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Abstract

Carbon quantum dots (CQDs) have a size of 10 nm (or less), with lots of biomedical advantages,
creating huge excitement in different research fields. The aim of this study includes an eco-friendly
synthesis of biogenic CQDs from grape (Vitis vinifera) seeds, identifying the characteristics and
assessing its anti-diabetic as well as anti-microbial activity. CQDs are prepared by the pyrolysis
method. Synthesized CQDs were confirmed by ultraviolet (UV)—visible (Vis) spectrophotometer, and
the characterization study was done by X-ray diffractometer, photoluminescence spectroscopy,
Fourier transform infra-red spectroscopy, and transmission electron microscopy with selected area
electron diffraction (SAED). Anti-diabetic activity of CQDs was analyzed by in vitro
a-glycosidase, a-amylase inhibition assays, and glucose uptake studies. The anti-bacterial activity of
CQDs was analyzed by anti-microbial assay technique against Escherichia coli, Pseudomonas
aeruginosa, Staphylococcus aureus, and Streptococcus mutans. The results showed that the CQDs
synthesized from a natural source like grape seeds, were amorphous in nature, the average particle
size was 4 nm, and they contain functional groups like carboxyl and hydroxyl. Subsequently, it
showed that the sp2 domains also produce green fluorescence. The anti-diabetic experimental method
revealed that the CQDs enhance glucose uptake and inhibit carbohydrate hydrolyzing enzymes. CQDs
also exhibit anti-bacterial properties against both Gram-positive and Gram-negative bacteria,
according to their antimicrobial impact. Due to their small size and higher activity, CQDs will become
strong anti-diabetic agents as well as anti-bacterial ones.

Keywords: Vitis vinifera seeds; carbon quantum dots (CQDs); green synthesis; anti-bacterial; anti-
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Introduction

Scientific and technological expansions gave wonderful
opportunities to nanoscience for the synthesis of
nanosized carbon structures which completely possess
different properties from macroscopic material. Years
ago, it was generally hard to accept that carbon was
recognized as a black material, which could be soluble
in water and even exhibit high fluorescence (FL)

properties. Among the family of carbon nanomaterials,
carbon quantum dots (CQDs) are a novel class of
nanomaterial, below 10 nm in size [1]. Synthesis
methods of CQDs adopted various methods like
electrochemical method, chemical route (thermolysis),

laser ablation technique, solvothermal method,
hydrothermal method, and microwave synthesis.
However, green synthesis methods are usually

economical, effortless, and safe for the environment [2].
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The chemical method shows the presence of some toxic
chemicals, and in medical applications sometimes shows
hazardous effects. Hence, the newly emerged green
chemistry routes are very much needed for the
production of eco-friendly and low-cost nanoparticles.
The wide range of applications by CQDs in the
biomedical and bioimaging field has turned attractive as
a prodigious material. Moreover, the scientific
community is strongly attracted by CQDs with their
unique properties and has received attention for their
theranostic applications [3]. Hence in the biomedical
field, the unique advantages of these CQDs have gained
much more recognition and are involved in a wide range
of applications. The present study is hence considered to
be novel with the known medical properties of green
CQDs.

In Ayurveda, the common grape (Vitis vinifera) is
known as Draksha. Grape seeds and various parts of
grapes are natural substances used for various
therapeutic purposes. Today, we know that grape seed
contains oligomeric proanthocyanin complex (OPC),
an antioxidant that is considered to improve certain
diseased conditions. Some scientific evidence
indicates that the use of grape seed or its powder
reduces poor blood flow in the legs, reduces eye
stress due to glare, and is also helpful for reducing
high cholesterol and atherosclerosis, and improving
athletic performance, heart disease, poor circulation,
menopause, diabetes, constipation, gastrointestinal

disorders, and macular

aging [4].

degeneration due to

Grape seed was used in the treatment of diabetes
and other age-related diseases [5]. Because anti-
diabetic resistance has spread globally, a novel
therapeutic agent was very essential to curing diabetic-

related diseases in major treatment, which will also
help to replace antibiotics. The nanoparticles that are
biogenically synthesized have an anti-diabetic effect,
which belong to the molecular drugs of self-
functionalization. Hence a better production method
has been utilized in the current study for the synthesis
of anti-diabetic nanoparticles and is further extended
to therapies. So a common medicinal plant, grape, is
utilized in this present study. Furthermore, purified
and characterized CQDs made from grape seeds were
evaluated by different theranostic methods.

Experimental

Collection and preparation of plant material

Healthy, mature, and fresh Vitis vinifera belonging to
the Vitaceae family was purchased from Parshwa
Enterprises (Pune, India). The seeds were rinsed with
double distilled water to wash away the undesirable
impurities, and particulate suspensions after which
shade-dried to be made right into an excellent powder
with a digital blender. The powder was stored in a dry
and airtight box for further research.

Synthesis of CQDs

CQDs were prepared from 10 g of grape seeds that
were kept in an ordinary ceramic crucible at 300 °C
for 1 h in a muffle furnace [6]. After that, we obtained
dark black products that were cooled all the way
down to room temperature and mechanically ground

into fine powder with mortar and pestle (Fig. 1). 0.1 g
of CQDs were separated and slowly mixed with a
magnetic stirrer in 20 mL of distilled water for
20 min. Then, the particles were separated with the
help of centrifugation at 4 000 r/min for 30 min.

Fig. 1 Visual observation of color changes during the synthesis process: (a) Grape seeds; (b) Fresh powder form of grape seed;

(¢) Dark black powder (the end product of the pyrolysis method).
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Characterization of CQDs

Ultraviolet (UV)-visible (Vis)
(Systronics 2202) was used to measure the UV—Vis
absorption spectrum ranging from 300 to 700 nm, and

spectrophotometer

photoluminescence was studied by a fluorescence
spectrometer (Jascov-650 spectrophotometer).
Powder X-ray diffraction (XRD) of CDQs was
recorded by BRUKER D2 Phaser. The use of Ka
radiation was approximately less than 26 — 80°.
Fourier transform infrared spectroscopy (FTIR)
(Bruker Alpha T) was used to analyze the functional
groups of biogenic CQDs. Transmission electron
microscopy (TEM, Hitachi H-7100) also showed the
pure elemental CQDs and revealed the nanostructure

of the sample.
In vitro a-amylase inhibition assay

CQDs and grape seed were prepared at different
concentrations for an o-amylase inhibition assay.
Different concentrations of 125-1000 pg/mL were
prepared from a stock concentration of 10 mg/mL
along with 25 mmol/L (pH = 6.9) phosphate buffer
(25 pL of porcine a-amylase (0.5 mg/mL)) and made
up to 1000 pL, allowed for incubation at 25 °C for
10 min. 25 mmol/L phosphate buffer (pH = 6.9) and
25 pL of starch solution (0.5%) were added after
pre-incubation, then allowed for a second incubation at
25 °C for 10 min. The coloring agents like 3,5-dinitro
salicylic acids were added to stop the reaction.

The microplate was incubated in a boiling water
bath for 5 min and then cooled at room temperature.
A microplate reader (Erba, Lisascan) was used to
measure the absorbance at 540 nm; acarbose was used
as standard and the percentage of inhibition was
calculated by the formula:

Control — Test

Inhibition =
Control

x 100% (1)

In vitro a-glucosidase inhibition assay

10 mg/mL stock concentration of grape seed and
CQDs at different concentrations of 125-1 000 pg/mL
were prepared and incubated for 5 min. Before
initiating the reaction with substrates sucrose
(37 mmol/L), 1 mL of phosphate buffer (0.1 mol/L)
(pH = 7.2) was reacted as the final reaction mixture
and incubated at 37 °C for 20 and 30 min. After the
incubation, the reaction was stopped by boiling the
mixture in a water bath for 2 min. Phosphate buffer
and enzyme were maintained as control, and acarbose

was used as the standard indicates. 250 pL of glucose
reagent was added, followed by incubation for
10 min, and a microplate reader (Erba, Lisascan) was
used for measuring absorbance at 510 nm and
calculated by Eq.(1).

Evaluation of glucose uptake capacity by
yeast cells

A well-defined method [7] was used to perform this
assay. For this assay, we prepared 1% yeast
suspension, dissolved it in distilled water, then kept it
at 25 °C overnight. After incubation, this yeast cell
suspension was centrifuged at 4200 r/min for 5 min.
We got a clean supernatant by adding distilled water
and prepared 10% (volume fraction) suspensions of
the yeast cells.

We prepared the sample (1-5 mg of the CQDs and
mixed with dimethyl (DMSO0)) till
dissolution. 1 mL of a glucose solution at various
concentrations (5, 10, and 15 mmol/L) was added to
the sample solution and then incubated for 10 min at
37 °C. After the incubation step to initiate the
reaction, 100 pL of yeast suspension was poured into

sulfoxide

the mixture of glucose and the sample solution was
incubated at 37 °C for 60 min. To estimate the
glucose after incubation, the tubes were centrifuged
for 5 min at 3 800 r/min. A same wavelength was used
to record the absorbance of the control, where except
for the test sample, all reagents present in the control
solution and metronidazole were used as standard.
The glucose uptake was calculated by the formula:

Abs. of control — Abs. of the sample

0,
Abs. of control x100% (2)

Antimicrobial assay

Antimicrobial property of CQDs was examined by
the growth kinetics method using Vitis vinifera. In
the existing antimicrobial
in the presence of CQDs were
measured every 2 h after 30 s of agitation to
determine bacterial concentrations over time. The

assay, the bacterial

concentrations

antibacterial kinetics was visualized as a graph of
contact time against ODg,, to examine the antigenic
property.

Microorganisms like Escherichia coli (ATCC
25922), Pseudomonas aeruginosa (ATCC 27853),
(ATCC 25923), and
Streptococcus mutans (MTCC 890) received from
Microbial Type Culture Collection (MTCC) and

Staphylococcus  aureus
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American Type Culture Collection (ATCC) were
acquired from Biogenix research Lab (Trivandrum,
India).

_(Cs=Co)=(Ts—To)

1
(Cis—Co)

x 100% 3)

where [ is percentage inhibition of growth, Cjg is
blank-compensated optical density at 600 nm (ODg)
of the positive control of the organism at 18 h, C, is
blank-compensated ODy, of the positive control of
the organism at 0 h, 7,3 is negative control-
compensated ODyg, of the organism in the presence
of the test sample at 18 h, and T is negative control-
compensated ODg, of the organism in the presence
of the test sample at 0 h.

Results and Discussion

UV absorption and PL spectrum studies

A simple and most outstanding evaluating technique
for CQDs was UV-—Vis absorption studies. This
characterization study was done at a wavelength
range of 200-600 nm. The huge UV peak of CQDs
was found in the UV region at 262 nm as represented
in Fig. 2(a). The PL spectrum of CQDs in Fig. 2(b)
shows that a broad peak in excitation and emission
wavelengths reaches the peaks at 380 and 540 nm,
respectively.
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(=]
(3]
T
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4000

3500 380 nm

—— Excitation

540 nm —— Emission

3000
2500
2000

Intensity

1500 i 1 1 1 1 1 J
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Fig. 2 (a) UV-Vis spectra represents the formation of CQDs
by Vitis vinifera seed; (b) PL spectrum (emission and
excitation) of CQDs.

The absorbance spectra of CQDs have been
recorded within 210-320 nm. Our research supported
the view that the C= O band is due to the n—n*
transition by the above findings [8]. The excitation
and emission wavelength of CQDs were increased
from 330 to 490 nm and from 430 to 590 nm,
When the
increases, the existence of photon re-absorption and

respectively. excitation wavelength
the fluorescence emitting peaks convert to redshift.
The result reveals that CQDs also show the green
fluorescence that is identified with the quantum-

confinement effect and edge defects [9].
XRD method

A rapid structural analytical method of biogenic
CQDs was recorded by the XRD method in the range
of 10° < 20 < 80°. In the XRD spectra, strong
diffraction peaks of CQDs were displayed at 23.8°
(Fig. 3) corresponding to (002) plane. The average
crystalline size of the prepared nanoparticles was
calculated by Debye Scherrer's formula: D =
0.94/(Bcosf), where D 1is crystallite size, A is the
wavelength of X-ray (1.5406 A), p is the full width at
half maximum (FWHM), and & denotes the Bragg’s
angle. The average particle size of the prepared CQD
was 1.165 nm in diameter and was correlated with the
TEM micrograph of green synthesized CQDs. XRD
patterns are broad; the diffraction peak shows that the
synthesized nanoparticles are amorphous and pure
[10].

23.8°

_ =
SN
T T

Intensity

S N A~ O
T T T T

0 10 20 30 40 50 60 70 80 90
260 (°)

Fig. 3 XRD graph represents the amorphous nature of CQDs.

FTIR method

Possible and different functional groups involved in
CQDs were identified with the help of FTIR analysis.
FTIR spectrum range of grape seed CQDs was
500-4 000 cm™ (Fig. 4).

The 1521 cm™ peak attributed to the C=C stretch,
i.e., unsaturated alkenes. A peak at 1732 cm™' was the

https://www.sciopen.com/journal/2150-5578
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Fig. 4 FTIR graph represents the functional groups present on
the surface of CQDs.

stretching of the C=0 bend representing the primary
carboxyl compound. The band at 2844 and 2916 cm™'
stretching was attributed to being a C—H bond. The
2335 cm™ peak was due to the presence of COO". The
C—OH group was attributed to being a band at
3236 cm’. The results explain that the carboxyl
hydroxyl, and oxygen-containing groups are present
in the CQDs. Aqueous solubility of CQDs contributed
to all these functional groups after dehydration or
carbonization that leads to the sp2 domains and these
are derived from small precursor molecules such as
glucose, fructose, and ascorbic acid. Therefore, the
formation of the CQDs contributes to split bonds to
the surrounding oxygen groups [11-13].

Microscopic analysis TEM with selected area
electron diffraction pattern (SAED)

TEM micrograph with SAED pattern confirmed that
the average particle size of CQDs was measured as
4 nm (Figs. 5(a) and 5(b)). XRD values were well
supported by the result. Characterized TEM images
indicate that spherical-shaped CQDs are found on the
sample. SAED shows that prepared biogenic CQDs
are highly amorphous.

Fig.5(a) TEM
CQDs; (b) SAED pattern of CQDs confirms highly amorphous
nature.

image indicates the spherical-shaped

Anti-diabetic Analysis

In vitro carbohydrate-hydrolyzing enzyme
assays

CQDs are effectively inhibited by carbohydrate-
hydrolyzing  enzymes like  o-amylase and
a-glucosidase. Increasing the concentration of CQDs
influences the enzymatic activity level. ICs, values
(a-amylase and a-glucosidase) for grape seed CQDs
inhibition were 55.5 and 51.7 pg/mL, respectively
(Figs. 6(a) and 6(b)). The digestive tract contains two
types of enzymes like a-amylase and a-glucosidase.
Both carbohydrate-hydrolyzing enzymes manage the
absorption by breaking down carbohydrates into
monosaccharides. Grape seed CQDs exhibit inhibition
for digestive tract enzymes. Grape seed contains
some photochemicals; these are attached to CQDs
and give a superior activity mechanism to anti-
diabetic potential compared with grape seed [14,15].
The use of biological CQDs can make the treatment
of diabetes and the complications easier. Amylase
and glucosidase enzymes break down carbohydrates
and raise blood sugar levels in diabetics. These two
enzymes can be inhibited to regulate diabetes and
lower the chance of getting it. Availability of CQDs
that inhibit a-amylase and a-glucosidase, however, is
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Fig. 6 Graph represents anti-diabetic activity in terms of
inhibition of carbohydrate hydrolyzing enzymes: (a) In vitro
a-amylase inhibition assay by CQDs, grape seed, and standard
acarbose; (b) a-glucosidase inhibition assay by CQDs, grape
seed, and standard acarbose.
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well known. It protects against diabetes by reducing
the anti-inflammatory activity linked to diabetics,
controlling glucosidase and amylase, and improving
insulin sensitivity and pancreatic function.

Effect of CQDs on glucose uptake capacity
by yeast cells

Green synthesized CQDs help to increase the glucose
uptake in the yeast cells in which water acts as a
control. A colorimetric method was used to identify
the presence of unused glucose, which was helpful to
evaluate the amount of glucose uptake capacity in the
yeast cell. Figure 7 shows the rate of glucose uptake
in the yeast cells. When the sample amount increases
glucose, uptake decreases with reducing glucose
concentration.

Based on the general concept of glucose uptake,
glucose-transporting molecules assemble in the cell
membrane by skeletal muscles. In the hypoglycemic
effect, leptocytes and/or myocytes regulate glucose-
transporting molecules that lead to the high secretion
of insulin in the blood. Yeast cells show a difference
in glucose uptake from that of other cells. In the yeast
membrane, the glucose uptake is taking place by a
different process like the phosphotransferase enzyme
system and facilitated diffusion. In glucose uptake,
different variables affect glucose concentration and
subsequent metabolism of glucose inside the yeast
cells. The internal glucose concentration in the cell
influences the glucose uptake when most of the
internal sugar is converted simply into different
metabolites. In the present study, because of the
facilitated diffusion and elevated glucose metabolism,
the CQDs could bind glucose effectively and also
enhance the body’s muscle cells and adipose tissues
during transport across the cell membrane [16, 17].

Antimicrobial analysis

Biosynthesized CQDs were analyzed by different
strains of bacterial cultures. As the concentration of
CQDs increases, its antibacterial activity equally
increases. Overall growth kinetics of four microbes S.
aureus, S. mutans, E. coli, and P. aeruginosa have
been investigated in this study. At 80 pg/mL, CQDs
inhibit the growth of S. aureus, S. mutans, and E. coli
by up to 50%, 30%, and 30%, respectively, and the
inhibition is over 90% for these three at 100 pg/mL.

However, CQDs slightly inhibit the development
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Fig. 7 Rate of glucose uptake in the yeast cells (Glucose
concentrations (5, 10, and 15 mmol/L) in the presence of
CQDs, grape seed, and metronidazole as standard (Std)):
(a) Glucose concentration (5 mmol/L); (b) Glucose
concentration (10 mmol/L); (e¢) Glucose concentration
(15 mmol/L).

of P. aeruginosa in both doses. As the result shows,
investigation of the growth kinetics of bacteria is
the most effective method for determining the
antibacterial activity of CQDs (Fig. 8). The
underlying  molecular  mechanism of  such
antibacterial activities of CQDs has been thoroughly
studied. The impact of the CQDs was found to be
much stronger in Gram-positive bacteria than in
Gram-negative ones. We assume the CQDs increased
antibacterial impact is due to their persistence as a
colloid in the medium, which alters the
phosphotyrosine profile of bacterial proteins and
stops bacterial growth.
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Fig. 8 CQDs have anti-bacterial activity against S. aureus, S.
mutans, P. aeruginosa, E. coli, and control at 100 ug/mL.

Conclusion

The biogenic CQDs synthesis procedure was an
advanced approach to an eco-friendly, biogenic, and
cost-effective synthesis from grape seed. Synthesized
particles were characterized by UV-Vis absorption
peak at 262.4 nm, XRD, FTIR, and TEM. Organic
phytochemicals including phenolic acids,
anthocyanins, flavonoids, and one of the best-known
sources of oligomeric proanthocyanidin complexes
(OPCs) are present in grape seed. There should be an
easy, effective, safe and new technique for the
biosynthesis of anti-diabetic CQDs. This approach
also has great applicability due to low toxicity,
economic viability and usage of economically
important plants, which further leads to theranostic
applications.
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