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ARTICLE INFO ABSTRACT

Keywords: COVID-19 is a rapidly evolving emergency, which necessitates scientific community to come up with novel
COVID-19 formulations that could find quick relief to the millions affected around the globe. Remdesivir being the only
Injectable formulation injectable drug by FDA for COVID-19, it initially showed promising results, however, later on failed to retain its
112:;2 claims, hence rejected by the WHO. Therefore, it is important to develop injectable formulation that are effective
In-vivo and affordable. Here in this work, we formulated poly ethylene glycol (PEG) coated bovine serum albumin (BSA)

stabilized Niclosamide (NIC) nanoparticles (NPs) (~BSA-NIC-PEG NPs) as an effective injectable formulation.
Here, serum albumin mediated strategy was proposed as an effective strategy to specifically target SARS-CoV-2,
the virus that causes COVID-19. The in-vitro results showed that the developed readily water dispersible
formulation with a particle size <120 nm size were well stable even after 3 weeks. Even though the in-vitro
studies showed promising results, the in-vivo pharmaco-kinetic (PK) study in rats demands the need of conducting
further experiments to specifically target the SARS-CoV-2 in the virus infected model. We expect that this present
formulation would be highly preferred for targeting hypoalbuminemia conditions, which was often reported in
elderly COVID-19 patients. Such studies are on the way to summarize its potential applications in the near future.

1. Introduction

COVID-19 has been affecting 204 M individual all around the world
leaving 4.32 M into fatal deaths as of Aug 12-2021. Additionally, the
new genetic variant of COVID-19 making the current situation worse
than ever before ever since it was first reported in the UK [1]. Therefore,
it is urgent to discover new anti-viral medicines, which could be com-
bined along with the ongoing global vaccinations. Remdesivir is the only
injectable formulation for COVID-19 [2-8], with promising results in the
beginning, however, the drug had controversial results since it showed
no or negligible results in COVID-19 patient studies, thereby WHO later
declared its ineffectiveness [9]. Therefore, developing novel formula-
tions are very urgent. On the other hand, FDA approved anthelmintic
NIC [10] has shown anti-viral properties among other FDA approved
drug molecules in the in-vitro experiments on SARS-CoV-2 infected
VERO cells. It was reported that even a small dosage of 0.16 pM of NIC

(57.14 ng/mL) could induce potential anti-viral effects on SARS-CoV-2
infected VERO cells [11]. However, the major limitation of NIC is
associated with its poor water solubility, thereby low bioavailability
[12].

NIC has been extensively studied for anti-cancer [13,14],
anti-inflammatory [15] and anti-viral potency [16]. It has shown sig-
nificant anti-viral effects on wide variety of viral pathologies including
MERS [17], SARS [18], the similar family of COVID-19. The major
mechanisms involved in NIC antiviral potency against SARS-CoV-2 are
as follows: 1) inhibiting endocytosis; 2) inhibiting autophagy and 3)
inhibiting the viral replications. (Scheme 1) [19].

Previously there have been various physical and chemical modifi-
cations for NIC to improve its solubility; however, most of such studies
were related to anti-cancer therapy. For example, poly ethylene glycol
(PEG) was chemically conjugated with NIC in order to improve its
bioavailability [12]. However, it is important to mention that there were
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not so many published work related to injectable NIC formulations in the
literature. In addition, most of the reported in-vitro experiments give a
clarity neither on formulation nor on the NIC dissolving procedures.

In the present study, we formulated NIC with bovine serum albumin
(BSA) and the resulting nanoparticles (NPs) were coated physically with
PEG. The major reason for selecting BSA was due to its immense bio-
compatibility [20,21] and stabilizing capability [22]. Various biomed-
ical applications including drug delivery [23-29], tissue engineering
[30-33] and bio imaging, etc. extensively utilize BSA. It has also been
reported that BSA modification could improve anti-viral potency [34]
against Ebola pseudo viruses and virus like particles [35]. In addition,
albumin plays a very important role in SARS-CoV-2 infection. Hypo-
albuminemia, a condition, which is associated with severely affected
COVID-19 patients and in such conditions, the virus can bind on serum
albumin, dysregulating the cellular nutrient transportation and leading
to systemic symptoms observed in SARS-CoV-2 infection and sepsis.
When albumin bind to SARS-CoV-2 virions, this could lead to the

SARS-CoV-2 Virus  Spike protein, S

Membrane protein, M
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damage of endothelial glycocalyx by inhibition of albumin transport
binding sites. This vascular endothelial glycocalyx (VEGLX) damage has
also been reported as targeting regimen to treat COVID-19 [36]. In this
context, rationally modified antiviral drug loaded serum albumin ther-
apy might be beneficial for COVID-19 patients [37]. Additionally there
have been several reports for hypoalbuminemia as an early diagnostic
rational [38] and a targeting strategy towards COVID-19 [39].

On the other hand, PEGylation has been reported to improve the
anti-viral effects [40], by enhancing the blood circulation of antiviral
agents in-vivo. PEG has been extensively studied for drug delivery ap-
plications. Therefore, NIC would improve its therapeutic properties once
they are modified with BSA and further coated with PEG for improved
blood circulation, which might enhance their in-vivo efficacy [41].

In the present work, were are trying to address the following ques-
tions. 1) How effectively NIC molecules could be loaded into the BSA/
PEG hybrids? 2) How nano-hybridization would affect the overall sol-
ubility of NIC? 3) What would be the future perspectives of these NIC-
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Scheme 1. Anti-SARS-CoV-2 mechanism by Niclosamide (NIC): 1) Inhibition of endocytosis or autophagy; 2) enhanced endosomal neutralization and 3) Inhibition of
viral replication inside the host cells. (PLpro-papain-like protease; 3CLPro-3CL like protease; RARp-RNA dependent RNA polymerase).
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Nanohybrids based on the in-vivo pharmaco-kinetics? The research hy-
potheses are as follows: 1) NIC being a neutral molecule, it could be
stabilized using BSA via weak forces such as hydrogen bonding; 2) We
expect that the solubility of NIC would be increased mainly because of
the BSA stabilized structure of NIC; 3) We propose that PEG-BSA-
Stabilized NIC NPs would be ideal in order to target SARS-CoV-2 for
better efficacy either through extracellular or intracellular pathways
(Scheme 1).

2. Materials and methods
2.1. Materials

NIC (C;3HgCj2N204) was obtained from DERIVADOS QUIMICOS,
Murcia, Spain. Anhydrous Ethanol (99.9 %), and isopropyl alcohol (IPA)
were purchased from Daejung, Gyeonggi-do, South Korea. BSA and
(p-cyclodextrin were purchased from Sigma Aldrich, USA. PEG, weight
average molecular weight, M, ~ 10,000, was purchased from Sigma,
Milwaukee W1 53233, USA.

2.2. Synthesis of NIC NPs

For NIC NPs, 5 mg of NIC was dissolved in 1 mL IPA. Thus, prepared
solution of ~250 pL was directly added in to 9.75 mL of distilled water,
where the particles were formed immediately with white opalescent
coloration. The remnant IPA was evaporated by rotary evaporator
(Heidolph Instruments Gm bH & Co. KG, 91126, Schwabach, Walpers-
dorfer Str. 12, Germany) for 15 min and the obtained solution was
freeze-dried for 48 h.

2.3. Synthesis of BSA-NIC NPs

The PEG-BSA-NIC NPs were synthesized as follows; initially, NIC (5
mg/mL) was dissolved in IPA, from which 250 pL solution was drop
wisely added in to 9.5 mL of distilled water containing BSA (50 mg/mL)
until it formed an opalescent yellow coloration. Finally, 250 pL PEG (5
mg/mL) was added, followed by 15—30 min rotary evaporation to
remove any remnant [PA. Detailed information is given in the Fig. S1.

2.4. Synthesis of PEG-BSA-NIC NPs

PEG-BSA-NIC NPs were synthesized as follows. Initially, NIC (5 mg/
mL) was dissolved in IPA solution, from which 250 pL solution was drop
wisely added in to 9.5 mL of distilled water containing BSA (50 mg/mL)
until it formed an opalescent yellow coloration. Finally, 250 pL PEG (5
mg/mL) was added, followed by 15-30 min rotary evaporation to
remove any remnant IPA. The resulting solution was freeze dried for 48
h in order to get the yellow powder, which was directly added in to 10
mL distilled water followed by probe sonication for 4 min. The uniform
suspension was further syringe filtered using 0.45 pm PVDF filter
(Fig. S2).

2.5. In-vitro release studies

The in-vitro drug release was done using dissolution apparatus. For
the analysis, initially calibration curve was made in deionized water (DI
water) (Fig. S3). In order to understand how NIC could be released from
BSA-NIC and PEG-BSA-NIC NPs with and without serum conditions, two
buffer solutions were made with a pH 7.4, of which one had 3 % fetal
bovine serum (FBS) added in it, mimicking the severe hypoalbuminemia
condition (albumin < 2.5 g/dL) [42]. The pH of the dissolution media
was chosen as 7.4 mainly because it mimics the blood pH [46]. 50 mg of
samples were added in to ~ 310 mL solution in dissolution chamber. At
pre-determined time intervals, 2.5 mL aliquots were withdrawn, and
syringe filtered using 0.45 pm PVDF filters. The absorbance was
measured at 340 nm using DI water as the solvent.
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2.6. Stability studies

Stability studies were conducted at room temperature, refrigerator
conditions (4 °C) and under serum condition (3%) respectively. The size
and poly dispersity indices (PDI) were measured using Zeta Sizer
(Otsuka Electronics DLS/Zeta EL-SZ-2000) for 3 weeks.

2.7. In-vivo pharmaco kinetics

A pharmacokinetic (PK) study was performed in male Sprague-
Dawley rats (7-week-old, 232-255 g). KNOTUS Co., Ltd. (Incheon,
Korea) Institutional Animal Care and Use Committee (KNOTUS IACUC
No. 20-KE-686) and Korea Conformity Laboratories (Incheon, Korea)
IACUC (KCL IACUC No. approved the animal study IA20-03227). 2 mg/
kg NIC in PEG-BSA-NIC NPs were injected intravenously single time. The
NIC-nanohybrids were reconstituted in distilled water prior to the in-
jection. In order to prepare for a control formulation, we made NIC so-
lution using minimal additives. The two raw materials used to make NIC
NPs are ethanol, which is a relatively bio-compatible solvent and the
other is aqueous solution of p-cyclodextrin, which is widely used to
dissolve hydrophobic drugs in water [43]. Accordingly, the control
formulation was prepared by dissolving NIC in 0.24 % p-cyclodextrin
solution (ethanol-water mixture; 2:8 v/v) to make a final concentration
of 2 mg/mL. The hydrodynamic size of the prepared NIC solution was
less than 10 nm, implying that the NIC was well dissolved in the solution
(Fig. 1). 2 mg/kg of control formulation was also injected intravenously
to rats. Then the blood samples were collected by centrifuging for 2 min
at 13,000 rpm in order to separate the plasma that was immediately
frozen until further analysis using HPLC-mass spectrometry (HPLC-MS).

2.8. Quantification of NIC in rat’s plasma

The blood (~600 pL) was drawn from the jugular vein for analysis. A
plasma calibration curve was prepared by using NIC standards at con-
centrations of 0, 5, 10, 50, 100, 500, 1000, and 2000 ng/mL. Samples
were prepared by adding 100 pL of the internal standard, topiramate to
20 pL aliquot of rat plasma sample. In general, internal standard like
topiramte drug is used to have a precised and accurate data, where
volume errors are difficult to predict and control [44]. Then, they were
vortexed for 5 s, followed by centrifugation at 13,000 g for 5 min at 4 °C.
The 20 pL of supernatant was mixed with 180 pL of 50 % methanol.
Then, 150 pL of aliquot of the samples were transferred to sample vial
for the analyses. Samples were analyzed by Acquity I-Class UPLC system
(Waters) with mass spectrometer (Waters Xevo TQ-S). The LC analytical
column was a Thermo Hypersil Gold (2.1 x 50 mm, 1.9 ym) and was
maintained at 50 °C during the measurements. Mobile phase was 5 mM
ammonium acetate/water solution, and methanol with a flow rate of 0.4
mL/min.

2.9. Characterizations

The NMR analyses were conducted with Bruker/ Magnet System
500’54 Ascend at Dankook University Cheonan, South Korea, using D6-
DMSO (Duetero.de, Sejong-si, 30128, South Korea) for all the experi-
ments. The FT-IR studies were done with a Jasco FT-IR-6100 spec-
trometer (JASCO, Tokyo, Japan) using the standard KBr disk method in
transmission mode (spectral range 4000-400 em™ !, resolution 1 cm™,
40 scans per spectrum). For FT-IR, ~ 10 mg of samples were mixed with
100 mg of KBr pellet, ground properly by mortar and pestle. The ob-
tained samples were pelletized under hydraulic press machine at 15-20
MPa for 1 min, which were then used for FT-IR characterization as
described above. DLS and Zeta potential analyses were done using
Otsuka Electronics DLS/Zeta EL-SZ-2000 (Japan) using disposable
square cuvettes in distilled water, and serum containing distilled water
as well. The concentration of the samples for DLS and Zeta was main-
tained to 10 mg/mL. UV Visible spectroscopy data were obtained using
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Fig. 1. Interaction of NIC within the developed soluble nanohybrids: a) full FT-IR spectra and b) carbonyl region-specific spectra of various samples such as control
NIC, BSA, PEG, BSA-NIC NPs, and PEG-BSA-NIC NPs; c¢) proposed interaction of NIC with BSA, and PEG in the nanohybrids; d) proton NMR characterization for BSA,
NIC, PEG, BSA-NIC NPs and PEG-BSA-NIC NPs respectively. The — indicates the downfield whereas the — represents the upfield pheneomenon in the samples.

JASCO-V630 Spectrophotometer (Easton, MA, USA), and the freeze-
drying was carried out with ILSHIN BIOBASE (Gyeonggi-do, South
Korea) South Korea) at —53 °C. The field emission scanning electron
microscopic (FE-SEM) analyses for various samples were done using a
Sigma 300 (Carl Zeiss, Oberkochen, Germany) field-emission scanning
electron microscope. The samples at a concentration of 1 mg/mL in
distilled water were used for this. The prepared samples were dropped
onto silicon wafer using 20 pL pipette and dried under ambient condi-
tion. Release studies were done using temperature controlled dissolution
apparatus (DST-810 lab fine INC, Seoul, South Korea).

2.10. Statistical analysis

The statistical significances of the differences were evaluated with a

two-tailed Student’s t-test. P value < 0.05 was considered as statistically
significant.

3. Results
3.1. Synthesis and characterization of NIC-nanohybrids

NIC nanohybrids such as BSA-NIC NPs and PEG-BSA-NIC NPs were
synthesised using a very simple co-acervation technique [45]. The in-
teractions between NIC, BSA, and PEG were confirmed using FT-IR an-
alyses. As shown in the Fig. 1, the characteristic peaks for NIC was found
at 3577 and 1210 cm ™! respectively. These NIC characteristic peaks
were assigned for —-NH strtetching and —~OH in plane bending respec-
tively. These two main peaks of NIC were absent in both BSA-NIC and
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PEG-BSA-NIC NPs, possibly due to their involvement in hydrogen
bonding interaction [46]. In addition, the methylene peak in the NIC
was absent in both BSA-NIC and PEG-BSA-NIC NPs confirming that
hydrogen bonding could be achieved through this functional group [47].

On the other hand, BSA stabilization of NIC was further confirmed by
noticing the characteristic peak shifts compared to the control BSA
alone. As per reported literature, BSA has characteristic peaks at ~1656
(Amide I, mostly due to the carbonyl (C=O0) stretching vibration of the
peptide linkages and stretching vibration bands of —OH groups), 1537
(Amide II, mostly from the in plane bending vibration of N—H and
stretching vibrations of C—N bond), and ~ 3300 cm’l, amide A (mostly
stretching vibrations of —NH bond), respectively) [48]. It was noted
that all the Amide-I and II bands were perturbed to either lower or
higher wavelength (Fig. 1), indicating the changes in their secondary
protein structure, owing to the well stabilization of NIC by BSA mole-
cules as indicated in Fig. 1c.

PEG coating on BSA-NIC NPs was finally confirmed by observing the
charactersitic peak shifts of PEG bands. From the FTIR, it was clear that
PEG had the characteristic bands at 2929 cm ™, 2888 cm ™!, 1342 cm ™,
1242 cm™! and 1100 cm™! respectively. The innate absorption peaks
corresponding to the PEG such as C—O—C (antisymmetric stretching,
1342 cm™!) with slight reduced intensities and complete disappearane
of —OH characteristic peaks at 3455 cm ™! indicate a successful PEG
coating on the BSA-NIC NPs. In addition, the C—OH peak at 1100 cm !
was still retained in the FT-IR spectrum of PEG-BSA-NIC NPs indicating
the possibilities of H-bonding with BSA-NIC NPs [49]. Similarly, C=0
peak (1723 cm 1) in the FTIR spectrum of PEG-BSA-NIC NPs was moved
to lower range indicating its involvement in the H-bonding. In addition,
the characteristic PEG peak around 2888 cm ™! corresponds to single
bond CH; stretching vibration was completely vanished possibly due to
the H-bonding with BSA-NIC NPs. As mentioned before, the specific
band at 1110 cm ™! in both PEG and PEG coated BSA-NIC NPs remains
unchanged indicating the presence of PEG surface coating. The band at
1281 cm™! corresponds to C—O stretching vibration in PEG molecule,
which was less intensified after coating with BSA-NIC NPs. The band at
1242 cm™! in PEG corresponds to CHs twisting, and it has got less
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intensified in PEG coated BSA-NIC NPs, possibly due to a hydrogen
bonding [50].

Further, the FT-IR analyses were validated with the proton NMR data
(Fig. 1d, the raw data are shown in supporting Fig. S4). After coating
with BSA, the aromatic protons in the NIC were shifted indicating its
participation in the H bonding. On the otherhand, the —NH proton in
the NIC was shifted to upfield region from 11.4 to 9.0 ppm in the NMR
spectrum of BSA-NIC NPs while PEG-BSA-NIC NPs had ~8.9 ppm
respectively. In addition, the aromatic protons in NIC were upfield
shifted after BSA and further PEG modification, clearly indicating that
NIC molecules could be trapped within the BSA drug sockets. On the
other hand, in BSA-NIC NPs, the aromatic protons corresponding to BSA
molecules were downfield shifted inicating that there was a successful
coating of BSA on the NIC NPs. Whereas, the PEG coating lead to
downfield of its characteristic —CHy and —OH protons to higher ppm as
indicated in the Fig. 1d. For example, the —CH> peaks originating from
the repeat units of PEG, ie, —(CH,CH,0),, at ~3.7-3.9 ppm and —OH
peaks (4.1-4.6 ppm) were downfield shifted 4.28 and 5.7 respectively
[51,52]. This clearly indicating that PEG molecules can be coated on the
surface of BSA-NIC NPs via a strong hydrogen bonding interaction. The
aromatic protons in BSA were additionally upfielded in the NMR spec-
trum of PEG-BSA-NIC NPs, indicating the possibility of well coated PEG
molecules on its surface.

3.2. Particle size and FE-SEM analyses

The DLS analyses showed that both BSA-NIC and PEG-BSA-NIC NPs
had optimum size in the range of <150 nm. However, after PEG coating,
BSA-NIC NPs reduced significantly low particle size from 153 +
2.61-110 + 3.67 nm (Fig. 2a, b). This might be due to the PEG coating,
wherein it can well stabilize the particle. In fact, it is well known that
PEG coating can reduce the particle size mainly due to its capping na-
ture. Thanks to the hydroxyl groups in PEG which can reduce the
agglomeration via capping effect [53,54]. On the other hand, the
pB-cyclodextrin NIC nano formulation had shown ultra small particle size
(Fig. S5).
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Fig. 2. Particle size analysis by DLS: a) BSA-NIC NPs; b) PEG-BSA-NIC NPs; and c) zeta potential and d) UV analysis and e) & f) shows colloidal stability of various
samples such as NIC NPs, BSA-NIC NPs, and PEG-BSA-NIC NPs respectively. (e-without laser and f-with laser-Tyndall effect).
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The zeta potential for control NIC NPs was found to be around -27.03
+ 3.69 mV, whereas the BSA-NIC NPs showed almost similar zeta po-
tential as that of control NIC NPs (—32.19 4+ 1.39 mV). This could be
mainly because of the interaction between NIC and BSA, indicating that
either BSA must have coated on the surface or NIC could be get inside
the drug sockets of BSA. On the other hand, PEG coating on the BSA-NIC
NPs shifted the zeta potential significantly towards a lower values
(—16.55 £ 0.75 mV) (Fig. 2¢). This indicated a proper coating of PEG on
the surface of BSA-NIC NPs. All the NPs were stable right after they were
prepared freshly, as shown in the Fig. 2e with a good Tyndall effect on
laser exposure (Fig. 2f).

Further, UV analysis was done on various samples including NIC,
BSA-NIC and PEG-BSA-NIC NPs in order to understand whether there
was any characteristic peak shift for NIC, before and after modification
with BSA, and PEG. UV spectra showed a major characteristic band for
BSA at 277 nm, originated from the aromatic amino acids (Trp, Tyr, and
Phe) and backbone (n — =n* transition, peptide bond) of BSA. NIC
showed its characteristic peak at ~345.5 nm in water, whereas, BSA
showed its specific peak at 277 nm. On modification with BSA, the BSA-
NIC hybrids were able to maintain their individual peaks at 279 (BSA)
and 340 nm (NIC). The slight blue shift of NIC absorption from 340 to
345.5 nm indicated their encapsulation in the BSA (Fig. 2d). Similarly,
the NIC peak (340 nm) was blue shifted to 342 in PEG-BSA-NIC NPs as
well. Moreover, the BSA bands were slightly shifted on modification
with BSA and PEG (Fig. S6), indicating their secondary bonding might
have affected on NIC loading through H-bonding.

It should be noted that BSA is globulin molecule having large mo-
lecular size with loose structure, entailing its hydrophobic cavities for
drug loading or encapsulation. When poorly water-soluble NIC mole-
cules were added, BSA could interact with NIC through the hydrogen
bonding, resulting in compact molecular self-assembled structure. On
the other hand, when NIC molecules get into the drug sockets of BSA, its
total conformation would have changed. This protein-disrupted struc-
ture of BSA suggests that the conformation of BSA might have changed
through a strong interaction between BSA and NIC [55].

Further, we analyzed the morphology of developed BSA-NIC and
PEG-BSA-NIC NPs by FE-SEM. The particle size obtained from DLS
measurements were almost matched with the FE-SEM results shown in
the supporting Fig. S7 with very small average particle size. The rod
shaped morphology could be due to a thermodynamically more stable
structure of the PEG-BSA-NIC NPs [56]. The elongated NIC structures
(Fig. S7a) were cut down into smaller pieces of <150 nm, indicating that
BSA and PEG modification would enhance their solubility for better
in-vitro and in-vivo therapeutic outcome. It should also be noted that
SARS-CoV-2 viral particles were reported to possess a size <100 nm.
Therefore, in order to adsorb such small sized virions, it is important to

—
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match with their size in the optimum range. We expect that our rod
shaped, PEG-BSA-NIC NPs might be a good strategy in this context. In
addition, the rod shaped NPs reported to possess better blood circulation
than the spherical NPs [57].

3.3. In-vitro solubility and stability

The major problem associated with NIC has been its solubility.
Therefore, our most important priority was to improve its solubility by
modifying with BSA and PEG moieties. Here, compared to the NIC NPs
alone, the powdered BSA-NIC NPs and PEG-BSA-NIC NPs were readily
solubilized in water as shown in the Fig. 3. In addition, a real time video
footage was given in the supporting information as Video S1 (https://dr
ive.google.com/file/d/1pRcZUSQobEPQZIPeZ7kFXSjMUNCqu8zp/
view?usp=sharing) and Video S2 (https://drive.google.com/file/d/1_w
25HSD-lwiPH2zSCGZo8cwrfVVesfgr/view?usp=sharing), which clearly
shows the readily water soluble characteristic property after modifying
with BSA and PEG.

Further, we have checked a long-term stability of NIC-nanohybrids at
three different conditions such as room temperature (RT), refrigerator (4
°C) and with 3 % serum. As observed in the Fig. 4, both BSA-NIC and
PEG-BSA-NIC NPs could retain the particle size pretty well over 3 weeks.
Whereas the NIC-NPs showed irregular size as per DLS along with very
high poly dispersity indices (Fig. S8). It is worthy to mention that even
after 3 weeks, all the samples showed very good stability in terms of PDI
(poly dispersity index) and Tyndall effect as shown in Supporting
Figs. S8 and 9.

However, the particle size for the NIC NPs were unstable especially in
the room temperature and refrigerator conditions after two weeks
whereas, in the serum conditions they were stable, with large particle
size (<500 nm). In addition, the PDI values for control NIC NPs were
irregular indicating that they could be destabilized in the solution form,
necessitating a proper coating, as we demonstrated in the present study.
On the other hand, even though, both BSA-NIC and PEG-BSA-NIC NPs
were stable at three different conditions as mentioned, the particle size
seemed increasing from week 1. Therefore, it is advised to store the
formulation as a freeze-dried powdered form rather than in a solution
form. In a clinical aspect, therefore, we recommend to keep these for-
mulations in powder samples until it can be reconstituted in the desir-
able intravenously injectable solution (IV solution).

3.4. In-vitro drug release studies

Table S1 shows the details of NIC contents in various injectable
samples. After understanding the drug contents, we conducted in-vitro
drug release studies using two samples such as BSA-NIC NPs and PEG-

Fig. 3. Readily water soluble NIC-Nanohybrids. a) Lyophilized powder form for BSA-NIC NPs after 48 h, b) its readily soluble form in water; c) lyophilized powder
form for PEG-BSA-NIC NPs after 48 h and d) its representative image showing readily soluble characteristics in water.
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Fig. 4. In-vitro stability of NIC and its nanohybrid formulations by particle size variation in DLS. a) NIC NPs; b) BSA-NIC NPs and ¢) PEG-BSA-NIC NPs under room

temperature, 4 °C and serum conditions from day 1 to 21 (n = 3).

BSA-NIC NPs with two different ratios such as 2:5 and 1:40 (NIC:BSA
ratio). These two formulations with different concentrations of BSA
were tested in order to understand how BSA concentration would ac-
count for the drug release pattern. As shown in Fig. 5, it was obvious that
both NPs were stable in serum conditions and thereby better release
pattern under serum conditions than that at non-serum buffer (pH 7.4).
It was noted that the BSA concentration had slightly improved the
release pattern under serum conditions (Fig. 5b). This might be attrib-
uted for the high stability of NIC hybrids with higher amount of BSA,
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Fig. 5. In-vitro NIC release under serum and non-serum conditions using pH 7.4
solutions. a) BSA-NIC (2:5) NPs and b) PEG-BSA-NIC NPs (1:40) respectively (n
= 3, **p < 0.05).

which was further improved under serum conditions. Approximately
~80 % NIC was released under the serum conditions from 1:40 ratio
sample with PEG coating, indicating that NIC molecules could be better
solubilized in the presence of BSA and PEG. Previously there have been
such reports for better drug release profile by BSA stabilization [58]. In
addition, BSA [59] as well as PEG modified NPs [60] can show a
controlled release pattern as well.

3.5. In-vivo pharmacokinetics

Finally, the as made PEG-BSA-NIC NPs were tested for in-vivo
bioavailability using rats. The samples were injected into female
Sprague-Dawley rats at 2 mg/kg as mentioned previously. Fig. 6 rep-
resents the plasma concentration-time profiles for NIC from PEG-BSA-
NIC NPs and control NIC formulation. From the PK data, it was very
clear that, the Cp,q could be attained in the plasma very quickly in 15
min. Obviously the rapid absorption might be due to the direct delivery
of NIC in the blood stream. This systemic circulation almost instanta-
neously sustained until 6 h though the NIC concentrations were retained
below 50-100 ng/mL. Compared with the PK profile of control
formulation, NIC (dissolved in organic solvent), PEG-BSA-NIC NPs
seemed helping to maintain the NIC concentration in blood for a long
time.

On the other hand, the control NIC formulation cleared very quickly

4-
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Fig. 6. In-vivo plasma concentrations of NIC followed by a single administra-
tion of intravenous injection (2 mg/kg) in rats from PEG-NIC-BSA NPs and NIC
control formulation respectively.
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from the body within 2 h indicating the poor stability thereby low ab-
sorption of NIC than the PEG-BSA-NIC NPs. The sustained circulation
until 6 h could be due to the physical coating of PEG molecules. It is well
known that PEG modification could effectively improve the blood cir-
culation by inhibiting the opsonin adhesion, thereby escaping the
phagocytic capture [61].

As shown in Fig. 6, the mean area under the concentration-time
curve (AUC-last) was calculated to be 375.49 + 63.27 (ng h/mL). The
detailed PK parameters were given in the Table 1.

Table 1, shows that PEG-BSA-NIC NPs were able to maintain the
plasma concentration of NIC quite longer time in comparison with the
control NIC formulation. Though the AUC was slightly higher for the
B-cyclodextrin-NIC control formulation, their t;,, was very low and
therapeutically irrelevant. On the other hand, it is worthy to say that
PEG-BSA-NIC NPs could improve almost ~8.35 fold higher t; /» than the
control NIC formulation. The AUC value for control NIC formulation was
quite higher 552.40 + 303.76 ng-h/mL, while they showed very low t; /2
(0.15 £ 0.02 h). On the other hand, the both PEG-BSA-NIC NPs and
B-cyclodextrin-NIC control formulation exhibited same tpay of 0.25 h
with high Cpqy for the PEG-BSA-NIC NPs (904.76 + 117.52 ng/mL). It
should be noted that a maximum NIC concentration from PEG-BSA-NIC
NPs was achieved in a sustained manner as the t; 5 was very high (1.28
+ 0.41 h). This sustained plasma NIC concentration might be beneficial
for achieving better anti-COVID therapeutic outcome than the control
sample.

4. Discussion

The present pandemic situation is an emergency as the daily COVID-
19 cases are surging worldwide under the 4th wave. Despite of the
worldwide vaccination strategies, where it can only prevent the dis-
eases, there are millions still suffering with COVID-19, especially with
the newly mutated delta [62-64] and lambda variants. In particular, old
aged group with existing health issues such as diabetes and cardiovas-
cular diseases are vulnerable. Therefore, a proper anti-COVID-19 ther-
apeutic strategy is of great scope. However, finding a completely new
medication has always been a challenge. On the other hand, there have
been several potential drug candidates, with negligible bio-availability
owing to their poor water solubility. The present drug candidate, NIC,
in our study is such a candidate. Here our main challenge is to improve
NIC solubility and eventually achieve anti-viral effects.

Firstly, the major reason for choosing BSA was to improve the drug
solubility of NIC. Previously, Chen et al. (2018) reported stabilization of
poorly water soluble curcumin by BSA [65]. Secondly, to utilize BSA as a
specific targeting agent for the infected sites under hypoalbuminemia
condition due to the SARS-CoV-2, which has been well reported,
particularly in severely affected patients [66]. For example, Huang et al.
(2020) found that hypoalbuminemia could result in poor prognosis in
COVID-19 patients [67].

In this aspect, BSA itself could be selectively taken up by the infected
cells. Hypoalbuminemia majorly observed in patient with diabetes [68]
and cardiovascular diseases [69], and these groups are highly prone to

Table 1
PK parameters of PEG-BSA-NIC NPs and control NIC formulation after a single
intravenous administration into rats.

PK parameters PEG-BSA-NIC NPs Control cyclodextrin-NIC NPs

*AUC (s (ng h/mL)
AUCnfinitey (ng h/mL)
*Crmax (ng/mL)

375.49 + 63.27
378.18 + 62.98
904.76 + 117.52
0.25 + 0.00
1.28 £ 0.41

552.40 + 303.76
565.07 + 311.07
723.67 + 345.83
0.25 £ 0.00
0.15 + 0.02

* AUC- Area under the curve.

- Cinax - maximum plasma concentration.
" tmax -time required to reach Cpax.
" t;2 - elimination half-life.
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COVID-19, leading to mortality. Hypoalbuminemia condition leads to a
poor prognosis in 80 % of the non-surviving COVID-19 positive patients.
This could be due to the fact that serum albumin maintains plasma
oncotic pressure and function as a vehicle for different endogenou-
s/exogenous compounds. Even though hypoalbuminemia is not
considered as a cause of underlying pathology, it is more like a condi-
tion, therefore, albumin based strategical therapeutic approaches would
be highly advantageous for COVID-19.

In the present study, it was very clear that poorly soluble NIC drug
was able to be readily water-soluble after albumin coating, and PEGy-
lation, indicating its successful i.v. formulation, for the first time (Video
S1 & S2). However, in the previously reported oral formulation (200
mg/kg) for anti-cancer therapy, the in-vivo PK performance was deter-
mined to be below 100 ng/mL [70]. In fact we achieved almost the
similar PK profile with the readily water-soluble i.v. formulation at the 2
mg/kg dosage, and therefore, this might be advantageous to have better
anti-COVID outcome in clinical model.

Another highlight in our case was the smaller particle size < 150 nm,
particularly for the PEG-BSA-NIC NPs, and this could be beneficial for
easy adsorption on the virus with similar size, thereby better internali-
zation within the host cells. The SARS-CoV-2 has less than 200 nm
particle size [71]. The comparatively low availability of our intrave-
nously injected PEG-BSA-NIC NPs might be associated with
non-hypoalbuminemia condition in the normal rats.

It should be noted that, injectable formulations were hardly explored
for NIC. The major studies reported were PEG covalently modified with
NIC, which was developed for cancer therapy to treat SKOV-3 tumor
xenograft in NOD/SCID mouse [72]. Even though, their PK studies
showed less than 50—100 ng/mL of NIC plasma concentration, the NIC
formulation (by electro spraying) was able to induce antitumor efficacy
in SKOV-3 xenograft model indicating that, the present PEG-BSA-NIC
NPs might be therapeutically beneficial for viral infected cells too.

In many of the reported studies related to screening FDA approved
drug candidates for SARS-CoV-2 virus, the methodology related to drug
formulation was not mentioned clearly (Fig. S10). In that context, a
readily water/biological fluid (Culture media) soluble NIC formulation
is of great relevance.

In the future studies, we will be analyzing how these readily soluble
NIC nanohybrids could target the SARS-CoV-2 infected sites under
hypoalbuminemia condition? We hypothesize that a damaged glyco-
calyx could lead to hypoalbuminemia condition there by higher chance
of cellular intake of albumin coated NPs. In addition, we hypothesize
that when albumin coated NIC nanohybrids bind with the viral particles,
it could easily enter the infected cells allowing intra cellular anti-viral
mechanism.

Under an injury or sepsis condition associated with COVID-19, gly-
cocalyx damage was reported to be dominant, meaning that viral par-
ticles could easily get into host cells as the barrier is already damaged. In
addition, the hypoalbuminemia condition could lead to an enhanced
cellular uptake of serum albumin coated NIC nanohybrids. Our future
studies on the present nanohybrids will be oriented on this aspect with
the SARS-CoV-2 infected model (Scheme S1).

5. Conclusions

We successfully developed highly water soluble and injectable PEG-
BSA-NIC NPs, having optimum particle size <150 nm. The in-vitro
characterizations such as FT-IR, NMR, DLS and zeta analyses clearly
showed the successful PEG coating on BSA-NIC NPs. The present
injectable formulations were stable for 3 weeks under ambient condition
at room temperature and at 4 °C in refrigerator, and in serum. Further,
the in-vitro NIC release from PEG-BSA-NIC NPs was significantly higher
even in the serum condition. Compared to the previous studies related to
intraperitoneal NIC formulation [12], we were able to make an i.v. one,
for the first time, which was readily water soluble, resulting in improved
bioavailability. In addition, the average particle size of PEG-BSA-NIC
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NPs lower than 150 nm, as determined by the DLS method (Fig. 2), could
be considered as an ideal one for injectable solution. Their thickness
could also be estimated from the SEM study (~20 nm in diameter in
Fig. S7), which was significantly smaller than the previous reports on the
NIC formulation with a size of ~100 nm in diameter and ~500 nm in
length [72]. According to the PK studies for the present PEG-BSA-NIC
nanohybrid drug and the control NIC formulation, the plasma concen-
tration of NIC for the former was determined to be less than 100 ng/mL,
whereas its t; /5 value was greatly improved to be 1.28 h, which was
~8.35 fold higher than that of the latter, the control NIC (0.15 h). In
such a way the NIC concentration could be well sustained in the systemic
circulation and would be useful for treating COVID-19. We still believe
that our readily water-soluble NIC nanohybrids would be very effective
in clinical model of SARS-CoV-2 virus and we are on the way to un-
derstand how these NIC nanohybrids would enhance the therapeutic
outcome in a hypoalbuminemia model sooner.
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