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Abstract

Aim: The current study uses the depicted approach to synthesize curcumin-piperine loaded Poloxamer F-
68 coated magnetic nanoparticles (CUR-PIP-F68-Fe;0, NPs) to achieve a synergistic anti-cancer impact on
an in vitro HCT-116 colon cancer cell. Integrating magnetic nanoparticle technology with phytoconstituents
enhances the potential for targeted drug delivery with minimal systemic toxicity and facilitates therapeutic
outcomes.

Methods: A Box-Behnken design was employed to optimize the CUR-PIP-F68-Fe;0, NPs prepared by the
co-precipitation method. Optimized formulation was evaluated for morphological characteristics, elemental
composition, and magnetic properties. An in vitro cytotoxicity assay was conducted to observe the %
viability of cells and to further calculate the IC50. Cellular uptake studies were investigated using confocal
microscopy.

Results: Results showed that the optimised nanoparticles possessed a particle size of 158.7 + 0.057 nm,
zeta potential of -30.3 + 0.1 mV, and encapsulation efficiency of 98.85 + 0.066%. Analysis by vibrational
sample magnetometer revealed that magnetic saturation was 75.6 emu/g and 50.7 emu/g for bare Fe;0,
nanoparticles and drug-loaded magnetic nanoparticles, respectively. Scanning electron microscopy (SEM)
depicted the morphological characteristics; elemental composition of synthesized magnetic nanoparticles
was confirmed by energy dispersive X-ray (EDX) analysis by illustrating the presence of C (13.50 * 0.30%),
Fe (78.81 = 1.23%), and O (7.69 * 0.29%). The MTT assay and cellular uptake studies unveiled that CUR-
PIP-loaded magnetic nanoparticles possess a synergistic cytotoxic effect and the highest drug uptake
against the HCT-116 colon cell line.

Conclusions: The combination approach of curcumin-piperine magnetic nanoparticles to HCT-116 cells
enhanced the anticancer efficacy of the curcumin and further demonstrated the potential of this approach
to conduct in vivo studies.
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Introduction

Cancer is a disease of unregulated cell growth that can affect any body part and develop beyond its usual
limits, invading adjoining tissues and spreading to other organs [1, 2]. As per the World Health Organization
report, 19.9 million new cases and 9.7 million deaths were reported in 2022 due to various types of cancer,
and annual new cases are expected to upsurge to 27.6 million globally by 2030 [3]. According to GLOBOCAN
2022 data, lung cancer is the leading cause of cancer deaths, reportedly 1.8 million (18.7%), followed by
colorectal accounting for roughly 0.9 million deaths (9.3%), liver cancer (7.8%), breast cancer (6.8%),
stomach cancer (6.5%), and pancreatic cancer (4.8%) [4]. The number of colorectal cases and death rate at
the global level reflects the burden of cancer incidence and mortality associated with it, which provokes and
demands thinking upon the risk factors associated with and/or initiating the cancer, and a promising
solution for their management.

Several drugs are available for colorectal cancer, but for known and unknown reasons, most of these
drugs are ineffective, expensive, and have safety concerns. One of the prime reasons for their failure is the
single target for action, such as Coxibs (Cyclooxygenase or COX-2), Erbuitux (Epidermal Growth Factor
Receptor), and Avastin (Vascular Endothelial Growth Factor or VEGF) [5]. Another reason for the failure of
existing treatments is the inability of commercially available chemotherapeutic agents or existing therapies
to kill cancer cells. This is often due to challenges associated with the systemic route, leading to variations
in absorption, distribution, metabolism, as well as a failure to deliver drugs to target tissues. Furthermore,
heterogeneous drug distribution within the tumour region and systemic side effects such as multi-drug
resistance, bone marrow suppression, and hair loss also limit their efficacy [6-8].

To overcome the above limitations, this proposed research work is aligned with an approach of
blending the traditional system of medicine (phytoconstituent) and novel technology (magnetic
nanoparticles) for effective and affordable treatment of cancer.

Curcumin, an active component of Curcuma longa, is one of the eminent species mostly cultivated in
warm climates around the globe [9], and its rhizomes are the most widely used part [10], containing
bioactive non-volatile and volatile compounds [11]. Curcumin demonstrates a complex mechanism of
action to fight cancer cells. Curcumin helps in regulating cell proliferation and causes apoptosis by
inhibiting the NF-kxB and Akt/mTOR pathways, or modifying the MAPK pathway, or by changing Bcl-2
family proteins and activating caspases [12]. Moreover, curcumin suppresses pro-angiogenic factors such
as VEGF and bFGF and impairs the functions of endothelial cells to prevent angiogenesis. Furthermore,
curcumin modifies histone enzymes, influences DNA methylation, and changes microRNA expression to
impact epigenetic regulation [13, 14].

Despite a proven number of therapeutic properties, Curcumin has many obstacles that prevent it from
being used effectively in clinical settings. Its low bioavailability is one of the most significant problems. Due
to its low water solubility (0.008 mg/mL), curcumin is poorly absorbed in the digestive system, restricting
its potential therapeutic use. Curcumin’s fast metabolism in the liver and intestinal walls results in a short
plasma half-life and decreased availability in the bloodstream. In the liver, curcumin is rapidly conjugated
to glucuronides and sulfates, forming more water-soluble conjugates that facilitate their excretion via urine
[15].

Additionally, curcumin is metabolized into several products: dihydrocurcumin, a reduced form of
curcumin, which has potentially different biological activities; tetrahydrocurcumin, another reduced form
that is more stable and also found in the urine; and hexahydrocurcumin, which features a fully saturated
ring system and may exhibit distinct biological activities from curcumin. These metabolic products, along
with curcumin glucuronides and curcumin sulfates, contribute to the overall low bioavailability and
reduced therapeutic effectiveness of curcumin. Another challenge is the instability of curcumin, which is
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prone to degradation under physiological conditions, particularly at neutral and alkaline pH, further
complicating its effectiveness. Lower absorption and rapid excretion from the body, and hence limited
bioavailability, necessitate large doses to maintain stable therapeutic levels, which can be impractical [16].

Combination approach with piperine

Piperine, a bioactive compound with the formula C;,H;9NO; present in black pepper (Piper nigrum), has
been reported to lower cancer incidence in rat lung cancer models [17]. It has been extensively documented
that piperine inhibits the proliferation of colon cancer cell lines by inducing apoptosis and G1 arrest in the
cell cycle [18]. Piperine also significantly enhances curcumin’s bioavailability by enhancing intestinal
absorption and inhibiting certain enzymes that participate in drug metabolism (e.g., cytochrome P450) [19,
20]. Many studies have reported that the co-delivery of piperine with curcumin can increase curcumin’s
bioavailability by up to 2000%. By combining curcumin and piperine, formulations can achieve therapeutic
concentrations of curcumin that would otherwise not be possible with curcumin alone. This makes the
combination more effective in treating conditions such as various cancers, arthritis, and cardiovascular
disorders [21, 22].

Magnetic nanoparticles (MNPs) are a type of nanomaterial composed of metal substances like iron,
nickel, cobalt, chromium, and manganese and their derivatives. MNPs have the significant advantage of
being magnetically modulated with an external magnetic field to target certain organs or tissues [23].
Primarily, MNPs are comprised of an inner core shell made up of magnetite (Fe;0,) or maghemite Fe,0O;
and a coating material (polymers). Their ability to concentrate curcumin at tumor locations while reducing
off-target effects makes MNPs especially helpful in precision therapy [24]. Moreover, imaging applications
can make use of their magnetic characteristics. In a previous study, curcumin MNPs showed a preferential
uptake in MDA-MB-231 cells in a concentration-dependent manner and demonstrated accumulation
throughout the cell, which indicates that particles are internalized through endocytosis [23, 24]. Another
recent study published the synergistic effect of curcumin-piperine on MCF-7 breast cancer cells and showed
significant cytotoxicity as compared to the individual drug [25].

However, there is no specific research available on the optimization of MNPs and uptake studies
against the HCT-116 human colorectal carcinoma cell line. The present study synthesizes a hybrid system
that provides a novel treatment to synergistic cancer treatment by delivering two natural compounds via a
therapeutically translatable and magnetically responsive nanocarrier, providing new evidence on the
effectiveness of the curcumin-piperine combination delivered. The combined effect of the nanosystem was
investigated using cell viability and cellular uptake analysis to give more evidence on the interaction of two
active phytoconstituents with HCT-116 cancer cells.

Materials and methods
Materials

Piperine was procured from Thermo Scientific Chemicals (Cat. no. A13510). Curcumin (99%), ferric
chloride, and ferrous sulphate were bought from Central Drug House (CDH) Pvt. Ltd., Delhi (Cat. no.
020031). Poloxamer-F68 (Pluronic®F68) from HiMedia Laboratories, Cat. no. TC222, Mumbai, India. Every
other chemical utilized in the investigation was acquired from nearby suppliers and is of analytical grade.

Methods
Synthesis of MNPs

Ferrous sulfate tetrahydrate and ferric chloride hexahydrate were prepared in a molar ratio of 1:2 (by
taking 4.63 g of Ferrous sulfate tetrahydrate and 9.00 g of ferric chloride hexahydrate in distilled water) to
prepare the Fe;0, nanoparticles by the co-precipitation method as illustrated in Figure 1. Prepared mixture
was continuously sonicated using a probe sonicator (Pro 650, LabMan) at 65°C, followed by dropwise
addition of ammonium hydroxide solution till the color changed from brown to black and pH reached 12
[23]. Stirring was continued for 30 minutes and then continuously purged with N, for another 10 minutes.
The precipitates were then allowed to settle for 12 h at room temperature, followed by centrifugation and
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multiple washes with triple-distilled water. The collected precipitate was then dried at 60°C in a vacuum
oven for 1 h. The final product, Fe;0,-NP, was obtained as a black powder.

CURCUMIN
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Figure 1. Chemical structure of curcumin and piperine.

Chemical reaction is expressed as:

4FeS0, + 2FeCl, + 10NH,OH — Fe;0, + 8NH,Cl + 10H,0

Coating of MNPs

For coating of iron oxide nanoparticles, a 1% w/v solution of poloxamer F-68 polymer was prepared by
dissolving in distilled water at a temperature of 60 + 0.5°C, and approximately 200 mg of iron oxide
nanoparticles were added and mixed using a magnetic stirrer for 12 h. Coated particles were separated by
the use of a permanent magnet and dried in a vacuum at 60 * 0.5°C.

Formulation of drug-loaded MNPs

Curcumin-piperine drug loading for the MNPs based on the Box-Behnken statistical design F1 to F17 was
carried out by dispersing 100 mg of poloxamer F-68-coated MNPs in water and stirring with a magnetic
stirrer (REMI Lab World, Mumbai) at 1500 rpm. In another beaker, 20 mg of curcumin and 10 mg of
piperine were dissolved in methanol and added to the coated-MNPs solution under continuous magnetic
stirring for 24 h to facilitate drug uptake. After 24 h, MNPs were collected using the magnet, washed with
distilled water, and dried using a vacuum oven (RVO-50, REMI Lab World) at 60 + 0.5°C.

Optimization of curcumin piperine-loaded MNPs using Box-Behnken statistical design

Stat-Ease (Stat-Ease Inc., Minneapolis, USA) Design Expert® 13 software was used to apply the Box-
Behnken design to optimise the Fe;0, nanoparticles, mainly focusing on three critical factors:
concentrations of magnetite (A), coating solution (B), and sonication time (C). The critical responses chosen
for this study were particle size (R1), zeta potential (R2), and encapsulation efficiency (R3). The maximum
and minimum level value given to each independent variable is represented in Table 1.

Table 1. Variables used for the formation and optimization of CUR-PIP-loaded MNPs by Box-Behnken design.

Factors Levels

Independent variables Unit Low High
A: Concentration of magnetite Yow/v 0.1 0.4
B: Concentration of coating solution Yow/v 0.5 1.5
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Table 1. Variables used for the formation and optimization of CUR-PIP-loaded MNPs by Box-Behnken design.
(continued)

Factors Levels

C: Sonication time minutes 30 60
Dependent variables Goals

R1: Particle size Minimize

R2: Zeta potential Maximise

R3: Encapsulation efficiency Maximize

Characterization

Particle size and polydispersity index

Particle size analysis and polydispersity index (PDI) determination of the synthesized iron oxide
nanoparticles, MNPs, after performing coating and formulation of curcumin-piperine loaded iron oxide
nanoparticles, were conducted utilizing a particle size analyser (Nano ZS, Malvern Instruments, UK) by
dispersing prepared MNPs in distilled water [26].

Zeta potential determination

The zeta potential of bare MNPs, MNPs with polymer coating, and CUR-PIP-F68-Fe;0, nanoparticles was
measured using a zeta sizer (Anton Parr, Litesizer DLS 500). The sample was sonicated for 5 min [27], and
the dispersion was prepared using water (10 mL).

Scanning electron microscopy-energy dispersive X-ray (SEM-EDX) analysis

SEM-EDX analysis of the synthesized bare MNPs and drug-loaded iron oxide nanoparticles was conducted
using an SEM (JSM 6100, Jeol) to investigate their morphology and elemental composition. For this analysis,
a small amount of the nanoparticle sample was dispersed onto a conductive substrate, and a gold coating
was performed to prevent charging under the electron beam [28].

Transmission electron microscopy (TEM)

The morphology of the formed nanoparticles was examined with a transmission electron microscope
(Technai, FEI Co., The Netherlands). For this, one mL of nanodispersion was diluted 100 times and one drop
of diluted dispersion was placed on a copper grid alongside 2% phosphotungstic acid, which served as a
negative stain. The constructed grid was dried and examined under a microscope at an appropriate
magnification to obtain microphotographs [29].

Vibrating simulating magnetometry

During vibrating simulating magnetometer (VSM) measurement, the magnetization of the sample aligns
with the external magnetic field. To study the magnetic characteristics of the synthesized MNPs, the
experiment was performed on a vibrating sample magnetometer (7410 series, Lake Shore Cryotronics,
United States) at room temperature up to a magnetic field of 2 T.

Encapsulation efficiency

The encapsulation efficiency (EE) of the formulated CUR-PIP-F68-Fe;0, was determined using an indirect
method by estimating the total amount of free curcumin and piperine in the supernatant [30]. For this
purpose, 10 mg of the drug-loaded MNPs was added to 10 mL of distilled water. The mixture was then
centrifuged using a centrifuge machine at 5,000 rpm for 30 min. After centrifugation, the supernatant
containing free drug was separated from the pellet. The concentration of free curcumin or piperine in the
supernatant was determined by HPLC (Agilent 1220 Infinity LC equipped with UV detector) at A, of
376 nm (isosbestic point of curcumin and piperine) after appropriately diluting the sample. The percentage
encapsulation efficiency (%EE) of the MNPs was calculated using the following equation:
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Total Drug Concentration — Free Drug Concentration
Total Drug Concentration

%EE (curcumin or piperine) = X 100

In vitro cytotoxicity assay

To conduct this experiment, the HCT-116 cell line was procured from NCCS Pune. 10,000 cells were grown
for 24 h in a plate containing 96 wells, maintaining the temperature at 37 + 0.5°C with 5% CO, in Dulbecco’s
Modified Eagle media- AT149 containing 10% fetal bovine serum (HIMEDIA-RM 10432) and 1% antibiotic
solution (Sigma-Aldrich P0781) [31]. The subsequent day, cells were exposed to various concentrations of
curcumin-piperine free drug, curcumin MNPs, piperine MNPs, and their combinations. MTT (5 mg/mL) was
incorporated into the cell culture after it had been incubated for 24 h, followed by incubation for an
additional 2 h in a CO, incubator with an air jacket (Heal Force-HF90, Shanghai, China). Following
incubation, the culture medium containing MTT was carefully removed without disturbing the formazan
crystals, and the cell layer matrix was dissolved in 100 pL Dimethyl Sulfoxide (SRL- Cat no.- 67685), and
read in an ELISA plate reader (iMark, Biorad, USA) at 540 nm. The half-maximal inhibitory concentration
(IC50) was estimated using GraphPad Prism-6. Pictures were taken by an AmScope digital camera (Aptima
CMOS). Mean  standard error of the mean (SEM) was used to present the data.

Absorbancetest

% Viable cells = ( ) X 100

Absorbance Conirol

Cellular uptake of compounds in the cell line—HCT-116

Ultraclean coverslips were placed in 6-well plates, followed by the addition of 200 pL 3-
aminopropyltriethoxysilane (APTES) (APTES is a silane coupling agent that is commonly used to modify the
surface of sample Particles to improve their cellular uptake) to each well, ensuring that each coverslip was
dipped properly. After 1 h of incubation, the APTES solution was collected back into the stock solution. The
well was rinsed with complete medium twice to remove any traces of APTES. At 90% confluency, cells were
harvested from the flask. Then, cells were seeded in 6-well plates at a density of 5,000 to 10,000 cells/well
in appropriate medium. The plate was incubated for 24 h at 37°C with 5% CO,. Next, the medium was
removed, and fresh culture media were added to the well of the plate containing desired concentrations of
compound/ formulation and 1 pL per mL of fluorescein isothiocyanate (FITC), and incubated for 24 h. FITC
was covalently conjugated to the nanoparticles by reacting with the isothiocyanate group of FITC with the
primary amines present on the surface of the nanoparticles. The amine groups were loaded by a surface
functionalization with APTES. Reaction was performed in the dark with mild stirring at room temperature
for 12-24 h. The nanoparticles labeled with FITC were purified by extensive washing to elute unbound dye
from their surface. This covalent coupling results in a stable thiourea bond and ensures predictable
fluorescence labeling. After the incubation period, the culture medium was removed, and 1 mL of 3%
paraformaldehyde solution was added and incubated for 20 min. Then the plate was rinsed with sterile
PBS. 100 pL of 1 pg/mL DAPI (4’,6-diamidino-2-phenylindole) solution was added to the coverslip and
incubated for 30 min, and then rinsed with sterile PBS. At last, the coverslip was taken off and placed on a
spotless slide [32]. An Inverted Laser Scanning Confocal Microscope (LSM 900, ZEISS) was used to examine
the prepared slides. The cellular internalization of CUR-PIP-loaded MNPs was measured through the
intrinsic autofluorescence properties of curcumin (green fluorescence; excitation/emission ~420/530 nm).
Three groups of images—DAPI, FITC, and Merged—were captured. The software Image] (Version 1.54d)
was then used to analyze the images and assess their intensity.

Statistical analysis

All statistical analyses were conducted using Design-Expert® version 13 software (Stat-Ease Inc.,
Minneapolis, USA) and GraphPad Prism® version 6 (GraphPad Software Inc., USA). Analysis of variance
(ANOVA) was applied to determine the statistical significance of the model and individual terms. A p-value
of less than 0.05 was considered statistically significant. For cytotoxicity studies, results were expressed as
mean = SEM from triplicate experiments. IC50 was calculated using nonlinear regression analysis with
GraphPad Prism software. Differences in cellular uptake were evaluated by image analysis using Image]
(Version 1.54d).
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Results
Optimization of CUR-PIP-F68-Fe;0, NPs

The MNPs were optimized using a Box-Behnken design, which systematically investigates the influence of
three key factors: magnetite concentration (A), concentration of coating solution (B), and sonication time
(C) on particle size (R1), zeta potential (R2), and encapsulation efficiency (R3) as shown in Table 2.

Fitting of data to a model

The significant difference between the independent variables (4, B, and C) was evaluated using the ANOVA.
The observed response was tailored to different models, i.e,, first, second, and quadratic models of Design
Expert. The low predicted value of residual error, sum of squares, and high R-squared value show that for
all responses, the best-fitted model was a quadratic model (“Prob > F” < 0.0001). For dependent variables
R1, R2, and R3, the model F-value was found to be significant with values 18.75, 96.71, and 47.06,
respectively. Furthermore, according to the polynomial equations observed for responses: A, B, C, A% and
B?, model terms were observed as significant terms for response R1; the model terms A, B, C, AB, A% and B?
were found to be significant terms for response R2. For response R3, the significant model terms were
identified as A, B, AB, and B2 For all responses, R1, R2, and R3, the lack of fit F-value was found to be 0.26,
4.75, and 0.24, respectively. These observations pointed towards the statistic that the lack of fit was
insignificant and related to pure error. For responses R1, R2, and R3, the R-squared values were found to be
0.960, 0.992, and 0.984, respectively. The adequate precision values were 15.65, 35.11, and 25.79 for
responses R1, R2, and R3, respectively. A value of more than four was desirable for adequate precision.
Table 3 [mean = SD (n = 3)] gives the statistical summary for all responses.

Response 1 (R1): Effect of independent variables on particle size

In nanoparticle drug delivery systems, particle size is the utmost criterion. The polynomial equation for
response R1 is given below:

R1 (particle size) = + 227.42 + 61.06A — 64.80B — 19.74C + 7.33AB + 1.70AC
+12.48BC + 29.84A% + 24.42B% + 5.04C?

Three-dimensional (3D) plots and contour plots help to explicate the interactions between the
formulation variables and the dependent variable (Figures 2, 3, and 4).

For R1 response, in the equation, a positive value of A represents that particle size increases as the
concentration of magnetite increases, while with B and C, a negative coefficient was observed, representing
a decrease in particle size as the concentration of coating solution and sonication time increased,
respectively, as illustrated in Figure 2. Table 2 shows the average particle size of several formulations of
MNPs. The greater particle size (390.6 + 1.15 nm) was observed at low coating solution concentrations
(0.5% w/v) surrounding the magnetite core. However, with the increase in concentrations of independent
variable B (1.5% w/v) and C, sonication time, particle size was found to be decreased (158.7 + 1.31 nm).

Response 2 (R2): Effect of independent variables on zeta potential

The polynomial equation for response 2 is given below:
R2 (zeta potential) = — 19.73417 + 10.25A — 5.265B — 0.183C — 10.00AB + 0.12222AC
+0.0366BC + 58.66A% — 4.72B + 0.00086C>

For R2 response, in the equation, a positive value of A (magnetite concentration) signifies that the zeta
potential declines (to become less negative) as the magnetite concentration increases suggesting a possible
reduction in colloidal stability, while with B (concentration of coating solution) and C (sonication time), a
negative coefficient was observed, imply that increasing either variable result in a more negative zeta
potential, thereby enhancing the electrostatic stabilization of the nanoparticle dispersion. It has been
observed that with an increase in coating solution, zeta potential increases to the negative side (-21.3 mV
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Table 2. Nanoparticle batches containing factor and response, along with their predicted and observed results.

Run Independent variable

Dependent variable

A: Concentration of magnetite B: Concentration of coating

C: Sonication time

R1: Particle size (nm)

R2: Zeta potential (mV)

R3: Encapsulation

(Yowlv) solution (%w/v) (minutes) efficiency (%)
Observed Predicted Observed Predicted Observed Predicted
value value value value value value

1 0.25 (0) 1(0) 45 (0) 240.7 £0.31 227.42 -18.3 -18.94 88.7 £ 0.15 87.63
0.058

2 0.25(0) 1(0) 45 (0) 2427 £1.42 227.42 -19.1 ¢+ -18.94 88.5+0.25 87.63
0.153

3 01(-1) 1.5 (+1) 45 (0) 158.1 £1.31 148.48 -25.7 + -25.82 98.85+0.71 98.32
0.458

4 04 (+1) 1.5 (+1) 45 (0) 279.4+0.91 285.26 174 + -16.80 84.43+210 85.17
0.200

5 0.25(0) 1(0) 45 (0) 182.4£0.59 227.42 -19.1+ -18.94 88.7 £ 2.54 87.63
0.208

6 04(+1) 0.5 (1) 45 (0) 390.6 £1.15 400.21 -104 + -10.28 60.88 £ 1.04 61.41
0.493

7 0.25(0) 1(0) 45 (0) 235.2+1.16 227.42 -19.1 ¢+ -18.94 83.57+1.72 87.63
0.153

8 0.25(0) 0.5 (-1) 30 (-1) 355.9+1.86 353.88 -16.6 + -16.56 7257 £0.82 72.44
0.204

9 0.25(0) 1(0) 45 (0) 236.1+2.52 227.42 -19.1 ¢+ -18.94 88.7 £ 1.47 87.63
0.153

10 0.1(-1) 0.5 (1) 45 (0) 298.6 £0.75 292.73 -21.7 -22.30 85.8 £ 1.67 85.06
0.100

11 0.25(0) 1.5 (+1) 30 (-1) 197.6 +0.51 199.34 217 + -22.14 92.1+1.96 91.77
0.200

12 0.25(0) 0.5 (-1) 60 (+1) 291.2+1.70 289.46 -18.7 -18.26 7411 +£1.10 74.44
0.153

13 0.4 (+1) 1(0) 60 (+1) 309.8+£1.08 301.93 -119+ -12.46 75.59+052 74.73
0.180

14 0.1 (-1) 1(0) 60 (+1) 175.6 £ 1.54 183.20 -23.7 + -23.54 9445+ 1.08 94.85
0.306

15 0.25(0) 1.5 (+1) 60 (+1) 182.8+1.21 184.81 227 + -22.74 92.01+£0.29 92.13
0.115

16 0.4 (+1) 1(0) 30 (-1) 3524 +£1.34 344.80 -11.7+ -11.86 75.67 £0.75 75.27
0.252

17 0.1 (-1) 1(0) 30 (-1) 2114 £1.67 219.28 224 + -21.84 91.09+£1.20 91.95
0.265
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Table 3. Statistics summary of all responses (R1, R2, and R3).

Parameters Df Sum of squares Mean F-value P-value R Adjusted R? Predicted R? S.D. CV% Adequate precision
Particle size

Model 9 74,261.54 8,251.28 18.75 0.0004 0.9602 0.9090 0.8431 20.98 8.22 15.64
Residual 7 3,079.74 439.96

Lack of fit 3 507.23 169.08 0.2629 0.8494

Pure error 4 2,572.51 643.13

Cor total 16 77,341.27

Zeta potential

Model 9 290.27 32.25 96.71 < 0.0001 0.9920 0.9818 0.8976 0.5775 3.07 3511
Residual 7 2.33 0.3335

Lack of fit 3 1.82 0.6075 4.75 0.0833

Pure error 4 0.5120 0.1280

Cor total 16 292.60

Encapsulation efficiency

Model 9 1,475.12 163.90 47.06 < 0.0001 0.9837 0.9628 0.9389 1.87 2.21 25.79
Residual 7 24.38 3.48

Lack of fit 3 3.71 1.24 0.2389 0.8654

Pure error 4 20.68 517

Cor total 16 1,499.50

to -30.3 mV as depicted in Figure 5). From the plots (Figure 3), it was depicted that zeta potential decreases to the positive side (to become less negative) as the
concentration of the independent variable A (magnetite) increases.

Response 3 (R3): Effect of independent variables (A, B & C) on encapsulation efficiency.

The polynomial equation for response 3 is given below:
R3 (encapsulation efficiency) = + 51.825 — 38.69A + 38.79B + 0.834C + 35.000AB — 0.382AC

—0.054BC — 80.92A% — 13.29B* — 0.007C*

For the R3 response, in the equation, the negative value of A (concentration of magnetite) indicates that encapsulation efficiency decreases as the magnetite
concentration increases. The positive coefficient of B and C shows that the encapsulation efficiency increased as the concentration of coating solution (B) and
sonication time (C) increased. The minimum and maximum encapsulation efficiency values for curcumin-piperine loaded Poloxamer F-68 coated magnetic
nanoparticles (CUR-PIP-F68-Fe;0, NPs) observed were 60.88 + 1.04% for F6 and 98.85 * 0.71% for F3, respectively, as depicted in Table 2. The 3D response
surface plots and contour plots for response 3 are given in Figure 4.
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Figure 5. Particle size (a—c) and Zeta potential (d—f) of bare MNPs, MNPs with coating, and CUR-PIP-F68-Fe,O, NPs,
respectively. MNPs: magnetic nanoparticles.

Optimization of drug-loaded formulation

The point prediction method of Design Expert software was applied to optimize the developed formulation.
Five optimum checkpoint formulations (Table 4) were prepared based on criteria accomplishing minimum
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particle size with maximum encapsulation efficiency and zeta potential. The desirability found for the
optimised formulation was 0.998. Predicted formulations were formulated in the laboratory, and further
characterization, such as particle size, zeta potential of the particles, and encapsulation efficiency, was
measured. It is clear from the results shown in Table 4 that the formulation with 0.1% w/v of magnetite,
1.5% w/v of coating solution, and a sonication time of 52.82 min shows good agreement with the predicted
values. For dependent variables R1, R2, and R3, the optimal values were determined to be 158.7 *
0.057 nm, -30.3 £ 0.100 mV, and 98.85 + 0.066%, respectively. For further analysis, the selected optimal
formulation was employed.

Table 4. Composition of checkpoint formulation.

Formulation composition Response variable  Experiment value (n = 3) Predicted value  %Predicted error
A:B:C
0.1:1.5:52.82 R1 158.7 £ 0.057 158.4 -0.1894
R2 —-30.3£0.100 —25.99 -16.583
R3 98.85 + 0.066 98.49 —-0.365
0.138:1.5:60 R1 181.1£1.738 178.3 -1.570
R2 —26.62 +0.011 —25.67 -3.700
R3 96.01 £ 0.073 96.93 0.949
0.169:1.5:33.93 R1 189.4 + 0.265 190.7 0.682
R2 —23.7 £ 0.057 —24.25 2.268
R3 94.20 + 0.251 95.23 1.081
0.105:1.386:45.74 R1 195.90 + 0.351 198.64 1.379
R2 -21.5+0.116 -22.70 5.286
R3 93.75+0.189 94.30 0.583
0.260:1.5:30 R1 205.60 £ 1.011 204.13 -0.720
R2 -18.9 £ 0.076 -21.85 13.501
R3 87.89 + 0.030 91.38 3.819

Particle size determination

Particle size of bare MNPs (magnetic core of iron oxide; Fe;0,4), poloxamer F-68 coated MNPs, and CUR-PIP-
F68-Fe;0, MNPs was measured using a particle size analyser (diffraction laser spectroscopy). It has been
reported in a number of studies that the size obtained by the DLS technique is affected by the thickness of
the electrical double layer and adsorption of the material on the surface of nanoparticles [33, 34]. The
average hydrodynamic diameters for bare MNPs, MNPs with polymer coating, and drug-loaded MNPs were
found to be 118.1 + 0.12 nm, 139.3 + 1.33 nm, and 158.7 + 0.057 nm, respectively, as shown in Figure 5a-c.

Zeta potential

Magnetite possesses the limitations of aggregation. To prevent aggregation or to provide colloidal stability,
magnetite was coated with Pluronic F-68. Further, the colloidal stability of the particles was measured by
zeta potential determination. The zeta potential results for bare MNPs, MNPs with polymer coating, and
CUR-PIP-F68-Fe;0, NPs were observed to be -21.5 + 0.115 mV, Figure 5d, -24.0 + 0.153 mV, Figure 5e, and
-30.3 £ 0.252 mV, Figure 5f, respectively.

Encapsulation efficiency

The optimized MNPs of CUR-PIP-F68-Fe;0, NPs exhibited a high drug encapsulation efficiency of 98.85 *
0.066%. This impressive level of entrapment indicates that most of the drug was successfully incorporated
into the nanoparticles, which minimizes drug loss and enhances the MNPs’ therapeutic potential. Such high
encapsulation efficiency is crucial for maximizing drug delivery effectiveness, reducing required dosages,
and minimizing side effects [35].
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Scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS)

SEM-EDS analysis for Bare MNPs and CUR-PIP loaded Poloxamer F-68 Coated MNPs was performed, and
results are depicted in Figure 6 and Table 5. SEM images showed that the synthesized nanoparticles are
spherical but appear as clusters; aggregation can be observed in the case of Bare MNPs, whereas the
aggregation has been minimized in the case of coated MNPs. The increased mass percentage of carbon
(13.50 £ 0.30%) in the curcumin-piperine-loaded, poloxamer F-68-coated MNPs, compared to 3.50 + 0.11%
in bare Fe;0,, confirms successful surface modification and loading of curcumin and piperine.
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Figure 6. SEM images and EDX graph of a) bare MNPs, b) optimised CUR-PIP-F68-Fe,O, NPs.

Table 5. EDX composition for bare MNPs and CUR-PIP-F68-Fe,O, MNPs.

Element Mass % Atom %
EDX bare MNPs

C 3.50+0.11 6.39 £ 0.05
o 19.61 £ 0.32 44.81+0.72
Fe 76.89 +1.21 48.80+0.77
Total 100.00 100.00

EDX F-68 coated MNPs

Cc 13.50 £ 0.30 26.38 +0.38
o 7.69 £0.29 23.37 £ 0.65
Fe 78.81+1.23 50.25+0.78
Total 100.00 100.00
TEM

TEM depicts morphological characterization by visualizing clear images of the observed sample [36]. TEM
results of the prepared CUR-PIP-F68-Fe;0, MNPs are shown in Figure 7. It can be seen from the picture that
the prepared MNPs are spherical.

VSM analysis

The magnetic characteristics of bare MNPs and CUR-PIP-F68-Fe;0, nanoparticles were determined by
measuring magnetization as a function of field. Figure 8 shows the acquired data [saturation magnetization
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Figure 7. Transmission electron microscopy images of CUR-PIP-F68-Fe,O, nanoparticles.

(Ms)]. The saturated magnetization of CUR-PIP-F68-Fe3;0, nanoparticles was found to be 50.7 emu/g,
compared to bare MNPs (Fe;0, nanoparticles), which possess the Ms of 75.6 emu/g.
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Figure 8. Magnetization curve of bare MNPs and CUR-PIP-Poloxamer F-68 loaded Fe,O, nanoparticles.
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In vitro cytotoxicity assay

The viability of Colorectal HCT-116 cancer cells was measured using an MTT assay on treating cells with
free curcumin and piperine, curcumin MNPs, piperine MNPs, and a combination of curcumin and piperine
MNPs at various concentrations (1 to 200 mcg/mL) for 24 h. Brightfield microscopic images of all samples
reveal the morphological characteristics of the cells throughout the experiment when treated with different
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concentrations. It has been revealed from the pictures (Figure 9) that no changes in cells were observed in
control and piperine MNPs throughout the experiment, whereas round-shaped cells were observed in the

curcumin MNPs and the sample with a combination of curcumin and piperine MNPs after treatment for
24 h.
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Figure 9. Microscopy images of a) free curcumin and piperine drug, b) curcumin MNPs, c) piperine MNPs, and d) CUR-
PIP-F68-Fe,O, NPs (scale: 100x).

Results shown in Figure 10 depict the % viability data of various samples with an increase in
concentration against the HCT-116 cancer cell line for 24 h. It has been observed that the cell viability of
CUR-PIP-F68-Fe;0,4 nanoparticles was significantly decreased to 30.86% as compared to individual MNPs
of curcumin (41.91%) and piperine (62.68%). Using the % viability data, further IC50 values were
estimated, and values were found to be 87.47 + 0.28, 79.68 + 0.41, 115.84 + 0.25, and 50.24 + 0.57 mcg/mL
for free curcumin and piperine drug, curcumin MNPs, piperine MNPs, and a combination of curcumin and
piperine MNPs, respectively.

Cellular uptake studies

The uptake of MNPs loaded with curcumin-piperine into HCT-116 cells was observed using confocal
microscopy, as depicted in Figure 11. The results confirmed that the highest amount of cellular uptake was
observed in curcumin-piperine MNPs, which appears to be 2.49-fold higher than that of control cells; the
lowest uptake was observed with fluorescence intensity about 45.95% in piperine MNPs compared to
control (53.96%), showing higher potential of combination therapy.

Discussion

Numerous modern drug delivery systems are specifically designed to optimize the delivery of a specific
drug form by minimizing side effects, eliciting bioavailability, promoting and encouraging the accumulation
of the pharmaceutical drug at the required biozone (site), minimizing degradation or loss of the drug, and
addressing other difficult problems related to therapeutic delivery targeting or the physical stability of the
drug [37, 38]. However, developing a delivery method with minimized hazardous side effects and optimal
therapeutic action, particularly in vivo, is difficult.

This present study aimed to develop active phytoconstituents loaded MNPs to reduce side effects and
achieve targeted drug delivery. To prepare the MNPs (also known as Fe;0, NPs or magnetite), the co-
precipitation approach was adopted [39]. Selecting a suitable polymer for preparing iron oxide MNPs is
crucial for achieving stability, functionality, and desired properties. As per literature reports,
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Figure 10. % cell viability graph as a function of increasing concentration on the HCT-116 cell line.

biocompatibility, aqueous solubility, surface functionalization, colloidal stability, and targeted delivery are
the major considerations when selecting a polymer [40, 41]. Poloxamer F-68 was selected for the study
based on the results obtained for the desired particle size.

The nanoparticles were further optimized using a Box-Behnken design, which systematically
investigates the influence of three key factors: magnetite concentration (A), concentration of coating
solution (B), and sonication time (C). This design is beneficial as it allows for the evaluation of both the
individual effects of each factor and their interactions, offering a comprehensive understanding of their
contributions to the performance of a nanocarrier. Particle size (R1) and encapsulation efficiency (R3)
measure the proportion of the active ingredient successfully incorporated into the carriers, reflecting the
formulation’s effectiveness [42].

Particle size affects the stability, bioavailability, and release profile of the drug. Zeta potential
represents the surface charge of the nanoparticles, influencing their stability and interaction with biological
membranes. This approach aimed to identify optimal levels for each factor and uncover potential synergies
or antagonisms between them. These interactions play a crucial role in shaping the characteristics and
performance of the nanosystem [43]. The decrease in particle size with increasing coating solution
concentration from 390.6 + 1.15 nm to 158.7 + 1.31 nm suggests that both factors contribute to improved
colloidal stability and reduced agglomeration, likely due to changes in surface functionalization. Another
reason is that with probe sonication, the cavitation phenomenon occurs when ultrasonic waves are applied
to a prepared dispersion of solid particles and solvent. Microbubbles are produced and then implosively
collapse in the liquid throughout this process. Smaller droplets in the phase break up and disperse due to
the continuous sonication, creating strong turbulence during the collapse of the microbubbles and the hot
spots created by this transient cavitation process that diminish particle size [44]. The dispersed media can
interact with the shear force produced by the acoustic cavitation process for a longer period when the
sonication time is increased [45]. A low PDI value indicates a narrow size distribution and high uniformity,
which are desirable characteristics for consistent performance in subsequent applications. In the case of the
effect of independent variables on zeta potential, it has been observed that with an increase in coating
solution, zeta potential increases to the negative side (-21.3 mV to -30.3 mV). Factors influencing zeta
potential include solution pH, ionic strength, and ionic species. The addition of NPs would alter the initial
solution pH due to the protonation or deprotonation of their surface groups. In one of the studies reported
by Suttiponparnit et al. [46], it was discovered that the solution pH declined from 5.72 to 5.08 when the
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Figure 11. Confocal microscopy images depicting the % fluorescence intensity of I) control, Il) free curcumin and
piperine drug, Ill) Curcumin MNPs, IV) piperine MNPs, and V) CUR-PIP-F68-Fe,O, MNPs by HCT-116 cells (scale: 40x,
magnification: 10 pm).

particle concentration increased from 15 to 500 mg L™%. They concluded that the drop in solution pH
produces an increase in the zeta potential of oxide particles at high particle concentrations, which often
flips to a more positive value as pH decreases.

SEM images showed that the synthesized nanoparticles are spherical, but aggregation can be observed
in the case of Bare MNPs, that is attributed to the magnetic interactions between Fe;0, MNPs, whereas the
aggregation has been minimized in the case of coated MNPs due to a change in surface functionalization.
The EDX pattern indicates the existence of Fe, O, and C elements. The weight % of C (13.50 + 0.30), O (7.69
+ 0.29), and Fe (78.81 % 1.23) in CUR-PIP-F68-Fe;0, NPs indicated that surface modification by coating of
poloxamer F-68 on the surface of MNPs [47]. Major enhancement in carbon content as compared to bare
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MNPs (3.50 £ 0.11%) could be attributed to poloxamer F-68 coating and the loaded bioactive compounds
(curcumin and piperine) as carbon-rich organic entities.

TEM provides additional morphological images of the synthesized CUR-PIP-Fe;0, nanoparticles as
illustrated in Figure 7. The diameter or scale of the particles detected in TEM is less than that found by the
DLS method because of the physical state of the samples under visualization. Following coating with
Poloxamer F-68, the prepared Fe;0, nanoparticles demonstrated consistent spherical morphologies and
verified the increase in particle size (observed by DLS method, Figure 5a—c. Consequently, this suggests that
the polymer adsorption on the surface of nanoparticles has changed the functionality, hence, minimised the
aggregation [48]. Muniyappan et al. (2021) [49] developed gold particles using Curcuma pseudomontana
isolated curcumin. According to the results published, formulated nanoparticles were spherical in shape,
evenly distributed, and had an average particle size of 39 nm. TEM measurements and size distribution
analyses of the synthesized gold nanoparticles showed that the particles are spherical with an average
diameter of 20 nm and within 10% of the size distribution.

Figure 8 shows the acquired data Ms. The saturated magnetization of CUR-PIP poloxamer F-68 coated
nanoparticles was found to be 50.7 emu/g, compared to bare MNPs, which possess the Ms of 75.6 emu/g.
Nosrati et al. [50] synthesized bovine serum albumin-coated curcumin iron oxide nanoparticles through
desolvation and co-precipitation. During this work, the lessening of Ms for coated MNPs (22 emu/g) over
bare ironoxide nanoparticles (70 emu/g) can be elucidated by the coating layer on the surface of Fe;0,
nanoparticles.

An MTT assay was used to assess the vitality of colon cancer cells (HCT-116) after they were exposed
to free curcumin and piperine, curcumin MNPs, piperine MNPs, and a combination of curcumin and
piperine MNPs at various concentrations (1 to 200 mcg/mL) for 24 h. Brightfield microscopic images of all
samples reveal the morphological characteristics of the cells throughout the experiment when treated with
different concentrations. It has been revealed from the pictures (Figure 9) that no changes in cells were
observed in control and piperine MNPs throughout the experiment, whereas round-shaped cells were
observed in the curcumin MNPs and the sample with a combination of curcumin and piperine MNPs after
treatment for 24 h. Curcumin MNP treatments caused cells to change into rounder cell morphologies, which
is explained by the loss of integrity of HCT-116 cells and detachment due to apoptosis [51]. Apoptosis was
evident from the observed morphological alterations, which included aggregation, spherical form, and
shrinkage [52, 53]. Additionally, an increase in the number of cells with lost integrity was noted in
formulation with a combination of curcumin and piperine MNPs. The rise in the quantity of cells that had
lost their integrity was also ascribed to the biological impact of piperine [54].

IC50 values were estimated and were found to be 87.47 + 0.28, 79.68 + 0.41, 115.84 * 0.25, and 50.24 +
0.57 mcg/mL for free curcumin and piperine drug, Curcumin MNPs, Piperine MNPs, and a combination of
curcumin and piperine MNPs, respectively, based on the 24-hour cell viability data (Figure 10). The results
demonstrate that MNPs encapsulated with CUR-PIP have a greater cytotoxicity impact than individual
curcumin. As demonstrated in multiple papers [55, 56], this suggests that the nanoprecipitation method can
increase the bioavailability of CUR and/or PIP in cancer cells, hence intensifying its lethal action. These
findings are consistent with those of Abolhassani et al. [57] about the self-assembly approach used to
generate CUR-PIP-loaded human serum albumin (HSA) nanoparticles. Their results show that CUR-PIP-HSA
nanoparticles are highly cytotoxic, which may be explained by Piperine dual functions as a bio-enhancer
and anti-cancer agent. Compared to CUR-HSA nanoparticles, CUR-PIP-HSA nanoparticles exhibited
noticeably greater cell inhibition rates. Compared to PIP-HSA nanoparticles, CUR-PIP-HSA nanoparticles
had a higher cytotoxic effect on MCF-7 cells.

To better understand the synergistic effect of the two phytoconstituents and assess the potential of
MNPs to facilitate the target delivery of these compounds to the specific cells, the biological efficacies of
curcumin and piperine MNPs were observed in vitro on an HCT-116 colon cell line model, both individually
and in combination. Sample molecules of interest are labeled with FITC in cellular uptake experiments so
that their internalization into cells may be monitored [58]. A fluorescent dye called DAPI is frequently used
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to identify DNA in cells. It is generally employed to investigate the cellular absorption of different
compounds and to see the cell nucleus [59, 60]. When DAPI is excited by UV light, it attaches to the minor
groove of double-stranded DNA and fluoresces blue. As a counterstain, DAPI is used to identify the cell
nucleus and investigate how cells absorb chemicals. The quantity of chemicals absorbed by cells can be
measured using the fluorescence of DAPI.

The autofluorescence characteristics of curcumin enable tracking the cell absorption of curcumin MNPs
while investigating the uptake of curcumin magnetic nanoparticles (CUR MNPs) independently [61]. Both
with and without piperine MNPs, the internalization of CUR MNPs was seen in Figure 11. A higher uptake
was ascribed to the higher fluorescence intensity of CUR MNPs in the presence of PIP MNPs. These results
are consistent with other research showing that piperine addition greatly increases the amount of
curcumin absorption. Similarly, Lund and Pantuso showed that curcumin’s permeability across intact Caco-
2 monolayers increased by 229% upon the addition of piperine [62].

Conclusion

The present study successfully synthesized and optimized curcumin and piperine-loaded MNPs (CUR-PIP-
F68-Fe;0, MNPs) using the co-precipitation method, with optimization facilitated by the Box-Behnken
design. The optimized nanoparticles demonstrated favorable physicochemical properties, morphological
and elemental analyses confirmed the successful formulation of the nanoparticles, and magnetic studies
revealed substantial magnetic saturation values. The in vitro cytotoxicity results, supported by MTT assays
and confocal microscopy, confirmed enhanced cellular uptake and a synergistic anticancer effect of the
CUR-PIP-F68-Fe;0, MNPs against the HCT-116 colon cancer cell line. These findings suggest that the co-
delivery of curcumin and piperine via MNPs would significantly improve the therapeutic efficacy. In this
work, MNPs were used mainly for convenient separation and purification based on their excellent magnetic
response. Nevertheless, the magnetic core, normally Fe;0, also endows the nanoparticles with
multifunctionality, which is of great interest for advanced biomedical applications. Importantly, MNPs have
the potential to target specific lesion areas when subjected to an external magnetic field (magnetic targeted
drug delivery). Additionally, iron oxide NPs have been significantly investigated and were even approved as
T2-weighted contrast agents in MRI, allowing for non-invasive diagnostics. Although this study has not
experimentally evaluated the magnetic targeting or imaging capabilities of the synthesized MNPs, the
structural and magnetic properties of the MNPs designed are theoretically promising for such applications.
Future studies will address assessing the in vitro and in vivo magnetic targeting performance, MRI contrast
enhancement, as well as comparative assays using normal human cells to assess the therapeutic selectivity
in order to optimize the therapeutic and diagnostic features of these multifunctional nanocarriers.

Abbreviations

APTES: 3-aminopropyltriethoxysilane

CUR MNPs: curcumin magnetic nanoparticles

CUR-PIP-F68-Fe;0,4 NPs: curcumin-piperine loaded Poloxamer F-68 coated magnetic nanoparticles
DAPI: 4’,6-diamidino-2-phenylindole

FITC: fluorescein isothiocyanate

HSA: human serum albumin

IC50: half-maximal inhibitory concentration

MNPs: magnetic nanoparticles

Ms: saturation magnetization

PDI: polydispersity index

SEM-EDS: scanning electron microscopy-energy dispersive spectroscopy

SEM-EDX: scanning electron microscopy-energy dispersive X-ray

Explor Target Antitumor Ther. 2025;6:1002340 | https://doi.org/10.37349/etat.2025.1002340 Page 19



TEM: transmission electron microscopy

VSM: vibrating simulating magnetometer

Declarations

Author contributions

RP: Conceptualization, Investigation, Data curation, Writing—original draft. VA: Conceptualization, Data
curation, Writing—review & editing, Supervision. Both authors read and approved the submitted version.

Conflicts of interest

The authors declare that they have no conflicts of interest.

Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

All data generated/analysed through experimentation and interpreted is included in the research article.

Funding

Not applicable.

Copyright
© The Author(s) 2025.

Publisher’s note

Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations
and maps. All opinions expressed in this article are the personal views of the author(s) and do not
represent the stance of the editorial team or the publisher.

References

1. Varricchio CG. A cancer source book for nurses. 8th ed. Jones and Bartlett Publishers; 2004. p. 229.

2. Cooper GM. The Development and Causes of Cancer. In: The Cell: A Molecular Approach. 2nd edition.
Sunderland (MA): Sinauer Associates; 2000.

3. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer ] Clin. 2023;73:17-48. [DOI]
[PubMed]

4, Bray F, Laversanne M, Sung H, Ferlay |, Siegel RL, Soerjomataram I, et al. Global cancer statistics 2022:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA
Cancer ] Clin. 2024;74:229-63. [DOI] [PubMed]

5. Chehelgerdi M, Chehelgerdi M, Allela OQB, Pecho RDC, Jayasankar N, Rao DP, et al. Progressing
nanotechnology to improve targeted cancer treatment: overcoming hurdles in its clinical
implementation. Mol Cancer. 2023;22:169. [DOI] [PubMed] [PMC(]

6.  Amjad MT, Chidharla A, Kasi A. Cancer Chemotherapy. In: StatPearls [Internet]. Treasure Island (FL):

StatPearls Publishing; 2025. [PubMed]

Explor Target Antitumor Ther. 2025;6:1002340 | https://doi.org/10.37349/etat.2025.1002340 Page 20


https://dx.doi.org/10.3322/caac.21763
http://www.ncbi.nlm.nih.gov/pubmed/36633525
https://dx.doi.org/10.3322/caac.21834
http://www.ncbi.nlm.nih.gov/pubmed/38572751
https://dx.doi.org/10.1186/s12943-023-01865-0
http://www.ncbi.nlm.nih.gov/pubmed/37814270
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10561438
http://www.ncbi.nlm.nih.gov/pubmed/33232037

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Housman G, Byler S, Heerboth S, Lapinska K, Longacre M, Snyder N, et al. Drug Resistance in Cancer:
An Overview. Cancers (Basel). 2014;6:1769-92. [DOI] [PubMed] [PMC]

Sathishkumar K, Chaturvedi M, Das P, Stephen S, Mathur P. Cancer incidence estimates for 2022 &
projection for 2025: Result from National Cancer Registry Programme, India. Indian ] Med Res. 2022;
156:598-607. [DOI] [PubMed] [PMC]

Fuloria S, Mehta ], Chandel A, Sekar M, Rani NNIM, Begum MY, et al. A Comprehensive Review on the
Therapeutic Potential of Curcuma longa Linn. in Relation to its Major Active Constituent Curcumin.
Front Pharmacol. 2022;13:820806. [DOI] [PubMed] [PMC(]

Ciuca MD, Racovita RC. Curcumin: Overview of Extraction Methods, Health Benefits, and
Encapsulation and Delivery Using Microemulsions and Nanoemulsions. Int ] Mol Sci. 2023;24:8874.
[DOI] [PubMed] [PMC]

Akarchariya N, Sirilun S, Julsrigival ], Chansakaowa S. Chemical profiling and antimicrobial activity of
essential oil from Curcuma aeruginosa Roxb., Curcuma glans K. Larsen & ]. Mood and Curcuma cf.
xanthorrhiza Roxb. collected in Thailand. Asian Pacific ] Trop Biomed. 2017;7:881-5. [DOI]

Alolga RN, Wang F, Zhang X, Li ], Tran LP, Yin X. Bioactive Compounds from the Zingiberaceae Family
with Known Antioxidant Activities for Possible Therapeutic Uses. Antioxidants (Basel). 2022;11:1281.
[DOI] [PubMed] [PMC]

Itokawa H, Shi Q, Akiyama T, Morris-Natschke SL, Lee KH. Recent advances in the investigation of
curcuminoids. Chin Med. 2008;3:11. [DOI] [PubMed] [PMC]

Barua S, Mitragotri S. Challenges associated with Penetration of Nanoparticles across Cell and Tissue
Barriers: A Review of Current Status and Future Prospects. Nano Today. 2014;9:223-43. [DOI]
[PubMed] [PMC]

Prasad S, Aggarwal BB. Turmeric, the Golden Spice: From Traditional Medicine to Modern Medicine.
In: Benzie IFF, Wachtel-Galor S, editors. Herbal Medicine: Biomolecular and Clinical Aspects. 2nd
edition. Boca Raton (FL): CRC Press/Taylor & Francis; 2011. [PubMed]

UroSevi¢ M, Nikoli¢ L, Gaji¢ I, Nikoli¢ V, Dini¢ A, Miljkovi¢ V. Curcumin: Biological Activities and
Modern Pharmaceutical Forms. Antibiotics (Basel). 2022;11:135. [DOI] [PubMed] [PMC]

Tammina SK, Mandal BK, Ranjan S, Dasgupta N. Cytotoxicity study of Piper nigrum seed mediated
synthesized SnO, nanoparticles towards colorectal (HCT116) and lung cancer (A549) cell lines. ]
Photochem Photobiol B. 2017;166:158-68. [DOI] [PubMed]

Stojanovi¢-Radi¢ Z, Pej¢i¢ M, Dimitrijevi¢ M, Aleksi¢ A, V. Anil Kumar N, Salehi B, et al. Piperine-A
Major Principle of Black Pepper: A Review of Its Bioactivity and Studies. Appl Sci. 2019;9:4270. [DOI]
Wiraswati HL, Ma'ruf IF, Sharifi-Rad ], Calina D. Piperine: an emerging biofactor with anticancer
efficacy and therapeutic potential. Biofactors. 2025;51:e2134. [DOI] [PubMed]

Derosa G, Maffioli P, Sahebkar A. Piperine and Its Role in Chronic Diseases. Adv Exp Med Biol. 2016;
928:173-84. [DOI] [PubMed]

Zaini E, Riska D, Oktavia MD, Ismed F, Fitriani L. Improving Dissolution Rate of Piperine by
Multicomponent Crystal Formation with Saccharin. Research ] Pharm Tech. 2020;13:1928. [DOI]
Nouri-Vaskeh M, Hashemi P, Hataminia N, Yazdani Y, Nasirian M, Alizadeh L. The impact of piperine
on the metabolic conditions of patients with NAFLD and early cirrhosis: a randomized double-blind
controlled trial. Sci Rep. 2024;14:1053. [DOI] [PubMed] [PMC]

Panahi Y, Hosseini MS, Khalili N, Naimi E, Majeed M, Sahebkar A. Antioxidant and anti-inflammatory
effects of curcuminoid-piperine combination in subjects with metabolic syndrome: A randomized
controlled trial and an updated meta-analysis. Clin Nutr. 2015;34:1101-8. [DOI] [PubMed]

Yallapu MM, Othman SF, Curtis ET, Bauer NA, Chauhan N, Kumar D, et al. Curcumin-loaded magnetic
nanoparticles for breast cancer therapeutics and imaging applications. Int ] Nanomedicine. 2012;7:
1761-79. [DOI] [PubMed] [PMC]

Explor Target Antitumor Ther. 2025;6:1002340 | https://doi.org/10.37349/etat.2025.1002340 Page 21


https://dx.doi.org/10.3390/cancers6031769
http://www.ncbi.nlm.nih.gov/pubmed/25198391
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4190567
https://dx.doi.org/10.4103/ijmr.ijmr_1821_22
http://www.ncbi.nlm.nih.gov/pubmed/36510887
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10231735
https://dx.doi.org/10.3389/fphar.2022.820806
http://www.ncbi.nlm.nih.gov/pubmed/35401176
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8990857
https://dx.doi.org/10.3390/ijms24108874
http://www.ncbi.nlm.nih.gov/pubmed/37240220
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10219365
https://dx.doi.org/10.1016/j.apjtb.2017.09.009
https://dx.doi.org/10.3390/antiox11071281
http://www.ncbi.nlm.nih.gov/pubmed/35883772
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9311506
https://dx.doi.org/10.1186/1749-8546-3-11
http://www.ncbi.nlm.nih.gov/pubmed/18798984
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2576304
https://dx.doi.org/10.1016/j.nantod.2014.04.008
http://www.ncbi.nlm.nih.gov/pubmed/25132862
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4129396
http://www.ncbi.nlm.nih.gov/pubmed/22593922
https://dx.doi.org/10.3390/antibiotics11020135
http://www.ncbi.nlm.nih.gov/pubmed/35203738
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8868220
https://dx.doi.org/10.1016/j.jphotobiol.2016.11.017
http://www.ncbi.nlm.nih.gov/pubmed/27915029
https://dx.doi.org/10.3390/app9204270
https://dx.doi.org/10.1002/biof.2134
http://www.ncbi.nlm.nih.gov/pubmed/39467259
https://dx.doi.org/10.1007/978-3-319-41334-1_8
http://www.ncbi.nlm.nih.gov/pubmed/27671817
https://dx.doi.org/10.5958/0974-360x.2020.00347.9
https://dx.doi.org/10.1038/s41598-024-51726-z
http://www.ncbi.nlm.nih.gov/pubmed/38200253
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10782007
https://dx.doi.org/10.1016/j.clnu.2014.12.019
http://www.ncbi.nlm.nih.gov/pubmed/25618800
https://dx.doi.org/10.2147/IJN.S29290
http://www.ncbi.nlm.nih.gov/pubmed/22619526
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3356199

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Baspinar Y, Ustiindas M, Bayraktar O, Sezgin C. Curcumin and piperine loaded zein-chitosan
nanoparticles: Development and in-vitro characterisation. Saudi Pharm J. 2018;26:323-34. [DOI]
[PubMed] [PMC]

Sharma A, Singh AP, Harikumar SL. Development and optimization of nanoemulsion based gel for
enhanced transdermal delivery of nitrendipine using box-behnken statistical design. Drug Dev Ind
Pharm. 2020;46:329-42. [DOI] [PubMed]

Rezaeidian ], Naseh V, Entezari M, Ziyadi H, Hashemi M. Curcumin- and Piperine-Loaded Fe304@Sio2
Magnetic Nanoparticles: Synthesis, Characterization, and Comparison of the Effects on Mcf-7 Breast
Cancer Cell Line. SSRN [Preprint]. 2023 [cited 2025 Jul 15]. Available from: https://ssrn.com/abstrac
t=4329803

Javed B, Zhao X, Cui D, Curtin ], Tian F. Enhanced Anticancer Response of Curcumin- and Piperine-
Loaded Lignin-g-p (NIPAM-co-DMAEMA) Gold Nanogels against U-251 MG Glioblastoma Multiforme.
Biomedicines. 2021;9:1516. [DOI] [PubMed] [PMC]

Li M, Raheem MA, Han C, Yu F, Dai Y, Imran M, et al. The fowl adenovirus serotype 4 (FAdV-4) induce
cellular pathway in chickens to produce interferon and antigen-presented molecules (MHCI/II). Poult
Sci. 2021;100:101406. [DOI] [PubMed] [PMC]

Bhirud D, Bhattacharya S, Raval H, Sangave PC, Gupta GL, Paraskar G, et al. Chitosan nanoparticles of
imatinib mesylate coated with TPGS for the treatment of colon cancer: In-vivo & in-vitro studies.
Carbohydr Polym. 2025;348:122935. [DOI] [PubMed]

Danaei M, Dehghankhold M, Ataei S, Hasanzadeh Davarani F, Javanmard R, Dokhani A, et al. Impact of
Particle Size and Polydispersity Index on the Clinical Applications of Lipidic Nanocarrier Systems.
Pharmaceutics. 2018;10:57. [DOI] [PubMed] [PMC(C]

Delan WK, Zakaria M, Elsaadany B, EIMeshad AN, Mamdouh W, Fares AR. Formulation of simvastatin
chitosan nanoparticles for controlled delivery in bone regeneration: Optimization using Box-Behnken
design, stability and in vivo study. Int ] Pharm. 2020;577:119038. [DOI] [PubMed]

Shahab MS, Rizwanullah M, Alshehri S, Imam SS. Optimization to development of chitosan decorated
polycaprolactone nanoparticles for improved ocular delivery of dorzolamide: In vitro, ex vivo and
toxicity assessments. Int ] Biol Macromol. 2020;163:2392-404. [DOI] [PubMed]

Ahmad S, Hafeez A. Formulation and Development of Curcumin-Piperine-Loaded S-SNEDDS for the
Treatment of Alzheimer’s Disease. Mol Neurobiol. 2023;60:1067-82. [DOI] [PubMed]

Badran MM, Alomrani AH, Harisa GI, Ashour AE, Kumar A, Yassin AE. Novel docetaxel chitosan-coated
PLGA/PCL nanoparticles with magnified cytotoxicity and bioavailability. Biomed Pharmacother. 2018;
106:1461-8. [DOI] [PubMed]

Patra JK, Das G, Fraceto LF, Campos EVR, Rodriguez-Torres MDP, Acosta-Torres LS, et al. Nano based
drug delivery systems: recent developments and future prospects. ] Nanobiotechnology. 2018;16:71.
[DOI] [PubMed] [PMC(]

Kumar V, Kumar R, Jain VK, Nagpal S. Preparation and characterization of nanocurcumin based hybrid
virosomes as a drug delivery vehicle with enhanced anticancerous activity and reduced toxicity. Sci
Rep. 2021;11:368. [DOI] [PubMed] [PMC]

Bourang S, Asadian S, Noruzpour M, Mansuryar A, Azizi S, Ebrahimi HA, et al. PLA-HA/Fe,0, magnetic
nanoparticles loaded with curcumin: physicochemical characterization and toxicity evaluation in
HCT116 colorectal cancer cells. Discov Appl Sci. 2025;6:186. [DOI]

Alam N, Koul M, Mintoo M], Khare V, Gupta R, Rawat N, et al. Development and characterization of
hyaluronic acid modified PLGA based nanoparticles for improved efficacy of cisplatin in solid tumor.
Biomed Pharmacother. 2017;95:856-64. [DOI] [PubMed]

Zhang X, Luo Q, Zhang F, Zhao X, Li Y, Yang N, et al. Preparation of PLA Nanoparticles and Study of
Their Influencing Factors. Molecules. 2024;29:5566. [DOI] [PubMed] [PMC]

Explor Target Antitumor Ther. 2025;6:1002340 | https://doi.org/10.37349/etat.2025.1002340 Page 22


https://dx.doi.org/10.1016/j.jsps.2018.01.010
http://www.ncbi.nlm.nih.gov/pubmed/29556123
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5856953
https://dx.doi.org/10.1080/03639045.2020.1721527
http://www.ncbi.nlm.nih.gov/pubmed/31976777
https://ssrn.com/abstract=4329803
https://ssrn.com/abstract=4329803
https://dx.doi.org/10.3390/biomedicines9111516
http://www.ncbi.nlm.nih.gov/pubmed/34829745
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8615061
https://dx.doi.org/10.1016/j.psj.2021.101406
http://www.ncbi.nlm.nih.gov/pubmed/34428643
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8385439
https://dx.doi.org/10.1016/j.carbpol.2024.122935
http://www.ncbi.nlm.nih.gov/pubmed/39567152
https://dx.doi.org/10.3390/pharmaceutics10020057
http://www.ncbi.nlm.nih.gov/pubmed/29783687
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6027495
https://dx.doi.org/10.1016/j.ijpharm.2020.119038
http://www.ncbi.nlm.nih.gov/pubmed/31953085
https://dx.doi.org/10.1016/j.ijbiomac.2020.09.185
http://www.ncbi.nlm.nih.gov/pubmed/32979440
https://dx.doi.org/10.1007/s12035-022-03089-7
http://www.ncbi.nlm.nih.gov/pubmed/36414909
https://dx.doi.org/10.1016/j.biopha.2018.07.102
http://www.ncbi.nlm.nih.gov/pubmed/30119220
https://dx.doi.org/10.1186/s12951-018-0392-8
http://www.ncbi.nlm.nih.gov/pubmed/30231877
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6145203
https://dx.doi.org/10.1038/s41598-020-79631-1
http://www.ncbi.nlm.nih.gov/pubmed/33432002
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7801424
https://dx.doi.org/10.1007/s42452-024-05858-6
https://dx.doi.org/10.1016/j.biopha.2017.08.108
http://www.ncbi.nlm.nih.gov/pubmed/28903181
https://dx.doi.org/10.3390/molecules29235566
http://www.ncbi.nlm.nih.gov/pubmed/39683726
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11643530

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

Patsidis AC, Sanida A, Manika GC, Gioti S, Mathioudakis GN, Petropoulos N, et al. Synthesis of Magnetic
Nanoparticle/Polymer Matrix Nanocomposites with Induced Magnetic Performance. Polymers. 2025;
17:1913. [DOI]

Ruiz E, Orozco VH, Hoyos LM, Giraldo LF. Study of sonication parameters on PLA nanoparticles
preparation by simple emulsion-evaporation solvent technique. European Polymer Journal. 2022;173:
111307. [DOI]

Lee S, Shanti A. Effect of Exogenous pH on Cell Growth of Breast Cancer Cells. Int ] Mol Sci. 2021;22:
9910. [DOI] [PubMed] [PMC(]

Chabib L, Martien R, Ismail H. Formulation of nanocurcumin using low viscosity chitosan polymer and
its cellular uptake study into T47D cells. Indonesian ] Pharm. 2012;23:27-35.

Hoo DY, Low ZL, Low DYS, Tang SY, Manickam S, Tan KW, et al. Ultrasonic cavitation: An effective
cleaner and greener intensification technology in the extraction and surface modification of
nanocellulose. Ultrason Sonochem. 2022;90:106176. [DOI] [PubMed] [PMC]

Suttiponparnit K, Jiang J, Sahu M, Suvachittanont S, Charinpanitkul T, Biswas P. Role of Surface Area,
Primary Particle Size, and Crystal Phase on Titanium Dioxide Nanoparticle Dispersion Properties.
Nanoscale Res Lett. 2011;6:27. [DOI] [PubMed] [PMC(C]

Wahnou H, El Kebbaj R, Liagre B, Sol V, Limami Y, Duval RE. Curcumin-Based Nanoparticles:
Advancements and Challenges in Tumor Therapy. Pharmaceutics. 2025;17:114. [DOI] [PubMed]
[PMC]

Wahnou H, Hmimid F, Errami A, Nait Irahal I, Limami Y, Oudghiri M. Integrating ADMET, enrichment
analysis, and molecular docking approach to elucidate the mechanism of Artemisia herba alba for the
treatment of inflammatory bowel disease-associated arthritis. ] Toxicol Environ Health A. 2024;87:
836-54. [DOI] [PubMed]

Muniyappan N, Pandeeswaran M, Amalraj A. Green synthesis of gold nanoparticles using Curcuma
pseudomontana isolated curcumin: Its characterization, antimicrobial, antioxidant and anti-
inflammatory activities. ] Environ Chem Ecotoxicol. 2021;3:117-24. [DOI]

Nosrati H, Sefidi N, Sharafi A, Danafar H, Kheiri Manjili H. Bovine Serum Albumin (BSA) coated iron
oxide magnetic nanoparticles as biocompatible carriers for curcumin-anticancer drug. Bioorg Chem.
2018;76:501-9. [DOI] [PubMed]

Prabhuraj RS, Bomb K, Srivastava R, Bandyopadhyaya R. Dual drug delivery of curcumin and
niclosamide using PLGA nanoparticles for improved therapeutic effect on breast cancer cells. ] Polym
Res. 2020;27:133. [DOI]

Sedeky AS, Khalil 1A, Hefnawy A, El-Sherbiny IM. Development of core-shell nanocarrier system for
augmenting piperine cytotoxic activity against human brain cancer cell line. Eur ] Pharm Sci. 2018;
118:103-12. [DOI] [PubMed]

Riwaldt S, Corydon TJ, Pantalone D, Sahana J, Wise P, Wehland M, et al. Role of Apoptosis in Wound
Healing and Apoptosis Alterations in Microgravity. Front Bioeng Biotechnol. 2021;9:679650. [DOI]
[PubMed] [PMC]

Kanwal Q, Ahmed M, Hamza M, Ahmad M, Atiq-Ur-Rehman, Yousaf N, et al. Curcumin nanoparticles:
physicochemical fabrication, characterization, antioxidant, enzyme inhibition, molecular docking and
simulation studies. RSC Adv. 2023;13:22268-80. [DOI] [PubMed] [PMC]

He Z, Liu K, Manaloto E, Casey A, Cribaro GP, Byrne H]J, et al. Cold Atmospheric Plasma Induces ATP-
Dependent Endocytosis of Nanoparticles and Synergistic U373MG Cancer Cell Death. Sci Rep. 2018;8:
5298. [DOI] [PubMed] [PMC]

Wallace PK, Tario ]D Jr, Fisher JL, Wallace SS, Ernstoff MS, Muirhead KA. Tracking antigen-driven
responses by flow cytometry: monitoring proliferation by dye dilution. Cytometry A. 2008;73:
1019-34. [DOI] [PubMed]

Explor Target Antitumor Ther. 2025;6:1002340 | https://doi.org/10.37349/etat.2025.1002340 Page 23


https://dx.doi.org/10.3390/polym17141913
https://dx.doi.org/10.17632/wt2msd3965.1
https://dx.doi.org/10.3390/ijms22189910
http://www.ncbi.nlm.nih.gov/pubmed/34576073
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8464873
https://dx.doi.org/10.1016/j.ultsonch.2022.106176
http://www.ncbi.nlm.nih.gov/pubmed/36174272
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9519792
https://dx.doi.org/10.1007/s11671-010-9772-1
http://www.ncbi.nlm.nih.gov/pubmed/27502650
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3211333
https://dx.doi.org/10.3390/pharmaceutics17010114
http://www.ncbi.nlm.nih.gov/pubmed/39861761
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11768525
https://dx.doi.org/10.1080/15287394.2024.2379856
http://www.ncbi.nlm.nih.gov/pubmed/39028276
https://dx.doi.org/10.1016/j.enceco.2021.01.002
https://dx.doi.org/10.1016/j.bioorg.2017.12.033
http://www.ncbi.nlm.nih.gov/pubmed/29310081
https://dx.doi.org/10.1007/s10965-020-02092-7
https://dx.doi.org/10.1016/j.ejps.2018.03.030
http://www.ncbi.nlm.nih.gov/pubmed/29597041
https://dx.doi.org/10.3389/fbioe.2021.679650
http://www.ncbi.nlm.nih.gov/pubmed/34222218
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8248797
https://dx.doi.org/10.1039/d3ra01432k
http://www.ncbi.nlm.nih.gov/pubmed/37492507
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10363772
https://dx.doi.org/10.1038/s41598-018-23262-0
http://www.ncbi.nlm.nih.gov/pubmed/29593309
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5871835
https://dx.doi.org/10.1002/cyto.a.20619
http://www.ncbi.nlm.nih.gov/pubmed/18785636

57.

58.

59.

60.

61.

62.

Abolhassani H, Safavi MS, Handali S, Nosrati M, Shojaosadati SA. Synergistic Effect of Self-Assembled
Curcumin and Piperine Co-Loaded Human Serum Albumin Nanoparticles on Suppressing Cancer Cells.
Drug Dev Ind Pharm. 2020;46:1647-55. [DOI] [PubMed]

Edgar JYC, Wang H. Introduction for Design of Nanoparticle Based Drug Delivery Systems. Curr Pharm
Des. 2017;23:2108-12. [DOI] [PubMed]

Yallapu MM, Jaggi M, Chauhan SC. Curcumin Nanomedicine: A Road to Cancer Therapeutics. Curr
Pharm Des. 2013;19:1994-2010. [DOI] [PubMed] [PMC]

Ligasova A, Koberna K. DNA Dyes-Highly Sensitive Reporters of Cell Quantification: Comparison with
Other Cell Quantification Methods. Molecules. 2021;26:5515. [DOI] [PubMed] [PMC(]

Ucisik MH, Kiipcii S, Schuster B, Sleytr UB. Characterization of CurcuEmulsomes: nanoformulation for
enhanced solubility and delivery of curcumin. ] Nanobiotechnology. 2013;11:37. [DOI] [PubMed]
[PMC]

Lund KC, Pantuso T. Combination Effects of Quercetin, Resveratrol and Curcumin on In Vitro Intestinal
Absorption. ] Restor Med. 2014;3:112-20. [DOI]

Explor Target Antitumor Ther. 2025;6:1002340 | https://doi.org/10.37349/etat.2025.1002340 Page 24


https://dx.doi.org/10.1080/03639045.2020.1820032
http://www.ncbi.nlm.nih.gov/pubmed/32892656
https://dx.doi.org/10.2174/1381612822666161025154003
http://www.ncbi.nlm.nih.gov/pubmed/27784242
https://dx.doi.org/10.2174/138161213805289219
http://www.ncbi.nlm.nih.gov/pubmed/23116309
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3640558
https://dx.doi.org/10.3390/molecules26185515
http://www.ncbi.nlm.nih.gov/pubmed/34576986
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8465179
https://dx.doi.org/10.1186/1477-3155-11-37
http://www.ncbi.nlm.nih.gov/pubmed/24314310
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4029586
https://dx.doi.org/10.14200/jrm.2014.3.0108

	Abstract
	Keywords
	Introduction
	Combination approach with piperine

	Materials and methods
	Materials
	Methods
	Synthesis of MNPs
	Coating of MNPs
	Formulation of drug-loaded MNPs
	Optimization of curcumin piperine-loaded MNPs using Box-Behnken statistical design

	Characterization
	Particle size and polydispersity index
	Zeta potential determination
	Scanning electron microscopy-energy dispersive X-ray (SEM-EDX) analysis
	Transmission electron microscopy (TEM)
	Vibrating simulating magnetometry
	Encapsulation efficiency
	In vitro cytotoxicity assay
	Cellular uptake of compounds in the cell line—HCT-116
	Statistical analysis


	Results
	Optimization of CUR-PIP-F68-Fe3O4 NPs
	Fitting of data to a model
	Response 1 (R1): Effect of independent variables on particle size
	Response 2 (R2): Effect of independent variables on zeta potential
	Response 3 (R3): Effect of independent variables (A, B & C) on encapsulation efficiency.
	Optimization of drug-loaded formulation
	Particle size determination
	Zeta potential
	Encapsulation efficiency
	Scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS)
	TEM
	VSM analysis

	In vitro cytotoxicity assay
	Cellular uptake studies

	Discussion
	Conclusion

	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

