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Streszczenie Rozprawy Doktorskiej
Opracowanie modyfikowalnych platform biosensorowych
do wieloparametrowej immunodetekcji wybranych
biomarkerow zwigzanych z infekcjami wirusowymi

mgr inz. Sylwia Pniewska
Szkota Doktorska Politechniki Warszawskiej,
Katedra Biotechnologii Medycznej, Wydziat Chemiczny,
Politechnika Warszawska

Diagnostyka medyczna jest fundamentem wspdtczesnej medycyny, a postep
technologiczny umozliwit opracowanie zaawansowanych platform diagnostycznych,
ktére pozwalaja na jednoczesne wykrywanie wielu biomarkeréw uzytecznych z punktu
widzenia wczesnego wykrywania chorob. Takie wieloparametrowe podejscie, okre§lane jako
multiplex, znajduje zastosowanie w testach realizowanych w miejscu opieki nad pacjentem
(Point-of-Care Testing, POCT). Kluczowym elementem platform diagnostycznych sa warstwy
receptorowe, odpowiedzialne za selektywne wigzanie analitow  Z powierzchnig.
Ich funkcjonalnos¢ i powtarzalno§¢ wytwarzania jest warunkiem osiggnigcia wiarygodnych
rezultatow procedury analitycznej. Istotnym jest zatem zaproponowanie nowoczesnych
metodyk wytwarzania testow diagnostycznych w formacie multiplex, faczacych wysoka jakos¢
uzyskiwanych warstw receptorowych oraz technologiczng wygode ich wytwarzania, najlepiej
w jednoetapowym procesie.

Celem niniejszej rozprawy doktorskiej bylo opracowanie nowoczesnych strategii
wytwarzania 1 charakteryzacji bialkowych warstw receptorowych dedykowanych
multipleksowej detekcji biomarkerdw zwigzanych z zakazeniami wirusowymi. Realizacja tego
celu obejmowata badania nad r6znymi aspektami procesu immobilizacji biatek i konstrukcji
immunotestow, m. in. za pomocg rezonansu plazmonow powierzchniowych (Surface Plasmon
Resonance, SPR).

Badania rozpoczeto od analizy opisanych w literaturze metod immobilizacji biatek,
umozliwiajgcych unieruchamianie bioreceptoréw na roznych podtozach. Z uwagi na oferowane
mozliwos$ci wytwarzania macierzy warstw receptorowych zbudowanych z roéznych biatek
z wykorzystaniem powinowactwa biologicznego w jednoetapowym procesie, jako wiodaca

strategic Wytypowano unieruchomienie za pomocg kotwic DNA (DNA-directed



immobilization, DDI). Wskazano luki badawcze w dotychczasowym stanie wiedzy na temat tej
metody i przyjeto hipotezg, wedlug ktorej poglebiona charakteryzacja rdéznych aspektow
procesu wytwarzania warstw poprzez DDI moze przyczynic si¢ do uzyskania lepszej jakosSci
warstw receptorowych zdolnych do bardziej efektywnego wychwytu czasteczek analitu.

Podczas prac eksperymentalnych zweryfikowano istotno$¢ wplywu skladu
monowarstwy zawierajacej sondy ssDNA oraz czysto$ci 1 stechiometrii koniugatow
DNA-biatko na stabilno$¢ i ggstos¢ powierzchniowa warstw receptorowych. Wykazano,
ze jednoskladnikowe monowarstwy nie chronig skutecznie przed niespecyficzng adsorpcija
biatek, podczas gdy mieszanie sond z dlugolancuchowymi ligandami moze utrudniaé
zakotwiczenie koniugatéw DNA-biatko. Ponadto potwierdzono przewage klasycznych sond
DNA nad ich analogami. Badania przeprowadzono z uzyciem modelowych receptorow
nalezacych do dwoch odregbnych grup biatek; biatka nukleokapsydu wirusa SARS-CoV-2
oraz przeciwcial klasy IgG. Wybdr ten mial na celu zademonstrowanie uniwersalnosci
projektowanej platformy pod wzgledem diagnostycznym ze wzgledu na specyficzne funkcje
1 wlasciwosci wykrywanych biomarkerow.

Istotnym etapem badan bylo opracowanie nieniszczacej metody kontroli jakosci
biatkowych warstw receptorowych, kompatybilng z SPRi w formacie mikromacierzowym.
Zaproponowano nowatorska, do tej pory nieopisang strategi¢ odwracalnego znakowania biatek
na powierzchni barwnikami anionowymi takimi jak biekit brylantowy Coomassie G-250, czern
amidowa 10B czy r6z Ponceau S. Udowodniono, ze podej$cie to umozliwia mapowanie
gestosci  powierzchniowej receptoré6w 1 Stanowi prostsza oraz bardziej ekonomiczng
alternatywe dla klasycznego immunoznakowania bialtek.

Kolejny etap badan dotyczyt zaprojektowania jednoetapowych  strategii
unieruchamiania receptoréw bialkowych na potrzeby testow diagnostycznych z detekcja
znacznikowa (enzymatyczna). Wykorzystano w tym celu amino- oraz DBCO-reaktywne
kopolimery uzyskane w ramach wspolpracy naukowej z Instituto di Scienze e Tecnologie
Chimiche w Mediolanie. Kopolimery te wykorzystano do powlekania folii PET a uzyskane
reaktywne podloza uzyto w konstrukcji planarnych, elastycznych immunoplatform. Efektem
zrealizowanych badan jest zweryfikowana uzyteczno$¢ platform w analizie probek
rzeczywistych (surowicy krwi) na potrzeby diagnostyki serologicznej COVID-19.
Zaprojektowany test immunoenzymatyczny na podtozu PET umozliwit wykrycie przeciwciat
przeciwko nukleoproteinie wirusa SARS-CoV-2 oferujac 100,0% czuto$¢ i 92,9% swoistosé

w ujeciu diagnostycznym. Dodatkowo, wykorzystujac unieruchomienie receptorow za pomocg



DDI, zademonstrowano mozliwo$¢ konstrukcji wieloparametrowych immunoplatform
na podtozach PET.

W niniejszej pracy zintegrowano techniki detekcji znacznikowej i bezznacznikowej,
wykorzystujac SPR zarowno jako metodg detekcji, jak i skuteczne narzedzie charakteryzacji
warstw immunoreceptorowych. Pozwolito to na lepsze zrozumienie procesow zachodzacych
na powierzchni podczas etapéw wytwarzania immunotestow i oddziatywania ze sktadnikami
probek. Takie nieoczywiste podejscie moze przyczyni¢ si¢ do postepu w tworzeniu
powtarzalnych i funkcjonalnych warstw receptorowych, ktore moga znalez¢ zastosowanie

zardbwno w klasycznych platformach diagnostycznych, jak i w nowoczesnych urzadzeniach
POCT.

slowa kluczowe: diagnostyka medyczna, warstwy receptorowe, mikromacierze biatkowe,
immunoplatformy, rezonans plazmondéw powierzchniowych, biomarkery serologiczne,
kontrola jako$ci receptoréw biatkowych, gestos¢é powierzchniowa biatek, reaktywne

kopolimery






Summary of the Doctoral Thesis
Development of customizable biosensing platforms

for multiplex immunodetection of selected
biomarkers associated with viral infections

M.Sc. Eng. Sylwia Pniewska
Doctoral School of Warsaw University of Technology
Chair of Medical Biotechnology, Faculty of Chemistry,
Warsaw University of Technology

Medical diagnostics form the cornerstone of modern medicine, with technological
advancements enabling the development of sophisticated diagnostic platforms capable
of simultaneously detecting multiple biomarkers critical for early disease diagnosis. This multi-
parameter approach, known as multiplexing, mainly applies to point-of-care testing (POCT).
A crucial component of such diagnostic platforms is the receptor layer, which ensures
the selective binding of analytes to the surface. The functionality and reproducible fabrication
of these layers are essential for obtaining reliable analytical results. Therefore, developing
innovative methodologies for producing multiplex diagnostic assays that combine high receptor
layer quality with technological convenience is imperative, ideally through a streamlined,
single-step process.

This dissertation focuses on developing novel strategies for fabricating
and characterizing protein receptor layers tailored to detect multiplex viral infection
biomarkers. The research encompassed various aspects of protein immobilization
and immunoassay design, particularly on surface plasmon resonance (SPR) analysis.

The study commenced with a comprehensive review of protein immobilization
strategies described in the literature for anchoring bioreceptors onto different substrates. Given
the potential to generate a matrix of receptor layers composed of different proteins in a single
step using biological affinity, DNA-directed immobilization (DDI) was selected as the primary
approach. Research gaps in the existing state of the art were identified, leading to the hypothesis
that a detailed characterization of DDI-based receptor layer fabrication could enhance
the quality and efficiency of analyte capture.

Experimental investigations examined the impact of various factors on receptor layer
stability and surface density, including the composition of monolayers containing single-
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stranded DNA (ssDNA) probes and the purity and stoichiometry of DNA-protein conjugates.
The findings demonstrated that single-component monolayers do not sufficiently prevent non-
specific protein adsorption. At the same time, including long-chain ligands in mixed probes can
hinder the anchoring of DNA-protein conjugates. Moreover, classical DNA probes were shown
to outperform their analogues. Studies were conducted using model receptors representing two
distinct groups of proteins: the nucleocapsid protein of SARS-CoV-2 and 1gG-class antibodies.
This selection aimed to demonstrate the versatility of the developed platform for diagnostic
applications based on the unique functions and properties of the detected biomarkers.

A significant aspect of this research was developing a non-destructive quality control
method for protein receptor layers compatible with SPR imaging (SPRi) in a microarray format.
A novel, previously unreported strategy for reversibly labeling surface-bound proteins using
anionic dyes—such as Coomassie Brilliant Blue G-250, Amido Black 10B, and Ponceau S—
was introduced. This approach enabled precise mapping of receptor surface density, providing
a more straightforward and cost-effective alternative to conventional protein immunolabeling
techniques.

In the subsequent research phase, one-step strategies for protein receptor immobilization
were designed for diagnostic assays employing enzymatic detection. This work was conducted
in collaboration with the Instituto di Scienze e Tecnologie Chimiche in Milan and involved
using amine- and DBCO-reactive copolymers to functionalize PET foils. These reactive
substrates were then employed to construct planar, flexible immunoplatforms. The developed
platforms were validated for real sample analysis, specifically in COVID-19 serological
diagnostics. The immunoenzymatic assay on PET substrates demonstrated 100.0% sensitivity
and 92.9% specificity in detecting antibodies against the SARS-CoV-2 nucleoprotein.
The feasibility of constructing multi-parameter immunoplatforms on PET substrates using
DDI-mediated receptor immobilization was also confirmed.

This research contributes to the advancement of multiplexed immunodiagnostics
by proposing innovative receptor layer fabrication strategies that improve analytical reliability
while simplifying production processes. The findings hold significant potential for enhancing
POCT applications in infectious disease diagnostics.

keywords: medical diagnostics, receptor layers, protein microarrays, immunoplatforms,

surface plasmon resonance, serological biomarkers, quality control of protein receptors, protein
surface density, reactive copolymers
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Rozdzial 1

1. Wprowadzenie w problematyke podjetych badan

Diagnostyka medyczna stanowi jeden z filarow wspodlczesnej medycyny, umozliwiajac
wczesne wykrywanie chorob oraz monitorowanie ich przebiegu. ldentyfikacja nowych
biomarkeroéw, takich jak biatka, stanowi wazne i1 aktualne wyzwanie w kontekscie rozwoju
diagnostyki medycznej. Analiza obecnosci oraz stezenia biomarkeréw w ptynach ustrojowych
lub tkankach dostarcza informacji o stanie chorobowym, na przyktad o trwajacym stanie
zapalnym, oraz pozwala na precyzyjne okreslenie etiologii danej jednostki chorobowe;.

Obserwowany na przestrzeni ostatnich lat postgp technologiczny pozwolit na rozwdj
zaawansowanych platform diagnostycznych w formacie mikromacierzowym. Pozwalaja one
na jednoczesne wykrywanie wielu analitow w czasie jednej analizy, co czyni je szczegodlnie
przydatnymi w kontekscie szybkiej diagnostyki w miejscu opieki nad pacjentem (z ang. Point-
of-Care Testing, POCT). Odpowiednio dobrane matryce warstw receptorowych,
odpowiadajacych za selektywne wigzanie wykrywanych biomarkeréw, stanowig kluczowy
element wytwarzanych platform. Wiasciwe zaprojektowanie i wysoka jako$¢ wytwarzanych
warstw powinny zapewni¢ skuteczne wigzanie docelowych analitow oraz powtarzalnos¢
wynikow.

Detekcja wieloparametrowa (z ang. multiplex) jest obiecujacym kierunkiem
nowoczesnej diagnostyki, jednak jej dalszy rozwdj wymaga przezwyciezenia istotnych
wyzwan technologicznych, w szczegdlnosci zwigzanych z immobilizacjg wielu receptorow
na jednej matrycy. Majac na uwadze aktualny stan wiedzy, dostrzegam potrzebe znajdowania
nowych rozwigzan idalszego doskonalenia procesow wytwarzania warstw immuno-
receptorowych podczas projektowania testow multipleksowych na potrzeby diagnostyki
medycznej.

Wyniki badan stanowigcych podstawe niniejszej rozprawy doktorskiej zostaty
przedstawione w ramach cyklu 4 artykutéw naukowych. Przeprowadzone przeze mnie badania
dotyczyly opracowania nowych oraz udoskonalania istniejgcych strategii unieruchamiania
receptorow biatkowych w nowatorskich immunoplatformach diagnostycznych do detekcji
wieloparametrowej, jak réwniez zaproponowania nowej, uniwersalnej metody kontroli ich

jakosci.
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Na drodze do realizacji zatozonego celu przeanalizowane zostaty dost¢pne metody
immobilizacji biatek. Do badan wybrano te, ktore umozliwiaja unieruchamianie bioreceptorow
na réznych podtozach w reakcji jednoetapowej, ze szczeg6élnym uwzglednieniem immobilizacji
za pomocg kotwic DNA (z ang. DNA-directed immobilization, DDI). Jako modelowe anality
zwigzane z zakazeniami wirusowymi wybrano biatka wirusa SARS-CoV-2 (biomarkery
antygenowe) oraz przeciwciala wytworzone przez gospodarza w odpowiedzi na infekcje
(biomarkery serologiczne). W pierwszym etapie badan zweryfikowano istotno$¢ wpltywu
sktadu monowarstwy zawierajacej kotwice ssDNA na stabilno$¢ 1 gestos¢ powierzchniowg
warstw receptorowych immobilizowanych poprzez DDI za pomoca rezonansu plazmonow
powierzchniowych (z ang. Surface Plasmon Resonance, SPR) w wariancie z obrazowaniem
(zang. Imaging, SPRIi). Nastgpnie opracowano nowatorska, nicopisang do tej pory w literaturze,
metod¢ kontroli jakosci warstw receptorowych mikromacierzy SPRi, wykorzystujaca
odwracalne znakowanie immobilizowanych biatek barwnikami anionowymi. Koncowy etap
pracy obejmowal zaprojektowanie multipleksowych immunoplatform opartych na detekcji
znacznikowej z wykorzystaniem enzymatycznego znakowania. Bazujac na elastycznych
podtozach, takich jak folie PET funkcjonalizowane reaktywnymi kopolimerami, opracowano
rozwigzania kompatybilne z technologia lab-on-a-foil, co dodatkowo rozszerza mozliwosci ich

zastosowan w nowoczesnej diagnostyce wieloparametrowe;.

1.1  Diagnostyka medyczna infekcji wirusowych

Choroby zakazne pozostaja jedng z glownych przyczyn zgonow i zachorowan
na $§wiecie, przy czym istotng ich cze$¢ stanowig infekcje wirusowe. W ostatnich dekadach
zaobserwowano zarOwno pojawianie si¢ nowych typow patogenow, jak 1 powrot wezesniej
znanych wirusoOw oraz zwigzanych z nimi choréb. Przyktadami sa wirusy Ebola i Zika, a takze
niedawna pandemia SARS-CoV-2, ktora zaktocita funkcjonowanie $wiatowych systemow
opieki zdrowotnej [1, 2]. Potrzeba opracowania szybkich, niezawodnych i czutych narzgdzi
diagnostycznych do wykrywania infekcji wirusowych stata si¢ bardziej znaczaca niz
kiedykolwiek wczesniej. Wczesna identyfikacja zakazen odgrywa kluczowg rolg
w zapobieganiu wybuchom epidemii, zapewnianiu odpowiedniego leczenia oraz prowadzeniu
ukierunkowanych dziatan na rzecz zdrowia publicznego. Ze wzgledu na ciagla ewolucje
wiruséw, metody diagnostyczne wymagaja statlego udoskonalania i adaptacji do nowych

zagrozen [3, 4]. Tradycyjne metody czgsto trudno szybko dostosowa¢ do nowych analitow,
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co ogranicza ich zastosowanie wobec pojawiajacych si¢ szczepow wirusow. W odpowiedzi na
te wyzwania, istniejace podejscia sg systematycznie doskonalone, aby sprosta¢ dynamicznie

zmieniajacym si¢ potrzebom diagnostyki.

1.1.1 Biomarkery zakazen wirusowych

Biomarkery zakazen wirusowych dostarczajg kluczowych informacji o zaawansowaniu
infekcji, jej nasileniu oraz odpowiedzi immunologicznej gospodarza. Umozliwiajg réwniez
oceng ryzyka powiktan poinfekcyjnych, wspierajac diagnostyke i leczenie [5]. Wirusy, mimo
stosunkowo prostej budowy, ograniczonej do kwasow nukleinowych 1 biatek strukturalnych,
wywolujg infekcje o ztozonych i czgsto dalekosieznych skutkach [6, 7]. Skutkiem postgpu
infekcji u gospodarza sa skomplikowane i zréznicowane reakcje immunologiczne, ktore
obejmujg zarowno odporno$¢ wrodzona, jak i adaptacyjna, prowadzac do rozwoju stanu
zapalnego [8]. Do tej pory zidentyfikowano ponad 1500 wiruséw ludzkich i zwierzgcych,
ktore wykazujg duza réznorodnos$¢ pod wzgledem struktury, sktadu i genomu [9]. Liczba
wiruséw, zlozono$¢ procesow infekcji i wywolywanych przez nie odpowiedzi
odpornosciowych przektadaja si¢ na szeroka game dostepnych biomarkerow. Wsrdd nich
znajduja sie¢ zaréwno wirusowe biatka i1 kwasy nukleinowe, jak i1 czasteczki pochodzace
od gospodarza, takie jak cytokiny [10], biatka ostrej fazy [11, 12] miRNA [13] pecherzyki
zewnatrzkomorkowe [14] i rozne klasy oraz podklasy immunoglobulin [15, 16].

Czasteczki pochodzace bezposrednio od wirusa sg najbardziej oczywistymi
wskaznikami zakazenia. Obejmuja one wirusowe DNA lub RNA 1 bialka strukturalne, ktore
ulegaja ekspresji podczas replikacji i infekcji wirusowej. Testy molekularne, wykorzystujace
technike amplifikacji kwasow nukleinowych (z ang. nucleic acid amplification tests, NAAT),
cechujg si¢ wysoka czutoscig 1 specyficznoscig. Stanowig one powszechnie stosowang metode
wykrywania biomarkeréw genetycznych wirusow [17]. Wérod nich mozemy wyroznic testy
PCR (z ang. polymerase chain reaction), wykorzystywane do detekcji m. in. wirusowego DNA
(np. herpeswirusow [18] wywotujgcych opryszczke czy pokswirusow [19] odpowiedzialnych
za ospe prawdziwg), lub RT-PCR (z ang. reverse transcription PCR), uzywane do wykrywania
wirusowego RNA (np. wirusow wywotujacych grype [20] czy koronawiruséw [21] Oprocz
testow jakosciowych, wirusowe kwasy nukleinowe o unikalnych sekwencjach mogg by¢
oznaczane ilosciowo za pomocg qPCR lub RT-gqPCR (z ang. quantitative PCR/RT-PCR), czyli

amplifikacji w czasie rzeczywistym [22]. Takie testy dostarczaja informacji na temat wiremii -
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kluczowego czynnika w monitorowaniu stopnia zaawansowania infekcji [23]. Na przyktad,
w diagnostyce HIV ilo$ciowe oznaczanie wirusowego RNA stuzy do monitorowania postgpu
choroby oraz oceny skutecznosci terapii antyretrowirusowej [24].

Biatka strukturalne wirusow, takie jak biatka nukleokapsydu (N) lub kolca (S),
sg powszechnie stosowane w testach diagnostycznych zaré6wno w roli analitow (testy
antygenowe), jak i bioreceptorow (testy serologiczne). W przypadku wirusa SARS-CoV-2,
biatko S jest odpowiedzialne za wnikanie wirusa do komorek gospodarza. Biatko N odgrywa
kluczowg rol¢ w upakowywaniu genomu wirusa, a jego ekspresja osigga najwyzszy poziom
sposrod wszystkich biatek wirusa podczas infekcji. Ze wzgledu na wysokie stezenie
I wystepowanie wspomnianych biatek juz w poczatkowej fazie zakazenia, sg one wiarygodnymi
biomarkerami przydatnymi do wczesnego wykrywania infekcji [25-27]. Niemniej jednak,
w przypadku wirusa SARS-CoV-2, biatko N jest czgéciej wykorzystywane w réznego typu
narzedziach diagnostycznych w poroéwnaniu z biatkiem S [28]. Podczas pandemii COVID-19
szybkie testy antygenowe, ukierunkowane na biatko N lub S, byly podstawowym, prostym
narz¢dziem do identyfikacji zakazonych. Potencjalnymi biomarkerami moga jednak by¢
réwniez inne biatka strukturalne, takie jak bialko otoczki (E) oraz blony (M), znane takze jako
biatko macierzy. Bialko E jest malym bialkiem transmembranowym zaangazowanym
w tworzenie struktury i uwalnianie wirusa, podczas gdy biatko M odgrywa role w utrzymaniu
integralnosci otoczki wirusowej [29]. W przypadku niektorych wiruséw jednoczesne
wykrywanie wielu biatek strukturalnych (np. N oraz M) zwigksza czulo$¢ testow
diagnostycznych [30].

Oproécz biatek pochodzacych bezposrednio od wirusa, w wyniku reakcji gospodarza
na infekcje dochodzi do wytworzenia Szeregu réznych polipeptydow o0 charakterze
biomarkerow. Cytokiny, mate biatka regulujace odpowiedz immunologiczng i reakcje zapalne,
dziataja jako sygnalizatory, koordynujac rekrutacje i aktywacj¢ komorek odpornosciowych.
Podczas infekcji wirusowych czesto obserwuje si¢ podwyzszony poziom prozapalnych cytokin,
takich jak interleukina-6 (IL-6) [31], czynnik martwicy nowotwordéw alfa (TNF-a) [32]
i interferon-gamma (IFN-y) [33]. Biatka ostrej fazy, takie jak dobrze poznane biatko C-
reaktywne (CRP), sa istotnymi markerami stanu zapalnego. Podwyzszone poziomy CRP
oraz innych biatek gospodarza, takich jak surowiczy amyloid A (SAA) [34], prokalcytonina
(PCT) [35] czy ferrytyna [36] wskazuja na ogdlnoustrojowy stan zapalny i nasilenie choroby
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w infekcjach wirusowych. PCT jest tradycyjnie stosowana jako marker do rozrézniania miedzy
infekcjami bakteryjnymi a wirusowymi [37].

Wykrywanie i oznaczanie pozioméw cytokin oraz biatek ostrej fazy dostarcza cennych
informacji o nasileniu choroby, jednak ich mata specyficzno$¢ w uje¢ciu diagnostycznym
uniemozliwia wykorzystanie ich jako samodzielnych biomarkeréw infekcji wirusowych.
Wzrost poziomu tych czasteczek moze by¢ wynikiem réznych infekcji, zarowno wirusowych,
jak 1 bakteryjnych, a takze niezakaznych stanéw zapalnych. Aby uzyska¢ doktadng diagnozg,
wspomniane biatka wskaznikowe mogg zosta¢ wykorzystane w projektowaniu testow
nastawionych na wykrywanie wielu analitow jednoczes$nie. Cytokiny i biatka ostrej fazy
stanowig wartoSciowe markery uzupetlniajagce w polaczeniu z bardziej specyficznymi
biomarkerami zakazen wirusowych, np. przeciwciatami, ktore sa produkowane przez organizm
gospodarza w odpowiedzi na infekcje [38].

Przeciwciata, czyli glikoproteiny wytwarzane w odpowiedzi na obce antygeny podczas
infekcji wirusowych, petnig rol¢ kluczowych biomarkeréw wykorzystywanych do ich detekc;ji
I monitorowania. Wykrywanie przeciwcial umozliwiajg testy serologiczne, ktoérych zasada
dzialania polega na wychwycie przeciwciat o okreslonej specyficznos$ci z surowicy krwi przez
antygen pelniacy rolg receptora. Wszechstronno$¢ tych testow polega na mozliwosci
zaprojektowania platform zdolnych do rozréznienia konkretnych ich klas (1gG, 1gA, IgM, IgE
lub IgD [39]), a nawet poszczegolnych podklas [40, 41]. Testy serologiczne, w przeciwienstwie
do technik molekularnych, umozliwiaja okreslanie stadium zakazenia oraz oceng wczesniejszej
ekspozycji na wirusa [42]. Roézne infekcje moga prowadzi¢ do zréznicowanej dystrybucji
1 proporcji poszczegolnych podklas przeciwcial. W odpowiedzi na infekcje wirusowe czesciej
obserwuje si¢ podwyzszone poziomy IgGs i 1gG3 w poréwnaniu z IgGz i 1gGs. Wzorzec ten
jest szczegdlnie wyrazny w przypadku zakazen wirusami otoczkowymi, takimi jak HIV [43],
wirus zapalenia watroby typu C (HCV) [44] i SARS-CoV-2 [45, 46].

W ponizszej tabeli przedstawiono przyktady biomarkeréw réznorodnych typow
(antygenowe, genetyczne i serologiczne), ktore postuzyty do wykrycia réznych rodzajow

infekcji wirusowych.
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Tabela 1. Przyktady biomarkerow stuzacych do wykrywania r6znych rodzajoéw infekcji wirusowych

Biomarker Wirus Probka Referencja

Przeciwciata IgG przeciwko domenie wigzacej

SARS-CoV-2 surowica [47]
receptor (RBD) w biatku kolca (S)
RNA wirusa HIV nasienie [48]
Przeciwciata IgM przeciwko biatku nukleokapsydu ) ) .
Wirus Dengi surowica [49]
(N)
. ) wymaz
miRNA Wirus Grypy typu B [50]
z gardia
o ) ) ) Wirus zapalenia watroby .
Przeciwciata IgM i IgG przeciwko antygenowi HBc wou C surowica [51]
ypu
Wirus afrykanskiego wymaz z
Antygen P30 Y ) £ [52]
pomoru §win nosa

1.1.2 Immunoplatformy analityczne

Sposrod szeregu dostgpnych metod oznaczania biatek, niewiele z nich umozliwia
detekcje indywidualnych biomarkerow biatkowych w probkach biologicznych 0 zlozonej
matrycy [53]. Rodznego typu immunoplatformy wykorzystuja swoistos¢ przeciwcial
poliklonalnych, monoklonalnych lub ich fragmentow jako podstawe do selektywnego
wykrywania struktur antygenowych (epitopow) [54-56]. Dzigki oferowanemu przez
przeciwciata wysokiemu powinowactwu (stata dysocjacji Kg czesto < 1 nM) oraz mozliwosci
uzyskania specyficznosci wobec szerokiej puli epitopéw o réoznym pochodzeniu, mozliwe jest
dostosowywanie projektowanych platform do szerokiej puli wykrywanych czasteczek,
a co za tym idzie adaptacja wytwarzanych testow do nowopowstalych patogendéw
lub nowoodkrytych biomarkerow. Zdolnos¢ do selektywnego wigzania badanych biatek
sprawia, ze metody immunodiagnostyczne sg nieocenione w analizie ztozonych probek, takich
jak krew [57], surowica [58] lub homogenaty tkanek [59]. Ponadto mozliwo$¢ miniaturyzacji
projektowanych testow pozwala na wdrazanie tego typu rozwigzan w szerokim spektrum
zastosowan, od klasycznych testow laboratoryjnych po zaawansowane platformy w postaci
mikrosystemow.

Techniki, takie jak spektrometria mas [60, 61], elektroforeza kapilarna [62] i techniki

chromatograficzne [63] oferuja wysoka czulos¢ i1 specyficzno$¢ wykrywania biatek
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0 charakterze biomarkerowym. Sg one jednak czasochlonne i wymagajg zastosowania
ztozonych procedur przygotowania probki. Ponadto, uzywana do realizacji 0znaczen aparatura
jest kosztowna i trudna w obstudze. Z tego wzgledu wyzej wspomniane metody sa rzadko
wdrazane do rutynowej diagnostyki klinicznej lub zastosowan w badaniach w miejscu opieki
nad pacjentem, chociaz w ostatnich latach widoczne w literaturze sg proby upraszczania
procedur i miniaturyzacji sprzetu [64].

Zastosowanie aptameréw DNA do wykrywania biomarkerow biatkowych, jako
alternatywa dla przeciwcial, oferuje porownywalng specyficzno$¢ wzgledem wykrywanych
biatek, przy jednoczesnie nizszym koszcie wytwarzania tego typu receptorow. Aptamery, czyli
krotkie fragmenty kwaséw nukleinowych, ktore wigza si¢ swoiscie z docelowa czasteczka,
moga by¢ syntetyzowane in vitro i selekcjonowane pod katem powinowactwa do szerokiej
gamy biatek [65]. Jednak w warunkach klinicznych techniki wykorzystujace aptamery
nie doréwnaly jeszcze testom immunologicznym pod wzgledem niezawodnosci. Brak
stabilno$ci receptorow oligonukleotydowych w ztozonych matrycach biologicznych wcigz
stanowi przeszkode w praktycznym wykorzystaniu aptamerow w narzedziach diagnostycznych
do detekcji biomarkeréw biatkowych [66, 67].

Metody immunodiagnostyczne wiodg prym w zastosowaniach POCT, gtoéwnie dzieki
swojej wszechstronnosci 1 tatwosci ich adaptacji do roznych systeméw detekcji. W zaleznosci
od mechanizmu dzialania i sposobu generowania sygnatu, ws$rod metod
immunodiagnostycznych mozna wyrézni¢ immunosensory, testy aglutynacji czastek, a takze
homogeniczne i heterogeniczne testy immunologiczne. Podziat tych ostatnich zalezy od tego,
czy w trakcie ich przeprowadzania konieczne jest zastosowanie etapow rozdzielania
zwigzanych I wolnych komplekséw antygen-przeciwciato. Rysunek 1 zestawia podstawowe
réznice w mechanizmach poszczegdlnych rodzajow testow immunologicznych.

Testy aglutynacyjne to klasa testOw immunologicznych, ktorych zasada dziatania
bazuje na widocznej agregacji czastek. Efekt ten jest wywolywany interakcjg antygen-
przeciwcialo, gdzie jedno z nich (pelniace rolg receptora) jest przytaczone do duzych czastek,
takich jak np. kulki lateksowe [68], czy czerwone krwinki [69]. Nosniki sg dobierane tak,
aby ich agregaty byty widoczne gotym okiem (Rysunek 1A). Takie testy s szeroko stosowane
ze wzgledu na ich prostote, niski koszt 1 szybkos¢ uzyskania wynikoéw, jednak charakteryzuja
si¢ one niska czuto$cig. Dodatkowym wyzwaniem w projektowaniu jednoetapowych testow

aglutynacyjnych jest ryzyko fatszywie ujemnych wynikow przy wysokim st¢zeniu analitu.
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Jest to zwigzane z saturacjg wigkszos$ci miejsc wigzacych przez analit obecny w wysokim
stezeniu, bez wytworzenia struktury typu kanapkowego. Skutkuje to minimalng aglutynacja
czastek 1 nazywane jest ,,efektem haka” (z ang. ,, Hook effect” lub ,, Prozone effect ) [70].
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Rysunek 1. Podziat testow immunologicznych; A. test aglutynacji czastek, B. homogeniczny test wykorzystujacy

zjawisko FRET, C. heterogeniczny test typu ELISA.

Homogeniczne testy immunologiczne to testy jednofazowe, ktore nie wymagaja
oddzielania analitow zwigzanych w postaci immunokompleksow 0d ich postaci niezwigzanych.
Przyktadem sg testy immunologiczne z amplifikacjg enzymatyczng (z ang. enzyme-multiplied
immunoassay technique, EMIT). Technika ta wykorzystuje konkurencj¢ migdzy znakowanym
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antygenem a analitem o wigzanie z przeciwciatem. Zwigzanie znakowanego antygenu
wywoluje zmiang konformacyjng, hamujacg aktywno$¢ enzymu i zmniejszajaca sygnat,
ktéry jest odwrotnie proporcjonalny do stezenia analitu w probce. Takie rozwigzanie bylo
jednym z pierwszych dostgpnych na rynku komercyjnym i zostato opracowane przez firme
Syva w 1973 roku [71]. Innym przykladem testow typu homogenicznego sg te,
ktore wykorzystujg rezonansowy transfer energii (z ang. Resonance Energy Transfer, RET).
Test tego typu bazuje na fakcie, iz zdarzenie molekularne jakim jest wigzanie analitu, wywotuje
zmian¢ odlegltosci miedzy czgsteczkami donora i akceptora energii (Rysunek 1B). Do odczytu
wykorzystywane jest zjawisko fluorescencji (Forsterowski rezonansowy transfer energii,
w skrocie FRET) [72], chemiluminescencji (CRET) [73] lub bioluminescencji (BRET) [74].
Heterogeniczne testy immunologiczne wyrdznia konieczno$¢ realizacji sekwencyjnych
etapow odmywania 1 separacji sktadnikéw testu od kompleksow antygen-przeciwciato
zwigzanych z  powierzchnig. Najbardziej znanym ich przyktadem jest test
immunoenzymatyczny (z ang. enzyme-linked immunosorbent assay, ELISA), gdzie antygen
lub przeciwcialo jest unieruchamiane na statym podtozu studzienki mikroptytki wielodotkowe;.
W najprostszym formacie, tj. bezposrednim, po dodaniu probki z analitem nastepuje inkubacja,
umozliwiajaca tworzenie kompleksow antygen-przeciwcialo. Po odmyciu niezwigzanego
analitu dodaje si¢ enzymatycznie znakowane przeciwciato, tworzac kompleks kanapkowy,
co zilustrowano na Rysunku 1C. Kolejne odmywanie usuwa nadmiar przeciwciat, a dodany
substrat reaguje z enzymem, generujac sygnal proporcjonalny do stezenia analitu [75].
Zastosowanie enzymoOw jako znacznikéw Kkatalitycznych w heterogenicznych testach
immunologicznych przynosi istotng korzy$¢ w postaci wzmocnienia sygnalu, co wynika
ze zwielokrotnienia w czasie ilo$ci produktu bedacego jego no$nikiem. Na podstawie prostej
techniki ELISA mozliwy jest rozwoj bardziej zaawansowanych wariantow testow poprzez
wprowadzanie innowacji, takich jak wykorzystanie w ich konstrukcji elastycznych podtozy
(np. folii PET) [76] oraz platform papierowych [77]. Na popularnosci zyskuja rowniez testy,
ktore wykorzystuja koniugaty przeciwcial z nanomateriatami (z ang. nano-linked
immunosorbent assay, NLISA), np. nanoczastkami katalitycznymi w roli mimetykéw enzymow
[78]. Ponadto, dzigki integracji immunodetekcji z mikrosystemami przeptywowymi mozliwa
jest automatyzacja przeprowadzanych testow [79]. W nowoczesnej diagnostyce ro$nie

zapotrzebowanie na metody, ktore tacza prostote i niski koszt testu ELISA z czultoscig
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i szybkoscig wspotczesnych rozwigzan w formatach odpowiednich zaréwno dla rutynowych
zastosowan laboratoryjnych, jak narzedzi POCT.

Immunosensory to odrgbna klasa platform diagnostycznych, ktére lacza wysoka
specyficznos¢ reakcji przeciwcialo-antygen z zaawansowanymi metodami detekcji. Dzigki
zintegrowanej czesci przetwornikowej mozliwe jest przeksztalcenie sygnatu biologicznego
na mierzalny sygnat analityczny. Dodatkowo, w przeciwienstwie do jednorazowych
immunotestow, immunosensory pozwalaja na ich wielokrotne wykorzystanie, co zwigksza
ich efektywno$¢ 1 obniza koszty analizy. Narzedzia te mozna sklasyfikowa¢ bazujac na
mechanizmie przetwarzania sygnatu. Najpopularniejszymi typami sa: immunosensory
elektrochemiczne, gdzie powstanie kompleksu przeciwcialo-antygen powoduje zmiany
wlasciwosci elektrycznych [80, 81], immunosensory optyczne, gdzie mierzone sg zmiany
wlasciwosci $wiatta (np. wykorzystujace zjawisko rezonansu plazmonow powierzchniowych
[82]) oraz immunosensory piezoelektryczne dziatajace na zasadzie pomiaru czestotliwosci
drgan spowodowanych zmiang masy zwigzanej z powierzchnig [83, 84].

Testy homogeniczne, dzigki ograniczeniu liczby etapow inkubacji i przemywan,
sa prostsze w realizacji, jednak wymagaja bardziej zlozonych mechanizmoéw generowania
sygnalu. Z kolei testy heterogeniczne, cho¢ obejmuja wigcej etapéw, umozliwiaja
skuteczniejsze eliminowanie niepozadanych zjawisk poprzez odmywanie niezwigzanych
czasteczek. Ta kluczowa rdéznica sprawia, ze testy heterogeniczne cechujg si¢ wigksza
niezawodnoscig i szerszym zakresem dynamicznym, co jest istotne przy analizie probek
o wysokim st¢zeniu analitu. Ostateczny wybor metody immunodetekcji zalezy od wymagan
diagnostycznych, takich jak szybkos¢ uzyskania wyniku, czuto$¢, koszt, dostgpnosé
odczynnikow oraz ztozonos$¢ probki. Ostatnio rosnie rowniez zainteresowanie technikami
umozliwiajacymi jednoczesng detekcje wielu analitbw w jednej analizie, co stawia przed

projektantami immunoplatform nowe wyzwania z tym zwigzane.

1.1.3 Diagnostyka wieloparametrowa — Multiplexing

Detekcja wieloparametrowa (z ang. multiplex) umozliwia wykrywanie wielu
biomarkerow wykorzystujagc t¢ sama probke w trakcie jednej analizy. To podejscie
minimalizuje ograniczenia zwigzane z przepustowoscig tradycyjnych metod (z ang. monoplex),
ktore zazwyczaj koncentrujg si¢ na pojedynczym analicie, co moze prowadzi¢ do niepetnych

wnioskow diagnostycznych lub wigze si¢ z konieczno$cig przeprowadzenia szeregu osobnych
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analiz. Ponadto, z czysto praktycznego punktu widzenia, platformy wieloparametrowe skracaja
czas potrzebny na uzyskanie wynikow, a takze minimalizuja potrzebng objetos¢ probki [85].
Porownanie zalet platform typu multiplex z testami tradycyjnymi zostatlo przedstawione
w formie graficznej na Rysunku 2.

CZAS POTRZEBNY

DO UZYSKANIA
TYCH SAMYCH WYNIKOW

CALOSCIOWE INFORMAC]JE UZYSKANE
ZUZYCIE ODCZYNNIKOW W POJEDYNCZYM TESCIE

ILOSC WYKORZYSTANE]
PROBKI

TRADYCYJNE POMIARY JEDNOPARAMETROWE (MONOPLEX) |

ol 0L il -

NOWOCZESNE POMIARY WIELOPARAMETROWE (MULTIPLEX) |

T o 1 EE

Rysunek 2. Porownanie klasycznych testow jednoparametrowych z testami multipleksowymi.

¢

Infekcje wirusowe wywotuja kaskade procesow zwigzanych z odpowiedzig
odpornosciowg gospodarza, co bezposrednio przektada si¢ na szeroka game potencjalnych
biomarkerow zakazen. Mozliwo$¢ rownoleglego oznaczenia kilku z nich zapewnia bardziej
kompleksowy obraz stanu zdrowia pacjenta. Takie podejscie stanowi wstep do rozwoju
spersonalizowanej diagnostyki, umozliwiajac dostosowanie opieki medycznej do konkretnego
pacjenta. Jest to szczegolnie istotne, gdyz osoby z podobnymi objawami klinicznymi moga
rézni¢ si¢ etiologig i patogeneza choroby [86, 87]. Efektem jest przyspieszenie $ciezki
do wdrozenia odpowiedniego postgpowania terapeutycznego. Dodatkowo szeroka pula
wykrywanych analitow i mozliwo$¢ ich ilosciowego oznaczania pozwala na analiz¢ korelacji
pomiedzy nimi, a takze umozliwia 0Szacowanie uptywu czasu od momentu zakazenia i oceng
skutecznos$ci szczepienia [88].

Rosngce zainteresowanie narzedziami do diagnostyki wieloparametrowej jest zgodne
z rosngcym zapotrzebowaniem na wysokoprzepustowe badania w warunkach diagnostyki

przytézkowej (POCT). Jest to szczegdlnie wazne w miejscach o wysokim wskazniku
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zachorowalnosci, gdzie dostgp do tradycyjnych laboratoriéw jest ograniczony. Takie sytuacje
obejmuja pandemie oraz kraje rozwijajace sig, gdzie szybkie uzyskanie wynikow w warunkach
ograniczonych zasobow jest niezbg¢dne do skutecznego zarzadzania duzymi populacjami

pacjentow [89].

Podsumowanie

Antygenowe i serologiczne biomarkery biatkowe zwigzane z zakazeniami wirusowymi
odgrywaja kluczowa rolg w diagnostyce medycznej. W zwiagzku z tym, rowniez receptory
stosowane do ich wykrywania cechujg si¢ roznorodnoscig strukturalng. Na podstawie
wnioskow z biezacego rozdziatu, w badaniach nad projektowaniem warstw receptorowych
opisanych w niniejszej pracy doktorskiej zastosowano modelowe receptory, tj. przeciwciata
klasy 1gG jako receptory antygenow oraz biatka antygenowe, w tym biatko nukleokapsydu (N)
wirusa SARS-CoV-2 jako receptory wigzace przeciwciata surowicze. Opracowane w ramach
tej pracy platformy analityczne bazuja na heterogenicznych testach immunologicznych
mozliwych do realizacji w formacie multiplex. Wybdor modelowych receptorow nalezacych
do roéznych grup bialek miat na celu zademonstrowanie uniwersalnosci projektowanych
platform pod wzgledem diagnostycznym. Proponowane podejscie  umozliwia
wieloparametrowa detekcje zarowno czynnikow zakaznych, jak i ocen¢ odpowiedzi uktadu
odpornosciowego. Odpowiada to rosngcemu zapotrzebowaniu na rozwigzania typu POCT
oraz potrzebie holistycznego podej$cia do zdrowia pacjenta, co stanowi podstawe rozwoju

medycyny spersonalizowanej.

1.2 Mikromacierze bialkowe

Mikromacierze  biatkowe  stanowig przyktad narzedzia umozliwiajacego
immunodetekcje multipleksowa [90]. Swoja nazwe zawdzigczaja mozliwosci unieruchomienia
wielu roznych biatek receptorowych na wspolnym, statym podtozu. Odpowiednie
rozlokowanie przestrzenne zaimmobilizowanych biatek jest kluczowym aspektem zwigzanym
z wytwarzaniem mikromacierzy i jednoczesnie wyzwaniem technologicznym. Dzigki temu,
jak réwniez odpowiednim narzedziom odczytu (najczgsciej optycznego, bazujacego
na obrazowaniu) mozliwe jest Symultaniczne monitorowanie poziomu réznych biomarkerow
w trakcie jednej analizy. Graficzne przedstawienie mikromacierzy z odczytem fluorescencji

zostalo pokazane na Rysunku 3. Na przedstawionej mikromacierzy unieruchomionymi
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biatkami s3 nukleoproteina wirusa SARS-CoV-2 (biatko testowe, kolor czerwony)
oraz przeciwciatlo anty-koza (biatko referencyjne, kolor zielony). Wykorzystane biatko
referencyjne jest sprzgzone ze znacznikiem fluorescencyjnym (Alexa Fluor 488).
Mikromacierz inkubowana byta z probka rzeczywistg — surowicg ludzka pobrang od pacjenta
ze zdiagnozowanym COVID-19, a nastgpnie znakowana przeciwciatami drugorzedowymi

skoniugowanymi ze znacznikiem fluorescencyjnym (Cy5).

Rysunek 3. Mikromacierz biatkowa wytworzona na chipie krzemowym. Zdjecie wykonane przy uzyciu skanera
InnoScan 710 dzigki uprzejmosci Instituto di Scienze e Tecnologie Chimiche w Mediolanie (zarejestrowane

podczas wyjazdu naukowego w ramach programu Mobility PW IDUB - NAWA STER).

Jedng z najwazniejszych zalet mikromacierzy bialkowych jest ich potencjat
do wykorzystania w badaniach o wysokiej przepustowosci. Pojedyncza macierz moze zawieraé
nawet tysigce roznych bialek receptorowych, pozwalajac na jednoczesna detekcje¢ szerokiego
spektrum analitoéw. Zminiaturyzowany format mikromacierzy pozwala na integracj¢ z réznymi
metodami detekc;ji, takimi jak odczyt fluorescencyjny, kolorymetryczny lub elektrochemiczny.

Mikromacierze biatkowe, mimo wielu zalet, napotykaja istotne wyzwania
technologiczne, zwlaszcza w zakresie immobilizacji bialek o zréznicowanych wtasciwosciach.

Zachowanie biologicznej aktywnosci receptoréw oraz uzyskanie jednolitej gestosci na polach
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testowych jest niezbedne dla powtarzalnosci i czutosci testu. Efektywne unieruchomienie wielu

biatek na jednym podtozu jest skomplikowane i stanowi istotne ograniczenie tej technologii.

1.2.1 Strategie unieruchamiana receptorow: immobilizacja nieodwracalna
i odwracalna

Unieruchamianie bialek na stalych podiozach jest istotnym etapem w tworzeniu
funkcjonalnych warstw receptorowych w immunosensorach i mikromacierzach biatkowych.
Proces ten wymaga starannego doboru metod immobilizacji, aby zapewni¢ stabilnos$¢
i aktywnos$¢ biologiczng bialek na powierzchni no$nika. Klasycznie sposoby immobilizacji
bialek opieraja si¢ na jednym z trzech mechanizméw: kowalencyjnym (chemicznym),
adsorpcyjnym  (fizycznym) oraz powinowactwa biologicznego [91]. Jednak ten
konwencjonalny podzial mozna dodatkowo skategoryzowac i wyr6zni¢ dwie gldwne strategie,
tj. immobilizacje nieodwracalne i odwracalne. Odwracalno$¢ (regenerowalnos¢) warstwy
receptorowej definiowana jest jako zdolnos¢ do wielokrotnego wykorzystania tej samej
warstwy receptorowej bez utraty jej funkcjonalnosci. Mozliwo$¢ regeneracji warstwy
receptorowej, a tym samym wielokrotnego uzycia tego samego czujnika lub testu, pozwala
unikng¢ fatszywych wynikow pomiaréw spowodowanych niska jako$cig 1 brakiem
powtarzalno$ci wytwarzania mikromacierzy [92].

Regeneracje¢ warstwy receptorowej immunoplatform mozna osiagna¢ za pomoca dwoch
podejs¢. Pierwsze — rozumiane klasycznie, polega na dysocjacji kompleksu przeciwciato-
antygen przy jednoczesnym zachowaniu mozliwie nienaruszonej struktury i zdolnosci wigzania
receptora unieruchomionego trwale na powierzchni. Drugie podejscie obejmuje kazdorazowe,
catkowite usunigcie bioreceptora z powierzchni po zrealizowanym pomiarze, a nast¢pnie
rekonstrukcje warstwy receptorowej przed nastepng analizg.

W przypadku pierwszego z wyzej wymienionych podejs¢ duzym wyzwaniem jest fakt,
ze biatkowa warstwa receptorowa jest wrazliwa na — czgsto dos¢ agresywne — warunki
wymagane do zniszczenia wigzania przeciwcialo-antygen [93]. Dysocjacja immunokompleksu
bez wuszkodzenia struktury receptora 1 ostabienia jego zdolnosci do ponownego
wigzania analitu stanowi wyzwanie. Stosowanie buforéw regeneracyjnych o skrajnych
warto$ciach pH, czesto wzbogaconych detergentami lub srodkami chaotropowymi, ma na celu

zaktocenie interakcji molekularnych i usunigcie zwigzanych czasteczek analitu z powierzchni.
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Jednak klasyczna regeneracja powierzchni, z zachowaniem warstwy receptorowej, wigze Si¢ z
ryzykiem uszkodzenia przetwornika, zmian wlasciwosci fizycznych Ilub denaturacji
zaimmobilizowanych bialek receptorowych [94]. Aby oming¢ te problemy czgsto wykorzystuje
si¢ receptory, ktore zostaly zmodyfikowane za pomoca technik biologii molekularnej, na
przyktad poprzez zmniejszenie powinowactwa zmodyfikowanego receptora do analitu [95, 96].

Atrakcyjng alternatywa dla klasycznej regeneracji W immunotestach jest kazdorazowe
usuwanie z powierzchni bialek receptorowych i rekonstrukcja warstwy receptorowej
z wykorzystaniem szybkich i tatwych do kontroli metod samoorganizacji molekularnej, takich
jak immobilizacja biatek z wykorzystaniem powinowactwa biologicznego. Oferujg one takie
zalety, jak tatwo$¢ sterowania gestoscig powierzchniowg, zachowanie natywnej formy
receptora oraz odpowiednia ekspozycja miejsc wigzacych, €O nie jest mozliwe w przypadku
pasywnej adsorpcji czy kowalencyjnego sprzggania [97].

Przyktadem takiej regenerowalnej immobilizacji jest unieruchamianie biatek za pomoca
kotwic DNA (z ang. DNA-directed immobilization, DDI). Dzigki mozliwo$ci syntezy
chemicznej na duza skalg oraz stabilno$ci DNA, czasteczka ta wzbudzita zainteresowanie jako
tacznik do powierzchniowego unieruchamiania bialek. Metoda DDI wykorzystuje
hybrydyzacje zachodzacg pomigedzy niémi DNA skoniugowanymi z biatkami receptorowymi
a komplementarnymi sekwencjami (sondami) na podtozu, ktory to proces jest niezalezny
od budowy i wlasciwosci biatka skoniugowanego z kotwicg DNA. Dzigki temu, metoda DDI
charakteryzuje si¢ uniwersalnoscia, pozwalajac na unieruchamianie réoznorodnych biatek bez
koniecznos$ci dostosowywania procedury do ich indywidualnych wiasciwosci. DDI pozwala
roOwniez na tatwg i1 szybka regeneracj¢ warstwy poprzez zerwanie wigzan wodorowych
w dupleksie DNA-DNA, np. poprzez zmiang sity jonowej i/lub pH buforu [98]. Ponadto,
metoda ta pozwala na tatwa kontrolg przestrzennego rozmieszczenia receptoréw, co odgrywa
kluczowa rolg w konstrukcji mikromacierzy biatkowych [99]. Mechanizm parowania zasad nici
DNA gwarantuje na tyle wysoka specyficznos¢, ze mozliwe jest selektywne wigzanie
docelowych biatek jedynie w pozadanych strefach nawet w obecno$ci szeregu réznych
receptoréw biatkowych znakowanych kotwicami DNA o innej sekwencji.

Metoda DDI daje mozliwos$¢ unieruchamiania receptorow na dwa sposoby, ktore mozna
stosowa¢ w zaleznosci od preferowanej technologii wytwarzania immunotestow. Pierwszy
polega na przeprowadzaniu immobilizacji w warunkach przeptywowych, gdzie odpowiednie

przestrzenne rozmieszczenie roéznych Kkoniugatow biatkowych uzyskuje si¢ dzieki
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wczesniejszemu lokalnemu rozmieszczeniu na powierzchni sond DNA o odpowiednio
zaprojektowanych, réznigcych si¢ sekwencjach. W drugim podej$ciu unieruchamianie
bioreceptoréw odbywa si¢ ex-situ poprzez kontrolowane nanoszenie koniugatow biatko-DNA
w formie pdl testowych (z ang. spotting), przy czym cala powierzchnia podtoza jest pokryta
komplementarnymi sondami. Podejécie ex-situ umozliwia wykorzystanie tej samej kotwicy
DNA do unieruchamiania r6znych biatek. Dzigki temu proces immobilizacji jest uproszczony,
co znaczaco ulatwia przygotowanie mikromacierzy o zréoznicowanym zestawie receptorow.
Mozliwo$¢ regeneracji warstwy receptorowej jest istotna zarowno w immunoplatformach
analitycznych do oznaczania r6znych bioanalitow, jak i w biosensorach stuzacych do badania
kinetyki interakcji miedzyczasteczkowych. Dzigki temu nie ma potrzeby tworzenia wielu
identycznych po6l testowych dla roznych stezen biomolekut, co upraszcza proces analizy [100].
Zestawienie innych popularnych strategii odwracalnej (regenerowalnej) immobilizacji

receptorow biatkowych wraz ze wskazaniem ich gtownych wad i zalet znajduje si¢ w Tabeli 2.

Tabela 2. Charakterystyka podstawowych strategii odwracalnej immobilizacji receptoréw biatkowych

Strategia
Przyklad

immobilizacji Wady Zalety .
wykorzystania

regenerowalnej

Przypadkowa orientacja biatka

. receptorowego, niestabilnos¢ Kompatybilno$¢ z wieloma
Pasywna adsorpcja . . . . . . [101]
wigzania z podtozem, agregacja typami podtozy
receptorow
Konieczno$¢ koniugacji biatka z Mozliwosc unieruchomienia
z u .
DDI ) . gad] kazdego rodzaju biatka [102]
kotwica oligonukleotydowa
receptorowego
Dysocjacja receptora w trakcie
ysogjac) analiz Dostepnos¢ komercyjna
His-tag/Ni>*"NTA . L, Y . podtozy i rekombinowanych [103]
konieczno$¢ stosowania tvaenow biatkowvch
an
rekombinowanych przeciwciat e Wy
Ograniczenie do przeciwcial klasy
1gG, podatnos$¢ uzyskanych Brak potrzeby modyfikacji
Biatko A/G g%, podatnosc uzyskany potrzeby modytikacy [104, 105]
warstw na niespecyficzne receptora
interakcje
. . . . Pot ie zalet r6znych 106
Mieszana Dtugi czas i wysoki koszt procesu © qczer:;;;;ii roznye [106]
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1.2.2 Nowe strategie unieruchamiana receptorow

Nowo opracowane strategie odwracalnego unieruchamiania receptoroOw czesto polegaja
na modyfikacjach i udoskonaleniach istniejacych rozwigzan. L.acza one sprawdzone protokoty
funkcjonalizacji powierzchni z nowymi mozliwosciami, jakie oferujg koniugaty biatek

receptorowych z réznego rodzaju czasteczkami kotwiczacymi.

Immobilizacja kowalencyjna

Bezposrednie, kowalencyjne sprzgganie bialek z powierzchnig poprzez ich grupy
funkcyjne moze powodowac problemy, takie jak brak kontroli nad orientacjg przestrzenna,
czasochtonne 1 skomplikowane procedury modyfikacji powierzchni oraz ograniczenia
w stosowaniu standardowych protokotéw immobilizacji dla bialek o zréznicowanych
wlasciwosciach. Przyktadowo, efektywnos$¢ sprzegania za pomoca karbodiimidoéw jest silnie
zalezna od tadunku powierzchniowego biatka [107, 108]. Przeciwciata jako glikoproteiny
z klasy globulin wykazuja strukturalne i funkcjonalne podobienstwo, jednak fizykochemiczna
roznorodno$¢ antygenow biatkowych sprawia, ze opracowanie uniwersalnych protokotéw ich
unieruchamiania jest trudniejsze. Niemniej jednak immobilizacja kowalencyjna pozostaje
niezwykle popularna i niezastgpiona w wielu zastosowaniach, w ktorych pasywna adsorpcja
okazuje si¢ niewystarczajaca. Szczegdlnie sprawdza si¢ w immunoplatformach jednokrotnego
uzytku, dzieki dlugoterminowej stabilnosci immobilizowanych czasteczek oraz niskim

kosztom wytwarzania [109].

Reaktywne kopolimery

Kowalencyjna immobilizacja biatek z reguty wymaga uprzedniej modyfikacji podtoza
w celu wprowadzenia odpowiednich grup reaktywnych, ktore selektywnie wiagza si¢
z okreslonymi grupami funkcyjnymi aminokwasoéw w strukturze biatek. Tradycyjne metody
modyfikacji powierzchni, takie jak silanizacja, wprowadzanie grup epoksydowych
czy wykorzystanie karbodiimidow 1 maleimidéw, sa powszechnie stosowane,
ale charakteryzuja si¢ czasochtonnosciag i wieloetapowoscia. Z technologicznego punktu
widzenia, procedury te nie sg optymalne do seryjnej produkcji immunoplatform

zintegrowanych w zaawansowane urzadzenia diagnostyczne [110].
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Atrakcyjng alternatywa do wyzej wymienionych podejs$¢ okazuje si¢ by¢ zastosowanie
do funkcjonalizacji powierzchni reaktywnych kopolimerow [111-113]. Reaktywne kopolimery
w wyniku chemicznego sieciowania tworza warstwy zdolne do pokrywania réznych typow
powierzchni i posiadajgce wprowadzone do swojej struktury grupy funkcyjne (np. aldehydowe,
karboksylowe, czy aminowe), ktore utatwiajg kowalencyjne przytaczanie czasteczek.

Przyktad takiego kopolimeru na bazie pochodnych kwasu akrylowego zostal

przedstawiony na Rysunku 4.
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Rysunek 4. Przyktad reaktywnego kopolimeru na bazie pochodnych kwasu akrylowego. A. Powierzchnia pokryta
kopolimerem z wyeksponowanymi grupami funkcyjnymi NHS (reaktywnymi wzgledem grup aminowych), B.
Schemat budowy kopolimeru MCP-2, C. Stosunek molowy monomeréw wchodzacych w sktad kopolimeru MCP-
2 (DMA- N,N-dimetyloakrylamid, NAS - akryloiloksysukcynimid oraz MAPS- metakrylan 3-
(trimetoksysililo)propylu).

Wykorzystanie kopolimeréw o réznych stosunkach monomeroéw pozwala na precyzyjna
kontrole gestosci powierzchniowej grup funkcyjnych, pozwalajac na kontrolowana
immobilizacje  receptorow.  Takie  podejScie  niweluje  ograniczenia  zwigzane
z konwencjonalnymi sposobami funkcjonalizacji powierzchni. Kopolimery sg dostosowane
do szerokiej gamy podtozy, od chipow krzemowych [114], po szklo [115], polimery [116]
I metale [117]. Umozliwia to ich potencjalne wykorzystanie w szerokim spektrum zastosowan,
od konstrukcji jednorazowych testow, po zintegrowane urzadzenia diagnostyczne [118].
Ponadto, mozliwe jest wprowadzenie do struktury takich kopolimeréw segmentow
ulatwiajacych zwigzanie z powierzchnig (np. reszty 3-(trimetoksysililo)propylu),
czy elementow zapobiegajacych niespecyficznej adsorpcji, cO pozwala na wytworzenie

warstwy uniemozliwiajgcej ptynom biologicznym nieswoiste oddziatywanie z podtozem [119].
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Stworzenie juz na etapie syntezy odpowiednio zaprojektowanego modyfikatora powierzchni
o pozadanych funkcjonalnosciach skraca czas i koszty wytworzenia zmodyfikowanej warstwy
dzigki jednoetapowemu procesowi powlekania. Dodatkowo, wykorzystanie reaktywnych
kopolimeréw otwiera mozliwos$¢ integracji réznych strategii immobilizacji. Przyktadowo,
kowalencyjne przyltgczenie sond oligonukleotydowych do podloza zmodyfikowanego
reaktywnym polimerem, a nastepnie unieruchomienie receptoréw biatkowych poprzez DDI,
taczy zalety powlekania powierzchni polimerem z korzy$ciami odwracalnej immobilizacji

bazujacej na powinowactwie biologicznym [99].

1.2.3 Kontrola jakoS$ci biatkowych warstw receptorowych

Uzyteczno$¢ biosensoréw i biotestow w formacie multiplex w duzej mierze zalezy
od jakosci wytworzonej warstwy receptorowej. Wyzwanie to staje si¢ szczegolnie istotne,
gdy na tej samej powierzchni unieruchamia si¢ wiele réznych biatek. Jednorodnos$¢ pol
testowych warstwy receptorowej mikromacierzy wptywa na uzyskiwany sygnal, co podkresla
potrzebe opracowania metod kontroli ich jakosci [120, 121].

Immobilizacja bialek ex-situ w warunkach stacjonarnych (np. z wykorzystaniem
zautomatyzowanego systemu nanoszenia) pozwala na jednoczesne unieruchamianie
1 przestrzenne rozmieszczenie wielu réznych receptorow na jednej matrycy, co maksymalizuje
wykorzystanie dostgpnej powierzchni przetwornika. Jednak proces ten ma istotne ograniczenia.
W przeciwienstwie do immobilizacji w zamknigtym uktadzie mikroprzeptywowym, podejscie
ex situ utrudnia kontrole nad czasem interakcji migdzy biatkiem a podtozem oraz nie pozwala
na $ledzenie procesu wigzania z powierzchnig, co znacznie utrudnia oszacowanie gestosci
powierzchniowej receptorOw 1 ocen¢ jednorodnosci poél testowych. Powoduje to,
ze immobilizacja ex-situ wymaga szczegélnej dbatosci o standaryzacje warunkow procesu,
aby minimalizowa¢ potencjalne réznice mi¢dzy poszczegdlnymi polami testowymi.

Jednym z glownych wyzwan, z punktu widzenia powtarzalnosci wytwarzania,
jest unieruchomienie wielu biatek na powierzchni przetwornika w postaci pol testowych
o bardzo matych powierzchniach. Na powodzenie tego procesu ma wptyw szereg réznych
czynnikow, jak chociazby wilgotno$¢ i temperatura otoczenia [122]. Wszelkie wahania podczas
procesu immobilizacji moga prowadzi¢ do nierdwnomiernego rozmieszczenia biatek.
Przykladem jest nierownomierne wysychanie i powstawanie efektu pierscienia kawowego

(ang. coffee ring effect), co czesto zdarza si¢ przy nakladaniu pol testowych przy braku
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odpowiedniej kontroli wilgotnosci powietrza. Aby zautomatyzowac proces immobilizacji,
stosuje sie specjalistyczne plotery, ktdre precyzyjnie nanosza niewielkie objetosci roztworow
zawierajacych receptory. Dozowanie kropli odbywa si¢ dzigki sitlom kapilarnym
w kontrolowanych warunkach, czesto z uzyciem nawilzanych komor klimatycznych. Objetosé
naktadanego roztworu zalezy od konstrukcji dyszy, lepkos$ci roztworu, hydrofilowosci podioza
oraz czasu kontaktu kapilary z podtozem [123].

Pomimo powszechnego obecnie wykorzystania zautomatyzowanych metod nanoszenia
receptorow, problem niejednorodnosci pol testowych wcigz pozostaje aktualnym wyzwaniem

technologicznym. Przyktadowy efekt tego zjawiska zostat zilustrowany na Rysunku 5.

Rysunek 5. Zdjecie przedstawiajace mikromacierz wytworzong technika automatycznego nanoszenia z

wykorzystaniem plottera [121].

W teorii, kazde z pol testowych powinno cechowaé si¢ w przyblizeniu jednakowag
gestoscig powierzchniowa. W rzeczywistosci widaé, ze niektore receptory nie zostaly
unieruchomione na powierzchni (czerwona ramka), badz w wyniku nierdwnomiernego
wysychania proces immobilizacji cechowat si¢ duzo nizszg wydajnoscig (zielona ramka).

W obliczu trudnych do catkowitego wyeliminowania probleméw z jednorodnoscia pél
testowych masowo wytwarzanych mikromacierzy, zyskuje na znaczeniu potrzeba opracowania
prostej metody kontroli ich wytwarzania [124]. Do tej pory nie opracowano jednak
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uniwersalnej metody umozliwiajacej ocene jakosci biatkowych warstw receptorowych
w uktadzie mikromacierzowym. Takie podejscie umozliwitoby rutynowa ocene jednorodnosci
pol testowych jeszcze przed rozpoczgciem analizy, a co za tym idzie eliminacje potencjalnych
btedow z nich wynikajacych.

Jednym ze sposobow kontroli jakoSci warstwy receptorowej jest bezposrednie
monitorowanie procesu immobilizacji, co mozna osiggna¢ poprzez wykorzystanie rezonansu
plazmonéw powierzchniowych (SPR) [125]. Technika ta pozwala na monitorowanie interakcji
biatka z podtozem w czasie rzeczywistym. Niestety w przypadku wickszoSci mikromacierzy
takie podejscie nie jest mozliwe do zastosowania, poniewaz unieruchomienie receptoréw
zachodzi ex-situ, poza uktadem przeptywowym.

Innym potencjalnym rozwigzaniem jest wykorzystanie specyficznego znakowania
immunologicznego. Uzycie przeciwciat (np. znakowanych fluorescencyjnie) skierowanych
przeciwko biatku receptorowemu pozwala na okreslenie efektywnosci immobilizacji
bioczasteczek, a takze na oceng jednorodnosci gestosci powierzchniowej receptora w obrebie
pol testowych. Istotne ograniczenie stanowi jednak fakt, iz dostgpno$¢ znakowanych
przeciwcial, zwlaszcza wobec nowych antygendw, jest ograniczona. Ponadto unieruchomienie
wielu biatek na wspdlnym podtozu wymagatoby zastosowania rdznych przeciwcial, co jest
kosztowne i czasochtonne. Dodatkowo, specyficzne znakowanie warstwy receptorowe;j
przeciwcialami uniemozliwitoby ponowne uzycie platformy bez wczesniejszej regeneracji.

Kolejng koncepcja jest rowniez mozliwo$é bezposredniego znakowania receptorow
przed procesem immobilizacji z wykorzystaniem znacznikéw (np. fluorescencyjnych) [124].
Niestety, takie podejscie wigze si¢ ze skomplikowanym i czasochtonnym procesem koniugacji.
Ponadto, sprzgganie receptora ze znacznikiem takim jak fluorofor, wigze si¢ z nieunikniong
utratg czgsci biatka w trakcie tej procedury a takze potencjalnym obnizeniem jego zdolno$ci
wigzacych na skutek chemicznej modyfikacji. Obecno$¢ znacznika zwigzanego z receptorem
moze rowniez komplikowaé odczyt sygnatu (np. optycznego) podczas docelowej analizy.

Alternatywa dla powyzszych metod jest poszukiwanie niespecyficznych znacznikow
biatek, ktore umozliwityby oceng jakosci warstw ztozonych z immobilizowanych receptorow.
Cho¢ podejscie to jest bardziej uniwersalne, opracowanie takiej metody stanowi wyzwanie,
poniewaz niespecyficzne znaczniki bialek muszg wigza¢ si¢ odwracalnie, aby nie zaktdcaé
pézniejszego rozpoznawania analitu przez receptor. Opisane Wyzej metody kontroli jakosci

biatkowych warstw receptorowych zostaty przedstawione na Rysunku 6.
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Rysunek 6. Metody kontroli jako$ci biatkowych warstw receptorowych; A. Specyficzne znakowanie z
wykorzystaniem przeciwcial, B. Monitorowanie procesu immobilizacji w czasie rzeczywistym, C. Wykorzystanie

wyznakowanych bioreceptoréow, D. Uzycie niespecyficznych znacznikow.
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Podsumowanie

Unieruchomienie 1 przestrzenne rozmieszczenie biatek w formie mikromacierzy
na wspolnym podtozu to kluczowy etap w tworzeniu narzedzi analitycznych do detekcji
wieloparametrowej. Proces ten wigze si¢ jednak z wyzwaniami technologicznymi, ktére
wymagaja odpowiedniego doboru metody immobilizacji w celu zapewnienia wysokiej jakosci
oraz powtarzalnosci warstw receptorowych. Na podstawie wnioskow z niniejszego rozdziatu,
w ramach badan rozwijano kowalencyjne strategie unieruchamiania receptorow,
ze szczegbdlnym uwzglednieniem rozwigzan oferujacych mozliwos¢ dowigzania biatek
w jednoetapowej reakcji, takich jak warstwy posrednie zbudowane z reaktywnych
kopolimeréow. Podj¢to réwniez proby opracowania platform z regenerowalng warstwg
receptorowa poprzez unieruchomienie bialek za pomoca kotwic oligonukleotydowych na
podtozach ztotych oraz transparentnych foliach PET. Proponowane podejscie miato wykazac
potencjalne przewagi metody DDI w zastosowaniach mikromacierzowych. Szczegolng uwage
poswigcono analizie stabo poznanego dotychczas wplywu sktadu monowarstwy zawierajacej
kotwice ssDNA na stabilnos$¢ i ggstos¢ powierzchniowa warstw receptorowych uzyskanych
metoda DDI.

Analiza literatury wskazuje, iz istnieje problem braku powtarzalnosci uzyskiwanych
gestosci powierzchniowych unieruchamianych receptoréw biatkowych i moze on istotnie
obniza¢ wiarygodnos¢ wynikow analiz realizowanych za pomocg immunotestow w formacie
multiplex. W pracy zidentyfikowano te luke badawczg i zaproponowano innowacyjne podejscie
— metod¢e mapowania gegsto$ci receptorow w mikromacierzach SPRi z wykorzystaniem
odwracalnego, niespecyficznego znakowania bialek. Zaprezentowane rozwigzania
odpowiadajg na rosngce potrzeby diagnostyki wieloparametrowej oraz rozwdj urzadzen POCT,

wnoszgc istotne innowacje w projektowanie nowoczesnych platform immunologicznych.

1.3  Strategie detekcji

Odpowiednia metoda detekcji sygnatu, ktorag mozna zastosowa¢ do immunoplatform
w formacie mikromacierzy, powinna oferowac: (1) wysoki stosunek sygnalu do szumu tla,
(i) w przypadku detekcji optycznej mozliwos¢ odczytu w trybie obrazowania lub skanowania,
(ili) dobra rozdzielczo$§¢ przestrzenng, oraz (iv) odpowiednio wysoka stabilnos¢

odczytywanego sygnatu [126]. W immunoplatformach do wykrywania oraz ilo§ciowego
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oznaczania bioanalitow, jak rowniez do Sledzenia oddzialywan bioczasteczkowych, stosowane

sg dwie podstawowe strategie: detekcja znacznikowa oraz detekcja bezznacznikowa.

1.3.1 Strategie wykorzystujace znaczniki

Strategie detekcji, w ktorych odczytywany sygnat nie pochodzi bezposrednio
z interakcji biatko receptorowe-analit, wykorzystuja jako jego zrodto dodatkowe znakowanie.
Najczgséciej spotykane jest wykorzystanie przeciwcial drugorzedowych skoniugowanych
ze specjalng ,,metka” (z ang. label lub tag). Znacznik definiowany jest jako dowolna obca
czasteczka lub czastka przytaczona do biatka, umozliwiajaca wykrycie obecnosci
lub aktywnosci analitu w probce. Odczyt sygnatu jest mozliwy dzigki wykorzystaniu szeregu
technik analitycznych, w zalezno$ci od rodzaju znacznika, ktorego role moga petni¢ enzymy
[127], Dbarwniki fluorescencyjne [128], izotopy radioaktywne [129], znaczniki
chemiluminescencyjne [130], kropki kwantowe [131], jak i nanoczastki [132].

Przyktady znacznikoéw wykorzystanych w immunodetekcji biomarkerow wirusowych

znajdujg si¢ w Tabeli 3.

Tabela 3. Przeglad znacznikow stosowanych w immunotestach do wykrywania biomarkeréw infekcji wirusowych

Rodzaj znacznika Wykrywany analit Strategia detekcji Referencja
Peroksydaza ) ) Detekcja optyczna (utleniona
Wirus Zika [133]
chrzanowa (HRP) TMB)
Fosfataza alkaliczna ) Detekcja optyczna (ztote
Wirus RSV [134]
(ALP) nanoczastki)

Antygen powierzchniowy wirusa )
) Detekcja optyczna-
Kropki kwantowe zapalenia watroby . [135]
fluorescencja QDs
typu B
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Powierzchniowo wzmocniona

Ztote nanogwiazdki Wirus Zika oraz wirus dengi ) [136]
spektroskopia ramanowska
Izotiocyjanian Bialko nukleokapsydu wirusa SARS- Detekcja optyczna - [137]
fluoresceiny (FITC) CoV-2 fluorescencja
) Detekcja optyczna —
Kropki kwantowe CRP ) [138]
fluorescencja QDs
Przeciwciata skierowane przeciwko . ]
Peroksydaza ) ) ) Detekcja optyczna (utleniony
wirusowi afrykanskiego pomoru ] [139]
chrzanowa (HRP) o luminol)
Swin
Ztote nanoczastki . Detekcja optyczna (utleniona
Wirus grypy typu A [140]

jako nanozymy

TMB)

Pierwsze immunotesty wykorzystujace znaczniki do detekcji sygnatu pojawity sie pod
koniec lat 50. XX wieku dzigki badaniom Rosalyn Yalow i Solomona Bersona [141].
Zastosowanie radioizotopow umozliwito wykrywanie nano- i pikomolarnych stezen zwigzkow
w osoczu 1 tkankach, co przyczynito si¢ do rozwoju pozniejszych technik, takich jak testy
ELISA, w ktorych radioizotopy zastgpiono enzymami.

W immunodetekcji znacznikowej stosuje si¢ znakowanie bezposrednie lub posrednie,

zwykle z koniugatem przeciwciata drugorzedowego. Kazde z tych podejs¢ odpowiada na inne

potrzeby.

Znakowanie bezposrednie upraszcza procedure analityczng, redukujac liczbe etapow
w konstrukcji immunotestu. Eliminacja dodatkowej reakcji immunologicznej zmniejsza tym

samym ryzyko reaktywnosci krzyzowej pomiedzy przeciwciatami [142, 143]. Konstrukcja
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testu ze znakowaniem bezposrednim polega na przytaczeniu znacznika sprzezonego
z pierwszorzedowym przeciwciatem lub antygenem (tzw. znakujacym), ktore bezposrednio
wigze si¢ z analitem (Rysunek 7A). Dzigki wytworzeniu znakowanego immunokompleksu
w jednoetapowej reakcji metoda jest szybka i minimalizuje zuzycie odczynnikow, co czyni
ja korzystng w zastosowaniach wymagajacych natychmiastowych wynikow. Nalezy jednak
pamietaé, ze ograniczona dostgpnos¢ komercyjnych koniugatow przeciwcial czesto zmusza
do uprzedniego, samodzielnego sprzegania specyficznego bioreceptora ze znacznikiem.
Znakowanie posrednie umozliwia stosowanie uniwersalnych koniugatow przeciwciat
drugorzedowych, eliminujac koniecznos¢ znakowania drogich i trudno dostepnych przeciwciat
skierowanych przeciwko wykrywanym antygenom. W tym podejsciu przeciwciato
drugorzedowe, skoniugowane ze znacznikiem, wigze si¢ z przeciwciatem pierwszorzedowym
lub antygenem, ktdre pierwotnie zwigzaty si¢ z docelowym analitem, tworzac uktad kanapkowy
(Rysunek 7B). Zastosowanie przeciwciat drugorzgdowych, zwykle poliklonalnych, umozliwia
wigzanie z wieloma epitopami receptora, co zwigksza efektywnos$¢ znakowania i wzmacnia
sygnat, czynigc metode bardziej czulg i uniwersalng. Jednakze, odbywa si¢ to kosztem bardziej

ztozonego 1 wydhuzonego procesu analitycznego. Mimo tej niedogodnosci, szeroka dostepnos¢

komercyjnych przeciwcial drugorzgdowych stanowi istotng zalete tej strategii.

B znacznik
- A
o
\

TEH G
receptorowe

A

receptorowe

Rysunek 7. Schematyczne przedstawienie koncepcji znakowania w immunodetekcji znacznikowej: (A)
znakowanie bezposrednie, (B) znakowanie posrednie.
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1.3.2 Strategie bezznacznikowe

Alternatywng strategig detekcji sygnatu w immunoplatformach jest bezposredni pomiar
zmian fizycznych wynikajacych z interakcji migdzy receptorem a analitem. Metody te,
bazujace na wlasciwosciach biofizycznych, takich jak masa czy tadunek czasteczki, eliminuja
potrzebg wtornego znakowania, co umozliwia monitorowanie oddziatywan molekularnych w
czasie rzeczywistym. Bezznacznikowe metody optyczne opierajg si¢ gtdwnie na refraktometrii
[144] lub reflektometrii, w tym rezonansie plazmonowym [145]. Natomiast najbardziej
znanymi platformami akustycznymi sa mikrowagi kwarcowe (QCM) [146]. Platformy
wykorzystujace bezznacznikowa transdukcje elektrochemiczng sg mniej popularne niz ich
odpowiedniki znacznikowe. Wynika to z faktu, ze czgsto wymagaja zastosowania markerow

redoks, ktore muszg by¢ zwigzane z receptorem lub obecne w roztworze [147].

Rezonans plazmonow powierzchniowych (SPR)

SPR jest jedng z najczesciej stosowanych technik detekcji bezznacznikowej. Technika
ta zostala po raz pierwszy zastosowana w konstrukcji biosensora optycznego przez Liedberga
i Nylandera w 1982 roku, a w ciaggu kolejnych dziesigcioleci stala si¢ niezwykle popularnym
narzedziem do ilosciowej charakteryzacji oddziatywan bioczasteczkowych [144].

W klasycznym formacie SPR immobilizacja biatek receptorowych zachodzi
bezposrednio w celce mikrofluidycznej, co umozliwia $ledzenie procesu unieruchamiania
receptorOw w czasie rzeczywistym a tym samym kontrole ich gestosci powierzchniowe;.
Niestety takie rozwigzanie niesie za sobg praktyczne ograniczenie w konstrukcji biosensorow
typu multiplex, gdyz w takim przypadku liczba potencjalnych biatek receptorowych obecnych
na jednym przetworniku jest zdeterminowana liczba dostepnych celek przeptywowych [148].
W praktyce ogranicza to mozliwosci konstrukcji macierzy SPR do maksymalnie 8 niezaleznych
pol testowych [149]. Alternatywa w takim przypadku jest SPR z obrazowaniem (z ang. Surface
Plasmon Resonance Imaging, SPRi). Jest on pochodna klasycznego SPR i jego zasada dziatania
bazuje na uktadzie mikromacierzowym. Z uwagi na przetwarzanie sygnalu w postaci obrazu,
cala powierzchnia przetwornika moze zosta¢ wykorzystana do unieruchomienia receptorow.
Warto podkresli¢ jednak, ze w przypadku SPRi immobilizacja zachodzi ex-situ poprzez
nakraplanie roztworéw bioreceptorow w  okreSlonych strefach poza systemem

mikrofluidycznym urzadzenia, co pozbawia SPRi mozliwosci §ledzenia tego zjawiska w czasie
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rzeczywistym. Schematy dzialania analizatorow SPRi oraz klasycznego SPR zostaly
przedstawione na Rysunku 8.
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Rysunek 8. Schemat ukazujacy roznice w konstrukeji analizatoréw SPRi (A) oraz klasycznego SPR w trybie

skanowania katowego (B).
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W technice SPR wykorzystuje si¢ szklany przetwornik pokryty cienkg warstwg metalu,
najczesciej ztota, na ktérym immobilizowane sg biatka receptorowe. Monochromatyczne,
spolaryzowane $wiatto pada na przetwornik, oddziatujac z elektronami na powierzchni metalu
i wzbudzajgc plazmony powierzchniowe W postaci fal elektromagnetycznych na granicy metalu
i dielektryka [150]. Rezonans wystepuje, gdy czestotliwo$¢ swiatta odpowiada czestotliwo$ci
plazmondéw, co prowadzi do maksymalnej absorpcji $wiatla odbitego. Lokalne zmiany
wspoOtczynnika zatamania $wiatla, zalezne od masy przy powierzchni metalu, wplywaja
na obserwowane przesuniecie kata rezonansowego. W SPRi (z ang. imaging) staty kat padania
Swiatta umozliwia monitorowanie zmian intensywno$ci promieniowania odbitego za pomoca
kamery CCD (z ang. charge-coupled device), co pozwala na obserwacje zaciemnien na obrazie
réznicowym. Natezenie odbitego $wiatlta (reflektancja) zmienia si¢ w czasie, co jest
rejestrowane przez detektor. W klasycznym SPR pomiary moga by¢ prowadzone przy statym
kacie padania $wiatla lub w trybie skanowania katowego. Przesunigcie kata rezonansowego
jest proporcjonalne do masy czgsteczek zwigzanych na powierzchni metalu w wyniku

oddziatywan z unieruchomionymi receptorami [151].

1.3.3 Praktyczne poréwnanie strategii detekcji

Dobor strategii detekcji w immunotestach zalezy zaréwno od wymaganych
do osiggniecia parametrow analitycznych, wygody uzytkownika jak i od kosztow analizatorow.
Formaty znacznikowe charakteryzuja si¢ wysoka czuloScig, umozliwiajaca wykrywanie
analitow nawet na poziomie sub-pikomolarnym [152]. We wczesnych stadiach chorob stezenie
biomarkerow w ptynach ustrojowych bywa ekstremalnie niskie, co czgsto uniemozliwia ich
detekcje metodami bezznacznikowymi. Jednakze, zastosowanie znakowanych biatek wigze si¢
z wyzszymi kosztami produkcji takich imunotestow oraz wydluzonym czasem analizy.
W diagnostyce POCT metody bezznacznikowe moga stanowi¢ korzystng alternatywe,
poniewaz umozliwiaja jednoetapowe pomiary w czasie rzeczywistym. W ostatnich latach
obserwuje si¢ wzrost liczby badan nad udoskonalaniem czujnikow bezznacznikowych,
co $wiadczy o rosngcym zainteresowaniu tg technologia w diagnostyce medycznej [147, 153].

Analiza wieloparametrowa, umozliwiajagca jednoczesng identyfikacje wielu
biomarkerow, odgrywa kluczowa role w kompleksowej diagnostyce, na przyktad
w profilowaniu odpowiedzi immunologicznej. Cho¢ metody znacznikowe sg obecnie czgsciej

stosowane, sensory bezznacznikowe réwniez pozwalajag na projektowanie takich platform
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[154]. Jednakze ich zastosowanie jest ograniczone ze wzgledu na niewielkg liczbe technik
oferujacych jednoczes$nie odczyt bezznacznikowy 1 kompatybilno§¢ =z formatem
mikromacierzowym. Warto jednak podkresli¢, ze podejscie bezznacznikowe umozliwia
monitorowanie oddzialywan analitbw z warstwg receptorowg w czasie rzeczywistym,
dostarczajagc  tym samym  wigcej informacji o  badanych  oddziatywaniach
miedzyczasteczkowych, w tym o kinetyce wigzania [155, 156].

Podczas pracy ze ztozonymi probkami, takimi jak surowica, zasada generowania
sygnatu wykorzystywana w metodach bezznacznikowych moze okazaé si¢ jednak znaczaca
wada, poniewaz sktadniki obecne w matrycy probki moga rowniez wigzac si¢ z powierzchnig
czujnika, prowadzac do fatszywie dodatnich wynikow [157]. W zwiagzku z tym, podczas
projektowania tego typu formatow testow, konieczne jest zapewnienie maksymalnie wysokiej
selektywnos$ci wigzania analitu z bioreceptorem.

W formatach wykorzystujacych znaczniki sygnat tta oraz inne niepozadane efekty
wynikajgce ze ztozono$ci matrycy probki sg mniejsze, poniewaz rejestrowany sygnal pochodzi
od znacznika, ktorego wigzanie jest w duzej mierze niezalezne od sktadnikow matrycy [147].
Ponadto, w formacie kanapkowym (z ang. sandwich format) podwdjnie rozpoznawanie
molekularne przez receptor dodatkowo zwigksza selektywnos¢ znakowania. Niemniej jednak,
ograniczeniem dla heterogenicznych formatéw znacznikowych jest koniecznos$¢ znalezienia
kompatybilnych par receptorow (z ang. matched pairs) wykazujacych powinowactwo
do roznych epitopdw wykrywanej czasteczki, CO czesto wymaga czasochtonnych testow
optymalizacyjnych i moze stanowi¢ istotne wyzwanie w procesie projektowania takich
platform. Dodatkowo, w przypadku metod znacznikowych analiza probek o wysokim stgzeniu
analitu wigze si¢ z ryzykiem wystapienia ,,efektu haka”, ktore polega na uzyskiwaniu wynikow
falszywie ujemnych z powodu nadmiaru analitu hamujacego tworzenie kompleksow typu
kanapkowego. Metody bezznacznikowe eliminuja ryzyko wystapienia tego zjawiska dzigki
odmiennemu mechanizmowi dziatania, co czyni je bardziej niezawodnymi w analizie probek
o szerokim zakresie stgzen. W Tabeli 4 przedstawiono poréwnanie popularnych strategii
detekcji wykorzystywanych w immunoplatformach z podziatem na znacznikowe
I bezznacznikowe oraz oceng uzytecznosci poszczegdlnych technik w pomiarach

multipleksowych oraz zautomatyzowanych analizatorach wysokoprzepustowych.

48



Tabela 4. Porownanie najczgs$ciej wykorzystywanych znacznikowych i bezznacznikowych technik detekcji
stosowanych w immunoplatformach

Koszt
aparatury Mozliwo$é¢ analiz
. Mozliwo$¢ pomiarow
Metoda detekcji do ) wysokoprze-
multipleksowych
odczytu pustowych
sygnalu
Fluorescencja Niski Tak Tak
(<5
S
% Chemiluminescencja Niski Tak Tak
§ Pomiary elektrochemiczne Niski Tak Tak
=
N Znakowanie radioizotopami Sredni Tak Nie
Znakowanie nanoczgstkami Niski Tak Tak
Mikrowaga kwarcowa . ) .
Wysoki Nie Nie
(QC™M)
Rezonans plazmonéw . .
. ] Wysoki Nie Tak
2 powierzchniowych (SPR)
2 Rezonans plazmonow
N
(S} powierzchniowych z
S . Wysoki Tak Tak
GHJ obrazowaniem
@ (SPRi)
Powierzchniowo wzmocniona
) Bardzo
spektroskopia ramanowska ] Tak Tak
wysoki

(SERS)
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Podsumowanie

Metody znacznikowe, dzigki swojej wysokiej czutosci, pozostajg ztotym standardem
w diagnostyce medycznej. Z kolei strategie bezznacznikowe oferuja unikalne mozliwosci
monitorowania oddzialywan receptor-analit w czasie rzeczywistym, co pozwala na poznanie
dynamiki oddzialywan czgsteczkowych bez potrzeby modyfikacji bialek. Tradycyjnie
w opisywanych w literaturze pracach badawczych, techniki bezznacznikowe i formaty
wykorzystujace znakowanie sa traktowane niezaleznie jako dwie alternatywne strategie
deteke;ji.

W niniejszej pracy doktorskiej zaproponowano podejscie polegajace na wykorzystaniu
technik bezznacznikowych (SPR i SPRi) zaréwno jako strategii detekcji w konstrukcji
immunosensorow SPR, jak rowniez jako uzupehlniajgcego narzgdzia do charakteryzacji
oddzialywan, ktére jest szczegdlnie przydatne na poczatkowych etapach projektowania
immunotestow. Takie wygodne narz¢dzie pomaga bardziej szczegotowo monitorowac 1 lepiej
zrozumie¢ procesy zachodzace na powierzchni. Zaproponowane podej$cie wykorzystujace
system SPR pozwala na $ledzenie oddzialywan wybranych receptoréw z docelowymi analitami

W czasie rzeczywistym, a takze na kontrole nad gestoscig powierzchniowa biatek.
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Rozdzial 2

2. Cel i zakres pracy doktorskiej

Celem niniejszej pracy doktorskiej bylo opracowanie nowych strategii wytwarzania
i charakteryzacji biatkowych warstw receptorowych do multipleksowej detekcji biomarkerow
zwigzanych z zakazeniami wirusowymi.

Droga do realizacji tego celu w pierwszym etapie obejmowata badania nad réznymi
aspektami procesu immobilizacji biatek receptorowych przy uzyciu kotwic DNA (DDI), m. in.
za pomocg rezonansu plazmonéw powierzchniowych (SPR). Waznym zadaniem byto rowniez
opracowanie innowacyjnej, nieopisanej do tej pory w literaturze, metody kontroli jakosci
warstw receptorowych w formacie mikromacierzy SPRi, do czego wykorzystano anionowe
barwniki jako niespecyficzne znaczniki receptorow biatkowych unieruchomionych
na powierzchni przetwornika. Dalsze badania mialy na celu opracowanie uniwersalnych
strategii immobilizacji biatek (zarowno odwracalnych jak i nieodwracalnych)
na powierzchniach ztotych oraz foliach PET i sprawdzenie mozliwosci ich wykorzystania
w konstrukcji immunotestow. Modelowe receptory obejmowaty przeciwciata klasy IgG oraz
bialka o charakterze antygenowym, w tym biatko nukleokapsydu (N) wirusa SARS-CoV-2.

Opracowane podejscie miato na celu zapewnienie mozliwosci unieruchomienia obu
grup modelowych receptorow, niezaleznie od ich struktury i wlasciwosci, a nastgpnie tatwg
implementacj¢ wybranego rozwigzania do formatow multipleksowych.

Na drodze do osiggniecia zaplanowanego celu scharakteryzowano wybrane strategie
(pasywna adsorpcje, immobilizacj¢ kowalencyjna oraz DDI) wykorzystujac bezznacznikowa
detekcje SPR. Ostatnim z celow czastkowych pracy bylo zaprojektowanie platform
diagnostycznych do wykrywania biomarkeréw infekcji wirusowych w diagnostyce
serologicznej. Korzystajac z reaktywnych kopolimeréw jako warstw przej$ciowych,
skonstruowano immunotesty na elastycznych podtozach PET z detekcja w oparciu
0 znakowanie enzymatyczne. Ich potencjalng uzytecznos¢ zweryfikowano na koncowym etapie
badan, analizujgc rzeczywiste probki surowic pobranych od pacjentéw pod katem diagnostyki
COVID-19.
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W ramach pracy doktorskiej zaplanowano nast¢pujgce, szczegotowe zadania badawcze,
ktorych realizacja stata si¢ podstawa cyklu 4 artykutéw naukowych:

e analiza dostgpnych metod immobilizacji biatek umozliwiajacych ich unieruchamianie
na r6znych podtozach (gtéwnie ztotych i polimerowych);

e weryfikacja istotnosci wplywu sktadu monowarstwy zawierajacej sondy ssDNA
oraz czystosci 1 stechiometrii koniugatéw DNA-biatko na stabilno$¢ 1 gestosé
powierzchniowg biatkowych warstw receptorowych immobilizowanych poprzez DDI;

e opracowanie nowej, tagodnej dla unieruchomionych biatek i kompatybilnej z technikg
SPRi w formacie mikromacierzowym metody kontroli jakoSci warstwy receptorowe;j
z wykorzystaniem odwracalnego znakowania barwnikami anionowymi;

e zaprojektowanie strategii unieruchamiania receptorow bialkowych na potrzeby
konstrukcji immunotestow Ww oparciu 0 detekcje znacznikowg (znakowanie
enzymatyczne) z wykorzystaniem elastycznych podtozy i reaktywnych kopolimerow;

e weryfikacja uzytecznosci wytworzonych platform w analizie probek rzeczywistych

(surowica krwi) na potrzeby diagnostyki serologicznej COVID-109.

Glowne zadania badawcze zostaty przedstawione w formie graficznej na Rysunku 9.

o

opracowanie nieniszczacej
metody kontroli
jakosci biatkowych
warstw receptorowych
mikromacierzy SPRi

N

3\
Y d -
e S I 2 s =
<
analiza dostepnych metod o o ) )
immobilizacji biatek weryfikacja stabilnosci konstrukcja platform ocena uzytecznosci
umozliwiajacych i gestosci powierzchniowej z wykorzystaniem platform
b unieruchamianie biatkowych warstw elastycznych podtozy w diagnostyce
na roznych podtozach receptorowych i reaktywnych kopolimeréw COVID-19

Rysunek 9. Zadania badawcze wyznaczone w ramach cyklu czterech artykulow naukowych stanowigcych
podstawe rozprawy doktorskie;j.
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Rozdzial 3

3. Komentarz do cyklu artykuléw naukowych bedacych podstawa rozprawy
doktorskiej

Cykl publikacji naukowych, ktore sktadaja si¢ na niniejsza rozprawe doktorska,
przedstawia opis badan nad rozwojem nowoczesnych immunoplatform umozliwiajacych
multipleksowg  detekcje  biomarkerow zwigzanych z  zakazeniami  wirusowymi
z wykorzystaniem dwoch systemow detekceji — bezznacznikowej detekcji SPRi oraz detekcji
spektrofotometrycznej w oparciu 0 znakowanie enzymatyczne. Sag to cztery publikacje
naukowe, z ktorych pierwsza (P1) ma charakter przegladowy, a pozostale trzy (P2, P3, P4)
prezentuja wyniki oryginalnych badan eksperymentalnych.

3.1  Projektowanie warstw receptorowych do zastosowan w immunodiagnostyce [P1]

We wprowadzeniu literaturowym (w podrozdziale 1.3 Strategie detekcji) wykazano, ze
immunosensory z zastosowaniem rezonansu plazmonéw powierzchniowych (SPR) wyr6znia
zdolnos¢ do bezposredniego monitorowania oddziatywan pomigdzy bioczasteczkami w czasie
rzeczywistym bez konieczno$ci stosowania znacznikéw. Ta cecha czyni SPR szczegdlnie
atrakcyjnym i przydatnym narzedziem w projektowaniu warstw receptorowych platform
biosensorowych.

Projektowanie biatkowych warstw receptorowych odpowiednich do analizy probek
rzeczywistych i kompatybilnych z formatami multipleksowymi wymaga dogl¢bnej analizy
dostgpnych strategii immobilizacji oraz zrozumienia kluczowych wyzwan technologicznych,
ktore moga wptywa¢ na proces detekcji. Warstwy te powinny charakteryzowac si¢
adaptowalnos$cig, czyli fatwoscig ich dostosowania do nowych typow receptorow, a takze
mozliwo$cig regeneracji, co pozwala na wielokrotne uzycie czujnika czy immunotestu bez
znaczgcego pogorszenia jego parametroéw analitycznych.

A artykule P1 przedstawiono przeglad literatury dotyczacy najnowszych osiggnigé
1 istniejacych wyzwan w zakresie konstrukcji warstw receptorowych immunosensorow SPR.
Stanowi on niezbedne wprowadzenie do badan eksperymentalnych opisanych w kolejnych
pracach wchodzacych w sktad tej rozprawy. W artykule P1 przeanalizowano i poréwnano

réznorodne metody wytwarzania biatkowych warstw receptorowych, akcentujagc wplyw
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wybranej strategii unieruchamiania receptorow na potencjalne mozliwo$ci zastosowan
diagnostycznych uzyskanego immunosensora. Wykonany przeglad literatury (P1) pozwala
wyr6zni¢ dwie wiodgce grupy metod unieruchamiania receptorow biatkowych. Pierwsza z nich
obejmuje wykorzystanie fizycznej adsorpcji badz chemicznej funkcjonalizacji powierzchni
skutkujgce losowa orientacja wigzanych receptoréw, z kolei druga obejmuje metody
ukierunkowanej immobilizacji wykorzystujace powinowactwo biologiczne.

W artykule P1 podkreslono fundamentalne r6znice pomiedzy strategiami immobilizacji
oraz zawarto szczegotowe omowienie réznych podej$¢ do tego zagadnienia, w tym metod
fizycznych, takich jak adsorpcja elektrostatyczna, i chemicznych, ktore zapewniajg trwate
polaczenie, ale moga wplywac na konformacje i aktywnos$¢ biatek zwigzanych z powierzchnig.
Zwrbdcono szczegdlng uwage na nowatorskie podej$cia umozliwiajace immobilizacje bialek
(zarowno przeciwcial, jak i receptorow antygenowych, w tym biatek rekombinowanych)
z zachowaniem ich stabilno$ci 1 aktywnosci biologicznej, takie jak immobilizacja
z wykorzystaniem bakteriofagéw, bakteryjnych superantygendw czy immobilizacja za pomoca
kotwic DNA (DDI). Wykonany przeglad literaturowy wskazuje na rosnace zainteresowanie
badaczy mozliwo$cig monitorowania procesow zachodzacych na powierzchni sensora W czasie
rzeczywistym oraz wykorzystania metod immobilizacji w oparciu 0 powinowactwo
biologiczne.

W publikacji P1 podsumowano gtéwne ograniczenia w zastosowaniu immunosensorow
SPR do diagnostyki medycznej. Jest to m.in. adsorpcja sktadnikéw ztozonych matryc
biologicznych, ktore moga negatywnie wplywac¢ na wiarygodnos¢ uzyskiwanych wynikow.
Wartym podkreslenia wnioskiem jest rowniez fakt, iz stabilno$¢ chemiczna oraz powtarzalnos$¢
procesu wytwarzania warstw receptorowych ciggle pozostajg wyzwaniami technologicznymi,
ktore moga negatywnie wptywaé¢ na wiarygodno$¢ i odtwarzalnos¢ uzyskiwanych wynikow.
Te wyzwania pozostaja rowniez aktualne wzgledem innych rodzajow immunotestow
czy sensoréw dziatajacych w formacie detekcji multiplex, co podkre$la uniwersalny charakter
przedstawionej problematyki. Aby sprosta¢ tym wyzwaniom, konieczne jest rozwijanie
nowatorskich metod wytwarzania i charakteryzacji warstw immunoreceptorowych, co stato si¢
podstawa badan nad metoda kontroli ich jakosci, opisanych w artykule P3. Z kolei propozycja
odpowiedzi na wspominane wyzwania zwigzane z niespecyficzng adsorpcja sktadnikow probek

klinicznych 1 wydajnoscig procesu immobilizacji przedstawione zostaly w publikacji P4.
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W pracy przegladowej Pl podkreslono, ze sposrod metod wykorzystujacych
powinowactwo biologiczne, DDI wyr6znia si¢ mozliwoscia precyzyjnej kontroli gestosci
powierzchniowej biatek na powierzchni. Ponadto, strategia ta umozliwia efektywna regeneracje
warstw kotwiczacych poprzez zniszczenie dupleksow DNA-DNA stanowigcych glowny
mechanizm kotwiczenia receptoréw biatkowych. Z uwagi na wspomniane zalety strategia DDI
zostata wybrana do dalszych badan, opisanych w artykule P2.

Nalezy w tym miejscu podkresli¢ jednak fakt, ze w istniejacych doniesieniach
literaturowych podejmujgcych temat wytwarzania biatkowych warstw receptorowych
z wykorzystaniem DDI stosunkowo niewielkg uwage przyktada si¢ do optymalizacji sktadu
warstwy kotwiczacej koniugaty DNA-biatko (typowo monowarstwy mieszanej zawierajacej
sondy ssDNA i czynnik blokujacy powierzchnig, tzw. ,,wypelniacz) oraz oczyszczania
uzyskanych koniugatow DNA-biatko z nadmiaru reagentow, w szczegolnosci niezwigzanych
nici DNA. W obliczu doniesien wskazujacych na stosunkowo niewielkg wydajno$¢ sprzggania
nici DNA z grupami aminowymi biatka, a co za tym idzie konieczno$¢ stosowania nadmiaru
DNA w reakcji koniugacji, jego obecnos¢ moze Stanowi¢ istotny, acz jak dotad niezauwazony
problem wplywajacy negatywnie na efektywno$¢ wigzania koniugatow przez warstwe
kotwiczacg [158]. Zbadanie literatury przedmiotu przedstawione w pracy P1 umozliwito
dostrzezenie niszy badawczej, jaka jest ulepszenie metodologii wytwarzania biatkowych
warstw receptorowych z wykorzystaniem DDI. Spostrzezenie to stanowito rowniez asumpt
do sformutowania i pozniejszej weryfikacji hipotezy badawczej dotyczacej mozliwosci
poprawy gestosci powierzchniowej receptoréw biatkowych, a tym samym czutosci
immunosensorow konstruowanych w oparciu o DDI, poprzez optymalizacje sktadu warstwy
kotwiczacej oraz wykorzystanie odpowiednio oczyszczonych koniugatow DNA-biatko
o preferowanej stechiometrii 1:1.

Zgodnie z przyjetymi celami badawczymi, przeglad literatury w artykule P1 stanowit
niezbedne wprowadzenie do badan nad projektowaniem biatkowych warstw receptorowych,
ukierunkowujac je na wybor bardziej zaawansowanych strategii immobilizacji i wskazujac

na potrzebe optymalizacji parametréw tego procesu.
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3.2 Badania nad warstwami receptorowymi w oparciu o hybrydyzacje DNA jako
fundament rozwoju adaptowalnych platform multipleksowych [P2]

Majac na uwadze sformutowany cel niniejszej rozprawy doktorskiej, jakim byto
opracowanie  adaptowalnych  biatkowych  warstw receptorowych przeznaczonych
do multipleksowej detekcji biomarkerow zwigzanych z zakazeniami wirusowymi, praca P2
odgrywa kluczowa role w jego realizacji. Opisane w niej badania koncentrujg si¢
na szczegdlowym zrozumieniu proceséw towarzyszacych immobilizacji bialek za pomoca
kotwic DNA oraz ich optymalizacji na potrzeby konstrukcji nowoczesnych platform
diagnostycznych opartych na tej technologii.

Przeprowadzone badania miaty na celu migdzy innymi weryfikacje hipotezy badawczej
dotyczacej wptywu stechiometrii i czystosci koniugatow biatko-DNA na wydajnos¢ ich
immobilizacji na warstwach kotwiczacych pokrytych sondami zbudowanymi z jednoniciowych
kwasow nukleinowych. W pierwszym etapie badan opisanych w artykule P2 skoniugowano
dwa rodzaje modelowych receptorow — biatko nukleokapsydu wirusa SARS-CoV-2
oraz przeciwcialo przeciwko ludzkiemu biatku C-reaktywnemu — z kotwicami DNA,
a nastepnie przeprowadzono oczyszczenie mieszaniny poreakcyjnej za pomoca chromatografii
jonowymiennej. Metoda ta wykorzystuje réznice w czasach retencji sktadnikoéw mieszaniny
uzyskanej po koniugacji, ktore wynikaja z innych tadunkéw rozdzielanych biomolekut. Dzigki
chromatograficznemu oczyszczaniu udato si¢ oddzieli¢ niepozadane komponenty pozostajace
w mieszaninie reakcyjnej po reakcji sprzggania (Rysunek 1 w publikacji P2 oraz Rysunek S1
w suplemencie do tego artykutu), takie jak wolne, nieskoniugowane biatka oraz DNA. Wptyw
stopnia oczyszczenia koniugatow DNA-przeciwciato na kinetyke procesu DDI zostat zbadany
przy uzyciu SPR, a sensogramy bedace wynikiem przeprowadzonych analiz zestawiono
na Rysunku 2 artykulu P2. Krzywe asocjacji (wynikajace z hybrydyzacji kotwic DNA
z komplementarnymi sondami unieruchomionymi na powierzchni chipa) zarowno wolnego
DNA, jak i koniugatow biatkowych przed i po oczyszczaniu chromatograficznym,
przedstawione na Rysunek 2A potwierdzaja hipoteze, iz niepozadane komponenty mieszaniny
W znaczacy sposob zaklocajg proces immobilizacji receptoréw biatkowych. Charakter
oddziatywania nieoczyszczonych koniugatow z warstwg jest zblizony do oddziatywania
wolnego DNA, co wynika z duzego st¢zenia tej niewielkiej bioczasteczki w roztworze
I przypuszczenia, iz jej przytaczanie jest faworyzowane Kinetycznie wzgledem wigzania duzych

struktur DNA-biatko. Przypuszczenie to znalazto dodatkowe potwierdzenie w wyznaczonych
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statych kinetycznych charakteryzujacych oba wspomniane oddziatywania (Rysunki 2B i 2C
oraz Rysunek S3 w suplemencie publikacji P2). Oddziatywanie kotwic z wolnym DNA
cechowata zaréwno wyzsza szybko$¢ asocjacji (ka = 1,51 - 10° M - s1) oraz nizsza stala
dysocjacji kompleksu (Kp = 1,95 mM) w poroéwnaniu do parametrow opisujgcych wigzanie
koniugatu DNA-przeciwciato (odpowiednio ka = 1,13 - 10° M - s1i Kp = 5,19 nM). Whnioski
z tych doswiadczen jednoznacznie wskazujg na potrzebe doktadnego oczyszczania mieszaniny
poreakcyjnej z niezwigzanych nici DNA.

W toku dalszych badan nad poprawg efektywnosci i stabilno$ci wigzania koniugatow
DNA-biatko przez warstwy kotwiczace w strategii DDl poréwnano rézne rodzaje sond
oligonukleotydowych unieruchomionych na powierzchni ztota na drodze chemisorpcji,
w tym klasyczne DNA oraz jego analogi, tj. PNA (z ang. peptide nucleic acid) i ZNA® (z ang.
zip nucleic acid) (Rysunek 3 w publikacji P2). W przypadku PNA standardowy szkielet
cukrowo-fosforanowy zostat zastgpiony neutralnym chemicznie tancuchem poliamidowym
(polimerem opartym na N-(2-aminoetylo)glicynie), natomiast w ZNA oligonukleotydy
sg sprzgzone z kationowymi jednostkami sperminy. Obie modyfikacje miaty na celu
zmniejszenie odpychania elektrostatycznego pomigdzy komplementarnymi ni¢mi kwasow
nukleinowych, co by potencjalnie zwickszylo stabilnos¢ uzyskanych dupleksow.
Przeprowadzone badania efektywnosci hybrydyzacji immobilizowanych analogow z DNA
W roztworze ujawnily, ze ZNA® pozwala osiggnaé¢ blisko dwukrotnie wyzsza efektywnos¢
hybrydyzacji w porownaniu do klasycznych sond DNA, podczas gdy w przypadku PNA
nie obserwowano wigzania komplementarnej sekwencji (Rysunek 3B w publikacji P2).

Bazujac na wynikach pomiaréw {-potencjatu powierzchni wskazujgcych na odmienny
tadunek powierzchniowy warstw kotwiczacych zawierajacych sondy DNA 1 ZNA®
(odpowiednio -38,2 mV dla DNA i +47,8 mV dla ZNA®) wysnuto hipoteze, ze zastosowanie
kationowej warstwy ZNA® moze korzystnie wplywac na stabilno$¢ dupleksow z DNA, a tym
samym na stabilno$¢ koniugatow biatek receptorowych unieruchomionych w wyniku DDI.
Wykorzystujagc  technik¢ SPR sprawdzono prawdziwo$é takiego zatozenia (Rysunek 5
w publikacji P2). Co jednak zaskakujace, poza wczesniej zaobserwowana, wyzsza wydajnoscia
tworzenia dupleksu ZNA®-DNA, nie zaobserwowano podwyzszonej stabilnosci tego typu
hybryd wzgledem klasycznych hybryd DNA-DNA w warunkach niskiej sily jonowe;.
Podsumowanie badan dotyczacych typow sond oligonukleotydowych, w tym efektywnosci

unieruchamiania sond, wptywu analogow na tworzenie dupleksow, koszt syntezy analogow,
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a takze ich wplyw na fadunek powierzchni zostato zawarte w Tabeli S2 suplementu publikacji
P2. Whnioski z niej ptynace wskazuja na zauwazalnie wyzsza efektywnos¢ hybrydyzacji sond
ZNA w poréwnaniu do klasycznych sond DNA, przy jednocze$nie znaczaco wyzszych
kosztach ich syntezy. W obliczu braku istotnych zalet z punktu widzenia stabilno$ci duplekséw
ZNA®-DNA, w szczegdlno$ci braku odpornosci na obnizong sil¢ jonowa roztworu
(co pozwolitoby obnizy¢ wymagania wzgledem sktadu buforow stosowanych w konstrukcji
immunotestow W oparciu o DDI, m. in. na etapach przemywania), w dalszych badaniach
wykorzystywano warstwy kotwiczace zawierajace sondy DNA.

Kolejnym krokiem w kierunku optymalizacji sktadu warstw kotwiczacych do DDI
byt dobdér odpowiedniego czynnika wypehiajacego. W tym celu poréwnano trzy polarne
ligandy rdznigce si¢ wielkoScig 1 elastyczno$cig strukturalng, tj. 6-merkaptoheksanol
oraz tiolowane pochodne poli(glikolu etylenowego) o cig¢zarze czasteczkowym odpowiednio
800 i 3000 Da. Odpowiedzi SPRi zestawione na Rysunku 6 w artykule P2 wskazuja, iz PEG
o ci¢zarze czagsteczkowym 800 Da dziata skutecznie jako czynnik zabezpieczajacy przed
niespecyficzng adsorpcja biatka obecnego we wprowadzonej do uktadu probee oraz generuje
mniejsze przeszkody steryczne podczas procesu wigzania DNA w porownaniu Z PEG o ci¢zarze
3 kDa. Jednoczesnie sprawdzono roéwniez wplyw gestosci powierzchniowej sond
na uzyskiwane sygnaty SPR pochodzace od hybrydyzacji z DNA. W celu uzyskania warstw
kotwiczacych o roznych gestosciach powierzchniowych sond DNA, byly one
wspotimmobilizowane z tiolowanym PEG-800 jako Srodkiem rozcienczajagcym w roznych
stosunkach molowych. Whnioski z doswiadczenia zilustrowanego na Rysunku 6F wskazuja,
7e ,,rozcienczona” warstwa uzyskana przez koadsorpcje sondy DNA z PEG-800 w stosunku
molowym 1:4 wykazywata o ponad 120% lepszg zdolno$¢ wigzania komplementarnej nici
DNA niz analogiczna warstwa utworzona przez ,,nierocienczong” sondg.

Celem sprawdzenia, czy warstwa kotwiczaca o uprzednio zoptymalizowanym sktadzie
zapewnia odpowiednie warunki do wydajnego i specyficznego unieruchomienia koniugatow
DNA-przeciwcialo poprzez DDI, przeprowadzono sekwencyjne doswiadczenie w ramach
ktorego unieruchomiono poczatkowo wolng ni¢ DNA, a nastepnie koniugaty biatko-DNA a oba
procesy byty zakonczone regeneracja z wykorzystaniem 50 mM roztworu NaOH (Rysunek 7
w publikacji P2). Wykazano wysoka skuteczno$¢ regeneracji, zarowno na etapie zerwania
wigzan w dupleksiec DNA, jak i usuni¢cia powstalych immunokomplekséw po etapie

immunoznakowania zaimmobilizowanych koniugatéw biatek receptorowych. Z kolei brak
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obserwowanych zmian sygnalu SPRi w obszarach stanowigcych referencje $wiadczy
o wysokiej selektywno$ci immobilizacji (ograniczonej wylacznie do wczesdniej
przygotowanych pdl testowych zawierajagcych komplementarne sondy DNA), jak réwniez
wskazuje na brak adsorpcji niespecyficznej biatka receptorowego. Wnioski te wskazujg
na mozliwo$¢ wykorzystania opracowanego w ramach badan protokotu unieruchamiania
receptorow biatkowych poprzez DDI rowniez w warunkach przeptywowych.

Podsumowujgc, badania opisane w pracy P2 dowiodly, iz szczegotowa analiza szeregu
parametrow, takich jak czystos¢ koniugatow biatkowych, rodzaj i gesto$¢ powierzchniowa
sond DNA oraz rodzaj czynnika wypelniajacego wykazuja istotny wplyw na efektywnos¢
wigzania przez warstwe kotwiczacag koniugatow DNA-biatko. Opisane powyzej innowacje
wprowadzone do procedur immobilizacji stanowig nowg wiedze, wazng z punktu widzenia

dalszego rozwoju zaawansowanych platform diagnostycznych w oparciu o DDI.

3.3 Nieniszczaca metoda kontroli jakosci bialkowej warstwy receptorowej w formacie
mikromacierzy SPRi [P3]

We wstepie literaturowym artykutu P3, jak rowniez szerzej we wprowadzeniu niniejszej
Rozprawy (podrozdzial 1.2.3) nakre$lono potrzebe poszukiwania metod kontroli jakosci
biatkowych warstw receptorowych w formatach mikromacierzowych wytwarzanych
w procesach immobilizacji ex situ. Podkreslono, Ze brak doktadnych i nieinwazyjnych narzedzi
do oceny takich warstw stanowi ograniczenie z punktu widzenia ich rutynowego stosowania.

W  czgéci doswiadczalnej artykutu P3  zaprezentowano wyniki badan nad
zaproponowanym nowatorskim podejsciem do kontroli jakosci warstw receptorowych
w systemach SPRi, ktore wykorzystuje odwracalne znakowanie powierzchniowo
unieruchomionych biatek barwnikami anionowymi. Wstepna selekcja barwnikoéw, polegajaca
na zbadaniu kinetyki ich wigzania z zaimmobilizowanym na powierzchni przeciwciatem
kroliczym za pomoca SPRi, wykazata, ze z puli badanych szeéciu barwnikow jednynie Ponceau
S (PS), czerh amidowa 10B (Amido Black 10B, AB) oraz biekit brylantowy G-250 (Coomassie
Brilliant Blue G-250, CBB-G) wykazuja zdolno$¢ do odwracalnego wigzania z biatkiem
(Rysunki S1 i S2 suplementu artykutu P3).

Schemat przyjetej procedury badawczej zilustrowany na Rysunku 1A obejmuje
w pierwszym etapie unieruchomienie modelowych biatek — transferyny i przeciwciata

kroliczego klasy IgG — przy uzyciu klasycznego SPR na powierzchni ztotego przetwornika.
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Proces ten pozwolit na monitorowanie procesu immobilizacji w czasie rzeczywistym
oraz wyznaczenie ggstosci powierzchniowej zaimmobilizowanych biatek. Korzystajac
z Réwnania 1 przedstawionego w publikacji P3, wigzacego zmiang kata rezonansowego i ilo$¢
zasocjowanej na powierzchni masy, mozliwe byto kazdorazowo doktadne okreslenie gestosci
powierzchniowej zaimmobilizowanych receptorow. Przetwornik z unieruchomionymi
receptorami 0 znanej gestosci powierzchniowej przenoszono nastgpnie do aparatu SPRi,
gdzie prowadzano dalsze badania nad ich odwracalnym znakowaniem za pomoca barwnikow.
Sensogram roéznicowy SPRi pokazany na Rysunku 1C ilustruje odwracalno$¢ oddzialtywania
wybranych barwnikoéw anionowych 2z przeciwcialem kroliczym —unieruchomionym
na powierzchni. Obraz CCD uchwycony przed i po znakowaniu potwierdza mozliwosc¢
wizualizacji receptoréw na powierzchni i niespecyficzny charakter oddziatywan barwnikow
z biatkami (zar6wno przeciwciatami, jak i antygenami). Z kolei brak zauwazalnej zmiany
sygnatu SPRi dla stref w ktorych nie zostalo zaimmobilizowane biatko $wiadczy o braku
oddziatywan migdzy barwnikami a podlozem, co potwierdza selektywnos¢ wybranych
znacznikéw wzgledem biatek. Jako alternatywna metode kontroli jako$ci biatkowych warstw
receptorowych w przedstawionych badaniach wybrano specyficzne znakowanie biatek za
pomocg odpowiednio dobranych wzgledem nich przeciwciat (Rysunek S1B w publikacji P3).

W kolejnym etapie prac skupiono si¢ na optymalizacji metody celem uzyskania
mozliwie wysokiej czulo$ci znakowania za pomocg wybranych barwnikow. Rysunek 2A
w publikacji P3 ilustruje wptyw pH medium na czutos¢ odpowiedzi SPRi dla PS, AB oraz
CBB-G. Zaobserwowano, ze najbardziej efektywne wigzanie wszystkich trzech barwnikéw
zachodzi w srodowisku kwasnym, za$§ za optymalne dla PS i CBB-G przyjeto pH 2,0 (bufor
glicyna-HCI) z kolei w przypadku AB — pH 4,0 (bufor octanowy). Celem doktadniejszego
poznania mechanizmu oddziatywania barwnik-biatko w poszczegolnych przypadkach, zbadano
wplyw sity jonowe;j (stezenia NaCl) na odpowiedzi SPRi dla AB oraz CBB-G (Rysunek 2B).
W przypadku czerni amidowej, wraz ze wzrostem stgzenia soli zaobserwowano istotny spadek
czuto$ci znakowania, co potwierdzito kluczowsg role oddziatywan elektrostatycznych
w wigzaniu tego barwnika z biatkami. W przypadku biekitu brylantowego, ktorego wigzanie
opiera si¢ glownie na oddziatywaniach hydrofobowych, zmiana sily jonowej nie miata tak
znaczacego wplywu na czuto$¢ odpowiedzi.

Jako, ze opracowana metoda mapowania biatek powierzchniowych powinna by¢

nieniszczgca dla unieruchomionych receptorow, w toku dalszych badan oceniono wptyw
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oddziatywania roztworu barwnika na zachowanie zdolnosci immobilizowanego biatka
do tworzenia immunokompleksow oraz ogdlng stabilnos¢ warstwy receptorowe;j. Jest to o tyle
istotne, ze sam proces znakowania za pomocg PS i CBB-G jest prowadzony w roztworze
0 niskim pH, typowo stosowanym do regeneracji biatkowych warstw receptorowych (bufor
glicyna-HCI, pH 2,0). Na Rysunku 3 w publikacji P3 przedstawiono analize¢ zmian odpowiedzi
biosensora SPRi na przestrzeni szesciu cykli, w ramach ktorych nastrzyki roztworu CBB-G
poprzedzane byly specyficznym immunoznakowaniem jednego z biatek receptorowych
(krdliczego IgG). Pomiegdzy specyficznym i niespecyficznym znakowaniem wprowadzono
etapy regeneracji warstwy. W przypadku obu modelowych biatek mozna zauwazy¢, ze warstwa
receptorowa tylko nieznacznie traci swoja zdolno$¢ wigzania. Zaréwno w przypadku
immunoznakowania, jak i1 oddzialywania z barwnikiem, zauwazono niewielkie spadki
odpowiedzi (w obu przypadkach spadki po 6 cyklu nie przekraczaty 30% wzglgdem
wyjsciowego sygnatu). Te zmiany zostaty przypisane naturalnemu, stopniowemu procesowi
degradacji i desorpcji warstwy. Rezultaty badan wykazatly, ze nastrzyki roztworu barwnika
CBB-G w buforze o pH 2,0 nie wywotujg istotnej degradacji czy utraty aktywnosci
immobilizowanych kowalencyjnie receptoréw biatkowych, co potwierdza nieniszczacy
dla warstwy receptorowej charakter proponowanej metody kontroli jakosci.

Zbadano takze korelacj¢ miedzy sygnatlem SPRi uzyskanym w wyniku oddziatywania
barwnik-biatko a gestosScig powierzchniowg receptorow. Pozwolito to na oceng uzytecznosci
metody pod katem analiz ilosciowych. Wykresy przedstawiajace uzyskane zaleznoS$ci
dla znakowania transferyny i IgG za pomocg trzech wybranych barwnikow oraz dla
immunoznakowania (jako metody referencyjnej) zostaty przedstawione na Rysunku 4
w publikacji P3. Analiza uzyskanych wynikow wykazata, ze dla wszystkich trzech badanych
barwnikow, a takze dla mapowania z wykorzystaniem przeciwcial, mozliwe jest wyznaczenie
w okreslonych zakresach liniowej zaleznos$ci opisujacej relacje odpowiedzi SPRi i gestosci
powierzchniowej bialek. Zdecydowanie najwyzsza czulo$¢ iloSciowego oznaczenia biatek
powierzchniowych (odpowiednio 6,6 RU/ng - mm? dla 1gG i 44 RU/ng - mm?
dla transferyny) uzyskano przy pomocy znakowania CBB-G. Nalezy jednak zwrdci¢ uwage,
ze uzyskane roznice w czutosciach wzgledem obydwu bialek w przypadku znakowania danym
rodzajem barwnika wskazuja na konieczno$¢ wstepnej kalibracji metody na potrzeby analiz
ilosciowych. Uzyskane wyniki potwierdzity hipoteze, ze przedstawiona metoda moze by¢

stosowana do ilo$ciowej oceny gestosSci powierzchniowej unieruchomionych receptorow.
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W toku dalszych badan wstepnie zweryfikowano potencjat zastosowania opracowanej
metody do mapowania biatek unieruchomionych na komercyjnym podtozu CMD. Podtoze
takie, w przeciwienstwie do wczesniej badanych monowarstw na powierzchni Au stanowi
trojwymiarowg matryce umozliwiajacg uzyskanie znaczaco wyzszych  gestosci
powierzchniowych unieruchomionych biatek, co opisywano szerzej w publikacji P1.
Dzigki temu podloza CMD stanowig zloty standard w analizach biatek za pomoca techniki SPR.
Rysunek 5 w publikacji P3 przedstawia zalezno$¢ sygnalu SPRi uzyskanego w wyniku
oddziatywania barwnik-biatko (Rysunek 5A dla kréliczego IgG, Rysunek 5B dla transferyny)
lub immunoznakowania tych receptoréw zaimmobilizowanych na slajdzie CMD.
Do immobilizacji wykorzystano roztowry biatek o stezeniach: 100 pg/ml - oznaczone jako
stezenie wysokie (H) lub 5 pg/ml - oznaczone jako stezenie niskie (L). Aby doktadniej ocenic¢
iloSciowe zaleznosci, obliczono stosunki sygnatu SPRi uzyskane dla tych dwoch stezen dla
kazdego z bialek. Przyjeto, ze im blizszy jest stosunek odpowiedzi SPRi do stosunku gestosci
powierzchniowych uzyskanych w wyniku kowalencyjnej immobilizacji w warunkach
przeptywowych, tym doktadniej dany barwnik odzwierciedla przedstawione korelacje.

Wartosci uzyskanych wspotczynnikoéw opisujacych relacje pomigdzy sygnatem
a gestoscig powierzchniowg biatka podsumowane w Tabeli 1 w publikacji P3 jednoznacznie
wskazuja, ze proporcje pomiedzy réoznymi gestosciami powierzchniowymi biatek na slajdzie
CMD zdecydowanie najlepiej odwzorowuje ich znakowanie za pomocg barwnika PS.
Przypuszczalnym wythumaczeniem obserwowanego zjawiska jest bardzo szybka kinetyka jego
asocjacji, skutkujgca tatwoscig wysycenia dostepnych miejsc wigzacych w strukturze biatek,
nawet w przypadku ich duzego upakowania na powierzchni. Uzyskane rezultaty stanowig
przestanke $wiadczaca o duzej uniwersalno$ci zaproponowanej metody, jednak jej
implementacja do kontroli jakosci biatkowych warstw receptorowych uzyskiwanych na innych
podtozach wymaga dalszych, bardziej szczegdétowych badan.

Koncowym etapem walidacji opracowanej metody byla ocena uzytecznosci
w zastosowaniach mikromacierzowych. W tym celu przygotowano platforme 0 architekturze
mikromacierzy na chipie SPRi z unieruchomionymi ex-situ transferyng oraz przeciwciatem
kroliczym w postaci pol testowych 0 zrdznicowanej gestosci powierzchniowej. Réznice
te osiggnieto poprzez nanoszenie réznych stezen biatek (od 2 do 200 pg/ml) na wspolne
podtoze. Na Rysunku 6A w publikacji P3 przedstawiono zaleznosci pomiedzy rejestrowanymi

zmianami sygnatéw SPRi w wyniku oddzialywania barwnik-biatko (lub immunoznakowania
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jako metody referencyjnej), a stezeniami receptoréw uzytych do immobilizacji. Ich analiza
potwierdzita, ze kazdy z trzech wybranych do badan barwnikoéw umozliwia wizualizacje,
a takze (w okreslonych zakresach, dla ktoérych zaobserwowano liniowe odpowiedzi) roéwniez
iloSciowg ocene gestosci powierzchniowej biatek receptorowych unieruchomionych
na powierzchni CMD. Brak obserwowanych zmian sygnatu dla pdl testowych
bez zaimmobilizowanego biatka oraz mozliwo$¢ wizualizacji obu bialek w jednym
doswiadczeniu potwierdzaja dodatkowo pozadany, niespecyficzny charakter oddziatywania
barwnik-biatko. Wspomniane zalety stanowig przewage proponowanego rozwigzania
nad immunoznakowaniem.

Podsumowujac, badania opisane w artykule P3 dowodza, ze odwracalne znakowanie
barwnikami anionowymi jest skuteczng i nieniszczaca metoda kontroli jakosci biatkowych
warstw receptorowych w systemach SPRi. Wykorzystanie niespecyficznego znakowania
umozliwia szybka wizualizacje receptoréw oraz ilosciowa oceng ich gestosci powierzchniowe;.
Opracowana metodyka, bedaca najwazniejszym osiggnieciem opisanym w tej publikacji, jest
nowatorskim narzedziem wspierajacym rozwdj platform biosensorycznych w uktadach
mikromacierzowych.

W tym miejscu chciatabym wspomnie¢, ze badania dotyczace wykorzystania
barwnikéw anionowych do mapowania biatkowych warstw receptorowych biosensoréw SPRi
w formacie multiplex byty kontynuowane. Prace te ukierunkowano na sprawdzenie mozliwosci
adaptacji opracowanej metodyki do charakteryzacji warstw receptorowych uzyskanych innymi
metodami, ze szczegdlnym uwzglednieniem immobilizacji z wykorzystaniem powinowactwa
biologicznego. Pokazano, ze jest mozliwe zastosowanie wybranych barwnikow do kontroli
jakosci warstw receptorowych bazujacych na metodzie DDI (opracowanych w ramach
publikacji P2) oraz z wykorzystaniem powinowactwa kaptawidyna-biotyna. Potwierdzono
rowniez, ze znakowanie biatek anionowymi barwnikami (na przyktadzie CBB-G) moze zostaé¢
skutecznie wykorzystane do kontroli gestosci powierzchniowej biatek receptorowych
unieruchomionych kowalencyjnie na podtozach karboksylowanych o zroéznicowanych
architekturach powierzchni. Wyniki zebrano i przedstawiono w manuskrypcie o roboczym
tytule ,,Practical and Mechanistic Insights into Receptor Layer Quality Control in Label-free
SPRi Biosensors Using Click-Biology Approaches”, ktory jest obecnie na koncowym etapie
przygotowania i nie moze by¢ wiaczony do cyklu publikacji bedgcych podstawa przedtozonej
rozprawy doktorskiej.

63



3.4  Platformy immunoenzymatyczne skonstruowane na bazie elastycznych podlozy
PET i reaktywnych kopolimerow [P4]

W tym etapie prac badawczych skoncentrowano si¢ na opracowaniu elastycznych
immunoplatform kompatybilnych z formatem multiplex w oparciu o znakowanie
enzymatyczne. Punkt wyjscia stanowi¢ miaty funkcjonalizowane reaktywnymi kopolimerami
folie PET, za$ celem bylo uzyskanie zminiaturyzowanych, elastycznych podtozy testowych
do wykrywania r6znych klas i podklas immunoglobulin w surowicy pacjentow pod katem
diagnostyki zakazen SARS-CoV-2. Wyzwanie badawcze podjete w artykule P4 wpisuje si¢ w
aktualne trendy diagnostyki medycznej, taczac rozwdj mikroobjetosciowych testow ELISA
z mozliwo$ciami miniaturyzacji i integracji z platformami typu lab-on-a-foil.

Prekursory do wytwarzania warstw reaktywnych kopolimeréw pozyskano w ramach
wspolpracy naukowej z instytutem SCITEC w Mediolanie (grupa badawcza prof. Marcelli
Chiari). Reaktywne kopolimery zawieraty w swojej strukturze odpowiednie grupy funkcyjne
(odpowiednio: - estry N-hydroksysukcynimidowe w polimerze MCP-2 oraz grupy azydkowe
w polimerze Copoly Azide), co umozliwialo kontrolowana immobilizacj¢ czasteczek
posiadajacych w strukturze grupy aminowe i reszty dibenzocyklooktynowe (DBCO) [159].
Struktura 1 szczegdtowy sktad kopolimeréw wykorzystanych w badaniach oraz mechanizm
immobilizacji czasteczek na ich powierzchni zostaly przedstawione na Rysunku S1
w suplemencie publikacji P4.

Multipleksowe platformy diagnostyczne powinny umozliwia¢ wykrywanie réznych
przeciwcial przeciwko wybranym antygenom. W zwigzku z tym, badania rozpoczeto
od selekcji antygenu wirusa SARS-CoV-2, w ramach ktorej stwierdzono, ze platformy
wykorzystujace nukleoproteing (NP) lub domene wigzaca receptor (RBD) jako receptory
biatkowe, oferujg zblizong i wysokg czuto$¢ immunotestow serologicznych. Z uwagi
na omawiang szerzej we wstepie literaturowym (podrozdziat 1.1.1 Biomarkery zakazen
wirusowych) immunogenno$¢ oraz wysoki poziom ekspresji NP, biatko to zostato ostatecznie
wybrane do dalszych badan jako modelowy antygen.

Aby oceni¢ wpltyw rodzaju podtoza i sposobu immobilizacji antygenu na czulo$¢
serologicznych testow immunologicznych oraz niespecyficzng adsorpcje sktadnikow surowicy,
porownano roézne materialy polimerowe w roli podlozy immunotestow. Podczas
eksperymentow zaobserwowano, iz w przypadku unieruchamiania rekombinowanych

antygenow podloze i metoda ich immobilizacji majg o wiele wigkszy wptyw na uzyskiwang
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czuto$¢ immunotestu niz w przypadku immobilizowanych przeciwciat (Rysunek 1, P4).
Dlatego tym bardziej zasadne wydato si¢ poszukiwanie rozwigzan pozwalajgcych na uzyskanie
stabilnego 1 efektywnego dowigzania bialek do roznych podlozy, w tym materiatéw
elastycznych i cienkowarstwowych kompatybilnych z technologiami mikrofluidycznymi.
W odpowiedzi na sformutowany problem badawczy, do opracowania miniaturowych platform
do testow immunoenzymatycznych wykorzystano podtoza z folii PET modyfikowane warstwg
kopolimeru MCP-2 reaktywnego wzgledem grup aminowych biatek.

Potwierdzono  przewage kowalencyjnej immobilizacji na podlozu PET
modyfikowanym MCP-2 nad pasywng adsorpcja, wykazujac wyzsza czulo$¢ testu
serologicznego w obu stosowanych strategiach znakowania — posrednim i bezpos$rednim
(Rysunek 2, P4). Format posredni dodatkowo pozwolit na uzyskanie przecigtnie o ponad 30%
wyzszych sygnatéow dla tej samej probki surowicy zawierajacej przeciwciata IgG przeciwko
nukleoproteinie SARS CoV-2, dzigki dodatkowej amplifikacji sygnatu przez koniugat
przeciwciala drugorzedowego.

Kolejnym etapem badawczym bylo zastosowanie immunoplatformy PET opartej
na MCP-2 do analizy ilosciowej. Przedstawione na Rysunku 3 w artykule P4 zaleznosci
zarejestrowanych sygnatow w funkcji rozcienczen surowicy (3A) oraz stezen przeciwciata
monoklonalnego przeciwko biatku N SARS CoV-2 (3B) w obu przypadkach cechuja szerokie
zakresy zaro6wno dynamicznej, jak i liniowej odpowiedzi. Stanowi to dowdd, iz platformy
skonstruowane na foliach PET pokrytych MCP-2 daja mozliwo$¢ ilosciowej analizy probek
pod katem zawartosci przeciwcial anty-SARS-CoV-2. Dodatkowo, na podstawie krzywej
kalibracyjnej (Rysunek 3B) wyznaczono parametry analityczne testu w formacie
bezposrednim i uzyskano odpowiedz liniowa w zakresie stezen 5-200 ng/ml komercyjnych
mysich przeciwcial monoklonalnych anty-SARS-CoV-2, przy dolnej granicy wykrywalnosci
wynoszacej 2,73 ng/ml.

W celu weryfikacji uzytecznosci diagnostycznej, immunoplatforma na podtozu PET
zostala zastosowana najpierw do wykrywania podklas przeciwciat IgG (IgGl, IgG2, IgG3
i 1gG4) w surowicy pacjenta z potwierdzonym COVID-19, a nastepnie do przetestowania 28
probek surowicy od pacjentow z dodatnim i ujemnym wynikiem testu na COVID-19 pod katem
zawartosci specyficznych przeciwcial klas IgG 1 IgA (Rysunek 4 w publikacji P4).
Przedstawione wykresy pokazuja, ze dla obu wykrywanych klas specyficznych przeciwciat
uzyskane sygnaty (wartosci absorbancji) dla surowic dodatnich sg znacznie wyzsze niz

dla probek ujemnych, przekraczajac przyjeta wartos¢ odcigcia (stanowiagcg srednig z sygnatow
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dla probek ujemnych zwiekszong o podwojone odchylenie standardowe). Podstawowe
parametry diagnostyczne testu dla klas IgA i IgG (Tabela 1, publikacja P4) okre$lono
na podstawie wszystkich 28 probek. Czutos¢ w ujeciu diagnostycznym wyniosta 100% (14/14
probek pozytywnych poprawnie sklasyfikowanych), a swoistos¢ 92,9% (1/14 probek
negatywnych blednie sklasyfikowano jako pozytywng).

Reasumujgc, dotychczas opisane badania w artykule P4 dotykajg szeregu aspektow
aplikacyjnych, dotyczacych wytwarzania podtozy i konstruowania miniaturowych platform
multipleksowych z detekcja immunoenzymatyczng. Niemniej jednak, zaproponowana
metodyka kowalencyjnej immobilizacji z wykorzystaniem reaktywnego kopolimeru MCP-2,
cho¢ wykazuje istotne przewagi wzgledem dotychczas wykorzystywanych rozwigzan, nie jest
w stanie w pelni sprosta¢ wyzwaniom wynikajacym z réznorodnosci strukturalnej antygenow.
Uzyskane wyniki potwierdzity wczedniejsza hipoteze dotyczaca koniecznosci poszukiwania
bardziej uniwersalnych podejs¢ do immobilizacji bialek, tj. takich, ktére pozwalaja
na efektywne unieruchomienie receptoroOw bez brania pod uwagg ich indywidualnej budowy.
Takim podejsciem jest DDI, co zostalo oméwione w artykule P1 i P2.

Na podstawie powyzszych wnioskow, jak rowniez metodyki opisanej w publikacji P2
postanowiono sprawdzi¢ mozliwo$¢ konstrukeji testu immunoenzymatycznego w formacie
multipleksowym na folii PET w oparciu o metod¢ DDI.

Do badan nad implementacja DDI na foliach PET wykorzystano reaktywny kopolimer
Copoly Azide, ktory umozliwia reakcje¢ typu ,.click chemistry” z bioczasteczkami
posiadajacymi grupy dibenzocyklooktynowe (DBCO). W ramach badan wstgpnych
potwierdzono selektywnos¢ procesu kowalencyjnej immobilizacji modyfikowanych DBCO
sond ssDNA na powierzchni reaktywnego kopolimeru Copoly Azide (Rysunek 5A, publikacja
P4). Technika rezonansu plazmonéw powierzchniowych z obrazowaniem (SPRi) umozliwita
Sledzenie w czasie rzeczywistym oddziatywania komplementarnego DNA i koniugatéw DNA-
biatko z tak wytworzonymi warstwami kotwiczacymi. Badanie wykazalo, ze Copoly Azide
skutecznie zapobiega niespecyficznej adsorpcji biomolekul 1 umozliwia stabilne
unieruchomienie sond DNA oraz immobilizacj¢ koniugatow DNA-biatko poprzez
hybrydyzacje, co czyni ten kopolimer odpowiednim do zastosowania jako warstwe przej§ciowa
w procesie DDI na folii PET.

Zarejestrowane zmiany sygnaldow na skutek wigzania koniugatow DNA-biatko
widoczne na sensogramach SPRi (Rysunek 5B, publikacja P4) potwierdzity skuteczno$¢

immobilizacji obydwu modelowych bialek receptorowych (nukleoproteiny oraz przeciwciat
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przeciwko ludzkim 1IgG). Co szczegdlnie istotne, uzyskano gestosci powierzchniowe
receptoréw na bardzo podobnym poziomie, niezaleznie od ich struktury, co stanowi¢ miato
jedna z hipotetycznych przewag metody DDI nad kowalencyjnym dowigzaniem.

Ostatnim elementem prac badawczych, waznym z punktu widzenia celu niniejszej
rozprawy, bylo przeniesienie strategii immobilizacji receptorow bialkowych za pomocg
hybrydyzacji kotwic DNA na podtoza PET kompatybilne z detekcjg znacznikowa. W celu
weryfikacji poprawno$ci dziatania skonstruowanego testu przeprowadzono ilosciowy test
serologiczny przy uzyciu ludzkiej surowicy w réznych rozcienczeniach (Rysunek 6A
w publikacji P4). W pierwszym kroku pozytywnie zweryfikowana zostata specyficzno$é
wigzania analitow przez warstwg receptorowa immobilizowang poprzez DDI.

Dalsze szczegOtowe badania potwierdzajace postulowany przebieg procesu
immobilizacji poprzez DDI (Rysunek S3 w suplemencie publikacji P4) wykazaly,
ze unieruchomienie receptora biatkowego na folii zmodyfikowanej Copoly Azide zachodzi
prawie wylacznie poprzez tworzenie dupleksu DNA-DNA. Potwierdza to fakt,
iz nie zaobserwowano niespecyficznej adsorpcji koniugatow na podlozu pozbawionym
komplementarnych sond oligonukleotydowych. Nastepne doswiadczenie stanowito
weryfikacje¢ hipotezy badawczej dotyczacej mozliwosci tworzenia platform multipleksowych
w oparciu 0 znakowanie immunoenzymatyczne przy pomocy metody DDI jako podstawowej
strategii immobilizacji. Jednoczesna immobilizacja dwoch rdznych receptorow biatkowych
pozwolita na wykrywanie przeciwcial zarbwno w probkach syntetycznych zawierajacych
przeciwciata 1gG ze zrodet komercyjnych, jak i w probkach rzeczywistych (Rysunek 6B
w publikacji P4). Co szczegodlnie wazne, niezaleznie od sktadu matrycy probki, w kazdym
z przypadkow obserwowano jedynie sladowy sygnat pochodzacy z probek kontrolnych.

Wyniki zawarte w publikacji P4 dowodza, ze stanowigce gtdowny element nowoSci
w niniejszej pracy folie PET funkcjonalizowane reaktywnymi kopolimerami w roli podtozy
testow immunoenzymatycznych mogg stanowi¢ wazne ogniwo w rozwoju nowoczesnych
platform multipleksowych do diagnostyki serologicznej. Prostota procesu wytwarzania podtozy
modyfikowanych kopolimerami akrylowymi z reaktywnymi grupami funkcyjnymi
(na przyktadzie MCP-2 i Copoly Azide) oraz ich kompatybilnos¢ z réoznymi metodami
immobilizacji stanowi istotny aspekt sprzyjajacy opracowaniu nowoczesnych, przenosnych
systemOow diagnostycznych. Mogg one znalezé zastosowanie zarOwno w warunkach

klinicznych, jak i systemach typu POCT.
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Rozdzial 4

4. Podsumowanie

Niniejsza rozprawa doktorska, bedaca cyklem powigzanych tematycznie artykutow
naukowych, przedstawia wyniki badan dotyczace projektowania nowoczesnych platform
immunodiagnostycznych do multipleksowej detekcji biomarkerow zwigzanych z zakazeniami
wirusowymi. W ramach pracy przeprowadzono analiz¢ dotychczas wykorzystywanych metod
immobilizacji bioreceptorow i zdefiniowano kluczowe wyzwania z nimi zwigzane
w konteks$cie mozliwosci ich zastosowania w konstrukcji platform w formacie macierzy
biatkowych.

Wykazano, ze metoda DDI moze zosta¢ z powodzeniem wykorzystana
do realizowanego w jednoetapowym procesie unieruchamiania zréznicowanych pod wzgledem
struktury biatek, takich jak przeciwciala i antygeny rekombinowane. Udowodniono,
iz kluczowe znaczenie dla zapewnienia odpowiedniej gestosci powierzchniowej warstw
immunoreceptorowych uzyskiwanych poprzez DDI miatlo zastosowanie oczyszczonych
chromatograficznie koniugatow DNA-biatko o kontrolowanej stechiometrii w roli receptorow.
Badania potwierdzity, ze dobdor odpowiednich komponentdow monowarstwy kotwiczacej,
w tym sktadnikéw niereceptorowych takich jak wypetniacze powierzchni, wptywa na szereg
parametrow zwigzanych z jej funkcjonowaniem. Wybdr jako wypelniacza pochodnej PEG
o cigzarze czasteczkowym okolo 800 Da okazal si¢ dobrym kompromisem pomiedzy
zachowaniem przez warstwe zdolnosci wigzania koniugatéw biatko-DNA a zapewnieniem
ochrony przed niespecyficzna adsorpcja biatek. Przeprowadzone badania z wykorzystaniem
techniki SPR i SPRi udowodnity, iz DDI jako strategia immobilizacji pozwala na szybkie
i odwracalne unieruchomienie réznych biatek receptorowych na powierzchni ztota w formacie
macierzowym. Zastosowanie powinowactwa biologicznego umozliwia rowniez efektywng
regeneracje warstw receptorowych na skutek dysocjacji dupleksow kotwic DNA z koniugatami
DNA-biatko.

Opracowana metoda mapowania i kontroli jakosci biatkowych warstw receptorowych
za pomocg odwracalnego znakowania biatek barwnikami anionowymi umozliwita ilociowa
i jakosciowa charakteryzacje warstw receptorowych w formacie mikromacierzy SPRI,
zachowujac aktywno$¢ biologiczng receptorow. Kazdy z finalnie wytypowanych do tego celu

barwnikow wykazywal unikatowe zalety, takie jak: wysoka czuto$¢ w przypadku Coomassie
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G-250, tagodne warunki znakowania (pH 4,0) w przypadku czerni amidowej 10B oraz duza
labilnos¢ kompleksu barwnik-biatko, ulatwiajaca jego szybkie odmycie z warstwy,
obserwowana w przypadku Ponceau S. Wykazano, iz opracowane metody znakowania biatek
powierzchniowych sg kompatybilne 2z réznymi podlozami typowo stosowanymi
do kowalencyjnej immobilizacji biatek na przetwornikach SPR (w tym z monowarstwami typu
SAM i warstwami 3D =z hydrozelu karboksymetylodekstranu). Nalezy podkreslié,
ze po odpowiedniej modyfikacji opracowane metody daja szans¢ ich stosowania réwniez
w przypadku niekowalencyjnych strategii immobilizacji (takich jak DDI), co byto obiektem
dalszych badan, ktorych wyniki nie zostaty ujete w niniejszej rozprawie.

Zaprojektowano i  przetestowano elastyczne immunoplatformy  uzyskane
z wykorzystaniem folii PET funkcjonalizowanych kopolimerami MCP-2 oraz Copoly Azide.
Przeprowadzona za pomoca bezposredniego immunoznakowania analiza porownawcza warstw
receptorowych ztozonych z immobilizowanych antygenow biatkowych potwierdzita,
iz kowalencyjna immobilizacja bialek na powierzchni folii PET pokrytej MCP-2 pozwala
osiagna¢ Kilkukrotnie wyzsze gesto$ci powierzchniowe receptoréw w porownaniu do pasywne;j
adsorpcji, co przektada si¢ na wigksza stabilno$¢ warstwy receptorowej oraz redukcje
niespecyficznych oddzialywan w testach serologicznych. Badania wykazaty, Zze zastosowane
polimery umozliwiajg efektywna i stabilng immobilizacje receptorow biatkowych, zarowno
w  formacie znacznikowym (wykorzystujagcym  znakowanie enzymatyczne),
jak i bezznacznikowym (z detekcja SPR). Zaprojektowane platformy pozwolity na skuteczng
i wiarygodng analize r6znych klas i podklas przeciwcial w surowicach pacjentéw po przebyciu
COVID-19. Na podstawie wynikéw analiz 28 probek rzeczywistych stwierdzono,
1z immunoplatformy PET cechujg si¢ 100% czulo$cig diagnostyczng oraz 92,9% swoistoscig
w wykrywaniu przeciwcial anty-SARS-CoV-2, co potwierdza ich potencjat aplikacyjny
w diagnostyce serologicznej. Zaimplementowanie strategii DDI na elastycznych podtozach
PET potwierdzilo jej wszechstronnos¢ w  konteksScie detekcji  multipleksowej.
Zademonstrowano, iz elastyczne podtoza polimerowe w potgczeniu z nowoczesnymi metodami
immobilizacji 1 znakowania moga by¢ wykorzystane do rozwoju przeno$nych testow
diagnostycznych typu POCT, umozliwiajacych szybkie i skuteczne wykrywanie zakazen
wirusowych.

Niniejsza praca dostarcza nowych rozwigzan w zakresie projektowania biatkowych

warstw receptorowych oraz wskazuje kluczowe czynniki wpltywajace na ich jakos¢
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1 funkcjonalno$¢. Uzyskane wyniki stanowig solidny fundament do dalszych badan nad

immunoplatformami zgodnymi z wymaganiami nowoczesnej diagnostyki multipleksowej

1 systemow typu point-of-care.

Najwazniejsze osiagniecia badawcze:

Wykazanie przewagi DDI nad klasycznymi metodami immobilizacji pod wzgledem
uniwersalnosci 1 tatwosci unieruchamiania receptorow bialkowych na réznych
podiozach.

Opracowanie i optymalizacja metody DDl do unieruchamiania przeciwcial
i rekombinowanych antygenow biatkowych na podtozach ztotych i polimerowych.
Zaprojektowanie nieniszczacej metody kontroli jako$ci warstw receptorowych,
umozliwiajacej mapowanie gestosci powierzchniowej biatek w mikromacierzowych
platformach SPRIi.

Stworzenie immunoplatform na bazie folii PET funkcjonalizowanych reaktywnymi
kopolimerami do diagnostyki serologicznej oraz wdrozenie strategii DDI

na modyfikowanych podtozach PET w konstrukcji immunoplatform multipleksowych.
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prof. dr hab. inz. Elzbieta Malinowska
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OSWIADCZENIE
Niniejszym oswiadczam, ze w pracy/pracach:

P1 “Recent Advancements in Receptor Layer Engineering for Applications in SPR-Based
Immunodiagnostics” Sensors, Drozd, M., Karon, S., Malinowska, E., 2021, 21(11), 3781,
DOI:10.3390/521113781

P2 “A Careful Insight into DDI-Type Receptor Layers on the Way to Improvement of Click-
Biology-Based Immunosensors” Biosensors, Karon, S., Drozd, M., Malinowska, E., 2024,
14(3), 136, DOI:10.3390/bios14030136

P3 “A Versatile Approach to Quality Control of Protein-based Receptor Layers by
Reversible, Nonspecific Staining for Multiplex SPRi Immunosensing” Sensors and
Actuators B: Chemical, Karon, S., Porycka, K., Lapitan, Jr. L.D., Drozd, M., Pietrzak, M.,
Malinowska, E, 2024, 421, 136512, DOI:10.1016/j.snb.2024.136512

P4 “PET Foils Functionalized with Reactive Copolymers as Adaptable Microvolume ELISA
Spot Array Platforms for Multiplex Serological Analysis of SARS-CoV-2 Infections”
Sensors, Pniewska, S.; Drozd, M.; Mussida, A.; Brambilla, D.; Chiari, M.; Rastawicki, W.;
Malinowska, E., 2024, 24, DOI:10.3350/s24237766

Moj wktad pracy polegat na wspétudziale w opracowaniu metodologii prowadzonych
prac, zapewnieniu finansowania i wsparcia merytorycznego podczas o0goétu
prowadzonych badari, dyskusji merytorycznej otrzymanych wynikéw, wspotredagowaniu
manuskryptow otrzymanych od wspétautorow przed ich wystaniem oraz kluczowe;j roli
przy wyborze czasopism, w ktérych prace zostaty opublikowane.
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Dr inz. Marcin Drozd
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Centrum Zaawansowanych Materiatéw i Technologii CEZAMAT
Politechnika Warszawska

OSWIADCZENIE
Niniejszym oswiadczam, ze w pracy/pracach:

P1 “Recent Advancements in Receptor Layer Engineering for Applications in SPR-Based
Immunodiagnostics” Sensors, Drozd, M., Karon, S., Malinowska, E., 2021, 21(11), 3781,
DOI:10.3390/521113781

Mo6j wktad pracy polegat na opracowaniu ogélnej koncepcji przegladu, napisaniu
podrozdziatow 1.1, 1.3, rozdziatu 2 oraz podsumowania, zapoznaniu sig z literaturg
przedmiotu i zebraniu literatury stanowigcej podstawe wskazanych rozdziatow,
bezposredniemu przygotowaniu edytorskiemu manuskryptu przed wystaniem do
czasopisma oraz prowadzeniu korespondencji z edytorem i recenzentami.

P2 “A Careful Insight into DDI-Type Receptor Layers on the Way to Improvement of Click-
Biology-Based Immunosensors” Biosensors, Karon, S., Drozd, M., Malinowska, E., 2024,
14(3), 136, DOI:10.3390/bios 14030136

M6j wktad pracy polegat na wspdtautorstwie koncepcji badawczej, pomocy przy
wyznaczaniu kinetyki oddziatywania DNA i ich koniugatow z warstwg kotwiczaca,
biezgcym wsparciu merytorycznym doktorantki podczas prowadzonych badan,
bezposredniemu przygotowaniu edytorskiemu manuskryptu przed wystaniem do
czasopisma oraz prowadzeniu korespondencji z edytorem i recenzentami.

P3 *“A Versatile Approach to Quality Control of Protein-based Receptor Layers by
Reversible, Nonspecific Staining for Multiplex SPRi Immunosensing” Sensors and
Actuators B: Chemical, Karon, S., Porycka, K., Lapitan, Jr, L.D., Drozd, M., Pietrzak, M.,
Malinowska, E, 2024, 421, 136512, DOI:10.1016/j.snb.2024.136512

Moj wktad pracy polegat na wspotautorstwie koncepcji badawczej, zaplanowaniu
dos$wiadczen dotyczacych optymalizacji metody znakowania biatek powierzchniowych za
pomoca trzech wybranych barwnikdw oraz demonstrujgcych jej uzyteczno$¢ w analizie
ilosciowej i kontroli jakosci mikromacierzy SPRi. Wspdlnie z mgr inz. S Pniewska petnitem
opieke nad pracg inzynierskg ktorej cze$¢ badawcza stanowita element badan
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wykorzystanych w manuskrypcie (jako kierujgcy pracg dyplomows). Bytem rowniez
odpowiedzialny za bezpo$rednie przygotowanie edytorskie manuskryptu przed
wystaniem do czasopisma oraz prowadzenie korespondencji z edytorem i recenzentami
na etapie zgtoszenia i obu etapach rewizji.

P4 “PET Foils Functionalized with Reactive Copolymers as Adaptable Microvolume ELISA
Spot Array Platforms for Multiplex Serological Analysis of SARS-CoV-2 Infections”
Sensors, Pniewska, S.; Drozd, M.; Mussida, A.; Brambilla, D.; Chiari, M.; Rastawicki, W.;
Malinowska, E., 2024, 24, DOI:10.3390/524237766

Mdj wktad pracy polegat na wspétautorstwie koncepcji badawczej, zaplanowaniu czgsci
doswiadczen obejmujacych wykorzystanie platform do analizy prébek rzeczywistych
(rozszerzenie wczesniejszej wspotpracy z NIZP PZH - PIB), koordynaciji prowadzonych
prac, bezposredniemu przygotowaniu edytorskiemu manuskryptu przed wystaniem do
czasopisma oraz prowadzeniu korespondencji z edytorem i recenzentami. Bytem réwniez
autorem wniosku projektowego i kierownikiem projektu IDUB YOUNG PW, w ramach
ktdérego zapewniono finansowanie czesci badan w publikacii.
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(WydziaV/Katedra/Zakiad)

Politechnika Warszawska

(Uczelnia)

OSWIADCZENIE
Niniejszym o$wiadczam, ze w pracy:

[P3] A versatile approach to quality control of protein based receptor layers by
reversible, nonspecific staining for multiplex SPRi immunosensing Sensors and
Actuators B: Chemical. Karon, S., Porycka, K., Lapitan, L.D., Drozd, M., Pietrzak, M., &
Malinowska, E., 2024, DOI:10.1016/j.snb.2024.13651 2.

Méj wktad pracy polegat na nadzorowaniu prac badawczych, ich czg$ciowym

finansowaniu oraz korekcie manuskryptu.
(a( ( @
OILM

[wtasnorgczny podpis wspétautora)
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Dr. Lorico Lapitan Jr

Department of Medical Diagnostics

Center for Advanced Materials and Technologies
Warsaw University of Technology

STATEMENT OF CO-AUTHORSHIP

I confirm that in the joint publication with S. Pniewska

[P3] Karor, S, Porycka, K, Lapitan, L.D., Drozd, M., Pietrzak, M., &
Malinowska, E. (2024). A versatile approach to quality control of protein-
based receptor layers by reversible, nonspecific staining for multiplex
SPRi immunosensing. Sensors and Actuators B: Chemical
https:/ /doi.org/10.1016/j.snb.2024.136512

I was responsible for preparing carboxylic acid-PEG Self-Assembled (SAM)
monolayers on Au chips and conjugating rabbit IgG via EDC/NHS coupling,
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@ Consiglio Nazionale
delle Ricerche

Istituto di Scienze e Tecnologie Chimiche (SCITEC) “Giulio Natta®

Milan, 31.01.2025

STATEMENT OF CO-AUTHORSHIP

1, Dr. Dario Brambilla, confirm that in the joint publication with S. Pniewska

[P4] Pniewska, S,; Drozd, M.; Mussida, A.; Brambilla, D.; Chiari, M.; Rastawicki, W.;
Malinowska, E. PET Foils Functionalized with Reactive Copolymers as
Adaptable Microvolume ELISA Spot Array Platforms for Multiplex
Serological Analysis of SARS-CoV-2 Infections. Sensors 2024,24, 7766.
https://doi.org/10.3390 /524237766

1 was responsible for optimizing the protocol for conjugating antibodies with ssDNA
sequences, reviewing the manuscript and producing part of the pictures.

boso BrawhMe

Signature

CNR - Istituto di Scienze e Tecnologie Chimiche (SCITEC) “G. Natta®
Via Alfonso Corti n. 12, 1-20133 Milano
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Milan, 31.01.2025

STATEMENT OF CO-AUTHORSHIP

I, Dr. Mussida Alessandro, confirm that in the joint publication with S. Pniewska

[P4] Pniewska,S; Drozd, M.; Mussida, A.; Brambilla, D.; Chiari, M.; Rastawicki, W.;
Malinowska, E. PET Foils Functionalized with Reactive Copolymers as
Adaptable Microvolume ELISA Spot Armay Platforms for Multiplex

Serological Analysis of SARS-CoV.-2 Infections. Sensors 2024, 24, 7766,
https:// doi.org/10.3390/s24237766

I was responsible for the synthesis and the optimization of the polymers employed
for the coating of the PET substrates.

A,nggoméxxé /%{Mjsé(d.

Signature
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Via Alfonso Corti n. 12, 1-20133 Milano
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Warszawa, dn. 26.02.2025
mgr inZ. Karolina Porycka

Szkota Doktorska Politechniki Warszawskiej

OSWIADCZENIE
Niniejszym oswiadczam, ze w pracy:

[P3] A versatile approach to quality control of protein based receptor layers by
reversible, nonspecific staining for multiplex SPRi immunosensing. Sensors and
Actuators B: Chemical. Karon, S., Porycka, K., Lapitan, L.D., Drozd, M., Pietrzak, M., &
Malinowska, E., 2024, DOI:10.1016/j.snb.2024.136512.

M6j wktad pracy polegat na przeprowadzeniu czgéci badari opisanych w publikacji oraz
opracowaniu uzyskanych wynikéw (w ramach realizacji pracy dyplomowej inzynierskiej).
Obejmowaty one wstepna selekcje barwnikdw i podstawowe badania ich oddziatywar z

immobilizowanymi biatkami za pomocg SPRi.
;{a‘/'c? Crig /3//”41
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Warszawa, dn. 25.02.2025r.

Mgr inz. Sylwia Pniewska
Wydziat Chemiczny

Katedra Biotechnologii Medycznej
Politechnika Warszawska

WYKAZ OPUBLIKOWANYCH PRAC NAUKOWYCH DOTYCZACYCH BEZPOSREDNIO
DYSCYPLINY ROZPRAWY DOKTORSKIE) WRAZ Z OSWIADCZENIEM OSOBY
UBIEGAJACE) SIE O STOPIEN DOKTORA O SWOIM MERYTORYCZNYM UDZIALE W
POWSTANIE TYCH PUBLIKAC)I

P1 “Recent Advancements in Receptor Layer Engineering for Applications in SPR-Based
Immunodiagnostics” Sensors, Drozd, M., Karon, S., Malinowska, E., 2021, 21(11), 3781,
DOI:10.3390/521113781

Udziat merytoryczny: zapoznanie siautorstwie koncepcji ¢ z literaturg przedmiotu i
napisanie podrozdziatu 1.2 Antibodies as Affinity Bioreceptors—History and Recent
Trends oraz rozdziatu 3. Affinity-Based, Oriented Ab Immobilization Strategies
(podrozdziaty 3.1. Mediating Proteins: A, G, and A/G, 3.2. Bacteriophages, 3.3. Biotin—
(Strept)Avidin Affinity, 3.4. DNA- and Antibody Directed Immobilization), 3.5. Bivalent lon-
Mediated Chelation of His-Tagged Receptors, udziat w zebraniu literatury stanowigcej
podstawe publikaciji oraz Kkorekta tekstu na etapie revision.

P2 “A Careful Insight into DDI-Type Receptor Layers on the Way to Improvement of Click-
Biology-Based Immunosensors” Biosensors, Karon, S., Drozd, M., Malinowska, E., 2024,
14(3), 136, DOI:10.3390/bios 14030136

Udziat merytoryczny: wspottworzenie koncepcii badawczej, przeprowadzenie
doswiadczen, ktérych wyniki zostaty przedstawione w pracy, w tym wdrozenie W
laboratorium niewykorzystywanego wczesniej w pracach tam prowadzonych protokotu
sprzegania biatek z DNA oraz chromatograficznego oczyszczania koniugatow,
opracowanie wynikow otrzymanych podczas prowadzonych badan, ich analiza oraz
interpretacja, stworzenie czesci rysunkéw zawartych w publikacii, przygotowanie
poczatkowej wersji manuskryptu, korekta tekstu na etapie revision.

P3 “A Versatile Approach to Quality Control of Protein-based Receptor Layers by
Reversible, Nonspecific Staining for Multiplex SPRi Immunosensing” Sensors and
Actuators B: Chemical, Karon, S., Porycka, K., Lapitan, Jr, L.D., Drozd, M., Pietrzak, M.,
Malinowska, E, 2024, 421, 136512, DO1:10.101 6/j.snb.2024.136512

Udziat merytoryczny: wspottworzenie koncepcji badawczej, przeprowadzenie
wigkszosci doswiadczern, ktérych wyniki zostaty wykorzystane w pracy (tj. wszystkich, z
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wytgczeniem wstepnej charakteryzacji i selekcji barwnikéw oraz przygotowania warstw
receptorowych o réznych gesto$ciach powierzchniowych), opracowanie wynikéw
otrzymanych podczas prowadzonych badar, ich analiza oraz interpretacja, stworzenie
czgsci rysunkéw zawartych w publikacii, przygotowanie poczatkowej wersji manuskryptu,
korekta tekstu na etapie revision.

P4 “PET Foils Functionalized with Reactive Copolymers as Adaptable Microvolume ELISA
Spot Array Platforms for Multiplex Serological Analysis of SARS-CoV-2 Infections”
Sensors, Pniewska, S.; Drozd, M.; Mussida, A.; Brambilla, D.; Chiari, M.; Rastawicki, W.;
Malinowska, E., 2024, 24, DOI:10.3390/524237766

Udziat merytoryczny: nawigzanie wspétpracy z migdzynarodowym zespotem
badawczym odpowiedzialnym za syntezg wykorzystanych kopolimeréw (wspétpraca
zainicjowana podczas stazu naukowego zrealizowanego przez doktorantkg |
kontynuowana po jej powrocie), wspéttworzenie koncepcji badawczej, przeprowadzenie
wszystkich doéwiadczen, ktérych wyniki zostaty przedstawione w pracy, opracowanie
wynikéw otrzymanych podczas prowadzonych badan, ich analiza oraz interpretacja,
stworzenie wigkszoéci rysunkéw zawartych w publikacji, przygotowanie poczgtkowej

wersji manuskryptu, korekta tekstu na etapie revision.
£ ) ¢ )
L. LTS

Podpis doktorantki
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Abstract: The rapid progress in the development of surface plasmon resonance-based immunosens-
ing platforms offers wide application possibilities in medical diagnostics as a label-free alternative to
enzyme immunoassays. The early diagnosis of diseases or metabolic changes through the detection
of biomarkers in body fluids requires methods characterized by a very good sensitivity and selectivity.
In the case of the SPR technique, as well as other surface-sensitive detection strategies, the quality of
the transd ucer-immunoreceptor interphase is crucial for maintaining the analytical reliability of an
assay. In this work, an overview of general approaches to the design of functional SPR-immunoassays
is presented. It covers both immunosensors, the design of which utilizes well-known and often
commercially available substrates, as well as the latest solutions developed in-house. Various ap-
proaches employing chemical and passive binding, affinity-based antibody immobilization, and the
introduction of nanomaterial-based surfaces are discussed. The essence of their influence on the
improvement of the main analytical parameters of a given immunosensor is explained. Particular
attention is paid to solutions compatible with the latest trends in the development of label-free
immunosensors, such as platforms dedicated to real-time monitoring in a quasi-continuous mode,
the use of in situ-generated receptor layers (elimination of the regeneration step), and bicsensors
using recombinant and labelled protein receptors.

Keywords: SPR; immunosensor; antibody immobilization; medical diagnostics; gold functionaliza-
tion; non-specific interactions; self nbled monolay

1. Introduction
1.1. Advantages of SPR-Based Immunosensing

SPR detection is classified as a label-free approach in which the generation of a
measurable signal is directly related to the act of binding the analyte by the receptor
layer. This attribute bestows the universality of SPR biosensors, since each molecule
bound to the surface, regardless of its chemical character, can be considered as a specific
signal carrier. Thus, direct detection of interactions by monitoring changes in the surface
plasmon resonance seems to be perfectly tailored to the signal transduction of affinity
sensors, with immunosensors at the forefront. This is an undoubted advantage over the
methods typically used in medical diagnostics, like immunoassays labelled with enzymes,
fluorophores, radioisotopes, and nanomaterials, since in these methods, the introduction
of an additional labelling is inevitable. The need for the conjugation and purification of
secondary bioreceptor complicates and extends the whole analysis. In turn, the extra steps
of antibody/ conjugate binding and enzymatic or catalytic reaction are often required [1].
What is more, for the most common sandwich assay format, the use of a previously selected
and matched antibody pair is required, which is not always achievable for small or unusual
antigens. In such cases, the advantages of SPR-based approaches are the most visible.
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Label-free methods are easier to design, thanks to the simplicity of a sensing mechanism
that naturally mimics the occurring interactions of antibodies with specific antigens. In
turn, the affinity-based mass association on the sensor surface, which induces the change
in the local refractive index is convenient for optical signal acquisition by tracking the
associated SPR resonant angle in a label-free and real time format. Thereby, the analysis
of interactions with layers of immobilized antibodies or antigens on SPR transducers also
provides auxiliary information about the thermodynamic aspects of the immunoreaction
and binding kinetics. Thanks to this, over 30 years from its first application (1990), SPR has
become the gold standard for studying biological interactions and—apart from being used
for direct signal transduction—also acts as a reference tool, which is indispensable in the
development of other classes of affinity biosensors [2].

Molecules within the range of the SPR evanescent wave generated at the interface
between metal (typically gold) and the dielectric (typically a liquid medium—buffer or
tested sample) are responsible for the change of the refractive index (RI), and thus, the
SPR signal depends, to a certain extent, on several factors [3]. The main factor is related
to the molecular mass of the bound object, which is mirrored in changes of the local
RIL The distance of the captured molecule from the Au surface is also important. The
effect of analyte binding on the change in the SPR resonant angle is the most prominent
in the immediate vicinity of the metal, and it decays exponentially as it moves away
from the plasmonic metal surface. For this reason, an analytically useful range of SPR is
not more than 200 nanometers for the classic SPR wave generated on macroscopic, flat
transducers [4] and several tens of nm (~30 nm) for the localized SPR occurring at the
surface of nanoparticles [S].

Modern medical diagnostics, ranging from screening tests for the rapid detection of
civilization diseases’ biomarkers to the detection of viral and bacterial infections, is largely
based on the detection of specific, rare proteins [6~10]. A common feature of most of these
types of molecular targets is their relatively large mass and wide availability of high-affinity
antibodies for their detection. Both features make protein biomarkers attractive SPR targets,
providing the possibility for their direct determination. In a classic format, antibodies play
the role of ligands, and an analytical signal results directly from the act of the specific
binding of the target antigen. This is the preferred format, as it enables detection directly
in samples without additional steps, either during the sample preparation or during the
analysis. However, this does not change the fact that in many cases, it is possible to use
indirect formats, such as a sandwich or competitive/ inhibition SPR assay. In most cases,
it is dictated by the low molecular weight of the analyte or its very low concentration,
resulting in an insufficient sensitivity of the direct assay [11]. However, the immobilization
of an antigen is not always forced by circumstances, and it can be chosen, e.g., when
this format allows for its convenient attachment, which is often the case with labelled
recombinant proteins. Due to the high availability of universal coupling agents and protein
conjugation methods, it is possible to easily adapt the format of the SPR assay, depending
on the requirements of the specific analysis

SPR detectors, like most of the label-free ones available today, do not distinguish
specifically bound analytes from randomly adsorbed interferents. For this reason, SPR
biosensors are particularly prone to problems with non-specific binding during analyses of
complex samples and the determination of the ultra-low concentration level of the analytes,
which are common for medical immunodiagnostics. Problems with the adsorption of
body fluid sample components may be reflected in the deterioration of key performance
parameters, such as baseline stability, limit of detection (LOD), and lifetime [12]. An
insufficient fouling resistance of the immunosensing layer disturbs the sensitivity and
selectivity of the assay defined in biomedical terms, which is understood as the percentage
of false positive and false negative results and may result in a failure of their validation.
This is why so much attention is paid to the appropriate quality of SPR intermediate
immunosurfaces for application in medical diagnostics in the literature [13].
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Since its first application, a number of methods have been developed to employ SPR
for the sensitive detection of bioanalytes in complex samples. The current and main trends
in the development of the SPR-related techniques for biosensing are focused on:

e the development of universal substrates for immunosensing, enabling the simple and
cheap fabrication of high-quality receptor layers, aimed at improving the sensitivity
and selectivity of sensors [14];

e novel approaches to signal amplification, which are particularly important in the case
of the determination of bioanalytes occurring at ultra-low concentration levels and
low molecular weight targets [15];

e new strategies of plasmonic signal transduction (single-particle and transmission LSPR
sensors, Extraordinary Optical Transmission (EOT)-based sensors utilizing plasmonic
nanopores, or sensors using meta-surfaces and metamaterials) [16-18];

e possibility for the simultaneous determination of more than one analyte (multiplexing);

e miniaturization of detectors, development of portable SPR systems for the on-site
detection and adaptation of commonly available instruments to the role of detectors
(e.g., integration of SPR platforms with smartphones) [19];

The ongoing development of SPR-based biosensors, both in the context of improving
key parameters of receptor layers, as well as methods and instruments for data acquisition,
expands the application possibilities of SPR and related techniques in medical analysis.
These aspects are comprehensively discussed in recent reviews [1,5,15] and graphically
summarized in Figure 1.

multiplexing - SPR microscopy
« /imaging

<
SPR-related
techni :> EOT and metamaterial-
Sniques . » based sensors
development "
«

miniaturization - - localized SPR

Figure 1. Current major trends in the development of plasmon-based immunosensors.

1.2. Antibodies as Affinity Bioreceptors—History and Recent Trends

Immunological receptors are commonly believed to be the most powerful recognition
elements for biosensing. Due to their unsurpassed affinity and specificity of interaction
with a variety of molecular targets and universality, antibodies have become the flagship
biological receptors, with by far the broadest application in clinical analysis and biosensors
construction [20]. In 1890, von Behring and Kitasato reported the existence of an agent
in the blood capable of neutralizing diphtheria toxins, and they called it “Antikérper”,
which was later translated as “antibody.” Antisomatogen is the name given to the material
that causes the formation of antibodies, and the word “antigen” is a contraction of this
expression. More than a century of research into the structure and function of antibodies has
highlighted their complexities. Antibodies possess many unique properties, such as a high
diversity (binding to a wide range of targets), specificity, and structural integrity. While
individual immunoglobulins bind a narrow and limited set of ligands, as a population, they
are capable of binding to an almost infinite number of antigens of little or no similarity [21].
Immunosensors are based on the concept of forming complexes, which are a product of
the interaction between antibodies and their targets. Antibodies were first used in sensing
applications in the late 1950s. Their rapid kinetics, specificity, and ability of antigen-binding
in both artificial media and real samples caused their extreme popularity as major parts
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of receptor layers [22]. Antibody—-antigen binding is mediated by the existence of amino
acids at the paratope-epitope interface. It has long been debated whether the interaction
between the paratope of the immunoglobulin and antigen epitope is predictable, as this
breakthrough would completely change medical biotechnology. Nevertheless, this is
currently unknown [23]. The most frequently utilized antibody isotype is immunoglobulin
G (IgG), both mono- and polyclonal. The first one, which is able to bind only a single
epitope, had been the most expensive and desired for years. Nowadays, it has changed
due to the development of genetic engineering techniques and worldwide concem for
animal rights, which resulted in them becoming cheaper. By contrast, polyclonal antibodies
are becoming rarer. Moreover, to avoid batch-to-batch variations, which are common for
antibodies produced in animals, antigen-binding fragments (Fab) produced in bacteria are
used, instead of whole immunoglobulins [24,25]. The expansion of alternatives to classical
antibodies led to the development of novel techniques for their manufacturing, isolation,
and selection, such as phage display [26], artificial cell surface constructs and production
in plants [27], generation of single-chain fragment variable (scFv) [28], among others [29].
Moreover, new types of protein binders have emerged, such as affimers, which are able to
withstand a wide range of temperatures and pH levels [30], or camelid nanobodies—the
smallest naturally-derived fragments, which can bind an antigen [31]. While there are
more replacements for classical or recombinant antibodies and their fragments, such as
aptamers [32], common immunoglobulins are still on top. Their main advantages are their
availability, cheapness, and facility of their conjugation and tagging.

The number of articles that are published on the topic of SPR immunosensors has
rapidly grown in the last few years. The dataset retrieved from the Web of Science database
on 22 May 2021 was based on the following search terms: (SPR OR surface plasmon resonance
AND immunosensor OR immunosensing). It includes 7803 references over the last 5 years
(2017-2021), of which most are in the last 2 years (nearly 2000 each). The advancements
in the field of nanomaterial-based LSPR immunosensors, new formats, and designs of
receptor layers, as well as methods of signal enhancement for sensitive plasmon-based
sensing, are behind this intense increase in scientific output.

1.3. Main Challenges for SPR Immunosensors in Biomedical Diagnostics

Biosensing in body fluids, such as serum or blood plasma, is challenging due to the
occurrence of an undesirable non-specific adsorption, resulting from the complexity of the
sample matrix [12,33]. To provide clinically relevant results, numerous strategies to improve
the analytical parameters of SPR sensors are currently being developed, among which
two main trends can be distinguished. The first utilizes the amplification of the affinity-
based signal by introducing additional labelling steps (e.g., with secondary antibodies,
bioconjugates of plasmonic nanoparticles, and other particles capable of generating changes
in the local refractive index). This strategy has very good results in the case of low-molecular
mass analytes, but it takes place at the cost of an increased complexity of the measurement
procedure and the label-free detection format. The second approach is focused on the
broadly understood improvement of the properties of substrates and layers that play the
role of a transducer-receptor interphase. A number of examples have been described
in the literature, in which the appropriate architecture of the receptor layer’s substrate
affects various aspects of the SPR sensors, starting from the improvement of the sensitivity
of detection (increase of SPR angle shift), through extending the surface available for
bioreceptor binding, and ending with lowering background signals by developing layers
with an ultra-low nonspecific adsorption [12,34,35]. The surface-related approach seems
to be a challenge of particular importance from the point of view of SPR immunosensors,
as it allows the most convenient, label-free working principle to be maintained. The
development of high-quality immunosensing platforms allows us to fully reveal their
greatest potential, i.e,, their application for rapid and real-time diagnostic purposes.

The selection of an adequate immobilization strategy is vital for the success of the
whole SPR biosensing platform. The receptor layer for applications in the analysis of
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complex samples, which meets the requirements of modern medical diagnostics, must be a
compromise between various aspects affecting its analy tical and working parameters. The
most important issues cover:

() The metal-receptor interphase thickness—the introduction of linkers/spacers ensur-
ing the separation of the immunoreceptor from the surface has a positive effect on the
thermodynamics and kinetics of the antibody-antigen interaction. It also facilitates
the surface passivation and minimization of the impact of non-specific binding. How-
ever, an excessive distance of the biosensitive layer from SPR-active surface results in
a significant decrease in sensitivity.

(I) The surface density and architecture of bioreceptors—a high receptor density repre-
sented by protein binding capacity of the interphase is always desirable due to the
increased sensitivity of the immunosensor. However, the use of very dense receptor
layers with an extensive 3D architecture may generate steric hindrances and problems
with mass transport, affecting the response time and the ability of sensor regeneration.

(Ill) The method of the immobilization of recognition elements—compounds used to
passivate the transducer surface should also offer the possibility of a robust, covalent
attachment of the Ab receptor layer. On the other hand, site-oriented immobilization
via affinity interactions (the use of recombinant/ tagged receptors or auxiliary proteins,
such as superantigen-like proteins A, G, and A/G) supports the preservation of the
native form of receptors and the appropriate orientation and exposure of binding
sites.

Both the classic SPR on the surface of macroscopic transducers, multiplexed SPR imag-
ing (SPRi) assays, and the newest plasmonic technique—localized SPR on the surface of
nanomaterials—have become attractive platforms for the construction of immunosensors
for medical diagnostics [17,36]. The mentioned methodologies of SPR-based immunosens-
ing, regardless of the receptor layer design, offer specific advantages and have different
limitations in terms of detection performance. Classic SPR sensors, thanks to the possibility
of differential analysis with the use of a reference cell, enable the efficient suppression
of various types of interferences, both instrumental and related to surface processes. In
addition, such devices typically work in the angular scan mode, which offers the best sensi-
tivity to detect shifts in the resonance angle in a wide range. However, it can be achieved
at the expense of the complexity of the detection system. SPRi immunosensors provide
attractive platforms for the simultaneous detection of multiple analy tes, with the spatially
resolved detection of reflectivity changes. It is typical for this type of device detection
systems, which are based on the analysis of images captured by a CCD camera, to offer
a slightly lower detection sensitivity than an angular scan. In turn, the main advantage
of immunosensors based on the localized plasmon resonance of nanostructures (LSPR) is
the simplicity of the detection system based on transmission measurements by recording
the absorbance spectrum or even by tracking changes in the absorbance intensity at a
fixed wavelength. The analysis of the shift of the LSPR maxima requires a high resolution
of detectors, but they are much easier to miniaturize. Unfortunately, due to the short
range of the LSPR phenomenon, the possibilities of designing immunosurfaces with a high
anti-fouling resistance are limited. However, thanks to the appropriate modification and
use of signal amplification, it is possible to detect small and low-abundant analytes by
means of LSPR immunosensors [5,18].

Biosensors exploiting the unique plasmonic properties of gold, regardless of theem-
ployed format and the signal generation and detection mechanism, require a careful design
of the receptor layer. Therefore, apart from the intensively developed new detection for-
mats, such as the use of gold nanoparticles as plasmonic transducers in LSPR biosensing,
the design of new functional immunosurfaces is still one of the main scientific challenges.
It is worth noting that in recent years many types of label-free immunosensing platforms
founded on Au, Ag, or metal oxides have been developed. These cover, e.g., piezoelec-
tric biosensors based on quartz crystal microbalance, and ultra-sensitive optical sensors
employing surface-enhanced Raman scattering. The SERS phenomenon, thanks to the
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strong amplification of the signal of specific molecules on the sensor substrate by plasmonic
effects, enables the construction of sensors for the detection of bioanalytes characterized by
very low detection limits [7,8].

In a further part of this review, the current state of the art of gold surface modifi-
cations for SPR and other plasmonic-based immunosensing platforms is discussed. The
review focuses on the solutions developed in recent years and the most popular previ-
ously developed approaches in the field of SPR intermediate layers for antibodies and
antigens immobilization—ranging from commercial solutions, through novelties in the
field of self-assembled monolayers, the latest achievements in the field of chemical and
affinity-based immobilization, and nanomaterial-based layers for SPR signal amplification,
to smart layers for multiplex immunosensing. The latest developments and trends in
the field of universal platforms for semi-continuous plasmonic biosensors will be also
discussed. Special attention will be paid to design solutions for and applications of SPR
immunosensors in a direct and competitive format for the direct detection of bioanalytes of
high biomedical importance, such as protein biomarkers, metabolites, or toxins in complex
samples, such as body fluids.

2. Functional Surfaces and Non-Oriented Ab Immobilization Strategies for
SPR Immunosensing

A consistent classification of the currently available methodologies for the design
of functional SPR immunosurfaces is not an easy task, because the engineering of such
interphases is a multistep process. Beyond the type of molecules and other components,
there are numerous methodologies for attaching them to the surface of bare gold chips.
Additionally, a number of protein receptor attachment strategies are offered, including
non-oriented immobilization via adsorption, non-oriented immobilization via chemical
coupling, and affinity-based, oriented immobilization of native and labelled receptors. The
type of intermediate layer used was chosen as the basic classification criterion within this
work. However, in the case of solutions that are difficult to classify (e.g., hybrid approaches,
such as a combination of monolayers and affinity-based immobilization), the review goes
beyond the adopted framework, and the described solutions are discussed in a broader
context. In order to compare the most significant and recent research developments in this
field, methods based on physical /chemical interactions and affinity-based approaches have
been compiled in separate tables that summarize the individual groups of subchapters.

2.1. Passive and Non-Covalent Adsorption

Methods based on the adsorption of antibodies and antigenic receptors on surfaces
are widely used in the construction of immunoassays due to their simplicity of implemen-
tation. Even a bare gold surface shows the ability to bind immunoglobulins and their
fragments [37,38]. A much wider range of possibilities for protein adsorption is offered
by transducers pre-modified with cationic SAMs and polymer layers, e.g,, cysteamine,
APTES, and PDDA [39,40]. The binding of receptors to the surface is mainly determined
by electrostatic interactions between the oppositely charged terminal ammonium and
carboxylate residues of aminoacids, as well as coordination-type interactions. In another
approach, a mechanism based on the interaction of hydrophobic protein domains allowed
for the immobilization of antibodies on SPR substrates coated with hydrophobic poly-
mers. Thin polystyrene layers were used in the construction of SPR immunosensors to
bind antibodies and selected types of antigens (e.g,, virus particles) by Wan der Waals
hydrophobic forces [41]. However, due to the high risk of the inactivation of sensitive
protein recognition elements, as a result of conformational changes during adsorption on
the surface, as well as difficulties in the fabrication of repeatable and homogeneous layers
with a high resistance to non-specific adsorption, such approaches are losing importance in
SPR-based applications. Towards the development of durable and resistant immunolayers
dedicated to applications in flow conditions commonly used in SPR, methods using ran-
dom immobilization via chemical coupling and oriented affinity-based immobilization are
currently dominating [42].

107



Sensors 2021, 21, 781

7 of35

2.2. Covalent Anchoring and Surface Passivation through Self-Assembled Monolayers (SAMs)

While antibodies themselves have the ability to spontaneously adsorb on the Au
surface and chemisorb through terminal cysteine residues (previously converted to the
more chemically active reduced form or after the previous derivatization of terminal lysine
residues by means of Traut's reagent [38,43]), these methods are quite rarely used in the
construction of SPR sensors. The main disadvantage of such an approach is the deteriora-
tion of the Ab binding capacity due to conformational changes caused by the multidentate
interaction with the surface of gold. What is more, such layers are characterized by a
poor homogeneity, moderate reproducibility, and tendency to desorb under shear stress in
microfluidic conditions. Therefore, intermediate layers that allow for covalent coupling
with functional groups of a protein receptor are commonly used [44]. Primary amine
residues, which are more abundant and less demanding in terms of the coupling reaction
conditions than thiol/ disulfide moieties, are most often employed for this purpose.

The easiest approach to the formation of functional SPR interphases reactive in amine-
coupling reactions is the use of the self-assembly of bifunctional, -COOH terminated
thiols [45]. Due to the better passivating properties and ability to form highly ordered
molecular assemblies without pinholes and defects, the most commonly used are linkers
with a long aliphatic chain—mercaptoundecanoic acid (MUA) or mercaptohexadecanoic
acid (MHDA) [46-50]. Detailed considerations on the impact of the used n-alkanethiolate
chain on the capacity of antibody immobilization and antigen-binding efficiency can be
found in the research provided by Bhadra et al. [51].

Beyond w-mercaptocarboxylic acids, in the design of SPR immunosensors, thiol-
terminated amine-reactive prolinkers with terminal NHS ester groups, such as Cr5B and
DSP (disuccinimido dithiobispropionate), are also exploited. The formation of such SAMs
can be followed by a single-step immobilization of antibodies, without the need for prior
activation [52,53]. Apart from bifunctional molecules, simple n-alkanethiols are also used
in the construction of SPR sensors. Layers based on n-octanethiol were employed to
passivate a gold surface or immobilize low-molecular, non-polar inhibitors, and antigens
of non-protein nature by hydrophobic interactions [54,55]. Various strategies exploiting
thiol-based SAMs in the construction of immunosensors for the detection of clinically
relevant analytes are presented in Figure 2.

Even better passivating and protecting properties against non-specific binding to
the sensor surface are demonstrated by ligands with an internal, polar spacer, such as
linear PEG6 [56], dithiolalkanearomatic PEG (S;PEGCOOH) [57], and thiolated PEG linker
DSPEG2 [58]. Thanks to their complex structure, containing both linear aliphatic segments
and flexible or bulky segments, such as a PEG/aromatic ring, such compounds combine
the ability of alkanethiols to form highly oriented, dense assemblies, with flexibility and hy-
drophilicity and thus an anti-fouling capacity of ethylene glycol oligomers. This promotes
the immobilization of antibodies by reducing the negative influence of steric hindrance [59].
Another way to optimally adjust the surface density of anchoring groups for the efficient
immobilization of antibodies is the use of mixed monolayers, in which w-mercaptoalcohols
play the role of a diluent and a surface backfilling. Their presence reduces the surface
charge density, thus facilitating its formation without the negative impact on the perfor-
mance of the Ab coupling reaction, even for -OH/-COOH ratios significantly greater than
1:1, reaching even 1:10. Typically used compounds include mercaptoalcohols with an
aliphatic chain length equal or lower than the length of mercaptocarboxylic linkers [60]
or mixed layers of functional PEGs, like HS-PEG-OH/-COOH [57,61,62]. This approach
facilitates the access of high-molecular-mass receptors (such as antibodies) to the surface.
Terminal hydroxyl groups are responsible for the formation of hydration layers. Hydrogen
bonds that form in contact with the aqueous samples effectively counteract the adsorption
of matrix proteins. Backfilling agents of a longer chain than carboxylate anchors are rarely
used and are mainly used for the immobilization of small receptors (immunosensors in
a competitive format) and in biosensors requiring a very effective suppression of surface
fouling. It should be stressed that long and flexible PEG chains, apart from the natural

108



Sensors 2021, 21, X'81

8of35

hydrophilic barrier, also create a steric barrier, which, additionally, hinders the organization
of layers on the surface due to entropy effects [12]. A detailed discussion of the influence
of SAM composition on the availability of anchoring groups on the surface and the rela-
tion between the design of the SAM surface chemistry and sensitivity of the competitive
immunoassay for the detection of small analytes can be found in the work authored by

Castiello et al [56].

nwm of Chip
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Figure 2. Examples of the utilization of various n-alkanethiolate and mixed SAMs in SPR immur sing. (a) Sch

representation of w-carboxylic acid-based SPR immunosensor fabrication with the use of EDC/NHS coupling, (b) various
bifunctional linkers used for gold surface functionalizationn MHDA / mercaptoundecanol mixed SAM (top), HEGD SAM for
AuNPs self-assembly (middle), and DTSSP linker-mediated conjugation to AuNPs. Adapted with permission from Jena
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et al [49] (under the terms and conditions of the Creative Cor
(2019) Royal Society of Chemistry).
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The same group developed two competitive SPRi immunosensor configurations for
the detection of insulin, glucagon, and somatostatin. In the first approach, antigen was
immobilized on a mixed thiolate SAM. To obtain a high passivation and thus antifouling
properties, 16-mercaptohexadecanoic acid (MHDA) molecules were used as anchors, and
thiol-terminated PEG (CH;O-PEG-SH) was introduced as a surface backfiller. The second
format covers an additional introduction of the auxiliary layer of gold nanoparticles
anchored by a hexa(ethylene glycol) dithiol (HEGD) monolayer on gold to enhance the
sensitivity by plasmonic coupling (Figure 2b). Both approaches were aimed at the formation
of surfaces compatible with the EDC/NHS immobilization chemistry and resistant to
non-specific adsorption, thus enabling an ultra-sensitive, indirect detection of pancreatic
hormones [53,56].

Another method of coupling antibodies/antigens to the SPR chip surface is the use of
SAMs with terminal amino groups. In this approach, 2-amincethanethiol (cysteamine) is
by far the most commonly used building block (Figure 3a) [63-65]. Despite the inability to
form well-defined layers due to the insufficient length of the aliphatic chain, this ligand
finds an application in the construction of immunosensors characterized by a validated re-
liability in typical medical samples. Terminal amino groups on the transducer surface open
up a number of possibilities for the adsorptive and covalent attachment of protein recep-
tors. The most important coupling agents compatible with -NH;-terminated interphases
include glutaraldehyde (coupling with lysine residues through imine bond formation),
EDC/NHS (coupling with carboxyl residues on C-terminal and the acidic amino acids
of the protein), and maleimide (coupling with the thiol residues of cysteine in a reduced
form) [66]. The limited resistance of amino-terminated SAMs towards protein adsorption
is often associated with the necessity of using additional treatments, such as blocking of
the immunosurface with polymers and proteins or the addition of anti-fouling agents (like
dextrans and albumins) to the matrix buffers [46,47]. However, higher aliphatic aminoth-
iols and functional aminothiols with oligoethylene glycol segments are not commonly
used [67]. The smaller variety of the components used in the amino-SAMs can be explained
by the significantly lower availability and high price of the higher aliphatic aminothiols,
compared to their carboxyl counterparts.

Except for the simple, bifunctional thiol-based SAMs, bioinspired monolayers were
also utilized in several examples of SPR interphases. An interesting approach is the use
of monolayers of a short bifunctional peptide, 3-mercaptopropionic acid-His-His-His-
Asp-Asp-COOH (3-MPA-HHHDD-OH). Such an oligopeptide has been introduced to
reduce nonspecific adsorption in SPR-based PSA immunosensors, as described by Breault-
Turcot et al [68]. In a different approach, for the construction of universal biosensor
platforms with a high resistance to non-specific protein binding, the synthetic layer of
the carboxymethyl-terminated and disulfide-cored peptide was elaborated [69]. Short
oligopeptides can be employed not only as a surface passivating agent. Islam etal de-
scribed the application of hexameric peptide ligands showing an affinity to human IgG as
a foundation for an SPR immunosensor layer assembly. The authors demonstrated the Ab-
binding capacity of the devised anchor to be similar to the well-known antibody-binding
compound, protein A [67].
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Figure 3. (a) The architecture of the oligopeptide SAM-based SPR immunosensor, (b) the mechanism of antibody immobi-
lization through the interaction of carbohydrate residue with boronic acid SAM. Adapted with permission from Sankiew icz
etal [70] (Copyright © (2018) Elsevier) and Barsan etal. [71] (under the terms and conditions of the Creative Commons CC

BY License).

To minimize the risk of the abovementioned inactivation of antibodies due to the
attachment via amine groups (abundant in the Fab region of immunoglobulins), other anti-
body functional groups were also hamessed as surface anchors. A very intuitive method
described in the literature is based on the employment of EDC/NHS chemistry in an
inverted format. Gorodkiewicz's group used cysteamine SAMs for the construction of SPRi
immunosensors. Carboxylic groups of antibodies in solution were first subjected to chemi-
cal activation, leading to the formation of reactive N-hy droxysuccinimide esters. Then, the
pre-activated receptors react spontaneously with the surface amino groups [70,72]. Another
method for the partially oriented immobilization of immunoglobulin G is the interaction
of carbohydrates with phenylboronic acids (Figure 3b). IgG antibodies, as glycoproteins,
contain N-glycan residues, located mainly in the Fc region, away from the binding sites.
Such a configuration allows the appropriate spatial orientation of the immunoreceptors
on the surface to be maintained [73]. SAMs composed of 4-mercaptophenylboronic acid
(4-MBA) formed directly on gold [71] and 3-aminophenylboronic acid, immobilized on
modified SPR transducers using graphene oxide carboxyl groups, have been described as
compounds directly responsible for the capture of antibodies [74]. Additionally, amine-
terminated ligands can be employed for carbohydrate-mediated immobilization through
the previous oxidation of polysaccharide residues to aldehydes, followed by Schiff base
formation [75].

2.3. Polymer-Based SPR Immunosensing Surfaces

Besides the abovementioned heterobifunctional thiols and short peptides, other com-
pounds are also widely used as robust backfilling agents. Zwitterionic agents—both
low-molecular-weight and polymeric—benefit from their well-defined charge distribution,
ensuring a high hydrophilicity and suppressive properties against electrostatic interac-
tions with proteins. Polymers such as betain and phosphorylcholine effectively fulfill
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their protective function, ensuring a very low, even undetectable level of protein ad-
sorption (<10 ng/ mm?) from samples such as serum or blood plasma [76]. However,
their implementation in functional platforms for antibody immobilization is difficult,
as it requires the preparation of mixed-type layers by thiolated anchor grafting [77].
Another approach is to use copolymers with zwitterionic segments, e.g., carboxybe-
taine acrylamide [78] and thiolated hyaluronic acid (HA) grafted with the zwitterionic
CPPPPEKEKEKEK peptide [79]. Riedelet al. described the use of a coating with poly[(N-
(2-hydroxy propylimethacrylamide }-co-(carboxybetaine methacrylamide)] in the construc-
tion of a SPR sensor to detect hepatitis B antibodies in saliva. Previously grafted w-
mercaptoundecyl residuals were used as anchors to the chip surface and the antigen
was attached using carbodiimide chemistry to the carboxylate terminal groups of the
copolymer [78].

A number of hydrophilic polymers with functional groups capable of binding to
a gold surface or groups that enable the chemical coupling of immunological receptors
have been employed as interphases in SPR biosensors for clinically relevant analytes, in-
cluding grafted hyaluronic acids [79,80], poly (N-isopropylacrylamide) (PNIPAAM) [63],
poly(2-hydroxyethyl methacrylate) (pPHEMA) [81], polysaccharides, and poly(B-peptoid)s.
Hyperbranched polymers and dendrimers were also used as multifunctional immobiliza-
tion platforms characterized by excellent anti-fouling properties. In work by Becherer et al.,
carboxymethylated dendritic polyglycidol grafted with thioctic amine was employed in
the design of a sensor for the detection of anti-amyloid beta (AB) 1-40 antibodies [82].
In tum, D.E.P. Souto et al. introduced a self~-made 3D matrix based on the PAMAM den-
drimer with an ethylenediamine core for antigen immobilization in the competitive SPR
immunoassay [83]. Due to the development of the surface available for the immobilization
of the C1 protein (acting as immobilized antigen) by the introduction of the dendrimer, a
significantly improved immobilization efficiency was achieved. According to the authors,
the immunosensors in the 3D layers showed more than twice the sensitivity of the assay,
compated to the classic immobilization on cysteamine SAM via glutaraldehyde chemistry.

Another example of an amine-terminated polymer coating for the immobilization of
antibodies has been described by Makhneva et al. The plasma polymerization of cyclo-
propylamine resulted in the coverage of the SPR slide surface with a polymer coating rich
in nitrogen-containing functional groups. The surfaces were activated with glutaraldehyde,
and after the subsequent immobilization of the antibodies, the obtained SPR immuncsensor
was employed to detect microbial cells. As shown in Figure 4a, the developed method-
ology for amine-bearing polymer coating can be successfully applied for oriented Ab
immobilization via protein A or the amine/ thiol-reactive linker, SMCC [84]. By changing
the polymerization precursors to an acetylene-maleic anhydride mixture [85] and 1,2,4-
trivinylcyclohexane (TVC)-tetrahydrofurfuryl methacrylate (THFMA) [86], the same group
also synthesized carboxyl-rich copolymer films and used them as matrices for covalent
antibody immobilization. It was confirmed that the binding capacity of such layers exceeds
mercaptocarboxylic acid SAMs and is comparable to commercial CMD layers, and the
obtained LODs for HSA detection were similar to MUA and 3D dextran-based sensors.

In another approach, a thin film of in situ polymerized dopamine was introduced as a
passivating layer of an SPRi transducer (Figure 4b). The oxidative, UV irradiation-mediated
polymerization of the deposited dopamine allowed a layer with catechol and quinone
moieties to be obtained. Due to their reactivity in the Michael addition and formation of
Shiff bases, this substrate can be used to effectively immobilize proteins through sulfhydryl
and amino groups, without the need for prior pre-activation [87]. The authors showed
the applicability of this substrate for the immobilization of the protein antigen-ochratoxin
A (OTA) conjugate in the construction of a sensor to detect specific antibodies [88]. A
similar layer, but obtained by electropolymerization, has also been applied for the SPR
immunosensing of prostate-specific antigen [89].

112



Sensors 2021, 21, 781

120f35

a) % ‘3 b) Initial PDA film Rich in quinone
oy b4 \:' } Fl o P o o 2 g 3 & R
dutarsidetryde (GA) 11988, 180, 0t 3 ‘;)‘} __3 qn ) o g 0 cn N )
[3 —_— . 4> ,
™ i ' 2 AGAMsaioninees  §ay & nL'J \). ! PDA =4 o — sV —
By et ?’Zg;@' 3004

Anghe [me]

Time [s]

laser

SPR signal

Figure 4. Examples of polymeric interphases employed in SPR immunosensors. (a) amine-terminated cyclopropylamine
plasma polymer, (b) quinone-terminated polydopamine film. Adapted with permission from Makhneva et al. [84] (Copyright
@ (2018) Elsevier) and Chen et al. [89] (Copyright @ (2018) Elsevier).

2.4. Carboxymethyldextran Hydrogels and Planar CMD Surfaces

Carboxyme thyldextran (CMD) 3D hydrogels and planar CMD surfaces are considered
the gold standard within matrices for SPR immunosensing and thus deserve a separate
discussion. Dextran coatings owe their commercial success to the ease of maintaining the
form of a hydrophilic hydrogel, the facility of a controlled introduction of carboxyl groups
into the structure and thus the regulation of the binding capacity, as well as the ability to
control the polymer morphology. Thanks to this, it is possible to obtain universal hydrogel
CMD coatings with different densities, degrees of branching, and surface charges. CMD-
modified substrates are highly compatible with EDC/NHS surface chemistry. Thanks
to the possibility of using a pH-adjustable protein preconcentration on the surface of
previously activated sensors, itis possible to additionally increase the efficiency of covalent
immobilization. In turn, the possibility of using zwitterionic CMD matrixes of a low charge
density enables the efficient immobilization of negatively charged molecules. Another
easily tunable parameter is the length of the dextran chains. For the detection of high-mass
analy tes, planar matrices are typically used. In the case of the detection of small molecules,
to increase the receptors’ surface density (which determines the sensitivity of the assay),
brush-like, 3D matrices with chain lengths of up to 700 nm can be employed. In such
sensors, the hydrogel layer swells. An extensive spatial structure of the polymer matrix
promotes the possibility of target association within a 3D brushed structure and thus
enhances the RI changes responsible for the SPR angle shift as much as possible. Other
examples of hydrogel materials that found applications as antifouling matrices of a high
binding capacity include oligo(ethylene glycol) methacrylates, e.g.,, MeOEGMA, gelatin-
based polymers, and linear polycarboxylates [90]. The use of CMD matrices, despite the
obvious benefits of commercial availability and a high binding capacity, carry some risks.
It is reported that CMD polymer substrates are characterized by a noticeable heterogeneity,
resulting in the formation of regions of uneven affinities and inhomogeneity in terms of
mass transport processes [91]. For this reason, the conscious selection of the substrate
architecture in terms of the surface density and length of polymer chains is so important
from the point of view of both characterizations of molecular interactions and SPR-based
biosensing.

CMD substrates can be used as platforms for the immobilization of both antibod-
ies and protein antigens, as well as for small molecule receptors used in indirect assay
formats [92,93]. For example, He et al. employ the classic carboxymethyldextran (CM5)
medium and EDC/NHS activation to immobilize the carrier protein conjugate (ovalbumin)
with antigen 3-Nitrotyrosine (3-NT). The as-prepared receptor layer allowed for the SPR-
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based detection of this inflammatory biomarker in the competitive assay. The analytical
parameters offered by SPR biosensors exceeded the parallelly developed ELISA [94]. The
robustness of the covalent immobilization, together with the a capability of an efficient
regeneration, results in the wide application of CMD polymer substrates for the detection
of multiple analytes important from the point of view of medical diagnosis [95].

2.5. 2D Nanomaterials—SPR Interphases as Enhancers of the Plasmonic Signal

The unique optoelectronic properties of graphene have found numerous applications
in modern bioanalytics, including the improvement of signal transduction in SPR biosens-
ing. Ultra-thin layers of graphene offer numerous benefits for SPR sensors due to their
high in-plane electron mobility and zero-band gap properties [96]. Covering the surface of
the gold transducer with a thin layer of this material (e.g,, by chemical vapor deposition)
enables a significant increase of the SPR signal due to its capability to amplify refractive
index changes. At the same time, the graphene surface plays a role in acting as a convenient
platform for the immobilization of antibodies. The developed bifunctional linkers are based
on pyrene derivatives implying a m—m interaction with aromatic rings of the graphene
substrate. The use of the commerecially available linkers, 1-pyrenebutyric acid or its NHS
ester, enables a useful way to obtain amine-reactive surfaces for the rapid immobilization
of antibodies [97]. Graphene can also be functionalized both chemically as well as by
adsorption, thus opening a way to directly or passively immobilize through interactions of
the hydrophobic protein domain [98,99]. Several methods for the oriented immobilization
of antibodies/antigens on graphene, assisted by carrier proteins, such as A /G protein or
avidin-biotin interaction, have been recently developed [64]. The introduction of water-
dispersible graphene derivatives, such as GO and GO-COOH, simplifies the preparation of
their layers on gold by enabling the deposition of the nanosheets directly from aqueous
solutions [100]. To attach GO nanoflakes to the Au surface, cationic adhesive layers are
commonly used, such as cysteamine, 3-mercapto-1-propane-sulfonate and cationic poly-
mer PDDA [64,74,101-103]. The binding mechanism involves electrostatic interactions
and reactions of GO epoxy groups with terminal amino groups on SAM-functionalized
gold [64]. Examples of applications of 2D nanomaterial layers as plasmonic enhancers in
the construction of SPR immunosensors are illustrated in Figure 5.

Apart from graphene and its derivatives, molybdenum disulfide (MoS;) has be-
come another 2D material that significantly promotes plasmonic phenomena at the metal-
dielectric interface. MoS; is over two times more efficient than graphene in terms of
optical absorption. This nanomaterial has been recently used in several SPR-based ap-
proaches [104]. SPR immunosensors were developed for the detection of biomarker proteins
using both direct immobilization [105], coupling via terminal -COOH groups introduced
through sulphur vacancies [106], and the decoration of nanomaterial deposited in the form
of nanoflowers on the surface of the SPR transducer with gold nanoparticles [107].

2D Nanomaterials with a structure similar to graphene, which has attracted tremen-
dous attention in recent years are transition metal carbides/carbonitrides (MXenes). Due
to the high content of oxygen functional groups, MXenes are convenient substrates for
the immobilization of biomolecules and, at the same time, make a significant contribution
to SPR signal amplification [108]. The first applications of Ti3C; MXene nanosheets in
SPR immunosensors were described in 2019 and 2020 by Cui’s group. They developed
sandwich-type SPR biosensors for the ultra-sensitive determination of carcinoembryonic
antigen. The proposed, sophisticated mechanism of amplification and detection of plas-
monic signals covered the decoration of MXenes by gold nanoparticles [109] or hollow
nanoshells [110], followed by the protein A-assisted immobilization of anti-CEA antibody.
The additional labelling step provided in sandwich assay format allowed the authors
to determine CEA at the clinically relevant levels with a high sensitivity. Examples of
the harnessing of selected 2D nanomaterials as substrates and signal enhancers in SPR
immunosensors are depicted in Figure 5.
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Figure 5. Carboxylated 2D nanomaterial layers as plasmonic enhancers in the construction of SPR immunosensors: (a)
carboxylated graphene oxide, (b) carboxylated MoS2. Adapted with permission from Chiuetal [95] (Copyright © (2018)
Elsevier), Miyazaki et al. [102] (Copy right © (2018) Elsevier), and Chiu and Yanget al. [106] (under the terms and conditions
of the Creative Commons CC BY License).

3. Affinity-Based, Oriented Ab Immobilization Strategies

As is well known, covalent immobilization carries an obvious risk of deteriorating the
binding properties of immunoreceptors. What is more, chemical coupling through specific
protein functional groups, such as -NH,, -COOH, or -SH, requires the use of high-purity
antibodies/antigens and often results in the need for additional purification by the user.
Therefore, methods involving chemical or biological affinity have become an interesting
alternative to non-selective, chemical, or physical immobilization. The mild and targeted
attachment helps to ensure the optimal spatial orientation of the recognition element, facili-
tates the control of their surface density, and gives greater freedom in the choice of reaction
medium [111,112]. Over the years, many strategies of oriented antibody or recombinant
antigen immobilization have been developed. Most of them have been implemented in the
construction of SPR sensors from other methodologies. This was the case for the methods
adapted from affinity chromatography for the purification of antibodies (proteins A, G,
A/G)[113] and recombinant proteins (nitrilotriacetic acid—bivalent ion chelation via ter-
minal His-tag). Other affinity-based methods, such as attachment via biotin tags or ssDNA
anchor sequences, require the post-synthetic labelling of bioreceptors. Very good, critical
discussions on various aspects of the design of immunosurfaces for plasmonic sensing
have been presented in several reviews, including works provided by De Angelis [66],
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Mauriz [42], and Cheng [35]. The possibilities offered by affinity-based methodologies
in the construction of SPR immunosensors for medical diagnostics, primarily in terms of
universality, miniaturization, and multiplexing, will be discussed in the following sections.

3.1. Mediating Proteins: A, G, and A/G

Proteins A and G are derived from bacteria and possess a strong binding activity
for IgGs. That is why these biomolecules—commonly known as superantigens—offer
the convenient, site-oriented immobilization of immunoreceptors [114]. Regardless of the
specificity of Fab regions, it is possible to obtain highly bioactive layers with exposed bind-
ing sites. Bacterial protein A is a five-binding-domain protein isolated from Staphylococcus
aureus. It captures the Fc portion of humans” and domestic animals’ antibodies, leaving
the Fab fragment accessible for the detection of the antigen [112]. Streptococcal protein G,
which is similar in terms of functionality, contains repetitively arranged domains, where
the COOH-terminal domains bind IgG, and the NH; half residue was found to attach
to human serum albumin. Thus, protein G has a broader spectrum of binding activity
than protein A [115]. Nevertheless, native protein G is able to bind the Fab region of the
antibody, but with an affinity 10 times lower than that towards the Fc region [116]. At
first, these molecules were widely used in affinity chromatography for immunoglobulin
purification. Therefore, their usage for the directed immobilization of antibodies was just
a matter of time. As a non-specific binding between the surface of the metal and bare
protein A is likely to appear, unmodified protein is not a preferable method for immobi-
lization, and other chemical approaches typically need to be employed. The possibility
of manipulating its affinity to antibodies and gold surfaces through genetic engineering,
as well as its compatibility with various pre-immobilization strategies (e.g., carbodiimide
coupling, thiolate, and dithiocarbamate self-assemblies), are behind the widespread use
of this bacterial protein in the construction of plasmonic biosensors and commercial SPR
substrates [66].

In 2003, Lee et al. fabricated an immunosensor that determined bovine serum albumin
in a probe. The device was based on a self-assembled monolayer of modified protein A,
where the surface group of the compound was substituted with thiol functionality. The
modified layer resulted in an increased antibody binding capacity and, with this, showed
a better capture of the antigen [117]. Bakhmachuk et al. developed a bicsensor that was
dependent on the recombinant Staphylococcal protein A, with an added cysteine residue.
Genetic engineering enabled the introduction of the attachment site into an expendable part
of the protein, which increased the immobilization level of the molecule. The interaction
between the thiol group and the surface of the gold sensor chip is much stronger and
more reliable than physical adsorption [118]. Juan-Franco et al. also investigated the
ability of modified protein A to form an appropriate layer for enhanced immunosensing,
The staphylococcal immunoglobulin-binding domains were fused with a gold-binding
peptide (GBP) forming PAG—the protein A gold-binding domain. This modification
provided an easy and directed immobilization of the antibodies against human growth
hormone, where Fab fragments remained freely exposed to the epitopes [119]. Schmid et al.
used thiol-based homobifunctional cross-linker dithiobissuccinimide propionate (DSP)
to covalently immobilize protein A on a gold surface. A sterically accessible, stable, and
uniform antibody coating was achieved (Figure 6a) [120]. Sohn et al. also formed a layer of
protein A on a chip modified with (3-aminopropyl)triethoxysilane (APTES), using a cross-
linker (EDC-NHS) for the site-directed immobilization of the antibodies, and compared the
results with non-activated protein A and a self-assembled monolayer [121]. The greatest
sensitivity of the chip was obtained with protein A activated already with the cross-linker.
The use of a cross-linker is relatively easier in comparison to engineered protein G or A,
and it allows for antigen detection at very low concentrations. Streptococcal protein G
was utilized by Hsu et al. to form a covalently attached layer for the immobilization of
monoclonal antibodies. Three types of antibodies against pentamer C-reactive protein
(CRP) and modified CRP were used for the subsequent detection of these molecules. No
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false signals were observed, and a sufficient sensitivity for the detection of this biomarker
in biomedical samples was acquired [122].

(mld carrier
X=X
Cross-linker (DSP)

X.

%

B

Antigen

Au(lll)
Protein A

AuNPs

TY

IgG Anti-IgG

Figure 6. (a) Scheme of an SPR immunosensor construction based on the attachment of protein A to a gold surface through
bifunctional DSP as a cross-linker, (b) functionalization of the terminal amino groups of protein A with carbon disulfide
and direct immobilization of the carrier on gold by means of a dithiocarbamate assembly. Adapted with permission from
Schmid et al. [120] (Copy right @ (2006) Elsevier) and Paiva etal. [123] (Copyright @ (2017) Elsevier).

In another approach, to increase the affinity of protein A to a gold surface without the
need for a complex chemical modification or the use of recombinant protein, a simple, one-
pot covalent immobilization via dithiocarbamate (DTC) chemistry was proposed [123,124].
In this strategy, the carrier protein was reacted with aqueous, alkaline carbon disulfide,
which converts primary and secondary amino groups of protein A to dithiocarbamate.
This simple functionalization allowed DTC-terminated molecules capable of bivalent
interactions with gold to be obtained, involving the introduced sulphur atoms. The use
of protein A functionalized the DTC chemisorption on flat transducers [124] and on the
surface modified by introducing gold nanoparticles [123], which paved a way to the
efficient immobilization of model antihuman IgG antibody and the use of an as-obtained
platform in SPR-immunosensing (Figure 6b). This method has been also considered for the
attachment of another intermediate protein—avidin—to a gold surface [66]. However, to
date, it has not been used for the direct immobilization of protein receptors.

Bacterial mediator proteins and their bioconjugates are often applied in combination
with other strategies aimed at improving the versatility or performance of SPR immunsur-
faces [42]. Jung et al. developed a biolinker, which was a conjugate of protein G and DNA
for the site-directed immobilization of antibodies. Single-stranded DNA oligonucleotides
were attached to a gold surface, which enabled the hybridization of the complimentary
oligonucleotide coupled with protein G. This form of immobilization resulted in a better
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oriented layer and greater ability to bind an antigen in comparison to the chip, where pro-
tein G was immobilized via chemical bonding [125]. More examples of spatially resolved
protein attachment via DNA-directed immobilization is contained in chapter 3.4. Oh et al.
fabricated a monolayer of protein G due to the chemical binding on a gold surface, which
was modified with 11-mercaptoundecanoic acid (MUA). Antibody immobilization through
protein G resulted in the construction of immunosensors for the detection of four kinds of
the pathogens: E. coli, Y. enterocolitica, S. typhimurium, and L. pneumophila [126].

To further improve the anti-fouling properties of an antibody layer immobilized
through thiolated protein A and backfilled with 3-mercapto-1-propanol, an additional,
post-immobilization surface passivation with a cationic lipid membrane composed of
ethylphosphocholine (EPC+) was also employed. The devised receptor layer combines
the advantages of oriented antibody immobilization with an improved resistance to the
adsorption of components of undiluted human plasma. The applicability of such an
immunosensor for the detection of IgG antibody and cholera toxin in plasma samples
was confirmed [127]. Biomimetic immunosensing interfaces based on lipid bilayers have
also been implemented to functionalize SPR transducers. Almeidaetal. described a layer
made of common, amine-terminated phospholipids and cholesterol, which exhibits a high
resistance to non-specific adsorption. The deposition of an appropriate composition of
previously prepared lipid vesicles allowed for a rapid formation of bilayers, which are
flexible but stable enough to be implemented in SPR measurement conditions. The additive
of 5% decanethiol was responsible for the anchoring of the bilayer to the gold substrate,
while exposed phosphate groups enabled the immobilization of protein through amine
coupling, with the use of EDC/NHS chemistry [128].

3.2, Bacteriophages

Bacteriophages, also known as phages, are viruses that infect bacteria and the most
abundant form of life on the planet [129]. They are extremely stable, and it is very easy
to modify them, both genetically and chemically [130]. Due to these characteristics, they
have become of considerable interest as probes for biosensing. Non-lytic and filamentous
phages (those which do not lyse bacteria immediately after infection, are able to incorporate
their genome into the host cell, and remain latent for a very long time) can be used as
scaffolds for the binding of target moieties after chemical or physical functionalization.
Both lytic and non-lytic genetically engineered phages were fabricated as an element of a
biorecognition layer, and they can thus be successfully implemented in the construction of
affinity biosensors [131].

Phage-derived biorecognition elements, such asphage-display peptides (the most
recent) and elder, phage receptor-binding proteins or whole viral cells, are becoming more
and more popular due their easy production, simple immobilization, rigidness, and ability
to withstand very harsh conditions, such as high temperatures [132]. It is possible to insert
the gene encoding the protein of interest into the phage’s genome, and then this particle is
displayed as a fusion protein in the coating of the bacteriophage. Phage display is widely
used for screening, but this technique is also suitable for biosensing as-obtained phage
clones demonstrate peptides, proteins, and antibodies with the desired affinity for the
It has been shown that phage display-identified peptides frequently bind to functional
sites of the target proteins, rather than incidentally. Thus, non-specific interactions are
rare [133]. Moreover, as there is a charge difference between the head of the bacteriophage
(negative) and its tail fibers (positive) the site-directed binding using electrostatic forces is
one of the most popular approaches of phage immobilization, after covalent coupling [134].
The general application of bacteriophages towards biosensors may be grouped into three
categories: (a) specific peptides displayed on the surface of non-lytic phages’ coats due
to genetic engineering for target analyte detection; (b) lytic bacteriophages that disrupt
the host, causing a release of bacterial cell markers and, afterwards, their detection (phage
acts like an antibody); and (c) phages as scaffolding material for the immobilization of
functional molecules [135].
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Nanduri et al. developed a real-time biosensor, which was based on the layer of phage
1G40 immobilized on the gold surface of an SPR chip via physical adsorption. The detection
of beta-galactosidase was possible due to the specificity of filamentous bacteriophage to
this model antigen [136]. In the same year, they examined an SPR immunosensor for the
identification of L. monocytogenes. Bacteriophage Lm P4:A8, which expressed a single-
chain variable fragment antibody against transmembrane protein exposed on the bacterial
surface, was immobilized on the chip due to physical adsorption. Low detection limits
were achieved, and the whole process was effective and simple, as it did not require
additional reagents or complex chemistry [137]. Karoonuthaisiri et al. used filamentous
phage M13, which expressed 12-mer peptides for the detection of Salomonela [138]. Naidoo
etal. studied a similar approach, and they used immobilized phages T4 and P22 for
bacterial detection. Nevertheless, the adsorption to the surface was highly heterogeneous
due to the phage clustering at higher surface densities, which ultimately limited the ability
to capture the target [139].

Unluckily, phage display is a laborious and time-consuming technique requiring
skilled researchers and additional equipment. Therefore, phage-based layers used in SPR
immunosensors are not common and well-studied yet. However, their simplicity, robust-
ness, rigidness, and stability make them a valuable and promising approach. However,
there is a phage for each bacteria. Thus, bacteriophages are a cheap alternative to anti-
bodies. Nonetheless, an attractive aspect is the possibility of using phages in the current
development of immunosensors. Phage displays are gaining popularity as tools for the
selection of synthetic antibodies or for screening antibody-biomarker interactions for both
therapeutic applications and immunosensing [140,141].

3.3. Biotin—(Strept)Avidin Affinity

Biotin (Bt), also known as vitamin H, is a tiny water soluble molecule produced by
many prokaryotic organisms and plants [142]. Biotin/avidin or biotin/streptavidin inter-
linkage is a non-covalent method of substrate immobilization to the chip surface with a
high affinity. Biotinylation—attachment of the biotin to a protein, such as an antil
can be done both invivo and in vitro [143]. Biotinylation in vivo is accomplished at the
genetic level by fusing the gene encoding the protein of interest to the gene-coding biotin,
ie., the desired fusion tag. This phenomenon uses microbial vectors and tools of genetic
engineering. Tagging in vitro can be obtained through the usage of chemical reagents or
enzymes, such as biotin ligase from E. cali [144]. Streptavidin (Sa) and avidin (Av) are
thermostable homotetramers that bind molecules of biotin with Kq ~10~%¢ M (streptavidin)
and K4 ~10~1% M (avidin). The first one is derived from Streptomyces avidinii. It is resistant
to a high pH and is intransigent to degradation when exposed to enzymes and denatur-
ing agents. Avidin is extracted from the oviparous vertebrates’ eggs. The non-covalent
interaction between biotin and these proteins is of great strength and specificity. It is
approximately 10% to 10° times greater than antigen-antibody binding [145,146]. As avidin
possess additional carbohy drate moieties—three N-acetyl glucosamine residues and four
mannose in each unit—its pl is higher, resulting in a positive charge of the physiological
PH, which causes a non-specific binding to the surfaces and molecules of the negative
electrical charge, even though its interaction with biotin is the strongest biological binding
ever described [147,148]. The immobilization of the protein of interest on the chip surface
through the biotin/(strept)avidin interaction is simpler in comparison to covalent cou-
pling [149], and (strept)avidin-coated sensor chips are commercially available (Biacore,
Reichert Technologies, XanTec, Sofchip).

Dutra et al. used a carboxymethyldextran-modified gold chip covered with covalently
coupled streptavidin forming a monolayer for the attachment of biotin-tagged anti-troponin
T monoclonal antibodies. An immobilized layer together with an SPR apparatus served
as an immunosensor for human cardiac troponin T. This method enables identification
in real-time, with a detection limit around 0.01 ng/mL, which is comparable to ELISA
methods [150]. There are many other approaches where biotin/streptavidin interactions
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were used together with SPR to form an immunosensor for the detection of moieties of
biological origin or for studying the interplays between them, e.g,, markers [151], hep-
arin [152], hormones [153], and viruses [154,155]). An example of a hybrid architecture
combining the use of oligo(ethylene glycol) methyl ether methacrylate backfilling and
affinity-based immobilization via avidin-biotin interaction is the SPR biosensor described
by Parrillo etal. The employment of a thick polymer brush reduced non-specific adsorption,
thus enabling analysis of blood plasma. At the same time, the biotin tag, which has been
easily introduced by alkyne-azide cycloaddition, opened the way to the fast and effective
anchoring of labelled immunoreceptors (Figure 7) [90].
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Figure 7. Schematic of a hybrid, multilayer SPR substrate composed of an antifouling poly mer brush and biotin-captured
streptavidin for the immobilization of biotinylated antibody. Adapted with permission from Parrillo et al. [90] (Copyright ©
(2017) Elsevier).

Beyond receptor immobilization, biotin/streptavidin interactions are also used to
increase SPR signals [156-159]. Usually, the use of a dextran matrix results in its enhance-
ment, but it does not affect the improvement of the sensitivity. Thus, analytes of a low
molecular mass become undetectable. Pei et al. checked that the biotinylated protein-
streptavidin complex is massive enough to amplify the response signal, inducing a boost
of the detection sensitivity. In their studies, human immunoglobulins were detected at a
level of 5 ng/mL [158].

In 2020, Sun et al. proposed another strategy, using biotin/streptavidin interlinkage
to enhance the SPR signal. They applied “one-pot”-prepared bioconjugates of streptavidin-
tagged antibodies and biotin-labeled phenylalanine nanoparticles. They prepared biotiny-
lated phenylalanine monomers, which, in mild conditions, were able to self-assemble
into nanoparticles. Subsequently, these nanoparticles were used as transporters of the
complexes of antibodies tagged with streptavidin due to the strong biotin/SA interac-
tion. Because of the high molecular weight of the conjugates, the SPR signal was am-
plified. Prostate-specific antigens were used to determine goal concentrations as low as
1 pg/mL [160].

Due to the high binding affinity of biotin and streptavidin, the process of their dis-
sociation is extremely difficult. Consequently, reusing streptavidin-modified surfaces is
practically unachievable. Li et al. described a new approach that enables the reuse of a
streptavidin-coated SPR biosensor chip. They tagged an antibody against mature bovine
prion protein with a nano-tag and streptavidin-binding protein (SBP) [161]. A nano-tag
is a dozen amino acids of long protein that possess a constant dissociation below 17 nM
while binding to streptavidin [162]. SBP is a 38 amino acid tag of Kg ~2.5 nM, which
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can be eluted natively with biotin, enabling conditions for the purification of the pro-
teins [163]. As both proteins have a weaker capacity of the streptavidin attachment, but
they remain highly specific, itis possible to perform repeatable regenerations with a diluted
NaOH solution, without losing the activity of the chip [161]. Another approach utilizes
captavidin—a derivative of avidin that possess nitrated tyrosine in the site-binding biotin.
While the specificity of the interaction remains the same, this modification enables the easy
dissociation of the complex at pH 10.0. Garcia-Aljaro et al. showed that captavidin can be
immobilized on the surface of the SPR sensor chip and then effectively take up to nine serial
capturing and regeneration steps [148]. Regenerable (strept)avidin has become of great
interest, and nowadays, researchers are discovering new mutants for the best combination
of the properties, such as a high binding capacity, low level of nonspecific adsorption, and
good stability [164].

The attachment of the biotin molecule to antibodies typically requires a separate,
in vitro reaction, with the use of previously purified immunoglobulin. Despite this com-
plication, the unmatched robustness of this interaction, as well as the multivalence of the
avidin molecule (containing four binding sites), opens up many possibilities of using both
simple (Av-modified surface + biotinylated receptor) and sandwich formats (Bt-modified
surface + regenerable avidin + biotinylated receptor—see Figure 7). As shown above, a
particularly interesting trend increasing the suitability of the platform for future SPR-based
diagnostic applications is the use of an Av-Bt interaction, in combination with other solu-
tions, with the aim of improving the performance parameters of immunosensors, including
site-oriented immobilization, fouling-resistant layers, and SPR sensitivity enhancement.

3.4. DNA- and Antibody Directed Immobilization

Along with the development of automation and the progressive miniaturization of
plasmonic sensors, new aspects have been playing an increasingly important role in recent
years. The possibility of the fabrication of universal and fully regenerable receptor layers
seems to be at the forefront. This idea allows the difficulties related to the sensitivity of
the immunoreceptor layer to—often harsh—conditions required to destroy the antibody-
antigen interaction to be overcome. In such a case, an attractive alternative to regeneration
is the removal of the entire receptor layer and its reconstruction with the use of rapid
and controllable methods of molecular self-assembly, such as “click biology”. Beyond the
already mentioned regenerable avidin, this strategy can be also accomplished by means of
DNA- and antibody-directed immobilization [165].

Immobilization of the proteins through DNA was first described in the early 1990s.
Due to the large-scale production and physicochemical stability of this molecule, and
therefore its easy storage and widespread usage, DNA has become of interest in relation
to site-directed immobilization on solid supports. This nucleic acid does not affect the
biological activity of the protein, and the process of the conjugation requires mild conditions.
Moreover, DNA is a great anchor, because it behaves like a rigid elastic rod in hydrated ionic
liquids [165,166]. Oligonucleotides carrying thiol groups can be simply attached to the gold
surface of an SPR chip, and then Watson-Crick base pairing enables the hybridization of a
complimentary oligonucleotide, resulting in the immobilization of the DNA-tagged protein
of interest. The main advantages of DNA-directed immobilization (DDI) are its specificity,
stability, effortlessness, versatility, high surface coating density, and the possibility of
regeneration via a simple denaturation protocol [165].

In 2004, Ladd et al. constructed an SPR biosensor with a functionalized surface for
multichannel detection. The self-assembled monolayer of oligoethylene glycol and biotiny-
lated alkanethiol on the gold chip enabled the coupling of single-stranded DNA through a
streptavidin bridge. The DNA-tagged antibody against human chorionic gonadotropin
(hCG) was immobilized on the surface by a hybridization process [167]. Four years later,
they used a similar approach for the simultaneous detection of the DNA and proteins in
the probe. Instead of additionally using a biotin-streptavidin bridge, thiolated oligos were
used for micro-spotting, The biosensor consisted of eighteen spots for the identification of
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four different DNA sequences and for two proteins: human chorionic gonadotropin (hCG)
and follicle stimulating hormone (FSH). For the detection of hormones, conjugates of an ap-
propriate antibody and complimentary DNA were used [168]. Bombera et al. designed and
constructed a DNA-DNA-antibody SPR biochip for real-time cell sorting, Using the same
device, it was possible to investigate both molecular and cellular interactions. Anti-CD19
and anti-CD90 IgGs were chosen for capturing B and T lymphocytes, respectively. The
utilization of restriction endonucleases enabled the enzymatic cleavage of DNA-protein
conjugates, resulting in the monitored release of the cells [169]. Leroy et al. examined an
analogous approach to DDI for cell sorting. Additionally, a sensor chip was assembled
in a microfluidic device, which was integrated with SPRi. Targeted release was possible
due to the laser-induced heating [170]. Piliarik et al has described the SPR immunosensor
exploiting site-selective DNA-directed immobilization of antibodies against human chori-
onic gonadotropin (hCG) and activated leukocyte cell adhesion molecule (ALCAM), as
biomarkers abundant in blood plasma [171]. DNA conjugates of low-molecular-weight
antigens were also employed in the construction of SPR biosensors in a competitive format,
as in the case of the immunosensor described by Tort et al., where a steroid-oligonucleotide
conjugates line was used as recognition elements [172].

A similar system based on antibody-directed immobilization (ADI), which offers the
rapid regeneration of the receptor layer dependent on the reversible antibody-antigen
interaction was described by Kim et al. The developed immunoreceptor layer for the real-
time monitoring of biomarkers involves the Ca?* ion-dependent binding of the calcium-
binding protein (CBP) conjugate and a monoclonal antibody specific to creatine kinase-MB.
The Ca?*-switchable capturing of CBP by an auxiliary, surface-tethered antibody enabled
the facile and reversible control of the engagement and disengagement of the captured
antibody conjugate on the SPR chip surface. This approach does not require the use of harsh
conditions during the regeneration step and thus preserves the long-term viability of the
receptor layer. The authors provide an universal system based on the exchangeable capture
antibody for semi-continuous immunosensing [173]. Another example of antibody-directed
immobilization is the use of anti-his-tag antibodies. Such versatile immunosurfaces show
the ability to bind a wide range of recombinant proteins and antibodies, while offering the
simplicity of their replacement by means of conventional regeneration methods known
from antibody—-antigen interactions. This solution is currently used in the SPR screening of
new variants of polyhistidine-tagged scFvs [174]. However, in the near future, itwill also
be possible to implement it for immunosensing. The selected formats and applications of
DDI and ADI in plasmonic immunosensing are shown in Figure 8.

The prospect of creating multiplex immunoassays is of exceptional value, as the
conventional fabrication of arrays for the detection of dissimilar proteins requires differ-
ent chemistries of the surface. The greatest challenge of DDI that has to be faced is to
find the method of oligo-protein conjugation that possess a high efficiency and, subse-
quently, has a simple and rapid purification. Additionally, the coupling of multiple DNA
strands to a single protein is unlikely to be avoided. Thus, the technique for obtaining
the highest yields from mono-conjugated products is costly. In recent years, “click” reac-
tion copper-free alkyneeazide cycloaddition using cyclooctyne (DBCO) reagents turned
out to be a promising alternative to the classic carbodiimide and maleimide coupling
in the biofunctionalization of protein receptors using various components and tags (in-
cluding ssDNA) [90,175,176]. Together with the dedicated systems of chromatographic
purification, this enabled the popularization of DNA-protein conjugates in the construc-
tion of immunoarrays and their use in commercial systems for studying intermolecular
interactions [177,178].
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Figure 8. Various concepts of DNA-directed immobilization in the construction of SPR immunosensors (a) immunceensor
based on DNA anchoring via Av-Bt affinity, (b) direct SPRi assay for the detection of lymphocytes, employing DNA
hybridization in sandwich-like format, (c) competitive SPRi immunoassay with the use of DNA-steroid conjugates, (d)
immunceensor using Ca®*-dependent antibody-directed immobilization. Adapted with permission from Ladd etal [167]
(Copyright @ (2004) American Chemical Society), Leroy et al. [170] (Copyright © (2004) Royal Society of Chemistry), Tort
et al [172] (Copyright @ (2012) American Chemical Society), and Kim etal. [173] (Copyright © (2017) Elsevier).

3.5. Bivalent Ion-Mediated Chelation of His-Tagged Receptors

Affinity tags have multiple advantages, such as having mild conditions for captur-
ing, the capacity for site-directed immobilization, low price (usually), and the possibility
of regeneration the chip. At the same time, they require the use of genetic engineering
techniques. Apart from the use of substrates functionalized with super-antigenic pro-
teins (proteins A, G, and A/G), another approach adapted from the methods of protein
purification is immobilization with the use of a polyhistidine tag through bivalent ion-
nitrilotriacetic acid (NTA) complexes [179]. This pathway is particularly convenient in
the case of designing immunosensors in a competitive format, where recombinant pro-
teins or synthetic oligopeptides are involved in the receptor layer. Importantly, when
the receptor/analy te-binding mechanism is well known, it is also possible to design and
deliberately insert a his-tag into such a region of the receptor, which will facilitate the
process of oriented immobilization, without negatively affecting the binding sites [180].

Kimple et al. studied the protein-protein interactions in heterotrimeric G-protein biol-
ogy using a Hisé fusion tag for direct nonrandom immobilization [181]. Fischer et al. com-
pared the attachment of a substrate-binding protein (SiaP) to the NTA surface of the sensor
chip via C-terminal hexa-histidine (His), N-terminal deca-His, and N-terminal double-His
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tags. SiaP derived from H. influenzae possess a high affinity to N-acetylneuraminic acid,
which is a metabolic marker during the progression of coronary artery disease [182]. The
hexa-His tagged protein could not be stably anchored even at low flowrates and a low
concentration of the protein, and the immobilization of highly concentrated deca-His
tagged SiaP resulted in a baseline drift. The double-His tagged approach was preferred,
as it provided a reliable baseline and prompt regeneration of the chip [183]. Chu et al.
tagged the protein, CXCRS5 (chemokine receptor), with 6xHis and an HPC4 tandem tag for
the facilitation of both the purification of the protein and its immobilization on the chip.
HPC4 is a 12 amino acid sequence, which encodes some of the residues of the protein C
heavy chain. A monoclonal antibody kinetics assay was performed, and this peptide-based
binding assay was further applied for the capture of virus-like particles [184].

Due to the non-covalent and reversible mechanism of Ni?*-dependent complexation
(high Kp values in physiological media), the disadvantage of this approach is the gradual
dissociation of the receptor from the surface. An important improvement in the NiZ*-
NTA-based immobilization of recombinant proteins was proposed by Wang et al. An
additional step of the covalent affixation of bioreceptors with carboxymethyldextran-NTA
residues via EDC/NHS coupling prevented the gradual degradation of the layer, while
maintaining the homogeneous receptor orientation, which is determined by the previous
chelation of His-tag-terminated sites. Thanks to this, it was possible to combine the
advantages of covalent immobilization with the possibility of using a pre-concentration
of tagged ligands on the surface and maintaining control over their orientation. This
enables the construction of a competitive SPR biosensor for studying the interaction of
non-smalk-cell lung cancer biomarker t-DARRP with a specific antibody [185]. To improve
the stability of the receptor immobilization using the His-tag—in particular, the resistance
to desorptionin plasma samples—the Lammertyn and Vanhoorelbecke group proposed the
chelation of the protein antigen on the fiber optic SPR sensor surface using Co™, instead
of Ni2*, The superiority of the Coa*—dependent His-tagged receptor chelation, relative
to Ni?*, in terms of a better stability and sensitivity, was confirmed for the detection of
autoantibodies, as a marker of autoimmunological disease [186]. In tumn, the reversible,
Coz"-dependent chelation of recombinant, Hisg-tagged single-chain variable fragments of
anti-SARS receptor-binding domain (RBD) antibodies were used in the construction of a
fiber-optic SPR biosensor. The authors confirmed the full reusability of the sensor probes
on NTA media using various types of His-tagged bioreceptors, including recombinant
antibody fragments and antigens [187]. Both Co-dependent mechanisms of the attachment
of the His-tagged proteins are depicted in Figure 9.
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Figure 9. The application of cobalt ion-nitrilotriacetic acid complexes in SPR substrates for the immobilization of recombinant
proteins. (a) Easily regenerable immobilization with a Co?* ion, (b) robust chelation with a Co®* fon. Adapted with
permission from Qu et al. [187] (under the terms and conditions of the Creative Commons CC BY License) and Horta
et al [186] (Copyright © (2020) American Chemical Society).

3.6. Other Affinity-Based Methods for the Attachment of Recombinant Receptors

Recent trends in immunoreceptor engineering cover the development of receptors
characterized by well-defined kinetic parameters [188,189]. The wide capabilities of the SPR
and SPRi platforms would be fully exhibited in the case of their adaptation to biosensors
operating in a continuous or semi-continuous mode. The monitoring of the concentrations
of clinically relevant analytes, without the need for periodic receptor layer regeneration,

uires the use of receptors characterized by fast association and dissociation kinetics
(ka and kg) and thus a relatively low affinity (high equilibrium constant Kp, expressed
as kq/ky). Classic methods of the selection and production of antibodies do not offer
the possibility of the isolation of such receptors. However, the progress in the develop-
ment and isolation of recombinant antibodies and their fragments open up completely
new possibilities for the construction of SPR immunosensors capable of working in the
real-time and continuous modes. In the case of the availability of sufficiently high-quality
receptor-transducer interphases, semi-continuous immunosensing can be successfully in-
troduced into routine medical and companion diagnostics [190]. It is worth emphasizing
that for applications in semi-continuous plasmonic biosensors, fast and spatially resolved
immobilization methodologies are desirable. They should enable the quick patterning
of immunoreceptor arrays, as well as refreshing them through a simple exchange of the
receptor layer. For this reason, site-oriented immobilization, which is based on affinity
interactions (in particular, “chick chemistry” and “click biology”), seem to be ideally suited
both to the needs of modern and flexible SPR and SPRi platforms for rapid screening, as
well as the monitoring of clinically relevant analytes [191].

125



Sensors 2021, 21, 781

250f35

To increase the intrinsic affinity of antibody fragments to a bare gold surface, it is
possible to fuse scFs fragments with gold-binding polypeptides by genetic engineering,
Such a construct shows a rapid and oriented immobilization ability on the chip surface
through an Au-5 bond formation. Zhou et al. described recombinant hybrid fragments
of anti-CFP-10 antibodies with histidines-tagged gold-binding protein (6His-GBP) in an
SPR immunosensor for the detection of Mycobacterium tuberculosis. Owing to the controlled
orientation of the bioreceptor and the proximity of the Au surface, as well as the use of
gold-magnetic nanoparticles, a significant amplification of the signal was noticed [192].
Ha et al developed an SPR-based immunoarray, where antibodies (human IgGs) were
immobilized on the glutathione-modified gold chip surface, which was covered with
immunoglobulin-binding domains tagged with glutathione S-transferase (GST). The poten-
tial of GST-tagged proteins, as anchors for the site-directed immobilization of antibodies,
was compared with the conventional covalent coupling method. It turned out that the
SPR response of immobilized IgGs, as well as the capability of binding with the antigen,
was greatly enhanced in the case of the first method [193]. Binding via a his-tag-NTA
is less specific than via a GST-tag, but it is cheaper and broadly available [194]. While
immobilization via tags is not a newly discovered approach in protein anchoring, its fusion
with antibodies, such as nano- or affibody, or the use of brand-new affinity tags is a cutting
edge. In 2020, Boonen et al. developed an SPR immunoassay for the investigation of inter-
actions between chemokine receptor CXCR4 and a nanobody fused with an Fc fragment.
This chemokine receptor is highly expressed in numerous types of tumor cells. These
cells hijack its pathway, which enables the metastasis of the tumor in distinct sites of the
organs. CXCR4 was tagged with a C-terminal histidineo and successfully immobilized on
a nitrilotriacetic acid sensor chip, which enabled the detection of nanobodies in the sample.
The immobilized particles were stable and active for at least 12 h, the acquired kinetic data
were reliable, and the surface was susceptible to removal during regeneration [194]. In
2017, Hussack et al. developed an antibody screening assay through SPR analyses. They
used a new camelid-derived affinity tag, called ABTAG, which captures bovine serum
albumin with a picomolar binding affinity. The immunization of llamas with carcincem-
bryonic antigen-related cell adhesion molecule 6 (CEACAMS) resulted in the production of
heavy chain antibodies and then their use as a template for phage-displayed single-domain
antibodies (sdAbs) against this protein. After panning (affinity selection technique in
phage display), the expressed sdAbs were fused with ABTAG. Anti-CEACAMé6-ABTAG
conjugates were bound to the surface covered with BSA. The binding of the antigen to the
complex enabled the determination of kinetic and affinity constants, as well as the read-out
of the fusion protein expression level [195]. Examples of other promising receptors for ap-
plications in modern SPR immunosensing cover, e.g,, recombinant antibodies and antibody
fragments (polyhistidine-tagged scFvs [174], Fc-tagged scFvs [196], camelidae IgG-like
molecules [197], nanobody-Fc (Nb-Fc) ligands [194], Fe-tagged chimeric proteins [198]),
and mediating proteins (affinity-engineered staphylococcal Protein A and protein A fused
with a gold-binding peptide [199]).

4. Conclusions

SPR and other plasmonic immunosensors in medical diagnostics are typically com-
pared to other immunodetection methods. Biosensors with an SPR readout, as flagship
representatives of label-free techniques, offer advantages in terms of detection time and
simplicity in relation to methods employing enzyme immunolabeling, e.g,, ELISA assays.
Despite decades of SPR use in the detection of clinically relevant bioanalytes in real sam-
ples, the development of functional transducer-receptor interphases is still one of the main
directions in the development of plasmonic immunosensors. Meanwhile, antibodies, as
elements capable of the specific recognition of bioanalytes in complex samples, are still the
gold standard.

The main research topics outlined in this review are focused on the development of
high-quality immunoreceptor layers. They should guarantee an appropriate efficiency in
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the immobilization of protein receptors, optimal spatial orientation, good sensitivity to
changes in the local refractive index, and minimization of the effects associated with the non-
specific adsorption from samples like body fluids. Since both the design of intermediate
layers and the method of immobilizing biological receptors play an important role in
achieving the abovementioned objectives, a thorough description of the recent and most
exploited approaches in the field has been provided. This paper introduces and classifies
approaches to the design of immunosensing platforms with the use of both random and
site-oriented immobilization strategies. Additionally, hybrid methodologies—although
difficult to clearly classify—were presented in this review. They usually combine the
advantages of 3D substrates with site-oriented immobilization and the introduction of
agents, ensuring ultra-low nonspecific binding capacity. Such versatile platforms turmned
out to be the most promising from the point of view of their feasibility in the field of
medical diagnostics.

The continuous development of immunoreceptors is aimed at improving their affinity
and compatibility with typical transducers. Antibodies characterized by ultra-fast kinetics
of interaction with a target molecule, as well as the implementation of recombinant proteins
as recognition elements, also opens up new possibilities for SPR immunosensors. The
current trends, focused on the miniaturization and multiplexing of SPR platforms, as
well as on the possibility of working in a (semi)continuous mode, pose new challenges in
terms of the robustness and versatility of the design of sensor substrates. This results in the
development of novel strategies, such as the fabrication of easily designable and regenerable
layers via affinity-directed immobilization or the immobilization of recombinant, tagged
receptors. Therefore, in the coming years, a great deal of scientific effort will be focused on
the improvement of current and the design of new ty pes of plasmon-based immunosensors.
The constant pursuit of adapting SPR interphases to the possibilities offered by new
receptors, like recombinant proteins and antibody fragments, aims to meet the requirements
of modern medical diagnostics.
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Abbreviations

Ab antibody

ADI antibody-directed immobilization
ALCAM activated leukocyte cell adhesion molecule
APTES (3-aminopropyl)triethoxysilane

Av avidin

Bt biotin

CBP calcium-binding protein

CEA carcinoembryonic antigen

CEACAM6  carcinoembryonic antigen-related cell adhesion molecule 6
CFP culture filtrate protein

CMD/CM5  carboxymethyldextran

DDI DNA-directed immobilization
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DSP disuccinimido dithiobispropionate

DTC dithiocarbamate

EDC N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
EOT extraordinary optical transmission

EPC ethylphosphocholine

Fab antigen-binding fragments

Fc fragment crystallizable

FSH follicle-stimulating hormone

GBP gold-binding peptide

GO graphene oxide

GST glutathione S-transferase

HA hyaluronicacid

HSA human serum albumin

hCG human chorionic gonadotropin

HEGD hexafethylene glycol) dithiol

His histidine

LSPR loaalized surface resonance

MBA mercaptophenylboronic acid

MeOEGMA  poly|[oligo(ethylene glycol) methylether] methacrylate
MHDA mercaptohexadecanoic acid

MPA mercaptopropionic acid

MUA mercaptoundecanoic acid

Nb nanobody

NHS N-hydroxysuccinimide

NT nitrotyrosine

NTA nitrilotriacetic acid

OTA ochratoxin A

PAG protein A gold-binding domain

PAMAM poly(amidoamine)

PDDA poly(diallyldimethylammonium chloride)

pHEMA poly(2-hydroxyethyl methacrylate)
PNIPAAM  poly(N-isopropylacrylamide)

RBD receptor-binding domain

RI refractive index

Sa streptavidin

SAM self-assembled monolayer

SBP streptavidin-binding protein

scFv single-chain fragment variable

sdAbs single-domain antibodies

SiaP sialic acid-binding periplasmic protein
SMCC succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate
THFMA tetrahy drofurfuryl methacrylate

TVC 1,24 trivinylcyclohexane
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Abstract Protein-based microarrays are important tools for high-throughput medical diagnostics,
offering versatile platforms for multiplex immunodetection. However, challenges arise in protein
microarrays due to the heterogeneous nature of proteins and, thus, differences in their immobilization
conditions. This article advocates DNA-directed immobilization (DDI) as a solution, emphasizing
its rapid and cost-effective fabrication of biosensing platforms. Thiolated single-stranded DNA
and its analogues, such as ZNA® and PNA probes, were used to immobilize model proteins (anfi-
CRP antibodies and SARS-CoV nucleoprotein). The study explores factors influencing DDI-based
immunosensor performance, including the purity of protein-DNA conjugates and the stability of
their duplexes with DNA and analogues. It also provides insight into backfilling agent type and
probe surface density. The research reveals that single-component monolayers lack protection against
protein adsorption, while mixing the probes with long-chain ligands may hinder DNA-protein
conjugate anchoring, Conventional DNA probes offer slightly higher surface density, while ZNA®
probes exhibit better binding efficiency. Despite no enhanced stability in different ionic strength
media, the cost-effectiveness of DNA probes led to their preference. The findings contribute to
advancing microarray technology, paving the way for new generations of DDI-based multiplex
platforms for rapid and robust diagnostics.

Keywords: DNA-directed immobilization; DNA-protein conjugates; self-assembled monolayers;
surface plasmon resonance; conjugates purification; receptor layer formation

1. Introduction

Microarrays, or multi-analyte assays, have served as efficient tools for high-throughput
diagnostics, involving the miniaturization of various assays on a single substrate. They
find applications in genetic diagnostics (DNA/RNA arrays) as well as proteomics and
immunodiagnostics (protein/immunoarrays) [1-3]. Nonetheless, the potential of protein
microarrays, as opposed to DNA arrays, is still constrained by a number of technological
obstacles. While DNA is a relatively stable oligomer with well-defined physicochemical
characteristics, practically independent of its sequence, proteins refer to a heterogeneous
group of biomolecules that are generally more fragile than DNA [4]. Asa result, selecting
an optimal immobilization approach that assures protein availability and precise surface
orientation is critical. While nucleic acids are commercially accessible with various chemical
modifications, allowing for appropriate surface orientation, proteins are more diverse,
making it challenging to develop immobilization methods with broad applicability [5].

Nowadays, it is highly desirable to design microarrays that enable numerous measure-
ments in a row with a detection method that can be performed on a routine basis. Such an
approach is possible when regeneration is conducted without harming the layer, or when
it is possible to remove receptors and rapidly reconstruct the entire receptor layer [6-8].
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The ability of complementary oligonucleotide strands to hybridize has been introduced
into more complex assemblies, such as protein microarrays obtained via DNA-directed
immobilization (DDI). This implementation enables miniaturized, rapid, low-cost, efficient,
and site-specific fabrication of biosensing platforms. DDI requires conjugating antibodies
with complementary DNA strands to those immobilized on the surface [8]. This functional-
ization has been employed in label-based [5,9] and label-free [10,11] immunoplatforms.

Directional immobilization of proteins through DNA anchors has been reported in the
development of biosensors [12,13], i.e,, for profiling of extracellular vesicles [5], detection
of hormones [14], circulating cancer biomarkers [15], and viral pathogens [11]. DDI also
found applications in protein arrays, as well as in platforms for multiplex kinetic analysis
and cell organization [16]. Even though constructing a functional receptor layer in a
multiplex format for the analysis of protein samples is much more challenging, several
emerging problems are often overlooked in DDIL These include selecting an appropriate
anti-fouling agent, optimizing the probe surface density, and purifying the conjugates.
The attachment of DNA anchors to protein receptors can be realized by covalent methods
and biological affinity [17]. Conjugating the two biomolecules is also quite troublesome
to control, regardless of the strategy employed. Nevertheless, conjugate valency (DNA
to protein ratio) aspects are also underestimated in constructing DDI-based bioreceptor
platforms [4,18].

It should also be noted that negatively charged DNA chains tend to repel each other,
resulting in inefficient hybridization, and problems with controlling the surface density of
bioreceptors. Using DNA analogues instead of conventional DNA may improve detection
accuracy because it can discern a perfect match from a single base-pair-mismatched strand.
The interaction of the analogues and DNA is unaffected by the ionic strength of the buffer,
and they can hybridize with the corresponding DNA in a low ionic strength environment
in the absence of divalent cations [19]. We expect that the properties of new generations
of nucleic acid analogues may still have undiscovered advantages for applications in the
development of receptor layers via DDL

In this work, we have thoroughly investigated the importance of the selected fac-
tors, such as the quality and purity of DNA-protein conjugates, the composition of the
oligonucleotide monolayer, and the type and surface density of anchoring probes for
the improvement of the quality of receptor layers for potential applications in label-free,
DDFbased immunosensing. For this purpose, thiolated single-stranded DNA and its
analogues—ZNAd> and PNA probes (sequences of 15 or 48 nt.}—were examined as oligonu-
cleotide probes for the immobilization of two model proteins. Mouse anti-CRP antibody
and nucleocapsid protein of SARS-CoV were conjugated with ssDNA ligand strand sequence
of 48 nucleotides, then purified through ion chromatography, and used for the formation of
a regenerable DNA-based layer for detection of viral inflammation biomarkers. Based on
the results of SPR and SPRi measurements, the influence of purity and stoichiometry of the
conjugates on their capability for DDI-based immobilization was investigated. Addition-
ally, the differences in the hybridization kinetics for the conjugates and free DNA and the
influence of the type of oligonucleotide probes on hybridization efficiency were examined.
The selection of the backfilling agent was carried out to provide the best receptor layer
affinity and binding specificity. The relationship between the oligonucleotide probe charge
and the protein-DNA conjugates’ binding efficiency and stability was also determined.
The findings presented in this article explore aspects relevant to the molecular recognition
Pprocess at interphase for the further improvement of DDI-based immunoplatforms.

2. Materials and Methods
2.1. Reagents and Materials

Gold SPR slides (50 nm gold layer thickness) were purchased from Horiba Scien-
tific (Palaiseau, France) (SPR imaging studies) and BioNavis Ltd. (Tampere, Finland)
(multi-parametric SPR kinetic studies). DNA and ZNA® oligonucleotide sequences were
purchased from Metabion GmbH (Planegg, Germany). A thiolated PNA probe was pur-

139



Biosensors 2024, 14, 136

30f17

chased from Panagene Co., Ltd. (Daejeon, Republic of Korea). The sequences used in this

study were as follows:

- ligand strand (48 nt.) 5'-NH>-C¢-ATC AGT ACT TGT CAA CAC GAG CAG CCC GTA
TAT TCT CCT ACA GCA CTA-3'

- DNA probe (long) (48 nt.) 5'-SH-Cs-TAG TGC TGT AGG AGA ATA TAC GGG CTG
CTC GTG TTG ACA AGT ACT GAT-3'

- DNA probe (15 nt.) 5'-SH-C¢-TAG TGC TGT AGG AGA-3'

- PNA probe (15 nt.) 5'-SH-C¢-TAG TGC TGT AGG AGA-3'

- ZNA® probe (15 nt.) 5-SH-Cs-TAG TGC TGT AGG AGA-(spermine)s-3'
Additionally, 6-mercaptohexanol, poly(ethylene glycol) methyl ether thiol (average

M, = 800 Da) (referred to as PEG-8(00), polyclonal goat anti-mouse secondary antibody,

polyclonal rabbit IgG antibody, sodium chloride, potassium chloride, sodium hydrogen

phosphate, sodium dihydrogen phosphate and potassium dihydrogen phosphate were

from Sigma-Merck (Poznari, Poland). Ammonia (25%), hydrogen peroxide (30%), sulfuric

acid (96%), hy drochloric acid (35-37%), glycine and sodium hydroxide were from Chempur

(Piekary Slaskie, Poland). a-hydroxy-w-mercapto PEG (average Mn = 3.0 kDa) (referred

to as PEG-3k) was from Rapp Polymere GmbH (Tiibingen, Germany). Monoclonal mouse

anti-hCRP antibody, clone line 6405 was from Medix Biochemica (Espoo, Finland). SARS-

CoV Nucleocapsid recombinant protein expressed in Escherichia coli was from Thermo

Fisher Scientific (Warsaw, Poland). prvoFIRE® Amine Coupling Kit for proteins (>5 kDa)

was from Dynamic Biosensors GmbH (Munich, Germany). All solutions were prepared

using deionized (DI) water (conductivity < 0.055 uS/cm at 20 °C, TOC < 1.0 ppb).

2.2. Surface Preparation of SPR Gold Slides and Ex Situ Immobilization of Oligonucleotide Probes

SPR gold-coated slides were rinsed with DI water and then cleaned using 15 min
immersion in “basic piranha” solution (25% ammonia, 30% hydrogen peroxide, and DI
water in volumetric ratios 1:1:3) at 70 °C. Next, slides were rinsed with deionized water,
dried under compressed air, and soaked in “acidic piranha” solution (3:1 (v/v) mixture
of conc. sulfuric acid and perhydrol) for 1 min. Subsequently, slides were rinsed with
DI water, dried in a compressed air stream, and cleaned under UV /ozone (Ossila Ltd.,
Sheffield, UK) for 30 min. DNA, PNA, or ZNA® oligo probes were diluted to 0.5 uM
solutions in phosphate-buffered saline (PBS) pH = 7.2 (unless stated otherwise). Such
solutions (or mixtures with a backfilling agent—typically PEG-800—at a molar ratio of
1:4) were dispensed on a clean Au SPR slide by manual spotting (0.5-8 uL per spot) and
incubated for 30 min. The whole Au surface was rinsed with DI water and covered with
the backfilling agent—typically 50 uM aqueous solution of PEG-800 for 20 min.

2.3. Conjugation of Receptor Proteins with ssDNA Andhors and Conjugates Purification

The conjugation process was carried out with amine-terminated ligand strand DNA
oligonucleotide (3 nmol) and 200 g of the protein: anti-hCRP antibody (M,y ~ 130 kDa,
1.54 nmol) or SARS-CoV nucleoprotein (My, ~ 62.5 kDa, 3.2 nmol) using the proFIRE0
Amine Coupling Kit, according to the developed conjugation protocol. In the first step,
the ligand strand sequence was incubated for 20 min at room temperature with a molar
excess of the crosslinker in a 500 mM Na, HPO4 /NaH,; POy buffer, pH7.2, with 1.5 M NaCL
After removing the excess of the crosslinker by using Zeba™ spin desalting columns 7 K
MWCO, the NHS ester-modified oligonucleotide was incubated overnight with 200 pg
of the selected protein at 4 °C. Then, the protein-oligonucleotide conjugate was purified
via preparative ionic chromatography using a meIREO instrument (Dynamic Biosensors,
Munich, Germany). Separation was carried out by the gradient elution method in 50 mM
phosphate buffer pH 7.2 with a linear increase of NaCl concentration (from 0.15 M to 1.5 M).
After chromatographic purification, 12 fractions (with a volume of ~ 700 uL each) were
collected. The concentration of DNA conjugates in each fraction was evaluated by a built-in
optical detector operating at a fixed wavelength of 260 nm. In addition, the conjugates and
their components were qualitatively characterized based on absorption spectra recorded in
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the UV range (200-340 nm) using Lambda25 spectrophotometer (PerkinElmer, Waltham,
MA, USA) equipped with quartz cuvettes with an optical path length of 1 cm.

2.4. Ex Situ Immobilization of Protein Conjugates by DN A-Directed Immobilization (DDI)

To immobilize protein-DNA conjugates, SPR slides modified with a selected type
of oligonucleotide probe were used according to the protocol described in Section 2.2.
Chromatographically purified fractions of the DNA-protein conjugates (in a concentration
of ~100 nM in 50 mM phosphate buffer pH 7.2 with 150 mM NaCl) were dispensed as spots
of 05 uL on the DNA-covered gold chip. After 1 h incubation, slides were rinsed with PBS
and dried under compressed air.

2.5. Multi-Parametric SPR Measurements and Kinetic Analysis

Kinetic studies on the immobilization of thiolated oligonucleotide probes and their
interactions with ligand strand target DNA and DNA-protein conjugates were carried out
with an MP-SPR Navi™ 220A NAALI device equipped with an autosampler (BioNavis
Ltd., Tampere, Finland). PBS pH 7.4 was employed as a running buffer at a 20 uL/min
flow rate. Immobilization of the thiolated oligonucleotide probes and surface blocking
was performed directly in a microfluidic system (both injections lasted 10 min at a flow
rate of 20 pL/min), using the same reagents as for ex situ immobilization. PBS buffer
pH?7 .4 was injected into the reference channel as a negative control instead of conjugate.
Consecutive injections of increasing concentrations of complementary DNA (ligand strand)
and its conjugate with anti-hCRP antibody were carried out to determine the hybridization
kinetics. In the case of the ligand strand DNA, the upper concentration level was 10.82 yM
(dilution factor = 5), while for the DNA-anti-hCRP conjugate, the upper concentration level
was 12.52 nM (dilution factor = 2). 100 mM sodium hydroxide (20 uL/min, 4 min) was used
for regeneration between target injections. The kinetic evaluation of the complementary
ligand strand DNA and anti-hCRP conjugates interaction with the DNA probe was performed
with TraceDrawer® software, v 1.8 (Ridgeview Instruments AB, Uppsala, Sweden) and the
SPR responses were fitted according to “one to one” kinetic model.

2.6. Surface Plasmon Resonance Imaging Measurements

The gold SPR slide covered with ex situ immobilized DNA/PNA / ZNA® oligonu-
cleotide probes and blocked with a chosen backfilling agent was inserted into the SPRi Lab
Plus instrument (Horiba, France). PBS buffer with 0.05% Tween20® (PBST) was employed
as a running buffer. The injection of ligand strand (27 uM in PBST buffer) or the conjugate
of DNA with anti-CRP antibody (90 nM in 50 mM phosphate buffer pH 7.2 with 150 mM
NaCl) enabled real-time monitoring and comparison of different probes’ suitability for the
DNA-directed immobilization via oligonucleotide duplexes formation (manual injections,
flowrate = 80 pL/min, ~5 min). In tumn, the injections of unconjugated, polyclonal rabbit
IgG antibody (10 pg/mL in PBST buffer) were carried out for studies on non-specific pro-
tein adsorption. Additionally, 100 mM sodium hydroxide was used for the regeneration
between injections (80 uL/min, 4 min).

2.7. Surface {-Potential Measurements of Oligonucleotide Receptor Layers

Surface &-potential (SZP) measurements of Au substrates and receptor layers com-
posed of self-assembled oligonucleotide probes (DNA, PNA, ZNA®) were carried out
employing an indirect approach using a Zetasizer Nano ZS instrument (Malvern Panalyti-
cal Ltd., Malvern, UK), according to the manufacturer’s protocol [20]. Depending on the
expected surface charge, a solution of Malvern transfer standard DTS 1235 (10x diluted) in
10 mM phosphate buffer (pH7.4) or a diluted solution of fabric softener Lenor® (also known
as Downy®) in 10 mM phosphate buffer pH 7.4 was used as an anionic/cationic tracer,
respectively. SPR slide fragments were mechanically cut to 5 x 4 nm and used as substrates
for SZP measurements. After cleaning and immobilization of various oligonucleotide
probes (as in Section 2.2), the substrates were glued to the table between the electrodes of
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the measurement cell using cyanoacrylate glue. A series of measurements of the tracer’s
&-potential at increasing distances from the examined layer (in the range of 125-750 um)
enabled the calculation of the {-potential directly at the interphase. The calculations were
based on the linear fitting and Equation (1) [21]:

SZP = tracer {-potential — intercept (d = 0 pm) (1)

3. Results and Discussion

The development of functional and reproducible bioreceptor layers for molecular inter-
action studies using “click-biology” methodologies (such as DNA-directed immobilization)
requires preserving possibly unaffected bioreceptor activity and efficient attachment of
DNA anchor tags. The concept of “click biology”—by analogy with the more widely
known term “click chemistry”—represents the convenience obtained by effortlessly attach-
ing two moieties through bio-molecular interactions. It often refers to biotransformation
processes, DNA ligation, or formation of highly ordered structures via hybridization [22].
Preferably, each bioreceptor molecule is expected to be linked to one molecule of anchor
DNA, and the conjugates should be separated from the unbound components. Meeting
all the prerequisites allows efficient loading of the transducer’s surface binding sites with
protein-DNA conjugates. The problem of the quality of DNA-protein conjugates (as well
as other receptor layers based on immobilization of tagged receptors) is often overlooked
in protocols developed to date, which can negatively affect the analytical performance of
as-constructed biosensors. In the case of inadequately purified conjugates, uncontrolled
dilution of protein receptors may occur due to the competition of tagged proteins and
free tags (e.g, DNA anchors) for binding sites. It negatively affects the sensitivity. In
addition to diluting receptor layers by blunt DNA anchors, the presence of multiple-tagged
receptors with disturbed stoichiometry (DNA tag to protein ratio >> 1) is also unfavorable.
A multiple-tagged protein—especially in analyte-binding regions—may exhibit altered
analyte binding capacity. Therefore, it is vital to control the quality of DNA-labeled recep-
tors at the synthesis stage and to carry out the post-synthetic preparative purification of
DNA-protein conjugates. The goal is to maximize the fraction of DNA-tagged proteins
characterized by a 1:1 DNA-to-protein stoichiometry.

3.1. Purification of DNA-Protein Conjugates and SPR-Based Quality Control for DDI

Amine coupling with the use of various NHS-based linkers, such as DBCO-NHS and
maleimide-NHS, is a robust and well-characterized method of covalent conjugation of
DNA with proteins [23,24]. Such conjugates are typically characterized by chromatographic
methods and gel electrophoresis [25-27]. To provide efficient separation of DNA-protein
conjugates, an already established protocol for preparative separation by ion chromatogra-
phy has been employed. Variation in the retention times of DNA and other components
occurs due to differences in the relative charge of the separated biomolecules. The strongly
anionic character of DNA allowed for lengthened retention times of their conjugates with
proteins on the ion exchange column with respect to native proteins.

In our study, pre-activated, 48-oligonucleotide-long NHS ester-terminated DNA an-
chors (ligand strand sequence) were conjugated with proteins. As model protein receptors
were taken: (i) anti-hCRP monoclonal antibody (chosen for detection of CRP as inflamma-
tory biomarker) and (ii) SARS-CoV nucleoprotein (receptor for serological biomarkers of
COVID-19). The amine coupling reaction mixtures were subjected to preparative chromato-
graphic separation using gradient elution and representative chromatograms are shown
in Figure 1. As can be seen, non-conjugated proteins are characterized by the shortest
retention times. The attachment of a single DNA strand (1:1-type conjugates) and more
(multiple-tagged conjugates) resulted in a significant interaction enhancement, resulting in
gradually longer retention times. Unbound DNA leaves the column as the last, as it exhibits
the most anionic character. In both cases, shown in Figure 1, DNA-protein conjugates were
found in the post-reaction mixture. To confirm the correct assignment of the observed
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signals to the respective fractions, chromatograms from the analysis of a sample containing
only DNA and a mixture of protein and DNA (unconjugated) are shown in Figure Sla. In
addition, the effect of NHS-based crosslinker on DNA ligand strand was examined to rule
out the possibility of its spontaneous crosslinking (Figure S1b). A more in-depth discussion
on the selectivity of the amine coupling and reactivity of NHS esters with exocyclic amine
groups of nucleobases and the differences in coupling efficiency for individual proteins can
also be found in Supplementary Material.

156 nucleoprotein 400 @Nti-hCRP antibody
/)~ free DNA / - free DNA
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F protein-DNA 2 | DNA
[ 40 free conjugates a 100 2o conjugates
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Figure 1. Chromatograms showing the results of separation of DNA-SARS-CoV nucleoprotein
conjugates (a) and DNA-anti-hCRP antibody conjugates (b). The colors indicate fractions of free
protein (black line), DNA-protein conjugates (red line), and free DNA (blue line). The chromatogram
was captured using a spectrophotometric detector at A= 260 nm.

Similarly, analysis of subtle differences in the UV absorption spectra allowed us
to observe differences in the compositions of the main chromatographic fractions. The
normalized absorption spectra of the free DNA ligand strand, the free antibody, and the
two fractions of their conjugates are shown in Figure 52, and the detailed discussion on
applicability of this method for quality control of DNA-protein conjugates was provided in
Supplementary Material [24,28].

The relevance of the purification process of DNA-protein conjugates was evaluated in
our study by comparing their interaction kinetics with DNA probes immobilized on SPR
slide (Figure 2a). Normalized sensograms allow a comparison of the binding kinetics of
two fractions of DNA-mADb anti-hCRP conjugates (with 1:1 stoichiometry and multiply
tagged) to a layer of immobilized DNA probes. SPR responses were also recorded for the
reaction mixture after conjugation but without chromatographic purification and for free
ligand strand sequence (corresponding to DNA tag) as a reference. As shown in Figure 2a,
according to our expectations, the significant difference in the SPR response profile for
the conjugates before and after purification indicates a substantial contribution of binding
unconjugated DNA strands to the receptor layer. The flat, nearly linear evolution of the
SPR signal at the step of conjugate association indicates a noticeably slower kinetics of
its binding to the surface, typical for bulky ligands whose binding is further limited by
diffusion processes [28]. The apparent difference in the association curves confirms that the
hybridization of unconjugated ligand strand DNA is additionally favored kinetically due to
lower steric constraints.

To further analyze the binding kinetics of free DNA ligands and purified conjugates,
association and dissociation rates (ka, kq) and equilibrium dissociation constant (Kp) were
further determined, as shown in Figure 2b,c. Kp levels of several nM indicate the high
affinity of both components to immobilized DNA probes, which will promote their effective
binding to the surface at low concentrations. The lower Kp value, which characterizes the
binding of DNA probes to the free ligand strand sequence (1.95 nM) compared to binding
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of DNA-anti-CRP antibody conjugates (591 nM), confirms the thermodynamic preference
of binding free ligands over their protein conjugates. The observed, more than 3-fold,
difference in Kp values will translate into lower durability of probe DNA complexes
with DNA-protein conjugates when compared to regular DNA-DNA duplexes. The
detailed parameters of the kinetic model employed as well as the obtained results are
summarized in Table S1. Residuals between fitted curves and experimental data for
interactions of DNA probe with free ligand strand DNA and DNA-anti-CRP antibody
conjugate were shown in Figure S3. Given both the relatively low rate of DNA conversion
during amine coupling with proteins and the proven preference for binding non-conjugated
DNA, ensuring adequate purity of DNA-protein conjugates appears particularly important.
Such an approach should be reflected in an improvement of the surface density of protein
receptors during DNA-directed immobilization.
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Figure 2 SPR responses representing the binding of targets: free DNA and DNA-antibody conjugates
at different purification levels (2 fractions of purified conjugates and a non-purified reaction mixture),
by an immobilized DNA probe (a). SPR responses to injections of a series of ligand strand DNA (b) and
DNA-anti-CRP antibody conjugate (c) against the immobilized DNA probe. Colored curves represent
experimental results, and black curves illustrate the fitting according to the 1:1 kinetic model.

3.2 Development of the Oligonudeotide Probe Layer Composition for DDI
3.2.1. Selection of the Oligonucleotide Anchor Type

The formation of oligonucleotide duplexes through DNA-directed immobilization is
based on strong and spontaneous Watson—Crick base pair interactions. Nevertheless, a
specific activation barrier exists involving electrostatic repulsion of phosphate backbones
of complementary DNA strands [29]. This phenomenon negatively affects both the hy-
bridization kinetics and the thermodynamic stability of duplexes of immobilized probes
and DNA-protein conjugates. Also, at an earlier stage, electrostatic repulsion may impair
self-assembly of thiolated probes on Au substrates. It can result in a reduced effective
surface density of protein receptors immobilized by DDL To overcome the mutual repulsion
of DNA strands, buffers with high ionic strength are typically required. These provide
screening of the negative charge by the cations present in solution [30]. However, this
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approach imposes limitations with respect to the composition of immobilization and hy-
bridization media. Maintaining a high ionic strength can also be troublesome in real-world
applications, as it results in the risk of dissociation of DDI-immobilized receptors during
washing steps.

With this in mind, we analyzed the possibility of using DNA analogues as immobilized
DDI probes. To attenuate the anionic character of oligonucleotide probes, two DNA
analogues of the same sequence (15 nb length) were examined: thiok-terminated peptide
nucleic acid (PNA-SH) and heterobifunctional DNA with w-mercaptohexyl and spermine
trimer at both terminals, known as zip nucleic acid (ZNA®) [31,32]. With the replaoement
of DNA with PNA and ZNA® analogues, the polyanionic nature of receptors is expected
to be attenuated, which should facilitate the binding of complementary se%uences and
the persistence of duplexes. As shown in Figure 3a, DNA analogues (ZNA™ and PNA)
had significantly lower immobilization efficiency than regular DNA. The surface density
of ZNA® and PNA reached 17% and 19% of the density observed for the DNA probe,

respectively [33,34].
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Figure 3. (a) Comparison of SPR responses, which reflect direct chemisorption of thiol- terminated
DNA, ZNA® and PNA probes on the surface of a gold SPR transducer during probes immobilization.
(b) SPRi responses representing hybridization of the oligonuclkeotide probes with fully complementary
ligand strand sequence. In both cases, red sensograms refer to a “long” DNA probe (48 nb) and black
sensograms refer to a “short” DNA probe (15 nb).

A plausible explanation for the observed phenomena lies in the complexity of the
interaction mechanism of the probes with the gold surface. The surface density and
spatial orientation of probes (especially for relatively long oligonucleotide sequences) are
also significantly affected by direct interactions of side chains with the gold surface [35].
Both PNA, rich in electron-donor groups capable of interacting with gold atoms, and
DNA labelled with oligoamine tag (ZNA®), promote multidentate tethering. Such a
phenomenon results in the horizontal alignment of oligonucleotide strands on the gold
surface, thus limiting the maximum achievable surface density and capability of subsequent
hybridization. Literature reports suggest that PNA chemisorption is a two-step process and
a high probe concentration in the immobilization medium is needed to obtain the desired
conformation [33]. Given the reported problems in PNA SAMs formation, as well as their
generally high cost and the inconsistency of preparation protocols (some recommend the
addition of trifluoroacetic acid and/or organic solvent to improve PNA solubility [34]), we
concluded that they were not competitive with classical DNA probes and did not continue
further optimization.
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In the case of ZNA®, relatively low surface density did not adversely affect the
hybridization efficiency in PBS buffer observed by means of SPRi—on the contrary, as
can be seen in Figure 3b, the obtained response of the ZNA® receptor layer was nearly
twice as high as that observed for the DNA layer. It can be explained by lowering the
thermodynamic barrier for the ligand strand binding reaction due to the attenuation of
electrostatic repulsion of DNA strands at the initial stage of duplex formation. High
hybridization efficiency atlow surface density makes the ZNA® probea good candidate as an
alternative to DNA as high-binding anchors for DNA-directed immobilization. In contrast,
the formation of PNA-DNA duplexes was not observed under the examined conditions.

In parallel with the study of DNA analogues, we also verified the impact of the DNA
oligonucleotide probe (regular—15 nb vs. long—48 nb) on its ability to self-assemble
on gold. As shown in Figure 3a (left graph), both injected sequences (DNA probe and
DNA probe (long), respectively) underwent spontaneous chemisorption. The similar values
of the resonant angle shifts (236 mdeg and 239 mdeg, respectively) at the end of the
association stage reflect the similar surface density of the associated mass. However, given
the significant difference in molecular weight of regular and long DNA probes (mass ratio
1.0: 3.05), the observed values of SPR angle shift indicate an approximately threefold
higher (expressed in molar terms) surface density of short DNA probes [36]. Given the
observed lack of a noticeable difference in the binding capacity of the ligand strand sequence
(Figure 3b—left graph), probes with a length of 15 nb were used during further studies.
Such probes proved equally effective as the full-length complementary sequences for
capturing oligonucleotide-tagged proteins in DDL

To evaluate the influence of the type of oligonucleotide probe on its surface charge,
values of surface {-potential of Au substrates before and after modification with DNA and
ZNA® probes were determined (Figure 4). As can be seen, the introduction of a terminal
polycationic chain into the structure of DNA dramatically alters its surface charge. At
near neutral pH (7.4), both bare gold (via anions coordinatively bound to the surface) [37],
as well as Au modified with DNA probe, as expected, are characterized by an anionic
surface (represented by a negative surface {-potential (ZP), —59.9 mV and —38.2 mV,
respectively). In contrast, for ZNAO, the measured ZP value was +47.8 mV. It can be
expected that these significant differences in the character of the surface can affect the
stability of oligonucleotide duplexes employed in DDI. The surface charge can also affect
non-specific interactions of sample components with immobilized probes [38,39].

£ %5 | %
2 * measured ZP w0 SZP=47.82£3.7 mV 204 *+ measured ZP
< * tracerZP | 1 { 58 * tracerZP
g " linear fit 304 { H 104 » linear fit
e 95% CLs { ¥ ol e 95% CLs
= e T 21 8 ! 0
T -0 e S ‘0: 3 -104 .
i 20 - . | ’ + messured ZP 204 L
04 o « tracer 2P sl »
-30 . 1 Fnear fit 1
§ , SP=-382:17mV 10} o | SZP=-59.9¢ 17 mV :
0 125 250 378 %00 €25 TS0 878 'm' VZOD 125 2% 375 500 €25 TS0 87 Ilﬂ:ul‘ 0 |23 250 318 500 625 750 875 tracer
displacement from surface [um]  displacement from surface [um] displacement from surface [um]

(a) (b) ()

Figure 4. Plots of measured {-potential of tracer particles against displacement from the surface of
the following: (a) Au@DNA probe, (b) AuGZNA® probe, (c) bare Au. Red dots represent native
C-potential of the tracer (undisturbed by the measured surface). Extrapolated ZP values for d = 0
were used to indirect determination of surface ¢-potential

The stabilities of DNA-DNA and ZNA®-DNA duplexes were compared by SPR
studies in a medium with low ionic strength. For this purpose, a series of equimolar ligand
strand sequence injections in buffer with varying Na* concentration (regulated by the
concentration of NaCl in phosphate buffer) were carried out. Examples of recorded SPR
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responses and SPR signal values as a function of Na* concentration for DNA and ZNA®
probes are shown in Figure 5. Contrary to our expectations, beyond the previously observed
higher efficiency of duplex formation in PBST buffer, no other advantages of the ZNA®
receptor layer over the DNA layer were observed.
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Figure 5. (a) The relationship between ligand strand target concentration and its hybridization
efficiency with immobilized DNA (black dots) and ZNA® probes (blue dots). Relative signal values
were calculated from differential SPR sensograms after the association equilibrium was reached
(= 2), (b) exemplary SPR responses recorded for ligand strand injections in high ionic strength
medium (10 mM phosphate buffer pH 7.4 with 500 mM NaCl) and low ionic strength medium
(10 mM phosphate buffer pH7.4 with 0 mM NaCl). Distilled water was used as the running buffer.

Notably, no enhanced efficiency of ZNA®-DNA duplex formation was observed inlow
ionic strength media, as evidenced by the similar hybridization efficiency profiles shown
in Figure 5a. Likewise, both types of hybrids showed the typical DNA tendency to rapid,
water-induced cleavage of the double helix, as can be seen in the sensograms provided in
Figure 5b. Given the lack of significant advantages of ZNA® probes, it was therefore decided
to prefer cheap and readily available DNA probes for anchoring DNA-protein conjugates in
the framework of further studies. A summary of the applicability of DNA and its analogues
as probes for DDI can be found in Table S2. It lists their immobilization and hybridization
efficiencies and the benefits of their use.

3.2.2. Selection of Non-Receptor Components

Another aspect determining the application potential of Au substrates with immo-
bilized oligonucleotide probes in DDF-based biosensor design is their resistance to non-
specific adsorption of proteins. The origin of such interferences can be both protein conju-
gates and components of matrices of real samples. For DDI-based biosensors, hybridization
via DNA tags should be the only effective way to anchor protein receptors. Therefore, it
is necessary to minimize passive adsorption and surface fouling by other proteins. The
appropriately designed receptor layer gives a lower background response and ensures
comfortable and efficient regeneration under controlled conditions.

As shown in Figure 6a, single-component monolayers composed only of oligonu-
cleotide probes do not protect against the adsorption of native rabbit IgG antibodies chosen
as a model interferent. It is evidenced by a significant increase of SPRIi signals, indicating
fouling of DNA, ZNA®, and PNA monolayers under measurement conditions suitable for
DDF-based sensors. Remarkably, the surface charge of the layer does not significantly affect
the adsorption process as both DNA and ZNA® probes are susceptible to protein fouling, In
contrast, bare gold was characterized by several times lower IgG adsorption (~10% of the
value observed for DNA probe—see Figure 6a). The results suggest that electrostatic interac-

147



Biosensors 2024, 14, 136

110f17

—
=]
~

relative SPRi response [%)]

tions do not play a dominant role in the adsorption of proteins on oligonucleotide-modified
gold surfaces.

(b)

—
2)
e

6-mercaptohexanol (MCH) -

1004 ~F 2
HE SO 1

@

]

PEG-800 c
H8ONEG), ~CH, WM,=8000a § 5

PEG-3k &
&0

Hs~O-gc),—oH M,=3wa | O

nd
DNA  ZNA  PRA bare Au 5 0 5 W 15
layer composition time [min)

(e)

—
-,
S

SPRi response [%]

o

4

a

o

=]

PEG-800 PEG-3k
SBA type DNAVSBA ratio

£
kY

0
2
8 2
2
& 0
n

Figure 6. (a) Normalized SPRi signals recorded as responses of DNA, PNA, and ZNA® monolayers
and bare gold to injection of unconjugated rabbit IgG antibody (10 pg/mL), (b) structures of thiolated
backfilling agents (BA) used within this study, (c) SPRi sensograms (left), (d) SPRi differential image
depicting the interactions of monolayers composed of backfilling agents (MCH, PEG-8(0, PEG-3k)
and bare gold with unconjugated rabbit IgG antibody (10 pg/mL), (e) and (f) SPRi signal values,
which represent hybridization efficiencies of mixed monolayers containing immobilized DNA probe
and ligand strand sequence, as a function of (e) type of PEG-based backfilling agent used (molar ratio
of DNA probe to BA = 1:4), (f) molar ratio of DNA probe to PEG-800 in the immobilization mixture

n=23).

A careful selection of backfilling agents was carried out to ensure better assembly of
oligonucleotide probes on the Au substrate. The resulting mixed monolayer is expected
to be characterized by an increased ability to capture DNA ligand strand together with the
improvement of anti-fouling properties of the obtained receptor layer [38—40]. To choose
the optimal backfilling agent, three thiol-terminated polar ligands differing in size and
structural flexibility were compared: 6-mercaptohexanol, oligo (methyl ether thiol) with
a molecular weight of 800 Da (PEG-800), and thiolated PEG with a molecular weight
of 3 kDa (PEG-3k) (Figure 6b). SPRi studies of the interactions between native rabbit
IgG antibody and monolayers of individual backfilling agents showed that the tested
components have different anti-fouling properties. The effectiveness of the blocking agent
increases dramatically with the introduction of flexible and highly hydrophilic polyether
segments into its structure, which can be easily observed in the case of PEG-800 and PEG-3k,
(sensograms in Figure 6c and SPR image in Figure 6d). PEG derivatives are very effective in
suppressing the adsorption of a model protein interferent, in contrast to 6-mercaptohexanol,
which is typically employed as a component of DNA biosensors.

Covering the surface of a biosensor with a bulky surface-blocking agent carries the
risk of creating a steric hindrance to surface processes. Shielding of oligonucleotide probes
by long-chain PEG ligands can hinder the anchoring of DNA-protein conjugates during
the DDI process. Therefore, the effect of both PEG-type backfilling agents (in the form
of a mixed layer with DNA probes) on ligand strand sequence binding capacity is shown
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in Figure 6e. The significant, nearly 4-fold, decrease in hybridization efficiency for the
PEG-3k-containing mixed monolayer compared to the analogous PEG-800-containing layer
confirms the significance of the above-postulated steric effect on the efficiency of DNA-
directed immobilization. Therefore, employing PEG-800 as a component of the receptor
layer for immobilizing DNA-protein conjugates appears to be a reasonable compromise
that combines receptor binding efficiency and good anti-fouling properties.

Further, the effect of the surface density of DNA probes on the binding efficiency
of the complementary sequence was also tested. For this purpose, DNA probes were co-
immobilized with thiolated PEG-800 as a dilution agent at different molar ratios. It was
shown that the “diluted” layer obtained by co-adsorption of DNA probe with PEG-800 ata
molar ratio of 1:4 showed more than 120% better binding efficiency than an analogous layer
formed by two-step immobilization. In such an approach, surface blocking followed the
incubation of the Au substrate with an undiluted DNA probe. This effect was observed over
a wide range of DNA to PEG-800 molar ratios. Finally, at a 19-fold excess of the blocking
agent, the layer reached a similar binding capacity as the layer fabricated with an undiluted
receptor (Figure 6f). At first glance, the surprising result indicates the significant influence
of spatial freedom on solid-phase hybridization capacity. As we expect, this effect will be
further enhanced when more bulky ligands in the form of DNA-tagged protein receptors
are employed. Presumably, dense DNA layers, through their high charge concentration and
insufficient freedom to adopt a double-helix conformation, are not conducive to efficient
hybridization. For this reason, mixed-type layers (DNA probe to PEG-800 molar ratio = 1:4)
were used to further study DNA-based layers.

However, it should be emphasized that the optimal surface density (expressed as the
ratio of DNA probe to PEG-800) may vary depending on the length and structure of the
specific oligonucleotide probe (including the length of the aliphatic linker or the presence of
non-binding spacer). Therefore, given the possibility of individual design of DNA anchor
sequences depending on the application, we have given up more detailed optimization
in this field. In turn, for ZNA® probes (as molecules of partially neutralized global charge
and characterized by a relatively low probe surface density—see Figure 3a), backfilling
was scheduled as a separate step after the self-assembly of undiluted ZNA® probes on the
Au surface.

To demonstrate that DNA and ZNA® anchoring layers with a previously optimized
composition (mixed layers of oligonucleotide probes and PEG-800) provide good quality
substrates for DD], three injections of the components of the receptor layers and the model
target were carried out sequentially. As shown in Figure 7, consecutive injections of
unconjugated ligand strand (500 nM), mouse IgG antibody-DNA conjugate (40 nM—based
on DNA concentration), and anti-mouse IgG (10 pg/mL) resulted in sensor responses
consistent with those expected from previous experiments. The ability to hybridize with
free DNA ligands and their conjugates was demonstrated by immobilized DNA and ZNA®
probes. The first provided a slightly higher surface density of hybridized ligand strand
represented by the observed reflectivity shifts (3.49% for DNA vs. 3.25% for ZNA®), while
for DNA-antibody conjugates the binding efficiency was slightly higher for ZNA™ probes
(6.14% for ZNA® vs. 5.48% for DNA). In both cases, the immobilized antibodies showed the
capacity for immunoreaction with anti-mouse IgG antibodies used as model analytes. The
analy te binding efficiency (from a sample containing the target antibody at a concentration
of 1 ug/mL) was readily observable in real time using SPRi (see inset in Figure 7).

The observed reflectance changes for both types of layers were very similar (4.6%
for DNA and 4.7% for ZNA®) with a complete lack of response for the PNA layer (for
which, however, no oligonucleotide and protein receptors bound to the surface after
immobilization were detected). It indicates a significant correlation between the surface
density of receptors immobilized via DDI and the efficiency of immunoreaction. These
conclusions are similar to the findings of Simon et al. for studies of the formation of
PNA-DNA and DNA-DNA duplexes in monolayers [41].
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Figure 7. Average values of SPRi signal changes for the optimized composition of DNA-modified
layer (co-immobilization of DNA probe and PEG-800 at molar ratio 1:4, (0.1 uM DNA probe + 0.4 uM
PEG-800), PNA- and ZNA®-modified layer (immobilization of PNA and ZNA® probe followed
by surface blocking with PEG-800). The sensograms show the subsequent processes: (I) binding
of unconjugated ligand strand sequence (preliminary quality control of the immobilized probes),
(II) surface regeneration by means of injection of 50 mM NaOH, (IIT) injection of DNA-anti-hCRP
antibody conjugate, (IV) injection of anti-mouse IgG (as model analyte), (V) complete regeneration of
DDI-based biosensor. PBST buffer pH 7.4 was used as a running buffer and for all dilutions. Insets
show differential SPRi images, which visualize the observed differences in reflectivity for different
oligonucleotide probes

Equally important from the point of view of the reusability of DDI biosensor substrates
is the observed excellent regeneration efficiency. Injection of 50 mM NaOH—responsible
for the breakdown of the double helix—at the same time ensures very efficient removal of
immunocomplexes of antibody-DNA conjugates with the captured secondary antibodies.
The signal recovery to the baseline level, i.e,, before immobilization of DNA/ZNA® probes,
is observed after a single regeneration cycle (SPR signal increase does not exceed 0.2%
for each of the tested oligonucleotide probe), as shown in Figure 7. It confirms good
anti-fouling properties of the developed DDI platforms as well as their stability under
immobilization, analyte binding, and regeneration conditions. Notably, the results of a
parallel experiment carried out using SARS-CoV nucleoprotein-DNA conjugates and anti-
nucleoprotein mAb turned out to be very similar. This observation points to the major
advantage of the developed strategy, which is its versatility—the immobilization occurs
in a similar manner and conditions, even for receptor proteins of significantly different
structures and properties.

The appropriate design of the anchor layer has been shown to provide both efficient
“click-biology-based” assembly of receptors on oligonucleotide platforms and enable their
interaction with model analytes. Ultimately, matrix-type platforms with receptor proteins
of different origin (such as recombinant antigens or monoclonal antibodies) are intended to
be used for the construction of multiplex biosensors. They can operate both in a label-free
format and as highly sensitive platforms employing additional optical labelling, which
is currently the subject of our research studies. Such biosensors can find application
in detection of various targets, e.g., viral disease biomarkers (i.e., specific antibodies or
biomarker-like antigens) in real samples.
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4. Conclusions

DNA-directed immobilization as a strategy for receptor layer assembly has proven to
have many advantages over traditional, covalent approaches. It employs only hydropho-
bic and/or ionic interactions between the biomolecules efficient and reversible coupling,
DNA anchors allowed for rapid layer regeneration and re-immobilization without using
additional reactants. The immobilization reaction occurs in mild conditions (pH about 7.0,
regardless of the pl of the protein). DNA as the anchoring molecule is relatively cheap,
readily available, stable, and can be stored for a long time without risk of degradation. The
only disadvantages are the need for protein-DNA conjugation, careful and time-consuming
conjugate purification, and relatively low coupling efficiency, leading to protein loss at the
conjugation stage. We have thoroughly investigated the impact of a number of aspects
important to the fabrication of protein biosensors through DDL The importance of the
synergistic effect of factors such as the quality and purity of DNA-protein conjugates, the
composition of the oligonucleotide monolayer, and the type and surface density of anchor-
ing probes has received little awareness so far, which may have resulted in suboptimal
analytical performance of DDI-based biosensors. Our study demonstrated key differences
in the kinetics and thermodynamics of hybridization between unconjugated DNA and its
conjugates with anti-CRP antibodies and SARS-CoV nucleoprotein. The lower Kp value
(1.95 nM) of ligand strand binding than that of the conjugates (5.91 nM) confirms the thermo-
dynamic preference for binding free ligands over their protein conjugates. A significantly
lower binding rate and increased protein-DNA conjugate volume have been shown to
alter its reactivity and binding specificity in hybridization reactions with immobilized,
complementary probes. It was reflected in the use of anchor layers with low density of
oligonucleotide probes and appropriate backfilling agents with improved anti-fouling prop-
erties (preferably based on PEG derivatives). Next, we compared three types of thiolated
oligonucleotide anchors (based on regular DNA and their analogues: PNA and ZNA®) for
the construction of DDI platforms. We have chosen standard DNA anchors as the most
cost-effective and virtually inferior to their ZNA® analogues regarding the facility and
efficiency of immobilization on gold and stability of DDI duplexes with protein receptors.
Mixed monolayers composed of DNA and ZNA® with an optimized composition have
proven to be high-binding and regenerable platforms for constructing immunosensors
through a DDI strategy. The appropriate surface density and retained high affinity of the
DDI-immobilized receptors allows for the label-free immunodetection of protein analytes
of diagnostic significance, while also providing excellent regenerability and reusability of
the platforms. We believe that the proposed improvements in DDI technology will enable
its widespread implementation in the construction of versatile protein arrays based on
platforms routinely employed in conventional DNA arrays.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mndpicom/article/10.3390/bios14030136 /51, Figure S1: (a) Chromatograms showing the
results of separation of unconjugated SARS-CoV nucleoprotein (solid black line) and the mixture
of unconjugated SARS-CoV nucleoprotein with ligand strand DNA (dashed red line). The arrows
indicate fractions of free protein (retention time around 3.5 min) and unconjugated DNA (retention
time around 18 min). (b) Chromatograms of ligand strand sequence before (solid black line) and after
treatment with NHS-based crosslinker (dashed red line) in the absence of protein. Chromatograms
were captured using a spectrophotometric detector at A = 260 nm [26,27,42-45]; Figure 52 Normalized
absorption spectra of selected fractions of post-conjugation mixture as a result of DNA-anti-hCRP
antibody conjugate separation; Figure S3: Residuals between fitted curves and experimental data
for interactions of DNA probe with fre-e ligand strand (a) and DNA-anti-CRP antibody conjugate
(b); Table S1: Detailed statistics data characterizing the used kinetics binding model; Table 52: A
comparison of the different types of oligonucleotide probes examined within this study.
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Figure S1
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Figure S1. a) Chromatograms showing the results of separation of unconjugated SARS CoV-
2 nucleoprotein (solid black line) and the mixture of unconjugated SARS CoV-2 nucleoprotein
with ligand strand DNA (dashed red line). The arrows indicate fractions of free protein
(retention time around 3.5 min) and unconjugated DNA (retention time around 18 min). b)
Chromatograms of ligand strand sequence before (solid black line) and after treatment with
NHS-based crosslinker (dashed red line) in the absence of protein. Chromatograms were
captured using a spectrophotometric detector at A = 260 nm.

Analysis of the chromatograms captured for the free protein and its mixture
with DNA confirms that in the absence of a crosslinker, there is no non-covalent
interaction between these molecules (See Figure Sla). It is evidenced by the
unchanged retention time of the free protein and the absence of additional signals
indicating the presence of protein-DNA associates. This observation supports the
postulated mechanism of covalent coupling with the participation of protein amino
groups as the main reaction responsible for forming protein-DNA conjugates. To
confirm the specificity of amino-coupling and to verify the relevance of the influence
of the possible side reaction of active NHS esters coupling to primary amine groups
within nucleobases (thus crosslinking DNA strands at the activation step), the effect
of the amine-reactive crosslinker on the ion chromatogram of the ligand strand DNA
was also checked. Such a reaction occurring with noticeable efficiency could
significantly disrupt the stoichiometry and homogeneity of the DNA-protein
conjugates. As can be seen in Figure S1b, there is no noticeable change in the character
of the peak from the unmodified DNA sequence after the incubation with the
crosslinker compared to the signal for the same sequence without the crosslinker
addition. It demonstrates the absence of signs of reaction between the active NHS ester
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and -NH2 groups of DNA nucleobases. The selectivity of the activation reaction can
be explained by the significantly attenuated basicity of exocyclic amines compared to
aliphatic ones [1,2]. Therefore, the DNA nucleobases show poor reactivity towards
NHS esters at room temperature [3,4]. Intensities of signals corresponding to the
conjugate fractions of various proteins on the chromatograms (anti-SARS CoV-2
nucleoprotein in Figure 1a and anti-hCRP antibody in Figure 1b, respectively) were
compared. It leads to the conclusion that the efficiency of amine-coupling significantly
depends on the type of protein. In the case of nucleocapsid antigen, the average
conjugation yield for three independent batches (calculated in relation to the total
amount of DNA used in the reaction) amounted to 57.6 % + 8.3 %. In contrast, the
efficiency was significantly lower for antibodies, reaching 12.9 % + 2.0 %. Both
calculations were based on the areas of the obtained signals apparent in the
chromatograms. Their complex structure may explain the lower coupling efficiency
with antibodies. Antibody as a large glycoprotein presumably shows worse reactive
amino group availability than recombinant protein without additional modifications.
In addition, the lower pl value of the antibody compared to the SARS CoV-2
nucleoprotein (5.8-7.5 vs. 10.2) impedes the interaction of polyanionic DNA chains
with the antibody in the conjugation medium due to more negative charge over a wide
pH range and thus increased repulsion of polyanionic DNA tags [5.6]. Noteworthy, to
increase the efficiency of conjugation with respect to the protein (which is usually a
more expensive and less accessible component), a molar excess of DNA is used. This
approach further supports the importance of procedures for the purification and
fractionation of protein-DNA conjugates due to the need to remove excess free ligands
from the reaction mixture.
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Figure S2
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Figure S2. Normalized absorption spectra of selected fractions of post-conjugation mixture as
a result of DNA-anti-hCRP antibody conjugate separation.

Analysis of UV absorption spectra indicates that DNA-protein conjugates
exhibit characteristics of both components. It is evidenced by the observed
bathochromic shift relative to free DNA (Amax: 259 nm -> 261 nm for DN A-rich fraction
conjugate II and Amax: 259 nm -> 262 nm - for a fraction of 1:1 stoichiometry conjugate
I), which can be attributed to the increasing proportion of protein (Amax =279 nm) in
the conjugate. Due to differences in molar extinction, the proximity of the
characteristic absorption bands of proteins and DNA, and the low concentration of the
tested conjugates, it is impossible to observe independent bands of the two
components. Therefore, UV absorption spectra analysis cannot be the only method to
validate the efficiency of DNA conjugation with proteins. However, UV absorption
analysis can be treated as an auxiliary method to ion chromatography, which does not
cause destruction and loss of the sample and allows for the quantitative determination
of the conjugate concentration. Despite the limitations mentioned above, UV
absorption spectroscopy appears to be an attractive and rapid method for the
characterization and quality control of the previously purified DNA-protein
conjugates.
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Figure S3
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Figure S3. Residuals between fitted curves and experimental data for interactions of DNA
probe with free ligand strand (a) and DN A-anti-CRP antibody conjugate (b).
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Table S1

Table S1. Detailed statistics data characterizing the used kinetics binding model.

Parameter

Free DNA

DNA-protein conjugate

Fitting model
Concentration range
Bmax [mdeg]
ke (M)
ka[s7]
ko [M]

Chi?

“one-to-one”
17.3nM - 10.8 pM
140 (+ 1.72:10")
1.51-10° (£ 2.35-10°)
2.95-10% (+ 1.56:10%)
1.9510% (+4.07-10")
0.00

“one-to-one”
0.97 nM - 15.5 nM
40.0 (= 8.08-10?)
1.1310° (£ 1.35-107)
5.89-10 (+1.97-107)
5.19-10% (+2.58:10"%)
0.00
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Table S2

Table S2. A comparison of the different types of oligonucleotide probes examined within this

study.
Parameter DNA ZNA PNA
Immobilization 100%
efficiency  (15nb — reference value) 19.1% 24.5%
(normalized) 100.0% (48nb)
Hybridization 46.2% (15nb)
efficiency 46.8 (48nb) 100% (reference value) 0.1%
(normalized)
f
Szincscharge +47.8 mV (+-3.7mV)  not measured

(zeta potential)

Probe synthesis
cost

-38.2 mV (+- 1.7mV)

low

moderate

high
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ARTICLEINFO ABSTRACGCT
Keywords: SPRi protein arrays for rapid, label-free @ d ion offer an i h for high throughp
Protein labeling i ing and analysic of molecular i i H , their routine use for quantitative analysis requires
Protein dyes 2 ducibility and h ity of L Z > < 2 ok Z
.l:mpmt?yuquﬂlyeounol hniques. T P % d to develop ile and 4 - hoda for the d
p Im::p‘q s mdmmquhwﬂqmmdmmmmﬂnmmu-m
Surface plasmon resonance imaging one-step method of surface protei lization by their le, non-specific staining with anionic dyea:

Ponceau S (PS), Amido Black (AB) or Coomassie Brilliant Blue 0 (CBB-Q). Using rabbit lg0 antibody and
tranaferrin a0 model receptors, we demonatrate the possibility of protein surface density determination in a broad
nnge\lpm—Snpm‘z(forammmﬂhyu)lndupwnkmlzsm‘ (for a 3D hydrogel-coated

subgstrate). The ranges of d i for the developed hods cover the typical surface densities

uqnuediwhmngandnmdmnofﬂzhndmgkmeﬂa.ltwudmdlhueadloflbemvmpwddyu

in gpecified applicati While CBB-G shows the highest sensitivity of SPRi response, AB

irea the lest labeli diti and PS chown the highest ascociation rate and ease of washing out, even

ﬁmpummhymoflugbdennty The feasibility of the developed method for the quality control of SPRi
y waa confirmed. The adv ges of the new, dye-based, pecific labeli thod over i

hbehngmmnfmpha:yofmplmmﬂmmdm:nhtthahobeﬂh@hﬂned

1. Introduction (SPR) [7], ellip y [28], inter based techni [9] and
atomic force microscopy [!0]. Given the well-studied surface chemistry

Pr ay technology is an ing bi ing strategy of gold, one of the most widely used solutions is the SPR i ing (SPRi)
that allows for high-throughp lysis and si detection of detection platforms [6,11.12]. A significant challenge in developing
multiple analytes. This app h i the direct i ion of target these bi ing arrays is the fz ing of stable and homogeneous
in the le with protei P bilized on a layers through high-throughput i bilization i1 like
microarray surface, facilitating si itoring of i ex-situ microspotting. It must be underlined that the receptor surface

biochemical interactions. Typically, techniques based on additional la- density is a critical parameter that influences further applicability of the
beling, employing fluorescent or enzymatic tags, are used for signal formed P layer, and theref it should be strictly controlled.

readout [1-6]. In i label-free fc have also been Obtaining a uni layer is challenging in the case of multi-
ped, allowing direct itoring of i lecular i i plex mi y duem:heneedforspamlly-resolvedmmobmzmon

and biosensing in real time. Label-free, p in-based affinity bi of multiple proteins on the same transd , where ion can arise

in microarray format hav!beenconmuctedbasedmvanous mecha- from fluctuations in humidity, mmpenm.re and probe concentration

nisms for signal d luding surface p [13].
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The ideal receptor layer to be used for protein microarray should be
characterized by high reproducibility of its manufacturing, which in-
cludes surface d y and h of recep-
tcrd:smbuuonmnermsoftheshapeandnzeofmﬂelds There are
several ways to check the quality of the receptor layer, but each of them
has significant drawbacks. The first and most straightforward method of
assessing the quality of the receptor layer is a direct, post-evaluation of
the target's binding capacity based on the response to analyt::al stan-

dards of known ation [14]. , this approach may pre-
clude biozensor reuse for lysi uf real due to
with its reg i Another way to check the P

Sensors and Actuators: B. Chemical 421 (2024) 136512

non-specific protein labels for SPRi. Ponceau S (PS), Amido Black 10B
(AB) and Coomame Brilliant Blne G-250 (CBB-G) exhibit the capacity
for binding to p ptors on the surf: Due to the
previously unexplored and significant differences in the nature of dyes

bindi: byr 1 on Au an ded study of
dye-p i has been d d. This h provides a
deeper und ding of the hani behind reversible staining
using AB and CBB-G, which have so far been considered irreversible in
typical, b N AN

The use of classical SPR made it possible to follow the process of

Iayer s quality is the direct monitoring of its formation. It should be
noted that tbe classical SPR format offers controllability of receptor

ptor layer f and deter of the surface density in the
case of covalently bound rabbit IgG and Tin as model D
Ttaclu.u,g of dye-pmnem interactions by means of SPRi enables protein

rfa by ki bilization in real time [15]. This, via labeling. It has been demonstrated that the
however, is not feasible for SPRi arrays and a variety of other bi proposed th "haxaw:derlmearmnse greater versatility, and
types in microarray formats. A third possibility is the of the y than specific inmunolabeling. A combination of non-specific
rface density of ptor p through specific i ling p i ining and SPRi Ited in the of a versatile
This requires specific ibodies, such as dary ibodi i PP h to quality 1 of p in-based layers for multi-

certain species (e.g., anfi-mouse or ann-goat for meunol.abeh.ng of an-

tibodies) or specific antibodi bilized p (i
labeling of ). Specific i "_..,I:ymeansofantibodies
inst the in is ive, as antibodies of

different specificities are required - primarily in the case of
antigen/protein-based arrays, for which the use of secondary antibodies
is not possible.
Non-specific labeling of p i pl the binding of a
marker, allowing their visualization and surface density determination.
The ideal non-specific protein marker should interact selectively with a
wide range of proteins without its inactivation. Such interaction should
be characterized by rapid association and dissociation rate, allowing fast
binding and sp hing out without additional stages of
ion. Dyes ly used for the visualization of proteins on
v blotti and polyacrylamide gels appear as good
candidates for pmtem markers [ 16]. However, to date, no studies have
been reported on their use for the quality control of protein-based SPRi
biosensors [16-18].
The devel of post-i bilization methods for mapping and
demrmmanon of protein bioreceptor surface density appears to be an
hall that can imp: the reliability of SPRi-based as-
says There are known methods based on DNA microarrays. Simon et al.
d the bility of h ine r fum(IlD)
which was previously ployed for electr ical quantification of
DNA coverage on gold electrodes, for application in SPRi-based deter-
mination of the surface density of DNA probes in microarrays [19].
Chiari et al. introduced a label-free method for quality control of DNA
probes on microarrays using the Interferometric Reflectance Imaging
Sensor (IRIS), enabling real time monitoring of umnobmzanon and

plex SPRi immunosensing.
2. Experimental
2.1. Materials and reagents

Human g G from rabbit serum (rabbit
1gG), goat anti-rabbit IgG, TWEEN®20, N-hydroxysuccinimide (NHS), 2-
(N-morpholino)ethanesulfonic acid (MES), ethanolamine, sodium
hydrogen phosphate dihydrate and p dihydrogen Phﬂpham
were purchased from Merck KGaA (G ). Anti- ibody
line HM063 was purchased from Medix Biochemica (Finland). Coo-
massie Brilliant Blue G-250 (CBB-G), Coomassie Brilliant Blue R-250
(CBB-R), Amido black 10B (AB), Ponceau S (PS), fluorescein and thy-
molphtalein were from Thermo Scientific Chemicals (United States,
MA). Thiol-PEG-CH;COOH (M,, = 1 kDa) (PEG-COOH) was purchased
from BroadPharm (United States, CA). Bare gold SPR slides were from
Horiba Scientific (France). CMD hydmgel-coaud SPR slides (density:
50 M) and 1-ethyl-3-(3-di y pyllcarbodiimide hydrochl
ride (EDC) were from XanTec Bioanalytics GmbH (Germany). Hydrogen
P ide (30 %), ia (25 %), hydrochloric acid (35-37 %), acetic
acid (99 %), glycine, sodium chloride, potassium chloride and sodium
hydroxide were from Chempur (Poland). Dei d (DI) water (con-
ductivity < 0.055 pSocm" at 20 °C, TOC < 1.0 ppb) was used for the
preparation of all solutions and buffers. pH of buffers was adjusted using
1 M NaOH,, or 1 M HCly,.

2.2, Apparatus and software

optimal probe [13]. Another app h pro- MP-SPR Navi™ 220 A NAALI device equipped with a goni ic
vxdedbyDuametal. ploys an op ce p i i y data angle system, i d fluidics and ler (Bio-
fi to enh i lysis with ad d Navis Led., Tampere, Finland) was employed for the 1 i bi

nomahunon techniques [20]. As an example of receptor layer quzhty

hunonofprotemontbesmﬁceofSPRchxpsandhneaasmdmof

in i s, C Rhodes reported the appli
of aﬂuomcemdyenoldennfypnnnngmmandassess immobilization

dye-p SPRi Lab Plus device (Horiba Scientific, Pal-
aiseau, France) was used for SPR imaging studies. MP-SPR Navi™

efficiency [21]. The devel of the d method DataViewer (BioNavis Ltd., Tampere, Finland) and Trace-
hxshhght:thegmmngfocuzonthequahty of ptor layers D! , v 1.8 (Ridgeview [ AB, Upp Sweden)
in rays. H % loping a rapid and non-destructive were used for ysis of SPR grams. OriginPro for

thodology for vi: and quality of the p -based Graphing&Analysis (Northampton, M: h USA) was employed
SPRi arrays seems to be a challenge that still needs to be addressed. for analysis of 8PRi ams and visualk of results.

This work employs a combination of two SPR formats, classical SPR
and SPR imaging, to develop an SPRi-based method for the quality
control of protein receptor layers. To our knowledge, there have yet to
be any repom on a protocol for the rapid, one-step quality evaluation of
ti ing platforms by means of SPRi, which can be

lied in-line i diately before its use. For this purpose, the possi-
bihty of utilizing popular anionic protein dyes has been investigated.
Three compounds of different properties were selected as candidates for

2.3. SPRi studies on the interactions of model protein receptors with
anionic dyes

The detailed p 1 for cl gold SPR slides (of universal size,
compatible with both classical SPR and SPRi device), their functionali-
zation and proteins immobilization (both in the SPR microfluidic system
and ex-situ by microspotting) is described in Supplementary Material.
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The schematic of a typical procedure of reversible protein staining on
the SPRi chip is shown in Fig. 1 A. Briefly, the SPR chip with immobilized
rabbit IgG and transferrin was assembled into the SPRi instrument. PBS
buffer with 0.05 % Tween20 (PBST), pH 7.4 was used as a running buffer
throughout all experiments. All injections of protein dyes typically las-
ted ~5 min and were carried out at the flow rate of 150 pLemin~' at RT
(cl itions). Dye-protein interaction studies employing SPRi
were carried out th h 1 i i of dye soluti Unless

Sensors and Actuators: B. Chemical 421 (2024) 136512

buffer pH 2.0 (PS, CBB-G) or 10 mM Acetate/NaOH buffer pH 4.0 (AB).
Stock solutions (1 mM) were prepared by dissolving solids in a mini

volume of 1 M acetic acid, followed by dilution with a dedicated buffer
and pH adjusting using 1 M NaOH. Injections of dye solutions were
carried out to collect SPRi to dye-p ini Areas of
the chips d with p are defined as a negative control.
Unless otherwise stated, differential SPRi sensograms were shown to
suppress bulk effects by subtracting the responses from test flelds

otherwise stated, working solutions of buffered dyes (50 uM each) were th bilized p in (blank resp ). To carry out the immu-
prepared in media of optimal composition, ie. 10mM Glycine/HCl nolabeling, a 5-min injecti of a specifi ibody agai the
A SPR slide transfer SPRi
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Fig. 1. A) Schematic overview of the measurement procedure carried out in the presented studies. B) E lary SPR ilk lent immobilization

of model receptor proteins: tranaferrin and rabbit g0, along with the resonant angle shift values (AA). A schematic of the longitudinal section (across the SPR cells)

can be seen on the right. C) Diffe ial SPRi g il ng the i

of different dyes with rabbit IgQ layer. On the right, differential CCD camera

images of the sensor slide with visible bright fields resulting from the CBB-O association.
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immobilized protein (anti-rabbit IgG or anti-transferrin antibody in PBST
buffer, C = 50 ygemL~" each) was performed at the end of each exper-
iment. 10 mM glycine HCI pH 2.0 was used as a regeneration buffer for
protein layer stabilization and desorption of specific antibodies. SPRi

analysis is based on the ing of ivity ch (AR) in pre-
defined areas. Typically, a mini of 3 indep spots of min.
400 pm (di ) for each i bilized p in and a blank (without a

protein) were defined. The exception was microarray analysis, in which
there was one test spot covering the entire area of the spotted zone.
Differential SPR and SPRi (after sub of the

Sensors and Actuators: B. Chemical 421 (2024) 136512

with dyes, which is favored by its pecific and multid char-
acter due to the p of multiple binding sites within a protein, as
well as the small size of dyes molecules. Due to the lack of spatial and
diffusion constraints, equilibrium can be achieved in a relatively short
time, asbesnllumtedbyﬂxeSPRuesponsetoPdee Due to the rapid
dissociation of dyes, for ive dies, it was d that the
change in reflectivity ded at the ion stage, i.e., for a time
corresponding to 90 % of the total injection time, will be taken as the
analyncalmgnal(asshmana 1 A. Thanks to the observed features of

signal and bulk effects) were used for quantitative studies of protein
surface density.

3. Results and discussion
Our study aimed to develop a simple method for quality control of

SPRi receptor layers that enables the preservation of the protein bio-
logical activity and allows further reuse of biosensing platforms.

their i with p , the sel d dyes meet the prerequisites
for being effective non-specific markers for mapping SPRi protein
arrays.

In the next step, the effect of pH and buffer ionic strength on the SPRi

P was ined to m the effi vy of dye binding to
proteins. For pH selection, SPRi responses were compared for three
selected pH buffers, i.e., pH 7.4 (10 mM phosphate), pH 4.0 (10 mM
acetate), and pH 2.0 (10 mM Glycine-HCl). Acidic media was chosen for
optimization studies due to the significantly better solubility of all

Therefore, it was v to find labels characnenzed by: i) good studied dyes in solutions of low pH [22.23]. Interactions of both ionic

lectivity P ins, ii) fast i inetics and iii) capa- and hydrophobic nature were recognized as crucial for the intended
bilityof P dissoci without steps. purp Therefore, the binding efficiency ngly depends on the pH
Six ds were selected as did for non-specific and ionic of the applied i

protein staining: Ponceau S (PS), Amido Black 10B (AB), Coomassie
Brilliant Blue G-250 (CBB-G), Coomassle Brilliant Blue R-250 (CBB-R),
Thymolphthalein and F S g (both raw and differen-
tial) ilk g of these pounds with model receptor
proteins and SPR sensor substrate as the reference are shown in Fig. &1
amJ s2. The criteria of affinity towards both rabbit IgG and transferrin

The results presented in Fig. 2A show that the highest binding effi-
ciency was achieved for PS and CBB-G at pH 2.0. At the same time, the
highest response was observed for AB at pH 4.0. In contrast, further
acidification of the interaction medium to pH 2.0 almost totally sup-

i the dye-p (only 2.1 % of the signal observed
forpH4 0 lnthecaseofCBM PH ~ 2.0 provides the molecule with a

( ting in a SPRi resp ) and facility of rapid di
aﬁonwemmetbythxeeofﬁx examined dyes, i.e., PS, AB, and CBB-G.
Therefore, such ds were sel d for further research.

The routine pmuocol employed for the charachenunon of the
developed method of ptor layer quality d controlled
immobilization of proteins in a microfluidic system of classical 2-chan-
nel SPR device and then the transfer of the SPR slide to the SPRi de-
vice, as depicted in Fig. 1A. Fig. 1B shows SPR sensograms illustrating
the p of i bilization, during which the observable
change of the baseline angle shift confirms the effective and stable
coupling of rabbit IgG and transferrin to the surface via EDC/NHS
chemistry. Firstly, the injection of EDC/NHS occurs to activate carboxyl
groups on the surface. The protein of interest, which contains primary
amine groups, is injected after activation. The surface is treated with
ethanolamine to block any sites and pr non-
specific binding. This step quenches unreacted NHS esters by convert-
ing them to inert amide groups. In tumn, SPRi sensograms and images
captured by the CDD camera of the SPRi instrument illustrate the

h of the ligand molecule at the strongly positive
surface charge of both proteins (pH << pl) [24]. Our observations
regarding CBB-G confirmed the previous reports that CBB at low pH
shows greater binding efficiency to proteins, resulting in more linear
assay plots and less color variability. It was also noticed that at neutral
pH, the formation of the dye-protein complex is slower, and the dye
binds fewer sites. ngh salt concentrations can lead to demixing and

inp due to the of el

in i ions [25]. Th e, the effect of NaCl content

in the medlum was studied for two dyes with different interaction

characteristics, i.e., AB and CBB-G. Az shown in Fig. 2B, in the case of

AB, as the concentration of NaCl in solution increased up to ~ 200 mM,

the sensitivity decreased, which suggests the domination of the

ionic-nature attraction of this dye to proteins. Concerning CBB‘G, no

such relationship could be observed, as the i ing salt

did not significantly affect sensitivity, which may indicate a predomi-
nance of hydrophobic interactions.

Table 51 provides m—depth characterization of the physico-chemical

pt of p ion (Fig. 1C). In a differential image, the properties of the dyes d within p rmeamh These data,
non-labeled proteins bound to the surface are not visible. After injection as well as literature reports, support our initial ding the
of a given dye leading to pecific labeling, it is possible to observe i d i Congdon et al. reported the contribution of
the bri of the mi idic cell duetodye" ding. This both basic and aromatic amino acid side chains in the CBB-G binding to
h is indi d in SPRi asa ble change in P CBB tends to bind to other already bound dye molecules via x-r
flectivity. Specific labeling of surface proteins with antibodies was g of the phenyl ring system [26]. This is supported by both our

used as a reference strategy for their mapping. A noticeable difference in

observations and the chzramnsnu of thu dye in acidic media. Based on

the course of sensograms obtained in the case of i
(shown in Fig. £1) and non-specific labelmg with dyes reflects the dxf-
ferences in the stability of the 1ti 1
protem complexes In the case of non-speczﬁc staining, no layer regen-

is d b lecules of all types of dyes wash out over
time under tlw influence of running buffer injection, while the interac-

tion of mceptms wuh antibodies leada to stable i 1 and

labeli the rel between p surface d v and SPRi to CBB-G
it was d that the ber of 1 sites for
and dye- g still depends on the of protein on the surface. Thus,

this effect only results in signal amplification for prolonged interaction
times. In our study, we used relatively short injections, at which we did
not notice any significant and negative effect of this phenomenon. The

thus req a ation cycle. N B lab
eling with a single annbodyalluwsforobmnmgasxgnalforonlyoneof
the immobilized proteins, and the SPR resp is then noticeably
smaller than the one resulting from the dyes.

The observed significant changes in the reflectance of the test fields
shown in Fig. !C can be attributed to the high efficiency of the labeling

high bicity of CBB-G among the analyzed dyes (logD =
705) aswellasnsnear—umnecchame(plcng— 2.59), explains its

very efficient h hydrop and thus
high SPRi responses. In the case oft:he dyes, the el i
or mixed el icand hyd g e F sl

due to their anionic nature over the entire range of tested pH (see
Table 81) [18].
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curves (Fig. 53A, 54A) was carried out

Analysis of the d

P

reeeptor layers [30]. In addition, CBB-G is characterized by a slower

to further ch ize the i ion of dyes with model protein re- rate than PS, whose compatibility with immunolabeling
ceptors. The profiles of reaponse to mjecnons of dyes at dn?fetem: con- hni has already been hrough itz use in protein

i (in the opti of i for pre-staining in Westem bloumg methods [27]. Therefore, CBB-G was
eachdye)arepresenmedasafunctxonofthelogamhmofdyeconcen- selected as the most p d to ins. In the

tration (Fig. 53B, 548). The lack of fund 1 differ b the
binding characteristics of dyes to model receptors of different types
(protein antigen and IgG antibody) demonstrates the versatility of these
compounds as markers for protein mapping. In the case of AB and CBB-
G, a linear relationship of SPRi resp mmeloganthmofdyecon-

P

expen.mennllustmtedm}‘c 3, asenesofdyemjecﬁonswezecamed
out toward immobilized rabbit IgG (studied protein) and transferrin
¢ ), d by specific i labeling with anti-rabbit IgG

ibody injection and layer reg -nnmrthmMGlyHClpHZO
As a msult ot' several cycles (n=6), it is noticeable that the rabbit IgG

centration is observed over a relatively wide range of
(typically in the range of 5-50 pM). In turn, Ponceau § is duractanzed

ptor layer only slightly loses its binding capacity.
As it can be seen in Fig. 3B, a slight decrease in SPR response to

by a rather abrupt flattening of the msponse profile for

above 20 pM and y narrow dy P ranges for both
rabbit IgG and in. It indi the ease of ing equilibrium
for this dye and the relatively ion of binding sites in the

protein structure. These observations stay in accordance with reports on
the different characteristics of PS dye, as it is the only compound among

labeling is noticeable (~ 73 % of the original signal is observed
after 6 cydes) which is in correlation with the SPRi response evolution
for CBB-G staining (~ 78.5 % of the original signal after 6 cycles), which
can be attributed to gradual layer depletion. The analysis of the SPRi
response of immobilized transferrin for cycles of regeneration and CBB-
G staining indicates a similar level of signal decrease associated with

desorption to the IgG layer (~81.7 % of the original signal is

the studied group that is idered easily hable (. ible), in P
opposition to AB and CBB—G which are considered permanent in
blotting applications [27]. Nevertheless, according to our
liminary dies, all three sel d dyes can be classified as reversible

in the specific apphcanon as markers of protein receptor layers of SPRi
biosensors.

The binding of dyes to proteins is similar across Western blot mem-
branes, PAGE gels, and SPR/SPRI receptor layers, involving ionic and

observed after 6 cycles). Importantly, no deterioration in binding
selectivity was observed along successive cycles, as evidenced by the
absence of sngm of non-specific adsorption of anti-rabbit IgG on immo-

bilized rin (purple am) and d surfaces (black
sensogram).
To quantitatively yze the relati ips b SPRi

to nonspecific staining and surface densmes of immobilized mcep(or

hydrophobic inter The p of CBB-G and AB dyes as proteins, calibration curves for individual dyes were determined (Fig. 4).
ir i in blotting and el ph is is infl d by mass Data for the ¢ i dies were ob d by per g a series of

imitations in p structures, with pore sizes ranging from rabbit 1gG and ferrin i bili using classical SPR. The
02m045m1cmmeten This can lead to trapped dye-p i 1 densities of the p i d in )wexeca.lcu

characterized by slow diffusion and desl:.unng [28]. Our study shows
that sub with reduced p and ller thicl (up to
700 nm) allow dyes to dissociate more easnly, enhancing staining and
washing efficiency. The i d di fficiency of AB and
CBB-G is conditioned by the different an:hmecture and chenucal nature
of the SPRi d d to Llul b and
acrylamide gels. In particular, the lack of a porous 3D structure prevents
local precipitation ofdye and its xetennon "9]

As the P thod of r should be
non-destructive to the i bilized p , the impact of the protein
staining by means of CBB-G on the mbl.hty and anubody bmdmg ca-

lated based on the value of xeson.mtzngle shift [3 1] The immobilization
‘was carried out in variable conditions to achieve a possibly wide range
of surface densities (in the range of 0.80-6.98 |:Lgor.nm'z for rabbit IgG
and 1.22-5.72 ngemm ™~ for transferrin). It was by varying the
protein mjectlon time during immobilization (5-20 min) and the use of
different p ions in the i bilization buffer (from 0 to
200 pgoml.'l).
Analysis of the d in Fig. 4 indi that for all
the tested dyes, i.e., PS, AB, and CBB-G, itis possible to determine a near-
linear relationship indicating the mlauon of the SPRi response to the
surface ity of the P p In the case of immobilized

pacity of the ptor layer was d

proved that CBB-G dye shows the lughest sensmvlty at pH 2.0. This
medium is considered to effectively impair protein-protein interactions
and, therefore, is commonly used in SPR protocols to regenerate

rin, it is shown for all applied dyes that the range of linear
covers in the window of 0.0-3.0 ngemm ™2, while for

rabblt 1gG, the range is nearly twice as wide (0.0-5.7 ngemm 2 for Ps
and AB and 0.0-4.9 ngemm "2 for CBB-G). These surface densities range
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individual cycles.

includes typical coverage of protein receptors immobilized via EDC/
NHS, which is ded for kinetic studies (1.5-1.8 ngemm™?) and
biosensor design (2.5-5.0 ngemm ™) [32-34].

It iz worth noting that the ratio of maxima for which linearity of
response was observed (3.0 nggomm'2 (transferrin) vs. 5.7 ngomm’2
(rabbit IgG)) accurately reflects the ratio of their molecular weights
(transferrin ~ 80 kDa, rabbit IgG ~ 150 kDa). Hence, the similarity of
the linear ranges expressed as molar surface density (npmz.zoolo‘:

reported in the literature indicates that the organization of proteins in

the receptor layer at about 1.5¢10'? IgG moleculesecm™? corresponds to
a single layer of physisorbed ibodies [35].
Ty
Tosta=g—— N, m
Minpeos

Although a flexible linker in the form of carboxylated PEG, Mw =
1 kDa, is involved in the construction of our aszays, due to its small size

in 1 “2 and 2.29¢10" IgG molecul 2
respectively) is even more apparent. Comparison of the surface densities
obtained within our studies (calculated using Eq. 1) with the values

d to the i bilized p ins, we can that our P
layers correspond to the model of 2D 1 . This lusion ex-
plains both the inability to achieve higher surface densities and the loss
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of linearity of the observed relationships at high surface densities. In
both cases, the limitation in the efficiency of protein immobilization and
dye binding iz primarily due to steric hindrances related to the archi-

applied dyes as well as for the immunolabeling method. It mdmates the
need for preliminary calibration for individual p to
obtain reliable quantitative results. However, in tbe case of SPRi bio-

ptor arrays, such a calibration will be much easier to carry out due to

of the monol A support for this b is is the
fact that for the specific immunolabeling of surface pmnel.ns with anti-
rabbit IgG and anti- ferrin ibodies, the d ranges of the
obseﬂedsmxespoweawemfotmdmbemﬂarformsfemn
(0.0-3.0 ngemm~?) or even narrower (0.0-3.8 ngemm™?) for rabbit IgG
(please refer to Fig. 4 — i labeling). Our studies p! d that
nonspecific protein labeling iz a versatile method for quantifying

the possibility of using a single dye as a non-specific marker to visualize
all receptor proteins in the SPRi array in a single experiment.

The obtained calibration curves enzble the determination of a range
for reliable quantitative yses of p face densities, h as
shown in Fig. 4, the relationship b SPRi resp and dye
staining surface densities ex.hibux some inaccuracies compared to im-

immobilized proteins in a wide range of surface densities. Such a
nsmppomedbythemzﬂslzeoftheuuddyamdthelmrnskofmm

as evid d by noticeably larger error bars. These
thodol lissues in SPR signal analysis and

stem from

pared to specific i labeling. The sensi- chip transfer rather than intrinsic dye-protein interactions. Calibration

uvmes of the corresponding assays (exp byﬂuslopesofthehnear curves rely on surface densities derived from SPR sensogﬂms necorded
sections in Fig. 4)vaxymddependommetypeofprotemtested,m in in a small 1 area, itating the ption of P

the case of PS, a higher iti ,of ing was d for trans- density across the flow cell. Furth i in dye staining

ferrin. In for the ing dyes, larger SPRi resp slopes arise b fl is read at the end of the aszo-

are observed for rabbit IgG. ciation step, unlike immunolabeling. Bulk effects are not always effec-

By far, the high itivity of itative p i ing was tively suppressed in SPRi cells, whereﬂ:emedmmexchangeuless

obtained for GBB-G (6.6 RU/ngemm > for IgG and 4.4 RU/ngemm 2 for
transferrin, mpecnvely) These results demonstrate the observed
high bi p of CBB-G dye. The variation in the
amys sensmvmes towards different proteins was observed for all

efficient than in narrow SPR mi 1ls, p 1k 1g diffe:

in interaction times and inhomogeneities across test ﬂelds Immuno-
]abehngngnalzmnnaffected,alheymmdaﬁenhedyemremwed.
Despite these chall in v i such as
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quality 1 of mi bri d SPRi biochips, i P btaining surface d o( about 16 ugom::l:l'2 for rabbit IgG and

from corresponding test fields and visually lyzing SPRi i for 12.5 ng -2 for P . For both types of immobi-

layer homogeneity can be more valuable than relying solely on absolute lized p , an i in SPRi signal: ded for all dyes was
observed as ﬂle surface di of the i bilized p

surﬁce densu:y values This approach simplifies result analysis and
iated with surface density determination
using SPR. We believe that chip-to-chip comparisons will provide a
practical method to assess consistency and quality without being

Y

Changing the SPR substrate type from a planar (HS—PBG-COOH) toa3D
CMD hydrogel sub Ited in a broader range of dynamic re-

to protei ini ith iceabl g impact of
dl.Efusmn lnmtznons. It may be asslgned to the higher capacity of the
hydrogel layer and thus to the red in steric ing of
which hinders their effective interaction with dye molecules.
To better eval the itative ionships b the surfa

affected by p errors d with SPR
techniques.

It is worth that the p hod can be used to

i the surfa of i bilized P H , it is

ble for deter the protein’s viability or avai binding

sites. The mere p ofap on the surface does not ensure its

biological funcuonahty Thus, while the dye-pmuem interaction con-
firms that the bi has 11} bilized to the surfa-
ce—highlighting the prumpal benefit of the presented quality control

thod—it does not p insight into potential protein-protein
interactions.

The design of sensitive SPR: bxosensors and platfouns for the nehable
characterization of mol often the
measured analytical signal while maintaining the spatial freedom
necessary for undisturbed interaction of usually large proteins. There-
fore, in routine applications, various SPR substrates with 3D archi

of proteins and the SPRi responses to dye labeling, the signal
ratios obtained for both surface densities of each protein were calcu-

lated, and the values of the signal ratios are summarized in Table 1. We
assumed that the closer the ratio of the SPRi staining response to the
ratio of surface densities determined from SPR immobilization senso-
grams, the more accurately a given dye rep the rel of
the surface densities. As can be seen, the initial relationships between
the surface d of p ins i bilized on 3D CMD substrate were
most rep d by with PS for both rabbit IgG (PS
ratio = 92.0 % SPR ratio) and transferrin (PS ratio = 99.6 % SPR ratio).
The other dyes, i.e., AB and CBB-G, were characterized by a more
noticeable loss of resp linearity for high protein surface densities.

tures based on carb hyl d hyd: Is have now become
p d for gning p based SPR platforms [36]. Thus, in
further studies, we i gated the app ion potential of non-specific

staining methods using PS, AB, and CBB-G to quantitatively d

A.n even more significant decrease in sensitivity was observed for
ling with p (anti-rabbit IgG), where the
signal ratio (H/L) only shght!y exceeds 1. The obtained results support

Tvel shodi

proteins immobilized on a commercial 50 M-type CMD substrate (3D
architecture, CMD chain length = 50 nm). Due to the different substrates
used for immobilization, the accessibility of the protein to the dye may

the hypothesis of the p of significant steric hindrances preventing
efficient i labeling in the three-di ional matrix of CMD with
high packing of unmobxhzed rabbit IgG. Slightly fewer steric pmblmm
wereobservedforn'anxferrm which was labeled with a

vary as the spatial architecture of the layer imp the di of the dy. This diffe may be lained by the ller size of

protein from the surface. This may be particularly relevant for dyes rin and the limited ilability of ep to which the antibody
id, in applications (CBB-G and AB), as

they tend toexxnmequﬂlbnumwithcollowaldye particles, which have Table 1

limited diffusion [28]. Th , the infl of the substrate  Ratios of corresponding SPRi signals of nonspecific g and i label

and top hy of i ‘iliud ibodies with varying surface den- ing for high (H) and low (L) protein surface density. Rabbit IgG and transferrin

sities has been studied. To obtain different surface densities of proteins
within the test zones, rabbit IgG and transferrin solutions of 5 pgomL"

layers were immobilized on the CMD sensor slide.

1 signal ratio (H/L)
and 100 pgemL™" were used during immobilization. The results of S
protein immobilization on the CMD-coated slide and their further sebbicle®
staining with PS, AB, CBB-G and specific antibodies are depicted in SPR 361 236
3 S PS 3.32+0.46 235+0.18
Fig. A (rabbit IgG) and 5B (transferrin). AB 3.25+0.42 1.914£0.10
As can be seen, CMD hydrogel substrates enabled much higher pro- CBB-G 1674012 1574028
tein surface densities than PEG monolayer-based substrates. A p: i ki 1.1620.24 1.8440.23
concentration of 100 ugomL“ in the immobilization buffer allows for
A . B .
B Ponceau S — BN Ponceau $ | #%
20 . Amido Black e 29 Amido Black E
[ Coomassle BB-G O liz 8 3 Coomassie BB-G J i5 E
s | HE anticabbit IgG Ab | -~ & W antitransferrin Ab 2
‘ =
P £ >
— —_ =
2 # {2 2 @
10 d 7] c
x £ <
< 3 < 2
5 : t
5 E 3
” -
@
o S - &
S pgimi (L) 100 pgimL (H) s & pg'mt. (L) 100 pg/mi (H) &
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Fig. 5. SPRi response values for rabbit IgQ (A) and ferrin (B) to inj of individual dyes and specific antibodies. Proteins were immobilized in-line in the

SPR fluidic syatem at two different concentrationa (5 pgemL™" and 100 pgemL™') using a commercial CMD hydrogel aub

50 nm (type: 50 M). The auxiliary axia (right axiz) shows the protein surface d

with 3D archi and a thicl of
after immobilization (empty magenta dots

d from SPR

with dashed lines).
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Fig. 6. SPRi reflectivity changes (A) and differential imagea (B) for the proteins immobilized ex-situ in a microarray format. A series of teot fields (n = 4) were

f: d by dispensing protein solutions in sons ranging from 2 to 100 pgemL ™. Insets in Fiz. 6A show the reqults of linear fitting along
with d ined i lary images were captured for non-specific staining by Ponceau § and specific i labeling by anti-rabbit IgG.
can bind. sites with dye molecules. These features of PS promote fast and efficient

The above-commented observations are supported by previous labeling of proteins in 3D matrices. Therefore, PS appears to be the best
studies and literature reports, which indicated the high reversibility of candidate for mapping proteins on CMD hydrogel substrates. It offers the
protein staining with PS and the facility of saturation of p in binding highest accuracy for quantitative analysis over a wide range of surface
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densities, even despite the lower ity of the ded SPRi
response.

To d ate the p ial of the d based
methods for receptor layer quahty control in SPRI protein micro-
arrays, a platform with ly i bilized p on a CMD-

coated SPRi chip was plepamd To vahdahe the feasibility of PS, AB,
and CBB-G for q ion of a wide range of pro-
tein surface densities, nbblt 1gG and transferrin solutions in the con-
centration range of 2-100 pgemL™" were automatically spotted by non-

Sensors and Actuators: B. Chemical 421 (2024) 136512

dye: Ponceau S, Amido Black 10B, or Coomassie Brilliant Blue G under
optimal conditions allows visualization of the different types of surface-
bound proteins on the SPR chip and the quantification of the surface

y of ptors pr ly i bilized on the surface. Due to the
ease of sp di of dye molecules from the p in re-
ceptor layer on SPR chip, the proposed labeling method does not

additional regeneration steps. It can be used as a routine method to
1 the efficiency and h of i bilization in a single
expenmentmmedlaulybefomordunngmemolm@manayfor

contact dispensing. As shown in Fig. 6, Ponceau S, Amido Black, and which iz exp d to affect the assay's quality. However, this
Coomassie Brilliant Blue G enable wsnahranon and ive thod does not d p i vxabu.htyorﬁmcnonahty, as the dye-
assessment of the surface d of p i bilized within the P in i ion only confi surface binding, not p

protein array. Among these, CBB-G dye demonmanes superior sensi- protein activity. Using proteins with different functions and propemes
tivity, offering p: dva for layers ch ie, rabbxt 1gG (as amodel i ptor) and in (as a model
terized by a low p surface d . As exp d, a ptor), we d ‘thevusanhlyoftheprocedurenf
growth in SPRi resp to labeling was observed across all dyes, which non-specific, simultaneous labeling by staining over labeling
stands in a good correlation with the increase of receptor protein con- with ibodies. Given the non-specifl namre ofdye mneracnons, the
centration used for tting. The linear i ip of SPR resp for d method can be ad d for g and izing

aﬂdyesandspemﬂcannhdxeswasobsemdwnhmanmmalpmofme

P P

various mcepm.r prot.ems Since the dye binding :apaclty, and conse-

concentration range (see insets in F:a 6). Nevertheless, a di

the 'y of the assay, may varydependmgonthemcmn

observation was that t h d i bilization ef- of the p P , we individual calibration for
ficacy at d ions of sp d p , in to quantitative analyses [22]. We pmved that the set of methods we
rabbit IgG. In the case of antibodies, the lization of surface d V developed has a satisf: y (dep ng on the type of dye
wasobserveclforlnghr i ions in sol The observed used) and a wide range of dynamxc response: up to at least ~
diffi in the relati ip b i and sur- 3.0-3.8 ng “2 for 2D P i and up to at least ~
face density may be explamed by the dlﬁ'en_nt rates of electrostatic 12-15 ng =2 forp bilized in ial CMD hydrogel
and i bilization p ing pling substrate. The feasibility of the developed methods for
byEDC/NHS chemistry {3"‘ post-i bilization and quality control of the model SPRi
Itis to the fund 1 diffe ini bi P matrix g d by an ted disp was also di
lization under fluidic condmons using S’PR device (ab d ted. Our studi led that each of the tested dyes has unique
experiments) and the ex-situ P (herein-di d dv predestining its use for specific applications. CBB-G has the
peri ). The 1 of ~affecﬁngdmefﬂ¢iencyand high itivity and is ded for quality control of low
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1. Experimental

1.1. Preparation of surface-modified SPR slides for covalent immobilization
Au-coated SPR slides were cleaned using a mixture of distilled water, 30% H2O2.q, and
ammomia (3:1:1 v/v) at 70°C for 20 minutes, then treated with UV-ozone cleaner (Ossila Ltd,
UK) for 30 minutes. For covalent immobilization using EDC-NHS chemistry, the sensor slides
were pre-coated with 1 mM PEG-COOH in 1M KH>PO4 and left overnight at 4°C. Then, the
slides were ninsed with DI water, air-dnied, and placed in the SPR apparatus for protein

immobilization.

1.2. Covalent immobilization of receptor proteins in a microfluidic SPR system
The immobilization of rabbit IgG and transfermn was performed using the MP-SPR Navi™
220A NAALI device (BioNavis Ltd, Finland). SPR measurements were conducted parallelly
in two microfluidic channels using angular scan mode (60-74°) at wavelength 670 nm. During
immobilization in the microfluidic system of the SPR apparatus, the flow cell and prism were
thermostated to maintain a constant temperature of 22°C. Dedicated MP-SPR Data Viewer
software (BioNavis) was used for data processing. Unless otherwise stated, one channel was
used to immobilize rabbit IgG and the second to immobilize transfernn. PBST buffer (PBS
with 0.05% TWEEN®™20) pH 7.4 was used as the running buffer, and all injections were done
parallelly at the flowrate of 20 pL-min”’, and the maximum volume of the injection loop was
250 pL. The immobilization protocol was as follows: when stable baseline signals were
observed, a conditioning solution (100 mM NaOH + 2 M NaCl) was injected for 4 minutes.
Then, a freshly prepared solution of 20 mM EDC hydrochloride and 5 mM NHS in 50 mM
MES/NaOH buffer pH 5.0 was applied for 9 minutes to activate carboxyl groups. Immediately
after activation, solutions of rabbit IgG and transferrin (in concentrations from 0 up to 200

pg'mL!) were injected for 10-20 minutes (both depending on the specific experiment). The
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immobilization medium was 5 mM acetate buffer (pH 4.5 for rabbit IgG and pH 4.0 for
transfernin). Lastly, 1M ethanolamine hydrochloride/NaOH pH 8.5 was injected for 4 min to
deactivate unreacted NHS-esters. The obtained protein surface densities were calculated from
the measured resonant angle shifts, assuming a sensitivity of 10 ng-mm >deg? [1-3].
Conversion from deg to ng-mm™ assumes the refractive index of running buffer close to 1.33
and the use of BK7 pnism. After protein immobilization, the SPR chip was transferred to the

SPR1 Lab Plus instrument (Horiba, France) for further studies on protein-dye interactions.
1.3.  Ex-sifu immobilization on CMD-coated slide

A CMD-coated SPR slide was employed for microarray fabrication. The SPR slide was
sequentially immersed in 100 mM NaOH + 2 M NaCl for 2 minutes (conditioning), 0.2 M EDC
hydrochloride and 0.05 M N-hydroxysuccinimide (NHS) in 50 mM MES/NaOH buffer pH 5.0
for 9 minutes (activation) followed by rinsing in DI water and air drying. Rabbit IgG and
transferrin at different concentrations (2, 10, 20, 50, 100, and 200 pg-mL™) in 10 mM acetate
buffer (pH 4.0) were automatically spotted (50 nL per drop) using Nano-Plotter NP2.1 (GeSiM
Biomnstruments and Microfluidics, Germany) and left ovemight in a humid atmosphere. The
next day, the slide was blocked by immersion in 1M ethanolamine hydrochloride/NaOH pH
8.5 for 4 minutes, rinsed with water and air-dried. The chip was then inserted into the SPR1

instrument for further experiments.

14. Determination of dose-response profiles
Injections of 12 concentrations of anionic dyes against immobilized rabbit IgG and transferrin
were carried out at the flowrate of 20 uL-min™ for 8 min using SPR device equipped with
autosampler. 30-minute post-injection delay was applied to enable the dissociation of the dye.

The typical dye concentration window was in the range of 0.2 — 50 ug'mL.
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Table S1

Table S1. Comparison of physico-chemical parameters of the studied dyes.

Dye: Ponceau S: Amido Black: Coomassie
BB-G:
Hydrogen bond donor count 5 4 1
Hydrogen bond acceptor count 17 14 9
Isoelectric point - - 2.59
Dominant form:
pH2.0 Trianionic Monoanionic Neutral
pH4.0 Tetranionic Monoanionic Monoanionic
pH74 Tetranionic Dianionic Monoanionic
Lipophilicity [logD]:
pH2.0 -6.784 -1.924 7.054
pH4.0 -7.507 -2.001 6.725
pH74 -7.798 -2.941 5.857

* structure-based predictions for chemical properties were provided by Chemicalize platform

chemicalize com (ChemAxon, Budapest, Hungary) (Accessed 22.04.2024)
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Figure S1
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In the raw sensograms (top line in Fig. S1), SPRi responses to the injection of dye solutions
selected for further study are shown. Both for immobilized transfernn and IgG, an increase in
SPRi signal associated with the association of the dye molecules can be observed. The observed
differences 1n reflectivity for blank surfaces without immobilized proteins (black curves)
represent the “bulk effect” resulting from the different composition of the dye solution (10 mM
Gly-HCI buffer / 10 mM acetate buffer, respectively) compared to the running buffer (PBST
with 0.05% Tween®20). Only in the case of Amido Black 10B is a slight non-specific
adsorption of the dye on the blank surface (without protein) observed. However, for all dyes
selected for further study, there 1is an evident retum to baseline a few minutes after the injection
of the running buffer, indicating the reversibility of the stamning process for all the chosen dyes.
By using differential sensograms (Fig. S1 — bottom line), it is possible to compensate for bulk
effects resulting from mnjecting a buffer of different compositions as well as any potential non-

specific adsorption of the AB dye.
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Figure S2
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Fig. §2. Top line: Raw SPR1 sensograms characterizing the interactions of dyes considered
unsuitable for specific and reversible protein staining and the different zones of the transducer:
immobilized rabbit IgG antibody. immobilized transferrin and PEG-COOH-coated slide used
as reference. 50 mM dye solutions 1n 10 mM phosphate buffer pH 7.4 were used. Bottom line:
differential sensograms obtamned after subtracting blank SPR response. Arrows on the
sensograms indicate the beginning and end of the injection.

Thymolphthalein was found to be unsuitable for protein staining due to its high level of non-
specific binding and difficulty in washing off from the PEG-COOH substrate. Fluorescein
showed no ability to interact with proteins. Coomassie Brilliant Blue R, despite its very good
sensitivity and selectivity of protein staining, proved to be unsuitable due to the difficulty of

washing off the associated dye (lack of reversibility).
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Figure S3
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Fig. $3. A) Real-time SPR responses of rabbit IgG to injections of different concentrations of
various anionic dyes. Top line: Ponceau S, middle line: Amido Black 10B, bottom line:
Coomassie Brilliant Blue G. B) SPR response profiles for immobilized rabbit IgG plotted as a
function of the logarithm of dye concentration. Signal values were determined from the
sensograms, taking the value of angle shift after 90% of the association time.
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Fig. $4. A) Real-time SPR responses of transfernn to injections of different concentrations of
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Coomassie Brilliant Blue G. B) SPR response profiles for immobilized transfermn plotted as a
function of the loganithm of dye concentration. Signal values were determined from the
sensograms, taking the value of angle shift after 90% of the association time.
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Abstract: Microvolume ELISA platforms have become vital in diagnostics for their high-throughput
capabilities and |l sample requi ts. High-quality substrates with advanced surface
properties are essential for these applications. They enable both efficient biomolecule immobiliza-
tion and antifouling properties, which are critical for assay sensitivity and specificity. This study
presents PET-based microvolume ELISA spot arrays coated with amine- and DBCO-reactive copol-
ymers MCP-2 and Copoly Azide. The platforms were designed for the sensitive and specific detec-
tion of specific antibodies such as COVID-19 biomarkers. Supporting robust attachment of the
SARS-CoV-2 nucleoprotein (NP), these arrays outperform traditional approaches. It was demon-
strated that covalent attachment methods proved more efficient than passive adsorption, together
with the reduction of non-specific binding. Analytical performance was verified with classical
ELISA and real-time Surface Plasmon Resonance (SPR) analysis. It enables sensitive detection of
IgG and IgA antibodies, including IgG subclasses, in human serum. Clinically, the platform
achieved 100.0% sensitivity and 92.9% specificity for anti-NP antibody detection in COVID-19-pos-
itive and negative samples. Additionally, DNA-directed immobilization extended the platform’s
utility to multiplex serological measurements. These findings underscore the potential of PET-based
microvolume ELISA arrays as scalable, high-throughput diagnostic tools suitable for detecting mul-
tiple biomarkers in a single assay and easily integrated into microfluidic devices.

Keywords: microvolume ELISA; PET; flexible sut multiplexing; p
immunoassay; COVID-19; serological biomarkers; IgG; nucleoprotein

in microarray;

1. Introduction

Biomarker detection is vital in medical diagnostics. It provides critical insights into
physiological or pathological processes and responses to treatments. Traditional single-
analyte assays like ELISA are highly sensitive. However, they are limited by relatively low
throughput, large sample consumption, and the inability to simultaneously detect multi-
ple biomarkers [1]. The growing demand for miniaturized and multiplex detection plat-
forms addresses this limitation. They enable parallel analysis of various biomarkers,
providing a more comprehensive disease profile while reducing reagent use and cost [2].
Recent advances in microarrays and microfluidics have revolutionized biomarker
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detection [3-6], allowing high-throughput, automated assays. However, challenges in en-
suring reliability and sensitivity and managing issues like bioreceptor immobilization,
signal interference, and background noise still need to be carefully considered.

Viral infections induce the production of various biomarkers, including viral genetic
material, proteins, and host-derived antibodies across different isotypes and subclasses,
which indicate an immune response [7]. The N and S proteins are primary targets of the
humoral response [8], making them suitable as receptors for antibody detection in diag-
nostic platforms. Differentiating antibody classes and subclasses provides insight into in-
fection progression and immune response [9]. The IgM antibody isotype is the first to re-
spond, while IgG is the most abundant, with IgG1 and IgG3 crucial for viral defense [10].
In SARS-CoV-2 infection, IgM, IgA, and IgG are detectable soon after seroconversion
[11,12).

To accurately reflect the complexity of biological processes, such as the progression
of infection, systems capable of detecting multiple biomarkers in a single assay are essen-
tial. Established methods, such as lateral flow immunoassays [13,14], fluorescence-based
colorimetric sensing [15,16], and label-free biosensors [17,18] are crucial in advancing mul-
tiplex biosensing. They enable rapid and sensitive detection across a range of applications.
Research on SARS-CoV-2 antibody detection and distribution has been extensive due to
its vital role in developing serological diagnostics [19-21]. However, developing multiplex
analytical platforms presents distinct challenges. The effectiveness depends on accommo-
dating a wide range of receptors, including recombinant proteins, antibodies, etc., and
ensuring their proper binding with the assay substrate. Selecting an appropriate strategy
for protein immobilization on solid supports is challenging due to the structural diversity
of receptor proteins and the complexity of their interaction with surfaces [22]. For exam-
ple, physical adsorption is simple but highly dependent on the protein’s structure, charge,
and hydrophilicity, making it less reliable and prone to probe loss over time [23]. Covalent
immobilization offers stronger attachment but requires more complex chemistries [24].
Affinity-based methods, like His-Tag [25] or Avidin-Biotin [26], ensure oriented attach-
ment but are expensive and complicated. As a result, ongoing efforts focus on developing
efficient one-step protein coupling methods that also prevent nonspecific adsorption. In
turn, the ideal substrate for multiplex assays should support stable, specific immobiliza-
tion of diverse bioreceptors while preserving their activity. Such a substrate has reactive
groups for easy conjugation and antifouling properties, ensuring high sensitivity and
specificity. Compatibility with various detection methods, such as electrochemical and
optical, is also essential for high-throughput point-of-care treatment (POCT) devices.

A promising solution is the development of microvolume assays on transparent pol-
yester substrates, known as lab-on-a-foil platforms. This miniaturized, adaptable format
offers several advantages, including cost-effectiveness through reduced reagent use and
seamless integration with microfluidic channels and microarrays on the same substrate.
It enables facile sample processing and analysis. Adapting PET-based arrays into micro-
fluidic cassettes is relatively straightforward. It allows for the fabrication of sample-to-
answer platforms [27]. The transparency of polyester foils facilitates the usage of optical
detection methods such as fluorescence and colorimetry. Lab-on-a-foil devices are porta-
ble, making them ideal for POCT applications. PET foils can be coated with reactive co-
polymers to provide functional surfaces dedicated to bioreceptor immobilization, enhanc-
ing their application in multiplex assays. Such polymers and copolymers are typically
equipped with reactive groups, like azides, amines, or quinones, to enable efficient “click”
chemistry for stable, oriented biomolecule attachment [28,29]. Incorporating antifouling
elements into the copolymer coating further enhances surface quality by reducing non-
specific binding from complex biological samples. This improvement increases assay sen-
sitivity and specificity by minimizing background interference.

This work explored the feasibility of using reactive copolymers, MCP-2 and Copoly
Azide, to coat PET substrates for developing flexible serological microvolume ELISA spot
arrays. Two immobilization strategies (e.g., covalent amine coupling and DNA-directed
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immobilization (DDI)) were applied to immobilize receptor proteins, with conventional
passive adsorption as a reference. The PET-based platforms were assessed for their ability
to detect different immunoglobulin classes and subclasses in sera from SARS-CoV-2 pa-
tients. The developed solution offers an effective distinction between positive and nega-
tive samples. The clinical potential of these immunoassays was also evaluated. Further-
more, immunoassays based on DDI for multiplex detection of viral biomarkers were de-
signed, demonstrating the adaptability of the platform. Methods such as ELISA and Sur-
face Plasmon Resonance (SPR) were employed to investigate the mechanisms of layer for-
mation and immunoreaction pathways. We believe that the designed platforms possess
high potential for further development and application in biosensing and microfluidics-
integrated diagnostics.

2. Materials and Methods

A detailed list of basic chemical and biochemical reagents, as well as detailed oligo-
nucleotide sequences used within this study, can be found in the Supplementary Materi-
als.

MCP-2 and Copoly Azide copolymers were synthesized as reported elsewhere [30].
Transparent poly(ethylene terephthalate) foils for laser printers (Diamax, A4, d =100 pm)
were sourced from Argo (Warsaw, Poland). ARcare® 90445Q transparent, flexible adhe-
sive tape was sourced from Adhesives Research Inc. (Glen Rock, PA, USA). Gold SPR
slides (50 nm gold layer thickness) were purchased from Horiba Scientific (Palaiseau,
France). DNA oligonucleotide sequences were purchased from Metabion GmbH
(Planegg, Germany). All solutions were prepared using deionized (DI) water (conductiv-
ity <0.055 pS/cm at 20 °C, TOC < 1.0 ppb). Human serum samples were obtained through
a scientific collaboration with the National Institute of Public Health NIH—National Re-
search Institute (Warsaw, Poland). “Positive” sera were collected from individuals in-
fected at the time with the SARS-CoV-2 virus or had either recovered from COVID-19,
while “negative” sera were sourced from healthy individuals before the outbreak of the
pandemic. The Bioethics Committee of NIPH-NIH approved the study. Participants were
informed about the study and gave consent to use the sample. Reference analyses of se-
rum samples, classifying them as positive or negative, were conducted using standard
serological ELISA and RT-PCR tests: Detailed protocols for conjugating receptor proteins
with ssDNA anchors, purification of the conjugates, and procedures for classic ELISA as-
says and SPRi studies are provided in the Supplementary Materials.

2.1. Fabrication of Polymer-Coated PET Foils

Prior to MCP-2/Copoly Azide polymer coating, hydrophilization of the bare PET foil
surface was performed using a 10 min treatment with UV/ozone cleaner (Ossila, Sheffield,
UK). Copoly (DMA-NAS-MAPS), whose commercial name is MCP-2, is a copolymer ob-
tained by free radical polymerization of N,N-dimethylacrylamide (DMA, 97% molar frac-
tion), N-acryloyloxysuccinimide (NAS, 2% molar fraction), and 3-(trimethoxysilyl)propyl
methacrylate (MAPS, 1% molar fraction). The principal constituent of Copoly (DMA-
NAS-MAPS), dimethylacrylamide (DMA), forms the polymer backbone and ensures
strong passive adsorption to variety of materials. NAS is the chemically reactive monomer
responsible for probe immobilization through nucleophilic substitution with amine
groups on biomolecules. The same monomer is exploited in post-polymerization modifi-
cations. In these reactions, NAS is reacted with linkers that contain amine groups to intro-
duce novel functionalities into the polymer backbone. Using this strategy, Copoly Azide
was synthesized. Specifically, after the polymerization of DMA, NAS, and MAPS (95, 4,
and 1% molar fraction, respectively) the obtained polymer was reacted with 2.5 equiva-
lents of 11-azido-3,6,9-trioxaundecan-1-amine, as described elsewhere. The MCP-2 and
Copoly Azide structures are shown in Figure S1. The layer obtained with reactive copol-
ymers has a dual role: antifouling properties due to blocking surface sites via hydrogen
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bonds, and bearing reactive groups that enable controlled interactions with biomolecules.
The functional groups of the copolymers were characterized using FT-IR and NMR anal-
ysis [30).

For coatings, copolymers were dissolved in DI water to a final concentration of 2%
w/v and then diluted 1:1 with a solution of 1.6 M ammonium sulfate. The MCP-2 polymer
was used for the direct covalent immobilization of receptor proteins. The Copoly Azide
polymer is capable of click-chemistry reactions with DBCO-conjugated DNA probes. This
enables DNA-directed immobilization of protein-oligonucleotide conjugates. The foil was
dip-coated for 1 h with the chosen copolymer, then rinsed with DI water, dried under
compressed air, and cured under vacuum at 80 °C for 15 min. The immobilization in pre-
defined spots was possible thanks to the adhesive tape used to produce the rims of mi-
crowells. Holes, 5 mm in diameter, positioned in 96-well plate format, were cut with a
VLS2.30 CO: laser plotter (Universal Laser Systems, Vienna, Austria).

The coating of PET foil coating with MCP-2 and Copoly Azide involves the passive
attachment of the copolymers through weak, non-covalent interactions such as hydrogen
bonding, Van der Waals, and hydrophobic interactions with the surface. Following dip
coating, polymerization occurs, forming a stable and robust polymer layer that enables
further immobilization of biomolecules. The morphological and chemical properties of
passive coating have already been examined by means of atomic force microscopy and X-
ray photoemission spectroscopy [31].

2.2, Protein Immobilization on PET

Protein receptor immobilization on modified PET substrates was achieved in two
ways: through direct coupling to amine-reactive MCP-2 and indirectly via DNA-directed
immobilization using oligonucleotide probes tethered to Copoly Azide [30]. For covalent
attachment of proteins on MCP-2-coated foil, a 20 pg/mL solution of SARS-CoV Nucle-
ocapsid recombinant protein (or another SARS-CoV-2 antigen) in PBS was dispensed onto
microarray spots (11 pL each) and incubated overnight at 4 °C in a humid atmosphere.
The remaining reactive sites were then blocked by applying 20 pL of PBST with 3% BSA
for 30 min, followed by rinsing with PBST and drying under compressed air. For DDI on
Copoly Azide-coated foil, a 20 pg/mL solution of DBCO-modified DNA in DI was dis-
pensed onto microarray spots (11 uL each) and incubated overnight at 4 °C in a humid
atmosphere. Chromatographically purified fractions of ssDNA conjugates with recombi-
nant SARS-CoV-2 nucleoprotein or monoclonal anti-human IgG antibody (~150 nM in 50
mM phosphate buffer, pH 7.2, with 150 mM NaCl) were then dispensed as 11 uL spots
onto the DN A-coated foil. After 1 h of incubation, the substrate was rinsed with PBS con-
taining 10 mM Mg(NOs): and dried under compressed air. The blocking steps were iden-
tical to those used for covalent immobilization.

2.3. ELISA-like Assays on PET Foils

Two types of immunoreactions were performed in the prepared microwells on PET
foils. Indirect immunolabeling was used to detect immunoglobulin subclasses in human
sera, utilizing specific monoclonal mouse antibodies and an anti-mouse IgG-alkaline
phosphatase conjugate. In contrast, direct immunolabeling with an anti-human IgG/IgA-
alkaline phosphatase (ALP) conjugate was employed to detect total IgG and IgG/IgA clas-
ses of anti-NP antibodies in human sera. The detailed composition of each assay is pro-
vided in Section 3. According to the general protocol, 11 uL of the diluted serum or ap-
propriate target antibody was incubated for 1 h at room temperature in a humid atmos-
phere, rinsed with PBST, and dried under compressed air. Then, 11 uL of the antibody-
ALP conjugate (direct assay) or appropriate secondary antibodies (indirect assay) in PBST
buffer with 3% BSA were added to each well, incubated for 1 h at room temperature in a
humid atmosphere, rinsed with PBST, and dried under compressed air. Proper antibodies
were used at 1 ug/mL, and the antibody-ALP conjugate at 3 ug/mL. For the indirect assay,
the antibody-ALP conjugate was added in the third step (incubation and dilution
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procedure the same as for the direct assay). For quantitative analysis, 10 mM freshly pre-
pared p-nitrophenyl phosphate (PNNP) in 50 mM carbonate buffer pH 9.6 was used as the
ALP substrate. An enzymatic reaction was initiated by dispensing 11 uL of PNNP sub-
strate into each microwell, followed by incubation in a humid atmosphere for 12 min.
Subsequently, 8 uL of substrate solution was collected from each spot and transferred to
a multi-well plate containing 150 pL of 50 mM carbonate buffer (pH 9.6). Absorbance was
measured at 405 nm using a Multiskan Go microplate reader (Thermo Scientific, Waltham,
MA, USA).

3. Results and Discussion

To achieve the maximum recognition capacity of immunosensors and guarantee the
long-term stability of the receptor proteins on the substrate, efficient immobilization in a
well-defined orientation is of great value. However, immobilizing protein receptors for
rapid diagnostic platforms remains a complex challenge. Antibodies, due to their larger
size and structural complexity, are generally easier to immobilize. Their multiple func-
tional groups, such as amines, carboxyl groups, and hydrophobic domains, enable stable
and oriented surface attachment [32]. Antibodies also exhibit greater stability and robust-
ness under various conditions compared to antigens. Their structural and functional sim-
ilarity ensures a consistent, repeatable immobilization. This uniformity allows for stand-
ardized protocols to be applied universally and supports reliable and reproducible immo-
bilization across different immunoplatforms [33]. In contrast, the structural and physico-
chemical diversity of antigens makes developing immobilization protocols more challeng-
ing.

® To illustrate the impact of substrate type on serological immunoassay sensitivity and
non-specific adsorption of serum components, response profiles for assays on standard
multi-well plates (Figure 1A) and PET-based miniaturized substrates (Figure 1B) were
compared. The efficiency of passive immobilization of nucleoprotein (NP) was evaluated
using a classical untreated polystyrene plate and a commercial MediSorp® plate designed
for protein binding. Additionally, the contribution of non-specific binding of serum pro-
teins to the ELISA signal was assessed. It can be seen in Figure 1A that the MediSorp®-
modified plate exhibited approximately 16 times higher assay sensitivity with minimal
non-specific binding compared to the untreated polystyrene plate. The unmodified poly-
styrene showed low antigen coating capacity and high non-specific protein adsorption,
with non-specific interactions contributing up to 70% of the total response at higher serum
concentrations. These results highlight the strong dependence of passive adsorption effi-
ciency on surface properties, especially its hydrophilicity [34].

The results obtained for the MediSorp® plates are widely regarded as the gold stand-
ard for immunoplatform design. However, adapting this type of substrate to other appli-
cations, such as microfluidics, is challenging. To address this limitation, the use of PET
foil as a flexible substrate for protein immobilization was investigated. Flexible substrates
provide more versatility for incorporating immunoplatforms into complex diagnostic de-
vices. For this purpose, two immobilization methods on PET foil were tested: passive ad-
sorption and covalent attachment. Covalent binding was achieved by coating the foil with
the amine-reactive copolymer MCP-2, which enables stable protein attachment. Both
MCP-2 and its Na-functionalized derivative Copoly Azide are distinguished by ease of
coating on solid surfaces without requiring an activation step.

As shown in Figure 1B, using the amine-reactive MCP-2 polymer improved protein
immobilization efficiency over twofold compared to passive adsorption. Additionally,
non-specific binding remained low and stable across higher serum dilutions. At the high-
est serum concentration, non-specific signals accounted for only 30.1% of the total re-
sponse, compared to 46.5% for passive adsorption, demonstrating the effective antifouling
properties of the MCP-2 layer against serum components.

The effectiveness of the MCP-2 polymer for covalent immobilization is especially ev-
ident with recombinant protein attachment. As illustrated by the heat map and graph in
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Figure 1C, covalent immobilization of NP on the MCP-2 polymer shows approximately
50% higher efficiency (measured as increased immunoassay signal) compared to passive
adsorption on unmodified PET, with similar levels of non-specific adsorption. This effect
is less pronounced for antibody immobilization, with a difference of under 9% in favor of
MCP-2. This is presumably due to the large contribution of hydrophobic interactions af-
fecting the efficient adsorption of immunoglobulins on PET and other hydrophobic mate-
rials [35].

The results indicate that covalent immobilization via an amine-reactive polymer is
particularly well suited for the effective immobilization of antigens in developing serolog-
ical assays. The practical advantages of coating with reactive copolymers over traditional
surface modifications like APTES silanization are also significant. Copolymer coatings
provide greater flexibility in modifying surface properties and enable more controlled and
uniform layers. Additionally, the single-step process is easier to scale up and automate,
ensuring better consistency and reproducibility. In contrast, widely employed w-function-
alized silanes require a complex two-step process (coating and glutaraldehyde activation)
with strict humidity and reaction time requirements. It makes them labor-intensive and
challenging to scale up for microfluidic and other technological applications [36].
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Figure 1. The effect of the substrate type ((A)— polystyrene, (B,C)—PET foils) on NP immobilization
efficiency and non-specific adsorption of human serum. The red points (A,B) represent immunoas-
say responses obtained for the control wells (without the immobilized receptor protein), and the
black points correspond to the total responses obtained for the test wells. Heat map (C) represents
raw absorb Is obtained for assays performed with two immobilized receptor proteins (two
first rows-NP two bottom rows—anti-human IgG). The first row for each protein represents co-
valent immobilization on MCP-2, and the second corresponds to passive adsorption. The layout on
the plate is shown as 4 test wells + 2 wells of BLANK (without immobilized receptor protein). Mean
signal values were summarized as a bar graph in (C).
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Simultaneous detection of multiple viral biomarkers is essential for understanding
infection dynamics. Inflammation triggers complex immune responses, with viral pro-
teins and host antibodies appearing at different stages. Multiplex assays facilitate the iden-
tification of viral antigens and a broad range of antibody classes and subclasses, providing
insights into viral load and immune activity. This comprehensive approach enables more
accurate diagnostics, differentiation between acute and past infections, and improved
monitoring of disease progression or treatment efficacy. Therefore, flexible serological
platforms should support detecting various antibodies against diverse antigens and em-
ploy multiple assay formats. To this end, MCP-2-coated substrates were thoroughly eval-
uated for their suitability in diverse serological immunoassays. The experiments began
with selecting a suitable model antigen (Figure S2). Results showed that platforms using
NP and RBD proteins as receptors offer comparable serum antibody detection sensitivity,
with RBD showing only a 3% lower response than NP for the same sample. In contrast,
the S1 antigen exhibited nearly 48% lower sensitivity compared to NP and a noticeably
higher non-specific signal. These findings confirm the compatibility of MCP-2 with vari-
ous recombinant antigens. The lack of response for the 51/52 protein-based assay was at-
tributed to the poor antibody-antigen affinity, as confirmed by a reference test on the
MediSorp® polystyrene substrate:

NP was selected as the model antigen to detect specific antibodies. The experiment
shown in Figure 2 compared immobilization efficiency via MCP-2 vs. passive adsorption
for two assay formats: direct and indirect. The choice of format depends on the availability
of specific antibody conjugates. Indirect assays are generally more versatile and sensitive
due to additional signal amplification during the secondary labeling but require an addi-
tional step, which complicates the entire process. We anticipate that the developed PET-
based platforms will support versatile detection, regardless of the chosen assay format.
The expectations described above were validated by assay results for both immobilization
methods— passive and covalent attachment. A similar trend was observed across both for-
mats: the highest signals were detected for monoclonal anti-NP IgG compared to human
serum anti-NP IgG, with the indirect assay format providing over 30% greater sensitivity
than the direct format. Non-specific adsorption remained low for both methods. These
findings confirm the superiority of covalent NP immobilization using MCP-2 over passive
adsorption across various serological immunoassay formats. Covalent immobilization
provides robust attachment of receptor proteins. However, it usually requires complex
surface modification that poses technological difficulties. Passive adsorption, while sim-
ple, often shows immobilization efficiency limitations [37]. PET foils are compatible with
various detection strategies, but maintaining their structural integrity may be challenging.
Already described methods of their chemical modification usually require harsh condi-
tions such as high temperatures [38], involve multiple reagents [39-41], and are time- and
labor-consuming [42,43]. Coating with reactive copolymer MCP-2 is a simple procedure
that occurs under mild conditions and allows for one-step covalent attachment of receptor
proteins while preserving the good mechanical properties of the PET substrate.
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Figure 2. Comparison of direct vs. indirect assays for two protein i bilization methods on PET

foil: covalent (MCP-2) and passive adsorption. Assays were conducted using human samples
(SARS-CoV-2-positive and -negative sera) and anti-SARS-CoV-2 NP monoclonal antibodies. Red
bars show the results of test wells (“positive” serum or monoclonal antibody solution), and blue
bars represent control wells (negative serum or buffer). Values are expressed as normalized absorb-
ance signals. Black labels in the graphical schematic refer to serum IgG assays, while blue labels
indicate the detection of monoclonal anti-NP IgG.

In serological assays, the complexity of biological samples poses significant chal-
lenges due to the potential for non-specific adsorption of proteins and other biomolecules
to the surface of diagnostic platforms. This non-specific binding can lead to elevated back-
ground signals, reduced assay sensitivity, and compromised specificity, resulting in false
positive results, ultimately affecting the reliability and accuracy of diagnostic results [44-
46]. Studies on possible blocking agents in immunoassays showed polymeric compounds’
superiority in reducing background noise [47]. N,N-dimethylacrylamide-derived copoly-
mers such as MCP-2 have been used in microarrays and biosensors, demonstrating rapid
surface adhesion, effective covalent biomolecule attachment, and antifouling properties
[48]. Compared to traditional surface functionalization methods, covalent attachment to
polymer-coated surfaces enhances binding efficiency and reduces non-specific interac-
tions [49].

Further studies have validated the use of the MCP-2-based PET immunoplatform for
quantitative analysis. As shown in Figure 3, covalently immobilized NP proteins on pol-
ymer-coated substrates enabled quantitative detection of both human anti-SARS-CoV-2
NP antibodies in serum (Figure 3A) and mouse monoclonal anti-NP antibodies (Figure
3B). The response profile to increasing serum dilutions showed a dynamic range of 20x to

197



Sensors 2024, 24, 7766

9 of 18

>

1000x. It covers typical working dilutions used in routine serological ELISAs [50,51]. Based
on the calibration curve shown in Figure 3B, the analytical parameters of the direct immu-
noassay for anti-NP monoclonal antibodies as a model target were evaluated. Linearity of
the concentration-response curve was observed within the range of 5-200 ng/mL, with a
lower detection limit of 2.73 ng/mL. The presented analytical characteristics of MCP-2-
based immunoplatforms confirm their suitability for serological quantitative analysis.
However, as with classical ELISA formats, the assay’s sensitivity can be adjusted at the
expense of analysis time, for example, by modifying incubation durations or enzymatic
reaction times (currently set to 12 min).
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Figure 3. The plot of immunoassay response vs. dilutions of COVID-19-positive human serum (A)
and concentration of mouse monoclonal anti-NP antibodies (B). The inset provides a magnified
view highlighting the linear response range and key analytical parameters.

The occurrence of specific IgG subclasses (IgG1, 1gG2, IgG3, and IgG4) in human sera
was examined using an indirect assay. SARS-CoV-2 NP was immobilized on two sub-
strates: the ELISA-dedicated MediSorp® plate (Figure 4A) and PET foil coated with MCP-
2 (Figure 4B). These platforms were used to capture and identify subclass-specific IgG
responses. The indirect format allows differentiation of each IgG subclass. It provides not
only confirmation of antibody presence but also detailed insights into their specific sub-
class distribution.

Two randomly selected COVID-19-positive sera (named F and H) with recent infec-
tion and well-characterized antibody profiles were analyzed. The results showed a domi-
nant presence of IgG1, significantly lower levels of IgG3, and minimal amounts of 1gG2
and IgG4 (in one serum sample IgG2 and IgG4 were barely detectable). The COVID-19-
negative serum (named a) and blank (no serum) both exhibit minimal absorbance across
all IgG subclasses, which confirms the specificity of the assay. These findings align with
the typical distribution of IgG subclasses in human serum, where IgG1 accounts for ap-
proximately 60-70% of the total IgG [52]. IgG1 and IgG3 are the main subclasses produced
in response to viral infections, while IgG2 and IgG4 are less abundant. IgG2 typically re-
sponds to polysaccharide antigens linked to bacterial infections. The dominance of IgGl1
and, to a lesser extent, IgG3 in the assay aligns with the expected immune response to
viral infections. Differences in subclass profiles among positive sera reflect variability in
individual immune responses. While both positive sera show a strong presence of IgG1,
the relative levels of IgG3, IgG2, and IgG4 differ between the two samples. However, the
trend in the distribution of individual subclasses is noticeable regardless of the type of
immunoassay (PS plate vs. flexible substrate). This variability can be attributed to factors
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such as the timing of sample collection, individual differences in immune system function,
or varying levels of exposure to the virus [53,54]. The distinct profiles of these IgG sub-
classes underscore the importance of personalized immunological assessments.
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Figure 4. Analysis of antibody subclasses in human sera using standard ELISA (A) and PET foil-
based ELISA with MCP-2 coating (B). The bar graph shows absorbance signals for IgG1, IgG2, IgG3,
and IgG4 subclasses in positive, negative, and control samples using an indirect assay. Detection of
antibody classes: IgA (C) and IgG (D) against SARS-CoV-2 NP in human sera. Boxplots show ab-
sorbance signals for various sera samples, with uppercase letters representing “positive” sera and
lowercase letters representing “negative” sera. The red dashed line indicates the cutoff value differ-
entiating positive and negative samples.

To validate the diagnostic performance, the immunoplatform was used to test a large
pool of serum samples from COVID-19-positive and -negative patients. Two antibody
classes—IgA (Figure 4C) and IgG (Figure 4D)—with proven diagnostic value were se-
lected. Analyzing both provides insight into the immune response and infection stage:
IgG indicates a long-term, mature response, while IgA is key for mucosal immunity [55].
The platform differentiates between positive and negative samples using a cutoff value
defined by Equation (1) [56).

Cutoff = Mean of Negative Samples + (2 x SD) (1)

The boxplots in Figure 4 show that absorbance signals for positive sera are signifi-
cantly higher than those for negative samples, exceeding the cutoff value. This confirms
that the MCP-2-based immunoplatform effectively evaluates IgG and IgA antibody levels
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against NP in serum samples. Variability in signal intensity among COVID-19-positive
sera reflects differences in antibody concentrations between patients. The IgG/IgA ratio
also varies, indicating different infection stages at the time of biological material collection
[57]. COVID-19-negative sera generally showed signals below the cutoff, indicating low
or absent IgA/IgG antibody levels compared to positive samples. Sensitivity, specificity,
positive predictive value (PPV), negative predictive value (NPV), and assay accuracy are
summarized in Table 1. MCP-2-based immunoassays demonstrated identical diagnostic
parameters for both IgA and IgG classes. All 14 COVID-19-positive samples were correctly
identified, yielding 100% sensitivity. For the 14 COVID-19-negative samples, one false
positive was recorded (IgA sample “1” and IgG sample “i”), resulting in 92.9% specificity.
These results suggest that the developed platforms are highly suitable for the immunode-
tection of SARS-CoV-2 serological biomarkers.

Table 1. Main diagnostic parameters of the assay for the detection of anti-NP IgA and IgG. Results
were obtained on the basis of 28 actual samples (sera), including 14 positive and 14 negative sam-
ples. MedCalc® Statistical Software version 23.0.2 (MedCalc, Ostend, Belgium) was used for the cal-
culation.

Metric Value

Sensitivity 100.0%

Specificity 92.9%

Positive Predictive Value (PPV) 93.3%
Negative Predictive Value (NPV) 100.0%
Accuracy 96.4%

Although covalent immobilization is generally more efficient than passive adsorp-
tion, it does not fully address the challenges arising from antigen structural diversity. Both
methods rely on direct interactions between protein functional groups and the surface,
making successful binding highly dependent on protein structure and the availability of
reactive groups. In contrast, DNA-directed immobilization (DDI) overcomes these limita-
tions by using the hybridization of complementary DNA strands. It enables stable and
straightforward immobilization of receptor proteins conjugated with single-stranded
DNA onto pre-immobilized complementary ssDNA probes. The DDI strategy demon-
strates significant potential for the precise construction of protein arrays with high selec-
tivity and spatial resolution. Two effective approaches can be employed: one using DNA-
conjugated receptor proteins with distinct DN A anchors for simultaneous immobilization
through specific hybridization, and the other utilizing a unified DNA anchor with con-
trolled spotting for spatial alignment. The first approach ensures selective and simultane-
ous immobilization of multiple proteins in a single flow step, while the second provides
precise spatial control by directly depositing conjugates onto the surface. Both methods
effectively prevent cross-interference during immobilization, guaranteeing high specific-
ity and reproducibility. These solutions are particularly valuable for high-throughput bi-
osensor array fabrication, facilitating advanced multiplex detection applications.

The initial step of our studies involved comparing the efficiency of one-step covalent
immobilization of ssDNA probes on reactive Copoly Azide polymer to passive adsorption
using Surface Plasmon Resonance imaging (SPRi). For this purpose, half of the SPR slide
was coated with Copoly Azide. The other half of the slide was left uncoated, and modified
DNA probes were passively adsorbed onto bare gold. A schematic representation of the
SPRi chip topography, along with a CCD image of the actual SPRi slide, is shown in Figure
5A.

SPRi measurements enable real-time monitoring of the immobilization of protein
conjugates and their subsequent immunolabeling with antibodies. Additionally, SPRi fa-
cilitates the visualization of differential images, which reveal non-specific protein adsorp-
tion on the unmodified gold surface. The Copoly Azide polymer, visible on the upper part
of the chip, demonstrates excellent antifouling properties and supports efficient covalent
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attachment of DNA probes for subsequent DN A-directed immobilization of protein con-
jugates. This is confirmed by the absence of brightening in the differential image and no
change in reflectance for the polymer-coated area without immobilized DNA (red dashed
line). Brightening is observed only at the specific spot where ssDNA was pre-immobilized
(solid red line), indicating high specificity of receptor binding. In the case of bare gold, the
brightening of the differential image and the significant change in reflectance (black
dashed line) are significantly due to the non-specific adsorption of antibodies to the un-
coated surface. The critical advantage of the DDI-based platforms is the possibility of
rapid and effective layer regeneration which allows for its renewed usage [58]. As can be
seen in the final section of the sensogram, DDI-based immunocomplexes on Copoly Azide
can be quickly and efficiently removed from the surface by the injection of 50 mM NaOH.
After regeneration, the DNA probes can be successfully reused to construct subsequent
receptor layers via DDL
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Figure 5. (A) Schematic and SPRi analysis of DNA-directed immobilization of antibody-DNA con-
jugates on Copoly Azide polymer. The upper half of the slide was coated with polymer, while the
lower half remained uncoated as a reference (1). The SPRi sensogram shows real-time reflectivity
shifts for antibody-DNA conjugate immobilization (2), immunolabeling with secondary antibodies
(3), and layer regeneration. (B) SPRi responses for DNA-directed immobilization of nucleoprotein
(NP) and anti-h IgG conjug The left graph compares anti-human IgG (blue) and NP (red)
conjugate immobilization. The middle graph shows T anti-NP antibody bi g from COVID-
19-positive (red) and -negative (black dashed) serum. The right graph depicts human 1gG binding
from a COVID-19-negative serum.
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In the next step, DDI was used to immobilize two DNA-protein conjugates (NP and
anti-human IgG antibody) onto the surface of a gold SPR transducer (Figure 5B). The im-
mobilization sensograms showed distinct responses corresponding to the surface density
of the immobilized proteins. Notably, protein loading was similar for both conjugates and
could be regulated by adjusting the density of DNA probes on the transducer surface [59].
The anti-human IgG antibody conjugate in the receptor layer allowed the capture of vari-
ous IgG antibodies from COVID-19-negative human serum. Stable binding of the serum
IgG antibody can be seen in the sensogram, with no apparent dissociation. In turn, immo-
bilized NP conjugate effectively captured specific antibodies from the COVID-19-positive
serum. No binding was observed with the negative serum, indicating high specificity of
the DDI-based serological assay. The negative serum exhibited only a reversible, non-spe-
cific interaction during the association stage, with immediate dissociation upon returning
to the running buffer. This confirms that the surface layer is not entirely resistant to bio-
fouling; however, this does not negatively affect its potential application in serological
biosensing. In contrast, the positive serum showed a stable increase in reflectivity. This
confirms antibody capture by the immobilized antigen. DDI enabled rapid, stable immo-
bilization of both protein receptors and differentiation of actual samples.

The use of SPR allowed for comprehensive testing of all components involved in DDI,
providing real-time monitoring of the assembly process. This approach enabled the track-
ing of each step and supported the transition from substrates designed for label-free de-
tection to flexible PET foils adapted for label-based detection. As shown in Figure 1C, the
reactive MCP-2 copolymer enables easy and efficient covalent immobilization of recombi-
nant proteins, although the efficiency for antibodies was moderate. The DDI approach is
expected to eliminate dependence on receptor protein structure during immobilization.

To assess the potential of PET foil coated with Copoly Azide for constructing flexible,
easily adjustable immunoassays via DDI, the NP-DNA conjugate was immobilized on the
coated substrate. DBCO-modified DNA on the polymer-coated foil enabled hybridization
with complementary strands, allowing rapid attachment of the DNA-labeled receptor
protein. A quantitative serological assay was then conducted using human serum at vari-
ous dilutions (Figure 6A). As can be observed, the signal increases with decreasing serum
dilution. It indicates a higher concentration of antibodies in the serum, thus confirming
the feasibility of the receptor layer obtained by means of DDL No significant non-specific
binding occurred for controls without receptor proteins on the surface. The obtained blank
signals (Figure 6A, red line) remained low and showed only a slight increase as the serum
protein concentration increased, confirming the high specificity of the assay. A detailed
study of the specificity of immunoplatform formation via DDI (Figure S3) showed that
protein receptor immobilization on Copoly Azide occurs almost exclusively through
DNA-DNA duplex formation. Non-specific adsorption contributes less than 10% to the
total signal in all tested cases. The antifouling properties of Copoly Azide are satisfactory,
which supports the construction of DDI-based platforms for sensitive and specific sero-
logical assays. Most importantly, these platforms enable the development of multiplex
assays using various protein-based receptors immobilized through a straightforward sin-
gle-step process. This was demonstrated by the simultaneous immobilization of two dis-
tinct protein conjugates (NP as a recombinant antigen and anti-human IgG as an antibody
representative) within a single immunoplatform (Figure 6B). The developed immunoas-
says were used to detect specific anti-NP antibodies and total IgG antibodies in two hu-
man serum samples (COVID-19-positive and -negative). The designed assay allows dis-
tinguishing between samples and confirms the absence of non-specific binding. The
demonstrated potential of multiplexing is crucial for developing more comprehensive di-
agnostic assays to detect multiple biomarkers in a single test.
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Figure 6. Serological assay Its using DNA-directed immobilization on PET foil coated with

Copoly Azide. (A) Normalized absorbance as a function of serum dilution for anti-NP antibody
detection. The black line shows test wells with the NP conjugate, while the red line represents con-
trol wells without receptor proteins. (B) Multiplex assay showing absorbance signals for anti-NP
antibodies and human IgG from various sources, including monoclonal antibodies, COVID-19-pos-
itive serum, and COVID-19-negative serum.

To understand the strengths and limitations of antigen immobilization in micro-spot
ELISA, analyzing their mechanisms and challenges is essential. Covalent immobilization
on MCP-2-coated PET involves the reaction between amine groups of the protein and NAS
groups in the copolymer, forming stable amide bonds that ensure robust attachment and
minimize protein loss during washing. Despite its simplicity, this method can partially
affect sensitive proteins, and attachment efficiency depends on receptor structure [60].
Passive adsorption relies on non-covalent r—mt hydrophobic interactions, making it easy
to implement but variable due to protein and surface properties [61]. Proteins bound this
way may desorb or rearrange, impacting assay reliability. DDI uses affinity-based attach-
ment by hybridizing complementary probes, providing precise orientation and multiplex-
ing capability. However, DNA duplex stability is affected by ionic strength and tempera-
ture, making washing with low-ionic solutions problematic and requiring consistent con-
ditions to maintain attachment integrity [62].

The potential of the developed platform extends beyond SARS-CoV-2 detection and
holds promise for broader use in multiplex diagnostics. Its adaptability for integrating
various protein bioreceptors suggests that this platform could be tailored to determine
different biomarkers rapidly, supporting POCT where timely and accurate results are crit-
ical. The robust binding properties and minimal non-specific interactions make it an at-
tractive tool for multi-analyte screening. PET foil-based immunoplatforms can be easily
integrated with microfluidic systems to further develop high throughput diagnostic tools
[63,64]. The inherent properties of these flexible substrates, such as ease of cutting and
reshaping, and wide working temperature and pressure range, make them highly adapt-
able for such applications [65]. The platform can be transformed into a fully functional
microfluidic device by incorporating laser-cut microchannels and bonding methods such
as thermal lamination or adhesive tapes. These techniques allow the fabrication of sealed
cassettes with embedded microchannels, facilitating controlled reagent flow and support-
ing automated sample processing [27]. The possibility of integration and the compatibility
with common optical detection methods leverage potential of the developed platform for
the construction of multiplexed diagnostic assays. Exploring these capabilities in further
studies should demonstrate the versatility of the immunoplatforms and enhance scalable
and sensitive immunodiagnostics.
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4. Conclusions

In this work, we have systematically studied the impact of receptor protein charac-
teristics on immobilization strategies and evaluated the suitability of reactive copolymer-
coated PET as a substrate for constructing flexible, microvolume ELISA platforms. Passive
adsorption was effective for antibody immobilization, while the amino-reactive MCP-2
copolymer ensured stable and functional covalent attachment of protein antigens. DNA-
directed immobilization (DDI) demonstrated high versatility. It enables the immobiliza-
tion of a diverse range of receptors using the Copoly Azide copolymer, which facilitates
DBCO-modified DNA attachment for subsequent protein conjugate binding. This strategy
allowed the reliable immobilization of complex proteins, expanding the range of usable
receptors on a platform. The copolymers also exhibited antifouling properties, minimiz-
ing non-specific binding and enhancing assay sensitivity. Designed serological platforms
effectively distinguished between COVID-19-positive and -negative serum samples.
Quantitative measurements and differentiation between antibody subclasses were also
possible. Flexible PET foils increased platform versatility and enable further integration
into complex systems, such as microfluidic devices for sophisticated miniaturized diag-
nostics. Combining DDI with flexible substrates broadens the scope of applications. It fa-
cilitates the development of compact, multifunctional platforms suitable for multiplex bi-
osensing and point-of-care diagnostics. The impact of the current study could be broad-
ened by further investigation of the platform’s potential for detecting a wider range of
biomarkers, making it applicable to other infectious diseases. The usage of the DDI strat-
egy for different antigens would result in the improvement of the platform’s versatility
and adaptability, supporting high-throughput analytical applications. Further develop-
ment could also focus on enhancing the integration of this platform into portable and
field-deployable diagnostic tools, enabling rapid, on-site testing in diverse scenarios.
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PET Foils Functionalized with Reactive Copolymers as Adaptable Microvolume ELISA

Spot Array Platforms for Mulfiplex Serological Analysis of SARS-CoV-2 Infections

Experimental

1. Reagents and Materials
Sodium chlonide, potasstum chlonde, sodium hydrogen phosphate, sodium dihydrogen
phosphate, magnesium nitrate, ammonium sulfate, and potassium dihydrogen phosphate were
obtained from Sigma-Merck (Poznan, Poland). Ammonia (25%), hydrogen peroxide (30%),
sulfuric acid (96%), and sodium hydroxide were obtained from Chempur (Piekary Slaskie,
Poland). p-nitrophenyl phosphate (PNNP) was obtamned from Glentham Life Sciences
(Corsham, UK). Anti-human IgG clone line 7701, anti-human IgA clone line 8203 and
monoclonal mouse anti-nucleoprotein antibody clone line 1143 were obtained from Medix
Biochemica (Espoo, Finland). SARS-CoV Nucleocapsid recombinant protein expressed in
Escherichia coli, goat anti-human IgG antibody conjugated with alkaline phosphatase, mouse
anti-human IgGl, IgG2, IgG3, and IgG4 Fc secondary antibodies, and streptavidin were
obtained from Thermo Fisher Scientific (Warsaw, Poland). Rabbit anti-mouse IgG antibody,
and goat anti-mouse IgG antibody conjugated with alkaline phosphatase were obtained from
Sigma-Aldnch (St. Louss, MO, USA). The proFIRE® Amine Coupling Kit for proteins (=5
kDa) was obtained from Dynamic Biosensors GmbH (Munich, Germany).
DNA oligonucleotide sequences
-NH: ligand strand (48 nt.) 5'-NH>-Cs-ATC AGT ACT TGT CAA CAC GAG CAG CCC GTA
TAT TCT CCT ACA GCA CTA-3’

- DBCO DNA probe (15 nt.) 5-DBCO-TEG-TAG TGC TGT AGG AGA-3'
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- NH> DNA probe (15 nt.) 5'-NH;-TAG TGC TGT AGG AGA-3'
- biotin-DNA probe (15 nt.) 5-biotin-(TEG)-TAG TGC TGT AGG AGA-3'
- ligand strand (48 nt)) 5 -ATC AGT ACT TGT CAA CAC GAG CAG CCC GTA TAT TCT

CCT ACA GCA CTA-3"

2. Methods
2.1 Conjugation of Receptor Proteins with ssDNA Anchors and Conjugates
Purification

The conjugation process was performed using a DNA oligonucleotide with an amine-
terminated ligand (3 nmol) and 200 pug of SARS-CoV-2 nucleoprotein or mouse monoclonal
antibody agamnst human IgG using the proFIRE® Amine Coupling Kit according to a
previously developed protocol [36].

2.2 Protein immobilization on polystyrene plates for classic ELISA
To perform standard ELISA, antigens were immobilized onto 96-well polystyrene plates
(etther non-treated or MediSorp® plates) by adding 50 uL of a 10 pg/mL antigen solution
prepared in 50 mM carbonate buffer (pH 9.6) to each well. Wells containing only carbonate
buffer were used as references. The plates were incubated ovemight at 4°C to allow protein
adsorption. After incubation, plates were washed three times with PBST. To block nonspecific
binding sites, 50 pL of 3% BSA in PBST was added to each well and incubated for 30 minutes
at room temperature. All subsequent antibody or serum dilutions were prepared in PBST
containing 3% BSA, and 50 pL of the appropniate solution was incubated in each well for 1
hour at room temperature (antibody concentration ~1 pg/mL unless otherwise specified).
Actual sera samples after thawing were diluted 200 times (unless otherwise stated). Each
incubation step was followed by three washes with PBST. Subsequently, 50 pL of an antibody-

alkaline phosphatase conjugate, diluted to 3 pg/mL in PBST with 3% BSA, was added and
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incubated for 1 hour at room temperature. The plate was then washed four times with PBST to
remove unbound conjugate. Then, 10 mM freshly prepared PNNP 1n 50 mM carbonate buffer
(pH 9.6) was used as the ALP substrate. The reaction was initiated by dispensing 90 uL of
PNNP 1nto each microwell, and detection was performed immediately after substrate addition.
Absorbance was measured at 405 nm using a Multiskan Go mucroplate reader (Thermo
Scientific, USA).

2.3 SPR slides preparation
SPR gold-coated slides were cleaned under UV/ozone (Ossila Ltd., Sheffield. UK) for 30
minutes, rinsed with detonized (DI) water, and then immersed in a “basic piranha™ solution
(25% ammonia, 30% hydrogen peroxide, and DI water in a 1:1:3 volumetric ratio) at 70°C for
15 minutes. After nnsing with DI water and drying under compressed air, the slides were
soaked in an “acidic piranha” solution (3:1 v/v mixture of concentrated sulfunic acid and
perhydrol) for 1 minute. The slides were then ninsed again with DI water and dried.

2.4 SPR slide modification
Bare gold-coated slides were treated with a UV/ozone cleaner (Ossila, UK) for 10 minutes and
then dip-coated overnight at room temperature with an aqueous solution of Copoly Azide, as
described previously. After coating, the slides were rinsed with DI water, dried under
compressed air, and cured under vacuum at 80°C for 15 minutes. The Copoly Azide-coated
slides were then manually covered with 100 pL of a 0.5 pM DBCO-modified DNA solution
and incubated overnight at 4°C in a humid atmosphere. Slides were then ninsed with DI water,
dried under compressed air, and prepared for SPR measurements.
For label-free studies and DDI immunoassay design, SPR transducers were covalently
modified with streptavidin and coated with a biotin-DNA probe. Streptavidin was immobilized
on the PEG-COOH-coated slide by injecting a 50 pg/mL solution in 5 mM acetate buffer (pH

5.0) for 20 minutes, following a previously described protocol [37]. Subsequently, 1 uM
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biotin-DNA probe solution in PBST was injected for 20 minutes to immobilize ssDNA,

followed by washing with PBST until a stable signal was achieved.
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2.5 Immobilization of Protein Conjugates and Surface Plasmon Resonance Imaging
Measurements

Kinetic studies on the immobilization of ligand strand and protein conjugates were carried out
with SPRi Lab Plus instrument (Horiba, France). PBS buffer with 0.05% Tween® 20 (PBST)
was used as the running buffer at a flow rate of 80 pL/min. The ligand strand (2.7 uM in PBST)
or protein conjugate (~20 nM in 50 mM phosphate buffer, pH 7.2, with 150 mM NaCl) was
injected manually (flow rate: 80 pL/min, ~5 min) to monitor DNA-directed protein
immobilization in real-time. For regeneration between injections, 50 mM sodium hydroxide
was applied at 80 pL/min for 4 minutes. Immunolabeling was performed at the end of each
experiment by injecting a 5-minute solution of a specific antibody (anti-mouse IgG or anti-

SARS-CoV-2 NP antibodies, 50 png/mL in PBST).

214



Figure S1
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Fig. S1. Copolymers composition. A — Chemical structure of MCP-2 and Copoly Azide. B —
Monomer molar ratios for MCP-2 and Copoly Azide. C — Schematic mechanism of receptor
protein immobilization on PET foil coated with Copoly Azide and MCP-2.
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Figure S2
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Fig. S2. Specific (red) and non-specific (light blue) signals for various SARS-CoV-2 protein
receptors.

216



Figure S3
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Fig. S3. Results of specificity studies for DDI-type immobilization.
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M. Lelit, M. Stowikowski, M. Juchniewicz, B. Stonio, B. Michalak, K. Paviov, M.
Filipiak, M. Mysliwiec, P. Wisniewski, K. P. Anders, S. T. Stopinski, A. Duszczyk, S.
Karon, R. B. Beck, R. Piramidowicz. ,,Functionalized photonic silicon-nitride-based
integrated circuits operating in visible wavelengths for biosensing applications”,
17th Conference Integrated Optics - Sensors, Sensing Structures and Methods, Szczyrk,

luty 2023, wspolautorstwo prezentacji

M. Drozd, K. Tokarska, Z. Tylenda, S. Karon, K. Zukowski, M. Pietrzak,
E. Malinowska, Z. Brz6zka. “Disposable, flexible microfluidic system for rapid, pre-
analytical separation of IgG antibodies from serum samples”, The 27" International
Conference on Miniaturized Systems for Chemistry and Life Sciences (uTAS),

Katowice, pazdziernik 2023, wspolautorstwo posteru

S. Karon, K. Porycka, LDS Lapitan, M. Drozd, M. Pietrzak, E. Malinowska.
,Nonspecific staining of protein receptor layers as a quality control method for
SPRi-based multiplexed biosensing”, 4th International Electronic Conference

on Biosensors, konferencja online maj 2024, prezentacja posteru
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K. Porycka, S. Karon, M. Drozd, K. Tokarska, K. Zukowski, E. Malinowska.
“Development of the microfluidic Lab-on-a-Foil platform for pre-analytical separation
of human IgG”, 4th International Electronic Conference on Biosensors, konferencja

online maj 2024, wspoéltautorstwo posteru

K. Porycka, S. Karon, M. Drozd, K. Tokarska, K. Zukowski, E. Malinowska.
“A/G protein-based, microfluidic system for the small-scale, preparative separation
of IgG from human serum”, STER Summer School of Redox Processes, Warszawa,

czerwiec 2024, wspétautorstwo posteru

S. Pniewska, M. Drozd, LDS Lapitan, E. Malinowska. ,,Malinowska The development
of customizable biosensing platforms for multiplex immunodetection of various
infection-related  biomarkers based on  DNA-directed immobilization”,
The 1% International Conference on Al Sensors and 10th International Symposium

on Sensor Science, Singapur, sierpien 2024, prezentacja ustna

Nagrody

A. Duszczyk A., B. Batamut, S. Karon, Lelit M., P. Rekas, A. Szymczyk.
Il miejsce w konkursie MedTech-Athon — inzynierowie dla medycyny
(wygrana grupowa), finansowanie w ramach programu

»Inicjatywa Doskonatosci — Uczelnia Badawcza”, Warszawa, maj 2022
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Wyjazdy naukowe

Trzymiesigczny wyjazd naukowy (kwiecien-czerwiec 2023) w ramach pogramu
Mobility i NAWA STER do instytutu badawczego w Mediolanie - Instituto di Scienze
e Tecnologie Chimiche CNR — SCITEC, grupa profesor Marcelli Chiari

Rola Opiekuna Naukowego

Praca dyplomowa inzynierska Karoliny Poryckiej pt. Zastosowanie przeciwciat
znakowanych DNA w projektowaniu uniwersalnych podtozy immunosensorowych
do detekcji przeciwcial i biomarkeréw chorob wirusowych, Kierunek Biotechnologia,
numer pracy wedlug wydzialowej ewidencji prac: 102C-ISP-BI/307108/1202328,

promotor: dr inz. Marcin Drozd

Praca dyplomowa magisterka Karoliny Poryckiej pt. Uniwersalne warstwy
immunoreceptorowe dla  systeméw  diagnostycznych — Lab-on-a-Foil, Kkierunek
Biotechnologia, numer pracy wedlug wydzialowej ewidencji prac: 102D-MSP-
B1/307108/1290445, promotor: dr inz. Marcin Drozd
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