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Abstract
Drug resistance is one of the major obstacles in the drug therapy of cancers. Efforts in this area in pre-clinical research have 
focused on developing novel platforms to evaluate and decrease drug resistance. In this paper, inspired by the structure of 
hives where swarms live and breed, we propose porous hydrogel arrays with a uniform pore structure for the generation of 
hepatoma cell spheroids and the investigation of drug resistance. The porous hydrogel arrays were fabricated using polyeth-
ylene glycol diacrylate (PEGDA) hydrogel to negatively replicate a well-designed template. Benefiting from the elaborate 
processing of the template, the prepared porous hydrogel arrays possessed a uniform pore structure. Due to their anti-adhesion 
properties and the excellent biocompatibility of the PEGDA hydrogel, the hepatoma cells could form well-defined and uni-
form hepatoma cell spheroids in the porous hydrogel arrays. We found that the resistant hepatoma cell spheroids showed 
more significant Lenvatinib resistance and a migratory phenotype compared with a two-dimensional (2D) cell culture, which 
reveals the reason for the failure of most 2D cell-selected drugs for in vivo applications. These features give such porous 
hydrogel arrays promising application prospects in the investigation of tumor cell spheroid culture and in vitro drug resistance.

Keywords  Drug resistance · Hydrogel · Porous · Spheroid · Hepatoma

Introduction

Drug resistance has always been a principal impedi-
ment affecting the overall survival and prognosis of can-
cer patients [1–4]. Despite great progress being made in 
tumor treatment, the problem is still widespread and has 
made efforts to combat drug resistance a major focus [5–8]. 

In order to improve responsiveness to chemotherapeutic 
drug treatments, numerous in vitro models and platforms 
have been developed for drug resistance research, such 
as two-dimensional (2D) cell cultures and animal studies 
[9–12]. Although a conventional 2D cell culture model 
can elucidate the molecular and cellular mechanisms of 
drug resistance and provide a basis for targeted therapy, 
it cannot reflect the actual effect of drugs in vivo because 
it is difficult for the 2D cell culture model to accurately 
simulate the complex cell–cell and cell–matrix interactions 
in solid tumors [13–15]. In addition, due to species differ-
ences, high costs, technical complexity, and ethical issues, 
the application of animal models is also largely restricted 
[16–18]. Thus, the development of a new in vitro model 
for drug resistance investigation that can solve the short-
comings of the above two traditional models is still highly 
anticipated.

In this paper, inspired by the structure of hives where 
swarms live and breed, we present new porous hydrogel 
arrays with desirable features for tumor cell spheroid for-
mation and drug resistance investigation, as illustrated in 
Fig. 1. As a typical three-dimensional (3D) cell culture 
model, the tumor cell spheroid culture is a promising 
approach for obtaining and maintaining the functional 
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phenotypes of tumor cells in vitro [19, 20]. Because tumor 
cell spheroids can better simulate and reconstruct the mor-
phological, functional, and microenvironmental charac-
teristics of solid tumors in vitro, they have been widely 
applied in cancer research, especially for the development 
and screening of anti-tumor drugs [21, 22]. To achieve 
the formation of such spheroids, a large number of 3D 
culture methods have been developed, such as hydrogel 
embedding, 3D scaffolds, hanging drops, non-adherent 
surfaces, rotating culture, microfluidic technology [23, 
24]. Although there has been much progress, there are 
still many defects in these methods—such as their com-
plex operation, low throughput, uncontrollable sphere size, 
and uncertain biocompatibility—which greatly limit their 
practical application [25, 26]. In addition, the use of these 
tumor cell spheroids for the investigation of drug resist-
ance is rare, and the systematic, comparative study of 2D 
and 3D models remains an unexplored area.

In this paper, we employ a simple template replication 
approach for the generation of hive-like porous hydrogel 
arrays for hepatoma cell spheroid formation and the related 
resistance investigation. Because of their excellent bio-
mimetic microenvironment, hydrogels have been widely 
designed to culture cells in a 3D manner [27, 28]. Thus, 
polyethylene glycol diacrylate (PEGDA) hydrogel was 
selected here to generate porous arrays for hepatoma cell 

spheroid culture due to its strong biocompatibility and anti-
adhesion properties. The fabricated porous hydrogel arrays 
had a uniform pore structure, which was inherited from the 
precise template of micro–nanoprocessing. It was demon-
strated that the hepatoma cells could produce a large number 
of uniform hepatoma cell spheroids in the porous hydrogel 
arrays. Based on this, we found that the resistant hepatoma 
cell spheroids showed more remarkable Lenvatinib resist-
ance and migratory phenotype compared with a 2D cell 
culture. This shows the reason for the failure of most 2D 
cell-selected drugs for in vivo applications. Thus, we believe 
that our porous hydrogel arrays can serve as a simple tool for 
culturing tumor cell spheroids and in in vitro drug resistance 
investigation.

Materials and methods

Materials

A polydimethylsiloxane (PDMS) microcolumn template 
was customized from Taizhou Weikai Biotechnology Co., 
Ltd, China. Lenvatinib (E7080) was purchased from MCE, 
Shanghai, China. The Huh7 cells were obtained from 
the Procell, Wuhan, China, and the Lenvatinib-resistant 
cell line (Huh7R cells) was established in our laboratory. 

Fig. 1   Illustration of the porous 
hydrogel arrays for cell spheroid 
formation: a–c fabrication of 
PEGDA porous hydrogel arrays, 
d–f cell spheroid formation
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Poly(ethylene glycol) diacrylate (PEGDA, average molec-
ular weight of 700), 2-hydroxy-2-methylpropiophenone 
(HMPP), dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) powder 
and a phosphatase inhibitor cocktail were purchased from 
Sigma-Aldrich, USA. Calcein-AM, propidium iodide (PI), 
and an enhanced chemiluminescence (ECL) reagent were 
purchased from Thermo Fisher Scientific, USA. Cell Count-
ing Kit-8 (CCK8) was bought from Dojindo Laboratories, 
Kumamoto, Japan. Dulbecco’s modified Eagle’s medium 
(DMEM), penicillin-streptomycin double antibiotics, phos-
phate-buffered saline (PBS), and trypsin were purchased 
from Gibco, Grand Island, NY, USA. Fetal bovine serum 
(FBS) was obtained from Lonsera, Shanghai, China. A radio 
immunoprecipitation assay (RIPA) buffer, bicinchoninic acid 
(BCA), protein assay kit, and a secondary antibody were 
purchased from Beyotime, Shanghai, China. 1,4-Dithiothrei-
tol (DTT), sodium dodecyl sulfate (SDS), 30% polyacryla-
mide gel electrophoresis (PAGE), paraformaldehyde, crystal 
violet, and Tris-buffered saline with Tween 20 (TBST) were 
obtained from Solarbio, Beijing, China. The protease inhibi-
tor was purchased from Roche, Indianapolis, IN, USA. Tran-
swell chambers (Costar #3422) were bought from Corning, 
NY, USA. Polyvinylidene fluoride (PVDF) membrane was 
obtained from Millipore, Bedford, USA. Primary antibodies 
were the GAPDH antibody (1:5000, Proteintech, Wuhan, 
China), P-glycoprotein (P-gp) antibody (1:2000, Abcam, 
UK), E-cadherin antibody (1:2000, Cell Signaling Technol-
ogy, Danvers, MA, USA), and Vimentin antibody (1:2500, 
Cell Signaling Technology, Danvers, MA, USA). All other 
reagents were commercially purchased and of the best avail-
able grade.

Fabrication of the porous hydrogel arrays

The porous hydrogel arrays were fabricated using PEGDA 
hydrogel to negatively replicate a PDMS microcolumn tem-
plate. In brief, 30 wt% PEGDA and 1 wt% HMPP were dis-
solved in deionized water by shocking for 3 min. Then, the 
mixed pre-gel solution was pipetted onto the PDMS template 
and placed in a vacuum for 8 min to fully fill the cavities. 
The mixed pre-gel solution was solidified by ultraviolet 
(UV) irradiation for 17 s. Finally, the porous hydrogel arrays 
were obtained by gently stripping the PDMS template.

Cell culture

The cells were cultured in DMEM consisting of 10% FBS 
and 1% penicillin/streptomycin in an incubator (Thermo 
Fisher Scientific, USA) at 37 °C with 5% CO2. The porous 
hydrogel arrays were sterilized under UV light for 4 hours 
and then placed into a 6-well plate. For the formation of 

cell spheroids, a cell suspension with a concentration of 
2×105 cells/mL was pipetted onto the porous hydrogel arrays 
and cultured for 5 days. The medium was changed daily. 
After 5 days of cultivation, the generated cell spheroids were 
co-stained with 5 µM calcein-AM and 2 µM PI for 1 hour at 
37 °C in the dark and then rinsed with PBS for observation.

Establishment of drug‑resistant cells

Huh7R cells were established by continuous exposure to 
progressively increasing doses of Lenvatinib from 100 nM 
to 60 µM over a period of 8 months. In brief, Huh7 cells 
were incubated in a 60 mm cell culture dish for 24 hours and 
treated with Lenvatinib for 48 hours. Then, the supernatant 
containing the drug was removed and replaced with fresh 
medium until passage. The same operation was repeated 3 
times at each drug concentration, and then the cells were 
continually induced by increasing the drug concentration. 
By the end of the eighth month, the Huh7 cells obtained sta-
ble resistance and grew well in a medium containing 60 µM 
Lenvatinib—these cells were renamed as Huh7R cells.

Cell viability assay

The biocompatibility of PEGDA hydrogel was evaluated 
by MTT assay. For the MTT assay, different concentrations 
(10%, 20%, and 30%, v/v) of PEGDA hydrogel films were 
co-cultured with Huh7 cells, and cell viability was deter-
mined on day 1, 3, and 5. Simply put, the cells were cultured 
in 96-well plates, and a 10% MTT solution was added to 
the medium and incubated at 37 °C for 4 hours. Then the 
medium was removed, and 150 µL DMSO was added for 
10 min. Finally, the absorbance was measured at 490 nm 
using a microplate reader (Thermo Fisher Scientific, USA).

The viability of Huh7 and Huh7R cells (1.5×103 per well) 
cultured in 2D and 3D models was tested by CCK-8. In brief, 
the cells were collected and cultured in 96-well plates. After 
24 hours of culture, the cells were treated with increasing 
doses of Lenvatinib (0–64 µM) for 48 hours. Then, 10% 
CCK-8 was performed to measure cell viability. The OD 
value at 492 nm was read on the microplate reader. The IC50 
value was calculated by GraphPad Prism® software.

Transwell assay

The migration ability of cells in 2D and 3D models was 
measured by transwell assay. Cells (2×105 per well) in both 
the 2D and 3D models were digested with trypsin and then 
seeded into the upper chambers of transwell, and a medium 
containing 20% FBS was added into the lower transwell 
chamber. After culturing for 48 hours, the cells were fixed 
with 4% paraformaldehyde and stained with 0.1% crystal 
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violet. The migrated cell numbers were counted and ana-
lyzed by randomly selecting three different fields.

Protein extraction and western blotting

2D cells were directly lysed by scraping into the lysis 
buffer. 3D cell spheroids were digested with 2 mL trypsin 
for 15 min and blown strongly after adding 2 mL DMEM 
consisting of 10% FBS. The collected cell spheroids were 
washed once with ice-cold PBS and immediately lysed with 
an RIPA buffer containing SDS, DTT, phosphatase, and 
protease inhibitors on ice for 50 min. The cell lysates were 
then centrifuged at 12,000 g for 15 min at 4 °C, and super-
natant (protein extracts) was extracted. The protein content 
was determined by the BCA protein assay kit. Then, all the 
proteins were separated on 8% SDS-PAGE and electrotrans-
ferred to the PVDF membrane. Each membrane was probed 
with primary antibodies and then incubated with secondary 
antibodies. After being washed three times with TBST, each 
blot was quantified using the ECL reagent, and then imaging 
was acquired using a chemiluminescence imaging system 
(Analytik Jena, Germany).

Characteristics

Images of the porous hydrogel arrays were taken with an 
optical microscope (Optec BDS400). The microstructures of 
the porous hydrogel arrays were characterized by scanning 
electron microscopy (SEM, Hitachi SU8010). The cell sphe-
roids were observed by optical microscope and fluorescence 
microscope (Olympus SZX-16). The 3D structure of cell 
spheroids was taken by laser scanning confocal microscope 
(CLSM, Nikon A1).

Statistical analyses

All quantitative data were expressed as means±standard 
deviations. Unpaired Student’s t tests were used to denote 
statistical significance, and p values of less than 0.05 were 
considered statistically significant. All data were analyzed 
with GraphPad Prism® software.

Results and discussion

In a typical experiment, the porous hydrogel arrays were 
generated by negatively replicating the PDMS microcolumn 
template, as described in Fig. 2a. In this process, the PEGDA 
pre-gel solution was first infused into the PDMS micro-
column template with the aid of a vacuum pump and then 
polymerized by UV irradiation. To obtain the porous hydro-
gel arrays with superior performance, the concentration of 

PEGDA hydrogel was optimized. For this purpose, a series 
of PEGDA hydrogel solutions with different concentrations 
(10%, 20%, and 30%, v/v) were prepared. The results show 
that the mechanical strength of PEGDA hydrogel increased 
with the increase of hydrogel concentration, while shrink-
age decreased gradually (Fig. S1). Thus, in the end, a con-
centration of 30% was chosen for subsequent experiments. 
Based on the above methods, the prepared porous hydro-
gel arrays were studied as described in Fig. 2. Ascribed to 
the elaborated microcolumn structure of the template, the 
porous hydrogel arrays replicated from the PDMS template 
possessed an identical uniform and ordered pore structure, 
which facilitated the uniform distribution of cells into the 
pores (Figs. 2b and 2c). In addition, from the side view of 
the porous arrays under SEM in Fig. 2d, it was observed 
that the porous hydrogel arrays presented structural stability 
and uniform pore size, laying a solid foundation for further 
biological application.

Because the PEGDA hydrogel possesses anti-adhesive 
properties and excellent biocompatibility, we expected it to 
be well designed for culturing cell spheroids. To evaluate the 
biocompatibility of our prepared PEGDA hydrogel, different 
concentrations of PEGDA hydrogel films were co-cultured 
with the hepatoma cell line (Huh7 cells), and then the cell 
viability of the Huh7 cells was analyzed by MTT assay—a 
convenient way for assessing cell viability. The results indi-
cate that the Huh7 cells grow well and proliferate in the pres-
ence of PEGDA hydrogel films after five days of culture, as 
shown in Fig. S2. Because of the uniform pore structure of 
the fabricated porous hydrogel arrays, the Huh7 cells could 
distribute evenly in the pores and form cell spheroids. To 
optimize the size of the cell spheroids, various concentra-
tions of Huh7 cells were seeded into the porous hydrogel 

Fig. 2   Characterization of the porous hydrogel arrays: a scheme of 
the fabrication of the porous hydrogel arrays, b optical image of the 
PDMS microcolumn template, c optical image of the porous hydrogel 
arrays, d SEM image of the porous hydrogel arrays. The scale bars 
are 200 µm
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arrays, and the formation of cell spheroids was observed 
(Fig. S3). It was found that cell spheroids could not form 
when the concentration of Huh7 cells was too low, while 
growth space and nutrient supply were limited when it was 
too high (Figs. S3a–S3f). Hence, a concentration of Huh7 
cells at 2×105 cells/mL was chosen in subsequent investiga-
tions to give the best cell spheroid formation ability (Fig. 
S3d).

Based on the above-optimized experimental conditions, 
the hepatoma cell spheroids were fabricated in the porous 
hydrogel arrays. As shown in Fig. S4, we found that the 
hepatoma cells gradually aggregated with increased incu-
bation times, and the cell spheroids were produced over a 
period of five days. Thus, the fifth day was chosen for subse-
quent research on resistance. In order to further verify their 
3D structure, these cell spheroids were observed using a 
fluorescence microscope, CLSM, and SEM (Fig. 3). The 
results show that the generated cell spheroids had uniform 
size and good integrity, which was primarily attributed to the 
uniform pores designed in our porous hydrogel arrays being 
beneficial to the enrichment and equal distribution of cells 

in each pore (Figs. 3a–3g). In addition, these pores’ design 
could reduce fluid-induced shear stress on cell spheroids 
and locate these spheroids at a particular location. In addi-
tion, the cell morphology of cell spheroids formed in the 
porous hydrogel arrays was significantly different from that 
of traditional 2D cell culture. Generally, in 2D cell culture, 
the cells are adherent to the flat, multi-well plates and have 
extended antennas. However, individual cells aggregated 
gradually in our porous hydrogel arrays, eventually form-
ing a nearly perfect spherical shape with a smooth surface, 
which was much more similar to the morphology of solid 
tumors in vivo (Fig. S4 and Movie S1). Afterward, the via-
bility of cells in the spheroids was also observed by CLSM 
in different Z-planes and quantified by CCK-8 assay. It was 
found that the cells in both the margin and the interior of 
the spheroids were imaged with homogeneous green fluo-
rescence at varying locations and depths, showing that the 
cell spheroids cultured in the porous hydrogel arrays had 
high cell viability (Figs. 3h and S5). These results indicate 
that the generated tumor cell spheroids can potentially be 
an excellent model for the investigation of drug resistance 

Fig. 3   Characterization of tumor cell spheroids: a, b fluorescence 
images of tumor cell spheroids, c, d CLSM images of tumor cell 
spheroids, e, f SEM images of tumor cell spheroids—the scale bars 

are 100 µm in a–e and 25 µm in f, g diameter distribution of tumor 
cell spheroids—100 cell spheroids were analyzed, h the growth rate 
of cells in 2D and 3D culture
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because they can better simulate and reconstruct the mor-
phological, functional, and microenvironmental character-
istics of solid tumors.

To exploit the application of tumor cell spheroids in drug 
resistance research, Lenvatinib resistant the hepatoma cell 
line (Huh7R cells) was first established. Lenvatinib, a type 
I inhibitor of tyrosine kinase, is employed for the first-line 
treatment of unresectable and advanced hepatocellular car-
cinoma (HCC) patients, displaying potent antiangiogenic 
activity in tumor therapy [29]. Resistance to Lenvatinib has 
become the main obstacle affecting the therapy of patients 
with advanced HCC. For which purpose, Huh7R cells were 
constructed in our own laboratory for 8 months. It was 
demonstrated that the cell viability of Huh7R cells was sig-
nificantly higher than that of the parental Huh7 cells after 
treating with Lenvatinib for 48 hours (Fig. S6a). In addition, 
as described in Fig. S6b, the 50% inhibitory concentration 
(IC50) value of Lenvatinib in Huh7R cells (IC50=19.77 µM) 
shows that the drug resistance of Huh7R cells to Len-
vatinib increased by 9.885 times compared with Huh7 cells 
(IC50=2.00 µM, p<0.001). Further, the tumor cell sphe-
roids of Huh7 and Huh7R cells were prepared and treated 
as described above (Fig. S6c). The results show that the IC50 

value of Huh7R cells (IC50=47.09 µM) in 3D culture was 
significantly higher than that of Huh7 cells (IC50=25.46 µM, 
p<0.01) (Fig. S6d)—similar to the results of 2D culture. 
These results indicate that the 2D and 3D models of drug 
resistance were successfully developed, which could be of 
use for subsequent research on resistance.

To confirm the feasibility and superiority of the 3D cell 
spheroids compared with 2D cells for resistance investiga-
tion, the Huh7 and Huh7R cells were employed for 2D and 
3D culture, respectively. In this experiment, the 2D cells cul-
tured on the culture plate and corresponding 3D cell sphe-
roids prepared in the porous hydrogel arrays were treated 
with different concentrations of Lenvatinib (0–64 µM) for 
48  hours and observed under fluorescence microscopy 
(Figs. 4a and 4b). The bright green fluorescence in living 
cells was stained with calcein-AM, and the red fluorescence 
in dead cells was stained with PI. We observed that the cells 
in both the culture plate and the porous hydrogel arrays 
gradually died as the concentration of the drug increased. 
However, the cells in the 3D spheroids exhibited stronger 
viability than those in the 2D culture at the same drug con-
centration, suggesting a higher level of drug resistance in 3D 
cell spheroids. This may be due to the 3D integrity of the 

Fig. 4   The live (green) or 
dead (red) cells were analyzed 
with the Live/Dead Viability 
Kit. Fluorescence images 
of 2D cells (a) and 3D cell 
spheroids (b) treated with 
different drug concentrations 
for 48 h. The cell viability 
of Huh7 (c) and Huh7R (d) 
cells in 2D and 3D models 
with an increased concentra-
tion of Lenvatinib (0–64 µM). 
**p < 0.01, ***p < 0.001 and 
****p < 0.0001. The scale bars 
are 100 µm. Lenvatinib: Len
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cell spheroids, making it harder for the drug to diffuse and 
penetrate into the central cell mass. It should be noted that 
although the traditional 2D model has been widely used in 
drug resistance research, it still cannot accurately reflect the 
effect of drugs in solid tumors. Therefore, the 3D cell sphe-
roids with higher similarity to tumor tissues are considered 
to be more valuable models for drug resistance research.

To further verify the drug resistance effects of the 3D cell 
spheroids, the viability and IC50 value of cells cultured in 
both 2D and 3D models were analyzed by CCK-8 assay. We 
demonstrated that the cells in parental hepatoma cell sphe-
roids (Huh7-3D) were more resistant to Lenvatinib than their 
2D cells (Huh7-2D) (Fig. 4c). Furthermore, cell viability 
was statistically different between Huh7-3D and Huh7-2D 
over a Lenvatinib dosing range of 0-64 µM. In particular, the 
IC50 value of Huh7-3D was elevated to 25.46 µM, while it 
was only 2.00 µM for Huh7-2D (p<0.001) (Fig. S6e), which 
confirms that the 3D cell spheroids in the porous hydrogel 
arrays developed more obvious drug resistance. More impor-
tantly, the cells in the resistant hepatoma cell spheroids 
(Huh7R-3D) exhibited more remarkable drug resistance 
than the cells cultured in 2D (Huh7R-2D). We found that 
the cell viability of Huh7R-3D was significantly higher than 
that of Huh7R-2D after treatment with Lenvatinib (Fig. 4d). 
In addition, compared with Huh7R-2D (IC50=19.77 µM), 

Huh7R-3D (IC50=47.09 µM, p<0.01) showed a 2.38-fold 
increase in resistance to Lenvatinib (Fig. S6f), indicating 
that the Huh7R cells acquired higher drug resistance in 3D 
culture than in 2D. Taken together, the above results suggest 
that the 3D cell spheroids produced from both Huh7 and 
Huh7R cells were more resistant to Lenvatinib than 2D cells, 
which may affect the drug sensitivity of cells to Lenvatinib.

To explain the resistance of 2D cells and 3D cell sphe-
roids to Lenvatinib, the cells were treated with Lenvatinib for 
48 hours to detect cell migration ability and related proteins. 
It has been reported that the drug resistance of tumor cells 
may account for activating epithelial–mesenchymal transi-
tion (EMT) to gain the mesenchymal phenotype properties, 
including increased migration, resistance to apoptosis, and 
stem cells characteristics, thereby evading the effect of anti-
cancer agents [30]. Thus, the migration ability of cells cul-
tured in 2D and 3D cell spheroids was explored. The results 
show that the Huh7R-2D acquired a more significant migra-
tion phenotype compared with Huh7-2D, which also demon-
strates that the drug-resistant cells we established did indeed 
increase migration due to obtained drug resistance (Figs. 5a 
and S7a). Meanwhile, the migration ability of Huh7R-3D 
was also significantly higher than that of Huh7-3D (Fig. 
S7b). In addition, compared with the corresponding 2D 
cells, the 3D cell spheroids had a more obvious migration 

Fig. 5   The results of cell migration ability and resistance-related 
protein expression in 2D and 3D models: a transwell assay results 
of migration ability in 2D cells and 3D cell spheroids with the same 
drug concentration, b the statistical results of the migration ability, 

c western blot results of the MDR- and EMT-related proteins in 2D 
cells and 3D cell spheroids with the same drug concentration, d, e the 
statistical results of the protein expression level. ns: not significant, 
**p < 0.01, ***p < 0.001 and ****p < 0.0001. Lenvatinib: Len
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tendency, indicating that 3D cell spheroids not only acquired 
higher resistance to Lenvatinib but also stronger migration 
ability. Among these, Huh7R-3D was seen to have the most 
notable migratory phenotype, which is probably associated 
with its high drug resistance. It is worth noting that although 
the migration ability of 2D cells and 3D cell spheroids was 
inhibited after treatment with Lenvatinib, the Huh7R-2D and 
Huh7R-3D still maintained higher migration ability—the 
statistic results are shown in Fig. 5b.

In order to further explore the molecular mechanism of 
drug resistance in 2D and 3D models related to an increased 
migration phenotype, we used western blot to evaluate the 
changes in EMT and multidrug resistance (MDR)-related 
proteins. EMT is characterized by the loss of epithelial cell 
markers and the restoration of mesenchymal cell markers, 
which plays an important role in cell migration and tumor 
drug resistance. In addition, the expression of resistance pro-
tein P-glycoprotein (P-gp) encoded by the multidrug resist-
ance protein 1 (MDR1) gene is correlated with cell migra-
tion. EMT signaling has been reported to simultaneously 
increase MDR. Targeting EMT by small molecular inhibi-
tors might reverse MDR [31–33]. It was found that E-cad-
herin (an epithelial cell marker) expression decreased, while 
the expressions of vimentin (mesenchymal cell marker) and 
P-gp simultaneously increased in Huh7R-3D compared with 
Huh7-3D (Figs. S7c and S7d). However, only P-gp expres-
sion was improved in Huh7R-2D, and the expressions of 
E-cadherin and Vimentin were almost unchanged compared 
with that in Huh7-2D, as shown in Figs. 5c and S8. These 
results indicate that drug-resistant cells cultured in 2D and 
3D models did develop resistance relative to the correspond-
ing parental cells, but EMT only increased MDR in the 3D 
model. In addition, it was observed that the level of P-gp 
remarkably increased, and E-cadherin obviously decreased 
in the 3D model compared with the 2D model (Figs. 5d and 
5e). Of even more interest, after 48 hours of Lenvatinib treat-
ment, the expressions of P-gp and Vimentin declined and 
E-cadherin expression increased in the 3D model, while in 
the 2D model, only P-gp expression decreased, which veri-
fied the superiority of the 3D model in investigating drug 
resistance (Fig. S8).

Conclusions

In summary, we have demonstrated a template replication 
method for fabricating porous hydrogel arrays for hepatoma 
cell spheroid formation and the investigation of drug resist-
ance. Benefitting from the uniform pore structure of the 
porous hydrogel arrays and the strong biocompatibility of 
PEGDA hydrogel, hepatoma cells could form well-defined 
and dense 3D cell spheroids in the porous hydrogel arrays. 

We found that 3D cell spheroids produced from both 
hepatoma parental and resistant cells acquired more notable 
drug resistance when compared with cells in 2D culture. In 
addition, it was demonstrated that 3D-resistant cell sphe-
roids were imparted with higher migratory phenotype, which 
was associated with the change of MDR- and EMT-related 
proteins in these cell spheroids. We believe that the system 
presented in this paper will contribute to the development 
of various types of 3D tissue models and provide a valuable 
platform for investigating drug resistance and drug testing 
in vitro.
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