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ABSTRACT: Surface modification of three species of PHAs, PHB, P(HB-co-HV) and P(HB-co-HH), were carried
out by 40 keV C+ ion implantations at four different doses, 1× 1012, 1× 1013, 1× 1014, and 1× 1015 ions cm−2. Remark-
able changes between the pristine samples and the implanted samples were observed for the FT-IR and XPS spectra.
Fibroblast culture was conducted to investigate the surface biocompatibility changes caused by the implantation of C+.
From the results of the MTT colorimetric test and the cell morphology observation assessed by SEM, FI and Confocal
Laser Scanning Microscopy (CLSM), there were several evidence that the cytocompatibility of the films were improved
by ion implantation and the best cytocompatibility was achieved at the ion dose of 1× 1012 for all the three species of
PHAs. Possible explanation is given by correlating the cell adhesion figures with the chemical and physical changes in the
modified surfaces. Results show that the PHAs modified by ion implanting could be a promising family of biomaterials
for tissue engineering.
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Polyhydroxyalkanoates (PHAs) are a class of poly-
esters mainly synthesized by several kinds of bacte-
ria.1, 2 Because of their thermal plasticity, biocompat-
ibility and biodegradability, there have been many ex-
amples of PHAs’ applications in the medical and agri-
cultural fields. Its application as scaffold materials in
tissue engineering and drug carrier in controlled release
is getting high impetus these days.3 To tailor the surface
properties to some specific application, several surface
modification methods such as treatment with NaOH
and lipases,4 plasma treatment5 and 60Co γ-radiation6

have been investigated.
Ion implantation has long been recognized as a useful

method to improve the surface property of metals and
semiconductors without significantly altering the mate-
rials’ bulk property. A plasma-based ion implantation
(PBII) technique is used for surface modification of ma-
terials and for improving surface properties.14 In recent
years, ion implantation has been applied to the surface
modification of polymers to improve blood compatibil-
ity15–17 and tissue compatibility.18

Many researches undertaken up to now focus on the
wettability,8, 9 conductivity10, 11 and tribological prop-
erties7, 12, 13 change of the implanted polymer surfaces.
The results show that ion implantation is a very effec-
tive method of surface modification in these fields. In
recent years, progress of research on the surface mod-
ification of polymers by ion implantation is expected

in the biomedical field for improving biocompatibility
and for conveying biofunction abilities such as antibac-
terial, cell-orientation and selective adhesion proper-
ties.18–20

The C+ implantation has been applied to several
polymers, for example, PTFE9 and PET13 to improve
their surface properties. In this study, we investigated
the surface modification of PHAs-Polyhydroxybu-
tyrate (PHB), poly(hydroxybutyrate-co-hydroxyvale-
rate) (P(HB-co-HV)), and poly(hydroxybutyrate-co-
hexanoate) (P(HB-co-HH)) via different dose of C+

implantation. In addition, the modified polymer films
were investigated using 3T6 fibroblasts cultures for
the assessment of the cytocompatibility based on their
ability to promote cell adhesion and proliferation.

EXPERIMENTAL

Sample Preparation
PHB, P(HB-co-HV), P(HB-co-HH) were all pro-

vided by the Department of Biological Science and
Biotechnology of Tsinghua University and used with-
out further purification. They were first dissolved in
chloroform and then cast onto petri dishes. The petri
dishes were kept in room temperature and covered by
glass plates to control the evaporation rate of chloro-
form. The thickness of each film was about 0.1 mm.
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Ion Implantation
The PHB, P(HB-co-HV), P(HB-co-HH) films were

irradiated with 40 keV C+ at four different ion dose,
1× 1012, 1× 1013, 1× 1014, and 1× 1015 ions cm−2.
The ion current were kept below 1.3 µA cm−2 to min-
imize the thermal effect ion implantation might cause.
The pressure in the implanter target chamber was kept
below 3× 10−3 Pa.

FTIR-ATR Analysis
Fourier transform infrared-attenuated total reflection

(FTIR-ATR) method was employed to investigate the
outermost and subsurface regions of the pristine and
implanted samples. The spectra were recorded with
a NICOLET560 spectrophotometer equipped with an
ATR attachment.

XPS Analysis
The elemental composition of the sample surfaces

were analyzed with XPS (PHI-5300) employing Al-Kα
X-Ray sources (1486 eV) radiation. The pressure of the
chamber was <10−7 Pa. The multi-peak fitting of the
C1s spectra obtained was conducted with software of
the Origin 7.0 with a Peak-fitting-module.

SEM Investigation
The morphology of the samples was examined by

scanning electron microscopy (SEM), S-450, Hitachi.

CLSM
The three-dimensional cells’ constructs and density

were obtained with confocal laser scanning microscopy
(CLSM), Radiance 2100, Biorad.

Cell Cultures
Cell Culture and Co-Culture with Material. The

PHAs films were cut into 1× 1 cm squares, and then
sterilized by γ-ray irradiation (2 Mrad). The commer-
cial 3T6 fibroblasts (Shanghai Institute of Biochem-
istry and Cell Biology-Chinese Academy of Sciences)
were seeded onto the pristine and implanted films in
24-well plates at a concentration of 7× 105 cells cm−2

in Dulbecco’s Modified Eagle Medium (DMEM) sup-
plemented with 10% Fetal Bovine Serum (FBS). The
cultures were maintained in a humidified atmosphere
consisting of 95% air and /5% CO2 (v/v) at 37 ◦C, and
routinely examined using a light microscopy (Olympas
IX70/IX50, Tokyo, Japan).

MTT Assay. MTT assay21, 22 was conducted to
the cell density on the sample films after 24 h’s
culture. 100 µL of MTT (3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrasodium bromide) (Merck) solution
(5 mg mL−1 MTT powder in phosphate buffer saline,

sterilized through a 0.2-µm filter) were added into each
well and incubated at 37 ◦C for 4 h to allow the yel-
low dye to be transformed into blue formazan crys-
tals. The plates were shaken for 30 min to ensure
the complete dissolution of the formazan. Light ab-
sorbance of these samples was measured at 550 nm on
an Ultrospec 3100 pro UV/visible Spectrophotometer
(Biochrom Ltd., England).

Cellular Morphology Observations. Cultures of
3T6 cells grown in 24-well plates were washed twice
in cold PBS (PH 7.2), fixed with freshly prepared 2.5%
glutaraldehyde in 0.1 M PBS (PH 7.2) for 30 min at
room temperature, and permeabilized with 0.2% Tri-
ton X-100 in PBS for 10 min.23 Then the fixed 3T6
cells were stained by Propidium Iodide (PI, Sigma),
examined by fluorescence microscopy (Nikon E995)
and confocal laser scanning microscopy (Bio-Rad, Rid-
iance 2100, AG-2Q).24, 25

Cells fixed in a general way26 were also examined by
scanning electron microscopy (KYKY2000).

RESULTS AND DISCUSSION

FTIR-ATR
We can see from Figure 1 that there are some sig-

nificant differences between the spectra of the pristine
PHBV samples and the samples with dose of 1× 1012

ions cm−2 and 1× 1013 ions cm−2, for example, the ris-
ing of the peaks at the wavelength around the relative
height of peaks at 920 cm−1, the formation of new peaks
at 1532 and 1600 cm−1. Many of these changes cannot
be definitely ascribed to a certain change in the molec-
ular structure because of the fact that the IR spectra of a
polymer is determined not only by its molecular struc-
ture but also its microstructure such as its crystalliza-
tion.

The changes around 2800–3000 cm−1 might be

Figure 1. Result of the FTIR-ATR spectra of PHBV films. (Ar-
rows on the graph indicate the most obvious change of absorbance)
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caused by the formation of hydronated amorphous car-
boneous layer (a-C:H)27 during the implantation or af-
ter the implanted samples were exposed to air. The for-
mation of new peaks around 1532 and 1600 cm−1might
indicate the formation of double bonds or conjugated
cyclic structures. It seems that there exists some cor-
relation between those two changes mentioned above
from Figure 1 but further investigation is needed to de-
termine whether a newly formed structure caused these
changes or they are caused by different reasons.

It is interesting to observe that those two changes
mentioned above almost disappeared with the increase
of ion dose, and the spectra of PHBV sample films with
ion dose1× 1014 ions cm−2 and 1×1015 ions cm−2 actu-
ally resemble the spectrum of pristine PHB. The FTIR-
ATR spectra of the PHBV and PHBH films also showed
the same trend (not shown here).

It seems there exists a threshold around 1× 1012

ions cm−2 and 1× 1013 ions cm−2. Such kind of a
threshold caused by ion implantation has also been
observed, though not necessarily in IR spectra, in
some other investigation of ion implantation of poly-
mers.28, 29 Considering the uniqueness of the ion im-
plantation process,30 we can make a possible explana-
tion for this phenomenon. When the ion dose is not
very high, most of the ions will react with the PHB ma-
terials and form a hydronated carboneous layer. There
will be such a threshold of ion dose beyond which the
ions implanted will not react with the polymer itself and
instead it will first react with the carboneous layer. The
hydrogen atoms will be emitted from the surface in the
form of some volatile small molecules such as H2 or
H2O. The previously formed hydronated will be turned
into amorphous carbon layer at the high ion fluence,
which will not be detected in ATR spectra.

What should also be noted is that the typical anal-
ysis depth of FTIR-ATR is several microns while the

Figure 2. C1s spectra of (a) pristine PHBV films, (b) implanted PHBV films at the ion dose of 1× 1013 ions cm−2, and (c) implanted
PHBV films at the ion dose of 1× 1014 ions cm−2 (with curve fitting results).

ion stopping range for C+ in our experiment was about
0.15 µ as estimated with the TRIM2000,31 so some re-
markable changes in the surface might not be sensi-
tively reflected in the FTIR-ATR spectra.
XPS Analysis

In order to investigate the detailed changes in the out-
most layer of the samples caused by the implantation of
C+, XPS analysis were employed because of its ability
to reveal the chemical states of elements on the polymer
surfaces. The multi-peak fitting was conducted with
the Origin Pro 7.0 with a Peak Fitting Module to find
out the detailed information about carbon in different
chemical states. The C1s of the pristine PHB was re-
solved into four elementary peaks. The binding energy
of various C1s peaks are follows: C–C/C–H: 285.0 eV,
C*–C=O (carbon next to the carbonyl), C–O: 286.9 eV,
C=O: 289.2 eV, and amorphous C: 284.6 eV.2, 8, 32, 33

From Figure 2 and Table I, we can get a clear picture
of how carbon of different chemical states is altered by
the C+ implantation. It can be clearly seen that with
the increase of ion dose (1) the C/O ratio kept increas-
ing, which was caused by two reasons: the corporation
of carbon ions into the polymers and the elimination
of small molecules containing oxygen. Because the
surface composition change caused by the incorpora-
tion of the implanted carbon ions is very small, we can
come to the conclusion that in the process of the ion

Table I. The surface compositions, (in atoms%), of the pristine
P(HB-HV) samples and samples implanted with different ion

doses

Ion dose (ions cm−2) 0 1× 1012 1× 1013 1× 1014 1× 1015

C/O ratio 2.11 2.21 2.36 2.77 6.35
C–C/C–H 32.46 37.42 39.41 48.22 57.89
*C–C=O 22.74 19.27 14.56 11.81 0.22
C–O 24.01 22.93 26.53 22.60 18.17
C=O 20.79 20.38 18.80 13.21 3.35
Amorphous C – – 0.70 4.16 20.37
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Figure 3. SEM micrographs of (a) pristine P(HB-co-HH) samples, and samples with dose of (b) 1× 1014 ions cm−2, (c) 1×1015 ions cm−2.

implantation some volatile species containing O such
as O2, H2O and CO2 will be formed and diffuse into
the surroundings. And thus a hydronated carboneous
layer will be formed.

(2) the C–C/C–H percentage kept increasing, which
indicated that C+ ions were partly incorporated into the
polymer chains.

(3) the percentage of C=O kept decreasing. The
oxygen content decrease is caused by the formation of
volatile species containing oxygen and the possible for-
mation of C–O–C bond.

(4) the C–O composition did not have a strong corre-
lation with the ion dose.

More detailed investigation will be undertaken to
gain a insight of how the mechanism lying behind such
as the sp2, sp3 content change, the various structure of
carboneous layer.

SEM
Several studies of polymer surface modification by

ion implantation show that the surface morphology will
undergo remarkable changes after the implantation.9, 34

From Figure 3, no such significant surface restruc-
turing can be observed. The pristine film’s surface
was smooth overall due to the controlled evapora-
tion process and the small creases might be caused
by the contraction or inner strain of the film. For
samples surface implanted with C+ fluence lower than
1× 1014 cm−1, the overall surface morphology almost
remains the same while the creases in the pristine sam-
ples look more standing-out; which might be caused by

-

-

co
co

Figure 4. Effect of ion implantation treatment on the viability
of cells grown on PHB, P(HB-co-HV) and P(HB-co-HH). Statisti-
cal analysis performed by ANOVA showed P values in all data are
smaller than 0.05.

the peeling-off of the margin area of the crease; but for
films with a 1× 1015 cm−1 implantation dose, a quite
smooth surface was observed, which indicated that the
large ion dose might has an effect of smoothing.

MTT Assay and Cell Morphology Observation
Figure 4 shows the overall change of cell density on

the sample surfaces depending on ion doses. For all
three species of PHAs, the cell adhesion enhancement
is obvious at low dose modified surfaces but then the
cell density dropped to a value lower than the control.
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Figure 5. Confocal Laser Scanning Microscopy (CLSM) of mouse 3T6 cells stained by PI on (a) pristine P (HB-co-HH) sample surface,
(b) samples with an ion implantation dose of 1× 1012 ions cm−2. Bars on the pictures stand for 100 µm, and (c) samples of the 24 h culture
with an ion implantation dose of 1× 1012 ions cm−2. Bars on the pictures stand for 100 µm.

After that the cell density rises again. From SEM re-
sults discussed above, we know that the surface mor-
phology also goes through some small changes at dif-
ferent ion doses. Since the cell adhesion is closely re-
lated to the smoothness of the surface, the MTT re-
sult could only show the overall trend of the surface
cell adhesion changes. The newly formed hydronated
carboneous layer might cause the initiatory improve-
ment. From the result of XPS and FTIR-ATR, we can
see that the original surface composition was only par-
tially changed at low ion dose and as the ion dose in-
creasing the newly formed layer became the foremost
layer, which was irradiated with C+ ions and might be
damaged. This might be the cause of the subsequent
decrease in result of MTT assay.

After 24 h culture in media, the mouse 3T6 cells
flatly attached to and completely spread on the pre-
scribed samples, forming a very layer in which indi-
vidual cells were distinguishable on both the pristine
and implanted samples. Shown in Figure 5a–5b are two
typical single cells on pristine P(HB-co-HH) samples
and on P(HB-co-HH) samples implanted at the dose
of 1× 1012 ions cm−2, whose MTT assay result was the
best among its group. The cell adhered to the mem-
brane with processes and multiple filopodia. The fi-
brillar bundles of extracellar matrix were attached to
the materials and connected with cells. The fibroblast in
Figure 5b was fully out-stretched when compared with

Figure 6. Fluorescence micrograph of PHB with 1× 1012

ions cm−2. Bar in the picture stands for 5 µm.

the one shown in Figure 5a and indicated the improved
cytocompatibility.

The CLSM results show the three-dimensional 3T6
cell constructs. Figure 5c shows the example of the 24 h
culture. The fibroblasts have integrity karyotheca.

The fluorescence microscopy observation of the co-
cultured 3T6 cells on P(HB-co-HH) surfaces is shown
on Figure 6. Compared to the pristine sample (not
shown here), the density of cells is obviously improved.
The cells are divided into two types: spindle shape and
polygonal shape, which means in 24 h culture, the cells
just grew from the adhere stage to the mature stage.
This can also be clearly seen from the interior struc-
ture of cells in Figure 7. It indicated higher cell density
and larger cell size on the samples with the ion implan-
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Figure 7. SEM micrographs of fibroblast adhering to (a) pristine P(HB-co-HH) sample surface and (b) samples with an ion implantation
dose of 1×1012 ions cm−2.

tation at a dose of 1× 1012 ions cm−2. The fibroblasts
on the material spread their long filopodia, which are
connected together nearby. And it is the former of the
confluent cells.

Since no exact correlation between the cell density
and the change mentioned above, we can come to the
conclusion that the improvement of cytocompatibility
was the result of several factors working together si-
multaneously.

SUMMARY

The surface composition, morphology and cytocom-
patibility of PHB, P(HB-co-HV) and P(HB-co-HH)
were all closely related to the ion doses. With in-
creasing ion dose, hydronated carboneous layer was
formed on the surfaces. The FTIR-ATR and XPS spec-
tra all went through remarkable changes. The recov-
ering of the changes in FTIR-ATR spectra when the
samples were implanted with higher ion dose suggested
that in high-dose implantation the newly formed car-
boneous layer might be the outmost layer that would
be irradiated first. The XPS results showed that car-
bonyl group greatly decreased during the ion implan-
tation. Only some small surface morphology changes
took place, which indicates that under high ion dose
has a smoothing effect on the prescribed samples. Cell
culture experiment and morphology observation all
suggested that there was a threshold around 1× 1012

and 1× 1013 ions cm−2 for PHB, P(HB-co-HV) and for
P(HB-HV) respectively.
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