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Dot immunoassay has been proposed as a simple and fast method for detection of various analytes.
However, this qualitative method has a narrow working range and is limited to multiplex detection. To
overcome these drawbacks, we suggest a highly specific, quantitative, and multiplex dot immunoassay
using plasmonic gap-enhanced Raman tags (GERTSs) and a nitrocellulose membrane as a substrate. The
assay principle is based on reading surface-enhanced Raman scattering (SERS) spectra from analyte
drops on the membrane strip after incubation with GERTs conjugated to biospecific probes. Three types
of GERTs were synthesised by embedding nitrobenzenethiol (NBT), naphthalenethiol (NT), and
acetamidothiophenol (AcTP) Raman molecules inside Au core/shell nanoparticles. For proof-of-concept
experiments, the NBT, NT, and AcTP GERTS were further functionalized with rabbit anti-rat, anti-human,
and anti-chicken antibodies, respectively. For all three corresponding antigens, the detected Raman
signals linearly depended on the analyte amount within the range from 10 to 300 ng. The multiplex

capability of the assay is illustrated by simultaneous one-step determination of rat, human, and chicken
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Accepted 10th Auéust 2017 IgGs with a mixture of functionalized GERTs by recording Raman maps for whole membrane to avoid
the point-to-point repeatability problem. Thus, GERTs are promising SERS nanotags for advanced

DOI: 10.1039/c7ra08113h versions of immunoassays instead of common plasmonic SERS labels with Raman reporters excited by
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Introduction

SERS-based immunoassay has great potential as an ultrasensi-
tive and quantitative detection method for various analytes.
Compared with conventional immunoassays (for example
ELISA), SERS-based techniques have several important advan-
tages related to fingerprint signatures of analytes and low
background signal. Typically, the label-free SERS detection of
target molecules is based on measuring the Raman spectra of
probes before and after biospecific interaction with targets.”
Unfortunately the performance of label-free immunoassay is
limited by weak intensity of analyte Raman bands and their
overlapping with those of antibodies.® To improve the label-free
SERS immunoassay, several approaches have been suggested
including a novel readout method based on Raman frequencies
shift of antibody-conjugated SERS-active molecules* and self-
assembly of proteins together with Ag nanoparticles.®
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As an alternative to label-free approaches, SERS-tag sandwich-
based immunoassay has been suggested® as highly sensitive
analytic tool. SERS tags are composed of a plasmonic nano-
particle modified with Raman active and targeting molecules”
(typically, monoclonal antibodies). The plasmonic core serves as
the near field enhancer for Raman reporters, whereas the anti-
bodies ensure selective binding to analyte molecules. Compared
to most biopolymers, the reporter molecules have high Raman
cross-section and fingerprint spectra with scattering lines
located far from the lines of biomolecules to be detected.

A sandwich-based immunoassay include three basic steps:*
(1) functionalization of a substrate with capture antibodies to
bind and concentrate analyte from a sample solution; (2) selec-
tive binding of captured analyte molecules to SERS tags; (3)
readout and quantification of SERS signal from probe + target
complex. Owing to high sensitivity and specificity, the sandwich-
based SERS immunoassay has been widely used in clinical
diagnostics,® including detection of cancer biomarkers;*
influenza viruses;" pathogenic bacteria;'* rheumatoid arthritis,"
tuberculosis* as well as drug,* food,'® and heavy metal*” control.

Along with the sandwich format, SERS immunoassay exper-
iment may be performed in a simplest direct or dot immuno-
assay format, which is based on the specific staining of a sample
drop adsorbed on a nitrocellulose membrane (NCM)."® At the
visualization stage, the membrane is placed in a solution of

This journal is © The Royal Society of Chemistry 2017
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probes conjugated to labels, usually colloidal gold.* The
conjugates interact with targets and formed coloured spots on
the membrane. The main drawback of dot immunoassay is low
sensitivity as only small part of targets can interact with probes
and contribute to the spot coloration. Nevertheless, due to
rapidity and low cost,**** the immunogold dot assay has been
used for clinical diagnosis of various diseases (see, e.g., relevant
references in review??).

Here, we are focused on fabrication and application of effi-
cient SERS tags that can be used in both direct and sandwich
immunoassay formats. We exploit the simplest direct immu-
noassay format known as dot immunoassay® or “halfsandwich”
immunoassay'® that employs NCM to capture and concentrate
analyte from a one microliter solution.

The efficiency of SERS tags is determined by two factors: the
enhancing properties of a plasmonic component and the
intrinsic Raman cross-section of reporter molecules. Various
types of Au,> Au@Ag> nanoparticles and nanoparticle assem-
blies*® have been developed and tested until now as SERS-active
labels. Recently, new types of SERS tags were introduced, in
which Raman reporters are embedded inside core/shell Au***”
or Au@Ag®® nanostructures. Such SERS tags with embedded
reporters were abbreviated as BRIGHTs* (bilayered Raman
intense gold nanostructures with hidden tags), GERTs* (gap-
enhanced Raman tags; GERT abbreviation will be used here),
or Au NMs*® (Au nanomatryoshkas). Owing to high and uniform
EM fields inside a nanometer or even subnanometer sized gap
between the metallic core and shell,***> the overall enhance-
ment of GERTs can be about 1.0 x 10!, while the reporter
molecules are protected from desorption and degradation by
the outer metallic shell. GERTs have been successfully used for
high-resolution and high-speed cell imaging,* detection of
biomolecules,* and in vivo imaging.>® In addition to rational
engineering of the plasmonic core, the overall performance of
SERS tags can be greatly improved (up to two orders) through
a properly selected molecules with high Raman cross sections.*

The use of efficient SERS tags instead of simple colloidal gold
could improve the dot immunoassay performance by quantifi-
cation of the results, decreasing the detection limit, and
extension of concentration range. However, to the best of our
knowledge, GERTs have not been applied to SERS immunoassay
before, especially in a multiplex format. Besides, the optimal
selection of Raman reporters for GERTs has also not been
investigated previously.

In this work, we suggest a multiplex version of SERS dot
immunoassay that utilizes three types of GERTs with nitro-
benzenethiol, naphthalenethiol, and acetamidothiophenol
reporter molecules embedded inside Au@Au core/shell nano-
particles. The fabricated GERTs were functionalized with anti-
rat, anti-human and anti-chicken antibodies and used as
labels in SERS dot immunoassay. Due to high and stable SERS
signal from tags, we were able to record the reporter responses
despite strong background Raman signals from NCM. As
a result, the dot immunoassay was performed in a quantitative
format with expanded range of linear detection. The multiplex
capability of the assay is illustrated by a proof-of-concept
experiment involving simultaneous one-step determination of
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target molecules (rat, human, and chicken IgGs) with a mixture
of fabricated GERT conjugates. To fix the point-to-point
repeatability problem, which is common for SERS detection
on solid substrates,* we recorded the whole Raman maps, thus
measuring 2500 point spectra for each spot on NCM to obtain
the representative average spectrum.

Experimental section
Materials and reagents

All chemicals were obtained commercially and used without
additional purification. Cetyltrimethylammonium chloride
(CTAC, 25% water solution), L-ascorbic acid (AA, >99.9%), benze-
nedithiol ~ (BDT),  4-nitrobenzenethiol =~ (NBT),  4-acet-
amidothiophenol (AcTP) and sodium borohydride (NaBH,, 99%)
were purchased from Sigma-Aldrich. The heterobifunctional
cross-linker OPSS-PEG-NHS was purchased from Creative PEG-
Works, USA. Hydrogen tetrachloroaurate trihydrate (HAuCl,,
99.99%) was purchased from Alfa Aesar. Ultrapure water obtained
from a Milli-Q Integral 5 system was used in all experiments.

Lyophilized rat, human, and chicken IgG were purchased
from Jackson ImmunoResearch, USA. Polyclonal rabbit anti-
bodies to those IgG molecules (designated further anti-R, anti-
H, and anti-Ch, respectively) were obtained from blood serum
of immunized rabbits as described previously.”” The animals
were housed under standard laboratory conditions, with access
to food and water, ad libitum. Animal care and handling were in
accordance with the Guide for the Care and Use of Laboratory
Animals, the European Convention for the Protection of Verte-
brate Animals Used for Experimental and Other Scientific
Purposes, and the legislation of the Russian Federation. The
experimental protocol was approved by the Committee for the
Care and Use of Laboratory Animals at Saratov State University
(Protocol H-147, 17.04.2001).

GERT synthesis and conjugation with IgG

At the first step, CTAC-capped 30 nm Au nanoparticles were
synthesized by a seed-mediated protocol.*® A seed solution was
prepared by mixing 10 mL of aqueous CTAC (0.2 M), 5 mL HAuCl,
(1 mM) with 800 pL of a NaBH, (0.01 M). Next, 30 mL of CTAC
solution (0.1 M) was mixed with 1.5 mL of HAuCl, (10 mM),
300 uL of ascorbic acid (0.1 M), and 100 pL of seeds. The obtained
nanoparticles were functionalized with Raman reporters NBT,
NT, and AcTP (designated further GERT1, GERT2, and GERTS3,
respectively). To this end, 10 mL of Au nanoparticles were mixed
with 300 pL of reporter solutions in ethanol (2 mM) and kept
undisturbed for 4 hours. The modified cores were then washed
three times by centrifugation (13 000g, 10 min) to remove excess
reagent, and finally dispersed in 5 mL of CTAC (0.1 M).

At the next step, additional Au shell was grown on the surface
of modified cores by adding 1.5 mL of Raman labelled nano-
particles into the growth solution consisting of 15 mL CTAC
solution (0.1 M), 600 uL ascorbic acid (0.04 M), and 500 pL of
HAuCl, (10 mM) under stirring. The GERTs were then washed
two times by centrifugation at 5000 rpm for 10 minutes and
dispersed in 20 mL of water.

RSC Aadv., 2017, 7, 40834-40841 | 40835
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GERT1, GERT2, and GERT3 particles were functionalized
with anti-R, anti-H, and anti-Ch antibodies, respectively. First,
OPSS-PEG-NHS cross-linker was reacted overnight with anti-
bodies at a 10 : 1 molar ratio in 100 mM sodium bicarbonate
(pH 8.5). Modified antibodies were purified by gel filtration.
Then, 200 pL of OPSS-PEG-NHS-treated antibodies
(1 mg mL ") was reacted with 20 mL of GERTs for 12 h to obtain
functionalized conjugates. Finally, the bioconjugates were
centrifuged at 4000g for 10 minutes, and dispersed in 20 mL of
100 mM PBS buffer (pH = 7.4).

Extinction spectra of as-prepared and functionalized Au
nanoparticles were measured with a Specord BS-250 and Spe-
cord S-300 spectrophotometers (Analytik, Jena, Germany).
Transmission electron microscopy (TEM) images were obtained
using Libra-120 transmission electron microscope (Carl Zeiss,
Jena, Germany) at the Simbioz Center for the Collective Use of
Research Equipment in the Field of Physical-Chemical Biology
and Nanobiotechnology at the IBPPM RAS.

Dot immunoassay

The dot assay was carried out on a 0.45 pm NCM (Schleicher &
Schuell, Germany). 1 pL of antigen (human, rat or chicken IgG)
with concentrations ranging from 300 to 0.1 ug mL~' was
spotted onto NCM strip. Scheme 1 shows three basic steps
involved in a SERS dot immunoassay with GERT conjugates.
During 60 min incubation period, the antigens were adsorbed
onto membrane. To exclude nonspecific binding of GERTSs, the
membrane was further incubated in a blocking buffer con-
taining 0.1% BSA, 150 mM NacCl, and 20 mM TrisHCI (pH 8.2)
for 30 min. On the visualization stage, the membrane was
placed in a suspension of GERT-antibody conjugates (or in
a mixture of GERT conjugates) for 1 h.

The biospecific reaction could be observed visually as col-
oured spots. After incubation with conjugates, the membrane
was rinsed with water and stored in water at 4 °C for further
SERS experiments.

SERS experiments

Normal Raman spectra of reporter solutions (0.1 M in ethanol)
and SERS spectra of GERT solutions were acquired with a Peak

GERT+Ab Staining

[o[e[o[O][C]
SERS

- v+ Reading

microscope nﬂ

Scheme 1 Schematic illustration of three basic steps of a SERS dot
immunoassay with GERT conjugates: (1) applying the target analyte
drops; (2) staining the spots using GERT conjugates with probe
molecules and blocking the unspotted membrane areas; (3) SERS
mapping using specific reporter lines of GERTSs.
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Seeker Pro 785 Raman spectrometer (Ocean Optics) in 1 cm
quartz cuvettes using 785 nm irradiation (30 mW). The acqui-
sition interval was 30 s and all spectra were averaged over 10
independent runs.

SERS maps for NCM with biospecifically adsorbed GERT
conjugates were obtained using Renishaw inVia Raman
microscope (785 nm) equipped with 5x objective. Mapping area
covered whole NCM with resolution of 100 um (150 X
300 pixels). Integration time was 100 ms per each point. The
principal component analysis (PCA) of spectra was done with
default parameters in Chemometrics module of Renishaw
WIRE4.2 software to separate specific peaks of GERTs from
NCM background.

Results and discussion
GERTs synthesis and characterization

The fabrication of Au GERTs consists of three main steps
schematically represented in Fig. 1: (1) synthesis of a gold core;
(2) modification with reporter molecules; and (3) growth of an
additional Au layer. Commonly, spherical Au nanoparticles with
diameter of about 20 nm are used as a core for synthesis of
GERTSs.**® Recently, we demonstrated® that the use of polyg-
onal cores instead of spherical ones results in higher SERS
response from gap-embedded reporters. A superior perfor-
mance of such GERTs was explained*®**' by formation of bridged
nanogaps and stronger internal EM fields as compared with EM
fields inside hollow gaps formatted with smooth Au cores.

Further, the use of 35 nm Au cores also gives superior SERS
enhancement compared to that for 15 nm cores. Based on these
observations, we used here 30 nm polygonal Au cores for
fabrication of GERTs.

Note that the difference between nanobridged and hollow
gap structures was clearly revealed from HRTEM images only
for small 15 nm cores and for BDT molecules with two thiolated
groups.® In this work, we did not consider this point because of
poor resolution of subnanometer gaps in GERTs with 30 nm
cores (similar observations have been reported previously**?®).
Besides, it is not clear at present whether the structural differ-
ence between GERTs with hollow and bridged nanogaps, as
described in ref. 30, can be obtained for Raman reporters used
in this work.

According to TEM analysis (Fig. 1A), the Au cores have
polygonal shape with average size of 30 = 2 nm. Their plas-
monic extinction peak is located at 535 nm (curve 0, Fig. 1E)
thus determining intense red colour of the suspension (left
inset in Fig. 1E). On the second fabrication stage, Au cores were
functionalized with thiolated aromatic molecules which serve
both as Raman reporters and spacers. Note that in previous
studies, BDT molecules were used for such purposes.?”:26430:3940
BDT has two thiol groups, so it was believed that BDT molecular
structure promote formation of gap inside core/shell particles.
Here, we demonstrate successful formation of gaps inside
GERTs with the use of reporters possessing only one thiol
group. Such an approach opens the way for advanced selection
of Raman reporters with high cross sections and characteristic
spectral lines.

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra08113h

Open Access Article. Published on 22 August 2017. Downloaded on 11/20/2025 1:09:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Extinction (a.u.)

500

600 700
Wavelength (nm)

F

1- GERT1
2- GERT2
3- GERT3

L | 10 kCounts

Intensity (counts)

800
Raman shift (cm'1)

1200 1600

Fig. 1 Schematic representation of three-step synthesis of GERTs (left top picture). TEM image of Au polygonal cores (A) and GERT1, GERT2,
GERT3 particles with embedded NBT (B), NT (C), and AcTP (D) molecules, respectively. All bars are 100 nm. The red arrows in enlarged insets
(B—D) demonstrate ~1 nm gaps inside GERTs. Panels (E and F) show extinction and SERS spectra of GERT1 (1), GERT2 (2), and GERT3 (3). The
extinction spectrum (0) in the panel (E) corresponds to Au polygonal cores. The left and right images in the panel E display suspensions of
polygonal Au cores (spectrum 0) and GERT1 tags (spectrum 1), respectively.

Fig. 1B-D represent typical overview and enlarged TEM
images of GERTs fabricated with the use of AcTP, NT, and NBT
molecules. For all three types of Raman reporters we observed
the formation of nanogaps inside resulted nanoparticles. The
size of this gap estimated by TEM imaging is about of 1 nm,
which is in line with previously reported data for dithiol
aromatic molecules.*****® The overgrowth of Au shell lead to
increase in nanoparticle size up to 80 + 15 nm, which corre-
sponds to 25 + 5 nm shell thickness. Note the GERTs have
similar morphology and size for all three types of reporters
used. From optical point of view, the formation of GERTS results
in shift of plasmon resonance from 535 to 580-600 nm and
broadening the plasmonic peak (Fig. 1E). The colour of solu-
tions changed from the initial red to purple. The red shift of the
resonance peak is due to the increased particle size and the
broadening the spectral peak can be most likely explained by
the irregular particle shape and the size polydispersity.

To elucidate the dependence of SERS responses on the GERT
reporter type, we measured SERS spectra of particles with
different embedded molecules at a constant excitation wave-
length of 785 nm. Fig. 1F shows three experimental spectra
acquired under the same experimental conditions and accu-
mulation times. Characteristic Raman lines of reporter mole-
cules are evidently seen in all spectra. For example, the SERS
spectra of embedded NBT molecules (blue curve in Fig. 1F) are
dominated** by the §(CS), y(CCC), w(CH) + (CS) + =(CC), 7(CH),
¥(CS), 6(CH), ¥(NO,), and »(CC) vibrations at 390, 560, 723, 854,
1081, 1110, and 1569 cm ', respectively. It should be

This journal is © The Royal Society of Chemistry 2017

emphasized that the fingerprint SERS spectra of GERTs with
different reporters allow performing the multiplex assay with
a mixture of conjugates.

Direct comparison of peak amplitudes for three types of
SERS tags gives strong evidence for advantaged SERS properties
of NBT-based GERTs. In general, the intensity of SERS signal
depends on the Raman cross-section of reporter molecules and
the enhancing properties of plasmonic nanostructure. A typical
figure of merit for the plasmonic enhancement of SERS plat-
forms is the fundamental enhancement factor (EF), which is
calculated as the ratio of the SERS intensity to the normal
Raman intensity normalized to the number of excited mole-
cules.”” To calculate EF for our GERTs, the intensity of
measured SERS spectra was compared with that for normal
Raman spectra of reporters under identical experimental
conditions. The details of calculations are given in the ESL

The obtained EFs are 5.6 x 10°, 4.8 x 10°, and 4.9 x 10° for
NBT, NT, and AcTP molecules, respectively. These values are
close to previously reported data for GERTs with embedded BDT
molecules.*® Two important notes are in order here. First, the
above EFs are higher than typical EFs for common SERS tags
with Raman molecules attached to Au particle surface. Second,
the obtained EFs were calculated assuming the monolayer
coverage of reporters on the cores. This means that the above EF
values are minimal estimations for the ensemble average.
Taking into account similar structure of GERTs with different
embedded reporters together with close EF values, on the one
hand, and quite different normal Raman signals from reporter

RSC Adv., 2017, 7, 40834-40841 | 40837
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solutions, on the other, we assume the differences in SERS
response to be totally caused by the difference in Raman cross-
sections of reporters. In particular, GERTs with NBT molecules
have superior SERS performance.

For further use as labels for SERS dot assay, GERTs were
conjugated to rabbit IgG (anti-chicken, anti-human, and anti-
rat) by using the long-chain heterobifunctional cross-linker
OPSS-PEG-NHS. This protocol has previously been used for
successful conjugation of different Au**** and Au@Ag
nanoparticles.*

According to Scheme 1, the main difference between
common and SERS immunoassays consists in SERS mapping of
the membrane and quantification of the reaction outcome. In
general, the assay can easily be multiplexed with GERT labels
fabricated with different reporter molecules. For a proof-of-
concept illustration of SERS dot immunoassay, we chose three
biospecific pairs (antigen-antibody): rat IgG (R-IgG)-anti-R,
chicken IgG (Ch-IgG)-anti-Ch, and human IgG (H-IgG)-anti-H.

The panel (A) in Fig. 2 shows the assay results performed for
sequential double dilutions of target antigens R-IgG, H-IgG, and
Ch-1gG, which were examined with GERT1 + anti-R, GERT2 +
anti-H, and GERT3 + anti-Ch conjugates. For all NMCs, the first
spot corresponds to 300 ug mL~" antibody concentration; the
further dots correspond to double dilutions of target molecules
up to 0.6 pg mL~". The bottom rows of all the membranes show
the application of diluted rabbit serum as a negative control; the
concentration of rabbit IgG was 1 mg mL ™', For all negative
control spots, not a single one was stained, thus indicating the
absence of nonspecific binding. The naked eye examination
results in the maximal detectable dilution about 1 : 32, which
corresponds to app. 30 pg mL~ ' minimal concentration. This
limit of detection (LOD) agrees with the previously reported
experimental* and theoretical*® estimations for the sensitivity of
a silica/Au nanoshell and Au@Ag nanocages dot immunoassays.

The same dot spots were examined by the principal
component (PCA) analysis, as shown in the panel (A). By
contrast to identical pink-red colours of bright-field images, the
PCA analysis reveals three different false-colour reaction
outcomes for immunoassays with GERT1, GERT2, and GERT3
conjugates. In fact, the red, blue, and green spots on each NMC
represent the first components in PCA decompositions of SERS
spectra with 100 pm step along each axes.

For illustrative purposes, panels (B, C, and D) in Fig. 2
provide characteristic SERS spectra measured for all three
immunoassays. The light red, blue, and green bars select most
intensive peaks at 1380, 1067, and 1081 cm™'. The numbers at
spectra designate multiplier factors made for convenient
comparison. The circles indicate spectra for maximal antigen
dilutions (1 : 128, 1 : 64, and 1 : 32) for which the minimal SERS
peak still can be resolved. In other words, these dilutions
determine the LODs corresponding to 2.3, 4.7, and 9.4 ug mL ™"
concentrations of anti-R, anti-H, and anti-Ch antigens, respec-
tively. In terms of analyte amount, the LODs are 2.3, 4.7, and 9.4
ng, respectively. These values agree with reported data*”*® for
SERS assay with NCM and gold/silica nanoshells as tags.

For quantitative examination of most intensive PCA peaks,
one has to apply an appropriate averaging procedure. Indeed,
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Fig. 2 SERS dot immunoassay with conjugates (A) GERT1 + anti-R,
GERT2 + anti-H, and GERT3 + anti-Ch. The left column corresponds
to the naked eye observation; the right column is the false-colour
SERS maps of the same NCM (the first principal components PCAl
derived from Renishaw WIRE4.2 software). One microliter drops of
analyte initial concentration, 300 pg mL™?; successive double dilutions,
1: 2" were spotted onto a NCM in the center of drawn 5 mm squares.
No staining and SERS signal are seen for rabbit serum used as
a negative control. SERS spectra of dots onto membrane correspond
to biospecific adsorption of GERT1 (B), GERT2 (C) and GERT3 (D). The
numbers at spectra stand for multiplier factors introduced for
convenient representation. Concentration-SERS intensity response
curves for dot assays with GERT1 + anti-R (E), GERT2 + anti-H (F), and
GERT3 + anti-Ch (G) conjugates.

the peak intensity distribution within each spots (about of 30 x
36 pixel area) is strongly inhomogeneous because of inhomo-
geneous distribution of SERS tags. Similar situation has been
reported for SERS mapping of lateral flow immunoassay (LFA)
with hollow Au sphere SERS tags.*” There are several reasons for
such inhomogeneous distribution. First, the hot spots in each
pixel are not uniform because of different local concentration of
SERS tags. Second, SERS response critically depends on the

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra08113h

Open Access Article. Published on 22 August 2017. Downloaded on 11/20/2025 1:09:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

laser spot size. Crawford et al.*® showed that for small laser spot
sizes there are large probable deviation in the accuracy of SERS
measurement. That is why we used here a 5x objective in
contrast to 50x one used for LFA.* Finally, the structural
properties of NTM or other substrate also can play important
role.

In line with Hwang et al. approach,” the point-to-point
repeatability problem was resolved here by averaging the
measured intensities for all 1080 pixel points. Such a procedure
gives reproducible average intensities with much more statis-
tical ensemble points as compared to previously reported data
with 10 to 70 randomly selected points on SERS substrates.>*>* It
is this average intensity for each spot that was used for
construction of calibration plots displayed in panels (E, F, and
G). The point-to-point repeatability as evaluated from Raman
maps in terms of the normalized standard deviation (STD) for
a particular SERS intensity is about £0.3 for 10 ng analyte and
decreases for higher analyte amounts. According to our exper-
imental observation (data not shown), the sample-to-sample
reproducibility in terms of STD for major peak intensity is
about 10% for GERT1 and increase to 15% for GERT3.

The calibration plots demonstrate exact linear correlations
between the antigen amount and the SERS intensity; however
the LODs and the linear calibration ranges differ notably for
different GERTs. The panel (E) in Fig. 2 clearly demonstrates
superior performance of GERTs with embedded NT Raman
reporters in both the maximal linear response range (from 2 to
300 ng) and the LOD about 2 ng of R-IgG. This observation
points to the importance of appropriate choice of Raman
reporters with maximal intrinsic cross section to ensure
maximal overall performance of gap-enhanced SERS tags.

It should be noted here that in majority of published
works 399013b,14,23d,23¢24b,47.50 the reported calibration curves
(SERS response vs. analyte concentration) were referred to as
linear dependences. However, a close inspection reveal the
linear (or even saturated) correlation between SERS intensity
and logarithm of concentration Iszrs = a + b x log(c) (the work®
is a rare exception where the power log(Isgrs) = a + b x log(c)
plots was demonstrated). In contrast to published reports, all
plots in panels (E, F, and G) do display linear fits.

The second important point to be discussed here is the low
sensitivity of direct immunoassay format. Indeed, direct
comparison the above nanogram LODs with reported concen-
tration LODs (ranging from 1 ug mL ™" to fg mL ™" (ref. 23d and
50c¢)) definitely shows that the immunoassay format (direct vs.
sandwich) is the crucial factor determining the overall assay
sensitivity. The main drawback of the direct immunoassay is
very small efficiency of biospecific binding of tags to targets as
most of analyte molecules are hidden by porous structure of
NTM. Therefore, one has to apply significant excess of analyte
for each spot to ensure acceptable SERS readout. Quite simi-
larly, even in most advanced sandwich immunoassay for-
mats,'*** the primary capture antibodies or biotin molecules
are applied typically in mg mL~" concentrations, several orders
higher than fg mL™' concentrations of target analytes. In
addition to this main weakness of the direct assay format, the
NTM substrate gives typically quite strong SERS blank
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background overlapping with characteristic spectral bands of
reporters. As a result, only sandwich format should be used at
the first immunoassay step, whereas the SERS readout with
properly designed SERS tags can further enhance the overall
assay sensitivity. Additionally, the use of nanoscaled surface
shear flow*™ or alternative current electrohydrodynamic (ac-
EHD)-induced nanoscaled surface shear forces' enhances the
capture kinetics and the binding specificity by eliminating
nonspecifically bounded species.

The fabricated SERS tags with embedded different Raman
molecules provide distinct spectral barcoding for detection and
quantification for target analytes in a multiplexed format. For
proof-of-concept illustration, a multiplexed detection of H-IgG,
R-IgG, and Ch-IgG was performed in some analogy with
previous approach based on multicolour staining with Ag-Au
nanocages tuned to blue, yellow, and red colours of solutions by
variation of Ag/Au ratio.* Fig. 3a illustrates schematically the
experiment principle. Three analytes were spotted on
membrane squares designated by A#, B#, and C# symbols; other
squares were spotted with BSA as negative control. The analyte
concentrations for spots (A2, B1, C4) and (A3, B5, C3) were
25 pg mL " and 100 pg mL ™", respectively. After staining with
a mixture of GERT1, GERT2, and GERT3 conjugates (Fig. 3b) no
nonspecific staining was observed and all analyte spots had, as
expected, similar light-red colours because of negligible differ-
ence in plasmonic peaks of conjugates. However, due to unique
distinct spectral peaks (Fig. 3d), the Raman mapping with PCA
decomposition clearly demonstrates different false colours for
corresponding analytes. Note that the intensity of colour spots,

1 2 3 4 5 (d)
BSA Ch-lgG| Ch-lgG BSA BSA ‘
a
A ) | @ @) 500 B5
25 100
RIgG| BSA | BSA | BSA | RIgG A\
B 25 100 w | B1
BSA BSA H-IgG H-lgG BSA A A L\
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100 25 E c3
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Raman shift (cm-")

Fig.3 (a) Schematic representation of multiplexed detection of R-IgG,
H-1gG, and Ch-IgG analytes. The numbers below colour spots stand
for concentration of analytes in pg mL™.. BSA was used as negative
control. (b) Visual coloration of analytes after staining in the mixture of
GERT1, GERT2, and GERT3 conjugates. No difference in spot colour is
seen for different analytes. (c) Multiplexed detection of three analytes
by Raman mapping of membrane shown in the panel (b). The PCA
analysis was used for false-colour imaging. The bar is 5 mm. (d) SERS
spectra recorded for spots with analytes A2, A3, B1, B5, C3, C4, and
BSA control. The light red, blue, and green bars select characteristic
barcode peaks at 1339, 768, and 583 cm ™ for spots A(2, 3), B(1, 5), and
C(3, 4), respectively.
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being derived from PCA decomposition, does not depend on the
analyte concentration, as it should be for probability weight
factors within the linear response regime. Therefore, one can
easily discriminate between different analytes irrespectively of
their concentrations. By contrast, the map of Raman intensity
(Fig. S1, ESI{) clearly demonstrates the difference in the colour
brightness for different concentrations.

Conclusions

In this work, we have demonstrated a multiplex version of
a direct SERS immunoassay based on a new type of gap-
enhanced Raman tags. Because of superior intrinsic proper-
ties of GERTSs, they can be easily used in all modifications of
SERS immunoassay that utilize sandwich format which sensi-
tivity and specificity can be additionally enhanced by nano-
scaled surface shear flow. Due to internal location of Raman
reporters inside a plasmonic tag, they produce stable and
intense SERS signals independently of local environment
conditions and aggregation state. This property is crucial for
SERS readout of whole Raman maps or selected points on
substrates. Further, the outer size of GERTSs can be reduced to
35-40 nm through formation of a thin Ag layer around thiolated
Raman reporters attached to a small (10-15 nm) gold core. In
principle, such SERS tags can be used in SERS-based versions of
immunochromatographic assays in evident analogy with 45 nm
hollow gold nanospheres®” as well as in other solid-phase
immunoassays utilizing core-shell particles and labels.”
Finally, the gap-enhanced Raman tags can be incorporated in
the development of commercially available, hand-held, sensi-
tive readers for evaluation of quantitative results and the inte-
gration into systems designed to optimize the performance of
SERS-based immunoassays.*’
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