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Quartz crystal microbalance with dissipation monitoring
(QCM-D) was used to investigate dextran adsorption

to alumina and silica. Sensitive adsorption measurements
combined with determination of nanometer-scale polymer
conformations demonstrate the utility of this technique for
studying biopolymer adsorption. The adsorbed amounts
and polymeric structures of dextran were determined on
Al,03 and Si0 by real-time monitoring of resonance frequency
and energy dissipation changes (Af and AD). After the
sample was rinsed, the apparent mass of retained dextran
was 83 ng/cm? on the alumina surface and 9 ng/cm? on
the silica surface based on the frequency and energy
dissipation changes. The AD/Af ratios were significantly
different on the two surfaces, indicating different
conformations of the polymers. On alumina, the ratio
changed as adsorption proceeded indicating changes of
dextran conformation from the initial to latter adsorption
steps. On silica, the ratio did not change during the
experiments. Therefore, the dissipation and frequency
data suggest significantly different mechanisms of dextran
adsorption on alumina and silica surfaces. Molecular
dynamics simulations of 12 monomeric units of dextran on
a silica slab illustrated that H,0 molecules lead to

loosely bound dextran structure onto the SiO; surface,
consistent with the observed high-energy dissipation in the
QCM-D experiments.

Introduction

Interaction of extracellular polymeric substances (EPS),
mainly secreted by microbes (1), with mineral surfaces is an
issue in bacterial adhesion, biofilm formation, mineral
dissolution, sediment stabilization, and biomineralization
(2—5). Adsorption of EPS to mineral surfaces has environ-
mental significance because the adsorbed EPS can change
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physicochemical properties of mineral surfaces and affect
interactions with pollutants. EPS are accumulators of chlo-
rinated aromatic hydrocarbons (6) and heavy metals (7, 8).
EPS can immobilize Fe from the water column by forming
Fe-hydroxide precipitates in acid mine drainage (9). EPS can
also enhance mobilization of heavy metals and chlorinated
hydrocarbons in soils and aquifers (10—12). Therefore,
characterization of polymer adsorption to minerals is neces-
sary to understand the effect of EPS on contaminant
distribution in subsurface environments.

One widely used technique to measure polymer adsorp-
tion is batch or column isotherm experiments (13, 14), which
determine the amounts of polymer adsorbed by comparison
of solution concentrations before and after adsorption. Batch
experiments can involve significant uncertainties when
polymers show low affinity to surfaces because of the low
sensitivity on adsorbed mass determination. In low-affinity
cases, quartz crystal microbalance (QCM) measurements can
be useful. QCM can quantify relatively low levels of adsorption
(e.g., ng/cm?) with real-time monitoring (see refs 15 and 16
for review). Recently, this QCM technique has been used in
environmental studies to detect specific organic compounds
mainly due to the high sensitivity on adsorbed mass (17, 18).

In addition to isotherms, information on adsorbed
polymer conformations is essential to characterize the
interactions of polymers with mineral surfaces, because
structural changes of the polymers can affect sorption
behaviors of contaminants to the polymer-coated surfaces
(19—21). IR spectroscopy has been used to identify respon-
sible functional groups and to obtain structures of polymers
interacting with mineral surfaces (14, 22, 23). However, it is
difficult to obtain conformations of polymers away from the
surface from IR techniques alone. Furthermore, IR spec-
troscopy often needs concentrated samples to achieve
significant signal-to-noise ratios.

QCM with dissipation monitoring (QCM-D) can provide
information on conformational changes of polymers as well
as the mass above the solid/water interface (24). QCM-D has
been used to characterize thicknesses (25), conformational
changes (26), and water content of polymer films adsorbed
to surfaces (27). The surfaces used in biochemistry studies
have been mostly gold, TiO,, or methyl-terminated surfaces
rather than the oxide surfaces that are commonly found in
the subsurface environments. In this study, the sensor crystal
electrodes were coated with Al,Os; and SiO, oxide films to
approximate mineral surfaces.

The goals of this study were to examine kinetics of dextran
sorption/desorption and to characterize the structure of the
adsorbed polymer films on alumina and silica surfaces using
QCM-D. The interpretation of the dextran-silica system was
complemented with molecular dynamics (MD) simulations.
Nearly uncharged dextran (a polysaccharide consisting
mainly of glucose 1,6-o-linkages) was chosen as a starting
model for an EPS component as it is an important extra-
cellular microbial polysaccharide (28). Because this neutral
polysaccharide is known to form weak interactions with silica
surfaces (14, 29), a relatively small amount of adsorption is
expected as a test of the sensitivity of the QCM-D technology.

Materials and Methods

QCM-D Experiments. QCM-D technology is described
elsewhere (30). The general QCM principle is to apply an AC
voltage in the MHz range across an AT-cut piezoelectric
quartz crystal and to record the resonance frequency of the
crystal. In QCM-D, the AC voltage is pulsed to monitor the
damping or “ring-down” of the crystal oscillation.
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QCM is traditionally used to determine the mass adsorbed
onto an oscillating quartz crystal with a linear relationship
of adsorbed mass (Am) of a material with resonance
frequency change (Af) of the crystal, normally referred to as
the Sauerbrey equation (31),
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where Cqycwm is the mass sensitivity constant (17.7 ng/cm?/Hz
at f=5 MHz), n is the overtone number (1, 3, 5, ...). On the
basis of this relationship, a decreasing resonance frequency
corresponds to a proportional mass uptake on the sensor
crystal surface. The conditions for this relationship to be
valid are as follows:

(i) the adsorbed mass is evenly distributed on the crystal,

(ii) the mass is much smaller than the crystal mass itself,
and

(iii) the mass is rigid enough not to deform during the
crystal oscillation.

Thus, for soft and viscoelastic materials, the linear
relationship between frequency and mass is not necessarily
valid (32—36) because the materials do not fully couple to
the crystal oscillations.

From the decay of the crystal oscillations in a QCM-D
experiment, the energy dissipation (D, dissipation factor) is
simultaneously monitored to obtain viscoelastic properties
of the material by
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where Egissipated i the energy lost during one oscillation, and
Esored is the energy stored in the oscillating circuit. More
dissipation to a material occurs when the adsorbed material
deforms during oscillation. Soft materials adsorbed on a
crystal surface give a higher D factor, whereas rigid materials
produce a lower D factor.

Beyond the limitation of the Sauerbrey equation (eq 1),
the Voigt-based viscoelastic model (34—35) has been used
to obtain more accurate adsorbed mass. In the Voigt-based
model, Af and AD are related to physical parameters of an
adsorbed film (thickness, viscosity, shear modulus, and
density). Hence, the viscoelastic parameters and mass of the
adsorbed film can be determined by fitting with the
simultaneously measured Af and AD at multiple overtones.

The AD/Afratio gives information on how much energy
is dissipated by a material for a unit change in the frequency
(26). For example, a high AD/Af ratio corresponds to a
relatively nonrigid open structure, whereas a low ratio
corresponds to a stiffer, more compact structure where the
adsorbed mass induces relatively low-energy dissipation. In
this study, use of the Voigt-based viscoelastic modeling to
estimate the adsorbed effective dextran mass is justified
because the AD/Af ratio was relatively high.

Vapor deposited Al,O; and sputtered SiO, onto 5 MHz
AT-cut quartz sensor crystals (14 mm diameter disks; Q-Sense,
Gothenburg, Sweden) were used to represent two different
mineral surfaces. Both surfaces were verified to have the
correct composition by X-ray photoelectron spectroscopy
(XPS) and the Al,O3 with time-of-flight—secondary ion mass
spectrometry as well. The structures of these vapor-deposited
films were not and unlikely to be equivalent to a-quartz or
a-Al,O3; hence, we contrast adsorption data based solely on
composition. The SiO,-coated crystals were cleaned in
sodium dodecyl sulfate (4%) for 30 min. Crystals coated with
Al,O3 were sonicated in ethanol for 15 min. Both surfaces
were exposed to UV/ozone treatment for 10 min to ensure
full oxidation. Dextran (MW ~ 66.7 kDa Sigma Aldrich D-4751)
was diluted in 10 mM NaCl to a series of concentrations at
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ca. pH 6 (not buffered to avoid signal interference via
adsorption of the buffer): approximately 10, 20, 50, and 100
(6.67 mg/mL) uM.

The QCM-D experiments were conducted with the
Q-Sense D300 (Q-Sense, Gothenburg, Sweden) and the QAFC
302 Axial Flow Chamber (Q-Sense, Gothenburg, Sweden) at
22 °C coupled to a peristaltic pump, using 100 xL/min flow.
When the adsorption of dextran reached saturation at a
particular concentration of the polymer, the higher con-
centration of dextran was successively flowed over the coated
sensor crystals. When the highest concentration dextran (100
uM) reached saturation, the surfaces were rinsed with 10
mM NacCl solution (pH ~ 6).

Frequency and dissipation changes at the fundamental
frequency and three overtone harmonics (n =3, 5, and 7 at
15, 25, and 35 MHz, respectively) were simultaneously
monitored. The data points were sampled at a rate of
approximately 50 Hz but were averaged to obtain one data
point per resonant frequency per second. The adsorbed mass
was estimated with the viscoelastic model (34,35). The
software Q-Tools (Q-Sense, Gothenburg, Sweden) was used
to analyze the data.

Molecular Dynamics. A model SiO, surface was generated
by cleaving the (0001) surface of a-quartz from the experi-
mental coordinates using the Surface Builder module of
Cerius? (Accelrys Inc., San Diego, CA). Hydrogen atoms were
added to satisfy the valence of the surface oxygen atoms and
to create an electrostatically neutral slab of 30 x 30 x 12 A3,
This surface should be similar to real SiO, surfaces in solution
because a recent XPS study on quartz surfaces has shown
that the predominant surface species of quartz is neutral
=Si—OH in ambient solution pH (37). However, the SiOH
density of this surface is higher than the observed values.

A dextran molecule of 12 monomeric units was built using
Cerius? (Accelrys Inc., San Diego, CA) based on the known
structure (1,6-a-linkage glucose) and energy minimized in
the gas phase with the COMPASS force field (38).

MD simulations were performed using Cerius? (Accelrys
Inc.). MD simulations on the dextran in the gas phase were
performed for 10 ps (107!2 sec) to obtain a structure that was
juxtaposed onto the model silica surface. To investigate the
role of water in the interactions between dextran and the
silica surface, 877 H,O molecules were added on top of the
dextran/SiO, model from a box of 27 x 27 x 40 AS. The
distance between the bottom of the H,O box and the top of
the SiO, model was approximately 10 A. The positions of the
all atoms of the model silica surface were fixed, and
nonperiodic boundary conditions were used to speed up the
simulation process and allow for the maximum number of
steps. A time step of 1 fs (107'° sec) and the Nosé—Hoover
thermostat (39) with 300K temperature were used in the NVT
MD simulations using the COMPASS force field. The total
length of the simulation was 1 ns (107 sec, 1 million time
steps).

Results

Measured Frequency (f{f)) Data. The patterns of the
frequency change (Af) with time on both surfaces were similar
(Figure 1). When higher concentrations of dextran were
injected sequentially, the resonance frequency continued to
decrease. Near steady-state Afvalues for each concentration
were reached within approximately 10—20 min. Rinsing the
surfaces with 10 mM NaCl solution significantly increased
the resonance frequencies.

The magnitude and kinetics of the Afvalues were different
on the two surfaces, especially in the initial phases of
adsorption and rinsing. At the concentration 10 M, the
frequency changed by —3.0 Hz on the Al,O3 surface and —0.5
Hz on the SiO, surface within 5 min. In the rinsing steps, the
Al,O3 surface had a slower desorption rate than the SiO,
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FIGURE 1. Frequency changes (Af) with time on Al,0; and Si0,
surfaces. The black line is for dextran on the Al,0; surface, and the
gray line is for dextran on the Si0, surface. The small peak in the
end of each plateau of Afcorresponds to an injection of different
concentration solution of dextran (10, 20, 50, and 100 zM). Arrows
indicate the start of surface rinsing. Inset: Afwith time during the
first adsorption steps on the two surfaces.
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FIGURE 2. Dissipation change (AD) with time on Al,0; and Si0,
surfaces. The black line is for dextran on the Al,0; surface, and the
gray line is for dextran on the Si0, surface. Arrows indicate the
start of surface rinsing. Inset: AD with time during the first
adsorption step on the two surfaces.

surface: the frequency leveled out on —2.5 Hz for the Al,O3
surface after 85 min of rinsing, whereas the frequency
returned to —0.5 Hz after 3 min of rinsing for the SiO, surface.
Atthe 100 uM concentration, Afwas —13.4 Hz for the alumina
and —4.7 Hz for the silica surfaces.

Measured Dissipation (D(f)) Data. The time-resolved
behaviors of the dissipation (D) factor of both surfaces were
similar (Figure 2). The D factor increased rapidly with each
injection of higher concentration and reached a saturation
stage. However, the dissipation on the alumina surface was
higher than on the silica surface during each adsorption step.
No residual dissipation change (AD) was observed on the
silica surface after rinsing, but the alumina surface showed
a residual AD of approximately 1 x 1076 after the 85 min
rinsing.

AD vs Af Plots. Comparison of AD and Af data can
provide insight to understand the differences in adsorption
behaviors such as structural developments during adsorption
(26). The plots of AD against Af showed different patterns
between the two surfaces both in shape and in terms of the
AD/Afratio (Figure 3). Several regimes with different AD/Af
slopes were observed on the Al,O3 surface, whereas one AD/
Af'slope was observed on the SiO, surface. In addition, the
AD/ Af'slope for the silica surface was steeper than the ones
observed for the alumina surface during adsorption.
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FIGURE 3. Plots of AD versus Af of adsorbed dextran on two
surfaces. The black line is for dextran on the Al,0; surface, and the
gray line is for dextran on the Si0;, surface. Arrow lines guide
changes of the AD/Afratio during adsorption on the Al,0; surface.
Inset: AD versus Af during the first adsorption step on the two
surfaces.

The AD/Afratio on the Al,O3 surface can be divided into
at least two regimes during the initial adsorption step using
10 uM dextran (from Af =0 to —3.0 Hz): a slope with high
ratio and a plateau with lower ratio (Figure 3). For subsequent
additions of dextran to the Al,Os surface, the AD/Af ratio
increased after the plateau and became approximately the
same as the slope of AD/Af ratio for the silica surface.

Discussion

Adsorbed Amount of Dextran. The response to the adsorbed
dextran showed the high sensitivity of the QCM-D technique
and its comparability to existing batch experimental tech-
niques. The effective mass of adsorbed dextran on Al,O3 was
estimated using the viscoelastic model (34,35) for the QCM-D
as 112 ng/cm? after the first adsorption step and 775 ng/cm?
at the highest concentration used in this study. For SiO,, the
adsorbed mass was 39 ng/cm? after the initial adsorption
step and 550 ng/cm? at the last adsorption step before rinse.
The residual dextran after final rinsing was estimated to be
83 ng/cm? on the Al,O5 surface and 9 ng/cm? on the SiO,
surface. Previous batch adsorption experiments (14) reported
that maximum surface coverage of dextran (MW 80 kDa)
was approximately 28 ng/cm? on Al,Os particles (BET surface
100 m?/g), but the coverage on SiO. particles was below the
detection limit.

Use of the Sauerbrey equation (eq 1) for the last adsorption
step would predict that the mass was 3.1 times lower for the
Al,O5 surface (245 ng/cm? instead of 775 ng/cm?) and 6.6
times lower for the SiO,. This is a large deviation from the
Sauerbrey equation but is reasonable as the AD/Af ratio is
high for these two cases. The difference between the two
surfaces is also reasonable as this ratio was higher for SiO,
than for Al,Os, indicating that the film is softer and should
therefore cause a larger deviation from the Sauerbrey
equation. This example highlights the importance of using
a viscoelastic model when quantifying hydrated macro-
molecular thin films when using QCM-D.

The higher uptake of dextran in the QCM-D experiments
compared to the batch experiments can be attributed to water
adsorbed and trapped inside dextran on an oscillating sensor
crystal. Note that the mass of adsorbed dextran in QCM-D
experiments corresponds to polymer adsorbed onto surfaces
plus water coupled to the adsorbed polymer. Because all
mass coupled to the oscillation of the crystal will be detected
as a change of the resonance frequency, the Af includes
bound or trapped liquid molecules within the adsorbed film/
material when one side of the oscillating sensor crystal is
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FIGURE 4. MD simulation snapshots (A) at 10 ps and (B) at 1 ns. For visualization purposes, the gray network represents a model Si0,
slab, and small curved rods represent H,0 molecules. Note that solid arrows indicate tails of dextran takes off the surface. Small dotted
lines show possible H-bonds on the surface. Inset: a closer look of interactions on the surface.

immersed in liquid media (36, 40). For example, the H,O
molecules surrounding the dextran model in Figure 4 (at the
1 ns simulation time) would contribute to the Af. Thus, the
mass obtained by a QCM crystal immersed in liquid is
“effective mass” rather than a mass of only the adsorbed
polymers, which is generally obtained by batch adsorption
experiments and optical techniques such as ellipsometry.
This effective mass of adsorbed film including water has been
shown to up to 20 times higher (corresponding to 95% water
content in the film) than the molar mass of the molecules
forming the film (ref 36 and references therein).

The higher adsorption of dextran on alumina compared
to silica may be attributed to the difference in hydroxyl group
density on mineral surfaces as well as the difference in
interaction strengths of hydroxyl groups between dextran
and mineral surfaces associated with water molecules.
Differences in the adsorption amount of organic compounds
on hematite and kaolinite in batch adsorption experiments
have been explained by the difference in distribution of
hydroxyl groups on the mineral surfaces associated with ionic
strength (19); and secondary ion mass spectrometry study
has shown that density of surface hydroxyl groups is a major
factor in determining adsorption of organic compounds to
coated metal-oxides surface (41). The trends that mineral
surfaces with high isoelectric point tend to adsorb more
polysaccharides than quartz has been explained by the
relative difference in acid/base interaction strength between
hydroxyl groups (42).

Conformational Changes During Adsorption. The plot
of AD versus Af (Figure 3) shows that the energy dissipation
patterns during the initial adsorption step were different
between the alumina- and silica-coated crystals for the same
amount of dextran introduced. The dissipation shifts (AD)
were different by up to a factor of 2 between the surfaces
throughout the measurements, whereas the frequency shifts
(Af) differed by up to 6 times during the initial steps. These
differences imply that the interactions and conformations of
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dextran are different on the Al,O; surface compared to the
SiO, surface.

The constant silica AD/Af'ratio (Figure 3) indicates that
the viscoelastic properties of dextran were independent of
the concentration. Dextran adsorbed to silica in a single-
phase manner where the interactions between the dextran
and the silica surface were similar to dextran—dextran
interactions. Therefore, the silica surface is hypothesized to
not change dextran conformation significantly from the
conformation taken in solution.

The overall gradual increase of the AD/Af ratio on the
Al,0O5 surface (Figure 3) indicates that the alumina surface
affected dextran conformations and led to conformational
changes during adsorption. The increase of the AD/Afratio
as adsorption proceeded can be interpreted as dextran settled
down in a relatively packed structure during the first step
followed by adsorption of more viscous and loose dextran
layers. In the later adsorption steps after Af= —3.0 Hz, the
AD/Afincreased to the high ratio on the SiO, surface. This
indicates that the viscoelastic properties of dextran on the
alumina surface during the later adsorption steps were similar
to the properties of dextran interacting with silica surfaces,
implying that the effect of the surface was not as significant
as during the initial adsorption step.

The decrease of the AD/Afratio for the Af= —1.5 Hz to
Af= —3.0 Hz range on the Al,O3 surface (Figure 3) revealed
that dextran experienced at least two different adsorption
processes on the alumina surface during the initial adsorption
phase. The higher AD/Afratio from Af=0Hz to Af=-1.5
Hz corresponds to dextran adsorption with nonrigid and
open structures. Then, the lowering ratio relates to more
rigid and compact structure due to more individual dextran
attachments to the alumina surface.

Description of Conformations. Structures of polymers
(e.g., polyelectrolytes) adsorbed onto surfaces have been
described with relative positions of polymer segments from
the surfaces (e.g., trains, loops, and tails) (43—45), and the



loops are mostly responsible for mass of polymers covered
on surface (44). On the basis of this description, dextran on
the alumina surface would have a greater number of loops,
and dextran on the silica surface would be relatively flat with
fewer loops and longer tails, which trap more H,O molecules
on the silica surface.

MD Simulations. Polysaccharides are generally regarded
to interact with silica surfaces mainly via H-bonding (14, 42,
46). H.O molecules, however, can interfere with the H-
bonding of dextran to the silica surface and lead to a loosely
bound structure. The H,O—silica H-bonding may cause fewer
H-bonds to form between dextran and silica. Therefore,
during the initial adsorption stage dextran carries many H,O
molecules inside its structure, and H,O molecules occupy
most H-bonding sites on the silica surface. This explanation
was tested with MD simulations.

The MD simulations were begun with dextran in contact
with the silica surface. As the simulation started, the H,O
molecules moved down and hydrated the dextran model.
Some of the H,O molecules began to interact with silica
surface after approximately 50 ps. The MD simulations at 1
ns showed H,O molecules were widely distributed within
the dextran model and between the dextran and silica surface
models (Figure 4). H,O molecules made the end portions of
the dextran model detach from the surface and protrude
into the surrounding water droplet.

The simulated H,O behavior at the interface is similar to
results of a recent neutron reflectivity study, in which water
absorption by hydrophilic polymers on silicon wafers exposed
to a UV ozone (creating a silicon oxide layer) leads to water
accumulation at the interface (47). As expected, the dextran
model was hydrated with H,O molecules, and the silica
surface model formed most of the H-bonds with H,O
molecules rather than with the dextran model.

The use of 12 monomeric units for dextran and 1 ns of
simulation are insufficient to completely sample the con-
formational space of adsorbed dextran. The relaxation time
of polymers in QCM is approximately 10—100 ns because
the crystal oscillation frequency is in the 105—107 Hz range
(27), but this length of simulation is impractical for us at this
time. Nevertheless, snapshots of the current MD simulations
clearly shows that dextran takes aloose and swollen structure
due to hydration of H,O molecules (Figure 4B) compared to
a structure without H,O molecules (Figure 4A).

The description of the dextran—silica system by MD
simulations is consistent with a previous atomic force
microscopy study, in which swelling features of dextran were
observed through images and force curves (48). The high
content of H,O molecules inside the dextran model and the
detachment of the dextran tails are consistent with inter-
pretation of the resonance frequency and dissipation data
on silica collected in this study.

In summary, this study showed that dextran can have
significantly different adsorption and desorption behaviors
depending on the mineral surface to which it adsorbs. More
dextran adsorbed to the alumina surface than to the silica
surface. The desorption rate, time taken for rinsing of dextran
until no desorption of dextran is observed, was much slower
on the alumina surface than on the silica surface. For similar
amounts of dextran adsorbed to each surface, the confor-
mations during the adsorption process continuously changed
on the alumina surface, whereas the dextran conformation
on the silica surface was constant.

The different adsorption and desorption behaviors of
polymers adsorbed to mineral surfaces are likely to have
significant effects on the fate of contaminants in soils and
groundwater aquifers. In particular, recent X-ray standing
wave studies have suggested that chemical properties of
organic films are key factors to determine distribution of
heavy metals at biofilm/mineral interfaces (49,50). The

current QCM-D study implies that conformations of thin
polymer film depending on mineral surfaces would be
another important characteristic of biofilms in partitioning
of pollutants at the interfaces.

The QCM-D technique is promising in diverse environ-
mental and biogeochemical studies due to its high sensitivity
(ng/cm?) of adsorbed mass and longer range structural
information in real-time in combination with its flexibility
with substrate material. For example, slow desorption of
organic molecules from soils has been regarded as a rate-
limiting step in biodegradation and bioremediation (51).
Thus, recognition and characterization of the slow desorption
process have been important to help bioremediation plans
(52). QCM-D could be useful for slow sorption/desorption
kinetic studies of organic materials. Fruthermore, a few
previous studies have shown the successful application of
QCM techniques to adsorption studies of bacteria (53),
oxoanions (e.g., phosphate and arsenate (54)), and heavy
metal ions (e.g., Pb(II) (55)). Therefore, QCM-D is expected
to be a useful technique to study EPS, microbes, natural
organic matter, and pollutant interactions with surfaces by
complementing other experimental techniques such as batch
experiments and IR techniques.
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