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Abstract

Background Drug combination therapy is preferred over monotherapy in clinical research to improve therapeutic
effects. Developing a new nanodelivery system for cancer drugs can reduce side effects and provide several
advantages, including matched pharmacokinetics and potential synergistic activity. This study aimed to examine and
determine the efficiency of the gemini surfactants (GSs) as a pH-sensitive polymeric carrier and cell-penetrating agent
in cancer cells to achieve dual drug delivery and synergistic effects of curcumin (Cur) combined with tamoxifen citrate
(TMX) in the treatment of MCF-7 and MDA-MB-231 human BC cell lines.

Methods The synthesized NPs were self-assembled using a modified nanoprecipitation method. The functional
groups and crystalline form of the nanoformulation were examined by Fourier-transform infrared spectroscopy (FTIR),
X-ray diffraction (XRD), differential scanning calorimetry (DSC), and dynamic light scattering (DLS) used to assess zeta
potential and particle size, and the morphological analysis determined by transmission electron microscopy (TEM).
The anticancer effect was evaluated through an in vitro cytotoxicity MTT assay, flow cytometry analysis, and apoptosis
analysis performed for mechanism investigation.

Results The tailored NPs were developed with a size of 252.3+24.6 nm and zeta potential of 18.2+4.4 mV capable
of crossing the membrane of cancer cells. The drug loading and release efficacy assessment showed that the loading
of TMX and Cur were 93.84% + 1.95% and 90.18% + 0.56%, respectively. In addition, the drug release was more
controlled and slower than the free state. Polymeric nanocarriers improved controlled drug release 72.19+ 2.72% of
Trmx and 55.50 + 2.86% of Cur were released from the Tmx-Cur-Gs NPs after 72 h at pH=5.5.This confirms the positive
effect of polymeric nanocarriers on the controlled drug release mechanism. moreover, the toxicity test showed that
combination-drug delivery was much more greater than single-drug delivery in MCF-7 and MDA-MB-231 cell lines.
Cellular imaging showed excellent internalization of TMX-Cur-GS NPs in both MCF-7 and MDA-MB-231 cells and
synergistic anticancer effects, with combination indices of 0.561 and 0.353, respectively.
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Conclusion The combined drug delivery system had a greater toxic effect on cell lines than single-drug delivery. The
synergistic effect of TMX and Cur with decreasing inhibitory concentrations could be a more promising system for

BC-targeted therapy using GS NPs.

Keywords Breast cancer, Combination therapy, Curcumin, Drug delivery, Gemini surfactant, Tamoxifen citrate

Background

Breast cancer (BC) is the second leading cause of cancer-
related deaths in women, 70% of which belong to the
estrogen receptor (ER)-positive BC [1]. Thus, endog-
enous estrogen-blocking endocrine/hormonal thera-
pies can reduce BC relapse and mortality. Common
ER-positive BC treatments include tamoxifen citrate
(TMX), letrozole, and fulvestrant [2]. TMX, the first-line
endocrine therapy for premenopausal women, blocks
the estrogen-signaling pathway by competitive binding
to ERs. TMX therapy has several disadvantages, includ-
ing poor bioavailability and rapid clearance. Long-term
TMX therapy causes venous thromboembolism, second-
ary cancers, central nervous system injuries, and bone
growth abnormalities in normal tissues. Long-term TMX
therapy induces 20-30% resistance and reduces cancer
cell vulnerability, impeding clinical outcomes [3]. There-
fore, it is necessary to enhance the therapeutic applica-
tions of TMX through a range of approaches, such as
increasing target specificity, optimizing therapeutic
pharmacokinetics, and reducing dose-dependent toxic-
ity. Compared to standard chemotherapy, specific tar-
geted therapies and nanoscale delivery systems are better
choices because of the accumulation of drugs in tumors
and reduced side effects, leading to improved tailored
treatments [4, 5]. Combination-drug delivery is a com-
mon treatment method [6], and polymeric nanocarriers
are promising drug delivery mechanisms for combination
therapy in cancer treatment [7]. The mPEG2000 urethane
gemini surfactants (GSs) are a class of amphiphilic mol-
ecules that exhibit biodegradability and are capable of
self-assembling into vesicles in aqueous. These molecules
have the potential to serve as effective carriers for tumor-
specific drug delivery because they can encapsulate 2
distinct therapeutic agents. In addition, they exhibit pH-
dependent behavior, thereby enabling their controlled
degradation in response to external stimuli [8]. This
approach is a remarkably effective method for dispensing
drugs within the tumor microenvironment due to a pH
gradient [9]. GS represents a viable alternative approach
to improve the bioavailability of hydrophobic compounds
in specific tissues [10]. The combination of TMX with
other natural anticancer components should improve
the efficiency of TMX at lower doses [11]. Several bio-
active compounds, including schisandrin B (Sch B) [12],
B elemene (B-eLe) [13], betulinic acid (BA) [14], quer-
cetin (Que) [15], and curcumin (Cur), have the ability
to directly induce apoptosis in tumor cells and decrease

their proliferation when used in combination with che-
motherapeutic medicines. The utilization of medicinal
plant extracts and phytocompounds enhances the effec-
tiveness of antibacterial and antifungal medications.
These combinations exhibit greater efficiency and lower
toxicity, making them suitable for treating multi-drug-
resistant infections [16, 17]. Cur, a flavonoid found in
Curcuma longa, is a chemical sensitizer used for antioxi-
dant, anti-inflammatory, antibacterial, and drug-resistant
tumor treatments [18]. Previous studies have shown that
Cur inhibits ER-positive and ER-negative cell growth via
dependent or independent pathways [19]. Conventional
formulations exhibit poor dispersion and fast omission.
Thus, rapid organ removal requires many medicines with
side effects [20]. To develop nanocarriers for efficient and
safe drug delivery, novel targeted nanomedicine strate-
gies are desirable to increase the tumor site accumula-
tion of anticancer drugs and tissue distribution [21, 22].
Accordingly, this study aimed to examine and determine
the efficiency of GS as a cell-penetrating agent in cancer
cells to achieve dual drug delivery and synergistic effects
of Cur combined with TMX in the treatment of MCF-7
and MDA-MB-231 human BC cell lines. These results
will contribute to the development of novel therapeutic
regimens for BC patients.

Materials and methods

Materials

TMX (CAS No.: 54965-24-1, purity>99%), and Cur
(CAS No.: 458-37-7, purity of 299.5%), were purchased
from Sigma Aldrich (St Louis, MO, USA). Poly (ethyl-
ene glycol) monomethyl ether (mPEG) urethane gemini
surfactant were generously provided by the Institute
for Color Science and Technology (ICST), Tehran,
Iran. Human MCF-7 and MDA-MB-231 cell lines were
obtained from Pasteur Institute of Iran (Tehran, Iran).
MDA-MB-231 and MCEF-7 cells were grown in Dul-
becco’s Modified Eagle Medium (DMEM)-high glu-
cose (CAT No: 1004760010, Sigma-Aldrich Company,
St. Louis, MO, USA) supplemented with 10% v/v fetal
bovine serum (CAT Number 16000044; Gibco, USA),
and 1% penicillin/streptomycin (CAT No.: 15140122,
Gibco, USA). Tetrazolium dye, 3-(4, 5-dimethylthiazol-
2-y1)-2, 5-diphenyltetrazolium bromide (CAS No.: 298-
93-1), DMSO (CAT No; 5.89569, Sigma, USA), Triton
X-100 ( CAT No: T8787, Sigma, USA) methanol (CAT
No: 1060092500), and all other chemicals and com-
pounds were acquired from Merck (Darmstadt, West
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Germany) and were high-performance liquid chromatog-
raphy (HPLC) grade.

Preparation of nanoparticles

The nanoparticles (NPs) were prepared using a modified
nanoprecipitation method [23]. The various formula-
tions, such as GS, Cur-loaded GS (Cur-GS), TMX-loaded
GS (TMX-GS), TMX, and Cur co-loaded GS (TMX-Cur-
GS) NPs, were self-assembled using a modified nano-
precipitation method (Table 1A). To load TMX and Cur
simultaneously, Cur and GS were first dissolved in 3 mL
of methanol and then gently added dropwise to TMX
in phosphate buffer solution (PBS; pH=7.4) under mild
stirring conditions. The ratio of TMX and Cur in TMX-
Cur-GS is 1:1 (mg: mg). The solution was then sonicated
(Ultrasonic UP200H, Hielscher Ultrasonics GmbH, Ger-
many) at an amplitude of 80% for 2 min (at 30-second
intervals) to reach an evenly dispersed solution. Metha-
nol was subsequently evaporated using a rotary evapora-
tor (Heidolph, Germany). The resulting residue was then
dispersed in ultrapure water. To remove unencapsulated
drugs (Cur and TMX), the dispersion was subjected to
centrifugation at 5,000 rpm for 5 min. The unencapsu-
lated Cur and TMX agglomerates (pellet), was discarded,
and the NPs formulation (supernatant), containing the
encapsulated drugs, was resuspended in ultrapure water.
The obtained Cur-GS, TMX-GS, and TMX-Cur-GS
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vesicles were freeze-dried and stored at 4 °C for subse-
quent experiments.

Physicochemical characterization of Cur-GS, TMX-GS, and
TMX-Cur-GS

The size, polydispersity index (PDI), and zeta potential ({)
of the NPs were determined using a Zetasizer Nano ZS95
analyzer (Malvern Instruments Ltd., UK) at room tem-
perature [24]. Fourier transform infrared spectroscopy
(FTIR) analysis was used to determine the presence of
chemical interactions between the drugs (Cur and TMX)
and nanocarriers (Bruker, FTIR Tensor 27, Germany).
FTIR spectral scanning was performed in the wavenum-
ber range of 400—4000 cm™! on KBr pellet samples [6)].
The thermal properties of Cur, TMX, GS NPs, and TMX-
Cur-GS NPs were measured by differential scanning cal-
orimetry (DSC; Mettler Toledo 823e, Switzerland). The
samples were heated from 0 to 200 °C at a rate of 10 °C
« min~!, Thermograms were obtained at a nitrogen gas
flow rate of 10 mL/min. The crystallographic character-
ization of the NPs was determined by X-ray diffraction
(XRD) analysis (STOE STRADIVARI, GmbH, Germany)
under CuKa radiation (wavelength, 1.5406 A). The scan
rate was adjusted to 3° < 20<60°, and the scan angle
was 2° » min~!. The morphological features, size distri-
bution, and structure of the samples were studied using
transmission electron microscopy (TEM; Zeiss-EM10C,

Table 1 (A) size, PDI, and entrapment efficiency of NPs, (B) Stability of the freeze-dried TMX-Cur-GSsNPs in PBS (pH:7.4)

(A) Size, PDI, and entrapment efficiency of NPs

Drug: polymer (mg: mg) Size (nm) ( potential (mV) PDI EE (%) LC (%)

GSs

0:10 3284+10.01 273+46 0.32+0.003 - -

Cur-GSs

0.5:10 165.6+£15.2 64+13 0.17+£0.012 82.2+4.29 20+£041

1:10 2004+10.2 63£10 0.21+0.020 874+1.74 25+044

2:10 2307+17.7 1.9+2.1 0.36+0.008 90.2+£0.64 494049

TMX-GSs

0.5:10 2162+6.7 53+12 0.39+0.019 813+£1.77 34+0.79

1:10 26581156 149+4.1 0.23+0.007 80.9+3.37 74+024

2:10 27224213 16.1+1.3 0.22+0.016 9124148 82+0.62

TMX-Cur-GSs

0.5:10 2415+136 43+139 0.27+0.030 Cur:79.04+0.35 2.8+0.79
TMX:81.8+6.48 43+067

1:10 2463+16.1 16.6+7.2 0.38+0.020 Cur:85.1+£3.91 39+044
TMX:87.1+3.78 51+£1.10

2:10 25234246 182+44 0.19+£0.010 Cur:90.1+£0.56 4.7+0.33
TMX:93.8+1.95 6.6+0.55

(B) Stability of the freeze-dried TMX-Cur-GSsNPs in PBS (pH:7.4).

Day Size (nm)
1 2299+106
7 1844+10.2
14 1504+74
30 2240+14.6

( potential (mV)
122419
60+23

58+17

52+14

Note PDI=Polydispersity Index). EE=Encapsulation efficiency. LC=Loading capacity. and Data are expressed as mean+SD (n=3)
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Germany) at an acceleration voltage of 100 kV. The
diluted aqueous solution of the sample was sonicated for
15 min (Misonix-S3000, USA); in addition, a drop of the
sample was placed on a carbon-coated copper grid (300
mesh, EMS, USA) and dried thoroughly at room temper-
ature [6].

Drug content analysis

For the evaluation of the in vitro drug encapsulation effi-
ciency (EE) and drug loading capacity (LC), NPs groups
were prepared, and Cur and/or TMX contents in the NPs
were measured using a NanoDrop 2000 UV-Vis spectro-
photometer (Thermo Scientific, Wilmington, DE, USA).
An ultrasonic bath (WiseClean, Germany) was used to
dissolve 1 mg of GS, Cur-GS, TMX-GS, and TMX-Cur-
GS NPs in 1 mL of the methanol: water ratio (50:50, v/v).
The absorbance of the solutions was measured at the
maximum absorbance wavelength for TMX (276 nm) and
Cur (425 nm). Quantitative analysis was performed using
a standard curve of TMX and Cur using UV-Vis spec-
troscopy to calculate the total amount of encapsulated
drug. The encapsulation efficiency and loading capacity
were calculated using Egs. (1) and (2) [9]:

Encapsulation
Total amount of

encapsulated drug (mg) (1)

efficiency (%) = x 100

Total amount of drug
added during preparation (mg)

Total amount of
encapsulated drug (mg)

Loading capacity (%) = x 100 (2)

Total amount of
nanoparticle (mg)

Spectroscopy measurements

To demonstrate the encapsulation of Cur in GS NPs, the
experiments were performed using an LS-55 fluores-
cence spectrometer (Perkin Elmer, UK), and the fluores-
cence spectra were recorded at A, from 450 to 700 nm
(Aex=425 nm). The free Cur and TMX were dissolved in
the methanol: water ratio (50:50, v/v); in addition, their
absorption was measured at 425 and 276 nm, respec-
tively, to construct a standard curve to determine the
drug loading percentage [8].

Stability of NPs in terms of aggregation and size

The aggregation and size stability of TMX-Cur-GS NPs
suspension in PBS (pH=7.4) were determined by moni-
toring the variation in particle size and zeta potential
for 1 month at 4 °C using dynamic light scattering (DLS)
measurements.
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Drug release profile of NPs

The in vitro release profiles of free Cur, free TMX, Cur-
GS, TMX-GS, and TMX-Cur-GS NPs were evaluated in
PBS at pH=7.4 and pH=5.5, containing 20% methanol
to increase the solubility of Cur in drug release tests. A
solution of free drugs encapsulated in NPs (1 mg/mL)
was monitored under physiological conditions at 37 °C
in a pre-activated dialysis bag (MW cutoff 12 KD). This
cutoff was small enough to keep the NPs inside the mem-
brane, but the pores were large enough that they were
not a limiting factor for drug release in the dialysate. At
predetermined intervals (0.5, 1, 2, 4, 8, 24, 48, and 72 h),
the cumulative released was assessed using the standard
curve equation [25].

Cell studies

Cytotoxicity assay

MCEF-7 and MDA-MB-231 BC cell lines were used
to test the effectiveness of TMX, Cur, and dual drug-
loaded GS NPs. Both cell lines were cultured in DMEM
supplemented with 10% FBS and 1% antibiotic solution
(penicillin and streptomycin). Cell viability was mea-
sured using a thiazolyl blue tetrazolium bromide (MTT)
assay. The MTT assay was performed to investigate the
concentration of pharmacologic substances required to
induce a 50% mortality rate in the cell population (ICs)
[26]. The cells were seeded at a density of 5x10° cells/
well in 96-well plates and incubated for 24 h. Blank NPs
(1-150 pg/mL) were used as controls. In the cytotoxic-
ity assay, the dose of each drug was as follows: for sin-
gle-drug administration, TMX and Cur was used at a
concentration of (0, 1, 5, 10, 25, and 50 pg/mL). Cur and
TMX were utilized in co-administration at the same con-
centrations. When testing NPs containing these drugs,
the doses were equivalent to the concentrations used for
the free drugs [27].

Cellular uptake analysis

Cur, a biocompatible probe for fluorescence microscopy,
was used to monitor NPs uptake into MCF-7 and MDA-
MB-231 cells. The intracellular uptake of drug-loaded
NPs and free drug solutions was evaluated. MCF-7 and
MDA-MB-231 cells were seeded separately in 24-well
plates (5x10* cells/well™!) for 24 h and then exposed to
free Cur, Cur-GS (15 pg/mL), and TMX-Cur-GS (15 pg/
mL). The cells were investigated after 3, 6, 9, and 12 h at
37 °C, and DAPI (268298-10MG, Darmstadt, West Ger-
many) solution (10 pg/mL) was used to stain the nuclei.
Cell images were taken using an Olympus IX81 inverted
fluorescence microscope with a blue filter (Olympus,
Hicksville, NY, USA). The acquisition times were typically
120 ms, and the images were captured with an Olympus
DP72 digital camera (Olympus, New York, USA) and
processed using AnalySIS LS Professional software.
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Cell apoptosis analysis

The apoptotic index of Cur-GS, TMX-GS, and TMX-
Cur-GS treated cells was determined using flow cytome-
try and Annexin-V-FLUOS labeling kits (CAT: 55667206,
Hoffman-La Roche Ltd., Switzerland). The cells (1x10°
cells per 12-well plate) were seeded. Cur-GS, TMX-GS,
and TMX-Cur-GS NPs were added to the cells and cul-
tured for 48 h at 37 °C. A FACSCalibur flow cytometry
device was used to suspend the cell pellets in a solution
comprising Annexin, PI, and binding buffer (CAT No:
554781, BD FACSCanto II; BD Biosciences, San Jose, CA,
USA). The samples were analyzed using GraphPad Prism
version 9.2.1.

Cell cycle analysis

Different cell cycle phases were studied using prop-
idium iodide staining and analyzed using flow cytom-
etry. Briefly, the cells were harvested and washed with
PBS, fixed with 70% cold ethanol (CAT No: 1009742500,
Darmstadt, West Germany), and incubated overnight
at -20 °C. Next, the cells were washed twice in PBS and
treated with 50 uL of RNase (CAS No: 9001-99-4, BioBa-
sic, Canada) (100 pg/mL) for 30 min. Then, the cells were
washed and stained with propidium iodide (200 pL from
50 pg/mL stock solution, 0.1% Triton X100 in PBS) for
15 min at room temperature. Finally, the cells were ana-
lyzed using a BD FACSCalibur flow cytometer (BD Bio-
sciences, San Jose, CA, United States). Different cell cycle
phases were determined by FlowJo version 10 (Flow]Jo
LLC, Ashland, OR, USA) [28].

Statistical analysis

The experiment data are presented as meantSD
(n=3-4). Statistical analyses were performed using anal-
ysis of variance (ANOVA) and GraphPad Prism version
9.2.1 (GraphPad Software, San Diego, California). P val-
ues less than 0.05 were considered statistically significant.

Results

Characterization of nanocarrier and physicochemical
properties of TMX-Cur-GS

Measurement of particle size, zeta potential, and
polydispersity

The hydrodynamic size distribution and zeta potential
of lyophilized NPs were measured using DLS (Fig. 1S).
As shown in Table 1A, the highest loading capacity and
encapsulation efficiency were observed in all formula-
tions for the drug: polymer ratio (2:10, w/w); this ratio
was used for subsequent experiments. Moreover, drug-
loaded NPs were substantially smaller than the free GS
NPs (328.4110.01 nm). The average zeta potential of GS
NPs was determined to be 27.33+4.63. The findings indi-
cated that the introduction of GS polymer alongside Cur
(a negatively charged compound) resulted in a reduction
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in zeta potential. Specifically, the zeta potential of Cur-
GS NPs was measured to be 1.92+2.14. The zeta poten-
tial value of the TMX-Cur-GS NPs was 18.2+4.38 mV.
The observed reduction in zeta potential could be attrib-
uted to the alteration in the polymer aggregation num-
ber [29]. The polydispersity index (PDI) of synthetic NPs
indicates a monomodal distribution and precise size con-
trol with low dispersity [24].

Fourier transform infrared spectroscopy

The FTIR spectra of free TMX, Cur, and TMX-Cur-GS
NPs are shown in Fig. 1C. The TMX spectrum showed
specific absorption bands at 3028 cm™! (hinting at C—-H
stretching) and 1732 cm™" related to the C=0 stretching
bond of citric acid. Notably, these bands were absent in
the TMX-GS NPs, suggesting that the drug was entirely
encapsulated (Fig. 1A). As shown in Figs. 1A, 2 and 3,
the peak at 1602 cm™! was related to the aromatic ring
bands observed in both the spectrum of the GS carrier
and TMX-GS. In addition, C-H stretching was observed
at 2862.9 and 3028 cm™! in both spectra, while the peak
at 3028 cm™ ! in TMX-GS NPs shifted to the 2928 cm™!
area, indicating that TMX was loaded in the surfactant.
The peak of TMX at 1111 cm™! (C-O-C) was covered
by the peak of the carrier and cannot be used to confirm
loading. The functional groups of Cur, such as hydroxyl
(-OH), carbonyl (C=0), and ethylene groups (C=C),
were present at 3405, 1602.1, and 1510.88 cm™?, respec-
tively; in addition, they were characterized in Cur-GS
(Figs. 1B and 2). The absence of the 1510.88-cm™! peak
in the Cur-GS NPs indicates that Cur is present within
the polymeric carrier. In both Cur-GS and TMX-Cur-
GS spectra, GS marker peaks, specific peaks at 2924 and
2855 cm™!, and C-N at 1102 cm™! were observed. The
characteristic stretching of the C=0O citrate group in
TMX was not evident in TMX-Cur-GS NPs. Similarly,
the peaks associated with the benzene group at 1606 and
1510 cm™! were absent [25, 30]. The FTIR spectra of the
TMX-Cur-GS NPs confirmed the presence of TMX and
Cur within the nano-polymeric carrier, as well as the for-
mation of hydrogen bonds between the 2 substances. The
shifted and broad peak of the phenolic group from 3405
to 3415 cm™! is evidence of hydrogen bond formation in
this area [25].

Differential scanning calorimetry

The DSC thermograms of Cur (Figs. 1D, 2, 3 and 4) and
TMX (Figs. 1D and 2) demonstrate that TMX and Cur
have a sharp melting point of 146.25 °C and 172.57 °C,
respectively, indicating their crystallinity [31]. A single
endothermic melting peak was obtained for blank NPs
at 58.06 °C (Fig. 1D) and for TMX-Cur-GS at 56.97 °C
(Figs. 1D, 2 and 3) [32].
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Fig. 1 (A) FTIR spectra of GSs (i), TMX-GSs (i), and TMX (iii), (B) FTIR spectra of GSs (i), Cur-GSs (ii), and Cur (iii), (C) FTIR spectra of TMX-Cur-GSs (i), GSs (i)
Cur (iii), and TMX (iv), (D) DSC thermograms of GSs (i), TMX (ii), TMX-Cur-GSs (iii), Cur (iv), (E) X-ray diffraction profile obtained from TMX-Cur-GSs (i), TMX (ii),
GSs-NPs (i), and Cur (iv), (F) Transmission Electron Microscopy (TEM) image of TMX-Cur-GSs

X-ray diffraction analysis

The XRD spectra of Cur and TMX contained strong
peaks at 20 scattered angles of 12.28°, 14.55°, 17.33°, and
27.45° and 2.91°, 9.51°, 13.87°, and 17.80°, respectively,
indicating that the components were present in the crys-
talline form. However, these peaks were not observed in
the XRD pattern of the TMX-Cur-GS NPs (Fig. 1E). TMX
and Cur affected the morphology, size, and crystallinity
of GS NPs. According to the XRD results, the crystal-
linity of the GS NPs was significantly reduced after drug
loading, indicating that the drugs were homogeneously
incorporated into the polymeric matrix and stabilized in
an amorphous state [33].

Transmission electron microscopy

As illustrated in Fig. 1F, the TEM image was used to
determine the form of a single vesicle. The spherical
structure of the core/shell was disclosed, and the hydro-
phobic membrane was shown in light gray, whereas the
inner core contained water specified by dark gray. The
size of the NPs was 167.42+21.02 nm, as determined by
Image] software. The particle size in DLS measurements
was larger than that in TEM because of the hydrody-
namic diameter of the particles in the solution [34].
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Fig.2 (A) UV-vis spectroscopy analysis of free-TMX (i), TMX-GSs (ii), and GSs (iii), (B) free-Cur (i), Cur-GSs (ii), and GSs (iii), (C) Fluorescence emission spectra
of Cur (i) and Cur-GSs (i) in an aqueous solution containing 50% methanol excited at 420 nm, (D) and bright-field and darkfield photographs of the free-
Cur (i) and Cur-GSs (ii), (E)in vitro drug release profile of Cur from Cur-GSs, (F) TMX from TMX-GSs, (G) Cur from TMX-Cur-GSs, (H) and TMX from TMX-Cur-
GSs, (1) in PBS at pH 7.4 and pH 5.5. Comparison of drug release percentages after 72 h in PBS at pH 7.4 and pH 5.5. Each data point represents mean +SD
(n=3). ###: P-value <0.001 and ##: P-value <0.01 vs. control group (free-Cur, and free-TMX). ns: non-significant, *: P-value <0.05, and **: P-value <0.01, vs.

each treatment group

Encapsulation efficiency and loading capacity

A formulation with different weight ratios of drug and
polymer (w/w) was prepared to evaluate the encapsu-
lation efficiency and loading capacity of NPs through
the standard calibration curve for Cur with a linear
regression equation of y=0.0829x+0.0747, R*=0.9929,
and TMX with a linear regression equation of
y=0.02579x+0.04303, R*=0.9941 (Table 1A and Fig. 2S).
The results are given in Table 1A. The unique structure of
GS NPs resulted in high encapsulation efficiency (%) and
loading capacity (%) values for Cur and TMX. Of partic-
ular significance was TMX, which is substantially more
water-soluble (10 times) than Cur. Consequently, their

values were separately high in the TMX-Cur-GS NPs
formulation (2:10). The analysis of drug loading revealed
that the increased amount of drug in the formulations led
to increased drug loading. This may be due to the ability
of the polymer matrix to accommodate a large number of
drug molecules in the polymer network before saturation
occurs [35]. The saturation point was not determined in
the present study.

Steady-state absorption and emission studies

Fluorescence spectroscopy is a robust technique that can
be used to examine the interaction between small mol-
ecules and macromolecules. This includes the analysis
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of the binding mechanism, binding mode, and binding
constants [36]. The measurement of Cur loading and
release kinetics can also be facilitated by this method and
the UV spectrophotometric method [37, 38]. The break-
down of Cur and TMX in a buffer reduced their physical
properties, while the polarity and pH of the surround-
ing environment considerably influenced their photo-
physical properties. However, the presence of polymeric

NPs considerably stabilized them under physiological
circumstances, and the interaction of medications with
the NPs may suppress the degradation under these cir-
cumstances. The change in the Cur and TMX absorption
spectra seen in the polymeric NPs is proof of this inter-
action. As shown in Fig. 2A, the absorption spectra of
free TMX was 276 nm (Fig. 2A-1); however, the TMX-GS
NPs appeared at 291 nm (Fig. 2A). The highest level of
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encapsulated Cur’s absorption was found to have a simi-
lar tendency (a 10-nm blue shift from 425 nm; Fig. 2B).
The shoulder peak at 355 nm corresponds to the m—m*
transitions in the feruloyl unit, whereas the absorp-
tion band near 425 nm corresponds to the lowest n—i*
transitions in Cur (Fig. 2B) [31]. The absorption peaks
of TMX and Cur loaded in TMX-Cur-GS NPs exhibited
bathochromic shifts from the absorption band of the
drug solution in the methanol: water ratio and located at
267 and 433 nm, respectively; in addition, the absorption
peak intensity also decreased (Fig. 3S). Due to the more
viscous structure of the micelle, the Cur incorporated
within it displays strong fluorescence in hydrophobic
environments. The intermolecular hydrogen interac-
tion between Cur and polymers is likely responsible for
the blue shifts in fluorescence [39]. The appearance of an
emission peak in water at roughly 498 nm further shows
that Cur is sensing a hydrophobic environment inside
polymeric NPs (Fig. 2C and D) [31].

Stability of NPs

Table 1B shows the changes in the zeta potential and par-
ticle size of the NPs measured within 30 days. As illus-
trated in Fig. 4S, no significant changes were observed
in the size and zeta potential of the NPs. These findings
show that TMX-Cur-GS NPs retain structural integrity in
a biological context, which is a prominent characteristic

of clinical drug carriers. All NPs were stable for 30 days
at 4 °C. After 1 month, there was no significant difference
in the size or zeta potential of the TMX-Cur-GS NPs
(P<0.0621) [40].

In vitro drug release

GS is a pH-sensitive polymeric nanocarrier that proton-
ated the GS amine group and expanded the vesicle matrix
in an acidic environment, allowing GS NPs to rapidly
break down in the acidic environment of tumors (pH 5.6
to 6.8) to release medicines [8]. The release of Cur and
TMX from GS NPs under actual physiological (pH=7.4)
and acidic (pH=5.5) conditions was demonstrated by
their cumulative release profiles from nanocarriers via
the dialysis-based assays (Fig. 2E and H). Loading Cur
and TMX in GS NPs resulted in prolonged and slowed-
down release, which has a significant difference in the
release profile of drugs compared to free Cur and free
TMX (P<0.001; Fig. 2E and F). Cur and TMX release
from TMX-Cur-GS was slower and longer than free com-
ponents due to nanoparticle protection (P<0.001; Fig. 2G
and H). After 72 h, the sustained release pattern of TMX-
Cur-GS displayed a pH-sensitive release profile with a
decreasing pH (Fig. 2G and H). It has been shown that
72.19% t 2.72% of TMX and 55.50% + 2.86% of Cur were
released from the TMX-Cur-GS NPs after 72 h at a pH of
5.5, which is higher than the 58.01% + 3.00% of TMX and
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50% + 4.65% of Cur released at a pH of 7.4 (Fig. 2I) [41].
GS NPs can release hydrophobic or hydrophilic drugs in
different environments. Several parameters during the
loading of drugs into NPs can influence drug release,
including the ratio, nature, and loading time of drug mol-
ecules [42]. Molecules with more polarity exhibit a higher
rate of release compared to non-polar molecules. In this
regard, Cur exhibited a lower release rate compared to
TMX. One of the main challenges encountered in com-
bination therapy is the independent regulation of the
release kinetics of drugs. According to Fig. 21, the TMX-
Cur-GS dual-drug system was unaffected by the pres-
ence of Cur regarding the TMX release; in addition, no
significant difference was observed between the release
of TMX alone (TMX-GS) and the combination therapy.
Instead, incomplete or inadequately bound molecules on
the surface of NPs cause the initial rapid release of TMX
or Cur [25]. After the initial burst release, there will be a
gradual release of the drug, which is inside the GS NPs
and occurs after diffusion, bulk degradation, or both [6].
The results were confirmed using DSC thermograms, in
which the changes in the melting point peaks showed
that the drugs were most likely in an amorphous form in
the matrix.

Cell properties analysis

Cell viability assay

Table 2A shows the MCF-7 and MDA-MB-231 cell sur-
vival after treatment with various TMX and Cur formu-
lations. The cell viability measurements revealed that
drug composition suppressed cell growth and increased
the cytotoxicity in a concentration and time-dependent
manner. Also, the GS NPs enhanced the potency of the
drug (Figs. 5S and 6S). The IC is a measure of a drug’s
efficacy that needs to inhibit a specific biological or
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biochemical process [43]. The IC;, measurements dem-
onstrated that the cytotoxicity effects of Cur and TMX
increased by 1.34 and 1.59-fold when loaded into the GS
NPs after 72 h (Table 2A). The bioavailability of TMX
is typically low due to early metabolism in the intestine
or liver, along with its efflux by P-glycoprotein (P-gp).
Cur has been identified as a substance that can hinder
both the function and expression of P-gp. Therefore,
the observed increase in drug efficacy can be attributed
to the suppression of P-gp by Cur, which consequently
impedes the extrusion of TMX [44]. Drug-loaded NPs
had lower IC;, than the free drugs after 48 and 72 h [40].
The low IC;, value of Tmx-Cur-GSs means that the com-
ponents are potent at low concentrations and higher IC,,
indicate the drugs need to be used in higher dosages [28].
MDA-MB-231 cells showed higher ICy, values for free-
TMX, TMX-GS, free-Cur, Cur-GS, and TMX-Cur-GS
NPs compared to MCF-7 and MDA-MB-231 cells, and
all encapsulated nanoparticle treatments showed sig-
nificant inhibition of MCEF-7 cells (Fig. 6S). Cur-GS and
TMX-Cur-GS NPs enhanced the cytotoxicity of drugs in
accordance with cellular uptake studies. TMX-Cur-GS
NPs demonstrated a synergistic effect on BC cells, and a
combination index of <1 was found after the treatment of
MCEF-7 and MDA-MB-231 cells with TMX and Cur after
72 h (Table 2B). As shown in Fig. 3A, B and a synergistic
effect was observed in TMX-Cur-GS NPs compared to
TMX-GS and Cur-GS NPs for 72 h in both BC cell lines,
and statistical analysis was performed based on 2-way
ANOVA.

Cellular uptake assay

Studying cellular absorption plays a critical role in under-
standing the mechanisms by which TMX-Cur-GS inter-
acts with cells, the location of its encapsulated material

Table 2 (A) IC;, of TMX, Cur, TMX-Cur, TMX-GSs NPs, Cur-GSs NPs, and TMX-Cur-GSs NPs upon treatment with MCF-7 and MDA-MB-231
cells, (B) combination index of TMX and cur (TMX-Cur-GSs NPs) on cell survival

(A) IC5o of TMX, Cur, TMX-Cur, TMX-GSs, Cur-GSs, and TMX-Cur-GSs upon treatment with MCF-7 and MDA-MB-231 cells.

Cell lines MCF-7 MDA-MB-231

24h 48 h 72h 24h 48 h 72h
Cur 18.86+0.65 8.10+0.39 7.09+0.76 2144+0.74 20.16+£0.87 1732147
Cur-GSs 17.14+£037 535+0.84 526+0.71 20.32+0.51 10.84+0.77 9.25+0.56
TMX 10.69+0.59 715081 5.72+0.62 17.20+0.72 8.64+046 8.18+0.67
TMX-GSs 10.13£0.76 5.69+0.63 3.59+0.55 12.00+£0.64 466+052 3.69+£047
TMX-Cur 15.75+0.52 8.55+0.56 486+0.58 28.69+091 9.09+1.67 496+0.62
TMX-Cur-GSs 12.38+0.77 6.72+045 234+0.32 27.02+0.58 7.57+0.34 1.72+0.26
(B) Combination index of TMX and Cur (TMX-Cur-GSs NPs) on cell survival.
Cell lines Cl

24h 48 h 72h

MCF-7 1.021 1211 0.561
MDA-MB-231 1.882 1.254 0353

Note Data are the mean SEM of at least three independent experiments, The combination index (Cl) of the combined effect of TMX and Cur on cell survival
was analyzed. The synergistic action of Cur and TMX was identified based on the CI theorem of Chou-Talalay [35], additive effect (CI=1), synergism (Cl<1), and

antagonism (CI>1) in drug combinations). Cl: combination index
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inside the cell, and the amount of TMX-Cur-GS ingested.
Fluorescence microscopy was used to quantitatively
evaluate the cellular uptake of Cur. As shown in Fig. 7S,
the accumulation of Cur in cells was time-dependent,
between 3 and 12 h of incubation with free-Cur and
TMX-Cur-GS. Moreover, the Cur retention time in the
cell during the 12-h incubation showed a broader cyto-
plasmic distribution of TMX-Cur-GS compared to free
Cur (green fluorescence), while the blue fluorescence
was associated with nuclei stained with DAPI (Fig. 3E).
As illustrated in Fig. 3, the fluorescence intensity in each
of the cell populations of MCF-7 (Fig. 3C) and MDA-
MB-231 (Fig. 3D) was evaluated using Image] software,
and the entrance of the drug into the cells was compared
with each other through the corrected total cell fluo-
rescence (CTCF) and integrated density (IntDen) after
12 h. As shown in Fig. 3E, taking advantage of the auto-
fluorescence of Cur, strong fluorescence was observed
in cells incubated with Cur-GS and TMX-Cur-GS after
6 h of treatment. It has been indicated that encapsulated
Cur gained more efficient entry into the cells than free
Cur, along with a time-dependent increase in the cellular
uptake of Cur, which is consistent with previous studies
[45].

Cell apoptosis assay

TMX and Cur alone or in combination promoted apop-
tosis in MDA-MB-231 and MCEF-7 cells compared with
controls (Fig. 4, and 8 S). According to these findings,
TMX-GS is more effective than Cur-GS in inducing cell
death in BC cells. In addition, as shown in Fig. 4A and
B, the apoptosis values increased in the presence of the
combined TMX and Cur in both MCF-7 and MDA-
MB-231 cells: 44% of MCF-7 cells and 48% of MDA-
MB-231 cells. TMX kills BC cells more effectively with
this combination therapy. TMX suppresses the mitogenic
action and proliferation of estrogen by competing with
ERs. It induces cancer cell death by modulating protein
kinases C, TGF-p, and p53 [46, 47].

Cell cycle analysisDrug-loaded GS NPs inhibited cell
proliferation and promoted apoptosis. Flow cytometry
was performed to check for cell cycle arrest in MCE-7
cells stimulated with free drugs and drug-loaded NPs
(Fig. 4, and 9 S). Treatment of MCF-7 cells with free
drug and Cur-GS, TMX-GS, and TMX-Cur-GS at con-
centrations lower than the ICy, revealed accumulation
in the fraction of cells in Sub-G1 phases (apoptosis) and
reduced S and G2 cell populations, indicating a pause in
cell cycle and promoting apoptosis (Fig. 4D). TMX-Cur-
GS, which included TMX and Cur (5 pg/mL), was able to
kill almost 70% of MCE-7 cells. However, the same quan-
tities of TMX and Cur alone did not show this effect, and
the cellular distributions did not differ significantly from
control levels in the G1, S, or G2 phases (Fig. 4C S).
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Discussion

The synergistic combination of two or more therapeutic
drugs is a promising strategy to overcome the adverse
toxicity and other side effects that inhibit the efficacy
of many treatments. Various natural plant-based com-
pounds and extracts have anti-tumoral characteristics,
which could be valuable in improving new anti-cancer
NPs [48]. Several research indicates that natural products
significantly treat a wide range of human diseases, includ-
ing many types of cancer [49]. Studies have proven that
combining natural bioactive components and chemo-
therapeutic agents makes a synergistic antitumor impact
through many mechanisms, such as inducing apoptosis
in tumor cells, suppressing tumor cell proliferation, and
inhibiting tumor multidrug resistance (MDR) [16, 50].
Researchers indicate co-delivery of Cur with PTX leads
to an improved therapeutic outcome in the treatment of
human cervical cancer. This effect is mediated through
the NF-kB-p53-caspase-3 pathway [51], and studies show
Cur was employed without and in conjunction with TMX
in order to mitigate tamoxifen-resistance in cancer cells.
Cur reverses many resistance mechanisms established
by tamoxifen-resistant cells. It modulates the altered
pathways including MAPK, PI3K/Akt, C-myc, Cyclin D,
NE-kB, and SRC, hence restoring sensitivity to TMX in
tamoxifen-resistant cells [52].

The findings of this study suggest that drug-loaded
GS NPs form tighter structures and have a positive sur-
face charge. The size reduction can be attributed to the
lipophilic compound, which has the potential to act as a
bilayer stabilizing agent [53], leading to a greater loading
capacity. For nanomedical applications, the preferential
size is <200 nm, and our data showed that the average
particle size of Tmx-Cur-GSs is 252.3+24.6 nm with a
narrow size distribution (PDI 0.19). According to other
studies, encapsulation of Cur and piperine within the
zein NPs with a coating of -carrageenan molecules shows
the average size of the CPZC NPs was 408.8+3.1 nm [54],
and the average size of Cur- and 5-fluorouracil-loaded
NPs was less than 200 nm [27]. Lipid-polymer hybrid
NPs co-encapsulated Cur and cisplatin and the nanopar-
ticle size was 225 nm with 0.21 PDI [55]. The co-loaded of
TMX and docetaxel in the polymeric nanoparticle depict
a 213 nm diameter and 0.26 PDI [40]. The particle size
and PDI of co-loaded TMX and quercetin in Tmx-QT-
NPs were 185.3+1.20 and 0.14, respectively. To decrease
the size of the droplets, Tmx-QT-NPs prepeared by
probe sonication for 60 s [56]. Co-delivery of TMX and
imatinib by temperature-sensitive liposomes indicats
the average particle size under 200 nm and PDI<0.4. to
obtain this size and PDI, the synthesized NPs were soni-
cated for 3 min and extruded [30]. Literature indicates
that nanomaterials within the range of 100—-300 nm have
demonstrated efficacy in evading the liver and spleen,
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organs responsible for nanoparticle metabolism, and
decreasing their circulation duration. The shape and sur-
face properties of particles are also important factors, as
they enable precise targeting of certain cells [57]. The size
of NPs can be altered by modifying solution conditions,
polymer concentration, production techniques, drug
loading, and drug release mechanisms [58]. A low PDI
indicates that the sample has a narrow distribution of
particles, which is desirable. In contrast, a high PDI (up
to 1) can lead to a mixture of NPs with varying loading
capacities, reduced physical stability, and distinct release
profiles [59]. Our investigations confirm the monomodal
distribution, and our results about average particle size
align with the other studies.

The ability to form hydrogen bonds may contribute
to the stability of NPs, thereby enhancing their viabil-
ity as drug delivery systems. The addition of TMX and
Cur to the GS NPs altered their physical properties and
increased their thermal stability. Despite the change in
the physical properties of GS NPs after the addition of
drugs, the results confirm that the combination of drug
molecules is feasible and that they can also alter the pho-
tophysical properties [60]. Photophysical findings suggest
that Cur possesses both hydrophilic aryl and hydropho-
bic diketone groups, which may interact with polymeric
NPs that are both van der Waals and electrostatic [44,
61]. The mechanisms of release from a gemini polymer
include a combination of erosion and diffusion [32]. The
gradual degradation of the polymer matrix in the release
medium could explain the sustained drug release pat-
tern of both medicines for 72 h. Interestingly, the cumu-
lative release of Cur was much less than that of TMX at
all times, which is related to its stronger affinity to the
hydrophobic polymer matrix, which has a higher ten-
dency to release in media than Cur, facilitating its rapid
release [56]. The co-administration of TMX with anti-
cancer agents can yield an additive or synergistic effect,
resulting in the inhibition of cancer cell proliferation.
Strategic co-administration of anticancer drugs promises
more effective therapy for ER-positive BC than mono-
therapy. Promoting cell death is a highly successful strat-
egy for preventing the uncontrolled growth of cancer
cells. Researchers have shown that the IC;, value for Cur
and TMX in dendrosome OA400 was under 5 pg/mL at
72 h [28]. In this research our experimental results, Tmx
and Cur demonstrate significant antitumor and poten-
tialy reduce the required dosage and minimize adverse
effects of cytotoxic therapies as the IC;, was 2.34 pug/mL
at72 h.

A significant increase in cytotoxicity and reduction in
medication dosage can be attributed to the heightened
ability of the treatment to penetrate, undergo endocy-
tosis, and exhibit enhanced adherence to cancer cells
because of the zeta potential. TMX-GS NPs enter the
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cell through endocytosis and are not targeted by P-gp
pumps; thus, TMX remains in the cell for a longer time
and induces apoptosis via protein kinase C suppression,
causing higher cytotoxicity [62]. TMX and Cur exert
their effects on distinct downstream signaling path-
ways, ultimately resulting in the induction of apoptosis
in cancer cells. Combined treatment with TMX and Cur
resulted in elevated Bax and decreased Bcl2 expression
in both MCEF-7 and MDA-MB-231 cells. These findings
indicate an increased rate of apoptosis and synergistic
effects [27, 63, 64]. Concurrent administration of TMX
and Cur demonstrated a synergistic effect, leading to a
subsequent decrease in the required dosage of TMX.
Consequently, this reduction in dosage mitigates the
associated side effects of TMX. In addition, the same
result was demonstrated in the combined treatment with
TMX and concanavalin [65], as well as with Cur and
temozolomide [66]. Cur induces a strong antiprolifera-
tive effect on the binding activity of NF-kB when protein
kinases and tumor-promoting pathways are inhibited [67,
68]. These results confirm the hypothesis that Cur exerts
an inverse effect on the growth of ER-negative cells more
efficiently than ER-positive cells and that Cur and TMX
together have a more significant effect on stopping the
development of both ER-positive and ER-negative cells
[19], with endocytic cellular uptake as the main mecha-
nism in MCEF-7 cells. The transported positive charge of
NPs increases cellular absorption and leads to increased
accumulation of Cur in cells due to the enhanced cellular
uptake of Cur NPs, thus causing cytotoxicity and apopto-
sis [69]. Combination therapy is more effective in induc-
ing cell death in BC cells because TMX competitively
binds to the ER and modulates signaling proteins (such
as protein kinase C, TGF-f, and p53) to induce cancer
cell apoptosis; in addition, Cur increases pro-apoptotic
proteins, such as Bax expression. In combination ther-
apy, necrosis occurs because of the high-dose toxicity of
drugs [28]. Cell cycle and apoptosis studies in MCF-7
cells revealed that TMX-Cur-GS NPs induced apoptosis
and increased the population of cells with DNA content
in the sub-G1 phase. Combining Cur and TMX induces
apoptosis in cancer cells. These results are similar to
those of other studies, wherein treatment with TMX and
Cur caused cell cycle arrest at the sub-G1 phase [28]. In
addition, treatment with TMX caused a cell cycle pause
in the G1 phase, whereas treatment with Cur resulted in
cell death by stopping cells in the G1/S and G2/M phases
and activating the caspase-3 pathway [69, 70]. Cell cycle
arrest is not the mechanism by which TMX reduces
cell viability. The pH-responsive polymeric nanocar-
riers have been developed by utilizing the acidic milieu
within tumor tissues and tumor cell /lysosomes to facili-
tate the effective and prompt release of anticancer drugs
into tumors [71]. A novel approach was employed to
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create pH-sensitive NPs for the simultaneous administra-
tion of DOX and Cur. This was achieved by synthesizing
self-assembled amphiphilic macromolecular prodrugs.
Cur-DOX-NPs were well taken up by cells, and they
were specifically delivered to the MCF-7 cell line, where
they had strong cytotoxic effects [72]. A pH-responsive
micelle system was designed for the co-delivery of PTX
and Cur. This system enhances their cellular absorption
and allows for deep penetration into tumors. Addition-
ally, it causes a burst release of PTX and Cur. These ben-
efits also contributed to the optimal effectiveness of the
combined PTX and Cur treatment [73]. In this study,
the pH responsiveness of the NPs is primarily attributed
to the GSs incorporated in their structure. GSs is a type
of surfactant that consists of two hydrophobic tails and
two hydrophilic head groups connected by a spacer. This
unique structure allows GSs to exhibit different behaviors
under varying pH conditions due to the ionizable nature
of its hydrophilic head groups. GSs have demonstrated
pH-responsive characteristics due to the protonation of
urethane bonds in acidic pH, which makes them highly
attractive for drug delivery applications. This protonation
increases the hydrophilicity of the GSs, causing the NPs
to swell and become more soluble [74]. Our results are in
line with previous studies, the GSs showed an increase in
the cellular uptake of BC cell lines that can be caused by
endocytic cellular uptake, then the accumulation of Cur
and Tmx in cells increased, thus causing cytotoxicity and
apoptosis. We suggested that GSs play a crucial role as a
pH-responsive nanocarriers and have the ability to trans-
fer two different therapeutic components simultaneously.

Conclusion

Co-administration of TMX and Cur led to increased
cytotoxicity and apoptosis in BC cells, demonstrating
synergistic effects. The incorporation of drugs into the
polymer matrix results in improved internalization and
uptake by cancer cells, thereby reducing the required
dosages and minimizing adverse effects. The combined
treatment exhibited contrasting effects on the prolifera-
tion of cells expressing ERs, both positive and negative.
In general, the use of GS NPs as carriers for drug delivery
exhibited enhanced efficacy compared to unbound drugs,
thereby underscoring their potential to enhance the effi-
cacy of cancer treatment. Further studies are necessary to
investigate the potential clinical relevance and enduring
effects of this combined therapeutic approach.
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