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Abstract: In this article, we report the development of the
fast incorporation of primary amine functional groups into a
polylactide (PLA) surface using the post-discharge jet region
of an atmospheric-pressure nitrogen-based dielectric barrier
discharge (DBD). Plasma treatments were carried out in two
sequential steps: (1) nitrogen with 0.1% oxygen addition,
and (2) nitrogen with 5% ammonia addition. The analyses
show that the concentration of N/C ratio, surface energy,
contact angle, and surface roughness of the treated PLA sur-
face can reach 19.1%, 70.5 mJ/m?, 38° and 73.22 nm, respec-
tively. In addition, the proposed two-step plasma treatment

procedure can produce a PLA surface exhibiting almost the
same C,C,, cell attachment and proliferation performance
as that of the conventional gelatin coating method. Most
importantly, the processing/preparation time is reduced
from 13-15 h (gelatin coating method) to 5-15 min (two-step
plasma treatment), which is very useful in practical applica-
tions. © 2013 Wiley Periodicals, Inc. J Biomed Mater Res Part A:
102A: 160-169, 2014.

Key Words: atmospheric-pressure, plasma, DBD, tissue engi-
neering, biomaterial, PLA, cell proliferation

How to cite this article: Yang Y-W, Wu J-Y, Liu C-T, Liao G-C, Huang H-Y, Hsu R-Q, Chiang M-H, Wu J-S. 2014. Fast incorporation
of primary amine group into polylactide surface for improving C,C4, cell proliferation using nitrogen-based atmospheric-pressure

plasma jets. J Biomed Mater Res Part A 2014:102A:160-169.

INTRODUCTION

One of the challenges in tissue engineering, especially in
cases requiring immediate implant operation, is to prolif-
erate the cells obtained from a patient using in vitro cell
culture to an acceptable number of cells in a short period
of time and transplant them into a 3D scaffold, which
would be subsequently implanted in the patient.? In
addition, shortening the preparation time of culture
substrates is another crucial challenge in these cases.
However, the culture substrates are usually made of poly-
mers. As a result, they often have a low surface energy,
hydrophobic features and a lack of natural binding sites
for cells, which greatly hinders cell attachment on their
surfaces.®> As an example, polylactide (PLA) is increasingly
being used as either a cell culture substrate or an implant
scaffold due to its good mechanical properties, non-cyto-
toxicity, and degradability.* However, PLA suffers from the
same problems (such as low cell attachment) as most
polymer materials. Thus, the questions of how to improve
cell attachment, speed up cell proliferation but also reduce
the preparation time of culture substrates are important
for better tissue engineering.
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Quality of cell attachment significantly influences subse-
quent cell proliferation.® Cell attachment is the first phase
of cell-material interaction. It is initialized with an adhesive
protein layer, which serves to provide binding sites between
cells and the material surface. For instance, extra cellular
matrix (ECM) proteins, such as fibrinogen, vitronectin,
fibronectin, and collagen, as well as peptides with an
arginine-glycine-aspartate (RGD) sequence are all effective
cell binding sites for cell attachment.®. With such materials,
cells attach to the surface via receptor-ligand interactions.
For example, integrins on the cell membrane can interact
with a representative glycoprotein in the ECM (fibronectin)
that contains a ligand for binding integrin receptors, allow-
ing the formation of focal adhesions.” Through receptor-
ligand interactions, cells can receive signals to attach and
proliferate on the substrate surface. Thus, immobilization of
proteins or ligands on the surface of the substrate material
is an effective way to activate and improve cell attachment.

To enhance cell attachment and subsequent proliferation
on PLA, suitable surface modification is required. In addi-
tion, the initial interaction between the material and cells is
critical for later development. This interaction is greatly
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influenced by chemical and physical properties of the sur-
face, including surface energy, wettability, surface roughness,
and the availability of functional groups.®*

The gelatin coating method is one of the widely used
approaches to promote cell attachment. Gelatin is a mixture
of peptides and hydrolyzed collagen, which is particularly
rich in proline and hydroxyproline.'® In addition, gelatin
contains a high concentration of amino acids, such as gly-
cine and arginine. Thus, coated gelatin possesses abundant
cell binding sites and also exhibits non-toxic, hydrophilic,
and bio-natural characteristics. In other words, it is
originally biocompatible and beneficial to cell attachment.
However, gelatin coating is a very time-consuming proce-
dure, which generally takes 13-15 h, if not longer."**? Such
a lengthy preparation time contradicts the immediate
implant requirement mentioned earlier.

Recently, low-temperature plasma treatment has been
considered as a promising approach to fulfill both require-
ments (speed and attachment) as mentioned above. This
approach has been applied to polymers, which cannot resist
high temperatures, to modify the surface characteristics
without altering the bulk material properties. The capabil-
itles of this treatment, including the incorporation of
functional groups, enhancement of surface energy, tailoring
surface roughness, and increasing wettability, have been
demonstrated and widely studied."*'* It was shown that
low-temperature plasma can be efficiently used to promote
cell attachment, due to the fact that amino functional groups
can covalently couple with biological ligands to provide
receptor-ligand interactions.'>'® However, most of these
implementations operated in low-pressure environments,
which are often costly and inconvenient in practice.

Recently, low-temperature atmospheric-pressure plasma
(APP) has attracted great attention. Its advantages include
the following: (1) low cost because expensive vacuum
equipment is not needed and (2) convenient and efficient
operation under atmospheric conditions. However, it was
found that only a low quantity of amino functional groups
could be incorporated using APP'”%; this limitation may
hinder its further application in related fields.

In this study, we propose a two-step APP treatment proce-
dure to enhance the incorporation of amino functional groups
onto the PLA surface, which can enhance cell attachment and
proliferation with a significantly reduced preparation time.
Surface properties with and without plasma treatments were
characterized by contact angle, XPS, ATR-FTIR, and AFM meas-
urements. Biological tests for assessing cell morphology,
attachment, and proliferation were performed by cell culture,
inverted contrasting microscope observation, and MTT assays,
respectively. Various PLAs were used: pure, pretreatment
plasma treated, ammonia plasma treated, two-step plasma
treated, and gelatin coated. C,C;, mouse muscle myoblast cells
were used as the test cells throughout the study.

METHODS

Sample preparation

The test polylactic acid (PLA) films were fabricated by a
film casting method. The PLA pellets (PLLA;PDLA/95:5, M,,:

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | JAN 2014 VOL 102A, ISSUE 1

ORIGINAL ARTICLE

o
v

Power supply
(DC pulsed)
Oscilloscope
OO0 H-V probe (1:1000)
/1660
Rogowski coil/

Voltage
probe (1:10)

Copper electrode
(with cooling water)

O

Cm (6.80F)

Post-discharge

1-D moving stage

FIGURE 1. Schematic diagram of the atmospheric-pressure treatment
system. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

180K ~200K, Wei Mon Industry, Taiwan) were dissolved in
chloroform (C-0385, Katayal Chemical, Taiwan) to prepare a
3% (g/mL) PLA solution in sample bottles. To ensure
proper mixing, the solution was continuously stirred by a
magnetic stirrer for 4 h. After mixing, the solution was cast
on modified glass petri dishes and air-dried on a clean
bench for 12 h. The modified glass petri dishes were
purchased from the Duran Group (petri dish 23 755 39,
STERIPLAN, Germany) and then modified dish depth to
3 mm by a glass workshop.

Surface modification

Plasma treatment. Figure 1 shows the schematic diagram
of the APP treatment system. The PLA films were treated in
the post-discharge jet region of an atmospheric, nitrogen-
based, parallel-plate (5 x 5 cm), dielectric barrier discharge
(DBD). The film was placed on a moving stage to provide
different residence times of treatment by controlling the
number of passes and the moving speed (1-9 cm/s). The
DBD system was driven by a 20-60 kHz quasi-pulsed power
supply (EN Technologies model Genius 2). Both the dielec-
tric layers (quartz) and the gap distance between them are
kept at 1 mm throughout the study. In this study, two-step
plasma treatment was carried out by two plasma treatments
in sequence: (1) a pretreatment plasma treatment to pre-
treat the surface using the N, DBD jet with 0.1% addition
of O, and a moving speed of 1 cm/s for 40 passes, and (2)
an ammonia plasma treatment to incorporate amino
functional groups using the same N, DBD jet, but with the
addition of 5% NHj3; and a moving speed of 2 cm/s for 80
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TABLE I. Test Condition of Two-Step Plasma Treatment

Two-Step Plasma Treatment

Pretreatment Ammonia
Conditions Plasma Treatment Plasma Treatment
Gas N2 + 0.1% 02 N2 + 5% NH3
Flow rate 50 slm 10 slm
Gap distance T mm
Dielectric Quartz (1 mm)
Input power 500 W 400 W
Frequency 60 kHz 30 kHz
Treatment distance 4 mm
Moving speed 1cm/s 2 cm/s

Number of 40 80
treatment passes

passes. The equivalent exposure time was estimated to be
4 s for each step of the plasma treatment. The equivalent
exposure time was used to estimate the total treatment
time of plasma on the sample as the product of the gap dis-
tance and the number of treatment passes divided by the
moving speed. Table I summarizes the details of the operat-
ing conditions of the pretreatment, ammonia, and two-step
plasma treatments. In general, the total processing time
ranged from 5 to 15 min for a complete two-step plasma
treatment procedure if a PLA test surface with an area of
4 x 4 cm® was used.

Gelatin coating treatment. Gelatin powder from porcine
skin (sigma, G1890-100G, type A) was dissolved in de-
ionized water and stirred by a magnetic stirrer for 2 h to
prepare a 0.1% (g/mL) gelatin solution. The solution was
then poured through a 0.22 pm filter (Nalgene) for steriliza-
tion. PLA films were then immersed in the sterilized gelatin
solution for 1 h and air dried on a clean bench for 12 h. In
general, the total treatment time ranged from 13 to 15 h
using the gelatin coating method.

Surface characterization

Contact angle. A contact angle machine (KRUSS GH100)
was used to assess the surface wettability before and after
plasma treatments. The static contact angle was measured
using a de-ionized water droplet produced by a micropip-
ette. The volume of the water droplet was kept at 4 pL. An
image of the water droplet was captured and imported into
image analyzer software to evaluate the contact angle with
Laplace-Young curve fitting. In addition, the contact angles
presented in this study were obtained as average values by
conducting the experiment at least three times.

Calculation of surface energy. The relationship between the
surface energy (solid surface energy, o) and contact angle is
formulated through Young’s equation, o5 =y + o - cos6,'?
where oy is the solid surface energy. Note vy represents the
interfacial energy between solid and liquid. The surface
energy of the probe liquid is represented by vy, which was
determined by experiments. The measured contact angle is
denoted by 6.
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According to Owens-Wendt's method,20 the surface

energy of a solid (o) and a liquid (o) can be divided into
two components, polar, and dispersion, as follows:
os = 64 + 62 and 6] = 6] + oP. Based on Wu’s method,*'
combining the harmonic mean equation,® vy = o5+ 01—
4cP.0?  4ol-of : ;
(GD‘MS cp‘wﬁ), and the equations mentioned above, the
overall surface energy and individual polar and dispersive
components can be readily derived. Both de-ionized water
and diiodomethane (CH,I;) were used as the probe liquid.
For de-ionized water, o), of, and of are 72.88, 50.4, and
21.6 mJ/m? respectively. For di-iodomethane, o), of, and o
are 50.00, 2.3, and 47.7 m]/mz, respectively.

Attenuated total reflectance-Fourier transform infrared
spectroscopy. To analyze the functional groups incorpo-
rated into the PLA surface, attenuated total reflectance-Fou-
rier transform infrared spectroscopy (ATR-FTIR; BRUKER,
TENSOR 27) with a Ge crystal was used. A background
spectrum was measured in the wave number range of
4000-600 cm ! by keeping the resolution at 4 cm ' and
the number of scans set at 32. After scanning the back-
ground signal, PLA film samples with and without plasma
treatment were placed on the sample holder and scanned
under the same conditions as the background scan. At least
three measurements of each sample were taken to reduce
the experimental uncertainties.

X-ray photoelectron spectra (XPS). The surface chemical
composition before and after plasma treatments was meas-
ured by an X-ray photoelectron spectrometer (ESCA PHI
1600). The samples were measured using a Mg anode at
250 W and 15 KV, 1253.6 eV. In addition, the electron take-
off angle with respect to the sample surface and the cham-
ber pressure were kept at 45° and below 2 x 102 torr,
respectively, during the measurement.

Atomic force microscopy. The Atomic force microscopy
(AFM) images for measuring surface roughness were
obtained by the Veeco Dimension 5000 Scanning Probe
Microscope (D5000). This AFM consists of a micro-scale
cantilever with a sharp tip (probe) at its end that is used to
scan the specimen surface. When the probe scans very close
to the sample surface, the interaction force between probe
and sample can be measured by the deformation of cantile-
ver, which is detected through a laser beam and a light
detector. Tapping mode was adopted for the scan. The
Z-axis information shows the roughness of the sample, and
X-axis and Y-axis show the AFM scanning area. Three types
of data can be acquired, including 2D and 3D morphology,
step profile, and roughness analysis.

Biological test

Cell culture. C,C;,, mouse muscle myoblast cells (BCRC,
60083), were cultured in a T75 flask (BD, 353110) with
Dulbecco’s modified eagle’s medium (DMEM, Gibco, 12800-
017) supplemented with 10% fetal bovine serum (FBS, Bio-
west), penicillin-streptomycin  (Gibco, 15140-122) and
1.5 g/L sodium bicarbonate (sigma, S5761). The cells were
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cultured in an incubator (Heraeus, HELACELL 150) with 5%
CO, at 37°C. While the cells grew into confluence, they
were washed twice by Dulbecco’s phosphate-buffered saline
(DPBS, Gibco, 21600). Afterwards, trypsinization was used
with 1 mL Trypsin-EDTA (sigma, T4174) for 1.5 min. Diges-
tion was then blocked by the addition of 4 mL of culture
medium. The culture medium was then piped back and
forth to disperse the cells. The number of cells was counted
using a hemacytometer (sigma, Z359629). Finally, cells (7 x
10* cells/mL) were seeded on a modified glass petri dish
with pure, plasma treated, and gelatin-coated PLAs for later
observation and tests.

Inverted contrasting microscope. Cell morphology is a
good indicator for surface-cell compatibility. Cell morphol-
ogy observations on pure, plasma treated and gelatin coated
PLAs were performed using an inverted contrasting micro-
scope (Leica, DM IL) during the 3-day period. These obser-
vations were performed at the 24, 48, and 72 h of
treatment.

MTT assay. An MTT cytotoxicity test provides a measure of
the integrity and activity of mitochondria in the cells, which
may be linked to the viability and number of cells in a cul-
ture. The tetrazolium salt MTT is converted into a colored
formazan product by mitochondria in healthy cells. Using di-
methyl sulfoxide (DMSO) to release the colored product into
solution, cell viability can be assessed by measuring the
optical density (OD) of the solution. In this study, OD was
assessed three times (at 24, 48, and 72 h) during the 3-day
period for the pure, plasma treated, and gelatin coated
PLAs. During the assay, the medium was replaced with
0.1 g/L MTT(sigma, M2128) in DMEM + 10% FBS, and the
test samples were incubated for 4 h at 37°C with 5% COs.
After incubation, the formazan was dissolved using DMSO
(sigma, D5879) and agitated with a pipette until no change
of color was observed. The optical density of the fluid was
then read at a wavelength of 570 nm by a microplate pho-
tometer (Thermo Scientific, Multiskan EX).

RESULTS

Results of surface characterization with and without
plasma treatments

Contact angle measurement. Figure 2 shows the hydro-
philic properties of the pure and plasma treated PLA surfa-
ces obtained by contact angle measurements, which are
performed immediately after the plasma treatment. For
those applications which can only occur long after the treat-
ment, more thorough aging test of the surface properties
and corresponding biological tests are definitely required in
the near future. The results show that the contact angle of
pure PLA (0 passes) is approximately 73°. After pretreat-
ment plasma treatment, the contact angle decreases to
~50° with the number of passes exceeding 10. The contact
angle of ammonia plasma treatment decreases with an
increasing number of passes and saturates at ~58° with
pass counts beyond 80. For the two-step plasma treatment,
two-step (40) performs generally better than two-step (10)
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FIGURE 2. Contact angle measurements with and without different
plasma treatments. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

in terms of contact angle. Note the former and latter two-
step plasma treatment represent that 40 and 10 passes of
the plasma pretreatment were applied, respectively, with 80
passes of ammonia plasma treatment. The lowest contact
angle found is ~38° using two-step (40); this is termed
“two-step plasma treatment” as summarized in Table I, and
as presented earlier. In short, by using a two-step plasma
treatment, the PLA surface can be easily turned from hydro-
phobic to hydrophilic.

Surface energy analysis. Surface energy analysis was cal-
culated using Wu’'s method as presented earlier. Figure 3
shows the calculated results of the surface energy for pure
and plasma treated PLAs. The results show that the total
solid surface energy and polar components of surface
energy increase from 57.5 and 11 mJ/m? to 70.5 and
28 m]/m? respectively, using the two-step (40) plasma
treatment. Interestingly and importantly, the large increase
of the polar component may play an important role in
enhancing the biocompatibility of PLA.

130
120 -

[ Dispersive Component |

L [ Polar Component 1
110 |- T
100 |- 7

L Two-step (40)
90 Pretreatment ¢ Two-step (10) Plas::npn( :

i Ammonia Plasma

Plasma Treatment

80 |- Treatment Plasma Lrcatment

- Treatment

70 | Pure = MR @A & &
L PLA M A

50

40

30 1 L)

20 W H H M

10 - -
0

T ] 1
. . -

Solid Surface Energy (mJ/m?)

0 1020 40 60 80100 10 20 40 60 £0 100 10 20 40 60 80 100 10 20 40 60 80 100
Passes

FIGURE 3. Surface energy analysis under pure and two-step plasma
treated PLA surface.
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FIGURE 4. ATR-FTIR analysis of pure and plasma treated PLA surface
(a) 600-2000 cm™; (b) 2800-3400 cm™' [Color figure can be viewed in
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ATR-FTIR analysis. ATR-FTIR analysis was utilized to identify
the functional groups incorporated into the PLA surface after
plasma treatments. Figure 4(a,b) shows that the absorbance in-
tensity of primary amine??, including NH, deformation (1604
cm 1) and NH stretch (3210 cm™ 1), increases, especially when
using the two-step plasma treatment. It was reported that the
plasma treatment changes surface properties within only a few
nanometers>> of the surface. In addition, the penetration depth
of the ATR-FTIR into the sample is in the range of 200-1000
nm,** which is much larger than that of the plasma treatment.
This finding means that the actual increase of the primary
amine composition near the surface layer is much larger than
those shown in Figure 4(a,b).

XPS analysis. The surface chemical compositions of the
plasma treated and untreated PLAs were measured by an XPS
analysis. Figure 5 shows that the PLA surface exhibits the high-
est N1s intensity using the two-step plasma treatment. Pre-
treatment and ammonia plasma treatment obtain nearly the
same N1s intensity which is much lower than that of the two-
step plasma treatment. To further understand the chemical
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FIGURE 5. N1s intensity of pure and plasma treated PLA films. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

bonding concentrations of each element, we de-convoluted the
XPS spectra based on the analysis of the ATR-FTIR results.

Figure 6(a-c) shows the photoelectron spectra of Cls,
01s, and Ols on two-step plasma treated PLA surface. In
addition, Table II summarizes the de-convoluted atomic con-
centrations. The Cls spectra are split up into C-C, C-H
(285 eV), C-0 (287 eV), C=0 (289.2 eV),*® and C-NH,
(285.6 eV)?® with plasma treatments. Moreover, only C-N
(400.1 eV)?” is used for the N1s spectra. The results show
that the concentration of N/C ratio, which represents the
amount of amine functional groups, can increase up to
19.1% with the proposed two-step plasma treatment to a
value that is much larger than that of pure PLA and other
treatments (approximately 4-6%). These results reveal that,
by using a two-step plasma treatment, one can incorporate
an appreciable amount of amine functional groups into
the PLA surface in a very short period of time. In addition,
the O/C ratio of the pretreated sample increases to 57%
compared to that of the pure PLA sample (~37%). Thus, the
oxygen related functional groups are incorporated efficiently
into the PLA surface. The oxygen related functional groups
may also contribute to the highest N/C ratio using the two-
step plasma treatment, which deserves further investigation
to further understand the underlying mechanism.

AFM analysis. Figure 7 shows the results of the AFM analy-
sis. The surface roughness (rms) of the original PLA is
approximately 0.88 nm. After applying pretreatment, ammo-
nia plasma treatment, and two-step plasma treatment, the
roughness (rms) becomes 50.16, 1.50, and 73.22 nm,
respectively. The pretreatment using N,/0, plasma contrib-
utes most to the roughness increase of the PLA surface up
to 50 nm from 1 nm of the untreated PLA surface. The
increase of roughness is mainly caused by the etching of
oxygen radicals generated from the N,/O, plasma, which
are carried downstream from the discharge region. Surpris-
ingly and interestingly, the two-step plasma treatment

INCORPORATION OF PRIMARY AMINE GROUP INTO PLA SURFACE
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FIGURE 6. (a) C1s, (b) O1s and (c) N1s photoelectron spectrum of
two-step plasma treated PLA surface.

further increases the surface roughness to approximately
72 nm, even though the second-step plasma treatment
alone (ammonia plasma) shows essentially no influence on
the surface roughness. The underlying physics of this obser-
vation requires further investigation.

Results of biological tests using pure, two-step plasma
treated, and gelatin coated PLAs

Cell morphology, attachment, and proliferation. Figure 8
shows the cell morphology at different times using different
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TABLE Il. Atomic Concentration and De-convoluted Information of Pure and Plasma Treated PLA Films Using XPS Analysis

Atomic
Concentration

Atomic
Concentration

Atomic

Concentration

Atomic
Ratio

N1s
Component

O1s
Component

C1s Component

C-C and

N/C (%)  O/C (%)

C-N (%)

N1s (%)

0 (%)

C—
50

C-0 (%)

O1s (%)

C-NH; (%)

C=0 (%)
26.2

C-0 (%)

C-H (%)

C1s (%)

Conditions
Pure PLA

36.8
57

50

27

26.2

47.6

73

6.3
4.2

19.1

100

3.9
29
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34.9 49.6

5.8
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29.2 29.9

61.2 35.1

68

Pretreatment
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42.8
61

100
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42.9

ORIGINAL ARTICLE

100

51.2

48.8

33.9

9.5

30.4

29.7

30.4

55.5

Two-step

165



Pure PLA

0.88+£0.38 nm

Pretreatment
Plasma
Treatment

Ammonia Two-step
Plasma Plasma
Treatment Treatment

= 1.50%0.84 nm z

73.22+2.53 nm

FIGURE 7. AFM analysis of pure and plasma treated PLA films. [Color figure can be viewed in the online issue, which is available at
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plasma treatment procedures for the substrate preparation.
Cell images on the pure PLA surface show a weakly adhered
morphology. Moreover, the number of adhered cells is low
after 24 h of culture. In contrast, the cell images on the
two-step plasma treated surface exhibit a flattened mor-
phology, and the attached number is much higher than that
on pure PLA. After 48 h of culture, the two-step plasma
treated PLA surface shows a higher proliferation ability
compared to that of the pure PLA. The highest number of
cells is found to attach on the two-step plasma treated PLA
after 72 h of culture, which shows nearly full cell conflu-
ency, comparable with (or even better) than the confluency
with the conventional gelatin coating method. In short, cell
attachment and proliferation can be greatly enhanced by
using the proposed two-step plasma treatment.

Figure 9 shows the number of cells and the activity of
mitochondria assessed by the MTT assay. The cell attach-
ment and proliferation tests show that the OD (optical den-
sity) using the two-step plasma treatment is approximately
two times larger than when using the pure PLA sample
(roughly the same as those by plasma pretreatment and
ammonia treatment) and always slightly higher than when
using the gelatin coating method after 72 h of culture; these
findings are in agreement with visual observations in Figure
8, as mentioned earlier. Note that the magnitude of OD cor-
relates with the number of healthy cells per unit area.

The results of the cell morphology observations are con-
sistent with those of the MTT assay presented above. Thus,
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we conclude that better cell attachment and proliferation
using the two-step plasma treatment is obtained compared
to when using the pure PLA without any treatment. In
addition, the two-step plasma treatment can compete
with and even perform better than the gelatin coating
method in terms of its effectiveness in cell attachment and
proliferation.

DISCUSSION

Figure 10 shows the sketches of the surface conditions of
the pure, two-step plasma treated, and gelatin coated PLA
films, when they are immersed in a culture medium, respec-
tively. It is known that cells attach to a material surface
only when either an absorbed protein layer or ligands exist.
Moreover, most proteins reveal hydrophobic features and
favor attaching to a hydrophobic surface.?®. For the pure
PLA case, few proteins from the culture medium may attach
to the surface due to the hydrophobicity of PLA. These pro-
teins may primarily contribute to the modest observed cell
attachment and proliferation on the pure PLA surface. How-
ever, the effectiveness of these proteins alone is insufficient
to compete with that of the two-step plasma treatment and
the gelatin coating method, according to the biological
results described earlier.

In the gelatin coating case, abundant amino acids and
hydrolyzed collagen are coated on the PLA surface. These
can be regarded as contributing a great quantity of cell
binding sites on the surface, which results in greatly
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FIGURE 8. Inverted contrasting microscope observation of cells on pure,

test period.

improved cell attachment and proliferation in which the OD
is about two times higher than that of pure PLA after 72 h
of culture.

The PLA surface using the two-step plasma treatment
exhibits the highest surface energy, especially in the polar
component, and thus an enhanced hydrophilic property. The
resulting surface energy and contact angle are approxi-
mately 70.5 mJ/m? and 38°, respectively. Most proteins are
difficult to attach to a hydrophilic surface.?® Thus, the effect
of proteins absorbed on the two-step plasma treated PLA
surface can be neglected. The most critical contribution to
the enhanced cell attachment and proliferation should be
the high amount of amine functional groups, which can
covalently couple with the ligands from the culture
medium,’>?*° as well as other modified surface properties,
such as surface roughness and surface energy. Note that the
cell membrane is a phospholipid bilayer in which the outer
polar head, which directly contacts the environment, exhib-
its hydrophilic characteristics.3? In other words, cells exhibit
high affinity to a hydrophilic surface. After cells contact
with the surface, the integrins on the cell membrane can
further react with the ligands bonded on the amine func-
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tional groups and transduce signals for the cells to attach
and proliferate on the surface. In addition, cells prefer to
adhere to surfaces with a high surface energy,®' especially
with a high polar component,®? and to migrate on rougher
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FIGURE 9. Optical Density (OD) of cells on pure, gelatin coated and 2-
step plasma treated PLA films for a three-day test period.
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FIGURE 10. Sketches of the surface conditions of pure, two-step plasma treated and gelatin coated PLA films with immersed in culture medium.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

surfaces,®® which is beneficial to cell proliferation. The sur-
face chemical and physical properties obtained by the two-
step plasma treatment on a PLA surface are all in favor of
cell attachment and proliferation, as we have observed in
this study. These properties may explain the reasons that
the two-step plasma treatment performed as well or even
better than the gelatin coating method in terms of cell
attachment and proliferation effectiveness.

The comparison of the preparation duration between
the two-step plasma treatment and the gelatin coating treat-
ment is discussed next. The plasma exposure time of the
former treatment is only 8 s, but the realistic preparation
time includes setting up and removing samples on a moving
stage as well as other necessary operations. It is worth not-
ing that these procedures are all indispensable. Therefore,
the two-step plasma treatment takes about 5-15 min. On
the other hand, the latter treatment takes at least 13-15 h.
Obviously, the preparation for the proposed two-step
plasma treatment is much faster than that of the gelatin
coating treatment. This finding implies that the proposed
two-step APP treatment can meet some of the criteria of tis-
sue engineering for practical applications.

CONCLUSION

In this article, a two-step plasma treatment procedure using
the post-discharge jet region of a parallel-plate, nitrogen-
based DBD is proposed and investigated experimentally.
Using the two-step plasma treatment, we can effectively and
efficiently incorporate primary amine groups into the PLA
surface. The results show that N/C ratio can reach 19.1%
on the PLA surface. Furthermore, after applying the two-
step plasma treatment, the surface energy, contact angle,
and surface roughness are improved to 70.5 mj/m? 38°,
and 73.22 nm, respectively. These modified surface proper-
ties are confirmed to be very beneficial in improving cell
attachment and proliferation on the PLA surface for mouse
muscle myoblast cells (C;C;2). In comparison with the con-
ventional gelatin coating method, the proposed two-step
plasma treatment procedure can produce a PLA surface
with almost the same (or even better) cell attachment and
cell proliferation for muscle cells, while requiring a reduced
preparation time (5-15 min vs. 13-15 h). In summary, the
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proposed two-step plasma treatment procedure under
atmospheric conditions can not only promote cell attach-
ment and proliferation but also dramatically speed up the
substrate preparation time. This represents a potential
method for making tissue engineering more practical.
Several issues remain unsolved in this study, and thus
deserve future investigation, including a detailed mechanism
of the incorporation of functional groups and applicability
of the method to other types of polymers, different types of
cells and even three-dimensional scaffolds.
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