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A novel micro-needle sensor based on gold nanoclusters (AuNCs) immobilized with conducting polymer film poly
(3,4-ethylenedioxythiophene)-poly(sodium 4-styrenesulfonate) (PEDOT-PSS) was fabricated for determination of
iron in coastal waters. The unique aciform structure of the micro-needle electrode (MNE) provided larger specific
surface area than common electrodes. The surface modification of MNE with PEDOT-PSS improved the con
ductivity of the electrode and increased the active sites for combination and immobilization of AuNCs. The
cluster-like structure of AuNCs was formed as a result of the regulation of PEDOT-PSS, which showed excellent
electrocatalytic activity for the reduction of Fe3+. The so-fabricated AuNCs/PEDOT-PSS/MNE showed excellent
sensitivity, selectivity, reproducibility, and repeatability for iron determination with the linear range of
0.01–5 μM and detection limit of 3.1 nM, respectively. Furthermore, the micro-needle sensor was successfully
used for the determination of acidified dissolved iron in a coastal river from the source to the estuary with
satisfactory results.

1. Introduction
As one of the common and essential metal micronutrients, iron (Fe)
plays an important role in plant metabolism by participating in the
electron transport, chlorophyll synthesis, nitrate reduction, photosyn
thesis, respiration, and so on [1]. It has been reported that Fe also at
tracts the interest of scientists due to its important role in the marine
biogeochemical cycling process [2–4]. More importantly, Fe is also
regarded as one of the growth-limiting factors for microorganisms and
phytoplankton, which may have a relationship with the dominant
phytoplankton species and red tide [5]. The biogeochemical effects of Fe
depend largely on both its concentration and speciation [6]. In natural
waters, Fe exists in different species and total Fe includes Fe ions (Fe2+
and Fe3+), inorganically and organically complexed Fe, colloidal Fe, and
particulate Fe [6]. Fe free ions and complexed Fe are differentiated as
dissolved fraction and the others are particulate fraction. Acidification
could release the unstable Fe by destroying the Fe-complexes and

leaching the Fe in colloidal and particulate matters. The proportion of
acidified dissolved Fe (ADFe) to total Fe is decided by the content and
varieties of dissolved organic ligands in complex environmental water
samples, and ADFe is more responsive to its bioavailability [7]. On the
other hand, concentrations of ADFe in river water, coastal seawater and
oceanic water are significantly different, and the biogeochemical pro
cess of Fe in coastal waters is much more complex owing to the terrig
enous input and human activity [8]. Therefore, it is of significant to
develop an accurate and simple method for the quantitative determi
nation of ADFe in coastal waters.
Among a variety of analytical techniques for the determination of Fe,
the electrochemical cathodic stripping voltammetry (CSV) is recognized
as a promising method with the advantages of high sensitivity, simple
analytical processes, fast detection speed, portability, and potential for
in situ or on-site detection [9]. In the past decades, mercury electrodes
were widely adopted as working electrode for Fe determination with
different complexing agents such as 2-(2-thiazolylazo)-p-cresol (TAC)
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[10], 1-nitroso-2-naphthol (NN) [11], 2,3-dihydroxynaphthalene (DHN)
[12], and others [13] added to decrease the detection limit (LOD).
However, drawbacks of mercury in toxicity, storage and disposal make
the mercury electrode limited in wide application [14]. In recent years,
more and more chemically-modified electrodes have been developed for
the voltammetric determination of Fe in different water samples
[15–17]. However, considering the complex matrix conditions of coastal
waters, continuous development of novel electrodes with high sensi
tivity and stability for the determination of Fe is still urgently required.
Recently, stainless steel micro-needle electrode (MNE) made of
stainless steel acupuncture needle has been developed for electro
chemical detection of different small biomolecules and inorganic ions
due to their unique aciform structure, easy operation, high chemical
stability, and large specific surface area [18–21]. MNE provides a
promising electrochemical sensing platform due to its large specific
surface area for modification of different functional nanomaterials and
high hardness for potential in situ monitoring applications. Additionally,
acupuncture is a traditional Chinese medical technique by inserting
acupuncture needles into the body acupoints, and sometimes electric
current is also applied. Therefore, chemical stability is a very important
characteristic for acupuncture needles. So, the MNE made of stainless
steel acupuncture needle also has the advantage of high chemical sta
bility, which is exactly suitable for the electrochemical detection
applications.
Nowadays, in order to improve the performance of the working
electrode, nanomaterials have been widely adopted to fabricate the
chemically modified electrodes [22,23]. As one of the star modification
materials, gold nanomaterials have been successfully used for Fe
determination with the advantages of high catalytic activity, good
biocompatibility, and fast electron transfer rate [24–26]. However, the
surface of stainless steel MNE is too smooth to load the gold nano
materials firmly, so the surface modification of MNE is clearly needed
[27]. Recently, German et al. described the formation of conducting
polymers such as polyaniline, polypyrrole, polythiophene and their
hybrid nanomaterials by enzymatic polymerization method [28,29].
Inorganic nanoparticles (e.g., Au or Ag nanoparticles) could be
embedded into these conducting polymers with excellent properties
such as high stability. Poly(3,4-ethylenedioxythiophene)-poly(sodium
4-styrenesulfonate) (PEDOT-PSS) is another conducting polymer
which has been usually utilized for the surface modification of elec
trodes because of its outstanding conductivity and stability [30–32].
Some composites based on PEDOT-PSS and Au nanomaterials have been
fabricated for sensing of different small biomolecules including NADH
[33], caffeic acid [34], H2O2 [35], and tyramine [36] with excellent
performance. Except for the improvement of conductivity, the
PEDOT-PSS on MNE surface can provide more active sites for the com
bination of gold nanomaterials to improve the stability of the
micro-needle sensor.
In this work, cluster-like gold nanomaterials (AuNCs) were immo
bilized on the conducting polymer PEDOT-PSS modified MNE to fabri
cate the novel electrochemical sensor (AuNCs/PEDOT-PSS/MNE) for the
determination of Fe in coastal waters. The unique aciform structure of
MNE provided larger specific surface area and the PEDOT-PSS provided
the improved conductivity and more active sites for the combination and
immobilization of AuNCs which had excellent catalytic activity towards
the electrochemical reduction of Fe3+. The so-fabricated AuNCs/
PEDOT-PSS/MNE provided remarkably improved performance for the
voltammetric determination of Fe3+. Additionally, the developed microneedle sensor was also successfully used for the determination of ADFe
in a coastal river from the source to the estuary.

Sigma-Aldrich. Chloroauric acid (HAuCl4⋅4H2O) was purchased from
Sinopharm Chemical Reagent Co. Ltd., China. The stock standard solu
tion of Fe was supplied by Acros Organics. Buffer solutions with different
pH were prepared with 0.1 M acetic acid and sodium acetate, and
adjusted with HCl. All the reagents were analytical-grade chemicals and
used without further purification unless otherwise stated. Stainless steel
acupuncture needles purchased from Suzhou Medical Supplies Factory
Co. Ltd (Suzhou, China) were used as the micro-needles to fabricate the
MNEs. Silicone rubber obtained from Liyang Kangda Chemical Co. Ltd
(China) was used as the insulating and sealing material. Deionized water
(18.2 MΩ cm specific resistance) obtained from a Pall Cascada labora
tory water system was used throughout the experiment.
2.2. Apparatus
The morphology characterization of different MNEs was conducted
with the scanning electron microscopy (SEM, Hitachi S-4800 micro
scope, Japan). Energy dispersive X-ray spectroscopy (EDS HORIBAEX350, Japan) was used only for the element analysis. Electrochemical
Work Station (CHI 660E, CH Instruments, Shanghai, China) was used for
all of the electrochemical experiments. The developed AuNCs/PEDOTPSS/MNE served as the working electrode, an Ag/AgCl (3 M KCl) was
adopted as the reference electrode, and a platinum foil was used as the
counter electrode. All potentials were measured with respect to the Ag/
AgCl reference electrode.
2.3. Preparation of the AuNCs/PEDOT-PSS/MNE
Scheme 1 shows the fabrication process of the AuNCs/PEDOT-PSS/
MNE for the detection of Fe3+ in coastal waters. Firstly, the MNE was
prepared according to our previous work with minor modification [20].
Simply, the stainless steel needle was covered with the silicone rubber
which acted as insulating and sealing material, and only the needle tip
(about 1− 2 mm) was left as the sensing surface and the needle handle as
the electrode connection. Then, the surface modification of MNE with
PEDOT-PSS (PEDOT-PSS/MNE) was achieved by cycling the potential
between − 0.8 and 1.3 V in the aqueous solution with 0.01 M EDOT and
PSS for 60 circles at the scan rate of 50 mV/s. Lastly, the
AuNCs/PEDOT-PSS/MNE was prepared through potentiostatic deposi
tion method in 2 mM HAuCl4 solution with the deposition potential and
time of -0.3 V and 120 s, respectively. The AuNCs/PEDOT-PSS/MNE was
obtained eventually after the cleaning and drying processes at room
temperature.
2.4. Preparation of coastal water samples
Coastal water samples were collected from the Guangdang River
which flows into the Northern Yellow Sea, Shandong Province, China. A
total of 19 samples were collected from the source to the estuary. All the
water samples were adjusted to pH 1.8 with HCl, stored in acid-cleaned
polyethylene bottles, filtrated with 0.45 μm membranes, and kept in the
fridge (4 ◦ C) until determination. The samples were diluted five times
with buffer solution (pH 2.0), determined with differential pulse vol
tammetry (DPV), and quantified with standard addition method.
2.5. Electrochemical analysis procedure
Electrochemical properties of different modified MNEs were char
acterized by cyclic voltammetry (CV) in buffer solution (pH 3.5) in the
range of -0.4 to 0.6 V and 0.2–1.3 V, respectively. Unless otherwise
stated, the voltammetric responses of Fe3+ were obtained with DPV in
buffer solution (pH 2.0). The DPV scans were carried out using the
following parameters: initial potential of 0.8 V, final potential of 0.2 V,
amplitude of 0.05 V, potential incremental of 0.004 V, pulse width of
0.05 s, pulse period of 0.5 s, and quiet time of 2 s, respectively.

2. Experimental
2.1. Reagents
PSS (MW 70 000) and EDOT monomer (>97 %) were acquired from
2
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Scheme 1. Schematic illustration for the fabrication process of AuNCs/PEDOT-PSS/MNE and voltammetric detection of Fe3+ in coastal waters.

3. Results and discussion

composition of MNE had no effect on the electrochemical determination
of metal ions. It could be seen from the EDS pattern of
AuNCs/PEDOT-PSS/MNE (Fig. 1D) that the typical Au peaks appeared
at about 1.64, 2.15, and 9.71 KeV, which proved that the cluster-like
nanomaterials were AuNCs exactly.
The electrochemical properties of the so-fabricated AuNCs/PEDOTPSS/MNE were investigated by CV in buffer solution (0.1 M, pH 3.5).
Fig. 2A showed the typical cyclic voltammograms of the bare MNE,
PEDOT-PSS/MNE, and AuNCs/PEDOT-PSS/MNE in the range of -0.4 to
0.6 V. It could be observed that the background current of the MNE was
significantly enhanced after the surface modification of PEDOT-PSS,
which indicated the improved conductivity of the PEDOT-PSS/MNE.
As expected, the background current of AuNCs/PEDOT-PSS/MNE was
further enhanced after the modification of AuNCs due to its excellent
performance in facilitating electron transfer. Fig. 2B showed the cyclic
voltammogram of AuNCs/PEDOT-PSS/MNE in buffer solution from 0.2
to 1.3 V. There appeared a typical peak of Au0 at about 0.8 V, which
further proved the presence of AuNCs.
Electrochemical impedance spectroscopy (EIS) was also applied to
verify the effects of AuNCs and PEDOT-PSS on the electron transfer

3.1. Characterization of the AuNCs/PEDOT-PSS/MNE
After fabrication, the surface morphology of the AuNCs/PEDOT-PSS/
MNE was characterized firstly by SEM (Fig. 1). It had been exhibited and
discussed in our previous works that the surface of MNE was very
smooth with limited binding sites for functional nanomaterials [20,21,
27]. As to the PEDOT-PSS/MNE (Fig. 1A), after the modification of
PEDOT-PSS, there was a film covered on the surface of MNE which made
the surface more rough. As a conducting polymer film, the PEDOT-PSS
improved the conductivity and specific surface area of the electrode
and provided more active sites for the combination of gold nano
materials. It could be seen from Fig. 1B, C that the AuNCs composed of
gold nanobranches were immobilized on the electrode surface by the
film-like PEDOT-PSS. The cluster-like structure of AuNCs might be
caused by the PEDOT-PSS polymer on MNE surface which acted as the
morphology-controlling agent partially. As exhibited in our previous
works that C, Fe and Cr were the main elements of the so-fabricated MNE
[21,27,37]. Considering its high chemical stability, the element

Fig. 1. SEM images of the PEDOT-PSS/MNE (A), AuNCs/PEDOT-PSS/MNE (B, C) and EDS pattern of the AuNCs/PEDOT-PSS/MNE (D).
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Fig. 2. Cyclic voltammograms of the bare MNE, PEDOT-PSS/MNE, and AuNCs/PEDOT-PSS/MNE in potential range of -0.4 to 0.6 V (A) and the AuNCs/PEDOT-PSS/
MNE in potential range of 0.2 to 1.3 V (B) in buffer solution (0.1 M, pH 3.5) with the scan rate of 50 mV/s. The electrode area was 0.4 mm2.

capability. Fig. 3 showed the Nyquist plots and equivalent circuits of the
MNE, PEDOT-PSS/MNE, and AuNCs/PEDOT-PSS/MNE using [Fe
(CN)6]3− /[Fe(CN)6]4− redox couple as the electrochemical probe. The
results of Nyquist plots (Fig. 3A) of different MNEs could be interpreted
by the corresponding equivalent circuits (Fig. 3B), which included four
circuit elements: the resistance of solution (Rs), the double layer
capacitance (Cdl), the charge transfer resistance (Rct), and the Warburg
impedance (ZW) [38]. As reported, the Rct can be affected by the elec
trode fabrication and detection process [38]. So, the circuit element Rct
was especially concerned in this work. The Nyquist plot of bare MNE
could be interpreted by the standard Randles equivalent circuit
(equivalent circuit a). This circuit has also been used for the interpre
tation of the Nyquist plot of bare graphite electrode as reported previ
ously [39]. The Rct of bare MNE was calculated as 40.2 MΩ, which
confirmed the slow process of charge transfer on the bare MNE. After the
modification of MNE surface with PEDOT-PSS, the recorded EIS shape
differed from that of the bare MNE, and the corresponding equivalent
circuit was characterized with another RC part (equivalent circuit b).
Although the polymers modified electrodes could also be interpreted
roughly by the circuit a [27,38], circuit b fit more well with the exper
imental results. The similar results have been obtained in the researches
about the 1,10-Phenanthroline-5,6-dione and polypyrrole film depos
ited electrodes [39,40]. After the modification of PEDOT-PSS, the Rct of
the electrode was decreased remarkably to 2.6 MΩ. The change was
mostly related to the property of PEDOT-PSS, which showed that the
PEDOT-PSS was a good conductor, what was a useful characteristic for
electron transfer mediator [39]. The semicircle diameter of the Nyquist
plot at high frequency part can also reflect the Rct. It could be concluded
from Fig. 3A that the semicircle diameter of PEDOT-PSS/MNE was much
less than that of MNE, which was consistent with the calculation results.
The Nyquist plot of AuNCs/PEDOT-PSS/MNE could also be interpreted

by the equivalent circuit b model. As expected, after the modification of
AuNCs, the Rct of AuNCs/PEDOT-PSS/MNE further decreased to
1.2 MΩ, which showed the excellent property of AuNCs in promoting
electron transfer. It should be noted that the Rct values of the MNE,
PEDOT-PSS/MNE, and AuNCs/PEDOT-PSS/MNE were all higher than
that of the bare and 1,10-Phenanthroline-5,6-dione modified graphite
electrodes [39]. The relative poor electro-conductivity of stainless steel
MNE might be the explanation of the phenomenon. The excellent elec
trochemical properties of AuNCs and PEDOT-PSS were very helpful for
the
voltammetric
determination
of
Fe
with
the
AuNCs/PEDOT-PSS/MNE. Further, the electrode kinetics was also
studied in K3[Fe(CN)6] solution via CV with variable scan rates. The
current responses of K3[Fe(CN)6] obtained on AuNCs/PEDOT-PSS/MNE
had a linear relationship with the square root of the scan rates, which
was similar with our previous work [20]. Therefore, the redox reaction
of
K3[Fe(CN)6]
on
the
AuNCs/PEDOT-PSS/MNE
was
a
diffusion-controlled electrode process.
3.2. Electrochemical response of AuNCs/PEDOT-PSS/MNE to Fe3+
The voltammetric responses of Fe3+ on different modified MNEs
were investigated by using DPV (Fig. 4). In the determination of Fe3+ by
CSV, Fe3+ was adsorbed on the surface of the electrode and combined
with the electron (e− ) to be reduced to Fe2+, and the corresponding
reduction peak was recorded in the voltammetric diagram. It was clear
that no reduction current signal of Fe3+ could be observed on the bare
MNE and PEDOT-PSS/MNE. So, although the modification of PEDOTPSS improved the conductivity of the electrode, it had almost no
contribution to the improvement of the voltammetric response of Fe3+.
When the AuNCs/PEDOT-PSS/MNE was concerned, a large current
signal induced by the reduction of Fe3+ to Fe2+ appeared at about

Fig. 3. Nyquist plots (A) and equivalent circuits (B) of the bare MNE, PEDOT-PSS/MNE, and AuNCs/PEDOT-PSS/MNE in 0.1 M KCl solution containing 5 mM K3[Fe
(CN)6]. The EIS were recorded in the frequency range from 0.01 Hz to 100 kHz at the potential of 0.2 V vs. Ag/AgCl (excitation amplitude, 50 mV).
4
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continuously to 360 s, the cluster-like structure began to be destroyed
and the electroactive area decreased due to the aggregation of gold
nanomaterials. Therefore, 180 s was adopted as the deposition time of
AuNCs in this work.
3.4. Calibration curve
Subsequently, the analytical performance of the micro-needle sensor
including linear range and detection limit (LOD) was investigated. The
calibration curve for Fe3+ determination was derived from the differ
ential pulse voltammograms obtained on AuNCs/PEDOT-PSS/MNE
under the optimal conditions described above (Fig. 6). It could be seen
that the Ip was linear with Fe3+ concentration in the range of 0.01–5 μM
with the linear regression equation Ip = 11.48 C + 0.42 (0.998). The
LOD of AuNCs/PEDOT-PSS/MNE for the voltammetric determination of
Fe3+ was calculated as 3.1 nM (s/n = 3). Table 1 showed the comparison
of AuNCs/PEDOT-PSS/MNE with the others proposed previously in the
literatures for Fe3+ determination. It could be concluded that the sofabricated AuNCs/PEDOT-PSS/MNE might be a good candidate for the
voltammetric determination of Fe with satisfactory performance, no
additional reagents added, low price, and simple fabrication process.

Fig. 4. Differential pulse voltammograms of the bare MNE, PEDOT-PSS/MNE,
and AuNCs/PEDOT-PSS/MNE for 3 μM Fe3+. Electrode area, 0.4 mm2; scan
rate, 8 mV/s.

0.43 V, indicating the excellent electrocatalytic performance of AuNCs
for the voltammetric determination of Fe3+. It could be concluded from
the comparison of different MNEs for Fe3+ determination that the
AuNCs/PEDOT-PSS/MNE showed an enhanced performance by
combining the excellent properties of PEDOT-PSS and AuNCs.

3.5. Reproducibility, repeatability and selectivity
The reproducibility of the AuNCs/PEDOT-PSS/MNE for Fe determi
nation was investigated in 3 μM Fe3+ utilizing six independently fabri
cated micro-needle sensor with the same method, and the relative

3.3. Optimization for Fe3+ determination with the AuNCs/PEDOT-PSS/
MNE
The effects of experimental parameters of pH value and electrode
position time of AuNCs on the voltammetric response of Fe3+ on the
AuNCs/PEDOT-PSS/MNE were also studied. To investigate the influ
ence of pH value of buffer solution to the current response of 5 μM Fe3+,
different pH values from 1.5 to 3.5 were applied during the determi
nation process (Fig. 5A). The results demonstrated that the maximum
peak current (Ip) of Fe3+ reduction was obtained at pH 2.0 and the Ip
decreased gradually with the pH increases from 2.0 to 3.5. Considering
the hydrolysis of Fe3+ in a slightly alkaline environment, this phenom
enon could be easily understood, and similar results have been reported
in the previous literature [41]. So, pH 2.0 was elected and adopted as the
optimal pH value in this work.
The effect of deposition time of AuNCs was investigated in the range
of 60 to 360 s. As shown in Fig. 5B, the Ip gradually increased with
deposition time from 60 to 180 s, and then decreased from 180 to 360 s.
It has been illustrated that the AuNCs with cluster-like structure
exhibited excellent electrocatalytic performance for the voltammetric
detection of Fe3+. From 60 to 180 s, more gold nanobranches deposited
on the electrode surface to form the cluster-like structure, and the Ip
increased accordingly. However, when the deposition time increased

Fig. 6. Calibration curve of Fe3+ on the AuNCs/PEDOT-PSS/MNE with con
centration from 0.01 to 5 μM and the corresponding differential pulse voltam
mograms obtained in buffer solution (0.1 M, pH 2.0) with successive addition of
0.01, 0.03, 0.05, 0.07, 0.1, 0.3, 1, 3, 5 μM Fe3+. Electrode area, 0.4 mm2; scan
rate, 8 mV/s.

Fig. 5. Effects of pH value of the electrolyte (A) and deposition time of AuNCs (B) on the peak current (Ip) obtained on AuNCs/PEDOT-PSS/MNE for 5 μM Fe3+.
5
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Table 1
Comparison of the AuNCs/PEDOT-PSS/MNE with other electrodes for Fe3+ determination.
Techniquea

Electrodeb

Modifierc

Reagentsd

Linear range (μM)

Detection limit (nM)

Ref.

DPV
AdCSV
AdCSV
CSV
SWV
SWV
DPV
DPV
FIA
SWV
DPV

DM/HMDE
HMDE
HMDE
GCE
GCE
GCE
GCE
GCE
GCE
CPE
MNE

No
No
No
Chitosan, oxalates
IL-rGO/AuNDs/Nafion
nano-TiC, Nafion
rGO/AuNPs
BiNS
MWCNTs, PtNPs
No
AuNCs/PEDOT-PSS

Tri-BAP
SVRS
DMG, Catechol
No
No
No
5-Br-PADAP
No
No
5-Br-PADAP
No

0.5–50
0.09–3.58
—
0.36–5.4
0.3–100
0.07–70
0.03–3
0.01–20
0–10,000
0.006–0.45
0.01–5

1500
32
1.3
180
35
7.2
3.5
2.3
3.0
1.7
3.1

[42]
[43]
[44]
[45]
[25]
[46]
[26]
[17]
[47]
[48]
This work

a

Technique: AdCSV, adsorptive cathodic stripping voltammetry; CSV, cathodic stripping voltammetry; SWV, square wave voltammetry; FIA, flow injection analysis.
Electrode: DME, drop mercury electrode; HMDE, hanging mercury drop electrode; GCE, glassy carbon electrode; CPE, carbon paste electrode.
c
Modifier: IL-rGO/AuNDs/Nafion, ionic liquid-reduced graphene oxide/gold nanodendrites/Nafion; nano-TiC, titanium carbide nanoparticles; rGO/AuNPs,
reduced graphene oxide/gold nanoparticles; BiNS, bismuth nanosheets; MWCNTs, multiwall carbon nanotubes; PtNPs, Pt nanoparticles.
d
Agent: Tri-BAP, tributylammonium perchlorate; SVRS, Solochrome Violet RS; DMG, dimethylglyoxime; 5-Br-PADAP, 2-(5-bromo-2-pyridylazo)-5diethylaminophenol.
b

4 μM Fe3+ and the corresponding linear regression curve. The Fe3+
concentration in this coastal river water sample was calculated to be
2.22 μM. The results of determination of total Fe in coastal water sam
ples by AuNCs/PEDOT-PSS/MNE and atomic absorption spectrometry
(AAS) were shown in Table 2. It could be seen that the results obtained
on AuNCs/PEDOT-PSS/MNE were consistent with AAS, which indicated
that the fabricated AuNCs/PEDOT-PSS/MNE might be a promising
electrochemical sensor for Fe determination in coastal waters.
Subsequently, the AuNCs/PEDOT-PSS/MNE was used for the deter
mination of ADFe in the whole Guangdang River. A total of 19 samples
from the source to the estuary were collected and determined, and the
corresponding concentrations of ADFe were presented in Fig. 7B. It
could be seen that the concentration of ADFe in Guangdang River was
relatively high ranging from 1.5 to 10.0 μM. The concentrations of ADFe
in samples G3, G9, G11, G13, and G15 (8.0 μM on average) were rela
tively higher than the others (3.0 μM on average). Sampling sites of these
5 samples were close to the residential areas and human activities might
be the explanation for increase of ADFe contents. The change of salinity
of samples had almost no effect on the detection of Fe with the AuNCs/

standard deviation (RSD) was 5.4 %. The repeatability of the developed
method was studied by detecting 3 μM Fe3+ with the same AuNCs/
PEDOT-PSS/MNE for six measurements, and the RSD was calculated
as 3.7 %. So, the AuNCs/PEDOT-PSS/MNE showed a good reproduc
ibility and repeatability towards the voltammetric determination of Fe.
Additionally, the AuNCs/PEDOT-PSS/MNE was used for five measure
ments in each day and stored in air condition. The results showed that
the current response had no obvious decrease during six days, which
reflected a good stability of the AuNCs/PEDOT-PSS/MNE.
To investigate the suitability of the AuNCs/PEDOT-PSS/MNE for Fe
determination in real coastal waters, the selectivity was verified by
adding different foreign species into the buffer solution with 3 μM Fe3+.
The results showed that 100-fold Ca2+, 50-fold Mg2+, Mn2+, 30-fold
Cr3+, 10-fold Zn2+, Pb2+, Cu2+ and Cd2+ had no effect on the voltam
metric determination of Fe3+ (<5% of current change). Thus, the newly
fabricated AuNCs/PEDOT-PSS/MNE had a promising potential for Fe
determination in coastal water samples with a good anti-interference
ability.
3.6. Determination of Fe in real coastal river water

Table 2
Comparison of the AuNCs/PEDOT-PSS/MNE and AAS for determination of total
Fe in coastal water samples (n = 3).

The practical analytical application of the AuNCs/PEDOT-PSS/MNE
was illustrated by the determination of ADFe in a real coastal river, the
Guangdang River which flows into Sishili Bay, Northern Yellow Sea,
China. The coastal river water samples were diluted five times and
quantified by the standard addition method. Fig. 7A showed the typical
differential pulse voltammograms obtained on the AuNCs/PEDOT-PSS/
MNE in a river water sample with the successive addition of 0, 1, 2, and

Samples

Detected by this sensor (μM)

Detected by AAS (μM)

Coastal water 1
Coastal water 2
Coastal water 3

11.12 ± 0.15
15.70 ± 0.15
26.48 ± 0.30

11.32
15.68
26.09

Fig. 7. Typical linear regression corresponding and differential pulse voltammograms for the determination of Fe3+ in coastal water samples on the AuNCs/PEDOTPSS/MNE by standard addition method with 0, 50, and 100 nM Fe3+ added (A) and the results of Fe determination in Guangdang River. Electrode area, 0.4 mm2; scan
rate, 8 mV/s.
6

Sensors and Actuators: B. Chemical 327 (2021) 128883

H. Han et al.

PEDOT-PSS/MNE proposed in this work. The results demonstrated that
the AuNCs/PEDOT-PSS/MNE fabricated here was exactly suitable for
the determination of Fe in coastal river water.
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4. Conclusions
In summary, a novel micro-needle sensor based on AuNCs immobi
lized with PEDOT-PSS was developed for the determination of Fe in
coastal waters. The combined effects of the unique structure of MNE, the
good conductivity of PEDOT-PSS, and excellent catalytic properties of
AuNCs made the AuNCs/PEDOT-PSS/MNE a promising sensor for the
determination of ADFe in coastal river water, which was of great sig
nificance for monitoring the coastal environment. Furthermore, the
determination of other metal elements in different environmental water
samples could also be studied by the micro-needle sensor based on
different functional nanomaterials in the future.
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