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Label-free methods of lactoferrin determination using new selective DNAased
bioreceptor

Abstract

Lactoferrin(Lf) is an endogenous multipotent glycoprotein of immunomodulatory nature.
Lf is considerecn essentiadlement of host defense becausmitrespondo physiological
changes. Its structural features provide functionalities such as maintaififgpFeostasi,
antimicrobial activity against various bacteria and viruses, andirdla@mmatory and
anticancer effects. It also plays a protective and repairing role over the human gemme. It
able tobind to DNA and, under certain conditions, actaa®oxyribomuclease (DNase),
activating transcription and regulating the cell cycle. Yet, theresigficientexperimental
confirmation in the literature on the mechanisms of such interaction, while the possibility of
utilizing the DNA as the putative lactoferrirdoeceptor has not been challenged. Therefore,
this doctoral dissertation is devotedi®veloping a new DNAype bioreceptor for selective
detection of lactoferrin in real samples by utiliziiadpetfree, bioreceptor nofdestructive
techniques such as sack plasmon resonance and electrochemical impedance spectroscopy.
The work thus is divided into two main parts: indicating the DNA sequence of the highest
affinity towards the target protein and utilizing it to develop a new impedimetric biosensor

to quanify lactoferrin in human saliva.

In the first part of the doctoral thesithe results ofdevelopingan innovative DNA
oligonucleotidebased bioreceptor with a high affinity and selectivity for lactoferrin using

the surface plasmon resonance methate pesented and discussethe aim was to
investigate the affinity of varioudesignedligonucleotidedor the target protein. Further
investigations were carried out on ttETAGAGGATCAAAAAA] T AGAGGATCAAA3G
hybridized sequence, whiclwas 72 base pairs longnd ha the highest affinityfor
lactoferrin.The detailed malysis of the interaction between lactoferrin and the selected DNA
sequenc@rovided rate and equilibrium constants. The kinetic analysis reveade-one

binding with kinetic constante, = ( 2. 4 A0*N*A0andk3=) (1. 8 ACPK'i0. 02)
association and dissociation rate constaetpectively, anka= ( 0. 1 A0°MN*add 0 5)
Kn= (7. 6 A08NIT &ssotidigrand dissociatiorquilibrium constants, respectively

The termodynamic studswereconductedn the291.15i 305.15 Ktemperature rang®
determine thepH®, g8, andg G for van't Hoff characteristic. The complex formation was
found to be endothermic and entropically drivand the interaction was athydroplobic
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nature The selectivity of the chosen DNA sequence towards lactoferrin was confirmed with
interferents' response constituting less than 3% exfeference lactoferrin signal.

The dsDNA oligonucleotide of unique sequence oN-(CH2)es5 6 [ TAGAGGATCAAA
AAAISTAGAGGATCAAA30G was wutilized as a biorecogt
lactoferrin impedimetric biosensor. The spatial orientation of theebaptorlayer was

established by immobilizing the oligonucleotide via theNHgr oup at the 506 en
develged biosensor was characterizgdimpedance spectroscopging both faradaic and

nonfaradaic models, anthe analysis of experimental data allowed the propos#heof

Randlesbased electrical equivalent circulhe equivalent circuit charge transfer resistance
parameteRss of the faradaic model wasevealedto be quantitativelydependent on the
lactoferrinconcentrationThe biosensocharacteristiés a dependencdeetween theatio of

resistancéss befordafter bioreceptofanalyte interaction and the analyte concentration. The

developed impedimetric biosensor demonstrated a linear response for laboratory samples in

the lactoferrin concentration range up to 625 nM, with a limit of detection of 1.25 nM and a

limit of quantification of2.5nM. The subsequent study establishedapplication of this

biosensor for quantitative lactoferrin detection in human saliva samples. The results were
consistent with the surface plasmon resonandezing the same DNAypebioreceptorand

with colorimetric immunoassay. Theroposedimpedimetric DNAbased biosensor for

lactoferrin addresses tlyggowing need for rapid, simple, and effective analytical methods

for detecting immunomodulators with potential applications in@dingdiagnosis.

The work fits into the paradigm of biomedical engineering by proposieyeapproach to
developing the DNAbased bioreceptor and next utilizing it to estakdiibelfree sensitive
impedimetric biosensor for clinically important analydaetbferrin. The research provided a
new bioreceptor design and development methodolbgyselecting surface plasmon
resonance as a leading technique rimaittime binding analyses. The SPR results were
analyzed in depth, resulting in tigentification of aDNA oligonucleotide as thprimary
andspecificlactoferrin bioreceptor, confirmed by a selectivity study with interfer@ntsell

as for determination of lactoferrin in biological fluids, such as salareover,a short
overview ofthe results showed the advantage of the developed Dased recognition
element over antibodlgased and biomimetic ones. The research implementation provides a

new approach tthe designof specific bioreceptorr labelfree sensinglt canbe used to



further work on biorecognition layer development for clinically significant large molecules,
especially proteins.

Keywords: DNA oligonucleotide type bioreceptor, affinity labeée biosensing,
lactoferrin, impedimetric biosensor, surface plasmon resonance;



Bezznacznikowe metody oznaczania laktoferynywykorzystaniem nowego

selektywnego bioreceptora opartegoa DNA
Streszczenie

Laktoferyna j est wielofunkcyjwguabci wiodsgk iae
i mmunomodulleusjtNcuycahUana za kluczowy el ement sys
zdol noSi do odpowiadania na zmiany fizjologi ¢
strukturalne warunkuj N wgaSciwoSci 3% akie jak
aktywnoSi antygai propeciowbgic:- Unorodnym bakteri
przeciwzapalny [ antynowot wor owy . Laktoferyr
i naprawczN w stosunku do ludzkiego genomu. B
i w okreSlonychi avajakkadcehokdyir gganukl eaza ( D
transkrypcjn i r e gMii lmuoj Ntco ,c yvk | | iktoew: atkeoprwzye ni e
wyczerpuj Ncych danyapB ujefksywehlr ymeochahnymh tej Ue
natomi ast moUl i woSIi wendameaga hioseteptaora laktof€rymAniej ak o p o
zostaga dotychczas p o dj Nihigsza wozpiawad doktarskac h nauk

poSwi i toprac@wajiemwego bioreceptora typu DNA do selektywnego oznaczania

|l aktoferyny w pr-bkach rczed Zywiysthy, chnizaripaemnad

bi oreceptora technik, takich jak powierzchnio
spektroskopia impedancyj na. Praca skgada sin
sekwencj i DNA o najwyUszym enoavdz wykavzastahiavi e do b
j e] do opracowani a nowego bi oczujnika i mped

| aktoferyny w pr-bkach Sliny ludzkie]j

W pierwszej c z i S cdapregentawvang  doonk-twoirosnkoi e Wy ni K i b
wykor zyls mef &ldn p 0 wioerezananswn plaameavg d o opracowani .
nowegobioreceptorat y pu DNA wykazuj Ncego wysokie powin
wzgl ndem | ak€Celf emynlyy go zbadani e powi nowact
oligonukl eotyd-w ddDabsagkadoadarcied owenrgpovadzono
zhybrydyzowanej] sekwendqj 56 [ TAGAGGAAMMKAPRPAGAGGATCAAA3SD

0 dgua) 3Spar zasadaz ot owy ¢ h, kt nmg wiwykazeg wpdavi nowa
do laktoferyny.S z ¢ z e gandjiza interakcji laktoferyny z wybrdh s e k vbblA ¢ j N
dostaiofipganacji sttafych Nissztoydbjkyood o wmtergkiii

Analiza kinet i odd z ipaogzywwoal nii gaa na ustoad dezniiaegysvb@c i ¢
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ws k a z utypjedendojednegewar t o Sci ami s t,wiym adpowikdnio et y c
stagycohScsizvyabsko c | ake=j i( 2i. 4dm0'MNoAljikaGe3j)i 1. 8 AN 0. C
sloraz stagych r - wnovi&g(io.als3oAF Mbd.K65 )i( 7d yslo d
0.18A0% M. W zakresie temperatur 0291,15do 305,15 K przeprowadzono badania
termodynamiczne w celu wyznaczegil®, g8, andgiz°d o c har akt er yst yki
Ustal ono, Ue t wor z e n-DNA naochapakter &ndotermiczg K t o f
napmgzami anN entropi, natomi ast.Sehéekt pWwp p
wybranejsekwencjiDNAWz gl ndem Izalkt afar pwghbvd ;e ridrztoenraf e |
dla kt-rycsanowgignowepdhi U 3% refpoemadi Megg
od laktoferyny.

Oligonukleotyd dsDNA o unikalnej sekwencji bEN-(CH2)e-5 6 [ GAGGATCAAA-

AAA] . TAGAGGATCAAA3® uUy bjakd abipreceptor do opracowania
impedancyjnegddioczujnikal akt of er yny. Or i ent arecepioropda z e st
uzyskanaunieructamia j ?ici g o n u k | e odrupydH:Nzrea pkodi@prabbwany
bioczuni k zostag smbaodKtepgkowakzy puily ciimepne dmaon
faradaj owski ego i malize daaychaekispefymenslkycheng 0| i wia & :
zaproponowanie elektrycznego model u zastnnrg
el ement u zasthnpcoezyigmj tominstijeNue Re Imadelur on -
faradaj owski ego z a@lheddns §a Uksakinobel yny. Char
bioczujnikao k r e S| amb ejomld@ z y st o s u nRs preedpo mterakgjis t a n «
bioreeptoranaliti st i Ueni em anal idzujnik impesancgiryovw & my a @ i

l ini owN odpowi ed¥ dla pr-bek |l aboratoryjn
z granicN wykrywalnoSci 26nM5 pmMyi cgruamiScN
liniowego na poziomie W kolejnych badaniach zastosowaapracowanybioczujnik

do il o Soznaczamiegaokt of er yny w pr - bkalohdBS@Ejiyny
zgodne z wynikami uzyskanymi met o d N powi erzchni owewo roe
z wykorzystaniem tego asnego receptora typu DNAraz kolorymetrycznego testu
immunologicznego. Zapponavany impe@ncyjnybioczujnik laktoferynyz opracowanym
bioreceptorentypu DNA odpowiada nan a r a s tapojrzebowanie na szybkie, proste

i skuteczne metody analityczne do wyk wani a | mmunomodul ator -

zastosowaniu w diagnostyce klinicznej.
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Praca wWpi suj e sin W par a dgpgezazapropomoWanie i er i i I
nowatorskej metody opracowaniabi or ecept ora opartegemo na DNA,
wykorzystana dowytwo r z e n i a bezzraczgilkowegonpedancyjnegobioczujnika

| aktoferyny, kt - -ra |klieiszhym. a nBad dareima od ozsnagczeryigl
metod/ki  projektowania i opracowywania bi or e c e pt wykorzystaniem
powierzchniowego rezonansu plazmonjakog § - wtecknjkip o z wa | a anhlidie | n a
oddziagywa® mindzyczNsteczkow$ehr olko c mansiwd o n
ograniczenia iz al ety b a dS®PRE w ynreit loidem  k wybr njeciego b y §
oligonukleotydi DNA o okr eS1l on ejjako snajandzen cop ¢ ¢ egp N c

I specyficznegobioreceptoa | akt of er yny, cCo potwierdzono w
zudzi agem i RPdnadtog ®@mr -ewnvy mvii & - w wykazdyrpyrczhe wa g n
opracowanego elementioreceptorowegmpartego naDNA nad elementami opartymi
naprzeciwciagach [ bi omi metycznymi. Real i zac
do projektowani a s pedly poirzelz megod lhezzbaczoikowyche pt or - w
i moUe zostal wykorzystana w dackupnikoywygch pr acact

dlad u Uy @ N sk istatngch klinicznie w szczeg.- |l noSci biagek

Sgowa k:l hioeeeptor ¢ypu oligonukleotyd DNA, bezznacznikowe oznaczanie
oparte na powinowactwie molekularnym, laktoferyna, bioczujnik impedancyjny,

powi erzchniowy rezonans plazmon: w;
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Introduction

Lactoferrin(Lf) is a remarkable protein that defends the host against infections and tissue
injuries in vertebrates. It is highly versatile and can interact with various host and microbial
targets, providing antimicrobial properties while regulating innate and adaptmernie
responses. Lactoferrin has been found to modulate immune cell activation, migration, and
growth, either upregulating or downregulating them as requiedierousstudies have
highlighted lactoferrin's immunomodulatory effects, which are evident atoferrin
knockout, lactoferriroverexpressing transgenic models, and dietary lactoferrin. Although
the mechanisms behind these properties are not fully understood,ineggotstudies have
proposed various theories. Lactoferrin Hasen shown to target negatively charged
moleculessuch as prénflammatory microbial molecules and host components, including
DNA, proteoglycan, glycosaminoglycan chains, and surface cell receptors. By signaling
through these receptors, lactoferrin influences immunkés cand cytokinebalance
controlling cell activity, which is considered a primary way lactoferrin affects the complex
immune machinery.Numerous reports show lactoferrén sclinical significance in
inflammatory diseases, especiallypsk of autoimmune backjunds uch as -LeSni
Cr o hn o s [1id)]] a5 evellsag neurodegeneratigseases, for instancAlzheimed s
disease[4i 6]. Understanding lactoferrin's multiple ways of influencing the immune
machinery and the known and potahimechanismshat may explain its propertiés an
emerging research topicactoferrin, similarly to other proteina clinical diagnosticsif at

all, is mainly determined with immumassays commercialenzymelinked immunosorbent
assay (ELISAXits that requirequalified staff andadvancednstrumentationDespitethe

high sensitivity and selectivity of antibodyasel assaysthey display some major
drawback: the necessity of labeling, invalidity under excess concentrations of analyte,
depuration from thbound labelor variability between batcheExcept for antibodies, other
proteins such as nucleolina multifunctional protein localized primarily in the cleolus,

also found in the nucleoplasm, cytoplasmd cell membrandipopolysaccharide, or CD14

I apathogen reamnition receptompresent in two forms cell membrane protein (mCDCdt)
soluble (sCD14)were already reported to interact with Lf, howeveona of these
interactions areelectiveenough to serve as bioreceptdfor the above reasons, Lf is not
yet included in routine testing despite being considered a marker of at least two life
threatening diseaseBhe potential solution to the lack of taerrin routine diagnosticg

real samples ithe development of a cheap, feasible, selective, and sensitive method for its
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detection based on other molecules that exhibit the potential of interacting specifically with
this protein, for instancejeoxyrbonucleic acid (DNA).Interestingly, Lf is capable of
interacting with some specific DNA sequences, and the details of such interaction, as well
as its potential in biosensing application, have not yet b&plored hence becoming the
topic of interestRecentprogressn the development ohucleic acids syntheshasbrought

fast, simpleand affordable methods that allows to introduce them in many fietdsding
biosensingin a much broader manner than ever before. Large anadyies agproteinsof
molecular weight jI\W) above several kDa, are often challenging to be specifically
determined due tthe negative effectsf their size on the spatial and conformal conditions

of biorecognition layetarget molecule setuplhe steric hindrances a chalenge that
efficiently limits the utility of bulky receptors like antilies while recently trending
nanobodie$ singledomain antibody (sdAbgre still in thé infancy andexpensiveOn the
contrary, DNA structures offer alteraldequences and sizesd in the case of aptamérs
shape, they are easier to immobilize and labslpared to antibodieStill, in order to obtain
ahighly specific and sensitiMNA-based biorecognition elemeittis crucial tounderstand

the supramolecular interactionstween the DNA receptor and target molecuddelfree,
reattime method of surface plasmon resonance otfegspossibility of studying kinetics

and thermodynamic aspects of intermolecular complex formation aughramolecular

level. It is extremely geful in designing andievelopingnew bioreceptors, with the
advantage of resembling the biosensing approach by immobilizing one of the interacting
moleculegreceptor or target)n contrast, structuratudies via nucleic magnetic resonance
spectroscopyare performed ima liquid state where both receptor and target are not
immobilized Another labeffree technique is electrochemical impedance spectroscopy. As
nondestructive it is a method of choice for verification of interactiaas well asfor
guanttative analysis.When ®mbined with electrochemical impedance spectroscopy,
surface plasmon resonance allows for insightful analysis of strength, dynamics, and binding
forces that drive recepttarget compleXormation As such, it gives the opportunitg
developfast, efficient and affordable methoder receiving specific new bioreceptdisat

can be further introduced nosensing applications
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Purpose and theses

The subject of the doctoral dissertationthe development oA DNA-based bioreceptor
selective to endogenous immunomodulator lactoferrin and its utilization lmabensingf

this protein in human salivalhe presence of lactoferrin in salivaassociated with host
defense against oral pathogens and control obthlemicrobiomeThe research conducted

in the frame of this work covetbefollowing research problems amkues:

o the influence of DNAsequence (oligonucleotides differ in sequence,, single
stranded or doubistranded, as well asmmobilization conditionfiavinganimpact
on spatial orientabn and interaction i resulted in the establishing of
biofunctionalizationprocedureof gold surface plasmon resonansensors with the
use of various DNA oligonucleotides aittntificationof the DNA sequence with
the highest affinityhighest output signatpwards lactoferrin

o the influence of analyte concentration and temperature oimtheaction
betweenDNA of the selected sequendelLf bioreceptor, andactoferrini
target molecule usig surface plasmon resonaniceresulted in obtaining
affinity, kinetic, and thermodynamiconstants

o the influence omodification conditions such as link&-blocker concentration ratio
on the immobilization level and the effect aheasurement conditionsuch as
utilization of redox probe, frequency rangand applied potentialon the
impedimetric response to receptralyte interactiofi resulted in transferring the
modification method to impedimetritechnique and establishingmetrological
parameters ahe develope@®NA-based biosenspr

o the applicabn potential of the developed impedimetric biosensor in measurements
of lactoferrin levels in human salivd resulted in obtaining experimental data
consistent with reference methods, confirming the usefulness afotisructed

biosensor

The researchimed to develop a new bioreceptor selective towards lactoferrin by adapting
a feasibleand straightforwardapproachto designing the specific DNA proldsased on
sequences reported in the literatthrat interact witHactoferrin. The utilization of surface
plasma resonance allowetb performthe affinity screening of various proposed DNA
oligonucleotides that diffedin sequence (content and order of nucleobases in the strand),
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length and formi hybridized and unhybridize@ouble andsinglestranded)which led to
establishmg the DNA oligonucleotide of highest affinity tbe target potein Next, the
steadystate andlynamic analyses (kinetic and thermodynamic) were carried out in order to
obtain detailed information on the interaction mechanism and drivingsfanzk calculate
equilibrium and rate constantsagentuallyevaluatef the selected DNA meets the criteria
for affinity-based bioreceptor (affinity constant > refers to specific interactionJhe
identified bioreceptor wasat this stageemployed tathe impedimetric biosensor, and the
metrological parameters were assed for lactoferrin laboratory samples under
physiological pH. Ultimately, the developed biosensor with DNA biorecognition layer was
applied to quantitative measurements of lactoferrin concentration in human saliva samples
of healthy volunteers, and itdility was evaluated by comparing the results with two

reference methods.
Within thediscussed subjedhetheses were proposed:

T1. TheDNA molecule otthedefined sequence exhibahigh affinity towards endogenous
immunomodulator lactoferrin and carerge as a selective bioreceptor for lafvek

biosensors.

T2. Affinity screening using surface plasmon resonance em#mdeidentification ofthe

designed DNA oligonucleotidihatselectively interactwith atarget protein.

T3. Impedimetric detection of lactoferrin witthe identified bioreceptor enaldethe
assessment ofnalyte concentration irbiological samplesunder physiological pH

conditions.
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Scope

Developing new biosensing layers based on DNA ttealelarge protein targets is
challengingdue to the complex nature of such interactidigs research aimetb develop

a selective and stable new bioreceptor for lactoferrin. Since Lf, as an endogenous
immunomodulator, is capable of interacting with DNKBe investigation has focused on a
DNA-typebioreceptor.

Theresearch tackles the following aspedtsproposition of new methodologyased on

SPR supported affinity screeninfgr development of selective lactoferrin DNppe
bioreceptor simpleapproach,finalized with identification of particular DNA sequence
selective towards target prote{n) a description of interaction of selected bioreceptor with
lactoferrin using labelree method of surface plasmon resonangeluding kinetic and
themodynamic aspects of complex formation, (iii) estimationraiE and equilibrium
constantsas well as thermodynamic constants by fitting mathematic models of interaction
(kinetic and thermodynamic) to experimental data, @grablishing methadogy of
transferring thesurfacemodification procedureising DNA-type bioreceptofrom surface
plasmon resonance wectrochemicatechnique, (v)development of impedimetric label

free biosensor equipped with DN#ased biorecognition layeand determination of its
metrological parameterand (vi) implementation of developed impedimetric biosensor to
lactoferrin measurements in human saliva samples.

The doctoral thesis scope consists of three major parts. The fivsliterature review, is
divided into four chapters. Chapter 1 describes the analyte of choice and highlights its
clinical significance. Chapter 2 introduces the characteristics of molecular recognition
systems in biosensing applications by showing the rdcends in their development. A
comparison of different biorecognition elements is provided. The chapter puts a particular
emphasis on surface plasmon resonance as a method for the development of new
(bio)receptors, especially DN#ype. Chapter 3 preserdstailed information on lactoferrin
determination methods with the division according to rs&dout type The section is
finished with the motivation for the undertaken research, in which the drawbacks of existing
methods and challenges relatediévelgping novel lactoferrin bioreceptor are pointed out.
The second part of the dissertatfonuses on details of the experimental wadtlkstarts with

the list of the materials and instrumentation in chapter 5, followed by the description of the
developed methodology in chapter 6, which is divided into thirteen subsections. These

subsections relate closely to the chronological courgeatsearch, as follows: justification
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for the DNA sequences selection, preparation of the surface plasmon resonance sensors,
affinity and dynamic analyses, selectivity of the bioreceptor in the presence of interferents,
preliminary lactoferrin quantifid@n onto hydrogebased sensors, transfer of the
modification method toward impedimetiigpe sensors with linearly linked bioreceptor,
verification of the surface modifications, supporting electrochemical measurements, leading
impedimetric measurementsthodology and reference tests. The chapter is complemented
by the description of utilized biological samples and their preparation, as well as the
methodology of alternative biorecognition systems based on immunosensing and
biomimetic sensing that wereaxined within the doctoral research.

The third major part of the dissertation collects the results of the investigations, which
corresponds to the methodology subsections of the previous chapter. In chapter 7, different
aspects of the interaction betweettbferrin and the developed DNA bioreceptor are
arranged in six subsections. The immobilization and interaction results uadeus
experimental conditions are followed by the affinity analysis. Then, the results of dynamic
analyses, kinetic and thermgathmic, are showrgs well aghe selectivity of the developed
bioreceptor vs. interferents. Lastly, the quantitative analysis with the surface plasmon
resonance onto hydrogkased sensors is demonstrated. The results devoted to the transfer
of the modifcation method toward biosensing surfaces suitable for electrochemical analyses
and the characterization of new impedimetric biosensors are included in chapter 8. It also
contains the outcome of quantitative concentration analysis and estimation of kiosenso
sheltlife. The results of measurements in real samples constitute a separate chapter 9, while
in chapter 10, the results obtained for alternatively investigated bioreceptors (antibodies and
molecularly imprinted polymers) are collected. Tegearch oabmeis discussed in chapter

11, in which theresults were confronted with the current state of knowledge regarding the
interaction of proteins with DNA and the determination of lactoferrin

Eventually, the dissertation is closed with a summary and caochjsncluding prospects

for the research.

The primary outcome of the researdfiscussed and summarizéd this dissertatioris
presented in two publicationhe first article iADNA-based molecular recognition system

for lactoferrin biosensing ,Int. J. Biol. Macromol. 253 (2023) 126747 refers to the
development oh selective DNAype bioreceptor for lactoferrin and a description of the
interaction mechani sm, w h elraleldree impédenetris e ¢ o n d

biosensor based on a novel DNipe reeptor for selective determination of lactoferrin in
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human saliva Sens. Actuators B Ched05 (2024) 135377 is focused designing and
developinga labelfree impedimetric DNAbased biosensdor lactoferrin and application

to measurements in real saegl
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Literature review
1. Lactoferrin and its significance

Lactoferrinis a norheme glycoprotein belonging tbe transferrin group, meaning it is

capable of binding iron iongContrary to transferrin, which transports iron within the

organism, lactoferrin is rather sequestrating iron from the environmentaweéktremely

high binding constardf around 1M [7,8].1 t was first i solated from
whereas irl960, independent laboratories confirmed tHas the main irorbinding protein

in human milk.Lactoferrin is a mulpotent protein with immunomodulatory properties,

meaning it can recognize the immune status and take appropriate action by either up or
downregulating the immune response through various mechan@yh6]. The most

important functions of Lf within an organism include antibacterial, antivanafioxidant,

anticancerand antinflammatory activitieg11]. Lf concentration increases locally at the

infection site, being secreted from secondary granules (neutroptelse, it is considered

a mar ker of activity for infl ammatQrroyhnddissease
disease and inflammatory bowekedasg12,13]. Lf is present in almost any body fluid,

including plasma, urinepr saliva however it is most abundant in milk, especially
colostrumRecent research on neurodegenerative di s:
indicated salivary lactoferrin as a possible marker of early cognitive dgélj6eand

correlated its level with cortical amylotaeta load, cortical integrity, and memory in aging

[14,15] Hence, actderrin isconsidered aadivary biomarkerusedto diagnoseé\| z hei mer Es
diseasd16]. The antimicrobial activity of Lf was proven in oral infectionsSiyeptococcus

mutang17]. The clinical significance of this protein aris#sce the newest research focuses

on its utility asa tool in the fight against SARSCoV-2 [18,19] Despite its increasing
relevancelactoferrin is not included in diagnostigutines since there is a lack of detection

methods that areheap, feasibleand nsitiveenough tayainthe attention of cliniciandlo

introduce details of lactoferrithe structural characteristics and biological properties will

be discusseth thefollowing subsectionswith particular emphasis on its role time host

defersesystemi Lf as guardian othe human genomg0].

1.1. Characteristics andbiological properties
Lactoferrin isa bulky glycoproteinwith MW approximately 80 kDand 703 amino acid
residuesThelLf spatial structure presents two spherical lobes: the N lobe contaHd88 1

amino acid residues, the C lobe with 3891 amino acid residugand a helicashaped
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bridgewith residues from 334 to 344 that connects the lobes. Each lobe of &Miasof
approximately 40 kDaThe homologous lobeshow approximately 37% similarity (125
identical residues in the corresponding protein sections). Each lobe has two parts, the so
called U and b domains, c a.lOveeal, Lf hagtwo loNes a n d
andfour domaing7,9]. Each lobe has oneavity where iron is bondedlhe structure and
Fe** binding sites are presented in FigThe affinity of lactoferrin for iron is approximately
twotimes greater than that of transfersrhichmay be partly due to cooperative interactions
between the two lobes of lactoferrinlobes stabilize each other under physiological
conditions, while undesinacidic environment, the helix bridge unfold$en thestructure
relaxes, losing the complexed iron iofise complexatioronstant of iron ions is very high
(K~10?? M) [7]. Due to the presence of two irtninding sites, there are three known
metallated forms for alLfs, which differ in their iroAloadng: ape (without iron), a
monoferric form (one iron per protejrgdnd a diferric or saturated helmrm (two irons per
protein)[21]. Typically, two forms of lactoferrircan be foundn viva: freei apolactoferrin

and iron-saturatedi hololactoferrin. The third form of lactoferriconstitutes a small
percentagef total Lfs. Apo- and holelactoferrin differ in their tertiargtructurg7]. During
binding with F&" ions, the structure of the protein changes significantly (movement of the
domains around the iron molecule and interactions between the Iblias) process of
closure around the iron molecule with the simultaneous attachment of two bicarbonate
anions F€** in binding sites otach lobes bound byfour amino acid residug® Tyr, 1 Asp,

1 His), and it isstrong but reversible bindind\s mentioned beforéion releaseccursdue

to lower pH (probable role dbicarbonateions) Occupied binding siteprovide three
negative charges to balance thepwsitive iron ions, while th&l-terminal helix together

with the arginine (Arg) side chain, having a positive charge, baléneegatively charged
bicarbonatanions The process of binding and releasing iron occurs due to the flexibility of
the unbound form (apoLf) and tleerresponding stiffness of the bound form (holdPf}].

Lf can also bind other trivalent ions, e.g.3GaAl®*, Co**, Mn*, divalent ions, e.g. Cif,

Zr?*, V2* and trivalent lanthanide&n®*, Ln3* [22]. The bindingof ions other than iron
probably results from the participation of Lf in their metabolism witheéorganismLf has

a strong cationic character, with an isoelectric point (pl) equal to 8.7, which resutiigin a
affinity for binding to receptors of various types oélls and anionsHowever, he
distribution of positive charge on thé surface is highly unevewith three characteristic

areas where the most positive charge is accumulated: at the end of the N lobe (residues 1 to
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7), along the outer line of the first turn of the helix connecting the lobes (residues 13 to 30),
and in the area inside thelobe inthevicinity of the binding helixDue to the concentration

of positive charge at thd-terminus and the adjace@tterminus (residues 230), this area

has been proposed as a binding site for DNA, heparin, lipopolysacchérs) and

glycosaminoglycam(most Ikely speciesspecific)[23,24]

N-lobe

Fe’* binding site
- N2 domain at N-lobe

Interconnecting
helix

Fe** binding site
at C-lobe

Fig. 1. Lactoferrin structure and the iron ion binding sites. Based on PDB DOI:
10.2210/pdb1BOL/pdb

1.2. Clinical significance of lactoferrin

Lactoferrin issecreted by secretory epithelial cells, included inekecrine (pancreatic
secretorysystemand stored isecondary and tertiary granules of neutrod@#g. It occurs

in all human body fluids: milk, blood, $ah, tears, semen, mucous secretions of the
respiratory tract, secretions from the gastrointestinal tract, cerebrospinal fluid, neutrophils,
neutrophils feces,and othersproduced in its finahnd freeform, without precursorsThe
concentration of lacferrin in healthy humans in plasma is the lowestraundl O g'A mL

5 Og'AmL cerebrospindilnfdaliidy a 0lindyilk [26@gTREnLmg A mL
protein is esistant tahe action of proteolytic enzymes, such as trypsin and its derivatives
[9]. Release of lactoferrin follows theegranulatn, whichoccurs under the influence of
interleukin 8 (IL-8) i chemoattractingcytokine activaing neutrophils in inflammatory
regions and the binding of some surface immunoglaizil therefore, the concentration of

lactoferrin in the plasma increases in inflammatory conditions, iron ovem@udefectious
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diseasef?7]. Lactoferrin is a protein known for its antibacterial dradteriostatic properties
[27,28] It works by depriving bacteria of the iron they need to grow. At the same time, iron
ions are essential fggroducing hydroxyl radicalsyhich participate in oxidative stress,
indicating the antioxidant role of Lf protein Lactoferrin also has antiflammatory
properties, as it is involved in tmeitogenactivated proteifMAP) kinase pathway and the
nuclearfactor kappa ENF-a B pathway This protein can directly suppress the production

of inflammatory cytokines by inhibiting the bindingof NFB t o cyt oki ne gr o\
Lactoferrin is a protein produced in excess during inflammation of the respiratory system's
mucous membrandg®9,30] Elevated levels of lactoferrin are observed in-idactious
inflammatory conditions such as neurodegenerative disd834¢32] colitis [33], and
allergies[34]. In sepsis, théf levels can increase from024. 0 Gg AmR 0 0'inOg AmL
the blood[35,36] Lactoferrin can inhibit the production of several cytokines, including
tumor necrosifactoralpha(TNF-U) and i nt dml)eulkwihn chb afleL k ey
the inflammatory responsg7]. Additionally, lactoferrin can bind and sequester both
bacterial LPS and solld CD14 glycoprotein, which is a cytokine whose production is
induced by LPY38i 40]. This action prevents further development of the inflammatory
pathway promoted by CD1éart of the innate immunesystem)and contributes to the
protein's antinflammatory activity. Regulatory function over immune system under
inflammation results from Lf ability to interact withany cells, including most leukocytes

Lf has a feiotropic immunomodulatory effect on immune cells: lymphocytes, macrophages,
andLangerhans cellpt1,42] It influences the proliferation and differentiation of immune
system cls i lymphocytes B and &ndpromotespreferential maturation of CB&D8 T

cells into the CD4+ helper lineLactoferrin can suppress or induce the process of
myelopoiesis (bone marrow production), most likely duentwlifying the production of a
factor simulating the production of interleukih b and g-marophdgesdhet o
antiviral effectof Lf was reported towardiruses such as Hepatitis C virus (HCV), Herpes
Simplex Virusl (HSV-1), Zika virus, Chikungunya virus, Human Immunodeficiency Virus
(HIV)-1, and Human Coronaviruses (HCo\]3D,43 45]. Lf canbind to dendritic cells,
which also affects bone cells, suchasseoblastsAnother interesting function of Lf is its
enzymatic activityi in milk, Lf is the protein with the highest activity of amylase, &8,

RNase and ATPasé46i 48]. It is believed that the anticancer activity of Lf results from its
ability to induce the secretion of interleukin 18 -1B) in the gastrointestinal tract,

subsequent systemic activation of natural killer (NK) and lymphe&atwated killeLAK)
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cells and increased numben§ CD8 T lymphocytes (CD8 antigen presentrothe surface

of T lymphocytes)42]. Lf is considerec marker of intestinal inflammatiof#9,50], able

to bind with intestinal epithelial cells through inteleetirprotein[3,12], and therapeutic
respmse in L e Sni-Grahe'k idisease[33,511 53], both of autoimmune origin.
Furthemore, it has been proposedaasarker of inflammatory neurodegenerative diseases,
e.g. Alzheimer's diseasad dry eye diseaskf has a protective function of the body against
skin andpulmonary allergie$34,54]1 it is overproduced in patients with allergies, which
involves the activation of mast cells (cells of connective tissue and mucous membranes) and
basophils and the igration of cells presenting antibodies caused by the activity of pro
inflammatory factors (Ik1 b a n 4D ) LT ddrFbindpolymorphic protein- apolipoprotein
E-low density lipoproteimecepto{ApoE/LDL, also known as LDL cholesterol), i.eRP-

1 (LDL Receptor Relatd Protein)i functions as a signaling receptor on the surface of
osteoblastdibroblastsandhepatocytefs5]. Recently, lactoferrin gained extensive attention
due to its putative role in blocking SARSV-2 attachment through bindingith thespike
protein of the viru§19,56] It has been discovered that lactoferrin (Lf) can directly bind to
DNA and act as DNase under certain conditidb§,58] This activates transcription and
regulates the cell cyc|@0]. Such findings have been further supported by stuldashow

that the DNALf complex has protective and repairing rolesiiifiedent types of cells, such

as during inflammation or wound healif%9,60]. While several research articles have been
on Lf's interaction with DNA, only three short sequences have been identified as specifically
interacting with Lf. These sequences are (1) GGCACTT(G/A)C, (2)
TAGA(A/G)GATCAAA, and (3) ACTACAGTCTACA[61]. Other authors have reported
that Lf has a preference for binding with doubteandedds) DNA over singlestrandedg9

DNA [62]. They also observed that the interaction with Hdlavas slightly stronger than
with apoLf, which differs in tertiary strucire. The putative Lf region that can interact with
DNA is indicated in Fig.2, and it involves amino acids 20 to 24, according to
crystallographic studief63,64] The amino acids Pk8In-Trp-GIn-Arg are part ofti e- U
helix outer region of thé-terminus of lactoferrin, which is well exposed and plausibly

accessible for DNA structure.
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1 11 21 31 41 51
GRRRSVQWCTVSQPEATKQ NMRKVRGPPVSCIKRDSPIQCIQAIAENRAD
1 7 )1

AVTL YEAGLAPYKLRPVAAEVYGTERQPRTHY YAVAVVKKG(

1 131 41 16
GLKSCHTGLRRTAGWNVPIGTLRPFLNWTGPPEPTIEAAVARFFSASCVPGADKGQ

Fig. 2. The lactoferrin region consists of 5 amino acid-Bite Trp-GIn-Arg sequence
(FQWQR) contributing to direct interactiovith DNA (PDB DOI: 10.2210/pdb1B0L/pdb)
[65].

2. Molecular recognition in (bio)sensors

The term molecular recognition refers to the specific interaction resulting Heowvatent
binding between two or more moldes and is usually described by supramolecular
chemistry tools This interaction may include hydrogen bonding, electrostatic forces,
hydrophobic forces, van detr WNaatlki hgriceser
appear between host and guest as a result of their molecular complemdf&rity
Molecular recognition may be dividedto biological and artificial systemis due to an
understandingf the interactions that occur at the supramolecular level in living organisms,
it is possible to create synthetic systems mimickinajure. From the perspective of
(bio)sensing application, there are two major approaches for biorecognition: catalytic
enzymebased and affinigpased(Fig. 3) The latter involves biorecognition based on
immune system mechanisms (antibodies) or nucleic ifisAntibodies are typically used

to recognizeantigensi large analyte molecules such as proteins and their fragments
peptides, polysaccharidelpids, etc. [68]. In the case of enzyme#he recognition of
substratemolecules isdetermined by the proteistructure surrounding the active site.
Enzymatic layerglay a catalytic role in the substrate reaction anduaeslto indirectly
detecttarget analyte(substrate) usually small moleculesA separatebroad group of

recognition elements in (bio)sensingoépations is called biomimetic sensing, in which the

29



AFFINITY-BASED

........................................................................

H |
1

Zi ! $
O O
%: - DNA antibody L aptamer i E
iy ‘ ’ e
/--substratc £, 1 v =
i | & i 7
z:v O \ product |} E: >
o Pl A
Si O) i ol
N~ S . o '
e+ complex K T,
C)ae
vl
m enzymatic reaction

4 AL molecularly

L cssccasseamssssaasnenssnmsnsnnannnneeneyn - imprinted

- s polymer O

Fig. 3. Schematic representation of major molecular recognition systems, dffisiy
and catalytic.

biorecognition role is realized by specifically designed molecular cavity capable of
capturingthe target moleculdriefly, biomimeticsensing is based ohd mutuakffinity of
molecular targetind synthetic receptor, whichimics thebehavior of biologicakystem

[69]. The biologically active molecules that may display bioreceptor properties (affinity
based approach) are nucleic aditid], which include DNA and RNA molecules of various
sequences and lengths, among others aptdiE;swhich are synthetjdypically single
strandedDNA or RNA tertiary structuresf alterable sequence, size, and shdjpey are
obtaineahroughcombinatorial procedurés vitro. Unlike enzymes and antibodies, nucleic
acid molecules with a chacteristic sequence can be used as a recognition element for both
small targets, such as mercury idig&i 74] or low-molecularweight drugg75i 79], and

large molecules exceeding tens of kDa, such as profgdis882]. On the otherhand,
enzymatic sensors are attractive due to their versatilitpossible catalytic reaction
products, such as ions, electrons, heatjght, alloning various detection methods to be
applied.In the case ddffinity-based biosensorte receptotarget molecul®onds are weak
physical bondscovalent bonds are not encountered, and the product of the interaction is
complex. The type of interaction betwe receptorand target analyte is crucial to the
sensitivity and selectivity of DNAvased biosensof83]. As such, the development process

of a bioreceptor for biosensing purposes must consider two aspects ofdigayte
binding: the mechanism of interaction and the resulting spegificit
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2.1 Surface plasmon resonance for the development of new (bio)receptors

One technique for studying recepttarget molecule interaction, enabling r&aie
monitoring of complex formatioms surface plasmon resonance (SHREg surface plasmon
phenomenonaxurs wen a polarized light beam excites a dielectric/metallic layer interface

under total internal reflection conditio(sig. 4).

A A
> Equilibrium
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z E \@socmtlon
1 D
= E; Association
.
: : Regeneration | | Baseline
T T > =
A AA Time (s)
angle (m°)
Metal surface — AAAAAN
! v — Plasmon wave
Glass V 4

Prism

Light /
source [:]

Detector

Fig. 4. The principle of SR under total internal reflection, incident light photons are
absorbed in the metal surfaemd their field energy is transferred to electrons (free
electrons constellations on the metal surface), which convert into surface plasmons.

An electromagnetic surface wawehichis acollective oscillation of the free electron gas
density on the surfacef noble metalsknown as a surface plasmon, can couple to the
evanescent field at the metal/liquid interfg8d]. This coupling takes place at a specific
angle of incidencewhere the intensity of the reflected light reactressminimum and is
called thesurface plasmon resonaneegle. The plasmons resonate at the same light
frequency, leading tbght absorptiormat that angle. As a result, a dark line is created in the
reflected beanwhich contains a lot of information. Tin@nima shiftreflects changes in the
refractive indexdue to molecular binding events or conformational changes in the molecules
bound. By monitoring this shift over time, it is possible to study the binding kinetics and
molecular binding events. To utilize the SPR technique for analytical purposes, specific
ligands or biereceptors are fixed to the metal layer surfg@®]. When exposed to the

sample, analyte molecules interact with the immobilized ligands, resulting in observable
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changes in the refractive index in the vicinity of the metal surface SHR angle position
depends on various factors, including the optical properties of the prism, the metal, the liquid
medium, the metal film thickness, and the wavelength of the light source used. The
penetration deptis determined by the wavelength oetincident light and the refractive
indexes of the dielectric substrate and ambient, which are considered a dielectric medium.
Depending on the system configuration, the depth of penetration can vary. However, an SPR
biosensor typically cannot detect evebeyond 600 nm from the sensor chip surface, with

a range of 200 nm up to 300 nm being more common

To study large macromolecules and their complexes, such as a {Pdtaircomplex,
researchers usually udkiclear Magnetic Resonance (NMR) spectroscopy. This technique
helps collect structural restraints for further structural calculaf@6is88]. However, itis
important to note that NMR studies are performed in a liquid state. Other techniques used in
DNA-protein interacbn studies include Chromatin Immuno Precipitation (ChIPNA
footprinting (investigating the sequence specificity of DNdding proteinsin vitro),
electrophoretic mobility shift assay (EMSA), and systematic evolution of ligands by
exponential enrichmenfSELEX) procedurewhich arereviewed by Ferraz et al83].
Regarding binding kinetics and affinities, it was concluded that the filter binding assay and
EMSA are useful and easy methods. Howeadranced optical methods suchsasface
plasmon resonance and spectroscopy techniquesoaessensitive. As all theechniques as
mentioned earliehave their limitations, the SPR method was used to perform kinetic and
thermodynamic analyses that can provide a deeper insight into the specificity and stability
of DNA-protein complex formationThe SPR method ikighly sensitive and allows for
kinetic and thermodynamic analyses to be performed under immobilized ligand conditions,
reflectingthe sensor's surface conditions. This makesvidlaabletool for futuresensor
technology applicationgarticularlylabetfree method§9i 91]. Theuse of he SPR method

is proposed for the studgs it allows for direct, redlme, and labefree measurementas

well askinetic and thermodynamic analyses. This provides a basis for identifying the target
recognition molecule and developing specific bioredogm layers with ligand

i mmobilized on [89Z InSkR)teedinding of thalligahdavithehe target
molecule &nalytg and any other moleculdsboth selective ah nonspecific interactions

can be directly observed93,94]. Thus, it was successfully used develop various

biosensing and biomimetic surfad@$] or to discovemew biomarker$96].
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2.2. Characteristics and canparison of recognition elements in (bio)sensing

It is essentiato understand the advantages and disadvantages of each type of biorecognition
elementto develop new biosensors for diagnostics successfitig chapter will compare

the characteristics different kinds of molecular recognition systems in the context of
biosensing application3 hese recognition systems can be divided into several groups based
on thetype of recognition element responsible for selectively capturing the analyte from the
sanple. One of hegrous frequently used in clinical diagnostissimmunosensors. These

are defined as a combination of a transducer and an immunocomplex that produces a
recognition episode, which can later be transformed into a measurable signal. The
immuroreaction is what allows for the selective detection of molecules, as it has high
binding constants (usually greater tharn®1@) [97]. Clinical diagnostics often employ
immunoassays like the enzyrieked immunosorbent assay (ELISA), which requires
specialized equipment and trained personnel and therefore consumes time and resources. In
comparison, poinbf-care (POC) devices like immuressors are more conveniem.

simple in-use low-cost and rapidtechnologyfor POGtype portable immunodetection
devicesis lateral flow assays (LFA998]. Thevery first POC systenwasa glucose test,

which diabetic patients can easily perform at home without visiting a medical facility. The
commercial glucose test is a type of catalytic biosensor that uses enzymes to catalyze a
reaction and detect the product through measurable rf@n&nzymatic biosensors have

the advantage ofarious productsf enzymatic reactionsncluding protons, electrons, light,

heat and colomproducts allowingfor a wide range of detection techniq(i&80]. However,

these biosensoraight belimited by sensitivitydrop due to fouling that reduces the signal

and the presence of interferents, such as reactive oxygen species and radicals, in the sample
matrix. Unlike otherbiosensors, preventing n@pecific interactions is more challenging
whenusing a classical enzymatic biosensing approach with specific biological matrices
Additionally, the majority of enzymes are susceptible to changes in temperature, pH, and
concentration, which can lead to substrate or product inhil@tidrioss of receptor activity
Therefore, the development of biosensors is focused on providing the most optimal
conditions to maintain enzymatic activityucleic acids (NAs) such as DNA and RNA are
often used as biorecognition molecules, particularlyprdbes to detect complementary
strands througthe hybridizationprocessDNA's unique structure enables interactions with

a plethora of molecules, including some proteins (e.g. histones), pharmaceuticals (such as

anticancer drugs), toxins, dyes, .ef{€01]. The main advantage of DNA probes is
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demonstrated by their ability to amplify the targetjgsence through polymerase chain
reaction (PCR) and to enhance the signal generated by the biosensor. In recent years, there
have beemumerousvorks on the usage of DNA walkérsa class ofNA nanomachines in

which the NA walker moves along the nuclei@daitacki in the biosensing fiel@Fig. 5).
Advancedplatformsusing DNA walkers have beeremployedto detecte.g. antibiotics
enzymesand bacterig102], nonetheles, significantly increasing cost and complexity of
biosensoralmostdisqualifyingtheir applicatory potential in commercial testidgantamers

are synthetistructures of singlstranded DNA or RNA or peptide, which undergo changes

in sequence, 3D structyr@nd folding pattern changes upon binding vaeitarget molecule.
Typically, they are designed and produtieugh a process called SELEX, which involves

in vitro combinatorial selection supported by different techniques such as seqUé&f&ijhg
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Fig. 5.Schematic illustration of the interparticle motional DNA walker triggered by the
target Based orzhanget al [104].

The undoubtedadvantage of aptamers is the freedom of design, including size, shape, and
sequence, giving the possibility towddop specific receptof®r any targetin practicethe
tertiary structure of aptamers strongly depends on solution conditions, hence losing their
properties inmostreal samplese.g, blood. Compared to immunoreaction, the affinity of
aptameitarget ineraction is similaor even higherwhile having anuch smaller recognition
elementijt is easier to amid steric hindrancduringbiosensor developmer8teric hindrance

is a phenomenon occurring due to steric effects such as steric bulk. It results in limiting the
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interaction pacewvithin or between molecules. While it can be usedh® advantageof
selectivity by limiting the unwanted side reactions,ig¢gfly, it affects the intermolecular
interactions negatively, especially by decreasing the activity of ligands that are immobilized
In biosensing applicationssuch lowered ligand activity leads t dramatic drop in

sensitivity.

Another synthetic receépr for protein detection is biomimetic cavity produced in the
process of molecular imprinting polymer(MIP) [105]. It differs significantly from other
systems as it overcomes issues like poor chemical and thermal stability, espidfvthe
biorecognition layer, and low reproducibility in biosensors with biological recognition
elementsVarious types of polymersincluding naturally occurring matrices, conductive
polymers, etc., were employed for manufacturing biomimetic layerg;hwimimic the
behavior of biological receptardmprinting can be accomplishewith two primary
strategies: bulk imprintingyhich involves using the whole target as a template molecule,
and epitope imprintingprimarily used for large targets such as proteins. In epitope
imprinting, only a selected fragment of the molecule, such as a peptide, is used as a template
since templating the whole molecule in this case is not feadtbfmsesa significant
challengdor moleculaly imprintedpolymers namely achievingelectivity. Thesize, shape

and surface functional groups determine the final molecular compatibility of biomimetic
cavities towardspecific molecules Other types of molecular recogniticsystems in
biosensing applications concern supramolecular complexesf hostguest, such as
ionophoreion, in which norcovalent interactions through weak forces are fully reversible
under precise conditiongl06]. The following subsections will demonstrate the main
features ofthe aforementioned biorecognition elements of affiity-based approach in

biosensing

2.2.1.Immunosensors

Antibodies (Abs) arglycoproteins involved in a defense mechanistefimmune system.

Abs can be divided intfive subclasses (IgG, IgM, IgA, IgD, IgEdepending on their heavy
chain constant regiosequencesHowever, the basic structure itaege Y-shaped molecule

of around 150 kDa, made of four peptide chains joined by disulfide bonds. The building
blocks of Abs are constant fragment (Fc) and antlgading fragment (Fab) he different

Abs classesare depicted schematically in Fig. Bhesetypes of proteins react to foreign
substances called antigens (Ag) throughbimeling site of their Fab regidi07]. Ag-Ab
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binding occurs through netovalent interactions, forming the Agp complex that exhibits

high selectivity and sensitivity. Immunoassays are analytical tools developed usily Ag
complexes.The principle of immunoassays relies on detecting a specific macromolecule,
known as an antigemising an antibody of high affinity toward ttegget.Notably, there are

two types of antibodies: monoclonal, in which one particular Ab is aleemact with one
target molecule, and polyclonathich can capture multiple target molecules per one Ab.
Interestingly, the development tiie recombination method allowed the production of
functional Ab fragments in a variety of systermluding mammban, insect, yeast, and

plant, which contributed greatly to their widespread use in biosefi€d}s
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Fig. 6. Types of antibodies and théifferent characteristicsncluding structure, MW,
abundance in serurand biological functions.

They are powerful tools commercially available in various formats for detecting very low
levels of hormones, enzymes, viruses, toxins, tumor antigens, and bacterial antigens,
typically around 13%10° molA . Since AbAg compkxes do not exhibit any specific
optical features nor are electrochemically active, labeling is a tal& able to generate

signal adequate for thesedtransducer in biosensor applicatsda09]. Hence labels such

as enzymes, radioisotopes, chemiluminescent probes, fluorophores, redox proka® etc.,

used, depending ondhtransducer technolog¥he enzymdinked immunosorbent assay
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(ELISA) is one of themost widely sedtypes of tests in biomedical research, both scientific
and diagnostic, which uses the labeling of antibodies with an enzyme in order to obtain an

analytial signal proportional to the concentration of a target molecule {Fig.

Direct ELISA Indirect ELISA Sandwich ELISA Competetive ELISA
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Fig. 7. Variants of ELISA and the basic principle of ELISperation: indirect detection
using the colored product of enzymatic reaction, where the enzyme serves as a label.

Suchnecessity of labeling is the main drawback of imnagsaysmaking it complicated
andtime-consumingto obtainthe analytical signal from seemingly simple setup. On the
other hand, it opens up vast possibilities signal amplifications with nanomatesasuch

as metal nanoparticles, carbderived nanostructures (tubes, roets.), or quantum dots
[97]. Immunoassaysn general, are characterized by high specificity, reproducibility, and
sensitivity; however, they mobsfrequently require amultistep preparation protocol
Therefore they are frequently utilized in clinical diagnostics in the form of rather costly kits
combined with sophisticated analytical instrumentation, and their potentiél ifbono me 0
use or a®OCtools is limitedMoreover, the method of Ab immobilization is crucial for the
performance oimmunosensoand maintainindpioreceptor activity if negatively affected

by inappropriate bioreceptor spatial orientation and densigsults inadropin sensitivity
[110]. Hence,overcoming steric hindrance, which occurs when the binding site of an
antibody cannot form a complex with an antigergns of the challenges in designing and

developing immunosensors.
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2.2.2.DNA-based sensorand aptasensors

Deoxyribonucleic acid (DNA) is a naturally occurring structure composed of smaller units
called nucleotided111]. Each nucleotide contains a nitrogen base, deoxyribose, and
phosphoric acid residues. The nitrogen bases consist of purines (agdénigeaninei G)

and pyrimidines (thyminé T, and cytosing C) that pair up to form complementary base
pairs: AT and GC. Physiologically, DNA exists as a doustranded helixdsDNA) that

is typically curved clockwise and referred to aPRA. The structure is held together by
hydrogen bonds, veder Waals forces, and hydrophobic interactions. The DNA framework
has distinct features, including major and minor grooves between the strands that differ in
width. These grooves have different molecular electrical potential distributions, which
enable kctrostatic interactions with other molecules. Additionally, the spatial arrangement
and number of functional groups allow for hydrogen bonding between DNA and proteins or
drugs. There are several types of interactions between DNA and other moleciud&manc
groove binding, electrostatic attraction, and intercalafibdl,112] The DNA-based
affinity-type molecular recognition system reliesactlyon DNA's ability to specifically
interact with other molecules mechanisms presented in Fig. Br instance,hte early
anticancer drugaere based on their capability to bind to the double helix in major or minor
grooves or slide between base pairs (intercalatRagardingcontrolling immobilization,
which is a critical aspect of biosensor performance development, DNA oligonucleoédes ar
easier to immobilize than antibodies due to their smaller size and-likeahape113].
Moreover, the structure of DNA allows for more straightforward modification of functional
groups without affecting biological activity. Additionally, thmanufacturing costs
significantly reduced with the rapid advancement of DNA synthesis technalogcént
years.Exceptfor the simple structure of DNA aa biorecognition element, much more
sophisticated DNAderived bioreceptors are in use for biosenddepxyribozymes, known

as DNAzymesare short DNA strands that can catalyze specific biochenaaetions. They

have a modular structure with a central catalytic core and two suHsitndteg armg103].
DNAzymes with specific catalytic activity can be aioted from billions of DNA candidates
through SELEX. In the presence of metal ions, DNAzymes can cyclically catalyze reactions,
making them ideal for designing sensor structures for signal amplification. DNAzymes have
many advantages, including easy sysibie high sensitivity, specificity, and signal

amplification, making them highly versatile in detecting metal ions, nucleic acids, and
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bacteria Moreover, DNAzymes can be successfully combined with aptamers and
nanomaterialso developmultiplex bioassays.

DNA interactions

covalent binding major/minor intercalation electrostatic
groove binding interaction

Fig. 8. Mechanisms of molecular interactions with DN&ovalent binding, groove
binding, intercalationand electrostatic forces.

G-quadruplex (G4) is a thresimensional secondary structure formed by guancte

strands of nucleic acids throuigttermolecular or intramolecular Hoogsteen hydrogen bonds
[74,114] It is another DNAderived molecule that demonstrates high stability and ease of
chemical modification, making it useful as a functional nucleic atiee G4 structure
resemblegjuadrilateral hollow tubes with periodic pockets andéhasntral carbonylined

channel that can accommodate alkali metal ions. The presence of potassium ions further
stabilizes the structure of the-@hiadruplex. This makes G4 widely used as a molecular
recognition unit in biosensors for metal ions. G4 cao aigeract with various substances

such as porphyrins and organic dyes, & ‘st acki ng. Combi nd ng o
enhances the structural rigidity and planarity of the organic molecules, resulting in enhanced
fluorescence of organic dyes. Moreovéie complexes effectively stabilize the- G
quadruplex structure. Thus,4Gan be used as fluorescent proliesconstructDNA
biosensors[115]. DNA-walkers are an emerging trend that is used to enhance
electrochemical response. They are a type of molecular machine that moves along a designed
track, usually two or thredimensional. These movements are based on strand displacement
cascader nucleasanediated DNA hydrolysis mechanism, which can go continuously and
automatically, resulting in considerable signal amplification. The development of

39



nanomachines, specifically DNwalkers, has received extensive attention since the Nobel
Prize n chemistry was awarded in 2016 for achievements related to nanomgatiigies

118], also described ifL19,120] However, the limited library of building blocks in DNA,

only four types of nucleobases, compared to the 20 amino acids that Abs can be made of, is
a major drawback. This limits the flexibility of designing DMyjpe bioreceptors concerning
chemical divensy. Nonetheless, nucleic acids can be easily produced and regenerated
compared to other biorecognition elemeiitisey provideexceptionally high selectivity due

to sequencéased identification and sensitivity, making them highly useful in biosensing
applcations. Aptames refer to synthetically produced singdganded DNA (or RNA)
oligonucleotides. Thestertiary structures are created through ianvitro combinatorial
process called SELEKL21,122] Although there are multiple modifications of the SELEX
protocol, the traditional approach involves repetitive cycles of 5 to 15 st include
incubation of a random pool of oligonucleotide sequences with the target molecule (library
usually up to 18 oligonucleotides), binding of the target molecule to some oligonucleotide,
partitioning of bound and unbound sequences, and anapidicof targebound sequences

by polymerase chain reaction for DNA sequences or reverse transcription polymerase chain
reaction for RNA sequences. The purpose of the whole procedure is to select the sequence
that exhibits the highest affinity towards tkerget moleculesuch as complementary
sequence, protein, peptide, drug, etc. Therefore, selected aptamers are chardwterized
binding affinity, secondary structure, and free enel@gmpared with the traditional
bioprobes like theAbs, aptamers could fer adapt to extremely high temperatures, pH
values, and high ionic concentratidi4,123] The most used strategy to detect a biotarget
with aptamer is to functionalizewith a reporing molecule (ferrocene, methylene blue) and

an immobilization molecule (alkane thiol, alkane amino, streptavidin, and hydrazoate) at the
5Ny end and 3Nj end of the strand. The change
detecting the electrochemical astge on the electrode surfacen Aptamer can also be
decorated with conjugated polymers, whidve been widely applied as the reporting tags

in fluorescent and colorimetric biosensors because of thedellent optoelectrical
properties For DNA aptamerbiosensors, the dynamic range and sensitivity, wiieh
Langmuir isothermal adsorption model limitee not flexible enough to suit the different
ranges of detection concentration requir€bme strategiessuch as mixing different
aptamers, can extenlet concentration range; however, it often causes a disgmasitivity.

Compared with Abs or biomimetic sensapfamerstertiary structure is highly dependent
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on solution conditions, and they are easily degraded in contact with biomolecules present in
real samples such as blofi®4]. The chemical diversity of their structure is limited with
nucleobases, while antibodies are built with 20 accessible amino acids. On the other hand,
aptamers are momgable than antibodies and have a longer shelfAifgo, their synthesis

Is less laborious nowadays than itfeg Abs. Nevertheless, compared to classical DNA
structuresthe SELEX protocol needs to be employed to syntheamamerswhich still

results ina multistep process ofptamersfabrication The schematic representation of

discussed NAype molecules is shown in Fig.
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Fig. 9. lllustration of NA-type structures used in biosensing applications: DNA, aptamers,

G-quadruplexes, DNAzyme.

2.2.3.Biomimetic sensors

Biomimetic sensors are equiggb with an artificial recognition layer called molecularly
imprinted polymer (MIP). It contains molecular cavities that interact specifically with target
molecules[125,126] The biomimetic layer is produced using a molecular imprinting
technique to design tailored binding sites with predictable structures and specific ienognit

capabilities in shape, sizegnd functional groups. Biomimetic layers are relatively
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inexpensive, easy to produce, reusable, and have goodteiongstability. Unlike
biomolecules, MIPs exhibit good chemical resistance and can be produced using a wide
range of functional monomers, including naturally occurring monomers or conducting
polymers. The role of the artificial cavity is to mimic the functional role of the bioreceptor

in contact with the target molecule. This can be achieved using severalingpsinategies,

such as bulk imprinting, in which the entire target is templated, or epitope imprinting, in
which part of the target molecule that constitutes the selectivity is templated. Epitope
imprinting is thereforesuitable for large analytes (kDa). Various methods, like grafting

or microcontact imprinting, can create biomimetic binding sites depending on the desired
transducing technique. The synthesis process follows théokkyprinciple in three steps:

(1) selfassembly of template molecudad functional monomer; (2) photopolymerization

or thermal polymerization with crodiskers and initiators, forming a network structure with

a high degree of crodmking and a particular threéimensional space; and (3) separation

of the template molede from the polymer, leaving matching thieienensional cavities on

the substrate's surfa¢E27]. Molecular imprinting is schematically shown in Fig. The
process of imprinting is classically performed at the plan@port howevermolecularly
imprinted nanoparticles (nanoMIPsye another, more recent approddf8,129] The
imprinted polymer contains stereo cavitiewith specific recognition functionsThese
cavities can be combined with templates from complex samples to achieve detection and
separation. The process is straightforward, fast, and easy to manageadétPbiomimetic
sensors were used to detect antibiotic and pesticide residues, t@adsadditives,
environmental pollutants, and heavy metal ioM¢Ps have the potential to function as
recognition elements, but achieving an extremely low limit of detection (LOD) is still a
challenge. MIPs can have irregular morphology, low yield, anglemleakage, which can
cause issues. Moreoveanp specific method existBr imprinting a particular class of
molecules. Therefore, the synthesis process and choice of functional monomers must be
determined experimentally, which can be laborious and uresmtensive [130].
Researchers mainly rely on incorporating nanostructures in biosensing layers to enhance
MIP sensitivity. It is alsonecessary to inwgtigate functional monomers, which can
collaborate with other advanced technologies. For instance, computational studies are
increasingly being used to select suitable functional monomers, which can be helpful in this

regard.
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2.2.4.0Others

Affinity biosensors have the potential to use various types of molecules as recognition
elements, including peptides, proteins, dyes, and other compounds that exhibit affinity for a
molecular target. While antibodies, nucleic acids, and biomimetic laggec®mmonly used,
proteins are rarely utilized due to their size, which makes immobilization challenging and
can affect biosensing performance. Thus, a more feasible approach is to select a specific
protein fragmentsuch as a peptide, to serve as a bamgeition molecule[131,132]
Peptides are similar to proteins in their composition, as they are made up of amino acids.
However, peptides have a rigid secondary structure, which makesrtirabilization more
reproducible than proteins. As mentioned earlier, immobilization is a critical &foting
biosensors' effectivenesBeptide structures that are artificially synthesized are known as
peptide aptamers, and they can be used asniticogelements in biosensors, inhibitors,
biological therapeutic agents, and so on. Organic and inorganic compounds are sometimes
used asprotein recognition elementthrough their interaction capability133,134]
However, such solutions are rarely selective since rbatding protein lactoferrin can
capture di and trivalent ions other than ¥ee.g. C4" or Mn®*. Proteins can be detected
throughwhole cells because many proteins interact with other protpareceptorgpresent

on the cellmembranesurface[135]. However, incorporating complex biological structures

to design and develop biosensors is difficult and unprofitable comparecshote
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straightforwardsolutions. Therefore, in protein biosensing applicatiassng a peptide
aptamer designed based on a cellular surface protein is. €éxsigre other hand, whetl|
biosensors are typically used to observe the effects of the analyte on living cells rather than
provide detailed information about the analyteeyheveal details about the functional
consequences of the analyte interacting with the cell or measure the total bioavailability
towards the analyte.

3. Methods of lactoferrin detectioni review

Lactoferrin is a protein that is present in body fluids anggpéavital role in the host defense
system and regulation of immune processes. To understand the mechanisms of lactoferrin's
action and to effectively monitor its level, it is crucial to use precise and reliable detection
methods. As the interest in lactofin gradually grows, new biorecognition elements and
methods for their development are being reported. Most of these methods are based on
utilizing antibodies as Lf bioreceptors. However, recently, an apt&yper biosensing
approach has been frequentityplemented. Concerning biomimetic sensing layers, only a
few studies have been presented so far in which lactoferrin was quantitatively determined
using artificial binding sites. As discussed in the previous sections, the biorecognition
element is an esseal part of the biosensor. Nevertheless, the readout method is another
crucial factor for the overall success of the biosensing tool. It is worth noting that there are
different methods to detect proteirmuch as lactoferrin. These methods vary in their
principles, complexity, instrumentation, time consumption, sample preparation
requirements, the need for additional labels, and eventually Aostsigcommon methods

used for lactoferrin detectioare instrumental techniques. These technigues have high
accuracy, require a small sample volume, and can be automated. However, it may be difficult
to separate and distinguish lactoferrin from other components in the matrix using these
techniques. Additionallypreparingsuchan analysis is timeonsuming, reques qualified

staff, and involves costly instruments. Instrumental methodsnamely used for samples

and products in the food industry, where lactoferrin is present in raw materials such as milk
or supplementsCommercially available kits for Lf detecticare mostly enzymknked
immunosorbent assays (ELISAs3ing two antibody type® primary antibody is used for

the target antigen, and a secondary labeled antibody is used against the primary antibody.
The analytical signal is obtained through speataiimetry or U\MVis spectrophotometry,
depending on the type of label used (fluorophore, enzyme, etc.). These analyses are known
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for their high selectivity, low limit of detection, and usefulness for a variety of real samples,
such as urea and plasma. Hoe®e the accuracy of the analysispend®n the class of the
detecting instrument, and the analysis itself can be laborious and expensive. Sensors, such
as electrochemical and optical sensors, offer the highest diversity in biorecognition element
type utlized for the Lf quantification. Fluorescenbased sensors are a eceffective tool

that can provide high sensitivity results. However, they are prone to generating noise signals
and can be affected by the environment due to their$ighsitive nature-urthermore, the
process of labeling withfluorescent dye is challenging and requires multiple steps, making
sensor preparation a laborious procedOygtical methods, such as SPR, are highly accurate
and sensitive for analyzingumerougargets simultaeously in a multcomponent matrix.
However, the main drawback is the relatively high cost of instrumentation and the limitations
associated with sizéependent analysifn contrast to other sensor types, electrochemical
sensors are more affordable, eaBy operate, and have a higher potential for
commercialization. However, the drawback is that most electrochemical methods require
electrochemically active species, which limits their use to a narrow range of aalthies

use of electrochemically activiabels The exception is electrochemical impedance
spectroscopy, which allows analysis for electrochemically neutral targets, similar to the case
of SPR. Notably, both methods are lafrek, meaning that indirect detection labels such as
enzymes or dyesre not requiredThe major methods utilized for Lf detection are
summarized in Fig. 11, concerning the generated sigria. upcoming sections will
introduce and compare various methods for detecting lactoferrin based on the detection
principle and the fye of biorecognition layer used. These methods will be evaluated based
on their metrological parameters, advantages, and limitattonsjderinghe sample type

and the target protein's physiological levighe review will include papers published since
2013 onwards with a few exceptios of older reports Finally, the chapter will be

summarized by comparing the metrological parameters in fiaiohe
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Fig. 11. Summary of major methods used for Lf detection and the schematic view of
generated analyticalgnals.

3.1. Instrumental methods

Instrumental methods rely on the physiochemical properties of substances, suchtas mass
charge ratio in mass spectroscopy or retention time in chromatographic methods. In contrast
to other analytical techniques, the advantages of instrumental anatysdeithe ability to
examine small amounts of sample, the possibility to examine complex matrices either with
or without separation, reliability, and fast analysmstrument methods are often the only
choice if noninstrumental methods are not feasibMdthough the results of instrumental
methods are highly accurate and sensitive, these features depend upon the type of instrument,
which can be costly. Expenses arise not only fteeusage of the apparatus but also from
maintenance and personnel trainfoghandling the instrumeninstrumental methods may
not always be specific for multicomponent analysesthey often need to be verified with
other methods Several reports have suggested instrumental methods sutiglas
performancdiquid chromatogrphy (HPLC) [136,137] monolithic cation exchange HPLC
[138], reverseebhase HPLC[139,140] capillary electrophoresi§l41i 143], or liquid
chromatographyandem mass spectrometry (L-®1S/MS) for this purpose[144i 146]
Lactoferrin was determined milk with high-performance liquid chromatograp(istPLC)
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equippedwith HiTrapE Heparin Column HPIn this method, &parin as a negatively
charged moleculegaptures positively charged Lf fronthe milk sample[147]. The authors
however, do not provideselectivity study, thereforéhe developed method might be useful
exclusively for milk samples. This is because heparin's interaction with lactoferrin is not
specific and can bind to positively charged proteike frowth factors and cytokines in
plasma [148]. Another proposed method for lactoferrin purification is a simple
immunoaffinity method supported by HPLC and fluorescence readout for detecting bovine
lactoferrin, which was suggested by Pang and his tgat8]. Ostertaget al. utilized
reversegphase HPLGRP-HPLC)with a diode array detector to measure lactoferrin in dairy
products[139]. Molecular imprinting was introduced in order to obtain specific artificial
binding stes for lactoferrin recovery with theative polyacrylamide gel electrophoresis
(PAGE) method[150]. Notably, the authors presented the bulk imprinting method in
vinylpirydin as a functional monomer, in which the whole lactoferrin molecule was
imprinted, and the template was washed off usingcatic aciedmethanol mixture. Nonef

the metrological parameters apeovided except theselectivity test vs. serum bovine
albumin.Most of the availablenstrumentamethods for measuring lactoferrin focus on milk

or dairy products, where the protemmposition and conteatealready known. As a result,
many methods laclselectivity since they do not use any affiditgsed biorecognition

molecules for LFAmong others, such analyses are the least used in clinical practice.

3.2. Optical methods

Optical methods are a diverse set of techniques that include basic methods {ikis UV
spectrophotometry, as well as more advanced methods such as Raman spectroscopy, surface
enhanced Raman spectroscopy (SERS), surface plasmon resonance (SPR),
spectrofluorimetry, or chemiluminescence. Optical biosensing offers high accuracy and
sensitiviy and does not affect the properties of the receptor or the molecular target during
detection Optical detection coupled with recognition layers such as antibodies, biomimetic
layers, or aptamers is the most common method for lactoferrin detégstiodwity ELISA

was proposed fothe detection of human nitrated lactoferrin by Alhalvatial, usinga
polyclonal antiLf capture antibody paired with a monoclonal amitrotyrosine antibody
labeled withdetector tandenstreptavidinhorseradish peroxidase tavidinHRP) and

TMB (3, 3 Etetamebhidbenzidinesubstrat¢151]. Absorbance and fluorescence spectra

were acquired in the range 2800 nm at 2 nm resolution. The obtained L&dualto 0.065
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Gyl was remarkably lower than for any instrumental metho@the pointof-care
lactoferrin ocular detection in tears was proposed by Shi aadtbord133]. They utilized
the ability of TbC4 to interact with lactoferrirand developed a simple sensing approach
suppated by a smartphone to visualize fluorescence intensity resulting frantehaction
Similar approachvaspresentedby Gaoet al [152], who utilized Th(d dye to detect Lf onto
aninversed opal crystal fibdyased sensoihe recent work of Mukhametova and others
showed lactoferrin selective nanobodies (sifdpenain antibodieskonjugated witha
fluorophore which allowedhe detection of lactoferrin imrelatively narrow rangef 3-10
Gyt usingthe fluorescence polarization methfitb3]. Similar approach was presented
in other reportswhere the lowest LOD valuef 1.25 pM was obtained for the bivalent
aptasensor enhanced with the use of silver nanopartididsl 55] Labelfree fluorescent
aptasensor was introduced lby and ceauthorg156], showing relatively good selectivity
toward target vs. other milk proteinslowever the signal was inhibited significantiyhen
measurements weperformed in the mixture of milk proteins. Eventually, the stiadks
crossexamination with reliable reference methodsthe work of Zhang and Zhag [157],

a fluorescence resonance energy transfer (FRET) based aptasensor was fepdted
measurements in artificial saliva. This work suffered from relatively poor seledtigityer
salivary proteins s u echseirmrgerfdred withanalytical respons€olorimetric test$or
thedetection of Lf in milk andlairy productsverereported: ELISA158,159] andenzyme
linked aptamef[160]. Goicoleaet al. proposeda protocol sinilar to ELISA, wherethe
antibody was replaced with linear polym@61], which gavea relatively low limit of
guantification (LOQ) for the narrow concentration rangs 0.1-0.25 nM. An interesting
work was published biudo and colleaguegd 62]. A microfluidic papefbased sensor for
lactoferrin detection was proposed based on lactofesaffitsty to iron ions. The authors
useda colorimetric complex of Z5-bromo2-pyridylazo)5-diethylaminophenol vih Fe™,
which was encapsulated in wattispersible poly(styrenblock-vinylpyrrolidone) particles,
that were entrapped in cellulosic fiber network. Due to the sequestratioi*dfdfa the
complex in the presence of lactoferranghange of color was registered. The drawback of
this solution isthat it is only useful for iroffree formsof lactoferrin. Moreover, the
interferenceof serum albumin was noted, and the study lacked measurements in real
samples.An indirect competitive EISA protocol was established usirgmonoclonal
antibody designed with hybridoma technology, which allowed to obtain low &f0D01

ng/L ! andarelatively wide linear concentration range9.76-625 ngAnL* of bovine Lf
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in milk [163]. Works based on immunoreactiavith colorimetric detectionwere also
presented by Letal. [164], who usedsilver enhancement arifcation systemandZhang
and Echegoye[165]. A boronate affinity amplified dynamic light scattering immunosensor
was proposed by Zhu and-wmrkers,in which gold nanoparticles coated with monoclonal
Ab were used to separate and enrich Lf fraitk andoutputthe scattering sign§l66]. The
nanoparticles with AfLf conjugates were aggregatedto bovine serum albumin modified
with polyvalent phenylboronic acid scaffolds Weeinteraction of boronic acid groups with
Lf. The immunosensowascharacterizedy high selectivity toward Lf in the presence of
other whey proteinsThe demiluminescence phenomenon was utilizedXoyet al to
developanimmunaassayfor lactoferrin detection in synovial fluid67] for the diagnosis

of periprosthetic joint infectionThe immuoassayallowed determimg Lf in a wide
concentration r an g el whichmosordng to the authds)eéts theg A m
criteria for clinical applicability The selectivity vs. transferrin, hemoglopband bilirubin
was provenThe combination o€hemiluminescence with electrochemistry wiéitized in

the work of Luet al, who developed ratiometric electrochemiluminescence resonance
energy transfer platfornequipped with aptameé8ODIPY dye conjugatefor selective
detection of Lf. The biosensaras applied to Lf measurements in tears toveealchgnosis

of dry eye diseas§l68]. Surface plasmon resonane@s frequently used for lactoferrin
detectionsince, as a redime method, it allowshe control of the immobilization process
and observeseceptoranalyte association and dissociatdirectly. Immunosenss based
onthe SPR method for lactoferrin detectiondairy productsvere reported byfomassetti

et al [169] and Billakanti and cavorkers[170]. Jia and colleaguesilized SPR imagindo
developLf-specific aptamex[92,171] however the quantitative analysis with established
metrological parameters was not providé€tllver et al suggested using @oly(N-
isopropylacrylamideco-methacrylic acidhydrogel asrecoqition layer for Lf[172]. They
highlighted its advantagessuch as low cost and feasibilitiNevertheless, such non
imprinted layers deprivedf molecular cavities lacked selectivity, as hydrogel interacts with
moleculeschargedoppostely to it. Considering lactoferrin detection witiptical methods,
the predominant group immunoassays with colorimetric or fluorescence readout, as they
provide operational simplicity, high sensitivignd accuracy. On the other hatit online
SPR technique recenttyained interest as it allows the observatiorewdry step of assay
development (immobilization, interaction) in réahe mode.The limitations of optical

methods such as sensitivity to environmental changes (temperatwmidity, light),
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susceptibility to noise and crosstalk, and their complexity, often are deciding factors

diminishing their use idevelopingclinically applicable biosensing tools.

3.3. Electrochemical methods

Electrochemicametlods, apart from opticalnes, constitute a large group of analytically
valuable techniques, including voltammetry (differential pulse voltamnied®V, cyclic
voltammetry i CV, square wave voltammetryi SWV), chronoamperometry,
conductometry, or electrochemical impedance spectrgsco(EIS). Electrochemical
methods in general, are embedded in the transformation of biological response resulting
from bioreceptor and analyte interaction in measurable eledigrals Compared to other
methodselectrochemical ones are characterizggdimplicity, the ability to extract multiple
analytes simultaneously, high sensitivity and the possibility to study mechanisms of a redox
reaction, low cost in relation to the majority of optical and instrumental methods, as well as
fast and feasible ahgeis, including posprocessing Moreover, they stand withthe
flexibility of materials used and amplification strategies, e.g., using nanostructures, since
metal nanoparticles and carbbased nanomaterials exhibit excellent electrical properties
and albw to significantly enlarge thactive surface arealirectly improving sensitivity.
Electrochemical detection of lactoferhias been performed so fainganimmunosensing
approach and aptambased sensing.omassetti and eworkers compared SPR biosamy

with classical amperometric and scrg@imted electrodeg169] in milk samples|In this
simple approach redox indicator Prussian Blue was used to obtain electroactive species
H202 and indirectly determine Lf concentratiovith biotin-avidini peroxidase conjugate
onto thescreerprinted platinum working electrode. The linear range from 0.05 tG\25
andlimit of detection equatio 0.0250M were established for classical amperometric setup,
while screerprinted immunosensor allowetb obtain 0.015 OM of LOD and linear
concentration range 0.085 OM.. The study was completed with tradfinity study of
antibodylactoferrin indicatinga slight advantage of electrochemical detection over SPR.
This study was based on the previous onemfrthe same grougl73]. Another
electrochemicalmmunosensor was proposeg Huanget al [174], using gold metallic
electrode and montanal antibodies against lactoferrin. The examination was performed
with cyclic voltammetry and electrochemical impedance spectroscopy, shawvimgar
lactoferrin range 00.01-1000ngML* andLOD of 4.9pgALt in milk. The immunosensor
exhibited 4week shelf life, howevert required over 1 hr of incubation in73 . The
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impedimetric immunosensor wasuccessfully implemented to measuextoferrin to
diagnoseurinary tract infectiong175]. The LOD value obtained using EIS was 145
pgAnL?, and the immunosensor was cressmined with ELISA tests, showing satisfactory
compatibility in resultsand utility. The electrochemical immunoassay operating in
microfluidic moce was developed by Zitka and-aathors[176]. The paramagnetic beads
covered with antibody against lactoferrin allowed to separate Lf from the milk saanple
the stoppedflow injection analysis with electrochemical detection resulted in LOD of 0.1
CyL?, compared with ELISA with spectrophotometric readout (LODnganL™).

A calibration curve with a lineddPV current vs. Lf concentration correlatiosasobtained

in the range 0.193000y/L . Interestinglya mixture of three different antibodies agains
Lf was used simultaneously asb#&recognition elemenfThe same team publishdde
results obtained using screprinted carbon electrodewherethelimit of detection was 10
CyML for the linear concentration range from 0 to KagnL™ [177]. The CV method
was applied tadhe immunosensor fabricatedinga gold electrode functionalized with an
antiLf antibody [178]. The indirect detection was possible duethe utilization of a
sandwich setup oprimary antibody conjugated witkecondary antibody labeled with
alkaline phosphatase. The study was performed in urea samples @wegnosis of
urinary tract infectio(UTI). The proposetmmunoassayvas characterized by a IBDDof 1

n g Ahahd a concentration range b729 ngL?, relevant for the Lf levels associated
with UTIL. This research aimedo integrate the muHliechnique electrochemical
immunosensor witsmartphones and other wearable technologies towaRQRetool.The
issue of diagnosis of UTI potential biomarkers was undertaken by Nasdér{179], who
proposed a multivalent aptamer as a selective biorecogretement. The DPV and EIS
methods were applieid investigate the performancetbk aptasensofThe screesprinted
gold electrodes were modified with specifically designed aptamer, which allowed for
selective DPV measurements in thieoratory and.f-spiked urea samples. The metrological
parameters: linear concentration range from 10 to 18@AL?, and LODof 0.9 ngAnL?
were obtainedn acetate buffer, and-200 ngAnL? of linear range; 1.2gAnL™ of LOD in
artificial urine. The slectivity of aptasensoiin the presence of human serum albumi@a as
major interferent was confirmeé non-affinity electrochemicasensor for Lf detectiom
milk was developed bipevi and ceauthors[180], who proposed utilization ahethylene
blue and Lf ceimmobilization iron-impurity containing multiwalled agdon nanotube
(MWCNT) and Nafion (Nf) modified glassy carbon electrod&CE), designated as
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GCE/NFMWCNT-MB-LTf, as an irsitu bio-electrocatalytic reduction system fdpO- in

milk, where the reduction signal is proportional to the amount of immobilizeidipr
Hence,it indirectly allows the determination afilk Lf. The hydrogen peroxideeduction
current againsthe dilution factor of milk samples had linear characteristics with two slope
values. However, the metrological parameters such as concantiatige and LODRvere

not provided suggesting that the method is suitable at most for qualitative analysis.
Recently, aother noraffinity impedimetric sensor was developed dxploiting a mixed
monolayer of $-1-(3-mercapte2-methyll-oxopropyl}L-proline/3sulfanylpropanl-ol
(MOP-SP) for Lf detection [181]. The EIS measurements in faradaic setup assisted by
[Fe(CN)]*"* redoxprobe allowed to determine Lfintheranggloe 5 nM t o 3. 250 &M
with LOD of 65.2 nM while reduction of time analysithrough usage of single frequency
mode showed linear relationship of signal vs. concentration®@0 nM t o 3. 250 ¢ M
limit of detection equaB75 nM The authors applied the developed platform to colostrum
samples and confirmed satisfactory selettitoward analyte in the presence of other milk
proteins. As the electrochemical methods provide remarkable sensitivity, ease of
miniaturization, disposable and simple operation mode, fast anaysigposprocessing,
these features indicata great applicatory potential. Nevertheless, in the case of
electrochemically neutral molecules such as proteths, labelfree electrochemical
impedance spectroscopy method se¢émbe the most promisingne as it enables the
establishment oélectrical propertisat the interface as well as quantitative analysishe

next subsectiorthe labelfree methods will be indicated the reports that have already been
discussedand the characteristics of labete technology will bériefly explained

3.4. Label-free methods

Analytical tchniquesin biosensing applicationsan begrouped according to different
criteria The ability to transduce th@hysical event of binding betwedhe recognition
element and analyte can be realized directly, excluding additionalmtsicts labelfree,
while labetbased methods are indirect and require the addition of sigmarating factor
called label, e.g., fluorophore, enzyme, quantum dots, nanoparticles;aetidemolecules,
etc.[89,182,183] The labelcan be attached to the target molecule or biorecognition unit
and its role is to act asraporter and facilitate or amplify the detecti@n theother hand,
labelfreedetection is direct, meanirgatit enables monitoring of changes that occur when

theanalyte binds to eecognition elemeritnmobilized on the biosensor surfagghoutany
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artificial manipulation of individual assay componenisble 1 summarizes all the
previously described reportsaimed at developing lactoferrin quantification methpds
including divisioninto instrumental, opticaland electrochemical method&mong label

free methods utilized fothe detection oflactoferrin, exept instrumental techniques, one
can mention electrochemical impedance spectrosfdoply 177,179,181]surface plasmon
resonanceg169,172,184] and dynamic light scattering one report[166]. Labelfree
biosensing methods offer significant benefits over liasled methods. They allow the
bioreceptor to maintain its natural conformation and biological activity, providing more
physiologically relevant insights into the underlyinglbgy. This is especially beneficial

for developing new biosensing systems as it provides quantitative information on binding
kinetics. Additionally, labefree methods eliminate the risk of unwanted background signals
that could arise when labels bindnagpecifically to other bioassay components. This is
critical when working with complex or unpurified samples, such as real body fluids, which
contain numerous components apart from the analyte of inteedsttfree technology is
suitable for monitoringbiomolecular interactions anthore accurately representse
underlying biology than labdlased method4.85]. Combining the advantages of réiahe

SPR analysis and the feasibility of EIS, these two &eel methods were used to develop

a new biosensor for selective lactoferrin determination. The features oh&RRalready
beendiscussed in the previous chapter of the dissertation. The following section will
introduce the characteristics and utility of the EIS method for studying the electric properties
of biosensing interfaces and for developing a selectiesjidts and labelfree assay for the
quantification of biomolecules.
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Table 1. Summary of metrological parameters and details on methods of lactoferrin

detection
Type of Lf . Concentration -
No. . o Detection method Sample LOD LOQ Selectivity Label Ref.
(bio)receptor origin range
Instrumental
1.90
) ) . 22100 "™g O0.57*m mgAL declaredin
1 heparin bovine HPLC- UV milk (251250 nM) (7.13 nM) (.38 milk - [147]
nM)
. B HPLC- dairy 0830 O0gio0.25 B
2 antibody bovine fluorescence products  (10-375 nM) (3.13 M) ) ) ) (149]
101000 ~ Oom9 AL1
) ) dairy Og AL 9 lqul
3 heparin bovine HPLC-UV sample} - - - [136]
products (12512500
3 mg/100 g
nM) .
solid sample
ovine,
caprine, . 50-1200 35. 4 B
4 bovine, HPLC-UV milk O g Ahie25 (44'3 M) - - - [137]
donkey, 15000 nM)
human
trypsin digestiori . ] . 0.3 mg } } )
5 peptide assay bovine LC-MS/MS dairy 10-1000 nM gt [145]
g  typsindigestion e LC-MS/MS infant 1-100nM  ( 0% - - [144]
peptides assay formula 'g_l)
poly (2-methyt2- 16.7
oxazolinejrandom ) Capillary Infant 10-500 5 Og'An OgAml
7 glycidyl bovine electrophoresidJV formula Og AL (62.5 nM) (209 . ) (141]
methacrylate P (1256250 nM) ’ nM)
copolymer
. Capillary milk R )
8 aptamer bovine electrophoresidJV powder 4-128 nM 1nM [143]
monolithic cation . 125 OYA
9 exchange column human HPLC milk (12.5313 nM) ) ) ) ) [138]
19
0.030.15g A'L 6 mg Al mg AL
10 none human RP-HPLC DAD whey (3751880 nM) (75 M) (238 - - [139]
nM)
1 none camel  UHPLC-MS/MS milk 10500nM 3. 8 g mgl;l/w ‘ - [146]
Optical
Human UV-Vis laborator; . 01825 0065
12 antibody nitrated fuorescance po Iey &g Ah(z25 &g AL - - HRP [151]
Lf P 313 nM) (0.813 nM)
0.57
dye trivalent terbium 05 mgAn mgAMmL : ) )
13 ThCh human fluorescence tears (062500 nM)  (lateral flow not selective [133]
sensing)
0.15 mgAl
14 TbChk human fluorescence tears (125062500 - - not selective - [152]
nM)
Fluorescence . 310 OJgA 2.1 OBg
15 nanobody human polarization milk (37.5125 nM) (26.3 M) - - fluorophore [153]
0.2 ngA
. . Fluorescence milk 25 OYgAl
16 bivalent aptamer bovine polarization powder (2.5 pMi 313 1.25 pM - - fluorophore  [154]
nM)
Fluorescence 06332 1397
17 aptamer human olarization tears mg A ™5 Og AL - - fluorophore  [155]
p 400 ON (17.5nM)
aptamer with . .
18 immobilized bovine Flgoresqence milk 20-500 nM 3nM (24 - sglectlve vS. fluorophore [156]
intensity powder mg A% g milk proteins
fluorophore
artificial 416 OYA 2.48 B
19 aptamer human FRET saliva (50200 nM) (31 M) - - fluorophore [157]
milk- 100520 62 O&qli selective vs.
20 antibody bovine ELISA UV-Vis derived n g AmL.25 9 - other milk HRP [158]
(0.775 nM) .
products 6.5 nM) proteins
selective vs.
21 aptamer bovine colorimetric milk 25500 nM 14.01 nM - other milk HRP [160]
proteins
artificial -+ M0-25
22 linear polymer human ELISA like O g Ahfe1- - 1.5nM - HRP [161]
urea
3.13 M)
selectivity vs.
) ) ~ ~ i d (5-Br-
. ) Colorimetric, laboratory 0700 O 110 O lons an
23 Fe bovine microfluidic sample (0-8750 nM) (1.38 B proteins Pf‘ DAP) (162]
except serum  Fe** complex
albumin
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Type of Lf . Concentration .
No. . N Detection method Sample LOD LOQ Selectivity Label Ref.
(bio)receptor origin range
) ) laboratory 0100 O 3.7 &g
24 antibody bovine SPR sample (0-1250 nM) (46.3 nM) - - [184]
9.76625
) . Indirect . ngAmL 0.01 h.
25 antibody bovine competitive ELISA milk (0.1227.81 (0.125 pM) - - Au NPs [163]
nM)
0.0525
. . - ) . OgAmL 0.03 B
26 antibody bovine Visual microarray milk (0.625313 (0.375 nM) - - Au NPs [164]
nM)
. Lateral flow paper ) 10 ngA ) )
27 antibody human based tears (0.125 nM) Au NPs [165]
. 1.510000 1A selective vs.
28 antibody bovine Dysrézrt\:l;ilr:ght milk n g Am(L8.8 (112 5n %A)A n - other milk - [166]
9 pMi 125 nM) =P proteins
selective vs.
. 20-10000 . .
. R synovial A R ) hemoglobin, alkaline
29 antibody human  chemiluminescence fluid ngAmL transferrin, phosphatase [167]
(0.25125 nM) L
and bilirubin
053.5 C 0.28 (
. . . static system  static system } : )
30 antibody bovine SPR dairy 0110 OGN 0.05 « [169]
flow system flow system
poly(N- 20216 declared
31 isopropylacrylamide human Localized SPR tears Og Ahie2s - - semi - [172]
co-methacrylic acid) 2 7 0N selectivit
hydrogels ) Y
) . 05100 O - declared in
o bovine milk " 0.14 C - guantum dots
32 hairpin aptamer ! SERS ! (6.25 pMi - milk and [186]
human serum 1.25 nM) (1.75 pM) serum and NPs
Electrochemical
33 antibody buffalo amperometry milk 0.0721 000 0.035 - - HRP [173]
B 0.025
0.0525 O! classical
bovine electrode
34 antibody oat ! amperometry milk 0.015 - - HRP [169]
’ 0032.5 ¢ SceeA
: ’ printed
electrode
0.01-1000
. ' . ngAmL 4.9 g B B )
35 antibody bovine CV, EIS milk (0.125 pMi (0.0613 pM) [174]
12.5 nM)
1
36 antibody human EIS urine - 1(14851 pMp) 9 - - - [175]
. ' laboratory 0100 Oqg 10 OgA ) } i
37 antibody bovine amperometry samples (0-1250 nM) (125 nM) [177]
0.195100
38 antibodies bovine SFIA, DPV laboratory & "Aipas 01 Sy - - - [176]
samples 1250 nM) (1.25 nM)
1729 nig 15 .
39 antibody human CcVv urea (12.5 pMi 1 ngAn - alkaline [178]
(12.5 pM) phosphatase
9.11 nM)
Lf-spiked 0200 g 1.2 ng
urea ((Ié'fsg'\él) (15 pM) vs. human
40 aptamer human DPV laboratory ng AmL 0.9n g Al - a?bel:lrjnr?n - [179]
samples (0.12516.3 (11.3 pM)
nM)
125 nMi
65.2 nM .
il MOP-SP human EIS, DPV colostrum ——2:250EM ; vs. milk ; [181]
500 nMi proteins
3 250 375 nM.
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3.5. Electrochemical impedance spectroscopy aa label-free method for

quantification of large molecules

Electrochemical impedance spectroscopy (EIS) is an electrochemical method that
principally works by perturbing an electrochemical system that is in equilibrium or steady
state This is done by applying a sinusoidal stimulus, such as alternating current (AC) voltage
or current, over a range of frequencies. The response of the system, whetharrgnt or
voltage, is recordefll87]. EIS is able to provide a wealth of information about various
electrical, electrochemicadnd physical processes that occur in an electrochemical system.
These processes include the resistantieadiquid electrolyte, coductivities of liquid/solid
boundaries, charging/dischargingtb€ electric double layer at the interfaces, dependence
of capacitance behavior tifie double layer on the morphology of electrode surface and
electrolyte composition, kinetics of the electod chargdransfer reaction,
adsorption/desorption phenomena, mass transfer phenomena, and more. EIS measurements
can be simulated to an equivalent electrical circuit, which comprises common passive
components such as resistances, capacitors, and induatorgy with other more
complicated distributed elements arranged in various WE88]. Each process can be
considered analogous to an equivalent electrical circuit characterized byranditiene
constant.Some of these processes are challenging to analyze when using voltammetric
techniques like cyclic voltammetrin the time domain. Howevehy operating in the
frequency domainEIS simplifies a complex electrochemical system by separdtiinto
individual processes with different time constamtekingit easy to analyz¢l87]. In a
threeelectrode EISsystem the voltage is applied between the working and reference
electrodesUndervoltage perturbation, the impedance to current flow is detexd by three
factors (1) the ohmic resistance of the electrolye, defined bythe distance between the
reference and the working electrod€?) under AC conditions, the electrical double layer
behaves like a capacitor and is symbolizedCas (3) the voltage/current curve slope at
steadystate measurements defines the polarization resist®yceiaradaic ElSsetup
corresponds withthe presence of a redox couple, where a small sinusoidal voltage
perturbation is added to a DC potential that matthesedox reaction's standard potential.

In this case, the current passing through Rhas divided into two partslc related to
charging/discharging of the electrical double layallF related to the faradaic process. The
general impedancé&r, accouts for both the kinetics of the redox reaction and the diffusion

of the redox species to the surface of the working electi@xdean be divided into two
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components: (1R related to the kinetics of the heterogeneous electrochemical process,
assuming tht the redox species does not absorb on the electrode surface, andiRich

is the Warburg impedance expressing the difficulty afstransport of the redox species to

the electrode surface, considering a sarfnite linear diffusion.To get a Nyqist plot, the

negative imaginary impedaneg ois plotted versus the real part of the impedanaddt
illustratesanimpedancespectrawhere a time constabliis represented as a semicircle, and
Zwi's shown as a 45A | i n€he Nyquist ploteiscomplex antl r e g u
relatively incomprehensiblebut due to practical reasgng is more popular in
electrochemistry. One reason is that the Nyquist plot is very sensitive to chemdja®ther

Is thatsome parameters can be read directynfthe plot for the most common circuits

C Vz//
4 sl
R Z,
kinetic control mass transfer control
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>
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Fig. 12. Nyquist plot with corresponding Randles electrical equivalent ¢ircui

In actual electrochemical systems (as shown in E2), the Nyquist plot pattern for a
faradaic impedance spectrum over a wide range of frequencies typically includes both a
semicircle and a straight line. The semicircle represents the frequency region in which the
electrochemical process is controlled Image transfer phenomena, while the straight line
represents the frequency region in whichass transfer phenomena control the
electrochemical processhe characteristics of these parts can vary depending on the values
of Ca, Ret, andZw. In systems wher the capacitance of the double layer is not ideal, a
constant phase elemer@®)(replaces theCqy. It occurs due to the uneven distribution of

various properties like solution resistances, interfacial capacitances, and current densities
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across the surfacef solid electrodeswhich is common in mosactual electrochemical
systemd189]. EIS is a technique that can be used to study, optimize, and develop various
applications, including labdtee biosensingdue to its unique capabilities. In impedance
measurements, the biosensor is prepared on an elettraideelectively modulates the
electrontransfer rate by the analyj#90,191] The electrode surfacean be chemically
modified to change its properties andrtonobilize biorecognition elerants.Self-assembled
monolayers or conductive layergere intended toensureeffective immobilization of the
recognition molecules anatovide appropriateslectrodeproperties However, thespecific
electrical propertiesf biomolecules and surface defectausethe whole structure of the
electrode description by a model in the form of an electrical equivalent circuit consisting
nonideal electrical elementsuch as capacitors, constant phase elements, resistors, Warburg
impedance [192,193] Consequently,faradaic impedance measurements have been
considered an alternative method for studying biomolecule interactions in the presence of a
redox couple in the measuring solution. In this method, the impedance spectra can be
modeled by a Randles circuit, whetlee chargdransfer resistanceR§) varies in a
concentratiordependent manner. This variation depends onfldve rate of the redox
molecules to the electrode surface that is being polarized to the formal potential of the redox
couple e.g.[Fe(CN)]® " " [A94]. Theflow rate of the redox probe is controlled by the extent

of the formation of the receptanalyte complexwhichacts as a physal barrier, causing a
concentratiordependent decreaseredox species flopeventually increasinthe charge
transfer resistancés such, the sizef the receptoanalyte complex directly influences
chargetransfer resistancethe bigger the conjugatthe higher the resistand¢¢ence, EIS

is frequently used in setups with large molecules involved in complex formatioh as
proteinsTheflow rate is also affected by the attractive or repulsive forces of columbic nature
between the biosensor's surface and the molecules of the redox probe, depending on the
measuring pH and thpl of the biomoleculesuch as protein§l87,195] Labelbased
techniques are typically used for protein quantificatiwhile labelfree methodsprovide

more direct informatiomnlescribing phenomertaking place athe sensor surfacélS, as a
labelree assayis easy to userelatively fast, and enables miniaturization of the setup.
Compared to voltammetric or amperometric methddsnsuregyentle analysis conditions

that do notinterfere with the molecular interaction or the activity of the biorecognition
moleculesPrindpally, by measuring the doublayer capacitance and resistance associated

with electron transfer, insight into the electrical properties of each consecutive layer
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introduced onto the electrode surfaxacquiredThe detection methad remarkably sim@
and relieson thefact that binding the targgirotein to the immobilized bioreceptor brings
changes to the electrical properties at the electrode surface/solution infEnaekectrical
equivalent circuit parameters correspond to the system's phygsiaatities One of the
advantages of EIS in protein quantification is thaegquires dow volume of sample and
simplified preparation, making it especially useful for real sample measureifiesrtstore,
impedimetric protein detection has been demonstratedifiarally important proteins such
astranscription factof196], human serum albumii97], apolipoprotein §198], SARS
CoV-2 antibodieg199], or GReactive Proteif200].

4. Summary and motivation for looking for a new lactoferrin receptor

Lactoferrin is a cationic protein abundant in various body fluids such as milk, blood, plasma,
saliva, or ured201]. It is secreted from secondary granulocytes when the organism is under
stress conditiongollowed by inflammation. This protein has immunomodulatory properties
and acts as a protective factor by regulating the cell cycle, activating transcription factors
and gene expression, and acting on DNA. One of the unique abilities of Lf is its @bility
recognize the immune status of the host and act accordingly. It ean dgwnregulate by
acting at different levels and on various targets, such as microbial fragments, iron ions, or
cell surface receptofd0]. The complex feedback mechanism of Lf action is not yiy f
understood but plays a key role in regulating the immune system and preventing
inflammation. Although Lf is linked to autoimmune inflammatory diseases, it has not yet
been included in routine diagnostics. The detection of Lf is usually done indingtttlgn
immunosensing approach using a varietgeaidoutsystemg202]. Antibody-antigen assays

are characterized by specificity, but they show lower sensitivity due to the need to label the
bioreceptors for indirect dettion. Instrumental methods are also used, especially for dairy
and milk samples, but themottleneck is thdigh cost of apparatus, reagents, and complex
handling. Some studies have attempted to use aptaased detection methods for
lactoferrin, but hese methods are costly and tiomsuming and have not shown
significantly higher sensitivity compared to immunoassays. A challenge in developing a
specific bioreceptor for lactoferrin is its relatively bulky and unsymmetrical structure. The
interactionsof Lf are mostly norspecific, even though lactoferrin can bind to membrane
proteins of various cellR203], bacterial toxins€.g.LPS) [40], phenothiazine dy€204],

low density lipoproteind205], proteoglycang30], interleukins[206], nucleolin [207],
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naringin [208], heparin[209], etc. Nevertheless, accordingk@ andFurmanski [61], Lf

binds to specific sequences of DNA, similaty@Nase, and activates transcriptidiney
identified Lf binding sequenceql) GGCACTT(G/A)C, (2) TAGA(A/IG)GATCAAA, and

(3) ACTACAGTCTACA. However, thditeraturedata on the nature of DNA interactions

with Lf is highly limited and has not been suf@atly evidenced experimentally. In contrast,
multiple reports on Lf indicate its clinical significance, especially in the context of
inflammation due to multiple causes, such as bacterial and viral infef@ishsancer3],

or autoimmune diseasp®)]. Recent research also suggests that salivary Lf could be an early
marker of cognitive decline arabrrdates its level with cortical amyloideta load, cortical
integrity, and memory in aging,6,14] The antimicrobial activity of Lf was shown in oral
infections by Streptococcus mans [17]. Since 2019 Lf antiviral activity has been
extensvely investigated, as it was found that it binds to the spike protein of the-EARS

2 virus[45]. Given the complex nature of Lf and its diagnostic valueetiseea need for a

new stable bioreceptor that would enable selective biosensing of this protein. In order to
obtain high sensitivity and selectivity in biosensing applications, it is essential to investigate
the interaction between DNA bioreceptor and theget protein. These considerations
became a premise for research towards a new -DaBed Lactoferrin molecular
biorecognition system aiming to develop a new analytical method for Lactoferrin
determination using dedicated DN#ased biosensing layers. Arperimental approach
utilizing preselected sequences, which were based on the existing literature, was used to
identify the DNA oligonucleotide sequence that has the highest affinity to Lf. The goal was
to design a unique DNA molecule that could specifycaiteract with Lf and evaluate its
utility asa potential Lf bioreceptor. The mechanisms and driving forces of binding between
reactants at the supramolecular level were studied through kinetic and thermodynamic
analysesand the selectivity was examineersus potential interferenitsselected proteins

The developed DNAype bioreceptor was further used as a biorecognition element in an
impedimetric biosensor established for quantitative measurements of Lf in saliva samples.
Since Lfis linked to autoimune inflammatory diseases, it is necessary to directly determine
its concentration in real samples and pharmaceuticals. This would aid medical decision
making, improve the efficiency of treatments, and ensure patient sHfetyesearch carried

out in ths dissertation offers a better understanding of the mechanisms behind the interaction
between Lf and DNA. Besides its cognitive value, this study@dses the way fdiurther
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research on selective biosensing layers for clinia@lgvantmarkers This is particularly
important for the detection ddrge proteins that areot routinely determined.

Experimental

5. Materials and instrumentation

5.1. Materials

All sensors were purchased from two vend@nTec bioanalytics GmbH (Germara)d

KE Instruments, the Nberlands The sensors have a Bfh thick gold layer deposited on
borosilicate glaswith 2 nm titanium transition layeTwo types bare gold chips (KEI BK

7 SPR Sensors) and chips with linear polycarboxylate hydrogel layer of 200 nm and medium
charge desity modified with streptavidin (SAHC200M, XanTe®)ere usedLaboratory
plastics that met the requirementsttod analytical laboratory and biological samples were
used, including falcons, Eppendorf vials, sterile syringes, pipette tips. The laborayo
glassware was cleaned with appropriate solutions (nitric aciti%) or sonicated
(hemicylinder of SPR instrument) in order to avoid contamtmaAdditionally, buffer
solutions were filtered using a membrane filter with accidt f o fprioR2t6 us€ m

5.2. Chemicals

DNA oligonucleotides listed in TabBwer e purchased from Futu
Poland.The DNA sequences that were used in the expersmare subjectelly the vendor

to a thorough desalination and purification process usiegiPLC methodto ensure their

purity. To prepare the stock DNA solutions, lyophilized reagents were dissolved in 10 mM
Tris-HCI containing 0.1 mM EDTA at pH 8.5. The prepared stock solutions were then
aliquoted and stored in a refrigerator according to the supphsttsictions. For daily use,
working DNA solutions were prepared by diluting the stock solutions, and they were stored
at a cool temperature of 4AC throughout th
transferred to ambient temperature to enduee effectiveness. This process was repeated
daily to ensure that the DNA solutions used in the experiment were fresh and optimal for the

desired outcomes.

Reagents ethanol (99.5%, HPLC), ammonia (30%), .N&Qs, KH2PQs, KCI, NacCl,
ethylenediaminetetraacetic acid (EDTA) disodium salt, potassium hexacyanoferrate(lll)
(K3[Fe(CNYX]), potassium hexacyanoferrate(ll) trinydratesfe(CNX]), acetic acid min.
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99%, HCI (35%), and NaOHwere provided by Chempur, Polanduman Lactoferrin
ELISA kit (ab200015) was purchased from Abcam.

Table2. List of DNA oligonucleotides.

o Length MW
SDNA biotinylated

(nb) (Da)
l.1. biotin5 6 GGCACTTGACTAGAAGGAT 23 7540
l . 2. 56TTTGATCCTT CT-BdBT CA / 23 7406
.3.biotin5 6 TTTGATCCTTCTAGTCAA: 23 7431
l.4. biotinr5 6 GAGAGAGAGAGAGAGAGA 21 7127
I.5. biotin5 6 (&9 23 7935
1.6. biotin5 6 (33 9 23 7567
l.7. biotin5 6 3& ) 23 7040
1.8. biotin5 6 339 23 7385
sDNA nonmodified, complementary strands
LS5O TTTGATCCTTCTAGTCAAG™ 23 6981
1. 2. 560AAACTAGGAAGATCAC 23 7106
l'1.3. 58GGCACTTGACTAGAAC 23 7106
l'1.4. 58CTCTCTCTCTCTCT ( 21 6161
I'1.528306(C) 23 6589
1. 623&0(T) 23 6935
dsDNA biotinylated, hybridized with respective Length
complementary strands (bp)
ll.1. biotin-5 6 GGCACTTGACTAGAAGGA"
23 14537
.2. biotink5 6 TTTGATCCTTCTAGTCAA
o 23 14537
111.3. biotin-5 6 (3& @
- 23 14524
I11.4. biotin-5 6 (232 §
o 23 14502
[1l.5. biotin-5 6 | GGCACTTGLGGRARTTTGC3 - 35548
[11.6. biotin-5 6 [ TAGAGGAT C AAAVGAGAGIATCA
72 44799
[1l.7. biotin-
77 47892

50[ ACTACAGTCTACRABAGTCTAC,

Reagents: lnercaptoundecanoic acid (MUA),-rBercaptel-hexanol (MCH), N-(3-
dimethylaminopropytN Nthylcarbodiimide hydrochloride (EDC), N-
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hydroxysulfosuccinimide sodium salt (suNHS), 4(2-hydroxyethy)-1-piperazine
ethanesulfonic acid (HEPES), ethanol (99.8%, HPLGE® (98%, HPLC), Tweer20F

viscous liquid, Triton X100, sodium dodecyl sulfgtg-(N-morpholino)ethanesulfonic acid
hydrate (MES) 099 . 5 %, guani di ne, Tris ba:
saturated, > 9 Q-gtutardddeSoxifadeGEEonStreptomyces spO5 U/ mg
protein), urease type IX (fro@anavalia ensiformis horseradish peroxidase (~150 U/mg),

and bovine ser um paylamidoamime) denGrBng§PAMAE 2G 20%

wt. in  methanol, PAMAM 4G 20% wt. in methangl PEGylated
bis(sulfosuccinimidyl)suberate (BS(PEG)9), suberic acid Bs(-N-
hydroxysuccinimide ester) sodium salt (BE3D § gtutaraldehyde (GA50% wt. in HO,
polyclonal antilactoferrin antibody (pAbagainst human Lf, recombinant, expressed in
rabbit, L3263, and dopamine hydrochloride (DM er e pur chased fAl om Si
chemicals used were of analytical grade and were used without further purification. For all
agqueoussolution preparationdreshly obtained deionized wateith aresistance of 18.2

Mq was wused. Al l chemical s us egdradevand usédn t h

without further purification.

5.3. Instrumentation

The electrochemical investigations, which included electrochemical impedance
spectroscopy (EIS), cyclic voltammetry (CV), and open circuit potential (OCP) method,
were carried out employing a lResens system potentiostat/galvanostat with PSTrace 5.59
software (PalmSens BV, The Netherlands). The SPR Springle instrument from KE
Instruments (The Netherlands) was utilized for all SPR measurements, such as optimization
of surface modification conditiss, affinity, kinetics, thermodynamics, and selectivity
measurementgndadditional comparative optical measurements of real samples. The raw
data of SPR were processed using the TraceDrawer software provided by XanTec
bioanalytics GmbH. Fourier Transformfrared (FTIR) spectrometric analysis of surface
functional groups using Nicolet Summit X FTIR spectrometer, Thermo Scientific (USA),
was carried out for modified SPR sensors. Transmittance spectra were collected under 0.5
cm resolution in the waveletigrange of 602000 nm. Fourier Transform Infrared (FTIR)
spectra were analyzed and evaluated to detect peaks associated with specific surface
functional groups of DNA oligonucleotides and proteins for validation and confirmation of

each modification stepSimilarly, contact angle measurements were taken at each
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modification step using OCA 25 goniometer, DataPhysics Instruments GmbH (Germany).
The Eppendorf MiniSpin centrifuge was applied to prepare real samples for analysis.
commercialactoferrin ELISAKit using microplate UWis spectrophotometer Synergy HT
(BioTek, USA) was used for referential colorimetric measurements. Within the research,

Origin 8 Pro and Biorender software were employed for data processing and visualization.

6. Methodology

In this chapterdetailed information on the leading and supporting methods, condiioas,
developed protocols is providethe leading measurement methods are SPR and EIS, both
labelfree However there aremany supportive measurement methadthait were used,
including FTIR spectrecopy for surface analysis at each step sénsor
(bio)functionalizationand ELISA tests as a reference method for Lf determination. The
methodology includes developed protocols for surface modification, bioreceptor
immobilizaion, measuring procedures, saliva sample preparadiuh othersThe scheme

describing the research methodology is presented in Fig. 13.

6.1. DNA as a biorecognition element for lactoferrin

Interaction of lactoferrin with DNA waéirst reported by Bennetét d. in 1982[57].
Although a few workgliscussedhe ability of lactoferrin to interact with DNAsuch asn

the nuclei of pthogenic bacterig10], with bacterial CpG mots [211], with plasmid DNA
[212], at the cell surface of neutrophils, B celfsid monocyte$213,214] with CpG
containing oligonucleotides on human B cdR45], or usings©DNA on agarose gg¢R16],

only He and Furmanskidentified experimentally three specific short sequences using
CASTing method [61]. These sequences are (1) GGCACTT(G/A)C, (2)
TAGA(A/G)GATCAAA, and (3) ACTACAGTCTACA, derived from 64 clones of a-30
mer long random sequendéhe calculated binding constants for identified sequences were
around 1.2480° M, and saturatingmolar ratios Lf:DNA were 1.96:1 for low Lf
concentrations and 4.02:1 for high Lf concentratidvihin the researchthe preference for
iron-saturated lactefrrin over apel.f to bind DNA was confirmed, indicating that DNA
binding is nordependent on protein form, which is encouraging to utilize DNsfpasgential
Lf-specific bioreceptorDNA-binding proteins recognize specific target DNA using two

mechanismsnucleobassequencand shape.
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Fig. 13. Scheme of research methodology including leading and supporting methods and
analyses performed throughout the course of investigation.

These mechanisms differ in specificity, suggesting different levé®laigical significance

for such complexes. DNA can bind nepecifically, such as when it wraps around histones
[217]. Specific or highly selective interactions with the protein recognition site, however,
strictly depend on nucleotide sequence and occur under intrinsic conditions. Recent
theoretical studies have shown that there are two types of pAnbinding based on
different forceqd218i 220]. The first type is pure electrostatic attraction between differently
charged DNA and protein molecules. The second type is associated with specific motifs of
DNA sequence that strengthéhe attraction. This combination of other weak forces, such
as van der Waals, hydrogen, steric interactions, and electrostatic charge patterns recognition,
as well as strong covalent bondig:cording to Kanyshkovat al [62], Lf possesses two

DNA binding sites, and one of them is localized on tHeldé¢ of the protein. The study has
proven the interactiobetween lactoferrin and nespecific versus a specific DNA sequence,
indicating about a 2@bld higher binding constant for the specific oligonucleotide.
Moreover, the authors attempted to identify potential interferents such as microbial RNA
and polyanios i their binding sites partially overlap with lactoferrin DNA binding sites,

which was confirmed later on in a thermodynamic study performed for identical
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oligonucleotidg221]. Soboleva and eauthors studied the DNase activity of Lf, including

a computational spatial model of the-DNA complex [47]. Although there is no
straightforward explanation for the correspondence between DNA nucleobases (nb) and
protein amino acids, some pairings are enriched, such as arginine with guanine or
glutamine/asparagine with adenifde negative charge of DNA prometthe creation of

salt bridges with positively charged proteins due to electrostatic attraction between
nucleobases and amino acids such as lysine and arginine, while more negatively charged
proteins interact with DNA in major grooves via aspartate artdmlic acid residug22].

It is suggested that additional significant factors, besides DNA and protein motifs, influence
the affinity and spatial organization of DNgxotein attachmerj223,224] The most recent

studies of LIDNA binding concern a molecular dynamic study ofder i ved pepti de:

interactions with the specific DNA sequence, however, it was none of theersses
identified by He and Furmanski[61]. The data on interaction mechanisms at the
supramolecular level is highly limited and has not been rexpetally evidenced yet
[132,225] The mechanism of recognition, strengtimd driving forces define the affinity
between DNA and protein moleculeghich has a significant impact on the sensitivity and
selectivity of the DNAbased biosens$83]. Therefore, when developing a bioeptor for
biosensing applications, it is important to consider both the mechanism of interaction and
the specificity resulting from itDNA exhibits tremendous variability in terms of the
sequence of nucleobases and length. It is resistant to a relatigelyangeof environmental
conditions such as pH {® or temperature (up to 40) and has structure flexibility that
increases with DNA length increme[217]. Except for programmability and dynamic
behavior, DNA ensures precise molecular recognition due to its uniqgue composition and
structure, making it a molecule of choice for the development of se@lditigensing layers

In this studyHe andFurmanski's[61] specific sequences were used in various combinations
as wellasmultiplications (up to 4 times, separated with d($pacers)o address the affinity

of potential bioreceptors to LfAlong with literaturebased oligonucleotides, random
sequences rich in GC or AT base pairs were applid¢de study. The reason behithds is

the structure of human Lf, where arginine (~49/@81ino acid9 and glutamine (~41/691

aminoacid9 are relatively frequent, according to
[226]. The spatial configurations, obtained by controlled immobilization, were aimed to
expose particular ol i gonucladreetstatdis solatiof. r agment s
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6.2. Modification of SPR sensors

For investigation of DNAproteininteractionsn vitro usingthe SPR method, either DNA

or protein has to be immobilized a biorecognition elemd@27]. Howeve, each approach

has its own advantages and disadvantages. The choice of the appropriate strategy for
interaction studies depends on its purpose, such as drug development, biomarker discovery,
quantitative assay development, etc. It is also crucial toidemshe differences in
interactions between free reactants in a solution and immobilized ligand with a free analyte.
The number of degrees of freedom is smaller for the latter, making the choice of ligand and
its spatial orientation towards free analyteatal for successful binding. In this study, DNA
oligonucleotides were immobilized on the SPR chip surface for two reasons. Firstly,
modification of DNAend with terminal group&.g, NH2) or binding moleculde.g, with

biotin) is easy to perform, allowing immobilization in an oriented fasf2@8], while for

protein moleculesit is much more comlex. The second reason is related to the
characteristics of the hydrogel surface itself, especiallykits which is approximately 4.5

for polycarboxylate matrices. This implies that the surface is negatively charged, similar to
DNA oligonucleotides. Here, the process of immobilizing DNA might be slowed down
due to electrostatic repulsion. However, this wouldn't affect the following interaction
measurements. If DNA were used as the analyte, such electrostatic repulsion could
significantly affect the kingc data, leading to an incorrect picture of complex formation. To
better comprehend thisnecan refer to the schematic diagram presented in1Bjgvhich
explains the idea of lactoferrin interaction with immobilized DNmmercial SPR chips
(SAHC200M,XanTec)with a polycarboxylate hydrogel wepeoposedvith streptavidin as

a capture molecule and biotinylated DNA strands as ligaBtieptavidinbiotin's high

affinity ensures surface stability over time and avoids the need for harsh regeneration,
making it ideal for affinity screening of DNA sequendesall SPR experiments, the sensing
surface was practivated and stabilized for at least an hour withappropriate buffer
solution before immobilizing ligand molecules. This was done to obtain a stable and reliable
baseline before interaction measuremeAlisbuffer solutions were freshly filtered before

use. The SPR conditions for capturing ligand ameraction processes were adjusted based

on the type, composition, ionic strength, and pH of buffer solufibaisle 2)
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Fig. 14. Schematic design of DNAased Lf biorecognitioreferring to the spatial
orientation of DNA ligand and protein analyte iteteon to each other.

This was done to ensure high immobilization yield and reducespeaific binding. To

prevent proteiraggregationrelatively high concentrations of monovalent ions were used

along with surfactantsTo adjustmodification conditionsjmmobilization of 1.1 23 nb

sDNA was followed by hybridization with complementary II.1 DNA sequencecaased

out using buffer solutionésted in Table3. A vol ume of 50 OL of 10 OM TC
was injected and mixed for 10 minuteseach particular buffer solution of different ionic

strength and pHTo minimize norspecific binding, unconjugated streptavidin binding sites

were blocked with a 10 Og/mL biotin solutio
immobilized bioreceptor permr was directly appointed by SPR resultae hybridization

efficiency Whyor (%) was estimated abe percentage ratio of hybridized complementary

DNA overs®DNA for each type of buffer solution.

When selecting the buffer for interaction analysis, impartant to consider thal of the

target protein in relation to the net charge of the biosensing layer. Typically, for molecular
interactions, the pH should be equal to the pl minus 0.5 in order to increase the electrostatic
attraction between the ligarahd analyte. Nevertheless, all proposed buffer solutions were
crossexamined for wutility in interaction measur e
fixed concent Madntd anDNAmMbAXi€d spoig AHe association and
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dissociation were 100esonds each, and the relative response was calculated as the
difference betweethe SPR angle after and before interaction.

Table3. Buffer solutions used upon optimization of modification conditions of SAHC200M
sensors.

Buffer solution pH Composition
10 mM HEPES, 137 mM
10mM HBS-EP 7.4 NaCl, 3 mM EDTA, and
0.05% v/v TweefrR20
10 mM HEPES, 137 mM
10 mM HBS-EP 8 NaCl, 3 mM EDTA, and
0.05% v/v TweefrR20
25 mM MES 6 25 mM MES hydrate
10 mM NaHPQ,, 1.8 mM
10 mM PBS 7.4 KH2PQs, 137 mM NacCl, 2.7
mM KCI

10 mM NaHPQ,, 1.8 mM
KH.PQ,, 137 mM NacCl, 2.7

10mM PBST 6 mM KCI, 0.05% viv Tween
20
10 M acetate buffer A 5.5 mM acetic acid and 4.5

mM sodium acetate salt

The bulk effect was checked by injecting buffer solution insteatthenalyte sample
Negative controls were performed using SPR sensors prepared according to a different
modification protocol in which the ligand immobilization step was omifféd schematic
representation of thieydrogelbasedbiosensing layer is shown in Figs. The quatitative

results of ligand density and interaction relative response were processed using a conversion
factor equal to 122 m?Agl. The mass of the immobilized ligand)(was calculated

using the surface area of the immobilization spot (7.F)m#t the same time, the number

of functional bound mol ecules (dsDNA) NU
i s Avogadr o numbleMis@éold hasAd Dnth@ilizesNA and
complementary hybridized DN#étrands

0 10 )] (egl)
o
In SPR measurementshoosing an appropriate immobilization yield is crueisldifferent
loading densities are required for different resegmarposesThereforethe characteristics
of immobilization parameters versus loading density were used for designing biorecognition

layers for each particular analysaffinity, kinetic,andthermodynamid¢96]. The nuances
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of dynamic parameters of the interaction can be assessed while the biosensing layer is weakly
packed with ligad molecules since too densely packed ligand molecules can result in mass
transport limitations, especially for the setup where the size of both ligand and analyte differ
tremendously.On the contrary high ligand density is necessary for binding affinity
screening measuremenparticularly to ensure obtaining an equilibrium state of interaction
andto address the electrostatic repulsion between negatively charged DNA and the hydrogel
layer. The modificatios of SPR hydrogebased sensorgor affinity and dynamic
investigationswere performed similarly as described before, taking into account the final

ligand immobilization yield, which was controlled by adjusting contact time.

s, captu.red target
protein Lf

S immobilized
biotynylated DNA

> hydrogel derivatized
with streptavidin

Fig. 15. Scheme of biofunctionalized DNBased lactoferrin SPR sensor with Bjirogel
interlayer and streptavidibiotin conjugate, where streptavidin acts as capture molecule
for biotinylated ligand.

6.3. Affinity screening

Thebinding affinity screening measurements were conducted for oligonucleotides listed in
Table 1using SPR gold sensors withs&reptavidirderivatizedhydrogel layer.The (1)
GGCACTTGC, (2) TAGAGGATCAAA, and (3) ACTACAGTCTACADNA sequences
were utilized in various combinations and different spatial configuratetiser single
stranded or doublstranded exposing one of the ends for the interaction with the analyte.
The randomand monobasic sequences, both types (sistgganded and hybridized), were

applied to examinetheir affinity towards Lf.The experimentavere performed under
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controlledcondtions’i adjustedsupporting buffer solutiorgensely loaded biorecognition
layers, and fixed high concentration of Lfsample( 50 OL o f. Before 2aking O M)
measurements, the surfaces modified with DNA were conditioned by running buffer solution
to estabsh a stable baseline. The baseline was then recorded, after which the sample
(coupling buffer containing Lf) was injected for 100 seconds, followed by dissociation with
the running buffer (without Lf) for the same duration. It is worth noting that th@ing and
coupling buffers were the same. Blank measurements were also taken by injecting running
buffer solution into the DNAnodified surface and subtracting it from the analytical signal.
Al'l experiments were carri eédddy inttheiraotigin2 5 A C,
cont ai n eetweerthe medsdr€ments. The collected data were processed to obtain
normalized relative response valugslative response divided by loading densitythué

ligand) and select the best DNA oligonucleoti@etoferrin configuration for further
development of L-Epecific DNAtype bioreceptor. The stoichiometry of interaction for each
type of DNA used was calculated as the ratio of the number of captured Lf moledtkes to
number of immobilized DNA molecules after the full association/dissociation cycle. The

sequence with the highest ratio viadicated.

6.4. Kinetic and thermodynamic analyses

Dynamic analysis ofsupramolecularinteractiors, especially between biomolecules, is
essential talesigning and developing new selective and stable biorecognition elements for
biosensing applications. It can be performed using a variety of methods, including surface
plasmon resonance, isothermal titvat calorimetry (ITC), andbiolayer interferometry

(BLI) [229]. Although these methods are similar in that they are {fibe| they differ in
principle. ITC is a physical method used to assess kinetic and thermodynamic data. It
involves measuring the enthalpy binding directly using two cells, orentainingwater

and acts as a reference cell, while the otheludesthe sample. The cells are kept at the
same temperature throughout the experiment, and the temperature difference between the
sample cell andhe reference cell is recorded and compensated for. The observations are
then plotted as the power needed to maintain the temperature of both cells against time.
Unlike SPR and BLI methods, ITC does not require immobilization, and the measurements
are perfomed entirely ira solution stateTheisothermatitration calorimetry technique can

be used to determine the reaction enthalpy, equilibrium constants, and stoichiometry of

binding[230]. One of its advantages is thhe size of the molecules forming the complex
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is unlimited SPR techniqgueconsumes a higer sample volume and requires higher
concentrations of reactants. Additionally, it isow-resolutionand throughput technique.
Biolayer interferometryusesfiber optic biosensorsvith a proprietarybioreceptor layeat

the tip The binding of moleculeso the biosensor surface leads to changes in optical
interference between light waves that reflect from an internal surface and the external
interface between th@osensor andample As aresult, itmeasures the binding kinetics of
biomolecular interaatins through the physical principle of optical interferem2al].
Essentially, one biosensing tip is exposed to light and buffer conditions and then used as a
reference while the remaining tips are exposed to experimental conditions. The
experimental tips will have one bindimgcepor immobilized, thus forming a layer, and
analytes are located in 9@ell plates. Once the ligand is immobilized, the tips are dipped
into the wells, and when an interaction between the two bimdiagtantsakes place, the
change i n t hi stiprefiedssa charge ih wagelehgth yirethisdespect, binding
kinetics are measured iaal time The primary benefit of BLI is its ability togsform high
throughput analysisHowever, it is not veryeproducible which means that reference
measurementwith other techniques, typically SPR, are necessary. On the other hand, SPR
is known for its highreproducibility minimal sample usage, and u$eendliness, as
explained in the previous section. While SPR is limited by technology design, BLI is limited
by sample evaporation during the experimé&ther than labefree methods, techniques like
stoppedflow analysis, capillary electrophoresis, or affinity chromatography are used to
assess kinetic data of biomolecular interacf8?]. Each of these methods has advantages
and limitations Still, SPRstands out as it allows for determining threadestange of rate
constants (association rate camtsfrom 1C to 16 M1, dissociatiorrate consintsfrom

10%to 1 s'). SPR is a versatile method that providesroducible results and reusability for
immobilized bioreceptors. Ts, within thedissertation SPR was utilized for affinity

screening, dynamic analysis, selectivityestigation, and quantitative measurements.

6.4.1.Kinetic analysis

To characterize the interactions between DNA andakinetic analysis was performed on

a 3D biorecognition layer obtained by selecting a DNA sequence based on the results of
affinity scr eeni ng. To obtain a | ower density of
coupling/running buffer solution was injected onto a streptaxdénivatized hydrogel

sensor for only 30 seconds, reducing contact time by 20 times. This created a low
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capacitancdgand density surface witha r o u n d 21 After glockinghand stabilization,

the biosensing surface was extensively stabilized to minimize the bulk effect and baseline
drift between consecutive injections, producing the most reliable experimentaiodata
analysis. The evaluation was conducted over a broad analyte concentration rapgg of C
~0. 1 &lcorredponding o 10 t 005000 .mMmPAL to 6.25 OM,
requirements. It included a curve of initial interaction as well as a cortreesteady state

where the association is balanced with dissociafisrpart of the procedure, blank (running
buffer) samples were taken. All measurements were carried out separately in triplicate using
multi-cycle kinetics mode (MCK). This mode is $esensitive to signal drift and capture
dissociation compared the singlecycle kinetics mode (SCK). Although the architecture

of the SPR system used already allows for a decrease in mass transport limitations, relatively
high values of association/dissé at i on f | o w) wera setursher fo3e8ucetheOL A s
putative analyte concentration gradient and diffusion distafltekinetic measurements
were conducted at 25AC. The complex form
according teq.2 whereks andkq are association/dissociation rate constants, while Lf, DNA,

and COMPLEXDNALT represent protein, DNA, and DNAf complex, respectively.

, S . ! #/ - 0, %8 (eq2)

The differential rate equaticeqg 3 that describes how fast the complex is formed is:

NO00G620™Q Q260000 0OW (eq.3

To calculate all phases of interaction, the maximal loadiRgy( was set locally as a
concentratiordependentparameter, while the other parameters were set globally as
concentratiorindependent. The association and dissociation rate constarigpfessed in
M-1A&1 andky with the unit of &) were established, which allowed for the calculatiothef
dissociagion constant Kp). Thedissociationconstant was calculated as the ratid#a (in

mo A L

6.4.2. Thermodynamic analysis

The study aimed to investigate the DNA complex formation by conducting a
thermodynamic characterization using the SPR method. This would help to gain a deeper
understanding of the driving forces behind the supramolecular interaction. A hydesgel

SMR chip was used, along with the chosen DNA as the biorecognition element. The same
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surface preparation protocol as the affinity screening was followed. The analysis was carried

out at temperatures ranging fromtan8us& t o 32AC
for the study v arl Eheexperimentatata@as pracesSetd Obtaimg A L

a van't Hoff plot, which helped in calculating thermodynamic parameters such as binding

enthalpy changeq H), binding entropy change(9, and Gibbs freenergy changeyy G

in molecular structural events. It was ensured that the complete thermal equilibrium was

reached for each individual measurem@ime values ofhebinding constant<, ( L A"fo |

were calculated according to equatexp:
L — (eq.9

The changén standard Gibbs free energy of bindipg3 ( J A¥nwab calculatedsing the
equationeg5, whereRi s t he uni ver sal Yka'p adb(K)sstttent (8. 31

tem perature.
YO  Y'Yd ¢ (eq.9

The plotof In(Kp) versus ITi s a gr aphi cal sol ut eqgopbased t he v al
on which the parameters of the linear curve, namely the slope and the intercept, are

determined

I 10

h
<

(ea.9

The standard enthalpghange o was determined using the DNALf complex's
thermodynamic propertiet was calculated as the slope of a linear curve multiplied by the
universal gas consta(¢q.7). The parameteT g J Alnwak estimatedusing equation
eq.8 wherewp Srepresentingtandard entropy change expressedimol!A ! wasobtained
according to the equatiaq.Q

YO [ a&dyQ (9.7
WY YO YO (eq.9
VY Q& 6 QIdHQNR o €9.9
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6.5. Selectivity SPRanalysisof bioreceptor

Thebiorecognition layersfabricated usindbNA sequencadentified byaffinity screening
wereevaluatedegardingselectivity towardhetarget proteinThe selectivity study followed

the same conditions as those adjusted in the screprongssVarious interfering proteins

were chosen based on their common characteristics or differences compared to lactoferrin,
such as their biological origin, molecular weight, and isoelectric point. Lactoferrid\Was

of 80 kDa,pl of 8.7, and is a glycoprotein of the transferrin group that captures two metal
ions. The list of interfering molecules is as followsease, which haglW of 200 kDaand

apl of 5-5.2, is a nickecontaining metalloenzyme with enzymatic activity overauaad

has no reported DNA binding abiljtpovine serumalbumin (BSA), which ha$/W of 66.5

kDa, a pl of 4.84.8, and is the major serum protein found at a physiological level of around
40 mg/mL in blood. BSA maintains colloidal osmotic pressure, bindsda wariety of
compounds, and has no reported DNA binding abiglycoseoxidase (GOx), which has

MW of 160 kDa and a pl of 4.2, is an oxidase with enzymatic activity over glucose. There
is no data available on its interaction with DNfutamateoxidase(GluOx), which hasiw

of 120 kDa and a pl of 6.2, is an oxidase with enzymatic activity over sodium glutamate,
and has no reported DNA binding abijihorseradistperoxidase (HRP), which h&#W of

40 kDa and a pl of 9, is a glycoprotein that catalyzegusa reactions using hydrogen
peroxide (HO2) as a substrate, but does not interact with DNAnanlactalbumin (LA),

which hasMW of 14.2 kDa and @l of 4.55, is a globular protein that forms part of the
lactose synthase enzyme and is capable of lyn@MNA under intrinsic conditions.
Measurements were taken separately for both the interferents and the analyte, with each
measurement being repeated three times. The concentration of each protein in the injected
sampl e wad antl di0thesegohdtse of experi ments, Lit wa
The results were then processed to determine the mean selectivity percentage for each

interferent, calculated using equationl€q
"YQa Qoo Q-0bw—— PprTMb (eq10)

where the reference value was mean relative response obtained in the Lf sample after full

association/dissociation cycle.
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6.6. Preliminary SPR quantitative analysis on hydrogelbased biosensor

In order to preliminarily examine the utility of developed biorecognition element for
guantitative Lf measurements concentration analysis was conducted on laboratory

samples using th8PRmethod. Hydrogebased SPRensors were used to evaluate two

dsDNA oligonucleotides, Ill.1 (23 bp long) and 111.6 (72 bp long), which were chosen based

on previous analyses. The 23 bp long sequence was used to compare the calculated
metrological parameters. Both ligands were immpéd in a similar manner as affinity

screening in HBEP pH 7.4 to achieve the desired loading density and maximize the final
responseThus, the immobilizationprocesf respectivedsDNA was performedsimilarly

to theaffinity screening in HBSEP pH 7.4The binding of each type of ligand was tested in

triplicate at various analyte concentrations: 0.0125, 0.0625, 0.125, 0.25, 0.375, 0.5, 0.625,
0.938, 1.25, 2.5, and 6.25 &M 25@5,62|and 6, and
12.5 M for 1 1.1. The contact and washing ti
seconds each, with the final relative response being a normalized value after the complete
association and dissociation cycle. Mild regenerationcaased out using 10 mM HCI as

required to preserve the activity of the ligand molecules. The linear concentration range,
correlation coefficient R2, sensitivity (slope of mean relative response vs. Lf concentration

within linear range)and repeatabilityexpressed as standard deviation) were determined.

The LOD values were calculated by multiplying the value of blank SD by 3 and dividing it

by sensitivity.

6.7. Transfer of modification toward impedimetric measurements
The optical investigation on idelective DNA-type bioreceptors was followed by an
electrochemical study. Therefore, the procedure of DNA oligonucleotide bioreceptor
immobilization was adjusted to the electrochemical method. Streptadledivatized
hydrogel sensors were replaced with bare gaidaes modified with a linear linker aiming
to covalently attach the bioreceptf#6,233] Furthermore, to achieve optimal loading
density, additional SPR measurementye conducted, iwhich linear linkefto-blocking
agent molar ratio was adjustén the range of MUA:MCH 1:5, 1:10, 1:25, and 1:50e
sensors were pmmodified with MUA:MCH mixtureoutside of the SPR instrument. To
introduce surface carboxyl functional groupare gold chipsvereimmersel in a mixture
of MUA:MCH in ethanol for 30minutes. Then, ringethoroughly with a 10% ammonia
solution in ethanol, followed by another wash with ethanol. The dewisihese functional
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groupswas defined byhe molar ratio of MUA:MCH used. Activiain ofthe surfaceCOOH
groupswas carried ouby injecting a mixture of EDC and sudHS (molar ratio 40 mM:10

mM in deionized water) for 10 minutes. Immobéton was performed with 0 OM DNA
(dsDNA of 23 bp) in 10 mM HBSEP buffer solution of pH 7.4 for another 10 minugsfser
immobilizing DNA oligonucleotidegheunconjugated functional groupgere blockedvith

1 M ethanolamingdCl pH 85. The biofunctionalized sensors were stabilized with an
appropriate buffer solution to obtain a reliable and stable baseline. Theeredésponse of
ligand-analyte interaction for each MUA:MCH ratio was recorded in three repetitions using
a fixed volume and concentration of the a
and washing with running buffer were 100 seconds each. Tanalienbulk effect, blank
measurements were taken by injecting running buffer solution into the surface and
subtracting it from the analytical sign@heloading densityi ( n g X)rofneither ligand or
analyte (after interaction) walrectly obtained by BR measurementsp@ngle expressed

in mA) and processed usi rfAngll experimentsrwere on f
performed at 28 Cand all the chips were stored dry in their original containerdA\at 4
between the measurementhe second set of mitation procedures was focused on
preparing planar biosensing layers, particularly for electrochemical measurements, using
DNA oligonucleotide as hiorecognitionelement The original 25 mm diameter SPR chips
were employed for SPR loading density antriaction studies, whereas they wdreed

into quarters for all electrochemical experiments (EIS, CV, OQRg advantage of using

a planar surface lies in the ease of modification, where the density of introduced
functionalities can be controlled duririge initial step of biosensing surface preparation.
This approach is particularly beneficial in the case of BIMAomplex formation toward
biosensing application because it minimizes steric hindrance, which can result frem over
dense immobilization of gland molecules. Additionally, an overpacked receptor layer can
influence kinetics through mass transport and diffusion limitatif#®4,235] The
modification in this case was fully performed entirely outsidieSPR instrumenton the

basis of analysis of MUA:MCH ratio influence on immobilization and interackostly, a

linear linkerblocking agent mixturen ethanolwasintroduced to the surface, according to

the result fromthe loading density analysis. Then, the sensors were immersed in an
EDC/sulfeNHS mixture for 30 minutes. They were washed with HESbuffer of pH7.4

and then incubated in 1 GBRpHN4ord4doburstAfteo n  d i
the incubation period, the AMUA:MCH-DNA biosensors were gently rinsed with HBS
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EP buffer pH 7.4 and left to dry at room temperatkedricated biosensqrschemécally
presented in Figl6, were used for Lf quantification in both laboratory and real samples,
utilizing the EIS method.

s, captu.red target
protein Lf

DNA immobilized
through amine
coupling

linear linker MUA

g W 0 W g > +
blocking agent
MCH

Fig. 16. Scheme of biofunctionalized DNBased lactoferrin SPR sensor w2 planar
biorecognition layer obtained through covdlenmobilization of DNA with liner
linker/blocking agent

6.8. Verification of modification for hydrogel and linear-linked bioreceptor
FTIR analyses were carried out for biorecognition layers of both types, hydrasgd and
linear linkerbased. The transntégince spectra were collected with the 0.5'ecasolution in
the wavenumber range of 46600 cm'. The analysis served as an additional validation of
each modification step, confirming the presence of surface functional gaftgpseach
modification stepfor both hydrogebased and linear linkdrased biosensing layers.
Additionally, the wettability analysis wasonductedafter introduction of linker/blocker,
DNA immobilization and interaction with LiThe static contact angle was calculatethas

meanvalue of 20 measurement

6.9. Cyclic voltammetry and open circuit potentiometry measurements

The cyclicvoltammetrymethod was employeib get theoxidation/reduction potential of

the redox probe[Fe(CNY]**. The CV measurements were performed th mM

[Fe(ON)e]*™* dissolved in 10 mM HBSEP buffer of pH 7.4or different values ocan rate.

The threeelectrode system consisted of an Ag/AgCl reference electrode with liquid junction,
78



platinum counter electrode, and gold working electrodes. The CV parameters were set as
potential stepEstep= 5 mV, potential range fror0.6 to 0.7 V, number of scangcans= 3,

and t he scan rat e r a'n Foe asséss then poSsiblet shif 1 0 0
oxidation/reduction potential dhe redox probethe open circuit potentidOCP passive
method was used, and tineeasurements were performed after each modification step.
Lastly, the DNAmodified biosensorsvere subjected t@®CP measurements for és

| actoferrin I-Le(maribationo fbr 2 2nBinutes) gnfedsurement in 2 mM
[Fe(CN)]*"in 10 mM HBSEP pH 7.4) in 4 repetitiongmportantly, the OCP experiments
examined the open circuit potential of each working electrode with respect to acefere
electrode. Thughe calculated megpotentialof 4 OCPrepetitions was set as tl@gc for

further EIS measurements.

6.10. EIS measurements
Electrochemical impedance spectroscopy is a methoetiadiecharacterize the interface
sensor surface/solution. It gives an insiigitd theelectricalproperties of the interfacelhe
impedance data are used to build an equivalent electrical circuttoisists of resistances,
capacitors, or constant phasenedmtscombined in series or paralleepresenhg various
processeslhe Randles circuit models a simple electrochemical reaction of a faradaic model,
including electrolyte resistancgRs), chargetransfer resistance(Rs), doublelayer
capacitanc€Ca), and Warburg impedan¢gw). TheRs depends oits conductivity and the
reaction cell's geometry, whilgy depends on the electrode's area, nature, ionic strength,
and permittivity. Rt reflects charge transfer kinetics, and the Warburg element reflects
oscillating diffusionrelated processd489]. A detailed description was provided in the
previous chapter, 3.&IS method, as a lab#&ke nondisruptive technique, was employed
complementarily to SPR to confirm the interaction betwBhA-type biorecognition
element and target protein and to quantitatively measure this probarElS system used
for the experiment had a fixesbace threelectrode configuration that included a Pt plate
serving as a counter electrode, an Ag/AgCl eziee electrode, and a gold SPR chip serving
as a working electrodePreliminary verification of DNALf interaction with EIS was
performed forfaradaic setup i@ mM [Fe(CN}]*’* in 10 mM HBSEP pH 7.4 and 0.625
OM Lf sampl e i nc Uhefeequendy wasset in the remigen26 liHe lsHz,
with 10 mV AC and 200 mV DC amplitudes, respectiv8lgctrical parameters of surfaces
were characterized using EIS measurements, which were conducted-faramtio (0.1 M
KCI) and faradaic (2 mM [Fe(CN}’* in 10 mM HBSEP pH 7.4) processes at a fixed
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concentration of analyt®(. 6 2 5 5 O M iy Pok faradaic processes, the EIS method's
frequency range was from 25 kHz to 0.1 Hz, while for-famadaic processes, the frequency
range was from 100 kHaot10 Hz.Except for preliminary verification, all otheglS
measurements were carried out with a 10 mV AC amplitude and a DC offset that depended
on the OCP result. Prior to any EIS measurements, each experimental spot was conditioned
for 10 minutes using the respective electrolyte (10 mM KCI or redox probdB$EP

buffer). Quantitative measurements of the analyte were perfoanééscribed ithebelow
protocol. Firstly, he DNA-basediosensor was placed in 3 mL of electrolyte contaitiieg

redox probe and incubated for 10 minutes. The potential valueea@sled for 10 minutes,

and the average was calculated from 500 to 600 sec8edsndlyEIS measurements were
conducted at a frequency range of 25 kHz to 0.1 Hz, using a 10 mV AC signal and fitted DC
amplitude. The biosensor surface wlasnwashed getty with 1 mL of buffer solution and

dried with gaseous nitrogen. After that, the biosensor was incubated in 3 mL of lactoferrin
solution for 2 minutes, followed by another gentle wash and drying. Once the interaction
with lactoferrin was completed, theosensor was again incubated in 3 mL of electrolyte
with the redox probe for 10 minutes. The potential value was measured for 10 minutes, and
finally, EIS measurements were conducted with fitted DC amplitGadibratioraimed
experiments were carried oat¢ompare the performance of a 72 bp DNA bioreceptor with

a 23 bp dsDNA sequence. Lactoferrin concentration was measured for both seguences
ranging fr om (1025 tb 937.6 nMJ f6r then §24h oligonucleotide and from 5

to 200@2qMb 2.5 OM) for the 23 bp DhNoR. Measur
for each concentration using fresh redox probe solutitiméia | e ct r o | Yystoekof A 1 gAL
lactoferrin was prepared daily and diluted with appropriate buffer solution. The EIS spectra
were analyzed to obtain electrical equivalent circuiing electrical elements (resistor,
capacitor, constafihaseelemen} and electrochemical elements (sénfinite diffusion,
restricted diffusion, bounded diffusioadnfigured in series or parallellyhen, a fitting tool

was used to find the parameter values for which the simulated impedance data and the
experimental impedance datarethe closest e x pr es s ed b y2 Theifitilgi ng coef
was consider ed s2«f0f001cThesenpamaetets\wene establishedsto
correspond to the physical quantities of the considered syEientually, he developed
biosensors were subjected to durability tests by measuring the analytical signal for a fixed

concentration of Lf after 1, 7, 14, and 21 days from the biosensors' preparation.
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6.11. Reference tests

Two techniques were employed to carry out reference measurenedtial sampleSPR

and spectrophotometriédn the case of SPR measurements, dsDNA immobilization was
performed in HBSEP (pH 7.4) outside of the SPR device, just like impedimetric biosensors.
The interaction was repeated three times for the analgieotrations, which were 0.1, 0.5,

1, 5, 10 ,1(1225,,6.255 12.5,162)5A 125, 312.5, and 625 nM, respectively). The
contact and washing period was kept consistent at 100 seconds each, and the average relative
response was obtained after the rentissociation/dissociation cycl&hen necessary, mild
regeneration was performed with 10 mM HGlpreserve the DNA ligand's activityhe

mean relative response value was related to Lf concentration to build the calibration curve
The linear concentrath range, correlation coefficienfRsensitivity (slope of mean relative
response vs. Lf concentration within the linear range), and repeatability (expressed as
standard deviation, SD) were determined. The LOD was calculated by multiplying the SD
for blark by 3 and dividing it by the biosensor's sensitivity. The measurements of real
samples were carried out by following tbarlier protocqglusing saliva samples diluted ten
times in HBSEP buffer solution (pH 7.4). Spectrophotometric measurements were
conducted using a commercial ostep ELISA kit, following the supplier's protocdihe
endpoint absorbance at 450 nm was measured thrice for the ELISA experiamehthe
calibration curve was determined. The raw absorbance signal obtained for human saliva

samples was recalculated for a dilution of 1:25000.

6.12. Biological samples

Saliva contains antimicrobial properties, which come from its various components, including
mucins, lactoferrin, lysozyme, lactoperoxidase, statherin, histatins, and secretory
immunoglobulin A[236]. Salivary lactoferrin is considered a marker of neurodegenerative
diseases, such as Alzheimer's dis¢24¢237] and it has been confirmed to have antiviral
activity against pathological bactelia7,238] In order to cdect human saliva samples,
three volunteerfrom age 26 to 34ad their saliva directly collected from their oral cavity
using sterile 2 mL syringes (Polfa Lublin S.A., Polarfl).saliva samples wereollected

while fasting at least 30 min before liqumbnsumption at théxed time, and tested on the
same day.The volunteers were twbealthy females, and one mal who suffers from

L e S ni-6rohs klisease. The collecticand testingprotocol was strictly defined to

maintain the salivary glands unstim@éd; thus preventinghe risk of uncontrolled
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fluctuations in daily experimental dafehe process of preparing the saliva samples involved
centrifuging them for 10 minutes at 8000 rpm, which effectively removed heavy frastions
saliva, such as bacteriapithelium,mucins, clustered proteins weighingl@ million Da,
bacteria, and secretory immunoglobulin A, a polymer -df ilnmunoglobulin monomers

linked by two additional chains, with a total molecular weight of around 385 kbese
fractionscould depsit on the sensechip surface. The supernatant was collected, leaving
the residue at the bottom of the vial, in order to prepare the saliva samples for testing.
Lactoperoxidase and lactoferrin are enzymes of similar molecular weight, around 78 kDa
and 80kDa, respectively, but their structures are significantly diffeerd lactoperoxidase

has a higher isoelectric poimtl (= 9.6). On the other hand, statherin and histatins have much
lower molecular weights, weighing approximately 5.3 kDa akBa, respectively. None

of these proteins have been found to interact with DNA. Lysozyme, a strongly basic protein
with apl of 10.7 and a molecular weight of around 14 kDa, is known to interact with bacterial
components, including bacterial DNA, but it is ontyige under acidic conditions (pH®.

Saliva has a normal pH range of 6.2 to 7.6, but it can become more acidic due to consuming
food and drinks that contain carbohydrates, which are broken down by bacteria and release
lactic, butyric, and aspartic aciddoteworthy the biosensor surface was blocked using 6
mercaptohexanol as a standard procedure to minimizspegific interactions. As a result

of the adjustments to the saliva sample collection, preparation, and examination procedures,

the potential fointerference was eliminated.

6.13. Alternative biorecognition elements i surface modification and

measurements

Various methods can lwensideredo developrecognition layers for determining Lf, starting
with immunolayers wherein polyclonal or monoclonal amdiies capture the target
molecule. Othetype ofsensors redison artificial synthetic recognition elements, but data
on suchmolecularly imprinted polymers for Lf isighly limited. To meet the requirements

of sensitive and selective analytical measuméor detecting Lf in real samples, three
different strategies for obtaining Lf sensing layeith antibodies and artificial cavitiese
presented. Figl7 shows a schematic view tfree different approaches fgold SPR chip
modification In strategyl, polyclonal antibodies were immobilized directly onto the gold
surface of an SPR chip using a bifunctional linear linker with thiol and carboxyl terminated

groups (MUA). Initially, the gold SPR chip was incubated overnight with 1 mM MUA in
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ethanol, rined with ethanol and deionized water, and then left to dry. In the next step, the
surface carboxyl groups were activated using a 0.4 M EDC/0.1 M-N® mixture (1:1,

v/v), followed by incubation with an antibody solution. If the ligand is directly imizsul,

SPR measurements for a wide range of analyte concentrationthis case, lactoferrin

were performed along with the calculation of the linear calibration c&tvategy Il aimed

to increase the saturation of the chip surface with antibodiels. Whas achieved by
introducing an additional hyperbranched dendrimer layer between the linear linker and the
antibodies. In this study, PAMAM dendrimers of different generations (2 and 4G), or a
mixture of both, were attached to the linear linker via ED3Ncrosdinking, which had

been previously described. Each dendrimer contained amine functional groups, the number

of which depended on the dendrimer's generation.

monomer and template mixture

A\ Y/A\ dopamine H
Y\ﬂ”ﬂ{ Y ) CHy—CH—NH; e
4 AT

-0
I

OH

METHOD I

i i
v
>

METHOD III

template removal

METHOD II

imprinted polymer on gold support

Fig. 17. Schematic view of modification approach: method | with linear linkers, method II
using hyperbranched linkers, method Ill based on molecular imprinting in polymer.

Briefly, dendrimers are thregimensional polymer structures that have a spherical shape
with branching chains and a core. These structures can be functionalized to edypaiergl
functionalities, making them versat{239]. Due to their flexible structure, dendrimers can

cushion and protect immobilized biomolecules from deformation. However, dendrimers are
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sensitive to changes in pH. In acidic conditions, dendrimers tend to shrink, while in alkaline

media, they tend to expafi240]. The polyclonal antibodies were attached to the PAMAM
functionalities through aminm-amine coupling with reagents such as BS3, BS(PE®)9

glutaraldehyde at differenbacentrationsThe attachment vistCOOH antibody groups was

alsoperformed using EDC/NHS. The immobilization procedure had various parameters that

affected the antibodgintigen interaction analytical response, such as running buffer,

PAMAM generation andatio, crosdinker type between PAMAM and antibody, and

eventually ligand dilution. These parameters were tested to determine the best conditions for
obtaining sufficient surface saturation. Notably, every step of modifications | and I, except

for the pror functionalization of bare gold SPR chips with linear linker MUA, was conducted

using the SPR instrument. The prepared biosensors were tested in a lactoferrin solution of
fixed concentration (0.125 OM) t eantigepn mpar e t |
interaction resulting fronmethodd and II. This allowed the evaluation of the influence of

introducing a dendrimer interlayer on the biosensors' performdheethird strategy was

based on molecular imprinting in a polymeric matrix made of polydopa(RiD&). The

biomimetic layer was created using the bulk imprinting method, where the whole protein

was imprinted. Here, a mixture of &tof f uncti onal monomer (dopam
solution of the template (analyte) was prepared and furtherpalymerized under basic

conditions (10 mM TrigH C | buffer of pH 8.5) for 5 hours a
was removed using a 5% (v/v) solution of acetic acid, and the performance of the sensing

layer was evaluated with SPR measurements. Additiorallgmplate removal procedure

was investigated using UVis spectroscopy at 9@ell plates, and the affinity of the analyte

towards noAmprinted PDA was measured to evaluate the possibility of lactoferrin non

specific binding.

Results

7. Interaction of human lactoferrin with DNA

7.1. Influence of experimental conditions on immobilization and interaction
Influence of immobilization conditions on loading density of ligand
Optimizing SPR measurement conditions mainly focumeadjusting the buffer solution,
particularly its composition and pH. This is crucial formobilization as electrostatic
interactions initially affect ligand attachment efficiency. Capturing the biotinylated sequence

(1.1) was used for immobilizationpliowed by hybridization with a complementary strand
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(I1.1), which provided additional insight into the impact of immobilization conditions on
hybridization efficiency. The entire process was performed online using the SPR instrument,
and full sensorgramsere recorded. The immobilization procedure was consistent in terms
of the type of sensors used (hydreaked), contact time for each step, the type of blocking

agent, and the concentration of ligand. The protocol is illustrated i1 &ig.

J/ —— 10 mM HBS-EP pH 7.4
—— 10 mM HBS-EP pH &
4004 ——25 mM MES pH 6
—— 10 mM PBS pH 7.4
P 1 — 10 mM acctate buffer pH 4.5
OE —— 10 mM PBST pH 6
= 3004
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Fig. 18. Sensorgrams of streptavididerivatized hydrogel layers during immobilization
with sONA and complementary strand (1.1 + I.1) under different conditj6bk

Table4 summarizes the quantitative results ofdleasity of ligands for each specific buffer
solution. The immobilization of biotinylated DNA was most effective in neutral pH
environments. The results obtained from acidic media showed fewer immobilized ligand
molecules when compared to neutral pH envitents. On the other hand, alkaline
conditions led to significant inhibition of immobilization. The surface of polycarboxylate
hydrogel is negatively charged under neutral pH, just like DNA molecules. Therefore, when
buffer pH increases, the repulsivenestween the support and ligand also increases.
However, under pH 4.5, the overall net charge of DNA is closer to neutral, resulting in
electrostatic attractiof241]. Using the capture molecule method for ligand immobilization

is likely the best way to redutlee negative effects of the solution on immobilization yield,
compared to conventional amine coupling. However, apart from pH, the buffer composition
is another fator that affects the immobilization process. The ionic strength, as well as the

content of salts and surfactants, have an impact on the final immobilization level. This is

85



especially evident when comparing the mean ligand loading density obtained irs buffe
containing noronic surfactant and those without it, where the immobilization yield is

higher for the former case.

Table4.l mmobi l i zation | evel of (I .21 + I11.1) wunder
was calculated according to the convensiactor 122 rfi= 1 nghm?,

Running/coupling buffer Immobilization
® ang U amount, m NoA 110
(mA (ngAMAm (ng) )
mean N SD
HBS-EP pH 7.4 323. 4 2.7 N 20.9 11.0
HBS-EP pH 8 6.5 N 0.1 N 0.4 N 0.2 N
25 mMMMES pH 6 0.8 N 0.0 N 0. N 0 N (
PBS pH 7.4 179. 7 1.5 N 11.6 6.0 N
10 mM acetate bufferpH4. 105.-p 0. 9) N 6.8)N 5. 3-) N
PBST pH 6 199.1 1.6 N 12.9 7.3 N

Ultimately, for optimal immobilization in terms of efficiency, stability, and reproducibility
of the ligand layer, a HEPHESased buffer with surfactang high NaCl contentand
physiological pH was selected for further preparation of a Bidfed layer fosubsequent

experiments.
Influence of conditions on hybridization efficiency

The results of the hybridization efficien¢Whynr) analysis are presented in TaBleThe
highestvalue was achieved at pH 8, while a decrease in pH resulted in a decrease in
hybridization efficiency. Since ssDNA carries a negative charge, higher pH levels lead to
repulsive steric forces betweearighboringimmobilized strandsThis creates more space

for target complementary strands. However, alkaline media promote duplexiatisspc
which can inhibit hybridization and result in high SD. On the other hand, low acidic pH
negatively affects hybridization efficiency. This is because it can lower solubility and cause
depurination of bases, which can alter the native DNA struf24@&. The physiological pH
environment provides relatively stable conditions for hybridization, resulting in a

hybridizationefficiency level near 60%.
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Table 5. Hybridization efficiency (%) is calculated as the percentage ratio of hybridized

complementary DNA (Il.L1)) ovsdO NA (I . 1), obtained under di
Running/coupling buffer Whybr ( %) mean N SD

HBS-EPpH 7.4 55.8 N 11.7

HBS-EP pH 8 85.7 N 71.6

25 mM MES pH 6 0 N (

PBS pH 7.4 58. 3 N 14.7

10 mM acetate buffer pH 4.5 3.8)N (

PBST pH 6 44.4 N 1.5

Influence oexperimentatonditions on DNAf binding

The impact of buffer solution on tiveraction with the target analyte was thoroughly cross
examined using surfaces obtained previously. To achieve a high interaction signal, the pH
of the environment in relation to the isoelectric point of the target protein (which is 8.7 for
lactoferrin) is crucial. The initial complex formation is governed by electrostatic forces,
which allow the analyte to reach the ligand's vicinity and minimize the limitations of
stationary reactants. While the pH of the media for interaction study is typically setiagc

to pH = phnaytel 0.5, the properties of tHeNA ligand layerwereconsidered in parallel to
analyte features. To study the-DNA interaction, experimental results recorded for
different supporting buffers after association and dissociation §E80nds each) are
displayed in Tablé. It is important to note that the efficiency of hybridization was not
considered in this analysis. The study includes the overall interaction of LASINA, as

well as alternative -EEDNA binding. After washingff excess analyte during dissociation,

the number of molecules bound to the bioreceptor is useful for quantitative analysis and
estimation of the binding ratio. The binding ratio is defined as the number of analyte particles
bound per ligand molecule, wdh practically means the stoichiometry of supramolecular
interaction[243,244] This information is vital in the detailed analysis of the kinetics and
thermodynamic®f binding. The biosensor was prepared at pH 7.4 with-HBSand the
crossexamination of buffer solutions during the association/dissociation processes was
carried out for dixed concentration of LfThe results obtained after each interaction step
showed that the buffers with acidic pH had high normalized mean signal values due to strong
electrostatic attraction. However, the poor reproducibility and instability during
measurements resulted in large standard deviations, making it unsuitable forcinaligsis.

In contrast, buffers with alkaline pH close to the analyte's isoelectric point had the smallest
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mean number of bound protein molecules. Among the buffer solutions with physiological
pH, the best performance was observed for HERP&®d media coaihing a high
concentration of salt and 0.05% (v/v) surfactant. This media showed a satisfactory response
after both association and dissociatidt’s essential to adjust the pH for the-NA
interaction study because lactoferrin's structure changesaiegeon the concentration of

H* ions.

Table 6. Influence of running buffer composition and pH on the interaction between
immobilized DNA (1.1 + Il.1) and 100 g | act of errin, n O 3. | mmo
performed using a streptavidderivatized hydrogeSPR chip witha running/coupling

buffer 10 mM HBSEP pH 7.4.

Running/coupling buffer Interaction
association rel. dissociation rel.
response response
(mA (mA
mean N SD

HBS-EP pH 7.4 648.5 N 179.6 N ¢
HBS-EP pH 8 147.3 N 40.5 N 3
25 mM MES pH 6 1642. 4 NN 1967.9 K
PBS pH 7.4 281.1 N 58.9 N 2
10 mM acetate buffer pH 4.5 332.7 N ¢ 332.7 N 9
PBST pH 6 367.9 N 88.4 N 1.

When the pH is acidic, the orientation of lobes changes, and the entire structure relaxes,
which can lead to the release of iron id@5]. According to the Neinsky group, iron
saturated Lf is more potent than dgfovhen it comes to binding with DNA. However, both
forms can bind to singlstranded and doubkranded DNA62]. Therefore, this ability of
lactoferrin is an essential premise for DIdAinga potential specific bioreceptor fof.

FTIR measuremenisevaluationof surfacemodification

FTIR transmittance spectra were collected within the range 0f@00@m1 to validate the
immobilization of ssDNA, hybridization with a complementary strand, and interaction of
dsDNA with lactoferrin at the hydrogehodified SPR gold sensor, depictedHig 19A-B.

The spectra obtained for the streptaviderivatized hydrogel layer, which was then

biotinylated DNA modified (twestep process) and Lf modified, exhibit similar visible peaks
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at the wavenumbers of broad bands 33200cm, which can be attouted to the stretching

O-H vibrations. Due to the hydrogel's nature, which accumulates water, the entire spectra
are heightened. The slightly visible peaks at 29800 cm' can be linked to the stretching

C-H vibrations of the polycarboxylate hydrogeiustture[245].

line 1 streptavidin-derivatized hydrogel A
line 2 ssDNA-biotin-streptavidin-hydrogel
line 3 dsDNA-biotin-streptavidin-hydrogel
line 4 Lf-dsDNA-biotin-streptavidin-hydrogel
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Fig. 19. FTIR spectra of consecutive modification stepthefSPR hydrogel layer taken
from 600 to 4000 cm (A) andmagnified to900-1800 cm' (B). Results of own research
[65].
The bands at 166D550cm™ present in all spectra originate from peptide bonds, including

amide | and amide Il, which archaracteristic of the proteins streptaviding( 1) and
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lactoferrin (ine 4 [246].T h e v i b r-heticescorrespand to the peak of amide I, while
the peak of amide 1l com&wom the vibrations of NAH and C=0O groups. Even though DNA

is much smaller than streptavidin, the protein structure's vibrations can still be detected in
the green and blue spectra. The peak at 1410 inthe red spectrum can be linked to amide

[l N-H vibrations while stretching -Gl vibrations of aliphatic amines produce 120000

cmt and 1020 cm peaks. The spectra of layers modified vatONA (line 2) anddsDNA

(line 3) display different peaks that are characteristic of DNA stru¢24g]. The following

bands can be assigned to vibrations: around 173bfimm C=0 vibrations and 1550 ¢in

from C=N of guanine rings; at 1350 dn t he vi br at i-deoxgcytidine; bonds i
vibrations of GN bands of purines around 1260 éparound wavenumbers of 1090 €m

and 1220 cm, symmetrical stretching vibrations from Pé&nhd PO-C are shown; peaks at
14601420 cm' are attributed to vibrations of GHands and g@endo/anti of deoxyribose;
around 161a1570cm?, the vibrations of C=C and C=N bands in adenine are present, while
at 1720 crt the C=0 carbonyl groups of thymine are slightly visililesan be concluded

from the obtained transmittance spectra that the immobilizatissDdfA and its subseant
hybridization with complementary strands were successful.pBaé&s arising from bond
vibrations originating in the protein confirm the presence of lactoferrin at the modified DNA
surface It is worth noting that the height difference between the spording peaks for
hybridized and unhybridized DNA was up to 40%. This finding is consistent with the data

obtained from SPR measurements.
Preliminary \erification of DNA-Lf interaction with EIS

Complementary EIS analysasmd the SPR interaction study were condutbedemonstrate

the interaction between lactoferrin and DNA using an independent;ftabanethod. The
measurements were taken on a biofunctionalized surface of sensing electrodes, with the
addition of redoxadive compounds to the solution. Tlsensing electrode's impedance
controlled the system's overall impedanasulting in a distinct charge transfer resistance
visible in the Nyquist plot and equivalent circuit components calculated for the Randles
model. The equivalent circuit modetlisplayed in Fig. 20described the resistance of the

solutionRs, as well as the diffusion processes in the-fguency range (semicirdQW).
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Fig. 20. Nyquist plots, an equivalent electric model and fitting for mesamsants of Au
MUA:MCHdsDNA (72 bp 1.6 sequence) sensor in 2 mMKe(CNX]/K 4[Fe(CNX] in
HBSEP pH 7.4 before and after incubation
minutes Results of own resear¢65].

The parametersr Table 7 clearly indicated the change the studied sensor's electrical
propertiesafter the interaction with lactoferrin comparedtwrespondingalues before the

interaction, confirming the formatioof a complex between lactoferrin and immobilized
DNA. Based on tbseresults the use ofthe EIS method for lactoferrin determination was

established.

Table7. Parameters of equivalent elements for applied faradaic ROQERW), including
the fitting fector & of the model to the experimental data. Columns before and after refer to
results obtained before and after interaction with Lf.

Element before after
Rs( q) 24.70 25.39
Q(OT) 6.91 11.10
ni( «) 0.91 0.86
Ra( Q) 590.70 470.20
W ( qB% 177.00 197.90
G 4. 00A10 7.00A10
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7.2. SPR affinity analysis

Experimental affinity screening is an important process when it comes to analyzing the
interaction of biomolecules. This is particularly true when one of the biomolecules is
immobilized on the sensor surface, as it is in biosensor design. The analyisssakethe
interaction between DNA sequences indicated in Takdad Lf are summarized as two
relationships in Fig21l. The first relationship is between the type of DNA used and the
normalized mean relative response divided by the ligand density. Tovedsedationship is
between theNi“/N:"NA ratio and the interaction results. This calculation allows for easy
comparison of the results while assuming that the ligand density remains equal for each case.
Furthermore, ieliminates the dependence of the interaction on the ligand immobilization
yield. To design new DNA oligonucleotides, researchers used litera@cwgnized DNA
sequences in various combinations, reversals, and multiplications separated with short
spacersl(A)s. Their goal was to discover a variant that would be suitable as a biorecognition
element for Lf biosensing purposes. The results showed that the weakest interaction with
lactoferrin occurred for the unhybridized monof#gequence 1.6. Another lowsgonse was
recorded for the sequence containing an equal number of purines and pyrimidines arranged
alternately (1.4 + 11.4, hybridization efficiency 22%). The results obtained for the mogo(T)
(I'.8) and mi xed sequence lightlZhighemedarsihithe ed at
next group on the chart are similar and include sequences 1.1 k7).43, and Ill.2. When

the 1.3 sequence was hybridized with 1.3, no improvement in interaction with Lf was
observed. The relatively poor response lfér+ 11.1 may be due to partial hybridization
(about 44%) obtained when the SPR method was used for modification. This could explain
why the unhybridized sequence 1.1 had a higher interaction result than the same sequence
that was hybridized prior to imnbdization onto the SPR chip (Il.1). Lf had a higher affinity

for the GC pair than for the AT pair, as observed when comparing the results obtained for
the 111.3 and IIl.4 sequences. Despite its low hybridization efficiency (only about 7%), the
interaction of Lf with ssmono(G»z hybridized with mono (G} (1.5 + 11.5) was much higher

than the response obtained B¥mono (G)s (1.5) and efficiently hybridized sequences
mono(Apz with mono (T3 (1.6 + 11.6, 74.5% hybridization efficiencyJ.he results otained

from 1.5 vs. 11l.3 show that hybridized oligonucleotides have an advantage over- single
stranded ones, as the lowest ratio was found for the unhybridized sequence. The last batch
of sequences used in the affinity screening prosesbased on litetare and marked as

1.5, 111.6, and 11I.7. The first sequence, 111.5, has a total of 57 base pairs (bp), while the
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second one, 111.6, which provided the highest normalized interaction signal, is 72 bp long.
The third sequence is 77 bp long, and it gastggatly lower response than 111.6. The number

of molecules that bind to the bioreceptor after washing off the excess analyte helps in
quantitative analysis and calculation of the binding ratio. The binding ratio is defined as the
number of analyte parties bound per ligand molecule, which practically means the

stoichiometry of the supramolecular comp|243].
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Fig. 21. Relative normalized response DNA interaction experimentbtained for full
association/dissociation cycle atigratio of bound Lf molecules to immobilized DNA
mol ecul es vs. DNA ol. Repuwtholiowhresear¢b5i es used

In accordance with the fiity analysis,the Ng-'/N:"N ratio was found to be the highest for
sequence lII.6, indicating that it is the most suitable oligonucleotide for further analyses.
Based on the data obtained, a suitable mathematical model was chosen to represent the
experimental data. The results confirmed that Lf has a stronger affinity towards-double
stranded oligonucleotides compared to sirggtanded ones. Moreover, the study revealed

that longer multiplied oligonucleotides are more advantageous than shortcExused as
building blocks for oligonucleotides longer than 50 bp, as they offer higher flexibility and

better exposure of the specific DNA sequence to lactoferrin.
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7.3. Kinetics of lactoferrin-DNA interaction

The dynamic parameters of intermolecular intecatiwere obtained through the kinetic
analysis, which provided vital information about the rate of complex formation and its
stability, giving an insight into these procesddgasurements were performedarwide
range of analyteoncentrationsfrom zeroto saturationto address the requirements of
kinetic analysisIn general,the acquisition of kinetic data is extremely challengifog
complex systems like biomolecular interactions. The simplificatiangto be applied since
oftentimesinstrumentatia imposes limitations such as data acquisition rate, which for SPR
hardwareis typically about severats, while the biological processfias multiple discrete
steps of severals or less. Hencethe experimental part was carefully designed and
performed to obtain consistent and reproducible dat&. IGw immobilization yield of
utilized biosensing layers allowéar the avoidancef steric hindrance, whilthe high flow

rate of sample injectiomna mixing enabledhe minimization othe mass transport effects.
The bulk effect was eliminated by injectiagbuffer solution devoid of analyte molecules
and subtracting from thelative response for each concentration.

Kinetic model

The research ledta oneon-one interaction between Lf and particular DNA, supported by
stoichiometry findings. Fig22 illustrates the results obtained for one set of measurements,
where the colored lines represent the experimental data and the mathematical fitting of the
model is visible as black lineshe simplest model was created based on the significant size
difference and the immobilization of the smaller DNA ligand, which formed a comparatively
firm and uniform layer with no surface heterogeneity or conformaticimahges expected.

As a result, it provides the most accurate reflection of the binding €venerally, arface
effects, such as immobilization heterogeneity or ctioésng and mass transfer or rebinding

of analyte to the surface, can affect kimeetic data However, the simplest ofte-one is the
starting model and fits well for a majority of interactions, indicating good experimental

performance.
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Fig. 22. Exemplaryexperimentally obtainedinetic curves (in color) of 72 bp I11.6 and Lf,
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A summary of the kinetic evaluation is presented in T&ble

Table 8. The kinetic parameters of the etweone interaction bdeveen Lf and 111.6 DNA

sequence, B 3.
~ ) _ ] _ _ KaA B -

Cii( OV Rmax(Md  keAFOIIAY  kiA 130 KpA 1BQM) .
0125 549.6 f

025 800. 3

0375 848.9

0.5 908. 0

0625 1035.1 2.49 N1.89 N7.61 [0.13
0938 1075.9

1.25 1204. 1

2.5 1266. 2

6.25 2250. 3
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The maximal immobilization yieldRmax IS unique for each concentration of, lathile all

other parameters remain independent of Lf concentraliba experiment was repeated

three times, and mathematicabdelingshowed that the results were highly reproducible.

This was indicated by the low SD of each parameter in the model. Theamstant for

complex formationk)) was cal cul at edd* Mt'sd, indicating a2fastréte N 0. 0 3)
of binding. The dissociation rate constak§)( was found t A0’ (1.89 f
indicating that the breakdown of the complex was slow, wkigggests that it was stable.

The dissociation constarkf) was cal cul at A@ Mtaodthe assogcigtion6 1 N 0. ]
constant Ka, which is equal to the binding constdfy at equilibriumKa = Kp) was also

determined. Both these constants indicéitat there was high specificity in the

intermolecular binding of Lf with the proposed oligonucleotide sequi&224]. TheKp

values obtained in this study were relatively close to those obtained in other 2adies

where inhibition experiments were used. The authors of the study found that out of the
literaturerecognized sequences, the highest affinity was obtained for TAGAAGATCAAA,

which was used as a building block for IIl.6 sequeridee values of the equilibrium
constant®btained within the kinetic analysisnfirmed the dynamic properties of the DNA

Lf setup andjustified the premise of using specific DNA oligonucleotides to develop a

functional biorecognition layer for Lf.

7.4. Thermodynamics of lactoferrin-DNA interaction

Direct experimental thermodynamic characterization of the formation of-DiNddmplex

was conducted using the SPR method. The aim was to gain a deeper insight into the driving

forces that facilitate supramolecular @rdctions between DNA and LiThe binding
constants obtained for the range of Lf conce
compute the thermodynamic parametefbe consideations were carried out fathe

equilibrium state where association and dissoat i on r ates are ,equal. T
which is a natural logarithm oKy vs. 17T, describes the temperature dependence of the

binding constanfvisualized in Fig23).
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Fig. 23. The van't Hoff plot of DNALf interaction under differertemperatures as a linear
function of Iny) vs. inversed temperaturResults of own resear¢s].

Thermodynamic constants

The findings from the study have been edkd in Table9. The values for binding constants
increased with temperature, suggesting that the process oflDNé&mplex formation is
endothermic within the temperature range studied. The binding constants for oligonucleotide
sequences (1), (2), and (3) from literatbased studie$58] that used electrophoretic
mobility shift assay[221] were of similar magnitudes, indicating consistency between
EMSA and SPR techniques. However, the concentrations-BINA complexes for 111.6

and Lf were at least one order of magnitude higher than those obtained in studies involving
Lf-naringin[134] or Lf-phenothiazine dyel204]. This implies that Lf binds to DNA more
strongly than to flavonoids or dyes under comparable conditions, such as temperature range
and pH The study utilized Lfas an immobilized ligand that interaetéth free naringin
flavonoid or phenothiazine dyes. These results suggestdddA has potential as a

biorecognition element for human Lf.
Driving force for lactoferrinDNA interaction

The stability of a nortovalent complex formed between a protein argpecific DNA site
can be determined by the standard free energy difference during the association process,

which is relative to the specified solution conditions such as pH, salt concentration, etc. This
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is not an absolute quantity but is determinedh®y quality and quantity of necovalent
interactions between the protein, DNA site, and solvent components like water and ions
[248].

Table 9. Thermodynamic parameters of DNA complex formation under different
temperatures and pH 7.4 (HES buffer solution).

K KhALCP pH - PG ®3 T oS
(LA®C (kJAm (kJAm (kJAKY! (kI Am

291.15 3.29 -30.76 76.32

297.15 5.29 -32.59 78.14
45.55 o989 0.26 S

301.15 6.13 -33.37 78.92

305.15 8.13 -34.59 80.14

A negative G value suggests that the chemical equilibrium can be favorably reached at
any temperature between-32A ¢291.15i 305.15 K). Furthermore, the characteristic of
Gibbs free energy vs. temperature shows that the stability of-DiNteraction increases
with temperature. The obtaingu andT g¥$alues are positive, indicating that the process
is entropically driven irthe range of used temperatures. Typically, positive enthalpy and
entropy values are associated with hydrophamiminated intermolecular interactions of
reactants, which relates to some extent to the properties of the proposed lactofersin DNA
binding site[7,249] The complex formed between DNA and Lactoferrin shows an increase
in entropy, which is not necessarily indicative of a change in the conformation of the
reactants during the conjugation processstead, it may result from the gain of
configurational entropy associated with the release of water or the formation of ion solvation
shells around the complg82]. As the pl of lactoferrin is basic and tHeDNA exhibitsa
negative charge, under the condition used in the spitly’.4, the electrostatic forces
including special cases such as van der Waals weak feas®s to playn importantole
in the LFdsDNA binding [218,225] The thermodynamic analysis results presented align
with the data obtained by the Nevinsky groi2,221] which showedp G ca. -11.1
kcalol? (arond -7.35 to -9.16 kcaMnoll), thus confirming the hypothesis that
hydrophobic binding and weak electrostatic forces play a crucial role in the complex
formation processAlthough theproposedmodel assumes no change in the heat capacity
with temperatureincrement upon binding typically, the site-specific proteinDNA
associations are characterized by a large negative standard heat capacitystiifing¢he
driving force from entropic to enthalpic with increasing temperature ra2§®,251]
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However, the major contribigin to theheat capacitghangefor protein interactiongrises
from changes in surface hydratioincluding apolar and polar parf252]. Moreover,
HEPESbased buffer solution utilized in the study is temperaseresitive [253],
nevertheless relevant for the binding event, according to results summarized id dable
theprevious sectiorOther buffer solutions, although having lower temperature dependence
of pKavaluesregarding thermodynamic quantitieggre not compatible witthe properties
of the hydrogel matrix and pl of tharget proteinThe selection obuffers must guarantee
the proper condition of interactiortaking into account, among others, thid operation
range The decrease gbKa of buffer with increasing temperature does ftor the
ionization of the buffer solutiof254,255] Eventually, theemperature change this study
was rather small @32A C) , s o inheat capécitanag pKs of buffer solutionare

less obvious

7.5. Selectivity analysis of lactoferrin bioreceptor

The experiment investigated how a selected DNA interacts with various proteins with
different features. The goal was to estimatedhesen DNA's relative response to these
proteins comparetb lactoferrin, which was used as a reference. Interfering psothat

might appear in real samples, such as plasma, urine, or saliva, were used. A Hyakedel

SPR sensor with a relatively high ligand capacity surface (1.7Anmig of 111.6) was
utilized. The selectivity of the sensor was calculated for proteioertrations of 5 and 100
mgA 1, and the results are shown in F2¢. The data analysis showed that none of the used
proteins exceeded 3% of the reference signal for Lf, regardless of the concentration used.
The critical 10% threshold for clinical analgsivas not crossed either, after taking into
account the SD valuedt is important to note that higher selectivity is achieved for
interfering samples when they are present at low concentrations. This is bibeannserix

effect and nonspecific purely eleostatic interaction have a stronger effect at low
concentrationsit should also be noted that negative results were obtained for urease and
HRP at 100 m&.! and for all proteins at 5 ndg?! (excluding Lf). These negative mean
values are due to a slight signal drift that causes the baseline to decrease by sewveral milli
degrees (&), which isconsiderech measurement errof themethod Most interferents are
proteinsthat are commonly preseint various biologicasample. Therefore, at pH values
above theipl and considering the negative charge of the biorecognition layer, electrostatic

repulsion minimizes the possibility of interaction. However, HRP is an enzyme with a
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strongly positive chige at pH 7.4, yet it did not interact wilsDNA. The literature reports
that selectivitystudies for aptamdrased analyses typically involve the use of proteins found
in milk samples at high concentrations, such ad¥1,179,186]
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Fig. 24. SelectivitybarswitiRSD o bt ai ned f otintebferemtrvel 100 mg A ml
lactoferrin in HBSEP pH 7.4 buffer solution, n =Results of own resear¢85].

However, this study aims to develop a biorecognition element suitable for analysis in
clinically significant amples, leading to the investigation of a different set of interferents.
Furthermore, most aptamers do not exhibit satisfactory seledtivifyantitative analysis,
which makes their usenfavorable, andhar development process is rigorous and time
consaiming compared to oligonucleotide synthesi$ie mean relative responses are

summarized in Tabl&0.

Table10. Mean relative response with SD and calculated valu&elettivityobtained for
each respectivproteintypeinterferentin high 1 0 0  W)gaAdlmedium concentratiob (
mg A)lin relation to the reference mean response #ftef the full association/dissociation
cycle Samples injected separately, n = 3.

mean rel ati ve r Selectvity

(mA (%)
100 T pgdtein
Lf 594 522 N 100
urease 6.8 N 8.7 -1.2
BSA 0.3 N 1.6 0.1
HRP 1.0 N 0. 3 -0.2

100



mean rel ative r Selectiity

(mA (%)
100 thaf grdtein
GOXx 0.1 N 2.0 0.02
GlutOx 0.2 N 4.1 0.03
LA 2.2 N 1.7 0.4
5 mdgodhrotein
Lf 98. 2 N 7.8 100
urease 1.2 N 2.9 -1.3
BSA 0.5 N 0.6 -0.5
HRP 1.6 N 1. 3 -1.6
GOXx 0. D.7N -0.1
GlutOx 2.1 N 3.0 2.2
LA 1.1 N 1.1 1.1
7.6. SPR quantitative analysis

Theresults of SPR quantitative analysis are presented in Fig. 25. The measurements were
carried out toverify the utility of dedicated 72 bNA oligonucleotide forlactoferrin
determination compared toother DNA sequencesThe findings reveal a significant
difference between the multiplied 72 bp long sequence and the shorter 23 bp long sequence.
In order to conduct a comparative analysis, the experiments were npedfdior the
following |loading density %fforealclhl .rle s paencdt i
2 for 111.6. The calibration curves, plotted as a relationship between mean relative response
and Lf concentration, indicate a linear concentration range from 12.5 to 625 nM for the
longer (72 bp) dedicated DNA oligonucleotide, and shifted towards higher raanges from

0.1 to 1.25 OM for 111.1, both with satisf
a significant improvement in sensitivity for biosensing with the use of the IIl.6 sequence
compared to the value calculated for Ill.1, whictswaarly 5 times lowei.he results show

that longer DNA sequences offer higher repeatability of measurements within the linear
concentration range, as evidenced by the lower SD bars. Moreover, it is clear that the 72 bp
dsDNA outperforms the 23 bp ds semnee in terms of calculated L@Dwith values of 4.42

nM and 85.56 nM, respectively. These findings highlight the effectiveness of the chosen
DNA oligonucleotide as an Lf biorecognition element, withvorable metrological
parameters, particularly LOD, ircomparison to other SPR studies utilizing the

immonosensing approa¢h69,170,256]
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Fig. 25. Calibration curves obtained for Lf interacting with 72dgdNA (111.6) and 23 bp
dsDNA (lll.1) immobilized on the SPR sensor chipesults obtained in HBEP buffer of
pH 7.4, n= 3. Results of own resear¢5].

8. DNA-based labelfree impedimetric biosensor for determination of lactoferrin

The usage ofa particular type of biorecognition element for the development of
impedimetric bioensors for quantitative Lf analysis was fundamentally based on the
research presented in tipeevious sectionBriefly, the 72 bp DNA oligonucleotide was
proposed among various sequenassthe selective DNAased bioreceptor for Lf. The
choice was motivad by the results of affinity, kinetics, thermodynamics, and selectivity
analyses.In this chapter, the results ¢ifie investigation on adapting the SPR sensor
modification procedure to electrochemical sensafsaracterization of the fabricated
impedimetic biosensarand quantitative analysis of Lf in laboratory samples and human

saliva will be presented and discussed in detalil.

8.1. Loading density of bioreceptorwith SPR

The bioactivity of the recognition biomolecules immobilized on EIS biosensors poses a
challenge for protein biosensing. Careful selection of the concentration of the compound
providing functional groups for immobilization is necessary to avoid negative consequences,
such as steric hindrance, which can directly reduce the activity of thedpboe. The SPR

method was used to adjust conditions and achieve an optimal immobilization level of the

bioreceptor, which enables efficient interaction. The concentration of the linear linker
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(MUA) to the blocking agent (MCH) was compared in terms of iriization level and
normalized response for the fixed Lf concentrafitre primary function of MCH is to fill
thefree spacebetween MUA functionalities, thereby reducing the 4specific binding of

DNA to the sensor surface. MUA, on the other hand, binds to DNA that has been modified
with primary amine using the EDC/NHS reactidine results in Fig26 A-B show that a

1:10 MUA'MCH molar ratio provides the lowekgand density and the highest interaction
level, which is consistent with SPR the§®y,96]
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Fig. 26. (A) Relative response corresponding to immobilization level of dsDNA on 2D
MUA:MCH -modified gold sensor, depending on the molar ratio of ls&dalocker, n =
3; (B) the impact of linketo-blocker ratio on Lf binding to immobilized DNA,+3. All
experiments were carried out in HER pH 7.4 as a running/coupling buff&esults of
own researcf257].

To carry out further analyses, a ratio of 1:10 was utilized. During the initial stage of
biosensing surface preparation, the density of introduced functionalities was regulated by
incorporating an appropriate quantity of blocking agent. This step wascybanty
advantageous in the formation of DNA complexes since it helped to minimize steric
hindrance. This hindrance is often caused byotrercrowdingof ligand molecule$235].

The interaction between molecules can be affected by the presence of a receptor layer that
is highly packed o overpacked, which camtroduce mass transport and diffusion
limitations To create a biosensing layer for EIS analysis, the modification protocol that was

adjusted with SPR has been transferred and adapted.
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8.2. Characterization of new impedimetric biosensor

FTIR and contact angle analyses

The sensors' surface underwent characterization at each modification step using FTIR
spectroscopy and water/air contact angle measurements (as show2 \Hg). The initial
hydrophobic surface ahe bare gold wasnodified with a linker/blocker mixture, which
caused its properties to become more hydrophilic (with a contact angle of around 65
degrees). The subsequent addition of DNA and protein layers further decreased the mean
value of the contact angle to below &grees, indicating their successful attachment. The
presence of surface functional groups, which are characteristic of molecules captured on the
sensor surface at each step, was confirmed by FTIR transmittance measurements. The
spectra recorded for the MUMCH-derivatized gold that was further modified with dsDNA

and Lf were found to share the same broadbands at32m®cm', which are assigned to

O-H stretching vibrations. The spectra of the MUA:M@tbdified gold (line 2) additionally

exhibit vibrationsassigned to C=0 bands around 1710'cithe presence of dsDNA (line

3) is confirmed through various peaks that are characteristic of DNA str{@4de These

peaks are assigned to the vibrations of thiediohg groups: approximately 1730 cnfrom

C=0 vibrations and 1550 chfrom C=N of guanine rings; at 1350 dathe vibrations of

b o n d s-debxycytidirge; and at 1720 c¢ina small band ascribed to the C=0 carbonyl
groups of thymineAdditionally, thepeak corresponding to the vibration of t&H group
decreased, which resulted frahe occupation of these functional groups by DNA strands.
The presence of lactoferrin at the DNrodified surface is indicated by distinct bands
originating from bond vibitgons of this protein (line 4). Small bands at 28570 cm'* are
attributed to GH stretching vibrations of protein structure. The bands observed atl5600

cmt come from peptide bondarfide | and amide 1[246]. Theamide | band corresponds

t o the vi-lelicest whereas theamideUl band originates from the vibrations of
N-H and C=0 groups. In the 4th spectrum, the band at 14¥(assoated with amide

Il N-H vibrations, while 1204100 cm' and 1020 cm result from GN stretching

vibrations of aliphatic amines.
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Fig. 27. (A) Contact angle (water/air), n = 20, af®) FTIR spectra in wave number range

4000 to 600 cn obtained for thesensors at consecutive modification steps, described as:
bare Au, AUMUA:MCH -derivatized, AutMUA:MCH -dsDNA and AuUMUA:MCH -
dsDNA-Lf. Results of own resear¢®57].

8.3. Faradaic and nonfaradaic EIS experiments

Before conducting EIS measurements, the electrochemical behavior of redox probe 2 mM

[Fe(CN)]*™* in 10 mM HBSEP of pH 7.4vasexamined ont®NA-modified sensors using

CV and OCP methods. The mean value of the open circuit potential decreased slightly from

275 mv (N 2.9 mVvV) to 271

mV

changes in CV current were obtaill  wi t hi n t he

To describe théehaviorof the electrochemical systemvestigated witfEIS methodsthe

Randles model an electrical equivalent circus commonly used188]. For our purposes,

the Randlesmodelwasmodifiedandillustrated in Fig28.
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Fig. 28. Oxidation/reduction potentialh( and current pealB] vs. scan rate of CV
measurements, obtained using redabp2 mM [Fe(CN)]*™# after incubation with 312.5
nM Lf for 2 minutes, n = 3Results of own researh57].

The fit of each model to experimental data can be determined by tteecchia F ed 6
parameter. Two approaches are used to study the electrical properties of interface biosensor
surfaces/solution: faradaic reactions and-fayadaic processes. Faradaic processes require
the use of a redox probe and the applicatiadireict currentDC) conditions to promote the
development of electrochemical reactions. An electrochemical probe ([RETEN)
solution) is commonly used for this purpofié89]. To study the electrodelectrolyte
resistance at equilibrium, whidorresponds to the charge transfer behavior of the electrode,
the open circuit potential (OCP) is first determined and then applied as the DC potential
(Eoc). Thermodynamically stable conditions are maintained at or below the OCP. For non
faradaicprocesses, the use of redox couples is unnecessary. In such casexraporent

0.1 M KCI electrolyte solution without an electrochemical probe is suffi¢ie9]. The

results of EIS measurements conducted for both models were analyzed, and the obtained
electrical parameters were summarized in Taklér'he expaments were performed using

bare Au, AUMUA:MCH, and AUMUA:MCH-dsDNA. The analysis of the nefaradaic

model clearly shows the changes in electrical properties of the Au sgmpsrafter being
modified with an organic layer.
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Fig. 29. Randles equivaht circuits for noffaradaic and faradaic processes; the results of
electrical characterization of bare Au, MUA:MCH, and AUMUA:MCH -dsDNA
presented as Nyquist plots. The inset graphhfemonfaradaic process shows the high
frequencyrange with partlly developed sentircles Results of own resear¢®57].

These changes are expressed by an increase in capaCitantie resistance of the 0.1 M
KCI solution was around 40 q. Howevery, t
and furthedsDNA limited the electron transfer, resulting in an increagé:#capacitance.
Additionally, the doubldayer resistance increased dughtepoor electrical conductivity of
the linker and immobilized DNAThe calculated time constali = Cin#Rentincreases with
each consecutive layer added onto a surface. The tieposf consecutive layers was
confirmed by SPR results, which also validated the impedimetric interpretatiaadition
changes in the phase angle and value of the constant phase element p&antaterbe
noted within the low frequency range. THisscribes a neiteal capacitor with a decreasing
value as the deposited layer thickness incieddee exemplary impedimetric spectra in the
form of Nyquist plots and the schemes of equivalent electrical models fdaramaic and
faradaic processes atepicted in Fig. 29.

107



Table1l1l Parameters calculated using equivalent electrical circuit models fdaramaic
and faradaic processes.

non-faradaic model (measurements in 0.1 M KCI)

Clement Au Au-MUA:MCH Au-MUA:MCH -dsDNA
mean SD mean SD mean SD
Rint( Q) 42543  2.127 35.340 2.624 42.465 4.615
Cint ( OF 2.747 0.690 4.833 0.724 5.452 0.095
Roni ( @) 4.912 1.408 3.508 0.438 7.594 0.644
Qui ( OT 4.396 0.747 3.389 0.363 3.112 0.020
Nt () 0.930 0.007 0.978 0.020 0.992 0.001
G ( A% (15.000  5.000 11.740 6.158 10.333 13.199
Gie( Os 13.490  0.972 16.957 0.317 41.396 0.061

faradaic model (measurements in 2 mMFe(CN)s]®’* in HBS-PE pH 7.4)
Ru( q) 31.333 2073 28997  2.095 31.907 3.789

Ci( OF 6.913 1.001 9.205 2.082 9.027 1.003
Rx( q) 28430  1.687 2.555 0.702 2.741 0.414
Qu( OT 64767  4.984 5.718 0.912 5.438 0.198
Nt (-) 0.840 0.043 0.938 0.009 0.944 0.002
Rst( q) 8966.000 2084.759 1137.000 360.292  767.467  98.995
Wi ( A

w T 173.600 35.310  213.433  80.126
c%( A% C 113.333 30.912 6.557 2.557 6.547 2.225

U( Os ) 196.537 1.690 23.522 1.461 24.743 0.415

Each modification step was characterized using the faradaic model. The resistance of the
electrolyte (2 mM [Fe(CN)*'* in HBS-EP pH 7.4) was defined & and was around 30

q, | ower ¢ o mpfaradacdsetup aue tolthe presenne of the redox probe. The
best fit of the experimental data to the model was obtained for the equivalent electrical circuit
with the following configurationsCiRzs and QiR In the case of results obtained after
modifying Au sensors with (bio)organic layers éMUA:MCH and Au-MUA:MCH -
dsDNA), the equivalent electrical model was expanded by the Warburg eMfenhich
describes the mass transport of redox probe moleawesthe solution to the electrodes’

surface[187]. Limited diffusion within the examined electrochemical system is associated
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with such behavior, which results from the presence of poorly conductive organic or
bioorganic layers. Due to this, thé; value increaseas the thickness of the (bio)organic
layer increases. However, the capacitance of the double layer is greater for the surface with
(bio)organic layers, which leads to a lower time constant definéb=aS:1#Rzr, indicating

faster charge transfer to tleectrodes' surface from the solution. The resistdteaes
significantly lower for the bare sensor compared to the MUA:M@étlified, and
immobilization of another moleculesuch as DNA oligonucleotidagesults in further
resistance drop. The constant phase eler@enof the faradaic process decreases after
modifications with linker/blocker and DNA. Similarly, the change of phase angle is visible.
The observed differences in electrical properties foh égpe of sensing surface confirm the

modification steps, first with linear linker/blocker asglcondvith DNA molecules

8.4. Electrical equivalent circuit parameters vs. lactoferrin concentration

The dataobtainedwith the use othe developed biosensor wasocessedy adaptingan
equivalent electrical model fahe faradaic process. The experimental impedimesignal

was recorded before and after interaction with a fixed concentration of Lf. The changes in
the impedimetric spectra confirmed the interacti@tween the DNA receptor and Lf. The
calculated parameters were analyzed to iderhig/quantitativecorrelation between the
changes in impedimetric spectra and the changes in Lf concentration. The results of this
analysis are summarized Trable12. Several types of parameters were taken into account:
(1) ratio of time constant before and after the interaction calculat€e/Rs;, (2) ratio of
resistancés before and after the interaction, (3) difference betwebefore and after the
interaction, and (4) ratio d®ss resistance before and after the interaclitve analysis was
conducted on four independent biosensors using two sets of AC of@ets/ and 50 mV,
respectively. The DC settings for each specific sneament were obtained from OCP

experiments.
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Table 12. Parameters of an equivalent electrical circuit resulting from EIS measurements
aimed at finding the analytical relationship of the EIS response with lactoferrin
concentration.

AC 10 mV @ beford W after Rof befordRof after et betore Rsf befordRat _after
Rot after
biosensrl 0.95 0.81 -1.22 1.14
biosensr2 0.97 0.87 -0.60 1.21
biosensr3 0.97 0.96 -0.14 1.31
biosensr4 0.93 0.92 -0.27 1.39
SD 0.017886 0.065271 0.482318 0.109055
AC 50 mV
biosensrl 0.91 0.77 -1.11 1.17
biosensr2 0.97 0.86 -0.44 1.26
biosensr3 0.99 0.97 -0.07 1.39
biosensr4 1.24 1.58 1.09 1.17
SD 0.143866 0.366059 0.922415 0.10325

The results showed that the reproducibility of the data obtained from AC 10 mV was higher
compared to those obtained from AC 50 niwentually the value of resistand®s was
selected among other parameteas it exhibited the most significant and reproile
changes, as evidenced by the lowest SD vakigs30A showsthe Nyquist spectra for the
Au-MUA:MCH -dsDNA biosensor before and after interaction with Lf, as well as the SPR
sensorgranfreattime recording of SPR angle change)rig. 30B indicating the complex
formation between a 72 bp dsDNA oligonucleotide and Lf, are presented. The change in
resistancdss was utilized as an analytical parameter to measure the Lf concentration in the
EIS readout. An increase in analyte level leads te@edse irRsr. The binding of Lf
molecules alters the charge transfer resistance of the model, which enhances the charge
transfer kinetics by reducing the negative charge on the electrode stifaceason for the
observedehavioiis that DNA carries aegative charge while the molecules being analyzed
have a positive charge undexperimental conditions. The biosensor is incubated with Lf in
HBS-EP pH 7.4, whereas Lf's isoelectric point is §fie previous SPR experimemns the
development of DNA biecognition elements for L[65] and otherstudieson DNA-Lf

binding [221,225]support these findingSimilar charge transfer effects on impedimetric
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spectra have been observed for the adton of specific DNA sequences and the-&NB

factor[196], as well adVlycobacterium tuberculosgecreted immunogenic protein MPT64
[258].
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Fig. 30. The Nyquist plot obtained for the biosensor before andiatenaction of
immobilizeddsDNA oligonucleotide bioreceptor with Lf using (A) EIS methodhe
faradaic model and (B) SPRicubation conditions: fixed concentration ofiL6 0 mig A L
timeT 2 minutes Results of own resear¢®57].

8.5. Quantitative analysis of lactoferrin concentration in laboratory samples

A concentratiordependent analysis of EIS spectra was conducted using a specific 72 bp
DNA and a 23 bp strand to compare results in terms of metrological parameterstialibr
curves were presented in FRLA-B to show the relationship between the normaliRed
calculated for the faradaic process for 2 mM [Fe@@Ny for both DNA oligonucleotides

and Lf concentration. The normalized resistaRgavas established alsd ratio ofRsf value
obtained for biosenssbefore and after binding witlhe analyte at various concentrations.

Both characteristics exhibited linearity with correlation coeffici€its 0.99, although the

linear Lf concentration ranges differed. For the longer 72 bp sequence, the linear range was
from 2.5 nM (LOQ) up to 625 nM, while for the shorter DNA strand, it was shifted towards
hi gher concentration f r olns ilhgSant mohhotg thaOtke) up
sensitivity, expressed as the slope of the calibration curve, was higher for the dedicated 72
bp sequence. Similarly, the repeatability was higher for 72 bp oligonucleotide compared to

23 bp DNA, with higher SD bars foreHatter.The limits of detection clearly demonstrate
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the advantage of using a dedicated sequence over a shorter one. For the 72 bp DNA, the limit
of detection was 1.25 nM (with LOQ of 2.5 nM), whereas for the 23 bp DNA, it was 60 nM
(with LOQ of 125 nM)i almost 50 times higher. The calibration was conducted using the
SPR method along with a specific 72 bp DNA oligonucleotide immobilized via a linear
linker, which provided reference data for optical lalbeé Lf detection. Fig31C shows the

SPR calibratn curve for Lf, where the SPR biosensor response was nonlinear within the
range of Lf concentration, similar to that of the impedimetric biosensor. Linearization can
be obtained using the logarithmic scale of Lf concentration, indicating that the possible
accuracy of measurements in the case of the SPR biosensors is lower than that of the 72 bp
DNA-based impedimetric biosensor. Notably, the data utilized for concentration analysis
was the relative (blankubtracted) normalized signal after the full asdami#dissociation

cycle. The correlation coefficient for the SPR biosensor is the same as that for
electrochemical detection (0.9¥lthough the SD bars for respective concentration values
were higher, the repeatability of SPR measurements was lesactatigf The best
repeatability was observed in impedimetric measurements using the developed biosensor
with a 72 bp DNA oligonucleotide bioreceptor, as indicated by the lower SD bars for the
respective concentration values. Moreover, the calculated LOBHBrwas established to

be 0.75 nM, which is comparable to the LOD obtained for the corresponding impedimetric
results of the same bioreceptor. It's important to note that the LOD andvie@@stimated
according to the standard method using the form@&si3«'Sand BDyand'S, respectively,

where SDyiank is the standard deviation of n replicates of blank (result obtained for the
background buffer solution), arfslis the biosensor sensitivity (slope of linear regression
curve).The advantages of using BN\as a biorecognition element over Lf immunosensors
proposed in the literature are evident from the data provided with the use of the proposed
impedimetric DNAbased biosensors. The metrological parameters, particularly LOD, are
more favorable for DNAbasel systemg$169,170,173,174,256For instance, the LOD for

an SPR immunosensor working in batch mode is 280 nM,afolSPR immunosensor
working in flow mode is 50 nMandfor anamperometric immunosensor is 25 nM, whereas

the proposed DNAased impedimetric biosensor hds@D of just 1.25 nM.
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Fig. 31 Calibration curves obtained for Lf laboratory samples using (A) EIS method with
23 bp DNAmodified biosensors, (B) EIS methadth 72 bp DNAmModified biosensors,
(C) SPR method with 72 bp DN/ odified biosensors. The calibration characteristics
were obtained for n O 3werefpérformédioptestadaite t r i c
process. All SPR measuremewtsrecarried out usig HBSPE pH 7.4 as
running/washing buffer and 10 mM HCI asegeneration mediunikesults of own
research257].
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The proposed methddr detecting Lf in this studig labetfree, direct, and simple, providing
ample opportunities for future improvements, including miniaturization. Aptéassd
electrochemical biosensors reported in the literature exhibited similar or inferior
metrological parameters compared to firesented system. For example, a fluorescent
aptasensor demonstrated 3 ri¥66,157,179] whereas this work achieved 1.25 nM.
Furthermore, lie fluorescent aptasensor method is more expensive anatdimsaming
since it requires development and isolation from combinatorial libraries using the SELEX

protocol, supported by sequencing methods

8.6. Estimation of biosensor shelife

The sheHlife of the biosensors that were developed was evaluated through weekly
measurements under carefully adjusted conditions for fixed Lf concentrBtiemesults of

theanalysis are depicted in Fig2.
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Fig. 32 The concentration of Livasdetermined using the impedimetric biosensors on
selected days of t he gsapd2%)ox IThecantentnatorgfe
Lf in the control sample dff was maintained & 5 mtgRedults of own resear®57].

4AcC
were determined based on the caliiora curve, considering the MW of Lf (80 kDalhe

The biosensors were stored at
lowest estimation of Lf concentration was obtained on the seventh day of measurement
(lower by ca. 34% with respect to the first day), and then it rose to the initial \fdee.

stability of the biosensomsas found to be relatively good. However, the repeatability was
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observed to fluctuate, with the lowest on the first day and the highest after 3 week¥®f stor
evaluate the shelife of the developed biosensors, weekly measurements were carried out
undercarefully adjusted conditions for fixed Lf concentration. The biosensors were stored
at 4AC between measurements, and the value
the calibration curve, taking into account the MW of Lf (80 kDiayvas observethat the
stability of the biosensors was relatively good. However, the repeatability was found to
fluctuate, with the lowest on the first day and the highest after 3 weeks of storage. This could
be attributed to the fact that the biosensors were stordeddtively low temperature and
exposed to varying environmental conditions. Overall, the results suggest that the developed
biosensors have good stability and can be reliably used for detecting Lf concentrations.
However, it is recommended tepeat ths experimento obtaina moreaccurateestimation

of sheltlife.

9. Determination of lactoferrin in human saliva samples

Developed DNAased impedimetric biosensor vs. reference methods

Theimpedimetrichiosensors were utilized for examining human saliva using three different
approaches: DN#ased biosensing through EIS and SPR, as well asVigVv
immunosensing employing a commercially available ELISA kit. The impedimetric
measurements in human saliva dtioned on the same principle as the Lf laboratory
samples, as illustrated in Fi§3A. In the case of EIS measurements, no dilution of saliva
was necessary, thereby minimizing the sample preparation step. Conversely, during the SPR
experiments, the dataas fitted with the calibration curve after a 1:10 dilution, while the
ELISA test required multiple repetitions to establish a sufficient 1:25,000 dilution for the
collected saliva samples. The SPR sensorgrams recorded for detecting Lf in real samples are
exemplified in Fig.33B.
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Fig. 33. (A) Nyquist plotsfor impedimetric measurements of human saliva samples, and
(B) exemplary SPR sensorgrams obtained for human saliva sahnpbpeslimetric
measurementsere performed for thiaradaic process. SPR measuentsverecarried
out using HBSPE pH 7.4 asirunning/washing buffer and 10 mM HCI asegeneration
medium Results of own resear¢®57].
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In the previous section, the calibration curves for both impedimetric and SPR biosensors

were presented. These curves were then used for processing the results obtained from real

samplemeasurements. The calibration curve for the ELISA method can be found 84.Fig
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Fig. 34. Calibration curve obtained for ELISA kit, measurements performed according to

the supplieros

protocol ,

endpoi nt

The sensitivity of this method wa the picomolar level, however, withraarrow linear

concentration range from 1.95 to 62.5 pM of Lf. Compared to impedimetric-Daga&d

biosensor and SPR reference measurements with-pAspecific receptor, LOD obtained

for ELISA was 10.4 pM, which isvo orders of magnitude lower, althougther biosensors

provided asignificantly wider concentration range of lactoferfiable 13 summarizes the

results of Lf determination in saliva samples, along with the relative errors for each sample.

The relativeerror values were expressed as a percentage and calculated by finding the

difference in mean Lf concentrations determined by the reference measurements

(spectrophotometric ELISA tests and SPR) and by the impedimetric biosensors (EIS),

divided by the meawalue of the concentration determined by the reference measurements.

The final results accounted for the declared dilutions of saliva samples. The ELISA tests had

the lowest SD values, however, the impedimetric DiIN&Sed biosensors achieved

satisfactory rpeatability, comparable to the one provided by ELISA. On the other hand, the

SPR measurements had significantly poorer repeatability, plausibly due to the saliva sample
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properties such as increasescosity and density, which can significantly affébe
analytical performance of tl&PR method.

Table 13. Results of Lf determination in human saliva samples obtained with the use of
developed impedimetric DNAased biosensors, SPR readout, and ELISA kit. Each sample
was aliquotedand the mean and SDluas were calculated for experimental data of at least
3 repetitions. The provided s values were calculated taking into account the dilutions used.

Relative Relative

error error
Saliva EIS* ELISA* SPR*** (ELISA-  (SPR-

EIS)/ EIS)/
samples ELISA SPR

mean SD mean SD mean SD (%)
Cur A 1°QV)

Samplel 605.96 16.32 565.52 5.34 649.47 248.92 -7.2 6.7
Sample 2 326.44 123.48 291.88 12.31 268.55 47.78 -11.8 -21.6
Sample3 236.05 22.81 192.33 3.90 236.80 54.69 -22.7 -0.3

* not diluted, ** diluted 25k times*** diluted 10 times

The results presented in Table 13 rewealgnificant,almost a Zold difference between
Sample 1 and others. As shown before, the elevated levels of Lf can be associated with an
existing inflammatory state within the organism. Sample 1 was dohgtadolunteer who
suffers fr «mhnldiseSse,ivithwsgktibe related to the higher salivary Lf
concentration. However, it is still at thhysiological submicromolar leveln terms of
comparing the concentration of Lf in the test samples using different methods, it is important
to note that there mayebslight variations in the values obtained for specific samples.
However, overall results remain consistent, which is indicated by the relative errors. Based
on this information, it can be concluded that the measurements obtained using the
impedimetric bigsensors tend to overestimate the concentration of Lf when compared to both
reference measurements (ELISA and SPARhough the salivary lactoferriooncentration

can vary on a daily basis depending on factors such as age, physical activity, and medication
intake,the developed biosensmare highly accurate and providevide range of analysis

that covers the physiologicalicromolar level of lactoferrin found in healthy human saliva
[14,237] which is a significant advantage in terms of its potential uskiftirer clinical or

research purposes.
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10. Other investigated lactoferrin receptors

10.1. Antibodies

Linear immobilization of antibodies

Polyclonal antibodies specific to human lactoferrin were immobilized on the surface of a
gold sensor using earboxylaminecoupling method. This resulted in the formation of a
biorecognition selassembled monolayer. To prevent any unconjugated surfagesgirom
interfering, they were blocked using a 1 M ethanolarii@? solution at pH 8.5. The loading
density was determined to be 2.1Z&gi2, using the conver?®g on f
1 The protein was dissolved in 10 mM acetate buffer of pH 4dbttenstock of pAb was
diluted 100 times. The immobilization process involved the use of a linear linker, as

illustrated in Fig35.
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Fig. 35. Immobilization of 1:100 pAb in 10 mM acetic buffer at pH 4 Be relative
response was interpreted as a difference betweesigih@ before pAb injection and after
surface blocking with 1 M ethanolamuiCl pH 8.5.

An immunosensor was utilized to determine the concentration of lactoferrin in the range of
0.0125t02 . 5 OM. Lactoferrin is a protein tha
structural changes in acidic environments, leading to a reduced ability to interact with
antibodies. To avoid the negative effects of protein conformation on lacted@tiivody
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interaction a neaphysiological pH buffer was chosen for accurate quantitative

measurements.
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Fig. 36. (A) following sensorgrams with corrected baseline obtained for lactoferrin

concentration in the r arE®BbuffaratpHhd, @) 0125
calibration curve for lactoferrin obtained using immunosensing layer with loading density
of 2.12ngmm?2 pAb. Measurements (1 3) wereperformed in HBSEP buffer at pH 7.4.

Prior to use, the immunosensor was stabilized for an hour in 10 mMBfBiffer at pH
7.4 to reduce the matrix effect that can negatively affect reproducibility and sensitivity.

During SPR quantitative measurements, the association/dissociation phase was fixed for 2.5
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minutes each. Following each lactoferrin injection, the imosensor was regenerated with

5% (v/v) acetic acid solution, 10 mM HCI, 0.05% SDS, and 10 mM HCI to ensure proper
analyte removal without losing ligand (antibodies) activity. The linear range for lactoferrin
calibration was 12.5 to 250 nM, and the lineanrelation coefficienR2 was 0.97 (Fig36A-

B). The response obtained was characterized by relatively good repeatability, as evident in
standard deviation bars. The sensitivity of the immunosensor was calculated as a slope of

the calibration curve and was determined to be @l n M
Immobilizationof antibodies with the use of hyperbranched linkers

PAMAM dendrimers of two different generations, 2G and 4G, were used to modify MUA
functionalized gold SPR chips with the help of EDC/NHS ctoge®rs. The dendrimers

were used separately as a 1% (vbipgon in supporting buffer or in 2% (v/v) mixture.

Fig. 37. Immobilization of 1:100 pAb in 10 mM HBEP buffer at pH 7.4. Relative
response interpreted similarly as described previously.

It is important to note that each type of dendrimer efasacterized by a specific number of
peripheral functional groupsNH), where 4G has double the number of functionalities as
compared to 2G. An exemplary pAb immobilization procedure using a PAMAM 2G and 4G
mixture is presented in Fi@.7. Due to the hgerbranched linker providing a multitude of
functional groups, the ligand loading density obtained using both generations of PAMAM

was higher than in the case of the linear linker. The relative response obtained in the
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