IEENAPPLIED MATERIALS

RESEARCH ARTICLE

INTERFACES

www.acsami.org

Parinaric Acid Methyl Ester Polymer Films with Hill-Structured
Features: Fabrication and Different Sensitivities to Normal and

Tumor Cells

Hua-Jie Wang,* Ying Cao, Cui Cao, Yuan-Yuan Sun, Xue-Hong Yu, Li-Fang Zhu, and Lin Yang*

College of Chemistry and Environmental Science, Henan Normal University, 46 East of Construction Road, Xinxiang 453007,

People's Republic of China

ABSTRACT: Parinaric acid methyl ester (PnA-Me) polymer
films with hill-structured features were fabricated by a solvent
volatilization in situ cross-linking method. Moreover, nuclear
magnetic resonance, Fourier transform infrared, and oxidation
kinetic analyses were successfully applied to monitor the forma-
tion process of PnA-Me polymer films. The role of PnA-Me
monomer concentrations for growth control of the hill struc-
tures on a glass matrix had also been investigated. Also, the
results demonstrated that size control of the resulting hill
structure ranging from 0.56 & 0.18 to 19.6 &£ 3.5 um could be

realized by varying the concentration of the PnA-Me monomer from 0.0117 to1.5 mg/mL. Additionally, the effects of polymer films
with different surface topographical structures on the behaviors of rat mesenchymal stem cells and human pheochromocytoma cells
were measured by morphological and metabolic methods. The results revealed that the cell activity of PnA-Me films was
topographical structure- and cell-type-dependent. Furthermore, the selective sensitivity of the PnA-Me films to normal and tumor
cells supported the potential value as the coatings for the tissue engineering substitutes.
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1. INTRODUCTION

With the growth in incidence of tissue or organ implantation,
there is a keen interest in the preparation of the bioactive
substitutes for the reconstruction of diseased tissues in recent
years. However, keeping in mind the significant lack of bioactivity
for many substitutes, the coating technique is currently a focus of
attention, linked to the improvement of biomaterials functions.' >
It is mainly due to the fact that the behaviors of the attachment,
adhesion, spreading, and proliferation of the anchorage-depen-
dent cells on materials rely heavily on the surface characteristics,
such as chemistry, hydrophilicity/hydrophobicity, or surface free
energy, charge, and rigidity.* As one of the typical surface
characteristics, the physical structure of a biomaterial in both
micrometer and nanometer scales has previously been demon-
strated to be an important feature for controlling the responses of
cells in vitro and vivo.>~” For example, Biela et al. fabricated the
grooves with lateral dimensions of 2—10 um and depths of
50—200 nm on poly(dimethylsiloxane) and investigated the
sensitivity of human endothelial cells (ECs), smooth muscle
cells (SMCs), and fibroblasts (FCs) to topographical signals.8
They demonstrated that the orientation of all three cell types
increased with smaller lateral spacing and with increasing depth
of the grooves on the material surface, but FCs were much more
sensitive to the topographical signals than ECs and SMCs. Up to
now, it has been concluded that the surfaces with nano- or
microtopographical structure can resemble the natural extracel-
lular matrix, supply many more sites for protein adsorption, elicit
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specific cellular responses, and direct new tissue formation.”

Consequently, considerable advances have already been made in
attempts to desiﬁgnedly fabricate the coatings with the special
topography.'* ™!

Recently, special attention has been given to parinaric acid
(PnA) because of their four-conjugated polyunsaturated struc-
ture and their potential as fluorescent membrane probes in
photophysical and biophysical studies, including the lipid—
protein interactions, lipid clustering, lipid transport processes,
characterization of lipoproteins, fatty acid binding proteins, and
phospholipids transfer proteins.”_21 However, PnA and its
derivatives as the coating materials applied in medicine or life
science have never been studied. In the present study, we
reported a solvent volatilization—in situ cross-linking method
to fabricate the PnA-Me polymer films with hill-structured
features and size control of the hill-shaped structure was success-
fully realized. Here, rat mesenchymal stem cells (MSCs) and
human pheochromocytoma cells (PC12) were chosen as the
models of normal and tumor cells, respectively. The spread,
proliferation, and metabolism of cells were examined by mor-
phological and metabolic methods based on fluorescent micros-
copy observation, scanning electron microscopy (SEM) observ-
ation, and succinic dehydrogenase activity. The physicochemical

Received: ~ May 2, 2011
Accepted:  June 20, 2011
Published: June 20, 2011

2755 dx.doi.org/10.1021/am200544c | ACS Appl. Mater. Interfaces 2011, 3, 2755-2763



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

and functional features support the potential value of the
PnA-Me polymer films as coating materials applied in the
tissue engineering field to adjust the different cell growth.

2. MATERIALS AND METHODS

2.1. Materials. Parinari glaberrimum seeds were obtained from a
local seed company (Sanhe-Tian, Xinxiang, Henan, China). Seed oil was
extracted in hexane and concentrated in a rotary evaporator at 30 °C
(RE-S2 rotary evaporator, Shanghai, China). Hexane was HPLC grade.
All other solvents and chemicals were analytical grade.

2.2. Preparation of PnA and PnA-Me. 2.2.1. Preparation of
PnA. The seed oil was saponified in 300 mL of fresh 5% methanolic
KOH under dinitrogen protection for 4 h at 65 °C. After acidification,
free fatty acid at the top layer was collected and PnA was purified by
repeated recrystallization from petroleum ether at —15 °C.

2.2.2. Methylation of PnA. PnA (20 mg) was methylated with 2 mL of
1.5 M H,SO,/methanol in 15 mL tubes with Teflon-lined screw caps.
After being flushed with nitrogen gas and sealed tightly, the methylation
tubes were placed in a heat block at 45 °C for 1 h. Then hexane (3 mL)
and distilled water (1 mL) were added and mixed thoroughly.
After centrifugation (4000 rpm/min), the top hexane layer containing
PnA-Me was collected and stored at —20 °C.

2.3. Fabrication of Topographical Surfaces. The hill-struc-
tured surfaces were fabricated by the solvent volatilization—in situ cross-
linking method. Briefly, the PnA-Me monomer was dissolved in ethanol
with a final concentration of 0.0117—1.5 mg/mL. Then 40 #L of a PnA-
Me monomer alcoholic solution was dropped onto the glass surface with
a diameter of 9 mm and dried through volatilization at room tempera-
ture. After exposure to air for a given time interval at 37 °C, the samples
were scratch out and dissolved in a chloroform solution. The oxidation
kinetics of samples were analyzed by measuring the absorbance of PnA-
Me at 302 nm using an UV—vis spectrophotometer (TU-11900, Beijing
Purkinje General Instrument Co., Ltd., China). The typical PnA-Me
polymer films were obtained after over 12 h of reaction at 37 °C.

2.4. Characteristics of the PnA-Me Polymer Films. 2.4.1.
Nuclear Magnetic Resonance (NMR) Analysis. All NMR experiments
were recorded on a Bruker AV-400 Fourier transform NMR spectro-
meter (Bruker, Fallanden, Switzerland). Tetramethylsilane (TMS;
0.2—0.3 mM) in deuteriochloroform was used as an internal reference
standard. Chemical shifts were given in 0 values in ppm downfield from
TMS (S1ums = 0). 'H and *C NMR spectrometry was conducted to
assign the chemical shifts of the hydrogen and carbon atoms of the
samples.

2.4.2. Fourier Transform Infrared (FTIR) Spectra. For FTIR analysis,
the PnA-Me polymer film products on the glass were scraped off, mixed
with KBr powder, and then pressed into pellets directly for FTIR
determination on a Bio-Rad FTS-40 FTIR spectrograph in the wave-
number range of 4000—400 cm . Also, the spectra were collected at
2 em™ ! resolution with 128 scans.

2.4.3. Morphology Observation. Surface morphologies of samples
were observed by using a scanning electron microscope (JSM6390LV;
JEOL, Tokyo, Japan) after being coated with gold in a vacuum. The size
of the hill-shaped structure was randomly measured in each image with
Image-Pro Discovery, version 4.5 (Media Cybernetics Inc.).

2.4.4. Aqueous Contact-Angle Analysis. The wettabilities of the
samples were evaluated as static water contact angles using a contact-
angle goniometer (OCA20; Data Physics, Bad Vilbil, Germany) accord-
ing to our previous work.”>** Briefly, a droplet of water (3 4L, ultrapure
grade) was put on the surfaces of the PnA-Me polymer films and the
images were photographed, with the temperature and moisture content
being kept constant during the course of the experiments (23 °C and
68%, respectively). The angle between the baseline of the drop and the

tangent at the drop boundary was measured. Measurements were
performed at least in triplicate on three different batches of material.

2.5. Responses of MSCs to PnA-Me Polymer Films. 2.5.7.
MSC Culture. Six-week-old female Sprague—Dawley rats with weights
ranging from 215 to 237 g were sacrificed by ether. Rat femurs and tibiae
were carefully cleaned of adherent soft tissue. The epiphyses were
removed with a rongeur, and the marrow were flushed out by a syringe
(21-gauge needle) with 4 mL of a low-glucose Dulbecco’s Modified
Eagle’s complete medium (Eagle, Sigma, St. Louis, MO), supplemented
with 20% fetal bovine serum, 100 units/mL penicillin, and 100 ¢«g/mL
streptomycin. This cell suspension was added slowly on the surface of a
Percoll solution (1.073 g/mL) with a ratio of 3—S. Then centrifugation
was perform at 2000 rpm for 20 min. Nucleated cells at the medium—
Percoll interface were collected and then washed and plated in culture
flasks at 5 x 10* cell/mL with a complete medium. The cells were
incubated at 37 °C in a humidified 5% CO, environment, and the
medium was changed every 3 days.

PC12 cells were routinely cultured in tissue culture flasks with a high-
glucose Dulbecco’s Modified Eagle’s medium, containing 10% total
bovine serum and incubated at 37 °C in a humidified atmosphere with
95% air and 5% CO,. The culture medium was refreshed every 2 days.

2.5.2. Cell Seeding. When the cells became almost confluent, they
were detached by treatment with 0.25% trypsin for 2—3 min at 37 °C.
Before cell seeding, the PnA-Me polymer films were placed in a 48-well
culture plate, sterilized by UV for 20 min, and then equilibrated with a
prewarmed medium for 2 h. After removal of the medium from the wells
by pipetting, the cells were counted to 10* cells/mL and 500 uL of the
cell suspension was poured onto each substrate.

2.5.3. Cell Proliferation and Distribution. The cell distribution was
observed by using the fluorescence microscope, and cell proliferation on
the PnA-Me polymer films was measured by the cell counting method.
Briefly, after 2 days of cell culture, all substrates were rinsed in
phosphate-buffered saline (PBS; pH 7.2, 0.1 mol/L), and the cells
attached to the surfaces were stained with acridine orange fluorescent
dye in PBS for S min. Then the cells were counted on the fluorescence
microscope (Axioskop 40; Carl Zeiss, Gottingen, Germany).>~ %3

2.5.4. Cell Viability. The metabolic analysis was performed by a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (MTT)
based on succinic dehydrogenase actthe ivity at OD 490 nm (n = 3);
630 nm was chosen as the reference wavelength. Briefly, after 2 days of
cell culture, the wells were carefully washed with PBS. A total of 20 4L of
MTT was added in 180 uL of a culture medium, and cell culture was
continued for another 4 h. Then the solution was removed, and the wells
were washed twice with PBS. A total of 200 4L of dimethyl sulfoxide was
pipetted into the wells, and OD values were read on a microplate reader
(Multiskan MK3; Thermo Labsystems, Hudson, NH).*

2.5.5. Cell Morphology Analysis. Cell spread on the substrate surfaces
was observed by SEM. First, the samples were taken out randomly after 2
days of cell culture and washed with PBS. The cells were then fixed by
immersing the samples into a 2.5% glutaraldehyde solution and allowing
them to stand in the fixative at 4 °C for over 2 h. Then standard
dehydration in an ethanol-graded series was performed. Finally, the
samples were mounted on stubs, coated with gold in a vacuum, and
examined by SEM.

2.6. Statistical Analysis. The number of independent replicas was
listed individually for each experiment. Where applicable, all data were
mean = standard deviation (SD). Analysis of data was performed by
one-way factorial analysis of variances (ANOVA) and multiple compar-
isons (Fisher’s method as a post-hoc test, p < 0.05).

3. RESULTS

In order to present the data clearly, PnA-Me polymer
films with different hill-shaped structures were abbreviated as
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PnA-Me', PnA-Me'/?, PnA-Me'/®, PnA-Me'/'¢, and PnA-Me'/ 128,
respectively, according to the ratio of the corresponding mono-
mer concentration in the film processing to 1.5 mg/mL.

3.1. Characteristics of PnA-Me Polymer Films. PnA-Me
polymer films were fabricated by the solvent volatilization—
in situ cross-linking method. In order to find a suitable reaction
period, the oxidative kinetics of the PnA-Me monomer on a glass
matrix in air at 37 °C were first analyzed. As shown in Figure 1,
the PnA-Me monomer is unstable, with 31.3% of the monomer
being lost after exposure to air for 60 min. A total of 270 min later,
the percentage of the oxidized PnA-Me monomer reaches 98.7%.
Therefore, the typical PnA-Me polymer films were obtained after
over 12 h of reaction at 37 °C.

100

80

Remaining (%)

0 5 100 150 200 250
Time (min)

Figure 1. Stability of PnA-Me solid films on a glass matrix at 37 °C.

To further identify the structure of PnA-Me polymer films, the
samples before and after polymerization were characterized by
NMR and FTIR spectra, respectively. Figure 2 shows the 'Hand
>C NMR spectra of the PnA-Me monomer and the PnA-Me
polymer. It can be seen that the PnA-Me monomer shows signals
at Oy 5—7 ppm and O 125—140 ppm, which correspond to the
shifts of olefinic protons and carbons (Figure 2A;,B,). As for the
PnA-Me polymer, the "H and "*C NMR spectra are shown in
Figure 1B;,B,. By comparison with Figure 2A,, it is clear that the
signals of olefinic protons of the PnA-Me monomer disappear in
Figure 2A,. Meanwhile, signals at 0y 1.5—2 ppm enhance
significantly, which can be assigned as the chemical shifts of
alicyclic protons. In addition, new signals at O¢; 3—4 ppm appear,
which can be assigned as the chemical shifts of protons in
a peroxide bridge. All of these changes clearly show that the
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Figure 3. FTIR spectra of the PnA-Me monomer (A) and PnA-Me
polymer films (B).
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Figure 2. H' NMR (A) and C'* NMR (B) spectra of the PnA-Me monomer (1) and PnA-Me polymer films (2).
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Table 1. Some of the IR Band Assignments of PnA-Me before
and after Polymerization

frequency functional group and
(em™) mode of vibration

3457 —OH stretching

2934, 2857 CH (—CH,—) stretching

1744 —C=0 ester Fermi resonance

1641 —C=C~- stretching

1467 —CH (—CH,—, CHj;) bending

1362 —CH (CHj;) symmetric bending

1247, 1171 —CO, —CH,— stretching, bending

1116 —CO stretching

670—1050 conjugated =CH bending

PnA-Me monomer transforms into the PnA-Me polymer
through a peroxidization and cyclization process. Similarly, the
superoxidized and alicyclic signals can be observed in the '>C
NMR spectrum of the PnA-Me polymer, as shown in Figure 2B,.
Both the disappearance of olefinic carbon signals and the
enhancement of alicyclic carbon signals at Oc 23—28 ppm can
further confirm the alicyclic structure in the PnA-Me polymer
(Figure 2B,,B,). Besides, the appearance of signals at ¢ 45—
S5 ppm also reveals the existence of a superoxidized structure.
Figure 3 shows the FTIR spectra of the PnA-Me polymer film
before and after polymerization, and the corresponding IR
adsorptions arising from the functional groups in samples are
shown in Table 1. Before polymerization, the PnA-Me monomer
shows the characteristic peaks of ester at about 1744 cm ™. The
typical absorption peaks of conjugated double bonds appear at
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Figure 4. SEM images of the PNA-Me polymer films on a glass matrix prepared by the solvent volatilization—in situ cross-linking method with
different concentrations of the PNA-Me monomer: (A) 0.0117 mg/mL; (B) 0.0938 mg/mL; (C) 0.187S mg/mL; (D) 0.75 mg/mL; (E) 1.5 mg/mL;
(F) the linearity curve of the PNA-Me concentrations and the diameters of the hill-shaped patterns.
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Figure 5. Aqueous contact angles of the PNA-Me polymer films on a
glass matrix prepared by the solvent volatilization—in situ cross-linking
method with different concentrations of the PNA-Me monomer.

999, 881, and 721 cm ™}, respectively. In addition, the spectra in
the range of 3400—3600 cm ' show no peroxide peak and
indicate no significant oxidation in the PnA-Me monomer
(Figure 3A). After exposure to air for 12 h at 37 °C, the
consequent generation of free hydroxyl groups results in a typical
peroxide peak at 3457 cm ™, indicating significant oxidation in
the PnA-Me polymer films. Moreover, the disappearance of
conjugated double bonds in the range of 670—1050 cm™ ' and
the appearance of a double-bond stretching peak at 1641 cm™ "
demonstrate that the cross-linking reaction in the polymer films
occurs (Figure 3B).

The morphologies of the PnA-Me polymer films were ob-
served by SEM, and the images are shown in Figure 4. All of the
polymer films are composed of the hill-shaped pattern with
different sizes corresponding to the different PnA-Me monomer
concentrations and keep well-dispersity on the film surfaces
(Figure 4A—E). The insets in Figure 4A—E show the corre-
sponding size distribution of the hill-shaped pattern. It can be
seen that, although the hill-shaped pattern in each film is
inhomogeneous, the mean diameter increases from 0.56 =+
0.18 to 19.6 = 3.5 um with an increase of the PnA-Me monomer
concentration. Moreover, it keeps the well-linear relationship,
and the correlation coefficient reaches 99.3% (Figure 4F).

The topographical change of the surfaces always results in a
corresponding change in wettability and the water contact angles
of PnA-Me polymer films were measured, as shown in Figure S.
With a decrease of the PnA-Me monomer concentration and the
diameter of the hill-shaped pattern, the PnA-Me polymer films
are more hydrophilic. They show 67.9 £ 8.2° 63.0 £ 2.6°
40.7 £ 1.6°,42.4 £ 1.0°, and 30.9 & 3.5°0f water contact angles,
respectively.

3.2. Cell Sensitivity to PnA-Me Surfaces with Different
Topographies. Figure 6A shows the inhibition rate of PnA-Me
polymer films with different topographical structures on MSCs
measured by the metabolic method after 2 days of cell culture. It
can be seen that cell viabilities for different topographical surfaces
are significantly different on the basis of the succinic dehydro-
genase activity analysis (p < 0.05, n = 3). There is a significant
enhancement of the inhibition effects for both PnA-Me"* and
PnA-Me' polymer films compared with PnA-Me'/"?%, PnA-Me'/',
and PnA-Me'’® polymer films, but no statistical difference is
observed between PnA-Me'/'® and PnA-Me'/® or between
PnA-Me'/? and PnA-Me'. Figure 6B shows the inhibition rate
of PnA-Me polymer films on PC12 cells. Similarly, the metabolic
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Figure 6. Proliferation of MSCs (A) and PC12 cells (B) on PNA-Me
polymer films with different topographical structures determined by the
MTT method based on the succinic dehydrogenase activity. Cells were
seeded at 10* cells/mL and allowed to proliferate for 2 days. The data
were expressed as mean £ SD (n = 3). Asterisks mean significant
differences compared with the PnA-Me!/'%* group, and number
signs mean significant differences compared with both PnA-Me' and
PnA-Me'"”.

activity of PC12 cells on polymer films is also topographical
structure-dependent. However, the PC12 cells indicate different
sensitivities compared with MSCs, and the inhibition effects of
PnA-Me on PC12 cells reached 1.0—2.5 times higher than those
on MSCs.

In order to visualize cell morphologies on different PnA-Me
polymer films, cells were stained using acridine orange and
observed with a fluorescence microscope. Figure 7 shows a series
of sequential images of MSCs and PC12 cells adhered onto the
PnA-Me polymer films. MSCs distribute uniformly on the films
and an almost confluent monolayer is observed on PnA-Me'/®
and PnA-Me'/*® polymer films (Figure 7B,,C; ). The numbers of
adhered MSCs show a minimum on PnA-Me' and PnA-Me'/?
polymer films (Figure 7A;—E,). The results obtained by the cell
counting method are in agreement with those by the metabolic
method. The cell densities are higher on the surfaces composed
of the hill-shaped pattern with relatively smaller diameters,
especially for PnA-Me'/®, which is more favorable to MSC
growth than other groups (Figure 7F;). Although PC12 cells
on PnA-Me polymer films also indicate a similar trend for the cell
density to MSCs, the cell morphologies and distributions were
abnormal (Figure 7A,—E,). PC12 cells aggregate, and most of
them are round-shaped. These results indicate that PnA-Me
polymer films are unfavorable to PC12 cell growth. Especially on
PnA-Me' and PnA-Me'/? polymer films, almost no cells are
observed.

The spread of MSCs was observed by SEM, as shown in
Figure 8. MSCs cultured on PnA-Me polymer films exhibit a
flatter or irregular morphology with sizes of 50—80 y«m and cover
the film surfaces. Although the spread of MSCs on each polymer
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Figure 7. Morphologies and distributions of MSCs (1) and PC12 cells (2) on different PnA-Me /polymer films after 2 days of cell culture observed by a
8

fluorescent microscope (10X magnification): (A) PnA—Mel/lzs; (B) PnA—Mel/lé; () PnA-Me'

; (D) PnA-Me'/%; (E) PnA-Me'. The corresponding

cell densities of MSCs on different films determined by the cell counting method (F).

film has no significant difference based on the contact area
analysis of cells (data not shown), the pseudopodium of cells
on PnA-Me!/ 8 PnA-Me'/ 16 and PnA-Me'/!?® olymer films was
more abundant than that on both PnA-Me' and PnA-Me'/?
polymer films. These results indicated that the PnA-Me polymer
films composed of spherical particles with the smaller sizes were
much better for MSC adhesion and spreading.

4. DISCUSSION

Tissue engineering is not a new concept, but there are many
fundamental problems waiting to be solved to bring tissue
engineering technology to clinical fruition. One of the major

thrusts is to improve the biocompatibility of implants. Surface
coatings had been demonstrated to be a useful method to improve
the biocompatibility of tissue engineering materials.”’ >’ As one
of surface physical characteristics, the surface topographical struc-
ture is one of the important factors for biomaterials affecting or
controlling the cellular behaviors or tissue responses.”® > In the
present study, we prepared the PnA-Me polymer films with
different topographical surfaces by the solvent volatilization—
in situ cross-linking method based on the surface tension differ-
ence of the PnA-Me monomer and a glass, as the described in
Scheme 1. The PnA-Me monomer has a high surface tension
because of its high nonpolarity. Likewise, a glass has a hydroxyl
group enriched surface and, consequently, causes a high polarity,
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Figure 8. SEM images of MSCs on different PnA-Me polymer
films after 2 days of cell culture: (A) PnA-Me'/'?%; (B) PnA-Me'/'¢;
(C) PnA-Me"%; (D) PnA-Me'’%; (E) PnA-Me'.

which also results in a high surface tension. When the PnA-Me
monomer was dropped onto the glass surface, the PnA-Me
monomer would contract because of the tendency of the sur-
face to want to form the smallest possible surface area. Therefore,
the hill-shaped pattern, like a lens, would be its favorite structure.
Moreover, the diameter of the hill-shaped pattern depended on
the PnA-Me monomer concentration on the glass when the
surface area was constant. After that, the PnA-Me hill-shaped
pattern was allowed to in situ cross-link based on its conjugated
double bonds.**** Briefly, when PnA-Me was exposed to air, the
direct attack on the double bonds by oxygen formed cyclic
peroxides. The peroxides were needed because the polymeriza-
tion catalysts and the resultant reaction of the peroxides with
allylic methylene groups led to the formation of radicals. This
created a radical chain reaction and finally formed the PnA-Me

Scheme 1. Possible Formation Pathway of PnA-Me Polymer
Films Prepared by the Solvent Volatilization—in-Situ Cross-
Linking Method

W\Ao/w\o/.\coocm

leidative polymerization

“‘“ N

COOCHz

sa N
" OOCH,

COOCH;

polymer films.**** NMR and FTIR analysis (Figures 2 and 3 and
Table 1) could demonstrate transformation from the PnA-Me
monomer to the PnA-Me polymer. Followed by polymerization,
the hill-shaped pattern of the PnA-Me polymer films on a glass
could be stabilized (Figure 4). Taken together, the polarity of the
matrix would greatly affect the size of the hill-shaped pattern.
Besides, the size control could be realized by adjusting the PnA-
Me monomer concentration. However, the interhill distance and
hill height are irregular and are difficult to control in this work, as
shown in Figure 4. Therefore, the size of the hill-shaped pattern
was chosen as one of the typical parameters of topography to
study the effects of the topographical structure on cell growth.
In order to clarify the influence of surfaces and assess the cell
compatibility of the resulting polymer films, in vitro experiments
were carried out to test the behavior of MSCs and PC12 cells,
such as spread, proliferation, and metabolism on the PnA-Me
polymer films. Both the metabolic and cell counting methods
indicated that the metabolism and proliferation of MSCs and
PC12 cells could be slightly inhibited by PnA-Me'/® and PnA-
Me'/*® polymer films, which were composed of 2.96 + 0.19 and
1.83 &£ 0.09 um of the hill-shaped patterns, res/}z)ectively. How-
ever, the inhibition of PnA-Me' and PnA-Me"/* polymer films
was significantly enhanced (Figure 6—8), which were composed
of 8.0 £ 0.75 and 19.6 & 1.5 um of the hill-shaped patterns. It has
been well documented that cell behaviors are influenced by the
surface roughness and topographical structure.® For example,
Green et al. found that nodes of 2 and 5 ym resulted in increased
cell proliferation compared to 10 um nodes and smooth
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surfaces.*® Biela et al. found that cells were more aligned along
the grooves for the case of 2 m spacing than 10 #m spacing.® In
this study, all of the PnA-Me polymer films had the same
chemical structure, but they were composed of hill-shaped
patterns with different diameters. Therefore, the topographical
difference among the PnA-Me polymer films might be the most
important reason for affecting the metabolism and proliferation
of MSCs and PC12 cells on them. In addition, a topographical
change of the surfaces always results in a hydrophilic/hydro-
phobic change. For example, Chvedov and Arnold studied the
relationship between the surface topography parameters and the
contact angle of a aluminum sheet with different topographies,
and they found that the contact angle was proportional to the
lubricant-filled profile valley area (one of the surface topography
parameters), with a slope related to the surface tension of the test
liquid.*>” This relativity between the topographical structure and
the contact angle was also verified in this study. The contact angle
of the PnA-Me polymer films increased with an increase of their
roughness and varied from 30.9 & 3.5° to 67.9 & 8.2°. Therefore,
the wettability of a surface is needed to be considered for studies
on the interaction of cells and the material surface. Arima and
Iwata demonstrated that the number of adhered human umbilical
vein ECs reached a maximum on CH;/OH mixed self-assembled
monolayers (SAMs) with a water contact angle of 40°, while cell
adhesion increased with decreasing water contact angle up to
60—70° and then leveled off on CH;3/COOH and CH;/NH,
mixed SAMs. Moreover, the numbers of adhered HeLa cells
showed a maximum on CH;/OH and CH;/COOH mixed
SAMs. They considered that both surface wettability and cell
types could affect cell adhesion.*® The PnA-Me'® and PnA-
Me""*® polymer films had 42.4 & 1.0° and 40.7 & 1.6° of water
contact angles, which were significantly different from that of
PnA-Me' (63.0 & 2.6°), PnA-Me'/? (67.9 & 8.2°), and PnA-
Me'/"® (30.9 4 3.5°) polymer films. So, we considered that the
approximately 40° of water contact angles of PnA-Me polymer
films might be suitable for the growth of MSCs and PC12 cells.

Besides the physical properties of PnA-Me polymer films in
this study affecting the cell behaviors, the cell type was also
another worthy factor to be considered.>® For example, Traynelis
et al. reported that low concentrations of PnA destroyed rat and
human malignant glioma cell lines and spared the normal rat
astrocytes in culture. Moreover, their studies also demonstrated
that a selective activation of c-Jun N-terminal protein kinase
(JNK) and the opposite regulation of forkhead transcription
factor-3a (FOXO3a) and mitochondrial superoxide dismutase
(Mn-SOD) contributed to the differential cytotoxicity of PnA in
malignant and normal glial cells.'”***° In the present study, PnA-
Me polymer films also showed the different inhibition effects on
normal cells (MSCs) and tumor cells (PC12 cells). This selective
inhibition effect of PnA-Me polymer films might exhibit its
potential at the occurrence of the implant-associated tumor.*'
Therefore, our future efforts will focus on the detailed mechan-
ism of this selective inhibition effect.

5. CONCLUSION

In summary, the PnA-Me polymer films composed of hill-
shaped patterns with the different diameters ranging from 0.56 &+
0.18 to 19.6 & 3.5 um could be successfully fabricated by a
solvent volatilization—in situ cross-linking method based on the
surface tension difference of the PnA-Me monomer and a glass.
The final diameters of the hill-shaped patterns depended on the

concentration of the applied PnA-Me monomer. The change of
the topographical structures of the PnA-Me polymer films would
result in a change of the water contact angles from 30.9 £ 3.5° to
67.9 & 8.2°. PnA-Me polymer films exhibited the topographical
structure- and cell-type-dependent inhibition effects on cell
metabolism, proliferation, and spread, which support the poten-
tial value of the PnA-Me polymer films as coating materials
applied in the tissue engineering field.
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