Talanta 223 (2021) 121739

Contents lists available at ScienceDirect

Talanta

Talanta

journal homepage: www.elsevier.com/locate/talanta

ELSEVIER

Check for

Rapid vertical flow immunoassay on AuNP plasmonic paper for SERS-based  [w&s
point of need diagnostics

Richard Frimpong, Wongi Jang ', Jun-Hyun Kim , Jeremy D. Driskell

Department of Chemistry, Illinois State University, Normal, IL, 61790, USA

ARTICLE INFO ABSTRACT

Keywords:

Immunoassay

Surface-enhanced Raman scattering (SERS)
Plasmonic paper

Vertical flow assay

Point-of-need (PON) testing

Point-of-care (POC) diagnostics®

SERS based immunoassays for point-of-care diagnostics are a promising tool to facilitate biomarker detection for
early disease diagnosis and disease control. The technique is based on a sandwiched system in which antigen is
first captured by a selective plasmonic paper substrate and then labeled by an extrinsic Raman label (ERL),
consisting of a 60 nm gold nanoparticle (AuNP) functionalized with a mixed monolayer of detection antibody
and 4-nitrobenezenethiol (NBT) as a Raman reporter molecule. Here, we report on the use of AuNP modified
filter paper as a novel capture membrane in a vertical flow format. This vertical flow configuration affords
reproducible flow of sample and label through the capture substrate to overcome diffusion limited kinetics and
significantly reduced assay time. The filter paper was selected due to its affordability and availability, while the
embedded AuNPs maximized plasmonic coupling with the ERLs and SERS enhancement. Additionally, the
embedded AuNP served as a scaffold to immobilize capture antibody to specifically bind antigen. In this work, a
SERS-based rapid vertical flow (SERS-RVF) immunoassay for detection of mouse IgG was developed to establish
proof-of-principle. Optimization of assay conditions led to a limit of detection of 3 ng/mL, which is comparable
to more traditional formats carried out in multi-well plates, and significantly reduced assay time to less than 2
min. Additionally, IgG was accurately quantified in normal mouse serum to validate the SERS-RVF assay for
application to the analysis of biological samples. These results highlight the potential advantages of the SERS-
RVF platform for point-of-need testing.

1. Introduction

Point-of-need (PON) tests are essential for early diagnosis of disease
and identification of biological threats [1-3]. These assays must be
physically and operationally portable to work in many settings including
medical offices, in home, or in the field for military and environmental
applications [1-3]. In practice, these applications necessitate that the
assay is easy to perform, rapid, and cost-effective, while sensitivity,
precision, and quantitation are desirable. Currently, the lateral flow
assay (LFA) format has found the most success as point-of-need tests
because this format provides the requisite qualities of convenience,
speed, and low-cost [4]. However, conventional LFAs that rely on
colorimetric readout do not provide low detection limits that often
translate into a high rate of false negative tests. Moreover, these LFAs are
not quantitative and do not allow for multiplexed detection. With these
limitations, much effort has been placed on improving readout strategies
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to improve LFA sensitivities and moderate success has been reported for
detection schemes using enzymes [5], chemiluminescence [6], fluores-
cence [7-9], and surface-enhanced Raman spectroscopy (SERS)
[10-12]. Despite efforts to develop advanced readout technologies for
LFAs, this format is inherently limited by the hook effect, which com-
plicates quantitative analysis and results in false negative results at high
concentrations [13-15].

Recently, rapid vertical flow (RVF) assays have been explored as
alternatives to LFAs that circumvent the inherent limitations of LFAs
[16-19]. The sequential application and immunoreaction of the sample
and label on the capture substrate eliminates the potential for the hook
effect and results are immediately available without the need for assay
development time. However, RVF assays that rely on visual readout also
lack sensitivity and clinical accuracy. Thus, RVF assays must be coupled
with emerging detection technologies to fully address the limitations of
current PON tests. Of the detection modalities already explored for
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LFA-based PON assays, SERS offers potential advantages with respect to
sensitivity and multiplexed detection capabilities.

SERS has been extensively explored as a readout technology for
immunoassays with great success in achieving high sensitivity [20-24].
Based on these foundational works, SERS has been extended to LFA
[10-12], and more recently, RVF formatted assays [25-28]. In these
SERS-PON works, conventional protein-binding membranes were
employed as the capture substrate and Raman reporter functionalized
nanoparticles served as SERS tags to facilitate detection. In an attempt to
garner even greater sensitivity, core-shell nanoparticles have been
developed to improve SERS enhancement relative to previously utilized
spherical AuNPs as the core of the SERS tag [11,12]. However, it is well
established that plasmonic coupling between nanoparticles affords the
greatest SERS enhancement [29-31]; thus, the use of novel plasmonic
particles alone does not realize the full potential of SERS in PON tests.
Our group previously developed a gold-plated membrane filter as a
capture substrate for use in a SERS-based flow-through immunoassay
that supported plasmonic coupling with SERS tags [32]. However, those
membrane filters were not amenable to the RVF format in which sample
is passed through the filter by capillary action using an absorbent pad
and a syringe was required to pass sample/labeling solution through the
filter thereby limiting ease of use and suffering from variable flow rates
that marginalized precision. More recently our group developed a
SERS-based PON test based on antigen-mediated aggregation of nano-
particle SERS tags in solution followed by capture and concentration of
the aggregates using a RVF device to take advantage of plasmonic
coupling to generate large signal enhancements [33]. However, the
aggregation-based strategy required 60 min to perform and suffered
from the hook effect.

With the current efforts to develop paper-based plasmonic sub-
strates, there exists an opportunity to significantly improve SERS-based
RVF assay. Our group and others have developed cost-effect, robust, and
reproducible methods to easily fabricate plasmonic papers that are ideal
for incorporating into a SERS RVF assay as the capture substrate. The
embedded AuNPs in the filter paper create small gaps with the bound
SERS nanoparticle tag that forms a SERS hot spot to significantly
enhance the signal produced by the SERS tag compared to the same
SERS tag bound to a non-plasmonic support. In our previous work, we
used a layered AuNP system to model a SERS RVF configuration and
established proof-of-principle for the marked improvement in SERS
enhancement provided by the underlying plasmonic support [34].
Moreover, the pore sizes of the filter paper can be selected to optimize
flow speed to maximize antibody-antigen binding efficiency and mini-
mize assay time and nanoparticle loading to maximize coupling and
SERS enhancement with the binding of SERS tags bound to captured
antigen.

Here we explore the use of AuNP embedded filter paper as a capture
substrate in a SERS-based RVF assay as a highly sensitive, rapid, and
easy to use PON test that affords quantitative accuracy. We established
the feasibility of the platform using a model antibody-antigen system,
although the general scheme is easily adaptable for the detection of a
variety of target antigens using appropriate antibodies. The plasmonic
substrate is clearly demonstrated to provide a significant increase in
assay sensitivity. After establishing the role of the plasmonic capture
substrate, the analytical performance of the optimized assay was
assessed based on the detection limit, sensitivity, specificity, and pre-
cision. The concentration of IgG in normal mouse serum was accurately
quantified using the developed SERS RVF assay to demonstrate potential
for the analysis of clinical samples.

2. Experimental
2.1. Reagents and materials

Gold nanoparticles (AuNPs; 60 nm) were purchased from Ted Pella
Inc. and used to synthesis extrinsic Raman labels (ERLs). Bovine serum
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albumin (BSA), 4-nitrobenzenethiol (4-NBT), Tween 20, and mouse I1gG
(I5381) were purchased from Sigma-Aldrich. Goat anti-mouse IgG
polyclonal antibody (ab 7063) was obtained from Abcam. The poly-
clonal nature of this antibody allowed its use as both the capture and
detection antibody. Normal mouse serum was acquired from Santa Cruz
Biotechnology. Phosphate buffered saline (PBS; 10 mM, pH 7.4) and
sodium borate buffer (50 mM, pH 8.5) were purchased from Thermo
Scientific. Whatman filter paper grades 4 and 40 were used to prepare
SERS substrate. A vertical flow device (Zoom Blot Plate) and high ca-
pacity absorbing pads were purchased from Vitrozm.

2.2. Synthesis of gold nanoparticles (AuNPs)

Gold nanoparticles (AuNPs) were synthesized and subsequently used
to prepare plasmonic paper. It should be noted that preparation of
plasmonic paper requires a highly concentrated AuNP suspension and
that the purchase of highly concentrated AuNPs were cost-prohibitive;
thus, concentrated AuNPs were synthesized. Briefly, AuNPs with ~60
nm diameters were synthesized by the modified thermal reduction
method [35,36]. This size was selected because previous works have
demonstrated that AuNPs with a diameter of ~60 nm provide the
greatest SERS enhancement [30,32,37,38]. An aliquot (2.0 mL) of gold
(1 wt% HAuCl4-3H30) solution was diluted to 100 mL with water in a
250 mL Erlenmeyer flask containing a magnetic stirring bar. After
vigorously stirring the solution for 15 min, the flask was heated to
boiling. Trisodium citrate (1 wt%; 1.5 mL) was quickly added to the
boiling solution, which led to the formation of spherical AuNPs. After
completing the reaction, the final solution was adjusted to 80 mL in total
volume (exhibiting an extinction maximum of ~2.4) and stored at room
temperature without further purification prior to use.

2.3. Preparation of plasmonic paper capture substrate

Whatman grade 4 and 40 filter paper with 8 and 25 pm pores sizes,
respectively, were selected to prepare the plasmonic paper capture
substrate. Synthesized AuNPs were embedded in the two filter papers
using a previously developed dipping method [34,39-41]. The papers
were first dried at 50 °C in an oven overnight and then immersed in 10
mL of the synthesized AuNP suspension in a plastic petri dishes (60 mm
x 15 mm). After soaking for 24 h, the filter papers were removed from
the AuNP suspension and completely dried in the oven (~40 °C). The
resulting plasmonic paper was then cut into circles with a 3 mm diam-
eter for use in the SERS immunoassay. Unless noted otherwise, 2 pL of 1
mg/mL goat anti-mouse antibody was applied to the 3 mm plasmonic
paper substrate and dried in a desiccator for 1.5 h before use [27].

2.4. Preparation of extrinsic Raman labels (ERLs)

Antibody and a Raman reporter molecule were co-adsorbed onto
AuNPs to prepare extrinsic Raman labels (ERLs), following a previously
reported procedure [33,42]. A 1.0 mL aliquot of 60 nm AuNPs (Ted
Pella, Inc.) was added to a microcentrifuge tube and 40 pL of 50 mM
borate buffer (pH 8.5) was introduced to adjust the pH. AuNPs were
purchased to prepare the ERLs because we previously optimized the
functionalization conditions for the commercially available AuNPs.
Moreover, the purchased AuNPs are more homogeneous than synthe-
sized AuNPs to improve reproducibility. Goat anti-mouse IgG antibody
(30 pg) and 10 pL of 1 mM 4-NBT were added and incubated for 1 h to
allow the antibody and 4-NBT to adsorb onto the AuNPs, forming the
ERLs. The ERL suspension was centrifuged at 5000 g for 5 min and the
supernatant above the pelleted ERLs was discarded to remove excess
antibody and 4-NBT that was not adsorbed to the AuNPs. The ERLs were
resuspended in 2 mM borate buffer and the centrifugation/resuspension
cycle was repeated two additional times. To the purified ERLs, 10 pL of
10% BSA was added to further passivate any remaining surface on the
AuNPs and 10 pL of 10% NaCl was added to mimic physiological ionic
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strength and prevent protein unfolding.
2.5. Vertical flow immunoassay protocol

Calibration standards of the antigen were prepared by diluting a 1
mg/mL stock solution of mouse IgG to final concentrations of 0.1, 0.5, 1,
10, 50, 100, 200, 300 and 400 ng/mL. Two sets of calibration standards
were prepared, one using PBS as the diluent and another using rabbit
serum as the diluent. PBS or rabbit serum served as the negative control
to assess nonspecific binding and specificity. The capture substrate,
comprised of the plasmonic filter paper with pre-adsorbed goat anti-
mouse IgG antibody, was then loaded on the adsorbing pad and inser-
ted into a vertical flow device. Once assembled, 1% BSA (100 pL) was
added to the sample well, and rapidly passed through the capture sub-
strate into the absorbing pad to block the capture substrate and sample
well surface in an effort to prevent nonspecific binding. The sample
solution, e.g., calibration standard or normal mouse serum, was then
added to the sample well and antigen molecules were captured on the
plasmonic paper by the immobilized antibody as the solution freely
passed through the capture substrate. Next, ERLs were added to the
sample well and passed through the capture substrate to label any
captured antigen, with excess ERLs drawn into the absorbing pad. Excess
ERLs were removed from the surface of the plasmonic paper by passing a
PBS rinse solution containing 5% Tween 20 through the paper. The
plasmonic paper was removed and allowed to dry in a desiccator before
SERS analysis.

2.6. Instrumentation

The plasmonic papers were examined using FEI-Quanta 450 SEM
operating at 20 kV to produced visual images of the papers. Prior to this
analysis, the papers were coated with a thin gold film using a Denton
vacuum sputter coater (DESK II), to avoid common charging problems.
The images were collected to measure the general size distribution of
plasmonic particles and to visualize overall packing patterns of the NPs
on the surface of the filter paper.

To evaluate SERS response of the vertical flow assay, SERS spectra
were collected using an Enwave Optronics, Inc. ProRaman-L-785B in-
strument configured with a 785 nm excitation source set to 10 mW at the
sample surface and a high-sensitivity CCD thermoelectrically cooled to
—60 °C. The sample was placed on an x-y-z sample stage and the laser
was focused on the substrate surface by maximizing the SERS intensity.
After focusing the sample stage was automated to move linearly along
the x-direction during the 10-s spectral acquisition as a means of
increasing the sampling area on the capture substrate, effectively aver-
aging signal from different locations on the substrate [43]. Five spectra
were collected from each sample substrate and baseline corrected using
the auto-baseline-2 algorithm built into the Enwave application soft-
ware (ProRaman Reader V8.2.8).

The adsorption of the antibodies on the AuNPs of the ERL were
confirmed by measuring the mean hydrodynamic diameter and poly-
dispersity of the AuNPs before and after the preparation of the ERLs with
a Malvern Zetasizer Nano ZSP. Unconjugated AuNP and synthesized
ERLS were diluted 2-fold with nano pure water and placed in a micro-
volume disposable Eppendorf cuvette for DLS analysis. The sample
was equilibrated for 60 s prior to analysis and each size measurement
was determined from 10 runs, 10 s each.

Synthesized gold nanoparticles used to prepare the plasmonic paper
were investigated to assess the number of AuNPs loaded on the filter
paper by measuring the extinction of the AuNP suspension before and
after adsorption onto the filter paper. The UV-visible instrument used
for this analysis was Agilent 8453 spectrophotometer (Agilent Tech-
nologies, Santa Clara, CA). The instrument has photodiode detector with
a spectral range of 190-1100 nm. Prior to sample analysis the instru-
ment was blanked with 2 mM borate buffer (pH 8.5). The prepared
plasmonic paper was also characterized using a surface UV-Vis-IR
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spectrophotometer (300-1700 nm) equipped with a reflectance probe
(StellarNet).

3. Results and discussion
3.1. Assay design and sensing principle

A general overview of the SERS-based vertical flow immunoassay is
illustrated in Fig. 1. Central to this platform is AuNP-loaded plasmonic
paper, which serves as a capture substrate for the detection of antigens.
Antibody is pre-immobilized onto the plasmonic paper and antigen is
extracted and concentrated on the substrate as the sample solution
passes through to an absorbing pad via capillary action. In a second step,
ERLs are spontaneously and vertically passed through the plasmonic
paper to specifically label captured antigen and facilitate SERS-based
detection. The micron-sized pores in the filter paper allow any excess
nanometer-sized ERLs to rapidly and freely pass through the plasmonic
paper to waste collected in the absorbent pad. The plasmonic paper
provides two key features. First, antibody irreversibly adsorbs onto
AuNPs embedded in the filter paper [44-47], to form a robust capture
substrate that resists desorption and loss of function while solutions flow
through the paper. Recent works have found that native cysteine resi-
dues in the antibodies are responsible for protein immobilization on the
AuNPs with high affinity [48,49]. Second, the AuNP embedded in the
paper will form a sandwich-like structure with ERLs bound to captured
antigen. This architecture greatly supports plasmonic coupling between
the AuNPs to generate a large localized electric field between the
sandwiched nanoparticles and significantly enhance the SERS signal
relative to the isolated ERL in the absence of plasmonic coupling [30,34,
38,50,51]. In addition to the uniquely designed plasmonic paper to
maximize analytical signal, the vertical flow format overcomes diffu-
sional mass transport limitations of traditional immunoassays to sub-
stantially reduce assay time and does not suffer from the hook effect, as
is the case for lateral flow assays, to improve quantitative capabilities
[13-15,52,53].

1. Apply sample 2

3. SERS analysis

e
o
——
e
—
NN W_

L

Fig. 1. Illustration of vertical flow immunoassay protocol. In the first step, the
sample solution is vertically passed through the paper for antibody to extract
the analyte. In the second step, ERLs are passed through paper to label the
captured antigen. Photograph of the assembled vertical flow device and the
disassembled apparatus with a capture substrate placed on the absorption pad
for SERS analysis.
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A model antibody-antigen system was employed to establish proof-
of-principle for the SERS-based LFA and illustrate the role of the plas-
monic capture substrate. The plasmonic capture substrate and ERLs
were both synthesized with goat anti-mouse IgG polyclonal antibody
and mouse IgG was employed as the antigen. The following sections
detail the synthesis of the plasmonic paper, the role of the plasmonic
paper to facilitate large SERS enhancements, and the assay parameters
that impact analytical performance. After optimization, we defined the
analytical figures of merit and applied the protocol to accurately
quantify IgG in normal mouse serum.

3.2. Fabrication and characterization of plasmonic paper

Filter paper loaded with spherical AuNPs serve as the foundation of
the capture substrate in the SERS-based vertical flow assay illustrated in
Fig. 1. Filter paper was selected because of its numerous advantages such
as affordability, accessibility, biodegradability, disposability, modifica-
tion, and variety of unique pore sizes. In this work, we selected Grade 4
and 40 Whatman filter paper with nominal pore sizes of 25 pm and 8 pm,
respectively. Fig. 2 shows digital photographs of the two filter papers
before and after loading with AuNPs, prepared by dip coating [34,
39-41]. The change in color of the filter paper from white to purple
indicates the adsorption of the AuNPs on the paper, and the consistent
color across the full paper suggests uniform distribution on a macro-
scopic scale. SEM images confirm adsorption of the AuNPs onto the fi-
bers of the filter paper with a mean diameter of 57.9 + 12.5 nm. The
images further reveal small aggregates consisting of a few AuNPs are
formed on the filter paper during the dip coating process. Moreover, the
SEM images show a greater loading density of AuNPs on the grade 4
filter paper than the grade 40 filter paper. The AuNP adsorption effi-
ciency was quantified by the changes of AuNP surface plasmon reso-
nance (SPR) using UV-visible spectrophotometry. The AuNP suspension
exhibited an extinction of 2.4 at 540 nm before filter paper was dipped
into the suspension. After immersing the filter paper in the AuNP sus-
pension for 24 h and subsequent removal, the remaining suspension
displayed an extinction of 0.7 and 1.3 for the grade 4 and 40 filter pa-
pers, respectively (Fig. 2). These decreases in SPR bands represent the
loading of 2.8 x 10'! AuNPs and 1.8 x 10! AuNPs on the grade 4 and
40 filter papers, respectively. To support the detectably different
amounts of plasmonic AuNP loading onto these two papers, the surface
UV-Vis-IR absorption patterns were obtained (Figure S1). Although
obtaining surface absorption patterns by a reflectance probe is some-
what difficult due to the light absorbing characteristics of materials, the
clearly different SPR patterns (i.e., broader SPR band at 545 nm and
increased background peak over 700 nm) explained that the grade 4
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filter paper possessed a relatively higher number of locally aggregated
AuNPs than the grade 40 filter paper. The presence of slightly more and
dense packing of AuNPs could induce a higher probability of effective
plasmonic coupling that can favorably influence the degree of SERS
enhancements.

3.3. Role of plasmonic paper

SERS-based vertical and lateral flow immunoassays have been pre-
viously developed using paper and nitrocellulose membranes as capture
substrates. The goal of this work is to capitalize on the benefit afforded
by a plasmonic capture substrate to create sandwich-like structures and
achieve greater signal enhancements. To establish the value of the
plasmonic capture substrate, the RVF assay was performed using un-
modified filter paper and plasmonic filter paper. Antibody was deposited
on unmodified filter paper and AuNP-embedded filter paper to form the
capture substrate [54,55]. After blocking the paper with BSA, 100 pL of
the positive control sample (100 ng/mL of mouse IgG) was passed
through the capture substrate. The sample solution quickly passed
through the unmodified filter paper and grade 4 plasmonic paper in less
than 10 s; however, the 100 pL sample required more than 2 min to flow
through the grade 40 plasmonic paper. After allowing the sample to
completely pass through the capture substrate to the absorbent pad, 100
uL of ERLs were precisely applied to the sample and allowed to pass
through the capture substrate to label the antigen extracted by the
capture substrate. Again, the ERL flow rate was significantly faster
through the grade 4 plasmonic paper than the grade 40 plasmonic paper.
After rinsing the paper with PBS (100 pL), SERS spectra were collected to
quantify the bound antigen. Representative SERS spectra are presented
for each of the capture substrates in Fig. 3. As is evident, the SERS signal
is characteristic of the Raman reporter molecule, 4-NBT, used to syn-
thesize the ERLs, and include prominent bands at 1338 cm! (symmetric
NO, stretch), 1559 cm ™! (C=C), 1153 cm™ (C-0), and 850 cm ™! (C-H)
[56,57]. Importantly, the signal is markedly increased for the plasmonic
paper capture substrates relative to the capture substrate prepared with
unmodified filter paper (Fig. 3). Plasmonic paper resulted in ~4-fold and
~10-fold increase in signal for the capture substrate prepared with
grade 40 and grade 4 filter paper, respectively, relative to the unmodi-
fied paper.

Negative control samples were also analyzed to confirm that the
signals obtained for the mouse IgG sample was due to specific antibody-
antigen interactions rather than non-specific binding of the ERLs (e.g.,
physical adsorption) in the filter paper used as the foundation of the
capture substrate. To this end, PBS was passed through the capture
substrates in the first step. Subsequently, ERLs were passed through the
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Fig. 2. SEM images of filter paper grade number 4 and 40 with their corresponding UV analysis of AuNPs solution before and after loading on the papers.
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Fig. 3. SERS spectra collected using bare filter paper, plasmonic filter paper
grade 4, and plasmonic filter paper grade 40 as the capture substrate in a SERS-
RVF immunoassay. The positive control samples represent the analysis of 100
ng/mL mouse IgG and the negative control samples represent the analysis
of PBS.

capture substrates and analyzed via SERS (Fig. 3). The signal measured
for the PBS negative control was substantially lower than that observed
for the analysis of the positive control sample for each of the capture
substrates. These results confirm the specificity of antibody-antigen
interaction yet reveal some non-specific binding of the ERLs.

Collectively, these results clearly demonstrate greater SERS signals
are obtained for the plasmonic capture substrates than the unmodified
capture substrate. Interestingly, the plasmonic paper fabricated with
grade 4 filter paper provided greater signal for the analysis of the pos-
itive control and lower signal for the analysis of the negative control
sample than the grade 40 filter paper. As indicated earlier, the SERS
enhancement is as a result of interparticle coupling that generates strong
localized electromagnetic fields to maximize SERS signal from the sub-
strate. Our results suggest that SERS enhancement provided by the
plasmonic capture substrate corresponds to the number of plasmonic
nanoparticles that are present on the surface of the paper. Moreover, the
paper with the bigger pore size, e.g., grade 4, resulted in less non-specific
binding of ERLs to generate less false-positive signal. Owing to this dual
benefit, Whatman filter paper grade 4 was selected to prepare plasmonic
capture substrates and optimize the assay parameters.

3.4. Assay optimization

3.4.1. Amount of capture antibody
The ability to capture and concentrate antigen on the surface of the
plasmonic paper as it passes through correlates with the number of

>
w
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capture antibodies available on the substrate. Therefore, the amount of
the antibody deposited on the surface of the paper is an important
parameter that can contribute to the analytical performance of the RVF
immunoassay. Ideally, sufficient antibody is added to the plasmonic
paper to saturate all available immobilization sites. However, addition
of a large excess of antibody must be avoided to minimize the cost of the
assay. To this end, goat anti-mouse IgG antibody (1-4 pg) was deposited
on plasmonic paper (grade 4) to prepare capture substrates with variable
amounts of capture antibody. A positive control sample (100 ng/mL
antigen) and negative control sample (PBS) were analyzed with each
capture substrate, using 100 pL of ERLs and 100 pL of PBS for subsequent
labeling and rinsing, respectively. The SERS signal as a function of the
amount of capture antibody is plotted for the positive and negative
control samples in Fig. 4A. The positive control signal increased as the
amount of deposited capture antibody increased from 1 to 2 pg; how-
ever, no further increase was observed for the positive control sample
with the deposition of more than 2 pg of capture antibody. The signal for
the negative control sample was independent of the mass of capture
antibody immobilized on the capture substrate. Based on the results of
this experiment, 2 pug of capture antibody was selected for cost effec-
tiveness, since this mass provided enough antibodies to effectively
maximize the capture of antigen in a 100 ng/mL sample and produce a
maximum SERS signal.

3.4.2. Volume of extrinsic Raman labels (ERLs)

The effect of ERL volume on SERS intensity was investigated in an
effort to maximize the analytical signal by ensuring all the captured
antigen was labeled. Plasmonic paper was loaded with 2 pg of capture
antibody to prepare the capture substrate. A positive control sample
(100 ng/mL antigen) or a negative control sample (PBS) was passed
through the capture substrate followed by varying volumes of ERLs (25,
50, 100, and 200 pL) to label the capture antigens. After rinsing with
100 pL of buffer SERS spectra were collected, and the average intensities
are plotted as a function of ERL volume in Fig. 4B. The SERS signal in-
creases as the ERL volume increases from 25 to 100 pL, suggesting that
<100 pL of ERLs is insufficient to label all of the captured antigen for a
sample concentration of 100 ng/mL. While there was a slight increase in
the mean signal when the ERL volume increased from 100 to 200 pL the
difference was not statistically different at the 95% confidence level;
thus, indicating that 100 pL of ERLs was sufficient to label all antigens
captured on the substrate for the 100 ng/mL sample. It is worth noting
that analysis of samples with a concentration greater than 100 ng/mL
may result in more captured antigens and therefore require a greater
ERL volume to fully label all antigen molecules. Importantly, the signal
of the negative control samples did not statistically differ among any of
the ERL volumes tested. Therefore, based on the parameters used in this
optimization study, 200 pL of ERLs were considered optimized and used
for subsequent assays.
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Fig. 4. SERS response of assay optimization parameters: (A) effect of mass of goat ant-mouse IgG capture antibody deposited on the paper substrate, (B) effect of ERL
Volume, and (C) effect of rinse buffer volume. A positive control sample (100 ng/mL mouse IgG) and a negative control sample (PBS) were analyzed for each assay
condition. Each data point is the average of five measurements, and the error bars represent the standard deviation.
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3.4.3. Volume of rinsing buffer

We investigated the effect of rinsing volume in an effort to minimize
non-specific binding. In this study, positive (100 ng/mL antigen) and
negative (PBS) were analyzed by the vertical flow assay using the
optimized mass of capture antibody (2 pg) and volume of ERLs (200 pL).
Following the labeling step, different volumes of the rinsing buffer were
applied to the sample well and passed through the capture substrate to
remove non-specifically bound ERLs. Fig. 4C plots the SERS intensities
for the negative control samples as a function of rinse buffer volume. The
signal for the negative control sample is a measure of the non-specific
binding, and the data show that the negative control signal decreases
as the volume of rinse buffer increases from 50 to 200 pL. These data
clearly show that excess unbound ERLs remain in the capture substrate
filter paper when the rinse volume was less than 200 pL. An increase to
400 pL of PBS rinsing buffer did not lead to a further reduction in the
background signal. Fig. 4C (inset) plots the signal collected for the
positive control samples as a function of PBS rinsing volume. As is
evident, the data show a decrease in the signal for the positive control
sample as the rinse volume increases from 50 to 100 pL, which is likely
due to the removal of excess unbound ERLs. The positive control signal is
independent of rinse volumes between 100 and 400 pL, which suggests
that these volumes do not disrupt the specific antibody-antigen in-
teractions. Based on the assessment of these results, we selected 300 pL
of rinsing volume for subsequent optimized assays. This volume of
rinsing buffer ensures a thorough removal of excess, non-specifically
bound ERLs and maintains the maximum analytical signal, while
balancing the assay time. Larger volumes require more time for the
buffer to pass through the capture substrate, and it is noteworthy that
the flow rate decreases as the absorbent pad becomes saturated with
liquid.

3.5. Analytical performance — dynamic range, detection limit,
reproducibility, sample matrix

The analytical performance of the assay was evaluated using the
optimized conditions to generate a calibration curve for the analysis of
mouse IgG and establish the dynamic range, detection limit, and
reproducibility. Three assays for mouse IgG were performed on three
different weeks using three independently prepared suspensions of ERLs
and three independently prepared sets of plasmonic paper. A calibration
curve was generated for each independent assay to allow for analysis of
intra- and inter-assay reproducibility. Concentration-dependent SERS
spectra are presented in Fig. 5A for one calibration dataset. As is evident,
the SERS intensity increases with a corresponding increase in antigen
concentration. The most intense band at 1338 cm™?, due to the sym-
metric nitro stretch, is plotted as a function of antigen concentration to
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generate a calibration curve (Fig. 5B). Each data point represents the
average signal collected from five different locations across the capture
substrate and the error bars represent the standard deviation. The spot-
to-spot variation in analytical signal measured 10-20% for most sam-
ples, although at low concentrations, e.g., 0.5 ng/mL, where the signal
was small, it varied as much as 37%. Calibration curves for two addi-
tional independent assays are presented in Figure S2A. Critical analysis
of the raw signals to evaluate the inter-assay reveals that the percent
relative standard deviations (%RSD) are 10-30% for a given concen-
tration. Closer inspection of the calibration curves shows that each
dataset has a similar curve shape, in which the signal increases for
sample concentrations between 0 and 100 ng/mL before reaching a
maximum signal as the capture substrate becomes saturated at con-
centrations greater than 100 ng/mL. Each of the three independent as-
says shows a slightly different maximum signal at saturation. While the
dynamic range and overall curve shape, i.e., binding behavior, is similar
for each assay, the differences in maximum signal are attributed to
differences in the synthesized plasmonic paper substrates responsible for
the SERS enhancement. To support this claim, we recently found ~20%
variability in SERS signals collected from plasmonic papers [34]. To
account for the differences in plasmonic paper enhancement, each
calibration curve was normalized with respect to its maximum signal
(Figure S2B). After normalization to account for substrate differences
the inter-assay variability was significantly reduced to ~10-20%.

The detection limit of the SERS RVF assay was defined as the antigen
concentration that produces a signal equal to the blank signal plus three
times the standard deviation of the blank measurement. The calibration
data presented in Fig. 5B was best fit to a ligand binding model, i.e.,
saturation curve (Equation (1)) [27,58],

Bmax-x
T K o
where Bp,q represents the maximum binding, i.e., maximum signal, and
Ky is the antibody-antigen dissociation constant. Based on the best fit of
the data, and replicated signals acquired for the blank, the detection
limit was 3 ng/mL. Similar evaluation of the two additional independent
calibration datasets presented in Figure S2A resulted in detection limits
of 8 and 3 ng/mL. This detection limit is equivalent to that obtained for a
solution based assay we previously reported using a similar antibody-
antigen system, yet this current platform does not suffer from the
hook effect [33]. Moreover, a filter based immunoassay using a syringe
to facilitate flow rather than a vertical flow-based absorbent pad yielded
a detection limit of 1-10 ng/mL for mouse IgG, but required 1 mL of
sample and 10 min to complete the assay rather than the 100 pL of
sample and ~2 min assay time required for this current format [32]. It is
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Fig. 5. SERS spectra as a function of antigen concentration acquired using the optimized assay conditions (A). Calibration curve for the optimized SERS assay (B).
The SERS intensity of the symmetric NO, stretch at 1338 cm-! is plotted as a function of mouse IgG concentration. Each data point is the average of five mea-

surements, and the error bars represent the standard deviation.
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worth noting that other vertical flow assays without a plasmonic capture
substrate have reported lower detection limits than we present here [25,
27,28]; however, those works employed monoclonal antibodies, and it is
well-established that the binding affinity of the antibody-antigen gov-
erns the detection limit; thus, we can only compare to other studies that
used goat anti-mouse IgG polyclonal antibodies as a model system.

In an effort to determine the effect of sample matrix on the assay
performance, calibration standard solutions of mouse IgG antigen were
prepared in PBS and in 10% rabbit serum. The calibration curves
generated with each of these solvents are overlaid in Figure S3. Similar
calibration curves are obtained for each of these sample matrices and
provide two key findings. First, these results confirm that the assay can
capture the antigen protein in the presence of a complex biological
matrix. Second, this experiment validates the specificity of the immu-
noassay given that rabbit serum contains a large concentration of rabbit
IgG which is not detected by the anti-mouse IgG capture substrate and
ERLs.

3.6. Application of the SERS-RVF to the analysis of mouse serum

Based on these encouraging results, we then applied our SERS-RVF
assay to determine the concentration of mouse IgG in mouse serum.
IgG is an abundant protein found in serum and has normal concentration
range of 5-13 mg/mL in serum collected from healthy mice. Given that
the concentration of mouse IgG in normal serum is outside of the limit of
linearity for the SERS-RVF assay, the mouse serum was diluted 1:108
using PBS as a diluent. We prepared three independent mouse serum
samples and the diluted serum samples were analyzed using a newly
prepared set of plasmonic paper capture substrates. Concurrently, the
capture substrates were used to analyze mouse IgG standards to generate
a calibration curve. The IgG concentration in the diluted serum
measured 11 + 3 ng/mlL, based on the best fit of the calibration data to
the ligand binding curve, which translates to an IgG concentration of 11
+ 3 mg/mL in the original undiluted mouse serum sample. This exper-
imental IgG concentration in normal mouse serum is in the expected
range and is consistent with measured values for mouse IgG in normal
serum.

4. Conclusions

In this work, we developed a SERS-based RVF assay employing
plasmonic paper as the capture substrate. Using mouse IgG as a model
antigen, we established a novel strategy to promote a significant signal
enhancement for SERS detection by AuNP-embedded filter paper
compared to previously utilized paper-based substrates. Our approach
takes advantage of the plasmonic coupling between the underlying
plasmonic paper capture substrate and the nanoparticle labels, e.g.,
ERLs, to generate exceedingly large signals for the Raman reporter
molecule, e.g., NBT, immobilized on the ERL. Moreover, the vertical
flow format enables the capture and concentration of analyte from a
small volume sample for rapid detection using capillary action to
actively transport the sample through the capture substrate to overcome
diffusion limited mass transport [52,53]. Lastly, the vertical flow
approach is not complicated by the hook effect for the analysis of highly
concentrated samples [13-15]. The ease of use, speed of analysis, low
detection limits, and low cost of components suggest this RVF assay is
poised to meet the demands of point-of-care diagnostic testing, on-site
environmental analysis, and point-of-need biodefense applications.
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