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ABSTRACT: We provide a highly sensitive and selective assay to :
detect cysteine (Cys) and Hg*" in aqueous solutions using Au (5‘\,7/'.\“ - 5 ot e
nanoparticles (NPs) stabilized by carboxylethyl quaternized H & \

cellulose (CEQC). This method is based on the thiophilicity of
Hg”" and Au NPs as well as the unique optical properties of CEQC-
stabilized Au NPs. CEQC chains are good stabilizing agents for Au
NPs even in a high-salt solution. The addition of Cys results in the
aggregation of CEQC-stabilized Au NPs, which induces the visible
color change and obvious redshift in UV—visible absorption spectra.
On the other hand, Hg** is more apt to interact with thiols than Au
NPs; thus, it can remove the Cys and trigger Au NP aggregate
redispersion again. By taking advantage of this mechanism, a novel AR N
off—on colorimetric sensor has been established for Cys and Hg**

detection. This new assay could selectively detect Cys and Hg** with the detection limits as low as 20 and 40 nM in aqueous
solutions, respectively.

Cys induced the aggregation of Au NPs

\ Hg?* trigger Au NPs aggregates redispersion e
‘

CEQC chain ® AuNP

B INTRODUCTION The aggregation of spherical Au NPs can induce a rapid

As an essential amino acid, cysteine (Cys) plays a crucial visible color change from red to blue due to the coupling of

. . 20-22 .
biological role in the human body including protein synthesis, interparticle surface plasmon. The color change provides a

detoxification, and metabolism." Particularly, Cys has been practical platform for the colorimetric detection of analyte that
proven to act as the physiological regulator in various diseases can induce the Au NP aggregation or redispersion. More
such as heart disease, rheumatoid arthritis, and AIDS.>* On the importantly, the extinction coeflicients of Au NPs are over 1000
other hand, Hg”" ions are toxic heavy metal pollutants that times larger than those of organic dyes,” which makes them
widely exist in water, soil, and even food. It can cause serious very suitable for applications in colorimetric sensing systems.24
health problems such as anemia, liver and kidney damage, For example, Liu et al. provided a highly sensitive and selective
diabetes, and heart failure.* It is estimated that the total assay to detect Hg*" in aqueous solutions using quaternary

mercury released into the environment reaches to ~7500 tons

per year.” The detection of Cys and Hg?* is important and has

become an increasing demand in recent years. A great effort has

2+ : : :

been .exertet.l to d.etect Cys and Hg usmg panous detect¥on NPs probes that contain strategically placed thymidine—

techniques, including optical spectroscopy, electrochemical S ) . 24 19
TR o 1314 thymidine (T—T) mismatches complexed with Hg>".

methods, "~ high-performance liquid chromatography, ™ . X ) .

. . 1415 In most cases, Au NPs are modified with oligonucleotide- or

inductively coupled plasma mass spectrometry, and so

forth, 1415 However, most of these techniques require expensive thiol-containing organic molecules to indicate color or light

instrumentation and complicated sample preparation in certain

ammonium group-terminated thiols modified Au NPs.*® Lee
et al. developed a highly sensitive and selective colorimetric
detection for Cys based upon oligonucleotide-functionalized Au

intensity change. These assays own some advantages, but they

cases, which make them inappropriate for point-of- are still cost- or pollution-consuming.>® Therefore, it is interesting
use applications. To overcome these drawbacks, a variety of

colorimetric sensors based on Au nanoparticles (NPs) have Received: December 22, 2012

been attempted for the simple, rapid detection of Cys and Revised: ~ March 25, 2013
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and necessary to develop a facile, low cost, rapid, and eco-friendly
method for Cys and Hg** detection.

Cellulose is one of the most common polysaccharides and is
considered an almost inexhaustible polymeric raw material with
fascinating structure and properties.”” However, cellulose cannot
be dissolved in conventional solvents, which limited its further
application. In previous work, a water-soluble quaternized cellulose
(QC) was homogeneously synthesized from cellulose directly in
alkali/urea aqueous solutions and had been studied as gene***’
and protein carriers,” thermoirreversible gels,31 and so forth. In

this work, a novel cellulose polyampholyte (CEQC, Scheme 1)

Scheme 1. Chemical Structure of CEQC
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was further homogeneously synthesized from QC, which displayed
good salt-resistance and pH-sensibility. A label-free colorimetric
assay is developed for sensing both Cys and Hg®" in aqueous
solutions based on CEQC-stabilized Au NPs. Au—CEQC
solutions are shown to act as an off—on UV absorption switch.
Cys turns off the switch by inducing the formation of Au NP
aggregates, whereas Hg** turns on the UV—visible (UV—vis)
signal because it competitively binds to Cys.

B EXPERIMENTAL SECTION

Materials. The cellulose (cotton linter pulp) was supplied by
Hubei Chemical Fiber Group Ltd. (Xiangyang, China), and the
viscosity-average molecular weight (M,) was determined by
viscometry in cadoxen to be 12.5 X 10* g/ mol. Amino acids were
purchased from Shanghai Ruji Biology Technology Co., Ltd. Other
chemical regents (HAuCl, NaBH,, etc.) were purchased from
Sinopharm Chemical Reagent Co., Ltd. and were used without further
purification. Deionized water (Millipore) was used for all experiments.

Preparation of CEQC. QC was homogeneously synthesued in
LiOH/urea aqueous solution according to previous work.>® The
substitution degree (DS) of the quaternary ammonium was
determined to be 0.39 by using elemental analysis. QC was further
modified with acrylamide under alkaline conditions. Then, CEQC was
obtained by further hydrolysis of the acrylamide-modified QC.** The
DS of carboxyl groups was determined by elementary analysis and
NMR to be 0.59. The isoelectric point (IEP) was determined to be 3.8
through zeta potential and viscosimetry measurements.

Preparation of Au NPs. Au NPs were synthesized by directly
reducing AuCl,” ions in CEQC aqueous solutions using NaBH, as the
reducing agent. CEQC cannot be dissolved in pure water for its
antipolyelectrolyte effect; thus, 0.1 M NaNOs(aq) was selected as the
solvent. Typically, 1 mg/mL CEQC solution was prepared by dissolving
10 mg of CEQC in 10 mL of NaNOs(aq) and was further stirred for 24 h
at room temperature. Then, 1 mL of HAuCl, (2.428 X 1072 M) solution
was added into 10 mL of CEQC solution (1 mg/mL) in a reaction vessel,
followed by constant stirring for 10 min. At last, 0.5 mL of NaBH,
(0.1 M) solution was added immediately with vigorous stirring. The color
of the solution changed from faint yellow to deep red in a few seconds.
The obtained concentration of Au NPs in CEQC(aq) was 2.0 X 1075 M.

Detection of Cys Using Au—CEQC Solutions. First, 10 mL of
Au—CEQC solution was diluted to 100 mL with 0.1 M NaNO;(aq).
Then, 30 uL of Cys solution with various concentrations were pipetted
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Figure 1. Colorimetric detection of Cys by Au—CEQC solutions: (a)
color change of the solutions with increasing Cys concentration; (b)
UV—vis spectra of the solution response for the Cys concentration; (c)
plots of As,4/Agy,4 versus the Cys concentration.

into the test tubes that contained 3 mL of Au—CEQC(aq) (the final
Cys concentration ranged from 100 nM to 10 M), and the
corresponding UV—vis spectra were recorded. The selectivity for Cys
was confirmed by adding other amino acid stock solutions to the final
concentration of 100 M instead of Cys.

Detection of Hg?* Using Au—CEQC/Cys Complex. A 30 uL
amount of Cys (5 mg/mL) solution was added to 10 mL of Au—
CEQC(aq) with vigorous stirring, and then, the mixed solution was
diluted to 90 mL with NaNO;(aq). After that, the pH value of the
mixed solution was adjusted to 11.2 by adding 10 mL of 0.1 M
NaOH(aq) (the final Cys concentration was 12.4 uM). At last, SO uL
of Hg*" ions was pipetted into the test tubes that contained 3 mL of
the above mixed solution, and the corresponding UV—vis spectra were
recorded. The selectivity for Hg*" was confirmed by adding other
metal ions to the final concentration of 24 yM instead of Hg**.

The limits of detection (LODs) for Cys and Hg*" are calculated by
3Sy/S, where 3 is the factor at the 99% confidence level, S, is the
standard deviation of the blank measurements (n = 12), and S is the
slope of the calibration curve.'

Characterization. UV—vis spectra were performed on a UV—vis
spectrophotometer (UV-6, Mapada, China) using quartz cuvettes with
an optical path of 1 cm. Transmission electron microscopy (TEM)
images were observed on a JEM-2100 (HR) electron microscope,
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Figure 2. TEM images of CEQC-stabilized Au NPs in the (a) absence and presence of (b) 4 uM, (c) 7 uM, and (d) 8 uM Cys.

Scheme 2. Schematic Illustration for Off—On Colorimetric
Detection of Cys and Hg”* Ions by Au—CEQC Solutions
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using an accelerating voltage of 200 kV. Dynamic light scattering
(DLS) measurements were performed on an ALV/DLS/SLS-S000E
light-scattering goniometer (ALV/CGS-8F, ALV, Germany) with
vertically polarized incident light of wavelength 632.8 nm from a
He—Ne laser equipped with an ALV/LSE-5003 light-scattering
electronics and multiple tau digital correlator.

B RESULTS AND DISCUSSION

Sensitivity of Au—CEQC to Cys. Au NPs were synthesized
by directly reducing AuCl,” ions in CEQC aqueous solution using
NaBH, as the reducing agent. The obtained Au—CEQC solutions
are very stable due to the existence of strong hydrogen bonding
and electrostatic interactions between the Au NPs and the CEQC
chains.**** The prepared Au NPs displayed excellent salt-
resistance in NaNOs(aq) thanks to the amphoteric stabilizing
agent. The UV—vis spectra of the solutions hardly changed as the
NaNO; concentration increased from 0.1 to 3 M (Figure S1,
Supporting Information). In order to evaluate the sensitivity of the
colorimetric sensor, various concentrations of Cys solutions were
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added into the Au—CEQC solutions. Figure 1 shows the color of
Au—CEQC solutions and their corresponding UV—vis spectra
with the addition of Cys. A typical UV—vis spectrum with a Au
plasmon band at approximately 526 nm was observed for the as-
prepared red Au—CEQC solution. The sharp peak suggested a
narrow size distribution of Au NPs. When Cys solution was added,
the color of the Au—CEQC solution changed from red to purple
and eventually turned to blue (Figure 1a). Meanwhile, as shown in
Figure 1b, the UV—vis spectra exhibited a redshift with decreasing
absorbance, whereas the signal at 624 nm was greatly enhanced.
The results contributed to the fact that the aggregates of Au NPs
were rapidly formed when Cys was added, producing the color
change and weak absorption signals.”**** In the other words, Cys
turned off the absorption signal at 526 nm. Moreover, the
absorption of the solution at 624 and 520 nm corresponded to the
amount of dispersed and aggregated Au NPs, respectively. Thus,
the ratio between Agy and Agy, (Agye/Ags) decreased linearly
with an increase of Cys concentration from 0 to 8 yM, indicating
an increase of the aggregation due to the continuing binding of
Cys to the Au NPs (Figure 1c). With a further increase of the Cys
concentration to 10 uM, the ratio (As,6/Ags) changed barely, and
the solution color receded gradually due to the precipitation of Au
NPs.>"*® The LOD for Cys is approximately 20 nM (S, = 0.003,
S = 0.459), and the sensitivity of the assay could be enhanced by
reducing the concentration of Au NPs (Figure S2, Supporting
Information).

Interestingly, the colorimetric sensing process was significant
affected by the pH of Au—CEQC solution. As shown in Figure S3
(Supporting Information), the Au—CEQC solution displayed
more sensitive detection for Cys at a relative lower pH. Sun et al.
also reported that Cys (¢ = 0.1 mM) induced the aggregation of
Au nanorods at pH below 5.0 while remaining unassembled at pH
above 5.0.”” In the present work, a relative lower concentration of
Cys (c = 10 uM) was sufficient to induce the aggregation of Au
NPs, presumably due to the electrostatic interaction between Cys

dx.doi.org/10.1021/1a3050913 | Langmuir 2013, 29, 5085—5092
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Figure 3. Colorimetric detection of Hg’* by Au—CEQC/Cys systems: (a) color change of the solution with an increase of the Hg*" concentration
from left to right; (b) UV—vis spectra of the solutions response for the Hg?* concentration; (c) TEM image of the redispersed Au NPs obtained after
addition of 24 uM Hg*; (d) plots of Agy4 versus the concentration of Hg™".
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Figure 4. Corresponding hydrodynamic radius (R,) distributions of
the as-prepared Au—CEQC solutions ((a) pH = 5.2; (b) pH = 11.2)
and (c) the redispersed solutions obtained by adding 24 uM Hg** to
the Au—CEQC/Cys conjugate solutions.

and CEQC. Moreover, this colorimetric sensing process was ionic
strength-insensitive as shown in Figure S4 (Supporting Informa-
tion), due to the excellent salt-resistance of CEQC-stabilized Au
NPs as we discussed previously.

Cys Induced the Aggregation of Au NPs. Direct
evidence for the aggregation of Au NPs induced by Cys was
supported by TEM measurement. As shown in Figure 2a, Au
NPs were well dispersed in the absence of Cys due to the well
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protection of the stabilizing agent (CEQC). By counting more
than 300 of the Au NPs in the TEM images, the statistical
results showed that the mean diameter (d) and standard
deviation (SD) of the Au NPs were 7.9 and 2.3 nm, respectively
(Figure SSa, Supporting Information). When a small amount of
Cys (4 uM) was added, the TEM image clearly showed a slight
aggregation of Au NPs (Figure 2b). As expected from the UV—
vis spectra, the size of the aggregates increased gradually with
an increase of the Cys concentration. Finally, huge and three-
dimensional random Au NPs aggregates were observed as the
Cys concentration increased to 8 uM (Figure 2d). As shown in
Figure S6 (Supporting Information), an obvious polymer
coating even formed on the particle surface, indicating that
CEQC chains aggregated with Au NPs together. The aggregation
process could be explained as shown in Scheme 2. Cys was apt to
bind to the Au NPs by its thiol (—SH) group, which was
confirmed by many reports.>*** On the other hand, in the acidic
environment, the carboxyl and amino groups of Cys are ionized to
form a zwitterionic structure.*”*' Thus, after Cys interacts with
surface of Au NPs through its thiol group, it still has two free
charged groups to interact with other Cys or CEQC chains by
electrostatic interactions. In other words, Cys played a role as a
cross-linking agent that made the Au NPs and CEQC chains close
to each other, and finally, aggregates (even precipitates) of Au NPs
and CEQC formed together.

Moreover, we also attempt to use this method to detect other
thiol-containing biomolecules, such as dithiothreitol (DTT),
glutathione (GSH), and bovine serum albumin (BSA). Figure S7
(Supporting Information) shows the absorbance profiles of this

dx.doi.org/10.1021/1a3050913 | Langmuir 2013, 29, 5085—5092
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method against different concentrations of biomolecules. It can be
seen that the UV—vis spectra exhibited a redshift with decreasing
absorbance with increasing DTT concentration (Figure S7a,
Supporting Information). The ratio Agys/Agy was plotted
against DTT concentration, and the results exhibited good
linearity (Figure S7b, Supporting Information). The LOD for
DTT is approximately 23 nM (S, = 0.003, S = 0.3993), similar
to the LOD for Cys. Thus, this detection assay was also suitable
for the quantitative detection of DTT. However, as shown in
Figure S7c (Supporting Information), GSH can induce the
partially aggregation of Au NPs, but the size of the aggregates

5089

do not increase with an increase of GSH concentration, leading
to barely any change of the UV—vis spectra of Au—CEQC
solutions under relative high GSH concentration. On the other
hand, BSA failed to cause any change of the Au—CEQC solution
(Figure S7d, Supporting Information), mainly due to its large size,
complex structure, and great Coulombic 1repulsior1.42 Thus, this
detection assay was not suitable for the quantitative detection of
GSH and BSA.

Sensitivity of Au—CEQC/Cys to Hg?". It is well known
that Hg*" is apt to interact with thiols such as Cys; thus, a rational
strategy to probe Hg®' is to combine Cys-functionalized noble

dx.doi.org/10.1021/1a3050913 | Langmuir 2013, 29, 5085—5092
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Figure 7. Selective detection of Hg*" in real water samples (Cpetatic jons = 24 #M).

metal nanoparticles and Hg?* ions.**** Inspired by this theory, this
novel colorimetric assay was further used for the detection of
Hg**. As shown in Figure 3, the UV—vis absorption of Au—
CEQC/Cys conjugates is quite weak in the whole range of wave-
lengths, because Au NPs have been precipitated for the
introduction of excess Cys (124 pM). When Hg*" ions were
added, the color of the solution changed from light blue to red
gradually (Figure 3a); meanwhile, the UV—vis absorption at 526 nm
increased linearly with increasing Hg** concentration as shown in
Figure 3b,d, because Cys was sequestered from the aggregate
through Hg2+ complexation, which triggered Au NP redispersion
again. This hypothesis was confirmed by the TEM image of the
redispersed Au NPs as shown in Figure 3c. The particle size and
size distribution of Au NPs changed barely after it underwent
an aggregation—redispersion process (Figure S5, Supporting
Information). We also used DLS to monitor the change of the
Au—CEQC solutions. As shown in Figure 4, the hydrodynamic
radius (Ry,) distributions of the Au—CEQC solutions changed
barely as the pH increased from 5.2 to 11.2 (Figure 4ab). The
peak at about 4 nm (2R;, = 8.0 nm, SD = 1.12 nm) corresponded
to the free Au NPs in the solution, which was comparable to that
(d = 7.9 nm, SD = 2.30 nm) obtained from TEM. However, the
CEQC chains became aggregates, and the signal of free Au NPs
disappeared after it underwent an aggregation—redispersion process
(Figure 4c), attributing to a small quantity of Cys that connected
with Au NPs and CEQC chains. In other words, this competitive
process turned on the absorption signal and provided the basis
for the colorimetric analysis of Hg*". The LOD for Hg** is about
40 nM (S, = 0.0004, S = 0.0315), and the sensitivity of the assay
could be enhanced by reducing the concentration of the added Cys
(Figure S8, Supporting Information).

It was worth noting that Figure 3b was not an inverse
behavior of Figure 1b, mainly due to the irreversible dynamic
process of aggregation and redispersion of Au NPs. As shown
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in Scheme 2, Au NPs aggregated, and the size of the aggregates
increased gradually with an increase of the Cys concentration.
Therefore, the UV—vis spectrum exhibited a redshift with
decreasing absorbance. In the Hg®" detection process, Au NPs
were released from the huge aggregates (or precipitates) to the
solution gradually with the addition of Hg*" ions. Therefore,
the change of the spectra in Figure 3b seems like an increase of
Au NPs concentration, which is rather different from Figure 1b.
Interestingly, this redispersion process was also significantly
affected by the pH of the conjugate solution. As shown in
Figure S9 (Supporting Information), Hg*" failed to trigger Au
NP redispersion when the pH was lower than 10.3. Therefore,
an appropriate basic condition (pH = 11.2) was chosen for the
whole Hg*" detection experiments. It should be noted that the
precipitates of Hg(OH)2 are not formed because ngJr ions
prefer to combine with Cys rather than OH™.

Application in Real Samples. In order to investigate the
practical application of the proposed approach, we applied the
method to detect Hg*" in East Lake water and tap water. The
real water samples were collected from a freshwater lake in our
campus (the East Lake) and the tap water in our lab. Then, a
series of samples were prepared by spiking them with standard
Hg*" solutions over the range 0—24 yM. The detection of Hg**
in lake water is shown in Figure Sa,b. The absorption at 526 nm
increased linearly with an increase of Hg** concentration in lake
water over the range 3—24 uM. The LOD for Hg** in lake
water is about 30 nM (S, = 0.0004, S = 0.0391), similar to the
results obtained in pure water. However, the response for
Hg”" in tap water was different from that in deionized water
(Figure Sc,d), presumably due to some organic matter existing
in tap water that could react with Hg*" to form an organic
complex.** In spite of this, this novel colorimetric assay was
suitable for the detection of Hg** in real samples.

dx.doi.org/10.1021/1a3050913 | Langmuir 2013, 29, 5085—5092
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Selective Detection of Cys and Hg?'. To test the
selectivity of Au—CEQC systems, the response of the assay to
other essential amino acids (including Ala, Arg, Asn, Asp, Glu,
Gly, Gln, His, Ile, Leu, Lys, Met, Pro, Phe, Ser, Trp, Thr, Tyr,
and Val; each at 100 #M) was investigated. As shown in Figure 6b,
only the Cys system shows a significantly lower absorbance (AAgy
= 0.32) relative to that of the blank. Moreover, this selectivity can
be visualized with the naked eye. As shown in Figure 6a, only the
Au—CEQC solution containing Cys turned blue, whereas the
others were still bright red. The Au—CEQC solution turned to
purple after adding a great amount of methionine (Met) (100 M),
due to the existence of the methyl mercapto group in the Met. The
new colorimetric assay had quite an extreme selectivity for Cys
compared with other amino acids. Meanwhile, as shown in Figure
6¢,d, tests of the other eight metal ions (except for Ag*) showed that
this system also performed high selectivity toward Hg*', which was
attributed to the higher stability constants of Hg*"—Cys complexes
compared with those of other ions.*** It was worth noting that Ag*
is a significant interference to this detection system, due to the
interaction between Cys and Ag ions. However, due to the formation
of AgCl precipitates, this interference was basically eliminated when
Hg™* was detected in lake water and tap water (Figure 7).

B CONCLUSIONS

CEQC-stabilized Au NPs were prepared, and a facile, cost-
effective, and eco-friendly method for the detection of Cys and
Hg*" has been developed based on the Au—CEQC systems.
The results show that Cys and Hg*" can be detected quickly
and accurately with high sensitivity and selectivity against other
amino acids and metal ions. CEQC not only plays a role as a
capping agent of Au NPs but also affects the aggregate and
redispersion process of Au NPs. Compared with other existing
analytical methods for Hg>* and Cys detection, this new
colorimetric assay has a comparable sensitivity and selectively.
Moreover, this method is based on an eco-friendly cellulose
derivate and can be easily accomplished by using the naked eye
or a common UV—vis spectrophotometer at room temperature,
making it particularly useful for the practical applications.
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UV—vis spectra; colorimetric detection of the low Cys and
Hg”" concentrations; effect of pH and ionic strength of the
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