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Abstract: (1) Background: COVID-19 has affected millions of people worldwide, but countries with
high experimental anti-SARS-CoV-2 vaccination rates among the general population respectively
show progress in achieving general herd immunity in the population (a combination of natural and
vaccine-induced acquired immunity), resulting in a significant reduction in both newly detected
infections and mortality rates. However, the longevity of the vaccines’ ability to provide protection
against the ongoing pandemic is still unclear. Therefore, it is of utmost importance to have new
medications to fight against the pandemic at the earliest point possible. Recently, it has been found
that repurposing already existing drugs could, in fact, be an ideal strategy to formulate effective
medication for COVID-19. Though there are many FDA-approved drugs, it has been found that
niclosamide (NIC), an anthelmintic drug, has significantly high potential against the SARS-CoV-2
virus. (2) Methods: Here we deployed a simple self-assembling technique through which Zein
nanoparticles were successfully used to encapsulate NIC, which was then coated with bovine serum
albumin (BSA) in order to improve the drugs’ stability, injectablity, and selectivity towards the virus-
infected cells. (3) Results: The particle size for the BSA-stabilized Zein-NIC nanohybrid was found
to be less than 200 nm, with excellent colloidal stability and sustained drug release properties. In
addition, the nanohybrid showed enhanced drug release behavior under serum conditions, indicating
that such a hybrid drug delivery system could be highly beneficial for treating COVID-19 patients
suffering from high endothelial glycocalyx damage followed by a cytokine storm related to the
severe inflammations.

Keywords: Zein; niclosamide; albumin; COVID-19; endothelial glycocalyx damage

1. Introduction

The whole world has been witnessing a devastating pandemic in the form of coron-
avirus disease 2019 (COVID-19), caused by the SARS-CoV-2 virus [1–12], ever since it was
first discovered in China’s Wuhan city in 2019 [13–17]. As of 5 July 2021, there were ~184
M individuals worldwide contaminated with this lethal viral disease and 3.98 M people
dead. Although vaccinations have been initiated globally, the current situation in many
countries where the second and third waves have hit lethally [18] demands an alternative
medical strategy that, together with vaccination, can successfully subside the pandemic.
However, the longevity of the capacity of vaccination to induce long-term immunity to
combat COVID-19 is still unknown.

While keeping this in mind, we should, however, understand that there have been
various approaches implemented by the scientists across the world to develop novel
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formulations that could be useful as antiviral medications to deal with COVID-19. One
of the most useful strategies is repurposing [19–21] already existing FDA-approved drug
candidates involving biomaterials, such as organic or inorganic ones, in order to improve
their therapeutic efficacy. However, one has to rationally select highly biocompatible and
efficient drug carriers to selectively target the infected cells, and thereby minimize the side
effects on the unaffected cells or tissues.

From among the wide varieties of antiviral drugs that could potentially be used for
repurposing towards the treatment of COVID-19, scientists have discovered an anthelmintic
niclosamide (NIC) drug that possesses very strong antiviral effects [22] with a minimum
therapeutic concentration. Basically, NIC can exert an antiviral mechanism through extra-
and intra-cellular pathways. In the extracellular mechanism, NIC can interfere with the
human angiotensin converting enzyme-2 (h-ACE2) by which the SARS-CoV-2 virus enters
the cells. NIC can block this endocytosis process, and once these NIC molecules have
permeated inside the infected cells, they can further alter the autophagy and halt the
viral replication, thereby preventing the spread of viral particles within the cells [23]. In
addition, NIC can block syncytia by suppressing the activity of transmembrane protein 16F
(TMEM16F), also known as anoctamin 6, a calcium-activated ion channel and scramblase
that is responsible for phosphatidylserine exposure on the cell surface [24].

Although NIC has very high anti-viral efficacy, the major drawback is its extremely
poor water solubility, which thereby limits the in-vivo efficacy [25]. There have been
various methodologies proposed, such as physical and chemical modification, to alter
the pharmacokinetics (PK) of NIC, as suggested recently by our research group [23,26].
However, in general, one has to be very careful when selecting an appropriate drug delivery
carrier for the repurposing applications. Here, we focused on the development of an
injectable anti-COVID formulation in order to facilitate fast delivery into the blood, wherein
the damaged endothelial glycocalyx in COVID-19 patients [27–32] would preferably enable
an enhanced uptake of the NIC drug out of the injected formulation.

Though there are different kinds of drug carriers reported for NIC formulations, such
as inorganic montmorillonite (MMT), dehydrotalcite (DHT) [23,26], and chitosan [33], here
we chose Zein, a biocompatible phytoprotein, mainly because it is highly biocompatible and
degradable and it has been extensively studied for various biomedical applications [34–39].
In addition, there are several reports suggesting that Zein-based hybrids are well-tolerated
for human applications. In order to further improve the selectivity of these hybrid NPs,
bovine serum albumin (BSA), a natural biomolecule, was coated to finally make BSA-Zein-
NIC NPs (Scheme 1a). It is worth mentioning here that BSA-based nano-biomaterials have
been well-studied in the drug delivery field owing to their specificity of being able to get
into an infected site.[40] In addition, albumin can easily be taken up by the virus-infected
cells since a cytokine storm follows glycocalyx damage in elderly and severely affected
COVID-19 patients [28–31]. In this context, we believed that BSA-coated Zein-NIC NPs
would be highly preferred as an ideal injectable formulation for treating COVID-19 patients.

Here, the major research questions we focused on addressing can be stated as follows:
(1) How can NIC be repurposed as an injectable formulation with Zein and BSA biomateri-
als? (2) How do Zein and BSA facilitate sustained NIC release? (3) How can this injectable
formulation be useful in treating COVID-19 patients? The research hypotheses were as
follows: (1) The NIC molecules in solution, being negatively charged, would undergo
electrostatic interaction with the positively charged Zein with a polypeptide structure,
forming strong drug-loaded NPs, whereas the BSA would suitable to be coated physically
on the surface owing to its anionic surface charge. (2) Since the Zein protein is swellable
under an aqueous solution, it was expected that NIC drug molecules immobilized in
Zein would be released out in a sustained manner, whereas the coated BSA would enable
selective targeting toward viral infected cells. (3) We therefore propose that injectable
BSA-Zein-NIC NPs are highly beneficial for COVID-19 patients, mainly due to the fact that
albumin uptake is higher in COVID-19 patients, as the endothelial glycocalyx has been
reported to be partly or completely perturbed in these patients, as shown in Scheme 1b.
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Scheme 1. (a) Synthetic strategy of injectable NIC formulation with Zein and BSA; (b) proposal for how the injectable
NIC formulation could be useful for treating COVID-19 patients with a damaged glycocalyx followed by a cytokine storm,
especially in severely affected patients.

2. Materials and Methods
2.1. Materials

Niclosamide was delivered from Derivados Quimicos, Murcia, Spain. Ethyl alco-
hol (99.9%) and isopropyl alcohol (IPA) were bought from Daejung Chemicals (Daejung
Chemicals, Gyeonggi-do, Korea). Zein and BSA were purchased from Sigma-Aldrich
(Sigma-Aldrich, St. Luis, MO, USA) and TCI (Tokyo Chemical Industries, Tokyo, Japan,)
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respectively. Phosphate buffered saline tablets were purchased from Gibco (GibcoTM,
Thermo Fisher Scientific, Paisley, UK).

2.2. Preparation of Zein-NIC NPs

Initially, Zein stock solution was produced as follows. Zein (Sigma Aldrich, St. Luis,
MO, USA), was dissolved in 70% IPA (Daejung Chemicals, Gyeonggi-do, Korea) with a
concentration of 10 mg/mL (Zein stock solution), while NIC was dissolved in IPA with
a concentration of 5mg/mL (NIC stock solution), respectively. Then, 1 mL of dissolved
Zein/IPA (containing 10 mg Zein) solution was treated with 200 µL of NIC (Derivados
Quimicos, Murcia, Spain) in IPA containing 1.25 mg NIC, which was then gently mixed
using a vortex mixer (Scientific Industries Inc, Bohemia, NY, USA) for about 1 min. This
mixture was directly added into 8.75 mL distilled water, forming an opalescent solution
indicative of Zein-NIC NPs. This solution was further evaporated using a rotary evaporator
(Heidolph Instruments Gm bH & Co. KG, Schwabach, Germany) for 10–15 min and then
freeze-dried at −53 ◦C using a freeze drier machine (ILSHIN BIOBASE, Gyeonggi-do,
Korea) for 2 days in order to obtain the powder form.

As shown in the supporting information (Figure S1), we made a blank experiment for
phase inversion/precipitation of the pristine NIC solution, which can form stable/quasi-
stable colloidal dispersions in the same condition and can later easily become aggregated
over time, especially when treated with PBS (Figure S2(1)).

2.3. Preparation of BSA-Coated Zein-NIC NPs

Initially, Zein stock solution was produced by dissolving Zein in 70% IPA (Daejung
Chemicals, Gyeonggi-do, Korea) with a concentration of 10 mg/mL (Zein stock solution)
and NIC was dissolved in IPA with a concentration of 5 mg/mL (NIC stock solution), re-
spectively. Then, 1 mL of dissolved Zein/IPA (containing 10 mg Zein) solution was treated
with 200 µL of NIC /IPA (containing 1.25 mg NIC), which was then gently mixed using a
vortex mixer (Scientific Industries Inc., Bohemia, NY, USA) for about 1 min. This mixture
was directly added into 8.75 mL distilled water containing BSA with a concentration of
20 mg, forming a yellow-colored solution indicative of BSA-Zein-NIC NPs. This solution
was further evaporated using a rotary evaporator (Heidolph Instruments Gm bH & Co.
KG, Schwabach, Germany) for 10–15 min and then freeze-dried at −53 ◦C using a freeze
drier machine (ILSHIN BIOBASE, Gyeonggi-do, Korea) for 2 days in order to obtain the
powder form.

2.4. Drug Content Analysis and InVitro Drug Release Studies

In order to understand the NIC drug contents in the formulation, a calibration curve
in ethanol was made for NIC, as shown in Figure S3. Thereafter, 3 mg each of Zein-NIC
NPs and BSA-Zein-NIC NPs were dissolved in ethanol, which was sonicated for about
30 min to completely dissolve the NIC from the drug-loaded NPs. Thereafter, the solution
was syringe-filtered using a 0.22 µm PVDF membrane to get rid of the debris. These were
then measured using UV spectrophotometer in order to obtain the absorbance of NIC at
333 nm.

For the in vitro drug release, a drug dissolution apparatus was used, set at 37 ◦C with
the RPM maintained at 50 for each sample. The NIC powder, NIC NPs, Zein-NIC NPs,
and BSA-Zein NIC NPs with and without 1% serum were tested for the drug release in
pH 7.4 buffer (PBS tablets (GibcoTM, Thermo Fisher Scientific, Paisley, UK)) were used
to make the buffer solution) in order to mimic the normal blood pH. At predetermined
time intervals, the samples were withdrawn and syringe-filtered immediately using a
0.22 µm PVDF membrane, and then the absorbance was measured at 333 nm using a UV
spectrophotometer.
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2.5. Colloidal Stability

Colloidal stability was performed in water and phosphate buffered saline for Zein-NIC
and BSA-Zein-NIC NPs. For this, freeze-dried powders were used. For each sample, 20 mg
was dispersed in 10 mL of water and PBS and syringe-filtered using a PVDF membrane
(0.22 µm size). The solutions were analyzed for DLS and Zeta for several days.

2.6. Characterizations

DLS and Zeta potential analyses were done using an Otsuka Electronics DLS/Zeta
EL-SZ-2000 (Otsuka Electronics, Otsuka, Japan) using disposable square cuvettes in both
water and phosphate buffered saline. The FT-IR spectral studies were done with a JASCO
FT-IR-6100 spectrometer (JASCO, Tokyo, Japan) using the standard KBr disk method
in transmission mode (spectral range 4000–400 cm−1, resolution 1 cm−1, 40 scans per
spectrum). UV-visible spectroscopy data were obtained using a JASCO-V630 Spectropho-
tometer (JASCO, Easton, MA, USA) and the freeze-drying was carried out with ILSHIN
BIOBASE (Gyeonggi-do, Korea) at −53 ◦C. The XRD patterns for all the samples were
obtained with a Bruker D2 Phase Diffractometer (Bruker, Karlsruhe, Germany) equipped
with Cu Kα radiation (λ = 1.5418 Å). All the data were recorded at a tube voltage and
current of 30 kV and 10 mA, respectively. The field emission scanning electron microscopic
analysis for various samples was done using a Sigma 300 field-emission scanning electron
microscope (Carl Zeiss, Oberkochen, Germany). The NMR analysis was measured with a
Bruker/Magnet System 500′54 Ascend at Dankook University, Cheonan, Korea. DMSO-D6
solvent (Duetero.de, Sejong-si, Korea) was used as the solvent for all the NMR experiments.
The in-vitro drug release studies were done with a temperature-controlled dissolution
apparatus (DST-810 labfine INC., Seoul, Korea).

2.7. Statistical Analysis

The statistical significances of the differences were evaluated with a two-tailed Stu-
dent’s t-test. A p-value < 0.05 was considered as statistically significant.

3. Results and Discussion
3.1. Synthesis and Characterization of Injectable Formulation
3.1.1. XRD, FT-IR, and NMR Analysis

Powder XRD analysis was undertaken in order to understand how NIC encapsulation
could affect the overall crystallinity of the present injectable nanoformulation. As expected,
both Zein-NIC NPs and BSA-Zein-NIC NPs were found to be amorphously different
under X-ray from the intact NIC and its recrystallized forms (see Figure S4). In fact,
both characteristic NIC peaks at 2θ = 25.6 and 26.7 degrees totally vanished, indicating
that NIC molecules were eventually encapsulated well within the NPs rather than just
adsorbed physically.

Further, FT-IR analysis was also done to understand the bonding interaction within
the formulations, such as Zein-NIC and BSA-Zein-NIC NPs. One thing to underline here
is that the major characteristic peak of NIC at 3588.35 cm−1, corresponding to the -NH2
stretching, totally vanished in all the developed formulations, likely due to the hydrogen
bonding interaction with the peptidic/amide CONH bonds from the Zein macromolecule.
The FT-IR spectra in the carbonyl region were also analyzed in order to find if there was
any specific shifting in those regions (Figure 1b). The full FT-IR spectra were obtained in
order to understand the -CONH, -NH2, -OH, and -CH vibrational peaks, specifically from
the 2000 to 4000 cm−1 region. In general, phenolic hydroxyl groups (Ph-OH) were found
to have stretching frequencies of 3700–3584 cm−1. In the final BSA-Zein-NIC product, the
-OH and -NH peaks seemed to be merged into one broad peak (at 3309 cm−1), indicating
a combined peak of the hydroxyl group (-OH), which in turn indicated the possibility of
intermolecular hydrogen bonding between the major components of the NPs. Since the
carbonyl bands generally ranged from 1160 cm−1 to 1000 cm−1 the bands near 1079 cm−1
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could be attributed to νCO due to the C-OH ring both in the Zein-NIC NPs and the
BSA-Zein-NIC ones.

Figure 1. FT-IR analysis for Zein, NIC, Zein-NIC NPs, BSA, and BSA-Zein-NIC NPs: (a) full spectrum
(4000 to 400 cm−1) and (b) carbonyl region from 500 to 200 cm−1; (c) possible interaction between
BSA, Zein, and NIC in the final BSA-Zein-NIC NPs.

The specific bands for NIC with the C-Cl bond were found to be in between 800 and
400 cm−1, which were rather weak or vanished after loading on Zein and further coating
with BSA. (Figure 1a,b). Furthermore, the carbonyl amide (-CONH) stretching of NIC at
around 1650 cm−1 was shifted to 1662 cm−1, indicating a molecular interaction between
-CONH of the NIC ring and the carbonyl groups in Zein molecules [41].

Based on the results from the FT-IR, the molecular interactions within the BSA-Zein-
NIC NPs are given in Figure 1c, showing the formation of molecular assemblies due to the
hydrogen bonding between BSA and Zein-NIC NPs.

To cross-confirm the hydrogen bonding interactions within the BSA-Zein-NIC NPs, a
proton NMR analysis was done using DMSO-D6 solvent. The major observations we found
in the NMR spectra were displayed in Figure S5. The characteristic peaks for the Zein
molecules were found at 6.64 and 7.07 ppm [42], which were slightly shifted downfield
after NIC molecule immobilization and BSA coating. Similarly, the aromatic ring protons
in NIC were shifted upfield, confirming the involvement of hydrogen bonding interactions.

3.2. Particle Size, Zeta, and Surface Morphology Analyses

The particle size of the drug delivery carrier is an important parameter for developing
anti-viral medicines, as the formulated particles have to be permeated into the virally infected
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cells without causing any adverse effects on the neighboring healthy cells. In order to clearly
understand the size analysis, we performed DLS analysis for both the Zein-NIC NPs and the
BSA-Zein-NIC ones. One thing to note here is that both were prepared with particle sizes ~
200 nm; the particle size of the Zein-NIC hybrid was optimized with 173 ± 4.5 nm, whereas
that of BSA-Zein-NIC was determined to be 207 ± 3.6 nm. A slight increase in particle size
for the latter was likely due to the proper coating of BSA to form BSA-Zein-NIC NPs. On
the other hand, the control NIC NPs were found to be 149.5 ± 0.97 nm (Figure S6a). The
smaller size, of around 200 nm, is highly advantageous for the BSA-Zein-NIC NPs, as these
nanohybrid drugs can easily enter into the infected cells and eventually induce anti-viral
action. In addition, the damaged endothelial glycocalyx [30–32] in COVID-19 patients might
further enhance a kind of selective uptake of BSA-coated Zein-NIC NPs [29–31,43].

According to the surface charge analysis undertaken by performing Zeta potential mea-
surements, the surface charge for Zein-NIC NPs was determined to be +29.94 ± 1.74 mV, which
did, however, change to negative after forming the BSA-Zein-NIC NPs (−20.00 ± 1.39 mV),
as shown in Figure 2c. The control NIC NPs were found to have a Zeta potential value of
−15.7 ± 2.24 mV (Figure S6b) indicating an overall negative surface charge. The negative sur-
face charge for NIC was somehow found to be neutralized after assembling with Zein, leaving
the outer surface of the Zein-NIC NPs with a positive surface charge. This was again evidence
that NIC molecules were well-encapsulated within the Zein core. In addition, it is well-known
that BSA molecules have an overall negative surface charge [44], and this could be retained
after coating on the Zein-NIC NPs.

Figure 2. Particle size analysis by DLS and FE-SEM: (a) Zein-NIC NPs; (b) BSA-Zein-NIC NPs; (c) Zeta potential for
Zein-NIC NPs and BSA-Zein-NIC NPs in water. FESEM analysis: (d) Zein-NIC NPs; (e) BSA-Zein-NIC NPs; (f) colloidal
stability observed for Zein-NIC NPs (2,4,6, and 8) and BSA-Zein-NIC NPs (1,3,5, and 7) before the freeze-drying process
(1–4) and after dissolving freeze-dried powder samples in water (5–8). The laser exposure indicated the Tyndall effects
shown by stable nano-suspensions.

Both types of NPs showed a spherical morphology (Figure 2d,e), which was in contrast
to the needle/rod-like structure of the NIC NPs alone, as shown in Figure S6c. In fact, the
rough surface for the Zein-NIC NPs was converted into a smooth one for BSA-Zein-NIC
NPs, confirming the proper physical coating of BSA on the Zein-NIC NPs (Figure 2e).

Further, we observed the colloidal stability for various NPs before and after freeze
drying. Interestingly, all the NPs showed good colloidal stability in aqueous solution,
which was further improved after coating with the BSA molecules. Compared to NIC
NPs and Zein-NIC ones, the BSA-Zein-NIC NPs exhibited significantly lower PDI values,
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indicating their excellent colloidal stability, which is thought to be very critical for an
injectable formulation (Figure 2f, Table 1). In addition, the as-made BSA-Zein-NIC NPs
showed good colloidal stability, with a Tindall effect even after 3 weeks, as shown in
Figure S1, confirming their suitability as an injectable NIC formulation.

Table 1. Colloidal stability in terms of PDI values of various NPs in aqueous solution, namely NIC,
Zein-NIC, and BSA-Zein-NIC. n = 3, ** p-value < 0.005.

Samples PDI (a.u.)

NIC NPs 0.385 ± 0.026
Zein-NIC NPs 0.314 ± 0.013

BSA-Zein-NIC NPs 0.032 ± 0.005 **

Additionally, we checked the stability in PBS, as shown in Figure S2 and Table S1, which
showed that the BSA-Zein-NIC NPs retained stable particle sizes compared to the Zein-NIC
NPs. This might have been due to the steric stabilization provided by the BSA coating.
Moreover, albumin can act as an active targeting agent as well-documented [45–47], therefore
the drug-loaded nanoparticles with albumin can selectively target the affected tissue and cells.

3.3. In Vitro Drug Release Studies

Prior to drug release studies, the drug contents in the Zein-NIC and BSA-Zein-NIC
NPs were analyzed, as shown in the Table 2.

Table 2. Drug content analysis of Zein-NIC and BSA-Zein-NIC NPs (n = 3).

Samples Drug Content (%)

Zein-NIC NPs 10.08 ± 0.95
BSA-Zein-NIC NPs 3.31 ± 0.041

The NIC content in the Zein-NIC nanohybrid was determined to be ~10.08 ± 0.95%,
whereas it decreased down to 3.31 ± 0.041% after coating with BSA, indicating that the
BSA molecules were well-coated on the external surface of the Zein-NIC NPs to form
BSA-Zein-NIC NPs. Accordingly, the actual amount of NIC in 1 mg of Zein-NIC NPs was
determined to be ~0.0986 ± 0.003 mg (w/w), whereas 1 mg of BSA-Zein-NIC NPs was
comprised of ~0.0326 ± 0.0009 mg NIC.

The in vitro drug release studies at pH 7.4 were undertaken with various samples,
namely NIC (powder), NIC-NPs, Zein-NIC NPs, and BSA-Zein-NIC NPs with and without
1% serum containing dissolution media. It became very clear that the BSA-Zein-NIC NPs
showed a comparatively high NIC release rate compared to that of the other samples,
as mentioned above. A maximum of 60% NIC release was observed with the serum-
containing buffer (pH 7.4), which was almost similar in terms of the NIC release to the
serum-untreated sample of the BSA-Zein-NIC NPs (Figure 3). As expected, NIC in the
powder form, as well the NIC NPs, showed a significantly low release, especially in the case
of the NIC powder, due to the fact that NIC is hydrophobic in nature and, therefore, cannot
be dissolved well in aqueous solution. On the other hand, the addition of serum resulted in
a slight increase in the dissolution. Similarly, the NIC releases from Zein-NIC NPs and NIC
NPs were also significantly improved after serum treatment. However, the NIC release
from BSA-Zein-NIC NPs with and without serum treatment showed no difference, which
was logically to be expected, mainly because there was already a kind of serum coating
on the BSA-Zein-NIC NPs, so the extra serum coating would not make any difference.
It should also be noted that the major component of commercially available, lab-based,
cultural fetal bovine serum is albumin.
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Figure 3. In vitro NIC release for NIC powder, NIC NPs, Zein-NIC NPs, and BSA-Zein-NIC NPs
under serum-free and serum-treated conditions in pH 7.4 buffer solution: (a) 0 to 24 h and (b) initial
3 h results (n = 3, * represents p < 0.05).

After 24 h, the NIC release was found to be saturated and then reduced. The major
mechanism that meant that NIC could be released out of BSA-Zein-NIC NPs dramatically
better than from the other samples can be explained based on two factors: the first is the
BSA coating, which can not only improve stability, but also enhances and controls the
NIC release effectively. The BSA molecules became negatively charged in an aqueous
solution, meaning that they became swellable in an aqueous solution. Secondly, the Zein
shell, which can undergo swelling in an aqueous medium, also improves the NIC release
from the nanohybrid matrix.

4. Clinical Perspectives

Despite the various approaches to developing new anti-viral drugs for combating
COVID-19, there have been only a few studies related to injectable NIC formulations, which
has prompted scientists to come up with novel therapeutic NIC formulations. For example,
NIC was made into a PEGylated injectable formulation by Ma et al. (2019), though there
was no information provided regarding the actual particle size and morphology of the
developed injectable NIC formulation [48]. Recently, our group reported new oral formula-
tions for NIC, showing excellent PK results compared with many other related studies [26].
Here, instead of focusing on oral formulations, our main goal was to develop an injectable
formulation for NIC, which should have the selectivity as well as the sustainability for bet-
ter therapeutic outcomes. These were the main reasons why we specifically chose Zein and
BSA as the core and shell biomaterials for repurposing the NIC drug towards treatment of
COVID-19. We came up with the idea that a hydrophobic drug like NIC could be protected
inside the Zein and then released outside it in a sustained manner, while the outer coating
of BSA would help in carrying the NIC molecules selectively to the virus-infected cells.

In fact, the Zein-based nanomaterials have been found to possess excellent swelling
properties in an aqueous solution, which is an added advantage along with their high
biocompatibility [49]. For example, Berardi et al. reported the swelling behavior of Zein,
finding that it could be enhanced with the addition of co-excipients [50]. Taking advantage
of this, we hypothesized that once the NIC molecules are encapsulated inside the Zein
and injected after the BSA coating, they would work selectively, getting taken up by the
damaged endothelial glycocalyx present in most elderly COVID-19 patients. With regard to
future research perspectives, we are thinking about precision medicine with NIC based on
patients’ own serum protein instead of commercially available BSA, which would further
improve the therapeutic outcome.



Materials 2021, 14, 3792 10 of 12

5. Conclusions

In conclusion, we systematically developed highly stable BSA-coated Zein-NIC NPs
as an injectable nanomedicine, which could be useful in COVID-19 therapy. The as-made
BSA-Zein-NPs showed an optimum particle size of ~200 nm which was stable under the
serum condition. Further, we confirmed the interaction of BSA, Zein, and NIC within the
nano-assembly using FT-IR, XRD, and NMR. The in vitro release studies indicated that only
the BSA-Zein-NIC NPs showed the sustained NIC release, and it was significantly higher
than the intact NIC NPs and the uncoated Zein-NIC NPs at pH 7.4 in an aqueous solution,
indicating that BSA-Zein-NIC NPs could serve as a potential candidate for injectable
nanomedicine. Since the albumin-coated NPs could be targeted via a damaged endothelial
glycocalyx in COVID-19 patients, we think that the described injectable BSA-Zein-NIC
formulation will be very advantageous. Further studies are necessary to understand the
pharmacokinetics and the anti-viral effect of this formulation on SARS-CoV-2 infected
cells/animals, which will be undertaken in the very near future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ma14143792/s1, Figure S1. In vitro colloidal stability of various samples in water at RT on day
1 (a), day 7 (b), and day 21 (c) for NIC NPs (1), Zein-NIC NPs (2), and BSA-Zein-NIC NPs (3), where,
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BSA-Zein-NIC NPs in phosphate buffered saline.

Author Contributions: Conceptualization, J.-H.C. and S.R.N.; investigation, S.R.N., G.C., and H.P.;
writing—original draft preparation, S.R.N.; writing—review and editing, J.-H.C., S.R.N., and G.C.;
supervision, J.-H.C.; project administration and funding acquisition, J.-H.C. and G.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education (No. 2020R1I1A2074844),
by the NRF grant funded by the Korea government (MSIT) (No. 2020R1F1A1075509), and under the
framework of the International Cooperation Program managed by NRF (No. 2017K2A9A2A10013104).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this research study are available in this article.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Tracy, M.F. Understanding the Impact of COVID-19: Now and for the Future. AACN Adv. Crit. Care 2021, 32, 157–158. [CrossRef]
2. Rossen, L.M.; Gold, J.A.; Ahmad, F.B.; Sutton, P.D.; Branum, A.M. Trends in the distribution of COVID-19 deaths by age and

race/ethnicity—United States, April 4–December 26, 2020. Ann. Epidemiology 2021. [CrossRef]
3. Kearney, A.; Searl, J.; Erickson-DiRenzo, E.; Doyle, P.C. The Impact of COVID-19 on Speech-Language Pathologists Engaged in

Clinical Practices With Elevated Coronavirus Transmission Risk. Am. J. Speech-Language Pathol. 2021, 13, 1–13. [CrossRef]
4. Esper, J.J.; Garg, D.; McClafferty, B.R.; Golamari, R.; Jain, R. COVID-19 Isolation and Quarantine Guidelines for Older Adults in

Nursing Homes. South Dak. Med. J. South Dak. State Med Assoc. 2021, 74, 58–60.
5. Amos, O.A.; Adebisi, Y.A.; Bamisaiye, A.; Olayemi, A.H.; Ilesanmi, E.B.; Micheal, A.I.; Ekpenyong, A.; Lucero-Prisno, D.E.

COVID-19 and progress towards achieving universal health coverage in Africa: A case of Nigeria. Int. J. Heal. Plan. Manag. 2021,
1–6. [CrossRef]

https://www.mdpi.com/article/10.3390/ma14143792/s1
https://www.mdpi.com/article/10.3390/ma14143792/s1
http://doi.org/10.4037/aacnacc2021636
http://doi.org/10.1016/j.annepidem.2021.06.003
http://doi.org/10.1044/2021_AJSLP-20-00325
http://doi.org/10.1002/hpm.3263


Materials 2021, 14, 3792 11 of 12

6. Rafael, R.D.M.R.; Correia, L.M.; de Mello, A.S.; Prata, J.A.; Depret, D.G.; Santo, T.B.D.E.; E Silva, F.V.C.; Acioli, S. Psychological
distress in the COVID-19 pandemic: prevalence and associated factors at a nursing college. Rev. Bras. Enferm. 2021, 74 Suppl. 1,
e20210023. [CrossRef]

7. Yasri, S.; Wiwanitkit, V. COVID-19-induced de novo nephritic syndrome. Revista da Associação Médica Brasileira 2021, 67, 6.
[CrossRef]

8. Pérez-De-Llano, L.; Romay-Lema, E.M.; Baloira-Villar, A.; Anchorena, C.; Torres-Durán, M.L.; Sousa, A.; Corbacho-Abelaira, D.;
Paz-Ferrin, J.; Diego-Roza, C.; Vilariño-Maneiro, L.; et al. COVID-19 pneumonia in Galicia (Spain): Impact of prognostic factors
and therapies on mortality and need for mechanical ventilation. PLOS ONE 2021, 16, e0253465. [CrossRef]

9. Adjodah, D.; Dinakar, K.; Chinazzi, M.; Fraiberger, S.P.; Pentland, A.; Bates, S.; Staller, K.; Vespignani, A.; Bhatt, D.L. Association
between COVID-19 outcomes and mask mandates, adherence, and attitudes. PLOS ONE 2021, 16, e0252315. [CrossRef]

10. Yamamoto, S.; Saito, M.; Tamura, A.; Prawisuda, D.; Mizutani, T.; Yotsuyanagi, H. The human microbiome and COVID-19: A
systematic review. PLOS ONE 2021, 16, e0253293. [CrossRef] [PubMed]

11. Stastna, D.; Menkyova, I.; Drahota, J.; Mazouchova, A.; Adamkova, J.; Ampapa, R.; Grunermelova, M.; Peterka, M.;
Recmanova, E.; Rockova, P.; et al. Multiple sclerosis, neuromyelitis optica spectrum disorder and COVID-19: A pandemic year in
Czechia. Mult. Scler. Relat. Disord. 2021, 54, 103104. [CrossRef] [PubMed]

12. Meng, Y.; Wong, M.; Xing, H.; Kwan, M.-P.; Zhu, R. Assessing the Country-Level Excess All-Cause Mortality and the Impacts of
Air Pollution and Human Activity during the COVID-19 Epidemic. Int. J. Environ. Res. Public Heal. 2021, 18, 6883. [CrossRef]

13. Shereen, M.A.; Khan, S.; Kazmi, A.; Bashir, N.; Siddique, R. COVID-19 infection: Emergence, transmission, and characteristics of
human coronaviruses. J. Adv. Res. 2020, 24, 91–98. [CrossRef] [PubMed]

14. Xu, J.; Ma, X.-P.; Bai, L.; Wang, M.; Deng, W.; Ning, N. A systematic review of etiology, epidemiology, clinical manifestations,
image findings, and medication of 2019 Corona Virus Disease-19 in Wuhan, China. Medicine 2020, 99, e22688. [CrossRef]
[PubMed]

15. Wang, Q.; Guo, J.Y.; Sun, H.; Wang, L.; Ying, J.S.; Liu, H.X. Investigation of protective exposure risk events in nurses against
corona virus disease 2019 in Wuhan. Beijing Da Xue Xue Bao Yi Xue Ban 2020, 52, 711–714.

16. Yang, L.; Liu, J.; Zhang, R.; Li, M.; Li, Z.; Zhou, X.; Hu, C.; Tian, F.; Zhou, F.; Lei, Y. Epidemiological and clinical features of 200
hospitalized patients with corona virus disease 2019 outside Wuhan, China: A descriptive study. J. Clin. Virol. 2020, 129, 104475.
[CrossRef] [PubMed]

17. Hou, C.; Chen, J.; Zhou, Y.; Hua, L.; Yuan, J.; He, S.; Guo, Y.; Zhang, S.; Jia, Q.; Zhao, C.; et al. The effectiveness of quarantine
of Wuhan city against the Corona Virus Disease 2019 (COVID-19): A well-mixed SEIR model analysis. J. Med Virol. 2020, 92,
841–848. [CrossRef]

18. Mallah, S.I.; Ghorab, O.K.; Al-Salmi, S.; Abdellatif, O.S.; Tharmaratnam, T.; Iskandar, M.A.; Sefen, J.A.N.; Sidhu, P.; Atallah, B.;
El-Lababidi, R.; et al. COVID-19: Breaking down a global health crisis. Ann. Clin. Microbiol. Antimicrob. 2021, 20, 1–36. [CrossRef]

19. Sahoo, B.M.; Kumar, B.V.V.R.; Sruti, J.; Mahapatra, M.K.; Banik, B.K.; Borah, P. Drug Repurposing Strategy (DRS): Emerging
Approach to Identify Potential Therapeutics for Treatment of Novel Coronavirus Infection. Front. Mol. Biosci. 2021, 8, 628144.
[CrossRef] [PubMed]

20. Song, W.; Zhang, H.; Zhang, Y.; Li, R.; Han, Y.; Lin, Y.; Jiang, J. Repurposing clinical drugs is a promising strategy to discover
drugs against Zika virus infection. Front. Med. 2021, 15, 404–415. [CrossRef]

21. Murthy, P.K.; Sivashanmugam, K.; Kandasamy, M.; Subbiah, R.; Ravikumar, V. Repurposing of histone deacetylase inhibitors:
A promising strategy to combat pulmonary fibrosis promoted by TGF-β signalling in COVID-19 survivors. Life Sci. 2021, 266,
118883. [CrossRef] [PubMed]

22. Xu, J.; Shi, P.-Y.; Li, H.; Zhou, J. Broad Spectrum Antiviral Agent Niclosamide and Its Therapeutic Potential. ACS Infect. Dis. 2020,
6, 909–915. [CrossRef] [PubMed]

23. Yu, S.; Piao, H.; Rejinold, N.; Jin, G.; Choi, G.; Choy, J.-H. Niclosamide-Clay Intercalate Coated with Nonionic Polymer for
Enhanced Bioavailability toward COVID-19 Treatment. Polymers 2021, 13, 1044. [CrossRef] [PubMed]

24. Braga, L.; Ali, H.; Secco, I.; Chiavacci, E.; Neves, G.; Goldhill, D.; Penn, R.; Jimenez-Guardeño, J.M.; Ortega-Prieto, A.M.;
Bussani, R.; et al. Drugs that inhibit TMEM16 proteins block SARS-CoV-2 spike-induced syncytia. Nat. Cell Biol. 2021, 594, 88–93.
[CrossRef]

25. Barbosa, E.J.; Löbenberg, R.; de Araujo, G.L.B.; Bou-Chacra, N.A. Niclosamide repositioning for treating cancer: Challenges and
nano-based drug delivery opportunities. Eur. J. Pharm. Biopharm. 2019, 141, 58–69. [CrossRef]

26. Choi, G.; Piao, H.; Rejinold, N.; Yu, S.; Kim, K.-Y.; Jin, G.-W.; Choy, J.-H. Hydrotalcite-Niclosamide Nanohybrid as Oral
Formulation towards SARS-CoV-2 Viral Infections. Pharmaceuticals 2021, 14, 486. [CrossRef]

27. Potje, S.R.; Costa, T.J.; Fraga-Silva, T.F.; Martins, R.B.; Benatti, M.N.; Almado, C.E.; de Sá, K.S.; Bonato, V.L.; Arruda, E.; Louzada-
Junior, P.; et al. Heparin prevents in vitro glycocalyx shedding induced by plasma from COVID-19 patients. Life Sci. 2021, 276,
119376. [CrossRef] [PubMed]

28. Wadowski, P.P.; Jilma, B.; Kopp, C.W.; Ertl, S.; Gremmel, T.; Koppensteiner, R. Glycocalyx as Possible Limiting Factor in COVID-19.
Front. Immunol. 2021, 12, 607306. [CrossRef] [PubMed]

29. Yamaoka-Tojo, M. Vascular Endothelial Glycocalyx Damage in COVID-19. Int. J. Mol. Sci. 2020, 21, 9712. [CrossRef]
30. Yamaoka-Tojo, M. Endothelial glycocalyx damage as a systemic inflammatory microvascular endotheliopathy in COVID-19.

Biomed. J. 2020, 43, 399–413. [CrossRef] [PubMed]

http://doi.org/10.1590/0034-7167-2021-0023
http://doi.org/10.1590/1806-9282.67.01.20200982
http://doi.org/10.1371/journal.pone.0253465
http://doi.org/10.1371/journal.pone.0252315
http://doi.org/10.1371/journal.pone.0253293
http://www.ncbi.nlm.nih.gov/pubmed/34161373
http://doi.org/10.1016/j.msard.2021.103104
http://www.ncbi.nlm.nih.gov/pubmed/34216998
http://doi.org/10.3390/ijerph18136883
http://doi.org/10.1016/j.jare.2020.03.005
http://www.ncbi.nlm.nih.gov/pubmed/32257431
http://doi.org/10.1097/MD.0000000000022688
http://www.ncbi.nlm.nih.gov/pubmed/33080715
http://doi.org/10.1016/j.jcv.2020.104475
http://www.ncbi.nlm.nih.gov/pubmed/32485619
http://doi.org/10.1002/jmv.25827
http://doi.org/10.1186/s12941-021-00438-7
http://doi.org/10.3389/fmolb.2021.628144
http://www.ncbi.nlm.nih.gov/pubmed/33718434
http://doi.org/10.1007/s11684-021-0834-9
http://doi.org/10.1016/j.lfs.2020.118883
http://www.ncbi.nlm.nih.gov/pubmed/33316266
http://doi.org/10.1021/acsinfecdis.0c00052
http://www.ncbi.nlm.nih.gov/pubmed/32125140
http://doi.org/10.3390/polym13071044
http://www.ncbi.nlm.nih.gov/pubmed/33810527
http://doi.org/10.1038/s41586-021-03491-6
http://doi.org/10.1016/j.ejpb.2019.05.004
http://doi.org/10.3390/ph14050486
http://doi.org/10.1016/j.lfs.2021.119376
http://www.ncbi.nlm.nih.gov/pubmed/33781826
http://doi.org/10.3389/fimmu.2021.607306
http://www.ncbi.nlm.nih.gov/pubmed/33692785
http://doi.org/10.3390/ijms21249712
http://doi.org/10.1016/j.bj.2020.08.007
http://www.ncbi.nlm.nih.gov/pubmed/33032965


Materials 2021, 14, 3792 12 of 12

31. Stahl, K.; Gronski, P.A.; Kiyan, Y.; Seeliger, B.; Bertram, A.; Pape, T.; Welte, T.; Hoeper, M.M.; Haller, H.; David, S. Injury to the
Endothelial Glycocalyx in Critically Ill Patients with COVID-19. Am. J. Respir. Crit. Care Med. 2020, 202, 1178–1181. [CrossRef]

32. Ikonomidis, I.; Pavlidis, G.; Katsimbri, P.; Lambadiari, V.; Parissis, J.; Andreadou, I.; Tsoumani, M.; Boumpas, D.; Kouretas, D.;
Iliodromitis, E. Tocilizumab improves oxidative stress and endothelial glycocalyx: A mechanism that may explain the effects of
biological treatment on COVID-19. Food Chem. Toxicol. 2020, 145, 111694. [CrossRef]

33. Naqvi, S.; Mohiyuddin, S.; Gopinath, P. Niclosamide loaded biodegradable chitosan nanocargoes: An in vitro study for potential
application in cancer therapy. R. Soc. Open Sci. 2017, 4, 170611. [CrossRef] [PubMed]

34. Ghorbani, M.; Mahmoodzadeh, F.; Maroufi, L.Y.; Nezhad-Mokhtari, P. Electrospun tetracycline hydrochloride loaded zein/gum
tragacanth/poly lactic acid nanofibers for biomedical application. Int. J. Biol. Macromol. 2020, 165, 1312–1322. [CrossRef]
[PubMed]

35. Demir, M.; Ramos-Rivera, L.; Silva, R.; Nazhat, S.N.; Boccaccini, A.R. Zein-based composites in biomedical applications. J. Biomed.
Mater. Res. Part A 2017, 105, 1656–1665. [CrossRef]

36. Zhang, Y.; Cui, L.; Li, F.; Shi, N.; Li, C.; Yu, X.; Chen, Y.; Kong, W. Design, fabrication and biomedical applications of zein-based
nano/micro-carrier systems. Int. J. Pharm. 2016, 513, 191–210. [CrossRef] [PubMed]

37. Liao, N.; Joshi, M.K.; Tiwari, A.P.; Park, C.-H.; Kim, C.S. Fabrication, characterization and biomedical application of two-nozzle
electrospun polycaprolactone/zein-calcium lactate composite nonwoven mat. J. Mech. Behav. Biomed. Mater. 2016, 60, 312–323.
[CrossRef]

38. Corradini, E.; Curti, P.S.; Meniqueti, A.B.; Martins, A.F.; Rubira, A.F.; Muniz, E.C. Recent Advances in Food-Packing, Phar-
maceutical and Biomedical Applications of Zein and Zein-Based Materials. Int. J. Mol. Sci. 2014, 15, 22438–22470. [CrossRef]
[PubMed]

39. Brahatheeswaran, D.; Mathew, A.; Aswathy, R.G.; Nagaoka, Y.; Venugopal, K.; Yoshida, Y.; Maekawa, T.; Kumar, S. Hybrid
fluorescent curcumin loaded zein electrospun nanofibrous scaffold for biomedical applications. Biomed. Mater. 2012, 7, 045001.
[CrossRef]

40. Nayar, S.; Mir, A.; Ashok, A.; Guha, A.; Sharma, V. Bovine serum albumin binding and drug delivery studies with PVA-ferrofluid.
J. Bionic Eng. 2010, 7, 29–34. [CrossRef]

41. Müller, V.; Piai, J.F.; Fajardo, A.R.; Fávaro, S.L.; Rubira, A.; Muniz, E. Preparation and Characterization of Zein and Zein-Chitosan
Microspheres with Great Prospective of Application in Controlled Drug Release. J. Nanomater. 2011, 2011, 1–6. [CrossRef]

42. Yin, H.; Lu, T.; Liu, L.; Lu, C. Preparation, characterization and application of a novel biodegradable macromolecule: Car-
boxymethyl zein. Int. J. Biol. Macromol. 2015, 72, 480–486. [CrossRef] [PubMed]

43. Targosz-Korecka, M.; Kubisiak, A.; Kloska, D.; Kopacz, A.; Grochot-Przeczek, A.; Szymonski, M. Endothelial glycocalyx shields
the interaction of SARS-CoV-2 spike protein with ACE2 receptors. Sci. Rep. 2021, 11, 1–11. [CrossRef]

44. Wang, X.; Herting, G.; Wallinder, I.O.; Blomberg, E. Adsorption of bovine serum albumin on silver surfaces enhances the release
of silver at pH neutral conditions. Phys. Chem. Chem. Phys. 2015, 17, 18524–18534. [CrossRef]

45. Mishra, P.; Uversky, V.N.; Nandi, C.K. Serum albumin-mediated strategy for the effective targeting of SARS-CoV-2. Med Hypotheses
2020, 140, 109790. [CrossRef] [PubMed]

46. Ueda, A.; Shimomura, M.; Ikeda, M.; Yamaguchi, R.; Tanishita, K. Effect of glycocalyx on shear-dependent albumin uptake in
endothelial cells. Am. J. Physiol. Circ. Physiol. 2004, 287, H2287–H2294. [CrossRef]

47. Johnson, A.; Fatemi, R.; Winlow, W. SARS-CoV-2 Bound Human Serum Albumin and Systemic Septic Shock. Front. Cardiovasc.
Med. 2020, 7. [CrossRef] [PubMed]

48. Ma, R.; Ma, Z.; Gao, J.; Tai, Y.; Li, L.; Zhu, H.; Li, L.; Dong, D.; Sun, Z. Injectable pegylated niclosamide (polyethylene
glycol-modified niclosamide) for cancer therapy. J. Biomed. Mater. Res. Part A 2020, 108, 30–38. [CrossRef] [PubMed]

49. Labib, G. Overview on zein protein: a promising pharmaceutical excipient in drug delivery systems and tissue engineering.
Expert Opin. Drug Deliv. 2018, 15, 65–75. [CrossRef]

50. Berardi, A.; Rahim, S.A.; Bisharat, L.; Cespi, M.; Rahim, A. Swelling of Zein Matrix Tablets Benchmarked against HPMC and
Ethylcellulose: Challenging the Matrix Performance by the Addition of Co-Excipients. Pharmaceutics 2019, 11, 513. [CrossRef]

http://doi.org/10.1164/rccm.202007-2676LE
http://doi.org/10.1016/j.fct.2020.111694
http://doi.org/10.1098/rsos.170611
http://www.ncbi.nlm.nih.gov/pubmed/29291056
http://doi.org/10.1016/j.ijbiomac.2020.09.225
http://www.ncbi.nlm.nih.gov/pubmed/33039533
http://doi.org/10.1002/jbm.a.36040
http://doi.org/10.1016/j.ijpharm.2016.09.023
http://www.ncbi.nlm.nih.gov/pubmed/27615709
http://doi.org/10.1016/j.jmbbm.2016.02.006
http://doi.org/10.3390/ijms151222438
http://www.ncbi.nlm.nih.gov/pubmed/25486057
http://doi.org/10.1088/1748-6041/7/4/045001
http://doi.org/10.1016/S1672-6529(09)60188-8
http://doi.org/10.1155/2011/928728
http://doi.org/10.1016/j.ijbiomac.2014.08.025
http://www.ncbi.nlm.nih.gov/pubmed/25173708
http://doi.org/10.1038/s41598-021-91231-1
http://doi.org/10.1039/C5CP02306H
http://doi.org/10.1016/j.mehy.2020.109790
http://www.ncbi.nlm.nih.gov/pubmed/32353740
http://doi.org/10.1152/ajpheart.00808.2003
http://doi.org/10.3389/fcvm.2020.00153
http://www.ncbi.nlm.nih.gov/pubmed/33088822
http://doi.org/10.1002/jbm.a.36788
http://www.ncbi.nlm.nih.gov/pubmed/31433913
http://doi.org/10.1080/17425247.2017.1349752
http://doi.org/10.3390/pharmaceutics11100513

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Zein-NIC NPs 
	Preparation of BSA-Coated Zein-NIC NPs 
	Drug Content Analysis and InVitro Drug Release Studies 
	Colloidal Stability 
	Characterizations 
	Statistical Analysis 

	Results and Discussion 
	Synthesis and Characterization of Injectable Formulation 
	XRD, FT-IR, and NMR Analysis 

	Particle Size, Zeta, and Surface Morphology Analyses 
	In Vitro Drug Release Studies 

	Clinical Perspectives 
	Conclusions 
	References

