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ABSTRACT

As a pathogenic factor of the Alzheimer's disease, aluminum has been associated with the damage of the
central nervous system in humans. In this study, we propose a new facile and rapid colorimetric
detection method of AI>* with excellent selectivity and high sensitivity based on silver nanoparticles
(AgNPs) stabilized by reduced glutathione (GSH) in the presence of L-cysteine (Cys). The new mechanism
of our AI>* detection system based on GSH-AgNPs, i.e., aggregation of smaller etched GSH-AgNPs, are
confirmed by TEM, EDS and DLS. The aggregation of smaller etched GSH-AgNPs results in obvious color
change of the nanoparticle dispersion from yellow to reddish brown, and red shift and intensity decrease
of the surface plasmon resonance (SPR) absorption. The GSH concentration, Cys concentration and pH
value of the GSH-AgNPRs-based detection system are respectively optimized to be 10.0 mM, 50.0 mM
and 6.0 according to the sensing effect of AI>*. At the optimized conditions, the selectivity of the GSH-
AgNPs detection system for AI** is excellent compared with other ions including K*, Mg?*, Fe**+, Co®™*,
Mn?*, Zn?*, Cd?*, Pb?*, Ca®*, Ba®*, Cu®*, Cr*+, Hg?*, Ni**, Cr,0,27, S0427, C,04%~, PO~ and
€052~ . Furthermore, this detection system is very sensitive for AI**. The limit of detection (LOD) is
1.2 uM by the naked eyes and 0.16 uM by UV-vis spectra, which are both much lower than the national
drinking water standards (7.4 uM). Furthermore, the UV-vis detection offers a good linear detection
range from 0.4 to 4.0 uM (R?=0.9924), which indicates that our developed detection system can also be
used for the quantitative analysis of AI>*. The detection results of real water samples indicate that this
method can be used for real water detection.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

as aconitase, allosteric enzyme, glutamate dehydrogenase, d-amino-
levulinic acid dehydratase, nitrate reductase, mannitol dehydrogen-

Aluminum is the third most abundant element in the Earth's
crust. Aluminum and aluminum-containing products have been
applied more and more often to human's daily lives, aerospace and
other fields, due to its abundance, active chemical properties and
excellent physical properties. Meanwhile, pollutions and diseases
caused by aluminum and aluminum-containing products are
increasing. Aluminum ion (AI**) is associated with many neuro-
logical diseases. It can reduce the activity of some enzymes, such
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ase and trehalase [1-5]. Research shows that AI** is a pathogenic
factor of the Alzheimer's disease because A>* can induce oxidative
stress in brain tissue [6-8].

Nowadays, traditional detection methods for AP+ include flame-
less atomic absorption spectrophotometry, inductively coupled
plasma atomic emission spectrometry (ICP-AES), inductively coupled
plasma mass spectrometry (ICP-MS), electrothermal atomic absorp-
tion (ETAAS), neutron activation analysis (NAA), high performance
liquid chromatography (HPLC) and fluorimetry [9-12]. Although
these methods have high sensitivity and excellent selectivity, they
are not suitable for on-site analysis because the sample pretreat-
ments are complicated and the detection time is long.

In recent years, many colorimetric assay methods have been
reported for detection of metal ions based on noble metal nano-
particles due to their high extinction coefficient and strong surface
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plasmon resonance (SPR) properties [13-22]. To date, however,
only three AI** colorimetric detection systems based on noble
metal nanoparticles, which are introduced below, are reported
[23-25]. Li et al. presented a colorimetric assay method based on
pentapeptide modified gold nanoparticles for selective detection
of AP+ both in aqueous solution and on living cellular surfaces [23].
The limit of detection (LOD) is 0.2uM by UV-vis spectrum.
Because AI** cannot be detected by the naked eyes using this
method, it is not applicable for on-site real-time detection. Zhang
et al. proposed new AP+ colorimetric detection systems based on
mononucleotide-modified gold or silver nanoparticles [24], whose
LOD is 3.0 uM or 1.5 uM by the naked eyes, and 0.46 pM or 0.09 M
by UV-vis spectrum. Although the LODs by the naked eyes or UV-
vis spectrum are all lower than the national table-water standard
(7.4 uM), the detection process is too complicated to be used for the
on-site real-time detection because the gold or silver nanoparticle
dispersions need to be centrifuged before AP+ detection. Chen et al.
reported a new colorimetric detection method of A** based on
citrate-capped gold nanoparticles [25]. The LOD is 1.0 uM by naked
eyes, which is also lower than the national table-water standard.
However, Cr>* and some other trivalent cations have interference
to the A" detection. Therefore, it is necessary to develop a new
rapid A>* colorimetric detection method with applicability for on-
site real-time detection, excellent selectivity and high sensitivity.
In this study, we propose a new facile and rapid AI** colori-
metric detection system with applicability for on-site real-time
detection, excellent selectivity and high sensitivity based on silver
nanoparticles (AgNPs) stabilized by reduced glutathione (GSH) in
the presence of L-cysteine (Cys). The proposed new mechanism for
AP+ detection, i.e., aggregation of smaller etched AgNPs, is shown
in Scheme 1. As a stabilizer, GSH molecule can be absorbed onto
the surface of AgNPs via the thiol group. However, Cys (another
smaller molecule containing a thiol group) may attack the surface
of the AgNPs and replace GSH to some extent. Slight aggregation
of AgNPs may happen because Cys is worse than GSH as a
stabilizer. Furthermore, Cys can etch the AgNPs because of the
unique and strong interaction between the thiol groups and AgNPs
[26] resulting in decrease of the nanoparticle size. Because AI**
can form complex with GSH [27], the smaller GSH-AgNPs etched
by Cys aggregate to a great extent after being incubated with A*+.
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Scheme 1. Mechanism scheme of GSH-AgNPs with Cys for rapid colorimetric
detection of AI>*. Cys may attack the surface of the AgNPs and replace GSH to some
extent. The size of the AgNPs decreases because AgNPs could be etched by Cys.
Slight aggregation may also happen because Cys is worse than GSH as a stabilizer.
The smaller GSH-AgNPs etched by Cys aggregate to a great extent after being
incubated with AP*.

The severe aggregation of the smaller etched GSH-AgNPs results in
obvious color change of the nanoparticle dispersion from yellow to
reddish brown, and red shift and intensity decrease of the surface
plasmon resonance (SPR) absorption. Due to the new mechanism
of aggregation of smaller etched AgNPs, our GSH-AgNPs-based
detection system is very sensitive for AI>*. The LOD is 1.2 uM by
the naked eyes and 0.16 uM by UV-vis spectra. Furthermore, the
selectivity of this A+ detection system is excellent compared
with other metal ions and anions including K+, Mg?*, Fe3+, Co?™*,
Mn2+, Zn2+, Cd2+, pb2+' CaZ+' BaZ+‘ Cu2+’ Cr3+‘ Hg2+‘ Ni2+,
Cl‘20727, 50427, C20427, P0437 and C0327.

2. Experimental
2.1. Materials and characterization

Analytical grade reagents, such as reduced GSH, AgNOs, sodium
borohydride (NaBH,4), Cys, NaOH, HCI, KCl, MgCl,, FeCl;, CoCl,,
Ml‘lClz, chlz, Cdclz, Pbclz, Caclz, Baclz, Cuclz, CrCl3, chl2, Nlclz,
AlCl3, KZCr207, Na2504. N32C204, NaZS, N33P04 and N32C03, were
all obtained from Sinopharm Chemical Reagent Co. Ltd. All the
chemicals were used as received. Transmission electron micro-
scopy (TEM) was performed using a Tecnai F20 instrument
operated at 200 kV. The samples were directly loaded onto the
copper grid for TEM observation. UV-vis spectroscopy was per-
formed using a T10CS instrument from Beijing Purkinje General
Instrument Co., Ltd. Size distribution of GSH-stabilized AgNPs
(GSH-AgNPs) was measured by a DLS zetasizer (Nano ZS, Malvern
Instruments Ltd.). The AI>* concentrations in real water samples
were detected by Inductively coupled plasma mass spectrometry
(ICP-MS, Perkin Elmer) as controls. MilliQ water was used for all
experiments.

2.2. Preparation of GSH-AgNPs

GSH-AgNPs were prepared by a previously reported method
with only minor modifications [28]. Typically, 2.0 mL 20.0 mM
AgNO; was added into 187.6 mL Milli-Q water under stirring. After
10.0 min, 6.4 mL of freshly prepared NaBH, (0.1 M) aqueous
solution was rapidly added under vigorous stirring. After addition
of NaBHy,, the stirring speed was turned down to a facile speed.
After 5.0 min, 4.0 mL of GSH aqueous solution (1.0 mM) was
dropwise added and the reaction was kept for 2.0 h.

2.3. Detection of AP*

9.0 mL of the above GSH-AgNPs dispersion was mixed with
1.0 mL of Cys aqueous solution (0-150.0 mM) and 0.3 mL of GSH
aqueous solution (0-20.0 mM). The pH value of the mixture was
then tuned from 4.0 to 9.0 to form the final detection system. The
final detection system was mixed with different concentration of
AI2* or other ions solution by the volume ratio of 4:1. One min
later, the color change of the mixtures was observed and the
corresponding UV-vis absorption was recorded with T10CS UV-vis
spectrophotometer.

2.4. Detection of AP~ in real water samples

The AI** in real water samples (tap water or lake water) was
also detected by using standard addition method. Various con-
centrations of A+ was added into real water samples, which
were used directly without purification, and detected by our AI>*
detection system. Typically, 200 pL of AI** aqueous solutions with
different concentrations, which were prepared using MilliQ water,
tap water or lake water, were respectively added into 800 pL of Cys
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etched GSH-AgNP dispersions. 1 min later, the color change of the
mixtures was observed and the corresponding UV-vis absorption
was recorded with T10CS UV-vis spectrophotometer.

3. Results and discussion
3.1. Optimization of experimental conditions

The Cys concentration (in the 1.0 mL of Cys aqueous solution
added into the GSH-AgNPs dispersion before AI>* detection), GSH
concentration (in the 0.3 mL of GSH aqueous solution added into
the GSH-AgNPs dispersion before AI>* detection) and pH value of
the GSH-AgNPs-based detection system are optimized according
to the sensing effect of AP +.

The GSH-AgNPs dispersion without Cys is used as a control
(Fig. S1(a)). It is found that no color change can be induced by
AP+, even at high AI>* concentration up to 20.0 uM. However, when
50.0 mM of Cys is introduced (Fig. S1(b)), the color change of the
detection system incubated with 2.0 or 20.0 uM of AI>* is obvious.
Because higher Cys concentration (100.0 or 150.0 mM) has no benefit
to the sensitivity of the A’* detection system (Fig. S1(c) and (d)),
50.0 mM of Cys is chosen as the optimal condition in the following
study.

The GSH-AgNPs dispersion without further addition of GSH is
used as a control (Fig. S2(a)). As can be seen from the colorimetric
detection images, compared with the control, the color change of
the detection system (especially at 2.0 pM of AI**) is negligible
when the GSH concentration is 0.6 mM (Fig. S2(b)), while it may
become obvious when the GSH concentration is 6.0 mM (Fig.
S2(c)), and become most clear at 10.0 mM of GSH concentration
(Fig. S2(d)). That's because the GSH lower than 10.0 mM is not
enough to completely cover the surface of the etched AgNPs and
the complexation between AI** and GSH (on the surface of the
etched AgNPs) cannot lead to obvious aggregation of the etched
AgNPs. However, higher GSH concentration (13.0 or 20.0 mM)
results in bad colorimetric detection effect (Fig. S2(e) and (f)). That
is because the excess free GSH in solution complexes with A>*
and then inhibits the interaction between AI** and GSH on the
surface of the etched AgNPs. Therefore, the GSH concentration is
fixed at 10.0 mM in the following experiments.

Influence of the pH value of the GSH-AgNPs-based detection
system on the sensing effect of AI** is also investigated (Fig. S3).
No obvious color change is found at pH 4.0, 7.0 and 9.0. However,
at pH 6.0, the GSH-AgNPs-based detection system is very sensitive
to AP+ (the color changes obviously with introduction of 2.0 pM
of AP*). Therefore, the pH value is fixed at 6.0 as an optimal
condition in the following experiments.

3.2. Mechanism of the AP~ detection system based on GSH-AgNPs

At the optimized conditions, the proposed new mechanism for
AI3* detection, i.e. aggregation of smaller etched AgNPRs
(Scheme 1), is verified by TEM, EDS and DLS.

Fig. 1(a), (b), and (c) respectively shows the TEM images of
GSH-AgNPs (control), GSH-AgNPs in the presence of Cys and GSH,
and GSH-AgNPs incubated with 20.0 uM of AI>* in the presence of
Cys and GSH. It is found that the GSH-AgNPs are spherical and
well-dispersed with particle size of around 10 nm (Fig. 1(a)).
However, in the presence of Cys, the size of GSH-AgNPs decreases
significantly due to the Cys etching effect (Fig. 1(b)). Furthermore,
the smaller GSH-AgNPs etched by Cys aggregate to a great extent
after being incubated with AI** (Figs. 1(c) and S4). Fig. 1(d), (e),
and (f) respectively shows the EDS spectra of GSH-AgNPs, GSH-
AgNPs in the presence of Cys and GSH, and GSH-AgNPs incubated
with 20.0 uM of AI** in the presence of Cys and GSH. The EDS

spectra confirm that GSH and Cys can be absorbed onto the surface
of AgNPs due to the emergence of S element in the AgNPs (Fig. 1(d)
and (e)), and the severe aggregation of the smaller etched GSH-
AgNPs is induced by AI** because of the existence of AI** in the
aggregated AgNPs (Fig. 1(f)). These results are in good agreement
with our AI** detection strategy (Scheme 1).

Moreover, the DLS data reconfirm that the GSH-AgNPs etched
by Cys aggregate to a great extent after being incubated with AP+
(Fig. S5(a)). However, the DLS data also show that the mean
particle size of GSH-AgNPs in the presence of Cys and GSH is
larger than that of control without Cys and GSH (Fig. S5(a)). This
result may be ascribed to the slight aggregation of AgNPs after Cys
attack (Fig. S5(b)) because Cys is a worse stabilizer compared with
GSH. Therefore, before AI** detection, an additional excess GSH
needs to be introduced to the detection system to stabilize the
etched AgNPs.

3.3. Selectivity of the AP~ detection system based on GSH-AgNPs

The selectivity of the GSH-AgNPs-based detection system for
AB* is evaluated by comparing with 14 kinds of metal ions (K™,
I\/lg2+, Fe3+' C02+, Mn2+, Zﬂ2+, Cd2+, Pb2+, Ca2+' Ba2+, CU2+.
Cr’+, Hg?* and Ni>*) and 5 kinds of anions (Cr,072~, SO4%~,
C,04%~, PO4>~ and CO527). Fig. 2 shows photographic image and
UV-vis spectra of the GSH-AgNPs-based detection systems at the
optimized conditions incubated with various metal ions or anions
compared with A>*. As shown in the photographic image (Fig. 2(a)),
the color of the detection system incubated with A** changes from
yellow to orange red, while no color change is induced by all other
ions. Moreover, the UV-vis spectra (Fig. 2(b)) of the GSH-AgNPs-
based detection system incubated with 20.0 uM of other metal ions
or anions are similar with that in the absence of ions (blank), but
very different with that incubated with 20.0 uM of AP+ (red shift
and intensity decrease). These results indicate that only A** can
trigger the aggregation of smaller etched AgNPs, and other metal
ions or anions have no evident influence on the color and UV-vis
spectra of the GSH-AgNP dispersion. Therefore, we can conclude that
our proposed detection system exhibits excellent selectivity for AP+
due to its new mechanism (i.e., aggregation of smaller etched
AgNPs).

3.4. Sensitivity of the AP detection system based on GSH-AgNPs

The colorimetric response and UV-vis spectra are also used to
evaluate the sensitivity of our proposed GSH-AgNPs-based AI*+
detection system. Fig. 3 shows the photographic image and UV-vis
spectra of the GSH-AgNPs-based detection systems at the opti-
mized conditions containing various AI>* concentrations from 0 to
20.0 uM. From Fig. 3(a), we can find that the color change of the
A+ detection system become obvious when the AI** concentra-
tion is higher than 1.2 uM, which can be distinguished by the
naked eyes. Therefore, the limit of detection (LOD) is 1.2 uM by the
naked eyes.

From Fig. 3(b), we can find that the UV-vis spectrum shifts
towards red and the absorption intensity decreases with increas-
ing of AI** concentration. The absorption intensity of the detection
system with 0.16 uM of A>* has a clear decrease compared with
that of the blank without AI>*. Therefore, the LOD is 0.16 uM by
UV-vis spectrum.

The LOD of our APt detection system by the naked eyes
(1.2 uM) and UV-vis spectrum (0.16 pM) are both much lower
than the national drinking water standards (200.0 pg/L, 7.4 uM),
and very close to the lowest reported LOD by the naked eyes
(1.OpuM) [25] and UV-vis spectrum (0.09 uM) [24] based on
colorimetric detection systems of noble metal nanoparticles.
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Fig. 1. TEM images of GSH-AgNPs without additional addition of Cys and GSH (control) (a), GSH-AgNPs-based detection system at the optimized conditions (b), GSH-AgNPs-
based detection system at the optimized conditions incubated with 20.0 uM of A>* (c). (d), (e) and (f) EDS spectra of those samples used in (a), (b) and (c), respectively.
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Fig. 2. Photographic image (a) and UV-vis spectra (b) of the GSH-AgNPs-based
detection systems at the optimized conditions incubated with various metal ions or
anions compared with AI**. The concentration of all ions used in this study is
20.0 uM.

Furthermore, A412/As9s of the GSH-AgNPs-based detection
systems at the optimized conditions containing various AI**
concentrations (calculated from the ratio of the absorbance at
412 nm to that at 395 nm) can be used for the quantitative analysis
of AP*. The plot of A415/As95 as a function of AI>* concentration
ranging from 0.08 to 20.0 uM is shown in Fig. 4. The inset plot
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Fig. 3. Photographic image (a) and UV-vis spectra (b) of the GSH-AgNPs-based

detection systems at the optimized conditions containing various Al>* concentra-
tions from O to 20.0 uM.

shows the A41»/Ases versus different AI>* concentrations ranging
from 0.4 to 4.0uM. We find it is a good linear relationship
(R>=0.9924) between the As2/Ases and AT concentrations
ranging from 0.4 to 4.0 uM.

Consequently, the above results demonstrate that our GSH-
AgNPs-based detection system based on new mechanism of aggre-
gation of smaller etched AgNPs is applicable for rapid colorimetric
detection and quantitative analysis of A>* with excellent selectivity
and high sensitivity.
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Fig. 4. Plot of A412/Ase5 as a function of AI** concentration ranging from 0.08 to
20.0 uM. A412 and Asgs are the absorbance of GSH-AgNPs-based detection systems
(at the optimized conditions containing various AI>* concentrations) at 412 nm
and 395 nm, respectively. The inset plot shows the A42/Asgs versus different AI>*
concentration ranging from 0.4 to 4.0 uM.

Table 1
Determination of A** in real water samples.

Samples AP+added (uM) AP+ observed (uM) ICP-AES
(Mean +E, n=3) observed (pM)
Tap water 0 0.10 + 0.115 -
0.5 0.73 +£0.063 0.64
1.0 119 +0.183 130

3.5. Detection of real water samples

In order to investigate the practical application of our AP+
detection system, different concentrations of AI>* were added into
tap water and detected by our A** detection system using the
calibration curve in Fig. 4 as reported elsewhere [29,30]. The AP+
concentration added into the tap water is 1.0 pM or 0.5 pM. The
observed results using the calibration curve or ICP-MS are given in
Table 1. We can find that the observed AI** concentrations by our
calibration curve are very close to those added and those observed
by ICP-MS. Moreover, we also test the effect of colorimetric
method by naked eyes. The color change of the nanoparticle
dispersions for detecting of real water samples (lake water) is in
agreement with that of the control group and ICP result (Fig. S6 in
Supporting Information). Consequently, our GSH-AgNPs-based
detection system is applicable for AI** detection in the real
environmental water samples.

4. Conclusions

A new facile and rapid AI** colorimetric detection system with
high sensitivity and excellent selectivity based on GSH-AgNPs in
the presence of Cys is proposed in this study. The new AP+
detection mechanism of our GSH-AgNPs-based detection system,
i.e., aggregation of smaller etched AgNPs, is verified by TEM, EDS
and DLS. The GSH concentration, Cys concentration and pH value
of the GSH-AgNPRs-based detection system are respectively opti-
mized to be 10.0 mM, 5 mM and 6.0 according to the sensing effect
of AP*. At the optimized conditions, our GSH-AgNPRs-based
detection system has an excellent selectivity to AI>* comparing
with other metal ions (K*, Mg?*, Fe3*, Co?*, Mn?™, Zn?™*, Cd?*,

Pb2*, Ca?*, Ba?*, Cu®?*, Cr®*, Hg?" and Ni**) or anions
(Cr,0427, S042~, 0427, PO,>~ and CO;%7) because only AI**
can trigger the aggregation of smaller etched AgNPs resulting in
obvious color change of the nanoparticle dispersion from yellow to
reddish brown, and red shift and intensity decrease of the SPR
absorption. The LOD of our A** detection system by the naked
eyes (1.2 uM) and UV-vis spectrum (0.16 uM) are both much lower
than the national drinking water standards (200.0 ug/L, 7.4 uM).
Furthermore, a good linear relationship (R*=0.9924) is obtained
between the A2/Asos and APP* concentrations ranging from
0.4 to 4.0 uM, which indicates that our proposed AlI>* detection
system can be used for the quantitative analysis of A’*. The
detection results of real water samples indicate that this method
can be used for real water detection.
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