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Abstract

Spheroid culture is a widely used three-dimensional culture technology that simulates the three-dimensional structure of
tumors in vivo and has been considered a good model for tumor research. However, current commercialized spheroid culture
tools have the shortcomings of high cost or relatively poor spheroid-forming results for some special cells. To solve such
problems, we designed a 3D printed, reusable, stamp-like resin mold that could shape microstructures for spheroid culture
of tumor cells on the surface of agarose substrate in a 96-well plate. We applied this homemade three-dimensional culture
tool in spheroid formation for hepatocellular carcinoma cells. The experimental data show that the effect of spheroid culture
on four hepatocellular carcinoma cell lines in our homemade spheroid culture plate is better than that of the commercialized
ultralow attachment spheroid culture plate, and compared to two-dimensional culture, three-dimensional culture improves
cell functions. In addition, the drug-sensitive test based on patient-derived hepatocellular carcinoma cells showed a different
pattern between spheroid and two-dimensional cultures. In conclusion, our spheroid culture tool is characterized by its low
cost, reusability, low cell consumption, convenience in medium exchange, and good effect of spheroid formation, suggesting
that this technique could be widely used in individual treatment and high-throughput drug screening.
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Introduction

The progress of antitumor drug screening has been greatly
hampered by the shortage of reproducible in vitro cell-
based models by which to assess the efficacy of candidate

therapeutic agents.!-> Because of the convenience in appli-
ance, two-dimensional (2D) cultured cell lines are still
dominant in the research of antitumor agents. Recent
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studies have shown that 2D culture fails to recapitulate the
critical features of tumors growing in vivo, especially their
three-dimensional (3D) organization.> This implies that
the drug response of 2D-cultured cancer cells may not
reflect the actual response of cancer cells in vivo.

Because of advances in cell biology, microfabrication
technology, and tissue engineering, new 3D cell culture
models have emerged in recent years. With the gradual
maturation of 3D culture techniques, artificial organic
microtissues provide good news for the screening and effi-
cacy evaluation of antineoplastic drugs. At present, there
are various 3D culture techniques, including multicellular
spheroids, organoids, scaffolds, hydrogels, organs-on-
chips, and 3D bioprinting, each with its own advantages.
Although the principles and protocols of these 3D culture
techniques are different, compared with 2D culture, these
methods can better simulate the morphology, functions,
and microenvironment of cells in vivo.*

Spheroid culture is a widely used 3D culture technol-
ogy and has been developed for nearly three decades.’ This
technique is characterized by its low technical difficulty
and cost, and it can well imitate the 3D structure of tumors
in vivo.%” Moreover, the spheroid model compensates for
the many deficiencies observed in monolayer cultures. For
instance, spheroids can create heterogeneous cell popula-
tions (e.g. hypoxic vs normoxic, quiescent vs replicating
cells) by developing gradients of oxygen, nutrients, metab-
olites, and soluble signals. In addition, spheroids have a
well-defined geometry and undergo optimal physiological
cell—cell and cell-extracellular matrix (ECM) interac-
tions.® A recent study revealed that spheroids composed of
patient-derived tumor cells could maintain tumor charac-
teristics in vitro for a long time.’ These findings indicate
that spheroid culture has great application value in indi-
vidualized treatment and screening new anti-cancer drugs.

At present, the commercialized tools for spheroid culture
are mainly hanging drop spheroid culture plates and ultralow
attachment cell culture plates. The operation of a hanging
drop spheroid culture plate (e.g. GravityPLUS Kit, ISP-06-
010; InSphero, Schlieren, Switzerland) is complex, and the
formed cell spheroids need to be transferred to a new culture
plate. The ultralow attachment cell culture plate (e.g.
Ultralow Attachment Round-Bottom 96-Well Plate, 3603;
Corning, New York, USA) is not suitable for certain cell
lines or primary cells that are not inclined to form spheroids.
In addition, the cell spheroids were easily sucked away
when pipetting the medium. And the high cost of these com-
mercialized spheroid culture tools hinders their application
in high-throughput drug screening. Therefore, it is urgent to
develop inexpensive, convenient, and efficient tools for
spheroid culture for high-throughput drug tests.

Agarose is a kind of biomaterial with good biocompat-
ibility, low price, and low attachment that could promote
cell spheroidization.!” In a previous study using 3D print-
ing technology, we developed a new resin mold to create
agarose concave Petri dishes for the mass production of

spheroids with hepatocellular carcinoma (HCC) cell
lines.!! However, the fabrication of this agarose-based
mold is comparatively complex and is more suitable for
creating agarose concave 12- or 24-well plates, which does
not meet the requirements of a high-throughput drug test.
In this model, each dish contained 121 wells, which
required relatively high cell-seeding densities (1.45 X 103
per dish). Patient-derived tumor cells are necessary for
experiments of individualized drug screening or searching
for new antitumor drugs; however, the number of primary
tumor cells from the removed tissue is limited. Therefore,
an in vitro cell-based spheroid model with features of low
seeding cell consumption, high-throughput tests, and easy
use should be considered. In this study, we developed a
new cell spheroid culture tool: a stamp-like resin mold
with six rows of tiny hemispherical protuberances fabri-
cated with the assistance of 3D printing technology. This
tool could be used to create agarose microwells for sphe-
roid culture (1200 cells or less in every well) in ordinary
commercial 96-well cell culture plates, which is efficient
in spheroid formation from different cell lines or primary
solid tumor cells. Moreover, this tool has the characteris-
tics of low cost and reusability and is suitable for high-
throughput antitumor agent sensitivity tests.

To test the function of our new tool, we first applied it
in building HCC cell spheroids. The reason we chose HCC
cells is that HCC is one of the most lethal malignancies
worldwide.!? Due to the relatively high chemoresistance of
HCC, transarterial chemoembolization (TACE), which can
greatly increase the drug concentration in tumor, is now
the first-line treatment for patients with intermediate stage
HCC.3 However, the chemotherapy regimens of TACE
for HCC patients were mainly based on the clinical experi-
ence of the doctor. Theoretically, HCC is a complex entity;
each HCC patient is unique. Therefore, a personalized
chemotherapy strategy based on the drug sensitivity data
using a patient-derived HCC tumor model should be
recommended.

In this study, we evaluated the effect of homemade aga-
rose microwells on spheroid formation in HCC cell lines
and tested their cell functions and features compared to 2D
culture. Furthermore, we used the agarose microwell plate
in a chemotherapy drug sensitivity assay based on primary
HCC cells from patients. Our data show that agarose
microwell plates made by the stamp-like resin mold are a
promising tool for building high-throughput in vitro mod-
els of 3D tumor spheroids.

Materials and methods

Fabrication of agarose microwells in a 96-well
plate
A schematic diagram of the fabrication process for agarose

microwell 96-well plates using the newly designed resin
molds is illustrated in Figure 1(a). The detailed fabrication
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Figure 1. Fabrication of the agarose microwell 96-well plate. (a) Schematic diagram of the fabrication process for agarose
microwell 96-well plates. (b) Parameters of the resin column (unit: mm). (c, d) Resin mold printed by 3D printer. (e) Black arrow
points to the agarose inclined platform for medium exchange. (f) The microwell diameter in each cell culture well is approximately

400 pum. Scale bar=200 pum.

process is as follows: (1) the stamp-like molds were
designed and created using SolidWorks software (Dassault
Systemes, Concord, USA). The mold consists of a flat
plate (60mm X 60mm X 2mm) and six rows of columns
for agarose shaping (the height of each column is 9mm,
and the interval between the centers of the adjacent col-
umns is 9mm) (Figure 1(a)). Each column contains three
gradually contracting cylinders connected by two slopes
with a hemisphere on the top. The specific parameters are
shown in Figure 1(b); (2) a Formlabs Phoenix Touch Pro
UV-LED 3D Printing System (Full Spectrum Laser, Las
Vegas, USA) was used to fabricate the photosensitive resin
(SpeedCast Green Resin; Full Spectrum Laser) molds; (3)
after printing, the resin molds were immersed in pure
alcohol for 20min and then the resin residue was rinsed
from the mold surface; (4) before use, the resin mold was
sterilized with 75% alcohol or under an ultraviolet lamp
for 1h; (5) 2% (w/v, agarose/deionized water) melted
(80°C—100°C) agarose (111860; Biowest Regular, Hong
Kong, China) was added to the 96-well plate (Black Plate,
Clear Bottom 96-Well Assay Plate, 3603; Corning) (170
pL/well); (6) before agarose solidification, the mold was
immediately clamped with tweezers and then inserted,
convex face downward, into the cell culture wells. After

cooling for 5 min at room temperature until agarose solidi-
fication, the molds were pulled out with tweezers. Then,
the structures of the medium exchange slope and
multicellular spheroid culture microwells were formed
(Figure 1(a)); (7) before using the agarose microwells, 170
pL of Dulbecco’s Modified Eagle’s Medium (DMEM,
C11995500BT; Gibco, Beijing, China) was added to satu-
rate each agarose well and avoid the adsorption of nutri-
ents from medium by the agarose during cell culture. After
15 min, the culture medium was removed, and the process
was repeated 3 times. The agarose concave 96-well culture
plate was then ready for use.

Tests of spheroid formation efficiency and cell
function

HCC cell line culture and spheroid formation. The human
HCC cell lines PLC/PRF/5, HepG2, Hep3b, and SK-Hepl
were purchased from ATCC (American Type Culture Col-
lection). All cell lines were cultured in DMEM with 10%
fetal bovine serum (A3160801; Gibco). For spheroid for-
mation, cells at different densities (300, 600, 1200, and
2400 cells/well) were seeded onto a homemade spheroid
culture plate or ultralow attachment round-bottom 96-well
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Table I. Primers for qRT-PCR.

Gene Forward primer Reverse primer

ALB CAAAGATGACAACCCAAACCTC GGATGTCTTCTGGCAATTTCA
CYP2C9 CCAAAGAACCTTGACACCACTC AATGCCCCAGAGGAAAGAGAG
CYP3A4 GTGGTGATGATTCCAAGCTATGC TCCTTGTTCTTCTTGCTGAATC
UGTIAI GGAATCAACTGCCTTCACCA GCAATTGCCATAGCTTTCTTCT
SUT2AI GATGTCCAATTATTCCCTCCTG TCTGCCATCTTCTCTTGGAAC
ABCG2 CCTGTGGAGGAACTGGGTA TAAGGATGTAAATGTTGGGATG
GAPDH AGCCACATCGCTCAGACACC ACCCGTTGACTCCGACCTT

qRT-PCR: quantitative reverse-transcription polymerase chain reaction.

plate (7007; Corning). HCC cells were then cultured in
DMEM with 10% fetal bovine serum and incubated at
37°C under a humidified atmosphere with 5% CO,.

Cell proliferation test. The cells were seeded at a density of
1200 cells/well. After culturing for 1day, 3 days, 6days,
9days, 12days, and 15days, the viability of the cells
seeded into microwells was counted using the CellTiter-
Glo® 3D Cell Viability Assay (G9683; Promega Corpora-
tion, Madison, USA) according to the manufacturer’s
instructions, and the number of spheroids at different times
was evaluated using a standard curve.

Calcein-AM/propidium iodide staining. The cells were incu-
bated in phosphate-buffered saline (PBS, C10010500BT;
Gibco) with 2 uM Calcein-AM and 2.5 pg/mL PI (C326
and P346; Dojindo Molecular Technologies, Shanghai,
China) for 10 min at room temperature, and then the sphe-
roids were examined and photographed under a fluores-
cence microscope.

RNA isolation and quantitative reverse-transcription polymer-
ase chain reaction. Total RNA was extracted from HepG2
cells cultured under monolayer or spheroid conditions
using TRIzol Reagent (15596018; Thermo Fisher Scien-
tific, Shanghai, China) in accordance with the manufac-
turer’s instructions. For quantitative reverse-transcription
polymerase chain reaction (qRT-PCR), total RNA was
reverse-transcribed to cDNA. Next, cDNA was quantified
by real-time PCR with a SYBR Green qPCR Master Mix
(4309155; Thermo Fisher Scientific). These tested genes
include albumin synthesis gene (ALB), phase-I enzyme
genes (CYP2C9 and CYP3A4), phase-II enzyme genes
(SUT2A1 and UGTI1ALl), and a drug transporter gene
(ABCG2). GAPDH was used as a reference gene. The
primers used in this experiment are shown in Table 1.

Phalloidin-iFluor 488 reagent staining of the cell spheroids. To
observe the structure of the spheroids, HepG2 and PLC/
PRF/5 spheroids were fixed with 4% paraformaldehyde
(P0099; Beyotime Biotechnology, Shanghai, China) for
24h, permeabilized with 0.1% Triton X-100 (ST795;
Beyotime Biotechnology) for 2 h at room temperature and

then washed 3 times with PBS. The spheroids were incu-
bated with Phalloidin-iFluor 488 Reagent (ab176753;
Abcam, Cambridge, UK) and DAPI (ab228549; Abcam)
for 2h in the dark and then washed 3 times with PBS.
Fluorescence images were obtained using multiphoton
excitation laser scanning microscope (FV1200MPE;
OLYMPUS, Tokyo, Japan).

3D culture of primary HCC cells in a
homemade spheroid culture plate and drug
sensitivity testing

Isolation and culture of human primary HCC cells. The HCC
specimens were obtained from patients in the Department
of Hepatobiliary Surgery 11, Zhujiang Hospital of Southern
Medical University, Guangzhou, China. Relative informa-
tion on HCC patients is shown in Table 2. The samples
were obtained with the consent of patients and the hospital
ethics committee (approval document number: 2017-
GDEK-004). Immediately after surgery, we first cut the
HCC tumor into 34 slices and obtained specimens (total
volume is 3—9 cm? according to the size of the tumor) from
different areas of each tumor slice, avoiding the necrotic
area. Then, the specimens were immersed in DMEM and
transported to the laboratory at 0°C. The specimens were
collected under sterile conditions and rinsed 2—3 times with
DMEM to remove the blood. After removing the blood, the
tumor samples were cut into small fragments (1 mm? or
smaller), gently dispersed, and the cut specimens were
placed in Hank’s Balanced Salt Solution (HBSS, 14025076;
Gibco) containing 0.1% type-IV collagenase (17104-019;
Gibco) and digested for 1-2h at 37°C. The resulting sus-
pension was filtered through a 100-pum nylon filter and cen-
trifuged at 50 X g for 3min at 4°C. Then, the pellet was
washed twice with HBSS. The final cell suspensions were
cultured in T25 flasks (TCF001050; JETBIOFIL, Guang-
zhou, China) and hepatocyte culture medium (CC-3198;
Lonza, Basel, Switzerland) at 37°C in a humidified incuba-
tor with 5% CO,. The medium was changed at 24 h after
seeding to remove the dead cells and debris. After 2-3 days
of culture, the primary cells were harvested and seeded
onto ordinary 96-well plates or homemade spheroid culture
plates at a density of 1200 cells/well.
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Table 2. Donor characteristics at the time of HCC resection.

Patient characteristics ID: 1188890 ID: 2880826
Age (years)/sex 27/female 69/male

HBsAg Positive Positive

Serum HBV DNA 7.08 X 10% IU/mL 3.05 X 105 IU/mL
Anti-HCV antibody Negative Negative

Serum o.-fetoprotein 26.8 ug/L 4 ng/L

HCC pathologic diagnosis

No cirrhosis

Poorly differentiated HCC
Vascular invasion

Highly differentiated HCC
No vascular invasion
Cirrhosis

HCC: hepatocellular carcinoma; HBsAg: hepatitis B virus surface antigen; HBV: hepatitis B virus; HCV: hepatitis C virus.

Immunofluorescence analysis. An immunofluorescence
analysis was performed to confirm that the isolated pri-
mary cells were HCC cells. The primary cells were fixed
with 4% paraformaldehyde for 10 min at room tempera-
ture, permeabilized with 0.1% Triton X-100 for 20 min at
room temperature, and then washed 3 times with PBS. To
reduce background non-specific staining and permeabi-
lize the sample, the cells were incubated with 5% bovine
serum albumin (BSA) and 0.5% Triton in Tris-buffered
saline (TBS) solution for 1 h. The following primary anti-
bodies were purchased from Abcam: anti-human serum
albumin (ALB, ab207327), anti-human keratin 18 (CK-
18, ab668), anti-human Arginase-1 (ARG-1, ab212522),
and anti-human alpha fetoprotein (AFP, ab169552). The
samples were incubated with the primary antibodies for
16 h at 4°C and then washed 3 times for 10 min with PBS.
The secondary antibodies used for staining were goat
anti-mouse IgG conjugated with Alexa® Fluor 488
(ab150078; Abcam) and goat anti-rabbit IgG conjugated
with Alexa Fluor 555 (ab150117; Abcam). The samples
were then incubated with secondary antibodies for 1h at
room temperature in the dark and washed 5 times for
10 min with PBS. The cells were incubated with DAPI
(Abcam) for 10 min at room temperature in the dark and
quickly washed twice with PBS to stain the nucleus. All
fluorescent images were obtained using a Leica fluores-
cence microscope (Dmi8+DFC7000T; Leica Microsys-
tems, Wetzlar, Germany).

Drug sensitivity test in 2D and spheroid culture. The primary
cells were incubated for 2 days in monolayer or 3D culture
plates (1200 cell/well). A drug sensitivity test was then per-
formed to compare the cell response to chemotherapeutic
agents between the 2D and the 3D cultures. The chemo-
therapeutic drugs used in this experiment include adriamy-
cin (ADM), cisplatin (DDP), gemcitabine (GEM),
oxaliplatin (OXA), and 5-fluorouracil (5-FU) as a single
drug treatment, and ADM + DDP, GEM + OXA, and
5-FU+ OXA as a combination, which are commonly
applied in clinical treatment for HCC. The highest concen-
trations of drugs were set according to the preliminary
experimental results. Specifically, antitumor agents were

Table 3. Criteria of the sensitivity.

High sensitivity
Sensitivity
Resistance

IC5o < 25 ivPPC
25 ivPPC <ICy, < 50 ivPPC
ICyo> 50 ivPPC

ivPPC: drug peak plasma concentration by intravenous injection.

serially diluted to six concentrations with culture medium
and then added into the cell culture well after 2-3 days of
culture. Cell viability was measured using a 3D cell viabil-
ity assay after incubating for 24 h with the drugs. Finally,
the inhibitory concentration of 50% (ICs,) and inhibitory
concentration of 90% (ICy,) of each drug scheme were cal-
culated using the Prohibit method with SPSS 20.0 software
(IBM SPSS software, New York, USA). In general, the cat-
egories of in vitro sensitivity/resistance of tumor to sys-
temic drugs could be predicted based on the relationship
between the ICy, value and the peak plasma concentration
(PPC).!"* However, TACE treatment was recommended for
these two HCC patients in our study. Considering TACE is
the local treatment, and the intertumoral drug concentration
by TACE is approximately 50 times higher than intrave-
nous injection.!> We modified the criteria of the drug sensi-
tivity according to the method reported previously.!¢ The
criteria. of TACE chemotherapy sensitivity is shown in
Table 3. The PPCs of drugs used in this study are listed as
follows: adriamycin, 0.5 pg/mL; cisplatin, 2.4 ug/mL; gem-
citabine, 5pg/mL; oxaliplatin, 3 pg/mL; S-fluorouracil,
27 ug/mL.17-2! Each assay was repeated in triplicate.

Histology and staining. After 6 days of culturing, the multicel-
lular spheroids in the microwells were collected and washed
3 times with PBS. The spheroids were then fixed in 2% aga-
rose solution. Spheroids and their corresponding liver cancer
tissues were fixed with 4% formalin and dehydrated with
gradient alcohol and xylene. The spheroids and tissues were
embedded in paraffin and cut into 4-pum-thin sections. For
hematoxylin—eosin (HE) staining, the sections were stained
with hematoxylin and eosin. For immunohistological stain-
ing, paraffin slides were deparaffinized and subjected to anti-
gen retrieval using citrate sodium solution (pH 6.0). To
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reduce non-specific staining and permeabilize the sample,
slides were incubated in TBS solution containing 1% BSA
and 0.5% Triton for 1h at room temperature. Slides were
then washed 3 times with PBS and incubated with primary
antibodies anti-liver arginase antibody (ARG-1, ab239731;
Abcam) at 1:500 dilution overnight at 4°C. Endogenous per-
oxidase activity was blocked in a 3% hydrogen-peroxide/
methanol buffer for 15min at room temperature. Detection
of bound antibody was accomplished with the Streptavidin
Peroxidase Kit (SP-9001; ZSGB-BIO, Beijing, China).

Statistical analysis

All experiments were performed at least 3 times. The
results are presented as mean = standard deviation.
Statistical analysis was performed using a two-tailed
unpaired Student’s ¢-test. The value of p less than 0.05 was
considered statistically significant.

Results

Preparation of agarose microwell 96-well plates

The photosensitive resin mold printed by a 3D printer is
shown in Figure 1. The surface of the mold is smooth, and
the structure is clear without defects, as show in Figure
1(c) and (d). The agarose 3D culture chambers were fabri-
cated using this mold in a commercial 96-well plate. The
hemispherical concave holes with a diameter of approxi-
mately 400 um (Figure 1(f)) and an inclined platform for
medium exchange were formed in each cell culture well,
as show in Figure 1(e).

HCC cell lines form uniformed spheroids in
agarose microwell 96-well plates

To compare the effect of spheroid formation in a homemade
or commercial spheroid culture system, four HCC cell lines—
PLC/PRF/5, HepG2, Hep3b, and SK-Hepl—were seeded
onto agarose microwell 96-well plates or ultralow attachment
round-bottom 96-well plates at different densities (300, 600,
1200, and 2400 cells/well) for 15days of culture, and their
morphological changes were observed. We found that com-
pared with the commercial spheroid culture plate, the home-
made spheroid culture plate could restrict the distribution of
cells and agglomerate the cell into agarose micropores. In the
homemade spheroid culture plate, most of the HCC cell lines
at different seeding densities could form relatively uniform
and regular spheres within 24 h, except for SK-Hepl cells at
an initial seeding density of 600 cells/well (Figure 2(a)), and
all cells could maintain regular spheres during the later stage
of cell culture (Figure 2(c)). In the ultralow attachment round-
bottom 96-well plate, the spheroid-forming effect of different
cell lines was inconsistent. The effect of spheroid formation
on HepG2, PLC/PRF/S, and SK-Hepl1 cells was poor in the
first 24 h, and the morphology of formatted microtissues was

irregular (Figure 2(b)). At the later stage of culture (9—
15days), the irregularity of the formatted microtissues in the
ultralow attachment culture plate was aggravated (except for
HepG2 cells), and abundant scattered single cells were
observed around the bottom of the cell culture wells (Figure
2(e)). Immunofluorescence showed that the microstructures
of HepG2 and PLC/PRF/5 cell lines were spherical and regu-
lar in the homemade spheroid culture system, while the
microstructures formed on the commercialized ultralow
attachment round-bottom 96-well plate were relatively irreg-
ular (Figure 2(c)).

Proliferation of HCC cell lines in agarose
microwell 96-well plates

Four kinds of HCC cells were seeded onto agarose micro-
well culture plates at a density of 1200 cells/well. As
shown in Figure 3(c), the cells could aggregate into sphe-
roids within 24h, and the diameter of the spheroids
increased continuously in the subsequent culture process.
The CellTiter-Glo 3D Cell Viability Assay was used to
measure the cell viability and count the number of cells in
spheroids on the Ist, 3rd, 6th, 9th, 12th, and 15th days
(Figure 3(c)). We found that HepG2 cells with faster pro-
liferation rates reached the proliferative plateau stage on
the 9th day, while the other three cell lines reached the
proliferative plateau stage on the 12th day. After reaching
the proliferative plateau stage, the cell spheroid viability
began to decline. In the Calcein-AM/PI staining experi-
ment, HepG2 cell spheres showed obvious central necrosis
area on the 9th day, and the other three cell spheroids
appeared on the 12th day, which was consistent with the
cell viability test results (Figure 3(a)).

Gene expression of hepatocyte-related
functions in HCC cells enhanced by 3D
spheroid culture

Low levels of drug metabolism enzymes in 2D-cultured
HepG2 cells contribute to the misclassification of chemical
entities that form toxic metabolites.?? Improving the gene
expression of hepatocyte-related functions in HCC cells
cultured in vitro may help cells better reflect the drug
responses of cells in vivo. In this experiment, we compared
the functional gene expression of ALB (albumin), CYP2C9
( phase-I metabolic enzyme), CYP3A4 ( phase-I metabolic
enzyme), UGT1A1 (phase-II metabolic enzyme), SUT2A1
(phase-II metabolic enzyme), and ABCG2 (ATP-binding
cassette transporter) in HepG2 cells at different time points
(3, 7, and 1ldays) in 2D and spheroid culture systems
(Figure 4). Through qRT-PCR, we found that the expres-
sion levels of albumin, UGT1A1, and ABCG?2 in 3D sphe-
roids were significantly higher than those in 2D culture at
all time points. Compared with the 2D culture group, the
3D culture group showed significantly higher expression
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Figure 2. Hepatocellular carcinoma cell lines cultured in homemade or commercialized spheroid culture plates. (a) HCC cell

lines were seeded at different densities (300-2400 cells/well) in agarose microwell 96-well plates, and pictures were taken after
incubating for 24 h. (b) HCC cell lines cultured in ultralow attachment round-bottom 96-well plates at different initial seeding
densities (300—-2400 cells/well), and images were taken after incubation for 24 h. (c) HCC cell lines were cultured in homemade
agarose microwell 96-well plates at an initial seeding density of 1200 cells/well and cultured for 15 days. (d) HCC lines were
cultured in ultralow attachment round-bottom 96-well plates at an initial seeding density of 1200 cells/well and cultured for |5 days.
(e) Immunofluorescence images of HCC cell spheroids cultured in homemade or commercialized spheroid culture plates for 6 days.

Red is Phalloidin, and blue is DAPI. Scale bar=200 um.

levels of SUT2A1 in the middle stage of culture (7 days)
and significantly higher expression levels of CYP2A9 and
CYP3A4 in the later stage of culture (11 days).

Drug sensitivity test of primary HCC cells

cultured in agarose microwell 96-well plates or
ordinary 96-well plates

We successfully isolated primary cells from fresh tumor

specimens obtained from two patients with HCC and cul-
tured these cells in monolayer or spheroids systems. To

identify whether the primary cells obtained were HCC
cells, we immunostained the primary cells for several rela-
tively specific hepatocyte antigens (ALB, AFP, ARG-1,
and CK-18). As shown in Figure 5, ARG-1 and CK-18
were strongly expressed in two primary HCC cell lines,
while ALB and AFP were moderately expressed in highly
differentiated HCC cell line 2880826 and weakly expressed
in poorly differentiated HCC cell line 1188890, which was
consistent with the histopathological results. Notably,
immunofluorescence images showed that a small number
of cells did not express any markers of hepatocyte cells,
which indicated that the primary cell components obtained
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Figure 5. Bright field and immunofluorescence photographs of primary cells. In bright field pictures, the red arrow points to the
hepatocellular carcinoma cells, the yellow arrow points to the flat, long, spindle-shaped fibroblasts, and the blue arrow points to
small spindle-shaped endothelial cells. AFP, albumin, ARG-1, and CK-18 immunostaining of primary cells to examine the cellular

origin of primary HCC cells.

were not single type of cells. In addition to HCC cells,
other cells, such as fibroblasts or endothelial cells, might
also be contained in HCC tumors. As shown in Figure 5,
the isolated cells included more than one type of cell. In
addition to HCC cells, which account for the largest pro-
portion in cell groups, flat, long, spindle-shaped fibroblasts
and small spindle-shaped endothelial cells could also be
observed. This finding was consistent with the immuno-
fluorescence results.

Studies have shown that the response of HCC cells to
chemotherapeutic drugs is closely related to the microen-
vironment of cells. In addition to the 3D structure, stromal
cells, such as tumor-related fibroblasts and endothelial
cells, can also affect the killing effect of chemotherapeutic
drugs on cancer cells. In our primary HCC tumor spheroid
culture method, both HCC cells and mesenchymal cells,
such as cancer-associated fibroblasts and endothelial cells,
were contained in one spheroid. HE staining showed that
HCC cells aggregated into regular spheres under 3D cul-
ture conditions (Figure 6(a)). It has been proved that
ARG-1 is a sensitive and specific marker for HCC, and the
expression level of ARG-1 declined with the decrease in

tumor differentiation.?*> Immunohistochemical staining of
ARG-1 in this study revealed that spheroids preserve
ARG-1 expression of their original tumors (Figure 6(b)).
Both primary tissue and spheroids from the highly differ-
entiated HCC (ID: 2880826) had a much higher expression
than that from the poorly differentiated tumor (ID:
1188890), confirming that ARG-1 expression level of
spheroids was associated with the differentiation of corre-
sponding tissues. The cell morphology was also similar to
that of HCC cells in vivo, indicating that the 3D structure
of HCC cells in vivo was well simulated by our in vitro
spheroid model.

Our results showed that primary HCC cells formed uni-
form spheroids in agarose microwell culture plates within 1
day. Unlike cell lines, the diameter of primary cell sphe-
roids continuously decreased during subsequent culture in
wells without drugs (Figure 6(c)). This effect may be due to
the weak proliferation ability of primary cells and the tight-
ening of cell binding in the sphere. In addition, we found
that HCC 1188890 and HCC 2880826 in 2D or 3D culture
showed completely different drug sensitivity patterns
(Figure 7). The highly differentiated HCC 2880826 was
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cultured in agarose microwells 96-well plates at different time points. Scale bar =200 pm.

more resistant than the poorly differentiated HCC 1188890.
In addition, 2D-cultured HCC 2880826 cells were sensitive
to GEM+OXA and highly sensitive to DDP and
ADM + DDP, but no drug regimen used in this experiment
could inhibit HCC 2880826 cells under spheroid culture
conditions. The 2D-cultured HCC 1188890 cell line was
sensitive to ADM and OXA and highly sensitive to DDP,
ADM + DDP, GEM + OXA, and 5-Fu + OXA, but sphe-
roid-cultured HCC 1188890 cells were only sensitive to
DDP, ADM + DDP, and 5-Fu + OXA and highly sensitive
to GEM + OXA. It seems that 3D-cultured primary HCC
cells were more resistant to antitumor agents than mon-
olayer cultured cells (Tables 4 and 5).

Discussion

In recent years, a paradigm shift from 2D to 3D cell culture
techniques has occurred because culturing cells in 3D
results in the formation of natural cell—cell attachment and
the microstructure of cells in 3D culture is closer to tissue
in vivo.?* Accordingly, compared with monolayer culture,
3D cell culture has been shown to have dramatic effects on

cell polarity and differentiation as well as signaling cas-
cades and gene expression profiles.?>27 Moreover, primary
cells isolated from patients cultured in 3D could maintain
some special characteristics of cells in vivo for a long time
in vitro.? All these findings imply that the response of
3D-cultured cells to antitumor drugs could better reflect
the response of cells in vivo.

3D culture techniques are various, and spheroids are
one of the most commonly used 3D culture approaches.
Spheroids are spherical, heterogeneous aggregates of pro-
liferating, quiescent, and necrotic cells in culture that
retain 3D architecture and tissue-specific functions.?® Such
aggregates are analogous to tissues but have no animal-
derived or synthetic scaffolds for aiding cell attachment,?’
which well avoids the influence of batch difference and
animal-derived chemicals derived from scaffolds and ben-
efits the shape control of the microtissue, inducing the for-
mation of uniform spheres. Necrosis is a typical feature of
tumors growing in vivo, and cell spheroids could well
restore this feature and form necrotic areas in the center of
spheroids.3? Thus, spheroids are a particularly useful tool
for studying tumor growth. Recent studies involve the
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Figure 7. Fraction viability of primary HCC cells cultured in 2D or 3D with different concentrations of antitumor drugs
compared with the control group. The chemotherapeutic drugs used in this experiment include adriamycin (ADM), cisplatin (DDP),
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Table 4. Half maximal inhibitory concentrations (ICs) of anti-cancer drugs in primary HCC.

ID: 1188890 ID: 2880826
2D 3D 2D 3D
ICs, 1Cqp ICs, [ ICs, 1Cqo ICs, 1Cs0
(ng/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mL)
ADM 17.43 100 >100 >100 77.26 >100 4230 >100
DDP 4031 218.75 60.92 >300 40.56 168.04 208.12 >300
GEM >250 >250 >250 >250 >250 >250 >250 >250
OXA 132.07 >500 322.64 >500 >500 >500 >500 >500
5-FU >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000
ADM 2.93 61.12 24.20 >100 7.77 32.90 25.50 >100
+DDP 8.92 183.00 72.78 >300 2351 98.86 76.53 >300
GEM 46.67 >250 40.06 >250 113.05 >250 >250 >250
+OXA 92.99 >500 79.77 >500 225.82 >500 >500 >500
5-FU 487.69 >1000 777.90 >1000 >1000 >1000 >1000 >1000
+OXA 244.07 >500 388.98 >500 >500 >500 >500 >500

A+ B indicates a combination; ADM: adriamycin; DDP: cisplatin; GEM: gemcitabine;

three-dimensional.

OXA: oxaliplatin; 5-FU: 5-fluorou

racil; 2D: two-dimensional; 3D:
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Table 5. Prediction of drug sensitivities of patient-derived
cells in 2D culture and 3D spheroid culture.

ID: 1188890 ID: 2880826
2D 3D 2D 3D
ADM + - - -
DDP ++ + ++ -
GEM - - - -
OXA + - - -
5-FU - - - -
ADM + DDP ++ + ++ -
GEM + OXA ++ ++ + -
5-FU + OXA ++ + - -

ADM: adriamycin; DDP: cisplatin; GEM: gemcitabine; OXA: oxaliplatin;
5-FU: 5-fluorouracil; A + B indicates a combination; —, resistant; +,
sensitive; + =+, highly sensitive.

For combination regimen, the sensitivity for each drug was graded, and
the higher sensitivity was chosen as the sensitive level for combination
of drugs.

analysis of radiotherapy, chemotherapy, radioimmunother-
apy, cell- and antibody-based immunotherapy, gene ther-
apy delivery, and photodynamic treatment, as well as
studies involving proliferation, viability, metabolism,
invasion, and cell—cell interactions.?!

Multicellular spheroid culture, as a kind of mature 3D
culture technique, can well simulate the 3D structure of
tumors and is inexpensive with less technical difficulty,
which is beneficial for high-throughput drug screening and
individualized treatment. In our previous research, we
developed an approach to fabricate agarose concave Petri
dishes for the mass production of tumor spheroids, and we
found that an agarose hemispheric micropore with a 400-
pm width and 400-pum thickness is best for spheroid cul-
ture.!!" However, it is important to reduce the cell
consumption in high-throughput drug screening for primary
cells. Hence, the agarose concave Petri dish we previously
described,!! which is used in the mass production of sphe-
roids, is not suitable for high-throughput drug screening and
individualized treatment. Based on a previous study, we
designed an easily used stamp-like mold to create agarose
microwells in an ordinary 96-well cell culture plate, which
is efficient in forming uniform high-throughput cell sphe-
roids and greatly reduces the number of cells used.

The reason we chose agarose as the substrate for 3D cul-
turing is that agarose is a low-cost, non-adhesive, and non-
toxic biomaterial for cells. The curved agarose surface of
the microwell prevents the adhesion of cells and effectively
accelerates the formation of self-assembled spheroids.??
We designed a stamp-like mold that could insert into the
hot liquid agarose in a 96-well plate. After the agarose
cools, the tool could be pulled out. Arranged tiny wells
could be formed on the agarose substrate, and the cells
could aggregate and form spheroids. We hope that the seed-
ing cell number could be minimized and spheroids could be
formed very effectively on the homemade agarose plate.

An inclined platform is also designed above the multicel-
lular spheroid culture chamber, which might be helpful for
exchanging medium and avoiding sucking up the spheroids
by pipetting. As a highly innovative technology, rapid pro-
totyping with 3D printing is a quick, easy, and cost-effec-
tive way to turn great ideas into successful products. With
the help of highly innovative 3D printing technology, in
this study, we printed the designed resin mold and fabri-
cated an agarose 96-well plate using the resin mold.

Theoretically, this homemade stamp-like tool is conven-
ient in forming spheroids for various types of solid tumors.
In this experiment, we first evaluated the features of the
spheroids of four HCC cell lines using our homemade tool.
The data show that the effect of the agarose microwells on
spheroid formation is remarkable. HCC cell lines could
form spheroids of uniform size and shape within 24h,
which is conducive for quality control and the reproducibil-
ity of experiments. Tumor cell proliferation in solid tumors
in vivo generates concentration gradients of nutrients, oxy-
gen, and catabolites.* These conditions impact gene and
protein expression profiles and the distribution and pene-
tration of soluble factors, including drugs, possibly result-
ing in poor response to treatment, as typically described in
avascular tumors where the formation of necrotic areas
occurs.?37 The 3D spheroids could mirror the structures of
solid tumors, including hypoxic/necrotic areas. The size
and shape of spheroids are two crucial factors that will
greatly affect the generation of hypoxic/necrotic areas in
spheroids. Therefore, it is important to control the size and
shape of spheroids in a unified form to avoid the impact of
these factors on the penetration of drugs and the generation
of hypoxic/necrotic areas. Our experimental data showed
that the shape of cell spheroids cultured in a homemade 3D
culture plate was more uniform than that in a commercial-
ized ultralow attachment 96-well plate in a wide range of
initial seeding densities (300-2400 cells/well). This result
suggested that the stamp-like spheroid culture mold is a
good tool to control experimental confounding factors
when screening antitumor drugs.

Tumoral processes such as drug metabolism and drug
transport should be considered as the important factors
involved in mechanism of resistance to chemotherapy and
means of achieving optimal therapy.’® The expression of
genes related with drug metabolism and drug transport in
HCC cells cultured in vitro may help to better reflect the
drug responses of these cells in vivo. We therefore com-
pared the expression of hepatocyte-specific functional
genes involved in phase-I metabolism (CYP2C9 and
CYP3A4), phase-1I metabolism (UGT1A1 and SUT2A1),
and drug transport (ALB and ABCG2) in HCC cell lines
between 2D and 3D spheroid cultures. We found that the
expression levels of all the tested genes were enhanced in
spheroid cultures compared to 2D cultures at different cul-
ture time points, which is consistent with previous stud-
ies.?® This finding implies that our spheroid culture tool
could well maintain cell functions. We consider that the
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main reason for the enhanced functional gene expression
in spheroids might be related with the higher differentia-
tion of cells in 3D culture. 2D culture initiates a rapid dedi-
fferentiation of cells with degradation in phenotypic
characteristics, collapse of biological functionalities, and
decreased capacity in cell metabolism.*® Compared to 2D
culture, spheroids restore the 3D structure of cells and pro-
vide a bio-mimic 3D microenvironment, which might pro-
mote the differentiation of cells in vitro.3® However, the
underlying mechanisms involved in the improved function
of cell spheroids still need further investigation.

In addition, in our research, we successfully isolated and
cultured two patient-derived primary HCC cell lines. In our
homemade spheroid culture plate, we restored the tumor
microstructure and heterogeneity to a certain extent. HCC is
a highly heterogeneous disease in terms of its molecular pro-
files, as genome variation and expression are diverse in dif-
ferent parts of tumors, and this feature is one of the most
important reasons leading to drug resistance.*! In the primary
HCC cell spheroid culture method described above, we
obtained several specimens from different parts of the tumor
to obtain as many heterogencous HCC cells as possible.
After digestion, HCC cells in specimens with different genic
backgrounds or molecular profiles were scattered. These
cells were then reorganized into a mini tumor in the process
of spheroid culture, which made every tumor spheroid a het-
erogeneous tumor microtissue. Furthermore, the histological
structure and features of tumor were well simulated in the
primary cell spheroids. Tumor microenvironmental compo-
nents, such as cancer-associated fibroblasts and endothelial
cells, directly or indirectly affect the response of tumor cells
to drugs.*>* In our spheroid culture method, we obtained not
only HCC cells but also fibroblasts and endothelial cells,
indicating that our method of primary liver cell isolation can
retain the cell components of tumor tissues.

The other advantages of our homemade spheroid culture
plate are the shortened spheroid formation time and the low
consumption of cells, in which the cell-seeding density in
each cell culture well ranged from 300 to 2400 and a regular
spheroid could form within 24h. This feature is very benefi-
cial for personalized treatment because the primary cells are
so precious that it is hard to obtain a large number. In addition,
a shorter spheroid culture time could accelerate the drug
screening process and help patients obtain drug sensitivity
results on time. Our experimental data show that primary
HCC 1188890 and HCC 2880826 cells cultured in 2D or 3D
have completely different drug sensitivity patterns. Highly
differentiated HCC 2880826 cells were more resistant than
poorly differentiated HCC 1188890 cells. This difference
may be because highly differentiated HCC cells produces a
higher level of drug metabolism and transporting proteins,
such as transporter protein ABCG2, and possesses stronger
damage repair ability.** In addition, 3D-cultured primary
HCC cells were more resistant to antitumor agents than mon-
olayer cultured cells, which was consistent with previous pri-
mary studies.”*>4¢ In summary, primary HCC cells showed

different drug sensitivities depending on the culture methods,
and the experimental data indicating the results of drug sensi-
tivity in the spheroid culture method may better reflect the
actual drug responses of HCC cells in vivo because this kind
of tumor spheroid strikingly mirrors the 3D cellular context
and heterogeneity of in vivo tumors. The results of chemo-
therapy sensitivity assay in this study may provide guidance
on personalized TACE treatment for HCC patients. However,
it is worth mentioning that our drug tests of clinic samples are
preliminary; more profound research on how to correlate the
in vitro drug test with clinic benefit is still needed.

Conclusion

Our study demonstrates an approach to fabricate a new
stamp-like spheroid culture tool and use it to 3D culture
tumor cells for screening sensitive antitumor drugs. Our
homemade spheroid culture devise has the following
advantages: (1) convenient to use, low cost (the cost of a
resin mold is less than US$4), and reusable (the mold is
reusable, and even the ordinary 96-well plate used to fab-
ricate agarose microwells could be reused after removing
the shaped agarose substrate); (2) shortened spheroid for-
mation time; (3) controllable size and shape of the sphe-
roids; (4) less cell consumption; (5) convenient in
exchanging medium; (6) free of animal components and
no synthetic scaffold to alter cell physiology; and (7) via-
ble for mass production. We suggest that our tumor sphe-
roid culture device could be applied in tumor patients for
individualized treatment and high-throughput drug screen-
ing. However, limited by the short time of agarose solidifi-
cation and the size of printed objects, we could only design
a mold with six rows of tiny hemispherical protuberances
in this study. In the future, we hope to modify the stamp-
like tool to meet various experimental conditions and
industrialize the production of agarose-based microwell
96-well plates to extend its application in hepatotoxicity
drug testing and new antitumor drug screening.
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