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Abstract:

Hyaluronic acid (HA) has a number of potential biomedical applications in drug

delivery and tissue engineering. For these applications, a prerequisite is to understand the
characteristic of HA films directly immobilized to solid substrates. Here, we demonstrate that
high molecular weight HA can be directly immobilized onto hydrophilic substrates without
any chemical manipulation, allowing for the formation of an ultrathin chemisorbed layer.
Hyaluronic acid is stabilized on these surfaces through hydrogen bonding between the
hydrophilic moieties in HA [such as carboxylic acid (—COOH) or hydroxyl (—OH) groups]
with silanol (—SiOH), carboxylic acid or hydroxyl groups on the hydrophilic substrates.
Despite the water solubility, the chemisorbed HA layer remained stable on glass or silicon
oxide substrates for at least 7 days in phosphate-buffered saline. Furthermore, HA immobi-
lized on silicon and other dioxide surfaces in much higher quantities than other polysaccha-
rides including dextran sulfate, heparin, heparin sulfate, chondroitin sulfate, dermatan sul-
fate, and alginic acid. This behavior is related to the molecular entanglement and intrinsic
stiffness of HA as a result of strong internal and external hydrogen bonding as well as high
molecular weight. These results demonstrate that HA can be used to coat surfaces through
direct immobilization. © 2004 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 72B:

292-298, 2005
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INTRODUCTION

Recently, polysaccharide coatings have attracted much atten-
tion in biomaterials research due to their ability to reduce
fouling of surfaces by biological species.'™' Although the
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mechanism of protein or cell resistance is not completely
understood, conformation and dehydration of polysaccha-
rides through interactions with water, as well as charge in-
teractions are believed to be important.! A variety of poly-
saccharides have been explored for use as potential low-
fouling surface modifiers. These include dextrans,>”
carboxymethylated dextrans,®~® and other carboxylated poly-
saccharides such as alginic acid and hyaluronic acid
(HA).°~'!" Of these polysaccharides, HA has received much
attention due to its unique properties. Hyaluronic acid is a
linear polysaccharide composed of repeating disaccharide
units of N-acetyl-p-glucosamine linked to p-glucuronic acid,
and unlike other glycosaminoglycans (GAGs), HA is not



CHEMISORBED HYALURONIC ACID 293

sulfated. As a component of the extracellular matrix, HA
plays an important role in lubrication, water sorption, water
retention, and a number of cellular functions such as attach-
ment, migration, and proliferation.'*'? Hyaluronic acid is
therefore an attractive building block for new biocompatible
and biodegradable polymers that have applications in drug
delivery, tissue engineering, and viscosupplementation.'*~"”

The formation of a stable HA coating has potential bio-
medical applications ranging from bioactive surfaces to the
formation of multilayer polyelectrolyte films."®2° To gener-
ate HA-coated surfaces, various immobilization techniques
have been employed ranging from covalent attachment,”'~*
layer-by-layer deposition,>**> and binding with natural li-
gands such as p32.%° These strategies, however, involve po-
tentially complicated synthetic approaches that require the
use of chemicals, UV light, or cumbersome procedures to
prepare additional binding layers, limiting their potential as a
general route to HA surface immobilization.

Here, we demonstrate the formation of a stable, chemi-
sorbed HA layer on hydrophilic surfaces, such as glass and
silicon oxides, and characterize it using X-ray photoelectron
microscopy (XPS), ellipsometry, and atomic force micros-
copy (AFM). In addition, we examined the underlying mech-
anism by studying the HA layer formation at various pH
conditions and with washing procedures. Evidence suggests
that the HA 1is stabilized on the surface through hydrogen
bonding between the hydrophilic moieties in HA, such as
carboxylic acid (—COOH) or hydroxyl (—OH) groups with
silanol (—SiOH), carboxylic acid or hydroxyl groups on the
hydrophilic substrates. The chemisorbed HA layer remains
stable in phosphate-buffered saline (PBS) for at least 7 days
without losing its resistant properties. HA is therefore an
important biological molecule that can be directly immobi-
lized on substrates with high efficiency and stability.

MATERIALS AND METHODS

Materials

HA (lot no. 904572, M, = 2.1 MDa by light scattering) was
kindly supplied by Genzyme Inc. (Boston, MA). Silicon
dioxide wafers (1 wm of SiO, on Si) were purchased from
International Wafer Service (Portola Valley, CA) and used
without further treatment. Heparin and heparin sulfate (HS)
were from Celsus Laboratories (Columbus, OH). Chondroitin
sulfate (CS) A, CS C, dermatan sulfate (DS), fluorescein
isothiocyanate-labeled bovine serum albumin (FITC-BSA),
goat anti-rabbit immunoglobulin G (FITC-IgG), fibronectin
(FN), and anti-FN antibody were purchased from Sigma (St.
Louis, MO). Glass slides were treated with O, plasma for 1
min to generate —OH groups as well as to clean the surfaces
unless otherwise indicated.

Surface Characterization

Fluorescent optical images were obtained using an inverted
microscope (Axiovert 200, Zeiss). X-ray photoelectron

spectroscopy spectra were recorded using a Kratos AXIS
Ultra spectrometer. Spectra were obtained with a monochro-
matic Al K, X-ray source (1486.6 eV). Pass energy was 160
eV for survey spectra and 10 eV for high-resolution spectra.
All spectra were calibrated with reference to the unfunction-
alized aliphatic carbon at a binding energy of 285.0 eV.
Spectra were recorded with similar settings (number of
sweeps, integration times, etc.) from sample to sample to
enable comparisons to be made. The analysis of the XPS
spectra was performed on the basis of 90° unless otherwise
indicated. Atomic force micrographs were obtained with tap-
ping mode on a NanoScope III Dimension (Veeco Instru-
ments, Rochester, NY) in air. The scan rate was 0.5 Hz and
256 lines were scanned per sample. Tapping mode tips,
NSCI15 - 300 kHz, were obtained from MikroMasch (Port-
land, OR). Data were processed using Nanoscope III 4.31r6
software (Veeco Instruments Inc.). The thickness of the
chemisorbed HA layer was measured with a Gaertner L116A
ellipsometer (Gaertner Scientific Corp., Skokie, IL) with a
632.8 nm He—Ne laser. A refractive index of 1.46 was used
for all HA films, and a three-phase model was used to
calculate thicknesses.

Construction and Stability of a Chemisorbed Layer and
Testing Protein Adsorption

A few drops of HA solution (5 mg/mL in distilled water)
were placed on the surface and spin coated (Model CB 15,
Headaway Research, Inc.) at 1000 rpm for 10 s. The samples
were stored overnight at room temperature to allow the sol-
vent to evaporation. To examine the effect of washing, some
samples were washed several times within 30 min of spin
coating and then dried with a mild nitrogen stream. To
examine the effect of pH, the silicon oxide surfaces were
exposed for several hours to the solutions of pH 2, 7, and 11,
respectively, leading to different oxidization states. HA films
were prepared on those surfaces using the same procedure
described above. In addition to HA, thin films of the other
polysaccharides were prepared in the same manner.

To measure the immobilization of HA, heparin, HS, CS A,
CS C, and DS films, we performed fluorescent staining for
adhesion of various proteins on the coated surfaces. FITC-
BSA (50 pg/mL), IgG (50 wg/mL), and FN (20 wg/mL) were
dissolved in PBS solution (pH = 7.4; 10 mM sodium phos-
phate buffer, 2.7 mM KCIl, and 137 mM NaCl). To measure
FN adsorption, the surfaces were stained with anti-FN anti-
body for 45 min, followed by a 1 h incubation with the
FITC-IgG antibody. A few drops of the protein solution were
evenly distributed onto the HA surfaces. After storing at
room temperature for 30 min, the surfaces were rinsed with
PBS solution and water and then blown dry in a stream of
nitrogen. To analyze stability, HA surfaces were placed in a
PBS bath at various times and stored at room temperature for
up to 7 days. The PBS solution was changed daily to prevent
readsorption of dissociated HA onto the surface. The stability
was subsequently analyzed by testing for FN adsorption. The
slides were then examined under a fluorescent microscope
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Figure 1. High-resolution XPS spectra for (a) nitrogen (N 1s) and (b) carbon (C 1s) peaks in HA
recorded for as-spun, washed, and bare silicon oxide substrates. For carbon peaks of an as-spun and
a washed film, the spectra were deconvoluted with four Gaussian peaks that are assigned at each
oxidized state. For convenience, the peak for the strongly oxidized carbon (CO*) was not deconvo-
luted in detail. All films were prepared and characterized on the silicon oxide substrate to take

advantage of the flat surface.

under a UV light exposure of 2 s. Blank glass slides with or
without FN staining were used as positive and negative
controls respectively. Fluorescent images were analyzed
quantitatively using Scion Image and the statistical analysis
was performed using one-sided ANOVA tests with p < 0.05
to distinguish between statistical significance.

RESULTS AND DISCUSSION

Detection of a Chemisorbed HA Layer

The presence of a chemisorbed HA layer on silicon dioxide
substrates or glass was verified by analyzing the elemental
composition (carbon, oxygen, nitrogen, and silicon) of the
surfaces using XPS. In particular, the detection of nitrogen in
the XPS spectra was strong evidence to support the presence
of a residual HA layer (Figure 1) because nitrogen is found in
HA but not the substrate. As expected, no nitrogen was
detected on the bare silicon oxide. The intensity at 400.1 eV
(N 1s) decreased to about 25% of its original intensity after
washing with PBS, though the peak remained, indicating a
residual layer of HA [Figure 1(a)]. A new XPS peak was also
detected at 402.3 eV (15.5%) after washing, suggesting a
modified oxidation state of nitrogen, denoted N*C. We hy-

pothesize that the new peak originates from the partial pro-
tonation or hydrogen bonding of nitrogen to silanol groups
(—SiOH) on the surface. The persistence of the nitrogen peak
and the emergence of a new oxidized state (N*C) generated
after washing are consistent with a residual layer on the
surface formed by chemical interactions between the layer
and the substrate.

The carbon peak (C 1s) of an as-spun film contains four
peaks that are located at 285.0 (16.1%), 286.1 (12.7%), 286.6
(40.0%), and 288.1 (31.2%), consistent with previous reports
[Figure 1(b)].>” The amount of unfunctionalized hydrocarbon
(285 eV) was higher than expected (7.1%),?” which may be
attributed to carbon adsorption from the air. In order of
increasing binding energies these peaks represent the hydro-
carbon environment (HC), carbon singly bound to nitrogen
(CN), carbon singly bound to oxygen (CO), strongly oxidized
carbons (CO*) including carbon doubly bound to oxygen and
a combined peak representing both amide and carboxylate ion
carbon atoms (CON and COO).?” In contrast to the as-spun
coatings, the relative intensities were substantially changed
after washing with the peak locations slightly shifted. Two
factors potentially responsible for this behavior are the in-
creased portion of unfunctionalized hydrocarbon from the
substrate, and the surface interactions between HA and the
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Figure 2. The wide scans of XPS spectra for as-spun, washed, and
bare silicon oxide substrates. The results indicate that the substrate
surface is nearly fully covered with the chemisorbed layer.

substrate. Based on the modified oxidation state of nitrogen in
the XPS spectra and hydrophilic moieties in HA, some strong
interactions, such as hydrogen bonding, may play an impor-
tant role in the formation of the chemisorbed layer. In a
separate experiment, the HA film was completely washed
away on hydrophobic substrates such as untreated polysty-
rene (data not shown), which indicates that other hydrophobic
interactions could be ruled out in examining the origin of the
chemisorbed layer.

To analyze the thickness of the HA film, we used ellip-
sometry, AFM, and XPS measurements at two different an-

(a)

u-.'-ltiﬁ_- 1.8 nm
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Bare Si0,

After washing

gles. At a 90° take-off angle (long penetration depth), silicon
peaks were not seen for an as-spun sample (i.e., thick HA film
on a glass), as opposed to bare silicon oxide and washed film
controls. On the other hand, silicon peaks were nearly absent
on the washed film when a 30° take-off angle was used (short
penetration depth; Figure 2). This indicates that the residual
film was extremely thin, less than 5-10 nm depending on the
element and electron selected, the thickness ranging within
the penetration depth, and the substrate surface is nearly fully
covered with the chemisorbed layer. The presence of the
chemisorbed layer was further confirmed by ellipsometry and
AFM measurements. The ellipsometry results indicated the
initial thickness of the HA film was about 330 nm, which
decreased drastically to about 3 nm after washing and then
remained at the same value. Furthermore, the roughness of a
residual layer (2.1 nm) is between that of the substrate (1.8
nm) and the as-spun film (2.3 nm), which also supports the
presence of a residual layer (Figure 3).

To further explore the potential mechanism of adhesion,
we exposed silicon oxide surfaces to three different pH values
of 2, 7, and 11 to test the effects of surface charge and
hydrophobicity on the formation of a HA coating (see the
experimental protocol). At acidic conditions (pH = 2), the
hydroxyl groups present on the surface are protonated (OH;")
such that the adsorption of HA should be enhanced due to
negative charge of HA. In contrast, because the surface is
negatively charged (O ™), the adsorption would be reduced at
basic conditions (pH = 11). At pH 11, the atomic mass
percentage of nitrogen on the surface was 0.33% whereas it
increased to 3.61% when exposed to pH 2 (Table I). These
results indicate that HA is more likely to adsorb to positively
charged surfaces than negatively charged surfaces. Interest-
ingly, neutral surfaces (pH = 7) were also effective in ad-

100 pm
—

Before washing

Figure 3. Atomic force microscopy images of surface roughness and the corresponding fluorescent
images for FN adsorption for (a) a bare silicon oxide substrate, (b) a HA surface after thorough
washing, and (c) an as-coated HA film. Note that the roughness of the film after washing locates
between those of the other two surfaces, supporting the presence of a chemisorbed layer. The height
scale is 5 nm and the scan size is 1 X 1 um?. The fluorescent images reveal that the surface is fully

covered with HA even after extensive washing.
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TABLE I. Atomic Mass Percentage of Carbon, Nitrogen,
Oxygen, and Silicon Elements for HA Films Formed under
Various Conditions

Atomic Conc. %

Sample C N (0] Si
Exposure to pH 2 57.6 3.6 34.0 4.8
Exposure to pH 7 52.2 33 38.3 6.2
Exposure to pH 11 14.6 0.3 58.0 27.1
No washing + drying 49.2 2.7 38.8 9.3
Washing after 30 min

+ drying 11.7 0.7 64.6 23.0
Bare silicon dioxide 4.2 0 65.4 30.4

Errors are within 5%.

hering HA (3.34%), which also supports the presence of
hydrogen bonding between HA and the hydroxyl groups.

We next explored whether the current approach is ubiqui-
tous in immobilizing polymers having hydrophilic moieties
on hydrophilic substrates. A previous study reported that
carboxyl (—COOH) groups were confined onto hydrophilic
surfaces with additional thermal polymerization.*® Poly(eth-
ylene glycol)s, however, detach from the substrates upon
hydration despite having hydrophilic moieties (—OH). We
hypothesize that two factors are responsible for the formation
of a chemisorbed HA layer. First, hydrogen bonding should
be strong enough to endure the polymer swelling stress at the
interface upon exposure to water. Second, the chemisorbed
layer should have a dense molecular structure such as entan-
glement to prevent penetration of water molecules. Thus,
sufficiently strong hydrogen bonding is required to prevent
the adsorbed layer from peeling off from the surface. In this
regard, the HA film should have enough contact time with the
surface to build a robust interface. As indicated by XPS, the
amount of nitrogen adsorbed onto the surface was lower
when the sample was washed within 30 min after spin coating
(0.69%; Table I) and significantly increased to 2.74% when
the sample was dried overnight prior to washing. This indi-
cates that the duration of exposure and sample drying may be
important in the adsorption of the HA onto the surfaces.

With respect to the density of the molecular structure, HA
is a highly hydrated polyanion, which forms network between
domains in solutions.?”** In addition, the polymer shows
intrinsic stiffness due to hydrogen bonds between adjacent
saccharides. HA immobilized on silicon and other dioxide
surfaces in much higher quantities than other polysaccharides
including dextran sulfate, heparin, HS, CS, DS, and alginic
acid (Table II) based on the highest nitrogen composition
(3.75%) and the lowest oxygen-to-carbon ratio (0.64%). This
behavior could be attributed to either differences between the
molecular structures of various polysaccharides or their lower
molecular weights compared to HA.

Protein Resistance, Degradability, and Stability of a
Chemisorbed HA Layer

To test the effectiveness of the HA surfaces for protein
resistance, HA-modified surfaces were exposed to FITC-

TABLE Il. Atomic Mass Percentage of GAG Surfaces and
Control Surfaces

Sample N (0] C o:C
Untreated 0.00 92.4 7.6 12.2
HA 3.8 37.5 58.7 0.6
Heparin 0.2 89.4 10.4 8.6
HS 0.1 91.1 8.8 10.4
CS A 0.5 88.8 10.7 8.3
CSC 0.1 90.5 94 9.6
DS 0.4 89.0 10.6 8.4

XPS was performed on GAG surfaces formed on silicon dioxide after washing.
Untreated surfaces are silicon dioxide only. Numbers for nitrogen, oxygen, and carbon
refer to atomic mass percentage. Oxygen:Carbon is the atomic mass percentage of
oxygen divided that by carbon. Errors are within 5%.

BSA, FITC-IgG, and FN. The adhesion of BSA (0.46%), IgG
(7.81%), and FN (6.22%) was significantly reduced (p <
0.001) on HA-coated surfaces compared to glass controls
(100%) as measured by fluorescence intensity. Typical ex-
amples of the fluorescent images for a bare silicon oxide, a
HA surface after thorough washing, and an as-coated HA film
are shown in Figure 3 when FN is applied to the surface with
subsequent antibody staining (see the experimental protocol).
As seen from the figure, HA is uniformly attached to the
surface even after extensive washing. We also tested protein
resistance of various other polysaccharide surfaces on glass
using FN (Figure 4). Surfaces formed with other polysaccha-
rides resisted the adsorption of FN significantly more than
glass controls (p < 0.05). Despite this, most other polysac-
charide surfaces were still significantly less resistant to FN
absorption than HA coatings (p < 0.05).
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Figure 4. Fibronectin adsorption onto GAG surfaces was measured
by quantifying the fluorescence intensity. The results are normalized
to glass (defined as 100) as the positive control and no protein
(defined as 0). Data is presented as a percentage of the difference
between untreated and glass. * denotes p < 0.05 compared to glass.
+ denotes p < 0.05 compared to HA.
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Figure 5. The stability of the HA surface was examined by the quan-
titative analysis of protein adsorption as a function of exposure times
to PBS prior to exposure and subsequent staining to FN. Note that the
surface is stable and greatly reduces protein adsorption more than
92% even after exposure to PBS for up to 7 days. No contrast
enhancement was made throughout the analysis. *p < 0.05.

Although HA is biodegradable in nature, the possibility of
degradation can presumably be ruled out herein because
oxidants such as HO- and HOCI/CIO™ are believed to be
important in the degradation of HA. The generation of reac-
tive oxygen species is mediated by metal-ion catalysis (HO")
in vitro.>"** or myeloperoxidase catalyzed reaction of H,0,
with CI™ (HOCI/CIO™) in vivo. To investigate long-term
stability, XPS was performed on the aged samples, which
revealed persistent nitrogen peaks even after a week in PBS
solution. However, the uniform distribution of HA is difficult
to measure by means of XPS. We therefore used fluorescent
staining of the samples as a function of time to obtain a global
assessment of HA adsorption. The chemisorbed HA layer
was also stable for at least 7 days as determined by the
analysis of fluorescent images (Figure 5). The presence of the
HA surface greatly reduced the adsorption of FN (> 92%),
even after the surface was exposed to PBS for 7 days prior to
exposure FN adsorption and staining. These results indicate
that at least in the case of silicon dioxide, the formation of a
chemisorbed layer of HA is stable for at least 1 week.

Summary

Despite the water solubility and hydrophilic nature of HA, we
have demonstrated that HA can be directly immobilized onto
glass and silicon oxide substrates because of hydrogen bond-
ing and high molecular weight. An ultrathin HA layer of
about 3 nm is left behind even after extensive washing with
PBS or water. The presence of this layer was verified with
XPS, elliposometry, and AFM measurements. Fluorescent
staining and XPS showed that the resulting surfaces remain
stable for at least 7 days. Thus, our approach could be a
general route to the immobilization of HA and open a new

way to attach other bioactive molecules having hydrophilic
moieties to solid substrates.
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