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Mini-pillar array for hydrogel-supported 3D
culture and high-content histologic analysis of
human tumor spheroids†

Jihoon Kang,a Dong Woo Lee,b Hyun Ju Hwang,a Sang-Eun Yeon,‡a

Moo-Yeal Leec and Hyo-Jeong Kuh*ade

Three-dimensional (3D) cancer cell culture models mimic the complex 3D organization and microenviron-

ment of human solid tumor tissue and are thus considered as highly predictive models representing avas-

cular tumor regions. Confocal laser scanning microscopy is useful for monitoring drug penetration and

therapeutic responses in 3D tumor models; however, photonic attenuation at increasing imaging depths

and limited penetration of common fluorescence tracers are significant technical challenges to imaging.

Immunohistological staining would be a good alternative, but the preparation of tissue sections from rather

fragile spheroids through fixing and embedding procedures is challenging. Here we introduce a novel 3 × 3

mini-pillar array chip that can be utilized for 3D cell culturing and sectioning for high-content histologic

analysis. The mini-pillar array chip facilitated the generation of 3D spheroids of human cancer cells within

hydrogels such as alginate, collagen, and Matrigel. As expected, visualization of the 3D distribution of

calcein AM and doxorubicin by optical sectioning was limited by photonic attenuation and dye penetration.

The integrity of the 3D microtissue section was confirmed by immunostaining on paraffin sections and

cryo-sections. The applicability of the mini-pillar array for drug activity evaluation was tested by measuring

viability changes in spheroids exposed to anti-cancer agents, 5-fluorouracil and tirapazamine. Thus, our

novel mini-pillar array platform can potentially promote high-content histologic analysis of 3D cultures and

can be further optimized for field-specific needs.

1. Introduction

Cancer drug development, especially for human solid cancers,
has a low success rate with only 5% of candidate compounds
passing phase III clinical trials for safety and efficacy.1 Among
the many factors contributing to this issue is the lack of effi-
cient and clinically relevant preclinical models for studying
the complex components of solid tumors and screening and

evaluating novel therapies. While many diverse model sys-
tems have been devised by researchers, each with its own
unique advantage and disadvantages, in vitro models are
most commonly used, and cell lines derived from human and
animal tumors and grown as flat, media-submerged mono-
layers are standard. These monolayer cancer cell culture
models are cost- and time-effective compared to expensive an-
imal models; nonetheless, they tend to exhibit distorted sig-
naling and cellular functions distinct from their in vivo coun-
terparts. Three-dimensional (3D) cancer cell culture models
have received great interest, as they mimic the complex 3D or-
ganization and microenvironmental conditions of human
solid tumor tissue.2,3 These 3D cell cultures are considered as
highly predictive models, and tumor microtissues or tumor
spheroids (TS) are widely studied and used as 3D models
representing avascular tumor regions.4 TS models have been
shown to enhance the predictability of drug efficacy and re-
lated mechanisms in the in vivo system.5

The viability of 3D models is commonly assessed by colori-
metric assays (i.e., WST assay); however fluorescence imaging
is the method of choice in contrast to destructive colorimet-
ric assays. Viability changes along with related changes in cel-
lular protein signature constitute the major parameters in

Lab ChipThis journal is © The Royal Society of Chemistry 2016

aDepartment of Biomedicine & Health Sciences, Graduate School, The Catholic

University of Korea, Seoul 137-701, Republic of Korea. E-mail: stlaik@naver.com,

11pluto15@naver.com, sangeunsmoon@naver.com
bCentral R & D Institute, Samsung Electro-mechanics Co., Ltd., Suwon 16674, Re-

public of Korea. E-mail: dw2010.lee@gmail.com
cDepartment of Chemical & Biomedical Engineering, Cleveland State University

44115-2214, Cleveland, OH, USA. E-mail: m.lee68@csuohio.edu
dCancer Evolution Research Center, College of Medicine, The Catholic University

of Korea, Seoul 137-701, Republic of Korea
e Department of Medical Life Sciences, College of Medicine, The Catholic

University of Korea, 222 Banpo-daero, Seocho-ku, Seoul, Republic of Korea.

E-mail: hkuh@catholic.ac.kr; Fax: +82 2 592 2421; Tel: +82 2 2258 7511

† Electronic supplementary information (ESI) available. See DOI: 10.1039/
c6lc00526h
‡ Current address: Research & Development Unit, Dream CIS, Inc., Seoul,
Republic of Korea.

Pu
bl

is
he

d 
on

 1
9 

M
ay

 2
01

6.
 D

ow
nl

oa
de

d 
by

 H
A

L
L

Y
M

 U
N

IV
E

R
SI

T
Y

 o
n 

20
/0

5/
20

16
 0

3:
01

:0
0.

 

View Article Online
View Journal

http://crossmark.crossref.org/dialog/?doi=10.1039/c6lc00526h&domain=pdf&date_stamp=2016-05-18
http://dx.doi.org/10.1039/c6lc00526h
http://pubs.rsc.org/en/journals/journal/LC


Lab Chip This journal is © The Royal Society of Chemistry 2016

high content analysis (HCA) – which usually refers to a simul-
taneous analysis on multiple characteristics of individual
cells providing “high-content” information. It often means a
high-throughput, automated microscope-based assay which
utilizes the combined use of several fluorescent dyes. Ad-
vancements in light microscopy techniques, such as fluores-
cence microscopy, have been extensively used to study intra-
cellular events by visualizing a fluorescent marker targeted to
a specific area or molecule of interest.6 Confocal laser scan-
ning microscopy is one method that allows 3D imaging of
these structures and has been proven useful for monitoring
drug penetration and therapeutic responses in 3D tumor
models.7–12 There are significant technical challenges, how-
ever, to the microscopic study of these 3D models, including
loss of image quality (signal-to-noise loss) at increasing imag-
ing depths.7,13,14 Recently, highly sophisticated confocal im-
aging techniques that can resolve subcellular molecular dis-
tributions have been developed. Unfortunately, these
techniques may not provide the preferred outcomes for imag-
ing highly disseminated and thicker living samples including
spheroids embedded in the extracellular matrix (ECM). Prep-
aration of simple histological sections of these spheroids
may provide an alternative solution for this issue.

The formation of spheroids occurs spontaneously in envi-
ronments where cell–cell interactions dominate over cell–sub-
strate interactions. Conventional methods for spheroid gener-
ation include hanging drops,15 culturing on non-adherent
surfaces, spinner flask, and rotary cell culture systems.16

These traditional spheroid formation and culture systems of-
ten involve tedious processes for medium exchange or plate
harvesting. During this process, spheroids may be lost or ex-
perience contact-induced surface damage. Furthermore, the
preparation of tissue blocks from TS for immunostaining pre-
sents many practical problems in spheroid harvesting and se-
quential steps toward fixing and embedding the small
structures.

We previously developed micropillar-based 3D cell culture
platforms and applied them to oncology and toxicology
studies.17–22 Micropillar-based 3D cell culture platforms meet
the need for high-throughput 3D culture platforms that en-
able rapid and reproducible screening of compound libraries.
To meet the additional demand for HCA tools based on 3D
culture models, we developed a novel 3 × 3 mini-pillar array
chip that can be used for culturing and sectioning 3D cells in
an array form for high-throughput analysis without tedious
pipetting and handling of fragile spheroids during paraffin
or OCT-block preparation. Using our mini-pillar array chip,
the 3D TS were multi-cultured in hydrogels such as alginate,
collagen, and Matrigel on the top surface of the pillars and
embedded into OCT or paraffin using simple steps (Fig. 1). A
set of jigs was designed, and protocols were optimized for
staining of both sections for immunocytochemistry. We be-
lieve that our mini-pillar array chip may provide a novel
method for combining culture and preparation of histologic
sections of 3D spheroids that can be useful in high-content
screening using tumor micro-tissue cultured in vitro.

2. Materials and methods
2.1. Reagents

The 3 × 3 mini-pillar chips were provided by Medical & Bio
Device Korea Co. (MBD Co, Suwon, Korea). The pre-coating
solution, 0.01% poly-L-lysine (PLL), and gelation agent, BaCl2,
were purchased from Sigma-Aldrich (St. Louis, Mo, USA). For
the cell-embedding hydrogel, low viscosity alginate was pur-
chased from Sigma-Aldrich and rat tail collagen type I (pH
7.4) and Matrigel from BD Bioscience (CA, USA). Histogel™
was purchased from Thermo Fisher Scientific (Grand island,
NY, USA). Doxorubicin (DOX) was a generous gift from Korea
United Pharm. Inc., (Seoul, Korea). 5-Fluorouracil (5-FU) and
tirapazamine (TPZ) were purchased from Sigma-Aldrich. Anti-
bodies for immunodetection of E-cadherin, collagen type I,
laminin, CTGF and TGF-β1 were purchased from Abcam
(Cambridge, UK) and (cleaved) Poly [ADP ribose] polymerase
1 (c-PARP-1) from Life Technologies (Carlsbad, CA). Goat
anti-rabbit IgG (H + L) Alexa Fluor® 594 conjugate secondary
antibody was purchased from Thermo Fisher Scientific.

2.2. Cell culture

Human colorectal cancer cell lines HT-29, HCT-116, and
DLD-1 and the pancreatic cancer cell line AsPC-1 were pur-
chased from the Korean Cell line Bank. Another human pan-
creatic cancer cell line Panc-1 was obtained from ATCC.
Panc-1 was cultured in DMEM (Gibco BRL, Grand Island, NY)
and the other cell lines in RPMI1640 (Gibco BRL) media
supplemented with 100 μg mL−1 streptomycin, 100 units
mL−1 penicillin, 250 ng mL−1 amphotericin B and 10% heat-
inactivated fetal bovine serum (FBS) (Welgene Biotech,
Daegu, Korea) in a humidified atmosphere (5% CO2/95% air)
at 37 °C.

2.3. Cell loading on the mini-pillar array chip

The mini-pillar chips were custom-made by MBD Co. (cat. no.
Pillar 001, 873087@mbdker.co.kr) (Fig. 1a). The pillar array
was manufactured by cutting cyclic olefin copolymer (COC)
with a computer numerical control (CNC) machine. COC was
selected because of its transparency, excellent biocompatibil-
ity, and adequate stiffness for physical machining. The 3 × 3
pillar array chip contained nine pillars of which the tip diame-
ter was 2 mm. The pillar-to-pillar distance was 9 mm and
thus, compatible with conventional 96-well plates. The COC
pillar array was ready for pre-coating and cell loading after
sterilization by boiling in 70% ethanol for 30 min followed by
UV irradiation as described previously.17 PLL was used to sta-
bilize the hydrogel (alginate, collagen, or Matrigel) loading
onto the tip of the mini-pillars as in our previous papers.17–21

When alginate was used as a cell-embedding hydrogel, the
surface of the pillar tip was pre-coated with gelation solution,
an equal volume mixture of 0.01% PLL and 0.05 M barium
chloride (BaCl2). BaCl2 was used as a cross-linking agent of
the alginate hydrogel since the Ba ion chelates with carboxylic
groups on alginate. Barium was preferred over calcium based
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on its higher stability in the presence of phosphate commonly
present in cell culture media.23,24 Collagen and Matrigel were
also used as cell-embedding hydrogels, for which pre-coating
was done using 0.01% PLL only. Pre-coating was done by care-
fully applying 4 μL of the pre-coating solution on the tip sur-
face of each pillar followed by drying on a clean bench for 1 h
(Fig. S1, Video S1a†).

Cells were suspended in hydrogel solutions prepared
using 0.5–1% (wt/vol) low-viscosity alginate, 1.8 mg mL−1 col-
lagen, or Matrigel. Cell density was adjusted to between 5 ×
105 and 1 × 106 cells mL−1. One microliter of the cell–hydro-
gel suspension was dispensed onto the pre-coated pillars
(Video S1b†). For alginate hydrogels, the gelation time after
loading of the cell–hydrogel suspension was limited to 1–2
min before steeping in media to prevent over-drying. For col-
lagen or Matrigel, gelation was carried out in a 37 °C incuba-
tor. Subsequent culturing of hydrogel-embedded cells was
performed in 96-well plates under regular cell culture
conditions.

2.4. Cellular uptake of calcein AM & doxorubicin visualized
with confocal microscopy

To measure the uptake of calcein, a dye commonly used for
cell viability, in 3D spheroids formed on the mini-pillar chip,

a Live/dead assay kit (BDA-1000, Biomax, Seoul, Korea) was
used according to the manual provided by the manufacturer.
To determine drug uptake in 3D spheroids, doxorubicin was
prepared as a 9 mM stock solution and diluted with culture
medium to final concentrations of 50 μM and 100 μM. Spher-
oids were exposed to drug in a 96-well plate for 30 min and
visualized using confocal microscopy. Confocal microscopic
images were procured using optical sectioning by means of
Z-stack imaging at 10 μm intervals.

2.5. Preparation of microtissue blocks for cryo-sections and
paraffin-embedded sections

For cryo-sectioning of 3D TS formed on the mini-pillars, the
cultured mini-pillar array chip was first frozen over vapor-
phase liquid N2 for 10 min (adjusted time for a small volume
of 3D cell spot). The frozen pillar array was then embedded
into an OCT block using an embedding jig (custom-made by
MBD Co.) pre-assembled with the cryo-microtome specimen
chuck and filled with the OCT compound at −20 °C (Fig. 1b).
After 10–15 min, the pillar array chip was carefully extracted,
leaving the 3D TS-hydrogel cap in the frozen OCT. OCT
blocks were then cut into 5 μm sections on a microscope
slide using a microtome for further staining and histologic
examination.

Fig. 1 Experimental procedures for 3D culture and histologic analysis of human tumor spheroids using a mini-pillar array. (a) Cell loading and cul-
ture: 1 μL of cell suspension in hydrogel was loaded at the tip of the mini-pillars. After gelation, the cells were cultured and exposed to drugs in
96-well plates. (b) Preparation of microtumor blocks for sectioning: the pillar array was frozen over vapor-phase liquid nitrogen followed by em-
bedding in OCT at −20 °C for cryo-processing. For paraffin blocks, the mini-pillars (3D gel) were pre-embedded into Histogel™ at 4 °C and then
subjected to paraffin embedding. (c) Preparation of section slides for fluorescence or for staining or image-acquisition histologic examination: the
embedded cryo- or paraffin-blocks were sectioned to prepare tissue slices on a microscope slide.
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For preparation of paraffin-embedded blocks of the micro-
tissue array, Histogel™ was used as a pre-embedding agent.
In brief, the cultured hydrogel cap on each pillar was pre-
coated with 1 μL of Histogel at 4 °C, then embedded in 1.2
mL of Histogel (liquefied) to prepare histogel/spheroid mini-
blocks using an embedding jig and a PDMS gelling mold
(custom-made from MBD Co.) at 4 °C for 15 min. Pre-coating
with Histogel was done to prevent disintegration of the cell
containing hydrogel when embedding in liquefied Histogel
(60 °C). After gelation, a spheroid/histogel mini-block was
transferred to a regular tissue cassette and subjected to con-
ventional fixing and paraffin processing. Paraffin blocks were
cut into 3 μm sections on a microscope slide using a micro-
tome for further staining and histologic examination.

2.6. Histological staining

Hematoxylin and immunohistological staining was conducted
after fixation and gel removal steps that were optimized for
each type of embedding hydrogel and block. Cryosections were
fixed in 95% ethanol for 15 min. When the alginate hydrogel
was used, degelation was done by incubation in 75 mM EDTA
solution for 30 minutes following ethanol fixation. For colla-
gen and Matrigel hydrogels, degelation was done by DPBS
(Welgene Biotech) washing for 15 min at 4 °C before ethanol
fixation. Paraffin sections were subjected to a de-paraffin step
by incubation in a 60 °C oven and washing in xylene and abso-
lute ethanol. The same degelation methods as for the
cryosections were used prior to further staining.

Immunofluorescence staining was done for E-cadherin,
collagen type I, and laminin using the respective primary
antibodies at 1 : 100, 1 : 200, and 1 : 200 dilution ratio, respec-
tively. In brief, incubation with primary antibodies was done
at 4 °C in a humidified chamber overnight. After blocking
using 10% normal goat serum for 60 min, secondary anti-
body labeled with Alexa Fluor was added for 2 h at room tem-
perature in a humidified chamber. Slides were then counter-
stained with DAPI and mounted for confocal microscopy
(LSM 510 Meta, Carl Zeiss, Oberkochen, Germany).

Hematoxylin staining was performed using routine histo-
logical staining protocols. In brief, pre-fixed sections were
stained in Harris hematoxylin solution for 1 min and
subjected to cytoplasm de-staining in 0.6% (vol/vol) acid alco-
hol for 15 s followed by 30 s hematoxylin bluing in 0.3% am-
monia water. The micro-tissue sections were then subjected
to dehydration steps using 95% absolute ethanol before rins-
ing with xylene as a clearing step. Finally, the micro-tissue
sections were mounted using a drop of Permount (mountant)
for microscopic observation (AX70, Olympus, Japan).

Immunohistochemical detection was performed for TGF-
β1 and CTGF on 3 μm paraffin-embedded sections using the
respective primary antibodies at 1 : 200 and 1 : 400 dilution ra-
tio, respectively. In brief, antigen retrieval was carried out
using a pressure cooker with a Target Retrieval Solution pH
9.0 (DAKO). Primary antibody application was done at 4 °C in
a humidified chamber overnight. The Dako EnVision™ De-

tection System (DAKO; Hamburg, Germany) was then used
for blocking endogenous peroxidase activity and color reac-
tion. Counter-staining with hematoxylin was followed by the
routine mounting procedure described above for hematoxylin
staining.

2.7. Acquisition and analysis of confocal and histochemical
images

Confocal fluorescence images were acquired and analyzed
using ZEN software (Carl Zeiss). For whole spheroids and
cryosections, optical z-sections were obtained at 10 μm or 1
μm interval, respectively. Spheroid size on fluorescence im-
ages was measured using the Image J software. The
hematoxylin-stained slides were scanned on a Panoramic
MIDI digital scanner (3DHISTECH Ltd., Budapest, Hungary),
representative areas were selected for analysis, and spheroid
size was measured using the software program ‘Panoramic
viewer’ (3D HISTECH Ltd).

2.8. Dose–response (viability/apoptosis) assay

The applicability of the mini-pillar array for drug activity eval-
uation was tested by measuring viability changes in spher-
oids exposed to anti-cancer agents, 5-FU and TPZ. HT-29 cells
embedded in 1% alginate were loaded on the 3 × 3 mini-
pillar array chip and cultured for 6 d before drug exposure at
11, 33, and 100 μM for 72 hours. Expression of c-PARP-1 was
monitored as a viability biomarker since drug-induced apo-
ptotic cell death accompanies PARP cleavage. Detection and
quantification of c-PARP-1 was done by immunofluorescence
staining and image analysis on cryosections.

Western blot analysis was performed for c-PARP-1 using a
standard procedure described in a previous publication.25

3. Results
3.1. 3D culture of human cancer cells on 3 × 3 mini-pillar
array

Human colorectal adenocarcinoma HT-29 cells were loaded
and cultured on the mini-pillar array using 0.5–1% alginate
hydrogel. Cultures were monitored for spheroid formation
and growth under varying culture conditions of different
seeding cell densities and hydrogel concentrations up to 6
days (Fig. 2a). Compact aggregates of cells started to appear
at day 3, and continuous growth was observed over 6 days.
Under all tested conditions, HT-29 cells successfully formed
3D spheroids in the alginate hydrogel that steadily grew in
size and number over time (Fig. 2a). No significant difference
was detected between different seeding densities (1000 and
2000 cells per spot) or different alginate concentrations
(0.5% and 1.0%). Multiple spheroids were formed in a single
alginate spot, and the number of spheroids in each spot was
approximately 60.

HT-29 spheroids grown in the alginate hydrogel on the
mini-pillar array chip were analyzed for their size distribution
using z-stack images of optical sections obtained every 10
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μm. Spheroids with diameters less than 70 μm were not clas-
sified as full spheroids and thus excluded from the measure-
ments. HT-29 spheroids grown for 4 days showed the size
range of 70–180 μm with an average size of 110 μm. (Fig. 2b).

In addition to HT-29 cells, two other human colorectal ad-
enocarcinoma cell lines, DLD-1 and HCT-116, and two hu-
man pancreatic cells lines, Panc-1 and AsPC-1, were success-
fully cultured in the alginate hydrogel on the mini-pillar
array. All five cell lines tested showed stable spheroid forma-
tion in alginate starting from day 3, although the pancreatic
cells are considered difficult to grow into 3D spheroids using
other conventional methods. Growth rates differed among
the cell lines: Panc-1 and AsPC-1 spheroids grew as large as
100 μm in diameter, whereas HT-29, DLD-1, and HCT-116
spheroids grew larger than 160 μm in diameter after 6 days
of culture (Fig. 3).

3.2. Imaging of cell viability within 3D spheroids using
confocal microscopy

The viability of cells within the 3D HT-29 spheroids was ana-
lyzed by using confocal microscopy after staining the spher-
oids with calcein AM (Live Cell Assay Kit). Optical sectioning

images of confocal microscopy were collected by means of
Z-stack imaging at 10 μm intervals. Representative serial im-
ages of calcein fluorescence showed that the optical section-
ing was successful only up to 20 μm depth along the Z-axis
from the first plane of fluorescence detection (Fig. 4a). A
gradual decrease in fluorescence intensity was observed
across the entire stacks, reaching the point where calcein
fluorescence was detected only at the outer boundaries of
spheroids leaving the inner core void of signals. When the
Z-stack images were merged, however, spheroids erroneously
appeared as a whole spheroid with an even distribution of
calcein fluorescence among cells (Fig. 4a, far right). These re-
sults indicate that accurate data on cell viability may not be
available from these merged images, and optical sectioning
may not be the method of choice because of photonic attenu-
ation problems when fluorescence microscopy was used to vi-
sualize 3D TS.

In addition to optical problems, we observed problems
with calcein AM penetration as a viability tracer. When we
obtained the fluorescence images using the cryo-sections of
spheroids, those from small spheroids (60 μm) showed posi-
tively stained cells throughout the structure (Fig. 4b), indicat-
ing that cryo-sectioning may be an alternative method when

Fig. 2 Formation and size distribution of 3D tumor spheroids on the mini-pillar array. (a) Growth of HT-29 spheroids over time seeded at different
densities and alginate concentrations. (b) A z-stack confocal image and size distribution of HT-29 TS cultured for 4 days. Spheroids were stained
at 100 mM doxorubicin for 30 min for visualization. The picture shows 1/2 of the entire 1 spot image. Scale bar, 400 μm. The graph represents the
size distribution of spheroids at 10 μm interval (i.e., spheroids of 70–80 μm size expressed as 75 ± 5 μm). Spheroids with diameters <70 μm were
not classified as intact spheroids and were thus excluded from the measurements.
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photo-attenuation limits acquisition of suitable images. How-
ever, images for spheroids larger than 60 μm (Fig. 4b)
showed a pattern similar to that of the optical sections in
Fig. 4a, i.e., fluorescence was detected only at the outer rim
of the spheroids. Therefore, the cryo-section on the calcein
AM-stained spheroids is also limited by the poor penetration
of fluorescence dyes into the compact 3D structures of TS. In
the case of calcein AM, cryo-section analysis may be
recommended for viability evaluation of only small spheroids
with up to 60 μm diameters.

3.3. Imaging of drug penetration within 3D spheroids using
confocal microscopy

Penetration of doxorubicin (DOX) into HT-29 spheroids
formed on the pillar array chip was analyzed by using confo-
cal microscopy after 30 min exposure. Confocal microscopy
was performed by Z-stack imaging at 10 μm intervals as de-
scribed for the calcein experiment (see section 3.2). Nuclei in
the spheroids were visible by DOX accumulation. Representa-
tive serial images showed that the visualization was depth-
dependent as for calcein AM, i.e., imaging was successful
only up to 60 μm depth along the Z-axis from the first plane
of fluorescence detection (Fig. 5a). A gradual decrease in fluo-
rescence intensity and loss of fluorescence signal in the cen-
ter of the spheroids larger than 60 μm resulted in hollow im-
ages similar to those for calcein (Fig. 4a). When cryo-
sectioning was used to visualize DOX penetration into spher-
oids with 100 μm diameter, full penetration and accumula-
tion was seen in a concentration-dependent manner (50 and

100 μM, Fig. 5b). We noted that the photonic attenuation
seen with calcein AM was also present with DOX but to a
lesser degree. There was no observed penetration problem for
DOX, unlike for calcein AM, which may be due to the differ-
ence in MW of these two agents (995 vs. 544 Da for calcein
AM and DOX, respectively). These results indicate that cryo-
sectioning should be the method of choice when the com-
pound has no penetration problem yet there is a photo-
attenuation issue in acquisition of suitable images.

3.4. Culture and histological analysis of 3D spheroids using
various embedding hydrogels: preparation of paraffin blocks

Although cryo-sectioning is relatively quick and simple for
histologic evaluation, paraffin-embedded tissue is preferred
because it is routinely archived and is a potential source
for studies of morphology and gene expressions via H&E
and immunohistologic staining. We examined three types
of hydrogels commonly used for 3D cell cultures, i.e., algi-
nate, collagen, and Matrigel, for spheroid cultures on mini-
pillar chips and preparation of paraffin sections. Using the
procedures illustrated in Fig. 1, HT-29 and Panc-1 were cul-
tured as 3D micro-tissue in all three hydrogels and success-
fully processed for the preparation of paraffin sections of
3D spheroids (Fig. 6a). While we used the same conditions
and procedures for culturing and preparation of paraffin-
embedded tissue sections, some modifications were
adapted in the pre-staining treatment including matrix re-
moval and slide fixation for each type of hydrogel. Al-
though matrix removal was not complete for collagen and

Fig. 3 Representative microscopic images of 3D-cultured tumor spheroids grown using human cancer cell lines. Three different colorectal cell
lines, HT-29, DLD-1, and HCT-116, and two pancreatic adenocarcinoma cell lines, Panc-1 and AsPC-1, were cultured for 6 days in alginate on the
pillars. Scale bar, 100 μm.
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Matrigel, leaving a faint background matrix between spher-
oids, it did not interfere with hematoxylin staining and his-
tologic evaluation. HT-29 spheroids showed a compact 3D
structure with cell–cell interactions and no apparent ne-
crotic region. As shown in the cross-section size distribu-
tion profile, a clear difference was noticed for HT-29 spher-
oids cultured for 4 and 8 days (Fig. 6b). HT-29 spheroids
cultured for 4 days showed sizes of 70–150 μm with an av-
erage size of 100 μm, whereas those cultured for 8 days
had sizes from 140 up to 260 μm with an average size of
150 μm, indicating a 1.5-fold increase in diameter. The par-
affin sections of HT-29 spheroids grown in alginate were
stained and examined for the expression of TGF-β1 and
CTGF known for their role in tumor progression and micro-
environmental interaction (Fig. 6c). These two proteins were
detected at a significant level in the cytoplasm as well as
extracellular spaces. Although not tested directly, paraffin
sections of microtissue grown in collagen and Matrigel
should be also suitable for immunohistochemical staining
of cellular signaling proteins as shown in a similar study.26

Taken together, these results demonstrated not only the
in vivo tumor-like condition of tumor spheroids grown on
the mini-pillar array, but also the usefulness and validity of
our mini-pillar array platform for histologic evaluation
methods.

3.5. Histological analysis of 3D spheroids using
immunofluorescence staining: preparation of cryo-sections

Cryo-sectioning is a particularly useful tool for monitoring
drug uptake or changes in tracer accumulation that are other-
wise incompatible with paraffin procedures utilizing organic
solvents that leach drugs out of cells or denature cellular pro-
teins. We optimized the protocol for culturing and cryo-
sectioning of TS using the alginate hydrogel. Unfortunately,
the two other hydrogels examined, collagen and Matrigel,
were not stable enough for preparation as OCT-frozen blocks.
HT-29 cells were cultured in 1% alginate for 6 or 8 days and
embedded in OCT and sectioned in a cryotome. Cryo-
sections obtained were then stained with hematoxylin or with
fluorescent antibodies targeting E-cadherin, collagen, or lam-
inin (Fig. 7). The protocol was optimized to remove the resid-
ual alginate matrix and obtain clean sections, as seen in the
hematoxylin-stained section (Fig. 7a). One of the prominent
characteristics of multicellular TS cultures is the expression
of ECM proteins and cell–cell adhesion molecules. The ex-
pression and distribution of E-cadherin, collagen type 1, and
laminin were successfully detected in 3D spheroid tumors
(Fig. 7b–d). Nuclear staining with DAPI was used to observe
the relative localization in the spheroids. The expression of
E-cadherin was discrete around nuclei in a hexagonal

Fig. 4 Viability assessment for HT-29 microtumors cultured on the mini-pillar array using calcein AM. (a) Images were obtained by optical section-
ing at 10 μm increments from the outer layer to the core along the Z-axis of a spheroid. The relative fluorescence intensity was measured along
the X-axis distance as shown in the graph below the image. (b) Representative images of cryo-sections obtained using HT-29 spheroids of two dif-
ferent sizes. HT-29 spheroids were incubated with a mixture of calcein AM/propidium iodide (30 μM/1 μM) for 30 min at 37 °C. Scale bars, 50 μm.
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Fig. 5 Assessment of DOX penetration into HT-29 spheroids. (a) Images were obtained by optical sectioning at 10 μm increments from the outer
layer to the core along the Z-axis of a spheroid. The last image represents the merged image of six sections created by morphometric analysis of
each florescence image. The relative fluorescence intensity was measured along the X-axis distance as shown in the graph below the image. (b)
Representative images of a cryo-section from a spheroid exposed to DOX. HT-29 spheroids were cultured for 4 days and exposed to DOX at 50
μM (left) and 100 μM (right) for 30 min. Scale bars, 50 μm.

Fig. 6 Hematoxylin and immunohistochemical staining of paraffin-embedded tumor spheroids cultured in three types of hydrogel. (a)
Hematoxylin-stained sections of HT-29 (left) and Panc-1 (right) spheroids grown for 6 days in alginate, collagen or Matrigel. Scale bars, 50 μm. (b)
Differential size distribution of cross-sections of HT-29 spheroids grown for 4 and 8 days in the alginate hydrogel. Scale bars, 50 μm. (c) Immuno-
histochemical detection of CTGF (left) and TGF-β1 (right) in HT-29 spheroids grown for 6 days in the alginate hydrogel. Scale bars, 100 μm.
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structure. Collagen expression was lower than that of laminin
and exhibited an apparent fibrous network structure. These
immunocytochemical results demonstrated the quality of the
cryo-blocks containing alginate-embedded TS.

3.6. Anticancer drug evaluation

Dose–response was analyzed on the frozen sections with im-
munofluorescence staining for c-PARP-1 with counter
staining of nuclei DAPI (Fig. 8). The relative cell viability was
calculated as the fluorescence intensity ratio of (DAPI −
c-PARP-1) over DAPI. c-PARP-1 expression increased with in-
creasing concentrations, yet showed a significant difference
between two drugs, i.e., TPZ showed up to 50% cell death,
whereas 5-FU showed only 20% at 100 μM, the highest con-
centration tested. The higher efficacy of TPZ compared to
5-FU was consistent with expectations that TS (micro-tumor
tissue) were known to recapitulate hypoxic conditions in the
3D structure and TPZ may exert a specific toxicity to cells un-
der a hypoxic environment.15–27

4. Discussion

Here we report a novel way to prepare histologic sections of
TS. TS are representative 3D culture models with promising
application for screening therapeutic drugs and drug combi-
nations in drug discovery and development based on their
clinically relevant properties and characteristics.27,28 Hence,
there are many developed methods available for preparation
of 3D TS; nonetheless, histologic evaluation is dependent on
manual harvesting and subsequent labor-intensive proce-
dures. This conventional process is not only low-throughput
but is also prone to damaging the integrity of 3D TS struc-
tures. We developed a novel 3 × 3 mini-pillar array chip that

can be used for culturing and subsequent sectioning in a
convenient and efficient array from in vitro-cultured micro-
tumor tissue. The mini-pillar array chips are compatible with
a regular microtome sample chuck (for sectioning) and 96-
well plates (for culturing) in size and dimensions, which
make them widely and practically applicable. This method
adopted a quick one-step transfer of hydrogel-embedded TS
to a commonly used cryo- and paraffin-block and subsequent
histological analysis. The 3 × 3 chip array provided nine dif-
ferent sample spots with more than 60 spheroids per spot,
which supports multiplexed experiments for multiple com-
parisons. Further development of this platform into a high-
throughput platform is underway in our laboratory.29

We successfully cultured TS using five different cell lines
including HT-29, DLD-1, HCT-116, Panc-1, and AsPC-1
(Fig. 3), among which the pancreatic cell lines Panc-1 and
AsPC-1 are usually unable to form spheroids by other conven-
tional methods such as the liquid overlay method.30 Encapsu-
lation in a small volume of hydrogel may have promoted the
aggregation of these loosely aggregated cells and supported
growth with appropriate nutrient supply and gas exchange.
We also demonstrated the expression of cell adhesion and
ECM molecules such as E-cadherin, collagen type I, and lami-
nin (Fig. 7), indicating that the culture conditions used
herein accommodated 3D cell-to-cell and cell-to-ECM interac-
tions resulting in conditions mimicking human solid tumors
in vivo. Tumor-associated stroma and ECM are known to con-
tribute to environment-mediated drug resistance (EMDR) in
solid tumors.31 Tumor cells secrete a variety of proteins in-
cluding growth factors and ECM proteins; these sustain pro-
liferation potential as well as confer drug resistance. Realistic
mimicry of the in vivo conditions of human tumors therefore
requires the expression of these proteins. The cell-adhesion
mediated drug resistance phenomenon, in particular, is

Fig. 7 Confocal fluorescence images of HT-29 spheroids stained for cell adhesion molecules and ECM proteins. Cryo-sections of tumor spheroids
(10 μm thick) were stained with hematoxylin (a) or with antibodies against E-cadherin (b), collagen type 1 (c), and laminin (d) along with DAPI to vi-
sualize nuclei. Scale bar, 100 μm.
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mediated by adhesion of tumor cells via integrins to compo-
nents of the ECM such as collagen, fibronectin, and lami-
nin.31 Soluble factor-mediated drug resistance, another mech-
anism of EMDR, may also have been realized in our model,
as multiple spheroids were grown in close proximity within a
hydrogel spot and may have created an effective concentra-
tion gradient of soluble factors around the tumor cells as
shown for CTGF and TGF-β1. Thus, our model can have an
additional advantage over models using conventional well
plates that cause excessive dilution of soluble factors. Overall,
our pillar array chip may represent a useful method for
the study of 3D drug resistance or solid tumor progression
when the accompanying molecular signature within 3D
spheroids needs to be analyzed by rapid histologic and
immunocytologic evaluation.

In vitro 3D TS models have become the most commonly
used tools to assess the anti-proliferative activity of drug and
its penetration in avascular tumor regions. This in vitro tech-
nique offers the advantage of maintaining in vivo 3D condi-
tions while simultaneously allowing examination in the ab-

sence of complicating factors such as systemic
pharmacokinetics and metabolism and without issues arising
from interspecies differences between mice and humans.32

Cell cytotoxicity assays are based either on various cell func-
tions such as enzyme activity and cell membrane permeabil-
ity or on live cell numbers using methods such as colony for-
mation assays.33 Calcein AM is a widely used green
fluorescent cell marker that exhibits low cytotoxicity and does
not significantly affect cellular functions such as proliferation
or chemotaxis. Fluorescence imaging is also widely used to
analyze drug distribution using fluorescent anticancer drugs
such as DOX or fluorescent dye-conjugated compounds.34

Here we measured cellular vitality with calcein AM and the
drug distribution of DOX using optical sectioning (Fig. 4
and 5). Although confocal microscopy allows easy analysis
of calcein AM or DOX uptake in 3D spheroids, fluorescence
attenuation in 3D structure is an issue for acquisition of suit-
able images, and its use should be limited for the region dis-
tal from the spheroid surface, as shown by our data (Fig. 4a
and 5a) and in other reports.34–37 This imaging limitation

Fig. 8 Evaluation of anticancer drug activity in HT-29 TS grown on mini-pillar array chips. (a) Confocal image arrays of cryo-sectioned TS after
drug exposure. Enlarged pictures show representative individual spheroids with drug-induced cell death. Stacked images of three z-sections at 1
μm-interval were obtained from 5 μm-thick cryo-sections. (b) Relative cell viability decreased with increasing drug concentrations. (c) The differen-
tial activities of 5-FU and tirapazamine were confirmed by western blot analysis on c-PARP using cell lysate. HT-29 spheroids were grown for 6
days and exposed to 5-FU or tirapazamine for 72 hours on the mini-pillar array chip. Cryo-sections were prepared and cell death was measured
using c-PARP expression. Relative cell viability was calculated as the ratio of (DAPI – c-PARP-1) over DAPI (nuclear) counter stain.
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and the limited penetration of large molecules into compact
3D structures are major hurdles for viability staining with
calcein AM and other fluorescent dyes.36,37 Considering these
issues of fluorescence dye penetration and imaging, we pro-
pose direct evaluation of the levels of probes with suitable
penetration into the tissue section as a method of choice for
the assessment of viability in 3D cultures such as TS. In this
regard, our mini-pillar array may provide an efficient way to
prepare histologic sections of these micro-tissues that can be
easily adapted in laboratories.

It has been widely recognized that cellular characteristics
related to proliferation, gene expression, cellular behavior,
phenotypic heterogeneity, and response to drugs and other
external stimuli can be recapitulated only when cells and
their microenvironmental components are allowed to grow
and interact in a vivo-mimic 3D context. Hence, 3D culture
models became an important topic in cancer and stem cell
research as well as in drug discovery and development.38

HCA of in vivo mimic-cellular characteristics can be effi-
ciently performed using the device and methods developed
in the present study: molecular changes can be traced spa-
tially without limitation due to photonic attenuation and
probe penetration. In basic and translational cancer research
fields, this may be very useful not only in drug screening and
evaluation (Fig. 8) and identification of target or action mecha-
nism of drug, but also in the biological study of tumor progres-
sion. Stem cell research may also take advantage of our
methods since 3D culture conditions determine organogenesis.

There are several other platforms that allow 3D cell cul-
tures as reviewed in a recent paper.39 Among commonly
used platforms are hydrogel matrix-embedded culture, hang-
ing drop culture, and liquid overlay culture. Miniaturized
platforms have recently been developed for 3D cultures such
as microwell plates, microfluidic chips, and cellular micro-
arrays.39 These platforms, however, have disadvantages be-
cause of difficult handling of individual spheroids, and
hence are not suitable for preparing microtissue histologic
sections for HCA. While microscopic imaging methods carry
problems related to photonic attenuation, viability assay
using colorimetric methods is also limited by producing av-
eraged signals with no information with respect to spatial
distribution. We developed a novel 3 × 3 mini-pillar array
chip that can be used for culturing and sectioning micro-
tissues in an array form, which allows HCA without tedious
pipetting and handling of fragile spheroids during paraffin
or OCT-block preparation and may also provide additional
information with respect to the spatial distribution within
3D structures.

5. Conclusions

We developed a novel method to prepare cryo- and paraffin-
embedded sections of 3D TS by using a mini-pillar array chip.
Our mini-pillar array provides miniaturization of 3D cultures
and allows precise control of microenvironmental cues, en-
abling outcomes that can be easily reproduced. Furthermore,

it can reduce reagent consumption, easily facilitate combina-
torial approaches, and minimize the use of valuable mate-
rials such as patient-derived cells. In addition, 3D cultures of
different types of cells have been used in many biology and
bioengineering fields including stem cell biology, toxicology,
and tissue regeneration. The visualization of 3D structures re-
mains an unsolved issue in these fields because detection
depth is limited by their size and structural complexity. We
report here for the first time a mini-pillar array-based histo-
logic analysis platform that provides a way to circumvent this
visualization issue. Our novel mini-pillar array platform can
potentially promote high-content histological analysis of 3D
cultures and can be further optimized for needs in each field.
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