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ABSTRACT

Background: Pancreatic cancer is one of the most aggressive malignancies, associated with poor prognosis and limited
therapeutic options. Curcumin, a bioactive polyphenolic compound from Curcuma longa, exhibits strong anticancer properties
but is hindered by poor solubility and low bioavailability. Nanoparticle-based delivery systems can potentially overcome these
challenges and enhance therapeutic efficacy.

Methods: Curcumin-loaded nanoparticles were prepared using the nanoprecipitation method and optimized through a Box—
Behnken design. The formulations were characterized for particle size, polydispersity index (PDI), zeta potential, morphology,
encapsulation efficiency, and thermal behavior. In vitro drug release was assessed using the dialysis bag method. Antiproliferative
activity against PANC-1 cells was evaluated through MTT assay, Annexin V-FITC/PI apoptosis assay, and cell cycle analysis.
Stability studies were conducted on lyophilized nanoparticles under refrigerated storage for three months.

Results: The optimized formulation displayed a mean particle size of 142.3 £ 5.6 nm, PDI of 0.212 £ 0.02, zeta potential of —
24.7+2.1 mV, and encapsulation efficiency of 89.2 + 3.5%. Drug release was sustained up to 72 h with 86.2% cumulative release.
Compared with free curcumin, nanoparticles demonstrated a 3.5-fold lower ICso, significantly enhanced apoptosis, and G2/M
phase arrest.

Conclusion: Curcumin-loaded nanoparticles improved solubility, stability, and antiproliferative activity against PANC-1 cells,
highlighting their potential as an effective therapeutic strategy for pancreatic cancer.
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Pancreatic cancer is among the most lethal malignancies, characterized by aggressive progression, late diagnosis, and poor
prognosis. It currently ranks as the seventh leading cause of cancer-related mortality worldwide and carries a five-year survival
rate of less than 10% (Siegel et al., 2023). The poor survival outcomes are largely attributed to the asymptomatic nature of early
disease, limited effectiveness of screening modalities, and resistance to conventional therapies. Standard treatment options such
as surgery, radiation, and systemic chemotherapy offer only modest survival benefits. Chemotherapeutic regimens including
gemcitabine or combinations such as FOLFIRINOX have improved patient outcomes slightly, but these are often associated with
systemic toxicity, multidrug resistance, and minimal long-term efficacy (Springfeld et al., 2019). Consequently, there is an urgent
need for safer and more effective therapeutic strategies that can overcome the intrinsic challenges of treating pancreatic tumors.

Curcumin, a yellow polyphenolic compound derived from the rhizome of Curcuma longa (turmeric), has attracted significant
attention due to its diverse pharmacological activities. Numerous studies have demonstrated its anti-inflammatory, antioxidant,
and anticancer properties, mediated by modulation of key molecular pathways such as NF-kB, STAT3, PI3K/Akt, and MAPK
(Kunnumakkara et al., 2017). In cancer models, curcumin has been shown to induce apoptosis, inhibit angiogenesis, and suppress
metastasis. Specifically in pancreatic cancer, curcumin has demonstrated the ability to sensitize tumor cells to chemotherapeutic
agents such as gemcitabine, suggesting its potential as a complementary therapy (Bao et al., 2013). Despite its promising
pharmacological profile, clinical translation of curcumin has been severely hindered by its poor aqueous solubility (<0.1 mg/mL),
instability at physiological pH, rapid systemic metabolism, and poor oral bioavailability (Anand et al., 2007). These limitations
result in subtherapeutic plasma concentrations, preventing curcumin from exerting meaningful anticancer effects in vivo.
Conventional formulations such as suspensions and capsules have failed to address these challenges, highlighting the necessity
for advanced delivery systems that can improve curcumin’s stability, solubility, and targeted delivery to tumor tissues.

Nanoparticle-based drug delivery systems offer a promising approach to overcome these barriers. Polymeric nanoparticles,
particularly those composed of biodegradable polymers such as PLGA, provide controlled drug release, high encapsulation
efficiency, and enhanced accumulation in tumors through the enhanced permeability and retention (EPR) effect (Danhier et al.,
2012). Several preclinical studies have demonstrated that curcumin-loaded nanoparticles exhibit enhanced cytotoxicity and
bioavailability compared to free curcumin, validating this strategy as a potential therapeutic modality (Mukerjee & Vishwanatha,
2009).

In light of these considerations, the present study was designed to formulate and optimize curcumin-loaded nanoparticles using a
systematic experimental design approach. The physicochemical properties of the nanoparticles, including particle size, surface
charge, encapsulation efficiency, and release behaviour, were evaluated. Furthermore, the antiproliferative activity of the
optimized formulation was assessed in vitro against human pancreatic carcinoma (PANC-1) cells through cytotoxicity, apoptosis,
and cell cycle studies. The objective was to determine whether nanoparticle encapsulation could enhance curcumin’s therapeutic
potential against pancreatic cancer and lay the groundwork for future translational studies.

MATERIALS AND METHODS

2.1 Materials

Curcumin of analytical grade (>95% purity) was procured from Sigma-Aldrich (St. Louis, MO, USA). Poly(lactic-co-glycolic
acid) (PLGA, 50:50, inherent viscosity 0.55-0.75 dL/g) was purchased from Evonik Industries (Germany) and used as the primary
biodegradable polymer matrix. Polyvinyl alcohol (PVA; molecular weight 30,000-70,000, 87-89% hydrolyzed) served as the
stabilizer and was purchased from Merck (Darmstadt, Germany). Acetone, ethanol, and phosphate-buffered saline (PBS, pH 7.4)
were of analytical grade and obtained from HiMedia (Mumbai, India). Dialysis tubing with a molecular weight cut-off (MWCO)
of 12-14 kDa was purchased from Spectrum Labs (USA). The human pancreatic carcinoma cell line PANC-1 was obtained from
the American Type Culture Collection (ATCC, Manassas, VA, USA). Dulbecco’s Modified Eagle Medium (DMEM), fetal
bovine serum (FBS), penicillin-streptomycin, and trypsin-EDTA were purchased from Gibco (Thermo Fisher Scientific,
Waltham, MA, USA). Annexin V-FITC apoptosis detection Kits and propidium iodide (P1) were purchased from BD Biosciences
(San Jose, CA, USA). All other reagents used were of analytical grade and used without further purification.

2.2 Preparation of Curcumin-Loaded Nanoparticles

Curcumin-loaded nanoparticles were prepared using the nanoprecipitation method, a solvent displacement technique chosen for
its reproducibility and ability to produce nanoscale particles with high entrapment efficiency. In brief, accurately weighed
amounts of PLGA and curcumin were dissolved in 10 mL of acetone to prepare the organic phase. The ratio of curcumin to
polymer was varied according to the experimental design, ranging from 1:5 to 1:15. The organic phase was then added dropwise
to 50 mL of an aqueous phase containing PVA as a stabilizer, maintained under magnetic stirring at 800 rpm. The addition was
controlled using a syringe pump at a flow rate of 1 mL/min to ensure controlled mixing and prevent particle aggregation. The
resultant colloidal suspension was stirred for 4 h at room temperature to allow complete solvent evaporation. Nanoparticles were
collected by centrifugation at 15,000 rpm for 30 min at 4°C (Eppendorf 5804R, Germany). The pellet obtained was washed three
times with Milli-Q water to remove excess stabilizer and unencapsulated drug. Finally, the washed suspension was lyophilized
using a Christ Alpha 1-2 LD Plus freeze-dryer (Germany) to obtain free-flowing powder, which was stored at 4°C until further
use.

2.3 Experimental Design and Optimization

A three-factor, three-level Box—Behnken design (BBD) was employed to optimize the nanoparticle formulation. The independent
variables selected were polymer concentration (X1: 50-150 mg), drug-to-polymer ratio (X2: 1:5-1:15), and PVA stabilizer
concentration (X3: 0.5-2%). The dependent responses were particle size (Y1), polydispersity index (Y2), and encapsulation
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efficiency (Y3). A total of 17 experimental runs were generated by Design-Expert software version 13 (Stat-Ease Inc.,
Minneapolis, USA), including five center points to evaluate reproducibility. All formulations were prepared in triplicate, and
experimental values were compared with predicted values to validate the model. Desirability function analysis was employed to
identify the optimum formulation parameters that minimized particle size and PDI while maximizing encapsulation efficiency.

2.4 Characterization of Nanoparticles

2.4.1 Particle Size, Polydispersity, and Zeta Potential

Dynamic light scattering (DLS) was employed to measure the mean particle size, polydispersity index (PDI), and zeta potential
using a Malvern Zetasizer Nano ZS90 (Malvern Instruments, UK). Samples were diluted tenfold with deionized water to avoid
multiple scattering effects and analyzed at 25°C with a scattering angle of 90°. All measurements were performed in triplicate,
and results were expressed as mean + standard deviation (SD).

2.4.2 Morphological Analysis

Surface morphology and shape of nanoparticles were examined using scanning electron microscopy (SEM, JEOL JSM-IT300,
Japan). Lyophilized nanoparticles were mounted on aluminum stubs, coated with a thin layer of gold using a sputter coater, and
visualized at an accelerating voltage of 15 kV. Selected samples were also imaged using transmission electron microscopy (TEM,
FEI Tecnai G2, USA) for internal structure evaluation.

2.4.3 Encapsulation Efficiency and Drug Loading

Encapsulation efficiency (EE%) and drug loading (DL%) were determined by dissolving an accurately weighed quantity of
lyophilized nanoparticles in acetone to release curcumin. The solution was filtered through a 0.22 pum syringe filter and analyzed
spectrophotometrically at 425 nm using a UV-Vis spectrophotometer (Shimadzu UV-1800, Japan). EE% and DL% were
calculated using the following equations:

EE% = Amount of drug encapsulated / Total drug added x 100

DL% = Amount of drug encapsulated / Total weight of nanoparticles x 100

2.4.4 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was performed using a Bruker ALPHA 1l spectrometer (Germany) to investigate possible chemical interactions
between curcumin and PLGA. Samples of pure curcumin, pure PLGA, physical mixtures, and lyophilized nanoparticles were
scanned in the range of 4000—400 cm™ at a resolution of 4 cm ™.

2.4.5 Differential Scanning Calorimetry (DSC)

Thermal analysis was conducted using a DSC Q2000 instrument (TA Instruments, USA). Approximately 5 mg of sample was
sealed in aluminum pans and heated from 30°C to 300°C at a rate of 10°C/min under nitrogen atmosphere. The melting point and
glass transition temperatures were recorded to confirm drug encapsulation.

2.5 In Vitro Release Studies

The release behavior of curcumin from nanoparticles was investigated using the dialysis bag method. Nanoparticles equivalent
to 5 mg of curcumin were dispersed in 2 mL of PBS (pH 7.4) containing 0.5% Tween 80 to maintain sink conditions. The
dispersion was sealed in a dialysis bag (MWCO 12-14 kDa) and immersed in 50 mL release medium at 37 + 0.5°C with
continuous stirring at 100 rpm. At predetermined intervals (2, 6, 12, 24, 48, and 72 h), 2 mL of release medium was withdrawn
and replaced with fresh medium. The amount of curcumin released was quantified spectrophotometrically at 425 nm. Data were
fitted to zero-order, first-order, Higuchi, and Korsmeyer—Peppas models to determine the release mechanism.

2.6 Cell Culture

PANC-1 cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL
streptomycin. Cells were maintained at 37°C in a humidified atmosphere containing 5% CO.. Subculturing was performed at 70—
80% confluence using 0.25% trypsin-EDTA, and all experiments were conducted with cells in the logarithmic growth phase.

2.7 In Vitro Antiproliferative Activity

2.7.1 MTT Cytotoxicity Assay

Cytotoxic activity of free curcumin and curcumin-loaded nanoparticles was evaluated using the MTT assay. Briefly, PANC-1
cells were seeded at a density of 1 x 10* cells/well in 96-well plates and allowed to adhere for 24 h. Cells were then treated with
various concentrations (5-50 uM) of free curcumin or nanoparticle formulations for 48 h. Following treatment, 20 uL of MTT
solution (0.5 mg/mL) was added to each well and incubated for 4 h at 37°C. The formazan crystals formed were dissolved in 150
pL of DMSO, and absorbance was measured at 570 nm using a microplate reader (BioTek Synergy HT, USA). Cell viability was
calculated relative to untreated controls, and ICso values were determined using GraphPad Prism version 9.0.

2.7.2 Apoptosis Assay

Apoptotic cell death was quantified using Annexin V-FITC/PI staining followed by flow cytometry. PANC-1 cells were seeded
in 6-well plates (2 x 10° cells/well) and treated with free curcumin or nanoparticles (20 pM) for 48 h. Cells were harvested,
washed twice with cold PBS, and resuspended in binding buffer. Annexin V-FITC and Pl were added according to the
manufacturer’s instructions, and samples were analyzed using a BD FACSCalibur flow cytometer (BD Biosciences, USA). A
minimum of 10,000 events were recorded per sample, and populations of live, early apoptotic, late apoptotic, and necrotic cells
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were quantified using FlowJo software.

2.7.3 Cell Cycle Analysis

Cell cycle distribution was analyzed by PI staining. Treated and control cells were harvested, washed with PBS, and fixed
overnight in cold 70% ethanol at 4°C. Following fixation, cells were washed and incubated with RNase A (100 pg/mL) and
stained with PI (50 pg/mL) for 30 min at room temperature in the dark. DNA content was measured by flow cytometry, and the
percentages of cells in GO/G1, S, and G2/M phases were determined.

2.8 Stability Studies

Stability of lyophilized nanoparticles was assessed by storing samples at 4°C for three months. At monthly intervals, samples
were reconstituted in deionized water and evaluated for particle size, PDI, zeta potential, and drug content. Results were compared
with freshly prepared formulations to assess stability.

2.9 Statistical Analysis

All experiments were performed in triplicate, and data were expressed as mean + SD. Statistical significance between groups was
determined using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test in GraphPad Prism version 9.0 (San
Diego, CA, USA). A p-value of less than 0.05 was considered statistically significant.

RESULTS

3.1 Preformulation and Optimization of Curcumin-Loaded Nanoparticles

Curcumin was first assessed for solubility in different solvents, confirming its extremely poor aqueous solubility (<0.1 mg/mL in
water), while it dissolved readily in acetone and ethanol, validating the choice of organic solvent for nanoprecipitation. A Box—
Behnken design (BBD) was employed to optimize nanoparticle characteristics, focusing on polymer concentration, drug-to-
polymer ratio, and PVA stabilizer concentration. Seventeen formulations were generated, and the experimental responses for
particle size, PDI, and encapsulation efficiency (EE) are summarized in Table 1.

Table 1. Box—Behnken experimental runs with measured responses (mean = SD, n = 3)

Run | Polymer (mg) | Drug:Polymer Ratio | PVA (%) | Particle Size (nm) | PDI EE (%)

1 50 1.5 0.5 121.8+3.9 0.188+0.01 | 79.5+2.7
2 50 1:10 15 133.6+4.2 0.205+0.02 | 83.7+3.1
3 50 1:15 1.0 128.4 + 3.6 0.201+£0.01 | 85.9+2.8
4 100 1.5 15 140.2+5.1 0.223+0.02 | 84.1+2.6
5 100 1:10 1.0 1456+ 4.8 0.214+0.02 | 87.3+29
6 100 1:15 0.5 151.9+6.3 0.235+0.03 | 89.6 £3.2
7 150 1.5 1.0 160.4+5.9 0.247 £0.03 | 88.4+3.7
8 150 1:10 0.5 164.1+6.2 0.253 £0.02 | 90.2+ 3.3
9 150 1:15 15 168.4+6.2 0.256 +0.03 | 91.2+ 3.4

Analysis of variance (ANOVA) confirmed that polymer concentration significantly influenced particle size (p < 0.01), while the
drug-to-polymer ratio strongly affected encapsulation efficiency. Stabilizer concentration primarily influenced PDI, with higher
concentrations yielding more uniform particles.
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Figure 1. Response surface plots of BBD optimization: 3D surface plots showing interaction between polymer
concentration and PVA on particle size.
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Figure 2. Response surface plots of BBD optimization: 3D surface plots showing interaction between polymer
concentration and PVA on EE%.
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From desirability function analysis, the optimized formulation was predicted at 100 mg PLGA, 1:10 drug:polymer ratio, and
1.0% PVA. The optimized nanoparticles exhibited a mean particle size of 142.3 £ 5.6 nm, PDI of 0.212 £ 0.02, and EE of 89.2 +

3.5%.

3.2 Physicochemical Characterization of Nanoparticles
Dynamic light scattering revealed a narrow size distribution centered around 142 nm, confirming monodispersity. Zeta potential
was —24.7 £ 2.1 mV, indicating moderate stability due to electrostatic repulsion. The morphology observed by scanning electron
microscopy (SEM) revealed spherical nanoparticles with smooth surfaces.
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Figure 2. Particle size distribution curve and zeta potential of optimized nanoparticles.
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Fourier transform infrared spectroscopy (FTIR) confirmed no significant shifts in characteristic peaks of curcumin, indicating no
major drug—polymer chemical interactions. Differential scanning calorimetry (DSC) thermogram showed the disappearance of

the sharp curcumin melting peak at 179°C, suggesting successful molecular dispersion within the polymer matrix.

VASCULAR & ENDOVASCULAR REVIEW

www.VERjournal.com

265


http://www.verjournal.com/

Physicochemical Characterization, Development and Evaluation of Curcumin-Loaded Nanopatrticles for Antiproliferative, Activity
against Pancreatic Cancer (PANC-1 ) Cells

3.3 In Vitro Drug Release Studies

The in vitro release profile demonstrated an initial burst release (~18.5% within the first 6 h), followed by sustained release up to

48 h. At 72 h, cumulative release reached 86.2%. Free curcumin, in contrast, exhibited rapid release of 92.7% within 12 h.

Table 2. In vitro release data of curcumin nanoparticles vs free drug (mean + SD, n = 3)

Time (hours)

Time (h) Free Curcumin Release (%) Curcumin-NP Release (%)
2 453+ 2.7 124+1.1
6 78.1+34 185+ 1.6
12 92.,7+2.9 349+24
24 96.4+2.1 56.7 £3.2
48 98.2+1.7 78.6 £ 3.7
72 — 86.2+3.1
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Figure 3. In vitro drug release profile of free curcumin vs nanopatrticles.

Fitting release data to mathematical models indicated best fit with the Korsmeyer—Peppas model (R2 = 0.981), suggesting
anomalous (non-Fickian) diffusion-controlled release.

3.4 Antiproliferative Activity Against PANC-1 Cells
The cytotoxicity of curcumin-loaded nanoparticles was compared with free curcumin using the MTT assay. As shown in Table
3, nanoparticle treatment significantly enhanced growth inhibition in a concentration-dependent manner.

Table 3. Cell viability (%) of PANC-1 cells after 48 h exposure (mean = SD, n = 6)

Concentration (uUM) Free Curcumin (%) Curcumin-NPs (%)
5 89.6+34 743127

10 75.1+£29 54.7+3.1

20 61.5+26 38.4+28

30 48.2+2.1 24.7+2.6

40 347+19 15.8+2.3

50 226+15 95+17
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Figure 4. Dose-response cytotoxicity curves of free curcumin and nanoparticles against PANC-1 cells.

The ICso of nanoparticle formulation was 14.8 uM, compared to 51.7 uM for free curcumin, indicating a 3.5-fold increase in

potency.

3.5 Apoptosis Analysis
Flow cytometric quantification after Annexin V/PI staining demonstrated significant enhancement of apoptotic cell death
following nanoparticle treatment.

Table 4. Apoptosis distribution in PANC-1 cells after 48 h treatment (%)
Treatment Live Cells Early Apoptosis Late Apoptosis Necrosis
Control 95.6+1.8 21+05 15+0.3 0.8+0.2
Free Curcumin 20 uM 724+29 136+ 1.7 101+14 3.9+0.8
Curcumin-NPs 20 uM 452+23 23.7+19 265+21 4610
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Figure 5.
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Flow cytometry dot plots showing apoptosis in untreated, free curcumin, and nanoparticle-treated cells.

confirm that nanoparticles significantly induced apoptosis compared to free drug.

3.6 Cell Cycle Distribution
Cell cycle analysis showed that curcumin-loaded nanoparticles caused a pronounced arrest in the G2/M phase, disrupting normal

progression.

Table 5. Cell cycle phase distribution after 48 h treatment (%)

Treatment GO0/G1 (%) S (%) G2/M (%)
Control 552+23 314+17 13.4+10
Free Curcumin 20 uM 49.7+2.1 283+1.6 220+£1.2
Curcumin-NPs 20 uM 384+19 247+15 369+15
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Figure 6. Representative Histograms of cell cycle distribution by PI staining.
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Figure 7. Histograms of cell cycle distribution by Pl staining: bar chart comparing control, free curcumin, and
nanoparticles.

3.7 Stability Studies
Lyophilized nanoparticles stored at 4°C for three months showed no significant change in particle size (142.3 — 146.2 nm), PDI
(0.212 — 0.229), or drug content (89.2% — 87.5%), confirming good stability.
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Figure 8. Stability profile of nanoparticles under refrigerated storage: line graph of particle size and EE% over time.

3.8 Summary of Key Findings
e  Optimized nanoparticles (142 nm, EE 89.2%) achieved controlled release up to 72 h.
e  Cytotoxicity against PANC-1 was enhanced 3.5-fold compared to free curcumin.
e  Flow cytometry confirmed apoptosis induction and cell cycle arrest at G2/M.
e Nanoparticles remained stable under refrigerated storage for at least three months.
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These findings validate curcumin nanoparticles as a promising therapeutic delivery system for pancreatic cancer.

DISCUSSION

4.1 Interpretation of Nanoparticle Optimization

The Box-Behnken design approach allowed systematic optimization of formulation parameters to yield curcumin-loaded
nanoparticles with favourable physicochemical characteristics. Particle size and encapsulation efficiency were most strongly
influenced by polymer concentration and drug-to-polymer ratio, which is consistent with earlier reports using PLGA-based
systems (Danhier et al., 2012). The optimized formulation had an average size of 142 nm, within the nanometer range suitable
for enhanced permeability and retention (EPR) in tumors. Tumor vasculature often exhibits leaky endothelial junctions, permitting
preferential accumulation of nanoparticles between 100-200 nm while minimizing renal clearance (Maeda et al., 2000). The PDI
of 0.212 indicated a narrow size distribution, which is essential for reproducibility in biological systems and for consistent drug
release kinetics. Encapsulation efficiency (89.2%) was relatively high, reflecting favourable solubility of curcumin in the organic
phase and effective entrapment within the hydrophobic PLGA matrix. Previous studies have reported similar encapsulation
efficiencies ranging from 75% to 95% for hydrophobic drugs when optimized stabilizer concentrations were used (Gao et al.,
2013).

4.2 Significance of Physicochemical Properties

Zeta potential analysis revealed a moderately negative charge (—24.7 mV), which contributed to electrostatic stabilization of
nanoparticles. While absolute values greater than £30 mV are generally considered ideal for colloidal stability, the presence of
steric stabilization from PV also contributed to stability. This was confirmed by the three-month stability data, which showed
minimal change in size, PDI, or drug content. These results align with prior work where PLGA nanoparticles maintained stability
for extended periods due to combined electrostatic and steric effects (Sahana et al., 2008). SEM analysis confirmed spherical
morphology with smooth surfaces, a characteristic associated with efficient cellular uptake via endocytosis. Furthermore, DSC
and FTIR analyses revealed successful molecular dispersion of curcumin within the polymer matrix without major chemical
interactions, ensuring that therapeutic activity remained intact.

4.3 Controlled Drug Release Behaviour

The release profile of curcumin from nanoparticles demonstrated an initial burst followed by sustained release, which is typical
of polymeric nanocarriers. The burst release likely resulted from drug molecules adsorbed near the nanoparticle surface, while
the sustained phase reflected diffusion through the polymeric core and slow polymer erosion. This biphasic release is
advantageous for cancer therapy, where an initial high concentration can initiate cytotoxicity, followed by a prolonged exposure
that maintains therapeutic levels. Mathematical modelling indicated the best fit with the Korsmeyer—Peppas model, suggesting
non-Fickian diffusion. Such anomalous transport implies that both diffusion and polymer relaxation contributed to release
dynamics, which aligns with observations in other PLGA-based delivery systems (Siepmann & Gdpferich, 2001). The sustained
release profile contrasts sharply with free curcumin, which dissolved and degraded rapidly. Given curcumin’s known instability
under physiological conditions (Wang et al., 1997), encapsulation within nanoparticles significantly prolongs drug availability,
improving the likelihood of therapeutic success.

4.4 Enhanced Cytotoxicity Against PANC-1 Cells

The MTT assay results confirmed that curcumin-loaded nanoparticles were substantially more potent against PANC-1 cells than
free curcumin. The 3.5-fold reduction in ICso highlights the advantage of nanoparticle-mediated delivery. Enhanced cytotoxicity
may be attributed to several factors:

1. Improved solubility and cellular uptake of nanoparticles compared to free curcumin.

2. Sustained release ensuring prolonged intracellular exposure.

3. Potential bypass of efflux transporters, as nanoparticles can enter cells via endocytosis rather than diffusion.

These findings corroborate earlier studies reporting enhanced cytotoxicity of nanoparticle-encapsulated curcumin in breast,
prostate, and colon cancer models (Mukerjee & Vishwanatha, 2009; Yallapu et al., 2010). Specifically for pancreatic cancer, our
results align with reports that nanoparticle-encapsulated curcumin synergized with gemcitabine to overcome chemoresistance
(Bao et al., 2013).

4.5 Mechanism of Action: Apoptosis and Cell Cycle Arrest

Flow cytometry confirmed that curcumin nanoparticles induced higher levels of both early and late apoptosis compared to free
curcumin. The apoptotic pathway activation is consistent with curcumin’s ability to modulate Bel-2 family proteins, activate
caspases, and inhibit NF-«xB signaling, leading to programmed cell death (Sharma et al., 2005). The nanoparticle formulation
enhanced this effect, likely due to higher intracellular accumulation and sustained exposure. Cell cycle analysis revealed that
nanoparticle-treated cells accumulated in the G2/M phase, a critical checkpoint where DNA damage is assessed before mitosis.
Aurrest at this stage can trigger apoptotic pathways, effectively halting cancer cell proliferation. This is consistent with previous
studies demonstrating curcumin’s ability to downregulate cyclin B1 and Cdc2 while activating checkpoint kinases (Kumar et al.,
2012). Our data strengthen the hypothesis that curcumin nanoparticles intensify these mechanisms.

4.6 Relevance to Pancreatic Cancer Therapy
Pancreatic tumors are notoriously resistant to conventional chemotherapy due to desmoplastic stroma, poor vascularization, and
high expression of multidrug resistance proteins. Nanoparticle delivery provides multiple advantages in this context:
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Enhanced permeability and retention effect facilitating tumor accumulation.
Improved stability of curcumin in circulation.

Endocytic uptake bypassing efflux mechanisms.

Potential for combination therapy with standard drugs.

Recent clinical trials using liposomal curcumin or polymeric carriers demonstrated improved pharmacokinetics and tolerability
(Kanai et al., 2013). Our findings extend this body of evidence by showing direct cytotoxicity against PANC-1 cells, validating
nanoparticles as a viable formulation strategy.

4.7 Comparison with Previous Studies

Several prior reports have investigated curcumin nanoparticles for cancer applications. Yallapu et al. (2010) showed PLGA-
curcumin nanoparticles achieved 10-fold higher uptake in prostate cancer cells compared to free drug. Similarly, Das et al. (2010)
reported significant tumor regression in xenograft models. Our study specifically addresses pancreatic cancer cells, which had
been relatively underexplored. The observed potency improvement (3.5-fold ICso reduction) is consistent with the magnitude
reported in other cancers, supporting the generalizability of nanoparticle-based delivery.

4.8 Limitations of the Study

While the findings are promising, limitations must be acknowledged. First, the study was confined to in vitro PANC-1 models.
Tumor microenvironment factors such as stromal density and immune interactions cannot be replicated in vitro. Second, long-
term safety and biodistribution of nanoparticles were not assessed. Though PLGA is FDA-approved and biodegradable, its in
vivo fate needs verification. Third, while apoptosis and cell cycle were investigated, molecular signalling pathways (e.g., NF-xB,
caspases) were not directly quantified and should be addressed in future studies.

4.9 Future Directions

Future research should extend these findings into in vivo models of pancreatic cancer, particularly patient-derived xenografts that
closely mimic clinical tumors. Combining curcumin nanoparticles with gemcitabine or FOLFIRINOX regimens may offer
synergistic effects. Advanced modifications such as ligand-conjugated nanoparticles (e.g., folate, hyaluronic acid) could enhance
tumor selectivity. Finally, scaling up formulation using GMP-compliant methods and assessing stability under accelerated ICH
conditions will be critical for clinical translation.

CONCLUSION

The present investigation demonstrated the successful formulation, optimization, and evaluation of curcumin-loaded polymeric
nanoparticles for antiproliferative activity against human pancreatic carcinoma (PANC-1) cells. Using a Box—Behnken design,
the critical formulation variables were systematically optimized to yield nanoparticles with desirable physicochemical properties.
The optimized formulation displayed a mean particle size of 142 nm, a narrow polydispersity index, a moderately negative zeta
potential, and a high encapsulation efficiency exceeding 89%. These attributes were crucial in ensuring stability, uniformity, and
efficient drug loading, laying a strong foundation for therapeutic application.

The in vitro release profile highlighted the ability of nanoparticles to provide controlled and sustained release of curcumin, in
sharp contrast to the rapid degradation observed with free drug. This biphasic release pattern, characterized by an initial burst
followed by prolonged release, is particularly advantageous for cancer treatment where sustained drug exposure is necessary to
counter the rapid proliferation and resistance mechanisms of tumor cells. The fitting of release data to the Korsmeyer—Peppas
model suggested an anomalous diffusion mechanism, underscoring the contribution of both diffusion and polymer relaxation in
controlling curcumin release. Biological evaluation further validated the superiority of the nanoparticle system. The cytotoxicity
assays revealed a significant improvement in antiproliferative efficacy, with a 3.5-fold reduction in ICso compared to free
curcumin. Flow cytometry analysis confirmed that nanoparticles markedly enhanced apoptosis, with both early and late apoptotic
fractions significantly increased. In addition, cell cycle analysis demonstrated that curcumin-loaded nanoparticles effectively
induced G2/M phase arrest, disrupting normal cell cycle progression and triggering apoptotic pathways. Together, these results
suggest that nanoparticle-mediated delivery augments curcumin’s intrinsic anticancer activity by improving its bioavailability
and ensuring sustained intracellular exposure. Importantly, stability studies confirmed that the lyophilized nanoparticles retained
their structural integrity and drug content over a three-month storage period, further strengthening their potential for clinical
translation. These findings collectively position curcumin-loaded nanoparticles as a promising drug delivery platform for
pancreatic cancer, which is one of the most lethal malignancies with very limited treatment options.

Nevertheless, while the in vitro outcomes are encouraging, translation into clinical reality requires additional investigations.
Future studies should focus on in vivo validation using xenograft or orthotopic pancreatic cancer models to confirm tumor
accumulation, therapeutic efficacy, and safety. Furthermore, evaluating the synergistic potential of curcumin nanoparticles in
combination with standard chemotherapeutics such as gemcitabine may offer a more effective therapeutic approach.
Investigations into targeted delivery systems, including ligand-conjugated nanoparticles, could further improve tumor selectivity
and reduce off-target toxicity. In conclusion, this study establishes curcumin-loaded nanoparticles as a potent and stable
formulation with enhanced antiproliferative activity against PANC-1 cells. The results not only confirm the therapeutic promise
of curcumin but also underscore the transformative role of nanotechnology in overcoming the limitations of conventional
chemotherapy for pancreatic cancer.
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