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Fe3* can catalyze H,0, to oxidize along on the longitudinal axis of gold nanorods (AuNRs), which caused
the aspect ratio of AuNRs to decrease, longitudinal plasmon absorption band (LPAB) of AuNRs to blueshift
(A4) and the color of the solution to change obviously. Thus, a rapid response and highly sensitive non-
aggregation colorimetric sensor for the determination of Fe** has been developed based on the signal
amplification effect of catalyzing H,0-, to oxidize AuNRs. This simple and selective sensor with a wide
linear range of 0.20-30.00 uM has been utilized to detect Fe** in blood samples, and the results consisted
with those obtained by inductively coupled plasma-mass spectroscopy (ICP-MS). Simultaneously, the
mechanism of colorimetric sensor for the detection of Fe** was also discussed.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

As one of the essential trace elements, iron plays a key role in
human body on the progress of physiology and biochemistry. Iron
deficiency may lead to low immunity and infectious diseases,
while the human body takes in too much iron, it will cause
excretory functional disturbance and likely have greater carcino-
genic potential [1]. On the other hand, it is well known that iron is
one of the lower toxic elements in the environment appearing in
various natural waters. So it is very necessary to develop fast,
accurate and sensitive methods for the determination of trace iron
in different samples such as water, food, medicaments and
biochemical materials. In recent years, many methods have been
reported for the determination of Fe>*, such as atomic absorption
spectrometry (The limit of detection (LOD) is 0.032 uM [2],
voltammetry [3], ICP-MS [4,5], and inductively coupled plasma-
atomic emission spectrometry (LOD is 0.47 uM.) [6]. However,
most of these methods are complicated because they need
derivatization, expensive equipment and combination with var-
ious detection methods. In addition, their sensitivities are low and
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liner ranges are narrow. However, the catalytic—kinetic methods
and colorimetric sensor for the determination of iron have
received considerable attention because of its high sensitivity
and accuracy without expensive and special apparatus.

Tracing the developing frontier of science and technology,
research results of nanotechnology and nanomaterials in analysis
of biological and pharmaceutical samples aroused great attentions.
Recently, variety of nanomaterials have been used as electroche-
mical sensor in the determination of the bioactive substances,
such as carbon nanotube [7-9], ionic liquid/multiwall carbon
nanotube [10,11], multiwall carbon nanotubes [12,13], Ag nano-
particles [14] and so on, showing a broad application prospect of
nanomaterials. But the application of these nanomaterials was
limited for their drawbacks. For example, carbon nanotube will be
dissolved in water only if their surfaces have been modified.

In order to overcome these shortcomings, Wu et al. have
developed a sensitive and selective colorimetric detection of Fe3*
using pyrophosphate functionalized gold nanoparticles [15]. Com-
pared with gold nanoparticles, much more attention has been
focused on AuNRs due to unique optical properties, which is
mainly attributed to the fact that AuNRs possess two plasmon
absorption bands: LPAB and transverse plasmon absorption band
(TPAB) [16]. Thereinto, the location of LPAB mainly depends on the
shape, surface charge, and dielectric condition of AuNRs and keeps
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mostly unchangeable [17]. In recent years, a lot of colorimetric
sensors of AuNRs have been developed based on the change of
LPAB [18], such as the determination of Hg (II) [19], Cr (VI) [20],
NO,™ [21], cysteine [22] and glutathione [23], showing its remark-
able practicality. The AuNRs have been the effective and direct
ways to increase the sensitivity of colorimetric sensor. A catalyzing
non-aggregation colorimetric sensor for the determination of Fe>*
has been developed based on the combination of catalytic reaction
and colorimetric sensor due to the amplification effect of catalytic
reaction could enhance visual signals, which would further
improve the selectivity and sensitivity of colorimetric sensor.

In this paper, it was observed that Fe>* can catalyze H,0, to
oxidize along on the longitudinal axis of AuNRs in HCl medium
(pH=1.55) at 70 °C for 25 min, which caused the aspect ratio
of AuNRs to decrease and the A/ of system to increase sharply as
well as the color of the solution to change obviously, showing Fe>*
has signal amplification effect on the A4 of system. Based on the
above phenomena, a rapid response and highly sensitive non-
aggregation colorimetric sensor toward Fe>* was developed.
Compared with gold nanoparticles colorimetric sensor [15], the
linear range of catalyzing colorimetric sensor is 25 times wider,
and its LOD is 84 times lower, indicating that the sensor was
suitable for the Fe** detection in real samples with wider linear
range and low content. To our knowledge, non-aggregation colori-
metric sensor for the determination of Fe** based on the signal
amplification effect of catalyzing H,0O, to oxidize AuNRs has not
been reported yet. This study not only provides a new way for the
design of colorimetric sensor and improves the sensitivity of
colorimetric sensor, but also promotes the applications of AuNRs
and development of trace analysis.

2. Experimental section
2.1. Instrumentation and chemicals

Absorbance measurements were carried out on using a Shi-
madzu UV-2550 spectrophotometer with one pair of 10-mm
quartz cell. The membrane filter (0.45 pm pore size) was used
for the filtration of blood samples. ICP-MS analysis was performed
in this experiment (Agilent 7500, USA).

Fe** working solution: 1.00 mgmL™' Fe** standard solution
(GSBG 62020-90 2601, China National Analysis and Testing Centre
for Iron and Steel) was diluted to 10.0 pM. HAuCl, - 3H,0 ( > 99%),
AgNOs (> 99%), NaBH, (99%), L-ascorbic acid ( > 99%), cetyltriethy-
lammnonium bromide (CTAB, >99%) and H,0O, (30%) were from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Nanopure
deionized and distilled water (18.2 MQ) was used in all experiments.

2.2. Synthesis of AuNRs

AuNRs were synthesized according to silver ion-assisted seed-
mediated method previously reported by El-Sayed and co-workers
[24].

Briefly, 5.00 mL of 0.20 M CTAB was mixed with 5.00 mL of
0.020 mM HAuCl, and stirred vigorously. Thereafter, 0.60 mL of
0.010 M NaBHy (ice-cold) was added, and the color of the solution
changed from dark yellow to brownish yellow under vigorous
stirring, indicating the formation of seed solution. The seed solution
was kept in a water bath at 28 °C for at least 2 h before use.

In a flask, 75.00 mL of 0.20 M CTAB was mixed with 1.25 mL of
4 mM AgNOs solution and 75.00 mL of 1.0 mM HAuCl,. Then,
1.05 mL of 0.10 M L-ascorbic acid (> 99%) was added and the
growth solution was obtained. With continuously stirring this
mixture, 180 pL seed solution was taken out and added to AuNRs
growth solution at 28 °C. The color of the solution gradually

changed to red in the first 15 min until finally stabilized. The
solution was aged at 28 °C for 24 h to ensure full growth of AuNRs.

2.3. Colorimetric assay

1.50 mL AuNRs, 0.25 mL of 0.10 M H,0,, 0.30 mL of 1.0 M HCI
and 0.20 mL Fe3* of different concentrations were added to a 10.0-
mL colorimetric tube and diluted to 10.0 mL with water. After
quick mixing, the solution was incubated at 70 °C for 25 min and
then put on ice-water for 5 min to stop the reaction completely.
The reagent blank experiment was also carried out. Absorption
spectra of the system were scanned and the LPAB of test solution
(42) and reagent blank (4;) were recorded, respectively, and the
blue shift (AA=21;-1,) was calculated.

3. Results and discussion
3.1. Sensing mechanism

As shown in Fig. 1, the initial AuNRs exhibit two plasmon
absorption bands located at 716 nm for LPAB and at 520 nm for
TPAB, respectively (Fig. 1, curve a); no obvious change was found
in absorption spectra of AuNRs in the presence of H,0, (A1=6 nm,
AA=0.007, Fig. 1, curve b); while the blueshift of LPAB was
observed with decrease of the corresponding absorbance after
adding HCl (AA=34 nm, AA=0. 105, Fig. 1, curve c).

There are two possible reasons for these phenomena: on the
one hand, because of the standard electron potential of H,02/H,0
(E=1.776 V) is higher than that of Au (III)/ Au (0) (E=1.500 V) [25]
at pH 1.55, resulting AuNRs were oxidized to AuNRs' by H,0,
(Scheme 1 a); on the other hand, the standard electron potential
of Au (IIT)/ Au (0) (AuCl, /Au (0), E=1.002 V) decreased because
of the complexation of CI™ ions in HCl with Au [20], showing that
Cl” had activating effect on the oxidation reaction between H,0,
and AuNRs. Besides, the blueshift of LPAB could be explained
as H,0, oxidized selectively the tips of AuNRs due to the shield-
ing effects of the surfactant CTAB mainly covering on the trans-
verse sides of AuNRs [19], caused the aspect ratio of AuNRs to
decrease [26].

When Fe** was added in the AuNRs-H,0,-HCl system, the
increasing of Fe>* concentration caused the A4 of the LPAB to
increase and the corresponding absorbance of the LPAB to
decrease (Fig. 2), as well as the color of the solution to change
obviously (Fig. 3). The phenomenon could be explained as Fe**
had strong catalytic effect on the oxidation reaction between H,0,
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Fig. 1. UV-vis absorption spectra of AuNRs-H,0,-HCl system (The component of
each curve presents as follows: (a): 0.75 mM AuNRs, (b): a+2.5 mM H,0,, and (c): b
+30 mM HCI. The experiment was carried out at 70 °C for 20 min and pH was 1.55).
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a
AuNRs + H,0, + 2H" — AuNRs’ + 2H,0
b

Fe** + M0, — Fe*' + OOHe + H'
Fe* + H,0, — Fe* + OHe + OH
o]

AuNRs + OOHe + H"™ — AuNRs® + 2H,0
AuNRs + OH* + H — AuNRs’ + 2H,0

Scheme 1. Sensing mechanism for the determination of Fe**. (a) Reaction between
H,0, and AuNRs (b) Fenton reaction (c) Reaction of OOH+ and OH+ oxidation
AuNRs.
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Fig. 2. UV-vis absorption spectra of AuNRs-H,0,-HCI-Fe** system containing
0.75 mM AuNRs, 2.50 mM H,0,, 30.0 mM HCI and different concentrations of Fe>*
at 70 °C for 25 min under pH 1.55. Inset: working curve of the A1 vs the
concentration of Fe3*,

Fig. 3. Color responses when 0.75 mM AuNRs react with Fe** (from left to right: 0,
2,10, 20, 30 uM) system containing 2.50 mM H,0, and 30.0 mM HCI at 70 °C for
25 min under pH 1.55.

and AuNRs. When the concentration of Fe* was 30.00 M, the A of
system was 3.5 times (118 nm/34 nm) larger than that of uncatalyzed
reaction, showing the Fe** had signal amplification effect on the A4
of system. More interestingly, the LPAB gradually blueshifted and
absorbance decreased with the increasing of [Fe**], resulting in that
plasmon absorption bands located at 558 nm for TPAB, which was
like with the UV-vis absorption spectra of Au nanospheres at 520 nm
[25]. Thus, we could conclude that the gold nanostructures changed
from rods (Fig. 4 a) to spheres (Fig. 4 b) gradually. With the evolution
of the catalytic effect of Fe>* on the reaction of H,0, oxidizing AuNRs,
the aspect ratio of AuNRs decrease and the LPAB blueshifted
gradually. What's more, the A/ of system was linear to the concen-
tration of Fe>* in the range of 0.20-30.0 uM (Fig. 2, inset), allowing
determination of Fe** using AuNRs as catalyzing non-aggregation
colorimetric sensor.

Reaction between H,0, and AuNRs (Scheme 1 a) was shown as
follows:

When Fe3* was added in the AuNRs-H,0,-HCl system, Fe>*
could react with H,0, to form Fe?* and OOHe, and then Fe**
reacted with H,0> to form Fe** and OH+ (Scheme 1 b):

The OOH- and OH- oxidized AuNRs to AuNRs' because of
strong oxidization capability (Scheme 1 c)

Schematic illustration for the designed catalyzing non-
aggregation colorimetric sensor for Fe>* detection was showed
as Scheme 2.

In order to prove the probability of sensing mechanism for the
determination of Fe3*, the structures of AuNRs were characterized.
Representative TEM images of AuNRs in AuNRs-H,0, system
(Fig. 4a) and AuNRs-H,O,—Fe>* system (Fig. 4b) revealed the
presence of clearly defined features of an average size of ~40 nm
(rod state) and 10 nm (sphere state), respectively, because
of oxidizing speed of Fe** catalyzing H,0, to oxidize AuNRs was
fast, caused the aspect ratio of AuNRs to sharply decrease. These
facts above not only confirmed the catalysis of Fe>* on oxidation
reaction between the H,0, and AuNRs, but also demonstrated the
probability of sensing mechanism for the determination of Fe3*,

3.2. Optimization of experimental conditions

For the system containing 10.0 uM Fe>*, a number of para-
meters that influence on the sensitivity, selectivity, accuracy and
stability of the sensor were investigated in a univariate approach.

3.2.1. Effects of the concentration of AuNRs and H,0,

The concentration of nanorods was estimated by assuming a
100% synthetic yield [19]. The effects of the concentration of
AuNRs and H,0, on the A\ of the system were examined,
respectively. Low concentration of AuNRs and H,O, narrowed
linear range, while high concentration caused sensitivity to lower.
As show in Fig. 5, the A4 of system enhanced with the increasing of
the concentration of AuNRs, while the A\ of system reached the
peak value at 0.75 mM and kept almost invariant when exceed
0.75 mM; when the concentration of AuNRs was 0.75 mM, the A2
of system enhanced with the increasing of the concentration of
H,0,, while the A2 of system reached the peak value at 2.50 mM
and the A1 of system decreased when exceed 2.50 mM. In
consideration of both linear range and sensitivity, 0.75 mM AuNRs
and 2.50 mM H,0, were chosen as the optimal concentration.

3.2.2. pH of the system

Bcause of Fe3* easily was hydrolyzed resulting in the formation
of Fe(OH); under alkaline conditions, thus HCI was used to control
pH of the system. As shown in Fig. 5, the A1 of system was 0, and
the A2 of system increased until the concentration of HCl reached
30.0mM (pH 1.55) when the pH of the solution was 2.33. The
phenomena were attributed to the formation of AuCl,;~ which
caused the potential of Au (IlI)/Au (0) to decrease [20], and was
favored to the reaction that Fe>* catalyzing H,O, to oxidize AuNRs.
When the pH of the system was 1.55, the A2 of system reached the
maximum and kept constant when the pH of the system was less
than 1.55. The reason for the phenomena was that the catalytic
reaction completed and AuNRs changed from rods to spheres,
resulting in the response of sensor to Fe>* declined gradually.
Therefore, the optimum pH of the system was 1.55.

3.2.3. Effects of reaction temperature and time

The effects of the temperature and time on the A2 of the system
were investigated. When the reaction temperatures were 40, 50,
60, 70 and 80 (°C), the A1 of system were 2, 10, 16, 54 and 36 (nm),
the corresponding RSD (%) were 4.9, 4.0, 3.7, 1.2 and 2.6,
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Scheme 2. Sensing mechanism for the determination of Fe**.

respectively. Results show that the A2 of system increased with the
increasing of reaction temperature and reached the maximum at
70 °C; when the temperature exceeded 70 °C, the A1 of system
decreased. This could be explained as that the decomposition of
H,0, at high temperature was against the catalytic reaction to
carry out. At the same time, when the reaction time were 5, 10, 15,
20 and 25, 30 (min), the A4 of system were 7, 15, 29, 43, 56 and 54
(nm), the corresponding RSD (%) were 4.4, 3.6, 3.4, 2.4, 1.0 and 1.2,
respectively. Results show that the A2 of system increased gradu-
ally with the increasing of the reaction time and reached the
maximum at 25 min. The A2 of system remained stable in 25 min
after being cooled in ice water for 5 min (data are not shown),
showing the good stability of non-aggregation colorimetric sensor.
Thus, 70 °C and 25 min were chosen as the optimal reaction
condition.

3.3. Selectivity of the sensor

To evaluate the selectivity of sensor towards the sample
containing 10.0 uM Fe3*, a series of coexistent ions in human
serum were investigated under the optimum measurement con-
ditions. When the relative error (Er) exceeded + 5%, each ion is
considered as interfering agent. Results show that the allowable
concentrations of most ions are high: 1000 uM for K*, Na*, Mg?",
Ca%*, Mn?*, Co®* and Pb?* as well as 500.0 uM for Ni**, showing
that this sensor has excellent selectivity.

3.4. Working curve, linear range and LOD
Under the optimum conditions, the A of the system was linear

with the concentration of Fe** in the range of 0.20-30.0 uM, the
regression equations was Ax=11.52+3.704 [Fe>*] (uM), correlation

Admm
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0.4 0.8 1.2 1.6 [AuNRs]/md

Fig. 5. Effect of pH, the concentration of AuNRs and H,0; on the A of the system
(The experimental concentration: containing 10.0 uM Fe** and at 70°C for
25 min.).

coefficients (r) was 0.9949 (n=6). The RSD (%, n=6) were 4.8 for
0.20 uM and 2.1 for 30.0 uM, respectively. The LOD was 0.067 uM
(calculated by 3 Sb/k, here Sb represents the standard deviation of
11 blank measurements and the value was 0.0083, k is the slope of
standard curve), showing the higher sensitivity and wider linear
range of the sensor than those in Ref. [15] (The LOD is 5.6 uM. The
linear range is 10-60 uM.). There are two reasons for higher
sensitivity of this sensor. Firstly, the complexation of CI” ions in
HCl with Au reduced the standard electron potential of Au (III)/Au
(0) [20], showing that CI” had activating effect on the reaction of
H-0, oxidizing AuNRs; Secondly, the catalytic effect of Fe>* on the
reaction of H,0, oxidizing AuNRs greatly improved A/ value [27],
showing the signal amplification of catalytic reaction.

3.5. Analytic application

0.10 mL blood sample was taken and added 0.30 mL mixed acid
(HCl: HNO3=1:1), incubated the solution at 120 °C for 30 min, and
then kept in ice-water bath for 5 min. Then, the solution was
diluted to uM level by Triton X-100-HCI (The mixing solution of
0.50 mL Triton X-100 and 0.50 mL HCl was diluted to 1000 mL
with water.) for use. 1.00 mL test solution was taken and the
content of Fe>* was determined according to the experimental
method. Standard addition recovery experiment was simulta-
neously conducted. This method was compared with ICP-MS.
The results are listed in Table 1.

Seen from Table 1, in the case of serum A, B, C, D, E, F, G, and H,
the F was 1.27, 2.22, 1.56, 1.28, 2.30, 2.07, 1.97 and 2.76, respectively,
indicating that there was no significant differences between S; and
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Results of the detection of Fe** in blood samples and its analysis of the significant differences (P

Statistical analysis

5)

ICP-MS (n

—6)

The method (n

Blood samples

S2

Xz (LM)

Measured value (uM)

S1

X1 (M)

Measured value (uM)

1.14
1.80
1.67
1.74
1.64
1.16
1.62
1.08

5.53
3.41
4.57
3.24
2.46
4.02
245
3.74

1.27
2.22

5.85

4982.21

4979.63, 4984.36 4974.42, 4990.27 4982.38

5.20
4.08

4986.03

4980.12, 4985.21, 4984.33, 4995.37, 4983.46, 4987.66,
6978.32, 6982.23, 6973.27, 6979.16, 6979.65, 6985.47

2.74
5.07
3.04

6982.50

6981.42, 6985.24, 6978.45, 6982.67 6984.71,

6979.68
8758.20
10208.80

1.56
1.28
2.30
2.07

8762.82
10205.38

8764.54, 8769.45, 8759.23, 8764.41 8756.47,

4.06
3.44
1.95
4.75

8760.67, 8764.24, 8755.34, 8759.19, 8752.81, 8756.92
10204.45, 10207.73, 10208.61, 10213.73 10206.44, 10211.81

10201.75, 10204.66 10206.83, 10209.75 10203.91
2562.85, 2566.55 2567.76, 2560.32 2564.28

2.96

2564.35
2629.54
3071.53

2561.91

2560.34, 2563.47, 2564.25, 2559.16, 2562.81, 2561.42,

3.30
2.86

2629.17, 2633.71, 2625.33, 2627.72 2631.78

2632.37

2634.51, 2639.61, 2629.56, 2633.87, 2625.77, 2630.92,
3072.47, 3076.54, 3075.31, 3073.75 3074.66, 3070.86

3463.29, 3459.92, 3467.35, 3454.37 3464.83, 3458.77

1.97
2.76

3073.63, 3068.36 3069.47, 3075.24 3070.94
3461.89, 3465.63 3463.45, 3460.71 3467.38

2.04
4.67

3073.93

81

2.

3463.87

3461.42
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S,, and the corresponding t was 1.14, 1.80, 1.67, 1.64, 1.16, 1.62 and
1.08, respectively, indicating that there was also no significant
differences between X; and X,. Besides, compared with the ICP-
MS, the relative error of the detection results was less than + 5%,
indicating this sensor has high accuracy. The amount of Fe** in
serum of healthy human is in the range of 4200-11000 uM, while
that in serum of diabetes suffer is less than 4200 pM. Thus, we can
diagnose that A-D are of healthy human, E-H are those who suffer
from diabetes, revealing that the sensor possess important clinical
application.

4. Conclusions

In this work, a catalyzing non-aggregation colorimetric sensor
with signal amplification for the determination of Fe>* has been
proposed based on the fact that Fe>* could accelerate the reaction
between AuNRs and H,0,, caused rapid response of the A1 to [Fe>
*]. This rapid, simple, sensitive and selective sensor without
surface modification not only displays potential application pro-
spect in metal ion analysis, but also indicates notable advantage of
combination between high sensitivity of non-aggregation colori-
metric sensor and signal amplification of catalytic reaction and
effectively promoted the development and applications of the
AuNRs, colorimetric sensors and catalytic kinetic analysis.
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