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drug research and development for it is less expensive, less time
consuming, and more tightly controlled. In this article, a 3D liver tumor

*Correspondence for

model consisting of HepG2 cells and sodium alginate/gelatin/fibrinogen
hydrogel was created using a cell 3D bioprinter developed in Tsinghua

Author
Dr. Xinwei Zhou

University our own group. The subsequent scanning electron

Center of Organ

microscope observation and acridine orange/propidium iodide staining

Manufacturing,

results

Department of Mechanical
Engineering, Tsinghua

indicated

that

HepG2

cells

loaded

in

the

alginate/gelatin/fibrinogen hydrogel grew well with high cell livability.

University, Beijing

Cell Count Kit-8, alpha-fetoprotein and half maximal inhibitory

100084, P.R. China.

measurements demonstrated and verified that under the treatment of
different anti-cancer drugs, such as 5-Fluorouracil, mitomycin and their

combination, significant differences between the HepG2 cell behaviors in the 3D and 2D
conditions were existed. The 3D liver tumor model is a promising application for in vitro
drug screening.
KEYWORDS: 3D cell bioprinting; drug screening; liver tumor model; HepG2 cells; 2D cell
culture.
INTRODUCTION
Drug screening is an indispensable process for drug effectiveness evaluation and
development, especially for anti-cancer drugs. Over the past decades, in vitro cell culture
models have got increasing attention in drug discovery progresses, for their less expensive,
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less time consuming, more tightly controlled and high-throughput when compared with in
vivo animal models.[1] In vitro cell culture models are indeed beneficial to systematic,
repetitive and quantitative cell behavior research during drug screening.
Conventional cell culture in two-dimensional (2D) monolayer has been consistently utilized
in drug screening for several decades. This technique has made significant contributions to
biological and pharmaceutical research due to its easily manipulation and adaption
properties.[2,3] However, cells of body in vivo are all in a complex three-dimensional (3D)
environment in which different cells signal each other by transferring various proteins and
genes, which cannot be realized in simple 2D architectures. There are existing significant
differences between biological properties expressed by cells in 2D and 3D conditions.[4]
Additionally, the lack of the counterpart in vivo 3D extracellular matrix (ECM) networks
hinder the experimental drug screening effects, with even contradictory and misleading
results.[2,5] Thus, most of the promising results acquired from 2D cell culture experiments
usually cannot match those found in vivo settings.[6] To overcome these problems, 3D culture
systems, an artificially-created environment in which biological cells are permitted to grow or
interact with its surroundings in all three dimensions, have been established and developed.[7]
Comparing with 2D cell cultures, 3D cell cultures can provide a cellular microenvironment
that is more similar to the native in vivo environment. This feature is extremely vital in drug
screening since environmental cues can affect cell properties, behaviors, and functions so as
to affect cellular responses and sensitivity to drugs.[8,9] So creating 3D in vitro cell culture
model, insteading of simple 2D cellular platforms, is an inevitable trend in drug screening.[10]
There are a number of techniques to creating 3D cell culture models in vitro, including
roughly cell spheroids, microcarrier cultures, micropatterned surfaces, tissue engineering
methods, etc.[11], among which tissue engineering approaches have been paid much more
attention over the past years. Relying on seeding cells onto some pre-fabricated scaffolds,
conventional tissue engineering methods have presented more and more disadvantages, such
as cell peeling off, difficult to form tissues, and so on. Furthermore, it is extremely difficult to
use the conventional tissue engineering methods to accurately define and arrange multiple
cell types in one construct[12], which could be properly solved by 3D bioprinting techniques.
3D bioprinting, also called rapid prototyping (RP) or additive manufacturing (AM),
comprises a series of techniques that can simultaneously assemble cells and ECMs from
digital models in a precisely controlled layer-by-layer fashion.[13-20] Derived from industrial
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application, 3D bioprinting has been transformed to assemble or print cells to form tissues as
3D drug screening models by many research groups. For example, Gaetani and coworkers
have created a cardiac tissue with high cell livability via bioprinting human cardiac-derived
cardiomyocyte progenitor cells and biomaterials.[21] In our own research group, we have
developed a series of 3D bioprinting techniques which have been successfully used for in
vitro tissue and organ manufacturing, giving a promising future for drug screening model
establishment.[22-32]
In the present report, we made a 3D cell printing liver tumor model using one of our cell 3D
printers for drug screening. HepG2 cells loaded in a hydrogel consisting of sodium alginate,
gelatin and fibrinogen. The 3D liver tumor model was characterized for cell survival states
after printing. Several anti-cancer drugs were used to test drug sensitivities to the HepG2
cells with the control of HepG2 cells cultured in 2D monolayers.
MATERIALS AND METHODS
Material preparation
Based on our former researches, sodium alginate, fibrinogen and gelatin were chosen to be
the ECM in the present study.[33-39] Sodium alginate (Sinopharm Chemical Reagent Co., Ltd,
SCRC, China) and gelatin (Tianjin Green-Island Company, China) were respectively
dissolved in calcium-free phosphate buffered saline (PBS) to form 5% (w/v) and 20% (w/v)
solutions. Fibrinogen (Sigma, Aldrich Company, USA) was dissolved in fetal bovine serum
(FBS; Sijiqing, Beijing, China)-free Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco,
Vienna, VA, USA) to form a 5 % (w/v) solution. The sodium alginate, gelatin, fibrinogen
solutions were mixed in a volume ratio of 2:2:1 before being pasteurized three times at 70℃
for 20 min. Bovine thrombin (Gibco, Santa Cruz, CA, USA) and calcium chloride (CaCl₂)
was dissolved in PBS to give a final concentration of 100 IU/mL and 2% (w/v) individually.
HepG2 cells were purchased from Shanghai Institutes for Biological Sciences (SIBS) and
cultured in minimum essential medium (MEM; Gibco, Vienna, VA, USA) supplemented with
10% FBS, 200 kU/L penicillin and 100 mg/L streptomycin and maintained at 37°C and 5%
CO₂. The medium was changed every second day.
Construction of the liver tumor model using a 3D cell printer
Developed by our research group, the 3D cell printer is a kind of direct 3D controlled
assembling

technique.
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alginate/gelatin/fibrinogen, loading with living cells was positioned precisely layer-by-layer
and eventually formed a predefined 3D cell-matrix structure (Figure 1).[12] In this article,
HepG2 cells, loaded into the sodium alginate/gelatin/fibrinogen hydrogel, at a density of
5×106 cells/mL, were printed, formed a 3D structure of 10 mm × 10 mm × 5 mm. After being
printed, the construct was stabilized with a 5% (w/v) CaCl2 solution and a 100 IU/mL
thrombin solution separately for 5 min in order to crosslink the sodium alginate and to
polymerize the fibrinogen molecules.

Figure 1. The cell printer (a), a computer-aided designed model (b), and a grid 3D cellladen construct (c) [12].
Characterization of the printed liver tumor model
The state and behavior of the cells in the printed liver tumor model were characterized
through scanning electron microscope (SEM) observation, acridine orange (AO)/propidium
iodide (PI) staining, Cell Counting Kit-8 (CCK-8) method and alpha-fetoprotein (AFP) assay.
SEM is a type of common electron microscope that produces images by scanning the object
with a focused beam of electrons, supplying detailed information about the object's surface
topography and composition. The printed liver tumor model samples after culturing for
certain time were handled according to the previous described method

[12]

, and observed

using a SEM (Hitachi S-450, Japan). AO/PI staining is a general method to observe the living
or dead state of the cell. The living cell would present green while dead cells dyed red in laser
scanning confocal microscope (LSCM, LSM710-3channel, Zeiss, Germany) with AO-PI
staining. CCK-8 method is an accurate and simple strategy to measure the amount of living
cells, especially in cell proliferation and toxicity measurements.[40] The AO/PI staining and
CCK-8 measurement steps were the same as that described in the previous article.[12] AFP is a
kind of glycoprotein, which is nearly disappeared in healthy adult but widely enhanced in
liver cancer patients. AFP has been an important serum biomarker to diagnose hepatocellular
carcinoma (HCC) in clinic for nearly 50 years.[41,42] The AFP assay was done in clinical
laboratory of hospital Tsinghua University.
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Drug screening
Two common anti-cancer drugs, including mitomycin (MMC, Sigma, USA) and 5Fluorouracil (5-FU, Sigma, USA), and their combination (MMC + 5-FU) were utilized herein
to test the sensitivity of the liver tumor model. These anti-cancer drugs were dissolved in
MEM containing 10% FBS with the following concentrations (Table 1).
Table:1. Working concentrations of the anti-cancer drugs
Drugs
Concentration (μg/mL)

MMC 5-FU
3
50

MMC+5-FU
3+50

The CCK-8 method and AO/PI staining were utilized to observe the state of HepG2 cells in
the treatment of anti-cancer drugs quantitatively and qualitatively. As control groups, the
HepG2 cells were cultured in 24-well plate (2D condition) with the concentration of 1×105
cells/mL and performed the same treatment.
The cell livability (CL) in this paper was calculated by the following formula:

Where

was the optical density of the objects (i.e. 3D liver tumor model or 2D HepG2

cells) cultured in solutions with anti-cancer drugs.

is the optical density of the

corresponding objects cultured in solutions without anti-cancer drugs.
Additionally, half maximal inhibitory concentration (IC50) was measured to represent the
drug sensitivity of the HepG2 cells in the 3D liver tumor model or 2D plate monolayer
condition. IC50 was the drug concentration that exactly inhibited a given biological process
by half. It is an index measuring the effectiveness of a substance in inhibiting a specific
biological or biochemical function. The steps to measure the IC50 of the HepG2 cells either
in the 3D liver tumor model or 2D plate monolayer were the same as that of the CCK-8
method. After the HepG2 cells in the 3D liver tumor model and 2D plate monolayer were
treated in the solutions containing corresponding anti-cancer drugs with the concentrations of
the Table 2. Cell livability was measured after 24 h culturing through CCK-8 method. The
IC50 values, corresponding 50% of the cell viabilities, were then calculated according to the
drug concentrations using a curve fitting method.
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Table:2. Drug concentrations corresponding the IC50
Drug concentration
(μg/mL)
MMC
5-FU

1

2

3

4

5

0.3
5

3
50

30
250

50
500

80
1000

RESULTS
Scanning electron microscopic observation of the 3D liver tumor model
Figure 2a-2f show a series of SEM images of the 3D liver tumor model after culturing for 1,
7 and 13 days. The surface morphology and spatial distribution of the HepG2 cells and
sodium alginate/gelatin/fibrinogen matrix material were clearly observed. A lot of micropores
were detected in the sodium alginate/gelatin/fibrinogen hydrogel after freeze-drying. The
matrix material provided a suitable 3D circumstance which is benefit to the cell growth. The
average size of the HepG2 cells was about 10μm in diameter. The surfaces of the HepG2
cells were roughness with plentiful microvilli (i.e. sodium alginate/gelatin/fibrinogen fibers)
connecting the cells. Abundant cells in divisions and cell clusters were observed in the 7 and
13 days culture samples. Comparing with the 2D monolayer cell cultures after different time
periods cell clusters formed via cell migration and proliferation in the SEM images of the 3D
liver tumor model (Figure 2a, 2c, 2e), became larger and larger over the time, demonstrating
that HepG2 cells established connections easily in the sodium alginate/gelatin/fibrinogen
matrix material. Especially, there appeared many cell clusters more than 50μm in diameter in
the 3D liver tumor model after 13 days culture.

Figure 2 Scanning electron microscope images of the 3D liver tumor model. (a) Liver
tumor model after 1 day culture; (b) The enlarged partial image of (a);(c) Liver tumor
www.wjpps.com
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model after 7 day culture; (d) The enlarged partial image of (c); (e) Liver tumor model
after 13 day culture; (f) The enlarged partial image of (e);
AO/PI staining
AO/PI staining results of the HepG2 cells in the 3D liver tumor model are shown in Figure 3.
In general, the printed HepG2 cells were all alive (green, 100% cell livability) with no dead
cell (red) even after 14 days’ culture. After 3 days culture, HepG2 cells in the 3D liver tumor
model existed in the form of a single cell or cell group consisting of less than five cells,
scattering without tight links spatially. Most of the cell nuclei were round and intact with
bright green color for the hyaline globules (HG) (Figure 3a, 3b). After 7 days’ proliferation
and migration, the sizes of some cell clusters increased nearly to 50 μm in diameter (Figure
3c). With the culture time prolonging, the amount and size of the cell cluster were increasing
(Figure 3e, 3f). However the color of the HG in the HepG2 cells was gradually diminished,
indicating the decrease of the cell activities.

Figure 3 AO/PI staining images of the HepG2 cells in the 3D liver tumor model. (a)
Liver tumor model after 3 days culture; (b) The enlarged partial image of (a); (c) Liver
www.wjpps.com
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tumor model after 7 days culture; (d) The enlarged partial image of (c); (e) Liver tumor
model after 14 days culture; (f) The enlarged partial image of (e).
AFP assay and cell proliferation levels
The AFP assay and cell proliferation levels of the HepG2 cells in the 3D and 2D conditions
are respectively shown in Figure 4. Both the AFP assay results of the HepG2 cells in the two
conditions increased to certain levels before reduced over time (Figure 4a). It is interesting
that both of the AFP levels in the two conditions almost disappeared at the eleventh day. The
AFP level of the HepG2 cells in the 3D liver tumor model (3D condition) was significant
lower than that in the 2D monolayer culture (2D condition, Figure 4a). As for the living cells,
HepG2 cells in the 3D condition experienced a considerably growth in number, while in the
2D condition increased a little before decreased constantly in the first 10 days of culture
(Figure 4b). Cell density in the 3D liver tumor model was much higher than that of the
control 2D condition, while AFP level in the control 2D condition was only about 1/9 of the
3D liver tumor model after 5 days of culture. This result may be interpreted by that different
cell culture models (2D and 3D) could lead different AFP expression. Compared with the 2D
culture, HepG2 cells in the 3D printed liver tumor model was much closer to the native 3D
environments, which could provide more realistic experimental results for the study of the
AFP expression mechanism.

Figure 4 AFP assay (a) and cell proliferation level (b) of the HepG2 cells in 3D and 2D
conditions.
Drug screening
Figure 5 reveals the drug screening results of the anti-cancer drugs in the working
concentrations shown in Table 1. HepG2 cells in the 2D condition were more resistant to
www.wjpps.com
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MMC than that of the cells in the 3D culture, while the resistance of the HepG2 cells in the
3D condition to 5-FU was stronger (Figure 5). So we set another combination group that
HepG2 cells in 2D and 3D conditions were cultured in MEM solution with the combined
drugs of MMC and 5-FU. In the combination group, HepG2 cell livability in 2D condition
was much higher than that in the 3D condition in the first one culture day, and tended to be
consistent after 48 h culture (Figure 5). It was concluded that the MMC took the main effect
at the first 24 h, while the 5-FU took the main effect during the following 24 h. There was a
significant difference of cell responses to the same drugs, in different conditions (2D and
3D).

Figure 5 Drug screening results of the MMC, 5-FU, and MMC+5-FU.

Figure 6 Fitting curves of the cell livabilities and MMC concentrations in different
culture conditions.
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Figure 7 Fitting curves of the cell livabilities and 5-FU concentrations in different
culture conditions.
IC50 results of the MMC and 5-FU are presented in Figure 6 (MMC) and Figure 7 (5-FU).
Correspondingly, the IC50 values which were obtained from the relevant curves via curvefitting and interpolation are shown in Table 3.
Table 3 IC50 of the anti-cancer drugs for the HepG2 cells in different culture
conditions.
IC50(μg/mL) MMC 5-FU
2D
36
900
3D
52
480
Similar to the results shown in Figure 5, HepG2 cell livability in the 3D condition was a little
more than that in the 2D condition when treating with the same concentrations of MMC,
demonstrating that the HepG2 cell in the 3D condition had a slight stronger resistance to the
MMC. The IC50 of the MMC for the HepG2 cells cultured in the 3D condition (52 μg/mL)
was a little more than that in the 2D condition (36 μg/mL) (Table 3). The two cell livability
curves had the similar shapes and trends (Figure 6). Thus, the HepG2 cell responses to the
MMC in 3D and 2D conditions were not obvious. However, the result was contrary for the
drug 5-FU, shown in Figure 7. The curve in 3D condition was quite different from that in the
2D condition and the HepG2 cell livability of the 3D condition was much less than that of the
2D condition. Although the two curves had the same trend, the weak resistance of cells in the
3D condition to 5-FU is obvious. Furthermore, the IC50 of the 5-FU for the HepG2 cells
cultured in the 3D condition (480 μg/mL) was only half of that in the 2D condition (900
μg/mL). Huge difference indicated that the 2D culture enhanced the drug resistance of
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HepG2 cells to 5-FU, and this couldn’t mirror truly the drug action mechanism of the cells in
the 3D structure.
To further certify this ratiocination, we utilized AO/PI staining to view the HepG2 cell
survival states directly in the presence of anti-cancer drugs. The staining images were
presented in Figure 8 and Figure 9 with comprehensive results of drug screening in the 2D
and 3D conditions. Figure 8 is the AO/PI staining result of the HepG2 cells in the 3D liver
tumor model after one day in vitro culture under the influence of anti-cancer drugs or not.
Figure 8a was the control group in the absence of any anti-cancer drug. From the staining
images, HepG2 cells grew in very good condition with little dead cell and formed abundant
cell clusters in the control group without any anti-cancer drug (Figure 8a). In the treatment of
MMC (Figure 8b) or 5-FU (Figure 8c), HepG2 cells also formed many cell clusters, but there
were considerable dead cells in the cell clusters. More dead cells were viewed in the group
with the combined anti-cancer drugs of MMC and 5-FU, with the organizational structure of
cell clusters remained complete. In the 3D liver tumor models, the death of the whole tumor
models typically started from some cells, then developed to the cell cluster and finally to the
whole 3D tumor models. So the drug effects for the HepG2 cells in 3D condition were not
uniform. Cells in the surface of the cell cluster were more vulnerable to the drugs than those
in the interior of the 3D liver tumor models.
Figure 9 presents the AO/PI staining results of the HepG2 cells in the 2D condition after one
day in vitro culture with or without the effects of anti-cancer drugs. HepG2 cells grew in a
relatively uniform way at the bottom of the culture dishes. There was nearly no dead cell in
the control group without drug treatment (Figure 9a). Nevertheless, quite a few flaky dead
cells appeared in the presence of MMC (Figure 9b) and 5-FU (Figure 9c). There were only a
few independent cells left after the dead cells fall off from the bottom of the culture dishes
with the combined treatment of the of MMC and 5-FU. The death cells were also raised
locally and spread to all cells in the 2D condition. The non-homogeneity of the dead cell
distribution was slighter than that in the 3D condition.
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Figure 8 AO/PI staining results of the HepG2 cells after 1 day culture in the 3D liver
tumor model with or without the interferences of anti-cancer drugs. (a) HepG2 cells
without any drug. (b) HepG2 cells under the treatment of MMC. (c) HepG2 cells under
the treatment of 5-FU. (d) HepG2 cells under the treatment of the combined MMC and
5-FU.

Figure 9 AO/PI staining results of the HepG2 cells after 1 day culture in 2D condition
with or without the interferences of anti-cancer drugs. (a) HepG2 cells without any
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drug. (b) HepG2 cells under the treatment of MMC. (c) HepG2 cells under the
treatment of 5-FU. (d) HepG2 cells under the treatment of combined MMC and 5-FU.
DISCUSSION
Currently, most types of cancers in advanced stages are not curable by merely chemotherapy,
and new drug discovery and development still continue to play an important role in the
fighting against cancers. Liver cancer, a cancer that originates in the liver, remains to be the
fifth most common malignancy in men and the eighth in women worldwide

[43]

, damaging

greatly the health of human. So testing the effectiveness of anti-cancer drugs is an urge but
meaningful work. Conventional animal model has the disadvantage of costly and timeconsuming, while the simple 2D cell model cannot mimic the cancer model in vivo
effectively. Creating 3D tissue model in vitro for drug screening has been an important part in
tissue engineering and organ manufacturing.
3D cell printing is an intelligent freeform fabrication technique that can automatically
generate a sophisticated and scalable environment for cell survival, having proven to be a
potential technique in tissue engineering and organ manufacturing.[22-32] In the present study,
we have successfully established a 3D liver tumor model through HepG2 cell loaded sodium
alginate/gelatin/fibrin hydrogel printing. Matrix material is an indispensable component in
constructing the in vitro 3D liver tumor model, taking the effect of supplying the cells with a
proper growth and communication environment. The combined sodium alginate/gelatin/fibrin
hydrogel has been proven to be an excellent matrix material considering their formability and
cytocompatibility with the SEM and AO/PI images.
The biological characterization results indicated that HepG2 cells in the printed 3D liver
tumor model grew very well with super livability (100%). The shapes of the HepG2 cells
loaded in the 3D liver tumors model changed from separated spheroids to small clusters, and
gradually to large hepatocellular carcinoma tissues after two weeks in vitro culture, having
significantly difference compared with those in the 2D cultures. Both the AFP assay levels of
HepG2 cells in the 3D and 2D cultures increased at first but reduced over time. There was an
interesting phenomenon in the AFP expression levels of the 3D and 2D models after 5 days in
vitro cultures, demonstrating that different cell culture modes (2D and 3D) did lead to
different AFP results.
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Comparing the results of the HepG2 cells in the 2D and 3D conditions, we could suppose that
there existed certain death signal transferring from the dead cells to the adjacent living cells.
Each cell in the 2D condition was nearly subjected to the same drug action. However cells in
the 3D liver tumor model, either encapsulated in the sodium alginate/gelatin/fibrin matrix
material or surrounded by other cells in three dimensions, hampering the drug effect to some
extent. The death of the whole cell cluster was gradually arising from the outside to inside
relying on the death signals transferring. So cells in the clusters were easily collectively dead
once one of them died firstly. Cell states in the 3D liver tumor model were much stabler than
those in the 2D condition. These differences demonstrated the unreliability of the drug
screening results got in the 2D condition. In contrast, drug screening results in the 3D model
was more trustworthy for the cell survival microenvironment created was much closer to
those in the human body, and the drug action mechanisms were much closer to their native
counterparts.
CONCLUSIONS
Common anti-cancer drugs, such as MMC, 5-FU, and MMC+5-FU, were utilized to test the
sensitivity of the printed HepG2 cells. HepG2 cells cultured in 2D condition underwent the
same anti-cancer drugs were used as a control. In general, the HepG2 cells cultured in
different culture conditions performed different drug sensitivities for MMC, 5-FU or their
combination. The resistance of the HepG2 cells cultured in the 3D liver tumor model to
MMC was weaker, but its resistance to 5-FU was stronger comparing with that in the 2D
condition. These results were further verified by the IC50 values with the anti-cancer drugs.
Through the analysis of the AO/PI staining results, we concluded that dead cells were
attributed to the anti-cancer drugs and the death signals transferred to the adjacent living cells
from the dead cells. When the anti-cancer drugs act directly on the surface cells of the 3D
liver tumor and 2D monolayer models, the internal cells encapsulated in the sodium
alginate/gelatin/fibrin in the 3D liver tumor model could be hampered from the drug effects,
and the cell states were much stabler than those of the 2D condition. Compared to the control
2D model, the 3D liver tumor model designed in this article is a relative ideal model for drug
screening.
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