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In the present study, a systematic investigation has been carried out for the first time to assess the potential
of three different shapes of gold nanoparticles (AuNPs), viz. nanorods (AuNRs), nanotriangles (AuNTs), and
nanospheres (AuNSs), to develop a horseradish peroxidase (HRP) enzyme-mediated etching-based
plasmonic ELISA (p-ELISA) strategy. The etching of the AuNPs in ELISA is achieved by 3'-3-5'-5-
tetramethylbenzidine (TMB2*), which is produced by the biocatalytic conversion of chromogenic TMB via
HRP. All three types of AUNPs were interacted with varying concentrations of TMB2* (7-131 pM) (product
of HRP enzyme reaction) and characterized for visible color change and by UV-Vis spectroscopy and
transmission electron microscopy (TEM). From the comparative analysis of all three shapes of AuNPs,
AuNRs exhibited vivid visible color change and absorbance intensity change compared to spherical and
triangle-shaped nanoparticles. The TEM analysis of the etched nanoparticles revealed the gradual
etching pattern of AuNRs compared to AuNTs which resulted in multicolor generation as opposed to
AuNTs where the etching was relatively very fast and thus shows a faster shape transformation and poor
color discrimination. Further, the potential of the AuNR etching-based optimized strategy was
successfully demonstrated to develop an indirect competitive p-ELISA for human IgG detection. The
developed p-ELISA showed an ultra-low visual limit of detection of 1 fg mL™! (~6.54 aM) without the aid
of any sophisticated instruments. In the future, the developed competitive p-ELISA strategy can be easily
employed to develop cost-effective, portable, and point-of-care assays for the detection of various
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Introduction

Plasmonic-enzyme linked immunosorbent assay (p-ELISA) has
garnered immense interest in the last decade towards the
development of ultrasensitive visual biosensors for various
disease biomarkers, environmental pollutants, and food adul-
terants.”® This strategy relies upon the modulation in the
localized surface plasmon resonance (LSPR) properties of the
noble metal nanoparticles (MNPs) through a biocatalytic-
triggered reaction that transforms their shape, size, composi-
tion, or agglomeration state.”® Since the LSPR property of the
nanoparticles is size/shape and composition-dependent, a very
minute structural change can give rise to a noticeable signal.
Another important advantage of p-ELISA is the high extinction
coefficient of the metal nanoparticles (e.g. gold nanoparticles
(AuNPs) ¢ = 10°-10° M~ ".cm™ ") compared to the traditionally
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disease biomarkers with ultra-high sensitivity.

used chromogenic substrate, i.e. 3,3',5,5-tetramethylbenzidine
(TMB) (¢ = 5.9 x 10* M~ ".cm™ '), which make them a prudent
choice to produce an intense color change even at a very low
concentration of the analyte.""

To date, the p-ELISA strategy has been realized by inducing
the (i) aggregation of the MNPs,'** (ii) metallization of the
MNPs,'*** and (iii) etching-mediated shape transformation of
MNPs."”*® In the first approach, the enzyme-catalyzed reaction
induces the aggregation of MNPs via altering their surface
charges. The degree of MNPs aggregation depends upon the
analyte concentration that correspondingly results in a change
in characteristic LSPR peak and colloidal solution color which is
observed through the naked eye and ELISA plate optical reader.
For instance, Nie et al. reported a p-ELISA strategy based on
AuNPs aggregation for the detection of syphilis by utilizing the
biocatalytic reaction involving acetylcholinesterase mediated
generation of cationic thiocholine (TCh) in relation to the
analyte concentration.' The TCh interacts strongly with citrate-
capped AuNPs due to thiol groups and thereby alters the surface
charges which eventually triggers the aggregation of AuNPs,
causing a visual change in color from red to blue.

The second strategy is typically based on the biocatalytic
reaction mediated reduction of metal salts which eventually

© 2022 The Author(s). Published by the Royal Society of Chemistry
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forms a thin metal film (i.e. metallization) in a heteroepitaxial
manner on the template nanoparticles to produce core-shell type
nanostructure.”**' A small difference in the lattice constant of the
deposited metal and the template MNPs is an important
requirement for the uniform deposition of metal on template
nanoparticles. For example, in the case of silver and gold, the
lattice constant is as low as 0.25%, thus AuNPs can be easily
utilized as a template to grow silver to produce a core-shell
nanostructure.” Using this approach, Yang et al. formulated a p-
ELISA strategy by depositing silver on the gold nanorods (AuNRs)
in a core/shell manner to detect prostate-specific antigen (PSA).>?
The biocatalytic reaction involving alkaline phosphatase (ALP)
mediates the generation of dephosphorylated p-aminophenol in
relation to the PSA concentration, which eventually reduces silver
salt into metallic silver that gets deposited on AuNRs. Accord-
ingly, a significant change in the longitudinal LSPR peak and
color of the AuNRs solution from pale red to green, purple and
brown was observed. The third strategy is based on the enzyme-
mediated generation of the etchant that results in the morpho-
logical transformation of MNPs and a visually detectable color
change. For example, Yuan et al. reported a p-ELISA strategy by
oxidative etching of silver nanoprism (AgNPRs) for the qualitative
and quantitative determination of danofloxacin (DAN).>* In this
indirect competitive p-ELISA, glucose oxidase enzyme-mediated
generation of hydrogen peroxide (H,O,) triggers the oxidative
etching of AgNPRs, which results in a prominent color change
from dark blue to colorless.

All three p-ELISA strategies have demonstrated good sensi-
tivity and selectivity without the aid of an optical reader,
however, the MNP etching-based color development approach

Type of AuNPs

Enzyme-mediated etchant (TMB?2*)
generation and etching initiation
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is the most suitable for the field deployable point-of-care assays.
This is based on the fact that the predefined multicolor change
in the reaction solution depends upon the shape trans-
formation of MNPs that can be easily correlated with the
concentration of the analyte molecules in the sample. Unlike,
the aggregation and metallization-based p-ELISA, the effect of
reaction conditions and environmental factors such as
temperature, is negligible and thus minimizes the chances of
false-positive or false-negative results in the case of etching-
based p-ELISA strategies.”®>® The sensitivity of the etching-
based p-ELISAs can be further enhanced by many folds by
precise control of the LSPR peak (or the shape) of the MNPs.

To date, various anisotropic MNPs such as nanorods,
nanocages, nanocubes, nanoprisms, and nanoflowers have been
explored for the development of LSPR based colorimetric
assays.”>®” Among all other etching processes, the oxidative
etching of AUNPs via TMB>" has garnered more attention due to
their controlled nature of etching and futuristic convenient
translation possibilities. Therefore, the reshaping-induced LSPR
peak shift can serve as a probe for the development of multi-
colorimetric p-ELISA strategies. Although several studies have
utilized any single type of AuNPs for the development of TMB>*-
mediated etching reaction based on p-ELISA, a detailed
comparative analysis of TMB** mediated re-shaping of different
shapes of AuNPs and to answer which shape of the AuNPs shows
better sensor performance both in terms of UV-Vis spectral shift
and naked-eye detection have not been investigated.

In this study, for the first time, we have reported the
systematic comparison of selective etching of three different
shapes of AuNPs, viz. gold nanospheres (AuNSs), gold nanorods

Etching mediated size/shape
transformation of AuNPs

" Multicolor Change = No
i Plasmonic Shift = Poor
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Schemel Schematicillustration of etching-based p-ELISA strategy developed by employing gold nanospheres (AuNSs), gold nhanorods (AuNRs),
and gold nanotriangles (AuNTSs). The enzyme horseradish peroxidase (HRP) hydrolyses 3,3,5,5 -tetramethylbenzidine (TMB) into TMB™, which is
oxidized into TMB2* upon H,SO, acid treatment. TMB?* acts as an etchant for the gold nanoparticles and leads to their size and shape

transformation.
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(AuNRs), and gold nanotriangles (AuNTs), by TMB** (Scheme 1).
The selection of TMB>" as an etchant is based on the fact that
most of the commercial ELISA kits employ horseradish peroxi-
dase (HRP) and TMB as enzyme-substrate pair where the TMB
(colorless) hydrolyzed into TMB>" (yellow) via HRP.*® The TMB**
oxidizes Au(0) into Au(i) in the presence of an optimum
concentration of CTAB at room temperature resulting in their
shape transformation causing a visual color change and spec-
tral shift.** The etching process is tracked via observing the
visual color change in the colloidal solution of AuNPs, by
recording the UV-Vis absorption spectra to measure the wave-
length shift, and TEM micrograph of AuNPs before and after
interaction with TMB>" to assess the level of etching. Amongst
the three different shapes, AuNRs showed a gradual change
both in the LSPR peak and colorimetric change as a function of
etchant concentration. Further, the potential of the AuNRs-
etching based optimized strategy was demonstrated by devel-
oping an indirect competitive multicolorimetric p-ELISA
strategy capable of detecting human IgG (as a model antigen)
with a visual detection limit of 1 fg mL™" (~6.54 aM).

Materials and methods

Materials

Silver nitrate (AgNO;), gold(m) chloride solution (HAuCl,),
phosphate-buffered saline (PBS, pH 7.4), horseradish peroxidase
(HRP), sodium borohydride (NaBH,), cetyl-trimethyl ammonium
bromide (CTAB), 3,3,5,5-tetramethylbenzidine (TMB), Corning®
96 well microtiter plate, ascorbic acid (AA) and tween20 were
procured from Sigma-Aldrich, India. Trisodium citrate (TSC) was
procured from Sisco Research Laboratories Pvt. Ltd., India.
Human immunoglobulin G (HIgG) and HRP conjugated goat
anti-HIgG (GaHIgG@HRP) antibodies were obtained from Ban-
galore Genei Pvt Ltd., India. Bovine serum albumin (BSA) was
purchased from Himedia Labs Ltd., India. Hydrogen peroxide
(H,0,) (30 wt%) was purchased from Merck Chemicals Ltd.
(India). All the other reagents and chemicals used were of
analytical grade and utilized as received. Prior to any experiment,
all glassware were carefully cleaned to remove any trace of
metallic contaminants with aqua regia (3HCI: 1HNOj3). All the
aqueous solutions used in the experiments were prepared with
ultrapure water (resistivity = 18.2 MQ cm).

Characterization of gold nanoparticles

The absorption spectra were recorded using Jasco V-630 UV-Vis
spectrophotometer (Japan) and Bio-Rad xMark™ microplate
absorbance spectrophotometer (India). The transmission elec-
tron microscopy (TEM) images were recorded on FEI Tecnai G2
F20 X-Twin transmission electron microscope (USA) and zeta-
potential analysis was performed using Nanobrook 90Plus Zeta
Brookhaven Instruments (USA). X-ray diffraction (XRD) pattern
was recorded on Bruker D8 Advance diffractometer (India).

Synthesis of gold nanoparticles

Synthesis of AuNSs. Citrate-capped spherical AuNPs were
synthesized by seed-mediated approach as reported earlier by
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Jana et al.*° Briefly, 0.3 mL of freshly prepared ice-cold NaBH,
solution (0.1 M) was added to a solution containing 10 mL of
TSC (0.25 mM) and 10 mL of HAuCl, (0.25 mM) under vigorous
stirring. Immediately, the solution color turned from pale
yellow to orange-red signifying the formation of Au seeds. These
as-prepared seeds were used within 2 h to form AuNSs via seed
growth method. For this, a growth solution was prepared by
gently dissolving 3 g of CTAB in a 100 mL aqueous solution of
HAuCl, (0.25 mM). Then two sets of 25 mL conical flasks were
labeled A and B. In flask A, 50 pL of freshly prepared ascorbic
acid solution (0.1 M) was mixed with 7.5 mL of growth solution.
This was followed by the addition of 2.5 mL of Au seeds solution
under continuous stirring. After 10 min, the solution color
changed to wine red indicating the growth of the seed particles.
Similarly, for set B, 9 mL of growth solution was mixed with 50
uL of ascorbic acid (0.1 M) solution and to this stirred solution,
1.0 mL of set A solution was added as seed particles. The
resultant colloidal solution continued to stir until the color
changed to reddish-brown implying the formation of AuNSs
and then stored at 4 °C until further use.

Synthesis of AuNRs. CTAB-capped rod-shaped AuNPs were
synthesized by a seed-mediated approach as described earlier
by Nikoobakht et al.** In brief, 0.60 mL of freshly prepared ice-
cold NaBH, solution (10 mM) was injected into a stirred mixture
containing 5 mL of each HAuCl, (0.50 mM) and CTAB solution
(0.20 M). The reaction mixture was continued to stir until the
solution color changed to a brownish-yellow indicating the
formation of Au seeds. The as-prepared seed solution was
allowed to stand without disturbance at room temperature for
at least 1 h before being used as seed particles for AuNRs via
seed-mediated growth method. For growth phase, first 5 mL of
CTAB solution (0.20 M) and 0.25 mL of AgNOj; solution (4 mM)
were mixed with 5.0 mL of HAuCl, solution (1 mM) under
continuous stirring. To this reaction mixture, 70 pL of ascorbic
acid solution (78.8 mM) was added which changed the growth
solution color from dark yellow to colorless. Lastly, 12 uL of as-
prepared seed solution was added which changed the solution
color gradually from colorless to brown within 10-20 min,
suggesting the formation of the AuNRs. The resultant AuNRs
were preserved at 4 °C until further use.

Synthesis of AuNTs. Citrate-capped triangle-shaped AuNPs
were prepared by seed-mediated approach as reported earlier by
Duchene et al.** For seed preparation, 1 mL of freshly prepared
ice-cold NaBH, solution (100 mM) was added to 37 mL of an
aqueous solution containing TSC (0.02 mM) and HAuCl, (0.02
mM). An immediate color change was observed from faint
yellow to ruby red indicating the formation of Au seeds. The
reaction solution was stirred for an additional 5 min and then
stored at room temperature for 2-3 h before being used as seed
particles for AuNTs synthesis by seed growth method. To
prepare the growth solution, 550 pL of each ascorbic acid (100
mM) and NaOH (100 mM) were added to 100 mL of a solution
containing CTAB (50 mM) and HAuCl, (0.25 mM). Thereafter,
10 pL of Nal solution (100 mM) was added and followed by the
addition of 100 pL of Au seeds solution. After two minutes of
additional stirring, the reaction mixture was kept under static
condition in water bath (maintained at 25 °C) overnight.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Thereafter, the growth solution was poured out to extract the
AuNTs in the precipitate which were re-dispersed in 10 mL of
CTAB solution (10 mM) solution with quick sonication to ach-
ieve high-purity uniform AuNTs. The experimental methods
including synthesis protocols for various shapes of AuNPs and
characterization techniques are described in the materials and
method section in the supplementary section of this
manuscript.

Preparation of TMB”" stock solution

To prepare the TMB>" stock solution, 500 pL of HRP (100 mU)
was mixed with TMB substrate solution which was prepared by
mixing 5 mL of TMB (0.83 mM) with 1.23 uL of H,0, (9.7 mM).
An immediate change in the solution color from colorless to
blue was observed which indicates the oxidation of TMB into
TMB' by HRP. The reaction was continued for about 10 min to
ensure the complete conversion of reactant to the product (i.e.
TMB to TMB"). Thereafter, to stop the HRP-mediated oxidation
reaction and to initiate the acid-triggered oxidative conversion
of TMB" to TMB*", 1.25 mL of H,SO, solution (2 M) was added.
An instantaneous change in solution color from blue to yellow
was observed which indicates the successful conversion of
TMB" (blue) to TMB>" (yellow). The concentration of TMB>" was
determined using UV-Vis spectroscopy and Beer-Lambert law
by measuring the absorbance at 450 nm (Table S1+)."*

>
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Interaction of AuNPs with TMB2*

To investigate the interaction behavior of different types of
AuNPs with TMB**, the working solutions of all three types of
nanoparticles were prepared separately. For this, 2 mL of the as-
prepared AuNPs were centrifuged (8000 rpm x 10 min) fol-
lowed by discarding of the supernatant and re-dispersion of the
settled nanoparticles in 1 mL of CTAB solution (0.06 M). For
interaction study, 100 pL of working solution of all three types
of AuNPs were incubated separately with 150 pL of varying
concentrations of TMB>" solution (7 uM to 131 uM) in separate
vials. A control sample was prepared by mixing 100 pL of
working solution of AuNPs with 150 pL of DI water. All the
samples were incubated at room temperature for 10 min on
a rotary mixer, observed for any visible color change, and then
characterized using UV-Vis spectrophotometer.

Validation of developed strategy for visual quantification of
biomolecules

To realize the potential of the developed strategy towards
a biosensor development, an indirect competitive p-ELISA assay
was adopted using HIgG as a target antigen and HRP conju-
gated goat anti-HIgG antibody (GaHIgG@HRP) as the detector
molecule (Scheme 2). First, the wells of the microtiter plate were
coated with 100 pL of competitor HIgG solution (conc. = 10 pg

+ N

Immunocomplex

s

3
Washing ‘Washing
Blocking
Incubation with Well coated with
competitor antigen competitor antigen +TMB TMB*
¥ mre/
AuNRs H,SO, 1

é—-

@® Competitor antigen

Target antigen

X Detector antibody labelled with HRP

Scheme 2 Schematic illustration of the p-ELISA strategy for the detection of HIgG. Step 1: microtiter well plate is immobilized with competitor
antigen for overnight and then washed and followed by blocking of active sites using BSA to prevent any non-specific interactions; step 2: the
target antigen is incubated with HRP enzyme labelled detector antibody for 2 h at room temperature and then the antibody—antigen complexes
are added to the wells of the microtiter plates that have been pre-coated with competitor antigen; step 3: wells are washed to remove unbound
antigen—antibody complexes and free target antigen; step 4: enzyme substrate is added to the wells and incubated for 10 min at room
temperature; step 5: to stop the enzyme-mediated substrate hydrolysis, H,SO4 is added and followed by addition of the AuNRs to each well of
the plate and then observed for any color change.
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mL ", prepared in 10 mM PBS) overnight at 4 °C. Afterward, the
wells were washed thrice with PBST washing buffer (PBS +
0.01% tween 20) to remove any unbound or loosely bound
HIgG. This was followed by blocking of the free reactive sites on
the polystyrene surface of the wells by treating with 200 pL of
BSA solution (conc. = 5 mg mL ™", prepared in PBS) for 1 h as
this helps in the preventing of any kind of non-specific inter-
action. Thereafter, the wells were incubated with 100 pL of
premix of sample HIgG and GaHIgG@HRP for 2 h at 37 °C. This
premix was prepared by mixing the 100 pL of GaHIgG@HRP
detector antibody with 100 puL of sample HIgG of different
concentrations ranging from 1 to 10" fg mL™" for 2 h, indi-
vidually in separate vials. The washing process was repeated
after each interaction step until the enzymatic reaction with
TMB. After the interaction, the wells were incubated with 100 pL
of TMB solution for 10 min. Thereafter, 50 uL of H,SO, (2 M)
was injected into the reaction mixture to stop the enzymatic
reaction for successful conversion of TMB* to TMB>" which
turned the solution color yellow. Afterward, 100 pL of working
solution of AuNRs was added to each well which resulted in
a visual color change. The change in the optical density [at
450 nm (Amax for TMB>) and 688 nm (4. for AuNRs)] and
wavelength shift of the reaction mixture was measured using an
ELISA plate reader. To assess the specificity of the developed
assay, systematic experiments were conducted with negative
and positive controls. For negative control, wells were coated
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with BSA (instead of competitor HIgG) followed by 2 h interac-
tion with 100 puL of GaHIgG@HRP (1 : 15 000 in PBS) detector
antibody. For positive control, competitor HIgG pre-coated
wells were interacted with 100 pL GaHIgG@HRP (1 : 15 000 in
PBS) antibody for 2 h in two different wells and followed by
AuNRs addition only in one well, while the other well was kept
undistubred. The rest of the experimental procedure was the
same as followed for the sample analyte.

Results and discussion
Characterization of AuNPs

All types of CTAB-capped AuNPs were characterized using UV-
Vis spectroscopy, TEM imaging, X-ray powder diffraction
(XRD) and zeta potential (Fig. 1). The characteristic extinction
spectrum of AuNSs exhibits the extinction peak at 527 nm
(Fig. 1a). On the other hand, the extinction spectrum of AuNRs
shows two major plasmon peaks at 513 nm and 684 nm, which
are associated with the electron oscillation along the transverse
and longitudinal direction, respectively (Fig. 1e). The UV-Vis
spectrum of AuNTs displays quadrupole and dipole LSPR
modes at 872 nm and 1305 nm, respectively (Fig. 1i). For further
experiments, we focused on the longitudinal and dipole LSPR
modes of AuNRs and AuNTs, respectively. TEM micrographs
revealed the formation of uniformly distributed AuNSs (average
size = 21.66 £+ 1.20 nm), AuNRs (aspect ratio = 2.89 £ 0.30,
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Fig.1 UV-Vis absorption spectra, transmission electron micrographs, particle size distribution histogram and X-ray diffraction pattern of AuNSs
(a—d), AuNRs (e—h), and AuNTs (i—1). The insets of (a, e and i) and (b, f and j) are the photographic images of the corresponding colloidal solution

and selected area electron diffraction (SAED) pattern of AuNPs.
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average length = 63.27 & 4.23 nm, average width = 21.96 + 1.69
nm) and AuNTs (edge length = 157.98 £ 14.65 nm) (Fig. 1b, f
and j). The XRD and selected area electron diffraction (SAED)
analysis of the AuNPs revealed the crystalline nature of all three
AuNPs. The XRD pattern displays four prominent peaks at 38°,
44°, 64°, and 77°, corresponding to (111), (200), (220), and (311)
Bragg reflection planes of the face-centered cubic lattice of Au
(Fig. 1d, h and 1). This indicates that all three shapes of AuNPs
consist of pure crystalline Au (JCPDS card no. 04-0784) and the
high intensity at (111) reflection plane compared to other
planes suggests the predominance of (111) orientation. The
clear rings in the SAED patterns, due to sharp reflection from
the lattice planes, further confirm the crystalline nature of the
AuNPs (Fig. 1b, f and j inset). The zeta potential values of AuUNPs
were found to be +65.17 £+ 2.74 mV, +20.24 + 8.35 mV, and +9.31
£ 0.92 mV for AuNSs, AuNRs, and AuNTs, respectively, which
strongly evidence the presence of positively charged CTAB as
capping agent on all types of nanoparticles.

Optimization of AuNP dose and interaction time towards the
etching of nanoparticles

To obtain the maximum response and prominent color change,
the AuNPs dose and interaction time were optimized using
AuNRs as representative plasmonic nanoparticles. For the dose
optimization, a series of AuNRs solutions of varying concentra-
tions in the range of 0.13 to 0.55 nM were prepared in the indi-
vidual wells (in both lines A and B) by diluting 25, 50, 75, and 100
uL of AuNRs with DI water to the final volume of 100 pL (Fig. 2a).
This was followed by the addition of 150 pL of TMB** (50 puM)
solution in the wells of line A, while for line B (i.e. control
experiment), 150 pL of DI water was added. A gradual increase in
the solution color intensity was observed with an increase in the
dose of AuNRs (well 1-4 in Fig. 2a). A prominent color change
was observed between the TMB>' treated AuNRs (line A) and
control AuNRs (line B, without TMB*" treatment) at all the dose
levels of AuNRs, however, the color intensity was quite evident at
high AuNR dose (i.e. AuNR conc. = 0.55 nM). This is due to the
fact that at a lower dose of AuNRs (i.e. AuNR conc. = 0.13 and
0.28 nM), the TMB>" present in the reaction mixture can
completely etch the AuNRs and the solution appears yellow due
to the presence of residual TMB®" in the reaction mixture. In
contrast, as the concentration of AuNRs increased to 0.40 nM
and 0.55 nM, the color of the reaction mixture changed from
brown to blue indicating that the TMB** present in the reaction
mixture is not sufficient enough to completely etch the AuNRs
and it can only etch them to produce NRs with lower aspect ratios
(Fig. 3b). Further, the color intensity of the blue color was found
to be relatively more for 0.55 nM of AuNR dose compared to
0.40 nM dose. This is purely associated with an increase in the
AuNRs concentration or the number of AuNRs available for
TMB*" mediated etching reaction which results in more intense
color (Fig. 3a). This is in good agreement with the spectral shift
observed after the interaction of 0.55 nM of AuNRs with TMB**
compared to the untreated AuNRs sample (Fig. 2b).

To optimize the reaction time, 150 pL of two different
concentrations (28 uM and 110 pM) of TMB>" mixed with 100 uL

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optimization of the AuNRs dose; (a) photograph image of the
AuNRs sample of varying concentration (0.13, 0.28, 0.40 and 0.55 nM)
interacted with 150 uL of 50 uM of TMB2* (A;—Ay,), and 150 uL of water
(B1—B4), respectively (total volume = 250 plL with water); (b) UV-Vis
spectra of the AuNRs (0.55 nM) after interaction with 150 pL of each
water (black line) and TMB?* (red line) and (c) optimization of the
etching time; AuNRs (0.55 nM) were interacted with 150 plL of water
(black dotted line), 28 uM TMB?* (red dotted line), and 110 pM TMB?*
(blue dotted line).

of AuNRs solution. For the control study, 150 pL of water was
mixed with 100 pL of AuNRs solution. Fig. 2¢ shows a time-
dependent blue-shift in the longitudinal LSPR peak of AuNRs,
which reaches a saturation level at 10 min for both the
concentration levels indicating that the etching reaction
kinetics has reached to a balanced state. However, in the
absence of TMB>" (control experiment), no change in the plas-
monic peak was observed suggesting the essential requirement
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TMB2* (for all the samples, total volume was made up to 250 ulL with
water).

of TMB?* for the etching of the AuNRs. Hence, 100 uL of AuNRs
dose and 10 min interaction time was selected as optimum
parameters for TMB>" mediated etching.

Interaction analysis of different AuNPs with TMB>*

Prior to the interaction study, it is important to establish that
enzyme and residual H,0, (present in the TMB>" stock solution)
have neither direct interaction with AuNPs nor interfere with
the etching reaction. To assess this, 100 puL of colloidal AuNRs
solution interacted with 150 uL of each of H,0, (1.2 mM), 10
mU of HRP enzyme, and TMB*' (110 uM) for 10 min at room
temperature. Both H,O, and HRP interacted samples did not
show any shift in the LSPR peak indicating that the chosen
concentrations of both H,0, and HRP neither affect the stability
of AUNRs nor cause their etching (Fig. 4). In contrast, TMB>"
treated sample showed a prominent blue shift in the longitu-
dinal plasmon band of AuNRs suggesting their geometrical
transformation. Hence, the obtained results established that
the HRP and residual H,0,, present in the TMB>* solution, have
no direct effect on AuNRs and also their presence does not
influence the TMB** mediated etching process.
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effect of different reagents on TMB?* mediated oxidation of AuNRs.
(Note: black, blue and red curves are difficult to discern due to
overlapping).

To investigate the effect of nanoparticle shape on their
etching pattern, TMB** solution of varying concentrations (0-
131 pM) interacted with all three types of AuNPs individually.
The UV-Vis spectra of the interacted samples, the percentage
shift in their respective LSPR peak and absorbance ratio (Apja-
monic peak/A4s0 nm) as a function of TMB?*" concentrations are
displayed in Fig. 5. The LSPR peak of the interacted AuNPs
appeared significantly blue-shifted with a prominent decrease
in the absorbance intensity at their respective plasmonic peak
as a function of TMB** concentration (Fig. 5a-c and S1f).
However, the pattern and magnitude of LSPR peak shifts were
found to be different for all three shapes of AuNPs. For instance,
in the case of AuNSs, at a lower concentration (=21 pM) of
TMB**, the LSPR peak did not show any considerable shift in
the wavelength, however, a prominent change in the absor-
bance intensity (Anmax = 527 nm) was observed due to their
homogeneous etching without any shape-transformation
(Fig. 5d and g).** This can be easily correlated with the visual
change in the color of the AuNSs solution from dark pink to
light pink after interaction with <21 pM concentrations of
TMB>". In contrast, at a higher concentration of the TMB>" (>21
uM), the plasmonic peak gradually disappeared with a signifi-
cant drop in the absorbance intensity at peak plasmonic wave-
length, and a new peak at 450 nm was observed corresponding
to TMB>" (Fig. 5d and g). This was evident also from the change
in color of the reaction solution from pink to yellow. This is due
to the fact that at high concentrations of TMB>*, the AuNSs (Au®)
are completely etched into Au” resulting in their depletion from
the reaction mixture and thereby disappearance of their plas-
monic peak.* Simultaneously, the unreacted or remaining
yellow color TMB>" level increases, which exhibits its charac-
teristic peak at 450 nm.

In contrast to AUNSs, both AuNRs and AuNTs showed a TMB**
concentration-dependent blue-shift along with a decrease in the
absorbance intensity at their respective plasmonic peaks even at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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concentrations of the TMB2* (>21 uM) and a new peak at 450 nm was observed corresponding to TMB2*, therefore %A calculated at those

concentrations is zero in fig (d)).

lower concentrations of TMB>" (i.e. =21) (Fig. 5b and c). Similar to
AuNSs, in both cases, the appearance of a new peak at 450 nm
with a gradual increase in its intensity was observed with an
increase in the TMB>" concentration to 43 uM onwards, indi-
cating the presence of unreacted TMB>" in the reaction mixture.
As presented in Fig. 5(e and f), %AA was found to increase from
0.73-7.87% and 19.54-42.14% for AuNRs and AuNTs, respectively
as the concentration of TMB?" increased from 7-131 pM. This
indicates that the LSPR peak shift value was observed to be more
in the case of AuNTs than AuNRs. This can be easily correlated
with a multicolor and single-color change observed for AuNRs
and AuNTs, respectively (Fig. 5). This might be due to the pres-
ence of sharp curved tips/features of the AuNTs at the corners
(~60°) which are possibly hot regions towards the etching owing
to lesser capping coverage.*® Additionally, as a result of the finite

© 2022 The Author(s). Published by the Royal Society of Chemistry

thickness of the AuNTs, a little change in the edge length of
AuNTs by means of TMB>" mediated etching induces a large
change in their aspect ratios and thus a sharper LSPR shift.*
Conversely, in the case of AuNRs, the etching reaction is not
isotropic in all directions and these are preferentially etched
along the axial direction. This can be ascribed to lesser CTAB
capping density at the tips as compared to the sides of the AuNRs
which favors the greater interaction with TMB?" at tips, resulting
in AuNRs with different aspect ratios."”

In addition to the sharp surface feature of AuNPs, differences
in the crystal facets of the nanoparticles may also have
a significant role towards different surface binding and reac-
tivities, contributing to variations in etching.*” For instance, the
surface energies of metal crystal planes are in order of (110) >
(100) > (111) and depending on this, they possess different

Nanoscale Adv., 2022, 4, 3928-3939 | 3935
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reactivities and stability. In the case of AuNTs, the bottom and
side edge surfaces are composed of (111) and (110) crystal fac-
ets, respectively. The atoms at the corner areas and (110) facet
possess higher energy than those at the (111) facet due to their
lower coordination numbers. Therefore, the corners and side
edges of the NTs are more prone to be etched compared to other
areas. As the etching reaction continues, morphological
changes occur in NTs starting from sharp triangle prisms and
progressing to “snipped” triangular, hexagonal, and eventually,
disk-like nanoplates. On the other hand, in the case of AuNRs,
the side surface is surrounded by (110) and the tip is enclosed
by (111) and (001) crystal facets.”” As the (111) facet is consid-
ered to be the highly stable surface and least reactive, the (110)
facet is extremely reactive and the most prone to reconstruc-
tions. However, owing to the presence of CTAB molecules, the
(110) and (100) facets of AuNRs become more stable than (111)
planes, therefore, the tip of AuNRs with (111) facets might be
potentially etched during the reaction.*®** This is reflected by
the gradual change in the color of AuNRs and AuNTSs solution
during the etching reaction. To further support, TEM analysis of
the AuNTs and AuNRs before and after interaction with TMB>*
was carried out which revealed a significant decrease in the
aspect ratio of AuNRs (AR = from 2.89 + 0.30 to 2.16 & 0.23) and
edge length (from 157.98 + 14.65 nm to 57.84 + 5.59 nm) of
AuNTs (Fig. 6). These results strongly support the crystal facet-
dependent preferential etching of the AuNRs and AuNTs.

NR — — —_— T —>
63+4nm*2142nm —p 49:+4nmx204+2nm
CTAB
(a) (b)

\\@‘\k‘

_ TMB*  _
157414nm == 57+5nm
CTAB

(d)

[ S\ 4

Fig. 6 TEM images of AuNRs (top) and AuNTs (bottom) (left, a and ¢)
before and (right, b and d) after interaction with TMB?*.
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Conclusively, all three shapes of AuNPs show geometrical
transformation in their shape due to etching by TMB*,
however, the change in the plasmonic peak is more prominent
for AuNRs and AuNTs. Further, the AuNRs displayed a gradual
change in LSPR peak shift, absorbance intensity ratio and
visually detectable multicolor change compared to the AuNSs
and AuNTs, which showed only single-color transformation
(from pink to yellow for AuNSs and green to yellow for AuNTs).
Hence, these results indicate that the TMB>* mediated etching
of AuNPs is significantly influenced by their shape which would
also reflect during visual detection-based biosensor develop-
ment when such etching reaction is employed in the reaction.

Immunoassay and detection principle

To demonstrate the feasibility of the AuNRs-etching mediated
biosensing, we applied this method to develop an indirect
competitive p-ELISA for visual detection of HIgG. The samples
containing known concentrations of HIgG (conc. = 1-10"" fg
mL ") interacted with GaHIgG@HRP (enzyme-linked specific
detector anybody) in separate vials which form a stable HIgG-
GaHIgG@HRP immunocomplex in proportion to the HIgG
concentration present in the sample. Thereafter, this pre-mix
was introduced in the microtiter plate wells pre-coated with
competitor HIgG so that the free GaHIgG@HRP can interact
with the competitor HIgG, i.e. pre-coated on the microplate.
Subsequently, HRP catalyzed the conversion of TMB into TMB"
which is followed by the addition of concentrated H,SO, to
obtain TMB?**. The generated TMB>* mediates the oxidative
etching of AuNRs, resulting in distinct color changes which are
accompanied by a blue shift in their longitudinal plasmonic
peak. The solution displays a multicolor change as the
concentration of HIgG decreases in the sample (Fig. 7a). As the
HIgG concentration in the sample increases, lesser
GaHIgG@HRP will be available for binding to the pre-coated
competitor HIgG. As a result, lesser or no enzymatic conver-
sion of TMB to TMB" takes place and thereby no etching of the
AuNRs and therefore the solution color remained unchanged.

The instrumental analysis of the interacted samples
corroborated the visual detection findings. The absorbance
spectra of the developed competitive p-ELISA showed an
increase in the absorbance intensity at 688 nm and a corre-
sponding decrease in the absorbance intensity at 450 nm as
a function of HIgG concentration in the sample (Fig. 7b). This is
due to the fact that with an increase in the concentration of
HIgG, the number of detector antibodies available to interact
with pre-immobilized competitor antigen reduces concurrently
and this consequently minimizes the conversion of TMB into
TMB** via HRP and thereby the etching of the AuNRs.

To evaluate the selectivity of the developed sensing strategy,
both positive and negative control studies were carried and the
results are shown in Fig. 7a and S2.7 For positive control studies
(i.e. in the absence of HIgG in the sample), two different
experiments were performed. In the well A;, AuNRs were added
to the biocatalytically produced TMB** reaction mixture, while
in the well A,, AuNRs were not added and thus exhibited the
characteristic yellow color of the TMB>**. The absorbance at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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mL™Y). (c) The linear relationship between absorbance change (Amax = 688 nm) and log concentration of HIgG.

450 nm was observed to be the highest for both the controls,
which is due to the fact that in the absence of HIgG in the
sample, the maximum number of standard HIgG-
GaHIgG@HRP binding events took place. This resulted in
a greater number of HRP molecules available for the conversion
of TMB to TMB>" (Fig S2,t black curve). In addition, we observed
a prominent change in the color of AuNRs solution from brown
to light pink (Fig. 7a, well A,), indicating the maximum etching
of the nanorods as the GaHIgG@HRP was freely available to
form the immunocomplex with the standard immobilized HIgG
on the well. For the negative control experiment, the standard
HIgG (i.e. pre-coated on the wells) was replaced with BSA and
then interacted with the GaHIgG@HRP. In this case, the AuNRs
solution did not show any spectral shift and color change
(Fig. 7a, well A; and Fig S2,T red curve). This suggests the no
binding of the GaHIgG@HRP towards the BSA and thereby no
catalytic conversion of TMB into TMB>"and thus no etching
and/or color change. This indicates the highly specific nature of
the developed plasmonic immunoassay.

For the calibration curve, the absorbance values (A.x = 688
nm) were plotted against the logarithm concentration of sample
HIgG. As shown in Fig. 7c, the calibration curve exhibits good
linearity in ranges from 1 to 10" fg mL™" of HIgG (Table S2 in
ESIf). In contrast, a gradual decrease in the absorbance inten-
sity at 450 nm was observed as a logarithm concentration of
HIgG (Fig. S31). This evidences that visual color changes at fg
mL ™" concentration level of the analyte are in accordance with
the instrumental results and proves the potential of AuNRs-
etching based naked eye detection-based ultra-sensitive
biosensor. The etching of AuNRs via TMB>" produced multi-
color changes in proportion to the concentration of sample
HIgG (Fig. 7a). The naked eye detection limit of the developed
immunosensing strategy was found to be as low as 1 fg mL™"
(~6.54 aM), which is comparable or better than other instru-
mentation based biosensing platforms developed by employing
different AuNPs (Table 1).**** In addition, compared to the
other reported nanoparticle-based ELISA sensing strategies, the
developed method provides several other advantages including

Table 1 Comparative analysis of the analytical performances of different AUNPs based optical sensors for biomolecule detection

Technique/Instrument AuNPs Type Target analyte LoD (aM) Ref.

SPR AuCNPs B-type natriuretic peptide 10 50
Colorimetric/microplate reader AuNSs Prostate-specific antigen (PSA) 93 51
Plasmonic fiber optic sensor AuNSs PSA 3 x 10° 52
SERS/Raman microscope AuNSs C-reactive protein 10 53
Plasmonic fiber optic sensor AuNSs HIgG 7 54
p-ELISA/naked eye AuNRs HIgG 6.54 This study

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(i) easy integration with conventional ELISA schemes, wherein
HRP-labeled detector antibodies are used,**® (ii) elimination of
false positive and negative signal due to autoaggregation of the
nanoparticles,”* (iii) the greater stability of the AuNRs towards
temperature, light and the biological thiols as compared to
silver nanoprisms,* and (iv) easy and simple as it does not
require any conjugation or surface functionalization of the
AuNRs. %%

Conclusion

In the present work, we have reported the oxidative etching of
different shapes of AuNPs via TMB**, a product of the enzymatic
reaction that is most commonly utilized for ELISA-based detec-
tion platforms. All three shapes of the AuNPs showed a spectral
shift and change in absorbance at their respective LSPR peak after
interaction with different concentrations of TMB>". Amongst all
three shapes of AuNPs, TMB>*-mediated etching of AuNRs led to
a vivid color response in relation to the concentration of the
etchant. This was due to the selective etching at the tips of the
nanorods that led to the formation of AuNRs of different aspect
ratios as a function of TMB** concentration. This optimized
strategy was further realized into a multicolorimetric visual
detection system for the sensing of HIgG. The competitive p-
ELISA could detect the HIgG with a visual detection limit of 1 fg
mL " through the naked eye without the aid of any sophisticated
instrument. Although AuNR-etching based p-ELISA has the
potential for visual detection at a very low level of the analyte, it
suffers from manual intervention in order to perform the
complete bioassay. It may also pose the risk of manual error and
thus may lead to a false signal. Hence, to minimize these risks
and reduce manual intervention, efforts must be made to inte-
grate the p-ELISA technique with microfluidic or chip-based
technology and realize it into a point-of-care diagnostic system
for various disease detection.
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