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ZnO/chlorogenic acid nanostructured complex inhibits Covid-19 pathogenesis and
increases hydroxychloroquine efficacy

Abstract

Objective: The study purpose was to compare the anti- the novel coronavirus disease
2019 (COVID-19) property of chlorogenic acid (CGA) and Zinc oxide nanoparticles (ZnO-
NP) with the new valid synthesized complex of ZnO /CGA-NPs. Methods: The facile
mixing method was utilized to prepare ZnO/CGA-NPs. The in vitro effect of different
ZnO/CGA-NPs concentrations on papain-like protease (PLP?) and spike protein-
receptor-binding domain (RBD) was measured by ELISA technique. The compounds
effects on SARS-CoV2 were determined on viral entry, replication, and assembly by using
plaque reduction assay, qPCR, and ELISA techniques. Their individual effects or mixed
with hydroxychloroquine (HCQ) on erythrocytes (RBCs) and leukocytes (WBCs) were
evaluated by routine cell culture technique. Finally, turbidity and agar well diffusion
assays were done to evaluate their antimicrobial properties against Escherichia. coli,
klebsila pneumonia, Streptococcus pyogenes, Staphylococcus aureus, and Candida albicans.
Results: The results confirmed that the uniformly dispersed ZnO-NPs were converted to
aggregated form of ZnO/CGA-NPs upon the addition of CGA. The inhibitory
concentration 50 (IC50) of ZnO /CGA-NPs against RBD, angiotensin-converting enzyme
2 (ACE2) and PLr* were 1647.7, 323.3 pg/mL and 38.7 ug/mL, respectively. Also, it
inhibited E-gene, RdRp gene, E-protein, and spike protein with an ICs of 0.11, 0.13, 0.48,
and 0.37 pg/mL, respectively. It acted as an antimicrobial against all tested organisms
with a minimum inhibitory concentration (MIC) of 26 ug/mL. Finally, ZnO/CGA-NPs
Complex (0.1 ICso) prevented the cytotoxic effect of HCQ on RBCs and WBC by 92.3 and
90%, respectively. Conclusion: ZnO/CGA-NPs Complex can be considered as a new anti-

severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) compound.
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1. Introduction

Till 30 July 2022 and according to the world health organization (WHO) statics, the
pandemic disorder COVID-19 (Zhu et al. 2020) infected 581,304,308 cases from that there
were 6,418,377 deaths worldwide. The viral proteins divided into structural protein
which are envelop (E), membrane (M), spike (S) and nucleocapsid (N) protein as well as
numerous non-structural proteins (NSP). Each one has a central role during virus entry,
replication, and transcription. Each protein can be considered an effective drug target
where N-protein is a drug target to stop viral replication (Jack et al. 2020; Boopathi et al.
2021). Both Spike and furin are targets to prevent the viral entry (Wan et al. 2020; Walls
et al. 2020). Several studies reported that about one quarter of COVID-19 patients are co-
infected with different microbes such as Staphylococcus aureus, Streptococcus pneumoniae,
and Candida albicans (Contou et al. 2020; Ghareeb et al. 2021a), therefore the use of an
empiric antibiotic is encouraged.

Despite, a few drugs as anti-COVID-19 was approved as anti-COVID 19, the new
challenge for scientists is to find out new compounds derived from natural resources to
be used as COVID-19 therapeutic agents. Because natural product can kill microbe,
prevent the formation of biofilm, work on multitargets (Sharma et al., 2021), beside that
it safer and more efficient than several synthetic drugs (Ghareeb et al. 2021b).

The in vitro and in silico reporters proved that synthetic and natural antioxidants

compounds can be used for COVID-19 treatment (Chauhan et al. 2021), such as berberine,




curcumin, vitamin C, and caffeic acid (CA). Chlorogenic acids (CGAs), which is CA
derivatives, have a wide spectrum of biological activities, including antidiabetic,
hypolipidemic, antioxidants, and anti-inflammatory (Prasad et al. 2011). This phenolic
acid, that is esters of quinic acid with cinnamic acids, is richly found in green coffee beans
as well as coffee (Matei et al. 2012). Recently, Wang et al. (2021) proved that CGA could
be a good candidate for COVID-19 treatment as their molecular docking results revealed
that CGA binds to several targets such as ACE and interleukin (IL) 6.
It is well known that respiratory infections are associated with zinc deficiency. Zinc oxide
(ZnO) nanoparticles (NPs) show antimicrobial activity, inhabiting the replication of
different life throttles viral infections and respiratory viral pathogens such as SARS-CoV1
(Liu et al. 2020) due to the ROS production (Sharma et al., 2021). ZnO-NPs can fight viral
infections through several mechanisms, including modulating the viral particle entry and
fusion, preventing the viral replication, which consequently interferes with translation of
viral protein infection (Ghareeb et al. 2021a, 2021b; Hamdi et al. 2021).
Despite, HCQ shows several side effects when used as anti-COVID-19 on clinical trials,
it shows in vitro anti-COVID-19 properties (Ghareeb et al. 2021a; Infante et al. 2021).
Based on these findings, this work was carried out to investigate the efficacy of ZnO-NPs,
CGA and ZnO/CGA-NPs complex as anti-COVID-19, antimicrobial, and
hydroxychloroquine (HCQ) toxicity eliminators.

2. Material and methods

2.1.Materials
CGA (> 99 purity), Milli-Q water, 3-(4, 5-dimethylthiazol -2-yl)-2, 5-diphenyltetrazolium
bromide (MTT), Ethanol and methanol (HPLC grade) were purchased from Sigma
Aldrich (Germany). Zinc acetate dihydrates and Sodium hydroxide pellets

(Fisher Chemical) were used.

2.2. ZnO nanoparticles and ZnO/CGA complex preparation and characterization




ZnO- NPs with 30 + 5 nm hexagonal wurtzite structure was synthesized according to
Aditya et al. (2018) and Ghareeb et al. (2021a). The facile mixing method was utilized to
prepare the ZnO/CGA complex as reported by Belay et al. (2017). Firstly, the dispersed
ZnO-NPs in Milli-Q water (225 ug/mL) by ultrasonication for 30 min was mixed with 2.6
mL of 100 pg/mL aqueous chlorogenic acid (CGA) solution and diluted under stirring to
achieve a 1:0.5 ZnO:CGA mixture until the cloudy suspension of ZnO-NPs was instantly
transformed to pale yellow. The solution was agitated at 25°C for 2 h before using a freeze
dryer to get the ZnO/CGA-dried yellow powder.

The ZnO-NPs and ZnO/CGA-complex spectra were performed at room temperature in
the range of 200-500 nm using a UV-Vis Spectrophotometer (Thermo Scientific™
Evolution™ 300). A Fourier transform infrared (FTIR, Shimadzu IRTracer-100 FT-IR)
spectrophotometer was used to assess the interaction of ZnO and CGA confirmed using
a wave number range of 4000-400 cm. Finally, the hydrodynamic size, morphology, and
the crystalline nature of the ZnO-NPs and ZnO/CGA were measured using Zetasizer
Nano ZS (Malvern, Worcestershire, UK), transmission electron microscopy (TEM) (JEOL,
JEM 1400, Tokyo, Japan), and (Shimadzu XRD-6100 diffractometer) with a copper source
(1.54 A). Intensity (counts) values were detected in the 20 range of 10-80°, with 30 mA
(current) and 40 kV (tension).

2.3. In silico analysis

Chem Sketch program was used to draw the chemical structure of compounds in MOL
format that converted to PDB file by Babel software. PDB of target proteins were obtained
from www.rscb.org. Proteins’ co-ordinates energy minimization was done by SWISS-
PDB VIEWER (SPDBV). Autodock.4 was used to analyze the ligand protein interaction
(LPI) where the grid box size was (126 pointsinx, y and z dimensions), and spacing (0.375
angstrom) while the docking were used by lamarckian genetic algorithm (LGA) at

2500000 energy evaluations and the number of run (pose) was 10. The minimum binding




energy was calculated by using Cygwin software. Finally, the LPI visualization was
carried by the UCSF Chimera software.

2.4. Anti-COVID-19 assays

2.4.1. Determination of compounds inhibitory activity towards papain-like

proteinase, spike protein

The inhibitory activities of ZnO-Nps, CGA, ZnO/CGA complex, and HCQ towards
papain-like proteinase ((PLpro), Abcam, UK, cat# ab277615) and spike protein-receptor
binding domain ((RBD), Abcam, UK, cat# ab273065) were determined according to Tai et
al. (2020). While the compounds-ACE-2 binding efficiency was measured according to
Ghareeb et al. (2021a).

2.42. Invitro VeroE6 toxicity
In a microwell-plate, tested compounds serial dilutions were added to 24 h cultured Vero
E6 (30000 cells) then the plate was incubated for another 24 h in a calibrated CO:
incubator. The viable cells were visualized by MTT assay as described by Ghareeb et al.
(2021a). The concentration that demonstrated 50% cytotoxic effect (50% cell death, IC50)
was calculated from plot that contained % cytotoxicity (((Abs of cell without treatment-
Abs of cells with treatment)/ Abs of cell without treatment) *100) on Y axis and sample
concentration in X axis. The IC50 was used as the maximum concentration of the tested
compound in plaque reduction assay.

2.4.3. Anti-COVID-19 activity (Plaque reduction assay)
The plaque reduction assay was carried out according to standardized published
methods Xia et al. (2020), in which the plaques percentage inhibition was recorded as

follows;

viral count treated

% inhibition = viral count (untreated) — 100

X
viral count (untreated)

2.44. Antiviral activity




In cell culture plate (12wells), the seeded Vero E6 cell was infected with SARS-CoV-2
(provided from chemical warfare, Egyptian Army) at an 0.1 MOI and incubated for 2 h.
After changing the media with fresh one containing serial dilutions of tested compounds
or without (control), the plate was 3 days incubated at 37°C in 5% CO.. After
centrifugation at 600 rpm for 10 min, the cells were scraped and added to 1 mL culture
media. The virus was killed by exposing the supernatant and cells to routine UV
disinfection protocol for 5 minutes, followed by cell lysis via sawing and freezing. The
cellular RNA was isolated by using Qiagen viral RNA-isolation kit (#52906). cDONA was
synthesized by using cDNA synthesis kit (Thermo Scientific,c USA). Finally, the viral
RdRp gene and E-gene amplification was carried out according to method of Xia et al.
(2020). The gene expression was calculated by the -AACt method.
The spike protein and envelope protein levels were determined by ELISA technique (Xia
et al., 2020).

2.5. In vitro bioscreening assays of the tested compounds

2.5.1. Invitro anti-hemolytic activity
The antihemolytic activities of ZnO-NPs, CGA, ZnO/CGA complex, and HCQ was
determined as described by Ghareeb et al. (2021a). The effective concentration (ECso) that
prevented a 50% RBC hemolysis was measured in pg/mL by plotting % anti-hemolytic
effect (((Abs in absences of treatment-Abs in presence of treatment)/ Abs in absences of
treatment) *100) on Y axis and sample concentration in X axis.

2.5.2. Inwvitro Peripheral blood monocytes (PBMCs) cytotoxicity
Rabbit PBMCs were isolated by adding Ficoll media. After centrifugation, the number of
viable PBMCs was measured by trypan blue, and then resuspended at 1.0 x 10° cell/mL
in RPMI culture medium. 100 pL of cells were cultured for 24 h in calibrated CO: (5%
COz, and 95% humidity) then, serial dilutions of each compound (100 pL) were added to
the cells, and the cells were re-incubated for an additional 24 h at the same conditions.

MTT assay was used to determine the cell viability.




2.5.3. DPPH scavenging activity
The free radical scavenging activity of tested compounds was measured according to
Brand-Williams et al. (1995).

2.5.4. Antimicrobial activity:
Agar well diffusion and turbidity assays (Kadaikunnan et al. 2015) were used to detect
the activity of the compounds against five microbial species Klebsila pneumonia
(ATCC700603), E. coli (ATCC25922), Staphylococcus aureus (ATCC25923), Streptococcus
pyogenes (EMCC1772), and Candida albicans (EMCCI105). The minimum inhibitory
concentration (MIC) was calculated for each compound tested.

2.6. Determination of in vitro HCQ toxicity elimination
For red blood cells, 100 uL of RBCs suspension (1%) was mixed and incubated at 37°C
for 30 min with the concentration of tested compound (450 pL) that demonstrated the
lowest hemolytic effect. Then, 450 uL of 27.5 ug/mL HCQ was added then this mixture
was re-incubated for another 30 min. the absorptance of the supernatant was measured
at 540 nm. Finally, the percentage of hemolysis was calculated.
For white blood cells (WBCs), the WBCs were isolated from 10 mL of blood, and then the
palette was suspended in 10-fold resuspended in 1 mL culture RPMI (Dagur & McCoy
2015). The viable cells were then diluted to a concentration of 1 x 10° cell/mL in culture
RPMI 1640 medium for 24 h in a CO:2 incubator at standardized conditions. Following
that, 100 pL of different concentrations of tested compounds were added alone or in the
presence of HCQ concentration (that yield 50% cell death) for 24 h in a CO2 incubator
under standardized conditions. The cell proliferation was measured by MTT assay.

2.7. Statistical analyses:
Data were expressed as means and standard deviations. The significant difference among
groups was set at p<0.05 using ANOVA, post hoc LSD test, and multiple comparison test
in SPSS software package version 20.0 (Armonk, NY: IBM Corp).

3. Results




In the case of ZnO-NPs, only one absorption band at 372 nm was detected while four
characteristic peaks for CGA at 217, 233, 299, and 324 nm (Figure 1A) was found. The
mixing of CGA with ZnO-Nps (Fig 1B and 1C) showed hypochromic effects in the
absorbance pattern which was associated with the appearance of the characteristic
absorption peak of metal-phenolate at 372 nm. The addition of excess CGA to constant
ZnO-Nps which calculated by [,_354 nm /l3=372 nm ratio (Fig 1D) indicated that the
addition of CGA after stoichiometry of ZnO/CGA = 2 was ineffective as the intensity of
the CGA characteristic peak 324 nm was progressively increased while the metal-
phenolate peak at 372 nm of ZnO/CGA remained constant.

The IR spectra (Figure 2A) showed that in the ZnO/CGA spectrum, the characteristic Zn-
O absorption bands of ZnO-Nps were observed at 428 cm™, while the Zn-OH absorption
band at 499 cm! was disappeared, moreover, almost all CGA characteristic absorption
bands were presented. TEM images showed that the uniformly-highly dispersed particles
of ZnO-NPs (30 +5 nm) (Fig. 2B) were converted into agglomerated clusters in ZnO/CGA.-
Nps (Fig. 2C) due to the presence of CGA on the surface of ZnO-NPs.

The in silico study presented in Figure 3 and Table 1 shows that ZnO/CGA had different
ligand protein interaction (LPI) than both parents, where it binds with PLF° by two
hydrogen bonds with GIn 270 and Tyr 274 and several hydrophobic interactions. This LPI
showed the lowest binding energy (-17.8 kj) and estimated Ki (89.1 fM). Despite both
CGA and ZnO-NPs bind with spike protein with hydrogen bonds, the ZnO/CGA
complex binds with the protein through hydrophobic interactions only and it shows the
lowest binding energy (-15.55 kj) and estimated Ki (4.01 nM). Finally, ZnO/CGA complex
binds with RBD by five hydrogen bonds at LEU 91, LYS 94, ASP 206, ASN 210, and GLY
395 and it shows the lowest binding energy (-10.99 kj) and estimated Ki (8.82 nM). Table
2 shows that all tested compounds inhibited PLF* in a concentration-dependent manner
where the highest inhibitory effect was shown in the case of ZnO/CGA complex followed

by ZnO-NPs, then HCQ, and finally CGA where the relative IC50s were 38.67, 48.5, 270.3,




and 3571.4 pg/mL, respectively. All tested compounds had ACE2 binding affinity and
increased the formation of the RBD-ACE2 complex.

In accordance with the previous data, table 3 shows that all tested compounds acted as
anti-SARS-CoV2 where the highest antiviral effect was shown in the case of ZnO/CGA
complex followed by CGA and HCQ and finally ZnO-Nps. The obtained data confirmed
that these compounds could be considered potent antiviral candidates because the
obtained EC50s (effective antiviral concentration 50) for all tested compounds were lower
than their IC50s (Vero E6 inhibitory concentration 50).

Interestingly, our data which is represented in table 4 confirmed that ZnO-NPs, CGA,
and ZnO/CGA complex inhibited the ORF, E- and RdRp-gene expression in a
concentration-dependent manner where the ZnO/CGA complex showed the maximum
gene down-regulation patterns. In accordance with gene expression data, the ZnO/CGA
complex showed the maximum inhibition E-protein and spike protein pattern.

Table 5 proves that CGA was the safest compound toward RBC, PBMCs and WBCs where
it showed the highest ICx followed by ZnO/CGA complex, ZnO-NPs and finally HCQ.
In addition, the ZnO/CGA complex presented the highest antioxidants capacity followed
by CGA, HCQ, and finally ZnO-NPs.

Table 6 shows that all tested compounds acting as anti- Klebsila pneumonia, Staphylococcus
aureus, Streptococcus pyogenes, and Candida albicans where the highest antimicrobial effect
was shown in the case of ZnO/CGA complex.

Table 7 showed that ZnO-NPs prevented the HCQ hemolytic effect by 82.9% and
increased the WBC viability by 5.6fold while CGA decreased hemolysis by 93% and
increased WBC viability by 9.2fold and finally the ZnO/CGA complex decreased RBCs
hemolysis by 92.3% and increased the WBC viability by 9.7fold.

4. Discussion




This study was aimed to synthesize a ZnO/CGA complex then investigate its efficacy as
anti-COVID-19, antimicrobial, and eliminator of hydroxychloroquine (HCQ) toxicity in
comparing to its parents’ efficiencies.

The characterization data prove the synthesis of a new ZnO/CGA complex that can block
the viral entry, replication, and assembly. Besides that, it is considered a potent
antioxidant and antimicrobial and it could be used in combination with HCQ as adjuvant
therapy. ZnO-NPs had one while CGA UV-spectrum showed four characteristic peaks
producing from the Pi transitions that occurred in double bond and the aromatic ring
frame (Kalinowska et al. 2020). Moreover, the addition of CGA to ZnO-NPs produced
hypochromic effect which indicated the adsorption of CGA onto the ZnO-Nps surface by
forming interaction between phenolic catecholate and carboxylate group of CGA with Zn
(Kalinowska et al. 2020). The IR absorption spectra indicated the adsorption of CGA on
the ZnO-Nps surface. The characteristic CGA absorption bands (667, 809, 1516, and 1600
cm) were attributed to the aromatic ring (Kalinowska et al. 2020). Several alterations had
been noticed in ZnO/CGA complex where the redshift intensity was reduced to lower
wave numbers (1506 and 1592 cm™!) and the vibration mode of the quinic ring C-OH peak
(1438 cm™) was lost. This could be due to the enrollment quinic ring C-OH in the
formation of hydrogen bonds with ZnO surface ~OH which also indicated by the band
boarding at 3304 cm™ which is specific for the OH group. There were a forceful reduction
with the redshift in both the C=O functional group stretching of ester bond band
(1687cm™) and the C=0O carboxyl functional groups stretching band (1183 cm™) to 1682
and 1165 cm™ which may be suggested that the carboxylate anion may be involved in
coordination with zinc (Kalinowska et al. 2020). The the C-O-C stretching vibration in
ester bond band (1282 cm™) has appeared with slightly higher intensity and redshift to
1261 cm™, the bands of the C-O phenolic and alcoholic stretching (1113 and 1027 cm™,
respectively) were forcibly reduced with the blueshift to 1120 and 1037 cm™, respectively,

indicating that CGA interacted with the surface of ZnO-Nps and ZnO/CGA ground state




complex was formed. Altogether, these spectra indicate that CGA interacted with ZnO-
NPs by noncovalent bonds. In accordance, the proposed structure of the ZnO/CGA
complex was sketched and checked by Chemaxon Marvin sketch software (Fig. 2D).

It is reported that CGA prevents the early stages of the viral infection during virus
growth, moreover, it acts as anti-Herpes Simplex Virus I and HCoV-NL63 (Yu et al. 2020;
Weng et al. 2019). The obtained results confirmed that the parents and the newly formed
complex ZnO/CGA are acting as anti-SARS-CoV2 activity as they increased the cellular
pH which leads to endosomal pathway (Xia et al. 2020). The parents and their complex
uncompetitively inhibited the binding between RBD and ACE2 through the formation of
hydrogen bonds and hydrophobic interaction with RBD that alters the ACE2 active site-
specificity to the substrate (Chandel et al. 2020). In this type of inhibition ZnO/CGA binds
with enzyme allosteric site and with active site leading to the formation of inactive
enzyme-substrate-inhibitor complex. In agreement with these results, the docking study
of Yu et al. (2020) proved that CGA interacts with ACE2 at position GIn42 andAsp38
which prevented the ACE2 attachment with S protein. Also, Adem et al. (2020) in silico
results indicated that CGA interacts with main-proteinase, S proteins subunits and
endoribonuclease. Furthermore, ZnO/CGA complex downregulated and inhibited
several viral proteins PLr°, RdRp, E and spike proteins which lead to viral replication
inhibition. Moreover, CGA binds to cellular heat shock protein A5 which is receptor for
COVID-19 (Elfiky 2020).

Our results indicate that the ZnO/CGA complex binds PLr® active site GIn270 and Tyr274
(Baez-Santos et al. 2015) also it binds to the ubiquitin-like domine 2 (UL2) (amino acids
75-88) N-terminal of PLP™ which is linked to the catalytic site. UL2 blocks the formation
of the interferon pathway (Shin et al. 2020) therefore our tested compounds could be
reduced the viral replication through stimulation of the antiviral interferon pathway.
The toxicity of a new compound must be detected in vitro on different normal cells such

as WBC, RBC, and fibroblast (Deore et al. 2019). It is known that compounds that acting




as antioxidants could be used as adjuvant therapy during COVID-19 infection to decrease
the oxidative stress and cytokines storm (Soto et al. 2020). ZnO/CGA complex had the
highest antioxidants property. Despite, ZnO-NPs increased cellular oxidative stress,
CGA acts as a potent antioxidant, anticancer (Moon et al. 2017and anti-inflammatory (Al-
Hatamleh et al. 2020). We must notice that the concentration of ZnO-NPs in this complex
is lower than the recommended doses about 15folds, which indicated the elimination of
cytotoxic effect of ZnO-NPs (Sharma et al., 2021).
Some COVID-19 infected people had bacterial infection, and this is the reason for the
administration of antibiotics for these patients (Contou et al. 2020). All tested compounds
had inhibitory ability toward Klebsila pneumonia, Staphylococcus aureus, Streptococcus
pyogenes, and Candida albicans. CGA inhibits bacterial arginase and agmatinase and viral
neuraminidase (Moon et al. 2017). CGA is also acting as anti- Streptococcus pneumoniae by
inhibiting neuraminidase (Guan et al. 2020).
Despite, the presence of HCQ in COVID-19 therapeutic protocol is controversial (Risch
2020) due to associated side effects (Barnabas et al. 2021), it has anti-inflammatory and
anti-SARSCoV2 properties. Therefore, we measured the protective effect of tested
compounds on RBC hemolysis and WBC destruction by HCQ, and the results proved
that ZnO /CGA protects the cells that could be due to the antioxidant and anti-
inflammatory properties of CGA (Moon et al. 2017).

5. Conclusion

ZnO/CGA-NPs Complex was successfully prepared by facile mixing method. Where,
CGA molecules are interacted by non-covalent interaction on ZnO-Nps surface that
formed the ground-state complex. Nano-ZnO /CGA complex exhibited anti-COVID-19
properties as it inhibited several steps in virus lifecycle where it blocked RBD and bind
with ACE2 (viral entry targets) Also, it blocked virus replication by inhibiting PLF* and
RdRp. This comples is a very potent antimicrobial agent against respiratory tract
pathogens. Finally, ZnO/CGA-NPs Complex could be used to eliminate the HCQ

associated toxicity.
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