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As an important phytohormone, indole-3-acetic acid (IAA) plays an essential role during the whole process

of growth and development of plants. In this work, a novel label-free electrochemical impedance

immunosensor for IAA determination has been developed. A three-dimensional PAMAM dendrimer was

applied to improve greatly the immobilization capacity of antibodies for IAA on a gold electrode. Gold

nanoparticles (AuNPs) were used to further improve the sensitivity of the biosensor by forming

complexes with anti-lIAA antibodies. The developed impedance immunosensor shows ultra-sensitivity,
high selectivity and good reliability for IAA detection. The |AA extracted from the stems of sunflowers
under different salt stress conditions was successfully detected using the immunosensor. The results are
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in good agreement with those obtained by UPLC-MS and consistent with published data, thus

confirming the practical value of the biosensor. To the best of our knowledge, this is the first

DOI: 10.1039/c7ra09979g

rsc.li/rsc-advances

1. Introduction

Phytohormones are small organic molecules synthesized in
trace amounts by plants. As signal molecules, they have
significant effects on the growth and development of plants at
very low concentrations. Therefore, phytohormones have been
a hot topic in plant physiology. As a ubiquitous phytohormone,
indole-3-acetic acid (IAA) is important for the regulation of
multiple physiological processes of plants, including plant
growth, cell division, flowering, withering, and gene expres-
sion.’”? It also plays an important role in the response and
adaptation of plants under stressed conditions.** In view of the
important role of IAA, it is very necessary to perform precise
quantitative analysis of IAA in plants.

Currently, there are a variety of techniques applied for IAA
detection, such as liquid chromatography (LC),® gas
chromatography-mass spectrometry(GC-MS),” chem-
iluminescence,® capillary electrophoresis(CE),” spectrofluoro-
metric methods,' radioimmunoassays,'* etc. Although these
techniques show good sensitivity and selectivity for IAA
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electrochemical impedance immunosensor for |IAA detection, which provides a promising detection
platform for IAA. By replacing antibodies, this strategy can be easily used to detect other phytohormones.

detection, some of them require expensive instruments, or
involve a tedious procedure, or involve some radioactive
chemicals. Therefore, there is still considerable interest for
developing simple, low-cost, sensitive and reliable methods for
TAA detection.

Electrochemical biosensors have long been considered as
one of the most appealing techniques as they have many
advantages, such as high sensitivity, rapid response, portability,
and low cost, etc.”>™ A variety of electrochemical protocols have
been used to construct IAA biosensors.”®™ For instance,
Gan et al.*® developed an disposable electrochemical sensor by
differential pulse voltammograms method, basing on the appli-
cation of nanocomposites of reduced graphene oxide (rGO)
and poly(safranine T) (PST). They obtained a detection limit of
5 x 10® M. Based on the multi-wall carbon nanotubes film
coated GC electrode, Wu et al** reported an amperometric
sensor for IAA detection. The detection limit was
2 x 10® mol L™'. Electrochemical impedance spectroscopy
(EIS) is a very useful technique for studying the modification
process of electrodes.”” The EIS technique is not only simple
and sensitive, but also requires no labeling of the analyte with
some redox moieties. However, the EIS technique has never
been used for developing IAA biosensors to date.

For developing sensitive electrochemical biosensors, the
construction of molecularly organized and stable detecting
layers is very important. The fourth generation polyamidoamine
(G, PAMAM) dendrimer belongs to a highly branched and
symmetrical polymer. It has unique chemical and structural

This journal is © The Royal Society of Chemistry 2017
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properties,” such as precise molecular structure, a large
number of surface functional groups, and good biocompati-
bility, etc., so it is an ideal component for biosensor fabrica-
tion.>* It has been applied in the construction of biosensors for
a variety of biomolecules.”®*®* However, as far as we know,
PAMAM has not been used in the construction of an electro-
chemical impedance biosensor for IAA detection.

In this work, a multilayered film including PAMAM was
assembled on gold electrode. This highly branched PAMAM films
increase the amount of immobilized antibody of IAA greatly. Gold
nanoparticles (AuNPs) were also used to form anti-IAA-AuNPs
complex to improve the sensitivity of the biosensor. Based on the
application of PAMAM and the anti-IAA-AuNPs complex, this
electrochemical impedance immunosensor exhibits ultra-
sensitivity, high selectivity and good reliability for IAA detec-
tion. Furthermore, IAA in the stem of sunflowers under different
salt stress was detected using the prepared immunosensor,
confirming the practical applicability of the sensor.

2. Experimental

2.1. Materials

G4 ethylenediamine (EDA) core poly(amidoamine) (PAMAM)
dendrimer was purchased from Aldrich. Monoclonal antibody
against IAA, cysteamine (AET), indole-3-acetic acid (IAA), citric
acid, abscisic acid (ABA), succinic acid, salicylic acid (SA), malic
acid, jasmonic acid (JA) and glutaraldehyde (GA) were purchased
from Sigma-Aldrich (Germany). Bovine serum albumin (BSA) was
obtained from Beijing BioDee BioTech Corporation Ltd (China).
Gold nanoparticles was purchased from Nanjing XFNano Mate-
rial Tech Co., Ltd. (Nanjing, China). The average diameters were
about 15 nm. All other reagents were of analytical reagent grade.
Ultrapure water was used for the whole experiment.

NH, NH, NH,

A
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2.2. Preparation of anti-IAA-AuNPs complex

The anti-IAA-AuNPs complex was produced by the same
procedure described elsewhere.'®*” The pH of colloidal AuNPs
solutions was maintained at 7.4 by adding 10 mM K,CO; before
adding the antibody. 100 pL anti-IAA antibodies (1 mg mL ")
were mixed with 400 uL colloids AuNPs solutions, and followed
by shaking for 5 min. Then, BSA was added (concentration
of 1%) and the mixture was incubated overnight at 4 °C. The
unbound antibody was eliminated from the solution by centri-
fugation at 12 000 rpm for 20 min. Then the resulted anti-IAA-
AuNPs were re-dispersed in 1 mL PBS (0.1 M, pH = 7.4) and
stored at 4 °C until use.

2.3. Fabrication of the electrochemical immunosensor

The gold disk electrode (d = 2 mm, CH instruments, China) was
polished with alumina powder (0.3 and 0.05 pm). After that, it
was sonicated in double-distilled water and ethanol for 3 min
successively. The electrode was electrochemically cleaned in 1 M
H,S0,. The cleaned gold electrode was put in 10 mM AET and
incubated for 8 hours at 4 °C, assembling the AET molecules on
the electrode through Au-S bonds.”® After washing by ethanol
and water, the AET modified electrode was incubated in 5% GA
for 4 hours at 4 °C. Subsequently, the modified electrode was put
in PAMAM (10% in methanol) for 16 hours at 4 °C. The immo-
bilization of PAMAM is due to that the amino group of AET and
dendrimer can be covalently bonded to the aldehyde group of GA.
The electrode was then immersed in 5% GA for 4 h. After that, the
electrode was immersed in antibody-AuNPs for 8 hours at 4 °C. In
order to eliminate the effect of nonspecific binding and residual
reactive groups, the antibody-modified electrode was treated with
1% BSA for 30 min. The fabrication process of the electro-
chemical immunosensor is displayed in Scheme 1.

Scheme 1 The schematic illustration of the fabrication process of the IAA immunosensor. (A) 10 mM AET in ethanol, 8 h; (B) 5% GA, 4 h; (C) 10%
methanolic solution of PAMAM, 16 h; (D) 5% GA, 4 h; (E) anti-IAA-AuNPs complex, 8 h; (F) 1% BSA in PBS, 30 min; (G) IAA in PBS, 1 h.

This journal is © The Royal Society of Chemistry 2017
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2.4. Electrochemical measurements

PGSTAT302N AUTOLAB electrochemical analyzer system (Eco
Chemie B. B. Netherlands) was applied for the electrochemical
experiments. All the electrochemical measurements were per-
formed in 0.1 M PBS (pH 7.4) containing 5 mM Fe (CN)s>*~ as
redox probe at room temperature. A three-electrode system was
applied. Ag/AgCl electrode (saturated KCIl) was applied as
reference electrode. Pt plate (area, 2 x 1 cm?®) was used as
counter electrode. A modified gold electrode was used as
working electrode. The impedance spectra were measured from
100 kHz to 100 mHz, and the voltage amplitude is 5 mV.

2.5. X-ray photoelectron spectroscopy (XPS) measurements

XPS measurement was performed on ESCALAB 250Xi spec-
trometer (Thermo Fisher, USA), and Al Ko excitation was
applied. The peak positions of the elements were calibrated by C
1s (284.5 eV). Cleaned gold substrates which were modified in
the similar manner to the gold electrode were used for the XPS
measurement.

2.6. Preparation of plant material samples

The seeds of sunflower (LD5009) were obtained from Beijing
Kafry Technology Co., LTD. Evenly sized, healthy sunflower
seeds were selected, sterilized, and soaked. Then they were
cultured in an illuminating incubator (10 h/14 h of light/dark
period, 25 £+ 2 °C and 60% humidity). After germination, the
seedlings with consistent growth were selected and transferred
into Hoagland solution. When the seedlings grew to 15 days,
three levels of salts were added in Hoagland's solution, i.e.
0 (control), 50, and 100 mM. After 10 hours of salt treatment, the
stem samples of the seedlings were frozen in liquid nitrogen
immediately.

IAA was extracted and purified from the stem of sunflower
seedlings according to previous reports with some modifica-
tion.'*** The samples were ground with liquid nitrogen. 1 g of
ground powder was added 2 mL precooled methanol (4 °C, 80%).
After stirring, the powder was extracted overnight at 4 °C. The
solution was added 1 mL of CHCl;. Then it was vortexed for 10 s,
following shaked at 900 rpm for 4 min at 4 °C. After centrifuging
(12 000 rpm, 5 min, 4 °C), the supernatant was collected and
blow-dried with nitrogen at room temperature. Finally, for the
electrochemical immunosensor, the sample was dissolved in
1 mL of 10 mM PBS (pH 7.4). For UPLC-MS measurements
(Water Acquity I-Class, Waters Corporation, MA, US; Thermo
Q-Exactive, Thermo Scientific, MA, US), the sample was dis-
solved in 1 mL of methanol and passed through a 0.22 pm
microporous membrane.

3. Results and discussion

3.1.
immunosensor

Characterizations of the fabrication of the

In this study, EIS was carried out to study the electron transfer
resistance due to the change of each modification step on the
electrode.””?*® Fig. 1A illustrates the Nyquist plots of a bare Au
electrode (a), GA/AET/Au (b), GA/PAMAM/GA/AET/Au (c), and

54418 | RSC Adv., 2017, 7, 54416-54421
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AuNPs-anti-IAA/GA/PAMAM/GA/AET/Au (d) in 5 mM Fe(CN)s* "~
solution. The impedance plots obtained present a Faradaic
system. It includes a diffusion-controlled section at lower
frequency related to the Warburg impedance, and a semicircle
region at higher frequency related to the electron transfer resis-
tance.® For fitting the results of impedance spectroscopy, an
equivalent circuit (the inset in Fig. 1A) was applied. In this circuit,
R, represents the resistance of the solution, W represents the
Warburg impedance, R represents the resistance for charge
transfer, and CPE (constant phase element) represents the
capacitance of the double layer. CPE was used instead of
a capacitor due to the non-homogeneous nature of the electrode
surface, and it led to a better fitting of the experimental data. The
CPE and Warburg impedance can be expressed by

1
ZopE = 07
cPE = 3 Go)

1

T Yoo

where j is the imaginary number, w is the angular frequency,

and 0 < n < 1. When n is closer to 1, CPE becomes more
capacitive.

The parameters obtained by fitting are summarized in
Table 1. After the AET layer was formed on the electrode, the R,
value is decreased. Because the AET molecule is positively
charged under the experimental conditions (pH 7.4) and it will
attract the negative redox probes (data not shown). But after the
modification of GA layer on the electrode (curve b), the R is
increased to 101.2 Q due to the formation of AET layer and GA
layer and the neutralization of the GA molecules. When the
PAMAM and the second GA layer were assembled on the elec-
trode, the R value is increased to 695.6 Q (curve c) because of
the compact structure of the assembled films. The R, value
(curve d) increased further after the modification of the AuNPs-
anti-IAA on the electrode, which is due to the steric hindrance of
the AuNPs-anti-IAA complex.*>**

The assembly process of the electrode was also characterized
by CV technique. As shown in Fig. 1C, compare with the bare
gold electrode (curve a), after the AET and GA layer (curve b) was
formed on the electrode, the peak current was decreased and
the separation of redox potential was increased. When the
PAMAM layer, the second GA layer, and the anti-IAA-AuNP
complex were further assembled on the electrode in turn, the
peak current was decreased further. And the reversibility of
redox peaks becomes worse, because the electron transfer
between the redox probe and the electrode surface was hindered
by the layer-by-layer modification of the electrode. This result
also confirms the successful fabrication of the immunosensor.

X-ray photoelectron spectroscopy (XPS) was used to charac-
terize the elements of the multicomponent membrane.* Fig. 1D
illustrates the XPS spectra of the N 1s region. The peak of N 1s
appears at 399.5 eV. With the layer by layer modification on the
electrode, the N 1s intensities increased monotonously. The
result is as expected, as nitrogen content is contained in AET,
PAMAM and antibody molecules. Therefore, the XPS result

This journal is © The Royal Society of Chemistry 2017
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(A) Measured (point) and simulated (line) complex impedance plot of the modified gold electrode in 0.01 M PBS (pH 7.4) containing 5 mM

[Fe(CN)6l>~"47: (a) bare Au, (b) GA/AET/Au, (c) GA/PAMAM/GA/AET/Au and (d) AuNPs—anti/GA/PAMAM/GA/AET/Au. Inset was the equivalent
circuit model used to fit the impedance data. R, solution resistance; R, resistance of charge transfer; CPE, constant phase element; W, Warburg
impedance. (B) Bode diagrams of the impedance spectra of measured and fitted curve for GA/PAMAM/GA/AET/Au (curve c in A) in the process of
modification. (C) Cyclic voltammograms of the modified gold electrode in 0.01 M PBS (pH 7.4) containing 5 mM [Fe(CN)eI® /4. (D) High
resolution XPS spectra of N 1s of the gold substrate after various surface modification steps. For (C) and (D), a, b, ¢, d were the same as in (A).

further demonstrates that each organic layer was successfully
assembled on the surface of the gold substrate.

3.2. Analytical performance of the immunosensor

To evaluate the response of the immunosensor to IAA, the
immunosensor was incubated with different concentrations of
IAA for 1 hour. Then, the EIS measurements was carried out in
5 mM Fe(CN)s®>'*~. As shown in Fig. 2, with the increase of the

Table 1 Parameter values of the equivalent circuit elements for the
modification process of the gold electrode. a, b, ¢, d were the same as
in Fig. 1A

CPE
Y, Warburg impedance
Ry (Q) (wMhoss™ n Ry (Q)  (uMhos™'s7%?)
a 72.1 1.74 0.801 30.3 789
b 74.4 1.06 0.878 101.2 759
¢ 73.9 1.81 0.832 695.6 738
d 74.1 1.51 0.844 1075.9 736

This journal is © The Royal Society of Chemistry 2017

IAA concentrations, the R values increase. The change of the
R, value (AR, is proportional to the logarithm value of IAA
concentration in the range of 10 pg mL ™~ '-10 pg mL~ " (Fig. 3a).
The linear regression equation is AR, = 105.9 x log C + 1294.9
with the correlation coefficient of 0.998. The detection limit was
4.62 pg mL~' (S/N = 3). The sensitivity of the developed
impedance immunosensor is superior to some other methods
for IAA detection based on other techniques, such as HPLC-MS/
MS,* chemiluminescence,* capillary electrophoresis,*” etc. The
sensitivity of the sensor is also higher than most electro-
chemical sensors existed for IAA.*52%3%3°

Two other types of immunosensors, one without the modifi-
cation of PAMAM (sensor B) and one without the application of
Au NP (sensor C), were also prepared to compare with the
developed immunosensor (sensor A). Sensor B and C were also
incubated with different concentrations of IAA. As shown in
Fig. 3, the calibration curve for sensor B is AR = 52.2 x log C +
543 and the linear range is 100 pg mL™ -1 ug mL ™. The detec-
tion limit is 1.38 ng mL ", For sensor C, the linear regression
equation is AR, = 38.5 x log C + 423.1 and its linear range is
100 pg mL~'-10 ug mL~". The detection limit is 10.8 ng mL™".

RSC Adv., 2017, 7, 54416-54421 | 54419
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Fig. 2 Measured (point) and simulated (line) complex impedance plot of
the prepared immunosensor after incubation with IAA (a) 0, (b)
10 pg mL™2, () 100 pg mL™2, (d) 1 ng mL~2, () 10 ng mL~2, () 100 ng mL~2,
(9) 1 pg mL™%, (h) 10 pg mL~t in the presence of 5 MM [Fe(CN)gl> /4.
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Fig. 3 Calibration curve of three types of immunosensors for IAA. The
concentrations used were the same as those in Fig. 2. Sensor A:
AuNPs—anti/GA/PAMAM/GA/AET/Au, sensor B: anti-IAA/GA/PAMAM/
GA/AET/Au, sensor C: AuNPs—anti-IAA/GA/AET/Au.

The performance of sensor B and C were significantly lower than
sensor A. This result indicated that the unique properties of
PAMAM and the application of anti-ITAA-AuNP complex improved
greatly the performance of the impedance immunosensor.

Selectivity is also important for sensor application. To evaluate
the selectivity of the immunosensor, succinic acid (1 ng mL™),
ABA (1 ng mL ™), citric acid (1 ng mL ™), SA (1 ng mL ™), malic acid
(1 ngmL™"), JA (1 ng mL ") and 10 pg mL~" IAA was used to react
with the immunosensor respectively. As shown in Fig. 4, although
the concentration of the interference species are 100 times as that
of the TAA concentration, the obtained AR value of the interfer-
ence species is too low to affect the detection of IAA. This result
demonstrates that the immunosensor has high selectivity.

As for the reproducibility of sensor, intra-assay and inter-assay
experiments were carried out. The intra-assay was estimated by
assaying 1 ng mL™ " IAA concentration five times, resulting in
a variation coefficient of 4.1%. The variation coefficient for the

54420 | RSC Adv., 2017, 7, 54416-54421
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Fig. 4 EIS response of the immunosensor to some interference
species: a (ABA), b (succinic acid), c (citric acid), d (SA), e (malic acid), f
(JA) and g (IAA). The concentration of ABA, succinic acid, SA, malic
acid, JA and citric acid was 1 ng mL™, the concentration of IAA was
10pgmL™ n=6.

inter-assay was 4.9% using five immunosensors fabricated by the
same process. These results indicate good reproducibility of the
immunosensor. There is still 89.6% sensing ability remained for
the immunosensor after storage at 4 °C for two weeks, indicating
that the immunosensor is highly stable.

3.3. Detection of IAA in sunflowers under salt stress

Salt stress is one of the main limit factors for the growth and
development of plant.*® Phytohormones play crucial roles in
the process of plant resistance to stress response.*** In our
work, in order to testify the practical application of the
immunosensor, IAA in the stem samples of sunflowers under
different levels of salt stress was determined by the developed
immunosensor. The concentration of IAA in the stem part of
sunflowers is 15.31 & 0.51 ng mL ', 6.65 & 0.32 ng mL ™', and
4.14 £+ 0.15 ng mL~" for 0 mM, 50 mM and 100 mM of NaCl
treatment, respectively. Our result showed that with the
increasing concentrations of salt, the IAA level was decreased
in the stem of sunflowers. This result is consistent with
previous studies, which showed that the inhibition of salinity
on plant growth may have a relation with the decreasing levels
of TIAA.*****3 In addition, as shown in Table 2, the detection
results of the immunosensor were in good aggrement with
those obtained by UPLC-MS. These results confirm that the

Table 2 Comparation of the results obtained by UPLC-MS and the
developed immunosensor for detecting |AA in the stem samples of
sunflowers under salt stress

NaCl

concentrations UPLC-MS Immunosensor Relative
(mM) (ng mL™) (ng mL™) deviation (%)
0 12.20 + 1.91 15.31 £+ 0.51 4.66%

50 5.16 £+ 0.70 6.65 + 0.32 7.42%

100 3.34 £ 0.90 4.14 £+ 0.15 2.80%

This journal is © The Royal Society of Chemistry 2017
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developed immunosensor can reliably detect IAA in real
samples.

4. Conclusions

In summary, for the first time, we developed a label-free
impedance immunosensor for IAA based on the application of
PAMAM and the anti-IAA-AuNPs complex. This electrochemical
impedance immunosensor exhibited ultra-sensitivity, high
selectivity and good reliability for IAA detection. The applica-
bility of the fabricated immunosensor was also confirmed by
detecting IAA in the stem of sunflowers under different salt
stress. The proposed approach provides a promising detection
platform for IAA detection, and this strategy could easily extend
to detect other phytohormones by replacing the antibody.
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