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Abstract 

 

Two distinctively different approaches to the deposition of the ultrathin gold nanowires (NWs) 

on chips for the development of the chemiresistor sensors are studied. The first approach is  the 

deposition of the pre-synthesized NWs on a chip using a microfluidic technique, and the second 

is the direct synthesis of the NWs on chips. It is shown that the 2nd approach ensures a better 

contact between the NWs and electrodes, lower resistance of the NW sensor device, and a longer 

life time of the devices. The current-voltage dependencies obtained for the chips with the NWs 

in contact with air, and aqueous solutions of NaF, NaCl, NaBr, NaI, pyridine, and dopamine 

indicate significant changes of the NWs resistance caused by sorption of halides, pyridine and 

dopamine on the NWs surface. This change of the NWs resistance can be used for quantification 

of Cl− over a concentration range of 10−5 - 10−3 M and dopamine over a concentration range of 

10−8 - 10−5 M. Tentatively, it is concluded that the data obtained can be explained in terms of the 

Langmuir adsorption isotherm. 

 

Keywords: chemiresistor, ultrathin gold nanowires, nanowires deposition, sensing halides, 

pyridine, dopamine. 

 

1. Introduction 

 

Various types of electrochemical sensors are routinely used in clinical, industrial and agricultural 

applications, in environmental monitoring, and in academic studies [1, 2]. A relatively new and 

fast developing type of electrochemical sensor is represented by chemiresistors or conductance-

based sensors. These sensors are capable of changing their resistance in response to the change 
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of the chemical composition of the sample [3-5]. This type of sensor relies on electronic effects 

at the interface, where adsorbate influences the conductivity of the surface layer of the sensing 

element of the chemiresistor by affecting the number of conduction electrons (electron density), 

n, as a result of the formation of local hybridized orbital with the metallic electronic states. 

Additionally, adsorbate molecules alter the relaxation time of electrons, , by acting as scattering 

centers for conduction electrons. Either effect change the conductivity near the surface [6, 7]. For 

a film of thickness t > lB (lB is the electron mean free path), the ratio of Δρ the adsorbate-induced 

change in the resistivity over ρB the bulk resistivity of the film can be written as [6]: 
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Here the subscript B refers to bulk values. The adsorbate effects on electronic conduction in 

metals were first described by Fuchs and Wills [8], and then by Sondheimer for the metal thin 

films [9], and a more complete model was developed in the 1990-s by Persson [6, 10, 11]. 

According to this model, the increase of the adsorbate density of states at the Fermi energy level 

of a metal leads to an increase in the resistance of the metal surface, thus predicting the tendency 

of strongly specifically adsorbed species, e.g., chemisorbed thiols on gold, to give larger effects 

than that of the weakly adsorbed, physisorbed, species. These effects are especially important for 

nanowires because of the enlarged surface-to-volume ratio. Respectively, adsorption of various 

species at the nanowire surface alters their resistivity, and this makes the basis of the 

resistometric sensing. The small size of chemiresistors, together with label-free, direct and fast 

sensing procedure make these sensors rather promising. Advances in the field of resistometric 

sensors have been recently reviewed [12]. 

The sensing elements in chemiresistors are based on various nano-structurized materials: metal 

and non-metal nanoparticles [12-17], graphenes and other ultra-thin films [18-21], and carbon 

nanotubes or those based on conducting polymers [22-27]. Chemiresistors can be successfully 

used to control CO2 [28], NO2 [21], ammonia [23, 24], and various volatile organic compounds 

[23, 29, 30] in air. These sensors are also suitable for water analysis for alcohols [16], sugars 

[31] and hydrocarbons [16, 32]. One dimensional nanostructures like nanowires (NWs) and 

nanotubes (NTs) are increasingly used in chemiresistors [33-41], in particular for H2, NH3, and 

NO2 gas detection [5], and in biosensing [44, 45]. 

In this work, we describe chemiresistors based on ultrathin gold nanowires. The approach 

utilized is based on earlier results [5, 39], where the effect of surface chemistry on electrical 
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properties of ultrathin Au NWs was explored and their functionality as chemiresistors in 

electrolyte solutions was thus shown. The results were further supported by theoretical 

considerations [46]. Furthermore, it was shown using chemisorbed alkane thiols with carboxy-, 

amino-, and methyl- functional groups that interfacial charge enhances the surface-sensitive 

resistance of the NWs [39]. Applicability of such sensors for studying interfacial properties using 

electrodes of comparable size to the electrical double layer was thus established. Thiols are 

specifically adsorbed (chemisorbed) on the gold surface, with gold thiol bonding being very 

strong with a bond energy of about 160-200 kJ mol-1 [47], where charge transfer producing Au(+) 

and S(−) (formation of Au(I)-thiolate) is hypothesized [47, 48]. Here we show that ultrathin Au 

NWs can be used as chemiresistors for sensing molecules with lower energy of adsorption (not 

chemisorbed), which was theoretically discussed recently [46] but not explored. Furthermore, we 

focus here on the techniques aimed at assembling gold NWs on sensor chips, and on the study of 

these devices as chemiresistors in samples containing halides, pyridine, and dopamine. We also 

show that for the rationalization of the chemiresistor sensor signal the Langmuir adsorbtion 

isotherm may be used. To the best of our knowledge, the aforementioned analytes so far have not 

been quantified using chemiresistors based on ultrathin gold nanowires. 

 

2. Experimental 

 

2.1. Chemicals and materials 

 

The chemicals for the synthesis of gold nanowires: HAuCl4 3H2O (99.9%), toluene, hexane, 

acetone, oleylamine (OA) (technical grade, 70%), ascorbic acid (AA), absolute ethanol, 

isopropanol, and those used for the electrochemical measurements: NaF, NaCl, NaBr, NaI, 

phosphate buffer components, pyridine, dopamine (DA) were of analytical grade (Sigma-

Aldrich). Poly(methyl methacrylate - methacrylate) 33% (PMMA-MA 33%), PMMA 50 K, 

PMMA 600K, PMMA developer AR 600-55 K were from ALLRESIST GmbH, Germany. All 

aqueous solutions were prepared with deionized (DI) water with the resistivity of 18.2 MΩ, 

Milli-Q Reference Water Purification System, France. 

 

2.2. Apparatus 

 

Electrical measurements were performed with Keithly semiconductor analyzer (model 4200 

SCS). UV-Vis spectra were recorded with spectrometer Lambda 900, PerkinElmer. The 

thickness of the resists layers were measured with ellipsometer Sentech SE800. Oxygen plasma 
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treatment was performed in a plasma oven (Diener electronic GmbH). Scanning electron 

microscopy (SEM) was carried out on a Zeiss Gemini 1550 device. 

 

2.3. Device fabrication 

 

Sensor chips as substrates for the deposition of nanowires were prepared using an e-beam 

lithography (EBL) in ISO2 clean room. A sensor chip contained the pairs of electrodes designed 

to contact the Au NWs (referred to as contact electrodes) with a spacing of 400, 600, 800 nm, or 

1 μm (altogether 30 electrode pairs), contact lines, and bond pads. The chip overview is shown in 

Fig. 1. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. The chip overview (left), the chip central part with the pairs of contact electrodes 

(middle) and a pair of contact electrodes (right). Green lines show the channel in the PMMA 

insulation layer, which was opened after the chip insulation and where the NWs were in contact 

with an electrolyte solution. 

 

 

A silicon substrate was coated with a 1 µm silicon oxide layer prepared by wet oxidation. A 

layer of poly(methyl methacrylate - methacrylate) 33% (PMMA-MA 33%), used as an electron 

beam resist, was spun at 2000 rpm over the substrate. The thickness of the resist (proved 

ellipsometrically) was 200 nm. The spin-coated electron beam resist was then pre-baked for 10 

min. Afterwards, PMMA 50 K was spun at 2000 rpm over the resist surface. The thickness of 

this new PMMA layer was of 40 nm and the sample was pre-baked again for 5 min. After that, 

the lanes to deposit the metal leads (contact lines) and the contact pads were patterned using 

EBL by applying a dose of 200 μC/cm2. The development of the electron beam resist was carried 

out for 2 min. using the PMMA developer AR 600-55 K. The process was terminated by 

immersion into isopropanol for 30 s. After that, the pieces were dried in nitrogen flow. 

Afterwards, 10 nm layer of titanium and 50 nm layer of gold were deposited over the substrate 
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by electron beam evaporation. The gold contact electrodes, leads and contact pads were formed 

by means of lift-off process. 

 

2.4. Synthesis of gold NWs 

 

The Au nanostructures were synthesized following slight modifications to the procedure [49, 

50]. According to this method, ultrafine gold nanoparticles of about 2 nm are attached to each 

other (with a very narrow size distribution) either in the solution phase and then deposited on a 

substrate, or the NWs are directly attached to a substrate. Both processes are facilitated by a 

selective removal of the capping agent from specific crystallographic facets. This allows for the 

formation of long ultrafine nanowires of uniform diameter by oriented attachment mechanism. 

For the synthesis of gold NWs, 4 mg of HAuCl4∙3H2O was added to 10 ml of toluene. Next, 80 

μl of oleylamine (OA) as a reducing and stabilizing agent was added to this mixture and 

sonicated for 10-15 seconds. The mixture turned bright yellow indicating that the gold salt gets 

dissolved forming Au(III)-amine complex. After that, the solution was heated from room 

temperature to about 100 0C, and then kept at this temperature for 30-35 min, until the color of 

the solution became pale pink indicating the appearance of small gold nanoparticles. Next, the 

solution was cooled down to 40 0C over a period of 5 – 7 min. After that, 16 mg of ascorbic acid 

was added to the solution. This invoked the grouping of small gold NPs into NWs by the 

oriented attachment mechanism [39, 51]. The solution was kept at 40 0C for 3 hours with mild 

shaking. During this time, the solution turned from pale pink to dark violet. The solution was 

then left to cool down to room temperature. UV-Vis spectra (see Fig. 2) confirm the presence of 

NWs in the solution. The peak at 550 nm refers to gold nanoparticles, and a broad peak at about 

1300 nm refers to the high aspect ratio gold NWs in the solution [52]. Formation of NWs can be 

seen also with a naked eye: dark violet color shown in Fig. 2, inset, indicates the presence of 

NWs in the solution. The diameter of the NWs obtained was 2-5 nm as shown in the AFM and 

SEM images, see Fig. 3. 
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Fig.2. UV-Vis absorption spectrum of the solution with gold nanostructures after the synthesis, 

the inset shows a flask with dark violet solution containing gold NWs. 

 

 

 
 

Fig. 3. AFM image of gold NWs on Si/SiO2 substrate. 

 

2.5. Electrical characterization 

 

The electrical characterization of the nanowires was carried out by employing a Keithly 

semiconductor analyzer. The NWs were electrically contacted through the bond pads using 

tungsten needles. The electrical characterization was based on a two-point probe measurement, 

where DC voltages were applied and the resulting current was measured. The resistance of the 

nanowires was then calculated from the current-voltage (I-V) curves. Initially, we used the 

voltages up to ± 1 V, but due to their fragile nature, the NWs were damaged by these voltages. 

Therefore, most the data were obtained using the potential ranges from -0.1 to +0.1 or -0.2 to 

+0.2 V. 

The preliminary I-V measurements were performed before the insulation of the electrodes with 

PMMA. This was done to reject chips with a poor contact between the NWs and the electrodes. 
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After insulation, I-V characterization of each device, containing the nanowires, was performed in 

air and in contact with aqueous solutions. The experiments with solutions were done using a 

drop of 20 μl of the respective solution, which was placed in the center of the chip. After each 

measurement the devices were thoroughly rinsed with Milli-Q water. 

 

3. Results and discussion 

 

3.1. Optimization of the deposition of the gold nanowires on chips: direct synthesis vs. 

microfluidic approach 

 

To deposit the NWs on chips with pre-structured electrode pairs and contact lines (as described 

in section 2.3), we have explored two techniques: (i) deposition of the pre-synthesized NWs on 

electrodes using a microfluidic channel, and (ii) a direct synthesis technique when the NWs were 

synthesized directly on the electrodes. 

In general, the microfluidic technique is more suitable for regular orientation of the deposited 

NWs, which are directed and oriented by the direction of the solution flow. This technique must 

ensure high spatial resolution and possibility to select the position of the NWs on the chip, it also 

allows for a better control of the number of the NWs deposited on the chip. We utilized two 

microfluidic channels (both made of PDMS): with widths of 100 and 500 microns, see Fig. S1 

(Supporting Information). The channels were cleaned with oxygen plasma for 5 min and then 

positioned upside down on chips to deposit the NWs. The NWs solution was passed through the 

channel by either a syringe pump with a flow rate of 100 or 200 µl/min, or by a peristaltic pump 

with a flow rate of 60, 100, 409, 550 µl/min, using either toluene or hexane as solvent. 

The best results have been achieved with the channel of 500 microns width, using a peristaltic 

pump at flow rate of 100 µl/min. Unfortunately, according to SEM images (Fig S2 in Supporting 

Information), the NWs were often deposited non-uniformly: mostly in the middle and at the end 

of the channel, with almost no NWs in the beginning, and randomly orientated, regardless of 

whether toluene or hexane was used as a solvent. Furthermore, the electric currents in the 

devices prepared by the microfluidic technique were rather low (10−12 – 10−9 A), suggesting that 

only part of the NWs deposited on the chip by the microfluidic channel technique contacted the 

electrodes, Fig S2 (Supporting Information). This is consistent with literature data [53]. Also, 

these NWs were rather unstable over time, and the output of the working devices was low. 

In method 2, to synthesize the NWs directly on the pre-structured chips with electrode pairs and 

contact lines; the latter were placed into the flask before the synthesis of the NWs (see section 

2.4), and were taken out from the solution with tweezers after the synthesis. The chips were 
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cleaned by dipping into ethanol, deionized water and acetone for 2 minutes each, and after that 

dried in air. The direct synthesis of the NWs on the chip did not ensure high spatial resolution: 

the NWs grow over the entire chip surface including the contact lines, contact pads and contact 

electrodes themselves. However, this technique ensured good contact between the NWs and the 

electrodes, also the adhesion of the NWs to the chip surface was better and the NWs deposited in 

this way were stable over 15-20 days. The SEM images of the gold NWs directly synthesized on 

the chip surface are shown in Fig. 4 and Figs. S3-S6 (Supporting Information). The electric 

current in these devices was of 10−9 – 10−6  A, thus in one to three orders of magnitude higher 

than in devices made by the microfluidic technique. 

The fact that the NWs are present not only in between the electrodes is of minor importance 

because after the deposition of the NWs the whole chip surface was insulated with PMMA 

600K, applied as a solution in ethyl lactate. The insulation layer thickness was about 220 nm. 

Due to the thermal instability and melting of nanowires at high temperatures, ethyl lactate was 

left to evaporate slowly and under mild conditions during the preparation of the insulation layer: 

for 36 h, at room temperature. The areas of the contact pads and those between the electrode 

pairs containing the nanowires were patterned by EBL using a dose of 180 μC/cm2. The 

development and the removal of PMMA from these patterned areas were performed as described 

in section 2.3, and in this way the channels (marked as green lines in Figure 1) were generated 

between the electrode pairs, leaving the NWs exposed to the environment. The geometric area of 

the opened (non-insulated) surface of the chip was ca 1∙10−6 cm2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. SEM image of the gold NWs directly synthesized on the chip surface. 
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3.2. The chemiresistor sensor response to halides and pyridine 

 

Based on the literature data [54, 55], we have chosen sodium halides (NaF, NaCl, NaBr, NaI) as 

adsorbates to study the behavior of the chips as chemiresistors. Another object of the studies was 

pyridine. Pyridine features two distinctive molecular sites: an aromatic ring and a lone electron 

pair on the nitrogen atom which can coordinate surfaces of metals. This makes pyridine an ideal 

molecule for the studies of adsorption on metals [56-58]. 

The concentration of these solutions varied within the range from 10−5 to 10−3 M. In these 

experiments, the distance between the contact electrodes in each electrode pair was 600 nm. In 

turn, the distances between the adjacent electrode pairs in the chips were 5, 10 or 20 µm. The 

volume of the solution drops casted on top of the chips for measurements was 20 μl. 

The individual resistance values of the individual pairs of the contact electrodes crossed by the 

NWs vary, however the regularities of the resistance obtained with 10 individual electrode pairs 

were the same. The increase of the distance between the adjacent electrode pairs from 5 to 10 to 

20 µm did not cause any regular change of the resistance, however the scattering of the data was 

the lowest for the electrode pairs with 5 µm distance between the adjacent pairs. Respectively, 

these results were the closest to the average values. 

The results obtained with NaF, NaCl, and NaBr solutions are presented in Figs. 5, 6. The current 

responses to the applied voltage are linear, indicating the Ohmic behavior of the gold NWs. The 

conductance of the wires in contact with 1 mM NaF is smaller than in contact with the ambient 

air, but much larger than in contact with NaCl or NaBr solutions. These results are consistent 

with the known fact that fluoride adsorption on gold is much weaker than that of other halides, 

and follows the order: F-  Cl-  Br- I- [54, 55]. 

Unlike NaF, even much smaller concentrations of NaCl and NaBr, starting from 10−5 M caused 

significant decrease of the current/voltage slope, i.e. the resistivity of the NWs increased in the 

presence of Cl− and Br−. The effect intensifies with the increase of Cl− and Br− concentration (see 

Figs. 5, 6). This allowed us to use 1 mM NaF as a background electrolyte in further 

measurements with halides. 

NWs as chemiresistors can be characterized in terms of the relative change of the resistance: the 

difference between the resistances in a sample and in a reference solution, divided by the 

resistance measured in the reference solution [3, 4, 8, 10, 40]: 
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  RefRefSample RRRRR          (2) 

 

Here SampleR  is the NWs resistance registered in contact with a sample solution, e.g. NaCl, and 

RefR  is the NWs resistance in contact with 1 mM NaF which we have chosen as the reference 

solution. Division by RefR  allows for a partial compensation of the individual properties of the 

particular NWs arrays in chips. The mean values of RR  and the respective standard deviations 

are shown in insets in Figs. 5, 6. It can be seen that RR  increases from about 0.3 for 10−5 M 

NaCl to 0.8 for 10−3 NaCl, whereas in the case of NaBr the respective change is from 3.3 to 4.2. 

Thus, RR  the relative change of the resistance in the case of NaBr is larger than that for NaCl, 

however the increase of this value along the increase of the electrolyte concentration in the case 

of NaBr is lower. Apparently, due to a stronger adsorption of Br−, the coverage of the gold 

surface with Br− is more complete even at lower concentration of Br− anion in the solution. This 

is why the RR , per se, for NaBr is higher than for NaCl, but its increase along the 

concentration of the electrolyte is lower. 

Iodide, apparently, is adsorbed even stronger: the data obtained suggest higher resistivity than in 

the presence of Cl− and Br−, see Fig. S7 (Supporting Information). Furthermore, the curves 

recorded for 10−5, 10−4 and 10−3 M NaI practically coincide. This may indicate that already 10−5 

M NaI is enough for a full coverage of the surface of the NWs. On the other hand, very low 

current (about 10−10 A) and poor response of the chips after measurements in NaI imply gradual 

destruction of the NWs in contact with iodide solutions. SEM images see Fig. S8 (Supporting 

Information) confirm a partial destruction of the NWs after contact with NaI. 
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Fig. 5. Current-voltage dependences obtained for a chemiresistor chip with 600 nm distance 

between the contact electrodes and 5 µm distances from the adjacent contact electrode pairs. The 

data refer to the electrodes in contact with the ambient air, with 1 mM NaF, and with NaCl 

solutions. The inset shows the RR  values vs. logarithm of the NaCl concentration (average 

data for the whole chip). Triangles in the inset refer to current-voltage dependences shown in the 

main figure. 

 

 

 

 
 

Fig. 6. Current-voltage dependences obtained for a chemiresistor chip with 600 nm distance 

between the contact electrodes and 5 µm distances from the adjacent contact electrode pairs. The 

data refer to the electrodes in contact with the ambient air, with 1 mM NaF, and with NaBr 
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solutions. The inset shows the RR  values vs. logarithm of the NaBr concentration (average 

data for the whole chip). Triangles in the inset refer to current-voltage dependences shown in the 

main figure. 

 

Typical results obtained for the chips with a distance of 600 nm between the electrodes in 

aqueous pyridine solutions, over the concentration range from 10−5 to 10−3 M, with 10−3 M NaF 

as background electrolyte are shown in Fig 7. One can see that the slope of the I-V curves is 

regularly decreasing with the increase of the pyridine concentration, like in the case of chloride 

and bromide. The relative change of the resistance when NaF is replaced with pyridine is large: 

approx. 4 times, but the change of this value with the increase of the pyridine concentration does 

not exceed the measurement error. Apparently, already in contact with 10−5 M pyridine solution 

gold NWs surfaces are largely covered with adsorbed pyridine molecules. 

 

 
 

Fig. 7. Current-voltage dependences obtained for a chemiresistor chip with 600 nm distance 

between the contact electrodes and 5 µm distances from the adjacent contact electrode pairs. The 

data refer to the electrodes in contact with the ambient air, with 1 mM NaF, and with pyridine 

solutions. The inset shows the RR  values vs. logarithm of the pyridine concentration (average 

data for the whole chip). Triangles in the inset refer to current-voltage dependences shown in the 

main figure. 

 

 

3.3. Dopamine sensitivity of Au NWs chemiresistors 

 

Dopamine and other neurotransmitters play a specific role in the human body [59]. The 

deviations from optimal concentration of dopamine in the body are associated with Parkinson’s 
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and Huntington’s diseases, schizophrenia, memory and learning abilities, cardiovascular and 

behavior disorders [60-62]. Those who are developing dopamine sensors have to achieve two 

primary goals: detection limit below 10−7 M, and selectivity against ascorbic and uric acids – the 

main interferences in the dopamine sensing. These are challenging requirements, and this is why 

research and development work in the area of dopamine sensors continues. Achievements and 

trends in electrochemical sensing of dopamine have been recently reviewed [63]. A very 

promising approach one is the use of the generator-collector microwell electrode array [64]. The 

use of nanowire sensors for the dopamine quantification also appears promising [65-67]. 

We recently have performed a comparative study of potentiometric and voltammetric sensing 

modes for dopamine [68]. Here we explore the possibility to measure dopamine concentration 

using a gold NWs chemiresistor based on the DA adsorption. Since (i) dopamine has to be 

measured at low concentrations, and (ii) the results obtained here with halides and pyridine 

imply strong adsorption already from 10−5 M solutions, for the measurements with aqueous 

dopamine solutions we have chosen a broad concentration range: from 10−8 to 10−2 M. Solutions 

contained phosphate buffer pH 7 containing 0.05 M Na2HPO4 and 0.05 M NaH2PO4 (PB) as a 

background electrolyte. 

The I-V characterization was done for the devices with a distance of 800 nm between the 

electrodes in the contact electrode pairs. The results are shown in Fig. 8. Similar to other agents 

studied, the increase of the dopamine concentration causes the increase of the NWs resistance. 

Since PB was used as a background electrolyte, the chip resistance in contact of PB was used as 

RefR . 

The relative change of the resistance RR  varies from approx. 0.1 for 10−8 M dopamine to 

approx. 0.7 for 10−5 M dopamine, and saturates at this level. Thus, the relative change of the 

resistance is significantly lower than in the case of bromide and pyridine, but already at the level 

of 7.0 RR  the effect gets saturated, suggesting a full coverage of the gold NWs surface. This 

apparent inconsistency may be due to two reasons. Firstly, the RefR  value for PB is about 107 Ω 

while for 10−3 M NaF it is about 106 Ω, thus the same or even higher absolute changes of the 

resistance cause lower changes in RR . Secondly, even if different species cover the gold NW 

surface to the same extent, the resulting changes of the electron scattering at the gold surface 

may be different and therefore may cause different changes of the NWs resistivity. 

The saturation of the of RR  value is observed already at 10−5 M dopamine, while when in 

contact with halides and pyridine RR  increases over the concentration range from 10−5 to 10−3 

M. This suggests significantly stronger adsorption of dopamine, and, respectively, some 

selectivity of the resistometric signal in favor of dopamine. This selectivity, however, is not 
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enough for the practical use because the excess of Cl− over dopamine in blood and urine is about 

6 to 7 orders of magnitude. Therefore, further efforts are needed to make the gold NWs 

chemiresistor suitable for practical applications. In the absence of specific interactions, e.g., as 

provided by a bioreceptor, specificity and selectivity is often a problem in the case of 

chemiresistors [13, 39]. The problem may be prospectively addressed as follows. One can try a 

classical approach: to purify the samples from the interferences, e.g. halides can be precipitated 

with Ag+. At physiological pH, dopamine is protonated. This makes possible a more advanced 

approach: the chip must be equipped with an additional “gate” electrode, which can be placed 

either in the solution or structured on a chip next to the NWs contact electrodes and which will 

allow for shifting the potential of the NWs surface to the negative values by the electric filed 

effect. In this way, dopamine will be even more attracted to the NWs while halides and other 

anions will be repelled electrostatically. 

 

 
 

Fig 8. Current-voltage dependences obtained for a chemiresistor chip with a 800 nm distance 

between the contact electrodes and 5 µm distances from the adjacent contact electrode pairs. The 

data refer to the electrodes in contact with PB and with PB + Dopamine solutions. The inset 

shows the RR  values vs. logarithm of the dopamine concentration (average data for the whole 

chip). Triangles in the inset refer to current-voltage dependences shown in the main figure. 

 

An overview of the analyte behavior for variations in the electrical resistance of the nanowires in 

solutions of the studied species is presented in Table 1. 
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Table 1. Variation in the electrical resistance (∆R/R) of the Au nanowire devices after exposure 

to halides, pyridine and dopamine solutions. Value n refers to the number of the measurements 

used to obtain the average and the standard deviation of the ∆R/R. 

 

RR /  

Concentration 

(M) 

Cl− 

n=14 

Br− 

n=11 

Pyridine 

n=10 

Dopamine 

n=10 

10−8    0.11±0.07 

10−7    0.24±0.04 

10−6    0.39±0.05 

10−5 0.35±0.24 3.25±0.90 4.03±0.42 0.70±0.05 

10−4 0.50±0.35 3.23±0.94 4.06±0.57 0.68±0.06 

10−3 0.80±0.40 4.18±1.10 4.27±0.38 0.77±0.04 

10−2    0.78±0.04 

 

 

It appears useful to consider the obtained data also in the terms of conductance. The results are 

presented in Fig. 9. One can see that the NWs conductance is strongly dependent on the 

dopamine concentration up to 10−5 M dopamine, and at higher concentrations the effect is 

saturated. Furthermore, within the concentration range from 10−8 to 10−5 M the conductance is 

roughly linear dependent on the logarithm of the DA concentration (straight line 1 in Fig. 9). 

This appears very promising for a practical application of such devices as dopamine sensors. 
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Fig. 9. Conductance of the NWs chips in contact with dopamine solutions with PB as a 

background electrolyte. Straight line 1 represents the linear regression of the data for 10−8 to 10−5 

M dopamine. Sigmoidal line 2 is the result of fitting the data to Eqs. (3) and (4). 

 

Conductance of nanowires is dependent on Θ: the coverage of the NWs surface by the adsorbed 

species. According to the Langmuir adsorption model, the dependence of Θ on logarithm of the 

species concentration forms a sigmoidal curve also containing a linear domain. Therefore, we 

tried to rationalize the dependence of the NWs conductance in contact with dopamine solutions 

using a simple model based on the following assumptions: (i) the experimentally measured 

conductance of the NWs array on a chip is determined by the coverage of the NWs surface with 

the adsorbate; (ii) the surface coverage obeys the Langmuir isotherm equation. These 

assumptions allow describing the conductance as follows: 
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In Eq. (3) G is the experimentally measured conductance, GPB is the conductance when the NWs 

are equilibrated with the PB solution, GDA is the conductance when the NWs are covered with 
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Langmuir adsorption constant for dopamine on gold, and CDA is the dopamine nominal 

concentration in solution. 

Use of the nominal concentration values of dopamine implies that solution is not depleted in 

dopamine by sorption on the NWs surface. According to [69] the dopamine saturation coverage 

on gold surface equals 6.4∙10-10 mol cm2 . Given the chip/solution contact area in our case was 

1∙10−6 cm2, and the volume of the solution drop was 20 μl, this means that even in the case of 

10−8 M dopamine solution the fraction of dopamine molecules adsorbed on gold surface did not 

exceed 0.3%. Thus, the equilibrium concentration of dopamine in solutions was equal to the 

nominal concentration, and therefore the latter can be used as CDA in Eq. (4). The best fit of the 

experimental data (blue line in Fig. 8) was obtained with the following parameter values: GPB = 

9.0∙10−8 S, GDA = 6.8∙10−8 S, and KDA
ads = 1.8∙106 M−1. Intuitively, the value KDA

ads = 1.8∙106 

M−1, as well as the respective value of the free energy of adsorption of approximately -36 kJ 

mol−1, appear fairly high. On the other hand, our estimate is not too far from KDA
ads = 4.36∙105 

M−1 for the adsorption of dopamine on gold reported elsewhere [69]. 

 

Conclusions 

 

Direct synthesis of ultrathin gold NWs on chips appears to be a promising approach for the 

preparation of chemiresistors due to better contact between the NWs and electrodes, and a higher 

stability of the NWs on chips if compared with the NWs deposition by the microfluidic 

technique. 

Adsorption of chloride, bromide, pyridine, and dopamine on the gold NWs surface causes 

significant changes of the NWs resistance, and these changes may be used as the sensor signal 

for quantifying some of these species, in particular chloride and dopamine, in aqueous samples. 

The chip conductance may also be used as the sensor signal. Tentatively, we conclude that the 

linearity of the conductance response to dopamine vs. the logarithm of the dopamine 

concentration can be related to the Langmuir-type adsorption of dopamine on the gold NWs 

surface. 

On the other hand, at least at the current stage, chemiresistors based on the ultrathin gold NWs 

deposited on chips are very fragile and difficult to provide reproducible results. Additionally 

they are not stable enough over time, with the life time of about two to three weeks. Further 

significant efforts are needed to address the aspect of selectivity and to make these sensors 

reliable, precise, and long-lasting. 
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