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ABSTRACT

Thiol-functionalized gold nanoparticle chemiresistors
can respond to low-molecular weight chemicals through
changes in electrical resistance. This low-cost sensor
technology is currently being developed for multiple
applications  including  water  quality,  microbial
metabolomics, environmental monitoring, and point-of-care
disease diagnostics. Previously, chemiresistors could only
be used for gas-phase sensing, restricting their potential
applicability. We have now shown that chemiresistors can
also be used directly in liquids with the potential to screen
contaminants in groundwater and metabolites in body
fluids.
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1 INTRODUCTION

Thiol-functionalized gold nanoparticle chemiresistors
(Fig. 1) represent a class of sensors that are simple to
fabricate, have low power requirements and offer tunable
selectivity [1-5]. The chemiresistors function by a change in
electrical resistance of a gold nanoparticle film in the
presence of a chemical species (Fig. 2). The chemical
properties of the thiols that coat the gold nanoparticles
dictate the extent in which target chemicals change the
resistance of the nanoparticle film. The partitioning of a
chemical species into the thiol component of the film swells
the nanoparticle film, thereby increasing the interparticle
separation and the electron tunneling distance. Several
factors influence the chemical response of the gold
nanoparticle chemiresistors and are described by a
theoretical model that relates the response (magnitude and
kinetics) to the chemical concentration and partitioning of
the chemical between the thiol layer and water phase [6-8].

Through minimization of the size and spacing of the
interdigated electrodes in which the gold nanoparticle films
are in contact with, we have shown that it is possible to
operate such a chemiresistor sensor in a highly ionic
solution [5-14]. Previously, such devices were only known
to operate in the gas phase. This creates opportunities for a
wider range of potential applications, where it may be
beneficial to sample directly in liquids by providing access
to non-volatile chemical species.

The wuse of chemiresistor arrays, whereby the
chemiresistors are tuned with different thiol-functionalised
gold nanoparticles, allows for a semi-selective approach to
discriminating solutions of different chemicals [11, 13, 14].
These arrays of gold nanoparticles have been used for a
range of liquid-phase applications including discriminating
hydrocarbon fuels, bacterial spoilage of milk, and are
presently being investigated for human disease diagnosis.
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Fig. 1: An array of gold nanoparticle chemiresistors on a
glass microslide. Inset shows the gold nanoparticle film
deposited between microelectrodes.

2 EXPERIMENTAL

Gold band microelectrodes (nominal length of 3 mm and
width of 5 pum) with an electrode spacing of 5um were
prepared on a glass microscope slide using a standard
photolithographic technique as described previously [5]. The
electrode-patterned glass slides were pretreated with (3-
mercaptopropyl)triethoxysilane prior to deposition of the
nanoparticle film.

4-(Dimethylamino)pyridine-coated gold nanoparticles
(DMAP-Aunp) with a diameter of 5 nm were prepared by
following the procedure described by Brust and co-workers
[15] and Gittins and Caruso [16]. 1% w/v DMAP-Auyp ink
in 4% v/v N-methyl-2-pyrrolidone was then deposited on the
microelectrodes using an Autodrop inkjet printing system
(Microdrop Technologies, Germany). The thickness of the
film can be controlled by varying the volume and the
concentration of the nanoparticle ink deposited. After
evaporation of the solvent, the exchange of the DMAP
ligand with the thiol ligand was performed by immersing the
microelectrodes in a 1 mM solution of the thiol in
acetonitrile for 2 hours.
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Fig. 2: Principle of gold nanoparticle chemiresistor operation: a chemical species partitions into the thiol-functionalized gold
nanoparticle film causing swelling of the film and an increase in measured electrical resistance.

Thiol-functionalised sensors were inserted into a fluidic
system [11] whereby the sensor array could be exposed to
solutions containing analytes of interest. The responses of
the thiol-functionalized gold nanoparticle films to the
different test analytes were investigated using DC resistance
measurements. An electrical measurement system built in-
house was used where the sensors were biased at 100 mV
DC. Data were recorded with an eDAQ e-corder at 1000
points/s with eChart 5.5.6 software (eDAQ, Australia).

3 RESULTS AND DISCUSSION

Gold nanoparticle chemiresistors can be characterized
by their relative resistance change, AR/Ry, in the presence
of an analyte. We find that the relative resistance change of
the nanoparticle film upon analyte exposure, for instances
where film swelling is small, can be approximated as:

AR

oc I:)SAM/wauer c
R0

where Psamwater 1S the partition coefficient of the analyte for
the thiol self-assembled monolayer (SAM) and water, and ¢
is the analyte concentration [6-8].

When an array of different thiol-functionalized gold
nanoparticle chemiresistors is exposed to an analyte, each
sensor in the array has a unique response. The responses
form a signature that is defined by the chemistry and
concentration of that particular analyte. Statistical analyses
of these response signatures can determine whether the
analytes can be discriminated.

We have investigated several applications for the
chemiresistor array technology in liquid environments. For
instance, it has been successfully applied to the
discrimination of hydrocarbon fuels, such as crude oil,
diesel and gasoline, in artificial seawater [11, 13]. It was
observed that the 2-naphthalenethiol-functionalized gold
nanoparticle chemiresistor gave a strong response to
unleaded  gasoline  whereas the  1-thioglycerol-
functionalized gold nanoparticle chemiresistor gave a
strong response to diesel and crude oil. Based on the
responses of these two sensors alone, the unleaded gasoline
could be differentiated from oil and diesel. The use of a 16-

sensor array sensor could achieve even higher
discrimination (Fig. 3).

We have also demonstrated that gold nanoparticle
chemiresistors can operate in biological fluids in
combination with ultrafiltration membranes [14]. The use of
ultrafiltration membranes protects the gold nanoparticle
chemiresistors from fouling by large biomolecules. A
10 kDa molecular-weight cut off membrane on the
chemiresistor was found to be optimum for detecting small
analytes in a protein-loaded matrix. The sensor could also
detect the bacterial spoilage of milk by using a multivariate
statistical analysis approach on the collected data.
Pasteurised skim milk was exposed to the chemiresistor
array at various time points over a three-week period, and
the relative resistance changes were recorded. The data
revealed observable changes in the chemiresistor sensor
array responses as spoilage time increased past 16 days
(Fig. 4). Such a quick and easy screening method in the
food and drink industry could help prevent the spread of
food borne illnesses.
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Fig. 3: Principal component plot generated from
discriminant analysis of a 16 chemiresistor array response
to samples of artificial seawater spiked with hydrocarbon
fuels and a toluene control. The ellipses mark the 95%
confidence boundaries.
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Fig. 4: A two-dimensional discriminant analysis plot of the
chemiresistor sensor array response to the spoilage of
pasteurised skim milk at various days after opening while
being stored at 5°C.

Another research avenue being explored using gold
nanoparticle chemiresistors is non-invasive disease
diagnostics using human biological samples. Known
urinary tuberculosis biomarkers (o-xylene, isopropyl
acetate, 3-pentanol, dimethylstyrene and cymol) [17] were
screened using a 1-hexanethiol-functionalized gold
nanoparticle chemiresistor in both water and synthetic
urine. The biomarkers were screened over a range of
concentrations to generate titration curves from which
limits of detection were calculated. Biomarker limits of
detection in water and synthetic urine are summarised in
Table 1.We have demonstrated that chemiresistor arrays
can detect and discriminate tuberculosis biomarkers, with
limits of detection for some tuberculosis biomarkers (o-
xylene) only one order of magnitude away from clinically
relevant levels. These preliminary results demonstrate the
potential for gold nanoparticle chemiresistors to be
developed into low-cost portable diagnostic devices due to
their high sensitivity, tunable selectivity, simple fabrication
and low-power requirements.

Table 1: Limits of detection for tuberculosis biomarkers in
water and synthetic urine for a 1-hexanethiol-coated gold
nanoparticle chemiresistor.

Limit of detection

Tu_berculosis Water Synt_hetic
biomarker (ppm) Urine
(ppm)
3-Pentanol 16 22
Isopropyl acetate 12 10
o0-xylene 0.029 0.048
2,6-Dimethylstyrene 0.022 0.03
Cymol 0.009 0.007

4 CONCLUSIONS

Gold nanoparticle chemiresistors are emerging as
potential technologies for applications in environmental
monitoring, food quality control and medical device
diagnostics and are continuing to advance into new areas.
The performance of chemiresistors combined with their
simplicity and low cost makes the technology an appealing
and exciting alternative to existing methods for small
molecule detection in solution.
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