
This journal is©The Royal Society of Chemistry 2020 Chem. Commun., 2020, 56, 289--292 | 289

Cite this:Chem. Commun., 2020,

56, 289

Optical pico-biosensing of lead using plasmonic
gold nanoparticles and a cationic peptide-based
aptasensor†‡
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A novel biosensor for the rapid detection of lead ions employing the

optical properties of AuNPs, a lead-specific aptamer and a cationic

peptide has been demonstrated. The limit of detection of the

biosensor was 98.7 pM, the lowest so far obtained using colorimetry.

The use of certain heavy metals such as iron, cobalt, cadmium,
copper, nickel, zinc, etc. is important for biological and environ-
mental applications.1 But they are generally not tolerated well at
high concentrations, and some of the them, such as lead, mercury,
and cadmium, are toxic even at relatively low concentrations.2

Moreover, Pb2+ ions are present in substantial amounts in the
environment, largely due to the result of human activities such as
smelting, mining, internal and topical medicinal preparations,
and cosmetic and paint preparations.3 The World Health
Organization (WHO) has set the maximum permissible limit
(MPL) of Pb2+ ions in drinking water to be 72 nM.4 Traces of
Pb2+ ions, i.e., when even just a bit above the permissible limit,
have been reported to result in fatal diseases such as cancer,
cardiovascular disorders, brain disease, and failures of the
kidneys and nervous system.5,6 Thus, considering the serious
complications arising due to the presence of Pb2+ ions, it is
essential to develop a simple and rapid method for detecting
them with high specificity and sensitivity.

Several analytical methods based on atomic absorption spectro-
metry (AAS),7 mass spectrometry (MS),8 atomic emission spectro-
metry (AES),9 electrochemistry,10 and stripping voltammetry11

have been reported to be employed for detecting Pb2+ ions.
Though these techniques are fairly sensitive and precise, they
suffer from certain limitations such as requiring a trained staff,

high-end instrumentation, sophisticated handling, relatively
high cost, and a time-consuming procedure limiting their use
for rapid and on-site monitoring of Pb2+ ions.

These issues can be effectively countered by using the simple
yet sensitive colorimetric method, which allows for a direct
determination of the target content by observing a change in
color with the naked eye.12 Such colorimetric methods have
been employed for detecting toxic gases,13 pesticides14–16 and
biomolecules.17 For this purpose, gold nanoparticles (AuNPs)
have been extensively used for colorimetric biosensing of various
targets since these NPs have large surface areas, extremely good
optical properties, and high molar extinction coefficients, and
since their surfaces can be modified in a variety of ways.18–20

Moreover, AuNPs display distinct color changes and SPR peak
shifts that depend on their shape, size and aggregation state,
features making them relatively reliable sensors.21 All of these
properties make AuNPs a strong contender for ultra-sensitive
biosensing.22,23

In addition to AuNPs, aptamers have also shown promise in
the field of sensing. Aptamers are single-stranded RNA/DNA
molecules that bind to specific targets with high specificity and
selectivity levels.24 They have emerged as a promising class of
recognition elements as a result of their numerous advantages
over other entities.25 The unique properties of aptamers such as
their high thermostability, low immunogenicity, low toxicity,
remarkable affinity, and easy synthesis and modification have
attracted much attention, making them desirable recognition
elements for sensing applications.26 Electrochemical aptasensors
have been reported to be constructed for the detection of Pb2+ ions,
but their limit of detection (LOD) values were observed to be not
very low.27 Moreover, a rapid and on-site detection of Pb2+ ions in
real samples is not possible using an electrochemical apparatus.

Due to the above-described complexities involving instru-
mentation and reagent selection for the detection of small
amounts of metal ion, in the current work we set out to develop
a simple, cost-effective, rapid, sensitive and label-free colori-
metric biosensor of lead ions using a novel strategy employing
AuNPs, an aptamer, and a cationic peptide. The developed
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assay for detecting lead showed an LOD in the picomolar range,
better than any LOD so far reported according to a survey of the
latest literature.

The principle of the developed sensing system was based on
aggregation of AuNPs inducing a change in the color of the
tested solution from wine red to blue with a subsequent change
in the absorption spectrum.

Furthermore, the designed sensor system was observed to be
highly selective when tested in the presence of other metal ions
as well as in real samples.

The primary objective of the work was to detect Pb2+ ions,
owing to their pernicious effects, with a simple, rapid, cost-
effective and reliable method. The design of the present sensing
assay was based on AuNPs, a Pb2+-specific aptamer, and a
cationic hexapeptide. The AuNPs (0.2166 � 10�8 mol L�1),
owing to their distinct color responses associated with different
aggregation states, were found to serve as excellent optical
indicators for signaling the presence or absence of the target
analyte (Pb2+ ions in the present case). The synthesis of AuNPs
was carried out via a chemical methodology that employed
trisodium citrate as a capping as well as reducing agent. The
AuNPs formed were negatively charged and stable as a result of
electrostatic repulsions between the citrate ions (capping agent)
present on the AuNP surfaces. The sequence of the peptide
(KRKRKR-amide) was selected to be sufficiently cationic to
induce the aggregation of AuNPs through electrostatic interactions
(Fig. S4, ESI‡), and to facilitate its electrostatic binding with a
negatively charged aptamer.

The mechanistic principle of the colorimetric aptasensor for
Pb2+ ions is illustrated in Fig. 1. The specific binding of the
aptamer with Pb2+ ions was exploited in order to develop a highly
sensitive colorimetric biosensor. The aptamer was found to
specifically bind with any present Pb2+ ions (Fig. S5, ESI‡), leaving
the cationic peptide free in the solution (Fig. 1A). Consequently,
the availability of sufficient peptide in the solution resulted in the

aggregation of the AuNPs, and a distinct color change from wine
red to blue was observed. The electrostatic interaction between
the negatively charged AuNPs and cationic peptide was respon-
sible for inducing color changes in the gold colloids from red to
blue, and these changes were clearly visible with the naked eye.
However, in the absence of Pb2+ ions, the aptamer bound to the
peptide via electrostatic interactions (Fig. S6, ESI‡) and rendered
the AuNPs well dispersed due to the lack of peptide molecules
in the solution; thereby the color of the colloid remained
unchanged (red) (Fig. 1B). The extent of aggregation depended
on the number of free peptide molecules in the solution: the
higher the concentration of Pb2+ ions, the greater the number of
free peptide molecules and the greater the aggregation. This
aggregation through its effect on the color of the solution was
easily visualized by the naked eye.

The sensitivity of the developed sensing assay was found to
depend on various reaction parameters such as concentration
of peptide, concentration of aptamer, incubation time, etc. The
effect of these parameters was optimized thoroughly. Due to
the critical dependence of the aggregation of AuNPs on the
concentration of cationic peptide, the minimum concentration
of peptide sufficient to aggregate the AuNPs was determined.
For this purpose, AuNPs were exposed to various concentrations of
peptide (ranging from 1 mM to 50 mM) in the presence of
phosphate buffer (pH = 7.4), and the absorption spectra of the
AuNPs were recorded. For peptide concentrations between 1 mM to
10 mM, the color of the AuNPs remained red with an absorption
peak at a wavelength of 520 nm (Fig. 2a), which is the char-
acteristic peak of AuNPs. As the concentration of the peptide
was increased to 50 mM, the color of the AuNPs turned blue and
a new absorption peak emerged at 650 nm (Fig. 2a), representing
the peak of aggregated AuNPs. Therefore, 50 mM was chosen as the
peptide concentration for further detection experiments.

After successfully optimizing the concentration of peptide,
we set out to determine the minimum concentration of aptamer

Fig. 1 Detailed schematic illustration of the principle of the detection of
lead ions using the developed aptasensor. All depicted reactions were
performed at ambient temperature in the presence of phosphate buffer at
pH 7.4. The presence of lead ions changed the colour of the solution from
red to blue due to the presence of free peptide whereas in the absence of
lead ions, the colour of solution remained red.

Fig. 2 (a and b) Absorbance spectra of AuNPs in the presence of various
concentrations of (a) peptide and (b) aptamer. (c) Absorbance spectra of
AuNPs in the presence of lead ion concentrations between 0.01 nM and
1 mM. (d) The intensity ratio A650/520 as a function of Pb2+ concentration.

Communication ChemComm

Pu
bl

is
he

d 
on

 2
5 

N
ov

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
N

ew
 E

ng
la

nd
 o

n 
1/

2/
20

20
 7

:4
3:

08
 P

M
. 

View Article Online

https://doi.org/10.1039/c9cc07407d


This journal is©The Royal Society of Chemistry 2020 Chem. Commun., 2020, 56, 289--292 | 291

needed for binding the peptide to a sufficient extent to keep
the AuNPs well dispersed and red in color. Various aptamer
samples, each at a different concentration between 0.1 nM to
100 nM, were incubated with 50 mM of cationic peptide and buffer
(pH = 7.4) followed by the addition of AuNPs. The absorption
spectra of the nanoparticles revealed that, at the lower concentra-
tions of aptamer (0.01 nM and 1 nM), the plasmonic band at
650 nm corresponding to the aggregation of the nanoparticles was
relatively prominent (Fig. 2b). This result may be attributed to the
amount of aptamer not being enough for binding the peptide, and
as a result, the color of the AuNPs turned blue. However, as the
concentration of aptamer was increased to 10 nM and above,
it completely bound the peptide and hence prevented the
aggregation of nanoparticles, as confirmed by the characteristic
plasmon band of AuNPs observed at 520 nm (Fig. 2b). Hence, an
aptamer concentration of 10 nM was chosen for further analysis.

Following the successful optimizations of the above-mentioned
reaction parameters, the analytical performance of the proposed
aptasensor was tested carefully. In order to investigate the
sensitivity of the colorimetric biosensor, various concentrations
of lead nitrate ranging from 0.01 nM to 1 mM were evaluated. It
was observed that as the concentration of lead ions was
increased, the absorbance of the AuNPs at 520 nm started to
decrease while the intensity of the band at 650 nm increased
(Fig. 2c). Additionally, the gradual increase in the concentration
of lead resulted in a change in the color of the solution from
wine red to purple and then to blue. The results of the assay
clearly demonstrated the ability to qualitatively detect Pb2+ ions
easily and rapidly with the naked eye and without the use of
sophisticated instrumentation.

Furthermore, a quantitative estimation of Pb2+ ion concentration
was carried out by producing a calibration curve. This curve was
obtained by plotting the ratio of the absorbance peak intensity
at 650 nm to that at 520 nm (A650/520) as a function of Pb2+

concentration, and found to be highly linear (R2 = 0.9965)
between Pb2+ concentrations of 0.01 nM to 1 mM (Fig. 2d). The
limit of detection of the developed biosensor was obtained by
using the formula LOD = 3a/slope28,29 and was found to be
98.7 pM (calculation S1, ESI‡), markedly lower than that using
any other method reported so far for the detection of Pb2+ ions
(Table 1).

In order to check the specificity of the developed sensing
system for Pb2+ ions, interference studies for other metal ions were
carried out. These studies included controlled reactions in the
presence of different metal ions such as copper, calcium, mercury,
zinc, nickel, sodium, potassium and cadmium. These metal ions

were chosen because of their presence with Pb2+ in the environ-
ment and the possibility of their interfering with the detection
of Pb2+ ions. The results clearly showed the developed colori-
metric sensor to be highly specific and selective for Pb2+ ions,
(Fig. 3a). The aggregation was observed only in case of Pb2+ even
when the concentration of interfering ions was 10-fold higher
than that of the lead ions (Fig. 3a). Moreover, all of the solutions
with interfering ions remained red in color whereas in the case
of lead ions, the solution changed from red to blue.

Furthermore, the plasmonic peak was observed at 520 nm
for all tested potentially interfering ions whereas lead ions
showed the peak at 650 nm (Fig. S7, ESI‡). This result con-
firmed the high specificity and selectivity of the developed
colorimetric aptasensor for lead ions. In order to check the
potential application of the proposed biosensor, it was further
tested in real samples. Water samples were collected from two
different sources, namely mineral water (Fig. 3b and Fig. S9,
ESI‡) and tap water (Fig. 3c and d). The collected samples were
filtered to remove suspended impurities followed by spiking
them with known concentrations of Pb2+ ions (0.01 nM to 1 mM).
The results showed absence of Pb2+ ions up to permissible
limits as prescribed by WHO.4 The samples spiked with known
concentrations of Pb2+ ions were tested with the proposed
colorimetric aptasensor. After applying the AuNPs nanoprobe,
a linear calibration curve was plotted and the results obtained
were compared with the quantity of lead ions added. The results
from the designed probe revealed excellent synchronization
with the quantity of Pb2+ ions added (Table S1, ESI‡). Further-
more, the selectivity of the lead aptamer for lead ions in the
presence of other interfering metal ions, such as Pb2+ and Cd2+,
Pb2+ and Hg2+, Pb2+ and Zn2+, Pb2+ and Cu2+, Pb2+ and Ca2+, and
Pb2+ and Ni2+ was investigated (Fig. S8, ESI‡). The lead aptamer
was clearly observed to be specific for lead ions in the presence
of the tested interfering ions. These results validated the

Table 1 Comparison of the currently developed aptasensor method with
methods reported in the literature for lead detection

Technique Limit of detection Ref.

Electrochemical 5 nM 30
Fluorescence 4.6 nM 31
Colorimetric 0.1 nM 32
Ratiometric 1 nM 33
Magneto-elastic biosensor 0. 3 mM 34
Colorimetric 98.7 pM Present method

Fig. 3 (a) Histogram of the selectivity of the aptasensor towards lead ions.
(b) Calibration curve of the response to various concentrations of lead ions
in mineral water. (c) UV-Vis spectra of the aptasensor tested in real
samples (tap water). (d) Quantitative analysis showing the effect of the
developed biosensor in tap water.
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practical application of the proposed biosensor, and showed that it
can be further commercially developed for the detection of lead ions.

In summary, in the current work, a novel AuNP-based
colorimetric aptasensor was designed and tested, and showed
selective, sensitive and reliable detection of Pb2+ ions. The LOD
of the proposed biosensor was observed to be 98.7 pM for Pb2+

ions, the best reported so far using colorimetry. In the absence
of Pb2+ ions, the cationic peptide interacted electrostatically
with the Pb2+-specific aptamer, and as a result, the AuNPs
retained their dispersity and red color. Addition of Pb2+ ‘‘turned
on’’ the aptasensor and its color changed from wine red to blue
owing to the presence of free peptide, which aggregated the
AuNPs. Moreover, the SPR peak showed a red shift from 520 nm
to 650 nm, which further confirmed that Pb2+ ions were detected.
The Pb2+ ion concentration was quantitatively determined in the
range of 0.01 nM to 1 mM with a high determination coefficient.
The method employed the optical properties of AuNPs, cationi-
city of the hexapeptide, and specificity of the aptamer. The
aptamer provided high specificity and selectivity to the assay,
with the aptamer changing its conformation upon binding the
target. The sensor array was demonstrated to be highly selective
for Pb2+ ions as compared to other metal ions such as copper,
calcium, mercury, zinc, nickel, sodium, potassium and cadmium.
Exposure of the aptasensor to spiked tap water produced the
desired results. Thus, the developed aptasensor allows the
simple, rapid detection of trace amounts of Pb2+ ions with high
specificity and with the use of inexpensive portable devices. This
aptasensor has tremendous potential for applications in actual
samples due to its cost-effective nature and rapid colorimetric
detection. Such an ultrasensitive optical biosensor can be
further used for diverse applications including environmental
monitoring, food safety tests, health monitoring and diagnosis.
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