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Biomimetic chitosan-based scaffold for 3D breast cancer cell culture:
a promising tool for anticancer drug screening
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Abstract

Matural biodegradable polymers have been extensively studied as scaffolds for three-dimensional {20 cancer cell culture in
high-throughput screening (HTS) for anticancer drug discovery. This study fabricated a chitosan-based scaffold combined
with pectin at different ratios: 10000, 40:60, 60-40, and 90:10. Collagen I, the most abundant component of breast cancer
extracellular matrix (ECM). was added to the scaffold formula. The composite scaffold displayed an interconnected, open-
pore structure with tunable porosity, swelling, and degradable characteristics at different chitosan-to-pectin ratios. A high ratio
of chitosan to pectin (60:40 and 90: 10) exhibited the ideal properties for a 30 scaffold suitable for cell culture. These scaffolds
supported the attachment and growth of the T47D breast cancer cell line. Additionally, this 3D cell culture demonstrated
doxorubicin and tamoxifen resistance when compared to 2D culbure. Therefore, it is a feasible and promising tool for more
relizble anticancer drug screening.
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Biomimetic scaffold supports 3D growth of breast cancer cells. This system mimics breast cancer tissue which grows an ECM actworks, offer-

ing a personalized and better model for anticancer drug screening.

Keywords Composite - High throughput screening - Drug discovery - Cancer - Polymer

1 Introduction

Even though massive resources have been allocated to
cancer prevention, cancer remains the sccond leading
cause of premature death [1]. According to recent global
statistics, there will be roughly 10 million cancer-related
deaths and nearly 20 million new cases of cancer in 2022.
Demographics-based data indicate that by 2030, there will
be 35 million new cases of cancer annually, a 77% increase
from the 2022 profile [2]. Among them, breast cancer is
the most frequently diagnosed cancer worldwide. and has
been declared a global health burden by the World Health
Organization (WHO) [2. 3]. As more individuals are being
diagnosed with cancer every year. it continues to have a
major impact on the number of cancer deaths woeldwide [2,
4]. Given the growing need for efficient cancer treatments
globally, significant progress in cancer treatment has been
made over the past 50 years through extensive rescarch
[5]. Over the past 20 years, anticancer agent discovery has
evolved from conventional cytotoxic drugs to immune-
related and targeted therapies [6). However, only around
10% of potential anticancer drugs reach the clinical stage,

and the majority, ncarly 97%. failed to obtain FDA approval
[7, 8]. Anticancer drug discovery faces a persistently high
attrition rate in the final stages of clinical development,
making it one of the most challenging and high-risk arcas in
drug development [6]. The poor performance of carly-stage
anticancer drug development is attributed to shortcomings in
translating preclinical in vitro and in vivo models to humans
6. 8].

Two-dimensional (2D) cell culture (also known
as monolayer culture). commonly employed in high-
throughput screening for in vitro anticancer drug candidate
screening, lacks cell-cell and cell-extracellular matrix
(ECM) interactions, leading to failure to mimic the tumor
microenvironment [9. 10]. This limitation of 2D cell
culture techniques is considered the major contributor to
a high number of drug failures during the drug discovery
process [ 11]. To mimic the tumor microenvironment, three-
dimensional (3D) cell culture technology has become the
next frontier in anticancer drug screening as it recapitulates
the in vivo characteristics of tumor tissue [10, 12, 13].
Cancer cells are commonly cultured in a 3D matrix to
behave more closcly like those in tumor tissue [14]. These
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3D cultures provide more physiological mimicry of the
tumor microenvironment and exhibited notably clevated
sclf-renewal abilitics, cell malignancy. and drug resistance
[14-16]. Therefore, significant efforts have been committed
to developing 3D cancer cell cultures to improve the efficacy
of cancer drugs'high-throughpat screening (HTS).

There are two technigues to grow cells in 3D: scaffold-
based and scaffold-free 3D cell culture. Scaffold-based
3D cell culture is more commonly applied in cancer
studies than scaffold-free 3D cell culture [17, 18], Due to
inconsisicnt formation. handling difficultics. lack of ECM
components, and controversial biological relevance of
scaffold-free systems, they are not regarded as excellent
models for cancer studies [19, 20]. Consequently,
extensive studies have focused on fabricating scaffolds
from natwural or synthetic polymers or their combination
with varying consistencies between hydrogel and porous
forms. Although synthetic polymers like poly (lactide-co-
glycoside) (PLGA), poly (2-hydroxyethyl methacrylate)
{(PHEMA), and polycaprolactone (PCL). have also been
explored [21-23]. they produce acidic degradation products
that are harmful to cells and adversely affect experiment
outcomes [14]. Therefore, natural polymers are more
frequently used in tissue engincering due to their high
biocompatibility than synthetic polymers. One of such
natural polymers is chitosan, which has chemical structures
similar to glycosaminoglycan, a key ECM constituent in the
human body. It appears 1o be outstanding for producing 3D
scaffolds for in vitro cell culture becawse it mimics a cancer
cell’s microenvironment [24, 23], The interconnected open
pore of the chitosan network, having a similar structure to
native ECM, allows the cell to attach and proliferate [26,
27]. Previous studies reported that chitosan-based scaffolds
support MCF- 7 breast cancer cells for drug screening
application [28]. Despite its excellent characteristics as a
scaffold, its mechanical weakness and instability make it
difficult to maintain a set shape due 1o its swelling [29, 30].
Some studies have intensively developed chitosan composite
with other natural polymers to enhance cell proliferation,
reverse o a more malignant phenotype, and develop drug
resistance [ 16, 30-33]. Chitosan/alginate scaffold effectively
improved the biocompatibility and survivability of cancer
stem cells and gliomas [ 14, 34]. Thus, its combination with
hyaluronic acids is an ideal platform for a 3D glioma cell
culture. [34]

To obtain an ideal scaffold for 3D cell culture, this
study investigated the scaffold’s microstructure, porosity,
swelling, and degradation propertics at different ratios of
chitosan and pectin. Based on our findings. the ideal scaffold
was further tested o grow T47D cells. which are positive
estrogen receptor (ER p-expressing cells. Furthermore, a 3D
ECM-based model was developed to evaluate doxorubicin
and tamoxifen cytotoxicity in breast cancer cells. Using a

3D cancer model based on our chitosan/pectinfcollagen |
scaffold, it was demonstrated that doxorubicin and tamoxifen
resistance phenomena occurred. Thus, this model provides
valuable insights into the efficacy of anticancer drugs. which
aligns with current trends in breast cancer research with a
specific focus on studying hormone receptor interactions to
develop targeted therapics.

2 Experimental
2.1 Materials

Blue swimming crab {Portunus pelagicus) shells, as a
chitosan source, were harvested from Jepara, Central
Java, Indonesia. Commercial pectin (P9135), bovine
skin collagen (C4243), pluronic F127 (P2443), sodium
dodecyl sulfate (436143), and paraformaldehyde (15817)
were obtained from Sigma. Phosphate-buffered saline
(PBS) { 10010 -023) was also parchased from Gibeo. Cell
viability number was assessed using 3-(4_5-dimethylthiazol-
2-yly— 2 5-diphenyltetrazolivm bromide (MTT) from
Invitrogen (M6494). Hydrochloric acid (HCL) (100317)
and sodium hydroxide (NaOH) (106498) were obtained
from Merck, respectively. For cell culture, T47D cells
were propagated in 1% penicillin-streptomycin (Giboo,
10378016) and 10% Fetal Bovine Scrum (FBS, Gibco
16000044) in Dulbecco's Modified Eagle's Medium
(DMEM, Gibco). All well plates, glassware pipettes and
used in all experiments were procured from Biologix, Pyrex,
and SPL Life Sciences.

2.2 Chitosan isolation from Portunus pelagicus

Portunus pelagicus crab shells were sorted and washed in
demineralized water. Cleaned shells were further dried in the
oven at 50 °C for 2-5 days. the dried shells were powdered.
The isolation process of chitosan consists of three main
steps: deproteination, demineralization, and deacetylation as
reported in previous rescarch with little modifications [26,
27]. To extract the proteins from the sample. 15 g of crab
shell powder was mixed with a 5% NaOH solution at a 1: 10
{wiv) ratio. For 4 h, the mixture was cooked in a water bath
between 80 and 90 °C while being stirmed periodically. A 400-
miesh nylon filter was then used (o filter it, and the filtrale was
washed with distilled water until the pH was neutral. After
filtering. the solid was dried for 24 h at 50 °C in an oven. To
remove mincrals, the deproteinated shell powder was added
with 1.5 N HCl at a 1:15 (w/v) mtio agitated continuously
at room temiperature for 2 h and then filtered using a 400-
micsh nylon filter. To facilitate the deacetylation process, the
demineralized shell powder was treated with 50°% NaOH at
a 1:10 (wiv) ratio. continuously stirred, and maintained at
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80-90 °C for 4 h. The mixture was filtered again using a
400-mesh nylon filter, rinsed with demineralized water to
ncutralize the pH, and subjected to thermal drying at 50 °C
for 24 h. Subsequently, Fourier Transform Infrared (FTIR)
Spectroscopy was applied to investigate the specific chemical
bonds peesent in chitosan within a spectral range of 4004000
cm™" with a resolution of 16 cm™'.

2.3 Chitosan molecular weight determination

Chitosan’s molecular weight is calculated based on a
previous study [35). The viscosity-average molecular weight
of chitosan was determined using an intrinsic viscosity ([n])
measurement and the Mark-Houwink equation. Chitosan was
dissolved in 0.1 M acetic acid at a 0.1 mg/mL concentration.
The viscosity of the chitosan solution was measured at 25 °C
using a capillary viscometer.

lv,l=-:-:: (h
)= =~ 1=~ @)
In,.,,l=:’-;-'- 3
A [ “

The intrinsic viscosity (1) was determined by plotting
reduced viscosity (n_,) and inherent viscosity (n,, ) against
chitosan concentration (c). Lincar regression (y = ax + b)
provided intercepts (b) by extrapolating ¢ to zero. The
average of these intercepts was used as the intrinsic viscosity.

(7} = limn,, (5)

Inl = li_'gﬂ“ (6

The polymer’s specific volume influences intrinsic
viscosity (n). Which is linked to its molecular weight
and interactions with the solvent. The connection
between intrinsic viscosity () and the viscosity-average
molecular weight (M,) is described by the Mark-Houwink
equation. The constants X and a are specific to a given
polymer-solvent system at a particular temperature.

[H] = KM (7N

2.4 Scaffold fabrication

Scaffolds were fabricated with various formulas based on crab
shell chitosan: pectin ratio at 10:90 (F1), 40:60 (F2), 60:40
(F3), and 90:10 (F4), while bovine collagen 1 (COL 1) was
added at 0.010% coacentration. Chitosan, pectin, and COL
1 were dissolved in 2% acetic acid (v/v), respectively. After
being mixed. 25% glutaraldehyde was added to the solution
until the final concentration was 1.2% (v/v) of the total solution.
Subsequently, the homogencous mixture was cast into a silicone
mold with a size of 10 x 10 x 10 mm and frozen for 24 h at
— 80 °C. Thus, the sample was freeze-dried for another 24 b

2.5 FTIR confirmation of engineered scaffold

To investigate the functional group of chitosan, this study
employed Attenuated Total Reflectance Fourier-Transform
Infrared (AT-FTIR) using a spectral range of 4004000 cm™
with a resolution of 16 cm™ and 100 scans.

2.6 Porosity test

The liquid displacement method was employed to investigate
the scaffold porosity. After submerging the scaffold in
anhydrous alcohol, excess cthanol was gently removed
from its surface. The initial weight of the dried samples was
marked as WO, whereas the weight measured afier immersion
was denoted as W 1. Three replicates from cach group were
investigated, and the scaffold porosity was calculated using
the following formula:

Porosity (%) : e

x 100% (%)

2.7 Scaffold morphology analysis

Scanning Electron Microscopy (SEM) (JEOL JSM7100 F) was
used to observe and analyze the morphology of the Chitosan/
Pectin/Collagen I scaffold. including surface topography. The
composite scaffolds were sliced into transversal and vertical
cross-sections before being placed on an aluminum sample
metal disk with carbon tape and coated with gold. The images
were captured at 50 x and 250 x magnification. Image-J was
used to measure the pore size.

2.8 Swelling test

The dricd scaffolds were originally submerged in PBS at 37
“C (WO). The scaffolds were taken out of the fluid after 1, 3,6,
12, and 24 h of incubation. Before weighing (W1), the exces-
sive PBS on the scaffold superficial was thoroughly cleancd
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away [33]. The swelling ratio has been determined using the
following formula:

wi— wi

Swellingratio (%) : w Dies {3

2.9 Degradation test

The dried scaffelds (W) were soaked in o PBS solution at
3IT"Cior 1, 3, 5,24, and 72 h. The samples were removed
and dried in an oven (W1} at the end of each incubation
period. The ratio of degradation was determined using the
following equation:

WU — Wi

Degradation raife (5] s 1O {1y

2.10 Cell binding and viability test to scaffiold

The T47D breast cancer cells were propagated in fasks
supplemented with 10% FBS and 1% penicillin-streptomycin
in DMEM at 37 °C ina 5% OO0, atmosphere. After achieving
confluence, cells were cleaned with PBS and spitted for
4 min in DMEM supplemented with 0.25% trypsin-EDTA.
The collected cells were centrifuged at 1000 rpm fior 3 min
using an Eppendorf SEIOR. A total of 5% 107 cells were
seeded onto scaffolds (F3 and F4) within a 24-well culiure
plate. utilizing a solution containing 5% Pluronic-F127
and deionized water for a 30-min incubation. Following a
6 b attachment period. the scaffolds were transferred into
a fresh culture mediom within a newly prepared 24-well
plate, allowing further proliferation. To assess cell viahility,
tetrazolivm salt (MTT) was added to the medium at 24-, 48-,
and 72 h post-incubation, and the cells were maintained at
37 °C for 4 h. The resulting formazan crystals were then
relocated into a separate 96-well plate and dissolved in
10% 505, after which optical density was measured at 450
nm using a PerkinElmer multi-plate reader. Additionally,
for scanning electron microscopy (SEM) analysis, the
samples were initially fixed with 4% pamformaldehyde and
subsequently subjected io a stepwise dehydration process
imvolving ethanol concentrations of 300, 50, T0%, 90%,
O6%, and 100%.

2,11 Cytotoxic evaluation of doxorubicin
and tamoxifen using scaffold system

T47D cells (5 x 10%) were seeded on the scaffold (F3 and
F4) in a Murcnic-F127 coated 24-well plate. Following a
6-h incubation period, the scaffolds were moved to fresh
media in a new 24-well plate. Dioxorubicin (0.1, 0.5, and
| pM) or tamoxifen (10, 50, and 100 pM) were treated in

the cells for 72 h. Subsequently, the medium is transferred
and replaced with mew media containing 0.2 mg/ml MTT.
The scaffolds in the well plate were then gently shaken, and
200 pl. media was placed into a 96-well plate. A 10% 5D5
solution was added to dissolve the formazan complex. The
absorbance was measured with an ELISA plate reader at a
wavelength of 450 nm.

2.12 Statistical amalysis

The gquantitative data are displayed as means + standard
deviations. calculated from at least three independent
mieasurements. Before analysis, outliers in the collected
data were eliminated through preprocessing. One-way
ANOVA was applied for statistical analysis, and Origin 9.0
was employed to report significance as *p < 0,05 after the
Tukey test.

3 Results and discussion

This study successfully engineered a scaffold-based 3D cell
culture platform wsing chitosan, pectin, and collagen 1 com-
posite with the addition of glutaraldehyde as a crosslinker
(Fig. 1). Chitosan, a copolymer of glucosamine and N-acetyl
glucosamine, is renowned for its excellent biocompatibil-
ity and biodegradability [36-18]. We used chitosan iso-
lated from the Portunus pellagicus shell, which exhibited
superior depradation characteristics [27]. Due io its poor
swelling capacity and low mechanical propertics, chitosan
is combined with pectin to improve its swelling capacity
and mechanical performance [39]. Hence, glutaraldehyde
was introduced 1o enhance iis stability in an agueous envi-
ronment [40, 41]. Moreover, collagen | was added to mimic
breast cancer tissue and provide physical support for tissues
[42. 43].

This study isolsted chitosan from the Porfurns pellagicis
shell based on our previows studies [26, 27), yvielding 12.17
+037%, respectively. The molecular weight of our isolated
chitosan was 169165 kDa, likely indicating consistent
mechanical and physical properties. Since the scaffold
is intended for a drug screening model, the consistency
of these properties is reflected in the patiern of porosity,
swelling., and degradation ratio of the fabricated scaffold
which is presented in the scaffold’s characteristic results.
Additionally, the isolated chitosan exhibited a degree of
deacetylation (DD} of 7034, which is considered high
and indicates a greater number of amino groups, making
it more water-soluble. This calculation is based on the
absorption bands at 1320 cm-" and 1420 cm-!, which
represent the acetyvlated amine or amide group in FTIR
spectra (Supplementary 1), while the second band acts as
the reference band [44).



Breast cancer ECM

Mimicking breast cancer tissue

Fg. 1 Scheme of chitosan-based 3D scaffold fabrication to breast cancer tissue model for anticancer drug screening
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FAg.2 The fabrication of chitosan-based composite. a Scaffold fabrication scheme, b Macroscopic morphalogy of fabricated scaffold with vari-
ous formalas, . FTIR spectm of vanous formulas (F1, FL F3, F4) of fabricated scaffold

3.1 Scaffold fabrication and FTIR composition
confirmation

We fabricated the scaffold using chitosan, pectin. and col-
lagen 1 with a crosslinking agent, glutaraldchyde, using a

facile method (Fig. 2a). The composite solution was pre-
pared in an acidic solution with a pH range of 3 to 4 by dis-
solving chitosan, pectin. and collagen 1 in acetic acid, which
was subsequently cast and freeze-dried to form a solid 3D
scaffold. This study employed various scaffold formulas by
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mixing chitosan and pectin in ratios of 10:90 (F1). 4060
(F2), 60:40 (F3), and 90:10 (F4). The engineered scaffold
presented a macroscopic porous structure with an off-white
color af low proportion of chitosan (F1 and F2). while it
turned darker in high proportion of chitosan (F3 and F4)
(Fig. 1b). By employing freeze-drying, a chitosan/pectinicol-
lagen 1 scaffold was successfully fabricated with high repro-
ducibility. exhibiting an off-white color (F1) that darkened
with a higher ratio of chitosan (F2 to F4). The composites
crosslinked with glutaraldehyde had a brownish/orange color
indicating the covalent bonding between glutaraldehyde and
chitosan amine groups, where most aldols were transformed
into enals or @ f-unsaturated imines [45, 46]. Our designed
scaffold provides an interconnected structure that facili-
tates the transport of essential nutrients and the removal of
metabolic byproducts within fumor-mimicking tissue. The
interlinked network structure is most likely attributed to the
bonding of amime groups in chitosan, pectin, and collagen 1.

To confirm the success of the fabrication process, we
conducted an FTIR experiment to identify the functional
groups of the scaffold components. All the scaffold formulas
revealed identical peak patterns from 4000 to 400 cm—".
The band of OH and NH siretching broadly appeared at
3374-3257 cm~', attributed 1o intra- and imermolecular
hydrogen bonds [47]. The OH group represents all
components of the scaffold: chitosan, pectin, and collagen 1
while the NH group corresponds to chitosan and the amide
a peak of collagen | molecules [47. 48], Thus, the crosslink
between chitosan and glutaraldehyde was also reflected
by the double peaks at about 3300 cm~'. Moreover, an
absorption band at 2934 cm~' exhibited an asymmetrical
C-H stretch of the -CH, group [47]. Furthermore, the amide
1 and 11 peaks appeared at 1646 and 1606 cm', respectively.
The peak at 1405-1245 cm~! was predicted to correspond
to the C-N stretching of collagen, including both fibrillar
and nonfibrillar collagen, with a range from 1100 to 1400
cm~' [49). The polysaccharides’ fingerprint exhibited a
distinct infrared spectrum in the 1187-857 cm™' range due
to variations in the glycosidic link structure in chitosan and
pectin, The carbohydrate fingerprint peak was observed
at 1187 em™' as a C—0-C bridge, which is referred to as
the glycosidic band. The peak of C—C/C-0O stretching was
detected at 1087 and 1014 cm™" in all the scaffold formulas.
Thus. our study successfully identified specific peaks of
chitosan and pectin as a carbohydrate polymer: Region
II Peak of 1200-800 cm~") for the stretching vibration of
C-CAC-0, Region IV (3050-2800 cm™" ) for the streiching
vibrations of CH/CH.., and Region V (3600-3050 cm™') for
the stretching vibrations OH [44].

3.2 Scaffold microstructure and porosity

To mimic the ECM architecture of breast cancer tissue, the
engineered structure must have a porous structure to allow
cell attachment, distribution, and migration, as well as nutri-
ent and waste transport to and from the scaffold [50]. This
study applied an SEM investigation 1o observe the micro-
structure of the fabricated scaffolds (Fig. 3a). All the engi-
neered scaffolds exhibited porous structures in both their
surface and inner parts. with a wide range of pore diameters
ranging from 26 to 250 pm. Our scaffold is constructed from
interconnected chitosan, pectin, and collagen,

which forms a network that allows the synthetic tissue
to transfer waste products and nutrients. Chitosan's amino
groups, which establish connections with pectin and
collagen, are most likely responsible for the successful
connectivity of the mesoporous structure. There was no
statistically significant difference in diameter between
the Fl and F4 scaffolds. As shown in Fig. 1b, the pore
diameters of Fl, F2, F3, and F4 scaffolds were 55.92
+27.82, T7.53 +39.74, 94.67 +54.051, and 162.66 +93.76
pm, respectively. This suggests that the pore diameter of
the scaffold increases with a higher proportion of chitosan.
Maoreover, this study investigated scaffold porosity, which
is crucial for mass transfer during cancer cell proliferation
[51]. According to the liguid displacement method, the
porosity of Fl was 6016 +3.77%. respectively, statistically
higher than the value of 43 88 + 10.61% for F2 (p < 0.05),
48.06 + 1.76% for F3 (p< 0.05), and 38_84 +£3.28% for F4
i< 0.01). At the highest ratio of chitosan, the F4 scaffold
exhibited the lowest porosity, significantly different from F3
iFiz. 3c). This was due to the decrease in the total porosity of
the scaffold with a higher proportion of chitosan suggesting
our isolated chitosan revealed consistent physical properties.

Aligning with our findings, previous studies have shown
that an increase in chitosan content in the scaffold formula
increased the pore diameter of the scaffold while maimaining
or decreasing the porosity [32]. Similarly, another study
on chitosan-coated polvcaprolactone scaffolds reporied
enhanced mechanical properties and cell attachment with
increased chitosan, but with a trade-off in porosity [23,
53]. Chitosan molecules create an open network struciure
allowing the formation of larger pores during freeze-
drying [54]. Many studies have explained the correlation
between chitosan proportion and porosity. A higher chitosan
concentration occupics a higher volume fraction [55, 56].
Additionally, since chitosan has a high molecular weight,
intrinsic density, and viscosity, it tends to occupy more
space within the mairix and suppress bubble formation,
leaving less room for pores [57]. Thus, an increased
chitosan proportion leads to a higher crosslinked network
with pectin and collagen. collapsing existing pores and
reducing pore size [58, 59). The denser matrix, due to the

& Springer
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Ag.3 Porous characienstics of the engineered scaffold a Macro-
scopic porous architecture of various scaffold formmlas under SEM.
Upper images were observed at 50 magnifications. while bottom
images were taken under 250 magnifications from the boxes of the

higher concentration of chitosan, results from the chitosan
molecules filling in the spaces between the pores. thereby
reducing porosity by decreasing the total volume of voids
within the scaffold [53. 60].

In general, the ideal pore size of scaffolds depends on
the cell type and should be large enough to allow cells
to attach and migrate through the structure [61]. Despite
recent studies about pore size and its relationship with cell
behavior, the optimum pore size remains debatable. The
optimum pore diameter value is specific for cach cell type
[62]. There are previous studics investigating the pore size
of 3D scaffolds for breast cancer cells. Since the diameters
of all cells are less than 200 pm, a scaffold with a lower
pore diameter was acceptable [63]. Pore size of more than
50 pym determines cell proliferation and colonization,
while a range of 160-270 pm was found 10 be an ideal
size for angiogenesis [64]. However, previous studies

Pore Diameter (um)
8 8

50! |

O R FZ —F3  Fa

upper area; b porosity analysis of each scaffold, n= 5: ¢. The pore
dameter of cach scaffold foemula, = 5. All quantitative data were
prescated in means +SD. *p < 0,05 and **p< 0.01

found that the optimal pore size for tissue engincering,
especially in breast cancer models, is typically about 100
to 300 pm in diameter with 90% porosity [61, 65). Thus,
this is supported by Rijal and Li's study. which revealed
that a pore size of about 100 pm was an ideal ECM matrix
for growing 3D breast cancer cell culture [66]). These
findings align with our study, in which F3 and F4 pore
sizes of 94.67 +54.051, and 162.66 +92.76 pm were the
most ideal scaffolds to grow T47D cells in 3D platforms.

3.3 The swelling and degradation ratio
of the scaffold

The swelling capacity of the enginecred scaffold demon-
strated the ability of the scaffold to absorb water. includ-
ing cell culture media, to supply nutrients for the cells to
grow [41, 67]. The swelling behavior was investigated by
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Rg.4 Swelling and degradation chamctenistics of the fabricated scaf-
fold. a Swelling scheme of, b Swelling of all scaffold formalas =
PBS at U and 6 h. ¢ Swelling ratio of F3 and F4 composite scaffold at

immersing the scaffolds in PBS at 37 °C. The degree of
swelling was influenced by the movement of water through
molecular interactions within the scaffold’s structure. lead-
ing to an increase in its volume (Fig. 4a). This study cvalu-
ated swelling ratios for up to 6 h. Fl and F2 scaffolds were
dissolved in PBS within 2 h. while F3 and F4 remained
stable until 6 h (Fig. 4b). The swelling ratios of F3 were
01.20 = |.18%. 92.99 +1.74%. 92.22 +0.51%. and 92.16
+0.60% at 30 min. 1. 2. 4, and 6 h. respectively. Mcan-
while, the swelling ratios of F4 over the same period were
804.86 + 114.22%, 756.89 +232.22%, T18.66 + 194.83%.
1140.23 +37.89%, and 1065.13 £ 112.28% (Fig. 4¢). It was
found that all scaffolds indicated that the chitosan propor-
tion in the scaffold plays a crucial role in structural stability
and swelling. The hydrophilic group of chitosan, such as
~OH and -NH, groups absorb water molecules from PBS,
resulting in a higher swelling capability of the scaffold [63].
The ideal swelling ratio for a scaffold varies based on the
specific application and materials used. Excessive swelling
may compromise structural integrity and the degradation

45,
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Time (Hour)

1.2 4, and 6 b, d Degradation ratio of all scaffold formubis in PBS
at 30 min, 1, 2, 24, and 72 h. All quuntitative data were presenied in
means =SD (p=5)

rate, leading to potential failure in scaffolds designed for
supporting tissue regencration [69]. It also alters the micro-
environment of the scaffold. affecting cell behavior, migra-
tion, and nutrient transfer. Excessive swelling could hinder
cell attachment and proliferation. Swelling ratios typically
range from 100 to 300%. Some studics have indicated that
specific composite scaffolds can achicve swelling ratios as
high as 600 to 1850%, depending on their composition and
structure [70. 71].

Morcover, this study observed the degradation ratio of the
scaffold for 72 h which is a suitable time frame for cytotoxic
assay in anticancer drug screening. At 1, 3, 5,24, 72 h,
the degradation ratios of F1 scaffold were 0.81 +1.93%,
191 £0.62%. 399 £ 1.77%. 597 £0.51%,37.77 £4.07%:
meanwhile, the degradation ratios of F2 scaffold were 1.43%
+052, 508 +£1.04%,2.72 £034%. 534 +0.77%. and 36.43
+4.72%. Conversely. the F3 scaffold demonstrated a distinct
degradation ratio of 0.45 £0.29%, 1.24 +0.54%.2.17 £0.40,
478 +0.38%, and 2031 +4.12%. respectively. Similarly. the
F4 scaffold revealed an average degradation ratio of 0.79
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+0.22%. 1.12 £0.23%, 2.19 +0.89%, 3.00 +0.29%, and
0.00 +2.80% at the same incubation times (Fiz. 4d). The
statistically different degradation ratios were observed for
F3 and F4 for 72 h of incubation. Along with the porosity
and swelling ratio, scaffolds with higher chitosan proportion
exhibited better structural stability, which was shown in a
lower degradation ratio. These consistent results indicated
that isodated chitosan showed constant physical properties
in the fabricated scaffold. Therefore, this study further used
F3 and F4 scaffolds for cell viability and cytotoxicity assays.

Chitosan contains sbundant hydroxyl and amine growps,
which enable it to facilitate water absorption and swell.
Howewer, at a lower proportion of chitosan compared
to pectin, the scaffold may lack sufficient crosslinking
and structural support, leading to increased solubility in
waier and scaffold degradability [72, 72). With a higher
proportion of chitosan compared to pectin. the composite
scaffiolds maintained their structare, thus revealing a higher
swelling ratio than scaffelds with a lower chitosan ratio. The
interconnected pore formed by chitosan crosslinking may
facilitate water absorption, which results in a hizher swelling
ratio. The dezree of swelling is influenced by the pore size
and distributicn, where a larger and interconmected network
of pores tends to promaste higher swelling ratios in F4 than
in F3 [72, 74].

Moreover, scaffolds with higher chitosan content
exhibited slower degradation properties. Enzymatic
hvdrolysis. mostly catalyzed by lvsorymes, is the main
approach by which chitosan is broken down within these
scaffolds. Glyvcosidic linkages between the polysaccharide
units in chitosan are broken during this process, forming
smaller olizesaccharides like glucosamine and other
saccharides that the body may use or break down [75, 76
The degree of chitosan deacetylation (DD) affects the rate
of enzymatic breakdown: a higher DD leads to slower
degradation rates because of increased cryvstallinity [ 76,
77]. Additionally, previous work reported that pectin was
primarily degrded by enzymes, particulady by pectinases
produced by gut microbiota or other microorganisms.
These enzymes cleave the glycosidic bonds within the
pectin polymer. resulting in smaller olizosaccharides and
monosaccharides [78, 79). Similarly. collagen fibers are
broken down by collagenases into smaller peptides and
amino acids [80]. Chitosan slowed down the degradation
process of the composites due 1o its more stable structure
than pectin [81]. Therefore, scaffold with a higher ratio
of chitosan to pectin (60:40 and 90:10) were used for the
biofunctionality test.

3.4 TATD cell attachment and growth to the scaffold

Since the scaffold is intended to be used as a 3D cell cul-
ture for more reliable anticancer drug screening, this study

investigated the functionality of the scaffold by seeding
the T47D breast cancer cell line onto the F3 and F4 scaf-
fiold. This study assessed the cell viability by measuring the
absorbance of formazan, the product of tetrazolivm salt due
to succinic dehyvdropenase in living cells at 450 nm. [E1]
Before the drug treatment, well plates were coated with
Pluronic F127 to avoid cell attachment 1o the botiom [82].
Samples F3 and F4 supported cell attachment and viability,
with the absorbance readings at 430 nm measured until 96
h. Since a cyteloxic assay typically does not need 1o exceed
72 h. this study assessed the ability of the scaffold to sup-
port cell viability for 72 h. F3 supported breast cancer cells
with average absorbance values of 0.205 +0.00, 0.205
+ 0001, and 0.204 + 0,00 for 24, 48, and 96 h of incubation
time. In contrast, F4 supported a significantly higher num-
ber of T4TD cells (p < 0.01) at cach incubation time, with
absorbance values of 0.983 =001, 1.749 +0.04, and 1.81
+0L08, respectively (Fig. 5b). The cells were well distrib-
uted and occupied the interior of the scaffold's pore rather
than the scaffold surface within the first 24 h, exhibiting a
round shape morphology rther than the flat shape typically
observed in 20 cultures (Fig. 5c). Furthermore, the micro-
scopic pore of the scaffold changed due to cell ocoupation
and growth. Thus, cells secreted their own ECM and remod-
eled the scaffold to form fibrillar ECM surrounding their
microenviromment (Fiz. 5d). This observation may explain
the reciprocal interaction between cells and the scaffold,
which is crucial for the success of tissue engincering [82].
The density and orpanization of collagen fibers modulated
how T47D cells interacted with their microenvironment,
impacting growth and invasive potential [83, 84]. A higher
collazen matrix is associated with a stiffer ECM, promoting
mialignant transformation and enhanced cell migration [E3].
Thus, the stiffness of the collagen matrix also plays a criti-
cal role, with denser matrices promoting more aggressive
growth patterns in response to hormonal siznaling, espe-
cially estrozen and prolactin in T47D cells. [84]

3.5 Doworubicin cytotoxic evaluation in 20D T47D
cells culture

To investigate the scaffold’s ability for breast cancer cell
screening. this study compared the cylotoxic assay of
doxorubicin and tamoxifen using a 2D flat surface and the
selected scaffold (F3 and F4) in T47D cells. Doxorabicin
and tamoxifen are chemotherapeutic agents of choice 1o
treat breast cancer patients. Doxorubicin treatment exhibited
dose-dependent effects on T4TD cells in the 2D culture,
F3, and F4 scaffold 3D system at concentrations of 0.1,
0.5, and | pM. Under 0.1 pM doxorubicin treatment, the
cell viabilities of the 2D colture, F3, and F4 scaffold sroup
were 73.03 +8.31%, 77.33 £ 1. B1%, and 89.43 +2.22%,
respectively. When treated with 0.5 pM, the cell viabilities
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were 56.81 £1.51%. 56.21 £6.13%, and 89.71 + 1.79%
for the 2D culture, F3, and F4 scaffold groups. Morcover,
the T47D cell viability in the 2D culture, F3 and F4 group
were 53.54 £3.32%, 57.52 £5.29%. and 72.09 +1.55%,
respectively, when cells were treated with 1 pM doxorubicin
(Fig. 5¢). T47D cells were more susceptible to doxorubicin
in the 2D cell culture system and F3 scaffold than in the F4
scaffold with no statistical difference across all concentration
levels. On the other hand, T47D cells exhibited phenom-
cna resistance to doxorubicin in the F4 scaffold group, with

scaffold after doxorwbicin treatment, f. The cells” viability compan-
som among 2D cultere, F3, and F4 scaffold after tamoxifen treatment.
All quantitative data were presenied in means +SD (n= 5). Statistical
significance was calculated ssing a one-way ANOVA followed by the
Tukey test: **p < 0.01, and ***p < 0,001

significant differences compared to the 2D culture and F3
scaffold groups (p < 0.01 and p< 0.001),

It was observed that higher chitosan content enhanced
biocompatibility and cancer cell bioavailability. Consistent
with previous studics, chitosan in a composite improves
biocompatibility and is likely to be selected as a promising
candidate for a tissue engineering model [85]. Additionally,
collagen I provides a binding domain for the a2p! integrin
receptor, which initiates focal adhesion signaling molecules,
leading to cancer cell progression [42, 81, 86, 87].
Incorporating collagen I into the scaffold was found to be a
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strategy with potential for enhancing cell adbesion. When
T47D cells adhere to the scaffold. whether through chitosan
or collagen I. they remodel the scaffold and secrete their
own ECM [38], as observed in our data. Our chitosan-based
scaffolds supporied T47D cell attachment and proliferation;
therefore. a cytotoxicity test using a chemotherapy agent was
further required.

3.6 Tamoxifen cytotoxic evaluation in 2D T4TD cells
culture

To be applied in drug screening. tamoxifen was administered
to the T47D cells, which are estrogen receptor-positive
cells that are susceptible to both common chemotherapy.
such as anthracyclines like doxorubicin, and an estrogen
receptor inhibitor, such as tamoxifen [E9]. Furthermore,
this study also investigated the cytotoxicity of tamoxifen,
an estrogen receptor alpha antagonist, on T47D cells in
the selected scaffold (F3 and F4). This study investigated
cell viability using concentrations of 10 to 30 pM at which
T47D cells exhibited a cytotoxic effect rather than an
estrogenic effect. At the lowest concentration | 10 pM), the
cells viability of the F3 and F4 groups was 96.14 £ 38 28%
and 88.42 + 10.88%, respectively. Both cell viabilities in
those groups were significantly higher than those in 2D
culture (59.47 +4.2%, p< 0.001), indicating that the cclls
were resistant to tamoxifen. However, the 2D culture and F3
group showed susceptibility to treatment with over 50 pM
tamoxifen, with cell viability values of 63 46 +7.63% and
54.20 + 3.00% . respectively. These values are significantly
lower than the value of 94.97 +2.60% (p < 0.001) for the
F4 scaffold. indicating tamoxifen resistance. Furthermore,
after being treated with 100 pM, the cell viability for the
2D culture and F3 scaffold was 61.76 +3.99% and 50.35
+7.75%, respectively, which are statistically lower than
T7.97 + 1.59% for the F4 scaffold (p < 0.05) {(Fig. 5f). Thus,
T47D cells exhibited increased resistance when they grew in
F4 scaffolds, which represent native breast cancer tissue-like
microenvinnments.

Doxorubicin and tamoxifen demonstrated significantly
greater potency against breast cancer cells grown in 2D
cultures compared to those cultured in a 3D scaffold-
based model [90, 91], particularly in scaffolds with higher
chitosan content. Not only did chitosan in the scaffold
support T47D cell growth, but also Katz and colleagues
revealed that collagen in the 3D scaffold also contributed
to their resistance due to its ability to mimic the tumor
microenyironment [90]. Thus, a study by Landberg and
colleagues found that estrogen receptor breast cancer
cells cultured in a patient-derived 3D matrix exhibited
resistance to various chemotherapies including doxorubicin,
fluorouracil, and paclitaxel [92]. Since environmental
factors. such as tumor cell adhesion to stromal components,

mediate de novo resistance [93-95], these findings suggest
that our scaffold, which mimics the ECM. may strongly
contribute to T47D resistance. Additionally, the F4 scaffold
may create localized hypoxic conditions, which have been
demonstrated to play a major role in cancer cells'drug
resistance. Increased expression of anti-apoptotic proteins
and metabolic changes that improve cell survival under
stress can result from hypoxia's activation of hypoxia-
inducible factors (HIFs) [11). Therefore, further studies on
the hypoxia effect in the 3D cell culture system using our
fabricated scaffold are warranted.

To sum up, a chitosan-based scaffold could be considered
a culting-edge strategy for precise high-throughput
screening in anticancer drug discovery. By demonstrating
that ER-positive breast cancer cells exhibit resistance in our
scaffold model, this study provides valuable insights into
the efficacy of anticancer drugs in a more clinically relevant
context. Furthermore, it aligns with current trends in breast
cancer rescarch. which aims to study hormone receptor
interactions for developing targeted therapics in precise
medicine.

4 Conclusion

In this study, a biomimetic breast cancer microenvironment
was successfully fabricated by combining Portunus
pelagicus shell-derived chitosan, pectin. and collagen 1
used the freeze-drying method. The engineered composite
scaffold exhibited an open pore interconnected network,
resulting in cell attachment and colonization into the
scaffold. Hence, the high content of chitosan in the
composite provides swelling and degradation properties.
Moreover. it supported the growth of ER-positive breast
cancer cells; thus. the cells secreted their own ECM and
remodeled the scaffold. Furthermore, T47D indicated
resistance to doxorubicin and tamoxifen in a 3D chitosan-
based scaffold than 2D calture. Thus, our fabricated scaffold
is a promising and sustainable tool for anticancer drug
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