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Label-free methods of lactoferrin determination using new selective DNA-based 

bioreceptor 

Abstract 

Lactoferrin (Lf) is an endogenous multipotent glycoprotein of immunomodulatory nature. 

Lf is considered an essential element of host defense because it can respond to physiological 

changes. Its structural features provide functionalities such as maintaining Fe3+ homeostasis, 

antimicrobial activity against various bacteria and viruses, and anti-inflammatory and 

anticancer effects. It also plays a protective and repairing role over the human genome. It is 

able to bind to DNA and, under certain conditions, acts as a deoxyribonuclease (DNase), 

activating transcription and regulating the cell cycle. Yet, there is insufficient experimental 

confirmation in the literature on the mechanisms of such interaction, while the possibility of 

utilizing the DNA as the putative lactoferrin bioreceptor has not been challenged. Therefore, 

this doctoral dissertation is devoted to developing a new DNA-type bioreceptor for selective 

detection of lactoferrin in real samples by utilizing label-free, bioreceptor non-destructive 

techniques such as surface 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 quantify lactoferrin in human saliva.  

In the first part of the doctoral thesis, the results of developing an innovative DNA 

oligonucleotide-based bioreceptor with a high affinity and selectivity for lactoferrin using 

the surface plasmon resonance method were presented and discussed. The aim was to 

investigate the affinity of various designed oligonucleotides for the target protein. Further 

investigations were carried out on the 5ô[TAGAGGATCAAAAAA] 4TAGAGGATCAAA3ô 

hybridized sequence, which was 72 base pairs long and had the highest affinity for 

lactoferrin. The detailed analysis of the interaction between lactoferrin and the selected DNA 

sequence provided rate and equilibrium constants. The kinetic analysis revealed ono-to-one 

binding with kinetic constants ka = (2.49 Ñ 0.03)Ā104 M-1Ās-1 and kd = (1.89 Ñ 0.02)Ā103 sī1 ï 

association and dissociation rate constants, respectively, and KA = (0.13 Ñ 0.05)Ā108 M-1 and 

KD = (7.61 Ñ 0.18)Ā10-8 M ï association and dissociation equilibrium constants, respectively. 

The thermodynamic studies were conducted in the 291.15 ï 305.15 K temperature range to 

determine the ȹHo, ȹSo, and ȹGo for van't Hoff characteristic. The complex formation was 

found to be endothermic and entropically driven, and the interaction was of a hydrophobic 
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nature. The selectivity of the chosen DNA sequence towards lactoferrin was confirmed with 

interferents' response constituting less than 3% of the reference lactoferrin signal. 

The dsDNA oligonucleotide of unique sequence H2N-(CH2)6-5ô[TAGAGGATCAAA-

AAA ]4TAGAGGATCAAA3ô was utilized as a biorecognition element for developing a 

lactoferrin impedimetric biosensor. The spatial orientation of the bioreceptor layer was 

established by immobilizing the oligonucleotide via the H2N- group at the 5ô end. The 

developed biosensor was characterized by impedance spectroscopy using both faradaic and 

non-faradaic models, and the analysis of experimental data allowed the proposal of the 

Randles-based electrical equivalent circuit. The equivalent circuit charge transfer resistance 

parameter R3f  of the faradaic model was revealed to be quantitatively dependent on the 

lactoferrin concentration. The biosensor characteristic is a dependence between the ratio of 

resistance R3f  before/after bioreceptor-analyte 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 of 2.5 nM. The subsequent study established the application of this 

biosensor for quantitative lactoferrin detection in human saliva samples. The results were 

consistent with the surface plasmon resonance, utilizing the same DNA-type bioreceptor and 

with colorimetric immunoassay. The proposed impedimetric DNA-based biosensor for 

lactoferrin addresses the growing need for rapid, simple, and effective analytical methods 

for detecting immunomodulators with potential applications in clinical diagnosis. 

The work fits into the paradigm of biomedical engineering by proposing a new approach to 

developing the DNA-based bioreceptor and next utilizing it to establish a label-free sensitive 

impedimetric biosensor for clinically important analyte lactoferrin. The research provided a 

new bioreceptor design and development methodology by selecting surface plasmon 

resonance as a leading technique for real-time binding analyses. The SPR results were 

analyzed in depth, resulting in the identification of a DNA oligonucleotide as the primary 

and specific lactoferrin bioreceptor, confirmed by a selectivity study with interferents as well 

as for determination of lactoferrin in biological fluids, such as saliva. Moreover, a short 

overview of the results showed the advantage of the developed DNA-based recognition 

element over antibody-based and biomimetic ones. The research implementation provides a 

new approach to the design of specific bioreceptors for label-free sensing. It can be used to 
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further work on biorecognition layer development for clinically significant large molecules, 

especially proteins. 

Keywords: DNA oligonucleotide type bioreceptor, affinity label-free biosensing, 

lactoferrin, impedimetric biosensor, surface plasmon resonance; 

  



10 

 

Bezznacznikowe metody oznaczania laktoferyny z wykorzystaniem nowego 

selektywnego bioreceptora opartego na DNA 

Streszczenie  

Laktoferyna jest wielofunkcyjnym biağkiem endogennym o wğaŜciwoŜciach 

immunomodulujŃcych. Jest uwaŨana za kluczowy element system obronnego ze wzglňdu na 

zdolnoŜĺ do odpowiadania na zmiany fizjologiczne w organizmie gospodarza. Jej cechy 

strukturalne warunkujŃ wğaŜciwoŜci takie jak utrzymywanie homeostazy jon·w Fe3+, 

aktywnoŜĺ antymikrobiologiczna przeciwko r·Ũnorodnym bakteriom i wirusom, oraz efekty 

przeciwzapalny i antynowotworowy. Laktoferyna odgrywa r·wnieŨ rolň ochronnŃ 

i naprawczŃ w stosunku do ludzkiego genomu. Biağko to jest zdolne do wiŃzania siň z DNA 

i w okreŜlonych warunkach dziağania jak deoksyrybonukleaza (DNaza), aktywujŃc 

transkrypcjň i regulujŃc cykl kom·rkowy. Mimo to, w literaturze nie ma wystarczajŃco 

wyczerpujŃcych danych eksperymentalnych opisujŃcych mechanizm tejŨe interakcji, 

natomiast moŨliwoŜĺ wykorzystania DNA jako potencjalnego bioreceptora laktoferyny nie 

zostağa dotychczas podjňta w badaniach naukowych. Niniejsza rozprawa doktorska 

poŜwiňcona jest opracowaniu nowego bioreceptora typu DNA do selektywnego oznaczania 

laktoferyny w pr·bkach rzeczywistych za pomocŃ bezznacznikowych, nieniszczŃcych dla 

bioreceptora technik, takich jak powierzchniowy rezonans plazmon·w i elektrochemiczna 

spektroskopia impedancyjna. Praca skğada siň z dw·ch gğ·wnych czňŜci: okreŜlenia 

sekwencji DNA o najwyŨszym powinowactwie do biağka docelowego oraz wykorzystania 

jej do opracowania nowego bioczujnika impedancyjnego do iloŜciowych oznaczeŒ 

laktoferyny w pr·bkach Ŝliny ludzkiej.  

W pierwszej czňŜci pracy doktorskiej, zaprezentowano i om·wiono wyniki badaŒ 

wykorzystujŃcych metodň powierzchniowego rezonansu plazmon·w do opracowania 

nowego bioreceptora typu DNA wykazujŃcego wysokie powinowactwo i selektywnoŜĺ 

wzglňdem laktoferyny. Celem byğo zbadanie powinowactwa r·Ũnych typ·w 

oligonukleotyd·w do biağka docelowego. Dalsze badania prowadzono z uŨyciem 

zhybrydyzowanej sekwencji 5ô[TAGAGGATCAAA-AAA] 4TAGAGGATCAAA3ô 

o dğugoŜci 72 par zasad azotowych, kt·ra wykazywağa najwiňksze powinowactwo 

do laktoferyny. Szczeg·ğowa analiza interakcji laktoferyny z wybranŃ sekwencjŃ DNA 

dostarczyğa informacji dotyczŃcych stağych szybkoŜci i stağych r·wnowagi interakcji. 

Analiza kinetyki oddziağywania pozwoliğa na ustalenie stechiometrii oddziağywania 
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wskazujŃc na typ jeden-do-jednego z wartoŜciami stağych kinetycznych, w tym odpowiednio 

stağych szybkoŜci asocjacji i dysocjacji ka = (2.49 Ñ 0.03)Ā104 M-1Ās-1 i kd = (1.89 Ñ 0.02)Ā103 

sī1, oraz stağych r·wnowagi asocjacji i dysocjacji ï KA (0.13 Ñ 0.05)Ā108 M-1 i KD = (7.61 Ñ 

0.18)Ā10-8 M. W zakresie temperatur od 291,15 do 305,15 K przeprowadzono badania 

termodynamiczne w celu wyznaczenia ȹHo, ȹSo, and ȹGo do charakterystyki vanôt Hoffa. 

Ustalono, Ũe tworzenie kompleksu laktoferyna-DNA ma charakter endotermiczny, 

napňdzany zamianŃ entropi, natomiast interakcja ma naturň hydrofobowŃ. SelektywnoŜĺ 

wybranej sekwencji DNA wzglňdem laktoferyny zostağa potwierdzona wobec interferent·w, 

dla kt·rych odpowiedŦ stanowiğa mniej niŨ 3% referencyjnego sygnağu pochodzŃcego 

od laktoferyny. 

Oligonukleotyd dsDNA o unikalnej sekwencji H2N-(CH2)6-5ô[TAGAGGATCAAA-

AAA] 4TAGAGGATCAAA3ô zostağ uŨyty jako bioreceptor do opracowania 

impedancyjnego bioczujnika laktoferyny. Orientacjň przestrzennŃ warstwy bioreceptorowej 

uzyskano unieruchamiajŃc oligonukleotyd za pomocŃ grupy H2N- na koŒcu 5ô. Opracowany 

bioczujnik zostağ scharakteryzowany metodŃ spekroskopii impedancyjnej z uŨyciem modelu 

faradajowskiego i niefaradajowskiego, zaŜ analiza danych eksperymentalnych umoŨliwiğa 

zaproponowanie elektrycznego modelu zastňpczego opartego na modelu Randlesa. WartoŜĺ 

elementu zastňpczego opisujŃcego rezystancjň transferu elektron·w R3f modelu 

faradajowskiego okazağa siň byĺ zaleŨnŃ od stňŨenia laktoferyny. Charakterystykň 

bioczujnika okreŜlono jako zaleŨnoŜĺ miňdzy stosunkiem rezystancji R3f  przed/po interakcji 

bioreceptor-analit i stňŨeniem analitu. Opracowany bioczujnik impedancyjny wykazağ 

liniowŃ odpowiedŦ dla pr·bek laboratoryjnych w zakresie stňŨeŒ laktoferyny do 625 nM, 

z granicŃ wykrywalnoŜci 1,25 nM i granicŃ oznaczalnoŜci 2,5 nM, przy czuğoŜci dla zakresu 

liniowego na poziomie . W kolejnych badaniach zastosowano opracowany bioczujnik 

do iloŜciowego oznaczania laktoferyny w pr·bkach Ŝliny ludzkiej. Wyniki badaŒ byğy 

zgodne z wynikami uzyskanymi metodŃ powierzchniowego rezonansu plazmon·w 

z wykorzystaniem tego samego receptora typu DNA oraz kolorymetrycznego testu 

immunologicznego. Zaproponowany impedancyjny bioczujnik laktoferyny z opracowanym 

bioreceptorem typu DNA odpowiada na narastajŃce zapotrzebowanie na szybkie, proste 

i skuteczne metody analityczne do wykrywania immunomodulator·w o potencjalnym 

zastosowaniu w diagnostyce klinicznej. 



12 

 

Praca wpisuje siň w paradygmat inŨynierii biomedycznej poprzez zaproponowanie 

nowatorskiej metody opracowania bioreceptora opartego na DNA, a nastňpnie jego 

wykorzystania do wytworzenia czuğego, bezznacznikowego impedancyjnego bioczujnika 

laktoferyny, kt·ra jest analitem o znaczeniu klinicznym. Badania dostarczyğy nowej 

metodyki projektowania i opracowywania bioreceptor·w z wykorzystaniem 

powierzchniowego rezonansu plazmon·w jako gğ·wnej techniki pozwalajŃcej na analizň 

oddziağywaŒ miňdzyczŃsteczkowych w czasie rzeczywistym. Szeroko om·wiono 

ograniczenia i zalety badaŒ metodŃ SPR, wynikiem kt·rych byğ wyb·r jednego 

oligonukleotydu DNA o okreŜlonej sekwencji, jako najbardziej obiecujŃcego 

i specyficznego bioreceptora laktoferyny, co potwierdzono w badaniu selektywnoŜci 

z udziağem interferent·w. Ponadto por·wnanie wynik·w wğasnych wykazağo przewagň 

opracowanego elementu bioreceptorowego opartego na DNA nad elementami opartymi 

na przeciwciağach i biomimetycznymi. Realizacja badaŒ zapewnia nowe podejŜcie 

do projektowania specyficznych bioreceptor·w dla potrzeb metod bezznacznikowych 

i moŨe zostaĺ wykorzystana w dalszych pracach nad rozwojem warstw bioczujnikowych 

dla duŨych czŃsteczek istotnych klinicznie, w szczeg·lnoŜci biağek. 

 

Sğowa kluczowe: bioreceptor typu oligonukleotyd DNA, bezznacznikowe oznaczanie 

oparte na powinowactwie molekularnym, laktoferyna, bioczujnik impedancyjny, 

powierzchniowy 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 adaptive immune 

responses. Lactoferrin has been found to modulate immune cell activation, migration, and 

growth, either upregulating or downregulating them as required. Numerous studies have 

highlighted lactoferrin's immunomodulatory effects, which are evident in lactoferrin-

knockout, lactoferrin-overexpressing transgenic models, and dietary lactoferrin. Although 

the mechanisms behind these properties are not fully understood, recent in vitro studies have 

proposed various theories. Lactoferrin has been shown to target negatively charged 

molecules, such as pro-inflammatory microbial molecules and host components, including 

DNA, proteoglycan, glycosaminoglycan chains, and surface cell receptors. By signaling 

through these receptors, lactoferrin influences immune cells and cytokine-balance-

controlling cell activity, which is considered a primary way lactoferrin affects the complex 

immune machinery. Numerous reports show lactoferrinôs clinical significance in 

inflammatory diseases, especially those of autoimmune background, such as LeŜniowski-

Crohnôs disease [1ï3], as well as neurodegenerative diseases, for instance, Alzheimerôs 

disease [4ï6]. Understanding lactoferrin's multiple ways of influencing the immune 

machinery and the known and potential mechanisms that may explain its properties is an 

emerging research topic. Lactoferrin, similarly to other proteins in clinical diagnostics, if at 

all, is mainly determined with immunoassays ï commercial enzyme-linked immunosorbent 

assay (ELISA) kits that require qualified staff and advanced instrumentation. Despite the 

high sensitivity and selectivity of antibody-based assays, they display some major 

drawbacks: the necessity of labeling, invalidity under excess concentrations of analyte, 

depuration from the bound label, or variability between batches. Except for antibodies, other 

proteins such as nucleolin ï a multifunctional protein localized primarily in the nucleolus, 

also found in the nucleoplasm, cytoplasm, and cell membrane, lipopolysaccharide, or CD14 

ï a pathogen recognition receptor present in two forms cell membrane protein (mCD14) and 

soluble (sCD14) were already reported to interact with Lf, however, none of these 

interactions are selective enough to serve as bioreceptors. For the above reasons, Lf is not 

yet included in routine testing despite being considered a marker of at least two life-

threatening diseases. The potential solution to the lack of lactoferrin routine diagnostics in 

real samples is the 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 instance, deoxyribonucleic 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 been explored, hence becoming the 

topic of interest. Recent progress in the development of nucleic acids synthesis has brought 

fast, simple, and affordable methods that allows to introduce them in many fields, including 

biosensing, in a much broader manner than ever before. Large analytes, such as proteins of 

molecular weight (MW) above several kDa, are often challenging to be specifically 

determined due to the negative effects of their size on the spatial and conformal conditions 

of biorecognition layer-target molecule setup. The steric hindrance is a challenge that 

efficiently limits the utility of bulky receptors like antibodies, while recently trending 

nanobodies ï single-domain antibody (sdAb), are still in their infancy and expensive. On the 

contrary, DNA structures offer alterable sequences and sizes, and in the case of aptamers ï 

shape, they are easier to immobilize and label compared to antibodies. Still, in order to obtain 

a highly specific and sensitive DNA-based biorecognition element, it is crucial to understand 

the supramolecular interactions between the DNA receptor and target molecule. Label-free, 

real-time method of surface plasmon resonance offers the possibility of studying kinetics 

and thermodynamic aspects of intermolecular complex formation at the supramolecular 

level. It is extremely useful in designing and developing new bioreceptors, with the 

advantage of resembling the biosensing approach by immobilizing one of the interacting 

molecules (receptor or target). In contrast, structural studies via nucleic magnetic resonance 

spectroscopy are performed in a liquid state, where both receptor and target are not 

immobilized. Another label-free technique is electrochemical impedance spectroscopy. As 

non-destructive, it is a method of choice for verification of interaction, as well as for 

quantitative analysis. When combined with electrochemical impedance spectroscopy, 

surface plasmon resonance allows for insightful analysis of strength, dynamics, and binding 

forces that drive receptor-target complex formation. As such, it gives the opportunity to 

develop fast, efficient, and affordable methods for receiving specific new bioreceptors that 

can be further introduced in biosensing applications. 



19 

 

Purpose and theses 

The subject of the doctoral dissertation is the development of a DNA-based bioreceptor 

selective to endogenous immunomodulator lactoferrin and its utilization in the biosensing of 

this protein in human saliva. The presence of lactoferrin in saliva is associated with host 

defense against oral pathogens and control of the oral microbiome. The research conducted 

in the frame of this work covers the following research problems and issues: 

o the influence of DNA sequence (oligonucleotides differ in sequence, size, single-

stranded or double-stranded), as well as immobilization conditions having an impact 

on spatial orientation and interaction ï resulted in the establishing of 

biofunctionalization procedure of gold surface plasmon resonance sensors with the 

use of various DNA oligonucleotides and identification of the DNA sequence with 

the highest affinity (highest output signal) towards lactoferrin,  

o the influence of analyte concentration and temperature on the interaction 

between DNA of the selected sequence ï Lf  bioreceptor, and lactoferrin ï 

target molecule using surface plasmon resonance ï resulted in obtaining 

affinity, kinetic, and thermodynamic constants, 

o the influence of modification conditions such as linker-to-blocker concentration ratio 

on the immobilization level and the effect of measurement conditions such as 

utilization of redox probe, frequency range, and applied potential on the 

impedimetric response to receptor-analyte interaction ï resulted in transferring the 

modification method to impedimetric technique and establishing metrological 

parameters of the developed DNA-based biosensor, 

o the application potential of the developed impedimetric biosensor in measurements 

of lactoferrin levels in human saliva ï resulted in obtaining experimental data 

consistent with reference methods, confirming the usefulness of the constructed 

biosensor. 

The research aimed to develop a new bioreceptor selective towards lactoferrin by adapting 

a feasible and straightforward approach to designing the specific DNA probe based on 

sequences reported in the literature that interact with lactoferrin. The utilization of surface 

plasmon resonance allowed to perform the affinity screening of various proposed DNA 

oligonucleotides that differed in sequence (content and order of nucleobases in the strand), 
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length, and form ï hybridized and unhybridized (double- and single-stranded), which led to 

establishing the DNA oligonucleotide of highest affinity to the target protein. Next, the 

steady-state and dynamic analyses (kinetic and thermodynamic) were carried out in order to 

obtain detailed information on the interaction mechanism and driving forces and calculate 

equilibrium and rate constants to eventually evaluate if the selected DNA meets the criteria 

for affinity-based bioreceptor (affinity constant > 10-6 M refers to specific interaction). The 

identified bioreceptor was, at this stage, employed to the impedimetric biosensor, and the 

metrological parameters were assessed 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 its utility was evaluated by comparing the results with two 

reference methods. 

Within the discussed subject, the theses were proposed: 

T1. The DNA molecule of the defined sequence exhibits a high affinity towards endogenous 

immunomodulator lactoferrin and can serve as a selective bioreceptor for label-free 

biosensors. 

T2. Affinity screening using surface plasmon resonance enables the identification of the 

designed DNA oligonucleotide that selectively interacts with a target protein. 

T3. Impedimetric detection of lactoferrin with the identified bioreceptor enables the 

assessment of analyte concentration in biological samples under physiological pH 

conditions. 
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Scope 

Developing new biosensing layers based on DNA to detect large protein targets is 

challenging due to the complex nature of such interactions. This research aimed to develop 

a selective and stable new bioreceptor for lactoferrin. Since Lf, as an endogenous 

immunomodulator, is capable of interacting with DNA, the investigation has focused on a 

DNA-type bioreceptor. 

The research tackles the following aspects: (i) proposition of new methodology based on 

SPR supported affinity screening for development of selective lactoferrin DNA-type 

bioreceptor simple approach, finalized with identification of particular DNA sequence 

selective towards target protein, (ii) a description of interaction of selected bioreceptor with 

lactoferrin using label-free method of surface plasmon resonance, including kinetic and 

thermodynamic aspects of complex formation, (iii) estimation of rate and equilibrium 

constants as well as thermodynamic constants by fitting mathematic models of interaction 

(kinetic and thermodynamic) to experimental data, (iv) establishing methodology of 

transferring the surface modification procedure using DNA-type bioreceptor from surface 

plasmon resonance to electrochemical technique, (v) development of impedimetric label-

free biosensor equipped with DNA-based biorecognition layer and determination of its 

metrological parameters, and (vi) implementation of developed impedimetric biosensor to 

lactoferrin measurements in human saliva samples. 

The doctoral thesis scope consists of three major parts. The first ï the literature 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 recent trends 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 DNA-type. Chapter 3 presents detailed information on lactoferrin 

determination methods with the division according to the readout type. The section is 

finished with the motivation for the undertaken research, in which the drawbacks of existing 

methods and challenges related to developing novel lactoferrin bioreceptor are pointed out.  

The second part of the dissertation focuses on details of the experimental work. It starts 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 course of the research, 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 quantification onto hydrogel-based sensors, transfer of the 

modification method toward impedimetric-type sensors with linearly linked bioreceptor, 

verification of the surface modifications, supporting electrochemical measurements, leading 

impedimetric measurements methodology 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 were examined 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 between lactoferrin and the developed DNA bioreceptor are 

arranged in six subsections. The immobilization and interaction results under various 

experimental conditions are followed by the affinity analysis. Then, the results of dynamic 

analyses, kinetic and thermodynamic, are shown, as well as the selectivity of the developed 

bioreceptor vs. interferents. Lastly, the quantitative analysis with the surface plasmon 

resonance onto hydrogel-based sensors is demonstrated. The results devoted to the transfer 

of the modification 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 biosensor 

shelf-life. 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. The research outcome is discussed in chapter 

11, in which the results 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 conclusions, including prospects 

for the research. 

The primary outcome of the research discussed and summarized in this dissertation is 

presented in two publications. The first article, ñDNA-based molecular recognition system 

for lactoferrin biosensingò, Int. J. Biol. Macromol. 253 (2023) 126747 refers to the 

development of a selective DNA-type bioreceptor for lactoferrin and a description of the 

interaction mechanism, whereas the second work entitled ñLabel-free impedimetric 

biosensor based on a novel DNA-type receptor for selective determination of lactoferrin in 
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human salivaò, Sens. Actuators B Chem. 405 (2024) 135377 is focused on designing and 

developing a label-free impedimetric DNA-based biosensor for lactoferrin and application 

to measurements in real samples. 
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Literature review 

1. Lactoferrin and its significance 

Lactoferrin is a non-heme glycoprotein belonging to the transferrin group, meaning it is 

capable of binding iron ions. Contrary to transferrin, which transports iron within the 

organism, lactoferrin is rather sequestrating iron from the environment, with an extremely 

high binding constant of around 1022 M [7,8]. It was first isolated from cowôs milk in 1939, 

whereas in 1960, independent laboratories confirmed that Lf is the main iron-binding protein 

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

meaning it can recognize the immune status and take appropriate action by either up or 

down-regulating the immune response through various mechanisms [9,10]. The most 

important functions of Lf within an organism include antibacterial, antiviral, antioxidant, 

anticancer, and anti-inflammatory activities [11]. Lf concentration increases locally at the 

infection site, being secreted from secondary granules (neutrophils). Hence, it is considered 

a marker of activity for inflammatory diseases of immune background: LeŜniowski-Crohnôs 

disease and inflammatory bowel disease [12,13]. Lf is present in almost any body fluid, 

including plasma, urine, or saliva; however, it is most abundant in milk, especially 

colostrum. Recent research on neurodegenerative diseases, including Alzheimerôs disease, 

indicated salivary lactoferrin as a possible marker of early cognitive decline [5,6] and 

correlated its level with cortical amyloid-beta load, cortical integrity, and memory in aging 

[14,15]. Hence, lactoferrin is considered a salivary biomarker used to diagnose AlzheimerËs 

disease [16]. The antimicrobial activity of Lf was proven in oral infections by Streptococcus 

mutans [17]. The clinical significance of this protein arises since the newest research focuses 

on its utility as a tool in the fight against SARS-CoV-2 [18,19]. Despite its increasing 

relevance, lactoferrin is not included in diagnostic routines since there is a lack of detection 

methods that are cheap, feasible, and sensitive enough to gain the attention of clinicians. To 

introduce details of lactoferrin, the structural characteristics and biological properties will 

be discussed in the following subsections, with particular emphasis on its role in the host 

defense system ï Lf as guardian of the human genome [20]. 

1.1. Characteristics and biological properties 

Lactoferrin is a bulky glycoprotein with MW approximately 80 kDa and 703 amino acid 

residues. The Lf spatial structure presents two spherical lobes: the N lobe containing 1-333 

amino acid residues, the C lobe with 345-691 amino acid residues, and a helical-shaped 
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bridge with residues from 334 to 344 that connects the lobes. Each lobe of Lf has a MW of 

approximately 40 kDa. The homologous lobes show approximately 37% similarity (125 

identical residues in the corresponding protein sections). Each lobe has two parts, the so-

called Ŭ and ɓ domains, called N1, N2 and C1, respectively, C2. Overall, Lf has two lobes 

and four domains [7,9]. Each lobe has one cavity where iron is bonded. The structure and 

Fe3+ binding sites are presented in Fig. 1. The affinity of lactoferrin for iron is approximately 

two times greater than that of transferrin, which may be partly due to cooperative interactions 

between the two lobes of lactoferrin ï lobes stabilize each other under physiological 

conditions, while under an acidic environment, the helix bridge unfolds. Then, the structure 

relaxes, losing the complexed iron ions. The complexation constant of iron ions is very high 

(K~1022 M) [7]. Due to the presence of two iron-binding sites, there are three known 

metallated forms for all Lfs, which differ in their iron-loading: apo- (without iron), a 

monoferric form (one iron per protein), and a diferric or saturated holo- form (two irons per 

protein) [21]. Typically, two forms of lactoferrin can be found in vivo: free ï apolactoferrin 

and iron-saturated ï hololactoferrin. The third form of lactoferrin constitutes a small 

percentage of total Lfs. Apo- and holo-lactoferrin differ in their tertiary structure [7]. During 

binding with Fe3+ ions, the structure of the protein changes significantly (movement of the 

domains around the iron molecule and interactions between the lobes) ï the process of 

closure around the iron molecule with the simultaneous attachment of two bicarbonate 

anions. Fe3+ in binding sites of each lobe is bound by four amino acid residues (2 Tyr, 1 Asp, 

1 His), and it is strong but reversible binding. As mentioned before, iron release occurs due 

to lower pH (probable role of bicarbonate ions). Occupied binding sites provide three 

negative charges to balance the tri-positive iron ions, while the N-terminal helix, together 

with the arginine (Arg) side chain, having a positive charge, balances the negatively charged 

bicarbonate anions. The process of binding and releasing iron occurs due to the flexibility of 

the unbound form (apoLf) and the corresponding stiffness of the bound form (holoLf) [21]. 

Lf can also bind other trivalent ions, e.g. Ga3+, Al3+, Co3+, Mn3+, divalent ions, e.g. Cu2+, 

Zn2+, V2+ and trivalent lanthanides An3+, Ln3+ [22]. The binding of ions other than iron 

probably results from the participation of Lf in their metabolism within the organism. Lf has 

a strong cationic character, with an isoelectric point (pI) equal to 8.7, which results in a high 

affinity for binding to receptors of various types of cells and anions. However, the 

distribution of positive charge on the Lf surface is highly uneven with 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 the N lobe in the vicinity of the binding helix. Due to the concentration 

of positive charge at the N-terminus and the adjacent C-terminus (residues 27-30), this area 

has been proposed as a binding site for DNA, heparin, lipopolysaccharides (LPS), and 

glycosaminoglycans (most likely species-specific) [23,24]. 

 

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

10.2210/pdb1B0L/pdb.  

1.2. Clinical significance of lactoferrin 

Lactoferrin is secreted by secretory epithelial cells, included in the exocrine (pancreatic 

secretory) system, and stored in secondary and tertiary granules of neutrophils [25]. It occurs 

in all human body fluids: milk, blood, saliva, tears, semen, mucous secretions of the 

respiratory tract, secretions from the gastrointestinal tract, cerebrospinal fluid, neutrophils, 

neutrophils, feces, and others, produced in its final and free form, without precursors. The 

concentration of lactoferrin in healthy humans in plasma is the lowest at around 1 ÕgĀmL-1, 

5 ÕgĀmL-1 in cerebrospinal fluid, 0.07 mgĀmL-1 in saliva, up to 5 mgĀmL-1 in milk [26]. This 

protein is resistant to the action of proteolytic enzymes, such as trypsin and its derivatives 

[9]. Release of lactoferrin follows the degranulation, which occurs under the influence of 

interleukin 8 (IL-8) ï chemoattracting cytokine activating neutrophils in inflammatory 

regions, and the binding of some surface immunoglobulins ï therefore, the concentration of 

lactoferrin in the plasma increases in inflammatory conditions, iron overdose, and infectious 
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diseases [27]. Lactoferrin is a protein known for its antibacterial and bacteriostatic properties 

[27,28]. It works by depriving bacteria of the iron they need to grow. At the same time, iron 

ions are essential for producing hydroxyl radicals, which participate in oxidative stress, 

indicating the antioxidant role of Lf protein. Lactoferrin also has anti-inflammatory 

properties, as it is involved in the mitogen-activated protein (MAP) kinase pathway and the 

nuclear factor kappa B (NF-əB) pathway. This protein can directly suppress the production 

of inflammatory cytokines by inhibiting the binding of NF-əB to cytokine growth promoters. 

Lactoferrin is a protein produced in excess during inflammation of the respiratory system's 

mucous membranes [29,30]. Elevated levels of lactoferrin are observed in non-infectious 

inflammatory conditions such as neurodegenerative diseases [31,32], colitis [33], and 

allergies [34]. In sepsis, the Lf levels can increase from 0.4-2.0 ÕgĀmL-1 to 200 ÕgĀmL-1 in 

the blood [35,36]. Lactoferrin can inhibit the production of several cytokines, including 

tumor necrosis factor-alpha (TNF-Ŭ) and interleukin 1ɓ (IL-1ɓ), which are key mediators of 

the inflammatory response [37]. Additionally, lactoferrin can bind and sequester both 

bacterial LPS and soluble CD14 glycoprotein, which is a cytokine whose production is 

induced by LPS [38ï40]. This action prevents further development of the inflammatory 

pathway promoted by CD14 (part of the innate immune system) and contributes to the 

protein's anti-inflammatory activity. Regulatory function over immune system under 

inflammation results from Lf ability to interact with many cells, including most leukocytes. 

Lf has a pleiotropic immunomodulatory effect on immune cells: lymphocytes, macrophages, 

and Langerhans cells [41,42]. It influences the proliferation and differentiation of immune 

system cells ï lymphocytes B and T and promotes preferential maturation of CD4-CD8 T 

cells into the CD4+ helper line. Lactoferrin can suppress or induce the process of 

myelopoiesis (bone marrow production), most likely due to modifying the production of a 

factor stimulating the production of interleukin-1ɓ and granulocyto-macrophages. The 

antiviral effect of Lf was reported toward viruses such as Hepatitis C virus (HCV), Herpes 

Simplex Virus-1 (HSV-1), Zika virus, Chikungunya virus, Human Immunodeficiency Virus 

(HIV)-1, and Human Coronaviruses (HCoVs) [30,43ï45]. Lf can bind to dendritic cells, 

which also affects bone cells, such as osteoblasts. Another interesting function of Lf is its 

enzymatic activity ï in milk, Lf is the protein with the highest activity of amylase, DNase, 

RNase, and ATPase [46ï48]. It is believed that the anticancer activity of Lf results from its 

ability to induce the secretion of interleukin 18 (IL-18) in the gastrointestinal tract, 

subsequent systemic activation of natural killer (NK) and lymphokine-activated killer (LAK ) 
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cells, and increased numbers of CD8 T lymphocytes (CD8 ï antigen present on the surface 

of T lymphocytes) [42]. Lf  is considered a marker of intestinal inflammation [49,50], able 

to bind with intestinal epithelial cells through intelectin-1 protein [3,12], and therapeutic 

response in LeŜniowski-Crohn's disease [33,51ï53], both of autoimmune origin. 

Furthermore, it has been proposed as a marker of inflammatory neurodegenerative diseases, 

e.g. Alzheimer's disease and dry eye disease. Lf has a protective function of the body against 

skin and pulmonary allergies [34,54] ï 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 migration of cells presenting antibodies caused by the activity of pro-

inflammatory factors (IL -1ɓ and TNF-Ŭ). Lf can bind polymorphic protein - apolipoprotein 

E-low density lipoprotein receptor (ApoE/LDL, also known as LDL cholesterol), i.e., LRP-

1 (LDL Receptor Related Protein) ï functions as a signaling receptor on the surface of 

osteoblasts, fibroblasts and hepatocytes [55]. Recently, lactoferrin gained extensive attention 

due to its putative role in blocking SARS-CoV-2 attachment through binding with the spike 

protein of the virus [19,56]. It has been discovered that lactoferrin (Lf) can directly bind to 

DNA and acts as DNase under certain conditions [57,58]. This activates transcription and 

regulates the cell cycle [20]. Such findings have been further supported by studies that show 

that the DNA-Lf complex has protective and repairing roles in different types of cells, such 

as during inflammation or wound healing [59,60]. 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 double-stranded (ds) DNA over single-stranded (ss) 

DNA [62]. They also observed that the interaction with holo-Lf was slightly stronger than 

with apo-Lf, which differs in tertiary structure. 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 studies [63,64]. The amino acids Phe-Gln-Trp-Gln-Arg are part of the Ŭ-

helix outer region of the N-terminus of lactoferrin, which is well exposed and plausibly 

accessible for DNA structure. 
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Fig. 2. The lactoferrin region consists of 5 amino acid Phe-Gln-Trp-Gln-Arg sequence 

(FQWQR) contributing to direct interaction with DNA (PDB DOI: 10.2210/pdb1B0L/pdb) 

[65]. 

2. Molecular recognition in (bio)sensors 

The term molecular recognition refers to the specific interaction resulting in non-covalent 

binding between two or more molecules and is usually described by supramolecular 

chemistry tools. This interaction may include hydrogen bonding, electrostatic forces, 

hydrophobic forces, van der Waals forces, metal coordination, ˊ-ˊ stacking interactions, and 

appear between host and guest as a result of their molecular complementarity [66]. 

Molecular recognition may be divided into biological and artificial systems ï due to an 

understanding of the interactions that occur at the supramolecular level in living organisms, 

it is possible to create synthetic systems mimicking nature. From the perspective of 

(bio)sensing application, there are two major approaches for biorecognition: catalytic 

enzyme-based and affinity-based (Fig. 3). The latter involves biorecognition based on 

immune system mechanisms (antibodies) or nucleic acids [67]. Antibodies are typically used 

to recognize antigens ï large analyte molecules such as proteins and their fragments, 

peptides, polysaccharides, lipids, etc. [68]. In the case of enzymes, the recognition of 

substrate molecules is determined by the protein structure surrounding the active site. 

Enzymatic layers play a catalytic role in the substrate reaction and are used to indirectly 

detect target analyte (substrate), usually small molecules. A separate broad group of 

recognition elements in (bio)sensing applications is called biomimetic sensing, in which the 
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Fig. 3. Schematic representation of major molecular recognition systems, affinity-based 

and catalytic. 

biorecognition role is realized by a specifically designed molecular cavity capable of 

capturing the target molecule. Briefly, biomimetic sensing is based on the mutual affinity of 

molecular target and synthetic receptor, which mimics the behavior of biological system 

[69]. The biologically active molecules that may display bioreceptor properties (affinity-

based approach) are nucleic acids [70], which include DNA and RNA molecules of various 

sequences and lengths, among others aptamers [71], which are synthetic, typically single-

stranded DNA or RNA tertiary structures of alterable sequence, size, and shape. They are 

obtained through combinatorial procedures in vitro. Unlike enzymes and antibodies, nucleic 

acid molecules with a characteristic sequence can be used as a recognition element for both 

small targets, such as mercury ions [72ï74] or low-molecular-weight drugs [75ï79], and 

large molecules exceeding tens of kDa, such as proteins [80ï82]. On the other hand, 

enzymatic sensors are attractive due to their versatility in possible catalytic reaction 

products, such as ions, electrons, heat, or light, allowing various detection methods to be 

applied. In the case of affinity-based biosensors, the receptor-target molecule bonds are weak 

physical bonds, covalent bonds are not encountered, and the product of the interaction is 

complex. The type of interaction between receptor and target analyte is crucial to the 

sensitivity and selectivity of DNA-based biosensors [83]. As such, the development process 

of a bioreceptor for biosensing purposes must consider two aspects of ligand-analyte 

binding: the mechanism of interaction and the resulting specificity. 
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2.1.Surface plasmon resonance for the development of new (bio)receptors 

One technique for studying receptor-target molecule interaction, enabling real-time 

monitoring of complex formation, is surface plasmon resonance (SPR). The surface plasmon 

phenomenon occurs when a polarized light beam excites a dielectric/metallic layer interface 

under total internal reflection conditions (Fig. 4).  

 

Fig. 4. The principle of SPR under total internal reflection, incident light photons are 

absorbed in the metal surface, and their field energy is transferred to electrons (free 

electrons constellations on the metal surface), which convert into surface plasmons. 

An electromagnetic surface wave, which is a collective oscillation of the free electron gas 

density on the surface of noble metals, known as a surface plasmon, can couple to the 

evanescent field at the metal/liquid interface [84]. This coupling takes place at a specific 

angle of incidence, where the intensity of the reflected light reaches the minimum and is 

called the surface plasmon resonance angle. The plasmons resonate at the same light 

frequency, leading to light absorption at that angle. As a result, a dark line is created in the 

reflected beam, which contains a lot of information. The minima shift reflects changes in the 

refractive index due 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 bio-receptors are fixed to the metal layer surface [85]. 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. The SPR 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 depth is determined by the wavelength of the incident 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 events beyond 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 protein-DNA complex, 

researchers usually use Nuclear Magnetic Resonance (NMR) spectroscopy. This technique 

helps collect structural restraints for further structural calculations [86ï88]. However, it is 

important to note that NMR studies are performed in a liquid state. Other techniques used in 

DNA-protein interaction studies include Chromatin Immuno Precipitation (ChIP), DNA 

footprinting (investigating the sequence specificity of DNA-binding proteins in vitro), 

electrophoretic mobility shift assay (EMSA), and systematic evolution of ligands by 

exponential enrichment (SELEX) procedure, which are reviewed by Ferraz et al. [83]. 

Regarding binding kinetics and affinities, it was concluded that the filter binding assay and 

EMSA are useful and easy methods. However, advanced optical methods such as surface 

plasmon resonance and spectroscopy techniques are more sensitive. As all the techniques as 

mentioned earlier have 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 formation. The SPR method is highly sensitive and allows for 

kinetic and thermodynamic analyses to be performed under immobilized ligand conditions, 

reflecting the sensor's surface conditions. This makes it a valuable tool for future sensor 

technology applications, particularly label-free methods [89ï91]. The use of the SPR method 

is proposed for the study, as it allows for direct, real-time, and label-free measurements, as 

well as kinetic and thermodynamic analyses. This provides a basis for identifying the target 

recognition molecule and developing specific biorecognition layers, with ligand 

immobilized on the sensorôs surface [89,92]. In SPR, the binding of the ligand with the target 

molecule (analyte) and any other molecules ï both selective and non-specific interactions 

can be directly observed [93,94]. Thus, it was successfully used to develop various 

biosensing and biomimetic surfaces [95] or to discover new biomarkers [96]. 
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2.2. Characteristics and comparison of recognition elements in (bio)sensing 

It is essential to understand the advantages and disadvantages of each type of biorecognition 

element to develop new biosensors for diagnostics successfully. This chapter will compare 

the characteristics of different kinds of molecular recognition systems in the context of 

biosensing applications. These recognition systems can be divided into several groups based 

on the type of recognition element responsible for selectively capturing the analyte from the 

sample. One of the groups frequently used in clinical diagnostics is immunosensors. 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 

immunoreaction is what allows for the selective detection of molecules, as it has high 

binding constants (usually greater than 10-6 M) [97]. Clinical diagnostics often employ 

immunoassays like the enzyme-linked immunosorbent assay (ELISA), which requires 

specialized equipment and trained personnel and therefore consumes time and resources. In 

comparison, point-of-care (POC) devices like immunosensors are more convenient. A 

simple in-use, low-cost, and rapid technology for POC-type portable immunodetection 

devices is lateral flow assays (LFAs) [98]. The very first POC system was a 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 means [99]. Enzymatic biosensors have 

the advantage of various products of enzymatic reactions, including protons, electrons, light, 

heat, and color products, allowing for a wide range of detection techniques [100]. However, 

these biosensors might be limited by sensitivity drop due to fouling that reduces the signal 

and the presence of interferents, such as reactive oxygen species and radicals, in the sample 

matrix. Unlike other biosensors, preventing non-specific interactions is more challenging 

when using 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 inhibition and loss of receptor activity. 

Therefore, the development of biosensors is focused on providing the most optimal 

conditions to maintain enzymatic activity. Nucleic acids (NAs) such as DNA and RNA are 

often used as biorecognition molecules, particularly as probes to detect complementary 

strands through the hybridization process. DNA's unique structure enables interactions with 

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

anticancer drugs), toxins, dyes, etc. [101]. The main advantage of DNA probes is 
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demonstrated by their ability to amplify the target sequence through polymerase chain 

reaction (PCR) and to enhance the signal generated by the biosensor. In recent years, there 

have been numerous works on the usage of DNA walkers ï a class of NA nanomachines in 

which the NA walker moves along the nucleic acid track ï in the biosensing field (Fig. 5). 

Advanced platforms using DNA walkers have been employed to detect e.g. antibiotics, 

enzymes and bacteria [102], nonetheless, significantly increasing cost and complexity of 

biosensor, almost disqualifying their applicatory potential in commercial testing. Aptamers 

are synthetic structures of single-stranded DNA or RNA or peptide, which undergo changes 

in sequence, 3D structure, and folding pattern changes upon binding with a target molecule. 

Typically, they are designed and produced through a process called SELEX, which involves 

in vitro combinatorial selection supported by different techniques such as sequencing [103].  

 

Fig. 5. Schematic illustration of the interparticle motional DNA walker triggered by the 

target. Based on Zhang et al. [104]. 

The undoubted advantage of aptamers is the freedom of design, including size, shape, and 

sequence, giving the possibility to develop specific receptors for any target. In practice, the 

tertiary structure of aptamers strongly depends on solution conditions, hence losing their 

properties in most real samples, e.g., blood. Compared to immunoreaction, the affinity of 

aptamer-target interaction is similar or even higher; while having a much smaller recognition 

element, it is easier to avoid steric hindrance during biosensor development. Steric hindrance 

is a phenomenon occurring due to steric effects such as steric bulk. It results in limiting the 
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interaction pace within or between molecules. While it can be used to the advantage of 

selectivity by limiting the unwanted side reactions, typically, it affects the intermolecular 

interactions negatively, especially by decreasing the activity of ligands that are immobilized. 

In biosensing applications, such lowered ligand activity leads to a dramatic drop in 

sensitivity.  

Another synthetic receptor for protein detection is a biomimetic cavity produced in the 

process of molecular imprinting in polymer (MIP) [105]. It differs significantly from other 

systems as it overcomes issues like poor chemical and thermal stability, rapid wear of the 

biorecognition layer, and low reproducibility in biosensors with biological recognition 

elements. Various types of polymers, including naturally occurring matrices, conductive 

polymers, etc., were employed for manufacturing biomimetic layers, which mimic the 

behavior of biological receptors. Imprinting can be accomplished with two primary 

strategies: bulk imprinting, which involves using the whole target as a template molecule, 

and epitope imprinting, primarily 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 feasible. It poses a significant 

challenge for molecularly imprinted polymers, namely achieving selectivity. The size, shape, 

and surface functional groups determine the final molecular compatibility of biomimetic 

cavities toward specific molecules. Other types of molecular recognition systems in 

biosensing applications concern supramolecular complexes of host-guest, such as 

ionophore-ion, in which non-covalent interactions through weak forces are fully reversible 

under precise conditions [106]. The following subsections will demonstrate the main 

features of the aforementioned biorecognition elements of the affinity-based approach in 

biosensing. 

2.2.1. Immunosensors 

Antibodies (Abs) are glycoproteins involved in a defense mechanism of the immune system. 

Abs can be divided into five subclasses (IgG, IgM, IgA, IgD, IgE), depending on their heavy 

chain constant region sequences. However, the basic structure is a large 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 antigen-binding fragment (Fab). The different 

Abs classes are depicted schematically in Fig. 6. These types of proteins react to foreign 

substances called antigens (Ag) through the binding site of their Fab region [107]. Ag-Ab 
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binding occurs through non-covalent interactions, forming the Ag-Ab complex that exhibits 

high selectivity and sensitivity. Immunoassays are analytical tools developed using Ag-Ab 

complexes. The principle of immunoassays relies on detecting a specific macromolecule, 

known as an antigen, using an antibody of high affinity toward the target. Notably, there are 

two types of antibodies: monoclonal, in which one particular Ab is able to interact with one 

target molecule, and polyclonal, which can capture multiple target molecules per one Ab. 

Interestingly, the development of the recombination method allowed the production of 

functional Ab fragments in a variety of systems, including mammalian, insect, yeast, and 

plant, which contributed greatly to their widespread use in biosensors [108]. 

 

Fig. 6. Types of antibodies and their different characteristics, including structure, MW, 

abundance in serum, and 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 10-12-10-9 molĀL-1. Since Ab-Ag complexes do not exhibit any specific 

optical features nor are electrochemically active, labeling is a must to be able to generate a 

signal adequate for the used transducer in biosensor applications [109]. Hence, labels such 

as enzymes, radioisotopes, chemiluminescent probes, fluorophores, redox probes, etc., are 

used, depending on the transducer technology. The enzyme-linked immunosorbent assay 
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(ELISA) is one of the most widely used types of tests in biomedical research, both scientific 

and diagnostic, which uses the labeling of antibodies with an enzyme in order to obtain an 

analytical signal proportional to the concentration of a target molecule (Fig. 7).  

 

Fig. 7. Variants of ELISA and the basic principle of ELISA operation: indirect detection 

using the colored product of enzymatic reaction, where the enzyme serves as a label. 

Such necessity of labeling is the main drawback of immunoassays, making it complicated 

and time-consuming to obtain the analytical signal from seemingly simple setup. On the 

other hand, it opens up vast possibilities for signal amplifications with nanomaterials such 

as metal nanoparticles, carbon-derived nanostructures (tubes, rods, etc.), or quantum dots 

[97]. Immunoassays, in general, are characterized by high specificity, reproducibility, and 

sensitivity; however, they most frequently require a multistep preparation protocol. 

Therefore, they are frequently utilized in clinical diagnostics in the form of rather costly kits 

combined with sophisticated analytical instrumentation, and their potential for ñin-homeò 

use or as POC tools is limited. Moreover, the method of Ab immobilization is crucial for the 

performance of immunosensor and maintaining bioreceptor activity ï if negatively affected 

by inappropriate bioreceptor spatial orientation and density, it results in a drop in sensitivity 

[110]. Hence, overcoming steric hindrance, which occurs when the binding site of an 

antibody cannot form a complex with an antigen, is one of the challenges in designing and 

developing immunosensors.  
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2.2.2. DNA-based sensors and aptasensors 

Deoxyribonucleic acid (DNA) is a naturally occurring structure composed of smaller units 

called nucleotides [111]. Each nucleotide contains a nitrogen base, deoxyribose, and 

phosphoric acid residues. The nitrogen bases consist of purines (adenine ï A, guanine ï G) 

and pyrimidines (thymine ï T, and cytosine ï C) that pair up to form complementary base 

pairs: A-T and G-C. Physiologically, DNA exists as a double-stranded helix (dsDNA) that 

is typically curved clockwise and referred to as B-DNA. The structure is held together by 

hydrogen bonds, van der 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 electrostatic 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 molecules, including 

groove binding, electrostatic attraction, and intercalation [101,112]. The DNA-based 

affinity-type molecular recognition system relies exactly on DNA's ability to specifically 

interact with other molecules ï mechanisms presented in Fig. 8. For instance, the early 

anticancer drugs were based on their capability to bind to the double helix in major or minor 

grooves or slide between base pairs (intercalation). Regarding controlling immobilization, 

which is a critical aspect of biosensor performance development, DNA oligonucleotides are 

easier to immobilize than antibodies due to their smaller size and linear-like shape [113]. 

Moreover, the structure of DNA allows for more straightforward modification of functional 

groups without affecting biological activity. Additionally, the manufacturing cost is 

significantly reduced with the rapid advancement of DNA synthesis technology in recent 

years. Except for the simple structure of DNA as a biorecognition element, much more 

sophisticated DNA-derived bioreceptors are in use for biosensing. Deoxyribozymes, known 

as DNAzymes, are short DNA strands that can catalyze specific biochemical reactions. They 

have a modular structure with a central catalytic core and two substrate-binding arms [103]. 

DNAzymes with specific catalytic activity can be obtained 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 synthesis, 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 

nanomaterials to develop multiplex bioassays.  

 

Fig. 8. Mechanisms of molecular interactions with DNA ï covalent binding, groove 

binding, intercalation, and electrostatic forces. 

G-quadruplex (G4) is a three-dimensional secondary structure formed by guanine-rich 

strands of nucleic acids through intermolecular or intramolecular Hoogsteen hydrogen bonds 

[74,114]. It is another DNA-derived molecule that demonstrates high stability and ease of 

chemical modification, making it useful as a functional nucleic acid. The G4 structure 

resembles quadrilateral hollow tubes with periodic pockets and has a central carbonyl-lined 

channel that can accommodate alkali metal ions. The presence of potassium ions further 

stabilizes the structure of the G-quadruplex. This makes G4 widely used as a molecular 

recognition unit in biosensors for metal ions. G4 can also interact with various substances, 

such as porphyrins and organic dyes, via ˊḯ  stacking. Combining organic dyes with G4 

enhances the structural rigidity and planarity of the organic molecules, resulting in enhanced 

fluorescence of organic dyes. Moreover, the complexes effectively stabilize the G-

quadruplex structure. Thus, G4 can be used as fluorescent probes to construct DNA 

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 three-dimensional. These movements are based on strand displacement 

cascade or nuclease-mediated DNA hydrolysis mechanism, which can go continuously and 

automatically, resulting in considerable signal amplification. The development of 
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nanomachines, specifically DNA walkers, has received extensive attention since the Nobel 

Prize in chemistry was awarded in 2016 for achievements related to nanomachines [116ï

118], also described in [119,120]. 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 DNA-type bioreceptors concerning 

chemical diversity. Nonetheless, nucleic acids can be easily produced and regenerated 

compared to other biorecognition elements. They provide exceptionally high selectivity due 

to sequence-based identification and sensitivity, making them highly useful in biosensing 

applications. Aptamers refer to synthetically produced single-stranded DNA (or RNA) 

oligonucleotides. These tertiary structures are created through an in vitro combinatorial 

process called SELEX [121,122]. Although there are multiple modifications of the SELEX 

protocol, the traditional approach involves repetitive cycles of 5 to 15 steps, which include 

incubation of a random pool of oligonucleotide sequences with the target molecule (library 

usually up to 1015 oligonucleotides), binding of the target molecule to some oligonucleotide, 

partitioning of bound and unbound sequences, and amplification of target-bound 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 the target molecule, such as complementary 

sequence, protein, peptide, drug, etc. Therefore, selected aptamers are characterized by 

binding affinity, secondary structure, and free energy. Compared with the traditional 

bioprobes like the Abs, aptamers could better adapt to extremely high temperatures, pH 

values, and high ionic concentrations [71,123]. The most used strategy to detect a biotarget 

with aptamer is to functionalize it with a reporting molecule (ferrocene, methylene blue) and 

an immobilization molecule (alkane thiol, alkane amino, streptavidin, and hydrazoate) at the 

5ǋ end and 3ǋ end of the strand. The change of aptamer construction could be read out by 

detecting the electrochemical change on the electrode surface. An aptamer can also be 

decorated with conjugated polymers, which have been widely applied as the reporting tags 

in fluorescent and colorimetric biosensors because of their excellent optoelectrical 

properties. For DNA aptamer biosensors, the dynamic range and sensitivity, which the 

Langmuir isothermal adsorption model limits, are not flexible enough to suit the different 

ranges of detection concentration required. Some strategies, such as mixing different 

aptamers, can extend the concentration range; however, it often causes a drop in sensitivity. 

Compared with Abs or biomimetic sensors, aptamers' tertiary 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 blood [124]. 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 more stable than antibodies and have a longer shelf life. Also, their synthesis 

is less laborious nowadays than it is for Abs. Nevertheless, compared to classical DNA 

structures, the SELEX protocol needs to be employed to synthesize aptamers, which still 

results in a multistep process of aptamers fabrication. The schematic representation of 

discussed NA-type molecules is shown in Fig. 9.  

 

Fig. 9. Illustration of NA-type structures used in biosensing applications: DNA, aptamers, 

G-quadruplexes, DNAzyme.  

2.2.3. Biomimetic sensors 

Biomimetic sensors are equipped 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 recognition 

capabilities in shape, size, and functional groups. Biomimetic layers are relatively 
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inexpensive, easy to produce, reusable, and have good long-term stability. 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 several imprinting strategies, 

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, therefore, suitable for large analytes (>1 kDa). Various methods, like grafting 

or microcontact imprinting, can create biomimetic binding sites depending on the desired 

transducing technique. The synthesis process follows the key-lock principle in three steps: 

(1) self-assembly of template molecule and functional monomer; (2) photopolymerization 

or thermal polymerization with cross-linkers and initiators, forming a network structure with 

a high degree of cross-linking and a particular three-dimensional space; and (3) separation 

of the template molecule from the polymer, leaving matching three-dimensional cavities on 

the substrate's surface [127]. Molecular imprinting is schematically shown in Fig. 10. The 

process of imprinting is classically performed at the planar support, however, molecularly 

imprinted nanoparticles (nanoMIPs) are another, more recent approach [128,129]. The 

imprinted polymer contains stereo cavities with specific recognition functions. These 

cavities can be combined with templates from complex samples to achieve detection and 

separation. The process is straightforward, fast, and easy to manage. MIP-based biomimetic 

sensors were used to detect antibiotic and pesticide residues, toxins, food additives, 

environmental pollutants, and heavy metal ions. MIPs 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, and template leakage, which can 

cause issues. Moreover, no specific method exists for imprinting a particular class of 

molecules. Therefore, the synthesis process and choice of functional monomers must be 

determined experimentally, which can be laborious and resource-intensive [130]. 

Researchers mainly rely on incorporating nanostructures in biosensing layers to enhance 

MIP sensitivity. It is also necessary to investigate 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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Fig. 10. Schematic view of the synthesis procedure of the molecularly imprinted polymer. 

2.2.4. Others 

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 layers are commonly 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 fragment, such as a peptide, to serve as a biorecognition 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 makes their immobilization more 

reproducible than proteins. As mentioned earlier, immobilization is a critical factor affecting 

biosensors' effectiveness. Peptide structures that are artificially synthesized are known as 

peptide aptamers, and they can be used as recognition elements in biosensors, inhibitors, 

biological therapeutic agents, and so on. Organic and inorganic compounds are sometimes 

used as protein recognition elements through their interaction capability [133,134]. 

However, such solutions are rarely selective since metal-binding protein lactoferrin can 

capture di- and trivalent ions other than Fe3+, e.g. Cu2+ or Mn3+. Proteins can be detected 

through whole cells because many proteins interact with other protein-type receptors present 

on the cell membrane surface [135]. However, incorporating complex biological structures 

to design and develop biosensors is difficult and unprofitable compared to more 
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straightforward solutions. Therefore, in protein biosensing applications, using a peptide 

aptamer designed based on a cellular surface protein is easier. On the other hand, whole-cell 

biosensors are typically used to observe the effects of the analyte on living cells rather than 

provide detailed information about the analyte. They reveal details about the functional 

consequences of the analyte interacting with the cell or measure the total bioavailability 

towards the analyte. 

3. Methods of lactoferrin detection ï review 

Lactoferrin is a protein that is present in body fluids and plays a vital 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 lactoferrin 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 aptamer-type biosensing 

approach has been frequently implemented. 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 essential 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 proteins, such as lactoferrin. These methods vary in their 

principles, complexity, instrumentation, time consumption, sample preparation 

requirements, the need for additional labels, and eventually costs. Among common methods 

used for lactoferrin detection are instrumental techniques. These techniques 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. Additionally, preparing such an analysis is time-consuming, requires qualified 

staff, and involves costly instruments. Instrumental methods are mainly used for samples 

and products in the food industry, where lactoferrin is present in raw materials such as milk 

or supplements. Commercially available kits for Lf detection are mostly enzyme-linked 

immunosorbent assays (ELISAs) using two antibody types. A 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 spectrofluorimetry or UV-Vis 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. However, the accuracy of the analysis depends on 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 utilized for the Lf quantification. Fluorescence-based sensors are a cost-effective 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 light-sensitive nature. Furthermore, the 

process of labeling with a fluorescent dye is challenging and requires multiple steps, making 

sensor preparation a laborious procedure. Optical methods, such as SPR, are highly accurate 

and sensitive for analyzing numerous targets simultaneously in a multi-component matrix. 

However, the main drawback is the relatively high cost of instrumentation and the limitations 

associated with size-dependent analysis. In contrast to other sensor types, electrochemical 

sensors are more affordable, easy to 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 analytes or the 

use of electrochemically active labels. The exception is electrochemical impedance 

spectroscopy, which allows analysis for electrochemically neutral targets, similar to the case 

of SPR. Notably, both methods are label-free, meaning that indirect detection labels such as 

enzymes or dyes are not required. The major methods utilized for Lf detection are 

summarized in Fig. 11, concerning the generated signal. The upcoming sections will 

introduce and compare various methods for detecting lactoferrin based on the detection 

principle and the type of biorecognition layer used. These methods will be evaluated based 

on their metrological parameters, advantages, and limitations, considering the sample type 

and the target protein's physiological level. The review will include papers published since 

2013 onwards, with a few exceptions of older reports. Finally, the chapter will be 

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

generated analytical signals.  

3.1. Instrumental methods 

Instrumental methods rely on the physiochemical properties of substances, such as mass-to-

charge ratio in mass spectroscopy or retention time in chromatographic methods. In contrast 

to other analytical techniques, the advantages of instrumental analysis include the ability to 

examine small amounts of sample, the possibility to examine complex matrices either with 

or without separation, reliability, and fast analysis. Instrument methods are often the only 

choice if non-instrumental methods are not feasible. Although 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 from the usage of the apparatus but also from 

maintenance and personnel training for handling the instrument. Instrumental methods may 

not always be specific for multicomponent analyses, so they often need to be verified with 

other methods. Several reports have suggested instrumental methods such as high-

performance liquid chromatography (HPLC) [136,137], monolithic cation exchange HPLC 

[138], reversed-phase HPLC [139,140], capillary electrophoresis [141ï143], or liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) for this purpose [144ï146]. 

Lactoferrin was determined in milk with high-performance liquid chromatography (HPLC) 



47 

 

equipped with HiTrapÊ Heparin Column HP. In this method, heparin, as a negatively 

charged molecule, captures positively charged Lf from the milk sample [147]. The authors, 

however, do not provide a selectivity study, therefore, the 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 proteins like growth 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 team [149]. Ostertag et al. utilized 

reversed-phase HPLC (RP-HPLC) with a diode array detector to measure lactoferrin in dairy 

products [139]. Molecular imprinting was introduced in order to obtain specific artificial 

binding sites for lactoferrin recovery with the native 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 using an acetic acid-methanol mixture. None of 

the metrological parameters are provided except the selectivity test vs. serum bovine 

albumin. Most of the available instrumental methods for measuring lactoferrin focus on milk 

or dairy products, where the protein composition and content are already known. As a result, 

many methods lack selectivity since they do not use any affinity-based biorecognition 

molecules for Lf. Among 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 like UV-Vis 

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 

sensitivity 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 detection. Sandwich ELISA 

was proposed for the detection of human nitrated lactoferrin by Alhalvani et al., using a 

polyclonal anti-Lf capture antibody paired with a monoclonal anti-nitrotyrosine antibody 

labeled with detector tandem streptavidin-horseradish peroxidase (streptavidin-HRP) and 

TMB (3,3Ë,5,5Ë-tetramethylbenzidine) substrate [151]. Absorbance and fluorescence spectra 

were acquired in the range 200-500 nm at 2 nm resolution. The obtained LOD equal to 0.065 
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ÕgĀmL-1 was remarkably lower than for any instrumental method. The point-of-care 

lactoferrin ocular detection in tears was proposed by Shi and co-authors [133]. They utilized 

the ability of TbCl3 to interact with lactoferrin and developed a simple sensing approach 

supported by a smartphone to visualize fluorescence intensity resulting from the interaction. 

Similar approach was presented by Gao et al. [152], who utilized TbCl3 dye to detect Lf onto 

an inversed opal crystal fiber-based sensor. The recent work of Mukhametova and others 

showed lactoferrin selective nanobodies (single-domain antibodies) conjugated with a 

fluorophore, which allowed the detection of lactoferrin in a relatively narrow range of 3-10 

ÕgĀmL-1 using the fluorescence polarization method [153]. Similar approach was presented 

in other reports, where the lowest LOD value of 1.25 pM was obtained for the bivalent 

aptasensor enhanced with the use of silver nanoparticles [154,155]. Label-free fluorescent 

aptasensor was introduced by Liu and co-authors [156], showing relatively good selectivity 

toward target vs. other milk proteins. However, the signal was inhibited significantly when 

measurements were performed in the mixture of milk proteins. Eventually, the study lacks 

cross-examination with reliable reference methods. In the work of Zhang and Zhang [157], 

a fluorescence resonance energy transfer (FRET) based aptasensor was reported for Lf 

measurements in artificial saliva. This work suffered from relatively poor selectivity ï other 

salivary proteins, such as ɓ-casein, interfered with analytical response. Colorimetric tests for 

the detection of Lf in milk and dairy products were reported: ELISA [158,159], and enzyme-

linked aptamer [160]. Goicolea et al. proposed a protocol similar to ELISA, where the 

antibody was replaced with linear polymer [161], which gave a relatively low limit of 

quantification (LOQ) for the narrow concentration range of 0.1-0.25 nM. An interesting 

work was published by Kudo and colleagues [162]. A microfluidic paper-based sensor for 

lactoferrin detection was proposed based on lactoferrin's affinity to iron ions. The authors 

used a colorimetric complex of 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol with Fe3+, 

which was encapsulated in water-dispersible poly(styrene-block-vinylpyrrolidone) particles, 

that were entrapped in cellulosic fiber network. Due to the sequestration of Fe3+ from the 

complex in the presence of lactoferrin, a change of color was registered. The drawback of 

this solution is that it is only useful for iron-free forms of lactoferrin. Moreover, the 

interference of serum albumin was noted, and the study lacked measurements in real 

samples. An indirect competitive ELISA protocol was established using a monoclonal 

antibody designed with hybridoma technology, which allowed to obtain low LOD of 0.01 

ngĀmL-1 and a relatively wide linear concentration range of 9.76-625 ngĀmL-1 of bovine Lf 
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in milk [163]. Works based on immunoreaction with colorimetric detection were also 

presented by Li et al. [164], who used a silver enhancement amplification system, and Zhang 

and Echegoyen [165]. A boronate affinity amplified dynamic light scattering immunosensor 

was proposed by Zhu and co-workers, in which gold nanoparticles coated with monoclonal 

Ab were used to separate and enrich Lf from milk and output the scattering signal [166]. The 

nanoparticles with Ab-Lf conjugates were aggregated onto bovine serum albumin modified 

with polyvalent phenylboronic acid scaffolds via the interaction of boronic acid groups with 

Lf. The immunosensor was characterized by high selectivity toward Lf in the presence of 

other whey proteins. The chemiluminescence phenomenon was utilized by Xu et al. to 

develop an immunoassay for lactoferrin detection in synovial fluid [167] for the diagnosis 

of periprosthetic joint infection. The immunoassay allowed determining Lf in a wide 

concentration range from 20 to 10000 ngĀmL-1, which, according to the authors, meets the 

criteria for clinical applicability. The selectivity vs. transferrin, hemoglobin, and bilirubin 

was proven. The combination of chemiluminescence with electrochemistry was utilized in 

the work of Lu et al., who developed a ratiometric electrochemiluminescence resonance 

energy transfer platform equipped with aptamer-BODIPY dye conjugate for selective 

detection of Lf. The biosensor was applied to Lf measurements in tears toward a diagnosis 

of dry eye disease [168]. Surface plasmon resonance was frequently used for lactoferrin 

detection since, as a real-time method, it allows the control of the immobilization process 

and observes receptor-analyte association and dissociation directly. Immunosensors based 

on the SPR method for lactoferrin detection in dairy products were reported by Tomassetti 

et al. [169] and Billakanti and co-workers [170]. Jia and colleagues utilized SPR imaging to 

develop Lf -specific aptamers [92,171], however the quantitative analysis with established 

metrological parameters was not provided. Culver et al. suggested using a poly(N-

isopropylacrylamide-co-methacrylic acid) hydrogel as a recognition layer for Lf [172]. They 

highlighted its advantages, such as low cost and feasibility. Nevertheless, such non-

imprinted layers deprived of molecular cavities lacked selectivity, as hydrogel interacts with 

molecules charged oppositely to it. Considering lactoferrin detection with optical methods, 

the predominant group is immunoassays with colorimetric or fluorescence readout, as they 

provide operational simplicity, high sensitivity, and accuracy. On the other hand, the online 

SPR technique recently gained interest as it allows the observation of every step of assay 

development (immobilization, interaction) in real-time mode. The limitations of optical 

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

diminishing their use in developing clinically applicable biosensing tools.  

3.3. Electrochemical methods 

Electrochemical methods, apart from optical ones, constitute a large group of analytically 

valuable techniques, including voltammetry (differential pulse voltammetry ï DPV, cyclic 

voltammetry ï CV, square wave voltammetry ï SWV), chronoamperometry, 

conductometry, or electrochemical impedance spectroscopy (EIS). Electrochemical 

methods, in general, are embedded in the transformation of biological response resulting 

from bioreceptor and analyte interaction in measurable electrical signals. Compared to other 

methods, electrochemical ones are characterized by simplicity, 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 analysis, including post-processing. Moreover, they stand with the 

flexibility of materials used and amplification strategies, e.g., using nanostructures, since 

metal nanoparticles and carbon-based nanomaterials exhibit excellent electrical properties 

and allow to significantly enlarge the active surface area, directly improving sensitivity. 

Electrochemical detection of lactoferrin has been performed so far using an immunosensing 

approach and aptamer-based sensing. Tomassetti and co-workers compared SPR biosensing 

with classical amperometric and screen-printed electrodes [169] in milk samples. In this 

simple approach, redox indicator Prussian Blue was used to obtain electroactive species 

H2O2 and indirectly determine Lf concentration with biotin-avidinïperoxidase conjugate 

onto the screen-printed platinum working electrode. The linear range from 0.05 to 25 ÕM 

and limit of detection equal to 0.025 ÕM were established for classical amperometric setup, 

while screen-printed immunosensor allowed to obtain 0.015 ÕM of LOD and linear 

concentration range 0.03-2.5 ÕM. The study was completed with the affinity study of 

antibody-lactoferrin, indicating a slight advantage of electrochemical detection over SPR. 

This study was based on the previous one from the same group [173]. Another 

electrochemical immunosensor was proposed by Huang et al. [174], using gold metallic 

electrode and monoclonal antibodies against lactoferrin. The examination was performed 

with cyclic voltammetry and electrochemical impedance spectroscopy, showing a linear 

lactoferrin range of 0.01-1000 ngĀmL-1 and LOD of 4.9 pgĀmL-1 in milk. The immunosensor 

exhibited 4-week shelf life, however it required over 1 hr of incubation in 37 . The 
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impedimetric immunosensor was successfully implemented to measure lactoferrin to 

diagnose urinary tract infections [175]. The LOD value obtained using EIS was 145 

pgĀmL-1, and the immunosensor was cross-examined with ELISA tests, showing satisfactory 

compatibility in results and utility. The electrochemical immunoassay operating in 

microfluidic mode was developed by Zitka and co-authors [176]. The paramagnetic beads 

covered with antibody against lactoferrin allowed to separate Lf from the milk sample, and 

the stopped-flow injection analysis with electrochemical detection resulted in LOD of 0.1 

ÕgĀmL-1, compared with ELISA with spectrophotometric readout (LOD 5 ngĀmL-1). 

A calibration curve with a linear DPV current vs. Lf concentration correlation was obtained 

in the range 0.195-100 ÕgĀmL-1. Interestingly, a mixture of three different antibodies against 

Lf was used simultaneously as a biorecognition element. The same team published the 

results obtained using screen-printed carbon electrodes, where the limit of detection was 10 

ÕgĀmL-1 for the linear concentration range from 0 to 100 ÕgĀmL-1 [177]. The CV method 

was applied to the immunosensor fabricated using a gold electrode functionalized with an 

anti-Lf antibody [178]. The indirect detection was possible due to the utilization of a 

sandwich setup of primary antibody conjugated with secondary antibody labeled with 

alkaline phosphatase. The study was performed in urea samples toward a diagnosis of 

urinary tract infection (UTI). The proposed immunoassay was characterized by a LOD of 1 

ngĀmL-1 and a concentration range of 1-729 ngĀmL-1, relevant for the Lf levels associated 

with UTI. This research aimed to integrate the multi-technique electrochemical 

immunosensor with smartphones and other wearable technologies toward the POC tool. The 

issue of diagnosis of UTI potential biomarkers was undertaken by Naseri et al. [179], who 

proposed a multivalent aptamer as a selective biorecognition element. The DPV and EIS 

methods were applied to investigate the performance of the aptasensor. The screen-printed 

gold electrodes were modified with a specifically designed aptamer, which allowed for 

selective DPV measurements in the laboratory and Lf -spiked urea samples. The metrological 

parameters: linear concentration range from 10 to 1300 ngĀmL-1, and LOD of 0.9 ngĀmL-1 

were obtained in acetate buffer, and 0-200 ngĀmL-1 of linear range; 1.2 ngĀmL-1 of LOD in 

artificial urine. The selectivity of aptasensor in the presence of human serum albumin as a 

major interferent was confirmed. A non-affinity electrochemical sensor for Lf detection in 

milk was developed by Devi and co-authors [180], who proposed utilization of methylene 

blue and Lf co-immobilization iron-impurity containing multiwalled carbon nanotube 

(MWCNT) and Nafion (Nf) modified glassy carbon electrode (GCE), designated as 
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GCE/Nf-MWCNT-MB-Lf, as an in-situ bio-electrocatalytic reduction system for H2O2 in 

milk, where the reduction signal is proportional to the amount of immobilized protein. 

Hence, it indirectly allows the determination of milk Lf. The hydrogen peroxide reduction 

current against the dilution factor of milk samples had linear characteristics with two slope 

values. However, the metrological parameters such as concentration range and LOD were 

not provided, suggesting that the method is suitable at most for qualitative analysis. 

Recently, another non-affinity impedimetric sensor was developed by exploiting a mixed 

monolayer of (S)-1-(3-mercapto-2-methyl-1-oxopropyl)-L-proline/3-sulfanylpropan-1-ol 

(MOP-SP) for Lf detection [181]. The EIS measurements in faradaic setup assisted by 

[Fe(CN)6]
3-/4- redox probe allowed to determine Lf in the range of 125 nM to 3.250 ɛM and 

with LOD of 65.2 nM, while reduction of time analysis through usage of single frequency 

mode showed linear relationship of signal vs. concentration from 500 nM to 3.250 ɛM and 

limit of detection equal 375 nM. The authors applied the developed platform to colostrum 

samples and confirmed satisfactory selectivity toward analyte in the presence of other milk 

proteins. As the electrochemical methods provide remarkable sensitivity, ease of 

miniaturization, disposable and simple operation mode, fast analysis, and post-processing, 

these features indicate a great applicatory potential. Nevertheless, in the case of 

electrochemically neutral molecules such as proteins, the label-free electrochemical 

impedance spectroscopy method seems to be the most promising one as it enables the 

establishment of electrical properties at the interface as well as quantitative analysis. In the 

next subsection, the label-free methods will be indicated in the reports that have already been 

discussed, and the characteristics of label-free technology will be briefly explained. 

3.4. Label-free methods 

Analytical techniques in biosensing applications can be grouped according to different 

criteria. The ability to transduce the physical event of binding between the recognition 

element and analyte can be realized directly, excluding additional reactants ï as label-free, 

while label-based methods are indirect and require the addition of signal-generating factor 

called label, e.g., fluorophore, enzyme, quantum dots, nanoparticles, redox-active molecules, 

etc. [89,182,183]. The label can be attached to the target molecule or biorecognition unit, 

and its role is to act as a reporter and facilitate or amplify the detection. On the other hand, 

label-free detection is direct, meaning that it enables monitoring of changes that occur when 

the analyte binds to a recognition element immobilized on the biosensor surface without any 
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artificial manipulation of individual assay components. Table 1 summarizes all the 

previously described reports aimed at developing lactoferrin quantification methods, 

including division into instrumental, optical, and electrochemical methods. Among label-

free methods utilized for the detection of lactoferrin, except instrumental techniques, one 

can mention electrochemical impedance spectroscopy [174ï177,179,181], surface plasmon 

resonance [169,172,184], and dynamic light scattering ï one report [166]. Label-free 

biosensing methods offer significant benefits over label-based methods. They allow the 

bioreceptor to maintain its natural conformation and biological activity, providing more 

physiologically relevant insights into the underlying biology. This is especially beneficial 

for developing new biosensing systems as it provides quantitative information on binding 

kinetics. Additionally, label-free methods eliminate the risk of unwanted background signals 

that could arise when labels bind non-specifically 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 interest. Label-free technology is 

suitable for monitoring biomolecular interactions and more accurately represents the 

underlying biology than label-based methods [185]. Combining the advantages of real-time 

SPR analysis and the feasibility of EIS, these two label-free methods were used to develop 

a new biosensor for selective lactoferrin determination. The features of SPR have already 

been discussed 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 selective, feasible, and label-free assay for the 

quantification of biomolecules. 
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Table 1. Summary of metrological parameters and details on methods of lactoferrin 

detection. 

No. 
Type of 

(bio)receptor 

L f 

origin  
Detection method Sample 

Concentration 

range 
LOD LOQ Selectivity Label Ref. 

Instrumental  

1 heparin bovine HPLC- UV milk 
2-100 mgĀL-1 

(25-1250 nM) 

0.57 mgĀL-1 

(7.13 nM) 

1.90 

mgĀL-1 

(2.38 

nM) 

declared in 

milk 
- [147] 

2 antibody bovine 
HPLC-

fluorescence 

dairy 

products 

0.8-30 ÕgĀmL-1 

(10-375 nM) 

0.25 ÕgĀmL-1 

(3.13 nM) 
- - - [149] 

3 heparin bovine HPLC-UV 
dairy 

products 

10-1000 

ÕgĀmL-1 

(125-12500 

nM) 

0.6 mgĀ(100 

g liquid 

sample)-1 - - - [136] 

3 mg/100 g 

solid sample 

4  

ovine, 

caprine, 

bovine, 

donkey, 

human 

HPLC-UV milk 

50-1200 

ÕgĀmL-1 (625-

15000 nM) 

35.4 ÕgĀmL-1 

(443 nM) 
- - - [137] 

5 
trypsin digestion ï 

peptide assay 
bovine LC-MS/MS dairy 10-1000 nM 

0.3 mg Ā100 

g-1 
- - - [145] 

6 
trypsin digestion ï 

peptides assay 
bovine LC-MS/MS 

infant 

formula 
1-100 nM 

0.02 nM 

(0.05 mgĀ100 

g-1) 

- - - [144] 

7 

poly (2-methyl-2-

oxazoline)-random-

glycidyl 

methacrylate 

copolymer 

bovine 
Capillary 

electrophoresis-UV 

Infant 

formula 

10-500 

ÕgĀmL-1 

(125-6250 nM) 

5 ÕgĀmL-1 

(62.5 nM) 

16.7 

ÕgĀmL-1 

(209 

nM) 

- - [141] 

8 aptamer bovine 
Capillary 

electrophoresis-UV 

milk 

powder 
4-128 nM 1 nM  - - [143] 

9 
monolithic cation 

exchange column 
human HPLC milk 

1-25 ÕgĀmL-1 

(12.5-313 nM) 
- - - - [138] 

10 none human RP-HPLC DAD whey 
0.03-0.15 gĀL-1 

(375-1880 nM) 

6 mgĀL-1 

(75 nM) 

19 

mgĀL-1 

(238 

nM) 

- - [139] 

11 none camel UHPLC-MS/MS milk 10-500 nM 3.8 mgĀkg-1 
11 

mgĀkg-1 
- - [146] 

Optical 

12 antibody 

Human 

nitrated 

Lf  

UV-Vis, 

fluorescence 

laboratory 

sample 

0.18-25 

ÕgĀmL-1 (2.25-

313 nM) 

0.065 

ÕgĀmL-1 

(0.813 nM) 

- - HRP [151] 

13 
dye trivalent terbium 

TbCl3 
human fluorescence tears 

0-5 mgĀmL-1 

(0-62500 nM) 

0.57 

mgĀmL-1 

(lateral flow 

sensing) 

- not selective - [133] 

14 TbCl3 human fluorescence tears 

0.1-5 mgĀmL-1 

(1250-62500 

nM) 

- - not selective - [152] 

15 nanobody human 
Fluorescence 

polarization 
milk 

3-10 ÕgĀmL-1 

(37.5-125 nM) 

2.1 ÕgĀmL-1 

(26.3 nM) 
- - fluorophore [153] 

16 bivalent aptamer bovine 
Fluorescence 

polarization 

milk 

powder 

0.2 ngĀmL-1 ï

25 ÕgĀmL-1  

(2.5 pM ï 313 

nM) 

1.25 pM - - fluorophore [154] 

17 aptamer human 
Fluorescence 

polarization 
tears 

0.6-3.32 

mgĀmL-1 (7.5-

400 ÕM) 

1.397 

ÕgĀmL-1 

(17.5 nM) 

- - fluorophore [155] 

18 

aptamer with 

immobilized 

fluorophore 

bovine 
Fluorescence 

intensity 

milk 

powder 
20-500 nM 

3 nM (2.4 

mgĀkg-1) 
- 

selective vs. 

milk proteins 
fluorophore [156] 

19 aptamer human FRET 
artificial 

saliva 

4-16 ÕgĀmL-1 

(50-200 nM) 

2.48 ÕgĀmL-1 

(31 nM) 
- - fluorophore [157] 

20 antibody bovine ELISA UV-Vis 

milk-

derived 

products 

100-520 

ngĀmL-1  (1.25-

6.5 nM) 

62 ÕgĀL-1 

(0.775 nM) 
- 

selective vs. 

other milk 

proteins 

HRP [158] 

21 aptamer bovine colorimetric milk 25-500 nM 14.01 nM - 

selective vs. 

other milk 

proteins 

HRP [160] 

22 linear polymer human ELISA like 
artificial 

urea 

0.1 nM-0.25 

ÕgĀmL-1 (0.1-

3.13 nM) 

- 1.5 nM - HRP [161] 

23 Fe3+ bovine 
Colorimetric, 

microfluidic 

laboratory 

sample 

0-700 ÕgĀmL-1 

(0-8750 nM) 

110 ÕgĀmL-1 

(1.38 ÕM) 
- 

selectivity vs. 

ions and 

proteins 

except serum 

albumin 

(5-Br-

PADAP)-

Fe3+ complex 

[162] 
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No. 
Type of 

(bio)receptor 

L f 

origin  
Detection method Sample 

Concentration 

range 
LOD LOQ Selectivity Label Ref. 

24 antibody bovine SPR 
laboratory 

sample 

0-100 ÕgĀmL-1 

(0-1250 nM) 

3.7 ÕgĀmL-1 

(46.3 nM) 
- - - [184] 

25 antibody bovine 
Indirect 

competitive ELISA 
milk 

9.76-625 

ngĀmL-1  

(0.122-7.81 

nM) 

0.01 ngĀmL-1 

(0.125 pM) 
- - Au NPs [163] 

26 antibody bovine Visual microarray milk 

0.05-25 

ÕgĀmL-1 

(0.625-313 

nM) 

0.03 ÕgĀmL-1 

(0.375 nM) 
- - Au NPs [164] 

27 antibody human 
Lateral flow paper-

based 
tears - 

10 ngĀmL-1  

(0.125 nM) 
- - Au NPs [165] 

28 antibody bovine 
Dynamic light 

scattering 
milk 

1.5-10000 

ngĀmL-1  (18.8 

pM ï 125 nM) 

1 ngĀmL-1  

(12.5 pM) 
- 

selective vs. 

other milk 

proteins 

- [166] 

29 antibody human chemiluminescence 
synovial 

fluid 

20-10000 

ngĀmL-1  

(0.25-125 nM) 

- - 

selective vs. 

hemoglobin, 

transferrin, 

and bilirubin 

alkaline 

phosphatase 
[167] 

30 antibody bovine SPR dairy 

0.5-3.5 ÕM 

static system 

0.28 ÕM 

static system 
- - - [169] 

0.1-10 ÕM 

flow system 

0.05 ÕM 

flow system 

31 

poly(N-

isopropylacrylamide-

co-methacrylic acid) 

hydrogels 

human Localized SPR tears 

20-216 

ÕgĀmL-1 (0.25-

2.7 ÕM) 

- - 

declared 

semi-

selectivity 

- [172] 

32 hairpin aptamer 
bovine, 

human 
SERS 

milk, 

serum 

0.5-100 Õg/L 

(6.25 pM ï 

1.25 nM) 

0.14 Õg/L 

(1.75 pM) 
- 

declared in 

milk and 

serum 

quantum dots 

and NPs 
[186] 

Electrochemical 

33 antibody buffalo amperometry milk 0.07-1000 ÕM 0.035 ÕM - - HRP [173] 

34 antibody 
bovine, 

goat 
amperometry milk 

0.05-25 ÕM 

0.025 ÕM 

classical 

electrode 

- - HRP [169] 

0.03-2.5 ÕM 

0.015 ÕM 

screen-

printed 

electrode 

35 antibody bovine CV, EIS milk 

0.01-1000 

ngĀmL-1  

(0.125 pM ï 

12.5 nM) 

4.9 pgĀmL-1  

(0.0613 pM) 
- - - [174] 

36 antibody human EIS urine - 
145 pgĀmL-1  

(1.81 pM) 
- - - [175] 

37 antibody bovine amperometry 
laboratory 

samples 

0-100 ÕgĀmL-1 

(0-1250 nM) 

10 ÕgĀmL-1 

(125 nM) 
- - - [177] 

38 antibodies bovine SFIA, DPV 
laboratory 

samples 

0.195-100 

ÕgĀmL-1 (2.44-

1250 nM) 

0.1 ÕgĀmL-1 

(1.25 nM) 
- - - [176] 

39 antibody human CV urea 

1-729 ngĀmL-1  

(12.5 pM ï 

9.11 nM) 

1 ngĀmL-1  

(12.5 pM) 
- - 

alkaline 

phosphatase 
[178] 

40 aptamer human DPV 

Lf-spiked 

urea 

0-200 ngĀmL-1 

(0-2.5 nM) 

1.2 ngĀmL-1 

(15 pM) 

- 

vs. human 

serum 

albumin 

- [179] 
laboratory 

samples 

10-1300 

ngĀmL-1 

(0.125-16.3 

nM) 

0.9 ngĀmL-1  

(11.3 pM) 

41 MOP-SP human EIS, DPV colostrum 

125 nM ï 

3.250 ɛM 
65.2 nM 

- 
vs. milk 

proteins 
- [181] 

500 nM ï 

3.250 ɛM 
375 nM. 
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3.5. Electrochemical impedance spectroscopy as a 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, whether it is current or 

voltage, is recorded [187]. EIS is able to provide a wealth of information about various 

electrical, electrochemical, and physical processes that occur in an electrochemical system. 

These processes include the resistance of the liquid electrolyte, conductivities of liquid/solid 

boundaries, charging/discharging of the electric double layer at the interfaces, dependence 

of capacitance behavior of the double layer on the morphology of electrode surface and 

electrolyte composition, kinetics of the electrode charge-transfer 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 inductors, along with other more 

complicated distributed elements arranged in various ways [188]. Each process can be 

considered analogous to an equivalent electrical circuit characterized by a different time 

constant. Some of these processes are challenging to analyze when using voltammetric 

techniques like cyclic voltammetry in the time domain. However, by operating in the 

frequency domain, EIS simplifies a complex electrochemical system by separating it into 

individual processes with different time constants, making it easy to analyze [187]. In a 

three-electrode EIS system, the voltage is applied between the working and reference 

electrodes. Under voltage perturbation, the impedance to current flow is determined by three 

factors: (1) the ohmic resistance of the electrolyte, Rs, defined by the distance between the 

reference and the working electrodes, (2) under AC conditions, the electrical double layer 

behaves like a capacitor and is symbolized as Cdl, (3) the voltage/current curve slope at 

steady-state measurements defines the polarization resistance, Rp. Faradaic EIS setup 

corresponds with the presence of a redox couple, where a small sinusoidal voltage 

perturbation is added to a DC potential that matches the redox reaction's standard potential. 

In this case, the current passing through the Ru is divided into two parts: IC related to 

charging/discharging of the electrical double layer and IF related to the faradaic process. The 

general impedance, ZF, accounts for both the kinetics of the redox reaction and the diffusion 

of the redox species to the surface of the working electrode. ZF can be divided into two 
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components: (1) Rct related to the kinetics of the heterogeneous electrochemical process, 

assuming that the redox species does not absorb on the electrode surface, and (2) ZW, which 

is the Warburg impedance expressing the difficulty of mass transport of the redox species to 

the electrode surface, considering a semi-infinite linear diffusion. To get a Nyquist plot, the 

negative imaginary impedance -Zò is plotted versus the real part of the impedance Zô. It 

illustrates an impedance spectra, where a time constant Ű is represented as a semicircle, and 

ZW is shown as a 45Á line in the low frequency range. The Nyquist plot is complex and 

relatively incomprehensible, but due to practical reasons, it is more popular in 

electrochemistry. One reason is that the Nyquist plot is very sensitive to changes, and another 

is that some parameters can be read directly from the plot for the most common circuits. 

 

Fig. 12. Nyquist plot with corresponding Randles electrical equivalent circuit. 

In actual electrochemical systems (as shown in Fig. 12), 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 by charge transfer phenomena, while the straight line 

represents the frequency region in which mass transfer phenomena control the 

electrochemical process. The characteristics of these parts can vary depending on the values 

of Cdl, Rct, and ZW. In systems where the capacitance of the double layer is not ideal, a 

constant phase element (Q) replaces the Cdl. It occurs due to the uneven distribution of 

various properties like solution resistances, interfacial capacitances, and current densities 



58 

 

across the surface of solid electrodes, which is common in most actual electrochemical 

systems [189]. EIS is a technique that can be used to study, optimize, and develop various 

applications, including label-free biosensing, due to its unique capabilities. In impedance 

measurements, the biosensor is prepared on an electrode that selectively modulates the 

electron-transfer rate by the analyte [190,191]. The electrode surface can be chemically 

modified to change its properties and to immobilize biorecognition elements. Self-assembled 

monolayers or conductive layers were intended to ensure effective immobilization of the 

recognition molecules and provide appropriate electrode properties. However, the specific 

electrical properties of biomolecules and surface defects cause the whole structure of the 

electrode description by a model in the form of an electrical equivalent circuit consisting of 

nonideal electrical elements, such 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, where the charge-transfer resistance (Rct) varies in a 

concentration-dependent manner. This variation depends on the flow 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)6]
3ī/4ī [194]. The flow rate of the redox probe is controlled by the extent 

of the formation of the receptor-analyte complex, which acts as a physical barrier, causing a 

concentration-dependent decrease in redox species flow, eventually increasing the charge-

transfer resistance. As such, the size of the receptor-analyte complex directly influences 

charge-transfer resistance ï the bigger the conjugate, the higher the resistance. Hence, EIS 

is frequently used in setups with large molecules involved in complex formation, such as 

proteins. The flow 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 the pI of the biomolecules such as proteins [187,195]. Label-based 

techniques are typically used for protein quantification, while label-free methods provide 

more direct information describing phenomena taking place at the sensor surface. EIS, as a 

label-free assay, is easy to use, relatively fast, and enables miniaturization of the setup. 

Compared to voltammetric or amperometric methods, it ensures gentle analysis conditions 

that do not interfere with the molecular interaction or the activity of the biorecognition 

molecules. Principally, by measuring the double-layer capacitance and resistance associated 

with electron transfer, insight into the electrical properties of each consecutive layer 
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introduced onto the electrode surface is acquired. The detection method is remarkably simple 

and relies on the fact that binding the target protein to the immobilized bioreceptor brings 

changes to the electrical properties at the electrode surface/solution interface. The electrical 

equivalent circuit parameters correspond to the system's physical quantities. One of the 

advantages of EIS in protein quantification is that it requires a low volume of sample and 

simplified preparation, making it especially useful for real sample measurements. Therefore, 

impedimetric protein detection has been demonstrated for clinically important proteins such 

as transcription factor [196], human serum albumin [197], apolipoprotein E [198], SARS-

CoV-2 antibodies [199], or C-Reactive Protein [200]. 

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 urea [201]. It is secreted from secondary granulocytes when the organism is under 

stress conditions, followed 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 ability to 

recognize the immune status of the host and act accordingly. It can up- or downregulate by 

acting at different levels and on various targets, such as microbial fragments, iron ions, or 

cell surface receptors [10]. The complex feedback mechanism of Lf action is not yet fully 

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 indirectly with an 

immunosensing approach using a variety of readout systems [202]. Antibody-antigen assays 

are characterized by specificity, but they show lower sensitivity due to the need to label the 

bioreceptors for indirect detection. Instrumental methods are also used, especially for dairy 

and milk samples, but their bottleneck is the high cost of apparatus, reagents, and complex 

handling. Some studies have attempted to use aptamer-based detection methods for 

lactoferrin, but these methods are costly and time-consuming 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 

interactions of Lf are mostly non-specific, even though lactoferrin can bind to membrane 

proteins of various cells [203], bacterial toxins (e.g. LPS) [40], phenothiazine dyes [204], 

low density lipoproteins [205], proteoglycans [30], interleukins [206], nucleolin [207], 
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naringin [208], heparin [209], etc. Nevertheless, according to He and Furmanski [61], Lf 

binds to specific sequences of DNA, similarly to DNase, and activates transcription. They 

identified Lf binding sequences: (1) GGCACTT(G/A)C, (2) TAGA(A/G)GATCAAA, and 

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

with Lf is highly limited and has not been sufficiently 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 infections [27], cancer [3], 

or autoimmune diseases [49]. Recent research also suggests that salivary Lf could be an early 

marker of cognitive decline and correlates its level with cortical amyloid-beta load, cortical 

integrity, and memory in aging [4,6,14]. The antimicrobial activity of Lf was shown in oral 

infections by Streptococcus mutans [17]. Since 2019, Lf antiviral activity has been 

extensively investigated, as it was found that it binds to the spike protein of the SARS-CoV-

2 virus [45]. Given the complex nature of Lf and its diagnostic value, there is a 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 the target protein. These considerations 

became a premise for research towards a new DNA-based Lactoferrin molecular 

biorecognition system aiming to develop a new analytical method for Lactoferrin 

determination using dedicated DNA-based biosensing layers. An experimental 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 specifically interact with Lf and evaluate its 

utility as a potential Lf bioreceptor. The mechanisms and driving forces of binding between 

reactants at the supramolecular level were studied through kinetic and thermodynamic 

analyses, and the selectivity was examined versus potential interferents ï selected proteins. 

The developed DNA-type bioreceptor was further used as a biorecognition element in an 

impedimetric biosensor established for quantitative measurements of Lf in saliva samples. 

Since Lf is linked to autoimmune 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 safety. The research carried 

out in this dissertation offers a better understanding of the mechanisms behind the interaction 

between Lf and DNA. Besides its cognitive value, this study also paves the way for further 
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research on selective biosensing layers for clinically relevant markers. This is particularly 

important for the detection of large proteins that are not routinely determined. 

Experimental 

5. Materials and instrumentation 

5.1. Materials 

All sensors were purchased from two vendors: XanTec bioanalytics GmbH (Germany) and 

KE Instruments, the Netherlands. The sensors have a 50 nm thick gold layer deposited on 

borosilicate glass with 2 nm titanium transition layer. Two types, bare gold chips (KEI BK-

7 SPR Sensors) and chips with linear polycarboxylate hydrogel layer of 200 nm and medium 

charge density modified with streptavidin (SAHC200M, XanTec), were used. Laboratory 

plastics that met the requirements of the analytical laboratory and biological samples were 

used, including falcons, Eppendorf vials, sterile syringes, and pipette tips. The laboratory 

glassware was cleaned with appropriate solutions (nitric acid ~ 1%) or sonicated 

(hemicylinder of SPR instrument) in order to avoid contaminants. Additionally, buffer 

solutions were filtered using a membrane filter with a cut-off of 20 Õm prior to use. 

5.2. Chemicals 

DNA oligonucleotides listed in Table 2 were purchased from FutureSynthezis, PoznaŒ, 

Poland. The DNA sequences that were used in the experiments were subjected by the vendor 

to a thorough desalination and purification process using the HPLC method to ensure their 

purity. To prepare the stock DNA solutions, lyophilized reagents were dissolved in 10 mM 

Tris-HCl containing 0.1 mM EDTA at pH 8.5. The prepared stock solutions were then 

aliquoted and stored in a refrigerator according to the supplier's instructions. For daily use, 

working DNA solutions were prepared by diluting the stock solutions, and they were stored 

at a cool temperature of 4ÁC throughout the day. Shortly before use, the DNA solutions were 

transferred to ambient temperature to ensure their 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%), Na2HPO4, KH2PO4, KCl, NaCl, 

ethylenediaminetetraacetic acid (EDTA) disodium salt, potassium hexacyanoferrate(III) 

(K3[Fe(CN)6]), potassium hexacyanoferrate(II) trihydrate (K4[Fe(CN)6]), acetic acid min. 
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99%, HCl (35%), and NaOH, were provided by Chempur, Poland. Human Lactoferrin 

ELISA kit (ab200015) was purchased from Abcam. 

Table 2. List of DNA oligonucleotides. 

ssDNA biotinylated 
Length 

(nb) 

MW 

(Da) 

I.1. biotin-5ôGGCACTTGACTAGAAGGATCAAA3ô 

I.2. 5ôTTTGATCCTTCTAGTCAAGTGCC3ô-biotin 

I.3. biotin-5ôTTTGATCCTTCTAGTCAAGTGCC3ô 

I.4. biotin-5ôGAGAGAGAGAGAGAGAGAGAG3ô 

I.5. biotin-5ô(G)233ô 

I.6. biotin-5ô(A)233ô 

I.7. biotin-5ô(C)233ô 

I.8. biotin-5ô(T)233ô 

23 

23 

23 

21 

23 

23 

23 

23 

7540 

7406 

7431 

7127 

7935 

7567 

7040 

7385 

ssDNA nonmodified, complementary strands   

II.1. 5ôTTTGATCCTTCTAGTCAAGTGCC3ô 

II.2. 5ôAAACTAGGAAGATCAGTTCACGG3ô 

II.3. 5ôGGCACTTGACTAGAAGGATCAAA3ô 

II.4. 5ôCTCTCTCTCTCTCTCTCTCTC3ô 

II.5. 5ô(C)233ô 

II.6. 5ô(T)233ô 

23 

23 

23 

21 

23 

23 

6981 

7106 

7106 

6161 

6589 

6935 

dsDNA biotinylated, hybridized with respective 

complementary strands 

Length 

(bp) 
 

III.1. biotin-5ôGGCACTTGACTAGAAGGATCAAA3ô 

III.2. biotin-5ôTTTGATCCTTCTAGTCAAGTGCC3ô 

III.3. biotin-5ô(G)233ô 

III.4. biotin-5ô(A)233ô 

III.5. biotin-5ô[GGCACTTGCAAA]4GGCACTTGC3ô 

III.6. biotin-5ô[TAGAGGATCAAAAAA]4TAGAGGATCAAA3ô 

III.7. biotin-

5ô[ACTACAGTCTACAAAA]4ACTACAGTCTACA3ô 

23 

23 

23 

23 

57 

72 

77 

14537 

14537 

14524 

14502 

35548 

44799 

47892 

Reagents: 11-mercaptoundecanoic acid (MUA), 6-mercapto-1-hexanol (MCH), N-(3-

dimethylaminopropyl)-Nǋ-ethylcarbodiimide hydrochloride (EDC), N-
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hydroxysulfosuccinimide sodium salt (sulfo-NHS), 4-(2-hydroxyethyl)-1-piperazine 

ethanesulfonic acid (HEPES), ethanol (99.8%, HPLC), H2SO4 (98%, HPLC), Tween-20È 

viscous liquid, Triton X-100, sodium dodecyl sulfate, 2-(N-morpholino)ethanesulfonic acid 

hydrate (MES) Ó99.5%, guanidine, Tris base, sodium acetate, human lactoferrin (iron 

saturated, >90% SDS PAGE), L-glutamate oxidase (from Streptomyces sp., Ó5 U/mg 

protein), urease type IX (from Canavalia ensiformis), horseradish peroxidase (~150 U/mg), 

and bovine serum albumin (Ó98% GE), poly(amidoamine) dendrimer (PAMAM) 2G 20% 

wt. in methanol, PAMAM 4G 20% wt. in methanol, PEGylated 

bis(sulfosuccinimidyl)suberate (BS(PEG)9), suberic acid bis(3-sulfo-N-

hydroxysuccinimide ester) sodium salt (BS3) Ó98%, glutaraldehyde (GA) 50% wt. in H2O, 

polyclonal anti-lactoferrin antibody (pAb against human Lf, recombinant, expressed in 

rabbit, L3262), and dopamine hydrochloride (DA) were purchased from Sigma Aldrich. All 

chemicals used were of analytical grade and were used without further purification. For all 

aqueous solution preparations, freshly obtained deionized water with a resistance of 18.2 

Mɋ was used. All chemicals used within the research were of analytical grade and used 

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 PalmSens 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 conditions, affinity, kinetics, thermodynamics, and selectivity 

measurements, and additional comparative optical measurements of real samples. The raw 

data of SPR were processed using the TraceDrawer software provided by XanTec 

bioanalytics GmbH. Fourier Transform Infrared (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-1 resolution in the wavelength range of 600-4000 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 step. Similarly, 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. A 

commercial lactoferrin ELISA kit using microplate UV-Vis 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 chapter, detailed information on the leading and supporting methods, conditions, and 

developed protocols is provided. The leading measurement methods are SPR and EIS, both 

label-free. However, there are many supportive measurement methods that were used, 

including FTIR spectroscopy for surface analysis at each step of sensor 

(bio)functionalization and ELISA tests as a reference method for Lf determination. The 

methodology includes developed protocols for surface modification, bioreceptor 

immobilization, measuring procedures, saliva sample preparation, and others. The scheme 

describing the research methodology is presented in Fig. 13. 

6.1. DNA as a biorecognition element for lactoferrin 

Interaction of lactoferrin with DNA was first reported by Bennett et al. in 1982 [57]. 

Although a few works discussed the ability of lactoferrin to interact with DNA, such as in 

the nuclei of pathogenic bacteria [210], with bacterial CpG motifs [211], with plasmid DNA 

[212], at the cell surface of neutrophils, B cells, and monocytes [213,214], with CpG-

containing oligonucleotides on human B cells [215], or using ssDNA on agarose gel [216], 

only He and Furmanski identified 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 sequence. The calculated binding constants for identified sequences were 

around 1.24Ā10-8 M, and saturating molar ratios Lf:DNA were 1.96:1 for low Lf 

concentrations and 4.02:1 for high Lf concentrations. Within the research, the preference for 

iron-saturated lactoferrin over apo-Lf to bind DNA was confirmed, indicating that DNA 

binding is non-dependent on protein form, which is encouraging to utilize DNA as a potential 

Lf -specific bioreceptor. DNA-binding proteins recognize specific target DNA using two 

mechanisms: nucleobase sequence and 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 levels of biological significance 

for such complexes. DNA can bind non-specifically, 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 protein-DNA binding based on 

different forces [218ï220]. 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 strengthen the 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 bonding. According to Kanyshkova et al. [62], Lf possesses two 

DNA binding sites, and one of them is localized on the N-lobe of the protein. The study has 

proven the interaction between lactoferrin and non-specific versus a specific DNA sequence, 

indicating about a 20-fold higher binding constant for the specific oligonucleotide. 

Moreover, the authors attempted to identify potential interferents such as microbial RNA 

and polyanions ï 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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oligonucleotide [221]. Soboleva and co-authors studied the DNase activity of Lf, including 

a computational spatial model of the Lf-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 adenine. The negative charge of DNA promotes the 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 and glutamic acid residues [222]. 

It is suggested that additional significant factors, besides DNA and protein motifs, influence 

the affinity and spatial organization of DNA-protein attachment [223,224]. The most recent 

studies of Lf-DNA binding concern a molecular dynamic study of Lf-derived peptidesô 

interactions with the specific DNA sequence, however, it was none of the sequences 

identified by He and Furmanski [61]. The data on interaction mechanisms at the 

supramolecular level is highly limited and has not been experimentally evidenced yet 

[132,225]. The mechanism of recognition, strength, and driving forces define the affinity 

between DNA and protein molecules, which has a significant impact on the sensitivity and 

selectivity of the DNA-based biosensor [83]. Therefore, when developing a bioreceptor for 

biosensing applications, it is important to consider both the mechanism of interaction and 

the specificity resulting from it. DNA exhibits tremendous variability in terms of the 

sequence of nucleobases and length. It is resistant to a relatively wide range of environmental 

conditions such as pH (5-9) or temperature (up to 40) and has structure flexibility that 

increases with DNA length increment [217]. Except for programmability and dynamic 

behavior, DNA ensures precise molecular recognition due to its unique composition and 

structure, making it a molecule of choice for the development of selective biosensing layers. 

In this study, He and Furmanski's [61] specific sequences were used in various combinations 

as well as multiplications (up to 4 times, separated with d(A)3 spacers), to address the affinity 

of potential bioreceptors to Lf. Along with literature-based oligonucleotides, random 

sequences rich in GC or AT base pairs were applied to the study. The reason behind this is 

the structure of human Lf, where arginine (~49/691 amino acids) and glutamine (~41/691 

amino acids) are relatively frequent, according to crystallographic studies at 2.5 ¡ resolution 

[226]. The spatial configurations, obtained by controlled immobilization, were aimed to 

expose particular oligonucleotidesô fragments for target protein in a free state in solution. 
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6.2. Modification of SPR sensors 

For investigation of DNA-protein interactions in vitro using the SPR method, either DNA 

or protein has to be immobilized as a biorecognition element [227]. However, 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 to consider the 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 analyte crucial for successful binding. In this study, DNA 

oligonucleotides were immobilized on the SPR chip surface for two reasons. Firstly, 

modification of DNA end with terminal groups (e.g., NH2) or binding molecule (e.g., with 

biotin) is easy to perform, allowing immobilization in an oriented fashion [228], while for 

protein molecules, it is much more complex. The second reason is related to the 

characteristics of the hydrogel surface itself, especially its pKa, which is approximately 4.5 

for polycarboxylate matrices. This implies that the surface is negatively charged, similar to 

DNA oligonucleotides. Hence, 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 kinetic data, leading to an incorrect picture of complex formation. To 

better comprehend this, one can refer to the schematic diagram presented in Fig. 14, which 

explains the idea of lactoferrin interaction with immobilized DNA. Commercial SPR chips 

(SAHC200M, XanTec) with a polycarboxylate hydrogel were proposed with streptavidin as 

a capture molecule and biotinylated DNA strands as ligands. Streptavidin-biotin's high 

affinity ensures surface stability over time and avoids the need for harsh regeneration, 

making it ideal for affinity screening of DNA sequences. In all SPR experiments, the sensing 

surface was pre-activated and stabilized for at least an hour with an appropriate buffer 

solution before immobilizing ligand molecules. This was done to obtain a stable and reliable 

baseline before interaction measurements. All buffer solutions were freshly filtered before 

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

on the type, composition, ionic strength, and pH of buffer solutions (Table 2). 
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Fig. 14. Schematic design of DNA-based Lf biorecognition referring to the spatial 

orientation of DNA ligand and protein analyte in relation to each other. 

This was done to ensure high immobilization yield and reduce non-specific binding. To 

prevent protein aggregation, relatively high concentrations of monovalent ions were used 

along with surfactants. To adjust modification conditions, immobilization of I.1 23 nb 

ssDNA was followed by hybridization with complementary II.1 DNA sequence was carried 

out using buffer solutions listed in Table 3. A volume of 50 ÕL of 10 ÕM DNA of each type 

was injected and mixed for 10 minutes in each particular buffer solution of different ionic 

strength and pH. To minimize non-specific binding, unconjugated streptavidin binding sites 

were blocked with a 10 Õg/mL biotin solution in a coupling buffer. The amount of 

immobilized bioreceptor per mm2 was directly appointed by SPR results. The hybridization 

efficiency Whybr (%) was estimated as the percentage ratio of hybridized complementary 

DNA over ssDNA for each type of buffer solution.  

When selecting the buffer for interaction analysis, it is important to consider the pI 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 pI minus 0.5 in order to increase the electrostatic 

attraction between the ligand and analyte. Nevertheless, all proposed buffer solutions were 

cross-examined for utility in interaction measurements by injecting 50 ÕL of Lf sample at a 

fixed concentration (100 mgĀL-1) onto a DNA-modified spot. The association and 
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dissociation were 100 seconds each, and the relative response was calculated as the 

difference between the SPR angle after and before interaction. 

Table 3. Buffer solutions used upon optimization of modification conditions of SAHC200M 

sensors. 

Buffer solution  pH Composition 

10 mM HBS-EP 7.4 

10 mM HEPES, 137 mM 

NaCl, 3 mM EDTA, and 

0.05% v/v Tween-20 

10 mM HBS-EP 8 

10 mM HEPES, 137 mM 

NaCl, 3 mM EDTA, and 

0.05% v/v Tween-20 

25 mM MES 6 25 mM MES hydrate 

10 mM PBS 7.4 

10 mM Na2HPO4, 1.8 mM 

KH2PO4, 137 mM NaCl, 2.7 

mM KCl 

10 mM PBST 6 

10 mM Na2HPO4, 1.8 mM 

KH2PO4, 137 mM NaCl, 2.7 

mM KCl, 0.05% v/v Tween-

20 

10 mM acetate buffer 4.5 
5.5 mM acetic acid and 4.5 

mM sodium acetate salt 

 The bulk effect was checked by injecting buffer solution instead of the analyte sample. 

Negative controls were performed using SPR sensors prepared according to a different 

modification protocol in which the ligand immobilization step was omitted. The schematic 

representation of the hydrogel-based biosensing layer is shown in Fig. 15. The quantitative 

results of ligand density and interaction relative response were processed using a conversion 

factor equal to 122 moĀmm2Āng-1. The mass of the immobilized ligand (m) was calculated 

using the surface area of the immobilization spot (7.9 mm2). At the same time, the number 

of functional bound molecules (dsDNA) Nŭ was obtained from the equation eq.1, where NA 

is Avogadro number (6.022Ā1023 mol-1). M is a molar mass of immobilized ssDNA and 

complementary hybridized DNA strands. 

ὔ
 

Ͻ
Ͻὔ       (eq.1) 

In SPR measurements, choosing an appropriate immobilization yield is crucial as different 

loading densities are required for different research purposes. Therefore, the characteristics 

of immobilization parameters versus loading density were used for designing biorecognition 

layers for each particular analysis: affinity, kinetic, and thermodynamic [96]. The nuances 
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of dynamic parameters of the interaction can be assessed while the biosensing layer is weakly 

packed with ligand 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 measurements, particularly to ensure obtaining an equilibrium state of interaction 

and to address the electrostatic repulsion between negatively charged DNA and the hydrogel 

layer. The modifications of SPR hydrogel-based sensors for affinity and dynamic 

investigations were performed similarly as described before, taking into account the final 

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

 

Fig. 15. Scheme of biofunctionalized DNA-based lactoferrin SPR sensor with 3D hydrogel 

interlayer and streptavidin-biotin conjugate, where streptavidin acts as capture molecule 

for biotinylated ligand. 

6.3. Affinity screening 

The binding affinity screening measurements were conducted for oligonucleotides listed in 

Table 1 using SPR gold sensors with a streptavidin-derivatized hydrogel layer. The (1) 

GGCACTTGC, (2) TAGAGGATCAAA, and (3) ACTACAGTCTACA DNA sequences 

were utilized in various combinations and different spatial configurations, either single-

stranded or double-stranded, exposing one of the ends for the interaction with the analyte. 

The random and monobasic sequences, both types (single-stranded and hybridized), were 

applied to examine their affinity towards Lf. The experiments were performed under 
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controlled conditions ï adjusted supporting buffer solution, densely loaded biorecognition 

layers, and fixed high concentration of Lf sample (50 ÕL of 1.25 ÕM). Before taking 

measurements, the surfaces modified with DNA were conditioned by running buffer solution 

to establish 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 the running and 

coupling buffers were the same. Blank measurements were also taken by injecting running 

buffer solution into the DNA-modified surface and subtracting it from the analytical signal. 

All experiments were carried out at 25ÁC, and the chips were stored dry in their original 

containers at 4ÁC between the measurements. The collected data were processed to obtain 

normalized relative response values (relative response divided by loading density of the 

ligand) and select the best DNA oligonucleotide-lactoferrin configuration for further 

development of Lf-specific DNA-type bioreceptor. The stoichiometry of interaction for each 

type of DNA used was calculated as the ratio of the number of captured Lf molecules to the 

number of immobilized DNA molecules after the full association/dissociation cycle. The 

sequence with the highest ratio was indicated. 

6.4. Kinetic and thermodynamic analyses 

Dynamic analysis of supramolecular interactions, especially between biomolecules, is 

essential to designing 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 titration calorimetry (ITC), and biolayer interferometry 

(BLI)  [229]. Although these methods are similar in that they are label-free, they differ in 

principle. ITC is a physical method used to assess kinetic and thermodynamic data. It 

involves measuring the enthalpy of binding directly using two cells, one containing water 

and acts as a reference cell, while the other includes the sample. The cells are kept at the 

same temperature throughout the experiment, and the temperature difference between the 

sample cell and the 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 performed entirely in a solution state. The isothermal titration calorimetry technique can 

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

binding [230]. One of its advantages is that the size of the molecules forming the complex 
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is unlimited. SPR technique consumes a higher sample volume and requires higher 

concentrations of reactants. Additionally, it is a low-resolution and throughput technique. 

Biolayer interferometry uses fiber optic biosensors with a proprietary bioreceptor layer at 

the tip. The binding of molecules to the biosensor surface leads to changes in optical 

interference between light waves that reflect from an internal surface and the external 

interface between the biosensor and sample. As a result, it measures the binding kinetics of 

biomolecular interactions through the physical principle of optical interference [231]. 

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 binding receptor immobilized, thus forming a layer, and 

analytes are located in 96-well plates. Once the ligand is immobilized, the tips are dipped 

into the wells, and when an interaction between the two binding reactants takes place, the 

change in thickness of the layerôs tip reflects a change in wavelength. In this respect, binding 

kinetics are measured in real time. The primary benefit of BLI is its ability to perform high 

throughput analysis. However, it is not very reproducible, which means that reference 

measurements with other techniques, typically SPR, are necessary. On the other hand, SPR 

is known for its high reproducibility, minimal sample usage, and user-friendliness, as 

explained in the previous section. While SPR is limited by technology design, BLI is limited 

by sample evaporation during the experiment. Other than label-free methods, techniques like 

stopped-flow analysis, capillary electrophoresis, or affinity chromatography are used to 

assess kinetic data of biomolecular interaction [232]. Each of these methods has advantages 

and limitations. Still, SPR stands out as it allows for determining the broadest range of rate 

constants (association rate constants from 102 to 108 M-1, dissociation rate constants from 

10-6 to 1 s-1). SPR is a versatile method that provides reproducible results and reusability for 

immobilized bioreceptors. Thus, within the dissertation, SPR was utilized for affinity 

screening, dynamic analysis, selectivity investigation, and quantitative measurements. 

6.4.1. Kinetic analysis 

To characterize the interactions between DNA and Lf, a kinetic analysis was performed on 

a 3D biorecognition layer obtained by selecting a DNA sequence based on the results of 

affinity screening. To obtain a lower density of bioreceptor, 50 ÕL of 10 ÕM DNA in 

coupling/running buffer solution was injected onto a streptavidin-derivatized hydrogel 

sensor for only 30 seconds, reducing contact time by 20 times. This created a low-



73 

 

capacitance ligand density surface with ŭ around 1 ngĀmm-2. After blocking and stabilization, 

the biosensing surface was extensively stabilized to minimize the bulk effect and baseline 

drift between consecutive injections, producing the most reliable experimental data for 

analysis. The evaluation was conducted over a broad analyte concentration range of Crange 

~0.1õ10 KD, corresponding to 10 to 500 mgĀL-1 or 0.125 to 6.25 ÕM, to cover the data 

requirements. It included a curve of initial interaction as well as a curve in the steady state, 

where the association is balanced with dissociation. As part 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 less sensitive to signal drift and capture 

dissociation compared to the single-cycle 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/dissociation flow rates (33.3 ÕLĀs-1) were set further to reduce the 

putative analyte concentration gradient and diffusion distance. All kinetic measurements 

were conducted at 25ÁC. The complex formation scheme describes the 1:1 interaction 

according to eq.2, where ka and kd are association/dissociation rate constants, while Lf, DNA, 

and COMPLEXDNA-Lf represent protein, DNA, and DNA-Lf complex, respectively. 

,Æ$.!#/-0,%8         (eq.2) 

The differential rate equation eq.3 that describes how fast the complex is formed is: 

ὯϽὈὔὃϽὒὪ ὯϽὅὕὓὖὒὉὢ     (eq.3) 

To calculate all phases of interaction, the maximal loading (Rmax) was set locally as a 

concentration-dependent parameter, while the other parameters were set globally as 

concentration-independent. The association and dissociation rate constants (ka expressed in 

M-1Ās-1 and kd with the unit of s-1) were established, which allowed for the calculation of the 

dissociation constant (KD). The dissociation constant was calculated as the ratio of kd/ka (in 

molĀL-1). 

6.4.2. Thermodynamic analysis 

The study aimed to investigate the DNA-Lf 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 hydrogel-based 

SPR 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 from 18ÁC to 32ÁC, and the concentration of Lf solutions used 

for the study varied from 40 to 300 mgĀL-1. The experimental data was processed to obtain 

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

enthalpy change (ȹHo), binding entropy change (ȹSo), and Gibbs free energy change (ȹGo) 

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

reached for each individual measurement. The values of the binding constant, Kb (LĀmol
-1), 

were calculated according to equation eq.4:  

ὑ           (eq.4) 

The change in standard Gibbs free energy of binding ȹGo (JĀmol-1) was calculated using the 

equation eq.5, where R is the universal gas constant (8.314 JĀmol-1ĀK-1)), and T (K) is the 

temperature. 

ЎὋ ὙὝὰὲὑ           (eq.5) 

The plot of ln(Kb) versus 1/T is a graphical solution of the vanôt Hoff equation (eq.6), based 

on which the parameters of the linear curve, namely the slope and the intercept, are 

determined.  

ÌÎὑ
Ў Ў

         (eq.6) 

The standard enthalpy change ȹHo was determined using the DNA-Lf complex's 

thermodynamic properties. It was calculated as the slope of a linear curve multiplied by the 

universal gas constant (eq.7). The parameter TȹSo (JĀmol-1) was estimated using equation 

eq.8, where ȹSo representing standard entropy change expressed in JĀmol-1ĀK-1 was obtained 

according to the equation eq.9. 

ЎὌ ίὰέὴὩϽὙ          (eq.7) 

ὝЎὛ ЎὌ ЎὋ           (eq.8) 

ЎὛ ὭὲὸὩὶὧὩὴὸϽὙ          (eq.9) 



75 

 

6.5. Selectivity SPR analysis of bioreceptor 

The biorecognition layers, fabricated using DNA sequence identified by affinity screening, 

were evaluated regarding selectivity toward the target protein. The selectivity study followed 

the same conditions as those adjusted in the screening process. Various interfering proteins 

were chosen based on their common characteristics or differences compared to lactoferrin, 

such as their biological origin, molecular weight, and isoelectric point. Lactoferrin has MW 

of 80 kDa, pI of 8.7, and is a glycoprotein of the transferrin group that captures two metal 

ions. The list of interfering molecules is as follows:  urease, which has MW of 200 kDa and 

a pI of 5-5.2, is a nickel-containing metalloenzyme with enzymatic activity over urea and 

has no reported DNA binding ability; bovine serum albumin (BSA), which has MW of 66.5 

kDa, a pI of 4.5-4.8, and is the major serum protein found at a physiological level of around 

40 mg/mL in blood. BSA maintains colloidal osmotic pressure, binds a wide variety of 

compounds, and has no reported DNA binding ability; glucose oxidase (GOx), which has 

MW of 160 kDa and a pI of 4.2, is an oxidase with enzymatic activity over glucose. There 

is no data available on its interaction with DNA; glutamate oxidase (GluOx), which has MW 

of 120 kDa and a pI of 6.2, is an oxidase with enzymatic activity over sodium glutamate, 

and has no reported DNA binding ability; horseradish peroxidase (HRP), which has MW of 

40 kDa and a pI of 9, is a glycoprotein that catalyzes various reactions using hydrogen 

peroxide (H2O2) as a substrate, but does not interact with DNA; human lactalbumin (LA), 

which has MW of 14.2 kDa and a pI of 4.5-5, is a globular protein that forms part of the 

lactose synthase enzyme and is capable of binding DNA 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 

sample was 100 mgĀL-1, and for the second set of experiments, it was reduced to 5 mgĀL-1. 

The results were then processed to determine the mean selectivity percentage for each 

interferent, calculated using equation eq.10. 

ὛὩὰὩὧὸὭὺὭὸώȢ   

  
ϽρππϷ      (eq.10) 

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 hydrogel-based biosensor 

In order to preliminarily examine the utility of developed biorecognition element for 

quantitative Lf measurements, a concentration analysis was conducted on laboratory 

samples using the SPR method. Hydrogel-based SPR sensors were used to evaluate two 

dsDNA oligonucleotides, III.1 (23 bp long) and III.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 immobilized in a similar manner as affinity 

screening in HBS-EP pH 7.4 to achieve the desired loading density and maximize the final 

response. Thus, the immobilization process of respective dsDNA was performed similarly 

to the affinity screening in HBS-EP pH 7.4. The 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 ɛM for III.6, and 0.0125, 0.125, 0.25, 0.625, 1.25, 2.5, 6.25, and 

12.5 ɛM for III.1. The contact and washing time was kept constant for both cases at 100 

seconds each, with the final relative response being a normalized value after the complete 

association and dissociation cycle. Mild regeneration was carried out using 10 mM HCl 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 repeatability (expressed 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 Lf-selective DNA-type bioreceptors was followed by an 

electrochemical study. Therefore, the procedure of DNA oligonucleotide bioreceptor 

immobilization was adjusted to the electrochemical method. Streptavidin-derivatized 

hydrogel sensors were replaced with bare gold sensors modified with a linear linker aiming 

to covalently attach the bioreceptor [96,233]. Furthermore, to achieve optimal loading 

density, additional SPR measurements were conducted, in which linear linker-to-blocking 

agent molar ratio was adjusted in the range of MUA:MCH 1:5, 1:10, 1:25, and 1:50. The 

sensors were pre-modified with MUA:MCH mixture outside of the SPR instrument. To 

introduce surface carboxyl functional groups, bare gold chips were immersed in a mixture 

of MUA:MCH in ethanol for 30 minutes. Then, rinsed thoroughly with a 10% ammonia 

solution in ethanol, followed by another wash with ethanol. The density of these functional 
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groups was defined by the molar ratio of MUA:MCH used. Activation of the surface -COOH 

groups was carried out by injecting a mixture of EDC and sulfo-NHS (molar ratio 40 mM:10 

mM in deionized water) for 10 minutes. Immobilization was performed with 10 ÕM DNA 

(dsDNA of 23 bp) in 10 mM HBS-EP buffer solution of pH 7.4 for another 10 minutes. After 

immobilizing DNA oligonucleotides, the unconjugated functional groups were blocked with 

1 M ethanolamine-HCl pH 8.5. The biofunctionalized sensors were stabilized with an 

appropriate buffer solution to obtain a reliable and stable baseline. The relative response of 

ligand-analyte interaction for each MUA:MCH ratio was recorded in three repetitions using 

a fixed volume and concentration of the analyte (50 ÕL of 1.25 ÕM Lf). The contact time 

and washing with running buffer were 100 seconds each. To eliminate bulk effect, blank 

measurements were taken by injecting running buffer solution into the surface and 

subtracting it from the analytical signal. The loading density ŭ (ngĀmm-2) of either ligand or 

analyte (after interaction) was directly obtained by SPR measurements (ȹ angle expressed 

in mÁ) and processed using a conversion factor 122 mÁĀmm2Āng-1. All experiments were 

performed at 25ÁC, and all the chips were stored dry in their original containers at 4ÁC 

between the measurements. The second set of modification procedures was focused on 

preparing planar biosensing layers, particularly for electrochemical measurements, using 

DNA oligonucleotide as a biorecognition element. The original 25 mm diameter SPR chips 

were employed for SPR loading density and interaction studies, whereas they were diced 

into quarters for all electrochemical experiments (EIS, CV, OCP).  The advantage of using 

a planar surface lies in the ease of modification, where the density of introduced 

functionalities can be controlled during the initial step of biosensing surface preparation. 

This approach is particularly beneficial in the case of DNA-Lf complex formation toward 

biosensing application because it minimizes steric hindrance, which can result from over-

dense immobilization of ligand molecules. Additionally, an overpacked receptor layer can 

influence kinetics through mass transport and diffusion limitations [234,235]. The 

modification in this case was fully performed entirely outside of the SPR instrument, on the 

basis of analysis of MUA:MCH ratio influence on immobilization and interaction. Firstly, a 

linear linker/blocking agent mixture in ethanol was introduced to the surface, according to 

the result from the loading density analysis. Then, the sensors were immersed in an 

EDC/sulfo-NHS mixture for 30 minutes. They were washed with HBS-EP buffer of pH 7.4 

and then incubated in 1 ÕM DNA solution dissolved in HBS-EP pH 7.4 for 24 hours. After 

the incubation period, the Au-MUA:MCH-DNA biosensors were gently rinsed with HBS-
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EP buffer pH 7.4 and left to dry at room temperature. Fabricated biosensors, schematically 

presented in Fig. 16, were used for Lf quantification in both laboratory and real samples, 

utilizing the EIS method. 

 

Fig. 16. Scheme of biofunctionalized DNA-based lactoferrin SPR sensor with 2D planar 

biorecognition layer obtained through covalent immobilization of DNA with linear 

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, hydrogel-based and 

linear linker-based. The transmittance spectra were collected with the 0.5 cm-1 resolution in 

the wavenumber range of 4000-600 cm-1. The analysis served as an additional validation of 

each modification step, confirming the presence of surface functional groups after each 

modification step for both hydrogel-based and linear linker-based biosensing layers. 

Additionally, the wettability analysis was conducted after introduction of linker/blocker, 

DNA immobilization and interaction with Lf. The static contact angle was calculated as the 

mean value of 20 measurements. 

6.9. Cyclic voltammetry and open circuit potentiometry measurements 

The cyclic voltammetry method was employed to get the oxidation/reduction potential of 

the redox probe [Fe(CN)6]
3-/4-. The CV measurements were performed in 2 mM 

[Fe(CN)6]
3-/4- dissolved in 10 mM HBS-EP buffer of pH 7.4 for different values of scan rate. 

The three-electrode system consisted of an Ag/AgCl reference electrode with liquid junction, 
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platinum counter electrode, and gold working electrodes. The CV parameters were set as 

potential step, Estep = 5 mV, potential range from -0.6 to 0.7 V, number of scans, nscans = 3, 

and the scan rate range from 5 to 100 mVĀs-1. To assess the possible shift of 

oxidation/reduction potential of the redox probe, the open circuit potential (OCP) passive 

method was used, and the measurements were performed after each modification step. 

Lastly, the DNA-modified biosensors were subjected to OCP measurements for fixed 

lactoferrin level of 25 mgĀL-1 (incubation for 2 minutes, measurement in 2 mM 

[Fe(CN)6]
3-/4 in 10 mM HBS-EP pH 7.4) in 4 repetitions. Importantly, the OCP experiments 

examined the open circuit potential of each working electrode with respect to a reference 

electrode. Thus, the calculated mean potential of 4 OCP repetitions was set as the EDC for 

further EIS measurements.  

6.10. EIS measurements 

Electrochemical impedance spectroscopy is a method that enables characterize the interface 

sensor surface/solution. It gives an insight into the electrical properties of the interface.  The 

impedance data are used to build an equivalent electrical circuit that consists of resistances, 

capacitors, or constant phase elements combined in series or parallel, representing various 

processes. The Randles circuit models a simple electrochemical reaction of a faradaic model, 

including electrolyte resistance (Rs), charge-transfer resistance (Rct), double-layer 

capacitance (Cdl), and Warburg impedance (ZW). The Rs depends on its conductivity and the 

reaction cell's geometry, while Cdl depends on the electrode's area, nature, ionic strength, 

and permittivity. Rct reflects charge transfer kinetics, and the Warburg element reflects 

oscillating diffusion-related processes [189]. A detailed description was provided in the 

previous chapter, 3.5. EIS method, as a label-free non-disruptive technique, was employed 

complementarily to SPR to confirm the interaction between DNA-type biorecognition 

element and target protein and to quantitatively measure this protein. The EIS system used 

for the experiment had a fixed-space three-electrode configuration that included a Pt plate 

serving as a counter electrode, an Ag/AgCl reference electrode, and a gold SPR chip serving 

as a working electrode. Preliminary verification of DNA-Lf interaction with EIS was 

performed for faradaic setup in 2 mM [Fe(CN)6]
3-/4- in 10 mM HBS-EP pH 7.4, and 0.625 

ÕM Lf sample incubated for 2 minutes. The frequency was set in the range 25 kHz ï 0.1 Hz, 

with 10 mV AC and 200 mV DC amplitudes, respectively. Electrical parameters of surfaces 

were characterized using EIS measurements, which were conducted for non-faradic (0.1 M 

KCl) and faradaic (2 mM [Fe(CN)6]
3-/4- in 10 mM HBS-EP pH 7.4) processes at a fixed 
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concentration of analyte (0.625 ÕM = 50 mgĀL-1). For faradaic processes, the EIS method's 

frequency range was from 25 kHz to 0.1 Hz, while for non-faradaic processes, the frequency 

range was from 100 kHz to 10 Hz. Except for preliminary verification, all other EIS 

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 KCl or redox probe in HBS-EP 

buffer). Quantitative measurements of the analyte were performed as described in the below 

protocol. Firstly, the DNA-based biosensor was placed in 3 mL of electrolyte containing the 

redox probe and incubated for 10 minutes. The potential value was recorded for 10 minutes, 

and the average was calculated from 500 to 600 seconds. Secondly, EIS 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 was then washed gently 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, the biosensor 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 amplitude. Calibration-aimed 

experiments were carried out to compare the performance of a 72 bp DNA bioreceptor with 

a 23 bp dsDNA sequence. Lactoferrin concentration was measured for both sequences ï 

ranging from 0.1 to 75 mgĀL-1 (1.25 to 937.5 nM) for the 72 bp oligonucleotide and from 5 

to 200 mgĀL-1 (62.5 nM to 2.5 ÕM) for the 23 bp DNA. Measurements were repeated thrice 

for each concentration using fresh redox probe solution in the electrolyte. A 1 gĀL-1 stock of 

lactoferrin was prepared daily and diluted with appropriate buffer solution. The EIS spectra 

were analyzed to obtain electrical equivalent circuits using electrical elements (resistor, 

capacitor, constant-phase element) and electrochemical elements (semi-infinite diffusion, 

restricted diffusion, bounded diffusion) configured in series or parallelly. Then, a fitting tool 

was used to find the parameter values for which the simulated impedance data and the 

experimental impedance data were the closest, expressed by fitting coefficient ɢ2. The fitting 

was considered sufficient when the ɢ2 < 0.001. These parameters were established to 

correspond to the physical quantities of the considered system. Eventually, the 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 measurements on actual samples: SPR 

and spectrophotometric. In the case of SPR measurements, dsDNA immobilization was 

performed in HBS-EP (pH 7.4) outside of the SPR device, just like impedimetric biosensors. 

The interaction was repeated three times for the analyte concentrations, which were 0.1, 0.5, 

1, 5, 10, 25, 50 mgĀL-1 (1.25, 6.25, 12.5, 62.5, 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 entire association/dissociation cycle. When necessary, mild 

regeneration was performed with 10 mM HCl to preserve the DNA ligand's activity. The 

mean relative response value was related to Lf concentration to build the calibration curve. 

The linear concentration range, correlation coefficient R2, sensitivity (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 blank by 3 and dividing it by the biosensor's sensitivity. The measurements of real 

samples were carried out by following the earlier protocol, using saliva samples diluted ten 

times in HBS-EP buffer solution (pH 7.4). Spectrophotometric measurements were 

conducted using a commercial one-step ELISA kit, following the supplier's protocol. The 

endpoint absorbance at 450 nm was measured thrice for the ELISA experiments, and the 

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 disease [14,237], and it has been confirmed to have antiviral 

activity against pathological bacteria [17,238]. In order to collect human saliva samples, 

three volunteers from age 26 to 34 had their saliva directly collected from their oral cavity 

using sterile 2 mL syringes (Polfa Lublin S.A., Poland). All saliva samples were collected 

while fasting, at least 30 min before liquid consumption at the fixed time, and tested on the 

same day. The volunteers were two healthy females, and one male who suffers from 

LeŜniowski-Crohn disease. The collection and testing protocol was strictly defined to 

maintain the salivary glands unstimulated, thus preventing the risk of uncontrolled 
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fluctuations in daily experimental data. The process of preparing the saliva samples involved 

centrifuging them for 10 minutes at 8000 rpm, which effectively removed heavy fractions of 

saliva, such as bacteria, epithelium, mucins, clustered proteins weighing 1-10 million Da, 

bacteria, and secretory immunoglobulin A, a polymer of 2-4 immunoglobulin monomers 

linked by two additional chains, with a total molecular weight of around 385 kDa. These 

fractions could deposit on the sensor-chip 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 80 kDa, respectively, but their structures are significantly different, and lactoperoxidase 

has a higher isoelectric point (pI = 9.6). On the other hand, statherin and histatins have much 

lower molecular weights, weighing approximately 5.3 kDa and 3-5 kDa, respectively. None 

of these proteins have been found to interact with DNA. Lysozyme, a strongly basic protein 

with a pI of 10.7 and a molecular weight of around 14 kDa, is known to interact with bacterial 

components, including bacterial DNA, but it is only active under acidic conditions (pH 5-6). 

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 acids. Noteworthy, the biosensor surface was blocked using 6-

mercaptohexanol as a standard procedure to minimize non-specific interactions. As a result 

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

the potential for interference was eliminated. 

6.13. Alternative biorecognition elements ï surface modification and 

measurements 

Various methods can be considered to develop recognition layers for determining Lf, starting 

with immunolayers wherein polyclonal or monoclonal antibodies capture the target 

molecule. Other type of sensors relies on artificial synthetic recognition elements, but data 

on such molecularly imprinted polymers for Lf is highly limited. To meet the requirements 

of sensitive and selective analytical measurements for detecting Lf in real samples, three 

different strategies for obtaining Lf sensing layers with antibodies and artificial cavities are 

presented. Fig. 17 shows a schematic view of three different approaches for gold SPR chip 

modification. In strategy I, 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, rinsed 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 sulfo-NHS mixture (1:1, 

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

SPR measurements for a wide range of analyte concentrations ï in this case, lactoferrin ï 

were performed along with the calculation of the linear calibration curve. Strategy II aimed 

to increase the saturation of the chip surface with antibodies. This was 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 EDC/NHS cross-linking, which had 

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

of which depended on the dendrimer's generation. 

 

Fig. 17. Schematic view of modification approach: method I with linear linkers, method II 

using hyperbranched linkers, method III based on molecular imprinting in polymer. 

Briefly, dendrimers are three-dimensional polymer structures that have a spherical shape 

with branching chains and a core. These structures can be functionalized to obtain peripheral 

functionalities, making them versatile [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 expand [240]. The polyclonal antibodies were attached to the PAMAM 

functionalities through amine-to-amine coupling with reagents such as BS3, BS(PEG)9, or 

glutaraldehyde at different concentrations. The attachment via -COOH antibody groups was 

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

affected the antibody-antigen interaction analytical response, such as running buffer, 

PAMAM generation and ratio, cross-linker 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 I and II, except 

for the prior 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 ÕM) to compare the analytical signal of antibody-antigen 

interaction resulting from methods I and II. This allowed the evaluation of the influence of 

introducing a dendrimer interlayer on the biosensors' performance. The third strategy was 

based on molecular imprinting in a polymeric matrix made of polydopamine (PDA). The 

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

was imprinted. Here, a mixture of 2gĀL-1 of functional monomer (dopamine) and a 7.5 ÕM 

solution of the template (analyte) was prepared and further auto-polymerized under basic 

conditions (10 mM Tris-HCl buffer of pH 8.5) for 5 hours at 25ÁC. After that, the template 

was removed using a 5% (v/v) solution of acetic acid, and the performance of the sensing 

layer was evaluated with SPR measurements. Additionally, a template removal procedure 

was investigated using UV-Vis spectroscopy at 96-well plates, and the affinity of the analyte 

towards non-imprinted 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 focused on adjusting the buffer solution, 

particularly its composition and pH. This is crucial for immobilization as electrostatic 

interactions initially affect ligand attachment efficiency. Capturing the biotinylated sequence 

(I.1) was used for immobilization, followed by hybridization with a complementary strand 
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(II.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 sensorgrams were recorded. The immobilization procedure was consistent in terms 

of the type of sensors used (hydrogel-based), contact time for each step, the type of blocking 

agent, and the concentration of ligand. The protocol is illustrated in Fig. 18. 

 

Fig. 18. Sensorgrams of streptavidin-derivatized hydrogel layers during immobilization 

with ssDNA and complementary strand (I.1 + II.1) under different conditions [65]. 

Table 4 summarizes the quantitative results of the density 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 environments. 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 repulsiveness between the support and ligand also increases. 

However, under pH 4.5, the overall net charge of DNA is closer to neutral, resulting in 

electrostatic attraction [241]. Using the capture molecule method for ligand immobilization 

is likely the best way to reduce the negative effects of the solution on immobilization yield, 

compared to conventional amine coupling. However, apart from pH, the buffer composition 

is another factor 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 
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especially evident when comparing the mean ligand loading density obtained in buffers 

containing non-ionic surfactant and those without it, where the immobilization yield is 

higher for the former case. 

Table 4. Immobilization level of (I.1 + II.1) under different conditions, n Ó 3. Ligand density 

was calculated according to the conversion factor 122 mo = 1 ngĀmm-2. 

Ultimately, for optimal immobilization in terms of efficiency, stability, and reproducibility 

of the ligand layer, a HEPES-based buffer with surfactant, a high NaCl content, and 

physiological pH was selected for further preparation of a DNA-based layer for subsequent 

experiments.  

Influence of conditions on hybridization efficiency 

The results of the hybridization efficiency (Whybr) analysis are presented in Table 5. The 

highest value 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 between neighboring immobilized strands. This creates more space 

for target complementary strands. However, alkaline media promote duplex dissociation, 

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 structure [242]. The physiological pH 

environment provides relatively stable conditions for hybridization, resulting in a 

hybridization efficiency level near 60%. 

Running/coupling buffer Immobilization  
 

ȹ angle 

(mÁ) 

ŭ  

(ngĀmm-2) 

amount, m 

(ng) 

NŭĀ1011 

(-) 

mean Ñ SD 

HBS-EP pH 7.4 323.4 Ñ 33.7 2.7 Ñ 0.3 20.9 Ñ 2.2 11.0 Ñ 1.2 

HBS-EP pH 8 6.5 Ñ 2.3 0.1 Ñ 0.0 0.4 Ñ 0.2 0.2 Ñ 0.0 

25 mM MES pH 6 0.8 Ñ 16.5 0.0 Ñ 0.1 0.1 Ñ 1.1 0 Ñ (-) 

PBS pH 7.4 179.7 Ñ 82.9 1.5 Ñ 0.7 11.6 Ñ 5.4 6.0 Ñ 2.8 

10 mM acetate buffer pH 4.5 105.0 Ñ (-) 0.9 Ñ (-) 6.8 Ñ (-) 5.3 Ñ (-) 

PBST pH 6 199.1 Ñ 45.1 1.6 Ñ 0.4 12.9 Ñ 2.9 7.3 Ñ 1.7 
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Table 5. Hybridization efficiency (%) is calculated as the percentage ratio of hybridized 

complementary DNA (II.1) over ssDNA (I.1), obtained under different conditions, n Ó 3. 

Running/coupling buffer Whybr (%), mean Ñ SD 

HBS-EP pH 7.4 55.8 Ñ 11.7 

HBS-EP pH 8 85.7 Ñ 71.6 

25 mM MES pH 6 0 Ñ (-) 

PBS pH 7.4 58.3 Ñ 14.7 

10 mM acetate buffer pH 4.5 3.8 Ñ (-) 

PBST pH 6 44.4 Ñ 1.5 

Influence of experimental conditions on DNA-Lf binding 

The impact of buffer solution on the interaction 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 set according 

to pH = pIanalyte ï 0.5, the properties of the DNA ligand layer were considered in parallel to 

analyte features. To study the Lf-DNA interaction, experimental results recorded for 

different supporting buffers after association and dissociation (150 seconds each) are 

displayed in Table 6. It is important to note that the efficiency of hybridization was not 

considered in this analysis. The study includes the overall interaction of Lf with dsDNA, as 

well as alternative Lf-ssDNA binding. After washing off 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, which practically means the stoichiometry of supramolecular 

interaction [243,244]. This information is vital in the detailed analysis of the kinetics and 

thermodynamics of binding. The biosensor was prepared at pH 7.4 with HBS-EP, and the 

cross-examination of buffer solutions during the association/dissociation processes was 

carried out for a fixed concentration of Lf. The 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 for further analysis. 

In contrast, buffers with alkaline pH close to the analyte's isoelectric point had the smallest 



88 

 

mean number of bound protein molecules. Among the buffer solutions with physiological 

pH, the best performance was observed for HEPES-based media containing a high 

concentration of salt and 0.05% (v/v) surfactant. This media showed a satisfactory response 

after both association and dissociation. It's essential to adjust the pH for the Lf-DNA 

interaction study because lactoferrin's structure changes depending on the concentration of 

H+ ions. 

Table 6. Influence of running buffer composition and pH on the interaction between 

immobilized DNA (I.1 + II.1) and 100 mgĀL-1 lactoferrin, n Ó 3. Immobilization was 

performed using a streptavidin-derivatized hydrogel SPR chip with a running/coupling 

buffer 10 mM HBS-EP pH 7.4. 

When the pH is acidic, the orientation of lobes changes, and the entire structure relaxes, 

which can lead to the release of iron ions [25]. According to the Nevinsky group, iron-

saturated Lf is more potent than apo-Lf when it comes to binding with DNA. However, both 

forms can bind to single-stranded and double-stranded DNA [62]. Therefore, this ability of 

lactoferrin is an essential premise for DNA being a potential specific bioreceptor for Lf . 

FTIR measurements ï evaluation of surface modification  

FTIR transmittance spectra were collected within the range of 4000-600 cm-1 to validate the 

immobilization of ssDNA, hybridization with a complementary strand, and interaction of 

dsDNA with lactoferrin at the hydrogel-modified SPR gold sensor, depicted in Fig 19A-B. 

The spectra obtained for the streptavidin-derivatized hydrogel layer, which was then 

biotinylated DNA modified (two-step process) and Lf modified, exhibit similar visible peaks 

Running/coupling buffer Interaction  
 

association rel. 

response 

(mÁ) 

dissociation rel. 

response 

(mÁ) 

mean Ñ SD 

HBS-EP pH 7.4 648.5 Ñ 84.1 179.6 Ñ 55.5 

HBS-EP pH 8 147.3 Ñ 59.3 40.5 Ñ 39.3 

25 mM MES pH 6 1642.4 Ñ 792.5 1967.9 Ñ 966.7 

PBS pH 7.4 281.1 Ñ 0.8 58.9 Ñ 29.0 

10 mM acetate buffer pH 4.5 332.7 Ñ 998.1 332.7 Ñ 998.0 

PBST pH 6 367.9 Ñ 63.3 88.4 Ñ 14.2 



89 

 

at the wavenumbers of broad bands 3400-3200 cm-1, which can be attributed 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 2950-2770 cm-1 can be linked to the stretching 

C-H vibrations of the polycarboxylate hydrogel structure [245].  

 

 

Fig. 19. FTIR spectra of consecutive modification steps of the SPR hydrogel layer taken 

from 600 to 4000 cm-1 (A) and magnified to 900-1800 cm-1 (B). Results of own research 

[65]. 

The bands at 1600-1550 cm-1 present in all spectra originate from peptide bonds, including 

amide I and amide II, which are characteristic of the proteins streptavidin (line 1) and 
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lactoferrin (line 4) [246].The vibrations of Ŭ-helices correspond to the peak of amide I, while 

the peak of amide II comes from the vibrations of N-H and C=O 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 cm-1 in the red spectrum can be linked to amide 

III N -H vibrations while stretching C-N vibrations of aliphatic amines produce 1200-1100 

cm-1 and 1020 cm-1 peaks. The spectra of layers modified with ssDNA (line 2) and dsDNA 

(line 3) display different peaks that are characteristic of DNA structure [247]. The following 

bands can be assigned to vibrations: around 1730 cm-1 from C=O vibrations and 1550 cm-1 

from C=N of guanine rings; at 1350 cm-1, the vibrations of bonds in 2ô-deoxycytidine; 

vibrations of C-N bands of purines around 1260 cm-1; around wavenumbers of 1090 cm-1 

and 1220 cm-1, symmetrical stretching vibrations from PO2 and P-O-C are shown; peaks at 

1460-1420 cm-1 are attributed to vibrations of CH2 bands and C2ô-endo/anti of deoxyribose; 

around 1610-1570 cm-1, the vibrations of C=C and C=N bands in adenine are present, while 

at 1720 cm-1 the C=O carbonyl groups of thymine are slightly visible. It can be concluded 

from the obtained transmittance spectra that the immobilization of ssDNA and its subsequent 

hybridization with complementary strands were successful. The peaks 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 corresponding peaks for 

hybridized and unhybridized DNA was up to 40%. This finding is consistent with the data 

obtained from SPR measurements. 

Preliminary verification of DNA-Lf interaction with EIS 

Complementary EIS analysis and the SPR interaction study were conducted to demonstrate 

the interaction between lactoferrin and DNA using an independent, label-free method. The 

measurements were taken on a biofunctionalized surface of sensing electrodes, with the 

addition of redox-active compounds to the solution. The sensing electrode's impedance 

controlled the system's overall impedance, resulting in a distinct charge transfer resistance 

visible in the Nyquist plot and equivalent circuit components calculated for the Randles 

model. The equivalent circuit model, displayed in Fig. 20, described the resistance of the 

solution Rs, as well as the diffusion processes in the low-frequency range (semicircle RdlQW). 
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Fig. 20. Nyquist plots, an equivalent electric model and fitting for measurements of Au-

MUA:MCHdsDNA (72 bp III.6 sequence) sensor in 2 mM K3[Fe(CN)6]/K4[Fe(CN)6] in 

HBS-EP pH 7.4 before and after incubation with 0.625 ÕM Lf in buffer solution for 2 

minutes. Results of own research [65]. 

The parameters in Table 7 clearly indicated the change in the studied sensor's electrical 

properties after the interaction with lactoferrin compared to corresponding values before the 

interaction, confirming the formation of a complex between lactoferrin and immobilized 

DNA. Based on those results, the use of the EIS method for lactoferrin determination was 

established.  

Table 7. Parameters of equivalent elements for applied faradaic model R(Q[RW]), including 

the fitting factor ɢ2 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 (ɋ) 24.70 25.39 

Q (ÕT) 6.91 11.10 

n1 (◖) 0.91 0.86 

Rdl (ɋ) 590.70 470.20 

W (ɋĀs-1/2) 177.00 197.90 

ɢ2 4.00Ā10-4 7.00Ā10-4 
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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 analysis results of the 

interaction between DNA sequences indicated in Table 2 and Lf are summarized as two 

relationships in Fig. 21. The first relationship is between the type of DNA used and the 

normalized mean relative response divided by the ligand density. The second relationship is 

between the Nŭ
Lf/Nŭ

DNA 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, it eliminates the dependence of the interaction on the ligand immobilization 

yield. To design new DNA oligonucleotides, researchers used literature-recognized DNA 

sequences in various combinations, reversals, and multiplications separated with short 

spacers d(A)3. 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 mono(A)23 sequence I.6. Another low response was 

recorded for the sequence containing an equal number of purines and pyrimidines arranged 

alternately (I.4 + II.4, hybridization efficiency 22%). The results obtained for the mono(T)23 

(I.8) and mixed sequence I.2 immobilized at the 3ǋ end were slightly higher. The bars in the 

next group on the chart are similar and include sequences I.1 + II.1, I.7, I.3, and III.2. When 

the I.3 sequence was hybridized with II.3, no improvement in interaction with Lf was 

observed. The relatively poor response for I.1 + II.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 I.1 had a higher interaction result than the same sequence 

that was hybridized prior to immobilization onto the SPR chip (III.1). Lf had a higher affinity 

for the GC pair than for the AT pair, as observed when comparing the results obtained for 

the III.3 and III.4 sequences. Despite its low hybridization efficiency (only about 7%), the 

interaction of Lf with ss mono(G)23 hybridized with mono (C)23 (I.5 + II.5) was much higher 

than the response obtained for ss mono (G)23 (I.5) and efficiently hybridized sequences 

mono(A)23 with mono (T)23 (I.6 + II.6, 74.5% hybridization efficiency). The results obtained 

from I.5 vs. III.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 process was based on literature and marked as 

III.5, III.6, and III.7. The first sequence, III.5, has a total of 57 base pairs (bp), while the 
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second one, III.6, which provided the highest normalized interaction signal, is 72 bp long. 

The third sequence is 77 bp long, and it gave a slightly lower response than III.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 particles bound per ligand molecule, which practically means the 

stoichiometry of the supramolecular complex [243]. 

 

Fig. 21. Relative normalized response DNA-Lf interaction experiments, obtained for full 

association/dissociation cycle and the ratio of bound Lf molecules to immobilized DNA 

molecules vs. DNA oligonucleotides used, n Ó 3. Results of own research [65]. 

In accordance with the affinity analysis, the Nŭ
Lf/Nŭ

DNA ratio was found to be the highest for 

sequence III.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 single-stranded ones. Moreover, the study revealed 

that longer multiplied oligonucleotides are more advantageous than short sequences used 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 interactions were obtained through the kinetic 

analysis, which provided vital information about the rate of complex formation and its 

stability, giving an insight into these processes. Measurements were performed in a wide 

range of analyte concentrations, from zero to saturation, to address the requirements of 

kinetic analysis. In general, the acquisition of kinetic data is extremely challenging for 

complex systems like biomolecular interactions. The simplifications have to be applied since 

oftentimes instrumentation imposes limitations such as data acquisition rate, which for SPR 

hardware is typically about several ms, while the biological process has multiple discrete 

steps of several Õs or less. Hence, the experimental part was carefully designed and 

performed to obtain consistent and reproducible data. The low immobilization yield of 

utilized biosensing layers allowed for the avoidance of steric hindrance, while the high flow 

rate of sample injection and mixing enabled the minimization of the mass transport effects. 

The bulk effect was eliminated by injecting a buffer solution devoid of analyte molecules 

and subtracting from the relative response for each concentration.  

Kinetic model 

The research led to a one-on-one interaction between Lf and particular DNA, supported by 

stoichiometry findings. Fig. 22 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 lines. The 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 conformational changes expected. 

As a result, it provides the most accurate reflection of the binding event. Generally, surface 

effects, such as immobilization heterogeneity or cross-linking and mass transfer or rebinding 

of analyte to the surface, can affect the kinetic data. However, the simplest one-to-one is the 

starting model and fits well for a majority of interactions, indicating good experimental 

performance.  
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Fig. 22. Exemplary experimentally obtained kinetic curves (in color) of 72 bp III.6 and Lf, 

along with mathematically fitted one-to-one binding model curves (in black). The curves 

were obtained within a concentration range of 0.125 to 6.25 ÕM Lf in an HBS-EP buffer 

solution pH 7.4. TraceDrawer software was used to process the data. Results of own 

research [65]. 

Kinetic constants 

A summary of the kinetic evaluation is presented in Table 8.  

Table 8. The kinetic parameters of the one-to-one interaction between Lf and III.6 DNA 

sequence, n = 3. 

CLf (ÕM) Rmax (mÁ) kaĀ104 (M -1Ās-1) kdĀ10-3 (s-1) KDĀ10-8 (M)  
KAĀ108 (M -

1) 

0.125 549.6 Ñ 136.0 

2.49 Ñ 0.03 1.89 Ñ 0.002 7.61 Ñ 0.18 0.13 Ñ 0.05 

0.25 800.3 Ñ 15.0 

0.375 848.9 Ñ 7.1 

0.5 908.0 Ñ 7.0 

0.625 1035.1 Ñ 3.3 

0.938 1075.9 Ñ 1.8 

1.25 1204.1 Ñ 2.0 

2.5 1266.2 Ñ 1.2 

6.25 2250.3 Ñ 0.3 
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The maximal immobilization yield, Rmax, is unique for each concentration of Lf, while all 

other parameters remain independent of Lf concentration. The experiment was repeated 

three times, and mathematical modeling showed that the results were highly reproducible. 

This was indicated by the low SD of each parameter in the model. The rate constant for 

complex formation (ka) was calculated to be (2.49 Ñ 0.03)Ā104 M-1s-1, indicating a fast rate 

of binding. The dissociation rate constant (kd) was found to be (1.89 Ñ 0.02)Ā10-3 s-1, 

indicating that the breakdown of the complex was slow, which suggests that it was stable. 

The dissociation constant (KD) was calculated to be (7.61 Ñ 0.18)Ā10-8 M, and the association 

constant (KA, which is equal to the binding constant Kb at equilibrium KA = Kb) was also 

determined. Both these constants indicate that there was high specificity in the 

intermolecular binding of Lf with the proposed oligonucleotide sequence [203,224]. The KD 

values obtained in this study were relatively close to those obtained in other studies [221] 

where inhibition experiments were used. The authors of the study found that out of the 

literature-recognized sequences, the highest affinity was obtained for TAGAAGATCAAA, 

which was used as a building block for III.6 sequence. The values of the equilibrium 

constants obtained within the kinetic analysis confirmed the dynamic properties of the DNA-

Lf setup and justified 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 DNA-Lf complex 

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

forces that facilitate supramolecular interactions between DNA and Lf. The binding 

constants obtained for the range of Lf concentrations from 0.5 to 3.75 ÕM were used to 

compute the thermodynamic parameters. The considerations were carried out for the 

equilibrium state where association and dissociation rates are equal. The vanôt Hoff plot, 

which is a natural logarithm of Kb vs. 1/T, describes the temperature dependence of the 

binding constant (visualized in Fig. 23). 
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Fig. 23. The van't Hoff plot of DNA-Lf interaction under different temperatures as a linear 

function of ln(Kb) vs. inversed temperature. Results of own research [65]. 

Thermodynamic constants 

The findings from the study have been collected in Table 9. The values for binding constants 

increased with temperature, suggesting that the process of DNA-Lf complex formation is 

endothermic within the temperature range studied. The binding constants for oligonucleotide 

sequences (1), (2), and (3) from literature-based studies [58] that used electrophoretic 

mobility shift assay [221] were of similar magnitudes, indicating consistency between 

EMSA and SPR techniques. However, the concentrations of Lf-DNA complexes for III.6 

and Lf were at least one order of magnitude higher than those obtained in studies involving 

Lf -naringin [134] or Lf-phenothiazine dyes [204]. 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 Lf as an immobilized ligand that interacts with free naringin 

flavonoid or phenothiazine dyes. These results suggest that dsDNA has potential as a 

biorecognition element for human Lf. 

Driving force for lactoferrin-DNA interaction 

The stability of a non-covalent complex formed between a protein and a specific 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 determined by the quality and quantity of non-covalent 

interactions between the protein, DNA site, and solvent components like water and ions 

[248]. 

Table 9. Thermodynamic parameters of DNA-Lf complex formation under different 

temperatures and pH 7.4 (HBS-EP buffer solution). 

T (K)  
KbĀ105 

(LĀmol-1) 

ȹH0 

(kJĀmol-1) 
R2 

ȹG0 

(kJĀmol-1) 

ȹS0 

(kJĀmol-1ĀK -1) 

TȹS0 

(kJĀmol-1) 

291.15 3.29 

45.55 0.989 

-30.76 

0.26 

76.32 

297.15 5.29 -32.59 78.14 

301.15 6.13 -33.37 78.92 

305.15 8.13 -34.59 80.14 

A negative ȹGo value suggests that the chemical equilibrium can be favorably reached at 

any temperature between 18-32ÁC (291.15 ï 305.15 K). Furthermore, the characteristic of 

Gibbs free energy vs. temperature shows that the stability of DNA-Lf interaction increases 

with temperature. The obtained ȹHo and TȹSo values are positive, indicating that the process 

is entropically driven in the range of used temperatures. Typically, positive enthalpy and 

entropy values are associated with hydrophobic-dominated intermolecular interactions of 

reactants, which relates to some extent to the properties of the proposed lactoferrin 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 process. Instead, it may result from the gain of 

configurational entropy associated with the release of water or the formation of ion solvation 

shells around the complex [82]. As the pI of lactoferrin is basic and the dsDNA exhibits a 

negative charge, under the condition used in the study pH 7.4, the electrostatic forces, 

including special cases such as van der Waals weak forces, seem to play an important role 

in the Lf-dsDNA binding [218,225]. The thermodynamic analysis results presented align 

with the data obtained by the Nevinsky group [62,221], which showed ȹGo ca. -11.1 

kcalĀmol-1 (around -7.35 to -9.16 kcalĀmol-1), thus confirming the hypothesis that 

hydrophobic binding and weak electrostatic forces play a crucial role in the complex 

formation process. Although the proposed model assumes no change in the heat capacity 

with temperature increment upon binding, typically, the site-specific protein-DNA 

associations are characterized by a large negative standard heat capacity change, shifting the 

driving force from entropic to enthalpic with increasing temperature range [250,251]. 
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However, the major contribution to the heat capacity change for protein interactions arises 

from changes in surface hydration, including apolar and polar parts [252]. Moreover, 

HEPES-based buffer solution utilized in the study is temperature-sensitive [253], 

nevertheless relevant for the binding event, according to results summarized in Table 4 of 

the previous section. Other buffer solutions, although having lower temperature dependence 

of pKa values regarding thermodynamic quantities, were not compatible with the properties 

of the hydrogel matrix and pI of the target protein. The selection of buffers must guarantee 

the proper condition of interaction, taking into account, among others, the pH operation 

range. The decrease of pKa of buffer with increasing temperature does not favor the 

ionization of the buffer solution [254,255]. Eventually, the temperature change in this study 

was rather small (18-32ÁC), so the changes in heat capacitance or pKa of buffer solution are 

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 estimate the chosen DNA's relative response to these 

proteins compared to lactoferrin, which was used as a reference. Interfering proteins that 

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

SPR sensor with a relatively high ligand capacity surface (1.77 ngĀmm-2 of III.6) was 

utilized. The selectivity of the sensor was calculated for protein concentrations of 5 and 100 

mgĀL-1, and the results are shown in Fig. 24. 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 analysis was not crossed either, after taking into 

account the SD values. It is important to note that higher selectivity is achieved for 

interfering samples when they are present at low concentrations. This is because the matrix 

effect and nonspecific purely electrostatic interaction have a stronger effect at low 

concentrations. It should also be noted that negative results were obtained for urease and 

HRP at 100 mgĀL-1 and for all proteins at 5 mgĀL-1 (excluding Lf). These negative mean 

values are due to a slight signal drift that causes the baseline to decrease by several milli-

degrees (mʐ), which is considered a measurement error of the method. Most interferents are 

proteins that are commonly present in various biological samples. Therefore, at pH values 

above their pI 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 charge at pH 7.4, yet it did not interact with dsDNA. The literature reports 

that selectivity studies for aptamer-based analyses typically involve the use of proteins found 

in milk samples at high concentrations, such as Lf [171,179,186]. 

 

Fig. 24. Selectivity bars with RSD obtained for 5 and 100 mgĀmL-1 interferent vs. 

lactoferrin in HBS-EP pH 7.4 buffer solution, n =3. Results of own research [65]. 

However, this study aims to develop a biorecognition element suitable for analysis in 

clinically significant samples, leading to the investigation of a different set of interferents. 

Furthermore, most aptamers do not exhibit satisfactory selectivity in quantitative analysis, 

which makes their use unfavorable, and their development process is rigorous and time-

consuming compared to oligonucleotide synthesis. The mean relative responses are 

summarized in Table 10. 

Table 10. Mean relative response with SD and calculated values of Selectivity obtained for 

each respective protein-type interferent in high (100 mgĀL-1 ) and medium concentration (5 

mgĀL-1) in relation to the reference mean response to Lf after the full association/dissociation 

cycle. Samples injected separately, n = 3. 

 
mean relative response Ñ SD, 

(mÁ) 

Selectivity  

(%) 

100 mgĀL-1 of protein  

Lf  594.2 Ñ 53.2 100 

urease -6.8 Ñ 8.7 -1.2 

BSA 0.3 Ñ 1.6 0.1 

HRP -1.0 Ñ 0.3 -0.2 
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mean relative response Ñ SD, 

(mÁ) 

Selectivity  

(%) 

100 mgĀL-1 of protein  

GOx 0.1 Ñ 2.0 0.02 

GlutOx 0.2 Ñ 4.1 0.03 

LA  2.2 Ñ 1.7 0.4 

 5 mgĀL-1 of protein 

Lf  98.2 Ñ 7.8 100 

urease -1.2 Ñ 2.9 -1.3 

BSA -0.5 Ñ 0.6 -0.5 

HRP -1.6 Ñ 1.3 -1.6 

GOx -0.1 Ñ 0.7 -0.1 

GlutOx -2.1 Ñ 3.0 -2.2 

LA  -1.1 Ñ 1.1 -1.1 

7.6. SPR quantitative analysis 

The results of SPR quantitative analysis are presented in Fig. 25. The measurements were 

carried out to verify the utility of dedicated 72 bp DNA oligonucleotide for lactoferrin 

determination, compared to other DNA sequences. The 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 performed for the 

following loading density of each respective ligand: 1.01 ngĀmm-2 for III.1. and 1.05 ngĀmm-

2 for III.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 value ranges from 

0.1 to 1.25 ÕM for III.1, both with satisfactory correlation coefficients. The findings indicate 

a significant improvement in sensitivity for biosensing with the use of the III.6 sequence 

compared to the value calculated for III.1, which was nearly 5 times lower. The 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 sequence in terms of calculated LODs, with 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, with favorable metrological 

parameters, particularly LOD, in comparison to other SPR studies utilizing the 

immonosensing approach [169,170,256]. 



102 

 

 

Fig. 25. Calibration curves obtained for Lf interacting with 72 bp dsDNA (III.6) and 23 bp 

dsDNA (III.1)  immobilized on the SPR sensor chips. Results obtained in HBS-EP buffer of 

pH 7.4, n = 3. Results of own research [65]. 

8. DNA-based label-free impedimetric biosensor for determination of lactoferrin 

The usage of a particular type of biorecognition element for the development of 

impedimetric biosensors for quantitative Lf analysis was fundamentally based on the 

research presented in the previous section. Briefly, the 72 bp DNA oligonucleotide was 

proposed among various sequences as the selective DNA-based bioreceptor for Lf. The 

choice was motivated by the results of affinity, kinetics, thermodynamics, and selectivity 

analyses. In this chapter, the results of the investigation on adapting the SPR sensor 

modification procedure to electrochemical sensors, characterization of the fabricated 

impedimetric biosensor, and quantitative analysis of Lf in laboratory samples and human 

saliva will be presented and discussed in detail. 

8.1. Loading density of bioreceptor with 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 the bioreceptor. 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 immobilization level and 

normalized response for the fixed Lf concentration The primary function of MCH is to fill 

the free spaces between MUA functionalities, thereby reducing the non-specific 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 reaction. The results in Fig. 26 A-B show that a 

1:10 MUA:MCH molar ratio provides the lowest ligand density and the highest interaction 

level, which is consistent with SPR theory [94,96]. 

 

Fig. 26. (A) Relative response corresponding to immobilization level of dsDNA on 2D 

MUA:MCH-modified gold sensor, depending on the molar ratio of linker-to-blocker, n = 

3; (B) the impact of linker-to-blocker ratio on Lf binding to immobilized DNA, n = 3. All 

experiments were carried out in HBS-EP pH 7.4 as a running/coupling buffer. Results of 

own research [257]. 

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 was particularly 

advantageous in the formation of DNA-Lf complexes since it helped to minimize steric 

hindrance. This hindrance is often caused by the overcrowding of ligand molecules [235]. 

The interaction between molecules can be affected by the presence of a receptor layer that 

is highly packed or overpacked, which can introduce 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 shown in Fig. 27A-B). The initial 

hydrophobic surface of the bare gold was modified 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 60 degrees, 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 MUA:MCH-derivatized gold that was further modified with dsDNA 

and Lf were found to share the same broadbands at 3400-3200 cm-1, which are assigned to 

O-H stretching vibrations. The spectra of the MUA:MCH-modified gold (line 2) additionally 

exhibit vibrations assigned to C=O bands around 1710 cm-1. The presence of dsDNA (line 

3) is confirmed through various peaks that are characteristic of DNA structure [247]. These 

peaks are assigned to the vibrations of the following groups: approximately 1730 cm-1 from 

C=O vibrations and 1550 cm-1 from C=N of guanine rings; at 1350 cm-1, the vibrations of 

bonds in 2ô-deoxycytidine; and at 1720 cm-1, a small band ascribed to the C=O carbonyl 

groups of thymine. Additionally, the peak corresponding to the vibration of the -OH group 

decreased, which resulted from the occupation of these functional groups by DNA strands. 

The presence of lactoferrin at the DNA-modified surface is indicated by distinct bands 

originating from bond vibrations of this protein (line 4). Small bands at 2950-2770 cm-1 are 

attributed to C-H stretching vibrations of protein structure. The bands observed at 1600-1550 

cm-1 come from peptide bonds (amide I and amide II) [246]. The amide I band corresponds 

to the vibrations of Ŭ-helices, whereas the amide II band originates from the vibrations of 

N-H and C=O groups. In the 4th spectrum, the band at 1410 cm-1 is associated with amide 

III N -H vibrations, while 1200-1100 cm-1 and 1020 cm-1 result from C-N stretching 

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

4000 to 600 cm-1 obtained for the sensors at consecutive modification steps, described as: 

bare Au, Au-MUA:MCH-derivatized, Au-MUA:MCH-dsDNA and Au-MUA:MCH-

dsDNA-Lf . Results of own research [257]. 

8.3. Faradaic and non-faradaic EIS experiments 

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

[Fe(CN)6]
3-/4- in 10 mM HBS-EP of pH 7.4 was examined onto DNA-modified sensors using 

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

275 mV (Ñ 2.9 mV) to 271 mV (Ñ 0.6 mV), which suggests that the modified surfaces are 

highly stable. The characteristics of oxidation and reduction potentials (Eox, Ered) and 

currents (Iox, Ired) are illustrated in Fig. 16A-B. It was observed that the CV redox potentials 

were not significantly affected by the scan rate (v) above 20 mVĀs-1, whereas the smallest 

changes in CV current were obtained within the same scan rate range from 5 to 20 mVĀs-1. 

To describe the behavior of the electrochemical system investigated with EIS methods, the 

Randles model ï an electrical equivalent circuit is commonly used [188]. For our purposes, 

the Randles model was modified and illustrated in Fig. 28.  
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Fig. 28. Oxidation/reduction potential (A) and current peak (B) vs. scan rate of CV 

measurements, obtained using redox probe 2 mM [Fe(CN)6]
3-/4- after incubation with 312.5 

nM Lf for 2 minutes, n = 3. Results of own research [257]. 

The fit of each model to experimental data can be determined by the chi-squared ɢ2 

parameter. Two approaches are used to study the electrical properties of interface biosensor 

surfaces/solution: faradaic reactions and non-faradaic processes. Faradaic processes require 

the use of a redox probe and the application of direct current (DC) conditions to promote the 

development of electrochemical reactions. An electrochemical probe ([Fe(CN)6]
3-/4- 

solution) is commonly used for this purpose [189]. To study the electrode-electrolyte 

resistance at equilibrium, which corresponds to the charge transfer behavior of the electrode, 

the open circuit potential (OCP) is first determined and then applied as the DC potential 

(EDC). Thermodynamically stable conditions are maintained at or below the OCP. For non-

faradaic processes, the use of redox couples is unnecessary. In such cases, a one-component 

0.1 M KCl electrolyte solution without an electrochemical probe is sufficient [194]. The 

results of EIS measurements conducted for both models were analyzed, and the obtained 

electrical parameters were summarized in Table 11. The experiments were performed using 

bare Au, Au-MUA:MCH, and Au-MUA:MCH-dsDNA. The analysis of the non-faradaic 

model clearly shows the changes in electrical properties of the Au sensor-chips after being 

modified with an organic layer.  
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Fig. 29. Randles equivalent circuits for non-faradaic and faradaic processes; the results of 

electrical characterization of bare Au, Au-MUA:MCH, and Au-MUA:MCH-dsDNA 

presented as Nyquist plots. The inset graph for the non-faradaic process shows the high 

frequency range with partially developed semi-circles. Results of own research [257].  

These changes are expressed by an increase in capacitance C1nf. The resistance of the 0.1 M 

KCl solution was around 40 ɋ. However, the presence of the organic layer, MUA:MCH, 

and further dsDNA limited the electron transfer, resulting in an increase in C1nf capacitance. 

Additionally, the double-layer resistance increased due to the poor electrical conductivity of 

the linker and immobilized DNA. The calculated time constant Űnf = C1nfĀR2nf increases with 

each consecutive layer added onto a surface. The deposition of consecutive layers was 

confirmed by SPR results, which also validated the impedimetric interpretation. In addition, 

changes in the phase angle and value of the constant phase element parameter Q1nf can be 

noted within the low frequency range. This describes a non-ideal capacitor with a decreasing 

value as the deposited layer thickness increases. The exemplary impedimetric spectra in the 

form of Nyquist plots and the schemes of equivalent electrical models for non-faradaic and 

faradaic processes are depicted in Fig. 29.  
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Table 11. Parameters calculated using equivalent electrical circuit models for non-faradaic 

and faradaic processes. 

non-faradaic model (measurements in 0.1 M KCl) 

Element 
Au Au-MUA:MCH  Au-MUA:MCH -dsDNA 

mean SD mean SD mean SD 

R1nf (ɋ) 42.543 2.127 35.340 2.624 42.465 4.615 

C1nf  (ÕF) 2.747 0.690 4.833 0.724 5.452 0.095 

R2nf  (ɋ) 4.912 1.408 3.508 0.438 7.594 0.644 

Q1nf  (ÕT) 4.396 0.747 3.389 0.363 3.112 0.020 

n1nf  (-) 0.930 0.007 0.978 0.020 0.992 0.001 

ɢ2nf (Ā10-5) 15.000 5.000 11.740 6.158 10.333 13.199 

Űnf (Õs) 13.490 0.972 16.957 0.317 41.396 0.061 

faradaic model (measurements in 2 mM [Fe(CN)6]3-/4- in HBS-PE pH 7.4) 

R1f (ɋ) 31.333 2.073 28.997 2.095 31.907 3.789 

C1f (ÕF) 6.913 1.001 9.205 2.082 9.027 1.003 

R2f (ɋ) 28.430 1.687 2.555 0.702 2.741 0.414 

Q1f (ÕT) 64.767 4.984 5.718 0.912 5.438 0.198 

n1f (-) 0.840 0.043 0.938 0.009 0.944 0.002 

R3f (ɋ) 8966.000 2084.759 1137.000 360.292 767.467 98.995 

W1f (ɋĀs-

1/2) 

----- ----- 173.600 35.310 213.433 80.126 

ɢ2f (Ā10-5) 113.333 30.912 6.557 2.557 6.547 2.225 

Űf (Õs) 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)6]
3-/4- in HBS-EP pH 7.4) was defined as R1f and was around 30 

ɋ, lower compared to the non-faradaic setup due to the presence of the redox probe. The 

best fit of the experimental data to the model was obtained for the equivalent electrical circuit 

with the following configurations: C1fR2f and Q1fR3f. In the case of results obtained after 

modifying Au sensors with (bio)organic layers (Au-MUA:MCH and Au-MUA:MCH-

dsDNA), the equivalent electrical model was expanded by the Warburg element W1f, which 

describes the mass transport of redox probe molecules from the 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, the W1f value increases as 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 defined as Űf = C1fĀR2f, indicating 

faster charge transfer to the electrodes' surface from the solution. The resistance R3f is 

significantly lower for the bare sensor compared to the MUA:MCH-modified, and 

immobilization of another molecule, such as DNA oligonucleotide, results in further 

resistance drop. The constant phase element Q1f of 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 for each type of sensing surface confirm the 

modification steps, first with linear linker/blocker and second with DNA molecules. 

8.4. Electrical equivalent circuit parameters vs. lactoferrin concentration 

The data obtained with the use of the developed biosensor was processed by adapting an 

equivalent electrical model for the faradaic process. The experimental impedimetric signal 

was recorded before and after interaction with a fixed concentration of Lf. The changes in 

the impedimetric spectra confirmed the interaction between the DNA receptor and Lf. The 

calculated parameters were analyzed to identify the quantitative correlation between the 

changes in impedimetric spectra and the changes in Lf concentration. The results of this 

analysis are summarized in Table 12. Several types of parameters were taken into account: 

(1) ratio of time constant before and after the interaction calculated as C1fĀR2f, (2) ratio of 

resistance R2f before and after the interaction, (3) difference between R2f before and after the 

interaction, and (4) ratio of R3f resistance before and after the interaction The analysis was 

conducted on four independent biosensors using two sets of AC offsets: 10 mV and 50 mV, 

respectively. The DC settings for each specific measurement were obtained from OCP 

experiments.  

 

 

 

 

 



110 

 

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 Űf_before/Űf_after R2f_before/R2f_after 

R2f_before-

R2f_after 
R3f_before/R3f_after 

biosensor1 0.95 0.81 -1.22 1.14 

biosensor2 0.97 0.87 -0.60 1.21 

biosensor3 0.97 0.96 -0.14 1.31 

biosensor4 0.93 0.92 -0.27 1.39 

SD 0.017886 0.065271 0.482318 0.109055 

AC 50 mV     

biosensor1 0.91 0.77 -1.11 1.17 

biosensor2 0.97 0.86 -0.44 1.26 

biosensor3 0.99 0.97 -0.07 1.39 

biosensor4 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 mV. Eventually, the value of resistance R3f was 

selected among other parameters, as it exhibited the most significant and reproducible 

changes, as evidenced by the lowest SD values. Fig. 30A shows the Nyquist spectra for the 

Au-MUA:MCH-dsDNA biosensor before and after interaction with Lf, as well as the SPR 

sensorgram (real-time recording of SPR angle change) in Fig. 30B indicating the complex 

formation between a 72 bp dsDNA oligonucleotide and Lf, are presented. The change in 

resistance R3f was utilized as an analytical parameter to measure the Lf concentration in the 

EIS readout. An increase in analyte level leads to a decrease in R3f. 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 surface. The reason for the 

observed behavior is that DNA carries a negative charge while the molecules being analyzed 

have a positive charge under experimental conditions. The biosensor is incubated with Lf in 

HBS-EP pH 7.4, whereas Lf's isoelectric point is 8.7. The previous SPR experiments on the 

development of DNA biorecognition elements for Lf [65] and other studies on DNA-Lf 

binding [221,225] support these findings. Similar charge transfer effects on impedimetric 
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spectra have been observed for the interaction of specific DNA sequences and the NF-əB 

factor [196], as well as Mycobacterium tuberculosis secreted immunogenic protein MPT64 

[258]. 

 

Fig. 30. The Nyquist plot obtained for the biosensor before and after interaction of 

immobilized dsDNA oligonucleotide bioreceptor with Lf using (A) EIS method in the 

faradaic model and (B) SPR. Incubation conditions: fixed concentration of Lf ï 50 mgĀL-1, 

time ï 2 minutes. Results of own research [257]. 

8.5. Quantitative analysis of lactoferrin concentration in laboratory samples 

A concentration-dependent analysis of EIS spectra was conducted using a specific 72 bp 

DNA and a 23 bp strand to compare results in terms of metrological parameters. Calibration 

curves were presented in Fig. 31A-B to show the relationship between the normalized R3f 

calculated for the faradaic process for 2 mM [Fe(CN)6]
3-/4- for both DNA oligonucleotides 

and Lf concentration. The normalized resistance R3f was established as the ratio of R3f value 

obtained for biosensors before and after binding with the analyte at various concentrations. 

Both characteristics exhibited linearity with correlation coefficients R2 = 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 

higher concentration from 125 nM (LOQ) up to 2.5 ÕM. It is important to note that the 

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 for the latter. 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) ï 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 label-free Lf detection. Fig. 31C shows the 

SPR calibration 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 (blank-subtracted) normalized signal after the full association/dissociation 

cycle. The correlation coefficient for the SPR biosensor is the same as that for 

electrochemical detection (0.99). Although the SD bars for respective concentration values 

were higher, the repeatability of SPR measurements was less satisfactory. 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 LOD for SPR was 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 and LOQ were estimated 

according to the standard method using the formulas 3SDblank/S and 6SDblank/S, respectively, 

where SDblank is the standard deviation of n replicates of blank (result obtained for the 

background buffer solution), and S is the biosensor sensitivity (slope of linear regression 

curve). The advantages of using DNA as a biorecognition element over Lf immunosensors 

proposed in the literature are evident from the data provided with the use of the proposed 

impedimetric DNA-based biosensors. The metrological parameters, particularly LOD, are 

more favorable for DNA-based systems [169,170,173,174,256]. For instance, the LOD for 

an SPR immunosensor working in batch mode is 280 nM, for an SPR immunosensor 

working in flow mode is 50 nM, and for an amperometric immunosensor is 25 nM, whereas 

the proposed DNA-based impedimetric biosensor has a LOD 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 DNA-modified biosensors, (B) EIS method with 72 bp DNA-modified biosensors, 

(C) SPR method with 72 bp DNA-modified biosensors. The calibration characteristics 

were obtained for n Ó 3. All impedimetric measurements were performed for the faradaic 

process. All SPR measurements were carried out using HBS-PE pH 7.4 as a 

running/washing buffer and 10 mM HCl as a regeneration medium. Results of own 

research [257].  
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The proposed method for detecting Lf in this study is label-free, direct, and simple, providing 

ample opportunities for future improvements, including miniaturization. Aptamer-based 

electrochemical biosensors reported in the literature exhibited similar or inferior 

metrological parameters compared to the presented system. For example, a fluorescent 

aptasensor demonstrated 3 nM [156,157,179], whereas this work achieved 1.25 nM. 

Furthermore, the fluorescent aptasensor method is more expensive and time-consuming 

since it requires development and isolation from combinatorial libraries using the SELEX 

protocol, supported by sequencing methods. 

8.6. Estimation of biosensor shelf-life 

The shelf-life of the biosensors that were developed was evaluated through weekly 

measurements under carefully adjusted conditions for fixed Lf concentration. The results of 

the analysis are depicted in Fig. 32.  

 

Fig. 32. The concentration of Lf was determined using the impedimetric biosensors on 

selected days of the sensorsô storage period (1, 7, 14, and 21), n = 3. The concentration of 

Lf in the control sample of Lf was maintained at 25 mgĀL-1. Results of own research [257]. 

The biosensors were stored at 4ÁC between measurements. The values of Lf concentration 

were determined based on the calibration curve, considering the MW of Lf (80 kDa). The 

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 value. The 

stability of the biosensors was 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 weeks of storTo 

evaluate the shelf-life of the developed biosensors, weekly measurements were carried out 

under carefully adjusted conditions for fixed Lf concentration. The biosensors were stored 

at 4ÁC between measurements, and the values of Lf concentration were determined based on 

the calibration curve, taking into account the MW of Lf (80 kDa). It was observed that 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 stored at a relatively 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 to repeat this experiment to obtain a more accurate estimation 

of shelf-life. 

9. Determination of lactoferrin in human saliva samples 

Developed DNA-based impedimetric biosensor vs. reference methods 

The impedimetric biosensors were utilized for examining human saliva using three different 

approaches: DNA-based biosensing through EIS and SPR, as well as UV-Vis 

immunosensing employing a commercially available ELISA kit. The impedimetric 

measurements in human saliva functioned on the same principle as the Lf laboratory 

samples, as illustrated in Fig. 33A. In the case of EIS measurements, no dilution of saliva 

was necessary, thereby minimizing the sample preparation step. Conversely, during the SPR 

experiments, the data was 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 plots for impedimetric measurements of human saliva samples, and 

(B) exemplary SPR sensorgrams obtained for human saliva samples. Impedimetric 

measurements were performed for the faradaic process. SPR measurements were carried 

out using HBS-PE pH 7.4 as a running/washing buffer and 10 mM HCl as a regeneration 

medium. Results of own research [257].  
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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 

sample measurements. The calibration curve for the ELISA method can be found in Fig. 34.  

 

Fig. 34. Calibration curve obtained for ELISA kit, measurements performed according to 

the supplierôs protocol, endpoint 450 nm, n = 3. 

The sensitivity of this method was at the picomolar level, however, with a narrow linear 

concentration range from 1.95 to 62.5 pM of Lf. Compared to impedimetric DNA-based 

biosensor and SPR reference measurements with DNA-type specific receptor, LOD obtained 

for ELISA was 10.4 pM, which is two orders of magnitude lower, although other biosensors 

provided a significantly wider concentration range of lactoferrin. Table 13 summarizes the 

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

The relative error 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 mean value 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 DNA-based biosensors achieved 

satisfactory repeatability, 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 increased viscosity and density, which can significantly affect the 

analytical performance of the SPR method.  

Table 13. Results of Lf determination in human saliva samples obtained with the use of 

developed impedimetric DNA-based biosensors, SPR readout, and ELISA kit. Each sample 

was aliquoted, and the mean and SD values were calculated for experimental data of at least 

3 repetitions. The provided CLf values were calculated taking into account the dilutions used. 

Saliva 

samples 

EIS* ELISA**  SPR***  

Relative 

error 

(ELISA -

EIS)/ 

ELISA  

Relative 

error 

(SPR-

EIS)/ 

SPR 

mean SD mean SD mean SD (%) 

CLf Ā10
-9 (M)  

Sample 1 605.96 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 

Sample 3 236.05 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 reveal a significant, almost a 2-fold 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 donated by a volunteer who 

suffers from LeŜniowski-Crohn disease, which might be related to the higher salivary Lf 

concentration. However, it is still at the physiological submicromolar level. In terms of 

comparing the concentration of Lf in the test samples using different methods, it is important 

to note that there may be slight 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 biosensors tend to overestimate the concentration of Lf when compared to both 

reference measurements (ELISA and SPR). Although the salivary lactoferrin concentration 

can vary on a daily basis depending on factors such as age, physical activity, and medication 

intake, the developed biosensors are highly accurate and provide a wide range of analysis 

that covers the physiological micromolar level of lactoferrin found in healthy human saliva 

[14,237], which is a significant advantage in terms of its potential use for further 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 a carboxylamine coupling method. This resulted in the formation of a 

biorecognition self-assembled monolayer. To prevent any unconjugated surface groups from 

interfering, they were blocked using a 1 M ethanolamine-HCl solution at pH 8.5. The loading 

density was determined to be 2.12 ngĀmm-2, using the conversion factor of 122 mÁĀmm2Āng-

1. The protein was dissolved in 10 mM acetate buffer of pH 4.5, and the stock of pAb was 

diluted 100 times. The immobilization process involved the use of a linear linker, as 

illustrated in Fig. 35.  

 

Fig. 35. Immobilization of 1:100 pAb in 10 mM acetic buffer at pH 4.5. The relative 

response was interpreted as a difference between the signal before pAb injection and after 

surface blocking with 1 M ethanolamine-HCl pH 8.5. 

An immunosensor was utilized to determine the concentration of lactoferrin in the range of 

0.0125 to 2.5 ÕM. Lactoferrin is a protein that carries a positive charge and undergoes 

structural changes in acidic environments, leading to a reduced ability to interact with 

antibodies. To avoid the negative effects of protein conformation on lactoferrin-antibody 
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interaction a near-physiological pH buffer was chosen for accurate quantitative 

measurements. 

 

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

concentration in the range from 0.0125 to 2.5 ÕM in HBS-EP buffer at pH 7.4, (B) 

calibration curve for lactoferrin obtained using immunosensing layer with loading density 

of 2.12 ngĀmm-2 pAb. Measurements (n = 3) were performed in HBS-EP buffer at pH 7.4. 

Prior to use, the immunosensor was stabilized for an hour in 10 mM HBS-EP buffer 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 immunosensor was regenerated with 

5% (v/v) acetic acid solution, 10 mM HCl, 0.05% SDS, and 10 mM HCl to ensure proper 

analyte removal without losing ligand (antibodies) activity. The linear range for lactoferrin 

calibration was 12.5 to 250 nM, and the linear correlation coefficient R2 was 0.97 (Fig. 36A-

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 1.51 mÁĿnM-1. 

Immobilization of 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 cross-linkers. The dendrimers 

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

 

Fig. 37. Immobilization of 1:100 pAb in 10 mM HBS-EP buffer at pH 7.4. Relative 

response interpreted similarly as described previously. 

It is important to note that each type of dendrimer was characterized by a specific number of 

peripheral functional groups (-NH2), 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 Fig. 37. Due to the hyperbranched 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 
























































































