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ABSTRACT

In present study, we developed a highly sensiwectrochemical immunosensor based on
fullerene Goe-modified disposable graphite paper (GP) electrdde determination of
Suppression of Tumorigenicity 2 (ST2) in human serurhe synthesis of the ST2
immunosensor was monitored with electrochemicaledamce spectroscopy (EIS), cyclic
voltammetry (CV) technigues and single frequencyedance (SFI) technique which is
utilized for the specific interaction between aBfi2 and ST2 antigen. Moreover, the
morphological alteration of each GP surface wasmexed by scanning electron microscopy
(SEM), SEM-energy dispersive X-ray spectroscopy XERnd atomic force microscopy
(AFM). All parameters such as fullerengoQconcentration, antibody concentration and
antibody incubation time were optimized. Analyticaharacteristics such as linear
determination range, repeatability, reproducibilitggeneration and surface coverage were
determined for the immunosensor. The ST2 electroated immunosensor had excellent
repeatability, reproducibility and a wide detectiamge (from 0.1 fg mt to 100 fg mLCY).
The proposed immunosensor also had low limit oéctein (LOD) and limit of quantification
(LOQ) values of 0.124 fg mitand 0.414 fg mt, respectively. The proposed immunosensor
was applied to real samples to test applicabititglinical practice.

Keywords: Graphite paper (GP), Suppression of Tumorigenidty(ST2), biosensor,
cardiovascular disease.



1. Introduction

ST2 is a member of an interleukin-1 receptor famiith trans-membrane (ST2L) and soluble
(sST2) isoforms. ST2L is a membrane-bound isoforth 8 extracellular IgG domains, a
single trans-membrane region, and an intracelbdanain. sST2 is devoid of trans-membrane
and intracellular domains [1]. ST2L and sST2 aredpced by alternating promoter chains
[2]. Although interleukin-33 is known before, thathbophysiological role of ST2L is not fully
understood. It is defined as a functional ligandSa@R2L [3]. It is claimed that interleukin-
33/ST2L signaling functions are an important cgodibective mechanism protecting the
myocardium under mechanical overload, in additmfunctions in several tissues [4]. Sepsis
and consecutive multiorgan failure/dysfunction symde (MOF/MODS) are associated with
poor symptoms and septic shock is the most commosecof death in intensive care units
[5]. The immunological cascade of the sepsis respdeads to increased T-cell apoptosis,
lymphopenia, and altered T-lymphocyte subpopulatif]. The specific type of immune
response is determined by the differentiation ofielper (ThO) cells to Thl or Th2 cells.
Furthermore, Th2 antibody-mediated immune respoappsar dominant in sepsis [7, 8]. In
addition, ST2 proteins called T1, Fit-1, and DERé aew Th2-specific products. Three
different types of gene products belonging to ST @oned as soluble ST2 (ST2), trans-
membrane receptor form (ST2L) and variant form (¥)2f ST2 [9, 10, 11]. ST2 encodes a
rare receptor of the Ig superfamily and the ST2egerfirmly bound to genes encoding IL-1
receptor type | and type Il on the human chromos{iie 2, 13]. According to the Human
Gene Nomenclature Database, interleukin-1 recdii®t (ILLR1) represents soluble ST2.
ILARL1-a is soluble ST2 receptor and IL1R1-b is §T24]. ST2 genes are preferably
expressed on activated Th2 cells instead of This @ld play an important role in Th2
effector functions [15] characterized by elevatgdression of IL-4, IL-5 and IL-13 cytokines
[15, 16, 17]. The serum ST2 protein concentrationsease in fibrosis, various autoimmune

diseases, and idiopathic pulmonary disease [18, 19]

ST2 is a very important potential biomarker for dagly diagnosis of cardiovascular diseases
and it provides prognostic information in low-rissommunity-based populations[20].
Moreover, sST2 has determined in the serum of pigtienmediately after acute myocardial
infarction. The situation suggests that ST2 isdigpand transiently induced in humans and
that soluble ST2 is chronically increased in pdasemith heart failure [21]. Also, higher sST2
levels are also associated with an increased fisknfavorable left ventricular remodeling

[22]. Additionally; ST2 is predicted to function asdecoy receptor counteracting the positive
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effects of interleukin-33 binding to the membraroeifd receptor isoform of ST2L [23]. All
these critical roles of ST2 clearly reveal the néed a practical, economical and most
importantly sensitive biosensor that can deterntgkevel in serum for early detection.

Cardiovascular diseases (CVD) are one of the mauses of death globally. These diseases
include non-rhythmic heart, failure of blood vessedcute myocardial infarction, coronary
failure and many other cardiovascular diseases [P4¢ World Health Organization (WHO)
reported that the deaths of 20 million people (eppnately, 31% of all global deaths) were
related to cardiovascular disease in 2015 [25]. G¥enerally caused by malnutrition,
smoking habits, drug habits, alcohol use, excessness, and the lifestyle of the person [26].
Biosensor systems developed for early detectiothe$e diseases play a critical role with
many different effects. The early detection of CVéxrucial for clinical diagnosis of people
with this disease or who are at risk.

Graphite paper electrode has the excellent flagb@ind roughness surface, electrochemical
energy conversion and storage devices, such ag,raoovery useful as they enable a wider
use of batteries [27], microbial fuel cells [28]dasuper capacitor. Moreover, this excellent
material has very advantages for developing immemssr systems such as low-cost, high

electrical conductivity and practical immobilizationethods [29, 30].

Fullerenes have unique electronic and chemical gotigs [31]. Molecular engineering has
enormous potential power for new molecular materad supramolecular chemistry [32].
Many examples of fullerene derivatives used in madapplications or nanotechnology have
been synthesized for a long time with promisingeali@wments. Fullerenegghas a broad
range of charming properties such as super conalyctimechanical strength, thermal
stability etc. But application of such enormouspeies of fullerene § has been majorly
frustrated owing to the inadequate workability ofidrene Go [33, 34, 35]. In recent years,
there has been an increase in the developmentllefeine Gy modified biosensors due to
these advantageous propertidswever, in many studies, it is seen that biosendesigned
as fullerene & modified have a detection range that can measutagh concentration
concentrations (at uM and nM levels, e.g) [36,8},3his is a problem in biosensor systems
developed for biomarkers that can be detected va¢riconcentrations. A solution to this
problem would be to design a fullereng-@odified biosensor capable of measuring at lower

concentrations.



In this study, a biosensor system with disposaldetmdes and several electrochemical
techniques was designed to determine ST2 whicmpoitant as a potential biomarker for
early detection of cardiovascular diseases. Thigen@lectrochemical biosensor system
developed with GP electrodes represents a practioalcost and sensitive method of
analysis to determine ST2, using the EIS technitprethe first time. Electrochemical

impedance spectroscopy, cyclic voltammetry, squanee voltammetry and single frequency
technique were utilized for immobilization, optiration and characterization studies when
designing the biosensor. SEM was used to moni®mtbrphological changes of the surface
during the immobilization step. The clinical potehtof the proposed immunosensor was
investigated by analyzing real serum samples wéahdard addition method. It was observed
that the biosensor system developed for detectioramiovascular diseases has very high
sensitivity, excellent reproducibility and reusébil capacity, long shelf life and high

sensitivity for the analysis of serum samples. Bmalytical comparison of the designed

biosensor with the various ST2 sensors reportédariterature is given in Table 1.

Table 1

2. Experimental
2.1. Materials

All chemicals (Fullerene &, N-(3-Dimethylaminopropyl)-Nethylcarbodiimide (EDC), N-
hydroxysuccinimide (NHS), sulfuric acid {BO,, 95-98%), toluene (99.8%)), and
biorecognition materials (ST2 antibody, ST2 antigamd BSA (bovine serum albumin)
protein) were purchased from Sigma-Aldrich (St. ispiM.O., USA). Graphite paper (GP)
sheets (thickness: 0.3+0.01 mm, size: 210 mm xr@&0Q 3 nfY/ cnf) were purchased from
Xiamen Tob New Energy Technology (Co. Ltd, Fuji#&hina). Reference electrode and
counter electrode were purchased from BASI (Wesayedte, IN, USA). The whole proteins
were formed by using a phosphate buffer (50 mM,7gb) and kept at -20 °C until use. Also,
5 mM [Fe(CN}]¥/5 mM [Fe(CN}]® (1:1), which is a redox probe solution containthg M
KCI, was prepared with ultra-pure water. In thisdst a three-electrode system with Ag/AgCI
(saturated with KCI) as a reference electrode,aimlm wire as a counter electrode and
disposable GP electrode as a working electrode 6 x120 mm, 3 2/ cnf) were used.
Clinical human serum samples were obtained fromaglale Onsekiz Mart University

Hospital.



2.2. Instruments

All electrochemical impedance, cyclic voltammetrydasquare wave voltammetry analyses
were performed with Gamry Potentiostat/Galvano@®sference 600, Gamry Instruments,
Warminster, PA, USA) connected with a computer BA2hem Analyst software throughout
the entire study. PURELAB flex 3 & 4 Ultrapure Waturification System (ELGA LC 134
model) was used for ultra-pure water during all ppration stages of the proposed
immunosensor. The surface morphologies of GP eldeyr were examined through
monitoring with a thermal field emission scannirgceron microscope (JEOL JSM-7100F
model). EDX spectra were measured using the detéctthe Oxford Instrument X-Max
brand-model. AFM images were measured using WITE®HWA 3100R model. The SEM,
EDX and AFM measurements were carried out at then8e and Technology Application
and Research Center of Canakkale Onsekiz Mart tBitye(COBILTUM). To obtain the

SEM images, 5 kV was used as acceleration voltage.
2.3. Construction of the proposed immunosensor

The proposed immunosensor was fabricated by ussppsible GP electrodes. First of all,
the electrodes were cleaned in ethanol and ultrayvater (18.2 M2 deionized) with the help

of an ultrasonic bath for 5 min, respectively. Tdedter, the GP electrodes were coated with
fullerene Go solution (in toluene) and carefully dried with puargon gas. To disturb
carboxyl groups on the electrode surface, it wagbated with HSO, solution (0.018 M, v/v)
overnight in darkness. After the, 80, process, the EIS and CV measurements of the GP
electrodes were taken and they were incubated iG/NBS (0.4 mM; 0.1 mM) which was
prepared in phosphate buffer (pH 7.0) for 1 h.Ha text step, anti-ST2 antibodies were
immobilized onto the GP electrode surface. For pingsess, the electrodes were immersed in
anti-ST2 solutions at room temperature for 60 miihen, BSA protein (0.5 %, w/v) was
utilized as a blocking agent in order to inhibitnrgpecific interactions on the GP electrode
surface. In the last step, the proposed immunosemas prepared to detect ST2 antigen.
After all immobilization steps of the proposed immosensor, GP electrodes were washed
with ultra-pure water and dried with argon stredteanwhile, all electrochemical processes
were completed at 25 °C. The construction stepgheproposed immunosensor are presented

in Scheme 1.
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Scheme 1The immobilization scheme of the ST2 immunosensor.
2.4. Principle of measurement for the proposed immmosensor

The electrochemical impedance spectroscopy anaybic voltammetry were used for all
immobilization steps of the proposed immunosentbe CV measurements were carried out
in a potential range (-0.5 V to 1 V; step size:m0; scan rate: 100 mV/3 with KCI (0.1 M)
and K[Fe(CN))/K4Fe(CN)] (5mM, 1:1) solution as a redox probe. Electrocloain
impedance measurements were carried out at 10.@00 05 Hz frequency rangBquare
wave voltammetry measurements were performed inpttential range (-0.2 V to 0.7 V;

frequency: 25 Hz; pulse size: 25 mV; equil. times)2
2.5. Real serum analysis of the proposed immunosems

The proposed immunosensor was applied to real huseamm samples. This study was
performed by preparing three GP electrodes foemfit ST2 concentrations (5 fg thland

50 fg mLY). These GP electrodes were prepared from the ssamples of 5 different
individuals and the study was carried out by thendard addition method. The standard
addition method was performed by making necessérgiah procedures (1000-fold dilution)
[39] with phosphate buffer (0.05 M, pH 7.4) in aatance with the determination range of



ST2 in human serum. The relative standard devigiR®D) and the recovery values were
calculated using equations obtained from the catiitan graph of the immunosensor (Table
2).

Table 2

3. Discussion and Results
3.1. Direct electrochemistry of ST2 immunosensor omodified GPs

Electrochemical impedance spectroscopy and cyditammetry are efficient techniques to
research the immobilization on electrochemical imosensors. The EIS technique is utilized
with a Randless equivalent circuit which involvée tcharge transfer resistance (Rct), the
solution resistance (Rs), the constant phase ekef@&kt) andVarburg impedance (W). The
diameter of the semicircle of the EIS data corregigato the Rct value in the Nyquist plot
[40]. First, the immobilization steps of the ST2nmmnosensor were examined with the help
of the EIS technique. Fullereng@anomaterial was found to form a more stable carbon
surface in the immobilization process of the pr@gbsnmunosensor. This nanomaterial was
formed by a perfect configuration of carbon atombkicWw aided in creating a more
homogeneous surface. The fullereng €hould be in solution for chemical modificatiori]4
Therefore, it was solubilized in pure toluene [4BH incubated for the immobilization of the
carbon atoms. The bioelectrochemical redox behafitine fullerene gywas monitored as a
signal increase in Fig.1A. After the cleaned eleadr surface was coated with fullereng,C
the Rct value of the EIS signal clearly increased).(B). Then, the GP electrodes were
incubated to quantitatively increase the carboxglugs on the surface with,80, solution
overnight. This incubation caused a decrease iRthievalue. This may be due to the increase
in diffusion resulting from the homogeneous layeated with fullerene § being degraded
by acid treatment and the increase in the poroustste of the electrode surface. The
EDC/NHS couple which is a cross-linker was useddtivate carboxyl groups on the GP
surface. After this reaction, the Rct value alsoréased after activation with EDC / NHS due
to neutralization of the negative charge of thdasa-bound -COOH groups. Moreover, the
EDC/NHS provided surface immobilization of the a2 thanks to crosslinking between
carboxylic acid groups of $$0O,. After anti-ST2 immobilization, the EIS signal reased
gradually. The BSA blockage agent (0.5%, w/v) wasduto inhibit non-specific interactions
in the last step of immobilization. After the BSAcubation, the EIS signal significantly

increased due to decreasing electron transferemsgulating electrode surface.



In addition to the EIS technique, measurements waen with the CV technique to support
the accuracy of the results. As seen in Fig.1Grafte cleaning procedure, the bare GP
electrode had regular peak currents (Cathodic peatent=846.51A, Anodic peak current
=881.7 uA). When the surface of the GP electrode was furtoated with fullerene &
nanomaterial, the peak potentials of the GP/Fullered, decreased (cathodic peak
current=358.41A, anodic peak current =3368\), obviously. The reason for this difference
is that the electrode surface layer is insulateth whe fullerene g. Immediately after the
acid treatment, the peak currents were seen tadidielg higher than fullerene & from the
previous step (cathodic peak current=47@A4 anodic peak current =480PA) and they
were further increased by EDC/NHS treatment (cdathpdak current=522A, anodic peak
current =597.711A). When the antibody immobilization step is cadreut, the cathodic peak
current as an indicator of insulation was calculae 519.31A and the anodic peak current
was 554.2iA. In the final step of the immobilization, the jeaurrents decreased in the same
way after BSA protein was used to block non-spedftes (cathodic peak current=4p4,
anodic peak current =454uA) (Fig.1C).

Figure 1

3.2. Morphological Characterization of ST2 immunosesor

SEM images for each of the immobilization stepsemaiken to examine the morphological
changes occurring on the surface. The SEM imag&sT@fbiosensor are given in Fig.2. The
first image belongs to the clean electrode surf@€ig.2A). There is no heterogeneous
appearance on the surface where immobilizationga®aevas not generatdelg .2B shows
the SEM image after the surface was modified willefene Go. In this image, the presence
of fullerene G molecules is very clear. This image, reminiscenaafobweb woven with
nanowires, proves that the fullerengy @& adsorbed onto the surface. Fig.2C presents the
electrode surface after incubation with3®d, overnight. In Fig.2C, a morphological image
similar to the structures dispersed on the eleetsadface was observed after acid treatment.
The SEM image in Fig.2D belongs to the EDC/NHS slioker. This image also has a
completely different morphology from the previousirface. The reason for this
morphological change is thought to be the carbaxgups activated by EDC/NHS. Fig.2E
illustrates the electrode surface after anti-STtaohilization. It is thought that the folded
structures, which appear quite dense on the syrdaedormed after the immobilization of the
antibody. The image seen in Fig.2F belongs to tl$A Blocking step. The structures



appearing among the nanowire-like structures wdrgerved on the surface after BSA
treatment. Finally, Fig.2G presents the electroddfase image belonging to the ST2
biomarker. This image, which is reminiscent of @améring branch, was observed after the

ST2 protein was incubated on the electrode surface.

Further characterizations of bare GP electrodeasarfand GP electrode surface were
performed with SEM-EDX with elemental mapping measwents (Fig. 2H and 2J).. As
illustrated in Fig. 2K, after the ST2 immobilizatioGP surface had carbon (C), oxygen (O)
and nitrogen (N) elements. These results were stamgi with the literature. The carbon
element (red) was observed in Fig. 2| and the cadbement of carboxyl groups was onto the
graphite paper surface. The ratio of carbon elemantEDX analysis was 87.4 %.
Additionally, the oxygen (blue) and nitrogen (greevere also observed in Fig.2l and the
ratio of oxygen and nitrogen elements in EDX analygs 10.2 % and 2.4 %, respectively. It

is obvious that a layer of successfully immobiliaatwas assembled onto the GP surface.

Morphological characterization of the ST2 immunasgnwas also confirmed by AFM
analyses. Fig.S2 illustrates the surface imageGmfelectrodes after every immobilization
stage. It can be seen from Fig.S2A, GP electrodasiwas smooth. AFM image (Fig. 2A)
also supported the SEM image. The surface roughradése was measured as 63irb after
fullerene Go modification. After HSO, immobilization, the morphology of the fullerengoC
modified GP electrode was diversified. As obseriredrig. S3E, anti-ST2 antibodies were
clearly visible on the GP electrode surface. Theéase roughness of anti-ST2 attached GP
electrode increased to 53hth (Fig. S3E). After elimination of free epoxy gpsuwith BSA
coupling agent, the surface roughness was decrébgpdS3F) and the surface roughness of
GP/fullerene G /H,SO/EDC-NHS/anti-ST2/BSA electrode was 468r. Fig. S3G
demonstrated the successful immobilization of Si2gan on the GP surface. The surface
roughness of GP/fullerene;gdH,SOJ/EDC-NHS/anti-ST2/BSA/ST2 electrode was 151h6
(Fig. S3G). This increase in surface roughnessevdemonstrated that the ST2 antigen was
successfully immobilized on the GP surface. Thalteof SEM and AFM characterizations

were in accordance with electrochemical chara@#aom techniques.
Figure 2

3.3. Optimization Steps for ST2 immunosensor

3.3.1. Optimization studies of fullerene g hanomaterial
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The optimization studies of the proposed immunosengre carried out for each parameter.
In order to investigate the effect of the amounfuderene G on the biosensor, all other
parameters were kept constant and the biosensoesprnepared with different concentrations
of fullerene Go. First, the amount of fullerenesgCwas optimized by using three different
concentration values (0.2 mg mML0.4 mg mC* and 0.8 mg mL) prepared in toluene
solution. The biosensors were prepared with thesgcemtrations of fullerene ¢& and
standard graphics for the ST2 biosensor were addaifig.S1 displays the optimization result
for the amount of fullerene ¢& First of all, a biosensor was prepared by usir) fig
fullerene Go. Then, the amount of fullerengdvas increased and the biosensor was prepared
by using 0.4 mg fullerenegg When the graphs in Fig.S1A were examined, itesnsthat
higher signals were obtained by increasing the eotnation of fullerene § (from 0.2
mg/mL to 0.4 mg/mL). Accordingly, the concentratiohfullerene Gy was further increased
(0.8 mg/mL). However, by using more concentratederfene Go the homogenous layer
could not be formed on the surface and adsorptaridcnot be achieved. Thus, the EIS
signals decreased. For this reason, 0.4 mg was chosen as the optimum concentration of
fullerene Go. The standard graphs for this optimization stepshiown in Fig.S1A.

When developing a biosensor, it is necessary terche the optimum incubation times for
the agents used for the surface modification berahese periods directly affect the
immobilization processin this study, the electrodes were incubated witlefene Go for
different periods (30 min, 60 min and 120 min). ihée EIS and the CV measurements
were performed. It was observed that incubatiorthef GP electrodes with fullereneg;C
nanomateriafor 30 min was not sufficient for a good immobiliman process. Fullerenegg
nanomaterial which is holding onto the surface @goaption, could not form a suitable layer
for immobilization for 30 min. Put it differentlyt could not form enough carboxyl groups on
the surface. Also, the incubation period of 120 gansed some deterioratidtor this reason,
the fullerene, which remained on the electrodeaserfor too long and negatively affected the
activity of carboxyl groups. Based on these resuhs incubation period of fullerenesC
nanomaterial was chosen as 60 min. The standaphgtzelonging to the incubation periods
of fullerene G are shown in Fig.S1B.

3.3.2. Determination of optimum HBSO,acid concentration

After modification of the GP electrode surfaceshwihe fullerene ¢ nanomaterial, the

electrodes were allowed to incubate withSE)y solution overnight. Since the fullerengy,C
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nanomaterial has a very stable and regular streicthis optimization step is very important
to expose the carboxyl groups on the GP electranface. For this purpose, 4 different
concentrations of 80, solution (5%, 10%, 25% and 50%) were used to inyat® the
effect of acid concentration on the proposed bissenThe biosensors were prepared using
each indicated acid concentration and EIS and C¥sorements were performed. In this
optimization study, it was observed that as th& acncentration increased, the electrode
surface was damaged and the immobilization couldbeogenerated correctly. Therefore,
lower concentrations were studied. At 5%856), concentration, it was insufficient for surface
immobilization.For this reason, optimum,;80, concentration was determined as 10%. The
standard graphs belonging to the optimization stofiy1,.SO, concentration are shown in
Fig.S1C.

3.3.3. Optimization studies for ST2 antibody

The next optimization step is to investigate théeafof anti-ST2 concentration on the
immunosensor response. The biosensors were prepsireglthree different concentrations of
anti-ST2 solution (2.5 ng mt, 5 ng mL™* and 10 ng mt) for this optimization step. When
the GP electrodes were incubated in 2.5 ng'mlLanti-ST2 protein, regular EIS signals and a
standard calibration graph with a high coefficiefitregression were obtained. Then, the
concentration of anti-ST2 protein was increasedg®nL™"). Thus, it was possible to examine
the effect of increased concentrations of the andijbon the proposed immunosensor. By
incubation of the electrodes in 5 ng thbf anti-ST2 protein, the Rct value indicating the
semicircular diameter of the EIS curve was sigaifity increased (Rct value is 184.1 ohm).
When the concentration of anti-ST2 protein was dased further (10 ng nf), the
performance of the biosensor declined. As is knowhen the proteins reach a certain
saturation, their activity begins to decline. Caoesing these reasons, the optimum anti-ST2
concentration for the ST2 immunosensor was chosénrg ml* (Fig.S1D).

After determination of the optimum concentrationaoiti-ST2 protein, studies were carried
out to determine the incubation time for anti-STi&iak is another very important parameter.
For the immobilization process of the immunosensiog, incubation time of the anti-ST2
solution is important as well as the anti-ST2 conicgion usedSince the incubation time has
a critical role in influencing protein binding, ig very necessary to determine the optimum
time. Therefore, incubation times were also ingzgéd in the scope of optimization studies.
Firstly, the electrodes were incubated in anti-S®lution for 30 min. In this step, linear but

low signals were obtained@his decrease in the signals resulted from the BOincubation
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period being insufficient for the immobilization tiie antibody on the surface. When the
electrodes were incubated with anti-ST2 for 60 e, increase in impedance signals was
clearly observed. The increase of impedance sigoalfirmed that the protein-protein
interaction at the electrode surface was succesBfollly, 45 min incubation time was
attempted and the results showed the signals algamireased. Thus, the optimum incubation
time of anti-ST2 protein was selected as 60 mig.&iE).

3.3.4. Determination of incubation time of ST2 progin

To investigate the effect of incubation times oa groposed immunosensor response, three
different times for ST2 incubation (30, 45 and 6)nwere tested. The GP electrodes were
incubated in the ST2 solutions for each of thesegs. The response of the biosensor was
investigated with EIS and CV. As the incubationdifor the ST2 protein increased, the
activity of ST2 decreased and the EIS signals @sed accordingly. As seen in the results,
the incubation time of the ST2 protein to interatth the antibody is optimally 30 min. The
signals then reduce due to saturation of the prateithe GP electrode surface. Therefore, the
optimum incubation period for ST2 was chosen amBO(Fig.S1F).

3.4. Analytical Studies of ST2 immunosensor

The ST2 biomarker was prepared in increasing cdratéons and detected with the proposed
immunosensor using the EIS and the CV techniquasextellent linear range was obtained
using eight different concentration values for #@res detection of the ST2 biosensor. The
extensive detection range of the proposed immursosenas determined as a 0.1 fg Tl
100 fg mL*. The calibration curve, the EIS spectrum, and@kevoltammogram of the ST2
immunosensor are presented in Fig.3. However, liofitdetection (LOD) and limit of
quantification (LOQ) values of the proposed immuersor were calculated to be 0.124 fg
mL? and 0.414 fg mt, respectively. LOD and LOQ values are calculateith vihe
[k*Spianm] equation which has k as constant (k is accepte in LOD and as 10 in LOQ),
Syiank (Standard deviation) and m (slope of the calibratcurve). Also, the changing

impedimetric data with increasing concentration§o2 is shown in Fig.3C.

The repeatability study was carried out to clarife characterization of the developed
biosensor. This study was implemented with 20 ciffé disposable GP electrodes which
were prepared under the same conditions. The EESunement of each electrode was taken
using the same concentration value (25 fgnbf the ST2 biomarker. According to these

measurements, the average value, standard deviatidncoefficient of variation of the
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proposed immunosensor were calculated as 25.198Lfg, 0.416 pg mLl, and 1.56%,

respectively.

The reproducibility study of the proposed immunesgnwas performed with the GP
electrodes prepared in the optimum conditions Herdint times. For this study, the eight
different biosensors were fabricated and their BEasurements were taken in the detection
range of the proposed immunosensor. The relatisadsrd deviations of the proposed
immunosensor were calculated as 1.23% (slope) ane%« (intercept), respectively. The
standard graphs of the study demonstrated thapitbgosed immunosensor has excellent
reproducibility (Fig.3D).

Reusability of a biosensor is a significant propdotr the surface stability and the cost of the
working electrode. Therefore, a regeneration stwdg carried out to examine the surface
stability of the GP electrode. This study was panfed with the anti-ST2 modified GP
electrode. Firstly, a GP electrode was incubatet &2 concentration (25 fg ri). which is

a value on the calibration curve, and the EIS measent was taken. Then, the GP electrode
surface was treated with a HCI acid solution (10,ni2Nin) to remove ST2 antigen from the
surface. This process continued until a high redndn the ability of the protein to bind to a
high extent or its complete loss. The ST2 immunssewas regenerated with this method 20
times. Moreover, with the 20th binding it was olveerto preserve half the activity of the GP
electrode. When the difference betweérbinding and 20th binding was examined, total loss
of activity was calculated to be 45.77%. This isexcellent reusability performance for a
disposable electrode. A promising result was obthiconsidering the future practical use of
the biosensor. The regeneration results of thet#dsensor are given in Fig.4A.

Single frequency technique was also utilized foe tbharacterization of the ST2
immunosensor. The investigation of kinetic intei@ts between anti-ST2 and ST2 antigen is
possible thanks to this technique. For this purpaseonstant frequency was determined via
the Bode plot in the Gamry Potentiostat/Referer@fe §he Bode plot was preferred as it can
show the frequency of each point. In accordanch thits aim, an impedance measurement at
a fixed frequency (45 Hz) was performed as a fanciof time and phase angle. Fig.4C
displays the time dependent changes of impedantdeilsT2 biosensor. As seen in Fig.4D,
the red curve shows the impedance measuremenkeat frequency and the green curve
shows the phase angle. The binding of the ST2 bikenaversus time is clearly seen in this
process completed in phosphate buffer (pH 7.0).
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The surface coverage study was carried out by usiag.aviron equation (Q=hRxAxI"; n:
slope, F: Faraday constant (96485 C toA: Electrode surface area (©nQ: Charge (C)
and I': Coated surface area (mol @ for the analytical studies of the proposed
immunosensor. In order to perform this work, thééarametric technique was used and the
GP electrode surface was scanned at ten diffepaedsvalues in each immobilization step.
These speed values were 10, 20, 30, 40, 50, 6807@0 and 100 mV's respectively. Using
the peak currents obtained from the cyclic voltargrams, the calculated data were
substituted in the Laviron equation and the surfaea of the GP electrode was calculated.
When the results were evaluated, the GP surfacénitigly calculated as 2.2x10mol cm?,
and was calculated to be 7.35€Lfhol cmi? after anti-ST2 binding. This result indicates that
anti-ST2 was immobilized onto the surface.

The storage life of an immunosensor is an imporfzarameter for clinical applications.
Therefore, the storage life of the ST2 immunosens® investigated over ten weeks. For this
study, ten different GP electrodes were preparethénsame conditions and were kept at
+4 °C until use. The EIS measurement was taken by inoupaith same concentration value
of the ST2 protein (25 fg mt) every week. In the result of this study, the ltativity loss of
the biosensor was calculated to be 4.48% at theoétiae 10th week (Fig.4B). The storage
life of the constructed immunosensor is considetedbe suitable for use in clinical

applications.

The selectivity study for target ST2 carried out fthe constructed immunosensor to
understand either there is non-specific interastioninterferences. For this purpose, two GP
electrodes were prepared under optimum conditionghfe constructed immunosensor. The
first electrode was only treated with ST2 solut{6@ fg/mL). The other electrode was treated
with the solution including ST2 solution (50 fg/mlgysteine solution (0.2 M), heat shock
protein 70 solution (40 fg/mL), protein activateiddse 2 (50 fg/mL), tumor necrosis factor
solution (25 fg/mL), creatine kinase (10 fg/mL). eTtobtainedARct values from the
immunosensor responses were compared with each tbdeesults are seen in Fig.3S. The
figure proved the proposed immunosensor that laghaselectivity capacity for target ST2.

3.6. Detection of ST2 in Human Serum Samples
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In order to examine the usability of the proposedhunosensor for clinical applications, the
ST2 biomarker was detected by using the standaditi@a method with human serum
samples obtained from five different individualsheTEIS data were obtained by adding
different concentration values of the ST2 protdéinfd mL* and 50 fg mL}) to the serum

samples. For this data, the relative standard temig RSD) and recovery results were

calculated for each serum using the equation flercalibration graph (Table 2).

4. Conclusion

This study presents the fabrication of a reusaldey sensitive and excellent reproducible
ST2 immunosensor with a single-use, low-cost, apple GP electrodes. ST2 is a significant
potential biomarker for the early detection of ¢avdscular diseases. Moreover, the ST2
antigen was not utilized previously in biosensomplmations and is employed as a
biodetection element in the literature for the tfitkne in this study. The developed
immunosensor was fabricated with a practical imndtion method by using the fullerene
Cso material which has mechanical strength. All imntiahtion and optimization studies were
characterized with EIS and CV which are strong négples for electrochemical analyses.
However, the morphological characterization of ¢bastructed immunosensor was examined
by using the SEM and AFM techniques. The developa@unosensor provided excellent
performance in the analysis of other electrocheht@ehniques (SWV and SFI). Also, the
ST2 biosensor had a wide detection range (0.1 fg-l00 fg mLY), low LOD (0.124 fg mL

) and LOQ (0.414 fg mt) values. The proposed biosensor exhibited a padatiethod for
ST2 antigen detection with the quite good storafge dnd stability of the surface. The
developed immunosensor could be utilized to det®etST2 antigen in real human serum
samples. More importantly, this immunosensor caiealehe ST2 antigen with a drop of
human serum. The developed immunosensor can petf@ranalysis of the ST2 biomarker
in the level of sub-femtogram and over a wide deieaange. This proposed immunosensor
was designed in accordance with the sensitive tleteof ST2 which is a potential cardiac

biomarker for use in clinical applications.
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Immobilization Method Methods Detdmn Range LOD

Reference

CMD cuvette Optic 100-1600 nM - [43]

Critical diagnosis Marked ST2 kit «200ngmC 1.3 ng mL* [44]

MBL Human ELISA ST2 kit <20 ng mL*  0.032 ng mL* [45]

Ray-Biotech. Human IL-1 R4/ST2 <1.2ngmL  0.002ng mL* [46]
ELISA Kit

R&D Systems IL-1 R4/ST2 ELISAKit <2y mL*  0.005ng mL* [47]

GP/Fullerene § EIS and CV 0.1 — 100 fg'mD.124 fg mL*

Table 1.Comparison of immunological properties of variod23mmunosensors reported in the literature

Serum ST2 Concentration  Standard Adition =~ Measurement Conc. RSD (%) Rewery
Number Value (fg/mL) Valuef@/mL) Value (fg/mL) nE3) (%)
5 28.93/30.51/28.88 3.15 108.63
1 22.10
50 74.08/72.39/73.41 1.16 101.8
5 8.6/8.3/9.7 8.31 111.16
2 2.97
50 54.03/53.84/52.01 15.59 100.6
5 7.7/6.3/6.73 10.37 113.46
3 1.09
50 51.2/54.7/54.1 3.5 104.38
5 25.72/26.92/26.5 2.3 105.26
4 20.06
50 72.13/69.47/71.17 91 101.22
5 23.08/22.58/23.06 1.24 107.46
5 16.31
50 68.41/64.90/65.63 2.79 100.00
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Table.2.Analysis of ST2 biosensor in real serum samplestaydard addition method.
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Figure 1.EIS spectra (A), Rct values (B) CV voltammogramy¢€the ST2 immunosensor and Kramer’s
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Figure 2. SEM images of bare GP electrode (A), Fullereng @odified GP electrode (B), after,50,
incubation GP elect-ode (C), after EDC/NHS inculbratGP electrode (D), after anti-ST2 immobilizatiG®
electrode (E), BSA blockage (F), after ST2 antigamobilization GP electrode (G). SEM image (H), Mam
(1), () EDX spectrum (K) of the ST2 antigen on @@ surface.
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I mmobilization M ethod M ethods Detection Range LOD Reference

CMD cuvette Optic 100-1600 nM - [43]

Critical diagnosis Marked ST2 kit «00ngmC* 1.3 ng mL* [44]

MBL Human ELISA ST2 kit <20 ngmL*  0.032 ng mL* [45]

Ray-Biotech. Human IL-1 R4/ST2 <1.2ngmL  0.002ng mL* [46]
ELISA Kit

R&D Systems IL-1 R4/ST2 ELISAKit <2 mL®  0.005ng mL* [47]

GP/Fullerene & EIS and CV 0.1 — 100 fg'mD.124 fg mL*

Table 1. Comparison of immunological properties of variod23mmunosensors reported in the literature



Serum ST2 Concentration  Standard Addition  Measurement Conc. RSD (%) Recovery
Number Value (fg/mL) Value (fg/mL) Value (fg/mL) (n=3) (%)
5 28.93/30.51/28.88 3.15 108.63
1 22.10
50 74.08/72.39/73.41 1.16 101.8
5 8.6/8.3/9.7 831 111.16
2 297
50 54.03/53.84/52.01 15.59 100.6
5 7.7/6.3/6.73 10.37 113.46
3 1.09
50 51.2/54.7/54.1 35 104.38
5 25.72/26.92/26.5 23 105.26
4 20.06
50 72.13/69.47/71.17 19 101.22
5 23.08/22.58/23.06 124 107.46
5 16.31
50 68.41/64.90/65.63 2.79 100.00

Table.2. Analysis of ST2 biosensor in real serum samples by standard addition method.



Highlights

The electrochemical immunosensor designed a padctiow-cost and sensitive method for
determination of Suppression of Tumorigenicity 2.

ST2 immunosensor exhibited high analytical perfarcgawith a linear range 0.1 fg/mL — 100 fg/mL
and low detection limit (1.28 fg/mL).

Single-use graphite paper electrodes were firgduto detection ST2 antigen for a novel biosensor
system.

The optimization was performed for all fabricat&teps of the electrochemical biosensor system.
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