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Abstract

A series of gases were used for plasma treatment of poly-(l-lactide) (PLLA) under various conditions such as atmosphere, electric

power, pressure and time. The NH3 was preferably selected for modifying the surface of PLLA because it can obtain appropriate

hydrophilicity and surface energy with high polar component compared to other gases. Subsequently, cells were seeded onto NH3

modified surface and exposed to 29.5N/m2 of shear stress field by means of a parallel plate flow chamber in order to get good insight

into the influence of N-containing incorporation on cell retention, cell morphology, and cell shape factor. The results showed that

cell retention on the modified PLLA was much higher than that on the unmodified one. The NH3 plasma modified PLLA with high

cell affinity and resistance to shear stress was gained. Surface hydrophilicity, surface energy with high polar component and N-

containing groups may play an important role in enhancing cell resistance to shear stress. It revealed that the parallel plate flow

chamber is an effective device for evaluating the effects of surface modification on the cell affinity of a material.

r 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In tissue engineering, cell adhesion to a surface is
critical because adhesion occurs before other events like
cell spreading, cell migration and differentiated cell
function [1]. Cell adhesion is closely related to surface
properties of biomaterials. It is commonly accepted that
the adhesion of cells to solid substrata is influenced by
several substratum surface properties, such as wettabil-
ity [2,3], surface charge [4–6], roughness and topography
[7]. Surface modification techniques have been used to
produce various surface properties of polymers. For
example, heparin can be introduced to the surface of
substrata to attain the blood compatibility of polymeric
materials [8]. Plasma treatment is an effective and widely
used method for modifying the surface of a material. It
has been reported that the surface of cell culture devices,
such as petri dishes, microcarriers and membranes, can
be modified by plasma treatment to improve cell

adhesion and growth [9]. Plasma treatment using
nonpolymerizing gases can create reactive sites such as
amine group [3,10] and carboxyl [11] on polymers (i.e.
surface functionalization). It has been demonstrated
that plasma processes can only proceed with localized
surface treatment (in depths from several hundred
angstroms to 10 mm) without changing the bulk proper-
ties of the polymers.

Poly-(l-lactide) (PLLA) is one of the few synthetic
biodegradable polymers, which is widely applied as
sutures and orthopedic devices [12,13] where high
mechanical strength and toughness are required. How-
ever, it has poor hydrophilicity and there are no natural
recognition sites on the surface of poly-(l-lactic)
(PLLA) [14]. The surface hydrophobicity and low
surface energy will affect cell adhesion and growth on
the PLLA. If the PLLA is fabricated into three-
dimensional scaffolds for organ reconstruction pur-
poses, the composite of cells and scaffold is inevitably
sheared by the body fluid. The cell adhesion strength
becomes very important when the composite is trans-
planted into body because the weak adhesion force cells
would detach from the scaffolds.
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Cell adhesion on polymers is usually studied by cell
culture techniques. However, it has mainly been
performed under shear-free conditions, i.e. the material
and cells are exposed in a static environment where no
shear stress exists. Aimed to simulate the situation inside
the body, it is necessary to extend the in vitro studies of
the material–cells interaction under shear stress field.
The parallel plate flow chamber, frequently used by
many researchers, can perform such a shear stress field
[15–21]. It is proven to be a suitable device to study the
cell adhesion on the surface of materials under a shear
stress field.

In the present investigation, the PLLA films were
modified by plasma treatment using different gaseous
atmosphere such as O2, N2, Ar and NH3. The interaction
of treated film with mouse 3T3 fibroblast cells was
quantitatively evaluated using a modified parallel plate
flow chamber [22] according to previous work [23]. On
the basis of this work, the effect of gaseous plasma
treatment on the cell affinity between PLLA and mouse
3T3 fibroblast cells has been evaluated.

2. Materials and methods

2.1. Materials

l-lactic acid (80%, Shanghai Yierbao, China) was
used as purchased. Stannous 2-ethyl-hexanoate (Sigma
Chemical Co.) as a polymerization catalyst was used as
received. Hexadecanol (C.P. grade) was supplied by
Beijing Chemical Factory and freeze-dried before use.

2.2. Synthesis of PLLA

l-lactide was synthesized from l-lactic acid according
to the literature method [24]. The resulting lactide was
recrystallized three times before polymerization. PLLA
(Mn=40,000) was synthesized at 140�C for 10h under
vacuum in a sealed tube using stannous octoate as
catalyst and hexadecanol as molecular weight modulator.

2.3. Preparation of PLLA film

PLLA film was prepared by a solution casting method
using 5wt% of PLLA chloroform solution in a poly-
(tetrafluoroethylene) mold. After solvent evaporation in
air at room temperature, the film was removed from the
mold and followed by drying in vacuum at room
temperature for 48 h. The resulting transparent film was
then cut into a certain shape and sterilized before use.

2.4. Plasma treatment

The plasma treatment was carried out on a Samco
Plasma Deposition (Model PD-2, 13.56 MHz) under O2,

N2, Ar and NH3 atmosphere, respectively. The chamber
was evacuated to less than 10 Pa before filling with the
gases. After the pressure of the chamber had stabilized
to a proper value, a glow discharge plasma was created
by controlling the electrical power at a radio frequency
of 13.56 MHz for a predetermined time. Finally, the
plasma-treated films were further exposed to the fore-
going gases for another 10 min after turning off the
power.

2.5. Contact angle measurement

The contact angle of the samples with water was
measured in air using a FACE CA-D-type Contact
Angle Meter (Kyowa Kaimenkagaku Co. Ltd). Ten
independent determinations at different sites of one
sample were averaged. Deionized water and di-iodo-
methane were used for the measurement.

2.6. X-ray photoelectron spectroscopy (XPS) analysis

XPS spectra of the plasma modified samples and the
control were acquired on a VG Escalab 220i-xl spectro-
meter using Al-Ka radiation at a power of 300 W. A
take-off angle of 90� with respect to the samples surface
was used.

2.7. Parallel plate flow chamber and circuit flow system

The parallel plate flow chamber was developed and
shown in Fig. 1.

The chamber consisted of a nickel-coated stainless
steel made bottom part (a) and a top part (b) which
enclosed two glass plates with dimension 7.6� 5.0�
0.2 cm3 (l � w � h) separated from each other through
2 spacers. The effective chamber dimensions were
7.6� 3.8� 0.2 cm3 (l � w � h). The power resistor
could serve to heating the flow chamber, the O-ring
could ensure no liquid leakage and the temperature
of the flow chamber could be detected by Pt thermo-
couple.

The parallel plate flow chamber was fixed on the
microscope stage via a fixation plate. The inlet and
outlet of the chamber were, connected with a vessel that
could accommodate serum-free culture medium and
were located at an appropriate height. A peristaltic
pump (LanGe-pump, Type YZ1515, Baoding Lange
Peristaltic Pump Co. Ltd., China) connected with the
two vessels can ensure a steady flow in this loop. The
vessel connected with the outlet was double-walled.
Circulating medium in this flow system was kept at 37�C
by heating the double-walled vessel through a thermo-
stat water bath. A computer assistant image analysis
system (CAIAS) was applied to record the changes of
the cell adhesion, which included a CCD-camera (type
WV-CP460, Panasonic, Japan) and captured a field of
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0.28 mm2 through a light microscope (Olympus IMT-2,
Phase Contrast, 10� objective A 10PL, Olympus photo-
ocular NFK 2.5�LD). The image analysis software was
provided by Yalien Company (China).

2.8. Cells preparation

Mouse 3T3 fibroblasts were supplied by the Chinese
Academy of Military Medical Sciences. Mouse 3T3
fibroblasts were cultured in a 50 ml cell culture flask with
Dulbecco’s Modified Eagles Medium (Gibco) buffered
with N-(2-hydroxyethyl)piperazine-N 0-2-ethanesulfonic
acid (HEPES), supplemented with 10% fetal bovine
serum (Gibco) and 100 U/cm3 each of penicillin and
streptomycin. Cell culture was maintained in a gas-
jacket incubator equilibrated with 5% CO2 at 37�C.
When the cells had grown to confluence, the cells were
digested by 1ml 0.25% trypsin (Sigma) for 1–2 min, then
3ml of culture medium were added to stop digestion and
the culture medium was aspirated to get cell dispersion
which was used after counting the cells.

2.9. Static and dynamic cell culture on PLLA film

The PLLA film was prepared by directly casting 4%
PLLA solution in CH2Cl2 on the glass plate. After the
solvent was completely removed thoroughly, the PLLA
film-covered glass plate was subjected to NH3 plasma
treatment under 50 W, 2min and 20 Pa. The treated and
control were sterilized by ultraviolet for 1 h. Mouse 3T3
fibroblast suspension with a density of 1.2–1.5� 105 cell/
ml was immediately seeded on the PLLA film (about
1.7� 104 cells/cm2) and cultured in incubator for 6 h in
order to allow the cells’ adhesion and spreading.
Morphology of cell attachment was observed and

photographed by invert light microscopy (Olympus
Optical Co. Ltd.) after culturing for a period of 6 h.
Then the cell-seeded glass plate and the upper glass plate
were assembled in the flow chamber. All bubbles in the
whole pipeline including the flow chamber must be
removed carefully. An image was captured randomly in
the center of the flow chamber as the starting point.
Then the flow of the culture medium was initiated by
turning on the peristaltic pump to control a proper flow
rate. The changes of the cell adhesion were recorded by
taking photos every 2min.

2.10. Data processing

The shear stress was calculated from the following
equation [25]:

Tw ¼ m � ð6Q=wh2Þ ¼ 27:63Q ðdyn=cm2Þ ¼ 2:763QðN=m2Þ;

ð1Þ

where m is the viscosity of the flow fluid (0.007 g/cm/s, at
37�C), w the chamber width (3.8 cm), h the chamber
height (0.02 cm) and Q the flow rate (ml/s).

The recorded images were analyzed by the image
analysis software. The border of the individual cell could
be traced with a computer mouse and then the produced
cell image could be processed in the computer. Three
parameters are determined for each cell in each recorded
image. They are cell area (A), perimeter (P) and two-
dimensional, projected shape factor (S). Shape factor is
a function of the perimeter and cell area, S ¼
P=2ðpAÞ1=2 (2). According to (2), when cell is round,
the projected cell shape is also round (S ¼ 1); when the
cell spreads, S deviates from 1.
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Fig. 1. The sketch map of the parallel plate flow chamber.
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The fraction of adherent cells with time under shear
stress was obtained by calculating the number of cells at
different times using the image analysis software.

3. Results

3.1. The influence of plasma-processing parameters on

the hydrophilicity and surface energy of PLLA film

3.1.1. Effect of plasma power on hydrophilicity

The hydrophilicity of PLLA film was identified by
contact angle measurement. The effect of plasma
treatment power on the contact angle of PLLA film
under various gaseous atmospheres is shown in Table 1.
It could be found that contact angles of PLLA film are
much lower than that of untreated PLLA film (78�),
which indicates that the hydrophilicity of the PLLA film
is dramatically improved by plasma treatment. How-
ever, different gas plasma resulted in different variation
of contact angle. For N2 and NH3, the contact angle was
the lowest when the power was below 50 W and then the
contact angle increased with increase in power. But for
O2 and Ar, the lowest contact angle was observed under
90 W. Thus, the effect of plasma power on contact angle
had an individual optimum for different gases.

3.1.2. Effect of gas pressure on hydrophilicity

The effect of plasma treatment pressure on the
hydrophilicty of film at a predetermined power and
time is shown in Table 2. It was found that for all the
four gases, the hydrophilicity of PLLA film increased
with reducing the gas pressure. However, for Ar and O2,
the change of hydrophilicity was very small.

3.1.3. Effect of treatment time on hydrophilicity

The effect of plasma treatment time on the hydro-
philicty of the PLLA film at a predetermined power and
time is shown in Table 3. It was found that for N2, the
longer the treatment time, the better the hydrophilicity
of PLLA film. However, for Ar and NH3, the contact
angle first decreased to the lowest value and then
increased slightly. For O2, the contact angle decreased to
about 44.0� after being treated for 1min and remained
unchanged with passage of time.

3.1.4. Surface energy of control and plasma treated

PLLA films

The changes of surface energy before and after plasma
modification were also investigated. The surface energy
was calculated through Harmonic mean equations as
follows:

ð1 þ cos y1Þg1 ¼ 4ððgd
1g

d
s =ðg

d
1 þ gd

s Þ þ gp
1g

p
s =ðg

p
1 þ gp

s ÞÞ; ð2Þ

ð1 þ cos y2Þg2 ¼ 4ððgd
2g

d
s =ðg

d
2 þ gd

s Þ þ gp
2g

p
s =ðg

p
2 þ gp

s ÞÞ; ð3Þ

where gd denotes the dispersive components, gp the polar
components; y1 the contact angle to water, and y2 the
contact angle to di-iodomethane. For water,
g1 ¼ 72:8mJ/m2, gd

1 ¼ 22:1mJ/m2, gp
1 ¼ 50:7mJ/m2.

For di-iodomethane, g2 ¼ 50:8mJ/m2, gd
2 ¼ 44:1mJ/m2,

gp
2 ¼ 6:7 mJ/m2. The results shown in Table 4 explain

that under the same processing conditions NH3 not only
effectively improved the hydrophilicity of PLLA, but
also enhanced the surface energy of the PLLA with
higher content of polar components than the other gas-
plasma-treated films. It meant that polar groups could
be easily introduced into the PLLA surface by using
ammonia plasma.
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Table 1

Dependence of contact angle of PLLA film on power of plasma

treatmenta

Gas Power (W)

30 50 70 90

N2 25.270.2 25.570.6 32.270.6 31.570.4

O2 42.370.9 45.071.2 44.070.3 13.671.3

NH3 21.570.2 21.571.0 27.070.8 34.570.9

Ar 26.570.4 23.570.5 23.870.5 11.570.6

aTreating time 2min, Pressure 20 Pa.

Table 2

Dependence of contact angle of PLLA film on pressure of plasma

treatmenta

Gas Pressure (Pa)

15 20 30 40 60

N2 23.570.3 25.570.6 28.770.9 32.470.3 36.070.2

O2 42.370.5 45.071.2 43.071.0 42.570.4 44.370.4

NH3 28.870.5 21.571.0 22.070.3 34.070.3 42.671.3

Ar 21.470.8 23.570.5 24.070.2 26.270.5 28.070.3

aPower: 50W, Time: 2 min.

Table 3

Dependence of contact angle of PLLA film on time of plasma

treatmenta

Gas Time (s)

10 30 60 120 300 600

N2 53.671.1 35.570.7 30.070.8 36.070.2 25.570.3 9.071.3

O2 60.370.8 58.470.2 44.170.4 45.071.2 46.070.9 45.070.4

NH3 60.570.2 37.070.8 25.170.3 21.571.0 27.570.9 32.370.3

Ar 54.070.2 35.270.3 31.370.2 23.570.5 23.070.4 29.770.6

aNH3 Ar O2: 50W, 20 Pa; N2: 50W, 60 Pa.
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3.2. Effect of NH3 plasma treatment on composition of

PLLA film surface

The XPS survey spectra of samples before and after
plasma treatment (50 W/20 Pa/120 s) is shown in Fig. 2.
It can be clearly seen that a new N1s peak occurred after
NH3 plasma treatment. There were three peaks corre-
sponding to C1s (285 eV), N1s (400 eV) and O1s
(532 eV). It meant that N-containing groups, for
example, –NH2, might be incorporated into the plas-
ma-treated PLLA surface. Typical chemical composi-
tions calculated from the XPS survey spectra were
almost equal to that based on PDLLA film (seen in our
earlier paper [3]). In brief, the O/C content ratio of the
PLLA surface significantly increased from 0.40 to 0.58
after plasma treatment. The intensity of carbon with a
single bond to oxygen at 286.4 eV increased from
24.45% for control film to 31.18% for plasma-treated
film. It indicated that a greater number of aliphatic
–C–O bond had formed on the surface of PLLA film. It
denoted that after plasma treatment the hydrophilic
groups such as hydroxyl, ether bond, and N-containing
groups (e.g. –NH2) had been introduced onto the
surface of the PLLA film, which resulted in
the improvement of hydrophilicity and an increase
in the intensity of polar components on the surface of
the PLLA film.

3.3. Mouse 3T3 fibroblasts culture on PLLA film under

static condition

The morphology of cell attachment on PLLA control
and plasma modified film was observed by photomicro-
graphy as shown in Fig. 3. It could be seen that the cells
on control and plasma-treated film stretched well after
6 h of culture and there were no morphological
differences between the two materials under static
culture condition. But the cells attached onto the
materials will change their morphology gradually once
exposed to shear stress (seen below).

3.4. Mouse 3T3 fibroblast cell culture under shear

condition

The cell culture under shear stress condition was
performed in the parallel plate flow chamber as
described above. The shear stress was controlled by
adjusting the flow rate of the culture medium. The
percentage of originally attached fibroblasts remaining
on control PLLA and NH3 plasma modified PLLA films
with time at 29.5 N/m2 of shear stress was compared and
shown in Fig. 4. It was clear that although under static
culture condition there were no morphological differ-
ences between the control and NH3 plasma treated
PLLA films, the cells were removed almost completely
from the control PLLA within 2min. However, for NH3

plasma modified PLLA, the cells detached slowly from
the NH3 plasma modified PLLA. Even after 90 min
under 29.5 N/m2 of shear stress, 22% of the cells
remained on the PLLA films. It meant that the cells
could adhere tightly on the NH3 plasma modified
PLLA. The quality of cell attachment on NH3 plasma
modified PLLA is apparently better than that on the
unmodified PLLA.

The changes of cell morphology on the NH3 plasma
modified PLLA with time under shear stress are shown
in Fig. 5. It could be seen that the cells gradually
withdraw their borders. The cell extrusion was retracted
to the cell body gradually with time under shear stress,
and the process of the changes was slow. However, for
control PLLA film, we could not find this phenomenon
since the cells were removed too fast from PLLA films
almost without the steps of morphology changes. It
indicated that the quality of cell attachment on the
polymer surface had been improved greatly by the NH3

plasma modification.
The shape factor of 3T3 fibroblast cell at different

culture times under shear stress was calculated accord-
ing to Formula (2). It should be noted that once a cell
has detached, it is not included in the calculation of the
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Table 4

Effects of various plasma treatments on surface energy of PLLA filmsa

Sample Modification

methods

Contact

angle (Deg)

Surface

energyb (mJm	2)

y H2O y CH2I2 gs gd
s gp

s Xp

PLLA None 78.0 37.0 43.2 32.5 10.7 0.25

NH3 plasma 21.5 40.0 69.1 26.7 42.4 0.61

N2 plasma 25.5 33.5 68.2 29.2 39.0 0.57

O2 plasma 45.0 26.5 60.1 32.4 27.7 0.46

Ar Plasma 23.5 36.0 68.7 38.3 40.4 0.59

aParameter of plasma modification was 50W, 20Pa, and 120 s

except for additional descriptions.
bgs: surface energy gd

s : disperse components gp
s : polar components

Xp ¼ gp
s =gs:
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Fig. 2. XPS survey spectra of: (a) 50W, 20Pa and 120 s plasma

modified, and (b) control surface of PLLA film.
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mean shape anymore. Fig. 6 showed that the mean
shape factor of cells averaged for all cells still remained
on control and NH3 plasma modified PLLA film at
different times. From the start point (time=0), the mean
shape factors of all cells on both PLLA films were
almost the same. It meant the cells on both control and
modified PLLA films could attach and spread, but
under shear stress, the cells on the control PLLA film
detached quickly. It was difficult to monitor the changes
of cell morphology. From the entire figure, it can be seen
that the changing tendency of mean shape factor is
decreasing although the differences are not significant. It
indicated that the cells gradually returned to the more
circular shape and then the cells will detach from the
material.

4. Discussion

In this study, several gases were used in plasma
treatment to improve the hydrophilicity of PLLA film.
For the purpose of reducing systematic errors and
effectively manipulating the plasma treatment equip-

ment, a set of processing conditions including electric
power, gas pressure and treatment time were estab-
lished. According to its ability to get higher surface
energy and polar components, NH3 could be preferably
selected for treating PLLA. 3T3 mouse fibroblasts were
used under shear stress in a parallel plate flow chamber
in order to study the influence of NH3 plasma treatment
on cell retention, cell morphology, and cell shape factor.
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Fig. 3. Photomicrography (� 150) of mouse 3T3 fibroblast cultured for 6 h on: (A) control PLLA film (B) NH3 plasma treated film. White scale bar

represents 40 mm.
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Fig. 4. The fraction of mouse 3T3 fibroblasts adhered on: (A) control;

(B) NH3 plasma modified PLLA as the function of time at 29.5N/m2

of shear stress.

Fig. 5. Light micrographs of mouse 3T3 fibroblasts adhered to NH3

plasma modified PLLA film under 29.5N/m2 of shear stress field.

White scale bar represents 40 mm.
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Under static culture condition, it was found that
morphology of cells stretched on unmodified PLLA as
well as on NH3 plasma modified film. However, it was
not determinable which film had stronger adhesion
force. When both control and plasma treated PLLA
films were evaluated under a shear stress field, there was
an apparent difference. The result indicated that the
quality of cell attachment had been improved effectively
by using NH3 plasma treatment.

The reason why there was such an apparent difference
on cell adhesion was considered. It is known that
substrata with high or intermediate hydrophilicity
sustain optimal cell adhesion and spreading [26].
Appropriate surface energy and high polarity of the
surface would also be conducive to cell attachment [27].
In this work, it was shown that both the surface energy
and the hydrophilicity of films had been enhanced after
the plasma treatment. Furthermore, a fraction of N-
containing groups such as amine introduced onto the
surface may be positively charged at physiological pH
resulting from the protonation in culture medium, which
would advantageously adsorb the cells that carried
negative charge.

5. Conclusion

In the present work, a series of gases were used in
plasma treatment of PLLA under various conditions
such as electric power, gas pressure and treatment time.
The NH3 could be preferably selected for modifying the
surface of PLLA because it can obtain appropriate
hydrophilicity and surface energy with high polar
component compared to other gases. The cell affinity
of NH3 plasma modified PLLA was evaluated by a
parallel plate flow chamber. It could be seen that the
percentage of adherent cells on modified materials was

22% after exposure to shear stress for 90 min, which is
much higher than 0% of control. The changing tendency
of mean shape factor was decreasing although the
differences are not significant at the beginning of
initiating shear stress. It is possible that surface
hydrophilicity, surface energy with high polar compo-
nent and N-containing groups played an important role
in high resistance of cells to shear stress, so the parallel
plate flow chamber could be powerfully used for
evaluating the effects of surface modification.
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