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2) Abstract 

Lab-on-a-chip (LOC) is a potential tool for chemical processing and analysis, which 

is essential for environmental monitoring, food safety and biomedical analysis. Lab-on-a-

chip for chemical analysis with high performance including fast and sensitive detection, high 

reliability, long life-time and point-of-care (POC) portability is thus of great interest. 

Nanostructures such as nanotube, nanowire and nanoparticle have been widely used to 

enhance the performance of conventional electrochemical detection. Carbon Nanotube 

(CNT) is one of the potential nanostructures to significantly improve the performance of 

conventional electrochemical detection. Recently, CNTs composite modified Au electrodes 

on microfludic chips based on chemical coating and polymerization has been reported. The 

reports demonstrated fast and sensitive detection capability. However, reliability and life 

time of such electrodes in microfluidic system is still ongoing problems because the CNTs 

composite electrode can slowly be removed under continuous flow of analyte and buffer 

solution. Therefore, direct growth of CNTs on microfluidic chip platform should be the 

solution to the problem because the direct growth of CNTs can give the strongest 

adherence of CNTs on Au electrode on glass substrate. To date there have been no 

reports on patterned and aligned CNTs growth directly on glass substrate for microfluidic 

chip platform. In addition, higher density of CNTs prepared by direct growth will give 

superior electrochemical performance. Moreover, aligned and patterned CNTs can be 

formed to further improve reliability and enhance electrochemical efficiency via 

hemispherical solute diffusional effect. In this work, nanostructure such as CNTs will be 

directly integrated within microfluidic lab-on-a-chip. Patterned and aligned CNTs based 

electrochemical sensors will be integrated on the chip by direct growth of CNTs on glass 

substrate based on chemical vapor deposition (CVD) process. The successful development 

of this technology will lead to microfluidic chip for chemical analysis with significant 



advancement in terms of sensitivity, detection limit, reliability and life time. Moreover, the 

patterned and aligned carbon nanotube in microfluidic platform can be an important basis 

for further development of automated microfluidic chip with micro/nanosensor array for 

advance applications including multiple analytes detection and electronic tongues. 
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a b s t r a c t

This work presents the first demonstration of a cantilever based cholerae sensor. Dynamic force

microscopy within atomic force microscope (AFM) is applied to measure the cantilever’s resonance fre-

quency shift due to mass of cell bound on microcantilever surface. The Vibrio cholerae O1, a food and

waterborne pathogen that caused cholera disease in human, is a target bacterium cell of interest. Com-

mercial gold-coated AFM microcantilevers are immobilized with monoclonal antibody (anti-V. cholerae

O1) by self-assembled monolayer method. V. cholerae O1 detection experiment is then conducted in con-

centrations ranging from 1 × 103 to 1 × 107 CFU/ml. The microcantilever-based sensor has a detection

limit of ∼1 × 103 CFU/ml and a mass sensitivity,�m/�F, of ∼146.5 pg/Hz, which is at least two orders of

magnitude lower than other reported techniques and sufficient for V. cholerae detection in food products

without pre-enrichment steps. In addition, V. cholerae O1 antigen–antibody binding on microcanilever is

confirmed by scanning electron microscopy. The results demonstrate that the new biosensor is promising

for high sensitivity, uncomplicated and rapid detection of V. cholerae O1.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Vibrio cholerae is a causative agent of cholera and belongs to a

group of organisms whose natural inhabitant is in an aquatic envi-

ronment. Even though the endemic areas of cholera are reported

only in Africa, Asia and Latin America, there are many imported

cases reported in many countries worldwide (WHO). Until now, V.

cholerae has been classified into 155 serogroups based on somatic

antigen (O antigen), but only O1 and O139 are found to associate

with cholera outbreaks (Louis et al., 2003; Gubala, 2006). V. cholerae

O1 is gram-negative curved-rod bacterium and oxidase-positive

(Jyoung et al., 2006), which is identified as a food and waterborne

pathogen that causes cholera or severe diarrhea disease (Bhowmick

et al., 2009). One of common sources of V. cholerae O1 is contami-

nated food, especially, seafood products.

The conventional method for detection and identification of

bacterial pathogens relies on microscopic examination and bio-

chemical identification. Although these techniques are inexpensive

and give both quality and quantitative information, they are time

consuming and cannot detect VNC (viable but non-cultureable)

form (Baker et al., 1983; Colwell, 2000). Various monitoring tech-

∗ Corresponding author. Tel.: +66 2564 6900; fax: +66 2564 6756.

E-mail address: adisorn.tuantranont@nectec.or.th (A. Tuantranont).

niques have been developed to detect the toxigenic V. cholerae

including enzyme-linked immunoassorbent assay (ELISA), poly-

merase chain reaction (PCR) (Koch et al., 1993; Lyon, 2001;

Martinez et al., 2001), real time PCR (Blackstonea et al., 2007),

multiplex PCR (Rivera et al., 2003) and DNA probe hybridization

technique (Yoh et al., 1993; Wright et al., 1992). These techniques

provide high sensitivity for toxigenic V. cholerae detection but they

require pre-enrichment, molecule labeling, high skill operator and

multiple detection steps.

Therefore, an easy-to-use cholerae biosensor with sufficiently

high sensitivity is needed. Various bacterial sensors based on

surface plasmon resonance (SPR) (Jyoung et al., 2006; Koubova

et al., 2001), quartz crystal microbalance (QCM) (Mao et al.,

2006), waveguide-based immunosensors (Horvath et al., 2003)

and amperometric immunosensors (Rao et al., 2006) have been

demonstrated. However, these techniques have several disadvan-

tages including limited assay life-time, complicated detection steps

and insufficient sensitivity for detection of V. cholerae O1 in food

products.

Microcantilever is a relatively new sensing platform, which

offers excellent sensitivity and very low detection limit (Thundat

et al., 1995). By combining the microcantilever and dynamic force

microscopy (DFM) in atomic force microscope (AFM), adsorbed

molecules can be detected from the information of resonance fre-

quency shift. In DFM, a microcantilever is driven to its resonance

0956-5663/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.bios.2010.06.024
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frequency by piezoelectric actuator. If target molecules adsorbed

onto microcantilever, its resonance frequency will decrease due

to mass loading (Lang et al., 2002). Thus, the variation of mass

on the cantilever causes a resonance frequency shift and the shift

is proportional to the amount of adsorbed molecules (Lang et al.,

2005; Nugaeva et al., 2007). In addition, this sensing system offers

high sensitivity by the aid of optical detection in AFM. Recently,

numerous microcantilever-based biosensors have been reported

(Hwang et al., 2009). These include microcantilevers for the detec-

tion of prostate specific antigen (PSA) (Lee et al., 2003), DNA (Su

et al., 2003; Illic et al., 2005), vaccinia virus particle (Gunter et

al., 2003; Gupta et al., 2004a,b, 2006) and microorganisms such

as Escherichia coli O157:H7 (Campbell and Mutharasan, 2005; Ilic

et al., 2000). However, there has been no report of microcantilever-

based biosensor for V. cholerae O1 detection.

This work presents the first demonstration of a cantilever based

cholerae sensor. In this system, antibody of V. cholerae O1 is immo-

bilized on gold-coated microcantilever surface by self-assembled

monolayers (SAMs) method and the resonance frequency shift of

microcantilever due bacteria binding is measured by DFM as a func-

tion of V. cholerae concentration. In addition, the sensing structure

is examined by scanning electron microscope (SEM). This sens-

ing device will be useful in clinical microbiology laboratories for

prevention and control endemic of cholera.

2. Materials and methods

2.1. The principle of dynamic force microscopy

The principle of dynamic force microscopy is illustrated in Fig.

1a. Cantilever is vibrated over a sample surface at its resonance

frequency with a fixed resonance amplitude, A. This resonance fre-

quency differs from eigen frequency f0 of free standing cantilever

because interaction force between tip at the end of cantilever and

sample. The average distance between tip and sample surface is

called d and the nearest distance between tip at the oscillation peak

and sample surface is assigned as D. The resonance amplitude A is

a function of d, which can be changed by adjusting the cantilever

position relative to sample surface.

Characteristics of frequency shift (�f) of cantilever can be illus-

trated by considering interaction potentials as shown in Fig. 1b.

When the cantilever is far away from sample surface, cantilever

is vibrated under harmonic oscillation in parabolic potential (dot-

ted line). In this case, tip motion is sinusoidal and the resonance

frequency is eigen frequency of cantilever, f0. As distance between

tip and sample surface is reduced, tip–sample interaction potential

(dashed line) would interact with parabolic oscillation potential

(dotted line), resulting in effective potential (solid line). Effective

potential is asymmetric and oscillation of tip becomes inharmonic.

Thus, the oscillation amplitude, A, and resonance frequency, f, is

decreased when d is reduced. As a result, the frequency shift (�f)

is controlled by two parameters including d and A (Holscher et al.,

1999).

2.2. Bacteria and culture method

V. cholerae O1 and Vibrio parahemolyticus were obtained from

Faculty of Medical Technology, Mahidol University, Thailand. These

bacteria were grown in Luria–Bertani (LB) plate overnight at

37 ◦C. The pure colony of each bacterium was picked up into PBS

buffer solution and the bacterial concentration was adjusted to

of 1 × 108 CFU/ml using spectrophotometer. The bacterial suspen-

sions were boiled in 80 ◦C water bath for 20 min to kill undesired

bacteria and then serially diluted with PBS buffer solution (pH 7.4)

to concentrations ranging from 102 to 107 CFU/ml. One milliliter of

Fig. 1. (a) Scheme of the principle of dynamic force microscopy. (b) Potentials con-

cerning cantilever oscillation in dynamic force microscopy.

bacterial suspension was aliquoted into 1 ml sample container and

kept at −20 ◦C before use.

2.3. Antibody immobilization by self-assembled monolayers

The 250 �m long, 35 �m wide and 1 �m thick gold-coated

microcantilever was purchased from NT-MDT Co., Ltd. (NSG10,

NT-MDT Co., Ltd., RUSSIA). Before usage, the microcantilever

was thoroughly cleaned with piranha solution (conc. H2SO4 in

30% H2O2; 1:1, v/v) for 5 min to remove organic substance

on the surface and subsequently rinsed with deionized water.

The freshly cleaned microcantilever surface was modified by

simply dipping into the ethanol solution containing 10 mM 3-

mercaptoproprionic acid (MPA) for about 3 h at room temperature

to form a self-assembled monolayer and then washed with ethanol

and deionized water, respectively. In this step, MPA reacted

with Au surface leaving free carboxylic groups for further reac-

tion.

The microcantilever was then immersed in the mixture

of 200 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

hydrochloride (EDC, Sigma–Aldrich, USA) and 50 mM sulfo-N-

hydroxysuccinimide (NHS, Sigma–Aldrich, USA) for 30 min at room

temperature to activate the carboxylic groups so that they can

form peptide bond with primary amine of antibody. The solution

must be prepared immediately before use to avoid loss of activ-

ity. After washing with deionized water, 0.5 mg/ml monoclonal

antibody (anti-V. cholerae O1) in PBS (pH 7.4) was spread over

the microcantilever surface. This step was carried out for 1 h at

room temperature and excess antibody solution was then washed
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Fig. 2. Schematic drawing of the resonance frequency measurement by optical

leverage method of atomic force microscope (AFM).

with PBS buffer solution (pH 7.4). Finally, 3 mg/ml bovine serum

albumin (BSA, Sigma–Aldrich, USA) in PBS buffer solution (pH 7.4)

was added onto the antibody-immobilized microcantilever surface

to prevent unspecific binding on the empty surface in the sensing

system.

2.4. Bacteria binding measurement

Antibody-immobilized microcantilevers were immersed in

diluted V. cholerae O1 suspensions to assess the sensitivity of

the sensor and shaking was required for this antigen–antibody

reaction. The PBS buffer solution was used as negative con-

trol. The immersion time was 5 min to allow forming of

antigen–antibody complex. Cross-reactivity experiment was

conducted against V. parahemolyticus bacteria. The antibody-

immobilized microcantilever was dipped into V. parahemolyticus

suspension with a concentration of 1 × 108 CFU/ml for 5 min

under the same experimental conditions as V. cholerae O1 detec-

tion.

The measurements were performed using atomic force

microscope (AFM, SPA400, Seiko, Japan), operated in DFM

(dynamic force microscopy) mode. The resonance frequency

was measured before (noted as F0; baseline resonance fre-

quency signal) and after antigen–antibody binding (noted as

F1; test resonance frequency signal). Before measurement, the

microcantilever was mounted on microcantilever holder, hav-

ing electronic interface to the cantilever chip. The cantilever

was then driven by mechanical-acoustic excitation using a piezo-

electric actuator in close proximity to the cantilever holder.

Fig. 2 shows schematic of the resonance frequency measure-

ment.

The cantilever oscillation was measured by the optical beam

deflection method, in which an incident beam from laser diode

focused on the back end of cantilever. The reflected light from

the cantilever surface was detected by a four quadrant photo-

sensitive detector. The cantilever deflection gave the signal which

was proportional to the difference in the photocurrents gener-

ated in the upper and lower segments. The photocurrents of the

upper and lower segments were pre-amplified by an amplifier.

The signal was connected to a data acquisition program (SPI 4000,

NT-MDT Co., Ltd., Russia) for processing and analysis. The reso-

nance frequency shift was the difference value between F0 and

F1.

3. Results and discussion

3.1. V. cholerae O1 detection

3.1.1. Antibody immobilization by physical adsorption

The microcantilever coated with monoclonal antibody by phys-

ical adsorption was tested with suspension of V. cholerae O1 at

different concentrations. From experimental results, the shift of

resonance frequency from base line (before antigen–antibody bind-

ing) tended to be negative (data not shown). The negative shift

occurred due to loss of some protein molecules (protein A, antibody

and BSA) that were physically adsorbed on the microcantilever.

The loss of the molecules on the microcantilever reduced the mass,

leading to the increase of resonance frequency. Thus, physical

adsorption of antibody is not a good method for antibody immobi-

lization.

3.1.2. Antibody immobilization by chemical adsorption

The microcantilever that was immobilized with monoclonal

antibody by self-assembled monolayers (SAMs) was tested with

different known concentrations of V. cholerae O1 suspension to

determine assay sensitivity of the sensor. From experimental

results, the resonance frequency of microcantilever decreased as

the concentration of V. cholerae O1 suspension increased. Fig. 3a

shows the resonance frequency shift of the antibody-immobilized

microcantilever with different V. cholerae O1 concentrations

including 1 × 103, 1 × 104, 1 × 105, 1 × 106 and 1 × 107 CFU/ml. The

PBS buffer solution was used as negative control (no cell). The

results indicated that immuno-complex of antigen and antibody

was successfully formed by antigen–antibody reaction, resulting in

mass addition on the microcantilever surface.

The calibration curve for V. cholerae O1 detection is shown in Fig.

3b. The curve shows relationship of the resonance frequency shift

versus the concentration of V. cholerae O1 suspension in log scale.

It can be seen that the resonance frequency shift is linearly pro-

portional to the log of V. cholerae O1 suspension in concentration

ranging from 1 × 103 to 1 × 106 CFU/ml. From the experiment, the

detection limit of the sensor for V. cholerae O1 detection was found

to be ∼1 × 103 CFU/ml. This is at least two orders of magnitude

lower than that of standard ELISA method (1 × 105 CFU/ml) (Rao

et al., 2000) and another reported amperometric immunosensor

(1 × 105 CFU/ml) (Rao et al., 2000).

The antibody-immobilized microcantilever was also tested with

PBS buffer solution (pH 7.4) in the negative control experiment, in

which bacterial cells were not present. The result showed no signif-

icant resonance frequency shift (∼14 Hz). The additional mass,�m

due to antigen–antibody binding can be straightforwardly related

to the shift of resonance frequency of microcantilever according to

1

f 2
1

− 1

f 2
0

= �m

(4n�2k)
(1)

where k is the spring constant of the cantilever, f0 is the initial

resonance frequency prior to the mass loading, f1 is the reso-

nance frequency after mass addition (mass of bacteria bound on

the microcantilever surface) and n is a geometry-dependent correc-

tion factor (n = 0.24) if the additional mass is uniformly distributed

over a rectangular shaped microcantilever (Gupta and Akin, 2004).

Thus, the additional mass of the bacteria cells bound on the micro-

cantilever surface is estimated from Eq. (1) and the results are listed

in Table 1. The detection mass sensitivity of the sensor defined by

�m/�F is determined to be ∼146.5 pg/Hz. High sensitivity and very

low detection limit of the sensor have thus been achieved. These can

be attributed to very high mass sensitivity of microcantilever sensor

and effective antibody immobilization on the cantilever structure

by SAMs method.



U. Sungkanak et al. / Biosensors and Bioelectronics 26 (2010) 784–789 787

Fig. 3. (a) Relationship of resonance frequency shift versus V. cholerae O1 concentra-

tion. The control experiment (no cell) was an antibody-immobilized microcantilever

tested in PBS buffer solution. Note that 0 is substituted by 1 since it cannot be plotted

in log scale. (b) Calibration curve of the resonance frequency shift versus V. cholerae

O1 concentration. The result shows linearity of V. cholerae O1 detection in the range

of 103–106 CFU/ml.

The mass sensitivity and detection limit of the sensor is

comparable to those of reported microcantilever sensors for

detection of E. coli O157:H7 (Campbell and Mutharasan, 2005;

Detzel et al., 2006), Samonella typhimurium (Zhu et al., 2007) and

Aspergillus niger (Nugaeva et al., 2007). These reports demon-

strate the mass sensitivity of ∼50 pg/Hz and the detection limit

Table 1
Estimation of mass change on microcantilever surface.

Resonance frequency (kHz)

Concentration (CFU/ml) 1 × 103 1 × 104 1 × 105 1 × 106

�F (Hz) 199 459.4 717.6 1100.9

�m (ng) 30.4 82.6 104.4 121.5

�m/�F (pg/Hz) 152 179 145 110

Average 146.5 pg/Hz

Fig. 4. Cross-reactivity of the sensor: comparison of resonance frequency shift

response when the antibody-immobilized microcantilevers were tested with sus-

pension of V. parahemolyticus, V. cholerae O1, and PBS buffer solution.

of ∼1 × 103 CFU/ml. Nevertheless, the mass sensitivity is still sev-

eral orders lower than those of microcantilevers for detection of

Bacillus anthracis spores (9.2 fg/Hz) (Davila et al., 2007) and vac-

cinia virus (6.3 attogram (ag)/Hz) (Gupta et al., 2004a,b). These

ultrasensitive microcantilever sensors are specially designed with

sophisticated sensing layer and nanometer scale cantilever thick-

ness. It is thus possible to further reduce detection limit of

microcantilever sensor for V. cholerae O1 detection by employing

a specially designed microcantilever. However, detection limit of

∼1 × 103 CFU/ml by the commercial microcantilever presented in

this work is already satisfactory for use in general microbiological

laboratories.

3.2. Cross-reactivity test

V. parahemolyticus bacteria were used to verify the cross-

reactivity performance of the sensor. The test was done under the

same condition used for V. cholerae O1 detection. The antibody-

immobilized microcantilever was immersed into 1 × 108 CFU/ml V.

parahemolyticus with 5-min shaking. It was then washed with PBS

buffer solution (pH 7.4) and DI water and dried by nitrogen gas. The

resonance frequency of microcantilever was measured before and

after immersion in suspension of V. parahemolyticus.

Fig. 4 shows the comparison of the resonance frequency

shift of antibody-immobilized microcantilever tested with PBS

buffer (pH 7.4), 1 × 108 CFU/ml V. parahemolyticus suspension

and V. cholerae O1 with the concentrations between 1 × 103

and 1 × 106 CFU/ml, respectively. The resonance frequency shifts

of PBS buffer and 1 × 108 CFU/ml V. parahemolyticus were 14.4

and 26.6, respectively while those of V. cholerae O1 at con-

centration of 1 × 103, 1 × 104, 1 × 105 and 1 × 106 CFU/ml were

199.0, 459.4, 717.6 and 1102.4 Hz, respectively. The resonance fre-

quency shift of the antibody-immobilized microcantilever tested

with V. parahemolyticus suspension is not significant (∼24 Hz)

compared to those of V. cholerae O1. Thus, it can be assumed

that the antibody has no cross-reactivity with other strains of

bacteria.
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Fig. 5. Scanning electron microscope (SEM) images of antibody-immobilized microcantilever surface (a) before antibody immobilization (b) after antibody immobilization

(c) after V. cholerae O1 binding at a concentration of 103 CFU/ml and (d) high magnification view of V. cholerae O1 cells on gold surface.

3.3. Surface characterization

The tested microcantilever was examined by scanning electron

microscope (SEM) to characterize V. cholerae O1 cells binding on

microcantilever surface and to confirm that the resonance fre-

quency shift was generated from the mass of bacteria cells bound

on the microcantilever. Fig. 5a and b shows the SEM image of

the cantilever beam before and after antibody immobilization,

respectively. It can be seen that the cantilever surface before anti-

body immobilization is very smooth and becomes shaded after the

immobilization. However, anti-V. cholerae O1 protein molecules

immobilized on the gold surface cannot be clearly observed because

of its very small size. Fig. 5c demonstrates the SEM micrograph of

the microcantilever beam after V. cholerae O1 binding at a concen-

tration of 103 CFU/ml. It can be observed that thin and long dark

cells are now scattered on the cantilever surface and higher magni-

fication view (Fig. 5d) reveals that the cells have curve-rod shaped,

which is a typical characteristic of V. cholerae bacteria.

It should be noted that the number of V. cholerae O1 bacteria

may not be precisely counted because of its large size variation

and agglomeration. In addition, the cell mass of V. cholerae O1 is

presently unknown. Thus, it is difficult to correlate the results from

surface analysis to the estimated mass change by QCM. Moreover,

non-uniform distribution of bacteria would considerably affect the

mass change estimation. As a result, the mass change calculated

from Eq. (1) may not be accurate. However, it is still useful to esti-

mate the mass change to obtain the order of magnitude of the mass

sensitivity.

4. Conclusion

In conclusion, we have developed microcantilever-based

biosensor for detection of V. cholerae O1, an important food

and waterborne pathogen. Commercial gold-coated AFM micro-

cantilevers are immobilized with monoclonal antibody (anti-V.

cholerae O1) by self-assembled monolayer method. V. cholerae

O1 detection experiment is performed in concentrations ranging

from 1 × 103 to 1 × 107 CFU/ml. The microcantilever sensor has

a high sensitivity of ∼146.5 pg/Hz and a low detection limit of

1 × 103 CFU/ml, which is at least two orders of magnitude lower

than other reported techniques and sufficient for V. cholerae detec-

tion in food products without pre-enrichment steps. In addition,

linear relationship between the resonance frequency and the log of

V. cholerae O1 concentration is obtained in concentration ranging

from 1 × 103 to 1 × 106 CFU/ml. Therefore, the microcantilever-

based biosensor is promising for direct detection of V. cholerae O1

cells in microbiological laboratories.
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a b s t r a c t

This work reports a new cholesterol detection scheme using functionalized carbon nanotube (CNT)

electrode in a polydimethylsiloxane/glass based flow injection microfluidic chip. CNTs working, silver

reference and platinum counter electrode layers were fabricated on the chip by sputtering and low tem-

perature chemical vapor deposition methods. Cholesterol oxidase prepared in polyvinyl alcohol solution

was immobilized on CNTs by in-channel flow technique. Cholesterol analysis based on flow injection

chronoamperometric measurement was performed in 150-�m-wide and 150-�m-deep microchannels.

Fast and sensitive real-time detection was achieved with high throughput of more than 60 samples per

hour and small sample volume of 15 �l. The cholesterol sensor had a linear detection range between 50

and 400 mg/dl. In addition, low cross-sensitivities toward glucose, ascorbic acid, acetaminophen and uric

acid were confirmed. The proposed system is promising for clinical diagnostics of cholesterol with high

speed real-time detection capability, very low sample consumption, high sensitivity, low interference

and good stability.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Microfluidic system is a potential platform for biochemical pro-

cessing and analysis with numerous advantages including low

sample/reagent consumption, high sample throughput and total

analysis capability (Becker and Locascio, 2002; Rwyes et al., 2002).

Recently, plastic/glass based microfluidic platforms have been

widely employed in various microfluidic applications. Polymethyl-

methacrylate (PMMA) (Ford et al., 1998) and polydimethylsiloxane

(PDMS) (McDonald et al., 2000) are among the most popular plastic

materials for biochemical microsystems due to low cost, ease of fab-

rication, high chemical/mechanical stability and bio-compatibility

(Schoning et al., 2005).

Integration of efficient sensors on microfluidic chips has been

one of the most important tasks for the development of micro-total

analysis system. Optical detection schemes such as fluorescence,

surface plasmon resonance and ultraviolet spectrophotometer

have been widely used in biochemical analyses. However, cost

and complexity make them impractical for microfluidic platforms.

Electrochemical technique is another well-known biochemical

∗ Corresponding authors. Tel.: +66 2 564 6900; fax: +66 2 564 6771.

E-mail addresses: anurat.wisitsoraat@nectec.or.th (A. Wisitsoraat),

adisorn.tuantranont@nectec.or.th (A. Tuantranont).

detection method, which offers high performance detection as well

as compatibility with microsystems (Lin et al., 2008). Recently, elec-

trochemical detection has been embedded in microfluidic systems

based on end-channel (Castano-Alvarez et al., 2006; Pozo-Ayuso

et al., 2008) and in-channel (Liao et al., 2007; Dossi et al., 2007)

detection schemes using different electrode materials, includ-

ing gold, platinum and carbon paste. Nevertheless, conventional

electrochemical electrodes are not fast and sensitive enough for

micro-total analysis applications, which involve small analyte vol-

ume and short detection time. Therefore, the integration of novel

sensing materials in microfluidic platform has been an important

research focus for the development of advanced bio/chemical anal-

ysis systems.

Cholesterol is an essential lipid with several biological func-

tions in organisms. The determination of cholesterol level in food

and blood has been increasingly important for clinical analy-

sis/diagnosis because of reported alarming rise in the rate of clinical

disorders due to abnormal levels of blood cholesterol. Thus, there

has been continuous effort to develop rapid and sensitive choles-

terol sensors and systems (Arya et al., 2008; Li et al., 2010).

Electrochemical cholesterol sensors utilizing various matrix and

electrode materials with different enzyme immobilization meth-

ods have been widely investigated (Vidal et al., 2001; Brahim et al.,

2002; Li et al., 2003; Guo et al., 2004; Qiaocui et al., 2005; Yang et

al., 2006; Arya et al., 2007; Ansari et al., 2008, 2009; Umar et al.,

2009; Solanki et al., 2009; Kaushik et al., 2010).

0956-5663/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.bios.2010.07.101
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The integration of cholesterol sensor in microfluidic platform

will offer instant blood cholesterol determination capability since

complete processing from serum extraction to detection can be

continuously performed on one chip. Recently, cholesterol sen-

sors based on gold nanowires prepared by electroplating through

anodized alumina template were integrated in a microfluidic plat-

form by dielectrophoresis coating (Aravamudhan et al., 2007).

However, the reported gold nanowires sensor only provided a fac-

tor of two sensitivity improvement relative to a thin gold film

electrode because the method produced relatively large-size gold

nanowires. In addition, the detection was conducted using square

wave voltammetry rather than real-time flow injection analysis

due possibly to weak bonding between nanowires and gold con-

tact. Therefore, more efficient nanostructure materials and better

integration method should be employed to yield fast and sensitive

flow injection based cholesterol detection.

Carbon nanotubes (CNTs) are promising for electrochemical

sensing due to huge surface area, high electrical conductivity and

excellent electron transfer rate. CNTs have been widely used as sen-

sors in various electroanalysis and bio-sensing applications (Huang

et al., 2003; Shahrokhian and Zare-Mehrjardi, 2007; Kirgoz et al.,

2007). In addition, CNTs are reported to have excellent cholesterol

sensing performance with high sensitivity, low detection poten-

tial and fast response (Guo et al., 2004; Li et al., 2005; Roy et al.,

2006; Yang et al., 2006; Solanki et al., 2009; Wisitsoraat et al., 2009).

Recently, there have been reports on the use of screen printed CNT

paste electrodes on microfluidic chips for chemical and biological

analyses (Panini et al., 2008; Crevillen et al., 2009; Dossi et al., 2009).

Moreover, unmodified CNTs have been directly integrated on glass

based microfluidic chip for rapid salbutamol sensing (Karuwan et

al., 2009). However, there has been no report on the use of CNTs

integrated on a microfluidic chip for real-time cholesterol detec-

tion.

In this work, a new cholesterol sensing scheme is developed

based on in-channel amperometric flow injection analysis utiliz-

ing carbon nanotube (CNT) electrode integrated on a PDMS/glass

microfluidic chip. The uniqueness of this approach is the direct

growth of CNT electrode on a glass based chip by a low tem-

perature chemical vapor deposition (CVD) process. The on-chip

CNTs growth approach offers considerably higher density and

better aligned CNT structure with much stronger substrate adhe-

sion than other reported methods including CNT paste printing

or dielectrophoresis deposition. It will be an ideal platform for

micro-flow injection based biosensors. For cholesterol detec-

tion, cholesterol oxidase is immobilized on CNTs by simple but

effective in-channel enzyme entrapment using polyvinyl alcohol

matrix.

2. Experimental

2.1. Chemicals and reagents

All of chemicals used in this work were analytical grade

reagent. Cholesterol (CHO), cholesterol oxidase (ChOx, Pseu-

domonas fluorescens 25 U/mg), potassium hexacyanoferrate,

glucose, acetaminophen, ascorbic acid and Triton X-100 were pur-

chased from Sigma–Aldrich. Phosphate buffer saline (PBS) solution

was acquired from Fluka (USA). 98–99% hydrolyzed polyvinyl alco-

hol (PVA) was obtained from Alfa Aesor (USA). Glass substrates

were purchased from Sperior (Germany). PDMS were purchased

from Dow Chemical (USA) and photoresist (SU-8 2100) was pro-

cured from Micro Chem (USA).

2.2. Apparatus

A potentiostat, �-autolab Type III (Metrohm, Switzerland) was

utilized for all amperometric studies. Spin coater (Laurell tech-

nologies Corp, model WS-400A-6NPP) was used for spin coating of

photoresist for mold fabrication. MJB4 mask aligner (SUSS microtec,

Germany) was the tool for standard UV-lithography process. Oxy-

gen plasma system (Harrick scientific Corp., model PDC-32G) was

employed for the treatment of PDMS and glass surfaces. Hitachi

S4700 field emission scanning electron microscope (SEM) was used

to characterize the morphology of CNT electrodes. Perkin Elmer

System—Spectrum Spotlight 300 Fourier transform infrared (FTIR)

spectroscopic microscope operated in Specular reflection mode

was utilized to identify organic compositions on modified CNT elec-

trodes.

2.3. Fabrication of microfluidic device

The fabrication process consisted of three main tasks. Firstly,

PDMS chip containing microchannel was made by micromold-

ing and casting processes. Secondly, three-electrode system was

formed on a glass substrate by sputtering and chemical vapor depo-

sition (CVD) processes. Lastly, PDMS and glass chips were bonded

using oxygen plasma treatment.

For the fabrication of a PDMS chip, SU8 micromold was

fabricated by standard photolithography. SU-8 photoresist was

spin-coated on a Si substrate and then soft baked to remove sol-

Fig. 1. Diagram and photographs of the microchip with in-channel carbon nanotubes based amperometric detector.
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vent in the layer. Next, UV-lithography was performed using MJB4

mask aligner to obtain photoresist patterns on the substrate. The

photoresist was then post-baked in order to selectively cross-link

the exposed portion of photoresist. Next, the photoresist was devel-

oped and cleaned with isopropyl alcohol and deionized water. The

microfluidic chip was designed to have two inlets and one outlet

as shown in Fig. 1(a). For two inlets, one was used for buffer carrier

stream or PVA functionalization and the other was used for injec-

tion of analyte or enzyme immobilization. The microchannel was

150 �m deep and 150 �m wide.

In the second part, working (CNTs), auxiliary (Pt) and reference

(Ag) electrodes were designed as straight stripes across microchan-

nel and located opposite to the outlet of microchannel as shown

in Fig. 1(b). Pt and Ag electrodes were 200 �m wide and 300 nm

thick platinum and silver layers each supported by 50 nm Cr adhe-

sive layers while the CNT electrode was formed on a 200 �m wide

and 300 nm thick Au contact layer with a 50 nm thick Cr binding

layer. For CNT’s growth, 10 nm thick aluminum oxide and 5 nm

thick stainless steel layers were successively deposited at the end

of Au stripe across the microchannel. All layers were deposited and

patterned by sputtering through electroplated Ni shadow masks. Ni

shadow masks were made by photolithographic patterning and Ni

electroplating processes. The aluminum oxide layer was deposited

by reactive sputtering at a pressure of 3 × 10−3 mbar of 1:5 Ar/O2

gas mixtures while other metallic layers were deposited in Ar gas

at the same pressure.

CNTs were then grown by a low temperature CVD process

(Wisitsoraat et al., 2006). The CVD process was used because of its

low cost and ability to produce high quality CNT structure. The pre-

pared glass substrate with electrode and catalyst layers was placed

at the gas exit end of a horizontal tube furnace. The furnace was

heated up to a center temperature of 700 ◦C under hydrogen flow

of 1500 sccm at atmospheric pressure. It should be noted that high

activation center temperature of 700 ◦C and low substrate tem-

perature of 550 ◦C were specifically designed to grow CNTs on a

glass substrate with melting point of 600 ◦C. CNTs were grown by

acetylene addition with acetylene to hydrogen flow ratio of 1:4

for 1.5 min. In the course of CNT growth, in situ water-assisted

etching was employed to remove undesired amorphous carbon for-

mation from random acetylene decomposition (Wisitsoraat et al.,

2008). In water etching process, 300 ppm of water vapor was intro-

duced by water bubbling through Ar gas for 3 min while acetylene

gas was turned off. CNT’s growth and water-assisted etching were

repeatedly performed for five cycles.

In the last part, the PDMS and glass chip were treated in 35-W

radio-frequency oxygen plasma for 30 s. They were then immedi-

ately aligned and attached after oxygen plasma treatment as shown

in Fig. 1(c). The inlets and outlet of microchannels were drilled and

connected to micro-tubing via pipette tips, which were sealed to

PDMS holes by physical attachment as shown in Fig. 1(d). The inlet

tubes were connected to syringe pumps and the outlet tube was

directed to a reservoir. Finally, the whole apparatus was mounted

on an aluminum fixture and electrodes were wired to Potentiostat.

2.4. Enzyme immobilization

Before enzyme immobilization, CNT electrode was functional-

ized by flow based coating of an aqueous solution of PVA. The

polymer solution was prepared by dissolving PVA in deionized

water (18.2 M�) at a concentration of 0.1% (w/v) and heated to

90 ◦C for 1 h with constant stirring. The PVA solution was deliv-

ered into the channel to CNT electrode using a syringe pump at a

flow rate of 10 �l/min for 20 min. Coating with PVA resulted in a

highly hydrophilic surface and PVA introduced OH– group on sur-

face, which greatly helped immobilization of various chemical and

biological species (Roy et al., 2006).

For enzyme immobilization, cholesterol oxidase solution was

prepared by dissolving calculated amount of cholesterol oxidase

(25 U/mg) and potassium hexacyanoferrate (redox mediator) in

3 ml PVA solution (0.1% w/v in 0.2 M phosphate buffer, pH 7.0).

The cholesterol enzyme concentration was varied between 25 U/ml

and 100 U/ml. The enzyme solution was then delivered to CNT elec-

trode using a syringe pump at a flow rate of 10 �l/min for 20 min

and PBS buffer stream was flowed to rinse of excess enzyme on

CNT electrode. After immobilization, the sensor chip was stored in

a refrigerator for 24 h before use.

2.5. Microfluidic flow injection procedure

The 500 mg/dl stock cholesterol solution was prepared by

adding required amount of cholesterol to 5 ml of Triton X-100 and

then heated up to 90 ◦C for some time until cholesterol was com-

pletely melted. 45 ml of PBS (pH 7.0) solution was then added to

Triton X and cholesterol mixture. For interference characteriza-

tion, the stock solutions of glucose, acetaminophen and ascorbic

acid were prepared in deionized water at concentration of 100, 2,

1 and 5 mg/dl, respectively. Before use, all solutions were filtered

through 0.2 �m cellulose acetate membrane to prevent clogging in

microchannels.

Before flow sensing experiments, microchannels were treated

with deionized water for 10 min. PBS running buffer was then con-

tinuously delivered into the channel at a flow rate of 40 �l/min.

CHO analysis based on flow injection chronoamperometric detec-

tion mode was then performed. CHO pulses were injected into the

buffer stream and electrochemical current was continuously mon-

itored at a fixed detection potential ranging from +0.3 to +0.6 V

vs. Ag reference electrode. Sample injections were performed after

stabilization of baseline buffer signal. The current response and

throughput were then characterized as a function of injection vol-

ume. In addition, the current response was optimized as a function

of pH of buffer, enzyme concentration and ambient temperature.

The pH of PBS buffer was adjusted by small addition of HCl or

NaOH and ambient temperature was controlled by laboratory’s air

conditioning and heating system. After cholesterol detection, inter-

ference responses toward glucose, acetaminophen, uric acid and

ascorbic acid were measured at their nominal concentrations.

3. Results and discussion

3.1. On-chip CNT electrode

The surface morphology of on-chip CNT electrode was exam-

ined using SEM. Typical top view and cross-sectional view SEM

images of CNTs after PVA–enzyme immobilization are shown in

Fig. 2(a) and (b), respectively. From Fig. 2(a), it can be seen that

CNTs are coated by polymer–enzyme nanoparticles on CNT sur-

face. The size of PVA–enzyme nanoparticles is in the range between

20 and 100 nm. From Fig. 2(b), the nominal diameter of CNTs is

∼20 nm and the line density of CNTs is ∼40 nanotubes per micron.

Thus, the total number of CNTs over 200 �m × 150 �m electrode

can be estimated to be ∼4.8 × 107 and approximately 60% of them

are coated with PVA–enzyme nanoparticles as seen in Fig. 2(a).

The high density CNT integration will be difficult to achieve by

other methods including CNT paste printing or dielectrophoresis

coating.

The binding of PVA and enzymes on CNT surface was charac-

terized by FTIR spectroscopy. The FTIR spectrum of immobilized

CNT electrode is shown in Fig. 3. The observed functional groups

indicate successful cholesterol enzyme immobilization. OH band

(3200–3570 cm−1), C O bending peak (∼1700 cm−1) and C–O

stretching peak (∼1110 cm−1) are contributed by PVA (Mansur et
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Fig. 2. SEM images of (a) a top view of CNTs on glass substrate with PVA and choles-

terol enzyme coating and (b) a cross-sectional view of CNTs at high magnification.

al., 2004) while C–N bending band (740–800 cm−1), COOH peak

(1400 cm−1), N–H bending peak (∼1570 cm−1: Amide II), C O

stretching peak (∼1650 cm−1: Amide I) as well as OH band can be

attributed to enzyme molecules (Sulek et al., 2010).

Fig. 3. Typical FTIR spectrum of the CNT electrode after PVA–cholesterol enzyme

coating.

Fig. 4. Effect of injection volume on current response and sample throughput for

cholesterol detection at 0.4 V vs. Ag reference electrode and 200 mg/dl cholesterol

concentration.

3.2. Optimization of detection parameters

The detection potential affects the sensitivity as well as inter-

ference characteristics of current signal for bio-analytes. To obtain

suitable detection potential, hydrodynamic voltammetry were

studied from injection of 15 �l of 200 mg/dl cholesterol and

acetaminophen solutions into the micro-flow system with vary-

ing detection potential from 0.3 to 0.7 V. It was found that signal to

background (S/B) ratio gradually increased as potential increased

from 0.3 to 0.7 V. However, interference from acetaminophen

became significant at high detection potentials between 0.5 and

0.7 V. Therefore, 0.4 V bias potential was selected for cholesterol

detection in all micro-flow experiments. If not indicated otherwise,

sensors were prepared with cholesterol enzyme concentration of

75 U/ml and measurements were performed using PBS buffer with

pH of 7 at room temperature (25 ◦C).

The influence of injection volume on the response of current

signal and sample throughput was then characterized to opti-

mize cholesterol detection. Fig. 4 shows current response and

throughput vs. injection volume of 200 mg/dl cholesterol solution

injected into the buffer stream flowed at a fixed rate at 40 �l/min.

The throughput of detection is calculated from the total response

time of injection. It can be seen that the current signal increases

almost linearly while the throughput monotonically decreases with

injection volume. The throughput decreases because the response

time increases with injection volume. The injection volume of

15 �l was chosen for compromised sensitivity and throughput

(60 samples/h). It should be noted that the Y-error bars in this plot

(and all subsequent plots) represented the reproducibility from

three sensors prepared in the same batch and measurement error

over three repeated measurements. It can be seen that CNT sensors

has good repeatability and reproducibility with relative standard

deviations of less than 15%.

The effect of buffer pH on the sensor response was considered

in the range between 6 and 8.5 using PBS buffer solutions. Fig. 5

shows the current response to 200 mg/dl cholesterol solution vs.

buffer pH at a fixed buffer flow rate of 40 �l/min and a fixed sample

injection volume of 15 �l. It is evident that the optimum pH is in the

range between 7.0 and 7.5 and the response rapidly degrades under

acidic and basic conditions. This is in accordance with other reports

(Solanki et al., 2009; Umar et al., 2009) and the recommended pH

for cholesterol oxidase (Noma and Nakayama, 1976). pH of 7 was

selected to maximize the enzyme’s life time.

The effect of enzyme concentration on the sensor response was

studied in the range from 25 U/ml to 100 U/ml. Fig. 6 illustrates

the current response to 200 mg/dl cholesterol solution as a func-
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Fig. 5. Effect of buffer pH on current response to 200 mg/dl cholesterol at 0.4 V vs.

Ag reference electrode.

tion of enzyme concentration tested at a fixed buffer flow rate

of 40 �l/min and a sample injection volume of 15 �l. It can be

seen that the response initially increases as the enzyme concentra-

tion increases and then saturates when the concentration reaches

50 U/ml. Thus, the maximum enzyme entrapment was obtained at

the enzyme concentration of 50 U/ml. However, enzyme concen-

tration of 75 U/ml was used to ensure adequate enzyme loading for

the remaining experiments.

The current response dependence on environmental tempera-

ture was investigated from 10 ◦C to 45 ◦C. Fig. 7 shows the current

response to 200 mg/dl cholesterol solution vs. ambient tempera-

ture tested using a fixed buffer flow rate of 40 �l/min and a sample

injection volume of 15 �l. It is evident that the current response

is optimized in the temperature ranging from 20 to 30 ◦C. The

response rapidly decreases when the ambient temperature exceeds

30 ◦C and it also reduces as temperature goes below 20 ◦C. The

results can be explained from the fact that cholesterol enzyme

quickly degrades at high temperature and electrochemical mobility

and solubility of cholesterol in the solution reduce at low temper-

ature. Thus, room temperature (25 ◦C) is suitable for cholesterol

detection.

3.3. Amperometric detection of cholesterol

Amperometric cholesterol detection was then performed using

the optimized detection potential, injection volume, pH of buffer,

Fig. 6. Effect of cholesterol enzyme concentration on current response to 200 mg/dl

cholesterol at 0.4 V vs. Ag reference electrode.

Fig. 7. Effect of ambient temperature on to 200 mg/dl cholesterol at 0.4 V vs. Ag

reference electrode.

enzyme concentration and ambient temperature obtained from

above studies. Fig. 8 shows amperometric cholesterol sensing in

the concentration ranging from 50 to 250 mg/dl with three repli-

cate injections for each concentration. From the plot, the rise time

and decay time are estimated to be 3–5 and 40–45 s, respectively.

Thus, fast detection with a high throughput of ∼60 samples/h has

been achieved.

The calibration curve, Fig. 9, is obtained from the peak ampli-

tude of current response pulses over a range of concentration from

0 to 450 mg/dl. It can be seen that linear concentration depen-

dence is obtained in the concentration range between 50 and

400 mg/dl (∼1.25 to ∼10 mM). The regression equation is given by

y = 0.0512x + 3.69 (r2 = 0.9959), where y and x are the height of peak

current (nA) and cholesterol concentration (mg/dl), respectively.

The slope of the equation is corresponding to the linear sensitiv-

ity of 0.0512 nA/(mg/dl). In addition, it is seen that the current

response begins to level off at concentration higher than 400 mg/dl

while it increases with a higher slope at concentration lower than

50 mg/dl. The detection limit (3S/N) is estimated from Fig. 9 to be

∼10 mg/dl (∼0.25 mM). Thus, the operating range of present sys-

tem is suitable for clinical diagnostics of cholesterol in blood whose

cholesterol concentration for most people lies within the range

between 50 and 350 mg/dl.

The linear detection range is comparable to other electrochem-

ical cholesterol sensors based on CNT nanocomposite or SnO2/ZnO

nanostructures (Li et al., 2005; Roy et al., 2006; Yang et al.,

2006; Ansari et al., 2009; Solanki et al., 2009; Umar et al., 2009),

Fig. 8. Flow injection chronoamperometric detection of cholesterol with different

cholesterol concentrations at 0.4 V vs. Ag reference electrode.
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Fig. 9. Calibration curve as a function of cholesterol concentration.

whose linear regions are varied with high limits in the range of

300–500 mg/dl or 7.5–12.5 mM and with low limits in the range of

5–50 mg/dl or 0.1–1 mM. However, the detection limit is not as low

as those in some reports, which are in the range of 0.05–5 mg/dl

or 0.001–0.1 mM. The possible causes of relatively poor detec-

tion limit include less active enzymes used, less effective enzyme

immobilization method and normally lower current sensitivity of

micro-flow injection measurement.

It should be noted that this work utilizes dynamic micro-

flow injection chronoamperometric detection scheme while other

reports employ static/semi-static voltammetric detection methods

including conventional chronoamperometry, cyclic voltammetry,

square wave voltammetry and differential pulse voltammetry. In

the micro-flow injection detection mode, sensors have very lim-

ited reaction time with very small sample volume and hence

the response can be considerably less compared to other detec-

tion methods. Hence, the detection limit (10 mg/dl) and sensitivity

(0.0512 nA/mg/dl) of the on-chip CNT sensor can be considered sat-

isfactory and they may be comparable to other reported sensors if

detection is made by the same method.

Despite its relatively lower current sensitivity, the proposed

cholesterol detection scheme is considered better than several

other reported cholesterol systems because of higher speed detec-

tion and much lower sample consumption. Real-time cholesterol

detection has been achieved with very fast response time (3–5 s),

high sample throughput (60 samples/h), very low sample con-

sumption (15 �l) and satisfactory dynamic range (50–400 mg/dl).

The resulting performance is attributed to fast, sensitive and stable

CNT electrode directly grown on microfluidic chip and effec-

tive cholesterol enzyme immobilization using entrapment in PVA

matrix. The use of this platform for other bio-sensing can be fur-

ther optimized for each application by the use of suitable enzymes

and immobilization methods to yield desired detection limit and

dynamic range.

3.4. Interference and stability study

Specificity is one of the most critical issues for biosensors to

be used in real environment. To evaluate specificity of the sen-

sors, interferences by four common electroactive species including

ascorbic acid, glucose, acetaminophen and uric acid were tested

near their normal concentration level in serum. Fig. 10 demon-

strates interference responses of ascorbic acid (1 mg/dl), glucose

Fig. 10. Interference responses toward ascorbic acid (1 mg/dl), glucose (100 mg/dl),

acetaminophen (2 mg/dl) and uric acid (5 mg/dl) at 0.4 V vs. Ag reference electrode.

(100 mg/dl), acetaminophen (2 mg/dl) and uric acid (5 mg/dl). It can

be seen that ascorbic acid and glucose give negligible interference

signals, while acetaminophen and uric acid produce relatively small

interference signal. The interferences from these analytes are sat-

isfactorily low because the working electrode potential was set at

a suitably low value of 0.4 V so that specific oxidative reaction by

cholesterol oxidase is dominant.

Lastly, long-term stability of the sensor was assessed. The sen-

sors were stored dry at 4 ◦C and tested every day. It was found that

the sensitivity was dropped by 20% after one month due to natural

enzyme degradation and loss during operation. No significant CNT

removal was observed over the period of study. Thus, the on-chip

CNT sensors had a satisfactory life time. The long-term stability

of CNT electrode is attributed to the direct growth approach. The

directly grown CNTs were robust to erosion under continuous flow

of buffer and analyte for several days. Such stability may not be

attained from CNTs prepared by paste printing or dielectrophore-

sis coating methods. Therefore, the present system is promising for

clinical diagnostics of cholesterol with high speed real-time detec-

tion capability, very low sample consumption, high sensitivity, low

interference and good stability.

4. Conclusions

In conclusion, a new cholesterol detection scheme utilizing

functionalized CNT electrode on glass based microfluidic ship has

successfully been developed by direct growth of CNTs on a glass

chip. Fast cholesterol detection with a high throughput of more

than 60 samples/h has been achieved. The CNTs based cholesterol

sensor has a linear detection range between 50 and 400 mg/dl.

In addition, low cross-sensitivity toward glucose, ascorbic acid,

acetaminophen and uric acid have been verified. Moreover, the

functionalized CNT electrode exhibits a good stability and good

reproducibility in a micro-flow injection microfluidic system. The

presented system is thus promising for clinical diagnostics of

cholesterol with high speed real-time detection capability, very low

sample consumption, high sensitivity, low interference and good

stability.
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Recently, we have demonstrated that DNA hybridization using acoustic streaming induced by two

piezoelectric transducers provides higher DNA hybridization efficiency than the conventional method.

In this work, we refine acoustic streaming system for DNA hybridization by inserting an additional

piezoelectric transducer and redesigning the locations of the transducers. The Comsol� Multiphysics

was used to design and simulate the velocity field generated by the piezoelectric agitation. The

simulated velocity vector followed a spiral vortex flow field with an average direction outward from the

center of the transducers. These vortices caused the lower signal intensity in the middle of the

microarray for the two-piezoelectric disk design. On the contrary, the problem almost disappeared in

the three-piezoelectric-disk system. The optimum condition for controlling the piezoelectric was

obtained from the dye experiments with different activation settings for the transducers. The best

setting was to activate the side disks and middle disk alternatively with 1 second activating time and 3

second non-activating time for both sets of transducers. DNA hybridization using microarrays for the

malaria parasite Plasmodium falciparum from the optimized process yielded a three-fold enhancement

of the signal compared to the conventional method. Moreover, a greater number of spots passed

quality control in the optimized device, which could greatly improve biological interpretation of DNA

hybridization data.

Introduction

The DNA microarray is one of the most important analysis

techniques in molecular biology. This technology is used to

measure changes in gene expression levels and to identify

patterns of genetic variation i.e. single nucleotide polymorphisms

(SNPs).1 In a standard microarray experiment, the sample

solution is confined in a microarray hybridization chamber by

a cover slip. Inside the chamber, the target DNA diffuses all

around the hybridization chamber to hybridize with comple-

mentary DNA probes fixed on a solid surface. Without active

agitation, the diffusion of macromolecules such as DNA is an

extremely slow process owing to the low diffusion constant (D) of

DNA, which in water is typically 10�6 to 10�7 cm2 s�1, depending

on DNA size, concentration and hybridization conditions.2,3

According to the equation of diffusion length (L): L¼ (Dt)0.5, the

diffusion time (t) for DNA to travel over a distance of a few mm

is more than 24 h.4 Practically, diffusion-limited DNA hybrid-

ization takes 6–24 h to achieve sufficient hybridization signals

and uniformity of signals across an array.5

Accordingly, a large number of researchers have been seeking

alternative methods to enhance the hybridization, for example

surface acoustic wave (SAW) based microagitation,6 cavitational

microstreaming,7 fluid circulation and mixing,1,2,8 rotating the

hybridization chamber9,10 and other forms of electrical

enhancement.11,12 All of these methods are based on the use of

mechanical or electrical force to increase the transportation rate

of the DNA molecules. Some of these methods require compli-

cated fabrication processes, expensive devices, or modification of

the DNA microarray. Acoustic streaming is another effective

mixing technique applicable to microarrays. In this technique, an

ultrasound wave passes through a liquid medium and transfers

the momentum to the test fluid, generating a steady circular flow

occurring in a high-intensity non-linear acoustic field.13 The

spatial attenuation of a wave in free space and the friction

between a medium and a vibrating object are the two key

mechanisms for acoustic streaming induction.14 Another non-

linear phenomenon always considered along with acoustic

streaming, is the acoustic radiation force. Acoustic radiation
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force moves a suspending particle toward or away from acoustic

pressure nodes while acoustic streaming induces the flow of the

entire fluid.13 The extent to which a particle is affected by

acoustic radiation force or acoustic streaming depends on the

size of the particle. Larger particles will experience a higher

degree of acoustic radiation force and a lower level of acoustic

streaming, respectively.15 Acoustic streaming has been used in

many applications, for example clinical analysis,16 enhancement

of heat and mass transfer17 and fluid mixing.3,18 It is one of the

most practical fluid mixing techniques for DNA hybridization

since there is no need for an external pumping unit or compli-

cated mechanical parts for moving the microarray slide and

coverslip. However, fabrication and integration of the acoustic

streaming source for microarrays typically requires modification

to the microarrays and coverslip,19–21 which is impractical since

DNA microarrays are typically obtained from commercial

sources available in standard formats only.

Recently, we proposed a simple and low cost device for DNA

hybridization based on acoustic streaming induced by two

piezoelectric transducers with a coupling fluid.22 Each piezo-

electric disk, placed directly beneath each hybridization

chamber, generates acoustic waves that are effectively trans-

ferred to microarrays via a coupling fluid. The DNA targets were

observed to move in both vertical and horizontal directions

under the influence of acoustic streaming facilitating hybridiza-

tion with their complementary DNA probes. This scheme

requires no modification of the microarray or coverslip and

provides better DNA hybridization efficiency and speed

compared to the conventional method of static hybridization.

However, the efficiency of DNA hybridization over the whole

array area is still sub-optimal. In this work, we refine the acoustic

streaming system for DNA hybridization by inserting an addi-

tional piezoelectric transducer (PZT) and redesigning the loca-

tions of the transducers. The Comsol� Multiphysics software is

used to design and simulate the velocity field generated by the

piezoelectric agitation. DNA microarray hybridization experi-

ments were performed using Plasmodium falciparummicroarrays

to verify the performance of the new device.

Experimental section

Design and fabrication

The schematic of the DNA hybridization device is shown in

Fig.1. The device consists of three PZTs attached in aluminium

chambers. Another aluminium plate, which could be screwed to

the chamber, was used as a lid. An o-ring was used to provide

a tight seal between chambers and the cover plate. PZTs with

a diameter of 1.75 mm were activated at a resonant frequency of

1.67 MHz and operating voltage of 24 Vrms. The 0.8 mm deep

circular wells located on top of the PZTs and two rectangular

wells at both ends of the chamber were used for holding

a coupling fluid and a humidity control solution, respectively.

3xSSC solution was used as a coupling fluid as well as a humidity

control solution. The reasons for choosing 3xSSC solution as

a coupling fluid were that it is closely matched in acoustic

impedance (z) with the silica glass, it is low in heat transfer and it

is non-contaminant to the hybridization process.22 The 3-PZT

design was proposed in order to improve the non-uniformity

problem found from our previous design, in which microarrays

were placed on top of two PZTs. It was found that signal

intensity in the middle of the hybridization chamber tended to be

low compared with other regions, which may have been a result

of an outward flow of acoustic wave from the center of the

microarray. The new device was designed to have PZTs inter-

posed between microarrays to provide alternate agitations

between both sides of the hybridization chamber and thus

significantly enhance the movement of target DNA. Moreover,

the new design would allow us to operate with different micro-

array shapes i.e., the short microarray (17.5 � 19.5 mm2) and

a long microarray (17.5� 45 mm2). The optimum signal for each

microarray could be obtained by controlling each PZT inde-

pendently. It should also be noted that no more than three-

piezoelectric-transducers can be used in this system because of

physical constraints including the sizes of the piezoelectric disk,

microarray, glass slide and chamber.

Finite element simulation

The microagitation system was designed and simulated using

Comsol�Multiphysics (COMSOL Inc., Burlington,MA), a finite

element method (FEM) simulation software. The 3D model for

numerical simulations was constructed according to the real

device dimensions. The finite elements of the structure were then

built using a tetragonal mesh with ultra fine precision. The

generation and propagation of acoustic waves in the structure

were simulated using piezoelectric and pressure acoustic modules

in Comsol� Multiphysics. The first set of governing equations

used in the piezoelectric module are electromechanical equations

of motion with stress-induced piezoelectric effect23:�
M 0
0 0

� �
u€
v€

�
þ
�
Cm 0
0 0

� �
_u
_v

�
þ
�
Km Kme

KT
me Ke

� �
u
v

�
¼

�
F
L

�

(1)

T ¼ cES � eTE (2)

D ¼ eS + 3sE (3)

where M, Cm, Km, Kme, Ke, u, v, F and L were mass matrix,

damping matrix, dielectric conductively matrix, piezoelectric

Fig. 1 Schematic showing a side view and top view of dynamic

hybridization device in which DNA microarrays are placed inside the

hybridization chamber above the piezoelectric ultra sonic transducers

and coupling liquid. An O-ring rubber is used to provide a tight seal.

134 | Lab Chip, 2012, 12, 133–138 This journal is ª The Royal Society of Chemistry 2012

D
ow

nl
oa

de
d 

by
 N

at
io

na
l S

&
T 

In
fo

 S
er

vi
ce

 o
n 

04
 Ja

nu
ar

y 
20

12
Pu

bl
is

he
d 

on
 1

0 
N

ov
em

be
r 2

01
1 

on
 h

ttp
://

pu
bs

.rs
c.

or
g 

| d
oi

:1
0.

10
39

/C
1L

C
20

72
0B

View Online



coupling matrix, stiffness matrix, spatial displacement vector,

electric displacement vector, structural force vector and nodal

charge vector, respectively. In eqn (2) and (3) T, S and E are

stress, strain and electric field vectors respectively, while e, cE and

3s are anisotropic elastic modulus, piezoelectric constant and

dielectric constant matrices, respectively. The electric potential

boundary conditions applied between piezoelectric electrodes are

1.67 MHz 130 Vrms sinusoidal waves. The Comsol� program

solves the equations in three dimensions and produces the solu-

tion of acoustic wave from displacement fields, which is coupled

to the pressure acoustic modules where the propagation of

acoustic wave is determined by solving Helmholtz’s acoustic

wave equation15,24:

V$(�(1/r0)(Vp � q)) � (u2/c2s + l2)p/r0 ¼ Q, l ¼ �ikN (4)

where p, r0, u, cs, Q, q, l and kN are acoustic pressure wave,

density of acoustic medium, angular frequency, acoustic velocity,

monopole source, dipole source, eigenfrequency and normal

wave number, respectively. Monopole and dipole source are

absent in this case. The mechanical boundary conditions are that

all surface of the device are free boundary while the side and top

walls of coupling fluid chambers are hard-sound boundary where

normal velocity component vanished. The COMSOL eigenvalue

solver is used to determine the acoustic frequency response and

acoustic wave velocity field. The acoustic simulation of the device

with three-PZT agitation was made and compared to that from

the previous design that contained only two PZTs.

Optimization of controlling signal

Since dramatic heat flux was generated and could denature

DNA during PZT activation, transducers could not operate

continuously. Thus, PZTs must be controlled to minimize heat

as well as bubble generation, but maximize overall fluidic

movement. For the control experiment, the transducers were

turned on and off using a square wave signal and tested in three

different modes. First, the side disks and the middle disk were

activated alternately. Secondly, all disks were activated simul-

taneously and lastly each disk was activated alternately. Fluidic

dye was added into hybridization chambers to observe lateral

fluidic movement as a result of agitation. The on and off times

for activating the disks were also varied to find an optimum

condition. The optimum controlling signal that allowed the

fluidic dye to flow all over the hybridization chamber rapidly,

homogeneously and coldly are used in the hybridization

experiment.

DNA hybridization experiment

The hybridization experiments were then performed using two-

and three-piezo hybridization devices and compared with the

conventional static method. The DNA microarrays were fabri-

cated on polylysine-coated glass slides using a new generation

ultrafast, linear servo driven DeRisi microarrayer, controlled by

ArrayMaker software (http://derisilab.ucsf.edu/microarray/

software.html). The DNA microarray was printed on a glass

substrate with a total area of 17.5 � 19.5 mm2. The microarray

contained 8088 features with a printed long oligonucleotide

probe (70 bases in length). The probes covered the malaria

parasite Plasmodium falciparum genome. The target DNAs were

cDNAs, which were transcribed from total RNA.

There were two different cDNA samples, one labeled with Cy3

dye and the other labeled with Cy5 dye (Amersham Biosciences)

as described previously.25 The experiments were conducted with

the same cDNA quantity (5 pmol) and hybridized for 16 h at

42 �C. After hybridization, the arrays were washed, dried and

stored in a cool dark place before analysis. All scanning was

done on the same day and all scans were done using the same

laser power and PMT gain settings (100%, Cy5 PMT ¼ 560 V,

and Cy3 PMT ¼ 490 V respectively). Microarray scanning and

image analysis was done on a GenePix400B scanner and spot

intensities were quantified using GenePix Pro 6.0 Software

(Axon Instrument, Inc). Filtering to distinguish good/effective

spots was done using the signal-to-noise ratio (SNR) $ 3

reported by GenePixPro, which follows the recommendation

made by Yatskou et al.26 for DNA microarray data. Kernel

density plots and subarray boxplots were carried out using the R

interpreter software.

Results and discussion

Flow field in hybridization chamber

The velocity vector fields from acoustic simulation of the device

with 2-PZT and 3-PZT agitation systems are illustrated in

Fig. 2. The results of the 2-PZT agitation system are demon-

strated when only the left PZT is activated while the results of

the 3-PZT agitation system are demonstrated in the mode in

which two side PZTs are activated and the center PZT is off.

These settings represent typical conditions used in experiments.

Comparing the top view of the velocity vector field of 2-PZT

and 3-PZT systems (Fig. 2A–B), it is evident that the velocity

vector field on the square hybridization area of the 2-PZT

system is considerably weaker than that of the 3-PZT system.

Thus, agitation by the 3-PZT system is much more effective.

From the enlarged 3D view of the velocity vector field of the

2-PZT and 3-PZT systems (Fig. 2C–D), a spiraling vortex 3D

streaming flow with a source located approximately in the

middle of the PZT is formed in both cases. The spiral flow is in

the direction outward from the center of the PZT. For the

2-PZT case, each PZT is concentric with the microarray. Thus,

DNA particles will move very slowly (almost stationary)

around the center of microarray, however there is much more

movement toward the edges. The results can explain our

previous experimental observation that the hybridization

intensity on the edge of microarrays was often observed to be

much greater than on the central region. In the 3-PZT design,

each microarray is interposed between two PZTs. Hence, each

edge of a microarray can receive the outward spiral flow with

strong velocity field from the PZT on each side as shown in

Fig. 2D. However, it should be noted that if the spiral fields

from PZTs on both sides appear simultaneously, undesirable

standing wave will occur from the simulation of two opposing

waves. Thus, PZTs on either side should not be activated

concurrently. Therefore, the 3-PZT design with alternate PZT

activation should be able to circumvent the problem of low

hybridization intensity at the microarray center in 2-PZT

design.
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Operating signal optimization

From the control experiments, three PZTs were initially tested in

three different modes without non-activating time between

consecutive transducer activations. It was found that the fluidic

dye could cover the entire hybridization chamber within 5 min

when the side disks and the middle disk were alternately acti-

vated. However, similar coverage would take 10 min and 14 min

when operating all three PZTs simultaneously and activating

each PZT alternately, respectively. Thus, the results agree with

the prediction from the simulation that a standing wave would

occur and deter fluid mixing when operating all PZTs simulta-

neously. Therefore, the best activation mode is confirmed to be

operating the middle and side PZTs alternately. However, it was

found that excessive heat was generated due to the lack of non-

activating time between consecutive transducer activations.

Thus, non-activating time was added and on-off activating

signals were varied to optimize fluidic movement, total operating

time and heat generation. Lower heat generation could be

observed with less bubble generation in the fluid after adding

non-activating time. The optimum activating and non-activating

times were found to be 1 and 3 s, respectively. The condition was

proven to be suitable in terms of heat reduction and overall fluid

movement. The optimum agitation by 3-PZT system allowed the

fluidic dye to fill the entire chamber as illustrated in Fig. 3B

within 15 min, while it took more than 30 min for the dye to cover

half of the chamber as shown in Fig. 3A for the static case

(all PZTs off).

Enhancement of microarray hybridization efficiency

The hybridization efficiency of our device was compared with the

conventional static hybridization method. The hybridization

experiments were performed on a microarray with corresponding

biological cDNA samples. The fluorescent scanned images of

microarrays hybridized with or without piezoelectric agitation,

are shown in Fig. 4. The signals are consistent across both arrays,

although the signal overall for the piezoelectric hybridization

appears stronger relative to conventional hybridization. For

microarray data analysis, spot quality control is a crucial part to

Fig. 2 Top view of velocity vector field of (A) the 2-PZT system when the left PZT is activated and (B) the 3-PZT system when two side PZTs are

activated. The corresponding 3D views of the velocity vector field of the (C) 2-PZT and (D) 3-PZT systems.

Fig. 3 Photographs of dye solution mixing in the hybridization micro-

chamber (A) without acoustic streaming (PZT off) and (B) with the PZT

agitation at 1.67 MHz and 24 Vrms.
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Fig. 4 Microarray scan pictures of P. falciparum DNA microarrays with (A) 16 h static hybridization, and (B) 16 h 3-PZT dynamic hybridization.

Fig. 5 (A) Kernel density plots (normalized density vs. background-corrected fluorescence intensity (log scale) for the spots in Cy3 (532 nm) and Cy5

(635 nm) channels) obtained from hybridization experiments using conventional, 2-PZT and 3-PZT systems and (B) corresponding subarray box plots

(background-corrected fluorescence intensity (log scale) distribution for 16 subarrays). Thick line in each box represents median intensity.

This journal is ª The Royal Society of Chemistry 2012 Lab Chip, 2012, 12, 133–138 | 137
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distinguish between good/effective spots from bad ones that may

represent biologically irrelevant noise. We found that more spots

pass filtering for agitated 2-PZT and 3-PZT relative to conven-

tional hybridization (2720, 5560, and 2414 spots respectively).

Thus, our 3-PZT system can significantly increase the number of

effective spots over the previous 2-PZT system and static

hybridization. As a result, our new agitation system could

increase the detection sensitivity for DNA targets that may have

produced low hybridization signals (due to their low expression

level) but were biologically relevant. The power of discovering

more effective spots would be extremely beneficial in many kinds

of transcriptomic profiling studies because it would produce

better microarray interpretation. The greater number of good

spots for agitated hybridization cover a broader range of signal

intensities, especially for the 3-PZT hybridization, as shown by

the kernel density distribution plots for the Cy3 and Cy5 chan-

nels (Fig. 5A).

In order to demonstrate that the hydridization efficiency of the

3-PZT is consistent across the array, the fluorescent signals

within each of the 16 subarrays were compared. The boxplots of

fluorescent intensity shown in Fig. 5B indicate that the ranges of

intensities within each subarray are comparable, with no

noticeable bias in different regions of the array. A rigorous

statistical analysis was not performed though, since the sub-

arrays contain different probes corresponding to genes expressed

at different levels. Moreover, the printing of probes on the array

is not random e.g. the bottom row of each subarray is mostly

empty. Consistent hybridization across the array also requires

careful application of the labeled DNA solution and coverslip,

which can be a major source of operator error. To overcome this

problem, semi-automated delivery systems could be incorpo-

rated into the 3-PZT device, such as used in the MAUI

commercial system (BioMicro systems USA).

Conclusions

In conclusion, we have developed a new three-PZT design for

a low-cost dynamic acoustic streaming-based DNA hybridiza-

tion system. The new acoustic streaming design is modified from

the previously developed 2-PZT system by inserting an addi-

tional piezoelectric transducer and redesigning the locations of

the transducers. The design is assisted by acoustic simulations

using Comsol� Multiphysics. Our static versus dynamic

hybridization comparison under ‘real’ microarray experimental

parameters demonstrated that the newly designed dynamic

hybridization system provides significantly higher average fluo-

rescent signal intensities in both Cy3 and Cy5 channels than the

conventional static hybridization and the previous 2-PZT design.

This allows more effective spots to be included in the subsequent

microarray data analysis, and potentially greater power to detect

biologically significant signals, especially those in the lower

range.
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a b s t r a c t

Monolithic multichannel quartz crystal microbalance (MQCM) is an emerging technology for advanced

sensing and measurement applications. In this report, a comprehensive review of MQCM technology

is presented. Firstly, basic MQCM’s design, simulation and characterization with emphasis on acoustic

interference are described. Next, various MQCM schemes to minimize interference and enhance sensi-

tivity of conventional MQCM devices based on modification of quartz substrate structure are digested.

These include mesa, convex and x-axis inversion structures. Three important MQCM sensing platforms

and their application areas are then discussed. These comprise MQCM as a static multichannel detector,

series MQCM as a multichannel detector for the flow injection analysis and multi-frequency QCM for

multi-sensitivity/multi-dynamic range detection. Finally, potential MQCM applications including elec-

tronic noses, bio-sensor arrays, and photocatatalytic measurement are illustrated and prospective MQCM

applications including electronic tongues and electrochemical measurement are suggested.
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1. Introduction

Quartz crystal microbalance (QCM) is a thickness-shear mode

bulk acoustic wave transducer that has been widely employed for

physical, chemical and biological sensing applications [1–6]. QCM

0003-2670/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2010.12.022
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devices derive from piezoelectric quartz crystal resonators that res-

onate electromechanically in a thickness-shear mode (TSM). Owing

to piezoelectric effects, the resonant properties of crystal can be

influenced by external physical loading, which may be classified

into two main types, gravimetric and viscoelastic loading. In the

first case, gravimetric force due to mass rigidly deposited on the

crystal surface is balanced by a force originating from the shear

gradient inside the crystal, leading to the resonance frequency shift

(�fg), which is governed by Sauerbrey’s equation [7,8]:

�fg = − 2f 2
0√

�q�q

�M

A
(1)

f0 = v
2tq

=
√

(�q/�q)

2tq
(2)

where f0 is the fundamental resonance frequency, �M is the

mass deposited on QCM surface, A is the active electrode area,

v is the acoustic wave velocity, �q is the density of crystal

(2.648 g cm−3 for quartz), �q is the shear modulus of the cut face

(2.947 × 1011 g cm−1 s2 for AT-cut quartz) and tq is the crystal thick-

ness. With this loading effect, QCM has been routinely used for

thickness monitoring in physical vapor deposition processes.

For the viscoelastic loading, resonance frequency is changed due

to acoustic-fluid damping interaction when QCM operates in vis-

coelastic medium such as liquid [9]. Unlike gravimetric loading,

there are large changes of dissipation factor and resonant resis-

tance due to energy losses of shear wave that travels through

non-rigidly adsorbed layers [10–13]. The viscoselastic resonance

frequency shift (�fv), dissipation factor change (�D) and resonant

resistance change (�R) are given by:

�fv = −f 3/2
0

√
�L�L

��q�q
(3)

�D = 2f 1/2
0

√
�L�L

��q�q
(4)

�R = (2��L�Lf0)
1/2A

k2
(5)

where �L, �L and k are viscosity, density and electromechanical

coupling factor of the liquid medium, respectively. Both dissi-

pation factor and resonant resistance can be directly measured

experimentally. The combined measurements of frequency shift

and changes in the dissipation factor and resonant resistance have

been termed, QCM-D and QCM-R, respectively [14]. With the com-

bined mass and viscosity–density effects, QCM can be applied for

bio/chemical sensing by coating with a chemically or biologically

sensitive film to sense very small amount of adsorbed gases such

as volatile organic compounds (VOCs) [15,16] and environmen-

tal pollutants [17–19] and liquid phase biochemicals. QCM/QCM-D

evolves a solution measurement capability in analytical chem-

istry and electrochemistry applications due to wide detection

range capability and very broad measurement applicability. More-

over, electrochemical quartz crystal microbalance (EQCM) variant,

in which QCM is employed as a working electrochemical elec-

trode, allows advanced electrochemical studies. Great amount of

work relating to QCM/QCM-D/EQCM has been summarized in a

number of review articles, which go over the utilization of QCM

in analytical electrochemistry [20–22], QCM application areas in

biosensors [23–29], drug discovery [6,30] and complex biopoly-

meric/biomimetic/biomolecular systems [1,4].

The main advantages of QCM in sensing fields include high

sensitivity, high stability, fast response and low cost. In addi-

tion, it provides label-free detection capability for bio-sensing

applications. However, QCM faces a major technical disadvan-

tage of substantial characteristic dependence on environmental

parameters particularly temperature. The problem can be par-

tially alleviated by using AT-cut QCM surface (35.25◦ with respect

to z-axis) because it has relatively low temperature coefficient

compared to other well-characterized quartz crystal cuts [31]. Nev-

ertheless, its performance is still not satisfactory for many sensing

applications with largely varied environmental conditions. The

environmental effects can be more effectively minimized by a dual

QCM scheme [32–35], in which reference and sensing QCMs are

employed. Both QCMs should have almost identical characteris-

tic and present in the same environmental condition but reference

QCM is prevented from sensing target species by the absence of

sensing layer. The influence of environmental factors can be nul-

lified out by taking the difference between them. In general, this

scheme may be implemented in two ways. The first mean is to

use a simple combination of two independent QCMs [32–35]. This

method is found not to be very successful because QCMs made

on different substrates can hardly be identical due to variation of

crystal production. The QCM mismatch problem can be effectively

eliminated by employing dual-QCM resonators on a single quartz

substrate since two QCMs can be made highly identical [35]. How-

ever, the approach gives rise serious interference problems because

acoustic wave induced by one QCM can interfere with the wave

generated from the nearby QCM [36]. In addition, mass or stress

loading on one QCM will induce spurious frequency shift on the

other. The problems become particularly serious for two closely

spaced identical QCMs [37].

Multiple QCM array system has been developed following the

dual QCM scheme for advanced physical, chemical and biological

sensing with environmental compensation [38]. In this system, one

QCM is used as a reference and other QCMs are coated with dif-

ferent sensing layers. Multiple QCM array systems implemented

by a simple combination of several independent QCMs are con-

sidered not suitable for general applications not only due to QCM

mismatch problem but also bulkiness. Multiple microbalances on a

single quartz substrate, commonly referred to as monolithic multi-

channel quartz crystal microbalance (MQCM), are thus considered

highly promising. Moreover, the development of MQCMs leads

to miniaturization of QCM devices because the size and spacing

between QCMs are necessarily small as the array size increases.

QCM miniaturization leads to additional benefits including lower

cost, less sample/reagent consumption, faster sensing response and

shorter diagnostic time [39]. Furthermore, QCMs in an array can

be designed to have varying sensitivity, selectivity and dynamic

range. Therefore, MQCM will be a versatile sensor platform with

high performance and wide functionality. However, MQCM tech-

nology faces challenging strong acoustic interference problems that

cannot easily be solved. It not only affects MQCM performance but

also constrains the miniaturization.

In this report, a comprehensive review of MQCM technology

is presented. Firstly, basic MQCM’s design, simulation and charac-

terization with emphasis on acoustic interference are described.

Next, various MQCM schemes to solve the problems of conven-

tional MQCM devices based on modification of quartz substrate

structure are digested. These include mesa, convex and x-axis inver-

sion structures. Three important MQCM sensing platforms and their

application areas are then discussed. These cover MQCM as a static

multichannel detector, series MQCM as a multichannel detector for

the flow injection analysis, and multifrequency MQCM for multi-

sensitivity/multi-dynamic range detection. Finally, potential and

prospective applications for MQCM are illustrated.

2. Conventional MQCM

A conventional MQCM utilizes a few hundreds micron thick AT-

cut quartz crystal plate with an array of electrode pairs deposited
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Fig. 1. Conventional MQCM (a) structure and (b) 2D model with generalized pair of

QCMs [37].

on both sides as illustrated in Fig. 1(a). The size of electrode pairs

and the spacing between them depend on the number and density

of QCM in the array. In a MQCM system, acoustic wave induced

by one QCM will propagate laterally through the substrate over a

specific distance and if another QCM is located within vicinity of

the acoustic field, acoustic interference will occur [40]. For a small

MQCM array, spacing between adjacent QCMs may be sufficiently

large and conventional MQCM structure can function properly

since interference is negligible. For a large MQCM array, distance

between adjacent QCMs must be small due to space limitation and

hence strong acoustic interference is inevitable. The interference

generally causes fundamental resonance frequency changes to all

acoustically coupled QCMs and spurious frequency shifts due to

mass or stress loading on neighboring QCMs. The problem becomes

particularly serious when all QCMs are identical and operate at the

same resonance frequency [37].

Acoustic interference in MQCM is highly complicated due to

convolution of the simultaneous vibration motions from sev-

eral resonators on one quartz plate. Additionally, it depends on

several parameters of MQCM device including spacing between

adjacent electrodes, geometry, dimensions and thickness of each

electrode, mechanical and piezoelectric properties of quartz

substrate and mechanical properties of electrode materials. Con-

sequently, analysis of MQCM and its interference characteristics

are mainly experimentally studied. Typically, interference between

two adjacent QCMs is examined experimentally by impedance

measurement of the two QCMs under exchanged external load

and an electrical equivalent circuit is used to model and

describes the response [36]. Electrical equivalent circuits includ-

ing Butterworth–Van-Dyke (BVD) model [41] and transmission line

representation [42] have been effectively used for QCM measure-

ment analysis. Interference is introduced in a BVD circuit model

by a complex coupling resistance between two BVD branches. In

an equivalent circuit model, MQCM configuration is simplified into

one-dimensional structure and the vibration profile is assumed to

be uniform throughout the electrode surface. The results evaluated

from these models are mainly valid in the region near the reso-

nance frequency, which is calculated by applying Kirchhoff’s law.

Electrical circuit modeling can provide good estimation and predic-

tion for experimental observation. However, it cannot give physical

understanding and correlation between interference behaviors and

physical parameters because it neglects some mechanical impor-

tant features including modes coupling and energy trapping of

electrode layer [40].

Theoretical modeling can provide insight understanding of

interference mechanisms as well as relationship between inter-

ference behaviors and physical parameters. In general, theoretical

analyses are performed on simplified models of complex real

world problems so that analytical or semi-analytical solutions can

be obtained. Recently, the theoretical analysis on interference of

MQCM has been conducted using a simplified MQCM model with

two generalized QCMs on a monolithic quartz crystal plate as illus-

trated in Fig. 1(b) [37]. This simple model is chosen to represent

two nearest-neighbor QCMs in a monolithic MQCM array. Two

quartz crystal microbalances, QCM-1 and QCM-2, are formed on

an infinitely wide quartz plate (l1 = l2 = ∞) with a thickness of 2h

and electrode widths of 2a1 and 2a2, respectively. The thickness

of the electrode and separation between two QCMs are he and l,

respectively. The analysis is based on one-dimensional modified

Mindlin’s theory with piezoelectric effect, which comprises a set

of partial differential equations [43]. The effects of electrode sizes,

spacing between two QCMs and QCM position on interference char-

acteristics are extracted from the theoretical solutions.

The interference has been quantitatively characterized in terms

of frequency interference (FI) and mass induce shift (MIS). FI is

defined as the normalized frequency change (�ω/ω)f of one QCM

due to a mass loading on another while MIS (�ω/ω)m is the nor-

malized change in resonance frequency due to the adsorption

of mass on its own electrode. MIS can be significantly modified

due to the presence of neighboring devices in MQCM. FI and MIS

are mathematically the same but they arise from different phys-

ical mechanisms. From the theoretical analysis, two parameters

including relative width between two QCMs (a2/a1) and separa-

tion relative to QCM thickness (l/h) at a fixed QCM width relative

to QCM thickness (a1/h) are the most important factors that affect

the FI and MSI.

FI is calculated from the resonance frequency shift of QCM-1

when the mass is placed on QCM-2. It is found from the simulation

that FI has several peaks at different a2/a1 values. The largest FI for

all a1/h values occurs near a2/a1 = 1 where the two electrodes have

the same width. This corresponds to the strongest fundamental

acoustic coupling of QCMs operating at the same resonance fre-

quency. At higher values of a2/a1, FI peaks for various QCM widths

(a1/h) appear at different c/a values. These peaks is attributed to

anharmonic overtones excited from QCM-2 and coupled into QCM-

1. The overtone coupling peaks (a2/a1 > 1) periodically occurs at

a2/a1 periods of ∼1.7, 1.34 and 1.14 for a1/h = 10, 20, and 40, respec-

tively. Thus, strong interference occurs over a broader range of a2/a1

for smaller electrodes. On the other hand, anharmonic interference

amplitudes of smaller electrodes are slightly lower than larger ones.

Consideration of MIS offers an alternative perspective of interfer-

ence. MIS is calculated from the resonance frequency shift of QCM-1

when the mass is placed on QCM-1 itself. It is seen from simulation

that MIS decreases loaded frequency shifts by a factor of ∼0.5 for

both fundamental and anharmonic interference peaks. Thus, the

mass sensitivity of QCM-1 is considerably reduced due to acous-

tic interference from QCM-2. In addition, MIS is found to slowly

increase as electrode width (a1/h) increases.

For the effect of separation, it is found that FI is high for small

separations and then decreases rapidly with increasing separation

as expected. In addition, FI for smaller electrodes is considerably

higher than that for larger one and thus smaller electrodes require

larger relative spacing. In contrary, MIS decreases slightly for small

separations (l/h < 5) and it is not strongly dependant on the separa-

tion for a2/a1 = 0.5. More recently, similar theoretical analysis on a

more general MQCM model with an arbitrary number of QCMs on a

monolithic quartz crystal plate is reported [44]. However, the anal-

ysis is limited to a special condition that all QCMs have the same

electrode width and inter-electrode spacing and only the influences

of the width and spacing on interference are evaluated. Some con-

clusions can be drawn from the theoretical analyses. Firstly, the

microbalance channels of the devices may be designed to have

different electrode sizes to avoid strong frequency interference.
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Secondly, a large electrode size is helpful for acoustic energy trap-

ping. However, the large size of electrode may also bring higher

order modes and introduce higher order frequency interference. In

applications, the size of electrode may be restricted by the num-

ber of channels mounted on quartz plate. Lastly, the separations

need to be large to avoid strong frequency interference when all

channels have the same size and same resonance frequency.

The theoretical calculation can provide insightful understand-

ing of interference effects for MQCM and can be used to guide

MQCM design. However, it cannot provide accurate prediction for

real world 3D MQCM structures as 3D geometries such as edge

effects of electrode layers and crystallographic orientation of elec-

trode relative to quartz substrate cannot be directly included in

the analysis. 3D simulation is thus required for more accurate

design and analysis of MQCM devices. Recently, 3D simulation of

a MQCM model with two symmetric QCMs on a monolithic quartz

crystal plate has been reported [40]. The simulation is conducted

using finite element analysis (FEA) method with the commercial

software package, ANSYS. The ANSYS package provides electro-

mechanical coupled field element, which includes piezoelectric

effect. The full piezoelectric tensor formulation included in the

package can account for anisotropic behaviors of piezoelectric

crystals. 3D FEA simulation can thus provide considerably more

quantitative information than 1D theoretical modeling. In addition

to frequency interference, self-mass sensitivity and mutual-mass

sensitivity, vibration mode shape and crystallographic orientation

of an electrode pair can be obtained from 3D simulation results.

For example, 3D simulation reveals the phenomenon of res-

onance splitting into parallel and anti-parallel mode for a QCM

pair when two identical QCMs operate at almost the same reso-

nance frequency. In the 3D simulation model, the thickness of both

gold electrodes and spacing between them are 6 mm, 100 nm and

3 mm, respectively. The parallel resonance (with f1 = 4954960.1 Hz)

results in the shear displacement overlapping of two QCMs, while

antiparallel resonance (with f2 = 49571192.6 Hz) causes the two

QCMs to have opposite displacements. The displacement overlap

in parallel resonance mode significantly induces acoustic coupling

between two channels. With mass deposited on one QCM surface,

both parallel and anti-parallel resonance frequencies decrease.

Moreover, it is found that the parallel resonance frequency shift is

linearly proportional to the mass absorbed while the anti-parallel

resonance frequency shift non-linearly decreases and the sensitiv-

ity of the frequency shift for anti-parallel resonance decreases as

the mass absorption per unit area increases. This results from the

fact that the mass absorbed on one QCM results in asymmetrical

detuning the two resonators and hence the splitting between the

parallel and anti-parallel resonance frequencies increases.

Moreover, 3D simulation can provide the effect of anisotropic

piezoelectric property of AT-cut quartz plate in x–z plane on inter-

ference. The coupling between a QCM pair is not the same for

different angle 
 to the x-direction as schematically shown in

Fig. 2 because acoustic waves propagate with different velocities

in different directions within the crystal plate. In this analysis, the

interference is evaluated in term of mass–frequency influence cou-

pling factor, which is defined by:

˛i =  i−j

 i−i

(5)

 i−j = �fi
�mj

(6)

where i and j are the labels of two QCMs,�mj is the mass per unit

area added on the surface of QCM-j and �fi is the frequency shift

of QCM-i. It is found from the analysis that the coupling strength is

lowest when QCM pair (pair C1–C2 in Fig. 3) located in z-direction

(
 = 90◦) and the dependency on 
 has two fold symmetry around x

Fig. 2. Typical arrangements of QCM pairs in crystallographic z–x plane [40].

Fig. 3. Various mesa-shaped MQCM structures: (a) plano-mesa (b) plano-inverted-

mesa (c) bi-mesa and (d) bi-inverted-mesa (e) 2D model with generalized pair of

bi-mesa shaped QCMs [57].
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and z axes. In addition, it is found that the frequency split between

parallel and anti-parallel of QCM pair decreases as 
 increases from

0◦ to 90◦. The results indicate that the thickness shearing deforma-

tion transferred in x-direction of quartz crystal is more than that

in z-direction. Therefore, QCM pair will be matched when their

locations in x–z plane are at the same angle or 180◦ apart. This

consideration should be taken into account in MQCM design. Inter-

ference among QCMs in conventional MQCM may be alternatively

avoided by mean of successive oscillation or multiplexing. In this

case, only one or a few QCMs can resonate at a time so that inter-

ference can completely be eliminated. This scheme is limited to

applications, which do not require real-time or high speed mea-

surement.

In addition to acoustic interference, other problems of conven-

tional MQCM include spurious vibration, limited sensitivity and

limited size of QCM electrodes. Spurious vibration occurs due to

coupling between thickness shear (TS) and other modes includ-

ing thickness flexural (TF), face shear (FS), thickness twist (TT) and

higher order modes. The coupling between TS and TF occurs due

to crystal edge effect and it is strong because both modes have a

similar displacement field [45]. The coupling between TS and FS or

TS and TT is relatively weak. In addition, the shear rotation about

the z-axis is more than an order of magnitude less than the shear

rotation about the x-axis or deflection in the y-direction [46].

Other important problems of MQCM are the limitation of sen-

sitivity and electrode size. The mass sensitivity and diameter of

MQCM electrode are both limited by the thickness of the crystal.

The sensitivity is proportional to the square of resonance frequency,

which is inversely proportional to quartz thickness. The thick-

ness of quartz crystal is limited to around 100 �m because thinner

quartz plates are too fragile and cannot be practically processed.

The thickness constraint also limits diameter of electrode because

small-diameter electrode QCM does not resonate or resonates with

a very low Q factor if the diameter of the electrode to thickness

of the crystal ratio is below 5 [47]. This limits miniaturization of

conventional MQCM devices.

3. MQCM based on modified quartz substrate structure

Several methods have been developed to eliminate or minimize

interference and other problems of conventional MQCM. Modifica-

tion of quartz substrate structure is found to be the most effective

approach to solve the problems. In this section, various MQCM

schemes based on modification of quartz substrate structure will

be described.

3.1. MQCMs with mesa shape designs

The most basic concept for minimizing the coupling of acous-

tic energy between adjacent QCMs is to increase the difference

of the resonance frequencies between the electrodes and inter-

electrode portions of the quartz plate. A direct way to increase

the resonance frequency difference is to vary the quartz thick-

ness between the electrode and inter-electrode regions. This can

practically be done by means of standard micromachining process.

The structure with varying quartz thickness in steps are com-

monly termed, Mesa, which can be subdivided into plano-mesa

[48,49], plano-inverted-mesa [50,51], bi-mesa [48,49,52] and bi-

inverted-mesa [53] as defined in Fig. 3. For plano-mesa structure

(Fig. 3(a)), square cavity with reduced quartz thickness is formed

in the inter-electrode regions while the other side is still planar.

On the other hand, square trenches are created in the electrode

regions for plano-inverted-mesa structure (Fig. 3(b)). For bi-mesa

and bi-inverted-mesa structures (Fig. 3(c–d)), square cavities are

made symmetrically on both sides.

The interference and acoustic energy trapping behaviors of the

quartz mesa structure of different designs have been experimen-

tally demonstrated [49,54]. It has been shown that the acoustic

energy of the thickness shear mode of mesa-shaped MQCMs is

considerably better confined within electrode regions than that

of conventional MQCM and the separation between two adjacent

resonators can substantially be reduced using mesa-type MQCM.

With inverted-type-mesa designs, QCM resonators can operate at

higher resonance frequency than those of non-inverted designs

because the quartz plate thickness in the electrode area is decreased

[51,53,55,56]. This scheme can thus solve the limitation of mass

sensitivity of conventional MQCMs. Comparing between bi-mesa

and plano-mesa schemes, QCMs with bi-mesa designs exhibit bet-

ter resonance characteristics with lower spurious vibration mode

and higher Q-factor than plano-mesa configuration because of

the symmetric structure [48]. However, plano-mesa scheme are

more practical than bi-mesa structure because fabrication process

is considerably simpler and its top planar surface is more suit-

able for most applications than step-profile surface [38]. Therefore,

plano-inverted-mesa structure has become more commonly used

in MQCM devices.

Recently, bi-mesa MQCM has been theoretically analyzed

[57,58] based on two-dimensional modified Mindlin’s theory,

which has also been used for analysis of conventional MQCMs.

Two generalized mesa-shaped QCMs on a monolithic quartz crystal

plate as illustrated in Fig. 3(e) are used as model to represent two

adjacent QCMs in MQCM structures. Two quartz crystal microbal-

ances, QCM-1 and QCM-2, are formed on surfaces of two mesas

with quartz thickness of 2h1 and 2h2, mesa widths of 2a1 and 2a2,

and distances to edges of l1 and l2, respectively. The thickness of

the electrode, quartz thickness outside electrode regions and sepa-

ration between mesas are he, 2h and l, respectively. In this analysis,

the Mindlin’s equations for the coupled vibrations of TS and TF

modes are used and piezoelectric effect is neglected. The kinetic and

potential energies per cycle in the different portions of the mesa

structure are computed. The kinetic energy consists of deflective

and rotational kinetic energies while the potential energy contains

rotational and extensional potential energies.

The interference behaviors of mesa shaped MQCM are evaluated

in terms of frequency interference (FI) described in the previous

section and normalized energy-trapped of QCM-1, which is defined

as the ratio of energy trapped within QCM-1 section to the total

energy in the quartz plate. The effects of mesa height, electrode

sizes, spacing between two QCMs and QCM position on interfer-

ence behaviors are acquired from the theoretical calculation. The

heights of the two mesas, h1 and h2, are both equal to hm. It is

shown that FI decreases monotonically with increasing mesa height

for the infinite plate case. When the plate has a finite length, FI

graph still follows the same curve but periodical spikes occur. These

spiking peaks correspond the coupling of TF and TS modes due to

the existence of boundaries. It is found that a small relative mesa

height (hm/h > 1.03) can effectively reduce frequency interference

between two adjacent QCMs. Thus, only small etching depth is

needed to form mesa structure with low interference and this can

considerably simplify mesa-MQCM fabrication process. However,

strong coupling regions due to the presence of a boundary still exist

for mesa structure with specific relative heights and thus they must

be avoided in the mesa-MQCM design.

In this analysis, the energy trapped in QCM structure has been

considered with different MQCM parameters. The energy trapped

in QCM-1 is determined when only QCM-1 is under excitation. For

mesa-MQCM with above parameters, energy trapped in QCM-1 is

found to increase as relative mesa height increases and negative

peaks, where the trapped energy decreases markedly, also appear

at the same relative mesa height as those of FI. At these peaks, nearly

half of the energy is found to escape to other parts of the plate in
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Fig. 4. Various convex-shaped MQCM structures: (a) plano-convex and (b) bi-

convex.

the form of a flexural wave [58]. The effect of the relative electrode

width (a2/a1) on energy trapped in QCM-1 for mesa and no mesa

structures is also analyzed. It is shown that only small relative mesa

height of 1.02 can considerably increase energy trapped in QCM-1

except the regions near the peaks of fundamental (a2/a1 = 1) and

anharmonic coupling (a2/a1 > 1). At the peaks of coupling regions,

the maximum loss from QCM-1 can be half of the total acous-

tic energy and most of the escaping energy is trapped in QCM-2.

The main benefits of the mesa structure are to narrow the range

of strong coupling region and reduce interference outside these

regions. These give considerable flexibility for the design of MQCM

devices.

3.2. MQCMs with convex shape designs

Mesa design can offer considerable improved MQCM per-

formance in terms of interference reduction and sensitivity

enhancement. However, the straight edge mesa structure cannot

effectively correct mode coupling problems between the funda-

mental TS and spurious modes [54]. As discussed in the previous

section, the coupling between TS and TF modes remains quite

substantial in mesa-shaped MQCM. The coupling is undesirable

because energy is taken from the usable frequency vibration, result-

ing in damping and lower Q-factor. High Q-factor is important for

ultra sensitive detection in liquid mode. Several structures includ-

ing dual-step mesa [54], multi-step mesa [59] and spherical convex

[47,60–62] have been developed to reduce mode coupling prob-

lems so that oscillation energy is better trapped at the center and

very little dissipation occurs at edges. Among these, the spherical

convex-shape structure can theoretically separate vibrating modes

most effectively. Spherical convex-shaped MQCMs, which include

plano-convex [60] and bi-convex [47,61] designs as illustrated in

Fig. 4, have been reported.

Some sophisticated processes have been developed to realize

convex-shaped 3D QCM structures. Firstly, planoconvex quartz-

crystal unit is fabricated based on a laborious mechanical polishing

method [60]. Recently, the miniaturized beveled bi-convex QCM

has been developed by photoresist thermal melting [61] and pho-

toresist reflow with solvent vapor process [47]. The later process is

particularly promising because diameter, curvature and height of

spherical convex shape can be well controlled with moderate cost

and reproducibility. In this process, spherical shaped photoresist

on quartz substrate is formed after photolithographic patterning

and reflow in a suitable organic solvent. Reactive ion etching in

SF6/Xe gas mixture [61] is then used to transfer spherical structure

into quartz-crystal substrate. Spherical bi-convex MQCM struc-

tures with diameter ranging from 100 �m to 2 mm and height from

1 to 7 �m have been realized and the resonant characteristics have

been studied.

It has been demonstrated that the spherical bi-convex QCM

exhibits very sharp resonant peak with negligible spurious vibrat-

ing modes while the planar QCM resonates with numerous spurious

vibration [47]. The spherical convex-shape can effectively decou-

ple the vibrating modes in QCM. An optimum Q-factor of ∼80000,

which is twice higher than that of the 100 �m-thick planar QCM, is

obtained from the spherical convex shape with diameter and height

of 2 mm and 1.7 �m, respectively. The spherical bi-convex and pla-

nar QCM are also studied in viscoelastic liquid using glycerol/water

mixtures contacted on one side of QCM. It is shown that the effec-

tive loading range of the spherical bi-convex QCM is considerably

larger than that of the planar QCM. The effective loading range in

liquid is defined as the range in which the resonance frequency shift

is linearly proportional to (��)1/2 where � and � are liquid density

and viscosity, respectively. In addition, the maximum viscosity in

the effective region for the spherical biconvex QCM is found to be

approximately five times greater than that for the planar QCM.

3.3. MQCMs with x-axis inversion

x-Axis inversion [63–65] is a useful method that can increase

the difference of the resonance frequencies between the electrode

and inter-electrode portions of the quartz plate. An advantage of

this technique is that it does not require physical removal of quartz

material from the plate. It is the phenomenon that x crystallo-

graphic axis of quartz crystal is locally rotated by 180◦ under a

specific thermal treatment as illustrated in Fig. 5(a). In the treat-

ment process, an AT-cut plate is coated with a thin Cr or NiCr film

on a desired pattern and then heated at 520–560 ◦C in a vacuum.

x-Axis inversion would occur only in the area under the metal film

because of mechanical stress induced by thermal expansion dif-

ference between the quartz plate and the film. In the inversion

area, the y-axis is also inverted and the cut angle changes from

+
 to −
 AT-cut. Alternatively, x-axis inversion can be formed by

applying heating current to the metal film [63]. In this case, heat is

more concentrated on the patterned metal film and x-inversion can

occur at a relatively low temperature of 480–500 ◦C with DC cur-

rent density of 13.3–16.7 mA mm−2. This method is advantageous

due to relatively low process temperature but it requires additional

electrical connection, which can be cumbersome for complex pat-

terns. Lastly, laser has been applied to selectively induce x-axis

inversion in the metal film [65]. The advantages of this method

are that it requires lower substrate temperature of 400–480 ◦C and

x-axis inversion area can be defined with higher lateral resolution,

allowing narrower x-axis inversion region and hence higher MQCM

density.

x-Axis inverted area exhibits different dispersion characteristics

of the elastic wave propagation from non-inverted one. It is found

that the cut-off frequency of the x-axis inverted area is higher than

that of the non-inverted area by a factor of 1.47. As a result, plate

wave excited at the electrode area is highly attenuated as it prop-

agates into the x-axis inverted area. The attenuation of the wave

in the x-axis inversion area is proportional to the ratio of W and H,

where W is the width of the x-axis inversion area and H is the plate

thickness. From theoretical calculation, attenuation is estimated to

be more than 70 dB for W/H = 3. Thus, adjacent resonators can be

effectively mechanically isolated by an interposed x-axis inverted

region and x-axis inversion is promising for acoustic decoupling in

MQCM device.

MQCM structure with x-axis inversion has been proposed as

illustrated in Fig. 5(b) [63]. In the structure, x-axis inversion areas

are formed in the space between adjacent QCM electrodes. x-Axis

inversion area is created by Cr film deposition and the thermal

treatment. Quartz surface is then lightly etched by buffered oxide

etching solution and Cr film is etched away, leaving the pattern of

x-axis inverted regions on substrate. Finally, QCM electrode film

is deposited by sputtering or evaporation and pattern of elec-

trode array is aligned to the x-axis inverted pattern by standard

photolithography. The acoustic decoupling between two adjacent
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Fig. 5. x-Axis inversion: (a) schematic of inversion process [63] and (b) x-axis inverted MQCM structure [35].

QCMs separated by x-axis inversion region has been experimentally

demonstrated by mean of two-port network measurement. In the

measurement, ac input is applied to the first QCM at port 1 while

both electrodes of the second QCM at port 2 are either open or short

and impedance–frequency response of the first QCM is measured.

For a conventional MQCM, one resonant peak occurs when port

2 is open while two resonant peaks appear at different frequen-

cies when port 2 is short. This indicates the mechanical coupling

between two resonators under the short circuit condition. On the

other hand, the frequency response of the first QCM is not affected

by the termination of the second QCM of MQCM with x-axis inver-

sion, demonstrating that both resonators are effectively isolated by

the x-axis inversion area.

Table 1 summarizes advantages, disadvantages and available

reported references and parameters [7,36,38,39,47,62,65–82] of all

MQCM structures discussed in the preceding sections. It is evident

that the common advantage of all MQCM structures with modi-

fied quartz substrate is low interference that allows large array size

and high array density. In addition, inverted-mesa structures offer

specific advantages of higher resonance frequency and mass sen-

sitivity because of reduced thickness of active quartz layer while

convex and bi structures can reduce TS–TF and TS–extension mode

couplings, respectively. However, MQCM structures with modi-

fied quartz substrate are still not widely employed because they

involve difficult fabrication processes including deep etching, ther-

mal treatment and aligned electrode patterning. In particular, all bi

structures have rarely been reported because of very intricate two-

side processing and incompatibility with flow injection system.

Among MQCM with modified quartz substrate, plano-inverted-

mesa has been the most frequently reported structure because it

simultaneously offers low interference, high resonance frequency,

high mass sensitivity and compatibility with flow injection system

while its fabrication is not more difficult than those of others in

its category and its frequency mode coupling can be minimized by

employing suitable design.

4. MQCM sensing platforms

An array of QCMs may be formed differently into a variety of

MQCM sensing platforms for various types of sensing or mea-

surement applications. In this section, potential MQCM sensing

platforms will be explained [38].

4.1. MQCM as a static multichannel detector

In this platform, identical QCMs in an array are coated with

different sensing layers or receptors and MQCM is set in a sim-

ple sample cell as illustrated in Fig. 6. Additionally, one channel

of MQCM should be used as a reference, which has no receptor,

to compensate for the influences of the temperature, viscosity,

and density of medium. In these cases, simple measurements with

one drop of an electrolyte solution without an electrolytic cell are

also possible [38]. Different receptors will accept additional mass

from target species by means of binding, adsorption or deposi-

tion causing resonance frequencies of underlying QCMs to change

accordingly.

The main class of applications for this platform is multi-

component analysis, which is used to identify a multi-component

mixture and/or its ingredients with respective concentrations.

There are three main schemes for multi-component analysis.

Firstly, QCMs are bound with different receptors, which are

selective to individual component in the target mixture. The res-

onance frequency shift of QCM coated with each receptor can

be used to directly identify the presence of each component and

determine its concentration. The scheme can work only when

receptors with very high specificity to target species are avail-

able. Existing receptors with such a specific property include

complementary DNAs and antigen/antibody [5,27,83]. Thus, this

technique can only be applied to some specific biosensing while

it cannot generally be implemented for chemical and gas sens-

ing.

The second scheme employs a group of different receptors

on QCMs that have low selectivity towards a set of compo-

nents in the mixture. When receptors are exposed to target

components, they respond differently according their selectiv-

ity, producing resonance frequency shifts to related QCMs. The

presence and concentrations of all target components are then

determined from recognized relationships of selectivity parame-

ters of all components. The number of different receptors should

be the same as the number of components to obtain unique deter-
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Table 1
Summary of advantages, disadvantage and available reported parameters (up to September 2010) of MQCM structures.

MQCM structure Advantages Disadvantages Available reported parameters (up to November 2010)

References f0 (MHz) Array size

Conventional Very simple and low cost

fabrication process

Highly susceptible to

interference

Interference characteristic

of two channel MQCM [36]

5 2

Limited resonance

frequency, array size and

density, mass sensitivity

MQCM for ammonia and

humidity sensing [66]

10 6

Strong frequency mode

couplings

MQCM coated with silica

hybrid films for gas sensing

application [67]

5,6 4

Comparative study

between QCM and MQCM

in humidity sensing

application [68]

10 4

MQCM with multiplexed

oscillator for VOC sensing

[69]

10 4

Analysis of MQCM with

circular flow chamber [70]

5 4

MQCM coated with ionic

liquids films and

conductive polymer for

VOCs detection [71]

10 4

MQCM coated with MIP for

detection of yeast cells in

liquid [72]

10 4

ACR type MQCM for

immunoglobin detection

[73]

17 2

MQCM for sensing

terpenes in fresh and dried

herbs [74]

10 6 (3 × 2)

Mesa Plano-mesa Low interference Required difficult deep

etching process

n/a n/a n/a

Large array size and

density

Limited resonance

frequency, mass

sensitivity, electrode size

Some remaining frequency

mode coupling particularly

TS–TF and TS–extension

Plano-inverted-mesa Low interference Required difficult deep

etching process

Multi-frequency MQCM for

toluene detection [7]

20–50 16

High resonance frequency,

array density, mass

sensitivity

Some remaining frequency

mode coupling particularly

TS–TF and TS–extension

MQCM possibility to 2D

mass mapping [38]

10 4

Multi-frequency MQCM for

VOC sensing [75]

20 6

MQCM coated with

SW-CNT for gas detection

[76]

n/a 9

MQCM coated with SAM

for HAS detection [77]

27 9

MQCM functionalized for

avidine and BSA detection

[79]

62 9

Bi-mesa Low interference Required difficult two-side

deep etching and intricate

two-side processing

n/a n/a n/a

Low TS-Extension coupling Unsuitable for some

platforms including flow

injection system

Large array size and

density

Some remaining frequency

mode coupling particularly

TS-TF

Bi-inverted-mesa Low interference Required difficult two-side

deep etching and intricate

two-side processing

High frequency inverted

mesa MQCM structure

[39,80]

20–94 n/a

Low TS–extension coupling Unsuitable for some

platforms including flow

injection system

High resonance frequency,

array size and density,

mass sensitivity

Some remaining frequency

mode coupling particularly

TS–TF
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Table 1 (Continued)

MQCM structure Advantages Disadvantages Available reported parameters (up to November 2010)

References f0 (MHz) Array size

Convex Plano-convex Low interference Required sophisticated

patterning and difficult

deep etching process

ACR type MQCM for

photocatalytic

measurement [81]

17 2

Very Low mode couplings

except TS–extension

Limited resonance

frequency, mass sensitivity

and electrode size

Large array size and

density

Remaining TS- extension

mode coupling

Bi-convex Low interference Required sophisticated

patterning, difficult deep

etching process and

intricate two-side

processing

Fabrication of high Q

biconvex MQCM [47]

16 2

Very Low mode couplings Unsuitable for some

platforms including flow

injection system

Large array size and

density

Limited resonance

frequency, mass sensitivity

and electrode size

x-Axis inversion Low interference Limited resonance

frequency, mass sensitivity

and electrode size

Fabrication of x-axis

inversion by laser process

[65]

5 2–6

Large array size and

density

Required sophisticated

thermal treatment process

LFE type MQCM with x-axis

inversion [82]

5 2

No mechanical etching

process

mination. Examples of receptors in this system are ligands for

metal ions [84,85]. For instance, a QCM system with four differ-

ent ligands having different affinity towards four metal ions can

be used to determine the concentrations of the four metal ions

[38].

Lastly, an array of different receptors having wide sensi-

tivities towards various components is used to recognize the

whole mixture. In this case, components in the mixture and

their individual concentrations are not resolved. Most recep-

tors found in nature fall within this category. These include

gas-sensitive polymeric and organic materials, electrochemical

electrode materials and biochemical enzymes. The QCM array

with these receptors gives a pattern of resonance frequency

shifts resulting from different receptors’ sensitivities towards var-

ious ingredients in the composite, which can be analyzed based

on pattern recognition methods. Commonly used pattern recog-

nition methodologies are principal component analysis (PCA)

[86–92], linear discriminant analysis (LDA) [87,93,94] and neu-

ral network [90–92,95]. The main applications for this scheme

are odor sensor or electronic nose and taste sensor or electronic

tongue.

4.2. Series MQCM as a multichannel detector in the flow injection

analysis

A series of identical QCMs with different receptors can alterna-

tively be applied to flow injection analysis for real-time detections

as illustrated in Fig. 7. There are some important considerations

when MQCM is operated in a flow injection system. Firstly, the

structure of MQCM surface in contact with fluid flow should be pla-

nar and smooth so that the solution flow will not be disturbed. Thus,

MQCM structures with non-smooth surfaces including bi-mesa, bi-

inverted-mesa and bi-convex may not be suitable for flow injection

analysis [38].

Secondly, analyte should be uniformly dispersed throughout the

flow chamber so that all QCMs see the same sample concentra-

tion. The effect of flow chamber geometry and flow parameters on

sample dispersion in flow injection system with integrated MQCM

device has recently been studied by fluid dynamic simulations

and flow injection experiments [70]. It has been demonstrated by

simulation that MQCM with circular chamber design suffers from

non-uniform sample distribution due to turbulent effect while such

problem does not occur to MQCM chamber with rectangular design

[96]. The results agree to experimental observation that there is

a significant variation in resonance frequency shift responses of

identical QCMs located in the circular chamber.

A flow injection system containing inverted-mesa MQCM in

20 mm × 20 mm × 0.7 mm square chamber has been demonstrated

[7]. The influence of flow rate on uniformity of analyte distribu-

tion and the resonant characteristics of QCM is also studied. It is

found that the flow rate considerably affects the resonant behav-

iors of QCM. In addition, spurious oscillation modes are found under

low and high flow rate conditions and undesired oscillation can be

minimized at an optimum flow rate of 500 �L s−1. Thus, flow rate is

another important parameter that must be optimized when MQCM

operates in a flow injection system.

Fig. 6. MQCM platform: a static multichannel detector [38].
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Fig. 7. MQCM platform: a series multichannel detector in flow injection analysis [38].

4.3. Multifrequency QCM as a multi-sensitivity and

multi-dynamic range detector

Various QCMs in MQCM can be designed to operate at differ-

ent resonance frequencies. This platform is termed multi-frequency

QCM (MF-QCM). MF-QCM is typically based on inverted-mesa struc-

tures with different mesa thicknesses as illustrated in Fig. 8(a). This

structure can be formed by standard mesa micromachining process

with additional patterning and etching steps. By this scheme, res-

onance frequency, mass sensitivity and dynamic range of QCMs

can be varied over a wide range of magnitude. A MF-QCM con-

taining an array of 2 mm circular QCM diaphragms with different

quartz thicknesses ranging from 77 to 81 �m and corresponding

resonance frequencies ranging from 21.7 to 20.75 MHz has been

demonstrated [75]. With decreasing quartz thickness, the reso-

nance frequency and mass sensitivity simultaneously increases

while the dynamic range decreases. Thus, MF-QCM can provide

multi-sensitivity and multi-dynamic-range functionalities [7,38],

which is highly valuable for general applications whose sample

concentration and detection range are unknown. For multisensitiv-

ity and multidynamic range purpose, all QCMs may be modified by

only one kind of receptor and the analyte can be detected with high

sensitivity and wide dynamic range in one experiment if MF-QCM

is properly designed. The multisensitivity and multidynamic range

QCM is useful for a wide variety of applications including chemical

sensing, bio-sensing and monitoring of surface processes includ-

ing electrochemical reactions. Moreover, QCMs in an array may

Fig. 8. MQCM platform: a multi sensitivity and dynamic range detector based on

(a) varying quartz thickness and (b) varying electrode area [38].

be modified with different receptors for multi-component analysis

with multi-sensitivity and/or multi-dynamic range capability.

In addition, MF-QCMs may be designed with different electrode

sizes as shown in Fig. 8 (b) to further vary mass-sensitivity of

QCM array. From Sauerbrey equation (Eq. (1)), the mass sensitiv-

ity (�F/�M) is inversely proportional to the electrode area (A) and

hence mass sensitivity can be significantly increased by decreasing

electrode area. Moreover, electrode size also causes small changes

to resonance frequency and dynamic range, which cannot be seen

from 1D theory. The dependence of resonance frequency on elec-

trode size has been theoretically predicted from 3D finite element

simulation [40]. From the simulation, it has been shown that the

resonance frequency of QCM decreases as electrode size increases.

In addition, the resonance frequency becomes less dependent on

diameter for very large diameter values and it will eventually reach

the frequency value of 1D theory given in Eq. (2), in which the

electrode width is assumed to be infinite. Thus, the variation of

electrode size can change the mass-sensitivity with small effects

on other design parameters.

5. Potential and prospective applications for MQCM

The advancement of MQCM technology has enabled useful

expansion of numerous sensing and measurement techniques

based on QCM. Main advantages of MQCM in sensing fields include

real-time multi-analyte label-free detection, multi-sensitivity-

range sensing and environmental compensation capabilities. In

addition, it is potential for real world applications because it can

easily made portable. Nevertheless, its applications are still hin-

dered by system/response complexity as well as high cost due to

fabrication difficulty. This section presents potential and emerging

MQCM applications, which comprise MQCM based gas sensor array

as odor sensor or electronic nose, MQCM based chemical sensor

array as electronic tongue, MQCM based biosensor array and other

miscellaneous applications.

5.1. Odor sensor or electronic nose

Odor sensor or electronic nose is a device that can recognize

several odors or gas mixtures. It typically consists of an array of

gas sensors having different selectivities and the responses are

analyzed by a suitable pattern recognition algorithm. When QCM

is employed, gas sensor considerably differs from chemical and

biosensors due to great differences of viscoelastic properties of

sensing film and analyte. The characteristics of QCM based gas

sensor are mainly determined by viscoelastic properties of sens-

ing film while gas phase analyte only modifies the mass per unit

area. Thus, QCM based gas sensor can easily be analyzed and devel-

oped. MQCM based odor sensor represents the first and the most


