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Abstract

Three-dimensional (3D) bioprinting culture models capable of reproducing the pathological architecture
of diseases are increasingly advancing. In this study, 3D scaffolds were created using extrusion-based
bioprinting method with alginate, gelatin, and hyaluronic acid to investigate the effects of hyaluronic acid
on the physical properties of the bioscaffold as well as on the formation of liver cancer spheroids.
Conformational analysis, rheological characterization, and swelling-degradation tests were performed to
characterize the scaffolds. After generating spheroids from hepatocellular carcinoma cells on the 3D
scaffolds, cell viability and proliferation assays were performed. Flow cytometry and
immunofluorescence microscopy were used into examine the expression of albumin, CD44, and E-
cadherin to demonstrate functional capability and maturation levels of the spheroid-forming cells. The
results show that hyaluronic acid in the scaffolds correlates with spheroid formation and provides high
survival rates. It is also associated with an increase in CD44 expression and a decrease in E-cadherin,
while there is no significant change in the albumin expression in the cells. Overall, the findings
demonstrate that hyaluronic acid in a 3D hydrogel scaffold supports spheroid formation and may induce
stemness. We present a promising 3D scaffold model for enhancing liver cancer spheroid formation and
mimicking solid tumors. This model also has the potential for further studies to examine stem cell
properties in 3D models.

Introduction

Three-dimensional (3D) cell culture enables cells to grow in an environment that more closely resembles
to their natural tissue environments. Thus, it allows cells to grow and develop more realistically, enabling
the accurate monitoring of cell metabolism, function, and behavior '. 3D cell culture is also used to
investigate intercellular interactions, cell migration, cell-matrix interactions, and even virus infections 2.
The primary goal of three-dimensional cell culture is the formation of cell aggregates, known as
spheroids. Spheroids are clusters of cells formed by self-assembly in an environment that prevents
attachment to a flat surface 2. For spheroid formation, communication between membrane proteins
(integrins) and extracellular matrix (ECM) proteins is necessary *. Initially, dispersed cells aggregate due
to long-chain ECM fibers containing Arginylglycylaspartic acid (RGD) motifs, which allow binding to cell
surface integrins, serving as a recognition system for cell adhesion, leading to increased cadherin
expression °. As cadherin accumulates on the cell membrane surface, homophilic is a cell adhesion
molecule crucial for the formation of zonula adherens ©. Cadherin accumulates on the cell membrane
surface, and homophilic cadherin-cadherin binding between adjacent cells allows for tightening of
connections between cells, resulting in spheroid formation 7. The ability to control cell movement in three-
dimensional cell culture is crucial for understanding developmental mechanisms, tracking tumor
formation stages, and conducting research in the fields of regenerative medicine and cancer biology 8°.

3D bioprinting endeavors represent promising 3D cell culture systems for generating complex biological
structures in tissue engineering and regenerative medicine. The goal is to alleviate the limitations of
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traditional tissue engineering methods by precisely and controllably layering biomaterials into the desired
3D model. In this study, 3D scaffolds were created using extrusion-based bioprinting method with
alginate, gelatin, and hyaluronic acid. Sodium alginate is a natural polysaccharide found naturally in
seaweeds, marine shellfish, and other marine organisms '%. Due to its properties such as biocompatibility,
biodegradability, non-immunogenicity, and chelating ability, alginate is widely used in tissue engineering,
drug delivery, and various biomedical applications. Gelatin, a single-chain polymer, is a natural
biomaterial obtained from the partial hydrolysis and breakdown of collagen's triple helical structure
extracted from the bones, cartilage, and skin of some animals "2, Widely used as a biomaterial, gelatin
is biocompatible with all cell types. Since gelatin possesses a structure that can be biologically degraded,
it is suitable for tissue remodeling and regeneration '3. Gelatin contains the tripeptide motif Arg-Gly-Asp,
which is recognized by integrins on the cell membrane, allowing cells to bind to it. Hyaluronic acid (HA) is
a natural polysaccharide and an unsulfated glycosaminoglycan proteoglycan complex that is a part of
the ECM . Increased HA content in the cancer microenvironment supports tumor progression '°. The
role of HA in cancer progression arises from its interaction with cell surface receptors, which support
intracellular signal transduction associated with cellular differentiation, survival, proliferation, migration,
angiogenesis, and resistance to therapeutic molecules '416. Cell surface receptors for HA-mediated
mobility are known as CD44. HA on the cell surface can facilitate the attachment of spreading carcinoma
cells to distant lymph nodes or endothelial cells, thereby increasing the likelihood of metastasis 1.
Additionally, HA plays an active role in tumor growth and tumor metastasis '°. The necessity to pre-coat
surfaces with proteins demonstrates the requirement for HA to facilitate cell adhesion with biomaterials.
Tumor spheroids produced in HA-based structures can replicate the 3D architecture of tumors and also
mimic the cell-HA signaling present in the tumor microenvironment '8.

In this study, we developed a 3D scaffold model printed using 3D AlgGel hydrogels to create an
extracellular microenvironment that enhances cancer cell viability and stemness. We performed
mechanical and conformational characterization of the hydrogels. Cancer spheroids were generated, and
we determined the cell viability as well as the expression of CD44, E-cadherin, and albumin using flow
cytometry and immunofluorescence.

Materials and Methods
Materials

Hyaluronic Acid (1.8 MDa), Anti-Human Albumin antibody, calcium chloride (CacCl,), Dulbecco's Modified
Eagle Medium (DMEM), were purchased from Sigma-Aldrich (USA). Sodium alginate (MW 50000 Da)
from Isolab (Germany), and gelatin (MW ~ 50,000—100,000 Da) from Neofroxx (Germany) were obtained
to create scaffolds. CD44 Monoclonal Antibody, LIVE/DEAD™ Cell Imaging Kit (488/570), Trypsin-EDTA
(0.25%), Penicillin-Streptomycin (10,000 U/mL), and Goat anti-Rabbit IgG (H + L) Secondary Antibody,
DyLight™ 488 were purchased from Thermo Scientific (USA). Cello-IF solution for immunofluorescence
staining was obtained from Cellorama (USA).
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Preparation of hydrogels

The sodium alginate and gelatin powders, in powdered form, were sterilized by exposure to UV light for 1
hour. The powders were then dissolved in distilled water (dH,0) and mixed using a magnetic hotplate
stirrer at 37°C for 1 hour and at room temperature for 30 minutes to obtain a homogeneous composite
precursor as indicated in Table 1. Based on reference studies conducted within the created hybrid
hydrogel, the composition of the hybrid hydrogel was determined to be 3% alginate and 8% gelatin. The
resulting hydrogel was transferred into centrifuge tubes and centrifuged at 1500 rpm for 15 minutes to
eliminate air bubbles. It was then stored in a refrigerator at 4°C and used within one week. A 100 mM
calcium chloride (CaCl,) solution was prepared by dissolving CaCl, in water and stored at 4°C in the
refrigerator until use to cross-link the alginate. Preparation of all materials for biological testing was
always carried out under sterile conditions.

Table 1
Composition of prepared hydrogel samples.
Hydrogelname % HA(W/v) % Gelatin (w/v) % Alginate (w/v)
2%HA-Gel-Alg 2 8 2
1%HA-Gel-Alg 1 8 3
0,5%HA-Gel-Alg 0,5 8 3
0%HA-Gel-Alg 0 8 3

Printing of the scaffold

Printing of the hydrogel was performed using a 3D bioprinter (Axolotl, Turkey). The hydrogels were loaded
into 3 ml printing cartridges and connected to a controllable pressure regulator (0—72 psi). The printing
flow rate of the hydrogel was optimized by adjusting the extrusion pressure (5-13 psi) and the Z-axis
from the nozzle tip to the printing bed was set to 0.1 mm. Prior to printing, the hydrogels were removed
from +4°C and allowed to equilibrate at room temperature for 3 hours. A three-layer scaffold (10 x 10 x 1
mm) was printed onto a petri dish using a 25 G nozzle (320 um diameter). The dimensions of the 3D
printed scaffolds were measured after cross-linking with CaCl,. Scaffolds were printed with all hydrogel

mixtures to measure the line width (n = 5).

Fourier Transform Infrared Spectroscopy (FT-IR)

A physico-chemical experiment was conducted using FT-IR spectroscopy to confirm the presence of
alginate and gelatin in our hydrogels. The chemical composition was verified by Fourier Transform
Infrared Spectroscopy. The chemical composition was analyzed using the Spectrum One FT-IR
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Spectrometer (PerkinElmer, Shelton, USA). An FTIR-ATR spectrophotometer (Nicolet 6700/Smart iTR,
Thermo Scientific) was used for analysis; the results were plotted in the wavelength range of 4000 to 550

cm™ .

Rheological Characterization

Dynamic viscosity analyses were conducted using a DV3T RV rheometer (Brookfield, Massachusetts,
USA) to determine the shear rate curve against viscosity for mechanical characterization of the hydrogel.
Additionally, rotational viscosity analyses were performed using a Discovery HR20 Rheometer (TA
Instruments, New Castle, Delaware, USA) equipped with 25 mm aluminum parallel plate geometry.

Swelling Test

The liquid absorption of the hydrogels was evaluated using gravimetric technique. Approximately 0.5 g
(W,) of hydrogel was incubated in 10 mL of DMEM/PBS for 10 days to reach equilibrium swelling. After
removing excess liquid, the weight of the swollen hydrogel (W,) was measured.The following equation

was used to determine the swelling ratio (SR) of scaffold sample '°.

SR (%) = (W, — W, / Wg) X 100

Cell Viability

Cell viability was examined using the Live-Dead Imaging Kit (Thermo Scientific). In brief, cells on the
scaffold were stained with 2 uM calcein AM/4 pM BOBO lodide at 37°C in 5% CO, for 15 minutes. The
cell-loaded scaffolds were washed twice with serum-free medium, and images were captured using an
LSM 700 confocal microscope (Zeiss, Germany). The percentage of live and dead cells was determined
by counting cells using Image-J software (USA), and a histogram was created to compare cell viability
among different printed groups.

Immunofluorescence Staining

A whole mount immunofluorescent staining was performed to label the spheroids ion the scaffolds. The
spheroids within the scaffolds were fixed with 4% formaldehyde at 37°C for 15 minutes and then washed
three times with CellolF. The spheroids were incubated with the primary antibodies specific for E-cadherin,
CD44, and albumin for 1 hour. They were washed with CellolF three times. Subsequently, they were
incubated for 1 hour with AlexaFluor488nm and AlexaFluor550nm conjugated secondary antibodies
diluted in CellO-IF. After incubation, they were washed three times with phosphate-buffered saline (PBS).
The labeled spheroids in scaffolds were coated with a mounted medium including glycerol, PBS, and the
nuclear stain DAPI. The samples were analyzed using a LSM 700 confocal microscope.

Flow Cytometry Analysis

After 10-day incubation, spheroids were harvested from AlgGel scaffolds using trypsin enzyme and
prepared for flow cytometric evaluation. Experimental groups with HA concentrations of 2%, 1%, 0.5%,
and 0% were washed with phosphate-buffered saline (PBS) and then incubated at 37°C for 1 hour with
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CD44 (1:200 dilution), E-cadherin (1:100 dilution), and Albumin (1:50 dilution) antibodies. After two
washes with PBS, specimens were labeled with the matching secondary antibodies conjugated with
Alexa Fluor 488nm and Alexa Fluor 550nm. Subsequently, they were washed twice with phosphate-
buffered saline (PBS), suspended again in PBS for measurement, and analyzed with BD FACSCalibur (BD
Biosciences, San Diego, CA, USA). At least 10,000 events were collected for analysis. The obtained data
were analyzed using floreada.io software.

Statistical Analysis

All data are expressed as mean + standard deviation (SD). One-way ANOVA test was used for
comparisons within groups, and Two-way ANOVA test was used for comparisons between two different
groups. GraphPad Prism V.8.01 (GraphPad Software, USA) was utilized for generating bar graphs and
conducting statistical analyses. A significance level of a=0.001 was employed.

Results
Morphological Characterization of the Scaffold

The scaffold printed using a three-dimensional bioprinter was initially created as a 3D honeycomb model,
which can be viewed from the x, y, and z planes in .stl format. (Fig. 1-a,c,d) The pore size is generally
considered optimal between 100 to 500 um as described in previous studies. According to the results
measured using the Image J image analysis software, Measurements with the Image J analysis software
demonstrated that the pore sizes of the scaffolds were between 360-370 pm. (Fig. 1, b)

Conformational Analysis of the Scaffold

The FTIR spectra of AlgGel scaffolds with 2% HA, 1% HA, and 0.5% HA ratios are shown in Fig. 2. Alginate

FTIR spectrum contains five characteristic bands 22. The bands at 1025 cm™ ' and shoulder at 1032 cm™’
are associated with C-C and C-O stretching vibrations and may also be attributed to the presence of cross-
linking. The asymmetric and symmetric stretching vibrations of carboxylic groups (-COO-) in alginate
occur at 1600 and 1425 cm™ ', respectively. These peaks shift due to the interaction of alginate with other
hydrogel components that do not participate in the Ca, + cross-linking regime. The broad absorption band
between 3300-3700 cm™ ! represents O-H stretching,22~2° while the C-H band around 2850-3000 cm™’

is associated with alginate 2224, (Fig. 2,a)

In the FTIR spectrum, the characteristic features of gelatin are observed as follows: The wavelengths
corresponding to the stretching and bending modes of the amid bonds (NH), which are a distinct feature

of gelatin's protein structure, are typically found in the range of 1650 - 1550 cm-'. The peak at 1620-
1630 cm™ ! indicates the presence of an amid | band corresponding to the stretching vibrations of C-O
and CN groups of elatin NH groups. The Amid Il band is observed as a small peak at 1545-1555 cm™,
and the Amid Ill band is observed between 1300 and 1200 cm™". This band is associated with the
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stretching vibration of NH in proteins. The Amid Il band is typically situated between the Amid | and Amid
Il bands and often appears as a smaller peak. (Fig. 2, b)

The FTIR spectrum of HA typically exhibits characteristic bands at specific wavelengths. The
wavelengths corresponding to the stretching modes of O-H (hydroxyl) groups are typically found in the
range of approximately 3400 - 3200 cm™ . Additionally, the wavelengths corresponding to the stretching
modes of C-H (alkyl) groups can be found in the range of approximately 3000 - 2800 cm™'. The
wavelengths corresponding to the stretching modes of C = O (carbonyl) groups can be observed in the
range of approximately 1750 - 1650 cm™ . (Fig. 2, ¢) When looking at the graph in Fig. 2-d below, similar
results are observed in the respective wavelength ranges, indicating the chemical presence of HA.

Rheological Characterization of the Scaffold

To assess the suitability of adding HA to the AlgGel hydrogel, samples with the highest HA ratio of 2% HA
were subjected to rheological analysis without crosslinking, as shown in Fig. 3. The AlgGel hydrogel
containing 2% HA exhibited a slowly relaxing system with viscoelastic properties; thus, the storage
modulus was higher than the loss modulus at all tested frequency ranges, indicating the preservation of
hydrogel elasticity. (Fig. 3, a)

Comparisons can be made between the time, angular displacement, and pressure values for the given
points. Based on these comparisons, significant differences in the material's response to deformation can
be observed. Point 6, characterized by a time of 39.6158 s, angular displacement of 7.64106e-5 rad, and
a pressure of 0.108343 MPa. Point 5, on the other hand, characterized by a time of 32.9766 s, angular
displacement of 4.95557e-5 rad, and a pressure of 0.100560 MPa. The longer time at point 6 compared
to point 5 suggests exposure to prolonged deformation. In this context, it can be speculated that due to
the elastic properties of gelatin, the material resists prolonged deformations, alginate may respond more
quickly, and hyaluronic acid may maintain its elastic properties during prolonged deformations. (Fig. 3, b)

The angular displacement of both points is similar, but point 6 has slightly greater angular displacement.
This indicates that the material undergoes more shape changes during this time frame. Additionally, the
lower angular displacement at point 5 suggests that the material undergoes less shape change during
this time frame. Considering the characteristic properties of the material composition, gelatin may
support large angular displacements due to its flexible and elastic properties, alginate may respond more
limitedly, and hyaluronic acid may respond flexibly to large angular displacements.

Swelling and degradation

The swelling properties of hydrogels were evaluated after 10 days in PBS solution at 37°C (Fig. 4). AlgGel
hydrogel, due to its hydrophilic nature, exhibits excellent liquid absorption capacity. After being cross-
linked with CaCl,, AlgGel hydrogel coated with 2%, 1%, and 0.5% HA concentrations was also incubated in
PBS for 10 days. (Fig. 4, a). The swelling ratio slightly decreased after cross-linking with CaCl, due to the
gelation of the hydrogel, but the balanced liquid transfer was maintained thanks to the porous structure

of the scaffold. According to the measured results, increasing HA concentration did not affect pore size,
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resulting in similar levels of liquid uptake within the scaffold. As of the 10th day, they exhibited maximum
swelling ratios of 84%, 76%, 68%, and 50%, respectively. (Fig. 4, b).

In Vitro Compatibility of the Scaffold

To enable comparative evaluation of the proliferation rate of HepG2 cells and the morphological changes
observed in response to the HA content in the environment, live images were recorded under an inverted
phase-contrast microscope (Primovert, Zeiss). (Fig. 5 — a,b,c,d) As seen in the scaffold with a 2% HA ratio,
larger and more distinct spheroids were formed. (Fig. 5, a) The images in Fig. 5, indicate that spheroid
formation is directly proportional to the increase in HA content.

Live/Dead analysis was performed to determine the biocompatibility of scaffolds with different HA
ratios. In this study, live/dead analyses were conducted to evaluate the biocompatibility of scaffolds with
different hyaluronic acid (HA) ratios. Live/Dead analyses conducted on scaffolds with different HA ratios
revealed a significant effect of HA ratio on cell viability within the scaffolds. As seen in Fig. 6, it was
observed that as the HA ratio decreased, cell viability within the scaffolds also decreased.

The Effect of HA Ratio on E-cadherin, CD44, and Albumin
Expressions

HepG2 cells were cultured in AlgGel scaffolds with different HA ratios for 10 days. On the 10th day,
HepG2 cells fixed with 4% PFA were subjected to measurement of CD44, E-cadherin, and albumin
expressions using confocal microscopy and flow cytometry. Figure 7 — a,b,c shows the histogram images
of flow cytometer results for CD44, E-cadherin, and albumin in panels a, b, and c, respectively. Figure 7d, e,
and f depict the corresponding statistical results. According to the obtained data, an increase in the HA
ratio is associated with an increase in CD44 levels, while conversely, an increase in the HA ratio results in
a decrease in E-cadherin levels. No significant change was observed in albumin levels.

Expression of CD44, E-cadherin, and Albumin within spheroids were examined comparatively (Fig. 8a, b,
and c). The results indicated an increase at the CD44 expression and a decrease in E-Cadherin while the
HA concentration gets higher in the hydrogel. The results were confirmed with flow cytometry (Fig. 8d, e,
and f) and found statistically meaningful.

Discussion

The bioprinter has made significant advancements among three-dimensional cell culture systems.
However, the biomaterials that are ideal for both printing and the development of cellular

microenvironments are limited or expensive3?. Commercial biomaterials, however, fail to fully replicate
ECM components, resulting in cells printed with these scaffolds being unable to exhibit behaviors similar

to those in their natural environment 3'. In this study, an appropriate ratio of hyaluronic acid was
investigated to support cellular viability and function by combining easy-to-use natural polymers,
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alginate, and gelatin in bioprinting. Additionally, the effect of HA on scaffold characterization was
reported.

The hydrogel content created using alginate and gelatin biomaterials had an alginate concentration
ranging from 3-7%, while the gelatin concentration was between 6% and 8%. It was demonstrated that
hydrogels printed at these ratios exhibited suitable biocompatibility and mechanical characterization 32~
34 In this study, similarly to reference studies, a hydrogel containing 3% alginate and 8% gelatin (AlgGel)
facilitated the creation of 3D scaffolds with good workability and shape retention at room
temperature.For tissue engineering studies, the porosity and pore size of scaffolds are among the most
important factors to consider when determining the effectiveness of the scaffold. This is because pore
size is closely associated with cellular survival processes such as oxygen and nutrient exchange and
waste removal. These functions cannot occur in a scaffold without pores, and the absence of pores can
significantly decrease cellular activation in the relevant damaged tissues 22. The incorporation of HA into
the three-dimensional honeycomb-shaped scaffold created with alginate and gelatin provided a smooth
surface. Changes in the HA concentration did not affect the pore size or shape. The concentrations of
alginate and gelatin in the scaffold were not altered because modifying the concentrations of these
biomaterials would impact the pore size and the shape of the three-dimensional model. This
phenomenon has also been observed in similar studies in the literature 2235,

The addition of hyaluronic acid at ratios of 2%, 1%, 0.5%, and 0% did not affect the mechanical
characterization of the AlgGel scaffold. All formulations exhibited fluidic properties rather than elastic
properties before crosslinking. This indicates that the materials could flow in the viscous/liquid phase.
Even after crosslinking with CaCl2, particularly the scaffold with the highest HA ratio, maintained its
integrity without fracturing, demonstrating its resilience. Rheological analyses demonstrate that the
material can be easily processed and has the capability to retain desired shapes. Additionally, the
material exhibits excellent mechanical stability, thereby supporting cellular growth in a suitable
environment by preserving its structural integrity. The favorable flow properties of the material facilitate
integration during bioprinting, providing a suitable structural framework for use in bioprinting processes.
In this context, how a structure containing gelatin, alginate, and hyaluronic acid can create a stable
scaffold for scaffold formation is closely related to the rheological motion changes. The contribution of
gelatin in the linear viscoelastic region may enhance the mechanical durability of the scaffold for
scaffold formation. This indicates that the artificially prepared extracellular matrix for the study positively
influences the durability and stability of the scaffold. The shear-thinning behavior of materials like
alginate and hyaluronic acid supports the increase in the scaffold's deformability and ability to take on a
specific shape, crucial for better integration with cells. Additionally, the region corresponding to the
parabolic rise in the material's viscoelastic properties and the linear breakage indicates that the adaptive
properties of the scaffold are at a sufficient level for the study. All these material combinations' graphical
reflections show that the scaffold is suitable for providing a conducive environment for cellular adhesion,
migration, and growth, and it possesses an advantage in terms of compatibility with biological systems.
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Scaffolds aim to create supportive microenvironments by mimicking the ECM structure, thereby
facilitating cell viability and function.The number of spheroids formed within the scaffolds decreased
proportionally with decreasing HA ratio. To investigate the contribution of HA to spheroid formation,
HepG2 cells were cultured without scaffolds and only HA was added to the culture medium, resulting in
rapid spheroid formation starting from the 3rd day. Thus, an increase in HA ratio led to higher cell
organization and spheroid formation within the scaffolds.

HA, known as a direct cell surface receptor and also indicating an increase in the CD44 cancer stem cell
marker, suggests an increase in cell carcinogenicity. Additionally, it plays a significant role in cell
adhesion, migration, and inflammation 6. CD44 is expressed in many cancer types and serves as a cell
surface receptor regulating the metastatic ability of cancer cells 37. Hyaluronic acid (HA) is a
glycosaminoglycan found in the ECM and is considered the primary ligand for CD44, capable of binding
CD44 isoforms ubiquitously. Furthermore, the binding of CD44 and HA is known to play important roles in
cell-cell interactions, cell adhesion, invasion/metastasis, and is expressed in tumor-initiating cells 38.
Additionally, the HA-CD44 interaction induces changes in the cell cytoskeleton that support tumor cell
motility and invasion 3°. The epithelial (E) cadherin glycoprotein, which plays a role in cellular adhesion,
is a cell-cell adhesion glycoprotein 4°. The downregulation of E-cadherin during spheroid development
may be associated with reduced intercellular adhesion. It is well known that the cell-cell adhesion
mediated by E-cadherin contributes to contact inhibition and tumor suppression. However, the reduction
of cell-cell adhesion as a result of downregulation of E-cadherin is often associated with invasive and
tumor development. E-cadherin has been proposed as a prognostic marker #!. The expression of CD44
and E-cadherin, which have different roles in cell-cell adhesion and cell-extracellular matrix (ECM)
adhesion, serves as prognostic markers in tumor development*?43. Studies have reported that as the
expression of E-cadherin decreases, the expression of CD44 may increase, and this is associated with
weakening of cell-cell connections and increased metastatic capabilities of the cells #4746 In addition to
these, this study also investigated the expression level of albumin. Albumin plays a significant role in
protein synthesis, one of the fundamental functions of the liver, and is considered an indicator of liver
health. Therefore, determining the expression of albumin in HepG2 spheroids or cells within AlgGel
scaffolds is important to understand their ability to produce albumin and to identify any changes
associated with pathological conditions such as liver cancer. This could be considered as a step towards
contributing to potential therapeutic strategies 30.

The contribution of HA to spheroid formation and cancer stem cell development highlights the scaffold
using the highest percentage of HA, particularly at a 2% ratio.
Conclusion

In this study, the effect of hyaluronic acid on accelerating spheroid formation in human hepatocellular
carcinoma was investigated. Spheroid formation was accelerated by adding hyaluronic acid to a three-
dimensional scaffold printed with bioprinting technology using the two most commonly used natural
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polymers, alginate and gelatin. We demonstrated that the 3D model created with the effect of hyaluronic
acid provides more favorable conditions for maintaining cell proliferation by accelerating spheroid
formation. Additionally, our results exhibited effects of hyaluronic acid that support the regulation and
enhancement of stem cell regeneration property. The expression of the CD44 cancer stem cell marker
increased with the increase in the amount of hyaluronic acid. Our research suggests that the hyaluronic
acid-supported 3D AlgGel scaffold promotes spheroid formation and stem cell expression, and can be
utilized as a model 3D scaffold in various tissue engineering or drug research studies.
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Figure 1

The three-dimensional scaffold created using alginate and gelatin in STL format image (a) view from the
y-plane in STL format (b) the photograph image after printing, (c) view from the x-plane in STL format (d)
view from the z-plane in STL format

Page 15/21



Figure 2

In scaffolds composed of alginate and gelatin, FTIR spectrometer measurement results were obtained for
changes in HA concentration. (a) Alginate-gelatin scaffold with a 2% HA ratio. (b) Alginate-gelatin
scaffold with a 1% HA ratio. (c)Alginate-gelatin scaffold with a 0,5% HA ratio. (d) Device library
comparison results.
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Figure 3

Rheological characterization of hydrogel mixtures containing 2% HA, 3% alginate, and 8% gelatin: (a)
Storage modulus G' and loss modulus G" at different angular frequencies. The effect of increasing HA
concentration on storage and loss moduli. (b) Viscosity of the hydrogel at different shear rates. The
viscosity of the hydrogel mixture decreases with increasing shear rate.
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Figure 4

(@)in vitro biodegradation after various incubation times in PBS at 37 °C. (b) Swelling ratio of the
hydrogels. Data are expressed as mean = SD.While assessing the significance within the Live and Dead
groups separately, a one-way ANOVA was used, *p<0.0171, ***p<0.0014.
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Figure 5

The formation of spheroids increases with the increase in the HA ratio. (@) HepG2 spheroids on scaffold
containing 2% HA + AlgGel, (b) HepG2 spheroids on scaffold containing 1% HA + AlgGel, (c) HepG2
spheroids on scaffold containing 0.5% HA + AlgGel, (d) HepG2 cells on scaffold containing 0% HA +
AlgGel. (The images were obtained with scale bars of 4X, 10X, and 20X, respectively.)
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Figure 6

Cell viability in AlgGel scaffold at varying HA concentrations: (a) Live (green) and dead (red) cell images
obtained through LIVE/DEAD imaging kit analysis, (b) Fluorescent images of live and dead cells within
the scaffold forming spheroids, and (¢) Quantification and graphical representation of live (Calcein AM)
and dead (Bobo lodide) cells using ImagedJ. Data are expressed as mean + SD. While assessing the
significance within the Live and Dead groups separately, a two-way ANOVA was used, *p<0.0130,
***p<0.0001.
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Figure 7

(@)Histogram graph of CD44 flow cytometer measurement, (b) histogram graph of E-cadherin flow
cytometer measurement, (¢) Histogram graph of Albumin flow cytometer measurement and Histogram
graphs were prepared using the floreada.io program. (d) Statistical graph related to CD44 (**p<0.0085,
**+*%n<(0.0001), () statistical graph related to E-cadherin (**p<0.0086, ****p<0.0001) and (f) statistical
graph related to Albumin, Statistical graphs were created using the Graphpad Prism program; one-way
ANOVA was used to assess the significance between groups.
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Figure 8

Confocal microscope images and mean fluorescence intensity graphs show the localization of CD44 (a),
E-cadherin (b), and Albumin (c)in AlgGel scaffolds with varying concentrations of HA.Graphpad Prism
program; one-way ANOVA was used to assess the significance between groups According to statistical
values, the mean fluorescence intensity graphs for (d) CD44 (**p<0.0033, ****p<0.0001), (€) E-cadherin
(****p<0.0001) and (f) Albumin are presented.
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