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Background: SARS-COVID-2 has recently been one of the most life-threatening problems 
which urgently needs new therapeutic antiviral agents, especially those of herbal origin.
Purpose: The study aimed to load acaciin (ACA) into the new self-assembled nanofibers 
(NFs) followed by investigating their possible antiviral effect against bovine coronavirus 
(BCV) as a surrogate model for SARS-COV-2.
Methods: ACA was identified using 1H-NMR and DEPT-Q 13C-NMR spectroscopy, the 
molecular docking study was performed using Autodock 4 and a modification of the 
traditional solvent injection method was applied for the synthesis of the biodegradable 
NFs. Different characterization techniques were used to inspect the formation of the NFs, 
which is followed by antiviral investigation against BCV as well as MTT assay using MDBK 
cells.
Results: Core/shell NFs, ranging between 80–330 nm with tiny thorn-like branches, were 
formed which attained an enhanced encapsulation efficiency (97.5 ± 0.53%, P<0.05) and 
a dual controlled release (a burst release of 65% at 1 h and a sustained release up to >24 h). 
The antiviral investigation of the formed NFs revealed a significant inhibition of 98.88 ± 
0.16% (P<0.05) with IC50 of 12.6 µM against BCV cells.
Conclusion: The results introduced a new, time/cost-saving strategy for the synthesis of 
biodegradable NFs without the need for electric current or hazardous cross-linking agents. 
Moreover, it provided an innovative avenue for the discovery of drugs of herbal origin for the 
fight against SARS-CoV-2 infection.
Keywords: acaciin, molecular docking, nanofibers, core-shell, BCV/SARS-COV-2

Introduction
The known compound acaciin, isolated from the Lamiaceous plant Ocimum 
menthiifolium,1,2 is a bioactive flavonoid with reported anti-oxidant and hepatoprotec
tive activities.3 Since several plant-derived flavonoids as apigenin, quercetin, and 
kaempferol proved diverse antiviral properties,4 acaciin was proposed to follow the 
same behavior5 and was subsequently investigated against SARS-CoV-2. Recently, the 
serious viral infection with SARS-CoV-2 has caused a global outbreak of coronavirus 
illness (SARS-COV-2)6 which needs a development of diagnostic and detection 
approaches.7,8 Noteworthy, recent strategies for fast determination and monitoring of 
pathogenic SARS-Cov-2 viruses and diagnosis of virus-induced diseases as DNA- 
sensors based on DNA-modifying enzymes were reported.9 Coronaviruses are categor
ized into 4 subfamilies: alpha, beta, gamma and deltacoronaviruses, where SARS-CoV 
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-2 belongs to the beta category.10 Betacoronaviruses maintain 
their integrity via four proteins: The E (envelop), 
M (membrane), N (nucleocapsid) and S (spike) proteins.11 

The latter with its binding sites helps viral attachment to the 
host cells via the cellular receptor (ACE2) (a key receptor for 
coronavirus entry) as well as the epithelial Sialic acid 
receptors12 on the epithelium of the respiratory tract, thus 
promoting its clustering and pathogenesis. The second step 
includes adaptation of the virus to its host by genome encod
ing which facilitates the expression of the genes that encode 
necessary accessory proteins. Fortunately, a high similarity 
percentage was observed between SARS-COV-2 and bovine 
coronavirus (BCV), both of which belong to betacorona
viruses. Supporting phylogenetic analysis of their 
genomes13 revealed that the difference was in their hosts, 
where BCOV causes gastrointestinal and respiratory tract 
disease in cattle14 while COVID-19 causes the same illness 
in human, both of which are directed towards the respiratory 
system.12 They attain the same backbone and binding site 
sequence of the main protease (Mpro) target,13 which is 
considered a key protein in their pathogenesis playing 
a critical role in their replication and maturation. 
Accordingly, the structural similarity and the common Mpro 

supported studying BCV as a surrogate model for SARS- 
CoV-2,15,16 especially with the presence of governmental and 

ethical issues.17 Our study started with a computer-aided 
drug design for the supposed antiviral potential of ACA 
which targeted the Mpro, which was followed by 
a nanoformulation to improve the bioavailability of the lipo
philic ACA. The NFs were fabricated via a modification of 
the solvent injection method, which is reported here for the 
first time, depending on the electrostatic interaction between 
the negatively charged lecithin phospholipid and the posi
tively charged chitosan polysaccharide. The main principle of 
their choice was due to their biocompatibility, biodegradabil
ity and absence of toxicity.18 The process utilizes the self- 
assembly approach which allows both lecithin and chitosan 
to assemble spontaneously by electrostatic interactions with
out using electric current, hazardous organic solvents or 
cross-linking agents.19 Finally, the ACA-loaded NFs were 
tested against BCV to reveal their effect on the virus devel
opment which depends on the mechanistic hindrance of viral 
entry to the cells, as well as inhibition of RNA replication.

Thus, the aim of our study is to investigate the anti- 
SARS-CoV-2 potential of the isolated flavonoid, ACA, 
loaded on NFs, via a modification of some parameters to 
enhance morphological and biological properties 
(Scheme 1). The resultant NFs attained a large surface 
area to volume ratio, a sustained drug release, a high 
production rate, a high safety with low cost.

Scheme 1 Graphical representation, (A) isolation of the compound, NMR analysis, ADME and docking studies, (B) fabrication of the NFs with solvent injection method and 
SEM analysis, (C) investigation of anti-viral activity of the NFs.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                       

International Journal of Nanomedicine 2021:16 1790

Mohamad et al                                                                                                                                                       Dovepress

http://www.dovepress.com
http://www.dovepress.com


Materials and Methods
Instruments Used
Brüker Avance 400 MHz NMR spectrometer (Germany) was 
used for NMR analysis. For NF characterization, 
a microscope with camera Leica, model: DM1000 (US listed 
microscope) with (LEICA EC3 digital camera), a UV spec
trophotometer (Jasco, Japan), a Nano Zeta Sizer (ZS) 
(Malvern Instruments, Malvern, UK), a particle sizer (Zeta 
sizer 3000 HAS; Malvern Instruments Ltd, Worcestershire, 
UK), a rotation viscometer (Brookfield-DVBT) and a DSC 
131 evo (SETARAM Inc., France) were utilized. For biolo
gical study, a confocal laser scanning microscope (CLSM) 
(model SP2; Leica, Mannheim, Germany) equipped with an 
environmental chamber was used.

Plant Material
Aerial parts of O. menthiifolium were collected from the 
National garden of Jazan in Jazan, KSA. The air-dried 
aerial parts (500 g) were extracted by maceration with 
95% ethanol, followed by concentration under pressure 
to a syrupy consistency (70 g). It was then suspended in 
water and successively extracted with petroleum ether, 
dichloromethane, ethyl acetate and butanol. The butanol 
fraction (6 g) was chromatographed on silica gel using 
ethyl acetate:methanol (70:30), followed by sephadex 
using methanol to give 4 fractions, from which the com
pound was precipitated, purified and analyzed.

Identification of the Isolated Compound
The compound was subjected to H1 and DEPT-Q-C13 

NMR analysis (Figure S1 a, b), and the obtained data 
were compared to previously reported data,20 as well as 
previous metabolomic investigation results.2

ADME Analysis
On the basis of canonical SMILES of the selected ligands 
obtained from PubChem, ADME properties of the studied 
compound were calculated using online SwissADME 
program.21 This software computes physicochemical as 
well as pharmacokinetic properties and the drug-like nat
ure of compounds, to detect their bioavailability via 
Lipinski’s rule of five.22 The values of the observed prop
erties are presented in Figure S2.

In silico Docking Study
Docking of ACA in the active site of SARS-CoV-2 
Mpro was performed using 6LU7 PDB code.23 The 

grid box used of 25*25*25Å3 was centered on the co- 
crystalized ligand with exhaustiveness of 16.0, and the 
3D images were generated using PyMOL.24 The struc
ture of ACA was downloaded from PubChem and sub
jected to energy minimization using 1000 steps 
following the steepest descent method, which was fol
lowed by 1000 steps of conjugate gradient algorithms 
on Avogadro software.24 Water molecules and non- 
protein residues in each enzyme were removed with 
the addition of hydrogens using PyMOL, followed by 
preparation of the proteins using Make Macromolecule 
command on PyRx.25,26 The RMSD value was reported 
using DockRMSD server,27 3D images were generated 
using PyMOL, while the 2D interaction maps were 
generated using LigPlot Plus.28

Synthesis of Self-Assembled ACA-L/Cs 
NFs
PVA, CMC, PPA and chitosan were tested with lecithin 
and the formed nanoformulations were investigated 
using a light microscope (Figure S3). NFs were formed 
only with the lecithin/chitosan combination, where nine 
different formulations, differing in the L/ACA concen
tration, were prepared according to the method 
described by29 with some parameter modifications. 
Lecithin 25, 50 and 70% (w/v) were dissolved in 
a 1:20 DMSO/water solution, in which ACA (5, 10 
and 15%) was dissolved to obtain different weight 
ratios. The chitosan aqueous solution was prepared by 
diluting a standard solution of 20% chitosan (w/v) in 
acetic acid (0.1% v/v), from which 2 mL were slowly 
injected into 8 mL of ACA/lecithin solution using 
a metal needle tube. The internal diameter of the syringe 
was nearly 0.1 mm, about 1–2 mm distant from the 
collector, where the injection rate was adjusted at 
1.8 mL h−1 under mechanical stirring of 1500 rpm for 
15 minutes. The resulting suspension was filtered 
through a filter membrane (0.8 μm) where α-tocopherol 
was added to the resultant filtrate (Table 1).

Light Electron Microscopy (LEM)
LEM is used for preliminary examinations of NF mate
rials during manufacturing,30 where the polymer sam
ples can be monitored even in the swollen state, the 
same as they appear in both in vitro and in vivo 
experiments.
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Characterization of Synthesized 
ACA-NFs
UV Spectroscopy
The UV absorption spectrum of both ACA/NFs and free 
ACA was obtained by a spectrophotometer in the range of 
200–700 nm at 1.0 nm intervals. Samples were measured 
in triplicates at 25 °C in a rectangular quartz cuvette with 
a 1 cm path length.

Zeta Potential and Particle Size Measurement
Zeta potential measures the electrical charges of the 
particles in nano colloids using a Nano Zeta Sizer 
through electrophoretic light scattering of the nanopar
ticles in an aqueous solution. Smoluchowski equation 
was employed to calculate the Ʒ-potential at 25°C, 
collecting scattered light at 15° every 10 times for 
each sample.31 Ʒ-potential values were expressed as 
mean and standard deviation of the nine measures 
obtained for the nine different formulations. Dynamic 
light scattering (DLS) was used to determine the par
ticle size of the NFs using a particle sizer at a fixed 
angle of 90° with a He-Ne laser of 633 nm at 25°C.

Viscosity
The viscosity of the polymer solutions was determined by 
a rotation viscometer at room temperature.

Entrapment Efficiency (EE) and Drug Loading (DL)
The NF solution was centrifuged at 4500 rpm for 60 min, 
then the amount of the entrapped drug in the supernatant 
liquid was detected using a UV spectrophotometer (Jasco, 
Japan) at a wavelength of 240 nm. The EE and DL of 

ACA/NF were calculated according to equations 1 and 2 
respectively:

EE ¼
Wentrapped drug

Winitial drug
� 100 (1) 

DL ¼
Wentrapped drug

WNPs
� 100 (2) 

Where W initial drug represents the initially added amount of 
the drug and W entrapped drug represents the amount of drug 
entrapped in the NFs. WNP represents the total weight of 
all components in the NFs.32

DSC Studies of the Free ACA and ACA-NFs
Differential scanning calorimetry (DSC) analysis of ACA, 
compared to ACA-NFs (1% w/w) was carried out, where 
the instrument was calibrated using the standards: 
Mercury, Indium, Tin, Lead, Zinc and Aluminum and 
employing Nitrogen and Helium as the purging gases. 
The test (for samples 1–7) was programmed at a heating 
zone from 25°C to 500°C and a heating rate of 10 °C/min 
(the heating zone was −50 to 200 °C for samples 8–10). 
The thermogram results were processed using CALISTO 
Data processing software v.149.32

In vitro Drug Release
The in vitro release of ACA from the corresponding NFs 
was performed using the dialysis membrane method.32 

One milliliter of NF suspension was transferred into dia
lysis bags with a molecular mass cutoff of 12,000 Da. The 
bags were then suspended in 40 mL of ethanol: phosphate 
buffer saline at the ratio of 3:7 (v/v) at 37°C ± 0.5°C, 
which was performed in a shaking water bath at pH 6.8 ± 

Table 1 Composition of Different Formulations of Acaciin-Loaded NFs Nanofibers

Formulations ACA (%) Lecithin (%) Chitosan (%) α-Tocopherol 0.1% Acetic Acid

ACA1 0.5 25 20 0.5 100

ACA2 0.5 50 20 0.5 100

ACA3 0.5 70 20 0.5 100

ACA4 1 25 20 0.5 100

ACA5 1 50 20 0.5 100

ACA6 1 70 20 0.5 100

ACA7 1.5 25 20 0.5 100

ACA8 1.5 50 20 0.5 100

ACA9 1.5 70 20 0.5 100
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0.2 (JSSB-Series Water Bath) operating at 50 rpm. At time 
intervals of 0.5, 1, 2, 4, 6, 8, 10, 12 and 24 hr following 
application, 1 mL of receptor solution was taken out and 
1 mL of blank medium at the same temperature was added 
into the receptor compartment. The results were compared 
to those obtained from the corresponding suspensions of 
ACA in DMSO/water (1:10).33 The mechanism of ACA 
release was determined following the kinetic models:

Zero order R=K0t24,34

First order:R ¼ 1 � e� k1t25,35

Higuchi diffusion model:Q ¼ KH � t
1=226,36

Baker–Lonsdale 
model:3=2½1 � 1 � Mt=M1ð Þ

2=3
� � ðMt=M1Þ ¼ K3t27,37

Hixson–Crowell cube root law:UR
1=3 ¼ k4t28,38

Whereas R, Q and Mt/M∞ refer to the fraction of the 
drug released at time t, K or KH is the rate constant related 
to each model, UR expresses the unreleased fraction of the 
drug while n is the diffusional exponent characterizing the 
release mechanism during the dissolution process.

Scanning Electron Microscopy (SEM)
High-resolution SEM was performed to investigate the NF 
morphology, which allows the high depth of sharpness 
about structures at various distances from the scanning 
level.39 The samples were diluted (1:10) in ultrapure 
water, then 20 µL of slurries were spread on amorphous 
polycarbonate grids and left to dry at room temperature. 
They were extra dried using CO2, sputter coated with gold 
in a metallizer, then examined under an SEM with accel
erating voltage at 200 kV.32

Antiviral Assay
Viruses and Cells
Madin Darby bovine kidney cells (MDBK), obtained from 
VSVRI institute, were grown in Dulbecco’s modified 
Eagle’s medium (Gibco, Bethesda, Md.) supplemented 
with 10% fetal calf serum (Gibco) at 37°C and 5% CO2. 
The stocks of BCV (strain Mebus) were kindly received 
from VSVRI Institute. BCV, propagated in MDBK cells,40 

supplemented with 10% fetal bovine serum (FBS) by 
following the standard tissue culture procedure41. The 
cells were incubated at 37 °C in a humidified incubator 
with 5% CO2 then sub-cultured at 80–90% confluency.

Infection of Cells
MDBK cells were grown for 2 days in petri dishes with 
a glass slide bottom (Mattek, Ashland, Mass.) for confocal 
time-lapse microscopy on coverslips. Dishes, coverslips, 

and sapphire disks were covered with 8–10 nm thick 
carbon obtained by evaporation under high-vacuum con
ditions to enhance cell growth. Then, cells were infected 
with BCV at a multiplicity of infection (MOI) of 1, 5, and 
10 and kept at 4°C for 1 h to admit adsorption prior to 
incubation at 37°C for up to 48 h.

Confocal Microscopy
Time-lapse microscopy was performed with a confocal 
laser scanning microscope (CLSM) equipped with an 
environmental chamber at 37°C and 5% CO2. For nuclear 
analyses, cells were fixed with 4% paraformaldehyde and 
stained with DAPI in phosphate-buffered saline (1 μg/ 
mL). Samples were embedded in a fluorescence mounting 
medium (DakoCytomation, Glostrup, Denmark) and ana
lyzed by CLSM. Images were deconvolved with a blind 
deconvolution algorithm using the Huygens Essential pro
gram suite (SVI, Hilversum, The Netherlands).42

Virus Titration (Infectivity Test)
Conventional micro-titration cell culture assay for titration 
of the viral cells was performed on MDBK cells. First, 
cells were seeded in 96-well and then incubated at 37 °C 
in a humidified atmosphere containing 5% CO2 for 24–48 
h. Then, 10 folds serial dilutions of viral stock were pre
pared, and cells were infected with 100 μL of the virus. 
After 2 hours, excess virus was removed, then the cyto
pathic effect was recorded daily for 5–6 days during incu
bation, and the IC50, CC50 and SI were calculated.

Cytotoxicity Assay of ACA-NFs by MTT 
(Tetrazolium) Assay
The MTT assay was measured for the ACA-NFs using 
MDBK cell lines, which is essential for determination of 
the cytotoxicity of both ACA and ACA-NFs prior to testing 
their anti-viral potential.43 The test starts with performing 
a chemical reduction for tetrazole, using mitochondrial 
enzymes to form the formazan crystals, which were then 
dissolved by adding acidified alcohol. Then, MDBK cell 
lines were prepared by trypsinization and suspending in 
minimal medium using trypan blue as exclusion dye. After 
dying and cell preparation, they were seeded in a tissue 
culture plate (96 well) with adjusting cell concentration to 
5 × 105 cells/well. The wells were incubated overnight at 37 
°C in a humidified incubator with 5% CO2; then ACA and 
ACA/NFs were added to the wells in different concentra
tions and incubated at the same conditions for 8–10 h. After 
ending the incubation period, a 10 μL (5 mg mL−1) MTT 
reagent was added in each well to complete incubation up to 
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4 h, then acidified isopropanol (100 μL of 0.1 N) was added 
to each well and kept for 30 min in dark at room tempera
ture, followed by additional 1 min on a shaker.

Determination of in vitro Antiviral Activity
Determination of the antiviral potential was 
performed44 by adding a 25 μL of viral suspension 
(106 TCD50 mL−1) of MDBK cells to 25 μL of differ
ent concentrations of ACA-NFs in a PCR tube which 
was incubated for 1 min at 37 °C. The viral suspension 
(25 μL 106 TCD50 mL−1) was added to different tissue 
culture well plates containing MDBK cells with 
a concentration of 5 × 105 cells mL−1, then the wells 
were shaken and placed in a CO2 incubator for 1 
h. Different concentrations of ACA-NFs were added 
to the wells and further incubated up to 72 h at 37 ° 
C. Two controls were kept parallel for incubation with 
treated wells: Triple control containing cells and viral 
suspension free from NFs and triple control containing 
only cells free from NFS or viral suspension. Then, 
detection of antiviral activity was determined by daily 
inspection of tissue cultures for viral cytopathogenicity 
and after 72 h applying the MTT assay. The CC50 

(cytotoxic concentration for 50% of cells) and IC50 

(inhibitory concentration for 50% of infected cells) 
values were estimated from concentration–effect curves 
after linear regression analysis. The mean values of 
three independent experiments as well as the selectivity 
index (SI=CC50/IC50) were then calculated.45

Statistical Analysis
All results were expressed as mean ± standard deviation 
and analyzed with one-way analysis of variance followed 
by a multi-parametric Tukey’s post hoc test in Graph 
Prism® (GraphPad Software Inc., San Diego, CA), with 
statistical significance established at p < 0.05.

Results and Discussion
Identification of the Isolated Compound
The compound, isolated for the first time from 
O. menthiifolium, was identified as acaciin (linarin, acace
tin-7-O-rutinoside)20 (Figure 1), and is considered one of the 
common taxonomic markers of the genus Ocimum, family 
Lamiaceae.46 Acaciin: off white, solid; 1HNMR (DMSO-d6) 
ppm: δH 12.9 (1H, br. s, OH-5), 8.04 (2H, d, J = 9.2 Hz, 
H-2ʹ, H-6ʹ), 7.17 (2H, d, J = 9.2 Hz, H-3ʹ, H-5ʹ), 6.95 (1H, s, 
H-3), 6.8 (1H, s, H-8), 6.46 (1H, s, H-6), 5.07 (1H, d, J = 9.2 
Hz, H-1ʹ’), 4.53 (1H, s, H-1ʹ’’), 3.89 (3H, s, OMe-4ʹ), 3.65 
(1H, d, J = 8.5 Hz, H-6ʹ’), 1.08 (3H, d, J = 6.3 Hz, H-6ʹ’’); 
13C-NMR (DMSO-d6) ppm: δC 182.5 (C-4), 164.4 (C-7), 
161.6 (C-9), 157.5 (C-5), 130.7 (C-6), 128.9 (C-2ʹ,6ʹ), 123.1 
(C-1ʹ), 115.2 (C-3ʹ,5ʹ), 105.9 (C-10), 104.3 (C-3), 100.4 
(C-1ʹ’), 100.1 (C-1ʹ’’), 95.3 (C-8), 76.1 (C-3ʹ’, C-5ʹ’), 73.5 
(C-2ʹ’), 72.5 (C-4ʹ’’), 70.8 (C-2ʹ’’), 70.1 (C-4ʹ’), 68.8 
(C-5ʹ’’), 66.5 (C-6ʹ’), 56.1 (OMe-4ʹ), 18.2 (C-6ʹ’’).

ADME Analysis
Lipinski’s rule of five states that for any compound to 
be selected as a potential drug, it cannot have more 
than 1 violation of the following: (a) Molecular mass < 
500 Dalton (b) high lipophilicity (expressed as Log 
P<5) (c) less than 5 hydrogen bond donors (d) Less 
than 10 hydrogen bond acceptors. If a compound of 
interest possesses three or more of the aforementioned 
criteria then the compound is likely to be a potential 
candidate for drug development.22 Accordingly, ACA 
attained a relatively low solubility, inability to cross 
the blood–brain barrier and absence of any effect on 
Cytochromes P450. Noteworthy, the aglycon itself 
lacked violations from Lipinski’s rule of five, but the 
inclusion of the disaccharide moiety caused some 
related violations (Figure S2).

Figure 1 Chemical structure of acaciin.
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In silico Docking Study
ACA was docked against the four main targets of 
SARS-CoV-2 and attained a docking score of −9.0, 
−6.7, −7.1 Kcal/mol with nsp16/10, ACE2-PD and 
RBD-S-protein, respectively, and −9.1 Kcal/mol with 
Mpro. The internal ligand attained −8.2 and −7.8 Kcal/ 
mol when docked against nsp16/10 and Mpro, respec
tively. The docking procedure gave a good accuracy 
with an RMSD value of 1.839 between docked and co- 
crystalized ligands as calculated by DockRMSD 
server47 (Figure 2). ACA overlapped with the co- 
crystalized ligand, followed the same behavior and 
occupied the same binding pocket with the same inter
actions (Figure 2), but with a better docking score. It 
formed H-bonding via the C=O with Ser 144 which is 
reported as one of the key residues of Mpro,48 and via 
5-OH, C=O and 4ʹ-OMe with His163, Leu141 and 
Thr26, respectively, while the sugar part formed 
H-bonding with His164, Thr190, Tyr54 and Asp187 
(Figure 2). The co-crystalized ligand was reported to 
interact with most of these residues.49

Nanofibers Formation
The solvent injection method was applied with modifying 
some parameters which are expected to affect the shape of 
the formed nanoformulation (Figure 3). It was observed that 
when PVA, CMC, PPA and lecithin were tested and micro
scopically examined, only lecithin formed nanofibers while 
the other polymers formed nanoparticles (Figure S3). The 
principle of our new technique for NF formation utilizes the 
electrostatic interaction between the positively charged chit
osan and negatively charged lecithin.50 This resulted in 
decreasing the surface tension which led to elongation and 
chain entanglement of the nanoparticle to form a short 
nanofiber.

Parameters Affecting the NFs Formation
The key parameter for manufacturing the NFs (Figure 3) 
utilizes the electrostatic interaction between chitosan and 
lecithin as reported,51 that is why the other tested polymers 
(PVA, CMC and PPA) gave NPs instead of NFs (Figure 
S3). Accordingly, such interaction generates electrostatic 
forces which overcome the surface tension of the polymer 
solution (Figure 4), besides using a metallic nozzle which 

Figure 2 (A) Overlapping of the docked internal ligand (blue) with the co-crystalized one (green) in the active site of Mpro, (B) docking of Acaciin in the active site of Mpro 

overlapped with the co-crystalized ligand, (C) 3D interactions of Acaciin with amino acid residues in the active site of Mpro showing H-bonds (dotted yellow line) and bi- 
interactions.
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generated more electrostatic friction, all of which made 
Self-assembly and phase separation,52 that led to the for
mation of core/shell fibers (Figure 4). Another parameter 
which controls the morphology and diameter of fibers is 
the molecular weight of polymers as it affects rheological 
properties of the solution as well as the core/shell fiber 
formation caused by the higher mobility organizing the 
polymers into a core-shell rather than a continuous struc
ture. Imagining a drop on the tip of the nozzle, the inner 
polymer is covered with the continuous phase of the other 
polymer, and when the electrical forces are sufficiently 
robust, a continuous phase entraps and sucks the drop 
into a core-shell jet. Noteworthy, core-shell NFs are 
regarded as one of the most significant breakthroughs in 
the area of NF formation which significantly affects the 
dual drug release profiles and reduces to a minimum the 
direct contact of bioactive agents in an aqueous core solu
tion with the potentially dangerous solvents of a shell, 
leaving only the core-shell interface.53 Moreover, viscosity 
is also a parameter; it supports the core/shell formation, 
where the more viscous phase (acaciin-dissolved lecithin) 

forms the core, and the less viscous (chitosan) wraps that 
core forming the shell, that was confirmed with the high 
positive Ʒ-potential of the surface.54 Furthermore, increas
ing the L/Cs ratio enhances the high viscosity and subse
quently generates extra charges which overcome the 
surface tension and boost the chain entanglement54 

(Figure 4). Additionally, adjusting a minimum flow rate 
sends less solution through the gap between the needle tip 
and the collector, which permits longer stretching of the 
ejected droplets, more solvent evaporation as well as jet 
formation. Thus, a stable cone jet is formed alternately 
with an unstable receded jet which leads to variations of 
the NF diameter (Figure 4).55 Besides, shortening the 
distance between the needle tip and the collector hinders 
fibers from too much stretching and slightly shortens the 
formed fibers and widens their diameter.56 Remarkably, 
the orifice diameter directly determines the flow of the 
solution and the initial diameter of the fiber, resulting in 
a fiber formation when it is adequately narrow.57 Finally, 
reducing the rotational speed is reported to eliminate beads 
and achieve a better ductility with a high entrapment 

Figure 3 Cartoon representation of the modified solvent injection method.
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efficiency.55 In conclusion, imagining a spherical droplet 
held in vacuum at the needle tip, accompanied with adjust
ing the previous parameters, can virtually produce self- 
assembled, stable and bead-free core/shell short NFs.

Characterization of the Formed NFs
LEM investigation of the nine formulations (Table 1) 
revealed the formation of short NFs, but formulation 3 
attained the best characterization results and was further 
selected for SEM analysis (Table S1). The significantly 
high Ʒ-potential of >+50 mV (Figure 5), which is directly 
proportional to the increased L/Cs ratio and a high drug 
content, indicates a high stability of the formed NFs. It is 
reported that the size and polydispersity index (PDI) influ
ence loading, release and stability of the drug inside NFs. 
The smaller the particle size, lower drug concentration and 
the lower PDI (≤0.4), the greater is the exposed surface 
area, causing a faster release of the encapsulated drugs and 
a lower aggregation.18 Such low PDI value (0.2±0.02, 
P<0.05) induces a mechanical effect through electrical 
stabilization,58 as well as a bio-inhibitory effect through 
interaction between the NFs positive charges and nega
tively charged surfaces of microbial cell.51 Considering the 
particle size, it ranged from 80–330 nm which is inversely 
proportional to both increasing L/Cs ratio and decreasing 

the drug content being valuable in antimicrobial evalua
tion, where smaller particle size causes increased uptake of 
vehicles into microbial cell.51 DSC thermogram (Figure 5) 
detects any variation of crystalline properties of the loaded 
aca into the NFs, and it is known that when the drug– 
polymer interaction is suitable, the presence of the drug 
does not greatly affect the Tg temperature of the 
polymer.59 Accordingly, comparing DSC thermogram of 
pure ACA and ACA-loaded NFs showed relative similar
ity, with the exothermic band fluctuating around a glass 
transition temperature (Tg) of 120° and confirming the 
absence of chemo-physical variations as a result of pre
paration. When the drug release profile was investigated 
(Figure 5), it showed a dual-controlled release which is 
typical for the core/shell structure,60 with initial burst 
release of 65% after 1 hr, followed by a gradual release 
extending up to 24 hr showing an excellent release profile. 
This is expected to achieve a high therapeutic index and 
a long-lasting biological effect. Besides, the observed high 
encapsulation efficiency (EE) (>97.3 ± 0.5%, p <0.05) 
(Figure 5) indicated that a large portion of ACA was 
preferably inserted into the lipid nuclei of the NFs, and 
only a small portion was lost in the aqueous phase during 
preparation process.18

Figure 4 Cartoon representation of NF formation, (A) electrostatic interaction steps towards forming a fiber, (B) arrangement of polymers and core/shell formation, (C) 
effect on high viscosity on chain entanglement, (D) alternation of cone and receded jets leading to fiber diameter variations.

International Journal of Nanomedicine 2021:16                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
1797

Dovepress                                                                                                                                                       Mohamad et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=298900.docx
http://www.dovepress.com
http://www.dovepress.com


Figure 5 (A) UV scan of acaciin (200–400 nm) at pH=6.8, (B) the standard calibration curve of acaciin in pH 6.8 at λmax=240nm, (C) Ʒ-potential of the formed NFs (>+ 50 
mV), (D, E) particle size distribution of the NFs, (F) DSC pattern of acaciin and the formed NFs, (G) dual drug release curve of acaciin and the formed NFs, (H) different 
formulations of the NFs in relation with viscosity and EE.
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Finally, the SEM examination showed glabrous, 
bead-free, spindle-shaped, core/shell NFs with 
a diameter range of 250 nm–3 µm and a length range 
of 5–20 µm. The morphology of both the plain NFs 
(Figure 6) and ACA-NFs (Figure 6) was approximately 
similar with slight widening of the latter as a result of 
ACA entrapment into the core. Moreover, the pre
viously discussed difference between the stable and 
receded jets is reported to make some diameter 

variations,61 illustrated in Figure 6. Furthermore, the 
core/shell structures showed a shell thickness range of 
300–500 nm and a core diameter range of 500 nm–3 
µm (Figure 7).

Surprisingly, thorn-like branches were obtained on the 
outer surfaces of the NFs with a width range of 200–400 nm 
and a length range of 800 nm-2 µm (Figure 7), and with 
some immature branches of about 200–300 nm width and 
up to 500 nm length (Figure 7). Such branches are reported 

Figure 6 Nanofibers of (A) free ACA and (B) ACA-NFs, c-e) express NF diameter variations
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to be produced via electrospinning post-temperature 
treatment62 or successive ionic layer adsorption and 
reaction.63 They are generally fabricated for supportive 
purposes to provide a higher surface/volume ratio, 
a higher mechanical establishment64 as well as improved 
matrix adhesion due to numerous and sufficient contact 
areas with the tested microbes in biocidal investigations.63 

Obtaining such branches can be tentatively explained by the 
relatively high temperature and humidity (The operation 
room temperature was 43° C with 60% humidity).

Antiviral Assay
The possible toxic effects of the nine formulations of 
ACA-NFs on MBDK cells were assessed via the MTT 
cell viability assay (the gold standard for cytotoxicity65) 
as well as microscopic examination.66 The antiviral activ
ity of the ACA-NFs was evaluated based on the ability of 
ACA to prevent the cytopathic effects (CPE) of the virus 
on MBDK cell culture and the results were recorded 

(Table S2). The antiviral activity dramatically increased 
in a dose-dependent manner up to 78.14%, 87.16%, and 
98.88% with concentrations 1, 3 and 6 ppm of ACA-NFs 
with a minor cytotoxicity of 6.30 ± 4.31%, 5.00 ± 0.023% 

Figure 7 (A, B) Different core/shell NFs, (C–F) thorn-like branches of the NFs (red arrows), (G) immature thorn-like branches (yellow arrow).

Figure 8 A dual-axis diagram of effect of different NF concentrations on the 
antiviral activity and cytotoxicity.
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and 8.3 ± 0.16% (P<0.05), respectively (Figure 8). 
Increasing the concentration up to 10 ppm had no effect 
on the activity and slightly increased cytotoxicity up to 
9.21 ± 0.01%, P<0.05, all of which was compared to free 
ACA (12.5 µg/mL) with 75.40% activity, and a marked 
low toxicity of 10.8 ± 0.1% (P<0.05).

CTEM (scanning transmission electron microscope) 
(Figure 9) showed the plaque variations among the normal 
cells (a), negative control (b) and the treated cells of both 6 
μL/mL ACA-NFs (C) and free ACA (D). The ACA-NFs 
alleviated the cell damage and reduced plaque formation 
and cell fusion, which indicated a significant viral inhibi
tion and cell protection up to 48 h. Since it is reported that 
a promising antiviral activity can be achieved if SI≥4,45 

acaciin gave SI of 4.2 (IC50= 12.6 µM, CC50= 52.8 µM) 
which indicated a favorable antiviral potential.

The possible antiviral effect is predicted to be started 
by electrostatic interaction between the positively char
ged-coated NFs and the negatively charged lipid bilayer 
on the microbial envelop (Figure 10). The biological effect 

might proceed via two pathways: The first is the binding 
affinity of ACA (predicted by in silico studies) with the 
Mpro target which inhibited the translation of polyproteins 
from the viral RNA and interfered with the early stages of 
viral replication. The second one is the mechanical action 
of ACA-loaded NFs which inhibited the viral receptor 
binding via electrostatic interaction and prevented the 
viral entry to the host cells.

Conclusion
The current study evoked, for the first time, the remarkable 
antiviral potential of acaciin as a flavonoid isolated from 
herbal origin. The study produced short core/shell nanofibers 
with excellent physicochemical properties and with the 
absence of electric current or toxic cross-linking agents. 
Our new technique is safe and more favorable than the 
common methods owing to the usage of well-accepted bio
degradable candidates (lecithin and chitosan) in the synthesis 
of the NFs. Moreover, the application of the self-assembly 
approach protected the encapsulated drug from harsh stress 

Figure 9 CTEM Micrograph of MDBK cells: (A) Normal cells, (B) cells infected with BCV with plaque formation (C) Cells at 48 hr of incubation with ACA-NFs (D) Cells at 
48 hr of incubation with free ACA.
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due to electric current used in common methods as electro
spinning. The new NFs attained branched surfaces for good 
mechanical properties as well as core/shell structures which 
achieved a dual controlled release, regarded as one of the 
most significant breakthroughs in the area of NF formation. 
Our procedure successfully produced uniform NFs with per
fect surface characteristics and could save time and money 
spent in other techniques with additional hazardous steps. 
Moreover, and from a biological point of view, the obtained 
NFs could mechanically inhibit the viral entry to the host 
cells, combined with the Mpro inhibiting activity of ACA 
itself, all of which could hinder the progress of BCV which 
has commonly been used as a surrogate model for SARS- 
COV-2. Our ground-breaking findings provide a deep insight 
for exploring and developing natural-based antiviral drugs, 
especially with the incorporation of nanoformulation, with 

improved mechanical and functional characteristics to sup
port the global battle against current SARS-CoVID-2 
disease.
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Figure 10 Cartoon summary for the two predicted pathways for inhibition of SARS-COV-2, 1) electrostatic binding of the NFs with the microbial envelop, 2) release of 
acaciin from the NFs and binding to the Mpro which inhibits translation of polyproteins from the viral RNA and stops viral replication.
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