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Abstract: The adhesin Legionella collagen-like (Lcl) protein can bind to extracellular matrix
components and mediate the binding of Legionella pneumophila to host cells. In this study,
electrochemical impedance spectroscopy (EIS) and surface plasmon resonance (SPR)-based biosensors
were employed to characterize these interactions between glycosaminoglycans (GAGs) and the
adhesin Lcl protein. Fucoidan displayed a high affinity (KD 18 nM) for Lcl protein. Chondroitin
sulfate A and dermatan sulfate differ in the position of a carboxyl group replacing D-glucuronate
with D-iduronate. Our results indicated that the presence of D-iduronate in dermatan sulfate strongly
hindered its interaction with Lcl. These biophysical studies provided valuable information in our
understanding of adhesin-ligand interactions related to Legionella pneumophila infections.

Keywords: Legionella collagen-like protein; glycosaminoglycans; fucoidan; surface plasmon
resonance; electrochemical impedance spectroscopy

1. Introduction

Legionella pneumophila is a Gram-negative, facultative intracellular pathogen and the causative
agent of Legionnaire’s disease. The latter could lead to severe pneumonia and even death, if not
treated at an early stage [1–3]. Untreated immunosuppressed patients have a 40% to 60% chance of
fatality [4]. L. pneumophila is ubiquitously found in natural and human-made fresh water reservoirs
and distribution systems. The natural hosts of L. pneumophila are amoebae and replication occurs
within the hosts after phagocytosis. L. pneumophila infections occur when contaminated airborne water
droplets are inhaled into the lung allowing the bacteria to reach the alveolar mucosa [3,5]. Recently,
the molecular basis of biofilm formation by L. pneumophila was reported along with the role of other
microbial species in L. pneumophila biofilm colonization [6]. Bacterial aggregates of L. pneumophila have
been reported to have the ability to resist various host defenses and colonize their biofilm environment
efficiently [7]. Recent studies have hypothesized that Legionella collagen-like (Lcl) protein induced the
auto-aggregation process in a divalent-cation-dependent manner. The isolates from Legionella species
which did not produce Lcl, were deficient in auto-aggregation [7].

The extracellular matrix of alveolar mucosa contains multiple proteinaceous and non-protein
components that are thought to play critical roles in the etiology and pathogenesis of Legionnaire’s
disease. One of these components, the sulfated glycosaminoglycans (GAGs), includes heparan
sulfate, chondroitin sulfate, and keratan sulfate. The sulfated GAGs are negatively-charged
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heteropolysaccharides expressed in all mammalian tissues. Enzymatically-generated structural
patterns and the degree of sulfation in GAGs determine their specific interactions with protein ligands.
Chondroitin sulfate and fucose were reported to bind to Lcl using enzyme-linked immunoassays
(ELISAs) [8,9]. In order to shed light on the interaction of GAGs with Lcl protein, we have assessed
the adhesin-ligand interactions from a perspective of electrochemical impedance spectroscopy (EIS)
and surface plasmon resonance (SPR). SPR is a widely used analytical tool for studying interactions
between ligands and analytes. The sensitivity and simplicity of SPR provide many advantages in
applications such as drug screening as well as biomolecular interaction studies [10,11]. In this report,
Lcl proteins were immobilized as ligands onto the gold sensor chip surface, where they could interact
with the incoming GAGs as adhesins. The real-time data were collected and formulated into the
kinetic information of the affinity (KD) between Lcl and GAGs. Similarly, EIS is also a well-established
electro-analytical method to investigate biomolecular interactions. Previous studies have employed EIS
in studying protein interactions in neurodegenerative diseases, as well as biological analysis [12–14].
As for this EIS-based study, Lcl proteins were immobilized onto a gold screen-printed electrode surface,
where the binding of GAGs was determined by following the changes in the charge-transfer resistance
values of the Randles’ equivalent circuit [12–17]. Together, both SPR and EIS offered a cost-effective and
rapid approach to study protein-GAG interactions with high sensitivity and low sample consumption.

2. Materials and Methods

Recombinant, N-terminus His-tagged Lcl proteins were prepared following the procedures
as reported by C. Guyard and co-workers [6,7]. Designs and constructs of Lcl proteins were
kindly donated by C. Guyard (BIOASTER, Microbiology Technology Institute, Lyon, France).
HEPES, sodium chloride, EDTA, nickel (II) chloride, 3,3′-dithiobis (sulfosuccinimidyl) propionate,
N-(5-amino-1-carboxypentyl) iminodiacetic acid (ANTA), sodium phosphate monobasic (NaH2PO4;
99%), sodium phosphate dibasic (Na2HPO4; 99.0%), and ethanol-amine were purchased from
Sigma-Aldrich (Oakville, ON, Canada). All other reagents and chemicals were of analytical grade.

2.1. Surface Plasmon Resonance (SPR)

SPR-based analyses were performed using a Biacore X100 (GE Healthcare, Chicago, IL, USA)
with a Series S NTA sensor chip on a dextran support. All measurements were conducted at 25 ◦C
and all the solutions were sterile filtered (0.2 µm) before injection into the flow cells. SPR running
buffer was composed of 0.01 M HEPES (pH 7.4), 0.15 M NaCl, 0.05 mM EDTA with 0.05% surfactant
P20. The nickel solution contained 0.5 mM NiCl2 in running buffer. The regeneration solution was
composed of 0.01 M HEPES (pH 8.3), 0.15 M NaCl, 0.35 M EDTA, and 0.05% surfactant P20.

Two flow cells of the sensor chip were used, one (reference flow cell, FC-1) to detect non-specific
binding and background subtraction for the other one (detection flow cell, FC-2), which had the
immobilized Lcl protein. The system was washed extensively with regeneration buffer for 180 s at a
flow rate of 10 µL/min, followed by a wash with running buffer at 30 µL/min until the baseline became
stable. As shown in Scheme 1, the solution of Ni2+ was injected into both flow cells at 10 µL/min
for 60 s to saturate the NTA surface with Ni2+. His-tagged Lcl protein in running buffer (1 µM) was
exposed to FC-2 at 10 µL/min for 1080 s. The GAGs were injected into both flow cells at 1 µM, at a
flow rate of 30 µL/min for 120 s, for each cycle. The setup was automated using the Biacore X100
Evaluation software (GE Healthcare, Chicago, IL, USA). All interaction measurements as well as the
control measurements with blank buffer solution before and after each injection of analytes were
performed in triplicate.



Sensors 2018, 18, 2668 3 of 8

Sensors 2018, 18, x 3 of 8 

 

 
Scheme 1. Illustrative representation of Lcl immobilization and fucoidan detection using surface 
plasmon resonance (SPR). 

2.2. Electrochemical Impedance Spectroscopy (EIS) 

A gold compact-disc electrode was constructed and used as the working electrode in EIS 
measurements as reported by Veloso et al. [18]. The electrodes were prepared using Kodak™ 
(Rochester, NY, USA) gold preservation archival grade CDs, consisting of a 50–100 nm gold film on 
a photosensitive layer on top of a polycarbonate disc. The protective polymer, coating the gold 
surface, was removed with the application of 5 mL of concentrated nitric acid on the CD surface for 
10 min. The polymer and excess nitric acid was rinsed with distilled water. The CD gold surface was 
cut into rectangular chips with dimensions of 1 cm width × 2 cm length. An insulating tape with a 
hole of 2 mm2 area was glued on the gold surface to isolate the working area [18,19]. As shown in 
Scheme 2, the immobilization of His-tagged proteins onto the gold CD chips was accomplished by 
the Ni2+/NTA complex, which was linked to the gold surface using a homobifunctional linker, 3,3′-
dithiobis (sulfosuccinimidyl) propionate (DTSSP) [20]. 

 
Scheme 2. Illustrative representation of Lcl immobilization and fucoidan detection using 
electrochemical impedance spectroscopy (EIS). 

Scheme 1. Illustrative representation of Lcl immobilization and fucoidan detection using surface
plasmon resonance (SPR).

2.2. Electrochemical Impedance Spectroscopy (EIS)

A gold compact-disc electrode was constructed and used as the working electrode in EIS
measurements as reported by Veloso et al. [18]. The electrodes were prepared using Kodak™
(Rochester, NY, USA) gold preservation archival grade CDs, consisting of a 50–100 nm gold film
on a photosensitive layer on top of a polycarbonate disc. The protective polymer, coating the gold
surface, was removed with the application of 5 mL of concentrated nitric acid on the CD surface for
10 min. The polymer and excess nitric acid was rinsed with distilled water. The CD gold surface was
cut into rectangular chips with dimensions of 1 cm width × 2 cm length. An insulating tape with
a hole of 2 mm2 area was glued on the gold surface to isolate the working area [18,19]. As shown
in Scheme 2, the immobilization of His-tagged proteins onto the gold CD chips was accomplished
by the Ni2+/NTA complex, which was linked to the gold surface using a homobifunctional linker,
3,3′-dithiobis (sulfosuccinimidyl) propionate (DTSSP) [20].
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Immobilization of the DTSSP layer was accomplished by depositing an aliquot (20 µL) of 2 mM
DTSSP in 100 mM Na2CO3 (pH 8.5) onto the gold surface overnight at 4 ◦C, followed by a rinse with
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Na2CO3 to remove excess DTSSP [20,21]. The formation of Ni2+/NTA complex (5 µM NiCl2, 2 µM
NTA in 100 mM Na2CO3, pH 8.5, incubated for 4 h) was achieved by depositing an aliquot (20 µL) of
the Ni2+/NTA solution on the electrode surface for overnight incubation at room temperature 25 ◦C.
After rinsing off the excess Ni2+/NTA solution with Na2CO3, 0.1 M ethanolamine was used to block
the unreacted N-hydroxy (sulfo)succinimide active esters for 1 h at room temperature, which was then
rinsed off with 50 mM phosphate-buffered saline (PBS, pH 7.4) with 100 mM NaCl [17]. An aliquot
(20 µL) of the His-tagged Lcl protein (1 µM in 0.01 M HEPES (pH 7.4), 0.15 M NaCl, 0.05 mM EDTA
with 0.05% surfactant P20) was then added to the electrode surface and incubated overnight at room
temperature, followed by rinsing with HEPES buffer (pH 7.4). This sensor chip will be referred to as
“control”, on which analytes were further exposed to test for non-specific binding. GAGs at 1 µM were
then deposited onto the surface and incubated overnight at room temperature, which was then rinsed
with HEPES buffer (pH 7.4). Triplicate sensors of each GAGs and controls were prepared to obtain the
mean data and uncertainties of the measurements. Electrochemical measurements were conducted
using a µAutolab-III potentiostat (Metrohm Autolab BV, Utrecht, The Netherlands) in a three-electrode
configuration consisted of a gold CD working electrode, Ag/AgCl reference electrode (in 3 M KCl)
and a platinum counter electrode. EIS measurements were performed using the Frequency Response
Analysis (FRA) system software, over a frequency range of 0.1 to 100,000 Hz with 0.005 V amplitude
(rms). A Randles equivalent circuit model was employed to fit the impedance data using FRA in order
to determine the changes in charge transfer resistance (RCT) due to the modifications on the electrode
surface. An increase in RCT generally results from the binding of biomolecules to the surface due to
the increase in resistance for transfer of electrons from the solution to the electrode surface.

3. Results and Discussion

His-tagged Lcl proteins were attached to the Ni-NTA surface (Supplementary Figure S2) on
the sensor chips to allow further interactions with the analytes. As the GAGs were exposed to the
surface-immobilized Lcl protein, the SPR angle shifted, which, in turn, increased the response unit.
When the flow of GAGs was stopped, blank buffer solution would be exposed to the chip surface to
wash away the unbound and non-specifically attached molecules. The resulting response would be the
net increase due to the specific interaction of the GAGs with Lcl protein. The sensorgram in Figure 1
shows the real-time response data, which was used to calculate the value of KD using the Biacore
Evaluation Software™. Fucoidan, a close analog to fucose, was observed to give a significantly large
signal increase relative to the other GAGs. This is a result of the strong interaction between fucoidan
and Lcl, and the relatively larger in size of fucoidan (50 kDa) in contrast to the rest of the GAGs used in
this study. Both mannose and dermatan sulfate showed significantly small signal response, which fell
in the noise range, and the shape of SPR response was indicative of no or negligible interaction with
the surface-bound Lcl proteins.

The binding affinity (KD) was calculated from SPR data for the binding of fucoidan, chondroitin
sulfate A, dermatan sulfate, and mannose to the Lcl protein immobilized on the sensor chip. The values
with dermatan sulfate and mannose were so large that it exceeded the limits of the software, indicating
a very low affinity interaction, and thus, labeled as “not detectable”. Mannose was used as a negative
control, as it was not expected to have any affinity towards Lcl protein due to the lack of negatively
charged sulfate groups. Fucoidan, as shown on Figure 2a, a close analog to fucose, which is found
commonly in human lung epithelial cells, was tested as a positive control. Fucoidan measurements
displayed a very strong affinity with a KD value of 18 ± 2.1 nM. Chondroitin sulfate A also displayed
a strong affinity with a KD value of 173 ± 24 nM. Although chondroitin sulfate A and dermatan
sulfate both have the negatively charged carboxyl groups, they differ in the position of carboxyl
group replacing D-glucuronate with D-iduronate as shown in Figure 2b. We hypothesized that
the presence of D-iduronate in dermatan sulfate hindered its interaction with Lcl. Furthermore,
in order to support specificity of such interactions, fucoidan and chondroitin sulfate A were injected
onto a non-Lcl immobilized, Ni2+-activated NTA sensor chip. The resulting response is shown
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in Supplementary Figure S1 to demonstrate the non-specific interactions of the analytes on the
sensor chip.
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Figure 2. (a) Chemical structure of fucoidan and (b) chemical structures of chondroitin sulfate A
(chondroitin-4-sulfate) and dermatan sulfate highlighting the position of functional groups in red.

For EIS measurements, the incubation of GAGs with the Lcl-modified gold electrode surfaces
allowed the attachment of GAGs to the protein. Followed by a wash with buffer solution,
the non-specifically bound molecules were removed from the surface to avoid false positive signals for
the EIS measurements. As shown in Figure 3, both mannose and dermatan sulfate showed negligible
EIS signals similar to those of the blank samples (no analyte), indicating that these molecules did
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not have a significant affinity to the surface-bound Lcl proteins and were easily rinsed away by the
buffer. Fucoidan and chondroitin sulfate A showed a significant increase in the EIS signals after
thorough rinsing, demonstrating a strong binding that occurred between Lcl proteins and GAGs on
the electrode surface.
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proteins that were covalently immobilized on gold CD chips. The inset shows the Randles equivalent
circuit. Other conditions are as described in the Experimental section.

The EIS data fitting parameters in Table 1 demonstrated that our results were in agreement with
the ones observed using SPR, with fucoidan showing the highest charge transfer resistance, indicating
the strong attachment of the molecules to the electrode surface. The unbound analytes were rinsed
off from the surface and showed negligibly low changes in charge transfer resistance (15.62 Ω and
16.10 Ω, respectively) in comparison with the blank sample measurements.

Table 1. Summary for the simulation of EIS fitting process according to the Randles equivalent circuit,
in which the binding of GAGs with the surface-bound Lcl proteins was monitored on a gold CD chip
surface. Blank samples contained 0.01 M HEPES buffer solution (pH 7.4), including 0.15 M NaCl,
0.05 mM EDTA, and 0.05% surfactant P20 in the absence of GAGs.

RCT (Ohm) Rs (Ohm) Cdl (µF)

Control 15.06 ± 1.82 23.62 ± 2.54 3.22 ± 0.35
Mannose 15.62 ± 1.74 27.40 ± 3.01 4.34 ± 0.49

Dermatan sulfate 16.10 ± 2.03 22.50 ± 2.29 11.14 ± 1.33
Chondroitin sulfate A 45.90 ± 4.96 29.43 ± 3.24 17.09 ± 1.98

Fucoidan 74.06 ± 8.11 25.53 ± 2.98 21.90 ± 2.43

Both the SPR and EIS data were in agreement with the previously reported ELISA-based results by
Guyard and co-workers [8,9] in terms of relative affinities between Lcl proteins with GAGs. Currently,
our group is studying various parameters for discovering the exact pathway and mechanism in
which L. pneumophila can attach to the host cells. Biomolecules, including heparan sulfate, collagen,
and fibronectin, are also under investigation using the described SPR and EIS techniques in this report.
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These biomolecules are also common components of the extracellular matrix, which can play an
important role in the interaction of Lcl proteins with the host cells during an infection.

4. Conclusions

To the best of our knowledge, this is the first attempt for the quantitative measurement of a
binding interaction between GAGs and the Lcl protein using biosensors. In this proof-of-concept study,
we have determined the strong affinity (KD) between Lcl and fucoidan. We have also observed that
the position of the carboxyl group replacing D-glucuronate with D-iduronate in dermatan sulfate
significantly prevents its interaction with Lcl. It has been suggested that a tandem repeat domain of the
Lcl protein could be responsible for these affinity interactions and auto-aggregation [8,9]. The reported
biosensors here can be easily adapted to screening and discovery of biomolecular therapeutics that can
manipulate the interaction of L. pneumophila with lung cells during an infection.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/18/8/2668/
s1.

Author Contributions: Conceptualization, H.S., M.T., C.G. and K.K.; Methodology, H.S. and K.K.; Formal
Analysis, H.S.; Resources, K.K., M.T. and C.G.; Data Curation, H.S. and S.L.; Writing-Original Draft Preparation,
H.S. and S.L.; Writing-Review & Editing, K.K.; Supervision, K.K.; Project Administration, K.K.; Funding
Acquisition, K.K.

Funding: This work was supported by the Canada Research Chair Tier-2 award to K. Kerman for
“Bioelectrochemistry of Proteins” (project No. 950-231116), the Ontario Ministry of Research and Innovation
(project No. 35272), Discovery Grant (project No. 3655) to K. Kerman and Discovery Grant (project No. 5734) to
M. Terebiznik from the Natural Sciences and Engineering Research Council of Canada (NSERC), and the Canada
Foundation for Innovation (project No. 35272).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Stout, J.E.; Yu, V.L. Legionellosis. N. Engl. J. Med. 1997, 337, 682–687. [CrossRef] [PubMed]
2. Colbourne, J.S.; Dennis, P.J.; Trew, R.M.; Berry, G.; Vesey, G. Legionella and public water supplies.

Water Sci. Technol. 1988, 20, 11–20. [CrossRef]
3. Fields, B.S.; Benson, R.F.; Besser, R.E. Legionella and Legionnaires’ disease: 25 years of investigation.

Clin. Microbiol. Rev. 2002, 15, 506–526. [CrossRef] [PubMed]
4. Bartram, J.; Chartier, Y.; Lee, J.V.; Pond, K.; Surman-Lee, S. Legionella and the Prevention of Legionellosis;

World Health Organization Press: Geneva, Switzerland, 2007.
5. Fliermans, C.B.; Cherry, W.B.; Orrison, L.H.; Smith, S.J.; Tison, D.L.; Pope, D.H. Ecological distribution of

Legionella pneumophila. Appl. Environ. Microbiol. 1981, 41, 9–16. [PubMed]
6. Abdel-Nour, M.; Duncan, C.; Low, D.E.; Guyard, C. Biofilms: The stronghold of Legionella pneumophila. Int. J.

Mol. Sci. 2013, 14, 21660–21675. [CrossRef] [PubMed]
7. Abdel-Nour, M.; Duncan, C.; Prashar, A.; Rao, C.; Ginevra, C.; Jarraud, S.; Low, D.E.; Ensminger, A.;

Terebiznik, M.; Guyard, C. The Legionella pneumophila Collagen-Like Protein Mediates Sedimentation,
Autoaggregation, and Pathogen-Phagocyte Interactions. Appl. Environ. Microbiol. 2014, 80, 1441–1454.
[CrossRef] [PubMed]

8. Duncan, C.; Prashar, A.; So, J.; Tang, P.; Low, D.E.; Terebizinik, M.; Guyard, C. Lcl of Legionella pneumophila is
an immunogenic GAG binding adhesion that promotes interactions with lung epithelial cells and plays a
crucial role in biofilm formation. Infect. Immun. 2011, 79, 2168–2181. [CrossRef] [PubMed]

9. Mallegol, J.; Duncan, C.; Prashar, A.; So, J. Essential roles and regulation of the Legionella pneumophila
collagen-like adhesion during biofilm formation. PLoS ONE 2012, 7, e46462. [CrossRef] [PubMed]

10. Schneider, C.S.; Bhargav, A.G.; Perez, J.G.; Wadajkar, A.S.; Winkles, J.A.; Woodworth, G.F.; Kim, A.J.
Surface plasmon resonance as a high throughput method to evaluate specific and non-specific binding of
nanotherapeutics. J. Control. Release. 2015, 219, 331–344. [CrossRef] [PubMed]

11. Kamat, V.; Rafique, A. Extending the throughput of Biacore 4000 biosensor to accelerate kinetic analysis of
antibody-antigen interaction. Anal. Biochem. 2017, 530, 75–86. [CrossRef] [PubMed]

http://www.mdpi.com/1424-8220/18/8/2668/s1
http://www.mdpi.com/1424-8220/18/8/2668/s1
http://dx.doi.org/10.1056/NEJM199709043371006
http://www.ncbi.nlm.nih.gov/pubmed/9278466
http://dx.doi.org/10.2166/wst.1988.0259
http://dx.doi.org/10.1128/CMR.15.3.506-526.2002
http://www.ncbi.nlm.nih.gov/pubmed/12097254
http://www.ncbi.nlm.nih.gov/pubmed/7013702
http://dx.doi.org/10.3390/ijms141121660
http://www.ncbi.nlm.nih.gov/pubmed/24185913
http://dx.doi.org/10.1128/AEM.03254-13
http://www.ncbi.nlm.nih.gov/pubmed/24334670
http://dx.doi.org/10.1128/IAI.01304-10
http://www.ncbi.nlm.nih.gov/pubmed/21422183
http://dx.doi.org/10.1371/journal.pone.0046462
http://www.ncbi.nlm.nih.gov/pubmed/23029523
http://dx.doi.org/10.1016/j.jconrel.2015.09.048
http://www.ncbi.nlm.nih.gov/pubmed/26415854
http://dx.doi.org/10.1016/j.ab.2017.04.020
http://www.ncbi.nlm.nih.gov/pubmed/28465032


Sensors 2018, 18, 2668 8 of 8

12. Li, N.; Brahmendra, A.; Veloso, A.J.; Prashar, A.; Cheng, X.R.; Hung, V.W.S.; Guyard, C.; Terebiznik, M.;
Kerman, K. Disposable immunochips for the detection of Legionella pneumophila using electrochemical
impedance spectroscopy. Anal. Chem. 2012, 84, 3485–3488. [CrossRef] [PubMed]

13. Cheng, X.R.; Hau, Y.; Veloso, A.J.; Martic, S.; Kraatz, H.B.; Kerman, K. Surface plasmon resonance imaging of
amyloid-B aggregation kinetics in the presence of epigallocatechin gallate and metals. Anal. Chem. 2013, 85,
2049–2055. [CrossRef] [PubMed]

14. Veloso, A.; Kerman, K. Advances in Electrochemical Detection for Study of Neurodegenerative Disorders.
Anal. Bioanal. Chem. 2013, 405, 5725–5741. [CrossRef] [PubMed]

15. Li, N.; Li, Q.; Cheng, X.R.; Veloso, A.J.; Hung, V.W.S.; Dhar, D.; Kerman, K. Au Nanoparticle-Based Detection
of Human Chorionic Gonadotropin Using Electrochemical Impedance Spectroscopy. ECS Trans. 2013, 50,
15–21. [CrossRef]

16. Cheng, X.R.; Hau, B.Y.H.; Endo, T.; Kerman, K. Au Nanoparticle-modified DNA Sensor Based on
Simultaneous Electrochemical Impedance Spectroscopy and Localized Surface Plasmon Resonance.
Biosens. Bioelectron. 2014, 53, 513–518. [CrossRef] [PubMed]

17. Hung, V.W.S.; Cheng, X.R.; Li, N.; Veloso, A.J.; Kerman, K. Electrochemical Detection of Amyloid-Beta
Aggregation in the Presence of Resveratrol. J. Electrochem. Soc. 2013, 160, G3097–G3101. [CrossRef]

18. Veloso, A.J.; Chow, A.M.; Ganesh, H.V.S.; Li, N.; Dhar, D.; Wu, D.C.H.; Mikhaylichenko, S.; Brown, I.R.;
Kerman, K. Electrochemical Immunosensors for Effective Evaluation of Amyloid-Beta Modulators on
Oligomeric and Fibrillar Aggregation Processes. Anal. Chem. 2014, 86, 4901–4909. [CrossRef] [PubMed]

19. Castillo, G.; Trnkova, L.; Hrdy, R.; Hianik, T. Impedimetric Aptasensor for Thrombin Recognition Based on
CD Support. Electroanalysis 2012, 24, 1079–1087. [CrossRef]

20. Yu, H.Z. Self-Assembly on “Recordable CDs”. Anal. Chem. 2001, 73, 4743–4747. [CrossRef] [PubMed]
21. Escamilla-Gómez, V.; Campuzano, S.; Pedrero, M.; Pingarrón, J.M. Gold Screen-Printed-Based Impedimetric

Immunobiosensors for Direct and Sensitive Escherichia Coli Quantisation. Biosens. Bioelectron. 2009, 24,
3365–3371. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/ac3003227
http://www.ncbi.nlm.nih.gov/pubmed/22424137
http://dx.doi.org/10.1021/ac303181q
http://www.ncbi.nlm.nih.gov/pubmed/23276205
http://dx.doi.org/10.1007/s00216-013-6904-3
http://www.ncbi.nlm.nih.gov/pubmed/23529415
http://dx.doi.org/10.1149/05028.0015ecst
http://dx.doi.org/10.1016/j.bios.2013.10.003
http://www.ncbi.nlm.nih.gov/pubmed/24220345
http://dx.doi.org/10.1149/2.014307jes
http://dx.doi.org/10.1021/ac500424t
http://www.ncbi.nlm.nih.gov/pubmed/24784791
http://dx.doi.org/10.1002/elan.201200041
http://dx.doi.org/10.1021/ac015521z
http://www.ncbi.nlm.nih.gov/pubmed/11605856
http://dx.doi.org/10.1016/j.bios.2009.04.047
http://www.ncbi.nlm.nih.gov/pubmed/19481924
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Surface Plasmon Resonance (SPR) 
	Electrochemical Impedance Spectroscopy (EIS) 

	Results and Discussion 
	Conclusions 
	References

