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Abstract: The COVID-19 pandemic has made it clear that there is a crucial need for the design and
development of antiviral agents that can efficiently reduce the fatality rate caused by infectious
diseases. The fact that coronavirus mainly enters through the nasal epithelial cells and spreads
through the nasal passage makes the nasal delivery of antiviral agents a promising strategy not only
to reduce viral infection but also its transmission. Peptides are emerging as powerful candidates for
antiviral treatments, showing not only a strong antiviral activity, but also improved safety, efficacy,
and higher specificity against viral pathogens. Based on our previous experience on the use of
chitosan-based nanoparticles to deliver peptides intra-nasally the current study aimed to explore the
delivery of two-novel antiviral peptides making use of nanoparticles consisting of HA /CS and DS/CS.
The antiviral peptides were chemically synthesized, and the optimal conditions for encapsulating
them were selected through a combination of physical entrapment and chemical conjugation using
HA/CS and DS/CS nanocomplexes. Finally, we evaluated the in vitro neutralization capacity against
SARS-CoV-2 and HCoV-OC43 for potential use as prophylaxis or therapy.

Keywords: nanoparticles; peptides; SARS-CoV-2; chitosan; coronavirus

1. Introduction

The COVID-19 pandemic is an ongoing pandemic caused by the severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) [1]. It has affected over 700 million individuals
in more than 235 countries and has been responsible for the deaths of over six million
people worldwide [2,3]. The world has been affected by the COVID-19 pandemic since the
beginning of 2020, impacting the pace, form, and essence of daily life [4]. The pandemic
was exacerbated by the scarcity of effective treatments and the absence of vaccines [5].
Coronaviruses (CoVs) have a single-stranded RNA genome with a spike glycoprotein on
the surface and infect both animals and humans [6]. While vaccination is a useful method
to prevent viral infections, the availability, widespread use, and efficacy of vaccines in
eradicating the disease remain uncertain [7,8].

The increasing prevalence of viral resistance and the frequent emergence of viral
infections pose significant challenges for the use of antiviral agents. In response to the
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COVID-19 pandemic, the scientific community is working to develop new antiviral treat-
ments and effective vaccines. Nanoparticle-enabled delivery systems with antiviral agents
may offer a valuable solution, as their structure, composition, and functional properties
can be easily controlled [9-13].

Antiviral peptides (AVPs) have short and simple amino acid sequences and offer po-
tential as broad-spectrum antivirals [9,14]. They work by blocking viral infections through
binding and preventing the virus from accessing its host cell receptors or by attaching to
the virus itself and blocking the ability to bind to receptors [15,16]. They can also act as
inhibitors of viral proteases, preventing the formation of active viral proteins [17-20], or as
inhibitors of viral polymerases, disrupting the viral replication process [21]. The antiviral
bioactive peptides need to be properly formulated depending on the route of administration
and their target site [22,23]. In particular, the intranasal route enables the direct targeting of
the respiratory tract, which is the primary site of viral entry for respiratory viruses such as
SARS-CoV-2 and HCoV-OC43. This makes it an attractive alternative for the treatment and
prevention of respiratory viral infections. Our research team pioneered the development of
nanoparticles made of chitosan alone or in combination with other polymers and explored
their potential for the nasal administration of peptides and proteins [24-28]. This potential
was attributed to the capacity of these nanoparticles to load large amounts of peptide
molecules and also to their favorable interaction with the nasal mucosa.

Based on this background experience, the present study was aimed to evaluate the
effectiveness of intranasal delivery of two novel AVPs using biocompatible biopolymers
such as HA and CS. Recently, our group demonstrated that two small peptides, each
consisting of only three amino acid residues (TLH and VFI), exhibited an antiviral activity
against the two beta-coronaviruses used in the study, i.e., SARS-CoV-2 and HCoV-OC43;
meanwhile they reported no effect against alpha-coronavirus [29]. The two peptides
were derived from two recurring nucleotide strings present in different human pathogens,
including SARS-CoV-2. Then we synthesized the two derived peptides (hereafter indicated
as pep 1 and pep 2) and demonstrated that they were able to bind to the receptor binding
domain (RBD) of the spike protein, as indicated by molecular docking and biochemical
studies. The peptides had no cytotoxicity nor hemolysis activity, and a moderate stability
in human serum. We interestingly observed that both the peptides interfered with SARS-
CoV-2 infection: pep 1 (amino acids sequence: VFI) bound to the subunit 2 (52) of the spike
(S) protein, while pep 2 (amino acids sequence: TLH) bound to the subunit 1 (S1). On the
other side, only pep 1 exhibited an antiviral effect against HCoV-OC43 infection, probably
since it bound to an external site in the S protein, differently from pep 2, recognizing an
internal pocket.

The association of AVPs to the nanoparticles was performed through physical entrap-
ment or chemical conjugation [30,31]. The most promising formulations were evaluated for
in vitro neutralization of SARS-CoV-2 and HCoV-OC43 infections.

2. Materials and Methods
2.1. Materials

Protected amino acids, coupling agents (1-[Bis(dimethylamino)methylene]-'H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate, Hexafluorophosphate azabenzo-
triazole tetramethyl uronium, HATU, (Oxyma), and N-9-Fluorenylmethyloxycarbonyl
(Fmoc)-Rink amide amide aminomethyl-polystyrene (AM) resin used for peptide synthesis
were purchased from IRIS Biotech GmbH (Marktrewitz, Germany). Solvents, including
acetonitrile (CH3CN), dimethylformamide (DMF), trifluoroacetic acid (TFA), sym-collidine,
diisopropylethylamine (DIPEA), piperidine, tri-isopropyl silane (TIS), were purchased
from Merck (Milan, Italy). Chitosan (CS, hydrochloride salt, molecular weight (MW)
42.7 KDa and 88% deacetylation degree) was obtained from HMC+ (Halle, Germany). Dex-
tran sulfate (DS), (sodium salt, MW 8 KDa) was purchased from. (Toronto, ON, Canada),
4-maleimidobutyric acid, N-hydroxysuccinimide (NHS), diisopropyl carbodiimide (DIC),
and 1-[3-dimethylaminopropyl]-3-ethyl carbodiimide (EDC) from Sigma Aldrich (St. Louis,
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MI, USA) and Spectra/Por[R] dialysis tubing membranes from VWR (Radnor, Pennsylva-
nia, United States). Tris(2-carboxyethyl) phosphine hydrochloride (TCEP) was acquired
from Alfa Aesar (Kandel, Germany). Sodium hyaluronate (HA) 40 kDa (HA40) and
N-(2-aminoethyl) maleimide trifluoroacetate salt were obtained from Lehvoss (Hamburg,
Germany) and Phylcare (Makati, Manila, Philippines), respectively.

2.2. Chemical Synthesis and Purification of Peptides

Following the Fmoc method and employing HATU-collidine as coupling reagents,
peptides were synthesized on solid-phase on Rink-4-methylbenzhydrylamine (MBHA)
resin (loading 0.4-0.8 mmol/g) [32]. For peptide cleavage, a solution of TFA, TIS, and water
(95:2.5:2.5, v/v/v) were stirred for three hours at room temperature. The peptides were
then precipitated using cold diethyl ether, the pellets were reconstituted in a 75:25 v/v
solution of H,O and CH3CN and lyophilized. Reverse-phase HPLC (RP-HPLC) was used
to purify the crude peptides using a WATERS 2545 preparative system (Waters, Milan, Italy)
outfitted with a WATERS 2489 UV /Vis detector. Using a Jupiter C18 (5 um, 150 x 21.2 mm
ID) column, the purification step was carried out at 15 mL/min while monitoring the
absorbance at 214 nm. A linear gradient of 0.1% TFA in CH3CN from 5% to 70% was
applied for 15 min.

2.3. Peptide Characterization

The identity of peptides was assessed by liquid chromatography-mass spectrometry
analysis (LC-MS) using an electrospray ionization time-of-flight mass spectrometry (ESI-
TOF-MS) Agilent 1290 Infinity LC System coupled to an Agilent 6230 TOF-LC/MS System
(Agilent Technologies, Cernusco Sul Naviglio, Italy). The LC Agilent 1290 LC module
was coupled with a photodiode array (PDA) detector and a 6230 TOF-MS detector, along
with a binary solvent pump degasser, a column heater, and an autosampler. LC-MS
characterization of peptides was performed using a C18 Waters XBridge column (3 pm,
4.6 x 5.0 mm), applying a linear gradient of CH3CN/0.05% TFA in water/0.05% TFA from
5 to 70% in 15 min, at a flow rate of 0.2 mL/min. The relative purity of peptides was
calculated as the ratio of the peak area of the target peptide and the sum of areas of all
detected peaks from the UV chromatograms at 210 nm. The purity of all tested peptides
was over 95%.

2.4. Screening of Blank Nanoparticles (NPs)

For CS/DS NPs and CS/HA NPs, mass ratios of 1:0.5 to 1:3 and 1:0.5 to 1:4 were
screened respectively and in CS/DS NPs; an equal volume (0.5 mL) of aqueous solution of
CS (1 mg/mL) was added to an aqueous solution of DS (0.5 to 3 mg/mL) under magnetic
stirring (700 rpm) and mixed for 10 min. For CS/HA NPs an equal volume (0.5 mL) of
an aqueous solution of CS (1 mg/mL) added to an HA aqueous solution of HA (0.5 to
4 mg/mL) were mixed at 700 rpm under magnetic stirring for 10 min and stood for 10 min.

2.5. Encapsulation of Peptide by Physical Entrapment Method
2.5.1. CS/DS NPs

A volume (0.5 mL) of an aqueous solution of CS (1 mg/mL) containing the pep-
tide (10 mg/mL) was added to a volume of an aqueous solution of DS (0.5 mg/mL and
3 mg/mL) and mixed at 700 rpm under magnetic stirring for 10 min. Before character-
ization, the formulation was stood for 10 min. The program Zetasizer 7.13 (Zetasizer ®
NanoZS) was used to quantify the zeta potential, polydispersity index (PDI), mean par-
ticle size (Z-average), and zeta potential. The encapsulation efficiency was calculated by
determining the non-encapsulated peptide using LC/MS.

2.5.2. CS/HA NPs

A volume (0.5 mL) of an aqueous solution of CS (1 mg/mL) containing the peptide
(10 mg/mL) was added to a HA40 aqueous solution (1 mg/mL), and the mixture was



Pharmaceutics 2023, 15, 1621

40f18

mixed at 700 rpm while being stirred magnetically for 10 min. The encapsulation efficiency
was calculated by determining the non-encapsulated peptide using LC/MS.

2.6. Conjugation of CS-HCI [CS] Salt and Maleimide Butyric Acid (MBA)

The main amines of CS (CS-NH;) and the carboxylic acid groups of maleimide butyric
acid (MBA-COOH) were conjugated to create CS-MBA with the aid of systematically pre-
pared coupling agents, N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC). Using a proton-nuclear magnetic resonance (NMR), the degree of
substitution (DS = 2.36%) was calculated. The resulting combination was dialyzed using a
membrane (MWCO-7500) and the sample was sent for TH-NMR analysis.

2.7. Conjugation of pep 1 to Modified CS-MBA

Peptides have been conjugated with modified CS-MBA, and in this instance, thiol-
maleimide chemistry was used to link the peptide with the modified polymer after distinc-
tive peaks were seen in the conjugate’s NMR spectra. CS-MBA was dissolved in an aqueous
solution of 2-(N-morpholino)ethanesulfonic acid (MES) buffer 50 mM at a concentration
of 12 mg/mL and to that pep 1 at a concentration of 1 mg/mL was added. It was stirred
for 1 h at room temperature before being incubated from 20 to 24 h at 4 °C. The resulting
mixture was next dialyzed using a membrane (MWCO-7500), and a sample was sent for
'H-NMR analysis using the DRX-500.

2.8. Conjugation of pep 2 to Modified CS-MBA

Peptides have been conjugated with modified CS-MBA by using thiol-maleimide
chemistry. In a changing environment, an aqueous solution of MES buffer 50 mM was
made and then conjugated CS-MBA was dissolved at a concentration of 12 mg/mL, and pep
2 was added. This mixture was stirred for 1 h at room temperature before being incubated
from 20 to 24 h at 4 °C. The resulting mixture was next dialyzed using a membrane
(MWCO-7500), and a sample was sent for 'H-NMR analysis using the DRX-500.

2.9. HA40 Conjugated with N-2-Aminoethyl Maleimide (AEM)

MBA was used to produce the conjugation of HA40-AEM. N-Hydroxy succinimide
(NHS) and 1-(3-dimethylaminopropyl)-3-ethyl carbodiimide (EDC) were used to activate
the carboxylic group of the polymer and to achieve a high degree of substitution. Conditions
were tuned for the desired number of AEM conjugated with the HA40 and several degrees
of substitution were tried. The following conditions were satisfied, and the resulting
mixture was dialyzed using a membrane (MWCO-7500) for the first cycle with NaCl and
other three cycles with water. The resultant mixture was diluted in water, and 'H NMR
analysis was carried out using a Bruker NEO 750 spectrometer. Mestre Nova software was
used in the spectral processing (MESTRELAB).

2.10. HA40 with AEM Conjugated with Peptides

Modified HA40-AEM has been conjugated with peptides. To do so, thiol-maleimide chem-
istry was employed. An aqueous solution of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer, 50 mM, was prepared to dissolve the HA40-AEM conjugate at a
concentration of 16.4 mg/mL. To it, pep 1 (2.4 mg/mL) was added in reducing condi-
tions adding 0.1 M tris(2-carboxyethyl)phosphine hydrochloride (TCEP). The result was a
thiol-free compound, which was supplemented to avoid the formation of disulfide bonds
between the peptide molecules. The resultant mixture was kept stirring for 1 h at room
temperature, and then incubated for 20-24 h at 4 °C. The mixture was then dialyzed with a
7500 MWCO) membrane (MWCO-7500) and the sample was analyzed by NMR using a
Bruker DRX-500 cactus spectrometer. The same procedure was followed for pep 2 while
2.4 mg/mL concentration was used.
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2.11. Preparation of the Nanocomplexes with CS

AEM carboxylic group was activated with EDC/NHS, and then the functionalized
amine group of HA polymer was chemically conjugated. This modified polymer was
then conjugated with peptide using the thiol of the peptide and the maleimide of the
polymer chemistry, which produced high conjugation efficiency. Finally, by mixing CS
with the modified HA-AEM-peptide, the free HA-peptide conjugate and HA-peptide/CS
nanocomplexes were created.

2.12. NP Characterization by DLS and Nanoparticle Tracking Analysis (NTA)

Dynamic light scattering was used to describe the PDI and DLS of the NPs. After a
10-fold dilution of the NPs in ultrapure water, the zeta potential values were calculated
by using laser Doppler anemometry (LDA). The Zetasizer NanoZS (Malvern Instruments,
Malvern, UK) was used to test both characteristics. The observations were made at a
detection angle of 173° and at a temperature of 25 °C.

2.13. Morphological Analysis

The NP suspension underwent morphological examination using field emission scan-
ning electron microscopy (SEM) (Zeiss Gemini Ultra Plus, Jena, Germany). A 1:100 dilution
of NPs in water was followed by a 1:10 dilution in phosphotungstic acid (2% in water). A
copper grid containing carbon films was covered with the sample, which was then allowed
to dry. The grids were then examined under a microscope after being cleaned with water.

2.14. Cells and Virus Culture

Vero cells (ATCC CCL-81, Manassas, VA, USA) were cultured in Dulbecco’s modified
eagle medium (DMEM) with 4.5 g/L glucose (Microtech, Naples, Italy), 100 IU/mL penicillin,
100 g/mL streptomycin (Himedia, Naples, Italy), and 10% fetal bovine serum (Himedia).
HCoV-OC43 was acquired from ATCC (VR-1558) and SARS-CoV- 2 (strain VR PV10734)
was kindly donated by the Lazzaro Spallanzani Hospital of Rome, Italy. Viruses were prop-
agated in Vero cells and maintained in small aliquots at —80 °C until use. All experimental
work involving SARS-CoV-2 was performed in a biosafety level 3 (BSL3) laboratory.

2.15. Cytotoxicity

Compound cytotoxicity was evaluated using the 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) assay (Sigma-Aldrich, St. Louis, MO, USA). In brief, Vero
cells were plated in 96-well plates at a density of 2 x 10* cells/well the day before the
assay. Then, NPs encapsulated with peptides (VFIC and TLHC) were tested at four different
concentrations (25, 50, 100, and 200 uM). After 48 h, MTT (5 mg/mL) was added to the
cells and left for 3 h. Dimethyl sulfoxide (DMSO, Sigma-Aldrich) was used to dissolve the
produced formazan salts. Cell viability was proportional to the activity of a mitochondrial
dehydrogenase, present only in metabolically active cells, and corresponded to:

[1—(absorbance 540 nm of treated cells — absorbance 540 nm of blank/absorbance 540 nm of control cells —

absorbance 540 nm of blank)] x 100

where absorbance of blank and control cells refer to the absorbance of solvent and not
treated cells, respectively. The experiments were repeated three times, and the results were
analyzed using GraphPad Prism software (GraphPad Software, San Diego, CA, USA).

2.16. Antiviral Activity

To understand whether NPs were able to inhibit coronavirus infectivity and specifically
their mode of action, two different assays were performed. The difference between the two
schemes of treatment is the timing of the addition of tripeptides [29].

(@) Co-treatment test. This is a screening assay to point out the antiviral compounds’ ac-
tivity as antiviral agents. Cells were seeded at 2.5 x 10 cells per well of a 12-well plate
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and cultured for 24 h at 37 °C before infection. Three duplicates of each experiment
were carried out. Then, each NP modified polymer with peptide and peptide alone,
was added to the cell monolayer (25-200 uM) at the same time as viral infection at a
multiplicity of infection (MOI) of 0.1 plaque forming unit (pfu)/cell for 2 h at 37 °C.

(b) Virus pre-treatment. This test is useful for evaluating whether each NP modified
polymer with peptide and peptide alone, can act directly on the viral particles. Each
peptide was added to the virus (1 x 10* pfu/mL) and incubated for 1 h at 37 °C.
After incubation, the mixture (virus/peptide) was diluted on cells and incubated
for two supplementary hours, so that the antiviral compounds reached a nonactive
concentration and the virus was at a MOI of 0.01 pfu/cell.

The plaque test was used to determine the infectivity inhibition rate by comparing
the number of plaques found in the wells treated with compounds with those found in the
positive control (cells infected with virus, without treatment). At the end of each assay, cells
were washed with citrate buffer (pH 3) and overlaid with carboxymethylcellulose (CMC,
Sigma-Aldrich) diluted in the culture medium for 48/72 h. Then, cell monolayer was
fixed with formaldehyde (Sigma-Aldrich) 4%, stained with crystal-violet (Sigma-Aldrich)
solution 0.5%, and the number of plaques counted.

3. Results
3.1. Peptide Synthesis and Characterization

The synthesis of peptides was carried out using the Fmoc strategy on the solid
phase. The C-terminus of peptides was amidated, while the N-terminus was left free.
The identity of the target peptides was confirmed through MS analysis. Detailed infor-
mation on the synthesis can be found in the Materials and Methods Section. Main peaks
eluting at retention times (tRs) of ~8.2 min and ~6.4 min for pep 1 and pep 2 respec-
tively (Figures 1A,B and 2A,B,) were noted. Their MWs at m/z 472.235 [M + HJ* and
494.271 [M + Na]* for pep 2, and 480.262 [M + H]* and 502.252 [M + Na]* for pep 1, were
recorded. Accordingly, their calculated MWs were 471.21 and 479.24 g/mol for pep 2
and pep 1, respectively (Figures 1C and 2C). The estimated purity of both peptides was
observed to be >95%.

A
x10?
1,5, DAD1-C:Sig=210,4 *8,224
1 |
0.5 |
0 v
-0.5
-1
B
XiO; +ESI TIC Scan Frag=200.0V *8,297
1,25 1L 12 2|3 3
1
0,75
0,257 | |
1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Response vs. Acquisition Time (min)
X105 +ESI Scan (8.0-8.4 min, 29 Scans) Frag=200.0V [M+ Na]’
2 502,2525
15
[M+ H]*

. ; 480,2625
: ] [l

0
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300

Counts vs. Mass-to-Charge (m/z)

Figure 1. LC-MS analysis of pep 1. (A) Representative HPLC-DAD registered at 210 nm. (B,C) TIC
and MS spectra. The tR value of the desired peptide was ~8.2 min. MS analysis showed the expected
mass at m/z: 480.262 [M + H]* and 502.252 [M + Na]*. The asterisk “*” indicates the chromatographic
peak containing the target peptide.
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Figure 2. LC-MS analysis of pep 2. (A). Representative HPLC-DAD registered at 210 nm. (B,C) TIC
and MS spectra. The tR value of the desired peptide was ~6.4 min. MS analysis showed the expected
mass at m/z: 472.235 [M + H]* and 494.271 [M + Na]*. The asterisk (*) indicates the chromatographic
peak containing the target peptide. The MS values reported in the figure represent values of the main
peak of the isotopic clusters.

3.2. Preparation of Blank NPs and Development of Peptide-Loaded Polysaccharide NPs

As previously described by our group, the physical entrapment method for CS/DS
and CS/HA NPs was used. Initially, blank NPs without peptides were prepared by
simply adjusting the ionic interaction of the cationic polysaccharide (CS) with negatively
charged polysaccharides (DS and HA) under mild conditions [33] (Table S1a,b). The size
and zeta potential of the blank NPs were found to be within the range of acceptable
values, indicating successful preparation of the blank NPs (Table 1). The mass ratio used
for CS:DS was 1:0.5 and 1:3 whereas for CS:HA mass ratio of 1:3 was used to entrap
the peptides. For efficient peptide encapsulation, the peptides were dissolved in the
cationic phase (CS solution) according to their isoelectric point (pI) by simply adjusting
the ionic interaction of the peptide and the polysaccharide (CS, DS and HA). The NPs
diameter and PDI were evaluated by diffraction laser spectroscopy. Its surface was noted
by electrophoretic mobility using a Zeta sizer Nano ZS90, software Zetasizer v7.13. Free
peptide after ultracentrifugation was calculated by LC-MS and the encapsulation (%) was
calculated as follows [34].

Encapsulation [%] = Total amount of peptide required during ultracentrifugation x 100

Table 1. Size, zeta potential and encapsulation efficiency calculated using LC-MS.

Encapsulation Efficiency Peptides

Nanocomplex Z-Average Size [nm] PDI Zeta Potential [mv]
pepl pep 2
CS/DS NP; [CS/DS] 1:0.5 [w/w] 9445 0.152 35 Less than 10% Less than 10%
CS/DS NP; [CS/DS] 1:3 [w/w] 168+ 5 0.21 -31 Less than 10% Less than 10%
CS/ HA NP; [CS/HA40] 1:3 [w/w] 175 +5 0.134 25 Less than 10% Less than 10%

As shown in Table 1, the physical entrapment technique resulted in poor encapsulation
of peptides (less than 10%). Hence, using the maleimide-thiol conjugation chemistry, a
different strategy called conjugation strategy was developed and used further.

3.3. Conjugation of CS-HCI and MBA with Peptides

The conjugation of CS-MBA was accomplished by linking the primary amines of
CS (CS-NH,) to the carboxylic acid groups of MBA-COOH through the use of coupling
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agents, NHS and EDC [35,36]. 1H NMR analysis led to the identification of a single
peak at 6.8 ppm corresponding to the two symmetrical protons of the maleimide ring
indicating desired substitution (Figure S1). The modified CS-MBA was then conjugated
with peptides and in this case, thiol-maleimide chemistry was applied to link peptides with
the modified polymer [37]. The NMR spectrum of conjugate exhibited characteristic peaks
with specific parts per million (PPM) compared to the pure spectra of pure compounds (see
Supplementary Material, Figures S2 and S3). The degree of substitution of pep 1 and pep 2
to modified CS-MBA was expected to be 90%, however 39% and 29.5%, respectively, could
be recovered. Using these results, peptides were conjugated with modified polymer HA
40 kDa with the maleimide group.

3.4. HA40 Conjugated with AEM

HA40-AEM was successfully synthesized via a one-post reaction. As schematically
represented in Figure 3, the carboxylic group of the HA polymer was activated with
the EDC/NHS reaction, and the functionalized amine group of AEM was chemically
conjugated with it [34]. Following overnight reactions, the crude mixture solutions were
purified by dialysis to remove excess of unreacted reagents and other by-products. The
reaction mixture was purified by dialysis, frozen, and lyophilized after an overnight
reaction. The conjugation was confirmed through 'H-NMR analysis, which showed a
single peak at 6.8 ppm for the double bond of the maleimide and specific signal peaks for
N-acetyl glucosamine at 2.1 ppm. The results are shown in Figures 4 and 5.
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Hyaluronic acid 1-(2-aminoethyl) Maleimide Hyaluronic acid + Maleimide

Figure 3. Reaction schemes of the EDC/NHS activated synthesis of HA + AEM [HA40- MAL].
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Figure 4. Pure spectra of (A) HA and (B) AEM. Red-colored peak indicated maleimide group, while
yellow-colored peak refers to N-acetyl glucosamine of sodium hyaluronate.
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Figure 5. Synthesis of HA40-AEM via one-post reaction. The degree of substitution at HA 40 kDa with
AEM was expected to be 20%; however, 7.428% could be recovered. Substitution the maleimide group
can be observed at 6.92 ppm. Red-colored peak indicated maleimide group, while yellow-colored
peak refers to N-acetyl glucosamine of sodium hyaluronate.

3.5. Modified HA4 with AEM Was Conjugated with Peptide

Modified HA40-AEM was conjugated with peptide using a thiol-maleimide chemistry
as schematically represented in Figures 6 and 7 [12,37,38]. The 'H-NMR spectrum of
the conjugate exhibited characteristic peaks as evident in Figure 8, marked with arrows.
An aqueous solution of 50 mM HEPES buffer was prepared to dissolve the HA40-AEM
intermediate at a concentration of 16.4 mg/mL. To it, pep 1 at 2.4 mg/mL was added.
Lastly, a 0.1 molar ratio of TCEP, a thiol-free compound that is highly effective in reducing
peptide disulfide bonds, was added [39,40]. The resultant mixture was constantly stirred at
room temperature for 1 h and then incubated for 20-24 h at 4 °C. It was then dialyzed with
a membrane (MWCO-7500) and a sample was sent for 'H-NMR analysis using a DRX-500
spectrometer. The same procedure was repeated for the other pep 2 (Figures 9 and 10).

¢
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OH
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H
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Figure 6. Overall systematic representation of modified polymer HA40-AEM conjugated with peptide

using thiol-maleimide chemistry.
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Figure 8. Modified HA40 with maleimide group further conjugated with pep 1. Substitution from 5H
proton spectra of benzene ring was observed at 7.41, 7.37, and 7.32 ppm. A peak of HA40 at 2.1 ppm

representing protons of CHj3 of N-acetyl glucosamine was also observed.
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Figure 9. Systematic representation of the modified polymer conjugated with pep 2.
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Figure 10. Modified HA40 with maleimide group conjugated with pep 2. Substitution occurred as
seen from 1H proton spectra of histidine at 8.69 ppm and 1H proton of histidine at 7.37 ppm. Peak of
HAA40 at 2.1 ppm which represents protons of CHz of N-acetyl glucosamine was also observed.

3.6. Preparation and Characterization of CS/HA-Peptide NPs

CS was combined with modified HA conjugated with peptides (HA-pep 1 and HA-pep 2)
to create nanocomplexes, which were characterized using DLS and NTA. The results are
reported in Table 2. Low concentration of HA-peptide at around 1 mg/mL—(500 pL) and CS
at 0.67 mg/mL (500 pL) resulted in small size (less than 200 nm) NPs (hereafter indicated as
Small NPs). However, other NPs were produced and concentrated using an Amicon filter-
30 kDa. DLS and NTA were performed pre- and post-concentration to check the disruption
of NPs while no change in size was reported. The recovery of these NPs was 80-82 % as
observed by lyophilizing the concentrated sample. High concentration produced larger
NPs (300-400 nm) with no sample loss (hereafter indicated as Large NPs).

Table 2. Physicochemical characterization of different CS/HA nanoparticle prototypes containing
the peptides linked to HA (n = 3). CS: chitosan; HA: hyaluronic acid; AEM: HA40 Conjugated with
N-2-Aminoethyl Maleimide.

Description of NPs

Dynamic Light Scattering (DLS) Malvern Zetasizer [n = 3]
Zeta Potential (mV)

Average Size (nm) Average Size (nm)

CS/HA-AEM-pep 1 (Small NPs-pep 1)

186 £+ 2.43

22 +1.23

190 + 4.39

CS/HA-AEM-pep 2 (Small NPs-pep 2)

184 +3.12

19 £1.46

180 £ 3.6

CS/HA-AEM-pep 1 (Large NPs-pep 1)

380 £ 5.1

31 +2.04

371+73

CS over HA-AEM-pep 2 (Large NPs-pep 2)

420 £ 6.2

27 £1.96

413 £ 84

Note: Small sized NPs PDI was <0.1 and large sized NPs PDI was <0.2.

3.7. Morphological and Toxicity Analysis of CS/HA Nanoparticles Containing
Peptides Linked to HA

The shape and size of the NPs were observed through FESEM images by using STEM
and InLens detectors (Figure 11). The results showed that the NPs were spherical in shape
with diameters consistent with the DLS analysis values. On the other hand, as shown
in Figure 12, the different prototypes showed near 100% cell viability at all the tested
concentrations. The results indicated that the HA /CS nanoparticles are non-cytotoxic up to
the concentration of 200 uM of each prototype. Our data are in agreement with what has
been reported in the literature [41]: the HA-CS NPs caused a high increase in cell viability
respect to the CS NPs in a wide range of concentrations up to 1 mg/mL. This could be
explained by the agglomeration of HA-CS NPs, charactered by negative charges rendering
them more stable and therefore less cytotoxic.
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Figure 11. Morphological characterization of the developed nano systems. Field emission scanning
electron microscopy (FESEM) images of (A) Small NPs-pep 1, (B) Small NPs-pep 2, (C) Large NPs-pep
1, and (D) Large NPs-pep 2. Scale bar: 200 nm.
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Figure 12. Cytotoxicity evaluation of NPs after 48 h of treatment of Vero cells. Ctr+ is medium, ctr—
is DMSO. Large NPs-pep lare NPs with high concentration of peptide, Small NPs-pep 1 are NPs with
less concentration of peptide, Large NPs-pep 2 are NPs with high concentration of peptide, Small
NPs-pep 2 are NPs with less concentration of peptide, HA-pepl and HA-pep 2 are the modified
polymers with peptides. * p < 0.0001.

3.8. Antiviral Activity

Antiviral activity of nanocomplexes was determined via plaque assays (Figures 13 and 14).
Different percentages of modified polymer conjugated with peptides were also tested
against virus infection (Figure S4). Two schemes of treatment were performed where
NPs were added at two distinct times on cell monolayers [29]: (i) in the co-treatment test,
compound and virus were simultaneously incubated on cells; (ii) in the virus pre-treatment
test, compound was first added on the virus, and then the resulting mixture was diluted
on cells In both the assays, the antiviral activity was dose-dependent, with increasing
concentrations leading to decreased viral plaque formation and reduced infectivity [42,43].
We observed that all the NPs exhibited higher antiviral activity compared to peptide alone
or modified polymer with peptide as indicated in Table 3 with the relative 50% inhibitory
concentration (IC50), and it was in accordance with the morphological characteristics of
NPs. However, the pep 2 derived-complexes showed little inhibition respect to the pep
1 counterparts. As expected, small-sized NPs of CS/HA containing the peptide linked to
HA depicted less antiviral activity compared to big-sized NPs because of the lower yield
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of NPs during the concentration process (recovery 80-90%). The results showed that the
large-sized NPs containing the pep 1 had better antiviral activity compared to Ivermectin
used as positive control, against both SARS-CoV-2 and HCoV-OC43 in both co-treatment
and virus pre-treatment tests. In addition, the antiviral activity of the pep 1 chemically
linked to the HA-containing NPs, was superior than the activity of the pep 2 chemically
linked to the HA-containing NPs. This results confirmed what we previously observed and
could be explained by the different sites recognized by peptide on the spike protein [29].

Co-treatment SARS-CoV-2

>

100 CTRL +
VIRUS
CTRL -
200 uM
100 uM
50 uM
25 uM

60

40

20+

oooEDDOD

% Inhibition of infection

Virus Pre-treatment SARS-CoV-2

w

CTRL +
VIRUS
CTRL -
200 uM
100 uM
50 uM
25 uM

100 *

80

601

404

oooEDDOm

20

% Inhibition of infection

Antiviral compounds

Figure 13. Antiviral activity of nanosystems against SARS-CoV-2. (A) Co-treatment assay; (B) virus
pre-treatment assay. pep 1 and pep 2 represent only peptide and HA-pep 1 and HA-pep 2 indicate a
modified polymer conjugated with peptide. Large-NPs-pep 1 and Large NPs-pep 2 are large-sized
CS NPs added over a modified polymer with a high concentration of peptide. Small NPs-pep 1 and
Small NPs-pep 2 are CS NPs added over a modified polymer with a low concentration of peptide.
Antiparasitic drug Ivermectin was used as a positive control, while empty NP, HA and chitosan were
used as negative controls. * p < 0.0001.

Table 3. IC50 of the tested compounds against SARS-CoV-2 and HCoV-OC43 in co-treatment and
virus pre-treatment assays.

Co-Treatment Assay Virus Pre-Treatment Assay
Compound IC50 (uM) vs. IC50 (LM) vs. IC50 (uM) vs. IC50 (uM) vs.
SARS-CoV-2 HCoV-0C43 SARS-CoV-2 HCoV-0C43
Empty NPs - - - -
Cs - - - -
HA - - - -
pep1 40 70 40 85
HA-pep 1 75 75 60 85
Large NPs-pep 1 30 30 20 30
Small NPs-pep 1 40 50 60 50
pep 2 75 - 100 -
HA-pep 2 75 - 85 -
Large NPs-pep 2 40 - 50 -

Small NPs-pep 2 50 - 60 -
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Figure 14. Antiviral activity of nanosystems against HCoV-OC43. (A) Co-treatment assay; (B) virus
pre-treatment assay. pep 1 and pep 2 represent only peptide and HA-pep 1 and HA-pep 2 indicate a
modified polymer conjugated with peptide. Large NPs-pep 1 and Large NPs-pep 2 are large-sized
CS NPs added over a modified polymer with a high concentration of peptide. Small NPs-pep 1 and
Small NPs-pep 2 are CS NPs added over a modified polymer with a low concentration of peptide.
Antiparasitic drug Ivermectin was used as a positive control, while empty NP, HA and chitosan were
used as negative controls. * p < 0.0001.

4. Discussion

Infection with SARS-CoV-2 poses a major threat to the healthcare and financial sector
around the world [44,45]. Despite of this, there are no effective SARS-CoV-2 therapeutic
drugs. Additionally, the vaccines effectiveness for emerging COVID-19 variants ranges
from 52 to 92%, which further suggests the need for effective SARS-CoV-2 therapeutic
drugs [46]. In this study we found thatthe activity of AVPs can be increased through
their association to nano-particles made of CS-HA. These results suggest that these NPs
may have the potential to be used as a therapeutic agent against COVID-19 following
intranasal administration.

Post SARS-CoV-2 infection, patients are more likely to experience pulmonary mucus
hypersecretion and mucus plugging, as the mucin gene is overexpressed due to pro-
inflammatory cascades [47]. This activates aryl hydrocarbon receptor signaling, resulting
in increased mucus production, impaired mucociliary clearance, airway obstruction, and
respiratory distress [48]. Hence, targeting mucus is a potentially viable approach for drug
delivery to the site with high viral load as reflected by pathophysiological conditions. More-
over, mucus serves as a barrier between infectious pathogens and the immune system [49].
Interestingly, CS NPs have been reported to exhibit an interaction with the nasal mucosa
and, therefore, may be a promising carrier for delivering AVPs directly to the virus particles
entrapped in the nasopharyngeal mucosa. In addition, our group found that by conjugating
biological molecules, such as mannose-derived polymers, influenza virus hemagglutinin
and neuraminidase, at the surface of NPs, improved their targeting to cells presenting
antigen (APCs) and cell penetration [50-53].

Peptides due to their high specificity toward the target can be delivered at relatively
low concentrations for therapeutic benefits [54]. Moreover, peptide-based inhibitors show
antiviral activity associated to improved safety, efficacy and higher specificity against viral
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pathogens [55]. Additionally, peptides are very susceptible to the surrounding conditions
and become unstable if conditions are not conducive [10,54,55]. Unfavorable conditions
within the human body, such as high temperature, pH, and salt concentration, cause con-
formational changes in peptide molecules, resulting in their inactive form [54]. Currently,
different nano systems have been developed and are classified as: (i) lipid-based nanocarri-
ers, such as liposomes; (ii) polymers, such as nanoparticles, dendrimers and micelles; (iii)
inorganic nanocarriers and (iv) hybrid nanocarriers [56]. Herein, we produced nanoparti-
cles made of CS and HA which have been shown to be promising carriers for the delivery
of biological drugs and antigens [50,52,53].

CS-based NPs have the potential to enhance the antiviral effects of the drug by favoring
their interaction with the nasal mucosa [57]. While using CS/HA, it was observed that 3-CS
depicts higher antiviral activity compared to «-CS possibly due to the parallel orientation
initiating a loosely compact intermolecular hydrogen bond network. This leads to an
enhanced immune response via participation of cytokine including interleukin-2, interferon-
«, interferon-f3, and tumor necrosis factor with an improvement in the overall efficacy of
the treatment. Additionally, CS has a positive charge that may enhance the electrostatic
interaction with negatively charged viral particles, thereby improving the antiviral activity.
The antibacterial and antifungal activity of nano systems conjugated with peptides has been
widely reported. Metal NPs conjugated with antimicrobial peptides (AMPs) showed strong
effects in killing bacteria and also interfering with bacterial biofilm due to the electrostatic
forces established between the cationic charge of the nano system and the negative charge
of membranes [58-60]. In addition, metal NPs can permeate across the bacterial membrane
via porins or passive diffusion and cause an efficient release of the peptide. To date, little is
known of the antiviral activity of AVPs complexed with nano systems.

Interestingly, in our current study, SARS-CoV-2 and HCoV-OC43 were successfully
neutralized using AVPs encapsulated in HA /CS nanocomplex. Furthermore, cytotoxicity
analysis indicated that the chemical synthesized HA /CS nanocomplexes were safe carriers
at concentrations up to 200 uM of nanosystem. Our data first confirmed what we already
observed in our previous study [29]: pep 1-derived nano systems were endowed of higher
antiviral activity against both SARS-CoV-2 and HCoV-OC43, compared to pep 2-derived
polymers. This result could be explained by the different sites that the two peptides were
able to recognize and bind the spike protein in two different located sites. Another impor-
tant data highlighted in the present study was that large nano systems showed a stronger
antiviral activity compared to small ones. This difference could be justified by a higher
yield of large-sized NPs obtained during the concentration process (recovery 80-90%).

5. Conclusions

The results of the study showed that CS and HA conjugated with peptide NPs have
strong antiviral properties and can be used as a template for the development of new antivirals
against SARS-CoV-2 and HcoV-OC43. The study suggests that these NP-peptide conjugates
could be potential therapeutics for treating SARS-CoV-2 and HcoV-OC43 infections.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 / pharmaceutics15061621/s1, Figure S1: Chitosan conjugated with
maleimide and modified polymer with VFIC and TLHC; Figure S2: Conjugation of modified CS with
maleimide to VFIC peptide; Figure S3: Conjugation of modified CS with maleimide THLC peptide;
Figure S4: Different percentage of conjugated sodium hyaluronate with maleimide with peptide
tested against SARS-CoV-2; Table S1: Screening of Blank Nanoparticles.
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