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Abstract A casein-methyl cellulose nanocomplex,
loaded with curcumin and coated with dextran (DX-
CasCur-MC), is designed to enhance curcumin’s oral
delivery and inhibit cancer growth. Its physicochemi-
cal properties reveal chemical bonding between pro-
tein and polysaccharides, transforming curcumin
from crystalline into amorphous state to improve
water solubility. The encapsulation efficiency of cur-
cumin reaches 92%, and its release profile in physi-
ological and tumor microenvironments exhibits con-
trolled and sustained release. In vitro studies confirm
the significant therapeutic efficacy of DX-CasCur-MC
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in inducing cancer cell death and DNA damage com-
pared to free curcumin. The effectiveness of DX-
CasCur-MC for oral drug delivery is validated in
simulated gastrointestinal fluids, with 23 and 69%
release in gastric and intestinal fluids, respectively.
In vivo studies demonstrate a significant reduction
in tumor volume in mice treated with DX-CasCur-
MC compared to those treated with free curcumin
or untreated, confirming DX-CasCur-MC’s ability to
improve curcumin’s pharmacological properties and
inhibit tumor growth via repeated oral administra-
tion. The conjugation of the two polysaccharides with
the hydrocolloidal casein nanomicelles improves the
nanocomplexes stability, making DX-CasCur-MC a
promising natural candidate for oral curcumin deliv-
ery with a significant cancer therapeutic efficacy.

Keywords Curcumin-casein-methyl cellulose-
dextran nanocomplex - Cancer - Oral drug delivery

Introduction

Cancer stands as the second leading cause of global
mortality (Bray et al. 2018; Siegel et al. 2020), with
the incidence and fatality rates painting a grim picture
of the limited effectiveness of traditional treatment
modalities. The primary cancer treatments including
surgery, radiotherapy, and chemotherapy are marred
by severe side effects and organ toxicity, significantly
impacting the quality of life for those battling cancer.
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It is well known that most cancer patients receive
chemotherapeutics owing to their efficacy against
various cancer types with improving patient survival
rates. Unfortunately, they are accompanied not only
by severe side effects but also by the development of
multidrug resistance (Mansoori et al. 2017). Further-
more, recent studies highlight that the resistance to
radiotherapy, chemotherapy, and immunotherapy can
be linked to specific biological markers, indicating a
more complex interplay of the tumor immune micro-
environment in treatment failures (He et al. 2023).
Therefore, the pursuit of either an adjunct to current
therapies or the creation of a safe, more effective
alternative is imperative. This attempt aims to reduce
mortality rates and improve the overall quality of life
for cancer patients (Yallapu et al. 2013).

Numerous innovative cancer treatment strategies
have emerged recently, with options ranging from
advanced drug delivery systems and photothermal
therapy to natural drugs and nutraceuticals. These
include exploring the potential of nanoscale coordina-
tion polymers, advancing immunotherapy using mes-
senger RNA, developing efficient organic sonosen-
sitizers for sonodynamic therapy, and advancements
in molecular genetics (Kasi et al. 2016; Zhang et al.
2022; Liu et al. 2022a, b; Li et al. 2022b; Chen et al.
2023; Deb et al. 2024).

Natural drugs and nutraceuticals have garnered
particular attention as promising alternatives to tradi-
tional chemotherapy, appealing to both the scientific
community and cancer patients. In the USA, approxi-
mately 50-60% of cancer patients turn to nutraceuti-
cals as substitutes for conventional chemotherapeu-
tics (Yadav et al. 2020; Pan et al. 2022). Bioactive
compounds such as curcumin, lycopene, royal jelly,
and resveratrol have demonstrated potent anticancer
properties (Naksuriya et al. 2014; Rauf et al. 2018;
Pradhan et al. 2021; Xu et al. 2023). There has been
particular enthusiasm surrounding the therapeutic
efficacy of curcumin against various types of cancer.

Curcumin has evolved from its role as a mere
adjunct in therapy to becoming a potent alternative
in the treatment of various types of cancer. Derived
from Curcuma longa, curcumin is a natural polyphe-
nolic compound showcasing diverse pharmacological
properties, rendering it valuable as an antioxidant,
anti-inflammatory agent, and anticancer agent (Fan
et al. 2018; Gao et al. 2022). Despite numerous clini-
cal trials affirming the safety and efficacy of curcumin
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against cancer (Zoi et al. 2021), its medical utility
is still under investigation. Hindrances include poor
water solubility, low pharmacodynamic profile, lim-
ited intestinal permeability, and rapid metabolism and
clearance, collectively contributing to its suboptimal
oral bioavailability (Anand et al. 2007).

The creation of a nano-drug delivery system stands
out as a promising approach to overcome the afore-
mentioned challenges (He et al. 2021; Rajendran
et al. 2024). Despite various nano-drug delivery sys-
tems being explored to enhance curcumin solubil-
ity, stability, and bioavailability (Zheng et al. 2017;
Araiza-Calahorra et al. 2018), a particularly intrigu-
ing avenue is the incorporation of food-derived com-
ponents, specifically proteins and polysaccharides.
The biocompatibility, biodegradability, immune-
boasting effect, and functionality of proteins and
polysaccharides make them ideal for various medical
applications, particularly in effectively encapsulating
therapeutic agents (Fan et al. 2015; Xiaolong 2023;
Yi et al. 2023; Shen et al. 2023; Zhang et al. 2024).

Casein, a high-quality milk protein comprising
asl, as2, B, and k casein components, exhibits a lin-
ear amphiphilic nature (Elzoghby et al. 2011). Utiliz-
ing its high bioavailability and non-immunogenicity
properties, casein serves as an effective nano-drug
delivery system. Self-assembly of casein leads to
micelles formation with a hydrophobic core and
hydrophilic shell, facilitating the encapsulation of
curcumin (Chang et al. 2017). The encapsulation in
casein micelles involves physical embedding, cova-
lent bonding, and electrostatic interaction (Liu et al.
2020). Despite casein’s susceptibility to low water
resistance and weak mechanical strength, its high
content of polar groups—such as hydroxyl, carboxyl,
and amino—allows for conjugation with other materi-
als (Fan et al. 2015). Advances in protein modifica-
tions result in a hybrid nanomaterial with enhanced
properties. The application of casein as an oral nano-
carrier can be expanded through conjugation with
biopolymers like polysaccharides.

Recent attention in the field of cancer oral drug
delivery has focused on the synergistic conjugation
of proteins and polysaccharides, leveraging the com-
plementary strengths, and addressing the weaknesses
of each. Whereas proteins are efficient at producing
small emulsion droplets, but are relatively unstable
in environmental stimuli, polysaccharides are sta-
ble in such environments, but have moderately low
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emulsifying activity (Sun et al. 2022). The formation
of protein-polysaccharide complexes provides cost-
effective, renewable, soluble, bioavailable, and biode-
gradable formulations. The merging of numerous pol-
ysaccharides with casein, either within its structure or
as a shell, enhances casein’s role as an oral delivery
system for curcumin while addressing challenges
associated with using casein micelles individually.

This conjugation is essential to address the inher-
ent instability of casein micelles, rapid drug leakage,
and the vulnerability of casein in the gastric environ-
ment, ultimately leading to degradation. Nano-conju-
gation of proteins with polysaccharides acts as a pro-
tective shield, safeguarding casein micelles and the
encapsulated drug from enzymatic degradation. This
nano-conjugation ensures controlled drug release in
the gastrointestinal tract, establishing its utility as an
oral drug delivery system (Chang et al. 2017; Alavi
et al. 2018) Currently, researchers are directing their
focus towards the oral delivery route, given its con-
venience and widespread acceptance among most
cancer patients.

Various polymeric materials, including chitosan
(Jiang et al. 2012; Ding et al. 2019), hyaluronic acid
(Choi et al. 2012; Li et al. 2014), and polyethylene
glycol (Hao et al. 2021), have been employed as
block copolymers to modify and coat casein micelles,
resulting in heightened stability and bioavailability
for loaded drugs. Cellulose in the native, mercerized,
or regenerated (e.g., rayon) form offers the advan-
tages of being non-toxic, biocompatible, and biode-
gradable, along with excellent physicochemical prop-
erties. Cellulose derivatives like methyl cellulose and
carboxymethyl cellulose have garnered attention for
their ability to form diverse nanostructures (Klemm
et al. 2021; Ho and Leo 2021), or combine with other
nanomaterials (Prusty and Swain 2019; Gupta et al.
2019). For instance, a previous study demonstrated
the conjugation of Fe;O, with curcumin-loaded cellu-
lose nanocarriers for in vitro treatment of colon can-
cer (Low et al. 2019).

The polysaccharide dextran, biologically synthe-
sized by microbes, forms poly-D-glucoside with intri-
cate branching. Dextran’s capacity to form complexes
with diverse biomaterials enhances its suitability for
drug delivery in pulmonary, ocular, and nasal appli-
cations (Vandamme et al. 2002). The nanoconjuga-
tion of curcumin, such as curcumin-y-hydroxypropyl
cyclodextrin, has demonstrated successful gene

therapy delivery to cancer cells compared to conven-
tional drugs (Popat et al. 2014). Remarkably, various
in vivo xenograft mouse models have shown that con-
jugating dextran with carboxymethyl cellulose signif-
icantly enhances the effectiveness of cancer cell death
(Posey et al. 2005; Chau et al. 2006; Schneible et al.
2021).

The objective of the present study is to fabricate,
characterize, and assess the potential of the proposed
nanoplatform (dextran-casein-methyl cellulose) for
the oral delivery of curcumin. The optimized proper-
ties of this nanocomplex aim to fortify curcumin in
the gastrointestinal tract, enhance its oral bioavailabil-
ity and impede cancer cell growth by inducing DNA
damage and arresting cell cycle progression.

Materials and methods
Materials

Sodium caseinate from bovine milk (Molecular
weight=314 g/mol), curcumin (>94% curcuminoid
with a molecular weight 368.38), methylcellulose
(low molecular weight 10-20 kDa), dextran sul-
fate (molecular weight 5 kDa), dimethyl sulfoxide
(DMSO0), phosphate buffered saline (PBS) and Dex-
tran sulfate sodium salt from leuconostoc spp, M,
5000 Da (Sigma—Aldrich -USA).

Methods

Curcumin encapsulation in casein-methyl cellulose
nanoparticles

To synthesize curcumin-loaded casein methyl cel-
lulose nanoparticles (CasCur-MC), methyl cellulose
(MC) solution was prepared by dissolving 20 mg MC
in distilled water (10 ml) and stirred until the forma-
tion of a clear solution. Similarly, sodium caseinate
solution was prepared by dissolving sodium caseinate
(20 mg) in distilled water (10 ml). The curcumin solu-
tion was prepared by dissolving curcumin (20 mg) in
1 ml of 0.1% dimethyl sulfoxide (DMSO). For cur-
cumin loading, sodium caseinate solution was then
mixed with the curcumin solution followed by 30 min
stirring. Then, MC solution was added to casein
loaded nanoparticles (CasCur) and stirred until the
formation of homogenous solution (CasCur-MC). By
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using a centrifuge (at 10,000 rpm/30 min), CasCur-
MC solution was separated from unloaded curcumin
which was further quantified (using spectrofluor-
ometer at Ay iion =425 nm and A iion =530 nm)
to evaluate the amount of encapsulated curcumin in
casein micelles.

Dextran sulfate coating

To prepare dextran sulfate (DX) solution, 0.1 g of
dextran sulfate was dissolved in 10 ml distilled water
(10 ml) and stirred vigorously until complete dissolu-
tion. Then, DX solution (1 ml) was dropped on Cas-
Cur-MC solution (10 ml) forming DX-CasCur-MC
solution. To discard the excess dextran, DX-CasCur-
MC solution was centrifuged (10,000 rpm/30 min),
then the precipitated nanocomplex was resuspended
in distilled water.

Encapsulation efficiency

Encapsulation efficiency (EE) determines the ratio
of the amount of curcumin encapsulated in casein
nanomicelles to the amount of curcumin initially
used. Drug encapsulation efficiency by casein methyl
cellulose nanoparticles (CasCur-MC) was calculated
by:

EE (%)

_ initial amount of Cur — unloaded Cur in supernant

initial amount of Cur
x 100

It should be noted that unloaded curcumin
was previously quantified by a calibration curve
(concentrations vs fluorescence intensity) and
spectrofluorometer.

Measurements of physicochemical properties
of nanocomplex

Transmission electron microscopy Transmission
electron microscopy (TEM) was used for imaging the
morphology of the curcumin loaded nanoparticles
(DX-CasCur-MC) and the unloaded nanoparticles
(Cas-MC). Phosphotungstic acid staining was applied
to enhance visualization [JEM 1230, Joel, Japan].
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Fluorescence measurement The fluorescence spec-
tra of Cur, Cas-MC, DX-Cas-MC, and DX-CasCur-
MC solutions were recorded using a spectrofluorom-
eter at emission wavelength 341 nm for measuring
protein and 550 nm for measuring curcumin (RF
5301pc; Shimadzu, Japan).

Hydrodynamic size distribution and zeta potential
measurements Using a Nano-Zetasizer, particle
size distribution of Cas-MC and DX-CasCur-MC, as
well as the zeta potential of the synthesized Cas-MC,
CasCur-MC, and DX-CasCur-MC, were measured in
triplicate at an ambient temperature (ZS90—Malvern
Panalytical, UK).

Fourier transform infrared measurements Fourier
transform infrared (FTIR) spectra for Cur, Cas-MC,
CasCur-MC, and DX-CasCur-MC in the solid form
were measured using FTIR spectrometer (R-4100 type
A -Basic Vector, Germany). Measurements were con-
ducted over 4000-400 cm™' range.

X-ray diffraction X-ray diffraction (XRD) patterns
of Cas-MC, CasCur-MC, and DX-CasCur-MC in the
solid form were determined by an X-ray diffractom-
eter (X-ray Diffractometer- Malvern Panalytical) in
the range from 2° to 100°. The instrument was set at a
0.02° scanning step with a speed of 0.1 s/step.

Thermogravimetric analysis Thermogravimetric
analysis (TGA) was employed to assess the thermal
stability of Curcumin, Cas-MC, CasCur-MC, and DX-
CasCur-MC (NETZSCH, Germany). The instrument
was set with a heating rate of 10 °C/min under nitro-
gen gas rate of 50 ml min~'. All measurements were
conducted within a temperature range of 20-500 °C.

Curcumin release profile

To assess the amount of released curcumin in the
physiological condition and the tumor microenviron-
ment, two simulated solutions (50 ml) were individu-
ally prepared with different pH values of 7.4 and 5.5
corresponding to the two environments. Dx-CasCur-
MC solution (2 ml) was poured in each cellulose
dialysis bag with a molecular cutoff of 12 kDa. Sub-
sequently, one dialysis bag was immersed in the simu-
lated physiological solution (pH 7.4), while the other
was placed in the simulated tumor microenvironment
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solution (pH 5.5). Both bags were immersed in a
shaker water bath maintained at 100 rpm/37 °C. At
selected time points, the concentration of released
curcumin was measured using a spectrofluorometer
at Agycitation =425 nm and A ;i ion =530 nm. To assess
the cumulative drug release over 48 h, the withdrawn
samples were returned back to the medium after
measurements. Measurements were performed in
triplicate.

Radical scavenging activity

The radical scavenging activity of both unloaded cur-
cumin and curcumin-loaded dextran-casein-methyl
cellulose was assessed through the DPPH assay (Li
and Chen 2022). Initially, a freshly prepared DPPH
stock solution (1 ml) was mixed with 1 ml of various
concentrations of the test samples (20-100 mg/ml).
To prepare the control sample, ethanol (2 ml) was
mixed with DPPH (1 ml). Subsequently, all mixtures
were placed in a water bath shaker for 1 h in a dark
environment. Post incubation time, the color change
in the samples were measured using the spectropho-
tometer at As;;. Then, the radical scavenging activity
was calculated:

Radical scavenging activity % = Ac — As/Ac x 100

where Ac is the control absorbance and As is the
sample absorbance. Measurements were performed in
triplicate.

In vitro cytotoxicity

The cytotoxicity of both curcumin-loaded nanocom-
plex (DX-CasCur-MC) and free curcumin (Cur) on
human colon cancer cells (HCT-116) was evaluated
using the MTT assay. Human colorectal cancer cell
line (HCT-116) was purchased from the Ameri-
can Type of Culture Collection (ATCC, Bethesda,
MD, USA). In 96-well plates, the cells (5 X 10%) were
cultured in standard supplemented media Dulbecco’s
Modified Eagle Medium (DMEM) and placed for
24 h in a CO, incubator (5%). Then, the cells were
treated individually with Cur and DX-CasCur-MC at
concentrations of (0.39, 0.78, 1.5, 3.125, 6.25, 12.5,
25, 50, 100 pg/ml) and then incubated for 48 h. The
cell viability percentage was measured by mixing
MTT solution (10 pl) with the treated cells followed

by 4 h incubation under a dark environment. Absorb-
ance measurements were conducted at A5y, nm using
a microplate Elisa reader (Ortenberg, Germany).

Cell cycle analysis

HCT-116 cells (10°) were separately treated with
free curcumin and curcumin loaded nanocompos-
ite (DX-CasCur-MC) at their ICs, concentrations,
as determined by cytotoxicity assays, over a 48-h
period. Subsequently, both untreated and treated cells
underwent trypsinization and were washed twice with
PBS (ice-cold). Thereafter, the resuspended cells
(in ice-cold ethanol solution 60%) were incubated
for 1 h, at 4 °C for cell fixation. Following fixation,
the cells were washed with PBS two times and ulti-
mately resuspended in a solution of PBS, propidium
iodide (10 pg/ml) and RNAase (50 pg/ml). This sus-
pension was further incubated in dark conditions for
20 min at 37 °C. Utilizing flow cytometry, the cellular
DNA content was analyzed at A, jii0n =935 nm and
Aemission=017 nm. The distribution of the cell cycle
for cells treated with DX-CasCur-MC and curcumin
was measured in comparison with the untreated ones
using an instrument from ACEA-Bioscience Inc.,
USA. All measurement were measured in triplicate.

Autophagy

To quantify the autophagic cell death induced in
colorectal cancer cells (HCT-116) upon treatment
with curcumin and DX-CasCur-MC, flow cytometry
analysis was utilized employing acridine orange stain.
HCT-116 cells (10°) were treated with curcumin and
DX-CasCur-MC for 48 h at their ICs, concentra-
tions. Both untreated and treated cells were trypsi-
nized, washed with ice-cold PBS, stained with acri-
dine orange, and incubated for 30 min at 37 °C in a
dark environment. Following staining, all cells were
analyzed using the ACEA NovocyteTM flow cytom-
eter, and the emitted fluorescence signals of acrid-
ine orange were captured by the signal detector at
Aexcitation =488 nm and A picion =530 nm. The data
were quantified as net fluorescence intensity (NFI)
using NovoExpress software (ACEA-Bioscience Inc.,
USA) (Abdel-Sattar et al. 2023).
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Comet assay

The Comet assay, or single-cell gel electrophoresis
was employed to quantify the extent of DNA damage
in HCT-116 cells following treatment with curcumin
and DX-CasCur-MC. HCT-116 cells (10%) were cul-
tured in a 12-well plate and treated separately with
curcumin and DX-CasCur-MC for 48 h. Aliquots
from both untreated and treated cells were collected
and applied to microscopic slides, following the pro-
cedure outlined in a previous study (Lin et al. 2007).
Subsequently, in situ DNA lysis in the nucleus was
performed. All cells were subjected to gel electropho-
resis, and the visualized DNA was stained with ethid-
ium bromide (EB) and captured using a fluorescence
microscope. The observed comet structures, indica-
tive of DNA damage in treated cells, were quantified
in terms of comet tail lengths and other parameters
using CometScore™ software.

In vitro digestion experiment

Since the study aimed to develop an oral drug deliv-
ery system, the behavior of DX-CasCur-MC in gas-
trointestinal fluids, in terms of hydrodynamic size
distribution and curcumin release, was evaluated fol-
lowing a previously established protocol with minor
modifications (Xu et al. 2020). In brief, simulated
gastric fluid (SGF) was prepared by combining pep-
sin (3.2 mg/ml) and NaCl (2 mg/ml) formulating a
simulated gastric digestion environment (pH 2). To
prepare simulated intestinal fluid (SIF), pancreatin
(3 mg/ml) was mixed with NaCl (8.8 mg/ml) at pH 7.
The experimental procedure commenced by mixing a
DX-CasCur-MC solution (2 ml) with SGF, and then
incubating for 1 h in a shaker-water bath (100 rpm
at 37 °C). In another tube, SIF (pH=7) was mixed
with DX-CasCur-MC and then incubated for 2 h in
a shaker-water bath (100 rpm at 37 °C). Hydrody-
namic size distribution of the digestion was meas-
ured at specified time points (1 h post incubation in
SGF and 2 h post incubation in SIF). The quantity
of the released curcumin from the nanocomposite
was measured spectrofluorometrically and calculated
using a calibration curve (Chen et al. 2020).
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In vivo study

Animals Inthis study, 15 female Balb/c mice, weigh-
ing 20-25 g and aged 4-5 weeks (purchased from the
animal house of the National Cancer Institute, Cairo,
Egypt) were used. The mice were housed in standard-
ized cages with continuous access to water and food,
controlled air humidity, and a 12-h dark/light cycle
for the duration of the experiment. Ehrlich ascites
tumor (EAT) cells (1 x10°% was inoculated into the
right flank of the mice and monitored until the forma-
tion of a subcutaneous solid tumor reached a size of
0.5 cm*(Elbialy and Mohamed 2020). Tumor bearing
mice were divided into 3 groups, with 5 mice in each
group: a control group, a curcumin treated group, and
a DX-CasCur-MC treated group.

Ethics The experiment received approval from
Cairo University’s Institutional Animal Care and
Use Committee (CU-IACUC) (Egypt) under the ref-
erence CU-I-F-71-22. All experimental procedures
adhered to CU-IACUC standards, following guide-
lines from the Council for International Organization
of Medical Sciences and the International Council
for Laboratory Animal Science (CIOMS/ICLAS,
2012), as well as the American Guide of Animal
Care and Use. The study was reported in accordance
with ARRIVE guidelines.

Tumor growth inhibition assessment To investigate
the growth inhibitory effect of DX-CasCur-MC com-
pared to free curcumin and untreated mice, animals
were randomly divided into three groups. Group
1 (control) received 100 pl saline orally, Group 2
received 100 pl curcumin solution (4 mg/kg) orally,
and Group 3 received 100 pl of DX-CasCur-MC
(4 mg/kg) nanoparticle solution orally. They were
administered 5 doses/ 15 d.

Throughout the two-week experiment, tumor vol-
ume was measured every three days using an elec-
tronic caliper. At the time of experiment termina-
tion, the body weight of all groups was recorded.
Subsequently, mice from each group were weighted,
euthanized, and the tumors were collected and
weighed. Tumors from each group were preserved
in a 10% formalin solution for histopathological
examination. Tumors were embedded in paraffin,
sectioned, and stained using hematoxylin and eosin
(H&E).
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Statistical analysis Data were presented as
mean + standard deviation (SD). Multiple compari-
son was performed using ANOVA analysis (SPSS,
software 29.0), with p value <0.05 considered as
significant difference (*).

Results and discussion

Synthesis of dextran-casein-methyl cellulose
encapsulated curcumin

Numerous studies have highlighted the exceptional
capability of casein nanoparticles in encapsulating
and delivering bioactive compounds (nutraceuti-
cals) to specific diseased sites. However, a notable
challenge arises as the encapsulated drug tends
to leak outside casein micelles when exposed to
human body temperature (~ 37 °C) and physiologi-
cal fluids (Xv et al. 2020). Consequently, optimiz-
ing casein micelles through conjugation with a sup-
portive material, such as polysaccharides, becomes
imperative. Leveraging its emulsifying property,
casein can be effectively combined with polysac-
charides to form a nanocomplex that harnesses the
advantageous properties of both components.

This issue is addressed by encapsulating cur-
cumin within casein micelles, followed by conju-
gation with methylcellulose and coating with dex-
tran. Curcumin was encapsulated within casein
nanomicelles via the property of self-assembling
to form CasCur which stabilized by the addition
of methyl cellulose (CasCur-MC). The nanocar-
rier stabilization was further enhanced by dextran
coating (DX-CasCur-MC). It should be mentioned
that the hydrophobic interaction between casein
and curcumin would promote curcumin stability
with high encapsulation efficiency. Additionally,
the hydrogen bonding and electrostatic interaction
between the protein and polysaccharides provides
the nanocarrier the appropriate response in differ-
ent physiological media. The preparation method
has the advantage of being simple with the produc-
tion of high yield. The encapsulation efficiency of
curcumin within the proposed nanocomplex system
was 92%.

Characterization of the synthesized nanocomplex
(DX-CasCur-MC)

Transmission electron microscopy

The morphological structure of the nanoparticles was
revealed using TEM both before and after loading
curcumin. TEM images illustrated the size and mor-
phology of Cas-MC and DX-CasCur-MC (Fig. la,
b). The fabricated nanoparticles exhibited a spherical
shape with a size exceeding 200 nm (Fig. la). Fol-
lowing curcumin loading, DX-CasCur-MC exhib-
ited a darker appearance with a distinct coating layer
enveloping the nanoformulation (Fig. 1b).

Hydrodynamic size distribution and zeta potential
measurements

The hydrodynamic diameters of Cas-MC and DX-
CasCur-MC are presented in Fig. 1c. The unloaded
sample exhibits an average diameter of 295+32 nm,
whereas the curcumin-loaded sample demon-
strates a reduced average hydrodynamic diameter of
220+42 nm. This size reduction in the nanocomplex
(DX-CasCur-MC) upon curcumin encapsulation can
be attributed to the contraction of the internal pro-
tein nanostructure as curcumin fills the inner cavi-
ties of casein micelles. This phenomenon arises from
the combined effects of hydrogen bonding, as well
as both hydrophobic and electrostatic interactions
between curcumin and the active groups of casein.
These findings align with a prior study (Li and Chen
2022). Fortunately, the developed micelle diameter
is suitable for drug delivery purposes, allowing it to
evade renal clearance (Gaucher et al. 2005).
Measuring zeta potential at each stage of prepa-
ration acts as a predictive tool for assessing the col-
loidal stability of the nanocarriers and the effective-
ness of the preparation method. The measured zeta
potential values for Cas-MC, CasCur-MC, and DX-
CasCur-MC are —10.8+1.68, —8.99+1.25, and
—6.56+0.97 mV, respectively (Fig. 1d). These values
reflect the impact of curcumin loading and dextran
coating steps in reducing the negativity of the nano-
conjugate. The decrease in the negative charge of DX-
CasCur-MC can be attributed to the coating effect of
the formed dextran layer on the nanoparticle surface.
Zeta potential values offer insights into the stability
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Fig. 1 Characterization of
DX-CasCur-MC: transmis-
sion electron microscopic
images for a Cas-MC, b
DX-CasCur-MC, ¢ size
distribution measurements
of curcumin loaded (DX-
CasCur-MC) and unloaded
uncoated nanoconjugate
(Cas-MC), d zeta potential
values of Cas-MC, CasCur-
MC and DX-CasCur-MC,
measurements for were
performed in triplicate

and represented as mean
and+SD
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and the behavior of the developed nanocomplex in
biological systems (Jin et al. 2019).

Fluorescence spectroscopy

Protein intrinsic fluorescence arises from tryptophan
residues located in the hydrophobic cavities within
protein tertiary structure. The fluorescence spectra
of Cas-MC, CasCur-MC, and DX-CasCur-MC were
measured to elucidate the interaction between cur-
cumin and the Cas-MC nanocarrier, as well as the
conformational changes in the protein upon dextran
coating (Fig. 2a, b). The nanocarrier composed of
Casein-methylcellulose (Cas-MC) exhibited a strong
fluorescence emission peak at A piion=2341 nm,
representing the tryptophan and tyrosine residues
in the protein. Following curcumin encapsulation,
both protein fluorescence emission peaks exhibited a
slight blue shift to 339 nm, accompanied by a slight
decrease in intensity, indicating alterations in the cur-
cumin microenvironment due to the interaction with
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casein residues through hydrophobic interaction (Xu
et al. 2017).

As illustrated in Fig. 2a, b, the conjugation of Cas-
MC with dextran significantly reduced the maximum
fluorescence peak to~65%. This substantial reduc-
tion in fluorescence intensity suggested the success-
ful conjugation of CasCur-MC with dextran, leading
to the formation of a dextran shell around CasCur-
MC micelles. Importantly, the maximum fluores-
cence peak position shifted to 332 nm (blue shift),
indicating that the conjugation between CasCur-MC
and dextran protected the CasCur-MC nanocarrier
from denaturation or conformational changes. The
observed blue shift also suggested the burial of tryp-
tophan residues into the hydrophobic microdomains
of DX-CasCur-MC micelles (Liu and Guo 2008).
Previous studies have reported that a red shift in the
fluorescence peak after protein-polysaccharide conju-
gation is indicative of protein unfolding and denatura-
tion (Wu and Wang 2017). The modified preparation
method developed in this study has the advantage of
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Fig. 2 Fluorescence and FTIR spectroscopy: fluorescence
emission spectra of Cas-MC, CasCur-MC, and DX-CasCur-
MC: a at protein excitation wavelength 280 nm, b at curcumin

preventing protein denaturation, as confirmed by the
observed blue shift in the fluorescence peak.

The intrinsic fluorescence of curcumin is com-
monly employed to investigate the binding between
proteins and curcumin. This conjugation exhibited a
sensitive response reflected in the position and inten-
sity of its fluorescence peak. Literature documents
indicate that the fluorescence peak of free curcumin
appears with low intensity at~550 nm, indicating
instability and fluorescence quenching in a polar envi-
ronment (Began et al. 1999; Khadem Sadigh et al.
2017). The conjugation of curcumin with casein and

excitation wavelength 425 nm. ¢ FTIR spectra of: dextran, cur-
cumin, Cas-MC, CasCur-MC, DX-CasCur-MC

methyl cellulose shifted the curcumin peak to 335 nm
(blue shift) (see Fig. 2b). The fluorescence spectrum
of DX-CasCur-MC showed a further blue shift in
the curcumin fluorescence peak (330 nm) accompa-
nied by higher intensity upon conjugation with dex-
tran. Conjugation with protein and polysaccharides
induced a blue shift in the curcumin emission peak
with an enhancement in fluorescence intensity, dem-
onstrating a change in curcumin structure induced by
its interaction with the matrices. This change is attrib-
uted to the transfer of curcumin from a hydrophilic
environment to the hydrophobic region of casein
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and dextran micelles (Wu and Wang 2017). Conse-
quently, curcumin fluorescence quenching is reduced,
and fluorophore stability is increased, leading to an
enhancement in fluorescence intensity (Li and Wang
2015).

Fourier-transform infrared spectroscopy

The protein-polysaccharide conjugation was veri-
fied through FTIR analysis, which illustrated distinc-
tive structural bands associated with the functional
groups of each component before and after the con-
jugation process (Fig. 2c). The FTIR spectrum of
Cas-MC indicated the emergence of primary charac-
teristic bands from both methyl cellulose and casein,
accompanied by observable shifts. Notably, the
FTIR absorption peaks of casein, including amide I,
amide II, and O-H stretching, exhibited a shift from
1514, 1637, and 3281 to 1461, 1639, and 3477 cm™",
respectively, upon conjugation with methyl cellulose.
Similarly, the principal characteristic bands of methyl
cellulose at 1460, 1380, and 950 cm™! (as per litera-
ture) experienced shifts upon conjugation with casein
(Oliveira et al. 2015).

The conjugation between casein micelle and
methyl cellulose can be attributed to their interac-
tion through hydrogen bonds involving functional
groups such as amino groups, carboxyl groups, and
amide bonds. This interaction resulted in noticeable
alterations in the absorption bands within the FTIR
spectrum.

The FTIR spectrum of dextran unveiled its char-
acteristic bands at 1160, 1022, and 916 cm™'. The
absorption band at 1160 cm™! is associated with
C-O-C vibrations and glycoside linkage, while the
band at 1022 cm™' signifies the flexibility of the
dextran chain in relation to glycosidic bonds. The
observed band at 916 cm™ is attributed to o -D-glu-
can (Shukla et al. 2011). Peaks corresponding to
dextran displayed shifts in the DX-CasCur-MC spec-
trum, indicating the successful conjugation with
CasCur-MC.

The characteristic absorption bands of curcumin
appeared at 3510 cm™! and 1628 cm™, corresponding
to phenolic O-H stretching and C=C/C=0 stretching,
respectively. Additionally, bands at 710 and 870 cm™
were observed, corresponding to different C-H
motions (Bich et al. 2009). The analysis of the FTIR
spectrum of the final formulation, Dx-CasCur-MC,
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demonstrated the presence of all characteristic bands
from each constituent, accompanied by shifts indica-
tive of successful conjugation.

X-ray diffraction analysis

The crystalline diffraction patterns of Cas-MC, Cas-
Cur-MC, Cur, and DX-CasCur-MC were examined.
It is well-documented in the literature that casein
exhibits an amorphous structure, while methyl cel-
lulose (MC) is semicrystalline, with diffraction peaks
appearing at 8.5° and 20.6° (Oliveira et al. 2015;
Xu et al. 2020). The conjugation of MC with casein
resulted in a shift in the diffraction peaks of MC, as
illustrated in the Cas-MC XRD spectrum (Fig. 3a).

The amorphous nature of dextran is indicated by
a diffraction peak at 21.7°, as reported in a previous
study (Yuan et al. 2020). The dextran peak underwent
a shift upon interaction with CasCur-MC, forming the
final nanocomplex (DX-CasCur-MC), as illustrated in
Fig. 3a. To assess the ability of the proposed nanocar-
rier to encapsulate curcumin and address challenges
related to its poor solubility, the XRD pattern of DX-
CasCur-MC was investigated.

Considering the information available, curcumin
typically exhibits multiple peaks in its XRD pattern
due to its crystallinity, this is then coupled with the
semicrystallinity of MC and the amorphous nature
of both casein and dextran (Li et al. 2022a). Conse-
quently, the conjugation of curcumin with the pro-
tein—polysaccharides nanocomplex resulted in a
reduction of curcumin crystallinity. This reduction, in
turn, enhances curcumin’s solubility, bioavailability,
and ultimately its biological activity (Benzaria et al.
2013). Despite the amorphous nature of casein, the
presence of the minor crystalline peaks in CasCur-
MC and DX-CasCur-MC can be attributed to the pos-
sibility that a fraction of the encapsulated curcumin
protruded from Cas-MC micelles.

Thermogravimetric analysis

The TGA thermograms of Curcumin (Cur), Casein-
methylcellulose (Cas-MC), CasCur-MC, and Dex-
tran-coated CasCur-MC (DX-CasCur-MC) are pre-
sented in Fig. 3b. Initially, the observed weight loss
in the temperature range of 20-150 °C is minimal
and is attributed to the desorption or dehydration of
water from the polysaccharides. This is followed by
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pyrolytic decomposition and depolymerization in the
range of 160-258 °C. Subsequently, above 350 °C,
the samples undergo decomposition, resulting in the
release of CO, CH4, and water (Oliveira et al. 2015).
In the TGA scan for CasCur-MC, an initial weight
loss of approximately 16% occurred at 134 °C. Both
Cas-MC and DX-CasCur-MC exhibited an initial

weight loss of about 18% at 147.7 °C. Both Cas-
MC and DX-CasCur-MC displayed a rapid thermal
decomposition rate at 175 °C, reaching total weight
losses of 76.6% and 83% at 450 °C, respectively. In
the case of CasCur-MC, a rapid thermal decomposi-
tion rate was observed at 150 °C, resulting in a 73%
weight loss at 421 °C. Due to its hydrophobic nature,
the thermal behavior of curcumin is notably differ-
ent. Uponreaching 140 °C, there was no significant
weight loss, followed by rapid thermal decomposition
at 173.5 °C, ultimately reaching a 77% weight loss at
450 °C.

In vitro study
Curcumin release profile

Designing an effective drug delivery system requires
a thorough investigation into the behavior of the
released drug from the nanocarrier. Consequently, we
studied the release of curcumin from the nanocom-
plex DX-CasCur-MC in two distinct environments:
physiological (pH 7.4) and tumor (pH 5.5). Figure 4a
illustrates the cumulative release percentage of cur-
cumin at both tested pH levels over 48 h.

The release profile exhibited a steady-state pat-
tern in both acidic and physiological pH conditions,
with no observable burst effect. Notably, drug release
in the acidic environment demonstrated an approxi-
mately twofold increase compared to the physiologi-
cal environment at each time point. Sustained release
commenced at 16 h and reached its peak at 68% at pH
5.5 and 57% at pH 7.4 after 48 h. Additionally, the
results revealed that approximately 30% of the drug
remained within the nanocomplex after 48 h.

The incorporation of methylcellulose and dex-
tran coating with casein nanoparticles optimized the
performance of the hybrid nanoparticles, resulting
in controlled and sustained release of curcumin in
both physiological and acidic media. The observed
cumulative release percentages of curcumin in both
media were attributed to the drug concentration gra-
dient between the fluid layer surrounding the nano-
carrier’s surface and the release media. Importantly,
the obtained release behavior indicated no discernible
degradation in the integrity of the bio-nanocompos-
ite or surface deformation (Chen and Subirade 2005;
Keshavarz et al. 2023). Consequently, the conjugation
facilitated the bio-nanocomplex carrier in achieving a
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superior sustained drug release compared to carriers
composed of protein or polymeric nanoparticles alone
(Luo et al. 2011).

Upon reviewing the literature, a similar study by
Chen, Y. et al. (2024), fabricated a curcumin nano-
carrier by conjugating soy protein with two polysac-
charides. This nanoconjugation achieved high drug
encapsulation efficiency (95%) with improved anti-
cancer activity (Chen et al. 2024). In contrast, the
conjugation of zein protein with a single polysaccha-
ride (either hyaluronic acid or pectin) demonstrated
instability in simulated gastrointestinal fluids (44%
and 26% respectively) (Liu et al. 2022¢). Similarly,
the conjugation of zein protein with chitosan as a nan-
odelivery system for curcumin and berberine showed
low drug encapsulation efficiency (75%) and drug
release 39% and 71% at pH 7.4 and 5.5 respectively
(Ghobadi-Oghaz et al. 2022).

Antioxidant activity

The antioxidant scavenging capacity of both cur-
cumin and the curcumin-loaded nanocomplex was
assessed through the DPPH assay. As depicted in
Fig. 4b, the scavenging activity of curcumin against
DPPH free radicals appeared to be higher than that of
DX-CasCur-MC, although the increase was not statis-
tically significant. This difference is attributed to the
dissolution of curcumin in ethanol and the direct con-
tact between curcumin and DPPH free radicals during
the incubation period. On the contrary, the nanocom-
plex exhibited a restricted release of curcumin during
the 30-min incubation period, leading to a diminished

@ Springer

Conc (ug/ml)

radical scavenging capability. This behavior can be
elucidated by examining the curcumin release profile
from the nanocomplex at pH 7.4, revealing that the
released curcumin did not surpass 8% within a 2 h
timeframe, (see Fig. 4a). At the highest concentra-
tion (100 pg ml™"), the measured radicals scavenging
capability of DX-CasCur-MC was 55.5%, whereas
curcumin exhibited a higher scavenging capability
reached 71% at the same concentration.

Cytotoxicity

Figure 5a—c illustrate the morphological changes in
HCT-116 cancer cells upon exposure to DX-CasCur-
MC and curcumin, as compared to untreated cells,
using an inverted optical microscope. The concentra-
tion-dependent cytotoxic activity of both curcumin
and DX-CasCur-MC against the HCT-116 cell line is
presented in Fig. 5d. The maximum cytotoxic effects
induced by DX-CasCur-MC and curcumin were 58%
and 50%, respectively. The calculated ICs, values
were 26.9 pg/ml for DX-CasCur-MC and 45.2 pg/
ml for curcumin. The results demonstrated that lower
dose of encapsulated curcumin is quite enough to
induced higher cytotoxic effect against cancer cells
than free curcumin. Thus, indicating the ability of the
nanocarrier to enhance curcumin solubility and bio-
availability in comparison with free curcumin. This
attributed to the synergistic effect of protein—polysac-
charides nanocomplex. Therefore, the present study
lays the groundwork for the development of a novel
treatment approach where curcumin, combined with
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Fig. 5 Morphology of a
control cells, b curcumin
treated cells, and ¢ DX-
CasCur-MC treated cells.

d Cell viability percent of
HCT-116 cancer cells upon
exposure to different con-
centrations of DX-CasCur-
MC and curcumin post 48 h
incubation time, measure-
ments were performed in
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casein and two polysaccharides, effectively induces
cytotoxic effects on HCT-116 cancer cells.

Cell cycle analysis

A comprehensive understanding of the effective-
ness of the proposed therapeutic agent (DX-CasCur-
MC) against HCT-116 cancer cells can be obtained
through a detailed analysis of the cell cycle. The dis-
tribution of the cell cycle was examined to further
investigate the antiproliferative activity of encapsu-
lated curcumin (DX-CasCur-MC) compared to free
curcumin against HCT-116 cells. Utilizing a flow
cytometric assay, we investigated the impact of both
DX-CasCur-MC and curcumin on the distribution of
cell cycle phases in HCT-116 cells (refer to Fig. 6a).
Exposure to curcumin (45.2 pg ml~') for 48 h
resulted in a significant increase in the cell population
in both sub G1 (from 4.14% +0.328 to 8.19% +1.42,
p<0.008) and S phase (from 8.84%+1.09 to
14.86% +1.38, p<0.0041) compared to untreated
cells, indicating cell cycle arrest in these two phases.
Conversely, curcumin led to a non-significant reduc-
tion in the cell population in G1 (from 65%=+1.122
to 52.77%+3.52) and G2/M (from 30.88% +1.93 to
27.56% +0.84) relative to untreated cells (Left col-
umn of Fig. 6a).

20 30 40 50 60
Conc (pg/ml)

In comparison to untreated cells, DX-CasCur-
MC induced a sharp increase in the cell popula-
tion in the sub Gl phase, from 4.14% +0.328 to
28.64% +0.76, p<0.0001) indicating apoptosis
induction and cell cycle arrest. Reciprocally, DX-
CasCur-MC led to a substantial decrease in Gl
(from 65%+1.122 to 28.77% +1.81, p<0.0001),
S (from 8.84% +1.09 to 7.5% +0.355), and G2/M
(from 30.88%+1.93 to 27.12%+0.84). Previ-
ous studies have shown that cell cycle arrest in the
sub G1 phase is attributed to functional disruption
in cyclin-dependent kinases (Blume-Jensen and
Hunter 2001; Noble et al. 2004).

Figure 6b illustrates the cell cycle profile for con-
trol HCT-116 cells, where the major cell population
appears in G1 (65% +1.122), S phase (8% +1.09),
and (30.88% +1.93) proliferative cells at G2/M.
Meanwhile, the measured dead cells at sub G1
were 4.14% +0.328. Treating HCT-116 cells with
DX-CasCur-MC prompted a significant increase
in the population of dead cells, reaching 28.64%,
compared to 4.14% for untreated cells (control)
and 8.19% for curcumin-treated cells, suggesting a
notable cell cycle arrest for loaded curcumin. These
results align with a previous study (Sala de Oyan-
guren et al. 2020).

@ Springer



Cellulose

Control Curcumin DX-CasCur-MC
@ 3 @3
"y =)
Q :
< <
! O
2 - 2
17}
o-. g : l ' ' o‘. a l ' ' ' = o ‘._.:" i . .
0 0.8 16 24 32 38 0 0.8 16 24 32 38 Y 0.8 16 24 32 38
FSC-A (109) FSC-A (109) FSC-A (10°)
= §3 -
] —~ ®
o o o
S o
8 1 - -
- ™ c ~ g.
3 3 s E
o
O |7 o - 3 &
8 1 8 S
= \“ y . ' ' = 3 J ! ‘ C>-o 2 4 6 8.8
0 0.8 1.6 24 3.2 4 0 0.8 1.6 24 3.2 4 . ’
PE-Texas Red-A (109) PE-Texas Red-A (10°) PE-Texas Red-A (10°)
b) 120%
=Sub-G1 ®=G1 =S =G2M
c 100% z - -
S
T:; 80%
2 60%
©
S 40%
o
X 20%
0%
° £ s
£ E 3
Q o €20
© 5 83
2 X
o

Fig. 6 Flow cytometric analysis: a cell cycle distribution of
HCT-116 cells post exposure to curcumin and DX-CasCur-MC
for 48 h, b plot of different cell cycle phases as a percentage

Autophagy
In addition to assessing cytotoxicity and cell cycle

distribution, we conducted further investigations to
explore the impact of DX-CasCur-MC compared to
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of total events. Data is represented as mean+SD (n=3), the
statistical significance difference in comparison with untreated
cells is (*) (p<0.05), (**) (p<0.01), (***) (p<0.001)

free curcumin on colorectal cancer cells, specifically
focusing on the autophagy process. Recent studies
have highlighted the involvement of autophagy in the
anticancer activity of curcumin. Therefore, we aimed
to determine whether the induction of cancer cell
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death by both free curcumin and the curcumin-loaded
nanocomposite (DX-CasCur-MC) is associated with
autophagy as one of the mechanisms of cancer cell
death.

Colorectal cancer cells (HCT-116) were treated
separately with curcumin and DX-CasCur-MC for
48 h. Subsequently, we used acridine orange and
flow cytometry to assess autophagy induction in
cells treated with curcumin and DX-CasCur-MC,
comparing the results with untreated cells (refer
to Fig. 7a, d). The analysis revealed that HCT-116
cells treated with free curcumin exhibited a 24%

increase in autophagic signals relative to the con-
trol group (Fig. 7b, d). Interestingly, cells treated
with the curcumin-loaded nanocarrier (DX-Cas-
Cur-MC) showed a significant enhancement in
autophagic signals, with a 51.5% increase compared
to untreated cells (Fig. 7c, d). These results affirm
the nanocomplex’s role in enhancing curcumin’s
efficacy against cancer cells by inducing autophagy
process.

The observed autophagic results align with previ-
ous studies that have explored the role of curcumin
in inducing autophagy, ultimately contributing to the
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Fig. 7 Autophagy: a—c Assessment of cell death induction by
autophagy in colorectal cancer cells (HCT-116) post treatment
with DX-CasCur-MC and curcumin relative to untreated cells.
d Net fluorescence intensity (NFI) for untreated, and both DX-

CasCur-MC and curcumin treated colorectal cells. Data is
presented as mean+SD (n=3) and the statistical significance
with control is presented by (*) (p <0.05) and (¥*) (p<0.01)
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suppression of cancer cell proliferation (Xiao et al.
2013; Guan et al. 2016).

The integrated results of cytotoxicity, cell cycle
analysis, and autophagy clearly demonstrate the cru-
cial role of DX-CasCur-MC in overcoming the obsta-
cles associated with utilizing curcumin. Curcumin, in
its solid form, suffers from low water solubility, which
hinders its uptake, and rapid degradation in alkaline
environments. A successful strategy to overcome
these challenges involves incorporating curcumin into
a specifically designed nanocarrier. Encapsulation
of curcumin in a protein-polysaccharide nanocarrier
enhances its solubility and enables it to disrupt can-
cerous cell metabolism. This leads to the induction of
mitochondrial apoptosis through the activation and
release of cytochrome c and the caspase family, cul-
minating in the production of reactive oxygen species
(ROS). These ROS then activate numerous signaling
pathways that potentiate cell cycle arrest. Such cel-
lular mechanisms significantly reduce the viability of
HCT-116 cells, as observed in MTT assays (Beltzig
et al. 2021). The induction of cancer cell apoptosis is
also evident in inverted microscopic images. Addi-
tionally, transforming curcumin into an amorphous
form allows it to target multiple molecular pathways
in cancer cells, such as p53, EGFR, and NF-kB (She-
hzad et al. 2010; Bortel et al. 2015; Kasi et al. 2016).

Furthermore, overcoming the challenge of cur-
cumin solubility through its conjugation with DX-
Cas-MC facilitates the activation of curcumin’s
molecular mechanisms targeting apoptosis and
autophagy in cancer cells. Apoptosis, or programmed
cell death, is associated with the activation of the
caspase family, which induces cancer cell death
(Ashrafizadeh et al. 2020). In contrast, autophagy
involves a different molecular pathway, encompass-
ing the degradation of cellular macromolecules and
organelles via lysosomes. Lysosomal biomarkers and
autophagy-related proteins (ATG) are key indicators
of autophagy (Xie 2021).

Comet assay

Further research has been undertaken to assess the
crucial role of the proposed nanocomplex in ampli-
fying curcumin’s effectiveness in promoting cancer
cell damage. The Comet assay, a highly valuable
tool for quantifying DNA damage in cancerous cells,
was employed to compare the effects of encapsulated
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curcumin with its free form. The Comet image of
HCT-116 cells treated with DX-CasCur-MC revealed
substantial DNA damage compared to cells treated
with free curcumin or those left untreated, as depicted
in Fig. 8a—c. All Comet assay parameters, including
% DNA damage, % of DNA in the tail, tail moment,
and olive tail moment, corroborated the significant
DNA damage in HCT-116 cells induced by DX-
CasCur-MC in comparison to free curcumin, as illus-
trated in Fig. 8d—g.

The nanocomplex, consisting of dextran, casein,
and methyl cellulose, efficiently facilitated the cellu-
lar uptake and solubility of curcumin. This facilitation
enabled the induction of extensive DNA damage, ulti-
mately leading to the demise of cancer cells. Recent
studies have highlighted that curcumin’s potential
to inhibit cancer growth is not solely attributed to
apoptosis induction but also involves destabilizing
the endoplasmic reticulum and promoting autophagy
(Sala de Oyanguren et al. 2020). Consequently, the
enhanced therapeutic efficacy of curcumin achieved
through the protein-polysaccharide nanocarrier posi-
tively impacts curcumin’s role in amplifying cancer
cell death.

The above integrated in vitro results provided
strong evidence that we have proposed a promising
category made of naturally occurring materials dem-
onstrating enhanced physicochemical properties and
anticancer activity. The behavior of the nanocom-
plex in physiological media and enzymes allowed its
classification within oral drug delivery systems and
encouraged us to move to the in vivo study.

In vitro release in simulated fluids

The oral delivery of curcumin through DX-CasCur-
MC necessitates an examination of the sequential
digestion impact of gastric and intestinal fluids on
the nano-vehicle. Assessing the suitability of the
proposed nanocomplex (DX-CasCur-MC) for oral
curcumin delivery involves investigating its sequen-
tial digestion in simulated gastric and intestinal flu-
ids. Therefore, we studied the ability of DX-CasCur-
MC to withstand the challenge posed by gastric and
intestinal digestive enzymes, analyzing changes in
the nanoparticles’ size and cumulative percentage of
released curcumin. The alterations in DX-CasCur-
MC size and curcumin release during incubation in
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Fig. 8 Comet images of
HCT-116 cells: a untreated,
b curcumin treated, and ¢
DX-CasCur-MC treated.
The calculated parameters
for untreated, curcumin-
treated, and DX-CasCur-
MC-treated HCT-116
cancer cells include % DNA
damage (d), % DNA in tail
(e), tail moment (f), and
olive tail moment (g). Data
is represented as mean+ SD
(n=3), the statistical
significance difference in
comparison with untreated
cells is (¥) (p<0.05), (¥*)
(p<0.01), (***) (p<0.001)
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digestive gastric and intestinal fluids are depicted in
Fig. 9a—c.

Upon a 1-h incubation in gastric fluid, a significant
increase in DX-CasCur-MC size was observed, esca-
lating from 255 to 3090 nm (Fig. 9b). This increase
may be attributed to partial digestion of casein by
pepsin, leading to the release of curcumin from leak-
age sites, as confirmed by the measured cumulative
curcumin release of 23% (Shapira et al. 2012). Fig-
ure 9b suggests the potential for curcumin aggrega-
tion upon exposure to the gastric environment.

Subsequent incubation of DX-CasCur-MC
in simulated intestinal fluid for 2 h results in a
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considerable reduction in nanoparticles size to
255 nm (Fig. 9b). Moreover, the percentage of
released curcumin reaches approximately 69%
(Fig. 9c). These outcomes highlight the stability
of the proposed nanocomplex DX-CasCur-MC in
simulated gastric fluid, attributed to the dual effects
of methyl cellulose and dextran. These components
prevent the premature release of curcumin in the
stomach (23%), presenting a novel oral drug deliv-
ery system for curcumin (Luo et al. 2015). Further-
more, the increased amount of released curcumin
in simulated intestinal fluid indicates the gradual
breakdown of the nanocomplex in the intestinal
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Fig. 9 In vitro release

in simulated fluids: a An
image of the behaviour of
DX-CasCur-MC before and
after incubation with diges-
tive enzymes. b Size of DX-
CasCur-MC nanoparticles
in simulated gastric fluid

(1 h) and simulated intesti-
nal fluid (2 h). ¢ Cumulative
release percentage of cur-
cumin in simulated gastric
fluid (2 h) and simulated
intestinal fluid (2 h). Data is
represented as mean + SD
(n=3)
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environment, facilitating the entry of curcumin into
the bloodstream.

In vivo study
Tumor growth inhibition study

Preclinical evaluation for the oral therapeutic
effectiveness of DX-CasCur-MC against Ehrlich
carcinoma was assessed in tumor bearing mice.
The study based on comparing the impact of both
curcumin-encapsulated dextran-casein-methyl cel-
lulose nanoparticles and free curcumin on Ehr-
lich solid tumors in a mouse model, post five oral
doses within 15-d period. The results, depicted in
Fig. 10a, indicated a significant regression in tumor
volume for the DX-CasCur-MC treated group com-
pared to both the untreated and curcumin-treated
groups.

Additionally, there was no significant change in
mice body weight by the end of the experiment indi-
cating the safety of the proposed nanoformulation,
(Fig. 10b). Furthermore, the toxicity and biosafety
issue was evaluated by the biochemical analysis of
liver and kidney functions. A selected parameters
including aspartate transaminase (AST), alanine
transaminase (ALT), creatinine and urea for the two
treated groups were measured and compared with
untreated mice (S1).

The therapeutic efficacy of DX-CasCur-MC was
evaluated in terms of measuring tumor weight at the
end of the experiment. The dissected tumors from
each group were collected and weighted. As illus-
trated in Fig. 10c, there was a notable reduction in
tumor weight in DX-CasCur-MC treated group com-
pared to both the curcumin-treated and untreated
groups (p <0.001).

As depicted in Fig. 10a—c, DX-CasCur-MC nano-
complex fabricated from natural materials signifi-
cantly inhibited tumor growth in comparison with
free curcumin. This is owed to many reasons includ-
ing: (1) the successful oral delivery of curcumin to
the small intestine overcoming the gastric barrier, (2)
the amount of curcumin released (69%) in intestinal
environment can safely absorbed in blood circulation,
and (3) prolonged the circulation time of curcumin
enabling better therapeutic effectiveness over free
curcumin.

Histopathology examination

Histopathological examination of tumor sections,
presented in Fig. 10d, provided further insights on
the induction of cancer cell death. DX-CasCur-MC
treated tumors exhibited extensive necrotic areas,
indicating a substantial impact on tumor tissue. In
contrast, the curcumin-treated tumors displayed a
solid aggregation of neoplastic cells with minimal
necrosis. The untreated tumor sections showed clus-
ters of tumor cells with nearly no necrosis. These
in vivo results collectively affirm the ability of DX-
Cas-MC to facilitate oral delivery of curcumin,
enhancement in its bioavailability, and induced can-
cer cell death.

Conclusion

In this study, we innovatively synthesized a nanocom-
plex consisting of casein, conjugated with the two
polysaccharides methyl cellulose and dextran, specifi-
cally for the encapsulation of curcumin (DX-CasCur-
MC). The physicochemical characterization of the
nanocomplex indicated the successful conjugation
of protein and polysaccharides with distinctive prop-
erties. The proposed DX-CasCur-MC demonstrated
high curcumin encapsulation efficiency (92%) with a
controlled and sustained drug release in physiologi-
cal and tumor environments, vital for targeted drug
delivery. The nanocomplex was able to enhance cur-
cumin’s potent anticancer property against the HCT-
116 cancer cell line by perturbing cancer cell cycle
and inducing cytotoxicity. Moreover, DX-CasCur-
MC promoted substantial DNA damage and cellular
autophagy in comparison with free curcumin. DX-
CasCur-MC nanocomplex maintained its integrity
in gastric fluid, controlling the release of curcumin,
while facilitating its release in intestinal fluid. This
confirms the suitability of DX-CasCur-MC for oral
curcumin delivery. In vivo results highlighted the oral
therapeutic efficacy of DX-CasCur-MC in terms of
the significant inhibition of tumor growth relative to
untreated and curcumin treated tumors. Hence, this
indicates the potential of the DX-CasCur-MC nano-
complex to orally deliver curcumin to the tumor site
with enhanced protection, thereby amplifying its anti-
cancer activity compared to free curcumin.
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«Fig. 10 In vivo evaluation of therapeutic efficacy of cur-
cumin encapsulated in DX-Cas-MC and free curcumin (oral
5 doses/15 d) against Ehrlich carcinoma, a Monitoring tumor
regression volume at predetermined time points. b Meas-
urement of mice body weight at the experiment end point.,
¢ Tumor weight for the three experiment groups at the end
of the experiment (15 d). Data is represented as mean=+SD
(n=3), the statistical significance difference in comparison
with untreated cells is (*) (p<0.05), (**) (p<0.01), (¥*%*)
(p<0.001). d Histopathological examination of H&E-stained
tumor sections dissected upon experiment termination
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