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a b s t r a c t

We here in report an extensive study on the development of a highly facile, selective and sensitive col-
orimetric probe for cysteine detection using silver nanoparticles (Ag NPs). The efficacy of the process
relies upon the surface plasmon resonance properties of Ag NPs and the interaction of Ag–cysteine com-
plex with chromium ions (Cr3+) in a ratio of 2:1. In the presence of Cr3+, cysteine was able to induce
the aggregation of Ag NPs thereby resulting in a change in yellow colour of the Ag colloid to purple. The
eywords:
g NPs
olorimetric probe
hromium ions (Cr3+)
ggregation

reported probe has a limit of detection down to 1 nM which is to the best of our knowledge the lowest ever
reported for the colorimetric detection of cysteine. Furthermore, a remarkable feature of this method is
that it involves a simple technique exhibiting high selectivity to cysteine over other tested amino acids.

© 2011 Elsevier B.V. All rights reserved.
ysteine

. Introduction

Cysteine is sulfur containing non-essential amino acid and forms
dominant part of most of the peptides and proteins. High reac-

ive nature of thiol groups makes cysteine a special amino acid as
t plays an authoritative role in the most important process of pro-
ein synthesis i.e. protein folding [1]. Other important biological
unctions of cysteine are in detoxification and metabolic processes
2,3]. Abnormal levels of cysteine and its derivatives have been
idely linked to various life threatening diseases like HIV, can-

er, sepsis, ulcerative colitis and many others [4]. Hence, from the
bove-mentioned facts the importance of cysteine detection is well
nderstood.

Most widely employed methods for the accurate detection of
ysteine involve chromatographic techniques [5]. However var-
ous other approaches have been made for better, cheaper and
ess tedious detection of cysteine and its derivatives. Some of
hem employ the basic principles of electrochemistry, fluores-
ence and chemical analysis [6]. But the problem still persists
egarding the sensitivity limit, cost effectiveness and tedious
rocedures involving significant time for analysis. With the
dvent of nanotechnology there has been shift of interests of

he science fraternity towards developments of sensors using
anoparticles [7]. Emergence of various colorimetric biosen-
ors has revolutionized the efforts for developing the cheapest
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and most sensitive and accurate sensors for biomolecule detec-
tion.

According to our thorough literature survey, most of the colori-
metric detection methods have employed surface employed gold
nanoparticles (Au NPs) [8–12]. Recently, Weia et al. developed a
colorimetric sensor for cysteine detection using carboxymethyl
cellulose-functionalized Au NPs [13]. In another approach, Chen
et al. [14] used ssDNA stabilized Au NPs for colorimetric detection of
cysteine. However, the main disadvantage of these approaches was
their low sensitivities, in which only micro molar concentrations
of cysteine was detectable; the above detection processes gener-
ally needed a rather long time and some other thiol-containing
compounds could generate interference for cysteine detection.

Metal nanoparticles especially silver exhibit excellent sur-
face plasmon resonance properties thereby providing them with
extremely high extinction coefficient and strong surface plasmon
resonance properties [15–18]. In this study, we report for the first
time, the use of silver nanoparticles (Ag NPs) as a visual colori-
metric detection probe for the highly facile, selective and sensitive
detection of cysteine using chromium ions (Cr3+). The addition of
Cr3+ induces the aggregation of Ag NPs resulting in a change in the
colour of the colloid from yellow to purple depending on the con-
centration of cysteine. The metal ions are expected to bind with the
cysteine–Ag NPs through cooperative metal–ligand interactions.
Cysteine of concentrations as low as 1 nM can be detected using this

colorimetric format. In this context, we have shown that the inter-
action of the Ag NPs with cysteine in the presence of Cr3+ results in
appreciable changes in colour and absorption properties over other
amino acids tested with overall process taking less than 5 min.
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ig. 1. UV–vis spectra of synthesized Ag NPs, before and after interaction with
0−3 M cysteine and 10−3 M Cr3+.

. Materials and methods

.1. Chemicals

Deionized and distilled water from Mill-Q was used through-
ut the experiments. All the amino acids were purchased from
igma Aldrich Co. (USA). Sodium borohydride (NaBH4), sodium
hloride (NaCl), tri-sodium citrate and silver nitrate (AgNO3) were
urchased from SD Fine Chemicals Ltd. Heavy metal salts were
btained from Himedia Laboratories Pvt. Ltd. All the heavy metal
alt solutions (1 mM) used for the experiments were prepared
y mixing the requisite amount of salt in Mill-Q water. Cysteine
10−2 M) was used as the stock solution and was serially diluted
o give lower concentrations of cysteine solutions. For preparation
f cysteine and other amino acid solutions distilled and deionized
ater was used as the solvent. Hydrochloric acid (HCl) and sodium
ydroxide (NaOH) were used to adjust the pH.

.2. Synthesis of Ag nanoparticles (Ag NPs)
All the glassware used were thoroughly washed with fresh
ater and then rewashed with Mill-Q water and air dried. Ag NPs
ere prepared according to the published Creighton’s method [19]

Fig. 2. TEM micrograph of (a) synthesized Ag NPs, (b) Ag NP
85 (2011) 533–540

with minor modifications. Briefly, 30 ml of 2 mM sodium borohy-
dride ice-chilled solution was mixed with 2 ml of 1% tri-sodium
citrate while stirring for 5 min. 10 ml of 1 mM silver nitrate solution
was added drop by drop under dark conditions without stirring.
Pale yellow colour marks the end of the reaction and confirms the
formation of particles.

2.3. Characterization

2.3.1. UV–vis spectroscopy
After the formation, the preliminary characterization of parti-

cles was done by UV–vis spectroscopic studies. The spectra were
recorded in a UV–visible spectrophotometer (Shimadzu UV-1700,
Japan) from 200 to 700 nm. Millipore water was used as blank. The
spectra recorded were then replotted using Microsoft Excel.

2.3.2. Particle size analysis
The particle size range of the nanoparticles along with its

polydispersity was determined using a particle size analyzer (90
Plus Particle Size Analyzer, Brookhaven Instruments Corporation).
Particle size was arrived by calculating the mean hydrodynamic
diameter (z-average mean) from the autocorrelation function of the
intensity of light scattered from the particles undergoing Brown-
ian motion. Around 3 ml of the synthesized colloid was subjected
to particle size analysis to determine the hydrodynamic size of the
nanoparticle.

2.3.3. Zeta potential measurements
The zeta potential of the synthesized nanoparticles was deter-

mined by means of zeta potential analyzer (90 Plus Particle Size
Analyzer, Brookhaven Instruments Corporation, using Zeta Plus
software). The measurement of zeta potential is based on the direc-
tion and velocity of particles under the influence of known electric
field. Zeta potential values were taken to predict the nature of the
electrostatic potential near the surface of the particle by mixing
an aliquot of the sample with 10−3 M KCl solution prior to analy-
sis.

2.3.4. Microscopy
2.3.4.1. Atomic force microscopy. The shape and structure of the Ag
NPs were determined using atomic force microscopy (AFM). AFM

studies were carried out by drop coating the dispersion contain-
ing the particles onto a glass slide after required reaction time and
scanning at a rate of 100 mV/s in the range 50 �m × 50 �m using
Nanosurf Easy Scan 2, Nanosurf Inc., USA.

s with 10−3 M cysteine in the presence of 10−3 M Cr3+.
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Fig. 3. Atomic force microscopic image of (a) synthesized Ag N
.3.4.2. Transmission electron microscopy. The morphology of the
ynthesized nanoparticles was determined by transmission elec-
ron microscopy (TEM). Samples for TEM measurements were
repared by placing a drop of test solution on the copper
) Ag NPs with 10 M cysteine in the presence of 10 M Cr .
grid and drying it in vacuum. Transmission electron micro-
graphs were taken using (Technai 10, Philips) operated at an
accelerated voltage of 80 kV and an ultra high resolution pole
piece.
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ig. 4. (a) Photographic image of Ag NPs interacted with Cr3+ in the presence of d
ontrol 4 = Cr3+ + cysteine. Concentration of amino acids and Cr3+ = 10−3 M). (b) U
10−3 M): cysteine, glutathione and tryptophan respectively.)

.4. Colorimetric detection of cysteine

Colorimetric detection of cysteine was carried out by first adding
50 �l of cysteine to 700 �l of freshly prepared Ag NPs and leaving it
or interaction for 1 min. To the mixture 500 �l of freshly prepared
r3+ (1 mM) solution was added and checked for instant coloura-
ion. Absorption spectra of the final mixture were recorded using
ells with 1 cm path length. The concentration of cysteine in the

olution was easily measured with the help of values of absorption
atio (A590/390).

ig. 5. Comparison of absorbance ratios (A590/A390) of each amino acid mixture with
g NPs and Cr3+.
t amino acids. (Note: Control 1 = Ag, Control 2 = Ag + cysteine, Control 3 = Ag + Cr3+,
spectra of Ag + cysteine and Ag + amino acid + 10−3 M Cr3+ (order of amino acids

All the tests were carried out in triplicate, and mean values of
the results were reported. The experimental error limit was strictly
kept within ±5%.

3. Results and discussion

3.1. Characterization of the particles before and after interaction

The as-synthesized colloidal Ag NPs were subjected to UV–vis
spectroscopy. The particles gave a strong plasmon resonance band
at 390 nm. On interacting with cysteine in the presence of Cr3+ the
particles immediately aggregated with an intense colour change
from yellow to purple. The result was consistent with the red shift
of UV–vis spectra. The plasmon band centered on 390 nm shifted
to the right forming a second peak at 590 nm (Fig. 1). This second
peak could be ascribed to the complex formed due to the aggre-
gation of the particles. In order to know the microstructure of the
Ag NPs before and after interacting with cysteine, TEM and AFM
were performed. It is to be noted from the transmission microscopic
images that in the absence of cysteine and Cr3+, the Ag NPs formed
were spherical and monodispersed in nature with an average
particle size of 10–15 nm while in its presence Ag NPs formed large
aggregates of 50–60 nm (Fig. 2a and b). The atomic force micro-

scopic images of Ag NPs revealed that the particles were spherical
in nature and well dispersed with an average particle size between
10 and 20 nm (Fig. 3a). The Ag/cysteine–Cr3+ interacted samples
were also subjected to atomic force microscopy to reveal the three
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ig. 6. (a) Photographic images of Ag NPs under different concentrations of cysteine
pectra of synthesized Ag NPs containing different concentrations of cysteine (1 × 1

imensional structure and the morphological changes following
he interaction of the particles with Cr3+. The microscopic stud-
es revealed the formation of large flocs (size 55–60 nm) due to the
ggregation of the particles as seen in Fig. 3b. DLS and zeta poten-
ial readings were also taken to corroborate with the spectroscopic
nd microscopic findings. The average hydrodynamic diameter of
he particle was 55.2 nm while the mixtures of colloidal silver solu-
ion in the presence of cysteine and Cr3+ evidenced a relatively high
egree of poly dispersion with an increase in size of particles to
52 nm after 10 min of interaction. The colloidal silver solution gave
mean zeta potential value of −30.71 mV, which is usually con-

idered as the limit for colloidal systems [20] while in the mixture
btained after interaction with cysteine and Cr3+, the zeta potential
alues were less negative (−19.63 mV), indicating a concomitant
ecrease in colloidal stability upon aggregation.

.2. Sensitivity and selectivity of the analytical process

In order to check the selectivity of cysteine over other amino
cids the experiment was performed as described in Section 2.3, but
nstead of cysteine, 10−3 M of other amino acid solutions (pheny-
alanine, glutamine, tryptophan, serine, histidine, threonine, lysine,
lycine and methionine) were individually added in the same ratio
s of cysteine. The results obtained clearly indicate that except cys-
eine no other amino acids exhibited a colour change (Fig. 4a).

n addition, UV–vis data did not reveal the presence of a peak
t around 590 nm in the other amino acids except cysteine. The
pectral changes exhibited by some selected amino acids (cys-
eine, glutathione and tryptophan) are given in Fig. 4b (a detailed
0−3–1 × 10−9 M) respectively after the addition of 10−3 M Cr3+ solution. (b) UV–vis
, 1 × 10−6 M, 1 × 10−9 M) after the addition of 10−3 M Cr3+.

UV–vis spectrum of 10 interacted amino acids including cysteine is
given in Fig. S1 (supplementary information)). The absorption ratio
(A590/A390) of Ag NPs in the presence of 10−3 M cysteine and 10−3 M
of other amino acids is shown in Fig. 5.

Further, to check the sensitivity level of this method, differ-
ent concentrations of cysteine solutions ranging from 10−3 M to
10−9 M were interacted with Ag NPs in the presence of cysteine.
A fine gradation in the colour development was recorded from
intense purple to feeble pink as the concentration of cysteine in
the solution decreased to nanomolar level (Fig. 6a). Some signifi-
cant spectral changes for cysteine concentrations (10−3 M, 10−6 M,
10−9 M) recorded before and after interaction are shown in Fig. 6b
(detailed UV–vis spectra of different concentrations of cysteine
interacted with Ag NPs and Cr3+ are given in Fig. S2 (supplemen-
tary information)). A linear correlation was recorded up to 10−9 M
as it can be seen from the graph showing the ratio of absorbance
(A590/390) versus logarithm of cysteine concentration as shown in
Fig. 7. Hence, the present limit of detection of this sensor is 1 nM. To
the best of our knowledge as of now this is the lowest sensing limit
recorded for the visual colorimetric detection of cysteine using Ag
NPs.

3.3. Possible mechanism for the detection of cysteine using Ag
NPs as a colorimetric probe
The synthesis of Ag NPs was achieved by citrate reduction
method to yield monodispersed particles. Ag NPs (10 nm) in aque-
ous solution are stabilized against aggregation due to the negatively
charged citrate ions electrostatically repelling against Van der
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Fig. 7. Calibration curve of A590/390 against log10 of cysteine concentration in Ag NPs
containing 10−3 M Cr3+ (graph shows linear relationship between A against
l

590/390

og10 of cysteine).

Fig. 8. Schematic representation of the
85 (2011) 533–540

Waals attraction between Ag NPs [21]. The thiol group of cys-
teine exhibits intriguing reactivity with Ag NPs by binding onto the
surface of the silver particles through the sulfur atom [22] and the
Ag NPs are thus functionalized with cysteine. On the other hand,
cysteine can bind to Cr3+ by coordinating with its acidic (COOH) and
basic (NH2) functional groups [23]. Thus each Cr3+ forms complexes
with two cysteine molecules as shown schematically in Fig. 8. Thus,
Cr3+ can act as cross-linking agent for pairs of cysteine-coated Ag
NPs, thereby inducing the aggregation of Ag NPs. This causes a rapid,
yellow-to-purple colour change. We just make use of this property
to design our sensor for cysteine. The Ag NPs colloidal solution with
Cr3+ in the absence of cysteine is yellow, while the Ag NPs colloidal
solution with Cr3+ in the presence of cysteine is purple. We also
found that the control experiments with other amino acids did not
show colour change.

3.4. Optimization of the assay conditions

To investigate the effect of various heavy metals on the
Ag–cysteine complex during the development of the experiment

various heavy metal salt solutions were added to the Ag–cysteine
complex. Upon interaction with the complex it was observed that
Cr3+ gave deep violet colour instantly with a prominent second UV
peak at nearly 590 nm while other salt solutions like Fe2+, Cu2+,

mechanism of cysteine detection.
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ig. 9. (a) Photographic image of Ag/cysteine mixture interacted in the presence o
Ps), Ag + cysteine, Ag + cysteine + heavy metal (Fe2+, Cu2+, Cr3+, Ni2+, Pb2+ and Zn2+ r
f synthesized Ag NPs colloidal solution, before and after interaction with 10−3 M c

i2+ and Pb2+ did not show any colour change (Fig. 9a). The UV–vis
pectra of some of the heavy metals (Cr3+, Ni2+ and Zn2+) interacted
ith Ag–cysteine mixtures are given in Fig. 9b (a detailed spectrum

or various heavy metals with Ag–cysteine is given in Fig. S3, sup-
lementary information). Zn2+ gave a light pink colour (Fig. 9a) but
nlike Cr3+ there was no second prominent UV peak caused due
o the complex formed by Ag–cysteine and Cr3+ (Fig. 9b). More-
ver, when interacted with lower concentrations of cysteine there
as no sign of colour change. Hence, Cr3+ was selected for further

xperiments.

.5. Detection of cysteine in artificial samples

In order to verify the performance of the probe for detection
f cysteine in practical applications, the possible interferences
f other amino acids as stated above were mixed together with
ysteine in the tested samples. The results indicated that the inter-
erence ions did not affect the determination of cysteine. Therefore,
hese excellent properties substantially enable the present probe
ork in the practical application for on-site, real-time detection of

ysteine.
. Conclusion

In summary we have developed a facile, sensitive and selective
olorimetric probe for the on-site and real-time detection of cys-
rent heavy metals (various heavy metals (from left to right in order): Control (Ag
tively). Note: Concentration of cysteine = heavy metals = 10−3 M). (b) UV–vis spectra
e and 10−3 M heavy metal ions (Cr3+, Ni2+ and Zn2+).

teine using Ag NPs as a colorimetric probe. This assay is based on the
distance dependent optical properties of Ag NPs and the interaction
of cysteine:Cr3+ in a ratio of 2:1. In the presence of Cr3+, cysteine
was able to induce the aggregation of Ag NPs thereby resulting in
a change in yellow colour of the Ag colloid to purple. The assay
described in this work is easily detectable with the naked eye or
by using a UV–vis spectrophotometer. The reported probe has a
limit of detection of 1 nM which is to the best of our knowledge
the lowest ever reported for the colorimetric detection of cysteine
using non-functionalized Ag NPs. Furthermore, one of the remark-
able features of this method is that it exhibits high selectivity to
cysteine over other tested amino acids and other thiol compounds
(such as glutathione).
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