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Here, we have carefully investigated iodine-mediated etching of gold nanorods (AuNRs) in the presence
of iodate and applied this phenomenon to on-site detection of dissolved oxygen (DO). Under given con-
ditions, the quantitative conversion of target analytes DO to iodine leads to the etching of AuNRs along
the longitudinal direction with the aid of cetyltrimethylammonium. As a result, the longitudinal localized
surface plasmon resonance shifts to a short wavelength. The peak-shift can be used for quantitative
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determination of DO and iodate by a spectrophotometer. The satisfactory results from DO detection in
different water samples and iodate detection in table salt indicate the feasibility of the proposed methods.
Moreover, the as-prepared colorimetric test paper would make the detection more economical

www.rsc.org/analyst and simpler.

Introduction

Till now, analytical methods for determination of ions and bio-
molecules have attracted wide concern in environmental and
biological analysis."” Because of the simplicity of the colori-
metric method, gold nanoparticles (AuNPs) are now widely
employed in colorimetric plasmonic assays based on their
strong localized surface plasmon resonance (LSPR) extinction
in the visible light region and distance-dependent optical
property.>® To date, AuNPs have been used for sensitive
detection of various targets, including oligonucleotides,">""
proteins,'>"® metal ions,"*'® anions'”'®* and some small
molecules."®? 1t is worth noting that the above methods were
generally achieved by triggering the aggregation of analyte
recognition reagent functionalized AuNPs. These methods
need tedious and uncontrollable modification steps. In
addition, the nanoparticle-aggregation-based methods also
suffer from false positive results due to the autoaggregation.
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In contrast, label-free non-aggregation (nanoparticle-
etching-based) methods can overcome the above-mentioned
problems well.>'>® These methods are normally based on the
shape- and/or size-dependent LSPR property of plasmonic
nanostructures,”®>® highlighted by their tolerance to high sal-
inity (e.g., seawater) and the feasibility to make test paper.>"**
Unfortunately, this platform, at present, can only be used for
detection of very few targets, such as Pb>*>*"?** Ccu®">*?**
Co*",*® NO,™,*%?*' Mo0,>",** glucose,* etc. Recently, we
demonstrated and certified a clear mechanism for the iodine-
induced etching of AuNRs in the presence of cetyltrimethyl
ammonium bromide (CTAB) and applied the mechanism to
nanoparticle-etching-based sensing. It is worth noting that the
proposed etching mechanism is totally different from the
iodine-induced transformation of AuNRs mentioned in pre-
vious reports.***° So, it is essential to study more about the
mechanism and it is also interesting to expand this kind of
sensing method.

Dissolved oxygen (DO) is one of the most important indexes
in water monitoring, greatly reflecting the degree of water
pollution.”* There are three frequently-used methods for detec-
tion of DO, including amperometry (Clark electrode),** fluo-
rescence quenching®” and Winkler's method.***> The Clark
electrode is simple, rapid and on-site and has been developed
into some commercial products. However, the Clark electrode
suffers from aging of the electrode and membrane, which
requires frequent and troublesome maintenance. In addition, the
Clark electrode can be influenced by phycophyta, sulfide, carbon-
ate and oil because of blocking of the membrane. So, as with
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other electrochemical methods, the stability of the Clark elec-
trode is not so good. Fluorescence quenching methods usually
have high sensitivity and fast response, but they need compli-
cated instruments and the fluorescence quenching and the
stability of organic molecules can be influenced by many
factors, such as pH and temperature. Winkler’s method (iodi-
metry) is a more reliable and cheap method which has been
widely used in environmental monitoring. Winkler’s method
exhibits greater accuracy (0.1%) than other commonly used
techniques with an accuracy of 3-5%.%° Due to its high
reliability, Winkler’s method is selected as the international
standard method for determination of DO (ISO 5813:1983) and
it is also the standard method in China (GB7489-87). The only
drawback of Winkler’s method is the time-consuming titration
of iodine in the laboratory which thus restricts the on-site
detection of DO for practical application. Therefore, it is essen-
tial to modify this assay for use as an on-site method.

As mentioned in the first paragraph, even though a lot of
plasmonic assays have been achieved to detect various targets
due to their simplicity and sensitivity, a plasmonic assay for
DO has never been reported. The possible reason is that
the present nanoparticle-aggregation-based assay often needs
an appropriate recognition reagent to functionalize AuNPs
while a recognition reagent for DO has not been invented so
far. Therefore, it interesting and meaningful to make up for
the vacancy in the plasmonic sensing method. Our group has
been working on the nanoparticle-etching-based assay for
some years.”>>®*'?> One of the advantages of this assay is
that it is free of nanoparticle labelling. Inspired by this,
here, we develop a label-free plasmonic assay for on-site detec-
tion of DO based on the rapid titration of produced iodine
using AuNRs as the indicator. The iodine transformed by DO
etch (oxidize) AuNRs in the presence of CTAB and results in
the blue-shift of longitudinal LSPR of AuNRs accompanied by
an obvious color change from blue to red. The shift of longi-
tudinal LSPR has a linear relationship with iodine (or DO) con-
centration. Since it is not easy to quantify oxygen directly, we
use KIOj; as a substitute for O, according to the charge conser-
vation law and iodine produced by the reaction of KIO; and KI
is used to make a calibration curve.*’ Using this calibration
curve, we have achieved DO detection in different water
samples as well as the iodate detection in table salt (salt
iodine).

Experimental section
Chemicals and apparatus

Hydrogen tetrachloroaurate(umr) dehydrate, Cetyltrimethyl
Ammonium Bromide (CTAB), ascorbic acid (AA), NaBH,,
NaHCOj3;, AgNO3, KIO; and KI were obtained from Sinopharm
Chemical Reagent (China). All other chemicals were of analyti-
cal reagent grade or better. Solutions were prepared with de-
ionized water (18.2 MQ, Pall® Cascada). Transmission electron
microscopy (TEM) analyses were performed on a JEM-1230
electron microscope (Japan) operating at 100 kV. ESI-MS were
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determined on a LCQ Fleet ion trap mass spectrometer
(Thermo Fisher Scientific, San Jose, USA). The AuNRs were
characterized by X-ray powder diffraction (XRD, Rigaku D/Max-
2550 pc with Cu Ka radiation) UV/Vis extinction spectra were
measured on a Thermo Scientific NanoDrop 2000/2000C
spectrophotometer.

Preparation and characterization of gold nanorods

The AuNRs were synthesized using a modified method by
changing the amount of AgNO; (experimental detail is shown
in ESIf)."” The synthesized CTAB-stabilized AuNRs possess an
average aspect ratio of 2:1 (Fig. 1A). The obtained AuNRs were
centrifuged twice at 7500 rpm for 15 min to remove excess
CTAB. The obtained soft sediment was re-suspended in
deionized water and kept at room temperature. The colloid
was found to be stable for at least 6 months. The prepared
AuNRs were characterized by both TEM and XRD. The XRD
spectrum of AuNRs has a similar pattern with another report
and the peak positions are consistent with metallic gold
(Fig. S91).*®

Procedure for making test paper

Briefly, 5.0 pl of CTAB stabilized GNR colloids was dropped to
a specific zone on filter papers (Supor 450, 0.45pm, Pall Cor-
poration, USA). The solution thereafter was evaporated in air
sufficiently.

Procedure for detection of KIO;

The measurement was carried out in a 50 mM glycine/HCl
buffer solution (850 pL, pH 2.2) containing 1.0 mM CTAB and
1.0 mM KI. To the buffer solution, 10 pL of KIO; with different
concentrations and the prepared AuNR (150 pL, 1.4 nM) solu-
tion were added in sequence. After incubation at 50 °C for
15 min, the extinction spectra of the mixed solutions were
recorded.
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Fig. 1 Extinction spectra and colors of AuNRs in a glycine/HCLl buffer
solution (a, A) in the presence of 10 pM KlOs3 (b, B), 1.0 mM KI (c, C) and
a mixture of 1.0 mM Kl and 10 pM KIOs (d, D) with incubation at 50 °C
for 15 min.
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Detection of DO using the modified Winkler’s method

(1) Fixing of DO: a mixed solution of 10 pL of MnCl, (2.1 M)
and 10 pL of KI/NaOH (0.9 M KI and 12.5 M NaOH) was added
into 2.0 mL samples (seawater, river water and drinking water).
The mixed solutions were sealed immediately and then turned
upside down for some time. (2) Determination of DO: after
sealing for 30 min, 10 pL of the mixed solution was added to a
50 mM glycine/HCl buffer solution (850 pL, pH 2.2) containing
1.0 mM CTAB and 1.0 mM KI. Then, the prepared AuNRs
(150 pL, 1.4 nM) were added as the indicator. Finally, the
mixed solutions were incubated at 50 °C for 15 min and then
the extinction spectra was recorded.

Detection of DO using Winkler’s method***

(1) Fixing of DO: a mixed solution of 1.0 mL of MnCl, (2.1 M)
and 1.0 mL of KI/NaOH (0.9 M KI and 12.5 M NaOH) was
added into 100 mL samples (seawater, river water and drinking
water). The mixed solutions were sealed immediately and then
turned upside down a few times. (2) Determination of DO:
after sealing for 60 min, 1.0 mL of Starch (0.5%) was added
into the mixed solution and the solution became blue. Then,
Na,S,0; (0.01 M) was used for titration of iodine. Finally, the
concentration of DO was calculated by the consumption of
Na,S,03.

Procedure for detection of iodate in table salt

1.0 g of table salt was dissolved into 5 mL of water. Then,
100 pL of the solution was added to a 750 pL glycine/HCl
buffer solution (pH 2.2). Finally, the same procedure was con-
ducted as the procedure for the detection of KIO;.

Results and discussion
Scheme for detection of DO

Scheme 1 illustrates the detection mechanism of the modified
Winkler's method based on iodine-mediated etching of
AuNRs. Mn(u) was first added to the sample and precipitated
by an alkaline-iodide reagent and was immediately oxidized
into Mn(wm) and (wv) by dissolved oxygen. After acidification,
Mn(m) and (v) then oxidized iodide into iodine. The produced
iodine then etches AuNRs in the presence of CTAB and results
in a blue-shift of the longitudinal LSPR absorption of AuNRs.
The shift of longitudinal LSPR could be used for quantification
of DO.
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Scheme 1 Scheme for iodine-mediated etching of gold nanorods for
plasmonic detection of DO.
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To simplify the experiment, we also use KIO; as a substi-
tution for DO and iodine produced by the reaction of KIO; and
KI is used to make a calibration curve.'' According to the
charge conservation law, one mole of iodate is equivalent to
3/2 moles of DO in samples. Therefore, the first step in this
work is to study the detection of iodate using iodine-mediated
etching of AuNRs.

Iodine-mediated etching of AuNRs for detection of iodate

The production of iodine from the reaction between iodate
and iodide (I") has been applied for the determination of
iodate (10;7)."°° As a moderate oxidant, iodine also can
oxidize CTAB-stabilized AuNRs. Scheme 2 illustrates the
sensing mechanism for the detection of iodate. In a glycine/
HCI buffer (pH 2.2), CTAB stabilized AuNRs with an aspect
ratio of 2:1 (Fig. 1A) appeared light blue (photo a in Fig. 1)
because the absorption around 665 nm was stronger than that
around 520 nm (curve a in Fig. 1). The two absorption peaks
are assigned to the longitudinal mode and transversal mode of
localized surface plasmon resonance (LSPR), respectively.*
The separate addition of I0;~ and I” into the glycine/HCl
buffer containing AuNRs induced negligible changes in color
(photo b and ¢ in Fig. 1), longitudinal bands (curve b and
curve c¢ in Fig. 1) and an aspect ratio (Fig. 2A-C) of AuNRs,
indicating neither IO;™ nor I" could etch the AuNRs separately.
In contrast, once 103 together with I" was introduced into the
glycine/HCI buffer containing AuNRs, an obvious color change
from blue to red (photo d in Fig. 1) was observed due to the
blue-shift of the longitudinal LSPR from 665 to 565 nm (curve
d in Fig. 1). The blue-shift of longitudinal LSPR resulted from
the decrease in the aspect ratio (1.2 : 1) of AuNRs (Fig. 2D). We
presumed that large amounts of iodine produced from the
reaction between 10;” and I" etched AuNRs preferentially
along the longitudinal direction, as a result, the average aspect
of AuNRs decreased. The asymmetric etching can be attributed
to less surface passivation and/or higher reaction activities at
the tips of the AuNRs.>">*

In the sensing system, there was 1 mM CTAB in the solu-
tion. The practical reduction potential of AuBr,-/Au is calcu-
lated to be 0.81 V vs. the normal hydrogen electrode (NHE)
which is less than that of I0;7/I" (0.95 V vs. NHE) at pH 2.2.
Theoretically, I0;~ can directly oxidize AuNRs in the presence
of CTAB. However, actually almost no oxidation was observed
when 10;~ was directed added to CTAB-stabilized AuNRs
(curve b in Fig. 1). The result indicated that the reaction

o : Auly -(CTA%),

Scheme 2 Scheme for colorimetric sensing of iodate based on iodine-
mediated etching of AuNRs.
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Fig. 2 TEM images of AuNRs in a glycine/HCl buffer solution (A) in the
presence of 10 pM KIOs3 (B), 1.0 mM KI (C) and a mixture of 1.0 mM KI
and 10 pM KlOs (D) with incubation at 50 °C for 15 min.

between 10;~ and gold was very slow. In contrast, I0;~ can
quickly react with I" to produce I, which was reported to
oxidize AuNRs to Au(i) in the presence of CTAB.** Therefore,
the following reactions were presumed for the etching of
AuNRs:

10;” + 51" +6H' — 31, + 3H,0 (1)
L+1 — I (2)
2Au+1I;7 + 1 +4CTA" — 2Aul, —(CTA"), (3)

To test the assumption proposed above, firstly, extinction
spectra of the reaction product of 103~ and I" were measured
to certify the reactions (1) and (2). Fig. S1 (ESI}) shows the UV-
vis spectra and color of the glycine/HCI buffer (pH 2.2) con-
taining different reagents, including I", 1057, and starch after
incubation at 50 °C for 15 min. 1.0 mM I" did not produce any
typical absorption in a range from 200 to 800 nm and the solu-
tion appears colorless (curve a and photo a in Fig. S17). The
further addition of 1.0 mM IO;~ led to an obvious absorption
peak at 290 nm and 360 nm accompanied by a color change
from colorless to yellow (curve b and photo b in Fig. S17), indi-
cating that large amounts of I3~ were produced. The pro-
duction of iodine was further confirmed by the color change
from yellow to dark blue after the addition of starch into the
obtained yellow solution. The broad absorption in the range of
400-800 nm (curve c¢ and photo c in Fig. S1}) is attributed to
the complex of I;~ with starch.

To identify the etching product, we added high concen-
trations (20, 30, 50 pM) of 103~ into the AuNR solution in the
presence of 1.0 mM KI. Fig. S2 in ESIf shows the colors and
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Fig. 3 Mass spectrum of AuNRs solution after incubation with 2.5 mM
105~ in glycine/HCLl buffer solution containing 10 mM of CTAB, 1.0 mM
of I".

extinction spectra of the final solutions. After incubation at
50 °C for 15 min, the solution turned colorless or yellow
(photos in Fig. S21) and the typical absorption peaks of AuNRs
at 520 and 665 nm disappeared, indicating that the AuNRs
were completely oxidized. The peaks at 290 nm and 360 nm
should be assigned to the production of I;7,>* which were con-
sistent to the absorption spectra of I3~ in Fig. S1 (ESIf). No
characteristic absorption peaks at 260, 390 and 400 nm for
AuBr,~ and AuBr, -(CTA"),>*® were observed in the range
from 200 to 800 nm, indicating AuNRs were probably oxidized
to Au(r) instead of Au(m). On the other hand, the production of
Au(i) is also reasonable in principle. Assuming that Au(m) was
produced, Au(im) would be finally reduced into Au(r) anyway by
iodide under acidic conditions.””

To further prove the etching mechanism, the mass spec-
trum of the etching product was measured (experimental
detail is shown in the ESI}). As shown in Fig. 3, the mass spec-
trum shows that several components are present: CTA" at m/z
284.43, CI™-(CTA"), at m/z 603.51, Br —(CTA"), at m/z 647.74,
I"-(CTA"), at m/z 695.29, and the product Aul, —(CTA"), at m/z
1018.56. All these experimental results demonstrate that gold
was transformed into Au() instead of Au(i), as shown in reac-
tion (3).

Sensitivity

As shown in Fig. 1, the obvious color change of AuNRs
induced by I0;~ possibly provides a colorimetric method for
sensitive detection of I0;™. Under the optimized experimental
conditions (1.0 mM, of CTAB, pH 2.2, 1.0 mM, of KI, 50 °C
incubation temperature, and a 15 min incubation time,
Fig. S3-S7, ESIT), we tested the sensing performance of this
method toward 10;”. Fig. 4A shows the changes of LSPR
absorption with the addition of different concentrations of
10;™. The longitudinal LSPR peak of AuNRs shifted to a short
wavelength gradually with an increase in 103~ concentration.
Two linear relationships between peak-shift and the concen-
tration of 10;~ were obtained. One is from 0.2 to 1.0 uM, the

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Extinction spectra (A), LSPR peak-shift (B), and color changes (C)
of AuNRs after incubation with different concentrations of 103z~ at 50 °C
for 15 min, respectively.

other is from 1.0 to 15 uM (Fig. 4B). The curve slope at a low
concentration range (0.2-1.0 puM) is higher than the curve
slope at a higher concentration range (1.0-15 pM). This means
that the reaction rate at low concentration is faster than that at
higher concentration. Two reasons contribute to this phenom-
enon: (1) the sharp tips at the end of AuNRs have very high
reaction activity and make the etching reaction very fast in the
beginning. After all the tips were corroded, the reaction rate
became slow; (2) the aspect ratio of AuNRs decreases faster in
the beginning because the etching almost only happened at
the end of AuNRs due to the active tips and then happened at
both ends and sides. The longitudinal LSPR therefore changes
more quickly along with the changing aspect ratio of AuNRs.
Using the relationships, we can directly determine the concen-
tration of iodate in table salt (Table S1, ESIt). The detection
limit was calculated to be 0.1 uM (36 rule), which is compar-
able with the results obtained by fluorescence spectroscopy,
ion chromatography and electrochemistry.*>%*¥¢1  The
photos in Fig. 4C show the color responses of AuNRs to
different concentrations of I0;”. Obvious color changes from
blue to red then colorless were also obtained with increasing
10;™ from 0 to 20 uM. Notably, the color change as induced by
3 UM I0;™ can be directly distinguished by the naked eye.

Selectivity

To test the selectivity of this method toward 10;~, various
other ions, including Li*, K", Ca®>", Mg>*, AI**, Zn**, Fe’*", Co*",
Ni**, Cu®",Mn*", Fe’*, Pb>", Hg’*, Ac™, F~, CO;*>", NO; ™, SO,*",
PO,*", ClO,~, H,0,, NO, ™, Cr(vi), glucose and humic acid were
examined. Here, EDTA, a strong chelating agent, was used to
decrease the potential interference from metal ions. Fig. 5
shows the peak-shift of longitudinal LSPR in the presence of
the above ions with different concentrations. The peak-shift
as-induced by 1.0 pM IO;~ is about 43 nm while 100 pM or
1000 pM of other ions caused a tiny peak-shift. As observed

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 LSPR peak-shift of AuNRs responding to different ions at
different concentrations (1000 pM for Li*, K*, Ca®*, Mg?*, A®*, Ac™, F,
COs%", NO3~, SO,%7, PO,*7; 100 pM for Zn?*, Fe**, Co®*, Ni**, Cu?*,
Mn?*, Fe?*, Pb?* and glucose; 10 pM for Hg?*, ClO4~, and humic acid,
1.0 uM for H,O,, NO,~, Cr(vi); 1.0 and 10 pM for 1037) in the glycine/HCl
buffer solution (pH 2.2) containing 1.0 mM EDTA.

from the photos in Fig. 4, only 10 pM of 105~ produced an
obvious color response from blue to red, which can be easily
observed by the naked eye. The excellent selectivity of this
method will greatly benefit the practical applications of the
proposed method.

Detection of DO in real water samples

It is necessary to clarify the feasibility of the detection of DO
when considering some potential interferences (false positive
signal) from NO,", Cr(vi) and H,0,. On the one hand, these
interferences are negligible when we detect the concentration
of DO. In normal water samples, these species usually do not
exist at all or exist only at very low concentration levels while
DO in water often remains at mM levels. In our methods, the
sample is diluted 100 times after formation of iodine and then
reacts with AuNRs (experimental part). This means only these
species whose concentration is higher than 0.1 mM can
produce some interference (because only when the concen-
tration of NO,™, Cr(vi) and H,0, is higher than 1.0 pM, the
peak shift is obvious as shown in Fig. 4). However, this case is
very rare. On the other hand, even if the concentration of these
species is higher than 0.1 mM, the interference of these
species can be evaluated (using the procedure for detection of
iodate) and it can be also subtracted by background
correction.

For quantification of DO, the linear relationships between
peak-shift and the concentration of I0;~ were used (Fig. 4B).
According to the charge conservation law, one mole of iodate
was equivalent to 3/2 moles of DO in samples. The feasibility
of the proposed method is evaluated by comparing the deter-
mination results obtained from the proposed method and the
old Winkler’s method. There are two reasons for using the old
Winkler’'s method to validate the proposed method. First,
Winkler’'s method has been reported to exhibit greater
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Table 1 Comparison of the proposed method and Winkler's method
for detection of DO in real water samples; the standard deviation of
each sample was obtained from three measurements

Proposed method The Winkler’s method

Sample (mg L™ (mg L™

Drinking water 8.2+0.15 8.3 +0.23
Lake water 7.4+0.27 7.5+0.13
Sea water 8.0 £ 0.15 7.9+0.18

0 1 4 7 10 20 30uM
L ‘ 4
Fig. 6 Photographs of the proposed test paper for the sensing of
different concentrations of 103™.

accuracy (0.1%) than other commonly used techniques with an
accuracy of 3-5%.%° Second, the method proposed is actually a
modified Winkler’s method and the main measuring process
is same with the old Winkler’s method. So, it should be much
more persuasive to use the old Winkler’'s method for vali-
dation. Table 1 shows the detection results in different real
samples obtained by the proposed method and Winkler’s
method. The similar results indicated that the proposed
method also possesses high accuracy and stability. In addition,
the proposed method can reduce the tedious titration pro-
cedure used in Winkler’s method, making it possible to be an
on-site method. Compared with other nanoparticle-based DO
detection techniques (such as the electrochemical method and
fluorescence method),*>®® this method, as a spectrophoto-
metric assay, has better stability and reproducibility. Moreover,
it can also be developed into a simple colorimetric method by
increasing sampling volume in the determination procedure
(experimental part).

Colorimetric sensing using test paper

To further increase its applicability, we explored the feasibility
of iodine-mediated etching of AuNRs for colorimetric sensing
using test paper.>* For detection, the test paper was immersed
in a 50 mM glycine/HCI buffer solution containing 10 mM
CTAB and 1.0 mM KI in the presence of I0;™. After incubation
at 70 °C for 25 minutes, the color of each test zone was com-
pared. The color turned to red gradually with the increase of
105~ (Fig. 6). So, the prepared test paper may be used for semi-
quantification of DO. The test paper, as compared to the
reported, is much simpler, more economic and more practical
for colorimetric sensing.

Conclusions

In our experiment, we investigated iodine-mediated etching of
AuNRs in the presence of iodate and apply this to the on-site
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detection of DO and salt-iodine concentration. The iodine-
induced etching mechanism to gold under the assistance of
CTA" was carefully investigated. The proposed method shows
an excellent sensitivity with a detection limit of 0.1 pM and
gold selectivity toward iodate. The good analytical perform-
ance makes it possible for the successful on-site determination
of DO in different waters as well as iodate in table salt
samples. Additionally, the colorimetric test paper would make
the detection more economical and simpler.
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