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a  b  s  t  r  a  c  t

We  have  developed  a plastic  pillar  insert  to  facilitate  miniaturized  three-dimensional  (3D)  cell  cultures  in
96-well  plates  by forming  3D  hydrogel  droplets  containing  cells (about  1 �L) on  the  tip  of  the  pillar  insert.
Hemispherical  3D  droplets  containing  cells  were  formed  simply  by  immersing  the  tip  of the  pillar  insert
into  a mixture  of  poly-l-lysine  (PLL)  and BaCl2 in  a cell-encapsulation  apparatus,  followed  by  dipping
it  into  cell  suspension  in  alginate.  Compared  to traditional  3D  cell culture  platforms  such  as polymer
scaffolds  in  96  wells  and  3D  hanging  drop  plates,  it allows  us  to easily  change  cell growth  media  or
expose  3D  cells  to reagents  by  immersing  the  tip of the  pillar  inserts  in different  96  wells  filled  with
growth  media  or  reagents.  As  a proof  of  concept,  A549  and  PC9  cell  lines  from  human  non-small  cell lung
cancer  (NSCLC)  were  grown  on the  pillar  insert  and  tested  for  cytotoxicity  with  Erlotinib.  Both  cells  on
the  tip  of  the  pillar  insert  grew  over  time,  forming  3D  structures  unlike  traditional  2D  cell  monolayer
cultures  and  mimicking  in  vivo-like  cellular  microenvironment.  The  number  of  cells  in alginate  droplets
was  linearly  proportional  to the  cell seeding  density.  The  doubling  time  of  A549  and  PC9  cells  were
15.9  h  and 16.1  h,  respectively,  which  were  similar  to  those  obtained  from  traditional  2D  cell  cultures.

IC50 values  from  A549  and  PC9  cells  exposed  to Erlotinib  for 3 days  were  15.2  ± 7.0  �M  and  1.7  ± 0.4 nM,
respectively,  indicating  that  PC9  cells  with EGFR  mutation  are  highly  sensitive  to  Erlotinib.  Interestingly,
the  IC50 value  of  3D  PC9  cells  grown  on  the  pillar  insert  was  6 times  lower  than  those  obtained  from  2D
PC9  cells  grown  on  the surface  of  96-wells,  whereas  the IC50 value  of  3D  A549  cells  were  5  times higher
than  those  from  2D  A549  cells.  The  result  may  represent  that  A549  and  PC9  cells  grown  on  the  pillar

ng  wh
insert  are  better  mimicki

. Introduction

Cell-based assays have been used extensively for in vitro com-
ound efficacy/toxicity testing and, indeed, have become routine

n drug discovery processes [1]. Established in vitro cell models
dopted in the 96- and 384-well micro-titer plate with liquid-
ispensing and plate-handling robotics as the standard workhorse
or high-throughput screening (HTS) provide valuable preliminary
nsight for drug candidates by testing the bioactivity of a series of
ompounds and identifying potential toxic liabilities to humans. For

xample, US National Cancer Institute 60 human tumor cell lines
NCI60) have been used to rapidly identify compounds with higher
fficacy against particular tumor types such as leukemia, colon,
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el.:  +82 10 2546 9586.
∗∗ Corresponding author at: Solidus Biosciences, Inc., 409 Illinois Street,
an Francisco, CA 94158, USA. Tel.: +1 415 978 2160.

E-mail addresses: dw2010.lee@samsung.com (D.W. Lee), lee@solidusbio.com
M.-Y. Lee).

925-4005/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2012.10.129
at  happens  in  humans.
© 2012 Elsevier B.V. All rights reserved.

lung, central nerve system (CNS), renal melanoma, ovarian, breast,
and prostate. Human cells grown on the surface of 96- or 384-wells,
known as two-dimensional (2D) cell monolayer cultures, have been
used as the gold standard for the past few decades in the drug
discovery processes [1]. However, many cells of normal and malig-
nant origin lose some of their phenotypic properties when grown
in vitro as 2D monolayer [2–5]. The formation of tissue-like struc-
tures is highly inhibited in 2D monolayer cultures due to the strong
affinity of cells to most artificial surfaces and the restriction to a
2D space, severely limiting intercellular contacts and interactions.
Compared to 2D monolayer cell cultures, some researchers have
already reported that 3D cultured cells show different morpholo-
gies [6],  and protein/gene expressions [7,8], and drug responses
[9,10]. Therefore, in recent years, there have been enormous efforts
toward three-dimensional (3D) cell cultures [11,12] that can main-
tain specific biochemical and morphological features of human
cells similar to the corresponding tissues in vivo, including human
cells grown within the 3D structure of hydrogel such as alginate,

Matrigel, and collagen or human cells grown on 3D polymer scaf-
folds in 96 well plates [7–13]. Recently, 3D cell cultures were
demonstrated in 3D hanging drop plates by aggregating cells in
hanging droplets by gravity, eventually leading to the formation of

dx.doi.org/10.1016/j.snb.2012.10.129
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:dw2010.lee@samsung.com
mailto:lee@solidusbio.com
dx.doi.org/10.1016/j.snb.2012.10.129
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pheroids [13]. These 3D cell culture approaches facilitate cell–cell
nteractions, such as those between stromal and tumor cells for
ancer growth and progression studies, and enhance cell-to-cell or
ell-to-extracellular matrix (ECM) adhesion/signaling, ultimately
eading to the expression of phenotypic proteins/genes and the for-

ation of in vivo tissue-like morphology. For example, fibroblasts
ultured on 2D surfaces formed a flat shape, strikingly dissimilar
rom the bipolar/stellate shape found in tissues, whereas fibrob-
asts cultured in 3D collagen structure showed a more in vivo
issue-like phenotype [13,14]. The profile of gene expression in

elanoma cells grown on 2D surfaces and in 3D hydrogel indi-
ated that 173 genes related to chemokines, laminin, and c-Jun
ere strongly up-regulated in 3D [15,16].  Similarly, the expression
rofiles of vascular smooth muscle cells showed that 100 genes
ere differently up-regulated in 3D compared to those in 2D [17].

n addition, C4-2B prostate cancer cell lines cultured in hyaluronic
cid (HA) hydrogel showed lower resistance to a cytotoxic quino-
ine alkaloid, camptothecin, than their counterpart cultured on 2D
urfaces [10]. In contrast with C4-2B cells, HepG2 hepatoma cell
ines in 3D demonstrated higher resistance to cisplatin by forming

ulticellular spheroids compared to those grown in 2D [18].
To facilitate 3D cell cultures in hydrogel on the traditional well

late platforms, it is important to aspirate and dispense a mixture
f cell suspension and viscous hydrogel as big as 10–100 �L with a
iquid dispenser and change cell growth media over time without
amaging the 3D structure of hydrogel containing cells, which is a
ifficult and daunting task. To alleviate these problems and facili-
ate 3D cell cultures at a minimum assay volume as small as 1 �L, we
ave developed a plastic pillar insert combined with the conven-
ional 96-well plates (Fig. 1). The alginate droplets containing cells

ere generated on the pillar insert by immersing the tip of the pillar

nsert into a trench containing a mixture of poly-l-lysine (PLL) and
aCl2 in a cell-encapsulation apparatus, followed by dipping it into
nother trench containing cell suspension in alginate. This method

ig. 1. Schematics of 3D cell cultures in hydrogel: (A) conventional 3D cell cultures in the 9
ith  the 96-well plate.

Fig. 2. Schematics of the pillar insert (A) and
ators B 177 (2013) 78– 85 79

allowed us to generate uniform cell-containing hydrogel droplets
on the pillar insert without using a liquid dispenser. In addition,
encapsulated cells were exposed to fresh growth media or com-
pounds by simply transferring and immersing the pillar insert from
column of a well to another column of that well without damaging
the 3D structure of hydrogel. Compared to our previous miniatur-
ized 3D-cell culture platform constructed on functionalized glass
slides [19,20], our new platform is highly compatible with conven-
tional cell-based assays using 2D cell monolayers, as the pillar insert
can be combined with 96-well plates with cell-staining dyes. As a
proof of concept, A549 and PC9 cell lines from human non-small
cell lung cancer (NSCLC) were encapsulated in alginate on the pil-
lar insert and tested with Erlotinib for cytotoxicity. Erlotinib is a
drug used to treat NSCLS and several other types of cancer, and it
is a reversible tyrosine kinase inhibitor, acting on the epidermal
growth factor receptor (EGFR). Thus, Erlotinib is known to work
more effectively on the PC9 cell line, which has EGFR mutation
[21,22].

2. Materials and methods

2.1. Fabrication of a plastic pillar insert

A pillar insert and a cell-encapsulation apparatus were prepared
by cutting cyclic olefin copolymer (COC) with a computer numer-
ical control (CNC) machine. COC was  selected because of its high
transparency, excellent biocompatibility, and adequate stiffness for
physical machining. A single pillar insert consists of eight pillars,
each pillar being 2 mm in diameter and 9 mm in height and 9 mm
pillar-to-pillar distance, and thus, compatible with the conven-

tional 96-well plates (Fig. 2A). The cell-encapsulation apparatus has
a pair of grooves to help guide the pillar insert and a long and nar-
row trench (5 mm in width, 70 mm in length, and 0.8 mm in height)
to accommodate reagents for encapsulating cells in hydrogel. Prior

6-well plate and (B) new 3D cell cultures constructed on the pillar insert combined

 the cell-encapsulation apparatus (B).
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cell seeding density, the final alginate content remained constant
at 1% throughout the experiment. The cell-encapsulation appara-
tus was  reused after cleaning with 70% ethanol. To visualize cells
Fig. 3. Schematics of experimental procedures to encapsulate 3D cells on th

o using the pillar inserts and the cell-encapsulation apparatus, the
illar inserts and cell-encapsulation apparatus were immersed in
0% ethanol for 30 min  for sterilization followed by complete drying
t room temperature.

.2. Cell culture and the preparation of cell suspension

A549 and PC9 cell lines from NSCLC were obtained from ATCC
nd cultured in Roswell Park Memorial Institute (RPMI) medium
640 (CellGro) supplemented with 10% fetal bovine serum (FBS
rom CellGro) and 1% penicillin–streptomycin (Invitrogen) in cell-
ulture Petri dishes (from Corning, 100 mm  in diameter) in a
umidified 5% CO2 incubator (Sheldon Mfg., Inc.) at 37 ◦C. The cells
ere routinely passaged every 2–3 days at 80% confluence. The cell

uspensions was prepared by trypsinizing a confluent layer of the
ells with 0.3 mL  of 0.25% trypsin–0.53 mM EDTA (Invitrogen) from
he culture dish and resuspending the cells in 7 mL  of 10% FBS-
upplemented RPMI. After centrifugation at 2000 rpm for 3 min,
he supernatant was removed and the cell precipitates were resus-
ended with 10% FBS-supplemented RPMI to a final concentration
f 10 × 106 cells/mL. The number of cells in RPMI was calculated by
sing the automatic cell counting kit of AccuChip (Digital Bio). For
he passage of the cells, 5 × 105 cells were seeded in a 100 mm  Petri
ish containing 20 mL  of growth medium. In addition, the passage
umber of the cells used in the experiment was between 20 and
0.

.3. Encapsulation of cells in alginate on the pillar insert

The cells were encapsulated in alginate droplets and strongly
ttached on the tip of the pillar insert through physical affinities
etween COC to Matrigel and Matrigel to PLL and ionic inter-
ctions between positively-charged PLL and negatively-charged
lginate (Fig. 3). BaCl2 was added to form a gel by cross linking
etween carboxylic groups on alginate. The bottom adhesion layer
n the pillar insert was prepared by adding 600 �L of Matrigel
n the trench of the cell-encapsulation apparatus and immers-
ng the tip of the pillar insert into the Matrigel solution. In this

tep, for preventing Matrigel from gelling, the trench is placed
n ice to keep temperature under 4 ◦C. Following the drying of
he Matrigel in room temperature, the tip of the pillar insert was
mmersed in 600 �L of a mixture of PLL and BaCl2 in the trench.
of pillar inserts and to test the cytotoxicity of compounds in 96-well plates.

After the complete drying of PLL–BaCl2, the tip of the pillar insert
was immersed into cell suspension in 1% alginate, immediately
separated from the cell-encapsulation apparatus, and then stored
in a Petri dish for 1 min  at room temperature, resulting in the
gelation of the alginate matrix on the PLL–BaCl2 layer. Immedi-
ately after gelation, the pillar insert with cells in alginate was
immersed in the growth medium in a column of 96 wells for
cytotoxicity assays. With this approach, the encapsulated cells can
be exposed to fresh growth media, compounds, or staining dyes
by simply transferring and immersing the tip of the pillar insert
from one column of 96 wells to another column of 96 wells with-
out damaging the 3D structure of alginate (Fig. 4). Matrigel and
low viscosity alginic acid from Macrocystis pyrifera were purchased
from BD biosciences and Sigma–Aldrich, respectively. Matrigel was
used without dilution and 2% (w/v) alginate solution was pre-
pared in sterile de-ionized distilled water prior to further dilution
with cell suspension. The PLL–BaCl2 mixture was prepared by
mixing 100 �L of 0.05 M BaCl2 (Sigma–Aldrich) with 200 �L of
0.01% PLL (Sigma–Aldrich). A suspension of cells in alginate was
prepared by mixing equal volumes of cell suspension in 10% FBS-
supplemented RPMI (2 × 106 cells/mL) with 2% alginate solution
in distilled water so that the final concentration of cells and algi-
nate were 1 × 106 cells/mL and 1%, respectively. While changing the
Fig. 4. Schematics of a 96-well plate with pillar inserts and the picture of the pillar
insert immersed into the 96 wells. Each pillar insert consists of 8 pillars.



D.W. Lee et al. / Sensors and Actuators B 177 (2013) 78– 85 81

F ntainin
i

e
(
w
s
9
o
n
fi

2

d
i
c
d
c
s
c
d
w
t
d
b
w
D
a
e
g
i
f
i
T
w
a
m
t
w
m
P
r

3

c
i
o
i

ig. 5. Pictures of the pillar insert with alginate droplets: (A) an alginate droplet co
n  the alginate droplet (C). Green dots represent A549 cells in the alginate droplet.

ncapsulated in alginate droplets under a fluorescent microscope
OLYMPUS BX51), the pillar insert containing cells were stained
ith 200 �L of 1 �M calcein AM (Invitrogen) dissolved in a saline

olution containing 140 mM NaCl and 20 mM CaCl2 for 30 min  in
6 wells. Green dots represent live A549 cells in alginate on the tip
f the pillar insert (Fig. 5). The picture was taken at 12.5× mag-
ifications with a 490 nm excitation filter and a 520 nm emission
lter.

.4. Cytotoxicity tests with Erlotinib

As a proof of concept, A549 and PC9 cell lines grown in alginate
roplets were tested with Erlotinib (Tarceva, BioVision) for cytotox-

city, and the results were compared with their 2D counterparts. A
ompound stock solution was prepared by dissolving Erlotinib in
imethyl sulfoxide (DMSO) at 20 mM.  To maintain a final DMSO
ontent of less than 0.5% and to prepare 50 �L of test compound
olutions at 200-fold higher concentrations than the desired final
oncentration, the compound stock solution was 5-fold serially
iluted in DMSO (7 dosages plus 1 control). As a control, 100% DMSO
ithout compound was  used. To prepare 200 �L of further diluted

est compound solutions in a 96-well plate, 1 �L of compounds
iluted in DMSO was mixed with 199 �L of the growth medium
efore use. Therefore, the final concentrations of Erlotinib used
ere 0, 0.064, 3.2, 16, 80, 400, 2000, and 10000 nM,  respectively.
ue to potential compound carry-over, compound solutions were
dded from low to high concentration in the 96-wells. Prior to drug
xposure, the pillar insert containing cells was incubated in the
rowth medium in 96 wells for 1 day to maintain high cell viabil-
ty. After cells were exposed to Erlotinib at different concentrations
or 3 days, the remaining cell viability was measured by incubat-
ng cells for 1 h in 200 �L of a CCK-8 solution (Dojindo Molecular
echnologies, Kumamoto, Japan) and reading absorbance at 450 nm
ith a plate reader (SpectraMax190, Molecular Devices). To avoid

ny interference by the pillar insert with the absorbance measure-
ent of the CCK-8 solution, the pillar insert was  removed from

he 96-well plate prior to the measurement. The CCK-8 solution
as prepared by mixing 20 �L of CCK-8 with 180 �L of the growth
edium. The data were plotted with SigmaPlot 10 and GraphPad

rism 4 to measure cell growth rates and obtain sigmoidal dose
esponse curves and IC50 values.

. Results and discussion

The pillar insert was designed to perform high-throughput 3D

ell cultures in the 96-well plate and allowed us to test the cytotox-
city of compounds. The alginate droplets containing cells on the tip
f the pillar insert were securely attached on the surface by form-
ng a gel (Fig. 5). In addition, the cells in alginate droplets formed
g A549 cells on the tip of the pillar insert (B) and A549 cells forming 3D structures

multi-cellular aggregates during proliferation, which are morpho-
logical characteristics of cultured 3D cells (Fig. 5C). The encapsu-
lated cells were easily exposed to growth media, compounds, or
staining dyes by transferring and immersing the pillar inserts into
the 96 wells (Fig. 4). To demonstrate the feasibility of the pillar
insert for 3D cell cultures and cytotoxicity assays, we measured the
uniformity of the alginate droplets containing cells and the growth
rates of A549 and PC9 cells on the pillar inserts by using a CCK-8
assay kit. Finally, the cytotoxicity of Erlotinib was  tested using the
pillar insert containing A549 and PC9 cells in alginate droplets.

3.1. The uniformity of alginate droplets containing cells prepared
by immersing the tip of the pillar insert into cell suspensions in
alginate

Unlike dispensing accurate volumes of cell suspensions in algi-
nate using a liquid dispenser, cells on the pillar insert were
encapsulated by immersing the tip of the pillar insert into cell
suspensions in alginate. Thus, measuring the exact volume of algi-
nate droplets containing cells on the pillar insert and verifying the
uniformity of cell numbers in each droplet at different seeding
densities were important issues. To this end, the volume of algi-
nate droplets was  measured by weighing the pillar insert before
and after immersion into cell suspensions in alginate. After obtain-
ing the total weight of 8 alginate droplets attached to the tip of
the pillar insert, the average weight of one droplet was calcu-
lated by simply dividing the total weight by 8. As a result, the
weight of one droplet on the pillar insert was  1.014 ± 0.056 mg,
which was  measured with 10 pillar inserts (i.e.,  80 droplets). Since
the density of 1% (w/w)  alginate is 1.01 g/mL, the volume of one
droplet turned out to be approximately 1.0 �L. Therefore, the cal-
culated number of cells in each droplet on the pillar insert would be
1000 when 1 million cells/mL of suspension in 1% alginate is used.
To prove this calculation experimentally, we  counted the num-
ber of A549 cells stained with calcein AM in each droplet, 1 day
after seeding 1 million cells/mL. As a result, the average number
of A549 cells obtained from 1 pillar insert was 960 ± 123cells per
droplet, which is close to the estimated number of cells in each
droplet. To investigate whether the number of cells in each algi-
nate droplet is linearly proportional to the seeding density of cell
suspensions in alginate, we  immersed the tip of the pillar inserts
into cell suspensions containing 0, 1, 2, 4, 8, and 16 million cells/mL
and measured absorbance from live cells using the CCK-8 solu-
tion. It is well known that the absorbance of CCK-8 is proportional
to the number of live cells tested [23,24]. The viability of cells in

alginate droplets was  monitored with CCK-8 after 1 day of incu-
bation because seeded cells require time to recover damages from
trypsinization, reconstruct their cytoskeleton, and secrete extra-
cellular matrix, thereby enabling them to reenter a normal cell
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ig. 6. Absorbance of A549 cells encapsulated in alginate on the tip of the pillar inse
ncrease of absorbance indicates that uniform numbers of cells are encapsulated in
ensities of cells.

ycle. As shown in Fig. 6, absorbance values obtained from alginate
roplets containing live A549 and PC9 cells were linearly propor-
ional to the seeding density of cell suspensions. The calibration
urves after liner regression showed that R2 values for A549 and
C9 cells are 0.997 and 0.999, respectively, indicating that there is a
ood correlation between absorbance and the cell seeding density.
n addition, the slopes for A549 and PC9 cells were 3.14 × 10−5 and
.48 × 10−5 absorbance/cell, respectively. Using the slopes from the
alibration curves and the volume of one droplet on the pillar insert,
e were able to calculate the number of A549 and PC9 cells in

lginate droplets by measuring absorbance.

.2. Growth rates of A549 and PC9 cells in alginate droplets on
he pillar inserts

The growth rates of cells encapsulated in alginate droplets on the
ip of the pillar insert were determined and compared with those
rom 2D cell monolayers. As shown in Fig. 7, A549 cells were grown

n alginate droplets as evidenced by increased green fluorescence
ver time, forming unique 3D aggregates.

The cells were stained with calcein AM,  which can be trans-
orted through the cellular membrane and can produce a green

ig. 7. Pictures of stained A549 cells in alginate on the tip of the pillar insert after 1 day (A
f  green fluorescence indicates cell growth on the pillar inserts during incubation.
ifferent seeding densities. Absorbance was  measured by CCK-8 solution. The linear
ate by immersing pillar inserts into the 96-well plate containing different seeding

fluorescent response from living cells, making it useful for testing
cell viability. The images of A549 cells in Figs. 5 and 7 were taken
by a traditional fluorescent microscope, and there was  no unusual
fluorescence or reflection observed from the cells on the pillar
insert. In addition, it was easy to monitor cell growth on the pillars
over time under a bright field microscope as well because of highly
transparent COC used. We  believe that the imaging of various cells
on the pillars in general are as simple as conventional ways of cell
imagining because numerous high-throughput cell imaging and
analysis systems including cellomics have a function of automatic
focus on cells built in already for high-content screening. There-
fore, it will not be a problem to obtain images of cells on the pillar
insert where the cells are no longer in one plane but the pillars
may  be slightly higher or lower in the 96-well plates. To determine
cell growth quantitatively, we measured the absorbance of A549
and PC9 cells at a 1 million cells/mL seeding density (i.e.,  1000
cells/droplet seeding density) over time using the CCK-8 solution
(Fig. 8). The same numbers of cells were seeded but grown on two

different systems, namely 3D cultures on the pillar insert and 2D
cultures on the surface of 96 wells, both with 200 �L of the growth
medium. As shown in Fig. 8A, both A549 and PC9 cells in alginate
droplets grew over time on the pillar inserts, and the growth rates

) and 4 day (B) incubations. A549 cells were stained with calcein AM. The increase
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Fig. 8. The growth curves of A549 and PC9 cells in alginate on the pillar inserts (A) and in the 96-well plate (B).

Table  1
The comparison of doubling times of A549 and PC9 cells cultured in 2D monolayers and 3D alginate droplets and IC50 values obtained with Erlotinib.

Cell lines Doubling time [h] IC50 values

2D cell monolayers
in 96 wells

3D cell cultures on the
pillar inserts

In the
literature

2D cell monolayers
in 96-wells

3D cell cultures on the
pillar inserts

In the
literature
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and all data were obtained from three separate runs. As expected,
the dose response curves obtained from A549 and PC9 cells were
very different from each other (Fig. 9). For both 3D and 2D cell-
culture systems, IC50 values of PC9 cells were dramatically lower
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A549 15.3 15.9 16.9 [25
PC9  14.3 16.1 20.3 [26

ere gradually reduced, presumably due to the limited space avail-
ble for cell growth within alginate droplets. Interestingly, A549
nd PC9 cells grown on the surface of 96 wells did not show such
etardation in growth (Fig. 8B), indicating that there is still enough
pace for these cells to grow in 96 wells for up to 5 days. This
isparity in growth can be overcome by increasing the diameter of
he pillar insert or reducing the cell seeding density so that cells can
row linearly for a longer period of time without space limitation.
n addition, we have not observed A549 and PC9 cells migrated out
f the alginate gel (anionic polysaccharide gel) even after 8 days of
ulture on the pillar insert, indicating that cells may  not be able to
scape from the alginate gel and the space limitation in the alginate
el affects their growth. However, numerous cells secreting matrix
etalloproteinases (MMP)  may  be able to migrate out of gel
atrices when these cells are encapsulated in protein-based gels

uch as collagen and Matrigel and grown on the pillar insert over
he long period of time. Due to robust surface chemistries, the
ell-containing alginate gels at the tip of the pillars were strongly
ttached for over 10 days of cell cultures in RPMI. To avoid any
estabilization of the alginate gel by chelating agents such as a high
oncentration of phosphate or Tris buffer in cell growth media,
e implemented much stronger cross linker of negatively charged

lginate such as BaCl2 instead of CaCl2. The doubling time of A549
nd PC9 cells was calculated from absorbance values measured
etween 1and 3 days presented in Table 1. For both A549 and PC9
ells, the doubling times obtained from 3D and 2D systems were
imilar, which were comparable with those from the literature.

.3. Cytotoxicity of Erlotinib tested with A549 and PC9 cells
rown in alginate droplets on the pillar insert

The applicability of the pillar insert combined with the 96-
ell plate for cell-based assays was tested with A549 and PC9

ells exposed to Erlotinib. Erlotinib was selected as it is a well-
nown inhibitor of the epidermal growth factor receptor (EGFR),

pecifically targeting EGFR tyrosine kinase, which is overexpressed
nd occasionally mutated in various types of cancer. Thus, EGFR-
utated cell lines including PC9, HCC827, and H3255 cells are

nown to show a great response to Erlotinib (i.e., extremely low
3.0 �M (±1.0 �M)  15.2 �M (±7.0 �M) 4 �M (±0.7 �M)  [25]
9.7 nM (±9.8 nM)  1.7 nM (±0.4 nM 8 nM (±1.1 nM)  [27]

IC50 values were obtained) [21,22]. A549 cells and EGFR-mutated
PC9 cells both from NSCLC were selected as model cell lines for
cytotoxicity tests. A 3D cell culture system was demonstrated with
A549 and PC9 cells grown in alginate droplets on the pillar insert,
whereas a 2D cell culture system was  prepared in 96 wells with
monolayers of A549 and PC9 cells for comparison. For both systems,
the seeding number of A549 and PC9 cells was  1000 cells in an algi-
nate droplet and the 96 wells. After incubation in the cell growth
medium for 1 day to maintain high cell viability prior to drug expo-
sure, Erlotinib with 7 dosages plus 1 no-drug control was  added
to the 96-well plates. After 3 days of incubation in the presence of
the drug, the viability of A549 and PC9 cells in 3D and 2D systems
was determined by using the CCK-8 solution. Dose response curves
and IC50 values were generated from absorbance reading at 450 nm
Log [Erlotinib (pM)]

Fig. 9. Dose response curves of Erlotinib with A549 and PC9 cells cultured in 3D
alginate droplets on the pillar inserts and 2D monolayers.
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han those from A549 cells, indicating that Erlotinib is highly selec-
ive for EGFR-mutated cell lines (Table 1). To further analyze the
xperimental results statistically, P values were calculated by one-
ay ANOVA (analysis of variance) between IC50 values of A549 and

C9 cells cultured in both 2D and 3D systems. As a result, the P val-
es of IC50 values between A549 and PC9 cells were less than 0.05,

ndicating that the toxic responses of Erlotinib to A549 and PC9
ells in two different cell culture systems are statistically different.
n addition, the IC50 values obtained from the 2D cell-culture sys-
em were similar to those from the literature, representing that the
ytotoxicity experiments were carried out properly. Interestingly,
C50 values from 3D A549 and PC9 cells were 8700-fold different

hereas those values from the 2D counterparts were only 310-fold
ifferent. The IC50 value of 3D PC9 cells grown on the pillar insert
as 6 times lower than that obtained from 2D PC9 cells grown on

he surface of 96-wells, whereas the IC50 value of 3D A549 cells
ere 5 times higher than those from 2D A549 cells. This kind of
isparity on IC50 values between 3D and 2D cell-culture systems
as been already reported in the literature and is considered as a
istinctive characteristic of cells cultured in 3D systems [11,12,18].
e  hypothesized that the expression of phenotypic proteins/genes

nd the formation of in vivo tissue-like morphology facilitated by
ell–cell or cell–ECM interactions in the 3D cell-culture system are
esponsible for significant difference in IC50 values.

. Conclusions

We have successfully demonstrated that the pillar insert com-
ined with the traditional 96-well plate can be used for 3D cell
ultures. The simple method developed for cell encapsulation
llowed us to grow A549 and PC9 cells in 1 �L of alginate droplets
n the tip of the pillar insert. The cells were grown on a pillar insert
mmersed in the growth medium in 96 wells, forming unique 3D
tructures over time. The number of cells encapsulated in algi-
ate droplets was uniform among droplets prepared at the same
ondition and was linearly proportional to the seeding density.
n addition, the cytotoxicity of Erlotinib tested on 3D A549 and
C9 cells showed that the response of the drug on EGFR-mutated
C cells was highly selective, consistent with the results obtained
rom the literature. With the pillar insert/96-well plate platform
llowing us to encapsulate cells in alginate by simple immersion
nd expose live 3D cells to various reagents by easy movement,
e envisage that traditional 2D cell monolayer-based assays will

e much easily replaced with 3D cell-based assays. Finally, we
elieve that the pillar insert/96-well plate platform represents a
ajor breakthrough in 3D cell cultures by allowing us to perform
iniaturized cell-based assays as small as 1 �L. It will be partic-

larly beneficial when precious primary human cells are used for
oxicology assays.
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