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Abstract

The ability of rapid detection of lovanalyte concentrations, in particulasf biomarkers,
microorganisms and their produots pharmaceuticalss of fundamental importanée many

fields, including clinical diagnostics, food contrpl and environmental screening.
Immunochemical biosensors and assays combine the excellent selectivity provided by
antibodies with highly sensitive detection based on various readout techiibjisdsabitation

thesis presents a commented summary »f sgientific papers focused on advanced
immunoanalytical techniqueso which | have contributed as a corresponding author, first
author, or ceauthor. After introducing the field of immunosensirtg thesis starts with label

free biosensors and continues through catalytic and luminescent labels to the detection by laser
induced breakdown spectroscopgyumerous assays were developed for a wide range of
analytes, starting from small moleculgsh&rmaeuticals, mycotoxins), through proteins
(diseasdiomarkers), to bacteri&almonellahoneybee pathogen3he research was focused

not only on testing new methodologies but also on the practical applicability of the sensors, as
represented by a large feeon the analysis of representative real samples.
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1 Commentary to Habilitation Thesis

This habitation thesipresentsa commented summary of2 Xcientific papers published
between 2014 and 2021, to which | have contributed as a corresponding author, first author, or
co-author. All these publications are focused on immunochemical biosersuatsassays;
however they arebased on different sensisghemesand the detection ofariousanalytes.

After introducingthe field of immunosensing, the thesis starts with e biosensors and
continues through catalytemdluminescent label® thedetection by laseinduced breakdown
spectroscopyThe research was focused not only on testing new methodologies but also on the
practical applicability of the sensoras represented by a large focus on the analysis of
representative real samples.

The kbelfree sensorgspeciallyproviderapid and sraightforwardanalysis, making
them suitable for ifield detection especially of larger analyteShe thesis discusses the
development and performanagbiosensor based on electreafical impedance spectroscopy
for Salmonellaand quartz crystal microbalance biosensor for aerosolized biological warfare
agentsWe have alséocusedonbiosensor surface modifications by plasptdymerized films
and their application in surface plasmresonancéiosensing.

The catalytic labels are beneficial due to their ability of signal enhancement. Apart from
the conventional use of horseradish peroxidasa sandwich immunoassay f&uropean
foulbrood diagnosisthe thesis demonstrates advanced @ggres based on enzymatically
catalyzed precipitation for signal enhancemersurface plasmon resonaraed the catalytic
Prussian blue nanoparticles as a promising alternative to enzymes.

The luminescence detection was done with phof@ronversion nangarticles, which
overcome the optical background interference by the ability to be excited in the near IR region,
followed by the emission in the visible rangdée method®f their surface modification and
conjugation with biomolecules were thoroughly dséd. The conjugates were used for
immunochemical detection afwide rangeof analytes from small molecules, through proteins,
to bacteriademonstrating even the capabilitsinglemolecule detection.

Finally, lasefinduced breakdown spectroscopgs introduced as a nowehy of signal
readout, which is not dependent thie catalytic or luminescent properties of the lab&lsis
approach was used in the microtiter plagsed immunoassay but akE® thereadoutmethod
in immunocytochemical imaging

Roman numerals will be used to address the individual publications in the followingukxt
articleshavebeen reproduced in the appendix with permissions from the respective copyright
holders Asteriskdenotesorresponding author

. Farka, Z JuSz2k, T. ; Kov§gs, D. ; Tr nBkased § ,
Immunochemical Biosensors and Assays: Recent Advances and Chal@&mgmas Rev2017,

117(15), 997310042.

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




Il. Farka,Z, Mi ckert , M. J.; Pastucha, M.; Mikugov
in Optical SingleMolecule Detection: En Route to Suggensitive Bioaffinity Assay#\ngew.
Chem. Int. Ed202Q 59 (27), 10r46 10773. (Z.F. and M.J.M. contributed equally)

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

ll. Farka,Z, JuS2k, T.; Pastucha, M.; Kov§S, D.; L
of SalmonellaTyphimurium using electrochemical impedance spectroscopy: the effect of

sample treatmenElectroanalysif016 28(8), 1803 1809. (Z.F. and T.J. contributequally)

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 dird6éioh

IV. K o v § SFarkaD Z; Skladal, P., Detection of aerosolized biological agents using the
piezoelectric immunosensoAnal. Chem 2014 86 (17), 86808686. (D.K. and Z.F.
contributed equally)

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

V. Makhneva, E.Farka, Z;, Skl §dal , P.; Zaj 2| kov §, L., Cy
surfaces for labdiree SPR and QCM immunosensingSafimonellaSens. Actuators B Chem

2018 276, 4477 455.

Contribution: Development and optimization of SPR and QCM immunosensors, chartioterifasensing

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. ; Obr usn? k, AL
Zap | kov §, L., Mal ei ¢ anhydri de and acetyl e

immunosensingAnal. Bioanal. Chen019 411(29), 76897697.

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

VIl. Makhneva, E.; Barillas, LEarka, Z, Pastucha, M.; Skladal, P.; Weltmann, K. D.; Fricke,

K., Functional Plasma Patyerized Surfaces for BiosensingCS Appl. Mater. Interfaces
202Q 20 (14), 1710017112.

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

(Experimental work 20%, Supervision 108anuscript 20%, Research direction 20%)

VIII. Mi kugow&ka, ZZ. ;Past ucha, M. ; Pol 8chov§g, V. ;
Amperometric Immunosensor for Rapid Detection of Honeybee Pathégéasococcus
plutonius Electroanalysi019 31 (10), 19®i 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,Zz JuS2k, T.: Pastucha, M.: Skl &dal, P.
Plasmon Resonance Immunosensor for the Detecti®@alafonellan Powdered Milk Anal.

Chem 2016 88(23), 1183011836.

Contribution: Design of experiments, \adopment and optimization of precipitatiemhanced 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.* Luwdger IVa ; Hor 8] kov §, V. ; Pastucha,
Skladal, P., Prussian Blue Nanoparticles as a Catalytic Label in a Sandwich Nataaie:
Immunosorbent AssayAnal. Chem 2018 90 (3), 23482 3 5 4 . (Z. F. and V. L.
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%)

Xl. Hav 8 | e kFarkaAZ, ; H¢e bner |, M. ; Hor R§kov §, V. NNDm
D.; Gorris, H. H., Competitive Upconversiumked Immunosorbent Assay for the Sensitive

Detection of DiclofenacAnal. Chem2016 88(11), 60116017.

Contribution: Design b 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%)

XIl.HI av 8| ek, AFEarka, B #ickert, &.K.; Prebhtl,;L.; Knopp D.; Gorris, H. H.,
Rapid singlestep upconversiolinked immunosorbent assay for diclofeniticrochim. Acta

2017,184(10), 41594165.

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

Xlll. Peltomaa, R.Farka, Z; Mi ckert, M. J . Brandmei er , J .
MartinezOrts, M.: Canales, A.;: Skladal, P.; BerRenia, E.: Moren®ondi, M. C.; Gorris, H.
H., Competitive upconversiaimked immunoassay using peptide mimetics for the detection

of the nycotoxin zearalenon@&iosens. Bioelectrar202Q 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 dir8686n

X\V.Pol 8chovg, V.; Pastucha, M.; Mikugovsg, Z.;
Skladal, P.; Farka, Z.* Click-conjugated photonpconversion nanoparticles in an
immunoassay for honeybee pathodgdrlissococcus plutoniusNanoscale2019 11 (17),

8343 8351.




Contribution: Design of experiments, preparation of immunization antigen and antibody, bioconjugation and
characterization of UCNPs, development and optimipatad 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.; Pgpeorgievski,
O.; Pastucha, M.; Odstrl|il2kovsg8, E.; Skl &gdal
of PEGmodified upconversion nanoparticles for bioanalytical applications.

Biomacromolecule202Q 21 (11), 45024513. (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%)

XVILPastucha, M.; Odstr]il2?kovs8, E.; HIlIavsgl] ek,
J.; Gorris, H. H.; Skladal, PEarka Z.* Upconversiodinked Immunoassay for the Diagnosis
of Honeybe Disease American Foulbrod&EE J. Sel. Top. Quantum Electt@®21, 27 (5),

6900311

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

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

XVII. Farka, Z Mi ckert, M. J . ; Hl avsgl ek, A. Skl 8§«
UpconversiorLinked Immunaorbent Assay with Extended Dynamic Range for the Sensitive
Detection of Diagnostic Biomarkeré&nal. Chem 2017 89 (21), 1182511830. (Z.F. and

M.J.M. contributed equally)

Contribution: Design of experiments, optimization of sing#ticle microscope $s&p, bioconjugation and
characterization of UCNPs, development and optimization of sandwich immunoassay, data evaluation,

manuscript writing
(Experimental world0%, Supervisior20%, Manuscripd0%, Research directio?0%)

XVIIIl. Mickert, M. J.;Farka, Z; Kosti v, u. ; HIl avsgl ek, A. Hor
H., Measurement of Selemtomolar Concentrations of Prost&pecific Antigen through
SingleMolecule Counting with an Upconversiuiinked Immunosorbent Assajnal. Chem

2019 91 (15), 94359441. (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 208anuscript 30%, Research direction 30%)

XIX. BrandmeierJ. C; Raiko K.; Farka Z.*; PeltomaaR.; Mickert, M. J; Hl a v ,8l; e k
Sklada) P.; SoukkaT.; Gorris H. H., Effect of Particle Size and Surface Chemistry of Photon
Upconversion Nanoparticles on Analog and Digital Immunoassays for Cardiac Tropdwin.

Healthc. Mater2021, 10 (18), 2100506.

Contribution: Design of experiments, bioconjugation and characteozattf UCNPs, development and
optimization of sandwich immunoassay, data evaluation, manuscript writing
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(Experimental work20%, Supervisior80%, ManuscripB80%, Research directiad0%)

XX. Farka,Z* Mi ckert, M. J.; Mikugovsg, Z.; HI avgl
P.; Skladal, P.; Gorris, H. H., Surface design of phatpconversion nanoparticles for high

contrast immunocytochemistrjNanoscale202Q 12 (15), 83038313. (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 408anuscript 50%, Research direction 40%)

XXI.Modlitoova, P.Farka,Z, Pastucha, M.; PoS2zka, P.; Noy
Laserinduced breakdown spectroscopy as a novel readout method for nanojaside

immunoassaysvliicrochim. Acta2019 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%)

XXI.LPoS2zka, P.; Vytiskovg§, K.; OboSilovg§, R.
Modlitbova, P.; Gorris, H. H.; Novotny, K.; Skladal, P.; KaiserFarka, Z, Laserinduced
Breakdown Spectroscopy as a Readout Method for Immunocytochemistry veibmgpsion

NanoparticlesMicrochim. Acta2021, 188 147.

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

(Experimental work(0%, Supervisiort0%, Manuscripb0%, Research directiobs0%)
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2 Introduction (Papers | and Il)

The capabilityto rapidly detect small analyte concentrations, particularly ofdbundance
biomarkers, is critical for diagnosirtiseases in their early stag&se majority of bioaffinity
methods are employing antibodfeg however also aptamefsand molecularly imprinted
polymers (MIPs) can be used for specific captuwrkthe target analyte. Antibodies with high
affinity can be prepared against generally any analyte molecule. The limit of affinity,
represented by a binding constastapproximately 18 M'*°> which is worse thad 0 M™t

in the caseof (strept)avidinbiotin interactiorf Due to the relatively large sizé antibodies,
single binding site antibodiesgmelid3 arealso attracting attention recenflyAptamers are
beneficial duao their easier largscale production, and MIPs excel in chemical stabNtRs
are particularly suitablor detectingsmall molecules witl rigid structure. However, they are
less suitable for thdetectionof bigger, more flexible analyseas proteins.

Two approaches can be used for the detection of bindingsey@ritabelree assays
exploit the possibility to generate signal directlyupon analyte binding to the detection
element.(ii) The socalled sandwich format is based on binding a second affinity reagent
bearing a label that provides signal generatidoth approaches can lmarried outin a
competitive (or inhibition) modebasedon competition of immunoreagents farlimited
amoun of binding sites, resulting in lower signals for higher analyte concentrafibedirst
immunoassays were based on radioactive ldbhtsyever, these were soon replaced by
enzymes, which allow higher safefurthermore a single enzyme molecule can generate
high number of measurable produablecules (signal amplification ste@he enzymdinked
immunosorbent assay (ELISA) is nowadays considered as a method of choice for quantitative
analysis ofvariousanalytes, 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 reproducibilitgven though ELISA can detect
picomolar analyte concentrations, even higher sensitivities are nece@sdyyya few bxin
molecules can be harmflindividual infectious viruses or bacteria can initiate a diséase
trace cancer biomarker quantities indicate thresed of a malignant transformatith
Furthermore, developing immunoassays with higher sensitsvtytical to allow discovering
new biomarkes, which cannot be analyzed using the current methoddfoéfy

The conventional ELISA is carried out the laboratory conditions iandased 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
consumptionSuch assayallow ontline analysis, e.g., at thedsidefor clinical testst® or in
the field for environmental or military afipations.Such methods are often referred to as point
of-care (PoC) tesf¥ It is preferred to use samplésat require minimal invasiveness during
their collection, such as urine or saliva. Furthermore, assays without washing stepsede des
The most famous PoC test based on antibodies is the home pregnancy test, the representative
of lateral flowimmunaassay$LFIAs), which were developed in the 19803 he useifriendly
operation, along with the possibility to providgiableresults,is necessary to allowhe PoC
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test to be used in predictive, preventive, personalied participatory medicine, commonly
termed P4 medicin®.
The group ofabelbasedioaffinity assays can be further dividadcording tahe used

detection label(Figure 1). (i) Enzymes represent thmmost widespread approach, whereas

(ii) fluorescent molecular labels are generally easier, without the requirement of the product
generatiorstep. However, the fluorescence immunoass@tAs) are typicallylimited by the

fluorescence of the backgroundrurthermore, fluorescence readout was adapted in
homogeneous assays baseu flmorescence polarization and methods based on signal

amplification (e.g., based dmmuno PCR) Significart progress regarding the limitation of
background fluorescence was astgd by the development of timnesolved (TR) approaches
that expoit lanthanideb a s e d
(ns)’ The timegated approach is based on the luminescence excitation, which is not directly
acquisition,
autoflurescence signal decayand only specific lanthanide signals are measufidok
dissociatiorenhanced lanthanide fluorescent immunoassay (DELFIA) is currently the most
widespread commercially available TR approsch
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As an alternativelabel type (iii) various kinds ofmanoparticles (NPs) are gaining
increasing popularityFigure 1).2 1°* 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 visiblethmeye andthe colorbased readout is
possiblewithout the need for sophisticated instrumentatidpart from the plasmonic NPs
many other typesfd\Ps and nanocomposites are being used for optical deteQii@mtum
dots (QDs) represent an alternative to organiorfhphores due to their better photostability
and higher brightnesswhich is anessentialaspect in immunoassay reado@hoton
upconversion nanoparticles (UCNPs) are another kind of luminescent labels, which allow
excitation by neamfrared light, followed by the emission of light witshorter wavelength.

This antiStokes emission avoids autofluorescence and lightestajt leading to detection
without optical background interferené&Nanocontainers (e.g., lisomes)an be packed by
manyfluorescent molecules generatestrong signalsCompared to the enzyrimsed labels,
which produce the fluorophorés situ from the norfluorescent substrate, the fluorophores
encapsulated in nanocontainers can be releaseémandlimiting the selfquenching inside

the confined environmeRt Furthermore, various mixed detection schemes, e.g.,
electrochemiluminescence, can be employed to generate strong signals without background.

Overall, the various detectimshemes present different advantages and disadyemta
in terms of sensitivity, analysis timepiniaturization potential, etc. Thereforeg suitable
method has to be chosen not oobncerningthe target analyte but aldor the intended
application and usdrase
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3 Label-Free Biosensing

3.1 Electrochemicall mpedanceSpectroscopyBiosensingof Salmonella

(Paper 1lI)
Electrochemical immunosensors are receiving increasing focus because they can combine
highly sensitive measurements with portability and low cB$tctrochemical impedance
spectroscopy (EIS) is #sechnique which allows the measurement of small changesthe
interface betweetheelectrode and solutioflS providesafast response in combination with
high sensitivity and potential for reéime measuremerand miniaturizatiorf? When used in
biosensors, EIS provides insight into the individual immobilized layers and coatitige on
electrode in general. The EIS measuremeitased orapplyinga low-amplitudesinusoidal
potential (or current)hrough theelectrochemical @l with the electrolyte solution, typically
ferro/ferricyanide. The output current (or potential) is then measured over a range of
frequencies by a potentiostatiowingthe calculation ofhe impedancparametersCompared
to the otheelectrochemical techniques, including cyclic voltammetry, the applied potntial
smaller,preventingthe undesired influencendiomolecular layers and binding procesSes

The biosensors based on EIS typically employ antibodies immobilized in the electrode,
directly capturingthe target analytélhe accumulated mass hinders the electron transfer; this
is evaluated as the increase of impedambes allows operation in labétee mode providing
robust and straightforwardnalysis.The labelfree EIS can be udefor rapid analysis of
pathogens within small sample amounts.

Our research focused @almonella entericgerovar Typhimurium, a netyphoidal
strain, which is one of the leadimguseof gastrointestinal diseaseSalmonellais a gram
negative bacteriupwhich can cause diarrhea, fevand abdominal spasm within 12 to 72 h
after infection.In the worst scenaridgalmonellacan enter blood, bones, brain, or nervous
system, which can cause even lethal infectiddnEhe infection is typically caused by
consuming contaminated foddl Salmonellacan be present in raw animal food products,
including meat, eggs, and unpasteurized dairy prodiibeye are globally 94 million cases of
gastroenteritis and 155,000 deaths attribute®abmonellacach yeaf® 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 bytymbwidal Salmonellastrains?® This
highlightsthe danger o§almonellao human healtnd the importancef developng devices
that can allow rapid and sensiti8almonelladetection.

The standard approaches allowing the detectiorsafmonellainclude traditional
cultivation-based method€LISA, and polymerase chain reaction (PCR). The cultivation
based approaches are considered a gold standa®dlfoonelladetection because of the high
sensitivity and selectivity. However, the long analysis timég @@ays) with labointensive
procedures dmot allow using cultivation for rapid screening purpogeshe ELISA can
provide sensitive results generally within 24%Usually, a time-consuming preenrichment
step necessary to increase the bacteria count in the safFIER overcomes the sensitivity
and analysis times on conventional methods; however, it requires expensive instrumentation
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and trainedpersonnel to carry out the 4,
analysis®® Furthermore, the above
mentionel methods are typically
limited only to laboratory conditions g~ ~NH
anddo notallow PoC operation.

We have develgd an EIS
approach for the detection ¢
SalmonellaTyphimurium, based oa

cysteamine
NH
l HS” 2

glutaraldehyde
ON\/\\"O

N=—
simple, easy to fabricate, and lawst —s7TTNN o
immunosensor. The screetprinted 1 \¢/
electrodes (SPEs) were modified &y anti-Salmonella 1gG \(
selfassemtdd monolayer of

cysteamine, followed by binding o —S/\/NWN\/\/\“
glutaraldehyde and specific antiboc \
(Figure 2). The increase of impedanc-

after incubation with the sample Figure 2: Scheme of antibody immobilization (block
revealed the presence of bacterby BSA not shown) anthedesign of the SPE electro
Reprinted from PapéH with permission. Copyright 20

Different sample treatment methodW”ey_VCH_

(viable bacteria and comkitions of

heattreatment and sonication) were tested to find the optimal way of sample preparation
regarding the specificity of thehosen antibodyThe achieved results have shown that the
antibody did not exhibit the necessary affinity towards naBaénonella After the heat
treatment (80 °C, 40 min), the affinity of the antibody to the microbe increased significantly.
This allowedreachinga limit of detection (LOD) of 7x10CFU/mL with a wide linear range

up to 1§ CFU/mL The treatment by heat doest present significant technical difficulfgr

the real sample analyses. Furthermore, it @an bebeneficial to work with the killed or
weakened bacteria due to the reduced level of pathogenicity.

To improve the sensitivity further, ttgalmonellacels were disrupted by sonication.
The sonicated hediteated sample has showrhigher level of specific bindinthanwhole
cells, resulting in an LOD of 1x3@FU/mL; the linear range was up t*ITFU/mL. The total
analysis itme (including the incubationf the sensor with the sample) was 20 niihe
treatment by sonication is also not a technical problem for practical and&ysis.though
additional instrumentation is required, sonication is beneficial because it is less time
consuming tha heattreatmem The presence dfacteriaon the sensor surface was confirmed
by atomic force microscopy (AFMFigure 3). It was shown that the sensor captuaddrge
number of cell fragments, with the size and structure corresponding tdrdegatd and
sonicatedacteriaadsorbed othe glass.

In the case of the cros®activity with E. coli K-12, only negligible increases of
impedance were observecbnfirming theexcellentselectivity of the method. Because both
Salmonellaand E. coli are relatively similar gramegative bacteriaa low level of cross
reactivity caralso be expecteid the case of more phylogenetically distant bactéria.
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The practical applicability of the sensor was demonstrated by the analysis of real
samples of milk spied withSalmonellaThe electrode had to be washed thoroughly after the
incubationwith complex samplednsufficient washing was connected with the increase of
nonspecific signalsThe detection capabilities in the case of complex samples decreased
slightly compared to the detectiontime buffer, resulting in the LOD of 9x2@CFU/mL and
linear range up to YOCFU/mL. These results are comparable to the infection dose of
Salmonell& and highlight the potential of the dewpkd method.
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Figure 3: (A) EIS response ahe SPEimmuncsensor to different concentrations of heatted and
sonicatedsalmonella(B) AFM scan ofthe electrode after binding (error signal;) negative control

(no antibody on the surface))) AFM scan of the blank electrodReprintedfrom Paper lllwith
permission. Copyright 2016 WileyCH.

3.2 Quartz Crystal Microbalance Biosensor for Aerosolized Bacteria
(PaperliV)

In 1959, Sauerbrey described the dependence betivesrsonant frequency of quagensor

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

microgravimetric biosensing approathquartz crystal microbalance (QCM). QCM allows

detecting binding events based on the measurenietftamges of frequency of the quartz
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resonatof® The great advantage of QCM is the ability to provide the results irtimes)|
finding applicatios in monitoringof surface modifications, adsorption/desorption effects, and
binding interactions. When the analyte is captured on the surface, it increases thenlsgjed
which can be directly estimated from the decrease of the resonance frequency.

We emplyed the QCM biosensor for the detection dfioaerosols Airborne
microorganisms (bacteria, viruses, fungi, etc.) are an integral part of the enviroBawtatia
can be spread to the air by natural as well as anthropogenic sources; the misuse of pathogens
can result in targeted biological attacks® 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 iaflecge number of
people within a short timefran¥éThe detection of bioaerosoksdifficult due to the low levels
of target baatria, combined witla potentially complex sample matrontainingpollen grains,
mold, fungi, dust, and ubiquitous microbial organisfisurther interferences might be caused
by industrial products, which are emittedo the atmosphere in large quantitieBhe low
visibility and lack of odor presemidditionalchallenges for sampling and analysiscontrast
to chemical agents, also the delayed effect of biological agents has to be considered, leading to
apotentially large number of casualties before protective steps are’fakenbioaerosols can
contribute to the spread of epidemics and pandemics in plattekigh population densities.

In such cases, rapid detection and identification of the pathaigeeritical to allow early
treatment. Therefore, the specific detection of bacteria in the air is of particular importance also
during peacetime.

The bioaerodoanalysis consists of two critical parts: collectionttod bioaerosol and
detection of the bacteridhe systems for the collection of bioaerosols (samplers) have been
extensively developed in recent yeétgheir function can be based on various physical
principles*®

The two main approaches for the detection are basethe analysis of general
biological compounds in the air @pecific detection of target bade The norspecific
detection is typically based on optical methods, exploiting the fluorescence of the molecules
present in biological systems (ATP, NADH, tryptophate.)** 4> These systems, however,
cannot differentiate between pathogenic and-pathogenic bacteriaand the presence of
atmospheric pollutants with fluorescence properties can interfere with the afflysis.
Furthermore, this principle is only useful for living bacteaad it does to allow detection of
spores, as they exhibit only IoWTP levels** The specific detection of bacterigpically
exploits culturebased techniques, PCR*Raman spectroscopy, or mass spectrométiihe
culture-based methods are tirsensuming and usually require collection of samples for
subsequent laboratory analysis. The PCR is highly senskimgever, various interfering
substances can be present in the complex samples, which hinders the &hahesisfore,

PCR is often combined with other methods to prevent-fadsitive result$® In the case of
MS, the widespread use forfield detection is limited mainlyythe requirement of vacuum
and extensive instrumentation in general.

We have employed the immunosensor technology to overcome these disadvantages,
aiming at quickresponse, redlme, and onsite 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 Ef coli (Figure 4A). The sampleswere
disseminatd using a piezoelectric humidifier, distribution of bioaerosol inside the chamber
was achieved using three -tBh fans. The disseminatedacteria were collected and
preconcentrated using the wett@dll cyclone SASS 23QGhe analysis was done using the
ortline linked QCM immunosensolhe measurement was fully automated; the flow system
was used for the eline delivery of the samples frothe cyclone to the QCM, allowing to
perform one detection cycle within 16 mirheachieved LOD oE. coli in the bioaerosol was

10* CFUIL of air, based on the amoumfsthe disseminated microl{€igure 4B). The whole
experimentincluding sample collection, detection, sensor surface regeneration, and bioaerosol
chamber ventilatiortook 40 min. The reference experiments based on cultivation showed that
the disseminated amount Bf coli was reduced, probably becauseh# surface adsorption,
desiccationand mechanical stresauseddy the cycloneThe great benefit of the developed
detection system is the possibility efitirely remote operation; the users do not come into
contact with potentially dangerous microorganisms during the experinkemteermore, the
system is fully portable (degkp sze) and requires only power and ethernet connections.

The achieved results proved the suitability of thevelopedQCM immunosensor
combinedwith cyclone samplingo detectaerosolized bacteria. In the future, multiplexed
detection based on monoclonal ibotlies specific to different pathogersan allow
comprehensivecreening of the air qualityy a reasonably short tim&.he system based on
singlestep analysis provides the necessary simplicity, robustness, and reliability, making it a
suitable option foin-field applications.
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Figure 4: (A) The constructed bioaerosol chamb@&) Calibration curve fothe QCM detection of
E. coli in bioaerosol. The inset showwe binding curves of samples capturedtbg cyclone.Adapted
from Paper IV with permissioi€Copyright 2014 American Chemical Society.
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3.3 PlasmaPolymerized Surfaces for SPRBiosensing(Papers i V1)

Surface plasmon resonance (SH#iR)sensors are based on the oscillations of electrons in
conduction bands of mdtélms (typically gold) upon the excitation by lighThis effect

strongly depends on the dielectric constant of the envirortthantl 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 biosensorsrche dividednto two main groups: (i) propagating SPRs (PSPRs;
also simply referred to as SPRs) and localized SPRs (LSPREg excitation of PSPR is
typically done on continuous metal thin films using a prism or grating. The resonance then
spreads along the metal/dielectric surfacadistance up to hundreds of micromet&rn the
case ofthe 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 nanopartichés.

The SPR experiments are typically done in a difesandwich? 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$tap procedure. The antibody first bérbe

analyte as in the direct format, followed by the capture ofrslsny antibodies (potentially
labeled with enzymes or nanoparticles) to enhance the Sigflaé inhibition assay is based

on mixing the analyte with respective antibodies, followedHh&yinjection to the flow cell
containingachip withaknown amount of immobilized analyt€he 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 allotkie formation of covalent bonds are typically uséd®Apart from
the amount of the functional groupsjfficient layer stabilityunder various conditions is
necessaryTypically, the biomolecules are immobilizeda primary amines or carboxyl

groups; therefore, there should be eitF Antigens

carboxyls or primary amines available ¢ Plasiia

the surface to provide immobilizatiotia polymer Antibodies
the common carbodiimide / N- 9/

hydroxysuccinimide zerength coupling
reactions providing amideasedbords

Numerous methodologies wer
investigated for surface modification wit
the desired chemical groups. Typicall
wet-chemical procedures are being use
includingbinding of thiols on the surface
of noble metal§! However, these
methods are timeonsuming and often

require the use of aggressive chemicalsFigure 5: Scheme of SPRmmunassay in direr
Alternatively, plasmaformat Adapted from Paper VIl with permissior
rCopyright 2020 American Chemical Society.

Au layer
Glass

Detector
Incoming light

polymerization can be used to prepare t
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polymer films on various surfaces in a fast andfeiemdly procedurevithout the requirement

of washing steps or reageadditions Physical plasma is (partially) ionized gas consisting of
photons, electrons, positive and negative ions, atoms, free radicals, and exciteeéxtitaoh
molecules. Generation of plasma can be donagplyingenergy at low, atmospheri¢ or
high-pressue conditions Nontrthermal plasmas are gaining increasing attention in many
applications due to the possibility to provide enhancedpbase chemistry with high
concentrations of chemically active species without the need for increased gas temperatures.
The prepared plasmaolymeized (PP)coating typically exhibit high branching and cress
linking, excellert adhesion to practically any surfaces, and high stability.

The aminerich PP coating are the most commonly used and studied to allow
biomolecule immottization and cell binding® © The use of amineéich PP films was
demonstrated in biosensing, cell proliferatiand other biological applicatiofi$.8°Compared
with the conventional layers, e.g., carboxymethylated dextran (CMD), faster and mere cost
effective layer preparation can be achieved by employing plasma prodeBsébns with
carboxyl groups are usually prepared by plasma polymerization obugamcrylate§®
Alternative approaches can be based on gas mixturesair@i®thylen® or deposition from
maleic anhydride (MA). The MAbased coating provideahighly reactive arface however,
the polymerizatiorrequired finetuningas the layer was initiallgot sufficiently stable®

We have explored different ways of surface modification by PP fitmbiosensing
applicationsFirst, we explored aminkased PP films composed of cyclopropylamine (CPA).
The pulsed plasma polymerization of CPA can be used to prepare egatrttigencontaining
films in a fast and ecfriendly 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 immershiabirffer
for 18 h before the glutaraldehyde activation turned out to be a critical step in maintaining long
term layer stability. The FTR and ellipsometry showed that themberof amine groups
decreased, which was connected by the decreadaskafesdy 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 leal the growth ofa 5i 7 nm thick film of glutaraldehyde
and its oligomers. This surface was ugedimmobilize antibodies against human serum
albumin (HSA) orSalmonellaor the biosensing experimenkirthermore, regeneration with
10 mM NaOH allowed multie measurements with a single sensor.

Since the commercial SPR sensors are most commonly based on cadodayhing
layers®® we have also examined the field of carbesigh PP films. In our preliminary study,
we have demonstrated the potential of PP films in SPR biosefisivig.compared two kirsl
of PP films prepared under different plasma condititmes first was based on polymerization
from gas mixtures of maleic anhydride, acetylene, and argon (M#/&r; Figure 6A), the
other orthemixture of CQ, ethylene, and argon (G@>H4/Ar). The capaity of both surfaces
to bind antiHSA antibody waslemonstratedand thespecific binding of HSA showed the
biosensing potentialThe layer based on C&C:H4 exhibited lower stability and smaller
binding capacity, which resulted in the drift of thaseline and small response upon HSA
injection. In contrast, the film based on MA/R: allowed efficient immobilization of the
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antibody and provided a stable baseline signal, which resultadhigher response to HSA
compared to the immunosensor base@ @y 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.MAMe carried out
a systematic comparison of MA/, PP films with sensors based amixed 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). Comparedwvith MUA/MCH and 2D CMD layers, the MA/gH; PP films
showed better performancdemonstrated by about two times higher sign@ats.the other
hand, the sensor based on 3D CMD still exhibited higher performance, especially praviding
wider working rangeThis, however, can be explained by the sigaiitly smaller surface area
of theplanarPP film compared to the 3D CMD.
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Figure 6: (A) Scheme of sensor surface modification by MAdE PP film with subsequent
immobilization oftheantibodyvia EDC/NHS chemistry(B) SPR binding curves of HSA on ambidy
modified MA/CGH; PP film. Adaptedfrom Paper VI with permission. Copyright 2019 Springer.

In our next contribution, waeseda high frequencydriven atmospheripressure plasma
jet (APPJ Figure 7) to preparePP coatings based ah?2,4trivinylcyclohexane (TVC)
tetrahydrofurfuryl methacrylate (THFMA)jnda mixture of thereof THFMA was selected
because of the presence tife vinylidene groupthat can form polymers chainand
tetrahydrofuran (THF) group, which served as a protegroup 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 filmsUnder plamainduced polymerization conditions, thEHF or
cyclohexane ringopeningcan happen, which results in further polymer chain eliogsg.
Both the TVC and the THFMA are ndaxic, which fits the ecdriendly procedure of plasma
polymerization.
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The behavior of the films iran Ar
agueous environment wastudied. The . «L
highest stability was observed in the ca
of ppTVC, which contained the lowes
amount of oxygen. In the case ¢
ppTHFMA and ppTHFMAco-TVC,
more significant thickness losses occurr, Sc
during the initial storage in water
however, withno impad on the chemical ‘
composition. After the stabilization for | .
24 h in liquid, all films have shown a hig! *———/
level of stability. The initial losses of film > Plasma polymer
thickness can be explained by the remo

OD 6 mm

Plasma

TR

fl Iv bound oli f he fi Figure 7: Scheme of thatmospherigoressure plasn
of loosely bound oligomers trom the fi Mt (AP left) and photograpbf the operating APF
surface.AFM has demortsated that the (right). Reprintedfrom Paper Vilwith Permissior

thickness losses were connected with Copyright 2020 American Chemical Society.
formation of characteristic morphological

features Theseled to an increasein the surface areand can be beneficial for the
immobilization ofa higher amount of antibody, resulting in higher sersemsitivity.

After the immobilization of the specific antibody, tRBmodified chips were used for
the SPR detection of HSAVe have demonstrated that not only thenberof functional
groups affect the sensitivity of the measurement, but also the layer morphologsieatial
factor. The ppTHFMACco-TVC layer with the highest surface roughness provided the largest
binding capacityThe sensors exhibitethexcellent leel of stability; the regeneration allowed
to perform up to 9 measurements with a single sensor. The achieved LOh@id0is
comparablavith the performance othe3D CMD chip, which confirms that the PP films are a
promising alternative to the convemal surfacenodification techniques.
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4 Catalytic Labels

4.1 Amperometric Detectionof M. plutonius (Paper VIII)

Amperometric biosensors are devices based on the measurement of the current, corresponding
to the analyte concentration, as a function of electradenpial 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 dheelectrode surfacén the case of amperometric catalytic biosenssajtable

enzyme (or multenzyme system) igpically immobilized on the electrode, which catalyzes

the transformation of the analyte; the concentration is determined from the measueed

In the case of amperometric immunosensors, the most common approach is based on labeling
the analyte with a tracer (antibody conjugated with suitable enzyneegnalyte concentration

is determined from the current measured upon the additidre gubstratsolution

The most commonpotentiatcontrolled (potentiostaticymeasurement techniques
include (i) chronoamperometry based on the measurement of a current at a fixed potential in
time; (ii) single-potential amperometry based on the measurerokmlirect current as a
function of the potential difference between two electrodes, and nfiiltiple-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 deteddelissococcus
plutonius the causative agent of honeybee disease European foulbrood EHB)can
typically be found in honeybee larvae up to five days of age, which get infectedihgekton
of food contaminated witiM. plutonius Upon the infection, the larvae color changes from
white to yellow or brownand larvae usually die displaced in the brood cells instead of normal
coiled position’! Because the infection caaffect a large percerda of the brood, it can
severely weakethe colony or evepausdts collapse.

It is crucial to prevent the uncontrolled spreading of the EFB to tiraconomic and
environmental consequences of the honeybee gtdssesThereforethereis a high demand
for methods that can detdel plutoniusin the stage®f EFB infections ideally in the PoC
format. The typical detection approach is based on the microscopic evaluati@meérs
staned bycarbol fuchsinHowever, thesensitivity of this approach is not high enougheteeal
the EFB inits early stage<Cultivationbased methodsaditionally exhibit very high sensitivity
at the cosof high time demands. However, in the case of EFB, the analysis is complicated by
the low cultivation recoveries d¥l. plutoniusand overgrowing by secondary invadé€r3he
sensitivity, timerequirements, and throughput of the conventional methods can be overcome
by usingmolecular detection methods based on either DNA or antibod@sadays, real
time PCR is considerdtie gold standard for laboratory confirmationMf plutonius’* Even
though antibodypased methods are widely ugedletect various pathgens!? they are noyet
commonly used in the EFB diagnosiShere are no antibodies againgt plutonius
commercially available; the need to prepare the antibodiesuse is clearlpneof the factors
limiting the faster growth of antiboelyased method®r EFB. There is only a single report on
the ELISA for the laboratory detection M plutonius” Furthermore, ahFIA assayfor EFB
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wasrecentlyreported’® However, it allows only qualitative disease confirmation, suggesting
room for more sensitive approaches.

To start working in the fid of EFB diagnosis, we have firgirepared arabbit
polyclonal antiM. plutoniusantibody, and tested it in an ELISA asdaylo develop an
amperometric immunosensor based on a sandwich #Bsgyre 8A), the antibody was
immobilized to the gold working electrode \aaself-assembled monolayer of cysteamanesl
glutaraldehydeAs the tracer, antibody conjugated with horseradish peroxidase (HRP) was
used to provide electrochemical readout based on ireglibe enzymatically oxidized
3,37,5,5tetramethylbenzidine (TMBPue to the use dhesandwich format, the effect die
complex sample matrix was suppressed compared to theftalbegbrocedure based on EIS.
Therefore, the amperommiet approach is preferred for the analysis of complex samples of bees
and larvaeThe specific capture dfl. plutoniuson the sensor was verifidiy AFM. Even
though the electrode exhibited substantial roughnesbattteriawere clearly visible.

The achieved LOD was 6.6x1GFU/mL for the pure bacterial sample tine buffer,
and the sensor provided a working range up tbCRJ/mL (Figure 8B). In the case of the
real sample analysis, LODs of 2.42Hhd 7.0x10CFU/mL were achieved fdromogenized
bees and larvae, respectivelihe experiments witlP. alveias a negative control confirmed
the high selectivity of the assalhe achieved sensitivitypgether with a short analysis time
of 2 h, confirm the suitability of the developed sensor in PoC diagnosis of EFB.
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Figure 8: (A) Scheme ofan amperometric immunoassay fadhe detection ofM. plutonius
(B) Amperometric response tracater the addition of TMB in theM. plutoniusdetection Adapted
from PapeNIll with permissionCopyright 2019 WileyWCH.

4.2 Enzymatic Precipitation-Enhanced SPRDetectionof Salmonella

(PaperIX)
In recent years, various kiadf nanoparticles are being employed to enhance the performance
of SPRimmunosensorsk-or examplethe application of gold nanoparticles in a sandwich
format allowed to significantly increase the refractive index inShémonelladetection’®
Magnetic nanopatrticles can provide signal amplificatior to the increased refractive index
and the immunomagnetic preconcentratfdrHowever, the nanoparticleased label often
suffer from a higherlevel of nonspecific interactions compared to srealimoleculesTo
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overcome this limitation, a method of amplification based on enatayzed precipitation
of solid product on the sensor surface was develépé® The approach found application
mainly in electrochemical sensing, with reports on the detecfigmmostatespecific antigen
(PSA)&: & carcinoembryonic antigen (CEAjas well as€. coli®3

We introduceda method for the detection &almonellausing SPRimmunosensor
enhanced by biocatalyzed precipitati@ur strategy aimedo develop ahighly sensitive,
robust, and straightforwaessay while maintainingreasonably short analysis timiéne assay
was based on the formation of sandwich immunocomplex of capture ant§aiohgnellaand
HRP-conjugated detection antibody (ABIRP). The HRP then catalyzed the conversion of
4-chloro-1-naphthok4-CN)to insoluble benzd-chlorocyclohexadienone, which served as the
signal enhancement st@gigure 9A).
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Figure 9: (A) Scheme of biocatalyzed precipitatienhanced SPR detection &ilmaella. (B) SPR
sensorgrams of the final step of biocatalyzed precipitation enhancement for diffateminella
concentrations(C) Calibration curve. The inset shows the measuring chip after the precipitation
reaction (antibodynodified channel left, referencer right). Adapted from Paper IX with permission.
Copyright 2016 American Chemical Society.
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At the concentration of Y@FU/mL, the signal change after precipitation enhancement
was 40x highethanthe signal witlthebare bacteriumA closer look at the SPR signal changes
in binding and reference channels raed that even though some response was observed for
the nonspecific binding ofSalmonellathere was practically no signal change upon injection
of Abo-HRP conjugateThis ledto the increase of the ratio between the binding and reference
channel from 3.5 (afteBalmonellabinding) to 8.6 (after biocatalyzed precipitatioEven
though the injection o$almonellain a very low concentration of 1@DFU/mL led to signal
change cmparable to the level of noise, the following precipitation reaction allowed to
increase the signal to clearly distinguishable levalswing to reliably determine even very
low SalmonellaconcentrationgFigure 9B).

With the increasing concentration dfacteria, the measured signal increased
exponentially. This suggesthat several ABHRP conjugates can be bound on a single
Salmonellacells, leadingto the precipitation of a largaumberof 4-CN moleculesThis is a
significant advantage to nanopartitlased signal amplification, whideadsonly to linear
enhancement of the sigfdlThe obt ai ned dBR prelogd)aevasdieearérdm | o g ( g
107 to 1 CFU/mL, and the LOD was evaluated to be 100 CFU({fRigure 9C).

The total assay time was 60 min, which is substantially shorter than the conventional
methods for the detection of bacteria, including cultivatioddys)® ELISA (~ 10 h)8¢ and
PCR (~ hours§’ 8 The analysis timesialso shorter thain other repoi on the amplification
of SPR response with nanoparticlesile achievingsimilar or betterLOD.’® 84 Furthermore,
the realtime operation of SPRanreveal higler bacteriaconcentrationgn a shorttime upon
sample injection (~ 10 mingllowing a rapid reaction even before thignalamplification is
finished.

After the measurement, the SPR chip was removed from the system armbairtgly
the AFM. It was visiblealreadyby thenaked eye that themeas more precipitate formed in the
measuring channel compared to the refereAE& revealed the presence of bacteria and a
large number of precipitate particles 22,000 particles on the area of 20%26%). Even
though the reference channel also conthiseme precipitate particles, the number was
significantly lower (~3,000 particles on 20x20 |fin The 6.9fold difference in the number of
precipitate particles found by AFM corresponds to thef@db difference in SPR response for
the same concentratiod closer look at the individuabalmonellabefore and aftethe
precipitation revealed the presence of precipitate particles, leadatriee timesncrease of
the heightuponthe precipitation(Figure 10).

To demonstrate the applicability of the developed methodrfatyzingreal samples,
Salmonellavas detected in powdered miklthough immunosensors used specific antibodies
to ensure selective detection, components of complex samples can still exhibpiendic
binding towards the sensor surfat®mwever, as the ABHRP conjugate used in our method
is specific towardSalmonellathepotential norspecific binding is not transferred to the signal
amplification stepcontributingto the high selectivityf the methodIn powdered milk, the
achieved LOD was £OCFU/mL, which is deterioration by one order of magnitude compared
to the analysis ithe buffer. Thiswasprobablycaused by theon-specificadsorption omilk
componentswhich can block some dhe antibodies in the sensor surfaceconceal some
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epitopes orSalmonella ThelDso (the number of bacteria that have to be ingested to result in
50% infection probability) oBalmonellas considered to be > 1CFU8° Furthermore, it was
shown thatngestion of lonSalmonelldevelsbelow10? CFU/gdoes ot pose a risk to human
health® Therefore, the performance of the developed SPR immunosensor is suitahke for
practical analysis dbalmonellan contaminated food sangd.
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Figure 10: 3D representation of the AFM scan (@) native and(B) precipitatecovered individual
Salmonellacells. (C) Crosssectiors of the bacterisevaluatedas perpendicular lirgein the center.
Reprinted from Paper IX with permissiddopyright2016 American Chemical Society.

4.3 NanozymeLinked Immunosorbent Assay (PaperX)

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, andctivity reductionupon conjugation with immunoreagents.

The properties of conventional enzymes can be overconusibgcatalyticnanomaterial$
nanozymes$! ®2Compared to the biomolecules, iherganic nanomaterials provide very high
thermal and chemical stabili®§y.In particular, nanozymes with high peroxiddige 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 theprocedure ecériendly.®* The peroxidaséike activity wasfirst discovered for
magnetite nanoparticles (), followed by many other nanomateriatecluding CeQ, CuO,

Cmx04, and MnQ nanopatrticlesgraphene oxide nanoplates Prussian blue nanoparticles
(PBNPs)®> %

We have introduced a method fbeconjugation of PBNPs with antibodiasd applied
the conjugates im nanozymdinked immunosorbent assay (NLISA). The agggtion was
based on the modification tife PBNP surface by reductively denatured bovine serum albumin
(BSA), followed by the oxidation of antibodies by sodium periodate and binding them to the
aminogroup of BSA(Figure 11). We have developed two sandWibILISA assays, first for
the detection of HSA in urine and the other for the detecti@athonellan powderednilk.
Because the oxidation of TMB the blue product was utilized in the assay, the readout could
be done using a standard colorimetric reader without spegairements omstrumentation.

For the analysis of HSin urine, thepossiblerace amounts diSA present itheurine
of healthydonas were first removed using centrifugal ultrafiltration on aklla membrane,
followed by spiking known HSA concentratiorisren though the urine contains various ions,

27



which can cause undesired oxidation
TMB, the heterogeneous format wit
several waslng steps allowed to
overcome this limitation. As result,

only small differences were observe , '
between H& analysis irthebufferand 4" .7) dBSA

urine.  Microalbuminuria, which

happens due to diabetic nephropathy \\(/ Ab ' PBNP ¢/!;
5

connected with HSA concentration 3
from 20 to 200e g/ mL i

specimens’ The optimized NLISA \ / _Nalo, \\ L\ﬁ[
CHO

provided an LOD of 1.2 ng/mL of HSA

in urine and a working range up to

e g/ (Rigure 12). This confirmsthat Figure 11: Scheme of PBN#Ab conjugate synthesis. T
the NLISA issuitable for thegractical PBNPs are modified by denatured BSA to introduce a
diagnosis ofmicroalbuminuria groups on their surface, and the oxidized antiboc

conjugatedvia the aldehyde groups. Reprintddbm

Comparingthe performance of PaperX with permission Copyright 2018 Americe
NLISA with ELISA based on the samichamical Society.

immunoreagentshas shown only a

small difference in LODs (1.8g/mL for NLISA and 3.7/hg/mL for ELISA). The comparable
results suggest that tpbemarylimiting 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, #mmssibility of catalyzindhigher concentrationsf

TMB. As the sheHife of PBNPs is practically unlimited (several years &€¥, antibodies are
becoming the main limiting elemefitherefore, lhe overall stability of the detection label could

be in thefuture, improved by replacing antibodi@sth MIPs oraptamers.
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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 labelalsasiemonstratdaly
detectingSalmonellain powdered milk.The incubation with milk served as an additional
blocking step and had a minimum effeattbe LOD.The optimized assay provided LGiD
6x10° CFU/mL with a working range up to 4CFU/mL. This performance is better than the
published ELISA assays that provide LODs betweef d@d 16 CFU/mL2% °8 The
comparison th ELISA based on the same immunoreagents (LOD 3@ FQ/mL) confirmed
that the choice of antibodiedfectsthe assay performance more significantly than the label.
Overall, PBNPs proved to be a suitable alternative to conventionally used HRP; thiemletect
of peroxidasdike activity is compatible with standard instrumentation and methodologies
Furthermorethe nanopartickbased labels provide higher stability than biomolecwids the
possibilities for cheap and largeale production.
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5 Photon-Upconveasion Nanoparticles

Photonupconversion nanoparticles (UCNPSs) are lanthad@#ed nanocrystals, which exhibit
anti-Stokes emission. The energy transfer upconversion belenghe norlinear optical
processes and is based on the absorption of two or more gh@suiting in the emission of
asingle photon with higher energy (shorter wavelentti@omparedwith other antiStokes
processes, including twohoton excitation and second harmonic generatienexcitation of
upconversion can be done at lower energy denskwesn though the upconversion process
was discovered already in the 19685t was only used in the fornf bulk crystalline or glass
materialst®® The composition ofinorganic upconversion phosphisrbased on a crystalline
hostmatrix (typically NaYR) with a dopant included at a low concentrat{typically Yb**
and EF* or Tm**). The dopant ensures luminescenahile the crystal structure dhe host
lattice provides a matrix to bring the dopant ions thioptimal position'?

Due to theremarkableprogress 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 backgroungytivede large arni
Stokes shifts allowing easy separation of the excitation and detection channetst exhi
excellenn photostability, and the emission wavelength is tunablesrtable multiplexed
detection'??

The synthesis of UCNPs igpically donein hydrophobic solvents, such as oleic acid
and octadecen@herefore, their surface hastie malified for biological application&?® One
of the most widespread surface difation techniques is silanizatioit. is based on the
hydrolysis and condensation of siloxane precursors, typically tetraethyl ortho$ifiveita
other derivatives of silanéo provide functional groups for further bioconjugatd?® Other
modification techniques are based on exchanging the hydrophobic surface bgdigdgsds
with hydrophlic properties. Ligands bearing phosphonate or carboxylate groups can
coordinate to the lanthanide ions on the UCNP surtaesfunctionalgroupson the other end
of the ligand are then used for the bioconjugatiSn.

Throughout ouextensive work in the UCNP fieldve have explored different wagsé
UCNPs surface modificatierand employed the conjugates developimmunoassays for a
wide range of analytefrom small molecules to bacteria

5.1 Competitive UpconversionLinked Immunosorbent Assag

5.1.1 Competitive ULISA for Diclofenac (Papers Xl and XIlI)

Diclofenac (DCF) is a widely used nateroidal antinflammatory drugThe widespread use

of DCF for cattle treatment in the Indian subcontinent has led to signifiaiate population
lossesin the 1990s because DCF caused renal failure in vulturedtinigeon contaminated
carcasse¥’ DCFis one of thenostfrequentlyanalyzedoharmaceuticals in the wateycle in
Europe because it cannot be easily degraded in water treatment Iplavais.detected in the
amount s of l ow €9/ L amouts efwray/l énr surfack fwatdfée nt s
groundwater, and drinking wat¥f The sensitive detection of DCF is typically done by-LC
TOF-MS or highresolution mass spectrometét$However, these methods require expensive
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instrumentation with trained personnahd the analysisiengthy.On the othehand, ELISA
assays are highly suitable for analyziadarge number ofsamples, even in smaller, less
equipped laboratorigé!

In our pioneering work on the immunoassay based on WCkteupconversion linked
immunosorbent assay (ULISA)we have synthesized conjugates of UCNPs with detection
antrmouse antibody and applied them miadirectcompetitive assay for DCfFigure 13A).

We have synthesized oleic agidpped UCNPs and coated them with a silica dbesdkring
carboxyl groups on the surfadéhis modification was used to improve the water dispersibility
and conjugate antibodies using EDC/stNflS chemistry-!?

The coating antigen in a competitive immunoassay has to be, on hand;endogh
concentration to allow efficient competition for the binding sites of the detection antipodies
but, on the other hand, its concentration still hgetwide strongenough signalslo achieve
the optimal assay performanceje have prepared and characterized two different coating
conjugates by modifying bovine serum albun@B8A) with DCF. The MALDI -TOF mass
spectrometry analysigvealed thathe conjugatesarriedeither 5.7 or 10 DColeculesper
BSA. Even though the conjugate with the higher degree of derivatization provided about twice
as high signaldargersignal fluctuations and hook effect were obser@d.the other hand,
the conjugte with 5.7 DCF molecules per BSA provided better signal stability, slightly lower
ICs0 value (1.2 ng/mL compared to 1.5 ng/mL), and lower LOBe optimized ULISA assay
provided an LOD of 0.05 ng/mL, which was five times higher than the LGixofventimal
ELISA (0.01 ng/mL Figure 13B). However, the ULISA allowed for a faster and easignal
generationHowever it wasmostnotally a first stepin the further development ofJLISA
assayshatwere eventuallgoing toreach a singlenoleculesensitivity.

A B 100z o ELISA
%, O ULISA
\0,;’ 80}
=R
< 60}
o U Y r <
Q m 40f
@ O S £ L8484 £ &£ 4 4
—_— — G 20¢
'Dicl_ofenac 0Diclofenac Anti-diclofenac Anti-mouse 0 06_601 D,b1 0j1 1 1IU
conjugate lgG * IgG-UCNP DCF (ng mL™")

Figure 13 (A) Scheme ofndirectcompetitive ULISA for the detection of DCF. A microtiter plate is
coated with a BSACF conjugatedilution series of DCF are prepared in the microtiter plate followed
by the addition of arDCF mouseantibody andthe attachment of anbDCF antibody is detected lay
conjugate okecondary antibodyith UCNP. (B) Normalized calibration curves of ULISA and ELISA.
Adapted from Paper Xl withermission Copyright 2016 American Chemical Society.

In the follow-up work, we focused on improving the LOD and reducing the analysis
time by designing a singlgtep ULISA assayFigure 14A). For the synthesis of the DCF
tracer, we have prepar ed-gleulic(BGG) andicartjugatedib DCF
on the sirface of UCNPs witla carboxylated silica shellThe DCFBGG conjugate was used
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becausetiprovided structural flexibility between the DCF and the UCN#Psl it prevented
nonspecific binding of the tracer to the microtiter pldéecause the UCNBCF tracer was
used to directly compete with the analyte DCF for the bindinthemmmobilized antiDCF
antibody, the assay was done in a single staghermore, we haveptimized a method for
the lyophilization of the tracemwhich did not negatively affecits performancesven after
prolongel storage at room temperatufihe singlestep analysis anithe possibility of storing
the traceiin adry statewithout the necessity of coolingakes the ULISA i excellemoption
for environmenthanalysis in lowresource settings?3

The optimized assay provided an LOD of 0.02 ng/mL with a siggabhckgroundS/B)
ratio of 82(Figure 14B). The high value o&B was enabletby (i) the high brightness of the
used UCNPs with a diametefr @ nm, (ii) the low level of nospeific interaction due to the
coating with BGG, and (iii) the presence of multiple DCF molecules per single @6diFes
efficient competition even when the molar concentration of tracer is significantly lower than
the concentration of DCHinally, we havelemonstrated 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 singlstep competitive ULISA fothe detection oDCF and(B) calibration
curve.Adapted fromPaper Xll with permissionCopyright 2017 Springer.

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

competition with epitope mimicking peptidddicrobial toxins are prodted by many
pathogenic microorganisms (bacteria and fungi) and act as their virulence adgeytare
represented by a heterogeneous group of compounds that interfere with biochemical processes,
including the function of membranes, transport of ionslease of transmitters, and synthesis

of macromoleculesExposure to the toxins either in food or in the environment can cause
significant health problemshe individual symptoms vary significantly between the different
toxins1* Unlike in the case ofigble bacteriatoxins are typically not affected by the heat
processing of the product.

Zearalenone (ZEA) is a nesteroidal estrogenic mycotoxin produced by several fungi
species of th€usariumgenust'® Even though the acute toxicity of ZEA is relatively ldtis
chronically toxic and has been connected with reproduction disorders of farm animals, mainly
pigs11® ZEA exhibits estrogenigenotoxic, haematotoxic, amsaboliceffects!’ Along with
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other mycotoxins, ZEA is often found in agultural products, including maize, wheat, barley,
rice, and oat$'®

Epitope mimicking peptides, also referred toraimotopes, are used as an alternative
to conventional analyteonjugates in competitive immunosensifgich peptides mimic the
epitope of the analyte and allow competition with the native analyte for binding to the antibody.
Even though antibodies withgh affinity are required imall immunoassay, competing peptide
with lower affinity can be beneficial for competitive assayseyshift the equilibrium towards
analyte binding, making smaller amount of analyte produtte sameesponse levef®

Based orthe previously identified amino acid sequeh®ave have synthesized the
peptide mimetic of ZEA, introduced biotin on itst€minws, and used it in an ULISA assay
for ZEA detection(Figure 15). The specific antZEA antibody was boundnahe surface of
the microtiter plate, allowing competition between at@BEA and biotinylated peptide
mimetic. The detection was carried out usingconjugate of UCNPs with streptavidifihe
optimized assay providedn LOD of 20 pg/mLwith a working range up to 0.5 ng/mL
representinga 200fold improvement of LOD ad 3-fold improvement of working range
compared to the previously reportbobluminescerce immunaassay with the same peptide
mimetic12°
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Figure 15: Scheme of competitive ULISA for ZEA. In the first step, a microtiter plate is coated with
anant-ZEA antibody andZEA in the sample competes with the biotinylated peptide mimetic for a
limited amount of antibody binding sites. In the second step, thjagates of UCNPs with streptavidin
bind to the biotinylated peptide. Reprinted from Paper XllI with permission. Copyright 2020 Elsevier.
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To confrm the potential of ULISA for the analysis of complex samples, analysis of
ZEA-free maize samples (as confihby UPLGCMS/MS) spiked with ZEA was don&he
recoveries between 77% and 105% demonstrate the suitable accuracy for quantitative real
sample analysis. Furthermore, in comparison with URLSIMS, ULISA is based onlyroa
simple extraction in methanol andeabs not require extensive sample -peatment.The
achieved performance fulfills the requirements given by the European legislation, which
confirmsthe suitability of ULISA as a toofor simple analysis of food samples contaminated
by mycotoxins.

5.2 SandwichUpconversionLinked Immunosorbent Assays

5.2.1 Detection ofM. plutonius with BSA-M odified UCNPs(Paper XIV)

UCNPs are also highly useful as labels in sandwnomunaassaysWe have introduced a
methodto conjugate UCNPs witktreptavidinbased ora coppetfree click reaction andsed
this conjugateto detectM. plutonius the causative agent of European foulbr@iéidure 16).
The conjugatiorwas based on straipromoted cycloaddition between bicyclo[6.1.0]nonyne
(BCN) groupsbound on the UCNP surface via BSA amidemodified streptavidirt?! Apart
from serving as an intermediate to bind the BCN, BSA also contribuitles reduction of non
specific binding of the UCNBonjugates.

2 \ Q
R UCNP-BSASA 7 £
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| ‘ “ Q
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UCNP-BSA-alkyne M. plutonius
b\\r’ Y'Y

Figure 16: Scheme otheconjugation of UCNP with streptavidin based on functionalization of UCNP
surface with alkynemodified BSA and click reaction with azigeodified streptavidin. The ojugates

are then employed as a label in a sandwich ULISA for the detectigh jpilutonius Reprinted from
paper XIV with permission. Copyright 2019 Royal Society of Chemistry.

BSA-alkyne

The bioconjugationreactionwas followedusing agarose gel electrophordsased on
fluorescence labeling of BSBCN and streptavidiazide.The overlap of the fluorescence
signals, together with the mobility shift, confirmed the succegsbgdress othe conjugation
reaction. Furthermore, the presence BESA and streptavidin onthe UCNP surfacevas
confirmed by mass spectrometAfter the digestion of proteins on the UCNP conjugates by
trypsin, the UCNP cores were removed by centrifugaaod the samples were analyzed by
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LC-MS/MS. Both  BSA and 100
streptavidin were successfull {® ULISA )

identified; according to the integrate . 'I'EOL'ID;;O crUme

signal intensities, BSA was detected 1 LOD 1x10° CFU-mL-"
the most abundant protein in th

sample The amount of streptavidir
was approximately one order of
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. . Figu : i wi :
WOI’kI!’]g rang.e up to fa:':_U/mL'Th'.S assays for the detection Bf. plutonius The normalize
LOD is 400 times better in comparisosignals were calculated by dividing the datajay value
with ELISA (Figure 17). Since the from the logistic fit. Reprintedfrom Paper XIV with

same antibodies were used both PermissionCopyright 249 Royal Society of Chmaistry.
assaysthe most significah impact on

enhancement can be accounted to the high label perfornanosgding a highly sensitive
readoubf antiStokes emissioandthelow nonspecific bindingTo demonstrate thpractical
applicability of the assay, real samples of bees, larvae, and bottom hive debrisalgzed
representing the typicalatrices whereM. plutoniushas to be detected during the infection by
EFB. The achieved LOBwere 540CFU/mL for bee extret, 8.5x16 CFU/mL for larvae
extract, and 570 CFU/mL for bottom hive debfike level ofM. plutoniusin infected apiaries
with clinical symptoms is typicallground10®° CFU/mL 1?2 demonstratinghe suitability of the
developedJLISA for the practical EFB diagnosis in the early stagethefinfection.

5.2.2 Preparation of PEG-M odified UCNPs andAnalysis of HSA(Paper XV)

In our next work, we have introdutadifferentstrategy folJCNP surface modification based
on coating the particles witta PEG linkerand applying the conjugatesin a sandwich
immunoassay for the detectionalbuminuria marker HSA-or thesurfacemodifications, ve
have chosen heterobifunctional PEG with neridrgraatd alkyne or maleimide functional end
groupsbased on these considerations; (i) PEG can stgrigiabilize the particles and resist
the non-specific interactioawith surfaces and biomolecul&s (ii) neridronate shows strong
coordination toward$anthanide ions of UCNP<$4 and (iii) thealkyne or maleimidgroups
can be used for thmubsequentonjugation obiomoleculs.*?® The first conjugation approach
wasbased on attaching azideodified antibody or streptavidin to the alkyne grsuga click
reaction(Figure 18). Alternatively, the disulfide bonds in the antibody were reduced by TCEP
and the generated thiol moieties were bound to the malegrodgps
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Figure 18: Scheme of the preparation of PlB@sed conjugates of UCNPs with streptavidin. The oleic
acid on the surface of &ynthesized UCNPs was removed by a ligand exchange reaction with
nitrosonium tetrafluoroborate to prepare watispersible nanoparticles. &lparticles were then coated
with an alkynePEGneridronate linkerand streptavidirazide was coupledia coppercatalyzed click
reaction.

The preparébioconjugates were used in tEndwichULISA assay foHSA detection.
To allow efficient use in immunoassay, the nanopartiesed labels must provide not oaly
high level of modification with biorecognition molecule to allow specific binding, but the
conjugates must also show high uniformitith a small number of aggretes to reduce the
signal fluctuatios.

First, we have tested the UCNPs modified by antibodwlkyneazide click reaction.
Two different ratios between the antibody and NIPESG-N3 were testedEven though higher
signals were observed in the case of conjugate based on antibodyigiler number of azide
molecules,there was no positive effect dhe LOD. This can be explained by the higher
numberof aggregated conjugates, resulting in higdignal fluctuationThe optimized ULISA
basel on these particles providesh LOD of 3.5ng/mL and a working range up toelg / mL .
In contrast, the antibody conjugates based on maleimide coupling provided higher signals and
slightly lower background, resulting the improvement of the LOD to 0.24)/mL andan
unchanged working range up to
le g/ mLThe conjugates with 8
streptavidin reehedaneven lowe LOD

UCNP-PEG-SA dilution

. . v 200x
of 0.17ng/mL (Figure 19). Thiscan be 6l 500%
explained by thenore efficient binding e 1,000x
of the streptavidircoated UCNPs to the = 5,000x

biotinylated antibody, causedainy by

the flexibility of the additional antibody
present in the immunocomple
compared to the binding directly to th

|
antigen. The comparison with ELISA I M

(LOD 0.56ng/mL) and fluorescence oLy, . .
immunoassay (LOD of 0.58g/mL) 0 0.1 1 10 100 10° 10*

based on the same immunoreage HSA (ng/mL)

demonstrated that the use of UCNPSL, o 16 U SA for the detection of HSA with UCN

advantageous in term of assaypgGsa label. Adaptedrom Paper XWwith permissior
performance compared to  theCopyright 220 American Chemical Society.

conventional labels.
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The optimized assay based on streptavatinjugated UCNPs was then used for the
analysis of HSA in spiked urinéd slightly higher baseline was observed for the urine
compared to the buffewhichwas probably causdy the presence of some HSA levetven
in the samples from healthy donorsHowever, this did not affect the ability to specifically
detect the HSA, demonstrating the potential of the method for praapiphtations
5.2.3 Detection ofP. larvaewith PEG-Modified UCNPs(Paper XVI)

Afterward, we have employed the PH@sed UCNP conjugatds detectsporeforming
bacteriumPaenibacillus larvae the causative agent of American foulbrood (AFBFB
represents the most dangerous honeybee brood disease andicpuifsesnteconomic losses
througlout the world!?® The honeybedarvaeareinfected byingesting the fee contaminated
by spores. Té spores then germinadgadcolonize the midgut of the larvae, which is followed
by spreading the bacteria over the midgut epithelium and the body oty larval?’ The
dead larvae are found as a glike mass sticking to the side of the honeycomb cell, which is
used as the typical sign for the AFB diagiso Afterward, the bacteria sporulzed the spores
are spread around the hive by the adult honeyldesh results inheinfection of more larvae

by the ingestion of contaminated food reserviese spores can be foumtbt only in the
diseased larvaand the resulting dry scales but also in adult worker bees, honey, bottom hive
debris, beehive surfaces, and beekeeping equiptfent.

Because the spores are highly resilient, the discovery of infection is usually connected
with burning down the honeybee colonies, as well as the contaminated equifiment.
Therefore, sensitiveiaignostic approaches are required to allow early diagrpsi®ning the
infection from spreading furthé?® 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, gresgivity of this approach is not high enough to
diagnose the infection in its early stag#sOn the other hand, cultutgased methods provide
excellent sensitivity, but the cultivation takes several dangkingthis approach not suitable
for screeningpurposes Currently, PCR is considered the gold standard for AFB diagnosis,
as it combineshigh sensitivity with fast analysi$> **3*However, PCRnhibitors and other
contaminants in th&oneyee material can complicate the analysis of saahples3* The
development of immunochemical methods for AFB diagnosgeierallyhampered by the
lack of commercially available antibodies agaiRstarvae Even though there was a single
report on the ELISA for the AFB diagnosiSjts sensitivitydid not allow detecting sublinical
P.larvaelevels.

We have prepared ralbit polyclonalantiP. larvaeantibody and used it in ULISA
assayto allow early diagnosis of AFBCell wall fraction of P. larvae was used for the
immunization of two rabbits. However, only one serum was used for further experiments
becausethe other showed high crosseactivity with M. plutonius Even though affinity
purification is generally used to suppress the cressctivity of generated antibodies, it was
not possible here because of the complex nature of the used dfftigiaerefore, all IgGs
present in the antiserum were isolated by the purification on protein G affinity column.

First,anELISA assay was usédr testing the antibody specifigitTo allow performing
a sandwich assay, the antibody was conjugated with pafohthe conjugate of streptavidin
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with HRP (SA-HRP)was used as a tracdihe assay provided an LOD of 6.5%X0DFU/mL
and a9B ratio of 34.This performance is comparabletiwithe LOD of 1x10 CFU/mL
published by Olsen et df> however, it is not sufficiertb analyzesub-clinical levek of the
bacterium.

Therefore, the SAIRP conjugate was replaced by the streptavidiated UCNPs
(Figure 20A) in the ULISA assay(Figure 20B). The SB value of 128 was achieved in the
optimized assayiepresenting 4fold improvement compared to the ELISK. the case of
negative controls d®. alvei M. plutonius andB. laterosporusonly small signal changes were
observed compared to the target bacteriBmlarvae The assay provided an LOD of
2.9x1F CFU/mL (Figure 20C), which is 22 times better than the ELISA with the same
antibody clearly demonstrating the advantage of the Rlbelsed on UCNP&%inally, the
successful analysis of real samples of bees, larvae, and bottom hivesdetmésthe potential
of ULISA in the practical diagnosis of AFB.
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Figure 20: (A) Structure of UCNAPEGSA conjugate.(B) Scheme of sandwich ULISA for the
detection ofP. larvae (C) Crossreactivity testingof ULISA with P. larvaeasa specifictarget and

P.alvei, M. plutonius and B. laterosporusas negative controlsAdapted from Paper XVI with
permissionCopyright 2021EEE.

5.3 Single-Molecule UpconversionLinked Immunosorbent Assays

5.3.1 Digital ULISA for PSA (Papers XM 1 and XV 111)

Due to the very low optical background, it is even possible to detect individual UQWPs.
have developed an approach allowing visualization of single UCNPs aratetventional
epiluminescence microscope and used it in a simgllecule assay of cancer biomarker
prostatespecific antigen (PSARrostate cancer ggoballythe fifth leadingcause of death from
cancer and the most often diagnosmshcer typeamong menr®’ PSA is secretedby the
epithelial cells of the prostata a typical concentration in healthy men below 4 ng/itie
increase above this level can be usetheprostate cancer diagnosi§.When the carcinoma
is removedby the radical prostatectomy, the PSA levels decrsigdficantly.'*® However,
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repeated monitoring of PSA is still necesse
because the increase fronvéés below 0.1
ng/mL to consistently above 0.2 ng/m&
connected with the biochemice
recurrencé?° which occurs in up to 40%f
cases after the surge¥3!.This highlight the
need for sensitive assay® tdetect the
recurrence of cancer as early as possible.
In the first step, we have modified a
epifluorescence microscope Nikon Eclip:
Ti-E for the imaging bUCNPs(Figure 21).
The microscope was equipped with a 980
excitation laser, 100x heat resistar
objective, and suitable filter seto detect
upconversion luminescenad Er- and Tm
doped UCNPs.For optimizing the setup,

980 nm sCMOS
e CW laser camera
carboxylated UCNPs with sizes from 37 1

90 nm were immobilized on a glass slic_. , : .
L o 7 T Figure 21: Scheme of upconversion microscc
modified by cationize®SA. The excitation The inset shows individual UCNPs as diffract

by 98Claser resulted ina very low limited spots. Adapted from Paper XVllwith
background thati when there were ncpermission.Copyright 20Y American Chemici
UCNPs present on the surfatedepended SO¢iel-

only onthe signal noise ofhe camera. All tested UCNP types were visible as individual
diffraction-limited spots witha diameter of 400 nm; the number of detected UCNPs was
directly proportional taheir concentration.

Microtiter plates with a thin foil (19Qm) at the bottom of each well were usedin
immunoassay because of the short working distance of the objectivehadtlyh numerical
apertureThe assay was basedtte sandwich immunocomplex the capture antibody, PSA,
and the conjugate ofsilica-coatedUCNPs with detection antibodyFirst, the upconversion
luminescence was read out byamventionamicrotiter plate reader (analog ULISA), followed
by counting the individualmmunocomplexesinder the microscope (digital ULISAThere
was a mall number of upconversion spots visikilethe case otheblank with no PSA in the
samples, which corresponds to the 1specific binding of UCNPs to the surface of the
microtiter plateand defines the LOD similarly astineconventional immunoassaydowever,
compared to the analog readout, digital detection offers several advaBacmsse the signal
of an individual label can be reliably distinguished from the background noise, the background
fluctuations do not influence the measurem@iterefoe, the LOD is limited only by the
affinity and nonspecific binding of the immunoreagents used in the asaayhermore,n
contrast to thentensitybased readout, whege few big aggregates can strongly affect the
overall intensitythe digital approactcounts the aggregates as single binding events, reducing
their effect on theneasuredignal'? This enhances the robustness of the measurement and
indirectly allowsfor achieving lower LODs.
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Figure 22: Upconversion microscopy images of microtiter plate after binding of serial dilutiétS/of
in 25% serum. The calibration curves yield LOD of 1.2 pg/mL in the digital andpa® in the
analog mode. Adapted from Paper XVII with permission. Copyright 2017 American Chemical Society.

The analog readowf the immunoassay for PSA in 25% serpmvided an LOD of
20.3 pg/mL withaworking range from 10@g/mL to 10 ng/mLThisis comparable with the
commercial ELISA assays for the P$R.The digital readout of theame microtiter plate
(Figure 22) allowed to lower the LODby more than one order of magnitudewn to
1.2pg/mL, with a working range from 10 pg/mL to 1 ng/mit was not possible to analyze
higherPSA concentrationsecause the pokspread functions of the UCNPs started to overlap
and did not allow reliable countindt is also possible to combine both readoptions
extending the overall working range to three orders of magnitude from 10 pg/mL to 10 ng/mL.
ThePSA detectionin the buffer provided practically identical ressjltonfirming that the 25%
serum has a negligible matrix effect.

In our follow-up work, we have further improved the sirgielecule assay scheme by
replacing the conjugates of silicaated UCNPs with antibodipy PEGcoated UCNPs
conjugated with streptavidifFigure 23). Such conjugatevas expected to provide better
performance because (i) the PEG provides resistance of UCNPs against aggregation and
ensures high dispersibility in water; (ii) the steric hindranicthe PEG reduces the level of
non-specific interactionst** 14 and
(i) the subsequent addition
biotinylated detection antibody an
streptavidincoated UCNPs allowq
using a relatively high detection
antibody concentratioto efficiently
label all PSA molecules while bein
able to reduce the UCNP

concentration due to the high affinit

bet_ween streptavidin and biofif? Figure 23 Upconversion microscopy image afmicrotitel

which leadsto a lower amount of yj5te afterthe specific capture of PSA and scheme ¢

non-specifically adsorbed UCNPs individual sandwich immunocompleReprinted from Pap
XVIII with permission.Copyright 2019 American Chemi
Society.
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Compared to our previossudy'*’ the new assay desigpweredthe LODby 50 times.
The comparison o&n assay based on H#oped (LOD 23 fg/mL.800 aM) and Trdoped
UCNPs LOD 24 fg/ml.840 aM Figure 24A) demonstratethat the advantages of the digital
readout are not dependeon the label typeThe three times lower value &€so further
confirms that the twatep label design providenproved bindinginetics.For the real sample
analysis, random samples of human serum were collectdte inospitaland analyzed by
electrochemiluminescence immunoassay aaseference methodThe dilution linearity
experiments have shown that human serunal@as matrix effect on the assay, as represented
by therecovery rate fluctuatiortselow 20%.The results from elctrochemiluminescence assay
and ULISAs (both analog and digital) were in great agreement, confirming the potential of
UCNPs tobe used as a label in assaysthar diagnosis gbrostate cancgFigure 24B).
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Figure 24: (A) Calibration curves of the ULISA in the digitéled) and analogblack) mode. The
logarithmicscale of the-axis highlightghesignals in the low PSA concentration ran@.Correlation

between the PSA concentrations in human serum samples determittesl digital (red) or analog
(black) ULISA and an electroluminesan immunoassay.Reprinted from Paper XVIII with
permissionCopyright 2019 American Chemical Society

5.3.2 Digital ULISA for Cardiac Troponin (Paper XIX)
The digital ULISA can be adapted fitre 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 theelding 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 assay®.Cardiac troponiris one of the recommended biomarkers for the
diagnosis of AMI. Because it is located only in myocardial tissue in heatthyiduals, its
elevated concentration in blood can indicate the onset of ‘AMTardiac troponinis a
heterotrimeric complex, which consists of three distinct subiinifsnl, cTnT, and TnG>°

The subunits cTnl and cTnT are present only in the myocardium (heart muscle), and during the
AMI, they are released into the bloodstre&n>?The diagnosis of AMtan be made based
onmeasuring thehanges in the cTnl level&
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However, cTnl is a challenging analyte tbhe detection by immunochemical methods
as its recognition by antibodies can be affected by several fattdfSThe N- and Gterminal
parts of cTnl are susceptible to proteolytic degraddfibfavoring the use of antibodies that
target epitopes in the central regiéhin addition, cTnl is typically present in blood in the
form of a binary cTrITNC complext®® 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 recogdmitfor. 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 U&idRed detection labels
is one of the critical factors affecting assay performance. On the one inapdyticles should
be as small as possible to (i) provide stable dispersions, (i) minimize the levelgpedfic
binding, and (iii) limit the influence of the UCNPs and the immunochemical interaction. On
the other hand, larger size leads to highaghtness of the UCNPs, making them more easily
detectable. Furthermore, we tested two ways of surface modification, ba$ealkyne PEG
neridronate linker and streptavidin arfid poly(acrylic acid) (PAA) and antibody; the
corresponding assay schenags shown irFigure 25.

FA

¥ e 5. I )f' B¢

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

Figure 25: ULISA configurations for the detection of cTwith labels based ofA) UCNP-PEGSA
and (B) UCNP-PAA-Ab. Adaptedfrom PaperXIX 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) Wary
UCNPs size affected especially the assays in human plasma; the increasing size resulted in a
higher level of norspecific binding; however, the smaller UCNPs exhibited a slightly higher
degree of aggregation. The highest sensitivity was achieved wsing PAAbased 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 readtatwed 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 providedfeld ®ower LOD for PSA
compared to cTnl, and the difearce increased to 2606Id 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-Basedimmunocytochemistry (PaperXX)
We have also demonstrated that UCNPs can be advantageousty Uakdl breast cancer
biomarkers in immunocytochemistry (ICC) and immunohistochemistry (IMGth around
2.1 million new cases reported every ydmeast cancer is the second mostnmontype of
cancer worldwide®® Even though mammograjgh screening and advances in adjuvant
systemic therapyhelp fighting the disease, its incidence continues growfgHuman
epidermalgrowth factor receptors (HER or ErbBglong to membrane receptors, which play
essentiatoles in biological processascluding apoptosisind migration, differentiation, and
proliferation of cellsThe overexpression e HERZ2 receptor on cancer cefiappens in 10
30% of all patients with breast cancBue to the association witn increased rate of cell
proliferation,which resultan rapid cancer growth and poor prognosi€R2is often used as
a biomarker in cancer diagnostiés.
IHC allows detecting and localizing antigens within histological tissues, which can be
used to identify cancerous celf$.The optimization of protocols and testing of nstaining
and labeling methods can be done in IC@hich targets
cultivated cells preparesimilarly asthetissue sampleshe
most common counterstaining approach is based on
combination of hematoxylin and eosin (H&®}However, to
allow specific detection of cancer biomarkersnjugates of
antibodies with  enzymed®  fluorophores'®®  or
nanopartitest®’ have to be usedypically, HRP is employed
t o o0 xi ediamirober&idiredto a brown precipitatio
product, which is evaluated by light microscdf¥.The ~
evaluation ofthe tissue sections is typically done byie- \
consumingvisual inspetion by the trained pathologistsTo
increase the throughput, the current research focuséseo .
automation of imaging and evaluation aided by artific | i J
intelligence in secalled digital pathology®® However, the
automatiorrequires labelprovidinghigh specific signals andFigure 26: Scheme of the IC
ow nenspecic bindng™ e e
Due to their highbrightnessand low norspecific .o surface, followed by
adsorptionwe have explored the capabilities of B&Ased® biotinylated secondary antibo
and PEGbased* conjugates of UCNPs with streptavidin fanddetectionUCNP-streptavidil
labeling d HER2 biomarker oancer cell{Figure 26). The conjugate.Adapted from Pap

. . . . XX with permission.Copyrigh
conjugates based on PEG providadhigher SB ratio, 2020 RoyaBociety of Chemistr
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probably due to the nespecific adsorption of BSA to the cell surfadée efficiency of
labeling was strongly dependent on the blocking conditibne /B ratios were calculated as
the ratio of signals between HERB®sitive BT474 cells incubated with and without primary
antibody asevaluated by upconversion scanniggen though thassay buffer based on BSA
and BGG allowed to reach an acceptaBi ratio of 23, the use of commercial SuperBlock
solutionreduced the naespecific bindingmore efficiently while even slightly increasing the
specific signalgFigure 27). This resulted irthe improvement of th&B ratio by more than
one order omagnitude to 319This findingagreeswith the previous results, suggesting that
the presence of serum proteins is not optimal for achieving low backgraun@C. The
comparison of HERpositive BT-474 cells with HERzhegative MDAMB-231 cellsunder
the same experimental conditioasso confirmeda high level of specific binding, producing
40 times higher signals the case of B#74.We have also shown thapconversiorbased
labeling is compatible with the H&E counterstainisgiggesting good applicdiby in IHC,
where the H&E ighe typical counterstainingethod

The performance of UCNPBased labels was compared with conventional fluorescence
labeling using a conjugate of streptavidin with carboxyfluorescein-K&W). The
fluorescence labeling resulted¥B value of only 6.1, which is connected with relativelghi
background signals due to the cellular autofluorescence andtatlosstween the detection
channels (fluorescein and DAPI). Due to thef&d wider dynamic range, the upconversion
labeling allows a much finer distinction of HER2 expression withirieckht cell lines.
Furthermore, the higl/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 HERZpositive FFPE BT474 cells using UCNIPEGSA conjugates:
(A) DAPI, (B) upconversion(C) overlay. Negative control (without primary antibodylR) DAPI,
(E) upconversion(F) overlay.Adapted from Paper XX with permissid@opyright 2020 Royal Society
of Chemistry.
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6 Laser-Induced Breakdown SpectroscopyPapers XXl and
XXI')

The direct nanoparticlebased immunoassay readout (i.e., not employing catalytic
transformation othe substrate)s typically based on luminesoee detectioywhich combines
high sensitivity and simple instrumentatioHowever, the requirement of luminesce
propertieslimits the range of potential label$herefore, thee is a demand for alternative
readout techniques that would allawiversal detection independent of the luminescent or
catalytic properties of the label.

Laserinduced breakdown spectawpy (LIBS) is an optical emission technique
complementary to the conventiomaéthods in bioimaging’: LIBS combines high sensitivity,
rapid analysis, anthe possibility to detect halogens and light elements. However, its main
advantage is the possibility of mulemental imagingn alarge scale (few crmandwith a
highr e s ol ut i o n!2(IBScantbes usambfdetectifferent kinds of nanoparticles on
various matrices, from the analysis of QDs on a filter g&fte UCNPs in model organismé:
Furthermore, LIBS can be used for surface mappnoyiding information about the 2[@r
even 3Delemant distribution within the samp?

We have developed a method fbe detection of Ag NPs and Au NPy LIBS from
the bottom of the conventional @Il microtiter platgFigure 28). The optimized setup was
then applied for the readout of a sandwich immunoassaletectHSA based on streptavidin
conjugated Ag NPsThe perfemance of the LIBSased assay was compared wih
conventional fluorescence readobased on the conjugate of detection antibody with
fluorescein isothiocyanate (FITGven though slightly higher sensitivity was observed in the
case ofluorescence, thgreat advantage of LIB&as the wider dynamic rangeurthermore,
LIBS allows detectindabels without luminescence propertaasd presentshe possibility of
multi-elemental analysis without the necessity to consider spectral overtapsafiventional

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

nanoparticldabeled ICC sectionsThe cell

pellets were labed with UCNPs according
to our previous repaft® and the
characteristic signal ohe Y 1l 437.49 nm
emission line was used to construct the :
map of the sample surfagéth a resolution N
of 100e m.The results demonstrated tr | e
ability of LIBS to map the yttrium O[] L L]
distribution and showed a clear differenc @ @ AgLIBS signal
betweenHER2positive and HERegative

cells The results from LIBS were thelFIgure 28 Scheme 9f LIBS |mmunoassayv_\l
label basd on conjugate of Ag NPs wi

cqmpared with upconv.ersion. OptiCigtreptavidin. Reprinted from Paper XXI wi
microscopy and upconversion luminescenpermission. Copyright 2019 Springer.
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scanning.The main advantage of microscopympared tescanningbased approachés 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 adédhetarget antigen) within thevhole cell
pellet. The §B ratio of LIBS was 5, whereas the upconversion scanning of the identical pellets
providedS/B of 159 (Figure 29). Because there was the same amount of UCNPs, the worse
SB of LIBS wasprobably giverby the bwermeasuremergensitivity.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 resollrtidime
future, LIBS can gnificantly improve the multiplexing capabilities in IHC due to the
possibilityof usingmultiple nanoparticle labelsithout having to deal with spectral overlaps

as in the case of opticedadout
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Figure 29: Comparison ofA) LIBS and(B) upconversion scanning of B474 and MDAMB-231
cells with HER2 biomarker labeled with UCNFEGSA conjugate.(C) The average intensities
evaluated by the two methods. Error bars correspond to standard dewdhiidansities within the cell
pellet.Repinted from Paper XXIICopyright 2021Springer
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7 Conclusionsand Outlook

This thesis has summarized the recent progress in the rapidly developing field of
immunochemicabiosensors andssays.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 particularith catalytic or luminescent properties, can further enhance the
performance of such assays.

The labelfree biosensing was represented by EIS biosensdgdtimonellain milk,

QCM biosensor for aerosolized biological warfare agents, and application ohgplas
polymerizedayers in SPR biosensing HSA andSalmonellaOverall, the main advantage of
these approachestherapid analysis and simple proceduk#owever, the sensitivity can be
limited by the lack othe signatamplification step.

On the other had, 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 EBmeymebased labels were employed in
an amgrometric biosensor for the diagnosis of EFB and in precipitéésed SPR assay for
SalmonellaAs an alternative to enzymes, we have aksal catalytic PBNPs in an NLISA for
HSA andSalmonella Even though the sensitivity was simikarthe conventional ELISA,
PBNPsprovide several practical advantagessticularlyhigher stabiliy andthe possibility of
easy synthesis from cheap precursors.

UCNPs allow highly sensitive detectionedto the antiStokes luminescence and lack
of optical kackground.We have thoroughly studied the different ways of UCNP surface
modification and conjugation with biorecognition molecul&te conjugates were then
employed in ULISA assays farwide range banalytes, from small molecules (DCF, ZEA),
through poteins HSA, PSA troponir), to bacteriall. plutoniusandP. larvae). UCNPs also
proved useful foabeling HER2 biomarker on the surface lweast cancer cells in ICC
imaging.

Finally, we have explored the possibilities of LIBS as an alternative waigioéls
readout not dependent on the catalytic or luminescent properties of the Aleelsave
employed it in microtiter platbased immunoassay for HSA and in ICC detection of HER2
biomarker.

Even though reaching ever lower LODs is one of the main chakengm the scientific
point of view, it is equally important taddress the simplicity and robustness of the assay
procedureAn 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 technofogylabels, especially based on nartples,
promise thathe performance of immunochemical biosensors and assays will keep improving
in the future This will be beneficial for the biochemical and biological research, fagld for
the large community of immunoassay users in clinical disighdetection of biological agents,
food safety, and environmental protection.
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Advances and Challenges
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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.).”
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