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Preface to ”Function of Polymers in Encapsulation
Process”

Encapsulation technology comprises enclosing active agents (core materials) within a

homogeneous/heterogeneous matrix (wall material) at the micro/nano scale. In the last few years

encapsulation has gained a lot of interest. Using this process, a physical barrier is developed

between the inner substance and the environment which, on one hand, prevents its degradation

and facilitates its handling and transportation and, on the other hand, allows the controlled release

of the core material in a certain ambiance. Polymers may be used to trap the material of interest

inside the micro/nano-capsules. Such encapsulated systems have many applications in the fields of

the food industry, drug delivery, agriculture, cosmetics, coatings, adhesives, and so forth. Various

biopolymers, such as alginate, chitosan, carrageenan, gums, gelatin, whey protein, or starch, act as

a barrier against external conditions. Encapsulation in biodegradable polymers can also enhance

the permeability and stability of the active agent and, thus, its bioavailability. Choosing the right

polymer is very important in this process due to its impact on target delivery and controlled release,

and, therefore, on the bioavailability of active agents. It should have the necessary properties,

such as being non-reactive with the active agent, flexibility, stability, strength, and impermeability.

If the active agent has application in the food industry, the used polymer should be “generally

recognized as safe” (GRAS), biodegradable, and capable of preserving the encapsulated material from

the atmosphere.

There are a number of chemical, physical or mechanical processes available for encapsulation

such as emulsion-solvent evaporation/extraction methods, coacervation-phase separation, spray

drying, interfacial and in situ polymerization. The choice of a particular technique depends on

the attributes of the polymer and the active agent. There are still many aspects to be developed

in this field, which offer new challenges and breakthrough opportunities. The main objective of

this interdisciplinary book is to bring together, at an international level, a high-quality collection of

reviews and original research articles dealing with the importance of natural or synthetic polymers

in encapsulation processes and their applications. A deep understanding and relevant theoretical

calculations for exploring the functions of the materials (involved in the formulations) have also been

obtained by fundamental investigations. We believe that the present book has explored the latest

research on the function of polymers in encapsulation technology including fundamental theory and

experiments together with reviews and articles. More efficient designs and preparation processes,

as well as further understandings of the interfacial chemistry of encapsulated materials within the

polymeric systems, are still needed.

The main aim of the book is to inspire and to guide scientists in this field. For the industrial

establishments, the book also presents easy-to-achieve approaches that have been developed so far

and could create a platform for industrial material production.

The Editors express their appreciation to all contributors from different parts of the world that

have cooperated in the preparation of this book. In this context, this international book gives the

active reader different perspectives on the subject and encourages him/her to read the entire book.

M. Ali Aboudzadeh and Shaghayegh Hamzehlou

Editors
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Abstract: Encapsulation of the chemotherapy agents within colloidal systems usually improves
drug efficiency and decreases its toxicity. In this study, lignin (LGN) (the second most abundant
biopolymer next to cellulose on earth) was employed to prepare novel doxorubicin (DOX)-loaded
oil-in-water (O/W) microemulsions with the aim of enhancing the bioavailability of DOX. The
droplet size of DOX-loaded microemulsion was obtained as ≈ 7.5 nm by dynamic light scattering
(DLS) analysis. The entrapment efficiency (EE) % of LGN/DOX microemulsions was calculated to be
about 82%. In addition, a slow and sustainable release rate of DOX (68%) was observed after 24 h for
these microemulsions. The cytotoxic effects of standard DOX and LGN/DOX microemulsions on
non-malignant (HUVEC) and malignant (MCF7 and C152) cell lines were assessed by application
of a tetrazolium (MTT) colorimetric assay. Disruption of cell membrane integrity was investigated
by measuring intracellular lactate dehydrogenase (LDH) leakage. In vitro experiments showed
that LGN/DOX microemulsions induced noticeable morphological alterations and a greater cell-
killing effect than standard DOX. Moreover, LGN/DOX microemulsions significantly disrupted the
membrane integrity of C152 cells. These results demonstrate that encapsulation and slow release
of DOX improved the cytotoxic efficacy of this anthracycline agent against cancer cells but did not
improve its safety towards normal human cells. Overall, this study provides a scientific basis for
future studies on the encapsulation efficiency of microemulsions as a promising drug carrier for
overcoming pharmacokinetic limitations.

Keywords: microemulsion; doxorubicin; in vitro; cytotoxicity; lignin (LGN)

1. Introduction

Doxorubicin (DOX) is an anthracycline and active anticancer drug that contains a
naphthacenequinone nucleus with a glycosidic bond to an amino sugar [1]. DOX is struc-
turally similar to daunorubicin except that the former contains a hydroxyl acetyl group
instead of an acetyl group at the 8-position. DOX is slightly soluble in normal saline
and sparingly soluble in alcohol, and has broad-spectrum activity against neoplasms,
lymphomas, solid tumors, and breast tumors [2]. It has been widely used as a first-line
therapy in testicular, breast, and hepatocellular carcinoma. DOX has different biomedical
applications in various chemotherapeutic regimens. It was previously applied in combina-
tion with bleomycin, dacarbazine, cyclophosphamide vincristine, and prednisone for the
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treatment of non-Hodgkin’s and Hodgkin’s lymphomas. Another application of DOX and
cyclophosphamide can be used as adjuvant therapy with or without including fluorouracil
followed by paclitaxel for breast cancer. The combination of DOX with a greater dose of
cisplatin and methotrexate has been successfully applied to treat osteogenic sarcoma [3,4].
DOX attachment to DNA via intercalation could inhibit the function of topoisomerase
II, resulting in disruption of DNA and RNA. The quinone group of DOX is reduced by
cytochrome P450 reductase to produce semiquinone oxygen free radicals that can attack
the cells’ DNA.

Moreover, DOX binds to cell membranes and modifies the fluidity of ion transport [5,6].
The cell membranes are permeable to the lipid-soluble anthracycline molecules with an
unprotonated sugar amino group like DOX with a pKa value of about 8.2. These compounds
have direct access to the intracellular sites in all cells, including tumor cells.

The limitations in the application of conventional DOX are its bone marrow sup-
pression, nephrotoxicity, and cardiotoxicity. The toxicity issues related to DOX limit its
long-term use for clinical purposes [7,8]. P-glycoprotein (P-gp) also shows multidrug-
resistance-associated protein-1 (MRP1)-mediated efflux that makes the tumor less respon-
sive towards DOX. The other challenges are its short half-life, poor solubility, lack of oral
dosage formulations, instability of the drugs under gastric conditions, and hepatic first-pass
effect [9,10]. Several approaches have been used to reduce the toxicity and enhance the
oral efficacy of DOX. Some of them employ prolonged infusion along with simultaneous
administration with other cardioprotective agents (dexrazoxane) [11]. Furthermore, an-
thracycline analogs and other novel drug delivery systems can be applied to modify its
distribution and reduce its accumulation in the heart and lower its toxicity. DOX can be
incorporated within different carrier systems, for example, DOX-loaded liposomes for
efficient targeting against tumors [6]. Furthermore, encapsulation of DOX in dendrimers,
nanocrystals, nanogels, nanotubes, and nanoemulsions has been studied [12].

Microemulsion, as a potential drug delivery system, allows controlled or sustained
release of drugs for oral, topical, ocular, and percutaneous administration. In comparison
to other dosage forms, microemulsions offer the advantages of easy formation, high scale-
up, greater stability, the higher drug solubilization of hydrophobic drugs, and enhanced
bioavailability [13,14]. A microemulsion system composed of oil, surfactant (non-ionic
or anionic), co-surfactants, and water can form a large number of configurations and
phases via mixing different proportions of components to design the formulation [14,15].
Non-ionic surfactants are preferable because of their high tolerability, lower irritation and
toxicity, and they have the potential to enhance the biocompatibility of the colloidal system.
Microemulsions can be developed by applying single or double chain surfactants. Single
chains do not lower the interfacial tension, and that is why co-surfactants are needed.
The co-surfactants may exhibit toxicity in the formulation of microemulsions [16]. In this
context, the selection of surfactant and co-surfactant is of great significance. Phospholipids-
based microemulsions are preferred over other synthetic surfactants from a toxicity point of
view [17]. Green surfactants (GSs) provide benefits over other synthetic surfactants in many
drug delivery methods [18]. The most relevant properties of GSs are biodegradability, eco-
nomic production, environmental tolerance, specificity, and structural diversity [4,19,20].
Despite the many advantages of GSs such as the commercialization and economic availabil-
ity in industries, they are not productive enough due to the high operational and material
costs needed for their synthesis. Hence, the use of nanotechnological methods to increase
the production of GSs via microbial induction has been evaluated. A lot of research studies
have been carried out on decreasing the cost sources for manufacturing GSs [21].

Lignin (LGN) (a phenolic polymer derived from phenylpropanoid units,) is the type of
GS that we used in this study. This biodegradable natural polymer, which is the result of in-
dustrial wood processing, has widespread implementations as a renewable bioresource for
producing different end-products including detergents, surfactants, and dispersants [22].
LGNs are developed from different methods, including chemical modifications using alky-
lation, destruction, sulfonation, etc. [23]. LGN is also a potential material for biomedical
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applications because of its eco-friendly properties such as biodegradability, biocompatibil-
ity, and low toxicity [24,25]; due to its specific aromatic structure, it can be easily adsorbed
at various interfaces. That is why among the applications proposed for lignin particles,
interfacial stabilization is highly promising, especially for the encapsulation of sensitive
drugs such as DOX. For example, Zhou et al. developed LGN-based hollow nanoparticles
(NPs) to deliver DOX. The results showed that the folic magnetic functionalized LGN
hollow NPs could enhance the cellular uptake of NPs into HeLa cells [26]. In another
study, the same research group applied these LGN hollow NPs as useful vehicles for the
antineoplastic drug DOX. The authors related the enhanced encapsulation efficiency and
drug loading of the NPs to the surface area and pore volume. In this study, the focus was on
the mechanism of encapsulation of DOX into LGN hollow NP. The results of loading and
release behavior of DOX were due to the various structures, stabilities, and sizes of LGN
hollow NPs. The controlled release behavior of LGN hollow NPs, the access of DOX-loaded
LGN hollow NPs into cells, and the low pH environment of lysosomes can support the
release of DOX [27]. Whereas these pioneering reports made use of complex nanocarriers
such as hollow NPs, here, we report the facile encapsulation of DOX into microemulsion
systems which are more stable, easy-to-formulate, along with the greater potential for
industrial scale-up. This novel strategy formulates a novel green carrier (DOX-loaded
microemulsion) that has not been implemented before for these types of cancer cell lines
(MCF7 and C152). In addition, in this formulation, we used a low amount of surfactant
for the preparation of microemulsions, which can overcome the challenges and issues
related to the toxicity of synthetic surfactants. These findings may be further sculpted into
new cancer treatment strategies if this newly synthesized formulation induces desirable
cytotoxic activity.

2. Materials and Methods

2.1. Chemicals

Standard laboratory-grade chemicals, including DOX, lignin (alkali) with CAS 8068-
05-1, sodium caprylate, and ethyl butyrate, were provided by Sigma Chemical Co (St. Louis,
MI, USA). Fetal bovine serum (FBS) and culture media (RPMI1640 and Dulbecco’s modi-
fied Eagle’s medium (DMEM)) were all obtained from GIBCO (Grand Island, NY, USA).
Dimethyl sulfoxide (DMSO), 1% penicillin/streptomycin solution, and phosphate-buffered
saline (PBS) were purchased from KalaZist company (KalaZist Co., Tehran, Iran). Ampho-
tericin B and 3-(4,5-Dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) were
procured from Sigma-Aldrich Co. (St. Louis, MI, USA). All plastic materials were provided
by Sorfa Medical Plastic Co. (Hangzhou, China).

2.2. Cell Lines

Human oral squamous carcinoma (C152) and human umbilical vein endothelial (HU-
VEC) cell lines were obtained from the cell bank of Pasteur Institute of Iran (Tehran, Iran)
and cultured in DMEM medium. Michigan Cancer Foundation-7 (MCF7) human breast can-
cer cells were obtained from the cell repository of the Research Institute of Biotechnology,
Ferdowsi University of Mashhad (Mashhad, Iran) and maintained in RPMI1640 medium.
MCF7 and C152 were selected as appropriate in vitro models for solid tumors. Both cell
lines are well-suited for in vitro cytotoxic assessments and morphology evaluations since
they can be cultured easily. HUVEC was chosen as a widely studied non-cancerous cell
line for further assessments. Culture media were supplemented with 250 µg/mL of am-
photericin B, 50 U/mL of penicillin, 50 µg/mL of streptomycin, and 10% heat deactivated
FBS. Cells were maintained under standard culture conditions, described in our previous
work [28].

2.3. Formulation of DOX-Loaded Microemulsions

DOX-loaded O/W microemulsions were prepared according to a reported proce-
dure [29], as 1% w/w solutions of oil by dissolving appropriate quantities of LGN, fatty

3
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acid (sodium caprylate), and finally, ethyl butyrate in PBS (pH 7.4) via vigorous stirring
at an oil-to-LGN molar ratio of 1. All the preparation steps were carried out in a room-
temperature environment. The microemulsions were subsequently allowed to equilibrate
for at least 1 day prior to use. A schematic depiction of the contents of the microemulsions
prepared in this work is shown in Scheme 1.

 

θ

Entrapment effeciency% ൌ ሺTotal Dox െ Free DoxሻTotal Dox ൈ 100

Scheme 1. Schematic representation of DOX-loaded O/W microemulsion and its contents prepared in this study.

2.4. Characterization of DOX-Loaded Microemulsions by DLS

DLS characterization of DOX-loaded LNG microemulsions was carried out using an
ALV-5000F Goniometer System (Sartorius, Germany) coupled with a diode-pumped solid-
state laser. These measurements were performed at an angle of θ = 90◦ to the incident ray
through calibrating the intensity scale by toluene against scattering. The system was also
integrated with a digital correlator (ALV SP-86, Sartorius, Germany) with a sample range of
25 ns to 100 ms. A description of DLS and the mechanism of data analysis via this technique
are presented in the Supporting Information. The polydispersity index was calculated by
the average size of the droplets divided by the average number of measured droplets.

2.5. Entrapment Efficiency of DOX

To study the entrapment efficiency (EE), DOX was loaded into LGN-stabilized mi-
croemulsions, and the percentage of EE was determined by a UV spectrophotometric
approach (Agilent Technologies, Cary 50, Pittsburgh, USA) [30–32]. Stock solutions of DOX
with a concentration of 2 to 250 µg/mL were prepared with ethanol/PBS 7.4 (1:1). The
absorbance peak of DOX was recorded in the range 250 to 750 nm, where DOX showed
a characteristic peak at a wavelength of 480 nm. Based on this characteristic peak, the
calibration curve of standard DOX was achieved with an R2 of 0.9894. LGN/DOX were
centrifuged at 20,000 rpm for 60 min (model MC-20,000, Medline, UK). The centrifuging
procedure was continued until a clear supernatant was obtained. The absorbance of the
supernatant was measured at 480, and the EE of the DOX in the LGN/DOX was determined
using Equation (1).

Entrapment effeciency% =
(Total Dox − Free Dox)

Total Dox
× 100 (1)

2.6. Release Study

The release rate was evaluated using the dialysis technique with a 6000 Dalton pore
size dialysis membrane [30,31,33]. First, the dialysis bags were immersed in the PBS
buffer for 24 h (24 h). Then, 1 mL of standard DOX solution or LGN/DOX microemulsion
was placed in the dialysis bag and immersed in 50 mL PBS 7.4: ethanol (in 1:1 ratio as
the buffer solution). The dialysis bag was left to stir at 90 rpm at 37 ◦C using a heater
stirrer. At different time intervals up to 24 h, 1 mL of the buffer solution was removed
and then replaced by adding the same volume of fresh buffer (preheated at 37 ◦C). The
UV spectrophotometer recorded the absorbance of the samples at 480 nm to quantify
released DOX.

4
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To investigate the nature of the release mechanism, based on our previous studies, we
have fitted the in vitro DOX release with different kinetic methods [30–32,34].

2.7. Cell Viability Assay and Evaluation of Cell Morphology

The target cells used in this experiment were C152 and MCF7, the two well-studied cell
lines for analyzing the in vitro growth-inhibitory effects of anticancer agents. Endothelial
HUVEC cells were used as target non-malignant cells. The cytotoxic effects of standard
DOX and LGN/DOX microemulsions were evaluated using the MTT reduction assay [35].

Cells (5×103 cell/well) were seeded in 96-well microplates and incubated for 24 h to
obtain a monolayer culture. Next, cells were treated with increasing DOX concentrations in
standard or encapsulated state from 0.0625 to 1 µg/mL, and incubated for 48 h. Then, the
supernatant was removed from each well, and 200 µL MTT reagent (5 mg/mL) was placed
into each well and kept for another 3 h in a humidified incubator. The MTT solution was
then replaced with 200 µL of DMSO, and the plates were placed on a shaker to dissolve
the formazan crystals completely. The optical density (OD) of each well was measured
at a test wavelength of 570 nm using a microplate reader (Stat Fax 2100, Awareness,
Technologies Inc, Palm City, FL, USA). The percentage of viable cells was calculated using
the following formula:

Cell viability (%) = OD sample/OD control × 100 (2)

The half-maximal inhibitory concentration (IC50) of LGN/DOX microemulsions and
standard DOX was calculated via GraphPad Prism software version 7.0.

For morphology assessment, cells were plated in 6-well microplates at a density of
1 × 105 cell/well. Following overnight incubation, cells were treated with given MTT
concentrations for 48h, and untreated cells served as controls. Changes in cell morphology
were monitored by an inverted phase-contrast microscope (IX71, Olympus Inc., Japan) at
20× magnification and imaged using a digital camera.

2.8. Membrane Integrity

Lactic dehydrogenase (LDH) leakage was measured in the medium of cultivated
cells using a cytotoxicity assay kit (Cayman item no 601170) (Cayman Chemical Company,
Ann Arbor, MI, USA) to evaluate membrane integrity. Cells were inserted in 96-well
microplates (5 × 103 cell/well) and kept in an incubator for 24 h. Next, the culture medium
was removed, and cells were exposed to a concentration equal to IC50 concentrations of
both agents (standard DOX and LGN/DOX microemulsions). After treatment for 48 h,
100 µL of supernatant was placed into each well of a 96-well microplate for assessment.
The LDH leakage (% of total) as a marker of cytotoxicity was determined as percentage
of LDH in medium compared with total LDH in cell lysate for each microwell using the
following formula:

LDH leakage (%) = (ODtest − ODspontaneous release)/(ODmaximum release − ODspontaneous release)×100 (3)

where ODtest is the absorbance of cells treated with our microemulsion, ODspontaneous release
is the absorbance of microwells containing assay buffer, and ODmaximum release represents
the absorbance of microwells containing cells.

Absorbance was read at 490 nm via a microplate reader (Spectra Max Gemini ®,
Molecular Devices Cooperation, Sunnyvale, CA, USA).

2.9. Statistical Analysis

Results were analyzed using SPSS software version 20 (SPSS Inc., Chicago, IL, USA).
Differences among treated and untreated cells were determined using the sample T-test
and non-parametric one-way analysis of variance (ANOVA) test. p < 0.05 was considered
statistically significant.
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3. Results

3.1. Characterization of DOX-Loaded Microemulsions by DLS

Figure S1 (in supplementary materials) shows an autocorrelation function (ACF)
against time for the prepared microemulsions. Fitting a curve to the ACF yielded a decay
rate from which the droplet size of DOX-based microemulsions was measured to be
approximately 7.4 nm based on the diffusion data (3.1938 × 10−11 m2/s) [30–32]. For
encapsulating drugs, without any doubt, a small particle would be an advantage since
it would carry only a small drug quantity, which will help in minimizing the onset of
abrupt toxic response [36]. The PDI obtained from DLS analysis showed values (0.1–0.2),
indicating a good size distribution of the oil droplet in the microemulsion system. This
parameter directly reflects the size homogeneity of the droplets in the total microemulsion.
The stability of the microemulsion was confirmed visually after passing three months of
preparation and no aggregation was observed (Figure S1b).

3.2. Entrapment Efficiency

Generally, an ideal drug carrier should have high encapsulation efficiency (EE) [33,37–39].
High EE (above 70%) can increase the efficacy of the drug delivery system and decrease the
side effects of the drug [33,39]. The EE% of the LGN/DOX microemulsion prepared in this
study was calculated to be about 82%. Interactions between DOX and LGN microemul-
sions can lead to this high EE. LGN molecules have a similar polyphenolic structure to
DOX, thus hydrogen bonding and π–π stacking enhance this interaction between them as
well. The microemulsion core is hydrophobic, and it could be concluded that DOX was
mainly entrapped in the core of the microemulsion. Moreover, the EE of our LGN/DOX
microemulsion system is well above the EE of LGN-based NPs that have been designed for
encapsulating different compounds [40]. For example, the EE of the pesticide avermectin
(AVM) in hollow lignin azo colloidal spheres was determined to be 61.49% (w/w) [41]. In
another similar study, Li et al. synthesized lignosulfonate-based colloidal spheres from
a mixture of sodium lignosulfonate and cetyltrimethylammonium bromide through self-
assembly for the encapsulation of AVM, and the EE of AVM reached up to 62.58% [42]. In
contrast, when (similar to our study) DOX was used as the active compound, its encapsula-
tion efficiency in LGN-based hollow nanoparticles (NPs) was obtained as 67.5% [26].

3.3. In Vitro Release Experiment

One of the crucial characteristics of drug delivery systems in biomedicine is to impart
the sustained release of a drug. Thus, the sustained drug release improves the accumulation
of DOX at the tumor site while enhancing its anticancer efficiency. The in vitro release
of DOX solution (standard DOX) and LGN/DOX microemulsions was performed using
dialysis methods at PBS 7.4/ethanol (1:1) and 37 ◦C up to 24 h. As shown in Figure 1, the
release rate of standard DOX was significantly faster than LGN/DOX microemulsions. The
DOX release reached 68% after 24 h for the LGN/DOX microemulsion that showed a slow
and sustainable release rate.

In a similar study, Heggannavar et al. prepared DOX-loaded magnetic silica-pluronic
F-127 nanocarriers and conjugated them with transferrin (Tf) to treat glioblastoma. The
release of DOX in these thermosensitive NPs was predominant during the first 24 h at
37 ◦C and reached around 17.2%. However, when the temperature was raised to 42 ◦C,
DOX release was significantly increased from 17.2 to 32.2% for 24 h and reached up to
51.4% for 120 h [43].

After matching the first-order, zero-order, Higuchi, and Korsmeyer–Peppas models
with the DOX release profile, it was found that the kinetics of release followed the Higuchi
model with an R2 of 0.965 (Figure S2 in supplementary materials). This describes that
DOX release as a diffusion process is based on Fick’s law, which is square root time-
dependent [30].
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Figure 1. In vitro release behavior of free DOX and LGN/DOX microemulsions at PBS 7.4/ethanol
(1:1) and 37 ◦C after 24 h. The error bars indicate the uncertainty.

The effect of different parameters on the release of active ingredients from nanocar-
riers has been evaluated in several studies [37–39]. Thus, the release of DOX from the
NPs was found to follow an anomalous type of behavior. For example, Heggannavar
et al. investigated the nature of the DOX release mechanism and obtained values of n (a
parameter that represents the nature of the release mechanism) varying from 0.6175 to
0.6589 [43]. Figure S2 shows profiles of different kinetic models for release of DOX from
LGN/DOX microemulsions.

3.4. Effects of Standard and Encapsulated DOX on Cells Viability and Morphology

Compared with untreated cells, incubation with different concentrations of standard
DOX significantly inhibited the proliferation of MCF7, C152, and HUVEC cells in a dose-
dependent fashion (Figure 2). Likewise, exposing these cells to gradually increasing
concentrations of LGN/DOX microemulsions exhibited a dose-dependent inhibitory effect
and a significant reduction in the number of MCF7, C152, and HUVEC cells compared
with untreated cells (p < 0.05), presenting cell viability that ranged from 6.14 to 76.23% (for
MCF7 cells), 6.16 to 60.95% (for C152 cells), and 9.82 to 75.78% (for HUVEC cells) (Figure 2).
IC50 values for 48 h treatment of MCF7, C152, and HUVEC cells with standard DOX were
0.798, 0.244, and 0.716 µg/mL, respectively. At the same time, the IC50 concentrations
of LGN/DOX microemulsions were 0.197 µg/mL (for HUVEC cells), 0.094 µg/mL (for
C152 cells), and 0.208 µg/mL (for MCF7 cells). Between the studied cell lines, C152
cells were most susceptible to encapsulated DOX. Our MTT assay results showed that
encapsulated DOX induced higher toxicity than standard DOX on normal HUVEC cells,
indicated by a lower IC50.

All three cell lines were characterized by altered morphology and proliferation rate.
MCF7 cells grew faster, and the cells were larger and more branched than the other two cell
lines. Among the studied cell lines, the HUVEC cells were relatively smaller and were more
compact. Gradual increasing concentrations of standard DOX could moderately decrease
the viability of C152 (Figure 3), MCF7 (Figure 4), and HUVEC (Figure 5) cells without
causing noticeable morphologic changes. Contrastingly, treatment with LGN/DOX mi-
croemulsions caused evident concentration-dependent morphological changes, specifically
in C152 cells (Figure 3). In this regard, treatment with 0.0625 µg/mL nano-DOX decreased
the number of living C152 cells, while higher concentrations of nano-DOX caused pro-
gressive nuclear shrinkage and formation of apoptotic bodies. Upon exposing MCF7 cells
to nano-DOX at a concentration of 0.5 µg/mL, cells were shrunk, and apoptotic bodies
were similarly formed (Figure 3). The highest concentration of LGN/DOX microemulsions
(1 µg/mL) led to the adhesion of MCF7, C152, and HUVEC cells to the plate, which was
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not observed when cells were treated with standard DOX at given concentrations (Figure 3,
Figure 4, and Figure 5).

 

(a) (b) 

Figure 2. Cytotoxicity assessment of (a) standard DOX and (b) LGN/DOX microemulsions on malignant (MCF7, C152) and
non-malignant (HUVEC) cells following 48 h treatment. (** p < 0.05 compared with untreated cells).

 

Figure 3. Optical microscopy images of malignant C152 cells treated with standard DOX and LGN/DOX microemulsions
for 48 h.

Figure 4. Optical microscopy images of malignant MCF7 cells treated with standard DOX and LGN/DOX microemulsions
for 48 h.
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Figure 5. Optical microscopy images of non-malignant HUVEC cells treated with standard DOX and LGN/DOX microemul-
sions for 48 h.

The clinical success of nanomedicine relies on the synthesis of stable nanocarriers
that can expeditiously encapsulate chemotherapeutics and quickly release them into target
malignant cells. Anthracyclines entrapped in small-sized nanocarriers have the advantage
of reduced systematic toxicity and gradual release of the payload [44]. In the current study,
we observed that LGN/DOX microemulsions showed higher cytotoxic activity compared
to standard DOX, indicating that the different level of cytotoxic activity is due to the
encapsulation of DOX. It has been demonstrated that the encapsulation process boosts the
therapeutic efficacy and the intracellular uptake of DOX [45]. The incorporation of DOX
into long-circulating liposomes resulted in increased DOX accumulation in tumor tissue
associated with higher toxicity than unencapsulated DOX [46].

Lately, technological advancements have been made in controlling the release of
anticancer drugs and enhancing their solubility and stability by applying innovative drug
delivery systems, such as microemulsions [47]. Multiple surfactant-based delivery systems,
such as microemulsions, have recently been designed for efficient localization or systematic
delivery of antitumor drugs to tumor cells [48]. Shakeel and coworkers showed that 5-
fluorouracil (5-FU) in an optimized nanoemulsion inhibits the proliferation of SK-MEL-5
tumor cells more effectively than free 5-FU [49]. Chen et al. showed how Pluronic-based
functional polymer mixed nanomicelles could serve as a potential nanodrug delivery
system for efficient co-delivery of DOX and paclitaxel, two conventional chemotherapeutic
agents [50]. In our study, the enhanced antitumor activity of LGN/DOX microemulsions
might be due to the prolonged and controlled release of DOX by using this new formulation.

Similarly, few studies reported the desirable antitumor efficacy of DOX-loaded nanocar-
riers. In 2019, Abbasian et al. investigated the growth-inhibitory effects of newly de-
signed LA/chitosan/NaX/Fe3O4/DOX nanofibers. They observed that these nanofibers
decreased the number of viable H1355 cancer cells by 82% following a seven-day treat-
ment [51]. Hence, as a beneficial carrier for hydrophobic antitumor agents, LGN-based
microemulsions can be applied to treat solid tumors.

On the other hand, alkylating agents may cause adverse effects on normal cells;
therefore, their application for chemotherapy is limited [52]. Compared with standard
DOX treatment, we noticed a lower IC50 concentration for nano-DOX treated cells derived
from human umbilical vein endothelial cells. This might not be a desirable effect for our
newly developed encapsulated DOX since these microemulsions were cytotoxic at high
concentrations toward normal human cells. More studies are needed to fully elucidate the
cytotoxic activity of LGN-based microemulsions on normal cells derived from different
human tissues.
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3.5. LDH-Based Cytotoxicity Assay

If the cell membrane is disrupted, intracellular LDH is released from the cytosol
into the culture medium. Therefore, the percentage of LDH leakage is an indicator of
cell membrane damage as a result of necrosis or late-stage apoptosis. In comparison to
control cells, exposure to standard DOX and LGN/DOX microemulsions enhanced LDH
leakage by 1.48- and 1.71- (for MCF7 cells), 1.32- and 2.31- (for C152 cells), and 1.24- and
1.28- (for HUVEC cells) fold, respectively (Figure 6). Interestingly, compared to standard
DOX, a significant increase in LDH leakage was observed following treatment of C152 cells
with LGN/DOX microemulsions (p < 0.05). This shows that encapsulated DOX induced
greater damage on cell membrane and might trigger necrosis as an alternative cell death
mechanism. Compared to standard DOX, LGN/DOX microemulsions did not augment
the leakage of cytosolic LDH in HUVEC and MCF7 cells (p > 0.05).

 

(a) (b) (c) 

Figure 6. Effect of standard DOX and LGN/DOX microemulsions on the membrane integrity of (a) HUVEC, (b) C152,
(c) MCF7, and cells after 48 h of exposure. ** p < 0.05.

Former studies demonstrated that apoptotic cell death could be the principal mecha-
nism of DOX-induced cell death [53]. Recently, it has been shown that Bcl-2-like 19kDa-
interacting protein 3 [54] and poly-ADP-ribose polymerase 1 [55] could mediate DOX-
induced necrosis as well. In the current study, cells were treated with standard DOX and
LGN/DOX microemulsions, and some hallmarks of apoptotic cell death, including the for-
mation of membrane-bound apoptotic bodies, cell shrinkage, and roundness, appeared as
evident morphological alterations. On the other hand, loss of membrane integrity and LDH
leakage are indications of necrosis [56], a type of cell-death that lacks features of apoptosis
and is generally considered to be uncontrolled [57]. In our study, changes in LDH leakage
were different for the investigated cell lines. In comparison to untreated cells, encapsulated
DOX did not enhance LDH leakage in HUVEC cells, which is a promising outcome. In
contrast, both agents did not significantly enhance LDH leakage in malignant MCF7 cells,
recommending that apoptosis might be the primary mechanism of cell death in these cells.
This is in agreement with the findings of Pilco-Ferreto et al., suggesting that DOX activating
apoptosis in MCF7 cells is the main mechanism of cell death through inducing proteolytic
processing of anti-apoptotic proteins, i.e., B cell lymphoma 2 (BCL2) family members [58].
Additionally, Sharifi and coworkers confirmed that DOX induces mitochondrial-dependent
apoptosis by up-regulating caspase-9 and proapoptotic protein (Bax), and down-regulating
an anti-apoptotic protein (Bcl-xL) [59]. However, compared to untreated cells, we observed
enhanced LDH leakage like treated C152 cells with encapsulated DOX. To the best of our
knowledge, no study has already established the principal mechanism for DOX-induced
cell death in C152 oral carcinoma cells. Another study also reported that DOX treatment
causes necrotic cell death, mostly in cells that had floated from culture plates [60]. This
suggests that two modes of cell death might be induced by DOX in different cell lines. Thus,
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changes in LDH leakage between MCF7 and C152 cells might be due to the activation of
distinct cell death pathways within these cells. Furthermore, LGN/DOX microemulsions
induced more toxicity in C152 cells compared with standard DOX. This might explain the
significant enhancement in LDH leakage in C152 cells exposed to this formulation.

Overall, these findings suggest that LGN/DOX microemulsions might induce cell
death through activation of both apoptosis and necrosis mechanisms. Further studies are
needed to discover the underlying cell death mechanisms by which these microemulsions
kill cancer cells.

3.6. Practical Applications and Future Research Perspectives

Novel methods for preparing drug-loaded microemulsion systems and further in-
vestigation with the aim of expanding their practical applications are worth exploration.
However, in drug delivery technology, employing these systems is limited because of their
drug loading capacity and the used level of excipients [61]. In this context, surfactants
and co-surfactants can be toxic at high concentrations and may be limited in their uptake
levels. In the present study, we aimed to maximize DOX loading capacity while using
the minimum amount of surfactant for preparing LGN/DOX microemulsions. A sub-
stantial amount of work on physicochemical O/W formulations and in vitro assessments
are required to be performed before they can live up to their potential as widely used
drug carriers.

The diversity in lignin structure, chemical reactivity, and its safety profile can be further
exploited in different applications of lignin-based materials. Advances in genetics, bio-,
and analytical chemistry have resulted in a deeper understanding of lignin biosynthesis
and the structure of nanoparticles in the field of nanomedicines.

4. Conclusions

Our results indicated that novel synthesized LGN/DOX microemulsions exert cyto-
toxic effects on oral and breast carcinoma cells while inducing unfavorable toxic effects
on normal human cells. Performing more studies is encouraged to investigate the growth-
inhibitory activity of this novel formulation on other malignant and non-malignant cell
lines. Due to the toxic effects of LGN/DOX microemulsions on normal human cells, multi-
ple considerations should be undertaken before using these microemulsions to treat cancer
patients. The take-home message of the current research is that DOX encapsulation in
O/W microemulsions enhanced its therapeutic efficacy against solid tumors. This could be
further sculpted into new approaches for treating different types of cancers.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
360/13/4/641/s1, Figure S1: Dynamic light scattering autocorrelation function of microemulsions
Figure S2: Profiles of different kinetic models for release of DOX from LGN/DOX microemulsions.
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Abstract: Olmesartan medoxomil (OLM) is one of the prominent antihypertensive drug that suffers
from low aqueous solubility and dissolution rate leading to its low bioavailability. To improve the
oral bioavailability of OLM, a delivery system based on ethylcellulose (EC, a biobased polymer)
nanosponges (NSs) was developed and evaluated for cytotoxicity against the A549 lung cell lines
and antihypertensive potential in a rat model. Four OLM-loaded NSs (ONS1-ONS4) were prepared
and fully evaluated in terms of physicochemical properties. Among these formulations, ONS4
was regarded as the optimized formulation with particle size (487 nm), PDI (0.386), zeta potential
(ζP = −18.1 mV), entrapment efficiency (EE = 91.2%) and drug loading (DL = 0.88%). In addition, a
nanosized porous morphology was detected for this optimized system with NS surface area of about
63.512 m2/g, pore volume and pore radius Dv(r) of 0.149 cc/g and 15.274 Å, respectively, measured
by nitrogen adsorption/desorption analysis. The observed morphology plus sustained release rate of
OLM caused that the optimized formulation showed higher cytotoxicity against A549 lung cell lines
in comparison to the pure OLM. Finally, this system (ONS4) reduced the systolic blood pressure (SBP)
significantly (p < 0.01) as compared to control and pure OLM drug in spontaneously hypertensive
rats. Overall, this study provides a scientific basis for future studies on the encapsulation efficiency
of NSs as promising drug carriers for overcoming pharmacokinetic limitations.

Keywords: ethylcellulose; encapsulation; lung cancer; nanosponge; oral bioavailability; systolic
blood pressure

1. Introduction

Globally, lung cancer is one of the leading causes of the cancer-related mortality and
palliative care could bring about up the survival rate to 5 years for 15% of patients suffering
from it [1]. Female breast cancer, colorectal, stomach and lung cancer make the 40% of the
total cancer cases reported. Life-style modification shows an increase in the number of
female smokers and smoking habits are relatively correlated for lung cancer due to the
presence of mutagens in the inhaled smoke [2]. The prevalence of lung cancer is classically
categorized into small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC)
which is typically based on the histological features [3]. Among lung cancer patients, 85%
exhibit non-small cell lung cancer (NSCLC) while the rest (15%) of the patients have small
cell lung cancer (SCLC). Due to the fast metastasis and quick metabolism of SCLC, if left
untreated, the mean survival rate would be about 120 days [4]. On the other hand, NSCLC
is any type of epithelial lung cancer other than SCLC, which can be further, divided into
lung adenocarcinoma (LUAD), broncho-alveolar, lung squamous cell carcinoma (LUSC),
large cell carcinoma and bronchial carcinoid tumor [5]. Generally, cancer can be treated
by surgery, radiation therapy, chemotherapy, immunotherapy, targeted therapy, hormone
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therapy, stem cell transplant, precision medicine and biomarker testing as suggested by
the National Institutes of Health (NIH). Due to numerous limitations associated with
these conventional methods, several researchers have exploited nanotechnology-based
approaches for the efficient diagnosis and delivery of therapeutic agents [6]. In this
context, nanomedicine has been applied successfully in developing novel nanocarriers,
such as gold-nanoparticles, silver-nanoparticles, polymeric nanoparticles, nanoemulsion,
self-emulsifying nanoemulsion and nanosponges [7].

Nanosponges (NSs) are porous nanocarriers with a particle size ≤1000 nm which is
favorable for increasing the solubility, dissolution rate and sustained drug release action for
temporal and targeted purposes [8]. The porous nature of the NSs could accommodate more
drugs and diffusion of the solvent will be easy [9]. NS carriers are implicated in numerous
disease conditions and early trials considered this nanotechnology five-folds more effective
in comparison to conventional drug delivery systems, especially in malignant cancer
treatment [10–12]. For example, it was shown in a study that the therapeutic efficacy of the
anticancer drug was increased by the fabrication of ethylcellulose-based NSs containing
brigatinib [13]. In another report, Zhang et al. introduced NSs as an antagonistic actuator
to a viral mutation that successfully helped to neutralize the virus and inhibit SARS-CoV-2
infectivity [14]. Recently, we developed apremilast-loaded NSs as an efficient nanocarrier
for the effective treatment of psoriasis and psoriatic arthritis condition. We observed
that the pharmacokinetic profile of these carriers was increased 1.64-fold in terms of
bioavailability compared to the pure apremilast suspension [8]. Moreover, in another
study, we demonstrated that butenafine-loaded NSs could enhance the therapeutic efficacy
through channeling the drug deeper into the skin layers at the target site to completely
eradicate fungal infections [15]. In addition, starch derivatives and especially, cyclodextrin-
based NSs have recently emerged due to the excellent properties owing to their distinct
structure [16,17].

Drugs such as olmesartan medoxomil (OLM), which have been used in this study, have
some intrinsic biopharmaceutical drawbacks that could be overcome by nanomedicine
technology. Fast metabolism and poor water solubility of this drug result in its poor
bioavailability (~28%). Along this portentous dissociation of OLM causes enteropathy
due to direct facing of intestinal villi to free olmesartan that stimulate the cell-mediated
immune reaction on prolong usage of this medicine [18,19]. Due to numerous therapeutic
applications of OLM over commercially available antihypertensive drugs, formulators are
exploring novel nanocarriers to improve the intestinal permeability, oral bioavailability and
therapeutic effectiveness of OLM through its encapsulation in nanocarriers with the aim of
achieving a sustained drug release pattern. PLGA nanoparticles [19,20], self-emulsifying
drug delivery systems (SEDDS) [21,22], nanosuspension [23], nanocrystal [24] and other
conventional and novel drug delivery systems [25,26] have been developed in this regard.
It is worth remarking here that OLM exhibits anti-proliferative and anti-metastatic effects
on tumors too [27]. For example, a study conducted in a mouse model by Vassiliou et.al [28]
reported that OLM could reduce levels of plasminogen activator inhibitor-1 (PAI-1), whose
high levels could cause oral cancer. Besides, another study reports the effectiveness of
OLM against the A549 cell lines indicating lung cancer [29].

OLM, chemically named as 2,3-dihydroxy-2-butenyl4-(1-hydroxy-1-methylethyl)-2-
propyl-1-[p-(o-1Htetrazol-5-ylphenyl)benzyl]imidazole-5-carboxylate, cyclic-2,3-carbonate,
is a potent orally active angiotensin II receptor blocker. It is a prodrug that is hydrolyzed
to the active olmesartan throughout absorption from the gastrointestinal tract (GIT) [30].
Angiotensin II receptor blockers are major regulators of blood pressure that competitively
inhibit the binding of angiotensin II to its receptor. OLM is an angiotensin-II receptor
antagonist (AIIRA) that acts selectively by binding angiotensin receptor 1 (AT1), thereby,
preventing the protein angiotensin-II from binding, responsible for vasoconstriction. Physi-
ologically, olmesartan reduces blood pressure (BP), cardiac activity, and aldosterone level
and increases sodium excretion [31–33]. Hypertension is a high pressure exerted by circulat-
ing blood against the walls of the body’s arteries. If the measured pressure is ≥140 mmHg
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in the heart contract (systolic) and ≥90 mmHg for diastolic pressure at the heart rest, is
considered as hypertension (HPT) also called as high blood pressure (HBP). HBP often
referred as the silent killer with the prevalence of 972 million people globally accounted for
about 26% of the world’s population which is expected to grow up to 29% by 2025. The
global mortality of this disease is about 7.6 million deaths per year (13.5% of the total). The
global antihypertensive drugs accounted for $26.3 billion in 2018 to $27.8 billion by 2023
with a compound annual growth rate (CAGR) of 1.1% for the period of 2018–2023 [34].

The primary aim of this work is to promote the oral bioavailability of OLM through its
encapsulation in nanosponge carriers and secondly to investigate the ability of OLM-loaded
ethylcellulose-based nanosponges to improve the antihypertensive and cytotoxicity activity
against A549 lung cancer cell lines. The specific A549 cell lines were selected because OLM
represents established in vitro experimental model to study the cytotoxicity potential
of OLM [29]. Therefore, four different OLM-loaded nanosponges (ONS1-ONS4) were
developed by varying the content of ethylcellulose polymer. Analyzing the formulations in
terms of physicochemical properties and the encapsulation efficiency allowed us to select
the optimized nanosponge carrier which was investigated further for antihypertensive
activity and cytotoxicity against A549 lung cancer cell lines. The findings in this study may
be further sculpted into new cancer and hypertension treatment strategies if this newly
synthesized formulation induces desirable cytotoxic activity.

2. Materials and Methods

2.1. Materials

Olmesartan medoxomil (OLM) was purchased from “Mesochem Technology Co. Ltd.,
Beijing, China”. Ethylcellulose (EC), polyvinyl alcohol (PVA) and dichloromethane (DCM)
were purchased from Sigma-Aldrich, St. Louis, MO, USA. All the other chemicals were of
analytical grade.

2.2. Preparation of OLM-Loaded Nanosponges

OLM-loaded NSs were prepared by emulsion-solvent evaporation method [8]. Four
NSs developed by dissolving EC (50–200 mg) and OLM (40 mg) in 5 mL of DCM and
ultra-sonicated (Ultrasonic-Water Bath; Daihan Scientific, Model: WUG-D06H, Gangwon,
Korea) for 3 min, after which this organic phase was emulsified by adding dropwise
into 100 mL of aqueous phase (PVA, 0.2%, w/v) solution using probe-sonication (SONIC
DISMEMBRATOR Model-FB120, Fisher scientific, Waltham, MA, USA) attached with probe
(435 A) working at 60% power for 3 min (Figure 1). Thereafter, the organic solvent was
evaporated by keeping the dispersion under stirring (Isotemp®, Fisher scientific, Model-
DLM 1886×3, Waltham, MA, USA) over night at 700 rpm under atmospheric condition.
Once the solvent was completely evaporated, the dispersion was centrifuged at 12,000 rpm,
25 ◦C for 15 min (Hermle Labortechnik GMBH, Model-Z216MK, Wehingen, Germany).
The pellet of OLM-loaded NSs were then washed several times with milli-Q water to avoid
adsorption of PVA on the surface of NSs. Stabilizer-free NSs were lyophilized (Millrock
Technology, Kingston, NY, USA) and preserved for particle analysis and evaluations. The
composition and precursors of the four NSs composition are tabulated in Table 1.

2.3. Measurement of Particle Size, Polydispersity Index (PDI) and Zeta-Potential (ζP)

The size, PDI and ζP of OLM-loaded NSs were evaluated by dynamic light scatter-
ing (DLS) technique using Malvern-Nano ZS-Zetasizer, Malvern, UK. This instrument
determines the particle size from intensity–time fluctuations of a laser beam (633 nm)
scattered from a sample at an angle of 173◦. To avoid multiple scattering, the samples
under investigation were dispersed into Milli-Q water in (1:200) dilution concentration and
ultra-sonicated (Ultrasonic-Water Bath; DaihanbScientific, Model: WUG-D06H, Gangwon,
Korea) for three min in order to break the agglomerates and separate adherents. The
sample is then filled in the disposable cuvettes (Folded capillary zeta cell—DTS1070) and
kept in the machine with calibrated temperature of 25 ◦C [35]. Three measurements were
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performed with 100 cycles in each measurement for both size and PDI together followed
by ζP.
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Figure 1. Schematic representation of nanosponge preparation.

Table 1. Composition of OLM-loaded nanosponges.

Nanosponges OLM (mg) EC (mg) PVA (w/v%)

ONS1 40 50 0.2
ONS2 40 100 0.2
ONS3 40 150 0.2
ONS4 40 200 0.2

2.4. Measurement of Percent Entrapment Efficiency (%EE) and Drug Loading (%DL)

An indirect method was followed in order to measure the %EE and %DL. The aqueous
dispersion of NSs were centrifuged (Hermle Labortechnik GMBH, Model-Z216MK, Wehin-
gen, Germany) in order to separate nanosponge particles, and supernatant was analyzed
for free OLM drug by UV-spectroscopy (Jasco-UV-visible spectrophotometer, Model: V-630,
Tokyo, Japan) at wavelength 255 nm. Each sample was analyzed chemically for drug
content in supernatant (n = 3). The %EE and %DL of the OLM-loaded NSs were calculated
using Equations (1) and (2), respectively [36].

%EE =
Amount of drug added − amount of drug in supernatant

Amount of drug added
× 100 (1)

%DL =
Amount of drug in nanosponge
Total amount of polymer added

× 100 (2)

2.5. Fourier Transform Infra-Red (FTIR) Spectroscopy

The FTIR spectra of pure OLM and OLM-loaded NSs (ONS1-ONS4) were recorded
using FTIR spectrometer (Jasco FTIR Spectrophotometer, Tokyo, Japan). Each samples
were diluted with crystalline potassium bromide (sample:KBr, 1:10 wt/wt), and pressed
into transparent film. The film was kept on sample holder and spectra was recorded using
spectra manager software [37].

2.6. Differential Scanning Calorimetry (DSC) Studies

The DSC thermal spectra of pure OLM and their developed nanosponges (ONS1-
ONS4) were recorded using a DSC instrument (N-650, Scinco, Seoul, Korea). Each sample
(approx. 5 mg) was pressed in aluminum pan covered with a lid. The pressed pan was
placed in DSC sample holder and heated in the temperature range of 25 to 200 ◦C at a rate
of 20 ◦C/min with continuous purge of nitrogen gas during the analysis [37].
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2.7. Powder X-ray Diffraction (PXRD) Studies

PXRD of pure OLM and their developed nanosponges (ONS1-ONS4) were recorded
using a X-ray Diffractometer (Ultima-IV, Rigaku, Japan) in the range of 0–90◦ (2θ) at a scan
rate of 4◦/min. The PXRD spectra of each sample were taken at voltage and current 30 kV
and 25 mA, respectively [37].

2.8. In Vitro Release and Kinetic Studies

In vitro release study was performed as reported based on a previous study [8].
Briefly, pure OLM (50 mg) and the optimized NS drug carrier (ONS4) were suspended in
5 mL of phosphate buffer (pH-6.8) and enclosed in diffusion semipermeable cellophane
membrane (Hi-media Mol. 12,000 Dalton). The dialysis bag is then dipped into 50 mL
of buffer medium, maintained at 37 ◦C under stirring at 50 rpm on thermostatically
controlled magnetic stirrer (Isotemp®, Fisher scientific, Model-DLM 1886×3, Waltham,
MA, USA). The samples were withdrawn (1 mL) and replaced with equal amount with
the freshly prepared buffer at predetermined time intervals. The aliquots were analyzed
spectrophotometrically at 255 nm (Jasco-UV-visible spectrophotometer, Model: V-630,
made in Japan) [20]. The concentration was determined, and cumulative (%) release curve
was plotted against time intervals (0, 0.5, 1, 2, 3, 4, 5, 6, 12 and 24 h). The release data
were fitted to various release kinetic models, viz., zero order, first order, Higuchi and
Krosmayer–Peppas kinetic models by imposing relation between % drug release vs. time,
% log cumulative drug release vs. time, % log cumulative drug release vs. square root time
and % log cumulative drug release vs. log time, respectively [36].

2.9. Scanning Electron Microscopy (SEM) Studies

Based on the physicochemical parameter and in vitro release studies, the NS (ONS4)
was optimized and further examined for the surface morphology and nanocarrier diameter
using SEM imaging (Joel JSM-SEM, model: JSM6330 LV, Tokyo, Japan). The lyophilized NSs
(ONS4) was cautiously mounted on the SEM stubs and coated with Au (gold). Scanning
was carried out at different magnifications and zones were captured and further processed
to elucidate the surface property [37].

2.10. Nitrogen Adsorption/Desorption Characterization of OLM-Loaded NSs

The surface area, pore volume and pore radius of the optimized nanosponge drug
carrier (ONS4) were analyzed by nitrogen sorption isotherm using Brunauer Emmett
Teller (BET) method [38] (Quantachrome Instruments-version 5.0, Anton Paar, FL, USA),
whereby the under investigation powdered sample was first put in the glass-bulb sample
holder followed by heating overnight at 50 ◦C under negative pressure of 0.1 MPa in
order to remove the moisture. Surface area was calculated by BET analysis from the
nitrogen sorption data over a relative pressure (P/PO) of 1.003–5.047 range. However, the
pore volume and pore radius were also obtained from the Barrett–Joiner–Halenda (BJH)
summary data.

2.11. Cell Viability MTT Test

Lung cell lines A549 cells were seeded in 96-well plates (Thermo Scientific™ PCR
Plate, 96-well, Waltham, MA USA) at a density of 5000 cell/well and were treated at
different concentrations (6.25, 12.5, 25, and 50 µg/mL) of OLM-pure, ONS4 as well as
the blank-NSs for 24 h. The cells added with the respective samples were treated with
10.0 µL of a 5.0 mg/mL MTT solution, incubated at 37 ◦C in presence of CO2. Precipitate
of pre-washed PBS (phosphate buffer saline) was dissolved in 150 µL DMSO for 20 min
and analyzed at 563 nm [39]. Cell viability (%) of the blank NS and the pure OLM and
ONS4 carrier were compared for each concentration followed by processing the data for
calculation of IC50.
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2.12. In Vivo Antihypertensive Studies

The antihypertensive efficacy of the developed optimized nanosponge system (ONS4)
was evaluated on spontaneous hypertensive rats (SHRs). The study protocol was reviewed
and approved by “Animal Ethics Committee (Approval number: BERC 005-05-19), College
of Pharmacy, Prince Satam Bin Abdulaziz University, Alkharj, Saudi Arabia”. The rats
were divided into three groups (n = 6 per group) and they were kept for 7 days in con-
trolled conditions, temperature (22 ◦C), RH (55 ± 5%), 12 h light/dark cycle and fed with
standard diet with water ad libitum. Group I (control) received 0.5% w/v, sodium carboxy
methylcellulose, group II received pure OLM drug suspension (1 mg/kg) and group III
received the optimized nanosponge drug carrier (ONS4) (equivalent to 1 mg/kg of OLM).
The rats were kept in a holder, pre-warmed and systolic blood pressure (SBP) of animals
were measured using non-invasive tail cuff device (Kent Scientific Corp, Torrington, CT,
USA) at 0 h, before the treatment and then at 0.5, 1, 2, 4, 6, 8, 10 and 12 h after treatment
with drug and formulation [40].

2.13. Statistical Analysis

Results of physicochemical characterizations were expressed as the mean ± standard
error of the mean (SEM). For in vivo antihypertensive studies, statistical variations of differ-
ent treatment groups were analyzed according to one-way analysis of variance (ANOVA)
followed by post-hoc Tukey’s test. p < 0.05 was considered statistically significant. Statis-
tical analysis was performed using the GraphPad Prism program (version 4) (GraphPad
Software, San Diego, CA, USA).

3. Results and Discussions

3.1. Measurement of Size, PDI and ζP

The particle size (PS), PDI and ζP of the developed OLM-loaded NSs (ONS1-ONS4)
are presented in Table 2. The particle size of ONS1-ONS4 was measured in the range
of 381–487 nm. The smaller (381 nm) and bigger size (487 nm) of OLM-loaded NS were
measured for ONS1 and ONS4, respectively. It was observed that the size of NS was
increased with the increase in amount of EC polymer. For encapsulating drugs, a small
particle undoubtedly would be an advantage as it would carry only a small drug quantity,
which will help in minimizing the onset of abrupt toxic response [41]. The PDI values of the
NSs were measured in the range of 0.312–0.446, which is considered to be acceptable in drug
delivery applications and indicates a homogenous population of particles. The aqueous
dispersion was used to determine zeta potential in order to get stability of prepared NSs.
The ζP of the OLM-loaded NSs were found in the range of −15.7 to −19.0 mV. It is believed
that the values of ζP ≥ ±30 mV indicate formation of a stable dispersion, however it has to
be remarked that the usual Smoluchowski method to calculate ζP is only valid for hard
spheres. In this case, due to the soft nature of NSs, ζP calculated by conventional analysis
does not reflect the state of agglomeration or stability. Our soft NS particles were stable
despite ζP < ±30 mV [42].

Table 2. Characterization of developed OLM-loaded nanosponges.

Nanosponges

Physicochemical Properties *

PS ± SD
(nm)

PDI
ζP ± SD

(mV)
%EE ± SD %DL ± SD

ONS1 381 ± 8.2 * 0.312 ± 0.02 * −15.7 ± 1.6 * 87.1 ± 4.1 1.89 ± 0.15
ONS2 387 ± 9.5 * 0.446 ± 0.02 * −19.0 ± 2.1 * 87.9 ± 5.2 1.61 ± 0.28
ONS3 404 ± 12.4 * 0.355 ± 0.05 * −18.2 ± 1.2 * 88.6 ± 4.6 1.52 ± 0.16
ONS4 487 ± 12.8 * 0.386 ± 0.03 * −18.1 ± 1.8 * 91.2 ± 1.9 0.88 ± 0.35

* Data are not statistically different (p > 0.05). Values are presented in mean ± SD (n = 3) in each column.
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3.2. Measurement of %EE and %DL

Generally, an ideal drug carrier should have high entrapment efficiency (EE). High
EE (above 70%) can increase the efficacy of the drug delivery system and decrease the
side effects of the drug [35,43,44]. The %EE and %DL of developed OLM-loaded NSs
(ONS1-ONS4) were measured in the range of 86.6–91.2% and 0.88–1.89%, respectively
(Table 2). Nanosponges can encapsulate drug up to three times to their weight due higher
porosity [45]. The highest drug encapsulation was detected in ONS4, probably due to
presence of large amount of EC polymer that prevents the leakage of drug from NSs,
therefore, we selected this formulation as the optimized carrier system. Due to poor
aqueous solubility, the OLM and ehylcellulose polymer were solubilized in DCM forming
a viscous solution, which prevents the drug molecules from coming out to aqueous phase.
That resulted in more drug encapsulation in polymeric system [46]. It is revealed that the
more EC polymer content, the higher drug entrapment. As polymer content increased, the
binding capacity or matrix forming ability of polymer with the drug also increased, due
to this the maximum amounts of drug get entrapped in NSs producing more percentage
of EE in higher drug to polymer ratio than lower ratio [47]. In this context, Maji et al.
found that the drug %EE of EC microparticles surronding metformin HCl prepared by
solvent-evaporation technique increased with increasing polymer concentration, when
the surfactant content and the stirring speed were constant, increasing polymer content
induced better coating onto the drug particles [48].

3.3. FTIR Studies

The interactions between drug and excipients were analyzed by comparing the FTIR
spectra of the pure OLM and the obtained OLM-loaded nanosponges (ONS1-ONS4)
(Figure S1). The FTIR spectra of pure OLM showed its sharp characteristic peaks assigned
at 3289 cm−1 for O–H stretching vibrations, 2954 cm−1 for C–H stretching of aromatic rings,
1764 cm−1 for C=O stretching of the carboxylic group and 1173 cm−1 for C–N stretching
vibrations, all these peaks were identical to the OLM confirming its purity [20]. Compared
to the pure OLM, the characteristic peaks of OLM were present, weakened or shifted
in OLM-loaded nanosponges (ONS1-ONS4). The FTIR interpretation of pure OLM and
nanosponges (ONS1-ONS4) confirmed no significant interaction of OLM with excipient
and therefore suggested successful entrapment and dispersion of OLM inside EC poly-
mer [20]. From this spectral analysis, the OH and carbonyl groups were affected by possible
host/guest hydrogen bond formation. In fact, when a carbonyl group and/or hydroxyl
groups connect to a hydroxylic compound by hydrogen bonds, the stretching band shifts
or weakens in intensity. This appears clearly in the spectrums of ONS1-ONS4 where there
are a clear shift and fall in the intensity of the characteristic OH and C=O stretchings of
the hydrate, respectively. Moreover, the characteristic peaks of OLM in the wavelenght
range 1000 to 2000 cm−1 were weakened due to intermolecular interaction between C=O
and C–N groups, resulting from higher electronegativity of oxygen and nitrogen. These
findings stated that in different spectra of nanosponges no new peaks appeared which
indicate that no chemical bonds were created in the developed formulations.

3.4. DSC Studies

DSC analysis confirmed the structural changes observed by FTIR measurements. DSC
thermal behavior of the pure OLM and the developed nanosponges drug carriers (ONS1-
ONS4) were presented in Figure 2. A sharp endothermic peak at 188 ◦C was observed in
the free OLM drug, which was corresponded to the melting temperature of the drug [20]. A
reduced intensity in endothermic peak could be seen in ONS1 formulation compared to the
pure OLM, probably due to the less amount of EC used in formulating ONS1 nanosponges.
However, in the systems ONS2, ONS3 and ONS4, complete disappearance of endothermic
peak corresponding to 188 ◦C was observed, which was probably due to conversion of
crystalline into amorphous OLM or molecularly dispersed into polymer matrix that could
confirm complete encapsulation of drug inside EC polymer.
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Figure 2. Comparative DSC spectra of OLM-loaded nanosponges.

3.5. PXRD Studies

X-ray diffractograms of pure OLM and the developed OLM-loaded nanosponges
(ONS1-ONS4) were presented in Figure S2. The XRD results strongly supported the data
of DSC analysis. The XRD pattern of the pure OLM drug showed various intense peaks
at 2θ values of 7.20◦, 9.20◦, 10.60◦, 11.60◦, 12.80◦, 14.50◦, 16.60◦, 18.50◦, 19.70◦, 21.90◦,
22.10◦, 23.40◦, 24.70◦, 25.20◦, 38.10◦, 44.30◦ and 77.5◦, confirming the crystalline nature of
the drug [20]. However, the OLM-loaded nanosponges (ONS1-ONS4) were evaluated by
weakening or disappearance of intense peaks when compared to the pure OLM drug. This
clearly reveals conversion of crystals to amorphous form due to the dispersion of OLM
drug in EC polymer. The polymeric encapsulation layers confine the drug film, which is
then unable to crystallize at the solid–air interface. As a consequence, the coating layer
introduces another solid–solid boundary. This process is called amorphous solid dispersion
and is certainly the result of disrupting intermolecular interactions in the drug’s crystal
lattice and forming drug–polymer interactions [49].

3.6. In Vitro Release and Kinetic Studies

One of the important characteristics of drug delivery systems in biomedicine is to
impart the sustained release of a drug [50]. Thus, the sustained drug release improves
the accumulation of OLM at the tumor site while enhancing its anticancer performance.
In vitro release profile of OLM and the optimized NS drug carrier (ONS4) are presented in
Figure 3. The rate of OLM drug release depends on the content of EC polymer. ONS4 carrier
showed the sustained release pattern, 89.5% of OLM was released in 24 h, probably due to
viscous and swelling nature of EC polymer. In contrast, free OLM drug released 97.36%
in the first 4 h. The decreased release rate of OLM-loaded NSs might be due to reduction
of drug crystallinity (confirmed by PXRD studies), carrier solubilization effect, reduction
of drug agglomeration, conversion of amorphous state and increased drug wettability. In
addition, EC guarantees drug dissolution in entire gastrointestinal tract that maintains the
constant release of drug for longer period of time and eliminates multiple dosing in a day;
hence it improves the efficacy of drug [51]. Furthermore, EC is a non-toxic, hydrophobic,
viscous and biocompatible polymer with good compressibility that make it suitable for
developing sustained drug release formulations [51,52]. The in vitro release data were
fitted to various kinetic models and highest correlation of coefficient (R2) was found for
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Higuchi model (R2 = 0.9908) (Figure S3), this reveals that the drug release mechanism is
governed by diffusion process [53].

 

Figure 3. Comparative in vitro release profile of the pure OLM and the optimized nanosponges drug
carrier (ONS4) at pH-6.8 and 37 ◦C after 24 h.

3.7. SEM Studies

The SEM images of optimized NS (ONS4) are shown in Figure 4, which revealed a
nanosized, spongy spherical NSs with a porous surface. Numerous tiny pores could be
seen on the surface of nanosponge. The formation of pore was probably due to inward
diffusion of DCM solvent [54]. The size of particles observed from SEM confirmed the
findings observed by DLS method.

 

Figure 4. SEM images of the optimized nanosponge system (ONS4).
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3.8. Nitrogen Adsorption/Desorption Characterization of OLM-Loaded NSs

Nitrogen adsorption/desorption analysis of the optimized NS fomulation (ONS4) re-
vealed a surface area of 63.512 m2/g, with pore volume and pore radius Dv(r) of 0.149 cc/g,
15.274 Å, respectively. The nitrogen sorption curve (Figure 5) demonstrates hysteresis
loop due to the mono and multilayer adsorption of nitrogen on the ONS4. The ramified
hysteresis loop was observed from relative pressure (p/p0-value) of 0.5–0.9 which reflects
condensation of nitrogen in different size inter-connected nanopores of NS. The pore size
distribution curve exhibits that most of the pores were found to be in the range between
3.05 and 441.80 nm. In our results, ONS4 showed very low surface area, less pore size
and volume probably due to use of ethylcellulose polymer in comparison to previously
reported work on cyclodextrin nanosponges [55].

 

Figure 5. The Nitrogen adsorption–desorption isotherms for the optimized ONS4 system.

3.9. Cell Viability MTT Test

The chemical-colorimetric assay based on the MTT test exhibited concentration de-
pendent reduction in the cell viability. This test measures the cellular metabolic activity,
correlated with the darkness of the solution indicates greater metabolic activity and cell
viability. The concentration versus percent cell viability data for the cells incubated with
blank NSs, free OLM drug and the optimized NS carrier are presented in Figure 6. The
optimized ONS4 carrier produced the lowest cell viability (31.44 ± 0.40%, 48.10 ± 1.21%,
59.91 ± 1.13% and 83.27 ± 1.10%) at concentrations of 50, 25, 12.5 and 6.25 µg/mL, re-
spectively in comparison to free OLM (51.25 ± 1.12%, 58.42 ± 1.25%, 69.92 ± 1.36% and
90.39 ± 0.87%) and (72.29 ± 1.43%, 81.71 ± 1.67%, 92.07 ± 0.87% and 97.43 ± 1.76%) for the
blank NSs prepared without any drug. The efficacy between ONS4 and the free OLM was
much more marked at higher concentrations. The IC50 values for ONS4, OLM, blank-NSs
were found to be 14.80 ± 1.21, 35.96 ± 0.45, 40.29 ± 1.17 µg/mL, respectively. IC50 is a
half maximal inhibitory concentration, which represents 50% inhibition of the cell growth
in vitro indicating the effectiveness of the cytotoxic entity. The optimized ONS4 carrier
showed the significant cytotoxicity due to the sustained release of OLM and nano-range of
NSs. It has been reported that RAS (renin-angiotensin system) and NF-κB (nuclear factor
kappa-light-chain-enhancer of activated B cells) signaling is key factor for the survival
of cancer cells, which causes therapeutic intervention. OLM blocks the RAS and NF-κB
pathway [56] that could be the reason for significant cytotoxicity activity against A549 cell
lines in our studies.
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Figure 6. Comparative cell viability of blank NSs, pure OLM and OLM-loaded nanosponges (ONS4).
* p < 0.005 highly significant—Compared between ONS4 vs. blank NSs and pure OLM at concen-
tration of 50 µg/mL. ** p < 0.01 highly significant—Compared between the pure OLM and ONS4
carrier. # p < 0.05 significant—Compared between pure OLM vs. blank NSs at all concentrations.
NS—Non-significant at all concentrations.

3.10. In Vivo Antihypertensive Studies

The systolic blood pressure (SBP) after oral administration of control, pure OLM and
ONS4 was shown in Figure 7. The SBP was decreased significantly (p < 0.05) at each time
point as compared to the control. The oral administration of the optimized nanosponge
carrier (ONS4) reduced SBP highly significantly (p < 0.01) as compared to the control and
the pure OLM drug. A sustained antihypertensive effect was observed in nanosponge
carrier (ONS4) administered group during 12 h of the experiment, probably due to drug
release retardation by ethylcellulose polymer. The maximum SBP lowering of pure OLM
and ONS4 were observed as 180.3 ± 2.07 mmHg and 169.3 ± 1.37 mmHg at 10 h and 6 h,
respectively. The OLM-loaded NSs (ONS4) controlled the SBP in hypertensive rats for
prolong period of time by minimizing the limitation of oral delivery of OLM. The sustained
release and reduced first pass metabolism by ethylcellulose polymer could be the reason of
reduction in SBP.

 

Figure 7. Systolic blood pressure lowering effect of the control, pure OLM and ONS4 samples after
oral administration of in SHRs.
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These data suggest that when this formulation is administered orally, it can sustain
the release of OLM in human body and will produce effective therapeutic action in hyper-
tension and lung cancer, and simultaneously will reduce the side effects of OLM drug.

4. Conclusions

Ehtylcellulose-based OLM-loaded nanosponges (ONS1-ONS4) have been successfully
developed using emulsion-solvent evaporation method and was further evaluated by
DSC, FTIR, XRD, SEM and in vitro release studies. Based on preliminary characterization,
OLM-loaded nanosponges (ONS4) was considered as the optimized formulation and was
evaluated for morphology, porosity, in vitro MTT assay against A549 cell line and in vivo
antihypertensive activity in rat model. The optimized nanosponges (ONS4) presented a
better sustained release with improved antihypertensive efficacy and antitumor activity
against A549 cell lines. Hence, it was concluded that the developed nanosponges benefits
from its nanosize, porous nature and promises better therapeutic efficacy. The proposed
study proved that OLM-loaded nanosponges could have promising application for the
treatment of systolic blood pressure and lung cancer; however, further discoveries need to
be done in this regard which deserves to be deeply explored.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13142272/s1. Figure S1: FTIR spectrum of the pure OLM and OLM-loaded nanosponge
carriers. The main characteristic peaks of the pure OLM are shown with dotted vertical lines. These
peaks are present, weakened or shifted in OLM-loaded nanosponges (ONS1-ONS4); Figure S2:
Comparative XRD diffractograms of the pure OLM and OLM-loaded nanosponge; Figure S3: Profiles
of different kinetic models for release mechanism of OLM from OLM-loaded nanosponges.
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Abstract: Sildenafil citrate (SLC) is a frequently used medication (Viagra®) for the treatment of
erectile dysfunction (ED). Due to its poor solubility, SLC suffers from a delayed onset of action
and poor bioavailability. Hence, the aim of the proposed work was to prepare and evaluate solid
dispersions (SDs) with hydrophilic polymers (Kolliphor®P188, Kollidon®30, and Kollidon®-VA64),
in order to enhance the dissolution and efficacy of SLC. The SLC-SDs were prepared using a solvent
evaporation method (at the ratio drug/polymer, 1:1, w/w) and characterized by Differential Scanning
Calorimetry (DSC), Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), Scanning
electron microscope (SEM), drug content, yield, and in vitro release studies. Based on this evaluation,
SDs (SLC-KVA64) were optimized, with a maximum release of drug (99.74%) after 2 h for all the
developed formulas. The SDs (SLC-KVA64) were further tested for sexual behavior activity in male
rats, and significant enhancements in copulatory efficiency (81.6%) and inter-copulatory efficiency
(44.9%) were noted in comparison to the pure SLC drug, when exposed to the optimized SLC-
KVA64 formulae. Therefore, SD using Kollidon®-VA64 could be regarded as a potential strategy for
improving the solubility, in vitro dissolution, and therapeutic efficacy of SLC.

Keywords: erectile dysfunction; Kolliphor®P188; Kollidon®30; Kollidon®-VA64; polymer; silde-
nafil citrate

1. Introduction

Erectile dysfunction (ED) is the inability of a male to achieve and maintain erection for
a sufficient period of time for satisfactory intercourse with a counterpart female partner [1].
It is also referred to as male impotence. ED is common medical problem that directly affects
sexual wellbeing and quality of life. Presently, millions of men around the world have
some degree of ED, and more than twice that number are anticipated to be affected by
2025 [2,3]. Men suffer from ED due to the rise in synthetic hormone levels present in our
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diet/environment and a nutritionally poor and imbalanced diet, resulting in low levels of
testosterone formation in the body.

Sildenafil citrate (SLC) is a potent phophodiasterase-5 inhibitor, marketed under
the brand name of Viagra. SLC is an orally administered medication, selectively used
to treat ED and pulmonary hypertension (PH). SLC absorbs quickly and acts within
1 h of oral administration, but due to a low aqueous solubility and hepatic first pass
metabolism (~ 80% of administered dose), its relative bioavailability is 41% [4,5]. The
solubility and bioavailability of SLC can improved by various means, such as, cyclodextrin
complex [6,7], orodissovable films [8], dry foam tablets [9], salts and co-crystals [10], Self-
nanoemulsifying drug delivery systems (SNEDDS) [11], and spray dried amorphous solid
dispersions [12]. The advantages of SD have been mentioned in many investigations,
including the improvement of dissolution rate and efficacy of poorly water insoluble
drugs [13,14].

Solid dispersion (SD) is an efficient approach to improve the solubility and bioavailabil-
ity of Biopharmaceutical classification system (BCS) II and IV class drugs, which involves
dispersion of active ingredients within an inert carrier in a solid state [15,16]. The selection
of carrier for the preparation of SDs is very important and directly affects the efficacy and
stability of the formulation. Thermodynamically unstable SDs have the tendency to recrys-
tallize into amorphous drug during storage, even with traces of crystalline drug left during
preparation and long storage periods [17]. Therefore, complete amorphous SD formation
is important, to avoid recrystallization and hence improve the physical properties of the
drug. The encapsulation of drugs within hydrophilic polymeric carriers induces better
wettability and particle micronization; the main procedure by which SDs improve the
solubility and bioavailability of poorly soluble drugs. Hydrophilic polymer carriers play
a vital role in increasing the dissolution and bioavalibility of poorly soluble drugs. The
function of polymers in formulating SDs is to impart stability and solubility, and modify
the dissolution rate. Various polymeric carriers, notably water soluble drug carriers such
as polyethylene glycol (PEG) and polyvinylpyrrolidone (PVP), with different molecular
weight grades have been used for the preparation of SDs and solid solutions. Cellulose
derived natural polymers such as hydroxy propyl methyl cellulose acetate succinate (HPM-
CAS), ethyl cellulose (EC), and hydroxypropyl methyl cellulose (HPMC) have the desired
physicochemical properties, and, hence, they are extensively used in formulating SDs. PEG
enables a disordered crystalline state of the drug and forms amorphous interstitial solid
solutions by encompassing the drug entity in the interstitial spaces of the polymeric carrier.
Glass solution is the term devised for SDs in which hydrophilic polymeric carriers are used
to increase the solubility; especially for BCS class II and IV. In order to molecularly dissolve
the drug, a large quantity of the hydrophilic polymer is used, which in turn increases the
physical instability of the dispersions due to phase separation. The mechanisms involved
in the improved solubility and dissolution include the detachment of drug molecules as
the hydrophilic carrier dissolves, subsequently forming a supersaturated solution of the
drug [18–22]. A study on SDs using a ibuprofen model drug revealed that polymers under
the trade names “poloxamer 407” and “poloxamer 188” could increase the solubility and
reduce the crystal growth of the drug with their coexistence in the polymeric dispersion,
which could have been due to the disruption of the ibuprofen and formation of hydrogen
bonds between the drug and polymer [23].

Another polymeric carrier, produced under the trade name Kolliphor®P 188 and
commercially available through the BASF corporation, acts as a co-emulsifier in creams,
an emulsifier for skin delivery applications, and solid and liquid dispersions [24]. It is a
synthetic tri-block copolymer, containing a central hydrophobic chain of polyoxypropylene
linked by two hydrophilic chains of polyoxyethylene. The generic name of this nonionic
linear copolymer is poloxamer 188 (P188), the letter P indicates the state of the polymer (as
a powder). Poloxamer 188 (P188) copolymer has been approved by the FDA as a blood
thinner and is used pharmaceutically as a surfactant in toothpastes and mouth washes.
The nature of the conforming blocks gives Kolliphor®P 188 amphiphilic and surface active
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properties, which vary depending on its poly(propylene oxide) and poly(ethylene oxide)
contents. Poloxamer 188 containing 80% ethylene oxide acts as a water soluble polymeric
carrier, used in solid dispersions to improve the solubility and dissolution rate of poorly
water soluble active pharmaceutical ingredients (APIs). Kolliphor®P 188 facilitates solubi-
lization process by micelle formation, in which the drug is enclosed in a hydrophobic core
externally covered by a polar hydrophilic head. SDs prepared with ploxamer are reported
to enhance the solubility and dissolution rate of the hydrophobic drug, Ebastine [25].

Kollidon®30 is another water soluble drug carrier (from BASF Germany) that is a
polyvinyl-pyrrolidone derivative with a molecular weight of 44,000–54,000 g/mol, transi-
tion temperature of 149 ◦C, and soluble in both aqueous and organic solvents. Commonly
called povidon(e), poly(1-vinyl-2-pyrrolidone), povidonum, and polyvidone. Kollidon®30
is widely used in SDs to improve the solubility and dissolution rate of the drugs by forming
a water soluble complex with insoluble drugs. Co-precipitation and co-milling technolo-
gies are reported to increase the dissolution rate and bioavailability of water insoluble
drugs with the usage of Kollidon®30. Amorphous solid dispersions (ASDs) prepared by
Kollidon®30 were reported to improve the efficiency of nifedipine [26,27].

A copovidone with an exceptionally high binding capacity, traded as Kollidon®VA 64
and produced by BASF, Germany, has applications as a dry binder for direct compression
tableting and as a soluble binder for granulation. These properties make it an attractive
and cost-effective alternative to natural binders. Kollidon VA 64 was first used to prepare
Lopinavir-Ritonavir combination SDs by Abbott laboratories; thereafter, the solubility of
many APIs was increased thanks to copovidone. This copolymer of vinyl-pyrrolidone and
vinyl-acetate in a ratio of 6:4 possess a transition temperature (100 ◦C) and degrades at
temperature (230 ◦C) that allow using APIs of varied polarity and with a wide melting
temperature range, and it is extensively employed in hot melt extrusion (HME) and spray
drying solid dispersions (SDSDs). Single-phase glassy solutions formed by copovidone,
in which API was amorphously lodged and dissolved along with the water soluble car-
rier, controlling the process polymer, improved the dissolution rate [28,29]. Moreover,
copovidone-based SDs have also been found to generate nanoparticles during the process
of mass conversion from solid to liquid (dissolution), contributing to the improved solubil-
ity and bioavailability of the drug. Recently, Moseson et al. [30] reported that copovidone
act as crystal nucleation and growth inhibitor by polymer adsorption on the crystalline
drug surface, thus improving the dissolution profile.

This study focuses on the influence of hydrophilic polymers in the dissolution en-
hancement of SLC. Here, the prepared SDs transformed the crystalline SLC drug into an
amorphous state. The interaction of polymers and SLC in SDs was evaluated and opti-
mized by DSC, FTIR, XRD, SEM, and in vitro release studies. The optimized SD (SLC-K64)
showed enhanced dissolution, due to the improve wetting properties of the drug. The
SLC-K64 formulae significantly improved the sexual behavior in male rats. The goal of the
current study was to develop and optimize a SD that could extend the penile erection in
male rats and be a potential approach for the treatment of erectile dysfunction.

2. Materials and Methods

2.1. Materials

Sildenafil citrate (SLC) was obtained as a gift sample from Jazeera Pharmaceutical
Industry (JPI), Riyadh, Saudi Arabia. Kolliphor®P188 (K188), Kollidon®30 (K30) and
Kollidon®-VA64 (KVA64) were received as a gift sample from BASF Co., Ltd. (Lud-
wigshafen, Germany). All solvents and chemicals used for the study were pure and
analytical grade.

2.2. Preparation of SLC Solid Dispersion by Solvent Evaporation

The solid dispersions of SLC with each of the polymers (Kolliphor®P188, Kollidon®30
or Kollidon®-VA64) were prepared (at the ratio drug/polymer, 1:1, w/w) using a solvent
evaporation method [31]. Briefly, an accurately weighed amount of SLC and polymer
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was dissolved in 60 mL of ethanol and water mixture (1:1, v/v). The resultant solution
was transferred into round bottom flask and evaporated on a rotary evaporator “(Buchi
Rotavapor R-215, Essen, Germany)” at 60 ◦C and 50 rpm for 4 h (Figure 1). The solids
retained in the flask were dried under a vacuum overnight to remove residual solvent. The
final powder was ground into fine particles and stored for further use.

Figure 1. Schematic diagram of preparation of solid dispersion.

2.3. Practical Percentage Yield

The yield of the process was calculated to determine the efficiency of the prepa-
ration process. SDs were collected and the percentage yield was estimated using the
following equation.

Yield (%) = (Practical weight of the SD)/(Theoretical weight of SLC + Polymer) × 100

2.4. Drug Content Estimation

Drug content was estimated by dissolving 50 mg equivalent weight of SLC in methanol.
The solution was then filtered through a syringe filter (0.45 µm), the filtrate was suitably
diluted with distilled water and analyzed for the quantity of drug using a UV spectropho-
tometer at 291 nm against a blank using distilled water (UV-visible spectrophotometer,
Jasco 645, Tokyo, Japan).

2.5. Differential Scanning Calorimetry (DSC) Studies

DSC spectra of pure SLC, and their solid dispersions (SLC-K188, SLC-K30, and SLC-
KVA64) were recorded using a DSC instrument (SCINCO, DSC N-650, Seoul, Korea) at the
temperature range of 50.0–250.0 ◦C, at a heating rate of 10 ◦C/min. The instrument was
purged with nitrogen gas at a flow rate of 20 mL/min. The DSC apparatus was connected
with a sample holder and cooling chamber [32]. Each sample was weighed accurately
(approx. 5 mg) and pressed into a hermetically sealed aluminum pan.

2.6. Fourier Transform Infra-Red (FTIR) Spectroscopy

The FTIR spectra of pure SLC and their solid dispersions (SLC-K188, SLC-K30, and
SLC-KVA64) were recorded using an FTIR spectrometer (Jasco FTIR Spectrophotometer,
Tokyo, Japan). Each sample was ground with crystalline potassium bromide using a
glass mortar and pestle into a very fine particles, and pressed into transparent film. The
transparent film was kept on a sample holder and the spectra was recorded using spectra
manager software (Jasco, Tokyo, Japan) [33].
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2.7. Powder X-ray Diffraction (PXRD) Studies

The PXRD pattern of pure SLC and solid dispersions (SLC-K188, SLC-K30, and SLC-
KVA64) were recorded with an Ultima IV Diffractometer (Rigaku Inc. Tokyo, Japan at
College of Pharmacy, King Saud University, Riyadh, KSA). The set parameters for PXRD
were 0–60◦ (2θ) at a 10◦/min scan speed. The anode tube of the instrument used was
“Cu with Ka = 0.1540562 nm with mono-chromatized graphite crystal”. The spectra was
recorded using a voltage and current of 40 kV and 40 mA, respectively [34].

2.8. Scanning Electron Microscopy (SEM)

The morphology of pure SLC, SLC-K188, SLC-K30, and SLC-KVA64 was observed
under SEM equipment (JEOL JSM-5900-LV, Tokyo, Japan) operated at 15 KV. The samples
were coated with gold using a sputter coater under a vacuum and analyzed using SEM [33].

2.9. In Vitro Release Studies

In vitro release studies of SCL from the prepared solid dispersions (SLC-K188, SLC-
K30, and SLC-KVA64) compared to pure SLC drug were performed using an USP-2
dissolution apparatus (Fiber optic dissolution system, Model Distek 2500i, Software Rev
1.02, North Brunswick, NJ, USA). Briefly, an accurately weighed sample (equivalent to
50 mg of SLC) was dispersed in a dissolution basket containing 900 mL of phosphate
buffer (pH 6.8). The dissolution apparatus was set to run at 100 rpm at 37 ± 0.5 ◦C. At
a predetermined time interval, 5 mL of sample was withdrawn, compensated with fresh
media, and analyzed for drug content using UV spectroscopy at 291 nm [35]. Each sample
was analyzed in triplicate.

2.9.1. Mean Dissolution Time (MDT)

Model independent approaches such as mean dissolution time (MDT) were assessed
to study the effect of different polymers within the SDs [36]. The rate of drug dissolved of
each SD was expressed by MDT and was calculated using the following equation:

MDT =
∑

n
j=1 t∗j ∆Mj

∑
n
j=1 ∆Mj

where, (j) is the number of the sample (SDs), (n) is the number of samples in the dissolution
study, (t*

j) is the midpoint time between t and t (j − 1), and (∆Mj) is the additional amount
of drug dissolved between t and t (j − 1).

2.9.2. Similarity Index (F2)

The similarity index or fit factor of the prepared SDs was assessed, as suggested by
Moore and Flanner, comparing the dissolution profiles of the test (SDs) with the reference
(SLC). The following equation was used to calculate the f 2 value.

f2 = 50 X log{[1 + (1/n) ∑
n
t−1 (Rt − Tt )2]

−0.5
× 100}

where, f 2 means similarity index, n stands for dissolution time, and Rt and Tt denote
reference (pure drug) and test (SDs) dissolution values at time t. If f 2 values were <50,
this suggests a significant difference between the dissolution profiles under comparative
study [34,36].

2.9.3. Drug Release Kinetics

To study the release kinetics, dissolution data were then fit to the drug release kinetic
models, and the correlation coefficient (R2) was calculated using regression analysis. The
zero-order rate describes the concentration independent release kinetics from the SDs,
first-order specifies the concentration dependent release rate, the Higuchi’ model depicts
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the release of drug based on Fickian diffusion, whereas the Korsmeyer–Peppas model
equation demonstrates a relationship between the drug release from the polymeric SDs.

Qt = Q0 + k0t (Zero-order)

logQt = logQ0 − k1t / 2.303 (First-order)

Qt = kHt1/2 (Matrix diffusion)

Mt/M∞ = ktn (Korsmeyer-Peppas)

where Qt (dissolution of drug over time t), Q0 (amount of drug dissolved in diffusion
medium at zero time), k0 (zero order constant), k1 (first-order constant), and kH (Higuchi
model constant). Mt and M∞ are the cumulative drug release at time t and infinite time,
respectively; k is the rate constant of drug-polymer particle’s feature, t is the release time.
Diffusional exponent (n) indicates the drug release mechanism. When n = 0.45 (Case I or
Fickian diffusion), 0.45 < n < 0.89 (anomalous behavior or non-Fickian transport), n = 0.89
(Case II transport) and n > 0.89 (Super Case II), based on the exponent value release
mechanisms reported.

2.10. In Vivo Sexual Behavior Studies
2.10.1. Animals

Male (250–300 g) and female albino rats (150–200 g) were used for the sexual behavior
study [37]. All animals were bred in the lab care unit at the College of Pharmacy, Prince
Sattam Bin Abdulaziz University, Alkharj, Saudi Arabia. Rats were kept in separate
cages with access to food and water ad libitum. The study protocol was reviewed and
approved by the “Animal Ethics Committee (Approval number: BERC 005-05-19), College
of Pharmacy, Prince Satam Bin Abdulaziz University, Alkharj, Saudi Arabia”.

2.10.2. Preparation of Male and Female Rats

The male rats were trained sexually with receptive females three times a day for four
days before commencement of the experiment. The male rats that did not show any sexual
activity during training were excluded from experiment. Eighteen sexually active male rats
were selected for the sexual activity of sildenafil citrate and its optimized solid dispersion.
The female rats were made receptive by administering estradiol benzoate (10 mg/kg body
weight) and progesterone (1.5 mg/kg body weight) subcutaneously, 48 h and 4 h prior to
pairing with male rats, respectively. The sexual activity of the female rats was confirmed
prior to the test by exposing them to male rats. The most receptive female rats were marked
and selected for the study.

2.10.3. Experimental Procedure

The aphrodisiac experiments were performed as per a previously reported method [35].
Eighteen healthy and sexually active male rats (250–300 g) were selected for the study. They
were divided into three groups of 6 animals, each group was isolated alone in separate
cages during the study. Group I (Control) received 1% w/v sodium carboxymethyl cellulose
(Na-CMC) as a vehicle at rate of 5 mL/kg. Group II (reference) received SLC at a dose of
5 mg/kg, and, finally, group III (optimized formulation) received formulation (equivalent
to 5 mg/kg SLC pure). The control vehicle, SLC and formulation were administered as a
single dose by orogastric cannula one hour before the start of the study.

2.10.4. Monitoring of Sexual Behavior

The most sexually active female rats were selected for the study. The experiment was
performed at 19:00 h in a noiseless room under dim red light in transparent cages. The
single female rat was introduced into the cage of single male rat for 15 min, considered
as an adaptive period, and after this period, the females were separated from the male
cages, then control (Na-CMC), SLC suspension, and formulation were administered orally.
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The treated female rat was again paired with same male rat in the cage, and the sexual
behavior of the male rat was immediately started and continued for the first two matings.
The following sexual behavior parameters were monitored and noted as described in a
previous study [35,38].

The following definitions were considered for this test: mounting latency (ML), the
time from the pairing of the female and male in one cage and first mount; intromission
latency (IL), the time from the pairing of a female and male in one cage and first intromission
(vaginal penetration) by the male; mount frequency (MF), the number of mounts before
ejaculation, that is lifting of the male’s fore body over the hind body of the female and
clasping her flanks with his forepaw; intromission frequency (IF), the number of vaginal
penetrations before ejaculation; ejaculation latency (EL), the time from the first vaginal
penetration of a series to the ejaculation; post-ejaculatory interval (PEI), the time from
ejaculation to the first vaginal penetration of the next copulatory series. In the second
mating only the EL was recorded. Percentage copulatory efficiency (%CE) was calculated
using the following equation:

%CE = IF/MF × 100
%ICE = IF/IF + MF × 100

2.11. Statistical Evaluation

The significance of difference between the means was determined by one-way analysis
of variance (ANOVA) with a post-hoc test. A p-value < 0.05 was considered significant.

3. Results and Discussion

3.1. Practical Percentage Yield

The percentage yield of prepared SDs was determined, to ascertain the loss during the
solvent evaporation process. SDs prepared by solvent evaporation showed percentage yield
values ranging between 93 and 95.8%. The high percentage yield indicates the minimum
loss, homogeneity, and accuracy of the process, and hence the suitability for scale-up.

3.2. Drug Content Estimation of Solid Dispersions

Drug content estimation determined the uniformity of the drug in the polymeric
dispersion, the value of drug estimation was found to be in the range of 97–98.99%.

3.3. DSC Studies

DSC is a thermal analytical technique used in formulation development to understand
the physicochemical properties of pure drugs and their formulations. The presence of crys-
tallinity of pure SLC was detected by DSC spectra, because of a sharp endothermic peak at
207 ◦C (Figure 2), which was close to the previous reported data [39]. The DSC peaks indi-
cate that SLC does not have any exothermic/degradation peaks, confirming its stability up
to a temperature of 250 ◦C. The solid dispersions SLC-K188 and SLC-K30 showed a broad
endothermic peak at 198 ◦C and 192 ◦C with reduced intensity, respectively, indicating
their partial crystallinity. However, SLC-KVA64 showed the complete disappearance of
endothermic peaks corresponding to SLC drug peaks, indicating the transformation of
crystalline phase to amorphous phase, due to dissolution into the KVA64 polymer matrix.
The SLC drug did not crystallize in the SLC-KVA64 system, due to complete dispersion in
the polymer matrix.
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Figure 2. Comparative DSC thermogram of pure SLC, SLC-K188, SLC-K30, and SLC-KVA64.

3.4. FTIR Studies

FTIR spectra of pure SLC and solid dispersions SLC-K188, SLC-K30, and SLC-KVA64
are presented in Figure 3. The pure SLC showed characteristic peaks in frequency at
1170 cm−1 and 1265 cm−1 for asymmetric and symmetric SO2 bands. A strong peak at
1495 cm−1 could be assigned to the –COOH group present in citric acid. The two strong
peaks could be attributed to the –N–H bend and –N–H stretching at frequency 1582 cm−1

and 3301 cm−1; these assigned peaks confirmed the purity of the drug [35,40]. Compared to
the pure SLC, the characteristic peak of SLC was absent or weakened in the prepared solid
dispersions (SLC-K188, SLC-K30, and SLC-KVA64), confirming the successful dispersion
of polymers with drug [41].

3.5. PXRD Studies

PXRD spectral analysis is a useful tool for identifying the crystalline/amorphous
nature of a solid state powder. The PXRD patterns of pure SLC, SLC-K188, SLC-K30,
and SLC-KVA64 are shown in Figure 4. The PXRD pattern of pure SLC revealed several
diffraction peaks between 0 and 60◦ (2θ), which confirmed the crystalline nature of the
drug [37,41]. The solid dispersions SLC-K188 and SLC-K30 showed a few diffraction peaks
corresponding to SLC with reduced intensity, indicating partial crystallinity. However, the
PXRD pattern of the SD, SLC-KV64, showed a typical profile of an amorphous compound,
suggesting that the polymer KVA64 inhibited the drug crystallization by reordering of
the crystal lattice; this findings strongly supports the DSC analysis [42]. The amorphous
powder influenced the faster dissolution of the drug, due to increased internal energy and
molecular motion, which improved the thermodynamic property as compared to the pure
SLC crystalline drug. The reduction of crystallinity of the drug could have been due to
dispersion of the polymers (K188, K30, and KVA64) with the SLC drug [43].
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Figure 3. Comparative FTIR spectra of pure SLC, SLC-K188, SLC-K30, and SLC-KVA64.
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Figure 4. Comparative PXRD spectra of pure SLC, SLC-K188, SLC-K30, and SLC-KVA64.

3.6. SEM

Crystalline and amorphous solid dispersion can be differentiated visually using SEM
images. According to the SEM images, the high crystallinity of SCL evidenced a large
needle shaped powder. The SEM images of SDs (SLC-K188, SLC-K30, and SLC-KVA64)
did not show any crystalline structure and the SDs appeared as aggregates of irregular
shape. As can be seen, these polymers strongly disrupted the morphology of the SDs, due
to transformation from a crystalline to amorphous state (Figure 5). The crystallinity of SLC
was already confirmed by the XRD and DSC studies.

 

Figure 5. SEM images of pure SLC, SLC-K188, SLC-K30, and SLC-KVA64.
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3.7. In Vitro Release Studies

Researchers have explored solid dispersion/inclusion complexation to improve the
solubility, permeability, oral bioavailability, and therapeutic effectiveness of SLC through
its encapsulation with polymers, with the aim of achieving an enhanced drug release [8].
In vitro release profiles of SLC from the prepared solid dispersions (SLC-K188, SLC-K30,
and SLC-KVA64) are presented in Figure 6. Enhanced dissolution of SLC was noted in
all solid dispersions. The pure SLC drug showed a much lower and incomplete release
(29.08%) during the time-scale of the study (2 h). However, an almost complete release of
SLC was observed from all the prepared solid dispersions. The maximum drug release was
recorded by the SLC-KVA64 system (99.74%) after 2 h. The improvement in dissolution rate
of SLC in a solid dispersion can be attributed to the dispersion of hydrophilic polymers,
due to the wettability of the drug, which resulted in an enhancement in solubility [44].
These results suggest that the use of hydrophilic polymers as the carrier transformed the
SLC crystals into an amorphous state, which improved the solubility of the drug. However,
the highest release of SLC from SLC-KVA64 could possibly have been due to the maximum
amorphization of SLC, wetting properties of SLC-KVA64 polymer with SLC.
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Figure 6. In vitro release profile of pure SLC, SLC-K188, SLC-K30, and SLC-KVA64.

The estimated values of similarity factor (f2) and MDT for all solid dispersions are
summarized in Table 1. It was found that the f2 values for all formulae (SLC-K188, SLC-K30,
and SLC-KVA64) were less than 50, suggesting all formulae are statistically not different
(p > 0.05). The mean dissolution time is an indication of the dissolution process. The MDT
for SLC-K188, SLC-K30, and SLC-KVA64 were estimated as 39.61, 37.65, and 35.52 min.
The lowest MDT was measured for SLC-KVA64 among all the formulae, indicating a faster
release of drug compared to the other formulae. However, the release kinetic models of
fitted f and coefficient of correlation (R2) values were obtained as first order (R2 = 0.999),
matrix diffusion (R2 = 0.996), and matrix diffusion (R2 = 0.998) for the formulae SLC-K188,
SLC-K30, and SLC-KVA64, respectively.

3.8. In Vivo Sexual Behavior Studies

In this study, the SLC-KV64 formulation was tested and compared with pure SLC
for its aphrodisiac effect on male rats. The male rats showed an improved sexual activity
towards their female rat partner, shown by their eager and quick movement and visible
signs of pre-copulatory action, such as anogenital exploration, body sniffing, and moving
around, which finally resulted in mounting [35]. The data presented in Tables 2 and 3 show
that SLC (5 mg/kg) significantly reduced the ML (67.27 ± 2.18 s) and IL (108.15 ± 3.52 s)
and caused a significant increment in the MF (8.57 ± 0.37) and IF (5.36 ± 0.36) compared
to the control. MF and IF are important indicators to measure the vigor, libido, and
potency and that reflect the sexual motivation and efficiency of erection, respectively. The
increase in MF and IF following administration of SLC-KV64 formulation was observed,
suggesting the improved sexual behavior of rats [45]. As ML and IL values decreased

39



Polymers 2021, 13, 3512

following administration of SLC-KV64, this suggests stimulation of sexual motivation
and arousal [46]. One formulation (SLC-KV64) also prolonged ejaculatory latency in the
first and second series (EL-1 and EL-2) and caused a significant reduction in the post
ejaculatory interval (PEI) compared to the control group. Due to EL and PEI events, the
refractory period between the first and second series of mating, revealed that SLC in
the formulation improved the sexual activity. The CE (%) and ICE (%) are presented
in Figures 7 and 8. Improvements in CE (81.6%) and ICE (44.9%) were observed when
rats were exposed to optimized SLC-KVA64 formulae in comparison to the pure SLC
drug [37]. All observed sexual activity parameters of the optimized SLC-KVA64 were
remarkably improved compared to the control and pure SLC drug; these parameters are
statistically significant.

Table 1. Similarity factors and release kinetics of prepared SDs.

Solid
Dispersions

MDT
(min)

f2

Correlation Coefficient
(R2)

Zero
Order

First
Order

Matrix
Diffusions

Korsmeyer-
Peppas

N

SLC-K188 39.61 25.22 0.910 0.999 0.996 0.991 0.524
SLC-K30 37.65 21.68 0.907 0.989 0.996 0.992 0.495

SLC-KVA64 35.52 18.59 0.876 0.840 0.998 0.995 0.411

Table 2. Effect of SLC-KV64 on the mount latency (ML), mount frequency (MF), intromission latency
(IL), intromission frequency (IF), and copulatory efficiency (CE) of male rats.

Groups ML (s) MF IL (s) IF

NC 122.71 ± 5.27 4.24 ± 0.48 245.15 ± 7.27 2.42 ± 0.15
SLC-STD 67.27 ± 2.18 * 8.57 ± 0.37 * 108.15 ± 3.52 * 5.36 ± 0.36 *

SKV64 59.16 ± 2.11 *‡ 10.36 ± 0.42 *‡ 97.78 ± 3.16 *‡ 8.45 ± 0.50 *‡

Values are expressed as mean ± S.E.M., n = 6 rats/group. * indicates significance compared to NC
group at p < 0.05. ‡ indicates significance compared to SLC-STD group at p < 0.05.

Table 3. Effect of SLC-KV64 on the ejaculation latency in the 1st series (EL-1), post ejaculatory interval
(PEI) and ejaculation latency in the 2nd series (EL-2) of male rats.

Groups EL-1 (s) PEI (s) EL-2 (s)

NC 376.62 ± 8.72 496.64 ± 14.73 395.20 ± 7.12
SDL-STD 423.16 ± 11.46 * 397.84 ± 8.46 * 421.22 ± 8.25 *

SKV64 458.38 ± 10.27 *‡ 370.50 ± 8.50 *‡ 449.20 ± 9.28 *‡

Values are expressed as mean ± S.E.M., n = 6 rats/group. * indicates significance compared to NC
group at p < 0.05. ‡ indicates significance compared to SLC-STD group at p < 0.05.
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Figure 7. Effect of pure SLC and SLC-KV64 on CE.
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Figure 8. Effect of pure SLC and SLC-KV64 on ICE. 
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Figure 8. Effect of pure SLC and SLC-KV64 on ICE.

4. Conclusions

In this study, SDs of SLC were prepared by solvent evaporation method using three hy-
drophilic polymers as drug carriers, namely Kolliphor®P188, Kollidon®30, and Kollidon®-
VA 64. The prepared SDs succeeded in improving the dissolution rate and sexual behavior
in male rats. A marked influence of the polymers on SCL dissolution was noted. All SDs
significantly improved the SCL dissolution compared to the pure drug. The optimized
SD (SLC-KV64) system showed the maximum enhancement in dissolution rate compared
to the pure SLC drug. The DSC and PXRD studies revealed the transformation of the
crystalline state of SLC to an amorphous state, which required the lowest energy for drug
solubilization. A significant improvement in sexual activity was observed in optimized SD
(SLC-KV64) administered male rats, compared to pure SLC drug. Finally, we concluded
from this research that the optimized SDs (SLC-KVA64) exhibited superior activity and
are a promising strategy for improving solubility, dissolution rate, and aphrodisiac effects
on male rats. Hence, the results suggest that the hydrophilic polymer Kollidon®-VA 64
could be an excellent carrier for enhancing the dissolution and therapeutic performance of
SLC drug.
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Abstract: Age-related macular degeneration is a multifactorial disease affecting the posterior segment
of the eye and is characterized by aberrant nascent blood vessels that leak blood and fluid. It
ends with vision loss. In the present study, artemisinin which is poorly water-soluble and has
potent anti-angiogenic and anti-inflammatory properties was formulated into nanomicelles and
characterized for its ocular application and anti-angiogenic activity using a CAM assay. Artemisinin-
loaded nanomicelles were prepared by varying the concentrations of PVP k90 and poloxamer 407 at
different ratios and showed spherical shape particles in the size range of 41–51 nm. The transparency
and cloud point of the developed artemisinin-loaded nanomicelles was found to be 99–94% and
68–70 ◦C, respectively. The in vitro release of artemisinin from the nanomicelles was found to be
96.0–99.0% within 8 h. The trans-corneal permeation studies exhibited a 1.717–2.169 µg permeation
of the artemisinin from nanomicelles through the excised rabbit eye cornea for 2 h. Drug-free
nanomicelles did not exhibit noticeable DNA damage and showed an acceptable level of hemolytic
potential. Artemisinin-loaded nanomicelles exhibited remarkable anti-angiogenic activity compared
to artemisinin suspension. Hence, the formulated artemisinin-loaded nanomicelles might have the
potential for the treatment of AMD.

Keywords: nanomicelles; artemisinin; cornea; toxicity

1. Introduction

Current treatment options adopted for posterior segment eye diseases such as age-
related macular degeneration (AMD) are far from satisfactory due to the limited exposure
of therapeutic drugs to the posterior segment of the eye with poor bioavailability [1,2].
Attempts to increase the dose of drugs may lead to posterior segment toxicity [3,4]. Site
specific intravitreal injections/implants may improve the localized drug concentration
which ultimately results in cataract development, endophthalmitis, haemorrhage and
retinal detachment [5]. Topical drops, the most widely adopted method for ocular drug
delivery, also suffer from precorneal clearance, lacrimation, tear dilution and tear turnover
and result in a low bioavailability [6,7]. Topically administered drugs are penetrated and
distributed into the posterior segment of the eye through diffusion across ocular tissues,
trans-corneal permeation, direct entry through uvea and lateral diffusion across sclera
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and conjunctiva [8,9]. The topical application of particulate drug delivery systems such
as nanosuspension, nanodispersion, nanocrystals, nanogels and nanomicelles has shown
enhanced ocular bioavailability by minimizing the precorneal loss, increasing the corneal
residence time, improving the corneal penetration and providing controlled or prolonged
drug delivery to the disease site [10].

Nanomicelles are colloidal dispersions of surfactant (s) or polymeric surfactant (s)
molecule aggregates with a fairly narrow size distribution of spherically shaped particles
(10 to 100 nm). These systems have been reported to improve the solubility of poorly
water-soluble drugs by encapsulating them into shells with improved stability [11,12].
Polymeric micelles are generally more stable compared to surfactant micelles and they are
mainly used to treat the affected areas due to their bio adhesive properties [13].

Polyvinylpyrrolidone, a synthetic polymer, with the chemical term 1-Ethenyl-2-
pyrrolidinone homopolymer, is widely used as a dissolution enhancer for poorly sol-
uble drugs. Due to its strong hydrophilic characteristics, it may improve water penetration
and the wettability of the hydrophobic drugs. Poloxamer 407, made up of nonionic polyoxy
ethylene–polyoxy propylene copolymers, is used to enhance the solubilization of poorly
water-soluble drugs and prolong the drug release [14,15]. The gel to sol transition has
been reported for the poloxamers-based ocular delivery of (timolol maleate) upon topical
administration [14,16].

Artemisinin is a poorly water-soluble cadinene-type sesquiterpene lactone isolated from
Artemisia annua (Family-Compositae), chemically known as (3R, 5aS, 6R, 8aS, 9R, 12S, 12aR)-
octahydro-3, 6, 9-trimethyl-3, 12-epoxy-12H-pyrano [4,3-j]-1,2-benzodioxepin-10 (3H)-one.
Artemisinin possesses anti-inflammatory and anti-angiogenic activities along with its potent
anti-malarial activity. The presence of the endoperoxide bridge (–C–O–O–C–) is responsible for
its potent anti-cancer and anti-malarial activities with low toxicity. The endoperoxide bond in
artemisinin forms an alkoxyl radical by accepting an electron from heme, thereby artemisinin
becomes activated and exerts its anti-angiogenic effect [17–19]. Artemisinin has been reported
to inhibit both NF-kB activation and the vascular endothelial growth factor (VEGF) which
are the main factors in the development of AMD [20,21]. Hence, it is hypothesized that
artemisinin can be useful for the treatment of AMD [20–22]. Further corneal permeation of
artemisinin through the rabbit cornea has not been reported to best of our knowledge.

The aim of the present study was to enhance the aqueous solubility of artemisinin by
using the combination of PVP K90 and poloxamer 407 nanomicelles and to evaluate its
corneal permeability. Furthermore, the hemolytic potential, genotoxicity and critical micel-
lar concentration of the developed nanomicelles were also evaluated. The anti-angiogenic
potential of the developed nanomicelles was evaluated by chick embryo chorioallantoic
membrane (CAM) assay.

2. Materials and Methods

2.1. Materials

Artemisinin was obtained from Herbochem, (Hyderabad, India). Polyvinylpyrroli-
done (PVP K90) (Molecular weight—40,000 Da) and Poloxamer 407 (Molecular weight—
95,000–110,000 Da) were procured from BASF Corporation, Mumbai, India. Potassium
dihydrogen orthophosphate and sodium hydroxide were purchased from SD fine chemi-
cals, Mumbai, India. All other solvents and reagents used were of HPLC grade. Milli Q
water was used for HPLC analysis.

2.2. Compatibility Study

The drug and excipient compatibility were assessed by the Fourier Transform Infra-
Red spectrometer (Spectrum Two, Perkinelmer, Waltham, MA, USA). The potassium bro-
mide (KBr) pellets were prepared by grinding KBr with respective samples (artemisinin/PVP
K90/poloxamer 407/physical mixture of artemisinin with excipients, processed mixture
and/artemisinin loaded nanomicelles) and pressed into transparent pellets using a hy-
draulic press [22]. The IR spectra were recorded at the region of 4000–400 cm−1.
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2.3. Preliminary Screening for Nanomicelles Formation Capacity

Different mass ratios of PVP K90 and poloxamer 407 (1:1, 1:2, 1:3, 1:4, 1:5, 2:1,
2:2 etc., [1 = 5%]) and 100 mg of artemisinin were dissolved in ethanol, stirred to form
homogeneous ethanolic solution and dried under vacuum to form artemisinin-loaded
polymeric particles. The obtained mass was treated with sterile water, vortexed to form
stable nanomicelles and examined for turbidity after 24 h.

2.4. Design of Experiment (DoE)

The central composite rotatable design–response surface methodology (CCRD–RSM)
at two factor and three levels (i.e., −1, 0, +1) was used to optimize the artemisinin-loaded
nanomicelles. The polymer (PVP K90) and polymeric surfactant (Poloxamer 407) concen-
trations were kept as input variables. The particle size and transparency of the developed
formulations were kept as the response variables. The concentrations of the PVP K 90
(0–10% w/v) and poloxamer 407 (0–5% w/v) were selected based on the acceptable levels
reported by USFDA for ophthalmic use [16,17]. The experimental design and statistical
analysis of the obtained data were performed using the Design Expert Software (Version 6,
Stat-Ease Inc., Minneapolis, MN, USA).

2.5. Preparation of Artemisinin Loaded Nanomicelles

A weighed amount of artemisinin was dissolved along with PVP K90 and Poloxamer
407 (2:1) in ethanol and was spray dried to form artemisinin-loaded polymeric particles.
These polymeric particles were dissolved in a phosphate buffer with a pH of 7.4 and were
vortexed to form stable artemisinin-loaded nanomicelles (Table 1).

Table 1. Composition of artemisinin nanomicelles (ANM) and blank nanomicelles (BNM).

Nanomicelles

Composition (%)
Polyvinyl

Pyrolidone K90
Poloxamer 407 Artemisinin

ANM 1 5 2.5 0.05
ANM 2 8 4 0.05
ANM 3 10 5 0.05
BNM 1 5 2.5 -
BNM 2 8 4 -
BNM 3 10 5 -

2.6. Determination of the Critical Micellar Concentration (CMC)

The critical micellar concentration (CMC) of artemisinin-loaded nanomicelles was
determined by the pyrene-based fluorescent probe method clearly described by Li et al.
and Mohr et al. [23,24]. In this method, a solution of 10 mM pyrene was prepared using
a phosphate buffer saline (PBS). Artemisinin nanomicelles and blank nanomicelles were
prepared at a concentration of 30–1500 µg/mL using a saline phosphate buffer. Pyrene
was added in order to achieve a 0.1 µM solution in concentration and was incubated for
30 min at room temperature in the dark. The sample was excited at 336 nm and fluorescence
intensity was measured with dual emission at 375/384 nm using a microplate reader
(Molecular Devices, San Jose, CA, USA). The ratio of intensity (I384/I375) was computed
and compared to the nanomicelles’ log concentrations.
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2.7. Characterization of Artemisinin-Loaded Nanomicelles
2.7.1. Transparency

The transparency of the formulated artemisinin-loaded nanomicelles was evaluated
at 400 nm by a UV spectrophotometer using distilled water as a blank [25].

2.7.2. Cloud Point

The cloud point of artemisinin-loaded nanomicelles was examined by placing a
100-fold diluted sample with water in a water bath and subjecting it to increases in tem-
perature gradually. The temperature at which a decrease in transmittance occurred due to
cloudiness formation was noted visually as the cloud point [26].

2.7.3. Particle Size and Zeta Potential

The average particle size and zeta potential of the developed artemisinin-loaded
nanomicelles was determined by using a Zetasizer (Nano ZS, Malvern Instruments,
Malvern, UK). The homogeneity of the particle size distribution was indicated by its
polydispersity index (PDI).

2.7.4. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (Philips EM-430; Philips Electronics, Eindhoven,
The Netherlands) was employed to investigate the surface morphology of nanomicelles
and it was operated at a driving voltage of 200 kV. A drop of 1.3% phosphotungstic acid
was applied to the samples before they were placed over the carbon-coated copper grid.
The grid was vacuum dried before being mounted on a grid holder and its morphology
was examined.

2.7.5. Drug Content

The amount of artemisinin present in the artemisinin-loaded nanomicelles was checked
by RP-HPLC (Shimadzu Corporation, Kyoto, Japan, LC- 20AD). Data acquisition was
performed using spinchrome-1 software. A reverse phase phenomenex-C18 (5 µm,
4.6 mm × 250 mm) analytical column was used. The mobile phase consisting of the
mixture of acetonitrile: water (65:35% v/v) was used at a flow rate of 1.0 mL/min and the
UV detection was carried out at 219 nm [27].

2.8. In Vitro Hemolytic Potential

The in vitro hemolytic potential of the nanomicelles was evaluated by the method
described by Amin et al. (2006) [28]. Briefly, 100 µL of blank nanomicelles were combined
with 900 µL of fresh peripheral blood from healthy human volunteers and equilibrated
at 25 ◦C for 2 min and centrifuged at 1900× g at 25 ◦C for 5 min. The precipitates were
washed 4 times with 5 mL of normal saline after discarding the supernatant. The unlysed
red blood cells were treated and vortexed with 4 mL of sterile water for supplementation
with haemoglobin release and had a centrifugal effect for 5 min at 1900× g. The obtained
supernatant was diluted with distilled water and absorbance was measured at 540 nm.
Normal saline (0% lysis) and a 1% sodium carbonate solution (100% lysis) were used as
negative and positive controls, respectively. The hemolytic capacity of the nanomicelles
was estimated by the formula:

% Hemolysis =
Negative Control − Blank Nanomicelles

Negative Control − Positive Control
× 100 (1)

2.9. Evaluation of the Genotoxicity of the Nanomicelles (Alkaline Comet Assay)

The toxic effect of the blank nanomicelles (BNM 2 and BNM 3) on the genetic ma-
terials of the cells was evaluated by the alkaline comet assay as previously described by
Natesan et al. [29] using cells treated with H2O2 (100 µM) as the positive control.
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2.10. In Vitro Drug Release

The in vitro drug release of the artemisinin-loaded nanomicelles was evaluated using
a dialysis bag method (cut off 5000 Da, Himedia, Mumbai, India). The drug-loaded
nanomicelles (1.0 mL) were placed in a dialysis bag which was hermetically sealed and
suspended in 50 mL of a phosphate buffer solution at a pH of 7.4. The temperature
was maintained at 34 ± 0.1 ◦C using a closed double jacketed thermostatic chamber and
stirred at 600 RPM using a magnetic stirrer [30,31]. Aliquots (2.0 mL) were withdrawn at
predetermined intervals and replaced by an equal volume of the fresh dialyzing medium.
The samples were analyzed using RP-HPLC.

2.11. In Vitro Trans-Corneal Permeation Studies

The in vitro trans-corneal permeation effect of artemisinin-enriched nanomicelles
were studied with a modified side-by-side of a Franz diffusion cell. Both chambers (donor
and receptor) were built with an internal water jacket for water circulation and side braces
to keep the system temperature constant. The protocol for animal research was authorized
by the Institutional Animal Ethical Committee and animals were kept in accordance with
approved guidance. In combination with the 2–4 mm surrounding scleral tissue, the male
albino rabbit cornea was carefully removed and rinsed with cold saline. The excised cornea
was positioned between the cells of the donor and the receivers in such a manner to allow
the cornea’s epidermal surface to face the donor compartment with a diffusion area of
0.78 cm2. The phosphate buffer with a pH of 7.4 was deposited into the compartment and
maintained at 34 ± 0.1 ◦C followed by a magnetic stirring of 150 rpm. The pre-heated
(34 ◦C) drug-loaded nanomicelles were inserted into the donor cell at specified time
intervals and the samples of the reservoir cell (0.3 mL) were removed and replaced by fresh
media. The samples were evaluated using the RP-HPLC technique as previously described
by Chandrasekar et al. [27].

2.12. Apparent Permeability Coefficient

The apparent permeability coefficient was calculated using the following formula:

Papp =
∆Q
∆t

.
1

(A.Co.60)
(2)

where, ∆Q/∆t is the flux across the cornea (ng/min), A is the diffusion area exposed, Co is
the starting concentration of the artemisinin in a donor region, and 60 is regarded as the
minute-to-second factor. The corneal flux was derived from the path of the regression line,
which was drawn for the amount of drug (Q) penetrated by time (t) [32,33].

2.13. Histological Examination of the Drug-Permeated Cornea

The corneal permeate tissue obtained after the permeation study was washed with a
phosphate buffer with a pH of 7.4 and was stored in a 10% formalin solution. The corneal
permeate tissue was dehydrated with ethanol, embedded in paraffin, cut into vertical
sections using microtome, stained with hematoxylin eosin and observed under a light
microscope for any pathological change using untreated corneal tissue as a control [34].

2.14. Evaluation of the Anti-Angiogenic Effect of Artemisinin Nanomicelles Using a
Chorioallantoic Membrane Assay (CAM Assay)

The anti-angiogenic effect of the nanomicelles formulation was evaluated using
a Chorioallantoic Membrane Assay (CAM) as described by Ponnusamy et al. and
Velpandian et al. [22,35]. Fertilized chicken eggs were incubated in an incubator at
37 ◦C for 3 days. The eggs were turned horizontally many times and then swabbed
with 70% alcohol on the third day. By withdrawing the albumin (2.0 mL) from the fertilized
eggs, the growing CAM was separated from the eggshell and an incision was made to
create a window which was utilized as an entry point to the CAM. Sterile parafilm was used
to close the window. The viable eggs were horizontally inserted and incubated for up to
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5 days. On the 5th day the embryos were imaged by digital camera to reveal excising blood
vessels on the window. A solution of artemisinin/blank nanomicelles/artemisinin-loaded
nanomicelles on an impregnated filter paper disc (each 50 µg/disk) was put directly onto
an exposed blood vessel using sterile surgical forceps on an increasing CAM and further
incubated for 2 days. On day 7, the filter paper discs were carefully removed from the CAM
and their anti-angiogenic impact was assessed and photographed at the sample applied
area. A semi-quantitative score system was used to access the anti-angiogenic impact.

2.15. Stability Studies

The stability study of the artemisinin-loaded nanomicelles was carried out based on
ICH guidelines by storing the samples at 40 ± 2 ◦C/75 ± 5% RH for 180 days in the
stability chamber.

2.16. Statistical Analysis

Triplication of all experiments were completed and the data are given as a
mean ± standard deviation. The student’s “t” test was used to examine statistical data.

3. Results and Discussions

3.1. Compatibility Studies (FTIR)

The interactions between the drug and the excipients were analyzed by comparing
the FTIR spectra of the pure drug, the individual excipients, the physical mixture, the
processed mixture of the polymer and the polymeric surfactant and the artemisinin-loaded
nanomicelles.

An artemisinin IR spectrum contains unique bands of IR regions such as, 1116 cm−1

for the C–O–O–C bending vibrations of the endoperoxide ring, 1736 cm−1 for the C=O
lactone ring stretching and 1012 cm−1, 1200 cm−1 and 3455 cm–1 stretching for the C–O,
C–O–C and O–H stretching vibrations, respectively (Figure 1). The symmetric CH3 stretch
was marked by identifying the fermi resonance at 2952 cm–1 with overtones of methyl
bending. The IR absorption bands at 883 cm–1 and 831 cm–1 were responsible for O–O–C
and O–O stretching as the boat/twist form of 1, 2, 4-trioxane [36]. The characteristic IR
absorption pattern of PVP K90 was shown in the bands of 3447 cm−1 with O–H stretching
vibrations, C–H stretching vibration at 2886 cm−1, C=O carbonyl stretching at 1655 cm−1,
C–H stretching at 1375 cm−1, and C–N stretching vibration at 1281 cm−1 [18]. The prop-
erties of Poloxamer 407 include the absorption bands for aliphatic IR vibration C–H at
2921 cm−1, the vibration C–O stretches at 1117 cm−1 and the vibration O–H stretches at
3452 cm−1 [37,38].

Figure 1. FTIR spectrum of artemisinin, PVP K 90, poloxamer 407, physical mixture, processed
mixture and artemisinin nanomicelles.
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The IR spectra of artemisinin nanomicelles and the processed mixture shows the
presence of C=O stretching at 1644 and 1653 cm−1 (carbonyl bond) and 1117 cm−1 for
C–O (ether bands) stretching vibrations which confirms the interaction between the polox-
amer and PVP; this interaction was absent in the physical mixture [39]. The artemisinin-
loaded nanomicelles exhibited a shift at the C=O stretching vibrations from 1736 cm−1 to
1644 cm−1 and 1653 cm−1, respectively. The changes in the carbonyl (C=O) group of the
lactone ring in artemisinin might contribute towards the artemisinin solubility.

The formation of a weaker hydrogen bond between the lactone ring carbonyl group
(C=O) and the poloxamer hydroxy group could contribute to the enhancement of artemisinin
solubility [40]. Moreover, the muster between the poloxamer hydroxy group and the
PVP ketone group might increase the hydrophobic micelle corona, which might increase
artemisinin solubility.

3.2. Preliminary Screening for Nanomicelles Formation Capacity

The stable nanomicelles were screened based on the transparency and the formation
of a precipitate upon storage for up to 24 h. Poloxamar 407 and PVP k90 (1:2) produced
clear nanomicelles, whereas other lower ratios produced unclear nanomicelles. The higher
ratio of poloxamer 407 to PVP K 90 produced visually clear nanomicelles, but the amount
required for the formation of nanomicelles was higher than the amount permitted to be used
for ocular application as per USFDA [41,42]. The preliminary trial experiments indicated
that the polymer and the polymeric surfactant concentration affects the transparency and
particle size of the nanomicelles.

3.3. Experimental Design

The optimization to screen the smaller particle size with transparent artemisinin-
loaded nanomicelles was obtained using central composite rotatable design–response
surface methodology (CCRD–RSM). The optimization layout is shown in Table 2, and
three-dimensional (3D) RSM graphs and contour graphs are shown in Figures 2 and 3,
respectively. The mathematical relationships constructed for the studied response variables
of particle size and transparency are expressed as given below in Equations (2) and (3). The
best fitting was obtained with the quadratic model. The R-Squared, adjusted R-Squared,
predicted R-Squared and adequate precision of the particle size were 0.5818, 0.2830, −1.9741
and 3.269, respectively. Similarly, the R-Squared, adjusted R-Squared, predicted R-Squared
and adequate precision of the transparency of the systems were 0.7968, 0.6517, −0.4449
and 5.865, respectively.

Table 2. Experimental design variables and the observed responses in the response surface method-
ology for the formulation of nanomicelles.

Run
Factor 1 A:

Poloxamer 407
Factor 2 B: PVP

K 90

Response 1
Particle Size nm

(PDI)

Response 2
Transparency %

1 0.00 0.00 44 (0.36) 96
2 −1.00 1.00 106 (0.54) 44
3 1.00 1.00 51 (0.42) 94
4 0.00 0.00 44 (0.36) 96
5 0.00 0.00 44 (0.36) 96
6 0.00 1.41 98 (0.43) 46
7 −1.00 −1.00 41 (0.35) 99
8 1.00 −1.00 78 (0.33) 44
9 −1.41 0.00 156 (0.41) 33
10 1.41 0.00 143 (0.56) 38
11 0.00 −1.41 139 (0.86) 37
12 0.00 0.00 44 (0.36) 96
13 0.00 0.00 44 (0.36) 96
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Figure 2. Three-dimensional (3D) and Contour plots of the response surface method graph for the
effect of PVP K 90 and poloxamer 407 concentrations on the particle size of nanomicelles.

Figure 3. Three-dimensional (3D) and Contour plots of the response surface method graph for the
effect of PVP K 90 and poloxamer 407 concentrations on the transparency of nanomicelles.

Final Equation in Terms of Coded Factors:

Particle size = + 44.31 − 4.55 × A − 2.50 × B − 23.00 × A × B+ 36.35 × A2 + 20.85 × B2 (3)

Transparency = + 96.00 + 0.26 × A + 0.97 × B + 26.25 × A × B − 22.31 × A2 − 19.31 × B2 (4)

where A = Concentration of poloxamer, B = Concentration of PVP K 90.
The increasing concentration of poloxamer 407 contributed negatively towards the

particle size and positively towards the transparency of nanomicelles, whereas PVP K90
exhibited opposite results. RSM diagrams showed that the higher the concentration of
PVP K90 and poloxamer 407, the higher the particle size produced with a lower trans-
parency. Transparent nanomicelles and lower particle size nanomicelles were obtained
effectively within the limit of 5 to 10% of PVP K 90 and 2.5 to 5% of poloxamer 407.
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3.4. Preparation of Artemisinin-Loaded Nanomicelles

Three different concentrations of PVP K90 and poloxamer 407 are permitted for
ophthalmic applications at a 2:1 ratio and were used to formulate the artemisinin-loaded
nanomicelles [30]. Previously, it has been reported that the addition of poloxamer in
celecoxib microspheres showed a 5-fold enhanced solubility and dissolution rate (98.0%
release in 30 min) of celecoxib. In addition, the viscosity of ocular formulations became
enhanced upon the incorporation of the poloxamer and PVP K90 as thickening agents and
this may retain the incorporated drugs for a prolonged period of time [43].

3.5. Determination of Critical Micellar Concentration

Poloxamers are non-ionic polymeric surfactants and PVP is a non-ionic homo copoly-
mer. These two non-ionic polymers are grafted together with an increased solubility. The
artemisinin carbonyl group may combine with the poloxamer hydroxyl group to produce
self-assembled micelles in water [39].

The CMC results show that the addition of pyrene to the aqueous dispersion of
blank nanomicelles and artemisinin-loaded nanomicelles causes a substantial quenching
of pyrene fluorescence (Figure 4). An increase in the concentration of PVP K 90 and
poloxamer 407 causes a red shift in the emission and the intensity ratio I384/I375 of pyrene
is gradually increased. The CMC observed for the blank nanomicelles and artemisinin-
loaded nanomicelles was around 263 ± 3 µg/mL and 295 ± 3 µg/mL, respectively.

Figure 4. CMC of the blank nanomicelles and artemisinin nanomicelles by a pyrene-based fluorescent
probe method.

3.6. Characterization of Artemisinin-Loaded Nanomicelles
3.6.1. Transparency

The artemisinin nanomicelles that were formed were clear and transparent in nature.
The transparency of the formulations decreased from 99.0% to 94.0% upon the increase in
the concentration of PVP K 90 and poloxamer 407 (Table 3).
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Table 3. Evaluation of particle size, PDI, zeta potential, transparency and cloud point of the nanomicelles.

Formulation
Code

Particle Size
(nm)

PDI
Zeta

Potential
(mV)

Transparency
(%)

Cloud Point
(◦C)

BNM 1 32 ± 0.7 0.31 ± 0.13 −4.0 ± 1.6 99 ± 1.1 69 ± 1
BNM 2 34 ± 0.3 0.30 ± 0.11 −7.0 ± 1.1 97 ± 1.4 68 ± 1
BNM 3 39 ± 0.6 0.34 ± 0.21 −10.0 ± 1.3 95 ± 1.8 69 ± 2
ANM 1 41 ±0.9 0.35 ± 0.11 −5.0 ± 1.2 99 ± 1.3 70 ± 1
ANM 2 44 ± 1.1 0.36 ± 0.12 −9.2 ± 1.4 96 ± 1.9 69 ± 2
ANM 3 51 ± 2.1 0.42± 0.13 −12.0 ± 2.8 94 ± 2.1 68 ± 1

Data are mean ± SD, n = 3.

3.6.2. Cloud Point Measurement

The cloud point of artemisinin-loaded nanomicelles was around 68–70 ◦C (Table 3).
The cloudiness that appeared in the tested artemisinin-loaded nanomicelle disappeared
upon the decrease in temperature just below the cloud point and this happened within a
few minutes. These results indicate that the developed artemisinin-loaded nanomicelles
might be stable at body temperature. The micellar enlargement and packing were formed
due to the dehydration of the polymer block upon the increase in temperature. The non-
ionic polymeric surfactant poloxamer undergoes phase separation at high temperatures
due to the dehydration of the polyethylene oxide moiety [26].

3.6.3. Particle Size and Zeta Potential

The mean particle size and charge of the artemisinin-loaded nanomicelles was found
to be 41 to 51 nm and –5 mV to –12 mV, respectively. The polydispersity index ranges from
0.353 to 0.422 (Table 3). The particle size of artemisinin-loaded nanomicelles increased
upon the increase in the concentrations of the polymer and the polymeric surfactant [16,44].

3.6.4. Morphology and Drug Content

The TEM photomicrograph (Figure 5) shows that the dispersed particles had a smooth
surface with a spherical shape and were distributed uniformly. The fragmentation pattern
shows the hydration of the polymer blocks upon solubilizing in PBS. The surface of the
dispersed particle photomicrograph displays the entrapped drug particles and the drug
particle distribution within the nanomicelles. The amount of artemisinin present in the
artemisinin-loaded nanomicelles ranged from 98 to 99% w/v.

Figure 5. Transmission electron photomicrograph of artemisinin nanomicelles (ANM 2).
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3.7. In Vitro Hemolytic Potential

The non-irritant potential of the blank nanomicelles with a concentration of
PVP K90 and poloxamer 407 (8:4 and 10:5%) as evaluated by hemolytic studies is shown in
Figure 6A. Topical ocular drops are intended for delivering the drugs through the cornea,
aqueous humor and the vitreous humor to the retina. In wet AMD, a leakage of blood and
fluid occurs in the macula region of the retina. The vehicle with the hemolytic properties
will destroy the leaked blood cells that cause an enlargement of the macula. The blank
nanomicelles BNM 2 and BNM 3 showed 20% and 22.5% hemolysis, respectively. It was
observed that the percentage of hemolysis of the red blood cells produced by blank na-
nomicelles was within the acceptable range (25%). Hence, the formulated nanomicelles
might be safe for topical administration.

Figure 6. (A) In vitro hemolytic potential of blank nanomicelles in human peripheral blood.
(B) In vitro genotoxicity of blank nanomicelles in human peripheral blood lymphocytes by an alkaline
comet assay. * The minimum and maximum value (outliers) of the data.

3.8. Evaluation of the Genotoxicity of the Nanomicelles by the Alkaline Comet Assay

The genotoxic effect of the artemisinin-loaded nanomicelles was evaluated by an
alkaline comet assay and the results are displayed in Figure 6B. The high concentration
of the polymer (10%) and the polymeric surfactant (5%) containing blank nanomicelles
(NM 3) produced no significant DNA damage (Figure 7) in comparison with hydrogen per-
oxide (positive control). The formulated artemisinin-loaded nanomicelles did not produce
any remarkable damage in mammalian cells also. Hence, the developed artemisinin-loaded
nanomicelles with higher concentrations of the polymer and the polymeric surfactant might
be useful for ocular topical drug delivery.

Figure 7. Photomicrographs of Ethidium/Bromide-stained white blood cells under fluorescent
microscope. Control cells (a), hydrogen peroxide treated cells (b), blank NM 2 treated cells (c), blank
NM 3 treated cells (d).
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3.9. In Vitro Drug Release

The in vitro drug release studies indicate that around 96.0 to 99.0% of artemisinin
was released from artemisinin nanomicelles ANM 1, ANM 2, ANM 3 and only 14%
of artemisinin was released from pure drug suspension within 8 h (Figure 8A,B). The
artemisinin-loaded nanomicelles (ANM 1 and ANM 2) showed a higher drug release
than the nanomicelles formulated with higher concentrations of 10% PVP K 90 and
5% poloxamer 407 (ANM 3) and drug suspensions. In the present study, artemisinin
release from the nanomicelles was indirectly proportional to the polymer and polymeric
surfactant concentrations of the formulation. This might be due to the encapsulation of
the drug particles inside the nano structure of the formulation. The slowest release of
artemisinin suspensions was observed due to its hydrophobicity which leads to a float-
ing of the drug powder in the dissolution medium. The increased dissolution rate of
artemisinin-loaded nanomicelles might be due to the reduction in drug crystal size, the
carrier solubilization effect, the reduction in drug aggregation and agglomeration, the
conversion of the amorphous state and increased drug wettability [45].

Figure 8. (A) In vitro drug release of artemisinin from artemisinin nanomicelles and pure drug
suspension. (B) In vitro corneal permeation of artemisinin from artemisinin nanomicelles and pure
drug suspension.

A similar result was reported for the in vitro release of timolol maleate from the ocular
gel, where the release increased with a decreased concentration of pluronic due to the
changes in the structural configuration of the polymeric gel. El-Kamel [43] emphasized
that the increased concentration of Pluronic127 leads to a decrease in the amount of the
drug released. It might be due to the reduction in the number and dimension of water
channels through the polymeric gel.

3.10. In Vitro Trans-Corneal Permeation of All the Nanomicelles

The in vitro corneal permeation of artemisinin from the artemisinin-loaded nanomi-
celles was evaluated through the excised rabbit cornea. The permeation of artemisinin
through the excised cornea followed the order of ANM 3 > ANM 2 > ANM 1 > drug disper-
sion (Figure 8B). The maximum amount of artemisinin (2169 ng) permeated from ANM 3
which is higher than that of drug suspension by 2.5-fold. Similarly, 2067 ng and 1717 ng of
artemisinin permeated from ANM 2 and ANM 1 and 839 ng of artemisinin permeated from
the artemisinin drug suspension. The permeation of artemisinin increased gradually upon
the increased concentration of PVP and poloxamer 407. It has been reported that the ocular
bioavailability of drugs is enhanced with an increased concentration of surfactants [33,46].
The ocular bioavailability of timolol maleate from ocular gel increased (2 to 2.5-folds)
with an increased concentration of pluronics (15–25%). The increased corneal permeation
observed with artemisinin-loaded nanomicelles might be due to the presence of poloxamer
407 which increases the solubility of the artemisinin, removes the phospholipids from the
epithelial cell membrane without damage and relaxes the epithelium cell junction which
leads to the influx of hydrophilic compounds through the cornea [33,47].
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3.11. Apparent Permeability Coefficient (Papp)

The papp was calculated from the corneal permeation profiles of nanomicelles and the
data are shown in Figure 9. The Papp of artemisinin from artemisinin-loaded nanomicelles
ANM 3, ANM 2, ANM 1 and pure drug suspension was found to be 117.31 × 106 cm/s,
111.55 × 106 cm/s, 96.84 × 106 cm/s and 45.63 × 106 cm/s, respectively. The enhancement
of Papp was 2.57, 2.44 and 2.12-fold for ANM3, ANM2 and ANM1 artemisinin-loaded
nanomicelles when compared with artemisinin suspension. The corneal permeability of
artemisinin significantly increased with an increased concentration of the polymeric surfac-
tant [46]. It has been reported that the passive corneal transport of the drugs is improved in
the presence of a surfactant [47]. It was observed that the apparent permeation coefficient
of the artemisinin-loaded nanomicelles was directly proportional to the concentration of
the surfactants.

Figure 9. Apparent permeability coefficient of artemisinin from pure drug suspension and artemisinin
nanomicelles.

3.12. Histological Examination of the Drug-Permeated Cornea

The realistic mechanism of drug permeation through the cornea was examined by
histological evaluation (Figure 10). The photograph of the cornea after 2 h of corneal perme-
ation shows that the surface of the epithelium and stroma were modified in comparison to
the control. The pore sizes of the cornea and stroma expanded; hence, the drug permeation
through cornea may be enhanced without damaging the membrane [48].

Figure 10. Histopathological image of a normal cornea (a) and an ANM 2 penetrated cornea (b).
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The formulations consisting of Poloxamer 407 and PVP may become trapped in the
corneal epithelium’s lipid bilayer which may affect the physical characteristics of the
epithelial membrane and cause membrane or corneal solubilization of artemisinin. The use
of the formulation containing these combined surfactants also dissolves the phospholipids
of epithelial cell membranes and establishes a trans-corneal pathway, allowing the drug to
be entrapped in these areas more easily [48].

The use of the surfactant in ocular tissues was reported to show reversible changes
in the histology and improve the penetration of encapsulated drugs; thereby, frequent
administration and side-effects may be minimized [49].

3.13. Anti-Angiogenic Effect of Artemisinin-Loaded Nanomicelles

The artemisinin-loaded nanomicelles-treated embryo below the filter paper disc
showed changes in blood vessels such as a reduced branching pattern and a capillary
free area after 24 h of treatment (Figure 11). However, these changes were not noticeable
in blank nanomicelles. The artemisinin suspension-treated embryo also showed very
minor changes in the branching patterns of the blood vessels compared to artemisinin
nanomicelles-treated CAM.

Figure 11. Anti-angiogenic effect of artemisinin drug suspension, drug free NM 2 and artemisinin
nanomicelles (ANM 2).

The small capillaries below the filter paper disc in the developing CAM were ab-
sent, but the larger pre-existing vessels remain unaffected. The improved solubility of
artemisinin in artemisinin-loaded nanomicelles might be responsible for the qualitative
improvement in the anti-angiogenic effect. The anti-angiogenic agent was used to stop and
eradicate the existing and newly formed blood vessels. Hence, the developed artemisinin-
loaded nanomicelles are expected to have the potential to treat the wet AMD.

Blank nanomicelles did not produce any remarkable changes in the branching pattern
of the blood vessels. It was also observed that small capillaries and larger preexisting
vessels were unaffected below the disc. This suggests that the surfactant concentration
used in the formulation does not produce any irritation and discoloration of the chorioal-
lantoic membrane. Hence, the formulated artemisinin-loaded nanomicelles can be used for
ophthalmic drug delivery.
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3.14. Stability Studies

Artemisinin-loaded nanomicelles were examined at the end of every month to assess
their instability parameters such as particle size, turbidity and drug content. The particle
size and drug content of the formulations showed no significant changes during the
study period.

4. Conclusions

Topical formulations of artemisinin-loaded nanomicelles were developed using
PVP K90 and poloxamer 407 in the ratio of 2:1. An increase in the concentration of
the polymers showed an enhanced particle size of the nanomicelles. The nanomicelles
made with 8% of PVP K90 and 4% of poloxamer 407 (ANM 2) showed a moderate drug
release and a higher corneal permeation of artemisinin when compared with artemisinin
suspension. The artemisinin-loaded nanomicelles also showed a better anti-angiogenic
potential than artemisinin suspension. Hence, developed artemisinin nanomicelles using
8% of PVP K 90 and 4% of Poloxamer 407 may have the potential for an effective treatment
of AMD.

Author Contributions: C.P. wrote the manuscript and performed the main analysis and data collec-
tion. A.S. performed data interpretations. V.K. performed and interpreted the in vitro analysis. R.P.,
R.V. and S.N. supervised all the tasks, performed data interpretations and finalized the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Ethical Committee and animals were maintained according to the approved guidelines of
the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA) in
India. (Approval No: AUROT/IAEC/NOV2013—0017 Dt. 21.11.2013).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Acknowledgments: The author, P. Chandrasekar, gratefully acknowledges the support received
from the University Grant Commission, New Delhi for providing fellowships for Junior/Senior
Research Fellows.

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

References

1. Stahl, A. The Diagnosis and Treatment of Age-Related Macular Degeneration. Dtsch. Arztebl. Int. 2020, 117, 513–520. [CrossRef]
2. Nayak, K.; Misra, M. A review on recent drug delivery systems for posterior segment of eye. Biomed. Pharmacother. 2018, 107,

1564–1582. [CrossRef]
3. Rodrigues, G.A.; Lutz, D.; Shen, J.; Yuan, X.; Shen, H.; Cunningham, J.; Rivers, H.M. Topical Drug Delivery to the Posterior

Segment of the Eye: Addressing the Challenge of Preclinical to Clinical Translation. Pharm. Res. 2018, 35, 245. [CrossRef]
4. Gokulgandhi, M.R.; Vadlapudi, A.D.; Mitra, A.K. Ocular toxicity from systemically administered xenobiotics. Expert Opin. Drug

Metab. Toxicol. 2012, 8, 1277–1291. [CrossRef]
5. Varela-Fernández, R.; Díaz-Tomé, V.; Luaces-Rodríguez, A.; Conde-Penedo, A.; García-Otero, X.; Luzardo-Álvarez, A.;

Fernández-Ferreiro, A.; Otero-Espinar, F.J. Drug Delivery to the Posterior Segment of the Eye: Biopharmaceutic and
Pharmacokinetic Considerations. Pharmaceutics 2020, 12, 269. [CrossRef]

6. Agrahari, V.; Mandal, A.; Agrahari, V.; Trinh, H.M.; Joseph, M.; Ray, A.; Hadji, H.; Mitra, R.; Pal, D.; Mitra, A.K. A comprehensive
insight on ocular pharmacokinetics. Drug Deliv. Transl. Res. 2016, 6, 735–754. [CrossRef]

7. Sapino, S.; Chirio, D.; Peira, E.; Abellán Rubio, E.; Brunella, V.; Jadhav, S.A.; Chindamo, G.; Gallarate, M. Ocular Drug Delivery: A
Special Focus on the Thermosensitive Approach. Nanomaterials 2019, 9, 884. [CrossRef]

8. Gote, V.; Sikder, S.; Sicotte, J.; Pal, D. Ocular Drug Delivery: Present Innovations and Future Challenges. J. Pharmacol. Exp. Ther.
2019, 370, 602–624. [CrossRef] [PubMed]

9. Swetledge, S.; Jung, J.P.; Carter, R.; Sabliov, C. Distribution of polymeric nanoparticles in the eye: Implications in ocular disease
therapy. J. Nanobiotech. 2021, 19, 10. [CrossRef] [PubMed]

10. Mandal, A.; Bisht, R.; Rupenthal, I.D.; Mitra, A.K. Polymeric micelles for ocular drug delivery: From structural frameworks to
recent preclinical studies. J. Control. Release 2017, 248, 96–116. [CrossRef] [PubMed]

11. Hanafy, N.A.N.; El-Kemary, M.; Leporatti, S. Micelles Structure Development as a Strategy to Improve Smart Cancer Therapy.
Cancers 2018, 10, 238. [CrossRef]

59



Polymers 2021, 13, 3038

12. Bose, A.; Roy Burman, D.; Sikdar, B.; Patra, P. Nanomicelles: Types, properties and applications in drug delivery. IET Nanobiotech.
2021, 15, 19–27. [CrossRef]

13. Vaishya, R.D.; Khurana, V.; Patel, S.; Mitra, A.K. Controlled ocular drug delivery with nanomicelles. Wiley Interdiscip. Rev.
Nanomed. Nanobiotechnol. 2014, 6, 422–437. [CrossRef]

14. Giuliano, E.; Paolino, D.; Fresta, M.; Cosco, D. Mucosal Applications of Poloxamer 407-Based Hydrogels: An Overview.
Pharmaceutics 2018, 10, 159. [CrossRef]

15. Sugumaran, A.; Ponnusamy, C.; Kandasamy, P.; Krishnaswami, V.; Palanichamy, R.; Kandasamy, R.; Lakshmanan, M.; Natesan, S.
Development and evaluation of camptothecin loaded polymer stabilized nanoemulsion: Targeting potential in 4T1-breast tumour
xenograft model. Eur. J. Pharm. Sci. 2018, 116, 15–25. [CrossRef] [PubMed]

16. Bodratti, A.M.; Alexandridis, P. Formulation of Poloxamers for Drug Delivery. J. Funct. Biomater. 2018, 9, 11. [CrossRef] [PubMed]
17. Khanal, P. Antimalarial and anticancer properties of artesunate and other artemisinins: Current development. Mon. Chem. Chem.

Mon. 2021, 152, 387–400. [CrossRef]
18. Cheong, D.H.J.; Tan, D.W.S.; Wong, F.W.S.; Tran, T. Anti-malarial drug, artemisinin and its derivatives for the treatment of

respiratory diseases. Pharmacol. Res. 2020, 158, 104901. [CrossRef] [PubMed]
19. Wang, J.; Zhang, J.; Shi, Y.; Xu, C.; Zhang, C.; Wong, Y.K.; Lee, Y.M.; Krishna, S.; He, Y.; Lim, T.K.; et al. Mechanistic Investigation

of the Specific Anticancer Property of Artemisinin and Its Combination with Aminolevulinic Acid for Enhanced Anticolorectal
Cancer Activity. ACS Cent. Sci. 2017, 3, 743–750. [CrossRef] [PubMed]

20. Lu, B.-W.; Xie, L.-K. Potential applications of artemisinins in ocular diseases. Int. J. Ophthalmol. 2019, 12, 1793–1800. [CrossRef]
21. Chong, C.-M.; Zheng, W. Artemisinin protects human retinal pigment epithelial cells from hydrogen peroxide-induced oxidative

damage through activation of ERK/CREB signaling. Redox Biol. 2016, 9, 50–56. [CrossRef]
22. Ponnusamy, C.; Sugumaran, A.; Krishnaswami, V.; Kandasamy, R.; Natesan, S. Design and development of artemisinin and

dexamethasone loaded topical nanodispersion for the effective treatment of age-related macular degeneration. IET Nanobiotech.
2019, 13, 868–874. [CrossRef]

23. Li, H.; Hu, D.; Liang, F.; Huang, X.; Zhu, Q. Influence factors on the critical micelle concentration determination using pyrene as a
probe and a simple method of preparing samples. R. Soc. Open Sci. 2020, 7, 192092. [CrossRef] [PubMed]

24. Mohr, A.; Talbiersky, P.; Korth, H.-G.; Sustmann, R.; Boese, R.; Bläser, D.; Rehage, H. A new pyrene-based fluorescent probe for
the determination of critical micelle concentrations. J. Phys. Chem. B 2007, 111, 12985–12992. [CrossRef] [PubMed]

25. Subramanian, N.; Ray, S.; Ghosal, S.K.; Bhadra, R.; Moulik, S.P. Formulation design of self-microemulsifying drug delivery
systems for improved oral bioavailability of celecoxib. Biol. Pharm. Bull. 2004, 27, 1993–1999. [CrossRef]

26. Elnaggar, Y.S.R.; El-Massik, M.A.; Abdallah, O.Y. Self-nanoemulsifying drug delivery systems of tamoxifen citrate: Design and
optimization. Int. J. Pharm. 2009, 380, 133–141. [CrossRef] [PubMed]

27. Ponnusamy, C.; Krishnaswami, V.; Sugumaran, A.; Natesan, S. Simultaneous estimation of artemisinin and dexamethasone in
nanodispersions and assessment of Ex-vivo corneal transport study by RP-HPLC. Curr. Pharm. Anal. 2014, 10, 44–50. [CrossRef]

28. Amin, K.; Dannenfelser, R.-M. In vitro hemolysis: Guidance for the pharmaceutical scientist. J. Pharm. Sci. 2006, 95, 1173–1176.
[CrossRef] [PubMed]

29. Natesan, S.; Sugumaran, A.; Ponnusamy, C.; Jeevanesan, V.; Girija, G.; Palanichamy, R. Development and evaluation of magnetic
microemulsion: Tool for targeted delivery of camptothecin to BALB/c mice-bearing breast cancer. J. Drug Target. 2014, 22, 913–926.
[CrossRef]

30. Subramanian, N.; Abimanyu, S.; Vinoth, J.; Sekar, P.C. Biodegradable Chitosan Magnetic Nanoparticle Carriers for Sub-Cellular
Targeting Delivery of Artesunate for Efficient Treatment of Breast Cancer. AIP Conf. Proc. 2010, 1311, 416–424. [CrossRef]

31. Danafar, H.; Jaberizadeh, H.; Andalib, S. In vitro and in vivo delivery of gliclazide loaded mPEG-PCL micelles and its kinetic
release and solubility study. Artif. Cells Nanomed. Biotechnol. 2018, 46, 1625–1636. [CrossRef]

32. Begum, G.; Leigh, T.; Courtie, E.; Moakes, R.; Butt, G.; Ahmed, Z.; Rauz, S.; Logan, A.; Blanch, R.J. Rapid assessment of ocular
drug delivery in a novel ex vivo corneal model. Sci. Rep. 2020, 10, 11754. [CrossRef] [PubMed]

33. Li, X.; Pan, W.; Ju, C.; Liu, Z.; Pan, H.; Zhang, H.; Nie, S. Evaluation of Pharmasolve corneal permeability enhancement and its
irritation on rabbit eyes. Drug Deliv. 2009, 16, 224–229. [CrossRef] [PubMed]

34. Pescina, S.; Govoni, P.; Potenza, A.; Padula, C.; Santi, P.; Nicoli, S. Development of a Convenient ex vivo Model for the Study of
the Transcorneal Permeation of Drugs: Histological and Permeability Evaluation. J. Pharm. Sci. 2014, 104, 63–71. [CrossRef]

35. Velpandian, T.; Bankoti, R.; Humayun, S.; Ravi, A.K.; Kumari, S.S.; Biswas, N.R. Comparative evaluation of possible ocular
photochemical toxicity of fluoroquinolones meant for ocular use in experimental models. Indian J. Exp. Biol. 2006, 44, 387–391.

36. Ansari, M.; Haneef, M.; Murtaza, G.; Dyspersja, S. Solid Dispersions of Artemisinin in Polyvinyl Pyrrolidone and Polyethylene
Glycol. Adv. Clin. Experimetal Med. 2010, 19, 745–754.

37. Garg, A.K.; Sachdeva, R.K.; Kapoor, G. Comparison of crystalline and amorphous carriers to improve the dissolution profile of
water insoluble drug itraconazole. Int. J. Pharm. Bio Sci. 2013, 4, 934–948.

38. Vyas, V.; Sancheti, P.; Karekar, P.; Shah, M.; Pore, Y. Physicochemical characterization of solid dispersion systems of tadalafil with
poloxamer 407. Acta Pharm. 2009, 59, 453–461. [CrossRef]

39. Zhang, Y.; Lam, Y.M. Controlled synthesis and association behavior of graft Pluronic in aqueous solutions. J. Colloid Interface Sci.
2007, 306, 398–404. [CrossRef]

60



Polymers 2021, 13, 3038

40. Saluja, H.; Mehanna, A.; Panicucci, R.; Atef, E. Hydrogen Bonding: Between Strengthening the Crystal Packing and Improving
Solubility of Three Haloperidol Derivatives. Molecules 2016, 21, 719. [CrossRef]

41. Li, G.; Zhong, M.; Zhou, Z.; Zhong, Y.; Ding, P.; Huang, Y. Formulation optimization of chelerythrine loaded O-
carboxymethylchitosan microspheres using response surface methodology. Int. J. Biol. Macromol. 2011, 49, 970–978.
[CrossRef]

42. Singh, B.; Chakkal, S.K.; Ahuja, N. Formulation and optimization of controlled release mucoadhesive tablets of atenolol using
response surface methodology. AAPS Pharmscitech 2006, 7, E19–E28. [CrossRef]

43. El-Kamel, A.H. In vitro and in vivo evaluation of Pluronic F127-based ocular delivery system for timolol maleate. Int. J. Pharm.
2002, 241, 47–55. [CrossRef]

44. Kim, H.; Csaky, K.G. Nanoparticle-integrin antagonist C16Y peptide treatment of choroidal neovascularization in rats. J. Control.
Release 2010, 142, 286–293. [CrossRef]

45. Paradkar, A.; Ambike, A.; Mahadik, K. Characterization of curcumin-PVP solid dispersion obtained by spray drying. Int. J.
Pharm. 2004, 271, 281–286. [CrossRef]

46. Ahuja, M.; Dhake, A.S.; Sharma, S.K.; Majumdar, D.K. Diclofenac-loaded Eudragit S100 nanosuspension for ophthalmic delivery.
J. Microencapsul. 2011, 28, 37–45. [CrossRef] [PubMed]

47. Majumdar, S.; Srirangam, R. Solubility, stability, physicochemical characteristics and in vitro ocular tissue permeability of
hesperidin: A natural bioflavonoid. Pharm. Res. 2009, 26, 1217–1225. [CrossRef]

48. Toropainen, E.; Ranta, V.P.; Talvitie, A.; Suhonen, P.; Urtti, A. Culture model of human corneal epithelium for prediction of ocular
drug absorption. Investig. Ophthalmol. Vis. Sci. 2001, 42, 2942–2948. [PubMed]

49. Naguib, S.S.; Hathout, R.M.; Mansour, S. Optimizing novel penetration enhancing hybridized vesicles for augmenting the in-vivo
effect of an anti-glaucoma drug. Drug Deliv. 2017, 24, 99–108. [CrossRef]

61





polymers

Review

Development of a New Polymeric Nanocarrier Dedicated to
Controlled Clozapine Delivery at the Dopamine D2-Serotonin
5-HT1A Heteromers

Sylwia Łukasiewicz

Citation: Łukasiewicz, S.

Development of a New Polymeric

Nanocarrier Dedicated to Controlled

Clozapine Delivery at the Dopamine

D2-Serotonin 5-HT1A Heteromers.

Polymers 2021, 13, 1000. https://

doi.org/10.3390/polym13071000

Academic Editors: M. Ali Aboudzadeh

and Stefano Leporatti

Received: 18 February 2021

Accepted: 18 March 2021

Published: 24 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Physical Biochemistry, Faculty of Biochemistry, Biophysics and Biotechnology, Jagiellonian
University, 30-387 Krakow, Poland; sylwia.lukasiewicz@uj.edu.pl; Tel.: +48-012-664-61-34; Fax: +48-012-664-6902

Abstract: Clozapine, the second generation antipsychotic drug, is one of the prominent compounds
used for treatment of schizophrenia. Unfortunately, use of this drug is still limited due to serious side
effects connected to its unspecific and non-selective action. Nevertheless, clozapine still remains the
first-choice drug for the situation of drug-resistance schizophrenia. Development of the new strategy
of clozapine delivery into well-defined parts of the brain has been a great challenge for modern
science. In the present paper we focus on the presentation of a new nanocarrier for clozapine and
its use for targeted transport, enabling its interaction with the dopamine D2 and serotonin 5-HT1A

heteromers (D2-5-HT1A) in the brain tissue. Clozapine polymeric nanocapsules (CLO-NCs) were
prepared using anionic surfactant AOT (sodium docusate) as an emulsifier, and bio-compatible
polyelectrolytes such as: poly-L-glutamic acid (PGA) and poly-L-lysine (PLL). Outer layer of the
carrier was grafted by polyethylene glycol (PEG). Several variants of nanocarriers containing the
antipsychotic varying in physicochemical parameters were tested. This kind of approach may enable
the availability and safety of the drug, improve the selectivity of its action, and finally increase
effectiveness of schizophrenia therapy. Moreover, the purpose of the manuscript is to cover a wide
scope of the issues, which should be considered while designing a novel means for drug delivery. It is
important to determine the interactions of a new nanocarrier with many cell components on various
cellular levels in order to be sure that the new nanocarrier will be safe and won’t cause undesired
effects for a patient.

Keywords: encapsulation; clozapine; schizophrenia; polymeric nanocarriers; D2-5-HT1A receptor
heterodimers; scFv antibodies

1. Introduction

Currently, the use of nanotechnology in molecular pharmacology has been attracting
more and more attention. One of the leading trends in nanomedicine is the attempt to use
drugs attached to nanoparticles in the therapy of many diseases. The nanoparticles delivery
systems of active compounds create new possibilities, allowing, among other benefits, us
to achieve a therapeutic effect only in a selected, well-defined target site, thus leading
to the reduction or elimination of undesired side effects mainly related to non-selective
action [1,2]. The main advantages of nanocarriers are their sub-cellular dimensions and
tissue-cellular biocompatibility. The improvement of the compatibility of lipophilic, poorly
water-soluble or even water-insoluble active compounds or increased drug permeability
and absorption has been shown for various nanoformulations [3–6]. Drug encapsulation
extends the duration of its action, protecting against rapid uptake and degradation, and
by controlling the released dose it allows for maintaining concentration of the drug at the
level of the required therapeutic concentration. Thus, such a strategy allows for reducing
the size and frequency of doses [4–7]. In addition, the appropriate functionalization of the
surface of the nanocarrier enables so-called “intelligent targeting”, i.e., release of the drug
at the appropriate destination [5,6,8,9]. Thanks to this, nanotherapeutics have the ability

63



Polymers 2021, 13, 1000

to “perform complex operations” in the right place at the right time in the patient’s body,
contrasting with previously developed preparations, whose greatest weakness has been
non-selectivity. All of the above-mentioned features have consequently led to a reduction
of the negative side effects of the therapy. Polymeric nanoparticles (PNp) are formed
by biocompatible and biodegradable polymeric materials. This strategy enables a pre-
dictable decomposition process and complete metabolization of degradation products [10].
Polymeric nanocapsules (NCs) usually include an active compound immersed in a liq-
uid core surrounded by a polymeric shell, which can be obtained from natural (chitosan,
dextran, alginate, heparin, dextran sulfate, cellulose sulfate etc.) or synthetic polymeric
(PLGA—poly(lactic-co-glycolic acid), PLA—poly(lactic acid), PGA—poly(glycolic acid),
PCL—poly(caprolactone), PEI—poly(ethyleneimine), PLL—poly(L-lysine) etc.). To avoid
serum protein adsorption, nonspecific binding to undesired cells and tissues, an outermost
shell of the capsule is pegylated (grafted by polyethylene glycol–PEG). Selective delivery
of active compounds requires the proper modification of a capsule shell, to which external
elements (so-called targeting ligands) are embedded to obtain molecular recognition at
the desired target location. One of the best targeting ligands are monoclonal scFv antibod-
ies fragments (single chain variable fragments), which, due to their relatively small size,
higher (as compared to other types of ligands) binding specificity as well as the lack of
complement activating region and Fc domain (which directly translates into a reduction in
the immunogenicity of the modified nanocapsules) [8–11], are increasingly used to func-
tionalize nanocarriers. Moreover, the aptamer-functionalized nanocapsules show a good
compatibility with the bloodstream and do not have a cytotoxic effect [5,6]. In conclusion,
nanotechnology-based therapeutic methods provide unusual control over behaviour of the
drug in the body, thus providing the possibility of targeted treatment.

Based on the current available literature, one may notice that in recent years there have
been attempts at preparing a nanocarrier for antipsychotic drugs used to treat schizophre-
nia, a complex psychiatric disorder. Despite the better profile of atypical antipsychotics,
they are not free of a negative impact on the patient’s organism. Both clinical and experi-
mental studies indicate that the reduction of side effects is not complete, which is probably
related to the non-specific action of the drug [12]. Therefore, the studies focusing on finding
new agents with greater therapeutic efficacy are still in progress. The reference for this
search is clozapine, which belongs to the group of atypical antipsychotic drugs. This drug
is used in the clinic, however, and is not free from serious side effects such as: myocarditis,
arrhythmia, weight gain, metabolic disorders, and above all agranulocytosis [13,14]. Due
to risks of the above-mentioned complications, therapy with clozapine is often limited.
The possibility to direct this compound to the desired site of action would greatly enhance
its specificity.

Wang et al. (2020) produced clozapine containing solid lipid nanoparticles (SLNs) by
using ultrasonic technology. They indicate that the encapsulation improves drug stability
in the carrier system, and also increases drug bioavailability in vivo [15]. Ishak et al. (2013)
showed different pharmacokinetic profile and biodistribution behavior of clozapine (CZP)-
loaded NPs which were coated with chitosan, pluronic F-68, PEG 4000 and polysorbate
80 [16]. Moreover, the factors affecting drug encapsulation efficiency, particle size, surface
charge, and surface hydrophilicity have been studied [17]. Additionally one can find some
research that provides a brief summary and discussion of the progress and development
in the delivery of other antipsychotics (e.g., aripiprazol, olanzapine, paliperidone) with
nanoparticle formulations [18–22].

The main purpose of the manuscript is to cover a wide scope of the issues, which
should be considered while designing this novel means for drug delivery. Very often
scientific literature brings very enthusiastic information concerning the possibilities of
modern nanomedicine, nano pharmacology and drug delivery, but the presented data are
usually limited to the description of interactions of synthesized nanoparticles at the site
of their destination, without data concerning interactions with cells of an immunological
system, or possibilities of new nano carriers to turn on or promote the inflammation
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processes, genotoxicity, or, last but not least, data on in-vivo interactions. The main topic
of the present review focuses on efforts which need to be undertaken to obtain a reliable,
well-defined nanocarrier dedicated to drug delivery, in order to be sure that it will be safe
and not cause undesired effects for a patient.

The present review covers a set of papers concerning studies leading to encapsulation
of clozapine into polymeric nanocarriers. It is important to determine the interactions of
new nanocarriers with many cell components on various cellular levels in order to be sure
that the new nanocarrier will be safe and not cause undesired effects for a patient.

Considering the above issue, below is the description of the research which was un-
dertaken to obtain an encapsulated form of clozapine. Clozapine polymeric nanocapsules
(CLO-NCs) were prepared using anionic surfactant AOT (sodium docusate) as an emul-
sifier, and biocompatible polyelectrolytes such as: PGA and PLL. The outer layer of the
carrier was grafted by PEG. Several variants of nanocarriers containing the antipsychotic
varying in physicochemical parameters were tested. It seems that increasing the efficacy
and safety of the clinical use of clozapine can be achieved by designing an appropriate
nanocarrier to deliver the above-mentioned therapeutic to the selected target which con-
stitutes the areas of the brain rich in dopamine D2 and serotonin 5-HT1A (D2-5-HT1A)
heteromers. The above strategy may contribute to increasing the availability and safety of
the drug, as well as improve the selectivity of its action, resulting in increased effectiveness
of schizophrenia therapy. However, the task is not easy and demands elaborate work,
which is illustrated below.

1.1. Preparation of Polymeric Nanocapsules (NCs)

Polymeric nanocapsules (NCs) with a liquid core covered with a layer of biodegradable
polyelectrolytes were prepared by the technique of sequential adsorption of the oppositely
charged nanomaterials “layer-by-layer” LbL. The anionic surfactant AOT (sodium docusate,
approved by FDA) as an emulsifier, and biocompatible polyelectrolytes such as: PGA
polyanion, and PLL polycation were used. The pegylated outer layer of the capsule was
prepared using PGA-g-PEG (PGA grafted by polyethylene glycol) (Figure 1). PEG is a
neutral, hydrophilic polymer, and its high flexibility and mobility of the chain contributes
to the stability of the NCs. Moreover, pegylated coatings are characterized by a reduced
potential for protein adsorption, resulting in suppression of the opsonization process, and
thereby a reduction of NCs uptake by cells of the immune system. The average size of the
obtained NCs was 80–100 nm depending on the thickness of the outer layer. The obtained
NCs were stable under physiological conditions at high ionic strength [23–25].

Figure 1. Structure of obtained polymeric NCs.
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1.2. Interaction of the Nanocapsule/Target Cell—Cytotoxicity Studies of the Obtained
Nanoformulations

Finding effective nanocarriers dedicated to the controlled delivery of active com-
pounds requires systematic studies leading to the optimization of their interaction with
target cells. This interaction depends on the type and physicochemical properties of the
carrier and, above all, on the modification of its external layer. Quantification of cell via-
bility allows to describe the toxicity of used nanomaterials. It is important to maintain a
balance between the effective nanocarrier internalization and the induction of a toxic effect.
The interaction between the NCs and the cell membrane is the main factor influencing this
process and depends on the shape, size, flexibility, surface charge, modification and func-
tionalization of a capsule [26–29]. In the case of NCs with a surface charge, their interaction
with the cell membrane will be mainly determined by electrostatic interactions [26,27]. We
have to take into account the fact that the sizes of capsules and their surface properties can
significantly change in biological systems [30–33]. Due to varying ionic strength, as well as
possible reactions with medium components (e.g., protein adsorption) spontaneous aggre-
gation of NCs may occur [33–36]. Therefore, firstly, the biocompatibility and cytotoxicity of
the obtained nanomaterials were determined, depending on the NCs dose, charge, size
and modification of the outer layer. The experiments were carried out for various cell lines:
HEK 293 (human embryonic kidney cell line), RAW 264.7 (mouse murine macrophages
cell line), THP-1 (human leukemic monocyte cell line). The detailed results were presented
in the publications [23,24]. Literature reports indicate a discrepancy in the obtained data
using various tests dedicated to the estimation of cell viability [37,38]. Therefore, in order
to obtain the most reliable results and avoid possible overinterpretation, several different
tests were performed [23,24]. Generally, three main trends have been observed. Cytotox-
icity depended on: (1) NCs concentration: for each type of tested NCs, the most toxic
doses were defined, although it should be emphasized that for the most toxic types of
NCs, the cell survival increased to 90% when the dose was reduced to 0.2 × 106 NCs per
cell, which is much above the assumed theoretical amount of NCs sufficient to achieve
a therapeutic effect; (2) the number of polyelectrolyte layers—the smaller the number of
layer (when we compere layers with the same charge—even or odd number of layers), the
greater the decrease in cell viability; (3) surface charge—the negative charge on the NCs
surface was correlated with increased survivability. Moreover, the obtained results indicate
a relationship between the surface charge of the NCs and the destabilization of the cell
membrane. In conclusion, the more toxic ones turned out to be positively charged NCs.
Below (Figure 2) an example of the distribution of cytotoxicity depending on number of
layers forming the nanocarrier, measured in RAW 264.7 and THP cells after 24 h incubation
with NCs. More detailed information concerning the issue can be found in [23,24].

Figure 2. Cytotoxicity of obtained nanomaterials depending on their structure. Measurements for RAW 264.7 and THP-1
cells after a 24 h incubation with NCs. Detailed information [23,24].

66



Polymers 2021, 13, 1000

The mechanism of the observed phenomenon is probably similar for all tested cell
lines and may be associated with a more efficient adsorption of positively charged NCs
on the cell surface, a tendency to reduce lipid density and eventually disruption of cell
membrane function. Modifications of the external layer involving the PEG grafting have
a positive effect on cell viability (no toxic effects were observed). Moreover, pegylation
spatially stabilized the NCs and prevented their aggregation [23,24].

1.3. Interactions of the Obtained NCs with Cells of the Immune System

The use of nanotechnology in the development of new controlled drug delivery
systems also requires extensive studies on the interaction of nanomaterials with cells of the
immune system. Numerous reports point to the rapid elimination of nanocarriers from
the blood stream [39]. Adsorption of plasma proteins on the surface of the nanocarriers
allows macrophages of the mononuclear phagocytic system (MPS) to quickly recognize and
remove NCs before they reach their destination [40]. This translates directly into reducing
the half-life of the drug and thus limits the ability of nanomaterials to function as efficient
nanocarriers. Therefore, it is extremely important to design a nanocarrier that is non-visible
for phagocytic cells and at the same time has all the features allowing for performing
the required function. As was mentioned previously, the interaction of nanocarriers with
target cells mainly depends on the type and physicochemical properties of the nanocarrier.
Therefore, in accomplishing the assumed goals, NCs were tested depending on their size
and charge, as well as modification of the outer layer. Numerous studies indicate that the
appropriate modification of the outer layer has the greatest impact on interaction with
phagocytic cells. Decorating the particle surface with a neutral hydrophilic polymer such as
PEG blocks the electrostatic and hydrophobic interactions, which leads to the reduction or
complete elimination of protein adsorption, thereby minimizing the opsonization process,
which in consequence increase the lifetime of the nanocarrier in the bloodstream. This effect
is correlated with the PEG properties. The proper pegylation of the particle surface is a
crucial step, because the PEG quality, chain size, number of chains, density and the way they
are arranged have a huge impact on the interaction with the target cell and biodistribution
of the nanocarrier in the body [41]. In summary, the formation of a hydrophilic shell around
the NCs protects it against rapid phagocytic uptake. On the other hand, pegylation may also
intensify the internalization process of nanomaterials by other cell types (e.g., tumor cells
or blood-brain barrier cells) [39,42]. Reports indicate that both phagocytosis, endocytosis
and micropetrocytosis may be involved in the internalization process [1]. Considering
the above issues, the conducted experiments also focused on the study of the interaction
between the obtained NCs (with different physicochemical parameters) and cells of the
immune system. RAW 264.7 and THP-1 cell lines, as well as human monocyte-derived
macrophages (HMDMs) cells that were differentiated from peripheral blood mononuclear
(PMBC) cells from healthy donors were used in our studies [24,43]. It has been shown
that all types of synthesized NCs are taken up by phagocytic cells; however, the uptake
of pegylated NCs was substantially lower compared to unmodified NCs. The strongest
inhibition of the process was observed in the case of blocking (in experiments specific
inhibitors for specific endocytosis pathways were used) clathrin mediated endocytosis
(RAW 264.7, THP-1). The presence of all types of obtained NCs in lysosomes was also
visualized. In addition, it has been shown that unmodified NCs, in contrast to pegylated
NCs, have an influence on the phagocytic potential. None of the obtained NCs variants
also led to the differentiation of THP-1 cells. Based on the above observations, it was
concluded that the obtained polymeric NCs can be successfully modified (by PEG grafting)
in a way that allows them to be masked for phagocytic cells. This confirmed the earlier
hypothesis that synthesized NCs are a promising candidate that can be used for controlled
drug delivery (more detailed information concerning the issue one can find in [24,43]).
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1.4. Obtaining and Characterization of the Encapsulated Form of Clozapine

Currently, encapsulation of active compounds is a promising strategy in modern
molecular pharmacology. Therefore, in the light of the above-described issues, encapsula-
tion of clozapine, allowing its controlled release and delivery, can lead to an improvement
of the therapeutic potential of the drug, which may have a direct impact on the qual-
ity of schizophrenia therapy. Based on the data obtained in previous experiments, the
type of nanocarrier used to encapsulate clozapine was defined [23,24]. These were six-
layer polymer pegylated NCs. The polyelectrolyte layer (PLL/PGA) was formed by the
sequential adsorption (LbL) method on the emulsion core, which contained dissolved
clozapine. Several variants of capsules containing the above-mentioned drug, differing
in physicochemical parameters (thickness of the outer layer, pegylation, charge) were
obtained. Respectively, they were: positively charged five-layered NCs—CLO-NCs V-PLL,
negatively charged six-layered NCs—CLO-NCs VI-PGA and neutral, pegylated six-layer
NCs—CLO-NCs VI-PGA-g(x)-PEG (different PEG grafted). The synthesis, physicochemical
properties stability, as well as he release profile of clozapine of the obtained NCs are well
described in [25]. Schematic representation of prepared CLO-NCs is illustrated in the
Figure 3.

Figure 3. Upper panel—structure of CLO-NCs obtained using LbL technique. Lower panel—SEM micrograph of CLO-NCs
VI PGA-g(39)-PEG and zeta potential measurements. Detailed information [25].

Based on the experience collected during the study of empty carriers, similar experi-
ments were carried out to determine the behavior of carriers with encapsulated clozapine.
Cytotoxicity and cell viability studies as well as interaction with phagocytic cells (Figure 4)
showed similar results compared to those obtained with empty carriers [25]. CLO-NCs
VI-PGA-g (39)-PEG was the formulation with the best parameters.
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Figure 4. Left panel—In vitro CLO-NCs internalization studies performed in RAW 264.7 and hMDMs (human monocyte-
derived macrophages) cells after a 2 h incubation with NCs. Right panel—In vivo-CLO-NCs biodistribution studies:
the animals were injected with 150 mL suspension of CLO-NCs VI-PGA as well as CLO-NCs VI-PGA-g(39)-PEG. Flow
cytometry studies were performed 4 h after injection. Detailed information [25].

While designing new drug carriers it is extremely important to estimate their biodis-
tribution in an in-vivo system. Although the experiments with the use of mice were only
qualitative, they clearly indicated dependence of the biodistribution profile on the modifi-
cation of the outer layer of the capsule. Four hours after injection, the presence of CLO-NCs
VI-PGA was confirmed mainly in the mouse liver and spleen (Figure 4), and on a smaller
scale in the kidneys and lungs. Pegylation of the outer layer (CLO-NCs VI-PGA-g(39)-PEG)
significantly reduced the accumulation level of capsules in the investigated organs [25].

Moreover, behavioral studies of the effectiveness of the encapsulated form of cloza-
pine in experimental animals were performed [25]. The obtained results show that the
encapsulated clozapine reduced the locomotor activity of mice in a manner characteristic
of free clozapine; however, this effect was induced only by pegylated CLO-NCs (CLO-NCs
VI-PGA-g(39)-PEG). Unpegylated NCs were not effective, probably due to their rapid
elimination by macrophages. Although the obtained results are qualitative the effects of
clozapine at significantly lower doses have been observed at this stage. In conclusion, the
obtained results indicate the validity of clozapine encapsulation [25].

1.5. NCs Interactions with hCMEC/D3 Cells (Immortalized Human Cerebral Endocrine Cells, D3
Clone) Constituting the In Vitro Model of the Human Blood-Brain Barrier

Designing new drug delivery systems, especially those directed to the brain areas, it
is first of all necessary to find an answer whether the new nanocarrier will be able to cross
the blood brain barrier (BBB). Currently, several cell lines which have the characteristic
of cells forming this natural barrier have been derived [44,45]. The best known in-vitro
model of human BBB is the hCMEC/D3 cell line. This line was derived through the
immortalization of human primary brain endothelial cells [45]. hCMEC/D3 cells show a
morphology similar to primary cells, they form tight junction, exhibit trans-endothelial
electrical resistance (TEER) and also maintain important and characteristic features of BBB,
such as: expression of junctional proteins and efflux transporters [44,45]. This cell line was
a convenient model dedicated to the study of the transcytosis process [46].

As mentioned earlier, the quantification of cell viability is a key element in understand-
ing the interaction between NCs and the target cell. Therefore, when starting experiments
using the human BBB model, these kinds of experiments were performed [43]. Also in
this case, several different tests were carried out. Additionally, an attempt to answer the
question whether cell death occurs through necrosis or apoptosis was made. As in the
case of other tested cell lines, a decrease in viability, depending on NCs concentration, was
shown, although in the case of hCMEC/D3 cells the scale of this phenomenon was much
smaller, which probably could be related to a well-developed efflux transport and thus
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the rapid removal of excess capsules from the cell. Numerous reports [27,29,34], including
our earlier studies [23–25], indicate a correlation between the positive charge on the NCs
surface and the decrease in cell viability. This effect, associated with disruption of the
cell membrane, is probably a common feature of all positively charged nanomaterials.
The high level of LDH release due to the stimulation of the five-layered NCs supports
this hypothesis. Unfortunately, based on the obtained data, it cannot be unambiguously
determined whether apoptosis or necrosis has its contribution to cell death. In summary,
the most promising results were obtained for six-layer capsules with a pegylated outer
layer (CLO-NCs VI-PGA-g(39)-PEG), where the cell viability was almost 100%, after 24
and 48 h incubation with NCs.

BBB is an anatomical-functional system that regulates the exchange of substances
between blood and the central nervous system (CNS). BBB maintains optimal homeostasis
and protects of CNS against harmful substances, as well as enables selective transport
of compounds circulating in the blood into the cerebrospinal fluid [47–49]. Due to the
precise selectivity of the barrier, transport of therapeutic compounds to the brain is quite
a challenge, because only uncharged, lipophilic and relatively small sizes substances
can pass through the BBB without major obstacles. These are serious limitations that
cannot be managed by currently available therapeutics [50]. Additional restrictions are
precise transport mechanisms in endothelial cells, i.e., low level of pinocytic vesicles
and selective transporters in the cell membrane [50]. Moreover, endothelial cells that
have a polarized membrane to transport use transcytosis process (endocytosis on the
apical side and exocytosis on the basolateral side) [47]. Therefore, the development of
nanocarriers used to deliver drugs to defined areas of the brain requires detailed study of
the transport process across BBB. Various endocytic pathways used for the internalization
of exogenous substances by endothelial cells have been described in the literature [47,51].
Therefore, several experiments were carried out in order to find answers to three basic
questions: (1) whether the mechanism of internalization is energy-dependent, (2) whether
it occurs via endocytosis and (3) if yes, which endocytosis pathway is involved in the
process. The obtained results [43] indicate the dependence of the process on NCs dose
and time. The highest level of internalization has been described for positively charged,
non-pegylated NCs, which is probably related to the facilitated interaction between the
capsule and the cell membrane [34]. Moreover, the obtained results suggest an energy- and
clathrine-dependent mechanism of internalization for all tested types of NCs and additional
passive transport in the case of pegylated NCs. Confocal microscopy studies indicate the
presence of synthesized NCs within clathrine vesicles as well as in the early endosomes
and lysosomes. Considering the use of a new carrier for clozapine, it was necessary to
carry out experiments showing not only the ability of model cells to internalize NCs, but
also the ability of obtained NCs to cross the BBB.

In-vitro experiments involving hCMEC/D3 cell line revealed that the observed tran-
scytosis process depended on NCs dose and time and the strongest effect was recorded
for pegylated CLO-NCs (CLO-NCs VI-PGA-g(39)-PEG)—detailed information [43]. The
most important data are presented in the Figure 5 where one can observe significant in-
crease of transcytosis process (after 4 h incubation time) in case of pegylated CLO-NCs in
comparison to PEG-unmodified CLO-NCs. Studies using a specific transcytosis inhibitor
(filipin III) point to caveolae-dependent mechanism of the process. In conclusion, CLO-
NCs VI-PGA-g(39)-PEG are able to cross the BBB and represent a promising model of the
nanocarrier for clozapine.
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Figure 5. (A) Transcytosis experiment performed in hCMEC/D3 cells for CLO-NCs VI PGA and
CLO-NCs VI PGA-g(39)-PEG (transwell pore-3mm). (B) Inhibition of the transcytosis process
(incubation with filipin III—specific inhibitor of the process) for various types of CLO-NCs (detailed
information [43]).

1.6. Heteromer of the D2-5-HT1A Receptors as an Important Target for Clozapine

The concept of oligomerization of G-protein coupled receptors (GPCRs) plays an
important role in modern molecular pharmacology. The physical association of receptor
proteins indicates a new level of signal complexity and the possibility of changing the
pharmacological properties of the receptors included in the complex [52–54]. Research
aimed at finding therapeutic substances operating via selective recognition of GPCRs
heteromers is being undertaken more and more often. Such a strategy allows us to obtain
a tissue-specific effect, since the interaction between receptors engaged in the complex
formation can only take place when the receptors are simultaneously expressed on the same
cell. Many recent reports indicate the existence of clinically relevant GPCRs heteromers,
important in the treatment of, among others, pain, asthma or Parkinson’s disease [54–58].
This evidence shows that GPCRs heteromers constitute extremely important targets in the
design of modern treatment routes.

Both D2R and 5-HT1AR are important sites of action of atypical antipsychotics [59],
hence studies on the interaction between these receptors in the context of antipsychotic
activity have been undertaken.

The obtained results are discussed in more detail in [60]. Constitutive dimerization of
both investigated receptors in HEK 293 cells has been shown for the first time. To avoid the
possibility of data misinterpretation, D2-5-HT1A receptor heteromers were confirmed by
two independent techniques based on monitoring FRET (fluorescence resonance energy
transfer) phenomenon (FLIM—fluorescence life time imagine microscopy and HTRF—
homogenous time resolved FRET) (Figure 6). Moreover, the effect of various antipsychotics
(inter alia: clozapine, aripiprazole, 8-OH-DPAT) on the heteromerization process has been
determined. The highest effect was observed after incubation of cells with clozapine
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(Figure 6), aripiprazole and simultaneous administration of clozapine and 8-OH-DPAT [60].
In the previous studies, [61–64], the opposite to the above-described effects of clozapine for
dopamine D1 (D1R) and D2R (D1-D2) heteromers, as well as serotonin 5-HT2A (5-HT2AR)
and D2R (D2-5-HT2A) heteromers, have been shown. These data indicated the specific
effect of clozapine, depending on the type of receptors forming the complex. Further-
more, in vivo D2R and 5HT1AR co-localization in the mouse prefrontal cortex has been
shown [60]. It suggests a potential presence of the above-mentioned heteromers in the
brain. Additionally, to estimate the activation of intracellular signal transduction pathways
as a result of antipsychotic action on D2-5-HT1A heteromers several functional tests have
been performed. The experiments were carried out in HEK 293 cells expressing these
receptors in various combinations. This approach enabled differentiation of the action of
investigated compounds, depending on the presence of homo- or heteromeric complexes.
Although the functional consequences of signal transmission via D2-5-HT1A heteromers are
still not fully explained, the studies indicate the initiation of different signalling pathways
depending on whether the receptors are co-expressed or produced individually in a cell. In
summary, these results point to the possibility of antipsychotic action by specific targeting
of active compounds on D2-5-HT1A heteromers (which have been shown to be present in
cortical neurons [60] and they can also be an inspiration to improved pharmacotherapy
of schizophrenia.

Figure 6. Constitutive dimerization of dopamine D2 and serotonin 5-HT1A receptors. Upper panel—HEK 293 cells
expressing the dopamine D2 (red) and serotonin 5-HT1A (green) receptors; colocalization of both receptors (yellow). Lower

panel—bar graph presenting FRET (fluorescence resonance energy transfer) measurements using HTRF (homogenous time
resolved FRET) and FLIM (fluorescence life time imagine microscopy) techniques. The statistical significance was evaluated
using student t-test and Mann–Whitney U-test, ** p < 0.01, *** p < 0.001. Right panel—schematic presentation of D2-5-HT1A

heteromer. Detailed information [60].

1.7. Synthesis of a Targeting Ligand Specifically Recognizing the D2-5-HT1A Heteromer for
Functionalization of the Obtained CLO-NCs VI-PGA-g(39)-PEG

The next step was the decorating of NC surfaces by attaching targeting ligands, which
would allow selective delivery of drugs to defined target sites. Among others, human
monoclonal antibody fragments—scFv (single-chain variable fragment) can be successfully
used as targeting ligands. These antibodies consist of variable heavy (VH) and light (VL)
regions of immunoglobulin chains linked by an elastic peptide linker designed to allow
contact between the two chains and preserve the antigen binding site within a single linear
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molecule [57]. ScFvs fragments, compared to larger forms of monoclonal antibodies such
as: Fab, F(ab)2, IgG, are characterized by lower retention time in non-target tissues, better
tissue penetration and reduced immunogenicity, which makes them attractive candidates
for therapeutic applications [58].

Based on the data described above [60] we aimed to develop a targeting ligand in
the form of a fragment of a human monoclonal scFv antibody specifically recognizing
the D2-5-HT1A heteromer. To fulfil its role, such antibody must recognize the structural
epitope formed within the heteromeric structure and, at the same time, not show speci-
ficity for monomeric or homomeric forms of the receptors. To accomplish this task the
phage display technique—described for the first time by Smith [65]—Nobel laureate in
2018—was adapted [66]. The phagemid library of human scFv antibodies Tomlinson I + J
(Geneservice) was used. This library allows for the preparation of approximately 3 × 108

different phages, the envelope of which the PIII-scFv fusion protein encoded by the pIT2
phagemid is embedded. Since both receptors included in the heteromer belong to the
family of membrane proteins, it was extremely important to carry out the selection rounds,
so-called bio-panning (Figure 7), under conditions most similar to those in which these
receptors occur naturally in the cells, which allowed to preserve the native spatial confor-
mation of the heteromer. For the isolation of phages specifically binding to the D2-5-HT1A
heteromer, the immune-selection rounds were performed on CHO+ line cells (CHO-K1
stable line) overexpressing both receptors. Purified phages were incubated with antigen
which constituted D2-5-HT1A heteromer presented on CHO+ cells. Then, by intensive
rinsing, the unbound phages were removed. In the next stage the selected phages which
possessed affinity to D2-5-HT1A heteromer were eluted, amplified, purified and used in the
next round of the positive selection. Phages binding receptor monomers as well as other
proteins present on the surface of CHO-K1 cells were eliminated by negative selection,
using a CHO- cells. The CHO- cells constituted the mixture of stable CHO-K1 cells lines
overexpressing only the single type of receptors forming the heteromer.

Figure 7. Phage display technique—biopanning process. For the isolation of phages specifically
recognizing the D2-5-HT1A heteromer, the immune-selection rounds were performed. Purified
phages were incubated with CHO+ line cells (CHO-K1 stable line) overexpressing both types of
desired receptors. In the next step unbounded phages were removed in the process of intensive
rinsing. Then the selected phages which point to affinity to D2-5-HT1A heteromer were eluted,
amplified, purified and used in the next round of the positive selection. Detailed information [66].

To obtain a soluble form of scFv antibodies in the E. coli HB2151 expression system, the
monoclonal phages, isolated in the selection process, that most strongly bind to the defined
heteromer were used. The purification procedures based on affinity chromatography using
Protein L-immobilized resin was performed. As a result of the experiments, the scFv
monoclonal antibody specifically recognizing the D2-5-HT1A heteromers was isolated, and
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it has been used as a targeting ligand for functionalization of model NCs. The procedure is
described in detail in [66].

2. Conclusions

The obtained NCs containing clozapine (CLO-NCs VI-PGA-g-PEG) represent a promis-
ing novel formulation of this compound. The encapsulated form of clozapine is safer since it
does not influence the viability of diverse cells, does not cause activation of immunological
system, and can cross BBB easily, not involving unsealing of the barrier. The experiments
described here were carried out mainly using in-vitro models; however, preliminary studies
showed that the CLO-NCs VI-PGA-g-PEG formulation allows clozapine effect in-vivo. In
order to fully describe the behavior of nanocarriers, further detailed and extensive in-vivo
studies are necessary. Moreover, the research points to the importance of modification of
the most outer layer (surface) of the nanocarrier. NCs charge, pegylation process, as well as
functionalization determining physico-chemical parameters of the nanocarriers enable its
proper functioning. Table 1 includes summary of the results ob-tained for various variants
of polymeric nanocapsules (NCs) constituting a new nanocar-rier for clozapine. As can
be seen from the above review, each stage of the research towards obtaining the optimal
nanocarrier is laborious and requires a lot of work. The full experimental paradigm is
illustrated below (Figure 8). This kind of study engages specialists with wide knowledge in
the field of chemistry, biochemistry, biophysics, biotechnology, molecular biology, pharma-
cology, molecular medicine etc. Designing of a nanocarrier from the chemical point of view,
evaluation of its physico-chemical properties, description of its biochemical interaction in
in vitro as well as in-vivo studies, designation of its pharmacological profile, and, last but
not least, indication the desired site of action together with formulation of targeting ligand
lead to professional development of new strategies of targeted delivery platform.

Figure 8. The full experimental paradigm.
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Table 1. Summary of the results obtained for various variants of polymeric nanocapsules (NCs) constituting a new nanocarrier for clozapine.

NCs
I/III-PLL b

NCs
II/IV-PGA c

NCs
V-PLL d

NCs
VI-PGA e

NCs
VI-PGA-g(39)-PEG f

CLO-NCs
V-PLL g

CLO-NCs
VI-PGA h

CLO-NCs
VI-PGA-g(39)-PEG i Ref.

Charge of outer layer
of nanocarrier Positive Negative Positive Negative Neutral Positive Negative Neutral [23–25]

Toxicity a High Midium Medium Low Low Medium Low Very low [23–25,43]

RAW and THP-1
cellls uptake - - High +++

Clatrine path
High ++

Clatrine path

Low
Clatrine path

and passive transport

High +++
Clatrine path

High ++
Clatrine path

Low
Clatrine path

and passive transport
[24,25]

hMDMs cells
Uptake - - High +++ High ++ Low High +++ High ++ Low [43]

Phagocytic cells Visible +++ Visible ++ Visible +++ Visible ++ Invisible Visible +++ Visible ++ Invisible [23–25,43]

hCMEC/D3 cells
(in vitro BBB model)

Uptake
- - High +++

Clatrine path
High ++

Clatrine path

High ++
Clatrine path

and passive transport

High +++
Clatrine path

High ++
Clatrine path

High ++
Clatrine path

and passive transport
[43]

Stimulation of
phagocytic potential - - - - - High +++ High ++ Medium [23,24,43]

Biodistribution
In vivo - - - - - -

Lungs ++
Liver +++

Spleen +++
Kidney ++

Spleen +
kidney + [25]

Behavioral studies
In vivo - - - - - -

Mice locomotor
activity reductio,

similarity to
clozapine +

Mice locomotor activity
reductio,

similarity to
clozapine ++

[25]

Transcytosis
(hCMEC/D3 cells)

In vitro BBB model)
- - High ++ High + High +++ High ++ High +

Caveole path
High +++

Caveole path [43]

a Similar results have been recorded for various cells lines using different assays (see references). b NCs I/III-PLL—one or three layers polymeric nanocapsules (NCs) prepared using anionic surfactant AOT
(sodium docusate) as an emulsifier, and biocompatible polyelectrolytes such as: PGA (poly(glycolic acid)) and PLL (poly(L-lysine)). Outer layer of the carrier constitutes PLL. c NCs II/IV-PGA—two or four
layers polymeric nanocapsules (NCs) prepared using anionic surfactant AOT (sodium docusate) as an emulsifier, and biocompatible polyelectrolytes such as: PGA (poly(glycolic acid)) and PLL (poly(L-lysine)).
Outer layer of the carrier constitutes PGA. d NCs V-PLL—five layers polymeric nanocapsules (NCs) prepared using anionic surfactant AOT (sodium docusate) as an emulsifier, and biocompatible polyelectrolytes
such as: PGA (poly(glycolic acid)) and PLL (poly(L-lysine)). Outer layer of the carrier constitutes PLL. e NCs VI-PGA—six layers polymeric nanocapsules (NCs) prepared using anionic surfactant AOT (sodium
docusate) as an emulsifier, and biocompatible polyelectrolytes such as: PGA (poly(glycolic acid)) and PLL (poly(L-lysine)). Outer layer of the carrier constitutes PGA. f NCs VI-PGA-g(39)-PEG—six layers
polymeric nanocapsules (NCs) prepared using anionic surfactant AOT (sodium docusate) as an emulsifier, and biocompatible polyelectrolytes such as: PGA (poly(glycolic acid)) and PLL (poly(L-lysine)).
Outer layer of the carrier constitutes PGA grafted by PEG (polyethylene glycol), grafting percentage was 39%. g CLO-NCs V-PLL—five layers polymeric nanocapsules (NCs) containing clozapine, prepared
using anionic surfactant AOT (sodium docusate) as an emulsifier, and biocompatible polyelectrolytes such as: PGA (poly(glycolic acid)) and PLL (poly(L-lysine)). Outer layer of the carrier constitutes PLL.
h CLO-NCs VI-PGA—six layers polymeric nanocapsules (NCs) containing clozapine, prepared using anionic surfactant AOT (sodium docusate) as an emulsifier, and biocompatible polyelectrolytes such as:
PGA (poly(glycolic acid)) and PLL (poly(L-lysine)). Outer layer of the carrier constitutes PGA. i CLO-NCs VI-PGA-g(39)-PEG—six layers polymeric nanocapsules (NCs) containing clozapine, prepared using
anionic surfactant AOT (sodium docusate) as an emulsifier, and biocompatible polyelectrolytes such as: PGA (poly(glycolic acid)) and PLL (poly(L-lysine)). Outer layer of the carrier constitutes PGA grafted by
PEG (polyethylene glycol), grafting percentage was 39%. ‘+’—reflects intensity of the marked process.
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Each stage of the presented research leading to full characterization of the functional-
ized nanocarrier requires elaborative work and is very demanding. However, the effort
is worth it, because clozapine (or other antipsychotic drug) encapsulating and directing
its activities in the defined areas enables enhancing its selectivity and specificity, as well
as limits side effects which undoubtedly may contribute to increasing the safety of the
schizophrenia therapy.
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50. Brzezińska, K.; Ziaja, M. Struktura i funkcje bariery krew-mózg. Postępy Biologii Komórki 2012, 1, 84–99.
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Abstract: Natural polymers, such as polysaccharides and polypeptides, are potential candidates
to serve as carriers of biomedical cargo. Natural polymer-based carriers, having a core–shell struc-
tural configuration, offer ample scope for introducing multifunctional capabilities and enable the
simultaneous encapsulation of cargo materials of different physical and chemical properties for their
targeted delivery and sustained and stimuli-responsive release. On the other hand, carriers with a
porous matrix structure offer larger surface area and lower density, in order to serve as potential
platforms for cell culture and tissue regeneration. This review explores the designing of micro-
and nano-metric core–shell capsules and porous spheres, based on various functions. Synthesis
approaches, mechanisms of formation, general- and function-specific characteristics, challenges, and
future perspectives are discussed. Recent advances in protein-based carriers with a porous matrix
structure and different core–shell configurations are also presented in detail.

Keywords: natural polymers; polymeric capsules; porous polymeric spheres; active pharmaceutical
carriers; drug delivery; stimuli-responsive release; cell culture platforms

1. Introduction

Conventional drug therapy involves administering the drug or pharmaceutical agent
directly into the body, through oral, pulmonary, or parenteral routes. However, several
demerits to this approach are the rapid release of the drug into the body at the site of
administration, loss of drug dose on the way from the site of administration to the target
site (due to biological degradation), the requirement for administering higher doses of
the drugs to compensate for this loss, higher chances of over- or under-medication, side
effects due to the interaction of the drugs with untargeted sites, the requirement of frequent
dosing, lower drug bioavailability, lower per-unit cost (but higher overall healthcare cost),
and higher total dosage requirement into the body. These demerits have led to the need for
a different approach, which involves transporting the active pharmaceutical cargo (APC)
and releasing it to the targeted (or affected) site in the body for therapeutic effect via drug
delivery agents. Such a therapeutical approach has enabled the site-specific, slow, sustained,
and controlled release of drugs, thus improving their bioavailability, pharmacokinetics, and
increased efficacy, as well as minimizing the side effects to the untargeted sites and overall
risk to the patient, thereby reducing the overall medication cost, due to the decreased
frequency of drug administration and increasing patient compliance.

The development of drug delivery systems (DDS) began in the 1950s, when Jatzke-
witz et al. (1955) reported that the conjugation of the psychedelic drug Mescaline, with
co-polymer of N-vinylpyrrolidone and acrylic acid, prolonged its in-vivo residence time [1].
The first generation of drug delivery (1950–1980) involved the study of controlled-release
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mechanisms and development of oral and transdermal sustained-release systems [2]. Even-
tually, the first controlled delivery device, based on silicone rubber for delivering the drug
isoproterenol, was reported in 1964 for its potential application as implants to treat heart
block [3]. This was followed by several studies on developing a variety of polymeric
and liposomal systems for the controlled release of various drugs and their underlay-
ing release mechanisms [4–7]. The second-generation drug delivery (1981–2010) was
basically focused on the study and development of constant-release, self-regulated drug
delivery systems, and nanoparticle-based drug delivery systems. During this era, many
sustained-release drug formulations (drugs-DDS), based on polymeric nanoparticles (Ada-
gen, Gliadel, Copaxone), polymeric implants (Zoladex), liposomal carriers (Doxil, Abelcet),
dendrimer-conjugates, and protein-based nanoparticles (Abraxane), were clinically tested
and approved by the FDA. The past decade has been focused on designing smart, stimuli-
responsive systems for targeted drug delivery. These systems have been shown to actively
deliver the drug to the target site and enable controlled drug release by undergoing physical
and/or chemical changes, in response to biological or external triggers.

In the past few decades, a wide variety of novel drug delivery approaches, in the
form of micro- and nanoparticles (core–shell capsules, as well as matrix-type spheres),
transdermal patches, gels, dendrimers, micelles, microneedles, and microfluidics-based
devices have been developed (Figure 1). These were usually made of synthetic polymers
(such as poly-lactic glycolic acid), natural polymers (such as polysaccharides, polypeptides,
and polynucleotides) (see Table 1), liposomes, metallic formulations, metal oxides, carbon
nanotubes, etc., aimed at a variety of functions, including site-selective, active, or passive
targeted delivery of a wide variety of drugs for treating diseases, such as cancer and
diabetes. Several parameters, such as the material of fabrication, size, shape, structural
configuration, and surface characteristics of these APC carrier systems (ACSs), play a major
role in their interaction with the in-vivo chemical environment, while passing, from the
site of administration to the site of action, their function and in-vivo biodistribution. As
such, these parameters are considered vital to designing better and smarter ACSs.

 

Figure 1. Classification of polymer-based carriers of biomedical cargo.
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The following review focuses on function-specific aspects of designing micro- and
nano-metric spherical APC carrier systems (SACS) made of natural polymers, such as
polysaccharides and polypeptides, having structural configurations of core–shell and
porous matrix. Chemical aspects involved in designing SACS, their synthesis approaches,
formation mechanisms, and general- and application-specific characteristics are discussed.
Finally, recent advances in the protein-based SACS, with a porous matrix structure, as well
as different core–shell configurations, are presented in detail.

Table 1. List of natural polymers utilized to develop biomedical carriers.

Polymer Class Polymer

Polysaccharides

Cellulose

Cellulose derivatives

Alginate

Gellan gum

Pectin

Gum Arabica

Gaur gum

Locust bean gum

Starch

Carrageenan

Chitin

Chitosan

Xanthan gum

Shellac

Dextran

Cashew gum

Pullulan

Polypeptides

Gelatin

Bovine serum albumin

Human serum albumin

Egg albumin

Casein

Collagen

Keratin

Elastin

Resilin

Soy protein

Gliadin

Hyaluronic acid Hyaluronic acid

Phospholipids Liposomes

Polynucleotides
Ribonucleic acid

Deoxyribonucleic acid
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2. Chemical Aspects of Designing Natural Polymer-Based Spherical Capsules
and Spheres

Designing nano- and micro-capsules calls for the foremost consideration of the require-
ments laid down for their utilization in various biomedical functions. Such functions may
involve sustained-release of cargo at the affected site in the body [8], the stimuli-responsive
release of the cargo [9], its targeted delivery to the site of action [10], its protection from
the hostile bodily environment [11], its better bioavailability in the body [12], better in-
tegration of the cargo into the body (such as the integration of the progenitor cells at
tissue lesions) [13], blood vessel embolization [14] by the capsules, etc. The structural
configurations of the SACS and mode of encapsulation of the cargo are chosen based
on these biomedical requirements, upon which the eventual path/technique of capsule
synthesis depends. Here, we discuss these requirements in detail, their decisive role in
structural configuration choice and parameters, and the synthesis approaches that have
been employed for years in the development of natural polymer-based SACS.

2.1. Function-Specific Carrier Design
2.1.1. Structural Configurations and Carrier Materials

Through the years of evolution in micro- and nano-capsule design, several core–shell
configurations have been developed. These include core–shell capsules with solid, liquid,
or hollow cores, encapsulated within a single or multiwalled shell and made of natural
polymers, such as carbohydrates and proteins. Porous spherical matrices have also been
prepared as cargo carriers. It is important to note that the polymer-based, micro- and nano-
metric core–shell capsules and porous spheres fall under a broader category of micro- and
nano-particles, with sizes ranging from 1–1000 µm and 10–900 nm, respectively. A general
schematic diagram of the different structural configurations is presented in Figure 2.

 

Figure 2. Structural configurations of core–shell and porous natural polymeric/protein particles. 
Figure 2. Structural configurations of core–shell and porous natural polymeric/protein particles.
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Polymeric capsule shells, with a variety of compositions, have been prepared. These
shell compositions may involve (a) a single type of natural polymer, such as chitosan [15]
or albumin [16]; (b) composites of different types of natural polymers, such as BSA-
alginate [17]; (c) composites of different types of natural and synthetic polymers, such
as collagen-PLGA [18]; (d) natural polymers functionalized by other materials, including
inorganic nanoparticles [19], functionalizing polymers [10], antibodies [20], and a variety
of other materials. Diverse core materials have been encapsulated, in solid [21] or liquid
form [22,23], within these shells, either as carriers of different types of active pharmaceuti-
cal cargo (APC) or made directly of the solid or liquid APCs (see Figure 2). A solid core
of various natural [11] as well as synthetic polymers [24], metallic particles [23], and com-
posites, have been prepared to make up a hydrophilic or a hydrophobic core, depending
upon the type of moieties present in the precursor materials and application-based require-
ments. Liquid cores of organic solvent [22], oils [16], and a variety of aqueous media [25]
have also been prepared to disperse either hydrophobic or hydrophilic APCs. In addition,
hollow/porous capsules, made of natural polymers, have also been developed [18,26]. De-
pending upon the biomedical applications, the cargo may be dispersed or dissolved in the
liquid/solid core as a reservoir/matrix or/and embedded in the shell of the capsules with
a liquid/solid/hollow core. Depending upon the desired applications, the encapsulated
cargo can be medicinal drugs [10], growth factors [12], stem cells, progenitor cells [27],
probiotic bacterial strains [11], nutritional molecules (such as vitamins [28]), hormones
(such as insulin [29]), and several more.

Desired Functions

Sustained-release. The choice of the core–shell materials depends primarily upon the
physical and chemical properties of the natural polymer, type of applications, and mode of
action required. Sustained-release formulations are prepared from the natural polymeric
shell and core materials that facilitate the prolonged-release of APC via a combination
of processes, such as diffusion, erosion, osmosis, and swelling. These processes are dis-
cussed in detail in the next section. Purely diffusion-controlled release from a capsule
primarily involves the mass transfer of the cargo from the capsule to the release media,
driven solely by their concentration gradient [30]. However, generally, release capsules
made of natural polymers undergo a combination of dissolution, swelling, and erosion
processes to release the cargo at the target site. Silk fibroin-based microcapsules have
shown swelling-controlled release of doxorubicin (Dox) [14], wherein the microcapsules
experienced enormous water uptake, leading to the enhanced initial release of Dox, and
eventually swelled-up, due to which the Dox release rate slowed down. Collagen micro-
capsules have shown erosion-controlled release of human vascular endothelial growth
factor (rhVEGF) and basic fibroblast growth factor (bFGF) over time [28,31].

Stimuli-responsive release. In addition, the cargo release processes may also be triggered
in response to certain stimuli, such as a change in pH and temperature or the presence of
digestive enzymes. Ionic polysaccharide-based capsules of chitosan, alginate, agar, car-
rageenan, cellulose, gaur, and xanthan gum have shown pH- and temperature-responsive
release, due to the sensitivity of certain groups (such as amine group in chitosan) towards
certain pH and higher temperature. Similarly, pectin and chondroitin sulfate show pH
sensitivity and enzymatic degradation [32]. Various proteins, such as albumins, show
pH, temperature, and enzyme responsive release of cargo. The pH-responsive action
has also been shown in polymer–polymer composite microcapsules of BSA-alginate [17].
Additionally, the enzyme-catalyzed release of 3,4,9,10-tetra-(hectoxy-carbonyl)-perylene
(THCP) was observed from BSA/polyphenol microcapsules, due to their degradation by
α-chymotrypsin [33]. Cargo release, in the cases above, may involve both the release from
the capsule core, as well as the capsule shell, depending upon the location and the state of
the APC in the capsule.

Targeting. Targeted delivery of cargo refers to delivering an APC to the target site,
selectively and independently of the route (site and method) of administration, through
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a delivery agent. Targeting can be organ-specific, tissue-specific, specific to pathogens
(such as parasites), receptor-specific, or specific at the organelle-level for targeting mito-
chondria, cytoplasm, DNA, etc. A higher concentration of the drug at the desired site
can be ensured through targeted delivery by preventing undesired drug loss and adverse
effects at the untargeted sites. For targeted delivery of APC, the capsule shell is usually
functionalized with various ligands, such as peptides [34], polymers [35], antibodies [20],
nucleic acids, and vitamins [22]. Physically stimulated targeted delivery formulations have
also been developed, wherein superparamagnetic particles have been functionalized on
the microcapsule shell for the magnetically stimulated delivery of capsules at the target
site [19].

Protection of the cargo. Another function of the capsules involves the protection of the
cargo from the hostile bodily environment. Cargo, such as hydrophilic drugs and probiotic
bacterial strains, have been shown to directly degrade when introduced into the body. Their
protection from biodegradation, before their release at the target site, can be ensured by
their encapsulation inside hydrophobic shells made of polymers, such as zein protein [11].
Hydrophilic and hydrophobic drugs have also been protected within composite capsule
shells and their organic cores, respectively [36]. Similarly, many such strategies have been
employed for the protection of the cargo inside the polymeric capsules.

Increasing cargo bioavailability. Encapsulation in polymeric capsules has also been ap-
plied to increase the bioavailability and dissolution rate of the cargo. Such cargo materials
are usually hydrophobic, and their better absorption in the body requires structural modifi-
cations and changes in their degree of crystallinity. These modifications can be introduced
by making biphasic, amorphous solid dispersions (ASDs) of the hydrophobic, crystalline
cargo with a natural polymeric material [37], or by changing the microenvironment of the
encapsulated cargo. Such a strategy involves the entrapment of the cargo in a polymer
matrix or an acidic compound, such as citric acid. ASDs have been made to serve as solid
cores encapsulated within protein microcapsules [12,21]. ASDs of various drugs have also
been made in composition with a variety of natural polymers, such as gaur gum, xanthan
gum, and acacia [38]. The encapsulation of ASDs in hydrophilic capsules also ensures the
enhanced bioavailability of the cargo.

Carriers as cell-culture platforms. Hollow core capsules and porous spheres have served
as 3D culture platforms/scaffolds for various types of cells for their better integration into
the body at the tissue lesion-affected area and tissue regeneration. Depending upon the site
of the lesion and type of tissue, various natural polymers can be selected for the synthesis
of capsules and spheres that may serve as platforms for cell and tissue culture. Porous
microspheres have been shown to provide a larger surface area to serve as effective cell
culture platforms. It has been shown that spheres with pore diameter ≥20 µm are suitable
for cell culture inside the sphere pores [26]. Microcapsules and porous spheres made of
various natural polymers, such as collagen [13], gelatin [23], silk fibroin [39], pectin [40],
chitosan/gellan gum [41], chondroitin sulfate, alginate, etc., have been shown to serve as
excellent scaffold materials for cell culture, especially in bone tissue regeneration strategies.
In addition, these capsules and spheres have been supplied with bioactive strategies that
assist in cell attachment, proliferation, and differentiation. Thus, cell carriers can not only
be made to act as 3D cell culture platforms but also induce cell differentiation to assist in
easy, fast, and better integration of cultured cells at lesion sites.

Blood-vessel embolization. Microcapsules of natural polymers have also been made to en-
able blood vessel embolization, a strategy concerned with the deliberate blockage of blood
flow in the vessels and arteries to cut off nutrition and oxygen supply of tumor [14,42].
Biocompatible, biodegradation, and non-toxic properties of natural polymers are advanta-
geous for this strategy. An ideal embolizing agent must possess good mechanical strength
and be of appropriate size that can adapt to the target blood vessel diameter. Moreover,
it should be visible under X-rays and potentially impair angiogenesis [14]. Controllable
degradation, good biocompatibility, and blood compatibility are other essential properties
of an embolizing agent. Microcapsules and spheres of chitosan [43], gelatin [44], starch [45],
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alginate [46], etc. [47], have been used as embolizing agents in the treatment of various
cancer therapies. In addition to their embolizing effect, these agents can also act as carriers
for anti-cancer drugs (to act on cancer cells synergistically).

Various micro- and nano-capsule core–shell configurations have enabled the introduc-
tion of multi-functionalities in the capsules, thus employing one or more of the aforemen-
tioned strategies. For instance, microcapsules have been developed to enable simultaneous
functions of sustained-release of drug and blood vessel embolization [14,43], targeted
delivery and sustained-release [10,35], sustained-release, and tissue regeneration by cell
delivery [26] and the like.

2.1.2. Modes of Encapsulation

A cargo is encapsulated into the micro- or nano-capsules either during (in-process
encapsulation) or after the capsule synthesis (post-synthesis encapsulation) [39], depending
upon the type of application or design convenience. In-process encapsulation involves
the introduction of cargo in the appropriate precursor solutions before applying one of
the capsule synthesis techniques described in the following sub-section. Post-synthesis
encapsulation is mainly achieved by incubating the capsules in the cargo solutions, leading
to their absorption by the capsules. The cargo can be introduced at the desired location in
the capsules using both ways.

The APC can be dissolved or dispersed in either the core or the shell matrix (Figure 2).
In the case of liquid-core capsules, the APC can either be dissolved in an oily carrier [12] or
exist as an aqueous core [25]. Alternatively, it can also be encapsulated by the polymeric
shell in its free form. In both cases, the APC exists as a reservoir inside the capsule core. In
a solid core capsule, the APC can be entrapped in the solid core as a matrix system [11].

2.2. Synthesis Approaches and Mechanisms of Carrier Formation

Over the decades, many techniques for synthesizing natural polymeric micro- and
nano-capsules and spheres, involving various chemical, physical, or physiochemical pro-
cesses, have been developed and reviewed in detail by many authors [48–53]. This section,
therefore, refrains from discussing general procedural technicalities in detail. Instead, it
takes a closer look at the structural configuration-specific synthesis approaches, processes
involved, and modifications introduced in the preparation of natural polymer-based spher-
ical capsules with liquid/hollow/solid cores and porous microspheres. Mechanisms and
interactions involved in capsule formation have also been discussed wherever necessary
and possible. Generally, polymeric micro- and nano-capsule synthesis techniques follow
the approaches and processes discussed herewith.

2.2.1. Solid Templating

This route involves the deposition of layer/s of polymer over solid micro- or nanopar-
ticles of oxides, carbonates (CaCO3, MnCO3, or CdCO3), metallic particles, or natural [8] or
synthetic polymers to yield core–shell capsules. Polyelectrolytes with opposite charges can
be easily alternatively deposited to form multiwalled capsules. The deposition is usually
carried out by dipping the core template alternately in different polymeric solutions to
achieve the desired number of polymeric shell layers and is facilitated by non-covalent and
covalent interactions between the core and first polymer layer, as well as the consecutive
polymer–polymer layers. The method, thus, enables the formation of layers of different
polymers, capable of carrying a variety of drugs possessing different physical and chemical
properties. The drugs can be introduced into the polymeric layers during layer assembly
and into the core via co-precipitation during the core formation (or after the synthesis of
the system, through absorption). Figure 3 presents a schema of the general procedure
involved in the solid templating technique. Solid core multiwalled, as well as hollow core
multiwalled micro- and nano-capsules, can be made using this process (refer to Table 2 for
examples). Solid templating is a promising approach that provides more refined control
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over the capsule size, thickness, functionalities, encapsulation mode, type of solid core,
and morphologies.

 

Figure 3. Schematic diagram of the solid templating approach. 
Figure 3. Schematic diagram of the solid templating approach.

Preparation of hollow core capsules is straightforward by solid templating. Typically,
natural polymers are deposited over a sacrificial template core to create single, double,
or multilayer shells solid core microcapsules. After the deposition of the shell layer/s,
the template is dissolved to give a hollow core. Many types of materials have been used
as sacrificial template cores, amongst which silica and calcium carbonate [51] nano- or
microparticles are the most common. The core template dissolution is carried out by
immersing the capsules in a chelating solvent, such as 8% hydrofluoric acid [54] and
ethylenediaminetetraacetic acid (EDTA) [55]. During this process, the solvent molecules
diffuse into the capsules to dissolve the solid core. It is significant to note that the core
template must be completely dissolved. To ensure that, the core removal step is repeated
multiple times. However, it has been shown that the core chelating solvents are not
thoroughly removed during the capsule purification step, which may pose toxicity-related
issues for biological applications. Yitayew et al. gave a proof-of-concept, using endotoxin-
free cell lines as sacrificial template cores to mitigate these issues. They used live E. coli DH5
cells as a sacrificial template for synthesizing hollow core chitosan–alginate multiwalled
capsules [56]. The microcapsules were dispersed in lysis buffer (0.1% Triton X-100, 2 mM
EDTA in 10 mM Tris-pH8) overnight and washed with acetic acid buffer to remove the
template cells. It is also worth noting that the core-removal step can cause shell deformities
and engage in undesired reactions with the APC [57]. As mentioned earlier, the core
materials in solid core micro- and nano-capsules may carry functionalities such as drug
entrapment by the co-precipitation of the APC into a solid polymeric core [14], magnetically
guided systems involving paramagnetic nano- or microparticles as solid cores [58], as
implantable capsules with titanium microparticle core [59], and several more. Oily core
polymeric shell capsules have also been indirectly prepared by using solid templating to
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prepare hollow core capsules and filling the capsule core with an organic solvent by solvent
exchange [60]. Solid templating can also be employed to prepare porous spheres. To do
so, solid template particles (also known as porogen) are dispersed in the aqueous or oil
phase containing the dissolved polymer [61]. The obtained phase with dispersed solid
porogen particles is then emulsified with the water–oil phase to obtain porogen-containing
microspheres [62]. The template moieties are then dissolved to give porous spheres [63,64].
Different types of solid porogens can be employed, including polymer particles, such as
polystyrene [62] and gelatin [64]. Various examples of porous spheres prepared by solid
templating are presented in Table 3.

The surface charge of the cores (solid cores or sacrificial templates) is modified to
facilitate attractive forces and interactions for the deposition of polymeric layers [65]. Shell-
forming polymeric materials are more often oppositely charged polyelectrolytes. The
most commonly used oppositely-charged (positive-negative) natural polyelectrolyte pairs
for LbL deposition are chitosan–alginate [65], chitosan–hyaluronic acid [55,59], gelatin–
epigallocatechin gallate [36], and BSA polycation–alginate [17]. Traditionally driven by
electrostatic attractions between the opposite charges, these oppositely-charged polyelec-
trolytes sequentially self-assemble around the core during the dipping process to form
micro- or nano-capsules [17,66]. The self-assembly can also be facilitated by hydrogen
bonding between neutral polymers, as well as charged polyelectrolytes [67,68], gener-
ally by introducing modifications. Manna et al. used adenine modified neutral chitosan
(CS) and thymine modified negative hyaluronic acid (HA) polyelectrolyte to mimic DNA
base-pairing between adenine and thymine, enabling the self-assembly of these polymers
into thin layers [68]. In another study, silk fibroin multilayers were deposited on a silica
template using tannic acid (TA) as an adhesive between the silk layers aided by hydrogen
bonding between the protonated hydroxyl group of TA and carbonyl groups present in
silk fibroin [54]. These hydrogen-bonded capsule layers are often exploited to enable
pH-stimulated cargo release from the capsules.

However, non-covalent interactions, such as hydrogen bonding and electrostatic at-
tractions, are not robust enough to sustain the drastic pH differences and variations in
ionic strengths across different biological environments, which may result in premature
disassembly of capsules, unintentional release of cargo, aggregation, and fusion of mul-
tilayers, resulting in the loss of their multi-functionalities [69]. To remedy this, covalent
interactions have been induced between polyelectrolyte layers, before or after their assem-
bly over a solid core. Post-assembly covalent interactions between the polymeric layers are
usually established by incubating the capsules in a solution containing cross-linkers, such
as genipin and glutaraldehyde [65,70]. Glutaraldehyde crosslinks hydroxyl groups and
amino groups in natural polymeric layers of the capsules [71]. To avoid the use of external
crosslinkers, modified polyelectrolytes have been used to facilitate crosslinking. Oxidized
sodium alginate (OSA) and CS were covalently assembled by crosslinking between the
aldehyde groups of OSA and the amino groups of CS [72]. In another study, chitosan and
hyaluronic acid were thiolated before their assembly into alternative layers on the CaCO3
template. Disulfide cross-linking between thiolated polyelectrolyte layers was induced
post-assembly, mediated by horseradish peroxidase and tyramine hydrochloride [55]. Liu
reviewed and classified several methods employed to stabilize LbL assembled core–shell
capsules of various synthetic and natural polymers [69]. Apart from covalent cross-linking,
they described surface concealing as one of the methods to protect the capsules from
adhesion and collapse, while retaining their ionic-responsive properties. It is noteworthy
that, although covalently assembled and stabilized hollow and solid core shell capsules
can sustain drastic pH and ionic strength changes, non-covalent interactions can facilitate
the stimuli-responsive release of the cargo at the target with characteristic pH. Hence, a
tradeoff must be achieved between the two. We believe that surface concealing of the
capsule shell layer/s may prove worthy on such occasions.
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2.2.2. Emulsion Templating

These methods utilize micro- or nano-emulsions between two or more types of mu-
tually immiscible solvents as templates for polymeric capsule growth. Depending upon
their solubility, the type of capsule configuration required and mode of APC encapsulation,
the natural polymer, the APC, stabilizers, cross-linkers, and/or surfactants are dissolved
in the appropriate solvents. Two types of emulsions can be achieved, i.e., (a) single emul-
sion: water in oil (w/o), oil in water (o/w); and (b) double emulsion: w/o emulsion,
dispersed in water to give w/o/w or vice versa to give o/w/o. The resulting emulsion
is then subjected to different types of chemical, physical, or physiochemical processes,
such as diffusion-evaporation, coacervation, ultrasonication, crosslinking, interfacial de-
position, solidification, spray-drying, freeze-drying, etc., to achieve stable biopolymeric
capsules having liquid/solid/hollow cores. The steps involving the emulsion formation
and diffusion-evaporation/coacervation/interfacial deposition are modified as needed. A
procedural schema of the emulsion templating technique is represented in Figure 4. It is
important to remember that emulsion templating can be used to achieve both spheres and
capsule configurations by introducing variations during the synthesis procedure. However,
we will mainly focus on the synthesis of core–shell capsule configurations and porous
spheres. Various recent examples of capsules prepared using the emulsion templating
technique are listed in Table 4. Porous spheres synthesis, using emulsion templating,
involves the addition of porogen such as effervescent salts like ammonium bicarbonate
or other inorganic salts (like sodium chloride) [73], in the appropriate phase, prior to the
emulsion formation [64]. Ice crystals have also been employed as porogens. During the
procedure, the polymer-containing emulsion is rapidly cooled to freezing temperatures
to form ice crystals before initiating crosslinking or polymer precipitation. Ice crystals
are then removed by sublimation or vacuum drying to produce highly porous polymeric
spheres [26,74,75]. Table 3 lists recent examples of porous spheres prepared using the
emulsion templating technique.

 

Figure 4. Schematic diagram of emulsion templating approach.
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Emulsion–Diffusion–Evaporation

This method involves a mixture of partially water-miscible solvent (such as ethanol,
acetone, or ethyl acetate), water, and an immiscible solvent (oils such as soyabean oil,
Miglyol, or oleic oil). The process usually requires the preparation of mutually saturated
organic solvent and aqueous solution [76]. For an oily core capsule formation, the organic
phase includes preparing the APC for encapsulation, an optional hydrophobic stabilizer,
and a water-immiscible oil/organic phase, dissolved in the water-saturated partially water-
miscible organic solvent. The external aqueous phase consists of the polymeric shell
material and one or several hydrophilic stabilizers, dissolved in the solvent-saturated
water. To prepare a hollow core capsule, similar steps to those mentioned above are
used, except for adding a water-immiscible oil/organic solvent in the organic phase. An
o/w emulsion is made by introducing the water-saturated organic phase into the solvent-
saturated aqueous phase, under constant stirring. The emulsion is then subjected to
diffusion and/or evaporation as follows:

(a) Fast diffusion, by dilution with water: an excess of water is added to the emulsion,
such that the partially-water miscible organic solvent from the organic droplets of the
emulsion diffuses out, leaving behind the polymer-stabilized capsules. The amount of
water required should be enough to diffuse out and dissolve the inner, partially water-
miscible organic phase.

(b) Further, the solvent-dissolved diluted water is removed by evaporation under
reduced pressure. Sometimes, the undiluted emulsion is directly subjected to the rapid
displacement of the organic solvent from the internal to the external phase by evaporation
under reduced pressure.

Similarly, aqueous core capsules can be prepared by making w/o emulsions. The
unwanted solvent, the excess of untrapped APC, and the stabilizers are then eliminated
by reduced pressure, dialysis, ultracentrifugation, or crossflow filtration. Preparation of
porous spheres through this approach involves the formation of double emulsions and
depends upon the rate of solvent diffusion from the inner phase to the outer phase and its
evaporation [64]. While diffusing from the inner to the outer phase, the volatile solvent
evaporates, leaving a porous polymer matrix behind.

Emulsion-Coacervation

The process involves three main steps: (a) preparation of an emulsion (o/w or w/o)
(b) coacervation, which involves the separation of the liquid phases in a colloidal solution
brought about either chemically (by changing the pH, temperature, or ionic environment)
or physically (by ultrasonication, to encapsulate the dispersed core material), and (c) stabi-
lization of the polymer as shells by physically- or chemically-induced crosslinking. Both
single and double emulsions can be coacervated using this technique. Usually, a double
emulsion is used for the entrapment of hydrophilic drugs in the capsule’s core to ensure
their efficient encapsulation. Additionally, it is easier to prepare aqueous core capsules
using double emulsions. During the chemical coacervation step, the core and shell materi-
als (polymers and APCs), dissolved in different/same solvents, are precipitated around
the emulsion droplets by changing the pH of the system (with the addition of an acid or a
base), lowering/increasing the temperature, or salting out, a process wherein the addition
of appropriate ionic salts brings about a decrease in the solubility of the non-electrolytic
biomolecules in the system. Simple coacervation is usually carried out for a system with
one type of non-electrolytic biopolymeric precursor solution, which is usually coacervated
using the salting out process [77]. Complex coacervation involves oppositely-charged
polyelectrolytes of two or more biopolymers, and changing the pH usually brings about
coacervation between them [50]. Stabilization of the polymeric shell, after its precipitation
around the core material, during the chemical coacervation, is carried out by adding exter-
nal crosslinkers, such as divinyl sulfone, 2,3-dibromopropanol, glutaraldehyde, etc. The
concentration of the cross-linkers determines the thickness of the polymeric shell of the
capsules and can be tweaked to achieve the desired thickness [52]. Physical coacervation
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can be induced by initiating electrostatic interactions between polyelectrolytes of different
polymeric materials or polymeric sidechains of the same type of polymer or oxidative
cross-linking. Electrostatic attractive forces between various polyelectrolytes of opposite
surface charge have been utilized to enable physical coacervation to form capsules of two
or more types of polymers [52].

Ultrasonication-assisted emulsification-coacervation. Physically-induced coacervation
generally involves utilizing physical forces, such as ultrasonication, without the need
for external cross-linkers. In a typical process, ultrasonication is applied at the oil–water
interface when an aqueous solution of a polymer is overlayered with an organic phase,
such as oil or other water-immiscible organic solvents (see Figure 5). Depending upon
its solubility and desired location, the APC can be dissolved either in the aqueous or the
organic phase. After a few minutes of sonication (~3 min), an o/w emulsion is formed
and coacervated, due to various physical phenomena, induced by sonication. The first
liquid-filled protein microspheres, prepared by Suslick, were composed of bovine serum
albumin (BSA) and were filled with air [78] or organic phases [79], such as n-dodecane, n-
decane, n-hexane, cyclohexane, or toluene. Ultrasonic irradiation of human serum albumin
(HSA) or hemoglobin (Hb) formed similar microspheres to those of BSA. Since then,
ultrasonication has been increasingly utilized to synthesize capsules of both synthetic [80],
as well as other natural polymers [81,82]. It has proven to be a facile, cost- and time-
effective technique that enables highly efficient encapsulation of a variety of drugs/cargo
in the shell, as well as the core of the capsules. Our group has utilized this technique to
synthesize protein microcapsules of BSA [83], HSA, and egg albumin [84], encapsulating a
variety of hydrophilic and hydrophobic cargo, including gemcitabine [20], ribonucleic acid
(RNA) [16,35], rhodamine B [85], MSQ (12i) 1-methyl-4-(substituted) styryl-quinolinium
derivative [85,86], etc.

β

 

Figure 5. Schematic diagram of ultrasonication-assisted emulsification-coacervation.

During ultrasonication-assisted emulsification, the size of the protein microspheres de-
pends on the nature of the oil–water interface, viscosity, surface tension, and hydrophobicity
of the organic phase. The hydrophobicity of the material inside the protein microspheres
determines the stability of the microspheres [87–91]. High viscosity leads to the formation
of larger structures, which, in turn, results in a decrease in the stability and fraction of active
material incorporated inside the microspheres. The ratio between the hydrophobic content
and water phase also affects the stability and size of the capsules. A smaller ratio between
the two leads to the formation of smaller capsules, which are less stable, as opposed to the
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ones formed at a larger ratio between the two. It has also been shown that an oil–water ratio
of (>0.5) can cause phase inversion, giving a w/o emulsion [92]. The chemical and physical
nature of the encapsulated material also affects the size of the microspheres as well as the
hydrophobicity of the core of the capsule. In the case of proteins and polypeptides, the
stability of the oil–water emulsions depends upon the protein sequence and the molecule
size. The amphiphilic nature of proteins is also responsible for their self-assembly at the oil–
water interface, thus stabilizing the emulsion [93]. Suslick found that protein microspheres
are created only in the presence of oxygen or air [91]. He explained that the sonochemical
process, which follows an implosive collapse of gas bubbles, produces OH· and H· radicals.
These radicals form H2, H2O2, and, in the presence of O2, the superoxide radical HO2.
Hydroxyl, superoxide, and peroxide radicals are all potential protein cross-linking agents.
Suslick and co-workers proposed that cysteine, a sulfide-containing amino acid present
in these three proteins, is oxidized by the superoxide radical. The microcapsules are held
together by protein cross-linking through disulfide linkages. Silva et al. alternatively
proposed that amphiphilic polymers, such as proteins, can form stable microcapsules,
due to the presence of hydrophilic and hydrophobic moieties that align themselves at the
oil–water emulsion interface, due to the high shear forces generated by ultrasonication,
and are entirely independent of cysteine content in the protein [88]. This alignment can
also induce changes in the secondary structure of proteins, such as that of silk fibroin,
which experiences an increase in its β-sheet content. Additionally, the cavitation produced
during ultrasonication induces thermal denaturation of proteins, which in turn assists in
the formation of the microcapsules [87].

Emulsion-Interfacial Deposition

This technique involves a combination of diffusion-evaporation and coacervation after
the formation of an emulsion. In a typical process, an organic solvent (with oil and/or par-
tially water-miscible solvent), containing the dissolved APC and/or the dissolved polymer,
is introduced drop-by-drop into an aqueous solution, under constant stirring. Subsequently,
large volumes of water are added, such as in the emulsion–diffusion–evaporation method.
This is done to draw out the partially miscible organic solvents from the emulsion droplets,
thus driving the polymeric molecules inside the organic emulsion droplets to precipitate
at the droplet interface under the suitable pH, temperature, or ionic conditions (similar
to the chemical coacervation method) [51]. The particles are recovered and cleaned using
centrifugation and filtration. Narrow size distribution is obtained. The technique does
not require the usage of external high-energy sources. However, it is limited by drug
solubility, given that hydrophilic drugs cannot be encapsulated using this technique. In
addition, the removal of residual solvent is challenging. Other disadvantages include
the requirement of extensive optimization of parameters, such as the salt type (and its
concentration), intensive purification of the obtained particles, and possible incompatibility
of the salts with the bioactive drugs. Aqueous core capsules have been prepared using this
technique, wherein an aqueous phase containing acetone (lower boiling point than water)
and the dissolved polymer is added to the oil phase to give w/o emulsion, followed by
subsequent evaporation of acetone at reduced pressure and ambient temperature [94]. Dur-
ing the evaporation process, the dissolved polymer precipitates at the water–oil interface
of the water droplet, due to the decrease in acetone concentration, and forms the polymeric
capsules with an aqueous core. The rationale here is to utilize a polymer that is soluble
in the water–acetone solution (but insoluble in pure water or oil). Hence, the choice of
polymer is crucial. This may be why the aqueous-core capsules that are made of natural
polymeric shell and prepared using this technique are hard to find.
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Emulsion-Spray Drying

In a typical spray-drying method for capsule formation, the polymer/s and the APC
are dissolved in appropriate solvents to form shell and core materials. The core material
is introduced into the shell material, and the resulting emulsion is dispersed as ultrafine
droplets through a nozzle in a hot air flow [12]. The solvent evaporates instantaneously, and
the dried capsules are collected under low pressure in a dry airflow. Solid core capsules are
easily synthesized using this technique. Porous spheres can also be synthesized by spraying
polymer and porogen, followed by removing the porogen templates. Spray-drying is easy
to perform, yields consistent capsule sizes, is scaled up effortlessly, and fully automated.
However, the adhesion of material on the walls of the instrument, agglomeration, and
nozzle clogging hinder the yield, leading to high maintenance costs. Additionally, it is hard
to get capsules under the 100 microns size range [77].

2.2.3. Other Techniques
Coextrusion–Coacervation

Precursor solutions of the core and shell material are fed into the concentric nozzles
(of preset diameters) and extruded into a non-solvent (solidification liquid) at a specific
rate to form core–shell droplets, which undergo coacervation to form core–shell capsules.
Sometimes external crosslinkers are added to obtain stable capsules [95]. Porous micro-
spheres have also been prepared using a similar approach of extrusion/injection of the
polymeric solution into liquid nitrogen to form ice-crystals that act as porogens to give
porous polymeric spherical matrices [39,96,97]. The size and shape of the capsules depend
on the feeding rate, temperature, and type of precursor core–shell solvents, as well as the
distance between the nozzle and the solidification liquid, its concentration, and surface
tension [50]. Similar to spray drying, this technique is also limited by blockage of the
nozzle and is high maintenance.

Microfluidics

The method involves the formation of emulsions (o/w or w/o) in various microfluidic
devices. A microfluidic device is set with pre-requisite conditions, such as size, shape,
and reproducibility. This allows the formation of carefully controlled polymeric capsules
with entrapped drug molecules. However, it is not suitable for the synthesis of nano-sized
capsules because of the inherent micron-length scale of the device. Different microfluidic
systems, including T-mixer and co-flowing junction, hydrodynamic flow flowing, multi-
inlet vortex mixers, staggered herringbone, and toroidal mixers, are used for achieving
polymer particles or capsules of various sizes and shapes [97]. Using a microfluidics T-
junction mixer, Mendes et al. produced hollow core polypeptide–polysaccharide (xanthan
gum) microcapsules [98]. Porous microspheres have also been prepared with the assistance
of microfluidics [99].
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Table 2. Examples of capsules prepared by solid templating approach.

Polymer 1/Poly-
electrolyte

1

Polymer 2/Poly-
electrolyte

2

Solid
Template/Core

Template
Dissolving

Agent

Template/Core
Synthesis
Method

Shell-Type
and

Deposition
APC and Location EE (%)

Capsule
Surface
Charge
(mV)

Template/Core
Size and

Capsule Size

Core-Polymer
and Polymer–

Polymer
Interactions

Crosslinking
between Core

and Layers
Ref.

BSA polycation
(+5.05 mV)

Alginate
polyanion

(−24.6 mV)

Template:
amine

modified-SiO2
(+11.8 mV)

NH4F/HF Stöber process

Multiwalled
(seven

alternate layers
of BSA and
Alginate)

Betamethasone
disodium phosphate

(BSP); shell;
post-synthesis
introduction

56% +5.05 mV ~128 nm;
~170 to188 nm

Non-covalent
(hydrogen
bonding,

electrostatic,
van der Waals,

and
hydrophobic
interaction)

- [17]

BSA Tannic Acid
Template:
CaCO3.

Core: BSA

Ethyl-
enediaminetetra

acetic acid
trisodium salt

(EDTA)

Co-
precipitation

Multiwalled
(six bilayers of

BSA/Tannic
Acid)

Tetramethylrhodamine-
isothiocyanate labeled

BSA; core;
co-precipitated with the
solid template during

synthesis

- (−30 ± 1.9)
mV - Hydrogen

bonding - [33]

Silk fibroin
(anionic)

Aminopropyl
triethoxysilane

(APTES)
(cationic)

Template:
polystyrene

N,N-dimethyl
formamide

(DMF)
-

Multiwalled
(nine layers of

Silk fibroin)

chlorin e6 (Ce6) and
doxorubicin (DOX);
shell; post-synthesis

introduction

DOX = 80%
Ce6 = 90% −

~150 to 250 nm;
~230 nm

Electrostatic
interactions - [8]

Silk fibroin -

Solid core:
poly(lactic-co-

glycolic
acid)

-

Single
emulsion-

solvent
evaporation

method

Single layer of
silk fibroin

Simvastatin;
Core;

in-synthesis
encapsulation

59.4% to
70.3% - ~15.3 µm Covalent

bonding

Chemical
crosslinking by

Glutaralde-
hyde

[24]

calcium
cross-linked

k-carrageenan

k-carrageenan
and chitosan

polyelectrolyte
complex

Template:
CaCO3.

Core: BSA
EDTA Co-

precipitation Multiwalled
Curcumin;

after core synthesis,
before layer assembly

6.25 to 8% - - Electrostatic
interactions - [100]

Gelatin A
(−)-

epigallocatechin
gallate (EGCG)

Template:
MnCO3

EDTA - Multiwalled
(four layers) - - −25 mV

~4.0 µm;

~4–5 µm

Non-covalent
(hydrophobic

and
electrostatic
interactions)

- [36]

Chitosan
polycation

Alginate
Polyanion

Template:
E. coli cells
(−32.70 ±

3.2 mV)

Lysis buffer
(0.1% Triton
X-100, 2 mM
EDTA in 10

mM Tris-pH8)

Cultured

Multiwalled
(four bilayers
of chitosan–

alginate)

- - (−36.08 ± 8.8)
mV - Electrostatic

interactions - [56]

93



Polymers 2021, 13, 4307

Table 2. Cont.

Polymer 1/Poly-
electrolyte

1

Polymer 2/Poly-
electrolyte

2

Solid
Template/Core

Template
Dissolving

Agent

Template/Core
Synthesis
Method

Shell-Type
and

Deposition
APC and Location EE (%)

Capsule
Surface
Charge
(mV)

Template/Core
Size and

Capsule Size

Core-Polymer
and Polymer–

Polymer
Interactions

Crosslinking
between Core

and Layers
Ref.

Thiolated-
chitosan

polycation

Thiolated-
hyaluronic acid

polyanion

Template:
CaCO3

−15.8 mV
EDTA Co-

precipitation

Multiwalled
(four bilayers

of chi-
tosan/hyaluronic

acid)

BSA and Dextran;
Core; Co-precipitated

with the solid template
during synthesis

20.2% −11 to
−25 mV

3.0 µm;
4 to 6 µm

Covalent
interactions by

disulfide
bonding

Enzymatic
crosslinking

using
horseradish

peroxidase and
tyramine

hydrochloride

[55]

Chitosan - Solid;
Ca-alginate - Extrusion A single layer

of chitosan
Insulin and probiotic
cells; post-synthesis - - – - Electrostatic

interactions [101]

Table 3. Examples of porous spheres prepared by solid & emulsion templating approach.

Polymer Matrix Porogen Preparation Method
Porogen Removal

Process
Crosslinkers;
Precipitants

APC Pore Size Sphere Size Ref.

Silk fibroin

Ice crystals
~(−195 ◦C)

Microinjection into liquid
nitrogen and freeze-drying Sublimation - Basic fibroblast

growth factor (bFGF) 1.5–7.0 µm 95 µm to 260 µm [39]

Ice crystals
(−20 ◦C)

w/o emulsion, rapid cooling,
and freeze-drying Sublimation - Strontium (20 ± 5) to

(34.8 ± 6.5) µm - [26]

Microinjection into liquid
nitrogen and freeze-drying Sublimation Ethanol-assisted

precipitation - 0.3–10.7 µm 208.4–727.3 µm [102]

Chitosan

Ice crystals
(−20 ◦C)

w/o emulsion,
low temperature,

thermally-induced phase
separation, and pH-assisted

coacervation

Drying under
vacuum - - 20–50 µm ca. 150 µm [74]

Ice crystals
~(−195 ◦C)

Microinjection into liquid
nitrogen and freeze-drying Sublimation

Saturated sodium
tripolyphosphate
(STPP) crosslinker

- <30 µm <400 µm [96]

Chitosan/poly(L-
glutamic acid)

(PLGA)
polyelectrolyte

complex

Ice crystals
(−20 ◦C)

w/o emulsion,
low temperature,

thermally-induced phase
separation

Drying - - (47.5 ± 5.4) µm 250 µm [75]
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Table 3. Cont.

Polymer Matrix Porogen Preparation Method
Porogen Removal

Process
Crosslinkers;
Precipitants

APC Pore Size Sphere Size Ref.

Collagen/cellulose Solid polystyrene w/o emulsion Washing with
acetone

n-butyl al-cohol as
precipitant BSA ~198.5 nm 8–12 µm [62]

Alginate NaCl w/o emulsion,
freeze drying - Calcium chloride as

crosslinker - 200–300 nm ~158 µm [73]

Soy protein CaCO3
Solid templating over porogen

by incubation Dissolution by EDTA Transglutaminase as
crosslinker - - 3–12 µm [61]

Silk sericin and
hydroxylapatite Silk sericin

Nucleation and growth of
hydroxyapatite, induced by the
sericin template in simulated

body fluid

- - Doxorubicin - 1–3 µm [103]

Table 4. Examples of capsules prepared by emulsion templating approach.

Polymer Shell Core & Type
Template &

Organic
Solvent

Emulsion
Type

Method APC & Location Interactions
Crosslinkers;
Stabilizers; &
Surfactants

Surface
Charge

Size
Encapsulation

Efficiency
Ref.

Human serum
albumin (HSA)

Lauroglycol
90; oily

Lauroglycol 90;
Acetone

o/w
single

emulsion

Diffusion-
evaporation

Exemestane and
hesperetin;

core

Electrostatic
interactions

None;
1:1w/w

poloxamer/Tween
80 mixture;

benzalkonium
chloride

20.7 ± 1.26 mV 172.4 ± 8.6 nm 95–98% [10]

Folic acid-
functionalized

HSA
Oily; dodecane Dodecane

o/w
single

emulsion

Ultrasonic
emulsification - Oxidative

crosslinking - −20 mV ~440 nm - [22]

Wheat germ
agglutinin-

functionalized
HSA

Biocompatible
plant oils; oily

Almond oil,
rapeseed oil,
olive oil, and

linseed oil

o/w
single

emulsion

Ultrasonic
emulsification - Oxidative

crosslinking - −12.4 ± 9.4
mV

(662.1 ± 7.6)
nm to

(862.2 ± 59.5
nm)

- [104]

Fluorescently
tagged bovine
serum albumin

(BSA) shell;
Shell filled with

PLGA and
unsaturated fatty

linoleic acid

Lecithin;
aqueous

Dichloromethane
and ethanol

w/o/w
double

emulsion

Double
emulsion–

evaporation

lipophilic
paclitaxel in the

oily shell and
hydrophilic

transcription
factor p53 in the

aqueous core

- Pluronic F-68 &
Lecithin −36.4 mV ~180 nm - [25]
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Table 4. Cont.

Polymer Shell Core & Type
Template &

Organic
Solvent

Emulsion
Type

Method APC & Location Interactions
Crosslinkers;
Stabilizers; &
Surfactants

Surface
Charge

Size
Encapsulation

Efficiency
Ref.

BSA

Soya bean oil;
oily Soya bean oil

o/w
single

emulsion

Ultrasonic
emulsification

Ribonucleic acid
(RNA); shell

Oxidative
crosslinking

-

−40 meV

(0.5 µm to 2.5
µm) ~60% [16]

Polyvinyl alcohol
(PVA)

functionalized-
BSA

0 meV

Polyethyleneimine
(PEI)

functionalized-
BSA

+20 meV

Silk fibroin Sodium
alginate; solid Paraffin oil

w/o
single

emulsion

Emulsion-
coacervation -

Chemical
crosslinking

using glu-
taraldehyde

Span 80 - Avg. 141.839
µm. - [14]

Collagen and
PLGA layers Hollow Dichloromethane

o/w
single

emulsion

Emulsion–
evaporation

MnO2
nanoparticles;

shell

Carbodiimide
initiated
covalent

crosslinking

Crosslinking
facilitated by N-(3-

Dimethylamino
propyl)-N′-ethyl

carbodiimide
hydrochloride

(EDC), N-
Hydroxysuccinimide

(NHS);
stabilizer:

polyvinyl alcohol
(PVA)

- - - [18]

Anti-epidermal
growth factor

receptor (EGFR)
modified-BSA

Dodecane; oily dodecane
o/w

single
emulsion

Ultrasonic
emulsification

Gemcitabine;
shell

Oxidative
crosslinking - - ~1.1 µm 30% [20]

Whey protein
isolate (WPI)

Sunflower oil;
solid Sunflower oil

o/w
single

emulsion

Spray- and
freeze-drying Vitamin E; core - - - ~145.3 µm 89.3% [12]

Gelatin Citric acid;
solid

Dichloromethane
and ethanol

o/w
single

emulsion
Spray drying Itraconazole;

core
Physical

crosslinking - - - - [21]
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Table 4. Cont.

Polymer Shell Core & Type
Template &

Organic
Solvent

Emulsion
Type

Method APC & Location Interactions
Crosslinkers;
Stabilizers; &
Surfactants

Surface
Charge

Size
Encapsulation

Efficiency
Ref.

Tetramethylrho
damine-

isothiocyanate
labeled-BSA,

tannic acid, and
BSA layers

Sunflower oil;
oily Sunflower oil

o/w
single

emulsion

Emulsion-
coacervation

3,4,9,10-tetra-
(hectoxy-
carbonyl)-
perylene

(THCP); core

Hydrogen
bonding

between the
shell layers

- (−30 ± 1.9)
mV - - [33]

Chitosan Soybean oil,
oily

Soybean oil;
benzyl

benzoate

o/w
single

emulsion

Emulsion-
microfluidic

Tea tree oil;
core

Covalent
interactions by

chemical
crosslinking

Terephthalal
dehyde (TPA) - ~106 µm 19.5–49.3% [105]

Gelatin and gum
arabica

Soybean oil;
aqueous Soybean oil

w/o/w
double

emulsion

Emulsion-
complex

coacervation

Sucralose;
core

Covalent
interactions Lecithin 81 to 113 µm 43.04 to 89.44% [106]

Folic
acid-modified

hyaluronic acid

Ethyl acetate;
oily Ethyl acetate

o/w
single

emulsion
Ultrasonication Curcumin; core Oxidative

crosslinking - - 400 to 600 nm 91.3 to 93.2% [107]

Soy protein and
gum arabica

(80 vol%
NEOBEE M5 +

20 vol%
limonene); oily

80 vol%
NEOBEE M5 +

20 vol%
limo-nene

o/w
single

emulsion

Complex
coacervation -

Heat-induced
gelation

crosslinking
- - - - [108]

Pea protein isolate
and sugar beat

pectin

Hemp seed oil;
oily Hemp seed oil

o/w
single

emulsion

Complex
coacervation,
followed by

spray-drying

Hempseed oil pH-induced
crosslinking - -

(12.80 ± 2.17)
to

(23.70 ± 1.23)
µm

(79.65 ± 5.99)
to

(94.42 ± 6.63)%
[109]
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3. Natural Polymer-Based Capsule Characterization

3.1. General Characteristics
3.1.1. Size

One of the primary characteristics of any biomedical formulation is its operating size.
It is a critical parameter that determines the suitability of the capsules to penetrate the
target biological site, as well as its applicability arising from in-vivo pharmacokinetics [110].
In addition, the capsule size influences the drug-loading capacity, drug release rate and
profile, and capsule stability [111]. Smaller capsules may provide a larger surface area for
the entrapment of a surface-bound drug, leading to potentially higher loading capacity.
However, a smaller core, achieved due to smaller size capsules, may not ensure sufficient
loading capacity for a drug-loaded in the capsule core as a reservoir. Alternatively, a larger
capsule, with a thicker shell (or multiwalled shell), can have a higher loading capacity
for a shell-bound drug but may or may not have a higher loading capacity for a core-
bound drug, in which case the core size is of paramount importance. A shell-bound drug
releases at an accelerated rate from smaller size capsules, due to the increased surface
area [111,112]. Larger polymeric capsules have been shown to degrade/dissolve faster
than smaller capsules, due to bulk erosion [113]. However, it has also been previously
shown that the particle size had a minimal effect on the polymer degradation rate [114].
Hence, it is safe to draw that the dependence of capsule degradation on its size may be
system- and parameter-specific.

Capsule size can be affected by the type of precursor polymer and its concentra-
tion [115], emulsion homogenization speed, agitation rate [116], type and concentration
of the emulsifying agent [117], volume of the aqueous and the oil phase, size of the solid
template/core, type and concentration of the surfactant, storage conditions, thickness of
the polymeric shell, and synthesis technique employed. Valot et al. studied process the
influence of process parameters on the size distribution of ethyl cellulose microcapsules
synthesized, using the emulsion–evaporation technique [118]. They found that the mean
capsule size decreases with the increase in the volume ratio of the dispersed organic phase
to the continuous aqueous phase and an increase in the stirring rate. They also concluded
that a decrease in the surfactant concentration leads to increased mean capsule size.

Size distribution measurements are usually performed using the dynamic light scat-
tering (DLS) method, wherein the micro- or nano-capsules are dispersed in a solvent media
during measurements. Size and morphological studies are also conducted using scan-
ning electron microscopy (SEM) and transmission electron microscopy (TEM). However,
care must be taken during sample preparation. We have observed that the liquid core
microcapsules are prone to bursting during air drying and vacuum conditions in the SEM
instrument. Lyophilization of the sample for ESEM measurements can be an option to
avoid such a scenario.

3.1.2. Stability

The stability of micro- and nano-capsule concerns their storage, as well as operating
in-vivo stability. After synthesis and purification, microspheres are either stored as colloidal
solutions at lower temperatures, solid freeze-dried samples, lyophilized into powders, or in
the form of spray-dried or vacuum-dried powders. Proper capsule storage ensures a better
shelf-life of capsule formulations and their subsequent usage. Sonochemically prepared
liquid-core human serum albumin capsules have shown to be stable for long-terms in
suspension, as well as in freeze-dried conditions [104].

In-vivo stability of a capsule can be increased to avoid the initial burst release of the
drug [31], which is usually an undesirable feature of a drug delivery formulation, and to
extend the drug release rate. Moreover, the capsules can be stabilized and programmed
to release drugs that target particular conditions, as in the case of stimuli-responsive
release systems.
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3.1.3. Moisture Content

Moisture content is an important physical property for the dried micro- and nano-
capsules and spheres that influences the stability of the core after drying and affects
the processibility, shelf-life, usability, and quality of the pharmaceutical product [119].
Furthermore, the maximum permissible moisture content in certain products depends on
the guidelines established by regulatory bodies, such as the FDA. In general, products with
moisture content between 3–10 g/100 g possess good storage stability [12].

Moisture content is determined using a thermogravimetric approach by measuring
weight loss upon drying. Many moisture content measuring instruments are available.
During a typical measurement procedure, the sample is heated, and the weight loss, due to
moisture evaporation, is recorded [12].

3.1.4. Surface Charge

Another important property of any micro- or nano-capsule is its surface charge, which
is usually determined by zeta potential measurements. The surface charge establishes
the in-vivo capsule distribution and affects the drug release rate from the capsules. The
surface charge can be modified using functionalizing polymers to enable targeted delivery
of micro- and nano- capsules, for instance, to the cell nucleus [35].

3.1.5. Encapsulation Efficiency

The efficiency of the drug encapsulation is calculated using the expression:

Encapsulation E f f iciency (%) =
Ct − Cun

Ct
× 100%

Ct is the total concentration of the drug initially present in the precursor solution
before capsule or sphere formation, and Cun is the drug concentration measured in the
residual precursor solution after the capsule or sphere formation.

3.1.6. Drug-Loading Capacity

The drug-loading capacity is defined as the amount (weight) of drug-loaded per unit
weight of micro- or nano-capsules and is calculated by the expression:

Loading capacity =
Wd

Wc

in which Wd is the total entrapped drug and Wc is the total weight of the capsules.

3.1.7. Cytotoxicity

To determine the suitability and biocompatibility of capsule formulations, in-vitro
cytotoxicity analysis is done in-vitro on tissue cells using cell viability and cytotoxicity
assays [120]. These assays measure the cellular or metabolic changes associated with viable
or nonviable cells and detect structural changes, such as loss of membrane integrity upon
cell death or physiological and biochemical activities, indicative of living cells. Various
types of cytotoxicity assays are available on the market, including MTT (methyl thiazolyl
tetrazolium) and CCK-8 (Cell Counting Kit-8). The testing protocol for each is different
and is explicitly defined by the assay manufacturers. In a typical procedure, the cells
are incubated in 96-well plates at 37 ◦C, until adherent to the culture plates, followed by
the addition of sterilized capsule suspensions. To these capsule-containing culture wells,
prescribed volumes of cytotoxicity assay are added each day, incubated for 2 h, and scanned
for absorbance at a particular wavelength to measure the optical density for counting the
number of surviving cells and analyze their metabolic activity [14]. Zhou et al. describe
various methods for cytotoxicity analysis of medical devices [120].
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3.1.8. Blood Compatibility

For any biomedical device or formulation, especially those intended to be introduced
in-vivo through intravenous route and blood vessels, embolizing agents must have blood
compatibility and should not cause hemolysis and blood coagulation. For blood compati-
bility analysis, the capsule formulation must undergo five stages of screening tests, which
include thrombosis (blood clotting index, coagulation analysis, and platelets), hemoly-
sis rate (nonhemolytic (0–2%), slightly hemolytic (2–5%), or hemolytic (>5%)) [121], and
immunology testing [122].

3.1.9. Flowability

Flow properties of the dried micro- or nano-capsule powder is an important parameter
that establishes the powder quality. Usually, flow properties are analyzed by calculating the
bulk and the tapped densities of a powdered sample. The procedure involves transferring
a measured amount (m) of the powdered sample into a calibrated measuring cylinder and
noting the bulk volume (VL) occupied by the powder to calculate the bulk density, ρb by
m
VL

. After this, the cylinder with the m amount of powdered sample is manually tapped for
a certain amount of time to reach the tapped volume VT for calculating the tapped density,
ρT by m

VT
. The flowability of the power is then indirectly predicted using

Carr′s index (%) =
ρT − ρb

ρT
× 100

Hausner Ratio =
ρT

ρb

Carr’s index ratings up to 10% are deemed excellent, between 10–15% are good,
16–20% are poor, 32–37% are very poor, and greater than 38% are abysmal. A Hausner ratio
≤1.25 indicates that the powdered sample is free-flowing, while a ratio ≥1.25 indicates
poor flowability [12].

3.1.10. Pore Size and Porosity

Depending upon the pore diameter size, micro- and nano-spheres can be microporous
(<2 nm), mesoporous (2–50 nm), or macroporous (>200 nm). The pore size can be measured
during morphological analysis using SEM, TEM, or confocal laser scanning microscopy.
Porosity is the ratio between the pore volume and total volume of the microsphere. It can
be calculated using a variety of methods [64].

3.2. Function-Specific Characteristics
3.2.1. Drug Release and Kinetics

To understand the release behavior of the drug from a sustained-release capsule formu-
lation, it is essential to study its release kinetics in-vitro. This is usually done by dispersing
the drug-loaded capsule formulations in a release media under constant stirring and by
measuring the drug concentrations in the release media at set time intervals. Conditions,
such as the selection of proper release media, pH, temperature, and stirring speed, must
be maintained and monitored throughout the in-vitro release experiments. The in-vitro
release media is generally composed of the route- and target-specific biomimicking fluids
at various pH values and bodily temperature (~37 ◦C). For example, orally administered
capsule formulations are tested in-vitro in the gastrointestinal-mimicking release media.
However, simulating exact in-vivo conditions is difficult.

D’Souza reviewed various in-vitro drug release study methods [123], including ‘sam-
ple and separate’, ‘continuous flow’, and ‘dialysis method’. The ‘sample and separate’
method involves retrieving a certain amount of sample from the release media at certain
time-intervals, separating the retrieved sample from capsules (via filtration, ultrafiltration,
centrifugation, ultra-centrifugation, or their combination), and, finally, measuring the drug
concentration in the filtrate or/and the evaluating the filtered capsules. This method,
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although straightforward, poses many challenges, including the clogging of filters during
filtration and absorption of the drug molecules into the filters. We also faced similar chal-
lenges during drug release studies from organic-core BSA microcapsules [85]. In addition,
we observed that BSA microcapsules ruptured several times during sample ultrafiltration,
which resulted in the premature drug release in the filtrate leading. In a continuous flow
method, the release media flows through a column containing immobilized drug-loaded
capsule formulation, and the effluent is collected and monitored by detectors. Several
types of apparatus are available for the continuous flow method. However, it is a costly
method and requires complicated set-up assembly. The dialysis method is straightforward.
Generally, the sample is placed in a dialyzing membrane and suspended into the release
media. Samples are retrieved from the release media and analyzed. The method is simple
and advantageous over the ‘sample and separate’ and ‘continuous flow’ methods, with the
exception that a few drugs can bind to the dialysis membrane, affecting their concentration
in the release media. In addition, the behavior of the dialysis membrane in the release
media must be monitored prior to their employment for drug release studies. Finally, the
drug release concentration in the release media vs. time profile is generated and compared
to theoretical and computational models to predict the drug release behavior from the
capsules and ascertain the underlaying release mechanisms.

The drug release process typically involves the migration of drug molecules from their
initial location in the capsule to the external surface of the capsule and then, eventually,
into an in-vitro release media or at the in-vivo target site. The movement and release of
the drug via this route are facilitated by various mechanisms, which are briefly discussed
below [30,124]. In-vivo drug release is usually governed by a combination of two or more
of these mechanisms, depending upon the type and design of the capsules or the spheres.

Diffusion. This process involves the mass transfer of the molecules of a substance
(solute) from one part of a system or solution to another, driven by the solute concentration
gradient [125]. In other words, it is the movement of solute molecules from their higher
concentration to their lower concentration in a solution, as long as this concentration
gradient is maintained. After the concentration difference is equalized, the system reaches
a state of equilibrium where no more solute diffusion from one part of the system to
another takes place. This mass transfer of molecules is facilitated by thermal and Brownian
motion, which results in random and repeated collisions between molecules. Usually, in a
gradient of solute concentration, not all the solute molecules have a preference to move
in one direction. Hence, while studying mass transfer by diffusion, a solution is divided
into volume groups of solute molecules [30]. One group of molecules may move in one
direction, while another group in the reverse direction. If the concentration of the first
volume group is more than the second one, overall, more particles will move from the first
group to the second, leading to a net flow of molecules from their higher concentration
in group one to their lower concentration in group two. For releasing from a polymeric
capsule, the drug molecules must diffuse from their initial position (inside the core drug
reservoir or matrix, or the polymer matrix) to the outer surface of the polymer matrix and,
eventually, into the release media.

Erosion. Drug release, by polymeric capsules, sometimes involves the erosion or
disintegration of the polymer matrix by the kinetic degradation of the appropriate links
between polymer–polymer molecules or polymer–APC molecules, due to the hydrolysis
of bonds [126]. The hydrolysis of a bond depends upon the local environment (acidic or
basic). In a drug reservoir system, erosion-controlled drug release occurs when the polymer
matrix degrades, releasing the APC that it physically encapsulates. In the case of a matrix
system, the APC is usually chemically linked to either the polymeric shell or the core and
is released after the breakage of those chemical links, accompanying the degradation of the
matrix. Erosion can occur at the surface [127], or in bulk [128], of the capsules. When water
invasion is slow and the hydrolysis of polymeric bonds is rapid, surface erosion occurs,
which reduces system dimensions [30]. In a matrix-type system, the surface erosion of the
polymeric SDDS is accompanied by the release of the APC molecules. When water invades
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the SDDS more rapidly throughout the system than the hydrolysis of the surface bonds,
several polymeric chains are broken, leading to the bulk erosion of the system. During the
bulk erosion, the drug is initially released from the system through the surface and pores.
This initial release is followed by a dormant stage (almost no drug release), where broken
polymer chains, triggered by water invasion, form crystallites that are resilient against
hydrolysis. Finally, the drug is released rapidly, due to the accelerated degradation of the
polymer and polymeric crystallites, due to autocatalysis.

Osmosis. Osmosis involves the movement of solvent (biological fluid) from its higher
concentration (i.e., lower concentration of the solute) to its lower concentration (i.e., the
higher concentration of the solute) through a semi-permeable membrane, which allows the
transport of smaller solvent molecules into the system but prevents bigger solute molecules
from leaving the system. The process is controlled by osmotic pressure, which develops
when two solutions of different solute concentrations are separated by a semi-permeable
membrane [30]. The higher the osmotic pressure, the higher the chemical potential, which
leads to an increased rate of transport of the solvent molecules through the semi-permeable
membrane. In osmotically-driven drug release, the polymer matrix of the capsules or
spheres acts as a semi-permeable membrane. Due to the built-up osmotic pressure, the
water outside the DDC/S starts to permeate the capsule polymer matrix, resulting in its
hydration and swelling. Eventually, due to the permeation of water molecules into the
matrix, the drug (solute) concentration inside the SDDC starts lowering, which results
in a decrease in the osmotic pressure. The hydration and swelling of the polymer matrix
result in the matrix becoming partially permeable to the drug molecules, which decreases
the osmotic pressure and drives the drug molecules to slowly escape the system through
the now partially permeable polymer matrix of the SDDC [129]. The process is repeated
alternatively on both sides of the polymer matrix on account of osmotic pressure and
chemical potential, leading to a slow and controlled release of the drug. The rate of osmotic
flow depends upon the concentration and nature of the drug, temperature, and hydraulic
permeability of the polymer matrix.

Swelling. Swelling of the polymeric membrane of an SDDC usually depends upon
the hydrophilic behavior of the polymer or water–molecule interaction [130]. When the
polymer is surrounded by water, the polymeric network expands because water enters the
DDC rapidly, as opposed to polymer dissolution, which is slow. This leads to the swelling
of the polymeric shell. The mechanism is similar to swelling, in the case of osmotically
driven drug release from an SDDC. The primary parameters that control swelling are ionic
content, cross-link content, and hydrophilic content of the polymeric shell.

Partitioning. DDCs are usually made of one or more polymers of different affinities
and polarities from the APC they contain [30]. Hydrophilic drugs partition themselves
in the aqueous phase hydrophilic moieties of the DDC, whereas the hydrophobic drugs
tend to reside in the organic phase or hydrophobic moieties of the DDC. In order to be
released from the DDC, the drug molecules travel through mediums of different affinities
(hydrophilic or hydrophobic polymers) at different rates, depending upon their relative
concentration and affinity to each phase. This affinity is defined as a partition coefficient,
which is the ratio of drug solubilities in the two phases and describes the relative frequency
with which the drug moves from one medium to another.

3.2.2. Swelling Ratio

The diameter of the micro- and nano-capsules is measured before and after the
swelling of the capsules. During swelling experiments, the capsules are dispersed in
an aqueous media under stirring at varying pH and temperatures conditions [14]. Their
diameters are measured at each interval of time, and the swelling ratio (%) is calculated
using the equation:

Dt − D0

D0
× 100 (1)
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where, D0 is the initial diameter and Dt is the diameter of the capsules after swelling at time
(t). It is vital to build a swelling ratio profile prior to in-vivo testing, in order to understand
the swelling behavior of micro- and nano-capsules, especially for their utility as embolizing
agents operating at different diameters of blood vessels, as well as osmosis-controlled drug
release systems.

3.2.3. Cell Survival Number

For determining the efficacy of the capsule as a protective enclosure to probiotic bacte-
rial cells against the harsh gastric environment, in-vitro incubation of cell-encapsulating
capsules and free cells in a simulated gastric fluid (SGF) is carried out for a set period to
evaluate the cell survival number [11].

3.2.4. In-Vivo Bioavailability

Capsules prepared for aiding the solubility characteristics of the encapsulated drug
are tested, in comparison to the unencapsulated free drug, for its in-vivo oral bioavailability.
The procedure involves live subjects (such as male or female rats in a similar weight range),
divided into test and control groups. A certain amount (by weight of the live subjects) of
drug-encapsulating capsules and the free drug are administered orally in the test and the
control groups, respectively. Fixed volumes of blood samples are then drawn from the
test and control groups at fixed time intervals (t0, t1, . . . , tn), through the experimentally
preferred vein type (for example, the retro-orbital, the saphenous vein, or the tail vein in
rats) [131]. Blood samples from a second control group of live subjects, to which no drug
is administered, can also be studied for conducting an accurate evaluation. The collected
blood samples from each group are analyzed for the blood plasma drug concentrations.
Pharmacological analyses are carried out by generating the mean plasma concentrations of
drug vs. time profile and analyzing the maximum plasma concentration (Cmax) at the time
(tmax) and area under the curve (AUC), to evaluate drug bioavailability from free drug and
capsule-encapsulated drug [12].

3.2.5. Dissolution Profile of the Capsules

The dissolution profile of a capsule formulation is built based on in-vitro experiments,
which usually involve incubating the capsules in water/simulated gastric fluids over a
definite period [12]. In such as case, the dissolution behavior is evaluated by observing
the change in the absorbance intensity and optical density with time at the absorbance
frequency of the capsule-forming polymer. The dissolution profile of capsule formulations
reflects the capsule erosion over time in the release media and, as a result, indicates its
biodegradation and elimination from the body, and affects the release behavior of the
encapsulated APC.

4. Recent Advances in Protein-Based Spherical Capsules towards
Biomedical Applications

In the past few decades, various types of animal- and plant-based proteins and pep-
tides have been studied for their use as drug and growth factor carriers, embolizing agents,
and cell culture platforms, in order to enable sustained drug release, protection from the
biological environment, enhanced bioavailability, targeted delivery, pH- and temperature-
responsive release, embolization of blood vessels, better cell integration into the body
and toxicity moderation. Table 1 lists various natural polymers (biopolymers), including
proteins, that have been utilized to develop spherical capsules in biomedical applications.
The interest in protein-based drug carriers stems from several of their advantages, namely
higher biocompatibility and lower toxicity, biodegradability, high drug-binding capac-
ity leading to a good drug-loading efficiency, possibility of straightforward and cheaper
production due to their abundance in nature, the feasibility of structural modifications,
due to the presence of several functional groups, non-immunogenicity, etc. Protein-based
systems in the form of hydrogels, micro and nanoparticles, micro- and nanocapsules, im-
plants, microneedles, bio-adhesives, fibers, rods, and films have been developed and tested
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for various applications in cancer therapy, nutritional therapy, diabetes, bone diseases,
neurological conditions, and stem cell therapy. Spheres and capsules made of animal-
and plant-proteins having liquid (organic or aqueous), hollow and solid cores have been
developed for the above applications (see Tables 5 and 6).

In addition, the past decade has seen a considerable evolution of composite cap-
sules made of two or more proteins, protein–polymer composite capsules, and composite
capsules of protein conjugated with other materials, such as ceramics and metallic nanopar-
ticles. Protein capsules have also been functionalized using other polymers to develop
drug delivery formulations for targeted delivery. Herein, we focus on the advances made
in the past decade towards developing micrometric and nanometric capsules with liquid,
solid, and hollow core encapsulated by shells made of functionalized proteins and protein–
protein composites, protein–polymer composites, protein composites with other materials,
and multiwalled capsules. Our discussion revolves around protein capsules and spheres
developed for biomedical applications, under the designing aspects discussed hitherto.

4.1. Liquid-Core Protein-Shell Capsules

With the purpose of drug protection and its sustained-release, microcapsules made of
the proteins, bovine- and human serum albumin (BSA and has), encapsulating various hy-
drophilic and hydrophobic drugs have been developed using various synthesis techniques,
including sonochemical synthesis. One such work, by Shimanovich et al., involved the
sonochemical encapsulation of ribonucleic acid (RNA) molecules in the BSA microspheres,
having an organic core, to study the possibility of using protein microspheres for delivering
RNA to Trypanosoma brucei parasites (causes sleeping sickness) and mammalian cells
(human U2OS cancer cells). The aim of encapsulation in the microspheres was to protect
the RNA molecules from the outer cellular environment and enable their controlled release
from the microspheres [16]. Various organic solvents, such as dodecane, soya bean oil,
canola oil, and olive oil, were tested to form the organic core of the microspheres, among
which the soya bean oil was found to be the most biocompatible to the Trypanosoma brucei
parasites and U2OS cancer cells. The RNA molecules were successfully encapsulated inside
the BSA microspheres, with 60% encapsulation efficiency, causing no damage to the RNA
molecules during encapsulation. The RNA molecules were initially found to be localized
in the hydrophobic organic core of the microspheres but delocalized themselves into the
hydrophilic BSA crust within ca. 24 h after the formation of the spheres. The average size of
the RNA-loaded BSA microspheres (RNA@BSAMS) ranged from 0.5 µm to 2.5 µm, which
depended on the size of the encapsulated RNA molecules, whereas the surface charge on
the RNA-BSAMS was around −40 meV. RNA@BSAMS were observed to degrade slowly
over five months (at 4 ◦C), while gradually releasing the RNA molecules, thus ensuring the
slow and controlled release of RNA by the BSA microspheres. A successful in vitro uptake
of RNA@BSAMS by Trypanosoma brucei parasites and U2OS cancer cells was observed
spontaneously without the help of additional mediators. The RNA@BSAMS were stable
in the cellular environment of the two types of cells, thus proving that RNA remained
protected inside the BSA microspheres.

In the follow-up work, Shimanovich et al. functionalized RNA-loaded BSA mi-
crospheres by coating their surface with polymers, either polyvinyl alcohol (PVA) or
polyethyleneimine (PEI), to enable targeted delivery of the RNA to the cell nucleus of
Trypanosoma brucei parasites and U2OS cancer cells [35]. They observed changes in the
surface charge from −40 meV to 0 meV upon coating with PVA and to +20 meV upon
coating with PEI. The enhanced cell uptake of the coated microsphere, which was four
times larger than the uncoated microspheres, was attributed to the changes in the surface
charge. Moreover, unlike the uncoated microspheres, which were localized near the cell
membrane, the microspheres coated with PVA localized themselves near the cell nucleus,
and the ones coated with PEI were able to penetrate the cell nucleus, thus enabling targeted
delivery into it. In another study, Grinberg et al. demonstrated significant inhibition of
pancreatic cancer cells (AsPC1) proliferation using antibody-modified BSA microcapsules,
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loaded with the FDA-approved anti-cancer drug gemcitabine [20]. It is known that the
pancreatic cells have an overexpression of EGFR (epidermal growth factor receptor), and
one of the strategies of inhibiting their growth is to inhibit the EGFR signaling pathway. For
implementing this strategy, anti-EGFR-modified BSA microcapsules, loaded with gemc-
itabine (BSA-Gem-EGFR), were synthesized sonochemically. The core of the microcapsules
was made of dodecane, and gemcitabine was found embedded in the BSA shell matrix. The
average size of the obtained antibody-modified microcapsules was ~1.1 µm with the maxi-
mum 30% loading capacity for gemcitabine. They demonstrated that BSA microcapsules
alone, when incubated with AsPC1 cells, do not show any inhibition in cell proliferation.
However, BSA-Gem-EGFR displayed significant inhibition of proliferation of AsPC-1 cells
(up to 31%), as compared to controlled gemcitabine-free (cell inhibition up to 15%) and
unmodified gemcitabine-loaded BSA microspheres (cell inhibition up to 25%). The strategy
used in that work may be effective for treating cancer cells exhibiting an overexpression
of EGFR.

Qian et al. prepared protein-lipid nanocapsules of fluorescently tagged-BSA (FITC-
BSA) shells with double emulsion features, wherein oily shell containing PLGA-linolic acid
encapsulated a protein-containing aqueous core for the co-delivery of lipophilic paclitaxel
and hydrophilic transcription factor p53 for cancer theragnostic [25]. Prepared by the
double emulsion technique, the obtained nanocapsules were ~180 nm in diameter, with a
zeta potential of −36.4 mV. Paclitaxel was loaded within the oily shell, containing PLGA
and linolic acid, whereas p53 resided in the aqueous core of the nanocapsules. Paclitaxel
and p53 synergistically induced ca. 100% apoptosis in the HeLa cells, significantly higher
than either paclitaxel or p53 alone. The BSA-FITC shell of the nanocapsules could enable
the observation of apoptotic cells under a fluorescence microscope. Such a formulation
with therapeutic and diagnostic ability has excellent potential in biomedical applications.

Organic core HSA-shell capsules have also been prepared. Gaber et al. developed
HSA-based nanocapsules with an oily core, containing a combination of hydrophobic
drugs, exemestane, and hesperetin for the targeted breast cancer therapy [10]. A two-stage
polymer coating method was applied to make the HSA nanocapsules, wherein an oil-in-
water emulsion, containing exemestane in the oil phase and hesperetin added later to the
oil phase, was prepared to form a cationic nanoemulsion. The negatively charged HSA
shell was deposited on the oily core by adding the aqueous solution of HSA dropwise
to the cationic nanoemulsion under stirring. 3-Aminophenylboronic acid (APBA) conju-
gated HSA was used by this method to prepare functionalized nanocapsules containing
exemestane and hesperetin. The HSA nanocapsules and APBA–HSA nanocapsules were
both obtained, in the size of ca. 172, which is suitable for delivery into cancer cells. The
average zeta potentials were 20.7 ± 1.3 mV and 16.5 ± 2.8 mV, respectively. In-vitro
drug release studies showed a biphasic release profile, indicating a diffusion-controlled
system. Increased cell internalization of drug-loaded HSA and APBA–HSA capsules was
observed in MCF-7 cell lines, compared to free drugs. The ABPA–HSA nanocapsules were
successfully able to passively target the hypervascular breast tumor and actively target the
overexpressed receptors in this tissue. In vivo studies showed a significant reduction in
tumor volume, decreased cell proliferation, and accelerated necrosis when drug-loaded
APBA–HSA nanocapsules were introduced. The study successfully utilized the superior
synergistic effect of the two hydrophobic drugs, exemestane, and hesperetin, by their tar-
geted delivery into the tumor cells using APBA functionalized HSA nanocapsules. Various
other studies have also demonstrated the successful targeted delivery of drug-loaded HSA
capsules by functionalizing HSA crust using various biomolecules. Rollet et al. prepared
folic acid (FA) functionalized HSA nanocapsules to demonstrate cell-specific internalization
by folate receptor (FRβ) macrophages, which are known to be expressed by chronically
activated macrophages responsible for inflammation and tissue degradation in Rheuma-
toid Arthritis patients [22]. The HSA capsules (having an organic core of dodecane) were
prepared sonochemically and functionalized with folic acid post-synthesis. The obtained
FA-HSA nanocapsules of size ~440 nm and surface charge around −20 mV were able to
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successfully internalize in positive FRβ macrophages. It was observed that the FA modi-
fied HSA nanocapsules were taken up three-fold higher in concentration by FRβ-positive
macrophages than in macrophages not expressing FRβ, thus paving the way for the tar-
geted delivery into inflammation-causing macrophages during Rheumatoid Arthritis. In
a recent study by Skoll et al., wheat germ agglutinin-functionalized HSA nanocapsules,
with a core composed of biocompatible plant oils, were sonochemically prepared for the
targeted delivery into urothelial cancer cells [105]. Various oils such as almond oil, rape-
seed oil, olive oil, and linseed oil were incorporated in the HSA nanocapsules to form the
organic core and analyzed for their effect on the size and stability of the nanocapsules.
HSA nanocapsules with olive oil core, obtained in size range of 830–900 nm, proved to
possess long-term stability (in the suspension and after freezing). Studies on Human
urothelial-5637 cell lines indicated a significantly higher uptake of wheat germ agglutinin
functionalized HSA nanocapsules as compared to the unfunctionalized HSA capsules.

4.2. Spherical Protein Capsules with a Solid Core

Protein capsules of hydrophobic and hydrophilic solid cores have been developed to
encapsulate hydrophobic and hydrophilic payload. As mentioned in Section 2, hydropho-
bic payloads have usually been encapsulated to enhance their bioavailability by altering
their water solubility. Parthasarathi et al. prepared vitamin E ((+)-α-tocopherol)-loaded
whey protein isolate (WPI) microcapsules, altering the solubility of vitamin E, using a
combination of spray drying and freeze-drying techniques, which they designated as spray
freeze-drying method [12]. The microcapsules consisted of an organic core of solidified sun-
flower oil containing vitamin E. The synthesis methodology involved firstly the formation
of a nanoemulsion of vitamin E and sunflower oil (in an aqueous solution of a surfactant)
using a microfluidizer, which was then homogenized with the shell material, WPI, where
the WPI molecules were rapidly absorbed on the emulsion interface to form a continuous
shell layer around the oil droplets. The homogenized mixture of the organic nanoemulsion
and the shell material was then spray-dried to form solid microcapsules with an average
size of 145.3 µm, which were later freeze-dried. Vitamin E was encapsulated inside the
microcapsules with 89.3% efficiency and seemed to be localized in the core matrix formed of
solidified sunflower oil. In-vivo testing on male Wister rats, facilitated by orally administer-
ing vitamin E-loaded WPI microcapsules, revealed better pharmacokinetics, with an almost
two-fold increase in the oral bioavailability of vitamin E. Increase in the bioavailability of
water-insoluble anti-fungal agents has also been observed, due to their encapsulation by
microcapsules. For this purpose, Li et al. developed itraconazole-loaded gelatin micro-
capsules using the spray-drying technique, during which itraconazole was dissolved in
a mixture of dichloromethane and ethanol, which was added to an aqueous solution of
gelatin and citric acid. This solution was then spray dried to give gelatin microcapsules,
containing a solid core of citric acid-containing itraconazole [21]. During the preparation,
itraconazole changed from the insoluble crystalline form to the soluble amorphous form,
which was an important factor, apart from its acidic microenvironment, due to the presence
of citric acid, contributing to a 10-fold enhancement in the solubility of the drug. In-vivo
studies on 6–9 week old male Sprague–Dawley rats revealed higher concentrations of
the drug in the blood plasma after the oral administration of itraconazole-loaded gelatin
microcapsules, compared to the commercial product.

Microcapsules of protein shells containing hydrophilic polymeric solid core have
been developed for the protection of various hydrophilic drugs, as well as probiotic cells.
In a study by Laelorspoen et al., alginate microspheric core containing Lactobacillus
acidophilus, a probiotic bacteria, were synthesized using the electro-spraying technique
and then coated with citric acid-modified zein protein shell layer [11]. The rationale behind
zein coating was to protect probiotic cells contained within the matrix of the solid alginate
protein core from the harsh gastric environment, given that zein, being highly hydrophobic,
possesses good resistivity against degradation due to gastric acids. The sizes of the obtained
microcapsules depended upon the concentration of citric acid and ranged from 543 to
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650 µm. The effects of electro-spraying voltage and citric acid concentration on the viability
of encapsulated probiotic cells were evaluated. It was observed that an increase in the
electro-spraying voltage reduced the size of the obtained microcapsules, which, in turn,
adversely influenced the survival number of the encapsulated probiotic cells. Moreover, an
increase in the citric acid concentration, during the zein protein coating, resulted in a pH
decrease in the microenvironment of the cells within the capsules, reducing the number
of viable probiotic cells. This is because probiotic cells cannot survive at a pH lower than
2. In-vitro studies in simulated gastric conditions (pH 1.2) revealed a five-fold increase in
the cell survival number of the probiotic cells encapsulated within alginate-zein core–shell
microcapsules, compared to free probiotic cells. Moreover, zein coating over alginate core
proved to be highly effective in protecting the probiotic cells, establishing its supremacy
over previously reported [132], uncoated probiotic cell-alginate microspheres.

Along with their application as drug delivery carriers, protein-based microcapsules
with a solid core of other natural polymers have been developed for their use as em-
bolizing agents in cancer therapy, due to their biodegradable and biocompatible nature.
In a recent work by Chen et al., adriamycin hydrochloride-loaded sodium alginate-core
encapsulated within silk fibroin protein-shell microcapsules were prepared as transcatheter
arterial chemoembolizing agents for the treatment of hepatocellular carcinoma, using
the emulsified cross-linking method [14]. The method involved emulsifying the aqueous
sodium alginate and silk fibroin solution, followed by gelling and cross-linking, facilitated
by lowering the pH to 3.5 and adding the cross-linker glutaraldehyde. A stable sodium
alginate sphere was formed during the process, due to the acetal reaction, initiated by
the chemical interaction of glutaraldehyde with the carboxyl and hydroxyl groups of
sodium alginate. Silk fibroin molecules were then deposited on the outer surface of the
alginate spheres via iconic and hydrogen bonding. The average size of 142 µm silk fibroin
microcapsules were obtained, suitable to act as embolizing agents. The microcapsules
showed good blood compatibility and almost no cytotoxicity towards vascular endothelial
cells, thus proving safe for intravenous administration of microcapsules. The degradability
rate of the microcapsules was found to reach 20.8% in three weeks. It indicated a good
degradability trend for the slow release of a chemotherapy drug during the embolization
and recanalization of blood vessels. The release mechanism of adriamycin hydrochloride
was swelling-controlled, characterized by rapid initial release-kinetics, due to the initial
uptake of water by the microcapsules leading to a rapid dissolution of the drug. However,
the release kinetics eventually slowed down, due to microcapsule swelling after the water
intake. In-vivo embolization studies on the rat ear model revealed that the microcapsules
could embolize the arteries in 3 weeks, leading to ischemic necrosis in rats’ ears. Their
study, thus, showed that sodium alginate–silk fibroin core–shell microcapsules could ef-
fectively serve two purposes: vascular embolization and sustained-drug release, proving
their potential as effective embolizing agents.

Silk fibroin microcapsules have been utilized to encapsulate solid drug-loaded syn-
thetic polymeric-spheres, to enable sustained-release of various drugs. Qiao et al. prepared
silk fibroin shell-PLGA-core microcapsules to study the sustained-release of simvastatin
(SIM), a cholesterol-reducing drug known for its osteoinductive properties to enable alveo-
lar ridge preservation after tooth extraction [24]. The hydrophobic PLGA core was made
porous with a dimpled surface to improve its deposition onto the affected area. Silk-fibroin
coating was performed to reduce the initial burst-release of SIM from the microcapsules, as
observed in conventional uncoated PLGA microspheres. The preparation process involved
synthesizing porous PLGA microspheres, using the emulsion/solvent evaporation tech-
nique, wherein an organic solution of SIM-PLGA was emulsified in an aqueous solution,
followed by solvent evaporation. The maximum encapsulation efficiency of SIM in the
PLGA core was found to be 85%, directly related to the concentration of PLGA. Silk fibroin
coating on the PLGA microspheres involved the incubation of PLGA microspheres in an
aqueous solution of silk fibroin, followed by glutaraldehyde cross-linking of silk fibroin.

107



Polymers 2021, 13, 4307

In-vitro SIM release studies revealed that initial burst release was reduced to 13.2% in silk
fibroin shell-coated PLGA microspheres, compared to the uncoated PLGA microspheres.

4.3. Porous/Hollow Core Protein Capsules

The past decade has seen a dramatic rise in systematic studies concerning the utiliza-
tion of collagen-based microspheres in stem cell therapy, proving their great potential in
tissue regeneration applications. Collagen-PLGA hollow core microcapsules functionalized
by MnO2 nanoparticles (PLGA-Col-MnO2) were prepared by Tapeinos et al. to act as
scavengers of overexpressed reactive oxygen species (ROS) such as hydrogen peroxide
(responsible for oxidative stress in cells, which leads to damaged cellular protein) lipids,
membranes and DNA [18]. PLGA hollow core microspheres were prepared by emulsifica-
tion, followed by collagen-shell coating and incorporation of MnO2 nanoparticles (~15 nm).
It was shown that MnO2 is capable of completely decomposing H2O2 into water and
oxygen without forming an intermediate hydroxyl radical while turning itself into the
easily excretable Mn+2 ions. In this study, the embedding of MnO2 nanoparticles in the
collagen-coating of the PLGA microspheres ensured their stability, facilitated better circu-
lation in the bloodstream, prevented their easy removal by macrophages, and preserved
their ability to scavenge H2O2 to release oxygen. In-vitro studies on the two oxidative
stress-induced immortalized cell lines, 3T3 and MCF7, revealed that the microspheres could
prevent H2O2-induced cell apoptosis by scavenging on H2O2 and releasing oxygen, which
was cell-specific and was directly affected by PLGA-Col-MnO2 microsphere concentration.

Collagen has been transformed into capsules and spheres to deliver substances, such as
drugs, growth factors, progenitor cells, etc., for bone cancer therapy, tissue engineering, and
bone regeneration applications. Nagai et al. synthesized injectable collagen microspheres
loaded with recombinant human vascular endothelial growth factor (rhVEGF) aiming to
protect rhVEGF from early degradation in the body and demonstrate its sustained-release
to promote angiogenesis [28]. The collagen microspheres were synthesized using the emul-
sification technique and impregnated with rhVEGF post-synthesis. Collagen microspheres
of sizes 1–30 µm possessing a positive surface charge of 8.86 mV (in phosphate-buffer
saline) and 3.15 mV (in the culture medium) were obtained. Sustained-release of rhVEGF
from the collagen microspheres was observed over four weeks due to the slow degradation
of the microspheres. The released rhVEGF maintained its bioactivity and was able to
induce capillary formation in human umbilical vein endothelial cells. In another study
by Yang et al., collagen microspheres loaded (during synthesis) with steroidal saponins, a
glycoside with osteoinductive properties, were synthesized using the emulsion/solvent
evaporation technique [133]. They aimed to demonstrate the sustained-release of steroidal
saponins from the collagen microspheres and evaluate the osteogenic properties of the
composed formulation. The release of steroidal saponins from collagen microspheres was
erosion-controlled, facilitated by the degradation of the microspheres in the PBS buffer.
In-vitro release studies on pre-osteoblastic MC3T3-E1 cells revealed an increased and sus-
tained expression of alkaline phosphatase (ALP), an enzyme that induces the formation
of osteoblasts for bone regeneration. Liu et al. used collagen microspheres as carriers
for the sustained-release of basic Fibroblast Growth Factor (bFGF) [31]. The collagen
microspheres were cross-linked using different concentrations of carbodiimide to avoid
their fast biodegradation and initial burst release of bFGF. The average diameter of the
resultant microspheres ranged from 600–3000 nm. The authors observed a significant
increase in the stability of bFGF-loaded collagen microspheres, which reduced initial burst
release. Sustained-release of bFGF has also been demonstrated by porous silk fibroin (SF)
microspheres prepared by Qu et al., in the size range 95–260 µm and the pore size of
1.5–7.0 µm using high voltage electrostatic differentiation, followed by lyophilization [39].
They observed a sustained biphasic release of bFGF from the porous SF microspheres when
bFGF was loaded into the microspheres during synthesis, compared to its absorption into
the microspheres post-synthesis. Moreover, the culture of mouse embryonic lung fibroblast
cells L929 on the bFGF loaded SF microspheres exhibited significant cell proliferation in
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5–9 days with very high cell viability and number compared to their culture on bFGF
unloaded SF microspheres.

Hollow/porous microcapsules/spheres have also been studied as scaffolds for grow-
ing stem cells and facilitating progenitor cell delivery to a variety of damaged tissues
for their regeneration. Such a need arises because stem cells introduced directly to the
lesion-affected tissue do not survive long enough to undergo cell differentiation and pro-
mote tissue regeneration. For this purpose, Yao et al. utilized collagen microspheres for
culturing oligodendrocyte progenitor cells (OPC) to study if the microspheres support cell
progenitor growth and differentiation [13]. The collagen microspheres, synthesized using
the water-in-oil emulsion technique, were obtained in sizes ranging from 73–192 µm and
could support the growth and differentiation of OPC (derived from 2 rats) into oligoden-
drocytes. When co-cultured with dorsal root ganglion (taken from a 15-day old rat embryo),
the oligodendrocytes grown from OPC-collagen microspheres could form neurite myelin
sheath and initiate other processes in the dorsal root ganglion. In a series of studies by Chan
et al., various types of cells, such as mesenchymal stem cell (MSC), mesenchymal stromal
cells, osteoarthritis chondrocytes, and neuroblastoma cells, were microencapsulated in
collagen microspheres to study their survival, growth, and differentiation, along with the
potential usage of collagen microspheres as in-vitro 3D culture platforms [27,134,135]. In
one of those studies, two different sets of MSC-loaded collagen microspheres (MSC@CM),
one with undifferentiated MSC@CM and the other with differentiated MSC@CM, to check
the effect of cell density and differentiation on cartilage repair [27]. It was observed that
undifferentiated MSC@CM implanted at the affected area led to the formation of thicker
but softer cartilage, whereas differentiated MSC@CM promoted the growth of stiffer but
thinner cartilage. Additionally, the introduction of higher cell density into the affected area
favors cartilage regeneration. In another series of studies, Cardier et al. introduced bone
marrow MSC@CM into the platelet-rich blood (PRB) clots (MSC@CM-PRB), to induce bone
regeneration in non-union lesions and fractures. New bone formation could be observed
at the nonunion fracture areas, after three to five months of implanting MSC@CM-PRB
into three patients (aged 27, 43, and 81). Moreover, no signs of in-situ abnormalities were
observed. The patients’ non-union fractures were healed entirely after 14 months to three
years, restoring full functionality and the ability to walk [136,137].

Similar to collagen, gelatin microcapsules and silk fibroin microspheres have also
been transformed to serve as cell and tissue delivery scaffolds. In a recent work by Hou
et al., hyaluronic acid-graft-amphiphilic gelatin hollow microcapsules (HA-AGMC), with
shell-embedded superparamagnetic iron oxide nanoparticles (SPIO nps), were prepared to
serve as chondrocytes 3D-culture platforms, to form cartilage tissue-mimicking pellets for
the correction of articular cartilage damage [23]. The synthesis first involved the grafting of
hyaluronic acid (HA) onto the amino groups of amphiphilic gelatin (AG) and the formation
of SPIO nanoparticles. The double emulsion technique was employed to prepare the
microcapsules, wherein the aqueous solution of HA-g-AG was added to SPIO chloroform
solution to form (w/o) single emulsion, followed by the addition of HA-g-AG aqueous solu-
tion to form w/o/w double emulsion, then solvent evaporation, dialysis, and freeze-drying.
The microcapsules produced had a hydrophilic hollow core, encapsulated by a hydropho-
bic bilayer, composed of the amphiphilic gelatin. The hydrophobic SPIO nps resided in the
shell matrix, with a loading efficiency of 92.2%, and HA covered the inner and the outer
surface of the microcapsules. The microcapsules formed were highly biocompatible to the
chondrocytes. HA served to connect the microcapsules to the chondrocytes because of
the presence of its receptors (CD44) on the chondrocyte membrane. It was revealed that
the HA-AGMC concentration of 170 µg/mL, incubated with chondrocytes for 14 days,
resulted in the formation of the largest tissue pellet size of 200 µm, with the attachment
efficiency of 90%, higher cell density, and viability in the cartilage tissue-mimetic, as well
as a stronger connection of the microcapsules to the chondrocyte extracellular-membrane,
as compared to the control groups. Due to the presence of SPIO in the HA-AGMC, the
pallets could be subjected to biophysical stimulation (via static magnetic field (MF) and
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magnet derived sheer stress (S)) for the gene expression of Aggrecan, type I and II collagen,
and SOX9, which are essential regulators of chondrogenesis and chondrocyte promotion.
It was observed that their expression was dramatically up-regulated when the MF and S
were applied to HA-AGMC, containing cartilage tissue pallets. Four weeks of implantation
of HA-AGMC cartilage tissue-mimicking pellets in the osteoarthritic male New Zealand
rabbits revealed improved retention, biofunctionality, better growth, and ordering of chon-
drocytes. The presence of SPIO-loaded HA-AGMC in the cartilage tissue-mimicking pallet,
as well as the application of the magnetic field, exhibits better growth and ordering of
chondrocytes in the pallet, and similar strategies can be applied for tissue repair in a variety
of conditions/disease states. In another study, Fang et al. prepared strontium-loaded
silk fibroin porous (pore diameter ~ 25 µm) microcarriers as the potential osteoinductive
platforms to enable the sustained-release of osteogenesis-promoting strontium ions and
the attachment, proliferation, and differentiation of mesenchymal stem cells (BMSCs) [26].
These porous microcarriers were prepared using the w/o emulsion-phase separation
technique, followed by freeze-drying and strontium mineralization. They allowed the
controlled release of strontium ions and attachment, proliferation, and differentiation of
seeded BMCs, which was in contrast with unloaded SF microspheres, due to the limited
osteoinductive property of SF. Similar to collagen and gelatin, SF-based microspheres can,
thus, be used as potential osteoinductive scaffolds for stem cell growth and differentiation,
to prepare injectable tissue engineering vehicles.

4.4. Multiwalled Core–Shell Protein Capsules

Zheng et al. modified the conventional LBL technique to successfully fabricate hollow
SF nanocapsules with efficient encapsulation of doxorubicin (a cationic antitumor drug),
as well as chlorin e6 (an anionic photosensitizer) drugs, with efficiencies of 80% and 90%,
respectively, to study their sustained-release [8]. A sacrificial core of polystyrene (~250 nm)
was used as a stencil to create the hollow SF nanocapsules. Alternating layers of positively
charged aminopropyl triethoxysilane (APTES) were introduced in between the SF layers
to promote the growth of negatively charged SF layers. SF nanocapsules with positive
or negative surface charge were obtained depending upon whether the last SF layer of
the capsules was subjected to APTES treatment and if the loading of chlorin e6 (Ce6) or
doxorubicin (DOX), respectively, was required. The encapsulation efficiency of DOX and
Ce6 reached 80% and 90%, respectively, as the layers of SF were increased, thus proving
that their synthesis strategy was efficient in loading cationic and anion drugs. Burst
release of DOX and Ce6 was observed from the SF nanocapsules at pH 6.5, but the slow
release was evident at pH 7.4. In-vitro cytotoxicity analysis of unloaded SF nanocapsules
on L929 cells and MCF-7 cells revealed a 90% higher viability than the control, proving
that the nanocapsules were biocompatible. When treated with DOX- or Ce6-loaded SF
nanocapsules, MCF-7 breast cancer cell lines experienced higher apoptosis, compared to
the free DOX or Ce6.

Mashoofnia et al. reported multilayered nanocapsules fabrication by the LbL self-
assembly of alginate polyanion and BSA polycation for the pH-responsive release of
betamethasone disodium phosphate (BSP), a synthetic glucocorticoid with metabolic,
immunosuppressive, and anti-inflammatory activity [17]. SiO2 was used as a sacrificial core
for the deposition of polyelectrolyte layers. They found that efficient complexation between
the two polyelectrolytes for their LbL self-assembly was obtained at an alginate/BSA
mixing ratio of 1:4 at pH 4. The 7- and 9-times assembly of alginate and BSA layers resulted
in nanocapsules of 170 and 188 nm, respectively. The thickness of each layer was found
to be ~5–6 nm. The loaded drug was sustainably released at pH 7.4, due to decreased
electrostatic interactions between the alginate and the BSA layers. MTT assay analysis of
MCF-7 cell lines indicated that the nanocapsules were biocompatible and suitable for drug
delivery applications.

Protein–polyphenol multiwalled microcapsules have been prepared for the encap-
sulation and protection of hydrophilic and hydrophobic drugs. Polyphenols possess
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antioxidant properties, which are crucial to protect the encapsulated drugs and prolong
their lifetime. Shutava et al. prepared protein –polyphenol microcapsules of alternative
gelatin–epigallocatechin gallate (EGCG) layers, using the LbL technique [36], wherein
EGCG polyphenol was used for its anti-cancer and antioxidant activity. It was found that
the interaction between the gelatin and EGCG layers was predominantly hydrophobic, and
the total EGCG content was up to 30% w/w. In another study, Lomova et al. used the LbL
technique to prepare multilayered capsules of BSA protein and polyphenol Tannic acid
(TA) to load hydrophilic model drug, tetramethylrhodamine-isothiocyanate labeled BSA
(TRITC-BSA) and hydrophobic model drug, 3,4,9,10-tetra-(hectoxy-carbonyl)-perylene
(THCP) [33]. For encapsulating the hydrophilic TRITC-BSA, a sacrificial TRITC-BSA
loaded-CaCO3 microparticle core was first coated with poly-L-arginine hydrochloride
(PARG), followed by six bilayers of TA/BSA, to give a core/shell particle. PARG was
used to provide a stronger interaction between the CaCO3 core and shell TA/BSA layers.
TRITC-BSA resided as a solid core in the microcapsules. To load the hydrophobic THCP
into the microcapsules, THCP was dissolved in sunflower oil and emulsified with the
aqueous solution of TRITC-BSA, wherein the latter stabilized on the THCP containing
oil droplets, followed by the absorption of TA and BSA layers. THCP was encapsulated
as an oily core in the microcapsules. Enzyme-catalyzed degradation of the capsules was
employed using α-chymotrypsin, which enabled the sustained-release of the encapsulated
model drugs (Tables 5 and 6).

Table 5. Recent advances in the biomedical applications of protein-based solid/liquid/hollow capsules.

Protein Shell Composition Core Type
Shell-Bound

API
Core API Biomedical Function

Type of
Therapy

Ref.

Albumins

BSA Liquid, organic
(soybean oil) RNA -

Controlled release of
RNA and its protection
from the outer cellular

environment

Gene
expression and

function
[16]

PVA and PEI
functionalized-BSA

protein

Liquid, organic
(soybean oil) RNA -

Targeted delivery of RNA
to the cell nucleus,

controlled release, and
protection from the outer

cellular environment

Gene
expression and

function
[35]

Anti-EGFR-modified
BSA

Liquid, organic
(dodecane) Gemcitabine -

Sustained-release of
Gemcitabine and EGFR

blocking

Pancreatic-
cancer

therapy
[20]

FITC-BSA bound
liquid organic shell

filled with
PLGA-linolic acid

Liquid
Aqueous Paclitaxel Transcription

factor p53

Sustained-release
synergistic apoptotic

effect of hydrophilic and
hydrophobic drugs on

HeLa cells

Cancer
theragnostic [25]

Multiwalled, BSA
polycation–alginate
polyanion layered

alternatively

Hollow

Betamethasone
disodium
phosphate

(BSP)

-

Sustained-release of BSP
having metabolic,

immunosuppressive, and
anti-inflammatory

activity

Rheumatoid
arthritis,
Crohn’s

disease, etc.

[17]

Multiwalled,
BSA-Tannic acid

layered alternatively

Solid,
hydrophilic

tetramethylrho
damine-

isothiocyanate
labeled BSA

(TRITC-BSA)

- TRITC-BSA - - [33]

Multiwalled,
BSA-Tannic acid

layered alternatively

Liquid, organic
(sunflower oil) TRITC-BSA

3,4,9,10-tetra-
(hectoxy-
carbonyl)-
perylene
(THCP)

Co-encapsulation of
hydrophobic and

hydrophilic drugs for
sustained-release and

their protection by
polyphenol Tannic Acid

All types of
therapies [33]
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Table 5. Cont.

Protein Shell Composition Core Type
Shell-Bound

API
Core API Biomedical Function

Type of
Therapy

Ref.

Albumins

3-
aminophenylboronic

acid
functionalized-HSA

Liquid, organic - Exemestane
and Hesperetin

Cell-specific
internalization and

Targeted delivery into
MCF-7 cell lines and

sustained-release

Breast-cancer
therapy [10]

Folic
acid-functionalized

HSA

Liquid, organic
(dodecane) Folic acid -

Cell-specific
internalization and

Targeted delivery into
folic-receptor
macrophages

Rheumatoid
arthritis [22]

Whey
Protein
Isolate
(WPI)

WPI
Solid

Hydrophobic
(sunflower oil)

- vitamin E ((+)-
α-tocopherol)

Enhanced bioavailability
of water-insoluble

vitamin E

Nutritional
therapy [12]

Collagen MnO2 functionalized-
collagen-PLGA Hollow - -

Prevention of oxidative
stress-induced protein-,
lipid- or DNA damage

and cell apoptosis

Cancer therapy,
cardiovascular

and
neurological

disorders
treatment

[18]

Silk
Fibroin

Silk fibroin protein
Solid

Hydrophilic
(alginate)

Adriamycin
hydrochloride -

Transcatheter arterial
chemoembolizing by the

microcapsules and
controlled release of

adriamycin
hydrochloride

Liver cancer
therapy [14]

Silk fibroin protein
Solid

Hydrophobic
(PLGA)

- Simvastatin

sustained-release of
cholesterol-reducing and

osteoinductive
simvastatin

Bone
regeneration [24]

Multiwalled, silk
fibroin-APTES

layered alternatively
Hollow

chlorin e6
(Ce6) and

doxorubicin
(DOX)

-
Sustained-release of

anti-tumor drug DOX
and photosensitizer Ce6

Chemophoto
therapy [8]

Zein Citric acid-modified
zein

Solid
Hydrophilic

(alginate)
- Lactobacillus

acidophilus

Protection of probiotic L.
acidophilus from the
gastric environment

Nutritional
therapy [11]

Gelatin

Gelatin
Solid

hydrophilic
(citric acid)

- Itraconazole
Enhanced bioavailability

of water-insoluble
itraconazole

Treatment of
mycotic

infections
[21]

Hyaluronic acid-graft
gelatin hydrophobic

shell embedding
SPIO

Hollow
(hydrophilic) - -

Chondrocyte cells
3D-culture platforms to

form cartilage
tissue-mimicking pellets,

magnetic field, and
magnetic stress-induced

gene expression

Tissue repair
(correction of

articular
cartilage
damage)

[23]

Multiwalled gelatin–
epigallocatechin

gallate (EGCG) LbL
Hollow - -

EGCG layers introduce
antioxidant properties to

the microcapsules to
prolong the lifetime and
enhance the effectiveness

of encapsulated APIs

Cancer therapy
and more [36]
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Table 6. Recent advances in the biomedical applications of porous protein microspheres.

Protein Composition Biomedical Cargo Biomedical Function Type of Therapy Ref.

Collagen

Collagen
microspheres

Recombinant human
vascular endothelial

growth factor (rhVEGF)

Sustained-release of
signal protein rhVEGF

Cardiac muscle
repair [28]

Steroidal saponins Sustained-release of
Steroidal saponins

Osteogenesis and
bone regeneration [133]

Oligodendrocyte
progenitor cells (OPC)

Culturing OPC and their
delivery to

lesion-affected tissue for
the repair of the neurite

myelin sheath

Tissue
regeneration [13]

Mesenchymal stem cells,
mesenchymal stromal

cells, osteoarthritis
chondrocytes, and

neuroblastoma cells

3D cell culture platform
for stem cell culture,
differentiation, and

delivery

Stem cell therapy [134,135]

Bone marrow
mesenchymal
stromal cells

Integration into
platelet-rich blood clots
and implantation at the

nonunion lesion site

Bone regeneration
for nonunion

fractures
[136,137]

Silk Fibroin

Porous silk fibroin
(SF) microspheres

Basic fibroblast growth
factor (bFGF)

Sustained-release of
bFGF and lowering of

biodegradability
Tissue repair [39]

Strontium loaded
porous SF

microspheres

Strontium and
mesenchymal stem

cell (MSC)

Sustained-release of
osteogenic strontium

and the culture of MSC
Bone regeneration [26]

5. Concluding Remarks and Future Perspectives

Natural, polymer-based APC carriers, especially proteins and polysaccharides, have
been utilized widely in biomedical applications, mainly due to features such as biodegrad-
ability, biocompatibility, functionalization capability, low-immunogenicity, and blood com-
patibility. Amongst polysaccharides, chitosan (and derivatives), cellulose (and derivatives),
and alginate have been the most commonly utilized shell candidates in core–shell capsules,
whereas BSA, HSA, collagen, gelatin, silk fibroin, and zein proteins rule the polypeptide
family. Keratin, resilin, and gliadin are some of the less explored polypeptides as shell-
forming polymers for core–shell capsules. Recent research trends indicate an accelerated
rate in the development of APC carriers with various core–shell structural configurations.
Compared to non-porous and porous sphere structures, core–shell capsule configurations
have been proven superior, as they enable the introduction of multifunctionalities, higher
cargo loading capacity, and encapsulation efficiency. A variety of hydrophobic and hy-
drophilic cargo can be simultaneously encapsulated and entrapped in the single- and
multiwalled core–shell capsules. Porous spheres, on the other hand, were proven to be
advantageous as platforms for cell culture. The majority of research and development in
cell carrier platforms seems to utilize porous microspheres, possibly due to the availability
of a larger surface area for culture within the pores, as well as the polymer matrix surface.

Several approaches and techniques have been utilized to synthesize porous spheres
and core–shell capsules. The majority of these techniques have been utilized for many
decades and have undergone slight modifications over the years to meet the system-
specific needs. It is also evident that these techniques largely utilize templating approach,
wherein either solid or emulsion templates are prepared and used to guide the formation
of core–shell-type, as well as sphere-type structural configurations. Solid templating is
the easiest and most direct approach for synthesizing solid- and hollow-core, as well as
single- and multiwalled capsules. There are many reports on utilizing the solid templating
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approach for solid- and hollow-core–shell capsule synthesis. Liquid-core capsules have
also been indirectly prepared using solid templating. However, the number of such
studies is relatively low. Emulsion templating is another commonly used method of
synthesis, especially for oily core capsules and porous spheres. An important difference
between sphere and capsule synthesis using emulsion templating is that the latter generally
requires the formation of o/w emulsion, as opposed to w/o emulsion, especially when
the polymer is hydrophilic and soluble in water. Ultrasonication-assisted emulsification
has also been established as one of the leading capsule synthesis approaches, due to its
facile and time-efficient methodology. Several studies have utilized the ultrasonication
approach for the synthesis of liquid-core capsules. However, the proportion of studies
involving the ultrasonic synthesis of oily-core capsules is higher than that of the aqueous-
core capsules. Thus, ultrasonication can be further explored towards the synthesis of
aqueous-core capsules.

The stability of polymeric carriers, especially core–shell single- and multiwalled
capsules, has been a concern. For their long-term stability, covalent crosslinking has been
exploited. However, as mentioned earlier, a balance between covalent and non-covalent
interactions must be achieved to ensure capsule stability but must enable stimuli-responsive
cargo release. Storage is another concern when it comes to core–shell capsules. Liquid-core
and hollow core capsules are highly prone to structural deformations and bursting when
dried for storage and characterization as dry powders. Liquid-core capsules can be stored
as colloidal solutions, instead, to avoid these issues. However, it must be noted that if
the colloidal conditions are not appropriately maintained, the capsules suffer aggregation,
which results in the loss of shell functionalities. More efforts are needed in the direction
of purification and proper storage. In addition, alternative, less invasive approaches for
preparing characterization samples of liquid-core capsules are needed.
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Abstract: Hydrogels have reached momentum due to their potential application in a variety of fields
including their ability to deliver active molecules upon application of a specific chemical or physical
stimulus and to act as easily recyclable catalysts in a green chemistry approach. In this paper, we
demonstrate that the same redox-responsive hydrogels based on polymer networks containing 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO) stable nitroxide radicals and oligoethylene glycol methyl
ether methacrylate (OEGMA) can be successfully used either for the electrochemically triggered
release of aspirin or as catalysts for the oxidation of primary alcohols into aldehydes. For the first
application, we take the opportunity of the positive charges present on the oxoammonium groups of
oxidized TEMPO to encapsulate negatively charged aspirin molecules. The further electrochemical
reduction of oxoammonium groups into nitroxide radicals triggers the release of aspirin molecules.
For the second application, our hydrogels are swelled with benzylic alcohol and tert-butyl nitrite as
co-catalyst and the temperature is raised to 50 ◦C to start the oxidation reaction. Interestingly enough,
benzaldehyde is not miscible with our hydrogels and phase-separate on top of them allowing the
easy recovery of the reaction product and the recyclability of the hydrogel catalyst.

Keywords: hydrogels; redox-responsive polymers; TEMPO; encapsulation-release; catalysis

1. Introduction

Hydrogels are three-dimensional, hydrophilic, polymeric networks capable of swelling
in aqueous medium and resembling to some extent living tissues [1]. They may be chem-
ically stable or they may degrade or dissolve under specific conditions [2]. When the
polymer networks are held together via polymer chain entanglements, crystallites or
non-covalent interactions including hydrophobic interactions, Van der Waals interactions,
hydrogen bonds and ionic forces, they are referred to as physical gels [3]. The so-called
permanent or chemical hydrogels are obtained from covalently-crosslinked networks and
generally present a better homogeneity than physical gels [2]. Since the seminal publication
of Wichterle and Lim [4], chemical hydrogels have gained attention owing to their unique
characteristics, especially when they are originating from stimuli-responsive networks that
can dynamically and reversibly alter their structure and properties in response to changes
in the environment [5]. Hydrogels are utilized in many areas and more specifically in the
biomedical field where they can act as drug protectors, targetable carriers for bioactive
drugs etc. [2,3,6,7]. As far as biomedical applications are concerned, hydrogels derived
from bio-based polymers are particularly attracting since those polymers are generally bio-
compatible and biodegradable and often show a high level of biomimicry, a highly desired
characteristic for in vivo applications [8]. Moreover, in order to reach the desired proper-
ties with ever increasing complexity, polymer-based hydrogels may be mixed with other
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polymeric or non-polymeric components to form composite hydrogel systems, including
e.g., polymer nanoparticles, electrospun fibers, nanocarbons, etc. [8–10].

In the present contribution, we focus on stimuli-responsive chemical hydrogels. Typi-
cal stimuli include variations in temperature [11], pH [11], applied stress [12], magnetic
and electromagnetic field [13], ionic strength [14], light [15] and the presence of bioactive
species [16]. Redox-responsive gels have been scarcely reported. Typically, species which
may undergo reversible oxidation-reduction reactions are good candidates to achieve redox
responsiveness in hydrogels [17]. The design of redox active networks usually involves
the incorporation of redox responsive groups either in the polymer main chain, in the
side groups or as cross-linking moieties [17,18]. From a practical point of view, redox
stimuli may be applied chemically or electrochemically. This last possibility is particularly
promising since the addition of reactants to the hydrogel is not required in order to observe
the redox-responsive behavior. However, the hydrogel should display a sufficient electric
conductivity in order to be electrochemically addressed.

As far as redox groups are concerned, 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)
is a very interesting candidate. TEMPO is a stable nitroxide radical that can be easily
oxidized into an oxoammonium cation or reduced into an aminoxyl group [19]. Moreover,
TEMPO derivatives are largely used in chemistry as catalysts [20], and in the biomedical
field as imaging enhancers in electron spin resonance techniques or as a radical scavenger of
reactive oxygen species and are, therefore, considered valuable candidates for anti-oxidant
therapies [21]. Moreover, the redox equilibrium associated with nitroxide radicals, and espe-
cially TEMPO, has been recently used for the production of energy storage devices [22,23].
For the energy storage application, scientists developed a poly(methacrylate) bearing
TEMPO moieties as side groups. In our recent previous works [24,25], we have described
and characterized new redox-responsive hydrogels based on polymer networks containing
the TEMPO-containing methacrylate and oligoethylene glycol methyl ether methacrylate
(OEGMA). TEMPO groups can undergo reversible oxidation-reduction reactions that lead
to redox activity while OEGMA groups are hydrophilic and allow water swelling in order
to obtain hydrogels. In the present contribution, the use of those hydrogels for two different
applications is presented.

The first application deals with the release of a guest molecule, namely aspirin, in
response to an electrochemical redox trigger. The advantage of the electrochemical stimulus
is that it can be localized in time, it does not require the addition of reagents and the trigger
parameters, such as current intensity and reaction time, and it can easily by modulated
to adequately comply with the system [26,27]. Therefore, the amount of released guest
molecules can be controlled and realized on demand.

The second application is based on the well-known use of TEMPO groups as catalysts
for the oxidation of alcohols to obtain ketones, aldehydes or carboxylic acids [28,29]. The
oxidation of alcohols using TEMPO-based catalysts is often efficient, fast, selective, realized
in mild conditions and can tolerate sensitive functional groups [28,29]. However, the
difficulty of catalyst recycling as well as the need for organic solvents and transition metal
co-oxidants are limiting the application of TEMPO-based catalysts [30]. Here, we report a
methodology using our hydrogels containing TEMPO groups as catalysts for the oxidation
of benzyl alcohol into benzaldehyde in aqueous medium. The applied methodology is
inspired by the previous work of Karimi et al. [31]. Such an application follows some of
the principles of green chemistry since water is used as solvent and no metallic co-catalysts
are needed. Moreover, it allows a very easy purification of the product of the reaction since
the latter phase separates from the hydrogel. Therefore, the TEMPO-containing hydrogel
can be easily recycled after the reaction to be used again.

2. Materials and Methods

2.1. Materials

All chemicals were purchased from Sigma-Aldrich (Overijse, Belgium), Acros (Geel,
Belgium) and TCI (Zwijndrecht, Belgium). 2,2,6,6-Tetramethyl-1-piperidyl methacrylate
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(TMPM, 98%, TCI), oligo(ethylene glycol) methyl ether methacrylate (OEGMA, average mo-
lar mass of 300 g/mol, Sigma-Aldrich) and di(ethylene glycol) dimethacrylate (OEGMA2,
98%, Sigma-Aldrich) were purified on a AlOx-filtration column prior use in order to re-
move the inhibitor. The 2,2′-azobisisobutyronitrile (AIBN, 98% purity, Sigma Aldrich)
initiator was recrystallized twice from methanol (Acros, 99%) prior use. Acetylsalicylic acid
(ASA, 99.9%, Sigma-Aldrich), isopropanol (IPA, Acros, 99.5%), methanol (Acros, 99.8%),
diethyl ether (Acros, 99%), NaHCO3 (Sigma Aldrich, 99%), Na2WO4.2H2O (Sigma-Aldrich,
99%), H2O2 (Sigma-Aldrich, 30 wt% solution in water), ethylene diamine tetraacetic acid
disodium salt dihydrate (EDTA, Sigma Aldrich, 99%), NaClO (Sigma Aldrich, 99%), HBF4
(Sigma Aldrich, 48 wt% solution in water), NaClO4 (Sigma Aldrich, 98%), acetonitrile
(ACN, 99.9%, Sigma Aldrich), formic acid (98%, Sigma Aldrich), benzylic alcohol (Sigma
Aldrich, 99%) and tert-butyl nitrite (Sigma Aldrich, 90%) were used as received.

2.2. Synthesis of Hydrogels

The investigated poly(2,2,6,6-tetramethyl-1-piperidinyloxo ammonium methacrylate-
random-oligo(ethylene glycol) methyl ether methacrylate), further abbreviated as P(TEMPO+-r-
OEGMA), hydrogels have been synthesized via a methodology described in our previous
work [24]. Briefly, TMPM was dissolved in isopropanol into a round-bottom flask. The
required amount of OEGMA, OEGMA2 and the initiator AIBN (0.5 eq.) were then added
and stirred (Figure 1). The molar ratio of TMPM/(TMPM+OEGMA) (abbreviated as
XTEMPO) was set to 0.2 and the cross-linker molar ratio OEGMA2/(TMPM+OEGMA)
(abbreviated as XCL) was set to 0.03. The solution was then degassed by three freeze pump–
thaw cycles and filled with argon before stirring in an oil bath at 70 ◦C overnight to lead to
a transparent material. The TMPM units were then oxidized into TEMPO nitroxide radicals
using Na2WO4 (0.25 eq.), EDTA (0.15 eq.) and H2O2 (5 eq.) in methanol (see Figure 1).
The mixture was then stirred at 60 ◦C overnight. An orange colored gel was obtained,
washed four times with distilled water and methanol (1:1, v:v) and dried in vacuum at
40 ◦C overnight. An orange sticky material corresponding to dried P(TEMPO-r-OEGMA)
was finally obtained. For the oxidation of TEMPO into TEMPO+ (Figure 1), the dried
P(TEMPO-r-OEGMA) material was swollen in distilled H2O (31.25 eq.). HBF4 (1 eq.) was
then slowly added at room temperature, followed by the addition of NaClO (0.5 eq.) at
0 ◦C and additional stirring for 1 h at 0 ◦C. The oxidized P(TEMPO+-r-OEGMA) obtained
was washed with ice-cold 5 wt% NaHCO3 aqueous solution and ice-cold diethyl ether.
The yellow material obtained was finally dried overnight at 40 ◦C in vacuum. The final
hydrogels were obtained by swelling the P(TEMPO+-r-OEGMA) hydrogels in distilled
water for 48 h to be sure to reach the swelling equilibrium. The excess of water was
removed and the remaining hydrogel was used for further experiments.

2.3. Electrochemical Measurements

All electrochemical experiments were performed at room temperature using 0.1 M
NaClO4 as supporting electrolyte on a Biologic VMP300. 5 µL of sample were dropped on
the working electrode (carbon screen printed electrode DRP-110-U75, Metrohm, Antwer-
pen, Belgium) and, after 60 s, cyclic voltammetry was performed in the potential range that
comprised between 0.2 and 0.6 V at a scan rate of 10 mV/s. Measurements were repeated
5 times to ensure reproducibility.
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Figure 1. Synthesis of the poly(2,2,6,6-tetramethyl-1-piperidinyloxo ammonium methacrylate-random-
oligo(ethylene glycol) methyl ether methacrylate) (P(TEMPO-r-OEGMA)) and oxidized P(TEMPO-r-
OEGMA) (P(TEMPO+-r-OEGMA)) hydrogels.

2.4. Ultra-High-Performance Liquid Chromatography (UHPLC)–Electrospray Ionization (ESI)
Mass Spectrometry Analysis

An ultra-high-performance liquid chromatography (UHPLC) system (ThermoFisher
Scientific, Merelbeke, Belgium) consisting of a binary pump, an automatic injector, a column
oven and an Agilent (Machelen, Belgium) 1290 series ultraviolet (UV) detector was used.
The separation was carried out on an Eclipse plus C18 rapid resolution high definition
(RRHD) column (100 × 2.1 mm, 1.8 µm) at a flow rate of 0.2 mL/min and using an aqueous
solution containing 1.0% of formic acid and 5% ACN (solvent A) and ACN containing 0.1%
formic acid (solvent B). The elution program was started at 90% solvent A for 1 min, then
90% solvent B for 6 min at a flow rate of 0.2 mL/min with UV detection at 280 nm. The
injection volume was kept at 5 µL for the standard and all the other samples. The detection
in mass spectrometry was carried out by an electrospray ionization (ESI) jet stream Agilent
(Machelen, Belgium) 6150B mass spectrometer. The analysis was carried out at 200 ◦C
with a capillary voltage of 1500 eV and a voltage nozzle at 2000 eV. The parameters were
optimized for the detection of acetylsalicylic acid as follows: nebulization pressure at 50 psi,
drying gas at 4 L/min and power of fragmentary set at 75 eV. The retention time of aspirin
was observed at 5.52 ± 0.1 min for MS and 5.32 ± 0.1 min for UV. An aspirin standard
(Sigma Aldrich, Overijse, Belgium) was dissolved in ACN containing 0.1% formic acid. A
calibration curve ranging from 15 µM (2.7 ppm) to 301 µM (54.2 ppm) was injected. The
aspirin was followed in LC-MS in SIM (-) mode for m/z of 179 and 225 and in UV at 280 nm.
30 µL of samples were diluted with 100 µL of water (dilution factor 4.33). Measurements
were repeated 3 times to ensure reproducibility.
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2.5. Gas Chromatography (GC)–Mass Spectrometry (MS) Analysis

The chromatographic separation of benzaldehyde and benzylic alcohol was performed
using a Thermo Scientific (Merelbeke, Belgium) TRACE 1310 GC (gas chromatograph)
coupled with a Thermo Scientific (Merelbeke, Belgium) single quadrupole ISQ™ QD™
mass spectrometer (MS). The GS was equipped with a RESTEK™ Rxi®-5Sil MS column
(L = 30 m, dc = 0.25 mm, and df = 0.25 µm). The GC temperature program started at a
temperature of 60 ◦C, ramped to 300 ◦C (20 ◦C/min, held 5 min) with a constant flow of
2 mL/min, resulting in an overall analysis time of 17 min. Injection mode with split ratio
of 1/10 was used. The MS was operated with source of mass at 305 ◦C and full scan mode
from 40 to 400 m/z. Measurements were repeated 3 times to ensure reproducibility.

2.6. Fourier-Transform Infrared (FTIR)

Infrared spectra were collected on a Thermo Scientific (Merelbeke, Belgium) Nicolet
6700 Fourier transform infrared (FTIR) spectrometer. For the kinetic study, a probe 6.3 mm
AgX DiComp (Au, Diamond, C22) was connected to a ReactIR 15 from Mettler Toledo
(Zaventem, Belgium). The probe was introduced in an Easymax reactor from Mettler Toledo
(Zaventem, Belgium). Measurements were repeated 3 times to ensure reproducibility.

3. Results

3.1. Synthesis of Hydrogels

P(TEMPO+-r-OEGMA) hydrogels with a molar fraction of TEMPO+ monomer equal
to 0.2 and a molar fraction of crosslinker equal to 0.03 were synthesized (Figure 1). Briefly,
a P(TMPM-r-OEGMA) precursor hydrogel was first prepared by conventional radical
copolymerization of TMPM, OEGMA and OEGMA2 (OEGMA2 playing the role of chemical
crosslinking agent since it contains two polymerizable double bonds). This was followed by
the oxidation of the secondary amine of TMPM units with H2O2 and Na2WO4 in methanol
to obtain TEMPO units. Finally, the nitroxide radical units of TEMPO were oxidized into
oxoammonium groups (TEMPO+) with NaClO in the presence of HBF4. This reaction can
be macroscopically followed by the change of color of the hydrogel from orange to yellow
(Figure 1) and is confirmed by FTIR spectroscopy with a characteristic N–O vibration at
1540 cm−1 for P(TEMPO-r-OEGMA) and a characteristic N=O vibration at 1570 cm−1 for
P(TEMPO+-r-OEGMA).

3.2. Encapsulation-Release of Aspirin from P(TEMPO+-r-OEGMA) Hydrogels

In order to demonstrate the encapsulation abilities of P(TEMPO+-r-OEGMA) hy-
drogels, we have designed a proof-of-concept experiment by taking opportunity of the
presence of positively charged units in the oxidized P(TEMPO+-r-OEGMA) hydrogels to
encapsulate a negatively charged drug, namely ASA, commonly known as aspirin. In a
first step, the equilibrium swelling of the P(TEMPO+-r-OEGMA) hydrogel was realized
with aspirin (0.1 g/L) dissolved in 0.1 M aqueous NaClO4 solution (at this pH close to 7 the
aspirin is mainly negatively charged since its carboxylic group is in the carboxylate anion
form). After the swelling step, the hydrogel was rinsed with water and a small amount of
the 1 M NaClO4 solution was deposited on top of the aspirin loaded P(TEMPO+-r-OEGMA)
hydrogel that was further equilibrated for 12 h (Figure 2a). Afterwards, the supernatant
of the hydrogel has been analyzed by mass spectrometry and no aspirin molecules were
detected confirming their strong electrostatic encapsulation in the hydrogel and the fact
that no aspirin molecules are diffusing out of the hydrogel with time (Figure 2a).
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Figure 2. Sketches for encapsulation-release of aspirin from P(TEMPO+-r-OEGMA) hydrogels
(grey lines stand for polymer chains, negatively charged aspirin molecules are represented in blue,
positively charged oxoammonium are represented in yellow-greenish and nitroxide radicals are in
orange). (a) Firmly attached aspirin do not diffuse out of the positively charged oxidized hydrogel.
(b) The whole aspirin molecules are released from the hydrogel upon electrochemical reduction and
the re-oxidized hydrogel contains no longer aspirin molecules. (c) Incomplete release (e.g., due to
incomplete reduction of oxoammonium cations) is not observed.

In order to electrochemically address the aspirin-loaded P(TEMPO+-r-OEGMA) hy-
drogel, a small piece (2 mm2) of the hydrogel was cut and brought in direct contact with a
printed carbon electrode to perform the electrochemical reduction of TEMPO+ into TEMPO
(Figure S1). Cyclic voltammetry measurements (CV) for the P(TEMPO+-r-OEGMA) hydro-
gel loaded with aspirin show clearly the reversible reduction of the oxoammonium cations
into nitroxide radicals (Figure 3).

In order to demonstrate the release of aspirin molecules during the reduction step, the
supernatant aqueous solution above the hydrogel was analyzed by mass spectrometry and
the presence of aspirin molecules released from the hydrogel was detected (Figure 2b, and
green mass spectrum in Figure S2). In a second step, the electrochemical oxidation of the
P(TEMPO-r-OEGMA) hydrogel into P(TEMPO+-r-OEGMA) was performed and followed
by CV (Figure 3). Once again, the supernatant aqueous solution above the hydrogel was
analyzed by mass spectrometry but this time no aspirin molecules were detected (Figure 2b
and blue mass spectrum in Figure S2). In order to demonstrate that the scenario depicted
in Figure 2b is operating and that no aspirin molecules remain trapped into the hydrogel
because of e.g., incomplete reduction of oxoammonium cations (see sketch depicted in
Figure 2c), UHPLC has been used to determine the amount of aspirin released in the
supernatant of the P(TEMPO+-r-OEGMA) hydrogels after the electrochemical reduction.
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The determined concentration of aspirin molecules was 1372 µM (247 ppm), for a total
surface of 6.9 mm2 (surface of the electrode) and a cut gel surface of 2 mm2. The further
calculation indicated that 100% of aspirin molecules were released in the whole supernatant,
proving the efficiency of the electrochemically triggered release process in agreement with
the sketch depicted in Figure 2b.

Figure 3. Cyclic voltammetry of P(TEMPO+-r-OEGMA) hydrogels. Analyses conducted in 0.1 M
NaClO4 in distilled water at a carbon electrode. Scan rate = 5 mV s−1.

3.3. P(TEMPO-r-OEGMA) Hydrogels as Catalytic Scaffolds for the Oxidation of Alcohols

The catalytic activity of P(TEMPO-r-OEGMA) hydrogels has been determined by
monitoring the oxidation of benzylic alcohol under aerobic condition (Figure 4a). Practically,
the reaction was started by mixing in a 10 mL round-bottom flask the dry gel (153 mg)
and all the reactants (benzylic alcohol, 0.52 mL; tert-butyl nitrite (TBN) as a metal-free
co-catalyst, 5 mol% and water, 1.5 mL) together and stirring for 2 h at room temperature.
In a second step, the temperature was raised to 50 ◦C to start the oxidation reaction for 4 h.
Then, the reaction was stopped by let it cool down to room temperature for 30 min and the
supernatant of the gel was analyzed.

Figure 4. (a) Reaction conditions for benzyl alcohol oxidation. (b) Evolution of the normalized integration of the infrared
spectra of benzylic alcohol and benzaldehyde during the oxidation reaction of benzyl alcohol (black curve) into benzaldehyde
(red curve) over time.
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GC-MS analysis of the products of the reaction confirmed quantitative benzylic alcohol
conversion into benzaldehyde. It was found that 100% of benzyl alcohol was converted
into benzaldehyde (Figure S3). The reaction conditions and corresponding conversion rates
of different experiments for the oxidation of benzyl alcohol to benzaldehyde in water based
on TEMPO catalysts have been summarized in Table 1.

Table 1. Different reaction conditions for the oxidation of benzyl alcohol into benzaldehyde in water with 2,2,6,6-tetramethyl-
1-piperidinyloxy (TEMPO)-based catalysts.

Entry TEMPO [mol%] Co-Catalyst Condition T (◦C) t (hour) Conversion (%) Reference

1 0.2 TBN * O2 50 1.5 100 This work
2 0.2 TBN O2 50 4 100 [31]

3 0.3 NaNO2,
DBDMH * Air (0.9 MPa) 80 1.5 99.8 [28]

4 5 Cu, K2CO3 Air 40 24 100 [32]
5 0.68 Co Air RT 0.5 98 [33]

* DBDMH: 1,3-dibromo-5,5-dimethylhydantoin, TBN: tert-butyl nitrite

Compared with other representative experimental conditions, without the addition
of transition metal co-catalysts, our P(TEMPO-r-OEGMA) hydrogels still maintain com-
petitive catalytic efficiency and conversion rate. Such a high catalytic efficiency of the
P(TEMPO-r-OEGMA) hydrogel could be mainly due to its composition allowing an im-
portant and uniform uptake of benzylic alcohol inside the hydrogel. In this respect, a
homogenous system is observed when the P(TEMPO-r-OEGMA) hydrogel is added with
the reactants and equilibrated. Benzylic alcohol was absorbed inside the matrix and as
the reaction starts to proceed, a supernatant appears on top of the hydrogel consisting of
benzaldehyde that phase separates from the hydrogel. This last characteristic feature is
very interesting since it allows the easy recovery of the product of the reaction and the easy
recycling of the TEMPO catalyst.

In order to obtain more information about the kinetics of the oxidation reaction of
benzylic alcohol into benzaldehyde, an in situ infrared monitoring of the reaction was
realized. Practically, the reaction was performed using the same experimental conditions
as described above in the presence of an infrared probe immersed in the reaction medium.
The recording of the infrared probe was started when temperature was raised to 50 ◦C to
start the oxidation reaction. The formation of benzaldehyde is followed in the infrared
spectra by the peaks at 1700, 1167 and 1204 cm−1 corresponding to vibrations associated
with the aldehyde function. On the other hand, the peaks corresponding to the benzylic
alcohol molecule in the area between 1605 and 1660 cm−1 are linearly vanishing with
time. The recorded data allow the deduction of two main trends corresponding to a linear
disappearance of benzylic alcohol and a concomitant linear formation of benzaldehyde
over time (Figure 4). Moreover, they also indicate the complete conversion of benzylic
alcohol into benzaldehyde after 90 min (Figure 4). Those results indicate a zero order for
the kinetics of the reaction as is often the case for diffusion limited reactions due to the
presence of a gel [34,35].

4. Conclusions

Redox-responsive hydrogels represent a highly interesting and versatile class of mate-
rials for loading and release applications in the biomedical field. In this paper, a new class
of redox-responsive hydrogel is developed by combining TEMPO stable nitroxide radicals
and OEGMA. TEMPO groups can undergo reversible oxidation-reduction reactions that
lead to redox activity while OEGMA groups are hydrophilic and allow water swelling to
obtain hydrogels. In this contribution, we have taken advantage of the positive charge
present on the oxidized form of TEMPO (oxoammonium cations in TEMPO+) to electrostat-
ically complex a negatively charged aspirin molecule. We have demonstrated that aspirin
is tightly bound to TEMPO+ and cannot diffuse out the hydrogel. However, when TEMPO+

128



Polymers 2021, 13, 1307

groups are electrochemically reduced into TEMPO radicals, the electrostatic interaction
between aspirin and TEMPO+ disappears which allows the release of the aspirin molecule
from the hydrogel. Furthermore, by using UHPLC, we have demonstrated that aspirin can
be quantitatively released from the hydrogel. Finally, it should be pointed out that a very
simple carbon printed electrode has been used to electrochemically trigger our hydrogels,
proving that this set-up could be easily utilized for real-life applications. Finally, we have
demonstrated the efficiency of our hydrogels as TEMPO-based catalysts for the oxidation
of benzylic alcohols to the corresponding aldehydes under aerobic conditions. Moreover,
the final products are easily separated from the hydrogel starting materials without using
toxic organic solvents or complicated and costly processes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13081307/s1, Figure S1: Experimental set-up for the electrochemical reduction of
P(TEMPO+-r-OEGMA) hydrogels, swollen in aqueous NaClO4 and loaded with aspirin using the
printed carbon electrode method (PCE); Figure S2: Mass spectroscopy analysis of the supernatant
for the oxidation step (blue curve), reduction step (green curve) and the aspirin reference molecule
(orange curve); Figure S3: GC-MS spectrum of the solution obtained after oxidation of benzylic
alcohol into benzaldehyde.
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Abstract: Stimuli-responsive carriers of pharmaceutical agents have been extensively researched
in recent decades due to the possibility of distinctively precise targeted drug delivery. One of the
potentially beneficial strategies is based on the response of the medical device to changes in the
ionic environment. Fluctuations in ionic strength and ionic composition associated with pathological
processes may provide triggers sufficient to induce an advantageous carrier response. This review is
focused on recent developments and novel strategies in the design of ion-responsive drug delivery
systems. A variety of structures i.e., polymeric matrices, lipid carriers, nucleoside constructs, and
metal-organic frameworks, were included in the scope of the summary. Recently proposed strategies
aim to induce different pharmaceutically beneficial effects: localized drug release in the desired
manner, mucoadhesive properties, increased residence time, or diagnostic signal emission. The
current state of development of ion-sensitive drug delivery systems enabled the marketing of some
responsive topical formulations. Concurrently, ongoing research is focused on more selective and
complex systems for different administration routes. The potential benefits in therapeutic efficacy
and safety associated with the employment of multi-responsive systems will prospectively result in
further research and applicable solutions.

Keywords: ion-sensitive systems; drug delivery; smart pharmaceutical systems; biocompatible
medical devices

1. Introduction

The precise delivery of an active pharmaceutical ingredient to the site of action in
a controlled manner is one of the primary aims of research conducted in the field of
pharmaceutical technology. With an increasing number of pharmacologically active macro-
molecules, i.a., proteins, the design of an accurate drug delivery system (DDS) capable
of effective drug protection gains great attention. Numerous methods were evaluated to
provide these beneficial features [1].

One of the extensively researched concepts in the field of drug delivery is focused on
stimuli-responsive systems, also termed “smart” carriers. Various chemical and physical
stimulants may serve as triggers for drug release. Most of the proposed carriers respond to
the changes in temperature and pH value; nonetheless, systems sensitive to the magnetic
field, electromagnetic radiation, redox potential, and enzyme presence were reported [2].
In this review, we aim to summarize recent advancements in the development of ion-
responsive formulations. Changes in homeostatic ionic strength and composition may be
exploited as the trigger, for example, for drug release, phase transition, or diagnostic signal
emission. The ions present in physiological fluids and on the surface of mucous membranes
are potential stimuli for mucoadhesive and topical formulations. Additionally, a number of
medical conditions are accompanied by a change in ionic concentration or may be caused
by the presence of exogenic toxic ions present in the environment. Increased Ca2+ serum
concentrations were linked to various vascular and bone diseases, Zn2+ concentrations are
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considerably higher in nervous tissue, particularly in synaptic vesicles, and changes in Fe3+

concentration may indicate anemia and several different diseases [3–5]. Furthermore, due
to ongoing technological progress, the rise in potentially harmful heavy metal pollution is
observed [6]. The development of safe carriers for chelating agents, which are released in
response to particular toxic ions, may find an application in industry. Due to the critical
role of ion concentrations in different body compartments, the homeostatic mechanisms
do not allow significant fluctuations. Therefore, the proposed DDS should be capable of
selective response to minor variations in physiological concentration.

Various vehicles exhibiting ion sensitivity were proposed, including prodrugs, syn-
thetic polymeric architectures, metal-organic frameworks, polynucleotide structures, or
liquid crystals. In this review, we summarize the most recent and distinguished ion-
sensitive DDSs divided into two groups, according to their selectivity response toward ions.
Within these two main categories, proposed DDSs were classified according to their struc-
ture, which is frequently related to the sensitivity mechanism and potential applications
(Figure 1).

Figure 1. Possible mechanisms of ion-dependent response of pharmaceutical systems: (a) ion
exchange in polymer resins; (b) ion exchange in porous materials; (c) conformational change; (d) ionic
crosslinking; (e) prodrug activation.

Among currently available approaches, non-selective topically administered in situ
gelling DDSs based on biopolymers are researched most accurately, while more elaborated
and selective structures are most often in the initial stage of development. Additionally,
multi stimuli-responsive systems aiming at particular microenvironments in the human
body gained considerable interest. The possibility of higher therapy efficacy and improved
safety offered by an ion-responsive DDS will likely result in further progress and the
development of clinically applicable strategies.

2. Non-Selective Ion-Sensitive Formulations

There is a considerably large group of formulations that respond to ions generally,
without any specific sensitivity towards particular ions or valence. Polymer-based formula-
tions included in this category react to ions in a defined concentration range. Ion-dependent
responses include most often gelling and swelling associated with the supramolecular
rearrangement of polymeric architectures. The process of ion-dependent gelling is mainly
utilized in ocular and nasal formulations. In this part, non-selective ion responsive systems
were described and categorized according to the ion-sensitive agent (Table 1).
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2.1. Gellan Gum

Gellan Gum (GG) is a linear polysaccharide composed of two D-glucose molecules, one
L-rhamnose, and one D-glucuronic acid, in a structural unit. In the native form of GG, one
acetyl moiety per two repeating units is bound to a glucose molecule. Additionally, there
are commercially available deacylated variants described as low acyl GG. The deacylation
degree significantly influences the gelation process and mechanical properties of GG gel [7].
A high acetylation degree results in soft gel formation, whereas a low acetylation degree
leads to the formation of the stiff gel structure. Due to D-glucuronic acid presence in
the structural unit, GG is polyanionic in its deprotonated form. The mechanism of ion-
assisted gelling is linked to the formation of cation-induced crosslinking of a double-helical
polysaccharide structure, a process sensitive to temperature changes. GG has the ability
to form gels after exposition to different metal ions and, in a less pronounced manner,
to hydrogen ions. Gels obtained in the presence of divalent ions such as Ca2+, Mg2+ are
less viscous and form at significantly lower concentrations in comparison to monovalent
cations, e.g., Na+ or K+. The minimum gelling concentration of monovalent ions is 100 mM,
while for divalent ions, it is equal to 5 mM [7]. The concentrations required for GG gelation
in contact with physiological fluids can be found in the mucosal nasal fluid [8], blood [9],
and tear film [10]. The experimental nasal formulations are frequently modified by the
supplementation with the ion-sensitive GG. The presence of GG prolongs drug residence
time in the nasal mucosa, and thus it may enhance the beneficial effects of the intranasal
administration route, e.g., avoidance of first-pass effect and decrease in systemic side effects.
A combination of modern drug carriers such as nanoparticles with GG may increase the
concentration of drug in targeted organs e.g., in the brain. In many cases, formulations
utilizing GG as a gelling agent in the nasal cavity proved to be safe and effective. The
most often applied concentrations of GG were in the range of 0.3% to 0.5% (w/v), whereas
the 0.5% (w/v) concentration was preferred due to the plausible balance between viscosity,
mucoadhesive properties, and impact on drug release profile.

2.1.1. Nasal Formulation

The rapid elimination of poorly soluble drug suspension from the nasal cavity due to
mucociliary beating is a significant hindrance for traditional nasal formulations. Applica-
tion of in situ gelling systems may result in prolonged contact between drug molecules and
the vascularized tissues capable of drug absorption. Moreover, low drug diffusion rates,
accompanied by a high gel viscosity may result in prolonged drug release. Mometasone, a
gel-based carrier designed by Xin-guo Jiang et al., took advantage of these characteristics
A nasal DDS based on xanthan gum and 0.5% (w/v) GG resulted in a favorable response
in animal models compared to the traditional suspension-based system [11]. The nasal
drug administration route proved to be beneficial in the alleviation of symptoms linked to
motion sickness. Mucoadhesivity is one of the features enabling a bioavailability increase
and an overall better therapeutic response in the nasal application. In situ gelling formu-
lation based on 0.3% deacetylated GG and 0.15 carbopol 934 P resulted in a significant
mucoadhesive force allowing a prolonged exposition of the dimenhydrinate loaded system
to the absorptive tissues. The evaluated formulation showed a slightly negative effect on
the nasal epithelium in the animal model [12]. Incorporation of an ion-sensitive gelling
agent to the colloidal DDS may prolong residence time. This approach was employed in
the design of the curcumin-loaded microemulsion system for nasal drug delivery. Deacety-
lated GG in the concentration of 0.3% was found to be a suitable ion-sensitive gelling
agent for described self-emulsifying system [13]. Nasal drug application is considered a
possibly favorable brain tissue delivery path [14]. Therefore, there were attempts to design
intranasal systems aiming to increase drug concentration in the brain structures via the pro-
longed exposure of nasal mucosa to the drug carrier. The formulation including solid lipid
nanoparticles with paeonol suspended in 0.4% deacetylated GG as an in situ gelling agent,
was employed to alleviate the first-pass effect and to enable brain delivery via the olfactory
nerve pathway [15]. Resveratrol loaded nanosuspension, based on 0.6% (w/v) deacetylated
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GG, was employed to exploit an analogous delivery route. The drug concentration in brain
tissue increased in the animal model compared to the intravascular administration, and
the effect was prolonged. Moreover, the amount of resveratrol distributed in other organs
was lower than in brain tissue and was eliminated significantly faster [16]. Employment
of 0.5% (w/v) GG and 0.15% (w/v) xanthan gum enabled brain favoring donepezil delivery.
Some advantages were revealed, including high donepezil concentrations in the brain
tissue and a significant decrease in drug concentration in the liver and other vital organs
compared to a marketed oral formulation [17]. In conclusion, intranasal systems combining
in situ gelling properties with contemporary drug carriers may be promising systems for
brain drug delivery.

2.1.2. Ocular Formulations

Topical drug formulations are frequently used in the treatment of ocular diseases.
The most notable topical ocular drug form are eye drops, with specific local activity and
uncomplicated administration. Several hindrances limit the extensive application of eye
drops, including the short residence time, resulting in limited absorption and penetration
rates of the active compound. Additionally, the eye drops that flow into the lacrimal
canaliculus may result in an escalation of side effects. The introduction of in situ gelling
agents, i.e., GG, may help to overcome the issues. Some eye-related disorders require pro-
longed or nearly zero-order drug release. Glaucoma, the incurable disease leading to vision
impairment and blindness in the final stage, may be treated with several drugs that can
mitigate and even stop disease progression. Most often, they are administered in eye drop
form, but due to the short residence time, they require a frequent application to provide
sufficient therapeutic concentration. In order to improve eye drop performance, GG was
employed in a few strategies. The most straightforward approach to obtain GG-based in
situ gelling eye drops was a combination of the drug brinzolamide and GG with a 95%
degree of deacetylation. GG in the concentration of 0.5% (w/v) was determined as the most
beneficial due to both desirable stiffness and optimal residence time of the in situ formed
gel. In vitro trials showed that, compared to market eye drops, formulations containing
GG release brinzolamide slower and without a burst of release during the first two hours of
exposition to artificial tear fluid. Measurements of intraocular pressure in the animal model
showed that in situ gelling formulation provided prolonged drug activity without ocular
irritation [18]. Gayatri et al. described the complex formulations including GG: carbopol
934 P as a pH-sensitive mucoadhesive agent and benzododecinium bromide as a preser-
vative and corneal penetration enhancer. The experimental formulation was developed
via Box-Behnken design and compared to the commercially available TIMOPTIC-XE®,
which also contained GG as an in situ gelling agent. Compared to the marketed product,
the optimized formulation had a comparable release profile in vitro with less pronounced
concentration fluctuations. The same observations were made for the measurements of
intraocular pressure in animal models; the formulation was stable and well-tolerated [19].
Another approach is based on liposomes as drug carriers combined with deacetylated GG,
in order to address low active pharmaceutical agent bioavailability. The deacetylated GG
concentration of 0.4% (w/v) was found to be optimal due to the most beneficial viscosity
and release rate. Supplementation with deacetylated GG resulted in a less pronounced
burst release and an overall decrease in drug release rate in comparison to an aqueous
suspension of liposomal timolol maleate. Measurement of residence time via fluorescence
imagining proved that in situ gelling liposomal timolol eye drops exhibited the longest
contact time with eye surface. A comparison of the intraocular pressure after exposition
to the evaluated system and reference timolol eye drops showed a more pronounced
response in the case of the in situ gelling formulation [20]. In ocular infections, topical
DDSs can simultaneously decrease systemic impact and locally increase therapy efficiency.
The potency of some antibiotics depends on the time of their presence in a site of action
at the proper concentration. Therefore, beneficial in situ gelling systems are employed in
experimental antimicrobial formulations for ocular administration. Asgar Ali et al. utilized
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pefloxacin as an antibiotic agent combined with a GG solution. An increased concentration
in GG resulted in a slower release rate and a more linear drug liberation. As a result, GG
also influenced the antimicrobial properties of the formulation. In vitro tests conducted via
the cup plate method showed that optimized formulation had a bigger area of inhibition
than marketed pefloxacin eye drops [21]. An analogous approach was employed in the GG-
based ocular system loaded with moxifloxacin and ketorolac as an anti-inflammatory agent.
Dissolution tests of formulations employing GG in concentration range 0.1–0.25% (w/v)
confirmed the influence of ion-sensitive polysaccharides on the release of both drugs [22].
A combination of liposomal drug carriers with an in situ gelling ion-sensitive matrix was
proposed as an efficient delivery approach for the lipophilic antifungal drug—natamycin.
A comparison with the marketed drug suspension confirmed the advantages of the evalu-
ated system, a superior corneal permeability, as well as prolonged residence time [23]. Due
to the distinctive anatomical structure of the human eye, systemic delivery of lipophilic
pharmaceutically active agents of high molecular weight is extremely difficult. Therefore,
local administration is often employed as a strategy to achieve high intraocular concen-
tration. An example of such an approach was described by Chetoni et al. Application of
cyclosporine-A loaded micelles entrapped in ion-sensitive in situ gelling matrix resulted in
improved drug solubility and enhanced residence time in tear fluid [24]. A distinct exam-
ple of a dry ocular DDS composed of GG-pullulan electrospun nanofibers was proposed.
Immediate gel formation after lens application in the animal model was achieved. Model
drug residence time on the ocular surface was significantly longer compared to a drug
applied in the form of eye drops [25].

2.1.3. Other Applications

Prior discussed approaches demonstrated the two most commonly described exam-
ples of GG’s use in pharmaceutical applications—ocular and intranasal. However, there
are reports of this in situ gelling agent employment in other ion-rich environments. Wound
dressings are one of the medical supplies which may potentially benefit from GG em-
ployment. Carboxymethyl chitosan-based wound dressing enriched with GG-derived
microparticles exhibited prolonged release of the antibacterial drugs—tetracycline and
silver sulfadiazine [26]. Another study focused on burn wounds treated with a collagen-GG
crosslinked network, employed as a carrier for cells promoting regeneration. The obtained
interpenetrating network improved early wound closure, reduced inflammation, and pro-
moted regeneration for third-degree burn wounds [27]. GG is also utilized in formulations
for hard tissue regeneration enhancement. P. Matricardi et al. developed an ion-responsive
formulation for bone and cartilage defects treatment. The described system consisted of
two solutions, which, after contact, formed a bioadhesive hydrogel via ion-activation. The
primary solution consisted of hyaluronic acid and CaCl2, whereas the secondary solution
was an aqueous GG solution. Hyaluronic acid with Ca2+ was applied to the defect cavity,
followed by dropwise application of the GG solution. Initially, a two-layered environment
inside the cavity was formed; subsequently, diffusion of the formulation components
promoted further hydrogel formation. The hydrogel provided a good environment for
osteoblasts proliferation; the formulation had plausible adhesiveness and durability [28].
A clotrimazole-loaded formulation for anti-fungal dental application was obtained via
a combination of GG as a gelling agent and Ca2+ ions in the form of a citrate complex.
In the oral cavity, Ca2+ was released from the citrate complex due to a slightly acidic
environment. Thus, the Ca2+ level sufficient for gelation was obtained. The employment of
GG enhanced the residence time of clotrimazole on the surface of the oral cavity improving
the anti-fungal activity of the formulation [29]. Medical procedures requiring intrauterine
device insertion are often avoided due to associated significant pain. Employment of local
anesthetics can mitigate pain during intrauterine procedures. An intravaginal formulation
composed of GG as an ion-responsive agent was proposed as a carrier of lidocaine for
local analgesia. The investigated system exhibited good biocompatibility in the animal
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model. The formulation was employed during different intravaginal medical procedures
performed on women volunteers and provided significant pain alleviation [30].

2.2. Alginates

Alginates are polysaccharides occurring naturally in brown algae and soil bacteria.
The backbone of the alginate chain consists of α-L-guluronic acid and β-D-mannuronic
acid residues linked with 1–4 bonds. The arrangement of moieties present in the alginate
molecule is variable and depends on the source organism or even tissue of origin. The
molecule of alginate consists mainly of randomly distributed guluronic and mannuronic
monomers, with locally ordered fragments. Both arrangement and monomer ratio strongly
influence polymer chain stiffness and results in varied physical and mechanical properties.
Guluronic acid units, especially if present in homopolymeric sequences, are capable of
interacting with multivalent cations, notably Ca2+. As a result, alginates are capable of
ion-dependent gel formation via electrostatic crosslinking. Therefore, there is an applicative
potential for the alginate-based in situ gelling system in divalent cation-rich environments,
e.g., in the ocular surface, nasal cavity, or in the vascular bed. Moreover, alginates ex-
hibit temperature-independent gelation, which allows thermal processing of obtained
ion-sensitive formulations [31].

Table 1. Summary of non-selective ion-responsive systems for pharmaceutical applications.

Ion-Sensitive
Component

Incorporated
Substance

Application Ion-Induced Response Ref.

Gellan gum

Momentasone Allergic rhinitis Prolonged residence in nasal cavity [11]
Dimenhydrate Motion sickness Alternative administration route [12]

Curcumin n/a Nose-to-brain delivery [13]
Paeonol Neuroprotection Nose-to-brain delivery [15]

Resveratrol Neurodegenerative
diseases Enhanced pharmacokinetic profile [16]

Donepezil Alzheimer’s disease Alternative route of administration [17]
Brinzolamide Glaucoma Enhanced pharmacokinetic profile [18]

Gellan gum

Momentasone Glaucoma Drug release control [19]
Dimenhydrate Glaucoma Prolonged residence time [20]

Curcumin Bacterial infection Enhanced antibacterial activity [21]
Paeonol Bacterial infection Enhanced pharmacokinetic profile [22]

Resveratrol Fungal infection Permeability and residence time enhance [23]

Cyclosporine-A Dry eye disease, choroid
inflammation Enhanced solubility and residence time [24]

Tetracycline, Silver
sulfadiazine Wound dressing Sustained drug release [25]

Collagen Wound dressing Wound regeneration improvement [26]

Hyaluronic acid Bone and cartilage
regeneration Increase in proliferation of osteoblasts [28]

Clotrimazole Dental fungal infection Prolonged residence on mucous
membrane [29]

Lidocaine Local analgesia Pain alleviation during medical
intervention [30]

Alginates

Gatifloxacin Bacterial infection Sustained drug release [32]
Ofloxacin Bacterial infection Sustained drug release [33]
Nepafenac Anti-inflammatory Enhanced permeability [34]

Paracetamol Pain and fever therapy Prolonged release [35]
Rifampicin Tuberculosis infection Delayed release [36]

IL-2 Immunomodulation Formation of matrix for cell colonization [37]

Poly (styrene-divinyl
benzene) sulfonic acid Betaxolol Glaucoma or ocular

hypertension treatment Ion-dependent release [38]
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Table 1. Cont.

Ion-Sensitive
Component

Incorporated
Substance

Application Ion-Induced Response Ref.

Carboxymethyl chitosan Interferon α-2b Antitumor Sustained release and lung accumulation [39]

Carboxymethyl cellulose Lysozyme n/a Gel swelling and protein uptake [40]

Dextran-poly (acrylic acid)
copolymer Ibuprofen n/a Controlled drug release and gel swelling [41]

Eudragit RS/LS Diltiazem n/a Controlled drug release [42]

Methacrylate n/a n/a Gel swelling, water uptake [43]

Acrylic acid grafted
polyvinylidene fluoride

Propranolol, caffeine,
sodium salicylate n/a Controlled drug release [44]

MOF Procainamide n/a Controlled drug release [45]

2.2.1. Ocular Formulations

Alginates are employed in the preparation of in situ gelling ocular formulations
based on ion-sensitive behavior, similar to GG. Ion-induced alginate gelation is one of the
features that can address the issue of low drug bioavailability and short drug residence
time. Significant attention in the field of ocular infections was paid to antimicrobial drugs
from the group of quinolones. The use of quinolone-loaded sodium alginate as an ion-
sensitive in situ gelling agent combined with cellulose derivatives was reported. Sodium
alginate containing 40% of guluronic and 60% mannuronic acid, combined with HPMC
as a viscosity-enhancing agent, formed an ion-responsive formulation. A higher alginate
concentration resulted in the increase in formulation gelling capacity; the same effect was
observed in systems containing a constant alginate concentration and increasing content of
90 kDa HPMC. A profile of gatifloxacin release from the optimized formulation was charac-
terized by a less pronounced burst release effect and provided sustained drug release for 8 h.
The formulation was well tolerated in the animal model; no ocular damage and iatrogenic
abnormalities were observed [32]. An analogous ion-sensitive system based on sodium
alginate and HPC was developed as a potential ofloxacin carrier. An optimized formulation
containing 1.5% (w/v) alginate and 0.5% (w/v) HPC exhibited, similarly to the abovemen-
tioned, an 8 h sustained release of the drug [33]. Alginate-based ocular formulation
designed to carry the lipophilic anti-inflammatory drug nepafenac was investigated [34].
The active pharmaceutical ingredient was complexed with hydroxypropyl-β-cyclodextrin
to improve water solubility and incorporated into alginate and an HPMC solution. An
optimized formulation containing 0.3% (w/v) alginate was compared to the marketed
Nevanac®, an ophthalmic suspension of nepafenac. The concentration of nepafenac in the
cornea was significantly higher in the case of the investigated formulation compared to
reference suspension.

2.2.2. Other Applications

A sodium alginate-based oral in situ gelling DDS loaded with paracetamol capable
of forming a gel in the stomach was reported [35]. The administered solution contained
Ca2+ ions complexed in citrate form to ensure gelation in the acidic stomach fluid, as a
result of Ca2+ release via H+ substitution. The formed gel provided paracetamol release
for 6 h and a release profile close to the reference suspension form. An alginate-based
system for prolonged rifampicin release was proposed for administration in the form of
poly (lactic-co-glycolic acid) microspheres suspended in sodium alginate solution. The
described formulation was administered by endotracheal intubation in the animal model.
The employment of alginate resulted in a significant delay in drug delivery and 24 h
adhesion. Presented results indicate that the described formulation could be useful for the
interventional treatment of tuberculosis [36]. A two-component alginate injectable formula-
tion capable of in vivo matrix formation was reported. Alginate was employed as a gelling
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agent alongside a Ca2+ reservoir in the form of microspheres for inducing in vivo gelation.
Microspheres in an alginate solution may be applied as carriers for pharmacologically
active substances e. g., interleukins. After formation, gels were infiltrated by host cells. The
authors speculate that such a formulation could be employed for cell incorporation [37].

2.3. Other Carriers

DDSs of another origin were also utilized in order to obtain non-selective ion-sensitive
products potentially applicable in various drug delivery strategies. A complex ion-sensitive
DDS for ocular application in the form of a contact lens was evaluated. The main barrier
in drug delivery via contact lenses is drug leak during storage. This disadvantage can be
addressed by the application of ion-sensitive macromolecular architectures. The described
lenses were made out of a silicone outer layer and a poly(styrene-divinylbenzene) sulfonic
acid resin. The resin was dispersed in a copolymeric matrix and served as a betaxolol
reservoir. A prepared DDS, stored in distilled water, due to a lack of ions capable of drug
substitution, did not release the drug during a prolonged period. However, after exposition
to the artificial tear fluid, the drug was liberated with an observable burst release in the first
4 h and a subsequent slower discharge in the following 6-days [38]. Previously discussed
ion-sensitive systems were designed mainly for topical applications. Nevertheless, some
ion-dependent formulations may be beneficial in parenteral administration. Y. Xu et al.
described ion-sensitive microparticles targeting lung cancer tissue [39]. The particles were
electrostatically loaded with interferon α-2b. Nanoporous microspheres were obtained us-
ing carboxymethyl chitosan and subsequently loaded via electrostatic interaction with the
chemotherapeutic agent. Due to the ionic nature of the interaction between the drug and
the carrier, the protein release occurred via an ion-exchange mechanism. Physiologically oc-
curring cations substituted positively charged interferon and resulted protein release from
the carrier in the target tissue. The obtained formulation provided a sustained-release and
drug accumulation in the lungs. The electrostatic protein binding was investigated with
micro-sized gel particles of carboxymethyl cellulose crosslinked with sodium trimetaphos-
phate [40]. Carriers prepared with various crosslinker concentrations were loaded with
lysozyme as a model protein. The impact of ionic strength on the protein adsorption
and swelling degree was investigated. An increase in ionic strength resulted in a decline
in protein uptake and a reduced swelling degree. Authors suggested that the decrease
in lysozyme uptake in the presence of a higher ion concentration was associated with
the salt screening phenomenon resulting in reduced attraction between charged microgel
and lysozyme molecules. The same mechanism was probably responsible for the mitiga-
tion of repulsion between polymer chains and subsequent decrease in swelling degree.
The ion responsive properties of dextran-poly(acrylic acid) copolymer were evaluated in
ibuprofen-loaded particles. It was observed in the release experiments that ion presence
in the acceptor medium significantly decreased ibuprofen release rate, especially in an
acidic environment.

Furthermore, an increase in ionic strength resulted in increased particle hydrodynamic
diameters. According to the authors, ion introduction had a significant impact on hydrogen
bonding, ionic interactions, and surface charge, which subsequently affected particle
size and release rate of ibuprofen [41]. Eudragit RS/LS coated beads were examined to
elucidate the mechanism of diltiazem release. The ionic strength of the release media
in a particular range resulted in higher release rates and a shorter drug release lag time.
This observation was linked to the mechanism based on the exchange of a counterion of
quaternary ammonium groups present in the eudragit molecule. The initial increase in ionic
strength promoted a faster exchange of chloride anions and thus a faster release and shorter
lag time to a certain ionic strength value. A further increase in ionic strength had the reverse
effect, explained as a result of increased osmotic pressure [42]. Multiresponsive cryogels
based on methacrylates and acrylamide-derived polycations exhibited some ionic strength-
dependent behavior. The interaction between the counterion and the charged polymer
groups led to a decrease in electrostatic repulsion inside supramolecular gel structure and
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thus a reduced distance between neighboring polymer chains. This phenomenon was
manifested as a reduced equilibrium water uptake and may potentially have an impact
on the release of the incorporated pharmaceutically active ingredient [43]. A therapeutic
system employing porous polyvinylidene fluoride membrane grafted with acrylic acid was
proposed as an ionic strength sensitive barrier for drug delivery. Membrane containers
filled with solid drug doses were investigated as potential DDSs for propranolol, caffeine,
and sodium salicylate. Release experiments in pH 7.0 and varying salt concentration
resulted in a diminished release rate of caffeine and propranolol in higher ionic strength.
On the contrary, sodium salicylate showed a slight change in release profile when the media
ionic strength was varied. It was suggested that ion interaction with polyacrylic chains
might result in the rearrangement of polymeric architecture and thus affect membrane
permeability for certain molecules [44]. Structurally differing systems based on metal-
organic frameworks (MOFs) were described as potential ion responsive carriers. A single
crystalline material based on zinc, adenine, and biphenyl dicarboxylic acid was described
by Rosi et al. [45]. The pores present in the obtained structures enabled the incorporation
of procainamide in its cationic form. A significant ion-dependence during drug release
was observed in dissolution studies. The release profile observed in phosphate-buffered
saline differed considerably from the profile obtained in the corresponding experiment
performed with deionized water. According to the authors, the cation-dependent drug
release mechanism was related to the ion substitution phenomenon.

2.4. Selective Ion-Sensitive Systems

Except for non-selective formulations, systems responding selectively to certain ions
or valence in a particular concentration range may be distinguished (Table 2). Due to
distinctive changes in ion concentration accompanying various pathological conditions,
such behavior may be extremely beneficial in terms of therapy efficacy and safety.

Table 2. Summary of selective ion-responsive systems for pharmaceutical applications.

Ion-Sensitive Component
Incorporated

Substance
Application Ion-Induced Response Ref.

MOFs

5-FU
Potential treatment of

central nervous system
diseases

Zn2+ dependent drug release [46]

5-FU
Potential treatment of

central nervous system
diseases

Zn2+ dependent drug release [47]

5-FU n/a Zn2+ and Ca2+ dependent drug release [48]

Modified liposomal
carriers

Dye n/a Ca2+ dependent drug release [49]

Chelating agent,
fluorescein

Hg2+ neutralization
and detection Hg2+ dependent release [50]

Fluorescent dye n/a Cu2+ dependent release [51]

D3F3 peptide Doxorubicin Possible prostate cancer
treatment

Zn2+ dependent in situ
hydrogel formation

[52]

Mesoporous silica
nanoparticles modified

with Pb2+-activated
DNAzyme

Fluorescein Pb2+ detection Pb2+ dependent release [53]

Prodrug 1,2,4-trioxolane
moiety ML4118S Plasmodium infection

treatment Fe2+ dependent activation [54]
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Table 2. Cont.

Ion-Sensitive Component
Incorporated

Substance
Application Ion-Induced Response Ref.

Polynucleotide framework AS1411 aptamer Cancer treatment K+ and pH dependent release on
cellular membrane [55]

Pectin n/a n/a Ca2+ dependent gelling [58]

Polyacrylamide hydrogels n/a adhesive materials Ion-dependent adhesion [59]

PNI-co-CF3-PT0.2-co-
DDDEEKC0.2 n/a Biodevices and

artificial nanochannels Ca2+ concentration dependent channels [60]

Cholesteric liquid
crystalline polymer n/a Fast calcium level test Color change in presence of Ca2+ [56]

Single strain 30-nucleotide
DNA absorbed on carbon

nanotubes
n/a

Determination of Hg2+

concentration in
biological systems

Hg2+ mediated shift in emission energy [57]

(1,2-diaminocyclohexane)
platinum (II)

Platinum
derivatives Antitumor activity Cl− induced intracellular activation of

chemotherapeutic agent [61]

2.5. MOFs

MOFs are structures composed of metal-oxo clusters connected by organic ligands
characterized by high porosity. Due to a high pore volume and surface area, they may
serve as potential carriers for a variety of molecules, including drugs.

Nanoporous UiO-66-NH2 MOF was conjugated with quaternary ammonium salts to
obtain a DDS sensitive to the presence of Zn2+ ions. Carboxylato-pillar [5] arene caps, with
an electron-rich cavity, complexed positively charged quaternary ammonium groups on the
MOF surface via a host-guest interaction. This capping mechanism prevented 5-fluorouracil
(5-FU) release from the pores. 5-FU liberation occurred after the detachment of the capping
agent, competitively complexed by introduced Zn2+ ions and the subsequent exposition
of the incorporated cargo to the release media. The release rate of 5-FU was determined
in different concentrations of Zn2+; the increase in release rate was observed in higher
Zn2+ concentrations. In physiological concentration of Zn2+, only 5% of the incorporated
dose was released, indicating a possibly low premature drug release after administration.
In vitro cytotoxicity of the non-loaded system was negligible in low concentrations [46].
Another Zn2+ sensitive system was based on two topological types of indium MOFs.
Carrier nanopores served as a 5-FU reservoir, and in the presence of Zn2+, the drug was
released in an ion-exchange mechanism. The release of different Zn2+ concentrations was
evaluated, in the lack of Zn2+ ions, the release curve of 5-FU achieved a plateau on the level
of 50–55% released drug. An increase in Zn2+ concentration resulted in higher plateau
levels up to 90% [47]. Ion-responsive MOF-based DDSs may also serve as a diagnostic tool.
One of the examples of theranostic carriers was obtained using a zirconium-based MOF
deposited on the surface of Fe3O4 nanoparticles. Drug-loaded MOF was modified with
1-(6-bromohexyl) pyridine, which allowed the host-guest capping of MOF nanopores with
carboxylate-pillar [6] arenes. The competitive complexing of capping agent with Zn2+ and
Ca2+ in surrounding media resulted in complex detachment, and subsequent exposition
of the drug-loaded pores. 5-FU release in media without Zn2+ or Ca2+ achieved a plateau
below the level of 15% of the incorporated drug after 2 h. Approximately a two-fold plateau
level was observed in the presence of divalent ions [48].

2.6. Liposomes

A few approaches were employed in order to modify liposomal bilayer structure
with ion-responsive molecules to provide ion sensitivity. Michael D. Best et al. reported
a Ca2+ activated release from the liposomal system obtained via the introduction of an
ionic switch anchored in the phospholipid bilayer via lipophilic hydrocarbon chains. The
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tetracarboxylate chelating site of the sensor undergoes a conformational change after
Ca2+ complexing, which results in liposome membrane disruption and encapsulated drug
release. The triggering effect of Ca2+ was pronounced, whereas the presence of K+, Na+, and
Zn2+ had no impact on release. Furthermore, a significant change in carrier hydrodynamic
diameter was observed [49]. Ion responsive liposomes employed as theranostic systems,
selective Hg2+ sensitive carriers for detection and neutralization of Hg2+ was reported.
Liposomes with pegylated phosphatidylethanolamine embedded in their bilayer were
loaded with fluorescein as the indicator and meso-2,3-dimercaptosuccinic acid as the
chelating agent. The mechanism of Hg2+ mediated release is based on the interaction
between Hg2+ and phosphatidylethanolamine headgroups, which results in molecule
reorientation and destabilization of the liposomal membrane. Subsequently, indicator
release occurs, and concurrently discharged chelating agent neutralizes Hg2+. Further
investigation confirmed high selectivity towards Hg2+ in comparison to other metal cations.
An in vitro cell viability evaluation confirmed that the presence of liposomes containing a
chelating agent increased cell viability in the presence of Hg2+ [50]. The Cu2+ responsive
liposomal system was obtained by employing egg lecithin to form a carrier membrane
enriched with an ion-sensitive switch. Employed Cu2+ sensitive agents were derivatives of
3,7-diazabicyclo[3.3.1]nonan-9-one obtained by substituting secondary amine groups with
alkyl chains, which enabled incorporation in carrier membrane. Conformational changes
induced by Cu2+ in incorporated switches led to the formation of membrane defects and a
subsequent leak of liposome cargo. Fluorescent dye incorporated in obtained liposomes
was released exclusively in the presence of Cu2+ [51].

2.7. Other Carriers

The in situ gelling ion-responsive peptide-based system that could be potentially
employed in prostate cancer therapy was proposed. A novel D3F3 forky peptide was
synthesized and employed as a Zn2+ responsive agent for in situ hydrogel formation in the
targeted organ. The determined gelation-inducing Zn2+ concentration of D3F3 was lower
than observed physiological levels. Exposition to other ions present in biological fluids
in physiological concentrations did not trigger gel formation. The in vitro model showed
that the peptide component of the system exhibited no toxicity, whereas the one loaded
with doxorubicin had a higher efficacy than doxorubicin alone [52]. The mesoporous
nanoparticle system was designed to respond selectively to Pb2+. The carrier was based on
epoxidated silica particles loaded with fluorescein, which was released specifically in the
presence of Pb2+. Silica particles were surface modified with a substrate DNA strand, which
was subsequently hybridized with a biotinylated Pb2+ specific DNAzyme. The obtained
pore “gate” was capped with avidin via the biotin component of the DNAzyme. In the
presence of Pb2+, the substrate underwent degradation as a result of enzyme activation
and following pore uncapping occurred. The Pb2+ triggered fluorescein release, which was
proportional to the ion concentration. The impact of other ions on the investigated system
was negligible; thus, it was concluded that the system is Pb2+ selective [53]. The Fe2+

sensitive prodrug designed for Plasmodium infection treatment was developed based on
microbial catabolism responsible for the formation of ferrous ions in a host organism. The
drug molecules were conjugated with a 1,2,4-trioxolane ring serving as a sensing moiety. In
the presence of Fe2+, the 1,2,4-trioxolane ring underwent degradation accompanied by iron
oxidation. Subsequently, the drug-sensor linker was eliminated, resulting in the activation
of a drug molecule. The prodrug was characterized by a superior efficacy in the animal
model, compared to a non-conjugated pharmaceutically active molecule [54]. A complex
K+ and pH sensing system dedicated to drug liberation in a cancer microenvironment
based on framework nucleic acid was evaluated by T. Li et al. The system was composed of
tetrahedral DNA nanostructures combined with cholesterol molecules, as cell membrane
anchoring agent, fluorophores as indicators, and a pharmacologically active AS1411 ap-
tamer. In proper pH and in the presence of K+, the system was subjected to supramolecular
rearrangement, resulting in aptamer folding and subsequent aptamer release in the form
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of a G-quadruplex. Simultaneously, the spatial interaction between fluorescent probes
became possible, resulting in a change in observed fluorescence [55]. The Ca2+ sensitive
structure, based on a chiral imprinted cholesteric liquid crystalline polymer, was proposed
as a possible system capable of ion serum level monitoring. The thin layer of the liquid
crystalline phase was obtained via surface photopolymerization. Due to the presence of
benzoic acid derivatives exhibiting an affinity to Ca2+, the obtained system manifested a
noticeable color change, selectively in the presence of these ions. System response was
most pronounced in the concentration range observed in human plasma, and thus it was
concluded that the obtained ion-sensitive sensor could be employed as a convenient test
for serum calcium levels [56]. The phenomenon of a divalent ion-dependent change in
emission spectra was reported for systems assembled via noncovalent interaction between
single-strain 30-nucleotide DNA and carbon nanotubes sidewalls. The most pronounced
impact on emission energy was observed in the presence of Hg2+, which promoted a DNA
transition from form B to conformation Z and a subsequent shift in band-gap fluorescence.
The observed phenomenon was found to be fully reversible after ion removal. The po-
tential application of heavy metal ion detection in body fluids was suggested. The most
pronounced shift was observed in the presence of Hg2+; nevertheless, the system exhibited
minor affinity towards other ions, which may reduce detection sensitivity [57]. A nasal
formulation supplemented with low methoxyl pectin, as an ion-responsive gelling agent,
exhibited enhanced adhesiveness. Divalent ions present on the mucosal surface crosslinked
the adjacent pectin chains via carboxyl groups resulting in an ordered network. As a result,
dripping and throat flow were reduced. The described approach may be beneficial in
the nasal administration route due to the prolonged exposure time and irritation allevia-
tion [58]. A novel system composed of two hydrogel elements was proposed. The first
gel exhibited an ion-induced adhesiveness towards the second one serving as a binding
hydrogel component. The ion-responsive hydrogel was obtained via the grafting of β-
cyclodextrin and 2,2′-bipyridyl moieties into polyacrylamide chains. The second binding
hydrogel component was prepared by incorporation of N-tert-butyl acrylamide moieties
capable of host-guest interaction with β-cyclodextrin. In the native state, 2,2′-bipyridyl
moieties are complexed by β-cyclodextrin, and consequently, the adhesive properties were
hindered. 2,2′-bipyridyl moieties competitively complexed cations, resulting in the libera-
tion of β-cyclodextrins. The non-complexed cyclodextrins interacted with the N-tert-butyl
acrylamide moieties of the binding hydrogel, and adhesion between the two components
was observed. The type of cation impacted ion-responsive hydrogel properties leading to
various results [59]. A complex system capable of mimicking biological Ca2+ was reported.
To construct this nanostructure, a copolymer consisting of three components: N-isopropyl
acrylamide, acrylamide-[4-(trifluoromethyl)phenyl]-2-thiourea, and DDDEEKC was im-
mobilized on the surface of the nanoporous membrane. DDDEEKC is a Ca2+ responsive
selective ion-binding heptapeptide. Acrylamide-[4-(trifluoromethyl)phenyl]-2-thiourea is
bound to the DDDEEKC peptide via hydrogen bonds formed via thiourea moieties. In a suf-
ficient concentration of Ca2+, the hydrogen bonds underwent rearrangement leading to the
transition of the copolymer from the globular to the coil form and thus leading to channel
blocking. The system was described as highly selective and capable of operating in physio-
logical ion concentrations [60]. A distinctive micellar system releasing cargo in reduced
pH in the presence of chloride ions was designed to deliver a platinum-derived antitumor
agent. Nanocarriers entered cancer cells via endocytosis, where (1,2-diaminocyclohexane)
platinum aqua complexes were activated in the reduced pH and in the presence of nu-
cleophilic Cl− ions. The carrier exhibited enhanced antitumor activity and, due to drug
delivery to the tumor cell cytoplasm, avoided drug-resistance mechanisms [61].

3. Summary

Ion-sensitive DDSs, with their capability to provide a variety of effects in a controlled
manner, are a promising category of medical devices. The mechanisms of carrier response
may be based on an ion-exchange phenomenon, non-covalent crosslinking, a salt screening
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effect, selective complexing, or enzyme activation. This variety of ion-induced phenomena
translates into a number of pharmaceutical and pharmacological effects occurring after
exposition to these stimuli. The most explored type of ion-responsive behavior is an ion-
triggered release of small pharmaceutically active molecules and macromolecular species.
Drugs are liberated from the described systems with different selectivity towards partic-
ular ions. Non-selective DDSs release cargo mainly via ion exchange and salt screening
effect. A release in response to specific ions was achieved in porous MOFs, where pore
size and charge were suited for particular ions. Other selective approaches were based
on ion-specific molecular switches and macromolecules such as enzymes and polynu-
cleotides. Conformational changes occurring in the presence of specific ions are responsible
for the release-inducing phenomena. Apart from drug delivery purposes, the described
approaches may be applicable in a DDS suspended in aqueous media to avoid drug leak
during storage. In situ gelling matrices enabled increased residence time with an associated
change in drug delivery rate. Most of these approaches were based on ionically-crosslinked
polysaccharides for topical administration of antimicrobial and antiglaucoma drugs. Nev-
ertheless, DDSs aimed at oral, intrauterine, dental, or intravenous administration were
proposed. Polysaccharide-based DDSs were generally well tolerated and non-toxic, which
makes them promising candidates for clinical applications. The ion-induced rearrangement
of carrier structure also resulted in the emission of diagnostic signals, which in combination
with drug release, may be highly beneficial in terms of controlled drug deposition. Espe-
cially in the case of chemotherapeutics with a narrow therapeutic index, such an approach
may greatly improve treatment safety. Notwithstanding, significantly less attention was
paid to the ion-sensitivity approach in comparison to pH-sensitivity, enhanced permeabil-
ity effect, or thermosensitive DDS [62]. Most of the carriers described above operate in
physiological millimolar ion concentrations. However, physiological fluctuations observed
in extracellular fluids occurred in a narrow range and varied between individuals, which
presumably is insufficient to induce a proper response [63]. On the contrary, more signif-
icant variations in ion concentration were observed in the intracellular environment of
particular tissues, both in physiological and pathological conditions [64–66]. An approach
combining active targeting and intracellular ion-dependent drug activation is considered
advantageous and was employed in the design of a carrier of drug currently under clinical
trials [60]. Due to the variety of available ion-sensitive switches, chelating agents, and ionic
polymers, further advancements in the described category of DDSs are expected. In the
case of topical formulations, a simple addition of an in situ gelling agent may be an ex-
tremely beneficial and safe way to increase therapeutic efficacy. Systemically administered
carriers dedicated to more precise drug delivery may benefit from ion sensitivity, mainly
by a reduction in premature drug release. However, the most beneficial outcomes are
expected as a result of the combination of ion-sensitive properties with other smart drug
delivery strategies. The ongoing development of multi-stimuli responsive smart carriers
will presumably result in applicable solutions with an ion-sensitive component.
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Abstract: Phase changing materials (PCMs) microcapsules MPCM32D, consisting of a polymeric
melamine-formaldehyde (MF) resin shell surrounding a paraffin core (melting point: 30–32 ◦C),
have been modified by introducing thermally conductive additives on their outer shell surface.
As additives, multiwall carbon nanotubes (MWCNTs) and poly (3,4-ethylenedioxyoxythiophene)
poly (styrene sulphonate) (PEDOT: PSS) were used in different parts by weight (1 wt.%, 5 wt.%,
and 10 wt.%). The main aim of this modification—to enhance the thermal performance of the
microencapsulated PCMs intended for textile applications. The morphologic analysis of the newly
formed coating of MWCNTs or PEDOT: PSS microcapsules shell was observed by SEM. The heat
storage and release capacity were evaluated by changing microcapsules MPCM32D shell modification.
In order to evaluate the influence of the modified MF outer shell on the thermal properties of paraffin
PCM, a thermal conductivity coefficient (λ) of these unmodified and shell-modified microcapsules
was also measured by the comparative method. Based on the identified optimal parameters of the
thermal performance of the tested PCM microcapsules, a 3D warp-knitted spacer fabric from PET
was treated with a composition containing 5 wt.% MWCNTs or 5 wt.% PEDOT: PSS shell-modified
microcapsules MPCM32D and acrylic resin binder. To assess the dynamic thermal behaviour of
the treated fabric samples, an IR heating source and IR camera were used. The fabric with 5 wt.%
MWCNTs or 5 wt.% PEDOT: PSS in shell-modified paraffin microcapsules MPCM32D revealed much
faster heating and significantly slower cooling compared to the fabric treated with the unmodified
ones. The thermal conductivity of the investigated fabric samples with modified microcapsules
MPCM32D has been improved in comparison to the fabric samples with unmodified ones. That
confirms the positive influence of using thermally conductive enhancing additives for the heat
transfer rate within the textile sample containing these modified paraffin PCM microcapsules.

Keywords: paraffin PCM—melamine-formaldehyde microcapsules; outer shell; modification by
MWCNTs and PEDOT: PSS; differential scanning calorimetry; dip coating; thermal conductivity and
heat storage and release capacity; dynamic thermal behaviour

1. Introduction

Nowadays the textile industry is more dynamic than ever before and successfully
combines together the long-standing traditions with rapid technological progress. These
trends are reflected in the increased focus on phase-changing materials (PCMs) known as
“smart materials” which can improve thermal insulation and thermal comfort of textiles,
through the thermo-regulating effect of the PCMs. The active temperature-regulating
ability of PCMs nowadays is widely applied in thermal management of such areas as
buildings, electronics, medicine, automotive, textiles. Considering application in textiles,
PCMs integrated into various fibres and fabrics provide temporary warmth or coolness
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effect, thereby diminishing thermal discomfort [1–5]. Among available PCMs, organic
PCMs with a phase change temperature range of 18 ◦C to 35 ◦C are the most appropriate
for textile application [5]. Paraffinic hydrocarbons in the solid-liquid phase in the organic
materials group are the most preferred and practical materials for the production of
microencapsulated PCMs (MPCMs) [6]. The thermal, physical, chemical, and mechanical
properties of MPCMs are heavily dependent on the raw materials and synthesis processes
during microencapsulation [7]. The usually applied encapsulation material for paraffin
PCM is physically and chemically stable [8] melamine-formaldehyde (MF) resin [9–14].
The polyurea-formaldehyde resin [15], polystyrene [16], and poly (methylmethacrylate)
derivatives [17] were investigated as well.

MPCMs can be introduced into the textile materials by several main finishing methods:
coating [18–22], impregnation and exhaust [23,24], and embedding into the fibre during
the polymer matrix spinning [25–27]. The problem of paraffin PCM is its low thermal
conductivity, for example, paraffin has a thermal conductivity of 0.22 W/(m·K) [28] when
compared with >3000 W/(m·K) for multiwall carbon nanotubes (MWCNTs) [29]. Moreover,
microencapsulated PCMs have a polymeric shell, which not only prevents the content from
leaking but also resists heat transition at the same time [30]. It was observed that the im-
provement of MPCMs thermal properties and especially the effective thermal conductivity
depends on microcapsules structure [31]. One of the possibilities is to improve the thermal
conductivity of the core materials.

Carbon-based nanostructures (nanofibers, nanoplatelets, and graphene flakes), carbon
nanotubes, both metallic (Ag, Al, C/Cu, and Cu) and metal oxide (Al2O3, CuO, MgO, and
TiO2) nanoparticles and silver nanowires were investigated as the thermal conductivity
promoters for materials of the PCMs [32–34]. However, it is difficult to ensure that the addi-
tives are uniformly distributed in the PCMs; moreover, the additives increase the weight of
the PCMs and will decrease the latent heat storage capacity in general [35]. Another known
opportunity is to enhance the thermal conductivity of MPCMs through the incorporation
of nano-filler additives on polymeric shell materials. The thermal conductivity of the
melamine urea-formaldehyde microcapsules containing paraffin PCM as a core has been
significantly enhanced from 0.1944 W/(m·K) to 1.0540 W/(m·K) with a little influence to
their enthalpy by a coating of 10 wt.% graphene sheets onto the polymeric shell [36]. The
micro-PCM particles containing paraffin core with graphene/methanol modified melamine-
formaldehyde hybrid shell have been successfully prepared and their microstructure and
thermal performance were investigated as well [30,37]. Thermally conductive PCM paraffin-
wax-embedded polymer microcapsules with graphene oxide (GO) platelet patched shell
structure have been developed by researchers [38]. It was identified that the excellent
thermal sensitivity of these microcapsules with GO platelet patched shell provides an
efficient way to regulate thermal radiance according to the surrounding background, which
made these microcapsule-embedded composites a promising material for active thermal
camouflage and stealth applications. Electrically and thermally conductive paraffinic PCMs
with melamine-formaldehyde shell microcapsules have been manufactured by coating with
polypyrrole (PPy) and it is expected that these microcapsules will widen the application
possibilities of PCMs in camouflage technology and electronic cooling [37].

Although different studies pertaining to the resistivity and conductivity properties
of various fibre content fabrics modified by applying PPy [39] and PPy/carbon black
composite [40] were analysed, a limited number of publications on the influence of the
microencapsulated PCMs for the thermal resistance of textile materials were found. The
researchers [41] found that the textile sample coated with polyethylene glycol (PEG) micro-
capsules during the testing with the Sweating Guarded-Hotplate apparatus has radiated
20% less heat than the untreated one.

This study is aimed to improve the thermal performance of paraffin PCM microcap-
sules for textile application by modifying their outer shell. For this purpose, the paraffin
microcapsules MPCM32D with a transition temperature of 32.02 ◦C were modified using
Layer-by-Layer (LbL) self-assembly technique to form multilayered thin coatings by elec-
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trostatic interaction among cationically charged MF resin shell and applied anionically
charged thermal conductivity enhancing additives—MWCNTs or PEDOT: PSS. The pres-
ence of the layer of these additives on the outer shell of these modified PCM microcapsules
was observed by a scanning electron microscope (SEM). The latent heat and thermal conduc-
tivity of the microcapsules MPCM32D modified with various concentrations of MWCNTs
or PEDOT: PSS were measured, respectively, by the differential scanning calorimetry (DSC)
technique and thermal conductivity determination device. The obtained results were eval-
uated by comparing them to the unmodified ones. In addition, a 3D warp-knitted spacer
fabric from PET was dip-coated with shell-modified microcapsules MPCM32D that demon-
strated optimal thermal characteristics, and its thermal performance—heat storage and
release capacity, thermal conductivity, and dynamic thermal behaviour—was evaluated.

2. Materials and Methods

2.1. Materials

PCM microcapsules MPCM32D (composition: 17.4% melamine resin, 79.6% paraffin
wax, water ≤ 3%) in a dry white powder were purchased from Microtek Laboratories Inc.,
Dayton, OH, USA. Multiwall carbon nanotubes NC7000 (average diameter: 9.5 × 10−9 m,
average length: 1.5 µm) in form of 3 wt.% waterborne dispersion called Aquacyl AQ0302
were obtained from Nanocyl S.A., Sambreville, Belgium. Poly(3,4-ethylenedioxythiophene)
poly(styrene sulfonate) (PEDOT: PSS) (1.3 wt.% dispersion in water, conductive grade),
poly(diallyldimethylammonium chloride) (20 wt.% in water), sodium dodecylbenzene-
sulfonate (SDBS) and ethanol (95% denatured) were purchased from Sigma-Aldrich,
Taufkirchen, Germany. Aqueous synthetic dispersion based on polyurethane (PU) Tubi-
coat MP and acrylic resin binder Itobinder PCM were obtained, respectively, from CHT
Germany GmbH, Tübingen, DE and LJ Specialties Ltd., Chesterfield, Derbyshire UK.

2.1.1. Modification of the Outer Shell of PCM Microcapsules with the Thermally
Conductive Additives

The MF resin shell of the powdered PCM microcapsules MPCM32D was modified
with thermally conductive additives MWCNTs and PEDOT: PSS, respectively, using a
layer-by-layer self-assembly method [42]. First, 10 g of these PCM microcapsules and
1.2 g of cationic surfactant poly(diallyldimethylammonium chloride) (20 wt.% aqueous
solution) were dispersed in 500 mL of ethanol and stirred at room temperature for 10 min
using a high-speed disperser (1000 rpm). In parallel, the different mass fractions (1 wt.%,
5 wt.%, and 10 wt.%), respectively, 3.3 g, 16.5 g, and 33 g of MWCNTs 3% waterborne
dispersion Aquacyl AQ0302, or 7.5 g, 37.5 g and 75g of 1.3 wt.% PEDOT: PSS aqueous
dispersions and 0.1 g of the SDBS (anionic surfactants) were added to 500 mL of deionized
water and stirred with a high-speed disperser (5000 rpm) for another 10 min. Finally,
the prepared suspensions of ionized microcapsules MPCM32D and different parts of
the thermal conductivity enhancing additives calculated by mass weight, respectively,
were mixed under intensive shaking at 20 ± 5 ◦C for 60 min (considering the fact that
positively charged outer shell of the microcapsules could attract the negatively charged
conductive additives due to the electrostatic interaction). Then the powder of microcapsules
was filtered and washed several times with 40 ◦C deionized water. The MWCNTs shell-
modified PCM microcapsules MPCM32D were dried at room temperature. In case of
modification with PEDOT: PSS, these microcapsules were dried in an oven for 10 min at
100 ◦C temperature for PEDOT: PSS film formation.

2.1.2. Introduction of Shell-Modified PCM Microcapsules into Textile Materials

The unmodified and shell-modified PCM microcapsules analysed in this study were
embedded in three-dimensional (3D) warp-knitted spacer fabric from PET and elastane,
the technical data of which are presented in Table 1.
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Table 1. Characteristics of 3D warp-knitted spacer fabric.

3D Warp-Knitted Spacer
Fabric View—Warp-Wise

Type of Yarn and
Linear Density, Tex

Content of Yarn, % Mass per Unit Area, g/m2 Thickness, mm

PET textured, 11.0 70

358 2.9PET monofilament, 5.6 20

Elastane, 7.8 10

This knitted fabric was impregnated, respectively, with 5 wt.% MWCNTs or 5 wt.%
PEDOT-PSS shell-modified PCM microcapsules MPCM32D, that demonstrated the best
latent heat capacity and thermal conductivity characteristics, in composition with acrylic
resin binder Itobinder PCM on a laboratory padder EVP-350 (Roaches International Ltd.,
West Yorkshire, UK) according to the recipe and process parameters presented in Table 2.

Table 2. Parameters of dip coating and drying-curing processes.

No. Process
Auxiliaries

Parameters
Microcapsules MPCM32D, g/L Itobinder PCM, g/L

1

Dip coating with microcapsules
MPCM32D:
Unmodified
5 wt.% MWCNTs shell-modified
5 wt.% PEDOT: PSS shell-modified

66 200 Wet pick-up: 80%
Nip rolls: 2 bar

2 Drying—curing
Temperature: 120 ◦C
Time: 6–8 min

2.2. Methods of Investigation
2.2.1. SEM Analysis

The surface morphology of the shell-modified PCM microcapsules MPCM32D and
textile samples with these microcapsules was examined applying scanning electron mi-
croscopy (SEM) and using a Quanta 200 FEG device (FEI, Eindhoven, Netherlands) at
low vacuum, 80 Pa, detector—LFD. All microscopic images were made under the same
technical and technological conditions: electron beam heating voltage (10.00–30.00) kV,
beam spot (3.0–5.0), magnification of 5000× and 10,000×, work distance (6.0–10.0) mm.

2.2.2. DSC Analysis

The thermal and phase transition characteristics of the unmodified and shell-modified
PCM microcapsules, as well as of the textile fabric containing these microcapsules were
determined by standard method EN 16806-1 [43], using DSC module (DSC Q10, TA
Instruments, New Castle, DE, USA) equipment under a nitrogenous atmosphere. The
mass of test specimens was about 10 mg. A lid was pressed on the crucible to ensure good
contact between the specimen and the bottom of the crucible. The micro-encapsulated PCM
samples were dried at 60 ◦C for 24 h to remove all water. The samples underwent a heating-
cooling-heating cycle from −20 ◦C to +60 ◦C at a heating and cooling rate of 5 ◦C/min.
Based on the recorded second heating cycle, enthalpy of fusion in J/g was determined
by measuring the area under the peak to the baseline constructed, using software of DSC
Q10. In the same way, the enthalpy of crystallization in J/g was determined based on the
recorded cooling cycle.

The transition temperatures—peak melting and peak crystallization temperatures—
extrapolated onset and end melting as well as crystallization temperatures, were also
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determined based on respectively the recorded second heating or based on the recorded
cooling cycle, as defined in EN ISO 11357-3 [44].

2.2.3. Thermal Conductivity of PCM Microcapsules

Primarily, the unmodified and shell-modified PCM microcapsules have been incorpo-
rated into a polymeric matrix of polyurethane (PU) aqueous dispersion TUBICOAT MP
and the homogeneous tablets in diameter of 55 mm and thickness of 3 mm were prepared.
For this purpose, the 3 g of unmodified and shell-modified microcapsules MPCM32D and
3 g of TUBICOAT MP were intensively stirred until rigid consistency paste was achieved.
Finally, the prepared mass was inserted into the round metal form and dried at 50 ◦C for
about 8 h. For easier removal of the content from the form, a cellulose film was placed at
the bottom. In the beginning, this film was overheated at a higher temperature than the
drying temperature of the tablets to prevent the film from shrinking. Next, the tablets were
stored in a desiccator for 24 h. The images of the formed tablets are shown in Figure 1.

Figure 1. Images of unmodified microcapsules (a) and shell-modified MPCM32D microcapsules with
different mass fraction: (b) poly (3,4-ethylenedioxyoxythiophene) poly (styrene sulphonate) (PEDOT:
PSS) 1 wt.%, (c) PEDOT: PSS 5 wt.%, (d) PEDOT: PSS 10 wt.%, (e) multiwall carbon nanotubes
(MWCNTs) 1 wt.%, (f) MWCNTs 5 wt.%, (g) MWCNTs 10 wt.% in a PU matrix.

The thermal conductivity measurements of the shell-modified microcapsules MPCM32D
in a PU matrix were performed using an original thermal conductivity determination
device [45] where the known thermal conductivity material as a reference was compared
with the testing one. Next, these shell-modified PCM microcapsules with the best thermal
performance were introduced into the textile.

2.2.4. Thermal Conductivity of Textile Materials Containing PCM Microcapsules

The thermal conductivity of the developed 3D warp-knitted spacer PET fabric contain-
ing microcapsules MPCM32D was evaluated based on the measurements of the reciprocal
parameter—thermal resistance (Rct). This parameter was measured under steady-state
conditions using sweating guarded—hotplate M259B (SDL Atlas, Rock Hill, SC, USA)
according to the standard method EN ISO 11092 [46]. The principle of this method is
that the sample to be tested is placed on an electrically heated plate with conditioned air
ducted flow across and parallel to its upper surface. For the determination of the thermal
resistance, the heat flux through the test specimen is measured after steady-state conditions
have been reached. Thermal resistance was calculated by the formula [46]:

Rct =
(Tm − Ta) A

H − ∆Hc
− Rct0

(

m2 K/W
)

, (1)

where Tm = 35 ◦C (temperature of the measuring unit); Ta = 20 ◦C (air temperature in the
test enclosure); H—heating power supplied to the measuring unit, in watts; A—area of the
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measuring unit in square meters; Rct0—the apparatus constant, in square meters Kelvin
per Watt; ∆Hc = 0 (correction term for heating power).

The coefficient of thermal conductivity λ, W/(m·K) was calculated according to
the formula [47]:

λ = D/Rct (W/(m·K)), (2)

where: D—thickness of the sample (m); Rct—thermal resistance (m2 K/W).

2.2.5. Evaluation of Dynamic Thermal Behaviour of Textile Materials Containing
PCM Microcapsules

The dynamic thermal behaviour of 3D warp-knitted spacer PET fabric dip-coated
with unmodified and shell-modified microcapsules MPCM32D were analysed by using
a thermal camera (spectral range: λ = 7.5 ÷ 13 µm) InfraCAM (FLIR SYSTEMS AB, Täby,
Sweden) and an IR emitting lamp (250 W, 240 V, λ = 500–3000 nm, Ø = 125 mm) as the
heat source (Figure 2). After 4 min as the IR lamp was switched on, the hottest location on
the testing table surface was detected by using the InfraCAM. Thereafter, a polystyrene
foam plate with a flatly laid spacer fabric was centred on the marked hottest location. The
samples were heated for 4 min with an IR lamp placed about 50 cm above the knitted fabric
to achieve a temperature of 4–5 ◦C higher than the melting point (32.02 ◦C) of paraffin
PCM. Then the lamp was switched off, the knitted fabric was allowed to cool for another
4 min. The fabric samples were observed by the thermal camera every 15 s during the
entire 8 min of the test. Five temperature measurements for each sample were performed
and the imaginary temperature value was calculated. The variation coefficient was <5%.

Figure 2. Stand for the analysis of fabric dynamic thermal behaviour: (a) infrared lamp; (b) 3D
warp-knitted spacer PET fabric; (c) polystyrene foam plate; (d) thermal camera.

3. Results and Discussion

3.1. Surface Morphology of The Shell-Modified PCM Microcapsules

Before the microscopic analysis, the visual observation of the shell-modified micro-
capsules MPCM32D was performed. It was observed that after the modification with
the thermally conductive additives MWCNTs or PEDOT: PSS, the initial white colour of
these paraffin PCM microcapsules has changed to black or blue, respectively. The colour
and its depth of these shell-modified microcapsules depended on the nature of the used
additive and its concentration in the modification process (see Figure 3). It is especially
expected that textile with the embedded blue coloured PEDOT: PSS shell-modified PCM
microcapsules could be promising for leisure and protective clothing not only because of
the enhanced thermal performance but also due to the expansion of colouristic possibilities
to avoid the black colour.
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Figure 3. Pictures of microcapsules MPCM32D in powder form: unmodified (a) and shell-modified
with different mass fraction: (b) MWCNTs 1 wt.%, (c) MWCNTs 5 wt.%, (d) MWCNTs 10 wt.%,
(e) PEDOT: PSS 1 wt.%, (f) PEDOT: PSS 5 wt.%, (g) PEDOT: PSS 10 wt.%.

In order to estimate the surface morphology and the form of the shell-modified
microcapsules MPCM32D, the SEM analysis was made. The micrographs of the modified,
as well as unmodified microcapsules detected by SEM, are shown in Figure 4. A microgram
(Figure 4a) shows an optical view of the unmodified MPCM32D microcapsules—they
have a smooth and compact surface, and have a regular sphere shape. The images of
shell-modified microcapsules presented in Figure 4 clearly show the newly formed coating
of MWCNTs (Figure 4b,c) and PEDOT: PSS (Figure 4d,e), and this confirms the presence of
these conductive additives on the outer shell of the PCM microcapsules.

Figure 4. SEM micrograms of microcapsules MPCM32D: (a) unmodified, magnification 5000×; (b) with 5 wt.% MWCNTs
shell-modified, magnification 5000×; (c) with 5 wt.% MWCNTs shell-modified, magnification 10,000×; (d) with 5 wt.%
PEDOT: PSS shell-modified, magnification 5000×; (e) with 5 wt.% PEDOT: PSS shell-modified, magnification 10,000×.
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3.2. Heat Storage and Release Capacity of the Shell-Modified PCM Microcapsules

The results of DSC analysis for unmodified and shell-modified microcapsules
MPCM32D are presented in Figure 5 as the DSC curves—thermograms. The data extracted
from DSC curves for heating and cooling processes of all tested paraffin PCM micro-
capsules are summarized in Table 3. The initial, unmodified microcapsules MPCM32D
consisting of an MF resin shell surrounding a paraffin core, demonstrated the peak melting
temperature of 32.02 ◦C (Figure 5a). This result falls within the melting temperature range
(30–32 ◦C) specified by the manufacturer and corresponds to a typical paraffin two-peak
DSC thermogram. The sharp main peak of the curve represents the solid-liquid phase
change of the tested encapsulated paraffin PCM and the minor peak at the left side of
the main peak corresponds to the solid-solid phase transition of paraffin. In this case, for
unmodified microcapsules MPCM32D, the enthalpy of fusion (∆Hf) of the solid-solid and
the solid-liquid transition is 10.4 J/g and 106.3 J/g, respectively. After the modification,
these two-phase change peaks remain (see Figure 5b,c) and this implies that modified
microcapsules maintain good phase change behaviour. As enthalpies of fusion (∆Hf) and
crystallization (∆Hc) during the solid-solid phase changing stage are significantly lower
(for unmodified and shell-modified microcapsules) if compared to the solid-liquid stage,
therefore for the further analysis only enthalpies of the solid-liquid stage were considered.
The data calculated from DSC curves for shell-modified microcapsules MPCM32D with
MWCNTs and PEDOT: PSS in different mass fractions (1 wt.%, 5 wt.%, and 10 wt.%) are
presented in Table 3.

Figure 5. DSC thermograms of the microcapsules MPCM32D: unmodified (a), with 5 wt.% MWCNTs (b) and 5 wt.% PEDOT:
PSS (c) shell-modified, and their summed thermogram (d).
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Table 3. DSC results of the unmodified and shell-modified microcapsules MPCM32D.

Microcapsules
MPCM32D

Melting Crystallization

Peak Melting
Temperature,

Tp.m. ◦C

Extrapolated
Onset Melting
Temperature,

Tei.m.◦C

Extrapolated
End Melting
Temperature,

Tef.m. ◦C

Enthalpy
of Fusion,
∆Hf, J/g

Peak
Crystallization
Temperature,

Tp.c.◦C

Extrapolated Onset
Crystallization
Temperature,

Tei.c. ◦C

Extrapolated End
Crystallization
Temperature,

Tef.c. ◦ C

Enthalpy of
Crystallization,

∆Hc, J/g

Unmodified
(initial) 32.02 13.19 40.09 106.3 21.44 30.61 5.49 113.0

Modified with
PEDOT:PSS:

1 wt.% 32.73 15.68 44.9 103.9 21.56 30.13 5.01 112.9
5 wt.% 33.33 15.56 45.06 100.5 21.53 30.25 3.95 108.5

10 wt.% 33.49 15.4 44.9 93.22 21.27 29.8 4.09 103.1
Modified with

MWCNTs:
1 wt.% 33.85 15.0 42.2 104.0 22.9 30.3 5.31 106.1
5 wt.% 32.89 14.49 45.42 100.2 21.54 29.42 4.42 108.7

10 wt.% 33.35 14.85 43.05 89.77 22.21 31.3 5.25 96.4
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The melting peaks of the modified microcapsules MPCM32D with both thermally con-
ductive additives, MWCNTs or PEDOT: PSS, shifted to a slightly higher temperature (max.
by ~2 ◦C) and their crystallization peaks moved to a slightly lower temperature (max. by
~3 ◦C). Hence, it may be concluded that for the modified microcapsules MPCM32D, in both
cases—using as additives either MWCNTs or PEDOT: PSS—phase transition temperatures
are quite similar to those of the unmodified. The variations between these temperature
values are rather small and are within the measurement uncertainty limits. It demonstrates
that the incorporation of used outer shell modifiers does not affect the structure of mi-
crocapsules MPCM32D paraffin core. Moreover, some researchers [48–50] have proved
that there was no chemical reaction between the paraffin and the CNTs or graphite in the
preparation of their composites.

As seen in Table 3 and Figure 6, the modification of the MF resin outer shell of these
microcapsules has a certain influence on their heat storage and release capacity.

Figure 6. The influence of shell modifiers PEDOT: PSS and MWCNTs on fusion enthalpy of paraffin
phase changing materials (PCMs) microcapsules.

These properties are the most important part of PCM application and define their
thermoregulatory activity. The enthalpy of fusion (∆Hf) of the 1 wt.% and 5 wt.% MWCNTs,
as well as PEDOT: PSS, shell-modified paraffin microcapsules MPCM32D was found to be
approximately the same as that of the unmodified ones. Only an increase in the amount
of these thermally conductive additives until 10 wt.%, significantly reduced the heat
storage capacity of the investigated PCM microcapsules. If compared with the unmodified
ones, ∆Hf decreased 15.6% for MWCNTs and 12.3% in the case of PEDOT: PSS. A similar
situation was observed with the enthalpy of crystallization (∆Hc). This can be explained by
the fact, that the addition of 10 wt.% or more of this thermal conductivity and heat transfer
enhancing additives has quite considerably decreased the relative amount of paraffin
PCM (or relative fraction of this PCM) in the microcapsules. Therefore, on the basis of this
analysis, it could be stated, that the shell-modified microcapsules MPCM32D with the mass
fraction of additives—MWCNTs or PEDOT: PSS—at about 5 wt.%, may be optimal for
intended textile applications. The thermograms of 5 wt.% MWCNTs and 5 wt.% PEDOT:
PSS shell-modified microcapsules MPCM32D, respectively, are shown in Figure 5b,c, and a
thermogram of these three curves is summarized in Figure 5d.

3.3. Influence of Conductive Additives on the Thermal Conductivity of Modified
PCM Microcapsules

In order to evaluate the influence of the used modifiers—MWCNTs or PEDOT: PSS—
for the heat transfer efficiency of microcapsules MPCM32D, the thermal conductivity of
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the modified and unmodified microcapsules was measured. The thermal conductivity is
considered as an important contributing factor to the total thermoregulatory capability of
PCMs microcapsules, as it may delay or promote the thermal response to the heat storage
and release [49,51]. With an aim to determine the thermal conductivity, the microcapsules
MPCM32D have been incorporated into a polymeric matrix of polyurethane (PU) and
obtained samples were tested. Therefore, the results presented in Figure 7 are not directly
related to the particular tested microcapsules, but to the composites containing unmodified
microcapsules MPCM32D and modified ones with different mass fractions (1 wt.%, 5 wt.%,
and 10 wt.%) of MWCNTs or PEDOT: PSS. Thus, these results (Figure 7) allow for compar-
ing the thermal conductivity of PCM microcapsules modified with different quantities of
thermally conductive additives and to evaluate the effect. The thermal conductivity coeffi-
cient λ (W/(m K)) of each prepared microcapsules sample in the PU matrix is expressed in
Figure 7. The effect of different mass fractions of both modifiers (MWCNTs and PEDOT:
PSS) on the thermal conductivity of tested samples is also provided. It is evident that the
thermal conductivity of the tested samples showed a linear increase with the increment
of MWCNTs or PEDOT: PSS mass fraction by modifying the outer shell of the paraffin
PCM microcapsules. Furthermore, it is obvious that the nature of the used additives has
influenced these properties. The samples of microcapsules MPCM32D modified with
MWCNTs demonstrated a higher enhancement of thermal conductivity compared to the
ones modified with PEDOT: PSS. This is due to the higher internal conductivity of MWC-
NTs. After the comparison of the thermal conductivity values of the samples containing
unmodified microcapsules MPCM32D (λ = 0.105 W/(m·K)) with the samples modified
with 10 wt.% MWCNTs (λ = 0.264 W/(m·K) a remarkable improvement (2.5 times or
151%) is seen. Meanwhile, the thermal conductivity of microcapsules samples which were
shell-modified with 10 wt.% PEDOT: PSS revealed less improvement (1.8 times or 79%).

Figure 7. Thermal conductivity of unmodified and shell-modified PCM microcapsules MPCM32D in
a polyurethane matrix.

3.4. Thermal Performance of Knitted Fabrics Containing Modified PCM Microcapsules

Based on the gained results of the phase change characteristics and the thermal
conductivity of the shell-modified microcapsules MPCM32D, it was determined that mass
fraction of MWCNTs or PEDOT: PSS, not exceeding 5 wt.%, may be the optimal one for
textile applications, as the higher amount of these conductive additives reduces the heat
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storage and release capacity of paraffin PCM. Consequently, the 3D warp-knitted spacer
PET fabric (Table 1) was dip-coated with the Itobinder PCM and 5 wt.% MWCNTs or
5 wt.% PEDOT: PSS shell-modified microcapsules MPCM32D according to the recipe and
parameters presented in Table 2. For comparison, samples of knitted fabrics—untreated,
dip-coated with unmodified microcapsules MPCM32D, and treated only with Itobinder
PCM were used and their codes are given in Table 4.

Table 4. Thermal properties of 3D warp-knitted spacer PET fabric untreated and dip-coated with microcapsules MPCM32D.

Sample Code Method of Textile Sample Treatment
Thermal Resistance,

Rct (m2·K/W)
Thermal Conductivity

Coefficient, λ (W/(m·K))

1 Untreated (initial) 0.068 0.043
2 Dip-coated with Itofinish PCM 0.069 0.042

3 Dip-coated with Itofinish PCM and unmodified
microcapsules MPCM32D 0.073 0.039

4 Dip-coated with Itofinish PCM and 5 wt.%
PEDOT:PSS shell-modified microcapsules MPCM32D 0.061 0.047

5 Dip-coated with Itofinish PCM and 5 wt.% MWCNTs
shell-modified microcapsules MPCM32D 0.060 0.048

* The thickness D (m) of all samples is the same, D = 0.0029 m.

For the evaluation of the thermal performance of these samples, three testing methods
were applied—DSC analysis (except Samples 1 and 2), determination of thermal resistance
(Rct) under steady-state conditions using sweating guarded-hotplate, and monitoring of
dynamic thermal behaviour, during the temperature changes, based on infrared thermogra-
phy. The DSC results of Samples 4 and 5 presented in Table 5, revealed that the fabric with
5 wt.% MWCNTs or 5 wt.% PEDOT: PSS shell-modified microcapsules MPCM32D feature
quite similar enthalpies of fusion (∆Hf) and crystallization (∆Hc) when compared to the
fabric containing the unmodified microcapsules (Sample 3). Hence, it can be concluded that
the heat storage and release capacities for 3D warp-knitted spacer PET fabric impregnated
with 5 wt.% MWCNTs or PEDOT: PSS shell-modified paraffin microcapsules MPCM32D
remain the same as in the case of unmodified microcapsules.

Table 5. DSC analysis results of 3D warp-knitted PET fabric with unmodified and shell-modified microcapsules MPCM32D.

Sample Code
Knitted Fabric with

Microcapsules
MPCM32D

Melting Crystallization

Peak Melting
Temperature,

Tp.m, ◦C

Enthalpy
of Fusion,
∆Hf, J/g

Peak Crystallization
Temperature,

Tp.c, ◦C

Enthalpy of
Crystallization,

∆Hc, J/g

3 Unmodified 31.66 21.78 24.78 24.64

4 5 wt.% PEDOT:PSS
shell-modified 31.42 22.71 24.28 23.19

5 5 wt.% MWCNTs
shell-modified 31.42 24.22 24.65 26.31

The DSC analysis allows obtaining the basic thermal properties of the textile sam-
ples treated with PCM microcapsules, mostly related to their thermoregulatory capacity.
However, to assess the thermal performance of the tested textile samples considering the
thermal response rate, two more methods were used. To assess the influence of the micro-
capsules modification on the thermal conductivity of textile samples, the thermal resistance
Rct, (m2·K/W) was measured. Based on the obtained results the thermal conductivity
coefficient λ, (W/(m·K)) was calculated. The received values are presented in Table 4. The
structure of the knitted fabric and the layer of polymeric binder used for the incorporation
of PCM microcapsules have influenced the heat transportation to these microcapsules and
the temperature values. This might be because of the differences in the thermal conductiv-
ity of individual components of the tested material and their distribution. The tested textile
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samples consist of PET/elastane yarns, an acrylic resin binder, and PCM microcapsules,
therefore the thermal conductivity was determined separately for knitted fabric: untreated
(initial) (Sample 1), dip-coated only with Itofinish PCM (Sample 2), dip-coated with unmod-
ified (Sample 3) and with 5 wt.% PEDOT: PSS and MWCNTs shell-modified (Samples 4 and
5) microcapsules MPCM32D, respectively. As it is seen from the results presented in Table 4,
the thermal conductivity of Sample 2 is slightly lower than that of Sample 1. It suggests
the conclusion that the acrylic resin binder is a barrier, so it can delay heat access and its
emission. Furthermore, the thermal conductivity of the fabric sample with unmodified
microcapsules (Sample 3) decreased even more, as one more barrier—MF resin shell of
microcapsules—appeared. However, after modification of the outer shell of the microcap-
sules MPCM32D with 5 wt.% of used add-on’s, the thermal conductivity of investigated
knitted fabric has improved in comparison to the fabric samples with unmodified ones:
~12% in case of MWCNTs modifier and ~ 9% for PEDOT: PSS. That confirms the positive
influence of the used thermal conductivity enhancing additives for the heat transfer rate
within the textile sample containing these modified paraffin PCM microcapsules.

To obtain supplementary information regarding the heat transfer capabilities of modi-
fied PCM microcapsules the dynamic thermal behaviour of fabric samples containing a
composition of the unmodified and shell-modified microcapsules MPCM32D and acrylic
resin binder Itofinish PCM, during the temperature changes was investigated. The re-
sults of the analysis (Figure 8) showed that Samples 4 and 5 containing shell-modified
PCM microcapsules heated up faster than the samples containing unmodified (Sample 3)
microcapsules whose behaviour was practically indistinguishable from that of untreated
fabric sample’s (Sample 1). The results of these measurements showed that the formed
coating of the MWCNTs and PEDOT: PSS on the outer shell of paraffin microcapsule
MPCM32D accelerated their melting process and increased the heat transfer rate of the
material, which ensured a rapid thermal response to the ambient temperature. The results
of these measurements revealed that coating of the outer shell of the paraffin microcapsules
MPCM32D with the thermal conductivity enhancing additives MWCNTs and PEDOT: PSS
accelerates their melting process and increases the heat transfer rate of the fabric, which
ensures a rapid thermal response to the ambient temperature.
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Figure 8. Comparison of dynamic thermal behaviour of the fabric samples containing unmodified
and shell-modified PCM microcapsules during the temperature changes.

4. Conclusions

Shell-modification of PCM microcapsules MPCM32D with MWCNTs and PEDOT: PSS
additives resulted in enhancement of their thermal conductivity. The SEM micrographs
have shown a clearly visible change in surface topography of modified microcapsules
due to the presence of modifiers used on their outer shell surface. This fact, as well as
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essentially unaltered phase transition temperatures of modified microcapsules, confirms
that both conductive additives—either MWCNTs or PEDOT: PSS—are adhered only to the
outer shell of PCM microcapsules.

It was determined the optimal amount of conductive additive in the modified mi-
crocapsules, which is about 5 wt.% for both modifiers. The higher amount of applied
additives (10 wt.% and more) despite significant improvement of thermal conductivity,
rather reduces the heat storage and release capacity of investigated PCM microcapsules.

The investigation of the thermal performance of textile samples confirmed the positive
influence of these paraffinic microcapsules’ shell-modification. For samples treated with
shell-modified microcapsules MPCM32D in comparison with samples treated with un-
modified ones: the thermal conductivity increased ~12% in the case of MWCNTs modifier,
and ~9% in the case of PEDOT: PSS; the heat transfer rate through the material increased,
ensuring more rapid thermal response to the ambient temperature. DSC analysis results
proved that these modified microcapsules incorporated into textile maintain good heat
storage and release capacity similar to unmodified microcapsules MPCM32D. Besides, it
should be noted that investigations on the durability of fabrics treated with composites of
modified microcapsules and acrylic resin binder will be the subject of our subsequent study.
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Abstract: Despite the poor photochemical stability of capsules walls, polyacrylate is one of the most
successful polymers for microencapsulation. To improve polyacrylate performance, the combined
use of different acrylate-based polymers could be exploited. Herein butyl methacrylate (BUMA)-
based lattices were obtained via free radical polymerization in water by adding (i) methacrylic acid
(MA)/methyl methacrylate (MMA) and (ii) methacrylamide (MAC) respectively, as an aqueous
phase in Pickering emulsions, thanks to both the excellent polymer shells’ stability and the high
encapsulation efficiency. A series of BUMA_MA_MMA terpolymers with complex macromolecular
structures and BUMA_MAC linear copolymers were synthesized and used as dispersing media of
an active material. Rate and yield of encapsulation, active substance adsorption onto the polymer
wall, capsule morphology, shelf-life and controlled release were investigated. The effectiveness of the
prepared BUMA-based microcapsules was demonstrated: BUMA-based terpolymers together with
the modified ones (BUMA_MAC) led to slow (within ca. 60 h) and fast (in around 10 h) releasing
microcapsules, respectively.

Keywords: polyacrylate; water-based latex; Pickering emulsion; microencapsulation; controlled release

1. Introduction

In the last decade, microencapsulation technique of effective liquid and solid agents
has attracted wide interest from several industrial sectors, such as the food chemistry,
building, health and beauty industries [1–4]. The advantages of such a procedure are
manifold: for example, it can be used to protect active materials, such as probiotics and
drugs, during their passage through animals and human bodies [5] or in the construction
industry, for the protection of change phase and thermal energy storage materials [6].
Moreover, encapsulation allows several fertilizers and agricultural handlings to be released
over time [7]. The key to the success of every microencapsulation process is the formation
of a resistant and continuous protective envelope for the entrapped active substance and
keep it safe from the surrounding environment. Methods and materials adopted for the
encapsulation process contribute to define microcapsules properties and kinetic release.
In particular, the methods commonly available for the formulation of microcapsules can
be divided into physical and chemical approaches [8]. Both these methods confer some
useful properties depending on the desired characteristics of the microcapsules produced.
These include microcapsules’ shape and size, shells thickness and mechanical resistance [9].
Furthermore, the selection of the most suitable industrial production technique depends
on multiple process parameters, such as the physical state of the host material (liquid
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or solid, hydrophilic or hydrophobic, and so on), the inorganic or organic nature, the
miscibility as well as the chemical compatibility between envelope and active agent [10–13].
The most reported physical techniques are pan coating [14] and spray drying [15] due
to their easy preparation technology that favors fast and cheap lab-to-industrial scale
productions [16]. However, particles of high granulometry (often with average sizes larger
than 1 mm) and not uniformly coated microcapsules have been reported as part of such
processes, respectively [17]. On the other side, chemical microencapsulation techniques
are strictly based on chemical interactions between the different materials used. These
chemical interactions result in polymerization of several substances that form the wall of
microcapsules. The most common types of chemical technique used are the interfacial
polymerization [18] and in situ polymerization [19]. Although chemical methods for
microencapsulation are very popular thanks to the possibility to tailor the final properties
during the synthesis of protective materials and for this purpose have been used widely in
many industrial sectors, they have several drawbacks. Indeed, to maintain some operative
conditions, strong solvents and acids are required [20]. Moreover, polymerization catalysts
are usually toxic [21]: for example, chemical scavengers can be used to reduce the amount
of free unreacted harmful chemicals, but this increases production costs [22]. Moreover,
both chemical methods are known to be very successful in producing microcapsules with
diameters lower than 100 microns. The smaller their size the larger the volume fraction that
would be necessary to deliver the desirable results and thus, the poor margin of tolerance
of the obtainable microcapsules with different dimensions raise skepticism over the use of
chemical methods to produce them [22].

In this scenario, the combination of physical and chemical methods is an emerging
approach, thanks to the hopeful benefits deriving from each of these techniques and the
minimization of the already cited drawbacks. The physicochemical methods are mainly
based on the formation of walls from preformed polymers, and among the most used
methods, ionic gelation [23], complex coacervation [24] and Pickering emulsion [25] can be
found. Ionic gelation produces generally very porous and permeable hydrogels [26], and
this can be beneficial in some applications, such as in flavors delivery [27] but in others,
such as building, can be problematic [28]. Complex coacervation can produce a wide range
of microcapsules dimension, from 10 to 1000 microns, and utilizes environmentally friendly
materials, but sometimes the yield of production is very poor depending on the type of
emulsifier chosen [29]. Moreover, in this plethora of methods, Pickering emulsion is the
process during which, for example in a water-in-oil emulsion, micro-sized droplets of
water are dispersed in a continuous oil phase and polymer nanoparticles are located at the
interface. Depending on their surface tension, these nanoparticles can stabilize the emulsion
in the colloidal sense [30]. Nagayama et al. [31] were the first to demonstrate that Pickering
emulsions can be transformed into microcapsules when the interfacial nanoparticles are
either linked or fused together to form a continuous wall. The greatest advantage of
such kind of procedure is that it allows process adjustments during the wall formation
step. This in-process intervention cannot be done for the other techniques discussed
above. On the other side, the choice of microcapsules “building” materials draws the
morphological properties of the resulting protective shells, such as permeability and release
performances. For instance, biopolymers such as alginates and polysaccharides favor the
development of microcapsules with tailored surface features [32,33]. Moreover, the use of
biopolymers is useful for applications involving the biodegradable nature of the protective
shells, for example in the case of zootechnic probiotics [34]. However, the use of synthetic
polymers as encapsulating materials is of particular interest in the field of porous and
permeable microcapsules preparation [35] and, in this latter case, polyacrylates are the main
protagonists [36], due to their easy and cheap preparation using both solvent and water-
based dispersing media [37–39], the possibility to use ad hoc functionalized monomers to
obtain smart shells [40] and, last but not least, the biocompatible and biodegradable nature
of some acrylic monomers, such as acrylamide [41]. Thus, the fine modulation of pores
dimension and distribution are the key properties of such enveloping materials [42].
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Nowadays, in the field of microcapsules preparation processes, one of the main issues
to overcome is to obtain a stable product during storage with consistent encapsulation
and release efficiency. The latter demand is quite difficult to reach because the common
materials used for lattices formulation, e.g., alginates [43], polyacrylates [44], pectin/casein
blends [45,46] and gelatines [47], are very sensitive to processing and environmental factors,
such as temperature, solar irradiation, humidity and pH variation [48], and this results
in poor encapsulation efficacy, reduced microcapsules shelf-life and uncontrolled release
kinetics. Vincent et al. [49] reported the preparation of butyl methacrylate–methacrylic
acid (BUMA_MA) latex for the microencapsulation and release process of different mi-
croorganisms as pesticide agents. Despite the comparable pesticide behaviour of their
latex with common chemical products, they described that during emulsion process upon
adding ethanol as co-solvent, the latex particles within the aqueous droplets are colloidally
unstable leading to coalescence and resulting in a poor microcapsules formation. This
behaviour should be due to the high affinity of MA hydroxyl groups with water (latex
dispersing medium), that obstructs the formation of polymer particles at the interphase
between water and oil phases [50].

To the best of the authors’ knowledge, few studies in the literature about microcap-
sules formation from Pickering emulsion procedure, tailoring different polyacrylate-based
polymers, have been reported so far. Hence, in this work, we prepared novel polyacrylic
lattices (i.e., a series of BUMA-based terpolymers with complex macromolecular structure
and BUMA_methacrylamide (MAC) linear copolymers) as protective materials for the
microencapsulation of an active agent, by water-based free radical polymerization proce-
dure during Pickering emulsion. These microcapsules were designed to: (i) be formulated
exploiting environmentally friendly materials to achieve more biodegradable polymeric
matter; (ii) preserve the active material from the surrounding environment; (iii) tune the
effective agent release; and (iv) be re-dispersed in water to form a free-flowing non-viscous
aqueous formulation. Therefore, a deep characterization of the prepared polymeric la-
tex, via 1H nuclear magnetic resonance (NMR), Fourier-transform infrared and thermal
analyses, and of microcapsules through dynamic light scattering and scanning electron
microscopy studies, was conducted and is discussed here as well as the corresponding
kinetics of active material release.

2. Materials and Methods

2.1. Materials

N-butyl methacrylate (BUMA, 99%), methacrylic acid (MA, 99%), methyl methacry-
late (MMA, 99%), pentaerythritol triacrylate (T3, technical grade), methacrylamide (MAC,
98%), sodium persulfate (Na2S2O8, ≥99.9%), sodium dodecyl sulfate (SDS, ≥99.9%), triflu-
oroacetic acid-d (C2DF3O2, 99.5 atom % D), sunflower oil, sodium chloride (NaCl, ≥99.0%),
iron (II, III) oxide nanopowder (Fe3O4, 50–100 nm particle size), ethanol (96%), methyl
orange (MO), KNO3 10−2 M and distilled water Chromasolv® (≥99.9%) were supplied by
Sigma Aldrich (Milan, Italy) and used without further purification.

2.2. Synthesis of Butyl Methacrylate–Methacrylic Acid (BUMA_MA), BUMA_MA_Methyl
Methacrylate (MMA), BUMA_MA_MMA_Pentaerythritol Triacrylate (T3) and
BUMA_Methacrylamide (MAC) Copolymers

BUMA_MA copolymer (used as reference), two terpolymers, i.e., BUMA_MA_MMA
and BUMA_MA_MMA_T3, and BUMA_MAC copolymers were synthesized via free
radical polymerization. Table 1 and Table S1 show the molar ratio and the exact amount of
the monomers used for the syntheses, respectively.

In a typical polymerization procedure, a 250 cm3 three-necked round bottom flask was
equipped with a reflux condenser having a nitrogen inlet adapter, an internal thermome-
ter adapter and a mechanical stirrer. The flask was flushed with nitrogen, charged with
100 cm3 of distilled water, 0.5 g of sodium dodecyl sulfate (SDS) used as latex stabilizer [49],
Na2S2O8 (mol Na2S2O8 = 1% mol mol−1

∑acrylate monomers) and acrylate monomers, accord-
ing to the desired polymer. The polymerization mixture was put in an oil bath, mechanically
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stirred at around 280–300 rpm, heated for 24 h at 69 ◦C and then gradually cooled down to
room temperature. The reaction yields, determined gravimetrically, were around 100% for
all the investigated systems.

Table 1. Molar ratio of reagents adopted for the synthesis of butyl methacrylate (BUMA)-based
polymers. MA = methacrylic acid; BUMA = n-butyl methacrylate; MMA = methyl methacrylate;
T3 = pentaerythritol triacrylate; MAC = methacrylamide.

Sample
MA/BUMA
(mol mol−1)

MMA/BUMA
(mol mol−1)

T3/BUMA
(mol mol−1)

MAC/BUMA
(mol mol−1)

BUMA_MA 0.83 - - -
BUMA_MA_MMA 0.25 0.75 - -
BUMA_MA_MMA_T3 0.25 0.75 0.005 -
BUMA_MAC_25 - - - 0.33
BUMA_MAC_50 - - - 1.00
BUMA_MAC_75 - - - 3.00

2.3. Polymer Latex Characterization: Fourier Transform Infrared (FT-IR), Nuclear Magnetic
Resonance (1H NMR), Dynamic Light Scattering (DLS) and Differential Scanning Calorimetry
(DSC) Analyses

For spectroscopic and thermal characterizations, an aliquot of the lattices prepared
was previously dried under N2 at 50 ◦C for 24 h.

Fourier transform-infrared (FT-IR) spectra were obtained on a Spectrum 100 spec-
trophotometer (Perkin Elmer) in attenuated total reflection (ATR) mode using a resolution
of 4.0 and 256 scans, in a range of wavenumbers between 4000 and 450 cm−1. A single-
bounce diamond crystal was used with an incidence angle of 45◦. 1H NMR spectra were
collected at 25 ◦C with a BRUKER 400 MHz spectrometer. All samples were prepared
dissolving 8–10 mg of polymer in 1 cm3 of C2DF3O2.

Dynamic light scattering (DLS) analyses were carried out to study the lattices particles
size distribution. Samples were analysed after a 1:100 dilution in KNO3 10−2 M to adjust
the ionic strength (this step does not affect the correctness of the results obtained, as
already reported in the literature) [51,52], using a Malvern Zetasizer NANO ZS (at 25 ◦C;
Malvern Panalytical, Malvern). Measurements were performed on two different aliquots,
for 30 scans each.

Differential scanning calorimetry (DSC) analyses were conducted using a Mettler
Toledo DSC1; the analyses were conducted weighting 5–10 mg of each sample in a standard
40 µL aluminium pan, using the following temperature cycles:

1. heating from 0 ◦C to 100 ◦C at 20 ◦C min−1;
2. 2 min isotherm at 100 ◦C;
3. cooling from 100 ◦C to 0 ◦C at 20 ◦C min−1;
4. 2 min isotherm at 0 ◦C;
5. heating from 0 ◦C to 150 ◦C at 20 ◦C min−1.

using an empty 40 µL aluminium pan as reference.

2.4. Preparation Process for Methyl Orange (MO) Encapsulation within Polyacrylates
Microcapsules and Scanning Electron Microscopy (SEM) Characterization

In a 300 cm3 glass jacket reactor 88 cm3 of sunflower oil, 224 mg of Fe3O4 and 721 mg
of NaCl were added. The mixture was processed with a mechanical stirrer (around
380–400 rpm) for 15 min at room temperature. In a separate tube, 1 cm3 of a methyl orange
(MO) solution with a concentration of 600 ppm was added to 16 cm3 of the as-synthesized
latex (see Scheme 1). Then, 6 cm3 of ethanol and the solution of latex/methyl orange
were added dropwise and the mixture was mechanically stirred (around 250–300 rpm) for
20–30 min at room temperature. The mixture was decanted for 2 h in order to separate the
yellowish microcapsules from the supernatant oil phase. The oil phase was removed, and
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the resulting microcapsules were re-dispersed in water. The process was repeated until oil
was no longer observable.

 

ω

ε
− −

Scheme 1. Schematic representation of methyl orange (MO) encapsulation within polyacrylate microcapsules.

An aliquot of the microcapsules obtained was dried for 2 h at room temperature on
a blotting paper in order to perform scanning electron microscopy (SEM) images. This
analysis was carried out using a SEM Hitachi TM-1000 (Tokio, Japan).

2.5. MO Kinetic Release

To deeply investigate the encapsulation and release capacities, methyl orange was chosen
to make easier the correct evaluation through ultraviolet/visible (UV/Vis) spectroscopy.
Specifically, once the MO-encapsulated microcapsules were obtained, 1 g of them were
dispersed into 100 cm3 of distilled water (pH 5.5) under magnetic stirring (ω = 50–80 rpm).
The absorbance spectra (recorded in the range between 650 and 350 nm by using SHIMADZU
UV 2600 spectrophotometer (Kyoto, Japan)) of each sampling (1.5 cm3) were acquired at
regular time intervals for a total of 120 h, in order to monitor the release of MO over time.
Moreover, to compute the exact MO amount, a calibration curve for MO in water was obtained
at pH 5.5 (see Figure S1), following the absorbance value at the maximum wavelength of
465 nm and obtaining a molar extinction coefficient (ε) equal to (25,320 ± 70) dm3 mol−1 cm−1.
The encapsulation efficiency percentage (EE%) was computed according to [53].

3. Results and Discussion

3.1. Synthesis and Characterization of BUMA-Based Lattices

Several approaches have been already reported in literature to improve microcapsules
formation either using hydroxyl functionalized monomers, such as MA neutralized by
CaCl2 or NaOH, or by adding emulsification agents [54]. However, the difficulty in
reaching a complete salt-based protection of hydroxyl groups and the possible interference
between process additives and active substances, result in lattices that are not stable with
the formation of flocculation by-products [55]. Herein, to improve the performances of
polyacrylic lattices, a novel BUMA-based terpolymer adding MMA as comonomer to
BUMA and MA was synthesized. In this way, a decrease in the affinity between the
polymer latex and the aqueous dispersing media, thanks to the presence of apolar -CH3
side groups instead of hydroxyl functionalities, was attained. Specifically, two new kinds of
BUMA-based polymers were obtained via free radical polymerization in water by adding (i)
MA/MMA as comonomers plus T3, as branching agent (adopting MA/BUMA molar ratio
of 0.25% mol/mol for both BUMA_MA_MMA samples) and (ii) MAC, improving both the
polymer shells’ stability and the encapsulation efficiency. As a reference, BUMA_MA latex
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(having MA/BUMA molar ratio of 0.83 mol mol−1) was prepared as already described in
literature [49].

Figure 1a shows the comparison between BUMA_MA, BUMA_MA_MMA and
BUMA_MA_MMA_T3 FT-IR spectra. Notably, it is possible to appreciate several peaks
related to: the bending of C–H aliphatic bonds at ~3100–2800 cm−1 (δ-CH), the stretch-
ing of carbonyl ester groups -C=O in the range between ~1750 cm−1 and ~1600 cm−1

(v-C=O), and the characteristic absorption band for the symmetric stretching vibration of
-C–O conjugated to carbonyl ester groups (1350–1100 cm−1) (vs–C–O) [56]. In the case of
MMA-based samples, the stretching of –CH3 groups conjugated to carbonyl functionalities
is also detectable in the range ~3100–2800 cm−1 (v–CH3) [57]. As expected, the BUMA_MA
sample, having a relatively high content of methacrylic acid, shows the presence of the
broad band related to –OH stretching above 3000 cm−1 and a double C=O peak due to the
simultaneous presence of ester and acid moieties along the macromolecular chain.

−

− δ
− −

−

−

−

 

−

Figure 1. Fourier transform infrared (FT-IR) spectra of (a) BUMA_MA and BUMA-based terpolymers and (b) BUMA_MAC
copolymers.

Since T3 is present in very small quantities, no significant differences can be ob-
served between BUMA_MA_MMA and BUMA_MA_MMA_T3 samples. As discussed by
Mallo et al. [58], the use of branching agents can be a way to obtain non-linear polymer
lattices, which are insoluble in water in the form of three-dimensional networks but, at the
same time tend to swell. As such, the polymeric shell can form at the interphase between
water and oil phases during the emulsion process. Thus, to further reduce the affinity
between latex and water, a novel terpolymer with complex macromolecular structure was
developed (namely BUMA_MA_MMA_T3) by adding 0.5% mol/mol of pentaerythritol
triacrylate, T3, as branching agent. Such a low concentration of T3, i.e., from 0.05% to
1.0% mol mol−1, is mandatory to avoid the flocculation of parts of polymer from water
media, as also confirmed by literature data [58]. Figure 2a shows the BUMA_MA_MMA_T3
1H NMR spectrum, where the presence of the branching agent cannot be highlighted due
to its exiguous amount. For clarity, the reference and BUMA_MA_MMA 1H NMR spectra
have been compared to the one relative to BUMA_MA_MMA_T3 sample (Figure S2).
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Figure 2. Nuclear magnetic resonance (1H NMR) spectra of (a) BUMA_MA_MMA_T3 and (b) BUMA_MAC copolymers.

Furthermore, since our goals are to increase the microcapsules stability and to mod-
ulate the active substance (herein MO) encapsulation and its release, other kinds of
polyacrylate-based material were investigated. As reported by Stranimaier et al. [59],
amide functional monomers are useful for the preparation of waterborne lattices due to
their apolar nature that favors: (i) the formation of polymer shells at water/oil interphase,
the improved (ii) photochemical resistance and (iii) stable appearance of the corresponding
microcapsules. Moreover, alongside these promising features, acrylamide-based materials
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are susceptible to different biodegradation processes [60]. Hence, methacrylamide (MAC)
was selected as comonomer in combination with BUMA in order to synthesize new lat-
tices with improved photochemical stability and a potential biodegradable behavior. As
summarized in Table 1, a series of BUMA_MAC copolymers were prepared exploiting
different molar ratios between the two monomers adopted. Figure 1b reports the com-
parison between BUMA_MAC_25, BUMA_MAC_50 and BUMA_MAC_75. The presence
of -NH2 moieties is clearly visible due to the broad signal at 3600–3200 cm−1 related to
the stretching of NH2 group, that decreases as the quantity of MAC gets lower in the
copolymers. The same holds true for the double C=O peak in the 1750–1600 cm−1 region,
with the peak at higher frequencies relative to the ester moiety of BUMA and the one at
lower frequencies of the amide moiety of MAC. Moreover, the comparison among the 1H
NMR spectra reported in Figure 2b highlights the decrease of NMR peak “3” relative to
BUMA height and width as the amount of MAC gets higher.

To unravel the stability of the as-prepared lattices, DLS measurements and DSC analy-
ses were performed. At first, Table 2 (2nd column) and Figure S3 show the data obtained
relative to DLS measurements, indicating the average particles diameter for each copoly-
mer. By comparing the same polymers family, we can assess that BUMA_MA_MMA_T3
latex seems to be the most performing one, since the polymer particles have a single
average dimension of about 80 ± 20 nm, lower than the BUMA_MA (180 ± 70 nm) and
BUMA_MA_MMA (two populations: 85 ± 15 and 250 ± 60 nm) ones.

Table 2. Molar ratio of reagents adopted for the synthesis of BUMA-based polymers.

Sample <dDLS> (nm) Fox Tg (◦C) Real Tg (◦C)

BUMA_MA 180 ± 70 67.1 n.d.
BUMA_MA_MMA (85 ± 15); (250 ± 60) 55.5 78.2

BUMA_MA_MMA_T3 80 ± 20 55.5 75.2
BUMA_MAC_25 (37 ± 7); (170 ± 30) 40.8 46.1
BUMA_MAC_50 (25 ± 4); (80 ± 10) 71.1 51.0
BUMA_MAC_75 12 ± 3 120.3 n.d.

It is worth noting that in the latter case, the addition of only an apolar monomer, i.e.,
MMA, is not enough to ensure the formation of homogenous and stable latex, since polymeric
aggregates of ca. 250 nm can be formed. Conversely, concerning the BUMA_MAC family,
BUMA_MAC_75 latex seems to be the most stable one and DLS measurements reveal the
presence of particles with a very small hydrodynamic diameter of around 12 ± 3 nm.

Lastly, during Pickering emulsions a latex can be transformed into microcapsules
when the interfacial nanoparticles are either linked or fused together to form a continuous
wall. This step, usually called “locking”, can be achieved via several approaches, such as
chemical cross-linking, in situ polymerization, thermal softening and solvent-instability of
the particles [61]. However, when nanoparticles are polymeric, a continuous wall can thus
be formed around the aqueous droplet, leading to the formation of a microcapsule. The
glass transition temperature, Tg, of a polymer is a key value for the occurrence of the locking
phenomena, since it corresponds to the temperature at which a polymer switches from
hard and glassy form to soft and viscous one. In particular, Tg values higher than room
temperature favour the fusion of the latex polymer particles in a continuous polymeric
shell and, therefore, promote high microcapsules yield [62].

Herein, according to Table 1, the molar ratio between monomers was established via
the Fox equation (Equation (1)) [63] in order to ensure, during the Pickering emulsion
process, the formation of stable and consistent polymer walls and therefore favour the
locking process:

1/Tg = w1/Tg,1 + wn/Tg,n (1)

where Tg corresponds to the theoretical glass transition temperature value of the resultant
copolymer or terpolymer; w1 and wn are the weight fractions of each component; Tg,1 and
Tg,n are the glass transition temperatures of BUMA, MA, MMA and MAC homopolymers,

170



Polymers 2021, 13, 809

293–501–378–486 K, respectively. Glass transitions were determined during the first heating
scan (see Figure S4). Notably, from the comparison of data reported in the 3rd and 4th
columns of Table 2, the Tg values of our samples are not in good agreement with theoretical
values and in some cases cannot be detected; this might be due to the presence of sodium
salts in the copolymers containing MA, and to the water uptake of –CONH2 moieties in
copolymers containing MAC. Nevertheless, Tg is always higher than room temperature.

3.2. Pickering Emulsions and MO Kinetic Release of BUMA_MA_MMA_T3 and
BUMA_MAC_75 Lattices

Once the lattices of BUMA_MA, BUMA_MA_MMA, BUMA_MA_MMA_T3 and
BUMA_MAC copolymers were prepared, several Pickering emulsions, according to the
procedure summarized in Scheme 1, were formulated. NaCl and iron oxide nanoparti-
cles were added in the oil phase respectively to stabilize the emulsion against Ostwald
ripening in the coacervation step and to serve as light absorbing material in the final
formulation [62]. Upon mixing the water-based latex and the oil phase, a Pickering water-
in-oil emulsion was obtained. The latex nanoparticles have a surface energy which is
intermediate between oil and water, thus they position themselves at the interface between
water and oil. With the addition of ethanol as co-solvent [64], the latex particles form a
continuous wall of polymer around the aqueous droplets, that results in the formation
of insoluble microcapsules (MC). Remarkably, the fabrication of these capsules does not
require any organic solvent and is entirely performed at room temperature. According to
Vincent et al. [49], after the addition of ethanol, the latex particles of BUMA_MA reference
collapsed and coalesced, resulting in poor microcapsule formation yield. Despite the
addition of MMA monomer, BUMA_MA_MMA latex also showed the same behaviour,
i.e., an unsatisfactory conversion of latex particles in polymer capsules. On the other hand,
it is worth noting both the successful process of microcapsules formation and the MO
encapsulation for BUMA_MA_MMA_T3 latex, thanks to the combined used of apolar and
branching monomers that allow the formation of a cross-linked latex. Lastly, the series of
BUMA_MAC copolymers were also tested in the Pickering emulsion process but only the
sample with the higher amount of MAC, namely BUMA_MAC_75, resulted in promising
microcapsules formation. The behaviour of BUMA_MAC_25 and BUMA_MAC_50 sam-
ples is probably due to the low amount of MAC monomer that was not enough to promote
the formation of polymer shells at the water/oil interphase [65].

Hence, considering the optimal microcapsules formation obtained with our novel
BUMA_MA_MMA_T3 and BUMA_MAC_75 lattices, both microscopy analyses and kinetic
tests were carried out to investigate these systems in depth. In particular, the trend in
the DLS lattices particles size was also corroborated by the aspect and dimension of
the microcapsules, observed by SEM. Indeed, as regards, BUMA_MA_MMA_T3-based
microcapsules (MC(BUMA_MA_MMA_T3)), they show a rough surface with an average
diameter of 220–270 µm, as clearly visible in Figure 3b. This may suggest the formation of
a continuous polymer wall probably characterized by the presence of pores large enough
to allow the passage of the active substance contained in the MC core, thus favouring its
release [66,67].

 

Figure 3. Scanning electron microscopy (SEM) micrographs displaying the actual capsules size (highlighted with red ar-
Figure 3. Scanning electron microscopy (SEM) micrographs displaying the actual capsules size (highlighted with red arrows)
relative to: (a) MC(BUMA_MA), (b) MC(BUMA_MA_MMA_T3) and (c) MC(BUMA_MAC_75) (inset: high magnification
image). 171
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On the other hand, the reference BUMA_MA latex gave rise to microcapsules with
both an average diameter comparable with the one of MC(BUMA_MA_MMA_T3) and,
even, smaller (ca. 100 µm; Figure 3a), but characterized by a very smooth surface. By
contrast, MC(BUMA_MAC_75) exhibits a very small average diameter of about 30–55 µm
(Figure 3c), with a quite rough external surface. Hence, we can infer that the difference
in both microcapsules dimensions and surface porosity can suggest a different release
behavior of the same active substance, i.e., MO. For this reason, kinetic tests were per-
formed by using the best performing samples (namely, MC(BUMA_MA_MMA_T3) and
MC(BUMA_MAC_75)) following the MO release over time by UV/Vis spectroscopy.

Figure 4a clearly shows the released dye concentration up to 120 h, alongside with
the corresponding spectroscopic data (Figure 4b,c) and photos displaying the actual pres-
ence of MO in the aqueous medium surrounding the microcapsules at the end of the
kinetics (Figure 4d,e). In particular, with the bigger MC(BUMA_MA_MMA_T3) system,
a partial release was achieved only after 60 h (Figure 4a,b; encapsulation efficiency per-
centage, EE% of 46%), thus revealing a slower kinetic with respect to the one relative to
MC(BUMA_MAC_75). Indeed, for the latter, the curve trend at the beginning is very sharp
leading to an almost full MO release already after 10 h (EE% ca. 86%; see Figure 4a,c).
However, a possible MO adsorption together with a direct encapsulation cannot be ex-
cluded. Actually, the different release behavior of the aforementioned microcapsules could
be rather complex depending on (i) the adsorption/encapsulation features; (ii) the chemical
affinity of the active substance towards the polymer wall (having different polarity and
macromolecular structure); (iii) the porosity of the microcapsules and the relative size. No-
tably, in the present case, it seems that mainly the porosity and the size of the microcapsules
play a pivotal role in affecting the release features, being MC(BUMA_MAC_75) three-fold
smaller than MC(BUMA_MA_MMA_T3).

Hence we successfully demonstrated that, by tailoring the polymeric materials used
in the Pickering emulsions, it is possible to synthesize microcapsules with ad hoc mor-
phological and surface features to be applied in different application fields, according to
the desired releasing rate, and in particular, BUMA_MA_MMA_T3-based microcapsules
appear to be the most effective for the slow release process of MO; on the other hand,
BUMA_MAC shells are performing as fast-releasing microcapsules.
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−

Figure 4. (a) Released MO concentration curves relative to MC(BUMA_MA_MMA_T3) and MC(BUMA_MAC_75) systems.
Error bars computed on three different replicates. (b,c) Corresponding kinetics followed through ultraviolet/visible
(UV/Vis) analysis, along with the relative (d,e) photos taken at the end of the test (120 h).
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4. Conclusions

In the field of microencapsulation, the need to develop new polymer lattices, charac-
terized by improved shelf-life and high encapsulation-release efficiency, is always pressing
due to the wide plethora of industrial applications involved. In this context, the use of
polyacrylates, bearing apolar, cross-linkable and potential biodegradable monomers along
the polymeric chains, could be a way to create tailor-made microcapsules with permeable
surfaces and controlled kinetics release.

Herein, butyl methacrylate (BUMA), methacrylic acid (MA) and methyl methacrylate
(MMA) latex was synthesized via free radical polymerization in a water media using just
0.5% mol mol−1 of a branching monomer, pentaerythritol triacrylate (T3). Furthermore, a
series of BUMA_methacrylamide (MAC) copolymers were prepared, varying the molar
percentage of MAC monomer (25–50–75% mol mol−1). At first, the macromolecular
structures, thermal features and hydrodynamic volumes were investigated before and
after the Pickering emulsion, i.e., the microencapsulation process used here; moreover, the
morphology of the microcapsules obtained was assessed via scanning electron microscopy,
demonstrating the formation of polymer shells with average diameters of 270 and 55 µm
in the case of BUMA_MA_MMA_T3 and BUMA_MAC_75, respectively.

The microcapsules obtained were studied by kinetic release, focusing on rate of release
and physical resistance of the microcapsules dispersed in water. Both polymeric lattices
showed very promising features as protective envelopes. Notably, BUMA_MA_MMA_T3
latex seems to be the most suitable one in the case of slow release, due to its ability to form
bigger microcapsules and thus protect for longer times the active agents entrapped from
the surrounding environment. Conversely, for BUMA_MAC_75-based microcapsules fast
kinetic release was observed. Hence, to the best of the authors’ knowledge the synthesis of
such kinds of lattice and their use in Pickering emulsion for microencapsulation process of
effective agents has not been reported so far. Specifically, the present research has led to an
in depth comprehension of microcapsules formation and kinetic release of BUMA-based
lattices that can be successfully adopted as protective polymer shells for the controlled
delivery of active materials.
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Abstract: In biomaterials and biotechnology, coatings loaded with bioactive agents are used to trigger
biological responses by acting as drug release platforms and modulating surface properties. In this
work, direct deposition of poly(acrylic acid) coatings containing various agents, such as dyes, fluo-
rescent molecules, was achieved by aerosol-assisted open-air plasma. Using an original precursors
injection strategy, an acrylic acid aerosol was loaded with an aqueous aerosol and deposited on
silicon wafers. Results clearly showed that agents dissolved in the aqueous aerosol were successfully
entrapped in the final coating. The effect of aerosols concentration, flow rate, and treatment time, on
the coating morphology and the amount of entrapped agents, was also investigated. It was demon-
strated that this process has the potential to entrap a tunable amount of any sensible water-soluble
agent without altering its activity. To the best of our knowledge, this is the first time that the loading
of an aqueous aerosol in coatings deposited by plasma from a liquid aerosol precursor is reported.
This innovative approach complements plasma deposition of coatings loaded with bioactive agents
from aqueous aerosols with the use of non-volatile liquid precursors.

Keywords: aerosol-assisted deposition; open-air plasma; entrapment in coating; acrylic acid

1. Introduction

Coatings containing bioactive agents constitute one of the most successful value-added
strategies for engineering material surfaces while preserving bulk properties. They are of
special interest in the biomedical field, where specific interactions between biomaterials
and the biological surrounding environment need to be promoted and triggered. In fact,
these coatings can modulate surface properties while acting as drug delivery systems [1,2],
for example, to confer antibacterial properties or cell-growth control [3–5]. In general,
coatings loaded with bioactive agents are obtained by “wet” chemistry methods such as
dip- or spray-coating [4,6]. However, such processes involve time-consuming steps and
require large amounts of solvent thus increasing their cost and hindering their wide-scale
production. Finally, they generally exhibit poor adhesion properties, which constitutes a
major drawback for medical devices and implants [7].

In this context, atmospheric pressure plasma deposition (APPD) has emerged as
an appealing approach for the manufacturing of coatings because it efficiently allows
depositing a large variety of coatings from a limited amount of chemicals, with an even
enhanced adhesion on a number of substrates. Furthermore, this process can be easily
included in an open-air industrial production line, which makes it rapid and cost-efficient,
if compared to low-pressure plasma [8,9]. However, when bioactive agents need to be
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loaded into the coating, their successful deposition induces non-trivial challenges. In fact,
the sensitive bioactive agents (such as organic molecules, for example) are expected to be
entrapped, homogeneously distributed, and unaltered by the reactive plasma environment.

In order to prevent bioactive agent denaturation, the coating deposition step is carried
out under conditions known as soft-plasma polymerization, achieved by using dielectric-
barrier discharge (DBD) sources [10,11]. In such an approach, the overall plasma reactivity
is decreased to a point where it does not reasonably alter the structure of the molecules.
However, soft-plasma polymerization is limited to the use of specific polymerizable pre-
cursors (PPs), essentially alkenes or siloxanes [12]. These PPs are injected in the discharge
as a gas, as a vapor from the evaporation of volatile components, or as a liquid from nebu-
lization of non-volatile components in the so-called aerosol-assisted APPD (AA-APPD).
Since bioactive agents of greatest interest, such as proteins, antibiotics, or nanoparticles,
are mostly non-volatile, they need to be dispersed into a solution and nebulized into
the discharge.

Two strategies are generally adopted to disperse the bioactive agents into the solutions
and inject them into the discharge. First, the bioactive agents are dissolved into the PP
solutions, prior to nebulization [13,14]. However, this approach is restrictive as it requires
the bioactive agents to be soluble, and stable in the PP solution [15]. To overcome this
issue, a second strategy consists of dissolving the bioactive agents into water, which is
then nebulized and injected in the discharge, while the PP is introduced separately as
gas [16–24], or as vapor [25]. The mechanism associated with this approach has already
been reported [24], and presents the main advantage of being appropriate for water-soluble
agents [15]. Furthermore, this approach successfully allows the entrapment of several
agents, including enzymes [17], proteins [16,18–20], and antibiotics [21,23]. Moreover, Lo
Porto et al. evidenced that the bioactive agent release could be controlled by changing
process parameters [23]. However, mainly gaseous precursors have been investigated, e.g.,
acetylene and ethylene gas or evaporated hexamethyldisiloxane [15], which strongly limit
the choice of PP. Indeed, PPs in a liquid state such as acrylic acid [26], lactic acid [14,27],
caprolactone-based molecules [10], methacrylate anhydride [11], ethylene glycol-based
molecules [27,28], constitute promising candidates for the plasma-deposition of polymeric
drug carriers and have never been investigated, to our best of knowledge [15].

Therefore, in this work, a one-step deposition of coatings containing agents from a non-
volatile liquid precursor, herein acrylic acid, using open-air AA-APPD was investigated. To
do so, the liquid PP is simultaneously nebulized with water aerosol containing agents. This
innovative strategy consists of the in-flight loading of water droplets inside hydrophilic
acrylic acid ones, as displayed in Figure 1, and is based on the original solvent exchange
method used in the field of aerosols [29,30]. The impacts of different parameters such
as aerosols concentration, flow rate, and treatment time on the coating morphology and
the amount of entrapped agents were evaluated, and discussed in accordance with the
loading mechanism.
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1 ×  1

Figure 1. Scheme of the experimental set-up of the open-air aerosol-assisted atmospheric pressure plasma deposition; gas
system feeds the aerosols injection system, aerosols are nebulized and mixed in the Ar flow, aerosols are injected into the
dielectric barrier discharge to be deposited on silicon wafer samples. Scheme of the in-flight loading of the water droplets
into the precursor aerosol, as depicted by the solvent exchange method, and deposition mechanism.

2. Materials and Methods

AA-APPD was performed with an AlmaPLUS reactor system (AlmaPlasma, Bologna,
Italy). It consists of a gas system, a homemade aerosol injection system, and an open-
air under-hood planar DBD source (Figure 1). The gas system was used to feed the
aerosol injection system with a 1.8 standard liter per minute flow rate of Ar 99.999%
(Messer Canada Inc., Mississauga, ON, Canada) by setting the pressure to 3.5 bar. The
aerosol injection system consisted of two parallel nebulizers PEEK Mira Mist (Burgener,
Mississauga, ON, Canada) allowing loading the Ar flow with a precursor aerosol and
a water aerosol simultaneously. Nebulizers were fed by syringe pumps, which allowed
controlling the aerosols flow rate. Both aerosols were mixed through 20 cm of gas line and
a mixing chamber and then injected into the DBD. The DBD source consists of two high-
tension electrodes placed above a grounded metallic table used as a sample holder. The
inter-electrodes gap was set to 2 mm. High-tension electrodes are surrounded by 4.5 mm of
dielectric high-density polyethylene. A 6 kV tension with a 5 kHz frequency was applied
on the high-tension electrodes to produce the discharge. A 1 mm gap between the two
high-tension electrodes was used to fill the DBD with the Ar flow loaded with the aerosols.
AA-APPD was performed on 1 × 1 cm2 clean substrates cut from (100)-oriented silicon
wafers with a thickness of 280 µm. The effect of deposition time was studied between
2.5 min and 10 min (Table 1). A 50/50% v mixture of acrylic acid 99% (Sigma-Aldrich,
Hamilton, ON, Canada) and ethanol anhydrous (Commercial Alcohols, Brampton, ON,
Canada) was used as precursor solution. Ethanol addition is expected to increase water
aerosol loading into the precursor aerosol [31–33]. Ultrapure water from a Purelab Flex
(Elga Veolia, Woodridge, IL, USA) was used as a water solution. The precursor flow rate
was fixed to 100 µL/min while the effect of the water flow rate was studied between
0 µL/min and 100 µL/min (Table 1).

The morphology of the coatings was characterized with a scanning electron micro-
scope (SEM) FEI Quanta 250 (FEI Company Inc., Thermo-Fisher Scientific, OR, USA) using
a 7.5 kV acceleration voltage in secondary electron mode, at an observation distance of
10 mm. Prior to analyses, samples were coated with a thin gold-palladium film to obtain
scanning electron images with improved quality. Coated samples were fractured in order
to observe the cross-section of the coatings and measure their thickness. The coatings com-
position was investigated by an Attenuated Total Reflectance Fourier-Transform Infrared
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(ATR-FTIR) using a Cary 660 spectrometer (Agilent Technologies, Santa-Clara, CA, USA).
In order to characterize the water aerosol deposition and its entrapment in the coating,
the water solution was loaded with various tracers. Coatings were then deposited under
condition C (Table 1) and characterized using three different characterization methods
depending on the tracer. First, the water solution was loaded with commercial red food
colorant (1 drop/mL, Club House, London, ON, Canada) and the resulting coating was
observed with an optical microscope Olympus BX41M (Olympus America Corp., Cen-
ter Valley, PA, USA) in bright field mode. Then, the water solution was loaded with CuSO4
(1 mmol/mL, Sigma-Aldrich, Hamilton, ON, Canada) and the resulting coating was ob-
served with an energy dispersive X-ray spectrometer (EDX) EDAX (Ametek Material
Analysis, Mahwah, NJ, USA) coupled with SEM. Finally, the water solution was loaded
with fluorescent Lucifer Yellow CH, Lithium Salt (LY, 428 nmex/536 nmem, 0.5 mg/mL,
Thermo-Fisher Scientific, Waltham, MA, USA), and the resulting coating was observed
with a confocal microscope LSM800 Axio Observer 7 (Carl Zeiss, Jena, Germany) using the
z-stack mode. A total of 28 slices were recorded over a thickness of 7.29 µm using a 488 nm
laser source and a 450–700 nm range of detection. Ultimately, quantification of deposited LY
was performed. After overnight aging under ambient conditions, coatings were immersed
in 500 µL of ultrapure water for 60 min, until complete dispersion and dissolution. The
immersion solution was collected and placed in 96 multi-well plates and the fluorescence
was recorded by means of a SpectraMax i3x Multi-Mode Plate Reader (Molecular Devices,
San Jose, CA, USA). Quantification errors were extracted from uncertainties on the calibra-
tion curve plotted using 20 measurements from 0 µg/mL to 0.6 µg/mL in ultrapure water,
and from the standard deviation calculated from five different coated samples. The various
conditions under which AA-APPD was performed are reported in Table 1. The impacts of
water flow rate (Table 1, conditions A, B, C, and D), deposition time (Table 1, conditions E,
C, and F), and LY concentration (Table 1, conditions G, C, and H) were studied.

Table 1. Different conditions used during the aerosol-assisted atmospheric pressure plasma depo-
sition by varying the water flow rate injected in the nebulizer, the deposition time and the Lucifer
Yellow concentration in the water for the deposited agent quantification study.

Condition
Water Flow Rate

(µL/min)
Deposition Time

(min)
LY Concentration

(µg/mL) 1

A 0 5 /
B 25 5 500
C 50 5 500
D 100 5 500
E 50 2.5 500
F 50 10 500
G 50 5 250
H 50 5 1000

1 Abbreviation: LY, Lucifer Yellow.

3. Results and Discussion

3.1. Poly(acrylic acid) Coating Deposition

Coatings were deposited under the conditions A to F listed in Table 1. Images of the
surface and cross-section of coatings were obtained from SEM and are shown in Figure 2.
The as-deposited coatings are composed of agglomerated particles, whose sizes and size
distributions vary depending on the deposition conditions, as shown in Figure 2.
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Figure 2. Scanning electron microscopy images of coatings surface morphology (×5000) and cross-section (×10,000)
deposited with different water flow rate: 0 µL/min (A), 25 µL/min (B), 50 µL/min (C), and 100 µL/min (D); and for
different time: 2.5 min (E), 5 min (C), and 10 min (F). Influence of plasma parameters, water flow (Distribution 1) and
deposition time (Distribution 2), on the distribution of particles diameter, done on 200 particles. Fourier-transform infrared
spectra of coatings chemistry deposited without water flow rate (FTIR, A, red spectrum), and with 50 µL/min water flow
rate (FTIR, C, blue spectrum), and identification of major bonds signal.

The coating deposition from acrylic acid, as a non-volatile precursor, was performed
without water flow (condition A) and is further used as control. This coating appears
to be porous, with a thickness of ~4.5 µm and composed of particles whose diameters
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are mostly smaller than 200 nm (Figure 2A). The addition of a flow rate of 25 µL/min
of water during the plasma deposition process (condition B), leads to a different coating
morphology and thickness, as clearly observed in Figure 2B. Indeed, the coating appears
to be continuous whereas it was porous in condition A and its thickness decreases to
~3.1 µm from ~4.5 µm without water. This coating is also composed of particles that
exhibit higher diameters than the ones previously obtained without water, as seen with
the widening of the distribution until 1 µm, the decrease of the proportion of particles
below 200 nm, and the apparition of particles larger than 2 µm (Figure 2B). This increase in
the dimension of the particles is correlated to the broadening of the size of the droplets in
the aerosol. In fact, due to the increased probability of in-flight collisions induced by the
injection of the water droplets, the coalescence of the droplets, and in consequence their
size, is increased. Moreover, in the presence of water, the shape of the particles appears
more defined and more spherical, which is explained by increased surface tension of the
droplets due to their coalescence. In fact, the water surface tension is higher than both
acrylic acid and ethanol (71 mN/m against 28 mN/m and 21 mN/m, respectively at 30 ◦C
according to suppliers). Regarding the coatings differences in terms of morphology and
thickness in presence of water (Figure 2B) or not (Figure 2A), they can be related to the low
vapor pressure of water compared to the one of ethanol (2.3 kPa against 5.8 kPa at 20 ◦C
according to suppliers). In fact, a part of water remains liquid inside the particles after de-
position, and this residual water then induces the solvation of the surrounding poly(acrylic
acid) chains, their reorganization, and finally the loss of the porous structure, thus lead-
ing to a continuous and thinner coating. All these observations corroborate the mecha-
nism of in-flight water loading in the precursor droplets, as depicted in Figure 1, and its
successful deposition.

Then, the impact of some parameters as water flow rate and deposition time on
poly(acrylic acid) coatings morphology and thickness was investigated. The water flow
rate was increased progressively from 25 µL/min (Figure 2B) to 50 µL/min (Figure 2C) and
100 µL/min (Figure 2D), while keeping the deposition time constant (5 min). Whatever
the water flow rate, the coatings remained continuous and included particles. Nonetheless,
SEM analyses clearly evidence that incrementing the water flow rate from 25 µL/min to
100 µL/min increases the thickness of the coating from ~3.1 µm to ~5.1 µm, respectively.
In the same manner, particle sizes are impacted, as their diameters increase, as seen by a
progressive decrease of the proportion of particles below 200 nm and the apparition of
particles larger than 3 µm (Figure 2—Distribution 1). Both effects were correlated to a higher
number of water droplets in the gas flow due to the higher water flow, which increases the
probability of in-flight collision between droplets, thus enhancing the coalescence of the
droplets. Hence, the diameter of droplets increases, and so does acrylic acid deposition.
Therefore, increasing the water flow rate increases the deposition rate.

Regarding the impact of treatment time on coatings thickness, while keeping the water
flow rate constant at 50 µL/min, SEM images clearly evidence that increasing deposition
time increases the thickness of the coatings: from ~1.6 µm for 2.5 min (Figure 2E) to ~3.1 µm
for 5 min (Figure 2C), until ~5.5 µm for 10 min (Figure 2F). From these measurements,
it appears that the coating thickness increases linearly with deposition time (R2 = 0.995),
leading to a deposition rate value of ~0.6 µm/min (from 2.5 min to 10 min). Moreover,
longer deposition time leads to an increase of the diameter of particles, as evidenced in SEM
images as well as a change in the particles diameter distributions (Figure 2—Distribution 2):
a decrease of the proportion of particles between 200 and 400 nm and an increase of the
proportion of larger particles, up to 4 µm (Figure 2F). According to previous results, this is
correlated to the enhanced coalescence of the droplets, meaning that the latter increases
with deposition time.

After having demonstrated the impact of water presence, water flow rate, as well as
deposition time on coatings morphology and thickness, and the composition of the coatings,
were evaluated by FTIR analyses (Figure 2, FTIR). The spectra of coatings deposited without
and with water, conditions A and C, respectively, are similar, meaning that the presence
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of water does not influence the plasma-induced process of acrylic acid polymerization.
Moreover, these spectra display the characteristic bands of poly(acrylic acid) obtained by
standard polymerization (“wet” chemistry), without any noticeable difference [34]. These
main characteristic bands are the following: carboxylic acid O-H stretching at 2800 cm−1

to 3300 cm−1, C-H stretching at 2970 cm−1 and 2950 cm−1, C=O stretching at 1703 cm−1,
H-C-H scissoring at 1452 cm−1, carboxylic acid O-H bending at 1406 cm−1, and carboxylic
acid C-O bending at 1169 cm−1 [34]. Moreover, it should be emphasized that no residual
traces of bands from the initial double bond carbon of the acrylic acid, C=C stretching at
1637 cm−1 and C=CH2 deformation out of the plane at 984 cm−1, are evidenced [34]. This
observation allows us to conclude that the plasma polymerization occurs via the vinyl
group and is indeed a soft-plasma polymerization process as expected with AA-APPD [12].

3.2. Agents Deposition and Entrapment in the Coating

The feasibility of depositing poly(acrylic acid) coatings using an original precursors
injection strategy, liquid PP simultaneously nebulized with a water aerosol, while keeping
its chemical composition, was demonstrated. In order to determine if the innovative
strategy proposed herein has the potential to entrap agents in the coating, while keeping
its molecular integrity, various tracers were dissolved in the water solution and deposited
under condition C (Table 1). For this purpose, different agents were tested, from simpler
to more complex ones: red food colorant, copper sulfate and Lucifer Yellow (fluorescent
molecule). The resulting coatings are shown in Figure 3.

− − − −

− −

− −

− −

 

Figure 3. Characterization of different agents in coatings deposited with condition C (Water aerosol flow rate of 50 µL/m
Figure 3. Characterization of different agents in coatings deposited with condition C (Water aerosol flow rate of 50 µL/min
and deposition time of 5 min); bright field optical microscopy image (×100) of coating deposited with water loaded
with 1 drop/mL of red colorant (a), scanning electron microscopy image of the surface morphology (×5000) (b) and
corresponding energy-dispersive X-ray spectroscopy mapping of Cu (c) of coating deposited with water loaded with
1 mol/L of CuSO4, confocal microscopy image (×50, 428 nmex/536 nmem) (d) and corresponding three-dimensional
representations (e) of coating deposited with water loaded with 0.5 mg/mL of Lucifer Yellow, LY, and binarized image
of the fluorescent spots of the confocal microscopy image “d” (f) and extracted spots diameter distribution on 1603 spots
(f, graph, top-right).
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When loaded with red food colorant, red spots can be visualized in the image ob-
tained by optical microscopy (Figure 3a). Their presence validates that the tracer, initially
dissolved in the water solution, is indeed deposited. However, due to optical microscopy
limitations, this result does not allow us to determine whether the red colorant is in fact en-
trapped in the coating or just sprayed. To assess the coating morphology while visualizing
the loaded agent, CuSO4 was used. In fact, the resulting coating morphology and the Cu dis-
tribution within the coating can be analyzed simultaneously by SEM and by EDX mapping
(Figure 3b,c, respectively). Foremost, the presence of an agent in the water solution does
not seem to affect the coating morphology nor has an effect on the diameter of particles
(Figure 3b) when compared to the coating without the agent dissolved in the water solution
and deposited in the same condition (Figure 2C). Thanks to EDX mapping, the presence
of Cu in the coating is evidenced. The Cu distribution appears homogeneous all over the
coating, with some Cu-richer areas pointed out by red arrows in Figure 3c. By comparison
with the corresponding SEM image (Figure 3b), the Cu-rich areas are corresponding to
specific particles (Figure 3b, red arrows), suggesting that the Cu is mainly localized into
these specific deposited particles. This result corroborates that the Cu is in the acrylic
acid droplets during their polymerization and deposition, meaning that the Cu droplets
are indeed loaded in the precursor aerosol, as foreseen. Therefore, the in-situ one-step
direct loading of agents in poly(acrylic acid) coating deposited by aerosol-assisted open-air
plasma is successful. However, this result just demonstrates that Cu is loaded in the last
coating micrometer (SEM depth analysis) but not within all the coating thickness. Fur-
thermore, the statement that the loaded agent will keep its molecular integrity has yet not
been proven.

To do so, a sensitive fluorescent molecule, LY, was used, and the as-obtained coating
was characterized by confocal microscopy. Moreover, this technique permits 3-dimensional
imaging, which allows observation of the agent within all the coating thicknesses (Figure 3d,e).
A homogeneous distribution of green and fluorescent spots, associated with the presence
of LY, is observed in the 2D image (Figure 3d), meaning that the plasma process has not
altered this sensitive molecule. In addition, 3D confocal microscopy images (Figure 3e)
show that these fluorescent spots are well distributed within all the coating thicknesses.
The round shape of fluorescent spots, whose diameters ranged between 800 nm–2 µm
(Figure 3f—average spot size of 1.37 µm), corroborates that the LY is entrapped in acrylic
acid droplets. If this value is compared with the particles diameter distribution extracted
from the SEM image (Figure 2C), it corroborates the presence of LY in the largest droplets,
as expected by the loading mechanism by coalescence.

3.3. Deposited Agent Quantification

This innovative approach was developed with the aim to efficiently load agents in
poly(acrylic acid) coating thanks to AA-APPD, and to control its concentration for applica-
tion as drug-release systems. That said, the first step was to quantify the amount of LY de-
posited and entrapped in the coatings depending on the deposition conditions, as reported
in Table 1. Briefly, the influence of water flow rate (Figure 4a), deposition time (Figure 4b)
and initial LY concentration (Figure 4c) on the LY loaded concentration inside the coating,
in µg/cm2, was evaluated.

By increasing the water flow rate, the amount of deposited LY rises from
7 ng/cm2 ± 1 ng/cm2 for 25 µL/min (Figure 4a, B), to 81 ng/cm2 ± 17 ng/cm2 for
50 µL/min (Figure 4a, C), up to 155 ng/cm2 ± 78 ng/cm2 for 100 µL/min (Figure 4a, D).
This result can be correlated to previous SEM images showing that increasing the water
flow rate leads to higher particle diameters due to the enlargement of the size of the droplets
formed in the aerosol. However, there is no linear correlation between the water flow
rate and the deposited LY concentration (Figure 4a). Indeed, at 25 µL/min (Figure 4a, B),
the LY concentration is quite low compared to 50 µL/min and 100 µL/min ones, as if a
minimal water flow rate is needed to induce an effective loading of the agent during the
coalescence of the droplets. Regarding the effect of deposition time, increasing it increases
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the amount of deposited LY from 43 ng/cm2 ± 35 ng/cm2 for 2.5 min (Figure 4b, E), to
81 ng/cm2 ± 17 ng/cm2 for 5 min (Figure 4b, C), and to 152 ng/cm2 ± 58 ng/cm2 for
10 min (Figure 4b, F). When correlated to SEM images, this LY concentration increase
with longer deposition time can be expected, as the diameter of the deposited particles is
larger, and the coating thickness is higher. Furthermore, the deposited LY concentration
is linear with the coating deposition time (R2 = 0.998) in agreement with the constant
deposition rate, as mentioned before (based on thickness evaluation from SEM images—
Figure 2C,E,F). Finally, it can be observed that increasing water LY concentration increases
the amount of deposited LY from 20 ng/cm2 ± 4 ng/cm2 for 0.25 mg/mL (Figure 4c, G), to
81 ng/cm2 ± 17 ng/cm2 for 0.50 mg/mL (Figure 4c, C), and to 149 ng/cm2 ± 37 ng/cm2 for
1.00 mg/mL (Figure 4c, H). Therefore, changing the initial LY concentration is one manner
to control the amount of loaded agents without affecting others process parameters. This
easy and promising approach will allow tuning released agent concentrations depending
on the targeted drug delivery applications.

 

Figure 4. Quantification of Lucifer Yellow in coatings depos ited with different water flow rate (a): 25 µL/min (B),
50 µL/min (C), and 100 µL/min (D); for different time (b): 2.5 min (E), 5 min (C), and 10 min (F); and for different Lucifer
Yellow concentration in the water aerosol (c): 0.25 mg/mL (G), 0.5 mg/mL (C), and 1 mg/mL (H).

3.4. Loading and Deposition Mechanism

The parameters studied herein showed that it is possible to tune the coating mor-
phology, thickness and concentration of the deposited agent. Furthermore, the results
provide evidence that agent deposition is correlated to the amount of water inside the
precursor aerosol. Indeed, an increase in water flow rate, i.e., t higher water concentration
in the aerosol led to bigger poly(acrylic acid) particles (SEM images—Figure 2) and higher
loaded agent concentration (Figure 4a). These observations mean that water is loaded in
the precursor droplets prior to PP polymerization, as depicted in Figure 1. Moreover, this
coalescence process allows maintaining the integrity of the agent of interest, as seen with
the use of a fluorescent-sensitive molecule (Figure 3d–f). In addition, the spots size of the
different tracers, investigated herein either red colorant (Figure 3a), CuSO4 (Figure 3c),
and LY (Figure 3d), shows similar diameters, i.e., 2 µm and smaller. Moreover, coatings
morphology seemed to be unmodified in presence of the agent (Figures 2C and 3b). This
suggests that the presence of the agent has little to no impact on the loading and deposi-
tion mechanism, meaning that this AA-APPD process would allow entrapping various
water-soluble agents in poly(acrylic acid) coatings.

Finally, this study demonstrates that the coalescence of water and precursor droplets
is a critical step for successful agent loading and deposition. Such loading arises from
the decrease in surface tension of the droplets when water is loaded in the precursor
droplets [29,30]. However, this mechanism suggests that entrapment will be only possible
with hydrophilic precursor solutions. This would limit the choice of PPs to hydrophilic
precursors. Nevertheless, ethanol addition into the precursor solution represents a promis-
ing method in order to increase its hydrophilic behavior and thus stimulates coalescence of
water droplets with the aerosol of precursor, even though it is hydrophobic [31–33].
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4. Conclusions

The developed one-step AA-APPD process, from a non-volatile liquid precursor,
allowed depositing various water-soluble agents loaded in a poly(acrylic acid) coating.
Fluorescent agent deposition showed that this process maintained agent integrity during
deposition. Process parameters, including deposition time, water flow, and water agent
concentration, allowed us to fine-tune both contents in loaded agents and coating morphol-
ogy/thickness. A mechanism based on the coalescence of water and precursor droplets was
proposed to explain the as-obtained coatings. Thanks to the versatility of this innovative
procedure, the AA-APPD developed herein from a non-volatile liquid precursor would be
transferable to any other liquid precursor of interest. By controlling the coating morphology
and the loaded agent concentration, it could therefore be expected to control the agent
release, making this approach appealing for designing specific drug-release systems.
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Abstract: Water soluble organic molecular pollution endangers human life and health. It becomes
necessary to develop highly stable noble metal nanoparticles without aggregation in solution to
improve their catalytic performance in treating pollution. Polyethyleneimine (PEI)-based stable
micelles have the potential to stabilize noble metal nanoparticles due to the positive charge of
PEI. In this study, we synthesized the amphiphilic PEI-oleic acid molecule by acylation reaction.
Amphiphilic PEI-oleic acid assembled into stable PEI-oleic acid micelles with a hydrodynamic
diameter of about 196 nm and a zeta potential of about 34 mV. The PEI-oleic acid micelles-stabilized
palladium nanoparticles (PO-PdNPsn) were prepared by the reduction of sodium tetrachloropalladate
using NaBH4 and the palladium nanoparticles (PdNPs) were anchored in the hydrophilic layer of
the micelles. The prepared PO-PdNPsn had a small size for PdNPs and good stability in solution.
Noteworthily, PO-PdNPs150 had the highest catalytic activity in reducing 4-nitrophenol (4-NP)
(Knor = 18.53 s−1mM−1) and oxidizing morin (Knor = 143.57 s−1M−1) in aqueous solution than other
previous catalysts. The enhanced property was attributed to the improving the stability of PdNPs
by PEI-oleic acid micelles. The method described in this report has great potential to prepare many
kinds of stable noble metal nanoparticles for treating aqueous pollution.

Keywords: polyethyleneimine; micelles; palladium; nanoparticles; catalytic

1. Introduction

The quality of water is highly related with our health. Many countries have strictly con-
trolled the emissions of various organic pollutants in water [1]. For example, 4-nitrophenol
(4-NP) is highly toxic, but its reduced product 4-aminophenol (4-AP) is relatively low in
toxicity and is a pharmaceutical intermediate. The catalytic reduction of 4-NP and similar
phenol compounds is carried out on catalysts treated with NaBH4. In addition, morin is a
kind of polyphenol dye that belongs to flavonoid dyes. Morin has been used as a model
matrix for the study of catalytic bleaching processes in laundry detergents [2,3]. Morin can
be degraded by using nanoparticles with H2O2. These nanoparticles play an important
role for the catalytic generation of reactive oxygen species from decomposition of H2O2.
Thus, the efficiency of treatment of organic pollutants is highly dependent on the property
of catalysts.

Many kinds of noble metal nanoparticles, such as platinum nanoparticles (PtNPs) [4],
gold nanoparticles (AuNPs) [5,6], and palladium nanoparticles (PdNPs) [7–9], catalyze
the reduction of 4-NP and the oxidation of morin. The catalytic activity of noble metal
nanoparticles is highly dependent on the active atoms on their surface, which results
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in extremely high surface energy of the nanoparticles [10,11]. However, it is for this
reason that the nanoparticles are easily agglomerated in the preparation and catalytic
reaction process [12], which results in a significant decrease in the number of surface-active
atoms and the catalytic activity. This problem limits noble metal nanoparticles in practical
applications [13]. Researchers have developed a variety of stabilizers to prevent the
coagulation of noble metal nanoparticles, thereby increasing their catalytic efficiency [14,15].
For example, Pitchaimani Veerakumar and his colleagues report a method for immobilizing
PdNPs (Pd/NH2-SiO2) with PEI (Mw = 25,000) functionalized silica nanoparticles that
have good separation properties and exhibit excellent catalytic performance [16]. As a kind
of polymer, PEI has a good advantage as a stabilizer. Each unit with three atoms in the PEI
skeleton has a nitrogen atom [17]. Since PEI has a positive charge, it generates electrostatic
attraction with the negatively charged noble metal precursor [18], thereby stabilizing the
noble metal nanoparticles. However, it is difficult for the low-molecule-weight PEI to
stabilize the noble metal nanoparticles. The micelles formed by amphiphilic molecules
based on the reaction of low-molecule-weight PEI with other hydrophobic molecules
can be one method to stabilize noble metal nanoparticles and solve the shortcomings of
low-molecule-weight PEI.

Herein, PEI-oleic acid micelle-stabilized PdNPs (PO-PdNPsn) were prepared by using
PEI-based micelles. The amphiphilic molecule consisted of low-molecule-weight PEI
(Mw = 600) as hydrophilic moiety and oleic acid as hydrophobic moiety. PEI and oleic acid
are also inexpensive and readily available. The prepared PdNPs were small in size and had
a narrow size distribution. The PO-PdNPsn showed high stability and an enhanced catalytic
efficiency to treat pollutants such as 4-NP and morin. The current work provides new ideas
for the synthesis of noble metal nanoparticle catalysts with amphiphilic molecular micelles
to treat pollutants.

2. Materials and Methods

2.1. Preparation of PEI-Oleic Acid Micelles

The synthesis of PEI-oleic acid refers to the method reported in the previous liter-
ature [17]. First, 0.60 g PEI, 0.28 g oleic acid, 0.40 g EDC·HCl, 0.27 g HOBt, and 6 mL
of anhydrous dimethyl formamide were added into a flask and passed through with
N2 for 0.5 h. The obtained solution was dialyzed against methanol with a dialysis bag
(MWCO = 500) after 1 day. Then, the PEI-oleic acid was obtained by the removal of
methanol with the help of a rotary evaporator (RE-52A, Shanghai Yarong Biochemical
Instrument Factory, Shanghai, China). PEI-oleic acid in methanol solution was added
dropwise to water (methanol: H2O = 1:9) at 25 ◦C for 10 min. The PEI-oleic acid micelles
solution was obtained by dialysis.

2.2. Preparation of PO-PdNPsn

Two mM Na2PdCl4 and the PEI-oleic acid micelles were mixed. The molar ratios of
N atoms of the PEI-oleic acid micelles to Pd atoms of Na2PdCl4 were 75, 100, and 150,
respectively. After 20 min, a 5-fold molar excess of NaBH4 in 0.3 M NaOH was added.
One M HCl was added to tune the pH to neutral after 20 min. The mixed solution reacted
for 1 h to obtain PO-PdNPsn (n = 75, 100, 150).

2.3. Critical Micelles Concentration Measurement

The critical micelle concentration of the PEI-oleic acid micelles in aqueous solution
was determined by a pyrene fluorescence probe [19]. Briefly, the fluorescence intensity
values of 374 nm and 384 nm at the excitation wavelength of 334 nm were measured by
fluorescence spectrophotometer. The CMC value of the PEI-oleic acid micelles in water
was determined by the ratio of fluorescence intensity at 374 nm and 384 nm.
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2.4. Catalytic Reaction on 4-NP

To study the degradation of 4-NP over time, 250 µL of 4-NP solution (600 µM), 1 mL of
water, and 1 mL of fresh NaBH4 solution (0.5 M) were added in a quartz cuvette (1 × 1 cm2)
in sequence at 25 ◦C. Then, 50 µL of PO-PdNPs75 (8.35 µM) was added. UV–Vis spectra
within 200–800 nm of the mixed solution were recorded every 3 min.

To explore the relationship between PO-PdNPsn and the catalytic rate, 250 µL of
4-NP (600 µM) solution, water, and 1 mL of fresh NaBH4 solution (0.5 M) were added
into a quartz cuvette followed by the addition 50 µL of PO-PdNPsn (n = 75, 100, 150),
respectively. The absorbance at 400 nm was measured by UV-TU1810 (Beijing Purkinje
General Instrument Co., Ltd., Beijing, China).

2.5. Catalytic Reaction on Morin

Eighty µL of morin in a carbonate buffer at pH 9.2 (3 mM), 1790 µL of carbonate buffer
at pH 9.2, 50 µL of PO-PdNPs75 (0.475 mM), and 80 µL of hydrogen peroxide (0.4 mM)
were added to the cuvette. UV–Vis spectra within 200–800 nm of the mixed solution
were recorded every 2 min. As the same time, the spectra of the control experiment were
measured every 5 min.

The effects of different catalyst concentrations and different morin concentrations on
the catalytic reaction were determined by UV-TU1810 (Beijing Purkinje General Instru-
ment Co., Ltd., Beijing, China) at 403 nm. One mM morin, carbonate buffer, PO-PdNPsn
(n = 75, 100, 150), and 0.4 M hydrogen peroxide were added to a cuvette. The final concen-
tration of [N] in PdNPsn and hydrogen peroxide were 7.8 mM and 10 mM, respectively.
The concentration of morin was from 0.5 to 1.25 mM. The next experiment had simi-
lar procedure. The concentration of [N] in the catalyst was fixed at 0.78–5.47 mM with
3 mM morin.

2.6. Statistical Analysis

The kapp data of the PO-PdNPsn of 4-NP and the morin treatment were analyzed by
SPSS 25 to assess the statistical differences between the groups. p < 0.05 is considered
statistically significant.

3. Results

3.1. Characterization of PEI-Oleic Acid Micelles

Acylation reaction was employed into the synthesis of the amphiphilic molecules of
PEI-oleic acid, which is illustrated in Figure 1. In this reaction, PEI (Mw = 600) and oleic acid
had the same amount, EDC·HCl and HOBt acted as coupling reagents in dry DMF at room
temperature for 24 h in the acylation reaction. The prepared PEI-oleic acid amphiphilic
molecule had PEI as the hydrophilic segment and oleic acid as the hydrophobic segment.

 

Figure 1. Synthesis of amphiphilic molecule PEI-oleic acid.
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The PEI-oleic acid amphiphilic molecules self-assembled in water to form micelles,
and the hydrophilic PEI segment acted as a shell layer of the micelles. The critical micelle
concentration (CMC) of the PEI-oleic acid micelles was [N] = 0.12 mg/mL based on the
fluorescence method using pyrene. The hydrodynamic diameter and zeta potential of
PEI-oleic acid micelles were determined to be 196 nm and 34 mV by DLS (DLS, Malvern,
Worcestershire, UK), respectively. The positive charge of the micelles was attributed to the
hydrophilic PEI shell.

3.2. Characterization of PO-PdNPsn

To prepare PO-PdNPsn, Na2PdCl4 was mixed with PEI-oleic acid micelles and then
further reduced with NaBH4. As shown in Figure 2a, two characteristic absorption peaks at
305 and 420 nm were detected for the Na2PdCl4. After the reduction of Na2PdCl4 by NaBH4
to produce PdNPs, a new absorption spectrum appeared, which indicated the formation of
PdNPs. This was consistent with the results reported in the previous literature [20]. As the
molar ratio of [N]:[Pd] ranged from 75 to 150, the color of solution gradually decreased as
shown in Figure 2b. The UV–Vis spectra and color change of solution indicated that the
PdNPs were successfully stabilized by the PEI-oleic acid micelles. The positively charged
PEI shell played an important role in adsorbing and stabilizing PdNPs. As shown in
Figure S1 and Table S1, the infrared spectroscopy has shown the successful preparation of
PEI-oleic acid micelles and PO-PdNPs75.

 

Figure 2. (a) UV–Vis spectra of Na2PdCl4, PEI-oleic acid micelles, and PO-PdNPs75, (b) PO-PdNPsn

with molar ratio of n = [N]: [Pd] = 75 (b1), 100 (b2), and 150 (b3), respectively.

The size of the PdNPs of PO-PdNPsn was measured by TEM (TEM, JEM-1230EX,
Hitachi, Tokyo, Japan). Figure 3 displays the monodispersed characteristic of PO-PdNPsn.
The mean particle sizes of PdNPs within PO-PdNPsn at [N]:[Pd] = 75, 100, and 150 were
2.01 ± 0.30, 1.85 ± 0.25, and 1.67 ± 0.27 nm, respectively. The size of the PdNPs decreased
with the increasing the molar ratio of [N]:[Pd]. In short, the prepared PdNPs of PO-PdNPsn
had a small particle size and a narrow size distribution.

In order to determine the stability of the prepared PO-PdNPsn in aqueous solution,
the hydrodynamic diameter and zeta potential were measured by DLS (DLS, Malvern,
Worcestershire, UK) [21,22]. As shown in Figure 4a, the hydrodynamic diameters were
about 53.89, 43.95, and 37.86 nm at a molar ratio of [N]:[Pd] = 75, 100, and 150, respectively.
These hydrodynamic diameters of the prepared PO-PdNPs were smaller than that of the
PEI-oleic acid micelles, which should be attributed to PdNPs located in the PEI-oleic acid
micelles’ shell. The measured hydrodynamic diameters of the prepared PO-PdNPs was
larger than the TEM particle size measured in the dry state [23,24]. Figure 4b showed
that the zeta potential of PO-PdNPsn was 21.5, 25.55, and 31.1 mV at a molar ratio of
[N]:[Pd] = 75, 100, and 150, respectively. The positive charge on the surface of PO-PdNPsn
was larger than 20 mV. Thus, the strong electrostatic repulsion was good for the high
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stability of PO-PdNPsn in aqueous solution. In summary, PO-PdNPsn had high stability in
solution and big positive charge, so it kept from coagulation within one month.

 

 

 

Figure 3. TEM images and size distribution analysis of the PdNPs of PO-PdNPsn: (a,d) n = 75,
(b,e) n = 100, (c,f) n = 150.

 

−

−

0 appln( / )

Figure 4. (a) Hydrodynamic diameter and (b) zeta potential of PO-PdNPsn.
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3.3. Catalytic Activity of PO-PdNPsn on 4-NP

The catalytic reduction of 4-NP was employed to evaluate the catalytic activity of
PO-PdNPsn. Due to the high toxicity of 4-NP and its pollution of water resources, it has
attracted great attention. 4-AP is the reduction product of 4-NP. 4-AP has low toxicity
and important applications in industry. It is important to study the method to transform
4-NP into 4-AP. The concentration of PdNPs in the solution of the reacting mixture was as
low as 10−7 mM. Therefore, the absorption spectra of PdNPs almost had no effect on the
absorbance of the mixed solution. The absorption peak of 4-NP existed at 317 nm. When the
NaBH4 solution was added, the color of the solution rapidly turned yellow, and the obvious
absorption peak appeared at 400 nm, which corresponded to 4-hydroxyaminophenol [25].
In Figure 5a, it was found that the absorption peak at 400 nm decreased gradually, and the
absorption peak at 310 nm increased. The results indicated the formation of 4-AP due to
the consumption of 4-hydroxyaminophenol. After 12 min, the color of the solution became
colorless, and the absorption peak at 400 nm decreased to 0.119 as shown in Figure 5b,
indicating that 4-NP completely changed to 4-AP. The turnover frequency (TOF) was
defined as the number of reactants converted per h. The TOF of PO-PdNPs75 reached
1796.4 h−1 in this experiment.

−

−

 

0 appln( / )

Figure 5. (a) The UV–Vis spectra of the reduction process of 4-NP catalyzed by PO-PdNPs75, (b) the
relationship diagram of absorbance and time.

As shown in Figure 6a–c, PO-PdNPsn (n = 75, 100, and 150) had a linear relationship
between ln (Ct/C0) and reaction time (t). Thus, the catalytic reduction of 4-NP by using
PO-PdNPsn followed pseudo-first-order kinetics. This was attributed to excess NaBH4 in
the mixed solution. Thus, the apparent rate constant (kapp) was calculated as follows:

dCt

dt
= ln(Ct/C0) = −kappt (1)

The kapp values were calculated from the slope of the lines as shown in Figure 7. The
corresponding kapp was shown in Figure 6d. The kapp value increased with increasing cata-
lyst concentration of PO-PdNPsn, indicating that the reduction rate was linear correlated
with the concentration of PO-PdNPsn. Knor was used to compare the catalytic activity of
different catalysts, Knor was defined as the ratio of kapp to molar concentration of catalyst
(Knor = kapp/Ccat). PO-PdNPs150 had the highest Knor (18.53 s−1mM−1) in PO-PdNPsn.
Table 1 shows the Knor and the TOF of the PO-PdNPsn and other catalysts. PO-PdNPs150
had the highest Knor, indicating that they had the highest activity. PdNPs were located
in the micelles’ shells, which may contribute to their high catalytic activity caused by the
low mass transfer resistance of the substrates. In short, this catalytic reaction followed
pseudo-first-order kinetics and PO-PdNPs150 had the highest activity.
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Figure 6. The catalytic process for ln(Ct/C0) and time (a) PO-PdNPs75, (b) PO-PdNPs100, (c) PO-
PdNPs150, (d) the linear relationship between kapp and concentration of PO-PdNPsn. * p < 0.05.

 

− −

Figure 7. The UV–Vis spectra of the oxidation of morin (a) without the catalyst every 5 min and
(b) with the PO-PdNPs75 every 2 min.

Table 1. Comparison of Knor and TOF of PO-PdNPsn with other Pd-based catalysts in 4-NP reduction.

Catalyst Knor (s−1mM−1) TOF (h−1) Reference

PdP/CNSs 1.4 504 [2]
Pd/Fe3O4@SiO2@KCC-1 2.78 - [26]

Pd/SBA-15 0.118 - [27]
@Pd/CeO2 - 1068 [28]

PO-PdNPs75 - 1796 This work
PO-PdNPs150 18.53 - This work

3.4. Catalytic Activity of PO-PdNPsn on Morin

Morin is a polyphenol dye that has been used as a model to study the catalytic ability
of precious metal nanoparticle catalysts. The catalytic activity and catalytic mechanism of
PO-PdNPsn were evaluated with the addition of H2O2 [29,30]. In a carbonate buffer with
pH 9.2, the maximum peak of the morin was λ = 403 nm. Figure 7a shows that without
the addition of a catalyst, the maximum peak of morin hardly decreased within 20 min
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with H2O2. Figure 7b shows that after adding the catalyst PO-PdNPs75, the absorbance at
403 nm decreased rapidly with time, while the absorbance at 325 nm gradually increased
with time. This phenomenon indicated that the morin underwent catalyzed oxidation to
benzofuranone [31]. After a longer time, the peak at 325 nm decreased again, indicating
that benzofuranone was further oxidized [32,33]. Therefore, the experimental study of the
reaction kinetics was carried out by controlling the reaction time.

To study the relationship between kapp and PO-PdNPsn concentration, the effect of
changing the concentration of PO-PdNPsn on the catalytic reaction under the conditions
of constant concentration of morin and H2O2 was measured. Figure 8a showed that the
relationship between kapp and the catalyst concentration was linear. With the increase of
catalyst concentration, kapp became higher. The three proportions of catalysts had the same
trend as follows: PO-PdNPs75 > PO-PdNPs100 > PO-PdNPs150. The Knor of PO-PdNPs75,
PO-PdNPs100, and PO-PdNPs150 were 105.77, 129.49, and 143.57 s−1M−1, respectively, so
the catalytic activity was increased according to the order of PO-PdNPs75 < PO-PdNPs100 <
PO-PdNPs150. This was because the particle size of PdNPs in PO-PdNPsn decreased in the
order of PO-PdNPs75 <PO-PdNPs100 <PO-PdNPs150. At the same concentration, the smaller
particle size resulted in the larger specific surface area and the higher catalytic efficiency.

− −

 

Figure 8. (a) The effect of different concentration and ratio of catalysts on the catalytic reaction kapp.
(b) The effect of different concentrations of morin on the catalytic reaction kapp (CH2O2 = 10 mM,
C[N] = 0.78 mM). * p < 0.05.

To study the relationship between kapp and the morin concentration, this experiment
monitored the process of morin reaction by fixing the H2O2 concentration during the
reaction process. As shown in Figure 8b, kapp decreased with increasing morin concen-
tration. This was consistent with the previously reported results of catalytic oxidation
of morin by MnOx [34]. Surface coverage was the primary factor of the reaction rate
that was dependent on the different concentration and adsorption constant of morin and
H2O2. Generally, during the reaction of morin, the adsorption constant Kmorin is higher
than KH2O2. Therefore, compared with H2O2, morin is more easily adsorbed on the catalyst
surface. As the concentration of morin increased, the active sites on the surface of noble
metal nanoparticles are covered, resulting in a decrease in the active sites available for
H2O2 adsorption, which gradually decreases the reaction rate when the concentration of
morin increases.

3.5. Catalytic Mechanism

During the catalytic reduction of 4-NP, the Langmuir–Hinshelwood kinetics method
was followed according to previous reports [35,36]. Similarly, the catalytic reduction of
4-NP by PO-PdNPsn should also meet the equation. 4-NP was quickly reduced to a sta-
ble intermediate 4-hydroxyaminophenol. The electrons from sodium borohydride and
4-hydroxyaminophenol ions combined on the surface of PdNPs to produce 4-AP ions,
and then 4-AP ions were desorbed to form 4-AP molecules. In this process, the adsorp-
tion/desorption equilibria of all related compounds on the surface of PdNPs were rapidly
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achieved. In the oxidation process of morin by PO-PdNPsn, the Langmuir–Hinshelwood
kinetics method was also followed [29,37].

4. Conclusions

In conclusion, PEI-oleic acid micelles were prepared and used to stabilize PdNPs in
aqueous solution. The size of PdNPs in the PO-PdNPsn was between 1.67 and 2.01 nm
with a narrow size distribution. The PO-PdNPsn maintained high stability due to its zeta
potentials larger than 20 mV. In addition, the prepared PO-PdNPsn effectively catalyzed
the reduction of 4-NP to form 4-AP. PO-PdNPsn also had high catalytic efficiency for morin.
The catalytic ability of PO-PdNPsn was higher than those of other catalysts, which could
result from the small size and high stability of Pd NPs. The location of PdNPs in the PEI-
oleic acid micelles was good for low mass transfer resistance. The prepared PO-PdNPsn
has great potential applications in treating various organic contaminants in solution in
the future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13111890/s1, Figure S1: FTIR spectra of PEI-oleic acid micelles and PO-PdNPs75, Table
S1: IR bands of the two compounds and their assignments.
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