
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 5
:5

0:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Generation of a c
aGuangdong Provincial Key Laboratory

Instrument, Department of Biomedical En

Yat-sen University, Guangzhou, Guangdon

sysu.edu.cn; Fax: +86-20-39387890; Tel: +8
bGuangdong Provincial Engineering and Tec

Medical Devices, Sun Yat-sen University, Gu

† Electronic supplementary information
setup for measuring minimum pres
representative light microscope images o
at the pressure of 49.0 kPa; live/dead ass
TCP aer cell micropatterning process (h
pressure of 49.0 kPa); representative uo
on casein/chitosan multilayer lms befo
micropatterning process; relative cell viab
medium with various concentrations of D
uorescent microscope images of A549,
aer incubated with DOX at a concentra
representative light microscope images
A549/OB co-culture micropattern and O
10.1039/c7ra01868a

Cite this: RSC Adv., 2017, 7, 21837

Received 15th February 2017
Accepted 12th April 2017

DOI: 10.1039/c7ra01868a

rsc.li/rsc-advances

This journal is © The Royal Society of C
o-culture cell micropattern model
to simulate lung cancer bone metastasis for anti-
cancer drug evaluation†

Huixiang Zhong, ab Liuyang Xuan,ab Dandan Wang,ab Jianhua Zhou,ab Yan Li *ab

and Qing Jiangab

Lung cancer bone metastases usually involve multiple interactions between cancer cells and host organs.

To mimic such a structure, a cell co-culture micropattern of A549 lung cancer cells and osteoblast cells

(A549/OB) was developed using a m-eraser strategy for anti-cancer drug evaluation and also

understanding cell–cell communication. When applying the m-eraser strategy, a PDMS stamp was

pressed to induce cell lysis. Hence, the minimum pressure required to induce cell lysis was first

quantified. Then the pressure and pressing time for the micropatterning process were optimized to

obtain cell micropatterns of high fidelity and repeatability. For different types of cells (A549 and human

mesenchymal stem cells) and different substrates (TCP and PLGA nanofiber sheets), the optimized

pressure was also different (i.e., for A549 on TCP, a pressure of 24.5 kPa was pressed for 10 s). According

to a live/dead assay and Alamar Blue assay, cell viability and proliferation potential were not affected by

the micropatterning process. There were several advantages for the m-eraser strategy: substrates were

not pre-treated; cell micropatterns mainly relied on the pattern of the PDMS stamp along with the

micropatterning process; cells in the micropattern were not restricted in specified regions. Thus the

A549/OB co-culture micropattern on TCP was used to evaluate the efficacy of a therapeutic agent

(doxorubicin). In the co-culture micropattern, the efficacy of doxorubicin decreased when the

expression of ALP in OB was elevated. The co-culture micropattern model showed the potential to be

used for new anti-cancer drug development.
1. Introduction

Lung cancer is one of the major causes of death worldwide.
Approximately 30–40% of patients with advanced lung cancer
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have bone metastases and suffer from skeletal related events
(SREs),1–3 resulting in decreased survival rate and quality of life.
Bone metastases can clinically cause persistent pain, spinal
cord compression, pathological fractures and hypercalcemia.1

For patients with advanced lung cancer, the formation of
bone metastasis is the result of the synergistic interactions of
multiple cells and molecules. The migration of cancer cells to
bone can cause extensive osteolysis of mineralized collagenous
matrix or bone surface through the production of factors or
direct cell–cell contact.4–6 Furthermore, the osteoblast-derived
growth factors may stimuli the growth of established cancer
cell lines.4 Bone metastases involve multiple interactions
between cancer cells and host organs. Cell functions and fates
are not only inuenced by cell-autonomous programs, but also
by the microenvironment stimuli, including soluble factors and
direct cell contact with neighbor cells.7 All these complicated
factors lead to a fact that it was very difficult to cure lung cancer.

Chemotherapy is one of the typical therapies for cancer
patients with bone metastases. Although anti-cancer drugs pro-
longed patients' life, they only increased a fewmonthsmarginally.
The limited therapeutic effect is partially due to the low perme-
ability in the skeleton tumor sites and poor selectivity to the
multiple bone metastatic nodules. Meanwhile, the side effects
RSC Adv., 2017, 7, 21837–21847 | 21837
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Fig. 1 Schematics of generating cell micropatterns of one type of cells
and di-cell co-culture micropatterns using m-eraser strategy.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 5
:5

0:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
induced by non-targeted chemotherapeutic drugs also increase
patients' sufferings.1,8 Hence, plenty of endeavors have been put
on the development of anti-cancer drugs9 and drug carriers.10,11

For evaluation of anti-cancer drugs and drug carriers,
besides 2D cell culture models,10,11 animal models play
a signicant role. Nevertheless, the animal tests are expensive,
slow, ethnically challenged andmore importantly, questionable
to reect the responses in humans.12 Hence, it is highly desir-
able to develop an in vitro model to mimic in vivo tissue, to ll
up the gap between 2D cell model and animal models, and
provide reliable results for drug evaluation. The in vitro model
will fasten the process of drug and drug carrier development,
also be benecial for human disease diagnosis and treatment.

To reconstruct an in vitro model consisting of precisely orga-
nized multiple types of cells for better evaluating drug effect and
also understanding cell–cell communication, methods for
generating patterned co-culture systems have been demonstrated,
mainly using photolithography and so lithography techniques,
or materials that have switchable surface properties.13 The
substrates are usually modied by chemical or external stimuli to
dene certain area for the rst type of cells to adhere on, followed
by seeding the second type of cells.14,15 However, the aforemen-
tioned strategies are inapplicable to three or more types of cells,
having the potential to compromise cell viability or form uneven
surface microenvironment due to modication process.16

Recently a contact-erasing strategy (named m-eraser strategy) has
been developed to fabricate co-culture micropattern systems by
erasing partial cells aer pressing a PDMS stamp to induce cell
lysis and seeding another type of cells on the empty regions,
which is easy, inexpensive and applicable to any anchorage-
dependent cells.17 Hence, to mimic bone metastasis of lung
cancer cells for anti-cancer drug evaluation, a patterned co-culture
model composed of human non-small cell lung cancer cell line
(A549 cells) and human osteoblast cell line hFOB 1.19 (OB cells)
was established on tissue culture plate (TCP) through the m-eraser
strategy. The anticancer drug doxorubicin (DOX) was selected as
a model drug since DOX is a rst-line anti-cancer drug for non-
small-cell lung cancer even aer bone metastasis.18

In this paper, to precisely control the process for the m-eraser
strategy, the minimum pressure required to induce cell lysis
was rst measured and then the pressing pressure, pressing
time were optimized for different substrates and different types
of cells. TCP and poly(lactide-co-glycolide) (PLGA) electrospun
nanobers sheets were selected as the representatives of
substrates; A549 cells and human mesenchymal stem cells
(hMSCs) were seeded. The inuence of micropatterning process
on cell viability and proliferation potential were further inves-
tigated using live/dead assay and Alamar Blue assay. Besides the
efficacy of DOX, A549/OB co-culture micropattern was also used
to study the inuence of A549 on OB cells by monitoring the
expression of alkaline phosphatase (ALP). The optimized results
for micropatterning process not only facilitated the fabrication
of micropatterns of high delity, but may also be benecial for
the scale up of the m-eraser strategy. The fabricated co-culture
micropattern model may shorten the evaluation process for
anti-cancer drugs and drug carriers, thus fasten the corre-
sponding development process.
21838 | RSC Adv., 2017, 7, 21837–21847
2. Materials and methods
2.1 Materials

Poly(dimethylsiloxane) (PDMS) was purchased from Dow corn-
ing Co. (USA). Fetal bovine serum (FBS), 0.2% trypsin–EDTA and
Dulbecco's Modied Eagle Media: Nutrient Mixture F-12
(DMEM/F12) were supplied by Gibco (USA) and penicillin–
streptomycin was from Hyclone (USA). PLGA (lactide/glycolide
molar ratio 75/25, Mw � 80 000) was bought from Jinan Dai-
gang Biomaterials Co., Ltd (China). Calcein-AM was obtained
from Sigma-Aldrich (USA). Propidium Iodide (PI) and resazurin
were from Aladdin Industrial Corporation (China). Doxorubicin
hydrochloride (DOX) was bought from Melone Pharmaceutical
Co., Ltd (China). MTT was purchased from Amresco (USA) and
ALP Kit was from Beyotime (China).
2.2 m-Eraser strategy for cell patterning

Cell micropatterns were generated using the m-eraser strategy
recently developed.17 A PDMS stamp was connected to a mechan-
ical device for stable and repeated moving. Aer the culture
medium was removed, the PDMS stamp was pressed onto
a conuent cell layer to induce cells lysis, followed by washing
with PBS immediately. Cell micropatterns of one type of cells (i.e.,
A549 cells) were produced. The pressure applied on the cells
through PDMS stamp was precisely controlled by putting a weight
on the device. Second type of cells (i.e., OB cells) were then seeded
to obtain co-culture micropatterns of two types of cells (Fig. 1).
Here the co-culture micropattern was developed for anti-cancer
drug evaluation. Hence, to minimize the inuence on cells, cells
were not stained with any uorescence probe. Since the trans-
parent TCP was mainly the substrate used and both types of cells
had different morphology, it was easy to tell whether cell micro-
patterns were formed.
This journal is © The Royal Society of Chemistry 2017
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2.2.1 Fabrication of PDMS microstamp. A PDMS stamp for
cell micropatterning was prepared according to the previously
reported method.17 Briey, the PDMS prepolymer was mixed
with curing agent at a mass ratio of 10/1 and poured onto the
SU-8 photoresist pattern with a thickness of �200 mm. Aer
degassed and cured at 80 �C for 0.5 h, the PDMS elastomer was
removed and cut into �10 � 10 mm stamp with patterned
surface where the stripe was 200 mm with spacers of 300 mm in
width. Before use, the stamp was soaked in 75% ethanol for
sterilization and then rinsed with PBS.

2.2.2 Cell culture. A549 cells (from Laboratory Animal
Center of Sun Yat-Sen University) were seeded onto substrates at
a density of 4 � 105 cells per ml and cultured in DMEM/F12
supplemented with 10% FBS, 100 U ml�1 penicillin and 100
mg ml�1 streptomycin. As for mesenchymal stem cells (hMSCs,
bought from Sciencell Research Laboratories, Carlsbad, CA,
USA), they were seeded at 5� 104 cells per ml and cultured in a-
MEM supplemented with 10% FBS, 100 U ml�1 penicillin and
100 mg ml�1 streptomycin. Aer proliferated for 2 days to reach
�100% conuence, cells were used for micropatterning.

Aer A549 cell micropattern was generated, OB cells (from
ATCC) were seeded onto the substrate at a density of 8 � 104

cells per ml to form a di-cell co-culture model, as shown in
Fig. 1. The di-cell system was cultured in DMEM/F12 containing
10% FBS and antibiotics. All cells were cultured in a humidied
incubator at 37 �C in 5% CO2 atmosphere.
2.3 Analysis of micropatterning process

2.3.1 Measurement of minimum mechanical pressure
required for micropatterning. Minimum mechanical pressure
required to induce cell lysis on TCP was measured using Tekscan
Flexiforce sensor. The mechanical transducer setup was shown in
Fig. S1.† The PDMS stamp was attached to a mechanical device
without destroying it. A copper sheet was xed on the transducer
to ensure pressure uniformity and then placed under a Petri dish.
Forces of 9.6 N, 1.18 N and 0.59 N were respectively applied. Aer
withdrawing the pressure, cells were rinsed with PBS immediately
and observed under a light microscope (Olympus, Japan). Each
pressure was repeated three times.

To optimize the micropatterning process, different forces
(imposed by placing a weight of 200 g, 100 g, or 50 g on PDMS
stamp) along with different pressing time were applied. Cells at
the same location before and aermicropatterning were observed
under a light microscope. Furthermore, live/dead assay was con-
ducted. Viable and dead cells were stained with Calcein-AM and
PI, respectively. The staining process was conducted according to
the product manual and uorescent images were captured using
a uorescence microscope (Olympus, Japan).

2.3.2 Compressive mechanical test of PDMS elastomer.
PDMS prepolymer with curing agent was poured into a cylin-
drical mould and cross-linked under conditions as described
above. The compressive test was conducted using AMETEK
LLOYD LR10K Plus testing machine (USA), and performed at
a constant crosshead displacement rate of 12 mm min�1. The
samples were compressed from 0% of strain until failure of load
up. Three parallel samples were tested.
This journal is © The Royal Society of Chemistry 2017
2.3.3 Preparation of PLGA electrospun nanober sheets.
Cell micropatterns can also be formed on other substrates using
the m-eraser strategy. To investigate themicropatterning process
on PLGA nanober sheets, PLGA was rst dissolved at
a concentration of 20% in a solvent mixture of acetone and DMF
at a volumetric ratio of 3/1, and then electrospun at 1 ml h�1

under a voltage of 14 kV and a collecting distance of �20 cm.
The nanober sheets were soaked in 10% penicillin/

streptomycin solution for 12 h for sterilization and rinsed
thoroughly with PBS. Cells were stained with Calcein-AM just
before micropatterning for easier observation. Aer cell
micropatterns were formed, uorescence microscope images
were taken.

2.3.4 Assay for cell proliferation. For the m-eraser strategy,
cells were partially lysised by mechanical stress. Thus cell
proliferation prole aer micropatterning was evaluated based
on Alamar Blue assay. For proliferation studies, 5 � 104 A549
cells (12.5% of the cell density for routine patterning process)
were seeded into 24-well plates. Aer one day, a force at 0.98 N
(imposed by placing a weight of 100 g on the PDMS stamp) was
applied to fabricate cell micropatterns and this day was recor-
ded as day 1. Patterned and non-patterned cells were both
studied using Alamar Blue assay every day. For each time point,
0.01 mg ml�1 Alamar blue working solution was added into
each well and followed by incubation at 37 �C for 4 h. Absor-
bance was measured at 570 nm and 600 nm using a uores-
cence plate reader (Bio-TEK, UK).
2.4 Application of di-cell micropattern model

The A549, OB and A549/OB co-culture micropattern models in
24-well plates were prepared as mentioned above. Cells without
patterning process were cultured as control groups. Aer A549/
OB micropatterns cultured for 24 h, cells were exposed to
anticancer drug DOX at a concentration of 10 and 100 mg ml�1

for 48 h, respectively. The culture medium was replaced with
fresh medium containing DOX every day. Since DOX was uo-
rescent, the cellular uptake was assessed through a uorescence
microscope in red channel. Aer cells were incubated in
medium containing DOX for 48 h, MTT assay was performed to
quantify cell viability. Cells were subjected toMTT (0.5mgml�1)
solution for 2 h at 37 �C. The formed formazan crystals were
dissolved in 350 ml DMSO and the optical densities were read at
570 nm using a microplate reader.
2.5 Evaluation of ALP expression in di-cell micropattern
model

To evaluate the inuence of co-culture on cell behavior, ALP
expression was selected as a representative because A549
expressed ALP19 and OB cells also produced ALP aer osteo-
genic induction.20 Thus, aer A549/OB micropattern was co-
cultured for 4 days, cells were rst xed with 4% para-
formaldehyde for 30 min and incubated with BCIP/NBT kit
reagents for another 30 min according to the manufacturer's
instructions. Aer staining, cells were observed under an
optical microscope.
RSC Adv., 2017, 7, 21837–21847 | 21839
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3. Results
3.1 m-Eraser strategy for cell patterning

Cell micropatterns of A549 and A549/OB on TCP were fabricated
as illustrated in Fig. 1 using the m-eraser strategy. A PDMS stamp
with microstripes was rst prepared. Aer A549 cells prolifer-
ated to form a conuent layer, the PDMS stamp was pressed
onto cells for several seconds and withdrew. The cells under
ridges of stamp were induced to lyse and washed away, leaving
an empty surface (cells were partially erased by the PDMS
stamp). The cells under grooves of the stamp were not affected
and cell micropattern which was complementary to the pattern
on PDMS stamp was formed, as shown in Fig. 2. The second
type of cells, OB cells were then seeded and di-cell micro-
patterns were obtained. To demonstrate the feasibility and
repeatability, cells at two random locations were selected as the
representatives.
3.2 Optimization of micropatterning process

Cells were lysised under mechanical pressure, which was key to
fabricate cell micropatterns using m-eraser strategy with a PDMS
stamp. Hence, the minimum mechanical pressure that was
Fig. 2 Light microscope images of A549 cells on TCP before
patterning (1st row) and after patterning (2nd row), A549/OB co-culture
micropatterns (3rd row). Cells at two random locations were selected
as the representatives. After growing into a confluent layer, A549 cells
were first pressed using a PDMS stamp, lysised cells were then washed
away and an empty space was created. Thus cell micropattern which
was complementary to the pattern on PDMS stamp was formed. OB
cells were then seeded and adhered on the newly created surface to
form A549/OB co-culture micropattern. The scale bars are 100 mm.

21840 | RSC Adv., 2017, 7, 21837–21847
required to induce cell lysis was quantied so as to optimize the
micropatterning process.

The mechanical transducer setup (Fig. S1†) was used to
measure the minimum pressure required for cell lysis. The
PDMS stamp used here had a featured surface with 300 mm-wide
ridges and 200 mm-wide grooves. When a small force of 0.59 N
(calculated to be a pressure of 9.9 kPa on cells) was applied for
a short time, no cell micropattern was formed. As shown in
Fig. 3, when the force was increased to 1.18 N, which was equal
to a pressure of 19.7 kPa on cells, the lysised cells were no longer
present in the pressed area and cell micropatterns were gener-
ated; furthermore, when the force was increased to 9.6 N (163.6
kPa), cell micropatterns were easily obtained. Based on the
comparison, it was found that the pressure larger than 19.7 kPa
was required to form cell micropattern using the m-eraser
strategy.

PDMS is rubber-like and its viscoelasticity might inuence
the resolution of micropatterns. Hence, we investigated the
compressive properties of PDMS stamps. As displayed in Fig. 4,
the stress strain curve showed a typical linear elastic region, up
to a strain value of �55% before failure. The average compres-
sive module was determined to be 1.81 � 0.13 MPa, which was
similar to that reported in literature.21 When a pressure of 19.7
kPa was applied on the stamp, the strain was 1.1%; while when
the pressure was increased to 163.6 kPa, the strain was also
increased to 9.0%. Thus in order to obtain micropatterns with
a high delity, a small pressure (i.e., 19.7 kPa) which induced
cell lysis was recommended.

To precisely control the micropatterning process of m-eraser
strategy, instead of manual pressing the PDMS stamp, weights
of 50 g (0.49 N) or 100 g (0.98 N) were used to exert force and the
pressing time was also controlled. As shown in Fig. 5, when
a pressure of 12.3 kPa (from a weight of 50 g, 0.49 N) was applied
for 10 s, no cell micropattern was formed. However, when the
pressure of 12.3 kPa was applied for a longer time (i.e., 20 s), cell
lysis was induced and cell micropatterns were successfully
fabricated. When a weight of 100 g (0.98 N, the pressure on cells
was 24.5 kPa) was placed on the PDMS stamp for 10 s, distinct
micropatterns were easily obtained. Under such pressure (24.5
kPa), the strain of PDMS stamp was 1.4%. Under a low pressure
such as 12.3 kPa, cells might withstand such pressure for
a short time (i.e., 10 s) since cells can sense the mechanical
stimuli from environment and make corresponding reactions;22
Fig. 3 Representative light microscope images of A549 cells on TCP
after pressed under the pressure of (A) 19.7 kPa (force of 1.18 N) and (B)
163.6 kPa (force of 9.6 N), respectively. The cell stripes were 200 mm
with spacers of 300 mm in width. The scale bars are 100 mm.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Representative experimental stress strain curve of PDMS
elastomer.
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while at higher pressure, A549 cells were caused to lysis by the
mechanical stimuli. Although the outcome of lower pressure
can be compensated with longer pressing time for m-eraser
strategy, a short pressing time was preferred so as to fasten the
process and also minimize the risk of cell death resulted from
contamination or drying. Thus a weight of 100 g along with 10 s
was applied to fabricate A549 cell micropatterns on TCP.
Fig. 5 Representative light microscope images of A549 cells on TCP af
were selected. The scale bars are 100 mm.

This journal is © The Royal Society of Chemistry 2017
Cell viability was evaluated aer the micropatterning process
using live/dead assay. As shown in Fig. 6, when a low pressure
along with a short pressing time (50 g 10 s group) was applied,
all cells displayed green uorescence, showing that this condi-
tion could not cause cell death and consequently no pattern was
fabricated (Fig. 5). When such a low pressure was applied for
longer time (i.e., 20 s), nearly all cells in the micropatterns were
stained as green and only several cells located at the edges of
cell stripes were stained as red. For 100 g 10 s group, similar
observations as that for 50 g 20 s group were found, where dead
cells were mainly washed away and only a few were at the edges
of microstripes. Thus it can be concluded that cell micro-
patterning process did not compromise the viability of
remaining cells. The rest cells were nearly all alive and could be
used for further research, for example, producing a multi-cell
co-culture model for drug evaluation.

To further explore the applicability of the m-eraser strategy
for cell micropatterning, we also employed different substrates
and different types of cells. When A549 cells were cultured on
PLGA nanober sheets and formed a conuent layer, a weight of
100 g was rst placed on the PDMS stamp (the pressure on cells
was 24.5 kPa) for 10 s. Unlike A549 on TCP, the formed A549
micropatterns on PLGA nanober sheets were not comple-
mentary to the pattern on PDMS stamp. Hence, a weight of
200 g was applied on the stamp (pressure was 49.0 kPa, twice as
that on TCP) for 10 s, micropatterns were successfully formed,
ter pressed under different conditions. Cells at two random locations

RSC Adv., 2017, 7, 21837–21847 | 21841
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Fig. 6 Live/dead assay to evaluate cell viability of A549 on TCP after cell micropatterning process under different conditions. Cells were pressed
under a weight of 50 g (12.3 kPa) for 10 s (1st row), 50 g (12.3 kPa) for 20 s (2nd row) and 100 g (24.5 kPa) for 10 s (3rd row), respectively. Live cells
were stained green and dead cells were red. The scale bars are 100 mm.
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which was complementary to the pattern on the stamp (Fig. 7).
In addition, cells in micropattern were all viable (stained as
green), and lysised cells were washed away. Based on the
observation, it can be concluded that on PLGA electrospun
nanobers sheets, cell micropatterns of A549 can be easily ob-
tained using the m-eraser strategy when appropriate conditions
were applied.

The m-eraser strategy was also applied to fabricate micro-
patterns of stem cells. HMSCs were selected as a representative,
which is a type of multipotent adult stem cells of mesodermal
origin and showed migratory ability, exerted inhibitory effects
on tumor cells or resulted in functional recovery aer implan-
tation.23–25 Aer pressed at 24.5 kPa (weight of 100 g) for 10 s,
hMSCs remained to be a conuent layer on TCP and no cell
Fig. 7 Live/dead assay to evaluate cell viability of A549 on PLGA electrosp
pressed for 10 s under the pressure of 49.0 kPa (a weight of 200 g was

21842 | RSC Adv., 2017, 7, 21837–21847
micropattern was formed, which was very different from A549
cells. When the pressure was increased to 49.0 kPa (weight of
200 g), the cell patterns were generated (Fig. S2†). Some hMSCs
on the edges of stripes remained adhering on the substrate,
leaving incontinuity of the stripe lines. HMSC micropatterns
were different from A549 cell micropatterns for which edges of
A549 microstripes were straight and sharp. Aer live/dead
assay, the remaining hMSCs in micropattern were all alive
and only a few dead cells were present on the edges of cell
stripes (Fig. S3†). In addition, hMSC micropatterns were also
fabricated using the m-eraser strategy on casein/chitosan
multilayer lms which were prepared using layer by layer self-
assembly method.26 Before pressed, green hMSCs were as
a conuent layer; aer pressed using a PDMS stamp with
un nanofiber sheets after cell micropatterning process. A549 cells were
used). The scale bars are 100 mm.

This journal is © The Royal Society of Chemistry 2017
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broader ridges at width of 300 mm, clear cell patterns in thinner
lines were generated (Fig. S4†).

Hence, the m-eraser strategy can be applied to different types
of cells on different substrates by mainly adjusting the pressure.
3.3 Proliferation investigation of cell micropatterns

Live/dead assay was performed immediately aer the micro-
patterning process and it was found that the process did not affect
cellular viability of remained cells. In order to investigate the
effect of m-eraser strategy on longer-term cell culture, the
comparison of cell proliferation between patterned cells and non-
patterned cells weremade. For the sake of proliferation, A549 cells
were seeded at a lower density (i.e., 5 � 104 cell per ml).

Local cell density of patterned area was monitored. As shown
in Fig. 8A, cell density of both groups increased with culture
time. For cells located in the patterned area, even though the
initial cell density was a little smaller which was due to the
micropatterning process, on the 2nd and 3rd day of culture, the
cell density was comparable with that of non-patterned group.
In the local view, m-eraser strategy did not compromise cell
proliferation potential. Alamar Blue assay was used to investi-
gate the proliferation prole of overall cells since it allowed
daily monitoring without affecting cell viability and permitted
subsequent analysis.27 For better comparison, the data was
Fig. 8 Proliferation of A549 cells on TCP after micropatterning process
Alamar Blue assay was performed and the absorbance value was norm
microscope images of A549 in the same non-patterned and patterned ar
The scale bars are 50 mm.

This journal is © The Royal Society of Chemistry 2017
normalized against the absorbance values on the 1st day
(Fig. 8B). During the culture time, relative absorbance values of
both groups increased, demonstrating that cells in both groups
proliferated; the patterned group appeared to have relative
higher absorbance value, indicating cells in patterned group
grew faster. Cell distribution on TCP was also observed. As
shown in Fig. 8C, in non-patterned group, cells were randomly
located and during proliferation, the divided cell gradually
occupied the empty space. For patterned group, cells were
mainly located in the microstripes on the rst day. On the next
two days, cells proliferated rapidly, gradually occupied the
patterned empty space and cell micropatterns became undis-
tinguishable on the third day. It appeared that in cell micro-
pattern the empty spacer facilitated cell migration and
proliferation. Based on the comparison, it can be concluded
that m-eraser strategy did not compromise cell proliferation
potential either.
3.4 A549/OB co-culture micropattern for drug evaluation

A549/OB co-culture micropattern was developed to mimic bone
metastasis of lung cancer cells in order to investigate DOX effi-
cacy. The relative cell viability of A549 and OB cells seeded at the
same density as that for co-culture was rst quantied using MTT
assay aer cultured in medium with various concentrations of
. Cell density of non-patterned and patterned area was calculated (A).
alized against the data of the first day (B). The representative light

ea were taken for three consecutive days (C). Data¼mean� SD; n¼ 3.
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DOX for 24 h. As shown in Fig. S5,† the relative viability of A549
decreased with the increase of DOX concentration while for OB
the value nearly stabilized at �10%. Hence for co-culture
comparison, a low concentration at 10 mg ml�1 and a high
concentration at 100 mg ml�1 were selected as representatives.

DOX itself displays strong red uorescence.28 As shown in
Fig. S6,† both A549 and OB cells showed red uorescence due to
cellular uptake of DOX (100 mg ml�1). Time prolonged, more
drug was taken by cells and the uorescence intensity was
stronger. At 6 h of exposure, the uorescence intensity of OB
cells in A549/OB co-culture micropattern was obviously stronger
than that of A549 cells, indicating probably more DOX was
taken by OB cells.

MTT assay was conducted to assess cell viability aer incu-
bated in medium with DOX for 48 h. As show in Fig. 9A, when
DOX concentration was the same, the absorbance value of A549/
OB co-culture group was always the highest and the values for
A549 being solo-cultured were also much higher than that for
OB cells. At DOX concentration of 100 mg ml�1, the absorbance
value of A549/OB co-culture micropattern group was 95.7%
higher than that of A549 micropattern (A549-P) group.

The initial cell number of micropatterned groups (A549-P,
OB-P) was smaller than that of non-patterned groups (A549-
NP, OB-NP) since partial cells were erased during micro-
patterning process, which might contribute to the smaller
absorbance values of patterned groups (A549-P, OB-P). Hence
cell amount difference which was represented by area difference
was taken into account. For A549-P and OB-P groups, the area
with cells which were rst erased by PDMS stamp was 0.4 cm2

(the PDMS stamp was in 10 � 10 mm with 200 mm-wide ridges
and 300 mm-wide grooves); the area with remaining cells was 1.6
cm2 (the models were cultured in a 24-well plate of which each
well has a basal area of 2.0 cm2). As shown in Fig. 9B, at each
concentration, A549-P and OB-P had slightly higher absorbance
values per unit area than that for A549-NP and OB-NP groups,
respectively. As for A549/OB co-culture group, the absorbance
Fig. 9 Quantification of cell viability after cultured inmediumwith DOX a
MTT assay and (B) the absorbance values per unit area. “NP” represents “n
co-culture micropattern”; “CO–C” in (B) represents the re-calculated a
group. Data¼mean� SD; n¼ 3. In (A) *p < 0.05 when compared with the
0.05 when compared between CO and CO–C groups at the same DOX

21844 | RSC Adv., 2017, 7, 21837–21847
value per unit area was rst calculated by neglecting that there
were two types of cells present (the result was CO group in
Fig. 9B); then assuming the same cell viability in co-culture
micropattern as that in solo-culture system and taking into
account that the area occupied with A549 was 1.6 cm2 and the
area for OB was 0.4 cm2, the absorbance value per unit area for
A549/OB co-culture group was re-calculated and plotted as CO–
C group. For CO–C group, the absorbance value per unit area for
A549 was from A549-P group and the absorbance value per unit
area for OB was from OB-P group. At each concentration, the
measured absorbance values per unit area were signicantly
higher than the calculated values. Based on these comparisons,
it can be concluded that the co-culture of A549 with OB cells
may decrease the efficacy of DOX.

A549/OB co-culture micropattern demonstrated signicantly
different response regarding the treatment of DOX when
compared with A549 being solo-cultured. Therefore the ALP
expression was evaluated to further investigate cell response
during co-culture. A549, A549/OB and OB cell micropatterns
were cultured in normal medium for 4 days without osteogenic
induction and then staining with NCIP/NBT solution was con-
ducted to evaluate the expression of ALP (Fig. S7†). The deeper
the violet color, the higher is the ALP level. A549 always dis-
played pronounced ALP-positive staining; in non-patterned
group, the ALP-positive staining distributed homogeneously
while in the patterned group, different shades of violet color
varied by the stripes and spacers in micropatterns were
observed. The strong positive staining of spacers also demon-
strated that A549 cells had proliferated and migrated. In the
A549/OB co-culture micropattern, besides the positive staining
for A549, even darker cell microstripes were observed which
were OB cells. The width of OB cell microstripes on day 4 was
narrower than 200 mm (the width of ridges of PDMS stamp),
indicating that A549 cells demonstrated more invasive ability
than OB cells. However, for OB cells being solo-cultured, the
ALP level was very low and no violet color can be identied.
t 10 and 100 mgml�1 for 48 h. (A) Themeasured absorbance values from
on-patterning”; “P” represents “patterning”; “CO” stands for “A549/OB
bsorbance value per unit area for A549/OB co-culture micropattern
A549-NP group incubated at the same DOX concentration; in (B) *p <
concentration.

This journal is © The Royal Society of Chemistry 2017
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Hence, it was highly speculated that during co-culture, A549
affected OB cells and elevated the ALP expression of OB cells.
4. Discussion

Cell co-culture micropattern of A549/OB was successfully
fabricated using the m-eraser strategy with a PDMS microstamp
for anti-cancer drug evaluation. PDMS was an elastic material
with the Poisson's ration of approximately 0.5.29 When an axial
compression stress was applied, PDMS expanded laterally.
Therefore when the pressure was not precisely controlled, cell
micropattern may be deformed and when an excessive high
pressure was applied, cells located under and near the stripes of
PDMS stamp were both exposed to the mechanical stimuli and
induced to lysis, leading to the failure of micropatterning
process. Hence the minimum pressure required to induce cell
lysis was rst measured and the micropatterning process was
then optimized.

The minimum pressure required to induce lysis of A549 on
TCP for m-eraser strategy was measured to be 19.7 kPa. When
the pressure was reduced to 12.3 kPa (by placing a weight of 50
g) and applied for a short time (i.e., 10 s), A549 cells on TCP were
still alive and no pattern was formed. However, time prolonged
to 20 s, cell lysis was induced and patterns were obtained. Cells
respond to external mechanical stimuli by remolding the cyto-
skeleton, which was correlated with the Young's modules of
a cell. The Young's modulus of a cell has been investigated
based on AFM by Lekka et al.30 and studies showed that the
obtained modulus decreased with the time of poking a single
cell increased. When the PDMS stamp was pressed on cells for
a short time, cells were able to withstand the pressure by reor-
ganizing the cytoskeleton; while for a long time, cells were not
able to restore the large deformity and lysis. In order to obtain
cell micropatterns using m-eraser strategy, longer pressing time
was able to make up for the insufficient pressure. However, the
risk of contamination and compromising cell viability was
increased. Herein, a pressing time of 10 s was adopted for the
following tests.

When the pressing time was not changed, the minimum
pressure required to induce cell lysis was found to be related
with substrates. To precisely control the micropatterning
process, the pressure was applied by placing a weight. For A549
on TCP, the minimum pressure applied was 24.5 kPa (weight of
100 g). At this pressure, the compressive strain of PDMS stamp
was 1.4%; thus the height of ridges decreased 2.7 mm (the height
Table 1 Summary of variables for cell micropatterning process using th

No. Cell type Substrate Weigh

1 A549 TCP 50
2 A549 TCP 50
3 A549 TCP 100
4 A549 PLGA nanober sheet 100
5 A549 PLGA nanober sheet 200
6 hMSC TCP 100
7 hMSC TCP 200

This journal is © The Royal Society of Chemistry 2017
of ridges was 200 mm). The grooves of the stamp were not able to
touch the cells, and cell micropatterns of high delity were
successfully fabricated. Aer A549 were seeded on PLGA elec-
trospun nanober sheets, a pressure of 49.0 kPa (weight of 200
g), twice as that on TCP was needed to achieve the cell micro-
patterns. Nanober sheets are exible that are easy to adapt to
external changes and thus to some extent shield cells from
compression.31 Thus, on PLGA electrospun sheets, a higher
pressure was needed to form patterns, which was similar to the
micropatterning process on PCL nanober sheets.17

Furthermore, the minimum pressure required to induce cell
lysis for cell micropatterning was also related with cell types.
Compared to A549 cells, a higher pressure was required to
fabricate hMSC micropatterns on TCP using the m-eraser
strategy. This difference can be addressed to the different
cytoskeleton structure, which determines the shape and
mechanical rigidity of cells.30,32 A549, a tumor cell line, is
disorganized in actin cytoskeleton with fewer stress bers for
better metastases;33 while hMSCs have bundles of actin la-
ments and stress bers.34 The polymerization of cortical la-
ments and stress bers, especially the stress bers, greatly
contributes to the stiffness of cells.35 Hence, hMSCs withstood
a higher force and a higher pressure (i.e., 49.0 kPa) was needed
to induce lysis for cell micropatterning. The variables adopted
to fabricate cell micropatterns were summarized in Table 1.

The cell micropattern of A549 was slightly different from that
of hMSC even on the same substrates. The spreading area of
a single A549 cell was smaller than that of a hMSC. Aer
pressed, the whole A549 cell even on the edge of ridges was
under pressure and induced to lysis. However, for hMSCs, those
located on the stripe edges, only had small part of the cell were
pressed. Although these cells were not able to be washed away,
they were stained red by PI and some were even survived. This
may be due to the cytoskeleton remodeling inside the cell when
part of it was under mechanical force and consequently avoided
lysis.30 Hence, the formed hMSC microstripes were slightly
different from A549 microstripes.

The cell micropatterning process did not compromise cell
viability and also the proliferation potential. When mechanical
stress was applied to induce cell lysis, cell debris was easy to be
washed away, where on TCP the newly created space was very
clean (Fig. 5). Even on PLGA nanober sheets, the red staining
was mainly on the edges of microstripes (Fig. 7), indicating cell
debris was nearly not present on the newly created space.
Hence, the effects of cell debris on the remaining cells were
e m-eraser strategy

t (g) Pressure (kPa) Time (s) Patterning

12.3 10 No
12.3 20 Yes
24.5 10 Yes
24.5 10 Incomplete
49.0 10 Yes
24.5 10 No
49.0 10 Yes

RSC Adv., 2017, 7, 21837–21847 | 21845
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minimal. For A549 on TCP, cells in patterned area proliferated
faster than that in the non-patterned area possibly due to the
lower density and more space for cell spreading and migration.
For the overall result, the proliferation was investigated based
on Alamar Blue assay, where the relative absorbance values of
both groups on the third day was smaller than that on the
second day. The reason might be due to the formation of
colorless non-uorescent compound hydroresoruin caused by
over-reduction of resazurin.36

Based on these investigations, it was found that there were
several advantages for the m-eraser strategy. When appropriate
conditions were applied, micropatterns of different types of
cells on various substrates can be easily achieved. Cell micro-
patterns were mainly depended on the pattern of PDMS stamp,
where besides microstripes, cell micropatterns in helixes and
triangles have been created;16 furthermore, cell micropatterns
were also relied on the patterning process, where a co-culture
micropattern of three types of cells was fabricated.17 The
substrates were in no need to be pretreated. Thus cells were not
restricted in the dened regions; cell proliferation, migration
and interaction with neighbor cells were observed. However,
there were also limitations for the m-eraser strategy. By only
applying the technique, it was difficult to control the spreading
shape of a single cell or fabricate thin cell micropatterns. These
can be easily obtained on patterned substrates which were
fabricated using microcontact printing with a PDMS stamp.37,38

When the m-eraser strategy was applied with well-designed cell
types and micropattern dimension, cellular alignment was also
controlled.17 This alignment was different from cells on
substrates with 3D microchannels fabricated using laser abla-
tion.39 The m-eraser strategy nearly did not modify the
morphology of substrates.

Since the viability and proliferation potential of cells in
micropatterns was not affected by the patterning process, the
A549/OB co-culture micropattern was created on TCP to explore
the anti-cancer drug efficacy. DOX can easily enter into cell
nucleus to inhibit DNA synthesis and gene transcription and
thus lead to cell death.40 When incubated in medium contain-
ing DOX, the OB cells seemed to take more DOX than A549 cells,
displaying stronger uorescence. A549 cells seemed to be less
sensitive to drug in the co-culture system than in the solo-
culture system. Aer exposed to DOX for 48 h, the cell
viability of co-culture system was signicantly higher than the
solo-culture system. In conclusion, our A549/OB co-culture
micropattern system appeared to decrease the efficacy of
DOX. Similar but different observation was reported that the
growth factors secreted by OB cells might stimulate the prolif-
eration of cancer cells.4 Here, the effect of OB cells on the
proliferation of A549/OB micropattern was not investigated
since the empty space on substrates for proliferation was
different between A549/OB co-culture and A549 solo-culture
micropattern. Hence, DOX at cytotoxic levels was introduced
to evaluate the effect of OB cells on the efficacy of DOX in the
A549/OB co-culture micropattern. The nding that OB reduced
the efficacy of DOX should be taken into careful consideration
when DOX was used for chemotherapy for lung cancer treat-
ment when bone metastasis occurs.
21846 | RSC Adv., 2017, 7, 21837–21847
Besides the effect of OB cells onDOX efficacy, the effect of A549
on OB based on ALP staining was also investigated, and the
results showed that OB cells expressed much higher level of ALP
in the co-culture micropattern than in the solo-culture. The ALP
level was un-detectable in OB cells without osteogenic induction
and yet high in A549 cancer cells. When two types of cells were co-
cultured to mimic bone metastasis of lung cancer, the OB
microstripes displayed more pronounced ALP-positive staining,
possibly due to the interaction with A549 cells. A549 cell was also
reported to have the ability to differentiate into osteogenic cells.19

Hence, in the A549/OB co-culture micropattern model, A549 may
“educate” OB cells so as to elevate its ALP expression. However,
our results were different from the report that the exosomes
secreted by A549 cells could inhibit osteogenic differentiation of
mesenchymal stem cells and lead to low level of ALP.41 The
difference was probably originated from that the co-culture
models and cell types were both different.

5. Conclusions

Cell micropatterns of one type or multi-types of cells were
successfully developed on homogeneous substrates through the
m-eraser strategy. The rst seeded cells were partially erased by
pressing a PDMS stamp and then cell micropattern was obtained.
Followed by seeding the second type of cells, co-culture cell
micropatterns were achieved. The erasing/seeding process can be
repeated and the micropatterning process can also be applied on
different substrates. To precisely control the process, the pressing
pressure and time were optimized, which depended on substrates
and cell types. For A549 on TCP, a pressure of 24.5 kPa was
applied for 10 s; when A549 was seeded on PLGA nanobers
sheets, the pressure was increased to 49.0 kPa and pressed for
10 s; as for hMSC on TCP, the minimum pressure required was
also 49.0 kPa and applied for 10 s. The micropatterning process
did not compromise the cell viability and the co-culture micro-
pattern system composed of A549 and OB cells was created on
TCP. In the A549/OB co-culture micropattern, the interactions
between A549 and OB cells weremutual as both A549 and OB cells
grew on the same surface and either A549 or OB cells were not
restricted in any specied regions. Thus the developed micro-
pattern was used for anti-cancer drug evaluation, especially for the
drug that was designed for cancer at later stage (i.e., bone
metastasis happened). In the co-culture model, the efficacy of
DOX was decreased while the expression of ALP in OB cells was
elevated. The micropatterning process was simple, inexpensive
and applicable to any anchorage-dependent cells. To better mimic
the in vivo microenvironment in future, some physiological
stimuli, such as shearing force will be introduced into the co-
culture system to explore cell response. Additionally, co-culture
micropattern system in three-dimensional system will be devel-
oped since tissues are composed of multiple complex levels of
cells and extra cellular matrix in three-dimensions.
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