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Colorimetric detection is a promising sensing strategy that is applicable to qualitative and quantitative
determination of an analyte by monitoring visually detectable color changes with the naked eye. This
study explored the cysteine (Cys)-induced aggregation of gold nanoparticles (AuNPs) in order to develop
a sensitive colorimetric detection method for Cys. For this purpose, we systematically investigated the
colorimetric response of AuNPs to Cys with varying particle sizes and concentrations. The AuNPs with
various diameters ranging from 26.5 nm to 58.2 nm were synthesized by the citrate reduction method.
When dispersed in water to have the same surface area per unit volume, the smaller AuNPs (26.5 nm)
exhibited a more sensitive response to Cys compared to a larger counterpart (46.3 nm). We also
examined the effect of divalent first-row transition metal ions (Mn?*, Fe?*, Co?*, Ni*, Cu?*, and Zn®")
on the Cys-induced aggregation of AUNPs. Among the tested metal ions, the addition of Cu®* provided
the highest enhancement in sensitivity to Cys regardless of pH between 3.5 and 7. The significant
increase in the sensitivity caused by Cu®* could be attributed to the capability of Cu* to form a highly
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Accepted 10th February 2021 stable chelate complex with surface-immobilized Cys, facilitating the aggregation of AuNPs. For the
AuNPs-Cu2* system at pH 7, the detection limit for Cys was determined to be 5 nM using UV-vis

DOI: 10.1035/d1ra00013f spectroscopy. The reported strategy showed the potential to be used for a rapid and sensitive detection
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1. Introduction

Colorimetric detection using plasmonic nanoparticles (NPs) is
one of the promising sensing strategies for the real-time
monitoring of chemical and biological analytes by the naked
eye without help from sophisticated instrumentation.’ Espe-
cially, gold and silver NPs (AuNPs and AgNPs) have attracted
considerable attention due to their unique optical properties to
be used as chemical and biological sensors.*® For example, the
aggregation of AgNPs has been used to detect dopamine (DA)
molecules because the catechol group of DA attaches to the
surface of AgNPs via chemisorption-type interactions, resulting
in the color change of AgNPs solution from yellow to pale red (or
brown).* A number of examples using AuNPs for colorimetric
detection also can be found for various chemical and biological
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of Cys and also metal ions that can facilitate Cys-mediated aggregation of AuNPs.

analytes.*'® Recently, the AuNPs-based colorimetric methods
have been actively developed to detect harmful substances such
as lead(u) ion, cartap pesticide, and melamine in a low
concentration range."* Mercury is one of the most toxic heavy
metals and the rapid detection of mercury is required for safety
assurance. For this purpose, AuNPs capped with hydrophilic
(11-mercaptoundecyl)-trimethylammonium (MTA) have been
used to develop an efficient method for detecting mercuric ion
(Hg?"). In the absence of Hg”*, MTA acted as a stabilizing agent
for AuNPs, but the addition of Hg”" led to the detachment of
MTA from the surface with a consequent formation of MTA-
Hg®" complex via thiol group binding. As a result, MTA-free
AuNPs tended to aggregate and the dispersion color turned
from red to blue.?

Cysteine (Cys) is an essential amino acid, which is involved
in biological self-detoxification, protein synthesis, and body
metabolism."**® The disulfide linkage between thiol groups of
two Cys residues is an essential component of the secondary
and tertiary structures of proteins, which define the biological
function of the proteins. The Cys level outside the normal
physiological range can be associated with various diseases. For
example, a high Cys level has been reported to cause amino acid
transport disorder. On the other hand, Cys deficiency could lead
to growth retardation, skin lesions, edema, liver injury, muscle
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and fat loss, leucocyte deficiency, and even neurological disor-
ders such as Alzheimer's and Parkinson's diseases."”>*
Currently, a series of methods including high-performance
liquid chromatography (HPLC), mass spectrometry, and reso-
nance light scattering are used for Cys tracking.** However,
most of the current detection methods require sophisticated
instrumentation, time-consuming separation, and costly
derivatization process. Thus, it is needed to develop a simple
and rapid detection method for Cys. The thiol groups of Cys can
strongly bind to AuNPs,*® and its terminal carboxylate and
amine groups have a strong coordination capability to metal
ions in aqueous solution.”” Therefore, the aggregation of AuNPs
can be facilitated through the complexation of metal ions with
the surface immobilized Cys, and the accompanying colori-
metric change can provide the possibility to be used as a color-
imetric sensor for Cys.

In this study, we systematically investigated the aggregation
behavior of AuNPs caused by various concentrations of Cys in
order to develop a colorimetric detection method for Cys. We
sought to optimize the particle size and concentration to
improve the colorimetric sensitivity of AuNPs to the detection of
Cys. We also sought to examine the influence of transition
metal ions on the Cys-induced aggregation of AuNPs. A number
of papers have been reported on the colorimetric detection of
heavy metal ions due to the growing concern about their toxic
effects in contaminated water.>*** However, to our knowledge,
few papers systematically examined the effect of various metal
ions on the Cys-assisted aggregation of AuNPs. We tested
several divalent first-row transition metal ions (Mn**, Fe**, Co*",
Ni**, Cu®" and Zn>") at various pH levels in the range of 3.5 to 7
in order to understand how they can facilitate the aggregation of
AuNPs with and without Cys. Among the examined metal ions,
Cu*" showed the most promising results throughout the pH
range, which can be applied for the sensitive detection of Cys
using AuNPs.

2. Experimental section

2.1. Chemicals

All the chemicals were purchased from Sigma-Aldrich Co.: tet-
rachloroauric acid (HAuCl,, =99.9%), trisodium citrate
(NazCe¢H50,, meets USP testing specifications), r-cysteine
hydrochloride (C3H,;NO,S-HCl, =98%), copper(u) nitrate trihy-
drate (Cu(NO;),-3H,0, =99.5%), manganese(un) chloride
(MnCly), iron(u) chloride tetrahydrate (FeCl,-4H,0), cobalt(u)
chloride hexahydrate (CoCl,-6H,0), nickel(n) nitrate hexahy-
drate (Ni(NO;),-6H,0), zinc nitrate hexahydrate (Zn(NO;),-
-6H,0), and HPLC grade water (H,O). All the reagents were
analytically pure.

2.2. Synthesis of AuNPs

All glasswares were cleaned with aqua regia (HCl : HNO; =3 : 1
vol/vol) and rinsed thoroughly with deionized (DI) water prior to
use. AuNPs were synthesized using the citrate reduction
method. In brief, 50 mL of tetrachloroauric acid (HAuCl,)
(0.01 wt%) was boiled at 100 °C in a 250 mL round bottom flask
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while being stirred. An aliquot (0.5-6.25 mL) of 1.0 wt% citrate
solution was injected quickly into the flask. After 2 min boiling,
the solution reached a red color from black (deep blue) and the
flask was removed from the hot plate immediately to a cold
plate while being stirred at room temperature (rt) for 2 h. The
reaction mixtures with different molar ratios of citrate to
gold(m) (citrate/Au") were prepared by varying the concentra-
tion of citrate ions to a fixed amount of Au®" precursor. Finally,
AuNPs were stored at 4 °C prior to a further characterization.
The analytical instruments used in this study are described in
the ESL

2.3. Aggregation test of AuNPs

The AuNPs stored at 4 °C for one week were used to investigate
the effect of particle sizes, concentrations, metal ions, and
solution pH on the aggregation of AuNPs. For the aggregation
experiment, various concentrations of Cys (0-20 mM) were
prepared by diluting the stock solution of 100 mM Cys with
appropriate volumes of DI water. After then, 0.80 mL of AuNPs
dispersion was added into 0.80 mL of Cys solutions with varying
concentrations. The UV-vis absorption spectra of the mixed
solutions were recorded after 15 min of reaction time. The
aggregation of AuNPs was also monitored after adding transi-
tion metal ions (Mn**, Fe*, Co®", Ni**, Cu®', and Zn>") over the
concentration range of Cys. For instance, 0.16 mL of the metal
ion was added to 1.28 mL of AuNPs solution at different pH
levels (pH 7-3.5) adjusted by adding 0.1 M HCI in the DI water
without any salts or electrolytes. Then, the effect of transition
metal ions (0.1, 1.0 mM) on the colorimetric response of AuNPs
aggregation was recorded by UV-vis spectroscopy with and
without Cys.

3. Results and discussion

The AuNPs with different sizes were prepared by citrate reduc-
tion method with various molar ratios of citrate/Au®" ranging
from 0.5 :1 to 16 : 1. According to the SEM images of AuNPs,
the size of AuNPs decreased with increasing citrate/Au’" ratio
from 0.5:1 to 5: 1 (Fig. 1(a—c)), but it started to increase with
a further increase of citrate/Au** ratio from 5:1 to 16:1
(Fig. 1(c-€)). At the lowest molar ratio of citrate/Au®* (0.5 : 1), the
average size of AuNPs was estimated as 58.2 nm by dynamic
light scattering (DLS) method. The size of AuNPs decreased to
35.9 nm at the molar ratio of 3 : 1 and reached to the minimum
size of 26.5 nm at the molar ratio of 5 : 1. Above the molar ratio
of 5: 1, the particle size was again increased to 31.4 nm and
46.3 nm at the molar ratio of 12:1 and 16: 1, respectively
(Fig. 1(f)). The reversal in the trend of particle size change might
be attributed to the different mechanism of particle formation
depending on the molar ratio of citrate/Au®". The small AuNPs
(26.5 nm) exhibited the narrower size distribution than those of
the large AuNPs (35.9 nm, 58.2 nm), as shown in Fig. S1.t
Turkevich and Frens demonstrated that the size of AuNPs
was facilely manipulated by adjusting the concentration ratio of
citrate to Au®*, which was explained by two-step mechanism
consisting of a rapid nucleation and a subsequent particle
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Fig.1 SEM images of (a)-(e) AUNPs prepared using different molar ratios of citrate/Au®* (0.5, 3, 5, 12, and 16) and (f) the size variation of AUNPs

with the molar ratio of citrate/Au*. The scale bar indicates 100 nm.

growth.*>* According to this mechanism, the increased
concentration of citrate relative to the fixed concentration of
AU’ can accelerate the nucleation rate, resulting in an
increased number of nuclei in a short time. After then, the size
of nuclei increases via the diffusion-controlled growth pathway
for a long time. Thus, the increased numbers of nuclei conse-
quently decrease the final size of AuNPs under the same
amounts of Au precursors.**** In this work, however, the
opposite trend of particle size change was observed at the
higher molar ratio of citrate/Au®" in the range of 12:1 to
16 : 1.* When the concentration of citrate is further increased,
the solution pH approaches to a neutral value and the larger
fractions of citrate are deprotonated. Then, the reactivity of Au**
complex is decreased so that its nucleation rate is slowed down,
consequently leading to the increase of particle size caused by
Ostwald ripening effect.*3¢

Ji and co-workers reported a new pH-dependent mechanism
of citrate-mediated growth of AuNPs, consisting of nucleation,
aggregation, and smoothing steps.*> Zabetakis et al. reported
the formation of AuNPs via a gold nanowire intermediate in
acidic condition.***” When the molar ratio of citrate/Au®" is
below a certain value, the citrate tends to be more protonated
due to the decrease of solution pH. The protonated citrates (i.e.,
less negatively charged citrates) as a stabilizer could not effec-
tively protect the surface of AuNPs, eventually forming large
AuNPs. As expected from the more protonation of citrates at
lower pH condition, the zeta-potentials of AuNPs were increased
from —26.51 mV (at pH 7) to —18.33 (at pH 3.5) (Fig. S271). The
pH of the solution was measured to be 4.21, 5.52, 6.50, and 6.65
corresponding to 0.5:1, 3:1, 12:1, and 16 : 1 of the molar
ratio of citrate/Au’”, respectively.

9666 | RSC Adv, 2021, 11, 9664-9674

The XRD diffraction patterns of AuNPs (26.5 nm) were pre-
sented in Fig. S3.1 The XRD results confirmed the formation of
crystalline AuNPs by the citrate reduction method. The char-
acteristic diffraction peaks of the AuNPs are observed at 26 =
37.84°, 43.88°, 64.46°, and 77.42° that are assigned to (111),
(200), (220), and (311) planes of a face center cubic (fcc) lattice of
Au crystals, respectively.®®

The colloidal stability of prepared AuNPs was tested to
ensure the reliable colorimetric detection of Cys over a period of
time. Fig. 2(a) shows the UV-vis spectra of the AuNPs prepared
with different molar ratios of citrate/Au®", in which the solid
and dotted lines represent the spectra of AuNPs before and after
one month storage, respectively. The surface plasmon reso-
nance (SPR) peak was red-shifted from 520 nm to 550 nm with
the increase of particle size from 26.5 nm to 58.2 nm. The
reason for the shift to a longer wavelength can be interpreted as
the increase in the effective refractive index for larger NPs
according to the modified Mie theory.**** The UV-vis spectra of
the samples did not exhibit a notable difference between the
solid and dotted lines, signifying the sufficient stability of the
AuNPs to be used over one month without aggregation. When
compared with the broad absorption band of 58.2 nm AuNPs,
the smaller AuNPs (26.5 nm) exhibited a narrower peak, indic-
ative of a more monodisperse size distribution. The particle size
was monitored periodically by DLS with the elapse of storage
time, as seen from Fig. 2(b). The AuNPs prepared with citrate/
AU = 0.5 : 1 (58.2 nm) exhibited a slight increase in size from
58.2 nm to 62.7 nm after one month, indicating the moderate
aggregation of the AuNPs. On the other hand, the smaller
AuNPs prepared with citrate/Au®” = 3:1 (35.9 nm) and 5:1
(26.5 nm) did not show any distinct change of particle size.
Given that citrates form a stabilizing layer on the surface of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) UV-vis spectra of AUNPs prepared with different molar ratios of citrate/Au*", (b) the variation of particle size measured by DLS method

with the elapse of storage time.

AuNPs, the slightly diminished stability of AuNPs (58.2 nm)
prepared with the lowest citrate/Au” ratio might imply an
insufficient amount of citrate ions to fully protect the surface of
AuNPs. As explained above, the solution pH is proportional to
the citrate concentration because citrate is a weak Dbase.
Therefore, the solution pH decreases with decreasing citrate/
Au®* ratio and more citrates can be protonated at the lower pH.
The protonated citrates cannot form a complete stabilizing
layer on the AuNPs surface during particle formation due to the
weakened electrostatic attraction caused by decreased negative
charge.®>*® As a result, the AuNPs synthesized with the lowest
citrate/Au®" ratio can show a reduced stability, though it was not
significant. On the other hand, the AuNPs prepared with citrate/
AU’ =3:1(35.9nm)and5 : 1(26.5 nm) maintained the almost
same particle size over a period of one month, confirming their
excellent colloidal stability.

In order to investigate the size effect of AuNPs on the
colorimetric detection of Cys, AuNPs with two different sizes

/o o\/o a)

Cysteine
—

were compared. The 26.5 nm AuNPs and 46.3 nm AuNPs were
prepared with the different molar ratio of citrate/Au®" = 5: 1
and 16: 1, respectively, and the particle concentration was
adjusted to have the same surface area per unit volume of
AuNPs (2.21 x 10~* m®> mL™"). After the addition of Cys, the
aggregation degree of AuNPs was quantified by the absorbance
ratio (Aes0/520) Measured at 640 nm and 520 nm in their UV-vis
spectra. According to Fig. S4,T the smaller AuNPs (26.5 nm)
exhibited the more sensitive response to Cys as compared to the
larger one (46.3 nm). The Agyo/s20 Of the 26.5 nm AuNPs
increased rapidly with the increase of Cys concentration from
200 uM to 500 uM, leading to the distinct red-to-blue color
change. On the other hand, the aggregation of larger AuNPs
(46.3 nm) required the much higher concentration of Cys (1000
uM) for the same color change. It is not clear why the smaller
AuNPs (26.5 nm) demonstrated the more enhanced sensitivity
to Cys as compared to the larger counterpart (46.3 nm), and
none of the data in this study can provide an unequivocal
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Scheme 1 Schematic illustration of aggregation behavior and color changes of AuNPs via (A) Cys-assisted cross-linking, and (B) M?*-mediated

coordination complex formation.
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explanation for the size effect. Moreover, a past research has
reported a contradicting result that larger AuNPs (40 nm)
exhibited the higher sensitivity to Cys than that of smaller
AuNPs (13 nm).** Nevertheless, assuming the 26.5 and 46.3 nm
AuNPs were generated through two substantially different
reaction pathways as explained for the result in Fig. 1, it might
be reasonable to expect that those particles could have
distinctive surface morphologies and stabilizing citrate layer
structures. Briefly, the solution pH during particle formation is
controlled by the concentration of citrates and, in turn, the
formation mechanism is determined by the solution pH. The
formation of AuNPs with a higher citrate/Au®" ratio can proceed
through the well-known nucleation-growth pathway but the
AuNPs prepared with a lower citrate/Au®” ratio can be formed by
an alternative pathway consisting of nucleation, attachment to
nanowires, and smoothing the nanowires via ripening to
dots.***® The surface binding of citrates and their layer structure

View Article Online
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can be influenced by the surface structure of AuNPs,** which
can be determined by the reaction pathway. Especially, the
smaller AuNPs were formed at a lower pH where protonated
citrates cannot protect the AuNPs surface effectively due to the
diminished electrostatic attraction to the surface, which might
lead to formation of incomplete or thinner citrate layer.
Therefore, the stabilizing citrates might be replaced with Cys
more readily on the small AuNPs (26.5 nm, citrate/Au’" = 5 : 1)
than the large one (46.3 nm, citrate/Au®" = 16 : 1), consequently
leading to the more sensitive colorimetric response.

Scheme 1(A) illustrates the formation of AuNPs capped with
citrate ions and the Cys-assisted aggregation of AuNPs. Here,
the citrate was used as a reducing and stabilizing agent.*> The
negatively charged citrates on the particle surface can prevent
the aggregation of AuNPs through electrostatic repulsion. When
Cys is added to the dispersion of citrate-stabilized AuNPs, the
capped citrates are readily displaced with Cys with thiol group
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Fig. 3

(a) The absorbance ratio of 640/520 (hm/nm) for different concentrations of 26.5 nm AuNPs over the wide concentration range of Cys.

The photographs of the AuNPs corresponding to different concentrations of Cys: 0 uM, 0.1 uM, 0.2 uM, 0.4 uM, 1 uM, 10 uM, 100 puM, 200 uM, 500
1M, 1000 pM, 10 000 pM, 20 000 pM, (b) 10*° particles per mL of AuNPs, (c) 10™ particles per mL of AUNPs, (d) 3 x 10 particles per mL of AUNPs.
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due to its strong affinity to the Au surface. It is also known that
amine groups can bind to the surface of AuNPs strongly, but in
amino acids, the binding of a-amine next to the carboxylic acid
group is suppressed at neutral pH due to the electrostatic
repulsion between negatively charged carboxylates and particle
surface.*® As a result, the Cys attached on the AuNPs through
thiol group produces zwitterionic structure exposing negatively
charged carboxylate (-COO™) and positively charged ammo-
nium groups (-NH;').* The zwitterionic attractions of oppo-
sitely charged groups and hydrogen bonding can induce the
aggregation of adjacent AuNPs, as described in Scheme 1(A).*
The solution color of aggregated AuNPs changes from red to
blue via such a Cys-assisted cross-linking assembly, which is
immediately observed by naked eyes. When the interparticle
distance decreases to less than the average particle size in the
aggregates, the absorption band shifts to longer wavelength
accompanying the red-to-blue color transition because of the
plasmonic coupling effect of neighboring particles.*® Further-
more, the metal ions can form the coordination complex with
the zwitterionic groups of Cys ligand, as shown in Scheme 1(B).
That is, each cation (M>*) can form a stable chelate complex
with Cys molecules attached on neighboring AuNPs, promoting
their aggregation. Thus, it is plausible to expect that the color-
imetric response of AuNPs can be enhanced by the addition of
metal ions that can form chelate complex with Cys.

To test the visibility of colorimetric response, the aggrega-
tion behavior of 26.5 nm AuNPs at three different concentra-
tions (10'°/mL, 10""/mL, and 3 x 10''/mL) was investigated
with increasing Cys concentration. Fig. 3 displays the photo-
graphs and Fig. S5t shows the UV-vis spectra of the series of
examined samples. The 26.5 nm AuNPs showed the character-
istic SPR peak (Anax) at 520 nm in the absence of Cys. Upon the
addition of Cys, however, the peak at 520 nm declined and
a new secondary peak was generated around 640-700 nm,
indicating the aggregation of AuNPs in proportion to Cys
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concentration.”” The absorbance ratio at 640 nm and 520 nm
(A610/520) Was chosen as a spectroscopic index for the degree of
AuNPs aggregation. According to Fig. S5(a-c),T the addition of
Cys did not induce a noticeable red-shift of SPR peak when the
concentration of Cys was less than 10 pM. With a further
increase of Cys above 10 uM, however, the peak intensity at
520 nm decreased significantly and the secondary peak at the
longer wavelength appeared markedly.

Fig. 3(a) summarized the absorbance ratios of Agsos20
extracted from the UV-vis spectra of AuNPs at different particle
concentrations over the concentration range of Cys between 0.1
and 20 000 uM. The Ag49520 ratio at the low concentration of
AuNPs (10'°/mL) reached ~85% with 200 uM Cys, whereas the
AuNPs at 10"'/mL and 3 x 10"/mL reached only 20% of
absorbance ratio for the same concentration of Cys. These
results suggest that the AuNPs at 10'°/mL provide a more
sensitive response to Cys than the AuNPs at 10''/mL and 3 x
10""/mL, which require more Cys to induce appreciable aggre-
gation of AuNPs for the colorimetric detection. However,
Fig. 3(b) shows that the AuNPs (10'°/mL) did not exhibit a clear
color change that can be easily recognized with naked eyes. On
the other hand, the AuNPs (3 x 10''/mL) exhibited the most
distinct color change without any supporting analytical instru-
ments, as shown in Fig. 3(b-d). To obtain the better visibility of
color change, the AuNPs were prepared at 3 x 10"'/mL in the
subsequent tests.

We hypothesized that the addition of Cu® ions could
increase the colorimetric sensitivity of AuNPs to Cys by facili-
tating the aggregation through the chelate formation with Cys
molecules on adjacent AuNPs (please see Scheme 1(B)).** To test
this hypothesis, the effect of Cu®>" ions on the Cys-induced
aggregation was investigated with 26.5 nm AuNPs at 3 x 10"/
mL. In the absence of Cys, the addition of Cu®>* to the dispersion
of citrate-stabilized AuNPs did not show any noticeable change
in the UV-vis spectrum (data not shown). The result confirmed
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Fig. 4

(@) The absorbance ratio of Ag40,520 for the AUNPs over the concentration range of Cys between 0.005 and 20 000 uM before and after

adding Cu?" ions (0.1 mM, 1.0 mM). TEM images of AuNPs with 1.5 uM Cys (b) before and (c) after adding Cu®* at 1.0 mM.
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that Cu** at 0.1 or 1.0 mM could not cause the aggregation of
AuNPs by themselves, and thus Cu®* ions do not interfere with
the AuNPs-based colorimetric detection of Cys. Fig. 4 shows the
change of Ag40/520 ratio for 26.5 nm AuNPs with increasing Cys
concentration from 0.005 to 20 000 uM with or without Cu**
ions. The absorbance ratio of AuNPs in the absence of Cu®*
exhibited a negligible value at 100 uM Cys and no color change
was observed. On the other hand, in the presence of Cu®" at
0.1 mM, the absorbance ratio reached ~40% at 100 uM Cys,
producing the purple color as shown in the inset of Fig. S6, and
reached ~100% at ~500 uM. The sensitivity of the AuNPs to Cys
was further increased with increasing amount of Cu®" ions. In
the presence of Cu®" at 1.0 mM, the Agsosz0 ratio already
reached ~80% with only 1.5 uM Cys and a noticeable aggrega-
tion of AuNPs was observed, as evidenced by the blue color
shown in the inset of Fig. S6.7 The Ag40/520 ratio reached the
maximum value at ~10 uM Cys. The TEM images in Fig. 4 (b
and c) show that the AuNPs with 1.5 uM Cys were well dispersed
before the addition of Cu®" but significantly aggregated after the
addition of Cu®*" at 1.0 mM. In the absence of Cu®, the zwit-
terionic attraction and hydrogen bonding between Cys mole-
cules anchored on the adjacent AuNPs can lead to the
aggregation of the nanoparticles. It seems reasonable because
the amine group in Cys exists as a positively charged ammo-
nium group and the carboxylic acid group in Cys exists as
a negatively charged carboxylate group at neutral pH. In
contrast, upon the addition of Cu®", the Cu®* ion can form the
highly stable chelate complex with the Cys on neighboring
AuNPs, facilitating the aggregation of the particles not only by
zwitterionic attraction but also by the chelate formation
(Scheme 1(B)). The facilitated aggregation of AuNPs results in
the enhanced colorimetric sensitivity of the particles to Cys.
For comparison with Cu**, other divalent first-row transition
metals (Mn>*, Fe**, Co>*, Ni**, Zn>") were examined for the
aggregation of AuNPs. As shown for Cu®', all the examined
metals at 1.0 mM did not induce a distinctive color change of
AuNPs without Cys in the solution (Fig. 5(b)). However, when 1.5
uM Cys was added to the AuNPs solutions containing the
divalent first-raw transition metals, some solutions exhibited
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a significant increase in the Ag40/520 absorption ratio (Fig. 5(a))
and accompanying red-to-blue color change (Fig. 5(c)). The
absorbance ratio increased in the order of Fe*" < Ni** < Zn*" <
Co*" < Mn** < Cu** upon the addition of Cys. According to the
Irving-Williams series, Cu>* can form the most stable complex
among the divalent first-row transition metal ions regardless of
the nature of ligands.*® Thus, the highest absorbance ratio for
Cu”" can be rationalized by the stable complex formation of
Cu** with the Cys molecules attached on neighboring AuNPs,
facilitating the particle aggregation. However, the second
highest absorbance ratio for Mn** cannot be explained only by
the complex formation with Cys because the Irving-Williams
series predicts that Mn** forms the least stable complex among
the examined divalent transition metal ions. A past study has
reported that the aggregation of citrate-stabilized AuNPs caused
by Mn>* can be explained by two factors.* First, the adsorption
of Mn*>" on the negatively charged surface can reduce the
surface charge of AuNPs, decreasing the electrostatic repulsion
between particles. Second, the carboxylate groups of citrates on
the surface of AUNPs can form complexes with Mn>*, decreasing
the negative surface charge and crosslinking neighboring
AuNPs. Even though the decrease of interparticle distance
caused by above two factors is insignificant, the aggregation rate
by a crosslinker such as Cys can be drastically enhanced by such
a small decrease. In fact, the reaction rate of AuNPs aggregation
has been reported to be proportional to the fourth-degree of
Mn>* concentration.* The result suggests that Mn>" may reduce
the negative surface charge on AuNPs more effectively than
other metal ions, assisting the complex formation with amino
acids attached on neighboring AuNPs as described in Scheme
1(B).* The size of aggregated AuNPs with both Cys and Mn**
was measured to be 198.2 + 86.4 nm, leading to partial
precipitation of highly aggregated AuNPs. On the other hand,
the addition of Cu>* with Cys to AuNPs produced a more vivid
color change without noticeable precipitation and the size was
measured to be 126.5 £+ 57.7 nm.

We hypothesized that the protonation of citrates at an acidic
pH can reduce the surface charge of AuNPs and interparticle
repulsion, and thus accelerate the aggregation of AuNPs. To test
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Fig.5 The absorbance ratio of Ag40/520 in the presence of transition-metal ions at 1.0 mM before and after adding 1.5 uM Cys at pH 7, including
the particle size of aggregated AuNPs with Cys (a). The photograph of AuNPs solution before (b) and after adding Cys (c) with various cations (1.0

mM): no cation, Mn?*, Fe?*, Co?*, Ni?*, Cu®*, and Zn?".
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Fig. 6 The absorbance ratio of Ag40/520 in the presence of transition metal ions at 1.0 mM before and after adding 1.5 uM Cys at pH 5 (a). The
photograph of AuNPs solution before (b) and after adding Cys (c) with various cations (1.0 mM): no cation, Mn?*, Fe2*, Co?*, Ni2*, Cu®*, and Zn®".

the hypothesis, the aggregation of AuNPs was investigated in
the slightly acidic solution at pH 5. Fig. 6(b) shows that all
examined transition metal ions at pH 5 except Cu”* induced the
distinct red-to-blue color change even before the addition of
Cys, indicating the significant aggregation of AuNPs. In order to
confirm our hypothesis, we measured the zeta-potentials of the
AuNPs-metal ion systems in the absence of Cys. The magnitude
of negative zeta potential of citrate-stabilized AuNPs decreased
with decreasing pH (Fig. S27), probably due to the protonation
of citrates, but it was still determined to be a large negative
value (—22.08 £ 2.19 mV) at pH 5. However, such a small change
made a big difference in the effect of metal ions. The zeta
potential increased substantially to the range of —0.64 to
—1.68 mV upon the addition of Fe**, Ni**, or Zn>" (Fig. S71).
Such zeta potentials close to zero can facilitate the aggregation
of AuNPs due to the diminished repulsion between particles,
which was indicated by the large Ag40/520 ratios measured after
the addition of the metal ions but before the addition of Cys
(Fig. 6(a), black bars).

On the other hand, the addition of Cu®>" caused an appar-
ently smaller increase in zeta potential than other metal ions

1.64

and the AuNPs-Cu®" showed a relatively large negative zeta
potential of —11.38 4+ 3.17 mV after the addition of Cu>".
Therefore, the AuNPs-Cu”* exhibited less pronounced aggre-
gation of particles as evidenced by the low Ag40/520 ratio before
the addition of Cys (Fig. 6(a)). However, the Agq/520 ratio for
AuNPs-Cu®" increased substantially upon the addition of Cys,
and Cu®* showed the highest Ag40/520 ratio among the examined
metal ions. This result proposes the aggregation by Cu®" occurs
mostly through the complexation of Cu®" with Cys rather than
by reducing the surface negative charge. In the case of AuNPs-
Mn>*, a measurable zeta-potential value was not obtained even
before the addition of Cys, probably due to the significant
precipitation of highly aggregated AuNPs. The result clearly
indicates that the aggregation of AuNPs caused by Mn** occurs
by reducing the surface negative charge of AuNPs by adsorption
of Mn®" on the surface or complexation with citrate stabi-
lizers,*>** in contrast to the AuNPs-Cu?®".

As shown in Fig. 6, the rapid aggregation of AuNPs by the
examined metal ions at pH 5 interfered with the detection of Cys
in the subsequent step, and the concentration of the metal ions
was lowered tenfold to 0.1 mM to minimize the metal-mediated
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Fig. 7 The absorbance ratio of Ag40/520 in the presence of transition metal ions at 0.1 mM before and after adding 1.5 uM Cys at pH 3.5 (a). The
photograph of AuNPs solution before (b) and after adding Cys (c) with various cations (0.1 mM): no cation, Mn?*, Fe2*, Co?*, Ni?*, Cu®*, and Zn?".
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of the AUNPs—Cu?* sensing system with increasing Cys concentration (0-2.0 uM).

aggregation. The metal ions at 0.1 mM did not induce
a noticeable color change of the AuNPs at pH 5 even with Cys
(Fig. S8t). The effect of transition metal ions (0.1 mM) on the
Cys-mediated aggregation of AuNPs was further investigated
under a more acidic condition at pH 3.5 (Fig. 7). Unlike the
results at pH 5, the solutions including 0.1 mM Cu”* and Fe*" at
pH 3.5 exhibited a distinct red-to-blue color change of the
AuNPs upon the addition of Cys (Fig. 7(c)). The difference of
Aga0/520 absorbance ratios measured before and after the addi-
tion of Cys increased in the order of Mn>" < Zn*" - Co®" « Fe** <
Cu*" (Fig. 7(a)). In this order, Ni** was not included because it
already exhibited an apparent red-to-purple color change even
before the addition of Cys. The zeta potential of the AuNPs-Ni>*
was measured to be nearly zero at pH 3.5, indicating Ni** can
facilitate the aggregation of AuNPs by reducing the surface
charge of the particles as discussed for Mn** at pH 7.%* In
contrast with the result at pH 7, the solution including Mn** did
not show a noticeable color change even after adding Cys. It is
unclear why Mn>* was less effective for the aggregation of
AuNPs at a lower pH because a reduced solution pH is likely to
accelerate the rate of aggregation by protonating anionic
citrates. However, we would like to note that the experiments at
pH 3.5 was carried out with a tenfold lower concentration of
Mn>" (0.1 mM) than that at pH 7 (1.0 mM). The reduced
concentration of Mn>* might not be enough to cause such an
aggregation by reducing the surface charge. The zeta-potentials
of AuNPs-Fe** and AuNPs-Cu®" were measured as —18.33 +
1.94 mV and —17.54 £ 8.8 mV at pH 3.5, respectively, indicating
that the stabilizing citrate layer on the surface of AuNPs
remained relatively stable in the presence of 0.1 mM Fe*" and
Cu*" under the given condition. Therefore, the pronounced red-
to-blue color change for the AuNPs-Fe** and AuNPs-Cu®" upon
the addition of Cys (Fig. 7(c)) can be explained that the aggre-
gation of AuNPs is accelerated primarily by the complexation of
Fe”* and Cu®" with Cys on neighboring particles.

9672 | RSC Adv, 2021, 11, 9664-9674

In summary, the optimized sensor system reported in this
paper showed a promising potential to be used for the colori-
metric detection of trace Cys in the presence of 1.0 mM Cu** at
pH 7. As shown in the right image of Fig. 8, the discernable
color change was observed at 0.5 pM Cys and the more distinct
change was visually identified at 1.0 pM Cys. Then, the color of
AuNPs solution was completely changed from red to blue at 1.5
uM Cys. Furthermore, the absorbance ratio of Agsg/520 for the
AuNPs-Cu*" system was linearly correlated with the concen-
tration of Cys from 107 ® to 10°® M at pH 7. When using
a spectroscopic method, the limit of detection (LOD) for Cys was
determined to be 5 nM (0.6 ng mL "), which was comparable or
even better than the reported values in past researches.’®*"*>?

4. Conclusions

This study explored a detection method for Cys using AuNPs
and tried to optimize the experimental condition to improve the
sensitivity of the colorimetric response of AuNPs to Cys. The
AuNPs were prepared by the citrate reduction method and the
particle size was adjusted between 26.5 nm and 58.2 nm by
controlling the ratio of citrate/Au®". The effect of particle size on
the Cys-mediated aggregation of AuNPs was investigated and
the smaller AuNPs (26.5 nm) exhibited a more sensitive colori-
metric response to Cys than the larger AuNPs (46.5 nm). Among
the AuNPs at the examined concentrations (10*°/mL, 10**/mL,
and 3 x 10''/mL), the particles at the highest concentration
(3 x 10""/mL) showed the most distinguishable color change
upon mixing with Cys. Therefore, the 26.5 nm AuNPs at
3 x 10"/mL were selected to be used for further investigations.
Finally, the effect of various divalent first-row transition metal
ions (Mn**, Fe*", Co®*, Ni**, Cu®*, and Zn**) on the Cys-induced
particle aggregation was studied. At pH 7, the addition of
1.0 mM Mn>" or Cu®" was found to significantly facilitate the
crosslinking of AuNPs in the presence of Cys. Based on the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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measured zeta potentials, it can be reasonable to propose that
Mn®" ions reduce the surface charge of AuNPs most effectively
to accelerate their aggregation. On the other hand, the aggre-
gation assisted by Cu** may occur due to the formation of highly
stable complexes of Cu** with Cys, leading to the crosslink of
AuNPs. All examined 1.0 mM metal ions except Cu”* resulted in
pronounced aggregation of AuNPs under an acidic condition
even without Cys, and the concentration of metal ions was
lowered to 0.1 mM to investigate their effect at pH 3.5. In
contrast with the results at pH 7, Mn** did not show a percep-
tible colorimetric response of AuNPs upon the addition of Cys,
probably due to the tenfold lower Mn>* concentration. However,
Cu”" that can form the most stable complex with Cys among the
examined metal ions showed the distinct red-to-blue color
change of AuNPs at pH 3.5 as well as pH 7 upon the addition of
Cys. The results presented in this study can be used to develop
a direct detection method for Cys and also a strategy to inves-
tigate biological activities that produce or liberate Cys. More-
over, this system is potentially applicable to the colorimetric
detection of harmful metal ions that can bind to Cys and
promote the aggregation of AuNPs.
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