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SERS-based immunoassay on a plasmonic syringe
filter for improved sampling and labeling efficiency
of biomarkers+

Eunice Ebbah, Anthony Amissah, Jun-Hyun Kim “2* and Jeremy D. Driskell =/ *
Rapid, sensitive, and quantitative detection of biomarkers is needed for early diagnosis of disease and sur-
veillance of infectious outbreaks. Here, we exploit a plasmonic syringe filter and surface-enhanced
Raman spectroscopy (SERS) in the development of a rapid detection system, using human IgG as a model
diagnostic biomarker. The novel assay design facilitates multiple passages of the sample and labeling solu-
tion through the detection zone enabling us to investigate and maximize sampling efficiency to the
capture substrate. The vertical flow immunoassay process in this study involves the utilization of filter
paper embedded with gold nanoparticles (AuNPs) to form a plasmonic substrate. Capture antibody (anti-
human 1gG) is then immobilized onto the prepared plasmonic paper and inserted into a vertical flow
device (syringe filter holder). Sample solution is passed through the filter paper and the target antigen
(human 1gQ) is selectively captured by the immobilized antibody to form an antibody—antigen complex.
Next, functionalized AuNPs as extrinsic Raman labels (ERLs) are passed through the filter paper to label
the captured biomarker molecules forming a layered structure. This sandwiched geometry enhances plas-
monic coupling and SERS signal to provide highly sensitive detection of biomolecules. Systematic studies
to investigate the impact of multiple infuse/withdraw cycles of the sample and labeling solutions reveal
that antigen and ERL binding are maximized with 10 and 20 cycles, respectively. The optimized assay
achieves a detection limit of ~0.2 ng mL™ for human IgG with a total assay time of less than 5 minutes,
meeting the demands for rapid point of care diagnostics. Additionally, the optimized platform was
implemented in the quantitative analysis of the SARS-CoV-2 nucleocapsid protein, the typical target in
commercial, FDA-approved rapid antigen tests for COVID-19.

such as fever, headache, and congestion and to predict disease
severity via quantitation of multiple biomarkers.’

The recent SARS-CoV-2 pandemic highlighted the importance
of rapid and accurate diagnostic testing that can be widely
deployed for large population screening and surveillance.'
Reverse transcriptase polymerase chain reaction (rtPCR) and
lateral flow assay (LFA) rapid diagnostic tests were primarily
employed to surveil patient infection and direct patient iso-
lation; however, the slow processing time of rtPCR and poor
sensitivity of rapid antigen tests, particularly for asymptomatic
patients, exposed the need for better point of care (POC)
diagnostics.>™ Moreover, rtPCR and lateral flow rapid antigen
tests provide limited capacity for multiplexed detection. Yet,
multiplexed POC tests are highly desirable to identify the cau-
sative agent and differentiate patients with similar symptoms,
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Surface-enhance Raman spectroscopy (SERS)-based assays
exhibit many of the desirable attributes for developing next-
generation POC tests.®'® Rationally designed SERS-promoting
plasmonic architectures have been developed to achieve the
requisite sensitivity for clinically accurate POC testing.
Moreover, SERS spectra are spectroscopically narrow, enabling
the differentiation of many Raman reporter labels for multi-
plexed detection, as evidenced in a recent report that success-
fully achieved multiplexed detection of 26 labels using SERS.""
Lastly, SERS measurements are readily acquired under
ambient conditions with commercially available portable
instruments. Given these known benefits, SERS-based assays
have been intensively explored. These assays are typically
designed in a sandwich format in which the analyte is cap-
tured by an antibody bound to a solid phase sensing surface.
In a second step, a Raman reporter functionalized plasmonic
particle then labels the bound antigen to facilitate detection
and quantitation. Early works capitalizing on SERS for readout
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utilized solid, flat capture substrates that relied on diffusion
for mass transport, mimicking the sample processing steps of
an ELISA.”®'*> The resulting assays required long incubation
times and multiple labor-intensive washing steps, limiting
utility for rapid diagnostics. Recently, SERS-based assays have
been re-imagined to address the special requirements of POC
testing, using magnetic beads'*'* and LFA formats.">™

LFAs are particularly attractive because the method is well
established with validated materials, fabrication methods,
testing, and precedent for regulatory approval. Extension of
LFAs to incorporate SERS-labels is straightforward and can be
as simple as co-immobilizing a Raman reporter molecule on
the antibody-gold nanoparticle conjugate extensively used in
commercial LFAs for visual detection.'®?° Advances in SERS-
based LFAs include optimization of the plasmonic particle
used for labeling to maximize SERS sensitivity or the use of
several unique labels for multiplexed detection.®'”"1921723 g
this end, Zhang et al., developed a highly SERS-active core-
shell plasmonic nanoparticle for use in a triplexed LFA to
detect cardiac biomarkers achieving sub-picogram per millili-
ter LODs.”" However, even the advancements in sensitivity and
multiplexing capacity does not address the inherent limit-
ations in LFA designs, such as low sample volume, false nega-
tive incurred by the hook effect associated with excess anti-
bodies and/or antigens, low multiplexing capacity, and moder-
ate assay times of 5-30 minutes.>*>¢

Ongoing efforts to address some of the limitations of LFAs
include the development of vertical flow assays (VFAs).>*?7°
VFAs are emerging as an alternative to LFAs that provide faster
results, allow for larger volumes, afford greater multiplexing
potential, and circumvent the hook effect.”* Much like LFAs,
early VFAs relied on visual readout for detection that limited
LOD and clinical accuracy. SERS-detection has been effectively
coupled with VFAs to capitalize on the strengths of SERS detec-
tion and the VFA format.*** The concept of a SERS-based
VFAs was first introduced and demonstrated by Clarke et al.,
using a commercially available nitrocellulose vertical flow
device and functionalized spherical gold nanoparticles as the
SERS tag.*! In an effort to improve assay sensitivity, novel plas-
monic particles, such as core-shell nanostructures, have been
incorporated into VFAs, achieving LODs less than 1 pg mL™".*°

Recently, our group reported on plasmonic membranes to
facilitate plasmonic coupling for improved LODs, as an
alternative approach to anisotropic or core-shell SERS
tags.***> In that work, we demonstrated that a VFA designed
with filter paper embedded with gold nanoparticles rather
than the commonly used nitrocellulose yields substantial
improvement in SERS signal.>* However, much like other LFA
protocols, the sample and label made a single pass through
the capture membrane. Moreover, the absorbent pad, limited
sample, label, and wash volumes to a combined maximum
volume of ~350 pL. Here, we use a syringe to facilitate sample
and label solutions passage through the capture membrane.
The syringe allows for larger sample volumes to be analyzed,
as well as multiple cycling steps of the sample and label solu-
tions through the capture substrate to maximize binding
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efficiency. The capability of the designed filtration device as a
SERS-based VFA is established using human IgG as a model
antigen. The improvement in sensitivity with multiple sample
passages through the capture substrate is clearly demon-
strated. After optimizing and assessing the analytical figures of
merit, the platform was configured with appropriate matched
pair antibodies for the detection of SARS-CoV-2 nucleocapsid
protein.

Experimental
Materials and reagents

Gold nanoparticles (AuNPs) were synthesized using tetrachlor-
oauric(u) acid (HAuCl,-3H,0) and citric acid trisodium salt
dihydrate from Acros Organics. Extrinsic Raman labels (ERLs)
were prepared using unconjugated, citrate-capped AuNP
(60 nm) purchased from Ted Pella Inc. Bovine serum albumin
lyophilized powder (BSA) and purified IgG from human serum
(I4506) were obtained from Sigma-Aldrich. Whatman grade 4
filter paper, phosphate buffered saline, 4-nitrobenzenethiol
(NBT), Tween 20, trehalose anhydrous, polyclonal goat anti-
human IgG antibody (31119), normal rabbit serum, and
normal mouse serum were purchased from Thermo Scientific.
Normal bovine serum, humanized monoclonal anti-SARS
CoV-2 NP antibody (MBS355887), humanized monoclonal anti-
SARS CoV-2 NP antibody (MBS355888), and recombinant SARS
CoV-2 nucleocapsid protein (NP) (MBS355894) were purchased
from MyBioSource. Normal human serum was purchased from
Millipore. The syringe apparatus for the assay consisted of
three parts purchased from Analytics Shop: male luer adapter
to 1/4-28, 1.5 mm bore, PEEK (JR-CMIAPK), female luer
adapter to 1/4-28, 1.5 mm bore, PEEK (JR-CFLAPK), and union,
PEEK, LP 1.3 mm bore, body only, 1/4-28 (JR-065).

AuNP synthesis and plasmonic paper capture substrate
preparation

Highly concentrated spherical AuNPs (60 nm) were synthesized
to prepare plasmonic papers. The synthesis of AuNP was
achieved using a slightly modified thermal reduction
method.***® Nanopure water (98 mL) was added to a 2.0 mL
aliquot of gold solution (1 wt% HAuCl;-3H,0) in a 250 mL
Erlenmeyer flask with a magnetic stirring bar. The solution
was vigorously stirred for 30 min, and the flask was heated to
boiling. Trisodium citrate (1.5 mL at 1 wt%) was quickly added
to the boiling solution and immediately removed from heat.
The resulting solution was then allowed to stir at room temp-
erature for 40 min, resulting in the formation of spherical
AuNPs. The final solution was then stored at room temperature
without further purification prior to use. It is noted that the
synthetic conditions readily resulted in the formation of a
high concentration of AuNPs, allowing for effective fabrication
with a filter paper to prepare plasmonic substrates in a cost-
effective way.

Whatman grade 4 filter papers with 20-25 pm pore sizes
were utilized in the preparation of the plasmonic capture sub-
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strate. Employing a previously developed dip coating
method,*® the papers were first dried at 40 °C in an oven over-
night and then submerged in 10 mL of the synthesized AuNP
suspension in a plastic Petri dish (60 mm x 15 mm) for 24 h to
allow for AuNP adsorption. The filter papers were removed
from the AuNP suspension, treated with 95% EtOH to remove
excess AuNPs and dried in the oven (~40 °C) for 30 min. The
resulting plasmonic paper was then cut into circles of 3 mm
diameter using a single-hole punch. To prepare the plasmonic
capture substrate, 2 uL of 1 mg mL ™" goat anti-human IgG in a
solution of 1% (wt/v) trehalose in PBS was applied onto the
3 mm prepared plasmonic paper circles and oven dried for
30 min at 37 °C. Previously, it has been established that pas-
sively adsorbed antibodies bind to AuNPs through cysteine
residues (e.g., Au-S interactions) to form a robust, irreversibly
bound capture antibody layer.’**> The oven dried SERS
capture substrates were then blocked with 100 pL, 1% (wt/v)
BSA solution for 1 h to minimize nonspecific binding before
use.

Extrinsic Raman label (ERL) preparation

Following a previously established procedure, a Raman repor-
ter molecule (4-nitrobenzenethiol, NBT) together with a detec-
tion antibody were both adsorbed onto commercially available
60 nm AuNPs to prepare extrinsic Raman labels (ERLs).
Commercially sourced AuNPs were used due to high uniform-
ity and stability®**® and the 60 nm diameter was selected
because it has been reported as the ideal size of Au-based plas-
monic NPs for SERS application.””*® Briefly, the pH of a
1.0 mL aliquot of 60 nm AuNPs (Ted Pella, Inc.) was adjusted
to pH 8.0 with the addition of 50 mM phosphate buffer
(40 pL). A detection antibody (30 pg) and 1 mM NBT (10 pL)
were simultaneously added to the AuNP suspension. The sus-
pension was vortexed and incubated at room temperature for
90 min to allow maximum adsorption of the antibody and
NBT onto the AuNPs surface, forming the ERLs. As noted
above, antibodies passively bind to form a robust layer.**™*
Excess, unbound detection antibody and NBT were removed
from the ERL suspension via centrifugation at 5000g for 5 min
to pellet the ERL conjugate, removal of the clear supernatant,
and resuspension in fresh 2 mM phosphate buffer (pH 8.0).
Two additional centrifugation purification cycles were per-
formed to thoroughly remove unbound antibody and reporter
molecules. The concentration of ERLs was increased by resus-
pending the pelleted conjugates in half the original AuNP
volume of buffer during the final resuspension step of the
washing cycles for a final ERL concentration of ~5.2 x 10
ERLs per mL. To further block any exposed surface of the
AuNPs and mimic physiological ionic strength to prevent
protein unfolding, 10 pL of 10% (wt/v) BSA and 10 pL of 10%
(wt/v) NaCl were added to the purified ERLs, respectively.

Syringe filter immunoassay protocol

The plasmonic capture substrate with pre-immobilized goat
anti-human IgG and blocked with BSA was placed in a syringe
filter apparatus and the fittings screwed to keep the capture
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substrate in place. Sample solutions of antigen ranging in con-
centration from 0.1-200 ng mL™' human IgG were prepared by
dilution of 1 mg mL ™" human IgG stock solution in PBS. PBS
was used as a negative control to determine nonspecific
binding of ERLs. A 1 mL syringe was loaded with 100 pL of
sample solution containing antigen and passed through the
plasmonic capture substrate. Importantly, the sample delivery
by the syringe and porous capture substrate allowed for the
sample to be passed through the capture substrate by flowing
in a forward and reverse direction multiple times to optimize
antigen capture efficiency. Next, a 1 mL syringe was loaded
with 100 pL of ERLs (2% concentrated relative to stock concen-
tration unless noted otherwise) and passed through the plas-
monic capture substrate, again allowing for optimization of
the number of passages through the filter to optimize labeling
of captured antigen. Lastly, a 100 pL wash buffer (1% wt/v BSA,
5% Tween 20 in PBS) was passed through the filter followed by
two additional rinses to remove excess unbound antigens and
ERLs, leaving only the specifically bound components on the
plasmonic paper. The paper was removed from the filter
holder and allowed to dry in a desiccator before SERS analysis.
This entire method of analysis, ie, sampling, labeling,
washing, and spectral acquisition, required approximately
5 minutes.

Enzyme-linked immunosorbent assay (ELISA)

An ELISA was performed as a gold standard to compare the
analytical performance of the SERS filter assay. To this end,
100 pL of 5 pg mL ™" goat anti-human IgG antibody was added
to each well of a 96-well Immulon 2HB microtiter plate and
incubated overnight at 4 °C to allow for antibody adsorption.
The capture antibody solution was removed, each well was
rinsed three times with 300 pL of PBS, and the wells were
blocked by three sequential additions of 300 pL SuperBlock.
Following the third addition/removal of SuperBlock, 100 pL of
standard solutions of human IgG prepared in PBS with 1%
BSA (0-1000 ng mL ") were added to the wells in triplicate and
incubated for 2 h. The sample solutions were then removed,
each well rinsed three times with 300 pL of PBS containing 1%
BSA, and 100 pL of horseradish peroxidase (HRP)-labelled goat
anti-human IgG was added. The HRP antibody was allowed to
react for 2 h before removal and each well rinsed three times
with 300 puL of PBS containing 1% BSA. Finally, 100 pL of
1-step ABTS solution was added to each well and the absor-
bance at 410 nm was recorded on a Varioskan plate reader
(Thermo Scientific, Inc.) after allowing 20 min for color devel-
opment of the enzymatic reaction.

Instrumentation

UV-Visible spectrophotometer. An Agilent 843 spectrophoto-
meter (Agilent Technologies, Santa Clara, CA) was used to
collect extinction spectra of AuNPs and ERLs. Extinction
spectra confirmed the successful synthesis of ~60 nm dia-
meter AuNPs via assessment of the LSPR band position.
Furthermore, extinction spectra were compared for unconju-
gated AuNPs and ERLs to confirm the immobilization of the
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antibody on the ERL. The formation of the plasmonic sub-
strate was quantitatively assessed from the difference in the
extinction of the AuNP suspension before and after loading
onto the filter paper. A surface UV-Vis-IR spectrophotometer
equipped with a reflectance probe (StellarNet) was used to
examine the absorption band (350 nm-1500 nm) of the AuNP-
loaded plasmonic paper.

Dynamic light scattering (DLS). The mean hydrodynamic
diameter and size distribution of AuNPs and ERLs were
measured with a Malvern Zetasizer Nano ZSP. Colloidal sus-
pensions were placed in a microvolume disposable Eppendorf
cuvette and equilibrated for 60 s at 25 °C prior to analysis. The
reported sizes are the Z-average values calculated from 10
runs, 10 s each.

Scanning electron microscopy (SEM). The distribution of
AuNPs across the filter paper was examined using a field emis-
sion scanning electron microscope (FESEM, Zeiss Sigma 300
VP) equipped with a Gemini column, capable of operating at
low voltages to minimize sample damage.

SERS analysis. A ProRaman-L-785B (Enwave Optronics, Inc.)
Raman spectrometer was used to acquire SERS spectra. The
785 nm laser excitation source was focused on the sample
surface and adjusted to 10 mW. Spectra were collected with a
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10 s integration time from random locations on each of the
samples. Each sample solution was analyzed on a minimum of
two plasmonic papers and three spectra were recorded from
each paper. The SERS spectra and intensities were reported as
the average of the six spectra collected for each sample. The
auto-baseline function built in the Enwave application soft-
ware (ProRaman Reader V8.2.8) was used to baseline correct
each spectrum.

Results and discussion
Design and principle of filter assay

Fig. 1A shows the overview of filtration-based immunoassay,
where an antibody is pre-immobilized onto a plasmonic paper
to form a robust SERS capture substrate. The plasmonic
capture substrate is inserted into the filtration device and flow
of sample solution through the porous substrate is achieved
using a syringe. The highly specific nature of antibodies and
antigens allows targeted analytes in sample solutions to be
selectively captured and concentrated by the immobilized anti-
body on the plasmonic substrate. Next, the addition of ERLs,
delivered via syringe, specifically labels the bound antigen,
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Fig. 1 Overview of SERS-based VFA (A). Photograph of syringe filter apparatus (B).
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and allows for SERS detection. In our previous work, we estab-
lished that the AuNPs reliably and uniformly embedded in the
capture substrate,>>*° i.e., filter paper, are essential for irre-
versible adsorption of the capture antibody to the filter
support’®™® and yields a sandwiched geometry when ERLs
bind to support plasmonic coupling between the AuNPs allow-
ing hotspots to be generated to significantly enhance the SERS
Signal.12’35’48'50

Previously, a SERS-based vertical flow immunoassay (VFA)
was developed in which sample and ERL solutions were
sequentially drawn through the plasmonic capture using an
absorbent pad.>* The SERS VFA provided rapid and sensitive
detection with a non-technical protocol. However, the com-
bined volume of the sample, ERL solution, and rinse buffer
was limited to ~350 pL by the absorbance capacity of the VFA
plug. Moreover, the sample and ERLs solutions made a single
passage through the capture substrate for binding. The syringe
filter assay explored in this work has the advantage of using
the syringe filter system to potentially improve the binding
efficiency of the antigen and ERL and detect much lower con-
centrations by incorporating multiple forward and reverse pas-
sages of sample and label through the capture filter.
Additionally, volume of sample, label, and wash solutions that
can be passed through the filter paper is theoretically unlim-
ited, unlike VFA and LFAs, to potentially improve sensitivity
and further minimize non-specific binding.

A holder for the plasmonic filter paper was assembled
using commercially available components. The filtration
device was carefully selected to meet the following criteria:
readily assemble/disassemble to accommodate user-selected
filter paper, form a tight seal, in-line flow channel above and
below the filter to maintain column flow through the filter in
both directions, and restrict solution flow to a small, defined
area of the filter paper. Plasmonic paper is sandwiched
between a male and female threaded luer adapter and held
together with a union (Fig. 1B). Solution is confined to a
1.5 mm diameter flow channel defined by the luer adapters.
The threaded fittings provide a tight seal around the plasmo-
nic filter paper and enable easy access to load/unload the filter

paper.
Feasibility of SERS filtration assay

Whatman grade 4 filter paper was selected as the capture sub-
strate support to which AuNPs were embedded.** The UV-vis
extinction spectra of the AuNP suspension before and after the
filter paper was submersed for AuNP adsorption are shown in
Fig. S1A.7 The decrease in color intensity of the AuNP suspen-
sion in the cuvette from purple to pink as seen in Fig. S1Af
indicates that there has been an effective deposition of AuNPs
onto the filter paper to form a plasmonic paper. Additionally,
the UV-vis spectra provided semi-quantitative data where the
initial concentration of AuNP solution before loading showed
a 2.4 extinction at 540 nm while the AuNP solution after
loading showed a 0.6 extinction indicating the deposition of
AuNP to form the plasmonic paper. Likewise, the SEM image
(Fig. S1Bf) also confirms the presence of AuNPs on the filter
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paper which suggests a successful adsorption of AuNPs on the
filter paper. In addition, the surface absorption band was com-
pared to the extinction spectrum of colloidal AuNP solution
(Fig. S27). Unlike well-dispersed colloidal AuNPs in aqueous
solution, the surface UV-Vis-near IR spectrum displayed a very
broad peak with a gradually declining shoulder line in the
entire visible range. This phenomenon has been explained by
the presence of small gaps between adjacent plasmonic par-
ticles on the substrate to induce interparticle coupling. As ran-
domly aggregated AuNPs are abundantly distributed across
filter paper, numerous spacings/gaps between AuNPs readily
govern the overall wavelength shift and overlap (i.e., broad
band). Although the absorption measurement on a 2-D sub-
strate is challenging due to the measurement conditions invol-
ving a strong absorber paper material,>*** the absorption
pattern of the plasmonic paper clearly indicated the presence
of a certain degree of locally aggregated AuNPs to induce plas-
monic coupling.>*~>®

Dynamic light scattering (DLS) and UV-vis extinction spec-
trophotometry were used to characterize the synthesized ERLs.
Fig. S3AT shows DLS data where the hydrodynamic diameter of
unmodified AuNPs is ~60 nm and that of the ERLs is ~80 nm.
The increase in hydrodynamic diameter with the immobiliz-
ation of the antibody is consistent with the size of an IgG
molecule and indicates monolayer formation with no detect-
able aggregation. UV-vis extinction was also used as a comp-
lementary technique to confirm successful formation of ERLs.
The unconjugated AuNPs exhibited a maximum extinction at
538 nm (Fig. S3Bf). The UV-vis data shows a ~4 nm red shift
for the prepared ERLs indicating a change in the refractive
index as a result of antibody conjugation to form stable
bioconjugates.

Following the successful characterization of ERLs and plas-
monic paper, the feasibility of the assay was assessed by per-
forming positive and negative control experiments using the
filtration device (Fig. 1). The plasmonic paper was fabricated
with 55 mm diameter filter paper; thus, after forming the plas-
monic paper it was cut into 3 mm diameter pieces prior to
functionalizing with capture antibody, blocking with BSA, and
loading into the filter holder device (Fig. 1B). As a positive
control, 100 pL of a 100 ng mL~" human IgG sample in PBS
was loaded into a 1 mL syringe and passed through the plas-
monic capture substrate. The sample solution was infused/
withdrawn 10 times to evaluate the integrity of the filter paper
and confirm a tight seal around the capture substrate while
confining liquid flow through a defined area of the filter.
Following the sampling cycles, 100 pL of ERLs prepared with
goat anti-human IgG antibodies were passed through the
capture substrate using 10 cycles to label the captured antigen.
Lastly, 300 pL of wash buffer was passed through the capture
substrate using a syringe to remove any non-specifically bound
or excess ERLs. The wash buffer was added by cycling 100 puL
of solution through the capture filter ten times (infuse/with-
draw cycles) using the syringe and repeating two additional
times (with fresh 100 pL of wash buffer solution) to thoroughly
remove excess unbound ERLs. Upon removal of the capture
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substrate from the filtration device, it was evident that the
solutions were confined to a small area in the center of the
filter paper equivalent to the inner diameter of the flow
channel of the filter holder. Moreover, visual inspection of the
plasmonic paper confirmed that the paper was not damaged
as a result of multiple infuse/withdraw cycles of sample, label,
and wash solutions. The average of six SERS spectra collected
from two independent plasmonic papers used to analyze the
positive control is presented in Fig. 2. As anticipated an
intense SERS spectrum was observed with spectral features
characteristic of NBT, the Raman reporter molecule used to
prepare the ERL. A negative control PBS sample was then ana-
lyzed by flowing through a capture substrate for 10 cycles, fol-
lowed by 10 ERL passages, and the same rinsing cycle as the
100 ng mL ™" higG positive control sample. In contrast to the
positive control sample, a much smaller intensity was recorded
for the negative control. These results establish feasibility of
the device to effectively deliver antigen and label to the
capture substrate, confirm antigen and ERL are specifically
captured and concentrated on the filtration device as a result
of antibody-antigen interactions, and non-specific binding of
ERLs is minimal.

Preliminary optimization studies also investigated the use
of nitrocellulose as the supporting filter paper. The previous
rapid VFA developed by our group used Whatman grade 4
filter paper as an affordable and ideal substrate for making the
plasmonic paper.>® However, most commercially available
LFIAs uses nitrocellulose as a membrane to immobilize
capture antibodies because the slightly hydrophobic nature of
nitrocellulose allows proteins to bind through hydrophobic
interactions.’®”” Therefore, we deposited AuNPs onto nitrocel-
lulose membrane (Fig. S4}), and functionalized with goat anti-
higG as a SERS capture substrates in the VFA. A 100 ng mL™"
hIgG positive control sample and PBS negative control sample
were analyze following the sampling, labeling, and washing
procedure used to establish feasibility as described above. The
intensity of positive control for the plasmonic capture sub-
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Fig. 2 Average SERS spectra for 100 ng mL™ human IgG positive
control (red) and PBS negative control (black) samples.
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strate fabricated with nitrocellulose paper was greater than
that of the Whatman grade 4 paper (Fig. S5T). However, the
use of nitrocellulose paper resulted in substantially higher
non-specific binding of the ERLs in the negative control assay
leading to a high SERS intensity as compared to that of the
Whatman grade 4 paper (20-25 pum), possibly due to the much
smaller pore size distribution (~0.45 pm).

Effect of filtration cycles on binding efficiency

The primary motivation for developing a filtration-based
immunoassay was to enable multiple sampling and labeling
cycles to improve binding efficiency. It is well established that
actively transporting antigen to an antibody-functionalized
capture substrate can reduce the time required for antigen-
antibody binding by overcoming binding kinetics limited by
diffusional mass transport.’®®' However, if mass transport is
sufficiently increased, the binding efficiency decreases as the
antigen is delivered to the antibody capture substrate at a
faster rate than antibody-antigen recognition occurs. For
example, the signal due to antigen binding in a filter-based
immunoassay decreased as the flow rate increased.®® Thus, in
previous works, a balance was required to maximize binding,
while minimizing assay time, i.e., faster flow rates. In addition,
binding is highly flow rate-dependent; thus, flow must be care-
fully controlled using a syringe pump to achieve acceptable
precision and afford quantitative results. Here, multiple pas-
sages of sample and labeling solution through the filter using
a syringe to infuse/withdraw solutions provide multiple oppor-
tunities for interaction to increase the cumulative effective
binding efficiency, independent of flow rate, such that binding
becomes concentration dependent.

The use of the syringe filter apparatus served as an ideal
tool to enable multiple passages of sample and/or labeling
solutions back and forth through the plasmonic capture sub-
strate. The number of infuse/withdraw cycles of a 100 pL posi-
tive control sample consisting of 50 ng mL™" hlgG in PBS was
varied to investigate the effect of multiple sampling cycles on
antigen binding. The ERL labeling step was held constant for
each paper at 10 infuse/withdraw cycles and each capture sub-
strate was rinsed with 300 pL of wash buffer. SERS analysis
reveals that the antigen binding increases with increasing
sampling cycles up to 10 cycles (Fig. 3A). The binding reaches
a maximum at 10 cycles and no additional antigen binding is
observed for 15, 20, or 30 sample passages through the
capture substrate. Moreover, the plasmonic paper substrate
maintained visual integrity with the increased number of
sampling cycles (Fig. S6T). A negative control sample was ana-
lyzed to determine if multiple passages impacted non-specific
binding. The signal for the negative control samples were stat-
istically equivalent up to 20 cycles; however, a slight increase
in non-specific binding was consistently observed after 30
sampling cycles.

In a similar experiment, positive control hIgG samples (100
ng mL™") and negative control samples (PBS) were cycled
through the capture substrate 10 times. The number of ERL
solution passages were then varied to investigate multiple
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labeling cycles on specific and non-specific binding. Fig. 3B
shows that the SERS intensity increased with increased ERL
cycles. Unlike the antigen binding step, the signal did not
saturate after cycling the ERLs through the capture substrate
30 times. Analysis of the negative samples also show equi-
valent non-specific binding for less than 20 ERL cycles, but
signal for non-specific binding substantially increased with 30
ERL passages. Collectively, these data establish that the opti-
mized assay requires 10 passages of the sample and 20 pas-
sages of the ERLs to maximize binding efficiency while mini-
mizing non-specific binding. It is reasonable to expect that
more passages of the ERLs are required to maximize binding
efficiency compared to antigen because the number of antigen
molecules are significantly greater than the number of ERLSs in
the 100 uL volumes - 100 ng mL ™" antigen is equivalent to 4.0
x 10" higG per mL (670 pM) compared to 5.2 x 10'® ERL per
mL (86 pM). Thus, the probability of ERL collision with a
target is less than that of the more concentrated antigen,
requiring more passages for complete labeling of bound
antigen.

Analytical performance of optimized filter assay

Standard solutions of human IgG in PBS were analyzed to
establish the dose-dependent response and define the analyti-
cal figures of merit of the optimized assay. Two independently
prepared plasmonic capture substrates and two sets of cali-
bration standards ranging from 0 to 200 ng mL ™" higG were
analyzed to incorporate inter-assay variability. Fig. 4A shows
the average SERS spectra acquired for each standard concen-
tration. As is evident, the intensity correlates with antigen con-
centration up to approximately 50 ng mL™", where the signal
approaches a maximum value. The concentration-dependent
response is plotted in Fig. 4B. The data clearly demonstrated
that the optimized assay provides quantitative results and the
inter-assay variability in measured signal is ~10-15% for con-
centrations greater than 1 ng mL™'. In addition, the cali-
bration curve shape without any sign of decreasing SERS inten-
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sity at high antigen concentrations indicates that this two-step
sandwich assay is not limited by the common hook effect.®* ®¢

The detection limit of the assay was determined from the
linear best-fit regression analysis of the data for the low con-
centration range (0-2 ng mL™") (Fig. S71). Using the best-fit
equation for the data in Fig. S7,T the detection limit was calcu-
lated as the lowest antigen concentration that would produce a
signal equal to that of the mean blank signal plus three times
the standard deviation of the blank signal. The optimized
assay afforded a detection limit of 0.2 ng mL™" (1.3 pM) for
hIgG. A previously developed SERS-based vertical flow
immunoassay for IgG detection achieved a detection limit of
3-8 ng mL™' (20-53 pM);** however, as discussed, the VFA
only allows the sample and ERL solution to pass through the
plasmonic capture substrate once. Thus, these results suggest
that improved sampling efficiency afforded by multiple
sampling/labeling passages through the sensing substrate
improves the detection limit approximately 20-fold. This detec-
tion limit is comparable to those achieved by recently devel-
oped SERS-based LFAs for IgG detection that report LODs
ranging from 0.1 to 5.0 ng mL™" using optimized plasmonic
tags.22’23
binding affinity impacts the assay detection limit and prevents

However, it is important to consider that the antibody

the accurate comparison of inter-laboratory/inter-method
LODs in which different antibody-antigen systems are used.
To better evaluate the analytical performance of this SERS fil-
tration assay, a sandwich ELISA was conducted using the same
antibody-antigen system to allow for appropriate comparison
of LODs (Fig. S871). The ELISA resulted in a detection limit of
1.1 ng mL™', while requiring ~8 h to complete the analysis.
This is in contrast to the SERS filter assay developed in this
work that results in a 5-fold improvement in LOD, while sig-
nificantly reducing the assay time.

The specificity of the assay was assessed by analyzing rela-
tively simple negative control samples, e.g., PBS and 10% BSA,
and a series of serum samples from various species that were
diluted 1:100, which represent more complex biological
samples. Fig. 5 demonstrates that each of the human IgG-
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negative samples, e.g., PBS, 10% BSA, rabbit serum, bovine
serum, and mouse serum, resulted in minimal signal.
Importantly, the more complex non-human sera samples
yielded similar signals, i.e., non-specific binding, to the PBS
control. In contrast, the human serum sample resulted in
saturating signal, which is expected considering the concen-
tration of IgG is 5-18 mg mL™" in undiluted normal human
serum corresponding to 50-180 pg mL™" in the 100x diluted
samples analyzed here. Collectively, these results confirm the
specificity of the SERS filter assay.

Detection of SARS-CoV-2 antigen

The assay was re-configured for the detection of SARS-CoV-2
nucleocapsid (N) protein. The N protein is the most common
biomarker target of commercial COVID-19 rapid antigen tests.
The N protein has a low mutation rate and is antigenically
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1338 cm™ band collected from 6 different locations on two indepen-
dently prepared substrates. The standard deviation is represented by the
error bars.

stable viral strains for antibody
binding, as evidenced by clinical studies demonstrating
that commercial rapid antigen tests (LFAs) targeting the N
protein provide equivalent sensitivities for the detection of the
Omicron, Delta, and Wuhan-Hu-1 G614 variants.®”®® To this

end, the plasmonic paper was functionalized with a huma-

among SARS-CoV-2

1,67

nized monoclonal antibody against N protein and the SERS
label was functionalized with a second humanized mono-
clonal antibody against N protein. The matched pair anti-
bodies were designed to function in a sandwich immunoassay
format. Standard solutions of N protein were prepared in PBS
and analyzed using the optimized sampling and labeling para-
meters determined in previous sections. A calibration curve is
presented in Fig. 6 and shows a similar concentration-depen-
dent trend observed for the detection of hIgG. A slight increase
in non-specific binding for this system, relative to the anti-
higG model, resulted in an LOD of 1.0 ng mL™" (21 pM) for N
protein.

This journal is © The Royal Society of Chemistry 2024
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Conclusions

With the aim of developing a novel POC test that is easy to use,
rapid, and sensitive, we have designed an optimized SERS-
based vertical flow immunoassay that incorporates a syringe
filter system to flow the sample and labeling reagent through
the detection membrane. This work builds on a previous plat-
form developed in our lab that exploits plasmonic coupling
between a nanoparticle-embedded membrane and nano-
particle label to generate exceptionally large SERS enhance-
ments for detection. Here, we explored the use of a syringe fil-
tration device to drive solution through the vertical flow mem-
brane to investigate antigen and label binding efficiency as a
function of infuse/withdraw cycles. These results reveal that
multiple passages of the sample and ERL suspension through
the capture membrane substantially increase antigen-antibody
binding efficiency to improve the assay sensitivity with
minimal increase in assay time. Current rapid diagnostic plat-
forms such as LFAs and VFAs rely on capillary action to actively
transport sample and expedite antigen-antigen binding at the
detection zone; however, these platforms limit the number of
interactions between the sample and detection zone to a
single passage. The data presented here highlights an opportu-
nity to improve antibody-antigen binding efficiency by imple-
menting multiple, rapid, interactions during
sampling, and can readily be adapted to non-SERS-based verti-

successive

cal flow assays without restraint. Furthermore, successful dem-
onstration of specificity for the analysis of a series of serum
samples establishes that this platform is capable of translation
to clinical sample analysis.
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