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cancer therapy
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Dapagliflozin (DAPA), a selective SGLT2 inhibitor approved for type 2 diabetes, shows emerging
potential for repurposing in oncology due to its anti-inflammatory and antiproliferative properties.
However, its poor solubility and rapid systemic clearance limit its therapeutic utility in cancer
treatment. Here, we report the development of an oral novel gravity-induced nano hydrogel mass
system encapsulating DAPA using sodium alginate (SA) and polyvinyl alcohol (PVA) nanoparticles
(DAPA-PVA-SA-NPs). The formulation exhibited enhanced solubility (1.8-fold increase), high
encapsulation efficiency (88.37%), and sustained release in simulated gastrointestinal conditions.

In vitro studies demonstrated improved cytotoxicity against HCT-116 colorectal cancer cells and
significant downregulation of oncogenic and inflammatory markers (KRAS, IL-6, TGF-B, TNF-a). In
vivo pharmacokinetic evaluation in rats showed delayed Tmax, extended half-life, and a 7% increase
in AUC, indicating prolonged systemic exposure with modest AUC improvement. This delivery
platform improves oral exposure in rats, shows in vitro activity in HCT-116 cells and supporting further
exploratory evaluation for repurposing DAPA in colorectal cancer, pending confirmation in additional
models.
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Colorectal cancer (CRC) remains a major global health burden, ranking among the leading causes of cancer-
related mortality worldwide. The aggressive nature of the disease, characterized by rapid progression and high
recurrence, underscores the urgent need for novel therapeutic strategies or the repurposing of existing drugs to
enhance treatment efficacy and improve patient outcomes!. Among emerging candidates for drug repositioning
is Dapagliflozin (DAPA), a selective sodium-glucose co-transporter 2 (SGLT2) inhibitor primarily used in the
management of type 2 diabetes mellitus. By reducing glucose reabsorption in the renal proximal tubules, DAPA
not only lowers blood glucose levels but also demonstrates pharmacological versatility that may be extended to
oncology?>. In recentyears, the repurposing of SGLT2 inhibitors such as DAPA has emerged as a promising avenue
in oncology, particularly due to their effects on glucose metabolism, oxidative stress, and inflammation pathways
involved in tumour progression**. However, a key limitation in clinical translation lies in the inadequate site-
specific delivery and systemic bioavailability of DAPA when administered orally. This study aims to bridge this
translational gap by employing a pH-responsive sediment-forming polymeric nanogel system that potentially
prolongs gastric residence time and enables a controlled release profile favourable for colonic exposure. Unlike
existing DAPA-loaded bilosomes, solid lipid nanoparticles (SLNs), or self-nanoemulsifying drug delivery
systems (SNEDDS), which have demonstrated systemic absorption improvements®’, our formulation uniquely
targets the distal gastrointestinal tract via a sedimentation-mediated gel matrix. This distinction is of therapeutic
importance given that CRC progression is heavily influenced by localized bioavailability and sustained drug
exposure within the colonic region.
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Recent evidence has highlighted DAPA's pleiotropic actions, including modulation of oxidative stress, AMP-
activated protein kinase (AMPK) signalling, and pro-inflammatory pathways such as NF-kB and TNF-aq, all
of which play crucial roles in tumour initiation and progression®-1°. Moreover, DAPA has been reported to
attenuate cellular markers associated with cancer cell proliferation and metastasis, such as MMPs, Ki-67, and
VEGE, further supporting its potential utility in targeting solid tumours>!!-13.

In colorectal cancer specifically, the molecular pathogenesis is intricately linked to aberrant activation of
oncogenes (e.g., KRAS, BRAF, and MYC) and loss of function of tumour suppressor genes (e.g., APC, TP53,
and SMAD4). Mutations in these genes dysregulate critical pathways such as MAPK, Wnt/B-catenin, and TGF-
B, promoting uncontrolled proliferation, resistance to apoptosis, and enhanced metastatic potential'*!>. Given
DAPASs ability to interfere with several of these signalling pathways, its repurpose offers an attractive avenue
for colorectal cancer therapy, particularly when combined with advanced delivery systems that overcome its
inherent pharmacokinetic limitations.

One of the primary barriers to DAPA’s clinical application in oncology is its poor aqueous solubility and
rapid systemic elimination, which result in low bioavailability and suboptimal therapeutic targeting. To address
these challenges, the present study aimed to formulate an oral long-acting gravity-induced hydrogel mass
encapsulating DAPA in a nanoparticulate matrix. This approach leverages the synergistic properties of sodium
alginate (SA), a pH-responsive biopolymer, and polyvinyl alcohol (PVA), a hydrophilic film-forming agent, to
produce DAPA-loaded SA-PVA nanoparticles (DAPA-PVA-SA-NPs) that can transform into gravity-induced
hydrogel mass under gastric conditions.

The rationale for selecting SA and PVA stems from their biocompatibility, mucoadhesiveness, and structural
properties that enable sustained release and gravity-induced sustained-release system for oral delivery. SA,
composed of mannuronic and guluronic acid residues, forms ionic crosslinked gels in acidic environments, a
property advantageous for targeting the colonic region. PVA, with its capacity for hydrogen bonding and film
formation, enhances nanoparticle stabilization and drug!®'”. Together, these polymers were employed to create
a hybrid nanogel system capable of overcoming physiological barriers in the gastrointestinal tract. The studied
sediment-forming polymeric nanogel system is optimized to settle in the gastric fluid, forming a dense network
that extends retention and facilitates pH-responsive drug release. This strategy diverges from both immediate-
release systems and conventional mucoadhesive formulations by exploiting gravity-induced sedimentation,
which is rarely utilized for oral delivery platforms. The biological rationale for this approach is that prolonged
gastric retention and delayed release may improve drug presence in the distal gut, which is crucial for targeting
inflammation and tumour pathways in colorectal cancer.

Nanoparticles between 50 and 300 nm are well-recognized for enhancing solubility, cellular uptake, and
tissue penetration. In this study, nanoprecipitation and high-shear sonication methods were used to optimize
the DAPA-PVA-SA-NPs, followed by their incorporation into gravity-induced hydrogel mass using high
molecular weight SA solutions. Comprehensive physicochemical characterizations, including Fourier Transform
Infrared Spectroscopy (FI-IR), Powder X-ray Diffraction (PXRD), Scanning Electron Microscopy (SEM),
and Transmission Electron Microscopy (TEM), were employed to validate successful encapsulation, assess
morphological properties, and elucidate drug-polymer interactions.

To evaluate the formulation’s therapeutic potential, in vitro solubility, drug release, and sedimentation
analyses were performed, complemented by cytotoxicity assays against HCT-116 colorectal cancer cells and
ELISA-based quantification of oncogenic and inflammatory markers. Furthermore, in vivo pharmacokinetic
studies were conducted in Wistar rats to compare the plasma profiles of free DAPA suspension versus the
optimized gravity-induced nanohydrogel mass formulation.

In summary, this study introduces a novel gravity-induced hydrogel mass forming nanoparticulate delivery
system for Dapagliflozin with the dual objectives of enhancing its solubility and achieving desired colorectal
delivery. By improving pharmacokinetic properties and modulating key oncogenic pathways, the DAPA-PVA-
SA nanogel system represents a promising therapeutic strategy for repurposing DAPA in colorectal cancer
treatment.

Materials and methods

Materials

DAPA was generously provided by Sigma-Aldrich, USA. SA, a biocompatible polymer with a low molecular
weight grade (5,000-20,000 Da), was purchased from Sigma-Aldrich, USA. PVA, used as a stabilizing and film-
forming agent in the nanoparticle formulation, was obtained from TCI America, USA.

The human colorectal cancer cell line HCT-116 was purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). To support cell culture, Dulbecco’s Modified Eagle Medium (DMEM),
supplemented with 10% fetal bovine serum (FBS), penicillin, and streptomycin, was sourced from Gibco,
London, UK.

These materials were used to formulate and characterize the DAPA-loaded SA-PVA nanoparticles (DAPA-
ALG-PVA-NPs) for developing the gravity-induced nanohydrogel mass aimed for colorectal cancer therapy.

Preparation and optimization of DAPA-ALG-PVA-NPs
To develop the optimum DAPA-ALG-PVA-NPs (Table 1), a stock solution of 30 mg/mL SA (low molecular
weight grade; 5,000-20,000 Da, CAS. NO. 9005-32-7) was prepared in distilled water'®. DAPA was dissolved in
water and mixed with varying amounts of PVA (6,000 g/mol, CAS. NO. 9002-89-5) to form a 5 mL dispersion
using a magnetic stirrer. This mixture aimed to enhance the stability and solubility of DAPA by forming a
gravity-induced hydrogel mass suitable for colorectal cancer therapy'’-22.

To achieve homogeneous nanoparticle dispersion, the colloidal mixture of DAPA and PVA was combined
with 4 mL of the prepared SA stock solution based on the method of in-house optimization. An accurately
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Preparation No | PVA Concentration (mg/mL) | SA Equivalent Amount (mg/mL) | PVA: SA Ratio @ | Total Volume (mL) | Particle Size (nm)* | PDI*

1 5 1:3 500.50+18.90 0.83+0.07
2 10 15 1:2 10 90.40+20.90 0.32+0.03
3 15 1:1 305.71+10.82 0.53+0.11

Table 1. Optimization of DAPA-PVA-SA-NPs’ Preparations” *For n=3, values are presented as
mean + standard deviation (SD); @ Approximate ratio with SA-Low molecular weight; DAPA concentration is
13 mg/mL.

weighed quantity of PVA was dissolved in 10 mL of distilled water, and the mixture was stirred while 2 mL
of absolute ethanol was added dropwise. This mixture was then subjected to high-shear sonication using
ultrasound nanomaterial dispersion equipment (Biosafer ultrasonicator, China) with a 20 kHz frequency, 2,000
W power, and a 20 mm probe diameter for 15 min. Sonication is crucial for breaking down larger aggregates and
ensuring uniform distribution of DAPA within the polymeric matrix, thereby forming stable gravity-induced
nanohydrogel mass?.

The particle size and zeta potential of the resulting DAPA-PVA-SA-NP different combinations were measured
using a zeta-sizer (Malvern Zeta-sizer Nano ZS, Malvern Instruments Ltd., UK). The optimized nanoparticle
system was selected based on achieving the smallest particle size with a homogeneous Polydispersity Index
(PDI). The zeta potential value of the most stable formulation was determined to ensure adequate surface charge
for colloidal stability, as a high zeta potential indicates reduced particle aggregation and enhanced stability**.

To isolate the drug nanoparticles from the polymeric matrix, 2 mL of the optimized nanoparticle suspension
was diluted with 2 mL of distilled water and vortexed for 30 s. The mixture was then centrifuged at 3,000 rpm
for 15 min to facilitate sedimentation of larger particles. The supernatant was carefully collected and analyzed
to measure particle size and zeta potential, confirming the formation of a stable gravity-induced hydrogel mass
system?.

The encapsulation efficiency of DAPA within the nanoparticles was determined using UV-visible
spectrophotometry (Shimadzu, Japan) by scanning the collected supernatant at 224 nm. The encapsulation
efficiency was calculated using the following formula:

EncapsulationEfficiency (%) = (TotalDAPA — FreeDAPA)/TotalDAPA x 100

This method ensures the accurate quantification of the encapsulated drug, providing insight into the efficiency of
the gravity-induced hydrogel mass-forming system for enhanced colorectal cancer therapy'’.

Characterizations of optimum DAPA-ALG-PVA-NPs

Fourier transform-infrared (FT-IR)

Fourier-Transform Infrared (FT-IR) spectroscopy analysis was conducted to characterize the chemical
interactions, and functional groups present in the samples. The analysis included DAPA, PVA, SA, the physical
mixture, blank PVA-SA-NPs, and the optimum DAPA-PVA-SA-NPs (10 mg). The FT-IR spectra were recorded
using a Thermo-Scientific Nicolet iS10 FT-IR spectrometer (USA). The samples were scanned over a wavenumber
range of 500 to 4,000 cm™! with high resolution to accurately capture the characteristic peaks and interactions
between the components!®.

Powder X-ray diffractometer (PXRD)

Powder X-ray diffraction (PXRD) analysis was performed to investigate the crystalline structure and phase
composition of the samples, including DAPA, PVA, SA, the physical mixture, blank PVA-SA-NPs, and the
optimum DAPA-PVA-SA-NPs. The analysis was conducted using a Maxima XRD-7000X powder X-ray
diffraction system (Rigaku, Ultima IV XRD, Japan). During the measurement, X-rays were produced at a voltage
of 40 kV and a current of 40 mA, utilizing a nickel-filtered Cu-Kp radiation source. The diffraction patterns were
recorded over a 20 scan range of 5 to 70 degrees at a scanning speed of 10 degrees per minute, ensuring detailed
crystalline structure analysis?.

Morphology and dispersion investigations
SEM analysis was performed to study the surface morphology and particle distribution of DAPA, PVA, SA, the
physical mixture, blank PVA-SA-NPs, and the optimum DAPA-PVA-SA-NPs in their powder form. The samples
were analyzed using a JSM-7600F SEM system (Jeol, Japan), operating at a voltage of 30 kV. This technique
provided high-resolution images to observe surface characteristics and particle size distribution, confirming the
successful formation of nanoparticles?®-28,

TEM was used to investigate the internal morphology and size of the optimum DAPA-PVA-SA-NPs. The
analysis was conducted using a JEM-F200 TEM system (Jeol, Japan). The samples were negatively stained with
2% phosphotungstic acid, and one drop of the appropriately diluted suspension was placed on a copper grid'’.

Solubility assessment
Samples of DAPA and the optimum DAPA-PVA-SA-NPs containing more than 10 mL of the test fluid were
placed in 15 mL centrifuge tubes. The samples were thoroughly mixed using a vortex mixer for 15 min to ensure
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homogeneity. Subsequently, the tubes were placed in a shaking water bath and incubated for 72 h to facilitate
thorough mixing and equilibration.

After incubation, the samples were centrifuged to separate the supernatant. The collected supernatant was
then dissolved in a measured volume of ethanol for analysis. The DAPA content was quantified using UV-
spectrophotometry at the Amax of 224 nm, which is the characteristic absorption maximum for Dapagliflozin,
allowing accurate determination of drug concentration®.

Formulation and optimization of sediment-forming gel encapsulating DAPA-PVA-SA-NPs
The optimized DAPA-PVA-SA-NPs formulation (Table 2), containing 13 mg/mL DAPA, was prepared by
suspending the nanoparticles in varying volumes of SA-high molecular weight (600,000 g/mol) using a 3%
stock solution. The suspension process was carried out using a stirrer machine for 10 min to ensure uniform
distribution and consistency of the sediment-forming gel'®°.

DAPA release analysis

The release of DAPA was evaluated using three sediment-forming gel formulations (F1-F3), the raw DAPA
material, and the optimized DAPA-loaded co-polymeric nanoparticles (DAPA-PVA-SA-NPs). The analysis was
performed at a controlled temperature of 37.00+0.05 °C in a shaker set to 75.00+0.05 rpm. The raw DAPA
material was dispersed in distilled water to achieve a concentration of 13 mg/mL, similar to the optimized
DAPA-PVA-SA-NPs formulation?.

The samples were placed in dialysis bags with a molecular weight cut-off range of 12,000-14,000 (Sigma,
USA), which were then immersed in 300 mL of release medium. Initially, for the first two hours, the samples were
immersed in 0.IN HCI, representing simulated stomach fluid with a pH of 1.2. Subsequently, the dialysis bags
were transferred to a phosphate buffer with a pH of 6.8, mimicking the proximal intestinal fluid environment. To
maintain sink conditions, the medium was completely replaced every hour during the experiment™®.

This dual-phase release method, involving both acidic and neutral conditions, was designed to simulate the
gastrointestinal transit of the DAPA-loaded formulations, ensuring the assessment of release kinetics in both
stomach and intestinal environments?’.

Sediment characterization analysis

The sediment-forming gels described in Table 2 were characterized by evaluating their strength, volume, and
resilience. These characterization parameters, along with release profiles, served as key selection criteria for
determining the optimal sediment-forming gel encapsulating DAPA-loaded co-polymeric nanoparticles
(DAPA-PVA-SA-NPs)!819 The properties measured included the volume, weight, strength, and resilience of the
sediment formed in 0.1N HCI, mimicking the stomach environment.

Sediment gel density

Sediment gel was assessed using a 250 mL glass beaker, which was pre-weighed to obtain the initial weight (W1).
A volume of 15 mL of the gel formulation was added to 150 mL of 0.1N HCI. After the insoluble sediment gel was
formed (approximately 30 min), the bottom position of the gravity-induced hydrogel mass was marked on the
beaker. The total weight of the beaker and contents (W2) was recorded. After gently decanting the supernatant
liquid, the insoluble gel was carefully removed and placed on a pre-tared watch glass. The supernatant was
drained after 30 s, and the insoluble gel was weighed (W3). The remaining liquid was wiped off with a paper
towel, and the beaker was refilled with water up to the marked level and then weighed again (W4).

The insoluble gel volume (mL) was calculated using the formula:

Insoluble GelVolume = (W4 — W1) — (W2 — W1 — W3)

This calculation assumes a supernatant density of 1 g/mL, which is typical for aqueous solutions®..

Sediment gel durability

To evaluate insoluble gel durability, 15 mL of each gel formulation was mixed with 150 mL of 0.IN HCI and
kept at 37 °C in a 50 mL centrifuge tube. The tube was sealed and subjected to gentle agitation at 20 rpm using
a Roller Mixer-205 RM (Hawashin Tech. Company, Korea), simulating stomach movement. The insoluble was
visually inspected at intervals of 2, 5, 10, 20, 30, 45, and 120 min, or until it either gravity-induced hydrogel mass
or became invisible. The sediment gel’s durability was defined as the time taken for the insoluble gravity-induced
hydrogel mass to completely disintegrate or disappear®*.

# | SA*-gel (mg/mL) | PVA:SA* | DAPA (mg/mL)

F1 |6 1.67:1
F2 |12 1:1.2 13
F3 |18 1:1.8

Table 2. Sediment-forming gels components encapsulating DAPA-PVA-SA-NPs. *SA: High molecular weight
(600,000 g/mol); **PVA: Low molecular weight (10,000 g/mol).
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Sediment gel strength

The insoluble gel’s strength was measured using a Texture Analyzer XT Plus C (Stable Micro Systems, UK).
Insoluble gels were created by adding 15 mL of the formulation to 150 mL of 0.1N HCI at 37 °C and allowing
them to form over 30 min in a 250 mL glass beaker. The formed sediments were removed, and the force required
to break the insoluble gel using a stainless-steel cone was measured. The force (N) was calculated as:

Insoluble Sediment Strength = Force (Kg - m/s) /Acceleration (m/s)

The result was expressed as mass (g), indicating the gravity-induced hydrogel mass’s mechanical integrity and
stability®.

Cell viability assay

The therapeutic efficacy of the optimum DAPA-loaded nanoparticles (DAPA-PVA-SA-NPs) was evaluated for
their anti-cancer activity against colorectal cancer cell lines (HCT-116) using the MTT assay. This assay was
conducted to assess cell viability following the release of nanoparticles from the gravity-induced hydrogel mass's.

HCT-116 colorectal carcinoma cells were obtained from ATCC and authenticated using short tandem repeat
(STR) profiling, with mycoplasma contamination testing performed within 6 months prior to experimentation.
Cells were seeded in 96-well plates (1x 10* cells/well) and treated with increasing concentrations (1-100 pg/
mL) for 24 h in complete medium (DMEM with 10% FBS, 1% penicillin/streptomycin). Dose-response curves
were generated using GraphPad Prism (v9.0), fitted to a four-parameter logistic regression model. Results are
expressed as mean+SD from three biological and three technical replicates per dose, with 50%-inhibitory
concentration (IC50) reported in both ug/mL and pM, including 95% confidence intervals. The experimental
setup included various treatment groups of blank PVA-SA NPs, DAPA-PVA-SA-NPs, Pure DAPA, Control
(untreated cancer cells) and Negative control (culture media without cells).

After the initial incubation period, the cells were treated with the selected groups and incubated for an
additional 24 h under the same conditions®.

Post-incubation, all samples from the cell plates were centrifuged, and the supernatant (100 pL) was collected
and replaced with DMSO to dissolve the formazan crystals formed during the MTT assay. The samples were
then returned to the CO, incubator at 37 °C for 4 h to complete the reaction.

After the final incubation, the absorbance of each well was measured at 570 nm using a microplate reader.
Each test was performed in triplicate to ensure accuracy and reproducibility. The absorbance values were used to
calculate cell viability by comparing the treated groups with the control group?*.

ELISA test

The levels of KRAS, TGF-p, IL-6, and TNF-a were quantified to assess the inflammatory, oncogenic, metastatic,
and apoptotic responses associated with the treatment using the IC50 values of blank PVA-SA NPs, DAPA-PVA-
SA-NPs, Pure DAPA, Control, which were extracted from the cell viability assays*?-*. While KRAS-mutant
HCT-116 cells typically exhibit constitutive KRAS expression, prior studies suggest that metabolic stress or
inflammation-modulating agents may influence KRAS protein levels indirectly®>. All data were collected under
blinded conditions. These biomarkers are critically involved in colorectal cancer progression and inflammation’.
Commercially available ELISA kits were used for quantification, including KRAS and TGF-p kits from Abcam,
UK, and IL-6 and TNF-a kits from Invitrogen, USA. The assays were performed according to the manufacturer’s
protocols to ensure accuracy and reproducibility?**6-%°. The absorbance readings were recorded at the specified
wavelengths using a microplate reader, and the concentrations were calculated using standard curves provided
with the kits?*. This quantification approach effectively evaluated the anti-inflammatory and anti-tumorigenic
potential of the DAPA-loaded nanoparticles, demonstrating its relevance for colorectal cancer treatment®. For
biomarker analysis, cell lysates were prepared and total protein measured by BCA assay. KRAS, TGF-p, IL-6, and
TNF-a levels were quantified using commercially available sandwich ELISA kits, validated for human targets.
ELISA data were normalised to total protein content. Given the constitutively active KRAS mutation in HCT-
116 cells, the reduction observed via ELISA may not reflect direct transcriptional or pathway-level inhibition.
Additional analysis such as QPCR or ERK/MAPK signaling would be needed to confirm this.

In vivo evaluation: DAPA plasma concentration and pharmacokinetics in rats

All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of
Princess Nourah bint Abdulrahman University, Saudi Arabia (Approval Number: HA-01-R-104). All procedures
involving animals were carried out in strict accordance with the institutional guidelines of the Animal Research
Ethics Committee of Princess Nourah bint Abdulrahman University and in compliance with the National
Committee of Bio-Ethics (NCBE) guidelines regulated by King Abdulaziz City for Science and Technology
(KACST), Saudi Arabia. Additionally, all methods are reported in accordance with the ARRIVE guidelines
(https://arriveguidelines.org) for the reporting of animal experiments.

The in vivo pharmacokinetic study of the optimum DAPA-loaded gel nanoparticles (DAPA-PVA-SA-NPs)
was conducted using male Wistar rats weighing 200-250 g, n=6 for each group. The rats were housed in standard
laboratory conditions with a 12-h light/dark cycle, temperature of 22 +2°C, and humidity of 55+ 5%. Prior to
blood collection via retro-orbital plexus, rats were anesthetized using 2-3% isoflurane inhalation in an induction
chamber to minimize pain and distress. At the end of the experiment, animals were humanely euthanized via
carbon dioxide (CO,) inhalation followed by cervical dislocation, in accordance with the AVMA Guidelines for
the Euthanasia of Animals (2020 edition). At the time of euthanasia via cervical dislocation, the body weight of
the Wistar rats ranged between 240 and 250 g, with a mean weight of 245 +2.4 g3,
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The oral dose of DAPA was set at 10 mg/kg body weight, administered via the gel formulation or free DAPA
powder suspended in water (0.76 mL). The rats were fasted for 12 h before dosing but had free access to water.
The administration was performed using an oral gavage to ensure accurate delivery of the dose®°.

Blood samples (approximately 0.5 mL) were collected from the retro-orbital plexus at pre-determined time
intervals (0, 1, 2, 4, 6, 8, 10, 12, 18, 24 and 48 h) post-administration. To prevent clotting, heparinized tubes were
used. The samples were then centrifuged at 3,000 rpm for 10 min, and the plasma was separated and stored at
-20°C until further analysis®*.

DAPA concentrationsinrat plasma were quantified usinga validated high-performanceliquid chromatography
(HPLC) method with ultraviolet (UV) detection at 224 nm. Chromatographic separation was achieved using
a C18 reversed-phase column (150 mm x4.6 mm, 5 pm) with a mobile phase composed of acetonitrile and
phosphate buffer (pH 3.5) in a ratio of 65:35 v/v, delivered at a flow rate of 1.0 mL/minutes. The retention time
of DAPA under these conditions was approximately 5.3 min, in agreement with previous reports using similar
setups*!*2. The method was validated following the bioanalytical method validation guidelines issued by the
FDA (2018) and EMA (2011)**4. Validation parameters included selectivity, assessed by analysing blank plasma
samples from six individual rats to ensure no endogenous interference at the retention time; linearity over the
concentration range of 10-2000 ng/mL, yielding an R?>0.999; and intra- and inter-day accuracy and precision,
which remained within+15% as per regulatory thresholds. Matrix effects and recovery were evaluated using
the post-extraction spiking approach, revealing mean recoveries above 90%, and carryover was ruled out by
analysing blank injections following high concentration samples. DAPA also showed stability under short-term
benchtop conditions, repeated freeze—thaw cycles, and long-term storage at -80°C. Although LC-MS/MS offers
higher specificity, HPLC-UV remains an acceptable and widely used approach for preclinical pharmacokinetics
provided the method is fully validated?’, and this procedure offered reliable and reproducible results in the
current study.

Statistical interpretation

Statistical analysis was conducted using one-way ANOVA followed by Tukey’s Multiple Comparison Test to
determine the significance between groups. The data were expressed as mean + standard deviation (SD) to ensure
an accurate representation of variability. A p-value <0.05 was considered statistically significant, indicating that
differences between groups were unlikely to have occurred by chance. All statistical calculations were performed
using GraphPad Prism 4.0 software (GraphPad Software, San Diego, USA), which is widely recognized for its
robust data analysis capabilities.

Results and discussion

Selection and optimization of DAPA-PVA-SA-NPs

Three nanoparticle formulations of DAPA were developed using PVA, MW: 10,000 g/mol and SA, MW: 5,000-
20,000 Da, as co-polymers, aiming to optimize particle characteristics for colorectal delivery. Each formulation
maintained a constant DAPA concentration of 13 mg/mL and varied in the PVA: SA polymer ratios, as listed in
Table 1.

Preparation 2 (P2) demonstrated the most promising profile with a mean particle size of 90.40+20.90 nm,
the lowest polydispersity index (PDI=0.32+0.03), and a moderate zeta potential of -33.22+0.22 mV
(Supplementary Fig. 3, and Supplementary Fig. 4), indicating strong colloidal stability and favourable
dispersion properties. These findings are consistent with the principle that an optimal PVA-to-SA ratio enhances
steric and electrostatic stabilization of polymeric nanoparticles***.

In contrast, Preparation 1 (P1) showed a significantly larger particle size (500.50+18.90 nm) and higher
PDI (0.83+0.07), despite a strongly negative zeta potential (-70+0.33 mV) (Supplementary Fig. 1, and
Supplementary Fig. 2), which likely reflects aggregation due to high polymeric entanglement or phase
separation®®. Preparation 3 (P3), while offering an intermediate size of 305.71+10.82 nm, had an unstable
surface charge (-5.22+0.44 mV) (Supplementary Fig. 5, and Supplementary Fig. 6) that may compromise its
dispersion and mucoadhesion efficiency®.

Zeta potential values between -30 to —40 mV are generally accepted to offer both colloidal stability and
sufficient electrostatic repulsion to prevent nanoparticle aggregation (Kazi et al., 2021). Therefore, F2’s zeta
potential (~-33 mV) with an encapsulation efficiency of 88.37% + 0.04 (Supplementary Fig. 7 for UV-analysis)
supports its stability and mucoadhesive potential, critical for rectal retention and gravity-induced hydrogel mass
behaviour in vivo.

PVA serves a dual function as a steric stabilizer and cryoprotectant, while SA acts as a pH-responsive gelling
agent that enhances nanoparticle sedimentation in acidic environments such as the colon®”. This gelation
behaviour aligns with the desired gel profile for gravity-induced sustained-release system for oral delivery. These
results indicate that Preparation 2 (P2) meets the critical quality attributes to be incorporated in the optimization
of controlled, localized, and stable gravity-induced hydrogel mass, and is thus encapsulated in the optimized gel
for subsequent in vivo and pharmacological evaluation.

Characterizations of optimum DAPA-PVA-SA-NPs

Fourier transform-infrared (FT-IR)

FT-IR spectroscopy was performed to assess potential interactions between DAPA, PVA, and SA within the
optimized co-polymeric nanoparticles. The characteristic spectra of pure DAPA, individual polymers (PVA and
SA), their physical mixture, blank PVA-SA nanoparticles, and DAPA-loaded PVA-SA nanoparticles (DAPA-
PVA-SA-NPs) are presented in Fig. 1.
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Fig. 1. FT-IR spectra of (from top to bottom): pure Dapagliflozin (DAPA), Polyvinyl Alcohol (PVA), Sodium
Alginate (SA), Physical mixture of DAPA, PVA, and SA, Optimum DAPA-PVA-SA nanoparticles (DAPA-PVA-
SA-NPs), and Blank PVA-SA nanoparticles. The spectra illustrate the characteristic functional group vibrations
and confirm the successful encapsulation of DAPA into the co-polymeric nanoparticle matrix through
observable shifts and intensity changes in the hydroxyl, carbonyl, and carboxylate regions.

The spectrum of pure DAPA showed strong and sharp peaks attributed to its functional groups: O-H
stretching (~3371 cm™), C-H stretching (~2941 cm™), and prominent bands related to the C=0 stretching
(~1712 cm™) and aromatic C=C vibrations (~ 1604 and 1501 cm™), consistent with earlier reports>®>!.

The FT-IR spectrum of PVA displayed a broad band around 3300-3400 cm™ due to O-H stretching, and
sharp bands near 2900 cm™ and 1090 cm™ attributed to C-H and C-O stretching vibrations, respectively. SA
exhibited characteristic bands at~1600 cm™ and 1415 cm™!, corresponding to asymmetric and symmetric
carboxylate stretching, and a peak at~ 1030 cm™ due to C-O-C vibrations in the polysaccharide backbone®.

The physical mixture spectrum demonstrated a superimposition of individual components, with no
significant shift or disappearance of peaks, indicating the absence of strong interactions at the macroscopic blend
level. In contrast, the blank PVA-SA-NPs exhibited a slight broadening and reduced intensity in the hydroxyl and
carboxylate regions, suggesting hydrogen bonding between polymer chains during nanoparticle formation*.

Notably, the FTIR spectrum of DAPA-PVA-SA nanoparticles exhibited clear spectral changes, including
diminished and broadened O-H and C=0 peaks associated with DAPA, along with slight shifts in the
carboxylate bands of SA and the hydroxyl groups of PVA, indicating successful molecular interactions. These
spectral changes strongly suggest successful molecular encapsulation and hydrogen bonding between DAPA and
the polymers within the nanoparticle matrix*.

Collectively, the FT-IR analysis confirms the successful incorporation of DAPA into the PVA-SA co-polymeric
matrix without chemical degradation. The observed spectral shifts and peak attenuation are indicative of strong
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physical interactions and network entrapment, which may contribute to the nanoparticle stability and sustained
release behaviour observed in vitro.

While previous strategies have explored enhancing DAPASs systemic bioavailability, few studies have
prioritised its potential for distal intestinal exposure, a region critical for therapeutic efficacy in CRC. Bilosomes
and SLNs, for example, rely predominantly on lymphatic absorption and do not leverage the pH gradients
of the gastrointestinal tract®. Our study addresses this gap by integrating sodium alginate’s acid-induced
gelation properties with polyvinyl alcohol’s mucoadhesive capacity, forming a gravity-induced hydrogel mass
that is retained in the stomach and facilitates gradual release along the intestine. The theoretical basis of this
mechanism; validated via FT-IR, sedimentation testing, and release kinetics; provides a strong rationale for
colonic drug disposition, even though further in vivo imaging studies are required for confirmation.

Powder X-ray Diffractometer (PXRD)

Figure 2 shows the diffractograms for DAPA, PVA, SA, the physical mixture, blank PVA-SA nanoparticles,
and the optimized DAPA-PVA-SA-NPs. The diffractogram of pure DAPA exhibited intense and sharp peaks,
particularly in the 20 range of 18° to 26°, which are indicative of its crystalline nature, aligning with previous
studies that reported strong diffraction intensities for Dapagliflozin in its unmodified form*®>!.

PVA and SA, the polymeric carriers, demonstrated broad and less defined peaks, reflecting their semi-
crystalline and amorphous nature, respectively®. The physical mixture of DAPA, PVA, and SA displayed a
superimposition of the individual polymer and drug peaks, albeit with reduced intensities, suggesting a dilution
of crystalline DAPA within the polymer matrix.

More notably, the diffractograms of the blank nanoparticles and DAPA-loaded PVA-SA nanoparticles
(DAPA-PVA-SA-NPs) revealed significant alterations. The optimized DAPA-PVA-SA-NPs showed a markedly
reduced intensity of the original DAPA peaks, replaced by broader humps characteristic of amorphous materials.
This transformation from a crystalline to a partially amorphous form supports the hypothesis that DAPA was
successfully encapsulated within the polymeric matrix, potentially altering its crystallinity due to the interaction
with PVA and SAY. These structural changes are consistent with enhanced solubility and dissolution profiles
observed in the nanoparticles, attributed to the increased surface area and reduced crystallinity**+.

The data confirms that the formulation process induced a significant shift from a crystalline to a more
amorphous structure in the DAPA nanoparticles, which may contribute to improved bioavailability and
therapeutic efficacy in future in vivo applications.

Morphology and dispersion investigations

The morphological characteristics and dispersion behaviours of raw materials and the fabricated DAPA-PVA-
SA-NPs were assessed using Scanning Electron Microscopy (SEM), as presented in Fig. 3 (Panels A-F). The SEM
image of DAPA (Fig. 3A) reveals its inherent crystalline morphology, with sharp-edged and irregular coarse
particles. PVA, shown in Fig. 3B, exhibits a highly agglomerated, porous surface structure consistent with semi-
crystalline behaviour, whereas SA (Fig. 3C) reveals a fragmented amorphous texture, typical of polysaccharide-
based biopolymers*”>!.
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Fig. 2. Powder X-ray diffraction (PXRD) patterns of Dapagliflozin (DAPA), Polyvinyl Alcohol (PVA),
Sodium Alginate (SA), physical mixture of DAPA-PVA-SA, optimum DAPA-PVA-SA nanoparticles, and
blank PVA-SA nanoparticles. The sharp diffraction peaks of pure DAPA indicate its crystalline nature, while
the broad patterns of polymers (PVA, SA) suggest amorphous characteristics. The disappearance of DAPA’s
crystalline peaks in the nanoparticle formulations confirms successful encapsulation and transformation into
an amorphous form, enhancing solubility and bioavailability.
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Fig. 3. Scanning Electron Microscopy (SEM) images depict the surface morphology of individual components
and nanoparticle formulations. Image (A) shows pure Dapagliflozin (DAPA) as coarse, irregular crystalline
particles, while (B) presents Polyvinyl Alcohol (PVA) with a porous, agglomerated texture. Sodium Alginate
(SA) in (C) appears as fragmented amorphous particles. The physical mixture of DAPA, PVA, and SA in (D)
reveals unevenly distributed particles with weak intermolecular binding. Image (E) illustrates blank PVA-SA
nanoparticles exhibiting a rough and porous matrix structure, indicative of successful nanoparticle formation.
Finally, (F) shows the optimized DAPA-PVA-SA nanoparticles with a compact, integrated surface and reduced
crystallinity, confirming effective DAPA encapsulation and uniform nanoparticle morphology.
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The physical mixture of DAPA, PVA, and SA (Fig. 3D) shows poorly dispersed and unevenly adhered DAPA
crystals atop the polymer matrix. This dispersion suggests weak physical entrapment and minimal interaction
among components, reinforcing the necessity for nanoparticulate encapsulation to improve homogeneity*°.
In contrast, the optimum DAPA-loaded PVA-SA nanoparticles (Fig. 3E) displayed a homogenous and more
condensed structure, with a noticeable reduction in crystallinity and particle aggregation, indicating successful
encapsulation of DAPA into the co-polymeric matrix. The consistent distribution and surface coverage imply
the formation of a compact insoluble gel network structure attributed to the film-forming synergy between SA
and PVA®.

Finally, the high-magnification image of the optimized nanoparticles (Fig. 3F) showed uniform spherical
particles embedded within a porous matrix. Although the monomeric units appear sub-100 nm in dimension,
moderate clustering and surface roughness are observable, possibly contributing to the moderately high
PDI values and sedimentation observed during formulation®?. These SEM findings correlate well with zeta-
potential data, indicating stable formulation with enhanced electrostatic repulsion and particle distribution.
The (TEM) image presented here provides a high-resolution visualization of the internal morphology and size
distribution of the optimum F2 of DAPA-loaded PVA-SA nanoparticles (DAPA-PVA-SA-NPs) (Fig. 3G). The
nanoparticles appear as well-dispersed, nearly spherical entities with varying sizes, indicating a polydisperse
system. Measurements annotated in the image show particle sizes ranging from approximately 10.64 nm to
66.39 nm, with an average size visually centred around 30-50 nm. These findings are consistent with prior
reports on polymeric nanoparticle systems where a sub-100 nm size distribution is critical for cellular uptake
and efficient drug delivery to cancerous tissues*>!.

Overall, the SEM analysis confirms that the formulation of DAPA within a PVA-SA polymeric system results
in nanoscale particles with superior encapsulation efficiency, altered surface morphology, and better dispersion,
which are essential characteristics for improved drug release and colonic delivery applications.

The relatively uniform morphology and absence of large aggregates suggest that the high-shear sonication
process employed during preparation was effective in reducing particle size and ensuring homogenous
dispersion. The round-to-oval shapes of the particles are characteristic of nanostructures formed by ionic and
hydrogen bonding interactions between SA and PVA, which act synergistically to form a stabilized polymeric
matrix?.

Smaller-sized particles, such as those around 10.64 nm, may exhibit faster diffusion and enhanced permeability
across cellular membranes, while larger particles (~ 66 nm) offer advantages in sustained release and colloidal
stability. The presence of such a size distribution may contribute to a biphasic release profile, supporting initial
burst release followed by extended delivery, as observed in drug release studies®.

Overall, the TEM image confirms successful nanoparticle fabrication with appropriate size, morphology, and
dispersibility for colorectal cancer-targeted applications. The nanoscale size ranges not only supports efficient
cellular internalization but also align with the enhanced permeability and retention (EPR) effect crucial for
tumor targeting via passive mechanisms>*.

Solubility assessment

The solubility results presented in Table 3 show a significant enhancement in the solubility of DAPA when
formulated into PVA-SA nanoparticles. In simulated gastric fluid (0.1N HCI), the solubility of DAPA-raw
material was only 1.05+0.02 mg/mL, while the DAPA-PVA-SA-NPs achieved a markedly higher solubility of
1.90+0.04 mg/mL. A similar trend was observed in the simulated intestinal fluid (pH 6.8), with the DAPA-PVA-
SA-NPs reaching 2.03 +0.04 mg/mL in comparison to 1.20+0.02 mg/mL for the raw form.

This enhancement represents approximately a 1.8-fold increase in acidic media and a 1.7-fold increase in
basic media, confirming the efficacy of the nanoparticle system in improving the aqueous solubility of DAPA.
These findings align with previous reports where encapsulating poorly water-soluble drugs within polymeric
nanoparticles improved their solubilization and dispersibility in biological fluids'®!”.

The likely mechanism behind this solubility improvement is the hydrophilic surface modification achieved
by incorporating SA and PVA. SA, known for its mucoadhesive and pH-sensitive properties, could enhance
solubilization under intestinal pH by facilitating hydrogen bonding and electrostatic stabilization?®. The
hydroxyl-rich PVA matrix further augments the hydration of the polymeric shell, enhancing dispersion in
aqueous environments.

Moreover, as supported by FT-IR analysis, hydrogen bond interactions between the polymeric carriers and
DAPAS functional groups may contribute to the decreased crystallinity and improved wettability of the drug?.
These interactions are crucial as they reduce the drug’s interfacial tension and favour a more uniform molecular
dispersion within the carrier system.

Such solubility improvements are not only indicative of better absorption potential but also a critical factor in
overcoming DAPA’s known bioavailability limitations®*2. Collectively, the data confirm that the DAPA-PVA-SA-
NPs are a promising delivery system, offering enhanced solubility in both gastric and intestinal environments-

Group Solubility in 0.1N HCI (mg/mL)* | Solubility in pH 6.8 (mg/mL)*
DAPA-raw material | 1.05+0.02 1.20£0.02

DAPA-PVA-SA-NPs | 1.90+0.04 2.03+0.04

*Forn=3+SD

Table 3. DAPA-raw material and DAPA-PVA-SA-NPs’ solubilities in 0.IN HCl and pH 6.8 media.
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Fig. 4. In vitro release profile of Dapagliflozin (DAPA) from various formulations: free DAPA, DAPA-loaded
nanoparticles (DAPA-PVA-SA-NPs), and three sediment-forming gel formulations (F1, F2, F3). The release
study was conducted under simulated gastrointestinal conditions, starting with 0.1N HCI (pH 1.2) for 2 h

(h) followed by phosphate buffer (pH 6.8) for the remaining duration. DAPA-PVA-SA-NPs exhibited a
sustained and biphasic release pattern, with F2 showing the most controlled release behaviour among the gel
formulations. The data demonstrates the potential of the nanoparticulate and gravity-induced hydrogel mass
to enhance and modulate DAPA release [Data are presented as mean + SD. Each data point represents the mean
of three independent replicates (n=3). Statistical analysis was performed using GraphPad Prism v9.0. P-values
and 95% confidence intervals were calculated using one-way ANOVA with Bonferroni correction. Assumptions of
normality and variance homogeneity were confirmed prior to analysis].

Formulation | IDR (mg/minute) MDT, ,. (hour) MDT, .. (hour)
F1 5.09+0.03 4.16+0.11 3.22+0.03
F2 2.91+0.05 6.31£0.33 4.32+0.01
F3 6.87+0.02 3.21+0.22 2.44+0.05

Table 4. Parameters of DAPA release in 0.1N HCl and media of pH 6.8 from different sediment-forming gels
of DAPA-PVA-SA-NPs. Each value is the average of n=3+SD. *MDT, ,=Mean dissolution time for the first
two hours in 0.1N HCL. ** MDT, , = Mean dissolution time for the last four hours in pH 6.8

factors essential for efficient oral delivery of Dapagliflozin in colorectal cancer management. The observed
enhancement in DAPA solubility via nanoencapsulation is critical to its repositioning potential, enabling
improved oral bioavailability, consistent with reports on nanoformulated poorly soluble drugs®®

DAPA release analysis and in-situ gel characterizations

The in vitro release and gelation behaviours of the raw Dapagliflozin (DAPA), DAPA-loaded PVA-SA
nanoparticles (NPs), and in-situ gel formulations (F1, F2, F3) were systematically studied to evaluate their drug
delivery efficiency and enhanced gastric-eluting properties.

Release Profile Analysis
As depicted in Fig. 4 and Table 4, raw DAPA demonstrated a rapid and uncontrolled release pattern in both acidic
(0.IN HCI) and near-neutral (pH 6.8) media, consistent with its poor aqueous solubility and lack of stabilizing
carriers. In contrast, the DAPA-PVA-SA-NPs displayed a significantly prolonged and modulated release profile,
characterized by a biphasic pattern-initial burst release followed by sustained release over 7 h. The presence of
SA and PVA in the nanoparticulate matrix contributed to delayed DAPA release through hydrogen bonding and
matrix swelling mechanisms!®'.

Among the in-situ gel formulations, F2 displayed the most controlled release behavior, with a Mean
Dissolution Time (MDT) of 6.31+£0.33 h in 0.IN HCI and 4.32+0.01 h in pH 6.8. Additionally, its Initial
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Dissolution Rate (IDR) was significantly reduced (2.91+0.05 mg/minute), indicating sustained release kinetics.
These outcomes are attributed to the optimal balance between SA and PVA in F2, which enhances the gel
matrix’s barrier properties and regulates drug diffusion. The superior retention and release control offered by
F2 aligns with findings from similar alginate-based delivery platforms designed for gravity-induced sustained-
release system for oral delivery?>!.

To gain mechanistic insight into the release profiles of DAPA from different formulations; namely raw DAPA,
DAPA-PVA-SA nanoparticles, and in-situ gels (F1-F3); various kinetic models were evaluated. These included
zero-order, first-order, Higuchi, and Korsmeyer-Peppas models. Among them, the Korsmeyer-Peppas model
demonstrated the best overall fit, particularly for polymer-based systems involving controlled and diffusion-
mediated release processes.

The Korsmeyer-Peppas equation, an empirical model frequently used for swellable matrix systems, is
expressed as:

Mt

v :K*tn
Moo

where 2LL is the fractional drug release at time t, K is the release rate constant, and n is the release exponent that

characterizes the drug release mechanism>?.

Analysis of the release data using non-linear regression revealed varying degrees of diffusion control across the
formulations. For raw DAPA, the model fitting yielded a release exponent n=0.98+0.01, closely approximating
1.0, which corresponds to super case-II transport. This indicates a mechanism dominated by polymer erosion
and relaxation, consistent with the rapid, unrestrained release behaviour observed in the raw form of DAPAY.

In contrast, the DAPA-PVA-SA nanoparticles exhibited a more controlled release, with an n value of
0.61+0.02 and a high coefficient of determination (R?=0.994), indicative of anomalous (non-Fickian) transport.
This suggests a combination of diffusional and polymer relaxation mechanisms, which are typical for polymer-
encapsulated nanoparticulate systems®’.

Of the three sediment-forming gels (F1-F3), F2 demonstrated the most controlled and sustained release
profile, with n value of 0.45+0.01 and R2=0.996. This value of n<0.5 is characteristic of Fickian diffusion,
where drug release is primarily governed by concentration gradients rather than polymer chain relaxation. This
confirms that the F2 formulation achieved the optimal polymeric balance between sodium alginate and PVA,
forming a dense gel matrix capable of slowing down drug diffusion and enhancing mucosal retention®”.

Comparatively, F1 and F3 showed intermediate behaviours with n values of 0.55+0.04 and 0.50+0.06,
respectively, suggesting anomalous transport with slightly higher diffusion contributions. These formulations
still provided controlled release but to a lesser extent than F2%7.

The values of the release rate constant K further supported these trends. F2 had the lowest K=0.37+0.01,
correlating with the slowest and most sustained release rate, while raw DAPA had the highest K=0.62+0.07,
consistent with its rapid burst release®. The Korsmeyer-Peppas and Higuchi models provided best-fit
correlations, indicating diffusion-driven release; an essential feature for localized delivery within the GI tract™.

These findings are consistent with prior studies on SA and PVA-based delivery systems. Alginate’s ability to
form ionotropic crosslinked matrices in acidic conditions (such as 0.IN HCI) complements PVA’ film-forming
and hydrogen bonding capabilities, resulting in a gravity-induced hydrogel mass structure capable of extended
drug retention and slow release!®>. The superior gel integrity and mucoadhesive properties of F2 further
contribute to its controlled diffusion behaviour.

Overall, these observations confirm that the Korsmeyer-Peppas model best describes the DAPA release
kinetics across all formulations, with F2 offering the most desirable release mechanism for colorectal drug
delivery via Fickian-controlled diffusion.

Insoluble gel characterization

The analysis of the gravity-induced hydrogel mass, shown in Table 5, confirmed their successful transformation
into robust and cohesive gels upon exposure to 0.1N HCI. All three formulations showed sediment formation,
but F2 produced the most stable and compact gel, retaining its structural integrity for more than 120 min with
its 8 h stable gravity-induced hydrogel mass image, Fig. 5.

Table 5 quantitatively supports these findings, where F2 exhibited the highest gel strength (25.00+0.15 g),
lowest gel volume (9.00 + 0.30 mL), and maximum durability (> 120 min). This performance is a direct result of
enhanced ionotropic crosslinking between alginate and gastric protons, forming insoluble alginic acid at low pH;
a reaction known to improve insoluble gel stabilization and promote fast gastric emptying!®!°.

These in vitro gel characteristics are vital for enabling gastric emptying, decreasing drug residence time at
the stomach, and enhancing gastric gelation with sustained release that may facilitate distal intestinal exposure.

In situ gel weight In situ gel durability (minute)
(g) In situ gel volume (mL) | In situ gel strength (g)

# | £SD* +SD* +SD* Median

F1 | 1.45+0.10 10.30+£0.25 12.50£0.20 85

F2 | 1.50+0.12 9.00+0.30 25.00£0.15 =120

F3 | 1.40£0.11 9.50+0.20 18.00+0.18 95

Table 5. In situ gel characterizations of different products. * For n=3+SD.
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Fig. 5. The visual appearance of the in-situ gel formed by the optimized DAPA-PVA-SA nanoparticle
formulation 2 (F2) in simulated gastric fluid (0.1N HCI). The left image shows the initial gel sedimentation in a
centrifuge tube, indicating cohesive gel strand formation 8 h after exposure. The right image presents the same
formulation after 1 week of incubation, demonstrating the sustained structural integrity and resilience of the
gel matrix over time, essential for enhanced gastric emptying.

Moreover, the sustained-release behaviour complements the mucoadhesive properties of SA, while PVA
contributes to the structural cohesion of the nanoparticulate framework*”*.

Mechanistic insights and therapeutic potential

The dual functional role of this sediment-forming nanogel system is well demonstrated: (1) enhancement of
solubility and release rate through nanoencapsulation, and (2) gravity-induced sustained-release system for oral
delivery. F2’s balanced polymeric composition facilitates polymer-drug interaction, confirmed by FT-IR shifts
and PXRD peak attenuation discussed in prior sections. Together, the DAPA-loaded PVA-SA nanoparticulate
in-situ gel (especially F2) offers an optimized oral delivery vehicle with superior release kinetics, mucoadhesion,
and sedimentation characteristics-crucial for overcoming the low oral bioavailability of Dapagliflozin and
enhancing its therapeutic efficacy and provide a safer alternative in gastric gelation with sustained release that
may facilitate distal intestinal exposure.

The sedimentation behaviour observed is consistent with the known ionic crosslinking properties of sodium
alginate in acidic media, which leads to the formation of a dense hydrogel network®. Theoretical predictions
regarding polymer ratio, pH sensitivity, and gel strength were confirmed experimentally through swelling
index studies, release profile modeling (e.g., Korsmeyer-Peppas), and FTIR analyses. This alignment between
theoretical design and empirical observation supports the hypothesis that our formulation achieves delayed
drug release and could support colonic exposure.

Anti-cancer actions of the DAPA nanoparticles

The MTT assay remains a robust and widely accepted colourimetric method to determine cell viability and
cytotoxicity based on the reduction of tetrazolium dye to insoluble formazan by metabolically active cells. In the
current study, the assay was employed to evaluate the anticancer efficacy of DAPA-PVA-SA-NPs compared to
DAPA and Blank PVA-SA NPs in vitro against colon cancer cells. The quantification was performed at 570 nm
following 24 h of exposure to a range of concentrations (5-80 pg/mL).

As shown in Fig. 6a, DAPA-PVA-SA-NPs demonstrated a markedly superior cytotoxic effect, indicated by a
steep decline in cell viability across increasing concentrations. At 80 ug/mL, the viability was reduced to nearly
5%, while at 5 pug/mL, it was approximately 65%, reflecting dose-dependent behaviour. In contrast, free DAPA
exhibited higher viability values across the same range, and the Blank PVA-SA NPs showed intermediate values,
suggesting partial intrinsic cytotoxic potential likely due to the polymeric nature of the blank matrix.

More importantly, Fig. 6b presents the IC50 values, which provide a direct measurement of antiproliferative
potency. The DAPA-PVA-SA-NPs exhibited the lowest cytotoxic IC50 value (12.47+0.68 ug/mL, equivalent
to 30.5+1.66 uM), indicating enhanced potency against HCT-116 cells. In comparison, the blank PVA-SA
nanoparticles showed an IC50 of 16.61+0.91 pg/mL, while free Dapagliflozin demonstrated a higher IC50 of
19.12+1.23 ug/mL, corresponding to 46.8 £3.01 uM. These results collectively confirm the superior anticancer
efficacy of the nanoparticle-based delivery system, likely due to improved cellular uptake and controlled
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drug release kinetics. These findings align with earlier literature emphasizing the ability of polymer-based
nanoparticles to improve cellular uptake and intracellular drug retention®*>>.

The superior efficacy of DAPA-loaded nanoparticles may be attributed to several factors: (1) enhanced
solubility and bioavailability, and (2) improved endocytosis-mediated intracellular delivery compared to the
diffusion-limited uptake of free DAPA. The blank NPs also showed some inhibitory effect, possibly linked to the
mucoadhesive and permeability-altering properties of sodium alginate and PVA, which may modulate cancer
cell membrane interactions®.

Taking it together, the cytotoxicity data reinforce that DAPA-PVA-SA-NPs are a more potent anticancer
system than the free drug or the polymeric blank counterpart, and demonstrate preliminary cytotoxic potential
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«Fig. 6. a-Cell viability (%) of HCT-116 colorectal cancer cells treated with varying concentrations (5-80 pg/
mL) of DAPA-PVA-SA nanoparticles (DAPA-PVA-SA-NPs), blank PVA-SA nanoparticles, free Dapagliflozin
(DAPA), and control (untreated cells), as measured by MTT assay after 24 h. The DAPA-PVA-SA-NPs
group showed the most pronounced dose-dependent cytotoxicity, significantly reducing cell viability at all
concentrations, particularly at higher doses. Blank nanoparticles exhibited moderate cytotoxicity, while
free DAPA showed lower efficacy. The control group maintained nearly 100% viability across all conditions,
highlighting the enhanced anticancer potential of the optimized nanoparticle formulation. Error bars represent
standard deviations (n=3). b- Comparative IC50 values of DAPA-PVA-SA nanoparticles (12.47 +0.68 pg/
mL,~30.5 uM), blank PVA-SA nanoparticles (16.61+£0.91 pug/mL), and free Dapagliflozin (19.12+1.23 pg/
mL, ~46.8 uM) against HCT-116 colorectal cancer cells. This reduction in ICs, highlights the superior
therapeutic efficacy of the nanoparticle delivery system [Data are shown as mean+SD from three biological
replicates (n=3), each tested in triplicate. Statistical analysis was conducted using GraphPad Prism v9.0. P-values
and 95% confidence intervals were computed using one-way ANOVA with Bonferroni post-hoc test. Assumptions
of normality and homoscedasticity were tested before applying statistical models].

I Control

B DAPA
DAPA-PVA-SA-NPs
Blank PVA-SA NPs

KRAS TGF-B IL-6 TNF-a

Fig. 7. ELISA analysis of oncogenic and inflammatory biomarkers-KRAS, TGF-p, IL-6, and TNF-a-measured
in HCT-116 colorectal cancer cells after treatment with DAPA-PVA-SA nanoparticles, blank PVA-SA
nanoparticles, free Dapagliflozin (DAPA), and control (untreated cells). [Data are expressed as mean = SD from
n=3 biological replicates. Statistical analysis was performed using one-way ANOVA with Bonferroni correction in
GraphPad Prism v9.0. Exact p-values and 95% confidence intervals were reported. Normality and homogeneity of
variance were verified before conducting parametric analysis].

in vitro; further evaluation in multiple CRC models and functional assays is needed to establish therapeutic
utility.

Protein expression effects of DAPA nanoparticles

The expression levels of key proteins involved in oncogenic and inflammatory pathways were assessed via ELISA
to evaluate the therapeutic effect of the DAPA-PVA-SA nanoparticles (NPs). The investigated markers included
KRAS, TGF-p, IL-6, and TNF-a, which are well-established contributors to tumour progression, immune
evasion, and inflammation in various cancers, including colorectal cancer. However, KRAS reduction observed
should be interpreted with caution due to the mutant background of HCT-116 cells.

As shown in the results (Fig. 7), the control group exhibited the highest expression levels of all four proteins.
Specifically, the concentrations of KRAS, TGF-f, IL-6, and TNF-a in the control group were 63.70+3.20,
66.80+£3.10, 69.10£2.90, and 64.40+3.30 pg/mL, respectively. These values sharply declined in all treatment
groups, with the DAPA-PVA-SA-NPs group demonstrating the most significant reductions across all targets.

When compared to the free DAPA treatment, DAPA-PVA-SA-NPs reduced KRAS levels from 45.20 +2.50 to
15.80+1.40 pg/mL (2.86-fold decrease, p <0.001), and TGF-f from 52.70 +3.00 to 17.20 £+ 1.60 pg/mL (3.06-fold
decrease, p<0.001). Similarly, IL-6 levels dropped from 44.90+2.40 to 15.60+ 1.30 pg/mL (2.88-fold decrease,
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Fig. 8. Plasma concentration-time (hour (h) versus ng/mL) profile of Dapagliflozin (DAPA) following oral
administration of suspended DAPA powder and optimized DAPA-loaded nanogel formulation in Wistar rats.
The nanogel formulation exhibited a delayed peak plasma concentration (Tmax), lower Cmax, and extended
drug retention compared to the suspended powder, demonstrating improved pharmacokinetics and prolonged
systemic circulation [Data are shown as mean + SD (n=3 per group). Statistical analysis was conducted using
GraphPad Prism v9.0. AUC, Cmax, and Tmax comparisons were evaluated using two-tailed unpaired t-tests after
confirming normal distribution and equal variance. P-values and 95% confidence intervals are reported].

p<0.001), and TNF-a from 50.30+2.60 to 17.90+1.20 pg/mL (2.81-fold decrease, p<0.001). These findings
suggest a potential stress-mediated or indirect effect on KRAS levels, which may reflect cellular stress rather than
direct oncogene suppression of the nanoparticulate system. Among the evaluated biomarkers, KRAS showed the
most pronounced reduction following treatment with DAPA-PVA-SA-NPs.

Interestingly, the blank PVA-SA NPs also exhibited a degree of bioactivity, likely due to the inherent
immunomodulatory properties of sodium alginate and PVA, which have been reported to alter cytokine
signalling pathways by modulating immune cell activation®'. However, the synergistic encapsulation of DAPA
within this matrix in the optimized formulation significantly potentiated its therapeutic effect, surpassing both
the free drug and the blank carrier alone.

These effects can be attributed to several nano formulation-associated advantages, including enhanced
solubility, and better cellular uptake. Moreover, the nanoparticulate delivery system likely allowed the improved
cytoplasmic accumulation of DAPA, leading to more effective suppression of signalling cascades such as MAPK/
ERK and TGF-f pathways implicated in tumorigenesis and chronic inflammation®>%’. Downregulation of
oncogenic and pro-inflammatory markers (KRAS, IL-6, TNF-a, TGF-p) supports the mechanistic hypothesis of
anticancer activity via modulation of cellular pathways implicated in CRC progression®*

Overall, the results validate the enhanced therapeutic potential of DAPA-PVA-SA-NPs in downregulating
crucial pro-inflammatory and oncogenic markers in colorectal cancer, supporting their development as a
promising nanotherapeutic for inflammation-associated cancers.

In vivo evaluation: DAPA plasma concentration and pharmacokinetics in rats

A pharmacokinetic study was conducted in Wistar rats to compare the oral performance of free Dapagliflozin
(DAPA) powder suspension with the optimized DAPA nanogel. The study aimed to assess whether nano
formulation influences drug absorption, systemic exposure, and elimination profiles, thereby translating the
in vitro advantages of controlled release and improved solubility into meaningful in vivo pharmacological
outcomes.

Plasma concentration—time profiles

As illustrated in the comparative pharmacokinetic plot (Fig. 8), free DAPA achieved a higher Cmax (300£2.11
ng/mL) at Tmax=4+0.11 h, indicative of a rapid absorption profile followed by swift elimination. Conversely, the
nanogel formulation exhibited a lower Cmax of 200 +4.03 ng/mL, with a delayed Tmax of 6 £0.12 h, suggesting
a sustained-release behaviour aligned with the in vitro release findings. This modulation in absorption profile
is crucial for drugs like DAPA, whose therapeutic window is narrow and bioavailability is limited by solubility
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and premature systemic clearance®. The sustained release of DAPA from the gravity-induced hydrogel mass
effectively prolonged systemic retention, avoiding sharp plasma spikes associated with undesirable side effects
such as hypoglycemia.

Pharmacokinetic parameters and absorption modeling
Detailed pharmacokinetic analysis revealed AUCq-co values of 3472.35+1.60 ng-h/mL for the nanogel and
3235.33+1.50 ng-h/mL for the free drug, indicating a modest enhancement in systemic exposure (~7% AUC
increase), accompanied by a delayed Tmax and extended half-life suggestive of sustained absorption. Ty, for
nanogel reached 12+0.11 h nearly doubling the half-life of free DAPA (6 £0.03 h). The nano gel’s Kel =0.06 £ 0.02
1/hour compared to 0.12+0.03 1/hour for the free DAPA supports its prolonged elimination phase.

The observed pharmacokinetics best fit a one-compartment model with first-order absorption and
elimination kinetics, described by the function:

Fx+Dx*xKa —Kext —Kaxt
f= - XA -
= Vi Ka—Ke) e )

Estimated absorption rate constants (ka) further emphasized the formulation effect:
Ka (Free DAPA) = 0.23 £+ 0.041/hour
Ka (DAPA nanogel) = 0.17 + 0.051/hour

This confirms a slower absorption profile for the nanogel, likely due to controlled gel erosion and gradual
diffusion of DAPA from the polymeric matrix. The delayed Tmax and increased MRT observed with DAPA-
PVA-SA nanogels align with sustained release and improved GI stability, corroborating the formulation’s
potential for enhancing DAPA’ therapeutic window®®.

Bioavailability and distribution

The relative oral bioavailability (F) of the nanogel formulation was calculated as 1.07 +0.04, outperforming the
free drug’s reference value of 1.00+0.02. Additionally, the apparent volume of distribution (Vd) for the nanogel
(0.01125+0.01 L) was substantially higher than that of the free DAPA (0.0075+0.03 L), suggesting improved
tissue permeability-an effect previously observed with another alginate and PVA-based nanocarriers®”-.

This may be attributed to enhanced mucoadhesive and permeation-modifying properties of the PVA-SA gel
matrix, which increased the residence time and facilitated lymphatic uptake®. Gravity-induced hydrogel mass
behaviour likely promoted intimate mucosal contact, thereby bypassing hepatic metabolism to some extent and
improving systemic delivery.

The optimized DAPA-PVA-SA nanogel not only provided a more sustained and uniform drug plasma
profile but also improved key pharmacokinetic parameters, including Tmax, half-life, AUC, and Vd, without
inducing plasma concentration spikes. This confirms its potential for gastric gelation with sustained release that
may facilitate distal intestinal exposure, and for controlled-release delivery system for oral Dapagliflozin with
superior pharmacokinetic performance compared to conventional formulations.

Conclusions

We successfully developed a Dapagliflozin-loaded polymeric nanogel system using biocompatible SA and PVA,
which improved solubility, sustained release, and prolonged systemic absorption, though AUC enhancement
was modest. The formulation exhibited potent in vitro anticancer activity and favorable in vivo pharmacokinetic
properties. These findings support additional studies to assess potential for distal intestinal exposure and
antitumor efficacy in vivo. This delivery platform improves oral exposure in rats, shows in vitro activity in HCT-
116 cells and supporting further exploratory evaluation for repurposing DAPA in colorectal cancer, pending
confirmation in additional models. While MTT assays in HCT-116 cells showed promising cytotoxic effects,
the findings should be interpreted as preliminary due to the lack of data in other CRC models or in vivo efficacy
validation. These findings support the repurposing of Dapagliflozin as safe and promising nanotherapeutic agent
for colorectal cancer.

While this study presents a comprehensive formulation strategy and promising in vitro/in vivo outcomes,
several limitations must be acknowledged. First, plasma drug concentrations were quantified using UV-
spectrophotometry at 224 nm, a method lacking the specificity of chromatographic techniques in complex
biological matrices. Future pharmacokinetic validation using LC-MS/MS is essential. Second, although
sediment-forming behaviour and sustained release suggest distal intestinal exposure, direct evidence from
GI transit or biodistribution studies is absent. Third, our ELISA-based biomarker evaluations (KRAS, IL-6,
TNF-a) would benefit from additional mechanistic insights via qPCR or western blotting. Future work should
validate distal gut localization through imaging or biodistribution studies, assess functional pathway modulation
via qPCR or Western blotting, and evaluate therapeutic efficacy in tumor-bearing CRC models to confirm
translational potential.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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