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ABSTRACT

Current research aimed to develop nanocubosomes co-loaded with dual anticancer drugs curcumin
and temozolomide for effective colon cancer therapy. Drugs co-loaded nanocubosomal dispersion
was prepared by modified emulsification method using glyceryl monooleate (GMO), pluronic F127
and bovine serum albumin (BSA) as a lipid phase, surfactant, and stabilizer, respectively. The
resulting nanocubosomes were characterized by measuring hydrodynamic particle size, particle
size distribution (PSD), drug loading capacity (DL), encapsulation efficiency (EE), colloidal stability
and drug release profile. We also physiochemically characterized the nanocubosomes by transmission
electron microscopy (TEM), Fourier transform infrared (FTIR), and x-rays diffraction (XRD) for their
morphology, polymer drug interaction and its nature, respectively. Further, the in-vitro cell-uptake,
mechanism of cell-uptake, in-vitro anti-tumor efficacy and apoptosis level were evaluated using
HCT-116 colon cancer cells. The prepared nanocubosomes exhibited a small hydrodynamic particle
size (PS of 150+10nm in diameter) with nearly cubic shape and appropriate polydispersity index
(PDI), enhanced drug loading capacity (LC of 6.82+2.03% (Cur) and 9.65+1.53% (TMZ), high
entrapment efficiency (EE of 67.43+2.16% (Cur) and 75.55+3.25% (TMZ), pH-triggered drug release
profile and higher colloidal stability in various physiological medium. Moreover, the nanocubosomes
showed higher cellular uptake, in-vitro cytotoxicity and apoptosis compared to free drugs, curcumin
and temozolomide, most likely because its small particle size. In addition, BSA-stabilized
nanocubosomes were actively taken by aggressive colon cancer cells that over-expressed the
albumin receptors and utilized BSA as nutrient source for their growth. In short, this study provides
a new and simple strategy to improve the efficacy and simultaneously overawed the adaptive
treatment tolerance in colon cancer.
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Introduction cells by two different approaches, i.e. sequential and simul-
taneous co-administration (Poradowski & Chrészcz, 2022).
In sequential co-administration approach, cancer cells were
first treated with chemosensitizers followed by the chemo-
therapeutic drug administration. Pretreatment of chemosen-

sitizers significantly upsurges the efficiency of

Adaptive treatment tolerance (ATT) is considered as one of
the major obstacles in cancer therapy, which causes poor
sensitivity in cancer cells to the chemotherapeutic drugs
due to prolonged exposure (Zhao et al., 2014; Motevalli
et al,, 2019). ATT might be triggered by three processes, (i)

the drugs failed to cross the plasma membrane (ii) the drugs
easily exorcize from lysosomal environment of the cancer
cells (iii) the activation of efflux pump or multidrug resis-
tance (MDR) proteins which transport or escape the drugs
from the cancer cells (Housman et al., 2014; Zhitomirsky &
Assaraf, 2016). One potential strategy applied to overawed
ATT is the administration of two or more chemotherapeutic
drugs to the cancer cells together (C. Wang et al, 2013;).
Chemotherapeutic drugs can be co-administered into cancer

chemotherapeutic drugs in cancer cells (Benyettou et al.,
2017). For example, erlotinib pretreatment blocked the epi-
dermal growth factor (EGF) receptor and enhanced the
therapeutic activity of doxorubicin against breast cancers
(Lee et al.,, 2012). However, sequential approach is not
always preferred for the co-administration of anticancer
drugs. In contrast, simultaneous co-administration approach
of chemotherapeutic drugs shows more therapeutic efficacy
in advanced and resectable colorectal tumors as compared
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to sequential approach of co-administration for chemother-
apeutic drugs (Ducreux et al., 2011; Fares et al., 2020).
However, co-administration of chemotherapeutic drugs usu-
ally fails to attain its full therapeutic efficacy due to its poor
water solubility, rapid clearance, and off-target toxicities. To
combat this problem, chemotherapeutic drugs have been
co-loaded into nanodrug delivery systems, which can
enhance the therapeutic activity of chemotherapeutic drugs
by enabling their enhanced cell penetration and intracellular
distribution, and reducing their toxic effects on healthy cells
(Bronze-Uhle et al., 2017; Li et al., 2021; Sohail et al., 2022).

Recently, nanocubosomes have been emerged as a novel
nanodrug delivery system and considered as a substitute
nanocarriers system to liposomes due to their inherent poten-
tial to encapsulate both hydrophilic and lipophilic drugs
(Karthikeyan, 2017; Patra et al., 2018). Nanocubosomes, com-
prised of binate systems of glyceryl monooleate (GMO) and
water the most widely investigated systems. Nanocubosomes
are characterized by their large interior surface area and
viscid isotropic nature, having the ability to self-assembled
into cubic liquid crystalline nanosystem (Al-Mahallawi et al.,
2021). These liquid crystalline nanosystems have been applied
as drug carrier due to their unique three-dimensional (3-D)
structure with lipophilic and hydrophilic subunits (Tu et al.,
2014). The encapsulated drug molecules could be released
in controlled pattern due to the large interior surface area
which provide complex diffusion pathways. Furthermore, the
lipid subunits GMO are biodegradable, biocompatible, and
bioadhesive (Patra et al., 2018; Al-Mahallawi et al.,, 2021).
Thus, nanocubosomes have been exploited as versatile nano-
carriers for the delivery of chemotherapeutics, photosensi-
tizers, peptides, enzymes, and antibiotics.

Temozolomide (TMZ) is a broad-spectrum DNA alkylating
chemotherapeutic drug effectively used in the treatment of
brain tumor, metastatic melanoma and colon cancer (Waghule
et al., 2021). TMZ has short half-life (1.8 h) and undergoes a
spontaneous hydrolysis to (3-methyltriazen-1-yl)
imidazole-4-carboxamide (MTIC) at normal physiological pH
(Yasaswi et al., 2021). MTIC metabolite rapidly converts
(half-life 2.5min) into methyl diazonium ion and
5-amino-imidazole-4-carboxamide responsible for the alkyla-
tion of guanine residue in DNA strand and subsequently
induce DNA damage (R. Wang et al., 2022). Howbeit, these
active alkylating species have poor penetration and deep
tumor permeation. Thus, higher concentration and repeated
doses of TMZ are needed, leading to thrombocytopenia, mye-
losuppression, neutropenia and drug resistance (Zhang et al.,
2022). So, these limitations can be tackled by encapsulating
TMZ into nanodrug delivery system to enhance the biological
half-life and avoid the exposure to systemic pH and also the
co-treatment of chemosensitizers. In current study, we
explored the co-treatment of HCT-116 colon cancer cells with
TMZ and curcumin (Cur) a chemosensitizer. Cur is natural
small molecule with diverse properties such as antioxidant,
anti-amyloid, anti-arthritic, anti-inflammatory, anti-ischemic
and antitumor (Mehanny et al, 2016a; Tomeh et al., 2019;
Baldi et al., 2020; Rubab et al., 2021). In addition, Cur also
inhibits the P-glycoprotein (P-gp) an efflux protein expressed
colon epithelial cells, and inhibits the transport of

chemotherapeutic drugs from interior of cancer cells (Sagnou
et al., 2020). Inhibition of colon Pgp shows a substantial
clinical effect on the intra-cellular concentration of chemo-
therapeutic drug. Herein, we co-loaded dual anticancer drugs
TMZ and Cur into nanocubosomes (self-assembled crystalline
cubic liquid nanoparticles) to upsurge efficacy against
HCT-116 colon cancer cells, reduced the side effects and
improve the patient compliance.

2. Materials and methods
2.1. Materials

Temozolomide (TMZ) (99.9% purity), glyceryl monooleate
(GMO) and freez (Poloxamer 407) were purchased from ACEM
biochemical, Shanghai, China. Bovine serum albumin and
curcumin were obtained from BioFroxx Germany. The primary
antibodies for P-gp (22336-1-AP) and GAPDH (60004-1-1g)
were purchased from proteintech (MA, USA), while secondary
antibodies anti-rabbit IgG (7074S) and anti-mouse IgG (7076S)
were obtained from Cell Signaling Technology, Inc.

2.2. Preparation of nanocubosomes

Self-assembled blank and drug loaded nanocubosomes were
prepared by modified emulsification method (Morsi et al.,
2014). Briefly, GMO (50 mg) and Pluronic-F127 (25 mg) were
heated at 70+5°C for 30 min. Next, the molten solution
was drop-wise added to 10mL distilled water containing
BSA (10mg) at 55+2°C under continuous stirring at
1000 rpm. The obtained dispersions were stirred for further
2h and then cooled down to room temperature (25+2°C)
to achieve a homogenous mixture followed by ultra-probe
sonication for 5min for two cycle (2.5min/cycle) at 65%
amplitude and allow the emulsion to grow at room tem-
perature to solidify the lipid droplets. For drug loaded nano-
cubosomes, Cur (5mg) and TMZ (10 mg) were supplied to
the oily phase and aqueous phase, respectively prior to
mixing. We use univariate one variable at a time (OVAT)
method to get the optimized formulation (Data not shown).
The prepared CTNCs were suspended in a 2% sucrose solu-
tion (w/v), lyophilized (LyoQuest, Telstar, Shangai, China)
and subsequently stored the lyophilized NPs at 4°C prior
to further use.

2.3. Characterization of nanocubosomes

2.3.1. Measurement of hydrodynamic diameter and
surface charge

The average hydrodynamic diameter/particle size of nano-
cubosomes, their distribution (polydispersity index, PDI) in
aqueous medium was measured by particle size analyzer
(Malvern Zetasizer Nano Ver. 6.20, Malvern, UK) at scattering
angle (90°) with 60sec equilibrium time between the cycles.
The surface zeta potential value of nanocubosomes were
evaluated by applying voltage across a pair of electrodes
both end of cell containing the nanocubosomes dispersion.
All samples were analyzed in triplicate independently.



2.3.2. Surface morphology

The surface morphology of nanocubosomes were envisioned by
TEM (Joel JEM 1230, Tokyo, Japan). One drop (5uL) of diluted
nanocubosomal dispersion was placed on copper grid followed
by negative staining with uranyl acetate (2% v/v) for 2min and
allow to dry at room temperature before imaging under TEM.

2.3.3. Drug loading and encapsulation efficiency

The percent drug loading (DL %) and entrapment efficiency
(EE %) Cur/TMZ nanocubosomes were measured by extracting
Cur and TMZ using methanol as solvent and analyzed by UV
spectrophotometer (Shimadzu UV-2600 Spectrometer, Kyoto,
Japan) at 429nm and 329nm, respectively and amount of
each drug was calculated by using their respective standard
curve. The DL % and EE % was calculated as follows:

Conc. of Cur/TMZ in NPs
Weight of dried NPs

DL% = x100

Conc. of Cur/TMZ in NPs

EE%= — X
Cur/TMZ conc. initially added

100

2.3.4. Fourier transform infrared (FTIR) analysis

The presence of representative functional groups and intra-
molecular interactions amid the drugs and GMO in fabricated
nanocubosomes were analyzed by FTIR spectroscopy (Bruker,
Karlsruhe, Germany) (Igbal et al, 2021; Khan et al., 2022).
Briefly, a small quantity of Cur, TMZ, CTNCs and blank nano-
cubosomes freeze-dried powder were directly placed on
sample chamber and IR spectrum was measured in the IR
range (500-4000cm™"), with 2mm sec™' scanning speed for
120 scans with 4cm™' resolution.

2.3.5. X-ray diffraction (XRD) analysis

The X-ray spectrum of Cur, TMZ, CTNCs and blank nanocubo-
somes were recorded by D8 ADVANCE diffractometer (Bruker,
Karlsruhe Germany), operating system of 40mA current, 40KV
voltage and 1.5406 A specific wavelength with 0.02° scan step
size and 17.7 sec scan step time (Aditya et al., 2015).

2.3.6. Differential scanning calorimetry (DSC) analysis

DSC spectrum of Cur, TMZ, Cur/TMZ nanocubosomes and blank
nanocubosomes were recorded using simultaneous thermal
analyzer (STA449F3, Netzsch, Bavaria, Germany). Each
freeze-dried sample (1-2mg) was heated in an aluminum
sealed pan at a heating rate of 10°Cmin~"' from 80 to 220°C
with continuous nitrogen flow (30mL min~"). A blank aluminum
sealed pan was applied as reference control (Shah et al., 2019).

2.3.7. Colloidal stability
The colloidal or dispersion stability of CTNCs were evaluated
in different physiological medium (PBS, D/W, 0.9% NaCl, 5%
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glucose and RPMI-1640) using previously reported protocol
(Rohiwal et al., 2015; Valdeperez et al., 2022). Briefly 0.1mg
freeze-dried CTNCs were dispersed in 1mL of each stated
medium and kept at 4°C refrigerator. Next, the hydrodynamic
diameter and surface zeta potential of each sample was mea-
sured in triplicate at specified time intervals (0, 3, 6, 12, 24,
48, 96 and 120h) using particle size analyzer.

2.3.8. In-vitro drug release

The in-vitro release of Cur and TMZ from the CTNCs were
performed by dialysis bag method using release medium
with pH 7.4 and 5.5 mimicking the normal and tumor pH
respectively (Kudarha & Sawant, 2021). Briefly, CTNCs sus-
pension (1 mL) with respect to Cur and TMZ concentration
of 150 and 220pug/mL, respectively were sealed in dialysis
bag (Solarbio, Bejing, China) of 8000-14000 Da molecular cut
off. The dialysis bags were suspended in 15mL centrifuged
tube supplemented with 1T0mL release medium containing
PEG 400 (30% V/V) and shake the centrifuge tube with speed
of 150 at 37°C. At specified time intervals (0.5, 1.0, 3.0, 6.0,
12.0, 24.0, and 48.0 h) withdrawn 2 mL of sample aliquot and
replenished the same volume of fresh medium. The amount
of Cur and TMZ released from CTNCs were quantified by in
vitro UV spectroscopic method.

2.4. In vitro cell studies

Human colon cancer (HCT-116) cell line was supplied by
cell bank (Shanghai, China). The cells were maintained
under optimal growth condition (5% CO,, 37°C) and fur-
ther grow in complete RPMI-1640 supplied with fetal calf
serum (FCS) 10% and 1% antibiotics (penicillin &
streptomycin).

2.4.1. Cell uptake

The cell uptake of CTNCs were evaluated in HCT-116 colon
cancer cell using our previously reported protocol with minor
modifications (H. Igbal et al., 2021). Briefly, HCT-116 cells were
seeded at a cell density of 1x10° cells/well in 1.0mL complete
RPMI-1640 with 10% FCS. After 12h growth, the cells were
incubated with CTNCs, Cur and TMZ (2.0ug/mL) for different
time periods (4, 6, 12 and 24h), to analyzed the time-dependent
cell uptake of Cur and TMZ in CTNCs. Untreated cells in each
plate was used as reference or control group. Afterward, the
treated cells were carefully washed with cold PBS, detach the
cells with Trypsin/EDTA (0.5mM) from the plates, pelleted the
cells by centrifugation at 3000rpm, and dispersed in cold PBS
(2.0mL). Eventually, the cells were counted by automatic cell
counter (Countess Il FL, Invitrogen) and lysis the cells using
ultrasonic prob sonicator (BAOSHISHAN FS-600N, USA) and
finally extract the Cur and TMZ using methanol as a solvent.
Afterwards, the concentration of Cur and TMZ was quantified
by UV sphectrophometer (Floustar Omega, Germany) at 429nm
and 329nm, respectively and the amount of each drug was
calculated by using their respective standard curve. The exper-
iment was triplicated, and the data are expressed as an average
value with SD.
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2.4.2. Mechanism of cell uptake

To assess the endocytic pathway or cell uptake mechanism of
CTNCs, HCT-116 cells (1.0x 10°) were plated in 1.0mL RPMI-1640
with 10% FCS for 24h in each well. After 24h growth, cells
were aspirated, washed with cold PBS and supplied a fresh
medium followed by inhibition with various inhibitors such as
chlorpromazine (10.0 ug/mL, inhibiting clathrin-mediated cell
uptake), amiloride (100.0 ug/mL, inhibiting macropinocytosis),
nystatin (2.0 ug/mL, inhibiting caveolae-mediated cell uptake),
and albumin (1 mg/mL, inhibiting albumin receptor mediated
endocytosis) for 0.5h. After inhibitors treatment, the cells in
each well was carefully washed with PBS, and further treated
with CTNCs (2.0 pg/mL with respect to TMZ) and incubated
for 12h. To evaluate the active and passive transport mecha-
nism, HCT-116 cells were incubated at 37°C 4°C and for 12h.
Next, the treated cells were washed with cold PBS, detach the
cells with Trypsin/EDTA (0.5 mM) from the plates, pelleted the
cells by centrifugation at 3000 rpm, and dispersed in cold PBS
(2.0mL). Eventually, the cells were counted by automatic cell
counter (Countess Il FL, Invitrogen) and lysis the cells using
ultrasonic prob sonicator (BAOSHISHAN FS-600N, USA) and
finally extract the Cur and TMZ using methanol as a solvent.
Afterwards, the concentration of Cur and TMZ was quantified
by UV sphectrophometer (Floustar Omega, Germany) at 429 nm
and 329nm, respectively and the amount of each drug was
calculated by using their respective standard curve. The exper-
iment was triplicated, and the data are expressed as an aver-
age value with SD.

2.4.3. Intra-cellular distribution

Intra-cellular distribution of CTNCs in HCT-116 cells were
evaluated by confocal microscopy. Briefly, HCT-116 cells
(5% 10% were cultured in a glass bottom confocal imaging
dish and incubated in 5% CO, incubator for 12h. Next, the
cells were incubated with CTNCs, Cur and TMZ (5.0 pg/mL
with respect to Cur and TMZ), and further grow at 37°C for
4h. After treatment, the medium was aspirated, three-times
washed the cells with PBS and stained with Hoechst (5.0 ug/
mL) for 5min, followed by careful washing with PBS five
time. Afterward, the cells were stained with lysotracker red
for 10min. Finally, the stained cells were carefully washed
five time with PBS and analyzed by confocal laser scanning
microscope (CLSM 510 META).

2.4.4. In-vitro anticancer efficacy

The in-vitro cytotoxicity of CTNCs were evaluated by SRB
assay (Saber et al., 2018). Briefly, the exponentially growing
HCT-116 cells (5% 103) were seeded in each well of 96-well
plates and allow for overnight growth. Next the cells were
treated with CTNCs, and mixture of free Cur and TMZ at
different concentration range (1.5625, 3.125, 6.25, 12.5, 25,
50, 100 pug/mL) and incubated for further 24h and 48h to
determine the IC,, value (drug concentration that inhibit 50%
cell growth). After treatment, cells were riveted with 10%
trichloroacetic acid (C,HCI;0,) at 4°C for 1h followed by
staining with 0.4% SRB reagent for 30min and subsequently
washed the cells three times with acetic acid (1%) aqueous

solution and air-dried. Afterwards, Tris base (10.0mM) was
added into each well to dissolved the SRB dye and measured
the optical density (O.D.) value at 570nm using microplate
reader (Tecan Sunrise™, Switzerland). The survival or viability
of cell was calculated as follows:

Treated cells OD value

Cell survival (%)=
( ) Untreated cells OD value

The IC;, values were calculated after 24, 48h treatment
using calculator (Quest Graph™).

2.4.5. Evaluation of in vitro cell apoptosis

Apoptosis induced by nanocubosomes in HCT-116 cells were
detected by flow cytometery (Shao et al.,, 2019). HCT-116
cells (1x10%/well) were cultured in 12-well plate and allow
to grow (85+5% confluency) in 5% CO, incubator for 12h.
Afterwards, the cells were incubated with CTNCs and mixture
of free Cur and TMZ at concentration of 5.0ug/mL for 12h,
followed by staining with cell apoptosis analysis kit (Bio-Rad,
Wuhan, China) according to manufacturer’s instructions and
detected the apoptosis by flow cytometry (BD LSRFortessa,
San Jose, CA 95131 USA).

2.4.6. Assessment Pgp expression

The expression of P-gp in HCT-116 colon cells were evaluated
by western blotting after incubation with vehicle, TMZ, Cur
and CTNCs. Briefly, the HCT-116 cells (1x10%/well) were
seeded in a 6-well plate and incubated for 12h. Next, the
cells were treated with TMZ (3.7 ug/mL), Cur (5.0 ug/mL) and
CTNCs containing TMZ (3.7 ug/mL) and Cur (5.0ug/mL) for
24 h. Afterward, the treated HCT-116 cells were lysed and
extract the proteins by using RIPA buffer (Bio-Rad, Wuhan,
China) and protease/phosphatase inhibitor cocktail at (1:100
working dilution). The cell lysate was collected and centrifuge
at 10,000 xg, 4°C for 10min. The protein concentration in
supernatant was determined by Standard BCA method.
Afterwards, western blot analysis was performed according
to a standard method (Shao et al., 2019).

2.5. Statistical analysis

To validate the accuracy and reproducibility of the data, all
the experiments were performed in triplicate independently.
The data are presented as the mean£SD. The statistical dif-
ference was calculated by Student’s t-tests (OriginPro8 soft-
ware, OriginLab Corporation, Northampton, MA, USA). The
*p values < 0.05 and *p values > 0.05 were considered sta-
tistically significant and insignificant, respectively.

3. Results and discussion

3.1. Preparation and characterization of
nanocubosomes

Using modified emulsification method, nanocubosomes
co-loaded with dual anticancer drugs were successfully
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Figure 1. Characterization of CTNCs. (A) Surface morphology by TEM. (B) Hydrodynamic particle size by DLS.

Table 1. Average diameter, PDI and Zeta potential value of BNCs and CTNCs.

Avg. diameter Polydispersity Zeta potential
Samples (nm) (PDI) (mV)
BNCs 130.2+4.2 0.162 —-23.5+0.5
CTNGs 150.8+5.6 0.152 —-35.2+23

fabricated for synergistic colon cancer therapy. The prepared
CTNCs exhibited a nearly cubic polyangular geometry with
core diameter of 120.5+10.2nm as examined by TEM, as
described in Figure 1A. Further, the CTNCs displayed an aver-
age hydrodynamic particle size of 150.8+5.6 nm with a nar-
row size distribution (PDI = 0.152), and surface zeta potential
of analyzed by DLS as described in Figure 1B. The hydrody-
namic particle size of CTNCs is slightly bigger as compared
to blank nanocubosomes (Table 1), this increase in size might
be induced by the drug loading into nanocubosomes.

Nanoformulations with a small particle size (< 200nm)
exhibited enhanced cellular uptake and cell penetration com-
pared to bigger size (Goodman et al., 2007). The hydrated PS
of CTNCs was slightly bigger than its core diameter, as CTNCs
were surrounded hydration layer in aqueous dispersion.
Overall, the average PS of CTNCs was less than 200 nm, which
appeared promising for enhanced cellular uptake. Furthermore,
the CTNCs exhibited a zeta potential of —35+2.3mV, indicating
that they bear sufficient charges on their surface which actively
inhibited their aggregation in physiological environment and
subsequently enhanced the stability of CTNCs (Table 1).

The successful loading of Cur and TMZ into CTNCs were
measured by UV spectroscopic and FTIR analysis. CTNCs
exhibited DL of (6.82+2.03% and 9.65+1.53%) and EE of
(67.43£2.16% and 75.55+3.25%) for Cur and TMZ, respec-
tively. The FTIR spectrum of blank nanocubosomes, Cur, TMZ
and CTNCs were depicted in Figure 2A. The FTIR spectrum
of pure Cur show the representative peaks at 1024 cm™’
(C-0O-C vibrations), 1278cm~! (C-O vibrations), 1428cm™!
(C-H bending vibrations), 1509cm~' (C=C and C=0 vibra-
tions), 1597 cm~! (stretching vibrations of benzene ring),
1628 cm~" (C=C stretching, aromatic moiety) and 3508 cm™'
(-OH vibrations) (X. Chen et al., 2015). The IR spectrum of
TMZ show attributed peaks at 3424cm~" and 3388cm~' (N-H
stretching vibration), 3113cm™" and 3183cm™" (C-H stretching
vibration); 1755cm=" and 1730cm~, (C=0 stretching vibra-
tion), 1670.21cm™' (C=C stretching vibration}; and 1361cm™’

and 1179cm™" (C-N stretching vibration) (taszcz et al., 2013).
FTIR spectrum BNCs also show various characteristic peaks
of GMO at 2861cm™' and 2882cm™', F127 peaks at C-H
stretching peaks 842cm™', 961 cm™', 1147 cm™" and albumin
peaks at 1531cm™' and 1651cm™' (Han & Wang, 2016;
Motevalli et al., 2019; Kavya & Jobin, 2020). The FTIR spectrum
of freeze-dried CTNCs showed all of the representative peaks
of Cur, TMZ, GMO, F127 and albumin, retaining Cur, TMZ and
other constituents of CTNCs with no apparent structural
changes during nanocubosomes formulation. Furthermore,
the broadening, shifting, or vanishing of some representative
peaks demonstrate the CTNCs formation.

X-ray diffractograms (XRD) of BNCs, Cur, TMZ and CTNCs
were shown in Figure 2B. XRD pattern of Cur and TMZ
showed its attributed sharp and intensive peaks at 20 values
of 8.6, 17.1, 23.1 for Cur and 10.5°and 14.6° for TMZ, respec-
tively indicated the crystalline nature of drugs (Kannamangalam
Vijayan et al., 2021; Kudarha & Sawant, 2021). The XRD spec-
trum of BNCs did not showed any peak indicating its amor-
phous behavior. However, the diffractograms of CTNCs show
attributed peaks of Cur and TMZ with much lower intensity.
This decrease in intensity might be caused by the conversion
of crystalline form of Cur and TMZ into amorphous after
encapsulating in nanocubosomes. The conversion of crystal-
line form of Cur and TMZ into amorphous after encapsulating
in nanocubosomes may also enhanced the solubility and
bioavailability of Cur and TMZ as amorphous drugs are more
soluble compared to crystalline drugs.

DSC thermograms of Cur, TMZ, BNCs, and CTNCs are
depicted in Figure 3A. Cur and TMZ showed its characteristic
melting point peaks at 182.4°C and 207.89°C, respectively
indicating its crystalline nature (Jain et al., 2016;
Kannamangalam Vijayan et al., 2021). However, the thermo-
gram of CNTCs did not display the sharp melting point peaks
of Cur and TMZ, indicated that the drugs changed into amor-
phous state after encapsulation in CTNCs.

The colloidal or dispersion stability is a vital parameter,
as nanoscale sized particles dispersed in physiological
medium have high proclivity to agglomerate, and the formed
of bigger aggregates. So, the colloidal stability of CTNCs were
evaluated upto 120h (5days) stored at 4 °C in different phys-
iological medium, i.e. PBS (pH 7.4), Dist. water, DMEM, NaCl
(0.9%) and glucose (5.0%) by measuring the hydrodynamic
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diameter at specified time periods. The obtained results
revealed that no visible change was observed in average
hydrodynamic diameter of CTNCs after incubating with dif-
ferent physiological over a period of 120h at 4°C, depicted
in Figure 3B. The enhanced colloidal stability of CTNCs in
dispersions might be due to the charged surface of albumin
which induce high repulsive forces among nanocubosomes
in dispersion (Li et al., 2021). These strong repulsive interac-
tions prevent the nanocubosomes coming too closely in
contact to each other. So, in such environment the coagu-
lation of nanocubosomes hardly occurs.

3.2. In vitro drug release

Next, we tested the release of Cur and TMZ from the CTNCs
at pH 5.0 and pH 7.4, mimic the environment encountered
by the CTNCs upon reaching to the lysosomal compartment.
The acidic pH of lysosomal compartment induced the con-
formational changes in the structure of GMO and albumin
instigated the release of TMZ and Cur from the CTNCs with
first order release kinetics. As depicted in Figure 4, Cur and
TMZ release at pH 5.0 was about 2-fold higher compared to
that release at pH 7.4 and showed a higher drug release at

pH 5.0. The accumulative Cur and TMZ release at pH 5.0
(53.5+2.7% and 72.5+2.5%) and pH 7.4 (25.2+2% and
33.2+2.2%) over 48h, respectively. Moreover, a slight burst
release was observed for both drugs at pH 5.0 within the
first 2-4 h, which might be attributed to surface adsorption
of drugs on CTNCs. The release of rate both drugs increased
at pH 5.0, however, Cur exhibited a slower release kinetics
to TMZ. The slower or lesser release of Cur might be due its
strong hydrophobic nature and strong interaction with the
lipophilic regions of GMO and albumin compared to TMZ
(Chen (Dreis et al., 2007; Q. Chen et al., 2015).

3.3. Cellular uptake of nanocubosomes

To evaluate the capacity of CTNCs to transport Cur and TMZ
into the interior of cells, the cell uptake of Cur and TMZ was
determined in HCT-116 colon cancer cells. As depicted in
Figure 5, the cell uptake of Cur and TMZ by HCT-116 cells
significantly increased (P<0.05), as the incubation time of
CTNCs increased from 4 to 24h, compared to free Cur and
TMZ. So, the cell uptake reached to its maximum level after
24h of treatment with CTNCs at concentration of 2.0 ug/mL
and 1.8 ug/mL with respect to Cur and TMZ, respectively.



CTNCs demonstrated time- dependent cellular uptake and
exhibited 3-fold and 2.5-fold increase in cellular uptake as
compared to free Cur and TMZ, respectively, after treatment
with 2.0ug/mL and 1.8 ug/mL for 24h. The increase in cell
uptake might be associated with the small particle size and
albumin stabilization which improved colloidal stability and
dispersion in several dissolution media (Gu et al., 2015). Indeed,
the small particle size and colloidal stability provide more
chances for CTNCs to interact with HCT-116 cancer cells to be
internalized in comparison to free Cur and TMZ.

3.4. Endocytosis and intracellular distribution of CTNCs

The endocytic pathway or internalization mechanism of
CTNCs were evaluated in HCT-116 cells. After treatment with
various inhibitors, it was observed that chlorpromazine
caused 58.68% decrease in the uptake of CTNCs (TMZ), com-
pared to untreated cells (control group: without inhibitors),
as shown in Figure 6A. However, amiloride and nystatin have
no visible effect on the internalization of CTNCs, demonstrat-
ing clathrin-mediated endocytosis (Figure 6A). Moreover,
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Figure 4. Drug release profile of Cur and TMZ from CTNCs at pH 5.0 and pH
7.4. Data are expressed as mean +SD.
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incubation at 4°C instigated 64.29% decrease in the inter-
nalization of CTNCs, as compared to cells incubated at 37°C,
indicating that internalization mechanism involves tempera-
ture or energy dependent active transport. Interestingly, the
pretreatment of albumin causes 70.0% decrease in uptake
of CTNCs (Figure 6A), demonstrating an albumin
receptor-triggered uptake of CTNCs, since the pretreatment
of albumin repressed the receptors on cancer cells (Haroon
Igbal et al., 2021; Igbal et al., 2022). Moreover, we also eval-
uated the intracellular distribution of FITC-labeled CTNCs in
LysoTracker Red stained HCT-116 cells. CTNCs with green
fluorescence showed 87% co-localization with the lysosomes
after incubation for 6h (Figure 6B), suggesting that CTNCs
uptake into lysosomes occur via clathrin-mediated endocy-
tosis. Our results agree with previously reported literature,
which showed that albumin nanoparticles enter into HCT-116
cells via albumin receptors and clathrin mediated endocytosis
(Park et al., 2019).
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Figure 5. Cellular uptake of CTNCs in comparison to Cur (2.0 pg/mL) and TMZ
(1.8 pg/mL) for 4, 6, 12 and 24 h. Data are expressed as a mean +SD, # P value
> 0.05 and *P value < 0.05, **P value < 0.01 were considered statistically
insignificant and significant, respectively.
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Figure 6. (A) Mechanism CTNCs internalization to HCT-116 cells pretreated with various inhibitors. (B) Intracellular distribution of CTNCs in HCT-116 analyzed
by confocal microscope. Data are expressed as a mean+SD, # P value > 0.05 and *P value < 0.05, **P value < 0.01 were considered statistically insignificant

and significant, respectively.
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3.5. Cytotoxicity of CTNCs

The in vitro cytotoxicity of CTNCs against HCT-116 cells were
evaluated by SRB assay. After treatment with mixture of free
Cur and TMZ and CTNCs for 24h and 48h, HCT-116 cancer
cell growth was inhibited. As shown in Figure 7A, CTNCs sig-
nificantly inhibited (up to three-fold) the growth of HCT-116
cancer cell in concentration dependent manner after 24h of
treatment as compared to a mixture of free Cur and TMZ, with
IC50 with 6.16 ug/mL and 11.69 ug/mL, respectively. In addi-
tion, CTNCs further decreased the cells viability with IC50 value
(4.48 ug/mL) compared to with IC50 value of mixture of free
Cur and TMZ (8.25pg/mL) when treated for 48h Figure 7B,
suggesting that CTNCs exhibited both time and concentration
dependent cytotoxicity against HCT-116 cells. Hence, the
improved cytotoxic activity of CTNCs might be attributed small
particle size and albumin which improved the receptor-mediated
internalization CTNCs, considering that HCT-116 cells uses
albumin as a source of nutrient. The enhanced cytotoxic effi-
cacy of CTNCs, compared to a mixture of free Cur and TMZ
confirmed the higher cellular uptake and receptor-mediated
endocytosis of CTNCs, which is highly advantageous for syn-
ergistic anticancer activity. In addition, the higher cytotoxic
effect of CTNCs may be explained by hypersensitization of
tumor cells due to the presence of the Pluronic® copolymer
(Mehanny et al., 2016b). Moreover, the HCT-116 cells incubate
with BNCs displayed high cell viability, demonstrating that
BNCs have no cytotoxic effect against the HCT-116 cells.

3.6. In vitro cell apoptosis

The in vitro cell apoptosis was investigated by annexin V-APC/
DAPI assay. Live cells, early stage apoptotic, late stage apop-
totic and necrotic cells were quantitatively analyzed by annexin
V-APC/DAPI double staining assay; Annexin V-APC can easily
penetrate through viable cells, while DAPI only stained dead
cells. As shown in Figure 8, the control group has high per-
centage (approximately 98.3+1.2%) of viable cells, localized
in the lower left quadrant. However, the percentage of live
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cells decreased to 83.23% and 64.67% after treatment with
mixture of free Cur/TMZ and CTNCs respectively, and subse-
quently the percentage of apoptotic cells increased to 35. 3%
in CTNGCs treated cells, when compared with apoptotic cells
(16.65%) treated mixture of free Cur/TMZ, indicating the syn-
ergistic effect CTNCs against HCT-116 colon cancer cells.

3.7. Pgp expression assessment

Finally, we evaluated the P-gp expression in HCT-116 cells
treated with CTNCs, free Cur and TMZ for 24 h. Untreated
cells were used as control group. As shown in Figure 9, P-gp
expression significantly downregulated in cells treated with
CTNCs and Cur compared to TMZ treated cells., indicating
that Cur is responsible for downregulation P-gp expression.
However, CTNCs treated cells show lower P-gp expression as
compared to free Cur, which intimated that Cur can down-
regulate the P-gp expression strongly when deliver to lyso-
somes. Our results are consistent with recently reported
albumin nanoparticles co-loaded with Cur and doxorubicin
for blocking ATT in breast cancer cells (Motevalli et al., 2019).
In addition, the augmentation of the anticancer activity of
CTNCs via Pluronics®, could be attributed to several factors
including enhanced cellular uptake into malignant cells by
membrane fluidization, inhibition of several drug resistance
mechanisms (P-gp efflux, drug sequestration within cytoplas-
mic vesicles) and ATP depletionin MDR cancer cells.

4. Conclusion

In current study, we successfully prepared nanocubosomes
that simultaneously deliver Cur and TMZ to the tumor cell
to exert synergistic effect for overcoming ATT in colon can-
cer. The self-assembled nanocubosomes exhibited small
particle size, enhanced drug loading, excellent colloidal
stability, sustained drug release profile, enhanced cellular
uptake and synergistic in vitro cytotoxicity. Importantly, the
anticancer efficacy of TMZ against HCT-116 colon cells could
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Figure 7. Viability of HCT-116 cells after treatment with BNCs, mixture of free Cur/TMZ and CTNCs. (A) 24 treatment. (B) 48h treatment. Data are expressed
as mean=SD. * P value > 0.05 and *P value < 0.05, **P value < 0.01, ***P<0.001 were considered statistically insignificant and significant, respectively.
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Figure 9. Expression of P-glycoprotein (142kDa) in HCT-116 cells treated with PBS (control), TMZ (3.7 pg/mL), Cur (5.0 pg/mL) and CTNCs (TMZ 3.7 ug/mL and

Cur 5.0 pg/mL) for 24 h.

be upsurge by Cur due to blocking the transport of TMZ
through P-gp pumps from the cells by inhibiting P-gp
expression, which eventually induced strong anticancer
effect. In short, this study exploited the importance of
simultaneous co-administration of chemosensitizers and
chemotherapeutic drugs to enhance the therapeutic efficacy
of anticancer drugs.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

The authors extend their appreciation to the deputyship for Research
& Innovation, Ministry of Education in Saudi Arabia for funding this
research work through the project number: ISP20-15.

References

Aditya NP, Yang H, Kim S, Ko S. (2015). Fabrication of amorphous
curcumin nanosuspensions using B-lactoglobulin to enhance solu-
bility, stability, and bioavailability. Colloids Surf B Biointerfaces
127:114-21.



2642 . Y. ALMOSHARI ET AL.

Al-Mahallawi AM, Abdelbary AA, El-Zahaby SA. (2021). Norfloxacin load-
ed nano-cubosomes for enhanced management of otitis externa: in
vitro and in vivo evaluation. Int J Pharm 600:120490. doi: 10.1016/j.
ijjpharm.2021.120490

Baldi A, De Luca A, Maiorano P, et al. (2020). Curcumin as an anticancer
agent in malignant mesothelioma: a review. 1JMS 21:1839.

Benyettou F, Alhashimi M, O’Connor M, et al. (2017). Sequential delivery of
doxorubicin and zoledronic acid to breast cancer cells by CB[7]-modified
iron oxide nanoparticles. ACS Appl Mater Interfaces 9:40006-16.

Bronze-Uhle ES, Costa BC, Ximenes VF, Lisboa-Filho PN. (2017). Synthetic
nanoparticles of bovine serum albumin with entrapped salicylic acid.
Nanotechnol Sci Appl 10:11-21.

Chen Q, Liu X, Chen J, et al. (2015). A self-assembled albumin-based
nanoprobe for in vivo ratiometric photoacoustic pH imaging. Adv
Mater 27:6820-7. doi: https://doi.org/10.1002/adma.201503194

Chen X, Zou LQ, Niu J, et al. (2015). The stability, sustained release and
cellular antioxidant activity of curcumin nanoliposomes. Molecules
20:14293-311.

Dreis S, Rothweiler F, Michaelis M, et al. (2007). Preparation, character-
isation and maintenance of drug efficacy of doxorubicin-loaded hu-
man serum albumin (HSA) nanoparticles. Int J Pharm 341:207-14. doi:
https://doi.org/10.1016/j.ijpharm.2007.03.036

Ducreux M, Malka D, Mendiboure J, et al. (2011). Sequential versus
combination chemotherapy for the treatment of advanced colorectal
cancer (FFCD 2000-05): an open-label, randomised, phase 3 trial.
Lancet Oncol 12:1032-44.

Fares NV, Abd-Allah H, Sobaih AE, et al. (2020). A potential breast can-
cer dual therapy using phytochemicals-loaded nanoscale penetration
enhancing vesicles: a double impact weapon in the arsenal. J Drug
Delivery Sci Technol 57:101663. doi: https://doi.org/10.1016/j.
jddst.2020.101663

Goodman TT, Olive PL, Pun SH. (2007). Increased nanoparticle penetra-
tion in collagenase-treated multicellular spheroids. Int J Nanomedicine
2:265-74.

Gu Z, Zuo H, Li L, et al. (2015). Pre-coating layered double hydroxide
nanoparticles with albumin to improve colloidal stability and cellular
uptake. J Mater Chem B 3:3331-9.

Han L, Wang T. (2016). Preparation of glycerol monostearate from glyc-
erol carbonate and stearic acid. RSC Adv 6:34137-45.

Housman G, Byler S, Heerboth S, et al. (2014). Drug resistance in cancer:
an overview. Cancers (Basel) 6:1769-92.

Igbal H, Razzaq A, Naveed Ullah K, et al. (2022). pH-responsive
albumin-coated biopolymeric nanoparticles with lapatinab for target-
ed breast cancer therapy. Biomaterials Advances 139:213039.

Igbal H, Razzaq A, Uzair B, et al. (2021). Breast cancer inhibition by
biosynthesized titanium dioxide nanoparticles is comparable to free
doxorubicin but appeared safer in BALB/c mice. Materials 14(12):3155.

Igbal H, Yang T, Li T, et al. (2021). Serum protein-based nanoparticles
for cancer diagnosis and treatment. J Control Release 329:997-1022.
doi: https://doi.org/10.1016/j.jconrel.2020.10.030

Jain D, Bajaj A, Athawale R, et al. (2016). Surface-coated PLA nanopar-
ticles loaded with temozolomide for improved brain deposition and
potential treatment of gliomas: development, characterization and in
vivo studies. Drug Deliv 23:999-1016.

Kannamangalam Vijayan U, Shah NN, Muley AB, Singhal RS. (2021).
Complexation of curcumin using proteins to enhance aqueous solu-
bility and bioaccessibility: pea protein vis-a-vis whey protein. J Food
Eng 292:110258. doi: https://doi.org/10.1016/j.jfoodeng.2020.110258

Karthikeyan R. (2017). A review on: cubosomes drug delivery system.
Indian J Drugs 5:104-8.

Kavya G, Jobin J. (2020). Development of amphotericin B based organ-
ogels against mucocutaneous fungal infections. Braz. J. Pharm. Sci
56:e17509.

Khan MW, Zou C, Hassan S, et al. (2022). Cisplatin and oleanolic acid
Co-loaded pH-sensitive CaCO3 nanoparticles for synergistic chemo-
therapy. RSC Adv 12:14808-18.

Kudarha RR, Sawant KK. (2021). Chondroitin sulfate conjugation facilitates
tumor cell internalization of albumin nanoparticles for brain-targeted
delivery of temozolomide via CD44 receptor-mediated targeting. Drug
Delivery Trans Res 11:1994-2008.

taszcz M, Kubiszewski M, Jedynak t, et al. (2013). Identification and
physicochemical characteristics of temozolomide process-related im-
purities. Molecules 18:15344-56.

Lee MJ, Ye AS, Gardino AK, et al. (2012). Sequential application of anti-
cancer drugs enhances cell death by rewiring apoptotic signaling
networks. Cell 149:780-94.

Li L, Qian Y, Sun L, et al. (2021). Albumin-stabilized layered double hy-
droxide nanoparticles synergized combination chemotherapy for col-
orectal cancer treatment. Nanomed Nanotechnol Biol Med 34:102369.
doi: https://doi.org/10.1016/j.nan0.2021.102369

Mehanny M, Hathout RM, Geneidi AS, Mansour S. (2016a).
Bisdemethoxycurcumin loaded polymeric mixed micelles as potential
anti-cancer remedy: preparation, optimization and cytotoxic evaluation
in a HepG-2 cell model. J Mol Lig 214:162-70. doi: https://doi.
org/10.1016/j.molliq.2015.12.007

Mehanny M, Hathout RM, Geneidi AS, Mansour S. (2016b). Exploring the
use of nanocarrier systems to deliver the magical molecule; curcum-
in and its derivatives. J Control Release 225:1-30.

Morsi NM, Abdelbary GA, Ahmed MA. (2014). Silver sulfadiazine based
cubosome hydrogels for topical treatment of burns: development and
in vitro/in vivo characterization. Eur J Pharm Biopharm 86:178-89.

Motevalli SM, Eltahan AS, Liu L, et al. (2019). Co-encapsulation of cur-
cumin and doxorubicin in albumin nanoparticles blocks the adaptive
treatment tolerance of cancer cells. Biophys Rep 5:19-30.

Park S, Kim H, Lim SC, et al. (2019). Gold nanocluster-loaded hybrid
albumin nanoparticles with fluorescence-based optical visualization
and photothermal conversion for tumor detection/ablation. J
Controlled Release 304:7-18. doi: https://doi.org/10.1016/j.jcon-
rel.2019.04.036

Patra JK, Das G, Fraceto LF, et al. (2018). Nano based drug delivery
systems: recent developments and future prospects.
J Nanobiotechnology 16:71.

Poradowski D, Chrészcz A. (2022). Synergistic antitumor interaction of
risedronate sodium and standard anticancer agents in canine (D-17)
and human osteosarcoma (U-2 OS) Cell Lines Animal (Basel) 12(7):866.
doi: https://doi.org/10.3390/ani12070866.

Rohiwal SS, Tiwari AP, Verma G, Pawar SH. (2015). Preparation and eval-
uation of bovine serum albumin nanoparticles for ex vivo colloidal
stability in biological media. Colloids Surf, A 480:28-37. doi: https://
doi.org/10.1016/j.colsurfa.2015.04.017

Rubab S, Naeem K, Rana |, et al. (2021). Enhanced neuroprotective and
antidepressant activity of curcumin-loaded nanostructured lipid car-
riers in lipopolysaccharide-induced depression and anxiety rat mod-
el. Int J Pharm 603:120670.

Saber MM, Al-Mahallawi AM, Nassar NN, Stork B. (2018). Targeting col-
orectal cancer cell metabolism through development of cisplatin and
metformin nano-cubosomes. BMC Cancer 18:822.

Sagnou M, Novikov FN, Ivanova ES, et al. (2020). Novel curcumin de-
rivatives as P-glycoprotein inhibitors: molecular modeling, synthesis
and sensitization of multidrug resistant cells to doxorubicin. Eur J
Med Chem 198:112331. doi: https://doi.org/10.1016/j.ejmech.2020.
112331

Shah NN, Umesh KV, Singhal RS. (2019). Hydrophobically modified pea
proteins: synthesis, characterization and evaluation as emulsifiers in
eggless cake. J Food Eng 255:15-23. doi: https://doi.org/10.1016/j.
jfoodeng.2019.03.005

Shao N, Mao J, Xue L, et al. (2019). Carnosic acid potentiates the anti-
cancer effect of temozolomide by inducing apoptosis and autophagy
in glioma. J Neuro-oncol 141:277-288.

Sohail M, Yu B, Sun Z, et al. (2022). Complex polymeric nanomicelles
co-delivering doxorubicin and dimethoxycurcumin for cancer chemo-
therapy. Drug Delivery 29:1523-1535.


https://doi.org/10.1016/j.ijpharm.2021.120490
https://doi.org/10.1016/j.ijpharm.2021.120490
https://doi.org/10.1002/adma.201503194
https://doi.org/10.1016/j.ijpharm.2007.03.036
https://doi.org/10.1016/j.jddst.2020.101663
https://doi.org/10.1016/j.jddst.2020.101663
https://doi.org/10.1016/j.jconrel.2020.10.030
https://doi.org/10.1016/j.jfoodeng.2020.110258
https://doi.org/10.1016/j.nano.2021.102369
https://doi.org/10.1016/j.molliq.2015.12.007
https://doi.org/10.1016/j.molliq.2015.12.007
https://doi.org/10.1016/j.jconrel.2019.04.036
https://doi.org/10.1016/j.jconrel.2019.04.036
https://doi.org/10.3390/ani12070866
https://doi.org/10.1016/j.colsurfa.2015.04.017
https://doi.org/10.1016/j.colsurfa.2015.04.017
https://doi.org/10.1016/j.ejmech.2020.
https://doi.org/10.1016/j.ejmech.2020.
https://doi.org/10.1016/j.jfoodeng.2019.03.005
https://doi.org/10.1016/j.jfoodeng.2019.03.005

Tomeh MA, Hadianamrei R, Zhao X. (2019). A review of curcumin and
its derivatives as anticancer agents. Int J Mol Sci 20(5):1033. doi:
https://doi.org/10.3390/ijms20051033.

Tu YS, Fu JW, Sun DM, et al. (2014). Preparation, characterisation and
evaluation of curcumin with piperine-loaded cubosome nanoparticles.
J Microencapsul 31:551-9.

Valdeperez D, Wutke N, Ackermann L-M, et al. (2022). Colloidal stability
of polymer coated zwitterionic Au nanoparticles in biological media.
Inorg Chim Acta 534:120820. doi: https://doi.org/10.1016/j.
ica.2022.120820

Waghule T, Narayan Saha R, Singhvi G. (2021). UV spectroscopic method
for estimation of temozolomide: application in stability studies in
simulated plasma pH, degradation rate kinetics, formulation design,
and selection of dissolution media. Spectrochim Acta A Mol Biomol
Spectrosc 258:119848.

Wang R, Liang Q, Zhang X, et al. (2022). Tumor-derived exosomes re-
versing TMZ resistance by synergistic drug delivery for glioma-targeting

DRUG DELIVERY 2643

treatment. Colloids Surf B Biointerfaces 215:112505. doi: https://doi.
org/10.1016/j.colsurfb.2022.112505

Wang C, Xu H, Liang C, et al. (2013). Iron oxide @ polypyrrole nanopar-
ticles as a multifunctional drug carrier for remotely controlled cancer
therapy with synergistic antitumor effect. ACS Nano 7:6782-95.

Yasaswi PS, Shetty K, Yadav KS. (2021). Temozolomide nano enabled
medicine: promises made by the nanocarriers in glioblastoma thera-
py. J Control Release 336:549-71. doi: https://doi.org/10.1016/j.jcon-
rel.2021.07.003

Zhang Y, Qu H, Xue X. (2022). Blood-brain barrier penetrating liposomes
with synergistic chemotherapy for glioblastoma treatment. Biomater
Sci 10:423-34.

Zhao X, Chen Q, Liu W, et al. (2014). Codelivery of doxorubicin and
curcumin with lipid nanoparticles results in improved efficacy of
chemotherapy in liver cancer. IJN 10:257-70.

Zhitomirsky B, Assaraf YG. (2016). Lysosomes as mediators of drug re-
sistance in cancer. Drug Resist Updat 24:23-33.


https://doi.org/10.3390/ijms20051033
https://doi.org/10.1016/j.ica.2022.120820
https://doi.org/10.1016/j.ica.2022.120820
https://doi.org/10.1016/j.colsurfb.2022.112505
https://doi.org/10.1016/j.colsurfb.2022.112505
https://doi.org/10.1016/j.jconrel.2021.07.003
https://doi.org/10.1016/j.jconrel.2021.07.003

	Development of nanocubosomes co-loaded with dual anticancer agents curcumin and temozolomide for effective Colon cancer therapy
	ABSTRACT
	Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Preparation of nanocubosomes
	2.3. Characterization of nanocubosomes
	﻿﻿2.3.1.﻿﻿ ﻿﻿Measurement of hydrodynamic diameter and surface charge﻿

	2.3.2. Surface morphology
	2.3.3. Drug loading and encapsulation efficiency
	2.3.4. Fourier transform infrared (FTIR) analysis
	2.3.5. X-ray diffraction (XRD) analysis
	2.3.6. Differential scanning calorimetry (DSC) analysis
	2.3.7. Colloidal stability
	2.3.8. In-vitro drug release

	2.4. In vitro cell studies
	2.4.1. Cell uptake
	2.4.2. Mechanism of cell uptake
	2.4.3. Intra-cellular distribution
	2.4.4. In-vitro anticancer efficacy
	2.4.5. Evaluation of in vitro cell apoptosis
	2.4.6. Assessment Pgp expression

	2.5. Statistical analysis

	3. Results and discussion
	3.1. Preparation and characterization of nanocubosomes
	3.2. In vitro drug release
	3.3. Cellular uptake of nanocubosomes
	3.4. Endocytosis and intracellular distribution of CTNCs
	3.5. Cytotoxicity of CTNCs
	3.6. In vitro cell apoptosis
	3.7. Pgp expression assessment

	4. Conclusion
	Disclosure statement
	Funding
	References



