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Abstract

Carbon dots (CDs) are novel bioimaging tools with fascinating fluorescence properties.
Herein, we report the development of novel carbon dots decorated silver-zinc oxide (CD-
Ag@Zn0O) nanocomposite (NC) consisting of highly fluorescent CDs and silver-zinc oxide
(Ag@ZnO). The CD-Ag@ZnO NC was characterized by various analytical techniques. The
article further provides an insight into the application of CD-Ag@ZnO NC in monitoring the
cellular uptake and mediating apoptotic effects on MCF-7 and A549 cancer cells. By
monitoring the simultaneous green fluorescence emission of CDs, the distribution of CD-
Ag@ZnO NC was followed, eliminating the need of using fluorescent organic dyes.
Fluorescence microscopy and atomic absorption spectroscopy (AAS) analyses were used for
qualitative and quantitative assessment of cellular uptake. /n vitro studies of CD-Ag@ZnO
NC treated cancer cells revealed concentration dependent cytotoxic effects via induction of
apoptosis. Fluorescence and scanning electron microscopy (SEM) were used to study the
characteristic nuclear and morphological changes during apoptosis. We have used flow
cytometry for quantifying the reactive oxygen species (ROS) and RT-PCR for studying the
apoptotic gene expression. The role of ROS in eliciting the apoptotic gene cascade was also
studied. Intriguingly, the multifunctional CD-Ag@ZnO NC has a tendency of evoking
apoptosis meanwhile allowing the real-time intracellular trafficking, which can be of huge

relevance for cancer theranostic applications.

Keywords: Carbon dots, Bioimaging, Nanocomposite, Apoptosis.
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Introduction

Carbon dots (CDs) have raised high expectations in the field of biology owing to their
intrinsic  biocompatibility and remarkable fluorescence characteristics. Compared to
conventional inorganic quantum dots, CDs can be prepared by simple chemical routes in a
cost effective manner for bioimaging purposes 12 CDs have already proven their mettle for
bioimaging of mammalian cells due their unique properties, such as water solubility,
excitation-dependent multicolour emission, cell permeability, high cellular uptake and
photostability *. The fluorescence properties and bioimaging efficiencies to a greater extent
are influenced by surface functionality of CDs, as established by our previous report *.
Conventionally, surface passivation is accomplished with the aid of several passivating
agents and requires multiple time-consuming steps ~*°. The possibility of using PEG, a water
soluble polymer, as a surface passivating agent for CDs has been explored recently by our
group. This approach can evade the limitations associated with execution of surface
passivation and produces brighter CDs with higher quantum yields in a single step *’. In the
recent past, organic dyes have been incorporated into multifunctional nanocomposite (NC)
systems for evaluating the cellular uptake. For example, coumarin-6 has been used as a

811
. However,

fluorescent marker for evaluating the intracellular uptake of nanoparticles
coumarin-6 has certain disadvantages, such as water insolubility and cytotoxicity which
discourages its use for intracellular studies. Alternatively, CDs possess the ability to
circumvent the above issues and could be useful candidates for monitoring the cellular
uptake. CDs based metal NCs is relatively new, yet exciting area of research since it renders
the development of multifunctional materials with superior properties. Nevertheless, the
luminescent property of CDs can be affected by metal nanoparticles, due to photoinduced

electron transfer or aggregation of CDs 1214 Therefore, the challenge is to combine CDs with

metal nanoparticles such that the NC has intact fluorescence properties. Besides, there have
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been plenty of instances where metal-based nanocomposites (NCs) of CDs have been

1 15,16 17,18

employed for biomedica , catalytic , surface enhanced raman spectroscopy (SERS) '

and fluorescence based sensing '

applications. Over the recent years, metal based
nanoparticles have been extensively applied for consumer- related applications. For instance,
silver nanoparticles (Ag) are known for their antimicrobial action and have been used in
bandages and water purifiers 19:20 Similarly, zinc oxide nanoparticles (ZnO) have been
employed in sunscreens *'*2. On the other hand, silver-zinc oxide (Ag@ZnO) NC is also

featured by their excellent antibacterial activity *°. Thus, owing to increased exposure and

widespread use of these nanoparticles, their cytotoxicity issues have been addressed in detail.

Lately, numerous studies have suggested the apoptosis inducing potential of Ag and ZnO
nanoparticles. Characteristic morphological changes associated with apoptosis include
membrane blebbing and cytoplasmic as well as nuclear constriction 2425 Further, Ag as well
as ZnO has garnered a great deal of attention as potential apoptotic agents for anti-cancer
therapy which has been confirmed through various mechanistic studies 2. However, most
of the reported literatures did not give a clear idea about the cellular uptake of Ag and ZnO.
Based on the above discussion, the combination of Ag@ZnO and CDs seems to be an ideal

strategy for studying the intracellular uptake and apoptosis on cancer cells.

In the present work, an attempt has been made to combine CDs with Ag@ZnO to form CD-
Ag@ZnO NC with dual functionality. We used PEG as a surface passivation agent for
generating CDs in a one pot synthesis. It is expected that the negatively charged PEG
passivation layer of CDs has the ability to form hybrid assembly with positively charged
Ag@ZnO by electrostatic interaction. The rationale behind the study is to investigate the

multifunctional aspects of CD-Ag@ZnO NC, exploiting the ability of Ag@ZnO component

Page 4 of 36



Page 5 of 36

Journal of Materials Chemistry B

to evoke apoptosis, while utilizing CDs as a fluorescence imaging probe simultaneously. To
the best of our knowledge, this is the first instance involving the use of CDs for examining
the cellular uptake of metal-based NC systems. MCF-7 (breast cancer) and A549 (lung
cancer) cell lines were selected as model systems for the study since these are the most
prevalent cancer types. Further, in order to elucidate the multiplex origin of apoptosis, levels

of ROS were measured and apoptotic gene expression studies were performed.

Experimental Section

Materials

Chitosan and polyethylene glycol (PEG-4000) were purchased from Sisco Research
Laboratories (SRL) Pvt. Ltd., India. Glacial acetic acid and citric acid were purchased from
SD-fine chemicals limited (SDFCL), India. Zinc nitrate and silver nitrate were purchased
from Himedia and Merck Pvt. Ltd., respectively All the solutions were prepared in ultra pure

water.

Synthesis of CDs

PEG passivated CDs (CD-PEG) were synthesized as described previously * Briefly, 0.4 g of
PEG-4000 was first dissolved uniformly in 60 mL of distilled water, followed by the addition
of 300 pL of acetic acid and 0.4 g of chitosan powder. The mixture was stirred vigorously for
30 min to form a homogenous solution. Then the solution was subjected to hydrothermal
treatment at a constant temperature of 200°C for 8 h under nitrifying atmospheric conditions.
Subsequently, the solution containing large, insoluble black precipitates was collected and
centrifuged at 7400 g for 20 min. Finally, the supernatant containing yellow coloured CDs

was obtained.
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Synthesis of Ag@wZnO

The Ag@ZnO was synthesized according to a previous report *. Equimolar amounts of Zinc
nitrate and silver nitrate were added to 8% aqueous citric acid solution under stirring
conditions. The transparent solution thus obtained was heated at 80 °C for 30 min. to form a
gel. Microwave treatment of the obtained gel for 5-25 cycles (each cycle consists of 30 s on
and 30 s off mode to prevent excessive boiling of the solvent) resulted in brownish flufty
solids. Then, the reaction product was washed with absolute ethanol and dried at 100 °C for
20 min. The resulting powder was further calcined at 500 °C for 2 h in a muffle furnace to

obtain dark brown coloured Ag@ZnO nanopowder as the final product.

Synthesis of CD-Ag@Zn0O NC

A stock solution of 1 mg/mL of Ag@ZnO was prepared in ultra pure water by sonicating for
15 min. Under continuous magnetic stirring, 500 uL aliquot of Ag@ZnO stock solution was
mixed with 500 pL of aqueous solution of CDs (3 mg/mL). The reaction was allowed to
proceed for 24 h at room temperature. Then, the product was centrifuged at 18000 g for 20
min to remove the excess, unreacted CDs. CD-Ag@ZnO NCs were collected as pellet and

reconstituted to a final volume of 1mL in ultra pure water.

Characterization techniques

UV-vis and fluorescence spectra of the samples were recorded using a UV-vis double beam
spectrophotometer (Lasany, LI-2800) and a fluorescence spectrophotometer (Hitachi F-4600,
Japan). 20 pL of as-prepared sample was drop casted onto non-shining side of carbon-coated
copper TEM grids and visualized by transmission electron microscope (TEM) (FEI
TECHNAI G2) operating at 200 kV. The size analysis was performed through Image J

software. A Fourier transform infrared (FTIR) spectrum of the NC was recorded on FTIR

Page 6 of 36



Page 7 of 36

Journal of Materials Chemistry B

spectrometer (Thermo Nicolet) in the range 4000—400 cm ' using KBr disk-method. SEM-
EDX analysis was carried out on field emission scanning electron microscope (FE-SEM)
(QUANTA 200-FEG) and employed for elemental mapping to predict the elemental
composition of the NCs. Fluorescence lifetimes were measured by a ‘‘Fluoro Cube
Fluorescence Lifetime System’’ (Horiba Jobin Yvon) equipped with Nano LED (635 nm)
source and decay curves were analysed by IBH decay analysis v 6.1 software. Various phases
of the as-synthesized NC were studied by X-ray diffraction (XRD) and recorded using a
advance powder X-ray diffractometer (Bruker AXS D8) by means of Cu-Ka radiation, A=
1.5406A°, range of 0°-90° at a scan rate of 0.05°/min for 40 min. The zeta potential and size
distribution of the samples in water (pH 7.0) were measured using Zetasizer (Malvern, Nano
ZS 90). N2 adsorption—desorption isotherms were obtained on a Quantachrome NOVA
2200e. The samples were degassed at 150 °C for 2 h. The specific surface areas were
determined from the adsorption data using the BET model and pore size was calculated by
employing the BJH method. A fluorescent inverted microscope (EVOS® FL Color, AMEFC
4300) was used to acquire microscopic images of cells at various magnifications under bright
field, DAPI (excitation 360 nm, emission 447 nm), GFP (excitation 470 nm, emission 525

nm) and RFP (excitation 530 nm, emission 593 nm) light cubes, respectively.

Cell culture

Several human cell lines used in this study, including A549 (human lung adenocarcinoma)
cells, MCF-7 (breast adenocarcinoma) cells and L-132 (human normal lung epithelial) cells
were procured from National Centre for Cell Sciences (NCCS), Pune, India. These cell lines
were maintained in Dulbecoo's modified Eagle's medium (DMEM, Sigma-Aldrich)
supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% penicillin-streptomycin

solution (Sigma -Aldrich, USA) at 5% CO, in a humidified incubator at 37 °C.
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MTT assay

Cell viability was determined by measuring the mitochondrial activity of live cells to
transform yellow colour MTT solution to a purple formazan product. Cells were seeded in
96-well tissue culture plates at a density of 10* cells/well and allowed to attach for 12 h. The
cells were then incubated with medium containing different concentrations of CD-Ag@ZnO
NC and Ag@ZnO for 12 h. After treatment, medium from each well was discarded and cells
were washed once with phosphate buffer saline (PBS).Then, 100 pL of fresh medium
containing 10 pL of MTT solution (5 mg/mL in PBS) was added to each well and incubated
for another 4h. Medium containing MTT was aspirated and 150 pL of DMSO was added to
each well to dissolve the formazan crystals. Absorbance of each well was measured at 570
nm using a multi-mode microplate reader (Biotek, Cytation 3).The untreated cells (in
DMEM) were used as control. Relative cell viability (mean% + SEM, n = 3) was calculated
as:

% Cell viability= (As7¢ in treated sample / As7 in control sample) X 100%

In vitro cellular uptake

Cellular uptake was monitored qualitatively through fluorescence microscopy. Briefly, Cells
were seeded on 6-well tissue culture plates at a density of 2x10° cells/ well. After 12h,
different concentrations of the test samples were added to the wells. At the end of incubation,
the medium was removed and cells were washed twice with PBS to remove the unbound
samples. The cells were then observed under fluorescence microscope (EVOS® FL Color,
AMEFC 4300).For quantitative determination of cellular uptake, 10* cells/well (100 pL),
were seeded in 96-well plate and incubated overnight for cell attachment. Different
concentrations of CD-Ag@ZnO NCs were loaded in the wells and incubated for different

periods of time. At the end of incubation, PBS wash was given twice to remove the unbound
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dead cells. Next, 100 pL of 0.5% Triton X-100 in 0.2 M NaOH solution was added for
cellular lysis. Multi-mode microplate reader (Biotek, Cytation 3) was used to quantify the
fluorescence intensity from the released CD-Ag@ZnO NCs inside the wells at excitation and

emission wavelengths of 320 nm and 400 nm, respectively.

Hoechst 33342 staining

Real time observation of nuclear uptake was monitored by incubating the MCF-7 and A549
cells in 6-well tissue culture plates with similar concentrations of CD-Ag@ZnO NCs for
specified periods of time. After specific time spans, cells were stained with 3 pL of Hoechst
33342 (working concentration — 10 mg/mL) and incubated for 15 min. Finally, cells were
given brief PBS wash and kept in PBS for imaging. An overlay of cell images was obtained
by capturing images under blue and green filter of fluorescence microscope (EVOS® FL

Color, AMEFC 4300).

Atomic absorption spectroscopy (AAS)

MCF-7 and A549 cells were seeded in 6-well tissue culture plates (2 x 10° cells/well) and
exposed to different concentrations of CD-Ag@ZnO NCs, in duplicates, for 3 h. The cells
were thoroughly washed and counted after exposure. Cells were then harvested by adding 1
mL of lysis solution (0.5% Triton X-100 in 0.2 M NaOH solution). Quantitative assessment
of Ag and Zn uptake by A549 and MCF-7 cells was done by AAS in the graphite furnace
mode (Avanta M, GBC Scientific Equipment). Calibration standards for Ag and Zn at
concentrations of 2, 3, 4 ppm and 0.5, 1, 1.5 ppm were prepared from commercially available

standards. Results were expressed as cellular dose of Ag/Zn in pg/cell.
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Acridine Orange/Ethidium Bromide (AO/EB) staining

In order to distinguish between live, apoptotic and necrotic cells, the cells were stained with
10 pL of dual dye acridine orange/ethidium bromide (AO/EB) mixture (working
concentration-10 ug/mL). Cells were grown in 6-well tissue culture plates and treated with
different concentration of the test samples. After 6 h incubation, culture media was removed
and cells were washed twice with PBS and stained with AO/EB in PBS .Stained overlay cell
photographs were taken by capturing images under green and red filter of fluorescence

microscope (EVOS® FL Color, AMEFC 4300).

Scanning electron microscopy (SEM)

For morphological analysis by SEM, 70%-80% confluent cells were grown on glass cover
slip inside a 6-well tissue culture plate and were treated with CD-Ag@ZnO NCs for 6 h. The
cells were then washed with PBS followed by fixation with 2% glutaraldehyde solution for
15 min. The fixed cells were then dehydrated by gradient ethanol solutions and air dried for

examination by SEM.

Determination of reactive oxygen species (ROS)

MCF-7 and A549 cells were seeded in 6-well tissue culture plate (2 x 10° cells/well) were
treated with varied concentrations of CD-Ag@ZnO and Ag@ZnO for 3 h. After twice PBS
wash, 1 mL of DMEM containing 20 uM 2,7-dichlorofluorescin diacetate (DCFH-DA ,Sigma
Aldrich) dye was added and incubated for 15 min at 37°C. Immediately after the incubation,
cells were trypsinized, collected and resuspended in PBS. Subsequently, samples were
analyzed for the oxidized product, dichlorofluorescein (DCFH) fluorescence using flow

cytometer (Amnis Flowsight) using 488 nm laser. Data analysis was performed on 10000

10

Page 10 of 36



Page 11 of 36

Journal of Materials Chemistry B

events per sample using Amnis Ideas software. Intracellular ROS production was reported in

terms of percentage of cells with DCFH fluorescence.

Release of silver and zinc ions in DMEM

To examine the dissolution of CD-Ag@ZnO and Ag@ZnO in DMEM, the concentrations of
silver and zinc ions released from CD-Ag@ZnO and Ag@ZnO after incubation at various
time points were measured. At each time point, the samples were centrifuged at 14,000 g for
20 min and the supernatant was collected. Appropriate dilutions of the samples were digested
with nitric acid (final concentration- 1%), prior to analysis. Finally, the resulting zinc and
silver ion concentration was measured by AAS in the graphite furnace mode (Avanta M,
GBC Scientific Equipment) using pure Ag (2, 3, 4 ppm) and pure Zn (0.5, 1, 1.5 ppm)

standards as reference.

Semi-quantitative RT-PCR

For gene expression studies, MCF-7 cells (2 x 10° cells/well) were exposed to 50 pg/mL of
CD-Ag@ZnO NC for 5h. Afterwards, total RNA isolation was done using Tri reagent (Sigma
Aldrich, USA) followed by reverse transcription (RT) of 1 pg of denatured RNA to generate
cDNA. Gene expression was then studied using 1 pL of the above RT product using gene-
specific forward and reverse primers in RT-PCR (Applied Biosystems). The cycling steps
involved an initial denaturation at 94°C for 3min followed by PCR denaturation at 94°C for
30s, annealing at 60°C for 30s, extension at 72°C for 1min and final extension at 72°C for
10min. The amplified PCR products were finally resolved on ethidium bromide stained 1.2%
agarose gel and visualized under UV light. The fold difference was computed using Image
lab 4.0 software. The apoptotic genes selected for studying the expression included p53,

caspase 3, bcl-xl. The housekeeping gene P actin was selected as internal control. The

11
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forward and reverse primer sequences for all the primers used in the study are mentioned in

Table S3 (Supporting information).

Statistical analysis
The data is expressed as mean £ SEM of two or more individual experiments. The statistical
data analysis was done by student’s t test using GraphPad Prism 6.0. Statistically significant

values are denoted by * (p < 0.05) and ** (p < 0.001).

Results and discussion

In the present study, we have demonstrated a simple method for synthesizing CD-Ag@ZnO
NC by combining negatively charged CDs with positively charged Ag@ZnO through
electrostatic interaction (Fig. 1(A)). The optical properties and formation of CD-Ag@ZnO
NC was studied through various spectroscopic and microscopic techniques. The aqueous
solutions of as-prepared CDs and Ag@ZnO depicted single absorption band at 257 nm (n— *
transition) and 372 nm, respectively, while CD-Ag@ZnO NC exhibited two absorption bands
at 251 nm and 348 nm (Fig. 1(B)). On the other hand, the fluorescence intensity of CDs in
CD-Ag@ZnO NC slightly decreased with respect to blank CDs (Fig. 1(C)). This could be

due to photoinduced electron transfer between Ag@ZnO and CD components >

.Quantum
yield of CD-Ag@ZnO NC was calculated to be 6.42%, which was comparable to that of CDs
(6.74%) measured under similar parameters (Table S1). Similarly, fluorescence lifetime
decay curves for CDs and CD-Ag@ZnO clearly show triple exponential decay and their
average lifetimes were calculated (Fig. S1 and Table S2).Mean lifetime of CD-Ag@ZnO was
estimated to be 5.035 ns, slightly less compared to CDs (5.204 ns).Further, the quantum yield

and fluorescence lifetime measurements certify that Ag@ZnO did not completely quench the

fluorescence of CDs in contrast to previous reports '>'*. This phenomenon appears to be

12
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intimately linked with the electrostatic interactions between CD and Ag@ZnO, in contrast
with covalent linkages which result in severe fluorescence quenching ». Consequently, the
electrostatic interactions of CDs to Ag@ZnO pursued in this work provides several
advantages such as (i) the ability to retain the fluorescent properties without any reduction in
quantum yield (ii) Minor reduction in fluorescence intensity of the NCs with respect to CDs
suggests their potential for cell imaging %% Transmission electron microscopy (TEM) image
of CD-Ag@ZnO NC provides a direct evidence of the distribution of CDs on the surfaces of
Ag@ZnO (Fig. 2(A)). The average size of the NC was estimated to be 37.5 £ 3.2 nm. Zeta
potential measurements were done to examine the surface properties of CD-Ag@ZnO NC
(Fig. 2(B)). The surface of CDs was negatively charged (zeta potential = -21.5 mV), while
Ag@ZnO were positively charged (zeta potential= 22.3 mV).However, zeta potential of CD-
Ag@ZnO NC was -10.8 mV which implied that Ag@ZnO were capped by CDs. As shown in
Fig. 2(C), the average hydrodynamic diameter of CDs was 2.4 nm. After successful loading
of CDs, the hydrodynamic diameter of CD-Ag@ZnO NC (39.58 nm) was slightly larger than
the corresponding Ag@ZnO (34.16 nm). To further verify the presence of CDs and Ag@ZnO
in the NC, elemental analysis was carried out using low magnification field emission-
scanning electron microscope (FE-SEM) (Fig. 2(D)). Energy dispersive X-ray spectroscopy
(EDS) elemental mapping distributions indicate the presence of C, Ag, Zn and O elements
evenly distributed in CD-Ag@ZnO NC. The overlay SEM image further shows the presence
of carbon on the surface, with the core consisting of Ag, Zn and O elements in agreement
with the TEM and zeta potential measurements. Moreover, the EDAX spectrum revealed the
relative percentage elemental composition of CD-Ag@ZnO NC as: 14.84% C, 56.11% Ag,
19.05% Zn and 10% O, respectively (Fig. S2). N, adsorption— desorption isotherms (Fig. S3)
were recorded to ascertain the porous nature of Ag@ZnO.Calculations based on the

adsorption data using the BJH model indicated that Ag@ZnO had a specific surface area of

13
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6.560 m*/g, pore volume of 0.010 cm’/g and an average pore diameter of 1.49 nm. The TEM
results (Fig. S4) depicts spherical that the CDs were mostly spherical averaging about 2.1 nm,
which implies that CDs cannot penetrate the 1.49 nm pores of Ag@ZnO in CD-Ag@ZnO NC
3931 The above observation is consistent with the TEM and zeta potential measurements. The
phase structure of CD-Ag@ZnO NC was also explored. X-ray diffraction (XRD) pattern
reveals a broad, amorphous peak at 22.63° which corresponds to (002) plane of CDs, while
highly crystalline diffraction peaks match well with the typical Wurtzite ZnO (JCPDS card #
36-1451) and face centered cubic Ag (JCPDS card # 04-0783) phases, respectively (Fig. S5).
Characteristic peaks obtained for CDs and Ag@ZnO are clearly in concurrence with the
earlier reported literatures *"'**. Fourier transform infrared (FTIR) spectrum depicts specific
functional groups present in CD-Ag@ZnO NC (Fig. S6). Peaks at 3432 cm™ ,1638 cm™ and
1403 cm™ were due to O-H, C=0 and C-N groups of CDs. Further, the passivating agent,
PEG imparts O-H functionality to CDs *’. In addition, the peaks at 1090 cm ™', 804 cm ' and
708 c¢cm ' corresponded to Zn-O-Zn, Zn-O-H and Zn-O-Zn stretching frequencies and
bending frequencies, respectively. Absorption bands at 476 cm ' and 652 cm ' were
attributed to stretching vibrations of Zn-O and Ag—ZnO bonds 3 Notably, no C-Ag or C-Zn
bonds were found. This indicated that negatively charged, O-H functionalized CDs were

electrostatically adsorbed on the surface of Ag@ZnO component *~2,

In vitro cytotoxicity

The percentage of cell viability was determined quantitatively by MTT assay. MCF-7, A549
and L-132 cells were exposed to varying concentrations (10-90 ug/mL) of CD-Ag@ZnO NC.
The obtained results show a significant reduction in viability of both the cancer cells in a
dose-dependent manner. The ICsy value (at which 50% cells are dead) of CD-Ag@ZnO

against MCF-7 and A549 cells was found to be 50 pg/mL and 70 pug/mL, respectively (Fig.

14
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3(A,B)). In contrast, blank Ag@ZnO treated MCF-7 and A549 cells exhibited severe decline
in cell viability at similar concentrations. For example, the ICsy value for Ag@ZnO treated
MCF-7 and A549 cells was recorded to be 20 pg/mL and 50 pg/mL, which is far less
compared to those estimated for CD-Ag@ZnO. However, CD-Ag@ZnO NC showed mild
cytotoxicity towards normal L-132 cells compared to cancer cells in the same concentration
range (Fig. 3(C)). To validate the same, the morphology of treated cells was examined by
inverted microscope under bright field. A549 and MCF-7 cells treated with 50 pg/mL of CD-
Ag@ZnO NC appeared rounded and shrunk in size. At similar concentration, treated L-132
cells showed predominantly healthy and normal morphology as that of untreated control cells
with few rounded cells (Fig. S7). Moreover, the probable reason for lower cytotoxicity of
CD-Ag@ZnO NC compared to blank Ag@ZnO could be due to the presence of CDs on the
surface which prevents the premature interaction of the NC with the cells. Hence, the chances
of aggregation of CD-Ag@ZnO NC in cell culture media are minimized, resulting in
controlled cell death. Over and above, the biocompatibility of CDs was clearly established as
cells treated with CDs had higher cell viability (nearly 97 %) even at a high concentration of
3 mg/mL compared to cells treated with CD-Ag@ZnO and Ag@ZnO (Fig. 3(D)) M By and
large, these results indicate that the reduction in cell viability is primarily due to the action of

Ag@ZnO component in CD-Ag@ZnO NC.

Cellular uptake

Cellular uptake is an important factor contributing to the action and cytotoxic effects of
nanoparticles ******, MCF-7 and A549 cells were selected as models to evaluate the cellular
uptake of CD-Ag@ZnO NC inside cancer cells. Cells were incubated with different
concentrations of CD-Ag@ZnO NC and their uptake was monitored qualitatively by

fluorescence microscope (Fig.4).The fluorescence emitted from CDs in CD-Ag@ZnO NC

15
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was used to track its cellular localization. Blank CDs were internalized in the cytoplasm of
the cells, but could not enter the nucleus (Fig. 4(e,m)) *. However, in case of CD-Ag@ZnO
NC treated cancer cells, cytoplasm as well as nuclear localization was observed in a dose-
dependent manner. At lower concentration (20 pg/mL), CD-Ag@ZnO NCs were mostly
distributed in the cytoplasm (Fig. 4(f,n). Nevertheless, at higher concentrations (50 and 70
pg/mL), along with the cytoplasmic internalization, bright green fluorescence was also
observed in the nucleus of MCF-7 and A549 cells (Fig. 4(g,h,0,p)). The plausible explanation
for nuclear uptake could be the rupturing of nuclear membrane at higher concentrations,
resulting in enhanced permeability to NC. Using Hoechst 33342 as a marker of nucleus, the
cellular uptake of CD-Ag@ZnO NC was tracked ***. Onset of cellular uptake was observed
after 0.5 h of treatment, followed by a continuous increase upto 3 h (Fig. 5). In both the
cancer cell types, initially green fluorescence was observed around the cell nuclei. With the
time-course, we observed colocalization of blue fluorescence (Hoechst 33342) with green
fluorescence (CD-Ag@ZnO NC), suggesting nuclear internalization. Furthermore,
cytoplasmic constriction was also observed with time. Furthermore, we used L-132 cells to
examine the cellular uptake of CD-Ag@ZnO NC in normal cells. Interestingly, the normal
cells exhibited efficient cellular uptake without any substantial cytotoxic effects at similar
concentrations (Fig. S8) ®*°. However, no nuclear uptake was observed in normal cells,
contrary to cancer cells. These results suggest differential uptake pattern of CD-Ag@ZnO NC
on the human cancer and normal cells.

The cellular uptake of CD-Ag@ZnO NC was concentration and time-dependent (Fig. 6).As
the concentration of NC increased, the fluorescence intensity and hence the uptake of NC
increased in both MCF-7 and A549 cells (Fig. 6(A)). Likewise, enhanced uptake of CD-
Ag@ZnO NC was observed with increasing incubation time till 3h in both the cancer cells

(Fig. 6(B)). As evident from the above investigations, cellular uptake differed between the

16
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two cancer cell lines. At equal concentrations and similar time points, CD-Ag@ZnO NCs
were taken up by MCF-7 cells at higher levels than A549 cells. AAS was further used to
quantify the cellular doses of Ag” and Zn®" at different concentrations of CD-Ag@ZnO
(Fig.6(C,D)) 34,36 Average Ag' concentration per cell was in the range of 6-10.4 pg for MCF-
7 cells and 5.2-9.25 pg for A549 cells. Correspondingly, average Zn”" content per cell was in
the range of 4.67-12.39 pg (MCF-7) and 3.53-9.71 pg (A549). From the obtained results, it

was apparent that MCF-7 cells had higher intracellular doses of Ag and Zn than A549 cells.

Cell death and cell morphology
Apoptosis inducing ability of Ag and ZnO is one of the widely studied mechanisms in cancer

24-27,36-39
cells ’

. To distinguish between live, apoptotic and necrotic cells in CD-Ag@ZnO NC
treated MCF-7 and A549 cells, DNA intercalating acridine orange/ethidium bromide
(AO/EB) dual dye staining was done ***>. AO dye can permeate the cell nucleus of both
viable and apoptotic cells and emits green fluorescence upon binding to double stranded
DNA and red fluorescence when bound to single stranded DNA or RNA. Conversely, EB can
only enter the cells with disrupted plasma membrane and emits orange fluorescence upon
intercalating into DNA. Early apoptotic cells (EA) have intact cell membrane and show
bright green granules indicating nuclear fragmentation. Late apoptotic cells (LA) have a
compromised nuclear membrane with more permeability to EB and their nucleus appears
orange in colour. The emission from CDs was not considered here because of the relatively
weak fluorescence of bare CDs compared to fluorescent dye *°. As can be seen in Fig. 7(a,e) ,
untreated MCF-7 and A549 cells appeared green indicating healthy viable cells. However,
MCEF-7 cells treated with lower concentration (20 pg/mL) of CD-Ag@ZnO NC displayed

more number of EA and few LA cells (Fig. 7(b)), while only EA cells were seen at similar

concentration in A549 cells (Fig. 7(f)). On the contrary, with increasing concentrations of NC
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(50 and 70 pg/mL), LA cells were found to outnumber EA cells (Fig. 7(c,d,g,h)). FE-SEM
studies were performed to study the morphological changes associated with apoptosis in CD-
Ag@ZnO NC exposed cancer cells. Fig. 7(C) illustrated that control cells were spindle
shaped, well-attached to the surface and had an intact membrane morphology. Contrarily,
ICs treated cells shrunk in size, became rounded, loosely- attached and exhibited membrane
blebbing, which are the hallmarks of apoptotic cell death 925 Interestingly, the apoptotic
effects of CD-Ag@ZnO NC were more pronounced in MCF-7 cells than A549 cells, clearly

endorsing the higher cellular uptake of NC in MCF-7 cells.

ROS production and apoptotic genes expression

It is a well known fact that increased reactive oxygen species (ROS) levels can result in
oxidative stress ultimately leading to apoptosis in cancer cells. Earlier studies have implicated
excessive ROS production upon exposure to Ag as well as ZnO leading to cellular oxidative

24,25,27,36-39

stresses . Under such circumstances, the efficiency of cellular antioxidant

mechanisms gets reduced resulting in mitochondrial dysfunction and DNA damage *.
Therefore, in the present case, the role of oxidative stress in CD-Ag@ZnO NC mediated
cytotoxicity was evaluated by 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) dye
based assay. This assay is based on the passive uptake of a non-fluorescent DCFH-DA dye,
which reacts with ROS inside the cells and subsequently gets converted to highly fluorescent
compound dichlorofluorescein (DCFH) by the action of intracellular esterases. The ROS
levels were quantified by determining the percentage of fluorescent cells using a flow
cytometer (Fig. 8). Herein, the fluorescent signal of CDs did not interfere much with the
fluorescence signal of DCFH during flow measurements because of the relatively weak

brightness of CDs compared to DCFH. From the results shown, it was clear that CD-

Ag@ZnO NC treated cells showed more ROS production compared to untreated cells. For
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MCEF-7 treated cells, with an increase in the concentration of NC, the percentage of cells with
elevated ROS increased from 14.4% to 47.6% accordingly (Fig. 8 (a-d)). Meanwhile, treated
A549 cells also exhibited increased ROS generation in a dose dependent manner from 5.3%
to 28% (Fig. 8(e-h)).At similar treatment concentrations, intracellular ROS production was
found to be more in MCF-7 cells compared to A549 cells. For comparison, we also
determined the percentage ROS induction in cancer cells treated with Ag@ZnO at identical
concentrations. Intracellular ROS production increased from 24.1% to 81.6% for MCF-7 cells
and 14.7% to 69.4% in A549 cells, respectively (Fig. S9), which is much higher compared to
CD-Ag@ZnO treated cancer cells. The dissolution of Ag@ZnO and CD-Ag@ZnO NC in
DMEM cell culture medium was analyzed by AAS (Fig. 9). Ag@ZnO released more Ag" and
Zn*" ions than CD-Ag@ZnO NC at all lengths of time (3, 6 and 12 h) and at all
concentrations (20, 50 and 70 ppm).Nevertheless, concentrations of ions released from the
NC have been implicated for ROS production ***°. Comparatively lower ROS production in
CD-Ag@ZnO NC treated cancer cells was perhaps due to lesser release rate of Ag" and Zn**
ions from Ag@ZnO cores. Moreover, all the above findings perfectly correlate with the
cytotoxicity and cellular uptake studies, wherein MCF-7 cells were found to be more
sensitive than A549 cells under similar treatment regimes. Based on the above outcomes, it
was favourable to use MCF-7 cells to explicate the apoptotic gene expression in CD-
Ag@ZnO NC exposed cells with reference to untreated cells. In this regard, semiquantitative
RT-PCR was used to analyze the expression levels of pro-apoptotic genes (p53, caspase 3,
bax, bad, c-myc), anti-apoptotic genes (bcl-2, bcl-x1) and house-keeping gene (B actin) in
MCEF-7 cells. The results indicated up-regulation of p53, caspase 3, bax, bad, c-myc genes
(indicated by upward arrow) and down-regulation of bcl-2, bcl-xl gene (indicated by
downward arrow) in treated cells compared to untreated cells (Fig. 10(a,b)). Expression of 3

actin remained the same. It is already known that bcl-2 (B-cell lymphoma 2) family controls
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the mitochondrial outer membrane permeabilization (MOMP) and could lead to pro-apoptotic
(bax, bad) or anti-apoptotic effect (bcl-2, bcl-xl) by altering the inner mitochondrial

1 Anti-apoptotic potential of bcl-x] (basal cell

membrane permeability transition pore
lymphoma-extra large) prevents the cell from entering into p53 mediated apoptosis. Further,
destabilization of mitochondrial membrane by cytotoxic agents has been associated with
caspase activation *! In our case, we observed the up-regulation of p53 gene which indicates
the commencement of p53 mediated apoptotic pathway. Up-regulation of bax, bad along with
down-regulation of bcl-2 and bcl-x1 expression was also observed in cells treated with CD-
Ag@ZnO NC which made the outer mitochondrial membrane more permeable. Additionally,
p53 is known to up-regulate bax which is translocated to mitochondria and changes its
membrane permeability **. This allows the secretion of cytochrome ¢ into the cytosol leading
to up-regulation of caspase 3 in treated cells, as observed in the present case ****. The above
observations corroborate well with the previous reports 2**7. In succession, up-regulation of
c-myc, a pro-apoptotic gene was also seen, which in turn plays a significant role in down-
regulating anti-apoptotic genes, bcl-2 and bel-x1. This is evident by increase in expression of
c-myc together with decrease in expression of bcl-2 and bel-x1 genes.

Overall the sequence of events leading to apoptosis in CD-Ag@ZnO NC treated cells was
illustrated. First, the NC attached and damaged the cell membrane integrity. Upon cellular

uptake, the NC induced oxidative stress by evoking ROS and triggered the p53 mediated

apoptotic pathway through which most of the chemotherapeutic drugs induce apoptosis (Fig.

10(c)).

Conclusion
In a nutshell, we have designed CD-Ag@ZnO NC simply by exploiting the electrostatic

interactions between oppositely-charged CDs and Ag@ZnO. In this manner, the CDs in CD-
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Ag@ZnO NC did not exhibit severe fluorescence quenching as suggested by spectroscopic
studies. In addition, various characterization techniques (TEM, DLS, SEM) unanimously
indicated that CDs successfully decorated the surface of Ag@ZnO to form a dual modality,
hybrid assembly. Nonetheless, there are only a few studies on the development of CDs based
NCs for biological applications. Most importantly, the proposed study provided sound
evidence regarding the use of CD-Ag@ZnO NCs for inducing the apoptosis in cancer cells in
conjugation with imaging. These NCs clearly demonstrated antiproliferative effects against
both MCF-7 and A549 cancer cells in a dose dependent manner. Despite this potency, the
CD-Ag@ZnO NC was less cytotoxic to normal lung L-132 cells than cancer cells in the same
concentration range. Further, direct fluorescence monitoring of cellular uptake and
intracellular localization of NC inside the cancer cells was also pursued using the
fluorescence emission of CDs. Qualitative and quantitative analyses predicted marked
differences in cellular uptake between MCF-7 and A549 cells. Preliminary investigation of
apoptosis was done by dual dye staining and SEM analyses, which confirmed characteristic
features of apoptosis like changes in the membrane permeability, morphology, cell shrinkage
and cytoplasmic constriction in NC treated cancer cells. Moreover, a dramatic increase in
ROS was observed in CD-Ag@ZnO NC treated cancer cells. Increased intracellular ROS
production is associated with mitochondrial dysfunction ultimately leading to apoptosis. In
this study, an increase in pro-apoptotic-to-anti-apoptotic expression ratio, activation of
caspase 3 was observed in treated cancer cells. From these results, we demonstrated that CD-
Ag@ZnO NC induced ROS-mediated activation of apoptotic gene signaling cascade
consistent with the previous studies. Taken together, the implication of the present findings
seems to be promising for the possible application of fluorescent CDs for theranostic
purposes. Conversely, CDs can be used to distinguish between normal and apoptotic cells

under fluorescence microscopy based on changes in the cell shape and morphology, adding a
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new dimension to the use of CDs for apoptosis imaging. This work is further expected to
motivate the development of specific tumor-targeted CDs in combination with metal

nanoparticles/chemotherapeutic drugs for cancer theranostic applications.
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Fig.1 (A) Schematic illustration for synthesis of CD-Ag@ZnO NC. (B) UV-vis absorption

spectra. (C) Fluorescence emission spectra (Aex = 320 nm; Aep, = 400 nm).
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Fig. 2 (A) Representative TEM image of CD-Ag@ZnO NC. (B) Zeta potential, (C) Size
distribution of aqueous solutions of CDs, CD-Ag@ZnO and Ag@ZnO at pH 7.0. (D) FE-
SEM image of CD-Ag@ZnO NC and colour coded SEM/EDX dot maps. (a) Overlay FE-
SEM image depicting elemental distributions in CD-Ag@ZnO NC.(b-e) Individual elemental

distribution (red for carbon, cyan for silver, yellow for zinc and green for oxygen).
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Fig. 3 Cell viability of (A) MCF-7 (B) A549 and (C) L-132 cells as estimated from the MTT
assay. (D) Comparative cytotoxicity analysis of CDs (3mg/mL), CD-Ag@ZnO (50 pg/mL)
and Ag@ZnO (50 pg/mL). The values are represented as mean = S.E.M. of three individual
experiments. Statistical significance between samples treated with CD-Ag@ZnO NC and

blank Ag@ZnO is denoted by * (p < 0.05) and ** (p < 0.001).
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Fig. 4 Fluorescence microscopic images depicting the cellular uptake in (A) MCF-7 and (B)

A549 cells. Upper panel: a,e) CDs and b,f) 20 pg/mL, ¢,g) 50 pg/mL , d,h) 70 pg/mL CD-
Ag@ZnO NC treated MCF-7 cells. Lower panel: i,m) CDs and j,n) 20 pg/mL , k,0) 50
ug/mL, 1p) 70 pg/mL CD-Ag@ZnO NC treated A549 cells. The images in the (a—d) and (i-
1) are corresponding bright field images. White and Red arrows represent cytoplasm and

nuclear localization, respectively. Scale bar: 100 um.
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Fig. 5 Time —dependent overlay images of (A) MCF-7 and (B) A549 cells treated with
50pg/mL CD-Ag@ZnO NC and stained with Hoechst 33342.Yellow and white arrows
represent cytoplasm and nuclear localization, respectively. Overlay images have been
acquired using a combination of DAPI (for Hoechst 33342) and GFP (for CD-Ag@ZnO NC)

filters. Scale bar: 100 pm.

30



Page 31 of 36 Journal of Materials Chemistry B

250+ 400-

A 5 . , m asag B - = A549

£ 2001 |—\ [& ™ MCF7 £ ) * r w MCF-7
2 2
S 150 = ’_\
[ @ 200+
2 100 =
1] ©
) 504 o 1004
© ©
0- 0-
20 50 70 1 2 3
Concentration ( pg/mL ) Incubation time (h)
= 15 = 15, .

C 3 m asss D 3 = A549
S = MCF7 g ’_‘ W MCF-7
2 101 2 o]

2 o

g 2

T 5 T .

— hl 5

1) ©

= 3

@ 0- @ 0-

o 20 50 70 o 20 50 70
Concentration ( pg/mL ) Concentration ( pg/mL )

Fig.6 Quantitative cellular uptake of CD-Ag@ZnO NC.(A) Cellular uptake of different
concentrations of CD-Ag@ZnO NC for 2h (B) Cellular uptake of 50 pg/mL CD-Ag@ZnO
NC for different times. Quantitative cellular doses of (C) Ag and (D) Zn treated with different
concentrations of CD-Ag@ZnO NC for 3h. The values are represented as mean = S.E.M. of
two individual experiments. Statistical significance between MCF-7 and A549 cells treated

with CD-Ag@ZnO NC is denoted by * (p <0.05).
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C Untreated

A549

Fig. 7 Fluorescence microscopic images of AO/EB stained cells of (A) MCF-7 and (B)
A549cells. (a,e) untreated and (b,f) 20 pg/mL, (c,g) 50 pg/mL, (d,h) 70 pg/mL CD-Ag@ZnO
NC treated cells. EA and LA represent early apoptotic and late apoptotic cells, respectively.
Scale bar: 100 um. (C) Representative SEM images of untreated and CD-Ag@ZnO NC

treated cells. Scale bar: 2 um (untreated) and 1 um (treated).
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Fig. 8 Flow cytometric analysis of ROS production in MCF-7 and A549 cells. Upper panel:
(a) untreated and (b) 20 pg/mL, (¢) 50 pg/mL, (d) 70 pg/mL CD-Ag@ZnO NC treated MCF-
7 cells. Lower panel: (e) untreated and (f) 20 pg/mL, (g) 50 pg/mL, (h) 70 pg/mL CD-

Ag@ZnO NC treated A549 cells.
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Fig. 9 AAS analyses of silver (A-C) and zinc (D-F) ions released from Ag@ZnO and CD-
Ag@ZnO NC after 3, 6, and 12 h in DMEM. Particle suspension: (A,D) 20 ppm; (B,E) 50

ppm; (C,F) 70 ppm.
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Fig. 10 (A) Semi-quantitative RT-PCR analysis of apoptotic signaling genes. Lane 1 and 2:
untreated and CD-Ag@ZnO NC treated MCF-7 cells (50 pg/mL) respectively. (B) Fold
difference in gene expression in treated MCF-7 cells as compared to untreated MCF-7 cells.
Data is represented as mean = SD of two individual experiments. Statistical significance
between groups is denoted by * (p < 0.05) and ** (p < 0.001). (C) Schematic illustration of

cellular uptake and apoptosis induction by CD-Ag@ZnO NC.
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