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Abstract
Purpose A novel coronavirus (COVID-19) that has not been previously identified in humans and has no specific treatment 
has recently spread. Treatment trials using antiviral and immune-modulating drugs such as hydroxychloroquine (HCQ) 
were used to control this viral outbreak however several side effects have emerged. Berberine (BER) is an alkaloid that has 
been reported to reveal some pharmacological properties including antioxidant and antimicrobial activities. Additionally, 
Zinc oxide nanoparticles (ZnO-NPs) possess potent antioxidant and anti-inflammatory properties. Therefore, this study was 
undertaken to estimate the efficiency of both BER and synthetic ZnO/BER complex as an anti-COVID-19 therapy.
Methods First, the ZnO/BER complex was prepared by the facile mixing method. Then in vitro studies on the two compounds 
were conducted including VeroE6 toxicity, anti-COVID-19 activity, determination of inhibitory activity towards papain-like 
proteinase (PL pro) and spike protein- and receptor- binding domain (RBD) as well as assessment of drug toxicity on RBCs.
Results The results showed that ZnO/BER complex acts as an anti-COVID-19 by inhibiting spike protein binding with 
angiotensin-converting enzyme II (ACE II), PL pro activity, spike protein and E protein levels, and expression of both E-gene 
and RNA dependent RNA polymerase (RdRp) at a concentration lower than that of BER or ZnO-NPs alone. Furthermore, 
ZnO/BER complex had antioxidant and antimicrobial properties where it prevents the auto oxidation of 2,2-Diphenyl-
1-picrylhydrazyl (DPPH) and the culture of lower respiratory system bacteria that affected Covid 19 patients. The ZnO/BER 
complex prevented as well the HCQ cytotoxic effect on both RBC and WBC (in vitro) and hepatotoxicity, nephrotoxicity 
and anemia that occurred after HCQ long administration in vivo.
Conclusion The ZnO/BER complex can be accounted as promising anti-COVID 19 candidate because it inhibited the virus 
entry, replication, and assembly. Furthermore, it could be used to treat a second bacterial infection that took place in hospi-
talized COVID 19 patients. Moreover, ZnO/BER complex was found to eliminate the toxicity of long-term administration 
of HCQ in vivo.

Keywords COVID-19 · Papain-like proteinase · Spike protein RBD · Molecular docking analysis · ACE2 · Vero E6 
toxicity · Berberine · ZnO nanoparticles

Introduction

The outbreak of potentially lethal coronavirus disease 2019 
(COVID-19), which originated from wild animals and birds, 
has resulted in more than 2,118,416 deaths and 98,834,415 
confirmed cases until 23 January 2021 (Ghareeb et al. 2021). 
In fact, the outer membrane of COVID-19 virus consists of 
spike, envelope, and nucleocapsid that surround the viral 
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RNA. Viral RNA is responsible for the expression of RNA-
dependent RNA polymerase (RdRp), coronavirus 3-chy-
motrypsin-like protease (3CLpro), and papain-like protease 
(PLpro) (Liu et al. 2020a).Virus invades cells through the 
binding of spike protein S1subunit with cell receptor; angi-
otensin-converting enzyme II (ACE2)and it can also bind 
to CD26 (Shang et al. 2020). In contrast, the spike protein 
S2 subunit is responsible for membrane fusion. The virus 
is entered into to host cells is via the clathr in (endosomal) 
and non-clathr in (non-endosomal) pathways. In both path-
ways, S1 binds to ACE2, then the endosomal pathway is 
facilitated by pH-dependent cysteine protease catheps in 
L,while non-endosomal pathway requires an additional 
activation/cleavage of the S protein into S1 and S2 domains 
by transmembrane protease/serine subfamily member 2 and 
11D (TMPRSS2 and TMPRSS11D) (Tang et al. 2020). 
After virus entry, the viral single-stranded positive RNA is 
released and then replicated by replicase polyproteins that 
are processed by two cysteine proteases, 3CLpro and PLpro 
into 16 nonstructural proteins. The 3CLpro participates in 
viral replication key enzymes generation (e.g., helicase and 
RdRp). Beside the role of PLpro in replicase polyprotein 
cleavage, it suppresses type I interferon production through 
its deubiquitylation activity, which consequently accelerates 
coronaviruses-host innate immune system evasion, contrib-
uting to pathogenesis (Chen et al. 2020b; Taefehshokr et al. 
2020).

Several studies have reported that about14.3–28% of 
COVID-19 patients are coinfected with bacteria, fungi, and 
viruses like Staphylococcus aureus, Haemophilus influen-
zae, Streptococcus pneumoniae, Acinetobacter baumannii, 
Enterobacteriaceae, Aspergillus flavus, Candidaglabrata, 
and Candida albicans (Chen et al. 2020a; Contou et al. 
2020; Langford et al. 2020; Sharifipour et al. 2020).For this 
reason, the usage of empiric antibiotic is encouraged.

According to WHO, the drug repurposing (Zhou et al. 
2020) is the golden choice for COVID-19 treatment selec-
tions such asanti-inflammatories, immune suppressants, 
anti-neoplastic agents, selective estrogen receptor modula-
tors, anti-viral drugs, and anti-malaria agents. Likewise as 
theone-year clinical trials, the only approved WHO drug is 
baricitinib (rheumatoid arthritis treatment) in combination 
with remdesivir (anti-viral) (WHO 2021). Moreover, it is 
mentioned that the inhibition of both viral cysteine proteases 
(PLpro and 3CLpro) function will block the viral replication 
and prevent the infection (Chen et al. 2020b; Taefehshokr 
et al. 2020).

Among many investigational or approved antiviral 
medications, chloroquine (CQ) and hydroxychloroquine 
(HCQ) are considered the most common anti-COVID-19 
drugs that have been in corporated into treatment pro-
tocols. In fact, about 50% of oral dose of HCQ reaches 
the blood at maximum concentration 1 h to 2 h later. 

Unfortunately, HCQ accumulates significantly in the liver 
and lung (700 times higher than plasma concentration) 
and then in brain and spinal cord tissue (30 times higher 
than plasma level). Although CQ and HCQ act as anti-
COVID-19 through in vitro and in vivo studies, they have 
cardio-ocular toxicity (Zou et al. 2020). Basically, CQ and 
HCQ exert their anti-COVID-19 effect via preventing the 
viral entry by increasing intracellular pH besides interfer-
ing with the glycosylation of Severe Acute Respiratory 
Syndrome Coronavirus (SARS-CoV) receptors and finally 
inhibiting the viral replication (Liu et al. 2020b; Wang 
et al. 2020). According to the European Medicines Agency 
(2020), both CQ and HCQ can be used for the treatment 
without combination with other drugs or in high doses.

Berberine (BER), an is oquinoline alkaloid, has been 
reported to reveal some pharmacological properties 
including; antimicrobial activity against 54 microorgan-
isms, intestinal ion secretion and smooth muscle con-
traction inhibition, hinder of ventricular tachycardia, 
alleviating inflammation, stimulating bile secretion and 
bilirubin discharge (Minaiyan et al. 2011). With regard to 
our previous work, we reported that BER has antioxidant, 
anti-inflammatory, antimicrobial, and anti-HCV properties 
where it acts as an NS5, RNA polymerase, indoleamine 
2,3-dioxygenase (IDO), and programmed cell death pro-
tein 1 (PD1) inhibitor (Ghareeb et al. 2013; Saleh et al. 
2018). Moreover, it increases INF-γ and IL-12 produc-
tion, stimulates the proliferation of dendritic cells toward 
T-helper1class, induces cancer cell death through increas-
ing the expression of the apoptotic markers (Caspase-3 and 
p53) associated with inflammatory markers down-regu-
lation (myeloperoxidase, MAPK and COX-2), stimulates 
white blood cell proliferation, and it also has no cytotoxic 
effect toward normal cells in vitro and in vivo (Mahmoud 
et al. 2016; Ghareeb et al. 2016). Additionally, we verified 
the hepatoprotective effect of BER in vitro and in vivo. It 
effectively ameliorates the insulin signaling pathway in 
metabolic syndrome-induced rats by controlling glycemic 
and lipidemic profiles in addition to decreasing TNF-α and 
IL-6 levels (Abd El-Salam et al. 2015; Ghareeb et al. 2013, 
2016, 2018; Hussien et al. 2018; Saleh et al. 2018; Soudi 
et al. 2019; Mahmoud et al. 2016).

Zinc oxide (ZnO), which is a potent antioxidant and 
anti-inflammatory compound, has demonstrated its good 
antibacterial activity against Gram-positive and Gram-
negative bacteria. Moreover, it has shown a promising 
anti-viral effect against chikungunya virus, Herpes sim-
plex virus 1 and 2 (HSV-1 and HSV-2) and also affects 
the replication of influenza virus (H1N1) (Ghaffari et al. 
2019). Besides that, ZnO is commonly used as a food addi-
tive and it was graded as a safe substance by the US Food 
Administration (Espitia et al. 2016; Jiang et al. 2018).



737Journal of Pharmaceutical Investigation (2021) 51:735–757 

1 3

Kim et al. (2018), proved that ZnO/Berberine nanopar-
ticles could be used for lung cancer treatment due to its 
chemo-photothermal therapeutic efficacy.

To date, there is no research using ZnO nanoparticles 
with the complexation of berberine as antiviral agent, there-
fore this study is the first to consider the anti-microbial effect 
of ZnO/berberine complex. Based on these findings, the cur-
rent study was conducted in order to estimate the efficiency 
of both BER and the well characterized synthetic ZnO/BER 
complex as an anti-COVID-19 therapy, as well as to assess 
their possible mechanism of action. Furthermore, the cur-
rent study attempts to overcome the restrictions of current 
therapies to examine the compounds toxicity/safety and their 
aptitudes to eliminate HCQ toxicity, in vitro and in vivo.

Material and methods

Materials

Berberine chloride hydrate (>98% purity) was purchased 
from Sigma Aldrich, Germany. Zinc acetate dihydrates was 
purchased from polskie odczynniki chemiczne S.A., Poland. 
Sodium hydroxide pellets were obtained from Fisher Chemi-
cal, Germany. HPLC grade ethanol and methanol were pur-
chased from Sigma Aldrich, Germany. All other chemicals 
were of analytical grade.

Preparation and characterization of ZnO 
nanoparticles and ZnO/BERcomplex

Preparation of ZnO nanoparticles

ZnOnanoparticles (ZnO-NPs) were synthesized using the 
solvo-thermal synthesis method, as reported in Aditya et al. 
(2019), with some modifications. Zinc acetate dihydrates 
(9.02 mmol) (Fisher Chemical, Germany) was first dissolved 
in 52.5 ml of methanol/water (16:5) solution. Subsequently, 
30 ml methanol contains 17.5 mmol NaOH was drop-wisely 
added under vigorous stirring to the solution, followed by 
agitation for 30 min at room temperature. The pellets were 
collected by centrifugation for 15 min, at 17,500 rpm. The 
collected pellets were washed several times by acetone: etha-
nol mixture. The resulting pellets were then dried overnight 
in a vacuum.

Preparation of ZnO/BER complex

ZnO/BER complex was prepared by a facile mixing method 
as reported in Kim et al. (2018) considering the solubility 
of BER and dispersibility of ZnO-NPs in different solvents. 
First, ZnO-NPs were dispersed in milli Q water at a concen-
tration of 5 mg/ml using a probe-type sonicator for 30 min. 

Similarly, BER was dissolved in milli Q water at 5 mg/ml 
and sonicated in ultra-sonic cleaner bath for 10 min until 
complete solubility “clear bright yellow color". Then, the 
ZnO-NPs suspension and BER solution were mixed and 
diluted with milli Q water while stirring. The mixture was 
then agitated at room temperature for 2 h. This mixture was 
concentrated using a vacuum evaporator and then com-
pletely dried by using freeze dryer to obtain the complex 
powder. For further use and characterization, the powder 
was resuspended in milli Q water.

Characterization methods to confirm 
the formation of ZnO/BER complex

Structural and physical characterization

Zetasizer analyses

The hydrodynamic size and polydispersity index values 
of ZnO-NPs and ZnO/BER complex were detected using 
dynamic light scattering (DLS) technique and Zetasizer 
Nano ZS (Malvern, Worcestershire, UK). In addition, zeta 
potential was measured using the same instrument (Raafat 
and El-Zahaby 2020).

Transmission electron microscopy and energy dispersive 
X‑ray analysis (EDX) analyses

The morphology (shape and size) and elemental analysis 
of the ZnO-NPs and ZnO/BER complex were detected by 
transmission electron microscopy (TEM) (JEOL, JEM 1400, 
Tokyo, Japan) operating at an acceleration voltage of 80 kV 
and energy dispersive X-ray analysis (EDX) (Oxford instru-
ments X-Max,  80mm2 EDS system, UK), respectively (El-
Zahaby et al. 2016).

UV/Visible analyses

Spectral analysis and UV/Visible absorption of BER, ZnO-
NPs, and ZnO/BER complex aqueous suspensions were 
detected using UV–Vis Spectrophotometer (Thermo Sci-
entific™ Evolution™ 300, Thermo Scientific, USA) in the 
range of 200–600 nm, at room temperature with a 1 cm path 
quartz cell.

Spectro fluorophotometer analyses

The excitation and emission spectra of the BER, ZnO-NPs, 
and ZnO/BER aqueous suspension were measured using 
a Hitachi F-2700 FL Spectro fluorophotometer, Hitachi, 
Japan. The fluorescence spectra were recorded at an exci-
tation wavelength of 325 nm with the slits (Ex/Em) set at 
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5.0/10.0 nm. Spectra were recorded in the wavelength range 
of 350–600 nm using a 1 cm path quartz cell.

Fourier‑transform infrared (FT‑IR) analysis

FTIR spectra of the BER, ZnO-NPs and ZnO/BER complex 
were obtained using a Shimadzu IRTracer-100 FT-IR spec-
trophotometer (Shimadzu, Japan) in a KBr disk. The value 
was detected in the wave number of 400  cm−1 to 4000  cm−1 
(Wen et al. 2021).

X‑ray powder diffraction (XRD) analyses

XRD experiments were performed to evaluate the change 
in crystalline nature of ZnO-NPs, BER and ZnO/BER com-
plex using Shimadzu XRD-6100 diffractometer (Shimadzu, 
Japan) with a copper source (1.54 Å). Intensity (counts) val-
ues were detected in the 2θ range of 10–80°. The parameters 
of X-ray generator were determined as follows: 30 mA (cur-
rent) and 40 kV (tension) (Dubey et al. 2018).

Quantitative and elemental analysis

HPLC and inductively coupled plasma‑optical 
emission spectroscopy (ICP) analyses

BER and elemental Zn contents in the resulting ZnO/BER 
complex were quantitatively determined by using high-
performance liquid chromatography (HPLC; Shimadzu 
HPLC LC-2010, Japan) and inductively coupled plasma-
optical emission spectroscopy (ICP-OES, PerkinElmer, UK), 
respectively.

EDX analysis

The elemental composition of ZnO and ZnO-Ber NPs was 
observed by EDX technique using Oxford instruments 
X-Max, 80  mm2 EDS system.

In silico analysis

First, the chemical structure of the compounds was drawn 
using Chem Sketch programme. This software was used to 
draw the structure of ligand in MOL format. Then Babel 
software was used to convert the format of the file from 
MOL file to PDB format. Protein PDB files were down-
loaded from www. rscb. org, then SWISS-PDBVIEWER 
(SPDBV) was used to co-ordinate energy minimization of 
the current study protein to be ready for docking. Molecular 
docking was performed by the software, “Auto dock 4.0and 
LigPlus analysis” softwarewhere the ligand (ZnO-NPs, BER 
and ZnO/BER) was docked into the protein (PLpro, spike 

protein and spike protein receptor-binding domain). Then 
Cygwin was used to create a GLG file and DLG file for 
running the docking algorithm and finding the minimum 
binding energy. Finally, UCSF Chimera software was used 
to visualize the docked protein and hydrogen bond analysis 
of the result.

Anti‑SARS‑CoV2 assays comparing to HCQ

Determination of compounds inhibitory 
activity towards papain‑like proteinase, spike 
protein‑receptor binding domain and ACE2 binding 
(Tai et al. 2020)

To estimate the inhibitory activity of ZnO-NPs, BER, ZnO/
BER complex or HCQ towards papain-like proteinase, spike 
protein-receptor binding domain and ACE2, different con-
centrations were used as illustrated in Table 1.

Papain‑like proteinase (PLpro)

40 µl volume of 142 nM PLpro in buffer A [50 mM HEPES, 
pH 7.5; 0.1 mg/ml bovine serum albumin (BSA), and 5 mM 
Dithiothreitol (DTT)] was dispensed in 96 well plat and then 
incubated with 100 µl of different concentrations of either 
BER, ZnO-NPs, or ZnO/BER complexfor 5 min. Reactions 
were initiated by the addition of a fluorogenic substrate,Arg-
Leu-Arg-Gly-Gly-AMC (Enzo Biochem, USA) (RLRGG-
AMC, 10 µl of 250 µM) in buffer A, shaken vigorously for 
30 s, and then incubated for 6 min. The reactions were sub-
sequently quenched with 10 µl acetic acid (0.5 M), shaken 
for 30 s, and measured for fluorescence emission intensity 
(excitation λ: 360 nm; emission λ: 460 nm). Finally, percent-
age of inhibition (%) was detected.

Spike protein‑ receptor‑ binding domain (RBD)

First, SARS-CoV2, RBD (Abcam, UK) (1 μg/ml) was incu-
bated with the tested compounds at 37 °C for 2 h. This reac-
tion mixture was added into 96-well plate and incubated 
overnight at 4 °C, then blocked with 2% fat-free milk in 
phosphate-buffered saline with  Tween® detergent (PBST) 
for 2 h at 37 °C. The diluted ACE2 protein (Abcam, UK) 
was added to the plates and incubated for 2 h at 37 °C. After 
four washes, bound protein was detected using hACE2-
specific goat antibody (0.5 μg/ml, R&D system, USA) that 
was incubated for 2 h at 37 °C, followed by incubation of 
horseradish peroxidase (HRP) conjugated anti-goat IgG anti-
body (1:5000, Thermo Fisher Scientific, Germany) for 1 h 
at 37 °C. The reaction was visualized by the addition of the 
substrate, 3,3′,5,5′-Tetramethylbenzidine (TMB) (Sigma, St. 
Louis, MO, Germany) and stopped by  H2SO4 (1 N). The 
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absorbance at 450 nm was measured by an ELISA plate 
reader (Tecan, San Jose, CA) and fold change of RBD-ACE2 
complex formation was estimated.

ACE2 binding (confirmation test)

In a 96-well ELISA, the diluted ACE2 protein was incubated 
with the tested compounds at 37 °C for 2 h and then the plate 
was incubated overnight at 4 °C. After four washes, bound 
protein was detected using hACE2-specific antibody (goat 
0.5 μg/ml) that was incubated for 2 h at 37 °C, followed 
by incubation of HRP conjugated anti-goat IgG antibody 
(1:5000) for 1 h at 37 °C. The reaction was visualized by 
addition of TMB and stopped by  H2SO4 (1 N). The absorb-
ance at 450 nm was measured by an ELISA plate reader 
(Tecan, San Jose, CA) and the binding % between ACE2 and 
the tested compounds was detected.

In vitro antiviral effect

VeroE6 toxicity

The tested compounds were diluted with Dulbecco’s Modi-
fied Eagle’s Medium (DMEM). Stock solutions of the tested 
compounds were prepared in 10% DMSO in  ddH2O. The 
cytotoxic activity was tested in Vero E6 cells by using the 
3-(4, 5-dimethylthiazol -2-yl)-2, 5-diphenyltetrazolium bro-
mide (MTT) method with slight modification. In brief, cells 
were seeded into 96-wellplates (100 µl/well at a density of 
3 ×  105 cells/ml) and incubated for 24 h at 37 °C in 5%  CO2. 
After 24 h, cells were treated with various concentrations of 
the tested compounds in triplicates and incubated for 24 h. 
The supernatant was then discarded, and the cell monolayers 
were washed with sterile phosphate buffer saline (PBS), 3 
times. MTT solution (20 µl of 5 mg/ml stock solution) was 
added to each well and incubated at 37 °C for 4 h followed 

Table 1  The inhibitory/binding 
effect of the tested compounds 
on papain like proteinase, spike 
protein receptor binding domine 
and ACE2

The results are mean ± SD

Tested compounds Concentra-
tion (µg/
ml)

PLpro (Inhibition %) Spike protein- RBD- 
complex formation (Fold 
change)

ACE2 (Binding %)

ZnO-NPs 104 71.06 ± 1.30 20.25 ± 0.50 16.40 ± 0.90
52 62.20 ± 0.90 13.38 ± 0.30 15.60 ± 0.70
26 45.60 ± 1.10 06.63 ± 0.20 13.10 ± 1.30
13 35.31 ± 0.77 03.50 ± 0.30 10.70 ± 0.80
6.5 22.50 ± 0.12 00.50 ± 0.02 08.20 ± 0.08

BER 1008 93.26 ± 0.73 16.13 ± 0.03 15.60 ± 1.10
504 84.80 ± 0.12 16.13 ± 0.20 15.60 ± 1.60
252 78.93 ± 0.36 08.50 ± 0.00 13.90 ± 1.10
126 65.89 ± 0.17 08.00 ± 0.10 13.10 ± 0.90
62.5 49.80 ± 0.19 03.88 ± 0.08 13.10 ± 0.07

ZnO/BER 166.5 98.10 ± 0.25 7.375 ± 0.02 15.60 ± 1.01
83.25 90.51 ± 0.34 1.625 ± 0.05 11.50 ± 1.80
41.63 81.80 ± 0.42 1.125 ± 0.09 10.70 ± 0.80
20.81 77.40 ± 0.35 0.75 ± 0.008 02.60 ± 0.30
10.41 70.80 ± 0.32 0.50 ± 0.002 00.80 ± 0.05

HCQ 200 37.00 ± 0.42 0.50 ± 0.001 15.60 ± 1.40
100 30.00 ± 0.23 0.50 ± 0.001 14.80 ± 0.90
50 22.50 ± 0.15 0.38 ± 0.003 14.50 ± 0.80
25 11.20 ± 0.39 0.258 ± 0.001 13.80 ± 1.10
12.5 08.10 ± 0.74 0.13 ± 0.007 09.02 ± 0.50
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by medium aspiration. In each well, the formed formazan 
crystals were dissolved with 200 µl of acidified isopropanol 
(0.04 M HCl in absolute isopropanol, 0.073 ml HCl in 50 ml 
isopropanol). The absorbance of formazan solutions was 
measured at λmax 540 nm with 620 nm as the reference 
wavelength using a multi-well plate reader. The percentage 
of cyto toxicity compared to the untreated cells was deter-
mined by the following equation (Eq. 1):

The plot of % cytotoxicity versus sample concentration 
was used to calculate the concentration which exhibited 50% 
cytotoxicity (IC50).

Anti‑COVID‑19 activity (Plaque reduction assay)

In a six-well plate where Vero E6 cells (1 ×  106 cells/ml) 
were cultivated for 24 h at 37 °C. SARS-CoV2 was diluted 
to give 1 ×  104 plaque-forming unit(PFU)/well and mixed 
with 100 µl of the safe concentration of the tested com-
pounds and incubated for one hour at 37 °C before being 
added to the cells. Growth medium was removed from the 
cell culture plates and the cells were inoculated with (100 µl/
well) of the tested compounds. After one-hour contact time 
for virus adsorption, 3 ml of DMEM supplemented with 2% 
agarose and the tested compounds and virus was added onto 
the cell monolayer, plates were left to solidify, and the plates 
were incubated at 37 °C until the formation of viral plaques 

(1)%Cytotoxicity =
(absorbance of cells without treatment − absorbance of cells with treatment) × 100

absorbance of cells without treatment

(3 days). Formalin (10%) was added for 2 h then plates were 
stained with 0.1% crystal violet in distilled water. Control 
wells where untreated virus was incubated with Vero E6 
cells were included. Finally, the plaques were counted and 
the percentage reduction in plaques formation (% Reduction) 
in comparison to control wells was recorded according to the 
following Eq. (2):

Antiviral activity

Vero E6 cells were seeded in 12-well tissue culture plates in 
DMEM containing 7% fetal bovine serum (FBS), 2 mM L-glu-
tamine, 1 mM sodium pyruvate, 17.85 mM sodium bicarbo-
nate, 15 mM HEPES and 0.8 mM geneticin. Cells were seeds 
at 37 °C, 5%  CO2 for 24 h prior to infection with SARS-CoV2 
at an MOI of 0.1 in infection media (according to maintenance 
media but containing only 2% FBS) for 2 h. The inoculum-
containing media was removed and replaced with 1 ml fresh 
media (2% FBS) containing different concentrations of the 
tested compounds (Table 2) or DMSO alone (10%) and incu-
bated for 3 days. The cell supernatant was collected and spun 

(2)

Reduction(%) =
Viral count(untreated) − Viral count(treated)

Viral count(untreated)
× 100

Table 2  Effect of ZnO-NPs, BER and ZnO/BER complex on SARS-CoV2 gene expression and protein levels

The results are mean ± SD

Concen-
tration 
(µg/ml)

ORF gene 
expression

ORF gene 
down regu-
lation (%)

E-gene expression E-gene 
down regu-
lation (%)

RdRp expression RdRp down 
regulation 
(%)

E-protein 
inhibition 
(%)

Spike 
protein 
inhibition 
(%)

ZnO-NPs 5.48 0.55 ± 0.001 45.29 ± 0.9 0.  736E−5 ± 0.1E−6 99.9 ± 1.2 0.001 ± 0.0005 99.89 ± 2.8 85.71 ± 3.2 83.33 ± 4.4
2.74 0.18 ± 0.002 81.96 ± 0.3 0.336  E−5 ± 0.5E−6 99.9 ± 1.9 0.018 ± 0.0003 98.20 ± 3.1 78.57 ± 1.5 78.89 ± 3.7
1.37 0.37 ± 0.001 62.63 ± 0.7 5.36  E−5 ± 0.2E−6 99.99 ± 0.9 0.019 ± 0.0005 98.10 ± 1.5 71.43 ± 1.4 66.67 ± 2.7
0.685 0.47 ± 0.001 53.35 ± 0.2 7.36  E−5 ± 0.3E−6 89.78 ± 1.2 0.0277 ± 0.0003 97.22 ± 0.9 64.29 ± 2.4 57.78 ± 1.2

BER 20 0.13 ± 0.008 86.69 ± 0.1 0.0002 ± 0.00001 99.98 ± 3.9 0.001 ± 0.00009 99.89 ± 3.8 87.50 ± 6.9 96.67 ± 1.7
10 0.39 ± 0.002 60.22 ± 0.8 0.003 ± 0.0001 99.70 ± 4.5 0.050 ± 0.0003 94.95 ± 6.9 50.00 ± 4.1 94.00 ± 2.1
5 0.79 ± 0.003 21.54 ± 0.2 0.007 ± 0.0005 99.30 ± 1.8 0.207 ± 0.002 79.26 ± 3.5 25.00 ± 0.9 86.60 ± 1.5
2.5 0.88 ± 0.001 11.73 ± 0.1 0.102 ± 0.0003 89.77 ± 3.5 0.233 ± 0.001 76.67 ± 2.9 12.50 ± 0.8 80.00 ± 0.8

ZnO/BER 1.665 0.12 ± 0.001 87.71 ± 0.1 0.009 ± 0.00001 99.10 ± 1.9 0.030 ± 0.001 97.00 ± 8.4 87.50 ± 6.7 93.70 ± 5.3
0.833 0.13 ± 0.001 86.82 ± 0.5 0.010 ± 0.0003 99.00 ± 0.9 0.065 ± 0.0003 93.50 ± 6.3 62.50 ± 5.4 87.50 ± 1.8
0.416 0.14 ± 0.001 85.87 ± 0.2 0.026 ± 0.0002 97.40 ± 8.7 0.0865 ± 0.0002 91.34 ± 4.8 37.50 ± 3.1 75.00 ± 2.8
0.208 0.27 ± 0.001 72.89 ± 0.1 0.200 ± 0.0009 80.00 ± 3.2 0.1000 ± 0.009 90.00 ± 1.7 12.50 ± 1.1 62.50 ± 3.2
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for 10 min at 6000 rpm to remove debris and the supernatant 
was transferred to fresh collection tubes. The cell monolayers 
were collected by scraping and resuspension into 1 ml fresh 
media (2% FBS). Both supernatant and suspended cells were 
deactivated to kill virus particles by UV, and then several saw-
ing and freezing steps was carried out to lysis cells (Caly et al. 
2020; Xia et al. 2020).

Generation of SARS‑CoV2 cDNA

RNA was extracted from 200 μl aliquots of sample superna-
tant or cell suspension using the Qiagen viral RNA-isolation 
kit (#52906). Reverse transcription was performed by the 
commercial first strand cDNA synthesis kit (Thermo Scien-
tific, USA) and conducted according to the manufacturing 
instructions.

Detection of SARS‑CoV2 gene expression using 
a TaqMan real‑time RT‑PCR assay

The amplification of BetaCoV RdRp gene and BetaCoV 
E-gene was carried out using the following sits of primer and 
probs. Regarding BetaCoV RdRp gene, 1 μM Forward (5′-
AAA TTC TAT GGT GGT TGG CAC AAC ATG TT-3′), 
1 μM Reverse (5′-TAG GCA TAG CTC TRT CAC AYT 
T-3′) primers and 0.2 μMprobe (5′-FAM-TGG GTT GGG 
ATT ATC-MGBNFQ-3′) (Abcam, UK) were used. With 
respect to BetaCoV E-gene, 1 μM Forward (5′-ACA GGT 
ACG TTA ATA GTT AAT AGC GT -3′), 1 μM Reverse 
(5′-ATA TTG CAG CAG TAC GCA CAC A-3′) primers 
and 0.2 μM probe (5′-FAM-ACA CTA GCC ATC CTT 
ACT GCG CTT CG-286 NFQ-3′) (Abcam, UK) were used. 
The calculated Ct values were converted to a fold-reduction 
of treated samples compared to the control using the ∆Ct 
method (fold changed in viral RNA =  2^∆Ct) and expressed 
as a percentage of the DMSO sample alone.

Detection of Spike protein and envelope protein

The protein level of spike protein and envelope protein was 
analyzed by ELISA technique using rabbit SARS-CoV2 
spike polyclonal antibody and SARS-CoV2 envelope anti-
body (Abcam, UK), respectively. First, 100 µl of spike and 
envelope proteins (100 µg) were added to the well plate and 
incubated for 2 h at room temperature and then overnight 
at 4 °C. The solution was removed then 200 µl of BSA 
was added to the well plate and incubated for 1 h at 37 °C. 
After three-time wash with PBS, rabbit SARS-CoV2 spike 
or envelope polyclonal antibodies were addedto the wells 
and incubated for 1 h at room temperature. After three-
time wash with PBS,HRP conjugated anti-rabbit IgG anti-
body was added to the wells and incubated for 1 h at room 

temperature. The reaction was visualized by the addition of 
a chromogenic substrate (TMB)and stopped by  H2SO4 (1 N). 
The absorbance was measured at 450 nm by an ELISA plate 
reader (Tecan, San Jose, CA).

In vitro assays of biological activities 
of the tested compounds compared to HCQ

Red blood cells toxicity

First, a serial dilution of BER, ZnO-NPs, ZnO/BER com-
plex and HCQ was prepared in 0.9% NaCl ranging from 
2 µg/ml to 1000 µg/ml. Then, 100 µl of 1% human red 
blood cells suspension was added to a new microtube con-
taining 900 µl dilutions of each compound tested andin-
cubated at 37 °C for 1 h. After that, the tubes were centri-
fuged at 3000×g for 5 min. The supernatant (200 µl) was 
placed in a 96-well plate and the absorbance was measured 
at 540 nm using a microplate reader. “For positive(100% 
haemolysis) and negative(0% haemolysis)controls”, the 
cells suspension of human red blood cells (100 µl) were 
mixed with distilled water or 0.9% NaCl (900 µl), respec-
tively. The percentage of haemolysis was calculated as the 
following Eq. (3):

where, Abssample was the absorbance of different tested com-
pounds, AbsC+ was the absorbance of positive control (100% 
hemolysis) and AbsC− was the absorbance of negative con-
trol (0% haemolysis).All samples were assayed in triplicates. 
Finally, the inhibitory or effective concentration (IC50/
EC50) which had 50% anti-hemolytic powerful and caused 
50% red blood cells hemolysis was estimated inµg/ml.

Peripheral blood mononuclear cells toxicity

Peripheral blood mononuclear cells (PBMC) were col-
lected from healthy individuals on heparinized tubes (10 
U/ml) and PBMC were collected by density gradient cen-
trifugation using sterile lymphocyte separation medium 
(Ficoll-Paque premium, density 1.077 g/ml, GE Health-
care, USA). Cell count and viability were determined 
using trypan blue exclusion test. Finally, the separated 
PBMC was suspended at 1.0 ×  105 cell/ml in Roswell Park 
Memorial Institute (RPMI) 1640 medium (Lonza, USA) 
supplemented with 25 mM N-2-hydroxyethylpiperazine-
N`-2-ethanesulfonic acid (Lonza), 4 mM L-glutamine 
(Lonza), 100 U of penicillin and 100 μg streptomycin 
(Cambrex) and 10% FBS (Lonza). PBMC was incubated 
with different concentrations of the tested compounds. 

(3)Hemolysis (%) =

(

Abssample − AbsC−
)

(AbsC+ − AbsC−)
× 100
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All samples were assayed in triplicates. Proliferation was 
assessed using a neutral red uptake assay (Repetto et al. 
2008) after incubation for 24 h at 37 °C, 5%  CO2, and 95% 
humidity. Finally, IC50 was calculated inµg/ml.

Antioxidant activity

The free radical scavenging activity of the tested com-
pounds was measured by 2,2-Diphenyl-1-picrylhydrazyl 
(DPPH, Sigma, Germany) assay as proposed by Brand-
Williams et al. (1995), with some modifications. A solu-
tion of 0.2 mM DPPH in methanol (0.0078 g/100 ml) was 
prepared and 100 µl of this radical solution was added to 
100 µl of the tested compounds at different concentrations. 
The mixture was incubated in the dark for 30 min at room 
temperature. For control (no radical scavenging activity), 
100 µl of distilled water was used instead of the tested 
compounds. Then the absorbance of samples ( AbsSample ) 
and control ( Abscontrol ) was measured at 517 nm using a 
microplate reader. The percentage of DPPH radical-scav-
enging activity was calculated using the following equa-
tion, Eq. (4):

Antimicrobial activity

Antimicrobial activity was performed by using agar well dif-
fusion assay and turbidity assay (Kadaikunnan et al. 2015) 
for all samples. Four microbial species known to be patho-
genic including gram negative bacteria (klebsila pneumo-
nia ATCC700603), gram positive bacteria(Staphylococcus 
aureus ATCC25923 and Streptococcus pyogenes 
EMCC1772) and yeast (Candida albicansEMCC105) were 
tested. Strains were grown in nutrient broth at 37 °C for 24 h. 
A set of 5 concentrations of the tested reconstituted com-
pounds were examined to determine the minimum inhibitory 
concentration (MIC) of each against a specific pathogenic 
strain.

Agar well diffusion assay

One hundred microliters of inoculums (1 ×  108 CFU/ml) 
were inculcated on agar media and poured into the petri 
plate. A well was prepared in the plates with the help of a 
cork-borer (0.5 cm) and 100 μl of the tested compounds were 
applied into the well. All tested bacterial were incubated 
at 37 °C for 24 h. The inhibition zone was calculated by 
measuring the diameter around the well (mm), excluding 

(4)DPPH radical scavenging activity (% Inhibition) =

(

AbsControl − AbsSample
)

AbsControl
× 100

the well diameter. The readings were taken in three differ-
ent fixed directions in all triplicates and the average values 
were tabulated.

Turbidity assay

MIC of samples was performed using the microdilution 
method. Briefly, cultures of bacteria broth were suspended 
overnight in Mueller Hinton (MH) broth with turbidity 
adjusted to 0.5 McFarland, resulting in a suspension con-
taining approximately 1 ×  108 CFU/ml. To measure the MIC, 
50 μl of MH broth culture was poured into 12 wells of a 
96-wellmicrotiter plate. In the first well, 50 μl of the samples 
stock solution was added. A twofold dilution was then made 
to obtain a different concentration of samples in each well 
(μg/ml). Then50 μl of the microbial suspension was added 
to each well. The microplate was then incubated at 37 °C for 
24 h, and the sample concentration in the well without vis-
ible growth of the bacterial cells was considered to be MIC. 
The positive control (maximum bacterial growth) contained 
MH broth medium only with tested bacterial concentration 
and a negative control contained only inoculated broth were 
used in the study. The test was carried out in comparison 

with 10 mg/ml amoxicillin. The optical density was meas-
ured at 600 nm. MIC was defined as the least concentration 
of the sample that visually inhibited the bacterial growth 
after 24 h of incubation. MIC was reported by observing the 
visual turbidity of the tubes before and after incubation. Bac-
teria inhibition (%) was calculated as the following Eq. (5):

The elimination of HCQ toxicity

In vitro assay

Red blood cells toxicity

One hundred microl liters of 1% red blood cells suspension 
was added to 450 µl of dilution of each tested compound that 
gave the lowest haemolytic activity and incubated at 37 °C 
for 30 min. After that, 450 µl of HCQ (27.5 µg/ml) was 
added to all of test compounds and re-incubated for another 
30 min. After that, the supernatant (200 µl) was placed in a 

(5)Inhibition (%) =

(

AbsControl − AbsSample
)

AbsControl
× 100
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96-well plate and the absorbance was measured at 540 nm 
using a microplate reader. Finally, the percentage of hae-
molysis was calculated as previously mentioned in 2.5.1.

White blood cells toxicity

The blood sample (10 ml) was centrifuged at 1650 rpm 
for 10 min and pellets were collected. Then lysis buffer 
(10 times of pellet volume) was added to the pellet and 
centrifuged for 30 min at 1650 rpm. The supernatant was 
discarded, and the white pellet was resuspended in one ml 
RPMI 1640 medium (Lonza, USA). Cell count and viability 
were determined using trypan blue exclusion test. Finally, 
the separated WBCs were suspended at 1 ×  105 cell/ml in 
RPMI 1640 medium supplemented with 25 mM N-2-hy-
droxyethylpiperazine-N`-2-ethanesulfonic acid (Lonza), 
4 mM L-glutamine (Lonza), 100 U of penicillin and 100 μg 
streptomycin (Cambrex) and 10% FBS (Lonza). Cells 
(100 µl) were incubated with 100 µl of different concentra-
tions of the tested compounds for 24 h at 37 °C, 5%  CO2, and 
95% humidity. After that, media were changed with media 
contained 200 µg/ml HCQ and the cells was incubated for 
another 24 h. All samples were assayed in triplicates. Prolif-
eration was assessed using neutral red uptake assay (Repetto 
et al. 2008).

In vivo assay

Thirty-six male albino mice weighing 20–25 g were pur-
chased from the Theodor Bilharz Research Institute, Cairo, 
Egypt. Mice were housed in an animal facility of Pharma-
ceutical and Fermentation Industries Development Centre 
(PFIDC), SRTA-City. Animals were housed 6 mice/cages 
under controlled temperature (25 ± 2 °C) and constant photo-
periodic conditions (12:12-h daylight/darkness). Mice were 
allowed free access to water and a balanced commercial 
chow. The animal experiment design protocol was approved 
by ethics committee of animal research in (PFIDC), SRTA-
City, Institutional Animal Care and Use Committees 
(IACUC)/IACUC # 19-1R-01020.

The animals were divided into six groups. The first 3 
groups received orally 250 µlof either milliQ water (con-
trol), BER solution (100 mg/kg, BER group) and ZnO/
BER solution (3.3 mg/kg, ZnO/BER group).The second 
3 groups received the previous treatments in combination 
with 250 µl of HCQ solution (36 mg/kg) and named after 
the HCQ,HCQ + BERand HCQ + ZnO/BER groups, respec-
tively. All the treatments are dissolved in milliQ water and 
continued for 28 days.

At the end of the experimental period, mice were fasted 
overnight, and then anesthetized with sodium pentobarbi-
tal (100 mg/kg i.p.) to minimize animal suffering. Blood 

samples were collected in heparinized test tubes. After com-
plete blood picture (CBC) determination, plasma was iso-
lated by centrifugation and sera were collected to measure 
routine blood chemistry.

CBC was analyzed using an automated hematology 
analyzer (BC-2800Vet-Mindray, China) as well as blood 
parameters (alanine aminotransferase (ALT), aspartate ami-
notransferase (AST) and alkaline phosphatase (ALP) activi-
ties as well as total protein, albumin, bilirubin, triglyceride 
(TG),creatinine, uric acid and urea levels) were measured 
using a clinical chemistry analyzer (BS-230-Mindray, China) 
according to commercial kit manufacturing instructions.

Statistical analysis

SPSS software package version 20.0(Armonk, NY: IBM 
Corp) was used for data analyses. Data are presented as 
mean and standard deviation, significance among groups at 
p < 0.05 was assessed by using ANOVA and post hoc LSD 
test.

Results and discussion

Characterization of ZnO nanoparticles and ZnO/BER 
complex

UV–vis spectral analysis (Fig. 1a) shows that the charac-
teristic absorption peak for wurzite hexagonal ZnO-NPs 
was found at 372 nm (Estrada-Urbina et al. 2018).While the 
absorbance at 228, 260, 344 and 420 nm is the character-
istic absorption peaks for berberine chloride. In ZnO/BER 
complex spectrum, the characteristic absorption peaks were 
like BER alone. Moreover, the ZnO-NPs specific absorp-
tion peak was hidden and there was a slight broadening 
and increase in the absorbance intensity peak at 420 nm 
of BER in ZnO/BER complex spectrum (Fig. 1b and c). 
These effects are may be due to the absorption of BER on 
the surface of ZnO-NPs and the formation of ground state 
complex formed by ZnO/BER complex interaction (Bhogale 
et al. 2013) and formation of ZnO/BER complex aggregates.

The fluorescence intensities of BER aqueous solution in 
the range of 350–600 nm which presented in Fig. 1d shows 
a pair of very low fluorescence intensity at λmax = 370 nm 
and λmax = 540 nm respectively. The fluorescence spectrum 
of the ZnO-NPs aqueous suspension exhibits most of the 
ZnO-NPs characteristic emission peaks at 378 nm, 455 nm, 
and 534 nm (Irimpan et al. 2007).The fluorescence intensi-
ties of the ZnO/BER complex shows the quenching of the 
ZnO band emission peaks at λmax = 378 nm by 48.32% with 
2 nm shifting to λmax = 380 nm. Moreover, the fluorescence 
intensity peaks at 455 nm and 534 nm still has the same 
intensity with shifting 11 and 1 nm, respectively. However, 
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in the presence of colloidal ZnO-NPs, the emission peaks 
of the BER band around 370 nm and 540 nm were hidden 
in ZnO-BER spectrum. This generally occurs due to passi-
vation of ZnO-NPs surface and the energy transfer interac-
tion that appears in the overlap of the emission spectrum of 
the donor with absorption spectrum of the acceptor (Belay 
et al. 2017; Jia et al. 2014; Kathiravan et al. 2009). Fig-
ure 1e clearly shows that fluorescence emission spectrum of 
BER overlapped with the absorption spectrum of ZnO-NPs, 
indicating energy transfer from the excited state of BER to 
ZnO-NPs resulting in the formation of ZnO/BER complex 
at lower energy.

Figure 2 shows that the average hydrodynamic size of 
ZnO-NPs was approximately 448 nm due to their tendency 
to aggregate in aqueous suspension, whereas the average 
hydrodynamic size of ZnO/BER complex was approximately 
583 nm. The polydispersity index (PDI) and zeta potential 
of ZnO-NPs was 0.255 mv and −25.5 mv, respectively 
while the ZnO/BER complex was 0.32 mv and −3.71 mv, 
respectively. This result is due to the interaction between the 
negative ZnO-NPs and the cationic BER molecules which 
affects the polydispersity index and increases the tendency 
to aggregate due to the low surface potential of the complex 
(Liu et al. 2018).

Figure 3a shows that ZnO-NPs are highly uniformly 
dispersed NPs with a particle size of 30 ± 5 nm with the 
presence of some larger agglomerated particles. Moreover, 
the EDX elemental analysis of ZnO-NPs (Fig. 3c) showed 
that Zn and O are the main constituents in the sample and 
there were no traces of another element. TEM analysis of 
the ZnO/BER complex (Fig. 3b) showed that there were 
ZnO-NPs agglomerated clusters shield with a light organic 
layer of BER with a particle size of 65 ± 6 nm. The size was 
increased as the aggregates of the ZnO/BER complex were 
formed and this may explain the increased hydrodynamic 
size and the PDI of ZnO/BER complex sample. Further-
more, the EDX elemental analysis of the ZnO/BER complex 
(Fig. 3d) shows the presences of C, Zn and O only. Addi-
tionally, Fig. 3c shows that the content of BER in ZnO/BER 
complex was (67.068 ± 2.43 µg/ml), while the Zn content 
was 79.55 µg/ml.

To verify the intermolecular interactions between BER 
and ZnO-NPs in the ZnO/BER complex, infrared absorption 

spectra of ZnO-NPs, BER, and ZnO/BER complex were 
observed in the wavenumber range from 4000   cm−1 to 
–400  cm−1 (Fig. 4a). The FT-IR of ZnO-NPs and BER was 
identical to the data published by Nagaraju et al. (2017) for 
ZnO-NPs and Bashmakova et al. (2011), Battu et al. (2010), 
Strekal et al. (2007)for BER. The FT-IR spectrum of the 
ZnO/BER complex shows a significant vibration band in 
the range of 400–500  cm−1 which is a characteristic stretch-
ing mode of the Zn–O divalent bond at 427  cm−1 and sur-
face hydroxyl residue -O-H stretching mode in the range 
of 3000‒3600  cm−1 (at 3405  cm−1). The  CH2-O-CH2, the 
BER ether group vibration peak (923  cm−1 and 1032  cm−1) 
(Bashmakova et al. 2011) appeared with lower absorption 
intensity with a red shift at 903 and 1034  cm−1. While the 
BER–OCH3 methoxy group rocking and stretching vibration 
peak at 1270  cm−1 and 1390  cm−1 (Strekal et al. 2007) with 
lower absorption intensity at 1270  cm−1 peak and enhanced 
absorption intensity at 1390  cm−1 peak. This may be due to 
the overlapping with –OCH3 methoxy group over the sur-
face of ZnO from the synthesis precursors. Also, The BER 
iminium (C =  N+) double bond peak at 1627  cm−1 (Battu 
et al. 2010) experiences a dramatic change. It disappeared 
in the ZnO/BER complex spectrum, and the -C-N vibra-
tion peak of BER at 1141  cm−1 and 1567  cm−1could not be 
noticed. Moreover, the existence of aromatic ring stretch-
ing vibrations of C–C, C = C at 1331   cm−1, 1558   cm−1, 
1506  cm−1 and 1600  cm−1. The FT–IR spectrum of the BER 
and ZnO/BER complex showed that the BER–OCH3 meth-
oxy group, –C–N, iminium (C =  N+) double bond peak and 
 CH2–O–CH2 ether pair peaks experienced a dramatic change 
in shape, transmittance (%) and band position. It implies the 
interactions between the principal functional groups of BER 
and ZnO in the ZnO/BER complex.

The structure type identification and crystallinity of ZnO-
NPs, BER and ZnO/BER complex showed that the XRD 
pattern (Fig. 4b) of prepared ZnO-NPs has sharp and intense 
diffraction peaks at 2θ of 31.516°, 34.168o and 36.002° cor-
respond to 100, 002, 101 planes where these are character-
istic peaks of polycrystalline hexagonal wurzite ZnO. Fur-
thermore, The XRD pattern of BER shows sharp and intense 
diffraction peaks at 2θ of 8.8452°, 26.0359° and 25.1644°, 
which indicates the crystalline nature of BER. The XRD 
pattern of the prepared ZnO/BER complex shows sharp and 
intense diffraction peaks for ZnO-NPs at 2θ of 31.6647°, 
34.3182o and 36.1569°, in addition to the presence of less 
intense diffraction peaks of BER indicating the presence of 
less crystalline (semi-crystalline) form of BER on the sur-
face of ZnO-NPs. The average size of the nanoparticles is 
calculated using Debye–Scherrer equation; D = 0.9λ/Cos θ 
equation, which was estimated of 30 ± 5 nm.

The proposed structure of the formulated ZnO/BER 
complex is illustrated in (Fig. 4c). The electrostatic inter-
action between the negatively charged ZnO-NPs and the 

Fig. 1  Absorption spectrum of a ZnO-NPs suspension (104  µg/ml), 
b BER (62.5  µg/ml, Black) and ZnO/BER-NPs (166.5  µg/ml, Red) 
and ZnO-NPs (104 µug/ml, Blue) and c BER and ZnO/BER peaks 
at 420 nm with different ZnO-NPs concentration. d The fluorescence 
emission spectrum at λ excitation = 325  nm of the prepared materi-
als suspended in milli Q water at room Temperature. BER (62.5 µg/
ml, pH = 7.5, Black) and ZnO/BER (166.5  µg/ml, PH = 7.21, Red) 
and ZnO-NPs (104 µug/ml, pH = 7.45, Blue). e Overlap of the fluo-
rescence emission spectrum of BER with the absorption spectrum of 
ZnO-NPs

◂
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cationic BER molecules affects the polydispersity index and 
increases the aggregation of ZnO/BER complex due to the 
low surface potential of the complex. Hydrogen bonding 
also may play a role in the formation of the ZnO/BER com-
plex where one pair of hydrogen-bond interactions occurs 
by the hydrogen-bond donors acetal-type –CH2– group of 
the 1,3-dioxole ring in BER, which is responsible for BER 
crystal structure with ZnO (Pingali et al. 2014; Biradha 
2003).The hydrogen bond between this –CH2– group and the 
oxygen of ZnO or dissociated hydroxyl -OH groups could 
be formed on the surface of ZnO-NPs, which reduced the 
intense sharp peak of ZnO-NPs emission spectra at 378 nm 
(Fig. 1d). Another possibility of hydrogen bond is between 
the methoxy O atom of BER and ZnO in which the Zn atom 
is coordinately bonded to both methoxy O atom as shown in 
Fig. 4b.Additionally, the XRD pattern (Fig. 4b) of the pre-
pared ZnO/BER complex shows the presence of less intense 
diffraction peaks of BER that also indicates the presence of 
amorphous or semi-crystalline form of BER on the surface 
of ZnO-NPs.

The molecular docking study.

In silico analyses of the tested compounds proved that BER 
binds with spike protein through BER O atom that interacts 
with N-atom of Gln1036 (central helix region). BERalso 

interacts with PLpro and spike protein RBD through hydro-
phobic interaction (Table 3 and Fig. 5). Whereas, ZnO-NPs 
bind through an O atom with spike protein active site (Asp 
775 and Thr 778) and spike protein RBD through Tyr 183 
and Val 506. Finally, ZnO/BER complex binds with PLpro 
through O with O-atom in Asp 77 and Glu 78. Furthermore, 
it binds with the spike protein through its O atom with 
O-atom of Ile666 and Pro862 and binds to the spike protein 
RBD through the hydrophobic interaction. Additionally, 
Table 3 shows that ZnO/BER complex had the lowest esti-
mated  Ki of the three examined proteins and had the highest 
stability as it showed the lowest binding energy value.

Antiviral effect of ZnO/BER complex

Table 1 shows that all the tested compounds had inhibitory 
activities towards PLpro and increased formation of the 
RBD spike protein complex. The results indicated that the 
ZnO/BER complex inhibits the spike protein in a non-com-
petitive manner. Furthermore, they had the ability to bind to 
ACE2 protein (spike protein RBD). In particular, the ZnO/
BER complex was the most potent inhibitor towards PLpro 
followed by BER, ZnO-NPs, and finally HCQ (Table 1). 
Furthermore, the ZnO/BER complex showed the highest 
inhibitory action towards RBD spike protein followed by 
HCQ, ZnO-NPs, and finally BER (Table 1).

Fig. 2  a Hydrodynamic size (nm) of ZnO-NPs (448  nm) and ZnO/BER -NPs(583  nm) suspensions. b Zeta potential in (mv) of ZnO-NPs 
(−25.5 mv) andZnO/BER (−3.71 mv)
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Te current findings revealed that all the tested compounds 
act as anti-SARS-CoV2 as all tested compounds decreased 
the plaque formation % (Table 4). Remarkably, the best 
compound used was the ZnO/BER complex followed by 
BER, HCQ, and finally ZnO-NPs. In addition, all the tested 
compounds exhibited a potent antiviral effect as the  EC50 
(effective antiviral concentration 50) of any of the tested 

compounds was lower than  IC50 (Vero E6 inhibitory con-
centration 50).

Table 2 demonstrates one of our nos results that the ZnO-
NPs, BER and ZnO/BER complex inhibited ORF, E- and 
RdRp- gene expression. Interestingly, the inhibition pattern 
was concentration dependent. Consequently, these results 
are consistent with the inhibition levels of E-protein and 
spike protein considering that the ZnO/BER complex had 

Fig. 3  TEM images of ZnO-NPs a and ZnO/BER-NPs b, Energy Dispersive X-ray analysis (EDX) c, d of ZnO-NPs and ZnO/BER, respectively. 
e Quantitative determination of both the BER and elemental Zn content in ZnO/BER complex using high-performance liquid chromatography
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Fig. 4  FT-IR spectral analysis a, X-ray diffraction b of the ZnO-NPs, BER and ZnO/BER complex and c theproposed structure of the ZnO/BER 
complex

Table 3  Docking results of the 
tested compounds with papain-
likeproteinase, spike protein and 
spike protein receptor-binding 
domain

Parameters BER ZnO-NPs ZnO/BER

pH 2.73 6.75 3.5
Papain-likeproteinase
 Hydrogen bond No hydrogen bond No hydrogen bond LIG 1 O Asp77.A O

LIG 1 O Glu78.A O
 Binding energy −8.64 −2.77 −10.48
 Estimated  Ki 464.26 nM 9.28 mM 11.38 nM

Spike protein
 Hydrogen bond Gln1036. BN-LIG O LIG1O-Asp775.C OD1 LIG 1 O Ile666.A O

LIG1O-Thr778.C-OG1 LIG 1 O Pro862.B O
Hydrophobic bonds

 Binding energy −7.76 −2.74 −10.61
 Estimated  Ki 2.05 µM 9880 µM 16.64 nM

Spike protein receptor-binding domain
 Hydrogen bond No hydrogen bond LIGO-Tyr183.A OH LIG Zn-Glu402 A OH

LIGO-Val506.A O LIG Zn-His378 A NH2
No hydrogen bond

 Binding energy −8.51 −2.31 −10.77
 Estimated  Ki 0.58097 µM 20,180 µM 12.85 nM
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Fig. 5  Molecular docking and LigPlus analysis illustrating the interaction betweenZnO-NPs, BER and ZnO/BER-NPs and the studied proteins 
(papain-like proteinase, spike protein and spike protein receptor-binding domain)
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the highest protein reduction levels followed by BER and 
finally ZnO-NPs (Table 2). These results indicated that both 
of the parent compounds as well as ZnO/BER complex had 
an anti-COVID-19 effect through several mechanisms of 
action where they are involved in cell basicity that subse-
quently led to the inhibition of the endosomal pathway facili-
tated by pH-dependent cysteine protease cathepsin L (Xia 
et al. 2020). They prevent the virus entry by interacting with 
ACE2 (spike protein RBD) on the cell surface and noncom-
petitively inhibited spike protein. ZnO/BER complex binds 
by several hydrophobic interactions through Leu 91, Lys 94, 
Leu 95, Gln 98, Glu 208, Asn 210, Val 212, Ser 563, Glu 
564 and Pro 565 that alters the ACE2 active site specificity 
to substrate (Bhuyan and Mugesh 2012). Furthermore, it 
binds to the spike protein through hydrogen bonds with Ile 
666 and Pro 862 and several hydrophobic interactions with 
amino acids in A and B chains [Leu 864 (B), Asp 775 (B), 
Gly 667 (A), Pro 863 (B), Lys 733 (B), Ile 312 (A), Gln 314 
(A), Thr 768 (B) and Tyr 313 (A), Pro 665(A), Leu 861(B)]. 

Since these hydrophobic interactions occurred in the region 
of the binding site, therefore they alter the protein affinity 
and substrate specificity (Chandel et al. 2020). These results 
indicated that the ZnO/BER complex is a non-competitive 
inhibitor that reversibly binds to the enzyme–substrate com-
plex, yielding an inactive ESI complex (Palmer and Bonner 
2007).Upon infection, the ZnO/BER complex inhibited viral 
replication by inhibiting PLpro activity and downregulating 
the expression of RdRp which consequently downregulated 
the viral structural protein (E-protein and spike protein).

In agreement with our results which indicates the inhibi-
tory activity of the tested compounds towards PLpro, the 
pervious study showed that the N-terminal of PLprois ubiq-
uitin like domine 2 (UL2) (amino acids 75–88) which is 
linked to the catalytic site. UL2 mediates a hydrophobic 
interaction with catalytic site, and thus any change in this 
region could influence substrate specificity. This inhibition 
might block the catalytic activity of PLpro towards ubiqui-
tin-like interferon-stimulating 15 protein gene. Therefore, 

Fig. 5  (continued)

Table 4  Antiviral Activity of the tested compounds using in vitro Vero E6 toxicity and plaque reduction assay against SARS-CoV2

Tested compounds Vero E6 IC50 (µg/ml) Vero E6 reduction (%) Dosage (µg/ml) EC50 (µg/ml) EC50/IC50%

ZnO-NPs 4.55 ± 0.03 76.00 ± 1.5 2.20 ± 0.002 1.42 ± 0.002 31.3 ± 0.7
BER 50.73 ± 0.50 80.00 ± 1.7 37.04 ± 0.300 16.70 ± 0.010 32.9 ± 0.4
ZnO/BER 1.76 ± 0.002 81.25 ± 1.2 1.64 ± 0.01 0.333 ± 0.003 18.9 ± 1.2
HCQ 1.4 ± 0.20 76.00 ± 1.8 .10 ± 0.050 0.39 ± 0.009 27.5 ± 0.9
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antiviral interferon pathway will normally stimulated, and 
viral replication will be reduce in the infected cells (Shin 
et al. 2020).

In vitro biological activities of the ZnO/BER 
complex

Cytotoxicity and antioxidants properties

According to the routine drug evaluation process, drug 
toxicity was assessed in vitro on WBC and RBCs (Deore 
et al. 2019). Moreover, several studies have shown that 
compounds with antioxidants properties can act as anti-
COVID-19 and increase drug efficacy toward the inhibition 
of the cytokines storm. COVID-19 was found to induce 
oxidative stress that led to organ failure, and consequently 
induced NFκβ pathway and ended by cytokines storm (Al-
Taie and Victoria 2020; Soto et al. 2020). Our results in 
Table 5 showed that ZnO-NPs was the safest compound 
towards RBCs and PBMCs where it showed the highest 
 IC50 followed by BER, ZnO/BER complex and finally HCQ. 
In addition, the ZnO/BER complex presented the highest 

Table 5  Antioxidant and cytotoxic effects of the tested compounds

RBC PBMC Antioxidants
IC50 (µg/ml)

ZnO-NPs 2140.41 ± 5.9 592 ± 11.2 2439.02 ± 12.3
BER 1349 ± 10.3 22.2 ± 0.9 121.36 ± 8.7
ZnO/BER 178.67 ± 1.1 6.2 ± 0.4 160.09 ± 2.9
HCQ 52 ± 0.9 3.2 ± 0.3 362.7 ± 6.7

Table 6  Antimicrobial activity using agar well diffusion and turbidity assays

a Diameter includes 5 mm well diameter
ND Not detected
MIC Minimum inhibition concentration

Agar Well Diffusion Assay Turbidity Assay

Concentrations of 
the tested com-
pounds

Inhibition zone diameter (mm)a MIC (µg/ml) Percent of inhibition (%) MIC (µg/ml)

100% 50% 25%

Gram negative Bacteria
 klebsila pneumonia ATCC700603
  ZnO-NPs 11 ± 0.1E−6 ND ND 104 65.87 ± 0.1E−6 61.84 ± 0.1E−6 44.13 ± 0.1E−6 26
  BER 20 ± 0.1E−6 ND ND 1852 61.52 ± 0.1E−6 53.21 ± 0.1E−6 40.38 ± 0.1E−6 463
  ZnO/BER ND ND ND ND 70.22 ± 0.1E−6 67.83 ± 0.1E−6 63.70 ± 0.1E−6 41.6
  Positive control 35 ± 0.1E−6 78.91 ± 0.1E−6

Gram positive Bacteria
 Staphylococcus aureus ATCC25923
  ZnO-NPs 17 ± 0.1E−6 ND ND 104 87.77 ± 0.1E−6 33.24 ± 0.1E−6 8.09 ± 0.1E−6 26
  BER 20 ± 0.1E−6 12 ± 0.0 ND 926 88.30 ± 0.1E−6 67.02 ± 0.1E−6 18.09 ± 0.1E−6 463
  ZnO/BER 15 ± 0.1E−6 ND ND 166.5 89.63 ± 0.1E−6 83.24 ± 0.1E−6 79.52 ± 0.1E−6 41.6
  Positive control 25 ± 0.1E−6 ND ND 90.43 ± 0.1E−6

 Streptococcus pyogenes EMCC1772
  ZnO-NPs 12 ± 0.1E−6 ND ND 104 68.31 ± 0.1E−6 50.85 ± 0.1E−6 41.49 ± 0.1E−6 26
  BER 23 ± 0.1E−6 15 ± 0.0 11 ± 0.1E−6 463 64.45 ± 0.1E−6 60.36 ± 0.1E−6 54.97 ± 0.1E−6 463
  ZnO/BER 15 ± 0.1E−6 ND ND 166.5 78.69 ± 0.1E−6 78.14 ± 0.1E−6 77.60 ± 0.1E−6 41.6
  Positive control 35 ± 0.1E−6 79.78 ± 0.1E−6

Yeast
 Candida albicans EMCC105
  ZnO-NPs 30 ± 0.1E−6 25 ± 0.1E−6 20 ± 0.1E−6 26 25.00 ± 0.1E−6 23.44 ± 0.1E−6 20.31 ± 0.1E−6 26
  BER 14 ± 0.1E−6 ND ND 1852 35.94 ± 0.1E−6 32.81 ± 0.1E−6 26.56 ± 0.1E−6 463
  ZnO/BER 21 ± 0.1E−6 14 ± 0.0 ND 83.3 40.63 ± 0.1E−6 34.38 ± 0.1E−6 31.25 ± 0.1E−6 41.6
  Positive control 40 ± 0.1E−6 43.75 ± 0.1E−6
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antioxidant capacity followed by BER, HCQ and finally 
ZnO-NPs.

Antibacterial effect of the ZnO/BER complex

Studieshave reported that about 3.5% of COVID-19 patients 
are co-infected and approximately 14.3% have a secondary 
bacterial infection. Moreover, most critically ill patients 
are known to have bacterial infection which is why most 
COVID-19 patients received antibiotics (Chen et al. 2020a; 
Contou et al. 2020; Langford et al. 2020; Sharifipour et al. 
2020). In our study, theZnO-NPs, BER and ZnO/BER com-
plex had anti-klebsila pneumonia, Staphylococcus aureus, 
Streptococcus pyogenes and Candida albicans with the 
highest antimicrobial activity showed by ZnO/BER complex 
followed by BER then ZnO-NPs (Table 6).

In vitro and in vivo HCQ side effects elimination

The use of HCQ is controversial (Risch 2020). It depends 
on pre-clinical data suggesting its anti-viral and anti-inflam-
matory properties. The clinical trial data demonstrated 
that HCQ showed no benefit for post-exposure prophy-
laxis. However, due to its unique pharmacokinetics, HCQ 
is unlikely to be beneficial in patients with COVID-19 
infection. HCQ is taken for 5–10 days to achieve adequate 
plasma and lung concentrations (Barnabas et al. 2020). As 
previously mentioned, cardio-ocular toxicity is accounted in 
patients treated with HCQ. Therefore, the second objective 
in this study was to estimate the efficacy of the tested com-
pounds against HCQ-induced toxicity in vitro and in vivo. 
It was found that ZnO-NPs decreased the hemolytic activity 
induced by HCQ by 20.11%, while the BER decreased it 
by 42.85% and finally the ZnO/BER complex displayed the 
maximum reduction value of 83.9% (Table 7). In the case 
of WBC, ZnO-NPs prevented HCQ cytotoxic effect towards 
WBC by 4.9 folds, whereas the BER and ZnO/BER complex 
prevented this effect by 6.7 folds approximately, as shown 
in Table 8.

The in vivo results indicated that the BER and ZnO/
BER complex did not affect normal CBC parameters at 
p < 0.05. However, HCQ administration for 14 days sig-
nificantly decreased the RBC count, Hb and Hct levels and 
increased platelet count. Nevertheless, co-administration of 
HCQ with BER or ZnO/BER complex prevented the HCQ 
adverse effect, as shown in Table 7. Healthy control mice 
that received BER or ZnO/BER complex showed lower TG 
levels compared to normal control mice. Furthermore, the 
group receiving HCQ had significantly lower serum direct 
bilirubin, ALP, total protein, albumin, T.G. and creatinine 
associated with elevated AST, ALT, AST/ALT ratio, uric 
acid and urea levels. Whereas, co-administration with BER 
moderately prevented the HCQ adverse effect. Interestingly, Ta
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our results exhibited that ZnO/BER complex co-administra-
tion with HCQ completely prevented the adverse action of 
HCQ on tissues (Table 7) as all parameters tested were in the 
normal range for control mice, at p < 0.05.In agreement with 
our results, several studies have reported that HCQ induces 
an increase in fibrinogen causing a decrease in plasmatic 
and blood viscosity (Ernst et al. 1984). A possible role in 
the rheological property decreases of RBCs (Bird et al. 
1981). Moreover, it causes hepatic failure, toxic epidermal 
necrolysis and cardiotoxicity (Hashem et al. 2020). BER and 
ZnO-NPs act as antioxidants and have an anti-inflammatory 
and hepatic support action (El-Zeftawy et al. 2019; Ghaffari 
et al. 2019) that can eliminate the HCQ adverse effect on 
these vital tissues.

Conclusion

The ZnO/BER complex was successfully prepared with the 
freshly prepared facile mixing method of 30 ± 5 nmZnO-NPs 
and BER-HCl. The adsorption of cationic BER molecules on 
the surface of negatively charged ZnO-NPs was confirmed 
by the non-covalent bond that played a major role in the 
reaction of ZnO-NPs with BER. ZnO/BER complex exhibits 
potent antioxidant, antiviral and antimicrobial activities and 
has been found to be effective at lower concentrations than 
BER or ZnO-NPs alone. The ZnO/BER complex acts as anti-
COVID-19 by inhibiting the virus entry through interacting 
with the ACE2 enzyme on the cell surface and inhibiting 
the spike protein interaction. Also, the ZnO/BER complex 
inhibits PLpro activity and downregulates the expression of 
RdRp, which consequently downregulates the viral structural 
protein and prevents the viral replication. Finally, ZnO/BER 
complex eliminates the toxicity of HCQ administration. The 
obtained findings proved that ZnO/BER complex can offer a 
promising therapeutic option for managing COVID-19 infec-
tion and related bacterial co-infection that occurred in many 
cases. It can also be used in the therapeutic protocol using 
HCQ to eliminate related adverse effects and especially in 
case of patients suffering from autoimmune disorders and 
treated with HCQ.
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