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Dengue is a major health concern causing significant mortality, morbidity and economic loss. The

development of anti-dengue viral drugs is challenging due to high toxicity, as well as off-target/side

effects. We engineered size tuned ZnS QDs as a platform for the efficient delivery of mycophenolic acid

(MPA) against dengue virus serotype 2 (DENV2) to evaluate the drug efficacy and toxicity using the
DENV2 sub-genomic replicon system in BHK21 cells. The results indicate that the Selectivity Index 50
(Slsg) of the ZnS QD-MPA conjugate was two orders higher than that of free MPA with lower
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cytotoxicity. The effect is attributed to the sustained release of MPA from ZnS QD-MPA. The conjugated

MPA caused significant inhibition of the virus at the level of replication and viral protein translation. The
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Introduction

Viral infections are one of the leading causes of mortality
worldwide, having a global negative impact on healthcare and
socio-economic development.’ However, the lack of selective
inhibitors against a multitude of medically important viruses,
with a prominence of emerging and re-emerging RNA viruses
(e.g.: Dengue, Chikungunya, SARS-CoV, MERS-CoV, and SARS-
CoV2) has aggravated the scenario. Although it is impractical
to develop drugs against each of these viruses within a short
duration, the development of novel treatment strategies is the
key to resolve the issue.” The adverse side effects/toxicity due to
prolonged use of drugs and the rapid development of drug
resistance in patients to the existing therapies make it a more
serious public health concern.?

In this context, nanomedicine based strategies using
biocompatible nanomaterials can be considered as a powerful
tool to enhance the efficacy of antiviral drugs with the
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study underpins the efficiency of the ZnS QD for the delivery of antiviral drugs against DENV2 with
negligible toxicity and side effects.

possibility of a remarkable reduction in toxicity. Nanoparticles
offer distinctive physical properties that can have associated
advantages for drug delivery, mainly due to the small particle
size, large surface area to volume ratio, and the tunable surface
charge of the particle.* The possibility of drug encapsulation, as
well as the capability of nanoparticles to handle large drug
payloads, can be attributed to the above properties. Thus
nanoparticulate drug delivery systems are attractive candidates
to improve the therapeutic effects of drugs.>® Several anti-
cancer drugs including paclitaxel, doxorubicin, 5-fluorouracil,
and dexamethasone have been successfully re-formulated using
nano-material based delivery systems.”*® Nano-medicines with
different types of nano-formulations against HIV have been
approved and are currently undergoing investigation for the
treatment of viral infections.' It was reported that glucose
coated gold nanoparticles (GNPs) attached to the drugs abacavir
and lamivudine can act as a multivalent drug against HIV.">
Importantly, quantum dots (QDs) are promising zero-
dimensional materials that can be designed/engineered for
tailored applications. The use of QDs in medicine, and cell and
molecular biology is one of the fastest emerging and most
interesting interfaces of nanotechnology.”*** The bio-
distribution and the toxicity of QDs are determined by their
surface coating and particle size.'®" Zinc sulfide (ZnS), which
belongs to the semi-conductor class II-VI, is one of the most
ideal QDs which can be explored for biological applications due
to its low toxicity levels.* It has excellent potential for applica-
tion in fields such as drug delivery, and bio-imaging and also
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emerges as one of the most promising materials for biosensor
applications.**?° However, reports on the employment of ZnS in
drug delivery and related applications are rather scarce. In this
backdrop, we have investigated the application of ZnS QDs for
the delivery of antiviral drugs against one of the most dangerous
mosquito-borne tropical flaviviruses known as Dengue virus
(DENV).

Dengue virus belonging to the family of Flaviviridae and
genus Flavivirus is one of the major global health threats,
leading to significant morbidity, and mortality. It is a mosquito-
borne viral disease caused by Ades aegypti.** As per the World
Health Organization (WHO), there were 390 million cases of
dengue fever reported worldwide, and annually 100 million
infections and 25 000 deaths are associated with it while the
victims are mostly children.?” There are four distinct (DENV1 to
DENV4) serotypes circulating all over the globe causing DENV
infection.” The infection causes symptoms ranging from acute
febrile disease to severe manifestations, including bleeding and
organ failure resulting in Dengue Haemorrhagic Fever (DHF) or
Dengue Shock Syndrome (DSS), but there is no available vaccine
or antiviral drug that can prevent all four dengue virus sero-
types.*»*® Even though, several small molecule based anti-
dengue virus drug molecules have been explored none of
them are in clinical use due to their toxic effect.>**”

Mycophenolic acid (MPA) is an immunosuppressant that
exerts its effects by selectively reducing guanine nucleotide
synthesis via the reversible inhibition of inosine mono-
phosphate dehydrogenase (IMPDH). The drug inhibits dengue
virus RNA replication and virus production.”®*** However, the
inherent toxic nature of MPA downgrades its use as an anti-
dengue viral drug.**** In the present study, ZnS QDs were
used as a nanoplatform for the effective delivery of (MPA)
against DENV2 with an enhanced selectivity index.

Experimental methods
Materials

For the synthesis of the quantum dots, zinc chloride (ZnCl,)
(Cat#t 229997) was purchased from Sigma and sodium sulfide
(Na,S) (Cat # 06020) was purchased from Loba Chemie.

Dulbecco’'s modified Eagle medium (DMEM) (Cat# AL007),
Geneticin (G418) (Cat#A016), r-glutamine (Cat#TCL012), 1x
trypsin (Cat#TCL099), antibiotics (penicillin + streptomycin)
(Cat#t A018), and Bovine Serum Albumin (BSA) (Cat# TC194)
were purchased from HiMedia.

The restriction digestion enzyme Sac1-HF (Cat# R3156S) was
purchased from NEB.

A transIT-mRNA transfection Kit (Mirus Bio, CatfMIR2250)
was purchased for in vitro RNA transfection.

An ELISA detection kit (Dengue NS1 Ag Microlisa ELISA kit)
(Cat#t IR031096) for Dengue virus NS1Antigen was purchased
from J. Mitra & Co.

Dimethyl sulfoxide (DMSO) (Cat# D8418), sodium dodecyl
sulphate (SDS) (Cat# L3771), triton x-100 (Cat# 93443), myco-
phenolic acid (Cat# M3536), celgosivir (Cat#f SML2314), curcu-
min (Cat# 239802), HRP-conjugated anti-rabbit secondary
antibody (Cat# A9169), HRP-conjugated anti-mouse secondary
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antibody (Cat#f A9044), DAPI (Cat# D9542), fluoroshield (Cat#
F6937), and acrylamide/bis acrylamide (Cat# A3574) were
purchased from Sigma.

Fetal bovine serum (FBS) (Cat# 16000044), Stbl2 cells (Cat#
10268019), horse serum (Cat# 16050114), an Invitro Transcrip-
tion kit MEGAscript™ SP6 Transcription kit (Cat#AM1330), Cap
Analog (m’G(5") ppp (5')G) (Cat# AM8048), Trizol reagent (Cat#f
15596026), MTT (Cat# M6494), Verso cDNA synthesis kit (Cat#
AB1453B), RIPA lysis buffer (Cat# 89900), BCA kit (Cat#23227),
anti-dengue NS3 polyclonal rabbit antibody (Cat# PA5-32199), B-
actin antibody (Cat#t MA5-15739), Alexa Fluor 488 (Cat#f A-
11034), Alexa Fluor 555 (Cat#f A-31570), and a chemilumines-
cent substrate (Cat# 32132), were purchased from Thermo
scientific (USA).

Roche SYBR Green RT-PCR kits (Cat#f 04707516001) were
purchased from Roche. NS4A and GAPDH primers were
purchased from IDT. Rluc activity assay was carried out using
a luciferase assay kit (Cat# E2810) purchased from Promega. For
dsRNA staining, J2 anti-dsRNA IgG2a monoclonal mouse anti-
body (Cat# 10010200) was purchased from Scicons. A PVDF
membrane (Cat# IPVH00010) was purchased from Merckmili-
pore. A plasmid midiprep kit (Cat# 12143) was purchased from

Qiagen.

Synthesis of the MPA capped ZnS quantum dots

MPA capped ZnS QDs were synthesized by the chemical co-
precipitation method. Zinc chloride (ZnCl,), sodium sulphide
(Na,S) and mycophenolic acid (MPA) (C;;H,00¢) were the
precursors. ZnCl, (3 mM) and Na,S (3 mM) were independently
dissolved in 10 ml of distilled water and a white precipitate of
ZnS QDs was formed. MPA (3 mM, 2.2 ml) was added to the
colloidal suspension of ZnS QDs and stirred well. The precipi-
tate was centrifuged at 12 000 rpm for 20 min. ZnS QDs were
separated from water and dried well at room temperature as
a pellet.

X-ray characterization

The samples were prepared for the X-ray diffraction study as
follows. The pellet was ground well in a mortar pestle and made
into a fine powder. The characterization was performed using
a Rigaku Miniflex X-ray diffractometer using Cu-K, radiation of
wavelength 1.5406 A. The sample was scanned from 15 degrees
to 90 degrees. The grain size was calculated from the obtained
three peaks of the diffraction pattern using the Debye Scherrer
formula.

Optical characterization

The as prepared samples were dispersed in water and their
absorption spectra were recorded using a UV-Vis spectrometer
in a wavelength range of 190-900 nm. And the samples are
measured in UV cuvettes with the blank cuvette as the reference.
Tauc plots were plotted to study the band gap of samples.

The same samples were analysed for their luminescence
properties using fluorescence spectroscopy. Here authors
studied the luminescence spectra using 300 nm as the excita-
tion wavelength (LS55, Perkin Elmer).

This journal is © The Royal Society of Chemistry 2020
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Transmission electron microscopy (TEM) analysis

The sample preparation for this study is as detailed above. The
morphology, size and shape of the samples were analysed
using a JEOL JEM-2100 High Resolution Transmission Elec-
tron Microscope. The samples were scanned at different
magnifications to confirm the grain size and their lattice
planes.

Fourier transformer infra-red (FTIR) spectroscopy analysis

The prepared samples were pelletized by the KBr pellet method.
The fourier Transform infra-red characteristics of the sample
were determined using a Spectrum Two-FTIR Spectrometer. The
samples were scanned from 400 cm ™! to 4000 cm . The result
will show how well a sample absorbs light at each wavelength
and also provide information about bond formation.

Scanning electron microscopy (SEM) analysis

The surface morphology and EDAX studies of ZnS QDs and ZnS
QD-MPA are carried out using a ZEISS Gemini Scanning Elec-
tron Microscope. The sample preparation for this study is as
detailed above in X-ray characterisation. The size and shape of
the QDs are determined. EDAX gives information on the
chemical composition of the sample. Using the weight
percentage obtained from the results, the MPA to ZnS ratio was
calculated.

CHNS analysis

CHNS elemental analysis was performed using an EAS Vario
MICRO CHNS analyser (Ser. No. 15133023). Initially the analysis
was carried out with the blank and calibrated using sulphani-
lamide. Nearly 3.19 mg of ZnS QD-MPA (unconjugated MPA was
removed by centrifugation and the ZnS QD-MPA pellet was
collected) was weighed and the experiment was carried out. The
results were reported in weight percent of carbon, hydrogen,
nitrogen and sulphur.

Determining drug encapsulation efficiency

The encapsulation efficiency of MPA was measured by analysing
the supernatant collected from ZnS QD-MPA solution after
centrifugation at 5000 rpm. The absorbance of the supernatant
was measured at 300 nm using a spectrophotometer (Enspire,
Perkin Elmer). The standard curves of MPA were constructed at
a concentration in the range of 0-1 mg wt%. A standard graph
was prepared to determine the unknown concentration of the
un-encapsulated MPA. The encapsulation efficiency of the MPA
loaded into ZnS QDs was calculated as follows:
The encapsulation efficiency (%):

total amount of drug added-free drug « 100

total amount of drug added

Cell culture

BHK-21 cells were maintained in Dulbecco’'s modified Eagle
medium (DMEM) with 10% fetal bovine serum (FBS) with 5%
CO, at 37 °C. All cell lines were procured from the National
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Centre for Cell Sciences, Pune. All the experiments were per-
formed under the approval of the Institutional Biosafety
Committee, Central University of Kerala.

Generation of the DV2-replicon cell line

The plasmid pRS424LucIRESNeoDen2 kindly gifted by Prof.
R.Padmanabhan (Georgetown University, Washington DC) was
transformed into Stbl2 cells and grown at 30 °C for two days and
plasmid midiprep was prepared. The plasmid was linearized by
digestion with the Sac1-HF enzyme and purified. In vitro Tran-
scription (IVT) was carried out using 1 pg pl~" of the purified
DNA as a template. The capping analog was added as per the
manufacturer's instructions. Then the in vitro transcribed RNA
was transfected into BHK-21 cells using a TransIT-mRNA
transfection kit as per the manufacturer's instructions and
incubated at 37 °C with 5% CO, and 400 pg ml~* of Geneticin
(G418) for 72 h and for an additional one week. Drug-resistant
BHK-21 cells containing DV2-replicon were propagated in the
presence of G418. A schematic diagram representing the
process of DV2-replicon cell generation is shown in Fig. S4(a),
ESL

ELISA of the dengue virus NS1 antigen

The supernatant of DV2-replicon cells was collected and sub-
jected to a serological test against the dengue NS1 antigen. NS1
antigens were detected by enzyme-linked immunosorbent assay
(ELISA) based on the “Direct Sandwich” principle using
a Dengue NS1 Ag Microlisa ELISA kit as per the manufacturer's
protocol. The yellow color developed was finally read at 450 nm
(Fig. S4c, ESIY).

Morphological observations

DV2-replicon cells were seeded with a density of 1 x 10" cells
per well into a 96-well plate. After cells attached to the bottom of
the plate, varying concentrations (0-3 mM) of ZnS QDs or MPA
or ZnS QD-MPA were added to the cells.The medium containing
compounds in the wells was removed after 24 h. Bright-field
images were then captured using an inverted phase-contrast
microscope under 10x magnification (Fig. S5, ESIt).

Cell viability (MTT assay) and LDs, determination

DV2-replicon cells (expressing subgenomic dengue virus repli-
con, propagated in our lab) were seeded@1 x 10" into a 96-well
plate supplemented with 10% FBS and incubated for 24 h at
37 °C, and 5% CO,. The medium was then removed and
replaced with treatment infused media serially half diluted with
ZnS QD or MPA or ZnS QD-MPA concentrations ranging from 0-
6 mM and incubated for 24 h. After which 10 pl of MTT solution
was added with a concentration of 5 mg ml™' to each well
including a negative control of 10 pl of the MTT solution added
to 100 pl of medium alone. Then the cells were incubated for 3 h
under the same conditions. The supernatant was replaced with
50 pl of DMSO to dissolve the formazan. The formazan product
was analyzed spectrophotometrically at an absorbance of
570 nm. The lethal dose 50 (LDs,) of ZnS QDs or MPA or ZnS QD-
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MPA was calculated by using GraphPad Prism v5 software. The
cell viability assay was repeated in three independent
experiments.

Luciferase assay (RLuc) and EC;, determination

DV2-replicon cells were maintained in DMEM supplemented
with 10% FBS, 100 pg ml~" antibiotics (penicillin + strepto-
mycin), and 400 pg ml~' of G418. Briefly, DV2-replicon
expressing cells (1 x 10* in 100 ul) were seeded onto 96-well
plates and incubated at 37 °C for 24 h in a humidified incubator
with 5% CO,. MPA or ZnS QD-MPA was added at various
concentrations (0, 0.39, 0.78, 1.56, 3.12, 6.25, 12.5, 25, 50, 100,
and 200 uM) in 1% DMSO in triplicate wells. The treated cells
were incubated at 37 °C for 24 h, washed, and lysed, and the
Rluc activity assay was carried out using a luciferase assay kit as
per the manufacturer's instructions.
measured using a Multimode plate reader (PerkinElmer Ens-
pire). The results were confirmed by 3 independent experi-
ments. The Rluc activities were reported as percent inhibition
relative to 1% DMSO (0% inhibition).The luciferase activity was
estimated by using GraphPad Prism v5 software and the Effec-
tive Concentration 50 (ECs,) was calculated.

Luminescence was

Release kinetics of MPA and ZnS QD-MPA

The release kinetics of free MPA and MPA from the conjugated
ZnS QDs were measured by a dialysis method. An amount of
1 mg ml ™" of free MPA or conjugated MPA solution was intro-
duced into 12 kDa dialysis tubing (sigma) and sealed with clips.
The filled dialysis tubing was then placed into 2 ml of (i)
a phosphate buffer solution at pH 5 or (ii) a phosphate buffer at
pH 7.2 in order to monitor the amount of released MPA at
a specific pH over 3 hours at room temperature. An aliquot of
100 pl of the phosphate buffer solution (pH 5/7.2) was removed
at specific time points and the absorbance was measured at
300 nm using a multimode plate reader (Enspire, Perkin Elmer).
Throughout the experiment the buffer volume was maintained
at 2 ml by replenishing the 100 ul of phosphate buffer solution
at pH 5 or 7.2 at respective time intervals of sampling. The
standard curves of MPA at both pH were constructed with
a concentration range between 0 and 1 mg. The amount of MPA
released into the buffer though the dialysis membrane was
determined from the standard curves.*®*** The percentage drug
released was calculated using the equation:
MPA released (%)

amount of MPA released in the buffer solution at specific time
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cells were grown in complete media to reach confluence and
then the cells were treated with MPA or ZnS QD-MPA for 24 h.
The treated cells were then trypsinized, centrifuged and
collected as cell pellets for RNA extraction. Total RNA was
extracted from the collected cells using the Trizol reagent
method. The concentrations were analyzed using a Nano-
Drop™ 2000/2000c (Thermo Scientific). The first-strand cDNA
was synthesized using a Verso ¢cDNA synthesis kit. The expres-
sion of the NS4A gene was measured using Roche SYBR Green
RT-PCR kits in a Lighteycler 480 II Real-time qRT-PCR system
(Roche). The real-time qRTPCR was performed in triplicate. The
mRNA level of GAPDH was measured as an internal control. The
oligonucleotides used were

NS4A sense:

5'-AACTGTAGATCTACCATGTCCCTGACCCTGAACCTAATCA-
CAG-3/,

Anti-sense:

5-TTGACAGCGGCCGCTCATTATCTTTTCTGAGCTTCTCT
GGTTG-3'and

GAPDH sense:

5'-AACGGGAAGCTTGTCATCAATGGAAA-3’,

Antisense:

5’-GCATCAGCAGAGGGGGCAGAG-3'.

The qRT-PCR conditions include initial denaturation at
94 °C for 2 min and 35 cycles of denaturation at 94 °C for 30
seconds, annealing at 55 °C for 30 seconds and elongation at
72 °C for 60 seconds and final extension of 72 °C for 7 min.

Western blotting analysis of dengue NS3 protein

DV2-replicon cells were cultured in 60 mm dishes and treated
with MPA or ZnS QD-MPA. After 24 h treatment, the cells were
collected, lysed with RIPA buffer and briefly sonicated for 5 min.
The protein concentrations were measured with the BCA kit and
equal protein (20 pg) concentrations were loaded into a 10%
SDS-polyacrylamide gel after denaturation at 95 °C for 5 min.
The proteins in the cell lysates were separated with SDS-PAGE
and transferred onto a PVDF membrane overnight at 4 °C.
The membrane was blocked for 1 h with 5% bovine serum
albumin in Tris-buffered saline containing 0.1% Tween 20.
After the membrane was washed 3 times the membrane was
probed with primary antibody directed against DENV2 NS3
protein (rabbit anti-human; diluted 1:1000) and then incu-
bated overnight at 4 °C. B-actin (mouse anti-human; diluted
1:2000) was used as an internal control. After that, the
membrane was washed 3 times and incubated with

x 100

amount of MPA or ZnS QD-MPA in the dialysis bag

RNA extraction, reverse transcription and the quantitative
real-time polymerase chain reaction (qQRT-PCR)

The expression of the dengue non-structural NS4A gene in DV2-
replicon cells was analyzed using the real-time qRT-PCR. The
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corresponding HRP-conjugated anti-rabbit/mouse secondary
antibody (diluted 1:10000) for 1 h. A chemiluminescent
Substrate was added and the signal was visualized by exposing
the membrane to a western blot image developer (cDigit, LiCor).

This journal is © The Royal Society of Chemistry 2020
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The band intensities from three independent experiments were
quantified.

Confocal laser scanning microscopy images of dengue double-
stranded RNA and NS3 protein

The DV2-replicon cells were seeded on the coverslips which
covered the bottom of 6-well plates with a density of 5 x 10*
cells per well. The cells were incubated at 37 °C maintained with
5% CO, for 24 h for attachment of cells to the coverslip placed
inside the wells. The growth medium in the wells was aspirated
and then replaced by our compounds (MPA or ZnS QD-MPA) at
a concentration of 1.229 uM or 4.54 uM in a fresh medium. After
24 h, the medium containing the compounds was aspirated and
the cells were washed with PBS buffer about 3 times. Then, a 4%
paraformaldehyde solution was added into the wells to fix the
cells. The cells were permeabilized with 0.1% triton x-100 (5
min) and blocked with 5% horse serum for 1 h. Then, the cells
were stained with J2 anti-dsRNA IgG2 a monoclonal mouse
antibody or anti-dengue NS3 polyclonal rabbit antibody over-
night at 4 °C followed by incubation with secondary antibody
anti-mouse AlexaFluor-555 or anti-rabbit AlexaFluor-488 for 1 h
at room temperature. To clearly determine cell co-localization,
0.5 pg ml~" of DAPI was used to incubate cells in a dark room
for 10 min. For every experimental step, the cells were washed
with PBS buffer about three times. And the coverslips were
carefully taken out and sealed with fluorescent seals. All
experiments were performed protected from light. All images
were captured at the same voltage using laser scanning confocal
microscopy (Leica Dmi8 Sp8 model).

Statistical analysis

All statistical comparisons were performed using GraphPad
Prism Software (version 5) and the data were compared between
treated and untreated groups (DMSO control). The results were
analyzed for statistical variance using an unpaired Student ¢-
test. P-Values of 0.05 were considered to be significantly
different from those of the control. All the data sets are repre-
sented as mean + SEM.

Results and discussion
Synthesis of ZnS-QDs or ZnS QD-MPA

ZnS-QDs were synthesized using the co-precipitation method by
mixing ZnCl, and Na,S at room temperature at an optimal
ratio,* while the MPA capped ZnS QDs were prepared by mixing
MPA and the as prepared ZnS at room temperature in the
respective molar ratio of 1: 8.

Characterization of ZnS-QDs

The X-ray diffraction spectra (Fig. 1a) of the ZnS QDs recorded
by employing a Rigaku Dmax-C X-ray diffractometer using Cu-
K, radiation of wavelength 1.5406 A showed diffraction maxima
at 28.5°, 47.8° and 56.5° which were compared with standard
JCPDS data and the cubic structure of ZnS (with no detectable
hexagonal phase) and the observed peaks correspond to the
(111), (220) and (311) crystal planes of cubic ZnS respectively.

This journal is © The Royal Society of Chemistry 2020
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The crystallite size of the sample was calculated to be 1.3 nm
using Debye Scherrer's formulae. TEM images were captured
using a JEOL, JEM-2100 High-Resolution Transmission Electron
Microscope (HRTEM) for the synthesized ZnS samples which
confirm that the particles are spherical in shape with an average
particle size of ~5-6 nm for the synthesized ZnS QDs, which lies
in a strong quantum confinement regime (Fig. 1b and c) show
the electron diffractogram of ZnS QDs. Three bright circular
diffraction rings were observed corresponding to the (111), (220)
and (311) crystal planes of cubic ZnS with no signs of hexagonal
ZnS and the results validate the XRD findings. The lattice
spacings (d-spacing) were calculated from Fig. 1c. The micro-
structural characterization of the sample carried out using
a ZEISS Gemini Scanning Electron Microscope (Fig. 1d) showed
that the ZnS QDs form nanoclusters with a spherical shape with
a cluster size in the 40-80 nm range (it can be assumed that
around 10 to 12 individual particles form a nanocluster). Fig. 1e
shows the EDAX analysis of ZnS QDs. The Zn to S ratio was
estimated to be 1.4 : 1 showing sulfur deficiencies in ZnS QDs.
The sulfur vacancies are often advantageous from an optical
application point of view owing to the strong defect emission at
570 nm induced by the sulfur vacancies.

Characterization of ZnS QD-MPA

X-Ray diffraction of the MPA capped ZnS QDs is depicted in
Fig. 2a. The spectrum shows peaks at 26 = 28.5°,47.8° and 56.5°
which correspond to the (111), (220) and (311) crystal planes of
cubic ZnS respectively with no detectable hexagonal phase
(Fig. 2a). The crystallite size of the sample was calculated using
the Debye Scherrer formula and it is obtained as 1.75 nm. The
lattice parameter was calculated (5.4 A-cubic). To find the exact
particle size of MPA capped ZnS QDs, the TEM images of MPA
capped ZnS QDs were recorded and are shown in Fig. 2e. It is
found that the size of each particle lies in the range of 4-6 nm.
Lattice planes are also identified from the electron diffracto-
gram rings (Fig. 2f), which confirms that the ZnS QDs formed
are monophasic with no detectable multiphase.

FTIR analysis of ZnS QDs, mycophenolic acid, and MPA
capped ZnS QDs was conducted using a spectrum two FT-IR
spectrometer and the spectra are shown in Fig. 2b. The spec-
trum of pure ZnS shows absorption peaks at 1562 cm™ ' and
1414 cm ™', which are attributed to the bending mode of SH
(slightly modified from the usually observed peak at ~1550 for
the bending mode of OH) and SO stretching respectively. This
shows the presence of an adsorbed water molecule on the ZnS
surface where it gets bonded through hydrogen linkage with S.
The doublet observed in the fingerprint region at 515 cm™" and
643 cm ' represents the Zn-O and Zn-S vibrations respec-
tively.***> This again confirms the presence of the adsorbed
water molecule which is hydrogen-bonded to the ZnS QDs.

MPA capped ZnS also shows similar results in the absorption
range of ~1549 cm " and 1407 cm ™" which is slightly shifted
compared to that of the parent ZnS quantum dots due to the
mass variation because of the attachment of MPA on the ZnS
surface through S-H hydrogen linkage. The absorption edge of
pure ZnS observed in the range of 3440 cm™ " is attributed to the

Nanoscale Adv., 2020, 2, 5777-5789 | 5781
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Fig.1 Structural characterization of ZnS Q44Ds (a) X-ray pattern shows 3 distinct peaks corresponding to the pure cubic form. (b) TEM analysis
with 10 nm magnification shows the particle size ranging from 5 to 6 nm (QD regime). (c) Electron diffraction study using HRTEM confirms the d-
spacing corresponding to cubic ZnS. (d) SEM image of the surface of the particles. (e) EDAX spectra shows the presence of Zn and S in the QD

sample with a ~1.4 : 1 ratio.

O-H stretching mode of H,O adsorbed on the surface of the
particles, which vanishes in MPA capped ZnS due to the
attachment of MPA. The peaks observed at 515 cm ' and
643 cm ™' for the pure ZnS also disappeared in MPA coated
samples because the adsorbed water molecules with hydrogen
bond linkage are replaced by the S-H and S-O linkages con-
firming the surface attachment of MPA on the ZnS QD surface.
The peaks situated in the range of 643 cm™ " is a characteristic
peak of pure ZnS due to Zn-S stretching and the peak observed
at 677 cm™ ' in pure MPA is attributed to C=C. The peak
observed at 670 cm™ " in MPA capped ZnS is a characteristic
peak of the material due to the presence of ZnS and MPA. A
schematic illustration (based on the FTIR results) of the binding
of MPA on the ZnS surface is provided in Fig. 2c.

The surface morphology of ZnS QDs was probed using
scanning electron microscopy and the images are shown in
Fig. 2g. The results show that ZnS QDs exist as spherical clusters
with a size of a few tens of nanometers. Fig. 2h shows the
characteristic X-ray (EDAX) pattern of the QDs, which shows the
presence of carbon and oxygen in ZnS QDs, confirming the
conjugation of MPA on the ZnS QD surface.

From the analysis, it is clear that the modification with MPA
didn't alter the structure of ZnS, which still exists in the cubic
phase with an average particle size in the range of 4-6 nm. The
FTIR and EDX results confirm the conjugation of MPA on the
ZnS QD phase and hence the unit cell volume is 157.5 A. From

5782 | Nanoscale Adv., 2020, 2, 5777-5789

the morphological characterization, the average particle size is
estimated to be 5 nm. From the elemental quantification data
(Fig. 2j) (assuming sc close packing) it can be concluded that
around 100 MPA molecules cover around a single ZnS QD of
particle size 5 nm. From the HRTEM measurements, it is
observed that ZnS quantum dots are covered by MPA molecules.
A schematic illustration is provided.

ZnS QD-MPA is less toxic to BHK-21 cell harboring sustained
DENV2 subgenomic replication (DV2-replicon cells)

We tested the cytotoxic effect of the ZnS QD-MPA conjugate in
BHK-21 replicon cells hosting sustained replication of the
DENV2 subgenome (DV2-replicon). The model system (DV2-
replicon) was derived by an infectious clone technique using
the transfection of naive BHK21 cells with the in vitro tran-
scribed DENV2 subgenome (~11 kb).>® The advantage of the
DV2-replicon model system is that it covers the various stages of
the viral life cycle including the formation of intracellular
replication complexes, and formation of both plus and minus-
sense strand RNA treated with various concentrations (0, 2.5,
5,10, 100, 1000, 2000, and 3000 uM) of MPA or ZnS QDs or ZnS
QD-MPA for 24 h.

The cytotoxic effect of the cells was observed under
a brightfield inverted microscope using 10x magnification
(Fig. S5, ESIt). The cells were treated with different concentra-
tions of the ZnS QDs or MPA or ZnS QD-MPA resulting in the

This journal is © The Royal Society of Chemistry 2020
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Table. Elemental quantification data using CHNS analysis

Sample N (Wt%)

C (Wt%)

H (Wt%) | S (Wt%)

ZnS QD-MPA 0.07

15.38

2.13 20.93

Fig. 2 Structural characterization of ZnS QD-MPA conjugates (a) X-ray pattern shows only 3 peaks corresponding to cubic ZnS. (b) FTIR analysis
of pure ZnS, pure MPA and MPA conjugated ZnS showing signatures of conjugation. (c) Schematic shows the conjugation of ZnS QDs with MPA.
(d) and (e) TEM analysis shows spherical QDs of average size ~5 nm. (f) Electron diffraction spectra confirm the cubic phase. (g) Surface
morphology using SEM analysis. (h) EDX spectra show the relative percentage of ZnS with MPA. (i) Binding of MPA on the ZnS surface. (j) Table
shows the elemental quantification data of ZnS QD-MPA with a ratio 1 : 100 in (i) to show the conjugation of MPA based on the calculations

performed.

morphological changes. The cells started to lose their viability
with increased concentration of treatment. Interestingly, the
cells treated with ZnS QDs showed no cytotoxicity up to
a concentration of 3000 pM. Cytotoxicity was clearly visible
upon treatment with MPA even at a significantly lower
concentration such as 5 pM. Surprisingly, ZnS QD-MPA treat-
ment of DV2-replicon cells showed no cytotoxicity up to
a concentration of 2000 pM indicating the possibility of using
ZnS QDs as an effective MPA drug delivery nanoplatform
(Fig. 3a). The bright-field images showing the comparison of the
cell morphology clearly indicates that the drug (MPA), when
conjugated with ZnS QDs, reduces the cytotoxicity. In order to
determine the cytotoxicity of these compounds at the cellular
level, the MTT assay was also performed.

This journal is © The Royal Society of Chemistry 2020

The cytotoxicity of MPA and ZnS QD-MPA was investigated in
DV2-replicon cell lines using MTT assay. The cell line was
incubated with MPA or ZnS QD-MPA at various concentrations
(0-6 mM) for a period of 24 h. In order to quantify the toxicity,
the mitochondrial activity of the cells was assessed with
a colorimetric assay that is based on the reduction of yellow
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide) to purple formazan crystals by mitochondrial dehy-
drogenase enzymes.*

The cleavage of MTT occurs only in living cells so that the
amount of the formazan crystals produced is proportional to
the number of living cells. The data from the MTT assay after
24 h of exposure to these compounds are provided in Fig. 3 for
the DV2-replicon cells. The cells incubated with MPA for 24 h
showed a significant decrease in the mitochondrial activity with

Nanoscale Adv., 2020, 2, 5777-5789 | 5783
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Fig.3 Cell viability assay by MTT: the cytotoxicity of the ZnS QD, MPA, and ZnS QD-MPA was investigated in DV2-replicon cell lines. The cell line
was incubated with these drugs at various concentrations (0-3000 uM) for a period of 24 h. Lethal Dose (LDsg) of (a) ZnS QDs LDsg = 2969 +
1.085 uM, (b) MPA LDsg = 3.823 + 1.134 uM and (c) ZnS QD-MPA with LDsg = 1867 + 1.099 pM. (d) The MPA conjugated with ZnS QD shows the

higher LDsgvalue which is relatively less toxic to the cells as compared

increasing concentration, whereas, in the presence of ZnS QD-
MPA, the mitochondrial activity showed no difference up to
2000 pM. The data suggest that the quantum dot conjugated
with MPA has relatively higher LDs, (1867 uM) as compared to
the free drug MPA; LDs, (3.82 uM). The LDs, value is a measure
of the drug concentration at which 50% of cells die. Therefore,
the higher the LDs, value lower will be the toxicity.

In the current study, the results indicate that the conjugation
of ZnS QDs with MPA rendered toxic MPA relatively less toxic in
DV2-replicon cells (Fig. 3b-d). The control cells treated with
plain ZnS QDs were also set up and in all the cases, the viability
remained at values close to 100% suggesting that only the
presence of the MPA and ZnS QD-MPA influences the reduction
of cytotoxicity values. As supporting evidence, we conjugated
the ZnS QDs with curcumin or celgosivir which are also known
as antiviral drugs®**** and the LDs, value was found to be
significantly enhanced (Fig. S6, ESIt).

ZnS QD-MPA significantly enhances the selectivity index (SI5o)
of MPA

The DENV2 subgenome present in the DV2-replicon cells
encodes the luciferase reporter enzyme as a measure of the
DENV2 replication. The luciferase assay is a very sensitive
method to study the transcriptional activity of a gene. The
transcriptional activity of DENV2 was assayed by measuring the
luciferase activity in the presence of a varying concentration of
MPA or ZnS QD-MPA. The assay was carried out by using the
luciferase assay kit in a multimode plate reader (Perkin Elmer,

5784 | Nanoscale Adv., 2020, 2, 5777-5789

to the free MPA(unconjugated).

EnSpire multimode plate reader). The results showed that the
free MPA has ECs5, = 1.229 uM as compared to the ZnS QD-MPA;
ECso = 4.54 uM (Fig. 4b and c).

ECs, is the concentration of the drug at which 50% of DENV2
replication is inhibited as measured by the luciferase activity
(50% inhibition of luciferase activity). It is very important to
note that the ECs, value was not significantly altered in the case
of ZnS QD-MPA as compared to free MPA. However, the LDs,
values of ZnS QD-MPA and free MPA were found to be 1867 uM
and 3.82 uM respectively (Fig. 3c and d). This implies that the
capping of MPA on ZnS QDs (ZnS QD-MPA) significantly
reduced the toxicity of MPA without compromising the drug
efficacy. This observation is further supported by the SIs, values
of 3.11 and 410.9 for free MPA and ZnS QD-MPA respectively.
The SIs, index is a ratio that measures the window between the
cytotoxicity and antiviral activity. The higher SI5, value of ZnS
QD-MPA indicates that the drug conjugate is less toxic and more
potent against DENV2 (Fig. 4d).

The formula for calculations:

LDs

) -
Slso ECs

Drug release kinetics of MPA and ZnS QD-MPA

The drug release kinetics of MPA was analyzed to understand
the reason for the reduction in toxicity of MPA upon conjuga-
tion with ZnS QD, as compared to free MPA. The assay was
carried out in both acidic as well as neutral environments using

This journal is © The Royal Society of Chemistry 2020
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Fig.4 Luciferase (RLuc) assay: the luciferase assay was carried out with MPA or ZnS QD-MPA in DV2-replicon cells. (a) Schematic representation
of the RLuc assay. The Effective Concentration (ECsg) of these compounds was determined to be (b) MPA ECsg = 1.229 + 0.0814 uM and (c) ZnS
QD-MPA ECsg = 4.543 4+ 0.0368 pM. (d) Comparative graph of MPA and ZnS QD-MPA showing the minimal difference in ECsg. (e) Safety index
(Slsp) of these compounds was calculated and presented in the table showing that the safety index window was increased in ZnS QD-MPA as
compared to free MPA.

phosphate buffers (pH 5/7.2). Fig. 5 clearly indicates that there noteworthy that even after 190 min, the concentration of free
is a significant reduction in the percent of drug release from ZnS MPA drug in the dialysate is significantly lower in the case of the
QD-MPA at both pH 5 and 7.2 as compared to free MPA. It is conjugated MPA drug (ZnS QD MPA) as compared to the non-
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Fig. 5 MPA and ZnS QD-MPA release kinetics in different phosphate buffer solutions (a) pH 5and (b) pH 7.2. Absorption was measured (300 nm)
at specific time points. The absorbance was equated using a standard calibration curve. The X-axis indicates time (min); Y-axis indicates (%) of
drug release.
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Inhibition of Dengue virus at the transcriptional level: (a) Co-localization of dengue double-stranded RNA (dsRNA) in DV2 replicon cells

after treatment with ZnS QD-MPA. DV2-replicon cells containing dengue virus (panels i—iii) as the control, treated with MPA 1.229 uM (panel iv—
vi) and ZnS QD-MPA 4.54 uM (panel vii—ix) were immunostained with a dsRNA specific J2 antibody (red) and counterstained with nuclear stained
DAPI (blue). (b) The expression of the dengue non structural NS4A gene in DV2-replicon cells was analyzed using gRT-PCR after the treatment
with MPA or ZnS QD-MPA for 24 h. The total RNA was extracted and the concentrations were analyzed. The expression of the NS4A gene was
measured using the gRT-PCR system and performed in triplicate. The mRNA level of GAPDH was measured as an internal control.

conjugated MPA drug. This observation implies that the ZnS QD
MPA is intact inside the dialysis bag owing to its relatively larger
size without dissociating into Zn and S at endosomal (5) or
cytosolic (7.2) pH.

ZnS QD-MPA successfully inhibits DENV2 subgenomic RNA
replication

ZnS QD-MPA is found to be very effective in inhibiting DENV2
replication evidenced by the aforesaid indirect measurements

5786 | Nanoscale Adv, 2020, 2, 5777-5789

of the luciferase reporter gene expression. The findings were
further analyzed by the direct measurements of the subgenomic
replication using the immunostaining as well as qRT-PCR based
quantification of DENV2 subgenomic RNA. Double-stranded
RNA (dsRNA) replicative intermediates of DENV2 can be
detected by using the J2 antibody which has become a gold
standard tool for the detection of dsRNA. It was also used for the
detection of dsRNA intermediates of viruses as diverse as
Hepatitis C virus, rhinovirus, Chikungunya virus, Rabies virus,
Poliovirus, Classic swine fever virus, and Brome mosaic

This journal is © The Royal Society of Chemistry 2020
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virus.***” The visualization of DENV2 dsRNA within the DV2-
replicon cells ensured the viral RNA synthesis and also the
sites of replication. The confocal image analysis of untreated
DV2-replicon cells identified viral RNA as puncta distributed
throughout the cytoplasm, with accumulation near the peri-
nuclear region (Fig. 6a). Interestingly, the DV2-replicon cells
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treated with free MPA or ZnS QD-MPA showed a significantly
fewer number of puncta representing immunostained double-
stranded DENV2 RNA (Fig. 6a). This observation indicates
that ZnS QD-MPA is equally potent as free MPA (toxic) in
inhibiting DENV2 replication.

DAPI Merged
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Fig. 7 Inhibition of Dengue virus at the translational level: (a) immunofluorescence assay of inhibition of the viral protein expression by drugs,
using DENV2 NS3 antibody (green). Concentration for drugs: (panel i—iii) without any treatment; (panel iv—vi) MPA 1.229 uM; (panel vii—ix) ZnS
QD-MPA 4.54 uM; nuclei (blue) were stained in all immunofluorescence assays with DAPI stain solution. (b) Immunoblot of anti-dengue NS3
antibody: lane 1. shows the DV2 replicon without treatment; lane 2: DV2-replicon + MPA; lane 3: DV2-replicon + ZnS QD-MPA. (c) The
immunoblot image analysis showed the significantly decreased expression of the dengue NS3 protein in DV2-replicon vs. treated with MPA or
ZnS QD-MPA (P < 0.05). However there is no significant change of expression between treated MPA vs. ZnS QD-MPA.

This journal is © The Royal Society of Chemistry 2020
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The qRT-PCR analysis data obtained from the treated DV2-
replicon cells with MPA or ZnS QD-MPA are provided in
Fig. 6b. The level of the NS4A gene transcription was signifi-
cantly down-regulated in MPA (—0.215 fold) as well as ZnS QD-
MPA (—1.674 fold) treated cells as compared to the untreated
cells. Importantly, the down-regulation of the NS4A gene tran-
scription in the presence of ZnS QD-MPA is higher (—7.78 fold)
as compared to the free MPA (—0.215 fold). This confirms that
ZnS QDs are a more effective nanoplatform for the delivery of
anti-dengue viral drugs.*

ZnS QD-MPA effectively down-regulated the intracellular level
of DENV2 NS3 protease

We next performed immunostaining of DENV2 NS3 protein,
which is a key viral protease that plays a significant role in the
processing of DENV polyprotein, a pre-requisite step for the
virus replication. The confocal image (Fig. 7a) shows that the
levels of NS3 protein were significantly reduced in both free
MPA and ZnS QD-MPA treated DV2-replicon cells as compared
to untreated cells. The intracellular level of NS3 protein was
further analyzed using western blots. The analysis revealed that
ZnS QD-MPA or free MPA treatment significantly reduced the
expression level of NS3 protein in the DV2-replicon cells as
compared to the untreated cells (Fig. 7b and c). Here, both
confocal image-based analysis and western blot analysis indi-
cated that there is a significant reduction in the expression level
of the NS3 protease, translated by DENV2 subgenomic RNA, in
the presence of free MPA or ZnS QD-MPA. This observation can
be attributed to the decreased level of replication of the DENV2
subgenome in the presence of free MPA or ZnS QD-MPA as
explained above.

Conclusion

In summary, we engineered ZnS QDs for the effective delivery of
an antiviral drug, targeting cytoplasmically replicating highly
pathogenic Dengue virus. Dengue viral infections cause
a looming public health threat resulting in significant
morbidity and mortality. The size tuned ZnS QDs of 5 nm size
were synthesized chemically, under controlled conditions for
the conjugation of MPA, the anti-dengue viral drug. The
coupling of MPA with ZnS QDs was confirmed by FTIR/EDAX
and it was found that each ZnS QD was conjugated with 100
molecules of MPA. Interestingly, the conjugation of MPA with
ZnS QDs dramatically reduced the toxicity of MPA in the cells
hosting dengue virus replication, without compromising the
efficiency of the drug against the virus. The selectivity index
(SIse) of ZnS QD MPA was increased to an order of two (around
132 times) as compared to the plain drug, which was inherently
found to be toxic to DV2-replicon cells in which dengue virus
replicates. Zn>" has a reported broad spectrum antiviral effect.*
We didn't observe any augmentation of the ECs, (a measure of
the specific anti-dengue viral effect) value of the specific anti-
dengue viral drug, mycophenolic acid, upon conjugation with
ZnS-QDs (Fig. 4). This may be due to the fact that Zn>* can only
show the reported nonspecific and broad-spectrum antiviral

5788 | Nanoscale Adv.,, 2020, 2, 5777-5789
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effect inside the human body.** This observation has been
attributed to the slow and sustained release of the drug from the
nanoformulation (ZnS QD-MPA) at pH 5 and pH 7.2 (Fig. 5). The
inhibition of dengue virus replication by ZnS QD-MPA was
evident by the reduced level of the double-stranded RNA inter-
mediate and the viral protease (NS3) in the cytoplasm of the
DV2-replicon cells. To the best of our knowledge, this is an
unprecedented investigation on ZnS QD based nano-delivery of
antiviral drugs against deadly pathogenic dengue virus. The
study will pave the way to develop strategies for delivery of
antiviral drugs using QDs, against other pathogenic viruses too.
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