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Abstract

Hemoglobin Alc (HbAlc) is a standard biomarker teasure long-term average
glucose concentration for diagnosis and monitoohgliabetes. Various methods have
been reported for measuring HbAlc, however, pogtabld precise determination is still
challenging. Herein, a new highly sensitive eledtemical nanobiosensor is developed
for the specific determination of HbAlc. A nanocaspe of reduced graphene oxide
(rGO) and gold with hierarchical architecture stane was electrochemically deposited
on a cheap and flexible graphite sheet (GS) eldetrdhe nanocomposite increased the
surface area, improved the electron transfer orelbetrode surface and augmented the

signal. It also provided a suitable substrate fiokdge of thiolated DNA aptamer as a
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bioreceptor on the electrode surface by strong leavdonding. The quantitative label
free detection was carried out by differential pueltammetry (DPV) in a phosphate-
buffered saline (PBS) solution containing redoxerére(CN3*™*. The detection is based
on insulating the surface in presence of HbAlc dadreasing the current, which is
directly related to the HbAlc concentration. Thenat@iosensor demonstrated high
sensitivity of 269.2 pA. cify wide linear range of 1 nM to 13.83 pM with a low
detection limit of 1 nM. The biosensor was sucadfsfused for measuring HbAlc in
blood real sample. Furthermore, it is promisingige it as a part of a point of care device
for low-invasive screening and management of desbet

Keywords. Electrochemical biosensing; Paper-based biosensano-genosensor;
glycated hemoglobin

1. Introduction

Diabetes is a chronic disease that its prevalemdracreasing rapidly with worrying
pace [1]. The long-term effects of failure to cohtdiabetes cause many complications
such as cardiovascular disease and nerve, kidngy, feot, etc. damages [2, 3].
Therefore, early diagnosis and continuous contrth® disease are urgent to the survival
and the life quality improvement of millions of g#e throughout the world. In the recent
few decades, the measurement of HbAlc, the mostriant glycated protein, has been
identified as a standard diagnostic tool for detectevaluation and management of
diabetes. The level of HbAlc is forcefully depertdem glucose levels over the past two
or three months. Consequently, the HbAlc assayigmpropriate complementary or

even alternative to glucose for long term diabetesmagement [4]. Various laboratory
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methods have been reported for HbAlc determinaite] among which boronate-
affinity high performance liquid chromatography (P, immunoassays and
electrophoresis are commonly used [9-11]. Howevitre benefits of HbAlc
determination by these methods are often offsethieyr high costs, time consuming,
complexity of their operations and not very valdibr quantitative measurements [12,
13]. Thereby, there is a demand for developmeragnofccessible, sensitive, simple and
inexpensive diagnostic method.

The use of electrochemical biosensors due to themitable virtues is increasing.
They are the infrastructure of portable devicescWwiprovide quick results and sample
analysis directly without the need to transferoitthe medical laboratory [13]. Various
sensors and biosensors have been reported for messut of HbAlc [14-18]. However,
they either have a complicated preparation prooesse not sufficiently sensitive. For
direct measurements of HbAlc, because the heme gtioel redox center of the protein,
is located in the protein shell, the electron tfanss very slow making its behavior
similar to a non-electroactive molecule [18]. THere, the signal amplification is
required. For this purpose and other reasons lis¢dolv, the development of biosensors
is of particular importance through the improvemaitthe interface between the
bioreceptor and the electrode: (i) impossibilitydafect linkage of the bioreceptor to the
electrode, (ii) the slow kinetics of electron tremmrsand (iii) low sensitivity of
biomolecules detection on the bare electrodes.

Because of the high surface area, high free suramrgy and catalytic effects,

nanostructures play an important role for the fadiron of the sensors [19-21]. Among
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the nanomaterials, the integration of graphene witll nanostructures brings excellent
properties to the biosensors due to the featuresaoh component [22-24]. Graphene
oxide, thanks to its functional groups and highfeeee area, makes a suitable substrate
available for further modification [25-27]. Strongteractions of gold nanostructures
with the thiol functional group provide a potentspibility for tethering the thiolate
biomolecule. They also improve electron transfere do their excellent catalytic
properties [28-32].

In this study, by adopting the electrodepositionaastraightforward procedure and
controlling of the electrodeposition conditiongheee-dimensional nanostructure of gold
was obtained. This nanostructure can supply maes dor the linkage of thiolated
aptamer biomolecules and consequently, more biaulde can be loaded making the
nanobiosensor more sensitive. A graphite sheet (@&S)used as an electrode substrate
that possesses outstanding electrical conducti@gcause of its low fabrication cost,
availability and simple modification, it can be aogl candidate to commercialize the
biosensor. Furthermore, it can be used as a diBfgsdectrode that does not have a
pollution problem or memory effects. Ultimatelyetifiabricated biosensor was directly

applied for the determination of HbAlc in blood des.

2. Experimental

2.1. Chemical and reagents
DNA aptamer with a seguence of '-SH-

TGGCAGGAAGACAAACACATCGTCGCGGCCTTAGGAGGGGCGGACGGGGGG



GGGCGTTGGTCTGTGGTGCTGT:333] was purchased from Bioneer Co (Korea). A
stock solution of aptamer was prepared by dissglvinn DNase/RNase-free distilled
water then maintained at -20 °C until use. The HbAalibrator of 3.48 and 13.83 umol
L in the presence of Hb 100.3 and 141.3 unigl fiespectively as standard (stock) for
preparation of target solution were purchased f@ishtaz Teb Zaman Diagnostics
(Iran). The other concentrations were preparediloying the calibrators.

Graphite powder, sulfuric acid {80, 98%), potassium peroxodisulfate ,850sg),
phosphorus pentoxide {Bs), hydrogen peroxide #D,, and potassium permanganate
(KMnQ,) as reagents for GO preparation were purchased Werck. Gold bar with
purity of 99.99% was used as Au source for goldtedeleposition. 11-mercapto-1-
undecanol (MU) as blocking molecule (purity 97%svpairchased from Sigma-Aldrich.

Nitric acid (HNG;, 65%), ammonia (Nk 25%), hydrochloric acid (HCI, 37%),
potassium nitrate (KN§) and cysteine were used in electrodeposition p®ce
Phosphate-buffer saline (PBS) solution 0.01 mdl(pH 7.4) containing an equivalent
molar concentration (5 mmol ) of potassium ferricyanide gke(CN)) and potassium
ferrocyanide (KFe(CN)) probe salts were used as biosensing electrddB& solution
consists of 137 mmol £ NaCl, 2.7 mmol [* KCI, 2 mmol L* KH,PO, and 10 mmol *
NaHPO, was prepared in deionized water. Ascorbic acidpataine hydrochloride
(98%), uric acid and glucose were used for assgdbia selectivity. All of the above

mentioned reagents were purchased from Merck.



2.2. Apparatus and Methods

Amperometric  measurements were carried out with  aAutolab
Potentiostat/Galvanostat (PGSTAT 30). Electrochamimpedance spectroscopy (EIS)
experiments were performed with a Potentiostat/@agtat equipped with FRA module
(Autolab PGSTAT204). The amperometric and EIS datae analyzed with Nova 1.11
and ZSimpWin (version 3.40) software, respectivélye electrochemical cell consisted
of a three-electrode system including Ag/AgCl (31rhd) reference electrode, Pt rod
counter electrode and modified or unmodified GSwvasking electrode. The GS with
thickness of 0.15 mm was purchased from Latechn8BeSupply Pte Ltd (Singapore).
Characterization of electrode surface was accohguiswith the following techniques
and instruments: scanning electron microscopy (SENESCAN/VEGA2, Czech
Republic), field emission scanning electron micaopsc(FESEM) equipped with energy
dispersive X-ray spectroscopy (EDS) (TESCAN MIRAX);ray diffraction (XRD;
Bourevestnik, DRON-8) and Fourier transform infrhrespectroscopy (FT-IR;

SHIMADZU FTIR-8400S).

2.3. Fabrication of the rGO-gold nanocomposite as substrate
A schematic illustrating the steps involved in #yathesis of rGO-Au nanocomposite
on the GS, fabrication of nanobiosensor and ulyats use for the detection of HbAlc
is presented in Scheme 1. GS with the surface 26 @nf was prepared and rinsed
successively with acetone, ethanol and deionizdll \ter. GO was synthesized by a

modified Hummer’'s method reported previously [34].
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Scheme 1. A schematic representation of the majsdor modification of GS to fabricate
HbAlc nanobiosensor. First, GO was cast coatecher3S and then, gold nanostructure was
electrodeposited over GS/GO. Next, thiolated DNAaager as bioreceptor was added to the
modified electrode. The electrode was then incubdte 11-mercapto-1l-undecanol (MU)
solution to prevent non- specific binding.In thexhstep, HbAlc was added to be captured with
the aptamer. Finally, the capturing of HbAlc wasssel using DPV technique.

The GO with a concentration of 0.5 mg thivas completely dispersed in DI water
with the assistance of ultrasonic vibrations. Theamas dropwisely cast on the electrode
surface and was allowed to dry. Subsequently, galibstructures were deposited over

the obtained surface inspired from the previousonep35] but with a fundamental



variation in the source of gold, the electrolytanpmsition and the deposition process.
For the preparation of a stock solution of HAYCl g gold bar was dissolved in an
appropriate volume of aqua regia (a mixture of HN@d HCI in a volume ratio of 1:3).
A proper volume of this solution for preparing 3 oint of Au®** was added to the
electrolyte solution for electrodeposition contaipicysteine (0.1 mmol 1), NH; (0.5
mol LY and KNQ (0.1 mol LY. Prior to starting the electrodeposition process,
electrolyte solution was deoxygenated by bubblinggls for 10 min and during the
process, the solution atmosphere was kept satunatdd N,. The deposition was
performed by cyclic voltammetry (CV) and by applyid0 successive cycles in the
potential range of -1.5 to 1 V and with the scate &f 0.025 V €. Then, the electrodes
were dried in the ambient condition. Also, for campon, the gold nanostructure and
rGO were separately electrodeposited on the eletsarface under similar conditions in

the absence of GO and Au, respectively.

2.4. Biosensor preparation and detection of HbAlc

For biosensor preparation, 4Q of the aptamer solution with a specific concetnra
(1 umol L'} was dropped on the electrode surface and leficah temperature overnight
in a dark place to immobilize the thiolated aptameto the GS/rGO-Au electrode via
covalent bonding. After rinsing the electrode wRIBS, it was immersed in a MU
solution (1 mmol [Y) for 1 h in order to prevent non-specific bindirffgor HbAlc
biosensing, different successive concentrationd wfere prepared and 40 pL of these
solutions were dropped on the biosensor surfacarathated at room temperature for 1

h. At the end, related DP voltammograms were rezmbid the probe solution (a solution
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of PBS (0.01 mol I}) containing 5 mmol X mixture of Fe(CNY*/ Fe(CN)* as redox
probe). These results were compared with the conémeobiosensor (without target, i.e.

GS/rGO-Au-aptamer-MU).

3. Resaultsand Discussion

3.1. Preparation and characterization of GS/rGO-Au nanocomposite
Figure 1a and b shows the CV curves of GS/GO @detrin the regia solution
containing ammonia and cysteine in the absenceesence of gold ions, respectively.
By comparing these two curves, a reduction peakiratd.6 V is observed (inset of
Figure 1) which can be clearly attributed to thevgth of gold on the surface.
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Figure 1. CV curves of electrodeposition process &%/GO electrode in an aqua regia
solution containing 0.5 mol £ NHz and 0.1 mmol L cysteine in (a) the absence of gold and (b)
the presence of gold. 10 cycles were applied intargial range of -1.5 to 1 V under scan rate of

0.025 V §". Inset: Zoom in part of plots a and b.



The increased current observed between -1 andv-t&n be related to the reduction
of oxygen functional groups in GO [36] and alsouetbn of hydronium ions in the
acidic solution. The higher reduction current ie tiresence of gold may be due to its
catalytic properties to hydrogen evolution reacti3tER). Increasing the reduction
current with successive cycles causes the contswudeposition of the gold and
augmentation of the catalyst amount for HER. Thérbgen evolution current is so high
that covers the current arising from the reductbGO.

To investigate the structure and morphology ofdleetrode surface in different stages
of nanocomposite preparation, the FE-SEM analysis performed. Comparing the FE-
SEM image of GS/GO (Figure 2B) with that of the wdified electrode (Figure 2A)
indicates that transparent graphene layers arelcleainkled on the surface. This
graphene-wrinkled structure with a high surfacegtmess acts as a scaffold to anchor
metal nanostructure preparing the surface for @srtmodification. It also causes
mechanical integrity, tensile strength and miniriaaof the surface energy [37]. Figure
2C and D shows the images of the final modifiedttetele surface (GS/rGO-Au) with
two magnifications which indicates the formation lmerarchical nanostructure with
hyperbranched gold dendrite. This dendritic strrectis well covered the entire surface
and provides a large surface area for bonding tloeedeptor molecules and also
facilitates electron transfer and therefore, enbanthe signal due to its excellent

conductivity.

10



magnifications

For further confirmation of the gold nanostructufesnation, the results of the XRD
and EDS tests are presented in Figures S1 andlTB2)XRD pattern of the GS/GO-Au
electrode surface (Figure S1b) in comparison Wit of the GS/GO (Figure S1a) shows

four main diffraction peaks at62angels of 39.4, 45.6, 65.8, and 78.8° which are
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attributed to the (111), (200), (220) and (311)npk of cubic Au, respectively. This
diffraction data are in good agreement with theD0Q-1172 JCPDS card. Furthermore,
the EDS analysis (Figure S2A) confirms the presavfcéhe Au, C, and O elements,
indicating that the surface of the electrode isl weVered with gold. The presence of the
C element is also related to the GO, rGO and thes@fStrate and the element O can be
attributed to the slight amount of GOs that arereduced. For further confirmation, the
distribution of the elements performed by the elet@emapping analysis is shown in
Figure S2B-D.

As already mentioned, the GO casted onto the elgetsurface can be reduced along
with the gold reduction by applying successive CVhis claim can be proved by
investigation the FT-IR spectrum of GS/GO preseimelthe Figure S3. Investigating the
FT-IR spectrum of GS/GO (Figure S3a) and compaitingth the GS/GO-Au electrode
spectrum (Figure S3c) indicates that the charatiempeaks of GO at 3369, 1726, 1622,
1415, 1215, and 1045 ¢htorresponding to oxygenated functional groups asiOH,
C=0, C=C (aromatics), C-O carboxy, C-O (epoxy), &@ (alkoxy), respectively are
almost completely eliminated or their intensity rsfigantly are decreased after
deposition of gold. There are two main reasons kameaously cause obtaining rGO from
GO: 1) applying very negative potentials can redGe2 [36, 38]. 2) The presence of
gold on the electrode surface serves as a cat@yshe reduction of GO. The FT-IR
spectra shows some oxygen-related functional greupls as OH group are still observed
even by applying the cycles in the absence of gaolder similar conditions (Fig. S3b),

however, in the presence of gold, the related gibisor bands are reduced or omitted.
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This argument is consistent with the previous &sidihich used metallic nanoparticles
such as gold as a catalyst to obtain rGO from G 48].

The morphology and distribution of elements on sheface significantly depend on
the processing conditions [41]. It is possibleitoudtaneously deposit gold and rGO onto
the electrode surface. In that way, GO powderse allded to electrolyte (in the presence
of gold) and is dispersed with ultrasonic and fin&V is applied for electrodeposition.
In this case, rGO and gold are deposited as layetbe surface and a portion of the gold
is buried under rGO (Figure 3A) such that a pathefeffective surface area for bonding
the bioreceptor is lost. However, if the GO istfolsop casted on the surface and then the
gold is reduced onto it (as in this study), thespree of the oxygenated functional groups
of GO will create sites to form gold structures vdiy the gold structures will be
exposed. Also, as shown in Figure 3B, gold is nell ¥ormed in the absence of GO. In
addition, as previously reported, the presenceysfeine is one of the most influential
factors on the gold nanostructure [35, 42]. Howewenen the electrodeposition was
carried out in electrolytes containing aqua regiagua regia plus 1$0, (in the absence
of ammonia), even with cysteine, the desired déicdstructure was not obtained
(Figures 3C and D). This can be justified by knayihe fact that cysteine is unstable in
the presence of oxidizing agents [43] and alsoceteis that selecting the appropriate
electrolyte is important for achieving an optim#usture. Accordingly, here ammonia
was used to balance the solution in terms of pHtarrdduce the oxidizing properties of

the electrolyte. Probably, cysteine is more stabtbe presence of ammonia.
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Figure 3. SEM images of different deposition coiodis; (A) simultaneously deposition of rGO
and Au, (B) electrodeposition of Au on GS in theetce of GO, (C) and (D) electrodeposition
in agua regia and aqua regia containing®, respectively, in the presence of cysteine and

absence of Ng
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3.2. Electrochemical behavior of nanocomposite and nanobiosensor
The stability test of the synthesized nanocompssite the probe solution was
performed by applying 10 successive cycles frora t0.0.6 V at the scan rate of 0.05 V
s'. As shown in Figure S4, after consecutive cycles électrode response remains
constant and is very stable. In order to studypttoperties of different electrodes in each
stage of modifications and also to confirm the gepy of HbAlc, CV and EIS tests
were performed in the probe solution. The CV curaesshown in Figure 4A. Also, the

important parameters of the CVs are extracted arehgn Table 1.
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Figure 4. (A) CV curves (B) Nyquist and (C) DPV g@dor investigation of different electrodes

in each stage of modifications; a) bare GS, b) GGAAuU, ¢) GS/rGO-Au-aptamer, d) GS/rGO-
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Au-aptamer-MU, e) and f) GS/rGO-Au-aptamer-MU-HbA@wo different concentrations of
HbAlc, 13.83 and 1 umol}, respectively) in 0.01 mol't PBS solution containing 5 mmoi*L
Fe(CN)}*/ Fe(CN)*

Table 1. The important parameters extracted fra¥W curves

Electrode oo (MA €M) jpa (A cm?) ipc/ipa AE (V)

Bare G¢ -403.5: 420.0( -0.9607t¢ 0.22¢
GS/rGC-Au -3379.3: 3310.0( -1.0209: 0.14¢
GS/rGC-Au-aptame -2941.0¢ 3037.3. -0.9683: 0.12¢
GS/rGC-Au-aptame-MU -921.9¢ 1153.3: -0.799: 0.26¢
GS/rGC-Au-aptame-MU-HbALc -491.2¢ 754.5; -0.6510¢ 0.41¢

According to the results, the anodigX and cathode peak,{ currents of the modified

electrode with rGO-Au nanocomposite are increasgtitgimes compared with the
unmodified electrode and the peak current ratio/ (4 is equal to unity. This is due to
the high surface area and high conductivity of na@ocomposite which facilitates the
electron transfer which in turn can improve biosegroperties. The peak potential
separationAE,) also is decreased from 0.225 to 0.146 V indigain improvement in

electron transfer kinetics. However, with the imitiahtion of aptamer on the electrode
surface and treatment with MU as well as the camjuHbAlc, the peak current
decreases step by step. Moreover, the anodic ghddiaE, are clearly shifted toward

more positive and negative potentials, respectjvellgich indicates that the electron
transfer kinetics slows down by loading the MU &iioA1c molecules on the electrode

surface. This can be explained by the fact that phesence of non-electroactive
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molecules on the surface of the electrode (aptaMeér, HbAlc) blocks the electrode
surface and by creating a steric hindrance, a losueface area of the electrodes is
exposed to the redox probe for electron exchangeieking the current by binding the
DNA aptamer can also be due to the electrostapialseon between the negative charge
of aptamer sugar-phosphate backbone and the proleeufes (Fe(CY>'™) [44].

For further studying the interfacial propertiesddferent stages in the construction of
nanobiosensor, Nyquist plots of the electrodes wbtained around the peak potential of
the nanocomposite-modified electrode (0.269V) (FegiB) and the data were fitted with
appropriate equivalent circuits. The Nyquist platsbare GS, GS/rGO-Au and GS/rGO-
Au-aptamer were fitted with Randles equivalentwir¢R(QR)). The data is summarized
in Table 2 wherdi; is the solution resistanc€PE or Q is a non-ideal capacitance and is
a criterion of roughness and heterogeneity of tiiéase, andR. is the charge-transfer
resistance on the electrode surface. Rhas improved 7.2 times upon modification of
the electrodes with the rGO-Au hanocomposite @ches to about 4k from about 31
kQ). However, the stabilization of the aptamer insesdr,; due to its non-conductivity
and the electrostatic repulsion with negative proledecules. By further treatment of the
electrode surface by MU and then capturing HbAle,dquivalent circuit becomes more
complicated (R(Q(RO))) because each of these nodwmive molecules create a
capacitor with dielectric properties near the elmd surface. In this system, the cavities
and pores between non-conductive molecules caneceepathway for diffusion of the
electroactive probe from the bulk of solution te ttonductive surface of the electrode

which results in the creation of a new interfackediical double layer) between the
17



coating and the underlay layer (very conductingocamposite). This electrical double
layer is formed due to the difference in the cotiadion of positive and negative ions on
both sides of the coating and its dielectric propser The elemenD in the equivalent
circuit of the last two electrodes is related te ttonstrained diffusion of electroactive
molecules from the thin layer. This element is ugdere the kinetic of the reaction is
controlled by slow diffusion of electroactive spexi AdmittanceYo, Q* s%) and time
constant B, s¥%) are two characteristic parameters of @elementAt high frequency,
the behavior of the eleme@tis similar to the Warburg impedance. At those diexties,
the frequency of the AC voltage applied is much lEmahan the time needed for a
molecule to diffuse across the thin layer. In ttase, the thickness of the film or coating
appears to be large for the diffusing species. Thisesponds to the apparent shape of
the plot which starts with a straight line. At Idnequencies, diffusing species have

enough time to pass through the limiting layers enedte a resistance [45, 46].
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Table 2. Summary of extracted data from Nyquistsplor different electrodes

Electrode CPE'YP & Ry (k®) R(Q) CPEN O-Yo O-B EqL_uvaI_ent
sec’) circuit
R.
Bare GS 0.0002739  31.440 31.32  0.578 - -
Ret
R.
GSIrGO-Au 0.0009542 4357 2894  0.785 - -
Ret
GSIrGO-Au- R
0.0007356  4.726  26.75  0.800 - -
aptamer
Ret
GS/IrGO-Au- R, Q]
aptamer-My 00006090 6507 3070 0631 000017  1.119 L talL
RC.E
GS/rGO-Au- R; 3]
aptamer-MU-  0.0006638 8950  29.68 0.591  0.01425 0.042 hﬁ'
HbAlc R

DPV technique was used to investigate and optinilze effect of important
parameters. The decrease in the oxidation curffethiegorobe after the affinity capturing
of HbAlc with the aptamer immobilized on the eled& surface (i.e, the difference in
current density of the biosensor in the absencepaegence of the HbAlc moleculs))
was considered as a signal for biosensing. To enthar sensitivity of the biosensor to
changes in HbAlc concentration and to follow thendis of signal variation for a
different stage of the modification, DPV curves sveecorded for mentioned electrodes
and also in the presence of two concentrationskiAXd (Figure 4C). Decreasing in the
signal after each stage of surface modificatiomisigreement with the results of CV
curves and also shows that the biosensor is semsitb the changes in HbAlc

concentration.
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In addition, the electron transfer mechanism ofpghebe at the electrode surface was
investigated in the presence and absence of targleicules (HbAlc) by CV test at eight
different scan rates from 0.001 to 0.3 Vand at the potential range of -0.4 to 0.8 V. The
CVs illustrated in Fig. S5A and B represent twodation peaks at about 0.3 and 0.7 V
that the latter peak shows more incremental chatiges the first peak with increasing
the scan rate which is probably due to the weakratisn of the redox probe on the
surface of the electrode. Since the adsorption peaitent is directly related to the scan
rate and the diffusion current is proportional @ tsquare root of the scan rate, this
occurrence is justifiable [47]. The exact deterrmoraof the height of the second peak
current is not possible due to overlapping with fire peak especially when the HbAlc
molecule is captured on the surface and also astam rates. However, among the plots
of Aj versus square root of scan rate and also scafforatiee first pairs of peaks (about
0.3 V), a linear relationship is observed for otilg Aj of anodic peak versus square root
of scan rate which indicates that the electronsfeanmechanism is diffusion-controlled
(Figure S5C and D).

It is worth mentioning that in all cases the DP\d &V tests were conducted in PBS
solution too and no peak was observed. The curveshat shown, however, a little
background current related to non-faradic curreas wubtracted from the main peak
current arising from probe charge transfer. Actyalhe electrochemical signal arises
from the planar diffusion and electron transferetdctroactive molecules of the probe

onto uncoated points of the electrode surface.

20



3.3. Investigating and optimizing the effects of important parameters
In order to attain the best efficiency of the leiosor for measuring HbAlc, the effect of
different parameters such as aptamer concentratiodjng time between the aptamer
and HbAlc molecule, temperature, and pH was inyatgtd and optimized at a specific
concentration of HbAlc (imol LY. To evaluate repeatability, all tests were repeat
three times and the error bars are shown on theegmownding diagrams. Since the
concentration of aptamer is one of the importastdis for obtaining a well ordered
monolayer, the performance of the electrode waedewith various concentrations of
aptamer (18° to 10° mol LY. Figure 5A shows the maximudyj is achieved in & mol
L™ concentration of aptamer. At lower concentratieeg. 10°° mol L) the amount of
signal is even lower. This may be due to the inadex biological elements on the
surface to capture more of the HbAlc moleculesoAdg higher concentrations (above
10° mol L) of the aptamer, the signal is first reduced drghtlevels off. This may be
due to interactions between the strands or foldirgm. Therefore, the active binding
sites are not available for capturing HbAlc andythee adsorbed on the surface by
nonspecific interactions which are easily removedmf the surface by washing.
Consequently, the 10mol L concentration of aptamer was selected for theaktie

tests.
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pH of sensing solution

The influence of incubation time of the HbAlc ahe &aptamer to achieve the most
effective interaction was investigated in severatigrds of times from 2 to 120 min
(Figure 5B). It is observed that the signal increases with increasing the incubatioreti
up to 60 min and after that decreases which is ghigbdue to the instability of the
HbAlc molecule in the ambient temperature at higheubation times. Therefore, all
subsequent experiments were performed in the 6@Mmircubation time.

The effect of the electrochemical cell temperatemntaining Fe(CNJ™ probe

solution on the biosensor response was investigetedveral temperature points from 25
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to 55 °C. As shown in Figure 5C, the signal increases fiznto 35°C and then

decreases. This decrease may be due to instahifit degradation of the protein
molecule and even nucleotide at higher temperat{48s 49]. Although, the best

response of the biosensor was achieved at 35 th€r experiments were carried out at
ambient temperature to avoid complications for aseéhe biosensor. Finally, the pH
dependence of biosensor performance was revealddebyvestigation of the effect of
pH at acidic, neutral and basic media (pH=5, 7d @mespectively). The result depicted
in Figure 5D shows that the highest (best respossgjal is obtained at neutral pH.
Denaturation of nucleic acids and proteins may bauboth acidic and basic pHSs.
Changing the pH from neutral to acidic or basic cdmange the surface charge of
biomolecules and their intra-molecular bonds caadléo the changing quaternary
structure or tertiary structure of biomoleculesstimaking deformation of active sites and
the ineffectiveness of the interactions. Therefdie, normal physiological pH 7.4 was

considered as an appropriate value for all of #pEeements.

3.4. Dynamic detection range, detection limit, reproducibility and shelf life of
the nanobiosensor
For analytical applications and reliability of thesponses, there should be a distinct
relationship between the observed signal and ttgettaconcentration. For investigating
this purpose, a series of HbAlc solutions with ac# concentration were used as
calibration standards and the biosensor response reeorded under the optimal
conditions (Figure 6A). For each HbAlc concentmatithe tests were repeated three

times. As Figure 6B shows, the plotAjfagainst log [HbA1c] has a linear relationship in
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a wide range of 1 nmoltto 13.83umol L™ with extraordinary sensitivity (269.2 pA
cm that is still rare in previous literature (Talle Since we used calibrator solutions
of HbA1lc with the highest concentration of 13j&8o0l L™* as standard, the linear range
(LR) was limited to this value. The LR may beconuettier wider if the tests can be
repeated with higher concentrations of the starglaodlution in the future. The detection
limit was considered as the lowest analyte conaéintr that can be distinguished from
the assay background and experimentally was olstaioe be 1 nmol . The

reproducibility of the biosensor was evaluated dgntical DPV measurements for five
same electrodes. The calculated RSD was about 7momstrating a desirable
reproducibility for the nanobiosensor and indicgtithe potential of the electrode for
reproducing. The assessment of the biosensorisdbil long term storage was followed
by testing 6 identical electrodes for five weekbelelectrodes were stored at@ and

each week one of them was tested. The biosensareshsatisfactory stability after two

weeks of storage and then, its stability was itetiao decline (Figure 6C).
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3.5. Selectivity and analytical application of biosensor in real blood sample

In order toassess the biosensor selectivity, its responsanwastigated against other
biomaterials that may be commonly existing in themhn blood and are usually
investigated by other researchers [18] such asrlaiscacid (AA), uric acid (UA),
dopamine (DA) and glucose at the concentrationGff UM which is equal to or even
greater than that in a real blood sample and thseltee were compared with the
nanobiosensor response respect to HbAlc (Figure[®0)) The results showed that in
the presence of lower concentration of HbAlc, th&imed signal is even several times
higher than those for other materials with highenaentrations. Therefore, it can be
concluded that the presence of these materialfianbtood sample does not have a
significant effect on the performance of the biesenfor measuring the HbAlc. This
very high selectivity is due to the use of highklestive aptamer in the biosensor
construction.

The efficiency of biosensors in the real samples isriterion for evaluating their
performance. For this purpose, three blood sanmelesined from routine clinical tests
were taken from the Pasteur Institute of Iran. Whele blood specimen was treated with
lysis buffer to hemolysis and was diluted with 810mol L* PBS solution (pH 7.4), and
then a small volume of the treated specimen watedesThe measurements were
performed by the nanobiosensor and compared wih laboratory method for the
determination of HbAlc. The laboratory report isncoonly based on the percentage of
HbAlc that measures the amount of HbAlc relativetaial Hb. Because the total

hemoglobin content of the different individuals irear total Hb values were also
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measured with an autoanalyzer and the amount oflldlpgxesent in the sample was
obtained according to the relationship between HbAgsults from the NGSP network
(%HbA1c) and the IFCC network (mmol npl(NGSP = [0.0914& IFCC] + 2.152)
[51]. The results are presented in Table 3. As lmarseen, there is a good agreement
between the nanobiosensor responses and the stanggthod which indicates the
potential of the biosensor to be used as a path®fHbAlc measurement chip. It is

comparable with the previously constructed senSable 4).
Table 3. Application of the constructed biosensareial blood samples and comparison with

a laboratory standard method

Standard method; [HbA1c] Biosensor response; [HbA1c] (mmol L) Recovery% RSD%
(mmol L™ (n=3)

0.051 0.054 105.9 6.09
0.050 0.047 94.0 2.14
0.042 0.046 109.5 7.54
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Table 4. Comparison of the response characteristittee proposed nano-genosensor with some ofrénaqus

constructed sensors and biosensors for the; Hbdétection

Electrode and Detection method Bioreceptor Signaling element Dyicaange Limit of detection Sensitivity Reference
material
SPCE/ Electrochemical- aptamer TBO 0.006 t0 0.74 pmofL 3.7 nM 1.35,13.18 pA pM [18]
pTBA@MWCNT! DPV
microfluidic chip- Chemiluminescence aptamer— acridinium ester- BD,-  0.65 to 1.86 g dt: 0.65 g/dL 50387 a.u./(g dfi) [33]
magnetic beads antibody NaOH
SPCE/ AuNPs- Amperometry - HO, 0.1t0 1.5% 0.052 % 2.11 pA/ (mmol ripl [52]
pTTBA- APBA?
Gold electrode/ SAM  Electrochemical - - 10 to 100 ng pt 1 ng/uL - [53]
of T3BA® Impedance

Spectroscopy (EIS)
MEMS electrodes/ Potentiometric antibody - 50-170.5 ng mr* - 58.79, 94.73 pVi(ng mt) [54]
nanogold capped with
mixed SAMs
GS/rGO-Au Electrochemical- aptamer [Fe(CNJ** 0.001t013.83 pmolt 1 nmol ! (equalto 269.2 pA crif This work
nanostructure DPV (equal to 0.0068 to 94  0.0068 mg dr)

mg dL%)

! Screen printed carbon electrode/ poly(2,2” /5teBthiophene-3p-benzoic acid) and a multi-wall carbon nanotut®green printed carbon

electrode/gold nanoparticles-poly(terthiophene banacid)- aminophenyl boronic acitiSelf-assembled monolayer of thiophene-3-bororit ac
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4. Conclusion

A disposable electrochemical nanaobiosensor waslaleed for the determination of
HbA1c in blood real samples. The nanobiosensor fafascated using a paper graphite
sheet as an electrode that possesses advantagemneénient to modification,
affordability, and availability. A nanocomposite afGO-gold with hierarchical
architecture structure was synthesized by a siraf@etrochemical protocol to create a
substrate for more functionalization to specifiptcae the target molecule, HbAlc, and
also enhance the biosensor performance. This maotst gave extraordinary properties
to the electrode, providing a repeatable and ramibte measurement with exceptionally
high sensitivity in comparison with other bioserssowide linear range and very low
detection limit. However, the blood sample shoukel diluted because the HbAlc
concentration in the blood is greater than thealimange of the biosensor which in turn
provides a simpler sample matrix. The nanobiosemslicated satisfactory stability for a
period of time storage. The constructed nanobiasehas the potential to be used in a
point of care chip for screening and monitoringbéies. Furthermore, other thiolated
specific bioreceptors can be tethered on the nanposite for the detection of different

biomarkers.
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Highlights

An electrochemical nano-genosensor is proposed to hemoglobin Alc
determination.

Graphite sheet (GS) is used as a cheap electrode and good candidate to
commercialize

A nanostructure of RGO-gold is electrodeposited on the GS by afacile method.
The biosensor exhibited a very high sensitivity for measuring HbA 1c.

The developed biosensor is successfully used for HbA 1c measurement in blood

sample.
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