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Abstract: New tissue engineering technologies will rely on
biomaterials that physically support tissue growth and
stimulate specific cell functions. The goal of this study was
to create a biomaterial that combines inherent biological
properties which can specifically trigger desired cellular re-
sponses (e.g., angiogenesis) with electrical properties which
have been shown to improve the regeneration of several
tissues including bone and nerve. To this end, composites of
the biologically active polysaccharide hyaluronic acid (HA)
and the electrically conducting polymer polypyrrole (PP)
were synthesized and characterized. Electrical conductivity
of the composite biomaterial (PP/HA) was measured by a
four-point probe technique, scanning electron microscopy
was used to characterize surface topography, X-ray photo-
electron spectroscopy and reflectance infrared spectroscopy
were used to evaluate surface and bulk chemistry, and an

assay with biotinylated hyaluronic acid binding protein was
used to determine surface HA content. PP/HA materials
were also evaluated for in vitro cell compatibility and tissue
response in rats. Smooth, conductive, HA-containing PP
films were produced; these films retained HA on their sur-
faces for several days in vitro and promoted vascularization
in vivo. PP/HA composite biomaterials are promising can-
didates for tissue engineering and wound-healing applica-
tions that may benefit from both electrical stimulation and
enhanced vascularization. © 2000 John Wiley & Sons, Inc. J
Biomed Mater Res, 50, 574–584, 2000.
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INTRODUCTION

The field of tissue engineering has evolved rapidly
over the past decade, and many parallel research ef-
forts are presently under way to create a vast array of
living tissue replacements for therapeutic applica-
tions. The emergence of many future tissue engineer-
ing technologies will ultimately require biomaterials
to be designed to support tissue growth physically as
well as to elicit desired receptor-specific responses
from particular cell types.1 One way to achieve this is
to incorporate biological molecules into synthetic ma-
trices.2,3 Further specificity may be gained by choosing
an electroactive matrix material to stimulate electri-

cally responsive cell types such as bone or nerve.4 In
this study, we attempted specifically to link the elec-
troactive properties of polypyrrole (PP) with the bio-
logical properties of hyaluronic acid (HA).

Oxidized PP [Fig. 1(a)] is a polycationic electronic
conductor that can be easily fabricated electrochemi-
cally into thin films for use with in vitro microscopy
studies or into thick films for use with in vivo implan-
tation studies. Recent studies with PP have shown that
it is able to support the in vitro growth and differen-
tiation of multiple cell types, including neurons4 and
endothelial cells.5 In vivo studies have also proven that
PP is not cytotoxic and that this material can be
formed into conduits to support the regeneration of
damaged peripheral nerves in rats.4 With regard to
PP’s electrical activity, this same investigation has
shown that electrical stimulation of PC-12 cells (i.e., a
neuron-like cell line) using PP as the substratum re-
sults in nearly a twofold enhancement of neurite out-
growth compared with unstimulated controls.4 In ad-
dition to its inherent electrical conductivity, another
useful property of PP is that its synthesis requires the
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incorporation of a negatively charged dopant mol-
ecule. By choosing an appropriate dopant, the prop-
erties of PP can be tailored to a specific application. In
the past, PP has been doped with a wide variety of
materials, including small anions,6 polymeric anions,7

buffer salts,8 and biologically active anions such as
adenosine triphosphate,9 collagen,10 heparin,5 and en-
zymes.11

In this work, we sought to couple PP’s ability to

stimulate tissue regeneration electrically with the spe-
cific biological activity of HA. HA [Fig. 1(b)] is an
extremely long, negatively charged, heavily hydrated
glycosaminoglycan found in almost all extracellular
tissue spaces in the body. This particular glycosami-
noglycan was chosen because it is negatively charged
and can be incorporated as a dopant ion during PP
film synthesis, and because of its known beneficial
role in wound healing. One of the most important
functions of HA is in its structural capacity, providing
hydration in the extracellular matrix, but HA is also
involved in a number of complex cell signaling events
including migration, attachment, and neuronal
sprouting.12 Recent findings have indicated that HA is
involved in these processes via cell-surface receptors
such as the receptor for HA-mediated motility
(RHAMM)13 and CD-44.14 In addition, and of key in-
terest for wound-healing and tissue regeneration ap-
plications, fragments of HA have also been shown to
promote angiogenesis.15 A biomaterial that possesses
both electrical and biological properties could have
many beneficial in vivo characteristics, including the
enhancement of angiogenesis in tissues such as bone
and nerve, which are also known to benefit from elec-
trical stimulation.

Our primary objectives were to synthesize and char-
acterize PP films with HA as the dopant and to pre-
liminarily investigate cell and tissue responses to these
films. These PP/HA composites were synthesized,
and their conductivity, surface morphology, surface
chemistry, and HA content were analyzed. Also, the
response of PC-12 rat pheochromocytoma cells was
analyzed on PP/HA substrates, and in vivo subcuta-
neous responses to PP/HA were assessed. In all ex-
periments, PP/HA films were compared with PP films
doped with poly(styrenesulfonate) (PSS) [Fig. 1(c)] be-
cause these PP/PSS films have already been charac-
terized in prior studies in our laboratory.4 Specifically,
we found that PP/HA bilayer films (films composed
of a PP/PSS bottom layer and a thin PP/HA surface
layer) were far superior to PP/HA single-layer films
(films consisting only of PP/HA) in terms of electrical
conductivity, electrochemical properties, surface mor-
phology, and mechanical integrity. In addition, PP/
HA bilayer biomaterials were found to be noncyto-
toxic and to possess angiogenic properties, making
them attractive candidates for tissue engineering strat-
egies.

MATERIALS AND METHODS

Polypyrrole film synthesis

Pyrrole, poly(sodium 4-styrenesulfonate), platinum mesh,
and alumina were obtained from Aldrich (Milwaukee, WI).
Indium-tin-oxide (ITO)-coated borosilicate glass slides (25 ×

Figure 1. Chemical structure of oxidized polypyrrole (PP)
(a), hyaluronic acid (HA) (b), and poly(styrenesulfonate)
(PSS) (c). (a) The highly conjugated backbone of PP permits
electron transfer between different chains, giving rise to
electronic conduction. X− is a negatively charged counter ion
(dopant) that associates with polycationic PP to yield overall
charge neutrality. (b) Negatively charged HA, a glycosami-
noglycan found in the extracellular matrix, was used as the
dopant ion for both PP/HA single-layer films and PP/HA
bilayer films (top layer). (c) Negatively charged PSS was
used as the dopant ion for both PP/PSS films and PP/HA
bilayer films (base layer).
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75 × 0.5 mm) were purchased from Delta Technologies (Still-
water, MN). HA (sodium salt, 2100 kD, produced by bacte-
riologic fermentation, batch 8104, 0.08% protein content)
was a gift from Collaborative Laboratories (East Setauket,
NY).

Polypyrrole films were synthesized electrochemically
onto ITO-coated glass slides, which served as the working
electrode of a three-electrode cell. The counterelectrode was
a platinum mesh and the reference electrode was a saturated
calomel electrode. An oxidizing potential of 720 mV was
supplied by a potentiostat (AFRDE5; Pine Instruments,
Grove City, PA) for all PP polymerization reactions. The
passage of charge was measured by a current integrator
(IT001; Cypress Systems, Lawrence, KS), and the theoretical
film thickness was calculated from the total charge passed
during film growth according to the method developed by
Diaz et al.16

Prior to PP film synthesis, ITO slides were cleaned with a
succession of solvents of a wide range of polarity: hexanes,
methanol, and dichloromethane. Pyrrole monomer was pu-
rified before each polymerization reaction by passing it
through an alumina column, and all solutions were freshly
mixed. One type of PP/PSS film was synthesized, and two
types of PP/HA films (i.e., single-layer and bilayer films)
were synthesized (Table I). PP/PSS films were synthesized
in an aqueous solution of 0.1M pyrrole and 0.1M PSS (0.1M
in sulfonate groups). PP/HA single-layer films were synthe-
sized in an aqueous solution of 0.1M pyrrole and 2 mg/mL
HA (5 mM in carboxylate ions). PP/HA bilayer films con-
sisted of a bottom layer (closest to the ITO glass slide) of
PP/PSS, and a top layer of PP/HA. PP/HA bilayer films
were synthesized by first polymerizing a film of PP/PSS on
the ITO (from a solution of 0.1M pyrrole, 0.1M PSS), wash-
ing extensively with deionized water, and immediately po-
lymerizing the PP/HA layer on top of the PP/PSS film (from
a solution of 0.1M pyrrole, 2 mg/mL HA). After polymer-
ization, films were rinsed well with deionized water and
stored desiccated until needed.

The film thickness for the PP/PSS and PP/HA single-
layer and bilayer films was varied between 0.15 and 2 mm, as
calculated from the total charge passed, depending on the
final use intended for the film (e.g., conductivity measure-
ments and animal implantation studies require relatively
thick, strong films, but in vitro studies require thin, optically
transparent films). For consistency in HA content, the PP/
HA layer thickness was kept at 0.05 mm in bilayer films, and
the underlying PP/PSS layer thickness was varied to give
the desired total thickness for each experiment (Table I).

Unless otherwise specified, films with a total thickness of
0.15 mm are designated as thin films and films with a total
thickness of 2 mm are designated as thick films.

Conductivity measurements

The conductivity of polypyrrole films was measured us-
ing a four-point probe technique.17 PP/PSS, PP/HA single-
layer, and PP/HA bilayer films were electrochemically syn-
thesized to a thickness of 2 mm. The films were removed
from their ITO substrates, trimmed to squares, and affixed to
a nonconductive glass slide with a small amount of vacuum
grease. Small points of nickel print conductive bus material
(GC Electronics, Rockford, IL) were applied to the corners of
the film and allowed to dry. A constant current was applied
between two adjacent corners, and the voltage across the
remaining two corners was measured to give resistance. The
conductivities of the films were calculated from these resis-
tance measurements using the equations derived by Van der
Pauw.17

Cyclic voltammetry

Cyclic voltammograms were recorded to assess the elec-
trochemical properties (e.g., oxidation and reduction poten-
tials) of the different PP films. Voltammograms for PP/PSS,
PP/HA single-layer, and PP/HA bilayer films were re-
corded with a digital potentiostat at a scan rate of 10 mV/s.
PP thin films (0.15 mm) with areas of 6.5 cm2 were immersed
in 0.1M NaCl. The PP films served as the working electrode
of a three-electrode system, with a platinum mesh counter-
electrode and a saturated calomel reference electrode. A
black-to-yellow color transition was observed as the films
were reduced; films recovered their black color quickly
when oxidizing conditions were applied.

Scanning electron microscopy (SEM)

Scanning electron microscopy was used to assess surface
morphology and roughness of the various PP films. PP/PSS,
PP/HA single-layer, and PP/HA bilayer films were synthe-
sized at two thicknesses (0.15 and 0.7 mm). The PP films

TABLE I
Definitions of PP Film Types

Film Type
(Abbreviation) Dopant Ion

Film Thickness (Theoretical)

Total PP/PSS Layer PP/HA Layer

PP/PSS PSS Thin: 0.15 mm 0.15 mm
Thick: 2.00 mm 2.00 mm

PP/HA single-layer HA Thin: 0.15 mm 0.15 mm
Thick: 2.00 mm 2.00 mm

PP/HA bilayer PSS (bottom) Thin: 0.15 mm 0.10 mm 0.05 mm
HA (top) Thick: 2.00 mm 1.95 mm 0.05 mm

PP = polypyrrole; HA = hyaluronic acid; PSS = poly(styrenesulfonate).
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were cleaned with an inert dusting gas and sputter-coated
with a thin film of gold for imaging purposes. Images were
taken with a Philips 515 scanning electron microscope at
17.0–23.6 kV at a magnification of ×20,000.

The thin films were the same total thickness as discussed
earlier, but the total thickness for the thick films was differ-
ent from that reported in Table I. To assess the surface to-
pography of our films more accurately using SEM, we re-
quired the films to remain flat and be firmly attached to the
underlying ITO glass substrate; however, at a thickness of 2
mm, the PP films tended to peel off the ITO glass. Thus, for
these studies only, the thick films were 0.7 mm instead of the
usual 2 mm.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy studies were performed
to analyze the chemistry of the carbon bonds in the different
PP films. PP/PSS, PP/HA single-layer, and PP/HA bilayer
thin films were synthesized to a thickness of 0.15 mm. Films
were washed thoroughly with deionized water but were not
removed from their ITO substrates. Pure HA was analyzed
from HA powder (the sodium salt of HA) that had been
dusted onto double-sided tape and mounted on a sample
stub. A Physical Electronics 5700 ESCA system was used
with an aluminum Ka source, at 300 W and a 45° sample tilt.
Full-spectrum scans of the samples were made for binding
energies from 0 to 1400 eV with an analyzer pass energy of
93.9 eV, and detail scans were performed on the carbon,
nitrogen, and oxygen peaks with a pass energy of 11.75 eV.
To account for sample charging, and according to standard
practice, all spectra were adjusted such that the C(1s) main
peak was at 284.6 eV.

Reflectance-absorbance infrared
(RAIR) spectroscopy

Reflectance-absorbance infrared spectroscopy analysis
was performed to gain further insight into the specific chem-
istries of the different polypyrrole structures, with the goal
of detecting the presence of HA within PP/HA films. RAIR
spectra were obtained from a Nicolet Magna 560 spectro-
photometer in attenuated total reflectance mode at an angle
of 75°. Films were scanned from 1800 to 800 cm−1 because
preliminary scans showed no distinguishing features out-
side this range. An ITO-coated glass slide was used as the
background, which was scanned before each film reading.
To reduce noise, each film was scanned 64 times using Fou-
rier transform software, and spectra were normalized to ac-
count for variations in thickness and reflectivity. PP thin
films were synthesized to a thickness of 0.15 mm as noted
before; pure HA films were cast by applying 750 mL of a
1-mg/mL solution of HA in deionized water to an ITO slide
and drying at 40°C for several hours.

HA binding assay

Biotinylated HA binding protein (bHABP) was a generous
gift from Dr. Paraskevi Heldin (Uppsala University, Uppsala,

Sweden), and was derived from cartilage proteoglycans as pre-
viously described.18 Bovine serum albumin (BSA), o-
phenylenediamine dihydrochloride (OPD), and buffer re-
agents were from Sigma.

To detect HA on the surfaces of PP films, PP/PSS and
PP/HA bilayer thin films were synthesized to 0.15-mm
thickness. Polycarbonate wells (1.0 × 1.5 cm) were attached
to the films with vacuum grease, and the films were washed.
All washes were performed with two 10-min rinses in wash-
ing solution (0.85% NaCl, 0.05% Tween 20). The films were
then blocked for 1 h in blocking solution [3% bovine serum
albumin (BSA) in 10 mM phosphate buffered saline (PBS),
pH 7.4, 0.9% NaCl]. The films were washed and incubated in
bHABP solution (3.4 mg/mL in blocking solution) at room
temperature for 24 h, after which they were rewashed. Two
hundred microliters of avidin–biotin–peroxidase complex
(Vectastain kit PK-4000; Vector Laboratories, Burlingame,
CA) was added for 1 h. The films were washed and 200 mL
of OPD substrate was added. The substrate reaction was
carried out for 12 min, after which the solutions were trans-
ferred to a 96-well plate in 75-mL aliquots and quenched
with 20 mL of 3M sulfuric acid. An aliquot of OPD substrate
was used to obtain blank values. Absorbances of the solu-
tions were measured at 490 nm with an automated micro-
plate reader (Biotek Instruments, Winooski, VT).

To evaluate the in vitro stability of HA within PP/HA
bilayer films, films were exposed to cell culture medium in
polycarbonate wells, attached as described above. Films
were incubated at 37°C in RPMI medium (Sigma) containing
0.3 g/L L-glutamine, 10 mM HEPES, 2.0 g/L sodium bicar-
bonate, 4.5 g/L glucose, 1 mM sodium pyruvate, 10 vol %
horse serum, 5 vol % fetal bovine serum, and 100 U/mL
penicillin–streptomycin (Sigma). Exposure times varied be-
tween 12 and 96 h. The binding-protein assay described
above was then used to assay for HA remaining on the films
over a period of time.

In vitro cell compatibility

Cell culture on the different PP films was performed to
test for basic cell compatibility. Rat PC-12 cells (American
Type Tissue Collection), which respond reversibly to nerve
growth factor (NGF) by differentiation into the neuronal
phenotype (i.e., extension of neurites), were used for all in
vitro studies. Cells were maintained in a humid 5% CO2

incubator in RPMI medium (described above) and passaged
using a solution of 0.25% trypsin and 1 mM EDTA (Life
Technologies/Gibco BRL, Rockville, MD). Thin polypyrrole
films (0.15 mm) were synthesized as described, and polycar-
bonate wells (1.5 × 1.0 cm) were attached to the films with
sterile vacuum grease. PC-12 cells were resuspended in
RPMI medium supplemented with 50 ng/mL of NGF (Life
Technologies, Gaithersburg, MD) and seeded into wells at-
tached to PP/PSS or PP/HA bilayer films at a density of 1.7
× 104 cells/cm2 (2.5 × 104 cells/well). During experiments,
cells were maintained in medium supplemented with 50
ng/mL NGF. Cultures were then observed 30 h postseeding
using phase-contrast microscopy (Olympus IX70).
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In vivo evaluation of inflammatory response
and vascularization

General in vivo tissue responses to PP/PSS films and PP/
HA bilayer films were evaluated. Thick (2 mm total thick-
ness) PP/PSS and PP/HA bilayer films were synthesized as
described above. To prevent the films from curling or fold-
ing during subcutaneous implantation in rats, the films were
laminated to poly(lactic acid-co-glycolic acid) (PLGA) films.
In brief, the PP thick film was gently peeled off the ITO
glass, floated in distilled deionized water, and subsequently
transferred onto a clean glass slide. The PP film was then
wetted with methylene chloride and layered with PLGA
film. PLGA films 0.1 mm thick were cast by dissolving pu-
rified 85:15 PLGA (Birmingham Polymers, Birmingham, AL)
in dichloromethane, then transferring the solution into a 50-
mL beaker and allowing the solvent to evaporate slowly for
a few days.

Surgery was performed on 350-g male Harlan Sprague-
Dawley rats under methoxyflurane (Mallinckrodt Veteri-
nary, Mundelein, IL), xylazine, and ketamine anesthetic
(Phoenix Pharmaceuticals, St. Joseph, MO). National Insti-
tutes of Health (NIH) guidelines for the care and use of
laboratory animals (NIH Publication 85-23 Rev. 1985) were
observed. Three small incisions were made near the shoul-
der blades, and small subcutaneous pouches were created.
Squares (1 × 1 cm) of PLGA-laminated PP/PSS and PLGA-
laminated PP/HA bilayer films were sterilized with 70%
ethanol and implanted into the subcutaneous pouches cre-
ated in rats. The wounds were closed with surgical staples.

Films were harvested at 2 and 6 weeks postimplantation,
and the explanted tissues were immediately fixed in forma-
lin. After fixation, the tissue was washed with PBS and de-
hydrated in a series of graded alcohols. The tissue was then
embedded in paraffin wax and 7-mm-thick cross sections
were cut from each tissue block. Staining was performed
with a standard Harris hematoxylin and eosin (H&E) pro-
tocol. After the tissue cross sections were stained, qualitative
analysis using bright-field microscopy (Olympus IX70) was
performed to look for signs of inflammation and abnormal
tissue response. In addition, tissue sections were analyzed
for the degree of vascularization in the vicinity of the im-
plant material. For each tissue sample, five random images
within a 550-mm vicinity of the PP implant were captured
using a ×20 objective. NIH Image software was used to mea-
sure the total area occupied by blood vessels in each image
(expressed as percent blood vessels, relative to the total area
of tissue in that image).

Statistical analysis

Statistical significance between two population means
was determined by computing the t statistic for small
sample populations and comparing this value with a table of
critical values of t for the given degree of freedom (n − 1).19

The cutoff for statistical significance is p < .05.

RESULTS

PP/HA bilayer films exhibit good electrical and
electrochemical properties

The PP/HA single-layer and bilayer films were syn-
thesized as outlined in Table I. The PP/HA bilayer
films had electrical conductivities statistically indistin-
guishable from those of PP/PSS films, whereas PP/
HA single-layer films had a statistically lower conduc-
tivity than the PP/PSS films (p < .05) (Table II). The
conductivities of PP/PSS and the PP/HA bilayer films
were typical of conductivities of doped PP materials
reported in the literature.20 Although it is likely that
much of the current passed through the underlying
PP/PSS layer, the PP/HA bilayer film as a whole re-
mained conductive.

Furthermore, the electrochemical properties of PP/
HA bilayer films were similar to those for PP/PSS, as
shown using cyclic voltammetry (Fig. 2). Cyclic volta-
mmograms for PP/PSS, PP/HA single-layer, and PP/
HA bilayer films showed similar reduction potentials
but differing oxidation potentials. The trend illustrates
an increasing oxidation potential with increasing HA
content (from PP/PSS films to PP/HA bilayer films to
PP/HA single-layer films). In other words, the oxida-
tion of pyrrole requires more energy when incorpo-
rating HA as a dopant than when incorporating PSS.
Reduction of pyrrole seemed to be independent of do-
pant, however. This phenomenon can be explained by
the hypothesis that reduction involves no movement
of the dopant molecules, but rather, a diffusion of Na+

ions into the film to balance charge.7

PP/HA bilayer films have improved surface
morphology compared with PP/HA
single-layer films

Scanning electron microscopy was used to assess
surface morphology of the various polypyrrole films.
PP/PSS, PP/HA single-layer, and PP/HA bilayer
films were synthesized at two thicknesses: 0.15 mm
(thin) and 0.7 mm (thick). As described earlier, for

TABLE II
Conductivities of PP Films

Film Type n
Conductivity, s

(S ? cm−1)

PP/PSS 3 9.25 ± 1.68
PP/HA single-layer 2 (3.08 ± 1.39) × 10−3*
PP/HA bilayer 3 8.02 ± 0.21

Values are mean ± standard deviation.
*The conductivity of PP/HA single-layer films is signifi-

cantly lower than that for PP/PSS (p < .05).
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these studies only, the thick films were 0.7 mm thick
instead of the usual 2 mm.

Figure 3 shows SEM images of thin (a–c) and thick
(d–f) PP films: PP/PSS films (a,d), PP/HA single-layer
films (b,e), and PP/HA bilayer films (c,f). All three
film types had similar surface textures at 0.15 mm
thickness. Although the topography was similar
among the different film types, submicron spherical
nodules could be distinguished on the PP/HA single-
layer film (b). As the films became thicker, differences
became much more pronounced. In thick PP/HA
single-layer films (e), heightened nodular growth was
clearly seen, and the nodules approached diameters of
1 mm. However, PP/PSS (d) and PP/HA bilayer films
(f) retained their uniform textures to a much higher
degree as they grew to thick films. Similar to the trend
in the surface morphology, PP/HA single-layer films
were much more brittle and difficult to handle than
either the PP/PSS and PP/HA bilayer films (data not
shown).

Apparently, the large size of HA inhibited its incor-
poration as a dopant ion during PP film synthesis (i.e.,
the synthesis time for PP/HA single-layer films was
much greater than the synthesis time required for PP/
PSS films). Diffusion limitations in the more viscous
HA solution are believed to give rise to the inhomo-
geneous growth of the PP/HA single-layer films, re-
sulting in films that have a more nodular surface ap-
pearance, are more brittle, and are less conductive
(Table II). It was for these reasons that the dual syn-
thesis approach was used to produce PP/HA bilayer
films with improved material properties.

HA is present and biologically active at the surface
of PP/HA bilayer films

Three different techniques were used in combina-
tion to confirm the presence of HA on the surfaces of
PP/HA bilayer films: XPS, RAIR, and binding studies
using an HA-specific binding protein. XPS was used
to identify the presence of C–OH and C–O–C func-
tionalities, which exist in HA and not PP, within PP/
HA bilayer and single-layer films (Fig. 4). Survey
scans of polypyrrole films and HA powder identified
carbon, nitrogen, and oxygen as the major constituents
of the samples, as expected (data not shown). Carbon
peak analyses showed distinct differences between PP
film types: scans of PP/PSS films showed single large
C(1s) peaks, whereas scans of PP/HA bilayer films
and PP/HA single-layer films were composed of at
least three distinct subpeaks (main peak at 284.6 eV,
first side peak at 285.9 eV, second side peak at 287.4
eV) (Fig. 4). The main peak is assumed to represent
C–C bonds, and we interpret the first and second side
peaks to represent C–OH and C–O–C, respectively. It
is possible that these peaks represent other function-
alities, but C–O–C and C–OH are the most likely given
the known chemistry of HA. The scan for the HA
powder did not show distinct C–OH and C–O–C
peaks, but it did show a broadened spectrum in this
range that could represent the presence of these
bonds. Although the PP/HA films had the multiple
binding energy peaks representative of HA, they also
had larger main peaks similar to the main peak of the
PP/PSS film. Thus, PP/HA bilayer and single-layer
films possessed to some extent features of both HA
and PP. Attempts to quantify the surface density of
HA were not made in these studies, but the existence
of C–OH and C–O–C functionalities in the PP/HA
single-layer and bilayer films suggests that HA was
present on the surface of these materials.

Because the XPS studies on their own were not en-
tirely conclusive, RAIR analysis was also performed to
help detect the presence of HA within PP/HA films.
Indeed, RAIR spectra for PP films (Fig. 5) further sug-
gested the presence of HA at the surface of PP/HA
bilayer films. Spectra for PP/HA bilayer films showed
features of both PP/PSS and PP/HA single-layer
films, resembling to some extent a combination of the
two component film spectra. Although the differences
between the various films were small, there were re-
producible shifts in the spectrum for PP/HA films
compared with PP/PSS films, suggesting that these
films were altered from PP/PSS, presumably by the
incorporation of HA. In addition, little homology was
seen between the PP/HA spectra and the spectra for
pure HA films, indicating that the PP absorbance
tended to dominate over the dopant ion spectra. This
hypothesis was confirmed by a comparison between a

Figure 2. Cyclic voltammograms for different PP films.
The figure shows three consecutive traces of oxidation/
reduction potentials for PP/PSS, PP/HA single-layer, and
PP/HA bilayer films. Potentials are referenced to a saturated
calomel electrode in 0.1M NaCl. Reduction peaks appear at
similar potentials for all three films, but oxidation potentials
increase with added HA. The cyclic voltammogram for PP/
HA bilayer films more closely resembles that for PP/PSS
films, suggesting that the electrochemical properties of the
PP/HA bilayer films are not altered dramatically from PP/
PSS.
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PP/Cl spectrum (data not shown) and PP/PSS spec-
tra, which were almost identical.

The results above suggest the presence of HA in the
PP/HA bilayer films; however, it was necessary to
further prove the presence of HA and also to deter-
mine whether the HA was biologically active. To do
this, we used a bHABP to probe for HA on the PP
films. For newly synthesized films, the PP/HA bilayer
films stained heavily with bHABP, and the PP/PSS

films were statistically indistinguishable from the
blank values (Fig. 6). The absorbance for PP/HA bi-
layer films (0.955 ± 0.222; n = 6) was statistically higher
than that for PP/PSS (0.081 ± 0.007; n = 6) (p < .005).

Although HA was found to be present and biologi-
cally active in PP/HA bilayer films, its presence was
short-lived. Studies using bHABP were performed to
assess the stability of the HA within the PP/HA bi-
layer films when exposed to culture medium over

Figure 3. Scanning electron micrographs of different PP films. PP/PSS films: (a,d); PP/HA single-layer films (b,e); PP/HA
bilayer films (c,f). All PP thin films (0.15 mm thickness) have similar textures (a–c), except that the PP/HA single-layer film
(b) has a higher number of spherical nodules. Differences in surface morphology between the different PP film types become
more pronounced at 0.7 mm thickness (d–f), where PP/HA single-layer films (e) have a much more nodular surface. Thick
PP/HA bilayer films (f) have textures similar to thick PP/PSS films (d). ×20,000 original magnification. Scale bar = 1 mm.
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time (Fig. 7). We found that bHABP binding capability
for PP/HA bilayer films decreased roughly exponen-
tially with time, but after 4 days bHABP binding for
the PP/HA bilayer films was still significantly higher
than that for the PP/PSS control films (p < .005).

Controls were run to verify that HA was actually
incorporated as a dopant ion into PP/HA bilayer films
rather than merely being physically adsorbed onto the
polymer surface. PP/PSS films, which served as the
base layer for the production of PP/HA bilayer films,
were immersed in PP/HA synthesis solution (0.1M

pyrrole, 2 mg/mL HA) for 5 min. No electric current
or potential was applied, but otherwise the setup and
procedures were identical to those for synthesizing
PP/HA layers for bilayer films. After the 5-min ex-
posure, films were rinsed thoroughly with distilled
water and desiccated for 24 h. RAIR spectra for “ad-
sorbed” films (data not shown) were identical to PP/
PSS spectra and showed none of the features associ-
ated with the PP/HA bilayer film spectrum (Fig. 5).

Figure 5. Reflectance-absorbance IR spectra for different
PP films. The PP/HA bilayer spectrum resembles a combi-
nation of the spectra for PP/PSS and PP/HA single-layer
films. These data further support the presence of HA at the
surface of PP/HA bilayer films. Note that there is little re-
semblance between the PP/HA spectra and the spectra for
pure HA films, suggesting that the polypyrrole absorbance
tends to override the dopant ion spectra.

Figure 7. Hyaluronic acid stability in PP/HA bilayer films.
These data represent bHABP assay results from PP/HA bi-
layer films incubated at 37°C in medium for 0–96 h. PP/HA
bilayer films lose their ability to bind bHABP within days,
though a small amount of bHABP still binds to the films
after 96 h. Each data point represents the mean ± 1 standard
deviation (n = 6). The dashed line represents the baseline
background absorbance for PP/PSS films treated with
bHABP (negative control).

Figure 4. X-ray photoelectron spectroscopic detail scan of
C(1s) peak. PP/HA single-layer films, PP/HA bilayer films,
and HA powder exhibit side peaks indicative of C–OH
(285.9 eV) and C–O–C (287.4 eV). PP/PSS scans show only
the main C–C peak (284.6 eV). These data suggest the pres-
ence of HA at the surface of PP/HA bilayer and single-layer
films.

Figure 6. HA is biologically active within PP/HA bilayer
films. Biotinylated HA binding protein (bHABP) was used
to detect the presence of HA in PP/HA bilayer films. The
absorbance at 490 nm is a measure of the amount of HA
present at the film surface. PP/HA bilayer films contain
biologically active HA, whereas negative controls show only
residual background absorbance at 490 nm. Each data point
represents the mean ± one standard deviation (n = 6). Stan-
dard deviations for the blank and PP/PSS samples are too
small to be depicted on this plot.
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PP/HA bilayer films demonstrate in vitro
cell compatibility

Polypyrrole–hyaluronic acid bilayer films were as-
sayed for in vitro cell compatibility using PC-12 cells.
After 30 h, PC-12 cells cultured on PP/PSS and PP/
HA bilayer films substrates attached and began to
sprout some neurites (Fig. 8). No qualitative differ-
ences were found in cell attachment and cell viability
(data not shown) between PP/PSS and PP/HA bilayer
films. PP/PSS films were used in previous studies for
in vitro cell culture,4 so these results suggest that PP/
HA films are not cytotoxic and are equally able to
support the attachment and proliferation of cells.

PP/HA bilayer films promote enhanced in
vivo vascularization

It is essential to assess the inflammatory response to
any new or modified biomaterial if it will eventually
be used for in vivo applications. Furthermore, degra-
dation products of HA are known to stimulate angio-
genesis, which would be beneficial for any wound-

healing response. Thus, we evaluated the inflamma-
tory and vascularization responses to PP/PSS and
PP/HA bilayer films.

No significant long-term inflammation was notice-
able in any subcutaneous implant (data not shown).
Furthermore, PP/HA bilayer films exhibited en-
hanced vascularization in the vicinity of the implant
(Fig. 9). As shown in Figure 9(b), numerous blood
vessels (indicated by arrows) surrounded the PP/HA
bilayer implant (black material) after 2 weeks of im-
plantation, compared with fewer vessels surrounding
PP/PSS films [Fig. 9(a)]. Furthermore, the blood ves-
sels surrounding the PP/HA bilayer implants were
consistently larger than those surrounding PP/PSS
implants. Quantitation of the vascularization demon-
strated a nearly twofold enhancement of blood vessel
growth near the PP/HA bilayer implants compared
with vascularization near PP/PSS implants after a
2-week implant period (Fig. 10). Vascularization of tis-
sue surrounding PP/HA bilayer films (4.6 ± 1.5%; n =
11) was statistically higher than that for PP/PSS films

Figure 8. Cell culture on PP/HA bilayer films. PC-12 cells
cultured on PP/HA bilayer films (a) look similar to cells
cultured on PP/PSS films (b). Scale bar = 100 mm (both
images are at the same magnification).

Figure 9. In vivo tissue response to PP/HA bilayer films.
PP/PSS films (a) and PP/HA bilayer films (b) were im-
planted into subcutaneous pouches in rats. Tissue surround-
ing the material was harvested after 2 weeks, fixed, imbed-
ded, and stained with hematoxylin and eosin. The heavy
black lines in both images are the PP/PSS and PP/HA bi-
layer films. Blood vessels are denoted by arrows. Scale bar =
100 mm (both images are at the same magnification).
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(2.4 ± 1.2%; n = 9) (p < .005). In contrast, after 6 weeks
of implantation there was no statistical difference in
the degree of vascularization near PP/HA bilayer
films and PP/PSS films (data not shown).

DISCUSSION

Biomaterials that specifically elicit desired biologi-
cal responses will be important in the development of
new tissue engineering strategies. Through communi-
cation with receptors such as CD-44 and RHAMM,
HA interacts in many cellular events including migra-
tion and wound healing, and HA is also known to be
angiogenic. For these reasons, HA was chosen as a
dopant for PP in this investigation. HA was also cho-
sen for these studies because it is an anionic polymer.
Other anionic polymers have proven to be effective
dopants for PP by providing a high negative charge
density and becoming entangled in the PP matrix to
stabilize their incorporation into the film.5,7 However,
the use of HA as a dopant in PP is limited by a few
significant shortcomings. Owing to its large molecular
mass and great hydrophilicity, aqueous solutions of
HA have high viscosities. Also, HA has a relatively
low charge density compared with other materials
used as dopants in PP synthesis. In this study, PP/HA
single-layer films polymerized slowly, had sup-
pressed conductivity, had rough nodular surfaces,
and were more brittle and difficult to handle. The high
viscosity and low charge density of HA may have
contributed to these properties, which are undesirable

in a material designed for electroactivity and in vivo
applications. To produce conductive, smooth films,
PP/HA bilayer films were synthesized with an under-
lying layer of PP/PSS and only a thin upper layer of
PP/HA. Our study showed that PP/HA bilayer films
were smooth, retained the good conductivity of PP
doped with PSS, and displayed HA on their surfaces.
Control studies showed that the HA present on PP/
HA bilayer films was incorporated electrochemically,
and not merely physically adsorbed.

When stored in medium at 37°C, the HA was
cleared from PP/HA bilayer films on a time course of
several days, presumably by hydrolysis and serum
enzymes. This degradation of HA could prove to be
beneficial because oligomeric HA fragments promote
angiogenesis.15 However, the time course of degrada-
tion seen in our studies was very rapid compared with
the wound-healing process. To prolong the residency
of HA in the material, it may be possible to crosslink
the HA in the films. Crosslinking HA has been shown
to increase its stability toward HA-degrading en-
zymes,21 and the stabilization of HA in PP/HA bilayer
films is currently being investigated in our laboratory.

Polypyrrole–hyaluronic acid bilayer surfaces were
shown to support PC-12 cultures, demonstrating that
the material is not cytotoxic. HA surfaces are known to
be nonadherent for many cell types,22,23 and HA often
surrounds cells in situations where cellular coales-
cence is inhibited.12 Thus, PP/HA bilayer films were
expected to have lower adhesivity toward PC-12 cells
than PP/PSS. However, we found that PP/PSS and
PP/HA bilayer films possessed similar properties in
culture. This may be because the HA was degraded
from the films too rapidly to produce a lasting anti-
adhesive effect. Again, crosslinking studies could en-
hance the potential antiadhesivity of PP/HA bilayer
films. The inherent antiadhesive effects of HA may be
desirable for many tissue engineering applications, in-
cluding nerve regeneration. For example, studies with
nerve conduits have shown that rough inner conduit
surfaces, presumably surfaces with enhanced cell in-
teractions, result in incomplete and improper regen-
eration of nerve fibers.24

Finally, we found that, when implanted in rats for
short times (2 weeks), PP/HA bilayer films are asso-
ciated with larger numbers of blood vessels compared
with PP/PSS films. It was previously known that deg-
radation products of HA promote vascularization, but
our work is significant in that it combined the angio-
genic potential of HA with the desired electroactive
properties of PP. The enhancement of angiogenesis
has been the focus of considerable research because
rapid vascularization is fundamental for the survival
and long-term viability of any tissue-engineered con-
struct.25 Thus, the incorporation of HA and the deg-
radation of HA from a biomaterial (PP in this case) can
lead to more rapid vascularization and a greater

Figure 10. Vascularization of tissue surrounding PP/HA
bilayer and PP/PSS films. The number of blood vessels sur-
rounding PP/HA bilayer and PP/PSS films after 2 weeks of
implantation, as shown in Figure 9, was quantified using
image analysis. Each data point represents the mean ± 1
standard deviation. Vascularization of tissue surrounding
PP/HA bilayer films (4.6 ± 1.5%; n = 11) is statistically
higher than that for PP/PSS (2.4 ± 1.2%; n = 9) (p < .005).
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chance for transplanted cells or regenerating tissues to
remain viable. Because peripheral nerve tissue engi-
neering is one focus of our laboratory, we will be in-
vestigating whether the increased angiogenesis
caused by PP/HA bilayer films results in improved
peripheral nerve regeneration. In contrast to the ef-
fects seen on vascularization after 2 weeks of implan-
tation, there was no statistical difference in the level of
vascularization associated with PP/HA bilayer films
and PP/PSS films after 6 weeks of implantation. One
hypothesis for this lack of difference after 6 weeks is
that HA is rapidly degraded in the body and its effects
are only short-lived. Studies are under way to stabilize
HA in the PP/HA bilayer films to optimize and pro-
long the angiogenic effects of HA.

In conclusion, PP/HA bilayer biomaterial, with its
conductive, noncytotoxic, and angiogenic properties,
is an attractive candidate for further studies in tissue
engineering strategies that can benefit from electrical
stimulation.
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