymers into the graphene matrix could significantly improve the hy-
drophilicity of the composites, thereby improving the affinity between the composite
substrate and cells [18,19]. We further propose that electrical stimulation—as an exogenous
physiological stimulus—could enhance the cellular affinity of adhesion, proliferation, and
differentiation on materials substrates [33–35]. As a promising strategy with electrical stim-
uli, direct electrical stimulation (DES) implies the interaction of electron transport chain
components with a working electrode surface into cells which may cause burn damage
to living tissues treated with DES [36]. In contrast, indirect electrical stimulation (IES) in-
volves the transfer of electrons from a working electrode to a microorganism without direct
interaction into the cellular environment that allows safe stimulation to promote cellular
growth [37]. Therefore, we speculated that a combination of hydrogen-bonded supramolec-
ular polymers with graphene nanosheets for cell and tissue culture using IES may old great
potential as a high-performance conductive bioactive substrate for manipulating cells in
engineered tissues.

Recent studies in our laboratory demonstrated that supramolecular exfoliated graphene
nanosheets with tunable physical properties could be obtained by controlling the amount of
three-arm adenine-end-capped polycaprolactone polymer (3A-PCL) [38]. This results from
the strong affinity of the self-assembled lamellar and spherical nanostructures of 3A-PCL
to be strongly absorbed onto the surface of the graphite crystals, which subsequently lead
to the formation of exfoliated graphene nanosheets. The tailorable graphene-exfoliation
level and controlled conductive performance of these graphite/3A-PCL composites in-
spired us to explore their ability as a conductive bioactive substrate for cell culture in vitro
(Scheme 1).

The objectives of this work were to achieve improved the surface bioactivity of conduc-
tive graphite/3A-PCL substrates to promote the adhesion, migration and proliferation of
the cells cultured on the substrates via IES at very low voltage levels. In this paper, we show
that graphite/3A-PCL composites not only exhibit extremely low cytotoxic activity against
normal cells and high structural stability in a red blood cell-containing medium, but also
significantly enhance wound-healing and cell-growth rates. In addition, we showed that
graphite/3A-PCL substrates under an indirect current electric field at only 0.1 V can rapidly
and efficiently produce cell adhesion, spreading and proliferation, resulting in a substantial
increase in the total cell numbers and significant alteration in cell morphology. To the best of
our knowledge, this is the first study demonstrating a conductive bioactive supramolecular
substrate based on hydrogen-bonded adenine units and exfoliated graphene nanosheets
that can efficiently control cell growth when exposed to IES. This newly created system has
an advantageous combination of composite, amphipathic, conductive and bioactive char-
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acteristics with promise as a multifunctional, soft cell-culture scaffold for skin substitute
bioconstructs and tissue-engineered regeneration.
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Scheme 1. Graphical illustration for the development of supramolecular composites: self-assembled
lamellar nanostructures are formed by hydrogen-bonded adenine units within the 3A-PCL macromer,
which subsequently adsorbs on the surface of exfoliated graphene nanosheets after blending with
graphite in THF. The resulting composite is applicable as a conductive bioactive substrate for cell
culture under indirect electrical stimulus.

2. Results and Discussion

The molecular structure of tri-adenine end-capped polycaprolactone macromer (3A-PCL)
and its direct self-assembly into well-ordered lamellar structures in solid state via the
noncovalent linkage of the self-complementary adenine-adenine (A-A) hydrogen-bonding
interactions are shown in the upper part of Scheme 1. When 3A-PCL is directly blended
with natural graphite in tetrahydrofuran (THF) using ultrasonic treatment, 3A-PCL effi-
ciently undergoes self-assembly in THF to form a stable lamellar structure on the graphite
surface. This promotes the exfoliation of the bulk graphite into variable layers of graphene
nanosheets. The number of layers depends on the amount of 3A-PCL incorporated into
the graphite crystals (Figure 1) due to the presence of the strong noncovalent intermolecu-
lar interactions between the exfoliated graphene surface and the self-organized lamellar
3A-PCL nanostructures. A well-tunable layer number and physical properties of the
graphite/3A-PCL nanosheets in the solid state were analyzed and discussed in detail in
our previous work [38]. Here, we expanded on our previous work, exploring the physical
properties and potential applications for the cell culturing of graphite/3A-PCL composites.
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Figure 1. Atomic force microscopy (AFM) images (left side) and corresponding height profiles
(right sides) of (a,b) pristine crystal graphite and the resulting graphite/3A-PCL composites at
(c,d) 5/10, (e,f) 3/10 and (g,h) 1/10 blend ratios. The green and red profiles presented in (b,d,f) and
(h) correspond with the green and red solid lines seen in the images of (a,c,e,g), respectively.
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2.1. Physical Properties of Graphite/3A-PCL Composites

To further extend our previous findings, we explore here the effects of the self-
assembled lamellar structures on the surface wettability of graphite/3A-PCL composites at
25 ◦C by measuring the water contact angle (WCA). Spin-coated commercial polycaprolac-
tone (PCL; average molecular weight = 80,000 g/mol) and adenine-functionalized 3A-PCL
thin-films had WCA values of approximately 80◦ and 49◦, respectively. This confirms that
introducing adenine moieties into the end groups of the PCL oligomer increases the surface
hydrophilicity of 3A-PCL (Figure 2a). The WCA values of all spin-coated graphite/3A-PCL
thin-films exhibited a gradual decrease from 74◦ to 54◦ with increasing weight fractions of
3A-PCL content, indicating that adjusting the content of 3A-PCL within composites not
only significantly affected the surface hydrophilicity of composites, but also effectively
regulated their level of surface wettability.
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Figure 2. (a) WCA analysis of pristine graphite, graphite/3A-PCL composites, 3A-PCL and commer-
cial PCL; (b) electrical resistance values for the graphite and graphite/3A-PCL composites. The pho-
tographs in the inset of (b) present the conductivity performance of graphite and graphite/3A-PCL
composites through a simple light bulb conductivity apparatus.

An ideal exfoliated graphene-based composite for engineering applications must
have high electrical conductivity in a thin-film state. We investigated the electrical resis-
tance of spin-coated graphite/3A-PCL films using a light bulb conductivity apparatus
at 25 ◦C. The light bulbs instantly lit up after being placed on the substrates of the 3/10
and 5/10 graphite/3A-PCL composites, but not on the 1/10 graphite/3A-PCL composite
(Figure 2b). This suggests that an increased proportion of graphite forms enough exfoliated
graphene nanosheets to enable overall electrical conductivity in composites. In addition,
a four-point probing measurement of sensor resistance at 25 ◦C and relative humidity of
approximately 35% showed similar trends for all composites (Figure 2b), further demon-
strating that the 3A-PCL macromer promotes the efficient exfoliation process of graphite.
The resulting graphene nanosheets have a substantial reduction in electrical resistance com-
pared to pristine graphite. For example, the 3/10 and 5/10 graphite/3A-PCL composites
had electric resistances of the 312 and 348 Ohm, respectively, which were approximately
1.5–2.0 times lower than pristine graphite (544 Ohm) and the 1/10 graphite/3A-PCL com-
posite (665 Ohm). These results further indicate that the combination of surface hydrophilic-
ity and electrical conductivity properties that can be tailored for suitability suggests that
these composites have strong potential for electrical stimulation cell culture applications.

2.2. Graphite/3A-PCL Composites for Cell Culture Applications

We therefore further explored the structural stability and cytotoxic activity of the
graphite/3A-PCL composites toward normal mouse embryonic fibroblasts (NIH/3T3 cells)
and sheep red blood cells (SRBCs). As shown in Figure 3a, all sample solutions at con-
centrations ranging from 0.01 µg/mL to 100 µg/mL showed no significant effect on the
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viability of NIH/3T3 cells after 24 h treatment using MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] assays. Thus, the graphite/3A-PCL composites exerted
a low cytotoxic effect on normal NIH/3T3 cells. More surprisingly, the SRBC hemolysis
assay clearly demonstrated that the graphite/3A-PCL composites appeared to exhibit
greater structural stability and biocompatibility with SRBCs than pristine graphite does
(see Supporting Information, Figure S1). This might be attributable to the reversible A-A
hydrogen-bonding interactions within the composite matrix (see Figure S2 for the explana-
tion and results), reducing the hemolytic effect of graphite and enabling its potential use for
in vivo applications [39,40]. To further evaluate the effects of the hydrogen-bonded adenine
moieties and self-assembled structures on the growth of cell numbers, NIH/3T3 cells were
seeded on commercial PCL film as a control substrate and on spin-coated 3A-PCL and
composite films, before being incubated at 37 ◦C for various periods (24, 48 and 72 h).
After 72 h incubation, the average number of cells in pristine 3A-PCL (1.1 × 106) was
1.5 times higher than on commercial hydrophobic PCL film (7.2 × 105; Figure 3b), indicat-
ing that the adenine molecules on the end groups of PCL-enhanced surface hydrophilicity
promotes accelerated cell growth in NIH/3T3 cells [19]. Interestingly, the spin-coated
3/10 graphite/3A-PCL substrate was similar in cell growth and number (1.0 × 106) to
pristine 3A-PCL, suggesting that the self-assembled structures of 3A-PCL can play a major
role in facilitating the proliferation and survival of cells even in the presence of exfoliated
graphene nanosheets. However, the 1/10 and 5/10 graphite/3A-PCL substrates had signif-
icantly lower cell numbers compared to 3/10 graphite/3A-PCL substrate—cell numbers
decreased to approximately 7.7 × 105 in both—suggesting that the exfoliated graphene
surfaces are optimally covered by 3A-PCL to achieve a desired surface morphology when
the blending ratio of 3A-PCL and graphite is 3:10 [38]. Thus, a further decrease or increase
in the 3A-PCL content in the composites apparently alters the surface roughness and wetta-
bility in a significant way, leading to a decrease in the total number of produced NIH/3T3
cells. These results confirm that tuning the 3A-PCL content of composites can allow the
efficient control of cellular growth and proliferation in adherent cells. This is perhaps due
to the presence of strong, multiple high-affinity interactions between NIH/3T3 cells and the
hydrogen-bonded adenine group of 3A-PCL, creating a cell culture platform with tailorable
physical substrate properties [19].

To confirm the results of cell growth and assess the interaction and relationship at
the interface between the adenine units, exfoliated nanosheets and cell surface, confocal
laser scanning microscopy (CLSM) was employed to observe the cell cytoskeleton (F-actin,
green) and nuclei (bright blue) using phalloidin and 4′,6-diamidino-2-phenylindole (DAPI)
staining, respectively. The NIH/3T3 cells seeded and cultured for 24 h on pristine graphite
or PCL films displayed an unhealthy cellular shape, insufficient cell density and lacked
the characteristic features of the filamentous cytoskeletal network in cell morphology
(Figure 3c). Thus, NIH/3T3 cells did not seem to attach to the hydrophobic graphite or
PCL surfaces, leading to the inhibition of cell movement and little proliferation. In con-
trast, NIH/3T3 cells did adhere, spread, and grow well on 3A-PCL film and generated a
large area of highly aligned fibroblast-like morphology with the elongation of dendritic
filopodia, indicating that the introduction of the adenine moieties in the PCL structure
effectively improved the binding affinity between the cell surface and the adenine-modified
PCL substrate. This increased binding affinity in turn helped accelerate the cell align-
ment into clusters from adjacent cells via intercellular adhesions, further promoting cell
migration and proliferation. Surprisingly, on the 3/10 graphite/3A-PCL film, NIH/3T3
cells exhibited a highly uniform cellular structure without the presence of a large area
covered by filamentous cytoskeletal structures on the substrate. The restricted formation
of cytoskeletal filamentous networks between neighboring cells was possibly due to the
presence of exfoliated graphene nanosheets within the composites, altering the mechanism
of cell proliferation and inducing a change in the cellular behavior or characteristics [41,42].
While 3A-PCL can help maintain the rate of cell growth, these changes in cell behavior led
to differential morphological attributes in NIH/3T3 cells when compared to cells cultured
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in pristine 3A-PCL substrate. Thus, it appears that the combination of exfoliated graphene
and bioactive 3A-PCL can create a surface with high cell affinity and tailorable effects
on cell culture and that the resulting composite substrate can be efficiently controlled to
regulate the cellular functions involved in cell growth, proliferation, and survival. This has
the potential to play a vital role in cell and tissue cultures [43].
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Figure 3. (a) The viability of NIH/3T3 cells incubated with pristine graphite, PCL, 3A-PCL, and
graphite/3A-PCL composites for 24 h. These viability results were obtained by MTT assay. (b) The
numbers of NIH/3T3 cells on the graphite, PCL, 3A-PCL, and graphite/3A-PCL substrates after
1–3 days of culture. (c) CLSM images of NIH/3T3 cells cultured on pristine graphite, PCL, 3A-PCL,
and 3/10 graphite/3A-PCL substrates. After 24 h of culture, the resulting cells were stained with
green-fluorescent phalloidin and blue-fluorescent DAPI. White scale bars are 20 µm in all images.

2.3. Evaluation of the In Vitro Wound-Healing Activity on Conductive Bioactive Substrates

To determine whether graphite/3A-PCL composites can significantly improve NIH/3T3
cell growth behavior, we evaluated the effects on cell attachment, migration, and prolifera-
tion, using an in vitro scratch wound healing assay [44,45]. As shown in Figures 4 and 5a,
after 24 h of culture, the wound closure percentages of NIH/3T3 cells on pristine 3A-PCL
can reach up to 64.5 ± 1.4%, whereas cells on control tissue culture polystyrene (TCPS)
substrate had only 56.5± 2.1% wound closure. We thus conclude that the 3A-PCL substrate
can promote cell adhesion and enhance cell spreading and migration through specific
interactions between NIH/3T3 cells and hydrophilic adenine-functionalized 3A-PCL sub-
strate, thereby accelerating cell proliferation and wound closure. After 48 h, NIH/3T3 cells
on the 3A-PCL and TCPS substrates showed nearly complete wound closure, revealing
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that 3A-PCL can be used as a high-efficiency bioactive scaffold for cell and tissue culture
applications. In contrast to pristine 3A-PCL, graphite substrates led to a delay in wound clo-
sure efficiency, with the scratch-damaged NIH/3T3 monolayer showing only 38.5 ± 2.0%
wound closure after 48 h. This suggests that the hydrophobicity of the graphite surface
suppresses cell growth, migration, and cycle progression. However, with the incorporation
of 3A-PCL into the graphite matrix, the resulting composite substrates significantly enhance
the wound closure rate in NIH/3T3 cells. For example, the wound closure efficiency of
NIH/3T3 cells on the 3/10 and 5/10 graphite/3A-PCL substrates after 48 h of culture
reached 83 ± 1.4% and 74 ± 2.8%, respectively. Overall, these findings demonstrate that
adjusting the content of 3A-PCL is critical to controlling the physical properties of exfoliated
graphene nanosheets [38] and the resulting composites can be used as a bioactive substrate
to efficiently manipulate and regulate the cell growth and wound healing ability, eventually
achieving desirable cell performance in cell culture.
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Figure 4. Results of in vitro scratch wound healing assay. Linear scratches were created in the
monolayer of NIH/3T3 cells cultured on TCPS, 3A-PCL, graphite, 3/10 and 5/10 graphite/3A-PCL
substrates. Images of the scratched areas were monitored through a phase-contrast microscope at 0,
24 and 48 h after wounding. The dashed red lines denote wound edges. All white scale bars represent
100 µm.

2.4. Assessment of Cell Growth on Conductive Bioactive Substrates with IES

Given that graphite/3A-PCL composites have excellent electrical conductivity, we
decided to further explore whether these newly developed substrates could enhance cell
growth and manipulate the cell morphology and shape through the use of an indirect-
current electric field [46–48]. The cell culture experiment using IES was performed under
low electric voltage at 0.1 V/mm (approximately 1~2 mA current intensity); this level does
not affect cell growth or have negative effects during cell culture [49,50]. After 24 h of
culture under IES, the number of NIH/3T3 cells on the 3:10 graphite/3A-PCL substrate in-
creased from 11.4 × 104 to 15.7 × 104 while little change in cell number was seen on control
TCPS or pristine 3A-PCL substrate with IES treatment (Figure 5b). These results suggest
that exfoliated graphite nanosheets present in composites create an electric field-sensing
medium that effectively stimulates the structural motion of the composite under low-
voltage electric fields. This probably promotes an increased interaction of composite and
cells at the interface, leading to a significant increase in total cell number. To explore how
the graphite/3A-PCL substrates under IES treatment influence cell morphology, NIH/3T3
cells were cultured with pristine 3A-PCL or graphite/3A-PCL substrates for 24 h under
0.1 V, and then observed under CLSM to detect changes in cell shape and morphology.
The CLSM images showed no significant differences in cell morphology on the pristine
3A-PCL substrate before and after IES treatments (Figure 5c). In contrast, cells on the
3/10 graphite/3A-PCL substrate cell morphology changed remarkably after IES treatment,
with cells displaying interlocking and close-packing bundles of spindle-shaped cells of
increased overall cell area and pseudopod numbers after IES treatment (Figure 5c, far right).
The increased coalescence and proliferation of cells with neighboring cells can be attributed
to the fact that exfoliated graphene nanosheets in graphite/3A-PCL composites not only act
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as an electrical stimulation unit, like an “active trigger”, to facilitate the segmental motion
of the 3A-PCL polymer chains, but also to efficiently facilitate interaction between the cells
and substrate through the effect of an external electric field. This facilitated interaction
accelerates the formation of a closely connected cell morphology via the promotion of inter-
cellular adhesion, resulting in a significant increase in total cell numbers on the substrate.
Overall, we concluded that the introduction of the adenine moieties in the PCL matrix
substantially enhances the binding affinity with cells, which promotes the attachment of
cells to the substrate and regulates cellular characteristics, i.e., adhesion, proliferation, and
migration. Incorporating graphite into the 3A-PCL substrates enabled the effective tuning
of the wettability and conductivity of the substrate surface and thus altered the growth be-
havior and characteristics of the cells. Importantly, under an indirect-current electric field of
only 0.1 V, the graphite/3A-PCL substrates rapidly stimulated the spread and proliferation
of cells and significantly increased the total cell numbers. Thus, the adenine and exfoliated
graphene-containing bioactive substrates exhibit unique physical and biological properties
that efficiently enhance cell growth and manipulate cell morphology and function through
IES-responsive characteristics. These important features suggest great potential for a wide
variety of biomedical applications, especially as a highly effective scaffold for tissue and
cell cultures [43].
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Figure 5. (a) The healing rate (percentage) of NIH/3T3 cells by scratch wound healing assay cultured
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substrates treated with or without IES at 0.1 V for 24 h. White scale bars in (c) are 20 µm in all images.
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3. Materials and Methods

Details regarding the synthetic procedures, the cell experiments and instrumentation
used in this study are given in the Supplementary Information.

4. Conclusions

In summary, we successfully created a high-performance conductive supramolecular
nanocomposite containing a hydrogen-bonded adenine-functionalized PCL and exfoliated
graphene nanosheets that serve as a highly efficient bioactive substrate for the cell culture
and manipulation of cell biophysical properties. The exfoliation of graphite within the
3A-PCL matrix promotes the formation of well-dispersed graphene nanosheets with unique
structural and physical properties due to the presence of strong interaction between the
exfoliated graphene nanosheets and the self-assembled nanostructures of 3A-PCL. The
resulting spin-coated composite films can be easily tuned by altering the blending ratio of
the graphite and 3A-PCL to obtain the required level of surface roughness and achieve the
desired surface wettability and electrical conductivity. The combination of a wide range
of tunable physical properties and stable thermo-reversible behavior of graphite/3A-PCL
composites is rare and has strong potential for use as cell culture substrates or tissue
culture scaffolds. When these newly developed composites were evaluated under in vitro
environmental conditions, they exhibited extremely low cytotoxic activity against NIH/3T3
normal cells, high structural stability, and biocompatibility in the SRBC-containing medium.
Cell culture, scratch experiments, and fluorescence images confirmed that pristine 3A-PCL
substrates can efficiently interact with cell surfaces to enhance cell attachment, spreading,
migration, and proliferation. With the incorporation of graphite into the 3A-PCL matrix, the
resulting composite substrates can efficiently regulate cellular functions involved in cellular
morphological features, without affecting wound healing abilities. More importantly,
placing the graphite/3A-PCL substrates under an indirect current electric field of only
0.1 V rapidly stimulated cell responses in terms of adhesion, spreading, viability, and
proliferation, leading to a substantial increase in the total cell numbers and a significant
alteration in cell morphology, especially a gradual increase in cell size distribution. The
presence of both adenine moieties and exfoliated graphene nanosheets within the composite
substrates are crucial for the manipulation of cell growth, morphology, and functions by
IES-responsive characteristics. This newly created strategy provides a simple, rapid, and
efficient path to produce biocompatible and biodegradable conductive supramolecular
nanocomposites for the development of multifunctional bioactive substrates that can
substantially improve the cell culturing process.
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CuxCo1-xFe2O4 (x = 0.33, 0.67, 1) Spinel Ferrite Nanoparticles
Based Thermoplastic Polyurethane Nanocomposites with
Reduced Graphene Oxide for Highly Efficient Electromagnetic
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Abstract: CuxCo1-xFe2O4 (x = 0.33, 0.67, 1)-reduced graphene oxide (rGO)-thermoplastic polyurethane
(TPU) nanocomposites exhibiting highly efficient electromagnetic interference (EMI) shielding were
prepared by a melt-mixing approach using a microcompounder. Spinel ferrite Cu0.33Co0.67Fe2O4 (Cu-
CoF1), Cu0.67Co0.33Fe2O4 (CuCoF2) and CuFe2O4 (CuF3) nanoparticles were synthesized using the
sonochemical method. The CuCoF1 and CuCoF2 exhibited typical ferromagnetic features, whereas
CuF3 displayed superparamagnetic characteristics. The maximum value of EMI total shielding
effectiveness (SET) was noticed to be 42.9 dB, 46.2 dB, and 58.8 dB for CuCoF1-rGO-TPU, CuCoF2-
rGO-TPU, and CuF3-rGO-TPU nanocomposites, respectively, at a thickness of 1 mm. The highly
efficient EMI shielding performance was attributed to the good impedance matching, conductive,
dielectric, and magnetic loss. The demonstrated nanocomposites are promising candidates for a
lightweight, flexible, and highly efficient EMI shielding material.

Keywords: electromagnetic interference shielding; magnetic nanoparticles; reduced graphene oxide;
nanocomposites; spinel ferrite

1. Introduction

Electromagnetic interference, which is generated by the rapid procreation of electronic
and communication technology devices, has become a serious concern in everyday life [1,2].
The transmission of electromagnetic waves from potential sources, such as mobile phones,
radar systems, and different electronic appliances, are cause for interfering with electronic
devices, which influences the lifetime and functionality of such electronic instruments [3].
Therefore, to resolve this problem, the designing of a shielding material endowed with
efficient shielding characteristics has become a considerable research interest. Traditional
metal-based composites present with many demerits, such as high density, poor corro-
sion resistance, high processing cost, etc. Moreover, in the case of conventional metals,
attenuation of incident electromagnetic (EM) wave occurs by reflection, which has very
little contribution towards the reduction of EM pollutions. The material should contain
electrical and magnetic dipoles to be an EM wave absorber [4]. In this context, polymer
nanocomposites along with magnetic and dielectric nanofillers opened a new pathway
due to their lightweight, flexibility, good absorption, low cost, and resistance to corro-
sion [5]. Epoxy resin, thermoplastic polyurethane (TPU), polyvinylidene fluoride (PVDF),
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and polydimethylsiloxane are some of the most commonly used polymer matrices [6,7].
Among them, TPU based composites have attained an incredible research interest due to
their flexibility, stretchability, superior mechanical properties, and wearable resistance [8].
For example, Valentini et al. used exfoliated graphite-TPU nanocomposite and recorded
remarkable shielding efficiency in the microwave region [9]. Similarly, Zahid et al. [10]
fabricated nanocomposite based on reduced graphene oxide (rGO) and TPU matrix and
reported a high shielding performance of 53 dB. Moreover, Sobha et al. [11] recorded
the EMI shielding efficiency of 31.5 dB by utilizing multi-walled carbon nanotube-based
TPU composites.

The magnetic properties of spinel ferrite nanoparticles make them an ideal filler for
the development of robust electromagnetic shielding polymer nanocomposite material.
Moreover, the incorporation of rGO as a second filler along with magnetic spinel ferrites
can help in the enhancement of interfacial polarization, high electrical conductivity, and
good impedance matching. In our recent work, we demonstrated excellent EMI shielding
with MnFe2O4 and rGO in a polypropylene matrix [12]. Further, the research group of
Kumar et al. [13] reported total shielding effectiveness of ≈ 38.2 dB for NiFe2O4 and rGO
nanocomposite in the X-band frequency range. Among all spinel ferrites, there are several
studies on CoFe2O4 along with rGO nanocomposites in a polymer matrix for applica-
tions in EMI shielding, which proves CoFe2O4 as a potential candidate. Dey et al. [14]
investigated the EMI shielding efficiency of Co0.5Zn0.4Cu0.1Fe2O4-GO/paraffin wax hybrid
nanocomposite and reported a shielding efficiency of 53.2 dB in the X-band frequency
region. Gulzar et al. [8] reported a shielding efficiency of 35 dB in the frequency range
from 0.1 to 8 GHz for cobalt ferrites along with coal-fly in the TPU matrix. In addi-
tion, Ismail et al. [15] investigated EM shielding and microwave absorption properties of
CoFe2O4 and polyaniline doped with para toluene sulfonic acid and reported a maximum
return loss of −28.4 dB at 8.1 GHz.

In this contribution, we utilized hybrid filler systems of CuxCo1-xFe2O4 (x = 0.33, 0.67,
1) spinel ferrite nanoparticles and rGO inside a TPU matrix for developing nanocomposites
with light weight, good flexibility, and highly efficient electromagnetic shielding perfor-
mance. For the development of thermoplastic polyurethane nanocomposites with reduced
graphene oxide and spinel ferrite nanoparticles, we aimed to utilize three samples of spinel
ferrite nanoparticles, one with a low content of Cu2+, another with a high content of Cu2+,
and a last one of pure CuFe2O4 nanoparticles. Therefore, x = 0.33, 0.67, and 1 was selected
for CuxCo1-xFe2O4 spinel ferrite system. To the best of our knowledge, this is the first
report on CuxCo1-xFe2O4 (x = 0.33, 0.67, 1) spinel ferrite nanoparticles along with rGO in
the TPU matrix for this purpose.

2. Results and Discussion
2.1. XRD Study

Figure 1a depicts the X-ray diffraction (XRD) pattern of CuCoF1, CuCoF2, and CuF3
nanoparticles. The distinctive XRD peaks at 2θ = 18.2◦, 30.2◦, 35.5◦, 43.2◦, 53.4◦, 57◦, 62.6◦,
66.2◦, and 68.3◦ can be seen, which are assigned to crystalline planes (111), (220), (311),
(400), (422), (511), (440), (532) and (442), respectively [16]. The diffraction pattern revealed
the monophasic formation of the inverse spinel ferrite crystal structure with space group
Fd-3m in all the samples [17]. However, in the case of the CuF3 sample, some additional
peaks of CuO indexed to (111), (−202), and (−113) diffraction planes were also noticed [18].
In the sonochemical synthesis of CuF3 samples, there is an excess concentration of Cu2+ in
reaction solution, which agglomerates with NaOH under ultrasonic waves and formation of
CuO occurs with rising the temperature of the reaction mixture up to 85 ◦C in sonochemical
approach. M.A. Shilpa Amulya et al. [19] also noticed the formation of CuO phases with
CuFe2O4 during the calcination process. Further, the presence of CuO can improve the EMI
performance by improving the impedance matching of CuF3-rGO-TPU nanocomposites.
Shangyu Gao et al. [20] also noticed the role of the secondary phase on the EMI performance
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of magnesium alloy. In addition, Lulu Song et al. [21] adjusted the electromagnetic wave
absorption characteristics with control of multiple phases.
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Figure 1. XRD pattern of (a) CuCoF1, CuCoF2 and CuF3 nanoparticles (b) nanocomposites CuCoF1,
CuCoF2 and CuF3 nanoparticles along with rGO in TPU matrix.

The crystallite size of the synthesized spinel ferrite nanoparticles was evaluated using
Scherrer’s formula:

D =
0.94 λ

βCosθ
(1)

where D is the crystallite size (nm), β is the full width of diffraction line at half maxima (in
radians), λ is the wavelength of the source (Cu-Kα radiation) and θ signifies diffraction an-
gle. The value of crystallite size was calculated for the most prominent peak corresponding
to the d311 diffraction plane and was found to be 5.51 nm, 4.96 nm, and 3.94 nm for CuCoF1,
CuCoF2, and CuF3 nanoparticles, respectively [22,23]. Jnaneshwara et al. [24] also reported
a similar trend in crystallite size with the substitution of Cu2+ ions in the CoFe2O4 lattice.

The XRD diffraction pattern for TPU polymer nanocomposites based on CuCoF1,
CuCoF2, and CuF3 nanoparticles along with rGO is shown in Figure 1b. As can be seen,
the diffraction planes of the face-centered cubic structure of spinel ferrites were present
in all the prepared nanocomposite samples [25]. Further, the signature peak for rGO was
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not present due to its fine dispersion and small size [26]. TPU exhibits broad diffraction
peaks ranging from 18◦ to 24◦ associated with a mixture of the ordered structure of the hard
phase and disordered structure of the amorphous phase [27]. In the case of CuCoF1-rGO-
TPU nanocomposite, a distinct peak at 2θ = 21.08◦ and another peak at 23◦ remarked the
presence of TPU [28]. After the addition of more crystalline CuCoF2 in TPU, the ordering
is further improved with appearance of additional peak at 18.7◦. In addition, ordering was
further improved with addition of CuF3 consisted of CuO phase, and additional peak at
19.2◦ was noticed. S. Kumar et al. [29] also noticed the appearance of additional peaks
with an improvement in the crystallinity of TPU with the addition of MWCNT. The pure
TPU exhibited a broad amorphous diffraction peak centered at about 2θ = 19.7◦ of the (110)
reflection plane with the interchain spacing of 4.44 Å [30,31].

2.2. Raman Study

Raman spectroscopy was employed for further investigation of the structural character-
istics of prepared nanoparticles and nanocomposites. Figure 2a displays the Raman spectra
for CuCoF1, CuCoF2, and CuF3 spinel ferrite nanoparticles. As can be seen, spinel ferrite
nanoparticles exhibited Raman bands around 276 cm−1, 371 cm−1, 463 cm−1, 561 cm−1,
604 cm−1, and 674 cm−1 attributed to T1g(3), Eg, T1g(2), T1g(1), A1g(2), and A1g(1) Raman
modes [32,33]. The lower frequency modes are a consequence of vibration at the tetrahedral
site while higher frequency modes reflect vibrations at the octahedral site of spinel ferrite
lattice [32,34]. Further, Figure 2b represents the Raman spectra for GO and rGO. Two
distinct peaks attributed to the D band at 1353 cm−1 and G-band at 1596 cm−1 can be
noticed for GO. The D vibration band arises from the imperfection edges, also known as
the breathing mode of j-point photons of A1g symmetry [35]. However, the peak assigned
to the G band is a consequence of the first-order scattering of E2g phonons by sp2 carbon
at the Brillouin zone center [36]. Similarly, the Raman peaks for D and G bands in Raman
spectra were obtained at 1342 cm−1 and 1573 cm−1 for rGO [37]. Moreover, the intensity
ratio (ID/IG) which is a measure of the extent of the disorder, was noted to be increased
after GO was reduced to rGO. The intensity ratio of ID/IG was found to be 0.95 and 1.26 for
GO and rGO, respectively. In addition, after the reduction of GO, the highest intensity was
observed in the case of the D-band [38,39]. Besides the D and G vibration band, other Ra-
man bands at 2674 cm−1 and 2911 cm−1 assigned to 2D and D+G band were also observed
for rGO [40]. The 2D band was related to the inelastic scattering of phonons whereas D+G
is the consequence of the summation of both D and G-bands [41].

Figure 2c depicts the Raman spectrum of spinel ferrite nanocomposites with rGO in
the TPU matrix. As can be seen, the signature peaks at 2932 cm−1, 1533 cm−1, 1730 cm−1,
and 1445 cm−1 attributed to stretching vibration of –CH2, amide (II), C=O stretching, and
bending vibration of –CH2 confirmed the existence of polyurethane in nanocomposites [42].
Further, two characteristic peaks at 1342 cm−1 and 1573 cm−1 attributed to the D and G
band of rGO confirmed the presence of rGO in all the composite samples [43].

A slight peak at 606 cm−1 assigned to the A1g(2) mode of spinel ferrite was no-
ticed [32]. Another Raman band observed at 467 cm−1 is assigned with the T1g (2) mode
of stretching. The intensity of the peaks is reduced due to the interaction of nanofillers
in polyurethane. These modes associated with space group Fd-3m are the signature of a
cubic inverse spinel structure, thus confirming the presence of a spinel ferrite structure
inside the nanocomposites [32]. Raman spectroscopy provides confirmation of the presence
of spinel ferrite nanoparticles and reduced graphene oxide (rGO) in the thermoplastic
polyurethane (TPU) matrix.
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Figure  2. Raman  Spectra  of  (a) CuCoF1, CuCoF2  and CuF3  nanoparticles  (b) GO  and  rGO  (c) 

CuCoF1, CuCoF2, and CuF3 nanoparticles based nanocomposites along with rGO in TPU matrix. 
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2.3. Fourier Transform Infra-Red Spectroscopy (FTIR) Analysis

FTIR spectroscopy was employed to investigate the structural characteristics of spinel
ferrite nanoparticles, RGO, and its TPU nanocomposites. Figure 3a displays the information
on vibrational spectra of CuCoF1, CuCoF2, and CuF3 nanoparticles. One absorption band
v1 at around 550 cm−1 is associated with the intrinsic symmetric vibration due to the metal-
oxygen bond at the tetrahedral site and the other absorption band v2 around 302–322 cm−1

is relevant to octahedral metal stretching [44,45]. The presence of the two major absorption
bands v1 and v2 in FTIR spectra, as shown in Figure 3a, confirmed the cubic spinel structure
of all the nanoparticles samples [46,47]. The obtained results are in good agreement with
the reported literature [48].
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The presence of oxygen-containing functional groups was confirmed by FTIR spectra
of GO, represented in Figure 3b. As can be observed, the absorption bands at 1709 cm−1

and 1618 cm−1 represent the carbonyl stretching (C=O) and skeletal stretching (C=C) of the
alkene group [49,50]. Moreover, the high intensity of prominent peaks in GO divulges the
presence of a large amount of oxygen-containing functional groups. Furthermore, another
absorption band centered around 1000–1100 cm−1 assigned to the C-O epoxide group was
also noticed [51]. A broad absorption band between 2500 and 3500 cm−1 was attributed to
the carboxyl (–COOH) groups [52]. It can be observed in Figure 3b that, after the reduction
of GO, there was a significant decrease in the intensity of absorption spectra of alkoxy and
hydroxyl groups [53]. Indeed, all attributed peaks possess weaker intensity as compared to
the intensity of the FTIR spectrum of GO, which proves the successful reduction of GO.

Figure 3c depicts the FTIR spectra of CuCoF1, CuCoF2, and CuF3 nanocomposites
along with rGO in the TPU matrix. As can be seen in the graph, a slight absorption peak at
3329 cm−1 for all the samples is attributed to the stretching vibration of -NH in the urethane
group [42]. Moreover, the characteristic bands of TPU regardless of synthesis route were
also noticed at 1725 cm−1 and 1527 cm−1 ascribed to C=O stretching and N-H bending
vibration in polyurethane, thus confirming the existence of TPU in nanocomposites [54].
In consolidation with Raman and FTIR spectra analysis, the existence of spinel ferrite
nanoparticles and rGO in TPU was confirmed.
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2.4. TEM and HRTEM Analysis of Nanoparticles

Figure 4 depicts the TEM and HRTEM images of CuCoF1, CuCoF2, and CuF3 nanopar-
ticles. The spherical nanoparticles of 3–5 nm with slight agglomeration can be noticed from
Figure 4a for the CuCoF1 sample. The HRTEM image of the CuCoF1 sample as shown in
Figure 4b, displays lattice of (220) planes (d spacing 0.29 nm) and (400) planes (d spacing
0.21 nm) of spinel ferrite [55]. Further, the TEM image (Figure 4c) of the CuCoF2 sample
shows spherical particles of 2–4 nm with moderate agglomeration. The lattice of (311)
planes (d spacing 0.25 nm), (220) planes (d spacing 0.29 nm), and (400) planes (d spacing
0.21 nm) of spinel ferrite can be observed in the HRTEM image (Figure 4d) for the CuCoF2
sample. Furthermore, spherical nanoparticles of 2–3 nm can be observed in Figure 4e for
the CuF3 sample. The HRTEM image of CuF3 as displayed in Figure 4f, reveals the lattice
of (400) planes (d spacing 0.21 nm) and (111) planes (d spacing 0.46 nm) of spinel ferrite.
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Figure 4. (a) TEM and (b) HRTEM of CuCoF1; (c) TEM, and (d) HRTEM of CuCoF2; (e) TEM and
(f) HRTEM image of CuF3.

2.5. FE-SEM and EDX Study of Nanocomposites

To investigate the nanofillers in the TPU matrix, FE-SEM images were studied. Figure 5a
depicts the FE-SEM image of the cryo-fractured surface of CuCoF1-rGO-TPU nanocom-
posite which depicts the dispersion of CuCoF1 and rGO nanofillers in the TPU matrix.
Figure 5b shows the EDX spectrum of CuCoF1-rGO-TPU nanocomposite, which confirm
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the presence of Cu, Co, Fe, C, and O. Further, the good dispersion of spinel ferrite nanopar-
ticles and rGO in TPU matrix of other prepared nanocomposites CuCoF2-rGO-TPU, and
CuF3-rGO-TPU can be seen in FE-SEM image, as shown in Figure 5c,d, respectively.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW  8  of  25 
 

 

   

Figure 4. (a) TEM and (b) HRTEM of CuCoF1; (c) TEM, and (d) HRTEM of CuCoF2; (e) TEM and 

(f) HRTEM image of CuF3. 

2.5. FE‐SEM and EDX Study of Nanocomposites 

To investigate the nanofillers in the TPU matrix, FE‐SEM images were studied. Figure 

5a depicts  the FE‐SEM  image of  the cryo‐fractured surface of CuCoF1‐rGO‐TPU nano‐

composite which depicts the dispersion of CuCoF1 and rGO nanofillers in the TPU matrix. 

Figure 5b shows the EDX spectrum of CuCoF1‐rGO‐TPU nanocomposite, which confirm 

the presence of Cu, Co, Fe, C, and O. Further, the good dispersion of spinel ferrite nano‐

particles and rGO in TPU matrix of other prepared nanocomposites CuCoF2‐rGO‐TPU, 

and CuF3‐rGO‐TPU can be seen in FE‐SEM image, as shown in Figure 5c,d, respectively. 

 

0 2 4 6 8 10
0

5,000

10,000

15,000

20,000

25,000

30,000
(b)

CuCoFeCu

Co
Fe

O

C

In
te

n
si

ty
 (

 c
p

s 
)

Energy (kV)  

(e)  (f) 

(a) 

rGO 

CuCoF1  TPU 
Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW  9  of  25 
 

 

   

Figure 5. (a) FE‐SEM image of CuCoF1‐rGO‐TPU, (b) EDX pattern of CuCoF1‐rGO‐TPU, (c) FE‐SEM 

image of CuCoF2‐rGO‐TPU, and (d) FE‐SEM image of CuF3‐rGO‐TPU. 

2.6. Magnetic Property 

Figure 6 depicts the magnetic hysteresis curves of prepared CuCoF1, CuCoF2, and 

CuF3 spinel ferrite nanoparticles. The magnetic hysteresis curves of CuCoF1, and CuCoF2 

show  typical  ferromagnetic  features. The value of saturation magnetization  (Ms) of  the 

CuCoF1, CuCoF2, and CuF3 samples are 37.2 emu/g, 31.5 emu/g, and 15.6 emu/g, respec‐

tively. The decrease in the value of Ms with a decrease of grain size is associated with an 

increase of the surface spin canting and dead magnetic layer [56]. The decrease in satura‐

tion magnetization (Ms) with an increase of Cu2+ content can also be explained by the prob‐

able replacement of Co2+ by Cu2+ at the tetrahedral sites of the spinel ferrite lattice systems 

[57]. The observed variation in Ms can be explained by the help of Neel’s two sub‐lattice 

magnetization model [58]. According to this model, magnetization is obtained with the 

help of 𝑀ሺ𝜇஻ሻ ൌ 𝑀஻ െ 𝑀஺, where MA and MB are the net magnetic moment of tetrahedral 

(A) and octahedral (B) sites, respectively. The decrease  in the saturation magnetization 

can be attributed to the lower magnetic moment of Cu2+ (1𝜇஻) than Co2+ (3𝜇஻). Thus, the 

magnetic moment in the B‐sublattice was sequentially decreased with the increase in cop‐

per substitution, which results  in  lower magnetic moment of copper substituted spinel 

ferrite nanoparticles [59]. Similar results were noticed by other researchers [57–59]. The 

remanent (Mr) magnetization values were 3.2 emu/g, 0.48 emu/g, and 0 emu/g for CuCoF1, 

CuCoF2, and CuF3 sample, respectively. The coercivity (Hc) value was 50.4 Oe, 9.5 Oe, 

and 0 Oe for CuCoF1, CuCoF2, and CuF3 samples, respectively. In nanosized particles, a 

single magnetic domain with no residual magnetism are known as superparamagnetic 

characteristics [60]. Below a critical size of a ferromagnetic material, the anisotropy energy 

is lower than the thermal energy, which leads to superparamagnetic characteristics [61]. 

The magnetic hysteresis curve of CuF3 display an S‐shape with no coercivity and rema‐

nence, which points to the superparamagnetic characteristic, and can be beneficial for uti‐

lization as high‐performance electromagnetic interference shielding material at high fre‐

quency [62]. 

(c) 

CuCoF2 

TPU 

rGO 

(d) 

CuF3 

TPU 

rGO 

Figure 5. (a) FE-SEM image of CuCoF1-rGO-TPU, (b) EDX pattern of CuCoF1-rGO-TPU, (c) FE-SEM
image of CuCoF2-rGO-TPU, and (d) FE-SEM image of CuF3-rGO-TPU.

2.6. Magnetic Property

Figure 6 depicts the magnetic hysteresis curves of prepared CuCoF1, CuCoF2, and
CuF3 spinel ferrite nanoparticles. The magnetic hysteresis curves of CuCoF1, and CuCoF2
show typical ferromagnetic features. The value of saturation magnetization (Ms) of the
CuCoF1, CuCoF2, and CuF3 samples are 37.2 emu/g, 31.5 emu/g, and 15.6 emu/g, respec-
tively. The decrease in the value of Ms with a decrease of grain size is associated with an
increase of the surface spin canting and dead magnetic layer [56]. The decrease in saturation
magnetization (Ms) with an increase of Cu2+ content can also be explained by the probable
replacement of Co2+ by Cu2+ at the tetrahedral sites of the spinel ferrite lattice systems [57].
The observed variation in Ms can be explained by the help of Neel’s two sub-lattice mag-
netization model [58]. According to this model, magnetization is obtained with the help
of M(µB) = MB −MA, where MA and MB are the net magnetic moment of tetrahedral
(A) and octahedral (B) sites, respectively. The decrease in the saturation magnetization
can be attributed to the lower magnetic moment of Cu2+ (1µB) than Co2+ (3µB). Thus, the
magnetic moment in the B-sublattice was sequentially decreased with the increase in copper
substitution, which results in lower magnetic moment of copper substituted spinel ferrite
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nanoparticles [59]. Similar results were noticed by other researchers [57–59]. The remanent
(Mr) magnetization values were 3.2 emu/g, 0.48 emu/g, and 0 emu/g for CuCoF1, CuCoF2,
and CuF3 sample, respectively. The coercivity (Hc) value was 50.4 Oe, 9.5 Oe, and 0 Oe
for CuCoF1, CuCoF2, and CuF3 samples, respectively. In nanosized particles, a single
magnetic domain with no residual magnetism are known as superparamagnetic charac-
teristics [60]. Below a critical size of a ferromagnetic material, the anisotropy energy is
lower than the thermal energy, which leads to superparamagnetic characteristics [61]. The
magnetic hysteresis curve of CuF3 display an S-shape with no coercivity and remanence,
which points to the superparamagnetic characteristic, and can be beneficial for utilization
as high-performance electromagnetic interference shielding material at high frequency [62].
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2.7. Electromagnetic Interference Shielding

Electromagnetic interference shielding is a mechanism of reflection and absorption
of electromagnetic radiation by a material that prevents the penetration of harmful elec-
tromagnetic waves. It is defined as the ratio of incident power (Pi) to the outgoing power
(Pt) of electromagnetic waves and is represented in the decibel (dB) unit. The mechanisms
which contribute to total shielding effectiveness, SET, are shielding due to reflection SER,
absorption SEA, and multiple internal reflections SEM. The total shielding effectiveness SET
can be mathematically written as follows [63]:

SET = −10 log(Pt/Pi) = SER + SEA + SEM

The reflection of EM wave is due to the impedance mismatch between the air and
the absorber (shielding material) by mobile charge carriers such as electrons and holes
whereas in the case of multiple reflections, the scattering effect is responsible due to
inhomogeneity and large interfacial area inside the matrix [64]. Absorption is associated
with the dissipation of EM waves in form of heat energy through shielding material.
Moreover, several other factors such as the thickness of the shielding material, ohmic loss,
polarization loss, and magnetic loss have their role. Ohmic losses in a shielding material
are related to the dissipation of energy due to charge hopping, tunneling, and conducting
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mechanisms. Polarization losses originate due to the dissipation of energy required for
overcoming the state of reorientation of dipoles in every half-cycle of EM radiations caused
by functional groups, interfaces, and defects in material [64]. The main magnetic losses
are associated with the eddy current loss, natural resonance, hysteresis loss, and exchange
resonance [65]. Although according to Schelkunoff’s theory, if the shielding exceeds 10 dB
and the shielding material has thickness higher than the material skin depth (δ), then the
role of multiple reflections (SEM) can be disregarded in practical EMI applications and
only SEA and SER are taken into consideration for the total shielding effectiveness SET [64].
Therefore, the higher is the value of SET, the lower the energy transmission through a
shielding material will be.

In the present study, we investigated the electromagnetic interference shielding effec-
tiveness of CuCoF1-rGO-TPU, CuCoF2-rGO-TPU, and CuF3-rGO-TPU nanocomposites
in the X-band frequency (8.2–12.4 GHz), as depicted in Figure 7a. As can be seen, the
maximum value of SET was found to be 42.9 dB, 46.2 dB, and 58.8 dB for CuCoF1-rGO-TPU,
CuCoF2-rGO-TPU, and CuF3-rGO-TPU nanocomposites, respectively. Next, Figure 7b elab-
orates effective shielding performance more in terms of another electromagnetic parameter
which is absorption, SEA. As observed, the maximum value of SEA was 23.1 dB, 25.1 dB,
and 35.0 dB for developed CuCoF1-rGO-TPU, CuCoF2-rGO-TPU, and CuF3-rGO-TPU
nanocomposites, respectively. For further assessment, the value of SER was also evaluated.
Figure 7c represents the values of SER, which were found to be 19.8 dB, 21.1 dB, and
23.8 dB for CuCoF1-rGO-TPU, CuCoF2-rGO-TPU, and CuF3-rGO-TPU nanocomposites,
respectively. Notably, the high value of SEA in these nanocomposites indicates that the
absorption of EM waves is the dominant mechanism. The plot in Figure 7d displays an
evaluation and comparison of electromagnetic shielding parameters. As can be seen, the
highest values of SET, SEA, and SER for the CuF3-rGO-TPU nanocomposite signify that
this composition possesses good electromagnetic shielding properties. In addition, EMI
shielding efficiency (%), which signifies the capability of shielding material to block EM
waves in terms of percentage, can be evaluated by the following relation with the EMI
shielding effectiveness (dB) [66]:

Shielding Efficiency (%) = 100−
(

1

10
SE
10

)
× 100

The EMI shielding efficiency (%) was 99.9948%, 99.9976%, and 99.9998% for CuCoF1-
rGO-TPU, CuCoF2-rGO-TPU, and CuF3-rGO-TPU nanocomposites, respectively. It signi-
fies that CuF3-rGO-TPU nanocomposite has a blockage of 99.9998% of the incident EM
waves with only 0.0002% transmission. In addition, the shielding ability, as well as the
lightweight property of material, can be expressed by specific shielding effectiveness, SSE
(=EMISE/density) and the absolute shielding effectiveness, SSE/t (=SSE/thickness) [67].
The evaluated value of SSE was 90.232 dB cm3 g−1 and SSE/t was 902.320 dB cm2 g−1 for
CuF3-rGO-TPU nanocomposite.

A research group, Ali et al. [68] investigated microwave absorption characteristics
of Polyaniline (PANI)/NiZn ferrite nanocomposites by varying ferrite percentage and
reported a maximum reflection loss of −39.56 dB with 2.5 mm sample thickness. Sim-
ilarly, another research group Kumar et al. [13] studied the electromagnetic shielding
behavior of NiFe2O4/rGO possessing a thickness of 2.0 mm and observed SET of 38.2
dB in the X-band frequency range. Further, a maximum value of SET of 53 dB by fab-
rication of rGO-TPU nanocomposite has been reported by Zahid et al. [10]. Further-
more, Gunasekaran et al. [69] observed an optimum reflection loss RL of −31.89 dB with
rGO/zirconium substituted cobalt ferrite (Co0.5Zr0.5 Fe2O4) nanocomposites having 5 mm
sample thickness. Moreover, Gahlout et al. [70] studied electromagnetic shielding response
for polypyrrole-MWCNT/polyurethane composites and reported a SET of 48 dB with a
sample thickness of 3 mm in the X-band frequency range. Furthermore, Sulaiman et al. [71]
reported excellent absorption characteristics of −24.86 dB for Co0.5Zn0.5 Fe2O4/PANI-
PTSA nanocomposites (weight ratio 1:1) with an optimal matching thickness of 3 mm. Total
shielding effectiveness, SET of 35 dB for Polystyrene/PANI/Nickel spinel ferrite composite,
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is noticed in a broad frequency range of 0.1 to 20 GHz by Shakir et al. [72]. Moreover, Li
et al. [73] reported total shielding effectiveness SET of 48.4 dB with nitrogen-doped reduced
graphene oxide/CoFe2O4 hybrid nanocomposites in X and Ku bands. The recent advances
in the electromagnetic shielding performance of some nanocomposites are displayed in
Table 1.
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Table 1. EMI shielding characteristics of nanocomposites reported in some previous literatures.

Shielding Material Frequency Band Sample
Thickness SET Ref.

NiFe2O4/rGO 8.2–12.4 GHz 2 mm 38.2 dB [13]
rGO-TPU nanocomposite 0.1–20 GHz 250 µm 53 dB [10]
TPU-PCNT composites 8.2−12.4 GHz 3.0 mm 48 dB [70]
Polystyrene/PANI/Nickel spinel ferrite composite 0.1–20 GHz 0.25 mm 35 dB [72]
Nitrogen-doped reduced graphene oxide/CoFe2O4 hybrid
nanocomposites 8–18 GHz 1.9 mm 48.4 dB [73]
CuFe2O4-rGO-TPU 8.2–12.4 GHz 1 mm 58.8 dB This work

2.8. Electromagnetic Parameters

For further evaluation and better comparison with different compositions of polymer
nanocomposites, we investigated intrinsic parameters such as complex permittivity and
complex permeability. In both complex parameters, the real term attributes to energy
storage, while the imaginary term attributes to loss or energy dissipation within the material
contributed from conduction, resonance, and relaxation mechanisms [74]. The graph in
Figure 8a demonstrates the variation of the real part of permittivity, ε′ with a change in the
frequency from 8.2 to 12.4 GHz for CuCoF1-rGO-TPU, CuCoF2-rGO-TPU, and CuF3-rGO-
TPU nanocomposites. As can be seen, the value of ε′ was found to vary from 3.67 to 3.95,
3.56 to 3.85, and 2.89 to 3.16 for CuCoF1-rGO-TPU, CuCoF2-rGO-TPU, and CuF3-rGO-TPU
nanocomposites, respectively. Various kinds of polarization such as interfacial polarization,
dipolar polarization, electronic polarization, and space charge polarization contribute
to the value of ε′ [75,76]. For studying the dielectric loss of the material, the imaginary
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part of permittivity (ε′′) is significant. The graph in Figure 8b depicts the variation of
imaginary permittivity (ε′′) with change in frequency for CuxCo1-xFe2O4 (x = 0.33, 0.67, and
1.00)-rGO TPU nanocomposites. As can be seen, the value of ε′′ was found to be altering
from 0.23 to 0.44, 0.21 to 0.36, and 0.14 to 0.41 for CuCoF1-rGO-TPU, CuCoF2-rGO-TPU,
and CuF3-rGO-TPU nanocomposites, respectively. The imaginary part of permittivity
provides information about energy dissipation. In the ε′′ curves, the resonance peaks can
be attributed to the leakage conductance and lags in polarization [77,78].
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It is worth noting that ε′′ and electrical conductivity are dependent on each other with
the following expression [79]:

σac = εoε′′ 2πf

where σac denotes electrical conductivity, εo stands for the absolute permittivity of vac-
uum, f represents the frequency of electromagnetic waves. The ac conductivity (σac)
with change in frequency of CuCoF1-rGO-TPU, CuCoF2-rGO-TPU, and CuF3-rGO-TPU
nanocomposites at room temperature is displayed in Figure 8c. As can be seen, the value
σac is in the range 1.40 × 10−3–2.41 × 10−3 S/cm, 1.36 × 10−3–1.96 × 10−3 S/cm, and
9.44 × 10−4–1.87 × 10−3 S/cm for CuCoF1-rGO-TPU, CuCoF2-rGO-TPU, and CuF3-rGO-
TPU nanocomposites, respectively. The Debye theory of relaxation is employed for an
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explanation of the mechanism involved in the electromagnetic shielding material. Accord-
ing to the Debye theory, the value of ε′ and ε′′ can be expressed as follows [80]:

ε′ = ε∞ +
εs − ε∞

1 + (ωτ)2

ε′′ =
εs − ε∞

1 + (ωτ)2ωτ+
σ

ωεo

where ε∞ represents the relative dielectric permittivity at an infinite frequency, εs signifies
the static dielectric permittivity, ω denotes angular frequency, and τ is the polarization
relaxation time, respectively. On neglecting the role of σ to ε′′ and removal of ωτ, the
equation between ε′ and ε′′ can be deduced as follows:

(
ε′ − εs + ε∞

2

)2
+ (ε′′ )2 =

(
εs − ε∞

2

)2

According to the above expression, the Cole–Cole plot which is ε′′ versus ε′ should
be a semicircle. Each Debye relaxation process possesses a semi-circle that can be up-
graded through the interface, subsequently improving the tendency of EM absorption [81].
Figure 8d displays the Cole–Cole plots for CuCoF1-rGO-TPU, CuCoF2-rGO-TPU, and
CuF3-rGO-TPU nanocomposites. As can be seen, at least three Cole–Cole semicircles are
present which marks the role of multiple relaxation mechanisms involved in synthesized
nanocomposites. Moreover, the semi-circles were found to be distorted, which suggests
that apart from Debye relaxation, there could be involvement of other mechanisms in the
nanocomposites, such as the presence of interfaces leading to interfacial polarization or the
Maxwell Wagner effect in the developed samples [82].

Further, for the sake of better evaluation of the EMI shielding mechanism, the real
part of permeability (µ′), which signifies the storage capacity of magnetic energy was also
studied. Figure 9a displays the plot of µ′ with a change of frequency from 8.2 to 12.4 GHz
for CuxCo1-xFe2O4 (x = 0.33, 0.67, and 1.00)-rGO-TPU nanocomposites. As can be seen,
the value of µ′ is varying within the range of 0.77 to 1.04, 0.71 to 1.11, and 0.64 to 1.18 for
CuCoF1-rGO-TPU, CuCoF2-rGO-TPU, and CuF3-rGO-TPU nanocomposites, respectively.
The imaginary part of permeability (µ′′) represents the energy loss of the magnetic field.
Figure 9b displays the imaginary part (µ′′) of permeability with change in the frequency
of CuxCo1-xFe2O4 (x = 0.33, 0.67, and 1.00)-rGO-TPU nanocomposites. The value of µ′′ is
found to be varied between 0.00 to 0.15, 0.00 to 0.12, and 0.00 to 0.19 for CuCoF1-rGO-TPU,
CuCoF2-rGO-TPU, and CuF3-rGO-TPU nanocomposites, respectively. Three peaks were
observed for the value of µ′′ in the frequency region of 8.2 GHz to 12.4 GHz for all samples,
which correspond to strong natural resonance [81,83].

Dielectric loss plays a vital role in the attenuation of EM waves. To compare dielectric loss
capabilities of prepared nanocomposites, it was calculated using the following expression:

tan δε = ε′′/ε′

Figure 9c displays the dielectric loss (tanδε) of CuxCo1-xFe2O4 (x = 0.33, 0.67, and
1.00)-rGO-TPU nanocomposites. As can be seen, the value of tanδε is in the range of
0.06–0.12, 0.06 to 0.10, and 0.05 to 0.13 for CuCoF1-rGO-TPU, CuCoF2-rGO-TPU, and
CuF3-rGO-TPU nanocomposites, respectively. It is worth noting that values of ε′′ and
tanδε follow a similar trend with a change in frequency for all the nanocomposites. The
residual groups and defects in rGO contribute to dielectric loss in nanocomposites. In
addition, as a result of polarization and associated relaxation, dielectric loss is developed
in nanocomposites [84,85]. For further analysis, the magnetic loss was calculated for
nanocomposites, which is given by the following expression
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tan δµ = µ′′/µ′

Figure 9d below displays the variation of magnetic loss tanδµ with change in frequency.
As can be seen, the value of tanδµ varies from 0.00 to 0.15, 0.00 to 0.13, and 0.00 to 0.24 for
CuCoF1-rGO-TPU, CuCoF2-rGO-TPU, and CuF3-rGO-TPU nanocomposites, respectively.
The high value of tanδµ compared with tanδε reveals that magnetic loss is dominant in
endowing for electromagnetic characteristics. It is well known that the magnetic loss,
tanδµ arises due to eddy current, natural resonance, and anisotropic energy present inside
the polymer nanocomposite [86]. The magnetic loss induced by eddy current loss can be
evaluated using the following equation [87]:

Co = µ′′
(
µ′
)−2f−1

In general, if the value of Co is not changing with the change in the frequency, then
it is obvious that magnetic loss is induced by the eddy current. Figure 10a depicts the
plot of Co with change in frequency over X-band region for CuCoF1-rGO-TPU, CuCoF2-
rGO-TPU, and CuF3-rGO-TPU nanocomposites. As can be seen, the value of Co with the
variation of frequency remains nearly constant with change in frequency from 9.7 GHz to
11.2 GHz for CuCoF2-rGO-TPU and CuF3-rGO-TPU nanocomposites. It shows that eddy
currents are a contributor to the magnetic loss for CuCoF2-rGO-TPU and CuF3-rGO-TPU
nanocomposites. However, in the case of CuCoF1-rGO-TPU nanocomposite, the value of Co
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was found constant in the frequency range 8.3–8.8 GHz, 10.4–10.9 GHz, and 11.4–12.3 GHz,
which signifies that eddy current is contributing to the magnetic loss in this frequency
range [88].
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based nanocomposites along with rGO in TPU matrix.

The EM wave enters only near the surface of the shielding material at higher frequen-
cies and the strength of the EM field suffers exponential decay with the thickness. The skin
depth (δ) of shielding material refers to the certain distance up to which the strength of
the electric field suffers attenuation and drops to 1/e of its original incident EM wave [89].
Theoretically, it can be represented as follows [90]:

δ =
1√
πµrσf

where µr refers to the magnetic permeability of the material, σ is electrical conductivity
and f is the frequency. The given plot in Figure 10b represents the variation of skin depth
(δ) as a function of frequency for CuCoF1-rGO-TPU, CuCoF2-rGO-TPU, and CuF3-rGO-
TPU nanocomposites. The value of skin depth was found to be fluctuating from 0.02
µm to 0.04 µm, 0.022 µm to 0.065 µm, and 0.03 µm to 0.11 µm for CuCoF1-rGO-TPU,
CuCoF2-rGO-TPU, and CuF3-rGO-TPU nanocomposites, respectively.

To understand the underlying EMI shielding mechanism in the nanocomposites,
attenuation constant (α) and impedance matching conditions were studied. The attenuation
constant (α) was determined for calculating the degree of energy attenuated when an EM

67



Int. J. Mol. Sci. 2022, 23, 2610

wave was incident on the surface of the shielding material [91]. The attenuation constant
(α) can be expressed by the following equation [92]:

α =

√
2πf
c

√
(µ′′ ε′′ − µ′ε′) +

√
(µ′′ ε′′ − µ′ε′)2 + (ε′µ′′ + ε′′µ′)2

where c stands for speed for light in vacuum. Figure 10c represents the attenuation
constant (α) of the developed for CuCoF1-rGO-TPU, CuCoF2-rGO-TPU, and CuF3-rGO-
TPU nanocomposites with variation in frequency. It was observed that CuCoF1-rGO-TPU
possesses maximum attenuation constant (α) value as compared with other developed
nanocomposites. However, only attaining a high value of attenuation constant doesn’t
mark for good absorption characteristics. A good and balanced impedance match should be
achieved between the permittivity and permeability of the shielding material [93]. Keeping
this in mind, the impedance matching (Z) was also evaluated for different nanocomposites
using the following relation [94]:

Z =
√
µr/εr =

√√(
µ′ 2 + µ′′ 2

)
/
√(

ε′ 2 + ε′′ 2
)

The impedance matching (Z) with change in frequency is displayed in Figure 10d.
Notably, the highest value of impedance matching (Z) for CuF3-rGO-TPU nanocomposite
as compared with other developed nanocomposites was noticed. Owing to the balanced
impedance matching and moderate attenuation capacity of CuF3-rGO-TPU nanocomposite,
it comes up with good shielding performance [95]. Referring to the above discussion, a
possible EMI shielding mechanism based on developed CuxCo1-xFe2O4 (x = 0.33, 0.67, and
1.00)-rGO-TPU nanocomposites has been proposed and illustrated in Figure 11. When EM
waves interact with developed nanocomposite, some EM waves are immediately reflected
due to the presence of abundant free electrons on the surface [96]. The remaining EM
waves move through the shielding material due to a good impedance matching condition.
In this process, the EM waves are attenuated because of the dielectric loss, conduction
loss, magnetic loss, and multiple scattering/reflection. In this developed nanocomposite,
under the interaction of EM waves, the dielectric loss is mainly associated with interfacial
polarization and dipole polarization. The interfacial polarization arises from interfaces be-
tween CuxCo1-xFe2O4 spinel ferrite nanoparticles and rGO. The dipole polarization derives
from defects and residual functional groups of rGO [97]. Magnetic CuxCo1-xFe2O4 spinel
ferrite nanoparticles induce magnetic loss characteristics and contribute to the absorption
component of EMI shielding. Magnetic loss is mainly associated with eddy current loss
and natural resonance [98]. The high conductivity of rGO sheets in favor of intrinsic or
hopping conduction causes the enhancement of conduction loss. The synergistic effect
between CuxCo1-xFe2O4 spinel ferrite nanoparticles and rGO with an efficient comple-
mentarity between the complex permeability and permittivity provides a good impedance
matching condition [99]. Hence, the synergy of multiple loss mechanisms associated
with good impedance matching provides CuF3-rGO-TPU nanocomposite with high EMI
shielding performance.
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3. Materials and Methods
3.1. Chemicals

Cobalt nitrate Co(NO3)·6H2O, copper nitrate Cu(NO3)·6H2O, and iron nitrate
Fe(NO3)3·9H2O were purchased from Alfa Aesar GmbH & Co. KG (Karlsruhe, Ger-
many). Sodium nitrate (NaNO3) was obtained from Lach-Ner, Czech Republic. Potassium
permanganate (KMnO4) powder and graphite flakes were sourced from Sigma-Aldrich,
Munich, Germany. Vitamin C (Livsane) was a product of Dr. Kleine Pharma GmbH,
Bielefeld, Germany.

3.2. Synthesis of CuxCo1-xFe2O4 (x = 0.33. 0.67, 1) Spinel Ferrite Nanoparticles

CuxCo1-xFe2O4 (x = 0.33, 0.67, 1) spinel ferrite nanoparticles with different compo-
sitions, such as Cu0.33Co0.67Fe2O4, Cu0.67Co0.33Fe2O4, and CuFe2O4, labelled as CuCoF1,
CuCoF2, and CuF3, were synthesized using the sonochemical method. For CuxCo1-xFe2O4
(x = 0.33. 0.67, 1) spinel ferrite nanoparticle formation, appropriate stoichiometric amounts
of cobalt nitrate, copper nitrate, and iron nitrate were taken and mixed with 60 mL of
deionized water in a 100 mL beaker and stirred for 15 min at room temperature. A solution
of NaOH was prepared and added to the above mixture slowly accompanying stirring
for a further 2–3 min. The solution turned into a thick precipitate with the addition of a
base solution. Further, it was exposed to ultrasonic irradiation (ultrasonic homogenizer
UZ SONOPULS HD 2070) (frequency: 20 kHz and power: 70 W) for 60 min. Afterward,
the precipitate was cooled down, washed with deionized water, and further centrifuged at
7000 rpm for 15 min. This process was repeated several times to remove any remaining
impurities. The acquired product was further dried at 60 ◦C in an oven for 24 h.

3.3. Synthesis of Graphene Oxide

Graphene oxide (GO) was synthesized following the modified Hummer’s method [100]
using graphite flakes as a raw material. For this purpose, 3 g of graphite and 1.5 g of NaNO3
were mixed with 75 mL of H2SO4 (98%) in a 1000 mL flask in an ice bath (0 ◦C) and was
stirred for 15 min. Next, 9 g of KMnO4 was added slowly and carefully during the vigorous
magnetic stirring for 30 min. After that, the prepared mixture was again subject to magnetic
stirring for 30 min. Further, the reaction temperature was fixed to room temperature and
the mixture was stirred for an additional 48 h. Next, 138 mL of deionized water was added
to the mixture, which was followed by stirring for 10 min with heating at 100 ◦C. Then,
another 420 mL of warm deionized water and 30 mL of H2O2 were added to the mixture.
Afterward, the synthesized yellow suspension was washed with an aqueous solution of
H2SO4 (6 wt%) and H2O2 (1 wt%). Next, the prepared suspension was subjected to washing
with deionized water until the pH turned neutral, and then the mixture was three times
centrifuged at 6000 rpm for 10 min. The precipitate was then dried in the oven at 50 ◦C for
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10–12 h to obtain graphite oxide powder. To utilize GO as a filler in TPU nanocomposite
with spinel ferrite nanoparticles, the enhancement of the electrical conductivity of GO is
required. The electrical conductivity of GO can be improved by doping or reduction of
oxygen functional groups [101]. In the present work, the improvement of the electrical con-
ductivity of GO via reduction of the oxygen functional group was achieved by a chemical
approach with vitamin C as reducing agent.

3.4. Synthesis of Reduced Graphene Oxide

Reduced graphene oxide (rGO) was obtained by chemical reduction of synthesized
graphene oxide (GO). Firstly, 3 g of graphene oxide (GO) was dissolved in 200 mL of
deionized water in a 500 mL flask and the solution was stirred for 15 min. Next, 10 g of
vitamin C was added, and the solution was stirred for 3 h to a fixed temperature of 100 ◦C.
The mixture was cooled down and then washed with deionized water and ethanol. After
that, it was centrifuged at 8000 rpm for 20 min. The product was then dried in a vacuum
oven at 60 ◦C for 14 h.

3.5. Preparation of Nanocomposites

For the preparation of thermoplastic polyurethane (TPU) based nanocomposites of
20 wt% nanofiller (in which spinel ferrites nanoparticles and rGO was in 9:1 wt% ratio) were
mixed with TPU (Elastollan® C80A10) in A microcompounder (Xplore Instruments B.V., Sit-
tard, The Netherlands) with a capacity of 5 cm3. TPU and fillers were dried at 90 ◦C for 12 h
in a vacuum oven before mixing. The samples were melt-mixed in a microcompounder at
200 ◦C for 7 min at 150 rpm. The force was varied from 2405 Newton to 1680 Newton during
preparation of nanocomposites. Further, the nanocomposite characteristics, such as elec-
trical, mechanical, thermal, and optical, etc., have dependence on interfacial physical and
chemical interactions [102]. The strong interfacial interactions between nanofillers (spinel
ferrite and rGO) and polymer matrix, may provide high nanocomposites properties [103].
Three nanocomposite systems, namely CuCoF1-rGO-TPU, CuCoF2-rGO-TPU, and CuF3-
rGO-TPU, were prepared. The rectangular-shaped sheets of 22.9 mm × 10.2 mm × 1.0 mm
were developed by compression molding. Further, the schematic representation of the
preparation of CuxCo1-xFe2O4-rGO-TPU nanocomposite is shown in Figure 12. Further-
more, a digital photograph for the demonstration of the dimension, lightweight, and
flexibility of a prepared nanocomposite is shown in Figure 13.
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Figure 13. (a–c) Digital photograph for the demonstration of dimension, lightweight, and flexibility
of prepared CuF3 and rGO based TPU nanocomposite.

4. Conclusions

In this work, lightweight and flexible TPU polymer matrix-based nanocomposites em-
bedded with CuxCo1-xFe2O4 (x = 0.33, 0.67, and 1.00) spinel ferrite nanoparticles and rGO
as nanofillers were fabricated by a melt-mixing approach using a microcompounder, which
demonstrated remarkable shielding effectiveness values. Spinel ferrite Cu0.33Co0.67Fe2O4
(CuCoF1), Cu0.67Co0.33Fe2O4 (CuCoF2), and CuFe2O4 (CuF3) nanoparticles were devel-
oped by a facile sonochemical synthesis method. The developed nanocomposites with a
thickness of 1 mm exhibited maximum total shielding effectiveness (SET) of 42.9 dB, 46.2 dB,
and 58.8 dB for CuCoF1-rGO-TPU, CuCoF2-rGO-TPU, and CuF3-rGO-TPU nanocompos-
ites, respectively. It was found that 99.9998% of electromagnetic waves can be shielded in
the investigated frequency range, which indicates that the CuF3-rGO-TPU nanocomposite
can be considered an effective electromagnetic shielding material. With abundant interfacial
polarization, dipole relaxation, better impedance matching condition, and eddy current
effect, the natural resonance of nanocomposites plays a key role in this outstanding EMI
shielding performance. It is believed that the current investigation could be beneficial in the
design and development of lightweight and flexible shielding materials with outstanding
EMI shielding performance.
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Abstract: Polymeric materials have been extensively explored in the field of nanomedicine; within
them, poly lactic-co-glycolic acid (PLGA) holds a prominent position in micro- and nanotechnology
due to its biocompatibility and controllable biodegradability. In this review we focus on the combina-
tion of PLGA with different inorganic nanomaterials in the form of nanocomposites to overcome the
polymer’s limitations and extend its field of applications. We discuss their physicochemical properties
and a variety of well-established synthesis methods for the preparation of different PLGA-based
materials. Recent progress in the design and biomedical applications of PLGA-based materials are
thoroughly discussed to provide a framework for future research.

Keywords: PLGA; composites; inorganic nanoparticles; scaffolds; biomedical applications

1. Introduction

Polymeric materials have become extremely attractive materials for a wide range
of applications. One of the areas where they are becoming increasingly important is
biomedicine [1]. One extensively explored polymer is poly lactic-co-glycolic acid (PLGA), a
biodegradable, biocompatible and FDA (U.S. Food and Drug Administration, USA)/EMA
(European Medicines Agency)-approved copolymer [2,3]. It is commercially available
with different molecular weights and copolymer ratios, which allow for the tuning of
the final PLGA behavior to fit an application of interest [4,5]. Being the scope of this
review of biomedical applications, PLGA features that can be useful in this area will be
explored the most. PLGA can be processed into any shape and size, has great water
solubility and allows for a tunable drug release. Its biodistribution and pharmacokinetics
follow nonlinear and dose-dependent profiles [2,6]. Generally speaking, copolymers can be
synthesized as random or block copolymers, presenting different intrinsic properties in this
way. PLGA is generally synthesized through the ring-opening copolymerization of lactic
acid (LA) and glycolic acid (GA), with the products of its degradation being nontoxic [7–9].
Normally, following the aforementioned synthesis technique, randomly distributed PLGA
can be obtained in either: (i) an atactic configuration where the repeating units have no
regular stereochemical configuration or (ii) a syndiotactic configuration where the repeating
units have alternating stereochemical configurations [10]. Sequencing is important since
it considerably influences the degradation rate of PLGA, with random PLGA degrading
much quicker than sequenced PLGA [11].

Over the last decade PLGA copolymers have been extensively explored in combina-
tion with nanotechnology. Nanotechnology brings unique characteristics to the system,
which, in combination with PLGA’s unique features, allow for extensive biomedical appli-
cations. It is possible to encapsulate both organic and inorganic materials into PLGA, such
as small-molecule drugs [2,12], vaccines [13], proteins [14,15] and metallic [16] as well as
magnetic [17,18] nanoparticles (NPs). The methods of production of PLGA-based materials
can be adapted to various types of drugs, making it possible to encapsulate hydrophobic
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and hydrophilic molecules and thus making this copolymer an ideal drug delivery system
(DDS) [4].

PLGA-based technology has been used for many years for a myriad of applications in
the biomedical arena, with many being already approved by the FDA and EMA (Table 1).
Drug delivery is one of the main uses for PLGA, which can be accomplished in the form
of macroscopic structures (scaffolds/gels), microparticles (MPs) or NPs. In general, in
the biomedical field these PLGA structures have proved their potential for encapsulating
several therapeutic agents towards different ends (e.g., antiseptics [19], antibiotics [20],
anti-inflammatory [21] and antioxidant [22] drugs), and have shown promise for specific
targeting when adequately functionalized [4,23]. On top of that, PLGA-based materials
protect their cargo from degradation and provide a sustained drug release profile, ideal for
long-term treatments [4,7].

Table 1. PLGA-based nano-, micro- and macromaterials approved through the years for different
biomedical applications. MP = microparticle; NP = nanoparticle; and VIP = vasoactive intestinal peptide.

Approval
Year Brand Form/Active Principle Route of

Administration Synthesis Application

1989 Zoladex® Implant/goserelin acetate Subcutaneous NA Prostate carcinoma

1995 Lupron® MP/leuprolide acetate Intramuscular W/O emulsion Central precocious
puberty/endometriosis

1997 Sandostatin® LAR MP/octreotide Subcutaneous Emulsification solvent
evaporation method

Severe diarrhea associated
with metastic tumors or

VIP-secreting tumors

2002 Eligard® Nanogel/leuprolide acetate Subcutaneous NA Advanced prostate cancer

2002 Suprecur® MP/buserelin acetate Intramuscular Spray-drying Endometriosis

2003 Consta® MP/risperidone Intramuscular Emulsification solvent
evaporation method

Schizophrenia and bipolar
disorder

2009 Ozurdex® Implant/dexamethasone Subcutaneous NA Macular edema

2014 Signifor® LAR MP/pasireotide pamoate Intramuscular NA Cushing’s disease,
acromegaly

2017 Zilretta® MP/triamcinolone
acetonide Intra-articular NA Osteoarthritis

2017 Sublocade® NP/buprenorphine Subcutaneous NA Moderate to severe
opioid addiction

The combination of PLGA with inorganic NPs (INPs) to form nanocomposite materials
has the potential to extend the field of the application of this polymer even further and
potentiate the effect of these materials while maintaining a reduced toxicity. There is a
wide range of INPs available to be combined with PLGA, and by doing so some of the
limitations of INPs, such as their toxicity and colloidal stability, can be circumvented. For
these reasons the applications of PLGA-based nanocomposite materials in chemotherapy,
cancer diagnosis and imaging, gene therapy and protein delivery, among others, have
been thoroughly explored in recent years [4]. PLGA nanocomposites have also been
explored for vaccination, brain targeting, cardiovascular and inflammatory diseases in
addition to scaffolds for tissue engineering, as we will describe in this review. Nevertheless,
research efforts are still required for the development and commercialization of PLGA
nanocomposites for biomedical applications since they still present a number of limitations,
such as poor drug loading, high burst release, high production costs and challenging
scalability [4]. In this review we aim to explore recent advancements made in this area. It
begins with a brief discussion on PLGA’s properties, approved PLGA-based medicines
and an overview of the main production methods of PLGA MPs and NPs. The main focus
of this review is then the combination of PLGA with INPs to form hybrid PLGA-based
composites (nano-, micro- and macro-), and it is organized into three principal subjects:
types of hybrid PLGA/inorganic-based materials, synthesis methods of these composites
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and their applications in the biomedical area, mainly in the form of carriers and scaffolds.
This review aims to provide a backdrop for future research.

2. PLGA Physicochemical Properties and Synthesis Methods
2.1. PLGA Properties

As already mentioned, PLGA is produced by the catalyzed ring-opening copolymer-
ization of the LA and GA units [7,8]. During polymerization the monomeric units are
consecutively linked together through ester linkages, resulting in the formation of the
PLGA copolymer [3,24]. PLGA is widely used in nanomedicine due to its biocompatibility
and effective biodegradability, which occurs through the hydrolysis of the ester bonds of
lactate and glycolate [2]. These monomers can then be metabolized via the Krebs cycle,
yielding nontoxic byproducts (H2O and CO2) [7,25].

Different forms of PLGA can be obtained by varying the Poly(lactic acid):Poly(glycolic
acid) (PLA:PGA) ratio during polymerization; for example, PLGA 50:50, which is fre-
quently used in nanotechnology, has a composition of 50% lactate and 50% glycolate [26].
PLGA copolymers inherit the intrinsic properties of their constituent monomers, where the
PLA:PGA ratio, along with the polymer molecular weight, influence their hydrophobicity,
crystallinity, mechanical properties, size and biodegradation rate [24,27–29]. PGA is a crys-
talline hydrophilic polymer, while PLA is a stiff and more hydrophobic polymer; therefore,
PLGA copolymers with a higher PLA content are less hydrophilic, tend to absorb less water
and consequently present longer degradation times [30]. The degradation time can vary
from several months to several years depending on the molecular weight (Mw) and copoly-
mer ratio [4]. PLGA is soluble in a variety of solvents, including organic solvents such as
chloroform, acetone, ethyl acetate and tetrahydrofuran [2,31]. All the above-mentioned
features of PLGA have been proven to be useful for several applications; controlled drug
release in particular.

PLGA can be block-polymerized with other copolymers, which can alter its behavior
and physicochemical properties [32]. Diblock or triblock copolymers have been developed
to meet the need for better carrier functionality, both in terms of the variety of drugs
incorporated and administration methods [2]. Block copolymers of PEG (poly(ethylene
glycol)) and PLGA are the most reported both in diblock (PLGA-PEG) [33] and triblock con-
formations (PLGA-PEG-PLGA or PEG-PLGA-PEG) [34,35]. The creation of PEG layers can
reduce interactions with foreign molecules, increasing shelf stability in this way. However,
it can also decrease drug encapsulation efficiencies. When compared with PLGA alone
diblock copolymers have shown improved release kinetics [2]. The random combination of
other polymers with PLGA can also be beneficial; for example, combining biodegradable
photoluminescent polyester (BPLP) with PLGA will make the system suitable for photolu-
minescence imaging [36]. Thus, it is important to consider the final purpose of a system
when choosing a polymer conformation [37].

Regarding the physical characteristics of nano-PLGA structures, they can be controlled
by parameters specific to the production method employed. For example, the size of
PLGA NPs can be determined to a certain extent by the concentration of polymer used
for their synthesis [7]. Surface functionalization is another important aspect that allows a
certain control over particles’ biocompatibility, biodegradation, blood half-life and, when
applicable, targeting efficiency [7]. In fact, PEGylation has been shown to improve the
pharmacokinetic properties of drugs encapsulated into PLGA composites [38]; coating
PLGA NPs with biocompatible hydrophilic polymers (PEG or chitosan) can enhance
stability and circulation time while diminishing toxicity [39,40].

In terms of biomedical applications, PLGA has been used in the clinic since 1989, being
introduced mostly as microsphere formulations (Table 1); however, PLGA implants and
nanocomposites are also a reality [41–43]. As mentioned above, PLGA is mostly utilized for
drug delivery, having ~20 formulations that are FDA- and EMA-approved [43–47]. These
are mainly administered by subcutaneous/intramuscular injections, yet they are versatile
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and present a plethora of applications. Table 1 presents a brief summary of these products
as well as their respective production methods and applications [43,48–50].

Although many PLGA materials have already been commercialized, scientists are still
trying to develop new methods of preparation that provide close control over their inherent
characteristics. In the next section the most commonly used preparation methods for PLGA
nanocomposites will be discussed.

2.2. PLGA MP/NP and Scaffold Preparation Methods

The physicochemical characteristics of PLGA particles can be controlled by manipu-
lating specific parameters in their synthesis. It is of great importance to comprehend the
different methods of PLGA particle preparation so that they can be used and manipulated
to obtain optimized results. Although these are well-established methods each with differ-
ent advantages, there are also limitations that should be considered in the preparation and
development of PLGA materials. Common issues arise from mixing devices that usually
do not allow for great batch-to-batch reproducibility, which leads to inconsistent particle
behavior. The organic solvent used should be carefully chosen, since, similarly to the
mixing device, it can create limitations in terms of emulsification, solvent extraction and
particle homogeneity [32]. A wide range of techniques have been used for PLGA MP/NP
synthesis, the most common one being the emulsification–solvent evaporation method,
both single and double emulsion. Salting out, nanoprecipitation, emulsification–solvent
diffusion and spray-drying are other common methods used in the synthesis of PLGA
particles. For a better understanding these strategies will be discussed individually. Table 2
summarizes the main advantages and disadvantages of each method. A few techniques
have also been reported for scaffold synthesis, with most of them resorting to molds to
obtain a specific form. Electrospinning is one of the most used standard techniques for
fibrous scaffold synthesis [51,52].

2.2.1. Emulsification–Solvent Evaporation (ESE) Method

Single emulsion
Oil-in-water (O/W) emulsification is the most popular method for the preparation of

PLGA particles, mainly when their intended loading is hydrophobic [53]. Following this
methodology, appropriate amounts of PLGA polymer are first dissolved in an organic sol-
vent (e.g., dichloromethane (DCM), chloroform or ethyl acetate). Subsequently, this organic
solution is emulsified in an aqueous solution in the presence of a surfactant (e.g., polyvinyl
alcohol, PVA) under continuous stirring. Afterwards, the organic solvent is allowed to
evaporate, either by stirring at an adequate temperature or by applying a reduced pressure.
The resultant particles are washed multiple times to remove polymer/surfactant residues,
and they can then be freeze-dried [2,8] for long-term storage.

To load other components (drugs, imaging probes and NPs) into the PLGA matrix,
they are usually co-dissolved in the organic solvent [2,54] before the emulsion is formed.
Although O/W emulsions are the most popular emulsions created with this method oil-
in-oil (O/O) emulsions are also used to encapsulate water-insoluble drugs. Here, the
process is the same as in O/W emulsions, but the organic solvent phase is emulsified in a
continuous oil phase (e.g., liquid paraffin or vegetable oil) [32].

Double emulsion
The double emulsion method is a more complex variation of the single emulsion

method. The water-in-oil-in-water (W/O/W) emulsification method is the most used
double emulsion method. In the single emulsion method the encapsulation efficiency (EE%)
of hydrophilic compounds is very limited. In double emulsion methodologies the EE%
and particle size are affected by the solvent used and the stirring rate [2]. For the W/O/W
method an aqueous solution containing the materials to be encapsulated is emulsified in
a PLGA-containing organic phase under vigorous stirring. Next, this water-in-oil (W/O)
emulsion is added to a surfactant-containing aqueous solution under continuous stirring.
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Then, the organic solvent is allowed to evaporate via the same processes mentioned in the
single emulsion method [24,32].

Even though W/O/W emulsions are by far the most used ones there are other double
emulsion options available, such as water-in-oil-in-oil (W/O/O). Here, the second oil phase
is made of an organic solvent that is miscible with the organic solvent of the first oil phase,
but it is an antisolvent for PLGA [32].

2.2.2. Salting-Out Method

In this method a solution of a water-miscible organic solvent containing PLGA and
the compounds to be loaded is added to an aqueous phase containing a salting-out agent
(e.g., calcium chloride) and a stabilizer (e.g., PVA) [24]. Under continuous stirring an O/W
emulsion is first formed. Then, a large volume of water is added to the emulsion until
the organic solvent diffuses into the aqueous phase, which leads to particle formation [2].
Finally, salting-out agents are removed by filtration and the particles are washed several
times to remove the excess stabilizer. This method is ideal for high concentrations of
polymer and for the encapsulation of heat-sensitive compounds [24,55].

2.2.3. Emulsification–Solvent Diffusion (ESD) Method

This technique was first developed by Quintanar-Guerrero et al., and is a modification of
the salting-out method [56,57]. Here, the organic solvent and water are mutually saturated
at room temperature to attain a thermodynamic equilibrium. Afterwards, known amounts
of polymer are dissolved into an organic solvent, and this solution is then emulsified in an
aqueous solution containing a stabilizer (e.g., PVA) using a high-speed homogenizer [32,58,59].
Later, water is added to the O/W emulsion under regular stirring, which will allow the
solvent to diffuse outwards from the internal phase. Then, the nanoprecipitation of the
polymer occurs, leading to the formation of colloidal particles. Finally, the solvent can be
removed either by evaporation or vacuum steam distillation [3,24,60]. This method presents
high reproducibility and allows for a high EE% of hydrophobic drugs.

2.2.4. Nanoprecipitation Method

The nanoprecipitation method, also known as the solvent displacement method, is a
simple one-step process with high reproducibility that is mainly used to entrap hydrophobic
drugs [7] in PLGA NPs. Here, the physicochemical characteristics of the resulting NPs depend
on the PLGA monomers ratio and Mw, the solvents and the mixing rate [7,61]. In this
method the polymer and cargo are dissolved in a water-miscible organic solvent (e.g., acetone,
ethanol or acetonitrile). Then, this solution is added drop-by-drop into an aqueous solution
containing a surfactant or emulsifier. The rapid organic solvent diffusion into water leads
to the immediate formation of PLGA NPs. Finally, the organic solvent is removed under
reduced pressures [7,24,32]. Modifications to this method have been made to adapt it to the
encapsulation of hydrophilic drugs, for example, by replacing water with cottonseed oil and
Tween-80 [7,62,63]. A two-step method has also been reported to encapsulate enzymes, where
a first protein nanoprecipitation step is introduced, followed by a second nanoprecipitation of
PLGA, resulting in protein-loaded PLGA NPs with a high EE% [64].

2.2.5. Spray-Drying Method

The spray-drying technique is ideal for scaling-up the synthesis of PLGA particles. It
is a rapid and convenient method with few processing parameters [2,8]. It sprays a W/O
emulsion into a stream of hot air, which leads to the formation of particles. The solvent
choice depends on the hydrophobicity of the cargo present in the W/O dispersion [8]. A
major drawback for this method is the fact that the particles usually adhere to the inner
walls of the spray-dryer [65].
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Table 2. Advantages and disadvantages of PLGA particle synthesis methods.

Method Advantages Disadvantages

ESE
[3,7,8,66]

-Encapsulates hydrophobic and
hydrophilic agents.

-Control of particle size.
-Ease of scale-up.

-Time-consuming purification.
-Needs heat or vacuum to remove solvent.

-Biomacromolecule instability.
-Instable W/O/W emulsions with poor

drug EE%.
-Batch-to-batch variability.

Salting out
[7,24,29,32]

-Efficient encapsulation of heat-sensitive
agents (proteins, DNA and RNA).

-Low-energy mixing device.

-Time-consuming purification.
-Not suitable for lipophilic drugs.

-Use of large quantities of
salting-out agents.

ESD
[3,24,32,57]

-Simple and convenient.
-Batch-to-batch reproducibility.

-Ease of scale-up.
-Monodisperse particle size.

-High EE% (~70%).

-Leakage of water-soluble drugs into
aqueous external phase, decreasing

their EE%.
-Large volumes of water to be removed.

Nanoprecipitation
[7,8,24,32,67]

-Batch-to-batch reproducibility.
-One-step process.

-Smaller particle size.
-Low-energy mixing device.

-Aggregation due to incomplete
solvent removal.

-Low EE% for hydrophilic drugs.
-Negative effect of organic solvent on

protein function.

Spray-drying
[3,8,24,66,68,69]

-Encapsulates hydrophobic and
hydrophilic agents.

-Fast, convenient and few
processing parameters.

-Suitable for industrial scale-up.

-Adhesion of the particles to the
spray-dryer wall.

-Limited control of particle size.

2.2.6. Electrospinning Method

There are several techniques used for scaffold synthesis, such as gas foaming [70],
porogen leaching [71], phase separation [72] and twin-screw extrusion [73]. However,
electrospinning [51,52] is by far the most popular one. The electrospinning technique
has gathered more interest in recent years due to its versatility, simplicity and low cost
in production. This technology has been highly useful in fabricating scaffolds for tissue
engineering [51]. Briefly, it consists of a simple setup where a PLGA aqueous solution
is kept in a syringe and injected through a needle by applying a high electrical voltage.
Consequently, the needle becomes unstable and nanofiber jet spinning is achieved. The
nanofiber is later collected on a conducting substrate [74]. The diameter of the fibers can be
controlled by adjusting parameters, such as the voltage used, injection rate and collector
type. This method can usually produce nanofiber sheets ranging from a few nanometers to
several micrometers to be used as scaffolds [75].

3. Types and Synthesis of Hybrid PLGA Composite Materials

The development of hybrid PLGA materials represents a growing area in nanomedicine
that has been employed as an efficient strategy to improve the structural and functional
properties of PLGA. Although PLGA presents many advantages, its poor mechanical
properties, the release of acidic byproducts, its hydrophobicity and suboptimal bioactivity
are major bottlenecks for its applications [76,77]. To improve the properties of PLGA, its
combination with various inorganic materials has been studied [16,51,78–81]. On top of
this, inorganic nanomaterials bring into play interesting capabilities beyond those of PLGA,
whether in the form of imaging/sensing properties or as fundamental physical properties.
Furthermore, inorganic materials such as metallic and magnetic NPs usually present low
stability and a tendency to agglomerate, which can be circumvented via their incorporation
into PLGA matrices [16].

PLGA is often used for drug delivery purposes, where the use of both drugs and
inorganic nanomaterials can potentiate the drug effect and equip the particles with new
abilities (e.g., imaging). Gold-, silver-, iron-, manganese- and titanium-based nanomaterials,
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among others, are often utilized in combination with PLGA for this purpose. Additionally,
PLGA is consistently used to fabricate scaffolds for tissue engineering applications since
it offers control over their degradation as well as excellent properties, such as tensile
strength and elastic modulus [82]. The fabrication of these scaffolds can be made directly
from PLGA polymers or PLGA MPs. Nonetheless, the use of PLGA in tissue engineering
is still limited due to its poor osteoconductivity, the release of acidic byproducts, the
hydrophobicity of PLGA scaffolds, which alienates cell infiltration, and its suboptimal
mechanical properties [76].

Several different combinations of PLGA copolymers with INPs have been explored
and will be discussed in the following sections. A wide range of emulsion-based synthesis
techniques are used to prepare these PLGA particle composites [8,83]. Each of these
techniques have advantages and limitations (refer to Table 2), and they should be chosen
according to the intrinsic features of the polymer, the physicochemical properties of the
loaded drugs and INPs as well as the nature of the final application [84]. Most of the
methods share common features of dispersing the PLGA polymer in an organic phase
and mixing the solution with an antisolvent or aqueous phase. The solvent is usually
removed by evaporation and/or extraction [8,32,85]. Depending on the chemical nature
of the materials to be encapsulated, they are usually added either to the organic or to the
aqueous phase.

3.1. PLGA/Plasmonic Nanocomposites

Plasmonic materials have gathered great research attention in recent years due to
their tunable optical properties, which are achieved through the exploitation of their
surface plasmon resonance (SPR) effects [86]. Gold and silver are the most commonly
used plasmonic materials. The wavelengths at which they interact with light can be tuned
by changing their size and shape, and in this way bespoke materials can be prepared to
match their intended application [87]. Figure 1a presents two different PLGA/plasmonic
nanocomposites.
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Gold NPs (AuNPs) in the form of spherical nanoparticles, nanorods or nanocapsules
are the most widely used plasmonic NPs in biomedical applications [88]. They present a
localized SPR property, which allows the NPs to absorb light (in the visible to near infra-red
range) and transform it into heat, ideal for thermal therapies [89]. AuNPs are frequently
used due to their high chemical stability, easy functionalization, low toxicity and high
optical absorption as well as photoacoustic (PA) signal [90,91]. Additionally, they have
been proposed as a bone morphogenic substance, presenting not only inhibition properties
to the formation of osteoclasts but also supporting osteoblast differentiation [92,93]. AuNPs
have been widely studied in combination with PLGA, mainly for theranostic purposes,
combining photothermal therapy with X-ray or PA imaging [16,78,91]. Several strategies
to incorporate AuNPs into PLGA composites have been described, from encapsulation
into the polymer core [91,94,95] to the decoration of and/or growth on their polymeric
surface [78,96,97] to the coating of scaffolds [52].

Silver NPs (Ag NPs) are also known for their localized SPR, which allows control over
their optical absorption and temperature profile [98]. However, in nanomedicine Ag NPs
are mostly used due to their nontoxicity, biocompatibility, antimicrobial as well as antiox-
idant activity and ability to enhance the antibacterial activity of different drugs [99,100].
Several strategies have been presented to potentiate the antibacterial efficacy of the organic–
silver NP combination, both as PLGA particles [19] and as functionalized scaffolds [51].

3.1.1. PLGA Materials with Plasmonic NPs in the Core

Fazio et al. [95] synthesized a PEG-PLGA copolymer nanocomposite loaded with
AuNPs and silibinin (SLB), where the AuNPs were produced by laser ablation and imme-
diately embedded into a previously prepared PEG-PLGA copolymer. After the bespoke
preparation of the PEG-PLGA copolymer, the ESD method was followed for the prepa-
ration of the final nanocomposite: the PEG-PLGA copolymer and SLB were dissolved
together in DCM, and this solution was immediately added into a AuNP solution and
ultrasonicated, forming a W/O emulsion. Next, an aqueous solution was added to the
W/O emulsion, which induced organic solvent diffusion outwards from the internal phase.
The final emulsion was centrifuged, eliminating the low-molecular-weight polymer. The
resulting SLB-loaded PEG-PLGA_Au nanocomposite presented a porous spherical form
that was 200 nm in size. The encapsulated AuNPs ranged from 5–50 nm in size and enabled
the use of this nanocomposite for photothermal therapy (PTT) and light-controlled drug
release [95].

In another study by Deng et al. [94] small AuNPs (3–5 nm) were encapsulated together
with the photosensitizer verteporfin (VP) into a PLGA matrix, at varying gold:VP ratios.
These PLGA-AuNPs were synthesized by a single ESE method, obtaining spherical NPs
approximately of 100 nm diameter. These NPs were suitable for cancer therapy through
photodynamic therapy (PDT). Wang et al. [91] synthesized NPs containing silica-coated
AuNPs and perfluorohexane (PFH) liquid in the core via the double emulsion method. The
NPs were stabilized by a PLGA shell where the hydrophobic drug paclitaxel (PTX) and
a fluorescent dye were incorporated (Figure 1a right). The AuNPs were produced via a
single-phase aqueous reduction of tetrachloraunic acid by sodium citrate, further coated
with silica and fluorinated [101–103]. PLGA particles were then prepared using a W/O/O
double emulsion (Figure 2a) [91]. The resulting nanocomposites were spherical and had an
approximate size of 550 nm. Due to their components, the particles are able to work as PA
and fluorescent imaging agents as well as antitumoral agents.
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3.1.2. PLGA Materials with Plasmonic NPs at the Surface

Hao et al. used a modified emulsification solvent evaporation method [104] to synthesize
PLGA-based NPs loaded with docetaxel (DTX), that were modified with polyethyleneimine
(PEI) and a shell of AuNPs with the presence of the glioma-targeting peptide angiopep-2
(ANG/GS/PLGA/DTX NPs). First, PEI-modified PLGA/DTX NPs were prepared. Then,
the incorporation of gold onto the surface of the NPs was performed. Negatively charged
AuNPs were easily attracted to the PEI-PLGA NPs for subsequent growth of the gold
overlays. Gold nanoseeds were formed on the surface of PLGA/DTX NPs in two steps:
(i) the reduction of hydrogen tetrachloroaurate hydrate with sodium borohydride and then
(ii) the reduction of hydrogen tetrachloroaurate hydrate with ascorbic acid, which allowed
for a slow growth of the Au nanoseeds and the consequent formation of gold nanoshells.
The final targeted particles were obtained via the incubation of the nanocomposites with
angiopep-2 and HS-PEG2000 [78]. The obtained particles were spherical and had a size of
approximately 200 nm. The nanocomposites were intended to be used as chemophotother-
mal agents (DTX plus PTT) and X-ray imaging agents in cancer therapy [78].

Likewise, Song et al. developed plasmonic composite PLGA vesicles [96] approxi-
mately 60 nm in size, where gold nanorods (AuNRs) were embedded in the vesicle shell
formed by PLGA, with PEG molecules extending to the interior and exterior of the vesi-
cle, providing stability. Inorganic cetyltrimethylammonium bromide (CTAB)-modified
AuNRs were synthesized via a one-spot seedless method [105]. Then, for the synthesis
of amphiphilic AuNRs attached with PEG and PLGA a “grafting to” reaction was per-
formed [106–108]. This reaction happens by mixing thiolated PEG and PLGA (PEG-SH
and PLGA-SH) with AuNR, where the polymers are “grafted” to the AuNRs’ surface by
forming Au-S covalent bonds [96]. Subsequently, the AuNR@PEG/PLGA vesicles were
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prepared using the emulsification solvent evaporation method. PLGA forms a vesicular
shell embedded with AuNRs and PEG extended inside and outside the PLGA vesicle,
stabilizing it in aqueous solution and preventing aggregation. The vesicle size can be
controlled to some extend by controlling the concentration of AuNRs@PEG/PLGA in the
organic phase. These AuNRs@PEG/PLGA nanocomposites were designed as theranostic
agents using PA image-guided PTT [96].

In another study, Topete et al. [97] developed a multifunctional PLGA-based nanocom-
posite loaded with the anticancer drug doxorubicin (DOX), covered with a porous Au-
branched shell (BGNSH) and functionalized with a human serum albumin/indocyanine
green/folic acid complex (HSA-ISG-FA). The authors utilized the nanoprecipitation method
to form these nanostructures. To form the Au shell around the PLGA core PLGA NPs
were incubated with chitosan in order to invert the NPs’ surface charge from negative
to positive [109]. Next, the NPs were incubated with a Au seed solution followed by
a Au growth solution to form the shell. Finally, this solution was reduced with ascor-
bic acid [97]. The resultant NPs were spherical and had an approximate size of 125 nm
(Figure 2b). All the elements of this nanocomposite synergistically combined to obtain
extended therapeutic effects and also serve as contrast agents for optical imaging due to
the NPs’ fluorescence [97].

Takahashi et al. prepared silver-decorated PLGA NPs (Ag PLGA) with an approximate
size of 300 nm [19] (Figure 1a left) in a different manner: first, PLGA NPs were obtained by
the ESD method, similarly to the above-mentioned studies; afterwards, a silver modification
was performed. PLGA NPs were dispersed in water and added to an aqueous AgNO3
solution. This solution was then mixed with NaBH4. The resulting solution was freeze-
dried and stored for further use [19]. Given the antimicrobial activity of silver, these
particles were designed to act as a DDS against biofilm infections.

In a different approach Lee et al. developed PLGA nanofibrous scaffolds that were chem-
ically coated with AuNPs by using electrospinning [52]. The PLGA was directly synthesized
and functionalized with thiol ends to efficiently bind AuNPs (30 nm size). For the binding
with AuNPs, the thiolated PLGA sheets prepared by electrospinning were immersed in AuNP
solutions at different concentrations. AuNPs promote osteoblast differentiation and allow for
the attachment of drugs to the system. Therefore, the synthesized composite scaffolds are
promising tools as controlled release scaffolds for bone tissue regeneration.

In a different study by Almajhdi et al. PLGA nanofiber sheets were functionalized with
Ag NPs at different percentages to evaluate their influence in the fibers’ performance [51].
To form the Ag NPs AgNO3 at different ratios was dissolved in tetrahydrofuran or dimethyl-
formamide and reduced with PEG, which also served as a stabilizer. This solution was
stirred for 30 min before PLGA was added to the solution. This mixture would later be elec-
trospun to form PLGA@Ag NP nanofibers. The scaffolds synthesized by electrospinning
were highly porous materials and had nanofiber diameters of around 100–200 nm, while
the size of the Ag NPs went from 5–10 nm. Owing to the antibacterial and ROS (reactive
oxygen species)-generating activity of the Ag NPs the scaffolds are ideal candidates for
tissue engineering and suitable for anticancer as well as antibiotic drug delivery.

3.2. PLGA/Magnetic Nanocomposites

During recent decades nanotechnology has enabled the production of bespoke mag-
netic NPs (MNPs), characterized by a tailored response to an applied magnetic field. MNPs
have been used in the clinic since the late 1990s as contrast agents (CAs) in magnetic
resonance imaging (MRI) [110]. MNPs can also be used to generate heat under alternating
magnetic fields (AMFs), useful for the direct ablation of tumors through magnetic hyper-
thermia and/or for the controlled delivery of drugs [111–116]. Additionally, some MNPs
showcase a responsive behavior to changes in pH and redox states [117,118]. Figure 1b
presents two different MNPs combined with PLGA to form functional magnetic composites.

Iron-oxide-based NPs (FexOy NPs) are one of the most researched structures in
nanomedicine due to their relevant physicochemical properties and magnetic properties,
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facile synthesis and versatility of applications [119]. For most of the proposed applications
in biomedicine the particles perform best below a critical diameter (<20 nm), being called
superparamagnetic iron oxide nanoparticles (SPIONs) [119,120], where their magnetic
properties are within the superparamagnetic regime.

Several strategies have been developed to encapsulate magnetic NPs onto PLGA MPs
and NPs with the goal of obtaining multifunctional composites with diagnostic (mostly via
PA or MRI [121–123]) and/or therapeutic purposes [36,121–129].

Sun et al. combined SPIONs with PLGA in such a way that the magnetic NPs were
embedded in a polymer shell while the core was filled with liquid [124]. Here, a double ESE
method (W/O/W) was used to synthesize microcapsules, which presented a nonuniform
size of approximately 900 nm. The particles were designed as theranostic agents through the
use of ultrasound (US) and MR imaging as well as to enhance the therapeutic efficiency of
high-intensity focused ultrasound (HIFU) [124]. Based on a previous study [130], Schleich
et al. [126] synthesized PEGylated PLGA-based NPs loaded with SPIONs and PTX or DOX
(Figure 1b right) via the ESD method (Figure 2c). The SPIONs were first synthesized by
a classical coprecipitation method of iron salts in an alkaline medium [131]. To fabricate
the PLGA NPs, PLGA, PLGA-PEG, poly(ε-caprolactone-b-ethylene glycol) (PCL-PEG) and
the drugs were dissolved in a SPION DCM solution. This organic phase was emulsified
with a PVA aqueous solution. Then, this O/W emulsion was added dropwise to an
aqueous solution containing PVA; DCM was subsequently evaporated [126]. The obtained
PLGA NPs were spherical, and when containing PTX and DOX presented an approximate
size of 250 nm and 290 nm, respectively. The repulsive forces between PEG molecules
provided higher stability to the NPs in serum fluids, making them ideal for drug delivery
applications [132,133]. The particles were also capable of producing T2 contrast in MRI.
The contrast observed in MR images is the result of local variations in longitudinal (T1)
and transverse (T2) relaxation times of water molecules in regions adjacent to the injected
particles. Likewise, Ruggiero et al. also synthesized PLGA NPs containing Fe3O4 NPs and
PTX using the method described below [125]. A classical approach was used to fabricate
Fe3O4 NPs via coprecipitation from a solution of iron(II) and iron (III) chloride in water
using ammonium hydroxide as a base and later adding oleic acid [125,134,135]. In the
reviewed studies the INPs and, when in cases where applicable, the drug were added into
the organic phase of the single emulsion method [79,122,123,125]. For example, in a study
by Ruggiero et al. a mixture of the produced Fe3O4 NPs, PLGA and PTX was constructed
in chloroform [125]. This mixture was later added in a dropwise manner to an aqueous
solution of PVA and sonicated. A rotatory evaporator was then used to evaporate the
solvent from the obtained emulsion [125]. In this way PTX-loaded PLGA-Fe-NPs were
obtained. The particle size was between 120–160 nm and their magnetic core size was
around 15–20 nm. The PLGA-Fe nanocomposites were ideal for magnetic-hyperthermia-
triggered drug release and could also be used as MRI contrast agents.

All reported studies where Fe3O4 NPs were encapsulated into PLGA propose very
similar synthetic protocols both for the INPs and for the PLGA particles. Several studies
used a thermal decomposition method [136,137] to synthesize iron NPs by heating up
a mixture of an iron–oleate complex in the presence of oleic acid, with a high boiling
point ether serving as a solvent [79,122,123]. This method usually produces high-quality
and very monodisperse nanocrystals but is more cumbersome than, for example, co-
precipitation. The above-mentioned studies used the single emulsion technique in a
very similar way to Ruggiero et al., with relevant differences being the cargo, solvents
used (methylene chloride [122,123] or DCM [79]) and evaporation method (stirring for
3 h [122,123] or agitating overnight [79]). Moreover, Nkansah et al. [123] used this same
method to synthesize both PLGA MPs and NPs only by varying the %(w/v) of PVA in
aqueous solutions and the homogenization method used.

ESE W/O/W emulsions are also very frequently used to prepare magnetic-PLGA com-
posites and have different variations. The MNPs can be included in the first aqueous phase
and emulsified with a PLGA-containing organic phase. Then, a PVA-containing second

87



Int. J. Mol. Sci. 2022, 23, 2034

aqueous phase is added to the emulsion and emulsified, forming a W/O/W emulsion. Lastly,
the emulsion is left stirring for several hours to evaporate the organic solvent [80,121,127].
Lee et al. [127] developed a more complex version of a multifunctional PLGA nanocomposite
with a magnetite core using this approach. In this study, PLGA was linked with methoxy
poly (ethylene glycol) (mPEG) and/or chlorin e6 (Ce6) through the Steglich esterification
method [138]. Magnetite NPs were dispersed in water, making the first aqueous phase. PLGA-
mPEG and/or PLGA-Ce6 were added to DCM, making the organic phase. The two phases
were mixed together with vigorous vortexing, producing an emulsion. This emulsion was
added to a second aqueous phase containing PVA and NaCl and emulsified. Finally, the
solution was stirred to evaporate the organic solvent and collected by centrifugation [127].
The conjugation with mPEG was used to provide higher stability to the nanocomposites in
biological fluids; with Ce6 the goal was to obtain fluorescent in vivo images and perform PDT
tumor therapy, damaging tumor cells through ROS generation [139,140]. Due to the magnetic
core it was also possible to perform MRI diagnoses.

Some researchers also proposed to include the iron-based NPs on the surface of PLGA
NPs, or embedded into a polymer shell. Fang et al. [129] produced magnetic PLGA micro-
spheres loaded with DOX (DOX-MMS), with an approximate size of 2.4 µm. In this example
the drug was encapsulated in the core, and the iron NPs, in this case γ-Fe2O3, were electrostat-
ically assembled on the microsphere’s surface, which was precoated with PEI. The magnetic
NPs were synthesized by coprecipitation and coated dimercaptosuccinic acid [141], while the
polymeric particles were prepared via a modified W/O/W emulsion. The main significant
difference between this and the above-mentioned double emulsion is that the inorganic mate-
rial is not included when forming the W/O/W emulsion. Instead, the incorporation of the
magnetic NPs to the PLGA microspheres happens as a postsynthetic modification through
electrostatic deposition with the aid of a PEI coating [129]. The authors propose that in this
construction the resulting microcomposites are more responsive and that under an external
magnetic field the drug release will be enhanced, showing that the particles are ideal for
magnetic-hyperthermia-induced drug release and chemothermal therapy.

In other studies where the double emulsion method was also used the MNPs were
included together with PLGA in the organic phase of the W/O/W emulsions. Zhang et al. [36],
for example, incorporated SPIONs into a polymer shell made of two different polymers:
PLGA and BPLP. The photoluminescent (from the BPLP) nanocapsules where coated with
PEG to give them an enhanced stealth effect, and BSA protein was encapsulated into their
core. SPIONs coated with oleic acid were first synthesized by a microwave-assisted thermal
decomposition method and then later incorporated into the polymer NPs’ shell [142]. The
PLGA-BPLP copolymer was synthesized by using BPLP as a macroinitiator that reacts
with lactate and glycolate via ring-opening polymerization. PLGA-PEG was also used to
obtain the PEGylated nanocapsules. For the synthesis of these nanocapsules an aqueous
phase containing the encapsulant (bovine serum albumin, BSA) was emulsified in an
organic phase containing SPIONs and different proportions of PLGA. Next, this W/O
emulsion was emulsified with a second water phase containing PVA, and the second
W/O/W was formed by sonication [36]. This DDS was proposed as a theranostic platform
for MRI/photoluminescence dual-mode imaging and drug delivery. In a different example,
Saengruengrit et al. [128] also developed core–shell magnetic PLGA nanocomposites, in
which SPIONs were embedded in the polymer shell and the core was composed of an
aqueous phase containing BSA (as a protein antigen model). Oleic-acid-coated SPIONs
were synthesized by a classic thermal decomposition method [136]. SPIONs were also
included in the PLGA NP shell and BSA was encapsulated in the particles’ core, it being
the case that the synthesis by double emulsion was performed in the same manner [128].
To encapsulate BSA the particles were separated into two size groups, one with 500 nm and
another with 300 nm, to study the effect of NP size on immune modulation. The composites
were envisioned as vehicles for antigen delivery to stimulate an adaptive immune response
when combined with an alternating magnetic field.
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Another widely studied type of MNPs is manganese-oxide-based NPs. These present a
strong paramagnetic character, and therefore these particles do not retain any magnetization
in the absence of an external magnetic field [118]. Mn NPs are mainly used as T1-MRI
contrast enhancers [143–145].

Bennewitz et al. [146] developed pH-sensitive PLGA NPs and MPs encapsulating MnO
nanocrystals of 15–20 nm size (Figure 1b left). A single ESE with minor modifications was
used to synthesize these PLGA NPs. The nanocrystals were synthesized via the controlled
thermal decomposition of manganese(II) acetylacetonate in benzyl ether and oleic acid.
Afterwards, the PLGA NPs were fabricated as follows: for the organic phase PLGA was
dissolved in methylene chloride, and dried MnO NPs were added to this solution. The
organic phase was added dropwise to an aqueous phase containing PVA as a stabilizer. This
mixture was vortexed and sonicated to obtain a O/W emulsion. This emulsion was added
to another aqueous PVA solution under rapid stirring. The resulting nanocomposites were
left to stir to evaporate the residual organic solvent. The obtained NP and MP composites
presented average diameters of 140 nm and 1.7 µm, respectively. This system is intended to
be used for molecular and cellular MRI imaging [146].

3.3. Other PLGA/Inorganic-NP-Based Composites

Many other inorganic NPs have also been explored in combination with PLGA poly-
meric materials. Zinc-, cerium-, carbon-, copper-, hydroxyapatite (HAp)- and titanium-
based nanoparticles are examples of different inorganic materials that have been investi-
gated in combination with PLGA and will be addressed in this section. Zinc oxide (ZnO)
presents great optical, catalytic and semiconducting properties; additionally, it can be used
for a plethora of biomedical applications due to its antimicrobial activity, biocompatibility,
chemical stability and nontoxicity [99,100,147]. ZnO NPs are also able to generate ROS,
which help in their anticancer activity in addition to their antibacterial activity against both
Gram-positive and Gram-negative bacteria [148,149]. Other interesting INPs are cerium
oxide NPs (nanoceria, CeO2), which display a recyclable antioxidative activity, being able
to act as ROS-scavenging NPs due to their ability to regenerate their oxidation state under
various environmental conditions [150]. Their antioxidative activity mimics the activity of
superoxide dismutase (SOD) and catalase through the conversion of superoxide radicals
and hydrogen peroxide into oxygen and water [151]. Carbon nanotubes (CNTs) are another
example of a nanomaterial widely used in a variety of applications. They have high sur-
face area, low density, high mechanical integrity and exhibit a high mechanical modulus
(0.2–1 TPa) [152]. These properties make CNTs ideal nanomaterials to be incorporated into
scaffolds, for example. Copper oxide (CuO) NPs have gathered great research attention
since copper is one of the most used metals and presents useful optical, electrical and
medicinal properties [153]. It is predominantly used in nanomedicine due to its antimicro-
bial activity against a range of bacterial strains, which mainly occurs through the release
of Cu2+ ions [154,155]. Titanium dioxide (TiO2) is a very important material used in the
fabrication of bone implants and has received great attention due to its biocompatibility
and appealing mechanical properties [156]. Scaffolds incorporating TiO2 NPs showcase
great physical properties, such as corrosion resistance, low weight and low toxicity, but also
great bioactive properties, such as enhanced cell proliferation and cell adhesion [157–161].
Inorganic HAp NPs are another important class of NPs that are widely used in combination
with PLGA [162,163]. HAp is a strong inorganic material that is naturally present in the
bone, considered to be a vital component for scaffolds due to its excellent biocompatibility,
bioactivity, lack of immunogenicity and osteoconductivity [77,164].

Stankovic et al. [165] prepared PLGA NPs loaded with inorganic ZnO NPs (Figure 1d)
via a solvent/nonsolvent method. ZnO NPs were prepared via a modified microwave-
assisted synthesis [166], while PLGA NPs were prepared by the aforementioned sol-
vent/nonsolvent method. For the preparation of the final composite materials PLGA
NPs were dissolved in acetone (or ethyl acetate), and subsequently a solution of ZnO in
acetone was added dropwise under constant homogenization. Ethanol was then added to
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the mixture to form a precipitate, and this suspension was slowly poured into an aqueous
solution containing polyvinylpyrrolidone (PVP) as a stabilizer. The resulting particles were
spherical and uniform, presenting a size of approximately 200 nm. This system can be
used for different biomedical applications, such as drug delivery and treatment of bacterial
infections [165].

In a different study, Mehta et al. [167] fabricated PLGA MPs containing nanoceria and
ROS-scavenging enzymes, either catalase or SOD, using a previously reported one-stage
method [168]. These PLGA MPs are expected to showcase a synergistic effect with the
enzymes and were synthesized via a standard double emulsion method [80], where the
encapsulants (nanoceria and SOD) were dispersed together with PLGA in the organic
phase [167]. The particles were uniform and presented a mean diameter of 800 nm. The
synthesized PLGA microcomposites can be used to protect cells from oxidative stress.
Singh et al. [80] also synthesized PLGA MPs encapsulating nanoceria (CNP-PLGA), with
an average size of 60 µm and a porous surface, using the same standard double emulsion
method (Figure 1d). They also incorporated nanoceria into PLGA scaffolds to be used
in tissue engineering. The fabrication of PLGA scaffolds can be performed with a wide
variety of techniques and depends on the desired scaffold structure and application. In
this study the scaffolds were constructed by solution casting and rapid evaporation under
reduced pressure. Since the nanoceria particles mimic the activity of SOD, their controlled
and sustained release from PLGA MPs can make them useful for a variety of biomedical
applications, such as mitigating damage from radiation and bacterial infection [80].

Other PLGA scaffolds combined with different INPs have been widely studied. Mikael
et al. [169] combined multiwalled carbon nanotubes (MWCNTs) and PLGA to fabricate a
mechanically enhanced and biodegradable composite scaffold from PLGA-MWCNT micro-
spheres. PLGA-MWCNT microspheres were first synthesized using the single emulsion
method (O/W). Afterwards, these MPs, in a size range of 425–600 µm, were used to fabri-
cate circular scaffolds via thermal sintering. The particles were packed into a steel mold
that was heated at 95 ◦C for 1 h, and then were cooled down and stored in a desiccator [169].
These scaffolds showed enhanced mechanical properties, indicated to be used in bone
tissue engineering.

In another study Haider et al. [155] synthesized hybrid nanofiber PLGA scaffolds
compositing CuO NPs by electrospinning (Figure 3a). For the synthesis of CuO NPs Cu
powder was added to distilled water and sonicated. The reaction mixture was transferred
into a glass bottle, sealed and autoclaved. CuO NPs were retrieved by centrifugation. To
synthesize the scaffolds a PLGA/CuO solution was prepared and put into a syringe to
be electrospun. The nanofibers were smooth and uniform, and their average diameter
was around 550 nm. These scaffolds were proposed for antibacterial purposes due to the
antimicrobial activity of CuO NPs.
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In a more recent study Pelaseyed et al. [170] fabricated PLGA nanocomposite scaffolds
functionalized with commercially available titanium oxide (TiO2) NPs at different ratios. These
scaffolds were fabricated by an air–liquid foaming process that uses nucleation to create gas
bubbles, which results in a porous microstructure. The functionalization with TiO2 offers to im-
prove the mechanical and bioactive properties of PLGA [157]. The scaffolds were highly porous
and their pore size was reduced with higher contents of TiO2, resulting in an improvement in
the mechanical properties of the scaffolds, ideal for bone regenerative engineering.

Sheikh et al. [77] fabricated hybrid PLGA–silk fibroin composite scaffolds combined
with HAp NPs (PLGA–silk–HAp scaffolds). According to the authors, both silk fibroin and
HAp NPs cannot be used alone: silk fibroin has a slow degradation rate, making it difficult
for the scaffold to be replaced by tissue; HAp NPs present a free needle-like particulate
nature, which results in frail films that are inadequate to be used as bone grafts [77,171].
Hence, their combination with PLGA can improve the mechanical properties, biodegrad-
ability, hydrophilicity and osteoconductivity of the scaffolds, making them suitable for
the intended application in bone tissue regeneration. Porous PLGA–silk–HAp scaffolds
were fabricated by salt leaching and vacuum mixing. First, pristine PLGA scaffolds were
prepared as follows: PLGA pellets were dissolved in methyl chloride, mixed with NaCl
particles (180–250 mm) in a ratio of 1:9 and poured into silicon molds. The molds were
pressed for 24 h at room temperature. Afterwards, the samples were kept in a vacuum
oven at 25 ◦C for 1 week to remove residual solvents. A salt-leaching technique was
carried out to porosify the PLGA by using distilled water. Finally, the samples were dried
at room temperature to form porous PLGA scaffolds. Afterwards, to obtain the final
PLGA–silk–HAp scaffolds, an aqueous solution of HAp NPs was sonicated and added
to a 4% silk solution, blended and poured onto the pristine PLGA scaffolds. Vacuum
mixing was performed by turning the vacuum pump ON and OFF; in this way the scaffold
pores were filled with the solution. In a related study, Selvaraju et al. [172] synthesized
collagen/PLGA-based composite scaffolds by also incorporating inorganic HAp NPs, using
a different approach. The HAp nanopowder was synthesized through a modified chemical
precipitation method [173]. Initially, an aqueous solution of H3PO4 was added dropwise to
a Ca(OH)2 solution. The pH of the final solution was adjusted via the addition of NH4OH.
Finally, the filtered cakes were oven-dried to remove free water. To fabricate the scaffolds
a PLGA/HAp composite was first synthesized, where an in situ preparation of NPs in a
polymeric matrix was performed. For this synthesis the PLGA copolymer was prepared
from scratch using the individual monomers in its constitution. While this method is not a
common technique for the synthesis of PLGA composites, the HAp NPs can grow inside
the polymer matrix, reducing aggregation and maintaining a good spatial distribution.
The in situ polymerization was conducted by mixing HAp nanopowder with monomers,
D,L lactide and glycolide under a N2 atmosphere. An initiator of the polymerization,
stannous octoate, was added, and the reaction was performed for 12 h. Collagen was then
dissolved in an acetate buffer and mixed with the PLGA/HAp composite. For the scaffold
fabrication a vacuum drying technique was used [172]. The incorporation of HAp allows
for an improvement in the composite physicochemical properties and stability, making it
possible to form a scaffold of a defined pore structure. In this way it is possible to use this
composite as a scaffold for regenerative engineering.

3.4. PLGA Composites Incorporating More Than One Inorganic Nanomaterial

Composite PLGA-based materials combining more than one inorganic nanomaterial
have also been investigated [79,174,175]. Numerous types of combinations and designs can
be made, e.g., including both INPs in the PLGA shell, only in the core or both in the core and
shell. When combining together different types of INPs it is important to take into account
their physicochemical properties to obtain a viable particle design. The concentrations
of each material need to be thoughtfully optimized in a way that their abilities are not
compromised and can perform synergistically [73,176]. With the use of these combined
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inorganic materials, it is possible to incorporate additional advantages into the system that
will be able to perform multiple functions.

Ye et al. [79] combined inorganic imaging agents of manganese-doped zinc sulfide
(Mn:ZnS) quantum dots (QDs, optical imaging) and SPIONs (MRI) by encapsulating them
into PLGA vesicles together with the anticancer drug busulfan (PLGA-SPION-Mn:ZnS). The
SPIONs were synthesized via thermal decomposition [136] and the QDs were synthesized
via a nucleation-doping strategy [177]. These composites were fabricated via the single
ESE method, where the INPs were included in the organic phase and worked as DDS
theranostic agents.

In another study by Wang et al. [175] PLGA NPs were loaded with AuNRs coated
with CTAB and the anticancer drug DTX, and then further coated with manganese dioxide
(MnO2) ultrathin nanofilms (PLGA/AuNR/DTX@MnO2 NPs). These particles are illus-
trated in Figure 1c. For their synthesis AuNRs were synthetized through the CTAB-induced
seed-mediated growth method [178,179]. AuNRs and DTX-loaded PLGA NPs were pre-
pared using the simple ESE method. Lastly, to obtain the final MnO2-nanofilm-coated PLGA
nanocomposites a 2-(N-morpholino) ethanesulfonic acid (MES) oxidation–reduction method
was employed [180]. The final nanocomposites presented a spherical form with a rough
surface due to the MnO2 shell, and their average size was around 280 nm (Figure 3b). These
PLGA/AuNR/DTX@MnO2 structures were promising nanocomposites for theranostic appli-
cations, being able to perform dual-mode diagnosis (MRI from the Mn and X-ray CT from the
Au) and radiofrequency-induced hyperthermia combined with chemotherapy [175].

Li et al. [174] developed core–shell nanocomposites based on PLGA copolymers using
a stabilizer-free method. Here, the PLGA was loaded with PTX, resulting in spherical,
~200 nm size NPs that were further modified with the surface growth of a silver/gold
nanoshell around the PLGA core (PLGA@Ag-AuNPs). Although two different materials
are used this case differs from the other examples since both the materials have the same
function. The particles’ nanoshell allows for a greatly improved surface-enhanced Raman
spectroscopy (SERS) signal, making this platform very attractive for biodetection and
controlled drug release, serving as a promising theranostic tool.

4. Applications

PLGA copolymers tailored in combination with INPs help to broaden the range of
applications in biomedicine for which PLGA can be used. Some of the most explored uses
for these hybrid polymer composites are therapy [97,129,181,182] (e.g., PTT, chemotherapy),
diagnostics [121–123,146] (e.g., MRI, X-ray and PA), theranostics [78,79,96,175] and tissue
engineering [77,155,169,172]. In this section we will briefly discuss several representative
studies of each of these biomedical applications, each presenting different combinations of
PLGA with INPs, in the form of MPs, NPs and macroscopic structures. Different targeting
ligands and drugs are also considered.

4.1. Therapy

Several PLGA-only nanoparticles are already used in the clinic for the treatment of
a variety of conditions (see Table 1). The combination of biocompatible, nontoxic and
biodegradable PLGA nanoparticles with INPs can improve and expand the functionalities
of each individual nanoparticulated counterpart in this area.

A good example is the combination of PLGA nanoparticles with gold nanoparticles for
cancer treatment. In the work by Fazio et al. [95], the authors used a PEG-PLGA copolymer
nanoplatform incorporating AuNPs and SLB for cancer therapy (Figure 4a). In this example,
AuNPs absorb energy and transform it into heat, resulting in hyperthermal cancer therapy
and photothermal drug delivery. Laser-irradiated NPs showed higher drug release when
compared to nonirradiated samples, with a 75% relative release increment in the first 5 h
of drug release (Figure 4b), proving that these NPs have great potential for biomedical
applications. Nevertheless, in vitro and in vivo studies are still required to assess their
biocompatibility and real anticancer potential. In a similar example, Deng et al. [94]
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incorporated AuNPs and the photosensitizer verteprofin (VP) in PLGA nanocomposites
(PLGA@AuNPs-VP). In this case, AuNPs in combination with a photosensitizer can be
used for PDT. In fact, the nanocomposite decreased the viability of pancreatic tumor cells
after laser exposure (31% of live cells treated with PLGA-VP-AuNPs, compared to 44%
of live cells treated only with PLGA-VP nanoparticles, Figure 4c), with an increase in the
production of singlet oxygen, helping in the killing of tumor cells.
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Besides the use of AuNPs, iron oxide NPs have become a suitable partner for PLGA-based
particles. Due to their superparamagnetic properties iron oxide nanoparticles can respond to
an AMF, resulting in the production of heat in a process called magnetic hyperthermia. Fang
et al. [129] synthesized DOX-containing PLGA microspheres coated with Fe3O4 NPs (DOX-
MMS). In vitro and in vivo studies demonstrated that DOX release from the microsphere
increased after exposure to an AMF, resulting in the killing of tumor cells (81.6% of viable 4T1
cells when treated with DOX-MMS versus 10% of viable cells when treated with DOX-MMS
and exposed to an AMF). In vivo studies using 4T1 tumor models have shown that mice
treated with DOX-MMS and exposed to an AMF had reduced tumor growth (3.4 ± 0.6-fold,
compared to 6.2 ± 0.8-fold in the control group and 4.0 ± 0.8-fold in the group treated
with DOX-MMS without an AMF). Interestingly, PLGA coated with Fe3O4 NPs without a
drug (MMS) also resulted in impaired tumor growth after exposure to an AMF, with tumors
being smaller than the DOX-MMS without an AMF group, showing that the effect of the
final formulation is due to a combination of magnetic hyperthermia (thermal therapy) and
enhanced drug release. Fe3O4/PLGA nanoparticles can also be helpful for immunotherapy
purposes, as shown by Saengruengrit et al. [128]. Under an AMF, Fe3O4/PLGA nanoparticles
encapsulating BSA were internalized by macrophages and bone-marrow-derived dendritic
cells. Furthermore, the polymeric particles stimulated the differentiation of immature dendritic
cells in vitro, promoting the expression of proinflammatory surface markers and cytokines.
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In principle, these hybrid PLGA nanocomposites can be used for vaccination purposes since
BSA could be replaced by any real antigen of interest.

Besides applications in the oncology arena, PLGA composites were also investigated
for the treatment of infections. Stankovic et al. [165] and others [19,183] have shown that
PLGA NPs with nano-ZnO and organic-Ag hybrid materials display a bacteriostatic effect
against a wide range of Gram-positive and Gram-negative bacteria, as well as against
the yeast Candida albicans. Therefore, the combination of Ag NPs with PLGA polymers
can be very beneficial in this arena. Takahashi et al. [19] tested the efficacy of PLGA-Ag
NPs against Staphylococcus epidermidis biofilms covered with a thick film of extracellular
polymeric substances (EPS). The antibacterial activity of Ag salts in general and Ag NPs
in particular has been well-characterized [155,184]. The NPs were able to adhere to the
biofilm, and as PLGA degrades the Ag NPs promote the dissolution of the EPS film. The
bacteria were damaged by the interaction with Ag NPs and voids were induced in the
biofilms. Additionally, Ag NPs can cause the separation of the bacterial cell wall, leading to
their death. Furthermore, the interaction of silver ions from the degradation of the Ag NPs
with enzymes and proteins induces the production of ROS, which inhibits bacterial growth
and colony formation, mainly through their reaction with DNA. Furthermore, PLGA
was found to reduce the metal NPs’ aggregation and the Ag toxicity, which potentiates
their antibacterial action. Ag-PLGA nanocomposites were shown to be suitable as a drug
delivery system with high antibacterial activity, treating biofilm infections [19].

In a different scenario, PLGA/INP nanocomposites were shown to reduce ROS and
counteract oxidative stress. In the work of Mehta et al. [167] PLGA MPs were used to
encapsulate cerium oxide NPs (nanoceria—CNPs) together with SOD and catalase enzymes.
Both the organic and the inorganic part of the system act synergistically to help prevent
oxidative stress by scavenging ROS. In vitro studies have shown that the PLGA–nanoceria–
SOD composites were efficiently delivered to macrophages and clearly displayed protection
against environmental oxidative stress. These composites can potentially be applied to
several diseases, such as neurodegenerative disorders and cardiovascular diseases, where
oxidative stress plays a key role in the progression of the disease.

4.2. Diagnostic

Although theranosis is the most sought-after application involving imaging for PLGA-
based materials, they have also been explored for purely diagnostic purposes, with one of
the most common applications being MRI. This is made possible through the combination
of PLGA with INPs with a magnetic character, which can either result in enhanced T1 or T2
MRI signals.

A good example was presented by Bennewitz et al. [146], which used PLGA-encapsulated
MnO nanocrystals for cellular MR imaging. The longitudinal relaxivity, r1 (a measure
of the goodness of a contrast agent for T1-weighted MR imaging), of these composites
was poor when the particles were intact. However, after incubation in acidic media the
r1 increased (35-fold) due to the reduction and dissolution of MnO to free Mn2+. In
the extracellular space the NPs do not release Mn2+ and consequently do not display a
significative T1 contrast. On the other hand, when the composites were internalized by
cells MR images showed enhanced T1 contrast due to the evolution of free Mn2+, allowing
for the tracking of endocytosis [146]. In a different study by Nkansah et al. [123] PLGA
micro- and nanoparticles were used for MRI-based cell tracking, this time through the
encapsulation of magnetite. The magnetic PLGA composites’ degradation is faster in the
first two weeks, displaying a quick decline in the r2* relaxivity and then a gradual decline
during the following 50 days. The composites were nontoxic, and mesenchymal stem
cells labeled with magnetic PLGA composites presented a significant loss of T2* signal as
opposed to Feridex® (a commercial MRI contrast agent) and blank PLGA-labeled cells.
This study showed the utility of the presented composites as contrast agents for MRI-based
cell tracking, being great candidates for clinical translation [123]. A similar study by Tang
et al. [122] also proved the labeling efficiency of Fe3O4-encapsulating PLGA NPs.
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In a different study Lu et al. [121] utilized PLGA MPs containing iron oxide for dual-
modal PA/MRI tracking of tendon stem cells (TSCs) (Figure 5a). To enhance the cell
internalization of the particles they were coated with poly-L-lysine, leading to a positive
surface charge. It was demonstrated that the higher the Fe concentration the higher the PA
and MRI signal achieved (Figure 5b). However, high concentrations of iron (>200 µg/mL)
significantly reduced cell viability. Thus, an optimal concentration to maintain good PA
and MRI signals for cell tracking without significant cytotoxicity was determined to be
around 100 µg Fe/mL. It was observed that TSCs’ position could be tracked by monitoring
the signal intensity at the anatomical sites where they accumulate. The main limitation
of this study was that the labeling of TSCs was not detected in vivo. Nevertheless, the
produced magnetic PLGA MPs demonstrated great potential to be used as a dual-mode
imaging contrast agents.
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The PLGA/INP combination for diagnosis is an ongrowing field that can be helpful
for the study of various diseases where cell degeneration, mutation and growth is a
determinant factor in disease evolution (e.g., cancer, neurodegenerative diseases). Extensive
preclinical studies are already being developed in this field [185]; hence, it is of great
importance to continue to explore it and eventually achieve the clinical translation of viable
PLGA/INP formulations.

4.3. Theranostics

The effective prevention and treatment of diseases require the development of new
strategies, with the aim of diagnosing and treating diseases at an early stage. PLGA/INPs
composites that are able to act as multifunctional agents to achieve these ends have been
extensively studied.

Lee et al. [127] performed an interesting conjugation of PLGA with complex molecules
(mPEG and Ce6) and magnetite (core) to achieve a theranostic PLGA/INP composite.
Ce6 and magnetite were the main functional parts of the system, with Ce6 working as a
fluorescent and PDT agent able to generate ROS and magnetite working as an MRI contrast
agent. It was observed that PLGA/INP composites with Ce6 molecules produced more
ROS than free Ce6 when illuminated with a laser, resulting in a significant inhibition of the
growth of tumors, it being the case that the tumor volume of mice treated with PLGA/INP
composites was between ~1.5–3 times smaller than the ones treated with free Ce6. Even
at low-dose administrations, PLGA composites with Ce6 were more efficient to cause
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tumor regression than free Ce6 administered at high doses. Consistent with this finding,
PLGA/INPs showed a strong fluorescence signal at the tumor site, while free Ce6 had
a very weak signal, proving the ability of multifunctional PLGA/INPs to accumulate in
a tumor site. The encapsulation of Fe3O4 made the polymeric particles suitable for MRI
imaging. In vivo studies showed an enhanced T2* contrast in the tumor when compared
with Feridex®.

Once again, magnetite was the INP of choice in a study by Ye et al. [79], where PLGA
vesicles containing SPIONs, Mn:ZnS QDs and a chemotherapeutic drug were tailored to
be used as cancer theranostic agents. PLGA-SPION-Mn:ZnS vesicles exhibited a high r2*
relaxivity and prominently enhanced the T2* signal in MR imaging. The signal decreased
with the increase in the concentration of PLGA/INPs vesicles (and consequently of iron),
showing that these hybrid composites can be used as negative contrast agents in MRI.
Fluorescence imaging studies with macrophages facilitated by the presence of QDs showed
that the composites had high uptake efficiency. The PLGA/INP vesicles could also be used
as a DDS for the delivery of the lipophilic drug busulfan. The EE% of these drug was
89 ± 2%, and about 70–80% of the drug was released after the first 5 h of dialysis. Studies
on the degradation of PLGA vesicles have suggested that 32% of PLGA degrades into LA
and GA in 5 weeks. This relatively slow degradation behavior of PLGA vesicles combined
with the high entrapment efficiency of busulfan makes this system ideal for sustained drug
release, although further studies are needed to optimize the system release properties to
match the degradation rate of PLGA.

In a different approach, Hao et al. [78] designed PEI-functionalized PLGA NPs com-
bined with gold nanoshells, a targeting ligand (angiopep-2) and DTX, also to be used for
cancer theranostics. The remote activation stimulus of an 808 nm laser on the Au nanoshell
results in a heat-induced release of the cargo. The percentage of released drug increased by
17% compared with the release from nonirradiated composites. The PLGA/INP composites
promoted efficient tumor inhibition with the help of angiogep-2 in addition to the enhanced
permeability and retention effect. The nanocomposites also exhibited the potential for X-ray
imaging applications. CT signal intensity increased with an increase in the concentration
of composites. Overall, the core–shell DTX-loaded PLGA@Au nanocomposites represent
a promising drug delivery system for tumor-targeted chemophotothermal therapy and
X-ray imaging.

Song et al. [96] also proposed the conjugation of PLGA with gold in the form of
AuNRs, where the gold (functionalized with PEG) was embedded in a PLGA shell. The
AuNRs@PEG/PLGA nanocomposites showed good performance in PA image-guided
photothermal therapy due to their optical properties, increased photothermal conversion
efficiency and enhanced light scattering as well as PA signal (Figure 6a). The 60 nm compos-
ites showed an absorbance peak around 800 nm, which made them suitable for irradiation
with an 808 nm laser. The photothermal conversion efficiency of the composites was up
to twofold higher than that of AuNRs alone, due to the strong plasmonic coupling of the
nanorods with the PLGA shell. When irradiated with the 808 nm laser the composites
generated a PA signal and a temperature increase higher than that of free AuNRs. This
temperature increase is essential for the photothermal destruction of the tumor, and the
strong PA signal allows for the monitoring of this process. PA and PET (after labeling with
Cu) imaging confirmed that after an IV injection the nanocomposites accumulated in the tu-
mor region. Additionally, laser irradiation leads to the disassembly of the nanocomposites,
where the PLGA shell degrades over time through the hydrolysis of PLGA ester bonds,
resulting in AuNRs coated only with PEG. At day 10 postinjection the composites were
already cleared from the body, which is essential for future clinical translations. These
AuNR/PLGA nanocomposites were able to completely ablate tumors without reoccurrence
in vivo (Figure 6b), presenting themselves as promising agents to be translated to the clinic
in the near future for image-guided cancer therapy.
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(b) Photographs of the tumor-bearing mice at days 0, 1, 5 and 8 after being treated with the AuNR
vesicles. Reproduced with permission from [95]. Copyright (2015), Wiley VCH. C. (c) Cell viability
of (i) HeLa and (ii) MDA-MB-231cells after 24 h of incubation in the absence and presence of NIR
light irradiation. Reproduced with permission from [97]. Copyright (2015), Wiley VCH; dual-mode
imaging in vivo. (d) T1-weighted MR images and (e) X-ray CT images of (i) control, (ii) 4 h and (iii) 8 h
after treatment. Reproduced with permission from [175]. Copyright (2017), Dovepress. * p < 0.05.

In the work by Topete et al. [97] a core–shell PLGA–gold nanocomposite was loaded
with DOX and functionalized with HSA, noncovalently conjugated with indocyanine green
(ICG) and covalently conjugated with folic acid (DOXO-loaded BGNSH-HSA-ICG-FA).
The produced composites function as a drug release system of a chemotherapeutic drug
through PTT. The gold nanoshell allows for the absorption of NIR (near-infrared) light,
resulting in an increase in the localized heat that promotes efficient drug release, with
irradiated samples releasing approximately 80% of the drug while nonirradiated samples
only release approximately 20%. HSA grants stealth, while folic acid provides specific
targeting. ICG is a NIR probe that can be used for PDT, where the absorption of NIR light
results in the production of singlet oxygen that kills cancer cells. In addition, NIR probes
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can be used for in vivo imaging. Altogether, these nanoconjugates function as imaging
agents and deliver a chemotherapeutic drug, heat and singlet oxygen directly to tumors.
The in vitro treatment of cancer cells with the nanocomposites resulted in increased tumor
cell death in the presence of NIR irradiation when compared to the respective controls
(Figure 6c). This enhanced killing of tumor cells was the result of the synergistic effect of
PDT/PTT. Furthermore, in vivo and in vitro studies showed the potential application of
the nanoplatform as an imaging agent.

In another study, Wang et al. [175] also used AuNRs, but this time they were co-loaded
with DTX in PLGA NPs coated with MnO2 nanofilms. The presence of Au and MnO2 in the
PLGA/AuNR/DTX@MnO2 composites made them suitable for dual-mode imaging, with
the Mn being able to work as a T1 contrast agent in MRI and the gold working as a positive
X-ray CT imaging contrast agent (Figure 6d,e, respectively). Signal generation in both CT
and MRI was indeed confirmed to be PLGA/INP-concentration-dependent. In addition,
the MR signal derived from the MnO2 was enhanced in the presence of higher levels of
glutathione (GSH), indicative of a responsive behavior that will specifically increase the
contrast in the tumor (due to altered redox homeostasis). In terms of therapy, this study
showed that the release rates from the PLGA/INPs were higher in acidic environments
and with higher levels of GSH (from 39.7% to 78.1%). As with the responsive MR signal,
this is due to the surface degradation of MnO2 and is a useful feature to add specificity
to chemotherapeutic treatments. The presence of AuNRs in the particles also made them
suitable for radiofrequency (RF) hyperthermia, which helps in the effectiveness of drug
release. The combination of chemotherapy with the heat generated by the Au during RF
hyperthermia allows for a reduction in the hypoxic area in the center of the tumor, since
hypoxic cells are more sensitive to hyperthermia. The role of AuNRs in RF hyperthermia
was proven in vitro, where it was demonstrated that cell viability significantly decreases
when RF hyperthermia was applied in combination with the PLGA/AuNR/DTX@MnO2
(from approximately 60% to 20%). The same effect was observed in vivo. This indicates
that AuNRs play a key role in this treatment and can in fact produce heat when irradiated
with an RF pulse. Furthermore, AuNR-induced hyperthermia in combination with the
effect of DTX responsive release effectively induced cellular apoptosis.

In summary, the combination of PLGA with INPs is a promising area, particularly in
oncology theranostics, but it is of great importance to continue to optimize and develop new
smart theranostic concepts and agents that have the potential to be translated to the clinic.

4.4. Tissue Engineering

The main application of PLGA in tissue engineering is through the development of
PLGA scaffolds that are capable of inducing bone tissue regeneration to correct ortho-
pedic defects, treat bone neoplasia and pseudoarthrosis or to stimulate recovery after
surgery [11,186,187]. PLGA implants are growing rapidly as an alternative to traditional
implants in many orthopedic applications. Since PLGA boasts a tunable degradation rate,
it is possible to avoid further surgery to remove the implants, as in current clinical practice.

Mikael et al. [169] fabricated PLGA-MP-based scaffolds functionalized with inorganic
MWCNT that render mechanically stronger scaffolds while maintaining good cellular
compatibility for bone tissue engineering and regenerative engineering. The mechanical
strength and compressive modulus of the scaffolds increased significantly with the ad-
dition of 1 and 3 wt% MWCNTs, since the nanotubes reinforced the junctions between
microparticles. Furthermore, scaffolds made with a higher percentage of PLA (85:15 ratio)
were mechanically stronger and degraded at a slower rate. PLGA/MWCNT composite
scaffolds demonstrated their ability to act as substrates for HAp crystal growth, showing
a higher deposition rate than that of pure PLGA scaffolds. In vivo studies did not show
systemic or neurological toxicity. Furthermore, all implants maintained their structural
integrity until week four, when they started to degrade. By weeks eight–twelve biological
tissue started invading the implants. However, at this time point an inflammatory response
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was observed, which should be carefully studied before the translation of these composites
scaffolds can move on.

Sheikh et al. [77] fabricated hybrid PLGA–silk fibroin scaffolds embedded with HAp
NPs, which bring a beneficial synergistic effect from each of their components. PLGA–silk–
HAp scaffolds present an improved swelling and water uptake capacity, which indicates
that they can retain biological fluids, a beneficial feature, upon implantation. The inclusion
of silk in the scaffolds presents several advantages: (i) it increases the hydrophilic character
of PLGA, hence increasing the affinity towards biological fluids, allowing the cells to per-
meate deeper into the scaffold upon implantation; (ii) it improves the mechanical stability
of the scaffold by penetrating PLGA micropores. Moreover, the incorporation of HAp NPs
gives a higher stress-bearing capacity to the scaffold, improving its mechanical properties.
In vitro studies have shown that the scaffolds had great cell infiltration, favorable for the
intended application. In vivo studies have demonstrated that these scaffolds were able to
complete intramembranous ossification at the site of a cavity due to the bone-inducing
agent HAp. Following a very similar strategy, Selvaraju et al. [172] also prepared a hybrid
composite scaffold with collagen (instead of silk) and PLGA embedded with HAp NPs.
This study showed that HAp gives rigidity and stiffness to the nanocomposite. Besides
enhancing the mechanical properties of the PLGA polymer, HAp also increases the thermal
and conformational stability of collagen. The composite was nontoxic to healthy cells, being
ideal to act as a scaffold. The degradation rate of the scaffold was studied for a period of
45 days and showed a minimum weight loss of 2%, which remained constant over time.
Overall, both of these PLGA/INP scaffolds are great candidates for use in bone tissue
engineering and clinical translation.

In a recent study, Pelaseyed et al. [170] created PLGA scaffolds (prepared as a foam)
embedded with a TiO2 nanopowder. For applications in bone tissue regeneration the
scaffolds should be highly porous (exhibiting micro- and macroporosity) to support cell
seeding, adhesion and ingrowth proliferation. The incorporation of TiO2 into a PLGA
matrix can improve these features, since PLGA itself is restricted by poor osteoconductivity.
The prepared composite foam presented highly interconnected porous structures, which
can be tuned by controlling PLGA concentration, freezing rate and cooling temperature.
TiO2 NPs led to a decrease in pore size in the scaffolds. Additionally, the uniformly
dispersed TiO2 particles in PLGA and the interaction between these two components
improved the mechanical properties of the scaffolds. TiO2 in low concentrations (5 and
10 wt%) contributed to the decrease in the degradation rate of the polymer and the presence
of this ceramic nanomaterial enhanced the bioactivity of PLGA. The prepared scaffolds
were suitable for cell attachment, proliferation and nutrient transfer, and presented good
mechanical properties, ideal again for applications in bone regeneration.

With a different goal in mind, Haider et al. [155] synthesized an antibacterial PLGA
nanofiber scaffold composite incorporating CuO NPs. The fabricated hybrid PLGA/CuO
nanocomposite fibbers were first studied as antibacterial materials through disc diffusion
and optical density methods. In both methods the scaffolds produced zones of inhibition
against E. coli and S. aureus. The hybrid scaffolds showed efficient inhibition of bacterial
growth through the penetration of CuO or Cu2+ ions across the cell membrane as well as
the generation of ROS; the adhesion of CuO NPs to proteins present in the bacterial cell
wall caused bacterial death. The studies also proved that Cu2+ ions were released from the
scaffolds in a sustained manner, enabling the antibacterial activity for longer periods of
time. In vitro studies have shown that fibroblast cells had a good adherence, spreading and
proliferating in the hybrid composite scaffolds, proving their good cytocompatibility and
nontoxic nature. The results demonstrated that the PLGA/CuO nanofiber scaffolds have
great potential to be used as internal and/or external wound dressing material.

Singh et al. [80] used PLGA MPs to produce hybrid PLGA scaffolds containing nanoce-
ria, an INP that mimics the activity of SOD and catalase enzymes. In vitro studies have
shown that the release of nanoceria from PLGA is slower than that of most drugs, since
it relies on polymer degradation. The released INPs displayed a higher SOD activity in
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acidic media due to a higher presence of Ce ions. The produced MPs and scaffolds were
biocompatible and the nanoceria particles were released in a slow and controlled fashion,
being ideal as antioxidant treatments.

5. Conclusions

Currently, PLGA-based materials designed for biomedical applications are a subject
of great interest, both at the research and industrial levels. The present review provides a
compilation of several hybrid inorganic nanoparticle/PLGA-based composites in the nano-,
micro- and macrorange and showcases the versatility of this family of materials. These
hybrid materials have proved their superiority in terms of physicochemical features, bio-
compatibility, morphology and multifunctionality. Most of the discussed hybrid materials
present a simple and straightforward synthesis, offering a great advantage over other kinds
of materials since the synthesis can be easily adapted to fit a plethora of applications. The
inorganic materials to be combined with PLGA often determine their final purposes, as do
the organic therapeutic agents (proteins, DNA and drugs) that can be loaded onto the PLGA
platform. Multifunctional PLGA-based composite materials allow for the combination of
different applications that result in enhanced diagnostic and therapeutic outcomes. PLGA
materials and nanocomposites represent a step forward in the biomedicine field and show
great promise for further improvements in the theranostic, therapeutic, diagnostic and
tissue engineering areas.
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Abbreviations

Ag NPs Silver NPs;
AMF Alternating magnetic field;
AuNPs Gold NPs;
AuNRs Gold nanorods;
BPLP Biodegradable photoluminescent polyester;
CAs Contrast agents;
Ce6 Chlorin e6;
CNPs Cerium oxide NPs;
CNTs Carbon nanotubes;
CTAB Cetyltrimethylammonium bromide;
DCM Dichloromethane;
DDS Drug delivery system;
DOX Doxorubicin;
DTX Docetaxel;
EE% Encapsulation efficiency;
EMA European Medicines Agency;
ESD Emulsification–solvent diffusion;
ESE Emulsification–solvent evaporation;
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FDA U.S. Food and Drug Administration;
GA Glycolic acid;
GSH Glutathione;
HAp Hydroxyapatite;
HIFU High-intensity focused ultrasound;
INPs Inorganic NPs;
LA Lactic acid;
MES 2-(N-morpholino) ethanesulfonic acid;
MNPs Magnetic NPs;
mPEG Methoxy poly(ethylene glycol);
MPs Microparticles;
MRI Magnetic resonance imaging;
Mw Molecular weight;
MWCNTs Multiwalled carbon nanotubes;
NIR Near-infrared;
NPs Nanoparticles;
O/O Oil-in-oil;
O/W Oil-in-water;
PA Photoacoustic;
PCL-PEG Poly(ε-caprolactone-b-ethylene glycol);
PDT Photodynamic therapy;
PEG Poly(ethylene glycol);
PEI Polyethyleneimine;
PFH Perfluorohexane;
PGA Poly(glycolic acid);
PLA Poly(lactic acid);
PLGA Poly lactic-co-glycolic acid;
PTT Photothermal therapy;
PTX Paclitaxel;
PVA Polyvinyl alcohol;
PVP Polyvinylpyrrolidone;
QDs Quantum dots;
RF Radiofrequency;
ROS Reactive oxygen species;
SLB Silibinin;
SOD Superoxide dismutase;
SPIONs Superparamagnetic iron oxide nanoparticles;
SPR Surface plasmon resonance;
TSC Tendon stem cells;
US Ultrasound;
VIP Vasoactive intestinal peptide;
VP Verteporfin;
W/O Water-in-oil;
W/O/O Water-in-oil-in-oil;
W/O/W Water-in-oil-in-water.
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Abstract: The sublingual mucosa is an attractive route for drug delivery, although challenged by a
continuous flow of saliva that leads to a loss of drug by swallowing. It is of great benefit that drugs ab-
sorbed across the sublingual mucosa avoid exposure to the harsh environment of the gastro-intestinal
lumen; this is especially beneficial for drugs of low physicochemical stability such as therapeutic
peptides. In this study, a two-layered hybrid drug delivery system was developed for the sublingual
delivery of the therapeutic peptide desmopressin. It consisted of peptide-loaded mucoadhesive
electrospun chitosan/polyethylene oxide-based nanofibers (mean diameter of 183 ± 20 nm) and a
saliva-repelling backing film to promote unidirectional release towards the mucosa. Desmopressin
was released from the nanofiber-based hybrid system (approximately 80% of the loaded peptide
was released within 45 min) in a unidirectional manner in vitro. Importantly, the nanofiber–film
hybrid system protected the peptide from wash-out, as demonstrated in an ex vivo flow retention
model with porcine sublingual mucosal tissue. Approximately 90% of the loaded desmopressin was
retained at the surface of the ex vivo porcine sublingual mucosa after 15 min of exposure to flow rates
representing salivary flow.

Keywords: sublingual delivery; biopharmaceuticals; peptide drug delivery; electrospinning;
mucoadhesion; ex vivo flow retention model

1. Introduction

Biopharmaceuticals—e.g., peptides and proteins—are the fastest growing group of
drugs [1]. Peptides and proteins are highly potent and specific, but suffer from a low
physicochemical stability; poor absorption across biological membranes; and, as a con-
sequence, low bioavailability [2]. The primary route of administration of peptides and
proteins is therefore via injections, which is inconvenient and often associated with poor
patient compliance; new approaches for non-injectable formulations of peptides and pro-
teins are therefore needed. The sublingual route is an attractive, non-invasive alternative
site of administration as the mucosa is non-keratinized, highly vascularized, and consists
of only 8–12 cell layers and thus has a reasonably low thickness (100–200 µm) compared
to the much thicker buccal mucosa [3]. Furthermore, drugs delivered via the oral cavity
avoid the harsh environment of the gastro-intestinal tract and bypass the hepatic first-
pass metabolism. These factors are beneficial for drugs, which are prone to enzymatic
degradation and sensitive to the low pH of the stomach [4]. Formulations for sublingual
administration can easily be handled by the patient as the ventral side of the tongue is
readily accessible and the quick removal of the formulation is possible if needed. Further,
such formulations can be administered without water, which is beneficial for patient groups
with swallowing difficulties—e.g., the elderly or small children [5].
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Sublingual administration of peptides and proteins is challenged by a continuous
flow of saliva (total volume of saliva of 0.5–2 L/day) that may lead to the swallowing
of the drug or drug delivery system and the subsequent degradation of the drug in the
gastro-intestinal tract [6]. Even if not swallowed, the dilution of drug in the saliva impairs
absorption by decreasing the amount of drug available at the site of absorption and thus
also the drug concentration gradient across the mucosal epithelium, the most significant
biological barrier to the absorption of the drug. Through a rational design, mucoadhesive
drug delivery systems can protect the drug by encapsulation, retain the drug at the site of
application for a prolonged period by controlled drug release, and thus not only increase,
but also maintain the drug concentration gradient across the tissue, leading to the improved
absorption of drug and therefore higher systemic bioavailability.

Electrospun nanofibers are especially suitable for topical administration on, e.g., the
sublingual mucosa because of their high surface area to volume ratio and tunable mechani-
cal properties, which can make them flexible enough to bend to the curved mucosal surfaces
in the mouth. We have previously demonstrated a robust protocol for the electrospinning
of biocompatible chitosan/polyethylene oxide (PEO) nanofibers [7] and demonstrated their
suitability for sublingual administration because of their mucoadhesive properties [8]. The
use of electrospun nanofibers has been explored for the oromucosal delivery of peptides
and proteins, including insulin [9–11], FITC-labelled albumin [12], and lysozyme [13].
Reports aiming to achieve peptide delivery by the sublingual route are rare [9].

The therapeutic peptide desmopressin is used for the treatment of, amongst others,
nocturnal enuresis, diabetes insipidus and hemophilia A. This peptide is currently adminis-
tered either as a solution by intravenous or subcutaneous injection, as a nasal spray, or as a
freeze-dried sublingual tablet. The bioavailability of desmopressin after sublingual admin-
istration of a freeze-dried fast-dissolving tablet is, however, reported to be only ~0.25% [14],
leaving room for improvement. Desmopressin is a relatively small peptide; it is modified
from the structure of vasopressin (an endogenous hormone with a half-life in plasma of
10–35 min) to display a higher stability (half-life in plasma ~160 min) and 10 times higher
antidiuretic potency and 1500 times lower vasoconstricting potency compared to its natural
analogue [15].

In this work, a combination of mucoadhesive electrospun chitosan/PEO nanofibers
that facilitate the controlled release of desmopressin and a local high concentration at the
site of application, and a water-repelling backing film that ensures unidirectional release
and prevents the wash-out of peptide by saliva, were assessed for the sublingual delivery
of the therapeutic peptide desmopressin. The protection of desmopressin from wash-out
by saliva subsequent to the sublingual administration of the nanofiber–film hybrid system
was also evaluated ex vivo.

2. Results and Discussion
2.1. Clinically Relevant Doses of Desmopressin Loaded in Nanofiber–Film Hybrid System

A two-layered hybrid drug delivery system, which consisted of a mucoadhesive
electrospun chitosan-based nanofiber mat and a saliva-repelling backing film (Figure 1a),
was developed. It is important to note that the peptide delivery system is considered
biocompatible, as all selected excipients are biocompatible, and the electrospun nanofibers
were prepared using a minimum amount of acetic acid (0.7% (w/w)). The therapeutic
peptide desmopressin was encapsulated within the nanofibers by co-electrospinning. Then,
a saliva-repelling backing layer was sprayed onto the fiber mat as a thin film based on
ethyl-cellulose. The food coloring iron oxide, a red pigment insoluble in water, was also
included in the film to provide a visual discrepancy in the orientation of the nanofiber–film
hybrid system (Figure 1b). As visualized by scanning electron microscopy (SEM), close
connection between the fibers and the thin coherent film was achieved (Figure 1c). The
peptide-loaded nanofibers were smooth, uniform, and without artifacts such as beading
(Figure 1d), with an average diameter of 183 ± 20 nm (mean ± standard deviation (SD))
and with a narrow size distribution. The average diameter of the nanofibers is similar
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(168 ± 38 nm) to that of electrospun chitosan/PEO nanofibers prepared under the same
conditions without the peptide [8].

The loading of desmopressin in the nanofibers was 8% (w/w). The weight of a 10 mm
nanofiber disc (Figure 1b) was in the range of 1.5–3 mg; hence, the fiber discs provide a
theoretical loading of desmopressin of 120–240 µg per disc, which is equivalent to the dose
of desmopressin in the freeze-dried, sublingual tablets already on the market. Marketed
freeze-dried tablets with desmopressin for sublingual administration (Minirin® by Ferring
Pharmaceuticals) contain 60, 120, or 240 µg of desmopressin per dose. Thus, clinically
relevant doses of desmopressin per nanofiber patch were achieved.

Figure 1. Properties of the desmopressin-loaded nanofiber–film hybrid system. (a) Schematic
representation of the nanofiber–film hybrid system. (b) Image of a 10 mm disc of the two-sided
nanofiber–film hybrid system. (c) Cross-section of peptide-loaded nanofiber–film hybrid system
visualized by SEM. (d) Desmopressin-loaded chitosan/PEO nanofibers visualized by SEM. The size
distribution of the nanofibers is given. The diameter is presented as mean ± SD. N = 3, n = 100, where
N is the number of individual batches of nanofibers produced, and n is the number of nanofibers
measured per batch.

2.2. Nanofiber–Film Hybrid System Ensures Controlled and Unidirectional Release of Desmopressin

A thin water-repelling backing film was applied to the mucoadhesive nanofiber layer
to facilitate the unidirectional release of desmopressin, and, furthermore, to protect the
drug delivery system and released therapeutic peptide from wash-out by saliva. The
unidirectional and controlled release of desmopressin from the nanofibers and the barrier
function of the water-repelling backing film were evaluated by determining the release
of desmopressin into both sides of a diffusion cell (Ussing chamber) separated by the
nanofiber–film hybrid system (Figure 2a). In the absence of the backing-membrane used as
a control, approximately 50% of the loaded peptide was released from the nanofibers in the
left and right chambers—i.e., it did not show a unidirectional release. We have previously
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demonstrated that electrospun chitosan/PEO nanofibers display extraordinary swelling
properties and can swell >1000% (w/w) within 15 min of exposure to water [1]. Thus, a
fast release of the highly water-soluble peptide desmopressin was therefore expected. Ac-
cordingly, approximately 80% of the encapsulated desmopressin was released fast (within
20 min) from the nanofibers, and the complete release of desmopressin, represented by the
amount detected in both chambers, was observed after approximately 60 min (Figure 2b).
In the presence of a water-repelling backing film, the unidirectional release of desmopressin
from the nanofiber–film hybrid system was achieved, as <1% of the encapsulated desmo-
pressin was detected in the left chamber fronting the backing membrane and approximately
80% of the loaded desmopressin was released within 45 min to the right receiver chamber
fronting the nanofiber layer (Figure 2b). In total, 100% of desmopressin was released from
the fiber–film hybrid system within 1 h (Figure 2b). This confirms that the nanofiber–film
hybrid system indeed ensures the unidirectional and complete release of the encapsulated
therapeutic peptide. The average cumulative release of desmopressin exceeded 100% after
≥90 min, but the cumulative release was not statistically significant different from 100% at
any time point. A slight evaporation of the release medium over time at 37 ◦C can cause
the average cumulative release of desmopressin to exceed >100% for some samples. The
release of peptide was determined from 2–3 areas of the same electrospun nanofiber mat,
and three individual nanofiber mats were evaluated. In general, no significant difference in
peptide release was found between the individual areas nor mats, which is indicative of a
homogenous distribution of peptide in the electrospun nanofibers.

Figure 2. Nanofiber–film hybrid system facilitates unidirectional release of desmopressin. (a) Ex-
perimental setup used for studying the release of desmopressin from the nanofibers. The release of
desmopressin into both chambers (in the Ussing chamber setup) separated either by the nanofibers or
by the nanofiber–film hybrid system was determined. (b) Release of desmopressin from nanofibers
or the nanofiber–film hybrid system in the left (blue) and right (red) Ussing chamber, respectively,
as depicted in (a). The cumulative release was based on a loading of 8% (w/w) desmopressin in the
chitosan/PEO nanofibers. The data are presented as mean± SD. N = 3, n = 2–3, where N represent the
number of individually prepared nanofibers/hybrid systems and n is the number of measurements
per system.

2.3. Nanofiber–Film Hybrid System Protects Peptide from Wash-Out

Sublingual drug delivery is challenged by a continuous flow of saliva that leads to the
wash-out of the drug delivery system and/or drug, which are subsequently swallowed.
We have previously demonstrated the good mucoadhesive properties of electrospun chi-
tosan/PEO nanofibers for the sublingual mucosa [8]. We hypothesize that a combination
of the mucoadhesive properties of the electrospun chitosan-based nanofibers and the pro-
tective function of the backing film will facilitate the close adhesion of the nanofiber–film
hybrid system to the sublingual region, and furthermore, protect desmopressin from wash-
out by saliva. The ability of the nanofiber–film hybrid system to prohibit the wash-out of
desmopressin was investigated by a flow retention model using ex vivo porcine sublingual
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mucosa (Figure 3a). The flow rate of whole saliva in humans is reported to be around
0.3 mL/min without stimulation and up to 7 mL/min during stimulation by mastication,
etc. [16]. The flow rate used in this experimental setup was 0.5 mL/min, and thus was
within the average salivary flow rate in vivo. Isotonic buffer with 0.05% (w/v) bovine
serum albumin (BSA) with a pH of 6.8, which is the average pH of saliva secreted without
stimulation [17], was used as the medium. The mucosa from the ventral side of the porcine
tongue was chosen as the surface of adhesion as it, like the human sublingual mucosa, is
non-keratinized, it has rete ridges, and its epithelium thickness is similar to that found in
man [18,19].

Figure 3. Nanofiber–film hybrid system protects desmopressin from wash-out by saliva. (a) Ex vivo
porcine sublingual mucosa was mounted on a support with an angle of 16◦ and the retention of
desmopressin on the tissue was evaluated over time. Created by Biorender.com. (b) Retention of
desmopressin dosed in nanofibers with and without a saliva-repelling backing film on ex vivo porcine
sublingual mucosa. N = 4, where N specifies the number of biological replicates.

MiniRin® desmopressin freeze-dried tablets dissolved immediately when exposed to
moisture, and thus the tablet disintegrated within seconds and was quickly washed off the
ex vivo porcine sublingual mucosa after initiating the flow. The content of desmopressin
released from the commercial tablets was not quantified due to the presence of gelatin
in the tablets, which interfered with the analysis method. In contrast, the nanofibers,
irrespective of the presence of a protective backing film, adhered strongly to the ex vivo
porcine sublingual mucosa throughout the duration of the experiment. Desmopressin
was quickly released and washed out of the nanofibers without a protective backing-film,
al-though it was lost in significantly less time than desmopressin released from MiniRin®

freeze-dried tablets. Hence, the mucoadhesive nanofibers alone retained desmopressin
significantly longer on the tissue in comparison to the marketed tablet. In accordance with
the hypothesis, the nanofiber–film hybrid system further protected desmopressin from
wash-out and retained approximately 90% of the loaded desmopressin on the tissue after
15 min of exposure to flow.

Mucoadhesive drug delivery systems, ensuring unidirectional release, thus not only
limit loss of drug by wash-out, but also provide an advantageous increase in the residence
time of the drug on the mucosal tissue, the site of absorption. Furthermore, a local en-
vironment with a high drug concentration can be achieved between the adhesive drug
delivery system and the sublingual mucosa. This increases the concentration gradient of
the drug across the mucosal barrier and can lead to improved absorption. Furthermore,
the local treatment of, e.g., lesions in the oral mucosa is possible if wash-out is prevented.
Site-specific drug delivery can limit exposure to other sites in the oral cavity in general,
which is beneficial for drugs with an unpleasant taste and mouthfeel or teeth staining.
Some drugs may indeed induce side-effects upon swallowing, which can be avoided if
they are efficiently absorbed from the oral mucosa. Thus, electrospinning is an interesting
approach to produce solid dosage forms for mucosal application, as this method benefits
from short processing times, mild drying conditions and prospects for industrial scalabi-lity,
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continuous manufacturing, as well as reduced cost [20,21]. Additional benefits are that
biopharmaceuticals, formulated as solid dosage forms, display improved drug stabi-lity
and offer easier handling for patients or healthcare personnel, as well as a reduced cost of
transportation [20].

3. Materials and Methods
3.1. Materials

Chitoceuticals chitosan 95/100 (degree of deacetylation 96%, Mw 100–250 kDa, chitosan-
96) was purchased from Heppe Medical Chitosan (Halle, Germany). Polyethylene oxide
(Mw 900 kDa, PEO), bovine serum albumin (BSA), acetic acid anhydride, Hank’s balanced
salt solution (HBSS), Dulbecco’s phosphate buffered saline (PBS), glycerol (≥99%), tributyl
citrate and ethyl cellulose, trifluoroacetic acid (TFA), and acetonitrile were obtained from
Sigma Aldrich (St. Louis, MO, USA). N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic
acid (HEPES) was obtained from PanReac AppliChem (Darmstadt, Germany). Iron(III)
oxide (Secovit® E172) was from BASF (Copenhagen, Denmark). Desmopressin as TFA salt
(purity > 98%) was obtained from SynPeptide (Shanghai, China). MiniRin® freeze-dryed
tablets-60 µg desmopressin (Ferring Pharmaceuticals, Copenhagen, Denmark) were pur-
chased through the Association of Danish Pharmacies. Ultrapure water (18.2 MΩ × cm)
purified by a PURELAB flex 4 (ELGA LabWater, High Wycombe, UK) was used.

3.2. Electrospinning of Chitosan/PEO Nanofibers with Desmopressin

The chitosan/PEO nanofibers were produced according to Stie et al., 2019 [7]
(Figure 4a). Briefly, a 2% (w/w) clear solution of chitosan in 0.7% (w/w) acetic acid was
prepared in ultrapure water and 4% (w/w) PEO was dissolved in ultrapure water. Both
solutions were stirred for two days at room temperature (RT) to ensure the complete hydra-
tion of the polymers. To obtain a 1:1 (w/w) ratio of chitosan:PEO and a 8% (w/w) loading
efficiency of the peptide, 1.8 g of 2% (w/w) chitosan and 0.9 g of 4% (w/w) PEO were
mixed and stirred for at least 15 min, and hereafter, mixed with 8 mg desmopressin-TFA
(corresponding to 6.6 mg desmopressin). The polymer-peptide solution was stirred for at
least 30 min before electrospinning from a 1 mL syringe with a 20 G blunt needle (Photo-
Advantage, Ancaster, ON, Canada) by an ES50P-10W high voltage source set to 20 kV.
The temperature was controlled in the range 23–25 ◦C and a low humidity (<25% relative
humidity) was maintained by a continuous flow of dry air. The nanofibers were collected
on aluminum foil on a stainless steel collector plate placed 15 cm from the tip of the needle.
The fibers were stored in a desiccator at 4 ◦C to avoid absorption of water and to preserve
the stability of desmopressin. Further experiments were conducted within two weeks of
the preparation of the electrospun nanofibers.

Figure 4. Preparation of the nanofiber–film hybrid system. (a) Electrospinning of chitosan/PEO
na-nofibers with desmopressin as described in Section 3.2. (b) Spraying of film on nanofibers as
described in Section 3.3. Created by Biorender.com.
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3.3. Preparation of Nanofiber–Film Hybrid System

Ten-millimeter discs of peptide-loaded nanofibers were punched out from the main
mat and weighed to determine the exact loading of desmopressin per disc. Amounts of
141 mg of acetyl tributyl citrate, 47 mg glycerin, and 750 mg ethyl cellulose were dissolved
in 15 mL ethanol (absolute) and stirred overnight at room temperature. Iron oxide was
added and the solution was stirred for at least 30 min. The film was sprayed directly on
the 10 mm discs of nanofibers employing an airbrush (Model BD-134, Custom Colors,
Jyderup, Denmark) (Figure 4b). The fibers were fixed on an aluminum plate with holes
under vacuum to avoid movement of the fibers as a result of the air flow from the airbrush
during the application of the film-forming material by spraying.

3.4. Visualization of Nanofiber Morphology by Scanning Electron Microscopy

The morphology of the nanofibers was visualized by scanning electron microscopy
(SEM), as previously described by Stie et al., 2019 [7]. The fiber–film hybrid system was
cut with a scalpel and mounted vertically on the carbon tape to achieve an image of the
cross-section of the fiber–film hybrid system. The average diameter of the nanofibers
was determined using the Image J version 1.51j8 software (National Institute of Health,
Bethesda, MD, USA) by measuring 25 individual fibers from four areas of interest from a
total of three individual batches of electrospun nanofibers loaded with desmopressin.

3.5. Release of Desmopressin from Fiber–Film Hybrid System in Ussing Chambers

Discs of nanofibers (diameter 10 mm, weight 2–3 mg) or the nanofiber-film hybrid
system were fixed in Ussing sliders with a diffusion area of 0.4 cm2 and placed in a side-by-
side diffusion cells apparatus EM-CSY-8 Ussing chambers (Physiologic Instruments, San
Diego, CA, USA), with 2 mL of 10 mM HEPES in HBSS pH 6.8 with 0.05% (w/v) BSA in
each chamber, and incubated at 37 ◦C for 3 h. Samples of 100 µL were collected from each
chamber at various time intervals and replenished with 100 µL warm 10 mM HEPES in
HBSS pH 6.8 with 0.05% (w/v) BSA. The samples were centrifuged (10,000 rpm/9279× g,
10 min, 5 ◦C) and the concentration of desmopressin was determined by high-performance
liquid chromatography with UV detection (HPLC-UV, Experimental Section 3.7). The
cumulative release of desmopressin (M) was determined according to Equation (1).

M = VS·
(

n

∑
n=1

Cn−1

)
+ Cn·VT (1)

where VS is the sample volume (100 µL), Cn is the concentration of desmopressin at
time point n, and VT is the total volume of the receiver Ussing chambers (2 mL). The
cumulative peptide release in percent (%) was calculated based on the theoretical loading
of desmopressin of 8% (w/w) and a diffusion area of 0.4 cm2.

3.6. Ex Vivo Flow Retention Model

The ex vivo flow retention setup was inspired by Madsen et al. [17]. Sublingual porcine
tissue from healthy pigs (approximately 30–60 kg, Danish Landrace/Yorkshire/Duroc) was
collected immediately after euthanization and kept in PBS on ice until use on the same day
as harvesting of the tissue. Thin sections (0.5–0.7 mm) of the ventral side of the tongue were
obtained by means of an electric dermatome (Zimmer Biomet, Alberts-lund, Denmark).
The sublingual mucosa was mounted on a rubber pad with pins at an angle of 16◦ and
placed on a heating plate to achieve a temperature of approximately 37 ◦C of the tissue.
The ex vivo sublingual mucosa was equilibrated for 10–15 min in warm (37 ◦C) 10 mM
HEPES in HBSS pH 6.8 with 0.05% (w/v) BSA with a flow of 0.5 mL/min from two 13 G
needles placed above the tissue and the flow was controlled by a syringe pump (11 Elite,
Harvard Apparatus, Holliston, MA, USA). 10 mm discs of electrospun nanofibers, with or
without backing, or a MiniRin® freeze-dried tablet (60 µg desmopressin) were placed on
the mucosal tissue and flushed with warm (37 ◦C) 10 mM HEPES in HBSS with 0.05% (w/v)
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BSA, pH 6.8 with a flow of 0.5 mL/min for 15 min controlled by a syringe pump (11 Elite,
Harvard Apparatus, Holliston, MA, USA). Samples of 100 µL of the eluate were collected
after 1, 2, 3, 5, 7.5, 10, 12.5 and 15 min and centrifuged (10,000 rpm/9279× g, 10 min,
5 ◦C). The concentration of desmopressin was determined by HPLC-UV (Experimental
Section 3.7). As gelatin from the MiniRin® tablets interfered with the HPLC-UV method, the
concentration of desmopressin released from the freeze-dried tablets was not determined.
The retention of desmopressin was determined according to Equation (2).

Peptide wash out (mg) = VS·
n

∑
n=1

Cn−1 + Cn·
(

VT −
n

∑
n=1

Vn−1

)
(2)

where VS is the eluate sample volume (100 µL), Cn is the concentration of desmopressin at
time point n, VT is the total volume of eluate at time point n based on a flow of 0.5 mL/min,
and ∑n

n=1 Vn−1 is the sum of the eluate volumes sampled at time point n − 1. The retention
of desmopressin in percent (%) was determined based on a theoretical loading of 8% (100%
peptide retention) (w/w).

3.7. Quantification of Desmopressin by HPLC-UV

Desmopressin was quantified by HPLC-UV (λ218 nm) on a Shimadzu Prominence
system (Kyoto, Japan) with an Aeris peptide XB-C18 column (100 × 2.1 mm, 3.6 µm,
Phenomenex, Torrance, CA, USA). Desmopressin was eluted from 10 µL samples with a
gradient 0→40% eluent B in eluent A over 8 min at 0.8 mL/min at 40 ◦C, where eluent A
consisted of 95:5:0.1% (v/v) acetonitrile:water:TFA and eluent B of 5:95:0.1% (v/v) acetoni-
trile:water:TFA. The samples were stored at 4 ◦C during analysis. The limit of detection
and limit of quantification were 0.09 µg/mL and 0.26 µg/mL, respectively.

4. Conclusions

The therapeutic peptide desmopressin was encapsulated within mucoadhesive elec-
trospun chitosan/PEO nanofibers intended for sublingual delivery. A two-layered hybrid
drug delivery system was developed by combining a saliva-repelling backing film with
the nanofibers to ensure unidirectional drug release. The nanofibers displayed a unidi-
rectional, controlled, and fast release of desmopressin with an approximately 80% release
of the loaded peptide from the nanofiber-based hybrid system within 45 min. Impor-
tantly, the nanofiber–film hybrid system showed resilience to saliva flow and retained
approximately 90% of the desmopressin loaded on the tissue after 15 min of exposure to
flow. This can potentially improve the absorption of peptide, but also potentially improve
the absorption of small molecular drugs across the mucosae. Mucoadhesive electrospun
na-nofibers are considered promising carriers for peptide delivery via mucosal routes upon,
e.g., sublingual administration.
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Abstract: Polymeric nanocomposites (PNC) have an outstanding potential for various applications
as the integrated structure of the PNCs exhibits properties that none of its component materials
individually possess. Moreover, it is possible to fabricate PNCs into desired shapes and sizes, which
would enable controlling their properties, such as their surface area, magnetic behavior, optical prop-
erties, and catalytic activity. The low cost and light weight of PNCs have further contributed to their
potential in various environmental and industrial applications. Stimuli-responsive nanocomposites
are a subgroup of PNCs having a minimum of one promising chemical and physical property that
may be controlled by or follow a stimulus response. Such outstanding properties and behaviors
have extended the scope of application of these nanocomposites. The present review discusses the
various methods of preparation available for PNCs, including in situ synthesis, solution mixing,
melt blending, and electrospinning. In addition, various environmental and industrial applications
of PNCs, including those in the fields of water treatment, electromagnetic shielding in aerospace
applications, sensor devices, and food packaging, are outlined.

Keywords: polymeric nanocomposites; sensing; electromagnetic shielding; water treatment; food
packaging

1. Introduction

Polymeric nanocomposites (PNCs) are important materials for industrial as well as
research purposes and are used widely in packaging, energy, safety, transportation, elec-
tromagnetic shielding, defense systems, sensors, catalysis, and information industry [1–3].
PNCs could resolve several problems and daily challenges of the real world, conferring
great future potential to these materials. PNCs are designed based on the principle of
size and surface area being associated with much higher reactivity [4]. PNCs are hybrid
materials composed of polymers as the matrix and nanomaterials as the nanofillers. PNCs
exhibit unparalleled multi-functions due to the incorporation of multi-components into an
integrated compatible structure, which enables PNCs to be highly applicable in various
electronic, magnetic, and optical applications [5,6]. Two types of polymers are available—
natural and synthetic. Natural polymers are the ones that occur in nature, from where these
may be extracted for use. Natural polymers are often water-based, such as silk, wool, DNA,
cellulose, and proteins [7]. Synthetic polymers, on the other hand, include those that are
prepared synthetically, such as nylon, polyethylene, polyester, Teflon, and epoxy. Different
inorganic nanofillers, including nanoclays, metal-oxide nanoparticles, carbon nanomateri-
als, and metal nanoparticles, may be incorporated within a polymer matrix to prepare a
PNC with improved properties specific to a particular application [8]. The enhanced prop-
erties of the fabricated PNC are a consequence of the uniform distribution of nanofillers
within the polymer matrix. However, when the nanomaterial fillers aggregate within the
polymer matrix due to the Van der Waals forces among the nanoparticles, the effective
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and desired properties of the fabricated PNC may exhibit a decline [9,10]. This problem
could be resolved by the use of nanomaterials with modified/functionalized surfaces,
which would result in enhanced dispersion of the nanofillers within the polymer matrix
through the enhancement of the reaction and compatibility between the nanofillers and the
polymer matrix at their interface [11]. The surface functionalization of the nanofillers may
be achieved by fabricating an organic coating through a physical or chemical reaction which
would generate a PNC for advanced applications [12,13]. Several applications are reported
for such fabricated PNCs in different fields [3,14]. Among these are the stimuli-responsive
polymers, or smart polymers as these are alternatively referred to, which exhibit remarkable
changes in their properties, in terms of responding to even the slightest changes in the
environmental conditions. Stimuli-responsive polymers are sensitive to certain triggers
from their external environment, including changes in the temperature, light, electrical field,
magnetic field, and chemicals. The present review discusses such polymer nanocomposites,
including their preparation methods and applications in the fields of water treatment,
electromagnetic shielding in aerospace applications, sensor devices, and food packaging,
among others.

2. Preparation Methods

The preparation of PNCs involves the incorporation of different nanofillers into the
polymer matrix [15,16]. PNCs may be fabricated using various techniques, such as in
situ synthesis, solution mixing, melt processing, electrospinning, etc. The selection of the
preparation method depends on various parameters, such as the polymeric system used,
the target application field, particle distribution, size, etc. [17,18] The various methods of
preparation available for PNCs are discussed below.

2.1. In Situ Synthesis

The in situ synthesis of PNCs includes several steps. The first step is the synthesis of
the nanomaterial in the presence of polymer. The second step, as illustrated in Figure 1, is
the synthesis of the PNC through the polymerization of monomers in the presence of the
synthesized nanomaterial. The third step is the simultaneous synthesis of both polymer
and nanomaterial. The main advantage of the in situ synthesis of PNCs is that it enables
achieving high uniform dispersion of nanofillers throughout the polymer matrix, which
improves compatibility and enables high interaction at the interface [19,20]. Several types
of PNCs with different characteristics may be fabricated using the in situ method. The
characteristics of the fabricated material would depend on the nature of the nanoparticle
precursor and the polymer used. In the preparation of high-quality PNCs, two challenges
are mainly encountered: (i) the dispersion of the nanoparticles within the polymer matrix
and (ii) the interaction between the polymer and the nanoparticles at their interface. These
challenges may be overcome by controlling several factors, such as using a suitable solvent,
the appropriate functionalization route and selective dispersion techniques [21].

The in situ synthesis method requires several starting materials, such as the polymer,
monomer, precursor, nanoparticles, etc. The additional requirements include glass, heat
source, long duration, and high energy for conducting the chemical reactions. While in situ
synthesis is a promising method for obtaining PNCs with uniform and well-defined struc-
tures, it produces only small amounts of the final product and, therefore, is not suitable for
large-scale production [22]. The in situ synthesis of PNCs holds better potential when the
nanofillers are functionalized. In this context, the synthesis of poly N-isopropylacrylamide
(PNIPAM)/magnetic nanoparticles (MNPs) using the in situ synthesis method has been
reported. In that study, the MNPs were prepared through co-precipitation and then coated
with a silica shell and subsequently modified with γ-methaacryloxpropyl triisoproox-
idesilane. The prepared MNPs were then inserted into the NIPAM monomer via the
“grafting-through” reaction, producing the desired nanocomposite [23]. In another study,
polymethyl methacrylate (PMMA)/superparamagnetic iron oxide NPs (SPIONs)/PEG
bis(amine) nanocomposites were applied to water treatment. In that study, the NPs were
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fabricated through co-precipitation and subsequently modified with PMMA using the
emulsion polymerization process in SPION suspension. This was followed by the insertion
of PEG bis(amine) onto the PMMA-coated SPIONs [13]. Munnawar et al. prepared a
nanocomposite of chitosan (Ct) and ZnO nanoparticles through chemical precipitation.
In the chemical reaction, a coordination bond was formed between the functional groups
of Ct and Zn+2 ions [24]. In another study, graphene oxide was grafted with polylactic
acid (PLA) through in situ polycondensation of L-lactic acid in the presence of graphene
oxide to produce the nanocomposite [25]. Similarly, a nanocomposite comprising PLA and
cloisite was fabricated through ring-opening polymerization of lactide at various loadings
of cloisite with the assistance of microwave heating [26].
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2.2. Solution Mixing

The solution mixing method for preparing PNCs relies on evaporating the solvent
from the solution, as illustrated in Figure 2. The polymer is first dissolved in a volatile
solvent, following which the nanomaterials are dispersed into the polymer solution using
sonication. Afterward, the PNCs are produced by performing rapid solvent evapora-
tion [28]. The solution mixing method is a simple and economic approach that does not
require a complex design or a large number of chemicals. Moreover, there are no additional
energy requirements, and high amounts of PNCs are produced within a short duration.
Several studies have demonstrated the preparation of PNCs using the solution mixing
method. For instance, the poly (3-hydroxybutyrate-co-3-hydroxyvalerate)/ZnO nanoparti-
cles nanocomposite was prepared using the solution mixing without involving the use of
coupling agents, and the process involved the formation of a hydrogen bond between the
polymer and the nanoparticles [29]. The solution mixing method has also been used for the
preparation of starch nanocomposite films with clay nanolayers, which exhibited enhanced
antibacterial activity toward S. aureus and E. coli [30]. Furthermore, Ct nanocomposite
with TiO2 nanoparticles was prepared using the solution mixing method. The mechanism
involved in this preparation could be explained based on the pH at the point of zero charge
(PZC), a point at which the sum of all negative surface charges balances the sum of all
positive charges. When the pH of the solution is below the pH at PZC, the surface of the
TiO2 nanoparticles becomes positively charged. Conversely, the surface becomes negatively
charged when the solution pH is higher than the pH at PZC. In solutions with pH lower
than the pH at PZC of TiO2 nanoparticles and the pKa of Ct, electrostatic repulsion would
occur between the charged surface of the TiO2 nanoparticles and the chains of Ct, which
would enable the complete stretching of the flexible Ct chains, thereby resulting in the
dispersion of TiO2 nanoparticles into the Ct matrix [31].
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2.3. Melt Blending

The melt blending method for preparing PNCs involves melting the polymer followed
by the dropwise addition of the nanomaterials. Figure 3 presents the schematic representa-
tion of PNC preparation using the melt blending process. The factors that affect the melt
blending process include the type of polymer used, the type of nanoparticles used, the
temperature of the process, and the process duration. The production of PNCs through melt
blending is achieved using ordinary compounding devices such as mixers or extruders [32].
In comparison to the in situ synthesis and solution mixing method for PNC production,
melt blending has the advantage that it does not involve the use of organic solvents. Melt
blending is compatible with the existing industrial processes, such as extrusion and injec-
tion molding. This process allows continuous, rapid, and simple transformation of the
raw ingredients into the desired product. A high temperature during the melt blending
process may result in the thermal degradation of the polymers used. Therefore, it is im-
portant to adjust the temperature accordingly and use a system for producing PNCs that
has appropriate conditions specific to the desired processing efficiency and the desired
shape and properties of the final products [33]. Nanocomposites based on PLA and ZnO
nanoparticles were prepared using the melt blending process conducted in a HaakeMiniLab
II co-rotating twin-screw extruder at 180 ◦C, 15 min of retention time, and 20 rpm [34]. In
another study, poly(-3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) nanocomposites
with modified montmorillonite and halloysite were prepared through melt blending using
a twin screw-rotating extruder at 80 rpm over the temperature range of 150–165 ◦C [35].
Darwish et al. reported using melt blending for preparing polypropylene nanocomposites
using physically prepared Ct/ZnO nanocomposite. Another study involved performing
melt blending in a Brabender mixer at 180 ◦C and 60 rpm as the temperature and rotor
speed, respectively [36].
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2.4. Electrospinning

Electrospinning is recognized as a successful method for producing nanofibers. The
various factors that affect the electrospinning process include the flow rate, polymer con-
centration, solution viscosity, air humidity, and electric field intensity [38]. The set-up of
the electrospinning technique is depicted in Figure 4. Electrospinning is a versatile method
used for the preparation of PNCs through the insertion of nanomaterials such as metal
nanoparticles, metal-oxide nanoparticles, carbon-based nanomaterials, and clay nanolayers
into the polymer matrix [39,40]. For instance, electrospinning has been used for producing
electrospun nanofiber mats of cellulose and organically modified montomontrille, which
exhibited metal adsorption and removal of Cr6+ ions from aqueous solutions [41]. Elec-
trospinning has also been used for preparing Ct nanocomposite fibers with multi-walled
carbon nanotubes [42]. Similarly, PHBV nanocomposite fibers with multi-walled carbon
nanotubes were produced using electrospinning. The rotating disc collector provides an
extra drawing force for the stretching and aligning of the nanomaterial with the electrospun
fibers [43–45]. Furthermore, cellulose/multi-walled carbon nanotubes nanocomposite
was prepared through electrospinning using 14.25 kV of DC voltage and a horizontally
positioned metal needle at the temperature of 27 ◦C and the relative humidity of 34% [44].
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2.5. Other Methods

One of the other methods reported for the preparation of PNCs is microwave heat-
ing. In one study, Ct/ZnO nanocomposite was prepared using microwave heating via a
complexation reaction between the surface zinc cations of ZnO nanoparticles and the Ct
functional groups. The optimum conditions for the preparation process were 800 watts of
power and process duration of 10 min. The hydroxyl and amine groups of Ct served as a
Lewis base, which formed coordination bonds with the surface zinc ions. As illustrated
in Figure 5, the complexation reaction between the Ct functional groups and the surface
of the ZnO nanoparticles was achieved via a ligand substitution reaction in which the Ct
functional groups substituted water molecules (or the products of protolysis) coordinated
to the surface Zn+2 ions [46]. In a similar report, a nanocomposite comprising Ct and
magnetic nanoparticles was prepared by performing the functionalization of nanoparticles
with carboxylic groups, which allowed the covalent bonding of the nanoparticles with
the Ct amine groups [47]. In another report, Ct/TiO2 nanocomposite was prepared via
the outer-sphere complexation reaction between the positive charges of the Ct chains and
the negative charges present on the surface of TiO2 nanoparticles [31]. A related study
reported the preparation of starch/multi-walled carbon nanotubes via covalent bond for-
mation between the hydroxyl groups of starch and the groups present on the surface of
the nanomaterial [48].
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When comparing the different methods available for the preparations of PNCs, the
physical preparation methods such as solution mixing and melt blending could prove
to be advantageous as these are applicable to large-scale production as well. Moreover,
these methods require a short duration for attaining the products and involve the use
of a limited number of chemicals compared to the in situ synthesis technique. On the
other hand, the in situ synthesis method is preferred when uniform and well-defined
materials containing strong bonds are desired. However, the in situ synthesis method
involves the use of several chemicals and glasses and requires high energy and a long
duration for producing even small amounts of materials. On the contrary, the solution
mixing method does not require high energy or a long duration for obtaining the products
when used in large-scale production. In comparison, the melt blending method requires
higher energy, shorter duration, and compounding devices without involving the use
of solvents, thereby rendering it further advantageous compared to all other methods
in terms of the limited number of chemicals used. In addition, melt blending provides
rapid and continuous production of PNCs at an industrial scale. Electrospinning is much
more complex compared to any of the other methods as it requires complex equipment
and set-up. However, it produces nanocomposite fibers in the nanoscale dimensions with
favorable properties.

3. Smart Polymer Nanocomposites

Smart polymer nanocomposites or stimuli-responsive polymer nanocomposites are
those that possess a minimum of one chemical and physical property that is controlled by
or follows a stimulus-response. These stimuli-responsive properties may be categorized
based on their nature as external (physical stimuli) and internal (chemical stimuli). Figure 6
presents the classification of responsive nanocomposites. The chemical stimuli are asso-
ciated with the pH, biological recognition, solvent type, and chemical recognition, while
physical stimuli are related to the magnetic field strength, temperature, electric current,
and light [2,9]. These stimuli are discussed in the sections ahead.
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3.1. Thermo-Responsive Nanocomposites

Thermo-responsive nanocomposites are commonly used as intelligent materials as
these are based on the application of temperature as a facile stimulus. A thermo-responsive
polymer exhibits a variation in the hydrogen bonds within the matrix. Hydrogel is a
kind of thermo-responsive polymer that exhibits a switch from the hydrolyzed phase
to the precipitated phase, which is accompanied by a considerable shift in volume in
response to a difference in the temperature [49]. The reversible phase transition of thermo-
responsive polymers is illustrated in Figure 7. The switch phase of the polymer occurs
when the temperature lowers, and the transition temperature is referred to as the upper
critical solution temperature (UCST) (including the copolymers of poly(acrylamide) and
poly(acrylic acid)) [50]. On the other hand, the transition phase occurs as the temperature
becomes high, and this temperature threshold is referred to as the lower critical solution
temperature (LCST) [including poly(N,N-dimethyl acrylamide) and poly(N isopropyl
acrylamide)] [51,52]. Nanofillers may also be added to improve the mechanical behavior
and the thermo-responsiveness of the polymer matrix, properties that would extend the
application of these polymers to be used as a tissue substitute. Various fabricated PNCs
have been used as bone substitutes. For instance, Nistor et al. reported the fabrication of
collagen/PNIPAAm hydroxyapatite nanocomposite to be used as an artificial extracellular
matrix as this nanocomposite exhibited remarkable properties for bone tissue replacement
above 33 ◦C [52]. Oguz et al. prepared methylcellulose-gelatin hydrogels with several
calcium phosphate fillers. These hydrogels could be used as injectable nanocomposites
that would shift to a solid phase inside the human bone tissue. Another interesting
application is the utilization of the dual behavior of thermo-responsive polymers, one of
which is the antibacterial effect exhibited by certain metal nanoparticles components of
the nanocomposites [53]. Bacteria are capable of rapid growth, which renders their control
difficult within the short duration available during the application of drugs. In this context,
Arafa et al. fabricated the pluronic 127/gold nanocomposites release system for in vivo
application, i.e., to be applied on skin burns [54].
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3.2. Light-Responsive Nanocomposites

Light is simply produced or applied directly from solar energy. Light is not affected
by electromagnetic fields as it is a source of remote stimulation. In addition, nanofillers,
particularly metal-oxide nanoparticles, exhibit an important property of localized surface
plasmon resonances (LSPR) through the interaction between the surface of particles and
the light source [55–57]. The shape, nature, and size of the nanomaterial determine LSPR.
This property leads to the production of intense electromagnetic fields upon the incidence
of light and the occurrence of rapid heat transfer from the nanoparticles to the surrounding
environment. It is the diversion to heat release which could produce the response of the
polymer matrix, and this type of material is, at certain times, referred to as plasmonic
polymer composite. Light-responsive nanocomposites have been studied extensively for
application in the field of medicine, including cancer therapy and drug delivery. Among
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these applications, near-infrared irradiation (NIR) could be a remarkable candidate as it
has deep permeation and negligible absorbance in the human tissue, properties that are
not possessed by the other electromagnetic irradiation techniques such as those involving
UV irradiation. Li et al. performed partial decomposition that was activated through the
interaction of NIR with reduced graphene, thereby developing polyethyleneimine function-
alized with thiocarbamate as a hydrogen sulfide (H2S) release platform. The exogenous
H2S was then investigated for application in cancer therapy and tumor generation [58].
Raza et al. performed drug delivery using nanocomposites responsive to NIR for cancer
therapy and investigating tissue regeneration [59]. Yang et al. studied the cell-growth
promoting and bacteria-inhibiting capabilities of nanocomposites in skin lesions. Moreover,
a near-infrared photo-responsive dressing nanocomposite based on a dodecyl-modified
and Schiff’s base-linked Ct hydrogel, tungsten disulfide nanosheets (photothermal agent),
and ciprofloxacin (antimicrobial drug) has been fabricated. This nanocomposite exhibited
several advantages, including the ability to mold rapidly, self-adaptability, and injectability.
The nanocomposite also exhibited good tissue adherence and excellent biocompatibil-
ity [60]. Yue et al. used graphene quantum dots as active NIR nanofillers in the dextran
modified with pendant PNIPAAm chains to fabricate a nanocomposite. The nanocomposite
comprised buprenorphine and thermo-responsive chains, which played a significant role
in drug release [61].

3.3. Responsive Nanocomposites Based on Electric Current

The application of electric current in shape memory composites (SMC) has demon-
strated promising results. When electrical current is applied, depending on the local heat
release, a shift is produced in the shape of materials [62]. The most interesting choice
here would be to use nanofillers as the active component, particularly carbon-based nano-
materials such as carbon nanotubes (CNTs), graphene oxide (GO), or graphene. The use
of nanofillers would confer the property of responding to the electrical current stimulus
due to the good thermal and mechanical behaviors of these nanofillers and their ability
to significantly enhance the electronic behavior of the nanocomposite material. However,
this property relies on the randomized distribution of the nanofillers within the matrix [63].
Yang et al. performed the in situ polymerization of graphene oxide nanoplatelets to fabri-
cate a nanocomposite comprising 2-acrylamide-2-methyl propane sulfonic acid, acrylamide,
and reduced graphene oxide. In comparison to pure polymer, these nanocomposites ex-
hibited enhanced mechanical and electrical response behaviors, which facilitated their
application as soft robots [64].

3.4. Magnetic Responsive Nanocomposites

Magnetic nanoparticles (MNPs) exhibit magnetic induction heating, which facilitates
their application in biomedical fields, including targeted drug delivery and elastomer
fabrication [65–67]. The performance of magnetic induction heating relies mainly on
the properties of the MNPs and the applied magnetic field conditions. The size of the
nanoparticles affects their magnetic domains. While small sizes are constituted of a single
domain, the larger sizes are constituted of multiple domains that result in the minimization
of the magnetostatic energy. Moreover, in the field of cancer therapy, the conversion
of magnetic energy into heat energy within the MNPs has demonstrated outstanding
potential [68,69]. The facile separation and controlled placement of functionalized MNPs
through the external application of magnetic field enabled the use of these MNPs in various
bio-separation and catalytic processes.

MNPs have been applied widely in biomedical fields owing to their superparamag-
netic behavior and high biocompatibility. MNPs are suitable candidates for drug delivery
agents and heat mediators in hyperthermia cancer treatment. MNPs could also serve as
diagnostic and therapeutic agents in magnetic resonance imaging (MRI) [70,71]. The MRI
technique relies on the counterbalance between the exceedingly large number of protons
in the biological tissue and the small magnetic moment of a proton which undergoes a
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shift under the effect of a magnetic field. MNPs are influenced by static or alternating
magnetic fields (AMF) with a relatively high penetration depth and non-contact stimu-
lation source. The interaction between the magnetic gradient produced by the magnetic
field and the magnetic moments in the material results in the development of magnetic
behavior. The energy of the AMF could be converted into heat using MNPs via two types
of relaxation processes, namely Neel relaxation and Brownian relaxation. Neel relaxation
occurs due to the re-orientation of the magnetization that results from the re-orientation
occurring inside the magnetic core against the energy barrier. Brownian relaxation occurs
due to the rotational diffusion of the whole particle within the carrier liquid [72,73]. In the
presence of MNPs, the magnetite poly(dimethylsiloxane) (PDMS) nanocomposites were
fabricated using magnetic induction heating. Under the effect of an AC magnetic field,
heat was generated by the MNPs that were utilized for accelerating the polymerization
process and curing the PDMS. The magnetite PDMS composites with enhanced thermal
stability compared to conventional PDMS were produced without the use of a catalyst
within a short duration, and these were termed thermally stable elastomers [73]. The
unmodified iron oxide nanoparticles exhibit a high surface/volume ratio, which causes
the magnetic dipole/dipole attraction, thereby leading to the formation of aggregated
particles. The aggregation unstabilizes the colloidal solution, leading to the loss of the
size-dependent properties of the nanoparticles (such as their superparamagnetic behavior).
Stabilizers comprising polymers and surfactants may be utilized as a coating on the mate-
rial surface for higher stability through electrostatic repulsions and steric effects. Various
polymer-and organic material-shelled iron oxide nanoparticles have been fabricated using
this approach [74].

The magnetic response PNCs could exhibit changes in their movement or shape. These
PNCs could be utilized as magnetically separable materials for purification systems and
localized drug delivery. Moreover, at the nanoscale, hyperthermia might occur in the
magnetic material. This may be influenced by the AMF for releasing heat through the
oscillation of the nanomagnetic filler associated with the Brownian and Néel relaxation
processes. This behavior could be applied to shape memory composites, artificial muscles,
killing cancer cells in tumors, and drug release. Soto et al. fabricated polyurethane/Fe3O4
nanocomposites and also investigated the influence of the Fe3O4 content on shape recov-
ery and heat release when these nanocomposites were exposed to AMF. It was revealed
that the time taken to achieve shape recovery was directly correlated with the Fe3O4 con-
tent [65]. In another work, nanocomposites comprising Kappa carrageenan-g-poly(acrylic
acid)/SPION were observed to be effective as in vitro antibacterial agents with the drug
efficiency of 105 ± 8 µg/mg exhibited by the drug carrier [75]. SPION/polyvinyl alco-
hol/PMMA nanocomposites have been used for the delivery of ciprofloxacin. An increased
release was achieved by applying a magnetic field, with high PMMA content, and with
low PVA content [76]. Nanocomposites comprising PEG/phospholipid-coated iron ox-
ide nanoparticles modified with peptide and a fluorescent dye were used for the confo-
cal imaging of kidney-derived cells and primary human dermal fibroblast cells. These
nanocomposites exhibited great potential in tissue imaging [67]. A polyethyleneimine/folic
acid-targeted Fe3O4 nanocomposite was investigated for application in the in vivo MRI of
tumors. This nanocomposite exhibited a high T2 relaxivity of 99.64 mM−1 s−1 when used
as the nanoprobe for conducting the MRI of cancer cells [66].

Hyperthermia may occur on the MNPs, and it could be affected by the AMF for
releasing heat through the oscillation of the MNPs associated with the Brownian and
Néel relaxation processes. Figure 8 depicts a simple representation of artificially induced
hyperthermia. Hyperthermia occurs when the temperature of the living tissue elevates
beyond the physiological normal values. Hyperthermia is used in cancer therapy for
damaging and killing cancer cells. It is also used for inducing local drug release from
thermo-sensitive vehicles. Artificially induced hyperthermia involves locally elevating
the temperatures of the influenced cells in the body up to 42 ◦C. It is used for specifically
targeting and destroying the cancer cells without influencing the surrounding healthy
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cells [77,78]. A study investigated the development of injectable 20 nm dextran coated
with iron-oxide nanoparticles and covalently bound antitumor chimeric L6 monoclonal
antibody [79,80]. Using the co-precipitation method, modified magnetite nanoparticles
exhibiting antibacterial and self-healing properties were prepared. Three sets of these
nanoparticles were evaluated for their antibacterial properties and magnetic heating specific
absorption rates. The determined concentration of these nanoparticles for 10% growth
inhibition (EC10) of S. aureus and E. coli was 150 mg/L [81].
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4. Applications of Polymer Nanocomposites
4.1. Water Treatment

Recently, PNCs have been receiving great attention in the field of wastewater treatment
and remediation. Freshwater sources have been demonstrating a continuous decrease in
both quantity and quality, mainly due to anthropogenic activity. Water is essential for
humans and plants and is also a primary resource in various industrial processes. Owing
to rapid industrialization, the discharge of wastewater has increased greatly, which has led
to diverse pollutants being released into the environment and causing adverse effects on
the environment as well as human health. In this regard, PNCs could serve as an efficient
and cost-effective material for wastewater treatment. PNCs appear to be promising in
resolving the inherent challenges of ordinary particles when used in water treatment [82].
Nanocomposites comprising polymers integrated with nanomaterials exhibit improved
properties, such as enhanced resistance to fouling, thermal stability, membrane permeability,
good mechanical behavior, higher photocatalytic activity, and higher adsorption [83]. The
extent of these properties depends on the type of nanoparticle incorporated, its shape and
size, its interaction with the polymer, and its concentration. Moreover, the method used for
the modification of PNCs determines their reusability, remediation capacity, and selectivity.
PNCs could be used in the field of water treatment to achieve various purposes, including
the removal of dyes, metal ions, and microorganisms from water [84]. The roles of PNCs in
dye removal, metal removal, and water disinfection are discussed in the sections ahead.

4.1.1. Dye Removal

Dyes are used widely in several industries, such as textiles, paper making, ink, coating,
and cosmetics, to induce color into the products. However, severe environmental problems
are caused due to the wastewater discharged from these industries, which is polluted
with dyes that are carcinogenic, toxic, and hazardous. Therefore, it is essential to remove
these dyes for rendering the wastewater suitable for industrial reuse and also to prevent
environmental impact. In this regard, several studies have used PNCs as efficient materials
for the removal of dyes from polluted water [85–106]. This ability of PNCs is conferred
by the synergistic effect of the polymer and the nanomaterial [86]. Table 1 lists a few
examples of PNCs that have been utilized for dye removal. PNCs used as adsorbents for
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dyes exhibit a large surface area, numerous active sites, and chemical and thermal stability.
For instance, Zaman et al. fabricated the cellulose/graphene oxide nanocomposite for
the enhanced removal of methylene blue dye through adsorption. Approximately 98% of
the dye was removed within 135 min, with the nanocomposite achieving an adsorption
capacity of 334.19 mg/g [87]. In another work, the methylene blue dye was removed using
cellulose/clay nanocomposites and the maximum removal efficiency achieved was 98% [88].
When the polyaniline/TiO2 nanocomposite was used for the removal of methylene blue dye
removal in a different study, the maximum adsorption capacity achieved was 458.10 mg/gL.
The adsorption was achieved through membrane diffusion, chemical adsorption, and
intraparticle diffusion, and hydrogen bonding, coordination interaction, and electrostatic
interaction were revealed as the adsorption mechanisms, as illustrated in Figure 9 [89].
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In addition, certain PNCs comprising polymer and nanomaterial photocatalysts such
as the nanoparticles of ZnO, TiO2, and CuO, have been used for dye removal. The presence
of these photocatalysts degrades the dyes as these photocatalysts produce hydroxyl free
radicals that are capable of degrading organic materials. Therefore, when using PNCs for
dye removal, the combination of the adsorption process via the active sites of PNCs and
the photocatalytic degradation of the dye due to the action of the photo-catalyst appears to
be the most suitable approach [90]. For instance, a study evaluated the efficiency of Ct and
Ct/ZnO in methylene blue dye removal and reported the values of 81% and 96.7% of the
methylene blue dye removed by Ct and Ct/ZnO, respectively. The enhanced dye removal
by the nanocomposites was attributed to the synergistic effect of the adsorption process
accomplished by the nanocomposites and the photocatalytic activity of the ZnO nanoparti-
cles [46]. In another study, Kumar et al. fabricated a Ct/CuO film to be used as a simple,
portable, recoverable, reusable, and efficient photocatalyst. Using these nanocomposites,
up to 99% of Rhodamine B dye was removed within 60 min of irradiation because of the
slow recombination rate of the electron–hole pair of the CuO nanoparticles in the chitosan
matrix [91]. Shaikh et al. fabricated the PLA/TiO2 nanocomposites and investigated their
efficiency in degrading malachite green and methyl orange under UV light and solar light.
In comparison to the UV light conditions, the degradation was faster under the sunlight.
In sunlight, a 10–4 M solution of each of the two dyes was completely decolorized within
8 min and 20 min, respectively [92]. Karagoza et al. prepared polycaprolactone/Ag/TiO2
nanocomposites to be used as photocatalysts for the degradation of organic pollutants. The
fabricated nanocomposites were able to completely degrade methylene blue and ibuprofen
under UV irradiation within approximately 180 min [93]. Meenakshi et al. reported that
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Ct/TiO2 nanocomposites, via photodegradation, could remove Reactive Red 2, methylene
blue, and Rhodamine B [94].

PNCs that contain magnetic nanoparticles may be used as reusable magnetic ad-
sorbents for dyes by exploiting the magnetic properties conferred by their component
nanoparticles. The PNC magnetic adsorbents exhibit a large surface area, porous structure,
and small particle size, and their excellent magnetic properties allow convenient recovery
via magnetic separation after the adsorption or regeneration. This enables overcoming
the limitations of separation difficulty encountered when using PNC adsorbents while
increasing the reusability of the PNCs in dye removal. For instance, the magnetic Ct
nanocomposites prepared using the chemical approach were applied as a reusable adsor-
bent for dyes, and an adsorption capacity of 20.5 mg/g, based on the pseudo-second-order
model, was achieved [95]. Esvandi et al. prepared a magnetic nanocomposite using starch,
clay, and MnFe2O4 for the uptake of sunset yellow and Nile blue dyes from water [96].
Guan et al. developed a nanocomposite containing cellulose nanocrystals and zinc oxide
for the removal of malachite green and methylene blue dyes. This nanocomposite exhibited
rapid removal and high dye removal efficiency, with high dye-removal ratios for malachite
green (99.02%) and methylene blue (93.55%) [97].

Table 1. Performance of some polymer nanocomposites in dye removal.

Polymer Nanocomposite Dye Results Ref.

Chitosan/CuO
nanocomposites beads

Congo red (CR)
Eriochrome black T (EBT)

A total of 97% of dyes were removed within 2 h.
Maximum adsorption capacity of CR and EBT

were 119.70 and 235.70 mgg−1
[98]

Molecularly imprinted
Chitosan/TiO2
nanocomposite

Rose Bengal (RB) The adsorption capacity for RB was 79.365 mg/g
and enthalpy was 62.279 kJ mol−1 [99]

Chitosan/ZnO
nanocomposite Methylene blue (MB) 96.7% of MB dye was removed [46]

ZnO/Cellulose
nanocrystal

nanocomposite

Methylene blue (MB)
Malachite green (MG)

93.55% and 99.02% of MB and MG were
removed within 5 min. The absorption capacity

was 46.77 and 49.51 mg/g for MB and MG
[97]

ZnO/Poly(methyl
methacrylate) nanocomposite

membrane
Methylene blue (MB) About 100% of MB was removed within 80 min [100]

Poly(methyl
methacrylate)/Multiwall

carbon nanotube
nanocomposite

Methyl green (MG) The Langmuir adsorption capacity for MG was
6.85 mmol/g at 25 ◦C [101]

Polyacrylic
acid/Fe3O4/Carboxylated

cellulose nanocrystals
nanocomposite

MB The maximum adsorption capacity for MB was
332 mg g−1 [102]

Fe3O4/Starch/Poly (acrylic
acid) nanocomposite hydrogel

Methylene violet (MV)
Congo red (CR)

A maximum of 93.83% and 99.32% CR and MV
dyes with maximum adsorption of 96.7%

and 97.5%
[103]

Polylactic acid/Graphene
oxide/Chitosan
nanocomposite

Crystal violet (CV) 97.8 ± 0.5% of CV was removed [104]

Polypyrrole/Zeolite
nanocomposite

Reactive blue (RB)
Reactive red (RR)

A total of 86.2% of RB and 88.3% of RR were
adsorbed from synthetic solution [105]

Dye removal using PNCs may be improved by controlling several factors, such as
the types and properties of the polymer and the nanomaterial. Moreover, the methods
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used for PNC preparation and the design of the fabricated PNC play essential roles in
determining the performance of the fabricated PNC in dye removal. The mechanism of
dye removal is also an important factor. For instance, selecting a PNC capable of removing
dyes through a combination of the adsorption approach and the photocatalytic degradation
approach would result in improved performance compared to the PNCs following either
of the individual mechanisms. The PNCs possessing remarkable magnetic properties
would be further advantageous as these may be recovered conveniently and then reused
several times. In addition, the experimental conditions, including dye concentration, PNC
concentration, pH, temperature, and contact duration, could affect the dye removal process.
Therefore, the integration of all these factors would allow the fabrication of a PNC that
would exhibit outstanding performance in dye removal [90]. Generally, it is the laboratories
where the PNCs have been applied the most widely for dye removal. However, the scaling
up and production in huge amounts for use at the industrial scale remains to be achieved
so far and warrants further research and improvement on the production cost and practical
application possibility. Several other issues are also required to be dealt with, including
the following: (i) the toxicity of the PNCs has to be considered to prevent secondary
pollution, (ii) greater efforts are required for the selective removal of a specific dye using
the PNC in the presence of other dyes, (iii) PNCs with the ability to be regenerated several
times and be used for longer durations should be investigated. In addition, PNCs that
are environmentally friendly and highly stable, and also exhibit potential for large-scale
production should be produced. The preparation of PNCs at a low cost is an important
factor when considering them for large-scale applications. Moreover, efficient methods of
separation of the PNCs from solutions after use should be developed to prevent the PNCs
from acting as pollutants [106].

4.1.2. Metal Ion Removal

Metal pollution has been increasing rapidly throughout the world due to rapid ad-
vancements in urbanization and industrialization, which has led to serious environmental
concerns. Metal ion removal has, therefore, become an essential requirement for the protec-
tion of the environment and human health. In this regard, PNCs could be useful in metal
ion removal. Table 2 lists the performance of a few PNCs in metal ion removal. PNCs
may remove metal ions through the adsorption process, which is a facile and efficient
mechanism for the removal of heavy metal ions, such as Cu (II), Cd (II), Pb (II), Co (II),
Cr (VI), and Ni (II), from solutions. The adsorption of metal ions on a PNC may be affected
by several factors, including the concentration of the adsorbent, pH of the solution, the
concentration of metal ions in the solution, contact duration, and temperature conditions.
In comparison to individual polymer adsorbents, PNCs exhibit a greater number of surface
groups available for interaction, a larger number of active sites, better stability, mechanic
feasibility, and higher adsorption capacity [107]. Several studies have reported the use of
PNCs in metal ion removal. For instance, Cr (VI) was removed using polyaniline β-FeOOH
prepared through the blending process (mechanical force) [108]. A related study demon-
strated that the magnetite acrylamide amino-amidoxime nanocomposites prepared using
the in situ method exhibited excellent sorption properties and could, therefore, be utilized
for treating U(VI) present in aqueous solution [109]. In another work, magnetite/poly
(1-naphthylamine) nanocomposite was prepared using the in situ method and then used for
As (III) removal [110]. Another nanocomposite composed of poly(N-vinylcarbazole) and
graphene oxide was fabricated in a study and then used for adsorbing heavy metals from
aqueous solutions. The Pb2+ adsorption capacity of this nanocomposite could be increased
by increasing the graphene oxide content of the nanocomposite due to the resulting in-
crease in the concentration of oxygen-containing groups in the nanocomposite. The highest
Pb2+ adsorption capacity achieved using this nanocomposite was 887.98 mg g−1, and the
adsorption fitted well with the Langmuir model [111]. Another study reported the fabri-
cation of polyethersulfone/Fe-NiO nanocomposites through solution blending, followed
by the application of these nanocomposites for salt removal [112]. A novel nanocomposite

133



Int. J. Mol. Sci. 2022, 23, 1023

comprising poly(methyl methacrylate)-grafted alginate/Fe3O4 was synthesized through
oxidative-free radical-graft copolymerization reaction and then used for the adsorption
of Pb2+ and Cu2+ ions from aqueous media. The pH value of 5 was determined as the
optimum condition for the adsorption process in the afore-stated study, and the maximum
adsorption capacity achieved for Cu2+ and Pb2+ ions was 35.71 mg g−1 and 62.5 mg g−1,
respectively [113]. A. A. Saad reported using ZnO/chitosan/organically nanocomposite for
the removal of Cu(II), Cd(II), and Pb(II) ions from polluted water [114]. Figure 10 depicts
the schematic representation of the adsorption of metal ions using a nanocomposite.
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Owing to advantageous properties such as high adsorption capacity, great recycling
performance, high mechanical strength, and convenient separation from the solution, PNCs
have been applied widely for the removal of metal ions from wastewater. The polymer
present in a PNC serves as a support for the nanoparticles and also as a chelating material,
while the incorporated nanoparticles exhibit effective chelating sites, reducibility, and
exceptional magnetic properties. PNCs demonstrate rapid adsorption kinetics, remark-
able regeneration capability, and strong chelating abilities for metal ions. Unfortunately,
scaling up becomes an issue for these PNCs, and their preparation methods have not been
adapted for scaling up from laboratory to industrial level so far. Moreover, the research
on production cost and practical application possibilities is scarce. Several other issues
also require investigation, such as (i) evaluation of the adsorbent capacity for each metal
ion to compare different kinds of adsorbents, (ii) development of reliable approaches for
adsorbent regeneration, and (iii) exploring PNCs that exhibit long-term performance and
better regeneration capability. In addition, further clarification of the adsorption mecha-
nism using advanced analytical and characterization techniques is required to gain deeper
insights into the molecular mechanisms underlying the metal ion removal process and the
interaction process [115,116].

Table 2. Performance of some polymer nanocomposites in metal ion removal.

Polymer Nanocomposite Metal Ion Results Ref.

Polyaniline/Reduced graphene oxide nanocomposite Hg(II) The adsorption capacity was 1000.00 mg/g [117]

Fe3O4/starch/Poly(acrylic acid) nanocomposite
hydrogel

Cu(II)
Pb (II)

95.4% of Cu(II) and 88.4% of Pb(II) were
removed at pH of 6.0 and 5.5 [103]

Graphene oxide/Chitosan/
Ferrite nanocomposite Cr (VI) The adsorption capacity for Cr(VI) was

270.27 mg g−1 at pH of 2.0. [118]

Magnetic chitosan/Functionalized 3D graphene
nanocomposite Pb (II) The efficiency of Pb(II) removal is 100% at pH of

8.5 within 18 min [119]

Bacterial cellulose/Amorphous TiO2 nanocomposite Pb(II) A total of 90% of Pb(II) was removed in 120 min
at pH 7 [120]
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Table 2. Cont.

Polymer Nanocomposite Metal Ion Results Ref.

Cellulose/TiO2 nanocomposite
Zn(II)
Cd(II)
Pb(II)

Maximum adsorption capacity for Zn(II), Cd(II)
and Pb(II) was 102.04, 102.05 and 120.48 mg/g [121]

Polyacrylamide/Sodium
Montmorillonite nanocomposite

Ni (II)
Co (II)

A total of 99.3% of Ni(II) and 98.7% of Co (II)
was removed at pH 6. [122]

Polyacrylamide/Bentonite hydrogel
nanocomposite

Pb (II)
Cd (II)

More than 95% of Pb (II) and Cd (II) were
removed within first 20 min. Maximum

adsorption capacity for Pb (II) and Cd (II) was
138.33 and 200.41 mg/g.

[123]

Modified mesoporous silica/Poly(methyl
methacrylate) nanocomposites Cu (II) Maximum adsorption capacity for Cu (II) was

41.5 mg/g at pH 4 and 140 min [124]

Xanthan gum grafted
Polyaniline/ZnO nanocomposite Cr(VI) Maximum adsorption capacity was

346.18 mg g–1 for Cr(VI) [125]

4.1.3. Water Disinfection

The pathogenic microorganisms present in drinking water affect human health greatly.
Therefore, disinfection of water is necessary, either through the deactivation or by complete
removal or killing of the pathogenic microorganisms. In this regard, PNCs exhibiting
antimicrobial activity could be utilized for inhibiting the growth of microorganisms present
in drinking water [83]. The good antimicrobial activity of PNCs is a consequence of the
synergistic effect of its component polymer and nanomaterial. Several studies have reported
the use of PNCs as antimicrobial agents for water disinfection. For instance, Chen and
Peng prepared a cellulose/silver nanocomposite that exhibited improved antimicrobial
activity and high water permeability, which rendered it suitable for application as an
antimicrobial agent in the field of water treatment [126]. Sarkandi et al. fabricated a
nanocomposite hydrogel comprising cellulose and silver nanoparticles, which exhibited
excellent antibacterial activities and 100% reduction in bacterial percentage, while inhibition
zones of 2.8 cm and 2.6 cm against E. coli and S. aureus, respectively, were observed [127].
Munnawar et al. prepared the chitosan/zinc oxide nanocomposite and incorporated
it into a polyethersulfone matrix to develop antifouling polyethersulfone membranes,
which exhibited outstanding water permeability and prevented microbial fouling [24].
In another study, a polycaprolactone nanocomposite membrane with ZnO nanoparticles
was fabricated, which demonstrated enhanced antimicrobial activity against S. aureus and
E. coli [128]. Al-Naamani et al. used a chitosan/ZnO nanocomposite coating to prevent
marine biofouling. The nanocomposite used demonstrated antibacterial activity against the
marine bacterium Pseudo alteromonasnigrifaciens and anti-diatom activity against Navicula
sp. [129]. In another study, a nanocomposite of polypyrrole/carbon nanotubes/silver was
prepared through the in situ oxidative polymerization of pyrrole with AgNO3 containing
single-wall carbon nanotubes. The nanocomposite was then used for the inhibition of
bacteria in water, and the E. coli removal percentage achieved was 87.5–95% [130].

Although the excellent antimicrobial behavior demonstrated by PNCs when used in
water disinfection has rendered PNCs effective against different kinds of microorganisms,
further investigation is nonetheless warranted in this field of research. For instance, efforts
for large-scale PNC production at lower costs have to be increased and the practical
application potential of these PNCs in actual-world scenarios has to be ensured. Several
other issues have to be addressed as well, such as (i) the preparation of PNCs with excellent
antimicrobial activity against a higher number of microorganisms and (ii) the investigation
of the antimicrobial activity of PNCs using further advanced techniques to attain deeper
insights into the mechanism of their antimicrobial activity.
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4.2. Sensor Devices

Sensors have a wide range of applications, including the detection of chemicals and
toxic gases for safety purposes, medical diagnosis, and defense applications. In order to
be effective, a sensor must have small dimensions, multiple functions, low cost, reliability,
rapid response, higher sensitivity, and selectivity. Among these qualities of sensors, rapid
response and high sensitivity are achieved with a large specific surface area. In this
regard, polymer nanocomposites could be considered promising candidates for fabricating
sensors [131]. The use of PNCs in the fabrication of sensors has become common these days.
This is because polymeric materials are inexpensive and convenient to fabricate and also
exhibit multi-functionality owing to their varied physicochemical and structural behaviors.
Moreover, the modification of sensors, such as the addition of side chains and inorganic
materials into the bulk matrix, is convenient when using PNCs. The resultant behaviors
include enhanced conductive, electrolytic, dielectric, and optical properties, better ion
selectivity, and improved molecular recognition capability [132]. The nanofillers used in the
preparation of PNCs aimed at sensing applications must possess certain unique behaviors,
such as electrochemical, optical, and magnetic properties, for enhancing the sensitivity and
detection rate of the sensors.

PNCs have been used widely in various kinds of sensors, including biosensors, gas
sensors, and metal ions sensors. Table 3 summarizes the performance of a few PNCs in
different sensors. A biosensor is capable of interacting with biological components and
thereby detecting biomolecules, including cholesterol, glucose, and DNA. Figure 11 depicts
the setup of a biosensor. As visible in the figure, a biosensor comprises a biologically
active element that is immobilized on a convenient substrate, a transducer, and a signal
processor. The biologically active element may be an enzyme, DNA, or a protein [133].
PNCs have been used as bio-sensing materials for the fabrication of biosensors. For in-
stance, a sensor relying on poly (3,4-ethylenedioxylthiopene)/Au nanocomposite was used
for measuring the concentration of 17β-estradiol using square wave voltammetry and
cyclic voltammetry. In this biosensor, the transduced signal released was lower because
of the interference of bound 17β-estradiol, while the current drop was proportional to the
concentration of the contaminant. In addition, the probe exhibited outstanding selectiv-
ity as it could distinguish 17β-estradiol from the other structurally similar EDCs [134].
Narang et al. fabricated a NiO–chitosan/ZnO/zinc hexacyanoferrate film to be used as
a triglyceride biosensor. When this biosensor was polarized at +0.4 V against Ag/AgCl,
its optimum response was obtained within 4 s at 35 ◦C and pH 6.0. Moreover, a linear
relationship existed between the response of the sensor and the concentration of triolein
in the concentration range of 50–700 mg/dL, and a sensitivity of 0.05 A/mg/dL was
achieved [135]. In another report, cellulose/organic montmorillonite nanocomposites were
fabricated for use in bio-macromolecular quorum sensing inhibitors, which were capable
of interfering with the quorum-sensing-regulated physiological process of bacteria. This
would provide a sustainable and inexpensive approach for dealing with the challenges
raised due to microbial infections in numerous products, such as biomedical materials
or food packaging [136]. Manno et al. prepared starch/Ag nanocomposites using the
green method and utilizing starch as the capping agent. The fabricated nanocomposites
exhibited high sensitivity for hydrogen peroxide [137]. Singh et al. reported the fabrication
of a nanocomposite electrode based on polypyrrole through the electrochemical deposi-
tion of carboxy functionalized multi-walled carbon nanotubes on an indium–tin–oxide
(ITO) electrode via p-toluene sulfonic acid (PTS). Subsequently, cholesterol esterase and
cholesterol oxidase were immobilized onto this nanocomposite electrode using N-ethyl-N-
(3-dimethylaminopropyl) carbodiimide and N-hydroxy succinimide for the detection of
cholesterol. Figure 12 presents the schematic representation of this fabricated nanocompos-
ite electrode. The electrode exhibited a response time of 9 s, a linear concentration range of
4 × 10−4 to 6.5 × 10−3 M/L, and thermal stability up to 45 ◦C [138].
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Gas sensors could be used for monitoring and controlling gas emissions from several
emitters. A gas sensor comprises a sensing material capable of detecting combustible gases
toxic gases, and vapors. PNCs have been utilized in gas sensors due to their properties of
large surface area, high sensitivity, high selectivity, and good electrical conductivity. PNCs
are able to detect various gases, including ammonia and chloroform vapors. For instance,
PLA/multi-wall carbon nanotube-based conductive biopolymer nanocomposites were
developed using the spray layer-by-layer technique. The chemo-resistive behavior of these
nanocomposites was studied based on exposure to various organic vapors (methanol, chlo-
roform, water, and toluene) exhibiting different physical properties. The results indicated
that the largest response from these sensors was obtained for chloroform, demonstrating the
ability of nanocomposites to serve as a vapor sensor [139]. Zhu et al. studied a sensor based
on the nanocomposites composed of carbon nanotubes and cellulose, which was highly
sensitive to humidity. The nanocomposites exhibited superior performance as a humidity
sensor, achieving a maximum response value of 69.9% (∆I/I0) at a relative humidity of 95%.
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The sensor also exhibited good long-term stability and bending resistance. In addition,
the fabricated humidity sensor could be used for monitoring human breath [140]. Cheng
reported a nanocomposite based on polycaprolactone/carbon black, which was used as a
sensor for the detection of solvent vapors [141]. Pandey et al. prepared agar gum/silver
nanocomposites, which when used as sensors, exhibited a response time of 2–3 s and an
ammonia solution detection limit of 1 ppm at room temperature. These nanocomposites
appear promising for use as optical sensors for ammonia detection [142]. Dai et al. pre-
pared nanocomposites based on Ct/ZnO/single-walled carbon nanotubes to be used as
chemo-resistive humidity sensors. The sensing was achieved owing to the Ct swelling
behavior of the surrounding nanotubes, which led to a change in the hopping conduction
path between the nanotubes [143]. Chakraborty reported the fabrication of PLA/exfoliated
graphene nanocomposites to be used as a sensor for the detection of ethanol vapor [144].

The designing of the sensors for the detection of heavy metal ions is highly desired
as heavy metal ions cause a great threat and hazards to the ecosystem. PNCs have been
used in heavy metal ion sensors owing to their good conductivity and environmental
stability. PNC-based sensors have been used for detecting several heavy metal ions, in-
cluding cadmium ions (Cd2+), lead ions (Pb2+), and copper ions (Cu2+). For instance,
Khachatryan et al. fabricated a sensor based on starch/ZnS quantum dots/L-cysteine
nanocomposites for the detection of Pb2+ and Cu2+ ions [145]. Another sensor based on
graphene oxide/carbon nanotubes/poly(O-toluidine) nanocomposite could selectively
detect Pb2+ ions in aqueous solutions and also exhibited an antimicrobial behavior by
inhibiting E. coli and B. subtilis [146]. Wang et al. used glassy carbon electrodes coated
with polyaniline/multi-wall carbon nanotubes for the detection of Pb2+ ions in the buffer
solution of acetate. The modified electrode exhibited enhanced activity compared to the
original glassy carbon electrode [147]. Y. Shao et al. used a screen-printed carbon electrode
modified gold nanoparticles/polyaniline/multi-wall carbon nanocomposite for fabricating
a highly sensitive sensor for the detection of Cu+2 ions with the detection limit of 0.017 µg/L
and a linear concentration range of 1–180 µg/L. The sensor also exhibited excellent stability,
selectivity, repeatability, and reproducibility [148].

Table 3. Performance of some polymer nanocomposites in sensors.

Polymer
Nanocomposite Type of Sensor Target Results Ref.

NiO– chitosan/ZnO/Zinc
hexacyanoferrate nanocomposite film Biosensor Triolein

Optimum response: within 4 s
linear concentration range:

(50–700 mg/dL)
Sensitivity: 0.05 A/mg/dL

[135]

GOx/MWCNTs-polyaniline
nanocomposite. Biosensor Glucose

Electrical conductivity:
3.78 × 10−1 Scm−1

Response time: 5 s
Linear concentration range: 0.5–22 mM

[149]

Polyaniline/MWCNTs/Au NPs
nanocomposite modified glass

carbon electrode
Biosensor Glucose

Detection limit: 0.19 mM
Sensitivity: 29.17 mA mM−1 cm−2

Concentration range: 0.0625–1.19 mM
[150]

Polypyrrole/MWCNTs/GOx
nanocomposite
modified glassy
carbon electrode

Biosensor Glucose
The linear range: up to 4 mM

Sensitivity: 95 nAmM−1

Response time: 8 s
[151]

Polypyrrole/MWCNTs/Au
NPs/ChOx Biosensor Cholesterol

Linear response: (2 × 10−3 to 8 × 10−3 M)
Detection limit: 0.1 × 10−3 M

Sensitivity: 10.12 mA mM−1 cm−2.
[152]
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Table 3. Cont.

Polymer
Nanocomposite Type of Sensor Target Results Ref.

Polyaniline/
Functionalize MWCNT

nanocomposite

Gas
Sensor

Ammonia
Vapor

High sensitivity (92% for100 ppm)
Detection limit: (200 ppb)

Response time: (9 s)
Recovery time: (30 s)

[153]

Polypyrrole/Nitrogen-doped
MWCNTs film

fabricated on PI
substrate

Gas
Sensor NO2 gas

The sensor possessed high response of
24.82% (Rg − Ra)/Ra × 100%) under

5 ppm of NO2. The sensor had
outstanding selectivity, repeatability

and stability

[154]

Ethylene diamine tetraacetic
acid/Polyaniline/MWCNTs. with

carbon electrode

Metal ion
sensor Pb+2 Detection limit: 22 pM [155]

Polypyrrole/MWCNTs deposited
on electrode

Metal ion
sensor Pb+2 ions Detection limit: 2.9 × 10−9 mol/L

(S/N = 3)
[156]

Polyaniline/MWCNTs
-3-aminopropyltriethoxysilane casted

on glassy carbon electrode

Metal ion
sensor Cd+2 ions

Detection limit: 0.015 µM
Linear concentration range:(0.05–50 µM) [157]

Modified glassy carbon electrode with
polythiophene/COOH

-MWCNTs/reduced graphene oxide

Metal ion
sensor Hg+2 ions

Linear range: (0.1 to 25 µM)
Limit of detection: (0.009 µM)

Recovery: between 110.7 and 96.79%
[158]

The use of PNCs as sensing materials in sensors is based on several advantages of
PNCs in terms of stability, good electrical performance, and chemical properties. PNCs are
able to detect various compounds, including biomolecules, gases, and metal ions. However,
certain challenges regarding sensitivity, selectivity, and recovery times are encountered.
Selectivity remains a major challenge when detecting specific species. The non-repeatability
of certain PNCs limits their practical application potential in sensors as it would be eco-
nomically unaffordable to use the sensor only one time. Factors such as the design of the
PNCs, the type of polymer component of the PNC, the type of component nanofillers,
and the ratio between the polymer and the nanofillers are important in determining the
performance of a PNC as a sensing material. Among the different polymers, conducting
polymers could be the most effective due to their remarkable performance as a sensing
material. The carbon-based nanomaterials have also been used widely as nanofillers in the
preparation of PNCs aimed for sensors as these nanomaterials possess excellent electrical
properties. A clear understanding of the PNC properties, the type of interaction between
the component polymer and nanomaterial, the effect of the size and shape of the PNC,
the surface area of the PNC, its sensing mechanism, porosity, and other factors affecting
the sensing capability would contribute immensely to the controlled synthesis of a PNC
capable of fulfilling all the desired requirements. Therefore, further research is necessary to
develop a PNC to be used as a sensing material that would exhibit improved performance
at a lower cost compared to the currently available PNCs, which would, in turn, facilitate
the expansion of the scope of application of PNCs in industrial fields [159].

4.3. Electromagnetic Shielding in Aerospace Applications

The advances in the technology and utilization of telecommunication devices and
electronics have increased electromagnetic pollution. The resulting electromagnetic inter-
ference (EMI) could disrupt equipment, systems, and the electronic devices used in critical
fields, such as military, aerospace, and medicine. Long-term exposure to electromagnetic
waves could cause adverse effects on human health. Electronic systems and equipment
generate waves that exist in the microwave range of the electromagnetic radiation spectrum.
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These radiations have to be shielded. In this context, electromagnetic shielding is defined as
the practice of electromagnetic field reduction in a space using a blocking field with barriers
composed of a magnetic or conductive material. Shielding is achieved within enclosures
used for isolating the electrical devices from the “outside world” and isolating the wires
from the environment through which the cables run [160]. Figure 13 presents the schematic
representation of EMI shielding. The mechanisms that are exploited for shielding could
be categorized into three main classes—reflection, absorption, and multiple reflections.
Reflection is the primary mechanism exploited in EMI shielding. In order to shield radiation
through reflection, the shield has to contain the mobile charge carriers—either electrons or
holes—that would interact with the electromagnetic field in the radiation to be shielded.
Absorption is the secondary mechanism of EMI shielding. In order to shield radiation
mainly through absorption, the shield must have magnetic or/and electric dipoles that
would interact with the electromagnetic field in the radiation. The electric dipoles could be
provided by BaTiO or other materials with a high value of the dielectric constant, while
the magnetic dipoles could be provided by FeO or other materials with a high degree of
magnetic permeability. The third mechanism of EMI shielding is multiple reflections, in
which reflections occur at various interfaces or surfaces in the shield. This mechanism of
shielding requires a large interface or surface area in the shield. The loss owing to multiple
reflections is negligible when the distance between the reflecting interfaces or surfaces is
large compared to the skin depth. Shielding effectiveness (dB) of a material is defined
as the sum of all the losses that have occurred due to reflection, absorption and multiple
reflections [161–163].
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The effectiveness of shielding relies on conductivity; higher conductivity leads to better
shielding efficiency. The development of lightweight materials with high electromagnetic
radiation shielding performance to enable the prevention of interference is highly desirable.
In this regard, PNCs could serve several purposes, which include providing solutions
for aerospace and environmental applications. Various PNCs that comprise conductive
nanofillers, such as metal nanoparticles, magnetic nanoparticles, or carbon nanomaterials,
could be utilized as EMI shielding materials. Table 4 lists the shielding performance of a few
lightweight polymer nanocomposites. In a study, polyvinylpyrrolidone/Fe3O4 nanocom-
posite nanofiber (FCNF) was developed, and its capability as electromagnetic interference
(EMI) shielding material was studied using the frequency range of 8.2–12.4 GHz. The EMI
shielding efficiency of FCNF increased up to approximately 22 dB, demonstrating that
reflection was the secondary shielding mechanism, while the major shielding mechanism
was absorption [165]. In another study, electromagnetic shielding composites based on the
acrylic resin matrix (AR) were fabricated by inserting up to 30% (wt.%) activated charcoal
(AC) loading. It was observed that the 30% (wt.%) AC loading composite exhibited a

140



Int. J. Mol. Sci. 2022, 23, 1023

higher relative permittivity value (∼79) compared to the AR (∼5). Moreover, the electrical
conductivity, porous structure, and permittivity value of the composite contributed to the
EMI shielding effectiveness value of −36 dB, revealing the ability of these composites to
serve as an efficient coating for EMI shielding [166]. The porous polymer nanocomposites
fabricated in a study through the ionic self-assembly of gold nanoparticles on the charged
polymer skeleton composed of poly (pyridobisimidazole)-grafted-poly(dimethyl diallyl
ammonium chloride) exhibited a shielding effectiveness value of over –64.9 dB in the
frequency range of 250 MHz–1.5 GHz with a thickness of only 20 mm [167].

The EMI shielding fabrics based on polyaniline and its composites and fabricated
using the in situ polymerization method exhibited the properties of polyaniline and its
composites as well as those of the fabrics used (cotton and nylon). The prepared functional
fabrics with a thickness of 0.1 mm exhibited the EMI shielding performance of 11–15 dB
in the frequency range of 8.2–18 GHz [168]. Lightweight and flexible shielding materials
are suitable for a wide variety of millimeter-wave shielding applications. Such materials
may be prepared using simple and economical methods. In a study, shielding effectiveness
(EMSE) of the nanocomposites composed of heat-treated carbon nanofibers (CNF) in a linear
low-density polyethylene matrix was assessed. It was observed that the heat treatment
(HT) of carbon nanofibers at 2500 ◦C had remarkably increased the intrinsic transport and
graphitic crystallinity, thereby increasing the electromagnetic shielding efficiency of the
nanocomposites. The nanocomposites containing 11% vol. % (20% wt.%) of HT exhibited a
DC electrical conductivity of 1.0 6 0.1 3 101 S/m, approximately 10 orders of magnitude
better than that of the as-received PR-19 CNF nanocomposites. In the frequency range
of 30 MHz–1.5 GHz, the nanocomposite containing HT exhibited average EMSE values
of approximately 14 ± 2 dB [169]. Epoxy nanocomposites containing 15% of 2 mm thick
single-walled carbon nanotube exhibited an EMI shielding performance of 20–30 dB [170].
A higher shielding was gained through the insertion of highly conductive metal particles,
such as that in the case of a 4 µm CNT film with approximately 35% wt.% of iron which
exhibited a shielding performance of 61–67 dB [171]. In another study, a five-layer CNT film
exhibited extraordinary shielding efficiency of 67–78 dB [172]. When the electromagnetic
shielding of carboxymethyl cellulose (CMC) and CMC/metal nanoparticles nanofiber
mats was investigated, it was observed that the EMI improved in the presence of metal
nanoparticles, and was dependent on the concentration and electrical conductivity of the
metal nanoparticles [173].

Table 4. Shielding performance of some lightweight polymer nanocomposites.

Polymer Nanocomposites Thickness
d(mm)

Shielding
(dB) References

Poly (methyl methacrylate)/Multi-walled
carbon nanotubes 0.06 27 [174]

Nitrile butadiene rubber/Fe3O4 2 80–90 [175]

Poly(vinyl alcohol)/Fe3O4 4.5 6 [176]

Polyurethane/Multi-walled
Carbon nanotubes 0.1–0.2 20–29 [177,178]

Polyacrylate/Multi-walled carbon nanotubes 1.5 25 [179]

Polypropylene/Carbon black 2.8 40 [180]

Polysulfone/Carbon nofiber 1 45 [181]

Polylactide/Graphene 1.5 15 [182]

Polyaniline/Grahene 2.5 45.1 [183]

Polyetherimide/Graphene 2.3 44 [184]

Poly (methyl methacrylate)/Single-walled
carbon nanotubes 4.5 40 [185]
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The rapid proliferation of electro/electrical technology has rendered it necessary to
suppress unwanted electromagnetic radiation for effective system implementation. In order
to meet the ever-increasing demand for EMI suppression, the use of PNCs for shielding has
increased. PNCs have a low fabrication cost, lighter weight, and relatively simple process-
ability. The interfaces between the embedded nanofillers and the polymer within the PNCs
are crucial. It is possible to optimize PNCs for several bands of frequency to encompass
all the electronic/electrical systems used in various fields, including the medical, indus-
trial, and military sectors. PNCs are capable of suppressing EMI through the mechanisms
of reflection and absorption. Among the various nanomaterials that are embedded into
PNCs, magnetic nanomaterials are the most appropriate for using PNCs in electromagnetic
shielding. These magnetic nanomaterials include ferrites, carbon-based materials, and
flexible dielectric materials. The concentration, shape, and size of the nanofillers have a
significant influence on the electromagnetic properties of PNCs. It is important to refine
the existing methods and compositions for developing EMI shielding responses. PNCs
with larger interfaces could be utilized for various shielding applications. Moreover, these
PNCs would produce remarkable polarization effects and dielectric attributes for better EM
energy absorption. It would, therefore, be appropriate to investigate the synergy between
PNC phases for understanding the possibilities of modification for obtaining materials
exhibiting improved performance [186,187].

Although extensive research has already been conducted regarding the use of PNCs
in electromagnetic shielding, several challenges remain to be overcome, including the
nanofiller distribution in the PNCs, chemical stability of PNCs at extreme conditions, and
thermal stability of PNCs at higher temperatures. Additional PNC preparation methods
should be used when applying PNCs in electromagnetic shielding to produce better PNCs
with a uniform distribution of nanomaterials. In addition, further research is required to
develop radiation shielding materials with higher efficiency, better uniform distribution,
and chemical and thermal stability. Moreover, the weight, size, and toxicity of PNCs have
to be investigated to obtain lighter and thin shields with the least toxicity. Furthermore,
using recycled polymer waste materials from industries for developing PNCs could be a
promising solution for reducing costs and addressing environmental issues. This approach
would be environmentally friendly and economically viable [188].

4.4. Food Packaging

Food packaging is an icon in the food industry as it plays an important role in modern
society. Food packaging facilitates preservation and extension of the shelf life of food
products during delivery and until consumption. This is realized through the prevention
of unfavorable conditions or factors, such as spoilage microorganisms, chemical contami-
nants, external forces, moisture, oxygen, light, etc. Figure 14 presents the roles of active
packaging in improving the shelf life of food. The food package should prevent microbial
contamination, hinder loss or gain of moisture, and act as a barrier against the permeation
of oxygen, carbon dioxide, water vapor, and other volatile compounds, including taints and
flavors, in addition to the basic properties of packaging materials, such as thermal, optical,
and mechanical properties. PNCs represent a novel class of materials that are considered
promising candidates as materials for food packaging owing to their outstanding thermal,
antimicrobial, mechanical, and barrier properties [189].

Recently, PNCs have been receiving great attention in the food packaging industry.
Rahman et al. used a nanocomposite film composed of chitosan and zinc oxide, developed
via solution mixing, as the packaging material for extending the shelf life of raw meat [190].
Mahmoodi et al. developed colure biodegradable film nanocomposites composed of PLA,
dye, and clay, which exhibited superior light and thermo-mechanical resistance and also
provided a barrier to mass transport, rendering these suitable for use as packaging materi-
als [191]. The nanocomposite containing polycaprolactone and zinc oxide nanoparticles
exhibited antimicrobial activity against pathogenic Staphylococcus aureus and demonstrated
great potential as an active food packaging material [192]. Starch nanocomposite films
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with montmorillonite, prepared through melt processing, are also capable of being used
in food packaging. Pirsa et al. developed a novel nanocomposite film based on bacterial
cellulose, ZnO NPs, and polypyrrole, which may be useful in antimicrobial active and smart
packaging applications [193]. Anothernanocomposite composed of carbon nanotubes and
PHBV exhibited enhanced mechanical and thermal properties, facilitating its application
in food packaging [194]. Kumar and Gautam reported that starch/ZnO nanocomposite
could be used in food packaging applications [195]. Fernández et al. demonstrated that the
cellulose/silver nanocomposite exhibited improved antimicrobial activity against spoilage
microorganisms during the storage of minimally processed “Piel de Sapo” melon. More-
over, the presence of silver nanoparticles in the nanocomposite resulted in remarkably
lower yeast counts and a juicier appearance, in addition to retarding the senescence of
melon cuts after ten days of storage [196]. The reinforcement of polycaprolactone with exfo-
liated graphene oxide produced a nanocomposite that could also be utilized as a packaging
material [197]. Cellulose/clay nanocomposite has also demonstrated enhanced mechanical
properties, rendering it suitable for use in the packaging of food products [198]. A related
study reported the synthesis of a nanocomposite of chitosan with graphene oxide that
exhibited outstanding antimicrobial and mechanical behaviors, which render it suitable as
a candidate material for the food packaging industry [199].

PNCs have been used in food packaging due to several factors, including their good
mechanical and thermal properties, antimicrobial activity, barrier properties, and optical
properties. However, certain PNCs may be composed of synthetic polymers or biopolymers
incorporated with nanomaterials. It is imperative to limit the use of such PNCs in food
packaging, including those that are based on synthetic petroleum-based polymeric films,
due to their adverse impacts on human health and also on the environment. On the
other hand, the use of PNCs derived from biopolymers could be increased as this exhibit
outstanding performance. However, the use of such PNCs for food packaging in industrial
fields also remains limited due to several factors, such as their high production cost and
unavailability for large-scale production. In order to address these limitations, further
research aimed at attaining better mechanical, thermal, and barrier properties along with
improved biocompatibility in the PNCs, is required. In addition, the low cost and large
scale production of PNC films by avoiding the use of expensive chemicals and rather using
economical and natural components would widen the practical application scope of PNCs
in various industrial fields [200].
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5. Conclusions

The present review aimed to describe the current scenario regarding the use of poly-
mer nanocomposites in various fields of applications. As discussed, such applications
require producing stable nanoparticles that could be functionalized and exhibit biocom-
patible properties. The successful development of particles exhibiting specific functional
properties for industrial and environmental applications is the greatest challenge for the
research community in this field. Polymer nanocomposites hold great importance in the
progress of material science. The promising physical and chemical properties of the com-
ponents of PNCs would enable extending the smart behaviors to material applications.
However, much remains to be investigated regarding these systems. Indeed, controlling the
challenging and critical variables would provide an even greater impetus for developing
these materials and ensuring their potential for upscaling. So far, different preparation
techniques have been reported for polymer nanocomposites. However, further investiga-
tion is warranted in this regard as well because the intrinsic properties of nanofillers and
ensuring their uniform dispersion within the polymer remain a great challenge to date. The
preparation method and the types of nanofillers are important factors in determining the
type of application a nanocomposite would be suitable for. The polymer nanocomposites
may be used in water treatment, sensor, electromagnetic shielding and food packaging.
This is attributed to the improved properties exhibited by the polymer nanocomposites
compared to the original polymer.
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Abstract: We fabricated CaCO3-coated vesicles as drug carriers that release their cargo under a weakly
acidic condition. We designed and synthesized a peptide lipid containing the Val-His-Val-Glu-Val-Ser
sequence as the hydrophilic part, and with two palmitoyl groups at the N-terminal as the anchor
groups of the lipid bilayer membrane. Vesicles embedded with the peptide lipids were prepared. The
CaCO3 coating of the vesicle surface was performed by the mineralization induced by the embedded
peptide lipid. The peptide lipid produced the mineral source, CO3

2−, for CaCO3 mineralization
through the hydrolysis of urea. We investigated the structure of the obtained CaCO3-coated vesicles
using transmission electron microscopy (TEM). The vesicles retained the spherical shapes, even
in vacuo. Furthermore, the vesicles had inner spaces that acted as the drug cargo, as observed
by the TEM tomographic analysis. The thickness of the CaCO3 shell was estimated as ca. 20 nm.
CaCO3-coated vesicles containing hydrophobic or hydrophilic drugs were prepared, and the drug
release properties were examined under various pH conditions. The mineralized CaCO3 shell of the
vesicle surface was dissolved under a weakly acidic condition, pH 6.0, such as in the neighborhood
of cancer tissues. The degradation of the CaCO3 shell induced an effective release of the drugs. Such
behavior suggests potential of the CaCO3-coated vesicles as carriers for cancer therapies.

Keywords: CaCO3-coated vesicle; DDS carrier; peptide lipid; mineralization; drug release; under
weakly acidic condition

1. Introduction

Cancer is the leading cause of death for humankind. Therapies for cancer are surgery,
drug, radiation, etc. Among these, drug therapies are attracting attention as a method that
does not damage the “quality of life” of patients, because it suppresses physical invasion.
In recent years, molecular-targeted drugs [1,2] and immune checkpoint inhibitors [3,4] have
been developed and are being used in drug therapies. These drugs suppress side effects
and achieve high anti-cancer effects; however, these drugs are very expensive. On the other
hand, many drugs are abandoned in the development stage due to their significant side
effects despite their high efficacy. The drug delivery system (DDS) has been refocused to
enable the use of these drugs with prominent side-effects. DDS is a system that delivers
the drugs “in a minimum amount”, “at the right time”, and “to the right place”. Polymer
micelles [5,6], dendrimers [7–9], hydrogels [10–13], and mesoporous nanoparticles [14–16]
have been reported as DDS carriers. In addition, vesicles have been used for DDS carriers.
Vesicles have the following advantages as DDS carriers. They have a low toxicity and
antigenicity because the main component is a lipid. The vesicles can be encapsulated
hydrophilic drugs in the internal aqueous phase, and incorporated hydrophobic them in
the interior of the bilayer membrane, respectively. It is possible to add a specific recognition
ability by embedding proteins and/or peptides [17,18] in the bilayer membrane. That
is, vesicles can be obtained with a targeting ability for specific tissues [19–21]. Although
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vesicles have many of the above advantages as DDS carriers, they have the drawback
of being unstable in vivo because of metabolically disruption. We have to consider the
difference between cancer and normal tissues in the molecular design of the carriers for
drug therapies. The new blood vessels around the cancer tissue are incomplete, and carriers
that do not erupt from normal blood vessels permeate from the blood vesicle wall and
accumulated in the cancer tissue. The effect of this carrier accumulating in the cancer
tissue is called the “enhanced permeability and retention (EPR) effect” [22], and is found in
carriers with a diameter from 50 to 200 nm [23,24]. In addition, cancer cells grow rapidly
and are actively metabolized. Therefore, as lactic acid accumulates, the CO2 concentration
also increases. Furthermore, because the proton pump operates actively, the pH value
around the cancer tissue is relatively lower than that of the normal tissue [25–27]. From
the above, it is necessary that the DDS carrier in drug therapy for cancer diseases has a
size capable of exhibiting the EPR effect and that can release the drug under weakly acidic
conditions.

In this paper, we attempted the fabrication of stable CaCO3-cated vesicles as DDS
carriers for drug therapies in cancer. CaCO3 is the main inorganic component of the shells
and is not toxic. The important point is that CaCO3 is insoluble under physiological pH
conditions around normal tissue, but dissolves under weakly acidic conditions in the
neighborhood of cancer tissue. We hypothesize that the CaCO3-coated vesicles are able
to effectively release the drugs, owing to the collapse of the shell as it is dissolved in the
vicinity of the cancer tissues. CaCO3-coated vesicles were obtained by self-supplied CaCO3
mineralization [28,29] using the embedded peptide lipid with the Val-His-Val-Glu-Val-Ser
sequence as the catalyst of urea hydrolysis. The vesicles maintained their spherical shape
even under a high vacuum; however, the vesicles collapsed easily under the weakly acidic
condition owing to the dissolution of the CaCO3 shells. Both the encapsulated hydrophobic
and hydrophilic drugs were released by dissolving the CaCO3 shell under weakly acidic
conditions, such as in the neighborhood of cancer tissues.

2. Results and Discussion
2.1. Structure of CaCO3-Coated Vesicles Fabricated by the Peptide Lipids Induced Minerarlzation
2.1.1. CaCO3-Coating of the Vesicle Surface

In our previous studies [28,29], we have been reported that the Val-His-Val-Glu-Val-Ser
peptide acts as mineral source supplier for CaCO3 mineralization through the hydrolysis of
urea. We have proposed the mechanism of urea hydrolysis by the Val-His-Val-Glu-Val-Ser
peptide as follows. The imidazole group of the His residue activates the hydroxyl group
of the Ser residue of the peptides by taking proton [29]. The interaction between His and
Ser residues among the Val-His-Val-Glu-Val-Ser peptides is well-known as the “charge
relay effect” that is seen in the serine protease [30]. The activated hydroxyl group of the Ser
residue hydrolyzes one urea molecule to two ammonium cations, and has one carbonate
anion as the mineral source of the CaCO3 mineralization. We designed and synthesized
the peptide lipid with a hydrophilic Val-His-Val-Glu-Val-Ser sequence as a mineral source
supply site, and with two hydrophobic palmitoyl groups as the anchors for embedding
in a vesicle membrane. Figure 1 shows the chemical structure of the peptide lipid. In this
figure, we show the reaction mechanism of urea hydrolysis by the peptide lipids.

Azolectin vesicles embedded the peptide lipids were prepared. The obtained vesicle
with an interior containing 150 mM NaCl, and an exterior containing 100 mM NaCl, 25 mM
Urea, and 25 mM Ca(OAc)2 in an isotonic condition. Under this condition, we considered
that the vesicle remained spherical and the Val-His-Val-Glu-Val-Ser sequence of the peptide
lipid presented on the outer surface of the vesicle hydrolyzed urea to form the CaCO3 shell.
Figure 2 shows the schematic picture of the fabrication of the CaCO3-coated vesicle by
mineralization under the isotonic condition. In addition, we confirmed that the thermal
pyrolysis of urea in an aqueous solution occurred only above 30 ◦C [29]. Therefore, CaCO3
coating on the vesicle outer surface, owing to the mineralization by peptide lipid induced
urea hydrolysis, was performed at 20 ◦C without bulk mineralization.

154



Int. J. Mol. Sci. 2022, 23, 789Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 3 of 16 
 

 

 
Figure 1. (a) Chemical structure of the peptide lipid. (b) Hydrolysis mechanism of urea by charge 
relay between His and Ser. 

Azolectin vesicles embedded the peptide lipids were prepared. The obtained vesicle 
with an interior containing 150 mM NaCl, and an exterior containing 100 mM NaCl, 25 
mM Urea, and 25 mM Ca(OAc)2 in an isotonic condition. Under this condition, we con-
sidered that the vesicle remained spherical and the Val-His-Val-Glu-Val-Ser sequence of 
the peptide lipid presented on the outer surface of the vesicle hydrolyzed urea to form the 
CaCO3 shell. Figure 2 shows the schematic picture of the fabrication of the CaCO3-coated 
vesicle by mineralization under the isotonic condition. In addition, we confirmed that the 
thermal pyrolysis of urea in an aqueous solution occurred only above 30 °C [29]. There-
fore, CaCO3 coating on the vesicle outer surface, owing to the mineralization by peptide 
lipid induced urea hydrolysis, was performed at 20 °C without bulk mineralization. 

 
Figure 2. Schematic picture of the fabrication of the CaCO3-coated vesicle by the self-supplied min-
eralization under the isotonic condition. 

2.1.2. Structure of CaCO3-Coated Vesicles 
We observed the morphological changes of CaCO3-coated vesicles obtained by the 

mineralization reaction using transmission electron microscopic (TEM) observations. Fig-
ure 3 shows the TEM images of the vesicles after CaCO3 mineralization for 8, 11, 18, and 
25 days, respectively. For comparison, the TEM image of the vesicle before CaCO3 miner-
alization is shown in Figure 3e. The vesicle before mineralization did not have a clear 
structure. This implies that the non-coated vesicle was crushed under the high vacuum 
during TEM observation. From the TEM images after 8 (Figure 3a) and 11 days (Figure 
3b), when the mineralization reactions were short, the vesicles were crushed and de-
formed. Furthermore, many white spots were observed on the vesicle surface after 8 days 

Figure 1. (a) Chemical structure of the peptide lipid. (b) Hydrolysis mechanism of urea by charge
relay between His and Ser.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 3 of 16 
 

 

 
Figure 1. (a) Chemical structure of the peptide lipid. (b) Hydrolysis mechanism of urea by charge 
relay between His and Ser. 

Azolectin vesicles embedded the peptide lipids were prepared. The obtained vesicle 
with an interior containing 150 mM NaCl, and an exterior containing 100 mM NaCl, 25 
mM Urea, and 25 mM Ca(OAc)2 in an isotonic condition. Under this condition, we con-
sidered that the vesicle remained spherical and the Val-His-Val-Glu-Val-Ser sequence of 
the peptide lipid presented on the outer surface of the vesicle hydrolyzed urea to form the 
CaCO3 shell. Figure 2 shows the schematic picture of the fabrication of the CaCO3-coated 
vesicle by mineralization under the isotonic condition. In addition, we confirmed that the 
thermal pyrolysis of urea in an aqueous solution occurred only above 30 °C [29]. There-
fore, CaCO3 coating on the vesicle outer surface, owing to the mineralization by peptide 
lipid induced urea hydrolysis, was performed at 20 °C without bulk mineralization. 

 
Figure 2. Schematic picture of the fabrication of the CaCO3-coated vesicle by the self-supplied min-
eralization under the isotonic condition. 

2.1.2. Structure of CaCO3-Coated Vesicles 
We observed the morphological changes of CaCO3-coated vesicles obtained by the 

mineralization reaction using transmission electron microscopic (TEM) observations. Fig-
ure 3 shows the TEM images of the vesicles after CaCO3 mineralization for 8, 11, 18, and 
25 days, respectively. For comparison, the TEM image of the vesicle before CaCO3 miner-
alization is shown in Figure 3e. The vesicle before mineralization did not have a clear 
structure. This implies that the non-coated vesicle was crushed under the high vacuum 
during TEM observation. From the TEM images after 8 (Figure 3a) and 11 days (Figure 
3b), when the mineralization reactions were short, the vesicles were crushed and de-
formed. Furthermore, many white spots were observed on the vesicle surface after 8 days 

Figure 2. Schematic picture of the fabrication of the CaCO3-coated vesicle by the self-supplied
mineralization under the isotonic condition.

2.1.2. Structure of CaCO3-Coated Vesicles

We observed the morphological changes of CaCO3-coated vesicles obtained by the min-
eralization reaction using transmission electron microscopic (TEM) observations. Figure 3
shows the TEM images of the vesicles after CaCO3 mineralization for 8, 11, 18, and 25 days,
respectively. For comparison, the TEM image of the vesicle before CaCO3 mineralization
is shown in Figure 3e. The vesicle before mineralization did not have a clear structure.
This implies that the non-coated vesicle was crushed under the high vacuum during TEM
observation. From the TEM images after 8 (Figure 3a) and 11 days (Figure 3b), when the
mineralization reactions were short, the vesicles were crushed and deformed. Furthermore,
many white spots were observed on the vesicle surface after 8 days of mineralization
(Figure 3a). This suggests that if the mineralization period is short, uncoated areas with
CaCO3 occur. On the other hand, when increasing of the mineralization period, the crushed
structure disappeared and spherical structures that could maintain those shapes even in
vacuo were clearly observed (Figure 3c,d). This suggests that CaCO3-coating by mineral-
ization for 18 days fabricates stable vesicles a maintaining spherical structure.

The hydrodynamic diameter of the CaCO3-coated vesicles obtained by 18-day miner-
alization was estimated by dynamic light scattering (DLS) measurements. The diameter of
the CaCO3-coated vesicle was 193.6 ± 84.4 nm (Figure A1a). This value corresponded to
the diameter of the spherical particles observed by TEM, and the size was within the range
where the EPR effect could be expected. However, the standard deviation of the radius of
the CaCO3-coated vesicle was high, and there were coated vesicles of 200 nm or more. The
size of the CaCO3-coated vesicles could be controlled by adjusting the period of mineral-
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ization. In addition, the diameter of the vesicle before mineralization was 122.7 ± 22.7 nm
(Figure A1b). This implies that the diameter increased owing to the surface coating by
CaCO3 mineralization.
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For comparison, CaCO3 mineralization was performed on the surface of the azolectin
vesicle (azolectin/peptide lipid ratio of 200:1) with a lower peptide lipid content. Further-
more, mineralization was also performed on the surface of the dipalmitoylphosphatidyl-
choline (DPPC) vesicle containing the peptide lipid (DPPC/peptide lipid ratio of 100:1)
which has a gel state at 20 ◦C [31]. In either system, after 18 days of mineralization, the vesi-
cles collapsed under TEM observation, and the spherical structure could not be maintained
in vacuo. These results suggest that the Val-His-Val-Glu-Val-Ser sequence in the peptide
lipids needs to collide in the vesicle membrane and interact between His and Ser in order
to hydrolyze urea. That is, the peptide lipids must exist at a collisional concentration in the
fluid vesicle membrane.

The composition distribution of CaCO3-coated vesicles obtained after 18-day mineral-
ization was evaluated using energy dispersive X-ray spectrometry (EDX) mapping. Figure 4
shows the elemental mappings of phosphorus (Figure 4a) assigned to azolectin, which is
the major component of the vesicle membrane, and calcium (Figure 4b) corresponded to
the mineralized CaCO3. CaCO3 was found only in the vicinity of the vesicle, and formation
in the bulk was not observed.
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We investigated the crystal phase of the mineralized CaCO3 shell on the vesicle
using X-ray diffraction (XRD) measurements. CaCO3 takes on different crystal phases as
most stable calcite phase, semi-stable aragonite phase, and unstable vaterite phase [32].
Figure 5 shows the XRD profile of the CaCO3-coated vesicles obtained after the 18-day
mineralization. In this figure, the standard profiles of calcite [33], aragonite [34], and
vaterite [35] are shown. The XRD profile of the CaCO3-coated vesicle was very similar to
the standard profile of the calcite phase. We assigned crystal faces of the diffraction peaks
shown in Figure 5 from those of 2θ and a relative intensity, along with those of the standard
calcite XRD profile (Table A1). The 2θ and relative intensities for the CaCO3-coated vesicle
were in good agreement with those of calcite. This implies that the mineralized CaCO3 on
the vesicle surface took the most stable calcite phase. In this system, CaCO3 was formed on
the vesicle surface through the reaction between Ca2+ and CO3

2−. CO3
2− was supplied

by the peptide lipid owing to the urea hydrolysis. On the other hand, Ca2+ was captured
on the vesicle surface as a result of the electrostatic interaction with the phosphate group
of azolectin, and/or the carboxy group of the Glu side chain of the peptide lipid. It is
considered that CaCO3 took the most stable calcite phase, as there was no clear regularity
in the spatial arrangement of phosphate and carboxyl groups on the vesicle surface.
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Figure 5. XRD profile of CaCO3-coated vesicles after mineralization for 18 days. Standard profiles
of calcite, aragonite, and vaterite are shown in this figure, respectively. The assignment of each
diffraction peak is shown in Table A1.

To evaluate the internal structure of the CaCO3-coated vesicle obtained after the 18-day
mineralization, three-dimensional TEM (3D-TEM) observations and a tomographic analysis
were performed. Figure 6 shows the 3D-TEM and tomography image of the CaCO3-coated
vesicle. We can see that there was a cavity inside the CaCO3-coated vesicle. Furthermore,
the thickness of the CaCO3 shell was ca. 20 nm. These results suggest that the vesicle
obtained for the 18-day mineralization had a stable spherical structure whose surface was
coated with calcite, while maintaining the intrnal aqueous phase. The CaCO3-coated vesicle
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was useful as the DDS carrier because it had a particle size capable of exhibiting the EPR
effect and could encapsulate both hydrophilic and hydrophobic drugs.
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Figure 6. (a) 3D-TEM and (b) tomography images of CaCO3-coated vesicle for 18-day mineralization.
Axis length information; X axis: 443.5 nm; Y axis: 452.5 nm; Z axis: 443.5 nm.

2.2. Drug Release Properties of CaCO3-Coated Vesicles
2.2.1. Dissolution Behaviors of CaCO3 Shells

We successfully fabricated the CaCO3-coated vesicle as a stable DDS carrier with
a particle size capable of exerting an EPR effect. We considered that the CaCO3-coated
vesicles act as environmentally responsive DDS carriers, with the advantage that the CaCO3
shells dissolve under acidic conditions. The strategy for using CaCO3-coated vesicles as
DDS carriers is follows. First, the CaCO3 shell on the vesicle dissolves under the weakly
acidic conditions, such as in the neighborhood of cancer tissues. Next, the vesicle lost
the CaCO3 shell collapses and releases the drugs. We first investigated the dissolubility
of CaCO3 shell on the vesicle under various pH conditions. The quantification of free
Ca2+ generated by the dissolution of the CaCO3 shell was performed by fluorescence
measurements using 8-amino-2-[(2-amino-5-methylphenoxy)methyl]-6-methoxyquinoline-
N,N,N’,N’-tetraacetic acid, tetrapotassium salt (Quin 2) [36]. We used the CaCO3-coated
vesicle obtained for the 18-day mineralization. Figure 7 shows the concentration changes
in the free Ca2+ produced by the dissolution of the CaCO3 shell in the solution mimicking
the pH environment in the neighborhood of cancer (pH 6.0) and normal (pH 7.4) tissues,
respectively. For comparison, the concentration changes in free Ca2+ under weakly basic
conditions at pH 8.0 are also shown in this figure. The CaCO3 shells of the vesicles were
gradually dissolved and there was a slight increase in the free Ca2+ concentration in the
external aqueous phase when the CaCO3-coated vesicles were dispersed in the pH 8.0 buffer.
Under pH 7.4, mimicking the normal tissue neighborhood, the free Ca2+ concentration
increased monotonically, although the dissolution rate of the Ca shells was faster than at
pH 8.0. On the other hand, the dissolution phenomena of Ca shells in the pH environment
at pH 6.0, which mimicked the neighborhood of the cancer tissue, was clearly different
from that at pH 8.0 and pH 7.5. Under this condition, the CaCO3 shells dissolved rapidly
in 2 days, and then the concentration of free Ca2+ gradually increased. This result indicates
that the shells of CaCO3-coated vesicles showed effective dissolubility under the weakly
acidic condition as compared with the neutral and weakly basic conditions. That is, the
CaCO3-coated vesicle had the ability to recognize environmental pH conditions.
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Figure 7. The concentration changes in free Ca2+ produced by the dissolution of the CaCO3 shell
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2.2.2. Hydrophilic and Hydrophobic Drug Release Properties

Next, we investigated the drug release behavior from the CaCO3-coated vesicles under
various pH conditions. We used the CaCO3-coated vesicles obtained from the 18-day
mineralization, which were used for the shell dissolubility measurements. However, the
vesicles used in the drug release experiments encapsulated hydrophilic Rhodamine 6G
(Rh6G) in the internal aqueous phases or incorporated the hydrophobic Pyrene (Py) in the
lipid bilayer membranes. The release of hydrophilic Rh6G was evaluated by permeation
from the vesicle interior to the outer aqueous phase as the amount of Rh6G per 1 g of
CaCO3-coated vesicles (Figure 8a). On the other hand, the release of hydrophobic Py was
evaluated by the transfer amount from the bilayer membrane of CaCO3-coated vesicles to
that of the pure azolectin vesicle as Py amount per 1 g of CaCO3-coated vesicles (Figure 8b).
The amount of drug release increased with decreasing the pH of the medium in both
hydrophilic Rh6G and hydrophobic Py. This propensity was consisted with that of the
CaCO3 shell dissolubility shown in Figure 7. This means that the drug release from the
CaCO3-coated vesicle was caused by the dissolution of the shell. On the other hand, the
profiles between the transfer of hydrophobic Py and the release of hydrophilic Rh6G were
observed to be clearly different under the weakly acidic condition of pH 6.0, mimicking the
neighborhood of the cancer tissue. The transfer profile of Py showed the saturated curve
(Figure 8b; pH 6.0). However, the release profile of Rh6G at pH 6.0 showed a slower release
of up to 3 days. Then, the rapid increase in the amount of Rh6G released was observed,
and the release amount reached the equilibrium value after 8 days.

This difference in drug release behavior can be explained as follows. Here, we discuss
the initial process of the drug release phenomena as a result of the dissolution behavior of
the CaCO3 shell. The release of hydrophilic Rh6G from the CaCO3-coated vesicle is thought
to be caused by the dissolution of the CaCO3 shell and the subsequent collapse of the vesicle
(Figure 9a). On the other hand, it is thought that the release of hydrophobic Py occurred
after contact between the CaCO3-coated vesicle and the pure azolectin vesicle (Figure 9b).
That is, the rapid transfer of Py was caused in the initial state owing to the immediate
contact of the CaCO3-coated vesicle to the azolectin vesicle as soon as partial dissolution of
the CaCO3 shell occurred. This is implied from the rapid rising in the Py transfer profile
(Figure 8b; pH 6.0) during the period, when CaCO3 shell dissolution occurred rapidly
in the first 2 days (Figure 7; pH 6.0). The amount of hydrophilic Rh6G released showed
a monotonous increasing tendency (Figure 8a; pH 6.0) during the rapid dissolution of
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the CaCO3 shell, but the release amount increased rapidly after 3 days, during which the
concentration of free Ca2+ was gradually increased (Figure 7; pH 6.0). The Py transfer
occurred through contact of the exposed bilayer membrane of the CaCO3-coated vesicle
with the azolectin vesicle (Figure 9b). However, the release of hydrophilic Rh6G did not
occur until the vesicle disintegrated after the dissolution of the CaCO3 shell (Figure 9a). The
hydrophilic Rh6G could not permeate the hydrophobic bilayer membrane, so the release
of Rh6G required the vesicle disintegration. The hydrophilic drugs were encapsulated in
the inner aqueous phase of the vesicle, while the hydrophobic drugs were incorporated
in the bilayer membrane. It is thought that drug releases were performed by different
mechanisms due to the difference in the location of the drugs.
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3. Materials and Methods
3.1. Materials
3.1.1. Peptide Lipid

The amino acid sequence of the peptide lipid (Figure 1), Val-His-Val-Glu-Val-Ser,
was chosen as the hydrolysis site of the urea to produce the CO3

2−, which is the min-
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eral source of CaCO3 [28,29]. Lysine was introduced at the N-terminal of the peptide.
Two palmitoyl groups were attached as the anchor to the vesicle through a condensa-
tion reaction between the amino group of N-terminal lysine and the carboxyl group of
palmitic acid (Nacalai Tesque Inc., Kyoto, Japan). Peptide lipid synthesis was carried out
using 9-fluorenylmethoxycarbonyl (Fmoc) chemistry on 4-(2,4-dimethoxyphenyl-Fmoc-
aminomethoxyl)phenoxyacetyl-norleucine loaded cross-linked ethoxylate acrylate (CLEAR-
amide) resin [37]. Fmoc-amino acids (Fmoc-Val, Fmoc-His(Trt), Fmoc-Glu(OBut)-H2O, and
Fmoc-Ser(But)) and clear-amide resin were purchased from Peptide Institute, Inc. (Osaka,
Japan). The Fmoc-amino acid for N-terminal lysine residue was Fmoc-Lys(Fmoc), which
was purchased from Watanabe Chemical Industrials, Ltd. (Hiroshima, Japan). Two palmi-
toyl groups were attached at the N-terminal amino group and side chain of the lysine
residue by the same chemistry. Peptide lipid cleavage and deprotection of the side chain
protecting groups were performed at the same time to obtain the peptide lipid. The obtained
peptide lipid was identified by matrix-assisted laser desorption/ionization time-of-flight
mass spectroscopy (MALDI-TOF-MS) on a JEM-S3000 system (JEOL Ltd., Tokyo, Japan).
Molecular weights of the synthesized peptide lipid were obtained to be 1272.9 and 1294.9
from the MALDI-TOF-MS measurement (Figure A2). The calculated molecular weight
of the peptide lipid was 1272.7. The molecular weights obtained by the MALDI-TOF-MS
measurement were in fair agreement with the calculated values as [M+H]+ (m/z = 1273.7)
and [M+Na]+ (m/z = 1295.7), respectively. From the MALDI-TOF-MS study, we obtained
evidence indicating the successful synthesis of the designed peptide lipid.

3.1.2. Vesicles

The peptide lipid was dissolved in 2,2,2-trifluoroethanol (TFE; Nacalai Tesque Inc.,
Kyoto, Japan). Azolectin (Nacalai Tesque Inc., Kyoto, Japan) was dissolved in chloroform
(Nacalai Tesque Inc., Kyoto, Japan). These solutions were mixed and poured into a glass
flask and then a thin film was formed on the interior surface of the flask from the evapo-
ration of the solvents. The molar ration of the peptide lipid to azolectin was fixed at 0.01.
The molecular weight of azolectin used was that of dioleoylphosphatidylcholine, 786. An
aqueous solution containing 150 mM NaCl (Nacalai Tesque Inc., Kyoto, Japan) was added
to this flask, and was sonicated by Branson Sonifier 250 (Danbury, CT, USA) for 10 min,
under a nitrogen atmosphere at 0 ◦C. The pH of the vesicle dispersion was adjusted to
pH 7.4. For comparison, a dipalmitoylphosphatidylcholine (DPPC; FUJIFILM Wako Pure
Chemical Co., Osaka, Japan) vesicle, which is in a gel state at room temperature, was also
prepared in the same manner.

We used model drugs rhodamine 6G (Rh6G; Nacalai Tesque Inc., Kyoto, Japan), as a
hydrophilic drug, and pyrene (Py; FUJIFILM Wako Pure Chemical Co., Osaka, Japan), as
a hydrophobic drug. Encapsulation of these drug models in the vesicles was performed
as follows: For the encapsulation of the hydrophilic drug model, Rh6G was added to
the aqueous solution containing 150 mM NaCl. The Rh6G encapsulated vesicle was
obtained by sonication in the aqueous solution containing Rh6G. The concentration of
Rh6G in the 150 mM NaCl aqueous solution was 1 mM. On the other hand, to introduce
the hydrophobic model drug, Py, into the bilayer membrane of the vesicle, Py was mixed
into the thin film consisting of the peptide lipid and azolectin. Py and azolectin were
dissolved in chloroform. The molar ration of the Py to azolectin was 0.12. The TFE solution
containing the peptide lipid was added to the chloroform solution in the glass flask and
then the thin film containing Py was formed through the evaporation of the solvents. An
aqueous solution containing 150 mM NaCl was added to the flask and was sonicated to
prepare the Py incorporated vesicle.

3.1.3. CaCO3 Coating on the Vesicle Surface by Mineralization

CaCO3 coating on the vesicle surface was performed by mineralization using CO3
2−

generated by urea hydrolysis induced by the Val-His-Val-Glu-Val-Ser sequence of the
peptide lipid [28]. Aqueous solutions containing 150 mM urea (Nacalai Tesque Inc., Kyoto,
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Japan) and 150 mM calcium acetate (Nacalai Tesque Inc., Kyoto, Japan) were added to the
vesicle dispersions either with or without the model drugs obtained above. The volume
ration of the vesicle dispersion, aqueous solutions of urea, and calcium acetate was 4:1:1.
Under this condition, the inner aqueous phase of the vesicle contained 150 mM NaCl, and
the outer consisted of 100 mM NaCl, 25 mM urea, and 25 mM calcium acetate. The obtained
vesicle dispersion was an isotonic system in which no osmotic pressure was generated
between the inside and outside of the bilayer membrane. The vesicle dispersions were
gently shaken at 20 ◦C, after which the pyrolysis of urea did not occur [29]. After 18 days
of mineralization, the vesicle dispersions were centrifuged at 10,000 rpm for 20 min. The
precipitates were re-dispersed in water adjusted to pH 8.0, and were centrifuged to obtain
the precipitates again. This centrifugation and redispersion cycle were performed twice
more to remove the unreacted calcium acetate, urea, and the unincluded model drugs from
the vesicle outer aqueous phase. The vesicle dispersions were lyophilized, and the vesicles
with or without model drugs were stored frozen until they were used in the experiments.

3.2. Methods
3.2.1. Transmission Electron Microscopic Observations

The morphologies of the CaCO3-coated vesicles obtained by mineralization were de-
termined using a scanning transmission electron microscope (STEM; JEM-z2500, JEOL Ltd.,
Tokyo, Japan) equipped with an Ultra Scan CCD camera (US1000; Gatan Inc., Pleasanton,
CA, USA) in TEM mode. Elemental analysis and mappings of the CaCO3-coated vesicles
were performed in STEM mode equipped with an energy dispersive X-ray spectrometer
(EDX; EX-37001, JEOL Ltd., Tokyo, Japan). An aliquot of the vesicle dispersion obtained
after various mineralization periods was placed on an elastic carbon-coated STEM grid,
and the CaCO3-coated vesicles were allowed time to adsorb onto its surface. After the
adsorption, the excess solution was removed by absorption onto filter paper, and the grid
was rinsed with water to remove the unreacted urea and calcium acetate.

Three-dimensional TEM tomography was performed to analyze the internal struc-
ture of the CaCO3-coated vesicle. Projection images under sample rotation angles from
−60◦ to +60◦ (at 1◦ increments) were automatically acquired. The projection images were
reconstructed into 3D images using a TEM tomography system (TEMography, SYSTEM
IN FRONTIER Inc., Tokyo, Japan). TEM and STEM observations were performed using
unstained samples at an acceleration voltage of 200 kV.

3.2.2. Dynamic Light Scattering Measurements

The hydrodynamic diameters of the CaCO3-caoted vesicles were evaluated by dy-
namic light scattering (DLS) measurement. The lyophilized CaCO3-coated vesicle obtained
after 18 days of mineralization was re-dispersed in water adjusted to pH 7.4 to prepare
a measurement sample. The concentration of the CaCO3-coated vesicle was 0.1 mg/mL.
The DLS measurements were performed at 25 ◦C using a Zetersizer ZS (Malvern Panalyti-
cal Ltd., Cambridge, UK). For comparison, DLS measurements were also performed on
CaCO3-uncoated vesicles before mineralization.

3.2.3. X-ray Diffraction Measurements

The crystal structure of the CaCO3 shell formed on the vesicle surface was investigated
by X-ray diffraction (XRD) measurement. The lyophilized CaCO3-coated vesicle obtained
after 18 days of mineralization was used. XRD measurements were carried out using a
SmartLabSE (Shimazu Co., Kyoto, Japan) equipped with a 1.8 kW CuKα ceramic X-ray
tube operating at 40 kV and 30 mA.

3.2.4. Dissolution Behaviors of Shells on the CaCO3-Coated Vesicles

We investigated the dissolubility of the CaCO3 shell on the vesicle surface under
various pH conditions. The lyophilized CaCO3-coated vesicle obtained after 18 days of min-
eralization was re-dispersed in 100 mM 2-[4-2-(hydroxyethyl)-1-piperazinyl]ethanesulfonic
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acid (HEPES, Nacalai Tesque Inc., Kyoto, Japan)–Tris(hydroxylmethyl)aminomethane (Tris,
Nacalai Tesque Inc., Kyoto, Japan) buffers adjusted to pH 6.0, 7.4, and 8.0, respectively.
The concentration of the CaCO3-coated vesicle was 0.01 g/L. The CaCO3-coated vesicle
dispersion at each pH condition was gently shaken at 36 ◦C. We measured the concentration
changes of the Ca2+ generated by the dissolution of the CaCO3 shell. The quantification
of free Ca2+ was performed by fluorescence measurements using 8-amino-2-[(2-amino-5-
methylphenoxy)methyl]-6-methoxyquinoline-N,N,N’,N’-tetraacetic acid, tetrapotassium
salt (Quin 2, Dojindo Co. Ltd., Kumamoto, Japan) as a quantification reagent for Ca2+.
At regular intervals, 1 mL of the vesicle dispersion was collected from the dispersion of
each pH condition, and 20 µL of 1.44 mM Quin 2 aqueous solution was added, and then
fluorescence measurements were carried out using a spectrofluorophotometer (RF-5300,
Shimadzu Co., Kyoto, Japan). The excitation wavelength of Quin 2 was 339 nm, and the
fluorescence was observed at 492 nm. We created the calibration curve of the relationship
between the Ca2+ concentration and Quin 2 fluorescence intensity in each buffer solution.
The Ca2+ concentrations were calculated from the obtained fluorescence intensities, based
on the calibration curves.

3.2.5. Drug Release Experiments

We performed drug release measurements of the hydrophilic model drug, Rh6G, from
the CaCO3-coated vesicle. The encapsulated Rh6G in the vesicle interior was quenched, and
only the Rh6G released from the vesicle emitted fluorescence. The amounts of drug released
were determined from the fluorescence intensity of Rh6G in the external aqueous phase.
The CaCO3-coated vesicle encapsulated Rh6G obtained after 18 days of mineralization was
re-dispersed in 100 mM HEPES–Tris buffers adjusted to pH 6.0, 7.4, and 8.0, respectively.
The concentration of the CaCO3-coated vesicle was 0.01 g/L. The CaCO3-coated vesicle
dispersion at each pH condition was gently shaken at 36 ◦C, and the intensity changes
of Rh6G fluorescence were monitored on a spectrofluorophotometer. The excitation and
emission wavelength of Rh6G were 527 and 551 nm, respectively. The amounts of drug
release under each pH condition were calculated based on the calibration curve obtained
in each buffer solution.

Furthermore, we investigated the release of the hydrophobic model drug, Py, from
the CaCO3-coated vesicle. We evaluated the transfer amounts of Py from the CaCO3-
coated vesicle to the pure azolectin vesicle by the fluorescence measurements. The pure
azolectin vesicles, which were reservoirs of released Py from the CaCO3-coated vesicles,
were prepared by sonication in buffer solutions adjusted to pH 6.0, 7.4, and 8.0, respectively.
The concentration of pure azolectin vesicles was 0.1 wt%. Then, 1 mg of the CaCO3-
coated vesicle containing Py obtained after 18 days of mineralization was weighted into
a microtube. The pure azolectin vesicle dispersions adjusted at pH 6.0, 7.4, and 8.0 were
added to the microtubes, and then the microtubes were each shaken at 36 ◦C. At regular
intervals, the dispersions were centrifuged at 10,000 rpm for 10 min, and the azolectin
vesicles with transferred Py were collected as a supernatant. The amounts of transferred
Py under each pH condition were determined by the fluorescence measurement of the
collected supernatant, based on the calibration curve of the vesicle containing 1 wt% Py
obtained in each buffer solution. The excitation and emission wavelength of Py were
342 and 375 nm, respectively.

4. Conclusions

In this study, we attempted to fabricate a new DDS carrier especially useful for cancer
therapy. The vesicle surface was coated with CaCO3 owing to the self-supplied mineral-
ization induced by the embedded peptide lipid. The CaCO3-coated vesicle maintained its
spherical shape even under a high vacuum; however, the vesicle collapsed easily under the
weakly acidic condition, mimicking the neighborhood of the cancer tissue, owing to the
dissolution of the CaCO3 shell. It was also confirmed that the CaCO3-coated vesicle could
encapsulate both the hydrophilic and hydrophobic drugs as the DDS carrier. The encapsu-
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lated drugs, hydrophilic Rh6G and hydrophobic Py, were released effectively through the
dissolution of the CaCO3 shell under weakly acidic conditions such as the neighborhood of
cancer tissues. The release of these drugs behaved differently depending on the location of
the drug in the vesicle. The obtained CaCO3-coated vesicle is expected to be an effective
DDS carrier in cancer drug therapy.
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Table A1. The assignment of crystal faces from diffraction peak and relative intensity shown in
Figure 5, and standard XRD data of calcite phase of CaCO3.

Experiment Standard (Calcite)

No. Crystal Face 2θ/deg Intensity 2θ/deg Intensity

1 (0 1 2) 23.02 7.25 23.07 8.10
2 (1 0 4) 29.36 100 29.42 100
3 (0 0 6) 31.42 2.19 31.46 2.43
4 (1 1 0) 35.96 16.9 36.00 13.7
5 (1 1 3) 39.6 0.915 39.44 20.2
6 (2 0 2) 43.14 21.1 43.19 14.3
7 (0 2 4) 47.44 22.3 47.15 6.16
8 (0 1 8) 47.54 7.99 47.54 19.7
9 (1 1 6) 48.46 24.1 48.54 20.0
10 (2 1 1) 56.56 4.93 56.61 3.73
11 (1 2 2) 57.38 11.4 57.44 9.18
12 (2 1 4) 60.64 7.63 60.72 5.28
13 (2 0 8) 60.94 3.08 61.05 2.41
14 (1 1 9) 61.28 2.41 61.43 3.18
15 (1 2 5) 63.00 2.38 63.10 2.29
16 (3 0 0) 64.64 7.71 64.71 6.84
17 (0 0 12) 65.54 5.33 65.67 3.91
18 (2 1 7) 69.12 1.95 69.24 1.51
19 (0 2 10) 70.20 1.79 70.30 2.13
20 (1 2 8) 72.84 3.60 72.95 2.69
21 (1 1 12) 77.02 2.72 77.23 1.93
22 (2 1 10) 81.44 2.57 81.60 2.24
23 (1 3 4) 83.74 5.25 83.84 1.57
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Abstract: Lactobacilli are a promising natural tool against vaginal dysbiosis and infections. However,
new local delivery systems and additional knowledge about their distribution and mechanism of
action would contribute to the development of effective medicine. This will be facilitated by the
introduction of the techniques for effective, inexpensive, and real-time tracking of these probiotics
following their release. Here, we engineered three model vaginal lactobacilli (Lactobacillus crispatus
ATCC 33820, Lactobacillus gasseri ATCC 33323, and Lactobacillus jensenii ATCC 25258) and a control
Lactobacillus plantarum ATCC 8014 to express fluorescent proteins with different spectral properties,
including infrared fluorescent protein (IRFP), green fluorescent protein (GFP), red fluorescent protein
(mCherry), and blue fluorescent protein (mTagBFP2). The expression of these fluorescent proteins
differed between the Lactobacillus species and enabled quantification and discrimination between
lactobacilli, with the longer wavelength fluorescent proteins showing superior resolving power. Each
Lactobacillus strain was labeled with an individual fluorescent protein and incorporated into poly
(ethylene oxide) nanofibers using electrospinning, as confirmed by fluorescence and scanning electron
microscopy. The lactobacilli retained their fluorescence in nanofibers, as well as after nanofiber
dissolution. To summarize, vaginal lactobacilli were incorporated into electrospun nanofibers to
provide a potential solid vaginal delivery system, and the fluorescent proteins were introduced to
distinguish between them and allow their tracking in the future probiotic-delivery studies.

Keywords: lactobacilli; vaginal probiotics; fluorescent proteins; electrospinning; nanofibers; probiotic
analysis; probiotic delivery

1. Introduction

The healthy human vagina is home to around 50 microbial species, of which the
most dominating are bacteria from the genus Lactobacillus [1]. The main ones found are
Lactobacillus crispatus, Lactobacillus jensenii, Lactobacillus gasseri, and Lactobacillus iners. Each
of these is dominant in its community type, and L. crispatus is the most abundant [2].
Vaginal infections are favored by dysbiosis of the normal vaginal microbiota, whereby the
numbers of lactobacilli decrease. This can allow the overgrowth of several opportunistic
pathogens, including Gardnerella vaginalis, Atopobium vaginae, and Candida albicans [3].

Antimicrobial drugs are the first line of defense against bacterial infections. However,
their frequent use can lead to antimicrobial resistance and also to high infection recurrence
rates (i.e., ~50%) [3]. These high recurrence rates appear to be associated with the nonselec-
tive mechanisms of the antimicrobial drugs, where as well as the pathogens, the normal
lactobacilli are also reduced [4,5]. Therefore, new therapeutic strategies are required to
normalize vaginal dysbiosis. Re-establishing the vaginal microbial balance with Lactobacil-
lus bacteria as probiotics can then prevent the overgrowth of vaginal pathogens and thus
prevent recurrence of the vaginal infection. The dominant vaginal species, L. crispatus,
has been shown to be active against vaginal pathogens, both alone and in combination
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with other lactobacilli [6–11]. Antimicrobial properties of other vaginal lactobacilli against
vaginal and uropathogens have also been reported [12–15].

Despite the beneficial properties of vaginal lactobacilli, their application as probiotics
is limited by the lack of an appropriate delivery system and their low viability and high
sensitivity to environmental factors [16]. The currently used liquid, semi-solid, and solid
dosage forms for vaginal drug delivery have several limitations, including short residence
time, discomfort, leakage, imprecise dosing, and variable drug distribution [17]. On the
other hand, nanofibers have a high surface-to-volume ratio and can provide high drug
loading, controlled release, cell binding, good bioavailability, and cost-effectiveness [18].

Nanofibers are produced by electrospinning, which is based on the drying of a thin
liquid jet that is formed from a drop of polymer solution in a strong electric field [19] and
are used in numerous applications [20,21]. They also represent an effective material for
delivering different types of drugs to the nasal, oral, and vaginal mucosa [22], while at the
same time, they protect drugs from environmental factors [23]. Different compounds can
be incorporated into nanofibers, including small drug molecules, proteins, nucleic acids,
and cells. Lactobacillus bacteria have also been incorporated into electrospun nanofibers,
with L. plantarum being the most frequently used [24–28]. Other Lactobacillus species
have also been electrospun using different polymers, namely, agrowaste amended with
poly (vinyl alcohol) for Lactobacillus acidophilus [29], poly (vinyl alcohol) and sodium
alginate for Lactobacillus rhamnosus [30], poly (vinyl alcohol) for Lactobacillus gasseri [31],
and Eudragit L100 and sodium alginate for Lactobacillus paracasei [32]. In a recent study, we
successfully incorporated nine different Lactobacillus species into polyethylene oxide (PEO)
nanofibers (i.e., L. acidophilus, L. delbrueckii ssp. bulgaricus, L. casei, L. gasseri, L. paracasei,
L. plantarum, L. reuteri, L. rhamnosus, L. salivarius) with high viability after electrospinning
process [33]. However, few studies have reported incorporation of vaginal lactobacilli.
One example was the incorporation of L. gasseri CRL1320 and L. rhamnosus CRL1332
into polyvinyl-alcohol nanofibers, with skimmed milk lactose and glycerol serving as
bioprotective agents [34]. In another study, vaginal L. acidophilus was incorporated into
polyvinyl alcohol and polyvinylpyrrolidone nanofibers [35].

Apart from the lack of delivery systems, vaginal probiotics use is hampered by the lack
of research into their distribution and mechanism of action [36]. The spatial identification of
individual strains in mixtures is particularly challenging, as stains (such as Syto 9) cannot
be used to distinguish them, and custom antibodies against specific surface antigens or
fluorescent in-situ hybridization have to be used instead [37]. Genetic engineering of lacto-
bacilli for the production of fluorescent proteins is a rapid and effective method for tracking
and distinguishing lactobacilli. Fluorescent proteins with different spectral properties have
already been used to study the distribution and properties of lactobacilli [38–42]. However,
few studies have reported the incorporation of fluorescent lactobacilli into nanofibers. In
our recent study, L. plantarum expressing red fluorescent protein mCherry was incorporated
into PEO nanofibers to evaluate nanofiber dissolution and lactobacilli release [27].

The aim and novelty of the present study was to engineer vaginal lactobacilli to ex-
press fluorescent proteins and incorporate them into nanofibers. Four different species of
lactobacilli (L. crispatus, L. gasseri, L. jensenii, and L. plantarum) were genetically modified to
express compatible fluorescent proteins with different spectral properties: infrared fluo-
rescent protein (IRFP); green fluorescent protein (GFP); red fluorescent protein (mCherry);
and blue fluorescent protein (mTagBFP2). Quantification of their fluorescence, the overlap
between the fluorescences of the different fluorescent proteins, and the differentiation
between the fluorescent species were evaluated. The four engineered species were mixed
with PEO solution and electrospun into nanofibers as the potential delivery system. By
using genetic engineering, we have introduced a new technique for effective, inexpensive,
and real-time tracking of probiotics following their incorporation into nanofibers and
nanofiber dissolution.
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2. Results
2.1. Genetic Constructs for Expression of Fluorescent Proteins in Vaginal Lactobacilli

To complement the existing pNZ-ldh-GFP plasmid that encodes GFP under the control
of the ldh promoter from L. plantarum, genes that encode the fluorescent proteins IRFP,
mCherry, and mTagBFP2 were scarlessly fused with the ldh promoter using overlap-
extension PCR (Figure 1). The gene fusions were cloned into the pNZ1848 plasmid, thereby
replacing the inducible nisin promoter and yielding plasmids pNZ-ldh-IRFP, pNZ-ldh-
mCherry, and pNZ-ldh-mTagBFP2. All four plasmids were separately transformed in all
four Lactobacillus species, yielding 16 combinations (Table S1) and thus providing a wide
range of possibilities to distinguish between them when used simultaneously. They were
characterized in the following experiment with respect to the intensity of the expressed
fluorescent proteins.
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Figure 1. Assemblies of the ldh promoter and the four genes that encode the fluorescent proteins
(IRFP, GFP, mCherry, mTagBFP2) in pNZ8148 plasmid. BglII, XbaI—restriction recognition sites that
were used for cloning; PnisA—nisin promoter.

2.2. Analysis of Fluorescent Protein Expression in Vaginal Lactobacilli

Fluorescent protein expression in lactobacilli was confirmed by measuring the fluores-
cence of all 16 bacterial suspensions and was shown to be appropriate for the detection
of bacteria (Figure 2). The expression of the individual fluorescent proteins depended
on the culture conditions and differed between the species. Growing the bacteria with
shaking (aeration) resulted in higher fluorescence per unit OD600 in comparison to the
samples grown without shaking (Figure 2) and significantly steeper slopes of regression
lines (Table S1). This is in accordance with previous observations of oxygen-mediated post-
translational activation of fluorescent proteins [43]. Fluorescent proteins GFP and TagBFP2
were expressed in all four strains at aerobic conditions, with 42,000 ± 2000 fluorescence
units (FU) in suspensions at OD600 3.0. By contrast, the expression of IRFP and mCherry
was strain-dependent and was highest in L. plantarum (1100 FU for IRFP and 42,500 FU for
mCherry). In comparison, the fluorescence of mCherry in other lactobacilli was lower by a
factor of 2.4 for L. gasseri, a factor of 20.5 for L. jensenii, and a factor of 424 for L. crispatus.
The fluorescence of these bacteria expressing the fluorescent proteins correlated linearly
with a bacterial concentration in the OD600 range between 0.25 and 3.00 (Figure 2). The
coefficients of determination (R2) for the engineered bacteria were above 0.96 with the
exception of L. plantarum expressing mTagBFP2 and L. crispatus expressing IRFP, where R2

was lower (Supplementary Material: Table S1).
The nontransformed lactobacilli were used as controls because of the possibility of

their autofluorescence. No or little concentration-dependent autofluorescence was seen for
IRFP, GFP, and mCherry. Although bacteria showed relatively strong and concentration-
dependent autofluorescence when measured using settings corresponding to mTagBFP2,
the absolute fluorescence of nontransformed bacteria was significantly lower in comparison
to the transformed bacteria.

The expression of the fluorescent proteins in these vaginal lactobacilli was also de-
tected under a confocal microscope (Figure 3). Fluorescence was detected for all the
engineered lactobacilli, while no fluorescence was detected for the nontransformed lacto-
bacilli when using the settings for IRFP and mCherry. Some autofluorescence was seen for
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the nontransformed bacteria when using the settings for GFP and mTagBFP2; however, the
signals were lower in comparison to those of the engineered bacteria.
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2.3. Fluorescence-Based Distinction between Lactobacilli in Mixture and Assessment of the
Influence of Spectral Overlap

The individual Lactobacillus species were transformed with all four of the plasmids
that encoded these fluorescent proteins with different spectral properties. Engineered
strains of the same species of lactobacilli were mixed in different proportions, and their
fluorescence was measured in a suspension (Figure 4). For the majority of the mixtures, the
individual fluorescent strain was clearly distinguished by significantly higher fluorescence
when using the settings corresponding to the fluorescent protein it expressed (i.e., the
relevant excitation and emission wavelengths). Additionally, the fluorescence signals
correlated with the content of the individual strain in the mixtures. The lowest specificity
was observed with the mTagBFP2 settings, especially in the case of L. plantarum, where
considerable fluorescence was also seen for other fluorescent proteins. This was attributed
to shorter wavelengths and bacterial autofluorescence.

2.4. Selection and Analysis of Optimal Lactobacilli-Fluorescent Protein Combinations

To enable the distinction between the Lactobacillus species in complex mixtures or pro-
biotic products, and thereby facilitate characterization in further studies, each species was
defined with an individual fluorescent protein on the basis of the fluorescence properties
of all 16 lactobacilli and fluorescent protein combinations, as follows: L. plantarum, IRFP;
L. crispatus, GFP; L. gasseri, mCherry; and L. jensenii, mTagBFP2 (Figure 4). The fluorescence
of the individual strains and their mixtures in the different proportions was measured, and
the nontransformed lactobacilli were used as controls (Figure 5). Again, the individual
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fluorescent species were clearly distinguished by significantly higher fluorescence when
using the settings corresponding to the fluorescent protein they expressed (i.e., the relevant
excitation and emission wavelengths), and the fluorescence signals correlated with the
contents of the individual strain in the mixtures (Figure 5). When using the settings for
IRFP and mCherry (i.e., for determination of L. plantarum and L. gasseri, respectively), no
fluorescence was observed for the nontransformed bacteria (i.e., no autofluorescence) or
for the other fluorescent lactobacilli. However, stronger autofluorescence of the nontrans-
formed lactobacilli was seen for the measures with the GFP settings (i.e., for L. crispatus),
with the strongest seen for the measures with the mTagBFP2 settings (i.e., for L. jensenii).
The autofluorescence was also species specific, whereby L. plantarum showed the lowest
autofluorescence using the GFP and mTagBFP2 settings. Considerable overlap was ob-
served between L. crispatus that expressed GFP and L. jensenii that expressed mTagBFP2,
where individual bacteria were detected in both of the fluorescence channels.

However, with confocal microscopy, the majority of the lactobacilli that expressed the
different fluorescent proteins were distinguished on the basis of their fluorescence when in
mixtures of equal ratios (Figure 6).

2.5. Incorporation of Fluorescent Lactobacilli into PEO Electrospun Nanofibers

Fluorescent species of vaginal lactobacilli were successfully incorporated into PEO
nanofibers as a potential vaginal delivery system, both individually and as mixtures,
including the smallest species (L. plantarum: length, 1.28 ± 0.32 µm; width, 0.52 ± 0.04 µm)
and the largest species (L. crispatus: length, 7.73 ± 1.89 µm; width, 0.81 ± 1.31 µm). The
mean diameter of the PEO nanofibers without the bacteria was 170±40 nm, and the bacteria
incorporation was seen as characteristic thickenings along the nanofibers as reported
previously [27,33]. The incorporation of L. plantarum, L. gasseri, and L. crispatus resulted in
the increase of the mean nanofiber diameter by app. 100 nm, while the incorporation of L.
jensenii caused no increase (Figure 7). This may be due to the bacterial release of molecules,
such as exopolysaccharides or ions, that can influence the conductivity or viscosity of the
polymer suspension.

Effective incorporation of these bacteria into the nanofibers was also confirmed using
confocal microscopy (Figure 8). All of the recombinant species retained their fluorescence
following their incorporation in the nanofibers, while no fluorescence was observed for the
nontransformed lactobacilli, which were incorporated as the controls. The different lacto-
bacilli could be distinguished in the mixtures on the basis of their fluorescence, although
some overlap was observed for L. crispatus expressing GFP and L. jensenii expressing
mTagBFP2. This was similar to the data obtained for the bacterial suspensions (Figure 6).

2.6. Release of Lactobacilli from Nanofibers

The lactobacilli from the nanofibers retained their fluorescence after the dissolution of
nanofibers. The lower intensity of the fluorescence observed with the dissolved nanofibers
was in line with the lower concentration of the lactobacilli in the dissolved nanofibers in
comparison to the original dispersions. Namely, the concentration of bacteria per PEO
mass was estimated to be on average 3.6-fold higher in suspension than in nanofibers,
preventing direct comparison of absolute fluorescence values. Nevertheless, similar to
the data above, the fluorescence intensities correlated with the bacterial concentrations
in the dissolved nanofibers, as well as in the control 4% (w/v) PEO bacterial dispersions
(Figure 9a). Here, a 4% (w/v) PEO solution and the dissolved PEO nanofibers without
bacteria were used as the negative controls with significantly lower fluorescence. With the
exception of L. jensenii, the bacteria-containing polymer dispersion and dispersion from
nanofibers showed no autofluorescence, regardless of their concentration.
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Figure 3. Representative confocal microscopy images of the lactobacilli expressing the different fluorescent proteins, as L.
plantarum expressing IRFP, L. gasseri expressing mCherry, L. crispatus expressing GFP, and L. jensenii expressing mTagBFP2,
in comparison to the nontransformed bacteria.
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Figure 4. Distinction between the same species of Lactobacillus expressing different fluorescent proteins. Fluorescence was
measured for the individual fluorescent strains and their mixtures, using settings corresponding to all four of the fluorescent
proteins. The ratios indicate the proportions of the species expressing the fluorescent proteins in the following order:
IRFP:GFP:mCherry:mTagBFP2. The encircled graphs represent the combination of fluorescent proteins and lactobacilli that
were selected for further studies. * p < 0.05 (Student’s t tests) relative to nontransformed strain (NT, high-lighted with # for
clarity). FU—fluorescence units; PBS—phosphate-buffered saline.
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Figure 5. Fluorescence-based distinction of the different fluorescent lactobacilli and the nontransformed (NT) lactobacilli.
Fluorescence was measured for the individual fluorescent species or their mixtures using the settings for all four of the
fluorescent proteins. The ratios indicate the proportions of species in the mixtures in the following order: L. plantarum
expressing IRFP; L. crispatus expressing GFP; L. gasseri expressing mCherry; and L. jensenii expressing mTagBFP2. * p < 0.05
(Student’s t tests), obtained by comparing fluorescent strain (F) to its nontransformed counterpart (NT). Lpl—L. plantarum;
Lga—L. gasseri; Lcr—L. crispatus; Lje—L. jensenii; PBS—phosphate-buffered saline.
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proteins (F). Lpl—L. plantarum; Lga—L. gasseri; Lcr—L. crispatus; Lje—L. jensenii; NT—nontransformed species. Fluores-
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Figure 6. Representative confocal microscopy images of the mixtures of the lactobacilli expressing the different fluorescent
proteins (F). Lpl—L. plantarum; Lga—L. gasseri; Lcr—L. crispatus; Lje—L. jensenii; NT—nontransformed species. Fluorescence
images were obtained by using settings for denoted fluorescent proteins and merging thus obtained images, whereby
settings for all four fluorescent proteins were used for the mixture.
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Figure 7. Scanning electron microscopy images of individual lactobacilli and as mixtures under high and low magnification.
Columns 1 and 3, air-dried bacteria from water suspensions; Columns 2 and 4, bacteria incorporated into nanofibers.
Average nanofiber diameters are specified in the last column.

As well as the individual species (Figure 9a), mixtures of all four of these fluorescent
lactobacilli were incorporated into PEO nanofibers, with the fluorescence evaluated fol-
lowing the dissolution (Figure 9b). The IRFP-expressing and mCherry-expressing bacteria
produced no fluorescence when the settings for the other fluorescent proteins were used.
This was not the case for the GFP-expressing and mTagBFP2-expressing bacteria, for which
significant fluorescence was observed also when using the settings for the other fluorescent
proteins. Additionally, fluorescence overlap was seen, in terms of the fluorescence detected
for mCherry-expressing and GFP-expressing bacteria when using the GFP and mTagBFP2
settings, respectively.
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To establish methods for imaging of the vaginal lactobacilli, three vaginal Lactobacil-

lus species, L. gasseri ATCC 33323, L. crispatus ATCC 33820, and L. jensenii ATCC 25258, 
and the control L. plantarum ATCC 8014 were genetically modified to express fluorescent 

Figure 9. Fluorescence intensities of individual fluorescent Lactobacillus species (a) and for their mixtures containing all four
of the Lactobacillus species (b), both as dispersed in 4% (w/v) PEO (S, suspension) prior to incorporation and after their
release from the nanofibers (N). Ratios indicate different dilution factors (ratios of the aliquot volume to the final volume).
* p < 0.05 (Student’s t tests), comparison of suspensions or nanofibers containing fluorescent strain to its counterpart without
bacteria (a), or comparison of suspensions and nanofibers containing fluorescent strains or their mixtures to corresponding
PEO control (b). PEO—polyethylene oxide.

3. Discussion

To establish methods for imaging of the vaginal lactobacilli, three vaginal Lactobacillus
species, L. gasseri ATCC 33323, L. crispatus ATCC 33820, and L. jensenii ATCC 25258, and the
control L. plantarum ATCC 8014 were genetically modified to express fluorescent proteins
with different spectral properties: IRFP, GFP, mCherry, and mTagBFP2. This genetic
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engineering of the vaginal lactobacilli was challenging, particularly for L. crispatus [44].
Here, it was performed by electrotransformation using modified and optimized previously
published protocols [45–47].

Expression of the fluorescent proteins varied between the bacterial species and was
highest in the control L. plantarum, regardless of the fluorescent protein used. This might
be associated with the use of the ldh promoter for the control of the transcription of the
fluorescent proteins, which originated from L. plantarum. The fluorescent intensities of
the species were influenced by the growth conditions. According to expectation, higher
fluorescence was observed when the lactobacilli were grown with aeration, as the presence
of oxygen is crucial for post-translational maturation of the fluorescent proteins, resulting
in exo-methylene double bond formation that prevents isomerization [43]. However, these
conditions were not favorable for these lactobacilli, which are anaerobes or facultative
anaerobes [48,49]. To further improve this approach, anaerobic fluorescent proteins could
be considered. Expression of mTagBFP2 affected the growth of L. plantarum (not shown),
which suggested possible phototoxicity. Nevertheless, all of these species expressed all of
these fluorescent proteins, and the fluorescence measurements were proportional to the
bacterial concentrations, thus also defining the suitability of this approach for quantifying
these bacteria. Very little autofluorescence was seen for the nontransformed bacteria, except
when using the mTagBFP2 settings. This contrasted with the expression of mTagBFP2 in
L. rhamnosus, where autofluorescence was not an issue [42].

The expression of these different fluorescent proteins was also used to distinguish
between these different bacterial species in mixtures containing species in equal ratios
or in mixtures in which one of the species predominated. This resulted in a very useful
tool to gain better insight into the behavior of the lactobacilli in future studies. The
fluorescence signals correlated with the contents of the individual strains in the mixtures;
however, the overlap between the different fluorescent proteins expressed by the same
or different species was also observed. This was particularly evident for mTagBFP2;
when using the mTagBFP2 settings, there was considerable fluorescence determined also
for the other fluorescent proteins. Further, considerable overlap was observed between
L. crispatus expressing GFP and L. jensenii expressing mTagBFP2, where the individual
bacteria were detected in both fluorescence channels. We concluded that fluorescent
proteins can be applied to distinguish between vaginal lactobacilli; however, proteins with
longer excitation and emission wavelengths (IRFP, mCherry) are more appropriate due to
the lower autofluorescence.

Most of the probiotic dosage forms are designed for oral application due to their bene-
ficial effects on the gut. For therapeutic effects in the vagina, intravaginal administration of
the probiotics is crucial [50]. To allow intravaginal applications of Lactobacillus probiotics,
we incorporated these into small diameter fibers, i.e., nanofibers, which were produced
using electrospinning [19]. Electrospun nanofibers represent a next-generation delivery
system that can be used for biologicals, such as microorganisms, stem cells, proteins, and
nucleic acids [23]. The incorporation of bacteria affects the characteristics of nanofibers [33].
Here, a change in diameter was observed, which may be due to the release of bacterial
products that can influence the properties of the polymer suspension. Lactobacilli retained
their fluorescence after incorporation into nanofibers, as well as after dissolution of the
nanofibers, and the fluorescence intensities again correlated with the bacterial concentra-
tions. In bacterial mixtures, the fluorescent proteins with longer excitation and emission
wavelengths (i.e., mCherry, IRFP) were clearly distinguished, while for mTagBFP2 and
GFP, autofluorescence and spectral overlap interfered with these measurements; this might
be resolved with the appropriate compensation. The proposed approach represents a clear
advantage over non-specific bacterial staining in pre-formulation and formulation studies
of lactobacilli-containing nanofibers.
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4. Materials and Methods
4.1. Bacterial Strains and Culturing

Four different strains from the genus Lactobacillus were used in this study: L. crispatus
ATCC 33820; L. gasseri ATCC 33323; L. jensenii ATCC 25258; and L. plantarum ATCC 8014).
Lactococcus lactis NZ9000 and E. coli DH5α were used as the cloning hosts. Lactobacilli
were grown in De Man, Rogosa, and Sharpe (MRS) medium (Merck, Darmstadt, Germany)
at 37 ◦C without and with aeration. Lc. lactis NZ9000 was grown in M-17 medium (Merck)
supplemented with 0.5% (v/v) glucose (GM-17) at 30 ◦C, without aeration. E. coli was
grown in a lysogeny broth medium at 37 ◦C, with aeration. All of the strains were kept
frozen at −80 ◦C for long-term storage.

4.2. Plasmid Construction

KOD Hot Start DNA polymerase (Merck Millipore, Burlington, MA, USA) was used to
fuse the fluorescent protein genes with the ldh promoter using overlap-extension PCR [51].
Plasmids pMEC276 [52], pNZ-IRFP713 [39], pCDLbu-1∆Ec-Ptuf34-mCherry [53], and
pBAD-mTagBFP2 [54] were used as templates for ldh, IRFP, mCherry, and mTagBFP2, re-
spectively. Three individual PCR reactions were prepared using the primers (Integrated
DNA Technologies, Leuven, Belgium) specified in Supplementary Material: Table S2. In
the first reaction, the promoter and fluorescent protein genes were amplified, and DNA
overlaps were introduced (e.g., for ldh-IRFP fusion, primer pairs ldh-F/ldh-IRFP-R and
IRFP-ldh-F/IRFP-R were used). These two DNA fragments were put in a new PCR mixture
without primers to allow direct fusion of the two DNA fragments via complementary over-
laps. Finally, in the third PCR reaction, the fused promoter and gene were amplified with a
forward primer of the promoter and reverse primer of the fluorescent protein gene (e.g.,
ldh-F/IRFP-R for ldh-IRFP). Gene fusions ldh-mCherry and ldh-mTagBFP2 were prepared in
a similar fashion. The DNA products were then inserted into the pJET1.2/blunt vector and
transformed into DH5α competent E. coli cells. Cloned products were digested using the
XbaI/BglII restriction enzymes (Thermo Scientific, Waltham, MA, USA) and ligated into
the pNZ8148 [55] plasmid using T4 DNA ligase (Thermo Scientific, Waltham, MA, USA).
The three pNZ8148 derivatives thus obtained were: pNZ-ldh-IRFP, pNZ-ldh-mCherry,
and pNZ-ldh-mTagBFP2. For the expression of GFP, the plasmid pMEC276 that contained
ldh-GFP (for clarity, also indicated as pNZ-ldh-GFP) was kindly provided by C. Daniel [52].
The plasmids were transformed into Lc. lactis NZ9000 with electroporation using a Gene
Pulser II apparatus (Biorad, Hercules, CA, USA), according to the manufacturer instructions
(MoBiTec GmbH, Goettingen, Germany). Plasmids were isolated using peqGOLD Plasmid
Miniprep Kit I (Peqlabs, Erlangen, Germany) and NucleoSpin Plasmid (Macherey and
Nagel, Düren, Germany). Additional treatments with mixtures of lysozyme (50 mg/mL)
and mutanolysin were performed when isolating from Lc. lactis. Genetic constructs were
confirmed by nucleotide sequencing (Eurofins Genomics, Ebersberg, Germany).

4.3. Electrotransformation of Lactobacilli

The electrotransformation of lactobacilli was performed with a Gene Pulser II ap-
paratus. Bacterial suspensions (100 µL) were mixed with 5 µL or 10 µL plasmid DNA
(200–300 ng/µL) and added to an electroporation cuvette. The species-specific conditions
for electroporation and electrocompetent cell preparation are as specified below. After
electroporation, 1 mL fresh MRS medium was added to the bacteria, which were then
left for 2–3 h to recover, at 30 ◦C or 37 ◦C. After the recovery, the bacteria were plated on
MRS plates containing 10 µg/mL chloramphenicol (MRSC10). The plates were then placed
into anaerobic bags (GasPakTM EZ; Becton Dickinson, Franklin Lakes, NJ, USA) or jars
(AnaeroGenTM 2.5l; Thermo Scientific, Waltham, MA, USA) and incubated at 37 ◦C for 48 h
to 72 h.

Electroporation-competent L. plantarum was prepared as previously described [45].
Fresh overnight cultures of L. plantarum were inoculated in 50 mL MRS medium at 1:50
and grown at 30 ◦C until an optical density at 600 nm (OD600) of 0.4–0.6. The bacteria were
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then washed twice with 10 mL 10 mM MgCl2 and once with 10 mL electroporation buffer
(0.5 M sucrose, 10% (v/v) glycerol). The electroporation parameters for the transformation
of L. plantarum were: 25 µF, 600 Ω, and 1.8 kV. After electroporation, the bacteria were left
to recover at 30 ◦C for 2 h. A similar protocol was used for L. jensenii, with a higher growth
and recovery temperature (37 ◦C) and a higher voltage applied during electroporation
(2.4 kV).

To prepare electrocompetent L. gasseri, overnight cultures were inoculated in 50 mL
MRS medium at 1:50 and grown at 37 ◦C until an OD600 of 0.4. Then, ampicillin (10 µg/mL)
was added, and the bacteria were incubated to an OD600 of 0.8, followed by three washes
with 0.5 M sucrose. L. gasseri was electroporated at 25 µF, 400 Ω, and 2.4 kV, and allowed
to recover at 37 ◦C for 3 h, before plating on MRSC10 plates [47].

Overnight cultures of L. crispatus were inoculated into 10 mL sterile-filtered MRS
medium containing 0.8% (w/v) glycine, and left for ~10 h at 37 ◦C until reaching an OD600
of 0.5. The bacteria were washed twice with 0.5 M sucrose, incubated on ice with 50 mM
EDTA for 5 min, and again washed with 0.5 M sucrose. Electroporation was performed at
25 µF, 600 Ω, and 1.5 kV [46]. Before plating on MRSC10 plates, the bacteria were left to
recover at 37 ◦C for 3 h.

The transformed bacteria were kept frozen at −80 ◦C in MRS with 20% (v/v) glycerol
for long-term storage.

4.4. Culturing of Lactobacilli

Different growth conditions were used for the lactobacilli for the different experiments.
Lactobacilli were transferred from frozen stocks to solid MRS media and grown anaerobi-
cally at 37 ◦C for 2–3 days. A single colony was picked and grown in liquid MRS media
for 1 day. For measurement of fluorescence, overnight cultures of Lactobacillus species
transformed with the fluorescent proteins encoded in the pNZ plasmids were inoculated
in 5 mL MRSC10 medium and grown at 37 ◦C without and with aeration, and without and
with shaking (180–200 rpm). Biliverdin (15.5 µg/mL; Sigma Aldrich, St. Louis, MO, USA)
was added to the medium of species engineered to produce IRFP. The species were grown
until late exponential or early stationary phase (OD600 1.5–2.0) when the bacteria were cen-
trifuged at 4400× g for 10 min at 4 ◦C (Centrifuge 5702 R; Eppendorf, St. Louis, MO, USA)
and resuspended in phosphate-buffered saline (PBS, pH 7.4) to an OD600 of 3.0.

Prior to electrospinning, the engineered bacteria were grown in 400 mL at 37 ◦C
with shaking until reaching OD600 of 2.0–3.0. The bacteria were washed twice with
water and resuspended in 10 mL water. PEO powder (Mw 900 kDa; Sigma Aldrich,
Darmstadt, Germany) was added to the lactobacilli suspensions and stirred at 400 rpm at
room temperature until the polymer was completely dissolved to provide the polymer
concentration of 4% (w/v).

4.5. Electrospinning of Lactobacilli

Bacterial cells (OD600 of 9.0–11.0) were mixed with PEO as described above. The
homogenous bacterial-polymer suspensions were filled into a 5 mL syringe that was
fixed to an electrospinning machine (Fluidnatek LE100; BioInicia SL, Valencia, Spain). A
high voltage of 13 ± 2 kV was applied. The flow rate of the suspension in the syringe
was 250–350 µL/h, and the distance between the needle and collector was 15 cm. The
electrospinning process was conducted in a climate-controlled environment at 37 ◦C and
17% relative humidity.

4.6. Fluorescence Measurement

The fluorescence of the bacterial suspensions in PBS (200 µL) was measured using
a microplate reader (Infinite M1000; Tecan, Männedorf, Switzerland) in 96-well black,
flat-bottomed plates. All of the samples were measured in duplicate. Depending on the
characteristics of the fluorescent protein, different excitation and emission wavelengths
were applied: 402/457 nm for mTagBFP2; 488/509 nm for GFP; 587/610 nm for mCherry;
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and 690/713 nm for IRFP. The excitation and emission spectra of these fluorescent proteins
are provided in Supplementary Material: Figure S1.

To test for correlations between the bacterial concentrations and the fluorescence
intensities, serial dilutions of the bacteria were used, corresponding to OD600 of 3.0, 2.0, 1.0,
0.5, and 0.25. Nontransformed bacteria were included as the control.

The overlap of the fluorescence signals of the four different fluorescent proteins
was assessed by mixing fluorescent strains either in equal ratios (1:1:1:1) or in ratios
where individual strain represented 50% of all the bacteria (e.g., 3:1:1:1). These were
then compared to the same ratios of the nontransformed bacteria. Individual species that
expressed different fluorescent proteins were compared to assign each species with a unique
fluorescent protein; selected combinations were L. plantarum expressing IRFP, L. gasseri
expressing mCherry, L. crispatus expressing GFP, and L. jensenii expressing mTagBFP2, with
these compared in a similar fashion. These were also used for confocal microscopy imaging
and incorporation into nanofibers.

To measure the fluorescence of the lactobacilli following electrospinning, 10 ± 3 mg
PEO nanofibers with the incorporated fluorescent lactobacilli were dissolved in 900 µL
PBS and diluted with PBS using the dilution factors (ratios of the aliquot volume to the
final volume) of 1:1, 1:5, 1:10, and 1:15. The fluorescence intensities were compared to
those of bacterial-polymer suspensions prior to electrospinning, where the concentration
of bacteria was estimated to be ~3.6-fold higher. The same dilution factors were applied for
the bacterial-polymer suspensions.

4.7. Confocal Microscopy

Lactobacilli were grown as described in section Culturing of lactobacilli, resuspended
in PBS to an OD600 of 3.0, and fixed to a microscope slide with StatSpine Cytofuge 2 (Iris
Sample Processing, Westwood, MA, USA) by centrifugation at maximum speed at 4400 rpm
for 10 min. The samples were left at room temperature for 1 h to dry and then mounted with
a mounting medium (Invitrogen, Waltham, MA, USA) with 4′,6-diamidino-2-phenylindole
(DAPI), or IBIDI mounting medium without DAPI. Fluorescent bacteria were visualized
with a confocal microscope (LSM-710; Carl Zeiss, Oberkochen, Germany), and images
were acquired and processed with the ZEN 2010 B SP1 software (Carl Zeiss, Oberkochen,
Germany). The strains were detected with different settings: brightfield, DAPI, Alexa 488,
Alexa 543, and Alexa 647, using the 63× immersion oil objective.

For imaging of the nanofibers, a microscope slide was added to the collector of the
electrospinning machine, and it was left there for nanofibers to be deposited onto it. A cover
slip was added on top and glued with nail polish. Imaging was performed as above, using
the 40× immersion oil objective. Nontransformed bacteria were included as the control.

4.8. Scanning Electron Microscopy

A scanning electron microscope (Supra 35 VP; Carl Zeiss, Oberkochen, Jena, Germany)
was used to visualize the nanofibers with the incorporated bacteria, as well as free bacteria.
Individual species and their mixtures were dispersed in water, and 3 µL of the suspension
was pipetted onto a metal stub and air-dried. The double-sided conductive tape was used
to attach the nanofiber mats to the metal stubs. The scanning electron microscopy was
operated at an acceleration voltage of 1 kV, with a secondary electron detector. Bacterial
and nanofiber size were analyzed using the ImageJ 1.51j8 software (National Institutes of
Health, Bethesda, MD, USA), where the length and width of 30 randomly selected bacteria
or nanofibers (regions without bacteria) were measured.

4.9. Statistical Analyses

Statistical analyses were performed using the GraphPad Prism 7.0 software, San Diego,
CA, USA. Student’s t tests were used to define the significances of the differences between
the fluorescent bacteria and their respective controls. Calculation of slopes of the regression
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lines and their comparison was also performed with GraphPad Prism 7.0. All of the data
are presented as means ± standard deviation (SD).

5. Conclusions

In this paper, we pursued two major goals for wider vaginal probiotics use, namely
fluorescent labeling to allow for future distribution studies and designing of an appropri-
ate delivery system. Three of the most important vaginal Lactobacillus species, L. gasseri,
L. crispatus, and L. jensenii, and the control L. plantarum were engineered to produce com-
patible fluorescent proteins with different spectral properties. The fluorescence intensities
were mostly dependent on lactobacilli species and growth conditions. The aeration during
culturing promoted the expression of fluorescent proteins compared to samples grown
without aeration. The four species were successfully incorporated into nanofibers by
electrospinning, which indicated that this technique is appropriate for designing solid
nanofiber-based vaginal delivery systems for probiotics. The lactobacilli retained their
fluorescence after incorporation into these PEO nanofibers and after their release from
them. This research presents a cutting-edge technology to accurately track, by fluorescence
imaging, the release of lactobacilli from nanofibers and interactions with the indigenous
vaginal microbiota in future in vitro and in vivo studies.
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Abstract: Supramolecular hydrogels formed by the self-assembly of amino-acid based gelators are
receiving increasing attention from the fields of biomedicine and material science. Self-assembled
systems exhibit well-ordered functional architectures and unique physicochemical properties. How-
ever, the control over the kinetics and mechanical properties of the end-products remains puzzling.
A minimal alteration of the chemical environment could cause a significant impact. In this context,
we report the effects of modifying the position of a single atom on the properties and kinetics of
the self-assembly process. A combination of experimental and computational methods, used to
investigate double-fluorinated Fmoc-Phe derivatives, Fmoc-3,4F-Phe and Fmoc-3,5F-Phe, reveals the
unique effects of modifying the position of a single fluorine on the self-assembly process, and the
physical properties of the product. The presence of significant physical and morphological differ-
ences between the two derivatives was verified by molecular-dynamics simulations. Analysis of the
spontaneous phase-transition of both building blocks, as well as crystal X-ray diffraction to determine
the molecular structure of Fmoc-3,4F-Phe, are in good agreement with known changes in the Phe
fluorination pattern and highlight the effect of a single atom position on the self-assembly process.
These findings prove that fluorination is an effective strategy to influence supramolecular organiza-
tion on the nanoscale. Moreover, we believe that a deep understanding of the self-assembly process
may provide fundamental insights that will facilitate the development of optimal amino-acid-based
low-molecular-weight hydrogelators for a wide range of applications.

Keywords: self-assembly; low-molecular-weight hydrogelator; phase-transition; molecular-dynamics

1. Introduction

Supramolecular self-assembly based on noncovalent interactions between monomeric
building blocks is a powerful strategy for the design of well-ordered functional archi-
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tectures [1–4]. Due to their unique mechanical and physicochemical properties, such
assembled systems show great promise in a wide range of applications, including electro-
optics [5], biomedicine [6,7], chemical separation [8], and material science [9]. These
supramolecular assemblies form a rich variety of nano- and micro-architectures including
tubes, fibers, films, plates, and vesicles [10–12].

Low-molecular-weight peptides and amino acid derivatives that self-assemble to
form ordered nanostructures have attracted significant attention in recent years. Their
natural ability to form supramolecular networks can be utilized for biomedical applica-
tions including controlled drug delivery [13], vaccine development [14], tissue engineer-
ing [15], and regenerative medicine [16]. The orderly nanostructures resulting from the
self-assembly process contain large internal cavities, capable of trapping large quantities of
water molecules, and allow these building blocks to serve as gelators for self-supporting
hydrogels [17–19].

Since the early work of Janmey and co-workers who developed hydrogels based on
Fmoc-Leu-Asp [20], and the later work of Xu and co-workers who developed nanofibrous
hydrogels based on Fmoc-D-Ala-D-Ala [11], there has been a keen interest in fluorenyl-
methoxycarbonyl (Fmoc) protected amino acids and dipeptides and their possible applica-
tions [5,21,22]. The main advantages of these materials are their ease of synthesis, low cost,
similarity to the natural extracellular matrix, and good biocompatibility.

Among the molecular hydrogelators reported to date, those based on Fmoc-phenylalanine
(Fmoc-Phe) have attracted particular interest due to the wide variety of unique properties
that can readily be obtained by chemical and biological decoration. In addition, the as-
sembly properties of Fmoc-Phe can be greatly enhanced by the incorporation of various
substituents, including halogens, on the benzyl side chain [23–25]. Incorporation of single
halogen substituents on the aromatic side chain of Fmoc-Phe was shown to enhance the effi-
cient self-assembly of these amino acid derivatives dramatically (relative to Fmoc-Phe), and
to produce hydrogel fibril networks that promote hydrogelation in aqueous solvents [23–25].
Other studies have reported that the position of halogen substitution (ortho, meta, para) and
the halogen itself (F, Cl, Br) have a strong influence on the self-assembly and hydrogelation
rate, and the emergent viscoelasticity of the resulting hydrogels [24,26–28]. These findings
indicate that the transducer type and position have a profound influence on the molecular
self-assembly process and the resulting properties.

Another well-studied Fmoc-Phe derivative is Fmoc-pentafluoro-phenylalanine (Fmoc-
F5-Phe) that was previously shown to form a hydrogel [25]. Recently, we demonstrated that
Fmoc-F5-Phe undergoes a phase transition from spheres to a fibrillary gel, and ultimately
to crystals [29]. When co-assembled with either Fmoc-F5-Phe-PEG or Fmoc-Phe-Phe, this
building block exhibits ideal stress-responsive behavior [30] or synergistic improvement
of the mechanical properties [31], respectively. Moreover, we recently demonstrated the
antibacterial activity of Fmoc-F5-Phe against Streptococcus mutans in dental composite
restoratives [32] and described its use as an antibacterial coating for different surfaces [33].

The present study reports the use of a combination of experimental and computa-
tional methods to investigate the molecular self-assembly process and phase transition
during gelation of two previously unreported Fmoc-Phe derivatives: Fmoc-3,4-difluoro-
phenylalanine (Fmoc-3,4F-Phe), and Fmoc-3,5-difluoro-phenylalanine (Fmoc-3,5F-Phe). In
addition, we used X-ray diffraction (XRD) and molecular dynamics (MD) simulations to
examine how changing the position of a single fluorine in the aromatic ring of Fmoc-Phe
hydrogels, affects their physical properties, including self-assembly kinetics, morphology,
physical characterization, phase transition as well as structural characterization at the
atomic and molecular level.

2. Results and Discussion
2.1. Kinetic Analysis and Morphology of Double-Fluorinated Fmoc-Phe Hydrogels

Inspired by the self-assembly of Fmoc-Phe and the formation of hydrogel, we studied
two new double fluorinated Fmoc-Phe building blocks: Fmoc-3,4F-Phe and Fmoc-3,5F-Phe
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(Figure 1a–c). Whereas Fmoc-3,4F-Phe consist of two adjacent fluorine atoms, the fluorine
atoms in the Fmoc-3,5F-Phe are farther apart, resulting in a lower electron repulsion. We
examined the propensity of the building block to form self-supporting 3D hydrogel in
response to a thermal switch, pH switch, or solvent switch using ethanol (EtOH) and
dimethyl sulfoxide (DMSO) (Figure S1, Supporting Information).

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 3 of 17 
 

 

2. Results and Discussion 
2.1. Kinetic Analysis and Morphology of Double-Fluorinated Fmoc-Phe Hydrogels  

Inspired by the self-assembly of Fmoc-Phe and the formation of hydrogel, we studied 
two new double fluorinated Fmoc-Phe building blocks: Fmoc-3,4F-Phe and Fmoc-3,5F-
Phe (Figure 1a,b,c). Whereas Fmoc-3,4F-Phe consist of two adjacent fluorine atoms, the 
fluorine atoms in the Fmoc-3,5F-Phe are farther apart, resulting in a lower electron repul-
sion. We examined the propensity of the building block to form self-supporting 3D hy-
drogel in response to a thermal switch, pH switch, or solvent switch using ethanol (EtOH) 
and dimethyl sulfoxide (DMSO) (Figure S1, Supporting Information).  

In order to investigate the morphological structure and the alterations between the 
derivatives, we performed transmission electron microscopy (TEM) analysis (Figure 1). 
All the conditions tested exhibited fibrillary network morphology typical of supramolec-
ular gels (Figure 1d-o). However, rapid formation of stable and rigid hydrogels (within a 
few minutes) was seen only when the solvent switch method, using DMSO as the organic 
solvent, was employed. For this reason, further comprehensive study of the Fmoc-Phe 
derivatives employed only this method. Comparing the nanostructures of the different 
hydrogels revealed that while Fmoc-Phe forms thick fibrils with an average diameter of 
175 nm (Figure 1m), Fmoc-3,4F-Phe exhibits thinner and partly tangled fibrils, approxi-
mately 45 nm in diameter (Figure 1n), and the fibrils formed by Fmoc-3,5F-Phe were the 
thinnest with an average diameter of 30 nm (Figure 1o).  

 
Figure 1. Formation of double fluorinated Fmoc-Phe hydrogels. Molecular structure of (a) Fmoc-
Phe, (b) Fmoc-3,4F-Phe, and (c) Fmoc-3,5F-Phe. (d–o) TEM images of the structures formed by the 
Figure 1. Formation of double fluorinated Fmoc-Phe hydrogels. Molecular structure of (a) Fmoc-Phe,
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methods (d–f) Thermal Switch (g–i) pH Switch (j–l) Solvent Switch (EtOH) (m–o) Solvent Switch
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In order to investigate the morphological structure and the alterations between the
derivatives, we performed transmission electron microscopy (TEM) analysis (Figure 1). All
the conditions tested exhibited fibrillary network morphology typical of supramolecular
gels (Figure 1d–o). However, rapid formation of stable and rigid hydrogels (within a few
minutes) was seen only when the solvent switch method, using DMSO as the organic
solvent, was employed. For this reason, further comprehensive study of the Fmoc-Phe
derivatives employed only this method. Comparing the nanostructures of the different
hydrogels revealed that while Fmoc-Phe forms thick fibrils with an average diameter of
175 nm (Figure 1m), Fmoc-3,4F-Phe exhibits thinner and partly tangled fibrils, approxi-
mately 45 nm in diameter (Figure 1n), and the fibrils formed by Fmoc-3,5F-Phe were the
thinnest with an average diameter of 30 nm (Figure 1o).
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The gelation process of low-molecular-weight building blocks in the solvent switch
method is usually characterized by an optical change from an opaque solution to a more
transparent hydrogel [24,34] as organized nanostructures are formed [34]. While Fmoc-Phe
formed an opaque hydrogel, both Fmoc-3,4F-Phe and Fmoc-3,5F-Phe formed transparent
hydrogels (Figure 2a). Neither the Fmoc-Phe nor the Fmoc-3,4F-Phe hydrogel was stable,
and phase separation was observed after one week, whereas the Fmoc-3,5F-Phe hydrogel
was stable over time and maintained a clear 3D self-supporting hydrogel structure for at
least 1 month.

The kinetics of the self-assembly process to nanostructures was monitored by mea-
suring the turbidity of the solution at a wavelength of 350 nm over time (Figure 2b). This
revealed that the absorbance of Fmoc-Phe remained high and stable over 16 h with an
optical density (OD) of more than 2. In contrast, the absorbances of the double-fluorinated
Fmoc-Phe hydrogels were much lower with a minimum OD value of 0.3 reached by
Fmoc-3,4F-Phe after 3 min, and by Fmoc-3,5F-Phe after 44 min (Figure 2c). Interestingly, the
absorbance of Fmoc-3,4F-Phe subsequently increased gradually to reach an OD of 1, while
the absorbance of the Fmoc-3,5F-Phe hydrogel remained stable for 16 h. Although the build-
ing blocks of both Fmoc-3,4F-Phe and Fmoc-3,5F-Phe can be self-assembled into nanofibers,
the chemical bonds, arrangement and kinetics are significantly different. Apparently, in the
Fmoc-3,4F-Phe the electron clouds create repulsion resulting in an unstable hydrogel which
decays over time. In contrast, the lower electron rejection in the Fmoc-3,5F-Phe results in a
more stable structure for a longer period of time.
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Fmoc-Phe, Fmoc-3,4F-Phe, and Fmoc-3,5F-Phe. (b) OD kinetics at 350 nm for the first 16 h of hydrogel
formation. (c) Higher scale enlargement of the OD kinetics for the first hour (dashed area).

2.2. Physical Characterization of Double-Fluorinated Fmoc-Phe Hydrogels

Rheological analysis was performed at 25 ◦C to evaluate the mechanical properties
of the hydrogels. First, dynamic strain sweep (5 Hz) and frequency sweep (0.5% strain)
oscillatory measurements were performed to identify the appropriate conditions (Figure S2,
Supporting Information). Based on the frequency sweep and oscillatory strain sweep
analysis, the in-situ kinetics of the hydrogels formation and their mechanical properties
were characterized by time sweep measurements at a fixed strain of 0.5% and frequency of
5 Hz, over 6 h (Figure 3). The storage modulus, G′, is typically significantly higher than the
loss modulus, G”, of these hydrogels, which is indicative of a viscoelastic gel. In all cases,
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Tanδ (G”/G′) values after gelation were in the range of 0.05-0.015, i.e., <0.1, indicating
stable hydrogel formation [35] (Figure S3, Supporting Information).
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The results of the rheological analysis revealed that the G′ of the Fmoc-Phe hydrogel,
is relatively low, at 1600 Pa, whereas the Fmoc-3,4F-Phe has a slightly higher G′ value of
4800 Pa. In contrast, the Fmoc-3,5F-Phe hydrogel exhibits high rigidity, with a G′ value
of more than 50,000 Pa. Significant differences in G′ values were observed by 1-hour post
gelation (Figure 3b). At this time, the Fmoc-Phe hydrogel was entirely gelated with a G′

value of 1600 Pa, while the double fluorinated hydrogels had only achieved 40–70% of
their end point storage modulus values of 3500 Pa and 23,000 Pa for Fmoc-3,4F-Phe and
Fmoc-3,5F-Phe, respectively. The high storage modulus of the Fmoc-3,5F-Phe is probably
due to stronger π–π interactions which contribute to the hydrogel stability, which caused
by the higher distance between the fluorine atoms in comparison to Fmoc-3,4F-Phe. The
relatively high mechanical rigidity of Fmoc-3,5F-Phe, combined with its high stability
make the material interesting for tissue engineering and cell culture applications, where the
mechanical properties are essential for controlling processes, such as stem cell differentiation.
In this context, mesenchymal stem cells have been shown to undergo stiffness-directed fate
differentiation into osteogenic lineages on rigid hydrogels [36].

The uptake of water into a hydrogel is very important because it can determine the
overall permeation of nutrients and the excretion of cellular waste out of the hydrogel [37].
Whereas after 24 h in ddH2O, the Fmoc-3,5F-Phe hydrogel retained its initial 3D-shape
with a swelling ratio of 187 Ws/Wd (Figure 3c), the Fmoc-3,4F-Phe disintegrated slightly
and presented a higher swelling ratio of 262 Ws/Wd, and the Fmoc-Phe hydrogel broke
apart completely with a very high swelling ratio of 525 Ws/Wd. Despite the importance
of water absorption, high swelling can be a disadvantage and can make the material
unsuitable for use as a scaffold in aqueous environments because it will not retain its 3D
structure. The density of the double fluorinated Fmoc-Phe hydrogels was examined in
order to provide information about the significant differences seen in water absorption. As
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expected, the Fmoc-3,5F-Phe hydrogel had a higher density than the others with a value
of approximately 1 g mL−1 (Figure 3d). While Fmoc-3,4F-Phe and Fmoc-Phe have almost
the same density of 0.93-0.94 g mL−1, the significant differences in swelling properties are
probably due to the elasticity of the chains composing the hydrogel. It is possible that the
chains in Fmoc-Phe are more elastic and flexible, which improves the water interaction
and diffusion properties, while Fmoc-3,4F-Phe might form a more rigid fibrous matrix,
which allows an exchange of water molecule at a steady state but limits the swelling [38].
Additionally, the lower electron rejection in the Fmoc-3,5F-Phe might allow for closer and
denser interactions, contributing a denser packing which results in less swelling and higher
mechanical properties.

The physical characterization highlights the advantages of these two double-fluorinated
Fmoc-Phe hydrogels. Fmoc-Phe form a weak hydrogel which does not retain shape in an
aqueous environment. Moreover, the Fmoc-F5-Phe form a weak hydrogel that is unstable
over time, probably due to the large electron clouds derived from its five fluorine atoms.
We have previously reported the improvement of the Fmoc-F5-Phe stability by forming a
hybrid hydrogel with additional peptide [31]. Here we present how a single atom modifi-
cation can form hydrogels which exhibit higher rigidity and stability over time, even in
aqueous solution. It is shown that Fmoc-3,5F-Phe, in particular, remains very stable and
shows improved physical properties compared to the other hydrogels.

2.3. Phase Transition and Morphological Characterization of the Assemblies

Time-lapse optical microscopy measurements in real-time were used to monitor the
kinetics and dynamics of the self-assembly process. The samples were sealed in a glass
capillary to prevent evaporation, and based on our previous report of the Fmoc-F5-Phe
phase transition [29], the experiment was performed in 50:50 DMSO:ddH2O solution. In-
terestingly, we also observed a phase transition for Fmoc-Phe and the double fluorinated
Fmoc-Phe under these conditions (Figure 4, Movies S1–S3). Figure 4 presents real-time
images and a schematic illustration of the phase transition of Fmoc-Phe and the two
derivatives. At t0, all three building blocks exhibited a spherical structure, which over
the next few minutes was gradually replaced by a fibrillary network (tmid). Interestingly,
from that point on, the kinetics and morphologies of the various building blocks diverged,
with Fmoc-Phe exhibiting multiple nucleation centers (Figure 4a,d and Movie S1). Ini-
tially, a similar process was observed for Fmoc-3,4F-Phe; however, a few minutes later,
this continued to a third phase involving the growth of needle-like crystals (Figure 4b,e
and Movie S2). In contrast to the other two building blocks, the assembled fibrils of
Fmoc-3,5F-Phe are aligned along the capillary (Figure 4c,f and Movie S3). The disassembly
and replacement of the spherical structures seen suggests that they are thermodynamically
metastable compared to the gel and crystal phases. This is in accordance with previous
reports concerning other supramolecular systems [29,39–43]. Our results demonstrate that
the three different building blocks all exhibit a phase transition under the same conditions.
These phase transitions are not reversible process, as the final phase is the preferred and
stable thermodynamic state. This behavior appears to follow Ostwald’s rule of stages
whereby monomers of metastable structural species can be replaced by a more stable phase
such as fibrils and crystals. However, further analysis will be needed to obtain a deeper
understanding of the kinetics as well as the thermodynamics of this process.
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The final stage is shown at a magnified scale to enable visualization of the differences in morphology for (d) Fmoc-Phe
(e) Fmoc-3,4F-Phe (f) Fmoc-3,5F-Phe.

The results of the microscopy analysis are in accordance with the physical characteri-
zation of the structures. The low storage modulus obtained for the Fmoc-Phe hydrogel, as
well as the low density and high swelling ratio, might be explained by the thick fibrillar
morphology. In contrast, the thinner and more entangled fibrils of Fmoc-3,4F-Phe prob-
ably contribute to the higher storage modulus of this hydrogel. In addition, the curled
fibrils could make it difficult for water to penetrate and thereby explain the lower swelling.
Similarly, the thin, long, aligned nanofibrils seen in Fmoc-3,5F-Phe, might be directly re-
sponsible for the high storage modulus [44]. The straight orientation of the fibrils could be
difficult to fold and reduce the flexibility, explaining how Fmoc-3,5F-Phe can be organized
in a denser structure that exhibits less swelling.

2.4. Structural Analysis by Powder and Single Crystal XRD

Powder XRD (PXRD) was used to study the molecular organization of the different
building blocks further. The PXRD pattern of Fmoc-Phe, Fmoc-3,4F-Phe and Fmoc-3,5F-Phe
presented in Figure 5a includes peaks for all the samples, indicating their crystalline nature.
However, Fmoc-3,4F-Phe and Fmoc-3,5F-Phe exhibit sharper and higher intensity peaks,
which indicate a higher degree of crystallization. The diffraction patterns of Fmoc-3,4F-Phe
and Fmoc-3,5F-Phe are different, which implies two distinct crystalline arrangements.

Using single crystal XRD, we were able to solve the crystal structure of Fmoc-3,4F-Phe for
the first time, and detailed crystallographic data are presented in Table S1 in the Supporting
Information. This analysis revealed that the Fmoc-3,4F-Phe crystallizes in the orthorhombic
space group P212121 with one Fmoc-3,4F-Phe and one co-crystallized DMSO solvent molecule
in the asymmetric unit (Figure 5b). Careful observation of the crystal structure indicated
that the backbone torsional angle ϕ and ψ have a value near −130◦ and 165◦, which fall
in the extended sheet region of the Ramachandran plot. More importantly, the carbamate
group of Fmoc-3,4F-Phe is connected to the neighboring molecule through an intermolecular
hydrogen bond (N–H···O). In addition, the carboxylate group of each Fmoc-3,4F-Phe forms
an intermolecular hydrogen bond (O–H···O) with the DMSO solvent molecule. The face-
to-face π–π interactions between the Fmoc-Fmoc groups of the subunit, together with π–π
interactions between the side chain 3,4F-Phe groups and a neighboring molecule, stabilize the
overall packing (Figure 5c).

Interestingly, weak intermolecular C–H···F hydrogen bonds were observed between
the subunits, and the molecule further self-organized to produce a helical like architecture
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along the crystallographic c-axis in higher-order packing (Figure 5d). This helical like
architecture correlates with the presence of chiral carbons in the Fmoc-3,4F-Phe struc-
ture, and represents a generic structural motif in self-assembled amino acid and peptide
nanostructures [45]. In contrast to the orthorhombic space group P212121 crystals seen for
Fmoc-3,4F-Phe, Fmoc-Phe crystallized in the monoclinic space group P21 [26,27,46,47]. The
Fmoc-Phe crystal structure exhibits strong intermolecular hydrogen bonding N1–H1···O2
between Fmoc-Phe molecules, and strong π–π stacking interactions between the large
bulky Fmoc group, as well as between phenylalanines, in a similar scenario to that ob-
served in the Fmoc-3,4F-Phe crystal structure. However, while the carboxylic acid group
of Fmoc-Phe forms intermolecular hydrogen bonds with the adjacent carboxylic group of
another Fmoc-Phe molecule, the carboxylic acid group of Fmoc-3,4F-Phe undergoes inter-
molecular hydrogen bonding with a DMSO solvent molecule. Importantly, this difference
in intermolecular hydrogen bonding, means that Fmoc-3,4F-Phe has significantly higher
order packing than Fmoc-Phe.
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Figure 5. PXRD and Single crystal XRD structures. (a) PXRD of Fmoc-Phe (red) and the double
fluorinated Fmoc-Phe building blocks; Fmoc-3,4F-Phe (blue), and Fmoc-3,5F-Phe (green). (b) Single
crystal XRD structure of Fmoc-3,4F-Phe, demonstrating the asymmetric unit. (c) Intermolecular
backbone hydrogen bonding and π–π stacking of the Fmoc-3,4F-Phe molecule, with a distance
between two centroids of 4.983 Å. (d) Fmoc-3,4F-Phe crystal packing along the c-axis.

2.5. Structural Analysis by MD Simulations

After solving the structure of Fmoc-3,4F-Phe by single crystal XRD analysis, and without
success in crystalizing Fmoc-3,5F-Phe, we further explored the structural differences between
the two molecules through MD simulations. The MD simulations were used to indepen-
dently study and compare the properties of Fmoc-3,4F-Phe and Fmoc-3,5F-Phe during the
first moments of self-assembly without any bias from XRD results. Five-replicate explicit
solvent (water) MD simulations, followed by structural analyses of the resulting MD simu-
lation trajectories, for each derivative were performed. Both derivatives exhibited gradual
formation of aggregates, which may represent the initial organization of Fmoc-3,4F-Phe
and Fmoc-3,5F-Phe. We note that the interactions and statistical trends described below
are reproducible across all MD simulations despite the formation of different aggregate
structures within MD simulation replicates.

The results of the MD simulations indicate that the aggregates formed by self-assembly
of Fmoc-3,4F-Phe or Fmoc-3,5F-Phe are significantly stabilized by π–π interactions between
aromatic groups as well as F-F and F-Phe contacts (Figure 6a–c). In addition, both deriva-
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tives interacted occasionally through hydrogen bonds between terminal carboxyl groups
or backbone amide and carbonyl groups of opposing monomers.

Our analysis revealed similarities and differences in the structural properties of the two
derivatives as a result of the interactions formed within the simulated clusters (Figure 6a).
While both Fmoc-3,4F-Phe and Fmoc-3,5F-Phe formed structures reminiscent of an antiparallel
β-sheet at a similar rate (Figure 6a), Fmoc-3,4F-Phe formed a parallel β-sheet-like structure,
in which two monomers are bonded through a hydrogen bond between their backbone
amide and carbonyl groups as well as face-to-face π–π interactions between the Fmoc-Fmoc
or Phe-Phe groups (Figure 6b, boxed in red dotted lines) more often than Fmoc-3,5F-Phe.
Importantly, this ordered structure is reminiscent of the crystal structure of Fmoc-3,4F-Phe
(Figures 5c and 6b boxed in red dotted lines). The preferential ability of Fmoc-3,4F-Phe to
form face-to-face π–π interactions between Fmoc-Phe and Phe-Phe groups (Figure 6b, boxed in
black and blue dotted lines, respectively) could facilitate the formation of the parallel β-sheet-
like structures observed in the MD simulations and crystal structure (Figures 5c and 6b boxed
in red dotted lines). In contrast, Fmoc-3,5F-Phe aggregates were more frequently stabilized by
Fmoc-Fmoc π-stacking interactions, and contacts between fluorine of the 3,5F-Phe group and
Fmoc, in the absence of Fmoc-Phe π-stacking, as well as interactions between the fluorine of
the 3,5F-Phe group and the terminal O of opposing monomers (Figure 6c boxed in red, black,
and blue dotted lines respectively).

In addition to the differences in the frequency of interactions formed within their
aggregates, we also observed that the calculated radius of gyration of the monomers within
the clusters formed by Fmoc-3,5F-Phe was consistently lower than for those formed by
Fmoc-3,4F-Phe. This was true across aggregates of different sizes (Figure 6d). Thus, for
clusters containing the same number of building block-monomers, clusters formed by
Fmoc-3,5F-Phe were more densely packed. This supports the experimental density mea-
surements and provides additional evidence for differences in the self-assembly properties
of the Fmoc-3,4F-Phe and Fmoc-3,5F-Phe systems.

Solvent exposure calculations of the Fmoc moiety and Phe sidechain of Fmoc-3,4F-Phe
and Fmoc-3,5F-Phe within the independent detected clusters indicated that the Fmoc moi-
ety is generally less solvent exposed in the clusters formed by Fmoc-3,5F-Phe compared
to those formed by Fmoc-3,4F-Phe (Figure S4, orange and blue data points, respectively).
In addition, the Phe sidechain is generally more solvent exposed in the clusters formed
by Fmoc-3,5F-Phe compared to those formed by Fmoc-3,4F-Phe (Figure S4, yellow and
grey data points, respectively). Thus, the Fmoc moiety is buried more deeply within the
clusters of Fmoc-3,5F-Phe than in the clusters of Fmoc-3,4F-Phe, and the Phe sidechain
is less buried within the clusters of Fmoc-3,5F-Phe than in the clusters of Fmoc-3,4F-Phe.
This suggests that the different position of the fluorine atom in Fmoc-3,4F-Phe compared
to Fmoc-3,5F-Phe may influence the hydrophobicity of the Phe sidechain. Specifically, as
3,4F-Phe is less solvent exposed than 3,5F-Phe within the detected clusters, 3,4F-Phe ap-
pears to be more hydrophobic than 3,5F-Phe. This is supported by polar desolvation energy
calculations performed in AMSOL [48] for the isolated 3,4F-Phe and 3,5F-Phe sidechains,
predicting that 3,5F-Phe should be less hydrophobic than 3,4F-Phe [49]. This difference in
hydrophobicity between 3,4F-Phe and 3,5F-Phe provides an additional potential explana-
tion for the differences in the interactions formed within the clusters of Fmoc-3,4F-Phe and
the clusters of Fmoc-3,5F-Phe (Figure 6a,b).
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3. Materials and Methods
3.1. Materials

Fmoc-L-Phe was purchased from Sigma-Aldrich (Israel), Fmoc-3,4F-Phe and Fmoc-
3,5F-Phe were purchased from Chem-Implex Int’l inc (IL, USA).

3.2. Preparation of Fmoc-Phe Derivatives Self-Assemblies

Three different techniques were used for the preparation of Fmoc-Phe derivatives self-
assemblies: Thermal-Switch, pH-Switch and Solvent-Switch. Thermal Switch: Preformed
structures were assembled by dissolving Fmoc-Phe derivatives in ddH2O at concentration
of 5 g L−1 and heating to 90 ◦C. Structures were visible when samples were slowly cooled
down to room temperature. pH Switch: Fmoc-Phe derivatives were mixed in ddH2O at
concentration of 5 g L−1 and sonicated until dissolved. A solution of 0.5 M NaOH was
slowly added to the peptide until pH 7.5 was measured. The solution was left undisturbed
until gelation was observed. Solvent Switch [51]: Stock solution were prepared in dimethyl
sulfoxide (DMSO) or absolute ethanol (EtOH) at a concentration of 100 g L−1 and 10 g L−1,
respectively. The hydrogels were formed by diluting the stock solution with ddH2O, resulting
in a final concentration of 5 g L−1.
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3.3. OD Kinetics Analysis

Immediately after hydrogels preparation, 100 µL samples were placed into a 96-well
plate. Absorbance and kinetics were measured at a wavelength of 350 nm using a TECAN
Infinite M200PRO plate reader for 16 h.

3.4. Optical Microscopy Analysis

Samples of the three building blocks were prepared at a ratio of 50:50 DMSO:ddH2O
and transferred into a thin glass capillary (0.2 mm inner diameter, 0.1 mm wall) and
sealed to avoid evaporation. The capillary was attached to a glass slide and observed
under an optical microscope. Bright-field imaging was performed using an Eclipse Ti-E
inverted microscope (Nikon, Japan), equipped with a Zyla scMOS camera (Andor, UK).
For the phase transition kinetics experiment, time-lapse image series were acquired using a
20× objective over time, with 10 s interval.

3.5. TEM

Hydrogels samples were placed on a 400-mesh copper grid. After 1 min, the piece of
gel as well as the excess fluid was removed. Negative staining was obtained by covering
the grid with 10 µL of 2% uranyl acetate in water. After 2 min, excess uranyl acetate
solution was removed. Samples were viewed using a JEOL 1200EX electron microscope
operating at 80 kV.

3.6. Rheology Analysis

In situ hydrogel formation, mechanical properties, and kinetics were characterized
using an AR-G2 rheometer (TA Instruments). Time-sweep oscillatory tests in 20 mm
parallel plate geometry were performed on 220 µL fresh solution (resulting in a gap size
of 0.6 mm) at room temperature. Oscillatory strain (0.01–100%) and frequency sweeps
(0.1–100 Hz) were conducted to find the linear viscoelastic region, in which the time-sweep
oscillatory tests were performed (Figure S2, Supporting information). G′ and G”, the
storage and loss moduli, respectively, were obtained at 5 Hz oscillation and 0.5% strain
deformation for each sample.

3.7. Swelling

Identical volumes of hydrogel samples were placed on plates. Five samples were used
for each hydrogel. The initial weight (Wi) was recorded, and the hydrogels were placed
in ddH2O. To allow equilibration and swelling, all samples were left to swell for 24 h on
an orbital shaker (50 rpm) at room temperature. The equilibrated swollen mass (Ws) was
recorded after gently absorbing excess water from each sample. The hydrogel samples
were subsequently lyophilized, and their dry weight (Wd) was measured. The equilibrated
swelling ratio (Q) was defined as the ratio of Ws to Wd.

3.8. Density

The density measurement was conducted using a pycnometer at 23 ◦C. First, we filled
the pycnometer with ddH2O and calculated the exact volume of each 5 ml pycnometer
(Vp). Then we placed 500 µL hydrogel sample inside the pycnometer, weighed it (Ms) and
waited an hour until complete gelation. We gently added ddH2O and calculate the ddH2O
volume inside the pycnometer (Vd). Sample density was calculating by dividing Ms to
(Vp-Vd).

3.9. Crystallization, Data Collection and Structure Determination

Fmoc-3,4F-Phe 100 g L−1 stock solutions were prepared in DMSO and diluted into
ddH2O at a 70:30 ratio. The samples were left, half sealed, on the bench at room tem-
perature, and crystals grew within 4 months. For data collection, a crystal was coated
in Paratone oil (Hampton Research), mounted on a MiTeGencryo-loop, and flash-frozen
in liquid nitrogen. Crystal data were measured at 100 K on a RigakuXtaLabPro diffrac-
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tometer equipped with CuKα radiation (λ = 1.54184 Å) and a Dectris Pilatus3R 200K-A
detector. The data were processed with CrysAlisPro programs (RigakuOD). The structure
was solved by direct methods with SHELXT-2016/4 and refined with full-matrix least
squares refinement based on F2 with SHELXL-2016/4. The crystallographic data have been
deposited in the Cambridge Crystallographic Data Centre (CCDC) under no. 2043733 and
are presented in supplementary information Table S1, Supporting Information.

3.10. Molecular Modeling of Investigated Systems

Fmoc-3,4F-Phe and Fmoc-3,5F-Phe were computationally modeled independently for
use as initial structures in MD simulations, described in the next section, analogously to
refs [52,53]. For each system, 36 monomers (either Fmoc-3,4F-Phe or Fmoc-3,5F-Phe) were
embedded in a 40 × 40 × 60 Å3 grid within a 90 × 90 × 90 Å3 water box, with an equal
spacing of approximately 20 Å between each monomer and random configurations and
orientations. The random configurations were extracted from short simulations of each
monomer at infinite dilution. The derivative concentration within each system was higher
than the concentration used in the experimental studies, aiming to artificially accelerate
the self-assembly within the frame of the simulations [52,53].

3.11. MD Simulations

The self-assembly of Fmoc-3,4F-Phe and Fmoc-3,5F-Phe were independently investi-
gated through MD simulations analogously to refs [52,53]. Prior to the execution of MD
simulations, the simulation systems were first energetically minimized and equilibrated.
In the energetic minimization stage, 50 steps of steepest descent followed by 50 steps
of Adopted Basis Newton-Raphson energy minimization were first performed with the
monomers initially fixed to their initial conformations to alleviate clashes primarily be-
tween the monomers and their surrounding environment. Subsequently, an additional
100 steps of steepest descent followed by 100 steps of Adopted Basis Newton-Raphson
energy minimization were performed with the monomer heavy atoms were constrained
with 0.1 kcal mol−1 Å−2. Under the same constraints, after the energetic minimization, the
system was equilibrated for 1 ns. Finally, five replicate MD simulation production runs
with different initial velocities were performed for each system. Multiple serial simulation
runs were preferred over other single simulation runs using enhanced sampling methods,
as routinely used by Tamamis and co-authors [52,54–58], at the same computational cost as
the former were used advantageously to check reproducibility of the results in the current
study. Here, reproducibility was considered important to delineate the differences in
self-assembly between the two systems with subtle structural differences at the monomeric
state. In the MD simulation production runs, no constraints were imposed on the system.
All energy minimization and MD simulations were performed using periodic boundary
conditions and the CHARMM36 force field [59] in CHARMM [60]. Parameters and topolo-
gies for the derivatives were generated using CGenFF [61]. The temperature and pressure
of the simulation systems was maintained at 300 K and 1.0 atm using the dual Nosé-Hoover
thermostat and the Andersen-Hoover barostat, respectively. The bond lengths of covalently
bonded hydrogens were constrained using the SHAKE algorithm [62].

3.12. Structural Analysis of MD Simulations

Both Fmoc-3,4F-Phe and Fmoc-3,5F-Phe were observed to form aggregates within
their respective sets of MD simulations. We aimed to investigate the early-stage gradual
formation of structural morphologies in the two systems, and thus, we simulated and
analyzed 80 ns of each replicate in both systems under investigation, which corresponds to
the time at which the systems started forming rather stable aggregates based on radius of
gyration calculations. Simulation snapshots were extracted in 0.2 ns intervals per simula-
tion production run, resulting in 2000 analyzed snapshots per system. Structural analysis
programs were to understand and compare the structural organization properties of the
two derivatives, independently, in the first moments of self-assembly. Crystallographic
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data of Fmoc-3,4F-Phe and visual inspection of the MD simulations were used to guide the
definitions of key interactions that are formed in ordered assemblies of Fmoc-3,4F-Phe and
Fmoc-3,5F-Phe, independently, in their respective simulations. The interactions detected
are shown in Figure 6a. A uniform distance cutoff value of 4.0 Å was used as a criterion to
define an interaction between the atoms described in Figure 6a. The same set of interac-
tions was tracked for both the simulations of Fmoc-3,4F-Phe and Fmoc-3,5F-Phe for a fair
comparison of the two derivatives’ self-assembly properties. A number of n monomers
were defined to form a cluster when each building block-monomer was in the vicinity of at
least another one based on the 4.0 Å distance criterion defined above.

We additionally calculated the radius of gyration of the building block-monomers
within each observed cluster to determine and compare the compactness of the clusters
formed by Fmoc-3,4F-Phe to those formed by Fmoc-3,5F-Phe (Figure 6d). The radius of
gyration of the building block-monomers within each cluster was calculated using the
following equation in Wordom: [63,64]

Rg =

√
1
N

N

∑
k=1

(rk − r)2

In the aforementioned equation, the radius of gyration, Rg, is calculated as the square
root of the average deviation of N atoms, rk, from the geometric center, r. The radius of
gyration calculations was performed considering only building block-monomers within
each cluster, with all other atoms omitted. Larger relative radius of gyration values
indicates lower compactness, or lower packing density of building blocks in the clusters,
while lower relative radius of gyration values indicates higher compactness, or higher
density of building blocks in the clusters [55].

Finally, we calculated the solvent exposure of the Fmoc-moiety and modified Phe side
chains within each observed cluster to determine and compare on how the aromatic rings
of Fmoc-3,4F-Phe and Fmoc-3,5F-Phe were positioned (in terms of “burial” or not) within
each of their respective clusters (Figure S4). The solvent exposition of the Fmoc-moiety
and modified Phe side chains, independently, of the building block-monomers within each
cluster was calculated as the solvent accessible surface area (SASA) of the Fmoc-moiety
or modified Phe side chain divided by the total molecular surface area (TSA) of the same
Fmoc-moiety or modified Phe side chain. The SASA and TSA values for each Fmoc-moiety
or modified Phe side chain was calculated in Wordom [63,64]. A larger percent solvent
exposure of a Fmoc-moiety or modified Phe side chain indicates that the moiety or side
chain is more exposed to the solvent and more likely to be at the surface of the cluster; a
smaller the percent solvent exposure of a Fmoc-moiety or modified Phe side chain indicates
that the moiety or side chain is more “buried” and more likely to be encapsulated in the
interior of the cluster.

3.13. Statistical Analysis

Statistical significance was examined using one-way ANOVA to determine the p-value.
p < 0.05 was considered a statistically significant difference

4. Conclusions

The current study provides the first description of the behavior of the double-fluorinated
Fmoc-Phe derivatives, Fmoc-3,4F-Phe and Fmoc-3,5F-Phe, and the effect that the position
of a single fluorine has on the self-assembly process, and physical properties that the ma-
terial produces. Our results reveal substantial differences between the derivatives. While
Fmoc-3,5F-Phe is transparent and remains clear and stable over time, both Fmoc-Phe
and Fmoc-3,4F-Phe disintegrate and undergo phase separation. Moreover, Fmoc-3,5F-Phe
presents a more orderly and aligned microstructure of nanofibrils and poses a higher stor-
age modulus, and lower swelling due to a higher density. Although all three building
blocks exhibit a spontaneous phase transition process from metastable spheres to fibrils,
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Fmoc-3,4F-Phe undergoes an additional self-assembly event, resulting in the formation of
crystals. Single crystal XRD of the Fmoc-3,4F-Phe crystal structure revealed that π–π interac-
tions and hydrogen bonding contribute to the crystal stability. MD simulations provided
additional evidence of differences between the structural properties of Fmoc-3,4F-Phe and
Fmoc-3,5F-Phe. While Fmoc-3,4F-Phe aggregates are more frequently stabilized through in-
teractions reminiscent of the crystal structure, the stability of Fmoc-3,5F-Phe aggregates rely
more on Fmoc-Fmoc π stacking, contacts between the F of the 3,5F-Phe group and Fmoc, as
well as interactions between the F of the 3,5F-Phe group and the terminal O of the opposing
monomer. The experimental data and the simulations both indicate that Fmoc-3,5F-Phe
forms more compact aggregates than Fmoc-3,4F-Phe. These results highlight the effect
of the position of a single amino acid on the self-assembly process and demonstrate that
fluorination is an effective strategy to influence nanoscale supramolecular organization. Our
results are consistent with the changes in the Phe fluorination pattern observed in previously
published work and emphasize the often-unpredicted consequences of minor change in
the building block structure that complicate rational design of such materials. They also
demonstrate how the macroscale properties of a material can be modified by atomic scale
changes in the constituent molecules. Furthermore, they provide fundamental insights
that will facilitate the development of optimal amino-acid-based low-molecular-weight
hydrogelators for a wide range of applications in various fields.
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