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Sensor for Light-Up Visual Detection of Arsenate (As")
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A plasmonic biosensor for arsenate has been developed which
uses gold nanoparticles (AuNPs) as the signal reporter and in
which the biocatalytic activity of acid phosphatase (AcP) is
modified by the target ion. The enzyme catalyzes the hydroly-
sis of negatively charged adenosine 5-monophosphate (AMP)
to neutral adenosine, causing appreciable aggregation of
AuNPs and then visible color change of the solution from red
to blue. The presence of arsenate (As’), as a molecular ana-
logue of phosphate, can effectively interfere with the bioactiv-
ity of AcP by competitive inhibition, and so the hydrolysis pro-
cess is slowed down. This is reflected by the change in the so-
lution color from blue to red with increasing concentrations of
As'. In contrast to AuNP-based sensors for arsenic (basically
As") that employ the strong interaction between As"-specific
molecules and As", this sensor adopts a different sensing prin-
ciple and is the first visible sensor for specifically As" specifical-
ly using AuNPs. Finally the practical assay of As’ in groundwa-
ter and lake water was performed with satisfactory results, sug-
gesting this approach can be used for quantification of As’
levels in real water samples.

In many areas of the world, groundwater rich in arsenic is used
daily for drinking water and irrigation." Arsenic usually
occurs in the form of inorganic or organic compounds in
water, depending upon the specific geological or ecological
environment. For example, in reducing aquifers, arsenite (As")
is the dominant form, while arsenate (As’) is generally the
stable form in high-pH aquifers."* Chronic exposure to arsenic
in groundwater can pose significant health issues including
skin pigmentation, cardiovascular diseases, and certain can-
cers.®” The International Agency for Research on Cancer
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(IARC) and the U.S. Environmental Protection Agency (EPA)
have classified arsenic as a human carcinogen for many
years.® Toxicity studies show that inorganic arsenic species are
much more harmful than their organic counterparts (readily re-
leased by the body),” and this awareness of toxicity is conduc-
tive to arsenic speciation rather than total arsenic determina-
tion.['

For decades, the development of sensors for arsenic anions
has made substantial advances in terms of sensitivity and se-
lectivity. Electrochemical assays based on the surface modifica-
tion of electrodes is one of the most effective methods to ach-
ieve low detection limits,""'*) which are comparable to or
below the maximum value for arsenic (10 ppb, 0.13 um) in
drinking water determined by the World Health Organization
(WHO). Another approach features the use of visual meth-
ods,"'% that is, colorimetry and fluorometry, which are favora-
ble for rapid field testing of the arsenic level in those identified
and predicted arsenic-affected regions and areas. A frequently
used strategy to detect inorganic arsenic visually is first to
form arsine by hydride generation and followed by colorimet-
ric determination with molybdenum blue,"” but this method is
extremely dangerous due to the highly toxic arsine gas. Re-
cently, AuNP-based colorimetry has emerged as an interesting
strategy for the detection of arsenic anions.®?¥ This approach
is based on the color/optical change of a AuNP solution dictat-
ed by the interparticle distance® at different concentrations
of arsenic. The recognition elements for arsenic are thiol mole-
cules,"™®2" 2 jonic liquids,*” and oligonucleotides,*?*?? with
As" being targeted, yet in natural waters, As" is typically pre-
dominant.'” Therefore, it is desirable to fabricate colorimetric
nanosensors for As’ to complement those designed for As".

Herein, we present a method for the light-up colorimetric
detection of arsenate by means of the arsenate-controlled bio-
activity of acid phosphatase (AcP) which affects the interparti-
cle distance of AuNPs. The detection is based on the inhibitory
effect of arsenate on AcP bioactivity® for the hydrolysis of the
charged nucleotide to the uncharged nucleoside, with citrate-
capped AuNPs as the optical probe. To be more specific, the
principle of detection is outlined in Scheme 1. We chose ade-
nosine 5-monophosphate (AMP) to be the substrate for AcP.
Since the enzymatic reaction is optimal under weakly acidic
conditions while the colorimetric response is preferable under
alkaline conditions, we divided the detection procedure into
two separate steps. In acetate buffer (bufferl, 10 mm, pH 5.0,
containing 10 mm MgCl, to activate the enzyme) AcP initially

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Principle of the detection of As". Owing to the catalysis of AcP,
the charged AMP is converted to uncharged adenosine, and when bare
AuNPs are introduced into the solution, the interparticle distance becomes
closer; thus the color of the solution turns from red through purple to blue,
depending on the progress of the enzymatic reaction. In the presence of
As", the catalytic hydrolysis is retarded due to the inhibition of AcP activity,
and the color of solution reverses from blue through purple back to red, de-
pending on the concentration of As".

catalyzes the dephosphorylation of AMP to adenosine. In phos-
phate buffer (bufferll, 50 mm, pH 9.0) AMP protects AuNPs
from aggregation in solution owing to the charge from the
phosphate group, but adenosine causes the AuNPs to aggre-
gate since the nucleoside can displace weakly bound citrate
ions and bind to AuNPs via metal-ligand interactions.?” As
a result, a change in the color of the solution from red through
purple to blue can be observed with the gradual generation of
adenosine. As", a molecular analogue of phosphate, can com-
pete with AMP in the enzymatic reaction and acts as an inhibi-
tor on the AcP activity. As a result, the change in the color of
the solution is reversed and observed from blue through
purple to red when the concentration of As’ increases gradual-
ly.

To test the scheme, we studied the effect of 0.1 mm of As'.
First we added 2 uL of AcP solution (1.2 unit/mL, or 2.9 um),?®
2 uL of As' solution (1 mm), and 6 uL of AMP solution (1 mm)
to 10 uL of buffer| and incubated the resulting solution at
37°C for 80 min. Then we transferred 10 pL of the above solu-
tion into the probe solution (200 pL, 7.0 nm AuNPs+ 100 pL
buffer Il), mixed for 10's, and recorded the spectra after 5 min.
As shown in Figure 1a, after the enzymatic hydrolysis has
taken place, the color of the AuNP solution in the absence of
As" is blue (iv), in stark contrast to the color of the untreated
AuNP solution (i) and AuNP solution incubated with AMP only
(ii). The optical spectrum of the blue solution shows the strong
damping of surface plasmon band (SPB) at 520 nm and the ap-
pearance of a second SPB at 660 nm (Figure 1b, green line)
owing to the interparticle plasmon coupling of AuNPs.?*="
This spectrum is similar to that of the solution incubated with
adenosine (Figure S1, Supporting Information), indicating the
catalytic conversion of AMP to adenosine. However, in the
presence of As', the color of the solution returns to red (Fig-
ure 1a, (v)) with the disappearance of the second SPB (Fig-
ure 1b, pink line), indicating the stabilization of AUNPs by AMP
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Figure 1. a) Color of AuNP solution alone () and in the presence of AMP (ii),
AcP (i), AMP+AcP after enzymatic reaction (iv), and AMP+AcP after enzy-
matic reaction in the presence of As" (v). b) Optical spectra corresponding to
the solutions in (a). c-f) Representative TEM images of AuNPs in the pres-
ence of AMP (c), AcP (d), AMP+AcP after enzymatic reaction (e), and
AMP4-AcP after enzymatic reaction in the presence of As' (f). Scale bars:

50 nm. g) DLS profile showing the HDs of AuNPs under different conditions.
AMP: 0.3 mm, AcP: 0.29 um, As’: 0.1 mm, and AuNPs: 4.7 nm.

due to the inhibition of AcP bioactivity by arsenate. The de-
grees of particle aggregation are also supported by transmis-
sion electron microscopy (TEM) (Figure 1¢, (e,f)). To avoid the
effects of sample drying in a particular state, we characterized
the hydrodiameters (HDs) of AuNPs under specific conditions
by dynamic light scattering (DLS). As shown in Figure 1g, the
DLS result is quite consistent with the other results. It should
be noted that some degree of particle aggregation is observed
for only AcP, as shown in Figure 1a (iii), b (blue line), and d.
This suggests that the aggregation of AuNPs comes from the
synergistic effects of adenosine and AcP, yet the effect of ade-
nosine is much more appreciable than that of AcP.

A few parameters relevant to the aggregation of nanoparti-
cles need to be optimized. Apart from AMP, we also studied
the kinetic enzymatic hydrolysis of adenosine 5’-diphosphate
(ADP) and adenosine 5'-triphosphate (ATP), and the results are
shown in Figure S2a in the Supporting Information. The ratio
of the absorbances at 660 and 520 nm (Ag,/Asy) Was chosen
to assess the degree of aggregation and also as a measure of
the color change from red to blue. The same concentrations of
the three nucleotides were chosen in order to normalize the
concentration of adenosine. Besides, the amounts of AcP are
also identical. We find that higher absorbance ratios are ob-
tained in the ascending order of ATP, ADP, and AMP. Significant
aggregation of nanoparticles occurs only after 80 min of enzy-
matic reaction in the case of AMP, while no marked aggrega-
tion can be seen for ATP within the overall test time. We as-
cribe the phenomena to the slow rates of hydrolysis and the
multistep dephosphorylation od ADP and ATP? Because the
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absorbance ratio is a combined result from adenosine and AcP,
we did not estimate the progress of the enzymatic conversion
of AMP. We then optimized the concentration of AMP (Fig-
ure S2b). We found that Ag/Asy is nearly in proportion to the
concentration of AMP. The largest slope of variation is ob-
tained at 0.225 mm of AMP, followed by that at 0.3 mm of
AMP. However, the absorbance ratios for both concentrations
of AMP almost reach the same in the end. We conducted the
experiment with 0.3 mm of AMP and then optimized the
amount of AcP, as shown in Figure S2c. Clearly, the more AcP
is used, the higher the rate of hydrolysis, yet the slope of varia-
tion at 0.29 um of AcP is similar to that at 0.44 um of AcP.
Therefore, we chose 0.29 pm as the optimum amount of AcP.
Based on the knowledge that the detection of arsenate is vir-
tually a process of dispersion of nanoparticles, it is better to
select a time for hydrolysis reaction sharing the highest sensi-
tivity relative to particle aggregation. Results shown in Fig-
ure S2d support our hypothesis. When the concentration of
AMP is 0.3 mm, the best response to arsenate is obtained at
80 min of enzymatic reaction, when the color change of the
solution from red to blue reaches its optimum sensitivity, as
shown in Figure S2b. Moreover, selecting 80 min for the enzy-
matic reaction, we do not observe a meaningful difference in
the response to arsenate by use of 0.225 mm of AMP com-
pared to that using 0.3 mm of AMP. Taken together, the condi-
tions for the sensing of As' were selected to be 0.3 mm of
AMP, 0.29 um of AcP, and 80 min of enzymatic hydrolysis. In
addition, even though the adenosine-induced AuNP aggrega-
tion is rapid, for better reproducibility, the time for the colori-
metric response was set to be 5 min.

We applied the optimal conditions described above for the
sensing of As'. The gradual damping of the second SPB along
with the increase of As' concentration (Figure 2a) indicates
that interference by As" with the enzymatic hydrolysis of AMP
is in effect. An exponential decay curve is obtained (y=
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Figure 2. The sensing performance of the sensor operated in deionized
water. a) Variation of optical spectra in the presence of different concentra-
tions of As". b) Calibration curves for absorbance ratio (Ag/Asy) versus the
concentration of As". The error bars show standard deviations that are based
on three measurements. c) Colorimetric response of AuNP solution in the
presence of different concentrations of As'. Conditions: 0.3 mm of AMP,

0.29 um of AcP, 80 min for enzymatic hydrolysis, and 5 min for colorimetric
response.
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0.1340.80 exp(—x/3.97), 0.1 <x< 100) between the absorbance
ratio Aggo/Asyo and As' concentration (Figure 2b); specifically,
a linear relationship is established up to 1.0 um, with a sensitivi-
ty of 0.334+0.04 um~' and a detection limit of ca. 0.1 um at
a signal-to-noise ratio of 3 (Figure 2b, inset). Corresponding to
the spectral profile, the color change of the solution from blue
(0, 0.1, and 0.5 um) through purple (1 and 5 um) to red (above
10 uMm) can be clearly seen with the naked eye (Figure 2¢). The
limit of visual discrimination is about 0.5 um. Since this is the
first AuNP-based plasmonic sensor for As' only, comparison of
the visual detection limits among different sensors cannot be
done. On the other hand, compared to plasmonic nanosensors
for As""®29 the present one may not be advantageous in the
spectral limit of detection but shows comparable visual detec-
tion limit. Although this visible limit of detection is somewhat
higher than the maximum arsenic level in drinking water set
by the WHO, our method may find prospective application in
arsenic testing, owing to its simplicity, at fields where relatively
high concentrations of As’ are expected.

To investigate the sensor selectivity, many ions commonly
encountered in groundwater and surface water were exam-
ined. We found that most of the ions including As" induce no
reverse effects on the colorimetric response, with the excep-
tion of Cu**, F~, and H,PO,™ ions (Figure S3). These three ions
exert pronounced effects on the dispersion of nanoparticles
through the inhibition of AcP activity, as previously identi-
fied.®? The three ions do not interfer when their concentra-
tions are less than 1 um for Cu®*, 10 um for F~, and 1 pm for
H,PO,”. Meanwhile, there are no obvious interferences in the
detection of As’ in solutions incubated with the other ions
under specific conditions. Of the three ions, phosphate may
present the biggest problem since it can coexist with As' in
groundwater. Therefore, for water samples with potentially
high phosphate levels, this approach is not useful unless there
are viable ways to remove phosphate without influence on
As.

Groundwater from the local countryside was spiked with As’
and used as a model of arsenic-contaminated drinking water.
Both the spectral change and the solution color change (Fig-
ure 33, b) resemble with those observed for the calibration of
As" in deionized water (Figure 2a, c). Indeed, we observe little
difference between their working curves; the two absorbance
ratios at a given concentration are very close (Figure 3c). We
further tested the recovery after adding known concentrations
of As’ to a campus lake water sample. The results show that
the recovery is in the range of 95% to 105 % (Figure S4). Apart
from the detection of As', the system can also be used to
detect As" through the oxidation of As" to As’ by hypochlorite
and the removal of residual hypochlorite by the addition of
sulfite (data not shown). Even though more real water samples,
including contaminated ones, have to be tested for validation
of this method, the data discussed above indicate that the
sensor has the capacity to detect As’ in water samples with
sufficient selectivity and sensitivity.

In summary, we have developed the first light-up plasmonic
nanosensor for As' through As'-controlled AcP bioactivity and
gold nanoparticle aggregation. Unlike assays for As" using

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. The sensing performance of the sensor operated in groundwater
spiked with known amounts of As". a) Colorimetric response of AuNP solu-
tion in the presence of different concentrations of As". b) Variation of optical
spectra in the presence of different concentrations of As". c) Performance
comparing the assay in deionized water with the assay in groundwater. The
data are based on the average of three measurements, with error bars re-
moved for clarity. Conditions: 0.3 mm of AMP, 0.29 um of AcP, 80 min for en-
zymatic hydrolysis, and 5 min for colorimetric response.

gold nanoparticles and As"-specific molecules in literature, this

detection is founded on the inhibitory effect of As’ on AcP in
the enzymatic dephosphorylation of AMP, leading to the dis-
persion of nanoparticles and visible change in the color of the
solution from blue to red. The sensor is endowed with quite
remarkable selectivity towards As’ even in the presence of
most of environmentally relevant ions, and relatively low de-
tection limit meeting with the requirement of visible assaya of
arsenic-enriched waters. As a plasmonic nanosensor for As,
our method makes good complement to those designed for
As". Our next step is to decrease the visible discrimination
limit below the standard of the WHO. A novel practice using
enzyme-guided crystal growth with inverse sensitivity®® might
be a good measure of solution, which is currently under inves-
tigation.

Experimental Section
Materials

Acid phosphatase (EC 3.1.3.2) from potato (solid, 3-10 units/mg)
was purchased from Sigma-Aldrich. Sodium hydrogenarsenate
heptahydrate (As') was purchased from Xiya Reagent (Chengdu,
China). Nucleotides were purchased from Sangon Biotech (Shang-
hai, China). Other chemicals were analytical grade and used with-
out further purification. Deionized water was used throughout the
experiments.

Citrate-capped gold nanoparticles of 13 nm average diameter were
synthesized according to the literature.?¥ The particle concentra-
tion was calculated to be 7.0 nm, based on extinction coefficient of
2.7x10°m~ ' cm .5

The detection of As’ in deionized water was conducted in two sep-
arate steps. First, 10 uL of acetate buffer (10 mm, pH 5.0, contain-
ing 10 mm MgCl,) was treated with 2 pL of AcP (1.2 unit/mL), 2 pL
of varied concentrations of As’, and 6 uL of AMP (1 mm), and the
solution was incubated at 37 °C for 80 min. Second, 300 pL of solu-
tion containing 200 pL of gold suspension and 100 pL of phos-
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phate buffer (50 mm, pH 9.0) was treated with 10 pL of the above
solution from the first step; the resulting solution was mixed for
about 10s, and the spectrum was recorded after 5 min of incuba-
tion.

The assay of As’ in practical water samples was conducted by fol-
lowing the above procedure, except that groundwater and lake
water were used instead of deionized water. Prior to testing,
groundwater and lake water were pretreated with filter membrane
(0.22 um size cut-off) to avoid possible interference from microbes
and other substances.

Characterization

UV/Vis optical absorption spectra were obtained on a Lambda 25
UV/Vis spectrometer (PerkinElmer). Transmission electron microsco-
py images of the nanoparticles were acquired on a JEOL-2100F
transmission electron microscope (JEOL) operating at 200 kV. DLS
measurements were performed on a Malvern Zetasizer instrument.
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. s Y sensor specifically for arsenate makes
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. use of gold nanoparticles. The sensing
rationale relies on the selective inhibi-
tion of acid phosphatase bioactivity by
arsenate, leading to the reversal of solu-

tion color from blue to red.
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through the Inhibition of Acid
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