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Abstract
Current breast cancer (BC) treatments often cause side effects, and prolonged use can 
lead to drug resistance. Hence, there is a demand for alternative treatment options for 
BC, particularly those utilizing natural compounds with better selectivity and lower 
toxicity. Curcumin (Cur) is a natural compound with anticancer effects but suffers from 
low bioavailability, accentuating the need for improved delivery systems. Transdermal 
drug delivery offers better patient compliance and site-specific delivery for improved 
treatment. In this study, a formulation of Cur-nanoemulsion (Cur-NE) was developed and 
characterized. The anticancer potential of the Cur-NE was evaluated using a syngeneic 
BC mouse model. Cancer was induced by injecting 4T1 murine mammary cancer cells 
into the breast pad of female Bagg Albino/c (BALB/c) mice. Treatments were started 
when the tumor was palpable on day 11. Tumor growth was monitored regularly. Upon 
sacrifice, the tumor, lungs, and liver were harvested from all animals for histopathological, 
immunohistochemistry (IHC), and gene expression analysis. Histological assessment 
revealed a higher percentage of necrosis area (25 – 70%) in tumor tissues from mice 
fed with Cur compared to animals fed with vehicle (10 – 50%) and those that received 
topical application of the Cur-NE (10 – 40%). The IHC analysis of the BC for biomarkers 
such as CD9, tissue inhibitor of metalloproteinases-1, and matrix metalloproteinase-13 
showed higher immunoreactivity scores in the animals that received topical application 
of Cur-NE compared to the vehicle-fed group. The expression of four candidate genes 
(CDH1, TWIST1, apoptosis inhibitor-5, and CD274) was downregulated (p<0.05) in the 
Cur-NE group compared to the group fed with Cur. These results suggest that topical 
application of Cur-NE had higher anticancer effects than oral administration of Cur, 
making it a promising approach for the treatment of BC.
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1. Introduction
Breast cancer (BC) is the most common cancer in women 
worldwide and a leading cause of cancer-related mortality 
in women.1 According to the GLOBOCAN 2022 cancer 
database, 2.2 million new cases of BC were reported globally, 
with 666,103 deaths. BC is the fourth most common cancer 
in women.2 In Malaysia, the 2017 – 2021 National Cancer 
Registry report indicated that BC accounted for 19% of 
cancers in women, followed by colorectal cancers (13.5%).3 
Although BC remains the fifth most common cause of 
death in women, survival rates have improved in recent 
years.4 For instance, early detection of BC is made possible 
through mammography, ultrasound, breast magnetic 
resonance imaging, and tissue biopsy.5 Furthermore, there 
are numerous options for the treatment and management 
of BC, which include combinations of surgery,6 radiation 
therapy,7 chemotherapy,8 hormonal therapy,9 and targeted 
therapy.10

Chemoprevention and treatment strategies are actively 
being explored to enhance bioavailability and efficacy 
while reducing the cost of care for cancer patients. Several 
Food and Drug Administration-approved drugs and 
monoclonal antibodies have been successfully used to 
treat BC. However, many of these drugs are associated with 
side effects that impact patients’ quality of life, including 
low blood counts, hair loss, arthralgia and myalgia, 
peripheral neuropathy,11 cognitive dysfunction,12 nausea 
and vomiting,13 diarrhea,14 endometrial carcinoma,15 
thromboembolic disorders,16 and drug resistance with 
long-term therapy.17

Recent research explored novel therapeutics for 
complex diseases. Natural compounds have been used 
throughout medical history to treat cancers due to their 
efficacy through unique mechanisms, low toxicity, safety, 
and general availability.18 One such compound, curcumin 
(Cur), a naturally occurring polyphenolic compound 
extracted from Curcuma longa Linn, exhibits strong anti-
inflammatory properties.19 Its anti-inflammatory effects 
are attributed to its ability to inhibit (i) arachidonic acid 
metabolism, (ii) the cyclooxygenase pathway, (iii)  the 
lipoxygenase pathway, (iv) the pro-inflammatory cytokine 
production, and (v) nuclear factor kappa B activation.18 
Cur, classified as a “generally recognized as safe” 
substance, is characterized by stable metabolism and low 
toxicity, making it a promising candidate for medicinal 
development.20 However, its poor water solubility at acidic 
or neutral pH, extensive degradation alkaline environments, 
and rapid first-pass metabolism into inactive metabolites 
significantly limit its systemic bioavailability.21,22 Therefore, 
several approaches have been investigated to increase Cur 
biological efficacy, including its chemical derivatization, 

complex formation, macromolecular interactions, and 
nanoscale drug delivery systems.23

Among these strategies, nanoemulsions (NE) have 
emerged as a promising technology for improving drug 
solubility, stability, and bioavailability across various 
therapeutic applications.24 Their ability to bypass first-pass 
metabolism and minimize long-term side effects makes 
them valuable for optimizing drug delivery and enhancing 
patient outcomes.25,26

BC continues to be a predominant cause of cancer-
related mortality globally, with existing treatment 
modalities frequently constrained by adverse effects and 
resistance mechanisms.27 In light of these challenges, there is 
an increasing interest in adjunctive therapeutic techniques 
that can improve treatment efficacy while reducing toxicity. 
Cur, a polyphenolic substance from Curcuma longa, 
exhibits notable anticancer capabilities, encompassing 
anti-inflammatory, pro-apoptotic, and anti-metastatic 
actions.28 Nonetheless, its clinical application is impeded 
by inadequate aqueous solubility, fast metabolism, and 
diminished systemic bioavailability. Nanoemulsification 
has emerged as a promising drug delivery method to 
address these constraints, improving Cur solubility, 
stability, and bioavailability. The development of Cur-NE 
may offer a more efficacious method to harness its 
therapeutic potential in BC treatment.23 Hence, the main 
objective of this study was to develop a stable Cur-NE 
formulation, characterize its physiochemical properties, 
and evaluate its anticancer effects through transdermal 
delivery in a syngeneic BC mouse model. In addition, gene 
expression analyses were conducted to elucidate potential 
underlying mechanisms.

2. Materials and methods
This study was conducted in two phases: (i) development 
and characterization of Cur-NE formulation and 
(ii)  evaluations of its anticancer potential in a syngeneic 
mouse model of BC.

2.1. Test compounds, chemicals, and consumables

Cur, purchased from Sisco Research Laboratories (India), 
possessed a purity of 95% and the preparation passed the 
IR spectrum test. All chemicals and reagents used for 
this research were of analytical grade. Propylene glycol 
monocaprylate (Capryol 90) was purchased from Gattefosse 
Pharma (Malaysia). Polyoxyethylene sorbitan monolaurate 
(Tween-20) was purchased from Sigma-Aldrich (Malaysia). 
Different surfactants and cosurfactants (Cremophore EL, 
Labrafill M1944CS) were obtained from Sigma-Aldrich. 
RPMI 1,640 medium, fetal bovine serum (FBS), penicillin-
streptomycin (10,000 U/mL), TrypLE™ Express reagent, 
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phenol red, phosphate-buffered saline (PBS, pH: 7.4), 
and RNase- and DNase-free ultrapure distilled water were 
purchased from GIBCO (USA). Dimethyl-54-sulfoxide was 
obtained from Sigma-Aldrich while (2-(4-iodophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium 
(WST-1) was from Roche Diagnostic GmbH (Germany). 
The oral gavage needle was purchased from Interfocus 
(England) while other syringes (1 mL, 10 mL, and 1 mL 
with a 27G needle) were from Terumo® (Japan). Digital 
caliper was obtained from eBioscience (USA).

2.2. Cell line
The 4T1 murine mammary cancer cells are adherent and 
cultured as the ATCC recommended. These cancer cells 
were isolated from BC in BALB/c mice.36 Tumour growth 
induced in female syngeneic BALB/c mice resembles 
human stage IV BC regarding tumour growth and spread.37

2.3. Mice models

Female BALB/c mice (6  weeks old) were purchased 
from an accredited local supplier (Chennur, Malaysia) 
and housed at the animal holding facility, International 
Medical University (IMU). The animals were acclimated 
for at least 5  days before starting the experiments. The 
experimental animals were housed in ventilated cages. 
The bedding for the cages and standard food pellets for 
the mice were from Chennur. The experimental animals 
had ad libitum access to water and food pellets throughout 
the study.

2.4. Selection of oil, surfactant, and co-surfactant 
for NE formulations

NE formulations containing Cur were prepared using a 
previously described method with slight modifications.30 
The first step was to screen excipients – such as oil, 
surfactant, and co-surfactant – to identify those providing 
maximum Cur solubility. Oils (Capryol 90, olive oil, 
soybean oil, corn oil, or sunflower oil), surfactants 
(Tween-20, Tween-80, Transcutol HP, Labrafill 2125), and 
the co-surfactant (ethanol) were evaluated individually. 
Each preparation was vortexed using a vortex mixer (fine 
polymerase chain reaction [PCR], Korea) for 20 min. The 
mixture was solubilized in a shaking incubator at 37°C for 
72 h, periodically checked, and additional Cur was added 
if the solution became transparent. Thereafter, the samples 
were centrifuged (5,000 rpm, 20 min) and the supernatant 
was diluted with methanol. The samples were then 
quantified using an ultraviolet (UV)-spectrophotometer 
(Perkin Elmer, USA) at a wavelength of 421  nm that 
detects Cur. Excipients (oil, surfactant, and co-surfactant) 
that showed the highest solubility for Cur were selected for 
NE formulations.

2.5. Formulation of placebo and Cur-Ne

A total of 5 mg of Cur was first dissolved in the oil phase, 
followed by the addition of a mixture of surfactant and 
co-surfactant (Smix). The mixture was vortexed for 15 min 
and subsequently subjected to ultra-sonification for 
another 15  min. Then, the aqueous phase was gradually 
added with continuous vortexing for 15  min to facilitate 
emulsification and ensure uniformity of the formulation. 
A  placebo NE was prepared using the same method 
without Cur.

2.6. Thermodynamic stability tests

Drug-loaded NEs were subjected to thermodynamic 
stability testing, including centrifugation, heating-
cooling cycles, and freeze-thaw cycles, to identify stable 
formulations. The selected stable formulations were 
centrifuged (5,000 rpm, 30 min) and observed for signs of 
cracking, creaming, or phase separation.31 Then, a heating-
cooling cycle was performed, where the NEs were stored 
at alternating temperatures of 4°C and 40°C for 72  h at 
each temperature. Freeze-thaw stability was evaluated over 
three cycles, where formulations were alternately stored 
at −20°C and 25°C for 72 h per cycle.

2.7. Characterization and in vitro evaluation of 
Cur-NE formulation

2.7.1. Droplet size, polydispersity index (PDI), and 
zeta potential (ZP) analysis

The optimized Cur-NE formulation was diluted 100-fold 
and tested for droplet size, PDI, and ZP. The parameters 
were assessed using a Zetasizer (Nano ZSP, Malvern, UK).

2.7.2. pH and viscosity measurements

The pH was measured using a pH meter (FiveEasy pH meter 
F20, Metter Toledo, Switzerland). The Cur-NE formulation 
was placed in a beaker and the pH was measured in 
triplicates at 25 ± 1°C. The viscosity of the formulation 
was determined using a cone and plate viscometer (RST 
Rheometer, Brookfield Ametek, USA) with spindle 50.2 at 
10 rpm and 25°C ± 0.5°C.

2.7.3. Entrapment efficiency (EE) assessment

Cur EE in Cur-NE was determined by measuring the final 
Cur concentration after preparation and centrifugation. EE 
(%) was calculated using the following equation32: (Actual 
drug loading)/(Theoretical drug loading) × 100; where 
actual drug loading (mg/g) is the measured amount of 
Cur in Cur-NE formulation and theoretical drug loading 
(mg/g) is the total amount of Cur used in formulation 
preparation.
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2.8. Storage shelf life of Cur-NE formulation

The Cur-NE was stored for 60  days, and changes in Cur 
content and particle size of the droplets were monitored 
using the UV spectrophotometer and Zetasizer to assess 
stability over time.33

2.9. In vitro release studies

In vitro release studies of the Cur-NE and Cur solutions 
were done using the Franz cell diffusion method, 
employing a synthetic membrane (Strat-M) in place of 
animal skin.34 The membrane was clamped between the 
donor and receptor chambers of the Franz diffusion cell 
(Strat-M® Membrane, Merck Millipore Ltd., Ireland), 
with the shiny part of the membrane facing the donor 
chamber. Then, 1  mL of the sample was administered 
on the shiny surface of the membrane. The receptor 
compartment was filled with phosphate buffer (pH  7.4) 
and maintained at a constant temperature of 37 ± 0.5°C 
using a circulating water jacket and constant magnetic 
stirring (300 rpm). An aliquot (1 mL) of the sample was 
periodically (0, 1, 2, 3, 4, 5, 6, 7, and 8 h) drawn from the 
receptor compartment and replaced with an equal volume 
of fresh buffer. Cur concentration was quantified using a 
UV spectrophotometer at a wavelength of 421 nm.

2.10. In vivo studies

The experimental design for the development of the 
syngeneic BC mouse model is outlined in Figure 1.

2.10.1. Culture of murine mammary cancer cells

The 4T1  cells were cultured at 37°C in a humidified 5% 
CO2 incubator and maintained in a complete medium 
consisting of RPMI 1640 medium, 10% FBS, 1% penicillin 
and streptomycin solution, 1% sodium pyruvate and 1% 

HEPES.35 When 4T1 cells reached 70% confluent, they were 
subcultured. Once the spent culture media was removed, 
the adherent cells were washed twice with sterile PBS. 
Then, 3 mL of TrypLE™ Express reagent was added, and 
the cells were incubated for 5 min at 37°C in a humidified 
5% CO2 incubator. The cells were transferred into a sterile 
15 mL tube and recovered by centrifugation (1,500  rpm, 
5  min). After discarding the supernatant, the pellet was 
resuspended in 1 mL of complete media and transferred 
to a new T75 flask with 10 mL of complete medium. The 
cells were then incubated at 37°C in a humidified 5% CO2 
incubator.

2.10.2. Induction of BC tumors

After 1 week of acclimatization, the mice were inoculated 
with 4T1 murine mammary cancer cells. The 4T1  cells 
were harvested, resuspended in 1 mL of complete medium, 
and the cell density was adjusted to 10,000 cells/mL. Then, 
100 µL of this cell suspension was inoculated into the 
left thoracic mammary fat pad of each mouse.38 Tumors 
became palpable between days 11 and 12 after inoculation.38 
Once the tumor was detectable, the mice were randomly 
assigned to one of four groups (Table 1).

The Vehicle and CO groups received oral gavage of 
50 µL soy oil or 2.5  mg of Cur twice daily. The NE and 
Cur-NE mice received topical application (500 µL) of NE 
alone (placebo) or Cur-NE over the tumor area twice daily. 
The treatment continued until the animals were sacrificed 
20 days after the tumor was induced.

2.10.3. Measurement of tumor volume

The site of tumor inoculation was palpated every 3 – 4 days. 
Once the tumor was palpable, a digital caliper was used to 
measure the tumor size. The tumors’ two perpendicular 
diameters (length, L; width, W) were recorded to calculate 

Figure 1. Experimental design for the development of syngeneic breast cancer mouse model
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the tumor volume (V) using the following formula39:

V = 0.52 × L2 × W.

2.11. Histopathological analysis

The experimental animals were sacrificed at the end of the 
study. The liver, lungs, and half of the tumor were harvested 
from each mouse and placed in a 10% phosphate-buffered 
formalin solution (LabChem Sdn Bhd., Malaysia) for 
histopathological studies. The second half of the tumors 
were snap-frozen and stored at −80°C for gene expression 
analysis.

The formalin-fixed tissues were kept for 1  week 
before gross sectioning. The samples were then cut into 
small sections (5  mm), placed into labelled cassettes, 
and stored in formalin until further tissue processing. 
Paraffin blocks were prepared, sectioned into 4 µm slices 
using a microtome, and stained with hematoxylin and 
eosin (Leica Biosystems, Singapore). Stained sections 
were mounted with disterene-phthalate-xylene and 
air-dried. The stained slides were analyzed under the 
light microscope (Nikon eclipse 80i, Japan), for signs 
of metastasis, necrosis, and apoptosis. The Nottingham 
grading system (Elston–Ellis modification of the Scarff-
Bloom-Richardson grading) was used to evaluate the 
grade of BC.40

2.12. Immunohistochemistry (IHC) analysis

IHC staining was performed according to the 
manufacturer’s instructions. Briefly, 5  µm sections were 
cut from the tumor blocks and placed on a poly-L-lysine-
coated slide (LabChem Sdn. Bhd., Malaysia) for IHC 
analysis. Three biomarkers were analyzed for IHC: Matrix 
metalloproteinase-13 (MMP-13; rabbit recombinant 
monoclonal antibody [mAb]; ab219620; 1:2000 dilution; 
Abcam Carpinteria, USA),41 CD9 (rabbit polyclonal 
antibody; ab223052; 1:100 dilution; Abcam Carpinteria, 
USA), and tissue inhibitor of metalloproteinases-1 
(TIMP-1; rabbit recombinant mAb; ab211926; 
1:1000  dilution; Abcam, USA). The intensity and the 

percentage of positive cells were assessed for each staining. 
The intensity of immunostaining in the cytoplasm was 
scored 0 (no brown particles), 1 (light brown particles), 2 
(moderate brown particles), or 3 (dark brown particles). 
The percentage of stained-positive cells was quantified 
under a microscope and scored 1 (<25% positive cells), 
2  (25 – 50% positive cells), 3  (51 – 75% positive cells), 
and 4 (>75% positive cells). The staining index (SI) 
was calculated as the product of the intensity and the 
percentage of positive staining. The SI values were used to 
define high (SI ≥6) and low (SI <6) expressions of MMP-
13. The intensity of CD9 staining was given a score of 
0 (negative), 1 (weakly positive), 2 (moderately positive), 
or 3 (strongly positive). Percentage of positive tumor 
cells (TC) showing membranous-to-cytoplasmic staining 
was given a score of 0 (0%), 1 (1 – 25%), 2 (26 – 50%), 
3 (51 – 75%), or 4 (>75%). The final CD9 immunoreactivity 
score (IS; range: 0 – 12) was determined by multiplying 
the intensity score and the extent score (https://ejbc.kr/
DOIx.php?id=10.4048/jbc.2019.22.e9).

2.13. Gene expression studies

Total RNA was extracted from tumor tissues stored at −80°C 
using a commercial RNA extraction kit (Pure NATM Fast 
spin Total RNA extraction kit, Sigma-Aldrich, Malaysia). 
RNA concentration was estimated using the Nanoquant™ 
plate (Tecan Austria GmbH, Austria) and a microplate 
reader (Tecan Austria GmbH, Austria). All quantifications 
were performed in triplicates.

For quantitative PCR (qPCR), the RNA samples were 
thawed and aliquoted to the desired concentration required. 
The qPCRBIO SyGreen 1-Step kit (PCR Biosystems, USA) 
was used for cDNA synthesis and PCR by following the 
manufacturer’s protocol. The expression levels of four 
candidate genes (CDH-1, TWIST 1, apoptosis inhibitor-5 
[API-5 and CD-274), relative to two housekeeping genes 
(ACTB, GADPH), were assessed. The reagents used were 
briefly centrifuged and a master mix was prepared. The 
threshold cycle (CT) values were obtained using iQ5 
software (BioRad, USA) to calculate normalized relative 
fold expression for the genes of interest. The ΔCT method41 
was used, with the formulas: ΔCT = CTGOI − CTHKG and 
ΔΔCT = ΔCT (Treated) – ΔCT (Control) where CTGOI 
is the CT value of the gene of interest, and CTHKG is the 
average CT of housekeeping genes.

2.14. Statistical analysis

Statistical analysis was carried out using the Statistical 
Package for the Social Sciences software version  28.0 
(IBM, Armonk, USA). Tumor size and tumor weights were 
collected from the five groups (treatment and control), 
each containing six mice, and the mean and standard 

Table 1. Description of different groups of test animals

Group Description of treatment Number 
of animals

Vehicle Oral gavage with 50 µL of soy oil 6

CO Oral gavage with 50 µL of Cur (2.5 mg in soy oil) 6

B‑NE Topical application of NE (500 µL) over tumor 
inoculation site

6

Cur‑NE Topical application of Cur‑NE (500 µL) over 
tumor inoculation site

6

Abbreviations: BC: Breast cancer; B‑NE: Blank nanoemulsion; 
Cur: Curcumin; Cur‑NE: Curcumin nanoemulsion; NE: Nanoemulsion.
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deviation (SD) were calculated. A normal distribution was 
assumed.

Student T-test was performed on the means of the 
treated groups and the control was compared for the 
significance with paired T-test. For gene expression studies, 
an analysis of variance test was used to compare the three 
treatment groups. The significance level was set at p<0.05 
or p<0.01. All data were presented as mean ± SD.

3. Results and discussion
3.1. Selection of oil and surfactant for NE 
development

Cur had maximum solubility in Capryol 90 
(4.7 ± 0.01 mg/mL), followed by olive oil (2.8 ± 0.01 mg/mL) 
and corn oil (2.4 ± 0.05 mg/mL). Among the surfactants, 
maximum solubility was observed with transcutol HP 
(2.0  ± 0.01  mg/mL), Tween-20  (1.7 ± 0.01  mg/mL), and 
Tween-80 (0.99 ± 0.01 mg/mL). Tween-20 is a surfactant 
formed by a polyoxyethylene head group and a single 
hydrocarbon tail (C12:0). It was selected due to its ability 
to stabilize NE even at low concentrations. Furthermore, it 
is non-ionic, less toxic, and biocompatible, which makes it 
safe to be used in NE formulation.42 Thus, Capryol 90 and 
Tween-20 were selected as the preferred oil and surfactant 
to develop NE for further evaluation.

3.2. Optimization and characterization of NE

Ten NE-blank formulations (without Cur) were prepared 
using varying oil, surfactant, and water percentages. 
Four formulations (C-A1, C-A2, C-A3, and C-A10) were 
transparent and homogeneous, making them suitable 
for further characterization, including droplet size, PDI, 
and ZP. The C-A10 formulation exhibited the smallest 
droplet size with a suitable PDI, followed by C-A1 
(Table 2). Both formulations underwent thermodynamic 

stability tests. As C-A10 (10% Capryol-90, 40% Tween-
20, 50% water) showed better thermodynamic stability, 
it was used in the development of Cur-NE. The 
Cur-NE exhibited satisfactory values of droplet size 
(19.54 ± 0.42  nm), PDI (0.32 ± 0.01), and ZP (-3.98 
± 0.24 mV) (Table  3); it also remained homogeneous 
after centrifugation, indicating stability under normal 
storage conditions. It passed all thermodynamic stability 
tests, with no visible precipitation during prolonged 
storage, showing good physical stability with no phase 
separation, creaming, or cracking. The Cur-NE had 
62.68 ± 2.03% drug content of Cur, a pH between 6.02 
and 6.79 (within normal skin pH range), and a viscosity 
of 0.058 ± 0.0013 Pa.s, making it suitable for stable NE 
and transdermal formulations.

3.3. Storage stability study

The Cur-NE formulation prepared using C-A10 was stored 
and further analyzed for variation in droplet size, PDI, and 
drug content over 60  days at 25°C and 4°C. Throughout 
the study (Day 0, 30, and 60), the droplets remained 
monodispersed, with size changes of only 1 – 2% (Table 4). 
The decrease in ZP was not statistically significant, and EE 
showed no significant variation between 4°C and 25°C, 
indicating that Cur-NE was relatively stable. The pH 
(6.02 – 6.79) was within the normal skin range, suggesting 

Table 2. Composition of selected blank nanoemulsion formulations

Code Oil, Capryol‑90 (%) Smix (%) Water (%) Transparent Homogenous

C‑A1 10 40 (30:10 of Tween 20: ethanol) 50 ✓ ✓

C‑A2 15 40 (30:10 of Tween 20: ethanol) 45 ✓ ✓

C‑A3 12.50 40 (30:10 of Tween 20: ethanol) 47.50 ✓ ✓

C‑A4 10 40 (30:10 of Labrafil: Tween 80) 50 Turbid ‑

C‑A5 12.5 40 (30:10 of Labrafil: Tween 80) 47.50 Turbid ‑

C‑A6 15 40 (30:10 of Labrafil: Tween 80) 45 Turbid ‑

C‑A7 10 40 (30:10 of Labrafil: Tween 20) 50 Layer separation ‑

C‑A8 12.5 40 (30:10 of Labrafil: Tween 20) 47.50 Layer separation ‑

C‑A9 15 40 (30:10 of Labrafil: Tween 20) 45 Layer separation ‑

C‑A10 10 40 (Tween 20) 5 ✓ ✓

Note: Smix: mixture of surfactant and co‑surfactant.

Table 3. Analysis of droplet size, polydispersity index 
(PDI), and zeta‑potential (ZP) of selected nanoemulsion 
formulations

Code Droplet size (nm) PDI ZP (mV)

C‑A1 123.53±2.37 0.323±0.09 3.48±0.34

C‑A2 252.3±4.17 0.512±0.83 4.43±2.13

C‑A3 267±2.54 0.473±1.35 0.46±1.76

C‑A10 20.36±5.2 0.35±0.34 1.2±0.35
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that Cur-NE would be non-irritating and suitable for 
transdermal use. Its viscosity (0.058 ± 0.0013 Pa.s) was also 
appropriate for a stable NE formulation.

3.4. In vitro release study using Franz diffusion 
experiments

At the end of 8 h, Cur-NE formulation showed 99.4 ± 1.03% 
release of Cur, which was significantly higher (p<0.001) 
than the amount of Cur released from a pure Cur solution 
(80 ± 0.13%) (Figure 2). The enhanced drug release from 
Cur-NE can be attributed to the nano-sized droplets, 
which increase the surface area and facilitate drug release. 
The significant release profile of Cur-NE, compared to a 
pure drug solution, suggests its potential for rapid onset of 
action while also ensuring a prolonged effect of the drug at 
the administered site.

3.5. Animal model of BC

Rapid tumor growth was observed in the tumor-induced 
mice that received no treatment (vehicle and CO group) or 
those that were fed with soy oil (Vehicle group) (Figure 3). 
However, there was a marked reduction (p<0.05) in 
the tumor volume in mice that were either fed with Cur 
(CO group) or treated with topical application of Cur-NE 
(Cur-NE group) on day 18 (Figure 3).

3.6. Histopathological analysis

Histopathological examination was performed on breast 
tumor, liver, and lung sections from all experimental 
groups. Tumor sections from Vehicle, CO, and Cur-NE 
groups showed moderately differentiated infiltrating ductal 
carcinoma with highly pleomorphic cells. All groups had 
similar tumor grading using the Nottingham system43 
based on tubule formation, nuclear pleomorphism, and 
mitotic rate. Tumor sections from CO mice showed greater 

Table 4. Thermodynamic stability of selected nanoemulsion (NE) formulations

Code Composition (%) Parameters Effect of Overall 
resultsOil Smix Water H/C CENT F/T

C‑A1 10 40 (30:10 of Tween 20: ethanol) 50 Droplet size (nm) 137.3±7.37 Phase separation ‑ Failed

PDI 0.54±0.73 Phase separation ‑

C‑A10 10 40 (Tween‑20) 50 Droplet size (nm) 21.37±1.32 Stable, no phase separation 23.36±1.67 Passed

PDI 0.22±1.78 Stable, no phase separation 0.36±2./02

Notes: Smix: Mixture of surfactant and co‑surfactant; H/C: Heating‑cooling cycle; CENT: Centrifugation; F/T: Freeze‑thaw cycle; PDI: Polydispersity 
index; Passed: Acceptable droplet size and PDI values; Failed: Droplet size and PDI value not within an acceptable range, and phase separation was 
observed.

Figure  2. Comparison of the in vitro release profile of curcumin-
nanoemulsion (Cur-NE) and pure curcumin (Cur) solution at pH 7.4

Figure 3. The mean tumor volume. The width and length of the tumor 
from each animal were recorded once every 4  days from the time the 
tumor became palpable. The tumor volume from tumor-induced animals 
that were treated with (A) oral gavage of curcumin (CO) or vehicle and 
(B) received topical application of blank NE (CNB), curcumin-loaded NE 
(Cur-NE) is represented as a mean tumor volume ± standard deviation of 
six mice (n=6) per group at each time-point.

B

A

https://dx.doi.org/10.36922/cp.8102


Cancer Plus Oral and topical curcumin in breast cancer

Volume 7 Issue 1 (2025)	 103� doi: 10.36922/cp.8102 

necrosis (25 – 70%), compared to Vehicle (10 – 50%) or 
Cur-NE (10 – 40%) mice (Figure  4). Ramalho et al.44 
have suggested that a higher level of tumor necrosis is 
linked to a potent inhibitory effect on cancer growth. 
Our study’s findings indicate that Cur is a powerful anti-
cancer substance that causes necrosis in triple-negative BC 
(TNBC) tissue. Prior research has demonstrated that the 
administration of Cur effectively suppressed the growth of 
tumors and the formation of new blood vessels in a TNBC 
mouse model.45 These findings align with the results of this 
study, which shows that Cur effectively decreased both the 
size and weight of the tumor.

3.7. IHC analysis

The 4T1 cell line is a model for TNBC, and it has been 
the subject of more than 1,000 investigations.46 The 4T1 
model remains the most clinically relevant pre-clinical 
animal model for human TNBC.47 Non-neoplastic breast 
epithelial cells were negative for CD9 expression, while 
necrotic tumor areas showed non-specific staining. 
Stromal inflammatory cells showed moderate to strong 
CD9 immunoreactivity, serving as an internal control. 
Tumors of the Vehicle and CO groups had membranous-
to-cytoplasmic CD9 expression in 50 – 75% of TCs with a 
score of 6. Tumors in the Cur-NE and NEB groups showed 
the expression in >76% of TCs, scoring 8. Intracellular 
staining for MMP-13 was localized to the cytoplasm of 
TCs. Tumors in the Vehicle group showed moderate 
staining in 51 – 75% of TCs, with a SI of 6. The CO group 
had moderate staining in >75% of TCs, with a SI of 8, while 
the CN group showed dark staining in >75% of TCs, with 
a SI of 12. TIMP-1 expression, mainly in the cytoplasm of 
TCs, showed moderate intensity in both CO and Cur-NE 
groups with an SI of 6 in 51 – 75% of TCs (Figure 5).

3.7.1. CD9 expression in BC

CD9 exhibits broad expression in various normal and 
cancerous tissues.48 In a previous study, researchers 
examined a specific type of BC called invasive carcinoma 
of no special type. They found that CD9 was highly 

expressed in the TCs compared to the normal mammary 
epithelial cells. The level of CD9 expression varied among 
the patients. Furthermore, the presence of CD9 in BC tissues 
was found to be associated with the clinicopathological 
characteristics of aggressive tumor behavior and poor 
prognosis. In a study by Baek et al.,48 CD9 was expressed in 
42.5% of invasive lobular carcinoma (ILC) cases, with strong 
CD9 expression correlating with poor clinical outcomes. The 
role of CD9 in BC invasion and metastasis likely underpins 
the observed association between CD9 expression in TCs 
and unfavorable BC prognosis. CD9 crosslinking triggers 
intracellular signaling pathways involving molecules 
such as phosphatidylinositol 4-kinase and Src homology 
2, which enhance TC invasiveness by upregulating 
MMP2 transcription. Furthermore, CD9 interacts with 
transforming growth factor alpha, inhibiting its cleavage 
and sustaining epidermal growth factor receptor (EGFR) 
activation in epithelial cells. This sustained EGFR signaling 
may promote cellular proliferation, reducing survival rates in 
CD9-expressing cancer patients. However, no studies have 
reported CD9 expression in the 4T1 murine model of BC.49

3.7.2. MMP-13 expression in BC

Strong fibrillar proteins make up the extracellular matrix 
(ECM) and epithelial basement membrane. Metastasis and 
tumor invasion requires the proteolytic enzyme MMP-
13 to degrade type  II collagen and other ECM proteins, 
disrupting the structural integrity of tissues and facilitating 
tumor invasion into surrounding areas.50 Recent findings 
suggest that MMP-13 may be crucial to the extracellular 
MMP activation cascade that degrades the ECM 
network.51 A study found that MMP-13 protein expression 
was considerably higher in BC cells than in normal breast 
tissues, suggesting that MMP-13 may be upregulated 
during human BC growth and progression.52 Cur has 
demonstrated significant potential in downregulating 
MMP-13 expression, particularly in cancer research.53 
In our study, the staining of MMP-13 was higher in the 
Cur-NE group (SI = 12) than in the CO group (SI = 8), 
underscoring the efficacy of Cur-NE in downregulating 

Figure 4. Histopathology analysis of tumor sections from BC mouse models receiving oral soy oil (Vehicle), oral curcumin (CO), or topical application 
of curcumin-nanoemulsion (Cur-NE). Sections (4 µm) were stained with haematoxylin and eosin. Magnification: ×100. N  indicates necrosis while T 
indicates moderately differentiated infiltrating duct carcinoma.
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critical proteins involved in metastasis. This makes Cur, 
particularly in advanced delivery systems like NE, a 
promising adjunctive therapy for targeting MMP-13 and 
its downstream effects on tumor progression.

3.7.3. TIMP-1 expression in BC

TIMP-1 is crucial in BC progression as it modulates 
MMPs, enzymes that facilitate ECM breakdown and cancer 
spread.54 TIMP-1 suppresses MMPs and prevents excessive 
matrix degradation; nonetheless, its increased expression 
in BC correlates with a poor prognosis due to its tumor-
promoting roles, such as promoting growth, exerting 
anti-apoptotic actions, and modulating angiogenesis.54 
Research indicates elevated TIMP-1 levels in BC tissue 
relative to benign or normal tissue, with immunodetection 
predominantly observed in malignant cells and the 
adjacent stroma.55 Research, including a study by 
Nakopoulou et al.,55 substantiates that TIMP-1 is markedly 
overexpressed in breast carcinomas, underscoring its 
intricate function in tumor biology.

3.8. Gene expression studies

The mean fold changes of selected genes (TWIST 1, CDH1, 
API5, and CD274) in the tumors of CO and Cur-NE 
groups are shown in Figure 6. The results show that Cur 
exerts its effect on these genes by differentially regulating 
their expression when compared with the Vehicle group. 
In tumors from CO, Cur-NE, the expression of the CDH1, 
API5, CD274, and TWIST1 genes was downregulated. These 

genes are crucial in the development and progression of 
murine BC. Interestingly, the downregulation of these genes 
was more significant in tumors from the Cur-NE group 
compared to the CO group. These findings underscore the 
effectiveness of topical application of Cur-NE, compared 
to oral Cur supplementation, in downregulating critical 
genes involved in TNBC development and progression, 
highlighting its potential as a targeted therapeutic strategy.

TWIST1, a critical regulator of epithelial-to-
mesenchymal transition (EMT), facilitates metastasis by 

Figure 5. Immunohistochemistry analysis of tumor sections from BC mouse models receiving oral soy oil (Vehicle), oral curcumin (CO), or topical 
application of curcumin-nanoemulsion. Sections (4 µm) were stained for CD9, matrix metalloproteinase-13, and tissue inhibitor of metalloproteinases-1. 
Magnification: ×400.

Figure 6. The expression of TWIST 1, CDH1, API5, and CD274 genes in 
tumors obtained from BC mouse models receiving oral curcumin (CO) 
or topical application of curcumin-nanoemulsion (Cur-NE). Samples 
were analyzed using quantitative polymerase chain reaction and data were 
normalized with a housekeeping gene (GAPDH). Results are expressed 
as log2 fold change, with expression in tumors from vehicle group as a 
reference. n=3 for each group.
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suppressing epithelial markers such as E-cadherin (CDH1) 
while promoting mesenchymal traits. The observed 
reduction in TWIST1 expression aligns with research 
demonstrating Cur’s ability to inhibit EMT through the 
TWIST1-mediated pathways.56 Interestingly, although 
CDH1 is generally reduced during EMT, its downregulation 
in our study may reflect a complex regulatory mechanism, 
possibly influenced by Cur’s impact on dynamic cell 
adhesion processes, as reported in other cancer models.57

The API5 gene, which prevents programmed cell death 
and supports tumor survival, was notably suppressed 
following Cur-NE treatment. This finding is consistent 
with previous studies showing that Cur promotes apoptosis 
by inhibiting anti-apoptotic regulators.58 Moreover, the 
immune checkpoint gene, CD274 (encodes for PD-L1 
protein), which plays a crucial role in immune evasion, 
was downregulated. This suggests that Cur-NE may 
exert immunomodulatory effects, potentially enhancing 
antitumor immune responses. These results align with 
prior reports indicating that Cur downregulates PD-L1 
expression through the inhibition of NF-κB pathway.59

3.9. Advantages of topical application of Cur-NE

Unlike nanoemulgels, several drug carriers used in topical 
application – such as liposomes, niosomes, microemulsions, 
and topical gel – are reported to be confined to the skin 
surface, leading to poor drug efficacy.29 The nanoemulgels 
have emerged as an optimal formulation for topical 
application, offering enhanced and sustained drug release 
at the targeted site.29 Moreover, this approach improves 
patients’ compliance, avoids first-pass metabolism, reduces 
side effects, and allows constant drug levels in the blood 
over extended periods.60

4. Future perspectives
Compared to conventional Cur formulations, our results 
suggest that NE enhances the substance’s ability to 
regulate gene expression patterns, likely due to improved 
bioavailability and cellular uptake. Given these promising 
findings, further research should explore whether Cur-NE 
can be effectively combined with immune checkpoint 
inhibitors or apoptosis-inducing agents to improve 
therapeutic outcomes. Future investigations should 
also focus on elucidating the molecular mechanisms 
underlying its impact on EMT-related pathways and 
immune modulation to better define its potential role in 
TNBC treatment.

Future investigations should also prioritize enhancing 
the therapeutic relevance of Cur-NE through meticulously 
structured trials evaluating its efficacy and safety in cancer 
patients. Clinical studies must investigate appropriate 

dosing, bioavailability, and long-term results to ascertain 
its therapeutic potential. Furthermore, examining Cur-NE 
alongside established chemotherapeutic drugs, such as 
paclitaxel or doxorubicin, may augment its anticancer 
efficacy through synergistic pathways.24,28 Subsequent 
pre-clinical investigations must evaluate toxicity and 
pharmacokinetics to ensure a thorough comprehension of 
its systemic distribution, metabolism, and possible adverse 
consequences.23 This research can potentially enable the 
transition of Cur-NE as an effective anticancer treatment 
from bench to bedside.

5. Conclusion
This study demonstrates the therapeutic potential of 
Cur-NE as an effective delivery system for targeting key 
molecular pathways involved in TNBC progression. 
The optimized Cur-NE formulation exhibited enhanced 
stability and superior release of Cur compared to free 
Cur. The oral Cur and topical Cur-NE treatments 
downregulated the expression of critical genes (CDH1, 
API5, CD274, and TWIST1) associated with tumor 
development and progression, with the topical application 
showing significantly greater efficacy. Furthermore, the 
IHC analysis revealed reduced expression of metastatic 
markers (MMP-13, TIMP-1, and CD9) in breast tumor 
tissues from mice models treated with Cur-NE. These 
findings suggest that Cur-NE holds promise as a targeted 
therapeutic strategy, offering significant advantages over 
conventional Cur supplementation. Future studies are 
warranted to further explore its clinical applicability and 
mechanism of action.
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