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Laura López,3 Enrique de la Peña3

1Instituto de Ciencia y Tecnologı́a de Polı́meros, CSIC, Juan de la Cierva 3, 28006 Madrid, Spain
2Instituto de Ciencia de Materiales de Madrid, CSIC, Sor Juana Inés de la Cruz 3, 28049 Madrid, Spain
3Fundación Hospital de Alcorcón, Avda. Villaviciosa 2, 28922 Alcorcón, Spain

Received 9 December 2009; accepted 6 June 2010
DOI 10.1002/app.32920
Published online 27 September 2010 in Wiley Online Library (wileyonlinelibrary.com).

ABSTRACT: Poly(3-hydroxybutyrate-co-3-hydroxyvaler-
ate) (PHBHV) films prepared by solvent casting were
treated with oxygen, argon, and nitrogen radiofrequency-
generated plasmas. The analysis by attenuated total reflec-
tance infrared spectroscopy and X-ray absorption near
edge spectroscopy of modified surfaces showed an
increase of hydroxyl and unsaturated groups, compared
with unmodified surfaces. Water contact angles decreased
after a short time of exposure (<30 s) for all types of
plasma. At long exposure times (>30 s), the water contact
angles appeared to be independent of treatment time for
nitrogen and argon plasmas, whereas they continuously
decreased for films treated with oxygen. HaCaT cultures

on nontreated and treated PHBHV films showed that short
plasma exposures of 10–20 s improve cell attachment to a
greater extent than long exposure times habitually used in
polymer surface plasma treatment. The film surface topol-
ogy did not influence cell attachment. These results illus-
trate the importance of a detailed characterization of the
surface physicochemistry in plasma-modified substrates
designed as part of a strategy to optimize specific cell–bio-
material interactions. VC 2010 Wiley Periodicals, Inc. J Appl
Polym Sci 119: 3286–3296, 2011
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INTRODUCTION

Promising approaches in cellular-based therapies for
tissue engineering and regenerative medicine require
adequate supports to host bioactive agents (e.g., cells,
growth factors) and to prepare in vitro tissue replace-
ments or to deliver these agents in vivo to the organ or
tissue of interest.1–3 Currently, the design and develop-
ment of suitable supports for these applications are
very active areas of research and, among different
types of available materials, synthetic biocompatible
and biodegradable polymers are considered a viable
option.4 In an ideal arrangement, substrates prepared
with these polymers would provide a temporary sup-
port for cells while they synthesize their own extra-

cellular matrix and, when placed in vivo, they would
offer the advantage of avoiding additional surgical
procedures for their removal.5 Furthermore, the prepa-
ration of bioactive substrates is possible by designing
macromolecules for self-assembly6–8 or by adding
compounds andmacromolecular fragments with func-
tional groups that can provide specific cues to modu-
late cell behavior, e.g., adhesion, proliferation, differ-
entiation.9,10 For this purpose, physical (blending or
mixing) and chemical (covalent bonding–grafting)
methods may be used. Also, microfabrication and sur-
facemodification could be applied to control cell shape
and function, and build custom-made substrates, satis-
fying the requirements for specific applications.11

Copolymers based on 3-hydroxybutyric and 3-
hydroxyvaleric acids (see Fig. 1) are biocompatible
and hydrolyze slowly in the human body, and they
are used in the preparation of implants and scaffolds
for tissue engineering and drug delivery.12–17 Specifi-
cally, and for applications related to those described
in this report, microperforated composites of poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV)
with basal membrane matrices have been studied as
a substrate for keratinocytes.18 Also, thin films of
poly(3-hydroxybutyrate) and PHBHV copolymers
treated with different types of gas plasmas have
been used as scaffolds for various cell types, i.e.,
fibroblasts, osteoblasts, and epithelial cells.19–25
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Generally, fast cell attachment onto a substrate is
sought to reduce apoptotic cell death,26 and gas
plasma treatment is often selected as a technique to
modify the chemistry and wettability of polymer
surfaces when used as cell substrates.27 However, a
wide range of experimental conditions used to spe-
cifically modify the surface of PHBHV films has
been reported.19–25 Specifically, treatment times that
range between 10 s and 20 min, with comparable
effective power, have been reported. Thus, an opti-
mization of the procedure for the type of cells of in-
terest in this study, keratinocytes, could be relevant.
In this respect, it should be taken into consideration
that the properties of plasma-modified surfaces
mainly depend on parameters controlled by the
reaction conditions (i.e., type of gas, pressure, radio-
frequency, effective power, and time of treatment)
and the properties of the polymer used.27 Further-
more, the interaction between the modified surface
and a particular cell would also be conditioned by
cellular biological characteristics.28–31 Therefore, a
detailed knowledge of the physical and chemical
properties of modified substrates is important to
achieve a better understanding of cell–surface inter-
actions and to design better substrates. In this
regard, X-ray absorption near edge spectroscopy
(XANES) has been shown to be a very useful tech-
nique for the characterization of the surface chemis-
try of polymer films.32,33 This technique offers some
advantages over the more common X-ray photoelec-
tron spectroscopy (XPS). In particular, XANES pro-
vides unambiguous information regarding the for-
mation of saturated or unsaturated bonds because
the p and r bands appear separated, unlike in XPS
where the energy shift due to the type of hybridiza-
tion is mixed with the true chemical shifts. Addition-
ally, XANES peaks have an excitonic nature and,
therefore, are narrower than the corresponding XPS
peaks.

In this study, the preparation and characterization
of flexible PHBHV films for cellular support, where
gas plasma treatment was used to improve cell–bio-
material interactions, were described. The topology
of the films was studied with atomic force micros-
copy (AFM), and the surface chemistry of films
treated with oxygen, nitrogen, and argon plasmas
was investigated with XANES and attenuated total

reflectance-infrared (ATR-IR) spectroscopy. In addi-
tion, cell attachment and morphology on nontreated
and treated PHBHV substrates were illustrated.

EXPERIMENTAL

Preparation of PHBHV films

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV)
with 11 mol % of hydroxyvalerate was purchased
from Aldrich (Steinheim, Germany). Samples of
PHBHV films were prepared by solvent casting from
polymer solutions in chloroform (Carlo Erba Reactifs,
SDS, val de Reuil Cedex, France) at a concentration
of 36 g L�1 into a glass mold. After casting, chloro-
form was slowly evaporated and the film was cut
into 16-mm diameter disks of approximately 30-lm
thickness. These were stored in a desiccator under
vacuum at room temperature until used.

Surface modification by gas plasma treatment

Disks of PHBHV films for gas plasma treatment
were placed in a home built cylindrical radiofre-
quency (RF) glow-discharge reactor. A quartz tube
was used to house a RF coil with dimensions of 8
cm in diameter and 25 cm in length. After perform-
ing preliminary experiments to assess the optimum
working pressure and RF power, the standard proce-
dure of gas plasma treatment involved the evacua-
tion of the chamber to 0.01 mbar, which was subse-
quently filled with oxygen, argon, or nitrogen gas to
a working pressure of 0.1 mbar. At this point, the
RF generator (operating at a frequency of 13.56
MHz) was activated at 100 W for 10–90 s. Samples
were removed from the reactor within 10–15 min af-
ter finishing the plasma treatment. Some modified
films were used within a week and others were
stored under vacuum until used (up to 3 months,
approximately).

AFM

The surface topography analysis of PHBHV films
was performed with a Multimode Veeco AFM with
Nanoscope IV A controller (Veeco, Santa Barbara,
CA) in tapping mode. Pyramidal phosphorous n-
doped silicon cantilevers were used, as well as a res-
onance frequency of about 267 kHz. The manufac-
turer’s software was used to determine the mean
surface roughness.

Surface characterization by XANES

The modified PHBHV films were characterized by
XANES performed at Beamline PM4 with the SURI-
CAT end station at the BESSY-II synchrotron (Berlin,

Figure 1 Sketch illustrating the chemical structure of
PHBHV.
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Germany). Data were acquired in total electron yield
mode by recording the current drained to ground
from the sample. The sample signal was normalized
to the signal recorded simultaneously from a gold-
covered grid located upstream in the X-ray path.

Surface characterization by IR spectroscopy

ATR-IR spectroscopy was performed using a Seagull
variable angle ATR (Harrick Scientific, New York)
using a 25-mm diameter single reflection Ge crystal
(refractive index, n ¼ 4.0). Spectra were recorded at
incident angles between 40� and 70� using a Spec-
trum 2000 FTIR spectrometer (Perkin–Elmer, Bea-
consfield, UK), at a spectral resolution of 4 cm�1,
accumulating between 50 and 200 scans to improve
data quality. All ATR spectra were corrected to ab-
sorbance spectra using a simple wavelength depend-
ence rule by assuming optimum surface contact.

Contact angle measurements

To determine alterations of the surface of PHBHV
films caused by the gas plasma treatment, contact
angles of deionized distilled water were measured
for treated and nontreated surfaces using the sessile
drop method with a Ramé-Hart goniometer (Netcong,
NJ). The mean values reported were the results of at
least eight measurements.

Cell cultures

HaCaT cells are nontransformed, immortal human
keratinocytes used as surrogates of interfollicular ke-
ratinocytes, and were a kind gift from N.E. Fusening
(German Cancer Research Center, Heidelberg,
Germany). These cells were genetically modified
with retroviral vectors introducing the green fluores-
cence gene into the cell genome (EGFP), which con-
ferred a green color to the epithelial cells facilitating
their detection on the PHBHV surfaces.

The cell attachment experiments were performed
on the PHBHV disks placed at the bottom of 24-well
plates. All PHBHV films were rinsed briefly with a
70% ethanol solution and dried at room temperature
immediately prior to use. A total of 105 HaCaT-
EGFP (LV) cells were seeded onto the substrates and
2 mL of DMEM medium (Lonza, cat N�BE12-614F),
supplemented with 10% fetal calf serum, was added
carefully to avoid flotation of the PHBHV disks.

Light microscopy: Cell attachment

Cell attachment performance was estimated by
counting cells on the PHBHV substrates using an
inverted light microscope (NIKON Eclipse T5100).

We considered that a flattened morphology was
characteristic of an attached cell and that a rounded
one corresponded to nonattached cells. Counting
was performed at 40� magnification in five different
fields of 0.2 mm2, 4 h after cell seeding.
PHBHV films treated with oxygen, nitrogen, and

argon plasmas for periods of 10, 30, and 90 s were
tested. The cell density was calculated using the
data collected as described earlier.

Scanning electron microscopy

Cultures were fixed with glutaraldehyde (1 : 100),
then dehydrated stepwise with ethanol/water mix-
tures, with progressively increased concentrations of
alcohol, and, finally, processed for electron micros-
copy. Scanning electron microscopy of gold-coated
samples was performed on a Philips XL30 (Philips,
Eindhoven, the Netherlands) microscope at ambient
temperature by using the parameters indicated in
each photograph.

Mechanical properties measurements

Tensile mechanical properties were measured over
small dog-bone samples, type 5B in the UNE-EN
ISO 527-2 standard, with the exception of the sample
thickness. The dog-bone samples were cut from
PHBHV films in the contour dimensions required by
means of a Frank Press. The parameters of the sam-
ples associated with the calculations were thickness
(30 lm), width (2.0 mm), and gauge length (20.0
mm). The samples were conditioned for 48 h at 23�C
and 50% relative humidity, before performing meas-
urements in an Instron 4200 dynamometer equipped
with a 1 kN load cell at 23�C and 50% relative hu-
midity. The crosshead speed was set at 1 mm/min.
Calculations were performed by the instrumental
software considering crosshead displacement. The
following tensile parameters were obtained: modu-
lus (nominal), tensile strength (nominal) and strain
(nominal), the latter determined both at yield and at
break point. In all cases, the results reported repre-
sent the average measurements of at least 10
samples.

Statistical analysis

ANOVA was performed on contact angles and cell
attachment data to estimate the variance at a signifi-
cance level of 5% and statistical comparisons
between treated and nontreated substrates were per-
formed using two-tailed Student’s t test. Statistical
significance was considered for a P value of less
than 0.05.
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RESULTS AND DISCUSSION

The importance of biomaterials chemistry and to-
pography in cellular response and behavior is well
recognized.34 In our case, prior to studying the effect
on cell cultures of surface modification of PHBHV
films by plasma treatment, we investigated the influ-
ence of surface topography on cell attachment. The
method used to prepare the PHBHV substrates, sol-
vent casting into a glass mold, generated films with
two types of surfaces, as illustrated in Figure 2. The
side of the film in contact with the glass appeared
smooth and glossy [Fig. 2(a)], whereas that in con-
tact with air exhibited a rough and matte appear-
ance [Fig. 2(b)]. The results of AFM measurements
on glossy and matte surfaces provided mean rough-
ness values of 22.3 and 109 nm, respectively. Never-
theless, the differences observed in the surface topo-
graphy of nontreated substrates did not affect
significantly (P ¼ 0.32) cell attachment, as illustrated
in Figure 3, at least for the cell line used in this
study.

Taking into account the results reported by Wang
et al.23 and after some preliminary measurements
using various power settings, pressures and treat-
ment times, the conditions indicated in the experi-
mental section were selected. In all cases, the glossy
side of the samples was used for surface modifica-
tion and cell culture studies. It is relevant to high-
light that the SEM analysis of PHBHV films did not
reveal noticeable differences between the surface
morphology of untreated and treated polymer sub-
strates (see examples in Fig. 4). Pompe et al.24 ob-
tained similar results when comparing the topology
of PHB films treated with plasma during 60–300 s
with that of untreated films.

Samples of nontreated PHBHV films and those af-
ter a treatment of 60 s with nitrogen, oxygen, and ar-
gon gas plasmas were selected for analysis of the sur-
face chemistry with XANES. The results are illustrated
in Figure 5 and summarized in Table I. Figure 5(a)

shows the XANES survey spectra corresponding to
samples of nontreated and gas plasma-treated
PHBHV films, displaying the presence of C(1s),
N(1s), and O(1s) core level transitions. The relative
intensity of each transition is a metric of the atomic
composition in the near surface (� 5 nm) region.
Note that the presence of nitrogen atoms is only
detected for the plasma treatment with nitrogen
gas. Figure 5(b) shows the XANES C(1s) spectra,
normalized to the same height to evidence changes
in the lineshape, corresponding to the aforemen-
tioned films and three reference samples. The latter
were chosen as examples of C(1s) spectra for car-
bon atoms that have different types of covalent
bonding. The graphite spectrum shows two main
features, one at � 285.5 eV, associated to the p* res-
onance of C¼¼C bonds (sp2), and the other at
� 292.5 eV, attributed to the r* resonance of CAC
bonds (sp3). The C(1s) spectrum of diamond is
shown as an example for sp3 hybrids. The polypro-
pylene spectrum exhibits the corresponding r*
resonances at � 287.5 and 292 eV associated to the
CAH and CAC bonds, respectively.35,36

The C(1s) XANES spectrum of nontreated PHBHV
exhibits three main peaks: one at � 287.5 eV,

Figure 2 Scanning electron micrographs of PHBHV film surfaces (a) in contact with glass and (b) exposed to air.

Figure 3 Influence of PHBHV film topography on HaCaT
attachment after 4 h of culture. No significant effect of sur-
face roughness is observed (P ¼ 0.32).
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Figure 4 Scanning electron micrographs of PHBHV film surfaces (a) nontreated, and treated during 60 s with gas plasma
of (b) nitrogen and (c) oxygen.

Figure 5 XANES (a) survey, (b) C(1s), (c) N(1s), and (d) O(1s) spectra corresponding to nontreated and plasma-treated
PHBHV films prepared by casting. (b) The C(1s) spectra of graphite, diamond, and polypropylene used as reference
samples.



attributed to the r* resonance of CAH bonds not in
the vicinity of oxygen containing functional groups;
a second peak centered at � 288.5 eV with contribu-
tions from the p* resonance of C¼¼O bonds and r*
resonance of CAH bonds with the carbon atom
bound also to oxygen; and a third peak at � 293 eV
with contributions from the r* resonance of CAC
and CAO bonds.32,33 The peak at 285 eV is charac-
teristic of C¼¼C p* resonance and could be attributed
to some beam damage to the polymer film.32

The profile of XANES spectra of treated films
showed some variations compared with the spectra
of nontreated films, depending on the type of gas
used to generate the plasma. Thus, the spectra of
films treated with nitrogen plasma show a decrease
of carbonyl peak intensity and broadening of the
CAH r* resonance due to contributions of newly
formed C¼¼N and CBN bonds with p* resonances
between � 286.5 and � 287.5 eV.32 This is confirmed
by the N(1s) XANES spectra shown in Figure 5(c).
The incorporation of nitrogen to the film treated
with nitrogen plasma is illustrated with the appear-
ance of the peaks labeled N1, N2, and N3, corre-
sponding to C¼¼N, CBN, and (CA)3N p* resonances,
respectively.36 In this figure, the N(1s) XANES spec-
tra were not normalized to the same height, but dis-
played in absolute signal intensities, to show that
functional groups with nitrogen in samples treated
with argon and oxygen plasmas were not observed.

The C(1s) spectra of PHBHV films treated with
oxygen showed a decrease in the CAH peak (287.5 eV)
associated to the aliphatic carbons, most likely due
to the incorporation of oxygen to the polymer with
formation of CAO bonds (288.5 eV).37 In fact, the
treatment of PHBHV films with oxygen plasma
increased the value of the XANES intensity ratio
IO/IC from 0.38 to 0.67 (see Table I).

The films treated with argon plasma exhibited an
increase in the intensity of the peak assigned to the
C¼¼C bonds. Also, a broadening of the peak associ-
ated to the carbonyl group (288.5 eV) was observed
along with a decrease in its intensity. This broaden-
ing could be explained by an increase in the hetero-
geneity of the chemical environment of the carbonyl

groups, as shown in the corresponding XANES
O(1s) spectrum discussed later. It should be noted
that the presence of unsaturated carbon bonds was
observed in all plasma-treated films, although it
appeared to be greater in those treated with argon
plasma.38

The results of XANES O(1s) spectra corresponding
to PHBHV films are illustrated in Figure 5(d). The
O(1s) spectrum of nontreated PHBHV exhibited
three peaks at � 530, � 532, and � 535 eV associated
to C¼¼O p* resonances, and several above at � 537
eV attributed to the r* resonances of CAO and
C¼¼O bonds.37 The treatment with gas plasma elimi-
nated the peak at � 530 eV in all spectra. The varia-
tions observed in the O(1s) spectra of the films
treated with argon plasma were the most significant.
The intensity of the peak at 532.2 eV was reduced
whereas that of the peak at 531 eV increased. As the
corresponding C(1s) spectrum showed earlier, treat-
ment with argon increased the amount of unsatu-
rated carbons,38 and the presence of C¼¼C groups
near to C¼¼O groups may have caused a partial shift
in the p* resonance of the carbonyls. The O(1s) spec-
tra of saturated polyesters showed the highest car-
bonyl peak at 532 eV, while unsaturated polyesters
demonstrated similar resonance at 531 eV.37

The observed values of the XANES intensity ratio
IO/IC for all films are shown in Table I. As indicated
earlier, only films treated with oxygen plasma exhib-
ited an increase in the IO/IC compared with that in
nontreated films. The ratio IO/IC was reduced in
films treated with nitrogen plasma due to the incor-
poration of nitrogen to the polymer chains. The
treatment with argon plasma reduced the ratio IO/IC
due, most likely, to chain scission with formation of
C¼¼C bonds and CO2.

38

The surface modification with plasma of PHBHV
films alters their chemistry and, consequently, their
wettability. Figure 6 illustrates the results of water
contact angle measurements. A significant drop in
the value of the contact angle occurred for those
samples treated during only 10–20 s, changing from
an initial value of 72� 6 3�, measured for the non-
treated films, to � 55� in the treated ones (P <
0.0001). Further plasma exposure seemed to increase
the wettability only in those films treated with oxy-
gen (r2 ¼ 0.82; P < 0.02). These observations could
be explained considering that the activation of a
polymer surface by plasma occurs rapidly and effec-
tive modification could be achieved with residence
times of less than 1 s.39 Thus, the chemical function-
alities produced initially increased the hydrophilicity
of the film surface.
As the time of treatment increases, oxygen plasma

generates oxygenated groups with hydrophilic char-
acter, whereas argon and nitrogen plasmas lead
mainly to the formation of unsaturated CAC and

TABLE I
Signal Intensity Ratios Measured in XANES Spectra

Corresponding to Samples of PHBHV Films Nontreated
and Treated with Gas Plasma During 60 s

Sample reference Gas plasma IN/IC
a IO/IC

b

PHBHV N.T. – 0 0.38
PHBHV N2, 60 s Nitrogen 0.14 0.27
PHBHV O2, 60 s Oxygen 0 0.67
PHBHV Ar, 60 s Argon 0 0.33

a XANES nitrogen/carbon signal intensity ratio.
b XANES oxygen/carbon signal intensity ratio.
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CAN bonds, respectively, as shown earlier by
XANES spectroscopy. An increase in these hydro-
phobic moieties appears to balance the hydrophilic
functionalities that occur within the first minutes
of exposure of treated samples to laboratory
atmosphere.38

Physicochemical changes in plasma-modified
surfaces of synthetic polymers after the initial treat-
ment, i.e., aging, have been reported.38 Generally,
plasma-modified PHBHV samples were used within
few days after the treatment. However, this did not
occur always and, in some cases, samples were used
up to 2 or 3 months after modification. Thus, water
contact angles were measured at different times after
plasma treatment to assess the aging of the modified
PHBHV films. However, the results showed that the
values of contact angles did not change significantly
over a 3-month period, as illustrated in Table II.

Because water contact angle measurements dem-
onstrated the most significant changes at short treat-
ment times, we investigated the chemical changes
on the surface of PHBHV films treated with plasma
for 10 s using ATR-IR spectroscopy to assess
whether the presence of hydrophilic groups could
be detected. Variable angle ATR measurements
using a Ge ATR crystal allowed us to characterize
the surface of the samples at penetration depths
<1 lm, significantly deeper than the XANES mea-
surements. Because the depth of penetration, dp, is a
function of both the wavelength and the angle of
incidence, yi, of the IR radiation, for any given value
yi the high wavenumber region of the IR spectra is
more surface-sensitive. For example, by varying the
angle of incidence of the IR beam between 40� and
70�, dp varies from 0.2 to 0.1 lm for the broad OH

stretching band centered at around 3255 cm�1,
whereas for a band at 978 cm�1, dp varies from 0.78
to 0.47 lm. Considering this, the IR spectra of
untreated and treated PHBHV films were assessed.
A general observation was that treated films

appeared to show an increase in hydroxyl groups
with respect to the untreated films. As an example,
the spectrum of a PHBHV film treated with argon
for 10 s was compared with an untreated PHBHV
film in Figure 7(a). Furthermore, in all the treated
samples the carbonyl intensity also appeared to
decrease, in agreement with the XANES data. As a
measure of the effect of plasma treatment and time
in the different samples, we have used the relative
absorbance ratio of the integrated band areas of the
broad OH stretching band centered at 3255 cm�1

and the carbonyl stretching band at around
1720 cm�1. The value of this band area ratio is repre-
sented in Figure 7(b) as a function of the penetration
depth considered at the frequency of the maximum
mOH band. It can be clearly observed that, at low
penetration depths, a higher ratio is observed for
treated samples, particularly in the case of nitrogen
and argon plasma, and in the oxygen plasma with
higher treatment time (data not shown). In addition,
independently of the chemical changes that may
have occurred in the polymer, the ATR results also
show some slight differences in the crystallinity of
the polymer that also vary with plasma treatment.
IR spectroscopy has been previously used to esti-

mate the crystallinity in PHB and associated copoly-
mers.40–42 The relative intensity of a crystalline band
at around 1228 cm�1, which corresponds to a vibra-
tional mode associated with the helical chain confor-
mation of the crystalline polymer,43 is often used
because it is absent in the spectra of amorphous ma-
terial. The reference band relates to an asymmetric
methylene deformation mode at around 1453 cm�1,
reported to be independent of crystallinity.41 In
untreated PHBHV films, the crystallinity increased at
greater distances from the surface. This was also
observed in treated samples, however, the relative sur-
face crystallinity estimated using the 1228/1453 cm�1

Figure 6 Plot of water contact angle measurements as a
function of time of treatment corresponding to nontreated
(NT) and plasma-treated PHBHV films. Gas plasmas of
oxygen (O2), argon (Ar), and nitrogen (N2) were used.
P values at 95% confidence level are indicated by (**) P <
0.0001 and (*) P < 0.001.

TABLE II
Water Contact Angle Measurements of Aged

Plasma-Modified PHBHV Substrates

Type of
plasma

Time of
treatment

(s)

Contact angle
<7 days

after treatment

Contact angle
60–90 days

after treatment

Oxygen 10 62 (2) 59 (2)
60 56 (3) 56 (3)

Argon 10 56 (4) 56 (2)
60 56 (3) 56 (3)

Nitrogen 10 50 (2) 52 (3)
60 56 (4) 56 (3)

Values in parentheses represent standard deviation.
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band ratio was clearly lower than that of untreated
PHBHV in all cases, as demonstrated in Table III.
This could facilitate the degradation of the modi-
fied substrates.

To determine the influence of plasma treatment on
cell attachment to PHBHV films, samples subjected
to short (10 s) and long (90 s) time exposures were
selected. In addition, because the variation of water
contact angles was not very large for films treated
with the three types of plasma during 20–60 s, sam-
ples treated for an intermediate time of 30 s were
chosen. The results are shown in Figure 8. The mod-
ification of PHBHV films improved the attachment
of HaCaT cells to the polymer surfaces, particularly
at short treatment times, independently of the type
of gas used (P < 0.0001). Cell attachment to films
treated with oxygen and argon was superior to that
observed when using standard tissue culture poly-
styrene dishes. Longer exposure of PHBHV sub-
strates to gas plasma did not seem to improve cell
attachment. On the contrary, at 4 h after seeding, a
decrease in cell density was observed with increas-

ing treatment time, particularly for those substrates
treated with argon and oxygen plasmas (P < 0.02).
These results suggest that, after the initial activation
of the PHBHV surface which leads to a decrease of
its hydrophobicity, the chemical functionality of the
surface plays an important role.24,44,45 It has been
reported that water contact angles on polymer sub-
strates of � 55� are optimal for cell adhesion.46 How-
ever, the consideration of this factor alone does not
seem to be sufficient to improve the interaction
between substrate and cell, as shown here for films
treated with argon and nitrogen plasmas. An
increase in the presence of unsaturated bonds on the
surface of substrates, as indicated by the XANES

Figure 7 (a) IR ATR spectra at an incident angle of 70� corresponding to untreated (bottom trace) and argon plasma
treated during 10 s (top trace) PHBHV films (wavenumber scale change at 2000 cm�1), and (b) variations in hydroxyl
band intensity relative to C¼¼O band intensity as a function of penetration depth, dp, for different PHBHV film samples:
�, untreated, and treated with plasma of h, oxygen 10 s; *, nitrogen 10 s; and ~, argon 10 s.

TABLE III
ATR-FTIR 1228/1453 cm21 Band Intensity Ratios
Measured at Two IR Beam Incidence Angles, for

Samples of Untreated and 10 s Plasma-Treated PHBHV
Films

Type of
plasma

Incidence
angle, 70�

Incidence
angle, 40�

NT 3.0 4.0
Argon 2.6 3.5
Nitrogen 2.2 3.1
Oxygen 2.7 4.1

Figure 8 HaCaT attachment on PHBHV films as a func-
tion of type of plasma used to modify the surface [oxygen
(O2), argon (Ar), nitrogen (N2), nontreated (NT) and stand-
ard culture plate (control)] and time of exposure. P values
at 95% confidence level are indicated by (**) P < 0.0001
and (*) P < 0.01.
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results, may be responsible for the negative effect on
cell adhesion.

Regarding treatments with oxygen, the wettability
of the films increased with rising treatment times,
although cell attachment decreased. This supports
other reports suggesting that an increase in the pres-
ence of hydrophilic groups does not necessarily lead
to an increase in cell adhesion.27,44 Nevertheless, it

should be noted that all PHBHV films treated with
oxygen plasma exhibited cell attachment equal or
superior to standard tissue culture polystyrene.
Cell attachment findings were supported by SEM

results illustrated in Figure 9. At short treatment
times, all modified surfaces exhibited a high number
of cells with a flattened appearance [Fig. 9(a,c,e)]
compared to the untreated surfaces [Fig. 9(g)]. In the

Figure 9 Scanning electron micrographs illustrating the HaCaT cell morphology 4 h after cell seeding on PHBHV sub-
strates modified with argon (a, b), nitrogen (c, d), and oxygen (e, f) plasmas during 10 and 90 s, respectively, and
untreated (g).
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case of films exposed to plasma for a longer time (90 s),
a lower number of attached cells were observed
[Fig. 9(b,d,f)]. In these films, an increase in the
amount of deposits on the surfaces was also noted,
probably arising from the cell culture medium.

Although we did not anticipate any significant
influence of the plasma treatment upon the macro-
scopic properties of the films, their mechanical prop-
erties were studied in samples of PHBHV films
untreated and treated with oxygen plasma for 30 s.
The oxygen plasma treated sample was selected as a
representative example, considering that cell attach-
ment results do not support plasma exposures over
30 s. In addition, the cellular response to substrates
treated with oxygen plasma was equal or better than
the response to the other plasma treatments. Table
IV summarizes the tensile parameters obtained.
Almost all values for both the untreated and the
plasma-treated specimens did not significantly differ
and, therefore, the plasma treatment did not appreci-
ably alter the mechanical properties of the polymer.
Nevertheless, differences found between the values
at break and those at yield point for treated samples
suggest that there are at least some local changes in
the polymer structure that induce the system to flow
slightly after the yield point. This subtle change is in
agreement with the ATR-FTIR results that showed a
decrease in the crystallinity at the surface of the
films after plasma treatment, which could lead to
substrates exhibiting a less brittle behavior.

CONCLUSIONS

PHBHV films were prepared by solvent casting,
modified by treatment with gas plasma of oxygen,
argon, and nitrogen, and tested as cell substrates. It
was found that the topology of untreated films did
not play a significant role on the attachment of kera-
tinocytes to the substrate. The analysis of the surface
chemistry of plasma-modified PHBHV films with IR
and X-ray spectroscopies showed an increase in
hydroxyl groups in all samples after short-time treat-
ments. Long-time treatments lead to the formation
of unsaturated carbons/hydrophobic species, partic-
ularly in films exposed to argon and nitrogen plas-
mas. In this regard, the use of XANES offered an
advantage over XPS because it provided a better dis-

crimination between saturated and unsaturated car-
bon bonds. Although values of water contact angles
for the treated surfaces were at, or near to, the
reported optimal value to favor the cell–substrate
interaction (about 55�) in all cases, the best results
for the conditions used in this study were obtained
with plasma exposure times of less than 30 s. The
results from measurements of the mechanical prop-
erties suggest that no changes in the values of tensile
parameters should be expected for <30 s exposure
to the plasma. Finally, this study highlights the need
for detailed characterization of the surface chemistry
of polymer substrates to facilitate the development
of optimal cell–substrate pairs. An important obser-
vation from a technological standpoint that results
from this approach is the fact that effective plasma
surface modification can be achieved with signifi-
cantly shorter exposure times than those generally
used.

The authors thank D. Gómez and M. Hernández of ICTP for
technical assistance with SEM andAFM, respectively.
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