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ABSTRACT: The study presents dithiothreitol (DTT)
functionalized anisotropic gold nanoparticles (GNP) based
colorimetric sensor for detection of toxic lead ions in water.
Our results demonstrate the selectivity and sensitivity of the
developed sensor over various heavy metal ions with detection
limit of ~9 nM. The mechanism of sensing is explained on the
basis of unique corona formation around the DTT function-
alized anisotropic GNP.
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L ead ion creates a great threat to the health of living beings
and the environment worldwide. Lead contaminates water
and soil, and ultimately enters in the food chain. Gradual
accumulation of lead in central nervous and endocrine systems
causes serious diseases especially in infants and toddlers.' > Its
exposure is estimated to account for 143 000 deaths per year
with the highest burden in developing regions.4_6 Thus, it is
quite imperative to develop suitable Pb** detection systems
with high sensitivity and reliability. In the past decades various
colorimetric and fluorometric detection systems based on
biomolecules, nanoparticles, fluorophors, polymers etc., have
been proposed for detection of lead ions in contaminated
water.”~*® Particularly colorimetric assays have attracted
considerable attention for toxic metal ion detection because
of their simplicity, low cost and on-site application for
environmental monitoring."'™"® Among several metal nano-
particles, gold nanoparticles have received great attention in the
development of visual sensing schemes because of the surface
plasmon resonance (SPR) which is extremely sensitive to their
nature, size, shape, their interparticle distances, and the nature
of their surrounding media.'* Chai et al, have reported
spherical GNP and glutathione based colorimetric sensor for
lead detection with detection limit (DL) 100 nM."® Gua et al.
have demonstrated application of peptide functionalized GNP
in detection of lead ion with DL 200 nM."® The selectivity for
lead ion can be achieved by using specific chemicals but the
detection limit of these chemical-based sensors is lower than
the U.S. Environmental Protection Agency (EPA) permitted
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maximum Pb** value (72 nM) in drinking water.'” Recently, a
series of functional DNAzyme-based sensors by using GNPs
have been demonstrated by Lu and co-workers. The detection
range of these sensors could be tuned from 3 nM to 1 UM
Wei and co-workers reported a DNAzyme-based colorimetric
sensor for Pb?*, the detection limit was S00 nM.>° Although,
these sensors have shown quite high selectivity and sensitivity,
but theses systems involve complex synthetic procedure.
Moreover, the DNA oligomers used are quite expensive and
need specific sample pretreatment which limits their
applications for many real samples. Recent advances in shape
controlled synthesis of metallic nanoparticles of different size
and the ability to tailor their surface chemistry by introducing
suitable surface modifiers have opened new opportunities to
detect metal ions in selectively even in the nanomolar
range.n_24 Here, we report a new strategy to use anisotropic
GNP surface functionalized with dithiothreitol (DTT) for
detection of lead ions in nanomolar to micromolar range. The
gold nanoparticles used are of triangular plate and hexagonal in
shape. To ascertain the role of anisotropy in the colorimetric
sensing, we carried out the comparative studies with DTT
functionalized spherical GNP.

Anisotropic GNP and spherical GNP were prepared using a
seed-mediated growth method in the presence of cetyltrime-
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Figure 1. (a) UV—vis—NIR spectra of anisotropic GNP and DTT functionalized anisotropic GNP. (b) TEM image of anisotropic GNP and inset

shows the corresponding size distribution histogram.

thylammonium bromide (CTAB) (Figure Sla in the
Supporting Information).”® The surface functionalization of
the nanoparticles was carried out with an optimized
concentration of DTT (Figure S1b in the Supporting
Information). Figure la depicts the absorption spectrum
acquired from the anisotropic GNP and DTT functionalized
anisotropic GNP suspension in the visible—NIR range. The
band with A, at 536 nm is associated with out-of-plane SPR
because of the hexagonal and triangular plate nanoparticles. A
second band is observed at 880 nm, assigned to the in-plane
quadrupole mode of the anisotropic GNP. The band is broad
because of the relatively high polydispersity, both in size and
shape, which implies quite a broad range of possible resonance
frequencies.”® In addition to this a SPR band of relatively low
intensity is observed at 1211 nm, which is assigned to dipole
resonance of the triangular gold nanoparticles. The trans-
mission electron microscopy (TEM) image of the anisotropic
GNP indicates that their average size is ~47 nm (Figure 1(b)).
After surface functionalization a red shift of 2 nm is observed in
the band at 536 nm was observed, however the peak position of
the second band at 880 nm remains unaltered. Although a small
decrement in the absorption intensity is observed in both the
SPR bands after surface functionalization with DTT indicating
change in local environment around anisotropic GNP. Zeta
potential of the nanoparticles was also measured before and
after surface functionalization. A huge decrement of 67 mV is
observed in the zeta potential of the DTT functionalized
anisotropic GNP as compared to that of the CTAB-coated
anisotropic GNP. The change in zeta potential is related to the
change in electrokinetic charge at the nanoparticles. As evident
from Figure S2 in the Supporting Information, the surface
charge on the as prepared CTAB-coated anisotropic gold
nanoparticles is considerably decreased after surface modifica-
tion. UV—vis—NIR spectrophotometric data and zeta potential
results indicate good replacement of CTAB molecules and
successful coverage of the nanoparticles with DTT.

The principle of the assay is proposed in Scheme 1. Because
the active sites on the anisotropic GNP are their corners and
edges, due to their preferential functionalization, the binding of
lead ions and the resulting corona formation is more efficient
on these facets. The polymeric complexation of the lead ions on
these sites results in red shift in the SPR bands and the color
change. In the absence of Pb*" or in the presence of other metal
ions, however, no polymeric complexation should occur, and
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Scheme 1. Schematic Illustration Showing the Mechanism of
Lead Ion Detection by DTT Functionalized Anisotropic
GNP via Corona Formation

DTT + Pb2

the size of the anisotropic GNP remains the same and hence no
color change is observed.

To establish the true potential of the developed sensor, we
optimized the detection conditions for the sensor by varying
the concentration of anisotropic GNP and the time of
equilibration. Initial analysis was conducted by UV—visible—
NIR spectroscopy, which is highly sensitive to the change in
local environment of nanoparticles discernible from the red-
shift in the plasmon peak. Change in absorption intensity at
538 and 880 nm, for different concentrations of DTT
functionalized anisotropic GNP, were monitored at different
time intervals. It was observed that ~10 min of time is sufficient
to induce significant color change and red shift in the
absorption spectra of the sensing system and no major change
is observed after 30 min of equilibration (Figure S3a, b,
Supporting Information). Because the color change is more
pronounced at higher concentration of anisotropic GNP (50
nM) within 10 min of contact time, therefore, we carried out all
the experiments under these optimized conditions of
concentration and contact time. Figure 2a depicts the
absorption spectra of the anisotropic GNP system after the
addition of lead ion (500 nM). A red shift of 5 and 30 nm is
observed in the band at 538 and 880 nm, respectively, after 10
min of contact time. This huge shift and broadening of the
band at 880 nm could be due to the binding of lead ions with
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Figure 2. (a, c) UV—vis—NIR spectra of DTT functionalized anisotropic GNP and spherical GNP, respectively, before and after addition of lead ions
(500 nM) (b, d) TEM image of DTT functionalized anisotropic GNP and spherical GNP, respectively, after the addition of lead ions.

DTT in polymeric fashion onto the surface of anisotropic GNP,
which results in the increase in size of the nanoparticles. This is
also evident from the TEM image, which shows that a corona
of thickness of ~18 nm is formed around the anisotropic GNP
(Figure 2b). The gradual increase in the size of DTT
functionalized anisotropic GNP was also monitored by
measuring their hydrodynamic radius with respect to time.
The size of DTT functionalized anisotropic GNP is observed to
be increased by 21 nm within 10 min of contact time and
thereafter no significant change in size is observed (see Figure
S4 in the Supporting Information).

The sensing in this system is based on the anisotropic GNP
surface functionalized with dithiothreitol. DTT is commonly
used in biochemical research to protect sulthydryl groups from
oxidation or reduce disulfide linkages to free sulfhydryl groups
in proteins and enzymes. DTT is also a strong chelating
reagent. The presence of two thiol groups allows it to form
specific and very stable polymeric complexes with divalent
tetrahedral lead ions.*” This unique property of DTT is
exploited here to detect lead ions, and the role of the gold
nanoparticles is to provide the surface for binding and act as
color changing probe. It is reported that the (111) facet of
hexagonal and triangular plate GNP are of low energy and
hence the surface functionalization will be preferred on the
same facet.”®*® Here also the preoriented functionalization is
increasing the local concentration of DTT molecule on these
planes. On addition of Pb**, a polymeric complex is formed in
between Pb** and DTT on the surface of anisotropic GNP as
well as present in the solution. This results in the formation of a
layer/corona around anisotropic GNP (Figure 2b). This corona
around anisotropic GNP increases their edge length and a red
shift is observed in the band at NIR region.”” The resulting
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increase in the size of the nanoparticles is also responsible for
pink to blue color transition of the solution and hence the
colorimetric sensing of the lead ions. The consecutive coverage
of the (111) facet increases the roughness of the surface of
anisotropic GNP and hence the surface energy of the
nanoparticles also increases which ultimately results in their
agglomeration (Figure SS, Supporting Information). The
complete precipitation of anisotropic GNP in the presence of
Pb** is observed within 4 h.

To establish the importance of anisotropy in sensing action,
DTT functionalized spherical gold nanoparticles were equili-
brated with 500 nM of Pb*" ions for 1 h and the changes in the
absorption maxima were recorded using UV—vis spectropho-
tometer (Figure S6a, b, Supporting Information). A slight
decrease in the absorption intensity and red shift of only 4 nm,
in the SPR band of spherical GNP at 526 nm was observed with
no visible change in the color (Figure 2c). TEM analysis of the
same sample was also carried out to visualize the change
occurring on the surface of the spherical gold nanoparticles. As
it is evident from Figure 2d, unlike DTT functionalized
anisotropic GNP system, no corona formation is observed in
the DTT-spherical GNP system. The spherical GNP are not
able to undergo preferential surface functionalization at certain
sites because of its isotropic nature and hence the extent of the
ligand coverage is also less as compared to the anisotropic
particles.*® This proves that anisotropic surface of the GNP
provides higher localized concentration of DTT, which initiates
the polymerization binding of DTT resulting in corona
formation and the respective color change.

The sensitivity of the sensor was quantitatively evaluated by
treating DTT functionalized anisotropic GNP with various
concentrations (1—1000 nM) of lead ions, (Figure S7a
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Figure 3. (a) UV—vis—NIR spectra of DTT functionalized anisotropic GNP equilibrated for 10 min, with different concentrations of lead ions (1—
1000 nM) (b) change in absorption intensity at 538 nm with change in concentration of lead ions, each data point is presented as standard deviation

from three replicate assays.
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Figure 4. (a) Peak shifts in the SPR band of DTT functionalized anisotropic GNP at 880 nm in the presence of different metal ions (b) DTT
functionalized anisotropic GNP solutions in the presence of different metal ions (in left to right order, Ni**, Mn**, Ba*, Mg2+, Ccr’, Hg2+, cd*,

Cu**, Zn*, As*, Pb*; [M™] = 500 nM).

Supporting Information). The addition of lead ions into the
functionalized anisotropic GNP resulted in the considerable red
shift in their surface plasmon bands. Figure 3a shows the
change in the absorption intensity of the functionalized
anisotropic GNP at various lead ion concentrations. A decrease
in the absorption intensity is observed with increase in the lead
ion concentration. These experiments show that this technique
can detect lead ions in nano molar range within 10 min of
equilibration time (Figure S7b, Supporting Information). The
extinction ratio between 538 and 542 nm was compared at
different lead concentrations to calculate the detection limit
(Figure 3b). From the slope of the linear plot (inset Figure 3b),
the detection limit was estimated to be 8.9 nM at a signal-to-
noise (S/N) ratio of 3, which is even lower than that for most
of the chemical based GNP sensors for lead and the maximum
contamination limit for lead ions (72 nM) defined by EPA. The
SPR at 538 nm was chosen for the calculation of DL, as it is not
only the major SPR peak for hexagonal nanoparticles but also
has significant contribution from triangular plate nanoparticles.
The DL for the system was also determined by calibrating SPR
shift (A1) at 880 nm with change in lead ion concentration and
was found to be 7.6 nM, which is in close agreement with the
same determined from SPR at 538 nm (Figure S8, Supporting
Information).

To examine the selectivity of the sensor for lead ions, we
equilibrated DTT functionalized anisotropic GNP with 500 nM
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solution of Cd**, Cu**, Hg**, Zn*, Ni**, Cr**, Ba**, Ca**, Mg*',
and As*" ions and monitored the change in the SPR band of the
nanoparticles and color change. However, no significant
changes in the SPR band as well as the color of the
nanoparticles were observed even at such higher concentrations
of metal ions, except slight red shift in the absorption intensity
at 880 nm in all the cases (Figure 4a, b). This could be due to
the metal ions possibly being deposited on the surface of gold
nanoparticles and changing the SPR of the same. But only lead
ions are capable of forming polymeric complex with DTT onto
the surface of anisotropic GNP and inducing color change. The
time and the nature of response of these other metal ions did
not match with that of lead ions, which makes the system
selective for lead ion detection.

The applicability of the developed colorimetric assay to real
samples was evaluated by spiking tap water (sampled from
Mandi, India; see Supporting Information, Table S1, for ion
composition of the tap water) with Pb**. Figure S9, Supporting
Information, shows the response of the colorimetric assay to
tap water samples with Pb** concentrations of 1—1000 nM.
The response of the sensor in deionzed water and tap water are
very similar suggesting that the developed colorimetric sensor
can detect Pb*" even in the interfering matrix of the tap water.
The DL for Pb** in tap water experiments were determined to
be 15.9 nM (S/N = 3). Although, a slight decrease in the

response of the assay in real sample is observed, still the DL is
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much below the allowed Pb** concentration (72 nM) as
mentioned earlier.

In conclusion, we have demonstrated a surface modified
colorimetric sensor using triangular plate and hexagonal gold
nanoparticles that can detect lead ions in aqueous media, to our
knowledge for the first time. This study developed a lead ion
specific sensor by functionalizing the surface of hexagonal and
triangular gold nanoparticles with DTT. Notably, the developed
sensor exhibited great sensitivity for detection of lead ions over
a wide concentration range and among various metal ions. The
possible mechanism for the sensing action is also discussed, and
it is proposed that unique corona formation around the DTT
functionalized anisotropic GNP is attributed to the difference in
the surface energies and hence different extent of surface
functionalization of the corners and edges of the anisotropic
GNP. Research and development of anisotropic nanoparticles
based sensors is mainly focused on the nanorods of gold and
silver metals. But, we believe that the use of other anisotropic
nanoparticles of these metals with lower sphericity would
broaden the scope and applicability of the sensors.
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