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“fract
<onductometric sensor for on-line testing of haloacetic acids has been developed based on lab-on-chip device incorporated with an inte-
 miniaturised liquid-handling system. The sensor utilises 2 molecularly imprinted polymer (MIP) synthesized by the interaction between
roacetic acid (TCAA) template and a functional monomer, 4-vinylpyridine (VPD), together with cross-linking polymerisation of ethylene
#ldimethacrylate (EDMA). The ability of this MIP to change its conductivity in the presence of the target molecule into the imprint cavity has
_iused to.develop the sensor, which responds welt to TCAA in a continuous flow system with relatively good linearity, although this depends on
gplied frequency. Thermal influences on the resistance of the sensor were in the order of 1.45% resistance signal variation per Kelvin at 3 kHz.
snsor shawed high specific sensitivity to the target analyte and a stable and reasonable signal response in a solution containing inorganic
& The sensitivity (range 0.5-5pg1™'} and selectivity achieved with standard TCAA and five other haloacetic acids {HAAs) (dichloro-,
xhloro-, tribromo-, dibromo-, and monobromoacetic acid} in water was good. Minimum sample volume required is 2.5 ml and the assay time

#in. The sensor has successfully been applied to haloacetic acid determination in domestic and commercial drinking water samples.
6 Elsevier B.V. Alt rights reserved.

wds: Molecularly imprinted polymers; Disinfection by-products; Charge transfer complex; Haloacetic acids; Flow-through electrochemical sysiem

broduction Electrochemical type of sensors (e.g. voltammetric, potentio-
: metric, conductometric and capacitance) are becoming impor-
Hloacetic acids (HAAs) are disinfection by-products of the tant tools in medical, biological and environmental sciences due

fination of drinking water that are known to cause serious  to these simplicity, high sensitivity and relative cheapness [3,6].
i problems [1,2]. For example they are reported to cause  The interest in conductometric sensors has been generated by
wreased risk of certain cancers, in particular of bladder  their simplicity and easy fabrication. In particular, a conducto-
ind rectal [4] cancers. Instrumental methods such as ion metric transducer consisting of an interdigitated array electrode
eetography, GC-ECD, GC-MS and LC-MS, for deter- on a planar surface is suitable for miniaturization and mass pro-
ig HAAs are time consuming, complicated and expensive  duction using photolithography or screen-printing technology
mtine analysis. Fast and sensitive screening methods could [7]. Normally conductometric is the least selective of the clec
1essential complement to these sophisticated instrumental  trochemical techniques, as it is difficult to distinguish between
dds. Importantly, a special electrode technique offers the  different ions. However, the sensitivity and specificity of this
wility of on-line testing for HAAs. system can considerably be improved by incorporating it with

. highly selective recognition elements (either biological or syn-

thetic substances).

_ Molecularly imprinted polymers (MIPs) are attractive as ver-
msponding authar. Tel.: +66 74 288862; fax: +66 74 428239, satile and inexpensive materials capable of molecular recogni-

#ail address: oongnapa.s @ psu.ac.th (R, Suedee). . tion [8-10]. MIPs consist of highly cross-linked polymers that

#70/3 — see front matter © 2006 Elsevier B.V. All rights reserved.
H016/.aca.2006.03.081 '



208

R. Suedee et al. / Analytica Chimica Acta 569 (2006) 66-75 67

esynthesized in the presence of a template molecule [11,12].
ibsequent removal of the template leaves a cavity that retains
finity and selectivity for the template. The cavity is analogous
ithe ‘active site” of enzymes. Interest in the use of MIPs in
getrochemical sensors is increasing [13—16]. This is due to
kadvantage that the MIP gives to the electrochemical sensing
gice, both in terms of the stability obtained from the abiotic
wperty of the MIP and the ease of operation and storage of the
tice when fabricated with the MIP. Nevertheless, the trans-
imation of MIP into a measurable electrochemical signal is
msidered to be an important factor, as this has been found to
tan obstacle in developing this type of material in electro-
femical sensor technotogy [16,17].

The aim of this work was to construct a conductomet-
tsensor for on-line detection of haloacetic acids in chlo-
mted water by using molecularly imprinted cross-linked
ty(ethyleneglycoldimethacrylate-co-4-vinylpyridinium) salts
wcific for trichloroacetic acid (TCAA) and structurally sim-
¥ compounds as the recognition element. The sensor was
signed as part of a lab-on-chip and has been successfuily
wrporated into ‘@ miniaturised flow-through cell. An inte-
ated sensor specific for the target analyte was fabricated
ing gold screen-printing to deposit the interdigitated conduc-
metric electrodes at the glass plate, with measurement based
tdetection of MIP-containing artificial recognition sites for
{AA and its analogues. Additionally, the abitity of molecularly
wprinted cross-linked poly(ethyleneglycoldimethacrylate-co-
sinylpyridinium) salts to change its conductivity due to
t placement of the target molecule into the imprint cav-
jhas been used to develop a detector for HAAs. The
wlpyridinium entity fabricated into the MIP would form
wge-transfer complexes with the target analyte HAAs,
lich would produce the continuous conducting phase of
¢ insulating poly(ethyleneglycoldimethacrylate) cross-link
$19]. Electrically-conducting MIFP thin-films from cross-
iked poly{ethyleneglycoldimethacrylate-co-4-vinylpyridine)
ebeen produced at the interdigital transducer surface by free-
fical cross-linking copolymerisation of a functional monomer,
sinylpyridine (VPD) and a cross-linker, ethylene glycol
nethacrylate (EDMA) in the presence of TCAA in acetoni-
Inthis paper, the sensor fabrication and the performance of the
w-through haloacetic acid sensitive conductometric sensor
tpresented. The new flow-through conductometric sensor was
plied to haloacetic acid-determination of real-life samples.

Experimental
L Chemicals and materials

Ethylene glycol dimethacrylate (EDMA) and 4-vinylpyridine
D) were purchased from Aldrich Chemical Company (Mjl-
zkee, WI, USA). 2,2'-Azobis-(isobutyronitrile) (AIBN) was
uined from Janssen Chimica (Geet, Belgium). Polydimethyl-
tane and hardener (Sylgard 184) were obtained from
% Corning Corporation (MI, USA). Trichloroacetic acid
TAA) was purchased from Merck K.G. (Darmstadt, Ger-

many). Dichloroacetic acid (DCAA), monochloroacetic acid
(MCAA), dibromoacetic acid (DBAA), monobromoacetic acid
(MBAA), tribromoacetic acid (TBAA) and malonic acid were
obtained from Fhuka Chemie AG (Buchs, Switzertand). VPD and
EDMA were purified by distillation under reduced pressure. All
solvents were analytical grades and dried with molecular sieves
prior to use. Working standard selutions were prepared daily.

2.2, Fabrication of the sensor device

The sensor devices fabricated in this study were of thick-film
type. The gold paste was screen-printed on a pre-cleaned borosil-

. icate glass (1 mm thickness and 15 mm x 20 mm) with a pair of

comb-type Auelectrodes having interdigital distances of 0.5 mm
and overall area 1t mm x 8 mm (Fig. 1A). This electrode unit
was sintered at 550 °C for 3 h. The thickness after sintering was
about 1 pm as measured by an atomic force microscopy (AFM)
method. The procedure for immobilization of MIP on electrodes
was as follows. TCAA (14 mg, 0.08 mmol) was dissolved in | ml
of acetonitrile. Appropriate amounts of VPD and EDMA were
admixed, followed by the addition of AIBN (9 mg, 0.05 mmol).
These monomeric mixtures were purged with a stream of nitro-
gen gas for 1 min, and pre-polymerised at 65°C for 1 min in a
water-bath. The viscous polymer (6 i) was spread evenly over
the electrode pattern of the interdigitated conductometric gold
electrode placed in a chamber. Subsequently, the chamber was
flushed with nitrogen gas for 1 min to remove the radical scav-
enger oxygen before being closed and oven-heated at 70°C for
18 h, After the immobilizing process, the electrode was washed
with deionised water to remove the template molecules. A non-
imprinted polymer (NIP) électrode, which was included as the
control, was prepared in the same way as the MIP electrode,
but in the absence of the TCAA template. Elemental analysis
of the MIP thin-film coated on electrodes was performed on a
JSM-5800 LV electron microscope (Jeol, MA, USA) equipped
with an Oxford Instruments LINK-ISIS 300 X-ray detector
and microanalysis system. The morphology of deposited film
was inspected by an atomic force microscope (AFM) using
a Nanoscope Il Scanning tunnel microscope (Digital Instru-
ments Inc., Santa Barbara, CA). The thickness of the films (see
Fig. 1B) was determined by scratching with a needle and mea-
suring depth of the scratches using an AFM (Digital Instruments,
CA, USA) with a Nanotec Electrinica WSxM scanning probe
microscopy software version 3.0 Beta 8.1 (Digital Instruments,
CA, USA).

2.3. Optimisation of polymer composition

The optimal amount of functional monomer and cross-linking
monomer required for the manufactuze of the MIP film on inter-
digital electrode was verified. A set of molecularly imprinted
polymer films and the cormresponding non-imprinted polymer
films were immobilized on interdigitated electrodes using the
procedure described in Section 2.2, and their electrical con-

- ductivity and adhesive properties were determined. These poly-
" meric films were synthesized with different initial amounts of

cross-linking monomer and different mole ratios of functional
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| (A) Schematic top view, (B) schematic cross-section of the interdigitated conductometric sensor device. (C) Schemalic diagram of the analytical microsystem.

less support; (2) silicone pad; (3) electrode contact; (4) drilled-through hole.

wmer to template. The optimal amount of EDMA cross-
zrwas examined by varying the amount of EDMA as 53, 63,
15 and 80 mol%, while the mole ratio of monomer to tem-
:was kept constant at 2:1. Further, the functional monomer
D) was applied at five different molar ratios with respect
& template with a fixed amount of cross-linking monomer
MA). These molar ratios were 1, 2, 4, 6 and 8 mol monomer
mol of template. In the case of non-imprinted polymer film
fiich no template is added the amounts of VPD still relates to
estoichiometric ratios. The electrical resistance in air (R,)
kprepared thin-films on electrode was obtained by means of
#4254 Precision LCR. In a typical resistance measurement,
dectrode was connected to HP 4254 A Precision LCR meter
fent Technologies, Palo Alto, CA) by soldering copper wires
sppered gold electrode contacts. The AC frequency of 1 kHz
sed and the operating voltage was 100 mV.

Sensor fabrication

diagram of the flow-through conductometric sensor system
mwninFig. 1C. The glass plate that constituted the integrated
irarray and wire connections with electrode-contacts, was
ledwitha 16 mm x 13 mm, 3 mm thickness home-made sil-
tpad (obtained from the commercial polydimethylsiloxane
urdener). This silicone pad has a 11 mm x 9mm x 1 mm
icavity created by molding. Through holes of 1 mm diam-
for sample inlet and outlet were drilled through the cav-
issembly of the thin-film sensor array with the silicone
followed by incorporation into a Perspex housing-box of
nx 3.0cm x 0.4 cm gave the analytical microsystem with
dinternal volume of 90 pl. This integrated miniaturised

device not only minimised the sample volume, but also consid-
erably reduced the total assay time.

The sampling and conductometric analysis system of the sen-
sor consists of a liquid port for delivery of water sample from a
sample-reservoir, a peristaltic pump, a thermo set and the flow-
through microcell/integrated MIP sensor incorporated with a
conductometric apparatus controlled by a computer program
developed in-house. The function of this system was on-line
and the minimum sample volume required was 2.5ml. The
stand-alone sensor was operated at a continuous flow rate of
Imlmin~! driven by Ismatec peristaltic pump (MCP-Process
Series, Ismatec SA, Wertheim-Mondfeld, Germany). The sen-
sorarray output signals were monitored using a network analyser
(HP 4254 A Precision LCR, Hewlett Packard, Germany), which
read the resistance signals from the sensor array with subsequent
display on the Laptop screen. The resistance measurement of
the sensor was performed by applyihg an alternating potential
(100 mV) to the electrodes with a frequency between 100 Hz
and 1 MHz. At the initial measurement, the electrical resistance
of the sensors was measured in deionised water as a refer-
ence. The measurements were carried out at room temperature
(24 £1°C). The signal was allowed to reach a constant value
before subsequent addition of the analyte. The sensitivity of the
MIP-based sensor was measured as a function of the changes in
the resistance of the polymer upon exposure to TCAA or other
HAA analogs with concentrations from 0.0005 to 500mg1~.
A control experiment was carried out with the corresponding
NIP-based sensor. In addition, technological parameters (oper-
ating frequency, temperature and electrolyte) for the sensor were
identified with regard to the response to TCAA, using the elec-
trode giving high resistance change with good adhesion of the
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keposited bilm as a model. For the sample measurement using

. he sensor, the signal response towards the analyte of sensor was
gported as AR;, where AR; is the resistance shift response to
he addition of known amounts of the analyte of interest. Every
wperiment was carried out in triplicate on any particular day of
gperimentation.

l. Results and discﬁssion

1. The MIP-based electrode-fabrication of the sensor
kevice ’

The electrically conducting MIP thin-film of poly-
phyleneglycoldimethacrylate-co-vinylpyridine) selective for
kloacetic acids, was prepared at the gold electrode surface
iy thermal polymerisation using TCAA as the print molecule,
bhylene glycol dimethacrylate (EDMA) was chosen as the
mss-linking monomer, due to its anticipated property of giv-
iz a high stability to the polymer, with corresponding rigidity
¥ imprint structure. 4-Vinylpyridine (VPD) was adopted as
inctional monomer for the imprinting of TCAA, because its
mine group is capable of interacting with the acid group of
ke template. Besides, VPD forms a charge-transfer complex

iith strong acidic molecules [18,19]; these can produce the con- -

iwous conducting phase of an insulating polymer (ethyleneg-
froldimethacrylate) cross-link, enabling the signals of ligand
inding to be detected,

The immobilization of MIPs and the corresponding NIPs on
tesurface of gold interdigitated electrodes was successful using
% method described here. A sketch of sensor-device showing
im arrangement and electrode disposition over glass plates is
jven in Fig. 1, Both MIP and NIP gave a detectable signal on
k conductometer when examined as dry layers on gold elec-
nde. The cleaning profiles of both MIP and NIP were studied.
br this, the deposited thin-film of both MIP and the corre-
wnding NIP prepared with 2:1 monomer:template ratio and
fmol% EDMA was soaked in 100 mi-water, and resistance
kasurements were performed in open air after every hour of
ketrode soaking at ambient temperature. The polymers were
ushed with water until their resistance signal remained sta-
k, which occurred after approximately 4 h of washing. The
et change of resistance in air (AR,) was calculated from the
tistance obtained at the start and at the end of washing. The

* ketrical resistances of the films on electrode were found to
wrease after the electrode was soaked in water. An increase
bm 2.7 x 108 to 7.6 x 10% Q occurred for the MIP film and
bm 6.9 x 10 to 8.5 x 10% Q for the corresponding NIP film
lafter soaking in water. The AR, of MIP (4.9 x 108 Q) was
Inost three times higher than that of the corresponding NIP
16 x 10% Q). The changes in resistance of the corresponding
P probably arise due to the removal of un-reacted monomers
ul some parts of the non-adhered polymer. The electrodes fab-
tated with either MIP or NIP, either before or after washing
1watet, gave a resistance signal higher than the plain electrode

4=7.5 % 10° Q).

The increase in the resistance signal of the MIP film (after
ymerisation) when exposed to water can be explained in

terms of a change in the surface conductivity of the polymer
as template is gradually eluted by the water. This means that
the electrical conductivity of MIP before template extraction
is produced by the interactions of template at the imprint. The
change in conductivity of MIP films corresponds to the charge
transfer interactions of TCAA and polymer. Additional evi-
dence supporting the formation of charge transfer complexes
between the MIP and TCAA was an emerald-green coloring
of only the MIP after polymerisation, which was eliminated
by washing with water. This suggests that in the dry state,
poly(ethyleneglycoldimethacrylate-ce-vinylpyridinium) exists
in the form of acid-base complexes of TCAA and VPD

. monomer. The increase in resistance of MIP after washing with

water suggests dissociation of the template from the imprint
sites. In the case of the NIP-based sensor, no TCAA molecules
were involved in the polymerisation process. Therefore the
vinylpyridine on the polymer backbone is unable to be quat-
ernized and the imprint cavities are not produced in the polymer
network due to the fact that TCAA was not used in NIP poly-
merisation.

The interaction of template with MIP is apparently reversible.
It is interesting that the incorporation of TCAA into the VPD-
EDMA polymer not only enables the polymer to be conductive,
but also improves the mechanical and adhesive properties of
the film coating of the MIP. This may be because the charge-
transfer complex between TCAA and VPD jons, which may
swell and/or dissolve in water and can be crippled down by
waler flow from the surface of glass, as this is indicated by only
HAA is released out from the MIP but not MIP during washing,
After washing, the polymer morphology was examined using
AFM. Fig. 2a and b show the AFM topographic images of MIP
and non-imprinted polymers, respectively. AFM topographies of
the MIP-film surface exhibit ridges and roughness, while smooth
and uniform deposition is evident with the film of non-imprinted
potymer. This result indicates the differences in the morpholo-
gies of polymer prepared in the presence and absence of the
template molecule,

3.2. The MIP-based electrode-optimisation of polymer
composition

The optimal composition of MIP film was examined in terms
of resistance change as well as adhesive properties. The resis-
tance change of the MIP due to the template extraction was
examined in parallel experiments with non-imprinted polymers.
Additionally, the imprint capacity, reflecting the efficiency of
recognition of the MIPs was interpreted by comparing the resis-
tance variation of MIP with the comresponding NIP. As seen
in Fig. 3, there is a dependency in the degree of the AR, as 2
function of the cross-linker amount for MIP, whereas this is not
the case for NIP. Lower concentrations of EDMA, (55, 65 and
70) give a higher resistance change than higher concentrations of
EDMA (75 and 80). The imprinting factor, which represented the
effect of the imprinting process, was the ratio of R, of MIP-based
electrode to R, of the comresponding NIP-based electrode after
washing with water for 4h, was maximal with EDMA content
between 55 and 65 mol%. However, the low amounts of EDMA
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.. Three-dimensional AFM images of: (a) MIP and (b) NIP thin-film pre-
{with 2:1 monomer:template ratio and 65 mol% EDMA (after washing with
tfor 4 h).

700 o - -

mMIP
ONIP

55 65 70 75 80
Crosslinker content (mole%)

| Effect of the amount of cross-linking monomer (EDMA) on the resistance
wes of the MIP and NIP thin-film prepared with 2:1 monomer:template
ad 65 mol% EDMA after 4 h exposure in water. Measurements were car-
itat | kHz and at room temperature. The functional monomer to template
o 2:1 was used.
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Fig. 4. Effect of the amount of functional monomer (VPD) on the resistance
responses of the MIP and NIP thin-film prepared with 2:1 monomer:template
ratio and 65 mol% EDMA after 4 h exposure in water. Measurements were car-
ried out at I kHz and at room temperature. The cross-linker content of 65 mol%
was used.

resulted in a poorer mechanical strength of the film. Therefore
an EDMA content of 65 mol% was chosen to prepare the MIP
for use in further investigations.

As shown in Fig. 4, further increase in the molar ratio of VPD
to template shows a decrease in the resistance of MIP, but this is
not evident with NIP. A maximum imprinting factor of 5.8 was
obtained at a molar VPD to template ratio of 1:1, suggesting
that the MIP forms 1:1 complexes with the TCAA molecules.
Although a 1:1 monomer:template ratio is preferred, the 2:1
monomer:template ratio gave higher mechanical strength with
good stability of film than the 1:1 monomer:template ratio. The
results of this study suggest that the physical property of the
film varies with the functional monomer:cross-linker ratio, and
that the 2:1 monomer:template ratio may be suitable for com-
bining with 65 mol% content of EDMA to produce a MIP film
with good physical properties. Also, the 2:1 monomer:template
ratio gave a relatively large value of imprinting factor (4.4).
The low relative standard deviation (2.6%, n=3) indicates good
and reproducible coating. Since the MIP thin-film prepared with
2:1 monomer:template ratio and 65 mol% EDMA gives a high
recognition selectivity to the template with good stability of film
coated, this film type has been chosen as the recognition mate-
rial for the development of a HAA sensitive conductometric
sensor for on-line HAA analysis. Subsequent elemental analy-
ses of MIP thin-film of this film type, which is layered on gold
electrode, revealed an elemental composition of the film (and
the gold paste) as C 45.9%, O 3.6%, Na 8.7%, Mg 3.0%, Al
1.3%, Au 0.10%, Ca 22.3% and Ag 15.1%. The thickness of
MIP thin-film layered in place on the gold surface and on the
glass surface was determined to be about 1 and 2 um, respec-
tively. The recorded resistance (Rp) of the film on electrode was
found to be about 80k<2 in deionised water at 3 kHz at room
temperature (24 £ 1 °C). The percentage coefficient of variation
for the Ry values of the MIP electrode obtained for three differ-
ent batches of the interdigitated conductometric gold electrode
was found to be 0.1%.
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13 Conductometric sensor response

MIP-based films, particularly made of hydrophobic
fethyleneglycoldimethacrylate) polymer, perform poorly in
yueous medium. For instance, the hydrophobic MIP based
ilm -is hardly wet and can be easily removed from
be surface of metal and glass when. soaked in water.
While TCAA-imprinted poly(ethyleneglycoldimethacrylate-
w-4-vinylpyridinium) offered a good adhesion in aqueous
pedium due to polyelectrolytic nature of the polymer. The
gnsar fabricated with this MIP responded to analyte in water
rpidly (30 s) with a steady response obtained within 2 min, The
rsponse time shown with the prepared MIP conductometric
gnsor is fairly rapid when compared to the other MIF conducto-
metric sensors using the membrane electrode that gave response
ime in the order of 30 min [14]. The quick response of this
MIP sensor may be explained by both the transducer system
od the sensing material utilised in the present study. Basi-
ally, the transducer system using interdigitated array electrode
iss close proximity of the sensing element to the transducer,
kading to rapid measurement due to low diffusion times. The
plarity of cross-linked poly(ethyleneglycoldimethacrylate-co-
inylpyridinium) material may promote the penetration of the
ICAA to polymer, and it may also enhance the permeation
ff water in the polymer matrix leading to an easier diffusion
fTCAA into polymer. Hence the sensor responds quickly. Tt
ypears that the penetration of water into the MIP film is easier
ban into the NIP film, as is evident from the initial baseline of
gnsors, in Fig. 5.

As can be seen, following repeated incremental additions of
ICAA, there 1s a decrease in the resistance of the MIP sensor
kiee Fig. 3). The effect of various concentrations of TCAA on
teresistance signal of NIP-based sensor is negligible. This sug-
psts that the interaction of TCAA with the MIP fabricated in
gnsor could be measured in an aqueous solution. Also non-
pecific binding does not seem to affect conductivity of the
gnsor to a great extent. Apart from this, the rebinding of TCAA
tthe imprinted sites is taken into account to explain the increase
¥ sensor conductivity. In an aqueous medium, hydrogen bond
meraction of MIP and ligand is weak. This is due to the distur-
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§.3. Signal response of: () reference sensor and (b) MIP sensor to subsequent
Witions of TCAA at 1 kHz.

bance of water, so that it is clear that the main force of binding
between the MIP and TCAA in water solution is derived from
ionic interaction between the deprotonated carboxylic group and
functional monomer. The formation of ion-pairs between TCAA
ions and the vinylpyridinium ions of the imprinted polymer
causes charge transfer interaction within the MIP. Consequently,
the conductivity of the MIP film is likely to be generated by the
overlapping electron w-orbitals which form extended conduc-
tion and valence bands. Ordinarily, charge transfer complexes
have an anisotropic quasi-one-dimensional w-conducting struc-
ture with a delocolized charge carrier, while their chain structure
leads to a strong coupling of electron states and to conforma-
tional excitations to quasi-one-dimensional system [13,19].

3.4. Effect of experimental parameters on the sensor signal

Since the sensing element of MIP-based sensor demonstrates
a semiconducting polymer property and factors such as applied
frequency, temperature and electrolytes are_expected to have
an effect on the conductivity of the semiconducting polymers
[18,19]. Therefore varation in these factor may affect the signal
response of the sensor.

3.4.1. Effect of applied frequency
The effect of the applied frequency on the resistance response
of MIP-based sensors was studied over an ac frequency range

. 0.1-1000kHz using TCAA concentrations up to 70pugl™?

(Fig. 6a). The results show that increasing the applied fre-
quency decreases the electrical resistance of the sensor at all
concentrations of TCAA used (0~70 pg1~!). The resistance at
lower frequencies represents the electron diffusion processin the
poly(VPD-co-EDMA,) film. As shown in Fig, 6a, the resistance
of the sensor is sensitive to the presence of TCAA molecules
in the solution, and on the applied frequency. The resistance
variation on the addition of TCAA at the high frequency region
was shown to be lower than that at the low frequency region. A
reasonable signal response of sensor was obtained in the ac fre-
quencies ranging 1-10kHz. A frequency of 3 kHz was therefore
chosen for operating the sensor in all remaining experiments.

3.4.2. Effect of experimental temperature

The influence of variation of the experimental temperature on
the resistance response of the sensor upon exposure to TCAA
(200 pgl™!) was investigated over the temperature range of
299-333 K. AsseeninFig. 6b, the resistance of MIP sensor grad-
ually decreases with increasing temperatures from 299 to 333 K.
In contrast, the NIP-based sensor shows only a slight effect
of temperature on the resistance at temperatures between 299
and 323 K, atthough the resistance of the sensor at the elevated
temperature 333 K is much lower. As MIP and NIP films were
prepared with the same monomer composition, differences in
the conductivity behaviour are thus due to the imprinting effect.
The electrical conductivity of MIP sensor obeys the Arrhenius
equation:

L_a _E“) (1)
2 PP\ RT
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4 (a) Effect of the ac frequency on the resistance responses of the MIP sensor al various concentrations of TCAA. Measurements were carried out at room
ratuse. (b) Effect of temperature on the resistance response upon 200 pg 1! of TCAA for: reference sensor (dashed lines) and MIP sensor (thick Lines), at
sfrequencies. Top right is Arrhenius plot for the electrical conductivity of MIP electrode. (¢} Effect of NaCl on the resistance shift response of {a) MIP sensor
B reference sensor at 3 kHz and at room temperature. Responses were inittated by the addition of 200 ngl=! TCAA.

e A is the pre-exponential factor, E, the activation energy,
£ gas constant and T is the temperature (see Fig. 6b, top
# A 35 K increase in temperature above room temperature,

wsistance of the MIP-based sensor decreased from 107 to.

f. The results obtained confirms that the MIP has semicon-
ive like behaviour of m-type conjugative polymers [19-21}.
#rdingly, the main effect of temperature variations on the
Aictivity of the MIP sensor may be explained by a change
Trge-transfer as temperature varies. The activation energy
rd from the Arthenius type of temperature dependence of
bctivity in the case of the MIP sensor may be associated
lthe excitation energy for thermal generation of binding site
epolymer. The resistance change obtained at different tem-
twes also allows us to calculate the activation energy of
knding site for MIP; the activation energy of 10.2 kcal/mol
talculated from the data. The result obtained in this study
mnstrated that temperature changes could have strong influ-
son the sensitivity of the sensor. Thus, measurement using
nsor should be carried out under controlled steady tem-
fure.

{ Effect of electrolytes )

ke effect of the electrolyte on the resistance shift response
t developed sensors was investigated. The data show that
asing concentration of NaCl in sample solutions contain-
W pgl~! TCAA increases the magnitude of the sensor

responses in both MIP- or NIP-based sensors (Fig. 6¢c). The
increased conductivity observed with both MIP and NIP sen-
sors when exposed to the analyte and electrolytes (NaCl) can be
explained by the enrichment of the analyte and counter ions in
the polymer particles, which gives a high local concentration of
charged species close to the gold electrode surface in the sensing
device. It can be seen (Fig. 6¢) that there is a difference in the
200 pgl~! TCAA-signal response of MIP and NIP sensors at
every concentration of electrolyte studied. This difference seems
to be constant independent of further addition of the electrolyte.
Where the difference occurred, which is apparent in the NaCl
concentration range between 0.2 and 3.4 mg 1= (0.01-200 mM),
the conductivity response of MIP sensor was always higher than
that of NIP sensor, indicating the greater affinity with the target
analyte of the former sensor, :

3.5. Concentration dependence on signal response of
sensor

As can be seen from Fig. 7, the MIP sensor gives a signal
response primarily rising with an increase in the concentration
of TCAA, while reference sensor shows a negligible shift of
resistance response to the added TCAA. At higher concentra-
tions of TCAA (>100 pg1~!) the response of MIP sensor seems
to be constant which is probably explained by the saturation
of the recognition sites in the imprinted polymer. This suggests
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100 Table |
Calibratiun data obtained for the analysis of TCAA and five other HAAs by the
@) MIP sensor :
80 1 i & 3 -
Compound Slope R Working range LOD
2 80 (ngl™h (ngl™1)
g TCAA 38.89 0.992 0100 0.5
= DCAA 27.17 0.993 1-500 12
g %0 MCAA 24.17 0.986 5-500 50
TBAA 5.81 0.972 10-500 53
2 (b} DBAA 563 0985 40400 17
MBAA 11.20 0.987 30-400 1.2
a Six HAAs? 117.23 0.980 10400 5.0
0 1(I)0 200 300 400 500

Concentration of TCAA (ug.l)

k. 7. Concentration dependence of the sensor response to TCAA for: {a) MIP
wsor and (b) reference sensor. Each point represents the average of thrce inde-
pdent measurements. Measuremnents were carried out in distilled water at
Itz and at room temperature.

iat the adsorbed analyte produces appropriate binding of ana-
fe molecule at binding sites on the MIP fitm. The adsorption
khaviour of the MIP film fabricated in sensor can be fitted to
feLangmuir isotherm expressed as

. 2max Ke

“Trxe =

there £24ax 1S the maximum value of the resistance response
2}, K the modified adsorption equilibrium constant and ¢
ithe concentration of the analyte. Plot of 1/c versus 1/AR,
#lded a straight line with a single apparent binding constant of
13uM~!. The affinity of the TCAA-imprinted polymer for its
figinal template molecule is similar to those of the other MIPs
worted in literatures [13,22].

8. Analytical characteristics

The calibration curves constructed from the resistance shift
gameter dependency provided reasonable results. There was a
hear relationship between the shift resistance of the MIP sen-
trand the logarithm of the concentrations (logc) (R?> 0.97)of
CAA in the range of 0-100 ug1™!, and the other five HAAs
ICAA, MCAA, TBAA, DBAA and MBAA]) in the range of
-500 g 1=!, depending on the compound, and the mixture of
ual six HAAs in the range of 10400 pg 1!, The calibration
ita are shown in Table 1. The limits of detection as obtained
wording to 35p/m criterion, where m is the linear calibration
td S, were estimated as the standard deviation (n=3) of the
gnal response for HAAs, were in the range 0.5-5 pgl™! for
k various HAAs. The US Environmental Protection Agency
BEPA) [23] has set a maximum contaminant level of 60 pg 1~
tthe five commonly occurring acids namely TCAA, DCAA,
iCAA, DBAA and MBAA in the stage 1 of the disinfection by-
mduct regulation. Again, this is to be lowered in the coming
ars to 30 pg 17!, Within this regulation, DCAA should never
tpresent, and TCAA concentrations should not be more than
lug 7! [24]). The MIP electrode can thus detect HAAs at con-
ntrations well below the maximum permitted concentrations.

? Refers to TCAA, DCAA, MCAA, TBAA, DBAA and MBAA altogether,

The stability of the MIP electrode has been investigated by
repeating measurements of the sensor response to HAAs. The
results revealed that a single MIP electrode was operated repeat-
edly more than 50 times with reliably reproducible detection
signals and the electrode could be stored at room temperature
more than 3 months without showing any loss of sensitiv-

ity.
3.7. Selectivity af the sensor

To assess the overall selectivity of the MIP electrode, the
effects of structurally related haloacetic acid compounds such
as DCAA, MCAA, TBAA, DBAA, MBAA and non-haloacetic
acid compounds such as malonic acid and acetic acid, on sen-
sor conductivity were examined. The results revealed that the
NIP sensor exhibited relatively little response to both haloacetic
acid and non-haloacetic acid compounds (data not shown}. For
the MIP sensor, non-haloacetic acid compounds, either acetic
acid or malonic acid, in the 10-500 pg 1! concentration range,
generated negligible change in the electrical conductivity sig-
nal of the sensor (see Fig. 8). This indicates a definite imprint
effect of the MIP coated on electrodes. On the other hand the
concentrations of structurally related haloacetic acid compounds
resulted in significant shift of the resistance of the sensor. The
results indicate that the HAA analogues are capable of induc-

100
751
TBAA

g
E 50
o
5 MBAA

25 {

04 acetic acl!d L ::aja_lggic acid
0 05 1 1.5 2 2.5
iogC (ug.I")

Fig. 8. Calibration curves for TCAA, DCAA, MCAA, TBAA, DBAA and
MBAA obtained in the steady state on-line system using the developed MiP
SEnsor.
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ichanges in the conductivity of MIP due to their having a
whility of locating in the TCAA-imprinted cavity, but at dif-
ntdegrees of fitting for each analogue. Calibration curves in
j8show that the chloro-HAAs all have about the same slope,
ihe response to the bromo-HAAs of the sensor is much less
fiive, This is clearly due to the bromo-analogues not fitting
ythe binding site very efficiently because bromide is much
grthan chloride. When the selectivity pattemn of the sensor
idetermiined, by comparing the value of maximum resistance
pnse obtained for analogs to that for TCAA, it was found that
etivity of sensor decreases with weakening of the electroneg-
ity of HAA and with an increase in the size of compounds.
tspecificity shown with the MIP sensor could be explained
de basis of ion-ion interaction combining to size and shape
mory to the template. The selectivity value for DCAA was
ighest (349%), but also significant for MCAA (93%), MBAA
%), TBAA (78%) and DBAA (66%) indicating that the assay
spoup specific rather than analyte specific and thus suitable
ietection method for this group of HAAs. Since the selec-
yvalues of HAAs (particularty MBAA, TBAA, DBAA) are
tively low than those for DCAA, MCAA and TCAA, there
|be a possibility of inter-anionic competition for receptor in
fravity, and TCAA could have preference over other five
tanalogs in terms of rebinding,

Sample analysis

e haloacetic acid conductometric sensor was used as an
ytical toot for haloacetic acid determination in four water
yles, including three brands of commercial bottled water
a8 251 containers) and a municipal tap water (with home
gion system). These water samples were assayed directly.
dibration curve of TCAA alone was prepared in range of
gatration 0.5-10 pgl~! and compared to that measured
;HAA in the samples. A method for analysis of HAAs

ter, LLE-GC—ECD recommended by the USEPA [25]
bhod 552.2) was also used to verify the amounts of HAA

# samples as obtained by the conductometric sensor. The ‘

jhs obtained for analyses of each sample by the sensor and
gethod 552.2 are displayed in Table 2. The measurement of
4s with the USEPA method revealed that only TCAA was
ained in the samples. The results for HAAs analysis by the
wr method was in excellent agreement with that obtained
ithe USEPA method.

tr validation purposes a recovery study was performed by
g the above water samples with increasing amounts of

]

s of haloacelic acid in water samples by the sensor method and the
] P

¥ 552.2 method [24}

P HAA concentration measured (ug ™)
The method S52.2  The sensor
Wwater A (11) 0.8 = 0.10 0.7 £ 0.00
dwater B {11} 0.9+ Q.10 0.6 £ 0.01
Wwater C (251) 1.0 £ 0.01 0.8 £+ .00
thitration system (home) 1.2 + 0.07 1.2 £ 0.02

Table 3

Recovery data from analysis of haloacetic acids in water suamples after spiking with either TCAA or a series of HAAs at various concentrations by the sensor methad

Measured® (g IL') after adding HAAs (%Recovery)

Conceatration of
HAA in water

Sample

sample® (pg1=1)

BE 17% added (totul six HAAs)!

pe )~ added (TCAA)

30.04

Total 83.87

Totul 26.67 Total 55.33

90.39

60.56

311 £ 10101+ 1)
34 £ 072002+0.0)
31.0 £ 061 {100+ 1)
321 +£ 0.92{103+0.0)

y the USEPA method 552.2 (mean £ S.D.. n
3). The value in parenthesis is mean percent recover

878 £ 1.6(104£ 1)
85.5 4 (.69 (101 + 1)

SB8 £ 22(10542)
379+ 120010312

95.1 £ 2.1¢104+£2) 273 £ 056 (100£0.0)
27.6 4 0.62 (100 0.0)
579 £ 084(103£1)

943 & 1.5 (103 1)

ol4 £ 1.2(106+ 1)
634+ 1.7(103+ 1)

08 £ 10

Bottled water A (1 1).

0.9 £ 0,10

Bottled water B (11

88.9 & 1.7 (105:k 1)
872+ L4103+ 1)

940 £ 24(103 £ 1) 276 = 041 100+ 0.0)
27.5 £ 025(%910.0)

622 £ 0.92(1014£1)
63.6 £ 091{103% 1)

1.0 + 001

Bottled water C (251

57.5 £ 0.83(102t

940 £ 140103 L 1)

1.2 £ 0,07

Water filtration system (home)

3). Note that only TCAA was detecled in afl samples.

* HAA concentration measured b

© Mean value £ RS.D. (n

y of three independent measurements using only one electrode.

, DCAA, MCAA, TBAA, DBAA and MBAA altogether.

¢ Total six HAAs cefers to TCAA

]

Expected concentrutions are amounts added plus the arnounts already present in the water sample.
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tther TCAA (30, 60 and 90 g 1) or a mixture of six HAAs
- 45,9 and 14 pg1~! each HAA, total 27, 54 and 84 pgl™!).
kecovery data for these analyses are summarized in Table 3.
& it can be seen recoveries range between 99 and 105% and
£38.D. values less than 2% were achieved with bottled water
4 B and C, and munieipal tap water spiked with a standard
olution of TCAA or total six HAASs at concentration level of
#,60 or 50 ug 17!, indicating that accuracy of assay with the
gnsor is good. It was shown that the haloacetic acid disinfection
ly-products in the real-life samples can be effectively measured
vith the sensor. .

t Conclusions

A flow-through haloacetic acid sensitive conductometric
gnsor based on the electrically-conducting imprinted poly-
r of cross-linked poly(ethyleneglycoldimethacrylate-co-4-
fnylpyridinium) on screen-printed interdigitated electrode has
ken developed for on-line testing of haloacetic acids and shows
1go0d response to trichloacetic acid template and structurally
rlated compounds. The sensor has potential for use in detect-
tg and measuring of HAAs, which are often presents in water
scomplex mixtures, The achieved sensitivity ranges and the
kiection limit show the suitability of this sensor for measur-
ig HAAs in water. Moreover, the sensor exhibited the same
wognition characteristics over 3 months when storage in dry
snditions.

With its current sensitivity, the sensor can be operated as
nearly warning system for measuring these toxic compounds
iwater sources. The sensor would be complementary with the
nditional analytical techniques used for measurement of HAAs
s well as for fast environmental monitoring of the drinking
vater.

Compared to the traditional conductometric techniques for
kloacetic acid assays this novel device offers considerable more
dvantages. Most important is on-line detection. This on-line
piential is important because other methods for measuring
IAA cannot be used on-line. The readout can be obtained within
lor 3min and sample volume requirement is low. Recently,
fmmert et al. [26] proposed criteria for consideration of an
deal analyzer that could be used to monitor five regulated
iAAs concentrations directly in drinking water distribution sys-
tms; namely it should operate in real or near real-time; provide
rthod detection limits (MDLs) in the range of 0.5-5 pgl~!
ith mean percent recoveries of 100:k 5% and percent rela-
ive standard deviations (%R.S.D.) of less than 10%: not sutfer

ivm total organic carbon interferences (i.e. acetic acid and mal- -

vic acid); be principally antomated; require fairly low operator
il level; be compared directly with USEPA methods in real
irld situations; be inexpensive. Our proposed sensor practi-
dlly meets ali of these criteria. A patent for this developed

sensor has been applied for in Thailand (ref No. 107046), and a
worldwide patent application will follow.
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ktract

In alternative screening method for haloacetic acids (HAAs) disinfection by-products in drinking water is described. The method is based on
nse of piezoelectric quartz crystal microbalance (QCM) transducing system, where the electrode is coated with a trichloacctic acid-molecularly
pinted polymer {TCAA-MIP). This MIP comprises a crosslinked poly(ethyleneglycoldimethacrylate-co-4-vinylpyridine). The coated QCM is
bto specifically detect the analytes in water samples in terms of the mass change in relation 1o acid-base interactions of the analytes with the
P The TCAA-MIP coated QCM showed high specificity for the determination of TCAA. in aqueous solutions containing inorganic anions, but
gnsitivity reduced in water samples containing hydrochloric acid due to a mass loss at the sensor surface. Cross-reactivity studies with HAA
logs (dichloro-, monochloro-, tribromo-, dibromo-, and monobromo-acetic acids) and non-structurally related TCAA molecules (acetic acid
imajonic acid) indicated that recognition of the structurally related TCAA compounds by the TCAA-MIP-based QCM is due to a carboxylic
#functional group, and probably involves a combination of both size and shape selectivity. The total response time of sensor is in the order of
Inin. The achieved limits of detection for HAAs (20-50 pg i~!) are at present higher than the actval concentrations found in real-life samples,
thelow the guidelines for the maximum permissible levels (60 pg1~* for mixed HAAs). Recovery studies with drinking water samples spiked
thTCAA or spiked with mixtures of HAASs reveated the reproducibility and precision of the method. The present work has demonstrated that
tproposed assay can be a fast, reliable and inexpensive screening method for HAA contaminants in water samples, but further refinement is
qired to improve the limits of detection.

006 Elsevier B.V. All rights reserved.

ywords: Haloacetic acids; Disinfection by-products; Molecularly imprinted polymer; Quartz crystal microbalance

Introduction : acid (DBCAA), represent the second most abundant DBP

species in chlorinated drinking water HAA disinfection by-
Chlorination, the most widely used disinfection process for  products are usually present in water as a complex mixture,
mking water, produces two classes of disinfection by-products  with a large proporiion of DCAA and TCAA [3]. They are
BPs); wihalomethanes and haloacetic acids [1,2]. After tri- of great concern to public health, owing to their potential car-
lomethanes, haloacetic acids (HAAs) which include the cinogenic [4] and mutagenic effects [5]. Several previous DBP
lowing nine compounds: monochloroacetic acid (MCAA),  studies have focused mainly on the ingestion route of exposure
hloroacetic .acid (DCAA), trichloroacetic acid (TCAA),  to THMs, and todate THMs are monitored regularly in drinking
mobromoacetic acid (MBAA), dibromoacetic acid (DBAA), water [6-8], whilst the presence of HAASs in water was rather
omoacetic acid (TBAA), bromochloroacetic acid (BCAA),  disregarded. Evidence for the widespread occurrence of HAAs
torobromaoacetic acid (DCBAA), and dibromochloroacetic in environmental waters around the world is increasing [%-10].
Additignally, it is now clear that levels of THMs are not consid-
ered to be a good indicator of the levels of HAAs [11]. Recently,
‘Corresponding auther, Tel.: +66 74 288862; fax: +66 74 428239, however, potential health risks to humans from long term expo-
Email address: roongnapa.s @psu.ac.th (R. Suedee). sure to particular HAAs has led to increased efforts to monitor

9914043 — see front matter © 2006 Elsevier B.Y. All rights reserved.
110.1016/.1alanta . 2006.04.033
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and reduce their concentration in drinking waters [12]. Since
determination of HAAs is quite a new environmental concern,
few references are available dealing with development of lig-
uid chromatographic methods for their analysis, The standard
methods for determination of HAAs (such as ion chromatogra-
phy, GC-ECD), GC-MS) are time consuming, complicated and
costly for routine analysis of drinking water. A fast, simple and
inexpensive analysis method is needed in order to complement
these established sophisticated analytical techniques. The pri-
mary aim of the curreat study is to iavestigate the development
of such a technique, with a view to eventually developing an
on-line rapid screening method.

Electrochemical detection has been recognized as a useful
method for organic acid analysis. However this technique can-
tot be used for monitoring HAA concentrations directly in water
[13,14]. Although several non-crosslinked conducting poly-
mers, such as poly(pyrrole) [ 15} or poly(vinyl chloride) incorpo-
rting the selective molecule such as polyoxyanion macrocyclics
[16], have been used as a tool for the detection of organic ions in
tlectrochemical analysis systems, none of these have shown suf-
ficient specificity for the analytes. Recently, a conductometric
sensor specific to the group of haloacetic acids (HAAs) has been
developed by our research group [171.-The detection system of
this sensor was based on molecular recognition of the analytes by
tpolymer prepared by a molecular-imprinting polymerization
kchnique with a transduction of polyvinyl chioride merbrane
wpport. Molecularly imprnted polymers (MIPs), which rec-
ngnize target molecules with size and shape-complementary
wavities are becoming an important class of sensing materials
dve to their molecular recognition ability and good stability
18]. These artificial receptors have been incorporated in sev-
#al transducing systems, such as electrochemical, piezoelectric
and optical [19--22]. )

During the last decade, the introduction of polymer selec-
livity by the molecular imprinting technique has been made
mostly with crosslinked polymers rather than non-crosslinked
polymers. The reason is that the former polymers give greater
stability and certainty of recognition. The most commonly
used crosslinking monomer, ethylene glycol dimethacrylate
(EDMA), has potentiat for molecular-imprinted polymer synthe-
tis of organic compounds since it gives high molecular recogni-
tion to the polymer with good stability of the layer. However the
EDMA polymer is hydrophobic and inert, and it is not therefore
atractive to polar molecules of the analytes. Crosslinking poly-
merization of EDMA monomer with 4-vinyl pyridine (VPD)
fanctional monomer is capable of generating an electrically con-
ducting polymer [23] that would be advantageous, since the VPD
menomer will not only form the reception site in MIP matrix
Wt also make EDMA crosslink to be electrically active. This
wreases the attraction capability of the MIP produced, and per-
tps improves the mechanical properties and processibility of
¥ layer on electrode, due to the increased polarity of polymer.
haddition to this, trichloroacetic acid (TCAA), which was cho-
kn as the print molecule for this work, can be used as a doping
yent.

By making use of the molecular-imprinting polymerisation
kehnigue, with appropriate modulation of the polymer composi-

tion, the recognition material engineered should be able to detect
TCAA and structurally similar compounds directly in drinking
water. The current study was designed to show that by using the
TCAA-imprinted polymer coated quartz crystzl microbalance
(TCAA-MIP-QCM), it would be possible to specifically detect
the group of HAAs in water, using mass-sensitive measure-
ments. In this study, we have successfully synthesized TCAA-
imprinted polymer of crosslinked poly(VPD-co-EDMA) as a
spin-coated film at gold electrode surfaces, and evaluated its
interaction with six commonly occurring HAAs, ie., TCAA,
DCAA, MCAA, TBAA, DBAA and MBAA, on QCM-based
assay protacol. Since piezoelectric QCM, which is a well-known
mass detection method, offers simplicity and low cost for chem-
ical analysis, this assay method was chosen for the current study.
Unspecific conductivity effects would be minimized by a dual
QCM electrode comprising of multi-electrode structures on a
single piezo-crystal with larger electrode diameters in contact
with the liquid phase and two time smaller electrodes facing the
gas-phase, according to techniques previcusly deqcnbed in the
literatures [24,25].

2. Experimental
2.1. Chemicals and materials

Ethylene glycol dimethacrylate (EDMA), 4-vinylpyridine

-(VPD) and malonic acid were obtained from Aldrich

Chemical Company (Milwaukee, WI, USA). 2,2’-Azobis-
(isobutyronitrile} (AIBN) was purchased from Janssen Chimica
(Geel, Belgium). Trichloroacetic acid (TCAA) was purchased
from Merck K.G. {Darmstadt, Germany). Dichloroacetic acid
(DCAA}, monochloroacetic acid (MCAA), dibromoacetic acid
(DBAA), monobromoacetic acid (MBAA) and tribromoacetic
acid (TBAA) were obtained from Fluka Chemie AG (Buchs,
Switzerland). All chemicals for preparing buffer solution were
analytical grade and were obtained from Merck (Darmstadt,
Germany). All solvents were analytical grades and dried with
molecular sieves prior to use.

2.2, Immobilisation of polymer on QCM electrode

To prepare the QCM electrode, a dual QCM-pattern designed
as described in a previous study [24] was sequentially screen-
printed on each side of 10MHz AT-cut quartz disc (15 mm
diameter), using the gold screen-printing technique. The elec-
trode facing the aqueous phase had a diameter of 4.5 mm with
2.5 mm electrode on the gas-phase side. The thickness of the
gold electrode layer on each side of the quartz crystal after sin-
tering was determined by scratching with aneedle and measuring
depth of the scratches using an AFM (Digital Instruments Inc.,
Santa Barbara, CA) with a Nanotec Electrinica WSxM scanning
probe microscopy software version 3.0 Beta 8.1, which this was
found to be about 180 nin.

The procedure for immobilisation of MIP on electrodes
was as follows: 14 mg of TCAA (0.08 mmal), 34 mg of VPD
(0.32 mmot), 200 mg of EDMA (1,0 mmol) and 9 mg of AIBN
(0.05 mmol) were dissolved in 1 ml of acetonitrile. Then, the
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Jdution was purged with a stream of nitrogen gas for 1 min
ué pre-polymerisation was carried out at 65 °C for 1 min ina
uter-bath. The non-imprinted potymer (NIP) was prepared in
¢ same manner as the MIP, but in the absence of the TCAA
mplate. A crystal was spin-coated with 10 ul of the MIP solu-
monta the center of the surface of the analytical electrode with
wiation speed of 3000 rpm, following by spin-coating of 10 p
fthe NIP solution at the reference electrode. Subsequently, the
ik quartz was placed in a chamber fiushed with nitrogen gas
11 min, Polymerisation was carried out at 70°C for I18hina
i-ait oven, After the immobilizing process, the electrode was
wshed with five portions of 100 ml de-ionised water to remove
¢ template molecules. For removing the templates absorbed
the recognition sites, a washing process in deionized water
eded for at least 3 h. Finally, the electrode was dried in air for
imight. The thickness of the MIP coated films was inspected
ing an AFM method that was similar to the method employed
rmeasuring of the gold layer onto electrodes.

1. Fabrication of the sensor device

The QCM constructed with a coated TCAA-MIP and a coated
mesponding NIP gold electrode was mounted in a flow-cell
iha volume of 250 ! and placed in a thermostat at 25°C. A
me-built oscillator circuit and a self-programmed frequency
w-out were vsed with a processing software. The oscillator
yuency was measured by means of an HP 53131A frequency
unter. The response of the oscillator circuit were checked by
wuns of a HP 8372C network anatyser (Hewlett Packard, Ger-
my) to obtain data relating to acoustic damping and frequency

shifts. The sensor experiments were performed using a flow sys-
tem with a flow rate of 2 ml/min. Before making a measurement,
the sensor was stabilized by running 200 ml de-ionised water
through the cell for 3h. One hundred. milliliters of a series of
standard solutions of TCAA and analogs were run through the
cell separately. The frequency of both TCAA-MIP-QCM and the
corresponding NIP-based QCM was recorded as parallel until a
stable frequency was obtained. The water samples were anatysed
under the same condition as that used for the standard solutions.
For the sample measurement using the sensor, the response of
sensor exposed to a solution of the analyte was reported as fre-
quency shift response (—AF) which was the difference value
of frequency shift of MIP electrode and frequency shift of NIP
electrode. All measurements were performed in triplicate.

3.. Results and discussion
3.1. Performance of the TCAA-MIP-QCM

Piezoelectric quartz crystal microbalance is well known as a
remarkably sensitive mass detection method. Recently the use
of MIPs coated onto piezoelectric QCM sensing system has
attracted increase attention [19,20]. Normally, the integration
of MIP into a piezoelectric QCM sensor requires thin or ultra-
thin MIP films (nanometres) on the transducer surface. This can
be achieved in several ways; in situ electro-polymerisation; sur-
face coating {direct or spin coating) [26]; physical entrapment
of MIP particles into gel [27]; or chemical coupling of the MIP
[28]. For this work the spin-coating method was used for immo-
bilising MIP onto the QCM electrode.

0 10 20 30 40 50 60 70 &0
X[um}

)

s1. () AFM 3D 1opography; (b) AFM of a cross-section of a scratch on a 20 kHz-MIP layer, and the measured depth of the polymer layer of 870 nm which is
wnon () the plot of depth (z) vs. width (x) generated using Nanotec Electrinica WSxM scanning probe microscopy software version 3.0 Beta 8.1. Scan rue of

0Hz is used.
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Fig. 2. The effect of imprinted layer height on frequency shift of the TCAA-
imprinted coated QCM exposed to TCAA at concentration level of 100 pgl™?.

The TCAA-imprinted polymer matrix from crosslinked

ply(VPD-co-EDMA) have been produced by copolymerisa-

ion of VPD functional monomer and EDMA crosslinker in
be presence of TCAA template in acetonitrile at the opti-
tised TCAA/VPD/EDMA mole ratio (1:4:12). This polymer
anstitution did not only give high molecular recognition, i.e,
be frequency shift response to 100mgl~! of TCAA was the
lighest comparing to that of the other TCAA/VPD/EDMA
mole ratios; 1:2:12, 1:6:12, 1:8:12, 1:4:10, 1:4:15 and 1:4:18,
Wt also provided a film on gold electrode surfaces with good
tability in terms of adhesion. The low relative standard devi-
tion (2.4%, n=4) indicates good and reproducible coating.
fiscosity, conductivity and pressure fluctuations wese compen-
gted for measurements with a coated NIP gold electrode as
te reference electrode. The recorded Af before and after MIP
mmobilization was found to be 0.0196 -+ 0.0004 Hz, which cor-
rsponds to about 800 nm according to the Saverbrey equation
(5

_ fﬂzAm

o= Npy A

vhere f; is the fundamental frequency of the erystal, ¥ the modu-
bsof quartz (167 kHzcm), pq the quartz density (2.648 gem™>),
nd A is the piezoelectrically active. The film thickness cbtained
by the QCM was in good agreement with that measured by the
AFM method (Fig. 1),

A preliminary evaluation of the various layer heights for bulk
fects in TCAA-imprinted polymer of crosslinked poly(VPD-
0w-EDMA) prepared at 1:4:12 TCAA/VPDVEDMA molar ratio
ns performed by QCM measurement. The frequency shift of
kdifferent heights of imprinted layer in the range 040 kHz (or
H380 nm as measured by an AFM method), showed a differ-
t frequency shift of the imprinted layer to 100mgi~! (ppm)
LAA solution, as seen in Fig. 2. The frequency shift of sensor
fatly increased at initial layer-heights of the MIP and started
tlevel off after 20 kHz layer-height. The compensated sensor
Bponse with a 300 nm-thickness (or 20 kHz-height) of the MIP
iper for 100mg 17! TCAA solution is about 800 Hz, A mea-
iement of noise of 6 Hz allows a detection Hmit for TCAA

Time {min)

Fig. 3. Signal response of the QCM sensor with (1) NIP- and {b) MIP-coated
electrode to TCAA at concentration level of 1 mg1-!,

of about 54 ug1~! (ppb), with a signal-to-noise ratio of 3:1. A
steady response with the sensor was found within 20 min.

The effect of swelling of the MIP film on the sensor response
was also investigated. The results revealed that the frequency
responsé obtained using a 24 h-hydrated polymer (9,965 Hz) is
similar to the frequency response using from the dry polymer
(9.967 Hz) when measured in air after evaporation of water, In
general, EDMA generates an imprinted polymer that is com-
pact, inert and highly stable with respect to rigidity of polymer
structure. The negligible change in signal response of the sensor
after hydration of the MIP suggests that the imprinted structure
produced by the EDMA-based polymer is very stable.

Several buffer solutions (pH 1, 4 and 7 buffers) were tested
as background solutions for the QCM measurements. The fre-
quency changes of the MIP-based QCM for 10 mgi~! TCAA
concentration were 432, 105, 210 and 374 Hz, respectively, when
measured in de-ionised water, 0.2M HCI-KCl buffer pH 1,
0.2M phosphate buifer pH 4 and 0.2 M phosphate buffer pH
7 running solution. Hence, de-ionised water was employed as

- background solution for studying the interaction of TC AA-MIP-

QCM with HAAs in water samples, since it afforded the highest
SENSOr response.

3.2. The efficiency of TCAA-MIP coated QCM

3.2.1. Recognition of the template by the TCAA-MIP-QCM
The signal response of the QUM sensor with MIP and non-
imprinted polymer-coatings when exposed to a solution of
TCAA at a concentration of 1mgl~! is presented in Fig. 3.
The TCAA solution causes a decrease in the frequency shift
of the MIP sensor, and this effect is completely reversible after
washing with pure water, In contrast, the effect of the TCAA
solution on the frequency signal of the NIP-based sensor is
very slight. These results indicate that TCAA-imprinted poly-
mer coated onto QCM electrode affords a highly specific and
significantly strong signal response to the template in water. The
mass change of the MIP film when exposed to TCAA solution is
presumably due to the change in the mass of the polymer as tem-
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1.4 Effect of different concentration of TCAA (0~200mgI~!} on the fre-
ey shift response of the TCAA-MIP-QCM. Top right 1s Scatchard plot that
gative 1o concentration dependence of the sensor.

gecan insert itself into the imprint within the polymer matrix.
kmain force of binding between the MIP and TCAA in water
wtion might be expected to derive from acid—base interaction
tween the carboxylate anion and vinylpyridinium cation of
¢MIP. In addition the results demonstrated that dissociation
MCAA at the imprinted sites is possible in de-ionised water,
The effect of electrolytes (HCI, NaCl, KCI, KyHPO, and
HzPO4} on the signal response of the QCM sensor was stud-
1. The signal responses of the MIP-coated QCM sensor for the
wer solution containing inorganic substances (as individual}
't concentration of 0.1 mM were measured under the opti-
ized conditions. The polymer gave positive frequency shifts
ih 0.1 mM HCl (AF = +40). In contrast, frequency shifts of
eMIP ro 0.1 mM KCl, KoHPQ, or KH3PO, in water solution
ue negligible (<10 Hz). The positive frequency shift towards
£l of the MIP-based QCM electrode can be explained by a
w5 Joss effect on the sensor surface due 1o the lighter ion
mons [30]. These results demonstrated that TCAA-imprinted
ssslinked poly(VPD-co-EDMA ) coated QCM is very sensitive
wards the inorganic acid, hydrochloric acid, and this is likely
himit the application of this sensor for the assay of HAAs in
uer samples containing hydrochloric acid. Hawever the sen-
tis not affected by Na, K cation and Cl, HPO, and H,POy
fons at concentrations below 0.1 mM.

As can be seen from Fig. 4, the TCAA-MIP-QCM gives
pency shift responses correspondingly to the increasing
nted concentrations of TCAA in water. The response of the
NA-MIP-Q{CM reaches a plateau at the higher concentration
Mmg 1) of TCAA, suggesting a saturation of recognition
8 in the imprinted polymer with the template molecules.
¢ adsorption behaviour of the MIP film fabricated in the
sor can be fitted to the Langmuir isotherm. Accordingly,
achard analysis was used to estimate the binding param-
s of the polymers. The Scatchard equation is as follows:
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Table }
Binding constant (K.}, site population {(Qax) and cross-reactivity related to
TCAA (CR) of the TCAA-MIP-QCM responding to TCAA and analogs {n=3)

Substrate K, (mM D) Omax (101} CR? (%)
TCAA 10.6 18,9 100
DCAA 7.0 14.1 80
MCAA 4.0 132 66
TBAA 6.4 13.8 84
DBAA al 14,1 84
MBAA 4.3 13.2 43
Acetic acid 15 10.6 18
Malonic acid 22 126 20

* CR is the ratio of the frequency shift measured at ECsy for analog to that

" of TCAA. EC5g is the analyte concentration for which HAA binding to MIP is

inhibited by 50%,

/N TCAA] =(Qmax — @) KD, where () is the amount of TCAA
bound to the polymer, (. the apparent maximum number
of binding sites, Kp the equilibrium dissociation constant, and
[TCAA] represents the equilibrium concentration of TCAA. Kp
and Qn,x were determined from the slope of the straight line

.and the intercept of the Scatchard plot, and the binding constant

(Ka) value was obtained from the reciprocal of the Kp value.
Plot of Q/[TCAA] versus Q (see Fig. 4, top right) yielded a
straight line with a dissociation constant value (K3} of 0.094 mM
(Ka=10.60mM™") and the Omay value of 18.9nmol.

The recognition range of the TCAA-MIP-QCM was
examined using five structuratly related TCAA compounds
such as DCAA, MCAA, TBAA, DBAA and MBAA and two
non-related TCAA compounds {non-haloacetic acids) such as
-acetic acid and malonic acid as the substrates. For this purpose,
the K, and Opay of TCAA-MIP-QCM responding for analogs
were determined. The results are collected in Table 1. The
results revealed that five HAA analogs have high capability
of locating in the TCAA-imprinted cavity compare to both
non-haloacetic acids (acetic acid and malonic acid), but their
degree of fitting is tower than that of the TCAA template.
The specificity of the TCAA-MIP-QCM for each analog was
evaluated by measuring the cross-reactivity (CR) (i.e. is the
ratio of the frequency shift measured at ECs (see Section 3.2.2)

* for analog to that of TCAA). The results are shown in Table 1.

As can be seen, CR value of the template was higher than that of
other five HAA analogs. Also, there is some cross-reactivity of
the TCAA-MIP-QCM with the non-haloacetic acids, malonic
acid and acetic acid, but much lower degree than that obtained
with HAA analogs. The selectivity profile of the TCAA-
MIP-QCM for HAAs and non-haloacetic acids was in order as
TCAA>DCAA>TBAA >DBAA >MBAA >MCAA >malonic
acid > acetic acid. From the selectivity profile obtained, it seems
that the tri- or di-substituted HAAs cross-react more than
the mono-substituted HAAs, while the cross-reactivity of
chloro-HAA and bromo-HAA analogs with the same degree
of halogen substitution is not different. Thus, the recognition
of the analogs of TCAA by the TCAA-MIP-QCM is due 1o a
carboxylic group, and that this involves a combination of both
size and shape selectivity. It appears that TCAA-MIP-QCM
gives %CR value higher than 80% for four out of six HAAs (e.g.
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Table 2

Analytical characteristics of the TCAA-MIP-QCM in the QCM-h’used assay when the QCM-based assay is conducted for a HAA(s) concentration ranging from 0.1

o 100 mg 17! in de-ionised water (n= 3)

3

R? ECsy (mgl™ 1)

Compound Equation

TCAA —AF=-326.47log{(C) - 102.4 0.934 4.5
DCAA —AF=~318.7210g(C) + 109.8 0.990 15
MCAA —AF=-28975 log(C) + 148.7 0.997 19
TBAA —AF=-31283log(C) + 119.6 0.986 20
DBAA —AF= ~-316.4710g(C) +140.8 0,992 _ 23
MBAA —AF=-2927log(C)+ 144.5 0.996 25
Six HAAS® —AF=—55940]og(C)+321.7 0.996 4.5

® Refers to TCAA, DCAA, MCAA, TBAA, DBAA and MBAA altogether. .

DCAA, TBAA, DBAA and MBAA), and CR value between
70% and 60% for one-out of six HAAs (e.g. MCAA) and CR
value about 20% for non-haloacetic acids, malonic acid and
acetic acid. This result suggests that there could be a possibility
of inter-anionic competitions for recapture in TCAA binding
sites. The mechanism for determination trace HAAs of the
TCAA-MIP-QCM electrode may involve in the cooperation and
competition of favorable structures of polymer—salt complexes
formed between TCAA-MIP and six HAA anions [31}, It is
possible that HAAs have similar capability of attaining charge
balance in the polyion salts and/or similar supramotecular
arrangement within the complex as TCAA, but that TCAA has
preference over the HAAs in terms of re-binding.

1.2.2. Analytical characteristics of the TCAA-MIP-QCM in
the QCM-based assay of HAAs

Analytical characteristics of the TCAA-MIP-QCM in the
QCM-based assay of HAA were examined with a HAA concen-
tration ranging from 0.1 to 100 mg 1! in de-ionised water. The
mathematic data are shown in Table 2. The calibration curves
constructed from the frequency shift parameter (— AF) depen-
dency provided reasonable results for analysis of TCAA and
other five HAA analogs (see Fig. 5). There was a linear relation-

1000
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8001 AMCAR
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F004 mDBas
»MBAA
4 . TBAA
-600 [1 Total 6 HAAs DBAA
) . MBAA
z 500 MCAA
u
? 400 1
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-200
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fig. 5. The calibration plot of frequency shift parameter (—AF} vs. added
HAA(s) for the TCAA-MIP-QCM in the (XCM-based assay of HAAs. Each
pint represents the average of three independent measurernents.

ship between frequency shift responses of the sensor against the
logarithm of concentrations (log €) of TCAA and analogs {indi-
vidually) and the mixture of total six HAAs, R? value >0.98
with the equation shown for each analyte in Table 2. The mea-
sured ECsp value is' 4.5 mg1~! for TCAA and about 20 mg 1~
for the other five HAAs (see Table 2), calculated as the ana-
lyte concentration for which HAA binding to MIP is inhibited
by 50%. The limits of detection (LOD) according to 3Sy/m cri-
terion, where m is the linear calibration and S, estimated as
the standard deviation of the signal response for HAAs, were
between 20 and 60 wg 17} for the various HAAs (see the precise .
value for each compound in Table 3). Detection limits of TCAA
and DCAA were in the mid to low pgi~! range, The WHO has a
guideline value for DCAA (50 pugl~') and TCAA (200 pe 11
[32], i.e. water samples must not contain these HAAS at’ con-
centration above these values, TCAA-MIP-QCM can therefore
detect and measure DCAA or TCAA at concentrations below the
maximum permitted concentrations. Moreover, the LOD values
obtained for TCAA or DBAA analyses were lower than those in
the literature using conductivity or amperometry methods (with
incorporation of liquid chromatography analysis systemn) [16],
see Table 3. The LOD values for MCAA or DBAA analyses
were also lower than those in previous reports using HPLC-UV
methods [16]. When compared with the membrane sensor, using
a TCAA-imprinted polymer-deposited polyvinyl chioride mem-
brane of a previous study [17], detection limits of HAAs with
the QCM sensor were not improved (see Table .

For a mixture of HAAs in water samples, the proposed
method can be used only for assay of total HAA. The US

Table 3
Comparison of pgl~! detection limits obtained for the analysis of haloacetic
acids by the QUM and several other pubtlished methods

Analyte QCM®  Membrane  UVS4  Conductivity™?  Amperometry®?
sensor™?

TCAA 500 1.0 5.10 800 . 100.0

DCAA 600 42 3.0 16.0 10.0

MCAA 350 42 70.0 8.0 1.00

TBAA 2640 0.2 - - -

DBAA 200 0.5 © 90.0 30.0 100.0-

MBAA  30.0 50 - - -

? An on-line method.

b Cited from Ref. [17].

¢ Cited from Ref. [16].

4 Used in the conjunction with liquid chromatography.
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Tible 4

tnalysis data for HAAs spiked in two brands of commercial bottled water and a municipal tap water with home filtration system by the QCM-based assay

smpound/spiked concentration

Measored®, pg 1! afler adding HAAs (% recovery)

Bottled water from supermarket

Bottled water trom local supplier Municipal tap water®

CAA 0.l mgl~! 103 £ 0.9
TAA 10mg L' ‘ 102 + 14
Wal six HAAS® 0.12mg 1! (0.02mgl leach) 02426
btal six HAAsS 12mg ¥~ (2mgl™! each) 10114

97 £ 53 104+ 1.3
99 4+ 1.5 02 +£29
99 + 19 03 + 54
9913 97+1.7

i Expected concentrations are amounts added plus the amounts already present in the water sample (mean £ R.S.DD, n=3).

b With home filtration system.

¢ Total six HAAs refers to TCAA, DCAA, MCAA, TBAA, DBAA and MBAA altogether.

qwironmental Protection Agency (USEPA) has set a maximum
mtaminant level of 60 g1~! for the five commonly occurring
vids namely TCAA, DCAA, MCAA, DBAA and MBAA in
te Stage 1 of the disinfection by-product regulation [33]. The
mcific sensitivity and selectivity apparent with the six HAAs
wicates the possibility of using the TCAA-MIP-QCM as an
nalysis tool for measuring concentrations of HAA mixtures in
finking water samples. The stability of the TCAA-MIP-QCM
tgood, in that its analytical performance is unaffected after
king stored for more than 1 month at room temperature. The
tvantages of the method developed in this work are the ease
fthe automation of the sensor system, the low cost per unit of
msor device as well as the potential to manufacturer the sensor
tan industrial scale.

i Analysis of drinking water samples

The QCM-based assay has been applied to the group anal-
iis of HAASs in real-life samples. Two brands of commercial
htled water obtained either from a supermarket or local sup-
fier and a municipal tap water with home filtration system
kre subjected to analysis by this method. Measurement of
l4As by the LLE-GC-ECD rmethod is recommended by the
BEPA [34], and assay of samples by this method revealed
tly TCAA in the samples at concentration levels of (.8, 1.0
o 1.Ipgl™! contained in the bottled-water sample from a
wermarket, the bottled-water sample from a local supplier
ol municipal tap water with home filtration system, respec-
wely. Hence the HAA contents in the water samples were
tlow the detection limit of the sensor described in this present
ady.

Recovery studies of HAA analyses by the QCM sensor were
atied out with the samples after spiking with two different
nounts of TCAA standard solution (0.1 and 10 mg I=1) or with
emixtures of six HAAs standard solution (0.02 and 2 mg 1~ ! of
th,total 0.12 and 12 mg1~!, respectively). A calibration curve
tprepared by dissolving TCAA in de-ionised water to attain
tsolutions having TCAA (or total six HAAs) concentration
ween 0.01 and 50 mg 1! and compared to that measured for
AA alone or the mixture of six HA As in spiked samples, The
dysis data for HAA in spiked water samples by the QCM
thod are summarized in Table 4. As can be seen, recoveries
1ge between 97% and 104% and %R.S.D. values less than
¥ were achieved. The resuft demonstrates the reproducibility

and precision of the assay with the sensor for the analysis of
HAAs in drinking water samples.

4. Conclusions

Ithas been shown that TCAA-MIP-QCM can specially detect
the group of HAAs in dfinking water, using mass-sensitive
measurements. The selectivity of the QCM to HAA analogs is
satisfactory. Also, the analytical dynamic range for six HAAs
(trichloro-, dichlore-, monochlore-, tribromo-, dibromo-, and
monobromeo-acetic acids) is large. The limits of detection of
HAAs are at present higher than concentrations commonly
found in actual drinking water samples, but are well below the
maximum permissible levels of HAAs (60 pg 1!} in water sam-
ple. However, further refinement will undoubtedly improve the
limit of detection. It can therefore be concluded that the assay
with TCAA-MIP-QCM can be used as a screening method of
drinking waters contaminated with HA As. The proposed method
offers fast and cheap measurements.
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