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Introduction

Unveiling the nano-particle enabled synergistic
mitigation of the Bcl2/Cyt ¢/CYP1A1l signaling axis
as a protective therapeutic route in mitochondrial
dysfunction associated diabetesf

Sudatta Dey,?° Rishita Dey,® Priyanka Sow,? Banani Bhattacharjee,’
Arnob Chakrovorty,? Sujan Sk,° Manindranath Bera, (2 ¢ Sisir Nandi, 2 ¢
Pradeepta Guptaroy {2 ° and Asmita Samadder (2 *?

The present study aims to assess the potential benefits of bioactive chlorophyllin (CHL) and its nano-
formulation against alloxan (ALX)-induced mitochondrial dysfunction, genotoxicity, and hyperglycemia.
Nano-chlorophyllin (NCHL) encapsulated in poly-lactide-co-glycolide (PLGA) was synthesized successfully
and characterized by atomic force microscopy (AFM), field emission scanning electron microscopy (FESEM),
and dynamic light scattering (DLS) techniques. The strong interactions between both CHL and its hano-form
(NCHL) with calf thymus DNA (CT-DNA) were further investigated by circular dichroism (CD) spectroscopy,
isothermal titration calorimetry (ITC) and electronic absorption studies, demonstrating protective roles of the
drug against chromosomal aberrations and micronucleus formation linked to DNA damage. The findings
showed that NCHL selectively activates several proteins such as Bcl2, Cyt ¢ and CYP1ALl while modulating
reactive oxygen species (ROS) levels and enhancing anti-oxidative enzyme activities, including superoxide
dismutase (SOD), catalase (CAT) and lipid peroxidase (LPO). This response provides a protective effect
against ALX-induced oxidative stress, mitochondrial dysfunction, and hyperglycemia. Notably, NCHL also
played a significant role in modulating ATP levels and the depolarization of mitochondrial membrane
potential (MMP), confirming the direct influence of CHL in mitigating ALX-induced mitochondrial dysfunction
and restricting the onset of hyperglycemia. Thus, our overall findings suggest that NCHL could serve as a
promising drug candidate for the therapeutic management of mitochondrial dysfunction and diabetes-
related complications associated with food additive exposure.

B cell dysfunction,' and Type 2 diabetes mellitus (T2DM), often
linked to metabolic disorders like obesity and hypertension,

Diabetes, a chronic metabolic disorder affecting millions of
people globally, is characterized by hyperglycemia due to
insufficient insulin production or ineffective insulin response.
It is classified into two main types: Type 1 diabetes mellitus
(T1DM), an autoimmune condition resulting from pancreatic
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leading to insulin resistance and elevated blood sugar levels.>

Recent dietary changes, such as increased consumption of
processed food and decreased physical activity, have contrib-
uted to the rising prevalence of diabetes, especially in develop-
ing countries like India.? The International Diabetes Federation
reported that approximately 537 million people aged between
20 and 79 years were affected by diabetes in 2021, highlighting
a significant global health crisis.* Moreover, diabetes causes
severe complications, including retinopathy, nephropathy and
neuropathy, which severely impact the quality of life.> This
“silent killer” poses a growing burden on families and com-
munities, emphasizing the urgent need for awareness and
management strategies.®

Urbanization has also led to increased use of food additives,
raising concerns about endocrine disruption.” Toxicity resulting
from these additives can result in oxidative stress and geno-
toxicity.® For example, aspartame may disrupt insulin receptor
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function, contributing to T2DM through elevated TNFa levels and
obesity.’ Similarly, monosodium glutamate (MSG) can damage
leptin receptors, increasing appetite and obesity,>** while alloxan
(ALX) directly destroys pancreatic B cells, hindering insulin pro-
duction and raising blood sugar levels.'>"* Current pharmacolo-
gical interventions for diabetes, though effective, often have
adverse side effects,">"> creating a demand for safer, non-toxic
alternatives. Plants and their phytochemicals have been histori-
cally used because of their health benefits and low toxicity, and
hence, these are increasingly explored as viable alternatives to
conventional drugs."®

Chlorophyllin, being a non-toxic and water-soluble derivative
of chlorophyll, is produced through saponification. It replaces
magnesium with copper, enhancing stability for use in lower pH
environments. Chlorophyllin’s structure includes a hydrophilic
porphyrin head and a centrally bound copper ion, making it
promising for managing wound healing, oxidative stress, and
blood sugar reduction." It is pertinent to mention that magne-
sium and copper bound synthetic compounds can exhibit sugar
metabolism activity, which also remains less explored.'®"
Although effective, the low absorption and bio-availability of
CHL urged for the development of drug molecules with enhanced
delivery, targeted actions, high absorption and reduced cost.
These combined factors of CHL have prompted the use of
nanotechnology in designing advanced nano-drugs using bio-
polymers to enhance drug delivery, target specific actions and
reduce costs. Recent research has focused on encapsulated drugs
in polymer-based nanocarriers, particularly poly-lactide-co-
glycolide (PLGA), a biodegradable and FDA-approved polymer that
improves drug efficacy without altering core functionality.”* PLGA
nano-particles (0-100 nm) enhance pharmacokinetic properties
and address issues such as short halflife and non-specific
distribution.”* Moreover, polymeric nanocapsules improve drug
entrapment and protect against environmental factors, allowing
the effective release of the active drug without degradation.*

This research investigates the efficacy of CHL and its nano-
formulations in addressing complications related to hypergly-
cemia. ALX, a food additive known to induce diabetes by
damaging pancreatic B cells and inhibiting glucose uptake,*
was used to induce diabetes in both an in vivo (mice) and an
in vitro (L6 rat skeletal muscle cell line) model.>* The novel
chlorophyllin (NCHL) formulation aimed to enhance drug
penetration, bioavailability, and sustainability, demonstrating
superior efficacy at a reduced dose compared to non-nano-
forms. Its potential to delay the onset of hyperglycemia was
evaluated through multi-parametric experimental approaches,
assessing NCHL’s ability to control genotoxicity and maintain
glucose homeostasis by preserving mitochondrial function.

Materials and methods
Chemicals and reagents

All analytical grade reagents and solvents used in this research
were sourced from Sigma-Aldrich and other reputable suppli-
ers. Their usage in the tests is detailed in the text.
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Preparation of PLGA encapsulated nano-chlorophyllin (NCHL)

NCHL was prepared by encapsulating CHL inside the FDA-
approved biopolymer PLGA using a modified version of the
solvent displacement method described by Fessi et al>>>°
Briefly, 50 mg of PLGA and 20 mg of CHL were dissolved in
2 mL of acetone to create the organic phase. Separately, 1% (w/v)
of poloxamer F68 (Pluronic F68) was dissolved in 20 mL of Milli-Q
water under continuous magnetic stirring. The organic solution
was then added dropwise to the aqueous phase at 0.5 mL min~"
while stirring, and the mixture was left to stir until complete
evaporation of the organic solvent at room temperature.”>?’
Poloxamer F68 acted as a surfactant, aiding formation and
stabilization of nano-particles by affecting their size, shape, and
dispersion. After solvent evaporation, nano-particles were col-
lected and centrifuged at 14 000 rpm for 30 min at 4 °C to remove
excess stabilizer. The resulting pellets were washed with Milli-Q
water three times, re-suspended, and sonicated (Labman, 35 Hz,
25 °C). The final nano-particle suspension was stored at 4 °C for
future use. Blank PLGA nano-particles (without any phyto-
compound core substances) were also prepared by following the
same standard protocol as stated above and one arm PLGA
control experiment was conducted and compared with untreated
control. Since no significant changes were observed, this group
was not included in further experiments.

Drug entrapment efficiency within NCHL

The encapsulation efficiency (EE%) of CHL was determined
using a standard method involving quantification of unencap-
sulated (free) CHL in the NCHL filtrate using a UV-Vis spectro-
photometer (Shimadzu UV-1800) at 450 nm.'” The NCHL
suspension was centrifuged at 11 000 rpm for 30 min at 4 °C
(Remi, Mumbai, India), washed twice with Milli-Q water, and
the supernatant was collected. A 100 kDa cut-off membrane
filter (NANOSEP) was used to separate free CHL from the PLGA-
encapsulated nano-particles present in the supernatant, follow-
ing the method of Samadder et al.*®

([Drug]mt - [Drug] free)

(Drug] x 100

Encapsulation efficiency (%) =
tot

Characterization of NCHL through AFM (atomic force
microscopy) imaging

Shape, surface and the uniformity in the spatial occurrence of the
synthesized NCHL were determined from the images that were
recorded through the amplitude and tapping modes of AFM
(atomic force microscopy) and the free software WSxM 5.0 Develop
7.0 was utilised for data collection and image processing to create
2D and 3D plots of the synthesised nano-particle.*

Analysis of NCHL particles by field emission scanning electron
microscopy (FESEM) with energy dispersive X-ray spectroscopy
(EDX)

A newly synthesized NCHL sample in dried form was taken
on a carbon conductive tape and was placed over a metallic
grid. The images recorded under FESEM (GeminiSEM-450, Zeiss)
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instrument confirmed the morphology and particle size. The
elemental composition of the nano-particle was determined
using EDX spectral analysis corresponding to the elemental
energy levels.

Characterization of NCHL using a dynamic light scattering
(DLS) spectroscopic study and zeta potential measurement

The DLS spectroscopic study confirmed the size distribution of
the nano-particles and the zeta potential was determined using
a Nano-ZS instrument (Malvern, UK) that measures the nano-
particles ranging within the nano-range following the standard
protocol.*®?°

Circular dichroism (CD) spectroscopy

For this experiment, a standard DNA concentration of 1 mM
was used. At 37 °C, the drug interacted with native calf thymus
DNA to generate CD spectra, which were then compared to the
CD spectrum of the DNA alone. Differential changes in CT-DNA
(Sigma-Aldrich) structure were measured within a 200-400 nm
wavelength by gradual addition of CHL and NCHL suspension
following the standard protocol.**

CT-DNA-NCHL interaction by isothermal titration calorimetry
(rre)

This study was performed using an Isothermal Titration Calori-
meter (ITC) (TA instruments, Model No. V20001) to understand
the thermodynamic status of the reaction involving the drug
NCHL and Calf-thymus DNA (CT-DNA). Both the CT-DNA and
NCHL were dissolved in nuclease free Milli-Q water at a
concentration of 0.05 mM and 0.30 mM, respectively, and the
calorimetric titration was carried out at 25 °C. Prior to loading,
both the drug and the DNA underwent a complete 20 min
degassing to remove air bubbles from the samples and avoid
the unnecessary noises in the data plot. NCHL stock solution
of 0.3 mM was loaded in the syringe and was injected into
0.05 mM CT-DNA stock solution loaded in the sample cell. The
titration method involved 20 injections of NCHL each of 6 pL at
400 s interval into the sample cell containing CT-DNA. The heat
generated due to the dilution of NCHL in the Milli-Q water
alone was subtracted from the titration data for CT-DNA-NCHL
before analysis.”> The data were analyzed using Nano Analyze
v2.4.1 software using an independent site model. Analysis of
the data was performed by determining the binding stoichio-
metry (n) and other thermodynamic parameters like enthalpy
change (AH) and entropy change (AS) of CT-DNA-NCHL
binding®* using the formula: AG = RTInK = AH — TAS.

Electronic absorption studies

One of the most effective methods for examining the binding
relationship between metal complexes and nucleic acids is UV-
Vis absorption spectroscopy.>* CT-DNA may interact with mole-
cules that have donor atoms of nitrogen, oxygen, and sulfur as
well as aromatic groups.>® The binding analysis of CHL and
NCHL with CT-DNA was performed using electronic absorption
spectroscopy at room temperature. The absorption titration
experiments of CHL and NCHL with CT DNA were performed
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by measuring its effects on UV-vis spectroscopy. The experi-
ment was accomplished by taking a fixed concentration of
either CHL/NCHL (1 x 10~* M) separately with increasing
concentrations of CT-DNA (0-5.305 x 10> M for CHL and
0-4.368 x 107> M for NCHL). All solutions were prepared in
30 mM aqueous Tris-HCI buffer (pH ~ 7.5). The concentration
of CT-DNA solution was determined with a molar extinction
coefficient of 13600 M~' ecm ' at 260 nm by absorption
spectroscopy.>®> This DNA concentration corresponds to the
base pairs. The purity of DNA was determined by measuring
the UV absorbance at . 260 and 280 nm and then the
absorbance ratio (A,e0/4250) Was calculated. It was found to be
in the range of 1.89-1.99, which confirmed the DNA to be
sufficiently free from protein. The absorbance of DNA itself was
deducted by adding an equal amount of DNA to both sample
and reference solutions.

Ethidium bromide displacement studies

One useful technique for determining the modes, strength, and
quenching mechanism of DNA-complex interaction is fluores-
cence spectroscopy. In order to further establish the binding
relationship of CHL and NCHL with CT-DNA, the fluorescence
emission of the ethidium bromide-bound DNA (EB-DNA) upon
the addition of CHL and NCHL was monitored. Ethidium
bromide displacement assay also established the DNA binding
affinity of the CHL and NCHL. Primarily, CT-DNA was incu-
bated with ethidium bromide ([EB]/[DNA] = 0.1) at 37 °C in the
dark environment for 30 min. Fluorescence titrations were
carried out by adding an increasing amount of CHL and NCHL
from 0-3.835 x 10> M to 0-3.342 x 10> M, respectively to the
cell containing the solution of the DNA/EB mixture. Emission
spectra were recorded in the range of 520-700 nm at an
excitation wavelength of 510 nm. The fluorescence emission
bands were observed at 593 nm and 594 nm for CHL and
NCHL, respectively.

Mammalian cell line culture

L6 cell lines from the National Centre for Cell Science (NCCS,
Pune, India) were seeded in flasks and incubated at 37 °C with
5% carbon dioxide. The cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum (FBS) and 1% antibiotic (Gibco), maintaining a pH of
7.4. Before experiments, the cells were allowed to reach 70-80%
confluency.”®

Dose of ALX in L6 muscle cells

A concentration of 1 mM ALX was selected for a 2 h incubation
period to examine the effects of hyperglycemic conditions in L6
cells.”>?®

In vitro dose selection of CHL and NCHL

Cells were exposed to various doses of CHL for different
incubation times, followed by a standard dose of ALX.
A standardized dose of 30 uM CHL for 2 h incubation was
selected based on intracellular glucose uptake from culture
media, with NCHL doses determined as 30 uM (higher dose)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and 15 uM (lower dose), respectively, for 2 h before ALX
treatment.

Evaluation of glucose uptake in L6 cells

Glucose uptake in different experimental sets of L6 cells was
estimated using the standard GOD-POD kit protocol.>® The
media glucose concentration was used to analyse hyperglyce-
mic conditions in the experimental sets.>®

Investigation of DNA damage by DNA fragmentation assay

The ability of NCHL to prevent ALX-induced DNA-damage in L6
cells of different experimental groups was determined by DNA
isolation using phenyl-isoamyl-chloroform and 1% gel electro-
phoresis following the standard protocol.?”

Analysis of DNA damage and nuclear condensation in L6 cells

L6 cells were stained with PI and DAPI to assess nuclear
morphology changes via fluorescence intensity. The cells were
treated with each stain independently and incubated for 15 min
at 4 °C. Images were recorded under a Carls Zeiss LSM 800
confocal microscope at 10X magnification.”®

Immunofluorescence detection of Cyt ¢, Bel2 and p53 proteins
in the L6 cell line

Protein expressions of Cyt ¢ and Bcl2, which are mitochondrial
membrane proteins, and p53, which is a DNA damage response
protein responsible for activating the mitochondria-induced
apoptotic pathway, were estimated in different experimental
sets using anti-Cyt ¢, anti-Bcl2 and anti-p53 primary antibodies,
along with FITC-labeled secondary antibodies. The images were
observed under a confocal microscope (Carl Zeiss LSM 800).%*

Model animal

Healthy male Swiss albino mice (Mus musculus), aged 12-14
weeks and weighing 30-34 g, were acquired from West Bengal
Livestock Development Corporation Ltd in Kalyani. The mice
were acclimatized for 1-2 weeks under optimal conditions (12 h
light/dark cycle, 25 + 2 °C, 55 + 5% humidity) and were
maintained on a standard diet with water ad libitum, following
CPCSEA guidelines. Experiments were conducted with care
under the Institutional Animal Ethics Committee of Kalyani
University (IAEC-KU) supervision and approval (892/GO/Re/S/
01/CPCSEA; Pr: 20.4.14-28.4.2019).

Diabetes induction in mice

Diabetes was induced in mice by a single intraperitoneal
injection of alloxan monohydrate (ALX) (CAS No. A7413) at a
dose of 100 mg kg~ ' b.w. after 12 h starvation.>® The mice were
then allowed to drink a 5% glucose solution overnight.*”

Dose selection of CHL and NCHL

Arange-finding trial was previously conducted to determine the
effective dose of CHL in mice, with groups receiving 10 mg kg ™"
and 70 mg kg~' body weight (b.w.). by oral gavage. The
chlorophyllin (CHL) pre-treated mice received an intraperito-
neal injection (i.p.) of ALX at a dose of 100 mg per kg b.w.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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thereafter. The dose of 50 mg kg™ was selected based on its
glucose-lowering effects and cell viability.*® After standardization
of the CHL dose, the mice groups received doses of nanochloro-
phyllin (NCHL): 50 mg per kg b.w. and 25 mg per kg b.w. on
alternate days for 1 month followed by intra-peritoneal injection
of ALX after an interval of 7 days.

Release kinetics of NCHL with time

To determine the minimum time required for CHL release from
PLGA-encapsulated NCHL in mice, a time-dependent release
kinetics study was conducted. Prior to the experiment, NCHL
pellets were suspended in PBS and a standard calibration curve
was generated by measuring the absorbance of NCHL solutions
(10-300 nM) at 450 nm using a UV-Vis spectrophotometer
(Shimadzu UV-1800). Mice were orally administered with a
lower dose of NCHL and sacrificed at predetermined time
points (0, 12, 24, 48 and 96 h). Pancreatic tissues were
harvested, homogenized in ice-cold PBS, and centrifuged at
12000 rpm for 12 min. CHL levels in the supernatants were
quantified spectrophotometrically.”’ The release ratio was
calculated based on absorbance values corresponding to each
time point.

Experimental design

Five different groups were formed from the randomly selected
experimental sets. Each set contained 3 mice:
Group I: control group
Group II: ALX administered group
Group III: pre-treatment of CHL (50 mg kg™ ' b.w.) + ALX
Group IV: pre-treatment of NCHLI (50 mg kg™ b.w.) + ALX
Group V: pre-treatment of NCHLII (25 mg kg~ ' b.w.) + ALX

Estimation of blood glucose levels from experimental sets

Blood glucose levels in different experimental sets were
checked using a Standardized GOD-POD Glucose kit (Autospan)
purchased from Arkray Healthcare Pvt. Ltd, India (Code:
93DP100-74).%¢

Oral glucose tolerance test

The oral glucose tolerance test (OGTT) was conducted across
experimental groups following the standard protocol,** with
minor modifications. 24 h after confirmation of diabetes
induction, mice were fasted overnight. Control and alloxan
(ALX)-treated diabetic mice received either drinking water or
the respective treatments (CHL or NCHL) orally, followed by an
intraperitoneal glucose injection at a dose of 3 g per kg body
weight. Blood samples were collected prior to treatment and at
designated intervals post-glucose administration. Glucose levels
were assessed spectrophotometrically by measuring absorbance
at 505 nm.

Cell viability study of hepatic and pancreatic tissue

After sacrificing the mice from different experimental groups,
cell viability in isolated liver and pancreatic tissues was
assessed using the Trypan Blue dye-exclusion method. Blank
PLGA nano-particles, prepared without CHL, were tested on

Mater. Adv., 2025, 6, 4402-4417 | 4405
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alloxan-treated mice for protective effects against cytotoxicity
but showed no efficacy. Cell viability tests confirmed their lack
of efficacy in the model organisms.>® The percentage of cell
viability was calculated using a standard formula:

Number of viable cells

% cell viability = x 100

Total number of cells

Determination of histopathological changes and
morphometric analyses of pancreatic islets

Histological samples were prepared by fixing, blocking, and
sectioning tissues from autopsied mice. The tissues were then
counter-stained with hematoxylin—eosin following standard
protocols*® and examined under a compound light microscope.
Morphometric analysis of pancreatic islets was performed to
assess cellular density in mice models of ALX-mediated dia-
betes. Morphometric analysis was conducted using Image]
software from the images recorded at 40X magnification to
quantitatively evaluate islet density in a fixed area.**

Determination of total cholesterol from hepatic tissues

A colorimetric assay kit supplied by Span diagnostics Ltd,
Sachin, Surat, India, code — old: LG051, New: 71LS200-40 was
used to estimate the cholesterol levels in the liver homogenates
obtained from the control and different experimental sets of
mice following the protocol of Kaplan and Lavernel (1983).*®

Analysis of hepatotoxicity biomarker enzymes

The biomarker enzyme levels, specifically aspartate transami-
nase (AST) and alanine transaminase (ALT), were measured in
hepatic tissue suspensions to assess hepatotoxicity and the
extent of hepatic injury, following the standard protocol of
Bergmeyer and Brent (1974).*°

DNA fragmentation assay

Genomic DNA was extracted from pancreatic tissues using the
phenol-chloroform method. DNA fragmentation was evaluated
by 1% agarose gel electrophoresis,*” showing differential band
smearing under a UV transilluminator (GENEI).*”

Comet assay

To ascertain the degree of DNA damage in single cells, the
visual analysis using DNA staining by ethidium bromide dye
was used and observed under a fluorescence microscope (Carl
Zeiss Axio Vert A1-FL-LED). The calculation of the frequency of
comet tailed cells was performed from the images captured.
The comet assay was carried out using single-cell gel electro-
phoresis following the protocol.*® As described earlier, single-
cell gel electrophoresis was used to carry out the comet assay
for the estimation of DNA damage.*’

Assessment of chromosomal aberrations

Colchicine (0.03%) was administered intraperitoneally to mice
at 1 mL per 100 g b.w. and kept for 1 h and 10 min before
sacrifice. Bone marrow cells from different experimental

4406 | Mater. Adv., 2025, 6, 4402-4417
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groups were analyzed for chromosome spreads using standard
protocols.>**"*° Metaphase spreads were stained with Giemsa
and examined microscopically for cytogenetic abnormalities,
facilitating a detailed analysis of chromosomal changes across
the groups.*®

Estimation of micronucleus formation

Following colchicine treatment, bone marrow cells were con-
sidered for the micronucleus study from different experimental
sets of mice following the standard procedure.’® Approximately
about 1000 bone marrow cells were analysed from each experi-
mental set to determine micronucleated polychromatic erythro-
cytes (MnPCEs) for the cytogenetical assessment.*°

Estimation of anti-oxidative enzyme profiles

The activity of antioxidative enzymes like lipid peroxidase
(LPO), catalase (CAT), and superoxide dismutase (SOD) was
assessed in pancreatic tissue from both control and experi-
mental groups. The procedure involved homogenizing
the tissue in cold PBS, centrifuging for 30 min at 11 000 rpm,
and storing the suspension at —80 °C. Standard protocols were
followed for LPO,** SOD,** and CAT.”®

Analysis of ROS generation from pancreatic cell suspension

To assess the redox state of cells, isolated pancreatic cells were
fixed in 4% paraformaldehyde and incubated with H,DCFDA
dye for 30 min at room temperature. Reactive oxygen species
(ROS) levels were measured using a spectrofluorometer (Hitachi
F-7100) at 485 nm (excitation) and 535 nm (emission) following
standardized protocols.>*™>®

Assessment of MMP using Rhodamine 123 dye

Isolated pancreatic cell suspensions were incubated with Rho-
damine 123 (Rh 123) for 15 min at 4 °C to assess mitochondrial
membrane potential (MMP, Aym) across different experi-
mental groups. MMP was measured spectrofluorometrically at
480 nm (excitation) and 535 nm (emission) following standard
protocols.*®

Determination of ATPase levels

ATPase enzyme levels were measured in pancreatic tissues from
all experimental groups, including the control group. Quanti-
tative estimation was conducted using the conventional
methodology.>”

Detection of calcium ions by the complexometric titration
method

To estimate calcium ions, pancreatic tissue suspensions from
control and various experimental groups were titrated using the
standard protocol®® with the disodium salt of EDTA and the
indicator Eriochrome Black T (EBT).

Immunofluorescence detection of Bcl2, Cyt ¢ and CYP1A1
proteins

Bcl2, Cyt ¢ and CYP1A1 proteins were detected through immuno-
fluorescence, and the pancreatic tissue sections were counter-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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stained using propidium iodide (PI). Expression of the proteins
was assessed with anti-Bcl2, anti-Cyt ¢ and anti-CYP1A1 primary
antibodies and FITC (Fluorescein-5-isothiocyanate) labeled
secondary antibodies, under an epifluorescence microscope.*®

Statistical analysis

All experiments were independently repeated three times
before statistical analysis. Data were collected, and the stan-
dard error of the mean was calculated. Statistical significance
was assessed using Student’s ¢-test and one-way ANOVA using
Graphpad software, with results indicated as follows: **p <
0.001, **p < 0.01 and *p < 0.05 vs. ALX considered significant
as per Student’s ¢-test.

Results and discussion
Physico-chemical characterization of PLGA-encapsulated NCHL

After formulation of the nano-particles (NPs), the synthesized
materials underwent physico-chemical characterization using
the standard atomic force microscopy technique, revealing the
morphological and topographical characteristics of NCHL. The
2D image verified the spherical shape of NCHL (Fig. 1a), while

310nm
| -
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the 3D image suggested that the formed nano-particles had a
smooth surface free of any fissures or crevices (Fig. 1b). The
mean diameter of the PLGA-encapsulated nano-chlorophyllin
(NCHL) was found to be approximately 60 + 0.05 nm by the
height profile analysis (Fig. 1c). The uniformity in the spatial
frequency of the similarly sized nano-particles from the topo-
graphic signal was confirmed by the 2D view of the Fast Fourier
Transform (FFT) study obtained from AFM data (Fig. 1d).
Furthermore, the FESEM image confirmed the spherical shape
of NCHL particles (Fig. 1e); the EDX spectra analysis verified
the elemental composition and purity of the freshly synthesised
NCHL free of metallic contamination as shown by the carbon
and oxygen peaks (Fig. 1f). The PLGA-encapsulated CHL
(NCHL) size distribution was confirmed by DLS data, which
showed that its mean diameter was between 0 and 100 nm.
Furthermore, when NCHL is in the solution state, the poly-
dispersity index (PDI) value of 0.529 indicates the formation of
a homogenous suspension (Fig. 1g). Additionally, the negative
zeta value of —10.1 mV indicates that NCHL particles were
stable inside of cellular compartments (Fig. 1h). From the
graphical plot, % encapsulation efficiency (%EE) of CHL within
the polymeric PLGA capsules to form NCHL was calculated as
86.24% (Fig. 1i). Moreover, the in vivo release kinetics of NCHL
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(a)—(d) AFM images of NCHL: (a) 2D view of NCHL, (b) 3D view of NCHL, (c) size profile of NCHL, (d) FFT analysis, (e) FESEM image of NCHL, (f) EDX

spectra of NCHL, (g) DLS spectroscopy showing the average diameter of NCHL within 0-100 nm with a PDI value of 0.529, (h) zeta potential of NCHL,
(i) graphical representation of % encapsulation efficacy (%EE) of CHL in PLGA-Nps with increasing amount of drug (CHL), and (j) in vivo release kinetics

of NCHL.
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demonstrated a suspended release profile of CHL over time.
By the 96th hour, approximately 64.33% of the encapsulated
drug had been released from the nano-particles, indicating a
prolonged and controlled release behavior (Fig. 1j). Our findings
demonstrated that PLGA-encapsulated nano-particles synthe-
sized via the solvent displacement method, exhibited optimal
physico-chemical properties for effective drug delivery. This
nano-formulation approach significantly improved CHL release
kinetics, addressing challenges related to controlled drug
release, and thereby enhancing its absorption, bioavailability,
and tissue distribution, even at reduced doses. The nano-
particles owing to its size within 1-100 nm and a negative
surface charge (zeta potential) showed reduced agglomeration
and improved cellular uptake through modulation of cell
membrane potential, without compromising cellular integrity.
Furthermore, the incorporation of F68 as a stabilizer enhanced
encapsulation efficiency, particle homogeneity, and overall
stability, supporting the therapeutic efficacy and prolonged
shelf-life of NCHL. These results collectively highlight the
potential of PLGA-based nanocarriers in improving targeted
drug delivery and therapeutic outcomes against toxicant-induced
pathologies.

Bio-physical interaction of DNA with CHL and NCHL

Bio-physical interaction of drug and DNA could be ascertained
from the circular dichroic spectra of calf-thymus DNA analysis
where base stacking and helicity changes in the B-form DNA
structure are typically indicated by a positive absorbance inten-
sity of CT-DNA in the region of 273 nm and a negative
absorbance intensity at approximately 245 nm, respectively.
Upon addition of CHL and NCHL separately to the CT-DNA, a
discernible increase in the molar ellipticity of the DNA was
noticed with a positive spectral shift at the region between 265-
280 nm and a much negative spectral shift at around 245 nm,
in the case of NCHL. The overall result indicated that NCHL has
a strong affinity for CT-DNA (10-fold lower dose of CHL)
compared to CHL alone (Fig. 2a), and this affinity was main-
tained without altering the DNA’s B-form conformation, since
no negative intensity peak was obtained at the 212 nm region.
Another bio-physical study was performed that investigated
both the kinetic and thermodynamic aspects of drug-DNA
interaction. The isothermal titration calorimetric method com-
prehends the interaction and binding forces involved in the
biological milieu (Fig. 2b). The thermodynamic parameters,
binding constant (K,), enthalpy change (AH), entropy change
(AS), and the number of binding sites (n), inferred after base-
line correction, happen to be part of the binding profile of
NCHL to CT-DNA. It was found from our experiments that the
values of AH, AS, and K, were —1.587 k] mol %, 112.5 J mol ' K%,
and 1.432 x 106 mol L™" respectively. The Gibb’s free energy
change was measured using the following equation: AG = —RTIn
K = AH — TAS, where T denotes absolute temperature in the
Kelvin scale, which equals 298.15 K, R denotes the gas constant,
which equals 8.314 ] K~' mol ™. The value of AG was determined
to be —35.137 k] mol " using the equation. As shown in Fig. 2b,
the formation of the CT-DNA-NCHL complex was exothermic,

4408 | Mater. Adv, 2025, 6, 4402-4417

View Article Online

Paper

evidenced by the negative enthalpy change (AH). The negative
Gibbs free energy (AG) further confirmed a strong, spontaneous
interaction between NCHL and CT-DNA, indicating that the
binding process was enthalpy-driven. Furthermore, to evaluate
the binding interactions between CHL and NCHL with CT-DNA,
electronic spectroscopic studies were performed where the
spectral changes occurring in the range of 210-500 nm have
been examined. In these experiments, a fixed concentration of
CHL and NCHL was titrated by increasing the concentrations of
CT-DNA at pH ~7.5 as displayed in Fig. 2c and d, respectively.
As shown in Fig. 2¢ and d, upon the addition of CT-DNA, the
CHL shows a significant red shift for CT-DNA with a corres-
ponding increase of the absorption band at 238 nm. Also, the
NCHL exhibits a significant red shift for CT-DNA, with a
corresponding increase of the absorption band at 238 nm.
The UV-vis spectra clearly show significant hyperchromism of
the higher energy band at 238 nm for both CHL and NCHL due
to the interaction between the CHL moiety and DNA bases.
Such binding reduces the base stacking interaction and causes
an increase in their absorption intensity. On the other hand,
the lower energy UV band at 404 nm for both CHL and NCHL
exhibits insignificant hypochromism with a slight red shift of
the absorption maximum upon DNA binding. Usually, the
extent of both hyperchromism and hypochromism is associated
with the strength of DNA binding. As observed from the UV-vis
titration spectra, the percentage of hyperchromism was ~49%
for CHL and ~56% for NCHL, implying their decrease in DNA
binding affinities in the order, NCHL > CHL. To evaluate the
relative binding strength of the CHL and NCHL with CT-DNA,
the binding constant (K) values were calculated by using the
following equation: [DNA]/(e, — &) = [DNA]/(ep — &f) + 1/K}, (e —
&) (where [DNA] = concentration of CT-DNA, ¢, = ratio of the
absorbance/[CHL or NCHL], ¢ = extinction coefficient of free
CHL or free NCHL, and ¢, = extinction coefficient of CHL or
NCHL when fully bound to DNA). Usually, a plot of [DNA]/(¢, —
&) vs. [DNA] gives a slope and an intercept equal to 1/(ep, — &)
and 1/K;, (e, — &), respectively, and the binding constant Kj, is
obtained as the ratio of the slope to the intercept. The calcu-
lated binding constant (K},) values in the interaction of CHL and
NCHL with CT-DNA are found to be (4.191 & 0.264) x 10° M~
and (5.769 + 0.392) x 10> M, respectively (Fig. 2¢ and d
(inset)). Electronic absorption spectral analysis suggests that
both CHL and NCHL are capable of binding to CT-DNA, likely
through partial intercalation or groove-binding modes, with
comparable binding affinities. However, further experimental
validation was required to conclusively determine the precise
mode of interaction. Additionally, ethidium bromide displace-
ment studies revealed a marked increase in fluorescence inten-
sity in the presence of DNA, consistent with EB’s strong
intercalation between DNA base pairs. If the metal complexes
or small drugs displace EB from the DNA-bound EB, the
fluorescence intensity decreases because the free EB molecules
are much less fluorescent than the DNA bound EB molecules
because the surrounding water molecules quench the fluores-
cence of free EB. A reduction in the intensity of the emission
spectra was observed when an aqueous solution of CHL and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 DNA binding studies: (a) CD spectral analysis of CT-DNA binding with CHL and NCHL, (b) ITC profile of CT-DNA and NCHL. CT-DNA (0.05 mM)
titration done by the subsequent addition of NCHL (0.3 mM) solution. The upper panel shows the corrected calorimetric profile of the injection of
solution into CT-DNA solution and the lower panel shows the ITC enthalpogram along with the best fit line as monitored at 298.15 K in Milli-Q water,
(c) and (d) UV-vis absorption spectral changes of (c) CHL and (d) NCHL (1 x 10~* M) in 30 mM Tris—HCl buffer at pH ~ 7.5 in the presence of increasing
concentrations of CT-DNA (0-5.305 x 10™> M for CHL and 0-4.368 x 10~> M for NCHL). (inset) The binding profile of [IDNAI/(e, — &) vs. [IDNA] for (c) CHL
and (d) NCHL, (e) fluorescence emission spectral changes of ethidium bromide (EB) bound to CT-DNA in the presence of increasing concentrations of
CHL in 30 mM Tris—HCl buffer at pH 7.5 (Jeyxi = 510 NM; Jemi = 593 nm). Arrow signifies the changes that occurred in the emission intensity upon the
addition of the increasing concentrations of CHL, (f) fluorescence emission spectral changes of ethidium bromide (EB) bound to CT-DNA in the presence
of increasing concentrations of NCHL in 30 mM Tris—HCl buffer at pH 7.5 (lex; = 510 NM; Aemi = 594 nm). Arrow signifies the changes occurred in the
emission intensity upon the addition of the increasing concentrations of NCHL, (g) Scatchard plot of logl(lo — /)//] vs. loglQ] for CHL, and (h) Scatchard
plot of logl(lo — )/11 vs. loglQ] for NCHL.
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NCHL was added. This is shown in Fig. 2e and f. Upon the
addition of equal volumes of aliquots of CHL and NCHL with
a fixed concentration of ethidium bromide-bound DNA (EB-
DNA), a significant quenching of the emission intensity at
596 nm has been observed. This hypochromic effect in the
fluorescence titration implies that EB may be partially replaced
from the EB/DNA system, and the binding may involve some
groove binding mode or partial intercalative mode. When small
molecules bind separately to a set of identical sites on a
macromolecule, some will remain in the bound state and some
will remain in the unbound state. So, the equilibrium between
unbound and bound molecules can be described by the Scatch-
ard equation: log[(Z, — 1)/I] = log[K] + nlog[Q], in which K and n
are the binding constant and the number of binding sites,
respectively, and I, and I are the fluorescence intensities in the
absence and presence of the quencher, respectively. Hence, the
plots of log[(Z, — I)/I] vs. 1og[Q] (Fig. 2g and h) can be utilized to
have the binding constant values, which are evaluated to be
(3.886 + 0.14) x 10> M " and (6.193 + 0.08) x 10> M~ " for CHL
and NCHL, respectively. Again, the comparison of binding
constant values suggests that DNA binding affinities follow
the order: NCHL > CHL. Preliminary insights from circular
dichroism (CD) spectroscopy revealed conformational changes
in DNA upon interaction with NCHL, indicating strong and
favorable CHL binding even at low concentrations. This was
further supported by the negative Gibbs free energy values
obtained from isothermal titration calorimetry (ITC), confirm-
ing the spontaneity of the interaction. Additionally, electronic
absorption spectroscopy demonstrated hyperchromism accom-
panied by notable bathochromic shifts, suggesting that NCHL
interacts directly with DNA bases in an enthalpy-driven, spon-
taneous manner, consistent with the concentration-dependent
binding behavior observed in the ITC analysis and EtBr dis-
placement studies.

CHL and NCHL in attenuating genotoxicity

The favourable outcomes from biophysical interaction studies
with both CHL and NCHL prompted further evaluation of their
protective effects against oxidative stress induced genotoxicity
due to ALX treatment in both in vivo and in vitro models.
To assess the drug’s impact on DNA structural integrity, a
series of biological and parametric analyses were conducted.
DNA damage by fragmentation is one of the determining
markers of genotoxicity caused by any kind of toxicant. In this
investigation, the DNA damage is measured quantitatively
using DNA fragmentation assay where the intensity of DNA
fragmentation of genomic DNA isolated from pancreatic tissues
determines the magnitude or the extent of DNA damage. Upon
comparing the gels of DNA smears obtained from control and
different experimental groups of mice, the results indicated a
substantial lowering of DNA smearing in the case of the
NCHLI + ALX group compared to ALX-induced DNA damage
in pancreatic tissue. Again, from the figure, it was very evident
that as compared to the CHL dose, the NCHLI dose showed
better protection against ALX-induced DNA smearing and
damage even at a reduced dosage amount in pancreatic tissue
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(Fig. 3a). A similar study was performed in L6 cells across
control and experimental groups. Results showed a similar
result with the nano-drug pre-treatment providing superior
protection against ALX-induced DNA damage compared to
CHL, even at lower doses. In ALX-treated groups, DNA smearing
was markedly enlarged compared to controls (Fig. 3b). The
effect of genotoxicity was further investigated in single cells
isolated from the pancreatic tissue. The extent of DNA damage
was measured by comparing the frequency of comets encoun-
tered in cells isolated from the pancreatic tissues obtained from
control and different experimental groups of mice. An increase
in the lengths of comets in the ALX treated groups signified
greater DNA damage; but in the hyperglycemic mice pre-treated
with CHL and NCHL, the length and frequency of comet tails
significantly decreased, although NCHLI doses gave a better
protection against ALX-induced DNA damage than other drug
pre-treated groups (Fig. 3c). For determining a large-scale DNA
damage, the morphology of each chromosome was scored in
order to ascertain any form of aberration occurring due to
presence of the toxicant-ALX. When compared to the control
group, the administration of ALX was found to cause a variety
of chromosomal aberrations (CAs), including ring chromo-
some, chromatid breakage, terminal deletion, stretching, etc.
(marked with red colour arrowheads). However, compared to
the CHL pre-treatment + ALX groups, the frequency of CA was
found to be significantly lower in the NCHL pre-treated + ALX
groups, indicating a better protective role of NCHL than CHL
against ALX-induced CA and genotoxicity (Fig. 3d and e).
Additionally, scoring of the micro-nucleated polychromatic
erythrocytes (MnPCEs) in control and various experimental
mice groups exhibited a higher frequency of MnPCEs in the
diabetic mice group. On the other hand, the mice in the CHL
and NCHL pre-treated groups had lower MnPCE frequencies
than the ALX-treated group, suggesting increased potential of
NCHL for limiting ALX induced genotoxicity and MnPCE
formation (Fig. 3f). Furthermore, genotoxicity was analysed in
L6 cells of different experimental groups by detecting DNA
damage and nuclear condensation using DAPI and PI dye
respectively. From our investigation, it was found that pre-
treatment with CHL and NCHL prior to ALX exposure reduced
DNA damage and alleviated nuclear condensation in L6 cells
compared to the ALX-only group. Propidium iodide (PI) inten-
sities indicated that NCHL offered better protection against
ALX-induced DNA damage and nuclear condensation than CHL
(Fig. 3g). Additionally, DAPI staining confirmed that NCHL pre-
treatment resulted in lower genotoxicity (Fig. 3h), which is
pictorially represented by intensity graphs of the respective
fluorescence observations (Fig. 3i and j). Collective evidence
from CD spectroscopy indicates a strong binding of CHL to
DNA, protecting against ALX-induced oxidative DNA damage,
as evidenced by reduced comet tail formation in pancreatic
cells and decreased chromosomal aberrations, MnPCEs in
mice, and nuclear condensation in L6 cells. These effects likely
result from CHL-DNA binding, which prevents ALX interaction
with DNA. The occurrence of chromosomal aberrations
and micronuclei under ALX-induced diabetic stress serves as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 DNA damage assessment: (a) assessment of DNA damage by fragmentation assay in control and different experimental pancreatic tissues. (b)
Assessment of DNA damage by fragmentation assay in control and different experimental groups of L6 cells. Ln 1: control, Ln 2: ALX, Ln 3: CHL + ALX, Ln
4: NCHLI + ALX, Ln 5: NCHLII + ALX, (c) pictorial representation of DNA damage by Comet assay, (d) representative images of normal and aberrant
metaphase somatic chromosomal plates in experimental groups of mice. (A) Control; (B) ALX-treated group; (C) CHL + ALX treated group; (D) NCHLI +
ALX treated group; (E) NCHLII + ALX treated group. The marked area with red-coloured arrowheads in image B and C shows varieties of structural

aberrations in chromosomes, (e) graphical representation showing the occurrence of chromosomal aberrations (CAs).

p < 0.001 vs. control, **p <

0.01 vs. ALX, *p < 0.05 vs. ALX; were considered significant for Student's t-test, (f) graphical representation of frequency of micro-nucleated
polychromatic erythrocytes (MnPCEs) in bone marrow cells of different groups. ###h < 0.001 vs. control, **p < 0.01 vs. ALX, ***p < 0.001 vs. ALX were
considered significant for Student's t-test, (g) analysis of nuclear condensation in L6 cells by Pl dye, (h) analysis of DNA damage in L6 cells by DAPI
fluorescence, (i) intensity plots of L6 cells of different experimental groups stained with Pl stain, and (j) intensity plots of L6 cells of different experimental
groups stained with DAPI stain.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv, 2025, 6, 4402-4417 | 441


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01203h

Open Access Article. Published on 04 June 2025. Downloaded on 4/6/2026 6:32:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

a biomarker of impaired DNA repair, often linked to dysfunc-
tion of key regulatory proteins such as p53. This is supported
by observed alterations in DNA structure and associated
stabilizing proteins following CHL pre-treatment, suggesting
activation of DNA repair pathways involving p53 protein,
reinforcing its role in genomic stability. Thus, NCHL’s ability
to inhibit oxidative genotoxicity suggests its potential to pre-
vent apoptosis in both pancreatic cells and L6 cells (Fig. Sle
and f, ESIt), supporting the therapeutic role of CHL nano-
formulation.

CHL and NCHL role in inhibiting mitochondrial dysfunction

Rhodamine 123 (Rh123) is a cationic, cell-permeable fluores-
cent dye that selectively accumulates in polarized mitochondria
due to the negative membrane potential. Depolarization leads
to dye release, resulting in decreased fluorescence. The mito-
chondrial membrane potential was assessed in pancreatic cells
from the ALX-treated group that exhibited lower fluorescence
spectra, indicating a decrease in mitochondrial membrane
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potential (MMP) (Aexi = 510 NM; Aepy; = 525 nm) compared to
the control group. NCHL pre-treatments outperformed CHL
pre-treatments by preventing the decline in MMP, effectively
restoring it to a nearly normal state in diabetic mice (Fig. 4a).
To further confirm our investigations, the ATPase level in
pancreatic tissue was determined from both the control and
experimental groups. ALX exposure led to a significant decrease
in ATP levels, indicated by higher ATPase levels in the ALX-
treated group compared to controls. In contrast, ATPase levels
were reduced in the CHL + ALX pre-treated groups, while NCHL
pre-treatment effectively increased ATP levels in pancreatic
tissue (Fig. 4b). Next, the calcium ion influx in the pancreatic
tissues was investigated, which showed significant findings
associated with mitochondrial functioning. The NCHL pre-
treated groups (NCHL + ALX treatment) exhibited significantly
higher intracellular calcium levels in pancreatic tissues com-
pared to the ALX-treated group. NCHL effectively increased
these calcium levels more than the CHL pre-treatment (Fig. 4c).
Changes in Rh123 fluorescence intensity reliably quantify
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Fig. 4 Analysis of mitochondrial dysfunction: (a) quantification of mitochondrial membrane potential in pancreatic cells in control and different
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mitochondrial depolarization, making it a key marker for detect-
ing mitochondrial dysfunction. Using this approach, findings
confirmed that CHL protects against ALX-induced mitochondrial
damage by stabilizing ATPase activity and maintaining calcium
influx essential for insulin secretion. ALX disrupts insulin release
by inhibiting glucokinase, impairing glycolysis, and altering ATP-
sensitive K* (K*™) channels, thereby reducing calcium entry into
pancreatic B-cells. Multiparametric studies showed that CHL
effectively restored enzymatic profiles altered by ALX, while
reduced ATPase activity in drug treated mice groups further
emphasized NCHL's role in preserving mitochondrial function.
These results collectively suggest that NCHL aids in maintaining
glucose homeostasis and holds therapeutic promise for diabetes
management.
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Role of NCHL in targeting p53, Bcl2, Cyt ¢, and CYP1A1
signaling axis

According to other reports, ALX-induced diabetes propagates
via oxidative DNA damage leading to genotoxicity and the
associated apoptotic signaling mechanism. In addition to it,
loss of mitochondrial membrane potential has been reported to
be a biomarker of bioenergetic stress that results in the release
of apoptotic factors leading to apoptotic cell death. ALX treat-
ment led to increased Cyt ¢ and CYP1A1 protein expression and
decreased Bcl2 expression, which is an indicator of oxidative
stress and apoptotic cell death. Here, the ALX that enters the
pancreatic beta cell due to gluco-mimetic property, gets con-
verted into a more toxic agent ie. dilauric acid. This toxic
derivative of ALX triggers hyper-activation of CYP1A1 protein

Bcel2 CYP1A1

o
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Control

41.07+3.21 38.028 £ 2.42 35.12=1.20
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Fig. 5 Analysis of expression patterns of signaling proteins by the immunofluorescence study of: (a) p53 protein, (b) Bcl2 protein and (c) Cyt ¢ protein
expression level in L6 cells of control and different experimental sets, (d) image of heat-map showing the intensity of p53, Bcl2 and Cyt ¢ protein
expression levels in L6 cells of control and different experimental groups. Red colour represents a higher value, yellow colour represents a moderate
value and green colour represents a lower value in the expression level of the proteins, (e) Bcl2, Cyt c and CYP1A1 protein expression levels in pancreatic
tissue of control and different experimental groups of mice, (f) image of heat-map showing the intensity of Bcl2, Cyt c and CYP1A1 protein expression
levels in pancreatic tissue of mice. Red colour represents a higher value, yellow colour represents a moderate value and green colour represents a lower
value in the expression level of the proteins; **#p < 0.001, ##p < 0.01, *p < 0.05 vs. control, ***p < 0.001, **p < 0.01, *p < 0.05 vs. ALX were

considered significant for Student's t-test.
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and leads to the generation of ROS after going through sub-
sequent redox reactions and ultimately promotes oxidative
stress in pancreatic mitochondria. This disrupts the normal
functioning of mitochondria by modulating the expression and
activity of Bcl2 and Cyt ¢ protein, ultimately leading to pan-
creatic cell death (Fig. Sia, ESIf). The immunofluorescence
studies using confocal microscopy revealed that L6 cells pre-
treated with NCHLI and NCHLII exhibited higher p53 protein
expression after ALX exposure compared to those treated with
ALX alone (Fig. 5a). This suggests that NCHL pre-treatment may
enhance p53 production, a key DNA damage response protein
that protects against genotoxic stress, which corroborates with
the ALX-induced genotoxicity studies. The NCHL groups also
showed increased Bcl2 (Fig. 5b) and decreased Cyt ¢ (Fig. 5¢)
expression compared to the ALX-only group, indicating better
protection against ALX-induced mitochondrial dysfunction
associated cell death. Statistical evaluations and significance
analysis of the protein expression intensities represented as
heat maps highlighted NCHL’s potential in mitigating hyper-
glycemia linked to mitochondrial impairment in L6 cells
(Fig. 5d). Additionally, an expression study of CYP1A1 protein
was performed since it is regulated due to the presence of any
environmental toxicant that promotes the formation of reactive
oxygen species. The in vivo observations with immunofluores-
cence assay revealed heightened expression of Bcl2 and CYP1A1
proteins in both CHL and NCHL pre-treated groups, while Cyt ¢
expression was reduced compared to ALX-treated mice. NCHL +
ALX groups showed significantly lower fluorescence intensity,
indicating improved protection against ALX-induced nuclear
condensation and cell death through the synergistic effects of
Bcel2 and Cyt ¢. CYP1AL1, involved in metabolizing environmen-
tal toxins and ROS production, was elevated in ALX-induced
mice but decreased in CHL and NCHL groups, suggesting
the NCHL'’s superior protective role against mitochondrial
ROS (Fig. 5e). Statistical evaluations of protein expression
intensities from experimental mice were presented as heat
maps, highlighting CHL’s potential for modulating these sig-
naling pathways to mitigate ALX-induced hyperglycemia
(Fig. 5f). Therefore, the findings indicate that NCHL plays a
crucial role in preventing genotoxic stress induced reactive
oxygen species generation, mitochondrial dysfunction and
abnormal programmed cell death in the pancreas, which
corroborates with the cell viability (Fig. Sla and b, ESIT) and
anti-oxidative enzymatic studies (Fig. S3, ESIt). The immuno-
fluorescence analyses of different proteins underscore NCHL as
a potential protective agent against diabetes-related complica-
tions by targeting the Bcl2/Cyt ¢/CYP1A1 signaling pathway.

Conclusions

This study investigates the health risks associated with syn-
thetic food additives, particularly ALX which is known to induce
diabetes by damaging pancreatic 3 cells through oxidative
stress-induced mitochondrial dysfunction and genotoxicity.
To counter these effects, this research explores the use of
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plant-based compound CHL as a cost-effective and non-toxic
solution. Pre-treatment with these compounds delayed hyper-
glycemia and mitigated ALX-induced toxicity by optimizing
enzymatic profiles, stabilizing mitochondrial function and
modulating key proteins involved in DNA repair and apoptosis.
Employing a biodegradable polymer, poly-lactide-co-glycolide
(PLGA), for nano-encapsulation enhanced the bioavailability
and efficacy of CHL allowing effective treatment even at reduced
doses. However, the primary limitation of this study lies in the
fact that the experimental findings need an ample amount of
time to be extrapolated to higher animal model/clinical trials
under real-world conditions as per ethical guidelines. Partici-
pant’s behavior in controlled laboratory settings sometimes
differs from those in natural environments, needing an extra
time for trial and error, and dose standardization thereby delay-
ing their applicability to broader clinical contexts. Nonetheless,
the results of this work suggest that nano-formulated chlorophyl-
lin (NCHL) offers promising therapeutic strategies for managing
diabetes and its associated complications by targeting oxidative
stress and mitochondrial dysfunction, paving the way for envir-
onmentally friendly, nature-based pharmacological interventions
and would definitely benefit the pre-diabetics to delay their
transformation to diabetic condition and also help the diabetics
to foster a less complicated life, which flags on the urgency of
active collaboration with clinical professionals to further advance
the research through appropriately guided clinical trials.
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