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Abstract

Curcumin and capsaicin are natural compounds with known therapeutic potential but limited clinical
utility due to poor solubility and bioavailability. In this study, nanoformulations of curcumin and capsaicin
were developed using the thin-film hydration method and characterized by transmission electron
microscopy (TEM), dynamic light scattering (DLS), zeta potential, Fourier-transform infrared
spectroscopy (FTIR), and differential scanning calorimetry (DSC). The nanocapsules demonstrated
enhanced physicochemical stability, with capsaicin nanoparticles averaging ~ 49 nm and curcumin ~ 76
nm. Cytotoxicity assays in HepG2 (Human hepatocellular carcinoma (liver cancer)), MCF-7 (Human
breast adenocarcinoma), and A549 (Human lung adenocarcinoma epithelial) cell lines revealed potent
anti-proliferative effects, especially when both nanoparticles were combined, indicating a synergistic
interaction. Gene expression analysis showed upregulation of pro-apoptotic markers (p53 and Bax) and
downregulation of anti-apoptotic Bc/l-2, confirming apoptosis induction via the p53/BAX/BCL2 pathway.
These findings highlight the potential of nano-curcumin and nano-capsaicin as effective, complementary
anticancer agents and support their further development for biomedical applications.

Introduction

Capsaicin and curcumin are widely studied phytochemicals and secondary metabolites derived from
Capsicum and Curcuma longa, respectively (Scheme 1). These compounds have been extensively
studied for their pharmacological benefits and significant medicinal potential, including anti-
inflammatory, analgesic, and chemopreventive properties [1]. However, their limited bioavailability
restricts clinical applications. Nanotechnology-based formulations, such as nanocapsaicin and
nanocurcumin, have shown significant promise in overcoming these limitations [2]. Capsaicin, an active
alkaloid found in chili peppers (Capsicum annuum, Capsicum spp.), is widely recognized for its
analgesic, anti-inflammatory, and anticancer properties. Similarly, curcumin, a polyphenolic compound
extracted from turmeric (Curcuma longa), has been extensively studied for its antioxidant, anti-
inflammatory, and neuroprotective effects [1]. However, both compounds face challenges related to poor
solubility, rapid metabolism, and low systemic bioavailability. Nanotechnology-based formulations,
including nanocapsaicin and nanocurcumin, offer solutions to these limitations, improving their
pharmacokinetic and pharmacodynamic profiles. Both compounds exhibit extensive pharmacological
activities, but their low bioavailability limits clinical applications.

Liposomes were selected over micellar systems due to their superior structural stability, higher drug-
loading capacity, and suitability for co-encapsulation of hydrophobic bioactive compounds [3]. Unlike
micelles, which may dissociate below their critical micelle concentration, liposomes possess a stable
phospholipid bilayer that remains intact under physiological conditions [3]. This bilayer efficiently
incorporates hydrophobic compounds such as curcumin and capsaicin, providing protection from
premature degradation and rapid clearance. Additionally, liposomes offer enhanced biocompatibility,
prolonged circulation time, and reduced toxicity, making them particularly advantageous for combination
therapy requiring stable drug ratios and sustained release [3]. Nanotechnology-based formulations,
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including liposomes, polymeric nanoparticles, and lipid-based carriers, offer promising solutions for
enhanced therapeutic use [4, 5]. Consequently, liposomal nanocarriers were considered the most
appropriate platform for the simultaneous delivery of curcumin and capsaicin in this study.

Capsaicin (8-methyl-N-vanillyl-6-nonenamide) is a hydrophobic and lipophilic alkaloid belonging to the
vanilloid family, characterized by a vanillyl group (aromatic ring with hydroxyl and methoxy substituents)
and an amide bond linking the hydrophobic tail [6]. This structure enables its high affinity for transient
receptor potential vanilloid 1 (TRPV1), a ligand-gated ion channel involved in nociception [7], leading to
its well-documented analgesic and thermogenic properties [6]. Its amide bond and vanilloid moiety
contribute to its stability and biological interactions. The hydrophobic tail plays a critical role in receptor
binding and bioactivity by facilitating membrane penetration and interaction with hydrophobic residues
within TRPV1 [8]. Capsaicin is highly stable under acidic conditions but undergoes oxidation and
polymerization at higher pH values, leading to degradation into vanillic acid and capsaicinoids [9]. The
pungency of capsaicin is attributed to its ability to depolarize sensory neurons by activating TRPV1,
triggering calcium influx and desensitization [10]. Chemical modifications, such as esterification and
encapsulation, have been employed to modulate its pungency and enhance pharmacokinetic properties
[11].

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is a hydrophobic polyphenol
with tautomeric keto-enol equilibrium, contributing to its potent antioxidant activity [12]. The molecular
structure consists of two feruloyl moieties linked by a seven-carbon chain containing conjugated double
bonds and a diketone functional group [13]. This conjugation imparts stability and enhances electron
delocalization, crucial for its free radical scavenging activity [14]. Curcumin exists in equilibrium between
keto and enol forms, where the enol form is thermodynamically favored in nonpolar solvents, enhancing
membrane permeability [15]. However, both compounds exhibit poor aqueous solubility and rapid
metabolic degradation, which has led to the development of nanoparticle-based drug delivery
systems.13 Curcumin undergoes rapid hydrolysis at physiological pH, leading to degradation products
such as ferulic acid, vanillin, and feruloyl methane [16]. Its low aqueous solubility (~ 11 ng/mL at pH 7.3)
and instability in physiological conditions hinder its bioavailability.® Various structural modifications,
including glycosylation and complexation with metal ions, have been explored to enhance solubility and
stability [17].

Curcumin and capsaicin exert their biological effects through complex biochemical interactions
involving multiple cellular signaling pathways, transcription factors, and regulatory enzymes. Reviews
provide a detailed examination of the chemistry, biochemistry, biological activities, and therapeutic
applications of capsaicin, curcumin, and their nanoformulations, including their anti-inflammatory,
anticancer, antioxidant, and antimicrobial properties. Furthermore, the advantages of their
nanoformulations in enhancing therapeutic efficacy, improving bioavailability, and controlling drug
release are discussed, focusing on their role in metabolic disorders, neuroprotection, oncology, and
hepatoprotection, and highlighting their molecular mechanisms and potential applications in medicine
[18,19].

Page 3/27



The rationale for combining curcumin and capsaicin lies in their complementary anticancer mechanisms
[20]. Curcumin acts as a pleiotropic intracellular modulator, suppressing pro-survival signaling (e.g., NF-
kB), activating p53 pathways, disrupting redox balance, and sensitizing cancer cells to apoptosis [21]. In
contrast, capsaicin primarily targets membrane and mitochondrial pathways via TRPV1 activation,
leading to calcium influx, oxidative stress, and mitochondrial depolarization. In combination, curcumin
weakens cellular survival defenses, while capsaicin amplifies mitochondrial stress and apoptotic
signaling [8, 20, 21]. This mechanistic synergy supports the investigation of curcumin-capsaicin
nanoformulations to enhance anticancer efficacy while potentially lowering individual drug doses [20,
21].

Capsaicin alone or in combination with other phytocompounds can promote apoptosis in carcinoma
cells by enhancing the pro-apoptotic (Bax, p53) and anti-apoptotic (Bcl-2) genes [22]. The Bcl-2 protein
family are key proteins involved in apoptotic cell death. Within the Bcl-2 family, there are two functional
groups: pro- and anti-apoptotic proteins. Bcl-2, an anti-apoptotic protein, prevents cell death. Bax is a pro-
apoptotic protein that causes cell death and is created during apoptosis. Increases in the Bax/Bcl-2 ratio
are commonly used to highlight how cells are induced to apoptosis. The p53 is involved in cell cycle
regulation and genetic integrity. This gene encodes a tumour suppressor protein that activates
transcription, binds to DNA, and forms oligomers. In response to various stimuli, the encoded protein
regulates the expression of target genes, causing cell cycle arrest, apoptosis, senescence, DNA repair,
and metabolic changes. It is referred to as "the guardian of the genome" because of its role in
maintaining stability by preventing genome mutation [23, 24]. Therefore, this study investigated the
effectiveness of nanoformulations of curcumin and capsaicin in enhancing their solubility and
bioavailability for penetrating HepG2, MCF-7, and A549 cells to function as anticancer agents.
Additionally, it aimed to evaluate the mechanistic analysis of apoptosis through the examination of gene
expression.

Results and Discussions

HPLC Analysis. High-performance liquid chromatography (HPLC) was employed to analyze the standard
and extracted samples. Ideally, the standard calibration curves should exhibit a linear relationship
between peak area and concentration [25, 26]. HPLC data are used primarily to confirm the presence and
relative loading of curcumin and capsaicin within the nanoformulations rather than to assert absolute
encapsulation efficiency with high precision. This conservative interpretation ensures analytical reliability
while maintaining consistency with established best practices for chromatographic quantification, and
suggesting potential issues such as improper standard preparation, non-linearity, detector settings, or
instrumental errors that may affect quantification accuracy [27]. Capsaicin was identified in the standard
sample at a retention time of approximately 7.022 min, accounting for 69.39% of the area percentage,
while in the extracted sample, it was detected at 6.984 min with 49.89%. Dihydrocapsaicin appeared at
9.738 min in the standard and 9.701 min in the sample, representing 30.61% and 45.89% of the total
area, respectively. Nor-dihydrocapsaicin was detected exclusively in the extracted sample at 6.505 min
with 4.21% of the area (Table 1).
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Curcumin was identified at 4.806 min in the standard (area =2331.26 mAUs) and at 4.901 min in the
extracted sample, accounting for 21.58% of the total area. Several unidentified peaks were observed at
retention times 3.719, 3.858, 4.190, 4.322, and 4.701 min, contributing 12.58%, 14.58%, 16.30%, 16.99%,
and 17.95% of the area, respectively. Slight shifts between standard and sample retention times suggest
minor variations in chromatographic conditions or matrix effects [28]. The higher percentage of
dihydrocapsaicin in the extract compared to the standard implies a different capsaicinoid profile in the
plant material, possibly due to source variability or extraction conditions [29.30]. The presence of
multiple unidentified peaks points to possible additional curcuminoids, degradation products, or
impurities, as commonly observed in plant extracts [29.30]. To ensure accurate quantification, it is
recommended to verify standard preparation, confirm calibration-curve linearity, and perform instrument
validation [29, 30]. Optimization of extraction and purification procedures is also advised to minimize
matrix interferences. Further peak identification using reference standards or mass spectrometry is
necessary [29, 30].

HPLC-quantified concentrationsza:‘bclﬁrlumin and capsaicin in extracted
samples.

Compound Retention Time (min)  Peak Area (%)
Capsaicin (std) ~7.022 69.39%
Capsaicin (ext) ~ 6.984 49.89%
Dihydrocapsaicin (std) 9.738 30.61%
Dihydrocapsaicin (ext) 9.701 45.89%
Nor-dihydrocapsaicin (ext only)  6.505 4.21%
Curcumin (std) 4.806 2331.26 mAU*s
Curcumin (ext) 4.901 21.58%

Despite the noted calibration issues, the HPLC method successfully detected and quantified capsaicin,
dihydrocapsaicin, nor-dihydrocapsaicin, curcumin, and several unidentified compounds in the samples.
Additional validation is required to ensure accurate quantification and purity assessment.

Nanoparticle Characterization. FTIR spectroscopy was employed to investigate the molecular
interactions between lecithin liposomes and the encapsulated bioactive compounds, curcumin and
capsaicin. As shown in Fig. 1 and summarized in Table 2, notable shifts in characteristic absorption
bands were observed upon drug incorporation. The symmetric stretching vibration of CH, in the acyl
chains, typically observed in the range of 2800-2855 cm~, was recorded at 2855.61 cm~" for the control
lecithin liposomes. This band shifted to 2840.27 cm~" and 2813.08 cm~" upon curcumin and capsaicin
loading, respectively, indicating disruption of lipid chain packing and suggesting successful drug
incorporation. The more pronounced shift in the capsaicin-loaded formulation reflects a stronger
interaction with the hydrophobic tails of the lipid bilayer. Additionally, the carbonyl stretching vibration (C
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= 0), originally at 1639.28 cm~" in the control, was shifted to 1602.75 cm~" in the curcumin-loaded
liposomes and to 1633.28 cm™" in the capsaicin-loaded system. The greater shift observed in the
curcumin formulation suggests the formation of hydrogen bonds or other polar interactions between the
curcumin keto groups and the lecithin polar headgroups. These findings confirm the successful
incorporation of both compounds into the liposomal structure and indicate distinct interaction
mechanisms depending on the chemical nature of the encapsulated drug.

Table 2
The chemical shifts observed for Curcumin or Capsaicin after the incorporation into lecithin liposomes.
Peak assignment Wave number Wave number (cm™")
(em™)
Control Curcumin  Capsaicin

Symmetric stretching vibration of CH, in (2800-2855) 2855.61  2840.27 2813.08
acyl chain

Carbonyl stretching vibration C=0 (1630-1700) 1639.28 1602.75 1633.28

Transmission electron microscopy (TEM) was utilized to characterize the morphology and size
distribution of three different nanoparticle formulations. The NanoLiposome control formulation
exhibited an average particle size of 130.27 + 31.6 nm. Curcumin nanocapsules demonstrated the
smallest particle size, averaging 85 + 8.8 nm, suggesting enhanced encapsulation efficiency, consistent
with previous reports indicating that smaller particle sizes often correlate with improved drug loading
and stability [31-35]. In contrast, capsaicin nanocapsules exhibited the largest particle size, averaging
191 £+ 37.41 nm. The successful formation of nanoparticles was confirmed by TEM imaging (Fig. 2). The
increased size observed in the capsaicin nanocapsules may be attributed to variations in molecular
interactions between capsaicin and the phospholipid matrix, a phenomenon that has been documented
to influence particle size and stability [31-35].

Dynamic light scattering (DLS) was employed to determine the hydrodynamic diameters of the prepared
nanoparticles. The control NanoLiposome exhibited an average size of 182.05 + 3.3 nm, while the
curcumin nanocapsules and capsaicin nanocapsules showed significantly smaller sizes of 75.7 + 4.03
nm and 48.85 + 4.46 nm, respectively (Fig. 3, Table 2). The DLS results were consistent with trends
observed by transmission electron microscopy (TEM), confirming the smallest particle size for the
capsaicin nanocapsules (~ 49 nm). The relatively larger size of the control NanoLiposome (~ 182 nm) is
likely due to the absence of active compounds influencing the assembly process. In contrast, the
reduced size of the capsaicin nanocapsules may result from stronger interactions between capsaicin
molecules and the phospholipid bilayer, leading to a more compact nanoparticle structure.

Our DLS measurements align with previous reports [31-34] that described curcumin nanoparticles with
sizes ranging between 50 and 200 nm depending on the encapsulation material, consistent with the size
of our curcumin nanocapsules (75.7 £ 4.03 nm). Similarly, published paper [35] reported lipid-based
capsaicin nanoparticles within a size range of 50—-100 nm, closely matching the size of our capsaicin
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nanocapsules (48.85 + 4.46 nm). However, our capsaicin nanocapsules were smaller than those reported
before [35-37], who observed capsaicin nanoparticle sizes around 90 nm, likely due to differences in
phospholipid composition and preparation techniques. Furthermore, the smaller size of our curcumin
nanocapsules (~ 75 nm) compared to the upper range of previously reported values (~ 200 nm) may
reflect better encapsulation efficiency and improved bioavailability. The small size of the capsaicin
nanocapsules (~ 49 nm) suggests that our fabrication method promotes efficient self-assembly,
potentially enhancing solubility and optimizing the release profile compared to earlier formulations.

The zeta potential of the curcumin nanocapsules was measured to be -9.51 mV, which was significantly
different from the value reported in the literature for curcumin nanoparticles (~-15 mV) [36, 38, 39].
Statistical analysis revealed a t-value of 13.35 and a highly significant p-value of 8.86 x 10-"", indicating
that our formulation exhibits lower electrostatic stability. The relatively less negative zeta potential
suggests that the curcumin nanocapsules may possess moderate stability, but the electrostatic
repulsion between particles is weaker than previously observed formulations. This could lead to
potential aggregation over time, although the formulation still maintains adequate stability.

Similarly, the zeta potential for the capsaicin nanocapsules was measured to be -8.43 mV, which is also
significantly different from the literature value of approximately - 12 mV [40—43]. The corresponding t-
value was 9.68, and the p-value was 1.47 x 10-8, reinforcing the highly significant difference between our
results and those reported in earlier studies [40—43]. This lower zeta potential suggests that our
capsaicin nanocapsules might benefit from the addition of stabilizers to improve electrostatic repulsion
and, consequently, enhance their long-term dispersion. Like the curcumin nanocapsules, the capsaicin
formulation demonstrates moderate stability, but further optimization with surfactants could be
beneficial.

The zeta potential values of the formulations were as follows: curcumin nanocapsules (-9.51 mV),
capsaicin nanocapsules (-8.43 mV), and the control NanoLiposome (-3.5 mV) (Fig. 4, Table 2). According
to [40-43], a zeta potential range between - 10 mV and - 30 mV is considered ideal for maintaining
colloidal stability. Our curcumin and capsaicin nanocapsules exhibit zeta potentials closer to the lower
end of this range, which suggests moderate stability but also potential for aggregation over time. In a
study on capsaicin nanoemulsions, results [37, 40—43] observed zeta potentials ranging from - 10 mV to
-20 mV, indicating good stability. While our values are slightly less negative, they still suggest moderate
stability. A less negative zeta potential typically indicates weaker electrostatic repulsion between
particles, which may contribute to aggregation over time. To further improve long-term stability, the
inclusion of surfactants, such as Tween 80 or polyethylene glycol (PEG), could help enhance the
electrostatic repulsion and overall colloidal stability of these formulations.

The low zeta potential values of nano-curcumin (- 9.51 mV) and nano-capsaicin (- 8.43 mV) indicate
moderate colloidal stability, which is typical for phospholipid-based nanocarriers without steric
stabilizers [40-44]. Although electrostatic repulsion alone may not ensure long-term stability, nanoscale
particle sizes (< 100 nm) can provide sufficient kinetic stability during experimental use. Differences
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from literature values likely arise from variations in lipid composition and measurement conditions rather
than formulation quality [40—-44].

Notably, near-neutral surface charge may enhance cellular uptake, while incorporation of steric
stabilizers could further improve stability for translational applications [40-44]. The present study did
not include time-dependent stability assessments, such as monitoring changes in particle size,
polydispersity index, or zeta potential during storage [40—-44]. Accordingly, while the obtained
physicochemical data support acceptable short-term dispersion behavior under the conditions tested,
comprehensive stability studies will be required in future work to confirm long-term colloidal stability and
storage robustness, especially for translational or in vivo applications [40—-44].

The control NanoLiposome exhibited a melting point of 126.74°C, while the curcumin and capsaicin
nanocapsules showed higher melting points of 153.7°C and 151.2°C, respectively. The elevated melting
points of the curcumin (153.7°C) and capsaicin (151.2°C) nanocapsules suggest strong molecular
interactions within the nanoparticle systems, likely contributing to improved thermal stability. In contrast,
the lower melting point of the control NanoLiposome (126.74°C) indicates reduced thermal stability;
possibly due to the absence of active compounds influencing the nanoparticle assembly. The enhanced
thermal stability of the curcumin and capsaicin nanoparticles may be attributed to improved
encapsulation efficiency, which provides protection to the active compounds from thermal degradation.
Statistical analysis of the curcumin nanocapsules revealed a t-value of -14.88 and a highly significant p-
value of 1.48 x 10-"", indicating that the observed melting point of 153.7°C is significantly lower than the
melting point reported in the literature (~ 180°C). This shift suggests that curcumin interacts strongly
with the carrier system, leading to improved stability. For capsaicin nanocapsules, a t-value of -5.25 and
a p-value of 5.41 x 10-% indicated that the melting point of 151.2°C is significantly different from the
literature value of approximately 160°C, confirming successful encapsulation within the lipid matrix

(Fig. 5, Table 3).

The lower melting points of the curcumin and capsaicin nanocapsules compared to their free forms
confirm the formation of stable nanocapsules, which enhances stability and regulates the release profile
of the active compounds. Our DSC results showed that the curcumin nanocapsules had a melting point
of 153.7°C, the capsaicin nanocapsules exhibited a melting point of 151.2°C, and the control
NanoLiposome had a melting point of 126.74°C. Curcumin's melting point is typically reported in the
range of 180-200°C, but encapsulation within a lipid carrier often lowers the melting point due to
interactions between curcumin and the carrier 3’.

Similarly, the melting point of capsaicin in our study (~ 152°C) aligns with values reported for lipid-based
nanocarriers 44, which range from 145 to 160°C. The thermal shift observed in curcumin (from ~ 180°C in
its free form to 153.7°C in the nanoencapsulated form) suggests that curcumin interacts strongly with
the phospholipid matrix. This shift in thermal behavior is particularly advantageous as it suggests that
the nanocapsules may offer protection against heat-induced degradation, a critical feature for
pharmaceutical and nutraceutical applications where stability is essential.
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Table 3
Nanoparticle characterization: size, zeta potential, and melting point.

Formulation TEM Size DLS Size Zeta Potential Melting Point
(nm) (nm) (mV) (*C)

NanoLiposome 130.27 £31.6 182.05+3.3 -3.5 126.74

(Control)

Curcumin Nanocapsule  85+8.8 75.7+4.03 -9.51 153.7

Capsaicin Nanocapsule 191 £ 37.41 48.85+4.46 -8.43 151.2

The discrepancy between particle sizes measured by TEM and DLS is expected due to their different
measurement principles [45, 46]. TEM assesses the dry core size of nanoparticles under high vacuum,
whereas DLS measures the hydrodynamic diameter in solution, including the solvation layer and surface-
associated components [45, 46]. Consequently, DLS typically reports larger sizes, particularly for lipid-
based nanocarriers, and is more sensitive to minor populations of larger particles due to its intensity-
weighted nature [45], such TEM-DLS differences are commonly reported for phytochemical-loaded
nanoformulations and reflect stable, well-dispersed colloidal systems [45, 46].

Cytotoxicity and Gene Expression. Cell viability was assessed by MTT assay in MCF-7, A549, and HepG2
cells treated with nano-curcumin, nano-capsaicin, or their combination. Both nano-formulations
produced dose-dependent cytotoxicity in all cell lines, while the combined treatment induced a
significantly greater reduction in viability than either agent alone, with HepG2 cells showing the highest
sensitivity, followed by MCF-7 and A549 (Fig. 6). Although the combination enhanced cytotoxicity and
apoptosis-related gene modulation relative to single treatments, the effect should be interpreted as
cooperative rather than strictly synergistic, as formal combination index analysis was not performed.
The enhanced response may reflect improved cellular uptake or convergence on shared apoptotic
pathways, warranting further dose—-response and mechanistic studies to define the interaction more
precisely [47, 48].

To elucidate the molecular mechanisms underlying the observed cytotoxic effects, the expression levels
of key apoptosis-related genes (p53, Bax, and Bcl-2) were analyzed by quantitative RT-PCR. In all tested
cell lines, treatment with nano-curcumin and nano-capsaicin individually resulted in a significant
upregulation of the pro-apoptotic genes p53 and Bax, accompanied by downregulation of the anti-
apoptotic gene Bcl-2. Importantly, the combined nano-treatment produced the most pronounced
transcriptional changes, characterized by maximal induction of p53 and Bax and the strongest
suppression of Bcl-2 expression. These effects were consistently observed in MCF-7, A549, and HepG2
cells, with HepG2 cells again demonstrating the greatest magnitude of gene modulation, in agreement
with their higher sensitivity observed in the MTT assay [49, 50].

The increased expression of the tumor suppressor p53 was observed upon treatment with both Nano
Curcumin and Nano Capsaicin, which significantly upregulated p53, indicating enhanced tumor
suppression (Fig. 7) [49, 50]. Similarly, the pro-apoptotic gene BAX was upregulated, confirming the
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induction of apoptosis, while the anti-apoptotic gene BCL2 was downregulated, further supporting the
activation of apoptotic pathways [51—-53]. These gene expression changes, alongside the significant
cytotoxicity observed, suggest that the combination of Nano Curcumin and Nano Capsaicin is highly
effective in inducing apoptosis. The p53/BAX/BCL2 pathway plays a crucial role in determining cell fate,
with deregulation of this pathway being implicated in tumorigenesis and chemoresistance [54].

The p53 protein, a crucial tumor suppressor, plays a central role in maintaining cellular stability and
preventing cancer formation by halting cell division or initiating apoptosis in response to irreparable
damage [55]. The p53 pathway is activated in response to cellular stress, such as DNA damage or
hypoxia, and induces either cell cycle arrest for DNA repair or apoptosis when damage is irreparable. p53
achieves this by upregulating pro-apoptotic genes like Bax, which promotes mitochondrial membrane
permeabilization and subsequent cytochrome c release, triggering caspase activation and apoptosis
[56].

The Bax/Bcl-2 ratio, a key indicator of intrinsic apoptosis, was significantly increased following nano-
treatments [57]. While nano-curcumin and nano-capsaicin alone produced moderate increases, their
combined treatment induced a pronounced elevation across all cell lines, with the highest effect
observed in HepG2 cells, followed by MCF-7 and A549. This shift toward a pro-apoptotic balance
supports the MTT findings and indicates activation of the mitochondrial apoptotic pathway. The
concurrent upregulation of p53 and Bax, along with Bcl-2 suppression, suggests enhanced stress-
induced apoptosis and mitochondrial dysfunction [58].

Overall, nano-encapsulation enhances the anticancer efficacy of curcumin and capsaicin, with their
combined nano-delivery producing superior pro-apoptotic and cytotoxic effects compared to individual
treatments. In this study, the upregulation of p53 and BAX, combined with the downregulation of BCL2,
confirms that apoptosis is the primary mode of cell death in HepG2, MCF-7 and A549 cells treated with
these compounds. In line with these findings, the combination treatment induced the highest expression
of pro-apoptotic proteins and the greatest suppression of anti-apoptotic proteins, supporting a
synergistic interaction between Nano Curcumin and Nano Capsaicin. These results suggest that these
natural compounds could serve as promising anti-cancer agents by promoting apoptotic cell death
through the p53/BAX/BCL2 axis [59, 60].

These findings provide valuable insight into the molecular mechanisms underlying the cytotoxic effects
of these compounds and highlight their potential as effective agents in cancer therapy. Additionally, RT-
PCR analysis of the Bax, Bcl-2, and p53 genes further supports the apoptotic response induced by the
combination treatment. The observed gene expression patterns—upregulation of Bax and p53, coupled
with downregulationof Bcl-2—confirm that the combination of Nano Curcumin and Nano Capsaicin
promotes apoptosis in treated cells [61].

The proposed apoptotic mechanism is inferred mainly from changes in mRNA expression of apoptosis-
related genes. Although transcriptional profiling provides insight into pathway activation, mRNA levels do
not necessarily reflect protein abundance, post-translational regulation, or functional execution of
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apoptosis. Thus, while the observed upregulation of pro-apoptotic and downregulation of anti-apoptotic
genes is consistent with apoptotic signaling, definitive confirmation requires protein-level and functional
validation. Accordingly, the present findings indicate apoptosis-associated signaling at the
transcriptional level rather than conclusive apoptotic cell death, and future studies will incorporate
proteomic and functional assays to strengthen mechanistic validation.

Conversely, Bcl-2, an anti-apoptotic protein, inhibits Bax, thus preventing apoptosis.In this study, the
combination treatment led to a significant increase in Baxexpression (6.07-fold) and a substantial
decrease in Bcl-2 expression (0.28-fold), indicating a shift towards an apoptotic pathway. The
upregulation of p53 (4.84-fold) aligns with the activation of apoptosis, suggesting that both Nano
Curcumin and Nano Capsaicin may trigger apoptosis by modulating the p53/BAX/BCL2 pathway [58—
61]. Overall, these results demonstrate that Nano Curcumin and Nano Capsaicin, particularly when used
in combination, exhibit potent anti-cancer properties by inducing apoptosis through the p53/BAX/BCL2
pathway. This makes them promising candidates for further research and development as potential
chemotherapeutic agents.

Although free curcumin and capsaicin were not evaluated in this study, their anticancer efficacy is well
known to be limited by poor aqueous solubility, chemical instability, rapid metabolism, and low cellular
uptake. Curcumin undergoes rapid degradation at physiological pH and shows extremely low
bioavailability, while capsaicin similarly exhibits poor solubility and fast clearance. Nanoencapsulation
can overcome these limitations by improving solubility, protecting against degradation, and enhancing
cellular internalization and intracellular retention. Therefore, the enhanced cytotoxic and pro-apoptotic
effects observed here are likely due to improved bioavailability and tumor cell interaction provided by the
nanoformulations rather than increased intrinsic potency. Future studies directly comparing free and
nanoformulated compounds with formal dose—-response analyses are needed to quantify the nano-
enabled enhancement.

The enhanced anticancer activity observed with combined nano-curcumin and nano-capsaicin treatment
is described as synergistic in a qualitative, mechanistic sense, reflecting a greater biological response
than either nanoformulation alone at comparable concentrations. This effect is supported by increased
cytotoxicity and upregulation of pro-apoptotic genes, consistent with the complementary molecular
actions of curcumin and capsaicin on intracellular signaling and mitochondrial stress pathways.
However, formal pharmacological synergy was not quantitatively evaluated using combination index or
isobologram analyses; thus, the term “synergistic” refers to an apparent cooperative or supra-additive
biological effect rather than a mathematically defined interaction. Future future studies employing dose—
response matrices and established synergy models will be required to rigorously quantify this
interaction.

Concluding Remarks and Future Work

Page 11/27



In this study, we successfully synthesized and characterized nanoformulations of curcumin and
capsaicin using the thin-film hydration method. Both nanocapsules exhibited enhanced physicochemical
properties that support their potential application in pharmaceutical and nutraceutical
formulations.Capsaicinnanocapsules (~ 48.85 nm) were smaller in size compared to curcumin
nanocapsules (~ 75.7 nm), as confirmed by transmission electron microscopy (TEM) and dynamic light
scattering (DLS). These reduced particle sizes suggest improved encapsulation efficiency and potential
for enhanced bioavailability. Zeta potential analysis revealed moderate colloidal stability, with values of
- 9.51 mV for curcumin and - 8.43 mV for capsaicin, indicating the need for further stabilization
strategies. Differential scanning calorimetry (DSC) demonstrated higher melting points for the
nanoencapsulated compounds compared to control liposomes, indicating improved thermal stability and
stronger molecular interactions within the lipid matrix.The nanoparticle formulations significantly
improved solubility, stability, and protection of the bioactive compounds from degradation. When
compared to previously reported systems, our nanocapsules exhibited smaller particle sizes and
competitive zeta potential values, further supporting enhanced stability and bioavailability. The observed
thermal shifts and reduced melting points suggest successful molecular encapsulation and potential for
controlled release applications. The combined nano-curcumin and nano-capsaicin treatment exerts
potent anticancer effects by significantly reducing cell viability and strongly modulating apoptosis-
related gene expression. The marked elevation of the Bax/Bcl-2 ratio confirms activation of the intrinsic
apoptotic pathway, with HepG2 cells showing the most pronounced response. These findings were
statistically validated and collectively support the conclusion that curcumin and capsaicin
nanoformulations are promising platforms for biomedical applications, including cancer therapy. Further
studies are warranted to optimize and expand the current findings. Key future directions should include:

» Enhancing zeta potential by incorporating stabilizing surfactants (e.g., PEGylation, Tween 80) to
improve colloidal stability and prevent nanoparticle aggregation.

e Conducting in vitro and in vivo pharmacokinetic studies to evaluate the absorption and systemic
distribution of the formulations.

 Investigating the release kinetics to characterize sustained and controlled drug release profiles.
¢ Assessing long-term storage stability to determine commercial feasibility.

 Validating apoptosis-related gene expression changes (p53, Bax, Bcl-2) using protein-level assays
such as Western blotting and functional apoptosis assays (e.g., Annexin V/PI staining, caspase
activity).

e Examining the synergistic apoptotic effects of combined nanoformulations of curcumin and
capsaicin through mechanistic and dose-response studies.

Together, these future investigations will provide deeper insight into the therapeutic potential of these
natural compounds and support their translation into clinical or commercial use.

EXPERIMENTAL section
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High-Performance Liquid Chromatography (HPLC) Analysis. Pure capsaicin and curcumin were
accurately weighed and separately dissolved in methanol or acetonitrile to obtain stock solutions,
following previously established methods. 6276 These stock solutions were serially diluted to achieve
the desired concentrations. Capsaicin standard solutions were prepared at concentrations of 1, 5, 10, 20,
and 50 pg/ml, while curcumin standard solutions were prepared at 5, 10, 20, 35, and 50 ug/ml. The HPLC
analysis of capsaicin was conducted using an Agilent C18 column (4.6 mm x 250 mm i.d., 5 yum) with a
mobile phase composed of 1% acetic acid and acetonitrile (50:50, v/v). The flow rate was set at 1.5
ml/min, with an injection volume of 20 pl. Detection was performed at a wavelength of 280 nm using a
multi-wavelength detector (MWD), and the column temperature was maintained at 40°C. For curcumin
analysis, the HPLC system used was an Agilent 1260 series equipped with the same Agilent C18 column.
The mobile phase consisted of acetonitrile and 2% acetic acid (50:50, v/v), with a flow rate of 2.0 ml/min
and an injection volume of 20 pl. Curcumin detection was carried out at 425 nm, with a reference
wavelength of 360 nm, while the column temperature was set at 40°C [26]. Each standard solution was
injected into the HPLC system, and peak areas were recorded at their respective detection wavelengths.
Calibration curves were constructed using freshly prepared external standards for both capsaicin and
curcumin by plotting peak area versus concentration,, and all reported concentrations were calculated
based on the validated linear range that demonstrated acceptable linearity (R? = 0.99). Data falling
outside the validated range were excluded from quantitative interpretation and are discussed
qualitatively where appropriate. The regression equation and correlation coefficient (R?) were determined
to ensure accurate quantification.

HPLC Analysis of Capsaicin and Curcumin Extracts. For capsaicin analysis, the compound was extracted
from chili pepper samples using methanol or ethanol®’. Similarly, curcumin was extracted from turmeric
using ethanol or methanol. In both cases, the extracts were filtered through a 0.45 pm membrane filter to
remove any particulate matter before HPLC analysis. A 20 pl aliquot of each sample solution was
injected into the HPLC system under the same chromatographic conditions established for their
respective standards. Capsaicin was identified by comparing its retention time with the standard, and its
concentration was determined using the calibration curve. Likewise, curcumin was identified and
quantified using the same method, ensuring accurate analysis of both compounds.

Synthesis and Characterization of Nanoparticles

Chemicals and Reagents. All chemicals and solvents were obtained from Sigma-Aldrich (USA) and
Merck (Germany) with analytical grade purity (> 99%). The materials used included phospholipid (60 mg
for combination formulations, 30 mg for individual formulations), cholesterol (4 mg for combination, 2
mg for individual formulations), capsaicin (7 mg), curcumin (8 mg), methanol (99%, Sigma-Aldrich, USA),
chloroform (99.5%, Merck, Germany), and phosphate buffer (10 ml, pH 7.4, Sigma-Aldrich, USA).

Preparation of Liposomes. Liposomes were prepared using the Bangham thin-film hydration method
[66]. The phospholipid, cholesterol, curcumin, and capsaicin were dissolved in a solvent mixture of
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methanol and chloroform. Phosphate buffer (10 ml) was added, and the solution was subjected to rotary
evaporation for 20 minutes to form nanoparticles. A mixture of soy lecithin and curcumin or capsaicin
was dissolved in ethanol and chloroform. The solvent was evaporated to form a thin lipid film, followed
by hydration with phosphate-buffered saline (PBS, pH 7.2) at 50°C for 15 minutes. The solution was
mechanically shaken and flushed with nitrogen before storage.

Characterization of Nanoparticles. Liposome morphology was analyzed using a JEOL JEM-2100 TEM
(Transmission Electron Microscopy) at 200 kV. Phosphotungstic acid (1% w/v) was used for negative
staining. Samples were diluted in Tris buffer (pH 7.4, 37°C), applied to TEM grids, and examined [67].
Particle size and charge were measured using a Nanotrac Wave Il (Microtrac, USA) in Tris buffer (pH 7.4,
25°C). Dynamic light scattering (DLS) and Zeta potentialdata were expressed as mean + standard
deviation [68]. Lyophilized samples were analyzed using a Jasco-6300 FT-IR (Fourier-Transform Infrared
Spectroscopy)spectrometer in the 400—4000 cm~" range with KBr pellets [69]. Differential scanning
calorimetry (DSC)was performed using a Shimadzu DSC-50 calorimeter. Samples (0.5 mg) were
analyzed from 20-200°C at 2°C/min [70].

Cell Culture and Molecular Analysis
Cytotoxicity Evaluation (MTT Assay).

HepG2, MCF-7, and A549 human cancer cell lines were obtained from VACSERA Cell Culture Unit. These
are well-established immortalized human cancer cell lines widely used in biomedical research. The study
did not involve human participants or animal experimentation; therefore, ethical approval and informed
consent were not required. HepG2, MCF-7 and A549 cells were cultured in a 96-well plate and treated
with nanoformulations. After 24 hours, cell viability was assessed using the MTT assay at 570 nm, and
IC50 values were determined [71].

RNA Extraction and cDNA Synthesis. Total RNA was extracted from HepG2, MCF-7 and A549 cells using
the Qiagen RNA extraction kit (Cat No. 74534, Germany)following the manufacturer’s protocol. RNA
integrity and purity were evaluated using a NanoDrop spectrophotometer and confirmed through
agarose gel electrophoresis [72-74]. High-quality RNA is essential for accurate downstream
applications, as degradation can significantly impact gene expression analysis’>’®. Complementary
DNA (cDNA) was synthesized using a reverse transcription reaction with the BioRadcDNA synthesis kit
(Cat No. 170-8840, USA). The reaction was carried out in a total volume of 20 pl, including 1 pg of total
RNA, oligo(dT) primers, dNTPs, reverse transcriptase, and the reaction buffer. The reaction conditions
were set at 25°C for 10 min, followed by 42°C for 60 min and inactivation at 85°C for 5 min 3. RT-PCR
was performed using the Rotor-Gene RT-PCR system with SYBR Green PCR master mix (BioRad) for
fluorescence detection. Gene-specific primers were designed for Bax, Bcl-2, p53, and GAPDH, which
served as a housekeeping gene (Table 4).
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The thermal cycling program included an initial denaturation at 95°C for 10 min, followed by 40 cycles of
denaturation at 95°C for 15 sec, annealing at 60°C for 30 sec, and extension at 72°C for 30 sec.
Fluorescence was monitored at each cycle, and threshold cycle (Ct) values were recorded. Gene
expression was normalized to GAPDH using the 2*-AACt method [64]. The use of GAPDH as a reference
gene has been widely validated for normalization in gPCR assays [75, 76].

Statistical Analysis. Results were expressed as mean + SD. Statistical significance was assessed using
the Wilcoxon rank-sum test (p < 0.05), which is widely employed for non-parametric comparisons
between independent groups [66].

Table 4
Primer nucleotide sequences utilized in RT-PCR.

Gene name Sequences (5-3")

Bax F-TCAGGATGCGTCCACCAAGAAG
R:-TGTGTCCACGGCGGCAATCATC
Bel-2 F:ATCGCCCTGTGGATGACTGAGT R:GCCAGGAGAAATCAAACAGAGGC
p53 F:CCTCAGCATCTTATCCGAGTGG
R:-TGGATGGTGGTACAGTCAGAGC
GAPDH F:CATCACTGCCACCCAGAAGACTG R:ATGCCAGTGAGCTTCCCGTTCAG
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Figure 1

The full FTIR spectra of empty lecithin and lecithin / Curcumin or Capsaicin liposomal samples.
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Figure 2

TEM images for controlliposomes (A), Curcumin-loaded liposomes (B) and Capsaicin-loaded liposomes
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Figure 3

Particle Size distribution of liposomes analyzed by dynamic light scattering (DLS) for (A) empty lecithin
liposomal sample, (B) Curcumin-encapsulated liposomes and (C) Capsaicin-encapsulated liposomes.
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Figure 4

Zeta potential for (A) empty lecithin liposomal sample, (B) Curcumin-encapsulated liposomes and (C)
Capsaicin-encapsulated liposomes.
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Figure 5

DSC curves for pure lecithin, liposomes doped with either Curcumin or Capsaicin.
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Figure 6

Cell viability assessed by MTT assay following treatment with individual and combined nano-
formulations (Nano-Curcumin, Nano-Capsaicin, and their combination) in MCF-7, A549, and HepG2 cells.
Results are expressed as percentage cell viability relative to untreated control cells and presented as
mean * SD.
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Figure 7

Relative mMRNA expression levels of pro-apoptotic genes (p53 and Bax) and the anti-apoptotic gene (Bcl-
2) in MCF-7, A549, and HepG2 cells treated with Nano-Curcumin, Nano-Capsaicin, and their combination,
as measured by quantitative RT-PCR. Data are expressed as fold change relative to control cells and
presented as mean + SD.
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