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Owing to its biocompatibility, resistance to biofouling, and desirable physicochemical and biological
properties, hyaluronic acid (HA) has been widely used to modify the surface of various materials. The role
of various physicochemical factors in HA adsorption remains, however, to be clarified. Herein, we
employed quartz crystal microbalance with dissipation (QCM-D) in order to investigate HA adsorption
at different pH conditions onto three substrates—silicon oxide, amine-terminated self-assembled mono-
layer (SAM) on gold, and carboxylic acid-terminated SAM on gold. The QCM-D experiments indicated
specific pH conditions where either strong or weak HA adsorption occurs. The morphology of the
adsorbed HA layers was investigated by atomic force microscopy (AFM), and we identified that strong
HA adsorption produced a complete, homogenous and smooth HA layer, while weak HA adsorption
resulted in rough and inhomogeneous HA layers. The observed specifics of the kinetics of HA adsorption,
including a short initial linear phase and subsequent long non-linear phase, were described by using a
mean-field kinetic model taking HA diffusion limitations and reconfiguration in the adsorbed state into
account. The findings extend the physicochemical background of design strategies for improving the
use of passive HA adsorption for surface modification applications.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction of various applications. A prominent example is hyaluronic acid
Adsorption of polysaccharides onto solid supports is of
considerable intrinsic interest and important from the perspective
(HA), a linear polysaccharide that participates in various biological
functions in living organisms [1–3]. HA is predominantly present in
biological systems with high molecular weight (ranging from 4 to
100 MDa, [2,3] with monomer size of �380 Da) and often forms
highly entangled network structures with viscoelastic properties,
rendering it suitable for physiological functions such as joint
lubrication and impact absorption [1,4–7]. HA also exhibits high
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resistance to protein [8] and cell [9] adsorption [3,10–15],
improves biocompatibility of coated materials [16–18], and
enhances adhesion of certain types of cells with specific receptors
(e.g., CD44 and RHAMM) to the coated material [19,20].
These properties have led to the development of HA-based
biomaterials for applications such as drug delivery and wound
healing [21].

Various covalent and noncovalent strategies have been devised
to immobilize HA molecules on different types of substrates [3].
Covalent methodologies include bifunctional crosslinkers for HA
immobilization [22–24], photochemical crosslinking of HA mole-
cules functionalized with photoreactive groups [14,25,26], and sur-
face functionalization with proteins that bind to HA [27,28].
Likewise, noncovalent strategies based on the direct deposition of
HA onto a surface are possible and widely employed due to their
simplicity and practicality, especially for protein and cell assay
applications [10,11,29–31].

The noncovalent adsorption of HA molecules on the surface is
controlled by HA-surface interactions, including electrostatics
and hydrogen bonds [32,33]. Due to the nature of such interac-
tions, HA adsorption is strongly dependent on solution pH
[20,32,34]. The sensitivity of HA to local pH conditions originates
from charged groups within HA molecules including carboxyl,
hydroxyl, and amide groups [20,34]. The change in pH alters the
degree of ionization and/or deprotonation within different func-
tional groups, which in turn influences intra- and intermolecular
electrostatic and hydrogen bonding interactions [34]. Consequent-
ly, there can be changes in HA rheological and viscoelastic proper-
ties [4–7], conformation, [5,34,35] and swelling behavior [36]. On
sufficiently long time scales, incubation in highly acidic or alkaline
conditions may also induce molecular degradation through hydro-
lysis of the glycosidic linkage [5,7,35,41,43,44]. With a decreasing
degree of ionization, HA is expected to adopt a more globular
form in solution and adsorb onto the substrate to a greater
degree [34].

Previous studies [32,37] have demonstrated that polysaccha-
ride adsorption follows two-phase kinetics, starting with an ini-
tial rapid, almost linear phase for a few minutes, followed by a
slower and more gradual phase at higher coverages near satura-
tion. This behavior is exhibited by different types of polysaccha-
rides under different pH, ionic strength, and concentration
conditions and for adsorption onto different types of substrate
[32,37]. However, the influence of environmental conditions on
the degree of adsorption and adsorption kinetics of HA has not
been scrutinized and a fundamental understanding of the adsorp-
tion process in general lags behind the wide range of applications
for HA-coated surfaces. Herein, we investigated HA adsorption
onto solid supports by using quartz crystal microbalance with
dissipation (QCM-D) monitoring and atomic force microscopy
(AFM), with an aim towards identifying how solution pH influ-
ences the adsorption process. Three solid substrates were used,
specifically oxygen plasma-treated silicon oxide, an amine-termi-
nated self-assembled monolayer (SAM) on gold, and a carboxylic
acid-terminated SAM on gold. By tracking the HA adsorption pro-
cess at the desired pH, changes in the mass and viscoelastic prop-
erties of the adsorbate were monitored as a function of time. A
phenomenological model was employed to describe the kinetics
of the adsorption and desorption phases of HA self-assembly on
a surface. AFM was used to investigate the global morphology
of the adsorbed HA layers. From these experiments, we identified
how the kinetics and degree of HA assembly changed in response
to the change in the pH of HA-containing deposition solution.
Furthermore, we identified that pH can be adjusted in order to
control the morphological properties of HA coatings for surface
modification applications.
2. Materials and methods

2.1. Polyelectrolyte solutions

Sodium hyaluronate (HA, HA200 K, 176–350 kDa, Lifecore Bio-
medical) was used without further purification. Concentrated HA
polyelectrolyte solution (15 mg/ml) was prepared with Tris buffer
(10 mM Tris, 150 mM NaCl, pH 7.5) by vortexing and stirring, and
then diluted to 0.75 mg/ml with Tris buffer solution (10 mM Tris,
150 mM NaCl) at a specific pH value between 2 and 12. Tris buffer
solutions of various pH (between 2 and 12) were prepared via titra-
tion with 1 M hydrochloric acid (HCl) or 1 M sodium hydroxide
(NaOH), and the pH was checked and, if necessary, adjusted imme-
diately before experiment.

2.2. Substrate preparation

QCM-D sensor chips with gold (QSX301) and silicon oxide
(QSX303) coats were used (Q-Sense, Göthenburg, Sweden). The
gold substrates were immersed in ethanolic solution containing
1 mM 11-mercaptoundecanoic acid (MUA) (Sigma–Aldrich) or
11-amino-1-undecanethiol hydrochloride (AUT) (Sigma–Aldrich)
overnight at 4 �C and then rinsed.

2.3. Quartz crystal microbalance with dissipation (QCM-D) monitoring

A Q-Sense E4 instrument (Biolin Scientific, Göthenburg, Swe-
den) was employed in order to monitor the HA adsorption kinetics,
as previously described [38]. HA polyelectrolyte solution (at the
appropriate pH) was injected with static laminar flow (100 ll/
min). The adsorbed HA layer was incubated for 10 min, followed
by rinsing with Tris buffer of equivalent pH and then further rinsed
with Tris buffer at pH 7.5. The QCM-D measurement responses
were recorded at several different overtones (n = 3, 5, 7, 9, 11),
and modeled using both the Sauerbrey model and the Voigt-Voino-
va viscoelastic model [39]. Voigt model analysis was performed
using the QTools software package (Biolin Scientific) with fixed
parameters for fluid density (1000 kg/m3), fluid viscosity
(0.001 kg/ms), and HA layer density (1000 kg/m3).

2.4. Atomic force microscopy (AFM)

An atomic force microscope (NX-Bio, Park Systems, South
Korea), combined with an optical microscope (Eclipse Ti, Nikon,
Japan), was used for the AFM experiments. A fresh silicon nitride,
ultra-sharp, AFM tip (0.1 N/m, Bio-Lever mini BL-AC40TS-C2,
Olympus) was used. The AFM and sample were contained in an
acoustic enclosure with a temperature controller (Park Systems)
in order to minimize acoustic noise and maintain a constant tem-
perature at 25 �C.

3. Results

3.1. QCM-D characterization of HA thin films on solid supports

The HA adsorption process on solid supports at different pH (-
between 2 and 12 with 1 pH unit increments) was tracked as a
function of time by using QCM-D frequency and dissipation signals
(Figs. 1 and S1–S4). A measurement baseline was first established
by incubating the substrate in aqueous buffer solution of desired
pH, and then 0.75 mg/ml HA in equivalent buffer solution was
added with adsorption starting at t = 5 min (as indicated by the
first arrow). Next, a washing step was performed with desorption
starting at t = 70 min using the same buffer as in the baseline step
without HA molecules (as indicated by the second arrow). Finally, a



Fig. 1. Measurement approach to characterize HA thin film self-assembly on a solid support. In order to monitor the HA adsorption process, the QCM-D technique was
employed and tracked changes in frequency and energy dissipation due to an adsorbate on the solid support. Based on the experimental procedure, different stages of the
adsorption process were analyzed in order to evaluate the effects of substrate type and solution pH. Representative QCM-D kinetics are presented for HA adsorption onto
amine-terminated SAM on gold. (A) Frequency and (B) dissipation shifts are presented for HA adsorption as functions of time. After initial stabilization (I, baseline), HA
polyelectrolyte solution was injected at t = 0 min for 70 min (II, adsorption). Subsequently, rinsing with buffer solution of equivalent pH was performed at t = 70 min for
220 min (III, desorption), followed by rinsing with buffer solution at near-physiological pH (pH 7.5) at t = 290 min until the procedure was completed (IV, regeneration). The
schematics illustrate the adsorbed HA layer at different stages of the assembly process.
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buffer-exchange step was conducted starting at t = 300 min which
introduced buffer solution at pH 7.5 without HA molecules in order
to characterize the properties of the adsorbed HA molecules in
near-physiological pH conditions (as indicated by the third arrow).
Experiments following this sequence were performed on each
substrate.

3.1.1. Silicon oxide
Fig. 2(A and B) presents the frequency and dissipation shifts

corresponding to different stages of HA thin film self-assembly
on silicon oxide-coated QCM-D sensor chips, i.e., adsorption, des-
orption, and buffer exchange. The silicon oxide coating has an iso-
electric point (IEP) of �3.9 and is highly hydrophilic [40]. In this
case, significant adsorption was confined to relatively mild acidic
conditions (pH range �4 to 5), above and below which HA adsorp-
tion was minimal. In this range, the initial adsorption stage led to
frequency and dissipation shifts in excess of �15 Hz and 5 � 10�6,
respectively, which indicates that the adsorbed HA molecules ini-
tially constitute a viscoelastic adlayer. The subsequent buffer
washing led to appreciable changes in adlayer properties, namely
a positive frequency shift (decrease adsorbed mass) and a decrease
in the energy dissipation. The final adlayers exhibited non-vis-
coelastic film properties with dissipation shifts below 1 � 10�6.
The fact that buffer washing under equivalent pH conditions initi-
ated this structural transformation from a viscoelastic to non-vis-
coelastic regime suggests that desorption of weakly adsorbed HA
molecules occurs while at least some adsorbed HA molecules
remain firmly attached. By contrast, at other pH values outside this
range, initial HA adsorption was minimal with corresponding fre-
quency and dissipation shifts below �2 Hz and 1.5 � 10�6, respec-
tively. Interestingly, the DD/|Df| ratio in cases of minimal
adsorption was much greater than in cases of significant adsorp-
tion. This behavior indicates that strong adsorption leads to the
formation of a rigid, chemisorbed HA thin film, whereas weak
adsorption is mainly due to nonspecific attachment of viscoelastic
HA thin film. Indeed, in the latter case, buffer washing nearly fully
removed the previously attached HA molecules, as indicated by
final frequency and dissipation shifts approaching nil.

To further characterize the HA adsorption process on silicon
oxide, we analyzed temporal changes in the QCM-D signals for
two representative cases: strong adsorption (pH 4) and weak
adsorption (pH 2). At pH 4, initial HA adsorption resulted in fast,
nearly linear changes in frequency and dissipation for
approximately 23 min, reaching �20.8 Hz and 5.6 � 10�6, respec-
tively, followed by more gradual adsorption to final frequency
and dissipation shifts of �36 Hz and 8 � 10�6, respectively
(Fig. 2(C and D)). A washing step with pH 4 buffer solution led to
frequency and dissipation shifts of �10 Hz and 1 � 10�6, respec-
tively, signaling major changes in the adlayer properties. In par-
ticular, the effective Voigt thickness of the adlayer decreased
from 8.9 nm to 2.1 nm. The summary of the Voigt thickness of
HA adlayers at the end of each assembly steps on all three sub-
strates from pH 2 to 12 can be found in Supporting Information
SI 4. Buffer exchange to pH 7.5 had minimal effect on the frequency
shift, but did reduce the dissipation shift to 0.3 � 10�6 and the final
effective Voigt thickness was 1.6 nm. In contrast, HA adsorption at
pH 2 was minimal, yielding frequency and dissipation shifts of
�1.2 Hz and 0.5 � 10�6, respectively (Fig. 2(E and F).

To summarize, we observed HA adsorption and thin film self-
assembly on the bare silicon oxide surface only within a limited
set of intermediate acidic conditions (pH range �4–5). The corre-
sponding adsorption kinetics demonstrate that initial adsorption
leads to formation of a relatively thick and viscoelastic adlayer,
while buffer washing yields a non-viscoelastic adlayer with appre-
ciably smaller thickness (�75% reduction to 1.7 nm) and rigid film
properties. This is consistent with previous reports [11] that rins-
ing caused a 99% reduction in film thickness for spin-coated, high
molecular weight HA deposited on silicon oxide and the final thick-
nesses are nearly coincident in both cases (ca. 2–3 nm). Electro-
static repulsion between negatively charged HA molecules and



Fig. 2. Influence of pH on HA adsorption process onto silicon oxide. Summary of QCM-D (A) frequency and (B) energy dissipation shifts at the end of each assembly step at
different pH conditions. Representative kinetics for strong adsorption present QCM-D (C) frequency and (D) dissipation responses for the HA adsorption process at pH 4,
where the adsorbed HA layer produced a maximal shift in frequency. Representative kinetics for weak adsorption depict QCM-D (E) frequency and (F) dissipation responses
for the HA adsorption process at pH 2, where a minimal frequency shift was recorded. The corresponding Voigt-Voinova model fit is presented for the third overtone, and the
full modeling results are presented in the Supporting Information.
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the silicon oxide substrate primarily accounts for the weak adsorp-
tion of HA with increasing alkalinity (around pH > 7). On the other
hand, under more acidic conditions (pH < 7), one may expect the
carboxyl functional groups of HA to be increasingly protonated
(pKa � 3.21) [4,5,36], in turn prompting more appreciable hydro-
gen bonding interactions that would enhance HA adsorption onto
silicon oxide. The increasing magnitude of the frequency shift as
the pH decreased from pH 5 to 4 is consistent with this predicted
effect. However, there was only negligible adsorption in the lower
pH range of 2–3, suggesting that a balance of electrostatic and
hydrogen bonding interactions is important to account for the
trends observed. To further analyze effect of pH on HA adsorption
onto solid supports, we performed similar measurements on two
additional substrates with different functional group properties,
in turn reflecting different surface charge profiles.
3.1.2. Amine-functionalized gold
Fig. 3(A and B) presents the QCM-D responses to the HA adsorp-

tion process on amine-functionalized Au surface at different pH
conditions. As anticipated, HA adsorption process on the amine-
functionalized surface depends significantly on pH [20,34], exhibit-
ing maximum uptake at very acidic conditions (pH 2), with fre-
quency and dissipation shifts of �43 Hz and 8.5 � 10�6,
respectively, indicating formation of viscoelastic adlayer. The
adsorption became progressively weaker as pH increased until
nearly negligible uptake was observed at very alkaline conditions



Fig. 3. Influence of pH on HA adsorption process onto amine-terminated SAM on gold. Summary of QCM-D (A) frequency and (B) energy dissipation shifts at the end of each
assembly step at different pH conditions. Representative kinetics for strong adsorption present QCM-D (C) frequency and (D) dissipation responses for the HA adsorption
process at pH 6, where the adsorbed HA layer produced a maximal shift in frequency. Representative kinetics for weak adsorption depict QCM-D (E) frequency and (F)
dissipation responses for the HA adsorption process at pH 11, where a minimal frequency shift was recorded. The corresponding Voigt-Voinova model fit is presented for the
third overtone, and the full modeling results are presented in the Supporting Information.

J.-H. Choi et al. / Journal of Colloid and Interface Science 448 (2015) 197–207 201
(pH 12). The dissipation shifts did not consistently decrease as
functions of increasing pH, however it can be observed that the dis-
sipation response was higher at acidic conditions and lower as the
solution became increasingly alkaline. Subsequent buffer washing
at equivalent pH led to a significant increase in frequency and
decrease in dissipation, indicating significant desorption of the
weakly bonded HA molecules. The remaining adlayer was sig-
nificantly less viscoelastic, possibly due to a more rigid conforma-
tion of attached HA molecules on the substrate. Buffer exchange to
pH 7.5 had minimal effect on the HA adlayer.

To further scrutinize the process of HA adsorption on the
amine-functionalized Au surface, we analyzed the QCM-D respons-
es in two representative cases: strong adsorption (pH 6) and weak
adsorption (pH 11). At pH 6, the adsorption kinetics adhered to a
similar pattern of initial rapid, nearly linear change for
approximately 13 min, resulting in frequency and dissipation shifts
to �19.9 Hz and 4.9 � 10�6, respectively, followed by gradual
change in frequency and dissipation shifts, reaching �30.5 Hz
and 9.8 � 10�6, respectively (Fig. 3(C and D)). Buffer washing at
equivalent pH had minimal effect on the adlayer properties with
final frequency and dissipation shifts at �24 Hz and 7.1 � 10�6,
respectively, while Voigt thickness of the adlayer decreased from
10.3 nm to 7.4 nm. Buffer exchange to pH 7.5 had a similar mini-
mal effect on both the frequency and dissipation shifts of the
adlayer, while the Voigt thickness decreased to 6.1 nm.

At pH 11, the frequency and dissipation shifts of the adsorption
process followed two-step adsorption kinetics, but the magnitude
of the changes were smaller. The fast, nearly linear first step
occurred for approximately 12 min, resulting in frequency and dis-
sipation shifts of �0.4 Hz and 1.1 � 10�6, respectively, followed by
a slower and more gradual change, yielding final frequency and
dissipation shifts of �6.7 Hz and 2.7 � 10�6, respectively, at the



Fig. 4. Influence of pH on HA adsorption process onto carboxylic acid-terminated SAM on gold. Summary of QCM-D (A) frequency and (B) energy dissipation shifts at the end
of each assembly step at different pH conditions. Representative kinetics for strong adsorption present QCM-D (C) frequency and (D) dissipation responses for the HA
adsorption process at pH 3, where the adsorbed HA layer produced a maximal shift in frequency. Representative kinetics for weak adsorption depict QCM-D (E) frequency and
(F) dissipation responses for the HA adsorption process at pH 11, where a minimal frequency shift was recorded. The corresponding Voigt-Voinova model fit is presented for
the third overtone, and the full modeling results are presented in the Supporting Information.
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end of the adsorption step (Fig. 3(E and F)). Buffer washing at
equivalent pH decreased the frequency shift slightly to �7 Hz,
while the dissipation shift decreased significantly to 1.2 � 10�6.
The Voigt thickness of the adlayer decreased from 2.8 nm to
1.6 nm. Buffer exchange to pH 7.5 buffer solution resulted in sig-
nificant desorption, yielding final frequency and dissipation shifts
of 3.8 Hz and 0. 49 � 10�6, respectively. The removal of weakly
adsorbed HA layer during the buffer exchange left behind a highly
rigid HA thin film on the amine-functionalized surface. The final
Voigt thickness was �0.6 nm, indicating that the HA self-assembly
at pH 11 resulted in formation of a HA monolayer [41–43]. To sum-
marize, significant HA adsorption on the amine-functionalized sur-
face occurred for most pH conditions, in contrast to silicon oxide.
Highly acidic conditions (pH 2) promoted the assembly of a thick
HA thin film while highly alkaline conditions (pH 12) prevented
HA adsorption.

3.1.3. Carboxylic acid-functionalized gold
The HA adsorption process on the carboxylic acid-functional-

ized Au surface produced another distinct series of QCM-D-mea-
sured kinetics (Fig. 4(A and B)) compared to those already
described. In general, the HA adsorption occurred across all the
pH conditions from 2 to 12, similar to that on amine-functionalized
surface, but the frequency and dissipation shifts were of sig-
nificantly lower magnitude. Interestingly, although HA adsorption
onto carboxylic-functionalized surfaces at acidic conditions gener-
ated higher frequency shifts compared to alkaline conditions, it
exhibited no explicit pH dependence for the initial adsorption step,
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unlike amine-functionalized surfaces, but the net amount that
remains adsorbed after the buffer rinse during desorption step
does undergo a gradual decrease from pH 2 to pH 12. The dissipa-
tion shift fluctuated across most pH conditions (pH 4–10) and was
noticeably lower at highly acidic (pH 2 and 3) and highly alkaline
(pH 10 and 11) conditions. Subsequent buffer washing processes
had variable effect depending on the experimental pH. Under
acidic conditions, both buffer washing processes led to significant
frequency and dissipation shifts while, under neutral to alkaline
conditions, they led to minimal shifts. Interestingly, both buffer
washing processes did not yield consistent effects on the adlayer
properties (Fig. 4(A and B)). For the HA thin film adsorbed under
acidic conditions, it increased the dissipation shift while for those
adsorbed under neutral to alkaline conditions, minimal effect on
dissipation shift was observed.

To further scrutinize HA adsorption on carboxylic-functionalized
surface, we analyzed the QCM-D responses across time for two rep-
resentative cases: strong adsorption (pH 3) and weak adsorption (pH
11). At pH 3, the adsorption kinetics similarly underwent initial
rapid adsorption for approximately 8 min, resulting in frequency
and dissipation shifts of�11.6 Hz and 3.79 � 10�6, respectively, fol-
lowed by gradual adsorption of HA molecules with the final frequen-
cy and dissipation shift of �15.6 Hz and 6.5 � 10�6, respectively
(Fig. 4(C and D)). The buffer washing processes of the HA thin film
adsorbed at pH 3 resulted in unique assembly kinetics. In particular,
washing at equivalent pH 3 led to an increase in frequency shift to
�20.9 Hz and decrease in dissipation shift to 4.9 � 10�6, while the
Voigt thickness decreased from 6.7 nm to 5.6 nm. Buffer exchange
to pH 7.5 buffer solution significantly increased the frequency shift
to �16.9 Hz with accompanying decrease in dissipation shift to
4.8 � 10�6 and Voigt thickness to 5.3 nm.

At pH 11, the frequency and dissipation kinetics of HA followed
a more conventional pathway with initial rapid adsorption for
approximately 7 min, resulting in frequency and dissipation shifts
of �1.06 Hz and 1.19 � 10�6, respectively, followed by gradual
adsorption onto the surface, albeit at lower magnitude, yielding
frequency and dissipation shift of �7 Hz and 3.62 � 10�6, respec-
tively (Fig. 4(E and F)). Buffer washing with buffer solution of
equivalent pH yielded minimal effect on the adlayer properties;
however, the Voigt thickness decreased significantly from 3.6 nm
to 2.5 nm. Similarly, buffer exchange to pH 7.5 buffer solution
resulted in minimal effect with final frequency and dissipation
shifts at �5.2 Hz and 2.29 � 10�6, respectively, while the Voigt
thickness decreased slightly to 2.3 nm. A minimal effect of the buf-
fer washing process indicated that the HA molecules were strongly
adsorbed onto the surface, however, the high dissipation shift sug-
gested otherwise.

To summarize, the carboxylic acid-functionalized surface pro-
moted significant adsorption for all the pH conditions used in the
experiment, in contrast to silicon oxide. However, the degree of
adsorption, indicated by the frequency and dissipation shifts, was
noticeably lower than that on the amine-functionalized surface.
Under acidic conditions, stronger adsorption on the carboxylic
acid-functionalized surface occurred while at alkaline conditions,
adsorption was generally weaker, although the assembled HA thin
films were less perturbed by the buffer washing processes. In gen-
eral, adsorption kinetics onto the carboxylic acid-functionalized
surface was similar to those on the other two substrates, with
the initial adsorption step forming a relatively thick and viscoelas-
tic adlayer. However, the buffer washing processes yielded several
unique kinetics, especially for the HA thin films at acidic condi-
tions, while a more conventional kinetics, as observed in the other
two substrates, occurred at alkaline conditions. The final assem-
bled HA thin films were generally thicker and more viscoelastic
at acidic conditions. Interestingly, the final HA thin film remained
viscoelastic for assembly at all pH conditions.
3.2. Morphology of supported HA layers

AFM was utilized to analyze the surface topography and rough-
ness of the HA adlayers assembled on different substrates at differ-
ent pH conditions. For each substrate, AFM measurements were
performed on both the bare surface and the HA-coated surface
after the buffer exchange of HA layer adsorbed at two different
pH conditions, representative of strong and weak adsorption as
derived from the QCM-D results (Figs. 2–4). The bare silicon oxide
surface (Fig. 5A) exhibited a smooth uniform surface with low
roughness. After the complete assembly of the HA layer at both
pH 4 and pH 2, the surface roughness increased to a comparable
extent. However, the AFM images of HA layers adsorbed at the
two representative pH conditions revealed different surface topog-
raphy. A homogeneous and uniform HA layer covered the surface
when HA adsorption was performed at pH 4, where significant
QCM-D frequency shifts indicated strong adsorption (Fig. 2). In
contrast, HA adsorption at pH 2, where a lower QCM-D frequency
shift was recorded, resulted in non-uniform surface coverage with
several small white spots, presumably indicating HA self-aggre-
gates with thicknesses exceeding 10 nm. The non-uniform surface
topography of the HA layer assembled at pH 2 was similar to the
surface topography of the HA layer adsorbed onto a silica surface
at pH 7.3 and similar ionic strength reported earlier [38]. Since
our QCM-D results identified pH 7 (Fig. 2A) as a case of weak
adsorption, the surface topography of the HA layer observed there
was consistent with this identification.

Similar AFM images were observed on amine-functionalized
gold. Bare amine-functionalized gold surface (Fig. 5B) exhibited a
smooth uniform surface with low roughness. Surface roughness
increased considerably after HA adsorption at the two pH condi-
tions (6 and 11), indicating the formation of an HA adlayer on
amine-functionalized gold in both cases. The HA layer adsorbed
at pH 6, where the QCM-D frequency shift indicated strong adsorp-
tion, had lower surface roughness compared to the HA layer
adsorbed at pH 11, where weak HA adsorption occurred. The low
surface roughness was consistent with a homogeneous and uni-
form surface exhibited by the HA layer adsorbed at pH 6, in con-
trast to the HA layer adsorbed at pH 11 which exhibited non-
uniform surface features, covered with many white spots of HA
self-aggregates. A similar trend was observed on carboxylic acid-
functionalized gold (Fig. 5C) with an initially smooth, bare surface
with low surface roughness covered with a uniform and homoge-
neous HA layer with higher surface roughness after an HA adlayer
formed at pH 3 in the representative case for strong HA adsorption.
In contrast, the HA adlayer assembled at pH 11, a representative
case for weak adsorption, presented a non-uniform surface covered
with HA self-aggregates and much higher surface roughness.

From the AFM measurements, we conclude that the HA layers,
formed on all three substrates at pH conditions where strong
adsorption occurred, were uniform and globally homogeneous.
On the other hand, for weak adsorption case, the quality of the
assembled HA layer was lower, as evidenced by surface hetero-
geneities and the presence of aggregate-type structures. These
results indicate that the formation of HA layer via direct HA
adsorption at favorable pH conditions is preferred for surface
modification.
4. Kinetic model

As seen above, the specifics of HA adsorption depends on the
substrate properties and pH conditions. Kinetic analysis of HA
adsorption is therefore advantageous in order to clarify the role
of these factors. In general, the corresponding kinetics can be clear-
ly divided into two phases. The first rapid phase is observed during



Fig. 5. AFM characterization of adsorbed HA layers on solid supports. Height mode images are presented for (A) silicon oxide, (B) amine-terminated SAM on gold, and (C)
carboxylic acid-terminated SAM on gold substrate. The complete deposition procedure (adsorption, desorption, regeneration) was performed for each sample before
experiment. For each substrate type, the bare surface of the substrate (left column) is presented along with adsorbed HA layers formed under two pH conditions. The
conditions lead to strong adsorption (middle column) and weak adsorption (right column), respectively, and are based on those reported in Figs. 2–4. For all measurements,
the scan size was 5 lm � 5 lm, and the scale bar is 1 lm. The height of the white dots depicted in some images exceeds 10 nm.
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approximately the first eight minutes after the beginning of
adsorption for the carboxylic acid-functionalized surface, the first
13 min for amine-functionalized surface and the first 20 min for
the silicon oxide surface. During this phase, the amount of
adsorbed HA increases almost linearly and the uptake reaches up
to about 60–75% of the total saturation concentration for strong
adsorption cases and about 5–20% for weak adsorption cases. The
second slow phase occurs on the time scale of about 65 min up
to the replacement of the solution containing HA by the buffer
without HA. During the second phase, the adsorption rate decreas-
es slowly with increasing time. The third phase of the whole pro-
cess is observed after the switch to the buffer without HA.
During this phase, HA partly desorbs from the surface. The impor-
tant finding here is that the decrease of the amount of adsorbed HA
is appreciably lower than the total amount of adsorbed HA. This
indicates that the HA adsorption is mainly irreversible. Even after
buffer exchange to physiological condition, this adsorption is
mainly irreversible as well.

In terms of the conventional phenomenology, we may note that
the two-phase HA adsorption kinetics cannot be explained by the
Langmuirian model with the coverage-independent adsorption
and desorption rate constants or the random sequential adsorption
(RSA) model (with or without diffusion limitations) [44]. Among
more complex potentially suitable models, there are several candi-
dates including: (i) a two-layer model with rapid adsorption in the
first layer and slow adsorption in the second layer, (ii) a model
with strong screened Coulomb lateral macromolecule-macro-
molecule interactions influencing the rates of adsorption and des-
orption, and (iii) a model including reconfiguration of adsorbed
macromolecules. The two-layer model does not seem to be suitable
because HA generally does not aggregate in solution, and the later-
al macromolecule-macromolecule interaction does not appear to
be sufficiently strong in order to form the second layer. The model
including the Coulomb lateral macromolecule-macromolecule
interaction does not seem to be suitable either because this inter-
action is expected to be sensitive to pH, while the experiment indi-
cates that the kinetics are qualitatively similar across a very wide
pH range (from 2 to 12) on the various substrates, including
negatively charged silicon oxide. Excluding these two models, we
focus on reconfiguration of adsorbed macromolecules.

The reconfiguration may occur via different scenarios. In the
case of proteins, for example, it includes adsorption in a native
state with subsequent irreversible denaturation. The kinetics pre-
dicted by the corresponding models [44–46] are, however, differ-
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ent compared to the HA case. In particular, the ratio of the cover-
ages predicted for the two phases, the ratio of their durations,
and/or the kinetics of the second phase are different compared to
those observed for HA. A more suitable scenario includes adsorp-
tion with subsequent reconfiguration induced due to the lateral
macromolecule-macromolecule interaction. In the case of HA, its
molecular structure in solution is believed to exhibit random coil
features [1,3,47]. The details of the structure and its dependence
on pH are, however, not well-defined. Due to the presence of
hydrogen bonds, it may contain fragments similar to a-helical (-
more at higher pH) or b-sheet (more at lower pH) domains in pro-
teins (see Ref. 51 and review [3] of HA molecular structure in
solution). After adsorption at low coverages, HA molecules may
still retain their original protein-like tertiary structure or experi-
ence rapid structural transformation into the denatured nearly
two-dimensional state. With increasing surface concentration,
the first phase of the kinetics can be maintained as long as the cov-
erage is lower than the maximum coverage compatible with the
corresponding structure. With further increase of surface concen-
tration, the incorporation of a newly arrived HA molecule is possi-
ble only if it and the already adsorbed molecules adjust and
reconfigure their shape and build a more compact structure due
to the lateral HA–HA interaction. This interaction, related to the
HA reconfiguration during the second phase of adsorption,
decreases the activation energy for desorption and increases the
activation energy for adsorption. The latter results in slow non-
Langmuirian kinetics of adsorption.

To examine phenomenologically the scenario outlined above,
we introduce the HA bulk concentration, c, the HA surface concen-
tration, C, and the two surface concentrations, C⁄ and Cmax, corre-
sponding to transition from the first phase to the second phase
and to the full saturation, respectively. The evolution of the HA sur-
face concentration is described as:

dC=dt ¼ kaðCÞð1� C=CmaxÞc � kdðCÞC ð1Þ

where (1 � C/Cmax) is the factor taking the effect of saturation on the
adsorption rate into account, ka(C) and kd(C) are the HA adsorption
and desorption rate constants depending on C (due to lateral inter-
action) and defined as:
Fig. 6. Phenomenological model fitting of the HA surface uptake on amine-
functionalized SAM on gold. Fitting was performed for HA adsorption which
occurred under two pH conditions: pH 3 and 6. The surface concentration of
adsorbed HA was calculated by using the Sauerbrey equation (from the third
overtone of the QCM-D signal) for three phases, including the first phase of rapid
initial linear adsorption, second phase of nonlinear adsorption, and third phase of
desorption due to rinsing with the same pH buffer (after 85 min). The region from
65 to 85 min was excluded from fitting due to uncertain flow conditions. The inset
shows the adsorption kinetics for the first 0.5 min of HA adsorption under the two
conditions.
kaðCÞ ¼
k�a for C < C�
k�aexp½�AðC � C�Þm� for C > C�

(
ð2Þ

kdðCÞ ¼
k�d for C < C�
k�dexp½BðC � C�Þn� for C > C�

(
ð3Þ

where k�a and k�d are the constants corresponding to the first adsorp-
tion phase, and n, m, A and B are exponents and positive constants
taking the lateral protein–protein interaction into account.

As an example of the application of the model, we fitted the
kinetics of HA adsorption on the amine-functionalized Au surface.
To obtain the model parameters, we first fit the third phase of the
kinetics (Fig. 6), where only desorption occurred since buffer solu-
tion was injected into the measurement chamber in order to rinse
the HA bulk solution from the system (c = 0). From the fitting, we
identified the values of k�d, B, and n by only considering the near
to linear region at the third phase. Using these parameters, we then
fit the first two phases of the kinetics and determined the other
parameters as shown in Table 1 for HA adsorption on the amine-
functionalized substrate. The values of C⁄ and Cmax can be estimat-
ed from the experimental data from the first and the second phase
of the kinetics. With the values of C⁄, we are then able to estimate
the values of k�a, from the near to linear region at the first phase of
the kinetics. With the knowledge of these previously determined
parameters, c and m were then estimated from the curve fitting
of the second phase of the kinetics.

As shown in Table 1, the dependence of k�a on pH is nearly neg-
ligible (k�a ¼ 400 and 440 min�1 at pH 3 and 6, respectively), while
the effect of pH on k�d is appreciable (k�d ¼ 0:0009 and 0.0028 min�1

at pH 3 and 6, respectively). The saturation concentration para-
meters Cmax were the same for HA adsorption at both pH 3 and
6, while C⁄ at pH 3 was slightly higher than at pH 6. Interestingly,
despite this difference in C⁄, the value of Cmax at saturation are the
same for HA adsorption at both pH 3 and 6.

In analogy with protein or vesicle adsorption, the first phase of
the HA adsorption kinetics is expected to be diffusion-limited. For
our flow conditions, the corresponding HA diffusion flux can be
determined as [48] (for analysis of the diffusion-length, see Sec.
S5 in SI)

J ¼ 3v0D2

ax

 !1=3

c ð4Þ

where v0 is the average flow velocity, D is the diffusion coefficient, a
is the cell size in the direction perpendicular to the wall adsorbing
HA, and x is the coordinate along the channel (x = 0 corresponds to
the boundary between the areas uncovered and covered by HA).

In the bulk of our experiments, the carrier flow was 100 ll/min.
To scrutinize the role of the diffusion limitations in the kinetics of
HA adsorption, we performed additional experiments for HA
adsorption on the amine-functionalized Au surface with the carrier
flow of 45 ll/min at pH 3 and 6 (Fig. 7). For both pH conditions, the
initial HA adsorption rate was noticeably lower at lower flow rate,
and therefore it took more time to reach the transition point, C⁄,
from the first to the second phase. The change in the initial adsorp-
tion rate was not exactly proportional to what is predicted by Eq.
(4) because the Q-Sense E4 QCM-D chamber does not have a slab
shape; however, the decreasing trend was the same for all experi-
ments. Interestingly, when HA adsorption was performed at lower
flow rate, the difference between the adsorption rate at pH 6 and
pH 3 was more prominent compared to adsorption at higher flow
rate. In particular, the time duration required to reach saturation
concentration at pH 6 and 3 differed more significantly at the low-
er flow rate of 45 ll/min, compared to the higher flow rate of
100 ll/min. This observation may be explained by the admitting



Table 1
Kinetic parameters for HA adsorption onto amine-functionalized SAM on gold. Model parameters obtained from fitting the experimental data, as presented in Fig. 6, are reported.

k�a (min�1) A (cm2 ng�1) m k�d (min�1) B (cm2 ng�1) n Cmax (ng cm�2) C⁄ (ng cm�2) c (ng cm�2)

pH 3 400 2.65 0.103 0.0009 0.00008 1 670 285 2.0
pH 6 440 1.95 0.140 0.0028 0.00008 1 670 250 2.0

Fig. 7. Comparison of flow rates for HA adsorption onto amine-functionalized SAM
on gold. The surface concentration of adsorbed HA was calculated by using the
Sauerbrey equation (from the third overtone of the QCM-D signal) and is presented
as a function of time for different experimental conditions. Experiments were
performed at two flow rates, 45 and 100 ll/min, for HA adsorption under two pH
conditions: pH 3 and 6.
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that the reconfiguration of adsorbed HA occurs on the time scale
comparable to that of adsorption.
5. Discussion

In this section, we discuss the effects of pH on the substrate
properties in order to understand the basis for the differences, with
silicon oxide as the main example. HA adsorption onto surfaces is
understood to be controlled by hydrogen bonding [33] and inter-
molecular electrostatic interactions between HA monomers and
the substrate and between individual HA monomers [3,34,38].
Under very acidic conditions (pH 2 � 3), the silanol groups on sili-
con oxide are protonated [11], resulting in a low positive charge
density (IEP = 3.9) [40]. Similarly, at pH 2 � 3, the majority of func-
tional groups on HA molecules are expected to be protonated and,
therefore, each HA monomer has low negative charge density (IEP
of HA is around 2.5) [5,49]. As a result, there is negligible electro-
static attraction between silicon oxide and HA monomers. Further-
more, intermolecular hydrogen bonding interactions between
silicon oxide and HA monomers in this pH range may possibly be
opposed by local electrostatic repulsion among the protonated
amide groups of HA [5] and the protonated silanol groups [11].
Hence, the combination of these factors may result in less attrac-
tive interactions between silicon oxide and HA leading to negligi-
ble adsorption. In contrast, at pH 4 and 5, silicon oxide is weakly
charged (IEP = 3.9) [40], while at the same pH range, the carboxylic
acid groups (pKa � 3.21) [4,5,36] of HA become deprotonated
while hydroxyl (pKa � 10–12) [2,5] and amide groups
(pKa � 7 � 10) [20] remain mainly protonated. As a result, hydro-
gen bonding interactions between silicon oxide and HA stabilize
HA thin film adhesion on the surface. As the HA solution becomes
increasingly alkaline (pH > 5), silicon oxide becomes increasingly
negatively charged. Similarly, the functional groups of HA are
increasingly deprotonated with increasing pH of the solution,
resulting in net negative charge. The resultant strong electrostatic
repulsion between HA and the silicon oxide surface leads to
negligible HA adsorption at pH 6 onwards, consistent with the
frequency shifts (Fig. 2A). A similar interplay between electrostatic
and hydrogen bonding interactions is expected to govern
HA adsorption onto the amine- and carboxylic-functionalized
gold.

For amine-functionalized Au surfaces, the majority of the amine
groups of the AUT SAM are protonated under acidic conditions
(pKa � 7.5) [50], resulting in hydrogen bonding between the func-
tional groups of HA and the surface, aided by electrostatic attrac-
tion between the positively charged surface with the weakly
negatively charged HA. This is consistent with significant HA
adsorption onto the amine-functionalized gold at pH 6 7
(Fig. 3A). As the HA solution becomes increasingly alkaline
(pH > 7), the amine groups on the Au surface and the functional
groups of HA became increasingly deprotonated and negatively
charged, resulting in increasing electrostatic repulsion, which in
turn leads to decreasing degree of HA adsorption, as observed from
the frequency shift data. For the carboxylic acid-functionalized Au
surface, at low pH conditions, the carboxyl acid groups on the Au
surface are protonated (pKa � 6.1) [51] and therefore, favor hydro-
gen bond-driven HA adsorption onto the surface, leading to sig-
nificant HA adsorption in this pH range (see Fig. 4A). As the pH
increased, both the carboxyl acid groups on the surface and func-
tional groups of HA became increasingly deprotonated and
negatively charged, leading to stronger electrostatic repulsion. As
a result, HA adsorption onto the carboxylic-functionalized gold
surface decreased with increasing pH of HA solution, consistent
with the QCM-D frequency shift result. The higher HA uptake on
the amine-functionalized surface compared to the carboxylic-func-
tionalized surface may be attributed to stronger hydrogen bond
interactions on the former. Indeed, the hydrogen bonding ability
of carboxyl functional groups is known [52] to be relatively weak
in polar solvents. Furthermore, in the protonated state, amine
groups are positively charged and therefore, experience electro-
static attraction with adsorbing HA, while protonated carboxylic
acid groups are neutral. Electrostatic attraction provides an impor-
tant driving force for HA adsorption and consistent with higher HA
uptake on the amine-functionalized surface at all pH conditions
from pH 2–12.

The difference in the degree of HA adsorption at different pH
conditions can also be understood from the perspective of the
influence of pH on the acid-base equilibria of HA molecules. Burke
and Barrett [34] demonstrated that adsorption of HA molecules on
the substrate resulted in the interaction of HA molecules with dif-
ferent charges on the surface, which in turn resulted in the pKa

shift of HA molecules. The shift in the pKa value due to the shift
in pH or ionic strength indicates the change in charge density
and therefore, influences the conformation adopted by the adsorb-
ing HA molecules. At lower pH values, fewer of the functional
groups in HA molecules are dissociated or ionized. As a result,
HA molecules are weakly charged which reduces the inter-
molecular electrostatic repulsion between HA molecules [34,53].
At higher pH values, more functional groups are dissociated or ion-
ized which increases the charge density resulting in higher degrees
of electrostatic repulsion competing against attractive hydrogen-
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bond interactions. As a result of greater intermolecular repulsion,
HA molecules adopt a more extended conformation and reduce
the degree of HA adsorption on the surface [34,53].

6. Conclusion

In this study, we have investigated the effects of pH on the
adsorption kinetics and degree of adsorption of HA on three sub-
strates. Our experiments clearly indicate that for all the substrates
in general and especially at optimal adsorption conditions, the
adsorption process can be divided into three distinct phases: (i)
linear increase of the HA coverage; (ii) decelerating adsorption rate
until reaching saturation of the overlayer, including surface recon-
figuration; and (iii) rinsing-induced desorption of weakly adsorbed
HA. At the end of the latter phase, a significant amount of HA
remained on the surface which indicates that HA adsorption was
mainly irreversible. The first and second phases were sensitive to
the flow rate due to the effect of HA diffusion on the adsorption
rate. Our mean-field kinetic model described all these features.
Interestingly, quantitative features of HA adsorption kinetics were
strongly dependent on the substrate type. Silicon oxide was found
to be generally unfavorable for HA adsorption, with the exception
at pH between 4 and 5. In contrast, both amine- and carboxylic
acid-functionalized Au surfaces were more favorable for HA
adsorption, since appreciable HA coverage was observed at most
pH conditions. The effect of pH on the degree of adsorption is
explained in terms of the corresponding change in the degree of
ionization or protonation of functional groups on HA and the sur-
face, which in turn influences the hydrogen bonding and electro-
static interactions governing HA adsorption. AFM imaging
showed that HA self-assembly at pH conditions promoting strong
adsorption produced homogeneous and smooth HA thin films, in
contrast to inhomogeneous and rough thin films produced at pH
conditions where weak adsorption occurred. In summary, our
results extend the understanding of physicochemical background
for fabrication of supported HA thin films and their use in surface
modification applications.
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