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Abstract: Conventional in vitro culture studies on flat surfaces do not reproduce tissue 

environments, which have inherent topographical mechanical signals. To understand the impact 

of these mechanical signals better, we use a cell imprinting technique to replicate cell features 

onto hard polymer culture surfaces as an alternative platform for investigating biomechanical 

effects on cells; the high-resolution replication of cells offers the micro- and nanotopography 

experienced in typical cell–cell interactions. We call this platform a Bioimprint. Cells of an 

endometrial adenocarcinoma cell line, Ishikawa, were cultured on a bioimprinted substrate, in 

which Ishikawa cells were replicated on polymethacrylate (pMA) and polystyrene (pST), and 

compared to cells cultured on flat surfaces. Characteristics of cells, incorporating morphology 

and cell responses, including expression of adhesion-associated molecules and cell prolifera-

tion, were studied. In this project, we fabricated two different topographies for the cells to 

grow on: a negative imprint that creates cell-shaped hollows and a positive imprint that recre-

ates the raised surface topography of a cell layer. We used two different substrate materials, 

pMA and pST. We observed that cells on imprinted substrates of both polymers, compared to 

cells on flat surfaces, exhibited higher expression of β1-integrin, focal adhesion kinase, and 

cytokeratin-18. Compared to cells on flat surfaces, cells were larger on imprinted pMA and 

more in number, whereas on pST-imprinted surfaces, cells were smaller and fewer than those 

on a flat pST surface. This method, which provided substrates in vitro with cell-like features, 

enabled the study of effects of topographies that are similar to those experienced by cells 

in vivo. The observations establish that such a physical environment has an effect on cancer 

cell behavior independent of the characteristics of the substrate. The results support the concept 

that the physical topography of a cell’s environment may modulate crucial oncological signaling 

pathways; this suggests the possibility of cancer therapies that target pathways associated with 

the response to mechanical stimuli.

Keywords: surface characteristics, cell culture platforms, physical microenvironment, cell 

response, drug targets, mechanical forces

Introduction
The involvement of physical forces across a range of tissues has been recognized in 

physiology for some time. For example, mechanical stimulation can influence fracture 

healing and bone repair, although the mechanisms are still uncertain,1,2 and forces 

associated with tonic hydrostatic distension and cyclic mechanical deformation are 

necessary for normal fetal lung development.3 In addition, several cancer-related studies 

under reduced gravity or aboard a space station have observed a distinct cell behav-

ior compared to that of cells in normal gravity.4 There were, eg, differences in gene 

expression, cell signaling, and microtubule reorganization of Jurkat human leukemia 
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cells and CaSki cervical carcinoma cells.5,6 With particular 

relevance to the understanding of cancer proliferation, it has 

been noted that mechanical forces also exert control during 

the cell cycle.7

More recent evidence suggests that a deficiency in cancer 

treatments is the absence of attention to the physical environ-

ment of cells.8 The cells attach in vivo to their neighbors and 

are incorporated into an environment of three dimensions 

influenced by the extracellular matrix (ECM). There have 

been studies observing ECM remodeling in wound healing,9 

interactions of breast cancer cells with ECM,10 and ECM 

mediation of the activity of nicotine during lung cancer 

development.11 However, those discussions include limited 

acknowledgment of the possible contributions of mechani-

cal forces on the full process. It is becoming an increasingly 

attractive hypothesis that a physical and mechanical network 

involving cells and the physical microenvironment oper-

ates to regulate cell behavior in parallel to the well-known 

biochemical processes. In other words, the structure of the 

neighborhood, as distinct from its composition, can affect 

cell functioning.12,13 It is already known that tumors are often 

stiffer than healthy tissues,14 thereby providing a different 

mechanical environment. Therefore, consideration of this 

aspect15 is crucial in defining tumor development.

In this study, we explored the biological impact of physi-

cal topography on endometrial cancer cells. Previously, we 

developed a bioimprinting methodology using soft lithog-

raphy to replicate biological cells on hard polymer.16–18 This 

technique can produce two different surfaces for the cells to 

grow on: a negative imprint that creates cell-shaped hollows, 

or a positive imprint that recreates the raised surface topog-

raphy of a cell layer. We used the technique (Bioimprint) to 

form negative-imprinted polymethacrylate (pMA) substrates 

for cell culture and both negative and positive polystyrene 

(pST) imprints. The behaviors of the cells cultured on these 

surfaces were compared to those on nonimprinted, flat sur-

faces of the respective polymer.

It has been observed that there is dynamic communication 

between cells and the structured microenvironment,19,20 which 

in vivo consists of neighboring cells and ECM. Cells on pat-

terned elastomer substrates experience forces that have depen-

dency on the area and intensity of focal adhesions formed 

between cells and substrate surface.21 These cell–substrate 

forces are modulated by geometrical alteration of the adhesion 

site, which acts through distribution of cell stress fibers.19,22 

Therefore, in this study, the substrates imprinted with cell-like 

features will provoke mechanical forces on the cells according 

to the nature of the adhesion site formation. Thus, we study 

cancer cells when they are cultured in a physical environment 

that, importantly, has features similar to themselves, and we 

compare cell growth and aspects of metabolism with those 

of cells grown on a conventional flat surface. Here, we report 

the results of our studies of cells cultured on these surfaces 

in terms of, first, differences in cell preferential adhesion on 

either imprinted or flat surface. Next, we assess the expression 

of β1-integrin because it is a major mediator of the interac-

tion between a cell and its microenvironment;23,24 then, we 

report the downstream expression of focal adhesion kinase 

(FAK), an effector enzyme in the complex that is linked to 

integrin receptor; and next, we describe the characteristics of 

the cytoskeleton as reflected in the expression and structure 

of actin and cytokeratin.

Materials and methods
cell maintenance
Cells of human Ishikawa endometrial cancer cell line (a gift 

from Dr Mishato Nishida, Ibraki-ken, Japan) and C2C12 

murine myoblast cells (a gift from collaborative partners at 

Plant and Food Research, Hamilton, New Zealand) were 

cultured at 37°C in 5%/95% CO
2
/air in Dulbecco’s Modified 

Eagle’s Medium (DMEM)-F12 supplemented with 10% (v/v) 

fetal bovine serum (FBS), penicillin (100 units/mL), strep-

tomycin (100 μg/mL), Fungizone™ (1 μg/mL), and Gluta-

MAX™ (2 mM) (Gibco Thermo Fisher Scientific, Waltham, 

MA, USA). All experiments were conducted according to the 

regulations and guidelines that pertain to biological studies in 

the University of Otago.

Antibodies
Antibodies for Western blotting and immunofluorescence 

staining, β1-integrin, cytokeratin-18, actin, FAK and phos-

phorylated FAK (pFAK), and glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) were purchased from Santa Cruz 

Biotechnology Inc. (Dallas, TX, USA). Texas Red®-X 

Phalloidin was purchased from Invitrogen (Thermo Fisher 

Scientific, Waltham, MA, USA).

The Bioimprints
Two polymers were used in this study: pMA and pST. To 

make Bioimprints, a glass microscope slide was attached 

to a polydimethylsiloxane (PDMS) sheet with three round 

wells cut in it (diameter: 15 mm) using a cork borer. Cell 

suspensions were added to the wells and cultured and fixed 

with IC Fixation Buffer (Invitrogen).

Flat and bioimprinted pMA culture disks
pMA polymer was prepared from a 6:3:1 mixture of ethylene 

glycol dimethacrylate (EGDMA) (Sigma Aldrich, St Louis, 
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MO, USA): methacrylic acid (Acros Organics, Thermo Fisher 

Scientific): Irgacure® 2022 (Ciba Specialty Chemicals, Basel, 

Switzerland). Next, the EGDMA mixture was cured rapidly 

(240 seconds) under 40% ultraviolet (UV) light (Omnicure 

S2000; EXFO, Toronto, ON Canada). Next, the EGDMA 

mixture was pipetted over the fixed cells, which formed an 

imprinted disk; the surface of the pMA disk captured the 

impression of the cells. On the other hand, flat pMA was made 

by curing the same mixture on cell-free glass slides.

Disks of pMA Bioimprint and flat disks were cleaned by 

sonication in 10% sodium dodecyl sulfate (SDS), followed 

by shaking with trypsin (0.05%) for at least 40 minutes. The 

disks were then soaked in double-distilled water overnight, 

followed by sterilization in absolute ethanol and washing 

with DMEM-F12 without FBS. Prior to cell seeding, disks 

were fitted into 24-well plates and cells were grown on their 

surfaces.

psT Bioimprint
For the pST Bioimprint, the imprint was of two forms. 

One was “negative” and the features comprised hollows 

below the horizontal plane. The second was “positive” 

and the features were of humps above the horizontal plane 

(Figure 1).

PDMs master molds
pST Bioimprint was made from PDMS master molds. 

First, cells were cultured and fixed on a glass slide, fol-

lowed by washing with phosphate-buffered saline (PBS) 

and distilled water. Then, PDMS was poured on top and 

rapidly cured at 34°C for 2 minutes, followed by 2 hours’ 

curing at 80°C. This PDMS with negative cell impressions 

was peeled off the glass slide, cleaned with 10% SDS and 

trypsin, and was ready for use as the mold for positive 

pST Bioimprint.

Positive psT Bioimprint
pST Bioimprint was made from PDMS master molds. To 

make the pST Bioimprint, a pST slide (Ted Pella Inc, CA, 

USA) was pressed against a PDMS mold and the imprint was 

transferred onto pST slides at 180°C for 15 minutes.

Figure 1 A schematic illustration of the bioimprinting processes that result in polystyrene culture substrates with cell-like topographies.
Abbreviations: (-), negative imprint; (+), positive imprint; (f), flat substrate; pST, polystyrene.
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Negative pST Bioimprint
To make positive PDMS molds, a PDMS negative Bioimprint 

prepared as described in the section on “PDMS master 

molds” was treated in 0.1% hydroxypropyl methycellulose 

(HPMC) (Sigma Aldrich, St Louis, MO, USA) for 10 minutes 

on a shaker, followed by washing thoroughly with distilled 

water. This treatment prevents sticking between two PDMS 

layers. A positive PDMS Bioimprint was then made by pour-

ing another layer of PDMS onto this HPMC-treated PDMS 

and cured at 80°C. This is the positive PDMS mold for the 

negative pST Bioimprint. To make pST Bioimprint, a pST 

slide was pressed against the PDMS mold and the imprint 

was transferred onto pST slides at 180°C.

Preferential attachment of cells
To study the cell attachment and localization on substrates, 

cells were seeded on low-density Bioimprint so that cells had 

a chance to deposit either on Bioimprint or flat surface. Then, 

the “before” pictures of pST Bioimprint and “after” images 

of cells on the platform were taken; the areas of Bioimprint 

surface and flat surface were measured. Next, the coverage 

by cells was determined and the relative percentage cover-

age was calculated.

rgDs and rges treatment
Ishikawa endometrial cancer cells were premixed with 

100 μM RGDS (Arg-Gly-Asp-Ser) or RGES (Arg-Gly-Glu-

Ser) before seeding on flat and Bioimprint pST substrates. 

After 3 hours’ incubation time, adherent and nonadherent 

cells were counted and the percentage of adherent cells was 

calculated.

Western blotting
Cells lysate was prepared using RIPA buffer containing pro-

tease inhibitor cocktail tablets (Complete Mini, Hoffman-La 

Roche Ltd., Basel, Switzerland) and was analyzed for total 

protein concentration using BCA Protein Assay Kits (BioRad, 

Hercules, CA, USA). Then, 10 μg of protein was run through 

SDS polyacrylamide gel electrophoresis under nonreducing 

conditions and was then transferred onto a polyvinylidene 

difluoride membrane, blocked, and incubated with primary 

antibodies overnight at 4°C. On the following day, the mem-

brane was washed with 0.1% Tween-20 Tris-buffered saline 

before and after incubation with secondary antibody. The 

membrane was then analyzed using ECL Plus (GE Health-

care UK Ltd, Little Chalfont, UK) with Alliance 4.7 imaging 

system (Unitec, Cambridge, UK). Densitometric analysis of 

bands of each sample was carried out using ImageJ.25

Some commonly used reference proteins, eg, actin, 

cytokeratin, and GAPDH, were sensitive to the physical envi-

ronment on which the cells were grown. Therefore, Western 

blot data for cells on pMA substrates are presented using the 

same sample loading, ensured by total protein measurement, 

and the Western blotting was repeated at least six times.

Immunofluorescence staining
Cells were grown on respective substrates until 70%–80% 

confluent and were fixed as described in the section “The 

Bioimprints”. For cytokeratin-18 staining, cells were per-

meabilized with cold methanol for 10 minutes at -20°C 

and, for actin, β1-integrin, and pFAK staining, cells were 

permeabilized with Triton X for 5 minutes at room tempera-

ture. After permeabilization, cells were washed four times 

with cold PBS, each of 5 minutes’ duration. Then, samples 

were blocked with 5% w/v bovine serum albumin in PBS for 

60 minutes at room temperature, followed by washing with 

PBS (pH 7.4). Then, cells were incubated with mouse anti-

cytokeratin-18 (Santa Cruz Biotechnology Inc.) for local-

ization of cytokeratin-18 or Texas Red-X Phalloidin (Life 

Technologies Thermo Fisher Scientific) for actin filament 

staining or with both anti-β1 integrin and anti-pFAK (Santa 

Cruz Biotechnology Inc.) at 4°C overnight. After primary 

antibody incubation, cells were washed with cold PBS prior 

to secondary antibody incubation. After washing with cold 

0.1% v/v PBS–Tween 20, samples with antifading solution 

were visualized with Zeiss Axio Imager epifluorescence 

microscope (Carl Zeiss Meditec AG, Jena, Germany).

Cell morphology and size
Cells were cultured on substrates and were immunofluo-

rescently stained for cytokeratin-18 and were examined 

under an epifluorescence microscope. The shapes of cells 

were observed using optical microscopy, and the sizes were 

measured using ImageJ.

Cell number
The number of cells was estimated using a standard curve 

that related the level of Coomassie Blue staining to cell 

number. Cells were grown on different substrates, and then 

cell culture media were removed and cells were washed with 

PBS, followed by cell fixing with IC Fixation Buffer for 

15 minutes. After washing off the excess fixation buffer, cells 

were stained with Coomassie Blue for 5 minutes. The stained 

cells were washed with distilled water three times.

To make a standard curve, a cell suspension was prepared 

and after cell counting, serial dilutions were made and stained 
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with Coomassie Blue for 5 minutes. The stained samples 

were washed with distilled water three times and air-dried. 

The stains of this standard curve, together with the stained 

experimental samples, were dissolved in 10% SDS in 0.1 N 

HCl for 10 minutes. Absorbance at 595 nm was obtained and 

the cell number was calculated from the standard curve.

Results
Substrate resolution
Our previous studies have shown that imprints obtained using 

UV-curable pMA can replicate cell features of Ishikawa cells 

derived from endometrial cancer down to the nanoscale.16–18 

We chose this polymer as a cell substrate because it satis-

fied the criteria for a successful bioimprint process, namely, 

nanoscale resolution, fast curing time, and low temperature 

process, in addition to biocompatibility. Here, we also 

produced imprints with a polymer that is commonly used 

in studies of cell behavior, namely, pST. The results dem-

onstrated that pST imprints were also capable of very high 

resolution and were observed to capture a cell’s fine features 

such as cell filopodium (Figure 2). The fidelity was observed 

in negative imprints and retained during the later steps to 

produce a positive imprint.

Preferential substrate for growth
Previously, we observed that there was preferential cell 

growth on imprinted areas on negative pMA relative to 

flat areas.26 Here, we undertook quantitative cell popula-

tion analysis. Using imaging and counting described in 

the “Materials and methods” section, the fraction of cells 

that could potentially have adhered to the flat area or to the 

imprinted area on each slide was calculated. It can be seen 

that the Ishikawa cells selectively grew on a pST substrate 

negatively imprinted with Ishikawa cells (Figure 3A). No 

selective presence was observed on the substrate that was 

positively imprinted (Figure 3A).

To investigate the possibility that the preference was 

a result of a nonspecific effect of surface patterning, a 

different cell line, namely C2C12 mouse myoblast cells, 

was used to make Bioimprints. The same procedure was 

performed using an imprint of C2C12 cells as substrate 

for the endometrial cancer cells (Figure 3B). In contrast to 

Ishikawa cells cultured on Ishikawa cell imprints, Ishikawa 

cells cultured on a substrate negatively imprinted with 

C2C12 cells showed no selective presence. Further, there 

was again no selection on a substrate positively imprinted 

with C2C12 cells.

Cell morphology
We investigated the area of cells as an indication of cell 

response to the imprinted surface (Figure 4). Cells on  

(-)pMA imprint had bigger areas (590.1±56.7 μm2) than 

cells on flat surface (f)pMA (323.2±31.0 μm2) (Figure 4A). 

In contrast, cells on both (-)pST (947.5±39.6 μm2) and  

(+)pST (772.9±74.2 μm2) imprints were smaller than on (f)

pST (1,002.0±37.5 μm2) (Figure 4B). The cells on pMA 

substrates had smaller surface area than cells on pST surfaces. 

This was due to the hydrophobicity of pMA substrates, which 

limited cell spreading. In this context, the contact angle (CA) 

of pMA is 65°–80°27 and that of pST is 58.89°.26

Figure 2 Scanning electron microscope images of bioimprints of Ishikawa endometrial cancer cells.
Notes: (A) A negative polystyrene imprint and (B) a positive polystyrene imprint. The images illustrate the retained fidelity of the fine features of cells during fabrication 
of the imprints.
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Beta-1 integrin expression
The influence of flat and imprinted pMA and pST substrates 

on β1-integrin expression, an important mediator of signals 

between the external environment of a cell and its cytoplas-

mic interior, was examined.

Compared to cells on flat pMA substrate, cells on (-)pMA  

had higher expression of β1-integrin (Figure 5A). Cells on 

(-) and (+)pST also had higher expression of β1-integrin 

than those on (f)pST (Figure 5B).

Integrin is known to bind to RGD (Arg-Gly-Asp) moieties 

in the surrounding ECM. Demonstration that β1-integrin 

expression was sensitive to the topography of the substrate 

suggested that there was β1-integrin involvement in the 

cell’s responses to the physical environment. Therefore, to 

confirm the role of β1-integrin in cell adhesion on pST, we 

investigated the effect of RGDS, a tetrapeptide that inhibits 

binding of β1-integrin to relevant (fibronectin) substrates. 

The initial binding of cells to pST substrate was indeed 

blocked by RGDS (Figure 6). Control peptide (RGES) had 

no effect on adhesion, which is consistent with the early 

involvement of β1-integrin in the differential interaction of 

cells with distinct topographies.

Figure 3 Preferential growth on polystyrene Bioimprint.
Notes: Ishikawa cells were cultured on polystyrene imprints of (A) Ishikawa cells and (B) C2C12 cells. The fractions of cells that could potentially have adhered to the flat 
area or the imprinted area on each slide were calculated. Data are presented as mean ± SEM of measurements from 25 grid areas on each of 4 incubations per substrate 
topography (**P,0.01).

Figure 4 Effects of Bioimprint substrate on Ishikawa cell size.
Notes: effects on (A) (f)pMa and (-)pMA imprint; and (B) (f)psT, (-)psT, and (+)pST imprints. Cells were grown on (A) flat and negative-imprinted pMA substrates; and 
(B) flat, negative-, and positive-imprinted pST substrates; and were stained for cytokeratin-18; images of cells were taken using epifluorescence microscopy. ImageJ software 
was used to measure each parameter from the images taken. Data are presented as mean ± SEM of measurements from at least 25 cells from five different images (**P,0.01; 
paired t-test).
Abbreviations: (-), negative imprint; (+), positive imprint; (f), flat substrate; pMA, polymethacrylate; pST, polystyrene; SEM, standard error of the mean.
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Focal adhesions
Next, we studied FAK, which is an important component 

of the focal adhesion complex that forms downstream of 

β1-integrin as part of the response to biomechanical forces.28 

Our immunofluorescence staining results demonstrated that 

pFAK was expressed with β1-integrin (Figure 7), indicating 

functional colocalization.

Western blotting revealed that cells cultured on (-)

pMA imprint exhibited higher mean FAK expression than 

cells on the flat polymer (Figure 8A, left panel). Moreover, 

activated pFAK was expressed at similar levels on (-)pMA 

as on f(pMA) (Figure 8B, left panel). Additionally, on pST 

substrates, higher expression of FAK was observed in cells 

cultured on (-)pST and (+)pST imprints relative to those 

cultured on (f)pST (Figure 8A, right panel).

We also found that the ratio of pFAK to total FAK was 

significantly lower (P,0.01) in cells cultured on bioim-

printed pMA than in cells grown on flat substrate. The ratio 

was also lower in cells grown on (+)pST than on (f)pST 

(P,0.05).

actin
Actin is recruited to focal adhesions in response to biome-

chanical force stimulation,28 and actin has been observed in 

some cells to modify its structure to subsequently transmit 

information for relevant gene activation. In cells cultured on 

pMA Bioimprint (Figure 9), the actin filaments were more 

elongated than actin filaments in cells cultured on flat surfaces 

(cell circularity, determined by ImageJ, on (f)pMA: 0.72; 

cell circularity on (-)pMA: 0.64; P,0.05). These observa-

tions were distinct from those observed in cells cultured on 

pST. There was no observable difference in actin arrange-

ment between cells cultured on (-)pST and (+)pST surfaces 

Figure 5 effects of Bioimprint on expression of β1-integrin.
Notes: Densitometry results of β1-integrin bands formed after Western blotting of lysates of cells cultured on (A) flat and negative-imprinted pMA substrates and (B) flat, 
negative-, and positive-imprinted pST substrates. Data are presented as mean ± SEM from at least six tests (*P,0.05; **P,0.01, paired t-test).
Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; SEM, standard error of the mean; pMA, polymethacrylate.

Figure 6 Effects of blocking β1-integrin on initial cell adhesion.
Notes: Cells were grown on respective substrates with either no treatment or with 
treatments consisting of RGDS alone, RGES alone, or RGDS + rges for 3 hours 
and were stained with Coomassie Blue. The number of adherent cells was quantified 
from a Coomassie Blue staining standard curve. Data are presented as mean ± seM 
of measurements from at least three samples, each in triplicate (*P,0.05; **P,0.01; 
paired t-test).
Abbreviations: RGDS, Arg-Gly-Asp-Ser tetrapeptide; RGES, Arg-Gly-Glu-Ser 
tetrapeptide; SEM, standard error of the mean.
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Figure 7 colocalization of β1-integrin and pFAK. 
Notes: Immunofluorescence staining of β1-integrin of cells cultured on (A) (f)pMaand (B) (-)pMA imprint; and on (C) (f)psT, (D) (-)psT, and (E) (+)psT imprints. β1-
integrin was localized using mouse anti-β1-integrin, and pFAK was localized with rabbit anti-pFAK, which were then imaged with AlexaFlour 488 (green) and Atto 594 (red), 
respectively. Colocalization of β1-integrin and pFAK is indicated by the arrows, where merging of green and red tags to yellow coloration occurs. Cell nuclei were stained 
with Hoechst 33342 (blue) (original magnifications: ×20).
Abbreviations: (-), negative imprint; (+), positive imprint; (f), flat substrate; pFAK, phosphorylated focal adhesion kinase; pMA, polymethacrylate; pST, polystyrene.

Figure 8 Effects of Bioimprint on FAK and pFAK expression.
Notes: Densitometry results of (A) FAK and (B) pFAK bands formed after Western blotting of lysates of cells cultured on (left panel) flat and negative-imprinted pMA substrates 
and (right panel) flat, negative-, and positive-imprinted pST substrates. Data are presented as mean ± SEM from at least six tests (*P,0.05; **P,0.01; paired t-test).
Abbreviations: FAK, focal adhesion kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; pFAK, phosphorylated FAK; pMA, polymethacrylate; pST, polystyrene; 
seM, standard error of the mean.
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relative to those on (f)pST. Levels of actin expression were 

similar on the three pST substrates (Figure 10).

Cytokeratin-18
Cytokeratin-18 is a cytoskeleton intermediate filament that 

functions to maintain the structure of cells and plays a role in 

adhesion and spreading.29,30 After immunofluorescence stain-

ing, cytokeratin-18 was observed to exhibit more elongated 

distribution in cells grown on (-)pMA imprint compared to 

the distribution in cells grown on (f)pMA, which was different 

from the responses to cells on pST, wherein there was no clear 

difference observed between cytokeratin-18 arrangements 

(Figure 11). Cytokeratin-18 has higher expression in cells cul-

tured on (-)pMA imprint than in cells on (f)pMA (Figure 12).  

Additionally, the expression on both (-)pST and (+)pST 

imprints was higher than on (f)pST substrates.

Cell number
The parameters examined, including cell size,31–33 have been 

observed to be associated with cell growth and we looked 

at cell number after culture (Figure 13). Cultures on (-)

pMA imprint had a larger population of cells than those on  

(f)pMA. On the other hand, there were fewer cells on (+)pST 

than on (f)pST and (-)pST.

Figure 9 Actin distribution.
Notes: Immunofluorescence staining of actin in cells cultured on (A) (f)pMa, (B) (-)pMA imprint; and on (C) (f)psT, (D) (-)psT, and (E) (+)pST imprints. Cells grown on 
different surfaces were fixed with 4% paraformaldehyde and permeabilized using Triton X; then actin was probed using Texas Red-X Phalloidin red) (original magnifications: ×20).  
In cells cultured on pMA Bioimprint the actin filaments were more elongated than in cells cultured on flat pMA. There was no observable difference in the arrangement of 
actin in cells cultured on (-)psT or (+)psT surfaces relative to actin in cells on (f)psT.
Abbreviations: (-), negative imprint; (+), positive imprint; (f), flat substrate; pMA, polymethacrylate; pST, polystyrene.

Figure 10 effects of Bioimprint on expression of actin.
Notes: Densitometry results of actin bands formed after Western blotting of lysates of cells cultured on (A) flat and negative-imprinted pMA substrates and (B) flat, 
negative-, and positive-imprinted pST substrates. Data are presented as mean ± SEM from at least five tests (*P,0.05; paired t-test).
Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; pMA, polymethacrylate; pST, polystyrene; SEM, standard error of the mean.
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Figure 12 Effects of Bioimprint on cytokeratin-18 expression.
Notes: Densitometry results of cytokeratin-18 bands formed after Western blotting of lysates of cells cultured on (A) flat and negative-imprinted pMA substrates and  
(B) flat, negative-, and positive-imprinted pST substrates. Data are presented as mean ± SEM from at least 12 tests (*P,0.05; **P,0.01; paired t-test).
Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; pMA, polymethacrylate; pST, polystyrene; SEM, standard error of the mean.

Figure 11 Effects of Bioimprint on expression of cytokeratin-18.
Notes: Immunofluorescence staining of cytokeratin-18 in cells cultured on (A) (f)pMa and (B) (-)pMA imprint; and on (C) (f)psT, (D) (-)psT, and (E) (+)psT imprints. cells 
grown on different surfaces were fixed with 4% paraformaldehyde and permeabilized using cold methanol; then cytokeratin-18 was probed using mouse anti-cytokeratin-18 
that was labeled with AlexaFluor 488 (green). Cell nuclei were co-stained with Hoechst 33342 (blue) (original magnifications: ×20).
Abbreviations: (-), negative imprint; (+), positive imprint; (f), flat substrate; pMA, polymethacrylate; pST, polystyrene.

Discussion
We report the influence of cell culture platform topography on 

cancer cells’ biological characteristics. A method was devel-

oped for providing a substrate in vitro with cell-like features, 

thereby enabling the study of the effects of a topographic 

surface that is similar to that experienced by cells in vivo. The 

observations we report in this project establish that the physi-

cal environment has an effect on part of cancer cell behavior 

independent of the inherent characteristics of the substrate.

We investigated the effect of incubation of cells on two 

different polymers, pMA and pST. Both pST and pMA were 

biocompatible and cells were able to grow and proliferate, 

although there was a detectable difference in percentage 

initial adherence on pMA relative to that on conventional 

pST culture surfaces (approximately 89% on (f)pMA com-

pared to approximately 95% on (f)pST; P,0.01). The dif-

ferences in cell morphology and growth rates that occurred 

between polymers were likely to be partly associated with 

the biophysical properties of cell membrane interactions 

with the substrate surface as reflected by, eg, the water CA 

(for pST, the angle is 59°, whereas for pMA, the CA is 73°).  

The observation that cells cultured on pMA surfaces form 
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Figure 13 Effects of Bioimprint on cell number after 60-hour culture.
Notes: Cells were grown on (A) flat and negative-imprinted pMA substrates and (B) flat, negative-, and positive-imprinted pST substrates for 60 hours and were stained 
with Coomassie Blue. The number of cells was quantified from the standard curve of cell staining with Coomassie Blue. Data are presented as mean ± seM of measurements 
from at least three samples, each as triplicate cultures (**P,0.01; *P,0.05; paired t-test).
Abbreviations: pMA, polymethacrylate; pST, polystyrene; SEM, standard error of the mean.

smaller populations is consistent with the sparing use of 

pMA in in vitro culture studies and the correspondingly 

wider use of pST, for which cell growth and maintenance 

are well characterized.

The behavior of cells on pMA was modified if the MA 

polymer was imprinted with shapes resembling the cells 

themselves.16,17 Cells on the imprint expressed higher levels 

of β1-integrin, FAK, and cytokeratin-18 compared to cells 

on (f)pMA. In addition, cultures on pMA Bioimprint had 

a bigger area (600 μm2, compared to 300 μm2) and had 

higher cell numbers. These results using pMA indicated 

that behavior and characteristics of cancer cells may be 

altered by the topography of the microenvironment alone. 

The observations point to the substantial potential for these 

substrates to assist in studies using a cell-like topography 

aimed at, for instance, cell regulation of signaling molecules 

and molecular target drug specificity.15,34 Because expression 

of signaling molecules is modified by the physical nature of 

a cell’s environment, it is important that we reach a greater 

understanding of the effects of these interactions on the 

development of cancers.35–37 In addition, we also noted, by 

using a similar topography with a different polymer, pST, 

that the topographical environment combines with polymer 

characteristics to have an important role in influencing the 

cell behavior through the physical characteristics. Further, 

cells cultured on imprinted pST had smaller area and slower 

rate of proliferation compared to cells on (f)pST – the 

converse to the relationship of cells on pMA. The results 

with pMA compared to pST confirm that topography itself 

is not the only factor in the microenvironment that affects 

behavior and indicate that polymer characteristics (ie, non-

ECM-related factors) are also influential. Where the surface 

is not favorable for growth (ie, the pMA condition in which 

rounded cells suggest low adherence), cells cultured on an 

imprinted surface responded by inducing enhanced activity of 

signaling pathways and increased proliferation. On the other 

hand, pST platforms with imprints had fewer cells than those 

that were flat, which indicated that certain modifications of 

substrate characteristics may alter cell signaling in a manner 

that suppresses tumor development.

In a number of studies, a link between integrins and cell 

signaling pathways has been observed.28 Here, we hypoth-

esized that the physical environment would be detected by 

the integrin receptor. Indeed, cells on (-)pMA imprint and 

both (-) and (+)pST imprint exhibited a higher expression of 

integrin than cells on flat surfaces. The interaction with RGD 

(Arg-Gly-Asp) moiety during adhesion was demonstrated. 

In this study, the effect of blocking on phosphorylation 

of integrin was not evaluated. Secreted ECM components 

from nonstromal (Ishikawa) cells38–42 or soluble factors3,43 

may be partly responsible for the interface effect. Physical 

signaling is complex, and a number of relevant signaling 

molecules and transcription factors have been identified,43,44 

but their roles are not fully defined.45 Here, eg, we observed 

that a reduction in the ratio of pFAK/FAK accompanied an 

increase in β1-integrin expression, suggesting activation by 
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the cell topography interaction of a pathway that inhibited 

phosphorylation.

The connections between topography and cytoskeleton 

were also investigated and quantitative polymer-dependent 

differences in actin and cytokeratin-18 were observed. 

Cells on all imprints showed a higher expression of 

cytokeratin-18, but not actin, than the cells on flat surfaces. 

This may indicate that the signaling in the context of these 

studies was more prominently mediated by cytokeratin-18 

than actin. Alternatively or additionally, changes in 

actin might have been occurring in parallel but were  

not detected.

An effect of substrate topography on cell behavior has 

been previously reported46,47 but with only sparse attention 

to cancer cells.48,49 Our study is a major advance in that 

features similar to cells themselves are used in the sub-

strates. Cells on both (-) and (+)pST indeed showed lower 

growth rate than on flat pST, in parallel with occurrences 

in cells cultured in 3D models.50,51 However, biophysi-

cal properties favored preferential adherence to (-)pST 

but not to (+)pST substrate, revealing that the details of 

topography were also important. This study is the first to 

develop a method in which the imprinted substrate has a 

cell’s physical shapes but without differential cell secre-

tion and surface chemistry complexities that are present 

in cell cluster models.

The results have implications for enhancing conventional 

cell culture practice because a positively imprinted pST 

provides a more tissue-like topography than does flat pST. 

It is clear that flat surface is not physiological but has been 

used widely to investigate cancer cell behavior and is now 

suggested to often induce nonrelevant behavior. There is an 

implication in our observations that there is an association 

between physiological-like topography and control over can-

cer development. The results together therefore indicate that 

cancer cells respond to the physical microenvironment, and 

the response is a result of an interaction between topography 

and substrate surface characteristics. The potential may be 

significant both for designing and for more relevant testing 

of drugs in development.

We investigated whether topography has a role in regulat-

ing the behavior of Ishikawa endometrial cancer cells. We 

demonstrated a link between structure of the microenviron-

ment and activities of the cancer cells. The results are con-

sistent with the concept that the mechanical environment is 

a vital influence on gene expression.45,52,53 Our observations 

indicate that increased understanding of the interactions may 

signal potential for treatment aimed directly at altering the 

physical environment or, alternatively, at components of the 

associated signaling pathways.

Acknowledgments
The authors are very grateful for funding support from the 

Marsden Fund, the MacDiarmid Institute for Advanced 

Materials and Nanotechnology, and the New Zealand Cancer 

Society.

Disclosure
The authors report no conflicts of interest in this work.

References
 1. Chao EY, Inoue N. Biophysical stimulation of bone fracture repair, 

regeneration and remodelling. Eur Cell Mater. 2003;6:72–84.
 2. Waldorff EI, Christenson KB, Cooney LA, Goldstein SA. Microdamage 

repair and remodeling requires mechanical loading. J Bone Miner Res. 
2010;25:734–745.

 3. Sanchez-Esteban J. Mechanical forces in fetal lung development: 
opportunities for translational research. Front Pediatr. 2013;1:51.

 4. Becker JL, Souza GR. Using space-based investigations to inform 
cancer research on Earth. Nat Rev Cancer. 2013;13:315–327.

 5. Guo F, Li Y, Liu Y, et al. Identification of genes associated with tumor 
development in CaSki cells in the cosmic space. Mol Biol Rep. 2012; 
39:6923–6931.

 6. Lewis ML, Cubano LA, Zhao B, et al. cDNA microarray reveals altered 
cytoskeletal gene expression in space-flown leukemic T lymphocytes 
(Jurkat). FASEB J. 2001;15:1783–1785.

 7. Clark AG, Paluch E. Mechanics and regulation of cell shape during the 
cell cycle. Results Probl Cell Differ. 2011;53:31–73.

 8. Lee JM, Mhawech-Fauceglia P, Lee N, et al. A three-dimensional 
microenvironment alters protein expression and chemosensitivity of 
epithelial ovarian cancer cells in vitro. Lab Invest. 2013;93:528–542.

 9. Klass BR, Grobbelaar AO, Rolfe KJ. Transforming growth factor beta1 
signalling, wound healing and repair: a multifunctional cytokine with 
clinical implications for wound repair, a delicate balance. Postgrad 
Med J. 2009;85:9–14.

 10. Moustakas A, Heldin P. TGFbeta and matrix-regulated epithelial 
to mesenchymal transition. Biochim Biophys Acta. 2014;1840(8): 
2621–2634.

 11. Zheng Y, Ritzenthaler JD, Roman J, Han S. Nicotine stimulates human 
lung cancer cell growth by inducing fibronectin expression. Am J Respir 
Cell Mol Biol. 2007;37:681–690.

 12. Maeda T, Sakabe T, Sunaga A, et al. Conversion of mechanical 
force into TGF-beta-mediated biochemical signals. Curr Biol. 2011; 
21:933–941.

 13. Potier E, Noailly J, Ito K. Directing bone marrow-derived stromal cell 
function with mechanics. J Biomech. 2010;43:807–817.

 14. Iglesias-Garcia J, Dominguez-Munoz JE. Endoscopic ultrasound image 
enhancement elastography. Gastrointest Endosc Clin N Am. 2012;22: 
333–348.

 15. Vinci M, Gowan S, Boxall F, et al. Advances in establishment and 
analysis of three-dimensional tumor spheroid-based functional assays 
for target validation and drug evaluation. BMC Biol. 2012;10:29.

 16. Muys JJ, Alkaisi MM, Melville DO, et al. Cellular transfer and AFM imag-
ing of cancer cells using bioimprint. J Nanobiotechnology. 2006; 4:1.

 17. Samsuri F, Alkaisi MM, Mitchell J, Evans JJ. Replication of cancer 
cells using soft lithography bioimprint technique. Microelectron Eng. 
2010;87:699–703.

 18. Muys JJ, Alkaisi MM, Evans JJ. Bioimprint: nanoscale analysis by 
replication of cellular topography using soft lithography. J Biomed 
Nanotechnol. 2006;2:1–5.

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine

Publish your work in this journal

Submit your manuscript here: http://www.dovepress.com/international-journal-of-nanomedicine-journal

The International Journal of Nanomedicine is an international, peer-
reviewed journal focusing on the application of nanotechnology  
in diagnostics, therapeutics, and drug delivery systems throughout  
the biomedical field. This journal is indexed on PubMed Central, 
 MedLine, CAS, SciSearch®, Current Contents®/Clinical Medicine, 

Journal Citation Reports/Science Edition, EMBase, Scopus and the 
Elsevier Bibliographic databases. The manuscript management system 
is completely online and includes a very quick and fair peer-review 
system, which is all easy to use. Visit http://www.dovepress.com/
testimonials.php to read real quotes from published authors.

International Journal of Nanomedicine 2015:10 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

Dovepress

4895

Behavior of Ishikawa cancer cells on different topographies

 19. Albert PJ, Schwarz US. Dynamics of cell shape and forces on micropat-
terned substrates predicted by a cellular Potts model. Biophys J. 2014; 
106:2340–2352.

 20. Gilchrist CL, Ruch DS, Little D, Guilak F. Micro-scale and meso-scale 
architectural cues cooperate and compete to direct aligned tissue forma-
tion. Biomaterials. 2014;35:10015–10024.

 21. Balaban NQ, Schwarz US, Riveline D, et al. Force and focal adhesion 
assembly: a close relationship studied using elastic micropatterned 
substrates. Nat Cell Biol. 2001;3:466–472.

 22. Thery M, Pepin A, Dressaire E, Chen Y, Bornens M. Cell distribution 
of stress fibres in response to the geometry of the adhesive environment. 
Cell Motil Cytoskeleton. 2006;63:341–355.

 23. Bouvard D, Pouwels J, De Franceschi N, Ivaska J. Integrin inactivators: 
balancing cellular functions in vitro and in vivo. Nat Rev Mol Cell Biol. 
2013;14:430–442.

 24. Gehler S, Ponik SM, Riching KM, Keely PJ. Bi-directional signaling: 
extracellular matrix and integrin regulation of breast tumor progression. 
Crit Rev Eukaryot Gene Expr. 2013;23:139–157.

 25. Schneider CA, Rasband WS, Eliceiri KW. NIH image to imageJ:  
25 years of image analysis. Nat Methods. 2012;9:671–675.

 26. Murray LM, Nock V, Evans JJ, Alkaisi MM. Bioimprinted polymer 
platforms for cell culture using soft lithography. J Nanobiotechnology. 
2014;12:289.

 27. Saltzman WM, Kyriakides TR. Cell interactions with polymers. In: 
Lanza R, Langer R, Vacanti J, editors. Principles of Tissue Engineering. 
San Diego: Academic Press; 2007:279–296.

 28. Roca-Cusachs P, Iskratsch T, Sheetz MP. Finding the weakest link: 
exploring integrin-mediated mechanical molecular pathways. J Cell 
Sci. 2012;125:3025–3038.

 29. Bordeleau F, Galarneau L, Gilbert S, Loranger A, Marceau N. 
Keratin 8/18 modulation of protein kinase C-mediated integrin-
dependent adhesion and migration of liver epithelial cells. Mol Biol 
Cell. 2010;21:1698–1713.

 30. Bordeleau F, Myrand Lapierre ME, Sheng Y, Marceau N. Keratin 
8/18 regulation of cell stiffness-extracellular matrix interplay through 
modulation of Rho-mediated actin cytoskeleton dynamics. PLoS One. 
2012;7:e38780.

 31. Tzur A, Kafri R, LeBleu VS, Lahav G, Kirschner MW. Cell growth 
and size homeostasis in proliferating animal cells. Science. 2009;325: 
167–171.

 32. Kafri R, Levy J, Ginzberg MB, Oh S, Lahav G, Kirschner MW. Dynam-
ics extracted from fixed cells reveal feedback linking cell growth to cell 
cycle. Nature. 2013;494:480–483.

 33. Chen CS, Mrksich M, Huang S, Whitesides GM, Ingber DE. Geometric 
control of cell life and death. Science. 1997;276:1425–1428.

 34. Girard YK, Wang C, Ravi S, et al. A 3D fibrous scaffold inducing 
tumoroids: a platform for anticancer drug development. PLoS One. 
2013;8:e75345.

 35. Agudelo-Garcia PA, De Jesus JK, Williams SP, et al. Glioma cell 
migration on three-dimensional nanofiber scaffolds is regulated by 
substrate topography and abolished by inhibition of STAT3 signaling. 
Neoplasia. 2011;13:831–840.

 36. Kriparamanan R, Aswath P, Zhou A, Tang L, Nguyen KT. Nano-
topography: cellular responses to nanostructured materials. J Nanosci 
Nanotechnol. 2006;6:1905–1919.

 37. Weigelt B, Lo AT, Park CC, Gray JW, Bissell MJ. HER2 signaling 
pathway activation and response of breast cancer cells to HER2-
targeting agents is dependent strongly on the 3D microenvironment. 
Breast Cancer Res Treat. 2010;122:35–43.

 38. Nederman T, Norling B, Glimelius B, Carlsson J, Brunk U. Demonstra-
tion of an extracellular matrix in multicellular tumor spheroids. Cancer 
Res. 1984;44:3090–3097.

 39. Niculescu-Duvaz I, Phanish MK, Colville-Nash P, Dockrell ME. 
The TGFbeta1-induced fibronectin in human renal proximal tubular 
epithelial cells is p38 MAP kinase dependent and Smad independent. 
Nephron Exp Nephrol. 2007;105:e108–e116.

 40. Smith BD, Niles R. Characterization of collagen synthesized by normal 
and chemically transformed rat liver epithelial cell lines. Biochemistry. 
1980;19:1820–1825.

 41. Creely JJ, DiMari SJ, Howe AM, Haralson MA. Effects of transforming 
growth factor-beta on collagen synthesis by normal rat kidney epithelial 
cells. Am J Pathol. 1992;140:45–55.

 42. Quaroni A, Trelstad RL. Biochemical characterization of collagens 
synthesized by intestinal epithelial cell cultures. J Biol Chem. 1980; 
255:8351–8361.

 43. Janmey PA, Wells RG, Assoian RK, McCulloch CA. From tissue 
mechanics to transcription factors. Differentiation. 2013;86:112–120.

 44. Chiquet M, Gelman L, Lutz R, Maier S. From mechanotransduction to 
extracellular matrix gene expression in fibroblasts. Biochim Biophys 
Acta. 2009;1793:911–920.

 45. Bissell MJ, Hines WC. Why don’t we get more cancer? A proposed 
role of the microenvironment in restraining cancer progression. Nat 
Med. 2011;17:320–329.

 46. Biggs MJ, Richards RG, Dalby MJ. Nanotopographical modification:  
a regulator of cellular function through focal adhesions. Nanomedicine. 
2010;6:619–633.

 47. Nikkhah M, Edalat F, Manoucheri S, Khademhosseini A. Engineer-
ing microscale topographies to control the cell-substrate interface. 
Biomaterials. 2012;33:5230–5246.

 48. Zhang L, Chun YW, Webster TJ. Decreased lung carcinoma cell density 
on select polymer nanometer surface features for lung replacement 
therapies. Int J Nanomedicine. 2010;5:269–275.

 49. Kwon KW, Choi JC, Suh KY, Doh J. Multiscale fabrication of multiple 
proteins and topographical structures by combining capillary force 
lithography and microscope projection photolithography. Langmuir. 
2011;27:3238–3243.

 50. Gruber HE, Hanley EN Jr. Human disc cells in monolayer vs 3D culture: 
cell shape, division and matrix formation. BMC Musculoskelet Disord. 
2000;1:1.

 51. Skrobanska R, Evangelatov A, Stefanova N, Topouzova-Hristova T, 
Momchilova A, Pankov R. Cell proliferation in in vivo-like three-
dimensional cell culture is regulated by sequestration of ERK1/2 to 
lipid rafts. Cell Prolif. 2014;47:336–346.

 52. Wang CC, Bajikar SS, Jamal L, Atkins KA, Janes KA. A time- and 
matrix-dependent TGFBR3-JUND-KRT5 regulatory circuit in single 
breast epithelial cells and basal-like premalignancies. Nat Cell Biol. 
2014;16:345–356.

 53. Michor F, Weaver VM. Understanding tissue context influences on 
intratumour heterogeneity. Nat Cell Biol. 2014;16:301–302.

http://www.dovepress.com/international-journal-of-nanomedicine-journal
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
www.dovepress.com

	Publication Info 4: 
	Nimber of times reviewed 2: 


