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’ INTRODUCTION

The development of functional biomaterials requires search-
ing for applicable substances which allow activating specific
characteristics of cells and tissues. The most essential prerequi-
site for biomaterials is to support cell viability which is advanta-
geous for the subsequent cell proliferation and migration. The
viability of adherent cells relates closely to its morphology which
is mediated by transmembrane adhesion receptors and correspond-
ing extracellular matrix (ECM) proteins.1�7 However, because of
the lack of receptor on the syntheticmaterials, the presence of protein
is usually necessary for cell adhesion.8 Fibroncetin, vitronectin,
and laminin are recognized as adhesive proteins which promote
cell adhesion,9,10 whereas serum albumin,9,11,12 and immunoglo-
bin (IgG) were recognized to prevent cell adhesion on the surfaces.
The strategies used to modulate biological responses on bioma-
terials also included the modifications of hydrophilicity or elasticity
of materials,13,14 the changes of type and ratio of copolymers, and
the geometrical arrangements for network polymers.15 Surface
modification methods generally aimed to introduce specific surface
functionalities for biomaterials and the main strategies included
wet chemical treatments and dry processes. Various chemical
methods such as chemical etching, polymer adsorption, and self-
assembly monolayers allowed to roughen the surfaces or to provide
specific surface functionalities.16,17 Furthermore, corona discharge
and thermal and plasma treatment methods involved no solvents

were also employed to impart chemical moiety and to alter
surface topography. The surface modification by integrating ECM
proteins tomediate cell adhesion andbehaviorwas demonstrated by
the adsorption of different layers of ECMcomponents, e.g., collagen
and fibronectin, on substrates.13,18

In addition, there are growing number of reports focused on
how the cells detect and response to the nano- and microtopo-
graphy of substrate materials and the succeeding influences on
the morphology and spreading upon cell arrangements, prolif-
eration, apotosis and macrophage activation.19�22 For example,
it was shown that a specifically designed microenvironment sup-
ported the cellular regeneration and directed the formation and
vascularization of tissue.23 The micropatterned poly(lactic-co-
glycolic acid (PLGA) films coated with collagen or laminin peptide
promoted axon growth and provided a guidance effect on both
early stage neurite outgrowth and elongation.24

The creation of regular patterns on polymer surfaces by using
photo-lithography and soft-lithography methods usually involved
clean room processes and lengthy experimental procedures.25�30

The breath-figure template is a more cost and time effective
method to create regular patterned films with relatively ease but
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was showed limitations by its sensitivity to humidity and can be
prepared only on hydrophilic materials.31�38 Wang et al. have
firstly introduced the single-step phase separation method which
is facile and less humidity sensitive for the preparation of poly-
(methyl methacrylate) and poly(L-lactide) polymer thin films
with concave size ranged from 4 to 8 μm.39,40 Moreover, the
addition of surfactant and the control of water concentration
proved to assist the fabrication of very regular patterns with
different concave sizes on polymer thin films.41

In this study, collagen and dopamine, which are an extra-
cellular matrix protein and a mussel-inspired adhesive molecule,
were added into polymer solutions for the formation of micro-
patterned polymer thin films. The spatial distribution and aggrega-
tion of collagens were reported to attribute to the cellular signaling
and development through integrins recognitions.42,43 On the
other hand, the self-polymerization of dopamine via oxidation or
coordination bonds from catechol groups revealed its applic-
ability to form adhesive layer on various solid surfaces.44,45 The
coating of polydopamine on different substrates demonstrated
excellent results on promoting cell adhesion even on the well-
known anti-adhesive polymer, poly(tetrafluoroethylene).46

A raised issue for the developed strategies is that sometimes
the surface modification methods were limited by the specificity
to a certain type of substrate materials and lacked the possibility
to modulate surface chemistry and the microenvironment simul-
taneously. In this study, a single-step method to fabricate thin
polymer films containing biofunctionality and microstructures
simultaneously was reported. Micro-patterned concaves with
collagen, dopamine, or bovine serum albumin (BSA) integrated
polymer thin films were prepared on poly(methyl methacrylate).
The objectives are to find out the effects resulted from the
incorporation of macromolecules and from the changes in sur-
face topography. The promotion of cell responses was demon-
strated by higher cell density and well-spread cell morphology on
surfaces composed concurrently of chemical and topographical
niches via the integration of collagen or dopamine. On the
contrary, the incorporation of BSA into polymer solution re-
vealed the effect of down-regulating cell proliferation. The single-
step micropatterning and biofunctionalization process presented
here provides an effective method for creating highly defined
microstructures for modulating the cell responses which is
suitable for the developments of biomedical materials.

’EXPERIMENTAL SECTION

Materials. Poly(methyl methacrylate) (PMMA, m.w.: 97,000), dopa-
mine, tetrahydrofuran (THF) were purchased from Acros (USA). Type
I collagen, kindly provided by Professor Wei-Bor Tsai from National
Taiwan University, was extracted from bovine skin as previously described.47

The chemicals used for lactate dehydrogease (LDH) method consisted
of lactic acid, nicotinamide adenine dinucleotide (NAD+), diaphorase,
bovine serum albumin, sucrose, indonitrotetrazolium (INT), phosphate
buffered saline (PBS), and Triton X-100 were purchased from Sigma-
Aldrich, MO, USA.
Preparation of Patterned Thin Films with Blended or

Coated Proteins. The patterned surfaces were prepared by single-
step phase separation method.41,48,49 Briefly, PMMA was dissolved in
THFmixed with water in different concentrations. The micro-patterned
thin film was produced by adding 6 ml of polymer solution into Petri
dishes (10 cm in diameter) at 20 �Cwith 85 % relative humidity for 12 h.
The protein blended polymer thin films were prepared by adding protein
into polymer solution to form a mixture of 0.1 mg/mL concentration of

protein. For the thin polymer films coated with proteins, the prepared
thin films containing patterns were immobilized in 0.1 mg/mL protein
in (PBS pH 7.4) at 37�C for 12 h and followed by extensive washing with
PBS and DI water and dried in laminar flow. All the polymer thin films
were sterilized by UV exposure for 30 min for both sides of sample.
Surface Characterizations. Scanning electron microscope (SEM)

was applied to observe the morphology of patterned surfaces and L-929
cells (JEOL JSM-6300) at 20 kV. The size of patterns was analyzed by
ImageJ software. The wettability of the surfaces was evaluated by
measuring the static water contact angle (Sindatek, model 100F) with
deionized water; at least five points were measured for each sample. The
chemical composition of samples was determined by Electron Spectros-
copy for Chemical Analysis on a Thermo VG Scientific Theta Probe
Instrument using monochromatic source of Al�Kα (1,486.6 eV) as
excitation sources, with pass energy of 50 eV. The characterizations were
taken under takeoff angle of 53�, with under X-ray spot size of 400 μm.
Cell Culture. The cell culture of L-929 fibroblast cells was per-

formed in a humidified incubator under 37 �C and 5% CO2 control. All
culture media were purchased from Sigma: Dulbecco’s modified eagle
medium (DMEM-high glucose) (56439C); trypsin, lyophilized powder
(T4799); EDTA (E6758); fetal bovine serum (F2442); sodium bicar-
bonate (S5761); sodium pyruvate (P5280); and L-glutamine (G8540).
The cultivation periods were 30 min, 1h, 2 h, 4 h, and 24 h, and 48 h with
initial cell density of 20 000 cells/ml.
Cell Viability by Lactate Dehydrogenase (LDH) Assay. The

cell density was determined by performing lactate dehydrogenase assay.50�52

The attached cells were lysed with 100 μl of 1 % Triton X-100 in PBS.
The reaction solution contained 0.3% NAD+, 0.27% diaphorase, 0.03%
bovine serum albumin, 1.2% sucrose and 0.02% iodonitrotetrazolium,
and 3.6 % sodium lactate (all chemicals were purchased from Sigma).
The optical density values were read at 490 nm by using enzyme-linked
immunosorbent assay (ELISA, iMark Absorbance Reader, BioRad).
A standard curve was obtained by plotting measured optical density of a
series of cell solutions with known cell densities.
Immunofluorescent Staining. The L-929 fibroblasts were fixed

on the patterned surfaces by immersion in a solution of 4 % parafor-
maldehyde in phosphate buffered saline (PBS, pH 7.4), and followed by
permeabilized with 0.1% Triton X-100 at room temperature. Non-
specific binding of proteins and antibodies was prevented by incubation
with 0.5 % bovine serum albumin (BSA) solution in PBS overnight at
4�C. The actin filaments and nuclei of cells were stained with 165 nM of
Rhodamine-conjugated phalloidin (R415, Molecular Probes, USA) and
DAPI (1:1000 dilutions, S7113, Chemicon International, Inc., USA) for
20 min at room temperature. Confocal laser scanning microscopy
(CLSM) was utilized to visualize the stained cells (Leica-SP2, Germany)
Statistical Analysis. The variations of the amount of adherent and

proliferate cells were statistically analyzed by performing one-way
analysis of variance (ANOVA), executed by Minitab statistical soft-
wareÒ. Fisher’s pairwise comparison test was applied to compare the cell
density on different samples for p <0.05.

’RESULTS AND DISCUSSION

This study proposed a one-step method to simultaneously
incorporate macromolecules into the polymer thin films and
create surface micro patterns. The addition of collagen, dopa-
mine, and bovine serum albumin into PMMA polymer solution
formed collagen-blended-PMMA (col-b-PMMA), dopamine-
blended-PMMA (dopa-b-PMMA), and BSA-blended-PMMA
(BSA-b-PMMA), respectively. Previous study indicated that
the micro-concaved PMMA was obtained by dissolving PMMA
in THF while the flat PMMA can be prepared by dissolving
PMMA in toluene (Figure 1a).41 By adding the macromolecules
intoPMMAsolution and adjusting the concentrationof non-solvent,
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the average diameter increased nearly linearly from 7.5 μm
to 36.4 μm for PMMA polymer solution dissolved in THF
and contained 1- 4 % of water (Figure 1, b-e), which were

ascribed as PMMA-1, PMMA-2, PMMA-3, and PMMA-4,
respectively. The mixing of macromolecules with polymer solu-
tions showed limited effect on the size of concaves on that the

Figure 2. Correlations for patterned concaves: (a) the average diameter and surface roughness as function of water content and (b) the average depth of
concave as function of water concentration.

Figure 1. SEM images of concave patterned films: (a�e) p-PMMA (10 wt % in THF); (f�-j) col-b-PMMA (the PMMA solution contained 0.1 mg
collagen/g solution); (k�o) dopa-b-PMMA (the PMMA solution contained 0.5 mg dopamine/g solution); (p�t) BSA-b-PMMA (the PMMA solution
contained 0.1mg BSA/g solution). (The films were prepared at 20�C. Inserts are the corresponding cross-sectional images. Scale bar = 10μm for a, f, k, p
and 50 μm for all the other figures.)
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average diameter and the depth of the concaves are similar to that
of pristine-PMMA (p-PMMA) (Figure 1g�j, l�o, q�t, and
Figure 2). The results indicated that the size of concave was
affected primarily by the composition among the solvent (THF),
non-solvent (water), and solutes (macromolecules and PMMA)
but not by the variation of the compositions of the solutes. The
creation of identical size of patterns on polymer thin films with
different type of macromolecules allows comparing the mamma-
lian cell responses on materials with different functionalities
under the same basis of surface microstructure. To discuss the
effects of macromolecule blending, we assessed the surface
characterizations and the L-929 fibroblast cell responses on the
patterned thin films.
Surface Characterizations. The flat pristine PMMA showed

a water contact angle (WCA) of 79.4�. The surface concaves on
PMMA resulted in the increase of water contact angles to 102.6,
112.8, 118.9, and 123.4� for p-PMMA-1 to p-PMMA-4, respec-
tively (Figure 3). The blending of collagen altered the flat PMMA
to hydrophilic and the WCA decreased slightly to 73.9�. More-
over, the incorporation of collagen resulted in the decrease of
WCA to 98.1, 105.1, 115.7, and 120.1� for col-b-PMMA-1 to
col-b-PMMA-4, correspondingly. Similarly, the mixing of dopa-
mine or BSA with PMMA solution caused about 5-10� decrease
of WCA in comparison with the p-PMMA of different concave
sizes. Figure 3 illustrated clearly that the PMMA became more
hydrophilic due to the addition of collagen, dopamine, and BSA.
The pristine PMMA was composed of about 75% carbon and

25% oxygen regardless the existence of concaves, characterized
by ESCA (Table 1). The blending of collagen, dopamine and
BSA incorporated 1.5-1.8% of nitrogen, indicating the integra-
tion of macromolecules into the PMMA thin films. Moreover,
the chemical composition revealed that the identical nitrogen
contents and N/C ratios (∼2%) by using the three molecules
were obtained regardless the size of surface patterns, confirmed
the equivalent observations from surface wettability character-
ized by WCA measurements.
Responses of Mammalian Cells on Micro Patterned Sur-

faces. The cell responses on the micropatterned PMMA with
different concave diameter and integrated with various types of
macromolecules was evaluated by directly cultivating mamma-
lian cells on the samples and characterized by lactate dehydro-
genase assay and confocal microscopy. The cell density was
evaluated at different cell culture durations (0.5, 1, 2, and 24 h)

and was normalized to the cell density on tissue-culture poly-
styrene (TCPS), served as the control group, with corresponding
cell culturing time.
Effects of Topography on Cell Responses: LDH and Con-

focalMicroscopy.The topographical effects on cell density were
clearly observed in Figure 4. For short term cultivation time, the
cell density increased significantly on the concave patterned films
when compared to that on the flat ones. For example, after 2 h
cell culture, the cell density increased to nearly 2- and 5-fold on
PMMA-1 and PMMA-4 when compared to that on PMMA-0
(flat surface) for p-PMMA. Moreover, by 24 h cultivation time,
the cell density increased correspondingly with the diameter of
concaves. In comparison with PMMA-0, the cell density ampli-
fied from 1.2 to 1.8 folds for PMMA-1 to PMMA-4, respectively.
The confocal microscopy images showed that the fibroblasts
attached on p-PMMA-0 revealed circular shape and with limited
number after 24 h cultivation (Figure 5a). The cell density
increased approximately as function of the size of the concave
on p-PMMA-1�p-PMMA-4 (Figure 5b-e), suggesting that the
cell proliferation was promoted by the larger concave where the
average diameter ranged from 7-37 μm in this study. For col-b-
PMMA and dopa-b-PMMA, it is observed that a higher cell
density was found on the surfaces contained larger diameter
of concave, especially on col-b-PMMA-4 and dopa-b-PMMA-4

Figure 3. Water contact angle of samples containing micropatterns of
different average diameter and biofunctionalities.

Table 1. Chemical Composition Analyzed by ESCA for
Micropatterned PMMA with Different Diameter of Concaves
and Biofunctionalitiesa

samples C 1s (%)

O 1s

(%)

N 1s

(%)

O/C

(%)

N/C

(%)

(a) p- PMMA0 75.1 24.9 0.0 33 0.0

PMMA1 75.0 25.0 0.0 33 0.0

PMMA2 73.3 26.6 0.0 36 0.0

PMMA4 74.4 25.6 0.0 34 0.0

(b) col-b PMMA0 74.4 23.9 1.7 32 2.0

PMMA1 74.5 23.8 1.7 32 2.0

PMMA2 74.3 24.0 1.7 32 2.0

PMMA4 74.4 24.0 1.7 32 2.0

(c) dopa-b PMMA0 76.7 21.7 1.6 28 2.0

PMMA1 77.2 21.0 1.8 27 2.0

PMMA2 76.6 21.9 1.5 29 2.0

PMMA4 76.6 21.8 1.6 28 2.0

(d) BSA-b PMMA0 74.6 23.6 1.8 32 2.0

PMMA1 74.5 23.8 1.7 32 2.0

PMMA2 74.3 24.2 1.5 33 2.0

PMMA4 72.1 26.5 1.5 37 2.0

(e) col-c PMMA0 72.2 23.0 4.8 31.9 6.6

PMMA1 73.2 20.4 6.5 27.9 8.8

PMMA2 72.1 21.5 6.4 29.9 8.9

PMMA4 76.1 17.7 6.2 23.3 8.2

(f) dopa-b-2 PMMA0 73.70 23.52 2.8 32 3.8

PMMA1 73.43 23.58 3.0 32 4.1

PMMA2 71.75 25.31 2.9 35 4.1

PMMA4 70.13 26.94 2.9 38 4.2
a (a) p, pristine PMMA; (b) col-b, collagen blended; (c) dopa-b,
dopamine blended; (d) BSA-b, BSA blended; (e) col-c, collagen coated;
(f) dopa-b-2, dopamine blended with 4 folds of dopamine concentration
in comparing with dopa-b.
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(Figure 5f�j and k�o). Although only limited number of
cells was found on BSA blended PMMA thin films when
compared with p-PMMA and collagen or dopamine blended
PMMAs, the cell density increased as function of the diameter
of concaves for BSA-b-PMMA (Figure 5, p-t). The lower cell
density on the BSA blended PMMA was due to the possible
surface passivation characteristic of BSA which prevented
protein adsorption.53The observations led to an important
remark that, within the average diameter of concaves dis-
cussed in this study, the topographical change itself governed
the cell responses in a linear manner on the PMMA surfaces
regardless the surface functionalities.
Effects of Biofunctionality on Cell Responses: LDH and

Confocal Microscopy. For 0.5 h cell culturing period, the cell
number increased slightly on the col-b-PMMA and dopa-b-
PMMA thin films in comparison with p-PMMA (Figure 4a).
The cell proliferation increased more significantly on PMMA-3
and PMMA-4 for collagen and dopamine blended PMMA. The
incorporation of BSA revealed only inhibition effect on cell
density for all samples, with or without surface concaves, to
about 65-80 % of that on p-PMMA and only 33-80 % of that on
col-b-PMMA and dopa-b-PMMA, respectively (Figure 4). The
effects of ECM and adhesive molecules on the cell density were
clearly revealed by confocal microscopy images that more cells
were observed on the col-b-PMMA and dopa-b-PMMA when
compared to that on p-PMMA and BSA-b-PMMA for either flat
or surface patterned samples (Figure 5). The results confirmed
the cell viability data analyzed by LDH assay. It is worthy to note
that, although similar nitrogen content and N/C ratio was
integrated by blending with collagen and BSA, the cell responded
contradictorily, which might be due to the particular surface
passivation characteristic of BSA, preventing further protein

adsorption and following cell adhesion.53 The results implied
that the synergistic integration of structural niches and chemi-
cal functionalities into biomaterials, which mimic the in vivo
microenvironment, provides a promising approach for the
promotion or inhibition of the growth of mammalian cells.
The incorporation of surface functionalities were commonly

achieved by immobilization, surface grafting, or surface modifica-
tions in which the immobilization is the simplest and effective
method.54�57 However, the preparation of surfaces with topo-
graphical clues and functionalities were usually performed in
multiple experimental steps. In the study, a single process was
employed to prepare themicrostructured PMMA integrated with
functionality. For the purpose of comparisons, the micropat-
terned PMMA coated with collagen (named as col-c-PMMA)
that was prepared by taking more experimental procedures
was also prepared. The collagen coating assisted the increase
of cell density to about 2-fold within the first 4 h (Figure 6a).
For the prolonged cell cultivation time, the cell density
revealed more than 1.4 folds on the col-c-PMMA in compar-
ison with the pristine and col-b-PMMA, especially on the
PMMA with microstructures (see Figure S1b in Supplemen-
tary Information). The efficacy of the col-c was most probably
due to the higher content of nitrogen via the immobilization
method which was revealed from the ESCA results that more
than 3 folds of nitrogen was found on the collagen coated
samples when compared to the collagen blended ones, with
and without surface microstructure (Table 1, samples b & e).
The result revealed that the effect of coating was more
important than that of blending for promoting cell growth.
In addition, the more extended cell morphology with higher
cell density was observed on the col-c-PMMA when compared
to that on col-b-PMMA (Figure 7).

Figure 4. LDH results for the cell density on pristine (p-PMMA), collagen blended (col-b-PMMA), dopamine blended (dopa-b-PMMA), and BSA
blended (BSA-b-PMMA) PMMA at different cultivation time: (a) 30 min, (b) 1 h, (c) 2 h, and (d) and 24 h. The cell density on col-b-PMMA, dopa-b-
PMMA, and BSA-b-PMMA were compared with that on p-PMMA, indicated by (*) in which the significant values were showed with p < 0.05.
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To verify the effects of nitrogen content on the cell responses,
4 folds of dopamine concentration was added into PMMA solution

to form the dopa-b-2-PMMA with various size of concaves. The
samples with higher dopamine concentration were prepared

Figure 5. Confocal laser scanning microscopy images of L-929 fibroblasts on pristine PMMA, collagen-blended, dopamine-blended, and BSA-blended
PMMA, cultured at 24 h: (a�e) p-PMMA, (f�j) col-b-PMMA, (k�o) dopa-b-PMMA, and (p�t) BSA-b-PMMA. The concave size of PMMA thin films:
(a, f, k, p) PMMA-0, (b, g, l, q) PMMA-1, (c, h, m, r) PMMA-2, (d, i, n, s) PMMA-3, and (e, j, o, t) PMMA-4 (scale bar = 40 μm).

Figure 6. (a) LDH results for cell adhesion on coated (col-c-PMMA) and blended (col-b-PMMA) films for 24 h and (b) the cell density on samples with
different amount of dopamine: dopa-b-0.5-PMMA , dopa-b-2-PMMA , and dopa-c-PMMA. The cell density on all samples was compared and
normalized to that on p-PMMA, indicated by (*), in which significant values were shown with p < 0.05.
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because dopamine is less expensive and is easier to be dissolved in
PMMA/THF solution when compared to collagen. The blend-
ing of dopamine with 2 mg/mL assisted the increase of nitrogen
content from 1.5 to 2.9 %, and the N/C ratios from 2.0 to 4.1%
(Table 1, samples c & f). The increase of the dopamine
concentration from 0.5 to 2 mg/mL was not reflected by ESCA
analyses which only showed two folds increase of surface N/C
ratio, indicating that the blending procedure resulted in the bulk
distribution of the macromolecules. Moreover, the cell prolifera-
tion results revealed that, indeed, the higher nitrogen content of
dopa-b-2-PMMA promoted effectively the increase of adherent
cells in comparison with the dopa-b-PMMA (with lower blended
dopamine concentration) (Figure 6b).The obtained results
suggested that the surface topography and surface chemistry
concurrently resulted in the intracellular organization which later
dictated cell responses.
In summary, the experimental design used in this study by

creating identical micropatterns on PMMAwith different biofunc-
tionalities, we found that (i) the micro topographical motif alone
promoted the cell growth effectively that the cell density increased
as function of the concave diameter within the range of 7�37
micrometer; (ii) the cell density was mostly affected by the surface
micro structures during the first 4 h after cell seeding, usually
recognized as the initial cell adhesion duration; (iii) the modula-
tion of cell responses was achievable by choosing appropriate
macromolecules to be incorporated into the polymer solution that
the fixation of collagen and dopamine demonstrated the efficiency
for supporting the growth of mammalian cells, especially for the
first 4 h of cell culturing period, and (iv) the addition of bovine
serum albumin revealed inhibition effect on cell growth at all time
period in comparison with that on p-PMMA.

’CONCLUSION

We demonstrated a facile and effective method to prepare
biofunctionalized andmicro patterned PMMA thin films in single
step. The addition of macromolecules neither affected the forma-
tion of concave patterns nor altered the average size or depth of
the patterned concaves. The creation of similar microstructure
polymer thin films with different biofunctionalities provided a

particular opportunity for the investigations focused on the surface
chemistry of the patterned materials, which usually required sample
preparations in multiple steps. The incorporation of extracellular
matrix protein, type I collagen, and adhesion molecule dopamine
promoted the cell growth whereas the addition of bovine serum
albumin exhibited repelling effect on both cell adhesion and prolie-
feration. The comparisons of surface coating technology confirmed
that the surface nitrogen content indeed played an important role for
dictating the cell responses. Moreover, we have demonstrated
that the adjustments of the concentrations of the added
macromolecules into the polymer solutions further supported
the control of the surface functionality of the micropatterned
polymer thin films. The present study provides an unprece-
dented route to produce surface microstructures and biofunc-
tionalities with one experimental step, which can be applied in
fields of biomaterials and tissue engineering.
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