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Abstract

Electrical impedance analysis has been used to study anti-human immunoglob@imi® 1gG adsorption and
the subsequent human immunoglobulin(ligG) or rabbit immunoglobulin GrigG) affinity reaction in aqueous
liquids on a polystyren€PS)-modified quartz crystal microbalan€®CM) surface. Time-dependent adsorption data
of both the frequency shift and the electrical equivalent paraméitedional resistance, shunt capacitance, quality
factor, eto are monitored. It was found that the motional resistam;encreases while the resonance frequerfgy,
decreases during both the anti-h IgG immobilization and the subsequent affinity process. Decfepsingrily
arises from the increased mass loading. Increaginipdicates more power dissipatiofincreased lossésin the
system. The change in motional resistant®, in the affinity reaction is considerably larger than that in anti-h 1gG
immobilization adsorption process, although the resonant frequency ifftare very close in these two processes.
Specifically, for a saturated solution, the ratio AR/Af is 9.45x10°2 Q/Hz for anti-h 1gG adsorption and
28.1x107® Q/Hz for anti-h IgG/hlgG binding respectively, indicating the increased power dissipation with the
increasing binding molecules. The shunt capacitance changes little in the higG binding gre€e8% pP. © 2002
Elsevier Science B.V. All rights reserved.
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1. Introduction mass loading below 1 ngm? can be determined
[2,3]. Although originally used as mass detectors

The quartz crystal microbaland®CM) is an  for solid thin films, an important new application

ultra-sensitive weighing device. For a quartz crys- was demonstrated by Nomura et #] showing

tal oscillating in the thickness shear mode, the that the QCM can be operated in liquid, preferably

Sh|ft IN resonance frequency IS |Ineal’|y I’e|a'[ed to |n an arrangement Where 0n|y one face Of the

the loading mass by the well-known Sauerbrey cysial is exposed to the liquid and the other to

equation[1]. By measuring the resonant frequency, e gas phase. This has led to the development of
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phase to study processes such as protein adsorption
[6,7], antibody antigen binding[3,8,9, and the
adhesion of large biological molecules such as e R, _

cells[10,11. Co —( — G
The Sauerbrey equation is valid for acoustically

thin, evenly distributed, rigid and non-porous over- — C, Lq

layers added to or removed from the QCM elec- —

trode. In chemical sensing applications, however, Ri

many coating materials do not act as thin uniform % Lq L

rigid layers. Many films show viscoelastic behav- '
(b)

ior, which can cause significant differences in the

sensor response compared to a corresponding rigid
layer. This is particularly the case in liquid envi- Z
ronments, where the viscous properties of the
surrounding liquid or solvent molecules that pen-

etrate the adsorbed films can strongly influence
the QCM responses. Thus, the coating thickness
or adsorbed mass calculated from the observed
frequency shift using the Sauerbrey equation may
differ from the real value, if the influence of the

viscoelasticity has not been taken into account

12-15.
[ | tE f th d ti f iaid Fig. 1. (a) Electrical equivalent circuit model of a QCM with
n the case o € adsorplion ol a non-ngd ., arbitrary surface loa€z); and (b) Lumped-element elec-

overlayer it is clear that measurement of the yical equivalent circuit model for a QCM coated with a vis-

frequency shift alone cannot supply sufficient coelastic layer in contact with a semi-infinite Newtonian liquid.

information. As in any general resonating system,

in addition to the resonance frequency, the measured and related to the resonator damping.

damping behavior of the crystal is also required The relationship between the resonance frequency

[15-28. There are two main methods used to shift and the motional resistance change during

evaluate QCM damping behavior. One was devel- affinity reaction were also investigated.

oped by Rodahl et al[15-2] to measure the

dissipation factoD (inversely proportional to the 2. Theory

guality factor (Q-factorn) from a non-driven(i.e.

freely oscillating crystal. The other technique is Typically, a quartz crystal can be simulated by

to monitor the variations of motional resistance by the Butterworth—van Dyke electrical equivalent

electrical impedance analysi®2-29 since the circuit [29,3d, which consists of a motional

motional resistance acts as an indicator of viscoe- branch in parallel with a shunt capacitancg

lastic loss[25]. (due to the connections, cables and the quartz
In this work, we simultaneously measured the itself) as shown in Fig. 1a. The motional branch

resonance frequency and the motional resistanceconsists of a series RLC circuit whekg represents

of a polystyrend PS)-modified QCM operating in  the damping friction,L, the inertia andC, the

agueous solutions. A Network Analyzer was used quartz compliance of the bare quartz resonator.

to record the QCM response to anti-human immu-  The impedance, is the experimental quantity

noglobulin G (anti-h 1gG adsorption and the of interest and represents the changes caused by

subsequent affinity reaction of the surface with any surface load. The form &f, depends on the

either human immunoglobulin GhigG) or rabbit specific experimental conditions. In this work we

immunoglobulin G(rlgG). The motional resistance  follow Granstaff and Martin[29] and use the

change resulting from different processes was equivalent circuit forZ, shown in Fig. 1b, which

Lm

R

L,

(a)
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represents a viscoelastic fillfparameterd.,,, L,

Ry) in contact with a bulk Newtonian liquidpar-
ametersR,, L,). This equivalent circuit model has
proved appropriate for viscoelastic loads in many
QCM applicationg 31,33 provided that(a) Z, is
much smaller than the characteristic quartz impe-
dance,Z,=pqrqe Where 4is the quartz density,
and p, the quartz shear stiffness; arl@) the
acoustic impedance match at the filliquid inter-
face reflects back most of the vibrational energy.
Both of these conditions apply in this study, and
hence for the circuit of Fig. 1b,

Z =Rq+Ri+R +j(Ly+ L+ L +L,) (&8

The physical interpretation of the circuit ele-
ments is that resistancéR) represent acoustic
energy dissipation whereas the inductafée is
the mass loadingL., is the mass load of the film,
L; and L, are the viscoelastic inertial mass for the
film and liquid respectively. Experiments relating
R and L to specific properties of the overlayer
materials (e.g. density, shear modulus, ktare
given in the literature[31]. In this work we are
primarily concerned with the measurement of
changes inR; using impedance analysis which
occur during antigefantibody reactions. Specifi-
cally, we calculate the total motional resistance
change (AR) which occurs during adsorption,
namely,

where AR, and AR; reflect changes in energy
dissipation in the thin film coating or liquid medi-
um, respectively. It is hoped that such data can
yield useful and robust signals for use in antigen
antibody QCM sensors in addition to the measure-
ment of adsorption induced frequency shifts. Note
that, within the equivalent circuit models, the series
resonance shifAf is given by[31]:

vif2)

q

(&)

where f, is the fundamental resonance frequency
and AL the measured change in inductance. It is
found in this work and in previous studid81]
that the contribution taAAL from the viscoelastic

33

masses(L;, I;) is small for thin polymer films
(~ <1 um) and the principal contribution is the
pure gravimetric mass loadin¢L.,). Hence, for
the IgG affinity reaction studied in this work, we
concentrate on understanding viscoelastic behavior
through the dissipation terriR) rather than the
much smaller effects evident in the inductance or
capacitance.

3. Experimental

3.1. Reagents and apparatus

PS (MW 670 000, anti-h 1gG, hlgG and rlgG
was purchased from Sigma AldrictSt. Louis,
MO). Reaction buffer was 50 mM of phosphate
buffered saline(PBS, pH 7.4 (PBS was prepared
by mixing 8.0 mM Na HPQ , 1.5 mM KH P®
(pH 7.2, 137 mM NaCl and 2.7 mM KOl Other
chemicals used were certified reagents of analytical
grade from FlukaBuchs, Switzerlandor Sigma.
De-ionized Water(resistance of 18 Mb-cm) was
obtained from a Milli-Q unit(Millipore Inc.).

Unpolished AT-cut quartz crystald0 MHz, 14
mm diametey with 5.1 mm gold electrodednter-
national Crystal Manufacturing, Oklahoma City,
OK) were used. The electrodes were composed of
a 50A Cr underlayer and a 1000A Au top layer.
The calculated mass sensitivity using the Sauer-
brey equation is~4.4 ng/Hzcn?. The quartz
crystal was mounted by concentric rubber seals
(O-ring) into a cell to provide contact with one
side of the quartz crystal to the liquid. The cell
was made of Plexiglas and allowed an application
of liquid volume ~1 ml. Measurements were
performed on an anti-vibration platforNewport,
USA). All processes were undertaken at a temper-
ature of 23:0.3 °C.

A S&A 250B Network Analyzer(Saunders &
Associates, Inc., USA, with Frequency range 1
MHz-100 MHz; Frequency correlation 2 ppm at
series was used and the quartz crystal was con-
nected through a standard 250B network analyzer
test head. An automatic gain cont@®GC) main-
tains a voltage(or powep level proportional to
the loss of the QCM while simultaneously tracking
the resonant frequency. This allows for measure-
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Table 1

Changes in electrical parameters of QCM arising from coating with PS, clamping into the liquid cell, and injection of the buffer

injectior?

Parameters PS modification Clamping Buffer injection
Uncoated Coated (50uh

Resonant frequency, (Hz) 10 008 230+ 2 10 004 4981 10 004 644-1 10 001 33@-2

Motional resistanceR () 7.4701+0.0103 7.9549-0.0153 11.7965 0.0201 242.830%0.1084

Motional capacitance; (fF)
Motional inductancel (mH)
Quiality factor,Q (k)

Shunt capacitance, (pF)

28.4182+0.1508
8.8872+0.0455
74.87+0.42

6.02+0.01

28.79850.0187
8.7875:0.0065
69.42+0.13

6.03:0.01

28.77720.0034
8.8054:0.0019
46.76:0.08

6.10:0.01

31.28940.1086
8.08910.0357
2.09+0.01

7.89:0.01

2All values listed here are the average ones from 20 times experimental data.

ment of highly-damped QCM with good accuracy
(~1 Hz) and repeatability.

3.2. Procedures

3.2.1. Preparation and characterization of polymer
films

PS coatings have been intensively used with
QCMs for antigeriantibody affinity detection
[32,33. PS does not cause significant damping
nor show high viscoelastic contribution to the
frequency shift, even with thick coating84]. PS
films are made by dip-drying, i.e. dipping the
clean crystals into a PS solutiof2—5 wt.% in
tolueng for 30 min followed by removal and
drying. To ensure a uniform spread of thin film,
the crystals were lain horizontally. Before coating,

varying concentrationwas injected successively.
The resonant frequency and equivalent circuit par-
ameters were recorded simultaneously for all of
the above procedures. In all experiments, the PBS
buffer volume is fixed at 5Qul and the anti-h IgG
solution concentration is fixed at 2.5 mgl. The
liquid cell holder and electrical connections were
not adjusted throughout the experiment.

Prior to every experiment, the S&A analyzer
and the test fixture were calibrated and compen-
sated with the standard impedance kits. The S&A
equivalent circuit measurement has a processing
time of approximately 0.2—0.5 s per data cycle,
thus allowing for real-time monitoring. In our
measurement, the data collection time interval is 5
s/point.

the metal electrodes were carefully washed for 30 4. Results and discussion

min in acetone followed by distilled water and
dried with nitrogen. The adhesion of the PS film
was improved by exposing the coated QCM to
ambient air for 30 min or by heating at 10C
for 15 min. The resulting PS films are typically
~100 nm thick.

3.2.2. In situ frequency and equivalent circuit
parameters measurement of antigen/antibody in
buffer

After the dip-drying process, the PS-modified
crystal was clamped between two O-rings with
one surface exposed to liquid, and p0 of PBS

Prior to measurements of anti-h IgG adsorption
and IgG affinity reaction, the electrical parameters
of QCM sensors under different processes condi-
tions were measured. The parameters are shown
in Table 1 for the uncoated QCM sensor, the QCM
coated with PS, the QCM clamped into the liquid
cell (no liguid injection), and the effect of adding
the buffer solution.

From this data, the relative changes in the
parameter§AL, AR, AC) can be used to find each
of the equivalent circuit elements for the PS films
and the added liquidi31]. It is clear from Table 1

buffer solution was injected into the cell. Subse- that although the PS coating and the liquid cell
guently, after stable conditions had been reached,clamping perturb the QCM response, by far the
5 wl anti-h 1gG and higG or rigG solutior{of largest variation occurs on injection of the buffer
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Fig. 2. Typical frequency shift of a PS coated 10 MHz QCM exposed to anti-h 1gG applicatierDaand subsequently rig&urve
1), or higG (curve 2—3 atr=420 s. Curves 2, 3, 4 represent higG concentrations of 23.8, 95.2 andg/&8, respectively. Curve
0 is a control experiment showing the injection oft6PBS buffer added at=0 andr=420 s, respectively.

liquid. (The resonator frequency shifts by
3314+ 200 Hz and theQ-factor decreases from
~47 000 to~2000. Also note the stability of the

adsorption of anti-h IgG causes an initial rapid
frequency decrease~ 100 9 due to mass loading
followed by a slower frequency decrease as the

measurements. Using the shift in resonance fre- adsorption tends to saturate. The saturation fre-
quency between the uncoated and coated QCM wequency shift is—3684-20 Hz. We assume that the

estimate that the PS overlayer is of thicknéss PS electrode is totally covered with anti-h IgG as
78 nm, as calculated using the Sauerbrey equationour previous results indicate that saturation occurs

and assuming a PS density of 1060° kg/m?
[34].

4.1. IgG reaction—frequency shift

In the affinity experiments, anti-h 1gG is first
immobilized on the PS surface followed by the
affinity reaction using hlgG or rlgG. Fig. 2 shows
a typical response for the QCM frequency shift
measured in situ for the reactions. Buffer pH and
the concentration of coating protein are major
factors influencing the immobilization step. In
these experiments, |5l of anti-h IgG solution(2.5
mg/ml) is introduced into 5Qul of PBS buffer in
the liquid cell to give a final anti-h IgG concentra-
tion of 0.238 mgml. As shown in Fig. 2, the

above 0.2 mgml for this system[32]. In control
experiments, 5.l of PBS buffer with no anti-h
IgG was added to the liquid cell and no significant
frequency shift could be observédurve 0 in Fig.
2).

Following anti-h IgG immobilization, rigG
(curve D and hlgG at different concentrations
were introduced at time=420 s. hlgG addition
(curves 2—-2 causes an initial rapid frequency
decrease followed a slower decrease as the higG
binding tends to saturate. A Langmuir type adsorp-
tion curve is observed. The affinity reaction of
higG is essentially complete within 5—7 min. The
frequency shift increases with increasing hlgG
concentration, as shown in curveg(23.85p.g/ml)
and curve 3(95.25p.g/ml).
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Fig. 3. Typical motional responses of a PS coated 10 MHz QCM to anti-h 1gG applicatieaGatind subsequently rigGurve
1), or higG (curve 2—9 att=420 s. Curves 2, 3, 4 represent hlgG concentrations of 23.8, 95.2 and¢Z88, respectively. Curve
0 is a control experiment showing the injection ofulbPBS buffer added at=0 andr=420 s, respectively.

Curve 4(238 ng/ml) is similar to curve 3 and
indicates the onset of saturation, which occurs for
higG concentrations greater than 10§/ml. The
frequency shift for saturated hilgG adsorption-Hs
365+ 22 Hz, showing a 1:1 correspondence with
the anti-h IgG adsorption sitésaturated frequency
shift —3684+20 Hz). The mass loading at satura-
tion is 1625 ngcnm? as calculated using the Sauer-
brey equation.

Two control experiments are also shown in Fig.
2. Additions of PBS buffer(curve 0 and rlgG
(curve 1 show only a small frequency jump on
liquid injection and no indication of adsorption.

motional resistancéwithin ~3 min) which there-
after decreases slightly with time. The final resis-
tance change due to anti-h IgG immobilization is
approximately 4—X}, i.e. AR=4-5 (). Different
solutions were introduced as shown at tirse420

s. For higG adsorptioficurve 2—4, the motional
resistance increases in analogy with the frequency
decrease and reaches a stable value withi@
min. The motional resistance change increases with
IgG concentration and saturates at high higG
concentrations. The saturated resistance change is
approximately 10-12), i.e. AR=10-12 Q. As

in the frequency data of Fig. 2, there is little

The shunt capacitance changes are also negligiblechange inAR (0.3 Q) for the injection of PBS

(<0.01 pB during the protein adsorption
experiments.

4.2. IgG reaction-motional resistance

Fig. 3 shows the in situ changes in motional
resistance(AR) corresponding to the IgGnti-h
IgG experiments of Fig. 2. It is observed that the
injection of anti-h IgG causes a rapid increase in

buffer (curve O and rigG(curve 1. The negative
results of such control experiments show that
changes in motional resistance can be essentially
associated with the changes in viscoelastic
response of the PS films during higG adsorption,
i.e. in the model of Fig. 1bAR=AR;. There are
possibly some smaller changes resulting from the
fluid resistanceAR,, as noted below.

Thus, changes in the resistance can be used as
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Fig. 4. Typical data showing the simultaneous measurement of the motional resistance change and the resonant frequency shift.
Anti-h 1gG (2.5 mg/ml, 5 wl) was successively introduced into 50 PBS buffer.

an additional parameter to monitor the anti-h JgG itance changes are mainly contributed by ion
IgG affinity reaction. Fig. 4 shows this clearly, concentration changes in the solution. Thus, to a
demonstrating the correlation between the frequen- good approximation for the anti-h Ig®&G sys-

cy shift and the corresponding motional resistance tem, the frequency signal represents pure mass
change for a fixed concentration anti-h IgigG loading and the extra signal afforded by the resis-
affinity test. The frequency shift depends on both tance change gives the adsorption induced energy
the gravimetric(L,,) and the viscoelastic inertial dissipation, just as shown in Fig. 6.

(L;) contributions to the mass loading and to  The motional resistance change and associated
separate these effects requires a measurement oénergy dissipation mechanism of a QCM operating
the complex shear modulus of the films. For QCM in aqueous solutions has been investigated previ-
systems very similar to those used in this study, it ously [14—2§. The observed increase in motional
is found that gravimetric loading accounts for most resistance(i.e. dissipation on protein adsorption

of the frequency shift on adsorptidB81]. There is and affinity reaction can, in principle, originates
minimal effect on the frequency shift arising from from three mechanisms, namel§i) macroscopic
the change inR. This can be verified by finding interactions at the protefisubstrate interfacévis-

the Q-factor of the resonator, as shown in Fig. 5. cous slip, surface roughness, etGi) macroscopic

The data shows that for the anti-h Igl§G proc- interactions at the protejfiquid interface (liquid
esses outlined above, thigfactor decreases from  density, viscosity, protein concentration, etnd
~2050 to ~1950. Such a small change @ for (iii ) microscopic processes within the protein layer
a weakly-damped system shifts the resonance fre-(effect of entrapped liquid, porosity, et¢15].
guency by a negligible amour{t<1 ppm). For We assure thati) can be ignored in our case.

completeness, we note that the addition of anti-h Previous research has shown that only proteins
IgG or hlgG does not significantly change the bonded firmly on a PS-modified QCM surface can
shunt capacitance&],, (<0.001 pB. Shunt capac- be sensed and hence little or no slip occurs at the
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QCM/anti-h IgG interface or the hlg@iquid 1x10® kg/m®* and m=1x10"3 mPds [28],
interface [10,15,17,18 It has also been shown which corresponds well with the measured result
that the resistance change due to the surfacein Table 1(226.1 Q). The injected protein solu-
roughness is small compared to the total sensortions will change the density and viscosity of the
responsd15]. liquid. If we assume a+1% variation in the
Changes in liquid propertiggi) may contribute productp,m,, which is not unreasonable, then the
to changes inAR. Figs. 4 and 5 show that on calculated variation iR, is AR, ~2-3 (), which
injection of anti-h IgG or IgG solutions there is a is of the same order as the measured data. As
sharp initial change in motional resistance. The noted previously(see curve 0, Fig. ¥ the change
magnitude of the jump in resistance is always less in AR, due to the additional volume of injected
than 3Q, i.e. AR=3 Q. pure PBS buffer is always negligible or very small
The change in mational resistance caused by (<0.6 Q).
the liquid can be analyzed using Matin’s equations  From the above discussion we therefore find

[29]: that the maximum variation iR, is ~3 Q. For
- o the anti-h IgG adsorption process on PS, the
R=— -1/~ (4 change in motional resistance is only4-5 ().
4K?CoZ | 20,

Thus, we cannot rule out that a significant fraction
where Z, (=8.84x10° N/m?s), ws and C, are of the resistance change is due to the variation of
the characteristic impedance, angular resonant fre-the bulk liquid properties, i.eAR= AR, + AR;. For
quency and shunt capacitan¢€,=6.02 pF for the anti-h IgG1gG affinity reaction the total resis-
our QCM) of the quartz crystal in air, respectively. tance change is much larggAR=10-12()) and

p;, is the density andny, the viscosity of liquid. in this case the adsorbed hlgG molecules play the
K? (=7.74x1073) is the electromechanical cou- key role in increasing the energy dissipation, i.e.
pling factor for quartz[30]. The calculated value case (iii) holds andAR=AR;. The microscopic

is R, =240.5 assuming a buffer solution @} = cause of the enhancement of the viscoelastic dis-
7.90 |- .
hlgG introduction
™ £ . (t=420s)
o
[}]
[$]
S
:g 7.88 + L
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Fig. 7. Measured shunt capacitance change vs the processing time.
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sipation is not known, but may arise from entrap- much larger than any changes arising from bulk
ment of viscous mattefe.g. watey within the liquid effects (~3 Q), and must therefore be a
protein layers, confirmational changes in the PS reflection of microscopic processes arising from
network by adsorption induced surface stresses,the IgG adsorption.

increasing biological film thickness, etc.

4.3. Ratio between AR and Af Acknowledgments

The ratio between the motional resistance This research was sponsored by Agency of
change and the frequency shitAR/Af) can be  Sciences, Technology, and Resear€A-Stan
used as a criteria to evaluate the relative influence Grant 9311/4-2, Singapore.
of viscoelastic and mass loading effefi8,22,26.

A high AR/Af ratio implies an increased viscoe-
lastic or damping contribution. Fig. 6 shows a plot
of AR againstAf for the IgG affinity test. Note
that the changes of slope in stagdadnti-h IgG
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