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Buffer type, concentration, and pH value are important factors that may affect protein
formulation, stability, bioreactivity, and other behaviors. When biosensing application factors
are the issues, the effect of buffer liquidity on the performance of the sensor should be noted.
In this work, we investigated the effect of the phosphate buffer (PB) solution on the vibrational
characteristics of a high-frequency quartz crystal microbalance (QCM) with an inverted-mesa
structure using solutions with various concentrations and pH values. Experimental results show
that increasing the PB concentration and pH value and adding NaCl decreased the resonant
frequency and quality factor. Hence, in selecting the buffer, one should not only consider the
bioissues, but also the effect on the sensor when a QCM is used as the transducer.

1. Introduction

pH buffers are commonly used in biochemistry to control pH and preserve protein stability.
They are usually aqueous solutions of a weak acid (base) and its conjugated base (acid).V Salts
are usually added to pH buffers to increase the ionic strength and thereby enhance buffering
effectiveness. It has been widely reported that buffers not only control pH, but also have
specific effects on protein activity, such as enzymatic catalysis,(2’3) protein conformational
stability,® bioreactivity,>™® and protein thermal events.”) The selection and optimization of
buffer solutions are important issues to maintain proper bioactivity; typical factors include
buffer type, buffer concentration, and identity of added salt and its concentration as described
in the cited references. In biosensing systems, the buffer solution is usually used to establish
a baseline for identifying signals produced by a bioreaction. In some cases, the effect of the
buffer solution on the transducer may not be neglected. Weng et al. investigated the effect of the
concentration of a phosphate buffer (PB) solution on an ion-sensitive field-effect transistor (ISFET)
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and concluded that the concentration of PB solution must be carefully determined to achieve
accurate results.'? Volotovsky et al. reported the effect of a reduction in PB concentration on
the response of a glucose-sensitive ISFET-based biosensor.!)

A quartz crystal microbalance (QCM) is a widely known biosensing tool developed using
the famous mass frequency shift effect suggested by Sauerbrey in 1959.1? When used in a
liquid, the resonant frequency of the QCM is affected by the liquid’s mechanical properties
(density and viscosity).!® In fact, the resonance of the QCM is also affected by the liquid’s
electrical properties. Nomura and Yanagihara reported the dependence of resonant frequency
of electrode-separated QCMs on the conductivity and permittivity of the liquid.!¥ Bao
et al. reported the pH dependence of the oscillation frequency of one-electrode-separated
piezoelectric quartz crystals.!> Recently, with the development of the lateral field excitation
(LFE) quartz crystal resonator, more works have been reported on the higher conductivity or
permittivity sensitivity of LFE QCM than that of the conventional QCM.(6-1)

As already mentioned, when used in a liquid, it is clear that the resonating fundamental
frequency of a QCM is affected by the liquid’s electrical properties. In practical biosensor
applications, the stability of the rosonant frequency is more important than the relative
frequency shift caused by the liquid. However, until now, there has been no detailed report of
the effect of the buffer solution on the oscillation characteristics of a QCM resonator. In this
study, we experimentally investigate these effects by using a high-frequency QCM chip and a
common PB solution at various pH values, concentrations, and added salt contents.

2. Materials and Methods
2.1 Materials

The high-frequency QCM chip used in this work was prepared using our well-established
wet etching process. The QCM chip was designed with an inverted-mesa structure, and the
vibration area is etched on one side. The excitation electrode on the etched side fully covers the
etched area, which is larger than the electrode on the other side facing the liquid. The detailed
fabrication process and chip characterization have been reported in previous studies from our
laboratory.(20’21) The dimensions of the QCM chip were 5 (length) x 5 (width) x 0.1 (thickness)
mm?>. The fundamental frequency was higher than 38 MHz, and the quality factor was larger
than 20000 in air and 1000 in pure water.

Disodium hydrogen phosphate dodecahydrate (Na,HPO412H,O, AR) and sodium
dihydrogen phosphate (NaH,PO42H;0, AR) were purchased from Nanjing Chemical Reagent
Co., Ltd. and Shanghai Lingfeng Chemical Reagent Co., Ltd., respectively. Distilled water
was employed as the solvent. The PB solutions were made from 0.2 M NaHPO4 and 0.2 M
NaH;POy4 solutions. The variable concentrations (0.01, 0.05, 0.1, and 0.2 M) of PB solutions
were made by diluting the original Na,HPO4 and NaH,POy4 solutions, and the pH values (5.8—8.0
at intervals of 0.2) were adjusted by mixing the diluted solutions at corresponding volume ratios.
These selected buffer concentrations and pH values are commonly used in biosensing systems.
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2.2 Measurement method

The effect of PB solutions on the resonating characteristics was evaluated by measuring
the admittance of the quartz crystal resonator. A flow injection system was established to
introduce the PB solutions as reported in our previous report.?® The flow-injection-based
measurement system consisted of a syringe pump, an injector, a tailor-made flow cell, and an
impedance analyzer (Agilent 4294A). Distilled pure water was loaded into the syringe pump,
and variable PB solutions were introduced through the injector. The QCM chip was housed in
the flow cell, and the two excitation electrodes were connected to the impedance analyzer. The
rosonant frequency was recorded at the maximum conductance. In addition, the QO value and
equivalent circuit parameters were recorded. The rosonant frequency in water was adopted as
the fundamental frequency in the liquid. In this study, the main vibrational characteristics (rosonant
frequency, Q value, and conductance) were used to evaluate the effect of the liquid.

3. Results and Discussion

At first, the basic vibrational characteristics of the QCM chip were confirmed in air and in
pure water as shown in Fig. 1. The Q values were 22318 and 1080 in air and water, respectively.
These results demonstrated that the system worked well.

The PB solutions were introduced into the flow cell using the injector. Figure 2(a) shows
the measured dependence of QCM resonant frequency on the pH value and concentration of
the buffer solution. The frequency shift was calculated by subtracting the resonant frequency
in water from the measured resonant frequency in the PB solution. It can be clearly seen that
the resonant frequency of the QCM gradually decreased as the pH value increased at a fixed
concentration. The resonant frequency decreased as the concentration was increased at a
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Fig. 1. Basic vibration characteristics of QCM chip (a) in air and (b) in water.
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Fig. 2.  (Color online) Dependence of resonant characteristics on buffer concentration and pH value: (a) resonant
frequency, (b) conductance, and (c) O value.

constant pH value. Figure 2(b) shows the dependence of conductance on the PB concentration
and pH value. The conductance increased gradually as the pH value was increased, and it
increased even more as the concentration was increased. Figure 2(c) shows the effect of the PB
solution on the quartz resonator Q value. The quality factor decreased as the pH was increased
at a fixed concentration. The quality factor dropped even more as the concentration was
increased at constant pH.

These results demonstrated that the buffer solution greatly affected the performance of the
QCM, especially the quality factor. For example, the quality factor dropped from 936 (0.01
M, pH 5.8) to 174 (0.2 M, pH 8). The quality factor of a resonator is an important parameter
that determines the frequency stability, and the conductance suggests the resonator vibration
amplitude.

Understanding the mechanism of these effects will provide valuable guidance for the
selection of the PB solution. The density and viscosity of these PB solutions are very close to
that of pure water. Hence, the frequency shift induced by the liquid’s mechanical properties
should be several Hz, which is much less than the experimental results (several kHz). The
difference may be caused by the liquid’s electrical properties, especially its conductivity. Figure
3 shows a schematic diagram of the electric field distribution between the two electrodes of the
QCM.??
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Fig. 3. (Color online) Schematic illustration of the electric field distribution of the QCM with an inverted-mesa
structure: (a) in a nonconductive liquid and (b) in a perfectly conductive liquid.

The upper electrode is much smaller than the lower electrode, which causes the electrical
field to penetrate into a liquid with a high dielectric constant, a phenomenon known as the
enhanced stray effect, shown in Fig. 3(a). This effect can also explain the large frequency drop
between in air and in water as shown in Fig. 1, because water has a higher relative dielectric
constant (80) than air (1). When the liquid has a sufficiently high conductivity, the liquid itself
can behave as an actual electrode, reducing the parasitic effect as shown in Fig. 3(b).

In this study, the PB solution has an intermediate conductivity; partial electrical field
lines penetrate into the liquid. Because the dielectric constant change may be negligible
for these concentrations of PB solutions used herein, any change in resonant characteristics
should be caused by the conductivity. An increase in conductivity results in a decrease in
resonant frequency as reported in Ref. 23. Furthermore, it can be easily understood that
the conductivity would increase as the concentration of the PB solution was increased. For
the same PB concentration, higher pH values indicate a higher NaHPO4/NaH,PO4 ratio
with a corresponding higher Na* concentration, which results in higher conductivity. That
interpretation agrees well with the experimental results shown in Fig. 2(a). The Q value
also dropped with the increase in liquid conductivity, especially with the increase in PB
concentration. In the low concentration range, the decrease in Q value is considered the result
of energy consumption by the conductive liquid, in which the electrical current is maintained
and increased as the conductivity of the liquid increases. In the high concentration range, the
electric lines leaking into the liquid diminish and the liquid itself acts as an electrical electrode,
which extends the upper electrode area. This phenomenon practically altered the QCM
electrode configuration, which equivalently caused the etched quartz area to be fully covered
by the excitation electrodes. A fully covered electrode is not expected, and it may easily induce
spurious vibrations leading to the decrease in Q value.

In actual bio-sensing applications, NaCl is often added to the PB solution to increase the
ionic strength. The addition of NaCl increases the conductivity of the solution. The relative
effect on the change in resonant frequency and Q value may also be demonstrated by adding 0.5%
(wt.%) NaCl into the 0.05 M PB solution. Figure 4 shows the measured Q value of the 0.05 M
PB solution with and without NaCl.
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Fig. 4. (Color online) Q value of a 0.05 M PB solution with and without added NaCl.

The effects of PB concentration and pH value on the vibrational characteristics of a QCM
with an inverted-mesa structure have been clearly demonstrated and considered with respect
to solution conductivity. To avoid these effects, the lower electrode should be designed and
fabricated to be smaller than the upper electrode.

4. Conclusions

When a QCM is used as a biosensor, its resonant characteristics are greatly affected by the
buffer concentration and pH value when the upper electrode is smaller than the lower electrode.
This study experimentally demonstrated that the resonant frequency and Q value of the high-
frequency QCM with an inverted-mesa structure decrease when the PB concentration and
pH value are increased. The same trend is observed when NaCl is added to the solution. The
decrease in the O value diminishes the resolution of the sensor. When this kind of QCM chip
is used, the selection of buffer should be based on not only the bioreaction but also the QCM
performance.
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