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ABSTRACT: Carbon dots (CQDs) have been widely investigated
as prime candidates for developing a tumor theranostic platform w

due to their tunable fluorescence emission and excitation, high
water solubility, good photostability, and biocompatibility. Among et 116 ** #
the CQDs, natural CQDs are an emerging class of nanomaterials in APORTOSS
the carbon family. Herein, highly fluorescent carbon quantum dots Q

(CQDs) were synthesized from orange juice using a one-step
hydrothermal method and characterized by different techniques. 1

After that, CQD/Ag heterostructures were synthesized by the @fﬂb
reduction of silver salt, in particular silver nitrate (AgNO;) solution

using sodium borohydride (NaBH,) in different ratios. The o5 ﬁ@lﬁl&%l
photostability and characterization of CQD/Ag heterostructures HCT 116

were investigated. At last, a comparative cellular toxicity measure-

ment was done to select the superior CQD/Ag heterostructure in the human colorectal carcinoma (HCT 116) cell line along with

the imaging property. The detailed cell death signaling was also observed in the HCT 116 cell line via the ROS-dependent
mitochondrial-mediated pathway, where Akt (RAC-a serine/threonine-protein kinase) played a important role.

1. INTRODUCTION and reported by various researchers. Among these, CQDs have
become interesting because of their exceptional chemical and
physical properties such as thermal and electrical conductivity,
high mechanical strength, and their unique optical and

Colorectal carcinoma is the most recurrent variety of primary
colon cancer and is noted as the third most fatal type of cancer
with a high mortality rate after lung and breast cancer.' A few

14,13 o
decades ago, colorectal cancer was very uncommon or fluorescence features. 7~ They have been used in bioimaging,
infrequently diagnosed.” Surprisingly, it is the world’s fourth drug delivery, nucleus targeting and labeling, photodynamic
most deadly cancer now and is responsible for nearly about therapy, optoelectronics, solar cells, photocatalyst design,
900,000 deaths annually.’ Besides, the dietary habits of photodetectors, and many other biological and engineering
developed and developing countries, obesity, lack of physical fields."®
exercise, smoking, and harsh life style are major causative Natural carbon-based quantum dots are an emerging class of
factors for colorectal cancer.” Improvements in pathophysio- nanomaterials in the carbon family. They have gained immense
logical understanding have enhanced the array of treatment acclamation among researchers because of their abundance,
options like endoscopic and surgical local excision, down- eco-friendly nature, aqueous solubility, diverse functionality,
staging preoperative radiotherapy and systemic therapy, and biocompatibility when compared to other conventional
extensive surgery for locoregional and metastatic disease, CQDs. There are various reports on different natural CQDs’

local ablative therapies for metastasis, palliative chemotherapy,
targeted therapy, immunotherapy etc.’ Even though all of these
new therapeutic approaches have doubled the overall survival
rate, the survival is limited for nonmetastasized disease.
Different carbon-based nanomaterials are among the most
dynamic fields in recent advanced materials science and
engineering.”” To date, many carbon nanomaterials such as
fullerenes, graphene,9 carbon nanotubes, graphene oxides, !
carbon dots,'” and carbon diamonds'® have been synthesized

synthesis and their different applications (Table 1). In the

Received: August 4, 2022
Accepted: November 18, 2022
Published: January 27, 2023

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.2c04964

W ACS Publications 4566 ACS Omega 2023, 8, 4566-4577


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Snehasis+Mishra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaustav+das"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sujan+Chatterjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Panchanan+Sahoo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sudip+Kundu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mrinal+Pal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Asim+Bhaumik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Asim+Bhaumik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chandan+Kumar+Ghosh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c04964&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04964?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04964?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04964?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04964?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/5?ref=pdf
https://pubs.acs.org/toc/acsodf/8/5?ref=pdf
https://pubs.acs.org/toc/acsodf/8/5?ref=pdf
https://pubs.acs.org/toc/acsodf/8/5?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c04964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. Available Reports on Natural CQDs with Synthesis Procedure and Size

s. no CQDs synthesis methods size (nm) ref
1 white flowering plant hydrothermal, 250 °C, 4 h N 25
2 ascorbic acid hydrothermal, 180 °C, 12 h 4.5 26
3 orange juice hydrothermal, 120 °C, 150 min 1.5-4.5 27
4 carrot roots hydrothermal, 170 °C, 12 h 2.3 28
S papaya hydrothermal, 200 °C, S h 20 29
6 pomelo peels hydrothermal, 220 °C,2 h 3 30
7 curcumin hydrothermal, 180, 1 h 1.6 31
8 tulsi leaves hydrothermal, 200 °C, 4 h S 32
9 lemon juice hydrothermal, 120—280 °C, 12 h 12—15 (200 °C), 3—5 (280 °C) 33
10 egg yolk oil hydrothermal, 200 °C,60 min 10 34
11 chitosan microwave, 450 W, 5 min 20 35
12 sucrose microwave, 100 W, 3 min 40 s 3-10 36
14 lotus root microwave, 800 W, 6 min 37
15 konjac flour pyrolysis, 470 °C, 1.5 h 38
16 curcumin pyrolysis, 180 °C 2-8 39
18 aloe vera pyrolysis, 160—250 °C 40
19 raw cashew gum microwave, 800 W, 30—40 min 9 41
20 fruit juice (kiwi, pear, avacado) ultrasonic,30 °C, hydrothermal treatment 200 °C for 12 h 4.42 + 0.05, 4.35 + 0.04, 4.12 + 0.03 42
21 neem leaves chemical oxidation 5—-6 43

present study, orange juice (OJ) was used as an exclusive
reducing and stabilizing agent for the synthesis of nano-
particles.'” On a molecular level, citric juices are composed of
organic acids, phenolic compounds, and sugars that are able to
reduce metallic ions to their elemental form.'® While the main
organic acids are malic, citric, and ascorbic, the most important
sugars are glucose, sucrose, and fructose. Besides, there are
between 10 and 15 phenolic compounds in these juices,
including flavanones and hydroxycinnamic acids, which can
serve as reducing agents.w’20

Nowadays, naturally occurring phytochemicals and secon-
dary metabolites are widely used in therapeutics due to their
specificity and tissue-protective nature.”’ In recent times,
available reports have suggested that CQDs exhibit anticancer
potential in various types of cancer.”> There are also some
reports that have demonstrated that silver nanoparticles have
anticancer potential.”> To achieve tumor-specific imaging and
anticancer potential, carbon quantum dots were engineered by
conjugating silver and phytochemicals.”*

Herein, we develop highly fluorescent CQDs from orange
juice (Citrus nobilis deliciosa), followed by a one-step
hydrothermal method. This mechanism mainly involves the
carbonization of sucrose, glucose, fructose, citric acid, and
ascorbic acid, which are the leading constituents of orange
juice. The synthesized carbon quantum dots are further used
for creating the carbon quantum dot/silver heterostructure.
The anticancer property of the CQD/Ag heterostructure was
evaluated in the colorectal cancer (HCT 116) cell line. The
fluorescence property of the heterostructure was also used for
the bioimaging purpose.

2. EXPERIMENTAL SECTION

2.1. Chemicals for Synthesis. 2-Propanol (99% pure) was
procured from Merck Life Science Private Limited, India.
Sweet lime was bought from the local market. Pulp-free lemon
juice was used as a carbon source for CD synthesis. For the
carbon dot/silver heterostructure, we used silver nitrate
(AgNO,) as the silver source, and for reducing it to Ag
nanoparticles, sodium borohydride (NaBH,). Other chemicals
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were of analytical grade and all of the chemicals were used as
received with purification.

2.2. Synthesis of Carbon Quantum Dots (CQDs) from
Orange Juice (0J). Freshly bought oranges from the local
market were crushed and the juice was extracted. The seeds
were carefully isolated and a thick juice was obtained. Then,
the juice was centrifuged for approximately 6 min at 4000 rpm
to extract the less-thick part of the juice. After that, 30 mL of
the less-dense pulp-free lemon juice was mixed with 50 mL of
2-propanol to form a transparent solution. Then, the mixture
was heated at 120 °C for 2.5 h in a solvothermal oven. After
the reaction was completed, the oven was cooled down
naturally to room temperature and a brown solution was
obtained for further characterization. The hydrothermal
synthesis of CQDs from naturally collected orange was
executed at relatively low temperatures and minimal time,
and no strong acid or post-synthetic surface passivation was
used.** So, the synthesis method is cost effective and green.

2.3. Synthesis of the Carbon Dot/Ag Heterostructure.
The stock solution was made up of 0.1 g of AgNO; and 200
mL of deionized water (DI). A 3 mM solution of AgNO; was
stirred for homogeneous mixing. Another stock solution was
prepared by adding 0.009 g of NaBH, into 80 mL of DI
accounting solution of the same strength (3 mM). Several
CQD/Ag heterostructures were synthesized by mixing with a
fixed amount of a previously synthesized CQD solution and
different ratios of AgNO; and NaBH, at 120 °C for 2.5 hin a
solvothermal oven. The synthesized CQD and CQD/Ag
heterostructures were denoted as sample 1 (6 mL of CQD
solution + 24 mL of DI), sample 2 (6 mL of CQD solution + 3
mL of AgNO; + 3 mL of NaBH, + 18 mL of DI), sample 3 (6
mL of CQD solution + 6 mL of AgNO; + 6 mL of NaBH, +
12 mL of DI), sample 4 (6 mL of CQD solution + 9 mL of
AgNO; + 9 mL of NaBH,, + 6 mL of DI), and sample S (6 mL
of CQD solution + 12 mL of AgNO; + 12 mL of NaBH, + 0
mL of DI). NaBH, was used to reduce the AgNO,. The
obtained solution was washed three times with DI by
ultracentrifugation at 20,000 rpm for 10 min. After preparing
the samples, we stored it in a freezer at 4 °C for future
experimentation.

https://doi.org/10.1021/acsomega.2c04964
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2.4. Characterization. The synthesized particles were
characterized by Fourier transform infrared spectroscopy
(FTIR, IR Prestige, Shimadzu), ultraviolet-visible (UV—vis)
spectroscopy (JASCO V650), and transmission electron
microscopy (TEM, JEM2100, JEOL). The photoluminescence
property was measured using Model FL3-11, Horiba
JobinYvon, Fluorolog-3, Nanolog. Time-correlated single-
photon counting (TCSPC) was done using the IBH
fluorocube apparatus. Decay profiles were collected using a
Hamamatsu MCP photomultiplier (R3809) with IBH DAS6
software. For TEM analysis, S mg of the sample was dispersed
into absolute ethanol for S min under sonication; this was
followed by the coating of the sample on a copper grid
followed by drying in air before analysis. For FTIR and
TCSPC, a powder sample was applied.

2.5. Cell Lines and Chemicals. Human colorectal
carcinoma (HCT 116) and human embryonic kidney (HEK
293) cell lines were acquired from the National Centre for Cell
Sciences (NCCS), Pune, India. Other essential components
like penicillin—streptomycin—neomycin (PSN) antibiotic
cocktail, Dulbecco’s modified Eagle’s medium (DMEM),
ethylenediaminetetraacetic acid (EDTA), fetal bovine serum
(FBS), and trypsin, required for cell culture media, were
purchased from Gibco (Grand Island, NY). Other compulsory
raw chemicals were procured from both Sigma-Aldrich, St.
Louis, MO, and Sisco Research Laboratories (SRL), Mumbai,
India, respectively. All necessary antibodies were collected
from eBioscience, San Diego, and Santa Cruz Biotechnology,
Dallas, Texas.

2.6. Cell Culture. Briefly, HCT 116, BJ-Sta, and HEK 293
cells were cultured at 37 °C in a humidified atmosphere under
5% CO, with DMEM (Dulbecco’s modified Eagle’ medium)
containing 1% antibiotic (PSN) and 10% fetal bovine serum
(FBS). After getting confluent (75—80%), cells were harvested
with trypsin and EDTA in phosphate-buffered saline (PBS)
and plated at the desired density to allow them to re-
equilibrate before the experimentation.*®

2.7. MTT Assay. The MTT assay was carried out to screen
the cytotoxic effect of the synthesized sample.** The HCT 116
and HEK 293 cells were plated in a 96-well plate and treated
with or without different concentrations of samples 1, 2, 3, 4,
and S and incubated for 12 h at 37 °C in a humidified CO,-
rich condition (5%). After that, the cells were meticulously
washed with PBS, followed by the addition of MTT solution
(4 mg/mL), and incubated for another 4 h. After the
incubation period of MTT, the absorbance of the acidic
isopropanol-solubilized intracellular formazan salt was meas-
ured at 595 nm using an ELISA reader (Emax, Molecular
Device). In all cases, the samples were sonicated before
treating in the cell line to get homogenized mixtures.

2.8. Quantification of Apoptosis Using Flow Cytom-
etry. Determination of apoptosis and necrosis was done by
flow cytometry using an Annexin-V FITC/PI apoptosis/
necrosis detection kit (Calbiochem, CA).*” After treatment,
the cells (1 X 10°) were washed and stained with Annexin-V
FITC and P, followed by the manufacturer’s instructions. The
percentages of viable, apoptotic (early and late), and necrotic
cells were evaluated by flow cytometry (BD LSRFortessa, San
Jose, CA).

2.9. Live Cell Imaging for Cellular Uptake of Sample 5
in the HEK 293 Cell Line. HEK 293 cells were seeded at a
density of 4 X 10° cells into a coverslip, dipped in the
experimental medium, and incubated for 24 h before
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treatment. After discarding the medium, cells were treated
with 6 pg/mL of sample S for 12 h duration, where Nuclear
Red LCS1 was used as a nuclear stainer. After 12 h of
treatment, the cells were washed and fixed on a slide. The
fluorescence intensity of the stained cells was measured using a
confocal laser-scanning microscope (FV 10i, Olympus,
Japan).dr8

2.10. Estimation of Intracellular Reactive Oxygen
Species (ROS). The generated intracellular reactive oxygen
species (iROS) was measured using confocal microscopy with
the help of an oxidation sensor dye, 2’,7'-dichlorofluorescein
diacetate (H2DCFDA). The intensification of the green
fluorescence intensity in confocal images was used to quantify
the generation of iROS, where untreated cells were treated as
control. The treated and untreated cells were plated on a
coverslip. After the incubation time, fixation was completed.
Then the cells were stained with H2DCFDA in the presence of
Nuclear Red LCS1 and Mitotracker. The internalization of
sample 5 was also visualized in a time-dependent manner.
Stained cells were examined using a confocal laser-scanning
microscope (FV 10i, Olympus, _]apan).49

2.11. Caspase Activity Analysis. Caspase 3 activity was
evaluated using the Caspase 3 activity assay kit, Biovision.”’
Precisely, cells were lysed in lysis buffer by 10 min incubation
on an ice bucket. Cytosolic supernatants were isolated
following centrifugation at 10,000g for 10 min. Hundred
micrograms of protein diluted in 50 uL of cell lysis bufter was
added. 4 mM DEVD-pNA was used as the substrate and
incubated at 37 °C for 1-2 h. The absorbance was measured
at 405 nm and the estimated data were reported as the amount
of release of pN Umol/min/mg protein. Caspase 9 activity
analysis was carried out by following the guideline of the kit
protocol, Merck Millipore. Cells were isolated through
Trypsin-EDTA treatment. After that, the cell suspension was
washed with PBS and incubated with 1 uL of FITC-IETD-
FMK at 37 °C for 0.5—1 h. Then, the cells were thoroughly
washed and fluorescence intensity was determined using an
LSSS spectrofluorometer (Perkin-Elmer) (Ex: 485 nm; Em:
535 nm).

2.12. Confocal Microscopical Analysis. HCT 116 cells
were seeded on cover slips. After the seeding, the cells were
incubated for 24 h. After the incubation time, 6 yg/mL sample
S was taken to treat the HCT 116 cells. After the treatment,
the cells were incubated for a proper time period. Untreated
cells were taken as the control. Then, the control/treated cells
were washed twice for 10 min each in PBS (0.01 M) and
incubated for 1 h in a blocking solution containing 0.3% Triton
X-100 and 2% normal bovine serum, in PBS. After blocking,
the cells were incubated at 4 °C overnight with the respective
primary antibody (BCL2, AKT, and cytochrome c), followed
by washing and incubation with the respective fluorophore-
conjugated secondary antibodies for 2 h. After that, the slides
were counterstained with Nuclear Red LCS1 and mounted
with the Prolong Anti-fade Reagent (Molecular Probe, Eugene,
OR). Finally, the stained cells were scanned using a confocal
laser-scanning microscope (FV 10i, Olympus, Japan).”!

2.13. Statistical Analysis. Results were represented as the
mean =+ SEM of multiple data points. The statistical
importance of the difference was calculated by analysis of
variance (ANOVA) using OriginPro (version 8.0) software,
where p < 0.05 was considered as significant.”

https://doi.org/10.1021/acsomega.2c04964
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Figure 1. (A) UV—-VIS, (B) photoluminescence, and (C) FTIR spectroscopy of carbon quantum dots; (D) UV—vis, (E) photoluminescence, and
(F) FTIR spectroscopy of the carbon quantum dot silver heterostructure.

3. RESULTS AND DISCUSSION

3.1. UV-Visible Absorption and Photoluminescence
Property. The UV—visible absorption has been presented in
Figure 1A. CQDs showed a broad UV absorption peak at 271
nm, which is consistent with the carbon nanoparticles
synthesized by carbonization. The photoluminescence spectra
(Figure 1B) of CQDs reflected a prominent emission peak at
467 nm with an excitation wavelength of 415.8 nm. The optical
properties of the CQDs vary with size, which could also result
in the variation in density and nature of sp2 sites available in
the CQDs. This was also demonstrated in a repetition of the
experiment. Meanwhile, the broad UV-—vis absorption
spectrum of CQD/Ag heterostructures with an SPR peak at
460 nm (Figure 1D) was attributed to the ensemble light
absorption resulting from the clustering effect of the silver
nanoparticles on the carbon dot. The data displayed a surface
plasmon resonance peak at 450 nm, which is consistent with
the results obtained by Hyosung Choi et al.’” Systematic
variation of the UV—Vis spectroscopy data was observed from
the synthesized samples (Figure 1D). From the figure, it is
found that the SPR peak was at around 450 nm for all of the
samples, which confirmed the proposed CQD/Ag hetero-
structure formation. Figure 1E displays the PL spectra of the
CQD/Ag heterostructure at an excitation wavelength of 415.8
nm. The intensity of the greenish-blue emission decreased for
the CQD/Ag heterostructure with no change in peak position.
This accounts for the interaction between the exciton of CQDs
and surface plasmons of Ag nanoparticles. The recombination
rate of electrons and holes decreased, which resulted in low PL
intensity. The Ag nanoparticles attached over CQDs act as
traps for the photogenerated electrons and quench the PL
emission. As the CQDs and Ag nanoparticles are in direct
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contact, electron transfer takes place between the energy levels
of CQDs and Ag.

3.2. FTIR Spectroscopy. The FTIR spectrum (Figure 1C)
was recorded to investigate the bonding composition of the
carbon dot and its functional groups. CQDs exhibited a sharp
peak centered at 1650 cm™' assigned to the aromatic C=C
stretching vibration, which is the elementary unit of the CQDs.
In addition, CQDs showed a broad band in between 3300 and
3500 cm™" due to the O—H stretching vibration and three
sharp peaks at 1708, 1081, and 1043 cm™ assigned to C=0,
C—0—-C, and C—-O stretching vibrations, which confirmed
the existence of carboxylate and hydroxyl groups on the
surfaces. The presence of these functional groups impart
excellent solubility in water without further chemical
modification. Furthermore, these functional groups can be
modified for potential applications in drug delivery, biosensing,
and biomedical imaging. In the case of the CQD/Ag
heterostructure (Figure 1F), a sharp peak centered at 1650
cm™' was also obtained. The appearance of a broad peak
centered at 3300—3500 cm™ (O—H vibrational stretch), a
sharp peak at 1708 cm™ (C=O vibrational stretch), and
peaks at 1081 and 1043 cm™' (C—O—C/C—O vibrational
stretch) suggested the existence of carboxylate and hydroxyl
groups on the surfaces. Moreover, the CQD/Ag hetero-
structure displayed an additional prominent peak at 1385
cm™!, ascribed to the presence of silver nanoparticles, and the
result is consistent with Devaraj et al.”’

3.3. FESEM-EDX and TEM Analysis. To further confirm
the different ratios of Ag in several CQD/Ag heterostructures,
we carried out field emission scanning electron microscopy-
energy-dispersive X-ray (FESEM-EDX) elemental mapping
along with EDX spectra analysis. As shown in Figure 2 (A,B),

https://doi.org/10.1021/acsomega.2c04964
ACS Omega 2023, 8, 4566—4577
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Figure 3. (A) TEM images of the carbon quantum dots (particle size distribution plot is in the inset); (B) SAED pattern of the carbon quantum
dots; (C) TEM image of the carbon quantum dot silver heterostructure (particle size distribution plot is in the inset).

representative EDX spectra of the synthesized samples 1, 2, 4,
and S undoubtedly confirmed the enhancement in the atomic
percentage of Ag atom gradually. Here the “O” atom assigned
to the surface-adsorbed oxygen arose from the experimental
sample preparation condition. Moreover, the elemental
mapping analysis (shown in Figure 2(C)) of representative
samples 2, 4, and 5 clearly revealed that C and Ag were
uniformly distributed in the heterostructures. Additionally, it
had been observed that the intensity of the Ag atom in the
images gradually increases with increasing Ag concentration,
which further confirmed the enhancement of Ag from sample 2
to sample S. No other elements were observed in the results of
elemental analysis; hence, it proves that the sample was
prepared in pure.

Meanwhile, in the morphological investigation as shown in
Figure 3A, the TEM images of CQDs prepared from the
orange juice extract reveal that they had uniform dispersion
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without apparent aggregation and all of them are spherical in
shape. The size distribution histogram was obtained by
counting 200 particles and the average diameter was estimated
to be around 12 nm by Gaussian fitting (as shown in the inset).
The high-resolution TEM (HRTEM) images of single particles
are amorphous in nature. The SAED pattern in Figure 3B
displayed rings indicating the amorphous nature of the
synthesized carbon dots. The TEM samples were prepared
by drop casting a diluted solution of the CQD/Ag
heterostructure onto a carbon-coated copper grid and dried
under vacuum before the analysis. The size distribution of
silver was statistically evaluated using Image ] software. In
Figure 3C, the TEM images of the CQD/Ag heterostructure
prepared from the orange juice extract reveal that they have
uniform dispersion without apparent aggregation and all of
them are spherical in shape. The size distribution histogram
was obtained by counting 60 particles and the average

https://doi.org/10.1021/acsomega.2c04964
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diameter was estimated to be around 10 nm by Gaussian fitting
(as displayed in the inset). The high-resolution TEM
(HRTEM) images of a single particle of CQD/Ag were
crystalline in nature.

3.4. Photoluminescence Decay Profile of the CQD/Ag
Heterostructure. The photoluminescence decay profiles
observed for samples 1, 2, 3, 4, and S are presented in Figure
4(A—E). From the decay values, the photoluminescence decay
time (exciton lifetime) was calculated to be 2.24, 2.17, 2.08,
1.99, and 1.96 ns, respectively, for samples 1, 2, 3, 4, and S.
This data is presented in Table 2 under T1 value, which

Table 2. TCSPC Table for T1 and T2. T1 Accounts for
Radiative Transitions and T2 Accounts for Nonradiative
Transitions

time period at wavelength (in ns)

sl no. sample 478 nm
T1 T2
1. sample 1 2.24 8.96
2. sample 2 2.17 8.69
3. sample 3 2.08 8.34
4. sample 4 1.99 7.96
S. sample S 1.96 7.86

accounts for radiative transitions. The nonradiative transition
lifetime is also tabulated in this table under T2 column. 8.96,
8.69, 8.34, 7.96, and 7.86 ns are the corresponding lifetimes
associated with samples 1, 2, 3, 4, and 5, respectively. The data
from Table 2 suggested that the lifetimes of radiative
transitions and lifetimes of nonradiative transitions are both
reduced subsequently, which indicates the electron transfer
between the carbon dots and silver nanoparticles. The basic
theory of photoluminescence explains the reduced number of
lifetime carbon dots due to the recombination of excited
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electrons in the conduction band with holes in the valence
band through the additional path provided by the silver
nanoparticle.

3.5. Photostability Study. In aqueous solution, the
CQD/Ag and CQD heterostructure displayed notable photo-
stability. The absorbance plots of all of the samples in Figure 5
A—E showed that the absorbance center wavelength and the
absorbance peak remained unaffected, whereas the absorbance
intensity reduced to less than 40% after 4 h of exposure
compared to the native intensity. Additional factors influencing
the absorbance of samples are pH and ionic strength of the
solvent, leading to changes in the surface status of the CQDs.”
It is also expected that degrading absorbance is a consequence
of changes in the structure of functional groups at the surface.
The extent of degradation is mostly dependent on the intensity
of exposure to light and duration, but it also depends on the
CQDs’ concentration. The lower the concentration, the easier
the fluorescence bleaching of CQDs. The extent is calculated
in our experiment is by the formula

% of degradation
_ absorbance(0 h UV) — absorbance( x h UV)

X 100
absorbance at 0 h uv exp osure

By this formula we can define quantitatively the extent of
degradation in the samples under ultraviolet light exposure for
a prolonged time. Table 3 shows the different absorbance
values of the samples with different times of UV exposure. The
synthesized samples show excellent photostability, degraded up
to a maximum of 37 and a minimum of 29%, which is very
promising for use as a cellular imaging agent.

3.6. Estimation of Effective Remedial Dose of CQD/
Ag against Colon Cancer Cells. The external surface of the
CQDs contains functional groups, which can act as nucleation
sites for attachment of metallic NPs like Ag or Au. A recent
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Figure S. (A—E) Absorbance of sample 1 to sample 5 after irradiation for 1, 2, 3, and 4 h in ultraviolet light.

Table 3. Degradation % of Samples (1, 2, 3, 4, 5) Under UV
Irradiation for 1, 2, 3, and 4 h

sL. no. sample Oh (%) 1h(%) 2h(%) 3h(%) 4h (%)
1. sample 1 0 17 23 25 29
2. sample 2 0 19 23 28 35
3. sample 3 0 19 28 31 37
4. sample 4 0 19 24 28 31
S. sample S5 0 20 24.5 28 33

analysis by Liu et al. suggested that heterostructures/hybrid
metallic CQDs have more remedial as well as theranostics
efficacy than the uni-structure of either metallic NPs or
CQDs.*® According to reports, the extract of orange contains a
high content of berberine, an alkaloid with a high therapeutic
application. According to Wang et al, berberine, a small
isoquinoline alkaloid, shows its therapeutic efficacy on

diarrhea, and bacterial and fungal diseases.”® Recent studies
have also suggested that berberine attenuates cancer cell
proliferation by restricting the cell cycle and inducing the
apoptotic process.”” Researchers have also demonstrated that
berberine can induce autophagy and also stops the invasion
process as well as metastasis in various types of cancer.”

So, by analyzing the efficacy of CQD/Ag, an optimum
therapeutic dose was evaluated through the in vitro way. HCT
116 cells were considered as an in vitro primary malignant
epithelial colon carcinoma model, as they functionally replicate
a similar physiology as that of primary aggressive human colon
cancer.”” MTT analysis suggested that administration of 6, 8,
10, 12, 14, 16, 18, and 20 ug/mL concentrations of samples 1—
S for 24 h can induce more than 50% of cell death, while
samples 1, 2, 3, and 4 displayed similar effects at notably higher
concentrations of 20, 18, 14, and 12 ug/mL, respectively (p <
0.01). Hence, administration of a lower concentration of
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Figure 6. (A) MTT assay data (samples 1-5) against the HCT 116 cell line (ICS0 values have been incorporated in the inset). (B) MTT assay of
sample S against the BJ-Sta cell line. (C) Cellular penetration of sample S in HEK 293.
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sample S (0, 2, and 4 pg/mL) was not able to induce a and 9.5% late apoptotic) cells after 12 h of drug administration,
significant amount of cell death within a 24 h experimental whereas only 2.2% of the cell population were in the necrotic
tenure. Considering the findings, 6 ug/mL of sample S was quadrate. Surprisingly, a percentage of the apoptotic cells were
considered as the lowest effective dose that can induce a significantly increased to 46.4% (22.8% early apoptosis and
significant amount [>60%] (p < 0.01) of cell death in HCT 23.6% late apoptosis) after 24 h of 6 ug/mL sample $
116 cells and was selected for further experimental validations treatment (Figure 7. A, B) as compared with other treated or
(Figure 6A). The biocompatibility of sample S was also untreated sets. On the basis of the above-mentioned values, 24
checked in the BJ-Sta cell line (Figure 6B), which showed that h of sample S treatment was considered to specifically induce
up to 12 pg/mL sample S is biocompatible, but above 12 ug/ apoptosis, the prime reason for suppression of HCT 116 cell
mL the heterostructure exhibits cell death. A similar analysis survivability, as evaluated by analyzing the externalization of
with noncancerous HEK 293 cells evidently demonstrated that phosphatidylserine. The data also demonstrated that a majority
6 ug/mL of sample 4 administration induces a very negligible of the cell population was shifted toward the early apoptotic
[>10%] (p < 0.01) amount of cell death (Figure 6C). quadrate as compared with untreated HCT 116 cells. This

Therefore, treatment with sample 5 at 6 pg/mL may be indicated the efficacy of sample 5.
recommended as nonhazardous for healthy noncancerous cells. 3.8. Evaluation of the Status of Apoptosis-Modu-
3.7. Exploration of Cell Death at the Lowest Effective latory Caspases after Sample 5 Administration. Accord-
Dose of Sample 5 in Colon Cancer Cells. Reduction of a ing to many researchers, caspases play a cardinal role in the
significant amount of cell survivability after sample § apoptosis procedure.”® Expansion of the cell population in
administration led us to analyze the actual reason behind both apoptotic quadrates evidently portrayed an elevated level
this alteration in HCT 116 cells. The data pointed toward of caspase activity. Caspase 3, which is an executioner caspase,
apoptotic incidence. Annexin-V/PI staining followed by flow- can be activated by the initiator caspase, Caspase 9-appropriate
cytometric study demonstrated 24.3% (14.8% early apoptotic intrinsic cues.”” The data clearly showed significant augmenta-
4573 https://doi.org/10.1021/acsomega.2c04964
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tion in caspase 3 and caspase 9 activity after drug exposure in
HCT 116 cells (p < 0.01). The results further portrayed a
gradual increase in both caspases’ activity with increasing drug
concentration. This notable observation points out a distinct
positive correlation between the rate of apoptosis and both
caspases’ activity (Figure 8B).

3.9. Elevation in the Pro-apoptotic Regulatory
Cytochrome ¢ Triggers the Apoptotis Procedure in
HCT 116 cells after Sample 5 Treatment. Increase in the
caspase 9 level is mainly controlled by various apoptotic
pathways.”” The cytochrome c—caspase 9 axis plays a guardian
role in programmed cell death by inducing factors of the
intrinsic apoptotic pathway.®' Activated by intrinsic cues like
elevated reactive oxygen species (ROS) level, cytochrome c is
released from the mitochondria to cytoplasm and induces
apoptotic process by targeting initiator caspases.”> Confocal
microscopical analysis portrayed a significant increase in
cytochrome c level and its cytoplasmic localization after 12 h
of sample 5 treatment, while the increase was extremely high
after 24 h of treatment schedule. This result positively supports
previous findings. However, no significant alteration was
noticed in the 15 pg/mL sample 5-treated group. Localization
of cytochrome ¢ in the cytoplasm is also modulated by the Bcl2
group of proteins.”> Bcl2 restricts the mitochondrial local-
ization of cytochrome ¢ and attenuates apoptosis (Figure 8A).
In the present study, the data depicted a significant amount of
reduction in Bcl2 level in the treated groups in comparison
with untreated HCT 116 cells (p < 0.05). Clinical studies have
shown overexpression of Akt in various types of cancer,
especially in colorectal cancer.’* Akt is a serine/threonine
kinase that critically modulates the growth factors and
increases the rate of cell survivability by stabilizing the
inhibitory Bcl2 protein followed by attenuation of the
apoptotic process, which in turn makes the cancer cells
technically immortal in nature.”> In the current analysis, the
data clearly showed a significant amount of reduction of the
Akt level in the treated group of cells, especially in the 12 and
24 h sample S-administered groups. It was notable that the
level of reduction was highest in the 24 h sample 5-
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administered cells as compared with the other two treated
groups (Figure 8A).

Therefore, it may be said that our drug induced apoptosis in
the colon cancer cell line by attenuating the Akt-BCL2 axis and
also turned on the Cytochrome c-mediated intrinsic apoptosis
pathway. Colon cancer is a very common cancer with a high
mortality rate. Several studies show augmented expression of
antiapoptotic proteins like Akt, PKC, and Bcl2 in colorectal
cancer tumors.’® In our study, the results depicted that
administration of our drug suppresses cell survivability in a
significant manner. ROS-mediated DNA damage induces pS3
phosphorylation, which in turn stabilizes pS3, indispensable to
counter tumorigenic growth and differentiation.’” Cell death is
a sequential process; increase in stabilized pS3 attenuates the
antiapoptotic Bcl2 group of proteins and also restricts cell
survival modulatory proteins like Akt.’® Studies have also
noted that increase in stabilized pS3 increases the expression of
the pro-apoptotic Bax protein,®” which destabilizes the
mitochondrial membrane potential and makes it porous in
nature, which in turn augments release of the apoptotic inducer
cytochrome C proteins in the cytoplasm.”” In the present
study, confocal microscopic analysis evidently pointed out a
significant amount of increase in the cytoplasmic cytochrome
C concentration and attenuation of cell survival modulatory
Akt and Bcl2 groups of proteins. This was clearly supported by
the decreasing values of cell survivability analysis after sample §
treatment. The results also clearly suggested that the restriction
of HCT 116 survivability by sample 5 was due to the turning
on of apoptotic pathways, which was not seen in the control
cell lines.

Apoptotic body formation in the cell lines was noticed by
analyzing the Annexin-V FITC-stained cell population, which
was gradually increased with drug concentration. Caspase 3
and 9 activities were also noticed in our treated groups.
Accumulation of sample S-mediated mitochondrial ROS
played a key therapeutic as well as theranostic role that not
only induced apoptosis but also illuminated the fluorescence
after entry into HCT 116 cells. Surprisingly, our results also
showed an unaltered control cell population and did not show
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any significant effect on the HEK 293 cell line. The increased
cytochrome ¢ expression along with its cytoplasmic localization
in a dose-dependent manner indicated drug-induced modu-
lation in pro- and antiapoptotic modulatory proteins as well as
its causative inducing mechanism. Several studies have pointed
out that release of cytochrome ¢ in the cytosol requires an
ROS-mediated destabilized mitochondrial membrane.”' ="
Surprisingly, our study showed a notably increased amount
of mitochondrial ROS, which was visualized as elevated DCE-
DA fluorescence (Figure 9), and its colocalization with
Mitotracker Orange, a fluorescence marker specialized for
denoting mitochondria, and sample S indicated a significant
level of mitochondrial penetrance of the said CQD (Figure 9)
as compared with the control HEK 293 cells (Figure 6C).

Therefore, our drug after entering into mitochondria
destabilized its membrane. Release of Cytochrome ¢ in the
cytosolic region results in induced apoptosis in HCT 116 cells.
The results also indicated the crucial role of mitochondrial
ROS after sample S treatment, which may be the possible cue
for destabilization of the mitochondrial membrane resulting in
turning on the Cytochrome c—Caspase 9—Caspase 3 intrinsic
apoptotic axis.

4. CONCLUSIONS

In conclusion, we have demonstrated a facile, green synthesis
method of CQDs from a cheap and readily available natural
precursor. After that, CQD/Ag heterostructures were synthe-
sized using different ratios of AgNO;. These partially
crystalline carbon nanoparticles show strong and stable
photoluminescence. The CQD/Ag heterostructure does not
show any cytotoxicity to healthy cells and is efficiently taken up
by the cells. Moreover, the flow-cytometric data and confocal
microscopic images confirmed that the heterostructure showed
a strong anticancer potential at 6 ug/mL via the ROS-
dependent mitochondrial-mediated apoptosis pathway, where
Akt plays an important role. In addition, the heterostructure
has bioimaging ability.
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