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1. Introduction

Rapid ultra-sensitive diagnosis of clostridium
difficile infection using a SERS-based lateral flow
assayt

Waleed A. Hassanain, @2 Julia Spoors,® Christopher L. Johnson,® Karen Faulds, (& *
Neil Keegan*® and Duncan Graham

Clostridium difficile (C. diff) infection is one of the most contagious diseases associated with high mor-
bidity and mortality rates in hospitalised patients. Accurate diagnosis can slow its spread by determining
the most effective treatment. Herein, we report a novel testing platform as a proof-of-concept for the
selective, sensitive, rapid and cost-effective diagnosis of C. diff infection (CDI) based on a duplex
measurement. This was achieved by detecting two specific biomarkers, surface layer protein A (SlpA) and
toxin B (ToxB), using a surface enhanced Raman scattering-based lateral flow assay (SERS-based LFA).
The simultaneous duplex detection of SlpA with ToxB has not been described for the clinical diagnosis of
CDI previously. The SlpA biomarker "AKDGSTKEDQLVDALA" was first reported by our group in 2018 as a
species-specific identification tool. The second biomarker, ToxB, is the essential virulence biomarker of
C. diff pathogenic strains and is required to confirm true infection pathogenicity. The proposed SERS-
based LFA platform enabled rapid duplex detection of SlpA and ToxB on separate test lines using a duplex
LF test strip within 20 minutes. The use of a handheld Raman spectrometer to scan test lines allowed for
the highly sensitive quantitative detection of both biomarkers with a lowest observable concentration of
0.01 pg uL™ The use of a handheld device in this SERS-based LFA instead of benchtop machine paves
the way for rapid, selective, sensitive and cheap clinical evaluation of CDI at the point of care (POC) with
minimal sample backlog.

pathogenic strains leading to cell rounding and ultimately cell
death.? Most pathogenic strains of C. diff produce both toxins

Clostridium difficile (C. diff) is a Gram-positive species of
spore-forming bacteria, that is considered the main cause of
infectious diarrhoea in hospitalised patients.' C. diff infection
(CDI) can also cause a more serious bowel inflammation
leading to fatal pseudomembranous colitis." The CDI can be
easily transmitted from person-to-person by direct contact
with contaminated objects and asymptomatic carriers. During
the CDI, the glutamate dehydrogenase (GDH) enzyme level is
elevated in stool samples by all C. diff strains, which may or
may not be pathogenic, and can be used as an indicator for
the presence of the infection.” The main virulence factors
associated with C. diff are toxins A/B which are secreted by
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(A+/B +) which are encoded by the two genes tcdA and tcdB,
respectively. However, there have been numerous reports of
the clinical importance of A-negative and B-positive (A—/B +)
isolates, so toxin B must be detected to cover all pathogenic
isolates.>> The detection of the toxins level during CDI to
evaluate the infection severity remains controversial.® Some
preliminary studies suggested that the ability to quantify toxin
levels in stool could potentially be clinically valuable to
manage the infection and implement effective treatment
protocols.®® As quantitative toxin assays become available,
correlating toxins concentration with infection severity could
improve the CDI assessment and treatment.® In the last two
decades, the prevalence of epidemic and antibiotic-resistant
pathogenic strains of C. diff, that produce higher amounts of
toxins than normal, has been correlated to the increased mor-
tality rate that associated with severe CDI in Europe and North
America.'®"> Despite the availability of therapies, treatment
failure and recurrence are common.”® Therefore, the early,
rapid and accurate diagnosis of CDI is essential for appropri-
ate medical intervention and to initiate infectious control
measures, such as cleaning and quarantine.’
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The optimal method for CDI diagnosis remains debata-
ble.”® The two classic methods used for C. diff diagnosis were
stool analysis via toxigenic culture and cell culture cytotoxicity
assay. While the toxigenic culture identifies only the toxigenic
organism and not the toxin itself, the cell culture cytotoxicity
assay can primarily detect the more potent toxin B.® However,
due to their complexity and delayed turnaround time, both
methods are unsuitable for the clinical testing of CDI at POC.°
In 2013, a large UK-based study was carried out on 12420
faecal samples to validate these two methods. The study con-
sidered both methods as having inadequate specificity, insuffi-
cient sensitivity and noted that most UK diagnostic labora-
tories do not use these tests.'* The study also indicated that
the toxin detection is the most crucial step in the diagnosis of
CDI, and concluded that the deficiencies of existing tests
should drive further assay development."* In the UK, the
current testing and diagnosis protocol for CDI is a two-step
testing algorithm, that consists of a GDH enzyme immuno-
assay (EIA) or molecular assay to screen samples, followed by
toxins A/B EIA if the first test in the algorithm is positive.'®
Accordingly, simple and user-friendly membrane EIA'® and
commercially available lateral flow (LF)"” tests have been intro-
duced to the diagnostic market for the simultaneous testing of
GDH and toxins A/B in a single system (3 in 1). These tests
allow clinical diagnosis of CDI in a short time, as well as deter-
mine if the infectious strain is secreting toxins or not. Despite
the ease of use and the reasonable cost of these tests, they
suffer from limitations, in particular, they can only indicate
the presence of GDH and toxins A/B qualitatively as the results
cannot be interpreted quantitatively. Therefore, they cannot be
used to determine the extent of infection severity. Additionally,
some isolates of Clostridium sordellii may react in the test due
to the production of immunologically related toxins which can
interfere with the test results.'® Furthermore, the antiserum
against C. diff GDH has the potential to cross-react with GDH
from other anaerobes."® Therefore, the quantification capacity
and selectivity of these tests remain controversial. In a pre-
vious study, we have reported SIpA “AKDGSTKEDQLVDALA” as
a new specific biomarker for C. diff that can be used for centra-
lised laboratory analysis using conventional enzyme-linked
immunosorbent assay (ELISA) formats.'> We have successfully
demonstrated that SIpA is considered as a unique biomarker
for C. diff species only which presents in all C. diff strains
sequenced to-date. We have also reported the successful gene-
ration of affinity reagents (antibodies), that displayed negli-
gible cross-reactivity to other species which have closely
related biomarker signatures as SIpA."* Therefore, this species-
specific recognition is an ideal candidate for C. diff diagnosis.
We concluded that study with a future work scope of applying
SIpA and its antibodies to a new assay for CDI that is compati-
ble with POC testing in a lateral flow assay (LFA) format.

Conventional LFAs have many advantages such as visual
interpretation of the results in a short time, long term stability
and ease of use. However, they possess major limitations in
terms of quantification capability and detection sensitivity.”®>*
The LF strips are often used as qualitative screening tests
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where the test result is interpreted via monitoring the colour
change of the test lines by the naked eye. Therefore, the sensi-
tivity of the test can be inadequate for the early diagnosis of
target analytes especially in POC application.”® To overcome
these limitations, surface enhanced Raman scattering (SERS)
can be integrated with LFAs in a single platform. SERS is a
powerful analytical technique because of its specific finger-
print spectrum and sensitivity.** It can be used for the ultra-
sensitive quantification of different bacterial biomarkers to
evaluate the bacterial infection severity.>> Besides its eminent
sensitivity, SERS offers good specificity and strong multiplex-
ing ability.>**® Therefore, the integration of SERS with LFAs
can improve the detection sensitivity and quantification capa-
bility of the conventional POC-based LFA strips.”® The
approach of integrating SERS with a LFA in one platform has
been extensively reported for on-site and facile diagnosis of
bacterial infections and disease biomarkers to enhance the
detection limits.>***%°

Herein we present for the first time, a proof-of-concept
novel duplex SERS-based LFA for CDI diagnosis through the
sensitive detection of SIpA and ToxB. The simultaneous detec-
tion of ToxB and SIpA instead of GDH in this duplex test can
indicate the presence of CDI and toxigenicity without any
cross-reactivity from other species, which is a potential risk
with GDH assays.'® For this purpose, we developed selective
SERS nanotags for SIpA and ToxB by functionalising Raman
reporter-labelled gold nanoparticles with highly selective anti-
bodies for the biomarkers. The SERS nanotags were then
mixed and used as detection probes for SIpA and ToxB in
buffer solution and synthetic stool matrix. By using duplex LF
test strips, SIpA and ToxB were visually detected within
20 minutes via a colour change in the test line zones. The
SERS scan for these test lines using a handheld Raman
spectrometer enabled sensitive quantitative detection for both
biomarkers with a lowest observable concentration of 0.01 pg
uL~". Thus, this method enabled selective and ultra-sensitive
quantitative detection of SIpA and ToxB in a short time using a
stable, simple, cost-effective and user-friendly platform.

To the best of our knowledge, the duplex diagnosis of CDI
by monitoring SIpA and ToxB has not been described before.
Apart from our previously reported method using sandwich
ELISA," no analytical method has been reported for the detec-
tion of SIpA. Moreover, SERS has not previously been used for
the detection of ToxB. In addition, the use of a handheld
Raman spectrometer with this novel duplex LFA, paves the way
to move the C. diff diagnostic test from localised laboratories
to POC application.*** This would allow hospital staff to
implement infectious disease control measures in a timely
manner, which could lead to more cost-effective systems.**

2. Experimental
2.1. Chemicals and materials

Sodium tetrachloroaurate(m) dihydrate, sodium citrate tribasic
dihydrate, sodium tetraborate, boric acid, bovine serum

This journal is © The Royal Society of Chemistry 2021
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albumin (BSA), polyvinylpyrrolidone (PVP), tris(hydroxymethyl)
aminomethane (Tris), skim milk powder, Empigen detergent
and anti-Mouse IgG (whole molecule) antibody produced in
rabbit were purchased from Sigma Aldrich (UK). Malachite
green isothiocyanate (MGITC) was purchased from Thermo
fisher scientific (UK). Native C. diff toxin B protein was pur-
chased from Abcam (UK). C. diff toxin B mouse monoclonal
detection antibody (mAbToxB1) and capture antibody
(mAbToxB2) were sourced from BBI solutions (UK). They are a
matched pair with product numbers BM347-N4A8 and BM347-
T4G1, respectively. SIpA, SIpA mouse monoclonal detection
antibody (mAb521) and IgG polyclonal SIpA capture antibody
(pADbSIpA) were harvested and purified by the research team as
described previously.'> Based on the identified biomarker
amino acid sequence, a linear peptide was synthesized to
produce mAb521 through the hybridoma technique (Abmart).
Human-based synthetic stool matrix of item number 01.380.05
was purchased from ClaremontBio (USA). The stool matrix was
developed for research purposes to mimic human stool. The
basic components are a collection of key possible PCR-inhibi-
tory compounds at relevant amounts in actual stool based on
literature. Protein LoBind tubes were sourced from Eppendorf
(UK). UniSart nitrocellulose membrane CN95 was purchased
from Sartorius (UK). Lateral flow backing card 60 mm x
300 mm was obtained from Kenosha C.V. (The Netherlands).
Whatman CF6 absorbent pad was purchased from GE
Healthcare (UK).

2.2. Preparation of lateral flow test strips

To prepare SIpA LF test strips, 1 mg mL™" of pAbSIpA (pH 9.6)
and 1 mg ml™" of anti-mouse IgG antibody (pH 9.6) were
sprayed onto a the CN95 nitrocellulose membrane to give a
test and control lines, respectively, using an Imagene IsoFlow
flatbed dispenser (USA). The membrane was then air dried for
1 hour at room temperature. Next, the membrane was blocked
with a mixture of 2% milk protein and 0.1% Empigen (pH 9.6)
and allowed to dry at room temperature, then kept at 4 °C over-
night. The membrane was then assembled with LF backing
card and absorbent pad. Finally, the membrane was cut into
strips of 4 mm width and stored at 4 °C. To prepare ToxB LF
test strips, the same procedure that was used to prepare SIpA
test strips was repeated again, except spraying 1 mg mL™" of
mADbToxB2 (pH 9.6) onto the test line.

To prepare the duplex LF test strips, the same procedure
was repeated again and both SIpA and ToxB capture antibodies
were sprayed over the membrane as two separate test lines for
both biomarkers, alongside the control line.

2.3. Preparation of SERS nanotags

To prepare SIpA SERS nanotag, gold nanoparticles (AuNPs) of
~47 nm size were first prepared using a citrate reduction
method.** Briefly, all glassware was cleaned first with aqua
regia (HCl, HNO; 3:1, v/v) then washed thoroughly with dis-
tilled water. 55.5 g of sodium tetrachloroaurate(m) dihydrate
was added to 500 mL of distilled water in a 3 necked round
bottom flask and heated until boiling. Then, a solution of
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66.5 g of sodium citrate tribasic dihydrate in 7.5 mL distilled
water was added to the flask. The mixture was kept boiling for
15 minutes with continuous stirring, then allowed to cool to
room temperature. The AuNPs were then characterised using
extinction spectroscopy (Cary 60 UV-Vis, spectral bandwidth =
1.5 nm, Agilent Technologies), dynamic light scattering (DLS)
measurement, zeta potential analysis (Zetasizer, Malvern) and
scanning electron microscope (SEM) (Fig. S1, S2 and S3,
respectively, ESI{). SIpA SERS nanotag was prepared by
shaking 1 mL of AuNPs with 15 pL of 5 pM Raman reporter
malachite green isothiocyanate (MGITC) for 15 minutes in a
protein LoBind tube using a compact shaker at speed 200 rpm.
Next, 100 pL of 20 mM borate buffer (pH 9), 25 pL of 1.5 uM
mAb521 and 5 pL of 10% PVP were added to the solution with
continuous shaking for 1 hour to attach the antibody onto the
surface of the AuNPs by physical adsorption. To avoid any
non-specific binding, 100 pL of 1% BSA was added to the
mixture with continuous shaking for 30 minutes to block the
bare sites on the AuNPs surface. The mixture was then centri-
fuged at 5000 rpm for 30 minutes to remove excess unattached
reagents. After removing the supernatant layer, the pellet was
briefly vortexed and re-dispersed into 20 mM borate buffer
(pH 9). Finally, 10x concentrated SERS nanotag solution was
obtained and kept at 4 °C ready for use. ToxB SERS nanotag
solution was prepared following the same preparation protocol
of SIpA SERS nanotag using 10 pL of 2 uM mAbToxB1. The pre-
pared SERS nanotags were then characterised using extinction
spectroscopy, DLS measurement and zeta potential analysis.

2.4. SERS calibration curves for SIpA and ToxB

To construct SERS calibration curves for SIpA and ToxB, serial
dilutions of each biomarker in 0.01 M Tris buffer (pH 8.4)
were mixed with their corresponding SERS nanotags in separ-
ate LoBind tubes for 5 minutes, leading to the formation of
immuno-complexes between the targets and their corres-
ponding SERS nanotags. The resulting complex solutions were
then placed into a 96 well-plate and the LF test strips of SIpA
and ToxB were dipped into the assigned wells for 10 minutes.
Accordingly, the test lines became visible to the naked eye.
Finally, the excess complex solutions continued to flow over
the strips forming a red colour on the control line. To avoid
any Raman signal background for the test lines, the LF strips
were then washed by dipping into 0.01 M Tris buffer (pH 8.4)
for 5 minutes, then allowed to dry at room temperature. Strips
were then fixed onto an in-house 3D printed Raman aperture
adaptor that was used as a sample holder*® and the test lines
were scanned using a handheld Raman spectrometer (CBEx,
Snowy Range Instruments, USA). All the SERS measurements
were carried out using orbital raster scanning (ORS) mode over
the range 600-1800 cm™* using the Peak 1.3.68 software. A
638 nm laser excitation source with 5 mW of laser power was
used with an acquisition time of 0.5 s. The collected spectra
were then baseline corrected using MatLab software. Finally,
the average intensity of the SERS signal of the MGITC Raman
peak at 1620 cm™ ' was plotted against SIpA concentration
(0.01-200 pg uL ") and ToxB concentration (0.01-400 pg pL ™).
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2.5. Control study

To confirm the specificity of the LF strips towards their
targets, the strips were tested against different targets. 200 pg

* of SIpA and 400 pg pL~" of ToxB were used as negative
controls for ToxB and SIpA strips, respectively. In addition,
0.01 M Tris buffer (pH 8.4) was also tested as a blank control
for both biomarkers’ strips. The same procedure described in
the previous section was repeated and the test lines were
scanned using a handheld Raman spectrometer to monitor
the SERS signal.

2.6. Duplex detection and clinical application

In order to perform duplex detection of both biomarkers, 8
different samples (samples 1-8 in Table 1) were prepared in
0.01 M Tris buffer (pH 8.4) by blending different concen-
trations of SIpA and ToxB together. Each prepared sample was
then added to a mixture of SIpA and ToxB SERS nanotags in a
separate LoBind tubes for 5 minutes to allow for the formation

Table 1 Concentrations of the samples used for duplex detection

Sample no. SIpA (pg pL ™) ToxB (pg pL ™)
1 200 400
2 100 400
3 50 400
4 25 400
5 200 400
6 200 200
7 200 100
8 200 50
9“ 0.5 0.5
104 40 40
114 80 80

“Denotes the samples spiked in synthetic stool matrix equivalent to
clinical sample.
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of the immuno-complexes. The mixtures were then transferred
to a 96 well-plate and the duplex LF test strips were dipped
into the wells for 10 minutes. A red colour started to appear
first on the test lines of SIpA then ToxB and finally on the
control line. The strips were then washed by dipping into 0.01
M Tris buffer (pH 8.4) for 5 minutes, air dried and scanned
using a handheld Raman spectrometer for their test lines.

To demonstrate the feasibility of using the duplex LF test
strip for the clinical diagnosis of C. diff in a biological speci-
men, a blank 1% synthetic stool matrix solution was spiked
with 3 different samples (samples 9-11 in Table 1). The same
procedure used to perform the duplex detection in buffer solu-
tion was repeated again and the strips were scanned by a hand-
held Raman spectrometer to acquire the SERS signals of the
test lines. Finally, the SERS signal intensities of the MGITC
Raman peak at 1620 cm™" were used for the quantification of
spiked samples in the synthetic stool matrix.

3. Results and discussion

3.1. Synthesis of SERS nanotags for SIpA and ToxB

The principle of the SERS-based LFA platform for CDI diagno-
sis is illustrated in Fig. 1. In this method, selective SERS nano-
tags were developed and used as duplex detection probes for
SIpA and ToxB in buffer solution and synthetic stool samples.
The SERS nanotags were used to improve the specificity and
sensitivity performance of the assay in a quantitative manner.
In order to obtain a reproducible enhancement for the SERS
signal, the SERS nanotags were carefully designed. The SERS
nanotags for both targets were prepared in a similar manner,
utilising different antibodies for each target. Gold nano-
particles (AuNPs) were selected as the source of enhancement
due to their high stability against oxidation, high extinction
cross-section in the visible spectral range and their easy func-

Handheld Raman

C. diff duplex
lateral flow test

"
°
Control line

™ e ToxB testline  m———p-

, (mmm== SIpA test line SERS signal

Washing buffer

of- f})&\o

xR
SERS nanotags capturing their targets
(immunocomplexes)

\\(/SIpA detection Ab

*](Toxs detection Ab \(’TOXB capture Ab

® SipA +J MGITC Raman reporter

SIpA capture Ab

® ToxB &V BSA

Fig. 1 Schematic representation for the duplex detection of SIpA and ToxB by SERS-based LFA.
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tionalisation with different biomolecules using established
reactions.’®*” For the labelling of the AuNPs, malachite green
isothiocyanate (MGITC) was selected as the Raman reporter
because the isothiocyanate group in its structure has a strong
coupling affinity towards AuNPs, allowing its anchoring onto
the AuNPs surface resulting in a stable SERS signal.*® After
conjugation to the AuNPs surface, the structure of MGITC is
locked in its n-conjugated form and will no longer be affected
by pH changes.’® In addition, the prominent characteristic
Raman peak of MGITC at 1620 cm™" (aromatic ring stretching)
allows accurate SERS quantification.®®

For the selective capture of SIpA and ToxB from buffer solu-
tion and synthetic stool matrix, the labelled-AuNPs were func-
tionalised with highly specific antibodies for the targets via
passive adsorption due to the electrostatic and hydrophobic
interactions between the AuNPs and the antibodies.”**!
Polyvinylpyrrolidone (PVP) was then added to quench the
nanoparticles aggregation and to stabilize the SERS nanotags,
as well as to improve their flow over the LF strips.*>*' After
treatment with PVP, BSA was added to backfill any bare sites
on the surface of the AuNPs and avoid non-specific absorbance
of any interfering molecules that may be present in the sample
matrix.>' Finally, the SERS nanotags were centrifuged to
remove any excess unattached reagents and the pellets were
resuspended in borate buffer. The use of borate buffer was pre-
viously reported to show a remarkable performance in
LFA.**™* Its utilisation generated highly stable SERS nanotags
and stronger visual intensity for the test lines compared to
other tested buffers, resulting in a higher overall sensitivity for
the assay. The conjugation of antibodies onto the AuNPs
surface was monitored by comparing the extinction spectra,
DLS and zeta potential of bare AuNPs and the SERS nanotags
of both biomarkers. As shown in Fig. S1 (ESI{), a band shift
was observed in the AuNPs extinction spectrum from 528 nm
to 534 and to 531 nm after producing the SERS nanotags for
SIpA and ToxB, respectively. These shifts were attributed to the
increase in AuNPs size. The DLS measurements showed that
the average size of the AuNPs increased from 47.5 nm to
85.5 nm and to 79.8 nm after the synthesis of the SERS nano-
tags of SIpA and ToxB, respectively (Fig. S2A, ESIf).
Additionally, the average zeta potential of the AuNPs changed
from —45.2 mV to nearly —12 mV after producing both SERS
nanotags (Fig. S2Bt). All these experimental findings can be
used as an evidence for the successful attachment of the anti-
bodies and Raman reporter onto the AuNPs surface."*!

3.2. Quantitative SERS detection of SIpA and ToxB

The principle of this SERS-based LFA is depending on the for-
mation of a sandwich complex forms onto the test lines of the
LF strips following a dipstick format.*”> Each SERS nanotag was
mixed with its corresponding target for 5 minutes to enable
the selective capture of the analytes forming immuno-com-
plexes.*® Each biomarker’s LF strips were then dipped into the
assigned immuno-complex solutions in the 96 well-plate for
10 minutes to allow the solutions to migrate upward by capil-
lary force. This led to formation and accumulation of sand-
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wich complexes on the test lines due to the presence of pre-
immobilised capture antibodies. Accordingly, red coloured test
lines were developed and could be visually identified by the
naked eye. The remaining immuno-complex solutions contin-
ued to flow and were non-specifically captured by the anti-
mouse IgG antibody on the control line forming a red colour.
It was found that the colour strength of the test lines increased
with the increase in the biomarkers concentration. However,
this colour change was observed only for high concentrations
of SIpA (>~25 pg pL ") and ToxB (>~100 pg uL~') as shown in
Fig. 2A and B insets, respectively. The control lines remained
colored for all concentrations, indicating that the LF strips
were working correctly.’® The LF strips were then washed out
with 0.01 M Tris buffer (pH 8.4) for 5 minutes to remove the
excess immuno-complex solutions from the strips surface to
avoid the Raman background signal that can interfere with the
test lines scan. This enabled highly sensitive quantitative
detection for both biomarkers test lines using a handheld
Raman spectrometer to acquire their SERS signals in 0.5 s.
Each test line was scanned in orbital raster scanning (ORS)
mode to acquire the average SERS signal from test line zones
and to reduce the SERS signal variability between repeated
scans.?®™*® As shown in Fig. 2A-D, the mean SERS signal inten-
sity of the peak at 1620 cm™" (n = 3) was found to increase with
SIpA and ToxB concentrations in the range 0.01-200 and
0.01-400 pg L™, respectively. The lowest observable concen-
tration by SERS was 0.01 pg puL~'. The insets in Fig. 2C and D
demonstrates the linear dynamic ranges for the quantification
of both biomarkers. Theses dynamic ranges included five con-
centrations for each biomarker. These concentrations were 0.1,
1, 25, 50 and 100 pg pL " for SIpA and 0.1, 1, 50, 100 and 200
for ToxB (Fig. S4, ESIf). The relationships between the SERS
signal intensity of the peak at 1620 cm™ " and the concen-
trations of SIpA and ToxB were found to follow the linear
regression equations y = 41.44x + 1420 (R* = 0.9907) and y =
18.78x + 2549.3 (R> = 0.9816), respectively. The results demon-
strated that the SERS-based LFA was much more sensitive than
visual detection of the LFA and SERS allowed quantification
beyond what was visible to the naked eye, while maintaining
the simplicity and speed of the analysis.

As mentioned before, the quantitative detection of SIpA has
been reported only in our previous study using ELISA with a
LOD of 12.4 pg pL~"."> By using this SERS-based LFA, the
lowest detectable concentration was reduced by more than
three orders of magnitude to reach 0.01 pg pL . Additionally,
no SERS method has previously been published for the quanti-
fication of ToxB. There are some previous reports for ToxB
detection, such as: ELISA,"® polymerase chain reaction,**°
single-molecule counting technology,” loop-mediated isother-
mal amplification,”® electrochemical and fluorescence
assays.”*™ These methods showed a notable detection sensi-
tivity with a high reproducibility. However, they suffer from
lengthy and often complicated preparation procedures that
can increase the analysis time and backlog of samples.
Additionally, they require the use of costly reagents and expen-
sive instrumentation that need to be operated by trained tech-
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Corresponding SERS calibration curves for (C) SlpA and (D) ToxB. The insets show the linear dynamic ranges for SlpA (0.1-100 pg pL™) and ToxB
(0.1-200 pg pL™), respectively. Error bars indicate standard deviations from three measurements. All the SERS measurements were carried out using
a handheld Raman spectrometer equipped with a 638 nm laser excitation source at 5 mW laser power with an acquisition time of 0.5 s at ORS

mode.

nicians which increases the overall cost of the analysis. As indi-
cated by the SERS quantification results, our SERS-based LFA
platform compares favourably to the other detection methods
in terms of sensitivity, simplicity and speed of the analysis. In
addition, the use of handheld Raman instrument for the scan-
ning of the paper-based surface demonstrates the capacity of
the developed platform to be adopted for POC testing in a
more cost-effective way.

3.3. Reproducibility and selectivity of the developed SERS-
based LFA

In order to confirm the reproducibility of the proposed SERS-
based LFA, five different SERS scans were carried out interdaily
using five independent LF strips for each of the lowest and
highest concentrations of SIpA (0.1 and 100 pg pL™") and ToxB
(0.1 and 200 pg pL™") in their linear dynamic ranges. Each
strip was scanned three times during the day. A group of 15
SERS measurements were collected for each concentration of
the biomarkers using ORS mode to record the mean intensity
values. As indicated in Fig. 3A and B, the small variations
between the SERS signal intensity of the peak at 1620 cm ™
between different strips for the same biomarker concentration
indicated that the developed SERS-based LFA demonstrated

4500 | Analyst, 2021, 146, 4495-4505

good reproducibility. In addition, the calculated relative stan-
dard deviation (RSD) values between the different scans of the
high and low concentrations of both biomarkers ranged
between 5.74% and 8.43% (Fig. 3A and B). Therefore, the
developed SERS-based LFA demonstrated good reproducibility
between measurements.

To demonstrate the selectivity of our methodology, negative
control tests were carried out for both SIpA and ToxB strips
using the opposite targets following the same procedures used
for their quantification. As shown in Fig. 3C and D, these tests
were performed by using SIpA and ToxB strips to detect 400 pg
uL™" of ToxB and 200 pg uL™" of SIpA, respectively, as demon-
strators for highly concentrated interfering molecules.
Additionally, a blank sample of 0.01 M Tris buffer was exam-
ined using both strips. After running the mixtures on the LF
strips, no red colour was observed on the test lines despite
using the highest concentrations of SIpA and ToxB. The red
colour developed only when using the LF strips with their
dedicated targets. This was attributed to the high selectivity of
the detection and capture antibodies on the SERS nanotags
and LF strips towards their targets. The SERS scanning for the
test lines yielded the same results. The averaged SERS signal
intensity (n = 3) at the peak 1620 cm™" for the negative control

This journal is © The Royal Society of Chemistry 2021
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uL™), (B) ToxB (0.1 and 200 [oJe] uL™). Each concentration was tested using five independent LF strips on different days and each strip was scanned
three times during the day. Selectivity test was carried out by measuring the averaged SERS signal intensity (n = 3) of the peak at 1620 cm™ for (C)
SIpA strip using 400 pg pL~* ToxB (negative control), Tris buffer (blank) and comparing the results against ToxB strip, (D) ToxB strip using 200 pg
uL™? SIpA (negative control), Tris buffer (blank) and comparing the results against SlpA strip (E) Corresponding Raman spectra for bar chart C, (F)
corresponding Raman spectra for bar chart D. Error bars indicate standard deviations from three measurements. All the SERS measurements were
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0.5 s at ORS mode.

and blank samples were in agreement and were negligible
when compared to that using the LF strip with the matching
biomarker (Fig. 3C-F). These findings demonstrated that our
developed LF strips respond only to the corresponding bio-
marker and thus indicate the high selectivity of the developed
methodology.

3.4. Duplex detection and synthetic clinical stool matrix
application

To demonstrate the capacity of our platform to perform duplex
detection of SIpA and ToxB, duplex LF test strips were designed
to have two separate test lines containing capture antibodies
for the biomarkers beside the control line (Fig. 1). The SERS
nanotags of both biomarkers were then mixed and used as a

This journal is © The Royal Society of Chemistry 2021

detection probe to test different mixtures of SIpA and ToxB. As
shown in Table 1, a fixed concentration of ToxB (400 pg pL™")
was tested with different concentrations of SIpA ranging from
25-200 pg pL~' to form the immuno-complexes onto the
duplex LF strips. Another set of samples were prepared by
mixing different concentrations of ToxB (50-400 pg pL™") with
a fixed concentration of SIpA (200 pg pL™"). Finally, these mix-
tures were tested similarly using the duplex LF test strips. A
red colour on the SIpA test line started to appear first when the
immuno-complexes solution reached the first test line due to
the pulling of SIpA SERS nanotag-SIpA complex by the capture
antibody pAbSIpA in a sandwich assay format. The solution
continued to migrate over the strip and was captured by
mAbToxB2 on ToxB test line forming a red colour due to the

Analyst, 2021, 146, 4495-4505 | 4501
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accumulation of ToxB SERS nanotag-ToxB-mAbToxB2 in a
sandwich form. Finally, the excess immuno-complexes were
captured by the anti-mouse IgG antibody on the control line
forming a red colour. As shown in Fig. 4A and B, two test lines
and one control line were observed on the strips within
10 minutes for the duplex detection of SIpA and ToxB. As indi-
cated in Fig. 4A, the red colour of the SIpA test line became
stronger with increasing SIpA concentration. In contrast, the
red colour intensity of the ToxB test line was the same regard-
less of the SIpA concentration. Similarly, by testing the other
sample sets, the red colour of the ToxB test line became more
intense by increasing the ToxB concentration, while the red
colour intensity of the SIpA test line remained unchanged
(Fig. 4B). The control line colour intensity in all the duplex test
strips was unaffected by the change in both biomarker concen-
trations, which indicates the duplex LF test strips were
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working correctly.”® The SERS scanning for both test lines on
the duplex LF strip indicated the same results (Fig. 4C and D).
In addition, the corresponding SERS signal intensity of the
peak at 1620 cm ™" for the tested concentrations of SIpA and
ToxB was strongly correlated with that of the same concen-
trations in their SERS calibration curves (Fig. 4E and F).
Therefore, the cross reaction of the two biomarkers on the
duplex LF test strip was negligible and the SERS-based LFA
platform can be used for the simultaneous quantitative and
selective detection of SIpA and ToxB.

To evaluate the quantitative detection performance of the
developed duplex SERS-based LFA in a clinical scenario, we
applied this platform for the duplex quantification of 3
different concentrations of each biomarker spiked into a syn-
thetic stool matrix. The chosen concentrations within the
linear dynamic range of the calibration curves were 0.5, 40 and
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Fig. 4 Duplex LF test strips of (A) fixed ToxB concentration (400 pg uL™) with different SIpA concentrations (200-25 pg pL™) and, (B) fixed SlpA
concentration (200 pg uL™%) with different ToxB concentrations (400-50 pg uL™). Averaged SERS signal intensity of the peak at 1620 cm™ (n = 3)
for duplex LF test strips of (C) fixed ToxB and different SIpA concentrations and, (D) fixed SlpA and different ToxB concentrations. Comparison
between SERS signal intensity of the peak at 1620 cm™ that obtained from calibration curves and duplex test for the same concentration of (E) SIpA
and (F) ToxB. Error bars indicate standard deviations from three measurements. All the SERS measurements were carried out using a handheld
Raman spectrometer equipped with a 638 nm laser excitation source at 5 mW laser power with an acquisition time of 0.5 s at ORS mode.
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Table 2 Quantification of SlpA and ToxB in spiked synthetic stool
samples using SERS-based LFA

SlpA ToxB
Spiked
concentration  Found Found
(pg pL™ (pg L") % Recovery”  (pguL™') % Recovery”
0.50 0.52 104.00 0.48 96.00
40.00 41.38 103.45 39.23 98.08
80.00 78.51 98.14 83.73 104.66

“ Average for three different determinations for each sample.

80 pg pL " to simulate different bacterial loads with CDI in the
human body. As per Table 2, different concentrations of the
biomarkers were mixed and spiked into 1% of synthetic stool
matrix. The use of diluted stool matrix is common due to its
high viscosity. In addition, stool sample dilution minimizes
the effect of the large amounts of inhibitory materials and
debris that are contained in the matrix which can lead to clot-
ting and errors in running the test.>”*® After performing the
duplex detection of the spiked samples using the duplex LF
test strips, the SERS signal intensity increased, as expected,
with increase in SIpA and ToxB concentrations (Fig. 5A and B).
The quantitative analysis of spiked SIpA and ToxB samples was
carried out by monitoring the SERS signal intensity of the
peak at 1620 cm ™" for the corresponding test lines. The linear
regression equations derived from SIpA and ToxB calibration
curves were used to calculate the recovered concentrations of
the biomarkers in the spiked samples according to their SERS
signal intensity. The average percentage recovery for the spiked
samples concentration ranged from 96% to 104.66% (n = 3)
(Table 2). Additionally, a blank sample of the synthetic stool
matrix was tested using the duplex LF test strip and scanned
by SERS, the resulted spectra showed a minimal signal back-
ground due to the high selectivity of our platform (Fig. 5A and
B). Thus, the proposed novel SERS-based LFA platform demon-
strated a high capacity for the duplex ultra-sensitive quantifi-
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cation and correct clinical diagnosis of the target biomarkers
of CDI. This was accompanied with high selectivity and repro-
ducibility. In addition, the use of simple point and shoot
feature of the handheld Raman spectrometer to scan the LF
strips instead of using benchtop Raman microscope make this
platform easy to use without the need for special technical
expertise.”® Moreover, the readout time of the test lines using a
handheld Raman spectrometer in ORS mode is much faster
than the lengthy mapping scan of the test lines using the
benchtop Raman microscopes which require scanning hun-
dreds to thousands of pixels. Accordingly, this paves the way
towards an accurate, early and rapid clinical diagnosis of CDI
at the POC and in hospitals wards,*”***"** which will greatly
assist in implementing the best treatment protocol and infec-
tious disease control measures in a timely manner.

4. Conclusion

In this work, we presented a novel duplex SERS-based LFA plat-
form for the selective and sensitive quantification of the C. diff
biomarkers, SIpA and ToxB within 20 minutes. Highly specific
SERS nanotags for SIpA and ToxB were developed by functiona-
lising Raman reporter-labelled AuNPs with selective antibodies
for both biomarkers. These SERS nanotags were used as detec-
tion probes that enabled the rapid visual duplex detection of
SIpA and ToxB using one LF strip. The integrative use of SERS
to scan the LF strips enabled a highly sensitive quantification
of SIpA and ToxB with a lowest observable concentration of
0.01 pg pL~". The platform showed good reproducibility and
selectivity towards its targets in both buffer solution and syn-
thetic clinical matrix. Compared to other methods reported for
C. diff diagnosis, this novel quantitative platform is highly
selective, sensitive, fast, cost-effective with minimal sample
pre-treatment steps and simple manual operation. The pro-
posed duplex platform has not been discussed previously or
introduced in the diagnostic market for the clinical testing of
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Fig. 5 Raman spectra of blank and different concentrations of (A) SIpA and (B) ToxB spiked in a synthetic stool matrix. The spectra obtained by
scanning the corresponding test lines onto the duplex LF test strip using a handheld Raman spectrometer. All the SERS measurements were carried
out using a handheld Raman spectrometer equipped with a 638 nm laser excitation source at 5 mW laser power with an acquisition time of 0.5 s at

ORS mode.
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CDI. The duplex test for ToxB and SIpA instead of GDH can
result in a more accurate diagnosis of CDI without any cross-
reactivity interference from other similar species while deter-
mining the infection pathogenicity. The main area of future
work is to apply this SERS-based LFA platform for the quanti-
tative and ultra-sensitive duplex detection of SIpA with ToxB in
a larger scale study of clinical specimens to further investigate
its capacity to be a potential alternative diagnostic test for CDI.
We believe the continuous and future progress in the inte-
gration of handheld Raman spectrometers with LFA, instead
of using benchtop Raman microscopes, could turn SERS-
based LFA into an ideal platform for the accurate, early and
high throughput detection of other bacterial biomarkers at
POC and in low resource settings.
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