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Abstract

Background: Here, we examined the tumoricidal effect of Gemini surfactant nanopar-
ticles enriched with curcumin on 3D spheroid HT-29 cells. The delivery of curcumin and
other phytocompounds to the tumor niche is an important challenge.

Methods: Spheroid HT-29 cells were generated by using a conventional hanging drop
method and exposed to different concentrations of Gemini-curcumin nanoparticles.
The changes in spheroid integrity and cell viability were evaluated by measuring the
spheroid diameter and LDH release, respectively. The uptake of Gemini-curcumin
nanoparticles was detected by flow cytometry assay. Flow cytometric of Rhodamine
123 efflux was also performed. Migration capacity was analyzed using a Transwell insert
assay. By using real-time PCR analysis and Western blotting, we studied the expression
level of MMP-2, -9, Vimentin, and E-cadherin genes.

Results: Gemini-curcumin nanoparticles had the potential to disintegrate spheroids
and decrease central density compared to the control group (p <0.05). These changes
coincided with enhanced LDH release by the increase of nanoparticle concentration
(p<0.05). Data highlighted the ability of cells to uptake synthetic nanoparticles in a
dose-dependent manner. We found reduced Rhodamine 123 efflux in treated HT-29
spheroid cells compared to the control (p < 0.05). Nanoparticles significantly decreased
the metastasis and epithelial-mesenchymal transition (EMT) rate by the suppression of
MMP-2 and MMP-9, Vimentin, and induction of E-cadherin (p <0.05).

Conclusion: Our data confirmed that Gemini curcumin has the potential to suppress
cell proliferation and inhibit metastasis in 3D spheroid HT-29 cells in vitro.

Keywords: Curcumin, Gemini surfactants, 3D spheroid culture, HT-29, Colorectal
cancer

Background

Colorectal cancer (CRC) is considered a manifold life-threatening diseases globally
affecting both females and males (Rawla et al. 2019). Annually, numerous patients have
died due to the lack of CRC development and metastasis. Therefore, it is imperative to
develop novel treatments and modalities to put a halt to CRC development and dire
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consequences (Pretzsch et al. 2019). Despite various treatment modalities available in
human medicine, phytomedicine is considered as an alternative approach to circumvent
side effects correlated with conventional therapies (Cheraghi et al. 2016). Phytomedicine
is an herbal-based traditional medical practice that uses various plant materials for both
prevention and therapeutic purposes (Chaudhary et al. 2015). Curcumin (Cur) is one
of the herbal compounds that possess anti-cancer properties without magnificent side
effects (Rahnavard et al. 2019). From a structural point of view, Cur is a polyphenol com-
monly extracted from the rhizomes of Curcuma longa L. In traditional medicine, Cur
is prescribed as anti-oxidant, anti-inflammatory, anti-carcinogenic, and chemopreven-
tive agents (Wang et al. 2009). It has been elucidated that the anti-cancer effect of Cur
is mediated by the modulation of multiple signaling pathways, such as Wnt/B-catenin,
MAPK, PI3K/Akt, p53, JAK/STAT, and NF-dB (Wang et al. 2019; Chauhan et al. 2018;
Srivastava and Srivastava 2019). Due to these advantages, Cur has grabbed the research-
ers’ attention in the field of cancer biology research and treatment (Vallianou et al. 2015;
Hewlings and Kalman 2017). Despite the undeniable advantages, some studies declared
that Cur possesses poor bio-distribution and absorption rate after oral intake (Karim-
pour et al. 2019).

The development of a lipid-based delivery system is an alternative approach to
increase the bioavailability of hydrophobic components, like Cur, to the target tissues
(Nayak et al. 2016). The application of nanoparticles and physicochemical modifica-
tion seems logical to increase the distribution rate in the in vivo milieu (Lee et al.
2013; Shome et al. 2016; Rahimi et al. 2016). In this regard, Gemini surfactants,
belonging to a surfactant family with two identical surfactants, are linked by a flex-
ible or rigid spacer that could harbor and deliver many compounds to the target
sites (Karimpour et al. 2019). Unlike traditional surfactants, the use of a spacer in
Gemini surfactants can connect two hydrophilic groups by chemical bonds to form
a structure with double hydrophilic groups and double hydrophobic chains. The cur-
rent configuration dedicates far more merits, including higher surface tension, higher
micelle forming ability, and better water solubility (Du et al. 2018). Notably, very low
concentrations of Gemini surfactants are sufficient to form spheroidal micelles with-
out toxicity to the host cells. These features make Gemini nanoparticles eligible for
the delivery of drugs, proteins, and genetic factors (Karimpour et al. 2019). Besides,
the stereochemistry of the Gemini surfactant leads to specific potential features com-
pared to other carrier liposomes and PEGylated lipoplexes. It seems that the fusion
rate of Gemini surfactant and the cell membrane is high. These features facilitate the
transfer of target molecules and intracellular distribution in host cells compared to
other delivery systems mainly liposomes (Aleandri et al. 2013). The major hurdle of
PEGylation is associated with the enlargement of whole nanoparticle size which lim-
its the uptake and subcellular distribution (Sebak 2018).

In the most well-known experiments, the tumoricidal effects of Cur have been exam-
ined in different cancer cell lines in the 2D culture systems, which does not fully mimic
the in vivo conditions of the cancerous niche (Nunes et al. 2019). In this line, the devel-
opment of 3D cell cultures, such as spheroids and tumor organoids, could reflect the real
growth dynamics and morphology of solid tumors. In the current research, Gemini-Cur
(Cur-Gemini) is utilized as nano-formulations for delivering different concentrations of
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Cur human colorectal carcinoma cells HT-29 (Karimpour et al. 2019; Du et al. 2018). It
seems that the results from this study will help us understand the tumoricidal activity of

Cur inside Gemini surfactants in a 3D culture system.

Material and methods

Synthesis of Gemini-Cur nanoparticles (NPs)

Synthesis

Curcumin-loaded NPs were synthesized by a single-step nano-precipitation method as
previously described by our group. In brief, 6 mg of Cur (Cat no: Sigma-Aldrich, USA)
and 100 mg of methoxyl-poly(ethylene glycol) urethane Gemini surfactant (provided
as a gift from Institute for Color Science and Technology, Tehran, Iran) were dissolved
in 5 ml of methanol solution (Merck). Then, the methanol was evaporated in a rotary
evaporator. The Gemini-Cur NPs solution were filtered using a 0.2 pm size syringe fil-
ter (Millex-LG, Millipore Co., USA) to exclude the impurity and sterilize the solution
Gemini-Cur NPs, were lyophilized, and stored at 4 °C until use. The characterization of
Gemini-Cur NPs was done according to our previous study (Karimpour et al. 2019).

Fourier transforms infrared spectroscopy (FTIR) analysis

The conjugation of Cur with Gemini NPs was assessed using FTIR analysis (Bruker,
Tensor 27 spectrophotometer, Germany). Samples from Cur, Gemini NPs, and
Cur + Gemini NPs were prepared and mixed with KBr to generate pellets followed
by compressing under high pressure. Samples were scanned at the range of 500 to
4500 cm™"

Scanning electron microscopy (SEM)

The diameters of Gemini-Cur NPs were measured by SEM (Model: MIRA3 FEG-SEM,
Tescan) at a voltage of 5 kV. NPs were placed on the SEM stubs and visualized after
sputter coating with gold.

Measuring Gemini-Cur NPs uptake using immunofluorescence imaging

To assess the uptake of Gemini-Cur NPs, we exposed HT-29 cells with 80 pM Gem-
ini-Cur NPs for 6 h. To this end, 1 x 10* cells were plated in each well of 96-well plates
and allowed to reach 70-80% confluence. Then, cells were incubated with Gemini-
Cur NPs for 6 h followed by twice washes in PBS. Cells were fixed using 4% pre-cold
paraformaldehyde solution for 20 min and visualized under fluorescence microscopy.

Cell culture protocol

In this study, human colorectal carcinoma cells HT-29 (NCBI Code: C466) were
obtained from the National Cell Bank of Iran (Pasteur Institute, Tehran, Iran). To
expand the cells, a high-content glucose DMEM (DMEM/HG; Gibco) culture medium
was used. The basal medium was enriched with 10% fetal bovine serum (FBS, Gibco,
USA) and 1% Pen-Strep solution (Biochrom GbmH, Berlin, Germany). Cells between
passages 3—6 were subjected to different analyses.
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MTT assay

Effect of Gemini-Cur NPs on human HT-29 cells viability in a 2D culture system

The viability of HT-29 cells in 2D monolayer culture was evaluated after treatment
with Gemini-Cur NPs by using MTT (3-(4, 5-dimethylthiazole-2-yl)-2,5- diphe-
nyltetrazolium bromide) method. For this purpose, an initial number of 1 x 10* cells
were suspended in 100 mL of DMEM/HG containing 10% FBS and plated in each well
of 96-well plates. Cells were allowed to reach an appropriate confluence. Cells were
incubated with different concentrations of Gemini-Cur NPs for 48 h. After comple-
tion of the incubation period, supernatants were discarded and replaced with 5 mg/
ml of MTT solution. Cells were kept at 37 °C for 3—4 h. Then, we added the DMSO
solution to dissolve the formazan crystals. The OD of each group was read using a
microplate reader and expressed as % of the control group.

Effect of Gemini-Cur NPs on human HT-29 cells spheroid integrity

To this end, cancer cell spheroids were generated using the conventional hanging
drop method (Abdolahinia et al. 2019). Briefly, 1 x 10* HT-29 cells were re-suspended
in 20 pl of culture medium containing 1% FBS and placed at the inner surface of cul-
ture plate lids. The lid and drop containing cells were inverted over the culture plates.
The wells were filled with phosphate-buffered saline to inhibit the evaporation of
hanging drops. The plates were kept at 37 °C under a humidified condition with 5%
CO,. By using the eyepiece of an inverted microscope, the spheroids were monitored.
When thick and compact microaggregates with dark edges were generated, the sphe-
roids were transferred into each well of 96-well plates containing 200 pl of culture
medium with 1-2% FBS. The spheroids were incubated with different concentrations
of Gemini-Cur NPs for 48 h. To evaluate the tumoricidal effect of Gemini-Cur NPs on
HT-29 spheroids, we also measured the diameter using Image J software (NIH).

Lactate dehydrogenase (LDH) assay

The release of LDH to the supernatant culture medium exhibits the occurrence of cell
membrane injury. To further confirm the cytotoxicity of Gemini-Cur NPs on HT-29
spheroids, supernatants were collected. The concentrations of LDH were measured
using the LDH assay kit (Pars Azmun, Tehran, Iran) according to the manufacturer’s

instructions.

Analysis of Gemini-Cur NPs uptake using flow cytometry analysis

For this purpose, the spheroids were incubated with 80 and 300 uM Gemini-Cur NPs
for 48 h. After completion of the treatment protocol, the culture medium was discarded.
Spheroids were disaggregated by incubating in the Trypsin—EDTA solution. After block-
ing the enzymatic solution, the spheroids were gently triturated. The cells were washed
twice with PBS solution and analyzed by the BD FACSCalibur system. The raw data were
analyzed using FlowJo software (ver. 7.6.1). Finally, fluoresce intensity was measured in
each group and compared to the non-treated control cells.
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Rhodamine-123 (Rh-123) efflux

Rh-123 efflux assay was performed used to detect the functional activity MDR1/P-gp
of cells after treatment with Gemini-Cur NPs. HT-29 spheroids were incubated with
80 and 300 pM Gemini-Cur NPs for 48 h. Thereafter, spheroids were incubated with
Trypsin—EDTA solution and gently agitated to make a single-cell suspension. Cells were
washed twice with PBS and incubated with 10 pg/ml of Rh-123 (Sigma-Aldrich) at 37 °C
for 30—40 min. Then, cells were washed with PBS to exclude extra RH-123 solution. The

cells were analyzed by flow cytometry and Flow]Jo software (Ver.7.6.1.).

Transwell migration assay

The migration of HT-29 cells in a 3D condition (spheroids) was evaluated using a Tran-
swell migration assay. To this end, Transwell chambers with 8.0 pm pore polycarbon-
ate membrane inserts (Corning Inc.; Corning, NY, USA) were used. After the treatment
of HT-29 spheroids with Gemini-Cur NPs, a single-cell suspension was made using the
Trypsin—-EDTA solution. Then, 200 pl of serum-free medium containing 2 x 10* cells
was transferred into inserted. The basolateral chamber was filled with 700 pl of cul-
ture medium enriched with 1-2% FBS. Plates were kept at 37 °C for 24 h. Thereafter,
the number of migrated cells at the bottom surface was counted in 5 random fields. To
better identify the migrated cells at the bottom of the plates, we fixed the cells with pre-
cooled methanol solution for 10 min and stained with Giemsa solution (Sigma-Aldrich;
St. Louis, MO).

Real-time PCR assay

Total RNA was extracted from both of the control and treated HT-29 spheroids using
TRIzol™ reagent (Bioneer, Korea) according to the manufacturer’s guideline. The qual-
ity and concentration of RNAs were determined using a Picodrop spectrophotometer
(Thermo) and 1% agarose gel electrophoresis. Easy’ cDNA Synthesis Kit (Parstous
Company, IRAN) was used to synthesize cDNA by the oligo-dT method following the
manufacturer’s instructions. The expression of genes related to epithelial-mesenchymal
transition (EMT), such as E-cadherin and Vimentin, was evaluated using real-time PCR
analysis. The reaction was performed by SYBR Green (AMPLIQON, Denmark) and
appropriate primers. The primers were designed using Oligo7 software (Table 1). In
this study, the total volume for real-time PCR reaction reached 10 pl consisted of 5 pl
of SYBR Green PCR master mix, 1 pl of forward and reverse primers, 1 pl of cDNA
template, and 3 pl of ddH,O. Relative gene expression was normalized to GAPDH as an
internal control, and calculated by using the 2724¢T method.

Table 1 Primer list

Gene Sequence (5 — 3) ™(Q)
Vimentin F: 5'-GAGGAAGCCGAAAACACCCT-3/ 59

R: 5"-AGATTCCACTTTGCGTTCAAGG-3/
E-cadherin F: 5"-GAACACATTTGCCCAATTCCA-3’ 59

R: 5'-CCTACCCCTCAACTAACCC-3!
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Western blotting

After treatment with Gemini-Cur NPs, cells were lysed using 500 pl of lysis buffer (Tris—
HCl pH 8, 0.08 g NaCl, 0.003 g EDTA, 0.025 g Sodium Deoxycholate, 0.01 g SDS, and 1%
NP40 enriched with an anti-protease cocktail). Thereafter, 10 pg of protein from each
group was electrophoresed using 10% SDS-PAGE at 120 V for 45 min and then trans-
ferred onto polyvinylidene difluoride membranes at 120 V for 1.5 h. Membranes were
incubated with appropriate primary antibodies, including E-cadherin (Cat no; sc-21791;
Santa Cruz Biotechnology, Inc.), Vimentin (Cat no: 14-9897-82; Thermo Fisher Scien-
tific), MMP-2 (Cat no: sc-10736; Santa Cruz Biotechnology, Inc.), and MMP-9 (Cat no:
sc-393859; Santa Cruz Biotechnology, Inc.), at 4 °C overnight. After three-time PBS
wash, the membranes were incubated with appropriate HRP-conjugated secondary anti-
bodies (Cat no: sc-516102 and sc-2357; Santa Cruz Biotechnology, Inc.) for 1 h at room
temperature. The immunoblots were detected on X-ray films using chemiluminescence
ECL solution (Bio-Rad). B-actin (Cat no: sc-47778; Santa Cruz Biotechnology, Inc.) is
considered as a housekeeping protein to normalize the protein level of different factors.

Results

FTIR analysis confirmed successful conjugation of Cur to Gemini NPs

The Gemini-Cur NPs FTIR analysis revealed respective peaks at the wavelengths of 2895
and 1115 cm™! which are related to C—H and C-O stretching, respectively. These peaks
were detectable in Gemini NPs. The analysis showed the increase of C—H stretching
in Gemini-Cur NPs compared to Gemini NPs. The conjugation of Cur to Gemini NPs
increased C=0 and O-H bonds (Fig. 1a).

SEM analysis and uptake test

SEM analysis revealed nearly round-shape Cur + Gemini NPs reaching 120.3 +20.43 nm
(Fig. 1b). Based on data from IF imaging, we found that HT-29 cells could successfully
uptake the Cur+ Gemini NPs in which stronger intracellular fluorescence signals were
detected inside the cells after a 6-h incubation of HT-29 cells with Cur+ Gemini NPs
(Fig. 1c). In addition to intracellular fluorescence appearance, we found membrane-
bounded NPs in groups treated with Cur+ Gemini NPs and Cur. Interestingly, the
binding of curcumin to cell membrane shows a weak cellular uptake compared to the
Gemini-Cur NPs. As expected, no fluorescence activity was obtained in control and
Gemini surfactant groups. These data confirmed that Gemini surfactant NPs enhanced
the water solubility of Cur, leading to appropriate uptake in human HT-29 cells.

Gemini-Cur NPs decreased the viability of HT-29 in a 2D culture system

To evaluate the possible cytotoxic effect of Gemini-Cur NPs on HT-29 cells in a
2D culture system, MTT assay was performed by using different concentrations of
Gemini-Cur NPs, including 20, 60, 100, 200, 300, 400, 500, 600, 700,800, and 900 uM
(Fig. 2a). Data showed that the viability of the HT-29 cell was reduced 48 h after
being exposed to different doses of Gemini-Cur NPs in a dose-dependent manner
compared to the control group (p<0.001). We found a slight reduction in the viabil-
ity of cells from group 20 uM Gemini-Cur NPs in comparison with the non-treated
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Fig. 1 FTIR analysis (a), SEM imaging (b), and uptake of Gemini-Cur NPs after 6 h (c). A subcellular
accumulation of Gemini-Cur NPs was found in human colorectal adenocarcinoma HT-29 cells compared to
the group incubated with the Cur alone

cells (p>0.05; Fig. 2a). By increasing the concentration of Gemini-Cur NPs to 60 pM,
we recorded ~22% in cell viability and this value reached 42% in the group received
100 uM NPs. Data showed the maximum tumoricidal effect of Gemini-Cur NPs in
doses above 100 uM NPs in which the viability of cells reached near to 20% of non-
treated cells in the group exposed to 200 uM NPs (Fig. 2a). According to statistical
analysis, we found non-significant differences in cell survival rate between groups
that received doses above 200 uM NPs. According to MTT data, we found that the
IC50 for Gemini-Cur NPs against HT-29 cells was 80 pM.

Gemini-Cur NPs increased HT-29 tumoroid diameter by decreasing structural consistency

It is believed that 3D cell culture and tumoroid formation can imitate in part, but
not completely, the in vivo behavior of cancer cells as seen inside the tumor stroma.
Here, we developed tumoroid aggregates of HT-29 to assess whether Gemini-Cur
NPs could penetrate the 3D tumor structure and compare the result with the 2D cul-
ture system. To assess the feasible role of Gemini-Cur NPs on the diameter of HT-29

spheroids, we performed a 3D culture system. Based on obtained data, the diameter
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Fig. 2 Measuring the viability of HT-29 cells using MTT assay in a 2D culture system after 48 h (n=3§; a). Data
showed that the viability of HT-29 cells was decreased by increasing the concentration of Gemini-Cur NPs.
In this assay, the incubation of HT-29 cells with 60 uM and higher doses significantly decreases the viability
of cells compared to the non-treated control cells. Evaluation of Gemini-Cur NPs on HT-29 cell spheroids
after 48 h (b, c). Bright-field imaging showed the ability of HT-29 cells to generate spheroids by the hanging
drop method. The incubation of spheroids with different doses of Gemini-Cur NPs contributed to the loss of
spheroid integrity and structure. By increasing the dose of Gemini-Cur NPs, the diameter of spheroids was
significantly increased and yielded a loose appearance (n=5). We found statistically significant differences in
the diameter of spheroids treated with 400 and 800 pM Gemini-Cur compared to the control cells. One-way
ANOVA with Tukey post hoc analysis. **p <0.01; ***p < 0.001

of spheroids increased along with the increase of Gemini-Cur NPs concentration in
which the mean diameter of spheroids in groups 400 and 800 pM was significantly
increased compared to the non-treated control cells (Fig. 2b, ¢; p<0.01 and p <0.001).
In the presence of Gemini-Cur NPs, spheroids began to disintegrate and lose cen-
tral density after 48 h. One reason would be that the Gemini-Cur NPs could appro-
priately penetrate the tumoroid structure supporting the loss of cell adhesion which
in turn contributed to the efficient distribution of these NPs to deeper layers. These
data demonstrated that the exposure of HT-29 tumoroid cells to the Gemini-Cur NPs
weakens the structural consistency and integrity and contributes to a decrease of cell-

to-cell connection and intercellular connectivity.

Gemini-Cur NPs decreased the viability of HT29 tumoroid cells

The viability of cells inside tumoroids was evaluated using LDH released to the super-
natant 48 h after being treated with different doses of Gemini-Cur NPs, indicating the
membrane integrity. Data showed that the released LDH contents were increased in
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groups treated with Gemini-Cur NPs compared to the control cells (p <0.05: Fig. 3a). In
the control group, LDH activity was about 0.025 IU/l, whereas following the treatment
process, we found an upward trend by increasing Gemini-Cur NPs concentration. In
group 400 pM Gemini-Cur NPs, we found maximum levels of LDH that show the high-
est toxicity compared to all groups (p <0.05; Fig. 3a). These data showed that the integ-
rity of HT-29 cells was interrupted in the presence of Gemini-Cur NPs and these effects
are closely associated with the increase of Gemini-Cur NPs concentration.

Analyzing Gemini-Cur NPs penetration into tumoroids using flow cytometry

Owing to the fluorescent entity of Gemini-Cur NPs, penetration and uptake could be
done based on the fluorescence-based assays (Fig. 3b). The cellular uptake of Gem-
ini-Cur NPs was studied via flow cytometry technique after 48 h. Based on the data,
the fluorescence rate was 3.02 £ 0.3% after treatment of cells with 80 uM Gemini-Cur
NPs, while this value reached 16.91+4.3% in the group received 300 uM Gemini-
Cur NPs (Fig. 3b). It should be noted that the level of fluorescent intensity in cells
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Fig. 3 Measuring the 3D spheroid HT-29 cells viability by LDH release after 48 h (a; n=3). The incubation of
HT-29 cell spheroids with Gemini-Cur NPs increased the release of LDH to the supernatant, indicating the loss
of membrane integrity after being exposed to the Gemini-Cur NPs in vitro (n = 3). The uptake of Gemini-Cur
NPs by 3D spheroid HT-29 cells was evaluated using flow cytometry analysis (b; n=3). By increasing

the Gemini-Cur NPs from 80 to 300 uM, the intracellular fluorescence was increased, showing the close
relationship between Gemini-Cur NP concentration and fluorescence intensity. One-way ANOVA with Tukey
post hoc analysis. *p < 0.05; *** p <0.01
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of tumoroids relied on the initial concentration of Gemini-Cur NPs and the loss of
microaggregate integrity.

Treatment of HT-29 tumoroid cells with Gemini-Cur NPs decreased Rhodamin123 efflux
capacity

To examine the effect of Gemini-Cur NPs on MDR activity, we used Rhodamine efflux
capacity via flow cytometry analysis (Fig. 4a). Data showed that Rhodamine 123-posi-
tive cells were 20.1£2.4% in control cells. Compared to non-treated cells, the expo-
sure of cells to 80 and 300 pM Gemini-Cur NPs increased significantly the percent
of Rhodamine 123-positive cells to 40.8 +£3.04 (p<0.05) and 52.0+6.3% (p<0.01),
respectively (Fig. 4a). These data showed that Gemini-Cur NPs could inhibit the nor-
mal function of MDR proteins in a dose-dependent manner.
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Fig. 4 The Rhodamine 123 efflux assay (a). Flow cytometry analysis revealed the loss of Rhodamine 123
efflux capacity in 3D spheroid HT-29 cells after 48 h of incubation with Gemini-Cur NPs. The cells lost
Rhodamine 123 efflux capacity after being treated with Gemini-Cur NPs in a dose-dependent manner.
Analysis of cell migration by Transwell inserts assay (b). The migration of 3D spheroid HT-29 cells was
decreased upon treatment with 80 and 300 Gemini-Cur NPs after 48 h, indicating the inhibition of cell
migration in a 3D culture system exposed to Gemini-Cur NPs
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Gemini-Cur NPs inhibited the migration of HT-29 tumoroid cells

We used a Transwell cell migration assay to assess the possible impact of Gemini-Cur
NPs on HT-29 tumoroid cells (Fig. 4b). Following 48-h treatment, we found a magnifi-
cent decrease in the number of Gemini-Cur NP-treated HT-29 cells compared to the
control group (p<0.05; Fig. 4b). We found that the treatment of tumoroids with 80 and
300 uM Gemini-Cur NPs decreased the number of migrated cells at the basolateral sur-
face of plates compared to the control group (p <0.001; Fig. 4b). Along with this assay, we
also performed Western blotting to measure the protein levels of MMP-2 and MMP-9
in tumoroid cells after being treated with 80 and 300 pM Gemini-Cur NPs (Fig. 5a, b).
Data showed that the protein levels of MMP-2 and -9 were significantly decreased in
the 300 uM Gemini-Cur NPs group compared to the control cells (p<0.05 and p<0.01;
Fig. 5a, b). Despite the decrease of MMP-2 and -9 levels in group 80 uM Gemini-Cur
NPs, we found a non-significant difference in comparison with control cells. These data
showed that Gemini-Cur NPs could inhibit the migration of HT-29 cells in tumoroid
structure via suppression of MMPs, especially in higher doses.
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Fig. 5 Measuring protein levels of MMP-2 and MMP-9 and EMT rate in 3D spheroid HT-29 cells using
Western blotting after 48 h (n=3). Data showed the significant decrease of cell metastasis indicated by the
suppression of MMP-2 and -9. The incubation of spheroids with 80 and 300 uM Gemini-Cur NPs decreased
EMT rate indicated with reduced Vimentin and increased E-cadherin levels compared to the control group.
Protein levels of Vimentin were not significantly altered after being exposed to 80 and 300 uM Gemini-Cur
NPs. One-way ANOVA with Tukey post hoc analysis. * p < 0.05; ** p <0.01; *** p<0.01
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Gemini-Cur NPs altered EMT capacity in HT-29 tumoroid cells

To this end, the expression and protein levels of factors participating in the EMT
process were evaluated using Western blotting and real-time PCR analyses. West-
ern blotting showed that the treatment of HT-29 tumoroid cells with 80 and 300 uM
Gemini-Cur NPs altered the protein levels of E-cadherin compared to the control
cells (Fig. 5a, b). Based on the data, the protein levels of E-cadherin were increased
in HT-29 tumoroid cells upon treatment with 80 (p <0.01) and 300 pM (p <0.001)
Gemini-Cur NPs compared to the control group. Despite the reduction in the pro-
tein value of Vimentin, these values did not contribute statistically significant dif-
ferences (p > 0.05; Fig. 5a, b). The expression of E-cadherin and Vimentin genes was
also analyzed by real-time PCR assay (Fig. 6). Concerning real-time PCR analy-
sis, the fold change of E-cadherin gene expression was statistically non-significant
in cells received 80 and 300 uM Gemini-Cur NPs compared to the control cells
(p>0.05). Based on our data, Vimentin expression was diminished significantly in
group 300 uM Gemini-Cur NPs compared to the control (p>0.01). However, the
changes in the group with 80 uM Gemini-Cur NPs were not statistically significant
compared to the control non-treated cells. These data showed that the treatment
of HT-29 tumoroid cells with Gemini-Cur NPs could alter the EMT phenomenon
and decrease the cell resistance and decreased the stemness feature inside the tumor
niche.

Discussion

The CRC consists of a very heterogeneous group of anaplastic changes making it
resistant to common medications in the clinical setting (Rawla et al. 2019). Turning to
the most common therapies, such as surgical approaches, chemotherapeutic agents,
radiotherapy, and hormone medication, shows that these therapeutic policies would
not usually work for a prolonged period and possibly put patients in trouble due to
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Fig. 6 Measuring the expression of Vimentin and E-cadherin by real-time PCR analysis (n =3). Data showed
the increase of E-cadherin and decrease of Vimentin showing the suppression of stemness and phenotype
shifting in 3D spheroid HT-29 cells after 48 h of incubation with Gemini-Cur NPs. One-way ANOVA with Tukey
post hoc analysis. ** p<0.01
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wide ranges of side effects (Rawla et al. 2019; Arruebo et al. 2011). In the current
study, we aimed to highlight the tumoricidal properties of Gemini-Cur NPs in human
colorectal carcinoma cell spheroids after 48 h in vitro.

Based on our data, Gemini-Cur NPs induced cell-specific responses in the 2D cul-
ture system indicated by a reduced survival rate in a dose-dependent manner. Con-
sistent with the current data, Song and co-workers previously proved the tumoricidal
effect of Cur on human HT-29 cells in a dose- and time-dependent manner via the
promotion of pro-apoptotic factors, such as p53, Bax, Caspase 3, and Caspase 9, and
suppression of anti-apoptotic factors, such as Bcl-2 (Song et al. 2005). Previously, our
group showed that the treatment of breast cancer cells with Gemini-Cur NPs con-
tributed to magnificent cell death via the inhibition of cell proliferation and the pro-
motion of apoptosis (Karimpour et al. 2019). Concerning the hydrophobic nature of
Cur and the low distribution rate, major drawbacks still limit the tumoricidal effects
of this phytocompound inside the body (Nayak et al. 2016). Also, we designated 3D
cancer spheroids to mimic structural and functional in vivo human solid tumors.
According to our data, in the culture medium enriched with increasing concentra-
tions of Gemini-Cur NPs, spheroids began to disintegrate and lose central density
after 48 h. The rising supernatant LDH along with the increase in diameter of HT-29
spheroids highlights the efficient penetration of Gemini-Cur NPs and the induction of
cell death. To show effective penetration and absorption of Gemini-Cur NPs, the fluo-
rescence intensity of HT-29 spheroids was investigated using flow cytometry analysis.
By increasing the concentration of Gemini-Cur NPs, large amounts of cells became
fluorescent, indicating enhanced NPs uptake. In support of these data, it should be
noted that the application of high-dose Gemini-Cur NPs (300 pM) in 3D tumor cul-
ture may improve cancer cell death in the outer cell layers by promoting the loss of
cell adhesion which in turn contributed to the efficient distribution of these NPs to
deeper layers.

An increase in fluorescence intensity and accumulation of Rhodamine 123 is asso-
ciated with mitochondrial dysfunction and loss of MDR-dependent drug resistance
(Twentyman et al. 1994). Consistent with our data, Gemini-Cur NPs decreased the abil-
ity of cancer cells in 3D structure to efflux Rhodamine 123 in a dose-dependent manner,
indicating the gradual inhibition of MDR-dependent drug resistance.

The exposure of HT-29 cell spheroids to Gemini-Cur NPs reduced the migration rate
in the Transwell insert system. It has been shown that the inhibition of cancer cell migra-
tion is done via the inhibition of signaling pathways, such as TGF-/Smad and Akt/SKP2
signaling pathways (Vutakuri 2018). In support of these data, we noted the decrease of
MMP-2 and MMP-9 in spheroids treated with Gemini-Cur NPs compared to the control
group. It has been shown that Cur inhibited lung cancer cell metastasis via attenuating
GLUT1/MT1-MMP/MMP2 pathway (Liao et al. 2015). It seems that the incubation of
HT-29 spheroids with Gemini-Cur NPs could inhibit the activity of intracellular signal-
ing pathways and the production of degrading enzymes, such as MMPs.

The promotion of EMT is touted as one of the mechanisms that contributed to tumor
resistance against different chemotherapeutic agents (Pouyafar et al. 2019). According
to our data, the incubation of HT-29 spheroids with Gemini-Cur NPs increased mes-
enchymal-to-epithelial transition via the increase of E-cadherin and suppression of
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stemness-related factors, namely Vimentin. In line with our data, Aedo-Aguilera et al.
found that the treatment of cervical cancer cells with Cur decreased EMT indicated with
increased E- and N-cadherin via the Pirin-dependent mechanism (Aedo-Aguilera et al.
2019). The increase of epithelial-like phenotype in tumor cell aggregates decreases the
possibility of stemness features and resistance to chemotherapeutic agents. One of the
most advantages of Gemini surfactants-based drug delivery is the property of Gemini
surfactant to self-assemble into nanoparticles in different morphological structures, like
liposomes, cubosomes, micelles, and inverted micelles to harbor small and large sizes
to the host cells (Singh et al. 2015). Preliminary data showed the eligibility of Gemini
surfactant-based NPs to deliver monoclonal antibody Fab fragment to melanoma cells
in a mouse xenograft model (Makhlouf et al. 2019). Whether this delivery system could
be efficient in in vivo system to deliver drug and therapeutic agents to the deep layers of
tissues remains a matter of debate. Attempts should be focused to assess the kinetics of
Gemini surfactants-based NPs in the systemic circulation and local target sites.

Conclusions

The current experiment highlighted the tumoricidal effect of Cur on HT-29 cell sphe-
roids, which mimics the in vivo condition. Cur is the potential to suppress tumor cell
activity and functional behavior via different mechanisms.
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