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Abstract

The ability of rapid detection of low analyte concentrations, in particular of biomarkers,
microorganisms and their products, or pharmaceuticals, is of fundamental importance in many
fields, including clinical diagnostics, food control, and environmental screening.
Immunochemical biosensors and assays combine the excellent selectivity provided by
antibodies with highly sensitive detection based on various readout techniques. This habitation
thesis presents a commented summary of 22 scientific papers focused on advanced
immunoanalytical techniques, to which | have contributed as a corresponding author, first
author, or co-author. After introducing the field of immunosensing, the thesis starts with label-
free biosensors and continues through catalytic and luminescent labels to the detection by laser-
induced breakdown spectroscopy. Numerous assays were developed for a wide range of
analytes, starting from small molecules (pharmaceuticals, mycotoxins), through proteins
(disease biomarkers), to bacteria (Salmonella, honeybee pathogens). The research was focused
not only on testing new methodologies but also on the practical applicability of the sensors, as
represented by a large focus on the analysis of representative real samples.
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1 Commentary to Habilitation Thesis

This habitation thesis presents a commented summary of 22 scientific papers published
between 2014 and 2021, to which I have contributed as a corresponding author, first author, or
co-author. All these publications are focused on immunochemical biosensors and assays;
however, they are based on different sensing schemes and the detection of various analytes.
After introducing the field of immunosensing, the thesis starts with label-free biosensors and
continues through catalytic and luminescent labels to the detection by laser-induced breakdown
spectroscopy. The research was focused not only on testing new methodologies but also on the
practical applicability of the sensors, as represented by a large focus on the analysis of
representative real samples.

The label-free sensors especially provide rapid and straightforward analysis, making
them suitable for in-field detection, especially of larger analytes. The thesis discusses the
development and performance of biosensor based on electrochemical impedance spectroscopy
for Salmonella and quartz crystal microbalance biosensor for aerosolized biological warfare
agents. We have also focused on biosensor surface modifications by plasma-polymerized films
and their application in surface plasmon resonance biosensing.

The catalytic labels are beneficial due to their ability of signal enhancement. Apart from
the conventional use of horseradish peroxidase in a sandwich immunoassay for European
foulbrood diagnosis, the thesis demonstrates advanced approaches based on enzymatically-
catalyzed precipitation for signal enhancement in surface plasmon resonance and the catalytic
Prussian blue nanoparticles as a promising alternative to enzymes.

The luminescence detection was done with photon-upconversion nanoparticles, which
overcome the optical background interference by the ability to be excited in the near IR region,
followed by the emission in the visible range. The methods of their surface modification and
conjugation with biomolecules were thoroughly studied. The conjugates were used for
immunochemical detection of a wide range of analytes from small molecules, through proteins,
to bacteria, demonstrating even the capabilities of single-molecule detection.

Finally, laser-induced breakdown spectroscopy was introduced as a novel way of signal
readout, which is not dependent on the catalytic or luminescent properties of the labels. This
approach was used in the microtiter plate-based immunoassay but also as the readout method
in immunocytochemical imaging.

Roman numerals will be used to address the individual publications in the following text. Full
articles have been reproduced in the appendix with permissions from the respective copyright
holders. Asterisk denotes corresponding author.

I. Farka, Z.; Jurik, T.; Kovaf, D.; Trnkova, L.; Skladal, P., Nanoparticle-Based
Immunochemical Biosensors and Assays: Recent Advances and Challenges. Chem. Rev. 2017,
117 (15), 9973-10042.

Contribution: Literature research, manuscript writing
(Supervision 10%, Manuscript 30%, Research direction 30%)




Il. Farka, Z.; Mickert, M. J.; Pastucha, M.; MikuSova, Z.; Skladal, P.; Gorris, H. H., Advances
in Optical Single-Molecule Detection: En Route to Super-Sensitive Bioaffinity Assays. Angew.
Chem. Int. Ed. 2020, 59 (27), 10746-10773. (Z.F. and M.J.M. contributed equally)

Contribution: Outline of review, literature research, manuscript writing
(Supervision 50%, Manuscript 30%, Research direction 40%)

I11. Farka, Z.; Juiik, T.; Pastucha, M.; Kovat, D.; Lacina, K.; Skladal, P., Rapid immunosensing
of Salmonella Typhimurium using electrochemical impedance spectroscopy: the effect of
sample treatment. Electroanalysis 2016, 28 (8), 1803-1809. (Z.F. and T.J. contributed equally)
Contribution: Design of experiments, development and optimization of EIS immunosensor, characterization of

sensing surface by AFM, data evaluation, manuscript writing
(Experimental work 30%, Supervision 30%, Manuscript 50%, Research direction 40%)

IV. Kovaf, D.; Farka, Z.; Skladal, P., Detection of aerosolized biological agents using the
piezoelectric immunosensor. Anal. Chem. 2014, 86 (17), 8680-8686. (D.K. and Z.F.
contributed equally)

Contribution: Development and optimization of QCM immunosensor, data evaluation, manuscript writing
(Experimental work 50%, Supervision 10%, Manuscript 50%, Research direction 30%)

V. Makhneva, E.; Farka, Z.; Skladal, P.; Zajickova, L., Cyclopropylamine plasma polymer
surfaces for label-free SPR and QCM immunosensing of Salmonella. Sens. Actuators B Chem.
2018, 276, 447-455.

Contribution: Development and optimization of SPR and QCM immunosensors, characterization of sensing
surface by AFM, data evaluation, participation in manuscript writing

(Experimental work 30%, Supervision 10%, Manuscript 30%, Research direction 20%)

VI. Makhneva, E.; Farka, Z.*; Pastucha, M.; Obrusnik, A.; Horac¢kova, V.; Skladal, P.;
Zajickova, L., Maleic anhydride and acetylene plasma copolymer surfaces for SPR

immunosensing. Anal. Bioanal. Chem. 2019, 411 (29), 7689-7697.

Contribution: Design of experiments, development and optimization of SPR immunosensor, characterization of
sensing surface by AFM, data evaluation, manuscript writing
(Experimental work 20%, Supervision 50%, Manuscript 50%, Research direction 40%)

VI1I. Makhneva, E.; Barillas, L.; Farka, Z.; Pastucha, M.; Skladal, P.; Weltmann, K. D.; Fricke,
K., Functional Plasma Polymerized Surfaces for Biosensing. ACS Appl. Mater. Interfaces
2020, 20 (14), 17100-17112.

Contribution: Development and optimization of SPR immunosensor, data evaluation, participation in manuscript
writing

(Experimental work 20%, Supervision 10%, Manuscript 20%, Research direction 20%)

VIII. MikuSova, Z.; Farka, Z.*; Pastucha, M.; Polachova, V.; Oboiilova, R.; Skladal, P.,
Amperometric Immunosensor for Rapid Detection of Honeybee Pathogen Melissococcus
plutonius. Electroanalysis 2019, 31 (10), 1969-1976.




Contribution: Design of experiments, preparation of immunization antigen and antibody, optimization of
electrochemical immunosensor, data evaluation, manuscript writing
(Experimental work 30%, Supervision 80%, Manuscript 50%, Research direction 80%)

IX. Farka, Z.; Jutik, T.; Pastucha, M.; Skladal, P. Enzymatic Precipitation Enhanced Surface
Plasmon Resonance Immunosensor for the Detection of Salmonella in Powdered Milk. Anal.
Chem. 2016, 88 (23), 11830-11836.

Contribution: Design of experiments, development and optimization of precipitation-enhanced SPR assay,
characterization of precipitation reaction by AFM, data evaluation, manuscript writing

(Experimental work 40%, Supervision 50%, Manuscript 50%, Research direction 50%)

X. Farka, Z.*; Cunderlova, V.; Horagkova, V.; Pastucha, M.; Mikuova, Z.; Hlavacek, A.;
Skladal, P., Prussian Blue Nanoparticles as a Catalytic Label in a Sandwich Nanozyme-Linked
Immunosorbent Assay. Anal. Chem. 2018, 90 (3), 2348-2354. (Z.F. and V.C. contributed

equally)

Contribution: Design of experiments, bioconjugation and characterization of PBNPs, development and
optimization of sandwich assay, data evaluation, manuscript writing

(Experimental work 40%, Supervision 60%, Manuscript 60%, Research direction 60%)

XI. Hlavacek, A.; Farka, Z.; Hiibner, M.; Horndkova, V.; Némecek, D.; Skladal, P.; Knopp,
D.; Gorris, H. H., Competitive Upconversion-Linked Immunosorbent Assay for the Sensitive

Detection of Diclofenac. Anal. Chem. 2016, 88 (11), 6011-6017.

Contribution: Design of experiments, bioconjugation and characterization of UCNPs, development and
optimization of competitive immunoassay, data evaluation, participation in manuscript writing
(Experimental work 30%, Supervision 10%, Manuscript 30%, Research direction 20%)

XII. Hlavagek, A.; Peterek, M.; Farka, Z.; Mickert, M. J.; Prechtl, L.; Knopp D.; Gorris, H. H.,
Rapid single-step upconversion-linked immunosorbent assay for diclofenac. Microchim. Acta

2017, 184 (10), 4159-4165.

Contribution: Development and optimization of competitive immunoassay, data evaluation, participation in
manuscript writing
(Experimental work 20%, Supervision 10%, Manuscript 20%, Research direction 10%)

XIIl. Peltomaa, R.; Farka, Z.; Mickert, M. J.; Brandmeier, J. C.; Pastucha, M.; Hlavacek, A.;
Martinez-Orts, M.; Canales, A.; Skladal, P.; Benito-Pefia, E.; Moreno-Bondi, M. C.; Gorris, H.
H., Competitive upconversion-linked immunoassay using peptide mimetics for the detection

of the mycotoxin zearalenone. Biosens. Bioelectron. 2020, 170, 112683.

Contribution: Design of experiments, bioconjugation and characterization of UCNPs, development and
optimization of competitive immunoassay, data evaluation, participation in manuscript writing

(Experimental work 30%, Supervision 30%, Manuscript 30%, Research direction 30%)

XIV. Polachova, V.; Pastucha, M.; Mikusova, Z.; Mickert, M. J.; Hlavacek, A.; Gorris, H. H.;
Skladal, P.; Farka, Z.*, Click-conjugated photon-upconversion nanoparticles in an
immunoassay for honeybee pathogen Melissococcus plutonius. Nanoscale 2019, 11 (17),
8343-8351.




Contribution: Design of experiments, preparation of immunization antigen and antibody, bioconjugation and
characterization of UCNPs, development and optimization of sandwich immunoassay, data evaluation,
manuscript writing

(Experimental work 20%, Supervision 80%, Manuscript 50%, Research direction 80%)

XV. Kostiv, U.; Farka, Z.; Mickert, M. J.; Gorris, H. H.; Velychkivska, N.; Pop-Georgievski,
O.; Pastucha, M.; Odstr¢ilikova, E.; Skladal, P.; Hordk, D., Versatile bioconjugation strategies
of PEG-modified upconversion nanoparticles  for  bioanalytical  applications.

Biomacromolecules 2020, 21 (11), 4502-4513. (U.K. and Z.F. contributed equally)
Contribution: Design of experiments, bioconjugation of UCNPs, development and optimization of sandwich
immunoassay, data evaluation, participation in manuscript writing

(Experimental work 30%, Supervision 40%, Manuscript 40%, Research direction 40%)

XVI. Pastucha, M.; Odstréilikova, E.; Hlavacek, A.; Brandmeier, J. C.; Vykoukal, V.; Weisova,
J.; Gorris, H. H.; Skladal, P.; Farka Z.*, Upconversion-linked Immunoassay for the Diagnosis
of Honeybee Disease American Foulbrood. IEEE J. Sel. Top. Quantum Electron. 2021, 27 (5),

6900311.

Contribution: Design of experiments, preparation of immunization antigen and antibody, bioconjugation and
characterization of UCNPs, development and optimization of sandwich immunoassay, data evaluation,
manuscript writing

(Experimental work 20%, Supervision 80%, Manuscript 50%, Research direction 80%)

XVII. Farka, Z.; Mickert, M. J.; Hlavacek, A.; Skladal P.; Gorris, H. H., Single Molecule
Upconversion-Linked Immunosorbent Assay with Extended Dynamic Range for the Sensitive
Detection of Diagnostic Biomarkers. Anal. Chem. 2017, 89 (21), 11825-11830. (Z.F. and
M.J.M. contributed equally)

Contribution: Design of experiments, optimization of single-particle microscope setup, bioconjugation and
characterization of UCNPs, development and optimization of sandwich immunoassay, data evaluation,

manuscript writing
(Experimental work 40%, Supervision 20%, Manuscript 40%, Research direction 20%)

XVIII. Mickert, M. J.; Farka, Z.; Kostiv, U.; Hlavacek, A.; Horak, D.; Skladal, P.; Gorris, H.
H., Measurement of Sub-femtomolar Concentrations of Prostate-Specific Antigen through
Single-Molecule Counting with an Upconversion-Linked Immunosorbent Assay. Anal. Chem.
2019, 91 (15), 9435-9441. (M.J.M and Z.F. contributed equally)

Contribution: Design of experiments, bioconjugation and characterization of UCNPs, development and
optimization of sandwich immunoassay, data evaluation, manuscript writing
(Experimental work 30%, Supervision 20%, Manuscript 30%, Research direction 30%)

XIX. Brandmeier, J. C.; Raiko, K.; Farka, Z.*; Peltomaa, R.; Mickert, M. J.; Hlavacek, A.;
Skladal, P.; Soukka, T.; Gorris, H. H., Effect of Particle Size and Surface Chemistry of Photon-
Upconversion Nanoparticles on Analog and Digital Immunoassays for Cardiac Troponin. Adv.

Healthc. Mater. 2021, 10 (18), 2100506.

Contribution: Design of experiments, bioconjugation and characterization of UCNPs, development and
optimization of sandwich immunoassay, data evaluation, manuscript writing




(Experimental work 20%, Supervision 30%, Manuscript 30%, Research direction 30%)

XX. Farka, Z.*; Mickert, M. J.; MikuSova, Z.; Hlavacek, A.; Bouchalova, P.; Xu, W.; Bouchal,
P.; Skladal, P.; Gorris, H. H., Surface design of photon-upconversion nanoparticles for high-
contrast immunocytochemistry. Nanoscale 2020, 12 (15), 8303-8313. (Z.F. and M.J.M.

contributed equally)

Contribution: Design of experiments, optimization of microscope setup, bioconjugation and characterization of
UCNPs, development and optimization of ICC assay, data evaluation, manuscript writing

(Experimental work 40%, Supervision 40%, Manuscript 50%, Research direction 40%)

XXI. Modlitbova, P.; Farka, Z.; Pastucha, M.; Potizka, P.; Novotny, K.; Skladal, P.; Kaiser, J.,
Laser-induced breakdown spectroscopy as a novel readout method for nanoparticle-based

immunoassays. Microchim. Acta 2019, 186, 629.

Contribution: Design of experiments, development and optimization of sandwich immunoassay, data evaluation,
participation in manuscript writing

(Experimental work 40%, Supervision 30%, Manuscript 30%, Research direction 30%)

XXII. Porizka, P.; Vytiskova, K.; Oboftilova, R.; Pastucha, M.; Gabris, 1.; Brandmeier, J. C.;
Modlitbova, P.; Gorris, H. H.; Novotny, K.; Sklé&dal, P.; Kaiser, J.; Farka, Z., Laser-Induced
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Contribution: Design of experiments, bioconjugation and characterization of UCNPs, development and
optimization of ICC assay, data evaluation, manuscript writing

(Experimental work 20%, Supervision 40%, Manuscript 50%, Research direction 50%)
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2 Introduction (Papers I and I1)

The capability to rapidly detect small analyte concentrations, particularly of low-abundance
biomarkers, is critical for diagnosing diseases in their early stages. The majority of bioaffinity
methods are employing antibodies;! 2 however, also aptamers® and molecularly imprinted
polymers (MIPs)* can be used for specific capture of the target analyte. Antibodies with high
affinity can be prepared against generally any analyte molecule. The limit of affinity,
represented by a binding constant, is approximately 10*® M™1,® which is worse than 10 M?
in the case of (strept)avidin-biotin interaction.® Due to the relatively large size of antibodies,
single binding site antibodies (camelids) are also attracting attention recently.” Aptamers are
beneficial due to their easier large-scale production, and MIPs excel in chemical stability. MIPs
are particularly suitable for detecting small molecules with a rigid structure. However, they are
less suitable for the detection of bigger, more flexible analytes, as proteins.

Two approaches can be used for the detection of binding events: (i) Label-free assays
exploit the possibility to generate a signal directly upon analyte binding to the detection
element. (ii) The so-called sandwich format is based on binding a second affinity reagent
bearing a label that provides signal generation. Both approaches can be carried out in a
competitive (or inhibition) mode, based on competition of immunoreagents for a limited
amount of binding sites, resulting in lower signals for higher analyte concentrations. The first
immunoassays were based on radioactive labels;® however, these were soon replaced by
enzymes, which allow higher safety. Furthermore, a single enzyme molecule can generate a
high number of measurable product molecules (signal amplification step). The enzyme-linked
immunosorbent assay (ELISA) is nowadays considered as a method of choice for quantitative
analysis of various analytes, from clinical diagnosis, through food control, up to environmental
protection.

Throughout the past 60 years, the progress in immunoassays was primarily focused on
enhancing sensitivity, specificity, and reproducibility. Even though ELISA can detect
picomolar analyte concentrations, even higher sensitivities are necessary. Only a few toxin
molecules can be harmful,® individual infectious viruses or bacteria can initiate a disease,® and
trace cancer biomarker quantities indicate the onset of a malignant transformation.°
Furthermore, developing immunoassays with higher sensitivity is critical to allow discovering
new biomarkers, which cannot be analyzed using the current methodology.t? 12

The conventional ELISA is carried out the laboratory conditions and is based on
relatively long incubation times and several washing steps. Therefore, the recent development
in the field aims also at faster analysis, with higher throughput and smaller sample
consumption. Such assays allow on-line analysis, e.g., at the bedside for clinical tests,*3 or in
the field for environmental or military applications. Such methods are often referred to as point-
of-care (PoC) tests.™ It is preferred to use samples that require minimal invasiveness during
their collection, such as urine or saliva. Furthermore, assays without washing steps are desired.
The most famous PoC test based on antibodies is the home pregnancy test, the representative
of lateral flow immunoassays (LFIAs), which were developed in the 1980s.'® The user-friendly
operation, along with the possibility to provide reliable results, is necessary to allow the PoC
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test to be used in predictive, preventive, personalized, and participatory medicine, commonly
termed P4 medicine.®

The group of label-based bioaffinity assays can be further divided according to the used
detection label (Figure 1). (i) Enzymes represent the most widespread approach, whereas
(ii) fluorescent molecular labels are generally easier, without the requirement of the product
generation step. However, the fluorescence immunoassays (FIAs) are typically limited by the
fluorescence of the background. Furthermore, fluorescence readout was adapted in
homogeneous assays based on fluorescence polarization and methods based on signal
amplification (e.g., based on Immuno PCR). Significant progress regarding the limitation of
background fluorescence was achieved by the development of time-resolved (TR) approaches
that exploit lanthanide-based labels with long lifetimes (us) compared to small fluorophores
(ns).}” The time-gated approach is based on the luminescence excitation, which is not directly
followed by the signal acquisition, but the measurement is delayed by a few pus, so the
autofluorescence signal decays, and only specific lanthanide signals are measured. The
dissociation-enhanced lanthanide fluorescent immunoassay (DELFIA) is currently the most
widespread commercially available TR approach.'®

Radioimmunoassay
(RIA) 1959

“background-free”

Enzyme-linked

. immunosorbent assay
Nanopffgc:e-bas'*d (ELISA) 1971 Molecular labels
abels

“signal amplification”
1

g N\ [ l N [ ) )
Organic  Jdee | anthanides
Substrate Fluorophores
| = Liposomes Bead array assays
Colloidal gold | | u mul:igl_’;m 5 ]
= Plasmonic NPs ) Chemi- P 9
Chromogenic | | inescent Fluorescence
Lateral flow = Quantum dots “background- 5:0;72)251\2%: _
assays (LFA free” :
‘Iy97(9 ) UCNPs Fluorogenic TlESETE G T|mde;res:_o ved
[~ “background- Immuno (DEEFTK)%BS
free” PCR 1992 _J “background-free”
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Digital immunoassays
\ >

Figure 1: History of the development of label-based immunoassays with optical readout. Radioisotopes
were replaced by enzymes, fluorescent molecules, and nanoparticles. By choosing a suitable readout
method, all these labels can be used for the measurement at the single-molecule level. Reprinted from
Paper 11 under the permission of Creative Commons Attribution-NonCommercial 4.0 International
License.
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As an alternative label type (iii), various kinds of nanoparticles (NPs) are gaining
increasing popularity (Figure 1).2 *® Gold nanoparticles (Au NPs) are widely used for the
readout of LFIAs. Because of their plasmonic properties, Au NPs exhibit strong absorption and
scattering of light, which makes them easily visible by the eye, and the color-based readout is
possible without the need for sophisticated instrumentation. Apart from the plasmonic NPs,
many other types of NPs and nanocomposites are being used for optical detection. Quantum
dots (QDs) represent an alternative to organic fluorophores due to their better photostability
and higher brightness, which is an essential aspect in immunoassay readout. Photon-
upconversion nanoparticles (UCNPs) are another kind of luminescent labels, which allow
excitation by near-infrared light, followed by the emission of light with a shorter wavelength.
This anti-Stokes emission avoids autofluorescence and light scattering, leading to detection
without optical background interference.?’ Nanocontainers (e.g., liposomes) can be packed by
many fluorescent molecules to generate strong signals. Compared to the enzyme-based labels,
which produce the fluorophores in situ from the non-fluorescent substrate, the fluorophores
encapsulated in nanocontainers can be released on demand, limiting the self-quenching inside
the confined environment.?! Furthermore, various mixed detection schemes, e.g.,
electrochemiluminescence, can be employed to generate strong signals without background.

Overall, the various detection schemes present different advantages and disadvantages
in terms of sensitivity, analysis time, miniaturization potential, etc. Therefore, a suitable
method has to be chosen not only concerning the target analyte but also for the intended
application and user base.

13



3 Label-Free Biosensing

3.1 Electrochemical Impedance Spectroscopy Biosensing of Salmonella
(Paper 111)

Electrochemical immunosensors are receiving increasing focus because they can combine
highly sensitive measurements with portability and low cost. Electrochemical impedance
spectroscopy (EIS) is a technique, which allows the measurement of small changes in the
interface between the electrode and solution. EIS provides a fast response in combination with
high sensitivity and potential for real-time measurement and miniaturization.?? When used in
biosensors, EIS provides insight into the individual immobilized layers and coating on the
electrode in general. The EIS measurement is based on applying a low-amplitude sinusoidal
potential (or current) through the electrochemical cell with the electrolyte solution, typically
ferro/ferricyanide. The output current (or potential) is then measured over a range of
frequencies by a potentiostat, allowing the calculation of the impedance parameters. Compared
to the other electrochemical techniques, including cyclic voltammetry, the applied potential is
smaller, preventing the undesired influence on biomolecular layers and binding processes.?®

The biosensors based on EIS typically employ antibodies immobilized in the electrode,
directly capturing the target analyte. The accumulated mass hinders the electron transfer; this
is evaluated as the increase of impedance. This allows operation in label-free mode, providing
robust and straightforward analysis. The label-free EIS can be used for rapid analysis of
pathogens within small sample amounts.

Our research focused on Salmonella enterica serovar Typhimurium, a non-typhoidal
strain, which is one of the leading causes of gastrointestinal diseases. Salmonella is a gram-
negative bacterium, which can cause diarrhea, fever, and abdominal spasm within 12 to 72 h
after infection. In the worst scenario, Salmonella can enter blood, bones, brain, or nervous
system, which can cause even lethal infections.?* The infection is typically caused by
consuming contaminated food.? Salmonella can be present in raw animal food products,
including meat, eggs, and unpasteurized dairy products. There are globally 94 million cases of
gastroenteritis and 155,000 deaths attributed to Salmonella each year.?® According to the
Centers for Disease Control and Prevention (CDC), there are 1.2 million illnesses and 450
deaths per year in the United States caused by non-typhoidal Salmonella strains.?® This
highlights the danger of Salmonella to human health and the importance of developing devices
that can allow rapid and sensitive Salmonella detection.

The standard approaches allowing the detection of Salmonella include traditional
cultivation-based methods, ELISA, and polymerase chain reaction (PCR). The cultivation-
based approaches are considered a gold standard for Salmonella detection because of the high
sensitivity and selectivity. However, the long analysis times (5-7 days) with labor-intensive
procedures do not allow using cultivation for rapid screening purposes.?” The ELISA can
provide sensitive results generally within 24 h.?® Usually, a time-consuming pre-enrichment
step is necessary to increase the bacteria count in the samples.?® PCR overcomes the sensitivity
and analysis times on conventional methods; however, it requires expensive instrumentation
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and trained personnel to carry out the s,
analysis.®® Furthermore, the above-
mentioned methods are typically

cysteamine
NH
l HS” 2

limited only to laboratory conditions g\
and do not allow PoC operation.
glutaraldehyde

We have developed .an EIS l PN,
approach for the detection of
Salmonella Typhimurium, based on a
: P —s NN,
simple, easy to fabricate, and low-cost
immunosensor. The screen-printed \¢/
electrodes (SPEs) were modified by a anti-Salmonella 1gG \(
self-assembled monolayer of

cysteamine, followed by binding of —S/\/NWN\/\/\“
glutaraldehyde and specific antibody \
(Figure 2). The increase of impedance

after incubation with the sample Figure 2: Scheme of antibody immobilization (blocking
revealed the presence of bacteria. PY BSA not shown) and the design of the SPE electrode.
Reprinted from Paper Il with permission. Copyright 2016

Different sample treatment methods Wiley-VCH.

(viable bacteria and combinations of

heat-treatment and sonication) were tested to find the optimal way of sample preparation
regarding the specificity of the chosen antibody. The achieved results have shown that the
antibody did not exhibit the necessary affinity towards native Salmonella. After the heat-
treatment (80 °C, 40 min), the affinity of the antibody to the microbe increased significantly.
This allowed reaching a limit of detection (LOD) of 7x10* CFU/mL with a wide linear range
up to 108 CFU/mL. The treatment by heat does not present significant technical difficulty for
the real sample analyses. Furthermore, it can even be beneficial to work with the killed or
weakened bacteria due to the reduced level of pathogenicity.

To improve the sensitivity further, the Salmonella cells were disrupted by sonication.
The sonicated heat-treated sample has shown a higher level of specific binding than whole
cells, resulting in an LOD of 1x10° CFU/mL; the linear range was up to 108 CFU/mL. The total
analysis time (including the incubation of the sensor with the sample) was 20 min. The
treatment by sonication is also not a technical problem for practical analysis. Even though
additional instrumentation is required, sonication is beneficial because it is less time-
consuming than heat-treatment. The presence of bacteria on the sensor surface was confirmed
by atomic force microscopy (AFM; Figure 3). It was shown that the sensor captured a large
number of cell fragments, with the size and structure corresponding to heat-treated and
sonicated bacteria adsorbed on the glass.

In the case of the cross-reactivity with E. coli K-12, only negligible increases of
impedance were observed, confirming the excellent selectivity of the method. Because both
Salmonella and E. coli are relatively similar gram-negative bacteria, a low level of cross-
reactivity can also be expected in the case of more phylogenetically distant bacteria.3!
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The practical applicability of the sensor was demonstrated by the analysis of real
samples of milk spiked with Salmonella. The electrode had to be washed thoroughly after the
incubation with complex samples; insufficient washing was connected with the increase of
non-specific signals. The detection capabilities in the case of complex samples decreased
slightly compared to the detection in the buffer, resulting in the LOD of 9x10% CFU/mL and
linear range up to 107 CFU/mL. These results are comparable to the infection dose of
Salmonella® and highlight the potential of the developed method.

30
/A ¢ Dblank . .
25- - 104 . Ay <
] s 10° . Syt
204 v 10° . oy oy
— 7 sy ¢
9‘; . +« 10 . i =
:" 15"’ < 108 * Ly * <«
N i > 2 L '. B,y ©® «
: 6 b0 e e
071 Nl "I.v.’,-‘:‘‘.:,.‘A::-*":<
~ e ATv s
] @00,
8 "~
o ] Au-cys-GA-Ab/BSA
T T T T T T T T T T Y T
0 10 20 30 40 50 60
Z' (kQ)
30
C + blank
254 = 10°
4 5
20 106 ..l':
_ 20+ v 107 .
315 e &%
g 7] <« 10 o )1
e o
10 - .
&
5] X
1 Au-cys-GA-BSA
O b T L T 2 T i T b T T

0 10 20 30 40 50 60
Z' (kQ)

Figure 3: (A) EIS response of the SPE immunosensor to different concentrations of heat-treated and
sonicated Salmonella; (B) AFM scan of the electrode after binding (error signal); (C) negative control
(no antibody on the surface); (D) AFM scan of the blank electrode. Reprinted from Paper Il with
permission. Copyright 2016 Wiley-VCH.

3.2 Quartz Crystal Microbalance Biosensor for Aerosolized Bacteria
(Paper 1V)

In 1959, Sauerbrey described the dependence between the resonant frequency of quartz sensor

and the mass accumulated on the sensor surface, which led to the development of the

microgravimetric biosensing approach — quartz crystal microbalance (QCM). QCM allows

detecting binding events based on the measurement of changes of frequency of the quartz
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resonator.®® The great advantage of QCM is the ability to provide the results in real-time,
finding applications in monitoring of surface modifications, adsorption/desorption effects, and
binding interactions. When the analyte is captured on the surface, it increases the loaded mass,
which can be directly estimated from the decrease of the resonance frequency.

We employed the QCM biosensor for the detection of bioaerosols. Airborne
microorganisms (bacteria, viruses, fungi, etc.) are an integral part of the environment. Bacteria
can be spread to the air by natural as well as anthropogenic sources; the misuse of pathogens
can result in targeted biological attacks.3* 3 Modern history has shown that the potential of
abuse of biological warfare agents is very high.%

The contamination of outdoor and indoor air by bacteria can infect a large number of
people within a short timeframe.3” The detection of bioaerosols is difficult due to the low levels
of target bacteria, combined with a potentially complex sample matrix containing pollen grains,
mold, fungi, dust, and ubiquitous microbial organisms.*® Further interferences might be caused
by industrial products, which are emitted into the atmosphere in large quantities. The low
visibility and lack of odor present additional challenges for sampling and analysis. In contrast
to chemical agents, also the delayed effect of biological agents has to be considered, leading to
a potentially large number of casualties before protective steps are taken.%® The bioaerosols can
contribute to the spread of epidemics and pandemics in places with high population densities.
In such cases, rapid detection and identification of the pathogen are critical to allow early
treatment. Therefore, the specific detection of bacteria in the air is of particular importance also
during peacetime.

The bioaerosol analysis consists of two critical parts: collection of the bioaerosol and
detection of the bacteria. The systems for the collection of bioaerosols (samplers) have been
extensively developed in recent years;*® their function can be based on various physical
principles.*

The two main approaches for the detection are based on the analysis of general
biological compounds in the air or specific detection of target bacteria. The non-specific
detection is typically based on optical methods, exploiting the fluorescence of the molecules
present in biological systems (ATP, NADH, tryptophan, etc.).*" %> These systems, however,
cannot differentiate between pathogenic and non-pathogenic bacteria, and the presence of
atmospheric pollutants with fluorescence properties can interfere with the analysis.*®
Furthermore, this principle is only useful for living bacteria, and it does to allow detection of
spores, as they exhibit only low ATP levels.** The specific detection of bacteria typically
exploits culture-based techniques, PCR,* 46 Raman spectroscopy, or mass spectrometry.*’ The
culture-based methods are time-consuming and usually require collection of samples for
subsequent laboratory analysis. The PCR is highly sensitive; however, various interfering
substances can be present in the complex samples, which hinders the analysis.*® Therefore,
PCR is often combined with other methods to prevent false-positive results.*® In the case of
MS, the widespread use for in-field detection is limited mainly by the requirement of vacuum
and extensive instrumentation in general.

We have employed the immunosensor technology to overcome these disadvantages,
aiming at quick-response, real-time, and on-site detection. First, a bioaerosol chamber was
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constructed for safe and controlled dissemination of biological agents and applied for
experiments with model bacterial aerosols of E. coli (Figure 4A). The samples were
disseminated using a piezoelectric humidifier, distribution of bioaerosol inside the chamber
was achieved using three 12-cm fans. The disseminated bacteria were collected and
preconcentrated using the wetted-wall cyclone SASS 2300; the analysis was done using the
on-line linked QCM immunosensor. The measurement was fully automated; the flow system
was used for the on-line delivery of the samples from the cyclone to the QCM, allowing to
perform one detection cycle within 16 min. The achieved LOD of E. coli in the bioaerosol was
10* CFU/L of air, based on the amounts of the disseminated microbe (Figure 4B). The whole
experiment, including sample collection, detection, sensor surface regeneration, and bioaerosol
chamber ventilation, took 40 min. The reference experiments based on cultivation showed that
the disseminated amount of E. coli was reduced, probably because of the surface adsorption,
desiccation, and mechanical stress caused by the cyclone. The great benefit of the developed
detection system is the possibility of entirely remote operation; the users do not come into
contact with potentially dangerous microorganisms during the experiments. Furthermore, the
system is fully portable (desk-top size) and requires only power and ethernet connections.

The achieved results proved the suitability of the developed QCM immunosensor
combined with cyclone sampling to detect aerosolized bacteria. In the future, multiplexed
detection based on monoclonal antibodies specific to different pathogens can allow
comprehensive screening of the air quality in a reasonably short time. The system based on
single-step analysis provides the necessary simplicity, robustness, and reliability, making it a
suitable option for in-field applications.

W W B o- PBS

10°
E. coli in air (CFU-L™)

Figure 4: (A) The constructed bioaerosol chamber. (B) Calibration curve for the QCM detection of
E. coli in bioaerosol. The inset shows the binding curves of samples captured by the cyclone. Adapted
from Paper IV with permission. Copyright 2014 American Chemical Society.
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3.3 Plasma-Polymerized Surfaces for SPR Biosensing (Papers V-VII)
Surface plasmon resonance (SPR) biosensors are based on the oscillations of electrons in
conduction bands of metal films (typically gold) upon the excitation by light. This effect
strongly depends on the dielectric constant of the environment® and can be exploited in
immunosensing because the biological interactions lead to the changes in oscillation frequency.
The measurement can be based on changes of intensity, angle, refractive index, or phase of the
reflected light.>

The SPR biosensors can be divided into two main groups: (i) propagating SPRs (PSPRs;
also simply referred to as SPRs) and localized SPRs (LSPRs).>? The excitation of PSPR is
typically done on continuous metal thin films using a prism or grating. The resonance then
spreads along the metal/dielectric surface to a distance up to hundreds of micrometers.>® In the
case of the LSPR, the plasmon resonance is not propagating and is excited on nanostructured
metal surfaces. The properties can be adjusted by the size, shape, or composition of the
nanostructures or nanoparticles.>*

The SPR experiments are typically done in a direct,>® sandwich,® or inhibition format.>’
The direct assays are useful for bigger analytes that provide a sufficient response upon binding
(Figure 5). The sandwich assay is based on a two-step procedure. The antibody first binds the
analyte as in the direct format, followed by the capture of secondary antibodies (potentially
labeled with enzymes or nanoparticles) to enhance the signal.>® The inhibition assay is based
on mixing the analyte with respective antibodies, followed by the injection to the flow cell
containing a chip with a known amount of immobilized analyte. The binding of free antibodies
from the solution is evaluated to determine the analyte concentration.

To efficiently immobilize the capture molecules to the sensor surface, coatings bearing
chemical groups that allow the formation of covalent bonds are typically used.>® ®° Apart from
the amount of the functional groups, sufficient layer stability under various conditions is
necessary. Typically, the biomolecules are immobilized via primary amines or carboxyl

groups; therefore, there should be either Antigens
carboxyls or primary amines available on Plasiia
the surface to provide immobilization via polymer Antibodies

the common carbodiimide / N-
hydroxysuccinimide zero-length coupling
reactions providing amide-based bonds.
Numerous methodologies were
investigated for surface modification with
the desired chemical groups. Typically,
wet-chemical procedures are being used,
including binding of thiols on the surfaces
of noble metals.® However, these
methods are time-consuming and often

require the use of aggressive chemicals.  Figure 5: Scheme of SPR immunoassay in direct
Alternatively, plasma format. Adapted from Paper VII with permission.
Copyright 2020 American Chemical Society.
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polymer films on various surfaces in a fast and eco-friendly procedure without the requirement
of washing steps or reagent additions. Physical plasma is (partially) ionized gas consisting of
photons, electrons, positive and negative ions, atoms, free radicals, and excited or non-excited
molecules. Generation of plasma can be done by applying energy at low-, atmospheric-, or
high-pressure conditions. Non-thermal plasmas are gaining increasing attention in many
applications due to the possibility to provide enhanced gas-phase chemistry with high
concentrations of chemically active species without the need for increased gas temperatures.
The prepared plasma-polymerized (PP) coatings typically exhibit high branching and cross-
linking, excellent adhesion to practically any surfaces, and high stability.

The amine-rich PP coatings are the most commonly used and studied to allow
biomolecule immobilization and cell binding.%> ¢ The use of amine-rich PP films was
demonstrated in biosensing, cell proliferation, and other biological applications.®* % Compared
with the conventional layers, e.g., carboxymethylated dextran (CMD), faster and more cost-
effective layer preparation can be achieved by employing plasma processes. PP films with
carboxyl groups are usually prepared by plasma polymerization of various acrylates.®
Alternative approaches can be based on gas mixtures of CO2 and ethylene®’ or deposition from
maleic anhydride (MA). The MA-based coating provided a highly reactive surface; however,
the polymerization required fine-tuning as the layer was initially not sufficiently stable.5®

We have explored different ways of surface modification by PP films for biosensing
applications. First, we explored amine-based PP films composed of cyclopropylamine (CPA).
The pulsed plasma polymerization of CPA can be used to prepare reactive nitrogen-containing
films in a fast and eco-friendly way. As the layer stability is one of the critical aspects, we have
first investigated the behavior of CPA PP films in aqueous media. The immersion in the buffer
for 18 h before the glutaraldehyde activation turned out to be a critical step in maintaining long-
term layer stability. The FT-IR and ellipsometry showed that the number of amine groups
decreased, which was connected by the decreases of thickness by up to 17% after the immersion
in the buffer. The results were explained by the hydrolysis of enamines or imines in the CPA
PP; the chemical changes without thickness losses were caused by the hydrolysis of nitriles.
The activation by glutaraldehyde led to the growth of a 5-7 nm thick film of glutaraldehyde
and its oligomers. This surface was used to immobilize antibodies against human serum
albumin (HSA) or Salmonella for the biosensing experiments. Furthermore, regeneration with
10 mM NaOH allowed multiple measurements with a single sensor.

Since the commercial SPR sensors are most commonly based on carboxyl-containing
layers,% we have also examined the field of carboxyl-rich PP films. In our preliminary study,
we have demonstrated the potential of PP films in SPR biosensing.”® We compared two kinds
of PP films prepared under different plasma conditions; the first was based on polymerization
from gas mixtures of maleic anhydride, acetylene, and argon (MA/C2H/Ar; Figure 6A), the
other on the mixture of CO>, ethylene, and argon (CO2/C2H4/Ar). The capacity of both surfaces
to bind anti-HSA antibody was demonstrated, and the specific binding of HSA showed the
biosensing potential. The layer based on CO2/C2Hs exhibited lower stability and smaller
binding capacity, which resulted in the drift of the baseline and small response upon HSA
injection. In contrast, the film based on MA/C:H: allowed efficient immobilization of the
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antibody and provided a stable baseline signal, which resulted in a higher response to HSA
compared to the immunosensor based on CO2/CzHa.

Based on these results and with the aim to develop a robust biosensing layer, we
continued studying the preparation and properties of films based on MA/C;H,. We carried out
a systematic comparison of MA/C2H PP films with sensors based on a mixed self-assembled
monolayer of mercaptoundecanoic acid with mercaptohexanol (MUA/MCH) and with
carboxymethylated dextrans (2D and 3D CMD) in term of the performance in the detection of
HSA (Figure 6B). Compared with MUA/MCH and 2D CMD layers, the MA/C2H2 PP films
showed better performance, demonstrated by about two times higher signals. On the other
hand, the sensor based on 3D CMD still exhibited higher performance, especially providing a
wider working range. This, however, can be explained by the significantly smaller surface area
of the planar PP film compared to the 3D CMD.
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Figure 6: (A) Scheme of sensor surface modification by MA/C;H, PP film with subsequent
immobilization of the antibody via EDC/NHS chemistry. (B) SPR binding curves of HSA on antibody-
modified MA/C;H; PP film. Adapted from Paper VI with permission. Copyright 2019 Springer.

In our next contribution, we used a high frequency-driven atmospheric-pressure plasma
jet (APPJ; Figure 7) to prepare PP coatings based on 1,2,4-trivinylcyclohexane (TVC),
tetrahydrofurfuryl methacrylate (THFMA), and a mixture of thereof. THFMA was selected
because of the presence of the vinylidene group that can form polymers chains and
tetrahydrofuran (THF) group, which served as a protective group against the breakdown of the
THFMA. TVC contains three vinyl groups, which makes it effective as a monomer, but TVC
also served as the source of carbon functionalities to adjust the carbon content and stability of
the resulting PP films. Under plasma-induced polymerization conditions, the THF or
cyclohexane ring-opening can happen, which results in further polymer chain cross-linking.
Both the TVC and the THFMA are non-toxic, which fits the eco-friendly procedure of plasma
polymerization.
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The behavior of the films in an
aqueous environment was studied. The
highest stability was observed in the case
of ppTVC, which contained the lowest
amount of oxygen. In the case of
ppTHFMA and ppTHFMA-co-TVC,

more significant thickness losses occurred | Sicie

during the initial storage in water,
however, with no impact on the chemical
composition. After the stabilization for
24 h in liquid, all films have shown a high
level of stability. The initial losses of film
thickness can be explained by the removal
of loosely bound oligomers from the film
surface. AFM has demonstrated that the
thickness losses were connected with the
formation of characteristic morphological
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Figure 7: Scheme of the atmospheric-pressure plasma
jet (APPJ; left) and photograph of the operating APPJ
(right). Reprinted from Paper VII with Permission.
Copyright 2020 American Chemical Society.

features. These led to an increase in the surface area and can be beneficial for the
immobilization of a higher amount of antibody, resulting in higher sensor sensitivity.

After the immobilization of the specific antibody, the PP-modified chips were used for
the SPR detection of HSA. We have demonstrated that not only the number of functional
groups affect the sensitivity of the measurement, but also the layer morphology is an essential
factor. The ppTHFMA-co-TVC layer with the highest surface roughness provided the largest
binding capacity. The sensors exhibited an excellent level of stability; the regeneration allowed
to perform up to 9 measurements with a single sensor. The achieved LOD of 50 ng/mL is
comparable with the performance of the 3D CMD chip, which confirms that the PP films are a
promising alternative to the conventional surface modification techniques.
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4 Catalytic Labels

4.1 Amperometric Detection of M. plutonius (Paper VIII)

Amperometric biosensors are devices based on the measurement of the current, corresponding
to the analyte concentration, as a function of electrode potential or time. The amperometric
methods can be used to determine the redox potential of the analyte, its electrochemical activity
(adsorption, interaction with modified layers, electrocatalysis), but they are also sensitive to
the changes of the electrode surface. In the case of amperometric catalytic biosensors, a suitable
enzyme (or multi-enzyme system) is typically immobilized on the electrode, which catalyzes
the transformation of the analyte; the concentration is determined from the measured current.
In the case of amperometric immunosensors, the most common approach is based on labeling
the analyte with a tracer (antibody conjugated with suitable enzyme); the analyte concentration
is determined from the current measured upon the addition of the substrate solution.

The most common potential-controlled (potentiostatic) measurement techniques
include (i) chronoamperometry based on the measurement of a current at a fixed potential in
time; (ii) single-potential amperometry based on the measurement of direct current as a
function of the potential difference between two electrodes, and (iii) multiple-potential
amperometry based on sweeping the potential in time and recording the corresponding current
in the whole potential window.?

We have developed a chronoamperometric biosensor for the detection of Melissococcus
plutonius, the causative agent of honeybee disease European foulbrood (EFB). EFB can
typically be found in honeybee larvae up to five days of age, which get infected by the ingestion
of food contaminated with M. plutonius. Upon the infection, the larvae color changes from
white to yellow or brown, and larvae usually die displaced in the brood cells instead of normal
coiled position.”* Because the infection can affect a large percentage of the brood, it can
severely weaken the colony or even cause its collapse.

It is crucial to prevent the uncontrolled spreading of the EFB to limit the economic and
environmental consequences of the honeybee colony losses. Therefore, there is a high demand
for methods that can detect M. plutonius in the stages of EFB infections, ideally in the PoC
format. The typical detection approach is based on the microscopic evaluation of smears
stained by carbol fuchsin. However, the sensitivity of this approach is not high enough to reveal
the EFB in its early stages. Cultivation-based methods traditionally exhibit very high sensitivity
at the cost of high time demands. However, in the case of EFB, the analysis is complicated by
the low cultivation recoveries of M. plutonius and overgrowing by secondary invaders.” The
sensitivity, time-requirements, and throughput of the conventional methods can be overcome
by using molecular detection methods based on either DNA or antibodies. Nowadays, real-
time PCR is considered the gold standard for laboratory confirmation of M. plutonius.” Even
though antibody-based methods are widely used to detect various pathogens,’? they are not yet
commonly used in the EFB diagnosis. There are no antibodies against M. plutonius
commercially available; the need to prepare the antibodies in-house is clearly one of the factors
limiting the faster growth of antibody-based methods for EFB. There is only a single report on
the ELISA for the laboratory detection of M. plutonius.’® Furthermore, an LFIA assay for EFB
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was recently reported.” However, it allows only qualitative disease confirmation, suggesting
room for more sensitive approaches.

To start working in the field of EFB diagnosis, we have first prepared a rabbit
polyclonal anti-M. plutonius antibody, and tested it in an ELISA assay.”” To develop an
amperometric immunosensor based on a sandwich assay (Figure 8A), the antibody was
immobilized to the gold working electrode via a self-assembled monolayer of cysteamine and
glutaraldehyde. As the tracer, antibody conjugated with horseradish peroxidase (HRP) was
used to provide electrochemical readout based on reducing the enzymatically oxidized
3,3",5,5 -tetramethylbenzidine (TMB). Due to the use of the sandwich format, the effect of the
complex sample matrix was suppressed compared to the label-free procedure based on EIS.
Therefore, the amperometric approach is preferred for the analysis of complex samples of bees
and larvae. The specific capture of M. plutonius on the sensor was verified by AFM. Even
though the electrode exhibited substantial roughness, the bacteria were clearly visible.

The achieved LOD was 6.6x10* CFU/mL for the pure bacterial sample in the buffer,
and the sensor provided a working range up to 10° CFU/mL (Figure 8B). In the case of the
real sample analysis, LODs of 2.4x10° and 7.0x10° CFU/mL were achieved for homogenized
bees and larvae, respectively. The experiments with P. alvei as a negative control confirmed
the high selectivity of the assay. The achieved sensitivity, together with a short analysis time
of 2 h, confirm the suitability of the developed sensor in PoC diagnosis of EFB.

A H,0, B
H,0 . -0.01 1

-0.02 +

Al (uA)

-0.03 1

\
|
1
I
1
I
I
1
-0.04 1
N\ 4 TMBOX TMB4 10° CFU-mL"!
N, 2e~ -10 0 10 20 30 40 50 60

t(s)

Figure 8: (A) Scheme of an amperometric immunoassay for the detection of M. plutonius.
(B) Amperometric response traces after the addition of TMB in the M. plutonius detection. Adapted
from Paper V11 with permission. Copyright 2019 Wiley-VCH.

4.2 Enzymatic Precipitation-Enhanced SPR Detection of Salmonella
(Paper 1X)

In recent years, various kinds of nanoparticles are being employed to enhance the performance
of SPR immunosensors. For example, the application of gold nanoparticles in a sandwich
format allowed to significantly increase the refractive index in the Salmonella detection.”
Magnetic nanoparticles can provide signal amplification due to the increased refractive index
and the immunomagnetic preconcentration.”” However, the nanoparticle-based labels often
suffer from a higher level of non-specific interactions compared to smaller molecules. To
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overcome this limitation, a method of amplification based on enzyme-catalyzed precipitation
of solid product on the sensor surface was developed.”® 7 The approach found application
mainly in electrochemical sensing, with reports on the detection of prostate-specific antigen
(PSA),2% 8 carcinoembryonic antigen (CEA),® as well as E. coli.®

We introduced a method for the detection of Salmonella using SPR immunosensor
enhanced by biocatalyzed precipitation. Our strategy aimed to develop a highly sensitive,
robust, and straightforward assay while maintaining a reasonably short analysis time. The assay
was based on the formation of sandwich immunocomplex of capture antibody, Salmonella, and
HRP-conjugated detection antibody (Ab.-HRP). The HRP then catalyzed the conversion of
4-chloro-1-naphthol (4-CN) to insoluble benzo-4-chlorocyclohexadienone, which served as the
signal enhancement step (Figure 9A).
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Figure 9: (A) Scheme of biocatalyzed precipitation-enhanced SPR detection of Salmonella. (B) SPR
sensorgrams of the final step of biocatalyzed precipitation enhancement for different Salmonella
concentrations. (C) Calibration curve. The inset shows the measuring chip after the precipitation
reaction (antibody-modified channel — left, reference — right). Adapted from Paper X with permission.
Copyright 2016 American Chemical Society.
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At the concentration of 10" CFU/mL, the signal change after precipitation enhancement
was 40x higher than the signal with the bare bacterium. A closer look at the SPR signal changes
in binding and reference channels revealed that even though some response was observed for
the non-specific binding of Salmonella, there was practically no signal change upon injection
of Ab-HRP conjugate. This led to the increase of the ratio between the binding and reference
channel from 3.5 (after Salmonella binding) to 8.6 (after biocatalyzed precipitation). Even
though the injection of Salmonella in a very low concentration of 100 CFU/mL led to signal
change comparable to the level of noise, the following precipitation reaction allowed to
increase the signal to clearly distinguishable levels, allowing to reliably determine even very
low Salmonella concentrations (Figure 9B).

With the increasing concentration of bacteria, the measured signal increased
exponentially. This suggests that several Ab>-HRP conjugates can be bound on a single
Salmonella cells, leading to the precipitation of a large number of 4-CN molecules. This is a
significant advantage to nanoparticle-based signal amplification, which leads only to linear
enhancement of the signal.3* The obtained dependence of log(AR) on log(c) was linear from
102 to 108 CFU/mL, and the LOD was evaluated to be 100 CFU/mL (Figure 9C).

The total assay time was 60 min, which is substantially shorter than the conventional
methods for the detection of bacteria, including cultivation (~ days),® ELISA (~ 10 h),® and
PCR (~ hours).8”-8 The analysis time is also shorter than in other reports on the amplification
of SPR response with nanoparticles while achieving similar or better LOD.”® 8 Furthermore,
the real-time operation of SPR can reveal higher bacteria concentrations in a short time upon
sample injection (~ 10 min), allowing a rapid reaction even before the signal amplification is
finished.

After the measurement, the SPR chip was removed from the system and analyzed by
the AFM. It was visible already by the naked eye that there was more precipitate formed in the
measuring channel compared to the reference. AFM revealed the presence of bacteria and a
large number of precipitate particles (~ 22,000 particles on the area of 20x20 um?). Even
though the reference channel also contained some precipitate particles, the number was
significantly lower (~ 3,000 particles on 20x20 um?). The 6.9-fold difference in the number of
precipitate particles found by AFM corresponds to the 8.6-fold difference in SPR response for
the same concentration. A closer look at the individual Salmonella before and after the
precipitation revealed the presence of precipitate particles, leading to a three times increase of
the height upon the precipitation (Figure 10).

To demonstrate the applicability of the developed method for analyzing real samples,
Salmonella was detected in powdered milk. Although immunosensors used specific antibodies
to ensure selective detection, components of complex samples can still exhibit non-specific
binding towards the sensor surface. However, as the Ab>-HRP conjugate used in our method
is specific towards Salmonella, the potential non-specific binding is not transferred to the signal
amplification step, contributing to the high selectivity of the method. In powdered milk, the
achieved LOD was 102 CFU/mL, which is deterioration by one order of magnitude compared
to the analysis in the buffer. This was probably caused by the non-specific adsorption of milk
components, which can block some of the antibodies in the sensor surface or conceal some
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epitopes on Salmonella. The IDso (the number of bacteria that have to be ingested to result in
50% infection probability) of Salmonella is considered to be > 10* CFU.8° Furthermore, it was
shown that ingestion of low Salmonella levels below 10> CFU/g does not pose a risk to human
health.®® Therefore, the performance of the developed SPR immunosensor is suitable for the
practical analysis of Salmonella in contaminated food samples.
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Figure 10: 3D representation of the AFM scan of (A) native and (B) precipitate-covered individual
Salmonella cells. (C) Cross-sections of the bacteria evaluated as perpendicular lines in the center.
Reprinted from Paper X with permission. Copyright 2016 American Chemical Society.

4.3 Nanozyme-Linked Immunosorbent Assay (Paper X)

The typical catalytical labels used in immunoassays are represented by enzymes, especially
HRP. However, the enzymes suffer from several disadvantages, including the high cost of their
production, limited stability, and activity reduction upon conjugation with immunoreagents.
The properties of conventional enzymes can be overcome by using catalytic nanomaterials —
nanozymes.®" %2 Compared to the biomolecules, the inorganic nanomaterials provide very high
thermal and chemical stability.®® In particular, nanozymes with high peroxidase-like activity
are preferred for immunoassays due to the compatible assay procedure with conventional
ELISA.

Nanozyme production can be done using aqueous solutions and benign precursors,
making the procedure eco-friendly.** The peroxidase-like activity was first discovered for
magnetite nanoparticles (FesOa4), followed by many other nanomaterials, including CeO., CuO,
Co0304, and MnO- nanoparticles, graphene oxide nanoplates, or Prussian blue nanoparticles
(PBNPs).%: %

We have introduced a method for the conjugation of PBNPs with antibodies and applied
the conjugates in a nanozyme-linked immunosorbent assay (NLISA). The conjugation was
based on the modification of the PBNP surface by reductively denatured bovine serum albumin
(BSA), followed by the oxidation of antibodies by sodium periodate and binding them to the
amino group of BSA (Figure 11). We have developed two sandwich NLISA assays, first for
the detection of HSA in urine and the other for the detection of Salmonella in powdered milk.
Because the oxidation of TMB to the blue product was utilized in the assay, the readout could
be done using a standard colorimetric reader without special requirements on instrumentation.

For the analysis of HSA in urine, the possible trace amounts of HSA present in the urine
of healthy donors were first removed using centrifugal ultrafiltration on a 10-kDa membrane,
followed by spiking known HSA concentrations. Even though the urine contains various ions,
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which can cause undesired oxidation of
TMB, the heterogeneous format with
several washing steps allowed to
overcome this limitation. As a result,
only small differences were observed
between HSA analysis in the buffer and
urine.  Microalbuminuria,  which
happens due to diabetic nephropathy, is
connected with HSA concentrations
from 20 to 200 pg/mL in the 24 h
specimens.’” The optimized NLISA
provided an LOD of 1.2 ng/mL of HSA
in urine and a working range up to 1
ug/mL (Figure 12). This confirms that
the NLISA is suitable for the practical
diagnosis of microalbuminuria.
Comparing the performance of
NLISA with ELISA based on the same
immunoreagents has shown only a
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Figure 11: Scheme of PBNP-Ab conjugate synthesis. The
PBNPs are modified by denatured BSA to introduce amino
groups on their surface, and the oxidized antibody is
conjugated via the aldehyde groups. Reprinted from
Paper X with permission. Copyright 2018 American
Chemical Society.

small difference in LODs (1.2 ng/mL for NLISA and 3.7 ng/mL for ELISA). The comparable
results suggest that the primary limiting step of the assay is not the detection step but rather the
antibody affinity. Nevertheless, PBNPs offer several practical advantages, including higher
stability, simple and cheap synthesis, and the possibility of catalyzing higher concentrations of
TMB. As the shelf-life of PBNPs is practically unlimited (several years at 4 °C), antibodies are
becoming the main limiting element. Therefore, the overall stability of the detection label could
be, in the future, improved by replacing antibodies with MIPs or aptamers.
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Figure 12: Scheme of sandwich NLISA and calibration curve for HSA detection in spiked
urine. Reprinted from Paper X with permission. Copyright 2018 American Chemical Society.
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The universal applicability of PBNPs as immunoassay labels was also demonstrated by
detecting Salmonella in powdered milk. The incubation with milk served as an additional
blocking step and had a minimum effect on the LOD. The optimized assay provided LOD of
6x10% CFU/mL with a working range up to 108 CFU/mL. This performance is better than the
published ELISA assays that provide LODs between 10* and 10° CFU/mL.% % The
comparison with ELISA based on the same immunoreagents (LOD 3x10% CFU/mL) confirmed
that the choice of antibodies affects the assay performance more significantly than the label.
Overall, PBNPs proved to be a suitable alternative to conventionally used HRP; the detection
of peroxidase-like activity is compatible with standard instrumentation and methodologies.
Furthermore, the nanoparticle-based labels provide higher stability than biomolecules with the
possibilities for cheap and large-scale production.
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5 Photon-Upconversion Nanoparticles

Photon-upconversion nanoparticles (UCNPs) are lanthanide-doped nanocrystals, which exhibit
anti-Stokes emission. The energy transfer upconversion belongs to the non-linear optical
processes and is based on the absorption of two or more photons, resulting in the emission of
a single photon with higher energy (shorter wavelength).*® Compared with other anti-Stokes
processes, including two-photon excitation and second harmonic generation, the excitation of
upconversion can be done at lower energy densities. Even though the upconversion process
was discovered already in the 1960s, % it was only used in the form of bulk crystalline or glass
materials.!®* The composition of inorganic upconversion phosphor is based on a crystalline
host matrix (typically NaYFs) with a dopant included at a low concentration (typically Yb**
and Er¥* or Tm®"). The dopant ensures luminescence, while the crystal structure of the host
lattice provides a matrix to bring the dopant ions into the optimal position.1?

Due to the remarkable progress in nanotechnology, methods for the synthesis of
upconversion nanomaterials were discovered, leading to UCNPs with high luminescence
efficiency. Compared to conventional luminescence labels, such as organic fluorophores or
QDs, UCNPs can be detected without autofluorescence background, they provide large anti-
Stokes shifts allowing easy separation of the excitation and detection channels, exhibit
excellent photostability, and the emission wavelength is tunable to enable multiplexed
detection. 192

The synthesis of UCNPs is typically done in hydrophobic solvents, such as oleic acid
and octadecene. Therefore, their surface has to be modified for biological applications.'® One
of the most widespread surface modification techniques is silanization. It is based on the
hydrolysis and condensation of siloxane precursors, typically tetraethyl orthosilicate'®* with
other derivatives of silane, to provide functional groups for further bioconjugations.'% Other
modification techniques are based on exchanging the hydrophobic surface ligands by ligands
with hydrophilic properties. Ligands bearing phosphonate or carboxylate groups can
coordinate to the lanthanide ions on the UCNP surface; the functional groups on the other end
of the ligand are then used for the bioconjugation.®

Throughout our extensive work in the UCNP field, we have explored different ways of
UCNPs surface modifications and employed the conjugates to develop immunoassays for a
wide range of analytes, from small molecules to bacteria.

5.1 Competitive Upconversion-Linked Immunosorbent Assays

5.1.1 Competitive ULISA for Diclofenac (Papers XI and XI1)

Diclofenac (DCF) is a widely used non-steroidal anti-inflammatory drug. The widespread use
of DCF for cattle treatment in the Indian subcontinent has led to significant vulture population
losses in the 1990s because DCF caused renal failure in vultures feeding on contaminated
carcasses.'®” DCF is one of the most frequently analyzed pharmaceuticals in the water-cycle in
Europe because it cannot be easily degraded in water treatment plants. It was detected in the
amounts of low pg/L wastewater effluents and amounts of ng/L in surface waters,'%®
groundwater, and drinking water.%® The sensitive detection of DCF is typically done by LC-
TOF-MS or high-resolution mass spectrometers.*® However, these methods require expensive
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instrumentation with trained personnel, and the analysis is lengthy. On the other hand, ELISA
assays are highly suitable for analyzing a large number of samples, even in smaller, less-
equipped laboratories.'!

In our pioneering work on the immunoassay based on UCNPs — the upconversion linked
immunosorbent assay (ULISA) — we have synthesized conjugates of UCNPs with detection
anti-mouse antibody and applied them in an indirect competitive assay for DCF (Figure 13A).
We have synthesized oleic acid-capped UCNPs and coated them with a silica shell bearing
carboxyl groups on the surface. This modification was used to improve the water dispersibility
and conjugate antibodies using EDC/sulfo-NHS chemistry.'*2

The coating antigen in a competitive immunoassay has to be, on hand, in low-enough
concentration to allow efficient competition for the binding sites of the detection antibodies,
but, on the other hand, its concentration still has to provide strong-enough signals. To achieve
the optimal assay performance, we have prepared and characterized two different coating
conjugates by modifying bovine serum albumin (BSA) with DCF. The MALDI-TOF mass
spectrometry analysis revealed that the conjugates carried either 5.7 or 10 DCF molecules per
BSA. Even though the conjugate with the higher degree of derivatization provided about twice
as high signals, larger signal fluctuations and hook effect were observed. On the other hand,
the conjugate with 5.7 DCF molecules per BSA provided better signal stability, slightly lower
ICso value (1.2 ng/mL compared to 1.5 ng/mL), and lower LOD. The optimized ULISA assay
provided an LOD of 0.05 ng/mL, which was five times higher than the LOD of a conventional
ELISA (0.01 ng/mL; Figure 13B). However, the ULISA allowed for a faster and easier signal
generation. However, it was most notably a first step in the further development of ULISA
assays that were eventually going to reach a single-molecule sensitivity.
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Figure 13: (A) Scheme of indirect competitive ULISA for the detection of DCF. A microtiter plate is
coated with a BSA-DCF conjugate, dilution series of DCF are prepared in the microtiter plate followed
by the addition of anti-DCF mouse antibody, and the attachment of anti-DCF antibody is detected by a
conjugate of secondary antibody with UCNP. (B) Normalized calibration curves of ULISA and ELISA.
Adapted from Paper XI with permission. Copyright 2016 American Chemical Society.

In the follow-up work, we focused on improving the LOD and reducing the analysis
time by designing a single-step ULISA assay (Figure 14A). For the synthesis of the DCF
tracer, we have prepared a conjugate to DCF with bovine y-globulin (BGG) and conjugated it
on the surface of UCNPs with a carboxylated silica shell. The DCF-BGG conjugate was used
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because it provided structural flexibility between the DCF and the UCNPs, and it prevented
non-specific binding of the tracer to the microtiter plate. Because the UCNP-DCF tracer was
used to directly compete with the analyte DCF for the binding on the immobilized anti-DCF
antibody, the assay was done in a single step. Furthermore, we have optimized a method for
the lyophilization of the tracer, which did not negatively affect its performance even after
prolonged storage at room temperature. The single-step analysis and the possibility of storing
the tracer in a dry state without the necessity of cooling makes the ULISA an excellent option
for environmental analysis in low-resource settings.'*3

The optimized assay provided an LOD of 0.02 ng/mL with a signal-to-background (S/B)
ratio of 82 (Figure 14B). The high value of S/B was enabled by (i) the high brightness of the
used UCNPs with a diameter of 90 nm, (ii) the low level of non-specific interaction due to the
coating with BGG, and (iii) the presence of multiple DCF molecules per single UCNP ensures
efficient competition even when the molar concentration of tracer is significantly lower than
the concentration of DCF. Finally, we have demonstrated the practical potential of the method
on the successful analysis of real samples of drinking and river water.
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Figure 14: (A) Scheme of single-step competitive ULISA for the detection of DCF and (B) calibration
curve. Adapted from Paper XII with permission. Copyright 2017 Springer.

5.1.2 Competitive ULISA for Zearalenone (Paper XIII)
We have also developed an assay for the analysis of mycotoxin zearalenone, based on the

competition with epitope mimicking peptide. Microbial toxins are produced by many
pathogenic microorganisms (bacteria and fungi) and act as their virulence agents. They are
represented by a heterogeneous group of compounds that interfere with biochemical processes,
including the function of membranes, transport of ions, release of transmitters, and synthesis
of macromolecules. Exposure to the toxins either in food or in the environment can cause
significant health problems; the individual symptoms vary significantly between the different
toxins.!* Unlike in the case of viable bacteria, toxins are typically not affected by the heat
processing of the product.

Zearalenone (ZEA) is a non-steroidal estrogenic mycotoxin produced by several fungi
species of the Fusarium genus.'® Even though the acute toxicity of ZEA is relatively low, it is
chronically toxic and has been connected with reproduction disorders of farm animals, mainly
pigs.1t® ZEA exhibits estrogenic, genotoxic, haematotoxic, and anabolic effects.**” Along with
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other mycotoxins, ZEA is often found in agricultural products, including maize, wheat, barley,
rice, and oats.®

Epitope mimicking peptides, also referred to as mimotopes, are used as an alternative
to conventional analyte-conjugates in competitive immunosensing. Such peptides mimic the
epitope of the analyte and allow competition with the native analyte for binding to the antibody.
Even though antibodies with high affinity are required in all immunoassay, competing peptides
with lower affinity can be beneficial for competitive assays. They shift the equilibrium towards
analyte binding, making a smaller amount of analyte produce the same response level.**°

Based on the previously identified amino acid sequence,*?® we have synthesized the
peptide mimetic of ZEA, introduced biotin on its C-terminus, and used it in an ULISA assay
for ZEA detection (Figure 15). The specific anti-ZEA antibody was bound on the surface of
the microtiter plate, allowing competition between analyte ZEA and biotinylated peptide
mimetic. The detection was carried out using the conjugate of UCNPs with streptavidin. The
optimized assay provided an LOD of 20 pg/mL with a working range up to 0.5 ng/mL,
representing a 200-fold improvement of LOD and 3-fold improvement of working range
compared to the previously reported bioluminescence immunoassay with the same peptide
mimetic.1%°
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Figure 15: Scheme of competitive ULISA for ZEA. In the first step, a microtiter plate is coated with
an anti-ZEA antibody, and ZEA in the sample competes with the biotinylated peptide mimetic for a
limited amount of antibody binding sites. In the second step, the conjugates of UCNPs with streptavidin
bind to the biotinylated peptide. Reprinted from Paper XIII with permission. Copyright 2020 Elsevier.
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To confirm the potential of ULISA for the analysis of complex samples, analysis of
ZEA-free maize samples (as confirmed by UPLC-MS/MS) spiked with ZEA was done. The
recoveries between 77% and 105% demonstrate the suitable accuracy for quantitative real
sample analysis. Furthermore, in comparison with UPLC-MS/MS, ULISA is based only on a
simple extraction in methanol and does not require extensive sample pre-treatment. The
achieved performance fulfills the requirements given by the European legislation, which
confirms the suitability of ULISA as a tool for simple analysis of food samples contaminated
by mycotoxins.

5.2 Sandwich Upconversion-Linked Immunosorbent Assays

5.2.1 Detection of M. plutonius with BSA-Modified UCNPs (Paper XI1V)
UCNPs are also highly useful as labels in sandwich immunoassays. We have introduced a

method to conjugate UCNPs with streptavidin based on a copper-free click reaction and used
this conjugate to detect M. plutonius, the causative agent of European foulbrood (Figure 16).
The conjugation was based on strain-promoted cycloaddition between bicyclo[6.1.0]nonyne
(BCN) groups bound on the UCNP surface via BSA and azide-modified streptavidin.!?* Apart
from serving as an intermediate to bind the BCN, BSA also contributes to the reduction of non-
specific binding of the UCNP conjugates.
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Figure 16: Scheme of the conjugation of UCNP with streptavidin based on functionalization of UCNP
surface with alkyne-modified BSA and click reaction with azide-modified streptavidin. The conjugates
are then employed as a label in a sandwich ULISA for the detection of M. plutonius. Reprinted from
paper XIV with permission. Copyright 2019 Royal Society of Chemistry.
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The bioconjugation reaction was followed using agarose gel electrophoresis based on
fluorescence labeling of BSA-BCN and streptavidin-azide. The overlap of the fluorescence
signals, together with the mobility shift, confirmed the successful progress of the conjugation
reaction. Furthermore, the presence of BSA and streptavidin on the UCNP surface was
confirmed by mass spectrometry. After the digestion of proteins on the UCNP conjugates by
trypsin, the UCNP cores were removed by centrifugation, and the samples were analyzed by
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enhancement can be accounted to the high label performance, providing a highly sensitive
readout of anti-Stokes emission and the low non-specific binding. To demonstrate the practical
applicability of the assay, real samples of bees, larvae, and bottom hive debris were analyzed,
representing the typical matrices where M. plutonius has to be detected during the infection by
EFB. The achieved LODs were 540 CFU/mL for bee extract, 8.5x10° CFU/mL for larvae
extract, and 570 CFU/mL for bottom hive debris. The level of M. plutonius in infected apiaries
with clinical symptoms is typically around 10° CFU/mL,*?? demonstrating the suitability of the
developed ULISA for the practical EFB diagnosis in the early stages of the infection.

5.2.2 Preparation of PEG-Modified UCNPs and Analysis of HSA (Paper XV)

In our next work, we have introduced a different strategy for UCNP surface modification based
on coating the particles with a PEG linker and applying the conjugates in a sandwich
immunoassay for the detection of albuminuria marker HSA. For the surface modifications, we
have chosen heterobifunctional PEG with neridronate, and alkyne or maleimide functional end-
groups based on these considerations; (i) PEG can sterically stabilize the particles and resist
the non-specific interactions with surfaces and biomolecules;*? (ii) neridronate shows strong
coordination towards lanthanide ions of UCNPs;!?* and (iii) the alkyne or maleimide groups
can be used for the subsequent conjugation of biomolecules.'? The first conjugation approach
was based on attaching azide-modified antibody or streptavidin to the alkyne groups via click
reaction (Figure 18). Alternatively, the disulfide bonds in the antibody were reduced by TCEP,
and the generated thiol moieties were bound to the maleimide groups.
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Figure 18: Scheme of the preparation of PEG-based conjugates of UCNPs with streptavidin. The oleic
acid on the surface of as-synthesized UCNPs was removed by a ligand exchange reaction with
nitrosonium tetrafluoroborate to prepare water-dispersible nanoparticles. The particles were then coated
with an alkyne-PEG-neridronate linker, and streptavidin-azide was coupled via copper-catalyzed click
reaction.

The prepared bioconjugates were used in the sandwich ULISA assay for HSA detection.
To allow efficient use in immunoassay, the nanoparticle-based labels must provide not only a
high level of modification with biorecognition molecule to allow specific binding, but the
conjugates must also show high uniformity with a small number of aggregates to reduce the
signal fluctuations.

First, we have tested the UCNPs modified by antibody via alkyne-azide click reaction.
Two different ratios between the antibody and NHS-PEG-N3 were tested. Even though higher
signals were observed in the case of conjugate based on antibody with a higher number of azide
molecules, there was no positive effect on the LOD. This can be explained by the higher
number of aggregated conjugates, resulting in higher signal fluctuation. The optimized ULISA
based on these particles provided an LOD of 3.5 ng/mL and a working range up to 1 ug/mL.
In contrast, the antibody conjugates based on maleimide coupling provided higher signals and
slightly lower background, resulting in the improvement of the LOD to 0.24 ng/mL and an
unchanged working range up to
1pg/mL. The conjugates  with 8
streptavidin reached an even lower LOD
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The optimized assay based on streptavidin-conjugated UCNPs was then used for the
analysis of HSA in spiked urine. A slightly higher baseline was observed for the urine
compared to the buffer, which was probably caused by the presence of some HSA levels, even
in the samples from healthy donors. However, this did not affect the ability to specifically
detect the HSA, demonstrating the potential of the method for practical applications.

5.2.3 Detection of P. larvae with PEG-Modified UCNPs (Paper XVI)

Afterward, we have employed the PEG-based UCNP conjugates to detect spore-forming
bacterium Paenibacillus larvae, the causative agent of American foulbrood (AFB). AFB
represents the most dangerous honeybee brood disease and causes significant economic losses
throughout the world.*?® The honeybee larvae are infected by ingesting the fee contaminated
by spores. The spores then germinate and colonize the midgut of the larvae, which is followed
by spreading the bacteria over the midgut epithelium and the body cavity of the larva.?’ The
dead larvae are found as a glue-like mass sticking to the side of the honeycomb cell, which is
used as the typical sign for the AFB diagnosis. Afterward, the bacteria sporulate, and the spores
are spread around the hive by the adult honeybees, which results in the infection of more larvae
by the ingestion of contaminated food reserves. The spores can be found not only in the
diseased larvae and the resulting dry scales but also in adult worker bees, honey, bottom hive
debris, beehive surfaces, and beekeeping equipment.1?

Because the spores are highly resilient, the discovery of infection is usually connected
with burning down the honeybee colonies, as well as the contaminated equipment.?®
Therefore, sensitive diagnostic approaches are required to allow early diagnosis, preventing the
infection from spreading further.®*® The traditional diagnosis of AFB is based on observing the
clinical signs within the hive. Microscopic evaluation of stained smears from diseased larvae
can be used for fast detection; however, the sensitivity of this approach is not high enough to
diagnose the infection in its early stages.3! On the other hand, culture-based methods provide
excellent sensitivity, but the cultivation takes several days, making this approach not suitable
for screening purposes.'® Currently, PCR is considered the gold standard for AFB diagnosis,
as it combines high sensitivity with fast analysis.'®> ** However, PCR-inhibitors and other
contaminants in the honeybee material can complicate the analysis of real samples.*3* The
development of immunochemical methods for AFB diagnosis is generally hampered by the
lack of commercially available antibodies against P. larvae. Even though there was a single
report on the ELISA for the AFB diagnosis,* its sensitivity did not allow detecting sub-clinical
P. larvae levels.

We have prepared a rabbit polyclonal anti-P. larvae antibody and used it in ULISA
assay to allow early diagnosis of AFB. Cell wall fraction of P. larvae was used for the
immunization of two rabbits. However, only one serum was used for further experiments
because the other showed high cross-reactivity with M. plutonius. Even though affinity
purification is generally used to suppress the cross-reactivity of generated antibodies, it was
not possible here because of the complex nature of the used antigen.3® Therefore, all 1gGs
present in the antiserum were isolated by the purification on protein G affinity column.

First, an ELISA assay was used for testing the antibody specificity. To allow performing
a sandwich assay, the antibody was conjugated with biotin, and the conjugate of streptavidin
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with HRP (SA-HRP) was used as a tracer. The assay provided an LOD of 6.5x10* CFU/mL
and a S/B ratio of 34. This performance is comparable with the LOD of 1x10° CFU/mL
published by Olsen et al.;*3> however, it is not sufficient to analyze sub-clinical levels of the
bacterium.

Therefore, the SA-HRP conjugate was replaced by the streptavidin-coated UCNPs
(Figure 20A) in the ULISA assay (Figure 20B). The S/B value of 128 was achieved in the
optimized assay, representing a 4-fold improvement compared to the ELISA. In the case of
negative controls of P. alvei, M. plutonius, and B. laterosporus, only small signal changes were
observed compared to the target bacterium P. larvae. The assay provided an LOD of
2.9x10° CFU/mL (Figure 20C), which is 22 times better than the ELISA with the same
antibody, clearly demonstrating the advantage of the labels based on UCNPs. Finally, the
successful analysis of real samples of bees, larvae, and bottom hive debris showed the potential
of ULISA in the practical diagnosis of AFB.
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Figure 20: (A) Structure of UCNP-PEG-SA conjugate. (B) Scheme of sandwich ULISA for the
detection of P. larvae. (C) Cross-reactivity testing of ULISA with P. larvae as a specific target and
P. alvei, M. plutonius, and B. laterosporus as negative controls. Adapted from Paper XVI with
permission. Copyright 2021 IEEE.

5.3 Single-Molecule Upconversion-Linked Immunosorbent Assays

5.3.1 Digital ULISA for PSA (Papers XVII and XVI1I)

Due to the very low optical background, it is even possible to detect individual UCNPs. We
have developed an approach allowing visualization of single UCNPs under a conventional
epiluminescence microscope and used it in a single-molecule assay of cancer biomarker
prostate-specific antigen (PSA). Prostate cancer is globally the fifth leading cause of death from
cancer and the most often diagnosed cancer type among men.**” PSA is secreted by the
epithelial cells of the prostate in a typical concentration in healthy men below 4 ng/mL; the
increase above this level can be used in the prostate cancer diagnosis.**® When the carcinoma
is removed by the radical prostatectomy, the PSA levels decrease significantly.3® However,
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repeated monitoring of PSA is still necessary
because the increase from levels below 0.1
ng/mL to consistently above 0.2 ng/mL is
connected with the biochemical
recurrence,'® which occurs in up to 40% of
cases after the surgery.**! This highlights the
need for sensitive assays to detect the
recurrence of cancer as early as possible.

In the first step, we have modified an
epifluorescence microscope Nikon Eclipse
Ti-E for the imaging of UCNPs (Figure 21).
The microscope was equipped with a 980-nm
excitation laser, 100x heat resistant
objective, and suitable filter sets to detect
upconversion luminescence of Er- and Tm-
doped UCNPs. For optimizing the setup,

980 nm sCMOS
SR CW laser camera
carboxylated UCNPs with sizes from 37 to

90 nm were immobilized on a glass slide _. ) . .
o o o Figure 21: Scheme of upconversion microscope.
modified by cationized BSA. The excitation The inset shows individual UCNPs as diffraction-

by 980-laser resulted in a very low limited spots. Adapted from Paper XVII with
background that — when there were no permission. Copyright 2017 American Chemical
UCNPs present on the surface — depended SCC1eE-

only on the signal noise of the camera. All tested UCNP types were visible as individual
diffraction-limited spots with a diameter of ~ 400 nm; the number of detected UCNPs was
directly proportional to their concentration.

Microtiter plates with a thin foil (190 um) at the bottom of each well were used in an
immunoassay because of the short working distance of the objective with the high numerical
aperture. The assay was based on the sandwich immunocomplex of the capture antibody, PSA,
and the conjugate of silica-coated UCNPs with detection antibody. First, the upconversion
luminescence was read out by a conventional microtiter plate reader (analog ULISA), followed
by counting the individual immunocomplexes under the microscope (digital ULISA). There
was a small number of upconversion spots visible, in the case of the blank with no PSA in the
samples, which corresponds to the non-specific binding of UCNPs to the surface of the
microtiter plate and defines the LOD similarly as in the conventional immunoassays. However,
compared to the analog readout, digital detection offers several advantages: Because the signal
of an individual label can be reliably distinguished from the background noise, the background
fluctuations do not influence the measurement. Therefore, the LOD is limited only by the
affinity and non-specific binding of the immunoreagents used in the assay. Furthermore, in
contrast to the intensity-based readout, where a few big aggregates can strongly affect the
overall intensity, the digital approach counts the aggregates as single binding events, reducing
their effect on the measured signal.**? This enhances the robustness of the measurement and
indirectly allows for achieving lower LODs.

39



30,000 40,000 £
{ e Digital ULISA &
10,0004 = Analog ULISA =
¢ - e 10,000 3§
5 ] z
> : 2
S 0}
© 1,000 4 i 2
— ¥ 5 L1000 §
100 pg mL"" . 10 Ag ML’ E 3 =
. ’ TS S - Z Tocgee Pl SRl sonssrnsd r z)
‘ , . 1004 e e mm ] [ 5
1 e 2
50 T //[ T T T T T T 100 8
SN PSS =
PSA /pg mL"

Figure 22: Upconversion microscopy images of microtiter plate after binding of serial dilutions of PSA
in 25% serum. The calibration curves yield LOD of 1.2 pg/mL in the digital and 20.3 pg/mL in the
analog mode. Adapted from Paper XV 11 with permission. Copyright 2017 American Chemical Society.

The analog readout of the immunoassay for PSA in 25% serum provided an LOD of
20.3 pg/mL with a working range from 100 pg/mL to 10 ng/mL. This is comparable with the
commercial ELISA assays for the PSA.1* The digital readout of the same microtiter plate
(Figure 22) allowed to lower the LOD by more than one order of magnitude down to
1.2 pg/mL, with a working range from 10 pg/mL to 1 ng/mL. It was not possible to analyze
higher PSA concentrations because the point-spread functions of the UCNPs started to overlap
and did not allow reliable counting. It is also possible to combine both readout options,
extending the overall working range to three orders of magnitude from 10 pg/mL to 10 ng/mL.
The PSA detection in the buffer provided practically identical results, confirming that the 25%
serum has a negligible matrix effect.

In our follow-up work, we have further improved the single-molecule assay scheme by
replacing the conjugates of silica-coated UCNPs with antibody by PEG-coated UCNPs
conjugated with streptavidin (Figure 23). Such conjugate was expected to provide better
performance because (i) the PEG provides resistance of UCNPs against aggregation and
ensures high dispersibility in water; (ii) the steric hindrance of the PEG reduces the level of
non-specific interactions;** 1% and
(iii) the subsequent addition of
biotinylated detection antibody and
streptavidin-coated UCNPs allows
using a relatively high detection
antibody concentration to efficiently
label all PSA molecules while being
able to reduce the UCNP
concentration due to the high affinity

between streptavidin and biotin,14¢ _. _ . . -

. Figure 23: Upconversion microscopy image of a microtiter
which leads to a lower amount of pjate after the specific capture of PSA and a scheme of
non-specifically adsorbed UCNPs.  individual sandwich immunocomplex. Reprinted from Paper

XV with permission. Copyright 2019 American Chemical
Society.
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Compared to our previous study,**” the new assay design lowered the LOD by 50 times.
The comparison of an assay based on Er-doped (LOD 23 fg/mL, 800 aM) and Tm-doped
UCNPs LOD 24 fg/mL, 840 aM; Figure 24A) demonstrated that the advantages of the digital
readout are not dependent on the label type. The three times lower value of ICso further
confirms that the two-step label design provides improved binding kinetics. For the real sample
analysis, random samples of human serum were collected in the hospital and analyzed by
electrochemiluminescence immunoassay as a reference method. The dilution linearity
experiments have shown that human serum has a low matrix effect on the assay, as represented
by the recovery rate fluctuations below 20%. The results from electrochemiluminescence assay
and ULISAs (both analog and digital) were in great agreement, confirming the potential of
UCNPs to be used as a label in assays for the diagnosis of prostate cancer (Figure 24B).
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Figure 24: (A) Calibration curves of the ULISA in the digital (red) and analog (black) mode. The
logarithmic scale of the y-axis highlights the signals in the low PSA concentration range. (B) Correlation
between the PSA concentrations in human serum samples determined by the digital (red) or analog
(black) ULISA and an electroluminescence immunoassay. Reprinted from Paper XVIII with
permission. Copyright 2019 American Chemical Society.

5.3.2 Digital ULISA for Cardiac Troponin (Paper XI1X)

The digital ULISA can be adapted for the detection of other biomarkers by simply exchanging
the immunoreagents. Thus, to demonstrate the universal nature of the approach, we focused on
detecting cardiac troponin, a biomarker of acute myocardial infarction (AMI). Heart diseases
represent the leading cause of death worldwide. There is typically only a short time available
since the symptoms start before the treatment is necessary, creating demand for rapid and
reliable diagnostic assays.**® Cardiac troponin is one of the recommended biomarkers for the
diagnosis of AMI. Because it is located only in myocardial tissue in healthy individuals, its
elevated concentration in blood can indicate the onset of AMI.}*® Cardiac troponin is a
heterotrimeric complex, which consists of three distinct subunits — ¢Tnl, ¢TnT, and TnC.1%
The subunits cTnl and cTnT are present only in the myocardium (heart muscle), and during the
AMI, they are released into the bloodstream.®! 152 The diagnosis of AMI can be made based
on measuring the changes in the cTnl levels.??
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However, cTnl is a challenging analyte for the detection by immunochemical methods
as its recognition by antibodies can be affected by several factors.>* 1> The N- and C-terminal
parts of cTnl are susceptible to proteolytic degradation,'®® favoring the use of antibodies that
target epitopes in the central region.’® In addition, cTnl is typically present in blood in the
form of a binary cTnI-TnC complex,*®® thus, the antibodies should recognize free as well as
complex form cTnl. Furthermore, the epitopes can be phosphorylated or blocked by
autoantibodies or heterophile antibodies, hindering immunochemical recognition.*>® For this
reason, assays for cTnl are often based on the combination of two capture or two detection
antibodies.*>

In our work, we studied the impact of size and surface modification of UCNP labels on
analog and digital ULISA for the detection of cTnl. The size of UCNP-based detection labels
is one of the critical factors affecting assay performance. On the one hand, the particles should
be as small as possible to (i) provide stable dispersions, (ii) minimize the level of non-specific
binding, and (iii) limit the influence of the UCNPs and the immunochemical interaction. On
the other hand, larger size leads to higher brightness of the UCNPs, making them more easily
detectable. Furthermore, we tested two ways of surface modification, based on (i) alkyne-PEG-
neridronate linker and streptavidin and (ii) poly(acrylic acid) (PAA) and antibody; the
corresponding assay schemes are shown in Figure 25.

FA

o d B * )f' -O7

capture Ab cTnl detectionAb SA-PEG-UCNP streptavidin capture Ab  mAb-PAA-UCNP

Figure 25: ULISA configurations for the detection of cTnl with labels based on (A) UCNP-PEG-SA
and (B) UCNP-PAA-Ab. Adapted from Paper XIX under the permission of Creative Commons
Attribution-NonCommercial 4.0 International License.

We found out that the size and surface modification of UCNPs affect the assay
performance more than the difference between analog and digital readout modes. Varying the
UCNPs size affected especially the assays in human plasma; the increasing size resulted in a
higher level of non-specific binding; however, the smaller UCNPs exhibited a slightly higher
degree of aggregation. The highest sensitivity was achieved when using PAA-based UCNPs
with a diameter of 48 nm. Surprisingly, the LODs in human plasma provided by analog
(8.6 pg/mL) and digital (9.8 pg/mL) readout were very similar. This contradicts with the results
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achieved when detecting PSA where digital readout showed significantly higher sensitivity
than the analog one. This discrepancy might be caused by the different affinity of the antibody-
antigen pairs for PSA and cTnl. The analog readout provided a 10-fold lower LOD for PSA
compared to cTnl, and the difference increased to 200-fold in the digital mode. These results
thus suggest that a large enough antibody affinity is required to allow the digital readout to
further increase the sensitivity of the ULISA.

5.4 UCNP-Based Immunocytochemistry (Paper XX)

We have also demonstrated that UCNPs can be advantageously used to label breast cancer
biomarkers in immunocytochemistry (ICC) and immunohistochemistry (IHC). With around
2.1 million new cases reported every year, breast cancer is the second most common type of
cancer worldwide.'®® Even though mammographic screening and advances in adjuvant
systemic therapy help fighting the disease, its incidence continues growing.'®* Human
epidermal growth factor receptors (HER or ErbB) belong to membrane receptors, which play
essential roles in biological processes, including apoptosis and migration, differentiation, and
proliferation of cells. The overexpression of the HER2 receptor on cancer cells happens in 10—
30% of all patients with breast cancer. Due to the association with an increased rate of cell
proliferation, which results in rapid cancer growth and poor prognosis, HER2 is often used as
a biomarker in cancer diagnostics.*°?

IHC allows detecting and localizing antigens within histological tissues, which can be
used to identify cancerous cells.'®® The optimization of protocols and testing of new staining
and labeling methods can be done in ICC, which targets
cultivated cells prepared similarly as the tissue samples. The
most common counterstaining approach is based on the
combination of hematoxylin and eosin (H&E).'®* However, to
allow specific detection of cancer biomarkers, conjugates of
antibodies  with  enzymes,’®  fluorophores,’®®  or
nanoparticles!®’ have to be used. Typically, HRP is employed
to oxidize 3,3’-diaminobenzidine to a brown precipitation
product, which is evaluated by light microscopy.®® The
evaluation of the tissue sections is typically done by a time-
consuming visual inspection by the trained pathologists. To
increase the throughput, the current research focuses on the
automation of imaging and evaluation aided by artificial |
intelligence in so-called digital pathology.*®® However, the
automation requires labels providing high specific signals and Figure 26: Scheme of the 1CC
low non-specific binding.1™ assay. The primary antibody

o . ... binds to the HER2 receptor on the
Due to their high brightness and low non-specific o syrface, followed by a
adsorption, we have explored the capabilities of BSA-based” piotinylated secondary antibody,
and PEG-based'*? conjugates of UCNPs with streptavidin for and detection UCNP-streptavidin
labeling of HER2 biomarker on cancer cells (Figure 26). The Conjugate. Adapted from Paper

. . . . XX with permission. Copyright
conjugates based on PEG provided a higher S/B ratio, 2020 Royal Society of Chemistry.
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probably due to the non-specific adsorption of BSA to the cell surface. The efficiency of
labeling was strongly dependent on the blocking conditions. The S/B ratios were calculated as
the ratio of signals between HER2-positive BT-474 cells incubated with and without primary
antibody, as evaluated by upconversion scanning. Even though the assay buffer based on BSA
and BGG allowed to reach an acceptable S/B ratio of 23, the use of commercial SuperBlock
solution reduced the non-specific binding more efficiently while even slightly increasing the
specific signals (Figure 27). This resulted in the improvement of the S/B ratio by more than
one order of magnitude to 319. This finding agrees with the previous results, suggesting that
the presence of serum proteins is not optimal for achieving low backgrounds in ICC. The
comparison of HER2-positive BT-474 cells with HER2-negative MDA-MB-231 cells under
the same experimental conditions also confirmed a high level of specific binding, producing
40 times higher signals in the case of BT-474. We have also shown that upconversion-based
labeling is compatible with the H&E counterstaining, suggesting good applicability in IHC,
where the H&E is the typical counterstaining method.

The performance of UCNP-based labels was compared with conventional fluorescence
labeling using a conjugate of streptavidin with carboxyfluorescein (SA-FAM). The
fluorescence labeling resulted in S/B value of only 6.1, which is connected with relatively high
background signals due to the cellular autofluorescence and cross-talk between the detection
channels (fluorescein and DAPI). Due to the 50-fold wider dynamic range, the upconversion
labeling allows a much finer distinction of HER2 expression within different cell lines.
Furthermore, the high S/B ratio can enable the application of UCNP labeling for IHC with
automated data evaluation in digital pathology.

DAPI

A

Specific

No primary Ab

Figure 27: Labeling of HER2-positive FFPE BT-474 cells using UCNP-PEG-SA conjugates:
(A) DAPI, (B) upconversion, (C) overlay. Negative control (without primary antibody): (D) DAPI,
(E) upconversion, (F) overlay. Adapted from Paper XX with permission. Copyright 2020 Royal Society
of Chemistry.
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6 Laser-Induced Breakdown Spectroscopy (Papers XXI and
XXI1)

The direct nanoparticle-based immunoassay readout (i.e., not employing catalytic
transformation of the substrate) is typically based on luminescence detection, which combines
high sensitivity and simple instrumentation. However, the requirement of luminescence
properties limits the range of potential labels. Therefore, there is a demand for alternative
readout techniques that would allow universal detection independent of the luminescent or
catalytic properties of the label.

Laser-induced breakdown spectroscopy (LIBS) is an optical emission technique
complementary to the conventional methods in bioimaging.!’* LIBS combines high sensitivity,
rapid analysis, and the possibility to detect halogens and light elements. However, its main
advantage is the possibility of multi-elemental imaging on a large scale (few cm) and with a
high resolution (units of pm).}"? LIBS can be used to detect different kinds of nanoparticles on
various matrices, from the analysis of QDs on a filter paper!” to UCNPs in model organisms.*’*
Furthermore, LIBS can be used for surface mapping, providing information about the 2D or
even 3D element distribution within the sample.}™

We have developed a method for the detection of Ag NPs and Au NPs by LIBS from
the bottom of the conventional 96-well microtiter plate (Figure 28). The optimized setup was
then applied for the readout of a sandwich immunoassay to detect HSA based on streptavidin-
conjugated Ag NPs. The performance of the LIBS-based assay was compared with a
conventional fluorescence readout based on the conjugate of detection antibody with
fluorescein isothiocyanate (FITC). Even though slightly higher sensitivity was observed in the
case of fluorescence, the great advantage of LIBS was the wider dynamic range. Furthermore,
LIBS allows detecting labels without luminescence properties and presents the possibility of
multi-elemental analysis without the necessity to consider spectral overlaps of the conventional

luminescence labels. Scheme Sandwich
In the following work, we pioneered  of the LIBS system immunocomplex
the application of LIBS for the readout of

nanoparticle-labeled ICC sections. The cell
pellets were labeled with UCNPs according
to our previous report!® and the
characteristic signal of the Y Il 437.49 nm
emission line was used to construct the 2D
map of the sample surface with a resolution
of 100 um. The results demonstrated the
ability of LIBS to map the yttrium O[] L L]
distribution and showed a clear difference @ @ AgLIBS signal
between HER2-positive and HER2-negative

Figure 28: Scheme of LIBS immunoassay with
cells. The results from LIBS were then label based on conjugate of Ag NPs with

compared  with  upconversion  optical gyreptavidin, Reprinted from Paper XXI with
microscopy and upconversion luminescence permission. Copyright 2019 Springer.
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scanning. The main advantage of microscopy compared to scanning-based approaches is the
high resolution, which allows studying the target distribution within cellular structures.
However, it is not possible to use conventional optical microscopy to quantitatively determine
the amount of label (and therefore indirectly also of the target antigen) within the whole cell
pellet. The S/B ratio of LIBS was 5, whereas the upconversion scanning of the identical pellets
provided S/B of 159 (Figure 29). Because there was the same amount of UCNPs, the worse
S/B of LIBS was probably given by the lower measurement sensitivity. Despite the successful
results of the preliminary work, further improvements of LIBS are necessary to meet the
practical requirement of IHC, especially in terms of sensitivity and lateral resolution. In the
future, LIBS can significantly improve the multiplexing capabilities in IHC due to the
possibility of using multiple nanoparticle labels without having to deal with spectral overlaps,
as in the case of optical readout.
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Figure 29: Comparison of (A) LIBS and (B) upconversion scanning of BT-474 and MDA-MB-231
cells with HER2 biomarker labeled with UCNP-PEG-SA conjugate. (C) The average intensities
evaluated by the two methods. Error bars correspond to standard deviations of intensities within the cell
pellet. Reprinted from Paper XXII. Copyright 2021 Springer.
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7 Conclusions and Outlook

This thesis has summarized the recent progress in the rapidly developing field of
immunochemical biosensors and assays. This research topic represents an interdisciplinary
effort to combine various kinds of physicochemical transducers with appropriate assay
strategies to achieve highly sensitive and specific detection. Furthermore, the use of
nanoparticles, in particular with catalytic or luminescent properties, can further enhance the
performance of such assays.

The label-free biosensing was represented by EIS biosensor for Salmonella in milk,
QCM biosensor for aerosolized biological warfare agents, and application of plasma-
polymerized layers in SPR biosensing of HSA and Salmonella. Overall, the main advantage of
these approaches is the rapid analysis and simple procedure. However, the sensitivity can be
limited by the lack of the signal-amplification step.

On the other hand, the use of catalytic labels is typically connected with higher
sensitivity and reduced effect of the complex sample matrix, but the analysis requires the
substrate conversion step and, therefore, longer time. Enzyme-based labels were employed in
an amperometric biosensor for the diagnosis of EFB and in precipitation-based SPR assay for
Salmonella. As an alternative to enzymes, we have also used catalytic PBNPs in an NLISA for
HSA and Salmonella. Even though the sensitivity was similar to the conventional ELISA,
PBNPs provide several practical advantages, particularly higher stability and the possibility of
easy synthesis from cheap precursors.

UCNPs allow highly sensitive detection due to the anti-Stokes luminescence and lack
of optical background. We have thoroughly studied the different ways of UCNP surface
modification and conjugation with biorecognition molecules. The conjugates were then
employed in ULISA assays for a wide range of analytes, from small molecules (DCF, ZEA),
through proteins (HSA, PSA, troponin), to bacteria (M. plutonius and P. larvae). UCNPs also
proved useful for labeling HER2 biomarker on the surface of breast cancer cells in ICC
imaging.

Finally, we have explored the possibilities of LIBS as an alternative way of signal
readout not dependent on the catalytic or luminescent properties of the labels. We have
employed it in microtiter plate-based immunoassay for HSA and in ICC detection of HER2
biomarker.

Even though reaching ever lower LODs is one of the main challenges from the scientific
point of view, it is equally important to address the simplicity and robustness of the assay
procedure. An ideal assay should provide results within a few minutes and be based either on
a fully automated system or a cheap disposable sensor that requires minimum manipulation.
The ongoing advances in transducer technology and labels, especially based on nanoparticles,
promise that the performance of immunochemical biosensors and assays will keep improving
in the future. This will be beneficial for the biochemical and biological research field, and for
the large community of immunoassay users in clinical diagnosis, detection of biological agents,
food safety, and environmental protection.
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ABSTRACT: We review the progress achieved during the recent five years in
immunochemical biosensors (immunosensors) combined with nanoparticles for
enhanced sensitivity. The initial part introduces antibodies as classic recognition
elements. The optical sensing part describes fluorescent, luminescent, and surface
plasmon resonance systems. Amperometry, voltammetry, and impedance spectroscopy
represent electrochemical transducer methods; electrochemiluminescence with photo-
electric conversion constitutes a widely utilized combined method. The transducing
options function together with suitable nanoparticles: metallic and metal oxides,
including magnetic ones, carbon-based nanotubes, graphene variants, luminescent
carbon dots, nanocrystals as quantum dots, and photon up-converting particles. These

sources merged together provide extreme variability of existing nanoimmunosensing
options. Finally, applications in clinical analysis (markers, tumor cells, and pharmaceuticals) and in the detection of pathogenic
microorganisms, toxic agents, and pesticides in the environmental field and food products are summarized.
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1. INTRODUCTION

This review focuses on advances in immunochemical biosensors
(immunosensors) combined with nanoparticles for the
enhanced sensitivity of the resulting assays. When reading the
papers published in Chemical Reviews during the recent five years,
we noticed a strong interest in various types of nanoparticles and
other nanomaterials applied for the improvement of biosensors
as well as other bioanalytical assays. The relevant publications
typically concentrated on the type of nano-object being chosen.
On the basis of our long experience in the construction and
application of immunosensors, or biosensors based on antibod-
ies, we find it challenging to set the primary focus on antibodies
and to propose a review of the most promising trends regarding
the combination with nanoparticles for immunosensing, Despite
the numerous attempts to replace them with alternative
recognition molecules (aptamers, biomimetic polymers, artificial
receptors), classic antibodies still remain the most common
recognition elements in research and commercial affinity assays.
Thus, we consider it beneficial to aim the attention of the review
on this point, summarizing the novel nanotrends to improve the
classic immunoanalytical and, in particular, immunosensing
concepts. We believe that such an approach will be interesting for
not only chemists working in the analytical field but also the large
community of immunoassay users within medical (clinical
assays) and biological research.

The targeted scientific resources cover the recent five years,
namely, the period from 2012 to 2016 (September). The initial,
and rather wide, literature search yielded approximately 4500
hits. After manual preselection, 3300 papers were evaluated as
relevant to our field.

The critically selected results cover all possible types of
immunosensors and immunoassays applied usually in heteroge-
neous formats; ie., several separation and washing steps are
involved. Homogeneous formats, providing simplified working
procedures, were rather rare. The initial part introduces
antibodies as classic recognition elements, which, however,
continue to develop and improve the usage of tools from
molecular biology and protein engineering. The sensing
techniques covered mostly optical and electrochemical trans-
ducers. The former area included classic label-based fluorescence
and luminescence but only a few chemiluminescence examples;
advanced label-less surface plasmon resonance was rather
common together with its localized variants. One of the chapters
also discusses the promising surface-enhanced Raman scattering.
Electrochemistry was mainly represented by the simplest
amperometric measurements, followed by voltammetric ap-
proaches and impedance spectroscopy; potentiometric techni-
ques were rare and consisted of miniaturized field-effect
transducers. Furthermore, combined electro-optical techniques,
namely, electrochemiluminescence and photoelectric conver-
sion, proved very fruitful. Special examples of magnetic
transduction are focused both on assays and on imaging
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techniques using magnetic nanoparticles modified with target-
specific antibodies.

The transducing options are combined with all suitable
nanoparticles: metallic and metal oxides, with special attention to
magnetic ones, carbon-based nanotubes, graphene variants, and
luminescent carbon dots. Luminescent nanocrystals are
represented by quantum dots and photon up-converting
particles. Individual sensors also often contain other compo-
nents, including enzymes (peroxidase, glucose oxidase, alkaline
phosphatase) generating redox-active donors/acceptors, molec-
ular fluorophores, and electroactive molecules (e.g., ferrocene).

The above-mentioned groups of transducers and nano-
particles ensure an extremely wide range of potential
combinations, and this precondition is really reflected in the
exceptional variability of the existing nanoimmunosensing
options. Finally, we have tried to provide an overview of
applications aimed especially at clinical analysis, followed by the
detection of pathogenic organisms and toxic agents; the
environmental field and food assay then complement the list.

2. ANTIBODIES

Currently, the detection and quantification of different analytes
exhibits an increasing tendency toward broader application. In
multiple immunoassays, antibodies (Ab’s) are employed as a
biorecognition element, and the utilization in biosensors brings
new tools for analysis in the biochemical, clinical, and
environmental fields. It is commonly known that the high
sensitivity and selectivity of immunosensors to recognize a
biomolecular component are ensured by specific interactions and
the extremely high equilibrium association constants (10" M
and greater) attainable between an antibody and its correspond-
ing antigen.

Antibodies are a unique natural family of (immune system)
related glycoproteins known as immunoglobulins (Ig's),
produced by differentiated B cells in response to the attendant
of an immunogen during an immune response. The role of Ab is
essential to life and plays an unsubstitutable role in the immune
systems of higher animals. A typical mammalian antibody unitis a
heterodimer consisting of two identical long heavy chains
(approximately 450—600 amino acid residues) and two identical
short light chains (approximately 220 residues). The heavy
chains are a large polypeptide subunit and vary between different
animals. These four chains are joined to form a “Y”-shaped
molecule (Figure 1).

Both Ig chains consist of conserved protein structures called
domains corresponding to approximately 110 amino acids. The
light chains have two domains—variable (V; ) and constant (C; ).
The heavy chains also have one variable domain (Vy) and,
depending on the Ig types, another three (in the case of IgG, IgA,
and IgD) or four (in the case of IgM and IgE) constant domains
(Cyl, Cy2, Cy3, Cpy4). The domains are identical between the
two light and two heavy chains. The heavy chains are connected
with each other by covalent disulfide bridges and noncovalent
bonds. Similarly, the light chains are connected to the heavy
chains. The arms of the “Y” consist of the N-termini of each
heavy chain associated with one of the light chains to create two
antigen-binding domains. This region is termed the “antigen-
binding fragment” (Fab fragment or domain). The tail of the “Y”
is formed by a combination of the C-termini of the two heavy
chains and is termed the “crystallizable fragment” (Fc fragment
or domain). Physiologically, the Fc fragment is responsible for
the effector role of the Ig (i.e, the cell receptor interaction,
complement activation, etc.).”

DOI: 10.1021/acs.chemrev.7b00037
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Figure 1., Unique structure of antibodies comprised of four polypeptide units joined together to form a “Y"-shaped molecule—two identical heavy
chains and two identical light chains. The disulfide bonds depicted between C; and Cy1 are relevant for most IgG subclasses, The two Fab’s are antigen-
binding fragments, and Fc is a crystallizable fragment. In the right-hand structure, flexibility is outlined: Fab arm waving (violet), Fab rotation (blue), Fab

elbow bend (orange), and Fc wagging (green).

The chains have another region, known as the hinge region,
located between the Cy1 and Cy2 domains The hinge region
gives flexibility—namely, arm rotation and waving—to the Fab
fragment. The other possible type of flexibility rests in the Fab
elbow bend and Fc wagging.” The hinge region contains a high
amount of proline accountable for the flexibility and sensitivity to
proteolytic enzymes. A controlled scission using proteolytic
enzymes (pepsin or papain) leads to the fragmentation of a
molecule; as well as reaction with disulfide reducing agents. The
sensitivity of IgG subclasses to proteolytic cleavage depends on
the sequence and length of their hinge regions; also, the strength
of the reducing agents plays a role regarding the position of
reduced — $—S— bridges.”

A minimal antigen-binding fragment consisting of Vy; and V|,
chains and referred to as the Fv fragment is obtainable by the
pepsin digestion of F(ab’). A recombinant single-chain Fv (scFv)
fragment contains a small flexible linker between the Vi and V|,
chains and is more stable than the native Fv fragment. The
progress in the molecular recombinant DNA technology allows
scFv fragments retaining the antigen-binding capacity of the
parent immunoglobulin or totally newly designed scFv fragments
to be obtained in a routine manner (Figure 2).%°

Due to the variability of the Vi and Vi domains, the Fab
fragment determines the specificity and ability to interact and
bind the immunogen. This variability is located in three segments
within the domains called hypervariable regions or complemen-
tarity-determining regions (CDRs).” These regions exhibit about
10 amino acids and are usually denoted as CDR1, CDR2, and
CDR3. Each antibody molecule has two antigen-binding sites
formed by the regions, localized at the tip of each arm of the “Y”-
shaped molecule.

The classification of antibodies is based on the sequence of the
heavy chains and the content of carbohydrates. The heavy chains
are highly conserved and can be separated into isotypes or classes
of Ig (4, IgM; 7, IgG; ¢, IgE; a, IgA; 6, IgD). Similarly, the light
chains are described as k and 4, but contrariwise, they are the
same for all Ig classes. Isotypes @ and y have approximately 450
amino acids, whereas 4 and € exhibit 550 amino acids. Over this
diversity, the individual classes of antibodies differ in the
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quaternary molecular structure: IgM has a pentameric structure,
IgA has a dimeric one, and the others are monomers.

As mentioned above, the discussed antibodies are glyco-
proteins, The carbohydrates are localized in the constant
domains of the heavy chains, mainly around the C,;2 and hinge
regions.s The share of carbohydrates is 15% of the heavy chains.
The exact role of the carbohydrate residues is not fully
understood; we can speculate on their relation to catabolism or
to some of the Ig unknown functions. Experimentally, it was
shown that the oxidation or deglycosylation of the Ig does not
affect the change of the molecular structure; only the effector
functionality is affected.”""

The eminent dogma of the structure of antibodies was
reinterpreted by discovering a new antibody type in the
Camelidae species in the 1990s."" Camelids (ie, Camelus
dromedarius, Lama glama) produce heavy-chain antibodies
(hcAb’s) missing the light chains; these antibodies are more
stable than classic antibodies and are capable of strongly binding
antigens. The recombinant variable domain (VyH) of heAb is
commercially produced and called a “nanobody”.'” The items
may possess inherent thermal and protease stability and are able
to bind epitopes that cannot interact with whole antibodies."”
Other heavy-chain antibodies have been isolated from
cartilaginous fish and termed “IgNAR” or “vNAR” (the variable
domain of a new antigen receptor in sharks).'""'* Genetic
engineering allows making, e.g, recombinant fusion products of
nanobodies with the superfolder green fluorescent Eroteinm or
intraspike cross-linked antibodies for HIV therapy.'

Antibodies harvested from blood plasma are mixture products
of many different plasma cell clones, and they react with many
epitopes. The number of producing clones varies on the inducing
epitopes. In practice, it is not possible to isolate specific
antibodies of one clone from these mixtures known as polyclonal
antibodies (pAb’s). The immunoglobulins produced by the
single plasma cell originating clone are specific against one
epitope of the immunogen. These specific antibodies are called
monoclonal and are mainly produced via the hybridoma
technique using the fusion of B-cells with the immortal myeloma
cell line."® Another in vitro technique, known as the phage
display method, is based on selecting recombinant structures

DOI: 10.1021/acs.chemrev.7b00037
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Figure 2. Fragments of an IgG molecule prepared via the application of protease enzymes and disulfide reducing agents. The image includes
recombinant fragments of classic antibodies, i.e., single-chain Fv (scFv) and camelized single-domain Ab (sdAb), also known as ViH or nanobodies,

which can be prepared in the same form by recombinant engineering,

presented on the bacteriophage surface and tested for the
interaction with the target antigen.'”

The specificity and sensitivity of antibodies are crucial
parameters for the construction of immunosensors.”’ Suo et al.
reported a comparative study of the efficacy of seven antibodies
for the binding of the living cells of Salmonella enterica. The
results suggest that an antibody should target a surface antigen
extending out from the bacterial surface and closely attaching to
the bacterial cell wall. In the studied case, the best results were
achieved using antifimbria antibodies.”’

As regards the immunosensing formats, the most common
competitive and sandwich options are shown in Figure 3.

3. NANOPARTICLES FOR IMMUNOSENSING

3.1. Metallic Nanoparticles

3.1.1. Gold Nanoparticles. Because of their unique optical,
chemical, electrical, and catalytic properties, Au NPs are the most
common signal amplification labels for various kinds of
immunosensors and immunoassays, including lateral flow assays,
electrochemistry, colorimetric assays, and plasmonic sensing
(SPR, LSPR, SERS).”* The particular properties and applications
of Au NPs are strongly influenced by their sizes and shapes. The
color of a colloidal Au NP solution is either intense red (2particles
smaller than 100 nm) or dirty yellow (larger particles).”* These
optical properties are caused by localized surface plasmon
resonance. The free electrons of Au NPs undergo oscillation in
the presence of an oscillating electromagnetic field, and
resonance occurs at a specific frequency of the light.”*

The currently most common technique for the synthesis of Au
NPs was developed by Turkevich et al. in 19517 and further
improved by Frens in 1973.”° This method is based on the
chemical reduction of gold salts (e.g., hydrogen tetrachloroau-
rate, HAuCl,) by citrate; the products of the reaction are
monodisperse spherical Au NPs. The particle size and shape can
be controlled by the concentration of the reagents or the selected
reducing agent or by using a surfactant (i.e., cetyltrimethylam-
monium bromide, CTAB).”” Further optimizations of the
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experimental conditions allowed the preparation of Au NPs
with various shapes, such as nanorods,” nanostars,” nano-
clusters,” core—shell structures,” and irregularly shaped NPs.*”

Au NPs have drawn the particular focus of scientists in the
bioanalytical field due to their distinct physical and chemical
properties, including easy preparation and modification, su}zverior
biocompatibility, intensive color, and catalytic activity.n"" Au
NPs enable the conjugation of biological ligands, exploiting the
strong affinity of the mercapto”” and amino™ functional groups
to gold. Au NPs also provide a microenvironment compatible
with biomolecules; thus, their activity remains even after
immobilization. For this reason, Au NPs are often modified
using different biomolecules, such as antibodies, enzymes, or
DNA, to create specific nanoprobes applicable for detecting
various analytes.””

The applications of Au NPs in immunosensing cover the
majority of possible transducers. For example, due to the high
molar extinction coefficient and significant color changes during
aggregation, a number of colorimetric immunoassays have been
developed.™ Fluorescence immunoassays can be constructed on
the basis of the energy transfer between fluorophores and Au
NPs, which causes the quenching of the fluorescence signal.””
The plasmonic properties of Au NPs can be used to amplify SPR
immunosensing,”’ the catalytic properties of Au NPs are
utilizable for the amplification of optical or electrochemical
signals,"' and the electrochemical properties can be exploited in
EIS biosensors.” Many in vitro studies have demonstrated that
Au NPs are generally nontoxic for cells, this being in contrast
with other NPs (e.g., carbon nanotubes and metal oxides).”> The
precondition then enables the application of Au NPs within in
vivo diagnostics and imaging.**

More details about the amplification of the sensor response by
Au NPs are provided in sections devoted to individual
transducers. Au NPs appear to be quite universal and fully
established; the excellent stability compared to that of other
metals in combination with routine procedures for bioconjuga-
tion, pronounced colors, and sensitive plasmon changes makes

DOI: 10.1021/acs.chemrev.7b00037
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them typically the first nanomaterial to be considered for
improving the performance of classic immunoassays.

3.1.2. Silver Nanoparticles. Ag NPs embody the most
common commercially produced type of NPs. They are used as
antimicrobials within multiple consumer products, including
cosmetics, clothing, shoes, and detergents, and as surface
coatings in respirators and water filters."*® Ag NPs are
characterized by an extinction coefficient higher than that of
Au NPs exhibiting the same size and also provide stronger
Raman and fluorescence enhancement,*” which enables their use
in optical applications.*® Moreover, Ag NPs can be oxidized more
easily and offer improved electrochemical activity compared to
Au NPs, making them excellent candidates for detection tags in
electrochemical sensing. However, the practical applications of
Ag NPs in immunosensing are restricted by their significantly
lower stability, more prominent difficulty to functionalize, and
limited biocompatibility compared to those of Au NPs.*’ In
recent years, the application of Ag NPs in immunosensing has
been increasing with the improvement in the relevant methods of
synthesis, stabilization, and functionalization.

Spherical Ag NPs can be synthesized using the Turkevich
method described for spherical Au NPs. Experimentally, due to
its good solubility in polar solvents, AgNO; is the most
commonly used precursor in the preparation of Ag NPs via the
reduction route. The reduction using citrate typically leads to the
production of particles with larger diameters (50—100 nm) and
broad surface plasmon absorption. Smaller spherical nano-
particles (5—20 nm) can be synthesized using NaBH, as the
reducing agent.””>" The Ag NP dispersions are usually stabilized
by poly(vinyl alcohol), poly(vinylpyrrolidone), BSA, citrate, or
cellulose.”

Besides the amplification of traditional immunosensors, Ag
NPs are also used in specialized applications. A metalloimmuno-
assay based on the dissolution of Ag NPs was developed by
Szymanski et al.”> After the sandwich reaction with the Ag NP
label, the Ag NPs aggregated due to the addition of thiocyanate,
and the negatively charged aggregates were attracted to the
positively charged carbon electrode during pretreatment. Once
in direct contact with the electrode surface, the Ag NPs were
oxidized at +0.6 V to form soluble silver ions, which were
immediately complexed by the thiocyanate and detected via
anodic stripping voltammetry.*”

Furthermore, the silver-based enhancement approach is
suitable for the amplification of biosensors based on Au NP
labels. Au NPs can act as a catalyst, reducing silver ions into
metallic silver in the presence of a reducing agent. The reaction
leads to the deposition of silver on the gold surface as the
nucleation site and to the growth of NPs, resulting in signal
enhancement (Figure 4). This approach was originally used to
improve the progerties of microscopic i_mg;ging; the applications
in DNA sensing”” and immunosensing™**” followed.

Even though Ag NPs do not typically show fluorescencent
properties, very small Ag NPs or nanoclusters®*” can be used in
fluorescence applications. The fluorescence of these particles is
assumed to originate from either the quantum states within the
metal core or mixed ligand states at the inorganic—organic
interface.”® There are also reports about the preparation of larger
luminescent Ag NPs. Zheng et al. synthesized fluorescent
polycrystalline Ag NPs with a diameter of 18 nm.”’ The
luminescence was claimed to arise from small domains, with sizes
similar to the Fermi electron wavelength (~0.5 nm), that provide
discrete energy states and permit optical transitions. However,
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Figure 3. Formats suitable for electrochemical immunosensing include
competitive (A, B) and sandwich (C) immunoassays. For competition,
the immobilized recognition molecule can be either an antibody (A) or
an antigen (B, antigen, hapten, or their derivatives); the signal-
generating labeled molecule, or the tracer, includes analyte—NP (A) or
antibody—NP (B1) conjugates. The latter variant can also employ an
unlabeled primary antibody and a secondary labeled antibody (B2). For
sandwich assays, the capture (primary) antibody is immobilized (C),
and a signal is generated using the labeled secondary antibody (C1) or
even the third labeled antibody (C2). The general calibration graphs for
both competitive and sandwich assays are shown in the right-hand
section of the image.

detection antibody

LYy = BTy

»
’k l AuNP/capture antibody
{e g
- Ag*(aq)
hydroquinone

»
Figure 4. Principle of the enhanced response for sandwich immuno-
assays with Au NP-labeled secondary antibodies. Au NPs act as a catalyst
and help to reduce Ag” ions into metallic silver with hydroquinone as a
reducing agent. Based on ref 54.

2

»

no immunoassays based on the direct exploitation of the

fluorescent properties of Ag NPs have been reported thus far.
At present, the secondary signal enhancement step seems to be

the most important role of Ag NPs in the immunoanalytical field,

followed by the important role in the SERS techniques.

3.2. Magnetic Nanoparticles

Magnetic NPs constitute a type of nanomaterial with unique
physicochemical properties and an extremely wide variety of
applications. Due to the good biocompatibility, MPs have been

DOI: 10.1021/acs.chemrev.7b00037
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Figure S. Scanning electron microscopy images of Caco2 cells captured with MB/anti-EpCAM and simultaneously labeled with AuNPs/anti-EpCAM in
the presence of THP-1 cells: (a, b) SEM images (falsely colored with Corel Paint Shop Pro) of a Caco2 cell captured by MBs/anti-EpCAM. (c, d)
Higher magnification backscattered images of the Caco2 cell surface showing AuNPs distributed along the cell plasma membrane. Scale bars: 3 #m (a),
400 nm (b), and 200 nm (c, d). Reprinted from ref 82. Copyright 2012 American Chemical Society.

widely used in biomedical domains such as drug delivery,”®'

hyperthermia,”*®* and magnetic resonance imaging.**** Envi-
ronmental and catalytic applications are no less important.**®”

Analytical applications based on magnetic NPs are represented
mainly by three strategies. The basic strategy is the magnetic
preconcentration of an analyte due to its interaction with
biofunctionalized nanoparticles. In this manner, one can
preconcentrate the analyte, minimize the effect of a sample
matrix with interferents, or attract the immunocomplex onto the
surface of the sensor via an external magnetic field. This is
perhaps the most important and unique advantage. Another
procedure rests in applications where functionalized MPs are
used as tags for the visualization and sensitive detection of
immunocomplexes with a specific analyte. The third common
approach is the integration of magnetic NPs into the transducer
material or the modification of the sensor surface to improve the
analytical signal. In many cases, the aforementioned approaches
are combined and improve the final effects, e.g, the sensitivity,
selectivity, signal-to-noise ratio, and limit of detection.

3.2.1. Magnetic Preconcentration. A very attractive,
simple, and promising field is magnetic preconcentration,
where one can easily separate the analyte from the matrix of
the sample using an external magnetic field and, in the second
step, detect the analyte in the form of an immunosandwich. For
example, magnetic NPs were used for the preconcentration of
myeloperoxidase from human plasma and magnetically en-
trapped on the electrode surface.”® The activity of the
myeloperoxidase was determined via the chronoamperometric
detection of converted TMB. The main advantage consisted of
direct detection without the necessity of any tags. Commercial
Dynabeads were used for the competitive magneto-immuno-
assay.”” Ochratoxin A from diluted instant coffee samples
competed with the enzymatic tracer on the immunobeads, and
after washing, the immunocomplex was measured amperometri-
cally. The LOD in the spiked coffee samples corresponded to
0.26 ug/mL, a value which was, interestingly, comparable to that
of the samples diluted in PBS (an LOD of 0.32 ug/mL).
Magnetic nanoparticles with immobilized primary antibodies
against p24 HIV antigen were also used as the capture probe.”’
The immunocomplex was attracted to the SPE electrode surface,
and the HRP tag consisting of HRP immobilized via the dextrin
amine skeleton on the Au NPs amplified the signal via the
oxidation of catechol by H,0,. The electrochemical response for
the p24 HIV antigen was linear in a wide range, and an LOD of
0.5 pg/mL was achieved. An immunosensor for detecting
phosphorylated butyrylcholinesterase was described by Zhang et
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al.”! The prepared Fe;0,/TiO, NPs selectively interacted with
the phosphorylated moiety, and the complexes were magneti-
cally separated from the human serum samples. The secondary
anti-BChE Ab’s with quantum dot tags made an immunosand-
wich that was analyzed using SPR. In addition, Cd*" ions were
measured using square wave voltammetry. The LOD for the
phosphorylated BChE was at a concentration of 10 pM.
Magnetic NPs with a gold shell and antibodies immobilized in
an oriented manner were used for the preconcentration of the
bovine leukemia virus antigen gp51.”> The screening method for
the clenbuterol in bovine hair was described by Regiart et al,”
who took advantage of a combination between a microfluidic
chip and nanogold-modified screen-printed electrodes. The
competitive indirect immunoassay used magnetic microparticles
with primary Ab’s for the preconcentration of the antigen. The
microparticles were magnetically entrapped on the Au NP-
modified SPE, and a mixture of the analyte and phosphatase-
modified clenbuterol was injected. This combination minimized
the consumption of the reagents and samples to a few microliters
and facilitated an improvement in the detection limit of up to 8
pg/mL. Magnetic preconcentration was also applied on
brevetoxin B in a competitive assay with guanine-assembled
graphene nanoribbons conjugated with brevetoxin B.”* Ru-
(bpy)+Cl, was electrochemically detected on a magnetic carbon
paste electrode, and the signal was proportional to the
concentration of the brevetoxin. Magnetic NPs with specific
antibodies were used for the preconcentration of hepatitis B
surface antibodies.”” Secondary Ab with HRP formed an
immunosandwich, and the produced 2-hydroxy-3-aminophenox-
azine was detected using the DPV technique with a very low
detection limit of 8 ng/L. The strategy of magnetic
preconcentration in combination with an electrochemical
transducer was also used for, e.g,, the impedance detection of
Listeria monocytogenes,”® amperometric detection of iterleukin-
6,7 chronoamperometric detection of Alzheimer’s disease
biomarkers in cerebrospinal fluid, human serum, and plasma,78
and chronoamperometric detection of the human colon
adenocarcinoma cell line as a model of cancer circulating cells
(Figure 5).”” Similarly, the combined detection of cancer cells
and tumor biomarkers was described by Yang et al.** Doubly
functionalized magnetic nanobeads with anti-avian influenza A
(H7N9) and alkaline phosphatase were used for the preconcen-
tration of the target virus."' These immunocomplexed nano-
beads were interacted with an mAb-modified GCE to make a
stable immunosandwich. A double electrode signal was measured
during the enzyme-induced metallization reaction. Anodic
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stripping voltammetry helped to analyze the H7N9 virus with an
LOD of 6.8 pg/mL.

A comparative study of the immunomagnetic separation and
electrochemical detection of Salmonella was proposed by
Brandio et al.** The authors realized the separation of Salmonella
enterica in different media, such as BHI broth or diluted and
whole milk. A slight matrix effect when using mag NPs at a higher
bacteria concentration was shown. Miniaturization and its
combination with nanobiotechnology can provide powerful
and sensitive analytical instruments. Microfluidics combined
with nanostructured microelectrodes has been reported.*
Otieno et al. described sensitive preconcentration using mag
NPs and the ultralow accurate detection of cancer biomarkers,
which can be helpful for the early detection of cancer.
Interleukin-6 and interleukin-8 were detected with ultralow
limits of detection equal to 5 and 7 fg/mL, respectively.

p-Amyloid as an Alzheimer’s disease biomarker was magneti-
cally separated from the whole blood sample and detected using a
portable SERS probe with an LOD of 100 fg/mL.* One
multifunctional nanoplatform was made of a magnetic core—
plasmonic Au shell nanoparticle attached to hybrid graphene
oxide.

3.2.2. Renewable Sensor Surfaces and Modification
Methods. The reusable sensor layer based on immunomagnetic
particles has several advantages, including magnetic preconcen-
tration, ecological aspects, and automation possibilities. This
kind of assay has been described several times for, e.g., the
detection of aminoterminal probrain natriuretic peptides,” a-
fetoprotein,” and phosphorylated p33 protein.”® Electrochemi-
cally active magnetite NPs were described by Cheng et al.” The
magnetic core was interlayered with Prussian blue and AEAPS.
This cluster was coated with gold nanoparticles supporting the
immobilization of anti-Escherichia coli antibodies. The sophisti-
cated system produced a renewable amperometric immunosen-
sor. These four-layer functionalized magnetic NPs were
entrapped on the electrode using an internal electromagnet.
The final size of these combined particles was approximately 100
nm. The observed detection limit corresponded to 4.3 x 10 cfu/
mL E. coli O157:H7. An amperometric magneto-immunoassay
was also developed using core—shell magnetic particles attached
to a carbon paste electrode.” The tracer was used for the specific
label of the captured Legionella preumophila, and the electric
current was recorded after the addition of H,O, in the presence
of hydroquinone.

The sensing signal can be enhanced by enlargement of the
sensor area and thus via increasing its binding capacity.
Electrochemical impedance spectroscopy with a modified
magnetic glassy carbon electrode (MGCE) was used for the
detection of CD146, a biomarker of human malignant
melanoma.”’ Au@Fe;0 @graphene clusters were used to
modify the MGCE electrode and thus to produce a conductive
and extra-area platform for the immobilization of specific
antibodies. The sensor was tested with several interferent
molecules and then applied for detection in real human serum
samples. A wide linear range from 5 pg/mL to 500 ng/mL and a
detection limit of 2.5 pg/mL showed good specificity of this
label-free immunosensor. A new sensing platform for the
ultralow detection (LOD = 0.33 pg/mL) of the CEA was
provided by the modification of the GCE with Fe;O,/porous
graphitic carbon nanocomposites and self-polymerized dop-
amine.”” Mag NPs coated on an ITO electrode were used as the
active layer for the immobilization of mAb anti-Vibrio cholerae.

9979

73

The impedimetric behavior of this system was studied using a
ferro/ferricyanide redox probe.”

A combination of several different nanomaterials is also
common, bringing new options and improved sensor properties.
For example, the GCE was modified using graphene sheets with
thionine, and the magnetic NPs covered by a silver shell were
immobilized through glutaraldehyde chemistry.”® The anti-
kanamycin antibodies were thus immobilized on the surface in
a significantly higher amount. The improved electrical behavior
of the sensor was characterized using cyclic voltammetry and
square wave voltammetry. The ability of the sensor was also
evaluated using real pork samples. Kanamycin was detected in
less than 5 min with an LOD of 15 pg/mL. An electrochemical
sensor for the CEA tumor marker was prepared with an
enhanced electrode layer.”” The GCE electrode was modified
with Au NP-functionalized magnetic carbon nanotubes together
with lead ions (Pb2+/Au/MWCNTs—Fe304). This setup
enhanced the electrochemical signal, and the CEA was detected
with an LOD of 1.7 fg/mL.

QCM sensors are mostly used for the direct monitoring of
emerging immunocomplexes at their surfaces, and magnetic NPs
can be used beneficially for the amplification of QCM-based
bacteria detection. Zhou et al. described a different approach, one
based on monitoring the insoluble product given by the reaction
of 3-amino-9-ethylcarbazole with H,O, catalyzed by the HRP
tag.” First, a change in the monitored frequency was given by the
magnetic attraction of the immunocomplex (CRP and anti-
CRP@MPs) to the QCM sensor. An additional frequency
change arose due to the catalytic reaction and formation of the
insoluble product. Using this amplification, C-reactive protein
was determined in the serum with an LOD of 0.3 pg/mL.

3.2.3, Magnetic Particles as Tags. An analytical signal can
be enhanced using a suitably selected tag. Mag NPs are usable
individually or in combination with other NPs or signal
mediators; for example, the simultaneous detection of tumor
markers was based on the electrochemical determination of two
mag-particle-based probes on the electrode surface.”’” The
primary Ab was immobilized on the poly[l-methyl-3-(1-
methyl-4-piperidinylmethylene ) thiophene-2,5-diyl chloride]-
modified GCE electrode. Two electrochemical probes were
made via the modification of Fe;O, nanoparticles with thionine
and ferrocenecarboxylic acid possessing two separate analytical
peaks after the sandwich-type interaction of a labeled secondary
Ab with tumor markers. The LODs for the squamous cell
carcinoma-associated antigen (SCCA) and carcinoembryonic
antigen corresponded to 4 and § pg/mL, respectively.

Mag NPs coated with streptavidin were used as a tag for the
detection of the PSA using spectral correlation interferometry,
where the change of the thickness of the bioactive layer
consisting of the primary Ab, PSA, biotinylated second Ab, and
mag NPs was monitored.” Compared to other NPs used in the
study, interestingly, the MPs were more effective, and an LOD of
92 pg/mL was achieved. Inmunomagnetic NPs were also used as
an enhancing tag for the direct competitive immunoassay for
okadaic acid monitored using SPR.”” The magnetic preconcen-
tration with SPR was used for the enhanced detection of AFP'"
and human interleukin 17A.'""

Similarly, the core—shell magnetite@Au NPs were used for the
preconcentration of the human epididymis protein 4 (an ovarian
tumor marker) and further SERS detection of this immuno-
complex with an LOD of 100 fg/mL."” The same concept was
also employed to detect E. coli;'™ likewise, the anti-CEA/
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aminothiophenol/Fe;O,—Au tag was used for the improved
detection of the CEA expressed by A459 lung cancer cells.'”*

The analytical response can also be enhanced via special tags
affecting the signal or increasing the amount of mediators. A
controlled release system was developed for the detection of the
SCCA.'” Mesoporous magnetite NPs with encapsulated
toluidine blue (TB) were used as a tag and source of mediator
molecules. The interaction of conjugated Ab’s led to the release
of TB, and the released probe was electrochemically detected by
CV. The strategy of “huge” molecular tags carrying several
electrochemically active molecules is represented by cadmium
ion-doped magnetic poly(styrene—acrylic acid) nanospheres and
carbon nanospheres with protein cage NPs.'™

Enzyme mimic tags are very attractive due to their high
stability and resistance against harsh conditions. There are many
applications of magnetic particles serving as enzyme mimic tags.
A nonenzymatic label based on magnetic beads with immobilized
TMB and CEA was used for competitive binding between this
complex and free analyzed CEA.'"” CV and DPV were used to
monitor the oxidation of ascorbic acid catalyzed by mag beads@
TMB. A low detection limit, 1 pg/mL, was achieved. The
corralite-like nanocomposite Fe;0,/MnO,/Pt mimics perox-
idase activity and was tested as a tag conjugated on the secondary
Ab.' The amperometric signal was proportional to the
concentration of the CEA with an LOD of 0.16 pg/mL. A
hematin-decorated magnetic NiCo,0, superstructure was used
for the construction of an enzyme-free ultrasensitive photo-
electrochemical and electrochemical assay to facilitate the
detection of the CEA.'"

A magnetic immunoassay on porous 3D filters (Figure 6)
made of twisted fibers of polyethylene coated with polypropylene
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Figure 6. Detection of superparamagnetic nanolabels by their nonlinear
response at combinatorial frequencies from the whole volume of the 3D
solid phase located inside a pipet tip. Reprinted from ref 110. Copyright
2013 American Chemical Society.

Frequency (Hz)

(Figure 7) seems to be a promising tool for automatic detection
in various applications. A model experiment was presented on
the detection of the staphylococcal enterotoxin A and toxic shock
syndrome toxin from milk. The antigens were captured using
antibodies covalently attached in the filter, and the immuno-
sandwich arose by interaction with the magnetic NPs labeled
with secondary Ab’s. The mag NPs served as an active signal tag,
and their nonlinear magnetization indicated the presence of an
antigen in the sample.

Magnetic NPs became indispensable for specific preconcen-
tration of analytes present at very low concentrations; the
simultaneous sample cleanup represents an additional benefit.
Unique magnetic properties allowed the proposal of interesting
sensing mechanisms, though the development and transfer to
commercial devices seems to be slow. The applications in
targeted drug delivery will grow. The highest potential exists in
the magnetic resonance imaging for specific contrast enhance-
ment.

3.3. Carbon-Based Nanomaterials

3.3.1. Carbon Nanotubes. Carbon nanotubes (CNTs),
discovered by Lijima in 1991,""" can be considered graphite
sheets rolled up into nanoscale tubes. CNTs can be divided into
two main categories: single-walled carbon nanotubes
(SWCNTs) and multiwalled carbon nanotubes (MWCNTs).
SWCNTs consist of a single sheet of graphene wrapped into a
cylindrical tube. SWCNTSs are typically about 0.4—2 nm in
diameter and 1—100 gm in length, depending on the method
used for their synthesis,. MWCNTS are composed of concentric
cylinders of rolled up graphene sheets; the diameter of
MWCNTS usually ranges between 1 and 10 nm, depending on
the number of sheets. CNTs exhibit metallic or semiconducting
character, according to their chirality and the diameter of the
tubes.''* The chirality can be designated as armchair, zigzag, or
chiral, depending on the axis upon which the CN'T was rolled."

The three main types of CNT synthesis are arc discharge,'"’!
chemical vapor deposition (CVD),'""* and laser ablation.'"®
CNTs were first synthesized using carbon-arc discharge.
Depending upon the catalyst used, this approach provides
MWCNTSs or SWCNTs with a high yield (~90%) and ensures
good control over the dimensions of the synthesized tubes. Due
to the high yield and reproducibility, this technique allows large-
scale commercial production. Chemical vapor deposition is also
catalyst dependent and results in small-diameter CNTs. The
yield of the CNTs is lower, but the created CNT's are significantly
cleaner, and the purification procedures can be simplified. Laser
ablation offers the cleanest CNTs, though at a higher price and
lower yield. All these synthesis technigues provide a mixture of
metallic and semiconducting CNTs."’

1 mm

Figure 7. SEM surface morphology of cylindrical 3D fiber filters obtained with an FEI Quanta 200 scanning electron microscope: left, magnified lateral
surface fragment (500X magnification); center, overview of the lateral surface of the filter (60X magnification); right, top surface fragment (500
magnification). Reprinted from ref 110. Copyright 2013 American Chemical Society.
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Figure 8. Schematic display of the different steps involved in the preparation of the dual electrochemical immunosensor for multiplexed determination

of IL-1/# and TNF-a cytokines. Based on ref 126.

CNTs are often used in immunosensing''® due to their unique
physical and chemical properties, e.g., the high surface-to-volume
ratio, high electrical conductivity, and rapid electrode
kinetics.''”" ' The functionalization of CN'Ts can be performed
via covalent or noncovalent binding with different chemical
groups, which allows high compatibility of CNTs for the
conjugation with biomolecules.'"” The large surface area of
CNTs facilitates a massive loading capacity for the conjugation of
biomolecules or incorporation of other nanoparticles; this
property can improve the sensitivity via amplification of the
electrical*® or optical'*' signals. The high conductivity of CNTs
was also demonstrated to mediate electron transfer, which
further enhances the measured current.'”” The chemical
functionalization of CNTs also allows us to enhance their
solubility and biocompatibility.'**

In electrochemical immunosensing, CNTs can be used either
to directly modify the electrode surface or as labels in sandwich
assays. CNTs as an electrode nanomaterial offer improved
sensitivities, wide detection ranges, and lower limits of detection
compared to traditional carbon electrodes.'** The CNTs in
sandwich-based immunoassays can be used as signal labels and to
provide surface enlar§_ement for the immobilization of the
secondary antibodies.'”*

Double-walled carbon nanotubes (DWCNTSs) were used to
modify two-channel SPEs for the simultaneous determination of
two cytokines (interleukin-1/ (IL-1/) and tumor necrosis factor
a (TNF-a); relevant details are shown in Figure 8).'*°
DWCNTs offer improved lifetimes and a higher stability
compared to MWCNTs,'”” and they also exhibit better
electrochemical behavior than SWCNTs; such features then
enhance the electron transfer and allow considerable over-
potential reduction for various species. After chemical mod-
ification of DWCNTs, the outer cylinder works as a protective
sheath to guard the electric properties of the inner tube. Covalent
sidewall chemistry can be performed on DWCNTSs without any
loss of the intrinsic properties.'** Sandwich-type immunoassays
with amperometric signal amplification using poly-HRP—
streptavidin conjugates, H,0, as the HRP substrate, and
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hydroquinone as the redox mediator were conducted for each
cytokine. LODs of 0.38 pg/mL (IL-1/3) and 0.85 pg/mL (TNF-
a) were achieved, and the application of a sensor was
demonstrated in real samples of human serum and saliva.

A label-free electrochemical immunosensor based on GCE
modified by MWCNT's and Au—Pt NPs was developed by Liu et
al."” The modifications of the electrode increased the surface
area for the immobilization of a large amount of antibodies and
enhanced the electrochemical performance. The mAb captured
the analyte (mycotoxin zearalenone), which was subsequently
directly oxidized by DPV. However, this assay scheme can only
be applied in detecting electrochemically active analytes; in other
cases, a sandwich or a competitive assay has to be performed.

3.3.2. Graphene. Graphene is a two-dimensional single-
atom-thick planar sheet of sp>-bonded carbon atoms organized in
a hexagonal lattice. The first mechanical exfoliation of graphene
was demonstrated by Novoselov et al. in 2004;"*%ince then, the
number of studies on graphene has constantly increased.
Graphene offers outstanding electrochemical, mechanical, and
thermal properties, optical transparency (~97.7%), and
flexibility. Due to these features, graphene embodies an attractive
candidate for the preparation of biosensors.''* As graphene is
conductive, transparent, and inexpensive, it constitutes an ideal
material for the development of biosensors based on diverse
transducers, from electrochemical to optical ones."?!

Various types of graphene have been synthesized and applied
in biosensing."*” Pristine graphene, obtained via the mechanical
cleavage of graphite, is strongly hydrophobic, which heavily
reduces its applications in immunosensing. Graphene oxide
(GO) significantly improves the hydrophilicity of graphene
layers, but GO is an electrical insulator, causing the reduction of
conductivity by several orders of magnitude. When the oxygen-
containing groups of GO are eliminated, the reduced graphene
oxide (rGO) achieves a unique combination of high conductivity,
large surface area, high electrochemical activity, and simple
functionalization.'>*

GO is produced using the Hummers method, which is based
on a treatment by potassium permanganate and concentrated
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sulfuric acid for the simultaneous oxidation and exfoliation of
graphite.'* The acid treatment introduces polar functional
groups, such as epoxy, carbonyl, and hydroxyl, inducing the
hydrophilicity of GO. The colloidal solution of GO can be
reduced by means of various treatments, such as chemical
reduction by directly adding reducing agents (e.g., hydrazine)'*
or thermal reduction using high temperatures (200—900 °C)."*
Electrochemical reduction based on immobilizing GO on an
electrode surface and performing reducing scans by sweeping the
potential from 0 to 1.5 V is a simple and convenient procedure to
produce rGO-modified electrodes.'*”

Chemical vapor deposition (CVD) on transition-metal
substrates (typically Cu'™®) is a promising, cost-effective, and
high-throughput approach for the synthesis of large-area
graphene films. The CVD synthesis of graphene is practically
the subsequent diffusion and surface segregation of the carbon
atoms obtained by the thermal decomposition of hydrocarbons,
upon the cooling of the carbon—metal solid solution. This
technique enables the control of the grain size, crystallinity, and
number of graphene layers via adjustment of the gas flow rate,
growth time, and cooling rate. CVD allows the integration of
graphene in conventional Si-based electronics and serves as a
platform for the production of miniaturized FET biosensors.''

Similarly to the application of CNTs, the applications of
graphene in electrochemical immunosensing can also be divided
into direct modifications of the sensor surface and usage as a label
in sandwich assays. The modifications of electrode surfaces can
be performed with graphene directly or by using nanocomposites
of graphene with metallic NPs to enhance the sensitivity even
further. A simple one-step method for the preparation of a
graphene—thionine—Au nanocomposite was demonstrated by
Han et al."*” HAuCl, was reduced in the presence of GO and
thionine; the formed nanocomposite was then adsorbed to a
GCE, and the anti-CEA antibody was immobilized to Au via
physical adsorption. The binding of the CEA hindered the
electron transfer to the thionine, which was monitored by SWV.
A low detection limit of 0.05 fg/mL was achieved, even though
the amount of Au NPs on the surface was not very high; this
could restrict the antibody immobilization and, therefore, also
the binding of the CEA.'"

A sandwich assay based on HRP-modified GO and
biocatalyzed precipitation was developed by Hou et al.'*' The
antigen (CEA) was captured by an antibody immobilized on a Au
NP-modified GCE followed by the binding of a conjugate of GO
with multiple molecules of HRP and a detection antibody. The
HRP catalyzed the precipitation of 4-chloro-1-naphthol,
resulting in increased impedance. The conjugate with GO
allowed improvement of the LOD by 3 orders of magnitude (to
0.64 pg/mL) compared to that of a simple conjugate of the
antibody with the HRP. The details of the procedure are shown
in Figure 9.

Furthermore, graphene is also suitable for fluorescent and
chemiluminescent immunoassays, where it acts as the energy
acceptor to quench the luminescence signal'*’ A complex
immunosensing strategy based on ssDNA labeled by 6é-
carboxyfluorescein (FAM-DNA) and exonuclease for signal
amplification was developed by Liu et al.'** After the formation
of a sandwich with a biotinylated detection antibody and the
subsequent binding of streptavidin, biotin-labeled ssDNA, and
FAM-DNA, the FAM-DNA was hydrolyzed by exonuclease.
Thus, a small amount of the target protein could produce a large
amount of fluorescent fragments that cannot be adsorbed on the
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Figure 9. Schematicillustration of the graphene oxide-labeled sandwich-
type impedimetric immunoassay with signal enhancement based on in
situ 4-chloro-1-naphthol precipitation. Based on ref 141.

surface of GO. The remaining FAM-DNA was adsorbed on the
surface of GO, and the fluorescence quenching was evaluated.

3.3.3. Other Carbon-Based Nanomaterials. Apart from
CNTs and graphene, other types of carbon-based nanostructures
(such as fullerene, carbon nanohorns, and carbon dots) have also
been recently used for immunosensing applications.'**

Fullerene C60, the smallest stable and most abundant member
of the fullerene group, is an electroactive nanomaterial
characterized by unique properties that make it well suited for
the development of electrochemical sensors.'* Fullerene C60
has multiple redox states in a wide range of potentials undergoing
six different one-electron reversible reductions to form stable
intermediates. The capability of signal mediation and the simple
functionalization allow applications in the field of immunosen-
sors."*'*" Electrodes modified by fullerene C60 have an
increased electroactive surface area and high electric con-
ductivity. The disadvantage of fullerene is the hydrophobicity
and insolubility in water, which complicates the conjugation of
biclogically active molecules.’

Single-walled carbon nanohorns (CNHs) are a novel type of
carbon allotrope. CNHs can be produced by vaporizing pure
graphite rods via CO, laser ablation. Advantageously, no metal
catalyst is necessary; the prepared CNHs can thus be essentially
metal-free'* and are usable directly, without post-treatment.
CNHs are convenient as a scaffold for the immobilization of
antibodies or antigens and also for the amplification of the
electrochemical signal.'*

Carbon dots (further divided into carbon quantum dots and
graphene quantum dots) are a type of 0D carbon nanomaterial
with a size of approximately 10 nm."* Since the discovery of
carbon dots by Xu etal. in 2004,"*" substantial research effort has
been devoted to this material. As carbon dots are characterized by
quantum confinement and edge effects, they can exhibit optical
and electro-optical properties similar to those of conventional
QDs and offer potential for application within.'**'** Recently,
also the electrochemical properties of carbon dots were exploited
to develop electrochemical biosensors.'™*

Carbon quantum dots and Ag@SiO, NPs were combined into
a nanolp]atform for sandwich fluorescence and SERS immuno-
assays.””® The Raman reporter 4,4'-dimercaptoazobenzene was
generated from the apparent reporter p-aminothiophenol bound
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Figure 10. Illustration of the construction of bifunctional CND-decorated Ag/PATP/SiO, nanoparticles for fluorescence and SERS immunoassays.
PATP = p-aminothiophenol, MPTMS = (3-mercaptopropyl)trimethoxysilane, TEOS = tetraethyl orthosilicate, and APTMS = (3-aminopropyl)-

trimethoxysilane. Based on ref 155.

on the surfaces of Ag NPs upon the illumination of a laser. The
large Raman scattering cross sections compensated for the
reduction of SERS signals resulting from the silica coating
(Figure 10). IgG molecules were detected in a proof-of-concept
experiment with an LOD of 2.5 ng/mL.

Graphene quantum dots prepared via the autoclaving of
graphene oxide were employed for the electrochemilumines-
cence detection of cancer cells.">® Cubic Cu,0O was used as a
template for the formation of a surface villous Au nanocage,
which was then bound to graphene quantum dots. The
performance of a sandwich ECL sensor was demonstrated on
the detection of MCF-7 breast cancer cells. Similar labels were
used for core—shell NPs combining fluorescence and the SERS
response.

The main role of graphene variants and carbon nanotubes is
enhancement of the electron transfer rate in electrochemical
immunosensors. The higher current density is favorable for an
improved signal-to-noise ratio. At the lowest level, these carbon-
based nanomaterials function as molecular wires interconnecting
redox centers of proteins, conductive metal NPs, and the
electrode surface.

3.4. Luminescent Nanocrystals

3.4.1. Quantum Dots. Quantum dots (QDs) are fluorescent
semiconductor nanocrystals characterized by dimensions
typically in the range of 1~10 nm."”” They enable various
applications, for example, light-emitting devices, photodetectors,
solar cells, field-effect transistors, memory elements, luminescent
biolabels, biosensors, and bioimaging probes.'*® QDs show size-
tunable photoluminescence properties, wide excitation spectra,
and a narrower emission bandwidth compared to classic organic
fluorophores.'*”'® The fluorescence color can be controlled by
the QD size, ie., by modifying the temperature during the
synthesis or the duration of the nanocrystal growth. QDs with
emission wavelengths ranging from 380 to 2000 nm can be
prepared using an appropriate semiconductor material and
nanocrystal size.'®" Furthermore, multiplexed color encoding
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can be carried out by embedding QDs with different sizes into
polymeric microbeads at precisely controlled ratios.'®*

Most of the QDs for analytical applications are prepared as
core—shell structures, with the core nanocrystal coated with
another semiconductor material for the protection and improve-
ment of the optical properties (Figure 11). QDs with large
quantum yields and a narrow size distribution are commonly
synthesized at a high temperature in organic solvents.'® To
transfer these hydrophobic QDs to an aqueous solution, the
hydrophobic ligand layer has to be changed. The two principal
hydrophilization methods are ligand exchange and encapsulation

A

s Cug )y

Figure 11. Schematic view of quantum dots as labels in immunoassays:
(A) QDs formed by a single semiconductor material; (B) core—shell
QDs; (C) core—shell QDs with a hydrophilic coating and reactive
groups R for bioconjugation; (D) a polymeric particle containing several
QD:s for signal multiplexing.
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with an amphiphilic polymer.'**'> Most of the hydrophilic
ligands employed for ligand exchange include mercapto groups
since they offer a high binding affinity to the QD surface.'®

The conjugates of QDs with antibodies are stable and provide
an easily detectable analytical signal, which makes them useful as
sensitive fluorescent labels in immunoassays'®’~'® and
bioimaging."’”'”" The application of QDs in quantitative LFIA
for CRP detection was demonstrated by Hu et al.'”> Fluorescent
nanospheres were produced by embedding hydrophobic CdSe/
Zn$S QDs into a poly(styrene—acrylamide) copolymer, which
strongly increased the fluorescence intensities compared to
single QDs. The QD-based assay was more sensitive (an LOD of
34.8 pM in serum) than the conventional LFIA based on Au NPs.

QDs have also become very popular in ECL immunosens-
ing.'”*'”* Zhang et al.'”® synthesized CdSe nanocrystals for the
single-molecule analysis of the CEA (Figure 12). Mercaptopro-
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Figure 12. Scheme of a sandwich ECL immunosensor for the
determination of the CEA. Reprinted from ref 175. Copyright 2016
American Chemical Society.

pionic acid and sodium hexametaphosphate were used as the
capping agents to facilitate the electrochemically involved hole
(or electron) injecting process and improve the nanocrystal
stability. A very low LOD of ~6—8 CEA antigen molecules in 20
HL of serum samples was achieved, which could be ascribed to
the effective ECL generation of the well-passivated and stable
NPs.

Tasso et al.'”® capped QDs with a multidentate dithiol/
zwitterion copolymer ligand. This approach exploited the thiol
groups for both anchoring and the bioconjugation of up to 10
protein A molecules per QD while preserving long-term colloidal
stability of QDs. Protein A provides a simple and universal
platform for the immobilization of various antibodies. The
authors demonstrated the low toxicity of the conjugates and the
usage of the QDs for visualizing E-cadherin in fixed MCE-7 cells
and tracking the cannabinoid CB1 receptor in live HEK cells.

3.4.2. Photon-Upconverting Nanoparticles. Photon-
upconverting nanoparticles (UCNPs) are lanthanide-doped
nanocrystals that show anti-Stokes emission. The energy transfer
up-conversion is a nonlinear optical process characterized by the
absorption of two or more photons and leading to the emission
of a single photon at the shorter wavelength.'”” Unlike other anti-
Stokes processes, such as the two-photon excitation and second
harmonic generation, up-conversion can be efficiently excited at
lower excitation densities. Upconversion has been known since
the 1960s;'”® however, the applications of the upconversion
effect were limited to bulk glass or crystalline materials.'” An
inorganic upconversion phosphor contains a crystalline host and
a dopant (typically lanthanide ions) added at a low
concentration. The dopant provides luminescent centers, and
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the host lattice with its crystal structure ensures a matrix to bring
these centers into optimal positions.'*’

The progress in nanocrystal research has evoked an increasing
interest in the development of synthesis procedures, facilitating
the preparation of highly efficient, small UCNPs with a narrow
size distribution that can form transparent solutions in various
solvents. Unlike commonly used luminescent biological labels
(for example, organic dyes and QDs), UCNPs are advantageous
in many aspects; they are characterized by a practically zero
autofluorescence background, large anti-Stokes shifts allowing
easy separation of the excitation and detection channels, multiple
and narrow emission bands tunable individually for the
multiplexed detection of analytes, and excellent photostability. '’
Small and homogeneous lanthanide-doped UCNPs showing
high upconversion efliciency are typically synthesized in organic
solvents. UCNP functionalization methods to ensure a hydro-
philic surface and allow bioconjugation reactions were reviewed
by Sedlmeier and Gorris."®!

The unique photophysical properties of UCNPs make them
suitable as reporters in optical biosensors and biomolecular
binding assays. The potential of UCNPs in diagnostics was first
demonstrated by Tanke et al. in 1999."*>'** Since then, UCNPs
have been used in the design of heterogeneous““_136 and
homogeneous'*”'* microtiter plate immunoassays and in lateral
flow immunoassays'*” for the detection of various analytes.

Competitive upconversion-linked immunosorbent assay
(ULISA; Figure 13) for the detection of the pharmaceutical
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Figure 13. Scheme of the indirect competitive ULISA for the detection
of diclofenac (DCF). (A) A microtiter plate is coated with a BSA—DCF
conjugate. (B) Dilution series of DCF are prepared in the microtiter
plate followed by the addition of an anti-DCF mouse antibody. (C) The
attachment of the anti-DCF antibody is then detected by the antimouse
IgG—UCNP secondary antibody conjugate. Reprinted from ref 190.
Copyright 2016 American Chemical Society.
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diclofenac was developed by Hlavatek et al.'”’ The competitive
reaction based on the immobilized BSA—diclofenac conjugate
and free diclofenac and a primary antibody was followed by the
detection step involving the binding of the UCNP—secondary
antibody conjugate. The optimized ULISA achieved an LOD of
0.05 ng/mL, which came close to that of the conventional ELISA
without the necessity of the enzyme-mediated signal amplifica-
tion step.

Li et al. developed an immunoassay based on FRET between
UCNPs and Au NPs'”' (Figure 14). The glass slide was
covalently modified by UCNPs and the capture antibody. A
competition between the free antigen and the antigen conjugated
with BSA and Au NPs was performed. When the conjugate was
bound, FRET occurred, and this was measured as a decrease of
luminescence compared to that of free UCNPs. The single-step
method offers several advantages against the commonly used
multistep reactions due to less washing steps and the overall
shorter analysis time.

DOI: 10.1021/acs.chemrev.7b00037
Chem. Rev. 2017, 117, 9973-10042
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Figure 14. Schematic illustration of the one-step in situ immunoassay
based on FRET between the UCNPs covalently immobilized on the
substrate surface and Au NPs. Reprinted with permission from ref 191.
Copyright 2016 Elsevier.

The excitation by near-infrared light that is within the optical
transparency window and, therefore, can penetrate tissues makes
UCNPs helpful also for the visualization of specific markers in
optical microscopy.'”” Thus far, most UCNP applications in
bioimaging were based on UCNPs not labeled by an antibody.'**
Wang et al."”* applied conjugates of UCNPs with an anti-CEAS
antibody as fluorescent biolabels for the specific detection of the
carcinoembryonic antigen (CEA) expressed on the surface of
HelLa cells. A strong luminescence signal from the UCNPs was
obtained, and no autofluorescence from the cells was observed
under 980 nm excitation.

The properties of luminescent NPs can be easily fine-tuned
through simple modifications of the synthetic procedures; the
time-dependent size allows the emission bands of QDs to be
shifted, and the amount of dopants influences the UCNPs. The
main optical advantage is high brightness and stability of the
derived labels. Additional benefits include a single excitation
wavelength for several types of NPs; this is significant for
multilabel procedures. Quite unique for the future seems to be
the anti-Stokes infrared excitation of UCNPs completely
removing the background fluorescence of biological samples.

4. TRANSDUCTION MECHANISMS

Nanoparticles appeared compatible with almost all transducing
systems suitable for the affinity types of biosensors. The
technological aspects of the most common types are provided
in the subsections below, with a focus on the employed
nanoparticles.

4.1. Optical Transducers

4.1.1. Fluorescence. The sensitivity of a fluorescence-based
(immuno)assay relies primarily on three factors: the brightness
of the fluorescent labels, the packing density of the fluorophores,
and the parameters of the detection optics. The two initial
aspects can be conveniently addressed using novel fluorescent
nanomaterials.

The embedding of hydrophobic CdSe/ZnS QDs into
poly(styrene—acrylamide) copolymer nanospheres provided
labels containing around 330 QDs per NP sized 270 nm. The
surface carboxyls served in antibody coupling using the EDC/
NHS chemistry. The thus obtained fluorescent nanoconjugate
was used in the lateral flow strip format for the rapid detection of
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CRP.'” The assay was 260X more sensitive compared to
alternative labeling with Au NPs.

The Ag,S QDs (80 nm in diameter) were protected with a
silica shell (45 nm in thickness) providing for label emitting in
the IR region (896 nm)."”® This allowed a sensitive sandwich
assay of Cryptosporidium parvum in the microplate format,
ensuring an LOD of 10 oocysts/mL. Fluorescein-loaded porous
silica NPs served as alabel in a sandwich assay for the pathogenic
strain of E. coli.'”” General aspects of embedding labels inside
silicate and similar nanoparticles were reviewed by Wei.'”®

An interesting amplification strategy involving the covalent
coupling step was based on CuO NPs labeling a secondary Ab.
The label was dissolved in HCl and reduced to Cu® ions
catalyzing the click-chemistry-based alkyne—azide cycloaddition
of weak fluorescent 3-azido-7-hydroxycoumarin and propargyl
alcohol to form a strong fluorescent compound.'””

4.1.2. FRET Assays. A FRET-based immunosensor for the
detection of troponin using graphene QDs and graphene as the
quencher has already been described.”” The capture anti-cardiac
troponin I Ab was covalently conjugated with amine-function-
alized graphene quantum dots. This fluorescent nanoprobe
(excitation at 360 nm, emission at 437 nm) was further
investigated in the presence of graphene, which resulted in the
quenching of the fluorescence intensity due to dipole—dipole
interaction. The addition of the target troponin expelled the
stacked graphene apart from the immunocomplex and recovered
the fluorescence.

The fluorescence of CdTe modified with the capture Ab was
quenched by the present H,O,. The competitive assay format for
ochratoxin used the tracer based on an ochratoxin—catalase
conjugate. Thus, in the absence of ochratoxin, the bound catalase
decomposed the H,0,, and the fluorescence was recovered. The
achieved LOD of 0.0S pg/mL was 300X lower compared to that
of the conventional ELISA technique with HRP as the label.*"!

The optical advantages of QDs were combined with the long-
lasting luminescence of lanthanides.”* The amphiphilic polymer
backbone was covalently decorated with biotin (future
conjugation reactions) and chelate complexes with embedded
atoms of Eu. This was used to coat the surface of CdSe QDs using
trioctylphosphine oxide as a contacting interlayer. The close
proximity of QD and Eu resulted in an efficient FRET transfer,
and the overall system exhibited long-lasting luminescence
suitable for measurement using the time-resolved approach,
which provides an excellent signal-to-noise ratio. Several other
similar approaches based on luminescent terbium complexes
were also reviewed and considered for a multiplexed assay when
combined with QDs of different sizes (colors).’”® The
immunosensor based on luminescence resonance energy transfer
used near-infrared (980 nm) excitation of UCNPs NaYF,:Yb*",
Er** as the donor modified with the capture Ab. The analyte
(glycated hemoglobin HbAlc) was bound and functioned as the
acceptor. HbAlc absorbs at 541 nm, which overlaps with the
UCNP emission, and the signal is quenched.m"

4.1.3. Chemiluminescent Nanolabels. The common
option is to prepare nanomaterials loaded with suitable
chemiluminescent dyes. Mesoporous silicate NPs were loaded
with rhodamine 6G and fluorescein and coupled to the detection
antibody.”” The classic microplate heterogeneous format was
used for the sandwich immunoassay of staphyloccocal enter-
otoxin C1; the final luminescence was triggered by the addition
of bis(2,4,6-trichlorophenyl) oxalate, H,0,, and imidazole.
Resonant energy transfer occurs onto the internal dyes with an
enhanced signal.

DOI: 10.1021/acs.chemrev.7b00037
Chem. Rev. 2017, 117, 9973-10042
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4.1.4. Electrochemiluminescence. The conversion of
electrochemical energy to light at the surface of an electrode is
known as electrochemiluminescence (ECL). The relaxation of
the excited states of the molecules formed within the
electrochemical reaction is accompanied by luminescence. The
process is initiated by applying a suitable potential on the
electrode, and the intensity of the released llght is measured by a
photodetector, typically a photomultiplier.”*® The simple
instrumentation and low background signal compared to those
of other luminescent methods resulted in numerous analytical
applications of ECL.”” A high response is often obtained due to
the repeated conversion of such labels, e.g., ruthenium complexes
represented by Ru(bpy);>*.

The ECL of various NPs is a relatively new technique; suitable
variants include the common binary, core—shell, and doped
QDs, single-element NPs (Si, Ge, Ag, Au), metal oxide
semiconductors, up-converting NPs, molecular nanoaggregates,
and more complex hierarchical assembhes providing several ECL
mechanisms and reaction courses.”

The composite QDs Cd/ZnSe served as a label for the
sandwich assay of AFP. The ECL was carried out on glassy
carbon via a cathodic pathway with (NH,),S,05 as the
coreactant. The procedure employed spectral evaluation instead
of the common simple light intensity measurement;'” the
authors proposed this approach for multicolor ECL immuno-
assays. The resulting emission spectra were similar for ECL and
photoexcitation, thus confirming the similar mechanism. The
authors used a comparable approach with CdSe for the assay of
the CEA; the remarkably low LOD was 0.1 fg/mL, which
corresponds to few (7) molecules of the CEA in 20 4L of sample,
thus approaching the single-molecule detection capabilities.”"”
For CdTe-based QDs, significantly enhanced ECL was obtained
after deposition of these QDs onto graphene sheets.”'" The
multicolor sensing could also be achieved with common band-
pass filters and PMT detectors.”'' The graphene-modified glassy
carbon was linked to two different capture antibodies (anti-AFP
and anti-CEA) in the sandwich format; the biotinylated
secondary Ab’s were labeled with different streptavidin—QD
conjugates. The achieved LOD was 0.4 fg/mL for both markers.

The QDs as labels in ECL sandwich assays are usually excited
on differently modified electrodes. Thus, glassy carbon coated
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with PANI nanofibers/graphene sheets and subsequently
deposited Au NPs on magnetic beads were used for the sensitive
assay of interferon y (LOD = 30 fg/mL).*"?

Labels based on poly(amidoamine)-dendrimer-functionalized
carbon nanodots were combined with an electrode modified
using the composite consisting of fullerene, graphene oxide (in
situ electroreduced to graphene), and chitosan; the sandwich
assay of AFP provided an LOD of 0.33 fg/mL.*"?

For large analytes, such as microbes, ECL blocking assays are
suitable: the signal decreases with the rising amount of the
surface-bound analyte. The magnetic Fe;O,/graphene oxide
nanocomposite was activated with EDC/NHS and isoluminol
(ABEI), and the capture Ab’s were covalently attached. The
product was simply drop-coated on a magnetic electrode; the
ECL signal decreased with increasing amounts of the target
pathogen Vibrio parahemolyticus (an LOD of S cfu/g in seafood
samples).”* The concept also functioned for N-terminal pro-
brain natriuretic peptide with an ITO electrode modified with
ABEI—-Au nanodots/chitosan/MWCNT as the ECL interface.
After activation with glutaraldehyde and the covalent binding of
the capture Ab, the presence of the analyte resulted in decreased
ECL (LOD = 3.9 fg/mL).>"®

A similar performance was also obtained for a direct assay of
deoxynivalenol.”'® Network-like Co NPs were produced by the
alkaline dissolution of Al from the CoAl alloy; Co;0, was further
grown on the surface followed by Au NP functionalization,
deposition of the capture Ab, and further modification with
Ru(bpy);**-loaded silicate NPs. This assembly was drop-coated
on glassy carbon and allowed to dry. The ECL signal was
measured in the presence of K,S,0g; it continuously decreased
with higher amounts of deoxynivalenol in the solution. However,
the authors did not explain why the ECL decreases, as the analyte
is a rather small molecule for reasonable blocking of the surface.

The novel ECL system was designed by a rather extensive
Mn?* doping level of the NaYF,:Yb/Er UCNPs.*'” The UCNPs
were coated with an aminosilicate shell, dropped on glassy
carbon, and Au NPs were bound through interaction with amino
groups. Eventually, the capture Ab was linked through
adsorption on the Au surface. The ECL was measured with
K,S,04, and it continuously decreased with higher concen-
trations of the CEA (LOD = $.2 pg/mL).

DOI: 10.1021/acs.chemrev.7b00037
Chem. Rev. 2017, 117, 9973-10042
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Small analytes, such as mercury ions, are typically measured
using competitive assays. The electrode surface was modified
with a poly(diallyldimethylammonium chloride)—graphene—
CdSe composite secured with chitosan, and the assembly
provided a strong ECL signal with cathodically produced
H,0,. The methylmercury—6-mercaptonicotinic acid linked to
albumin was further immobilized as a coating antigen. This
competed with the free mercury ions for the tracer, or a specific
Ab—Au NP—HRP tracer. After the binding of the tracer, HRP
decomposes the H,0, by the oxidation of o-phenylenediamine,
and the ECL intensity drops.”'® Alternatively, ALP as a label
enzymatically produced p-nitrophenol, which was oxidized to p-
benzoc#umone acting as the quencher of the surface-deposited
QDs.

The quenching of ECL also occurs due to the resonance
energy transfer within the sandwich complex.”** The carbon-
ization of diethylenetriaminepentaacetic acid provided N-doped
C-QDs, which, deposited on an electrode, function as a
luminophore. However, the binding of the analyte (AFP) and
its labeling with the secondary Ab linked to aminated graphene
resulted in the resonant loss of excitation and decreased the ECL
signal. A similar principle was employed using ferrocene—
chitosan NPs as labels in a sandwich assay.”’

Hybrid luminol/nanoparticles constitute a combination of
organic and inorganic labels. An enhanced response can be
achieved by various combinations of organic and nanocrystal-
based luminophores. The cerium-doped ZnO nanoflowers were
prepared by autoclaving Ce** and Zn** salts with lysine, which
afterward served in the EDC/NHS coupling of the sequentially
added luminol, secondary Ab, and GOD enzyme (in excess to
block the surface, Figure 15). The capture Ab was deposited
through Ag NWs on glassy carbon. After completion of the
sandwich immunoassay, the added glucose with GOD generated
in situ H,0,, which was, in the presence of Ce*, electrochemi-
cally oxidized to ROS radicals reacting with the embedded
luminol. The application for an assay of the amyloid-f} grotein
resulted in an LOD of 52 fg/mL within about 90 min.*

Luminol was also bound to Au NPs, and the product was
coated on magnetic Fe;O, NPs together with a secondary Ab.
The ECL was measured on a Au electrode modified with Au/
ZnO NPs conta.lmng the capture Ab. An LOD of 4.5 fg/mL was
achieved for mucin.”* For the analysis of CEA-125, the luminol
was covalently coupled to the poly-
(d1ethylenemammepentaacetlc acid—ethylene glycol) ester
dendrimers.”**

The SiO, NPs were doped with Ru(bpy);** and further
combined with Au/graphene and a secondary Ab to form a
composite bioconjugate. This approach significantly enhances
the amount of Ru complexes per molecule of tracer in sandwich
assays. The other components increase the rate of the electron
transfer and provide multiple antibody binding sites. For the
HIV-1 p24 antigen in a human serum, the achieved LOD was 1

pg/mL.2%

Tris(4,4'-dicarboxy-2,2"-bipyridyl)ruthenium (II) was linked
with cysteine using EDC/NHS coupling chemistry to obtain a
self-enhanced ECL label for reagentless use.”*® This makes the
procedure independent of common coreactants such as
peroxydisulfate, oxalate, or tripropylamine and, consequently,
more robust. After being linked to Au nanorods and the
attachment of a secondary Ab, it served in a sandwich assay for
cardiac troponin I with an LOD of 83 fg/mL. Compared to the
use of free cysteine as the coreactant, the use of Cys@Ru(II)
provided a much higher ECL signal since the intramolecular ECL
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reaction exhibits a shorter electron transfer path and lower
energy loss.

4.1.5. Photoelectrochemical Conversion. A suitable
photoactive nanomaterial absorbs the photon, and charge
separation occurs as the electron—hole pair formed by the
excitation of the electron from the valence to the conductive
band. An anodic photocurrent occurs when the electrons are
transferred to the electrode and the electron donor (D) in the
solution replaces the hole (Figure 16). Alternatively, if the

Anodic photocurrent
—-

llght

|ight
__CB e
hv hv h A=
VB VB J

Cathodic photocurrent
e ——

Figure 16. Principle of the origin of photocurrents. The nanoparticles
contain valence and conductive bands (VB and CB, respectively). The
electrons are provided (accepted) by the donors (acceptors) present in
the surrounding solution. Reprinted with permission from ref 227.
Copyright 2015 Elsevier.

electrons are transferred to the acceptor (A), complementary
electrons from the electrode neutralize the holes, yielding a
cathodic photocurrent.””” General applications of QDs for PEC
systems were recently reviewed by Lisdat.”**

CuS (p-type semiconductor) constitutes a suitable PEC
material; it was on-site coated to a Au paper electrode (cellulose
coated with Au NPs) modified with ZnO nanoflakes, and the
capture Ab was linked through a chitosan layer.””” The sandwich
with the CEA analyte was labeled with the Au NP /secondary Ab/
GOD enzyme assembly. The H,O, resulting from the enzymatic
oxidation of glucose served as the electron donor for the PEC
process. The wide band gap of ZnO allows its excitation with UV
light, and this problem is overcome by the introduction of CuS
serving as the primary light capture system. Tetracarboxyl
naphthalocyanine zinc can serve as an alternative sensitizer; it
was covalently linked to ZnO usmg aminothiophenol as a bridge
and the EDC/NHS coupling.”** This brings the option for near-
infrared photoexcitation; ascorbic acid served as the electron
donor. The CEA was the analyzed marker, blocking the surface
and thus lowering the photocurrent with its increasing
concentrations.

A similar approach was used with CdS QDs deposited on TiO,
and galactosidase as a label, producing p-aminophenol by
enzymatic hydrolysis of p-aminophenyl galactopyranoside.
Aminophenol as a donor is photooxidized to quinonimine.”'
A more complex interface consisted of TiO, nanotubes coated
sequentially with Mn-doped CdS and CdTe QDs (Figure 17)
suitable for visible hght excitation due to the gradual transfer of
electron/hole entities.”** The sandwich immunosensing for
matrix metalloproteinase brings a secondary Ab linked to silicate
NPs functioning as a shield for the ascorbic acid donor and
decreasing the photocurrent. This strategy also worked with
ZnO as the primary electrode coating.”*

DOI: 10.1021/acs.chemrev.7b00037
Chem. Rev. 2017, 117, 9973-10042
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Figure 17. System for the sequential transfer of electrons/holes through
overlapping energy levels. Based on ref 232.

Alternatively, Fe (0.1%) doping of TiO, enhanced its
photoactivity 10-fold and shifted the excitation toward the
visible light range. A further 3-fold enhancement was achieved by
CdS QDs; when the coupled capture Ab binds the correspondin%
squamous cell carcinoma antigen, the photocurrent decreases.”

Bi,S; nanorods on an ITO electrode served as the photo-
interface for a sandwich-based assay of avian leukosis virus. A
secondary Ab linked to ALP provided for the enzymatic
production of ascorbate from ascorbate phosphate.”*> This
donor system was applied also to the CdS QD/TiO, assembly.”*

The SnO, QD/graphene composite functioned as a label for
the sandwich sensing of the CEA; a capture Ab was deposited on
an ITO through Au NPs. This required near-UV (365 nm)
irradiation.”*” A similar format for the CEA used a label based on
carboxylated MWCNT—Congo red—C60 fullerene nanohybrids
prepared by mechanical §rinding. This photolabel was suitable
for green laser excitation. 38

An interesting and smartly conceived approach employed a
charge-collecting component in the electronic amplification
interface. The chemiluminescent illumination system was
combined with PEC transduction.”* The CL excitation part as
the tracer employed Au NP labels containing attached CEA,
bound isoluminol (ABEI), and GOD for the enzymatic
generation of H,0,. The PEC surface consisted of TiO,
nanospheres and CdS QDs and was modified with a capture
Ab (Figure 18). To further enhance the signal, the photocurrent
electrons were collected in a supercapacitor formed by paper

glucose +0, 4

Y Ab,
& cas/mio,

@ CEA

‘ ABEI/AuNP/GOX
S\ Au/PWE

Figure 18. Principle of CL illumination with a PEC transducer. The
response is enhanced by the flow of electrons to the supercapacitor
charge collection system. PIP = p-iodophenol, and PWE = paper
working electrode. Based on ref 239.
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coated with a carbon layer as the counter electrode from the
other side. The 60 s accumulated charge was evaluated as the
corresponding potential change after the measuring circuit was
switched on with a simple multimeter.

An alternative system employed the CL generated by the
classic HRP-catalyzed luminol reaction.”*” The PEC layer was
also obtained using an SWCNT coated with the photovoltaic
polymer poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenyle-
nevinylene), which forms excitons under the incident light. As
its valence band is aligned with the CNT, the holes in the excitons
are injected into the carbon nanotube, leaving the electrons in the
vicinity of the CNT on a Si wafer and finally resulting in the
measured current.”*' Tllumination resulted from the HRP/
luminol reaction within the sandwich complex with troponin
labeled by the secondary Ab—HRP conjugate.

A PEC blocking assay was based on an ITO electrode coated
using the layer-by-layer technique by CdSe QDs and poly-
(diallyldimethylammonium chloride) layers. A capture Ab was
linked using EDC/NHS chemistry, and a sandwich was formed
with the target analyte—model immunoglobulin—Ilabeled by
the secondary Ab—HRP conjugate. After the addition of 4-
chloro-1-naphthol and H,0,, enzyme conversion produced a
precipitating product which blocked the generation of a
photocurrent.”** The precipitation of the product helps to
keep the signaling molecules close to the point of formation and
minimizes their loss by diffusion to the surrounding bulk
medium. Thus, this simple approach can be considered an
amplification strategy.

4.1.6. Visual Evaluation and Colorimetric Systems. The
wide use of colored nanoparticles seems to shift colorimetric
immunoassays closer to real clinical applications.”** The intuitive
approach utilizes colored NPs directly as a label for evaluation.
The use of Au NPs as labels remains the most common option
for lateral flow immunoassays,”***** being a convenient format
for the visual evaluation of immunoassays performed out of
laboratory. A significant sensitivity improvement was obtained
when Au NPs were combined with silica nanorods.**

Conversely, NPs without any pronounced color can help to
catalyze the conversion of chromogenic substrates. Pt NPs were
used in the lateral flow format as a catalytic system mimicking the
enzyme action of peroxidase; the evaluation might be realized
using a colorimetric system or simply visually using TMB and
H,O0, as substrates, though chemiluminescence with luminol is
suitable too.”*” Pt NPs were also combined with magnetic NPs
for convenient manipulation, and the catalytic properties were
enhanced using graphene oxide; in this way, breast cancer cells
can be identified, with short time periods around $ min.2*

The straightforward blue/red color change discrimination
helped to identify food allergies.”*” The principle was based on
HRP as the label on a secondary Ab specific against the target IgE
present in the blood of patients suffering from allergies. Bound
HRP decomposes H,0,, and in this way, small blue Au NPs
appear. In the absence of HRP, H,0, reduces Au®* to Au, which
increases the size of the NPs, resulting in the red color. The IgE
can be quantified according to the absorbance at S50 nm. A
similar color change allowed the detection of several pathogens
(Salmonella, Listeria, and E. coli O157) in the sample; the
triggered chemical cascade led to a large red to dark blue shift
visible to the naked eye. The breakdown of cysteine-loaded
nanoliposomes initiated the aggregation of plasmonic gold
nanoparticles.”*’

Ag nanocubes, Au/Ag alloy nanoparticles, and Au/Ag
nanocages were evaluated for a multiplexed dot immunoassay

DOI: 10.1021/acs.chemrev.7b00037
Chem. Rev. 2017, 117, 9973-10042
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Figure 19. Principle of the single-particle photon burst counting applied for homogeneous immunosensing. Based on ref 252.

carried out on a nitrocellulose membrane strip; multicolor NPs
were conjugated with specific antibodies. The NPs were prepared
via galvanic replacement between the Ag atoms of silver
nanocubes and AuCl;. Depending on the Ag/Au conversion
ratio, the particle plasmon resonance was tuned from 450 to 700
nm, and the suspension color changed from yellow to blue,
suitable for visual evaluation on the sensing strip.*"

4.1.7. Single-Molecule Detection Techniques. Enhanced
immunoassays have recently been evaluated digitally by single-
molecule analysis based on counting individual molecular or
nanoparticle labels instead of measuring the overall (analog)
signal. The setup typically comprises a microscope, a sensitive
camera, and suitable software to count the individual spots. The
high brightness of luminescent NPs is a significant advantage.
The noise-free digital readout allows the elimination of the
instrumental background, which has a crucial impact on lowering
the LOD.

The single-particle method (Figure 19) combines photon
burst counting with Au NPs as labeling probes.”* The photon
bursting of a single NP is generated in a highly focused laser beam
(<1 fL) due to the plasmon resonance scattering and Brownian
motion. A linear relationship was found between the burst counts
and the number of particles in a solution. Upon the
immunoaggregation of NPs through the present molecules of
the antigen (PSA), the number of counts decreases. The linear
range of the PSA was 1-1000 pmol/L, and the LOD
corresponded to 0.8 pmol/L.

4.2. Surface Plasmon Resonance

Surface plasmon resonance (SPR) biosensors are based on the
light-stimulated oscillation of electrons in the conduction band of
metal films (usually gold), called resonant surface plasmons. This
effect is stron_g‘ly dependent on the dielectric constant of its
environment™” and is highly advantageous for biosensing
applications because the biological receptor—analyte interaction
causes a change of the oscillation frequency. The signal can be
measured as a change of the angle, intensity, refractive index, or
phase of the reflected light.”*

SPR sensors can be classified into two main categories:
propagating SPRs (PSPRs, also simply referred to as SPRs) and
localized SPRs (LSPRs).**® PSPR is typically excited on
continuous metal thin films through prism couplers or a grating,
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and the resonance is spread along the metal/dielectric surface up
to hundreds of micrometers.”** LSPR embodies nonpropagating
surface plasmon resonance excited on nanostructured metal
surfaces; it can be tuned by the size, shape, or composition of
nanostructures or na\nopa.rticles.zs7

SPR measurements mostly consist of direct detection”*® and
sandwich™ or competitive inhibition®*’ assays. Direct detection
is appropriate for applications where the direct binding of the
analyte yields a sufficient response. The detection limits can be
enhanced using a sandwich or an inhibition assay. In a sandwich
assay, the measurement is carried out in two steps: First, the
analyte is bound to the antibodies on the sensor surface, and in
the second step, the sensor surface is incubated with a solution
containing secondary antibodies (which can be labeled by
nanoparticles or enzymes®®' to further improve the signal),
which bind to the previously captured analyte and increase the
sensor response. In an inhibition assay, the examined sample is
first mixed with respective antibodies (which, again, can be
labeled to enhance the signals), and then the mixture is brought
into contact with the sensor surface exhibiting immobilized
analyte molecules. The free antibodies remaining in the solution
can subsequently bind to the surface.

4.2.1. Amplification by Nanoparticles. Various formats
for the detection of chemical and biological analytes have been
used in SPR immunosensing. The detection scheme is chosen
with respect to the analyte size, binding characteristics of the
biomolecular recognition element, range of the concentrations to
be measured, and sample matrix.”*> Direct SPR biosensors are
applicable in the case of medium and large molecular weight
analytes, which induce measurable refractive index changes upon
their binding on the surface. The typical detection limits are
above nanograms per milliliter.”*®

The enhancement of the sensor sensitivity via labeling the
secondary Ab’s in a sandwich assay by latex particles®* and Au
NPs>® was presented in the 1990s. Throughout the years, Au
NPs have become a standard for SPR signal amplification tags
and enhanced sensing surfaces. Nevertheless, substantial effort
was also put into the development of other nanomaterials for
SPR amplification, such as nanoparticles based on Ag,**® CdS,**’
NiO,**® Pd,**” and NPs,*”° also including various kinds of
magnetic Nps.””?7

DOI: 10.1021/acs.chemrev.7b00037
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The principles of signal enhancement using nanomaterials can
be divided into three categories: (1) plasmonic NP-based SPR
sensing, where LSPR is coupled with the surface plasmon wave
excited on the sensing film (Au and Ag NPs), (2) large surface
mass loading to improve the sensitivity (latex and magnetic
NPs), and (3) charge transfer from the nanomaterial to the
metallic sensing film that induces a larger evanescent field
enhancement thereby magnifying the SPR signals (gra-
phene).””

Au NPs constitute the most common signal-amplification
labels in SPR immunosensing. It has been shown that electronic
coupling between the localized surface plasmons of Au NPs and
the surface plasmon waves associated with the Au SPR chip can
significantly increase the SPR response (Figure 20).”"*7>7° The
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Figure 20. Scheme of the sandwich SPR assay amplified by Au NPs for
the detection of bacteria. Based on ref 276.
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LSPR peaks of Au NPs are determined by their size and shape
and the dielectric constant of the surrounding medium. The large
local electromagnetic field enhancement is closely related to
metal nanostructures with sharp corners or large curvatures since
electric charges can preferentially accumulate in these regions.”””
The LSPR of Au NRs can be systematically adjusted from the
visible to the near-infrared wavelengths by manipulating their
aspect ratios.””

Besides the use of Au NPs in a solution, the incorporation of
additional plasmonic nanostructures directly in the SPR sensor
chip is one of the perspective ways to enhance SPR signals.””**”*
The excitation of LSPRs by light is related to the strong
absorption and scattering of light and also high enhancement of
the electromagnetic field close to the nanostructure.””” Metal
NPs with controlled sizes and Iateral distances™” and dnfferent
types of plasmomc nanostructures,”" including nanogratings,”*
nanoholes,”***** and nanodots,”® were used in SPR sensors. In
addition, even a smgle nanohole in a metal layer has been proved
to support LSPRs.”

Ag NP-coated SPR sensors were found to exhibit stronger
enhancement of the SPR response compared to those coated
with Au NPs™* due to the larger negative real part and smaller
imaginary part in their complex dielectric constants.”****’ The
major disadvantage of Ag NPs is their limited stability and
pronounced susceptibility to oxidation. To overcome this
challenge, Au—l‘}(g alloy nanocomposites were applied in SPR
immunoassays.” The nanocomposites present high resistance
to oxidization and enable high sensitivity enhancement. Using
the Au—Ag alloy, the human IgG was detected with an LOD of
150 ng/mL, while the Au NPs provided an LOD of 300 ng/mL.

Magnetic NPs have been employed in SPR i unmunosensmg to
increase binding-induced refractive index changes " and for the
preconcentration and purification of the analyte in complex
samples.””**”* The nanohybrids of Au NPs and magnetic NPs
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Figure 21. Functionalization of the graphene layer on a Au SPR chip via (top) the electropolymerization of polypyrrole—NTA and (bottom) the 7—7
stacking of pyrene—NTA followed by electropolymerization for the reinforcement of the layer. Based on ref 303.
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offer the advantages of both of the above-mentioned
amplification approaches.””* Zhang et al.** synthesized particles
consisting of a Au nanorod core and a magnetic shell. The NPs
were assembled on the sensor surface via a magnetic pillar
without any chemical covalent link; this procedure simplified the
immunoassay and facilitated easy regeneration. The authors
demonstrated the detection of IgG with an LOD of 150 ng/mL.

Carbon-based nanomaterials, such as graphene®”® and carbon
nanotubes,”” have also been used for the enhancement of SPR
immunosensing. Theoretical models predicted that the incor-
poration of a single layer of graphene can strongly amplify the
optical sensitivity of SPR sensors.””***” GO and rGO were
introduced on a gold film using the layer-by-layer assembly, and
their effect on the refractive index increase was systematically
investigated by Chung et al** The practical applications of
graphene in SPR immunosensing were demonstrated by several
research groups.’”*” Singh et al.’* bound graphene non-
covalently to a gold surface to enhance the SPR detection of
anticholera toxin antibodies (Figure 21). NTA functional groups
were attached to the graphene via the electropolymerization of
polypyrrole or 7—7 stacking of pyrene. A biotinylated cholera
toxin was bound to these layers, and anti-cholera toxin antibodies
were detected. The presence of a single graphene sheet increased
the SPR sensor performances by 80% (an LOD of 4 pg/mL)
compared to a graphene-devoid setup.

The sandwich approach based on the above-mentioned NP
labels is generally applicable to enhance the detection of any
analyte large enough to allow the binding of two antibodies (the
capture and detection Ab’s). The sandwich NP-enhanced SPR
has been used for the detection of various proteins (e.g,, cardiac
troponin T,*** ErbB2 receptor tyrosine kinase 2,°** or CEA*™)
and bacterial pathogens (e.g., Salmonella®”**’°).

Small chemical compounds with a mass inadequate to cause
significant changes in the refractive index that do not possess at
least two epitopes are hardly detectable by the direct or sandwich
approaches. To enhance the SPR response in these situations, a
competition for binding to the surface between an antigen
conjugated with a high molecular weight label and the unlabeled
antigen in the sample can be performed. Another method is
based on immobilizing the antigen to the sensor surface followed
by the injection of the primary antibody and a sample containing
a free antigen. In this case, the signal can be further amplified by
the use of the secondary Ab’s labeled by NPs (e.g.,, Au’”" " or
magnetic’”” ones).

4.3. Localized Surface Plasmon Resonance

LSPR is an optical phenomenon caused by the collective
oscillations of the electron gas in metal nanostructures (with
dimensions smaller than the wavelength of light) surrounded by
a dielectric. Typical materials for plasmonic applications are the
nanoparticles or nanostructures of noble metals such as Au or Ag,
which exhibit LSPR in the visible range of the spectrum.’'’ When
the nanostructures interact with light, a portion of the incident
photons are absorbed, while another portion are scattered in
different directions.®" ' Both the absorption and the scattering are
significantly enhanced when the LSPR is excited. The LSPR
resonant frequency depends on the composition, size, and shape
of the NPs as well as on the refractive index of the surrounding
dielectric medium.*'**"?

4.3.1. Solution-Based LSPR. The very strong and highly
confined electromagnetic fields induced by LSPR yield a very
sensitive probe for the monitoring of small changes in the
dielectric environment around the nanostructures.”* Local
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refractive index changes, including those induced by the
biomolecular interactions at the surface of the nanostructures,
can be observed using the LSPR peak shift.

Plasmon-enabled assays are usually performed with stable
colloid plasmonic NPs. The NPs are characterized by a large
surface area for sensing because of their small size; the high
diffusion rates of the NPs enable fast analysis. Assays based on the
direct capture of the analyte on the NP surface usually provide
relatively small shifts in the LSPR peak, and therefore, an
absorbance spectroscopy setup is required to allow sensitive
detection.*"

Various materials (typically Au’'® but also Ag or Cu®'”) and
shapes (typically spherical NPs*'® or nanorods®'*?**") of
plasmonic NPs have been recently employed for solution-
based LSPR immunosensing. The NP shape has a significant
impact on the detection sensitivity; Au nanorods were
significantly more influenced by bulk refractive index changes
than spherical Au NPs.**'

LSPR spectroscopy is usually carried out with large ensembles
of NPs. However, each nanoparticle in the ensemble can be
potentially used as an independent sensor. The use of single-
nanoparticle sensors can ensure improved absolute detection
limits (the evaluation of the total number of molecules in a
sample) and also increase the spatial resolution in multiplexed
assays.>** Moreover, single nanoparticles with especially narrow
bandwidths can be selected from the field of view to enhance the
signal-to-noise ratio (S/N) resolution.”” Typically, the LSPR
mode of single NPs, inducing absorption and scattering, can be
monitored by dark-field microscopy.***

4.3.2. Surface-Based LSPR. Changes in the ionic strength,
pH, or temperature can cause the aggregation of NPs. To prevent
such a complication, LSPR immunosensing can be performed
with nanostructures on solid surfaces. Various approaches to
preparing surfaces for LSPR have been developed.

The family of bottom-up techniques is based on capturing NPs
on the substrate. The assembly can be performed via chemical
binding, exploiting the high affinity of Au and Ag to the
mercapto’™ and amino®”® functional groups. Other methods
include electrostatic interactions between ogpositely charged
surfaces and metal NPs,”” thermal annealing,*** and the thermal
growing of NPps.**

Top-down techniques can also be used for the preparation of
metal nanostructures on solid supports. Photolithography
enables the formation of plasmonic nanostructures with various
shapes.”* Advanced lithographic techniques, such as electron
beam lithography (EBL)**' or focused ion beam (FIB),*** allow
the production of metal nanostructures with accurate control of
the size, shape, and spatial distribution. As an alternative way of
LSPR surface preparation, inexpensive and large-scale litho-
graphic methods were established, including nanosphere
lithog(aphy (NSL),*** colloidal lithography,*** soft lithogra-
phy,™* nanoimprint lithography (NIL),**® and templating by
self-organized nanoporous anodized aluminum oxide (AAO).**’

A significant benefit of surface-based assays is that the washing
steps can be performed with sequential washes over static sensor
components, while solution-based nanobiosensors require
nanoparticle capture (e.g, using a magnet) or precipitation
followed by washing, which is a time-consuming task. Never-
theless, moving from solution-based to surface-based sensing
negates the enlarged sensing surface of small particles dispersed
in a solution.’'*

The label-free detection based on the immobilization of the
antibody to the sensing surface and direct capture of the antigen
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Figure 22. Plasmonic immunoassay based on the HRP-mediated aggregation of Au NPs that enables naked-eye readout. Based on ref 342.

is performed as a typical procedure. However, enhancing the
LSPR immunoassay with 400% amplification of the shift upon
antibody binding to the a.nalyte was demonstrated using
antibodies labeled by Au NPs.>

4.3.3. Plasmonic Nanoparticle Assemblies. The optical
properties of plasmonic NPs depend on the organization and
distances between them. When the NPs are in close proximity,
the interparticle plasmon coupling causes a red shift in the
absorbance peak.”*” The ability to functionalize the NPs and link
their aggregation to the presence of the analyte enables the
development of various assays based on color change.” 0 These
methods demonstrate the potentially simple assay scheme with
easy colorimetric readout. Aggregation-based methods typically
provide a larger LSPR shift compared to the direct analyte
capture. Because in some of the techniques the color changes can
also be seen with the naked eye, this approach is applicable to
point-of-care diagnosis.**' Aggregation-based colorimetric sens-
ing also has some disadvantages, including mainly the narrow
dynamic range and complicated quantification. An additional
limitation lies in that the LSPR shifts commonly occur in a region
of high absorbance by native proteins, and thus, the sensitivity of
measurement in real samples can be restricted.*"*

A sandwich assay based on an HRP-labeled detection antibody
and an enzymatic cascade leading to the aggregatlon of Au NPs
(Figure 22) was developed by Xianyu et al.*** The HRP-
catalyzed oxidation of iodide and iodide-catalyzed oxidation of
cysteine were used to modulate the plasmonic signals of Au NPs.
The method enabled sensitive naked-eye readout and has a
potential for point-of-care applications in resource-constrained
settings.

4.3.4. Controlled Nanoparticle Growth. Large LSPR
shifts are detectable when physical changes, such as the
nucleation and growth of new particles or controlled growth of
shell structures on pre-existing core NPs, occur in the
nanomaterial structure. Ultrasensitive immunoassays can be
developed by linking the changes of the nanomaterial structure to
the presence or absence of an analyte.****** This approach can
bring advantages to aggregation assays based on preformed NPs
since the complex matricxes of real samples might induce the
aggregation of NPs independently from the analyte presence.

The plasmonic ELISA-based enzymatically controlled NP
growth was pioneered by the group of Stevens.” 9346 The
detection procedure exploited a classic ELISA sandwich with a
biotinylated secondary Ab and streptavidin-labeled catalase,
which catalyzes the decomposition of H,0, to H,0 and O,. The
Au NP precursor material (HAuCl,) was added into the ELISA
wells, where it reacted to form NPs. The biocatalytic cycle was
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linked to the growth of Au NPs to obtain blue (or red) solutions
in the presence (or absence) of the analyte. In the absence of the
analyte, the reduction of Au® by H,0, occurred at a fast rate, and
nonaggregated Au NPs (red color) were formed. In the presence
of the analyte, the catalase consumed the H,0,, slowing the
crystal growth kinetics and causing the growth of nanocrystals
with ill-defined morphology and aggregated NPs (blue). The
naked-eye detection of low levels of the PSA and HIV-1 capsid
antigen p24 was demonstrated, both with an LOD of 107" g/
mL.

4.4. Surface-Enhanced Raman Scattering

Raman spectroscopy is a spectroscopic technique that monitors
the vibrational, rotational, and other low-frequency states in a
molecule or system. The vibrational mode provides a major
contribution to the chemical constitution of a specific analyte.
The Raman spectrum ensures a chemical fingerprint for the
identification of the analyte. However, Raman signals are
generally weak because of the very small number of scattered
photons (1 in 10° to 10'°), which causes serious limitations to
identifying analytes at low concentrations.**’

A substantial signal enhancement (surface-enhanced Raman
scattering) was first observed by Fleischmann et al. in 1974,
when pyridine was adsorbed to a electrochemically roughened
Ag surface. Even though the electromagnetic (EM) basis of SERS
is currently well established, surface enhancement has also been
connected with the charge transfer (CT) effects in the metal—
adsorbate system (chemical enhancement).**”

An EM enhancement appears if an EM field is induced by the
LSPR of a noble-metal surface (e.g, Au and Ag) via the excitation
of the electrons on the metal surface by the photons from a laser
source.”” When the analyte molecules are directly on or close to
the surface of the metallic nanostructures, the number of induced
dipoles increases and subsequently participates in the formation
of the SERS effect, resulting in the detectable enhancement of
otherwise low Raman signals.”®' The signals increase in
conjunction with enhanced EM fields, usually ranging between
10" and 10°.%

The CT mechanism can be defined as the grouping of the
resonant and nonresonant electronic processes that occur
between the metal surface and molecule and are dependent
upon the adsorption of the molecule. Because the incident laser
causes excited resonance states with the metal surface or
molecule, the promoted charge transfer between the two changes
the resonance of the system. This participates in the polarizability
of the molecule and enhances the Raman signal.”***** The effect
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Figure 23. Two strategies for a multianalyte SERS immunoassay based on the sandwich approach. Based on ref 363.

of CT interactions is significantly lower (on the order of 10" to
10%) compared to the discussed EM enhancement.*>

For most of the reported immunosensing applications, SERS-
active substrates have been prepared using Au or Ag.”*° Similarly
to SPR and LSPR, the factors influencing the preference of Au or
Ag are connected with the differences in the surface chemistries
that allow the desired modifications, for example, surface
passivation or the conjugation of biomolecules. The higher
levels of enhancement provided by Ag NPs go together with the
deterioration of the optical properties, caused by rapid oxidation
in air and aqueous solutions.”>” To address the particular
limitations, the synthesis of composites comprising Ag coated
with Au was demonstrated; the process connects high chemical
stability and significant enhancement of SERS signals.*>**>

SERS-based immunosensing can be divided into two main
schemes: label-free intrinsic SERS, where the Raman spectra of
the target molecule are directly measured, and extrinsic SERS,
where the metal surface is functionalized with Raman reporter
molecules and target-specific ligands and an amplified signal from
the Raman reporter is measured after binding to the target
analyte. Extrinsic SERS is typically used for the detection of
macromolecules. The complex biochemical composition of
biological samples complicates the interpretation of intrinsic
SERS spectra, making the identification of a particular
biomolecule a difficult task. Macromolecules also exhibit a
lower SERS effect compared to smaller molecules.*® Therefore,
different SERS labels or nanotags are used extensively in
bioanalytical applications, where the known signature of the tag
allows the identification of the target analyte. A typical SERS
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nanotag comprises three parts: Raman reporter molecules
providing characteristic Raman signatures, a plasmonic metal
NP (typically Au or Ag) to enhance the Raman signal, and a
recognition element to bind the target molecule.’’® The Raman
reporters that can be used also as a conjugation linker (e.g., p-
mercaptobenzoic acid) have gained significant attention in recent
years due to the simplified nanotag preparation.

A typical SERS immunoassay is based on a sandwich scheme:
the capture antibody is immobilized on the surface, it binds the
antigen from the sample, and SERS nanotags are applied to allow
the detection. The application of extrinsic SERS in cellular and in
vivo sensing is extensive because the nanotags associated with the
target biomolecules can stand out in the background signals from
a complex biological matrix.

The sandwich approach can also be applied in simultaneous
detection of multiple analytes through the use of different Ab’s
and different Raman reporters to prepare specific nanotags.
Contrary to the wide emission profiles of fluorescent
compounds, the individual Raman spectral peaks show a higher
resolution and are, on the average, 10—100 times narrower in
width.**' Furthermore, all Raman labels can be excited by a single
laser source, which is not possible in fluorescence-based
multiplex analysis. Another advantage of SERS is the high optical
stability of the Raman labels. Contrary to fluorescence,
photobleaching does not occur in Raman spectroscopy. The
signal intensities can be improved by increasing the power of the
excitation laser.>®> However, due to the strong local heating
induced by the plasmonic nanostructures, the laser power
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Figure 24. Number of studies that have used electrochemical methods combined with immunochemical recognition principles in the past five years.
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densities at the sample must still be carefully controlled to
prevent damaging the sample.

Another multiplexing scheme is based on the combination of
identical reporters with different kinds of NPs, arising from the
fact that the SERS spectrum of one reporter molecule is
influenced by the plasmonic NP enhancement (Figure 23). The
ability to encode the reporter NPs was presented by the
application of Au NPs and bimetallic Ag—Au NPs to distinguish
human and mouse antibodies. ™

A label-free SERS immunoassay based on the frequency shift
due to the binding of the analyte was developed by Tang et al.”**
A Ag NP film for SERS substrates was grown on
mercaptosilanized slides using a high-temperature modification
of Tollen’s method. Poly(dimethylsiloxane) (PDMS) stamps
were used to chemisorb two Raman reporters in small square
domains on the substrate via microcontact printing followed by
repeating with two antibodies. For the multiplex sensing of AFP
and glypican-3 (GPC3), the patterned antibody-conjugated
substrates were immersed in the sample, and SERS spectra were
recorded.

The recent progress in SERS-based immunosensing was
devoted to the development of NPs with different shapes and
compositions to achieve higher SERS enhancement factors.
Compared to conventional nanospheres, nanorods have a
stronger SERS effect due to the more intensive scattering
derived from the electromagnetic radiation.”®® Other shapes of
noble-metal nanoparticles include hollow nanospheres,**® nano-
'::ubes,367 1'1arlo.\stars,S“'R*“é9 nanoprisms,m] nanoflowers,””" and
tetrapods.””*

The combination of magnetic beads with SERS nanotags
enables some of the limitations of immunoassays on solid
substrates (e.g,, the long incubation times and the requirement of
repeated washing) to be overcome.””**”* A sensor based on a
competitive SERS immunoassay and magnetic separation was
presented by Yang et al’’® Au NPs were labeled by the
chloramphenicol-BSA conjugate and a Raman reporter to
prepare the nanotag. With the addition of free chloramphenicol,
a competitive immune reaction was initiated between free
chloramphenicol and the nanotag for binding to the antichlor-
amphenicol antibody-modified magnetic NPs. Instead of the
solid substrate, the antibody-conjugated magnetic beads were
applied as supporting materials and separation tools. Using a
magnet, the mixture was removed from the supernatant for
concentration effects. The SERS signals were recorded directly
from the supernatant; an LOD of 1 pg/mL was achieved.

SERS techniques have also progressed toward the use in

microscopy and small-animal in vivo imaging.””® The potential of
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the noninvasive application of SERS is highly valuable for live
imaging. SERS also provides a very high resolution for the
monitoring of the intracellular environment and the tracking of
the cellular distribution of extrinsic molecules. While SERS can
be used for the direct imaging of Raman fingerprints in single
cells, SERS microscopy mostly depends on extrinsic detection
based on nanotags. Various substrates have been adapted for the
conjugation of antibodies for targeted cancer imaging in live
cells.””” For example, Au—Ag core—shell NPs were bound to
mAb’s via a poly(ethylene glycol) (PEG) linker and applied for
the imaging of the expression of phospholipase Cyl on the
surface of HEK293 cells.””® A multiplexed mixture of receptor-
targeted SERS nanotags enabled the rapid quantitative molecular
phenotyping of the surface of freshly excised breast cancer tissues
to detect the presence of residual tumors. To reduce the
ambiguity caused by nonspecific sources of contrast such as off-
target binding or uneven delivery, a ratiometric method was used
for the quantification of the specific vs nonspecific binding. This
technique provides results in less than 15 min and allows the
potential intraoperative use in guiding breast-conserving
surgeries.379

4.5, Electrochemical Transducers

Electrochemical immunosensors and immunoassays are gaining
growing attention due to their high sensitivity, selectivity, low
cost, good portability, reproducibility, and compatibility with
micromachining technology. With the development of nano-
technology and nanoscience, electrochemical immunosensing
not only opened the door to substantial improvement of the
sensitivity of immunoassays but also led toward implementing
further inherent merits, such as miniaturization, portability, and
the immense scope of modifications. Together with antibodies
(the biorecognition element) and electroactive mediators (either
as carriers or as electroactive labels), these approaches secure low
detection limits with relatively fast responses. While direct
immunosensors are able to follow fast electric signals during the
immunocomplex formation, indirect sensors use signal-generat-
ing labels incorporated into the immunocomplex during its
formation. The latter allow more sensitive and versatile
detection. Recently, electrochemical immunosensing has expe-
rienced major development, and the application of nanoparticles
in electrochemical techniques contributes to this. The
scientometric data for the past five years (Figure 24) show that
the most increasing trend is associated with impedimetric
immunosensors. The second position is then occupied by
amperometric immunosensors.
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4.5.1. Amperometric and Voltammetric Measure-
ments. The amperometric immunosensor is based on
measuring the current changes of a conductive material due to
the interaction of an analyte with the surface functionalized with
antibodies (immuno); in other words, the amperometric
immunosensor is a device that transforms chemical information,
such as the concentration of a specific sample component, into an
analytically useful signal. Usually, the current is measured as a
function of the electrode potential (E) or time (). Both modes
are used in immunosensing. With respect to the variation of
parameters, amperometric detection in potential-controlled
methods (potentiostatic methods) can be realized by different
techniques (Figure 25, right). These are as follows: (a)

[Potential controlled methods}

|
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Figure 25. Scheme of the three-electrode setup used in potentiostatic
electrochemical methods (left). Potential-controlled methods suitable
for electrochemical immunosensing (right).
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chronoamperometry, in which the current is measured at a
fixed potential in time (usually a short time), (b) single-potential
amperometry, where the direct current (dc) is recorded as a
function of the potential difference between two electrodes
(usually in stirred solutions for a longer time), and (c) multiple-
potential amperometry, in which the potential is swept in time by
the scan rate (dE/dt) and the corresponding current is recorded
in the whole potential window as a voltammetric curve, i.e, I =
f(E). Then, linear sweep (LSV), cyclic (CV), normal pulse
(NPV), differential pulse (DPV), and square wave (SWV)
voltammetric responses characterize electrochemical systems at
different potentials and time together.”®

To control the potential value and to avoid the current load of
the reference electrode, an electrochemical cell containing three
electrodes, namely, working (WE), counter or auxiliary (CE or
AE), and reference (RE) electrodes, is used. The current flows
between the WE and CE electrodes, and the desired potential is
controlled between the WE and RE electrodes (Figure 25, left).

The above-mentioned methods can reveal not only the
reduction and/or oxidation potential of an analyte but also its
electrochemical activity (adsorption, interaction with modified
layers, electrocatalysis, and preceding chemical reactions). The
techniques are sensitive to electrode surface changes, and as such,
they find application in the electrochemical immunoassay.
Moreover, they can be regarded as nondestructive since only a
very small amount of the analyte is consumed at the surface of the
working electrode. The explosive development of nanoscience
and nanotechnology, giving new improved electroanalytical
tools, is also reflected in the area of immunosensors.*®’

As well as nanomaterial-based biosensors, the enhancement of
the analytical performance of electrochemical immunosensors by
NPs consists of lowering overpotentials (at higher surface area,
the current density tends to be smaller and electrocatalysis
efficiency to be higher) and increasing current yields (redox
conversion stemming from the large surface area of NPs). NPs
also improve the reproducibility of nanoimmunosensors because
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a high and targeted surface area allows faster and more complete
and controlled charge transfer at lower overpotentials, which
lessens the complications associated with electrode fouling. NPs
can guarantee enhancement of biomolecule compatibility and
functionalization. On the basis of the knowledge of electrostatic
interactions or the formation of bonds, the NP functionalization
is able to attach specifically certain biomolecules, allowing their
efficient immobilization and increased electroanalytical re-
sponses.

An electrochemical (amperometric) immunosensor, being a
chemical biosensor, contains two basic functional units: a
bioreceptor and a transducer. Some immunosensors may include
a separator consisting of, for example, a membrane. From the
bioreceptor part, the important information is transformed into a
form of energy measurable as electrical work by the transducer.
Thus, in amperometric immunosensors, the response is derived
from the interaction between chemistry and electric current
(Figure 26).

Analyte
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Figure 26. Scheme of the electrochemical (amperometric) immuno-
sensor design, depicting the integration of immunological recognition at
the solid-state surface.

Undoubtedly, nanotechnology has had a major impact on
biosensor research. In the field of electrochemical biosensors
(immunosensors), nanotechnology brings new and varied
opportunities connected with the modification of a transducer
and/or biomolecules via nanomaterials. This is often related to
the miniaturization of the transducer. Apart from the very specific
biorecognition reaction, antibodies (Ab’s) and antigens (Ag’s)
can be produced to obtain a specific binding partner for the target
of interest.”®

Finally, it should be noted that electrochemical sensors based
on enzyme labels produce or consume an electroactive substrate
or cofactor which can be monitored at an electrode interface. The
most common enzyme labels—horseradish peroxidase (HRP),
glucose oxidase (GOD), and alkaline phosphatase (ALP),
together with nanomaterials (nanoparticles, nanocompo-
sites)—open up an exceptional potential for powerful electro-
chemical immunosensors. For example, ALP cleaves the
nonelectroactive p-aminophenyl phosphate into p-aminophenol,
which undergoes reversible oxidation. Moreover, p-aminophenol
can be recycled thanks to the reduction by p-benzoquinonimine
at the second electrode.

Multiple strategies to enhance the amperometric responses of
immunosensors have been reported; however, no clear
formulation or optimum procedure has been proposed to date,
and thus, we acquire an attractive topic in the electrochemical
investigation of immunosensors. The research problems may rest
in or be related to (a) the optimization of a suitable interaction or
binding mechanism between the analyte and the electrode
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surface, (b) the modification of the electrode surface (nano-
composites, polymers, nanoparticles, self-assembled monolayers
(SAMs)), () the immobilization of the antibody, (d) the effect
of the pH, ionic strength, and temperature on the individual steps
within electrochemical immunodetection, and (e) the effect of
the Ab (length), polymers, and nanoparticles on electron transfer
processes. In this field, recent research activities have been
focused on the modification of electrode surfaces by using metal
(prominently gold and silver) or metal oxide nanoparticles,
nanocomposites, and allotropic modifications of carbon (e.g,,
CNTs and graphene). Some papers discuss electrode surface
modification performed by means of SAMs, diazonium, or sol—
gel chemistry. Within the development of electrochemical
immunosensors, conducting polymers have attracted consid-
erable attention stemming from a set of crucial reasons. Polymers
embody a suitable (very often also biocompatible) matrix for the
entrapment of enzymes, and they can be prepared in situ on
electrode surfaces via electropolymerization, enabling control
over their film thickness. Moreover, electropolymerization can
establish a direct connection of the polymer layer with the
electrode surface, which is important for increasing the
robustness of the electrochemical immunosensor.

Metallic nanoparticles have become a much-favored tool in
electroanalysis because of their superior physical and chemical
properties, including the high surface-to-volume ratio, good
electrical qualities, strong adsorption ability, and positive surface
characteristics. The implementation of metallic or metal oxide
nanoparticles is used also in electrochemical immunosensors.

4.5.2. Electrochemical Immunosensors with Metals or
Metal Oxides. Electrochemical applications of nanomaterials
are predominated by carbon and metallic nanoparticles, which
are used in modifying active surfaces of conventional macro- and
microelectrodes. A large variety of designs employing metallic
NPs for immunosensors were reported. For example, one design
was developed for ultrasensitive electrochemical immunoassay of
small molecules based on a host—guest interaction of adamantine
with a f-cyclodextrin-functionalized Au/Pd bimetallic nanop-
robe. In that design, the electrocatalysis of Au/Pd NPs toward
the oxidation of NaBH, was employed to produce a
voltammetric analytical signal. The highly efficient electro-
catalysis by AuPd nanoparticles for NaBH, oxidation produced
an ultrasensitive response (LOD = 4.6 n%/L) to chloramphenicol
as a model of a small-molecule antigen.”**

A highly sensitive electrochemical CEA immunosensor was
fabricated by covalently immobilizing a monoclonal CEA
antibody (anti-CEA, Abl) and a mediator (thionine, Th) on
the Au NP-encapsulated dendrimer. The highly sensitive
detection was achieved by the increased HRP-electrocatalyzed
reduction of hydrogen peroxide locally generated by GOD. The
immunosensor surface was characterized using EIS, AFM, and
QCM; dendrimer-modified NPs and the Ab2/MWCNT/GOx/
HRP bioconjugates were characterized using high-resolution
TEM, SEM, and X-ray photoelectron spectroscopy. Cyclic and
square wave voltammetry techniques were used to monitor the
increased electrocatalyzed reduction of hydrogen peroxide by
HRP.25

In the other voltammetric immunoassay of CEA, a polystyrene
microbead was covered with chemically deposited Au NPs,
which were also employed as a tracing tag to label the signal
antibody. A triple signal amplification was achieved using
graphene to modify the immunosensor surface for accelerating
electron transfer, poly(styrene-co-acrylic acid) microbeads
carried Au NPs as a tracing tag on the Ab2, and Au NPs induced
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silver deposition for anodic stripping analysis. The immuno-
sensor was constructed by covalently immobilizing capture Ab
on the Chit/rGO film-modified GCE. The in situ synthesis of Au
NPs led to the enhanced loading of the label on the bead
surface,**

Mao et al.**” used the Nafion membrane modified by titanium
dioxide (TiO,) nanoparticles for human chorionic gonadotropin
and a Nafion—TiO,—Gr homogeneous composite with a GCE
for the detection of CEA.**® To detect sulfamethoxazole, a new
electrochemical immunosensor was based on a CeQ,—chitosan
nanocomposite modifying a GCE.** A detection limit of 0.11
pg/mL CEA was achieved in a sandwich-type immunoassay
(anti-horseradish peroxidase bonded to anti-carcinoembryonic
antigen, HRP—anti-CEA) by using biometallic AuPt nano-
chains.** The biometallic nanochains were considered as
promising candidates for the next-generation sandwich-type
electrochemical immunoassays. To determine the prostate-
specific antigen (PSA) with a low limit of detection (1.16 fg/
mL in serum), TiO, NPs and a monoclonal antibody in
combination with ICP—MS were used.””" The amperometric/
coulombimetric signal produced of the CdS NP was employed
for the detection of sulfonamide antibiotic residues in food
samples.’” Au NPs were invented to recognize the trombin
captured on the screen-printed carbon electrode.”™ For the
electrochemical detection of staphylococcal enterotoxin B, GCEs
were modified with platinum nanopartic]es,304 and to facilitate
the rapid detection of Salmonella pullorum, a system containing
ionic liquids (Au NP/HRP/ILs) was used.’”

Carbon nanotubes (SWCNTs or MWCNTs) and graphene,
graphene oxide (GO), and reduced graphene oxide (rGO)
nanosheets all belong to the allotropes of carbon with a two-
dimensional nanostructure, offering unique chemical, geo-
metrical, and mechanical properties such as high strength
flexibility and thermal stability. From the perspective of their
application in electrochemical sensing, we should highlight
electrical properties such as the high conductivity and electron
transfer capability.

4.5.3. Allotropic Modification. Papers on novel electro-
chemical immunodetection platforms based on carbon nano-
tubes have been published; selected examples describe
modifications with a thionine—chitosan nanocomposite film,**®
MWCNTs with graphene sheets and poly(ethylenimine)—
Au,*” GCE/Bi NPs/Nafion—MWCNTs/GCE,** and electro-
spun carbon nanotube nanofibers.*””

Advanced electrochemical immunodetection platforms based
on graphene have been presented in many papers. The
electrochemical reduction of GO was chosen for preparing
rGO-modified ITO surfaces.*™ Graphene oxide sheets were
initially deposited on amine-terminated benzenediazonium-
modified indium tin oxide (ITO) surfaces through both
electrostatic and 7—7 interactions between the modified surfaces
and GO. Using the ultrasensitive detection of an antigen by the
sandwich ELISA method, a very low limit of detection (ca. 100
fg/mL, which corresponds to ca. 700 aM) was achieved.
Graphene-based immunosensors were fabricated for the
detection of aflatoxin B1, an extremely toxic substance among
mycotoxins in contaminated food products.

A dual enhancing strategy' has been employed to develop an
electrochemical immunosensor for the ultrasensitive detection of
AFP, which is enhanced by a polydopamine-functionalized N-
doped multiwalled carbon nanotube (PDA-N-MWCNT) and
the nanocomposite of graphene-loaded Au/Pt mesoporous
nanodendrites.
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Figure 27. Schematic representation of the preparation of an immunosensor. The reticular structures represent rtGO—TEPA. Abl represents the anti-
TSGF antibody. rtGO—TEPA, GA, Abl, BSA, TSGF, and Ab2—Ag@CeO, are modified onto the GCE in sequence. Based on ref 402.
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Figure 28. Schematic illustration of the fabrication process related to the sandwich-type electrochemical immunosensor for detecting the
carcinoembryonic antigen. CD—NGs = cyclodextrin—nanosheets of graphene. Reprinted from ref 403 with the permission of the Creative Commons
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). Copyright 2016 Nature Publishing Group.

The application of nanomaterials in electrochemical immu-
nosensors of the sandwich ELISA type is presented in many
variations. For example, one of the referenced papers describes
an ultrasensitive amperometric immunosensor developed to
detect a tumor-specific grow factor—the endometrial cancer
marker.*”” Reduced graphene oxide—tetraethylenepentamine
(rGO—TEPA) was used to modify the surface of a glassy carbon
electrode (GCE), and a Ag (silver)@CeO, nanocomposite was
applied as the secondary antibody (Ab2) label (Figure 27). The
amperometric response of the immunosensor for the reduction
of H,0, was recorded. Thus, the anti-TSGF primary antibody
(Ab1) was immobilized onto the -tGO—TEPA-modified GCE via
cross-linking with glutaraldehyde (GA), and then the tumor-
specific growth factor antigen and Ab2—Ag@CeO, were
modified onto the electrode surface in sequence. Under optimal
experimental conditions, this immunosensor exhibited a low
detection limit of 0.2 pg/mL. A possible explanation can be
outlined as follows: First, the large specific surface area of rGO—
TEPA can increase the loading capacity of the Ab1 and then raise
the amount of combined antigen and Ab2, leading to a higher
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response. In addition, the good electroconductivity and electron
transfer capability of rGO—TEPA can be beneficial for the
detection of H,0,. Second, Ag@CeO, exhibits fine catalytic
activity toward H,O,, which can improve the immunosensor
performance significantly. The authors have discussed the effect
of the irreversible agglomeration of rGO on the stability of these
nanostructured electrochemical sensors and their potential
application in the detection of other cancer biomarkers.

Tumor markers are highly popular analytes for modified
electrochemical immunosensors. The explanation is simple:
Clinical practice requires an uncomplicated, reliable, low-cost,
and sensitive detection method for tumor markers to reveal
cancer at an early stage. In other words, tumor markers can reflect
the existence and growth of a tumor. CEA, a widely used tumor
marker produced abundantly in essentially all human colon
carcinomas and in a high proportion of carcinomas at many other
sites, is applied for clinical research and early diagnosis in the
serum. The authors of a referenced source developed a novel and
ultrasensitive sandwich-type electrochemical immunosensor for
the quantitative detection of the CEA (Figure 28).*”* This
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immunosensor was developed by using trimetallic NiAuPt
nanoparticles on graphene nanosheets as excellent labels and
p-cyclodextrin-functionalized reduced graphene oxide nano-
sheets as the platform. Such an assembly with a high specific
surface area, good biocompatibility, and ideal dispersibility was
used to capture the primary Ab, efficiently. The trimetallic
NiAuPt—NG nanocomposites were used as the labels for the
signal amplification, showing improved electrocatalytic activity
toward the reduction of hydrogen peroxide (H,0,), which is
substantially better than that of monometallic Pt—NGs,
bimetallic NiPt—NGs, and AuPt—NGs due to the synergetic
effect presented in the NiAuPt—NGs. The NiAuPt—NG
nanocomposites consist of tightly coupled nanostructures of
Au, Ni, and Pt, which have neither an alloy nor a core—shell
structure. Under optimal conditions, a linear range of 0.001—100
ng/mL and a low detection limit of 0.27 pg/mL were obtained
for the CEA. The proposed electrochemical sandwich-type
immunosensor may have promising application in bioassays and
enriches electrochemical immunoassays.

In general, electroactive nanomaterials were used as labels for
constructing a sandwich-type immunoassay to enhance the
sensitivity. According to the discussions concerning this
application, there are some drawbacks related to (a) the activity
of the biomolecules in the systems after the application of
nanoparticles or nanocomposites, (b) the aggregation of
nanoparticles and the effect of their shells on both the
aggregation process and the electrochemical activity of nano-
particles, and (c) the electron transfer and its rate influenced by a
linker (length, cleavage) between the electrode surface and the
electron transfer mediator. In amperometric immunosensors, the
main disadvantage of having an indirect sensing system is,
however, compensated for by excellent sensitivity compared to
that of classic ELISA. This is due to the linear analyte
concentration range compared to the logarithmic relationship
in potentiometric systems. Special attention must be directed to
the system-inherent transport rate limitations for redox partners
on the electrode surface.

4.5.4. Electrochemical Impedance Spectroscopy. Elec-
trochemical impedance spectroscopy (EIS) has received
substantial attention in the field of immunosensors during the
recent years, especially due to the possibility of ultrasensitive,
nondestructive, and rapid electrochemical sensing and character-
ization of various biological analytes and interfaces. EIS embodies
a powerful technique to explore the physicochemical properties
of the biorecognition events connected to a respective transducer
or, generally, an electrode. In the case of biosensors, EIS may
provide valuable information about the individual immobilized
layers, polymers, and diverse coatings on the electrode;
furthermore, the charge transfer resistances, capacitances, and
diffusion coeflicients can be readily evaluated. The method also
enables us to examine the electrochemical behavior of a
composite electrode, surface roughness, porosity, and eventual
adsorption mechanism. As the technical back%round of EIS has
been comprehensively described elsewhere,””"*** this section
will focus especially on the recently utilized approaches
associated with nanoparticle-enhanced immunosensing. The
principle of impedimetric measurement rests in the application
of a sinusoidal potential (or current) with a low amplitude
through the two- or three-electrode cells containing an
electrolyte solution, mainly ferro/ferricyanide. The resulting
current (or potential) is recorded by a potentiostat over a range
of frequencies, and the overall impedance is calculated by
appropriate software according to
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where V and I; are the maximum potential and current signals, f
denotes the frequency, t represents the time, and @ is the phase
shift between the voltage—time and current—time functions.
Generally, the applied potential is rather small, which provides a
practical advantage compared to other electrochemical methods
(CV, DPV, SWV). Higher potential values can cause an
unfavorable disruption of the biomolecular layer, influence the
binding, or oxidize/reduce the attached components.*”® In
certain immunosensing assays, EIS is used to monitor pam’cular
immobilization steps and support the data obtained from the
above-mentioned common electrochemical approaches.*”” The
central role of EIS is, however, associated with label-free
detection. Since the impedance-based technique exhibits
extreme dependency on the interfacial binding events occurring
at the electrode surface, the labeling is not required in certain
cases.*”® Principally, the analyte of interest is bound to a specific
Ab immobilized on the electrode, and the impedance increment
is registered in the solution of the redox probe as a result of the
accumulated mass hindering the electron transfer.

Various nanomaterials have been used to enlarge the surface
area, to improve the stability of the immobilized biomolecules,
and to enhance the sensitivity of the developed sensor.*””~*!!
The most frequent items, or Au NPs/nanostructures/nano-
composites*' >*'? and graphene sheets,*'#*'* assembled on the
electrode represent highly effective and biocompatible layers
providing an extended surface/volume ratio and thus also more
space for antibody immobilization. Moreover, the nanostructure-
designed surface is considered to be an excellent promoter of the
electron transfer between the electrode and the redox
probe.*'**'” Multiple nanocomposites have been fabricated to
enhance the signal intensity. For instance, Raymundo-Pereira et
al. revealed the synergistic effect of Au and Pt nanostructure-
based electrodes accelerating the electron transfer more
efficiently than just bare Au or Pt electrodes.'® The NP-
modified label-free impedimetric sensor demonstrates an ideal
arrangement for point-of-care applications.*'® For practical
purposes and ease of operation, the single-frequency mode of
impedance suggests a desirable alternative, facilitating the data
analysis and excluding the need for equivalent circuit modeling
and fitting of electrochemical parameters.**’ In some cases, the
label-free approach does not provide satisfactory LODs and is
substituted with the sandwich format. Here, the response and
selectivity are further improved by the attachment of a detection
Ab, ordinarily conjugated to a label. Several NPs****' and
nanomaterials (carbon nanotubes, graphene)***~*** have been
used to assemble an increased load of antibodies/labels, e.g,
enzymes, catalyzing the conversion of the substrate to insoluble
products on the electrode, thus amplifying the signal by the
extension of the charge transfer resistance.*”> Another variant of
immunosensors, the signal-off group, is based on “electron
wiring” between the electrode and the highly conductive NPs
conjugated either to the detection Ab or whole cells (Figure
29).%® It has been reported that the electron transfer (ET) at the
interface of the AuNPs/insulating barrier/electrode is similar to
or even more efficient than the ET between the bare electrode
and the redox probe.*” In this case, a decrease of the charge
transfer resistance is observed with an increased concentration of
the nanoparticle-modified analyte. The above principles can be
ranged within faradic impedance spectroscopy: the charge is
transferred in the presence of a redox probe across the interface.
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Chem. Rev. 2017, 117, 9973-10042



Chemical Reviews

[Fe(CN) >+

z
g &
8) EDC/NHS
b) antibody
o electrods ok electrode

[Fe(CN) -+

Y
S

-

¢ Y e -

€ coll

g
c
|

¥ capture antisody AP

Figure 29. Scheme of the signal-off impedimetric immunosensor. Based
on ref 42.

Contrariwise, nonfaradic EIS is usually performed in a dielectric
solution, which becomes more conductive when a charged
material, e.g., a negatively charged cell membrane of bacteria, is
attached to the electrode.**® Then the solution resistance and
double-layer capacitance are monitored as the most variable
parameters. Nguyen et al. successfully applied such an approach
in the detection of Salmonella adhered to magnetic silica
nanotubes and achieved a remarkable limit of detection.**’

Although the nanosurfaces provide a large number of
advantages within impedimetric inmunosensing, the orientation
of the immobilized antibodies remains questionable. Some Ab’s
may be deeply buried in the branched nanostructures
inaccessible for larger analytes. These phenomena could result
in uneasily reproducible impedance spectra among the individual
sensors. However, multiple reports dealing with EIS illustrate
that this technique finds its potential in many bioanalytical
applications.

4.5.5. Field-Effect Transistors. Within the effort to achieve
a deeper understanding of both these and the biomolecule—
surface interactions at the atomic level, potentiometric
immunosensors based on the field-effect transistor (FET) have
attracted wide interest.”* Field-effect transistors (FETs) are
active electronic components enabling us to control the current
flowing between the drain (D) and source (S) terminals via the
voltage (charge) on the gate (G) terminal. The principle of the
FET was patented by J. E. Lilienfeld in 1925. Depending on the
architecture, FET devices can be classified into two main
branches: insulated gate FETs (or MOSFETSs, metal oxide
semiconductor field-effect transistors) and junction FETs
(JEETSs).

Most FET devices applicable in the field of sensing are
MOSFETs. When using MOSFETs as (bio)chemical sensors,
the gate terminal is in direct contact with the measured
environment (samples). Interestingly, the name is now a
misnomer because the previous metal gate material is often
replaced with a layer of polycrystalline Si (Figure 30) due to the
capacity of the latter to form self-aligned gates. Typical gate
materials are 8i0,, Si;Ny, AL O;, and Ta,Og; the surfaces of these
oxidic materials contain amphoteric hydroxyl groups capable of
both donating and binding protons. The pH changes induce
variations in the surface charge which controls the conductance
of the drain—source channel of the resulting ISFET (ion-
selective FET) devices. ISFETs are easily adaptable for the
measurement of ions other than H* (eg, K* and Ca’*) by
coating the gate with an additional ion-selective membrane. By
coating the ISFET gate with an enzyme layer, a range of enzyme
FET (ENFET) devices can be constructed provided that the
corresponding enzymatic reactions involve a pH change. This
technique can also be applied to immunosensors, and ISFETs are
good candidates for ultrasensitive immunosensor applications.

Typical graphene-based field-effect transistors (GFETs) on
Si/Si0, or poly(ethylene terephthalate) (PET) substrates are
presented in Figure 31. While the output characteristics of FET
devices correspond to the drain current I, (#A) as a function of
the drain voltage V}, or Vi, (V), the transfer characteristics are
measured as the drain current I, (#A) dependent on the gate
voltage V;; or V, (V).43l Then the drain current versus the time
for an FET during the injection of various concentrations of the
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Figure 30. Conceptual enhancement mode, n-channel MOSFET: (a) basic MOSFET structure; (b) schematic diagram with the applied voltage; (c)
transfer characteristics of the FET (the drain current Iy, as a function of the gate voltage V).
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Figure 31. Typical back-gate graphene-based field-effect transistors
(GFETs) on a flexible poly(ethylene terephthalate) (PET) substrate (as
the chemical and biological sensor in an aqueous solution). Based on ref
431.

studied analyte is registered (e.g, serum ferritin in the
concentration range between 50 pg/mL and 500 pg/mL).{"l

An advantage of FETs as potentiometric sensors is the
simplicity of operation, which can be suitably used for
automation; this is complemented with the small size of the
solid-state FET sensors, which require very little current (usually
less than 1 mA). Possible drawbacks may consist of the
nonspecific effects of binding or the signaling influences from
other ions present within the sample. The referenced paper™
pointed to detecting biomolecules in complex biosamples with
high ionic strength (>100 mM), where screening effects can be
expected. Most sensors operate under low ionic strength
conditions, requiring ex situ biosample manipulation steps
(desalting processes). The authors demonstrated an effective
approach for the direct detection of the biomolecules in an
untreated serum, based on the fragmentation of the antibody-
capturing units. Moreover, the size-reduced antibody fragments
permit the biorecognition event to occur in closer proximity to
the nanowire surface, falling within the charge-sensitive Debye
screening length (the dimensions of macromolecules).

In FET immunosensors (also EISFET, or the electrolyte—
insulator—semiconductor field-effect transistor), the gate is
decorated by covalently immobilizing antibodies as binding
entities that specifically capture the desired analyte. Two
proposed basic mechanisms (the intrinsic charge of the
detectable macromolecule and/or the charge redistribution
that follows the intermolecular interaction) were discussed.*”
Numerous research efforts have been devoted to realizing the
idea of these approaches; however, most of the reported results
turned out to be disappointing.

The immunosensor is based on an FET where a network of
SWCNTs acts as the conductor channel, constituting carbon
nanotube field-effect transistors (CNTFETs). Anti-atrazine
antibodies were adsorbed onto the SWCNTSs, and subsequently,
the SWCNTs were protected with Tween 20 to prevent the
nonspecific binding of bacteria or proteins.”** The principle of
the immunoreaction consists of the direct adsorption of atrazine-
specific antibodies (anti-atrazine) onto SWCNT networks. After
being exposed to increasing concentrations of atrazine,
CNTEFETSs could be used as convenient label-free platforms to
detect atrazine. Under optimal conditions, a detection limit as
low as 0.001 ng/mL was obtained, which is lower than that found
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in other methods for atrazine detection, and falls within the
working range between 0.001 and 10 ng/mL. Single-walled
carbon nanotubes (SWCNTs), but horizontally aligned, were
applied in a liquid-gated field-effect transistor (FET) of
interleukin-6 (IL-6; from the family of secreted proteins).**
The proposed immunosensor exhibits not only good sensitivity
(the LOD is 1.37 pg/mL) but also improved stability attributed
to the strong adhesion of CNTs to the quartz substrate because
of the good horizontal alignment of these tubes. This facile
approach could be customized to also detect food toxins (e.g,
Clostridium perfringens) and biomarkers upon appropriate
functionalization of the aligned CN'Ts.***

The superior physical and electrical properties, including the
high carrier mobility, ambipolar electric field eftect, high surface
area, flexibility, and compatibility with microfabrication
techniques, make carbon allotropic nanomaterials such as
graphene (G) and carbon nanotubes (CNTs) easy to integrate
into FET immunosensors. Ramnani et al.**’ presented an
approach toward integration into these devices using various
fabrication methods, evaluated different sensing platforms that
incorporate biomolecules such as enzymes, antibodies, and
aptamers as the recognition elements, and pointed to problems
connected with the same properties of GFETs or CNTFETs.
The discussed issues included, for example, impurities, the
number of layers, edge structure, substrate, length and diameter
of the tubes, or level of agglomeration. In view of our experience,
this evaluation can be supplemented with two aspects: the
amount and distribution of hydroxyl, carbonyl, carboxyl, or other
functionalized groups and their distribution on the surface area
with respect to edge effects.

Park et al. used a modified FET immunosensor for very
sensitive determination of the CEA.*** For this purpose, they
fabricated aptamer-functionalized multidimensional conducting
polymer (poly(pyrrole-3-carboxylate)) nanotubes (Apt-C-PPy
MNTs). To produce an FET-type biosensor transducer,
functionalized NTs were integrated with the CEA-binding
aptamer immobilized on an interdigitated array electrode
substrate by covalent bonding with amide groups. The resulting
liquid-gated C-PPy MNT-based FET sensors exhibit both a rapid
response in real time (<1 s) and ultrasensitivity toward the CEA
with a detection limit of I fg/mL.

Within the domain of FET immunosensing, another paper™”
from the same laboratory examines the highly sensitive and label-
free detection of cardiac troponin I (¢Tnl), a biomarker for the
diagnosis of acute myocardial infarction. Monoclonal antibodies
for ¢Tnl were covalently immobilized on a silicon nanowire
surface with a honeycomb-like structure, and the attachment of
the antibodies is clearly visualized by an atomic force microscope.
The detection limit of the silicon nanowire FETs is about 5 pg/
mL.

An alternative solution for recognizing tumor-related proteins
by using an FET, usually based on antibodies, is presented in a
corresponding paper.**’ Here, the platelet-derived growth factor
(PDGF) was detected via an aptamer (fragment single-stranded
DNA), and the LOD equals 8.8 pM.

Some possible applications of immuno-FETs as quantitative
point-of-care devices are presented in the form of next-
generation tools for serological disease diagnosis to compete
with pathogen serology using enzyme-linked immunosorbent
assay (ELISA). Exploiting the model pathogen bovine herpes
virus-1 (BHV-1; a major viral pathogen of bovine respiratory
disease), this study employs an extended-gate FET for direct
potentiometric serological diagnosis.”"' To demonstrate the
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capabilities of the FET sensor as a diagnostic instrument, the
BHV-1 viral protein gE was expressed and immobilized on the
sensor surface to serve as a capture antigen for the BHV-1-
specific antibody (anti-gE). This FET sensor is significantly faster
than ELISA (<10 min). By using another type of FET
immunosensor, one based on a hornlike polycrystalline silicon
nanowire (poly-Si NW FET), the intracellular protein ferritin
was detected in a microfluidic channel with an LOD of 50 pg/
mL, 2

FET immunosensors also occupy a significant position within
the diagnosis of various diseases. For example, nanowire
immuno-FETs and ion-sensitive field-effect transistors (ISFETs)
were used for the real-time and label-free detection of antibodies
*** and hepatitis B surface
antigens,"** respectively. Newly developed ISFET-based port-
able sensors hold a large potential for point-of-care (POC) tools
in a variety of diseases, without being limited by the need for
expensive equipment such as spectrophotometers. ™ Similarly,
the label-free, low-cost, and miniaturized silicon nanowire field-
effect transistor (Si NW FET) chip, detecting the human thyroid-
stimulating hormone*® or human immunodeficiency virus
(HIV),*” has a potential in the point-of-care diagnosis of
thyroid or AIDS diseases. The type of transistor channels may
vary according to the organic molecules used as semiconductors
(e.g, n channel for pentacene and p channel for naphthalenete-
tracarboxylic diimide); these organic molecules are in con-
junction with a new dielectric la}}zer (fluorinated polymer and
vapor-deposited hydrocarbon).*** Organic thin film transistors
(OTFTs) are able to detect a wide range of analytes, including
gases, chemicals associated with explosives, and biomolecules
(nucleic acids, proteins). Compared to inorganic semiconduc-
tors, organic ones are flexible materials promising (a) integration
into wearable or implantable medical care devices, (b) the
fabrication of thin layers by spin-coating and/or printing
procedures, and (c) the modification of the transistor surface
via simple chemical tailoring.

from avian influenza (anti-AI)

4.6. Magnetic Sensors

4.6.1. Diagnostic Magnetic Resonance. Magnetic NPs
offer unique possibilities for biosensing methods. Biological
samples exhibit no magnetic background, and thus, such
procedures are highly sensitive and can be performed in complex
matrixes without further preprocessing, Several methods have
been developed for the analysis of biomolecules and other
particles using a magnetic field and MP-based labels."*” Some
authors referred to functionalized magnetic NPs as magnetic
nanosensors.””’ Biomolecules and cells labeled with magnetic
nanoparticles can be detected using a technique based on nuclear
magnetic resonance effects. This method is termed diagnostic
magnetic resonance (DMR) and has been advanced by designing
a miniaturized chip-based yNMR system.*"*** In a magnetic
field, MPs induce a change in the proton relaxation rate and the
transverse relaxation time T, of the measured samples. Two
forms of DMR assays can be used considering the size of the
target. First, the magnetic relaxation switching (MRS) effect can
be exploited to detect small molecules making aggregates with
MPs and thus changing the magnetic relaxivity. For example,
kanamycin was detected using a competitive MRS immunoassay
with an LOD of 0.1 ng/mL and an analysis time of less than 1
h.*** Furthermore, not only small molecules but also larger
targets such as bacteria or cells are labeled with MPs; the
unbound MPs are removed, and the relaxation time is measured.
Liao et al. used dynamic magnetic resonance to detect C-reactive
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protein (CRP), a key indicator of infectious/noninfectious
diseases or an acute tissue."”* Dextran-coated magnetite
nanoparticles were conjugated with specific anti-CRP antibodies.
The interaction of magnetic nanoparticles with CRP was
monitored as a decreasing change of the T, relaxation time,
which corresponds to the concentration of the analyte in the
sample. A compact-size DMR system suitable for POC detection
was constructed and tested using Staphylococcus aureus.*>

4.6.2. Magnetoresistance. Magnetic particles serving as
labels interact with an external magnetic field, which induces a
change in the electrical resistance. Specifically bound antigens
can be detected by magnetoresistive (MR) sensors, Various MR-
based sensors have been derived, including the giant (GMR),
tunneling (TMR), colossal (CMR), and anisotropic (AMR)
types.**® Since their discovery by Griinberg and simultanecusly
by Fert in 1988,"” GMR sensors have become popular.'****
GMR is a quantum mechanical effect based on spin-polarized
electron transport in magnetic/nonmagnetic multilayers.*™ A
detected nonmagnetic layer is sandwiched between two
ferromagnetic layers. The upper layer consisting of MPs is
referred to as the free layer, and its magnetization can be changed
by an external magnetic field. However, the penetration depth of
the magnetic field is only approximately 150 nm. The
magnetization of the bottom fixed layer remains unchangeable.
The imbalance of the spin populations results in a magnetic
moment in the film and affects the electric resistivity, and small
changes in the magnetization of the free layer are detected.

A GMR sensor arranged in a microfluidic cell was used for
detecting a D-dimer—a biomarker of thrombosis.**’ Magnetic
NPs with an average size of 100 nm were used as the signal probe.
The detection limit corresponded to 5 ng/mL, and the results
were in good correlation with the applied Sysmex CA1500
commercial analyzer. The use of a GMR sensor for detecting E.
coli and E. coli 0157:H7 was presented by Kokkinis et al.*** and
Sun et al,** respectively. This technique also introduces new
possibilities into the study of protein interactions. The
monitoring of the binding affinities of programmed cell death
proteins | and 2 (PD-1 and PD-2) was described.*** Another
interesting application consists of the multiplexed monitoring of
food allergens.** The clinically important peanut allergens Ara h
1 and Ara h 2 and wheat allergen gliadin were simultaneously
analyzed, with LODs of 7.0, 0.2, and 1.5 ng/mL, respectively. Yet
another application of GMR sensors was focused on the
detection of representative biomarkers for radiation exposure
and cancer, including the phosphorylated structural maintenance
of chromosome 1 (phosphor-SMC1), granulocyte colony
stimulation factor (GCSE), and interleukin-6.**

TMR sensors take advantage from replacing the spacer layer
with a thin insulator; NPs are entrapped magnetically.*"” The
TMR sensor with an electromagnetic trap of E. coli bound to
IMPs was constructed as a miniature device (Figure 32).*% Even
though the LOD was not sufficiently low (6.6 X 10° cfu/mL), the
concept seems to be promising.

4.6.3. Superconducting Quantum Interference Device.
A superconducting quantum interference device (SQUID) is the
most sensitive tool for monitoring a magnetic field at low
frequencies. In its simplest form, it consists of a superconducting
loop broken by one or two weak links called Josephson junctions.
Two main types of SQUID sensors are utilized: the direct current
(DC-SQUID) variant, which uses two Josephson junctions, and
the radio frequency (RE-SQUID) embodiment, where only one
junction is employed. RF-SQUIDs are cheaper but also less
sensitive.”” If the current is below the critical value, these

DOI: 10.1021/acs.chemrev.7b00037
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Figure 32. (a) Optical image of a microfabricated tunnel magneto-
resistive sensor supplemented by an electromagnetic trap. (b) Schematic
representation of the detection method. Reprinted with permission
from ref 468. Copyright 2014 Elsevier.

junctions allow it to pass with zero voltage; otherwise, the voltage
appears across the junction. In the case of RF-SQUIDs, other
components such as a radio frequency coil and a large antenna
loop are incorporated. The working principle is based on the
interaction of a magnetic field (affected by the analyte labeled
with MPs) and an electric current. A SQUID sensor utilizing
magnetic NPs as a label was constructed and tested on the
streptavidin/biotin system.”’® The sensor was capable of
distinguishing between captured and free magnetic markers. A
highly interesting aspect rests in the low detection limit for
biotin, achieving a concentration of 9.5 X 107'¢ mol/L. An
original comparison of three different magnetic methods was
presented by a team of Japanese researchers;'”' the paper
focused on SQUID, an MR sensor, and a fluxgate sensor. In
addition to this problem, the authors discussed using magnetic
markers with a large magnetic moment to attain a higher signal.

4.6.4. Other Magnetic Sensors. The immunointeractions
of MP-labeled molecules can be monitored via magnetic particle
quantification (MPQ). The method uses the nonlinear magnet-
ization of particles in a magnetic field at two ac frequencies; the
particle responses are recorded. Orlov et al. detected the PSAin a
human serum, with a detection limit as low as 25 pg/mL.*"*
Grapevine fanleaf virus was captured on an immunofiltration
column via specific monoclonal Ab’s. The viruses were labeled
with a second Ab conjugated to magnetic NPs, and the frequency
generated by MPs in a magnetic field was recorded.*”* A planar
microcoil array was exploited as a sensor of magnetic beads
through the bottom of classic ELISA plates.*”* The immuno-
sandwich of mouse IgG with magnetically labeled secondary Ab’s
was detected with a sensitivity comparable to that of optical
detection with an LOD of 100 pg/mL.

An integrated platform to perform the manipulation with and
detection of cells and biomolecules was described.*” Electro-
magnetic microcoils and capacitive biosensors on a CMOS chip
were constructed, and the functionality was characterized on the
model interaction between anti-streptavidin antibodies and
streptavidin-coated magnetic microbeads. A microfluxgate
sensor was developed and tested on AFP and the CEA model
antigen.*’® An MEMS"”” microfluxgate sensor was described by
Sun et al.*”® Primary anti-PSA antibodies were immobilized on a
small glass plate with a gold film via an SAM and EDC/NHS
chemistry. Dynabeads with the anti-PSA were mixed with

10002

96

samples containing various amounts of the PSA, and the mixture
was incubated. In the following step, the immunocomplex on the
Dynabeads was magnetically separated, and a small volume was
dropped onto the immunochip. After incubation, the chip was
washed with PBS, and changes in the magnetic field were
measured (Figure 33). The magnetic change correlated with the
concentration of the PSA in the sample, and the LOD
corresponded to 0.1 ng/mL.

Figure 33. (a) Block diagram of the microfluxgate-based biosensing
system. (b) Detection discipline of the microfluxgate-based biosensing
system. Reprinted with permission from ref 478. Copyright 2016
Springer.

The Dynabeads magnetic particles were used to label the
antigen, and the changes in the magnetic fields generated by two
excitation coils and affected by the presence of an amount of
Dynabeads were detected by the sensing coil at a minimum
detectable concentration of 1 pg/mL. Planar-frequency mixing
magnetic detection (p-FMMD) as a technique based on
nonlinear magnetization was presented by Kim et al.*’’ The
immunocomplexes with superparamagnetic iron oxide (SPIO)
nanoparticles were measured conveniently in planar microfluidic
channels. The Alzheimer’s disease biomarker amyloid f 42 was
detected at a minimal concentration of 23.8 pg/mL.

4.7. Piezoelectric Systems

In 1959, the relationship between quartz resonant frequency and
the mass accumulated on the sensor surface was established by
Sauerbrey, leading to the development of a commonly used
microgravimetric biosensing technique—quartz crystal micro-
balance (QCM). Shortly explained, QCM is a mass-sensitive
instrument detecting binding events by measuring the frequency
change of the quartz resonator. The corresponding mass can be
easily deduced from the Sauerbrey equation:*

DOI: 10.1021/acs.chemrev.7b00037
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where Af is a change in the resonant frequency of the crystal
(Hz), Am denotes a mass change, f, represents the intrinsic
crystal frequency (MHz), A is the piezoelectrically active area
(em?), p is the density of a quartz (g/cm?), 1, denotes the shear
modulus of a quartz (Pa), and C;is the constant of a crystal. The
significance of QCM rests in the possibility of rapid and real-time
monitoring of surface modifications, adsorption/desorption
effects, and biomolecule interactions, e.g, antigen—antibody
recognition and DNA hybridization. The QCM apparatus often
suffers from the influence of the surrounding noise and may lack
sensitivity, especially in the case oflow molecular weight analytes.
Thus, recent approaches propose the application of novel NPs,
nanomaterials, and nanocomposites.**"*** For instance, highly
biocompatible Au NPs providing a high surface-to-volume ratio
were used by Chu et al. to improve the sensor performance.*’
The surface coverage by Au NPs increased the number of the
binding sites for Ab’s and, subsequently, the mass of the target
analyte. Another way to enhance the signal intensity consists of
the secondary Ab-functionalized Au NPs bound to the antigen in
a sandwich format.™" This additional binding step further
extends the mass on the surface, resulting in a broader shift of the
frequency. +#54%6

One might assume that the larger the secondary ligand
assembled, the higher the signal observed. This, however, is not
always correct, as the Sauerbrey frequency decrease takes into
account only thin films rigidly attached to the surface.”®” An
interestingoption to overcome this limitation was proposed by
Liuetal; "™ a complex of 150 nm magnetic particles, detection
antibody, and enzyme catalase was used to amplify the signal.
Once this complex was attached to the antigen on the QCM
surface, hydrogen peroxide was introduced into the system,
initiating the biocatalyzed conversion to water and oxygen. The
generated oxygen influenced the shear modulus of the
immunocomplex layer, with the viscosity and density of the
adjacent liquid layer resulting in a significant frequency increase.

The frequently applied mechanism of the biocatalyzed
precipitation of an insoluble product on the surface appeared
to be beneficial for increased signal generation also in the case of
QCM.** Akter et al. exploited the dual merit of magnetic NPs,
i.e,, the surface enlargement for antibody/enzyme capturing and
the possibility of easy sample purification, and developed a
sensitive QCM sensor based on the bienzymatic (GOD/HRP)
conversion of the initial substrate—glucose—to a solid product,
resulting in extended rigidity of the layer and a concomitant
frequency change.””” This approach, however, significantly
lowers the detection limit, and regeneration is practically
impossible, making the sensor disposable. A solution to this
problem arises from a paper by Zhou et al,*”" who omitted the
covalent immobilization of the primary antibody and attracted
the MNP—AD, /antigen/Ab,—HRP immunocomplex to the
QCM surface by an external magnet. The surface covered by
the precipitate can be regenerated chemically or electrochemi-
cally.*”” The data obtained from the microgravimetric measure-
ments can be promptly verified by employing electrochemical
quartz crystal microbalance (EQCM). The assay is ordinarily
performed in an electrochemical cell composed of a gold-coated
quartz crystal as a working electrode, a reference electrode, an
auxiliary electrode, and a certain electrolyte solution.*”* For
instance, the accumulation of the secondary ligand, e.g., Au NPs,

Af —CAm
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results in a frequency decrease; however, a current increase will
be observed during the voltammetric scan because of the wiring
effect of the conducting nanoparticles.

In the domain of immunosensors, QCM apparently
constitutes an obsolete technique, but the incorporation of
various nanoparticles and nanomaterials nevertheless makes it a
promising instrument for future applications dealing with the
fast, sensitive, and real-time detection of many toxins,**
proteins,w%w-f and bacteria,*?%*"”

Typically, different types of nanoparticles are best compatible
with selected types of transducers. In the field of biosensors,
electrochemical transduction is most popular, as the good
performance can be achieved with rather simple and miniature
devices. Measuring techniques are the simplest amperometry and
differential pulsed voltammetry when the highest sensitivity is
required. Potentiometric measurements are rare because of
complications with a reliable reference, and the complex sample
matrixes also limit a wider use of field-effect transistors. The
carbon- and metal-based NPs help to improve the transport of
electrons from traditional enzyme-based labels, though combi-
nations of two (or even more) nanomaterials are common. The
wide variety of “nano”-modified screen-printed electrodes are
already easily obtained from several suppliers. Many authors
favor the impedimetric techniques, which provide the direct
measurement without the need for any labeling. The EIS
measurements might appear quite simple and straightforward,
but in real samples, complications with nonspecifically adsorbed
biomolecules create significant complications and irreproducible
results.

Optical techniques have gained interest because of the
excellent photochemical stability and brightness of the
luminescent nanocrystal and even the use of some hybrid NPs
as labels. On the other hand, the high expectations related to
quantum dots are fulfilled only gradually; reliable bioconjugation
procedures for often hydrophobic QDs were not readily
available, and the simplified adsorption of biomolecules was
not robust enough. Currently, the interest in up-converting NPs
as labels is growing. It was rather surprising that optoelec-
trochemical combined techniques such as electrochemilumines-
cence and photoelectrochemical conversion are represented by a
high number of contributions; evidently, this is the field where
optically active NPs have brought significant benefits. For direct
assays with real-time data collection, surface plasmon resonance
traditionally serves in immunosensing; noble-metal NPs help to
moderately increase the measured signals. Due to the very high
costs of instruments and limited portability, classic SPR functions
in biochemical research laboratories and allows more precise
screening of drug candidates in pharma industries. Much more
interest is focused on localized SPR variants, which allow simple
evaluation based on a change of color.

Rapid development of Raman spectroscopy and especially the
surface-enhanced variants with nanomaterials and nanoparticles
was also successfully combined with the specific antibodies, and
applications are rapidly growing. Here, the imaging variants are
suitable for living cells and are tested also for specific visualization
of malignant tissues during surgery.

Magnetic transducers are highly variable and often complex;
the bioanalytical applications exist rather rarely. The main field
here will be the magnetic resonance imaging with the help of
specifically binding magnetic NPs. Finally, piezoelectric trans-
duction, despite the very long tradition, will most probably
remain a rather exotic laboratory approach; nanoparticles might
shift the sensitivity, but the improvement will be only limited.

DOI: 10.1021/acs.chemrev.7b00037
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Table 1. Selected Examples of Immunoassays for Clinical Markers Based on Nanoparticles

marker
sample matrix

a-Fetal Protein (AFP)

LOD

serum 0.8 pg/mL
PBS (model) 0.01 pg/mL
serum 0.33 fg/mL
Amyloid A

serum 43 ng/mL
Amyloid-f

serum 1 pg/mL
serum 50 fg/mL
Apolipoprotein-Al

serum 0.02 pg/mL
Apolipoprotein-A2

urine 6.7 pg/mL

range

0.001-200 ng/mL

0.1-50 pg/mL
1 fg/mL to 80 ng/mL

9.4-600 ng/mL

1-10000 pg/mL

0.08 to 10° pg/mL
0.0001-50 ng/mL

20 pg/mL to 2 mg/mL

Apoptosis Regulators Bcl-2 and BAX

cell lysate 1 ng/mL

1-300 ng/mL

Butyrylcholinesterase, Phosphorylated

plasma 0.01 nM
Calmodulin
tumor cells 18 pg/mL

Cancer Antigen CA-125

serum 1.6 mU/mL

Carbohydrate Antigen 19-9
PBS (model)  0.04 U/mL
serum, urine 0.5 mU/mL

Carbohydrate Antigen 15-3

serum 14 mU/mL

Carcinoembryonic Antigen (CEA)

serum 0.1 pg/mL
serum 0.36 fg/mL
serum 0.1 pg/mL
serum 0.86 fg/mL
serum 1 pg/mL
serum 0.1 pg/mL
serum 3.2 fg/mL
serum 0.16 fg/mL
serum 0.1 fg/mL
serum 0.65 pg/mL
serum 0.16 pg/mL
serum 0.2 pg/mL

0.02—-10 nM

0.05-200 ng/mL

2-100 mU/mL

0.01-200 U/mL

0.001-5 U/mL

0.05—120 U/mL

1 pg/mL to 50 ng/mL
0.005—10 ng/mL
0.0001—-10 ng/mL
1 fg/mL to 10 ng/mL
0.05—80 ng/mL
1.0 pg/mL to

500 ng/mL

0.01 to 105 pg/mL
1 fg/mL to 200 ng/mL

1.0-1000 fg/mL
0.001-80 ng/mL

0.0005—100 ng/mL

0.001-80 ng/mL

time
(min)

250

150
180

45

120

90
130

12

340

80

240

65

60

105

35
65

150

80

45

150
45

150
75

140

>45

surface

mpt—Ab,

GCE/Ab,

GCE/grox/chit—fuller-
ene/Ab,

GCE/PPy-COOH/chit/
MWCNT/Ab,

Au/AlLO; array/Au NP/
1
GCE/Ag NW/Cys/Ab,

SPE—C/Au NP/Ab,

polycrystalline Si NW/
graphene/Ab,

GCE/rGO/Ab, ,Ab,,

SPE—C; Fe;0,/TiO,
NP/Ab,

GCE/chit—thionine/gra-
phene/Au Ag NP/Ab,

Au/Au NP/Si0,CdS
QD/Ab,

ITO/TiO, NWs/Au NP/
CdSe—ZnS/Ab,

GCE/grox/Au NP/ABEI/

Ab,

GCE/PEI-MWCNT/Au
NP/Ab,

Fe,0,/Au NP/Ab,

ITO/Au NP/Ab,
microplate—mAb,

Au NR/SiO,/ rhodamine-
6G/Ab,

ITO—Au/Au NP/Ab,

Au/PANI—ferricyanide/
Au NP/Ab,
GCE/ZnO NP/Ab,
GCE/PPy—phytic acid/
Au NP/Ab,
GCE/PABA/Ab,
GCE/Au NP/Ab,

microplate/Ab,

GCE/GO/Au NP/Ab,
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label(s)

PbS NP/Ab,; Ag NP/DNA
CdZnSe QD/Ab,
C—-QD/PAAD/Ab,

— (direct)

— (direct)

Zn0/CeO, NP/luminol/GOD/Ab,

Ag NP /hydroxyapatite/Ab,

— (direct)

$i0,/CdSeTe NP/PDDA/Abja;
SiO,/Ag NC/PEI/Ab,b

CdS QD/Ab,

Au NR/HRP/Ab,

— (direct)

(bipyridinium®*)—Ab,

— (direct)

Mn—ZnO NR/Lys/Ru(bpy-di-
COOH)**/Pt NP/Ab,

PANI NF/HRP/Ab,
graphene—SnO, NP/PDDA/Ab,
NaEuF, NP/av/Ab,

— (direct)

— (direct)

Au,Pd NP/Ab,
— (direct)

CdSe QD/Ab,
GO/HRP/Ab,

Cu NP/Ab,

Fe;04 NP/silicate/ferrocene/HRP/

2

year and
procedure ref
RCA, DPV FIG-  2013%
RCA
sw, ECL 2016
sw, ECL 2016™"
blocked DPV 2015%
EIS 2014
sw, ECL 2016
sw, stripping SWV 2015
FET 2015%
dual sw, stripping 2016
SWV
sw, mag sep, DPV 2013%*
sw, DPV 2014%
blocked EIS 2015%¢
sw, blocked PEC 2016™
blocked ECL 2015°*
sw, ECL 2015%
sw, mag sep, DPV  2012%"
in flow
sw, PEC 2013*Y
Eu® dissolution, 2014
time-resolved
PL
SERS 2014%%
blocked EIS and 2015
UV spectra
blocked DPV 2015%*
sw, catalytic, amp 2015
blocked DPV 20155
sw, ECL 2016™
sw, precipitation, 2016
EIS
sw, Cu-click con-  2016""
jugation, F
sw, DPV 2016%*
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Table 1. continued

marker
sample matrix LOD
Cortisol
saliva 1pM
C-Reaction Protein (CRP)
plasma 39 ng/mL
C-Terminal Telopeptide
serum 50 pg/mL
Cystatin C
serum 0.14 pM
Cytokeratins Antigen 21-1
serum 2.3 pg/mL

Epidermal Growth Factor Receptor

serum 2 fg/mL
Enolase, Neuron-Specific
serum 5 pg/mL
serum 02 pg/mL

Epidermal Growth Factor Receptor

serum 10 fg/mL

cell homoge-

nate

Epithelial Cell Adhesion Molecule

blood cells 12 pg/mL
extract

Erythropoietin

serum 0.0027 mIU/mL

Ethinylestradiol

urine 65 pg/mL

Ferritin

serum 50 pg/mL

Hemoglobin, Glycated (HbAlc)

blood 2.5%

Human Chorionic Gonadotrophin
0.0026 mIU/mL

serum

serum 8.6 pg/mL

urine 0.016 ng/mL

Insulin

serum 0.086 nM

serum 15 pM

Interferon ¥

blood cells 30 fg/mL
supernatant

blood, serum, 400 fg/mL
saliva

Interleukin-6

serum 001 fg/mL

serum 0.3 pg/mL

0.05 pg/mL

range
1 pM to 100 nM
0.025—-1.6 ng/mL

50-600 pg/mL

0.72 pM to 3.6 nM

0.01-200 ng/mL

1-14 fg/mL

0.01-120 ng/mL

0.001-100 ng/mL
2

0.01-100 pg/mL
0.1-1000 pg/mL

2.5-2000 pg/mL

0.01-80 mIU/mL

0.1-50 ng/mL

0.05—500 ng/mL

5.6—11.5%

0.005—=500 mIU/mL
0.01-16 ng/mL
0.1-25 ng/mL
1-10000 ng/mL
1-100 pM

0.1-500 pg/mL

1 pg/mL to 10 ug/mL

0.01-100 fg/mL

1-40 pg/mL

time
(min)

35
20

90

45

45

45

35

40

40

135

65

12

150
65

20

30
25

170

60

45

150

surface

Si/Au/ZnO NR/Ab,
nitrocellulose /mAb,

CNT (aligned)—epoxy/
Au NP/Ab,

Ti/TiO, NT/rAb

GCE/rGO/polyhydroqui-
none/Au NP/Ab,

SPE—C/SWCNT/Ab,

GCE/graphene—C nano-
spheres/poly(thio-
nine)/Ab,

ITO/ZnCdHgSe QD/
pAb,

Au/Ab,

SPE—Pt/poly(thio-
phene)/’Ab1

glass/ZnO NP/PVA/Ab,

GCE/AuNP/Ab,

GCE/GO/Ag NP/SI0,/
Ab,

polyerystalline Si NW/
Ab,

— (in solution)

graphene/CNT/Au NP/
A 1

GCE/sulfographene/thio-
nin/Pd—S5i0, NP/Ab,

SPE—C/graphene /chi/Au
NP/Ab,

ITO/tGO/Ab,

PGE/MWCNT—pyrene-
butyric acid

grox/PANI NF/mAb,

PS/PLL/Au NP/Ab,

$i/Si0,/SWCNT/Au
NP/mAb,

ITO/graphene—Au NP—
silicate/Ab,
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99

label(s)
— (direct)
CdZnSe QD/mAb,

— (direct)

— (direct)

— (direct)

— (direct)

Pt NP/HRP/Ab,

— (direct)

Au,Ag NP/SiO,/malachite green/
Ab,

Fe,0,/chit/Au NP/Ab,

Ab,—HRP

fullerene—PAMAM NP/Au NP/Ab,

HRP— ethinylestradiol

— (direct)

(NaYFgYb*, Er*") NP/silicate/Ab,

silica NP/Au NPs/thionine/HRP/
Ab,

— (direct)

— (direct)

— (direct)
Fe304 NP/insulin

CdS QD/pAb,

— (direct)

— (direct)

Au NP/MWCNT/PDOPA/HRP/

2

procedure
cv
sw, LEIA, F

EIS

blocked PEC

blocked DPV

EIS

sw, DPV

blocked PEC

sw, SERS

sw, mag sep, DPV

sw, fluidics, F

sw, DPV

comp, amp

FET

UCNP PL
quenched by
hemoglobin

sw, DPV
bprv
blocked EIS
capacitance
comp, DPV

sw, ECL

LSPR

EIS

sw, amp

Review

year and
ref

2015
2016'%°

2016

2016™"

2016

2014

2013%%*

555

2015

2015

2015%7

2016%°

20157

20167

2016™"

2016

2012°*

563

2013

2014

2015%°
2015%°

20162

2016%7

2013%*

2014%7
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Table 1. continued

marker
sample matrix LOD
Interleukin-17
serum 50 fg/mL

Matrix Metalloproteinase-2

serum 3.6 fg/mL

Monocyte Chemotactic Protein-1

serum 0.03 pg/mL
Mucin

cell culture 0.5 nM
Natriuretic Peptide

PBS (model) 033 fg/mL
serum 075 fg/mL
Netrin-1

serum 30 fg/mL
Osteopontin

serum 03 pg/mL
Procalcitonin

serum 04 pg/mL
serum 1.2 pg/mL

Prostate-Specific Antigen (PSA)

serum 0.4 pg/mL
serum 10748 g/mL
serum 0.3 ng/mL
serum 0.3 fg/mL
serum, saliva 0.04 fg/mL
serum 0.32 pg/mL
serum 0.05 pg/mL
Protein p53
PBS (model) 1 pg/mL
PBS (model) 50 pg/mL
Selectin-P

0.85 pg/mL
Thrombin
serum 1aM
Thyroid-Stimulating Hormone
serum 0.005 pIU/mL
serum 100 zM
Thyroxin (T4)
PBS (model) 15 fg/mL

Tissue Polypeptide Antigen
5 pg/mlL
serum 0.3 pg/mL
3,3 ,5-Triiodothyronine (T3)
PBS (model) 30 fg/mL
Troponin I, Cardiac (¢Tnl)

serum

serum 0.08 pg/mL
plasma 3.1 pg/mL
serum 0.19 pg/mL

range

0.1-1000 pg/mL

0.01-500 pg/mL

0.09-360 pg/mL
1-500 nM

0.001-2 pg/mL

1 fg/mL to 1 ng/mL

0.09—1800 pg/mL

1 pg/mL to 1 pg/mL

0.02—500 ng/mL

0.01-100 ng/mL

1-10000 pg/mlL.
— (qualitative)

0.3-100 ng/mL
10 fg/mL to 10 ng/mL
0.04-10 fg/mL
0.001-3 ng/mL

0.1-1000 pg/mL

1-1000 pg/mL

0,05—100 ng/mL

1 pg/mL to 10 pg/mL

1 aM to 200 nM

0.01-20 pIU/mL
100 zM to 100 M

0.05-5000 pg/mL

0.01-30 ng/mL
0.001-100 ng/mL

0.1-10000 pg/mL
0.25-100 pg/mL

0.01-50 pg/mL
0.001-1000 ng/mL

time
(min)

140

65
125

55
110

50

65

120

~60

125
300

12
12
85
140
50

105

90

60

>180

230

36
90

60
45
~15

surface

GCE/graphene/Ab,

TiO, NT/CdS,Mn,CdTe
QD/Ab,

Au NP/Au,Pt NW/

GCE/graphene/Ab,

GCE/PAMAM/Ab,
CoFe,0,/Au NP/Ab,

GCE/MWCNT/chit/thi-
onin/Au NP/pAb,

Au/ITO gap with
SWCNT-COOH/Ab,

GCE/Au NP/Ab,

GCE/Au NP/Ab,

Au/MWCNT/Au NP/
1

mtp/Ab,

Au/Ab,

Au NW/polypyrrole/Ab,

Au/Au NP/Ab,

microplate/Ab,; Ti/TiO,
NT/CdS QD

PGE/SWCNT/Abl

GCE/MWCNT—polya-
mide/polythionine/Ab,

Ti/TiO, NT/Au NP/
ALP/Ab,

SPE-C/MWCNT/Au
NP/Ab,

Au/Ab,

Au/Au NP/Ab,
Au dots/Ab,

GCE/MWCNT/Nafion/
Ab,

GCE/Ab;

GCE/Ab,
GCE/PLL/Au NP/Ab,
GCE/Au NP/Ab,

microplate/mAb,
graphene QD/Abl
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label(s)

PS—Cd/Au NP/Ab,

Si0, NP/Ab,

— (direct)
Ag NP/aptamer; Ag deposition
chit—ferrocene NP/Ab,

metal—organic frame/Au tetrapods/
toluidine blue/Ab,

— (direct)

— (direct)

PAMAM—Au NP/ f-cyclodextrin—
ferrocene/Ab,

MWCNT/CoPC NP/choline oxi-
dase/Ab,

MWCNT/HRP/Ab,
catalase—Ab,

Au NP/Ab,

— (direct)

SiO,—Au nanosphere/ABEI/Ab,
Au NP/ssDNA primer/Ab2; av-ALP

SiO, NP/Ru(bpy)/Ab,

HRP—Ab,

— (blocked ALP)

lipo(ferricyanide) /Ab,

Au NP (diff. shapes)/aptamers

Au—PANI NP/HRP/Ab,
Ag NP/Ab,

Fe,0,/graphene/Au NP/PDDA/
ssDNAAD,; ssDNA/cytochrome
</GOD

Au—PB NP/HRP/Ab,
Au—PB NP/polytyramine /HRP/Ab,

Fe,0,/GO/Ru(bpy);**/Ab,
Au NR/Ru(dcbpy);**/Cys/Ab,

NaYF,:Yb*, Er*" NP/PAA/mAb,
graphene (as FRET quencher)

year and
procedure ref
sw, DPV of re- 20137
leased Cd**
sw, blocked PEC 20147
blocked DPV 2015°7"
sw, SWV 201577
sw, blocked ECL 2014
sw, SERS 2016°7°
blocked DPV 20157
blocked EIS 201577
catalytic, DPV 201577¢
sw, DPV 2016°77
sw, precipitation, 2012°7®
SWv
generation of Au 2012577
NP, color, visual
sw, SPR 2012%%
blocked DPV 2014
sw, ECL 2014°
ligise RCA, PEC  2015°%
sw, ECL (CCD 2015°%
multiplex)
sw, DPV 2015
LSPR-enhanced 2016
PEC
sw, DPV 2012°%
sw, SPR 2016
sw, DPV 2012°%
sw, dark field light ~ 2016™°
scattering
sw, mag. sep, hy- 2013%!
bridization,
DPV
sw, catalytic, DPV  2014°7
sw, catalytic, DPV 20157
sw, enhanced ECL.  2013%%*
sw, enhanced ECL 20147°
sw, UCNP PL 2016™°
homogen., re- 201627
stored PL
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Table 1. continued

marker time year and

sample matrix LOD range (min) surface label(s) procedure ref

Trypsin

serum 12 pg/mL 20-20000 pg/mL ? GCE/polythionine/ — (direct) blocked DPV 2015%°
AuNP/Ab,

Tumor Necrosis Factor a

serum 2 pg/mL 5—5000 pg/mL 125 GCE/MWCNT/Au NP/  chit—PB—CeO, NP/Ab, sw, catalytic, amp  2012%7
Ab,

serum 2 pg/mL 5 pg/mL to 10 ng/mL 125 GCE/peptide, ferrocene Au NR/GOD/Ab, sw, DPV 2013*
NW/Au NP/Ab,

Vascular Endothelial Growth Factor

plasma 7 fg/mL 0.1 pg/mL to 10 ng/mL 30 Au triangular nanospots/  Au NP/Ab, sw, SERS 2016

Ab,

5. APPLICATIONS

This part of the review starts with clinical assays, namely,
procedures for the determination of markers such as proteins,
small molecules, tumor cells, and drugs.

5.1. Clinical Assays

5.1.1. Proteins and Small Molecules as Markers. In
medicine, biomarkers indicate the severity or presence of some
disease or particular physiological state of the organism (https://
fnih.org/what-we-do/biomarkers-consortium). Substances
chosen as clinical markers are currently analyzed in specialized
central laboratories using large and fully automated analyzers, or
“black boxes”, where users introduce the samples and supply
immunoreagents in the form of disposable kits. Inside,
immunoassays and immunosensors function as independent
modules. The system is well-established, fully sufficient for the
clinically relevant levels of analytes, and rather conservative with
respect to novel technologies. For less common biomarkers, the
classic ELISA kits are supplied.

Thus, the community of researchers in the field should be
initially addressed because the scope of the assays is larger than
the options existing in analyzers or as ELISA kits, and new
markers are being introduced within the current preventive
medicine trends. The convenient overview of blood tests is
available online (https://en.wikipedia.org/wiki/Reference
ranges_for_blood_tests); a much more comprehensive database
is maintained by the American Association for Clinical
Chemistry (https://labtestsonline.org).

Immunosensors with NPs should be considered for special
situations, especially when new markers not yet used within
analyzer procedures need to be measured. The most promising
application situations will occur when either a rapid analysis at
critical moments or a measurement cycle to be performed
directly in an ambulance (or generally out of laboratory)
becomes a priority. For this purpose, the point-of-care
immunosensor format is the most appropriate. The performance
is simple, and POC devices are typically portable and suitable for
nontrained users. The results are obtained in sufficiently short
time to make decisions immediately improving the patient’s
state. The POC immunosensors will play a key role also in
personalized medicine.

Selected applications of immunosensors with nanoparticles
are summarized in Table 1. The examples provided include
protein markers indicating the health condition; insulin and also
glycated hemoglobin as indicators of long-term treatment in
diabetic patients are prominently mentioned in the given context.

Endocrinological markers include thyroid hormones such as
the thyroid-stimulating hormone, trijodothyronine, and thyro-
xin, which require highly sensitive assays ensured via
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immunosensors. The Clearblue pregnancy test based on
human chorionic gonadotropin constitutes one of the first
commercially available personal electrochemical immunosensor
tests, Other sex hormones are represented by cortisol and
ethinylestradiol.

Urgent cardiac states are evaluated using troponin I. CRP is the
most important acute phase protein. Neuronal disorders,
including Alzheimer’s disease, are studied by means of amyloid
fragments. Numerous systems are centered on cancer markers
such as fetoprotein, cancer and carbohydrate antigens, protein
p53, and the prostate-specific and (perhaps the most frequently
assayed) carcinoembryonic antigens. From the technological
point of view, the CEA molecule might serve well for the critical
comparison of tens of different sensing approaches. Recent
concern has focused on regulatory factors such as interferon,
interleukins, growth factor receptors, and apoptosis.

5.1.2. Cancer Cells, Cancer constitutes a most serious cause
of death. Despite the fact that cancer cells emerge from the
body’s own cells, it is very difficult to analyze cancerous growth at
an early stage. Fortunately, there are many genes overexpressed
in a cancerous tissue that offer a potential for analytical and
therapeutic exploitation.”” Tumor markers are widely used in
oncology and play an indispensable role in cancer detection and
clinical screening.*""*"* Any effort to detect cancer as early as
possible places increasing demands on the detection methods
and analytical protocols; this is then reflected also in the field of
biosensors.”™ Another situation arises when the cancer is fully
manifested and metastases may occur. Metastatic tumors are
formed through the spread of cancer cells from the original
tumor. From this perspective, circulating tumor cells (CTCs)
have assumed a key role in the process, and their early diagnosis
brings an opportunity to conduct effective treatment.

CTCs are dissipated populations of tumor cells in the
bloodstream, characterized by their very rare occurrence,
plasticity, and heterogeneity. The detection of CTCs is a
fundamental prerequisite for the detailed understanding of
particulars such as the characteristics of CTCs and their
prognosis, predictive significance, and, above all, use in both
clinical practice and the development of new drugs. The
separation and detection of CTC cells is based on detecting
epithelial characters. Unfortunately, there are several limitations
to current diagnostic methods; relevant deficiencies include, for
example, the inability to detect cells with mesenchymal
characteristics or the lack of morphological verification of
CTCs, making their isolation and characterization a major
technological challenge.

On the basis of the aforementioned properties of tumor cells,
numerous platforms for CTC detection have been developed.
Generally, one can refer to two major categories:’' (1)
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Table 3. Assays for Drugs and Other Pharmaceuticals

pharmaceutical sample time
matrix LOD range (min)
Chloramphenicol
w (environmental; 1 pg/mL 1 pg/mL to 120
river) 10 ng/mL
eye drops 4.6 pg/mL 50 pg/mL to 45
50 pg/mL
Clenbuterol
w (model) 6.57 pg/mL  0.01—10 ng/mL NA
urine 6.8 pg/mL 0.01-10 ng/mL 150
pork meat, liver 20 pg/mL 50 pg/mL to 240
1 pg/mL
urine 035 ng/mL  1.22—6 ng/mL 24
swine urine S pg/mL 0.01-1 ng/mL 90
pork 1.38 pg/mL  0.01-100 ng/mL 60
swine feed 025 ng/mL  0.5-1000 ng/mL 60
pig urine 5.5 pg/mL  0.01-10 ng/mL NA
Diclofenac
w (environmental; S0 pg/mL S0 pg/mL to 180
river, lake, tap 0.5 ng/mL
water)
Doxorubicin
human serum 1.7 pg/mL 2.5-100 pg/mL 60
human serum, urine 90 fg/mL 2.5-50 pg/mL 60
Infliximab
human serum 03 ng/mL  0.3-100 ng/mL 150
Kanamycin
milk 2 pg/mL 2 pg/mL to 10
80 ng/mL
chicken liver 58 pg/mL  0.01-12 ng/mL NA
pork meat 15 pg/mL 0.05—-16 ng/mL NA
Morphine
urine 0.82 ng/mL  2-200 ng/mL NA
Ofloxacin
w (model) 30 pg/mL  0.08—410 ng/mL 180
w (model) 0.15 ng/mL  0.26—25.6 ng/mL 120
Pefloxacin
seafood 1 ng/mL 1-20 ng/mL 120
Ractopamine (Growth Promoter, Feed Additive)
fodder 10 pg/mL 0.01-25 ng/mL 40
pork 1.52 pg/mL  0.01—100 ng/mL 60
pig urine 7.5 pg/mL 0.1-10 ng/mL NA
serum 2.5 pg/mL 0.01-10 ng/mL 20
Salbutamol
pig feed, pork liver 10 ng/mL 20 ng/mL to 30
0.8 pug/mL
animal feed, pork liver 50 ng/mL 50 ng/mL to 30
0.8 pg/mL
porcine serum 4 fg/mL 0.1 pg/mL to 60
1 pg/mL

surface

MNP/Ab,

GCE/MWCNTs/
chloramphenicol—
BSA

Au/graphene/Ab
GCE/MWCNT/Ab,
GCE/QDs/
clenbuterol-OVA
glass/clenbuterol—BSA
GCE/Au NP/
clenbuterol-BSA
SPCE/rGO/clenbuterol
GCE/MWNCTs/Ab

Au/QD/PANI

nanowire/Ab

microplate/diclofenac—

stainless steel/Au NP/
Ab

Au/Au NP/Ab
Au/Ab,

MNP/Ab,

GCE/graphene/nafion/
thionine/Pt NP/Ab

GCE/graphene—
thionin/Ag@Fe;0,/
Ab

ITO/Au NP/Ab

GCE/Au nanocluster/
ofloxacin—OVA

GCE/MWCNTs/
ofloxacin

Au NR/Ab

Au/MNP /cyclodextrin

SPCE/rGO/

ractopamine

Au/Cu/Cu,0
nanocrystal/rGO/Ab

GCE/magnetic
chitosan/Au@Ag,S
NP/Ab

ITO/Ag nanoprism/Ab
1TO/hollow Au NP/Ab

SPCE/Au NP/Au NS/
Ab
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label(s)

Au NP/SERS reporter/ mag sep, sw SERS

2
Ab—adamantine, AuPd
NP/cyclodextrin

— (direct)

Ag—graphene oxide—
clenbuterol

Ab,, Ab,—~HRP

Au NP/Ab

Ab—Ru(bpy)

AgPd NP/Ab

graphene oxide/Au

NP/GOD/
clenbuterol

— (direct)

Ab,,Ab,—UCNP

— (direct)
— (direct)
Au NP/Ab,

Au@Ag NP/SERS
reporter/Ab,
— (direct)

— (direct)

— (direct)
Au NR/HRP/Ab,

Ab,, Ab,—Au
nanoflower

magnetosome/
pefloxacin—ova

Ab,—poly-HRP
AgPd NP/Ab
— (direct)

— (direct)

— (direct)
— (direct)

— (direct)

year and
procedure ref
2016%"
comp LSV 2013%”
SPR (and EIS) 2015%"°
comp DPV 2012°"
comp ECL 2013
comp capillary 2016
immunochromatograpy
comp ECL 2012
comp LSV 2013
comp enzyme amplified ~ 2013°'°
DPV
EIS 2016°"7
comp luminescence 2016%"*
EIS 2013°"
EIS 2014%%°
sw SPR 2016
sw SERS 2014
cv 2012%%
LSV 2013
ECL 2015
comp, enzymatic 20139
amplification, CV
comp CV 2015
comp LSPR 2013
sw QCM, precipitation 2015
enhancement
comp LSV 2013°"7
EIS 2015%°
SWV 2015%"
LSPR 2013%%
LSPR 2013%%
EIS 2016%*
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Table 3. continued

pharmaceutical sample time year and
matrix LOD range (min) surface label(s) procedure ref
Salbutamol
pork 144 pg/mL  0.01-100 ng/mL 60  SPCE/rGO/salbutamol ~ AgPd NP/Ab comp LSV 2013°"
serum 7 pg/mL 0.02—-15 ng/mL NA  GCE/graphene/Ab, mlc;]s[t;?ogous silica/Pd  sw amperometry 2012%%
Ab,

morphological methods based on the gradient density, size, and
deformability of CTCs and (2) immunological methods based
on the interaction between specific Ab’s and expressed epithelial
cell surface markers such as EpCAM (the epithelial cell adhesion
molecule). Moreover, CellSearch (Janssen Diagnostics) as the
only FDA-approved platform for CTC detection in clinical
practice utilizes the magnetic preconcentration of CTCs using
anti-EpCAM antibodies immobilized on magnetic particles. The
fluorescent detection is provided for by the second anti-
cytokeratin and anti-CD45 antibodies labeled with fluorescent
dyes.*"

A basic prerequisite for the application of CTCs in clinical
practice is the unification of the preanalytical and analytical
phases of detection and the ability to implement the current
knowledge of liquid biopsy and immunochemical assays. The
noninvasive detection of CTCs may ideally replace metastatic
tissue biopsies. An open challenge currently lies within the newly
emerging area of detecting CTCs for the industry of biosensors.
Regrettably, biosensor-based detections of cancer cells are very
rare, and they are usually described on the model cell lines. Table
2 provides a summary of representative studies where the
nanoparticles are simultaneously utilized.

5.1.3. Pharmaceutical Detection. The development and
extensive availability of sensitive analytical techniques enabled a
rising amount of pharmaceuticals to be detected after medical or
veterinary application. During medical procedures, the drug
levels in biological fluids (i.e., urine and blood) often have to be
monitored to ensure efficient and safe treatment. The
pharmaceutical residues in the environment also have to be
controlled due to possible side effects and within the monitoring
of the increasing bacterial antibiotic resistance. In livestock
production, veterinary drugs and anabolic steroids (endogenous
or synthetic hormones) are employed to a considerable extent.
Any inappropriate or unauthorized use of such compounds may
leave residues in edible tissues, which might then be harmful for
consumers. Overall, there are a wide array of matrixes in which
the pharmaceuticals have to be analyzed, ranging from biological
fluids through environmental samples to food products.

Chloramphenicol is a broad-spectrum antibiotic offering
outstanding antibacterial and pharmacokinetic effects. However,
its application is limited since it may cause aplastic anemia and
other adverse reactions.”” The use of chloramphenicol in food-
producing animals is prohibited in the European Union (EU),
and any residues found in a sample are considered a violation
under EU legislation. Nevertheless, chloramphenicol residues
have been detected in a wide variety of foodstufls, such as prawn,
honey, and milk-based products imported from non-EU
countries.”””

Diclofenac is an extensively used nonsteroidal anti-inflamma-
tory drug. In the Indian subcontinent, the widespread use of
diclofenac for the veterinary treatment of cattle since the 1990s
has led to an abrupt decline in the vulture population because the
substance can cause renal failure in vultures that feed on
contaminated carcasses.””® In Europe, diclofenac belongs to
pharmaceuticals most frequently analyzed in relation to the water
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cycle, mainly due to their poor degradability in wastewater
treatment plants. Diclofenac has been detected in low microgram
per liter amounts in wastewaters and also in nanogram per liter
amounts in surface waters, groundwater, and drinking water.'”

Doxorubicin constitutes an anthracycline antibiotic that has
been extensively used for the chemotherapeutic treatment of a
variety of cancers, such as lymphoblastic leukemia and
sarcomas.””” The detection of doxorubicin in biological and
clinical samples is important, mainly because of its high
cardiotoxicity effects.”'”

Kanamycin embodies an aminoglycoside antibiotic produced
by the bacterium Streptomyces kanamyceticus; it finds application
in the treatment of various bacterial infections by inducing
mistranslation and indirectly inhibiting translocation in the
course of protein synthesis. Analogously to other aminoglyco-
sides, kanamycin is characterized by a narrow safety margin and
can generate several side effects, e.g., the loss of hearing, damage
to the kidneys, and allergic reactions to drugs.”'" In addition,
residual amounts of kanamycin in the given foodstuff can cause
antibiotic resistance of the pathogenic bacterial strains.”'*

Pefloxacin is an antibiotic drug within the group of
fluoroquinolones. Due to its broad spectrum of activity against
Gram-positive and Gram-negative bacteria, pefloxacin is used in
the aquaculture industry to treat and prevent various infectious
diseases. However, overusing the drug generates the risk of
residues in seafood and contributes to bacterial resistance.”"*

Ofloxacin represents a new generation of fluorinated
quinolones structurally related to nalidixic acid. It has been
commonly used against most Gram-negative bacteria, many
Gram-positive bacteria, and some anaerobes through the
inhibition of their DNA gyrase. The drug exhibits rapid
absorption and potent inhibition ability at a reasonable
price.”’* Unlike most other wide-spectrum antibacterial
pharmaceuticals, ofloxacin can be orally administered as well as
intravenously transported into body tissues.’'® Additionally,
ofloxacin is applied not only in human medicine but also in the
treatment and prevention of veterinary diseases in food-
producing animals, and even as a growth-promoting substance.
The residues of ofloxacin in food products of animal origin are
potentially dangerous via, e.g., toxic influence, an allergic
hypersensitivity reaction, and the promotion of bacterial
antibiotic resistance.”"

Ractopamine, clenbuterol, and salbutamol are a group of f-
adrenergic agonists with comparable chemical structures and
effects. Although they were first developed to treat diseases, the
side effects of reducing fat levels and increasing muscle protein
anabolism were discovered in the drug when administered to
animals. Hoewever, the residues accumulating in animal tissues
can induce symptoms of serious poisoning in humans; therefore,
f-adrenergic agonists have been forbidden as an animal feed
additive in numerous countries worldwide.*"”

To date, tools such as liquid chromatography (HPL
LC—MS,™ GC—MS™") capillary electrophoresis,”***** and
spectroscopic techniques (colorimetry,”** fluorometry,*** chem-
iluminescence®>®) have been used for the detection of

518,519
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pharmaceuticals. The chromatographic and electrophoretic
procedures are nevertheless time-consuming and labor-intensive,
which renders them usable mainly for confirmatory analysis.
Since the pharmaceuticals are a rather heterogeneous group of
compounds, the immunosensor-based detection methods vary
appropriately. Most of the drugs are compounds of relatively low
molecular weights, and therefore, sandwich assay is not as
common as competitive or direct detection.

The relevant applications of NP-based immunoanalytical
techniques and sensors for the detection of pharmaceuticals are
provided in Table 3.

5.2. Toxic Substances and Pathogens

The assays within this category very often need to be realized out
of regular laboratories to quickly screen and identify potentially
dangerous substances. The rapid immunoassays suitable for field
use are represented by the lateral flow immunoassay format
(Figure 34); a drop of the sample spontaneously moves through

Figure 34. Schematic view of the lateral flow immunoassay format
widely used for rapid assays out of the laboratory.

the porous strip material with the help of capillary forces,
dissolving the immunoreagents deposited at the beginning of the
tlow path in the tracer release pad. Finally, the concentration level
is evaluated in the measuring part embodied in the capture zone,
and the performance of the assay is confirmed in the control
zone. Sophisticated immunosensors should compete with the
fast performance of this format.

5.2.1. Detection of Toxins. Microbial toxins are the main
virulent subunits of many pathogenic microorganisms (bacteria
and fungi); they represent a heterogeneous set of compounds
which can interfere with biochemical processes, including the
membrane function, ion transport, transmitter release, and
macromolecule synthesis. Human exposure to toxins in either
food or the environment may cause serious health problems, with
the individual symptoms varying substantially between the
toxins.”>® Thermal processing methods such as pasteurization or
heating typically kill only the bacteria and do not affect the toxins.
Thus, the detection of food toxins should be carried out by
immunological rather than microbiological procedures because
the latter detect only the bacteria.

Botulinum neurotoxins represent the most potent natural
toxins. The group comprises seven different immunogenic
serotypes (A—G) produced by various strains of the spore-
forming bacterium Clostridium botulinum. The toxicity is caused
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by the cleavage of the proteins associated with the release of
acetylcholine after targeted binding with nerve cells or
cholinergic nerve endings; the process induces muscular
paralysis, respiratory collapse, or death.””” The fatal dose of
botulinum neurotoxins ranges between 0.1 and 1 ng/kg in
humans, and we thus have to consider the risk that the
aerosolized toxin might be also used as a biological weapon.®**
Brevetoxin B is an efficient neurotoxin g)mduced by the red
tide organism Gymnodinium breve Davis.” Many filter-feeding
shellfish are known to accumulate brevetoxins with no obvious
adverse effects; however, eating brevetoxin-contaminated shell-
fish poses a major health hazard. Brevetoxin can bind to voltage-
gated sodium channels in nerve cells, which leads to gastro-
intestinal and neurological symptoms. The lethal dose of
brevetoxins in mice is around 200 ug/kg of body weight for
intraperitoneal injection and varies between 520 and 6600 ug/kg
for oral administration.”” Brevetoxin can also influence
respiratory irritation via aerosol exposure at seashores.*"!
Cholera toxin constitutes an enterotoxin protein secreted by
the bacterium Vibrio cholerae, a causative a%ent for diarrhea and
acidosis in humans with high lethality.”** Cholera toxin is
composed of two subunits: cholera toxin subunit A and cholera
toxin subunit B. The latter is responsible for binding to the
ganglioside GM1 receptor on intestinal cell walls, whereas the
former is the active function protein that activates the production
of cyclic AMP, causing a dramatic efflux of ions and water from
the infected enterocytes; the process leads to watery diarrhea,”*
Microcystins are the most widespread lethal cyanotoxins. They
are produced by the blooming cyanobacteria Microcystis
aeruginosa in fresh and brackish waters.”** Within over 80
mycrocystin types, microcystin-LR (containing leucin (L) and
arginine (R) as the two variable amino acids) is the most
prevalent and abundant toxin, accounting for 46.0—99.8% of the
overall concentration of microcystins in the toxic cyanobacterial
blooms.** It is a hepatotoxin capable of inducing functional and
structural disturbances of the liver; the substance can accumulate
in aquatic organisms and transfer to higher trophic levels.”*® The
LD, of microcystin-LR in mice and rats is 36—122 ug/kg
through various routes, including aerosol inhalation.**’
Mycotoxins embody secondary metabolites produced by
microfungi having the ability to cause disease and death in
humans and animals. The most important mycotoxins are the
aflatoxins and ochratoxin A produced by the fungi Aspergillus and
Penicillium. In general terms, aflatoxins are difuranocoumarin
derivatives produced via a polyketide pathway by many strains of
Aspergillus flavus and  Aspergillus parasiticus. More than 20
aflatoxins have been identified, those of major concern being
B1, B2, G1, and G2; the classification defines the fluorescence
under UV light (blue or green) and relative chromatographic
mobility during thin-layer chromatography.*** AFBI is normally
predominant in amount and also exhibits the highest toxicity.**’
When aflatoxin B1 is consumed by cows, it metamorphosizes
into its hydroxylated product, aflatoxin M1, which is secreted
through the milk.”*" Because of the differences in aflatoxin
susceptibility in test animals, it is difficult to extrapolate the
possible effects of aflatoxin on humans. The acute lethal dose for
adults was calculated to lie between approximately 10 and 20 mg
of aflatoxins.”®" Ochratoxin A is produced by many filamentous
species belonging to the genera Aspergillus and Penicillium.**”
The substance constitutes a potent nephrotoxic mycotoxin
linked to kidney problems in both livestock and human
populations, and it also exhibits carcinogenic, genotoxic, and

- . - 653 . S
immunotoxic properties.””” The LDy, of ochratoxin A in mice
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Table 4. Overview of Immunosensors for Toxic Molecules

toxin sample time year and
matrix LOD range (min) surface label(s) procedure ref
Aflatoxin Al
peanuts 8 pg/mL 8 pg/mL to 1 ng/mL 90 Au/aflatoxin—BSA Au NP/Ab, comp SPRi 2014
Aflatoxin B1
peanuts 0.16 ng/mL  0.5-50 ng/mL 45 - Au NR/AFB1-BSA comp, optical (reader) 20137
peanuts 0.6 pg/mL 0.6 pg/mL to 180  microplate/Ab, biotin/Ab,; sa; sw, commercial 2016
10 ng/mL nanoliposome/biotin glucometer readout
w (environmental; 0.1 ng/mL 0.1 ng/mL to 30  MNP/Ab, hollow Au NP/Ab, sw SERS 2014™"
tap water) 100 pg/mL
w (model) 80 pg/mL  0.25—14 ng/mL NA  ITO/MWCNTs/Ab — (direct) cv 201377
w (model) 30 pg/mL NA 12 LFIA stip/AFB—BSA  Au NP/Ab comp LFIA 20147
olive oil 0.03 ng/mL  0.1-10 ng/mL 40  GCE/MWCNT fionic ~ — (direct) EIS 20157
liquid/Ab
milk, peanut oil 0.2 pg/mL 1 pg/mL to 90 SPCE/Au NP/Ab, Cu—apatite/AFB—BSA comp ASV 2016""
100 ng/mL
w (model) 1 pg/mL 1 pg/mL to NA  Si/PMMA/Pt NP/Ab  — (direct) EIS 2016™
10 pug/mL
corn powder 35 pg/mL  0.01-100 ng/mL 210 chitosan/SWCNTs/ Ab,, Ab,—ALP comp DPV 2016™"
AFB,—BSA
peanuts 5 pg/mL 5 pg/mL to 5 ng/mL 30 GCE/AFB,—BSA graphene oxide/CoTPP/Pt comp peroxidase-like 2016™"
NP/Ab DPV
corn 0.2 ng/mL 0.05—-200 ng/mL 90 magnetic electrode/ — (direct) ECL 2016
CNHs/MNPs/Ab
peanuts 2.7 pg/mL 3 pg/mL to 80 GCE/graphene/conA/  Au NP/invertase/AFB,— comp, displacement 2015710
20 ng/mL Si02 NP/Ab BSA DPV
w (model) 0.12 ng/mL 012515 ng/mL NA  ITO/rGO/Ab — (direct) cv 20137
w (model) 0.16 ng/mL  1—8 ng/mL NA  ITO/rGO-Ni NP/Ab  — (direct) DPV 20167
corn 10 fg/mL 10 fg/mL to 50  GCE/PPy/PPa/rGO/  — (direct) EIS 20157
10 pg/mL Ab
Aflatoxin M1
milk 18 pg/mL 18 pg/mL to 55 Au/pHEMA/BSA— Au NPs/Ab, indirect comp, SPR 20167
1 jig/mlL AFM,
Botulinum Neurotoxin
orange juice, milk 5 pg/mL 10 pg/mL to 65  GCE/graphene/Ab,  Au NP/Ag NP/Ab,/ALP  sw LSV of product of 20157
10 ng/mL enzymatic reaction
orange juice 150 fg/mL 150 fg/mL to 240  nanoporous silica/Ab,  dye-doped NP/Ab, sw F 20127
2.5 ng/mL
Brevetoxin
seafood 0.6 pg/mL 1 pg/mL to 75 Au/graphene/ConA/ Au NP/glucoamalyse comp, hydrolytic 201377
10 ng/mL sa/Ab, reaction, displacement
QCM
seafood 6 pg/mL 0.01-3.5 ng/mL 80 mesoporous silica methylene blue, aminated controlled release, SWV 201371
nanocontainer/Ab polystyrene microspheres
seafood 5 pg/mL 0.01-10 ng/mL 50 GCE/brevetoxin—BSA  mesoporous enriched comp, DPV 20157
PANS/Ab
Cholera Toxin
w (model) L1 yg/mL  1.1—6 pg/mL 25 buoyant silica Au NP/Ab, sw, SERS 20127
microspheres/Ab,
w (model) 0.6 ng/mL  37-350 ng/mL 30 ITO/NIO NWs/ — (direct) EIS 20137
(SpA)/Ab
Microcystin-LR
w (drinking water) ~ 0.04 ng/mL  0.05-20 ng/mL 45 Si/MWCNTs/Ab ~ (direct) EIS 20127
w (environmental; 4 pg/mL 5—50 pg/mL 150 Au/CNT@Co silicate/  Ab, and MNP/dopamine/  comp CV 20167
lake, tap water) Ag NP /microcystin Au NP/Ab,
w (environmental; 4 pg/mL 0.01-100 ng/mL 90  GCE/Au NP/ Ab—HRP comp EIS 20167
lake) microcystin—BSA
w (environmental; 1.7 ng/mL 2.5 ng/mL to 150 GCE/CNT/Ab, Au NP/Ab, comp ASV 20167
lake) S pg/mL
w (environmental; 0.6 pg/mL 11000 pg/mL 60 Au/MWCNT/ — (direct) resistivity 20157
lake, river, tap) microcystin
w (environmental; 0.5 ng/mL 0.5 ng/mL to 180  glass/graphene oxide/ Au NP /aptamer sw F quenching 20127
lake) 10 pg/mL Ab,
w (environmental) 21 pg/mL 0.1-25 ng/mL 60 fluorine doped tin — (direct) photocurrent decrease 20127
oxide/QD—
graphene/Ab
w (drinking water) 1.7 ng/mL  Sng/mLto I pg/mL 15 GCE/ionic liquid/ — (direct) EIS 20127
MWCNTs/Ab
10012 DOL 10.1021/acs.chemrev.7b00037
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Table 4. continued

toxin sample time year and
matrix LOD range (min) surface label(s) procedure ref

Ochratoxin

peanuts 30 pg/mL 30 pg/mL to 90 Au/ochratoxin—BSA Au NP/Ab, comp SPRi 2014
1 ng/mL

corn, wheat, rice, 10 zg/mL 10 zg/mL to 180  microplate/Ab, Si0, NP/catalase/ comp plasmonic ELISA, 20157

coffee 1 ag/mL ochratoxin naked eye or reader
ground comn 02ng/mL  1ng/mLtolpug/mL 120 GCE/Au NPs/ Ab comp CV 20137
ochratoxin—OVA

corn, wheat, rice 0.05 pg/mL  0.05—10 pg/mL 195 microplate/Ab, OTA—CAT and QDs comp F quenching 20167

milk 2 pg/mL 10 pg/mL to NA  ITO/TiO2/QD/Ab — (direct) PEC 20157
50 ng/mL

instant coffee 0.26 ng/mL  1-104 ng/mL 15 MNP/Ab ochratoxin—HRP comp amperometry 20157

Staphylococcal Enterotoxin A

milk 10 pg/mL  0.01—10 ng/mL 120 3D fiber/Ab, MNP/Ab, sw, mag. Separation, 20137

mag. detection

Staphylococcal Enterotoxin B

w (model) 1 pg/mL 1 pg/mL to 1 ng/mL 10 LFA strip/Ab, hollow Au NP/Ab, sw, LFIA, naked eye 20167

w (model) 8.15 ng/mL 10 ng/mL to NA  sepharose/Ab, QD/Ab, comp F 20127%
1 pg/mL

milk 17 pg/mL 50 pg/mL to 45 magnetosome /PANI-  — (direct) EIS 20137
S ng/mL Au NPs/Ab,

milk 2.5 ng/mL  $—100 ng/mL 15 LFIA strip/Ab, Au NP/Ab, LFIA naked eye readout 2016

w (model) 1 ng/mL NA 20 PMMA/SWCNTs/Ab  — (direct) electrical percolation 2013

Staphylococcal Enterotoxin C1

milk 19 pg/mL  0.025-2 ng/mL 160  microplate/Ab, $i0, NP/Ab, sw CL 2016™!

Zearalenon

peanuts 15 pg/mL 15 pg/mL to 90  Au/zearalenon—BSA Au NP/Ab, comp SPRi 20147
1 ng/mL

feed sample 1 pg/mL 5 pg/mLto 5 ng/mL 180  glass/zearalenone—BSA  Au NP/Ab comp SERS 201474

pig feed 2.1 pg/mL 5 pg/mL to NA  GCE/nitrogen-doped PtCo NP/Ab, sw, chronoamperometry 20137
25 ng/mL graphene/Ab,

oscillates within the range of 38—56 mg/kg, depending on the
mouse strain.””* Staphylococcal enterotoxins form a category of
toxic proteins produced by Staphylococcus aureus. Enterotoxins
are often found in protein-rich food, such as meat and
milk,"**and they exhibit heat stability, resistance to gut proteases,
and activity over a wide range of pH values.”*® Thus far, 20
serologically distinct staphylococcal enterotoxins have been
discovered; staphylococcal enterotoxin B (SEB) is most often
connected with food poisoning. The SEB infection is very rapid
and causes symptoms such as nausea, violent vomiting, and
abdominal cramping that may result in diarrhea even at a dose of
less than 1 g or 100—200 ng in highly sensitive people.**” %%

Zearalenone is a mycotoxin produced mainly by fungi
belonging to the genus Fusarium. Contaminations by zearale-
none are frequent in agricultural commodities and cereal
products such as flour, malt, soybeans, and beer.%” Consuming
contaminated products might cause various toxic effects in
humans and animals, including teratogenesis, carcinogenicity,
neurotoxicity, abortion, and the estrogenic effect.®® The LDy, of
zearalenone in mice equals 500 mg/kg of body weight.**"

The selected applications of NP-based immunoanalytical
techniques and sensors for the detection of toxins are provided in
Table 4.

5.2.2. Pesticides as Environmental Pollutants. Pesticides
constitute significant pollutants as they are constantly spread in
large amounts into the environment. The negative influence of
these compounds on the environment was emphasized by
pesticides being listed as priority hazard agents within European
water policy. The substances exhibit adverse health effects, and
therefore, most countries have defined maximum residue levels
(MRLs) of pesticides in food and animal feed. The common
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feature of most pesticides is bioaccumulation risk and the
relatively high toxicity to humans.”** In the EU, pesticides in
drinking water are currently regulated by the Drinking Water
Directive, which stipulates the maximum allowable concen-
tration of 0.1 ug/L per pesticide or 0.5 ug/L for the total
pesticide concentration,*”

2,4-Dichlorophenoxyacetic acid (2,4-D) embodies one of the
most frequently applied herbicides in agriculture. It is a synthetic
plant 6growth regulator, structurally and functionally akin to
auxin.”®" At low concentrations, 2,4-D is a component of the
plant tissue culture medium; at high ones, however, it functions
as a herbicide for broadleaf weeds. The compound is potentially
toxic to humans, can be accumulated in the human body, and has
a certain potential of carcinogenicity and mutageni(:it:y.%j’66‘5
The oral LD, of 2,4-D in rats is 375 mg/kg of body weight.®””
The U.S. Environmental Protection Agency (EPA) has set the
enforceable regulation for 2,4-D, or the maximum contaminant
level (MCL), at 70 ug/L.**

Atrazine is a widely used herbicide that enables the control of
annual grasses and broadleaf weeds in agriculture worldwide. It is
persistent in the environment and can thus remain in the
ecological system, including soil, natural water, and food (e.g.,
maize). When accumulated in vivo, atrazine can antagonize,
impair, enhance, or inhibit the actions of endogenous hormones,
leading to abnormalities in growth, reproduction, development,
behavior, immune functions, or malignant tumors.’” The
atrazine toxicity (LDs,) by oral ingestion in humans is 1000
mg/kg.ﬁ7l)

Carbofuran constitutes a broad-spectrum insecticide com-
monly applied in agriculture to control insects and nematodes for
the purposes of production enhancement.””" It is highly toxic to

DOI: 10.1021/acs.chemrev.7b00037
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mammals and reportedly embryotoxic and teratogenic. Due to its
extensive use in agriculture and relatively good solubility in water,
carbofuran can contaminate surface and ground waters and,
therefore, poses a risk to consumers and the environment. The
U.S. EPA prescribes the maximum contaminant level (MCL) for
carbofuran in drinking water at 40 ug/L.°”

Chlorpyrifos is an organophosphorus acetylcholinesterase
inhibitor. Exposures to chlorpyrifos can result in a series of
neurotoxic injuries to the central nervous s(xstem as well as the
cardiovascular and respiratory functions.””” The acute and
chronic reference doses of chlorpyrifos are 5 and 0.3 pg/kg/
day, respectively, with the oral LD, amounting to 50—250 mg/
kg/day.™

Diuron is a substituted phenylurea herbicide employed for
wide-spectrum pre-emergence weed control. The compound is a
potent photosynthesis inhibitor, interrupting the photosynthetic
electron transport chain; the process then leads to reduced
formation of high-energy substances such as ATP.”” This
herbicide can be classified as an endocrine disruptor.””® It is
rather persistent in soil, having a half-life in the range between 90
and 180 days, depending on the type of environment.®”” Diuron
exhibits only sli(g_ht acute toxicity to mammals; the oral LDy, in
rats is 3.4 g/kg."”*

Endosulfan constitutes a broad-spectrum organochlorine
pesticide widely used in agriculture to control insects and
mites. The substance has been regarded as a relatively
environmentally safe pesticide with a short half-life and little
evidence of bioaccumulation. However, due to its high
application rate (750 g/ha) and relatively high acute toxicity to
fish (LCg = 0.1-20 g/L), endosulfan poses a potential
environmental threat.”””

Imidacloprid is an insecticide that kills insects by binding to
the nicotinic acetylcholine receptors (nRAChR’s) in their central
nervous system. The compound is highly specific for nAChR’s
and is less harmful to mammals. However, it is soluble in water
and has a lifetime greater than 1000 days, which enables it to
accumulate in soils and water sources.”™" The short-term oral
LDy is 450 mg/kg for rats and 150 mg/kg for mice.**'

Metolcarb is an N-methylcarbamate pesticide widely used in
agricultural production to control rice leathoppers, planthoppers,
and fruit flies. The compound is based on inhibiting
acetylcholinesterase transmission at nerve enc]ings.ﬁﬁ}2 It is
Eotzgtiaﬂy dangerous to mammals; the LDj, equals 268 mg/

g

Paraquat is a widely used and fast-acting organic heterocyclic
herbicide. The use of paraquat has been banned in the EU since
2007; however, this rule does not apply to non-European
countries exporting to the EU. The maximum residue limit
(MRL) of 20 pg/kg has been established for many food products
such as barley, wheat, or potato,*** The LD, of paraquat in rats is
79 mg/kg.**

Parathion and methyl parathion are organophosphorus
pesticides. The symptoms of poisoning include nausea, vomitin,
diarrhea, muscle cramping/twitching, and shortness of breath.™
The LDy, values of parathion and methyl parathion in mice were
found to be 13.5 and 11 mg/kg, respectively.®®’”

Among the many pesticides used in agriculture, insecticides
from organophosphorus and carbamic groups are often applied
because they exhibit high insecticidal activity and rather small
persistence in the environment. The substances are commonly
detected by inhibition-based enzymatic sensors, which are not
discussed in this review and were summarized elsewhere.***%*
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The relevant applications of immunosensing techniques and
sensors used for pesticides are summarized in Table 5.

5.2.3. Microbial Detection. The rapid detection and reliable
identification of hazardous microbial agents constitutes a
challenging task. The prevention or early treatment of infectious
diseases is a concern of modern society. Even human deaths due
to possible bioterrorist attacks are threats to modern society, and
it is thus understandable that the growing demands for the
detection of bioagents originated from the military, civil rescue,
and security services, protection of public buildings, and
homeland security, all of which constitute major domains of
current public interest. The Centers for Disease Control and
Prevention sorted the critical biological agents for public health
into the three categories.”” The properties of biological agents
such as lethal dose and infectiveness make these agents suitable
candidates for use as biological warfare agents (BWAs). The
most dangerous bacteria are, for example, Francisella tularensis
(tularemia), Yersinia pestis (plague), Clostridium botulinum
(botulism), and Bacillus anthracis (anthrax). The last one is
feared because it has already been used. As regards the practical
use, the Department of Homeland Security in the United States
requires the sensitivity of field devices in the range from 10° to
10° organisms/L."”" The most dangerous bioagents cannot be
easily used in common laboratory conditions; therefore, the safe
strains of E. coli (DHSe) and Bacillus atrophacus are used for the
development of detection technologies.

Microbial detection is nevertheless indispensable also for the
everyday inspection of potentially contaminated food, including
meat, poultry, and milk products, vegetables, and fruits; possible
contaminants then comprise the strains of Escherichia,
Salmonella, and Listeria. Salmonella was evaluated as a leading
cause of foodborne infections in the United States, with
approximately 1.2 million illnesses and 450 deaths per year.*”
Legionella should be seriously considered too as it occasionally
contaminates water supplies.

Viruses and viral antigens are typically assayed in clinical
diagnostics; classic examples are hepatitis surface antigens and
human immunodeficiency virus. Each year, outbreaks of viral
infections (the most common being influenza with potentially
highly dangerous mutated variants) cause illness, disability,
death, and economic loss. As learned from past incidents, the
detrimental impact grows exponentially without effective
quarantine. Therefore, rapid on-site detection and analysis are
highly desired.*”* Recently, the lack of laboratory facilities
resulted in diagnostic complications during the West African
Ebola virus outbreak in 2013-2015, thus compromising
outbreak control. Nearly 28000 confirmed, probable, and
suspected cases were reported; owing to limited laboratory
capacity and local transport infrastructure, the delays from
sample collection to test results were often 2 days or more.*”*

Even though suitable analg‘gica] procedures (cultivation tests,
polymerase chain reaction,”” enzyme-linked immunosorbent
assays) and devices (mass spectrometry®®) are readily available,
drawbacks such as slow operation, complicated portability, and
high running costs often limit their applicability. Conventional
microbiological methods are time-consuming and usually require
the collection of samples for subsequent laboratory analysis. The
complexities of analyzed samples containing interfering (bio)-
substances disadvantage PCR methods, and additional methods
are needed to avoid false conclusions. In the case of MS, extensive
instrumentation limits widespread use for the field detection.
The actual assays of bioagents are further complicated by minor
differences between hazardous and commonly used microbial

DOI: 10.1021/acs.chemrev.7b00037
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Table 5. continued

time
(min)

year and

ref

procedure

label(s)

surface

range

LOD

pesticide sample matrix

Endosulfan

20127%

comp SWV

180 GCE/SWCNTs/endosulfan hapten

0.01-20 ppb

0.01 ppb

w (environmental)

Imidacloprid
w (model)

20167%

AlL,O,/Ag nanostructures/imidacloprid— Ab comp SPR

20

1-10 ppb

1 ppb

BSA

Metolcarb

20137

QCM

— (direct)

Au/MWCNT—-PAMAM/Ab

20

0.1-50 pug/mL 1

19 ng/mL

orange juice

Paraquat

20147

mag sep, comp, ASV

magnetic microparticle/paraquat—BSA QD/Ab

30

3.1-67.8 ug/kg

1.4 ug/kg

potato

Parathion

2016’

EIS

— (direct)

10 SPCE/graphene/Ab

0.1-1000 pg/mL

52 fg/mL

comato, carrot
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species. Evidently, a reliable device suitable for rapid on-site POC
detection was missing.

Nanoparticles bring important advantages to immunoassays.
Magnetic NPs appeared to be a useful tool providing a favorable
dual benefit for the signal amplification: immunomagnetic
separation, and preconcentration of the sample. Microbial
species captured in the sensing area provide a sufficiently large
surface ideally suited for further binding of “decorating”
nanoparticle-based labels (Figure 35). The relevant example
applications of NP-based immunoanalytical techniques and
sensors are provided for bacteria (Table 6) and viruses (including
viral antigens, Table 7).

NP (nm): 900 350

Figure 35. Enhanced response of an immunosensor for the detection of
microbes, A comparison of the different sizes of the NP labels binding to
E. coli. Based on ref 697.

6. CONCLUSION AND OUTLOOK

This review has summarized recent advances, challenges, and
trends in the rapidly developing domain of immunochemical
biosensing supported and enhanced by nanoparticles. The
research topic represents the interdisciplinary effort to combine
the unique electronic, magnetic, optical, catalytic, and mechan-
ical properties of nanoparticles with the optimized recognition
function of biomaterials such as antibodies. In the review, nano-
objects were introduced in broad contexts, and the role of
nanoparticles in immunosensing was discussed. Attention was
paid to not only several applications of nanoparticles in individual
immunomethods but also the architecture and transduction
strategies that have proposed perspectives for further develop-
ment.

The review has demonstrated that NP-based immunosensors
provide very good results with a promising sensitivity and
reproducibility and, in combination with novel devices (such as
microfluidic sample delivery, microelectromechanical systems, or
sensors with embedded electronic signal treatment, namely,
concepts well-known from the lab-on-the-chip field), offer an
attractive analytical approach for the fast, low-cost, and accessible
detection of trace prognostic biomarkers, drugs, toxins, microbial
pathogens, and environmental pollutants. The key advantages of
immunochemical biosensors—small size and portability, rea-
sonable assay costs, simplified use, and straightforward
interpretation of results—are being further enhanced through
incorporation of nanoparticles improving particular steps
completing both the immunorecognition and sensing function.

The relative complexity of the sensing structures and
procedures should not constitute an obstacle, as the production
technologies for the robust deposition of thin layers and
immobilization of biocomponents are already available. The
actual reliability in real situations, however, might pose certain
difficulties, especially if we consider the fact that the results
obtained from the testing of newly developed bioanalytical
technologies almost invariably appear to be flawless. Thus,
extensive, critical test cycles supervised by independent special-
ists should be realized prior to considering any production and
commercialization-related steps. Importantly, what looks ideal in

DOI: 10.1021/acs.chemrev.7b00037
Chem. Rev. 2017, 117, 9973-10042
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Table 6. Inmunosensing for Pathogenic Bacteria

Review

bacteria sample LOD range time year and
matrix (cfu/mL) (cfa/mL) (min) surface label(s) procedure ref
Alexandrium minutum (Microalgae, Shellfish Toxins)
w (sea) 100 100 to 10° 30 nitrocellulose/mAb, mag NP/mAb, sw, mag sep and reader, 201677
LFIA
Bacillus anthracis
(spores) milk 400 4% 10°to 30 nitrocellulose/mAb, mag NP/mAb, sw, mag sep and reader, 20137
powder 10° LFIA
Bagcillus cereus
cell culture 10 50 to 10° 30 glassy C/chit—Au NP/Ab, — (direct) blocked chronoamp 201277
Cryptosporidium parvum (Protozoan Parasite, Oocysts)
w (model) N $-100 65 glass/mAb, Ag,8/8i0,/mAb, sw, F (NIR) 2014
Enterobacter sakazakii
w (model) 1000 10* to 10" 45 SPE C/MWCNT—alginate—chit/ ~ — (direct) blocked CV 20137
HRP/thionin—Ab,
Escherichia coli
w (model) 10 10 to 107 30 Au/cystine flowers/Ab, — (direct) blocked EIS 201477
w (model) (DHSa) 210 100 to 107 1 aligned C nanofibers Fe,0,/Au nano-ovals/  dielectrophoretic capture; — 201577°
Ab SERS
urine 30 100 to 10° 120 Fe;0,/Au NP/Ab, CdTe QD/chit/Ab, sw, F 20167
dairy 50 100 to 10° 150 glassy C/PAMAM dendrimer/ MWCNT/HRP/pAb,  enzyme PANI deposition, 2016
AuNP/mAb, DPV
Escherichia coli 0157:H7
w (model) 250 400 to 45 Au/Au NP/chit—MWCNT—Si0,/  — (direct) blocked CV 2012778
4% 10° thionine/mAb,
stool (model) 15 30to 3 X 10° 90 C/fullerene, ferrocene/Au, SiO, Pt NP/GOD/Ab, sw, CV of GOD— 201377
NP/Abl ferrocene transfer
brassica 430 4% 1011050 35 Fe;0,/PB/Au NP/Ab, — (direct) mag sep, catalytic NP, CV 20147
4 x
w (model) 100 100 to 107 10 nitrocellulose/pAb, Au NP/mAb, LFIA, color visual/reader ~ 2015°*
w (model) 10 10 to 10° 60 mag NP/PANI/mAb, Au NP/Pb NP/mAb,  mag sep, sw, SWV of 20157
dissolved Pb**
milk 10 10 30 Fe,0,/Pt/Ab, - mag sep, catalyti, color  2015™
visual
milk, 3 4to4x10° 75 Fe;0,/8i0,/PAA/Ab, Si0,/FITC/Ab, sw, mag sep, F 2016""7
orange juice, W
w (model) 100 100 to 10° 15 nitrocellulose/pAb, AuPt NP/Ab, LFIA, catalytic NP, color ~ 2016™
visual/reader
w (model) 100 300 to 10° 150 Au/pAb, Au NP/pAb, sw, EIS 2016"
food (hamburger) 57 10 to 10* 80 Au/PCBAA brush/Ab, Ab2—bt; Au NP/sav  sw, SPR 2016"°
food 1-10 10 to 10° 24h  Au/Ab, Au NP/Ab, sw, QCM, on-chip 2016™*
cultivation
Legionella pneumophila
w (preconcentrated 10 10 to 10° 180 SPE—C; Fe,0, NP/PDOPA/pAb,  pAb,—HRP sw, mag sep, amp 20157
2000x)
Listeria innocua
w (model) 10* 10* to 10° 20 mag NP/Ab, Au NP/Ab, sw, SERS 20167
Listeria monocytogenes
lettuce 300 300 to 10* 150 IDE; Fe,O, NP/mAb, Au NP/pAb,/urease sw, urease/urea 20157%
impedance
milk 100 100 to 107 <10 SPE—Au/grox—chit/Ag NP/Ru — (direct) blocked amp 20157
(bpy)™'/mAb,
Pseudomonas aeruginosa
w 900 10 to 107 90 glassy C/Ca—pectin/Au NP/Ab, Ab,—HRP sw, DPV 2016™
Salmonella galinarum
chicken 32 100 to 10° 120 SPE; Fe,0,/8i0,/Ab, Ab,—HRP sw, mag sep, CV 2015
Salmonella pullorum
chicken liver 90 100 to 10° 150 SPE; Fe,0,/Si0,/Ab, grox-r/AuNP/Ab, sw, mag sep, DPV 2016™"
Salmonella typhimurium
milk, egs, sprouts 13 10 to 10° 150 SPE—avidin; Fe;O,—latex NP/ pAb,—biotin sw, Ag-enhanced stripping 20137
ssDNA code/mAbl DPV
w (model) 100 100 to 10° 25 glass/ZnO NR/pAb — (direct) blocked PL (UV) 2014
milk 5 10 to 10° 150 glassy C/chit/Au NP/Abl Ab,—HRP sw, DPV 2015
apple juice <10 10 to 1000 180  polystyrene/mAb, bt—Ab2, sa, Cys/bt—  sw, NP aggreg, SPR color 2015
lipo, Au NP visual
chicken extract 1000 10° to 10° 70 mag NP/Ab, CdSe/ZnS QDs/Ab,  sw, mag sep, fluidics, F 20157
w (model) 100 100 to 10° 40 - Au NP/Ab SERS; ICP-MS 20157
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Table 6. continued

bacteria sample LOD range time year and
matrix (cfu/mL) (cfa/mL) (min) surface label(s) procedure ref
Vibrio cholerae
w (model) 100 100 to 10* 90 Pt/CeQ, NW/Ab, — (direct) blocking EIS 2016™¢
Vibrio parahemolyticus
sea w, seafood 5 10 to 10° 65 GCE/grox/ABEI/Ab, — (direct) blocked ECL 2016
Table 7. Immunosensors for Viruses and Viral Antigens
virus (antigen) time year and
sample matrix LOD range (min) surface label(s) procedure ref
Avian Leucosis ALVs-J (TCID Is the 50% Tissue Culture Infective Dose)
serum (avian) 10" TCID/mL  10*' to ~100 ITO/Bi,S; NR/chit/Ab,  AuNP/ALP/Ab, sw, generated 2014
10" TCID,/mL ascorbate, PEC
Bacteriophage MS2
w (river) 9 pfu/mL 10 to 10" pfu/mL 210 SPE—Au/Fe,0,/ Ab,—ALP sw, DPV 201577
SWCNT/Ab,
Cytomegalovirus pp65 Antigen
saliva 30 pg/mL 0.1-80 ng/mL 60 Pt, PA NP/SWCNT/HRP/ — (direct) blocking DPV 2016™*
thionine/Ab,
Dengue
cell culture 1 pfu/mL 1-900 pfu/mL 45 Al,O4 nanochannels/Ab, - (direct) blocked EIS 20127
cell culture 0.04 pfu/mL 3—45 pfu/mL 5 Al O, Pt nanochannels/PB  — (direct) blocked PB 2012%%
nanotubes/Ab, catalysis, fuel cell
Hepatitis B Aurface Antigen
w (model) $mIU/mL 5—1000 mIU/mL 90 Au NP 50 nm/Ab, Au NP 10 nm/Ab, sw, enhanced DLS ~ 2012°""
serum 0.1 ng/mL 0.5-800 ng/mL 30 CPE/graphene/Au NP/ — (direct) blocked DPV 20127
Nafion—Cys/Ab,
serum (human) 0.11 pg/mL 1-100 pg/mL 70 Fe;0, NP/rAb, PAA—Ru(bpy);**/Si0,/  mag sep, sw, ECL  2015""
Nafion/pAb,
serum (human) 0.3 pg/mL 0.001-20 ng/mL ? glassy C/Au NP/Ab, halloysite NT/MnO,—Pd  sw, LSV 2016
NP/Ab,
Hepatitis C Core Antigen
serum (human) 10 fg/mL 0.25—300 pg/mL 90 Au/graphitized C—-MB/Au  MWCNT/dsDNA—multi-  sw, SWV 2013%°
NP/Ab, HRP/Ab,
Human Immunodeficiency
blood 98 pfu/mL 100 to 10° pfu/mL 70 polystyrene/PLL/Au NP/ — (direct) LSPR 2012%¢
Ab,
Influenza (Avian) Antigen(s)
serum (human) 0.4 pg/mL 1-100 pg/mL 60 glassy C, Au,Pd NP/Ab, grox/Pt, CeO, NP/ALP/  sw, DPV 2015%7
Ab,
Influenza HIN1 and H5N1 Antigens (Avian)
w (model) 83 pM 25500 pM 45 SPE—C/grox/MB/chit—  — (direct) blocked DPV 2016™*
protein A—Ab,
Influenza H7 Antigen
w (model) 1.6 pg/mL 16 to 80 Au/graphene—chit/Au graphene/Ag NP /pAb, sw, LSV 2016""
1.6 % 10* pg/mL NP—mAb,
Influenza H7N9 Antigen
w (model) 0.8 pg/mL 8—60 pg/mL 80 glassy C/Au NP/SiO,— MWCNT/aligo- W, 2015%1°
ADH/protein A/mAb, DNazyme/hemin/MB/ electrocatalytic,
pAb, amp
Orchid (Cymbidium Mosaic or Odontoglossum Ringspot)
plant extract 42 pg/mL 0.04—100 ng/mL 10 fiber/silicate/Au NR/Ab,  — (direct) LSPR 2014
Rift Valley Fever, West Nile Antigen
serum (fetal 5 fg/mL 0.005—50 pg/mL 60 Fe,0,/8i0,/Ab, Au NP/IR dye/Ab, mag separ, SERS  2013°"*
bovine)
Vaccinia
fruit juice 4000 pfu/mL 10* to 107 pfu/mL 65 ITO/grox/mAb, Ab,—ALP sw, amp 2015%"

a scientific paper or on the Web can be markedly less optimal in
reality; moreover, the typical end user does not examine the
principles of the sensing devices but rather focuses on the reliable
performance, fast results, and economical use as his or her central

criteria for success.

Researchers involved in the field currently seem to concentrate
upon achieving the best possible performance limits, namely, the

lowest detection threshold, ideally at the level of a few molecules.
However, it is also vital to stress the aspects that are seldom
brought to the limelight, and these prominently include the
rather long duration of the whole analytical process, starting from

the application of a sample and ending with the reading of the
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result. The high sensitivity and very low measured concen-
trations are indeed nice indicators, but they should always be
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compared with the practical needs and existing levels of analytes
in real samples.

We have summarized various strategies and approaches which
can be used for the further development of nanoparticle-based
immunosensors. It is clear that there are still many challenges, but
one may consider some current issues making the repeatable
production of these devices harder: (i) heterogeneity existing at
the nanoscale level, (ii) stable shape, size, and surface
modification of nanomaterials, (iii) high variability of such
produced immunosensors depending on rarely optimized
preparation methods and not completely defined properties of
the components, and (iv) general problems with immobilization
of antibodies on solid-state surfaces.

In our view, three main requirements have to be taken into
account with probe immobilization and modification by NPs
because none of the immobilization techniques and NPs used are
nowadays optimal for this purpose. First, the immobilization and
modification processes need to be stable and involve well-defined
probes (Ab’s), second, the probes (Ab’s) have to remain
functional, and third, they have to be in appropriate orientation
and configuration. From the physicochemical point of view, the
perspective future can also be supported by the improved
knowledge of involved transport properties, kinetics of
interactions, reaction mechanism of the used systems, and last
but not least interactions between molecules of antibodies and
nanoparticles.
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ABBREVIATIONS

Ab antibody (mAb, monoclonal; pAb, polyclonal; rAb,
recombinant; Ab,, primary/capture; Ab,, secon-
dary/detection)

ABEI N-(4-aminobutyl)-N-ethylisoluminol
ADH alcohol dehydrogenase
AEAPS [3-[(2-aminoethyl)amino]propyltrimethoxysilane
AFP a-fetal protein
ALP alkaline phosphatase
amp amperometric
av avidin
bpy 2,2"-bipyridine
BSA bovine serum albumin
bt biotin
CEA carcinoembryonic antigen
chit chitosan
CL chemiluminescence
CNDs carbon nanodots
comp competitive immunoassay
CTCs circulating tumor cells
Ccv cyclic voltammetry
DLS dynamic light scattering
DPV differential pulse voltammetry
ECL electrochemiluminescence
EDC 1-[3-(dimethylamino )propyl]-3-ethylcarbodiimide
hydrochloride
EIS electrochemical impedance spectroscopy
F fluorescence
FET field-effect transistor
FITC fluoresceine isothiocyanate
FRET fluorescence resonance energy transfer
GCE glassy carbon electrode
GOD glucose oxidase
GO graphene oxide
rGO reduced graphene oxide
HRP horseradish peroxidase
DOI: 10.1021/acs.chemrev.7b00037

Chem. Rev. 2017, 117, 9973-10042



Chemical Reviews

ICP-MS  inductively coupled plasma mass spectrometry
Ig immunoglobulin

ITO indium tin oxide

LFIA lateral flow immunoassay

lipo liposome

LSPR localized surface plasmon resonance
mag magnetic

MB methylene blue

MEMS microelectromechanical system
mtp microtitration plate

MWCNTSs multiwalled carbon nanotubes
NC nanocrystal

NF nanofiber

NHS N-hydroxysuccinimide

NIR near-infrared

NP nanoparticle

NT nanotube

NTA nitrilotriacetic acid

NW nanowire

PAA poly(acrylic acid)

PABA poly(aminobenzoic acid)
PAMAM  poly(amidoamine)

PB Prussian blue

PBS phosphate-buffered saline

PC phthalocyanine

PCBAA  poly(carboxybetaine acrylamide)
PDDA poly(diallyldimethylammonium chloride)
PANI poly(aniline)

PDOPA  poly(dopamine)

PEC photoelectrochemical conversion
PEI poly(ethylenimine)

PGE pyrolytic graphite electrode

PL photoluminescence

PLL poly(lysine)

PMT photomultiplier tube

POC point-of-care detection

PS poly(styrene)

PVA poly(vinyl alcohol)

QD quantum dot

RCA rolling cycle amplification

ROS reactive oxygen species

sav streptavidin

SCCA squamous cell carcinoma-associated antigen
scFv single-chain variable fragment
sep separation

SERS surface-enhanced Raman spectroscopy
SPE screen-printed electrode

SPR surface plasmon resonance

sw sandwich immunoassay
SWCNTs  single-walled carbon nanotubes
Swv square wave voltammetry

TMB 3,3',5,5 -tetramethylbenzidine
UCNP up-converting nanoparticle

uv ultraviolet

vis visible

w water
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