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has drawn  significant

interest due to its eco-friendly nature. This study investigates the use of kiwifruit as a sustainable
carbon precursor with triethanolamine as a nitrogen dopant for the phyto-mediated production of

carbon dots (K-NCDs) utilizing a simple solvothermal technique.

The produced K-NCDs were

thoroughly characterized using UV—Visible spectroscopy, fluorescence spectrophotometry, FT-
IR, X-ray diffraction (XRD), transmission electron microscopy, and others. The K-NCDs had an
average size of 9.2+3 nm, a (-potential of -26.1+1.85 mV, and a quasi-spherical morphology. They

exhibited an intense green emission under the excitation of 275 nm

, with FT-IR analysis proving

nitrogen doping and XRD verifying their amorphous structure. Biological activity evaluation

demonstrated potent antioxidant and hypoglycemic effects.
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At a concentration of 5 mg/mL, K-NCDs achieved 99.6 % 2,2-diphenyl-1-picrylhydrazyl
inhibition and a dose-dependent catalase-like activity. They also inhibited a-amylase, a key target
for managing type 2 diabetes, by 79.7£2.66%. In vitro insulin-sensitizing assays on insulin-
resistant HepG2 and PANC-1 cells revealed enhanced glucose at concentrations of 25-100 pg/mL.
Moreover, oral hypoglycemic efficacy was confirmed in a streptozocin-induced diabetic rat model
following a single 400 mg/kg oral dose. The study findings support the use of K-NCDs as a
promising, eco-friendly therapeutic option for hyperglycemia.
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1. Introduction

The International Diabetes Federation (IDF)
Diabetes Atlas estimates that ~ 589 million
adults worldwide between the ages of 20 and
79 presently have diabetes, and that number
is expected to increase to 853 million by 2050
(U Hyperglycemia is a hallmark feature of
diabetes and represents a significant health
concern, particularly among individuals
dependent on insulin or other glucose-
lowering therapies. Despite advancements in
the management of diabetes, persistent
hyperglycemia continues to pose a major
clinical challenge. It is closely associated
with  the development of serious
complications, including cognitive
impairment, cardiovascular events, and, in
extreme cases, death ¥, The development of
innovative strategies to prevent or mitigate
hyperglycemic episodes while maintaining
optimal glycemic control is therefore a
pressing need in diabetes care.
Nanotechnology has become a promising
area of biomedical research in recent years,
providing  innovative  approaches to
therapeutic interventions, medication
delivery, and diagnostics . Carbon dots
(CDs) represent a class of fluorescent carbon-
based nanomaterials that have attracted a lot
of interest because of their special qualities,
which include low toxicity, biocompatibility,
and adjustable bioactivity .

Natural  product-derived  carbon  dots
(NPCDs), which are synthesized from
sustainable and renewable sources such as
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fruits, vegetables, and herbs, have shown
immense potential in biomedical applications
due to their inherent bioactive properties and
sustainability . For instance, NPCDs are
produced from a variety of natural sources,
including coffee ®, pomegranate 7, turmeric
® orange, and garlic, among others .
Compared to conventional CDs, NPCDs may
contain bioactive ingredients extracted from
their  precursors, such as phenolic
compounds, flavonoids, or polysaccharides.
These constituents grant specific biological
activities and medicinal properties to NPCDs
(10)

Despite the expansion of recent research on
the intrinsic bioactivities of CDs, it revolves
around basic facets, e.g., fluorescent
properties, and their application in clinical
practice as hypoglycemic agents is not
investigated thoroughly.

The hypoglycemic effects of NPCDs are
thought to be mediated through multiple
mechanisms. These include enhancing
insulin sensitivity, promoting glucose uptake
in peripheral tissues, inhibiting hepatic
gluconeogenesis, and modulating gut
microbiota 9. It is important to highlight
that carbohydrate degradation rate during
digestion has been connected with the
regulation of postprandial insulin and blood
glucose levels. Sucrase and maltase are two
essential intestinal enzymes involved in
carbohydrate breakdown and glycoprotein
biosynthesis. A strategy holding great
promise as hypoglycemic agents is through
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developing approaches targeting inhibition of
these enzymes or enhancing carbohydrate
degradation rate 1. In this context, Lu ef al.
developed CDs from the traditional Chinese
medicinal plant Fructus Crataegi. They
revealed their ability to potentially function
as inhibitors of disaccharidase, thus reducing
postprandial blood glucose levels effectively
in humans and inhibiting in vitro maltase and
sucrase catalytic activity (2,

Similarly, Sun et al. used pyrolysis to create
Jiaosanxian-derived CDs (JSX-CDs), with an
average diameter of 4.4 — 6.4 nm. The great
solubility and biological activity of JSX-CDs
are attributed to their numerous surface
groups. They found that these CDs
considerably lowered the blood glucose
levels of hyperglycemic mice. Moreover,
they showed that JSX-CDs regulated blood
sugar levels while fasting without producing
hypoglycemia symptoms, indicating their
capacity as an unprecedented class of
hypoglycemic drugs 1%

Kiwifruit (Actinidia chinensis), a nutrient-
rich fruit known for its high levels of vitamin
C, polyphenols, and dietary fiber, has been
broadly studied for its anti-inflammatory,
antioxidant, and antidiabetic effects ©). It has
been reported that kiwifruit exhibited other

biological activities such as  anti-
hypertensive, hepatoprotective, anti-
asthmatic, antiviral, antifungal, anti-
nociceptive, anti-microbial, anti-

constipation, anti-platelet, and anti-thrombin
activity ). Catechin, rutin, and epicatechin
are the main flavonoids found in kiwifruit %,
The anti-diabetic, anti-inflammatory, and
antioxidant properties of a mixture of the
three kiwi main flavonoids were verified in
mice 9. These properties make kiwi-derived
CDs a promising candidate for addressing the
hyperglycemia effect.

Kiwi-derived carbon dots (K-CDs) are
particularly intriguing due to their potential
to combine the inherent bioactivity of kiwi
with the unique properties of carbon-based
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nanomaterials. It is worth mentioning that
green fluorescent nitrogen-doped carbon dots
(NCDs) using kiwifruit extract as a carbon
precursor exhibited low cytotoxicity and
hence high biocompatibility on MCF-7 and
L-929 cells (7. Kiwifruit peel-CDs
synthesized by Atchudan et al. were shown to
be nontoxic to both normal and cancerous
cells, which is crucial for the sustainable
development of agents for cellular imaging
(18)

Triterpenoids and flavonoids present in kiwi
fruit have been reported to significantly
inhibit the in vitro activity of a-glucosidase
and o-amylase, possibly delaying starch
digestion (. Additionally, it has been
demonstrated that kiwifruit is a good source
of antioxidants, which help reduce oxidative
stress as one of the major factors for diabetes
development. By lowering oxidative stress,
kiwifruit preserves pancreatic B-cells and
improves insulin production. Kiwifruit also
has anti-inflammatory properties that help
reduce levels of pro-inflammatory cytokines,
including IL-1p and TNF-a. These pro-
inflammatory cytokines are involved in the
autoimmune process in type 1 diabetes.
Therefore, the anti-inflammatory potential of
kiwifruit supports insulin synthesis and p-cell
function. In diabetic rats, kiwifruit peel
extract improves markers for inflammation
and oxidative stress, including reduced
glutathione (GSH) and nitric oxide (NO) @,
Overall, kiwifruit’s hypoglycemic effect is
ascribed  to its anti-inflammatory,
antioxidant, and enzyme-inhibitory
properties, which make it a promising
treatment option for diabetes ).

This research seeks to contribute to the
development of innovative therapeutic
strategies for hyperglycemia. Within this
framework, our study aims to investigate the
hypoglycemic effects of nitrogen-doped
kiwi-derived carbon dots (K-NCDs),
leveraging their dual advantages as a natural
product and a nanomaterial, focusing on their
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mechanisms of action and therapeutic
potential. We use both in vitro and in vivo
models to elucidate the pathways through

which  K-NCDs  modulate  glucose
metabolism and evaluate their efficacy in
preventing hypoglycemic episodes.

Furthermore, this research explores the safety
of K-NCDs, ensuring their suitability for
clinical applications. The findings could pave
the way for the application of K-NCDs as a
novel, natural, and safe intervention for
individuals at risk of hyperglycemia,
addressing a critical gap in current diabetes
care.
2. Materials and methods

2.1. Materials
Kiwifruits were purchased from the local
market in Alexandria, Egypt.
Triethanolamine (TEA) and ethanol were
from Fischer Scientific (Loughborough,
UK). Streptozotocin was purchased from
Sigma-Aldrich  (St. Louis, USA). A
commercial Glucose kit was obtained from
BioMED Pharmaceutical Industries (Cairo,
Egypt). All other chemicals and reagents
were of analytical grade.

2.2. Synthesis of nitrogen-doped carbon

dots (K-NCDs)

K-NCDs were prepared using kiwifruit juice
and TEA as carbon and nitrogen precursors,
respectively (Fig. 1). Briefly, 30 mL of the
juice was mixed with absolute ethanol (20
mL), followed by adding triethanolamine (1
mL) with thorough mixing. Transfer to a
Teflon lined autoclave followed by heating
for 3 h at 200°C was done. The mixture was
allowed to cool to room temperature, then
centrifuged for 15 min at 15,000 rpm to
remove any gross particles. Finally, the
dispersion was filtered by a membrane filter
(0.22 um) for further purification.

2.3. In vitro characterization of K-NCDs

2.3.1.X-ray diffraction (XRD)

Dried K-NCDs crystallinity was assessed
using XRD (XRD-7000 X-Ray
diffractometer, Bruker D2-Phaser; Madison,
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WI, USA) by a step scan model of 30 kV and
30 mA. The diffraction angle (20) scanning
region was set at a 0.02° step size from 0 to
100°.

Nitrogen doped carbon
dots (K-NCDs)
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Fig. 1: Schematic representation of K-NCDs
preparation from kiwifruit juice.
2.3.2. Fourier transform infrared
spectrum (FT-IR)
The FTIR spectrum of K-NCDs was obtained
using an FT-IR spectrometer (PerkinElmer
Inc., USA) by scanning in the range 4000—
700 cm™'. Prior to analysis, 1 mL of K-NCDs
was allowed to dry in an oven at 70°C. The
dried sample was mixed with KBr and
compressed into a disk.

2.3.3. Morphological examination and
particle size measurement
Transmission electron microscopy (TEM)
(model JEM-100CX, JEOL, Japan) was used
for morphological assessment of K-NCDs as
well as for the determination of the average
particle size. The sample was placed on a
carbon-coated copper grid, air-dried then
examined. Shots were taken at 50 K
magnification. Particle size (PS) was
determined using Image-J analysis software
(Fiji 1.52p; National Institutes of Health,
Bethesda, MD, USA) based on 100

measurements from different fields.

The surface morphology of K-NCDs was
further appraised using scanning electron
microscopy (SM-IT200; JEOL, Tokyo,
Japan). Before examination, the sample was
placed on a metal stub, air-dried then gold
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sputter-coated.

2.3.4. &-potential measurement
{-potential of K-NCDs was measured using
Malvern Zetasizer (Nano-ZS Series DTS
1060, Malvern Instruments, UK). This was
done at 25°C at a fixed angle of 173
following adequate dilution of the sample
(n=3).

2.3.5. Optical properties
The optical properties of K-NCDs were
assessed by studying their UV-vis absorbance
and fluorescence spectra. The UV-vis
spectrum was obtained (Cary 60 UV—Visible
spectrophotometer, Agilent, USA) in the
wavelength range 200-400 nm, whereas
fluorescence spectroscopy measurements
were made using Cary Eclipse Fluorescence
Spectrophotometer  (Agilent, USA) at
different excitation wavelengths (240-280
nm).

2.3.6. Relative quantum yield
The quantum yield (QY) of K-NCDs was
determined  relative  to fluorescein
isothiocyanate (FITC, QY = 92 %). For
relative QY assessment, five dilutions of each
of FITC and K-NCDs with absorbance less
than 0.05 were prepared. The fluorescence
intensity of the samples was measured at the
excitation wavelength of K-NCDs. Then, the
slope of the linear plots of absorbance vs
integrated  fluorescence intensity  was
determined, and the QY was calculated using
equation (1):

m 2

o= 2(2) (1)
Where, ¢', m', n' are the QY, slope, and
solvent refractive index of FITC solution,
respectively, while ¢, m, and 1 are the QY,
slope, and solvent refractive index of K-

NCDs, respectively.

2.3.7. Antioxidant 2,2-Diphenyl-1-

picrylhydrazyl assay (DPPH)
The free radical scavenging activity of K-
NCDs was tested using the DPPH assay.
Different concentrations of K-NCDs (1.25,
2.5, and 5 mg/mL) were examined for their
antioxidant capacity. In a test tube, DPPH (50
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uM methanolic solution) and samples were
mixed in a ratio of 1:1 by volume. The tubes
were vigorously shaken and then kept for 30
min in the dark at room temperature.
Absorbance measurement was done at 517
nm. The percentage of antioxidant activity
was then calculated by equation (2):

% Antioxidant activity =
(absorbance of control—absorbance of sample )x 100 (2)

absorbance of control
Where the absorbance of the control and
sample are the absorbances of DPPH solution
(not containing K-NCDs) and sample
solution (containing K-NCDs), respectively.
2.3.8. Catalase-like activity assay
The antioxidant catalase-like activity of K-
NCDs was measured using the RayBio®
colorimetric assay kit (#MA-CAT) according
to the manufacturer’s instructions. Briefly, 20
uL of the K-NCDs samples (1.25, 2.5, and 5
mg/mL) were placed in a 96-well plate, then
30 puL of 1 mM H>O; was added to each well
and thoroughly mixed, followed by
incubation at room temperature for 1 min.
Catalase quencher (50 pL) was added and
mixed for 5 min to stop the reaction. After 15
min of stopping the reaction, chromogenic
working solution (150 uL) was added to each
well and incubated for 15 min at room
temperature with gentle mixing. Lastly, using
a plate reader, the UV-Visible absorbance
was measured at 520 nm, and enzyme-like
activity was extrapolated from the standard
curve.
2.3.9. Glucose uptake by yeast cells

The test was performed as previously
described by Rehman et al. @V, Baker’s yeast
dissolved in distilled water (1% w/v) was
washed by repeated centrifugation. A 10%
suspension was then prepared in distilled
water. Increasing concentrations of K-NCDs
(0.5-5 mg/mL) were mixed with 25 mM
glucose solution (1 mL), followed by
incubation at 37°C for 10 min. Reaction
initiation was done by the addition of yeast
suspension (100 pL), followed by vortexing
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and incubation for 60 min at 37°C.
Thereafter, centrifugation (2,500 x g, 5 min)
was done, and glucose concentration in the
supernatant was measured at 540 nm. The
percentage increase in glucose uptake by

yeast cells was calculated using equation (3):
% Increase in glucose uptake =
yx100  (3)

(absorbance of control—absorbance of sample
absorbance of control
Where control is the solution that contains all
the components, excluding K-NCDs.
2.3.10. a-amylase inhibition assay

The ability of K-NCDs to inhibit a-amylase
was evaluated using the 3,5-dinitrosalycilic
acid (DNSA) method ??. Briefly, a-amylase
was diluted using 0.02 M PBS/0.006 M NaCl
(pH 6.9) to 2 units/mL. K-NCDs (1.25, 2.5,
and 5 mg) were mixed with 0.2 mL of a-
amylase and vortexed mixed then incubated
at 30°C for 10 min. This was followed by
mixing with 0.2 mL maize starch solution
(1% w/v) in deionized water and incubation
at room temperature for 3 min. Reaction
termination was done using 200 pL of 3,5-
dinitrosalycilic acid (DNSA) stop solution
(sodium potassium tartrate tetrahydrate
solution in 2 M NaOH and 96 mM of DNSA
solution in the ratio 2:5) and heating in 85-
90°C water bath for 10 min. Reaction
mixtures were allowed to cool to room
temperature, then filtered using a syringe
filter (0.45 um). Filtrates were diluted using
deionized water (6-fold) and
spectrophotometrically analyzed at 540 nm.
A control sample for background correction
was prepared similarly by sample
replacement with 0.2 mL PBS, representing
100% enzyme activity. a-amylase inhibitory

activity was calculated using equation (4):

% a — amylase inhibition =
absorbance of control—absorbance of sample
( ! ! )x 100 (4)

absorbance of control

2.4. In vitro cell culture studies

2.4.1. Cell culture
HepG2 and PANC-1 cells were obtained
from the American Type Culture Collection
(ATCC, Manassas, VA, USA). Cells were
cultured under 5% CO-. at 37 °C. The culture
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medium comprised Dulbecco’s Modified
Eagle’s Medium (DMEM, Biowest, France)
supplemented with fetal bovine serum (10%
FBS, Biowest, France), 1% streptomycin,
and 100 U/mL penicillin (Invitrogen, Grand
Island, NY, USA). The studies were carried
out at the Cell Culture Lab, Department of
Pharmaceutics, Faculty of Pharmacy,
Alexandria University.

2.4.2. Cell-viability assay
Tetrazolium salt, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT)
was used to investigate K-NCDs effect on
HepG2 and PANC-1 cell viability. Cells were
seeded at a seeding density of 1 x 10*
cells/well in a 96-well plate, followed by 24
h incubation. Thereafter, medium
replacement with one containing increasing
concentrations of K-NCDs (2-100 pg/mL),
then incubation for 48 h at 37 °C and 5% CO»
was done. MTT (0.5 mg/mL final
concentration) dissolved in PBS was then
added to the wells, and the plate was
incubated for 4 h at 37 °C. For each well,
media aspiration followed by formazan
crystals dissolution in 100 pL dimethyl
sulfoxide (DMSO) was carried out.
Absorbance was measured by an ELISA
well-plate reader (BioTek, USA) at 570 nm.
Percentage viability calculation relative to
control cells was then done (n=3).

2.4.3. Insulin-resistant HepG2 cell model

induction

Induction of the insulin resistance model
(IRM) in HepG2 cells was done according to
a previously reported protocol with slight
modifications 3 2Y_ Briefly, HepG2 cell
seeding was done in 24-well plates at cell
density of 6 x10° cells/well, in DMEM with
high glucose concentration (25 mmol/L) for
24 h. Subsequently, media replacement with
FBS-free high glucose DMEM containing
insulin (107 mmol/L) was done, while
leaving non-insulin-treated controls,
followed by incubation for 24 h. IRM
validation was performed by measuring the
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glucose concentration in insulin and non-
insulin-treated cells and subtracting it from
blank culture media samples using glucose
assay kit according to the instructions of the
manufacturer at 546 nm.

2.44. Effect of K-NCDs on glucose

uptake

To study K-NCDs effect on glucose uptake in
HepG2/IRM and PANC-1 cells, cells were
seeded at a density of 6 x103 cells/well for 24
h in a 24-well plate, then treated with K-
NCDs in different concentrations (25-100
pg/mL). This was followed by measuring
glucose concentration using the glucose
assay kit in 10 pL of the medium.

2.4.5. In vitro anti-inflammatory effect
Following cells treatment with K-NCDs (50
pg/mL) and incubation for 24 h, HepG2/IRM
and PANC-1 culture media were collected
and centrifuged for 10 min at 200 g.
Subsequently, the supernatant was analyzed
using ELISA  kits  following  the
manufacturer’s instructions for tumor
necrosis factor alpha (TNF-o, Quantikine®
ELISA # DTA00D) and interleukin-6 (IL-6,
Quantikine® ELISA # D6050) levels.

2.5. In vivo oral hypoglycemic effect of K-

NCDs
2.5.1. Animals

A week prior to the experiment, 18 male
Wistar rats weighing 220 + 20 g were
obtained from the animal house (Faculty of
Medicine, Alexandria University,
Alexandria, Egypt) and allowed to acclimate.
They were kept at room temperature and a
regular 12-hour light/dark cycle. They also
had unrestricted access to water and food.
The Alexandria University Faculty of
Pharmacy's Institutional Animal Care and
Use Committee authorized the procedure
(IRB No: 00012098, FWA NO: 00018699,
Serial number: 0306629).

2.5.2. Induction of diabetes

For diabetes induction, the method reported
by Dwivedi et al. was adopted with some
modification ®. Twelve rats were given a
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single dose of streptozotocin (STZ)
equivalent to 40 mgkg body weight,
immediately dissolved in citrate buffer (0.1
M, pH 4.5) just before its intraperitoneal
injection. To verify the onset of diabetes on
the third day after the STZ injection,
assessment of blood glucose level (BGL)
using (Oncall plus®) glucose test strips was
done. Diabetic rats were defined as those
with postprandial blood glucose reading
exceeding 250 mg/dL.

2.5.3. Oral glucose tolerance test (OGTT)
The hypoglycemic effect of K-NCDs, rats
was studied. Rats were fasted overnight and
then administered a single dose of glucose via
intraperitoneal injection (2 g/kg). Rats were
then assigned randomly to 2 groups. The
positive control group: diabetic rats with no
treatment, and K-NCDs treated group:
diabetic rats were given 2 mL of K-NCDs as
a single oral dose, equivalent to 400 mg/kg,
one hour before the IP injection of glucose. A
negative control group: healthy non-diabetic

normal rats that didn’t receive any
treatments, was also included for
comparison. Following glucose
administration, BGL was measured at

different time points (0-120 min).
2.6. Statistical analysis
Experimental findings are expressed as
mean+ standard deviation (SD) of three
independent tests at least. Statistical analysis
was executed using GraphPad Prism (version
9.4.1, CA, USA) with statistical significance
assessed using one-way analysis of variance
(ANOVA) followed by Tukey’s test for post
hoc pair-wise comparisons. Results were
considered statistically significant if p <0.05.
3. Results and discussion
3.1. Preparation of K-NCDs, XRD, and
FT-IR characterization
Kiwi derived nitrogen-doped carbon dots (K-
NCDs) were synthesized using the
solvothermal method, where kiwifruit juice
and TEA acted as carbon and nitrogen
sources, respectively. Kiwifruit was selected
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as a carbon source as it is highly rich in
ascorbic acid, which is its most distinctive
nutritional peculiarity ®®. This is in addition
to other bioactive molecules comprising
carbon, nitrogen, and oxygen as their core
elements %27, Upon solvothermal treatment
for 3 h at 200°C, the solution turned brown
and emitted greenish fluorescence under UV
light.

The crystallinity of K-NCDs was
investigated by XRD pattern (Fig. 2a). The
spectrum revealed the typical wide-angle
pattern previously reported for CDs ?®. The
broad peak observed at 20~22.5° supports
the amorphous nature of K-NCDs, which is
coherent with the graphitic crystal lattice
(002) plane of carbon-based materials %30,
Surface functionalization of K-NCDs was
identified from FT-IR spectrum (Fig. 2b).

JAPS, 2(2), 2025

The spectrum exhibited a characteristic
intense broad absorption band at 3366 cm™!,
corresponding to the O-H and N-H stretching
vibrations. A weak absorption band at 2936.8
cm ! assigned to the C-H stretching vibration
is observed. An aromatic C=C signal at
1647.3 cm™! previously ascribed to the sp*-
sp> hybridized honeycomb lattice of CD is
also shown @% 3D Moreover, the peak at
1253.7 cm™! indicates the presence of epoxy
groups representative of typical graphitic
carbon GV, The low intensity of the CHa
functional group and the high intensity of the
C=C functional group reflect carbon dot
formation via the solvothermal process. The
spectrum obtained is consistent with
previously reported FT-IR spectra of
nitrogen-doped CDs ?8 30,

(a) -
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Fig. 2: (a) XRD pattern and (b) FT-IR spectrum of K-NCDs.
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3.2. Morphological examination, particle

size and zeta potential measurement

The morphological structure and size of K-
NCDs were investigated by SEM and TEM
imaging (Fig. 3a & 3b). Particles were
shown to be quasi-spherical. Particle size
assessment of K-NCDs based on the TEM
images indicated a particle size in the range
of 5-15 nm with an average size of 9.2 + 3
nm. The size distribution histogram (Fig. 3¢)
reveals a narrow size distribution for K-
NCDs. Also, K-NCDs showed a negative C-
potential of -26.1£1.85 mV, indicating good
colloidal stability.

(©) 3

g8 =R
e

Percentage frequency
b

J

-

5 6 7 8 9 10 11 12 13 14 15
Particle size (nm)

Fig. 3: (a) SEM image x50K, (b) TEM image
x40K and (c) Particle size distribution
curve of K-NCDs.

The negative zeta potential of KNCDs is
primarily due to the presence of deprotonated
oxygen-containing functional groups
(especially carboxylic acids) on their
surfaces. While ethylene diamine introduces
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nitrogen-containing groups, the overall effect
often enhances or modifies the surface
chemistry in a way that favors a net negative
charge under neutral to basic conditions 2.

3.3. Optical properties

The optical properties of K-NCDs were
studied using absorption and fluorescence
spectra (Fig. 4). UV spectrum of K-NCDs
displayed shoulders at 225 and 275 nm (Fig.
4a), which are ascribed to the n-n* transitions
of carbon skeleton and conjugated sp?
domains rich in m-electrons, and n- =*
electronic  transitions associated  with
heteroatoms, respectively. The fluorescence
emission spectrum of K-NCDs at an
excitation wavelength of 275 nm is shown in
Fig. 4b. The inset shows the brown color of
aqueous K-NCDs solution under visible
light, whereas under UV light, green
fluorescence is observed. The fluorescence
results from excited defects of the surface
states in nitrogen-doped CDs [41]. The
fluorescence spectra of K-NCDs at different
excitation wavelengths (Fig. 4c)
demonstrated excitation-dependent emission
behavior where the emission peak is red-
shifted from 500 to 580 nm with an increment
increase in excitation wavelength from 240 to
280nm. The emission peak intensity
increased initially with increasing excitation
wavelength, with a maximum intensity
reached at 275 nm excitation. This behavior
has been previously attributed to K-NCDs
particle size variation in addition to the
distribution of various surface states resulting
from different organic groups on K-NCDs
surface %,

The K-NCDs showed a high relative
fluorescence QY of 37.9 % using FITC as a
reference. The high QY observed could be
attributed to the doping of the carbon
framework with nitrogen %,
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Fig. 4: (a) UV—Vis spectrum, (b) Fluorescence spectrum at 275 nm excitation wavelength (insets:
images of K-NCDs under (left) visible light and (right) ultraviolet light) and (c) Emission
spectra of K-NCDs at different excitation wavelengths (240-280 nm).

3.4. In vitro antioxidant effect of K-NCDs

Oxidative stress is considered a main factor
in the development of the microvascular and
cardiovascular complications of diabetes
mellitus 3. CDs have been found to possess
antioxidative activity ®%. Kiwifruit itself has
been reported to scavenge free radicals and
reduce oxidative stress 7). The antioxidant
potential of K-NCDs was studied using
DPPH radical scavenging activity (RSA) and
catalase-like activity assays (Fig. 5). In order
to test the ability of K-NCDs to scavenge free
radicals, DPPH, a mecthod based on the
scavenging of the 2,2 diphenyl-1-
picrylhydrazyl (DPPH) free radical was used
%) DPPH RSA of increasing concentrations
of K-NCDs (1.25-5 mg/mL) is shown in Fig.
S5a. A significant increase in antioxidant
activity (p < 0.05) was observed with

increasing concentration to reach 99.6 % for
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the 5 mg/mL sample, reflecting the radical
scavenging potential of K-NCDs. This
concentration-dependent RSA of K-NCDs
has been previously reported for other CDs
prepared from natural products ©% 40 A
possible explanation is through the transfer of
hydrogen from CDs surface groups
(carboxyl, hydroxyl, and amino groups) to
DPPH and hence its reduction to DPPH-H
@D This is in addition to the sp>-rich domains
which favor adducts formation with radical
species 4V,

The catalase-like action of K-NCDs was
studied by assessing their H>O2 scavenging
effect. Catalase is a strong natural antioxidant
proven to be cardinal in cell protection
against oxidative damage via catalyzing
H,0> degradation “?). As shown in Fig. 5b,
catalase-like activity increased significantly
in a dose-dependent manner (p < 0.05). This
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H>0O> scavenging effect mimicking catalase
activity has been previously reported for CDs
and was ascribed to their distinct surface
chemistry and functional groups, which
promote the catalytic decomposition of H>O»
43 Besides oxidative stress reduction, HoO»
scavenging was shown to upregulate the
activity of the antioxidant enzyme (NQO1) in
endothelial cells, thereby inhibiting TNF-a-
induced endothelial inflammation *¥. Also,
Muhammad et al. relayed the success of CDs
as single-atom nanozyme-mediated catalytic
therapy for glioblastoma, referring to the
potential of nitrogen doping to enhance
catalase-like activity 49,

3.5. In vitro yeast glucose uptake assay
The effect of different concentrations of K-
NCDs (0.5-5 mg/mL) on glucose uptake by
yeast cells was tested (Fig. 5c¢). The results
revealed a significant increase in the % of
glucose uptake with increasing concentration
with 5 mg concentration achieving 92.05 +
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2.25% increase in glucose uptake vs 16.81
+2.19, 23.38 + 2.02 and 47 + 4.1% for 0.5,
1.25 and 2.5 mg/mL, respectively (p <0.001).
Yeast cells exhibit a different glucose uptake
mechanism compared to animal cells, as
yeast utilizes mainly facilitated diffusion,
with glucose uptake being affected by several

factors such as the internal glucose
concentration and the rate of sugar
conversion into various metabolites “%.

Despite this mechanistic distinction, the
results of glucose uptake by yeast cells were
formerly shown to reflect the effect of
different treatments on the enhanced glucose
uptake by muscle cells and adipose tissues “%
47 Parvathy et al. previously reported the
hypoglycemic potential of grape seed-
derived carbon dots and their ability to
effectively bind glucose due to facilitated
diffusion and enhanced glucose metabolism
through the yeast cell membrane 47,
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Fig. 5: (a) Percentage DPPH inhibition, (b) Catalase-like activity (U/mL), (c) Percentage increase
in glucose uptake by yeast cells, and (d) Percentage a-amylase inhibition of increasing K-
NCDs amounts. Results were presented as mean+SD (n=3) and analyzed using one-way
ANOVA followed by Tukey’s post-hoc test for group comparisons. Means of similar
symbols were statistically insignificant: a>b>c>d (p<0.05).
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3.6. In vitro a-amylase inhibition
Amylase is an enzyme that helps digest starch
by converting it into monosaccharides, which
can result in elevated blood sugar levels ¥,
As a result, inhibiting a-amylase is
considered a potential target for managing
type 2 diabetes “?. It has been shown that
kiwifruit slows starch digestion through o-
amylase inactivation, thus reducing the blood
sugar level ©%. In the current study, the
antidiabetic potential of K-NCDs was
assessed by estimating the amylase-
inhibitory action. Increasing concentrations
(1.25-5 mg/mL) of K-NCDs were used. A
dose-dependent inhibition was observed
(Fig. 5d) with 5 mg/mL K-NCDs showing
the greatest a-amylase inhibitory effect (79.7
+ 2.66%) (p < 0.001). Similar a-amylase
suppression activity was reported for carbon
dots doped with heteroatoms (fluorine and
nitrogen) and prepared using the
solvothermal  technique  from  either
powdered leaves of various medicinal plants
or zaltoprofen (an anti-inflammatory drug) in
the presence of 4,5-difluoro-1,2-
benzenediamine (DFBD) as a fluorine and
nitrogen source ©V. Additionally, the o-
amylase inhibitory potential of Acetosa
Sagittata-derived CDs was ascribed to the
presence of surface functional groups
(amino, carboxyl, and hydroxyl) that could
interact with enzyme active sites through
hydrogen or covalent bonding as well as
electrostatic interactions. Another possible
explanation was that CDs can chelate metal
ions, which are necessary as cofactors for
enzymes 2,

3.7. Cell culture studies

3.7.1. Cytotoxicity assay

The MTT assay was used to examine the
cytotoxicity of different concentrations of K-
NCDs (2-100 pg/mL) on HepG2 and PANC-
1 cells. In the concentration range studied,
none of the tested samples exhibited any
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cytotoxicity towards cells with % cell
viability > 90%, reflecting biocompatibility
and safety (Fig. 6a & b). The
biocompatibility of CDs is well documented
(53), Magalhies et al. reported that N-doped
CDs have no discernible effect on the cell
viability of the tested cancer cells (A549 and
UM-UC-5), suggesting their suitability for
bioimaging applications ©%. Also, CDs
prepared from banana biomass showed no
noxious effects on HDF cell viability ).
3.7.2. Evaluation of glucose uptake

In this test, the insulin-sensitizing power of
the prepared K-NCDs on two insulin-
resistant (IR) cell line models (HepG2/IRM
& PANC-1) was explored. Whereas IRM was
induced in HepG2 cells ?¥, the previously
reported ability of pancreatic cancer cell line
supernatants to induce B-cell dysfunction
both in vitro and in vivo, as well as insulin
resistance in cultured myoblasts and
hepatocytes ©%, reflects the innate insulin
resistance of PANC-1.

As seen in Fig. 6¢ & d, treatment of either
HepG2/IRM or PANC-1 cells with increasing
concentrations of K-NCDs (25-100 pg/mL)
resulted in a significant (p < 0.05) increase in
glucose uptake in a dose-dependent manner
in comparison to control, untreated cells,
verifying the insulin-sensitizing potential of
K-NCDs. This might be ascribed to the
ability of K-NCDs to inhibit both
inflammation and oxidative stress as
contributors to insulin resistance. The results
obtained are supported by the in vitro
antioxidant potential of K-NCDs as shown by
the DPPH RSA and catalase-like effects.
Indeed, the anti-inflammatory power of CDs
mediated via decreasing the levels of pro-
inflammatory cytokines (TNF-a & IL-6) has
been documented ©7. Also, CDs were
reported to reduce oxidative stress by
markedly raising the levels of antioxidant
enzymes ©¥.
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Fig. 6:(a, b) Percentage cell viability of HepG2 and PANC-1 treated with increasing concentrations
of K-NCDs (2-100 pg/mL) for 48 h. (c, d) Effect of increasing concentrations of carbon
dots (25-100 pg/mL) on glucose uptake by HepG2/IRM and PANC-1 cells after K-NCDs
treatment. (e, f) Effect of K-NCDs on the inflammatory markers, TNF-o and IL-6 for
HepG2/IRM and PANC-1 cells. Results were presented as mean+SD (n=3) and analyzed
using one-way anova followed by Tukey’s post-hoc test for group comparisons. Means of
similar symbols were statistically insignificant: a>b>c>d (p< 0.05).

3.73. In vitro assessment of anti-
inflammatory effect
Since genes for many proinflammatory
cytokines, such as TNF-a & IL-6, are
overexpressed in cells as insulin resistance
develops %, the levels of these markers were
investigated after treatment of the tested IR-
cells (HepG2/IRM and PANC-1) with the K-
NCDs (25-100 pg/mL). As demonstrated in
Fig. 6e&f, the control IR-cells presented a
significant elevation in the inflammatory
markers compared to those treated with K-

NCDs (p < 0.05), further proving
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inflammation as one of the well-reported
mechanisms for insulin resistance. On the
other hand, treatment with increasing
concentration of K-NCDs resulted in a
significant reduction (p < 0.05) in both TNF-
a and IL-6 vs the control cells in a dose-
dependent manner, confirming their anti-
inflammatory potential and elucidating their
mechanism of action in reversing insulin
resistance. The in vitro anti-inflammatory
properties of CDs were confirmed by Dong et
al. where CDs nanozyme achieved a
significant reduction in TNF-a and IL-6 in
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lipopolysaccharide-induced RAW264.7 cells
inflammation model ©%. This could be
ascribed to the ROS scavenging ability of
CDs nanozyme conferred by their superior
electron donor and electron acceptor
capabilities ©?. Additionally, CDs were
reported to suppress LPS-induced liver
inflammation in mice after their IV
administration in a dose-dependent manner
owing to the proven ability to reduce the
elevated ROS levels caused by LPS 69,

3.8. In vivo hypoglycemic effect

The hypoglycemic activity of CDs in diabetic
rats has been previously reported via o-
glucosidase inhibitory effect ©®V. The o-
glucosidase enzyme represents a therapeutic
target to prevent postprandial hyperglycemia
via retarding the carbohydrates absorption
from the GIT ©Y. Also, citric acid CDs
showed rapid and effective glycolysis and
hence lowered blood glucose levels by
increasing metabolic activity after oral
administration ©?. The oral hypoglycemic
effect of the developed eco-friendly K-NCDs
is shown in Fig. 7. All rats displayed low
BGL at zero time owing to overnight fasting.
Following IP glucose administration, the
positive control group demonstrated a highly
significant elevation in BGL vs the negative
control one (p < 0.0001). On the other hand,
treatment with K-NCDs prevented BGL
shooting and achieved a significant reduction
in BGL throughout the study period (p <
0.0001). Similarly, Zhao et al. reported the
BGL-lowering  effect of  Zingiberis
Carbonisata-based CDs ©*. The results
observed could partly be explained by the
demonstrated a-amylase inhibitory action of
K-NCDs. Moreover, the anti-inflammatory
and antioxidant effects observed for K-NCDs
could have assisted in BGL control and OGT,
as previous studies suggested improved
insulin sensitivity and BGL control with
reduced inflammation and oxidative damage
9 Therefore, this study lays the foundation
for further in vivo investigations to validate
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and elucidate the antihyperglycemic potential
of K-NCDs in subsequent research.

—
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T
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Fig. 7: Effect of K-NCDs on oral glucose
tolerance. Data are expressed as
mean£SD (n=6).

4. Conclusions

In the current work, nitrogen-doped carbon

dots as a biocompatible nanomaterial were

synthesized from Kiwifruit juice (K-NCDs).

They were prepared by a single-step

solvothermal process from kiwifruit juice and

triethanolamine as the carbon and nitrogen
precursors, respectively. The simple green
low-cost method of preparation suggests the
possibility for prospective synthesis on an
industrial scale. The structure and surface
functionalization of K-NCDs were revealed
by XRD, FTIR, and microscope imaging.

Structural characterization revealed CDs

graphitic structure with successful nitrogen

doping. The high quantum yield observed

(37.9%) reflects K-NCDs high luminescent

properties, suggesting their potential for

future use in numerous bioimaging and
biosensing applications. Here, the aptitude of

K-NCDs as oral hypoglycemics was tested

both in vitro and in vivo. The results showed

that K-NCDs possess dose-dependent o-

amylase inhibition, antioxidant, and anti-

inflammatory effects. Also, their ability to
increase glucose uptake by insulin-resistant
cell lines reflects their capacity for insulin
sensitization. Finally, K-NCDs prevented
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BSL shooting in fasted diabetic mice
following glucose administration. The results
reflect the propensity of K-NCDs as a
biocompatible oral treatment for
hyperglycemia with immense potential for
other biomedical applications. Future
research  should focus on detailed
mechanistic studies and clinical trials to
further validate the therapeutic potential of
these green-synthesized CDs in managing
diabetes.
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