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Abstract

Traditional tumor models do not tend to accurately simulate tumor growth in vitro or enable personalized treatment and
are particularly unable to discover more beneficial targeted drugs. To address this, this study describes the use of three-
dimensional (3D) bioprinting technology to construct a 3D model with human hepatocarcinoma SMMC-7721 cells (3DP-
7721) by combining gelatin methacrylate (GeIMA) and poly(ethylene oxide) (PEO) as two immiscible aqueous phases to
form a bioink and innovatively applying fluorescent carbon quantum dots for long-term tracking of cells. The GelMA (10%,
mass fraction) and PEO (1.6%, mass fraction) hydrogel with 3:1 volume ratio offered distinct pore-forming characteristics,
satisfactory mechanical properties, and biocompatibility for the creation of the 3DP-7721 model. Immunofluorescence analysis
and quantitative real-time fluorescence polymerase chain reaction (PCR) were used to evaluate the biological properties of the
model. Compared with the two-dimensional culture cell model (2D-7721) and the 3D mixed culture cell model (3DM-7721),
3DP-7721 significantly improved the proliferation of cells and expression of tumor-related proteins and genes. Moreover,
we evaluated the differences between the three culture models and the effectiveness of antitumor drugs in the three models
and discovered that the efficacy of antitumor drugs varied because of significant differences in resistance proteins and genes
between the three models. In addition, the comparison of tumor formation in the three models found that the cells cultured by
the 3DP-7721 model had strong tumorigenicity in nude mice. Inmunohistochemical evaluation of the levels of biochemical
indicators related to the formation of solid tumors showed that the 3DP-7721 model group exhibited pathological characteristics
of malignant tumors, the generated solid tumors were similar to actual tumors, and the deterioration was higher. This research
therefore acts as a foundation for the application of 3DP-7721 models in drug development research.
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Introduction
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Hepatoma is one of the most prevalent malignant tumors
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globally and can metastasize to the lung, brain, bone, and
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other secondary tissues, which is the primary cause of death
from this cancer [1-3]. The increasing incidence and mortal-
ity of liver cancer have led to the establishment of effective
tumor bionic systems that can carefully explore the pathology
and treatment of tumors.

In vitro tumor models are powerful tools for basic bio-
logical studies exploring the interaction between tumors and
the microenvironment and can also serve as platforms for
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screening anticancer drugs [4, 5]. Currently, animal mod-
els and in vitro two-dimensional (2D) models are the main
types of classical tumor models. However, 2D models are
limited by being unable to simulate the internal structure
and microenvironment of cells [6-8], and animal models
have problems such as ethical disputes, cuambersome opera-
tion, high cost, and poor reproducibility [9, 10]. Therefore,
these current models cannot usually establish large-scale and
complex structures, and it is consequently difficult to accu-
rately simulate the growth of organs and tumors in vitro
[11, 12]. However, three-dimensional (3D) tumor models can
compensate for some of the insufficiencies of 2D and ani-
mal models [13—15]. 3D bioprinting can form into grid-like
3D structures for loading with cells and is more economi-
cally efficient and biocompatible with a higher percentage
of cell survival than the conventional 2D culture methods.
3D models can be constructed with extremely fine structures
and complex biological components, and 3D bioprinting
has therefore been widely used for modeling various tis-
sues/organs and diseases during the past 10 years [16, 17].

Recently, the multifunctional technology of establishing
accurate models to reproduce the complexity of the tumor
microenvironment has been applied to the study of can-
cer occurrence, development, metastasis, and drug response
[18-20]. Although 3D bioprinting technology has made sig-
nificant progress, several challenges remain. For example,
although the dense grid of biomaterials encapsulating tumor
cells can maintain the mechanical strength of the ink and
the structural fidelity of the bioprinted model, this can also
limit the diffusion, migration, and proliferation of the tumor
cells [21, 22]. Therefore, the generation of functional tumor
tissue could be promoted if the bioprinting-based hydrogel
scaffolds contain interconnected holes that enable effective
diffusion of oxygen, nutrients, and waste and movement
of cells [23-25]. Recently, two incompatible bioinks were
described [26, 27] that can construct porous cell-loaded
hydrogels at the micro- and nanoscale, and the resulting
hydrogel can be 3D printed to a specific geometry. Although
the micropores of this hydrogel network are conducive to
cell proliferation, migration, and growth, the utility of such a
pore-forming bioink toward liver tumor models has not been
previously demonstrated.

The current cell imaging and detection methods for cell
proliferation, migration, and drug screening in in vitro
tumor models include protocols such as 4',6-diamidino-2-
phenylindole (DAPI), live/dead, and phalloidin staining [28,
29]. However, these dyes are disadvantaged by their high
cost and lack of reusability. Fluorescent carbon quantum
dots (CDs) have the advantages of low cost, raw material
abundance, high reproducibility, and favorable optical per-
formance, biocompatibility, and stability to enable long-term
tracking and observation [30-33]. CDs can be considered for
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use in the assessment of cell proliferation in 3D printing, cell
migration, and drug screening.

In this study, we established a 3D porous liver cancer
(SMMC-7721) model (3DP-7721) composed of a new type
of bioink that comprised 3D bioprinting of SMMC-7721 cells
with an aqueous two-phase emulsion of two biocompatible
solutions gelatin methacrylate (GelMA) and poly(ethylene
oxide) (PEO) (Fig. la). The pore size, Young’s modulus,
swelling ratio, and porosity of GelMA-PEO hydrogels with
different volume ratios were investigated. The 3DP-7721
model was compared with the 2D culture (2D-7721) and the
3D mixed culture model (3DM-7721) (Fig. 1b). In the three
models, SMMC-7721 cells were stained with CDs for cell
tracking. The biological characteristics of the three models
were evaluated by detecting cell proliferation, tumor mark-
ers, and related protein and gene expression. The differences
between the three culture models and the effect of antitumor
medication on each model were assessed. The tumorigenic
performance of each model was also investigated. The 3DP-
7721 model developed in this work could potentially serve
as a foundation for its use in drug development research.

Experiments
Materials and characterization

L-cysteine, penicillin-streptomycin, m-phenylenediamine,
gelatin from porcine skin, rhodamine B, lithium phenyl-
(2,4,6-trimethylbenzoyl) phosphinate (LAP, photoinitiator),
and dimethyl sulfoxide were obtained from Sinopharm
Ltd. (China). Gibco (Singapore) supplied the fetal bovine
serum, phosphate-buffered saline (PBS), and trypsin—EDTA.
Minimum essential medium (MEM) was purchased from
Cytiva (China). PEO (average M, about 300,000 (nomi-
nal), powder), paraformaldehyde, goat serum blocking fluid,
and methacrylic anhydride were purchased from Macklin
(Shanghai, China). Shanghai Canspec Scientific Instruments
Co., Ltd. (China) provided dialysis bag MD34 (molecular
weight cutoff: 8-14 kDa) and doxorubicin hydrochloride
(DOX). Abclonal Technology (Wuhan, China) supplied
the albumin (ALB), alpha-fetal protein (AFP), prolifera-
tion marker protein Ki-67 (Ki67), and a member of the
cytochrome p450 oxidase family (CYP3A4) immunofluores-
cence kits. DAPI and the cell counting kit-8 (CCK-8) were
obtained from BestBio (Shanghai, China), and SMMC-7721
cells were obtained from Wuhan Procell Life Technology
Co., Ltd. (China). All reagents were of analytical grade and
could be used immediately. The UPT-II apparatus (Shang-
hai Yiheng Scientific Instrument Company, Shanghai, China)
was used to obtain the deionized ultra-pure water.

A uniaxial compression apparatus was used to deter-
mine the Young’s modulus of the scaffolds (Norwood
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Fig. 1 Experimental process and detection flow chart. a Schematic of
the bioink composition, 3D printing process, and structural crosslink-
ing. b Comparison between the establishment of 2D-7721, 3DM-7721,
and 3DP-7721 models to evaluate drug resistance. SMMC-7721:

5556 Research Institute, USA). A Cytation5 imaging reader
(BioTek, USA) was used to image cell morphology. The 3D-
Bioplotter (Envision TEC GmbH, Germany) was used for
printing. The purity and quantity of RNA were established
using a NanoDrop One® spectrophotometer (Thermo Scien-
tific, USA). PrimeScript™ RT Master Mix (Takara, Japan)
was used to synthesize cDNA from RNA. Real-time quan-
titative polymerase chain reaction (RT-qPCR) analysis was
performed using the Premix Ex Taq™ II (Takara, Japan) and
Biosystems™ QuantStudio™ 6 Flex RT-PCR System.

genes and proteins

human hepatocarcinoma cells; 3D: three-dimensional; 2D-7721: two-
dimensional culture model; 3DM-7721: 3D mixed culture model;
3DP-7721: 3D bioprinting model; GeIMA: gelatin methacrylate; PEO:
poly(ethylene oxide); CDs: carbon quantum dots

Preparation of carbon quantum dots and bioink

CDs M-phenylenediamine (0.3 g) and l-cysteine (0.675 g)
were dissolved in 30 mL of double distilled water. The mix-
ture was placed into a 50-mL autoclave with Teflon lining
and placed in a box-type resistance furnace for 10 h at
160 °C. After the system was cooled to room temperature, the
CDs solution was obtained by filtration through a 0.22 pm
membrane. The filtrate was further purified by deionized
hydrodialysis (molecular weight cutoff (MWCO) 3.5 kDa).
The resulting mixture was dried under vacuum. Finally, the
pure CDs were gathered and stored at 4 °C.

GelMA The preparation of GelMA was based on previ-
ous studies [34, 35]. Briefly, 200 mL of PBS was added and
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heated to 50 °C in a water bath, and then 10 g of gelatin was
added and stirred until this was completely dissolved. Then,
16 mL of methacrylic anhydride was slowly added at an aver-
age rate of 1 mL/min. Add 800 mL PBS to the above solution
and heat it in a 50 °C water bath for 2 h, and then agitate for
10 min. After that, the above solution was placed in a dialy-
sis bag (MWCO 8-14 kDa) for dialysis for 5 d, followed by
a 10-min centrifugation at 4000 r/min of the dialyzed solu-
tion. The supernatant after centrifugation was lyophilized to
obtain pure GelMA, which was stored at —20 °C.

Bioink LAP powder was added to PBS solution preheated
at 50 °C to obtain the LAP solution (0.5%, mass fraction).
Then, 1 g GeIMA was added to 10 mL of LAP solution to
obtain 10% (mass fraction) GeIMA solution, and 0.16 g PEO
was added to 10 mL of LAP solution to obtain 1.6% (mass
fraction) PEO solution. The above-obtained GelMA solution
and PEO solution were mixed in different proportions. The
mixed solutions were heated in a 50 °C water bath and stirred
evenly for subsequent use.

Performance characterization of different
proportions of bioinks

Preparation of gradient gel columnar scaffolds

Solutions of GeIMA (10%, mass fraction)/PEO (1.6%, mass
fraction) at 1:1, 2:1, 3:1, and 4:1 volume ratios and that of
standard GeIMA (10%) were prepared. The solutions were
illuminated with ultraviolet (UV) blue light (about 405 nm,
20 W/cm?) for 15 s for curing and crosslinking to create a
5 mm-high and 8 mm-wide cylinder.

Young's modulus test

A uniaxial compression test was used to assess the mechan-
ical strength of GeIMA-PEO hydrogels with various ratios.
To evaluate the compressive performance, cylindrical scaf-
folds (8 mm diameter and 5 mm height) were built and then
tested on a mechanical test platform (Instron 3343, Instron
Instruments, USA) equipped with a 1 kN load cell. The
compression rate used during testing for all scaffolds was
0.5 mm/min. The slope of the initial linear areas (0%—4%)
of the compressive stress—strain curve was used to calculate
the compressive modulus.

Swelling property

Different ratios of GelMA-PEO gel columnar scaffolds were
prepared (n=5 for eachratio). Each sample was supplemented
with 4 mL of PBS (pH 7.4) and was then placed at 37 °C.
After different time periods (6, 12, 18, 24, 30, 36, 42, and
48 h), the PBS was removed (using filter paper to remove
any leftover water droplets), and the sample mass (W) was
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weighed in a Petri dish. Each sample was freeze-dried, and
the lyophilized samples were weighed again (W;) with a
Petri dish. The swelling ratio was obtained with the following
formula:

Qs = (W) — Wa) /W, x 100%.

Porosity

Weight (W3) and volume (V) of the dried hydrogel scaffold
were measured, and each sample was placed in 2 mL of alco-
hol, soaked for 4 h, and then kept at 37 °C to achieve swelling
equilibrium. The excess solution was removed with a filter
paper, and the sample was weighed (W4) in a Petri dish. The
porosity was calculated as follows:

w x 100%,

where p is the density of the aqueous solution.

Construction of the 3DP-7721 model

To obtain the GeIMA-PEO (3:1 volume ratio) mixed solution,
a total of 50 pL CDs (20 mg/mL) were added to SMMC-
7721 cells and incubated for 30 min (37 °C). CD-stained
cells were mixed with GelMA-PEO to produce a final cell
suspension of 5x10° cells/mL. To defoam the mixture of
cells and biological material, 3 mL was injected into a sterile
syringe fitted with a 30 G needle (160 pm). The syringe was
deaerated and then placed in a 3D printer for 30 min at a
20 °C barrel temperature. The printing parameters were a
barrel temperature of 20 °C, platform temperature of 0 °C,
needle offset of 0.128 mm, pressure of 1.3 bar (1 bar=100
kPa), post-flow of O s, speed of 13.0 mm/s, pre-flow of O s,
waiting time between layers of 15 s (optical crosslinking
time of each layer after printing, about 405 nm, 20 W/cmz),
minimum length of 0.4 mm, density of 1.00 g/cm?), and a
Petri dish of 35 mm diameter to collect the printed structure.
The printed model was then filled with 2 mL of the previously
generated medium and was incubated at 37 °C and 5% CO,.
The medium was changed every two days.

Collagenase was added to the medium for degradation
(2 mg/mL, 0.5 h) and filtered through a 70 wm filter to
avoid the formation of clumps or particles from undigested
polymers. The suspension was centrifuged at 2000 r/min for
5 min, and the supernatant was discarded. Digested cells were
counted with a cell counting board to confirm that the number
of cells in the subsequent printed model was 1x10°.
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Construction of 3DM-7721 model

GelMA-PEO (3:1 volume ratio) was prepared, and 50 pL
CDs (20 mg/mL) were added to SMMC-7721 cells and
incubated for 30 min. CDs-stained cells were mixed with
GelMA-PEO to make a cell suspension for defoaming
treatment at a final cell density of 5x 103 cells/mL. Cell sus-
pension (200 wL) was added per well in a 24-well plate and
photocured and crosslinked to prepare a 3DM-7721 model.
The number of cells compared in each of the three models
was 1x10°.

Cell proliferation assay

The cell morphology of the 2D-7721, 3DM-7721, and 3DP-
7721 models was detected using a Cytation5 imaging reader
on Days 1, 4, 8, and 12. Cells were then incubated in a mix-
ture of 10:1 volume ratio of medium and CCK-8 reagent.
Also, 100 pL of combined solution was transferred into a
new 96-well plate and incubated for 2 h at 37 °C before the
absorption was measured at 450 nm. Cells cultivated in the
2D-7721,3DM-7721, and 3DP-7721 models were compared
for growth and viability.

Protein and mRNA expression

The 3DP-7721 model was cultured for 7 d, washed with PBS
three times, and then immunofluorescence staining was per-
formed for AFP, Ki67, CYP3A4, and ALB. The Cytation5
imaging reader was used to obtain fluorescence images.

For analysis of gene expression, collagenase I was added
to 3DP-7721 medium for degradation (2 mg/mL, 0.5 h) and
was 70 pm filtered to remove undigested polymer clots or
particles. The suspension was centrifuged at 1200 r/min for
5 min, and the supernatant was discarded to collect the iso-
lated cells. Disrupted samples were then treated with frozen
Trizol reagent and allowed to stand for 15 min with inter-
mittent shaking in between to isolate total RNA. cDNA was
synthesized from extracted RNA with the PrimeScript™ RT
Master Mix kit. RT-qPCR was performed with TB Green
Premix Ex Taq™ II (Takara, Japan) on an applied Biosys-
tems™ QuantStudio™ 6 Flex RT-PCR System and was used
to identify the mRNA expression of tumor-related proteins,
genes, and drug-resistant genes, including alpha-fetal protein
(AFP), transforming growth factor beta (TGF-f), prominin-
1 (CD133), epithelial cell adhesion molecule (EpCAM),
interleukin-8 (IL-8), cluster of differentiation 24 (CD24),
multidrug resistance-associated protein 1 (MRP1), mul-
tidrug resistance-associated protein 2 (MRP2), breast cancer
resistant protein (BCRP), atp binding cassette subfamily b
member 1 gene (ABCBI), multidrug resistance 1 (MDR-
1), and epidermal growth factor receptor (EGFR). Using
the 2722CT technique, the relative gene expression levels

of these genes were computed [36]. Primer sequences and
antibody information are presented in Tables S1 and S2 (Sup-
plementary Information). Gene expression was standardized
to that of recombinant human beta-actin (8-Actin) with 40
cycles for all RT-qPCR analyses. Data are shown as mean+
standard deviation (n=3).

Pharmacodynamic evaluation of antitumor drugs

After 12 d of culture, the 3DP-7721 model contained 6x
100 cells, and the same number of CD-stained SMMC-7721
cells was seeded into a 24-well plate and columnar scaffold.
The three cell models were incubated with DOX (0, 2.5, 5,
10, 20, and 40 pg/mL), luteolin (0, 40, 80, 120, 160, and
200 pg/mL), or cisplatin (0, 1.5, 10, 20, 40, and 80 mg/mL)
for 48 h. The Cytation5 imaging reader was used to image
the fluorescence. Cell growth was measured using the CCK-8
assay.

Tumorigenic ability

In vivo tumorigenicity assays were performed using athymic
nude mice (male, 5-6 weeks old, 18-25 g). All animal pro-
cedures were performed in accordance with the Guidelines
for Care and Use of Laboratory Animals of Shanxi Medical
University and approved by the Animal Ethics Committee
of the First Hospital of Shanxi Medical University (License
number: SYXK (Jin) 2018-0001). 2D-7721,3DM-7721, and
3DP-7721 (each with 1x 10° SMMC-7721 cells) were pre-
pared as described above and cultured in medium for 7 d.
Type II collagenase was added to the medium for degra-
dation (2 mg/mL, 0.5 h), which was then 70 pwm filtered
to remove any clumps. The suspension was centrifuged for
5 min at 2000 r/min, and the supernatant was removed.
ABW® Matrigen gel was mixed with PBS at 1:1 volume ratio
(at 4 °C), and then cells were added to form a suspension.
The cell suspension (100 pL for each mouse) was injected
into the armpit of nude mice (three mice for each model)
using a syringe (precooled at 4 °C). Animals were housed in
specific pathogen-free (SPF) animal cages with free access
to water and food. Tumor volume and mouse weight were
calculated during the one-month period after tumor forma-
tion (Days 0, 3, 6, 9, 12, 15, 18, and 21). Nude mice were
euthanized by cervical dislocation 21 days later, and the
tumors were excised, photographed, and weighed. Tumor
specimens were embedded in paraffin and sectioned into 5-
pm-thick slices for hematoxylin and eosin (HE) staining and
immunohistochemical staining with Ki67, EpCAM, CD133,
and terminal deoxynucleotidyl transferase-mediated dUTP-
biotin nick end labeling assay (TUNEL) (human only), and
then restained with DAPI and observed under fluorescence
microscope.
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Statistical analysis

All data were statistically analyzed using one-way analysis of
variance in SPSS 17.0. Data are expressed as mean= standard
deviation. Significance is indicated by *p<0.05, **p<0.01,
and “"p<0.001.

Results and discussion
Characterizations of the hydrogel constructs

The porous hydrogel structures composed of GelMA and
PEO in different proportions are shown in Fig. 2. Under a
fluorescence microscope, the surface of the standard GeIMA
hydrogel lacked any visible micropores (Fig. 2a). Micropores
were interconnected and evenly distributed in the structure of
GelMA-PEO hydrogel stained by thodamine B. The average
pore size of the hydrogel decreased with the volume pro-
portion of PEO. Therefore, the pore size could be modified
by adjusting the volume fraction of PEO. The average par-
ticle size was calculated to be (55.96+0.68), (34.81+£0.81),
(17.4640.21), and (7.58+0.15) pm from 100 particles of
each hydrogel at a GeIMA-PEO ratio of 1:1, 2:1, 3:1, and
4:1, respectively (Figs. 2f-2i). GeIMA-PEO porous hydro-
gel structures in different proportions were lyophilized and
characterized using scanning electron microscopy (SEM)
(Fig. S1 in Supplementary Information). The particle size
of the hydrogel structure under SEM was comparable with
that observed under fluorescence microscope, indicating that
the micro-/nanopore structure of the hydrogel structure has
high stability.

Cell migration, dissemination, proliferation, and differ-
entiation are significantly influenced by the mechanical
properties of the microenvironment [37]. The influence of
the micro-/nanopore framework on the mechanical attributes
of the hydrogel structure composed of various ratios of
GelMA to PEO was investigated using a mechanical analyzer
in the unconfined compression mode. When the hydrogel
structure was unconfinedly compressed at room temperature,
the hydrogel structure exhibited a nonlinear stress—strain
response (Fig. 3a). The stress—strain curve shows that under
the same compressive stress, the mechanical strain of the
nanoporous hydrogel structure before fracture was higher
than that of the standard hydrogel structure. The Young’s
modulus of the standard GelMA hydrogel (5%, mass frac-
tion) was 1.69 kPa (Fig. 3b). After adding PEO, the mechani-
cal properties were enhanced. However, as the volume ratios
of GeIMA (10%, mass fraction) to PEO (1.6%, mass fraction)
increased, the Young’s modulus increased, and the mechan-
ical properties of the stent were significantly enhanced. The
Young’s moduli of the porous GeIMA hydrogels with multi-
ple compositions were 5% higher than the standard Young’s
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modulus. The stress—strain curves and Young’s modulus
(Figs. S2a and S2b in Supplementary Information) were com-
pared after immersion of hydrogels in PBS for 24 h with those
before immersion (Figs. 3a and 3b). The Young’s modulus
decreased to a certain extent (about 50%) after immersing in
PBS for 24 h because the PEO underwent leaching during
this time and formed pores.

Cells thrive in a nutrient- and water-rich environment, e.g.,
in a hydrogel, which has the ability to absorb water. As shown
in Fig. 3, the swelling ratio and porosity of GeIMA and PEO
scaffolds with different volume ratios were measured. The
gel reached swelling equilibrium 36 h after the addition of
PBS. After adding PEO to the standard GeIMA, the swelling
ratio and porosity were both improved (Figs. 3c and 3d). The
hydrogel became more compact as the quantity of GelMA
increased, and the capacity of the hydrogel to absorb water
consequently declined (Fig. 3d), which was related to the
pore size of the hydrogels of GelMA and PEO with differ-
ent volume ratios [35]. The test results of the qualities of
the scaffolds indicate that the 3D-printed scaffolds could be
employed effectively in the following cell research.

Considering the influence of the different volume ratios of
GelMA to PEO on the pore size, stress—strain curve, Young’s
modulus, swelling ratio, and porosity, a 3:1 volume ratio of
GelMA to PEO was used for subsequent experiments.

Optimization of printing parameters

The rheological characteristics of bioink affect the printabil-
ity because a hierarchical micro-/nanopore structure of the
hydrogel could be formed from the two immiscible aqueous
phases used in the bioink. The rheology of the bioink was
influenced by temperature in addition to the volume fraction
of PEO. Therefore, to preserve the stability of the porous
structure, the printing parameters were studied. The GelMA-
PEO hydrogel solidified at a low temperature (<10 °C) and
was not smooth at high temperature (>25 °C); thus, the hydro-
gel was not easy to form, and it was impossible to draw
high-precision lines. So, we subsequently chose to print at
20 °C. Figure 4 shows that the integrity of the printing struc-
ture was also related to the nozzle movement speed and
extrusion pressure. A fast-moving printer nozzle combined
with low air pressure produced discontinuities in the printing
line, whereas a slow-moving printer nozzle combined with
high air pressure ensured accumulation of hydrogel. Thus, to
shape the printed structure and draw relatively smooth lines,
the 3D bioprinting process was performed at 20 °C with a
nozzle moving speed of 13 mm/s and an extrusion pressure
of 1.3 bar.



Bio-Design and Manufacturing (2024) 7:137-152

143

O Geva ()

(a)
GelMA:PEO=3:1

GelMA:PEO=1:1

GeIMA:PEO=4:1

O GelMA:PEO=2:1

GelMA:PEO=1:1

40

30

20 7L
10+ |/
0

20 30 40 50 60 70 80 90 100
Diameter (um)

Percentage (%)

(8)  15[GeMA:PEO=2:1 (h) 35/ GaMA:PEO=3:1 (i) 40 GamA:PEO=4:1

Percentage (%)
Percentage (%)

; [ :

o [
20 /

10
| 0= —

Percentage (%)

10 20 30 40 50 60 8 12

Diameter (um)

Fig. 2 The volume ratio of GeIMA (10%, mass fraction) to PEO (1.6%,
mass fraction) has different effects on pore size. a—e Fluorescence
micrographs and f—i particle size distribution histograms of rhodamine

Construction of the 3DP-7721 model

SMMC-7721 cells were incubated with CDs, and then
GelMA-PEO hydrogel-carrying cells were used to construct
tumor models. CCK-8 tests were used to investigate the
activity of SMMC-7721 cells in the models. Figure S3 (Sup-
plementary Information) shows the characterization of the
CDs dye used in this study. The CDs fluoresced green under
a365 nm UV lamp (Fig. S3a in Supplementary Information).
The viability of cells incubated with different concentrations
of CDs for 24 and 48 h was tested. The results show that the
cell viability rates reached 86% after being incubated with
100 mg/mL CDs for 48 h, indicating that the CDs have low
toxicity and favorable biocompatibility (Fig. S3b in Supple-
mentary Information). The panoramic fluorescence image of
the 3D-printed hydrogel-loaded cells incubated with CDs is
shown in Fig. S3c (Supplementary Information). Thus, CDs
could be used to track cells in 3D printing.

Al SMMC-7721 cells stained with CDs exhibited a strong
green fluorescence (Fig. 5a). In addition, as the culture time
lengthened, the SMMC-7721 cells in the three models exhib-
ited different degrees of proliferation. The SMMC-7721 cells
maintained relatively high activity in the three models, which
also shows that the GelMA-PEO scaffold had high cell
growth potential and strong biocompatibility. The cells were
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Diameter (um)
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B-stained porous hydrogel structure with different volume ratios of
GelMA to PEO. GelMA: gelatin methacrylate; PEO: poly(ethylene
oxide)

evenly distributed in the printed lines in the 3DP-7721 model
during 1-12 days of culture without breaking the GelMA-
PEO hydrogel. The CCK-8 assay was used to compare cell
proliferation in 2D-7721, 3DM-7721, and 3DP-7721 mod-
els (Fig. 5b). At Day 4, the cell proliferation capacity of
the 3DP-7721 model was significantly lower than that of the
2D-7721 model. By Day 8, the number of cells in the 2D-
7721 and 3DP-7721 models was equivalent. After eight days,
the cell proliferation capacity of the 3DP-7721 model was
higher than that of the 2D-7721 model where cells flooded
the entire well plate on Day 8, which slowed the cell prolif-
eration. Throughout the culture period, the proliferation of
cells in the 3DM-7721 model was lower than that of the other
two models, and the 3DP-7721 model was more conducive
to cell proliferation and growth. The three culture models
showed clearly varied patterns of cell growth, which may
have been caused by the varying levels of cell-medium inter-
action between each model. The cell proliferation may also
exhibit hardness-dependent proliferation where cells have
higher proliferation ability on hard surfaces [11, 38]. Day
7 after printing was determined to be the most advantageous
point for contrasting 3D-printed cells with those grown in
planar culture, and we therefore selected this day as the time
point for most of the functional assessments, including pro-
tein expression and pharmacological investigations.
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Liver- and tumor-related protein and mRNA
expression

Immunofluorescence was used to identify the expression
of several liver-related proteins in the 3DP-7721 model on
Day 7. ALB, AFP, Ki67, and CYP3A4 were all shown to
be expressed (Fig. 6). Cells were removed from a 2D-7721
model in the logarithmic growth phase, a 3DM-7721 model,
or a 3DP-7721 model after 5, 10, and 15 days of culture
to examine mRNA expression of proteins and genes rele-
vant to the liver. In comparison with that in the 2D-7721
model, the mRNA expression levels in the 3DP-7721 model
of AFP, TGF-B, and IL-8 were significantly greater and
steadily rose during culture. After 15 days of culture, the
mRNA expression levels of EpCAM, CD133, and CD24
were downregulated (Fig. 7). The expression of these three
genes on Day 15 was increased compared with that on Day 1
but decreased from Day 10, whereas the expression of other
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genes increased; therefore, the cells had not lost their can-
cerous behavior.

In Fig. 7, the overall expression levels of six types of
tumor-related proteins and mRNA expressed in the 3DP-
7721 model were higher than those in the 3DM-7721 model.
Modifications in cell differentiation and proteins associ-
ated with cancer (AFP and TGF-$ protein) between cells
grown in the three models suggested different biological
features (Figs. 7a and 7b). The expression of cancer stem
cell markers CD/33 and EpCAM was markedly increased
in the 3D-printed tumor cells, indicating that these tumor
cells exhibited higher drug resistance, invasion, metastasis,
and recurrence abilities compared with planar produced cells
(Figs. 7c and 7d) [39, 40]. Additionally, we discovered that
the 3D-printed tumor model expressed larger amounts of /L-8
and CD24, which meant that its immunosuppressive abil-
ity was stronger (Figs. 7e and 7f) [41, 42]. The expression
of cancer-related proteins and genes varied among the three
models, suggesting that the cells had various biological prop-
erties.

Effects of antitumor drugs on the 3DP-7721 model

One of the main goals of our study was to develop an in vitro
tumor drug screening system that mimics the in vivo patho-
physiology of the tumor microenvironment for tumor studies
as well as medication development. DOX, luteolin, and cis-
platin are three common antitumor drugs that have killing
effects on a variety of tumors [31, 42, 43]. We administered
DOX, luteolin, or cisplatin to the 2D-7721, 3DM-7721, and
3DP-7721 models for 48 h to examine how the 3DP-7721
model responded to antitumor medications. In the 3DP-7721
model, the number of SMMC-7721 cells in the model grad-
ually decreased with the increase of the DOX concentration
(Fig. 8a and Fig. S4 in Supplementary Information). CCK-8
results showed that the half maximal inhibitory concentra-
tion (ICsg) values of DOX, luteolin, and cisplatin were the
highest in the 3DM-7721 model followed by those in the
3DP-7721 model and were the smallest in the 2D-7721 model
(Figs. 8b—8d). The possible reason is that the 2D-7721 model
was more likely to be in direct contact with the drug, which
consequently had the strongest effect [11, 38]. The 3DP-7721
model was more accessible to the drug than the 3DM-7721
model because of the grid-like structure. The slower cell
proliferation and drug penetration in the 3D tumor models
made them less sensitive to cytotoxic drugs than 2D cultures,
but other more important aspects such as matrix or factors
arising from stromal-tumor interactions contribute to drug
resistance. Luteolin had the strongest effect on SMMC-7721
cells (Fig. 8c).

We incubated the 2D-7721, 3DM-7721, and 3DP-7721
models with luteolin (120 pg/mL) for 48 h to additionally

assess the 3DP-7721 model response to antitumor medica-
tions. We investigated the expression of several drug-resistant
proteins and genes, including MRP1, MDR-I, ABCBI,
BCRP, MRP2, and EGFR. RT-qPCR showed that the expres-
sion levels of resistance genes in the three models differed
[44]. The expression level of MRP1 protein in the three
models of 2D-7721,3DM-7721 and 3DP-7721 increased sig-
nificantly with the increase of time (Fig. 9a). The protein
and mRNA expression levels of BCRP, MDR-1, and MRP2
(Figs. 9b-9d) reached a maximum on Day 10. ABCBI and
EGFR mRNA expression levels (Figs. 9¢ and 9f) showed
an upward trend over time. The overall mRNA expression
level in the 3DP-7721 model was higher than that in the
3DM-7721 model. The 3DP-7721 model boosted the expres-
sion of ABCBI, MDR-1, MRP1, and EGFR, which may help
discover why various drugs had diverse effects in the three
cell models. Tumor cells undergo specific changes in gene
expression when subjected to pharmacological stress. For
instance, the expression of MDR-1 genes can be upregulated
in tumor cells to increase drug efflux [44, 45]. Additionally,
by boosting autophagy, tumor cells can eventually toler-
ate medicines [46, 47]. Therefore, it is hypothesized that
following anticancer medication therapy, the expression of
drug-resistant genes will increase. Thus, by determining the
antitumor effects of drug treatments, variations in the expres-
sion levels of different genes were mirrored variations in the
biological functions of tumor cells.

Inthe 3DP-7721 model, SMMC-7721 cells showed higher
tumor-related biological activity than the other two culture
models. 3DP-7721 models may produce pharmacodynamic
results close to what is actually happening in the body, help-
ing to speed up the drug development process and reduce the
risk of failure and the cost of drug screening.

In vivo tumorigenicity

To evaluate the tumorigenic potential of the cells in the three
models, the same number of SMMC-7721 single cells iso-
lated from the 3DP-7721 model and the 3DM-7721 model,
and primary cells cultured in 2D-7721 culture were injected
into the subcutaneous tissue of severe combined immunod-
eficiency mice to generate a cell xenograft tumor model.
Without exception, tumors were formed in all three mod-
els (Figs. 10a and 10b). The tumor weight varied with model
group (Fig. 10c). In addition, the body weight of mice in the
3DP-7721 model group showed an overall upward trend but
did not differ in comparison with that of the 2D-7721 culture
group (Fig. 10d). The weight and volume of solid tumors
generated by the 3DP-7721 group were larger than those
generated by the 2D-7721 and 3DM-7721 model groups
(Figs. 10c and 10e), which implied that the 3DP-7721 model
group had enhanced tumorigenicity.
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3DM-7721

(a) 2D-7721 3DP-7721

Fig.5 a Fluorescence images of 2D-7721, 3DM-7721, and 3DP-7721
models containing cells incubated with CDs in GeIMA-PEO hydrogel
on Days 1, 4, 8, and 12. Scale bar: 300 wm. b SMMC-7721 cell activity
measured via CCK-8 assay. Data are presented as mean=standard devi-
ation, n=3. *p<0.05, ***p<0.001. 2D-7721: two-dimensional culture

DAPI
-
-
- -
-

Fig.6 Expression of liver-related proteins in a model of liver cancer
cells made via 3D bioprinting. Expression of AFP, Ki67, CYP3A4, and
ALB in the 3DP-7721 model after printing for 7 d is shown. Scale bar:
300 wm. n=3. 3D: three-dimensional; ALB: albumin; AFP: alpha-fetal
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Fig.7 mRNA expression in the liver cancer cell model created
using 3D bioprinting. mRNA expression of tumor-related proteins and
genes in the 2D-7721, 3DM-7721, and 3DP-7721 models on Days
1, 5, 10, and 15, including a AFP, b TGF-B, ¢ EpCAM, d CDI133,
e IL-8, and f CD24. Data are presented as mean=standard deviation,

n=3. “p<0.05, *p<0.01,

"*p<0.001. 3D: three-dimensional; 2D-7721:

two-dimensional culture model; 3DM-7721: 3D mixed culture model;
3DP-7721: 3D bioprinting model; AFP: alpha-fetal protein; TGF-
B: transforming growth factor beta; EpCAM: epithelial cell adhesion
molecule; CD133: prominin-1; IL-8: interleukin-8; CD24: cluster of

differentiation 24
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Fig.8 a Fluorescence imaging of SMMC-7721 cells in the 3DP-7721
model incubated with different concentrations of DOX for 24 h. Scale
bar: 300 wm. Dose-effect curves of b DOX, ¢ luteolin, and d cis-
platin in the 2D-7721, 3DM-7721, and 3DP-7721 models after 48 h
of treatment. Data are presented as meanzstandard deviation, n=4.

We used HE, Ki67, EpCAM, CDI33, and TUNEL
immunohistochemical staining to assess the levels of the bio-
chemical markers that are associated with the formation of
solid tumors to determine the causes of the variations in the
size of the solid tumors formed in the three groups. In con-
trast to the 3DP-7721 group, the 2D-7721 group had more
loose tumors and greater necrotic regions as seen in the HE
data in Fig. 10f. The extracellular matrix (ECM) compo-
nents also showed directional expansion in the tumor formed
from the 3DP-7721 model group, which may be related to
the increased ECM remodeling capacity in 3D-printed envi-
ronments. HE staining showed that the cells in the tumor
tissue were densely packed and spindle shaped with large
and dark nuclei. These findings suggest that the tumor cells
had biological characteristics of malignant tumors in vivo.
These results showed that Ki67, and the tumor stem cell
markers EpCAM and CD133 in the tumor cells of the 3DP-
7721 model group were significantly increased, indicating
that the tumor of the 3DP-7721 model group was superior to
that of the other two models in terms of proliferation, inva-
sion, metastasis, drug resistance and recurrence, and that the
cancer cells of the 3DP-7721 model group had the effect
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SMMC-7721: human hepatocarcinoma cells; CDs: carbon quantum
dots; DOX: doxorubicin hydrochloride; 2D-7721: two-dimensional
culture model; 3DM-7721: three-dimensional mixed culture model;
3DP-7721: 3D bioprinting model; ICsq: half maximal inhibitory con-
centration

of enhanced cancer stemness. Thus, the tumorigenic poten-
tial in vivo was enhanced in the 3DP-7721 model group.
Additionally, TUNEL staining revealed that the 2D-7721 and
3DM-7721 groups underwent more apoptosis than the 3DP-
7721 group. Overall, these results indicate that the tumor
cells in the 3DP-7721 model are more tumorigenic in vivo.
This may be because the cells are under closer physiological
condition to that of the real tumor under 3D culture condi-
tions, supporting the accuracy of the findings presented in this
study. Consequently, 3DP-7721 tumor models offer potential
for modeling animal tumors and evaluating drugs.

Conclusions

Using the 3D bioprinting technique and a composite hydrogel
system of bioink that offered printability and biocompati-
bility, a porous hepatoma model (3DP-7721) was created
in vitro. This study showed that the bioink (3:1 volume
ratio of GeIMA (10%, mass fraction) to PEO (1.6%, mass
fraction) hydrogel) provides unique pore-forming proper-
ties, sufficient mechanical properties, and biocompatibility.
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Fig. 9 mRNA expression of drug-resistant proteins and genes in the 2D-
7721, 3DM-7721, and 3DP-7721 models. a MRP1, b BCRP, ¢ MDR-1,
d MRP2, e ABCBI, and f EGFR mRNA expression. Data are presented
as mean=standard deviation, n=3. *p<0.05, “*p<0.01, ***p<0.001. 2D-
7721: two-dimensional culture model; 3DM-7721: three-dimensional

mixed culture model; 3DP-7721: 3D bioprinting model; MRP1: mul-
tidrug resistance-associated protein 1; BCRP: breast cancer resistant
protein; MDR-1: multidrug resistance 1; MRP2: multidrug resistance-
associated protein 2; ABCBI: atp binding cassette subfamily b member
1 gene; EGFR: epidermal growth factor receptor
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Fig. 10 Tumorigenicity of cells in different models. Photos of a nude
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groups) 21 days after tumor formation. ¢ Tumor weight at Day 21.
Data are presented as mean=standard deviation, n=3. “p<0.05. d Mouse
weight and e tumor volume for different models at each time point.
f HE, Ki67, EpCAM, CD133, and TUNEL staining results of solid

The 3D bioprinting process can draw silky continuous lines
with excellent structural support, maintaining stability of
porous structures at 20 °C with a nozzle movement speed
of 13 mm/s and extrusion pressure of 1.3 bar. In this 3DP-
7721 model, CDs were used for long-term cell tracking.
Fluorescence imaging by CDs as well as CCK-8 detection
indicated that the 3DP-7721 model supported cell prolifera-
tion. The expression of tumor-associated proteins and mRNA
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tumors under different models. 2D-7721: two-dimensional culture
model; 3DM-7721: three-dimensional mixed culture model; 3DP-7721:
3D bioprinting model; HE: hematoxylin and eosin; Ki67: prolifera-
tion marker protein Ki-67; EpCAM: epithelial cell adhesion molecule;
CD]133: prominin-1; TUNEL: terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end labeling assay

indicated that the 3DP-7721 model had greater levels of
tumor-associated gene expression and a more tumorigenic
phenotype than found in the conventional 2D-7721 and 3DM-
7721 models. In addition, the cells cultured in the 3DP-7721
model had strong tumorigenicity in nude mice, showing the
pathological characteristics of malignant tumors. The deter-
mination of the antitumor effects of several drug treatments
confirmed that the differences in the expression levels of



Bio-Design and Manufacturing (2024) 7:137-152

151

tumor and cancer stem cell markers reflect the differences
in the biological activities of tumor cells. The anticancer
drug resistance of the SMMC-7721 cells in the 3D construct
further demonstrates its biological activities; therefore, the
3DP-7721 model described in this study shows consider-
able potential for personalized treatment and tumorigenesis
research.

This study does have some limitations. First, only one hep-
atocellular carcinoma (HCC) cell line was evaluated. Most
importantly, multiple types of cells are present in tumors, but
our 3DP-7721 model only included tumor cells. To enhance
this system, our team is researching more complex tumor
architectures, which include both tumor and endothelial cells
and other cellular elements.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-023-00263-1.
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