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successful application of MQCM based sensor. QCMs in MQCM

platform are selectively deposited with different gas-sensitive lay-

ers. Most gas-sensing materials employed in MQCM are organic

and polymeric materials, which can physically adsorb gases at

room temperature. Several gas sensor arrays based on conventional

MQCM structure have been reported [71]. For example, a 10 MHz

MQCM selectively coated with three sensing films including ionic

liquid butylmethylimidazolium camphorsulfonate (BMICS), ionic

liquid butylmethylimidazolium tetrafluoroborate (BMIBF4) and

poly(vinyl ferrocene) (PVF) by solvent casting are developed for

classification and detection of humidity (water vapor) and volatile

organic compounds (VOCs) including ethanol, dichloromethane

(CH2Cl2) and hexane. The study results show that the sensors with

different coatings exhibit different frequency shift characteristics

towards various analytes. For example, BMICS is highly sensitive

to ethanol while PVF is more sensitive to CH2Cl2. From the sens-

ing patterns, VOCs and humidity can be well discriminated by the

sensor array with LDA analysis.

Another interesting instance is a 10 MHz QCM gas sensor

array coated with Poly-vinyl-pyrrolidon (PPy) and DM-189 organic

precursor material for humidity and ammonia sensing [66]. A

remarkable feature of this QCM array is that it has integrated

heater for gas sensing in temperature modulation (TM) mode. In

TM mode, gas adsorption on QCM is purged by rapid heating over

a short period and gas sensing response is obtained from the fre-

quency difference between gas-sensing and gas-purging periods.

The advantages of this scheme are fast recovery and possible elim-

ination of reference QCM. However, it requires additional heater

and can suffers from short life time due to rapid heating and cool-

ing. Moreover, the magnitude of resonance frequency shift from

conventional MQCM gas sensor array is only on the order of hun-

dreds of Hertz, which is considered small and not sufficient for

many applications involving much lower vapor concentration.

Several strategies have been employed to enhance sensitiv-

ity of MQCM gas sensor array. Firstly, MQCM can be designed to

operate at high resonance frequency in order to increase mass-

sensitivity for gas molecule detection. This scheme is very effective

because the resonance frequency shift is proportional to the square

of resonance frequency. For instance, an odor sensor based on

MQCM utilizing plano-inverted-mesa structure has been demon-

strated [75]. QCMs are designed to operate a high frequency of

∼21 MHz and are coated with three amphiphilic organic materials,

including dimyristylphosphatidylchorine (DMPC), dimyristylphos-

phatidylserine (DMPS) and cholesterol by solvent casting. It has

shown high sensitivity and ability to discriminate six kinds of

odorants including ethanol, methanol, benzene, methyl-benzene,

CH2Cl2 and CH3COCH3.

Another important strategy is to use highly sensitive gas-

sensing films based on nanostructured materials. A wide variety of

nanomaterials have been applied to QCM gas sensor array [97,98].

Following highlights some interesting examples of nanostructure

materials integrated on QCM gas sensor arrays. Mesoporous sil-

ica hybrids are interesting nanostructure materials, which have

successfully been applied to QCM gas sensor array. Conven-

tional MQCM are coated with unmodified mesoporous silica and

mesoporous silica hybridized with �-cyclodextrin (�-CD) and

triphenylphosphine (PPh3) for alcohol and benzene discrimina-

tion [67]. The results show that nanohybrid structures provide

enhanced sensitivity while �-CD and PPh3-silica composites are

very effective for discrimination between benzene and alcochol.

Carbon nanotubes (CNTs) are one of the most widely studied

nanomaterials with promising properties for gas-sensing [99–102].

They have been applied to several QCM and MQCM gas sensing

platforms. An interesting example of CNTs applications is the use

of isolated single walled (SW) CNTs on QCM sensor array for highly

sensitive detection of small gas molecules including helium, nitro-

gen, oxygen, argon and sulfurhexafluoride (SF6) [76]. The MQCM

has plano-inverted-mesa structure with mesa thickness of∼56 �m

and SW-CNTs are coated on gold electrodes by spray coating of

SW-CNTs in NMP (N-methyl-2-pyrrolidinone). It has been demon-

strated that SW-CNTs provide highly sensitive detection of small

gas molecules with large frequency and Q-factor changes and they

are logarithmically proportional to the mass of gas molecules. Q-

factor change is attributed to viscoelastic dissipation of non-rigidly

adsorbed gas molecules around CNT walls.

Molecularly imprinted polymer (MIP) is a class of nanostruc-

tured organic materials, which can be designed as analyte receptors

with various specificities [2,103]. MIPs are synthesized by polymer-

ization of monomers in the presence of analytes acting as templates,

which are subsequently removed by evaporation leaving cavities

within the polymer matrix. Different analytes will distinctively

bind to molecular cavities, resulting in desired selectivities. This

approach can be used to sensitively distinguish similar isomers

with sufficient selectivity. MIPs have been applied to MQCM to

sense a group of terpenes, which are biogenic volatile compounds

emanating from herbaceous vegetation [74]. Six MIPs are synthe-

sized from six terpenes templates including �-pinene, limonene,

eucalyptol, �-pinene, terpinene and estragole with polystyrene

(PS) and divinylbenzene (DVB) copolymer matrix. MIPs are synthe-

sized by mixing terpene templates to styrene functional monomer,

DVB cross-linker, AIBN radical initiator and diphenylmethane. The

mixtures are polymerized for 40 min at 70 ◦C and then selec-

tively deposited on electrodes by spin coating with photoresist

patterning. It has been shown that each analyte shows maxi-

mum selectivity towards its corresponding template. In addition,

it shows selectivity between isomeric compounds, �-pinene and

�-pinene. These selectivity patterns are successfully analyzed by a

neural network methodology.

MQCM based e-noses have recently been demonstrated in real-

world applications. For instance, MQCM based enose has been used

for plant-degradation monitoring [104]. MQCM comprises six QCM

electrode coated with six different polymer and MIP layers that

can distinctively detect humidity, alcohol, ester and terpene com-

pounds. It has been used to monitor VOCs emitted from grass and

pine composting processes. The e-nose system has successfully

provided real time data of VOCs compositions, which have been

validated by gas chromatography mass-spectrometry (GC–MS) and

given direct insight into the differences between grass and pine

composting batches, which are beneficial for composting process

control. This demonstrates that MQCM based e-noses should be

potential for other real world applications such as environmen-

tal monitoring, industrial/agricultural gas monitoring, food/drink

quality control, detection of emitted diseases, etc. Nevertheless,

more experimental work needs to be done to realize these target

applications.

5.2. Chemical sensor array

Chemical sensor array and electronic tongue are devices for mul-

tiple detection of chemical and chemical compound. In chemical

sensor array, QCMs are coated with different chemical receptors,

which absorbed analyte, resulting in negative resonance frequency

shift. In general, chemical receptors are not specific and several

chemical receptors are normally used to identify and quantify

an analyte. For instance, flow injection MF-QCM for detection of

toluene has been reported [7]. In this system, three organic materi-

als including polystyrene, amyl-calix [8] arene and �-cyclodextrine

are used as toluene receptors. The receptors are coated using elec-

trostatic spray or airbrush techniques. Resonance frequency and

equivalent resistance of QCMs are monitored during flow injec-

tion of toluene in water stream. It is found that polystyrene and

amyl-calix [8] arene give similar response while �-cyclodextrine
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exhibits an unusual response. For the first two sensors, the res-

onance frequencies decrease whereas the equivalent resistances

increase upon toluene injection. The frequency decrease is due to

mass accumulation caused by the penetration of toluene into the

coating while the increased resistance indicates that acoustic dissi-

pation decreases due to the reduced shear modulus of the surface.

However, the frequency shift is relatively lower whereas the resis-

tance increase is much larger and response is notably faster for

QCM coated with amyl-calix [8] arene. For �-cyclodextrine case, the

frequency temporarily increases and decreases while equivalent

resistance decreases strongly and steadily upon toluene and water

injections. This indicates that toluene is not rigidly absorbed into �-

cyclodextrine unlike other coating cases. The difference in response

of QCMs with different coating can be used to uniquely identify and

determine the concentration of analyte. However, it is known that

the responses in liquid are considerably more complicated than

those in gas phase. The behaviors of QCM based chemical sensor

are more complex due to contribution by viscoelastic properties of

both sensing film and solution. In addition, liquid-film interaction

such as swelling can further complicate the sensing response. Thus,

the analysis of response requires sophisticated methods that may

require human intervention and there is no standard formulation

and method for this purpose. Presently, there has been no report of

MQCM based electronic tongue due to complicated response and

interference in liquid. Owing to its wide real world applications

such as food, drink and medicine analysis, MQCM based electronic

tongue is a challenging topic that is currently under exploration.

5.3. Biosensor array

Research on QCM for biosensor has grown steadily by increasing

health care, agricultural and security needs. Various classes of QCM

biosensors including immune [27,105–107], enzyme [108,109],

nucleic acid [83,110,111] and cell [112,113] based sensors have

been presented. Biosensor arrays based on simple combination of

QCMs have also been developed for multiple and simultaneous

detection of bioanalytes of the same or different classes [114,115].

However, this scheme requires large sample consumption and

environmental control among different sensors is difficult. MQCM

technology is thus a key to realize efficient miniaturized biosen-

sor array. MQCM Biosensor array can be achieved by the selective

application of different functional bioreceptors atop various QCM

elements to provide molecular hooks or active sites for a range

of analytes of interest. In addition, multi-sensitivity and multi-

dynamic-range QCM platforms allow simultaneous detections of

biological species of different sizes ranging from virus, DNA, pro-

tein to complex arrays of biomacromolecules and large cells on one

chip.

Functionalization of biological receptors on QCM’s gold elec-

trodes are most commonly done by the use of self-assembled

monolayer (SAM) techniques. SAMs of alkanethiols are typically

formed on gold by adsorption from dilute solutions [116–119]. The

general structure of alkanethiols is HS(CH2)nX, where n is an inte-

ger and typically varies between 14 and 16 in. long chain molecules,

and X is terminal group in a series including –CH3, –CH2OH, –CO2H,

–CO2CH3, –CONH2 and more complex functional groups [77]. The

thiol group (SH) binds spontaneously to gold with a relatively

strong binding energy approximately of 120 kJ mol−1, producing

very stable and uniform layer. Terminal groups of SAMs are selected

to provide match binding to target species or their biological recep-

tors.

Recently, a fair number of studies on MQCM based biosen-

sor arrays have been reported [72,77,79]. However, most reports

have only demonstrated functionalizations of a few distinct bio-

logical receptors on one chip and detection of a few biological

analytes. For instance, 8-pixel QCM array for bovine serum albu-

min (BSA) and avidin detections have been reported [79]. Some

pixels are selectively functionalized with 3,3′-dithiobis (sulfosuc-

cinimidylpropionate) (DTSSP) for avidin detection while others

are masked using photoresist and octadecanethiol (ODT) SAMs

are subsequently functionalized for BSA detection. The resonance

frequency shifts of 460 and 76 Hz are obtained from selectively

functionalized QCMs for 10 mg mL−1 BSA and 1 mg mL−1 avidin,

respectively.

A MQCM based biosensor has also been reported for yeast

cell detection utilizing MIP methodology [72]. Yeast-sensitive

receptors are generated by molecular imprinting of single and

duplex yeast cells in polyurethane films. Synthetic Saccharomyces

cerevisiae yeast cells is blended with 4,4′-diisocyanato diphenyl-

methane, bisphenol and phloroglucinol prepolymer mixture at

70 ◦C and spun on conventional 10 MHz MQCM electrodes. The

mixture is then polymerized over night and yeast templates are

removed by ultrasonication in water. Yeast cells are detected by

flow injection analysis and flow injection response to a single yeast

cell solution of MQCM with four different MIP coated electrodes.

It is demonstrated that MIP imprinted with single and duplex cells

has strong response to their respective yeast cells while two non-

imprinted electrodes and the one imprinted with different cell type

give only a minor frequency decrease. Thus, MIP layers exhibit very

good selectivity for yeast cell detection.

There have been several efforts to develop MQCM based

immunosensors, which immobilized several antibodies for detec-

tion of various species. Nevertheless, no study succeeded in

establishing the MQCM based immunosensors because of intri-

cate QCM sensing response and ineluctable interference among

channels operating in real biological solutions [120]. QCM based

biosensor’s responses are more intricate than that of chemical sen-

sor due to the complex nature of biological receptors and analytes.

In addition, biological samples such as antigen-antibody and cells

are often formed heterogeneously on electrode surface, making

response analysis even more complicated. Thus, a lot more work

on MQCM based biosensors including selective functionalization of

micro-QCM array, inference reduction, advanced analysis and char-

acterizations of multiple biosensing in real environment need to be

done to realize effective biosensor arrays for real world applications

including clinical diagnosis, agricultural, horticultural, veterinary

and microbial contamination analyses and other biomedical appli-

cations.

5.4. Miscellaneous applications

In addition to gas, chemical and biosensor arrays, several specific

and special applications for MQCM have been proposed. Photo-

catalytic reaction measurement is a new potential application for

QCM [121,122]. Photocatalytic materials have attracted great atten-

tion due to their ability to decompose organic pollutants under

near UV irradiation and photocatalytic activity has normally been

measured by monitoring the color degradation of dyes on photocat-

alytic materials [123]. It is desirable to study photocatalytic effect

without addition of dye molecules. QCM can be used to measure the

mass change effects caused by photocatalytic reactions with no dye

molecule. However, QCM is sensitive to decomposition reaction’s

conditions including UV radiation intensity and temperature and

such dependence must be effectively compensated. Recently, dual

QCM scheme based on antiparallel coupled resonator (ACR) struc-

ture (ACR is a new type of thickness field excited QCM, which has

two electrodes one side of AT-cut quartz and a conducting layer on

the other side [73]) has successfully been applied for photocatalytic

activity of methylene blue (MB) measurement [81]. It has been

demonstrated that the environmental effects induced by UV irradi-

ation and gradual temperature changes can be well compensated

by the referenced QCM on the same quartz substrate. In addition,
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Table 2
Summary of MQCM platforms and applications.

MQCM platforms Reported structures Application areas Potential applications Reported applications

Static multichannel

detector

Conventional QCM

Plano-inverted-mesa QCM

Multi-component analysis

with selective receptors

Multi-component analysis

with low selectivity

receptors for quantification

of component

Multi-component analysis

with low selectivity

receptors for mixture

recognition

Electronic noses

Chemical sensor array

Electronic tongues

Biosensor array

Multi-photocatalytic

measurement

Multi-EQCM

Electronic noses: VCO and

humidity detection

[66,67,71,74–76,104]

Biosensor array: Avidine

and BSA detection [79]

Series MQCM as a

multichannel detector

for the flow injection

analysis

Conventional QCM

Plano-inverted-mesa QCM

High throughput

multi-component analysis

Chemical sensor array:

toluene detection [7]

Biosensor array: yeast cell

detection [72]

Multifrequency QCM for

multi-sensitivity and

multi-dynamic range

detection

Plano-inverted-mesa QCM Multi-sensitivity detection

Multi-dynamic range

detection

Multi-component analysis

Chemical sensor array:

Toluene [7]

the resulting frequency shift versus irradiation intensity of UV light

exhibits a linear relationship, making MQCM highly practical for

this application. This scheme should be extended to multiple simul-

taneous activity measurements of several photocatalytic materials.

A large number of applications in the field of electroanalyti-

cal chemistry of single EQCM have been reported [124,125]. These

include studies of formation, viscoelastic behavior, and ion/solute

transport properties of electropolymerized films. For example,

EQCM has been used to monitor the electropolymerization of

polypyrrole and to investigate the film evolution from elastic

behavior early in the polymerization process to visoelastic, energy

dissipating properties in the subsequent synthesis of a thicker film.

The details of ion and solvent transport between the film and solu-

tion can be sensitively followed through mass change related to

concentration changes in any small diffusing species that migrate

in the film. The diverse applicability should be extended to multiple

EQCMs based on MQCM structure so that multiple studies can be

simultaneously performed. However, there has been no report of

multi-EQCMs based on MQCM structure. In EQCM array systems,

channels of MQCM can be used as different working electrodes

operating at distinct applied potentials and one of channel may

be used as a counter electrode. However, strong electric and acous-

tic interference and other problems in multi-EQCM system are still

major barriers for the development. Therefore, multi-EQCMs based

on MQCM platform are one of challenging topics that should be

further explored.

Table 2 summarizes the MQCM platforms, reported structures,

application areas, potential and reported applications and Table 3

lists sensing materials, target analytes, sensitivity and sensing

range of reported MQCM based sensors. It can be seen that only

conventional MQCM and plano-inverted-mesa MQCM structures

have been applied to various MQCM platforms. This should be due

to the fact that conventional MQCM can be most easily imple-

mented while plano-inverted-mesa structure provides numerous

advantages in terms of interference, resonance frequency and

mass sensitivity and it is applicable to flow injection and multi-

frequency/multi-dynamic-range platforms. Moreover, it can be

seen that among implemented MQCM potential applications, only

electronic noses have been most successfully demonstrated in labo-

ratories as well as real world applications while chemical/biosensor

arrays have only been demonstrated to a few examples of analytes.

From Table 3, sensing materials are mostly organics or polymer,

which sometimes hybrid with inorganic nanomaterials, while only

limited groups of target analytes have been studied over some

Table 3
Summary of sensing parameters of reported MQCM based sensors (up to September 2010).

MQCM application Sensing materials Target analytes Sensitivity Sensing range Ref.

Electronic

noses

CPH, DM 189, PPy Ammonia, humidity ∼1, ∼0.1 Hz ppm−1 0-1000, 0-20000 ppm [66]

�-CD-, PPh3-Meso silica Benzene, alcohol 0.05-0.09, 0.01-0.02

Hz ppm−1

0-5000 ppm [67]

BMICS, BMIBF4, PVF Ethanol, CH2Cl2, hexane,

humidity

0.2-1, 2-6, 0.1-1, 0.1-0.5

Hz %−1

10% [71]

MIP: �-Pinene, �-Pinene

Limonene, Terpinene,

Estragole, Eucalyptol

�-Pinene, �-pinene,

limonene, terpinene,

estragole, eucalyptol

n/a n/a [74]

DMPC, DMPS, cholesterol Ethanol, methanol,

benzene, methyl-benzene,

CH2Cl2, CH3COCH3

n/a n/a [75]

PVA, PS, PU, MIP:PS/DVB Alcohol, limonene, ethyl

acetate, humidity

n/a 0–300 ppm [104]

SW-CNTs-NMP Helium, nitrogen, oxygen,

argon, SF6

50–100 Hz amu−1 4–100 amu [76]

Chemical sensor array PS, amyl-calix[8]arene,

�-CD

Toluene 10–100 Hz ppm−1 400 ppm [7]

Biosensor

array

DTSSP, ODT Avidine, BSA 30–70 Hz (mg mL)−1 0–1 mg mL−1 [79]

MIP: yeast cell Yeast cell ∼1 cell mL−1 5×105 cell �L−1 [72]

CPH: cryptophane, PPy: �-CD:�-cyclodextrine, PPh3: triphenylphosphine, BMICS: ionic-liquid-butylmethylimidazolium-camphorsulfonate, BMIBF4: ionic-liquid

butylmethylimidazolium-tetrafluoroborate, PVF: polyvinyl-ferrocene, DMPC: dimyristylphosphatidylchorine, DMPS: dimyristylphosphatidylserine, PVA: polyvinyl-alcohol,

PS: polystyrene, PU: polyurethane, MIP: molecularly imprinted polymer, DVB: divinylbenzene, SW-CNTs-NMP, DTSSP: 3,3′-dithiobis (sulfosuccinimidylpropionate), ODT:

octadecanethiol, BSA: bovine serum albumin, amu: atomic mass unit.
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reported sensing ranges and sensitivities. Furthermore, electronic

tongue, multi-biosensor and multi-EQCM have not yet been devel-

oped. Therefore, most MQCM based sensors require much further

development before they can be routinely used in laboratories and

real world applications.

6. Conclusion

In conclusion, MQCM technology has been extensively

reviewed. The theoretical/experimental analysis, design, acoustic

interference and other problems of conventional MQCM’s have

been discussed. Various MQCM schemes devices based on modi-

fication of quartz substrate structure including mesa, convex and

x-axis inversion structures are then presented. Among these, plano-

inverted-mesa has been the most frequently reported because it

simultaneously offers low interference, high resonance frequency,

high mass sensitivity and compatibility with flow injection and

multi-frequency system. Next, MQCM sensing platforms compris-

ing static multichannel detector, series MQCM as a multichannel

detector for the flow injection analysis, multi-frequency QCM

for multi-sensitivity/multi-dynamic range detection are described.

The combination of multi-frequency QCM and flow injection analy-

sis platforms are seen to be most promising for various application

areas. Lastly, potential and prospective MQCM applications are

illustrated. Electronic noses is found to be the most successful

application with real world demonstration while electronic tongue,

biosensor array and other applications are still at an early stage of

development. Therefore, MQCM is a relatively new and promising

research area worthy for further exploration.

Acknowledgement

This work is supported by National Electronics and Computer

Technology Center (NECTEC) under QCM biosensor project and

Thailand Research Fund (TRF). A.T. would like to acknowledge TRF

for career developing fund.

References

[1] K.A. Marx, Biomacromolecules 4 (2003) 1099–1120.
[2] B. Wyszynski, T. Nakamoto, IEEJ Trans. Elec. Electron. Eng. 4 (2009) 334–338.
[3] J.F. Alder, J.J. McCallum, Analyst 108 (1983) 1169–1189.
[4] Y. Uludag, S.A. Piletsky, A.P.F. Turner, M.A. Cooper, FEBS J. 274 (2007)

5471–5480.
[5] X. Su, F.T. Chew, S.F.Y. Li, Anal. Sci. 16 (2000) 107–114.
[6] K.D. Pavey, Expert Rev. Mol. Diagn. 2 (2002) 173–186.
[7] J. Rabe, S. Büttgenbach, J. Schröder, P. Hauptmann, IEEE Sens. J. 3 (2003)

361–368.
[8] G. Sauerbrey, Z. Phys. 155 (1959) 206–222.
[9] K. Keiji Kanazawa, J.G. Gordon Ii, Anal. Chim. Acta 175 (1985) 99–105.

[10] M.D. Ward, E.J. Delawski, Anal. Chem. 63 (1991) 886–890.
[11] Z. Lin, C.M. Yip, I. Scott Joseph, M.D. Ward, Anal. Chem. 65 (1993) 1546–1551.
[12] M. Rodahl, B. Kasemo, Sens. Actuators B 37 (1996) 111–116.
[13] H. Muramatsu, E. Tamiya, I. Karube, Anal. Chem. 60 (1988) 2142–2146.
[14] M. Rodahl, F. Höök, C. Fredriksson, C.A. Keller, A. Krozer, P. Brzezinski, M.

Voinova, B. Kasemo, Faraday Discuss. 107 (1997) 229–246.
[15] M. Penza, G. Cassano, P. Aversa, F. Antolini, A. Cusano, A. Cutolo, M. Giordano,

L. Nicolais, Appl. Phys. Lett. 85 (2004) 2379–2381.
[16] M. Matsuguchi, T. Uno, Sens. Actuators B 113 (2006) 94–99.
[17] L.C. Brousseau Iii, T.E. Mallouk, Anal. Chem. 69 (1997) 679–687.
[18] B. Ding, J. Kim, Y. Miyazaki, S. Shiratori, Sens. Actuators B 101 (2004) 373–380.
[19] X. Wang, J. Zhang, Z. Zhu, Appl. Surf. Sci. 252 (2006) 2404–2411.
[20] M.D. Ward, in: I. Rubenstein (Ed.), Physical Electrochemistry: Principles Meth-

ods & Applications, Marcel Dekker, New York, 1995.
[21] N. Asakura, T. Kamachi, I. Okura, Res. Chem. Intermed. 32 (2006) 341–355.
[22] M. Lukaszewski, A. Czerwhiski, J. Electroanal. Chem. 606 (2007) 117–133.
[23] C.K. O’Sullivan, G.G. Guilbault, Biosens. Bioelectron. 14 (1999) 663–670.
[24] A. Janshoff, H.J. Galla, C. Steinem, Angew. Chem. Int. Ed. 39 (2000) 4004–4032.
[25] J. Wegener, A. Janshoff, L. Steinem, Cell Biochem. Biophys. 34 (2001) 121–151.
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a b s t r a c t

In this work, the use of three-electrode electrochemical sensing system with an electrowetting-on-

dielectric (EWOD) digital microfluidic device is reported for quantitative analysis of iodide. T-junction

EWOD mixer device was designed using arrays of 50-�m spaced square electrodes for mixing buffer

reagent and analyte droplets. For fabrication of EWOD chips, 5-�m thick silver EWOD electrodes were

formed on a glass substrate by means of sputtering and lift-off process. PDMS and Teflon thin films were

then coated on the electrodes by spin coating to yield hydrophobic surface. An external three-electrode

system consisting of Au working, Ag reference and Pt auxiliary wires were installed over EWOD elec-

trodes at the end of T-junction mixer. In experiment, a few-microliter droplets of Tris buffer and iodide

solutions were moved toward the mixing junction and transported toward electrochemical electrodes by

EWOD process. A short processing time within seconds was achieved at EWOD applied voltage of 300 V.

The analyte droplets mixed with different concentrations were successfully analyzed by cyclic voltame-

try. Therefore, the combination of EWOD digital microfluidic and electrochemical sensing system has

successfully been demonstrated for rapid chemical analysis with minimal reagent consumption.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, there has been a great interest in miniatur-

ized analysis systems for chemical and biological applications

[1]. These systems and devices, also well known as lab-on-a-

chip (LOC), offer several advantages including low sample/reagent

consumption, fast analysis, high throughput and automation capa-

bility. Conventional microfluidic platforms are based on continuous

flow scheme operated by fluid pressure [2] or electrokinetic

actuation [3]. Recently, a new category of microfluidics, called

droplet-based microfluidics, has been developed. In contrary to

conventional continuous flow scheme, droplets of samples/reagent

are formed instead of continuous stream, which results in lower

sample/reagent consumption. There are two main types, namely

continuous and discrete droplet based microfluidics. In the continu-

ous type, droplets are generated and transported along microfluidic

channels by flowing sample/reagent into an immiscible carrier

fluid that separates and encapsulates continuous solution stream

into microdroplets. The main benefit of this method is very high

throughput. In the discrete approach, samples/reagent are formed,

manipulated and analyzed as isolated microdroplets with no need

∗ Corresponding author. Tel.: +66 2 564 6900; fax: +66 2 564 6756.

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

of carrier and microchannel. This method has several advan-

tages over continuous-type systems, including extremely low

sample/reagent consumption, parallel processing ability, reconfig-

urability, architectural scalability and ease of fabrication [4]. Thus,

droplet-based microfluidic systems have increasingly gained inter-

est in various applications. Due to the architectural similarities

with digital microelectronic systems, it is often referred as “digital

microfluidics”.

A variety of droplet manipulation technologies have been

demonstrated including surface acoustic wave [5–8], thermocap-

illary forces [9,10], electrowetting-on-dielectric (EWOD) [11–15],

dielectrophoresis (DEP) [16–21] and magnetic forces [22,23].

Among them, EWOD is one of the most promising techniques

because of fast response time, easy implementation, low power

consumption, no joule heating effect and large force at the mil-

limeter to micrometer scales. The principle of electrowetting is

the modulation of interfacial tension between a conducting liquid

phase and an insulated solid electrode by the application of a high

electric potential between the two. EWOD has been employed for

a variety of droplet manipulations such as transporting, merging,

mixing and splitting [4,24–26]. However, there has been rela-

tively few reports on coupling of EWOD devices with detection

components. Among a variety of detection methods, electrochem-

ical technique is highly promising for microsystem applications

because of its high performance detection, simplicity and scala-

0039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.

doi:10.1016/j.talanta.2011.03.073
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Fig. 1. The layout of electrodes for T-junction EWOD mixer device.

bility. Nevertheless, there has been very few reports on coupling of

electrochemical detection scheme with EWOD microfluidic device

[27,28].

In this work, the coupling of three-electrode electrochemical

sensing system with EWOD digital microfluidic devices is devel-

oped for quantitative analysis of an analyte. T-junction EWOD

mixer device is combined with external three-electrode system for

detection of iodide microdroplets using cyclic voltametry. The char-

acteristics of EWOD device and electrochemical detection of iodide

microdroplets are studied.

2. Experimental

2.1. EWOD chip design and fabrication

T-junction EWOD mixer device is designed on a glass sub-

strate for buffer reagent and analyte droplets mixing. The layout

of electrodes for T-junction EWOD mixer device is shown in Fig. 1.

EWOD electrodes are designed as closely spaced electrode arrays.

To obtain effective EWOD actuation, the ratio of the gap between

square electrodes (g) and the width of square electrode (w) should

be minimal because the contact angle of the wetting droplet

decreases with g/w ratio and it is easier for the droplet to move

when the contact angle reduces [29]. However, g/w ratio is set to

be 5% in order to avoid dielectric breakdown of the underlying glass

substrate. Due to photolithographic constraints, the gap between

square electrodes and the width of square electrode are designed

to be 50 �m and 1 mm, respectively. Silver is selected as electrode

material due to its high electrical conductivity.

The EWOD silver electrode was fabricated on glass substrate by

lift-off process. The surface of glass substrate was cleaned with ace-

tone and methanol. The AZ-P4620 photoresist was then deposited

by spin coating at 1250 rpm for 30 s and then soft-baked at 90 ◦C
for 3 min. Next, the photoresist was exposed to UV light under

the designed photomask using MJB4 mask aligner (SUSS Microtec,

Germany). It was then developed and cleaned with deionized

water. The glass substrate with photoresist pattern is shown in

Fig. 2(a). The photoresist was hard-baked at 120 ◦C for 3 min to

make it hard enough for subsequent sputtering deposition. Next,

Fig. 2. (a) Photograph of glass substrate with photoresist pattern, (b) photograph of glass chip with EWOD silver electrodes, (c) cross-sectional structure of EWOD chip and

(d) photograph of EWOD chip with three electrode system containing gold (Au) working electrode, platinum (Pt) auxiliary electrode and silver (Ag) reference electrode at

the end of T-junction.
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Fig. 3. Schematic diagram of the control system for EWOD device.

0.1-�m thick chromium and 5-�m thick silver films were succes-

sively sputtered by DC sputtering process at an argon pressure of

10−2 mbar. Next, the metal film on photoresist was lifted off by

ultrasonication in acetone for 15 min.

Polydimethylsiloxane (PDMS) dielectric layer (Fig. 2(c)) was

then coated on the EWOD electrode by spin coating. PDMS was

prepared by mixing of silicon elastomer base and silicon elastomer

curing agent with a volumetric ratio of 10:1. The PDMS was spin-

coated at 4000 rpm for 30 s on top of the glass surface to form a

5 �m thick dielectric layer. The glass chip was baked at 95 ◦C for

60 min on a hot plate to cure PDMS. Finally, Teflon AF hydropho-

bic layer was spin-coated at 1000 rpm for 30 s to generate a 100 nm

thick hydrophobic layer. Teflon AF solution grade 400S1-100-1 was

used because of its superior hydrophobic and dielectric properties

compared to normal Teflon [30]. The glass chip was baked again

at 95 ◦C for 60 min to cure Teflon AF. The purpose of hydrophobic

layer is to provide suitable contact angle and mobility for a droplet.

2.2. Electrochemical system

An external three-electrode electrochemical sensing system

consisting of Au working, Ag reference and Pt auxillary wires was

installed over EWOD electrodes at the end of T-junction mixer

as shown in Fig. 2d. A potentiostat, �-autolab Type III (Metrohm,

Switzerland) was used for all the cyclic voltammetric (CV) studies.

2.3. Chemicals

All of chemicals used in this work were analytical grade.

Standard solutions of iodide were purchased from Sigma (USA).

Various buffers including acetate (pH 5) and phosphate (pH 6–8)

were purchased from Merck (Germany). Tris buffer solution (pH

9) was prepared from tris (hexahydroxy) aminomethane and

1.0 M hydrochloric acid (HCl) (Lab Scan, Ireland). The stock solu-

tion (0.01 mol l−1) of iodide was prepared by dissolving required

amount of iodide in deionized–distilled water. Glass substrates,

Photoresist (AZ®P4620), Telfon AF and PDMS were purchased from

Superior (Germany), AZ electronic materials (USA), Dupont (USA)

and Dow Chemical (USA), respectively.

2.4. Experimental procedure

EWOD device was driven by a control system as shown in

Fig. 3. A small signal from function/arbitrary waveform genera-

tor was amplified by a power amplifier, which drove a switching

transformer. The switching transformer was used to supply a high

voltage of 300 V. The high voltage was applied via a high-speed

controller, which provided proper switching to EWOD electrodes

according to command set by users. A droplet could be forced to

move forward and to turn left or right by changing the direction

and position of applied voltage along the line of electrodes. In addi-

Fig. 4. Maximum velocity of droplet vs. actuation voltage of EWOD device.

tion, the droplet movement could be accelerated or decelerated by

changing the controlled time of applied voltage on each electrode.

In this experiment, the signal frequency was set at 400 Hz, which

was selected for suitable mobility of droplets.

For iodide analysis, a droplet of KI solution and a droplet of

Tris buffer solution were dropped from auto pipette tips on two

ends of T arms as shown in Fig. 3. Both droplets were then moved

to the mixing junction by EWOD control voltages. After droplets

were mixed, the combined droplet was transported to the three-

electrode system at the end of T junction and CV measurement

was performed using potential window between 0 and 1.2 V. The

process was repeated with different droplet sizes to vary iodide

concentration of the final droplet. The concentration was deter-

mined from the product of initial iodide concentration and the

ratio of analyte’s droplet volume and the final volume of the mixed

droplet.

3. Results and discussions

3.1. Effect of applied voltage on the velocity of droplet

To determine suitable actuation voltage for the EWOD device,

maximum droplet velocity was measured as a function of applied

voltage. To find maximum droplet velocity, the controlled time of

applied voltage on each electrode was increased from zero until the

droplet moved from one electrode to adjacent electrode. The max-

imum velocity was then estimated from the distance that droplet

moved (equal to the gap plus the width of electrode) and the min-

imum time required to move the droplet at each applied voltage.

The maximum velocity of droplet as a function of actuation voltage

of EWOD device is shown in Fig. 4. It can be seen that the maxi-

mum velocity increases rapidly when the applied voltage is more

than 270 V. An empirical relationship of the maximum velocity and

applied voltage is found to be quadratic order by regression curve

fitting and is given by:

vmax = 0.0068V2 − 3.6049V + 478.95

where vmax is the maximum velocity of water droplet (mm/s) and

V is the actuation potential (V). The maximum velocity is a second

order function of EWOD potential because EWOD force acting upon

the droplet is proportional to the square of applied voltage [13,14]

and maximum velocity varies linearly with force at a given time.

3.2. EWOD processing

Droplets of iodide and Tris buffer solutions were successfully

manipulated, mixed and transported for electrochemical detection
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Fig. 5. Snapshots of sample and reagent droplets at various steps on EWOD device.

by EWOD process. Fig. 5 shows the snapshots of sample and reagent

droplets at various steps on EWOD device. The concentration of

the iodide droplet is 1 mM and the applied voltage is 300 V. It can

be seen that the transport time before merging and detection are

∼0.8 s and∼1.8 s, respectively. The processing time within seconds

is considered short and high throughput can be achieved by EWOD.

Nevertheless, it can be inferred from Fig. 4 that processing time may

be further reduced to an order of milliseconds, which will be com-

parable to continuous flow system, by increasing applied voltage

that will result in quadratic increase of maximum velocity.

3.3. Electrochemical detection of iodide droplets

3.3.1. pH dependence study

The effect of pH on response to 1 mM iodide droplet was evalu-

ated in order to select an optimum pH value. Fig. 6 shows the cyclic

Fig. 6. The cyclic voltammograms that were obtained from EWOD chip for 1 mM

iodide in various buffers (pH 5–9). The scan rate was fixed at 0.1 V/s.

voltammograms of 1 mM iodide droplets in buffers with different

pHs. The Au electrodes exhibit well-defined CV of iodide with two

oxidation peaks for all pHs except pH 8 that exhibit only one broad

oxidation peak. pH 6 is selected for further studies on Au electrode

due the observed sharp peak at 0.75 V.

3.3.2. Scan rate dependence study

Cyclic voltammograms of 1 mM iodide droplets of Au electrode

were investigated at different scan rates and the results are dis-

played in Fig. 7(a). Fig. 7(b) shows the relationship between the

second oxidation peak current and the square root of the scan rate.

It is evident that peak current at the second oxidation peak varies

linearly with the square root of scan rate. The slope of regression

line is 6.47 �A (s/V)1/2 and correlation coefficient (r2) is 0.998. This

confirms that the current is limited by seminfinite linear diffusion

of iodide on the Au electrode [31].

3.3.3. Analytical features

The analytical performances of the EWOD electrochemical

system for iodide droplet detection were characterized by CV

at different concentrations ranging from 10 to 100 �M. Lin-

ear concentration dependence or dynamic range was observed

between 10 and 100 �M. The regression equation was given by

y = 0.0007x + 0.0058 (r2 = 0.9917), where y and x were the height of

peak current (�A) and iodide concentration (�M), respectively. The

slope of the equation was corresponding to a linear sensitivity of

0.0007 �A/�M. The detection limit (3S/N) was 2.76 �M. The noise

value (N) was measured by taken peak–peak amplitude of sinu-

soidal noise in the base line region of CV curve. The stability was

checked by recording successive CVs. The electrode remained sta-

ble after 20 successive cycles with relative standard deviation (RSD)

of 3.3% (n = 20). The total analysis time including droplet mixing and

CV measurement was approximately 12 s. Therefore, the analytical
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Fig. 7. (a) Cyclic voltammograms, obtained at various potential scan rates for 1 mM iodide in 1 mM phosphate buffer (pH 6) of Au electrode. (b) The relationship between

the second oxidation peak current and the square root of the scan rate.

performances are attractive for high throughput real world analysis

of iodide in pharmaceutical and medical applications.

4. Conclusions

In conclusion, the coupling of three-electrode electrochemical

sensing system with a droplet-based EWOD microfluidic device is

demonstrated for quantitative analysis of iodide. An external three-

electrode electrochemical sensing system consisting of Au working,

Ag reference and Pt auxiliary wires was suspended at the end of

T-junction EWOD mixing device. Microdroplet of Tris buffer and

potassium iodide solution were mixed and successfully detected

by cyclic voltametry with short processing time within seconds.

The combination of EWOD digital microfluidic and electrochemi-

cal sensing system is illustrated as a promising method for rapid

chemical analysis with minimal reagent consumption.
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a b s t r a c t

In this work, carbon nanotubes (CNTs) nanoarrays in anodized aluminum oxide (AAO–CNTs) nanopore is

integrated on a microfluidic flow injection system for in-channel electrochemical detection of iodide. The

device was fabricated from PDMS (polydimethylsiloxane) microchannel bonded on glass substrates that

contains three-electrode electrochemical system, including AAO–CNTs as a working electrode, silver as a

reference electrode and platinum as an auxiliary electrode. Aluminum, stainless steel catalyst, silver and

platinum layers were sputtered on the glass substrate through shadow masks. Aluminum layer was then

anodized by two-step anodization process to form nanopore template. CNTs were then grown in AAO

template by thermal chemical vapor deposition. The amperometric detection of iodide was performed

in 500-�m-wide and 100-�m-deep microchannels on the microfluidic chip. The influences of flow rate,

injection volume and detection potential on the current response were optimized. From experimen-

tal results, AAO–CNTs electrode on chip offers higher sensitivity and wider dynamic range than CNTs

electrode with no AAO template.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Microfluidics is a potential technology for biochemical pro-

cessing and analysis because of low sample/reagent consumption,

high sample throughput and total analysis capability [1,2]. Plas-

tic/glass based microfluidic platforms have been extensively used

for various applications due to wide functionality, low cost and

disposability [3–7]. Polydimethylsiloxane (PDMS) has become a

primary plastic material for miniaturized analytical system due to

its high chemical and mechanical stability and a variety of PDMS

based microfluidic chips [6,7] have been fabricated by standard

micromolding technology [8,9].

Integration of efficient sensors or detection devices in microflu-

idic chips has been an important issue in the development of

full functional microfluidic systems. Among a variety of detection

methods, electrochemical technique is highly promising because it

offers high performance detection and can directly be fabricated

on plastic/glass based microfluidic chips [10]. Recently, electro-

chemical detection has been embedded in microfluidic systems

based on end-channel [11,12] and in-channel [10,13,14] detec-

∗ Corresponding author. 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).

tion scheme using different electrode materials, including gold,

platinum and carbon paste. Nevertheless, conventional electro-

chemical electrodes are not fast and highly sensitive enough for

general micro total analysis applications, which involve small ana-

lyte volume and short sampling time.

Therefore, novel sensing materials should be integrated in

microfluidic system to improve detection performances. Carbon

nanotubes (CNTs) are promising for electrochemical sensing due

to its high reaction area and excellent electron transfer rate [15].

CNTs have been widely applied as sensors in various electroanal-

ysis applications [16–21]. Recently, microfluidic glass chips with

directly grown CNTs electrode for sensitive and rapid salbuta-

mol sensing have been reported [22]. However, naturally grown

CNTs are still not yet ideal electrochemical sensors because its

very high density hinders dynamics of electrochemical process.

Thus, the use of CNTs for electrochemical sensing can be more

effective if CNTs can be formed with micro/nano array configura-

tion.

Anodized aluminum oxide (AAO) is a highly useful nanopore

template for nanostructure formation and organization due to

its low cost, ease of fabrication and high chemical stability. AAO

nanopore can be used to separate CNT forest into nano array

[23–26] to improve the performance of CNTs electrode by hemi-

spherical solute diffusional effect [27]. However, there has been no

report on the use of AAO–CNTs electrode in microfluidic devices.

0039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.

doi:10.1016/j.talanta.2011.03.071
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In this work, a new microfluidic device is developed using

PDMS/glass chip with in-channel amperometric detection based

on AAO–CNTs electrode. The three-electrode system was fabri-

cated on glass substrate as an in-channel detection using thin-film

sputtering and chemical vapor deposition (CVD) technique. The

system was applied for determination of potassium iodide (KI).

Iodide detection is of interest because it is used to determine iodide

deficiency in human, which results in diseases including hypothy-

rodism, spontaneous abortion and cretinism. The new device would

allow fast and sensitive detection of iodide with relatively low sam-

ple/reagent consumption.

2. Experimental

2.1. Chemicals and reagents

All of chemicals used in this work were analytical grade. Stan-

dard solutions of KI were purchased from Sigma (USA). Sodium

phosphate monobasic monohydrate and sodium phosphate diba-

sic were also purchased from Sigma (USA) to prepare a phosphate

buffer solution. The standard stock solution (100 mol l−1) of KI was

prepared by dissolving required amount of KI in the phosphate

buffer solution (pH 5.8). KI solutions with different concentra-

tions were then prepared for testing by proper dilution of the

stock solution. Glass substrates, PDMS and Photoresist (SU-8 2100)

were acquired from Sperior (Germany), Dow Chemical (USA), Micro

Chem (USA), respectively.

2.2. Apparatus

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

used for all the cyclic voltammetric (CV) and amperometric stud-

ies. Spin coater (Laurell Technologies Corp., model WS-400A-6NPP)

was used for spin coating of photoresist for mold fabrication. The

MJB4 mask aligner (SUSS Microtec, Germany) was used for UV-

lithography process to obtain photoresist patterns on Si-substrate.

The oxygen plasma cleaner (Harrick Scientific Corp., model PDC-

32G) was used for treatment of PDMS and glass surface to obtain

good bonding.

2.3. Electrochemical cell for cyclic voltammetry

Cyclic voltammetry (CV) is an initial technique for characteriza-

tion of electrochemical behaviors of electrodes and analytes. For CV

measurement, AAO–CNTs and CNTs electrodes were fabricated on

〈1 0 0〉 Si substrates. The schematic structure of AAO–CNTs is illus-

trated in the inset of Fig. 1. First, Al (200 nm) layer was sputtered

on the substrate as a contact layer and very thin layer of alumina

(10 nm) was successively deposited by reactive RF sputtering. The

alumina layer was used to support stainless steel catalyst (5 nm),

which was subsequently sputtered on it for CNTs growth. Next,

2 �m thick Al layer was sputtered on the stainless steel catalyst. The

alumina layer was deposited by reactive RF sputtering at a pressure

of 3×10−3 mbar with 1:5 Ar:O2 gas mixture while other metallic

layers were deposited by pure Ar gas at the same pressure.

The top aluminum layer was then anodized in a 0.3 M oxalic

acid solution at a constant applied voltage of 40 V for 5 min at room

temperature. Next, the resultant aluminum oxide film was removed

by a mixed solution of phosphoric acid (4 wt.%) and chromic acid

(1.5 wt.%). The second anodization was then performed for 15 min

under the same condition. The aluminum oxide layer was etched

again by the etching solution for 30 min in order to widen the

nanopore and expose the stainless steel catalyst.

CNTs were then grown in AAO template on silicon wafer by

chemical vapor deposition (CVD) [19–21]. The CVD process is used

because of its low cost and high quality CNTs structure. The catalyst

Fig. 1. SEM images of (a) top view of AAO template, (b) cross-sectional view of AAO

template and (c) cross-sectional view of AAO–CNTs electrode. Inset: structure of

AAO–CNTs electrode.

layer on substrates was placed on an alumina carrier in a horizontal

furnace thermal CVD system. The CNTs synthesis was conducted at

the atmospheric pressure and growth temperature of 700 ◦C. Dur-

ing CNTs growth, acetylene was flowed for 1.5 min and hydrogen

to acetylene flow rate ratio was 4.3:1. In the course of CNTs growth,

in situ water-assisted etching was employed to remove undesired

amorphous carbon formation from random acetylene decompo-

sition [21]. In water etching process, 300 ppm of water vapor was

introduced by water bubbling through Ar gas for 3 min while acety-

lene gas was turned off. CNTs growth and water-assisted etching

were repeatedly performed for five cycles.

CV experiments were performed using AAO–CNTs and CNTs

electrodes in a home-made electrochemical cell. The three-
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Fig. 2. Microchip and AAO–CNTs in-channel amperometric detector.

electrode system consisted of Pt wire auxiliary electrode,

silver/silver chloride (Ag/AgCl) reference electrode and AAO–CNTs

or CNTs working electrode. The area of working electrode was set

at 0.7 cm2 and the cell volume was 1.5 ml.

2.4. Fabrication of the miniaturized microfluidic system

The fabrication process of the miniaturized microfluidic sys-

tem consisted of three main tasks. Firstly, PDMS chip containing

microchannel was made by micromolding and casting process. Sec-

ondly, three-electrode system was formed on a glass substrate by

sputtering and chemical vapor deposition (CVD) processes. The

PDMS and glass chip were then bonded using oxygen plasma

treatment. Fig. 2 shows the structure of microfluidic device with

AAO–CNTs electrode.

For the fabrication of PDMS chip, microfluidic channels were

fabricated based on standard photolithography. SU-8 photoresist

was spun on Si substrate using spin coater and then soft baked

to remove solvent in the layer. UV-lithography was performed to

obtain photoresist patterns on Si substrate using MJB4 mask aligner

and then post-baked in order to selectively cross-link the exposed

portion of photoresist. Finally, the photoresist was developed and

cleaned with deionized water and isopropyl alcohol. The microflu-

idic chip was designed to have two microchannel inlets and one

microchannel outlet as shown in Fig. 2(c). For two microchannel

inlets, one was used for buffer carrier stream and the other was for

injection of analyte. The microchannel is 100 �m deep and 500 �m

wide.

In the second part, three electrodes including CNTs, Pt and Ag

electrodes were designed as straight stripes across microchannel as

shown in Fig. 2(a) and (b). Three electrodes were located opposite

to the outlet of microchannel. The auxiliary and reference elec-

trodes were 200 �m wide and 300 nm thick platinum and silver

layers each supported by 50 nm Cr adhesive layers. To obtain the

AAO–CNTs working electrode, multilayer films were sputtered, top

Al layer was anodized by two-step anodization process and CNTs

were grown by CVD technique as previously described in Section

2.3, but in this case glass substrate was used and CNTs growth was

performed at a lower temperature of 550 ◦C.

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

radio-frequency oxygen plasma for 30 s. They were immediately

aligned and attached after oxygen plasma treatment as shown in

Fig. 2(a). Next, the inlet and outlet of microchannel were drilled and

connected to micro tubing via pipette tips, which could be sealed to

PDMS holes by physical attachment without the use of adhesive as

shown in Fig. 2(d). The inlets were connected to syringe pumps and

outlet was connected to a reservoir. Syringe pump (Pump 1) was

used for propelling the running buffer into microchannel inlet 1.

Microchannel inlet 2 was used for analyte injection controlled by

the second syringe pump (Pump 2). Finally, the whole apparatus

was mounted on an aluminum fixture and electrodes were elec-

trically connected to potentiostat. The developed system was used

for all amperometric experiments.

2.5. Microfluidic procedure

Before use, the channel was treated with deionized water for

10 min. The running buffer was PBS buffer (pH 5.8). The chronoam-

perograms were recorded with time while applying a detection

potential at +0.6 V versus Ag/AgCl reference electrode. Sample

injections were performed after stabilization of baseline buffer sig-

nal. The running buffer was delivered into the channel using a

syringe pump at a controlled flow rate. The analytes were injected

into the channel by propelling of syringe pump with a controlled

volume.

3. Results and discussion

3.1. AAO–CNTs electrode

The device structure was characterized by scanning electron

microscope (SEM). Fig. 1(a) shows the top-view SEM image of AAO

template after two-step anodization. It is seen that the pore size

is quite uniform and the average pore diameter is about 50 nm.
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Fig. 3. Cyclic voltamograms for 1 mM iodide of (a) AAO–CNTs and (b) vertically

aligned CNTs electrode in phosphate buffer solution pH 5.8.

Fig. 1(b) shows the cross-sectional view SEM image of AAO tem-

plate. It is seen that the thickness of AAO layer is approximately

2 �m. Fig. 1(c) demonstrates the cross-sectional view SEM image

of AAO–CNTs electrode along with its structural diagram. It can

be observed that CNTs is protruded from the bottom of AAO tem-

plate. The average diameter of CNTs is found to be around 30 nm

by transmission microscope.

3.2. Cyclic voltammetry

In order to assess the efficacy of AAO–CNTs electrode, the elec-

trochemical characteristics of AAO–CNTs electrode was compared

to vertically aligned CNTs electrode with no AAO template. Fig. 3(a)

and (b) shows cyclic voltammogram for 1 mM iodide solution of

AAO–CNTs and CNTs electrodes, respectively. It is evident that

AAO–CNTs electrode has much lower background current than

CNTs electrode does. In addition, AAO–CNTs electrode exhibits

much higher irreversible oxidation peak than vertically aligned

CNTs electrode does. Thus, AAO nanopores considerably enhance

the iodide response and signal to background ratio of CNTs elec-

trode. The enhancement can be attributed to the formation of CNTs

nanoarray by AAO nanopore template. The sensing area is increased

and hemispherical solute diffusional effect is exploited.

Moreover, it can be noticed that there is a considerable dif-

ference between iodide peak potentials of AAO–CNTs (0.76 V in

Fig. 5(a)) and CNTs (0.64 V in Fig. 5(b)) electrodes. A possible expla-

nation for this result is that the electrical resistance of AAO–CNTs

electrode is higher than that of CNTs one and it causes the observed

potential shift. To validate this assumption, the resistances between

electrode surface and metal contact were measured and the resis-

tances of AAO–CNTs and CNTs electrodes were found to be∼200 �
and∼3 �, respectively. The relatively high resistance of AAO–CNTs

electrode can cause a potential drop of∼0.1 V when a peak current

of 300 �A flows through. Thus, the assumption is highly probable.

The higher resistance could be due to considerably lower density

and shorter length of CNTs grown in AAO nanopores compared to

CNTs grown with no AAO template.

Fig. 4. Effects of (a) detection potential on current signal, (b) injection volume and

(c) flow rate on current signal and sample throughput.

3.3. Flow injection optimization

The detection potential strongly affects the sensitivity of cur-

rent signal of an analyte. To obtain the optimal detection potential,

the hydrodynamic voltammogram was determined. Hydrodynamic

voltammetry was studied from injection of 10 �l of 1 mM standard

iodide solution into the micro flow system with varying detection

potential from 0.5 to 0.9 V as shown in Fig. 4(a). It can be seen that

the current response increases as the potential increases and seems

to saturate at potential above 0.8 V. Thus, the detection potential of

0.8 V was selected for all amperometric detection in micro flow

experiments.

The effect of injection volume on analytical performances of

AAO–CNTs electrode was investigated over the range between 5

and 25 �l. Fig. 4(b) shows the current response and throughput

versus injection volume of 1 mM standard iodide at a fixed flow rate

of 50 �l/min. It is evident that throughput decreases but current

signal increases with increasing injection volume. The injection

volume of 15 �l was thus chosen to compromise sensitivity and

throughput (60 samples/h).

In order to achieve the satisfactory sensitivity and sample

throughput, the effect of flow rate was optimized using the injec-

tion of 15 �l of standard iodide solution. Fig. 4(c) shows that the
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Fig. 5. (a) Effects of concentration of standard iodide on current signal and (b)

calibration curve.

response decreases with increasing flow rate from 20 to 75 �l/min.

Conversely, increasing flow rate increases sample throughput. To

balance between response and sample throughput, the flow rate of

50 �l/min was selected.

3.4. Microfluidic system with amperometric detection

In order to test fouling or adsorption of the analyte compound on

AAO–CNTs electrode, responses from replicate injections of stan-

dard iodide of 1 mM were evaluated in term of relative standard

deviation (RSD). The developed system gave a fair repeatability

with RSD of 8.86% (n = 12) so fouling of the AAO–CNTs electrode was

considered low. However, the result was still not acceptable and it

should be improved by further optimizing electrode structure as

well as conditions for amperometric detection.

In order to obtain a calibration curve, the varied concentrations

of standard iodide from 1 to 200 �M were injected into the sys-

tem and current response amplitude was measured. Fig. 5(a) shows

the effect of concentration on current signal with different concen-

trations ranging from 1 to 200 �M with three replicate injections.

Fig. 5(b) demonstrates the calibration curve of current signal over

concentration ranging from 1 to 200 �M. It can be seen that lin-

ear concentration dependence is observed in the range between 5

and 100 �M. The regression equation is given by y = 0.001x + 0.07

(r2 = 0.993), where y and x are the height of peak current (�A) and

iodide concentration (�M), respectively. The slope of the equation

is corresponding to linear sensitivity of 0.001 �A/�M. The detec-

tion limit (3S/N) is∼0.5 �M. At low concentration (less than 5 �M),

iodide peak current also varies linearly but with a higher slope

value. On the other hand, the response current begins to level off

at higher iodide concentrations (100–200 �M).

3.5. Real sample analysis and interference study

The possibility for the use of the developed system in real

sample analysis was studied with pharmaceutical products con-

Table 1
Comparison of the labeled values of iodide content in pharmaceutical products and

the analyzed results by ISE analysis and flow injection chronoamperometry using

AAO–CNTs electrode.

Samples Content of iodide (�g/tablet)

Label AAO–CNTs

electrode

Ion selective

electrode

Revicon 1 200 220 ± 12 195 ± 7.2

Revicon 2 200 226 ± 9.3 197 ± 5.2

Revicon 3 200 227 ± 7.1 198 ± 4.5

Obimin 1 100 80 ± 4.7 98 ± 5.3

Obimin 2 100 86 ± 5.6 96 ± 4.6

Obimin 3 100 86 ± 3.3 97 ± 4.3

Table 2
Effects of foreign ions on the current signal obtained from adding of foreign species

into 90 �M potassium iodide solution.

Foreign species Content label in

some sample (mg/l)

Resultsa

Vitamin C or l(+)ascorbic

acid/C8H8O6

90–100 Strongly interfere

(studied from 40 to

320 mg/l)

Cl−/NaCl 40 Does not interfere

(studied from 40 to

160 mg/l)

Br−/NaBr 40 Does not interfere

(studied from 40 to

200 mg/l)

a Greater than ±5% signal variation is classified as interfering condition.

taining iodide. Iodide contents in four pharmaceutical tablets,

namely ‘Centrum’, ‘Bioton’, ‘Obimin’ and ‘Revicon’ were analyzed

by the developed electrochemical system. Tablets were ground

before extraction with water, centrifuged and filtrated through

0.25 �m cellulose acetate membrane. The filtrates were then suit-

ably diluted with 50 mM tris buffer pH 5.8. The measured results

were compared to the labeled values from their manufacturer and

results from ion selective electrode (ISE) potentiometric analy-

sis as shown in Table 1. ISE measurement was conducted by a

commercial digital Orion ion-analyzer (model 601A). Before ISE

measurement, the ion strength of solution was adjusted by adding

suitable amount of 5 M NaNO3 solution. The potential developed

across the employed iodide-ISE (Orion, USA) and the saturated

calomel electrode (Orion) was then measured in the prepared sam-

ple solution.

It can be seen that the results for Obimin and Revicon from our

developed system are in fair agreement to those obtained from

standard ISE method. The results determined by both methods are

considered not greatly different at 95% confidence by paired t-test

(tstat = 0.85, tcritical = 2.57). However, the differences between the

results from our and standard method are quite notable (10–20%).

Thus, there is considerable interference to iodide by other species

in Obimin and Revicon. In addition, it was found that very strong

interference occurred in other tested products including Centrum

and Bioton.

Further interference study was conducted to identify species

that contribute strong interference. Interferences were tested

towards three electroactive species including ascorbic acid,

chloride and bromide, which were major ingredients in these phar-

maceutical tablets, at their nominal concentrations. Table 2 sum-

marizes the interference results of ascorbic acid (40–320 mg/dl),

chloride (40–160 mg/dl) and bromide (40–200 mg/dl) in 90 �M

potassium iodide solution. It can be seen that chloride and bromide

give very low interference signals while ascorbic acid produces

considerable interference. Thus, ascorbic acid, which is an active

ingredient of Revicon, is one of strong interference species that
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should be separated to avoid analysis errors. From these results,

AAO–CNTs electrode does not possess general anti-interference

capability. Sample pretreatment including separation is needed

to overcome the interference problem in general cases especially

urine samples, which contain very complex matrices.

4. Conclusions

In conclusion, in-channel amperometric microfluidic device

with AAO–CNTs electrode has successfully been developed for

iodide detection. The device demonstrates the first utilization of

AAO–CNTs electrode on glass based microfluidic chip for iodide

detection. The electrocatalytic activity of iodide on AAO–CNTs

is good when compared with vertically aligned CNTs electrode

with higher response and signal to background ratio. Moreover,

AAO–CNTs electrode exhibits good stability in flowing system and

fair reproducibility for amperometric detection. Thus, the combi-

nation of sensitive AAO–CNTs electrode and miniaturized analysis

system is a new and promising technique for chemical detection.
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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.
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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.

This journal is ª The Royal Society of Chemistry 2012 Lab Chip, 2012, 12, 133–138 | 135

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



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.
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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

In this work, a simple  and  sensitive  inkjet-printed  graphene-poly(3,4-ethylenedioxythiophene):

poly(styrene-sulfonate) (GP-PEDOT:PSS)  on screen  printed  carbon  electrode  (SPCE)  is  developed  for

detection  of  salbutamol  (SAL), a prohibited  drug in  sport.  GP-PEDOT:PSS  dispersed  solution  is prepared

for  use  as an  ink  by  one-step electrolytic  exfoliation  from  a graphite electrode.  GP-PEDOT:PSS  layers  are

then  printed on  SPCEs by  dimatrix  inkjet  material  printer  and their  electrochemical  behaviors  are  charac-

terized.  It is  found  that  SAL  oxidation peak  responses  of  PEDOT:PSS  modified  and GP-PEDOT:PSS  modified

SPCE electrodes  are approximately 30  and  150 times  higher  than that  of  unmodified  SPCE, respectively.

In  addition, excellent analytical  features  with a  wide  dynamic  range of  500  �M,  a  low  detection  limit

(3S/N)  of  1.25  �M  and  low matrices’  interference  in  pharmaceutical  samples  have  been  achieved.  There-

fore, inkjet-printed GP-PEDOT:PSS  SPCE  is  a promising  candidate  for  advanced  electrochemical  sensing

applications.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Graphene is a  two-dimensional nano-carbon material with a

honeycomb lattice structure that exhibits exceptional physical,

chemical and electronic properties. It is  thus a  potential candidate

for a number of electronic applications including field-effect and

single-electron transistors [1,2], memory devices [3], solar cells [4]

and  electrochemical sensors [4–10]. In  particular, it is highly advan-

tageous for electrochemistry due to its very large two-dimensional

electrical conductivity, excellent electron transfer rate and huge

specific surface area. Some recent studies have demonstrated that

the  electrochemical sensitivity of graphene based electrodes is

superior to those of single-walled carbon nanotubes (SWCNTs) [9]

and  glassy carbon electrode (GCE) [10] because of its  larger num-

ber of edge plane per unit mass. In addition, it is considered more

practical than SWCNTs counterpart because it can be inexpensively

produced from low-cost graphite with no metallic impurity [10].

Metallic impurities commonly found in CNTs can induce anomalous

electrochemical reactions, causing serious interference problems.

∗ Corresponding author.

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

Graphene may  be synthesized by  several methods including

micromechanical cleavage, epitaxial growth via ultra-high vacuum

graphitation, chemical synthesis through oxidation of graphite,

chemical vapor deposition (CVD), solvothermal synthesis and elec-

trolytic exfoliation [11]. Among these, electrolytic exfoliation is

particularly promising because it can produce stable graphene

nanosheets in aqueous solution at  low cost and may  easily be scaled

up  for large-scale production. Moreover, it is the most suitable

route for the formation of graphene in conducting polymer matrix,

which can be highly useful for electrochemical transduction and

bio-receptor immobilization. Conducting polymers including poly-

thiophene [12], polyaniline [13] and polypyrrole [14] have also

attracted much interest in electroanalysis due to their good elec-

trical conductivity and electrochemical stability.

Poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonate)

acid (PEDOT:PSS), an important derivative of polythiophene, is  an

attractive working electrode material for electroanalysis because

of its high conductivity, low redox potential, high electrochemical,

ambient and thermal stability [15]. PEDOT:PSS may  be deposited

on a  transducer surface by solvent casting, dip coating, spin

coating or  inkjet printing [15–17]. Inkjet-printing technology is

a  relatively new non-contact deposition method that is  highly

suitable for organic based microelectronic fabrication owing to

0925-4005/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.

doi:10.1016/j.snb.2011.10.074
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its micro-patterning capability, simple application procedure,

low temperature processing and relatively low-cost instrumen-

tation. Recently, inexpensive and disposable chemical/biosensors

fabricated by inkjet printing have been demonstrated [18,19].

In  this work, an electrochemically synthesized graphene-

PEDOT:PSS (GP-PEDOT:PSS) is  employed for the first time to

modify screen printed carbon paste electrode (SPCE) by inkjet-

printing technique. The  inkjet-printed GP-PEDOT:PSS electrode

is then applied for electrochemical detection of salbutamol by

cyclic voltammetry (CV) and its  performances are compared to

PEDOT:PSS modified and unmodified SPCE. Salbutamol or [2-(tert-

butylamino)-1-(4-hydroxy-3-hyroxymethyl) phenylethanol] is  of

interest because it is  the most widely used �2-adrenergic recep-

tor agonist for curing bronchial asthma and other allergic diseases

[20,21] while it is also a  banned drug for athletes and a  prohibited

food additive. Due to its importance, electrochemical detections of

salbutamol have been widely investigated as an alternative deter-

mination method to standard analysis techniques including mass

spectrometry [22,23] and UV–vis spectroscopy [24]. Over the past

decade, electrochemical detections of salbutamol by glassy carbon

[25], carbon paste [26], boron-doped diamond [27], CNTs [28,29]

and graphite nanosheet modified electrodes [30] have been pre-

sented. However, there has been no report of its electrochemical

detection by a GP-PEDOT:PSS modified electrode.

2.  Materials and methods

2.1.  Materials and apparatus

All  of chemicals used in this work were analytical grade.

Standard solutions of salbutamol were purchased from Sigma

(USA). Phosphate buffer solution (pH 5.8–8.0) was made from

sodium dihydrogen phosphate (Fluka, Switzerland) and disodium

hydrogen phosphate (Fluka). The stock solution of salbutamol

(0.01 mol  l−1) was prepared by dissolving 0.03 g of salbutamol

in deionized distilled water. Graphite rods (1/4′′ dia, Electron

Microscopy Science) were used as starting material for graphene

synthesis. A commercial PEDOT:PSS solution (clevios P jet N from

HC Starck, USA) was utilized as an electrolyte for electrolytic exfo-

liation. SPCE electrodes were fabricated in-house at King Mongkut

University of Technology at Thonburi, Thailand. An inkjet printer

(Fujifilm Dimatix Materials Printer) was employed for printing of

GP-PEDOT:PSS layers on SPCEs. A  potentiostat (�-autolab Type

III, Metrohm, Switzerland) and a home-made electrochemical cell

comprising a 3 ml  cylindrical acrylic cell, a GP-PEDOT:PSS working

electrode, a platinum (Pt) wire counter electrode and a  silver/silver

chloride (Ag/AgCl) reference electrode were used for all CV mea-

surements.

2.2. Graphene synthesis

Two  graphite rods were placed in an electrolysis cell  filled with

PEDOT:PSS electrolyte and a  constant potential of 8 V was  applied

between electrodes using Keithley 2420 Source Meter. The anode

was corroding and black precipitate was gradually formed in the

reactor. The electrolysis was conducted for 5 h  to obtain stable

GP-PEDOT:PSS dispersion with a  suitable graphene concentration.

The dispersed product was centrifuged at 1200 rpm to separate

large agglomerates and supernatant portion of  the dispersion was

decanted. The morphology and structure of graphene dispersed in

the solution were characterized by transmission electron micro-

scope (JEOL model JEM-2010) and confocal Raman spectroscope

(NT-MDT model Ntegra Spectra). TEM samples were prepared by

drop-coating of graphene-PEDOT/PSS solution on a carbon/copper

grid while Raman and FTIR samples were washed graphene and

unwashed  graphene-PEDOT/PSS powders extracted from the solu-

tion.

2.3. Inkjet printing of  GP-PEDOT:PSS electrodes

The GP-PEDOT:PSS solution was  used as an ink for inkjet print-

ing. The ink  was  loaded into a  cartridge and printed on SPCE

by the commercial material inkjet printer. One  to five layers of

GP-PEDOT:PSS material were printed on SPCE over an  area of

3 mm × 5  mm.  The surface morphology and functional group of GP-

PEDOT:PSS printed films were characterized by scanning electron

microscope (SEM, Hitachi model S-4700) and Fourier transform

infrared spectroscopy (FTIR, Perkin Elmer model spectrum spot

light-300), respectively.

2.4.  Electrochemical measurement

The  electrochemical characteristics of inkjet-printed GP-

PEDOT:PSS modified SPCEs were measured by CV using the

commercial electrochemical work station and home-made electro-

chemical cell. Salbutamol solutions with different concentrations

Fig. 1. (a) Bright field TEM image and (b) high-resolution TEM images of graphene

sheet  in  GP-PEDOT:PSS composite. Inset: selected area electron diffraction pattern

of a region near an edge of graphene sheet.
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were then prepared for concentration study by proper dilution of

the  stock solution. Working electrode was immersed in salbutamol

solutions and CV scans were run at several scan rates for different

concentrations of salbutamol. The voltage window for CV  was from

+0.3 to +0.9 V because the oxidation peak of salbutamol appeared

within this potential range.

3.  Results and discussion

3.1.  Morphological and structural characteristics of

GP-PEDOT:PSS

The  detailed structure of  graphene dispersed in PEDOT:PSS solu-

tion was identified and characterized by TEM and confocal Raman

spectroscopy. Fig. 1(a) shows a typical bright field TEM image of  GP-

PEDOT:PSS composite. It can be seen that it contains polygon sheets

with unequal sides mixed and surrounded by very smooth material.

In addition, polygon sheets are seen to have some thickness varia-

tion, suggesting more than one overlapping material layers. Their

average diameter is estimated to be around 500 nm.  The polygon

sheet is confirmed to be graphene by selected area electron diffrac-

tion (SAED) from a region near an edge of a  sheet as demonstrated

in the inset of Fig. 1(a). The electron diffraction pattern is very well

matched to that of standard single crystal graphite. Thus, the thin

polygon sheet is  affirmed to be graphene. Fig. 1(b) shows a  typical

high resolution TEM image of the exfoliated graphene sheet. The

graphitic fringes observed on the edge confirm that the synthesized

structure is multi-layer graphene with approximately seven sp2-

bonded carbon layers. The term, graphene, can thus be used because

graphitic sheet with the number of sp2-bonded carbon layers of less

than ten still exhibits two-dimensional properties [31].
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Fig. 2. (a) Raman spectra from graphene powder extracted from GP-PEDOT:PSS

composite  and (b) Raman spectra of graphite powder.

Fig. 2  demonstrates Raman spectra from extracted graphene

powder and standard graphite. It can be seen that D, G and 2D

bands (at  ∼1330, ∼1574 and ∼2648 cm−1,  respectively) of synthe-

sized graphene and graphite are considerably different. The G peak,

which arises from the in-plane vibration of sp2 bonds, of graphene

powder is  relatively broader than that of graphite. In addition, the

graphene powder shows relatively strong D and 2D bands com-

pared to graphite, indicating partially disordered crystal structure

of graphene sheet with larger numbers of edge-plane and zone-

boundary defects, respectively [32]. Moreover, 2D band of  graphene

powder is relatively broad compared to G band, confirming that

synthesized structure is  multi-layer graphene [31].

Fig. 3. Photograph of fabricated electrode and SEM micrographs of SPCE, inkjet-printed PEDOT:PSS on SPCE and printed GP-PEDOT:PSS on SPCE.
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Fig. 4. FTIR spectra of (a) GP-PEDOT:PSS and (b) PEDOT layers on SPCEs.

The surface morphologies of fabricated electrochemical elec-

trodes were examined by SEM. Fig. 3 includes a photograph of

fabricated electrodes and SEM micrographs of unmodified SPCE,

inkjet-printed PEDOT:PSS SPCE and inkjet-printed GP-PEDOT:PSS

SPCE. It can be seen that uncoated SPCE has rough surface with large

grains of several microns in size and the surface is smoothen after

inkjet printing with PEDOT:PSS or GP-PEDOT:PSS layers. However,

graphene structures are not  clearly observed on the SPCE surface

because graphene sheet (∼0.5 �m in diameter) is very small com-

pared to the surface roughness and grain of SPCE.

The functional groups of inkjet-printed PEDOT:PSS and GP-

PEDOT:PSS films were characterized by  FTIR and the FTIR spectra

are illustrated in Fig. 4.  It can be seen that both spectra con-

tain peaks of S–O and  S–phenyl bonds in sulfonic acid at 1157,

1121 and 1012 cm−1 and peaks of C  C, C–C and C–S bonds in

thiophene backbone at  1532, 1356, 952, 845 and 704 cm−1,  respec-

tively. Thus, both films contain the same expected functional

groups of PEDOT:PSS copolymer. Nevertheless, GP-PEDOT:PSS film

exhibits approximately 5% lower IR reflectance than PEDOT:PSS

film does. Therefore, graphene causes small IR broadband absorp-

tion but does not contribute any additional functional group to the

mixture. The result indicates that the structure formed in the solu-

tion by electrolytic exfoliation is indeed graphene not graphene

oxide, which would otherwise show C–O and C O  peaks between

1600–1800 cm−1.

3.2. Performance of GP-PEDOT:PSS and SPCE electrodes

The  electrochemical efficacy of  GP-PEDOT:PSS electrode was

evaluated from CV response in 1 mM salbutamol solution and com-

pared to those of PEDOT:PSS modified and unmodified SPCEs as

shown in Fig. 5. It is  evident that GP-PEDOT:PSS modified SPCE

exhibits much larger irreversible oxidation peak at  ∼0.78 V  than

those of PEDOT:PSS modified and unmodified SPCEs, respectively.

The oxidation peak of salbutamol at  ∼0.78 V has been explained

by oxidative reaction of phenolic hydroxyl group [27]. From the

CV responses, the oxidation peak amplitudes of PEDOT:PSS mod-

ified and GP-PEDOT:PSS modified SPCEs are approximately 30

and 150 times higher than that of unmodified SPCE, respectively.

Thus, PEDOT:PSS considerably enhances the electrochemical activ-

ity  of SPCE to salbutamol and the addition of graphene greatly

increases the response further. The dramatic enhancement can be

attributed to huge reactive surface area, high electronic mobility

Fig. 5. The oxidation of 1 mM salbutamol on (a) GP-PEDOT:PSS and (b) PEDOT elec-

trode and (c)  SPCE electrode. Scan rate was 100 mV  s−1. Buffer solution was 50 mM

phosphate buffer (pH 7.0).

and excellent electron transfer rate of PEDOT:PSS and graphene

composite.

3.3. Effect of  buffer

The  CV responses of GP-PEDOT:PSS modified SPCE electrode

were measured in 0.5 mM salbutamol solutions in phosphate

buffers with different pHs ranging from 5.8 to 8.0 as shown in

Fig. 6. It can be seen that the oxidation peak amplitude increases as

pH  value increases from 5.8 to 7.0 and then decreases as pH value

increases further. In addition, it  can be noticed that the potential

at oxidation peak is  monotonically reduced as pH value increases.

The pH value of 7.0 is seen as an optimal condition that yields

the highest electrochemical response. The result suggests that sol-

ubility dissociation and diffusion of salbutamol in PBS buffer is

maximized at pH value of 7.0, resulting in an  optimal electrochem-

ical sensitivity. This pH value is  thus used in all subsequent CV

measurement.
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Fig. 6. Cyclic voltammograms obtained at  various pHs of 0.5 mM standard salbuta-

mol  solutions in 50 mM  phosphate buffer. Scan rate was  100 mV  s−1.

3.4. Effect of the number inkjet-printed layers

The electrochemical response of GP-PEDOT:PSS modified

SPCE could be influenced by the number of inkjet-

printed GP-PEDOT:PSS layers. CV responses toward a

0.5 mM salbutamol solution with different numbers of

inkjet-printed GP-PEDOT:PSS layers are demonstrated in Fig. 7(a).

It  can be seen that the oxidation peak of salbutamol is  considerably

affected by the number of inkjet-printed layers. The oxidation peak

amplitude is plotted as a function of the number of inkjet-printed

layers as shown in Fig. 7(b). It is  evident that the current amplitude

initially increases as the number of layers increases from 1 to 4 and

then decreases. Hence, the optimal number of printing layers is 4

and it is chosen for further characterization. A  possible explanation

for the observed result is  that electrochemical response initially

increases with the number of printing layers because the number

of electroactive graphene and PEDOT:PSS sites increases. However,

the surface of printed electrode becomes smoothen when the

inkjet-printed layer is  very thick because GP-PEDOT:PSS fills in

pits of the rough SPCE surface. As a  result, the electroactive surface

area decreases and electrochemical response reduces.

3.5.  Concentration dependence study

The CV measurements were made with different salbutamol

concentrations as illustrated in Fig. 8(a). The current amplitude of

oxidation peak as a  function of concentration is  plotted as shown

in Fig. 8(b). It is clear that the oxidation peak current varies linearly

with concentration in the range from 5.0 to 550 �M. The observed

Fig. 7. (a)  Cyclic voltammograms obtained at various numbers of printed GP-

PEDOT:PSS  layers on SPCE. (b) Relationship between current response and the

number of GP-PEDOT:PSS layers. Scan rate was 100 mV s−1. Solution is  0.5 mM  stan-

dard salbutamol solution in 50 mM phosphate buffer (pH 7.0).

linear dynamic range of 500 �M is considerably wider than the

range of 100 �M from previously reported salbutamol detection

using vertically aligned CNT electrode [21]. The regression equation

is given by y  =  0.0366x +  0.2414 (r2 =  0.995), where y  and x are the

height of peak current (�A) and salbutamol concentration (�M),

respectively. The slope of the equation is  corresponding to a  linear

sensitivity of 0.0366 �A/�M. The detection limit (3S/N) is  estimated

to be as low as 1.25 �M.  The noise value (N) is  determined from

peak–peak amplitude of  sinusoidal noise in the base line region of

CV curve.

3.6. Stability study

The  stability of GP-PEDOT:PSS modified SPCE was verified by

recording successive CVs. After 5  cycles, no change was observed

in CV profiles. The electrodes also remained stable in the presence

of salbutamol up to 20 successive cycles or  more with a  rela-

tive standard deviation (RSD, n  =  20) of  4.5%. Thus, GP-PEDOT:PSS

modified SPCE exhibited very good stability. Furthermore, no sig-

nificant change in the response was  observed for more than two

months after electrodes were stored at room temperature. More-

over, reproducibility of electrodes was determined from seven

sensors fabricated in the same batch and RSD (n  =  20) of 7.5% was

obtained. Therefore, GP-PEDOT:PSS modified SPCE had satisfactory

repeatability and reproducibility. It should be noted that repeata-

bility and reproducibility were measured at  100 �M salbutamol

concentration.

3.7. Performance for pharmaceutical applications

Salbutamol contents in pharmaceutical samples including Sal-

busian syrub and Salbolin tablet were analyzed by the developed
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Table 1
Comparison of the labeled values of salbutamol in pharmaceutical products and the  analyzed results by CV using GP-PEDOT:PSS electrode.

Samples Salbutamol content

Labeled value HPLC-UV measured value Analyzed value

Salbusian syrub 400 mg/l 401 ± 3  mg/l 373.7 mg/l

Salbolin tablet 2 mg/tablet 2 ± 0.1 mg/tablet 1.86  mg/tablet

GP-PEDOT:PSS modified SPCE. The analyzed results were then

compared to labeled values from their manufacturer and mea-

sured results from high performance liquid chromatography with

ultraviolet detection (HPLC-UV) as shown in Table 1. HPLC-UV

measurements were conducted by the manufacturer (IDS Man-

ufacturing Ltd., Thailand). It is  clear that our results are in fair

agreement with those from HPLC-UV. The difference between the

value measured by GP-PEDOT:PSS modified SPCE and HPLC-UV is

around 7%, which is practically acceptable. The  deviation should be

due to small interference from matrices. Moreover, recovery stud-

ies  yield good recovery values of  81.98–90.58%. This confirms that

matrices in these samples have small influence on electrochemical

oxidation of salbutamol by GP-PEDOT:PSS modified SPCE. Thus, the

samples may  directly be analyzed by our method with acceptably

low matrices’ interference. Nevertheless, the interference problems

were found to be severe in urine samples and some other pharma-

ceutical products. In those cases, separation techniques would be

needed before an electrochemical measurement.

The enhanced sensitivity, better detection limit and reduced

interference for salbutamol detection of GP:PEDOT:PSS composite

could be attributed to specific electrochemical activities between

PEDOT:PSS/graphene and salbutamol. In the salbutamol oxiative

Fig. 8. Cyclic voltammograms obtained at  various salbutamol concentrations in

phosphate buffer (pH 7.0). The inset picture shows the  relationship between salbu-

tamol  concentration and oxidation peak current response. Scan rate was 100 mV  s−1.

reaction, salbutamol molecule is  oxidized by electrochemical

potential and become salbutamol free radical giving one electron

and one proton [27]. PEDOT:PSS may  act as a  mediator [15,33] that

promotes one electron–proton charge transfer in the oxidation

process of salbutamol. Graphene can further enhance electron

transfer rate via its  very high electrical conductivity and huge

adsorption surface area on edges of graphene basal plane. In

addition, the salbutamol reactant can be better adsorbed and

oxidized by graphene due to strong �–� interaction between

salbutamol free radical and sp2-bonded carbon atoms of graphene

sheet [34,35].

4.  Conclusions

In  conclusion, this report presents the first utilization of

inkjet-printed GP-PEDOT:PSS modified SPCE electrode for electro-

chemical detection of salbutamol. GP-PEDOT:PSS ink is synthesized

by one-step electrolytic exfoliation method and inkjet printed on

SPCE. TEM characterization confirms the presence of graphene

sheets of polygon shape with average diameter of  500 nm and SEM

image indicates that SPCE surface is  smoothen after successive GP-

PEDOT:PSS printing. From CV measurement, the oxidation peak

amplitudes of PEDOT:PSS modified and GP-PEDOT:PSS modified

SPCEs are found to be approximately 30 and 150 times higher than

that of unmodified SPCE, respectively. In addition, the method pro-

vides excellent analytical features with a wide dynamic range of

500 �M and a low detection limit (3S/N) of 1.25 �M.  Moreover,

direct analyses of salbutamol in pharmaceutical products have been

demonstrated with low matrices’ interference. Therefore, inkjet-

printed GP-PEDOT:PSS on SPCE is  highly promising for advanced

electrochemical detection.
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In this article, we present a new, facile and efficient electrochemical method for the production of a

stable aqueous dispersion of a graphene–metal phthalocyanine hybrid material. The material has been

prepared by electrolytic exfoliation of graphite in an electrolyte containing copper phthalocyanine-

3,40,40 0,40 00-tetrasulfonic acid tetrasodium salt (TSCuPc). Single- and few-layer graphene sheets,

decorated with metal phthalocyanine molecules, are generated during the electrolysis and stably

dispersed in the electrolyte with no further chemical treatment. Scanning electron/atomic force

microscopic characterization shows that the TSCuPc–graphene hybrid structure has a sharp-edged

particle morphology with thicknesses ranging from 2 nm to 6 nm, corresponding to 1 to 6 graphene-

stacked layers and largely varied lateral dimensions from a few tens to several hundreds of nanometers.

In addition, Raman/FTIR/UV-Vis spectra and X-ray diffraction reveal characteristic peaks that

suggest that the TSCuPc–graphene hybrid is formed by non-covalent p–p interactions between

graphene sheets and metal phthalocyanine and indicate a high quality graphene hybrid structure that

can potentially be used in practical applications.

Introduction

Over the last few years, the search for novel nano-scale materials

with special physical and chemical properties has been an

important challenge in the field of nanotechnology. A promising

approach is to synergistically combine two or more nano-

materials into a new nanohybrid structure.1–6 Carbon, in the

form of graphene, is a highly intriguing material for scientists in

various fields and is an outstandingly attractive building block

for advanced hybrid materials. Graphene consists of tightly

packed two-dimensional (‘one-atom-thick’) sheets of sp2-

hybridized carbon atoms arranged in a honeycomb crystal

lattice.7,8 Graphene sheets (sometimes referred to as graphene

nano-sheets, GNSs) are considered to be the two-dimensional

basis of other allotropes of carbon, andmay be rolled or wrapped

to form one-dimensional carbon nano-tubes or zero-dimensional

fullerenes. Graphene possesses many extraordinary properties,

such as high mobility of charge carriers, high mechanical

strength, extremely high thermal conductivity as well as inter-

esting optical characteristics.9–11 Moreover, its two-dimensional

geometry, unusual band structure and carrier mobility render it

an ideal material for a large number of applications in nano-

electronics, sensors, nano-composites, batteries, supercapacitors,

hydrogen storage, field-effect transistors, resonators, transparent

electrodes and organic photovoltaic devices.12–19 Ever since Geim

and co-workers prepared the first single layer graphene sheets in

2004 by micromechanical cleavage, a number of fabrication

techniques such as epitaxial growth via ultra-high vacuum

graphitization, solution-based reduction of graphene oxide,

chemical vapor deposition and so on have been devised to

massively produce various forms of graphene for potential

applications.20–24 One major obstacle to the use of graphene in

technical applications is its poor processability due to strong

attractive forces between the sheets. Thus, it has a strong

tendency to agglomerate. In addition, GNSs are very poorly

soluble in water and most other conventional solvents. It is,

therefore, essential to develop methods of surface modification

for graphene to allow molecular dispersion of individual gra-

phene sheets (or at least few layer graphene) while retaining its

desirable intrinsic properties.

In order to do so, various methods have been developed for

chemical modification. For instance, functionalization of GNSs

with oxygen-containing groups (‘graphene oxide’) can signifi-

cantly improve their processability. However, it leads to inferior

physical and electronic properties due to lattice damage. In

contrast, other simple and versatile non-covalent methods

through supramolecular interactions such as p–p stacking,

electrostatic interaction and hydrogen bonding provide excellent
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molecular dispersion while preserving the unique electronic

properties of graphene because of no physical damage.25 Non-

covalent p–p stacking is feasible for GNS due to a large,

accessible p-electron surface formed by the pz-orbitals perpen-

dicular to the sp2-bonded carbon basal plane. This functionali-

zation method will provide graphene with desired properties

when it is combined with planar aromatic molecules such as

metal phthalocyanines (MePcs).

MePcs are two-dimensional, 18 p-electron-possessing

aromatic macrocycles with a metal atom located at the central

cavity. They possess a variety of remarkable properties including

(a) exceptional thermal and chemical stability such that

temperature up to several hundred degree Celsius and strong

acids or bases cannot damage the molecule, (b) astounding

optical properties due to a large conjugated electron network

leading to intense absorption bands in the visible region at 400

nm and 700 nm with extinction coefficients as high as 2 � 105

l mol�1 cm�1 in solution and (c) versatile chemical systems

resulting in a large number of possible complexes with diverging

chemical and physical characteristics.26,27 Extensive research has

been done on the fabrication of hybrid-materials combining

carbon nanotubes (CNTs) and MePcs27–32 with applications in

optoelectronic, electro-catalytic or sensing devices. It has been

shown that optoelectronic properties and electro-catalytic and

sensing capabilities could be enhanced with the inclusion of

CNTs in MePcs. It is, therefore, of great interest to explore to

what extent these findings are transferable to graphene–MePc

hybrid-materials.

Aqueous p–p bonded graphene–MePc hybrid-materials have

previously been reported by various groups (e.g. Chunder et al.33

or Zhang et al.34). In these reports, single layer graphene-oxide

sheets dispersed in MePc are prepared by chemical oxidation of

graphite in MePc solution and graphene-oxide is then reduced by

chemical reduction using hydrazine. This method produces a

highly defective graphene structure with inferior electronic

properties. In addition, it is labor intensive since it includes

oxidation–reduction steps and involves the usage of hydrazine, a

highly toxic and environmentally harmful chemical.

Herewith, we present a new and facile method for the fabri-

cation of graphene–MePc hybrid material by electrolytic exfoli-

ation. This method can produce dispersions of high quality

graphene sheets in one step which makes this method less labor

intensive and supersedes the usage of toxic reagents. The phys-

ical, chemical and optical properties are characterized by scan-

ning electron/atomic force microscopy, X-ray diffraction, and

Raman/FTIR/UV-Vis spectroscopy.

Materials and methods

The graphene–MePc hybrid material was fabricated by electro-

lytic exfoliation of graphite rods (Electron Microscopy Sciences,

Hatfield, PA; technical grade, with impurity levels of around 50

ppm) in an electrolyte containing copper phthalocyanine-

3,40,40 0,40 00-tetrasulfonic acid tetrasodium salt (TSCuPc). The

experimental setup for electrolytic exfoliation and the structure

of TSCuPc are schematically shown in Fig. 1. In order to prepare

the electrolyte, 10 mg ml�1 of TSCuPc were added to de-ionized

water and ultrasonicated subsequently for 1 h to ensure complete

dissolution. Pure graphite rods serve as both anode and cathode.

A constant potential of 12 V is applied between the two graphite

rods and the process is terminated after 12 hours of electrolysis.

A black precipitate as well as a slight color-change of the elec-

trolyte from blue to blue-green is observed. In the electrolysis

process, phthalocyanine tetrasulfonate anions are forced against

the graphite anode by the electrical potential where they elec-

trochemically interact with the graphite surface, resulting in

exfoliation of graphene sheets into the electrolyte.35 The solution

is then ultrasonicated for 1 h to further exfoliate larger graphite

particles in the precipitate into few-layer graphene sheets. During

the course of the sonication, the color of the solution is further

changed into almost purely green. After this step, the solution is

centrifuged for 30 minutes at 3000 rpm and the resulting sedi-

ment is discarded. The obtained supernatant portion of the

graphene–TSCuPc solution is then centrifuged again for five

minutes at 10 000 rpm and the supernatant sediment is extracted.

The sediment was redissolved with DI water, resulting in a green-

grey solution with a hybrid-material content of 1 to 1.5 mg ml�1.
The dispersion proved to be naturally stable with no observable

precipitation after several months.

Results and discussion

For morphological characterization using SEM (Hitachi S4700),

samples of the electrolyte solution taken before and during the

course of the preparation of the hybrid material are dropped

onto silicon wafers and dried in a vacuum. SEM images of the

Fig. 1 (a) Schematic of the apparatus used for electrolytic exfoliation.

TSCuPc dissociates into ions. The anions are forced against the graphite

anode and exfoliate it. (b) The structure of Cu phthalocyanine-

3,40,40 0,40 0 0-tetrasulfonic acid tetrasodium salt.

This journal is ª The Royal Society of Chemistry 2012 J. Mater. Chem., 2012, 22, 17094–17099 | 17095



specimens at the various stages of synthesis are shown in Fig. 2.

Fig. 2a depicts the surface of a dried TSCuPc droplet with no

graphene. It shows the typical intricate structure of this complex

material, which was self-organized during the drying process. An

SEM image of a droplet of the electrolyte after 12 h of electrolysis

and 1 h of ultrasonication is illustrated in Fig. 2b. The structure is

now predominantly characterized by elongated particles. Fig. 2c

shows the surface of a droplet of the supernatant portion after

the first centrifugation step. It can be seen that elongated parti-

cles are absent and the surface consists of TSCuPc–graphene

hybrid-material particles and unbound TSCuPc aggregates

appeared in the form of very fine nanoparticles. After the final

centrifugation step to remove unbound TSCuPc, the structure

appears as shown in Fig. 2d. Sharp edged particles, which are

expected to be graphene sheets, become clearly observable,

signifying the desired TSCuPc–graphene hybrid structure.

In order to investigate the morphology of TSCuPc–graphene

hybrid particles in more detail using AFM (JPK nanowizard 3),

a dilute dispersion of the hybrid material was spin-coated on

freshly cleaved ultra-smooth mica substrates. Fig. 3 shows the

resulting AFM image of TSCuPc–graphene hybrid particles and

a line profile across the particles. It can be seen that the thick-

nesses of the particles are ranging from approximately 2 nm to

6 nm, which may correspond to those of TSCuPc–graphene

hybrid particles consisting of 1 to �6 graphene-stacked

layers.22,33 The lateral dimensions of the observed particles are

largely varied from a few tens to several hundreds of

nanometers.

UV-Vis absorbance spectra are measured using a fiber-optic

spectrometer (Ocean Optics USB4000) to characterize the optical

properties and identify the chemical structure of the hybrid

materials. Absorbance spectra (400–900 nm) of the TSCuPc

aqueous solution, the electrolyte after 12 h of electrolytic exfo-

liation followed by 1 h sonication, the supernatant portion after

the first centrifugation step (3000 rpm for 30 min) and the re-

dissolved hybrid-material solution after the second centrifuga-

tion step (10 000 rpm for five minutes) are demonstrated in

Fig. 4A and absorption peak denominations are given in Table 1.

The spectrum of the TSCuPc solution (Fig. 4A-a) exhibits the

typical Q band of phthalocyanines in the wavelength region

between �550 and �700 nm. The HOMO–LUMO (p / p*)

transition in the TSCuPc electronic structure is responsible for

the Q band formation. It can be observed that the Q band of

TSCuPc in water consists of two bands, one with a prominent

peak at 629 nm and the other with a satellite shoulder at 663 nm,

which correspond to the presence of a dimer and a monomer of

TSCuPc, respectively.35 Furthermore, a deep valley between

approximately 400 and 550 nm can be observed.

The UV-Vis spectrum changes during the exfoliation process

and also after sonication due to exfoliation of graphite particles

and subsequent formation of the hybrid material. Fig. 4A-b

shows absorbance of the electrolyte after electrolysis followed by

one hour of sonication. It can be seen that the dimer peak is blue-

shifted to 609 nm, whereas the position of the monomer peak is

red-shifted to approximately 770 nm. This suggests some inter-

action between the TSCuPc dimer and the exfoliated graphene in

this stage. After the first centrifugation step and the removal of

the sediment, the spectrum (Fig. 4A-c) contains the dimer peak at

631 nm and the monomer peak at 674 nm. Furthermore, a third

peak appears at about 697 nm. Apparently, the spectrum of the

re-dissolved TSCuPc–graphene hybrid material (Fig. 4A-d)

exhibits only a single peak at 707 nm which is in the region of the

third peak of the previous spectrum. The third peak at �700 nm

can be attributed to the TSCuPc–graphene hybrid formed by p–

p interactions between graphene sheets and TSCuPc. When

hybrid structures are fully formed, dimer and monomer peaks of

TSCuPc largely disappear possibly due to reduced aggregation as

a result of strong p–p interactions between graphene sheets and

TSCuPc.

Fig. 2 SEM images of (a) a droplet of TSCuPc aqueous solution; (b) a

droplet of the electrolyte after 12 h of electrolysis and 1 h of ultra-

sonication; (c) a droplet of the electrolyte after the first centrifugation

step (30 min at 3k rpm); and (d) a droplet of the electrolyte after the final

centrifugation step (5 min at 10k rpm).

Fig. 3 AFM image and height profile of a hybrid particle.

17096 | J. Mater. Chem., 2012, 22, 17094–17099 This journal is ª The Royal Society of Chemistry 2012



Fig. 4B shows Raman spectra of graphene, TSCuPc and the

TSCuPc–graphene hybrid material measured using a confocal

Raman spectrometer (NT-MDT NTEGRA) with an excitation

wavelength of 633 nm. For comparison, a Raman spectrum is

also taken from electrolytically exfoliated graphene prepared

based on the methods proposed by Wang et al.36 and Liu et al.37

The spectrum of electrolytically exfoliated graphene (Fig. 4B-a)

shows a D band at �1328 cm�1, a G band at �1574 cm�1, and a

2D band at �2649 cm�1, which are known to be attributed to

zone boundary phonons, doubly degenerate zone centers (E2g

mode) and the second order scattering of zone boundary

phonons, respectively.38 The ratio between the intensities of the

D and G bands, ID/IG, is a measure of the defect density in

graphene (deviations from the ideal sp2 hybridized graphene

structure). It can be seen from Fig. 4B-c that the D/G ratio of the

TSCuPc–graphene hybrid material (0.92) is about 10% lower

than that of electrolytically exfoliated graphene (1.02), suggest-

ing a larger average sp2 domain size and lower defect density of

Fig. 4 (A) UV-Vis spectra of (a) the aqueous TSCuPc solution; (b) the electrolyte after 12 h of electrolysis and 1 h of sonication; (c) the supernatant after

the first centrifugation step (30 min at 3k rpm); and (d) the redispersed sediment after the final centrifugation step (5 min at 10k rpm). (B) Raman spectra

of (a) electrolytically exfoliated graphene powder; (b) TSCuPc; and (c) TSCuPc–graphene hybrid material. (C) FTIR spectra of (a) TSCuPc; (b)

supernatant after 1 h of sonication and centrifugation (30 min at 3k rpm); (c) TSCuPc–graphene hybrid material; and (d) electrolytically exfoliated

graphene powder. (D) XRD patterns of films of (a) TSCuPc; (b) graphene powder; and (c) TSCuPc–graphene hybrid material.

Table 1 UV-Vis peak denominations

Material

Chemical structure

Dimer Monomer Hybrid

TSCuPc (aqueous) 629 nm 663 nm —
After electrolysis + 1 h ultrasonication 609 nm Approx. 670 nm (shoulder) —
Supernatant after the 1st centrifugation step 631 nm 674 nm 697 nm
Sediment after the 2nd centrifugation step — — 707 nm
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graphene in the hybrid structure. Additionally, the positions of

the D and G bands are shifted to lower wavenumbers, namely,

1319 cm�1 and 1566 cm�1, respectively. These shifts are due to

the electron donating nature of p–p bonded TSCuPc mole-

cules.39 Furthermore, characteristic vibrational features of

TSCuPc, shown in Fig. 4B-b, are also observable in the Raman

spectrum of the TSCuPc–graphene hybrid material. The highest

intensity features of TSCuPc can be found at 1528 cm�1, 1326
cm�1 and 744 cm�1. They also appear in the hybrid-material

spectrum but the positions are shifted to 1513 cm�1 and 738

cm�1, respectively, while the feature located at 1326 cm�1 leads
to a slightly broadened D band of graphene in the hybrid-

material spectrum. These findings support the assumption that

the p–p bonded TSCuPc–graphene hybrid-material is formed.

The chemical bonding information was further characterized

by Fourier transform infrared spectra (FTIR) (Perkin-Elmer

Spectrum Spotlight 300). Fig. 4C-a shows the spectrum of

TSCuPc which exhibits a large band between �2975 and �3750
cm�1 with a peak at 3458 cm�1 corresponding to OH stretching

of absorbed water and the typical bending vibration bands of this

compound in the fingerprint region between �500 and �1800
cm�1 with the most intense peaks at 1643, 1183 and 1028 cm�1.
After sonication and centrifugation for 30 min at 3k rpm, the

spectrum is altered significantly as can be seen in Fig. 4C-b. The

OH peak is red-shifted to 3423 cm�1 and becomes less intense.

This is probably due to the adsorption of hydrophobic graphene

sheets instead of water molecules. Furthermore, the intense

peaks in the fingerprint region are blue-shifted to 1666, 1190 and

1035 cm�1, respectively. Moreover, features which are only

barely noticeable in the TSCuPc spectrum (e.g. shoulders at 1612

and 1585 cm�1) appear with increased intensities in spectrum b.

Fig. 4C-c shows the spectrum of the redispersed sediment after

the final centrifugation step illustrating that the spectrum

undergoes another significant change. The intensity of the OH

peak further decreases and the peak is red-shifted to 3532 cm�1.
Features which were clearly discernible peaks in spectrum b

become broad bands with blue-shifted positions at 1753 cm�1

(peaks between 1666 and 1585 cm�1 in b), 1507 cm�1 (peaks

between 1399 and 1368 cm�1 in b) and 1060 cm�1 (peak at 1035

cm�1 in b). The spectrum of electrolytically exfoliated graphene

reveals a small peak at 1574 cm�1, which can be attributed to C]

C stretching of graphene sheets. This feature cannot clearly be

identified in the other spectra but even so the spectra alteration in

the course of the hybrid-material preparation (from spectra a to

c) strongly suggests molecular interactions and formation of p–p

bonded material.

The information about the crystal structure of the prepared

material is obtained from X-ray diffraction (Rigaku TTRAX III

diffractometer) operated in thin film measurement mode. XRD

samples are prepared by dropping 150 ml of aqueous dispersions

of the materials to be investigated on glass slides followed by

drying in a vacuum. XRD results are shown in Fig. 4D. The

diffraction pattern of the pure TSCuPc film (Fig. 4D-a) contains

peaks at 2q ¼ 5.2�, 9.2� and 10.2� which correspond to lattice

spacings of 16.8�A, 9.6�A and 8.5�A, respectively. Fig. 4D(b and c)

depict XRD patterns of pure graphene and TSCuPc–graphene

hybrid-material films, respectively. The typical (002) peaks of

graphitic materials are present at 26.3� equivalent to a lattice

spacing of 3.38 �A. It can clearly be observed that the peaks

present in the XRD pattern of TSCuPc cannot be found in b and

c. The absence of diffraction peaks may suggest the occurrence of

monomeric TSCuPc attached to graphene/graphite crystals since

Raman and FTIR spectra both indicate the formation of the

TSCuPc–graphene hybrid material.

Conclusion

In conclusion, a novel and facile preparation method for the

metal phthalocyanine–graphene hybrid material has successfully

been developed. The physical and chemical properties of the

hybrid material have been characterized by SEM, AFM, XRD,

UV/Vis-, Raman- and FTIR spectroscopy. The morphological

characterization shows that the TSCuPc–graphene hybrid

structure has a sharp-edged particle morphology with thick-

nesses ranging from 2 nm to 6 nm, corresponding to 1 to �6
graphene-stacked layers and largely varied lateral dimensions

from a few tens to several hundreds of nanometers. In addition,

Raman/FTIR/UV-Vis spectra and X-ray diffraction suggest that

the TSCuPc–graphene hybrid is formed by non-covalent p–p

interactions between graphene sheets and metal phthalocyanine

and a high quality graphene hybrid structure has been achieved.

Further work is in progress to evaluate the applicability of the

hybrid material in the field of gas sensing, especially for the

identification and quantification of volatile organic compounds

by means of optical as well as electrical transduction.
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a b s t r a c t

In this work, a highly sensitive enzyme-based biosensor is developed based on graphene–poly(3,4-ethyl-
enedioxythiophene):polystyrene sulfonic acid (GP-PEDOT:PSS) modified screen printed carbon electrode
(SPCE) for electrochemical detection of glucose. GP-PEDOT:PSS nanocomposite synthesized by one-step
electrolytic exfoliation is drop-coated on SPCE and glucose oxidase (GOD) enzyme is then immobilized
on GP-PEDOT:PSS by glutaraldehyde cross linking. Electron microscope characterization confirms the
presence of multi-layer graphene sheets and the appearance of smooth and long microstripe structure
of GOD on the electrode surface. Direct electrochemistry of GOD at the GP/PEDOT:PSS electrode is
observed by cyclic voltammetry and graphene plays the main role in a quasi-reversible redox process.
GOD/GP-PEDOT:PSS electrode exhibits a high amperometric sensitivity of 7.23 lA/mM, which is about
13 times higher than that of GOD/PEDOT:PSS but has a relatively narrow linear dynamic range of
�20–900 lM. Moreover, GOD/GP-PEDOT:PSS offers a very low detection limits (3S/N) of �0.3 lM which
is better or comparable to other recent reports of highly sensitive glucose biosensors. Furthermore, the
sensor has good stability with only 30% loss of enzyme activity after 30 days.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Graphene, the latest two-dimensional nanocarbon material, is
highly promising for electrochemical biosensing due to its large
two-dimensional electrical conductivity, excellent electron trans-
fer rate, huge specific surface area and efficient direct electrochem-
istry [1–6]. In addition, it has been shown to exhibit superior
sensing performances over other carbon based materials including
its nearest counterpart, carbon nanotubes (CNTs), owing to its
twice larger surface area, higher number of chemically active edge
planes per unit mass, higher electron mobility and the absence of
anomalous sensing response from metallic impurities [5,7,8].
Moreover, it is more feasible for commercial applications because
its production based on low-cost graphite can be done with no
hazardous byproducts [1,9,10]. Among various reported graphene
synthesis methods [11–13], electrolytic exfoliation is particularly
attractive for electrochemical biosensing because it can produce
stable graphene dispersion in conducting polymer matrix, which
could be highly effective for electrochemical transduction and
bio-receptor immobilization. In addition, the process is simple,
low cost and suitable for large-scale production [14].

Poly(3,4 ethylenedioxythiophene):poly-styrene-sulfonic acid
(PEDOT:PSS) is a highly promising conducting polymer matrix for
enzyme based biosensors due to its high enzyme immobilization
capacity, good conductivity, good water solubility, high stability
and biocompatibility [15,16]. Its combination with graphene
should offer excellent performance biosensors. However, there
have been very few reports that exploit this material combination
for biosensing. Recently, non-enzymatic electrochemical sensors
based on graphene–PEDOT:PSS (GP-PEDOT:PSS) film have been
demonstrated for highly sensitive electrochemical sensing of salbu-
tamol, hydrogen peroxide (H2O2), nicotinamide adenine dinucleo-
tide (NAD+) and FeðCNÞ3�=4�6 redox couple [17,18]. H2O2 and NAD+

are common products of many enzymatic reactions and thus GP-
PEDOT:PSS should be highly effective for enzyme-based biosensing.

In this work, electrochemically synthesized graphene–PED-
OT:PSS (GP-PEDOT:PSS) nanocomposite is demonstrated as a new
and practically useful material platform for highly sensitive en-
zyme-based electrochemical detection. Glucose is used as the mod-
el analyte as it is the most common biosubstrate for enzyme-based
biosensing and its detection is always needed for human’s health
monitoring. In addition, its enzyme, glucose oxidase (GOD), is
highly useful for direct electrochemistry study on novel electrode
materials. Recently, the direct electrochemistry of GOD on graph-
ene prepared by different methods has been evaluated [19–23]. In
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this study, the direct electrochemistry of GOD on graphene in the
presence of PEDOT:PSS matrix is also investigated.

2. Materials and methods

2.1. Reagents and apparatus

All of chemicals used in this work were analytical grade and
used without further purification. D-glucose, glucose oxidase
(GOx, Pseudomonas fluorescens 250 U/mg), glutaraldehyde, acet-
aminophen, ascorbic acid and uric acid were purchased from Sigma
(USA). Phosphate buffer (PB) solution (pH 6.8–7.4) was made from
sodium dihydrogen phosphate (Fluka, Switzerland) and disodium
hydrogen phosphate (Fluka). Graphite rods (1/400 dia, Electron
Microscopy Science) were starting material for graphene synthesis.
A commercial PEDOT:PSS solution (clevios P jet N from HC Starck,
USA) was utilized as an electrolyte for electrolytic exfoliation.
Screen printed carbon paste electrodes (SPCEs) were fabricated
in-house at King Mongkut University of Technology at Thonburi,
Thailand. A potentiostat (l-autolab Type III, Metrohm, Switzer-
land) and a home-made electrochemical cell comprising a 3 ml
cylindrical acrylic cell, a modified SPCE working electrode, a plati-
num (Pt) wire counter electrode and a silver/silver chloride (Ag/
AgCl) reference electrode were used for all CV and amperometric
measurements.

2.2. Preparation of GOD/GP-PEDOT:PSS modified electrodes

Graphene–PEDOT:PSS was synthesized by the electrolytic exfo-
liation procedure reported elsewhere [17,18]. The SCPE was then
modified by GOD/GP-PEDOT:PSS by drop coating method. Firstly,
GP-PEDOT:PSS solution (5 ll) was dropped on SPCE over an area
of 3 mm � 5 mm and then allowed to dry in air at room tempera-
ture (25 �C) for 3 h. For enzyme immobilization, 50 lL of GOD en-
zyme solution (10 mg/0.4 ml) was mixed with 20 ll of 2%vol
glutaraldehyde cross-linking solution. High GOD concentration of
2000 U/ml was used to ensure maximum activity in 0.1 M PB buf-
fer solution [24]. The mixed solution (5 ll) was then dropped on
GP-PEDOT:PSS layer and allowed to absorb and dry in air at room
temperature for 12 h. The prepared GOD/GP-PEDOT:PSS-modified
electrode was then stored at room temperature during the entire
measurement process. The surface morphology and functional
groups of GOD/GP-PEDOT:PSS films were characterized by scan-
ning electron microscope (SEM, Hitachi model S-4700) and Fourier
transform infrared spectroscope (FTIR, Perkin Elmer model spec-
trum spot light-300).

2.3. Electrochemical measurement

CV measurements for direct electrochemistry of GOD in PB buf-
fer and 1 mM D-glucose was conducted over a potential window
between �0.8 and +0.2 V at 100 mV scan rate as redox peaks for
GOD appeared within this potential range. The electrochemical
response towards glucose of GP-PEDOT:PSS modified SPCEs were
then measured by chronoamperometry at a constant potential in
the reduction regime with the non-aerated buffer solution. It
should be noted that the solution was not aerated because inherent
oxygen in the PB buffer solution was found to be sufficient for
related electrochemical reactions. The stock solution of D-glucose
(15.6 mM) was prepared in PB buffer (0.1 M, pH 7.0). The effect
of potential was studied by varying the reduction potential from
�0.1 V to �0.6 V. In amperomentric measurements, 10 ll of D-glu-
cose solution was injected for every 90 s into the electrochemical
cell containing 4 ml of buffer solution. For interference study,
10 ll of uric acid (2 mM), ascorbic acid (2 mM) and acetaminophen

(2 mM) were successively injected into the buffer solution prior to
glucose detection.

3. Results and discussions

3.1. Structural characteristics of GOD/GP-PEDOT:PSS

The surface morphologies of unmodified SPCE, GOD/PEDOT:PSS
SPCE and GOD/GP-PEDOT:PSS SPCE at different magnifications are
illustrated in Fig. 1(a–f), respectively. It can be seen that uncoated
SPCE has rough porous surface with large flakes and pits of several
microns in size. After drop coating with GOD/PEDOT:PSS, the sur-
face becomes smoother and contains some long stripe structures.
Such stripe features were not observed from PEDOT:PSS and GP-
PEDOT:PSS SPCE surface [17] and hence they should correspond
to the presence of GOD and glutaraldehyde cross linker. For the
case of GOD/GP-PEDOT:PSS SPCE, relatively large stripes are clearly
seen and mixed with some micron-sized oval and rounded polyg-
onal sheets. The sheets were confirmed to be multi-layer graphene
structures by transmission electron microscopy and Raman spec-
troscopy reported previously [17,18].

The functional groups of GOD/PEDOT:PSS and GOD/GP-PED-
OT:PSS films were characterized by FTIR as illustrated in Fig. 2. It
can be seen that both spectra contain expected bands of functional
groups from PEDOT:PSS and GOD, confirming successful enzyme
immobilization. Peaks at 1157, 1121 and 1012 cm�1 are attributed
to S–O and S-phenyl bonds in sulfonic acid and peaks at 1532,
1356, 952, 845 and 704 cm�1 arise from C@C, C–C and C–S bonds
in thiophene backbone. In addition, peptide groups and linkages
in the GOD backbone contribute to C–N bending band at 740–
800 cm�1, COOH peak at 1400 cm�1, the combination of N–H bend-
ing and C–N stretching peak of Amide II at �1,570 cm�1 and C@O
stretching peak of Amide I at�1650 cm�1 [25]. Moreover, GOD/GP-
PEDOT:PSS film evidently shows more pronounced peaks from the
GOD group than GOD/PEDOT:PSS one. Thus, graphene should help
improving GOD immobilization on SPCE. Moreover, graphene does
not contribute additional functional group to the mixture but
causes perturbations of some peak amplitudes and locations.

3.2. Performance of GOD/GP-PEDOT:PSS modified SPCE

3.2.1. Direct electrochemistry of GOD on GP-PEDOT:PSS
The direct electrochemistry of GOD on GOD/GP-PEDOT:PSS

modified SPCE is evaluated from CV responses in 0.1 M PB solution
(pH 7.0) and compared to that of GOD/PEDOT:PSS and GOD modi-
fied SPCEs as shown in Fig. 3. The CVs from these electrodes in the
absence of GOD are also shown for comparison. It can be seen that
only GOD/GP-PEDOT:PSS modified SPCE (curve f) exhibits a pair of
well-defined redox peaks while GOD on PEDOT:PSS modified
(curve e) and unmodified SPCE (curve b) essentially have no clear
oxidation or reduction peak. In the absence of GOD, PEDOT:PSS
(curve c) and GP-PEDOT:PSS (curve d) modified and unmodified
(curve a) SPCEs also show no evident redox peak. Hence, the ob-
served peaks are not directly caused only by the presence of graph-
ene and PEDOT:PSS. Nevertheless, it can be observed that for
PEDOT:PSS (curve c) GP-PEDOT:PSS (curve d) and GOD/PEDOT:PSS
(curve e) modified SPCEs exhibit some anodic current increase.
Such anodic current is not an actual oxidation peak but is known
to correspond to Faradic charging of PEDOT:PSS matrix [26]. Thus,
it may be concluded that the combination of graphene and GOD
gives rise to the redox peaks that correspond to the direct electron
transfer of GOD.

A plausible mechanism of the direct electron transfer between
GOD and SPCE through graphene in PEDOT:PSS is depicted in
Fig. 4. It illustrates FAD (Flavin adenine dinucleotide), electroactive
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center of GOD, generation by oxidation of FADH2 (the reduced form
of FAD), which produces 2 electrons (2e�) and 2 protons (2H+) [27].
The generated electrons will then conduct to SPCE electrode via the
shortest resistance path (dotted red arrow lines) through highly
conductive graphene sheets dispersed in PEDOT:PSS matrix as
illustrated in Fig. 4 while protons will travel to the other pathway
(not drawn to avoid confusion) through graphene–PEDOT:PSS into
the buffer solution. The analogous reduction process can be

explained conversely. Without graphene, electrons and protons
will have to go through PEDOT:PSS medium, which has consider-
able resistance that causes significant potential drop and much
lower electron transfer rate. Therefore, graphene plays an impor-
tant role in facilitating the electron exchange between GOD and
SPCE because it forms conductive matrix leading to reduced
electrical resistance paths.

Fig. 1. SEM images of the surfaces of (a and b) SPCE, (c and d) GOD/PEDOT:PSS/SPCE and (e and f) GOD/GP-PEDOT:PSS/SPCE. (a), (c) and (e) are images at low magnification
while (b), (d) and (f) are those at high magnification.

Fig. 2. FTIR spectra of: (a) GOD, (b) PEDOT:PSS, (c) GOD/PEDOT:PSS and (d) GOD/
PEDOT:PSS on SPCEs.

Fig. 3. Cyclic voltamograms of the: (a) SPCE, (b) GOD/SPCE, (c) PEDOT:PSS/SPCE, (d)
GP-PEDOT:PSS/SPCE (e) GOD/PEDOT:PSS/SPCE and (f) GOD/GP-PEDOT:PSS/SPCE in
PB pH 7.0 at a scan rate of 100 mV/s.
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The cathodic peak potential for GOD reduction is �0.46 V vs.
Ag/AgCl, the peak potential separation (DEp) is 160 mV and the
corresponding formal potential is �0.39 V vs. Ag/AgCl while the
ratio of the maximum cathodic current over the anodic one is
1.01 (23.4/23.2), which is very close to 1. The potential value is
somewhat lower compared with the standard formal potentials
(�0.46 V) for the conversion between GOD(FAD) and GOD(FADH2)
at pH 7.0 [28,29]. In addition, the shapes of oxidation and reduc-
tion peaks are not symmetric, indicating that GOD undergoes a
quasi-reversible redox process at the GP/PEDOT:PSS electrode.
The ratio of the area under oxidation peak over that of reduction
one is estimated to be 0.75. The reversibility of redox process
may be deteriorated by the presence of the insulating PSS matrix
in PEDOT:PSS copolymer that causes some asymmetric electro-
chemical resistance. Moreover, it can be noticed that graphene
and PEDOT:PSS additively give rise to the large background current
due possibly to very large catalytically active surface area of PED-
OT:PSS and graphene, which was confirmed to be 422.7 m2 g�1 by
BET measurement reported previously [18].

3.2.2. Effect of applied potential on glucose detection
The detection potential generally affects the sensitivity as well

as selectivity characteristics of current signal for bio-analytes.
The optimum detection potential is directly related to oxidation
and reduction potentials in CV. Typical CV curves of GOD/GP-PED-
OT:PSS modified SPCE in the presence of 0 and 1 mM D-glucose
solution in PB buffer (pH 7.0) are illustrated in Fig. 5. It is seen that
oxidation peak at about �0.29 V, which is already present due to
direct oxidation of FADH2 in the absence of glucose, becomes more
clearly pronounced in the presence of 1 mM D-glucose. The
increased oxidation current can be attributed to the increased
FADH2 concentration generated from the oxidation of glucose to
gluconolactone by FAD [27–29] as illustrated in Fig. 4. In contrast,
the reduction peak at around �0.37 V, in which FAD is reduced to
FADH2, is diminished and reduction current decreases. This behav-
ior is corresponding to the decrease of FAD concentration due to
the same glucose oxidation process. Thus, the reduction current
will decrease with glucose concentration due to restrained reduc-
tion of FAD and glucose concentration can be alternatively deter-
mined from the negative change of reduction current [27–29].

The glucose detection in the reduction regime is often preferred
over the oxidation one due to lower interferences because of the
absence of oxidations of many interfering species. Thus, chrono-
amperometric detection in reduction regime is employed in this
study. Chronoamperometric detection mode offers higher sensitiv-

ity than CV and also provides real-time detection capability. The
optimum detection potential in chronoamperometric mode may
be somewhat different from the CV reduction potential due to
the static nature of applied bias. Thus, the chronoamperometric
response in a 0.2 mM glucose solution (0.1 M PB at pH 7.0) was
optimized by varying the bias potential from �0.1 to �0.5 V in
order to determine the actual optimal reduction potential. It was
found that the steady-state reduction current rapidly increased
as the applied potential varied from �0.1 to �0.4 V and then
slightly decreased as the potential increased further. The optimum
reduction current was thus attained at around �0.4 V and it was
selected as the working potential for all subsequent measure-
ments. It should be noted that direct electron transfer reaction at
FAD was predominant over the reaction involving O2 and H2O2 in
this case and hence the electrode was not sensing H2O2.

3.3. Glucose detection performances of GOD/GP-PEDOT-PSS/SPCE

3.3.1. Concentration dependence characteristics
Amperometric glucose detection in reduction regime was per-

formed over a concentration range of 0–2 mM using the optimized
detection potential obtained from above studies. Calibration curve,
response time, detection limits are then estimated from the amper-
ometric responses. The amperometric response in reduction re-
gime is defined here as the background subtracted reduction
current, which corresponds to the reduction current change that
is increasingly negative with glucose concentration. The ampero-
metric response and corresponding calibration curves of GOD/
GP-PEDOT:PSS and GOD/PEDOT:PSS modified SPCEs are shown in
Fig. 6(a) and (b), respectively. It can be seen that GOD/GP-PED-
OT:PSS electrode exhibits higher current response of more than
one order of magnitude compared to GOD/PEDOT:PSS one. From
the calibration curves (Fig. 6(b)), GOD/GP-PEDOT:PSS and GOD/
PEDOT:PSS electrodes have considerably different sensitivities
and linear ranges. GOD/GP-PEDOT:PSS has a high sensitivity of
7.23 lA/mM, which is about 13 times higher than that of GOD/
PEDOT:PSS. However, GOD/GP-PEDOT:PSS electrode has a rela-
tively narrow linear dynamic range of �20–900 lM compared to
that of GOD/PEDOT:PSS of �200–1700 lM. Moreover, GOD/GP-
PEDOT:PSS offers a very low detection limits (3S/N) of �0.3 lM
compared to �10 lM for GOD/PEDOT:PSS one. The dynamic range
is somewhat below the general range of glucose detection of
10 mM and is thus not sufficient for diabetes applications [32].
Nevertheless, the detection limit and linear dynamic range are
better or comparable to other recent reports of highly sensitive
glucose biosensors whose detection limits are in the range of
0.1–1 lM and the maximum limit of dynamic range are varied

Fig. 4. Mechanisms of the direct electron transfer between GOD and SPCE through
graphene in PEDOT:PSS and glucose detection in reduction regime.

Fig. 5. Cyclic voltamograms of the GOD/GP-PEDOT:PSS/SPCE for: (a) 0 mM and (b)
1 mM D-glucose solution in PB pH 7.0 at a scan rate of 100 mV/s.
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between 0.3 and 10 lM [10,21,30–38]. Therefore, graphene pro-
vides a dramatic enhancement of glucose detection performance
and GP-PEDOT:PSS is a highly promising candidate for enzyme-
based biosensors. This can be attributed to efficient direct electro-
chemistry of grahene on GOD, excellent electron transfer rate, huge
reactive surface area and high electronic mobility of GP-PEDOT:PSS
composite. The role of PEDOT:PSS is to help stabilizing graphene
dispersion, preventing graphene agglomeration and retaining large
reactive surface area of graphene as suggested by FTIR and BET
data. It should be noted that the error bars in Fig. 6 represent the
variation of current response of 10 equally prepared sensors, which
confirms the stability and reproducibility of current response of
the GOD/GP-PEDOT:PSS electrode.

To further analyze the GOD enzyme performance in PEDOT:PSS
and GP-PEDOT:PSS, the Michaelis–Menten (M–M) constant (Km) of
GOD is calculated from Lineweaver–Burk (1/current vs. 1/concen-
tration) plots as illustrated in the inset of Fig. 6(b). The resulting
M–M equations for both cases are shown by dotted curve as illus-
trated Fig. 6(a). It is evident that the enzymatic reaction of GOD in
PEDOT:PSS and GP-PEDOT:PSS is very well conformed to Michae-
lis–Menten kinetics, in which a single substrate reaches equilib-
rium much faster than the formation of products. The saturation
of current for enzyme/GP-PEDOT:PSS electrode can be seen at a
concentration above 1 mM while the saturation of current for en-
zyme/PEDOT:PSS electrode is not apparent because the current is
still far below its saturation region. Km of GOD (denominator of
M-M equation in Fig. 6(a)) for PEDOT:PSS and GP-PEDOT:PSS are
estimated to be 14.5 and 9.8 mM, respectively. The lower value

of Km in GP-PEDOT:PSS indicates that the substrate’s affinity to en-
zyme is improved due to the presence of graphene in PEDOT:PSS,
which in effect results in faster enzymatic reaction. The enzymatic
saturation currents (numerator of M-M equations in Fig. 6(a)) for
PEDOT:PSS and GP-PEDOT:PSS are estimated to be 6.5 and
78.1 lA, respectively. The much higher saturation current of
GP-PEDOT:PSS electrode suggests a much higher enzymatic activ-
ity of GOD in GP-PEDOT:PSS electrode. Furthermore, the high
saturation current value of GP-PEDOT:PSS electrode indicates that
the detection range may considerably be extended beyond the lin-
ear range if nonlinear region is allowed to be used with the M–M
calibration equation.

3.3.2. Interference study
Specificity is one of the most critical issues for biosensors to be

used in real environment. To evaluate specificity of the biosensors,
interferences were tested at physiological concentrations of three
most important interfering species including uric acid (2 mM),
ascorbic acid (2 mM) and acetaminophen (2 mM) as illustrated in
Fig. 7. It is evident that ascorbic acid, uric acid and acetaminophen
give negligible interference signals. The interferences from these
analytes are very low as expected because the working electrode
potential is set at a suitably low value of �0.4 V in reduction
regime so that only specific reduction by GOD enzymes is
predominant.

3.3.3. Repeatability and reproducibility
The repeatability was evaluated from a relative standard devia-

tion (R.S.D.) of the current responses from successive electrochem-
ical measurements to 0.2 mM glucose in 0.1 M PB (pH 7.0) at
�0.4 V (vs. Ag/AgCl) on the same modified electrode while the
reproducibility was measured in term of a relative standard devia-
tion (R.S.D.) of the average current responses of a set of equally
prepared biosensors under the same glucose measurement
condition. The repeatability of the current response from a single
sensor of PEDOT:PSS and GP-PEDOT:PSS layers were in the ranges
of 3.21–4.76% and 4.27–5.65%, respectively. The repeatability
values are considered acceptable for clinical diagnostic applica-
tions, which generally require sensor’s repeatability of less than
5%. The reproducibility values of the current responses from 10
sensors fabricated from the same batch were 7.9% and 8.6% for
GOD/PEDOT:PSS and GOD/GP-PEDOT:PSS electrodes, respectively.
The reproducibility values are also satisfactory for commercial
production.

Fig. 6. (a) Amperometric responses and (b) calibration curve of GOD/GP-
PEDOT:PSS/SPCE and GOD/PEDOT:PSS/SPCE at �0.4 V upon successive addition of
glucose. Inset: corresponding Lineweaver–Burk plots.

Fig. 7. Amperometric responses of GOD/GP-PEDOT:PSS/SPCE upon additions of
ascorbic acid (AA) (2 mM), uric acid (UA) (2 mM), acetaminophen (2 mM) and
glucose (0.5 mM), in PB pH 7.0 at potential of �0.4 V.
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3.3.4. Storage stability
The stability of the biosensor under storage was determined by

measuring the biosensor response in 0.2 mM glucose in 0.1 M PB
(pH 7.0) at �0.4 V (vs. Ag/AgCl) everyday and the electrodes were
stored at 4 �C under dry condition when not in use. It was found
that the current response of the biosensors decreased to 70% of
the initial response after 30 successive days. The stability of the
sensor is thus promising for practical applications.

4. Conclusion

In conclusion, this report presents the development of highly
sensitive enzyme-based biosensor based on GP-PEDOT:PSS modi-
fied SPCE for electrochemical detection of glucose. GP-PEDOT:PSS
nanocomposite is synthesized by one-step electrolytic exfoliation
method and drop-coated on SPCE. GOD enzyme is then immobi-
lized on GP-PEDOT:PSS by glutaraldehyde cross linking. SEM image
indicates that GOD/GP-PEDOT:PSS/SPCE surface is smooth and
covered with long microstripes of GOD. From CV measurement,
direct electrochemistry of GOD at the GP/PEDOT:PSS electrode is
observed and graphene plays the main role in a quasi-reversible
redox process. GOD/GP-PEDOT:PSS has a high amperometric sensi-
tivity of 7.23 lA/mM, which is about 13 times higher than that of
GOD/PEDOT:PSS but has a relatively narrow linear dynamic range
of �20–900 lM. Moreover, GOD/GP-PEDOT:PSS offers a very low
detection limits (3S/N) of �0.3 lM, which is better or comparable
to other recent reports of highly sensitive glucose biosensors.
Furthermore, the sensor has good stability with only 30% loss of
enzyme activity after 30 days if always kept under cool storage
at 4 �C.
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In this  work,  five  metal porphyrins and phthalocyanines  embedded  in  transparent  sol–gel films  were

deposited by  piezoelectric inkjet printing, characterized  and  used  as  gas  sensors.  Explored  compounds

include  magnesium/manganese(III)  chloride/zinc  5,10,15,20-tetraphenyl-21H,23H-porphyrin,  mag-

nesium  2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine,  and  zinc 2,9,16,23-tetratertbutyl-29H,31H-

phthalocyanine. Porphyrin/Phthalocyanine  was  blended  with sol–gel solution  to produce  inks  that  were

printed  on  glass substrates.  The printed  films were  used  as sensing  layers  for discrimination of volatile

organic  compounds  (VOCs). Printed films were  characterized  by  UV/vis spectroscopy,  FTIR  spectroscopy,

and  scanning  electron microscopy.  The employed  sensing  compounds  are  promising  materials  for opti-

cal  gas  sensors  due  to selective  spectral  alterations  when  exposed to  oxidizing  and  reducing  gases  as

well  as  VOCs.  These  alterations  were  observed  by  UV/vis spectroscopy  and  used  to  distinguish  between

several  VOCs.  To  do  so, a  single  printed  sensing  layer was  exposed to methanol,  ethanol,  acetone  and

isopropanol  vapor,  respectively.  During  exposure  the  absorbance  spectrum  was  continually  measured

and  split  into  several  wavelength  intervals.  By calculating  the  area integral  of  each  interval  and consid-

ering  these  as  separate  sensors  it  is possible  to use  a single  sensing  film  to emulate  sensor  arrays. The

results  showed that the fabricated  layers  exhibit  reversible  optical  modulations  in  the  UV/vis  spectra

when  exposed  to various  VOCs. The data  have  been  analyzed by  principal  component  analysis  (PCA)  and

cluster  analysis  (CA).  Results demonstrate  the  analytes  to  be distinguishable  as  isolated  clusters  in the

PCA  domains.  The  best  results  were  obtained  from  ZnTPP and  MgTPP  containing films, whereas  layers

doped  with Mn(III)ClTPP  give unusable  response.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In the last few decades, the development of new materials for

applications in the fields of  gas and vapor sensing has become one

of the most intriguing challenges for material scientists. These sen-

sors are of great interest because of their richness of potential

applications, such as the analysis and monitoring of environ-

mental pollution, diagnostic control of human diseases, quality

control for the beverage and food industry or  the detection of

flammable, explosive, toxic or otherwise harmful gases [1]. Opti-

cal transduction offers a  number of advantages over other sensing

mechanisms, not the least of which is  the availability of highly
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sophisticated instrumentation in the field of optics. The devel-

opment in this area has been mainly driven by the needs of the

telecommunications, entertainment, and computer industries and

the demand for more efficient fiber optic communications, pro-

jection devices, optical information storage, etc. These advances

are tremendously beneficent for optical sensors which make use  of

changes in optical properties of  an active material that is  exposed to

analyte as transduction means. Examples are modulations in fluo-

rescence, refractive index, scattering, polarization, interference or

absorbance. They are used in various fields such as biomedicine,

clinical, environmental monitoring and process controlling. Real

world applications are, for instance, tracking sources of contamina-

tion in industrial processes or triggering alarm when a toxic species

exceeds a  permitted concentration [2].

Metal phthalocyanines (MePc) and metal porphyrins (MeP) are

promising active materials for the development of optical sensors.

These compounds, possessing high chemical and  thermal stability,

play an important role in technical applications as well as in natu-

ral processes. For instance, MePcs are used as organic dyes in the

0925-4005/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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textile, automobile and paper industry, whereas MePs constitute

basic building blocks for such vital molecules as heme or chloro-

phyll. What makes MePcs and MePs especially interesting for

optical gas sensing is the fact that they exhibit easily detectable

alterations of optical properties when exposed to oxidizing or

reducing gases as well as weakly interacting volatile organic com-

pounds (VOCs), due to their open coordination sites for ligation of

analyte molecules and their intense coloration. Research of var-

ious groups has demonstrated that optical gas sensors based on

pure MePc and MeP  thin films are suitable for detection and dis-

crimination of VOCs, exhibiting significant solvatochromic effects,

even with weakly interacting vapors, e.g. arenes, halocarbones or

ketones [1,3–8]. Reported fabrication methods for MePc and MeP

thin films include, for instance, the Langmuir–Blodgett technique

[7], glow discharge induced sublimation [5], spin coating [9], self-

assembly [10], or vacuum evaporation [11]. Moreover, the optical

sensing performances of pure metal phthalocyanine and  metal por-

phyrin thin films prepared by these methods have been widely

demonstrated. These reports show the direct applicability of MePc

and MeP  materials as active sensing layers.

One way to enhance the performance of a chemical sensing

device is to combine unspecific sensor elements into a  sensor array.

This approach, employed in commercially available e-nose devices,

mimics the functioning principle of the mammalian olfactory sys-

tem. In order to do so, a  sensor array is  produced from multiple

sensor elements of similar type, which are assembled in close prox-

imity and exhibit cross sensitivity, i.e., the sensor elements react

toward the same analytes with differing responses. In this way,

complex and ideally unique signal patterns can be obtained. Further

analysis with pattern recognition methods allows the identification

of analytes. By using changes in the UV/vis absorbance spectrum

during exposure to analytes as transduction mechanism, it is pos-

sible to consider the entire spectrum as a  collection of independent

sensors. Interactions between the sensing material and analytes

will affect parts of the spectrum unequally, i.e. in some spectral

interval the intensity may  increase/decrease or  red/blue shifts can

occur. By dividing the spectrum into several wavelength inter-

vals and continually measuring the area integral of these intervals,

one can obtain sensing responses similar to responses obtained

with sensor arrays that consist of several physically independent

sensors. Data that is gathered in this manner can be used for classifi-

cation of analytes by applying pattern recognition methods such as

PCA  and CA. PCA is  a  variable-oriented method for transforming the

original measurement variables into new, uncorrelated variables

called principal components (PC). They are ordered so that the first

few PCs retain the greatest amount of  variance in the original data

set and most of the desired information is preserved [14,15]. Cluster

Analysis (CA) is an unsupervised, non-parametric discrimination

method widely used to distinguish between response vectors in n

dimensional space by enhancing their differences. It is  employed to

identify clusters to which unknown vectors are likely to belong, in

order to find a set of clusters for which samples within it are more

similar than samples from the other clusters [16].

Inks  based solely on  a  solvent/dye blend exhibit poor print-

ability. In order to formulate inks with better properties, the

applicability of a  sol–gel method was investigated. The sol–gel tech-

nique produces porous glass or  glass-like materials, which can be

excellent matrices for gas-sensitive molecules. Alkoxides, M(OR)z

(where Mz+ is a  metal/semi-metal ion and R is an alkyl group), are

usually used as precursors in the sol–gel processes. In the pres-

ence of water molecules, these compounds undergo hydrolysis

and then condensation [17]. In this work, silicon alkoxides have

been used to produce gels. The sol–gel method makes it possible to

print transparent films with high surface areas and porosity, which

possess good optical characteristics and  appropriate mechanical

stability. Furthermore, they are chemically inert and exhibit high

photochemical  and thermal stability. The entrapment of dopant

molecules can be achieved by simply mixing them into the liquid

sol–gel before gelation, which also ensures their uniform distribu-

tion. Upon solidification of the gel, the dopant molecules will be

embedded in the gel matrix [18]. Due to the porosity of the matrix

material, it is possible for analyte molecules to diffuse into the

layers and interact with the dye molecules leading to detectable

optical property changes. MePc/MeP containing sol–gel matrices

have also been studied [12]. The study results show that the opti-

cal properties of the sol–gel matrix are insignificantly affected by

analyte vapor exposure and its effects on optical sensing behav-

iors of  MePc/MeP are minimal. Thus, sol–gel process is suitable for

preparation of MePc/MeP inks.

Inkjet  printing offers several advantages over other methods for

deposition of thin films, such as patterning capability, reduction of

waste, high speed, low cost, room temperature deposition, applica-

bility to large areas and flexible substrates. In addition, it provides

direct patterning of a  surface which does not rely on the use of

expensive photolithographic masks. It also allows an operator great

freedom with regard to the printed pattern and the thickness of

deposited material [19]. Moreover, inkjet printing possesses certain

advantages when compared to other common deposition methods

for sensor fabrication such as spin coating, dip coating or manual

pipetting. For instance, inkjet printing consumes very small quan-

tities of coating material because ejected droplets will form layers

only on the desired area and all  material printed on the substrate

will remain there, as opposed to spin or  dip coating of which only

a small amount of employed material will constitute the resulting

layer. This is  especially important when waste must be avoided, e.g.

when working with materials which are toxic, expensive or  not

available in large quantity. Furthermore, properties of deposited

layers can be more easily reproduced in terms of shape, thickness

and uniformity, which are impossible to control with methods such

as  manual pipetting. Recently, it has been shown that inkjet prin-

ting is applicable to deposit sol–gel layers with embedded proteins

[20–22]. However, no research has yet been reported concerning

the inkjet printing of sol–gel layers doped with metal phthalocya-

nine/porphyrin for optical gas sensing applications.

2.  Materials and methods

2.1.  Sol–gel preparation

Sols  containing tetraethyl orthosilicate (TEOS) and phenyl

trimethoxysilane (PTMS) were prepared on the basis of the research

of Suslick et  al. [23]. Pure ethanol and de-ionized water were added

into a glass container and stirred vigorously for 10 min. Thereafter

TEOS and PTMS were added drop wise into the water/ethanol mix-

ture. No catalysts were used in order to maintain a  low reaction rate

to  avoid clogging of the printing head nozzles when the sol–gel is

used as printing ink.

The  so-prepared sol had a  molar ratio of  1 (TEOS):1 (PTMS):11

(ethanol):5 (H2O) and was again stirred for ∼3 h. After an aging

period of approximately one week, the gelation reaction led to

an appropriate viscosity. Further aging would lead to increased

viscosity due to an  increased degree of gelation. Moreover, aged

sol solidifies much faster when in contact with humidity. Thus,

the aging time and humidity have significant effects on printabil-

ity and must be properly controlled to ensure suitable viscosity

and printability of the sol solution. Under proper process control,

the reproducibility of the extended aging process is good with

repeatable results obtained from several samples. Then, the sensing

materials (depicted in Fig. 1a–d; purchased from Sigma and used

as delivered) were added and mixed with the sol by sonication for

approximately 1 h.



430 J.Ph.  Mensing et  al. / Sensors and Actuators B 176 (2013) 428– 436

N

N N

N

N

N

N

N

R

R

R

R

Me

CH3

CH3

CH3R =

N N

NN

R

RR

R

R =

Me

N N

NN

ClMn

R

(a) (b)

(c) (d)

RR

R

R =

NN

N N
R

R

R

R R

R

R

R

Mg

R = CH3
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tetraphenyl porphyrin (MeTPP); Me  = Mg,  Zn. (c) Mn(III)chloride tetraphenyl por-

phyrin. (d) Magnesium octaethyl porphyrin.

2.2. Inkjet printing

A  Fujifilm Dimatix DMP  2800 piezoelectric inkjet printer was

used to fabricate sensing layers. Inks suitable for inkjet prin-

ting have to meet certain requirements including the viscosity

of 10–12 cP at jetting temperature and surface tension of 28–33

dynes/cm. In addition, the boiling point of the ink should lie above

100 ◦C in order to avoid clogging of the print head nozzles caused

by too rapid drying of the ink. It is  also recommended to filter all

fluids by 0.2 �m pore size. The printing process was  controlled by

the “Drop Manager” computer program provided with the printer.

Applied printing parameters were 32 V  firing voltage and usage of

8  jetting nozzles. A jetting waveform contains a  single 20 �s pulse

that falls into two steps. The meniscus vacuum was set  to 4–4.5 in.

H2O and droplets were ejected at a  frequency of 5 kHz. Layers were

printed with a drop spacing of  10 �m  on a square-shaped area of

5  mm × 5 mm and the number of printed layer was varied from 2  to

8.  After drying, the printed layers were further thermally treated for

1  h at 80 ◦C and 150 ◦C,  respectively, in order to solidify the films

and enhance their sensing abilities by removal of the remaining

solvent molecules and moisture.

2.3. Optical gas sensing

In  order to perform optical gas sensing experiments a home-

build gas flow setup was employed. Dry air was used as reference

and carrier gas. Two computer-controlled mass flow controllers

(MFC) were used to control the flow rate and to function as

switching valves, which either direct the gas flow through a  flask

containing analyte or  directly into the sensing chamber. By control-

ling individually the throughput of the MFCs, and  thereby mixing

dry air with saturated analyte vapor, it was also possible to set

the analyte vapor concentration to the desired values. The glass

substrates with the printed films were situated in the sensing

chamber and transluminated by a  tungsten–halogen light source

via fiber optics guiding the light to an Ocean Optics USB40000

UV/vis spectrometer, which monitored the optical absorbance

spectra in the range 400–800 nm.  In  order to evaluate the sensing

response behavior of the printed layers, the samples were alter-

nately exposed to dry air and a  dry air/analyte vapor mixture with

varying concentrations. The mixtures were generated by bubbling

dry air through acetone, ethanol, isopropanol or methanol at  25 ◦C
at  a flow rate of 70, 175, 350 and 700 sccm, respectively. After that,

the analyte flow is  mixed with pure dry air to obtain the desired

flow rate (700 sccm) and concentration. When exposed to the ana-

lytes, spectral alterations, i.e., in- or  decrease of optical absorbance,

occurred which lead to a changed value of the area integral of  the

spectra. These values were recorded over the time of the sensing

experiments. In order to collect data for PCA and CA, the printed

films were alternately exposed to the analyte vapor/dry air mixture

for 10 min  followed by dry air for another 10 min. The concentra-

tions of the mixtures were (approximately): ethanol 60 ×103 ppm,

methanol 100 ×103 ppm, isopropanol 50 × 103 ppm and acetone

170 ×103 ppm. The employed VOC concentrations of  up to sev-

eral thousand ppm are frequently encountered in electronic nose

applications, in which the vapor source is situated in a closed flow

system to ensure maximal saturation of the carrier gas with analyte

molecules.

The optical absorbance spectrum of the sample was continually

measured during analyte exposure and divided into 8 wavelength

ranges with a width of 50 nm each (400–450, 450–500, 500–550,

550–600, 600–650, 650–700, 700–750, and 750–800 nm,  respec-

tively.) The  area integral of each range was computed and recorded

over time. When the film is  exposed to VOC, changes in absorption

occur in all  the spectral ranges, which were treated as indepen-

dent elements of an  array. Sensor responses were calculated by

�I(%) =  [(Igas−  I0)/I0]  ×  100; where Igas are the integral values of

the 8  ranges during analyte exposure and I0 are the values dur-

ing dry air  recovery. Hence, �I =  Igas−  I0 is  dependent on the film

thickness, it is  necessary to remove this dependence by introducing

�I(%) [5]. Six analyte/dry air cycles are performed, resulting in an

8  × 6  matrix, which is then analyzed by PCA and CA.

3. Results and discussion

3.1.  Characterization of printed layers

Heat treatment led to morphological changes resulting from

the removal of remaining solvent molecules and further conden-

sation of Si O Si groups. Films treated at 80 ◦C showed visible

shrinkage due to the above-mentioned phenomena. However, if

the layers were heated more strongly, i.e.  at 150 ◦C,  the internal

stress resulting from the contractive forces became too large and

the film became fractured and delaminated from the substrate.

Hence, in the following, only films treated at 80 ◦C were investi-

gated and discussed. Fig. 2  illustrates the thicknesses of films with

different number of printed layers measured by a Polytec MSA-400

interferometer. It can be seen that the thickness increases linearly

from 9  �m  to 23 �m as the number of layers increases from 2 to

8. The error bars in the graph show the thickness standard devi-

ation from 5  samples in each case. The results confirm that the

ink-printing method yields high reproducibility with variation of

less  than 8%. The films have been further investigated by scan-

ning electron microscopy (SEM) and Fourier transform infrared

(FTIR) spectroscopy. SEM images show that undoped films appear

to possess rather smooth surfaces the porosity of which could

not be confirmed with the applied technique due to the limita-

tion of  the resolution of the microscope (Fig. 3a). Sol–gel films

doped with sensing compounds exhibit more non-uniform sur-

face morphologies as can be seen in Fig. 3b–d. The surface appears

to be mainly smooth with clearly observable macropores (pore
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Fig. 2. Film thickness as a function of the  number of printed layers. Inset: photo-

graph  of a printed film consisting of two layers; the color is  due to  ZnTPP.

diameters between ∼0.2 and 0.5 �m).  Areas of higher roughness

are distributed randomly throughout the surface (c). Fig. 3d shows

the edge of a printed layer on a  substrate.

The influence of the heat treatment at  80 ◦C  on  the chemical

structure of the sol–gel films has been further investigated by FTIR

spectroscopy. Spectra of the printed sol–gel films with and with-

out heat treatment (at 80 ◦C  for 1 h) together with an uncoated

glass substrate are shown in Fig. 4a. The as-printed film exhib-

ited an absorption band around ∼3500 cm−1 as associated with

the stretching modes of Si OH and adsorbed water. It also showed

small residual features near ∼2900–3100 cm−1 due to organic

residues (alcohol, TEOS or PTMS). H-bonded silanols, which are

believed to be located at the pore surfaces, can form chains of differ-

ent lengths and shapes, giving rise to a  corresponding broad band

at  ∼3500–3600 cm−1.  Peaks around ∼900 cm−1,  a more detailed

view of which can be found in the inset to Fig. 4a, were due to

vibrations of Si OH or  Si O .  After the heat treatment, the bands

related to OH stretching modes decrease in intensity which indi-

cates a  reduced amount of OH  groups due to a  higher degree of

condensation [25–27].

The  presence of hydroxyl groups is  responsible for problems

silica gels often suffer from, namely temporal degradation of

properties such as white turbidity and shrinkage caused by the

absorption of moisture from the air. This behavior can reduce

the applicability of  the printed films as optical sensors. Hence,

heat treatment is advisable in order to reduce or overcome those

shortcomings. In future work, this shortcoming will be tried to be

overcome by replacing hydrophilic OH groups with hydrophobic

O Si (CH3)3 groups.

UV/vis  spectra of layers containing metal porphyrins are dom-

inated by an intense band between 400 and  500 nm, the Soret-

or B-band which is related to n → �* transitions of the lone nitro-

gen pair orbital of the macrocycle. These bands can be found in all

tetrapyrroles that contain a  fully conjugated nucleus. Furthermore,

smaller bands between 550 and 630 nm were observed. These are

the so-called Q bands which are assigned to � → �* transitions.

The spectrum of ZnTTBPc-containing films is  dominated by two

Q  bands, QI and QII,  at about 680 nm and 630 nm, respectively, and  a

B-band centered at about 350 nm which lied  outside of the observed

spectral region [3,7,28,29]. UV/vis spectra are shown in Fig. 4b and

exact peak denominations are given in Table 1.

3.2.  Optical gas sensing

UV/vis  spectra of the prepared layers undergo significant

changes during exposure to analyte vapors. Fig. 5a  and b  shows

spectral changes of ZnTTBPc and ZnTPP containing sol–gel lay-

ers before and during exposure to ethanol and  isopropanol vapor,

Fig. 3. (a) Undoped sol–gel film. The particle on the surface is  probably dirt. (b) Film containing magnesium octaethyl porphyrin. Pores in the sol–gel film. (c) Film containing

magnesium octaethyl porphyrin. Portions of the surface appear to be quite rough. (d) Film containing magnesium octaethyl porphyrin. Porous edge area of the  printed films.
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Table  1
UV/vis absorption peaks of inkjet-printed layers containing various sensing compounds between 400 and 800 nm.

Compound Soret band Q  bands

MgTPP 426  nm (420 nm shoulder) 564 and 603 nm

MnTPP 474 nm 574 and 612 nm

ZnTPP 424 nm (460 nm shoulder) 553, 592 and 627 nm

Mg  octaethyl porphyrin 410 nm (420 nm shoulder) 548 and 583 nm

ZnTTBPc <400 nm 682 nm (630 nm shoulder)
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(c) Sensor responses of ZnTTBP and ZnTPP films in terms of changes of area integral values of the 8 wavelength intervals.
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respectively. It can be seen that the spectra change quite signifi-

cantly upon analyte exposure and absorbance at each wavelength

is affected by the presence of  analyte, albeit not to the same extent.

Moreover, Fig. 5c shows the area integral values of in all wave-

length ranges before and during analyte exposure. In Fig. 5c, the

column % change denotes the relative response ‘intensity’. It can be

observed that the % change in various wavelength ranges shows a

certain characteristic pattern for the analyte. When the same prin-

ciple applies to other tested analytes, distinct patterns are obtained.

The ‘uniqueness’ of the response pattern for each analyte differs

from one sensing material to another. In some cases, response pat-

tern in different wavelength ranges of a sensing material are too

similar, making it  unable to distinguish the analytes (cf. the pattern

recognition results for Mn(III)ClTPP-containing sample, Fig. 7b).

The explanations for different sensing characteristics based on

spectral changes of various dyes and their effects on  array sensitiv-

ity may  be explained based on results of computational methods

and vibrational spectroscopy by several groups [28,30–32]. It was

found that spectral alterations are mainly due to axial ligation of

analyte molecules to the coordination sites of the central metal

and subsequent donation (or withdrawal) of some of their charge

to (or from) the macrocycle. Also, ligation of molecules leads to

out-of-plane displacement of the central ion which in turn changes

the molecular symmetry of the MePc/MeP molecules influencing

energy states within the compound and thereby leading to spectral

changes as well.

All  of the employed sensing materials share a  similar struc-

ture. They consist of a central metal ion, a  chelating macrocycle

and peripheral substituents. Analyte molecules may  interact with

all three structural subunits. Hence, varying the central metal ion

affects the analyte binding affinity, and also strongly influences the

energy states of the molecular orbitals, of the sensing materials.

This leads to significant differences in sensing characteristics of

MePc/MeP with differing central ions, and since MePc/MeP form

complexes with almost all metals and some non-metals, it is possi-

ble to create a large variety of MePc/MeP based sensing materials.

Moreover, altering the peripheral substituents may  also lead to

altered sensing behavior, either directly by interactions between

substituent and analyte or indirectly by steric effects impairing

interaction with the active sensing sites [13]. The spectral response

in Fig. 5c confirms that most areas of spectral are affected by the

anlyte and each sensing material exhibits unique response pat-

terns, which can unambiguously be assigned to each analyte. Thus,

the use of sensor array containing response different materials will

enhance sensitivity of pattern recognition.

Optical sensing experiments have confirmed that the inves-

tigated MePc/MeP-containing sol–gel layers undergo spectral

alterations when exposed to various organic compounds, namely

methanol, ethanol, isopropanol and acetone. Fig. 6a and b shows,

representatively, the response behavior of the investigated layers

within several wavelength ranges when exposed to VOC at  differ-

ent concentrations. The extent of the spectral alteration (in terms

of the change of the area integral value of  the separate wavelength

ranges) increases with rising concentrations. When the films are

exposed to the analytes the integral values increase (or decrease)

until an equilibrium of adsorption/desorption is established, i.e. a

steady state is reached.

The  influence of the number of printed layers, i.e. the film thick-

ness, on the sensor performance was investigated. Fig. 6c shows the

area  integral (400–500 nm)  of films containing ZnTPP with differ-

ent thicknesses when exposed to methanol vapor (100 ×  103 ppm,

700 sccm). It is clearly seen that the response increases with

increasing the film thickness. Films consisting of two layers show

very low optical absorbance and sensing responses due to small

amount of dye molecules. As the number of layers increases to

four, films show considerably higher responses, reaching a  stable
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integral between 400 and 500 nm.

value after approximately 5 min  upon exposure. Further increasing

the number of layer to six, films exhibit about three times higher

response than the one with four layers and a stable state is reached

after about 3 min. Adding two more layers leads to even higher

absorbance response, however, the initially high response dete-

riorates during exposure and a stable state is  not reached even

after 10 min. In addition, it can be noticed that all sensors have
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approximately the same recovery time of about 8  min. Thus, the

optimal number of inkjet printed layers for this material is  six

because of the observed shortest response time and moderately

high response value. It should be noted that similar results have

been observed from other cases employing different dyes.

It  can be observed from these results that the sensor sensitivity

is on the order of tens of percents over high concentration range up

to  105 ppm. The sensitivity of  the sensor is rather low because the

sensor operates at room temperature where physical adsorption

dominates. Thus, the sensitivity and detection range are consider-

ably poorer than metal oxide gas sensors operating at an elevated

temperature. The applications for this type of sensor are therefore

not the detection of trace amount of VOC vapor in breath or ambi-

ent but they will be used for high-concentration room-temperature

sensing applications such as electronic nose. The observed sensitiv-

ity is adequate for this application and comparable to other works

on metal phthalocyanine/porphyrin (MePc/MeP) based optical gas

sensors for VOC sensing. For instance, VOC sensing properties of

various porphyrins were studied in the concentrations ranging

from as low as 3 ppm for octanol (vapor pressure of 10 kPa at

128.2 ◦C) up to 32,000 ppm for butanone (vapor pressure of 10 kPa

at  −18.1 ◦C) [7]. In another report, the VOC sensing performance

of zinc phthalocyanine was  reported in the concentrations ranging

from 1500 ppm of ethanol (vapor pressure of 10 kPa at  29.2 ◦C) up

to 170,000 ppm of isopropanol (vapor pressure of 10 kPa at  33.6 ◦C)

[5].

3.3. Pattern analysis

PCA  and CA  were employed to assess the abilities of the sensing

layers to distinguish between analytes, i.e. if  exposure to analytes

led to unique response patterns. PCA analysis yields plots that are

immediately understandable just by looking at them and convey

a stronger visual impression than dendrograms obtained from CA

analysis. In addition, they contain information about the distri-

bution of variance in the analyzed data set. In  contrast, the CA

dendrograms are able to show similarities between the analyte

clusters more clearly. Both analyses made use of only the digital

data gained in the previously described alternating gas flow exper-

iments, without inclusion of any other information (other data, e.g.



J.Ph. Mensing et al.  / Sensors and Actuators B 176 (2013) 428– 436 435

temperature, humidity, etc., were kept constant and not included

in the datasets.) Suslick et al. [23] showed that CA can be used as

a  powerful tool to find similarities in the data of various analytes

and to group them accordingly. The resulting scatter plots (PCA)

and dendrograms (HCA) of ZnTPP and Mn(III)ClTPP are shown in

Fig.  7. It was found that sol–gel films containing ZnTPP (Fig. 7a) and

MgTPP (not shown) yielded the best results in terms of discrimina-

tion between the analytes when analyzed by  both PCA and CA as

all analytes were clearly distinguishable from each other. As can  be

seen  in the dendrogram (Fig. 7a), the 3 alcohols (methanol, ethanol

and IPA) reside on one of the two main branches of the tree diagram,

whereas acetone lies on  the other main branch. In contrast, sam-

ples containing ZnTTBPc (not shown) and magnesium octaethyl

porphyrin (not shown) were not able to distinguish all employed

analytes. In the case of ZnTTBPc, acetone and methanol are hardly

distinguishable in the resulting PCA plots. Furthermore, the HCA

result suggests that the variations in the measured values for ace-

tone, isopropanol and methanol are too insignificant in order to

form distinguishable clusters. The  results for magnesium octaethyl

porphyrin containing specimen show that the measured values for

methanol and ethanol formed a single cluster in the PCA plot as

well as in the dendrogram. Besides, acetone and isopropanol form

distinguishable clusters. The results obtained with the Mn(III)ClTPP

containing samples (Fig. 7b) suggest that it is  not possible to dis-

criminate between the employed analytes with these layers. As can

be observed in the PCA plot, the values lie close to one another mak-

ing  it difficult to assign them to separate clusters. Moreover, HCA

supports this finding as it is clearly observable that it did not yield

a single clearly separated cluster for any of the analytes.

4.  Conclusion

Metal phthalocyanine- and metal porphyrin-containing sol–gel

layers have been inkjet-printed. The so-obtained films were struc-

turally characterized by various methods and used as sensing layers

for optical gas sensing experiments. It was found that the fab-

ricated layers exhibit reversible optical alterations in the UV/vis

spectrum when exposed to various VOCs. These alterations were

used to obtain data set that was analyzed by simple pattern anal-

ysis methods, namely PCA and  HCA. The analyses yield data plots

and dendrograms in which the values of the analytes clearly form

distinguishable clusters.

It  has to be noted, however, that not all the employed layers

exhibit equal sensing capabilities. Best results are obtained from

ZnTPP and MgTPP containing films, whereas layers doped with

Mn(III)ClTPP do not  exhibit good optical gas sensing behavior.
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Abstract 11

Graphene is a novel carbon-based material widely studied in bio-electrochemical fields because of its 12

high electrical conductivity and excellent electrocatalytic activity. However, its biological applications 13

have been limited due to the lack of understanding of its compatibility with numerous biological 14

entities. In this paper, cytoxicities of MDA-MB-231 breast cancer cells (MDA cells) on carbon paste 15

(CP) and graphene - carbon paste (GCP) substrates are assessed. GCP was prepared by mixing 16

graphene powder into carbon paste with different graphene contents. Cytotoxic effect was evaluated 17

from cell viability, cell adhesion, ROS production and fluorescence staining studies. Cell viability on 18

GCP substrate was found to initially increase as graphene content increases from 0 to 2.5 wt% but 19

then decrease as the content increases further. In addition, the viability decreases with time for all 20

substrates. Similarly, graphene concentration affected the number of adherent cells in the same 21

manner as the cell viability. Likewise, reactive oxygen species (ROS) induced by carbon substrate 22

increased with time and decreased with small graphene inclusion, confirming that low graphene 23

content led to lower cytotoxicity. Moreover, confluence of MDA cells on substrate evaluated using 24

Hoechst 33342 fluorescence staining was also found to be enhanced at low graphene concentration. 25

Therefore, low-content graphene incorporation can effectively improve biocompatibility of carbon-26

based materials with MDA-MB-231 breast cancer cells, enabling potential applications such as 27

electrochemical electrode for cell study. 28
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Introduction 30

Graphene, a few or single layer of carbon atoms tightly packed into a two-dimensional (2D) 31

hexagonal honey-comb lattice, is highly attractive in many scientific areas due to its unique electrical, 32

optical, thermal and mechanical properties. [1-4] In biological fields, graphene-based nanomaterials 33

have been extensively studied for biomedical applications such as drug delivery system, tissue 34

engineering, antibacterial material, electrochemical biosensor, field-effect transistor (FET) biosensor 35

and fluorescence resonance energy transfer (FRET) biosensor. [5-12] 36

Biocompatibility is an essential requirement for nanomaterials to be employed in biological 37

systems. It is thus important to investigate toxic effect of graphene and its derivatives on biological 38

entities such as mammalian cells and animals. The biocompatibility study of nanomaterials may be 39

divided into two categories. Firstly, toxicity assessment is conducted on cells or animals directly 40

exposed to nanomaterials. There have been some such studies on carbon-based nanomaterials 41

including graphene, carbon nanotubes (CNTs) and their derivatives, which demonstrate that they 42

induce toxicity in cultured cells as well as animal models and toxicity level depends on the carbon 43

concentration. In addition graphene oxide (GO) exhibits dose-dependent toxicity resulting in cell 44

apoptosis and lung granuloma formation to human fibroblast cells and mice, respectively. [13, 14] 45

For specific applications such as tissue engineering, scaffold implantable devices and 46

electrochemical cell studies, toxicity is evaluated for cells attached on nanomaterial substrate. For 47

instance, it has been reported that chemical vapor deposited graphene substrate not only induces no 48

apparent toxicity but also promotes differentiation of neural cells and stem cells cultured on it. [15-17] 49

From another report, NIH-3T3 cells exhibit similar cell viabilities after 24-hr and 48-hr incubation on 50

different substrate materials including glass, CNTs and graphene. [13] Electrochemical study of cells 51

is another potential biological application of carbon-based nanomaterials especially graphene since 52

graphene have been demonstrated to be highly sensitive for detection of various biochemical analytes 53

such as alkaloid, drug and neurotransmitter. [18] However, there have been only few reports that 54

utilize graphene-based electrochemical sensor for cell culture and cell analysis. Recently, graphene - 55
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polyaniline hybrid paper has been employed for L-929 fibroblast cell study and demonstrated to 56

exhibit excellent electrochemical performance and biocompatibility. [19] 57

In this work, we investigate cytotoxicity of MDA-MB-231 breast cancer cells on low-cost and 58

disposable screen-printed graphene - carbon paste (GCP) substrates for electrochemical cell study 59

applications. Cell viability, cell adhesion, reactive oxygen species (ROS) production and fluorescence 60

staining are systematically studied on GCP materials with varying graphene concentrations. 61

Material and Methods 62

Preparation of GCP substrate 63

The preparation of GCP substrates are schematically depicted in Figure 1. Firstly, graphene 64

was prepared by the electrolytic exfoliation method reported previously. [20] In brief, a constant 65

potential of 8 V was applied between two graphite rods submerged in polystyrenesulfonic acid (PSS)  66

electrolyte for 24 hours and electrolytically exfoliated graphene dispersion was subsequently 67

precipitated by centrifugation at 1200 rpm. The graphene precipitate was washed successively in 68

ethanol and deionized water to remove PSS. The remaining solid was dried in an oven at 100 C for 69

30 minutes. Graphene powder was then mixed into carbon paste (Gwent group of companies, United 70

Kingdom) with varying graphene concentrations (1, 2.5, 5 and 10 wt%). GCP was screen printed in a 71

circular pattern with 6.35 mm diameter on polyvinyl chloride (PVC) substrate using precision semi-72

automatic screen printer (MK-MINI, Japan). The screen printed substrates were then dried in an oven 73

at 60 C for 24 hours. 74

Structural characterization 75

Detailed structure of graphene-carbon paste was characterized by transmission electron 76

microscope (TEM) (JEOL model JEM-2010) run at 200 keV. TEM samples were prepared by drop 77

coating of 10-times-diluted GCP on carbon/copper grid. The sample dilution was necessary to obtain 78

sufficiently thin GCP coating on the grid. Surface morphology of GCP substrate was examined using 79

scanning electron microscope (SEM) (Hitachi model S-4700) operated at 5 kV accelerating voltage 80

and 10 mm working distance. Chemical bonding of carbon based materials was evaluated by Raman 81

spectrometer (Nova spectra source model 633), which was calibrated using a standard silicon 82
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substrate. Surface chemical composition of GCP substrate was determined by Auger electron 83

spectroscope (EMSL model 680) analyzed at 5 kV accelerating voltage. 84

Cell culture 85

MDA-MB-231 breast cancer cells were obtained from scaffold in tissue engineering 86

laboratory, faculty of engineering, Mahidol University. Cells were cultured in Dulbecco’s modified 87

Eagle's medium (DMEM, Sigma Aldrich, MO, USA) supplemented with 5% fetal calf serum (FCS, 88

Gibco, CA, USA) and 0.1% gentamycin (Thai government pharmaceutical organization). Cells were 89

maintained at 37 C in a humidified 5% CO2 air incubator for 3 days to achieve 80% cell confluence. 90

Cells were then trypsinized with trypsin and resuspended in DMEM medium. 91

Cell viability measurement 92

Screen-printed GCP on PVC circular sheets with 6.25 mm in diameter were fitted at the 93

bottom of wells in 96-well plate and 12,000 cells were then plated into each well as illustrated in 94

Figure 1. Three well plates were incubated at 37 °C in 5% CO2 incubator with varying times (24, 48 95

and 72 hours). Cell viability was determined by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 96

bromide (MTT) method. After cell culture on GCP substrate, the media were aspirated and replaced 97

with MTT solution (100 μl, 5 mg/ml). Cells were then incubated for 4 hours at 37 C in 5% CO298

incubator. Next, the solution was discarded and cells were lysed with 100 μl of dimethylsulfoxide 99

(DMSO) to obtain purple solution. Finally, the purple solution was removed to empty the wells for 100

absorbance measurement. The percentage of cell viability was calculated from the following formula: 101

% viability = mean absorbance of sample/ mean absorbance of control x 100 102

where control was the cells cultured on polystyrene well plate. It should be noted that absorbance of 103

each sample was corrected with background subtraction and the background was denoted as GCP or 104

CP substrate with no cell. 105

Cell adhesion evaluation 106

GCP substrates were placed in 96-well plates and coated with 10 μg/ml fibronectin in 107

phosphate buffer saline (PBS, pH 7.4). Fibronectin was then incubated at 4 C overnight. Next, any 108

remaining active protein binding site were blocked with 1% bovine serum albumin (BSA) in PBS and 109
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incubated at room temperature (RT) for 30 minutes. Treated substrates were then washed 3 times 110

with PBS. Next, 100 μl of cells suspension (20,000 cells) in DMEM with 2% fetal bovine serum (FBS) 111

was added into each well. Three plates were incubated at 37 C with varying times (3, 6 and 24 112

hours). Plates were washed again 5 times with PBS to remove unbound cells. Attached cells were 113

treated by adding 50 μl of 96% ethanol and incubated at RT for 10 min. Cell were then stained with 50 114

μl of 0.1% crystal violet and incubated at RT for 30 minutes. Cells were washed with deionized (DI) 115

water to remove excess stain. Finally, 50 μl of 0.2% Triton X in DI water was added to lyse cells and 116

the absorbance of resulting solution was measured at 570 nm using microplate reader. It should also 117

be noted that the absorbance at 570 nm was corrected with subtraction of background signal of blank 118

GCP or CP substrate coated with 1% BSA. The cell adhesion was also evaluated on control and 119

negative control. Control is the cell-culture on fibronectin coated polystyrene substrate while negative 120

control is the cell culture on polystyrene substrate with no fibronectin. 121

ROS production determination 122

The intracellular ROS generation of cells was determined using 10 μM 2’,7’-dichlorfl 123

uorescein-diacetate (DCFH-DA) in serum-free DMEM. ROS production was studied on cells 124

incubated on GCP substrates with three different times (3, 6 and 24 hours). Cells were washed with 125

PBS, then dropped with 100 μl of DCFH-DA solution and incubated at 37 C for 1 hr. Solution was 126

aspirated and then washed again with PBS. Finally, 100 μl of PBS was added and fluorescence 127

intensity at 525 nm was measured by fluorescence microplate reader using 485-nm excitation. The 128

fluorescence intensity of tested substrate is compared with control, which is polystyrene substrate. 129

The ROS measurements were also conducted for positive control, which is cell cultured in serum-free 130

DMEM containing 50 μM of 30% H2O2 in and for background, which is just the cultured medium. 131

Fluorescence staining 132

After incubation on GCP substrates for 24 hours, cells were washed in PBS. Subsequently, 133

attached cells were stained with 1 μM Hoechst 33342 in PBS for 5 min and then detected by 134

fluorescence microscope. Hoechst 33342 is a cell-permeable DNA stain that emits blue fluorescence 135

at 460-490 nm under ultraviolet excitation. 136

Results and discussion 137
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Structural characterization 138

A typical TEM micrograph of GCP with 2.5% graphene concentration is shown in Figure 2. It 139

illustrates a portion of a polygonal thin sheet, which appears to be coated with a thin layer of smooth 140

material. The smooth layer is expected to be the polymeric binder of carbon paste. It should be noted 141

that the carbon nanoparticles in carbon paste are rarely observed in the image due to the large 142

dilution of carbon paste during sample preparation. High resolution TEM image (inset image in Figure 143

2) of an edge of the sheet demonstrates graphitic fringes, which confirm that the synthesized structure 144

is multi-layer graphene with six to ten sp2-bonded carbon layers. It should be noted that a graphitic 145

sheet with ten or less sp2-bonded carbon layers can be considered as graphene since it still exhibits 146

two-dimensional properties.[21] 147

Figure 3 shows typical SEM micrographs of screen-printed CP and GCP electrodes with 148

different graphene concentrations. It can be seen that screen-printed CP surface is nanoporous and 149

contains only uniform nanoparticles with diameter of 20-30 nm while GCP comprises additional 150

polygonal nanosheets with larger size (~350-400 nm in width and length) dispersed on the surface, 151

proving graphene inclusion in the nanocomposite. In addition, the observed graphene density is in 152

qualitative agreement with the prepared concentration. At the lowest graphene concentration (1 wt%), 153

graphene sheets are well dispersed and mostly isolated on the surface as illustrated in Figure 3 (b). 154

As the graphene content increases, graphene sheets begin to agglomerate into larger and longer 155

cluster as seen in Figure 3 (c)-(e). The agglomeration among graphene sheets is well known to arise 156

from strong van der Waals interactions between them. [18] 157

Figure 4 illustrates Raman spectra of CP and GCP with different graphene concentrations. It 158

can be seen that all GCPs and CP exhibit G, D and 2D peaks at ~1574 cm-1, ~1330 cm-1 and ~2648 159

cm-1, respectively.  The sharp G peak arises from strong in-plane vibration of sp2 bonds present in 160

graphene as well as carbon nanoparticles. CP exhibits relatively high and broad D peak but very low 161

2D peak, indicating that CP nanoparticle structure entails highly disordered sp2 bonds with a low 162

number of second-order zone-boundary defects. [22] On the other hand, GCP with low graphene 163

concentrations (1-2.5 wt%) shows clearly pronounced 2D peak and relatively low D peak, signifying 164

the incidence of isolated graphene sheets, which is in accordance with the SEM observation. 165

Moreover, the 2D peak is relatively broad compared to the corresponding G peak, suggesting that the 166
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structure comprises multi-layer graphene. [23] As the graphene concentration increases, it is evident 167

that 2D peak is suppressed while D peak becomes eminent and the relative peak amplitudes for 2D 168

and D peaks of GCP at the highest graphene concentration becomes similar to those of CP. The 169

results together with SEM observations suggest that the behaviors of aggregated graphene will 170

approach those of graphite particles as the size of agglomerated graphene increases. 171

Figure 5 (A) illustrates typical Auger electron spectrum of GCP with 2.5% graphene 172

concentration and the inset table shows the corresponding elemental composition. The electrode 173

surface comprises three elements including carbon (C), oxygen (O) and chlorine (Cl) with elemental 174

compositions of 95.2%, 3.3% and 1.5%, respectively. Cl is found in all samples with similar 175

concentration and can be attributed to the residue of the paste binder while C and O are mainly from 176

carbon and graphene powders. It is seen that the graphene-carbon composite material has low 177

oxygen content, indicating its high chemical quality. The oxygen contents of all electrode materials are 178

demonstrated in Figure 5 (B). It can be seen that the oxygen concentration tends to decrease with 179

increasing graphene content, which can be attributed to the fact that the oxygen content of graphene 180

(also shown in the figure) is considerably lower than that of CP. Thus, graphene addition also 181

improves the chemical properties of electrode surface. 182

Cell viability  183

Cell viability measured by MTT colorimetric assay on CP and GCP with four graphene concentrations 184

(1, 2.5, 5, 10 wt%) incubated with three different times (24, 48 and 72 hours) are compared as shown 185

in Figure 6. It should be noted that cell viability is calculated relative to the control, whose cell viability 186

is normalized to 100%. For the case of 24-hr incubation, it is evident that cell viability considerably 187

increases from 69% to 84% with 1 wt% graphene addition. As the graphene concentration increases 188

to 2.5 wt%, the viability remains approximately the same. However, the cell viability notably decreases 189

when the graphene concentration increases further and the viability of 10 wt% GCP becomes even 190

lower than that of CP (0 wt% GCP). In contrast, the cell viability only slightly improves with 1 wt% 191

graphene inclusion and further increase of graphene content leads to inferior cell viability in the cases 192

of higher incubation times (48 and 72 hours). Moreover, it can be noticed that the viability decreases 193

with increasing incubation time for all substrates and the decrease is more drastic as the time 194

increases from 24 to 48 hours. Thus, cell viability of GCP substrate depends simultaneously on 195
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graphene concentration and incubation time. For short incubation time (24 hours), low graphene 196

concentrations of 1-2.5 wt% results in moderately improved cell viability while higher concentration 197

adversely affects the viability. At higher incubation times, the viability is only slightly improved with 198

small graphene addition and becomes deteriorated at higher graphene content. 199

The results are in accordance with some previous cell viability studies on carbon-based 200

nanomaterials. For instance, NIH-3T3 fibroblast cells cultured on carbon-based nanomaterial 201

substrates exhibit similarly decreased cell viabilities compared with those on glass substrate. [13] The 202

mechanisms of cell death induced by carbon-nanomaterials may be attributed to two pathways, 203

necrosis and apoptosis. The hallmark of necrosis is the cell membrane damage due to Lactate 204

dehydrogenase (LDH) release while caspase activation signifies apoptosis. A significant LDH release 205

has been observed from neural Phaeochromocytoma-derived cells (PC-12) after 24-hr exposure to 206

graphene sheet at high concentration (100 μg/ml) while insignificant LDH releases occur at lower 207

graphene concentrations (0.01-10 μg/ml). In addition, caspase-3 activity has found to increase with 208

time indicating that graphene induces cell death through apoptosis pathway. [24]  Moreover, rat lung 209

epithelial cells (LE cells) incubated with 0.5-10 μg/ml of MWCNTs have shown a dose- and time-210

dependent increase in formation of free radicals, accumulation of peroxidative products, antioxidant 211

depletion and loss of cell viability. It has also been demonstrated that MWCNTs induces oxidative 212

stress and stimulates apoptosis signaling pathway through caspase activation.[25] 213

Cell adhesion 214

Cells adhesion on a nanomaterial substrate is directly related to cellular response and 215

biocompatibility of the nanomaterial. The interaction between cell and substrate often contributes to 216

cell proliferation and differentiation.  The adhesion can be quantitatively determined by colorimetric 217

method, in which adherent cells absorb crystal violet dye and are lysed by Triton-X for absorbance 218

detection. The absorbance, which is proportional to the number of adherent cells on control, CP and 219

GCP substrates incubated for 3, 6, 24 hours are demonstrated in Figure 7. It is seen that the number 220

of adherent cells becomes notably improved with small graphene concentration (1 wt%) but the 221

improvement become relatively less when graphene content increases further. Similar trend is 222

obtained for other incubation times. In addition, the number of cells attached on all GCP substrates is 223

maximized at the same incubation time of 6 hrs. Thus, the presence of graphene nanosheets leads to 224
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the improvement of cell adhesion. Furthermore, the cell adhesion of all CP and GCP substrates are 225

poorer than that of control, asserting some toxicity induced by these substrate materials. Moreover, 226

the cell adhesion of control is 2.5-5 times higher than that of negative control, confirming the 227

effectiveness of fibronectin’s adhesive property. This is in agreement with another report, in which the 228

numbers of adherent NIH-3T3 fibroblast cells on graphene and carbon nanotube layers are improved 229

compared with that of bare glass substrate. [17] Generally, cells attach tightly on grown substrate 230

through distinct regions of their plasma membrane called focal adhesions. [26] At the focal adhesion 231

site, cells contact the extracellular matrix (ECM) via transmembrane receptor called integrin. Cell 232

detachment and associated cell death can occur through intracellular signaling pathways of these 233

receptor complexes. [27]234

ROS production 235

The intracellular ROS generation is a commonly proposed toxicological mechanism of 236

nanoparticles. ROS are chemically reactive molecules containing oxygen, which form as a natural 237

byproduct of the normal oxygen metabolism and play important roles in cell homeostasis. [28] In238

general, ROS are mainly produced inside organelles such as mitochondria, and released towards 239

cytosol. [29] Excessive ROS causes alteration in intracellular redox state and oxidative modifications 240

of proteins, leading to cell death. ROS production can be investigated via enzymatic reaction with 241

2’,7’-dichlorfluorescein-diacetate (DCFH-DA). DCFH-DA, a nonpolar dye, is converted into the non-242

fluorescent polar derivative DCFH by cellular esterase and DCFH will be then switched to highly 243

fluorescent DCF when oxidized by intracellular ROS and other peroxides. [30] The fluorescent 244

intensity, corresponding to ROS production on control, CP and GCP substrates incubated for 3, 6, 24 245

hours are illustrated in Figure 8. It is seen that cells cultured on GCP substrates with low graphene 246

concentrations (1-2.5 wt%) produce less ROS than those on CP while higher graphene concentration 247

(5-10 wt%) leads to increased ROS production especially at long incubation time (24 hours). In 248

addition, MDA cells cultured on all substrates exhibit steadily increased ROS production with 249

increasing incubation time. Moreover, CP and GCP substrates induce cells to generate more ROS 250

than the control, confirming that CP and GCP induce toxicity. Furthermore, measured ROS of control 251

is 6-8 time lower than that of positive control, confirming the effectiveness of DCFH-DA activity. ROS 252

production leads to oxidative stress that induces toxicity to cells and disruptions of normal 253
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mechanisms of cellular signaling. It has been reported that GO induces oxidative stress in A549 cells 254

even at low concentrations and higher GO concentrations stimulate ROS production progressively. 255

[31] In addition, aggregated graphene causes mild lung injury and graphene dispersal in a 256

biocompatible block copolymer can mitigate the toxicity while GO leads to severe lung injury 257

characterized by diffuse alveolar damage and pulmonary fibrosis. Furthermore, PC12 cells generate 258

more ROS with increasing graphene concentration from 0.01 to 100 μg/ml and increasing exposure 259

time from 1 to 24 hrs. [24] Moreover, it has been demonstrated that aggregated graphene and 260

graphene oxide, not dispersed ones, induce more ROS generation and cell death in lung epithelial 261

cells. [32] However, the mechanisms of the increased ROS generation of cells on aggregated 262

graphene and graphene oxide are not yet understood. Likewise, rat lung epithelial cells (LE cells) 263

show increased ROS upon exposure to SWCNTs depending on dose and time, which leads to cells 264

death. Additionally, the increased ROS production is found not to be attributed to change in 265

mitochondria but rather due to decrease in glutathione and superoxide dismutase (SOD-1 and SOD-266

2), which are non-enzymatic and enzymatic antioxidant mechanisms, respectively. [33] 267

We propose a possible explanation for the observed graphene concentration dependence of 268

GCP’s cytotoxicity as followed. At low graphene concentration, graphene is well dispersed in and on 269

carbon nanoparticles. The presence of dispersed graphene reduces toxicity to cell because isolated 270

graphene has weak interaction with cell, leading to low toxicity. At higher graphene concentration, 271

graphene tends to aggregate within the graphitic nanoparticle matrix. The aggregated graphene have272

properties and behaviors similar to graphitic particles that strongly interact with cell, stimulating 273

cellular signaling to increase ROS generation, leading to poor cell attachment and cell death. 274

Moreover, the lower toxicity by graphene may partly be attributed to the lower oxygen content of 275

graphene surface observed from Auger electron spectra. 276

Fluorescence staining 277

DNA fluorescence staining has been used to qualitatively evaluate live cells on nanomaterial 278

substrate. The Hoechst 33342 blue fluorescence staining dyes are cell permeable and can only bind 279

to DNA in live cells. The fluorescence images of MDA cells adhered and grown on CP and GCP 280

substrates for 24 hours are shown in Figure 9. It is seen that the layer of MDA cells on GCP with low 281

concentrations (1-2.5 wt%) is more confluent than that on CP and GCP with higher graphene 282
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contents. The results confirm that GCP substrate with low graphene concentration (1-2.5 wt%) has 283

relatively low cytotoxicity and high biocompatibility suitable for cell culture. The results are in 284

accordance with previous study on fluorescence staining of human osteoblasts and mesenchymal 285

stroma cells on graphene substrate, in which graphene is demonstrated to be suitable substrate for 286

cell growth because of more confluent layer formation and higher cell proliferation compared to SiO2287

substrate. [17] 288

Conclusions 289

In conclusion, GCP substrate induces incubation-time-dependent and graphene-290

concentration-dependent cytotoxic effects on MDA breast cancer cells. Cell viability, cell adhesion 291

and ROS production are found to improve with GCP substrate containing graphene at low 292

concentration (1-2.5 wt%). In contrast, higher graphene concentration leads to increased toxicity and 293

poorer cell growth. In addition, low graphene concentration also leads to lower ROS production and 294

oxidative stress on the cultured cells on GCP substrate. Therefore, GCP substrate with low graphene 295

content offers relatively high biocompatibility compared to CP substrate and can potentially be used 296

as electrochemical electrode for cell analysis. 297
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Figure 1. Schematic of the GCP substrate fabrication process and the experimental set up for cell 390

culture. 391

Figure 2. Typical TEM micrograph of GCP with 2.5% graphene concentration. Inset: High resolution 392

TEM image of an edge of the sheet demonstrating graphitic fringes. 393

Figure 3. Typical SEM images of screen-printed (a) CP electrodes (b) GCP with 1 wt% graphene 394

concentration, (c) GCP with 2.5 wt% graphene concentration, (d) GCP with 5 wt% graphene 395

concentration and (e) GCP with 10 wt% graphene concentration. 396

Figure 4. Typical Raman spectra of GCP with 1, 2.5, 5, 10 wt% graphene concentration and CP 397

materials. 398

Figure 5. (a) Auger electron spectrum of GCP with 2.5% graphene concentration. Inset: the 399

corresponding elemental composition table and (b) Graph of oxygen contents of all electrode 400

materials. 401

Figure 6. MTT-assays cell viabilities of MDA cells cultured on CP and GCP substrate for 24, 48 and 402

72 hrs. Data are expressed as mean + SD (n=6) of duplicate in three independent experiments. 403

Figure 7. Cell adhesion assays of MDA cells cultured on control, CP and GCP substrate for 24, 48 404

and 72 hrs. Data are shown as mean + SD (n=6) of duplicate in three independent experiments. 405

Figure 8. ROS production from MDA cells on control, CP and GCP substrate for 3, 6 and 24 hrs. Data 406

are expressed as mean + SD (n=6) of duplicate in three independent experiments. 407

Figure 9. The Hoechst 33342 fluorescence staining nuclei of MDA cells on CP and GCP substrate for 408

24 hrs. (Scale bar 50 μm)                                                                                                                                                 409

410
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Highlights410

We investigate cytotoxicity of screen printed graphene carbon paste (GCP) material towards MDA411
MB 231 breast cancer cell.412

We will apply the screen printed graphene carbon paste as electrode for cell study by413
electrochemical sensors.414

The screen print technique is simply for preparation graphene based electrodes which low cost and415
disposable electrode.416

417

418
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