Received: 18 January 2021

Accepted: 20 July 2021

W) Check for updates

DOI: 10.1002/bab.2227

ORIGINAL ARTICLE

WILEY

Detection of cholera toxin with surface plasmon
field-enhanced fluorescent spectroscopy

Sebnem Seherler!

| Anil Bozdogan®* | Tugba Arzu Ozal Ildeniz* |

Fatma Nese Kok! | Ilke Anac Sakir*®

I Molecular Biology-Genetics and
Biotechnology Programme, Istanbul
Technical University, Istanbul, Turkey

2 Department of Material Science and
Engineering, Gebze Technical University,
Kocaeli, Turkey

3 Center for Electrochemical Surface
Technology (CEST), Austrian Institute of
Technology, Tulln, Austria

4 Department of Medical Engineering,
Faculty of Engineering, Acibadem
Mehmet Ali Aydinlar University,
Istanbul, Turkey

5 Institute of Biotechnology, Gebze
Technical University, Kocaeli, Turkey

Correspondence

Ilke Anac Sakir, Department of Material
Science and Engineering, Gebze Technical
University, Kocaeli, Turkey.

Email: ilkeanac@gtu.edu.tr

Funding information

Scientific and Technological Research
Council of Turkey (TUBITAK),
Grant/Award Number: 115E015

1 | INTRODUCTION

Waterborne diseases caused by chemicals, bacteria, and
viruses are estimated to cause more than 2 million deaths

Abstract

In this work, a biosensor based on surface plasmon field-enhanced florescence
spectroscopy (SPFS) method was successfully constructed to detect the truncated
form of cholera toxin, that is, its beta subunit (CTX-B). CTX-B is a relatively
small molecule (12 kDa) and it was chosen as model analyte for the detection
of protein toxins originated from waterborne pathogens. Recognition layer was
prepared on gold-coated LaSFN9 glasses modified with 11-mercaptoundecanoic
acid (11-MUA). Biotin-conjugated anti-CTX-B polyclonal antibody (B-Ab) was
immobilized on streptavidin (SA) layer constructed on the 11-MUA-modified sur-
face. CTX-B amount was determined with direct assay using B-Ab in surface
plasmon resonance (SPR) mode and with sandwich assay in SPFS mode using
Cy5-conjugated anti-CTX-B polyclonal antibody. Minimum detected CTX-B con-
centrations were 10 and 0.01 ug/ml with SPR and SPFS, respectively, showing
the sensitivity of the SPFS system over the conventional one. The detection was
done in 2-6 h, which was faster than both culture and polymerase chain reac-
tion (PCR)-based methods. Stability tests were performed with SA-coated sen-
sors (excluding B-Ab). In this form, the layer was stable after 30 days of storage
in phosphate-buffered saline (PBS; 0.01 M, pH = 7.4) at +4°C. B-Ab layer was
formed immediately on them before each measurement.

KEYWORDS
antibody, biosensor, cholera toxin, environmental biotechnology, immobilization, surface plas-
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annually." It is crucial to control diseases and epidemics
generated by pathogens in drinking water supplies, as they
not only cause deaths but also lead to important economic
and labor losses. Bacteria associated with waterborne
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carbodiimide; NHS, n-hydroxy succinimide; PBS, phosphate-buffered saline; PCR, polymerase chain reaction; SA, streptavidin; SP, surface plasmon;
SPFS, surface plasmon field-enhanced fluorescent spectroscopy; SPR, surface plasmon resonance.
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diseases include Escherichia coli O157:H7, Salmonella spp.,
Salmonella typhi, Brucella spp., Shigella spp., Campylobac-
ter spp., Pseudomonas spp., Vibrio cholerae.> Cholera, a
diarrheal disease caused by V. cholerae is estimated to affect
1.3-4 million people worldwide, and result in 21,000 to
143,000 deaths yearly. The number of cholera cases is very
low in developed countries, while it is widespread in areas
affected with natural disasters, floods, scarcity, and war.*>

Cholera toxin (CTX) is a protein that is secreted from
pathogenic strains of V. cholerae. CTX has A (28 kDa) and
B (11.6 kDa) subunits assembled in ABs form. While A sub-
unit (CTX-A) provides toxic activity, B (CTX-B) subunit is
the pentameric nontoxic part that is responsible for the
specific binding to its target.®

Culture-dependent methods are extensively used for the
detection of the waterborne pathogens.”” However, these
methods are time consuming and often misleading as false
negative results may be obtained due to existence of viable
but not culturable strains. Culture-based detection of V.
Cholerae, for example, requires bacterial growth in a liquid
enrichment medium, a highly selective agar medium, and
a less selective culture medium, which extends the analy-
sis time to 2-8 days. To overcome these problems, molec-
ular methods based on quantitative polymerase chain
reaction (q-PCR),'""? multiplex PCR,"*'* microarrays,>"’
biosensors,'®?° and immunoassays**> have been devel-
oped for the detection of pathogens. Among these meth-
ods, immunoassay-based methods require pre-enrichment
to reduce the cell surface antigens, while DNA extraction
and post-amplification processes are needed in PCR-based
detection of pathogens.?® In order to decrease the pretreat-
ment steps and detection time, different label-free biosen-
sors such as electrochemical impedance spectroscopy,”*%’
fiber optics,’° and surface plasmon resonance (SPR)?’ were
successfully developed as an alternative to immunoassays
and PCR-based techniques.”®%’

Biosensors developed for the detection of V. cholerae are
based on three analyte types: whole cells, nucleic acids,
and toxins. V. cholerae Ol cells were detected via SPR*’
and atomic force microscopy*! based biosensors using sur-
face protein-specific antibodies, whereas ctxA DNA was
detected using microcantilever sensor*? and electrochemi-
cal biosensors utilizing various complex designs including
composite nanoparticles®* and microspheres.**

SPR has been extensively used for the detection and
interaction of proteins, nucleic acids, lipids, carbohy-
drates, and cells.>>*’ These biosensors provide faster and
simpler analysis of bacterial pathogens compared to the
culture, PCR, and immune-absorbent assays.**** SPR-
based biosensors have been recently developed for the
detection of V. cholerae,’® S. enterica,*® and P. fijiensis.*'
These biosensors are attractive, as they provide label-free

detection of analytes in real-time through refractive
index changes. These changes enable the direct observa-
tion of large- and medium-size molecules as larger the
molecules, higher the refractive index changes. However,
the detection of very low analyte concentrations and small
molecules is a challenge for SPR biosensors.*> Various
attempts have been made to increase the resolution of RI
change and lower the detection limit of SPR biosensors via
interface designs and signal enhancements based on plas-
monic and non-plasmonic nanoparticles.*?

Surface plasmon field-enhanced fluorescence spec-
troscopy (SPFS) was proposed by Liebermann and Knoll**
in order to increase the sensitivity of SPR. In SPFS method,
surface plasmons (SPs) generated at the metal surface
enhance the fluorescence signal of the fluorophores in the
vicinity of the surface. This enhancement is achieved when
the SPs are excited at the absorption wavelength of flu-
orophore label.* Highest fluorescence signal is obtained
when the absorption is coupled to the SP modes. Fluores-
cence intensity peak position is slightly displaced from SPR
angle, because SP waves interfere with directly reflected
laser beams. Coupling of SPs to the fluorescence excitation
results in orders of magnitudes of higher excitation.***

SPFS was previously used for the detection of var-
ious biomolecular interactions including DNA/DNA
hybridization,*>*” peptide nucleic acid (PNA)/DNA
hybridizations,*® proteins such as prostate-specific
antigen (prostate cancer biomarker),*~° vesicle fusion
studies,”’ influenza virus,”> and membrane protein
expression.” Recently, SPFS has been used for detection
of biomolecules with antibody-based (in sandwich assay
format)’* and aptamer-based™ capture elements. To
the best of our knowledge, the detection of waterborne
pathogen toxins using SPFS has not been reported in the
literature before.

In this study, SPFS was used, for the first time, to
detect the CTX-B subunit, which is a truncated form of
waterborne pathogen toxin and a relatively small molecule
(12 kDa). First, gold-coated SPR surfaces were functional-
ized with 11-mercaptoundecanoic acid (11-MUA) to create
a self-assembled monolayer. Streptavidin (SA)-biotinylated
anti-cholera toxin beta polyclonal antibody (B-Ab) com-
plex was then immobilized on 11-MUA layer as the recog-
nition unit. This recognition layer was used in direct
detection of CTX-B in SPR mode. For SPFS studies, Cy5-
conjugated anti-cholera toxin beta polyclonal antibody
(Cy5-Ab) was used as the second antibody for sandwich
assay format. Cy5 dye is a far-red fluorescence-emitting dye
that is used in many biological applications, with excita-
tion/emission wavelengths at 625, 650, and 670 nm. Cy5
dye was chosen to match the wavelength of light emitted
from He/Ne laser (632.8 nm).
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2 | MATERIALS AND METHODS

2.1 | Materials

CTX beta subunit (CTX-B; C9903), SA (9013-20-1), 11-
MUA (71310-21-9), n-hydroxy succinimide (NHS; 6066-
82-6), n-(3-dimethylaminopropyl)-n’-ethyl carbodiimide
(EDC; 1892-57-5), MES (4432-31-9), phosphate-buffered
saline (PBS; P4417) tablets, and ethanol were purchased
from Sigma-Aldrich. Biotin-conjugated CTX-B polyclonal
antibody (B-Ab; PA1-73190) was purchased from Ther-
moFisher Scientific and Cy5-Ab (bs-12862R-Cy5) was pur-
chased from Bioss Antibodies.

PBS and MES buffers were filtered through 0.2-um fil-
ters. CTX-B, SA, and antibodies were aliquoted and stored
at —20°C. NHS was stored as aliquots in MES buffer, while
EDC was freshly prepared before each use.

2.2 | Instruments and measurements

The measurements were performed with SPFS (RESTEC
2005). The SPSF setup for the measurements is given in
Figure 1. The monochromatic light emitted from HeNe
laser (632.8 nm, [Uniphase], monochromatic, linear, trans-
verse magnetic [TM, p]| polarization [Glan-Thompson
polarizer, B, Hale]) first passes through the chopper that
is connected to the lock-in amplifier. After being reflected
from two mirrors, the incident light passes through first
pinhole and reaches the two successive polarizers. First

Instrumental setup of SPR/SPFS system. Photomultiplier and shutter were mounted only for fluorescence measurement.

o)

polarizer is employed to adjust the light intensity and the
second one is used for p-polarization. p-Polarized light
then passes through a second pinhole and reaches the
sample holder (Figure 1 - inset) containing a right-angle
prism (n = 1.85) in Kretschmann configuration, sample
and the flow cell. Sample holder is placed on a two-cycle
goniometer (resolution of 0.05°, Huber). The reflected light
is collected via BPW 24 B silicon photodiode. For the SPFS
measurements, shutter was placed between the second
polarizer and the second pinhole. Fluorescence module—
composed of lens, band-pass filter, and photomultiplier—
is mounted behind the flow cell.

In the angular scan mode, the system sweeps given
angular interval and records the reflected intensity. In this
study, angular scans were measured between 20° and 45°
for air and between 40° and 65° for aqueous environments.
In the kinetic mode, measurements were performed at a
fixed angle corresponding 30% reflectivity achieved from
the angular scan. The whole optical system was contained
in a black box to avoid interference of the ambient light
with the fluorescence signal.

2.3 | Preparation of recognition layer and
SPFS measurement
Activation of slide surface

231 |

LaSFNO glass slides (n = 1.8449) (25.4 X 25.4 X 1.5 mm)
were coated with 2-nm chromium and 50-nm gold using
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FIGURE 2 Surface functionalization and assay format. (A) 11-Mercaptoundecanoic acid SAM formation. (B) EDC/NHS activation. (C)
Streptavidin binding. (D) Biotinylated antibody binding. (E) CTX-B binding. (F) Cy5-Ab binding in SPFS mode

a Nanovak NVTE4-01 thermal evaporator. The slides were
immersed in 1 mM 11-MUA in ethanol overnight to allow
self-assembled monolayer formation (Figure 2A). The
slides were then washed three times with ethanol and
steam-dried with N2.° 11-MUA-coated LaSFN9 slides were
placed onto the PDMS flow cell as indicated in Figure 1
(inset). Index matching oil (n = 1.7, Cargille) was used
between the SPR slide and the high-index right-angle
prism. A peristaltic pump with tygon tubing was used for
the control of liquid flow with the flow rate of 1.3 ml/min.

2.3.2 | Immobilization of antibodies
11-MUA-coated slides were first hydrated with PBS buffer
(pH 7.4), then activated using 1:1 mixture of EDC
(0.4 M):NHS (0.1 M) in MES buffer (pH 6) for 10 min (Fig-
ure 2B). Following the activation, SA (0.02-0.05 mg/ml)
was immobilized on the surface (Figure 2C). Recogni-
tion layer was completed after the immobilization of B-
AD (0.05 mg/ml, 1:100 dilution) (Figure 2D). The reactions
were followed in the kinetic mode, and after binding reac-
tions were completed, unbound molecules were washed
off with PBS buffer and then an angular scan was taken.

2.3.3 | CTX-B detection

Various concentrations of CTX-B (10 ng/ml to 20 ug/ml)
were used to determine the working range of the biosensor

(Figure 2E). Fluorescence measurements were performed
via sandwich assay by injection of Cy5-Ab (1:5000 dilution)
(Figure 2F).

2.4 | Stability tests

For the storage stability test, SA-coated surfaces were
immersed in 50-ml PBS buffer (pH 7.4) in Hellendahl stain-
ing jar at +4°C. PBS solution was changed every 7 days. On
day 30, the slide surfaces were washed and mounted to the
sample holder. Reflectivity changes upon CTX-B binding
for day 0 and day 30 were compared.

3 | RESULTS AND DISCUSSIONS

Self-assembled monolayers (SAMs) are used extensively
to modify the interfaces between a transducer and a lig-
uid sample. Alkane thiol SAMs are especially preferred
to attach biomolecules to metal surfaces by His-Tag, SA-
biotin-based binding, and amine coupling.* In this study,
11-MUA was used to generate the alkane thiol SAM. The
angular scans of the 11-MUA layer in air and in buffer (Fig-
ure S1) were taken before the EDC/NHS activation. The
angle corresponding to 30% of the reflectivity of the angu-
lar scan in buffer was taken as the kinetic angle (typically
around 55°-57°). This angle was kept constant in kinetic
measurements for all binding events for each experimental
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0.01 ug/ml CTX-B (Figure 5). Angular scans in Figure 5A
(solid lines) show that while CTX-B binding did not intro-
duce any SPR angle shift, Cy5-Ab binding slightly shifted
SPR angle toward higher values, indicating SPR alone
does not provide a good resolution for direct analysis of
toxin in lower concentrations. In addition to angular scans,

FIGURE 5 0.01 ug/ml CTX-B detection with SPR.
Concentrations of CTX-B and Cy5-Ab were 0.01 ug/ml and 1:5000
dilution, respectively. (A) Angular scan with reflectivity and
fluorescent intensity changes. (B) Kinetic measurements
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(red) and flourescent intensity (blue) changes upon Cy5-Ab binding

fluorescence intensities associated with the binding of B-
Ab, CTX-B, and Cy5-Ab are shown in Figure 5A. Fluores-
cence intensity signal of Cy5-Ab was significantly higher
from the background signals of B-Ab and CTX-B. Time-
resolved kinetic analysis of this measurement is shown in
Figure 5B beginning with the activation of 11-MUA sur-
face. The total time required for surface preparation and
detection was ca. 400 min, while detection time (binding of
CTX-B and then Cy5-Ab) was 150 min. While the binding
of SA, B-Ab, and Cy5-Ab increases the reflectivity (hence
the SPR angle), CTX-B binding in this concentration did
not cause a distinguishable reflectivity change. Cy5-Ab
binding to CTX-B was followed both by SPR reflectiv-
ity change and SPFS fluorescence intensity change in the
kinetic mode (Figure 6). The reflectivity change upon Cy5-
AD binding was 2.44% in SPR mode while in SPFS mode, a
108.92% increase in fluorescence signal was detected corre-
sponding to 33,675 cps, which provides better resolution for
CTX-B detection. High fluorescence signal in SPFS mode
compared to almost undetectable/low-reflectivity change
in SPR mode can also be observed for different measure-
ments (Figure S3).

The linear working range of the biosensor was deter-
mined between 0.01 and 1 ug/ml concentrations of CTX-
B (Figure 7). A linear response cannot be obtained with
direct CTX-B detection, whereas the sandwich assay
involving Cy5-Ab binding improved the sensor perfor-
mance and results in linear relation with R?> = 0.9878 in
SPR mode (Figure 7A). A higher linear correlation (R? =
0.9946) was obtained when the fluorescence intensity was
followed by SPFS indicating its advantage over SPR (Fig-
ure 7B). According to the Center for Disease Control and
Prevention (CDC) guidelines, commonly used V. cholerae
detection assays typically detect the toxin between 10 pg
and 500 ng range.”’ In addition, the lethal concentration
of CTX is 0.1 ug/ml (100 ng/ml).>® The LOD of SPFS-based
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intensity change after Cy5-Ab (@) binding

biosensor in this study is comparable with the commonly
used methods and below the lethal concentration of CTX.

In order to determine the shelf life of the biosensor, sur-
faces were kept at +4°C for 30 days after the formation
of SA layer. These surfaces were then used for the detec-
tion of 0.1 ug/ml CTX-B with both direct and Cy5-Ab-based
detection. Relative reflectivity changes were calculated by
assigning 100% activity to the day 0 samples. While 90%
activity was retained with CTX-B detection, Cy5-Ab-based
sensing was more sensitive to the storage conditions and
activity was dropped to 75% (Figure 8).

Reproducibility of the biosensor was tested for 0.1 ug/ml
CTX-B concentration. Standard deviation values were 23%
(0.405 + 0.095) and 7.3% (1.51 + 0.11) for direct and Cy5-
Ab-based detection in SPR mode. When Cy5-Ab fluores-
cence intensities were used in SPFS mode, standard devi-
ation was determined as 11% (37,609 + 4322) showing that
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reproducibility values were improved with the use of sec-
ondary antibody (Cy5-Ab) and SPFS.

Detection durations for CTX-B were calculated as time
interval between the injection of CTX-B and the sig-
nal stabilization after Cy5-Ab binding. These detection
times greatly differed depending on the CTX-B concentra-
tions. CTX-B and Cy5-Ab binding signals were stabilized
between 60 and 120 mins and 100 and 230 min, respec-
tively, with increasing toxin concentration.

In the literature, CTX detection was done by several
research groups using different detection techniques,”~"’
and either whole toxin (CTX, ABs form) or its trun-
cated form (CTX-B) were used (Table S1). The commonly
used capture molecules are anti-CTX-B antibodies and
GM1 (binding target of CTX). When CTX, not the trun-
cated form, was used, relatively lower detection limits
(0.09 aM and 0.11 fM) were achieved with immunoassay
and electrochemical immunosensor, respectively.”%° Dif-
ferent design strategies using different transducers have
yielded in 0.1 pM to 10 nM LOD values.®® When CTX-B
was used as model analyte, 0.2-12 ng/ml LOD values were
achieved by different groups,®®7* which is the range of our
LOD (10 ng/ml). Detection limits lower than 1 ng/ml were
obtained either by complex detection protocols involving
several steps® or by the use of home-made apparatus via
magnetic frequency mixing detection.”! Our system gave
better results when compared to localized SPR (LSPR)-
based system (LOD: 20 nM, 240 ng/ml) proposed by Bruzas
et al.”” Improved LOD values were obtained when affin-
ity peptides were used against CTX-B (LOD: 3.51 ng/ml),”?
probably because of the usage of small molecules instead

of large antibodies; as SPs have evanescent character, the
distance of binding event from the surface is crucial and
should be as low as possible.

4 | CONCLUSIONS

The presence of V. cholerae is determined by culture-
dependent methods, PCR and biosensors on the whole
cell, pathogenic organism DNA or protein toxin. In this
study, we evaluated an SPFS-based biosensor for the detec-
tion of CTX-B in ng/ml level sensitivity. The obtained LOD
value was within the range of commonly used CT detection
methods listed in CDC guidelines and also lower than the
lethal concentration of CT in human body. As the CTX-B
subunit is relatively small molecule (12 kDa), the SPR angle
shifts for lower concentrations were indistinguishable in
the conventional SPR methodology. With the use of an
additional fluorescence module to the SPR angular mode,
the performance parameters of biosensor, namely detec-
tion limit, reproducibility values, linear range of detection
were improved. The detection time (2-6 h depending on
concentration) is significantly lower from both culture-
(typically 2-8 days with multiple enrichment steps) and
PCR-based detection (DNA extraction and postamplifica-
tion steps) and comparable to immunoassays (3.5-18 h).
In summary, a common sandwich assay design was used
to emphasize the advantage of SPFS technique over SPR
using shelf-ready agents. The sensitivity of the detection
system could be further improved using higher affinity
and/or smaller capture molecules. The biosensor system
was not studied with complex water samples involving sus-
pended solids. Pretreatment protocols for the water sam-
ples may vary according to the water source but for drink-
ing water, which is our target sample, no pretreatment is
needed. However, when working with drinking water, pre-
concentration step may be needed to detect even lower
toxin levels. Thus, this biosensor can be used without any
pretreatment to screen drinking water supplies, but for
more complex samples containing suspended solids, a pre-
filtering step will be necessary.
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