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Abstract

A silver reduced graphene oxide (Ag-rGO) nanocomposite paste was prepared for the assay of luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) in children’s saliva. The paste was modified with a solution of myoglobin (Myb) to form the
stochastic biosensor, to improve the sensitivity of the method. The Ag-rGO powder and Myb-Ag-rGO paste were morpholog-
ically and structurally characterized by SEM, TEM and XRD measurements. For the molecular recognition of the hormones, the
biosensor based on Myb-Ag-rGO reached determination limits of 8.5 x 10> UIL™" (2.0 x 10™'? g/mL) for luteinizing hormone
and 1.4 x 102 UIL™" (1.0 x 10™'? g/mL) for follicle-stimulating hormone. The determination of both hormones in saliva samples
collected from children was done with high reliability.

Keywords Luteinizing hormone - Follicle-stimulating hormone - Stochastic biosensor - Reduced graphene oxide - Silver

nanoparticles

Introduction

Puberty is a complex process of development and it
separates childhood from adolescence. It is characterized
first by the maturation of the hypothalamic-pituitary-
gonadal axis, then by the appearance of secondary sex-
ual characteristics, followed by accelerated growth and
then by the occurrence of fertility [1].
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For more than 20 years, it has been observed that girls
reach puberty at a much younger age, making it necessary to
study the prevalence of early puberty more in depth. Puberty is
considered precocious when secondary sexual characteristics
occur before 8 years of age, and menstruation, in girls, occurs
before the age of 9 years old [2].

Accordingly, healthcare researchers have begun to look for
answers, wanting to find out why secondary sexual character-
istics occur in young children of this age.

The inhibition of these hormones is higher in childhood
and decreases at the beginning of puberty. In fact, in child-
hood, a small number of hormones produced by the gonads
are able to inhibit the release of GnRH and gonadotropin
secretion [3]. As puberty onset approaches, there is a progres-
sive reduction in the sensitivity of the tonic centres receptive
to sexual steroid actions. Then, a critical moment coincides
with the onset of drowsiness, when gonadal hormones can no
longer inhibit the neurosecretory activity of the hypothalamus.
There is an increased massive release of GnRH and gonado-
tropins [4]: luteinizing hormone (LH) and follicle stimulating
hormone (FSH), and consequent activation of the gonads
leads to increased androgen circulation [5]. To be able to di-
agnose the precocious onset of puberty, physicians need a fast
method for analysis of these hormones, easily to be
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conducted, before the critical moment mentioned above.
There are only few studies available from literature about the
electrochemical methods employed for the determination of
LH and FSH from the same sample. The analytical methods
described in literature, for the determination of LH and FSH,
are mainly immunoassays, which present some drawbacks,
such as expensive reagents, time-consuming analysis, limits
of detection that are not applicable for children and a less
stable method. To overcome these aspects, this study pro-
posed a stochastic biosensor which was able to detect both
hormones from saliva samples collected from children, being
able to identify the predisposition of precocious puberty.
Another important aspect of this work is the fact that for an-
alytical application, saliva was chosen as biological sample,
being a non-invasive biological matrix. The proposed stochas-
tic biosensor was constructed from a silver reduced graphene
oxide composite newly synthesized and it was modified with
myoglobin, and used for the first time for the simultaneous
determination of luteinizing hormone and follicle-stimulating
hormone.

Reduced graphene oxide (rGO) is a derivate of graphene
oxide and both materials are intensively used in the present
days [6]. Due to its high conductivity, fast electron transfer
rate, good mechanical strength and high surface area, rGO was
used in the design of electrochemical sensors. The rGO-based
materials are biocompatible and very good aspirants for bio-
sensors with biomedical application [7].

Silver nanoparticles were chosen for the modification of
graphene material to improve the graphene conductivity, to
increase the active surface area and to obtain the necessary
pores for the stochastic response. The last characteristic of
Ag nanoparticles was also proved by the construction of a
nanochannel sensing platform based on Ag nanoparticles for
direct detection of a cancer biomarker in blood [8-10].

Attificial nanopores in solid membranes have proved to be
a flexible tool in the analysis of single biomolecules. The use
of nanopores in the design of stochastic sensors offers an
interesting perspective on the detection and quantification of
molecular interactions at the level of a single molecule [11].
Individual interactions between analyte molecules and pore
receptor sites can be seen as modulations of the current pass-
ing through the pores.

Analyte attachment to the nanopores is random (stochastic)
and reversible, and it generates specific fluctuations in the
ionic current flow. This is why single nanopores inside a thin
membrane have been reported as stochastic sensors and were
first mentioned by Hladky and Haydon in 1970 [12]. The
stochastic mechanism is based on pore conductivity and the
current that flows inside and outside the pore is often mea-
sured as a function of time. The ionic current through the pore
is mentioned as the open pore current. When a constant elec-
tric potential is applied in the cell, a steady-state current is
generated by the exchange of ions. When the electrolyte
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solution contains larger biomolecules such as DNA or pro-
teins, the analyte charged molecules are driven or translocated
straight to the pore and an ionic current blockade occurs for a
certain period of time [13]. One favourable aspect of stochas-
tic mode is that two or more molecules can handle the formed
pore, but at different times. That is why several analytes can be
measured quantitatively and qualitatively with a single sto-
chastic sensor. In a mixture, the signals of the different
analytes are differentiated by the time each analyte blocks
the channel and by the time when the analyte binds to the
pore’s wall [14].

The use of microsensors and biosensors for monitoring a
single molecule of interest responsible for a specific type of
illness is the main concern in the biomedical field. Stochastic
microsensors based on diamond and carbon paste were first
developed in the group of Stefan-van Staden in 2011 [15], as
novel approach for organic molecule detection, with applica-
tions in the biomedical and pharmaceutical field.

Stochastic sensors based on graphene and reduced
graphene oxide pastes were previously described [16-21] for
fast assessment of biomolecules from biological samples.
Ultrathin graphene nanopores have been designed to detect
also different length DNA molecules [22, 23].

Myoglobin (Myb) is a small water-soluble hemoprotein
found in the muscles. It has only one polypeptide chain, which
contains an iron heme centre, and it was used as the biocom-
patible component added in the novel synthesized Ag-rGO
nanocomposite paste. Myb can strongly adhere on the surface
of Ag-rGO nanocomposite to form the modified stochastic
paste biosensor. The activity centre of Myb (the Fe** ion from
the heme part of the protein) is so deeply hidden inside the
protein shells that direct electron transfer will not influence the
determination of the hormones in solution [24]. The Myb
biomolecule can bind LH and FSH in the pores of the modi-
fied graphene paste.

This paper proposed the immobilization of myoglobin in
the newly synthesized silver reduced graphene oxide material
for the design of a stochastic biosensor used for the molecular
determination of luteinizing hormone and follicle-stimulating
hormone from saliva samples.

Experimental
Materials and reagents

Luteinizing hormone (LH), follicle-stimulating hormone,
monosodium phosphate, disodium phosphate, potassium
chloride and paraffin oil were purchased from Sigma-
Aldrich (Milwaukee, USA) (d4*°, 0.86 gx cm ). Graphite
rods (6 mm diameter, 99.9995% purity) and silver nitrate
(AgNO;) were purchased from Alfa Aesar (Germany); sulfu-
ric and nitric acids from Reactivul Bucuresti. Distilled water
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was obtained using a Millipore direct-Q3 system (Molsheim,
France) and added to prepare all solutions. Monosodium and
disodium phosphate were used to prepare phosphate buffer
saline solution at pH 7.4. LH stock solution (14.0 x

10> UI L") was reconstituted following the manufacturer’s
information sheet from 2.0 pug in 1 mL of PBS at pH 7.4. FSH
stock solution (85.0 x 10°> UIL ") was reconstituted according
to the manufacturer’s information sheet from 10.0 pg in 1 mL
of PBS at pH 7.4. Serial dilution technique was used for the
preparation of different concentrations for LH solutions (1.4 x

10° UIL'-14x10* UIL™), and FSH (8.5x 10" UI L'~
8.5 107 UI L") buffered with phosphate buffer solution of
pH=7.4. When not in use, all solutions were stored in the
fridge, at 4-8 °C.

Apparatus and methods

All electrochemical measurements were performed with a
potentionstat/galvanostat AUTOLAB/PGSTAT 302
(Methrom, Utrecht, The Netherland) connected to a personal
PC, where a GPES software was used to record the measure-
ments and process the result data. All experimental measure-
ments were performed at room temperature.

Transmission electron microscopy (TEM), scanning
electron microscopy (SEM) and scanning transmission
electron microscopy (STEM) with energy-dispersive X-
ray (EDX) spectroscopy technique were used to investi-
gate the morphology and the elemental distribution of
atoms (C, Ag, O) (SU-8230 STEM system, Hitachi,
Japan) within the Ag-rGO composite.

For structural investigation of the Ag-rGO and Myb-Ag-
rGO samples, the X-ray powder diffraction (XRD) technique
was employed. Each sample pattern was recorded with
DIFFRAC plus XRD Commander a Bruker D8 advance dif-
fractometer (40 kV, 0.5 mA) equipped with a LYNXEXE
detector (0.02° s™! scan speed; A =1.5406 A—CuK, radia-
tion). Before plotting the experimental results, the spectrum
background was corrected using WinPLOTR software.

For Ag-rGO sample lyophilization, a Christ alpha 1-4 LSC
freeze dryer was used.

Preparation of Ag-rGO nanocomposite

The Ag-rGO nanocomposite was prepared by electrochemical
exfoliation of graphite rod using pulses of current [25]. The
exfoliation was performed in acidic solution consisting of a
mixture of H,SO4:HNOjs (3:1 ratio; 0.5 M each; 100 mL total
volume). The current pulse duration was set at 2.5 s and the
pause between two pulses was set at 0.8 s. A low voltage
(4.5 V) was applied on the electrodes for 2 h. Next day, the
exfoliated material was washed with bi-distilled water, fil-
tered, sonicated and dried by lyophilization. Ag-rGO was pre-
pared by thermal reduction of starting material obtained by

electrochemical exfoliation as was described above. One hun-
dred fifty milligrammes exfoliated material, 0.785 mL H,O
and 7 mg AgNO; were mixed together and left to dry at room
temperature. The thermal reduction took place at 250 °C
(15 min) in an Ar-H, atmosphere. The sample was following
denoted as Ag-rGO.

The design of the stochastic paste microsensor
and biosensor

The synthesized Ag-rGO was mixed with paraffin oil until
homogenous paste was obtained. The paste was divided in
two parts: one part was modified with 5 puL of myoglobin
(1.0 mg/mL) and the other one was used as it was. Each paste
was placed in a plastic micropipette tip (300 nm internal di-
ameter). A silver wire was inserted into the plastic tip to create
the electrical contact (0.3 mm in diameter) between the exter-
nal circuit and the conductive paste. An Ag/AgCl microsensor
and Pt wire served as reference and auxiliary microelectrodes
in the electrochemical cell. Every morning and before each
measurement, the sensors were cleaned with deionized water.
When not in use, they were stored in the fridge (2-8 °C).

Samples

Ten saliva samples were collected from children and teenagers
in the same day before breakfast (ethics committee approval
no. 158/2018, awarded by the University of Medicine and
Pharmacy “Carol Davila” in Bucharest), being more than
10 h since dinner, last beverage and teeth cleansing. Saliva
was acquired from each patient after 2 successive mouth
rinses with water. Less than 3 mL of saliva spit was taken
from each child and after elimination of any food residue by
centrifugation, each saliva sample was divided in small ali-
quots (1 mL) and stored in a very low—temperature freezer (—
80 °C). Informed consent was obtained from all parents or
legal tutors of the patients. The samples were analysed as
received using the stochastic microsensors, for the molecular
recognition of both LH and FSH.

Results and discussion

Morphological and structural characterization
of Ag-rGO nanocomposite

The modification with silver of the reduced graphene material
was needed because by using only reduced graphene oxide
material, no response was obtained for the stochastic sensor.
The TEM/SEM images of Ag-rGO nanocomposite are pre-
sented in Fig. 1a and b, respectively.

One can notice the presence of irregular and wrinkled
graphene flakes with size of hundred of nanometres. The silver
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Fig. 1 a) TEM - showing the
presence of irregular and wrinkled
graphene flakes and the dark
spots represent the silver
nanoparticles, uniformly
distributed on the graphene sheet;
and b) SEM image of Ag-rtGO
sample - showing the material
porosity; scale bar: 800 nm (a)
and 100 um (b)

&
LBT 200kV x35.0k TE 800nm X800

nanoparticles (dark spots in TEM image—Fig. 1a) are relative-  be seen after myoglobin and paraffin oil were mixed
ly uniform distributed on the graphene surface. In addition, the =~ with Ag-rGO sample, in order to obtain the paste elec-
TEM image shows the co-existence of thin and transparent  trode (Fig. 3c). The crystallite size value (D) was calcu-
flakes made of few-layer graphene (FLG) and thicker flakes  lated from the full width at half maximum (FWHM)

representing multi-layer graphene (MLG). The material poros-  using the Debye-Scherrer equation:

ity can be clearly seen in the representative SEM image (Fig.

1b). The elemental distribution of carbon, oxygen and silveron ) _ 0.9 x A (1)
the graphene surface was revealed by STEM-EDX mapping B x cost

(Fig. 2). The spectrum in Fig. 2b illustrates the presence of

carbon and silver, with a small percentage of oxygen  where \ is the X-ray wavelength, 3 is FWHM expressed

(3.9 wt.%) originating from the graphene oxide sheet. in radians, and 6 is half the diffraction angle of the peak
In Fig. 3, the XRD patterns of the electrochemically  (in degrees) corresponding to interlayer distance, d. The

exfoliated sample are presented, before and after silver  interlayer distance value was found with Bragg equation

nanoparticles deposition, as well as after mixing the sam- (4= )\/2 sin ), while the average number of layers, n,
ple with myoglobin and paraffin oil. Immediately after  was calculated from the relation n= D/d [26].
exfoliation, the sample contains a large amount of The amount of each type of graphene (GO; FLG and

graphene oxide—GO (20 =13.8°) along with significant ~ MLG) within the samples was determined from the XRD
amounts of FLG and MLG flakes (Fig. 3a). The thermal  pattern by dividing the area of each peak to the total area
reduction in the presence of silver nitrate changed the  of the diffractogram. The peak around 26° is large and
pattern (Fig. 3b). Consequently, the GO peak almost dis-  asymmetric and it was separated in two theoretical
appeared while the attachment of silver nanoparticles to  Gaussian peaks which represent the FLG and MLG flakes
graphene surface is proved by the presence of several  (Fig. 3). The starting material consists of graphene oxide
characteristic peaks of silver. Significant changes can  (37%), FLG (44%) and MLG (19%). The interlayer

Electron Image 5
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Fig. 2 Elemental distribution of C, O and Ag in Ag-rGO sample
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Fig. 3 X-ray diffraction pattern of the electrochemically exfoliated
sample before (a) and after (b) silver nanoparticles (Ag) deposition,
obtaining the silver-reduced graphene oxide (Ag-rGO) (c) after

distance varies between 0.641 nm (for GO) and 0.356 nm
(for FLG). In the case of MLG, the interlayer distance is
around 0.336 nm.

The thermal reduction proved to be very efficient. Thus, after
silver nanoparticle’s deposition, the material presented a more
uniform structure, the Ag-rGO sample consisting of 8 layers of
graphene with an interlayer distance of 0.35 nm (Fig. 3b). The
diffraction lines from 38°, 44.2°, 64.4° and 77.4° were attributed
to (111), (200), (220) and (311) reflection of silver. Their inten-
sity suggests that a large amount of silver nanoparticles was
attached to the graphene surface, being in good agreement with
TEM/SEM images. The mean crystallite size of AgNPs deter-
mined with the Scherrer equation was around 37 nm. After myo-
globin and paraffin oil incorporation, the sample consisted of a
mixture of 3 layers (60%) and 9 layers of graphene (40%) with
an interlayer distance of 0.47 nm and 0.35 nm, respectively (Fig.
3¢).

T
40 60 80
26 (degrees)

myoglobin (Myb) and paraffin oil incorporation, obtaining the silver-
reduced graphene oxide modified with myoglobin (Ag-rGO/Myb)

The stochastic mode

The chronoamperometric technique was used for the measure-
ments of the 7, and 7,5 parameters. The 7, value represents the
signature of the analyte, while the 7,,, value represents the quan-
titative parameter. The stochastic mode was used for both qual-
itative and quantitative assays of the LH and FSH from real
samples. The measurements were carried out at a constant poten-
tial of 0.125 V, in 360 s for calibration measurements of each
analyte and for the saliva sample measurements. Based on each
hormone’s unique #,s value determined from the calibration
curve, it was possible to identify them in the diagram recorded
for the biological saliva samples, and further to measure the
parameter ., value. The unknown levels of the hormones were
measured using the equation of calibration 1/z,, = f (con¢ tormone)
[14] recorded for each stochastic microsensor. All measurements
were carried out at room temperature.
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5 pL Myoglobin
1mg/mL

Steady state
ionic current

Current (pA)

Time (s)

Fig.4 Schematic representation of the current development for stochastic
sensors and the construction steps of the stochastic biosensor and the
reaction process of the interaction of silver-reduced graphene oxide mod-
ified with myoglobin (Myb-Ag-rGO) based biosensor with the two hor-
mones, LH and FSH. The current fluctuations are given by the (1) in-
creasing ionic current due to the flow of molecules towards the solution-
electrode interface, (1-2) followed by a blockage of the ionic current for a
certain period of time (¢.f), given by the entrance of the hormone in the

The construction of the stochastic biosensor based on the
Myb-Ag-rGO paste is represented in Fig. 4. The interaction of
Myb with LH and FSH is also represented in Fig. 4. When
applying a constant potential to the proposed biosensor in a
0.1 mol L™" phosphate buffer saline solution of pH 7.4, a
steady-state current is recorded. When adding different con-
centrations of hormones to the PBS solution, the current fluc-
tuates as shown in Fig. 4. Each hormone molecule interacts
with the pores formed by the Myb molecules on top of the Ag-
rGO material. When the potential is applied on the working
electrode, the hormone’s molecules are flowing towards the
solution-electrode interface (1). Each hormone molecule in-
teracts with the pore through the amino acid residues that both
the hormone and myoglobin contain. During this interaction,
the hormone molecule enters the pore gradually until it fills
almost completely the pore cavity formed in the Myb-Ag-rGO
material. So, the ionic flux is blocked for a certain period of
time (¢,¢) until the oxidation process takes place (2). The ox-
idized form of the hormone leaves the cavity gradually. This
can be observed when the current intensity decreases and
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Mixture to form
homogenous paste

Paraffin oil

Ag wire

Myb-Ag-rGO
paste WE

AglAgCl
Ptwire

ﬁv Vessel containing sample

Hormone
molecule

pore; (2) the interaction of the hormone with the pore, described by an
increase in current, followed by (2-3) a constant current intensity record-
ed for a certain period of time (¢,,) and (3) the decrease in current due to
the charge change of the molecule; (3—4) the moment when the molecule
leaves the pore and (4) the return to the steady state ionic current. The
electrochemical cell (down right) is formed from the working electrode,
the silver-silver chloride (Ag/AgCl) as reference electrode and the plati-
num wire (Pt wire) as counter electrode

returns to the steady state (3 and 4), waiting for another re-
duced hormone molecule to interact with the pore.

Influence of pH

The composition and type of the buffer solution are other
parameters affecting the interaction between the molecules
and the graphene nanocomposite. Alkaline pH values mini-
mize the interaction with the surface, leading to faster dena-
turation of the hormones [27]. The electrochemical cell con-
tains 0.1 mol L' phosphate buffer saline solution, as
supporting electrolyte, so Na* ions and phosphate ions will
provide the ionic current flow.

The pH value is a very important electrochemical parame-
ter due to the pKa values of the molecules or isoelectric point
of the proteins. Adapting the pH value to a neutral value was
used to avoid subunit dissociation of LH and FSH and provide
accurate analysis of both hormones.

Furthermore, pH 7.4 is the physiologic pH value found in
the body, so for a precise measurement of the biological
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samples, such as saliva or serum, pH 7.4 phosphate buffer
saline solution was used to prepare LH and FSH standard
solutions.

Response characteristics of stochastic microsensors

The response characteristics of the proposed stochastic
microsensors for the evaluation of FSH and LH standard so-
lutions are summarized in Table 1. The myoglobin modifica-
tion on the Ag-rGO paste (Figs. 5c and 6¢) showed a better
response than the Ag-rGO paste microsensor (Figs. Sa and 6a)
towards screening of FSH and LH standard solutions. The
determination limits using the stochastic biosensor based on
the Myb-Ag-rGO paste for FSH (1.4 x 102 UI L") and LH
(8.5x 102 UI L") were lower than those obtained from the
stochastic microsensor based on Ag-rGO paste: FSH (1.4 x

10" UIL Y and LH (8.5x 1072 UL LY. As it can be seen
from Table 2, the stochastic method proposed reached the
lowest determination limit for both hormones, LH and FSH.

The ¢4 values were calculated as periods of time when the
current drops and each hormone extracted from the solution
binds to the pore wall. The stochastic biosensor based on the
Myb-Ag-rGO paste presented the highest sensitivities (4.0 x
107 s '/UT L™ for FSH calibration and 8.8 x 10> s '/UI L™
for LH) (Figs. 5d and 6d), making it a good choice for fast
screening of both hormones in saliva samples.

For the calibration of both hormones, the stochastic biosen-
sor based on the Myb-Ag-rGO paste covered a wider concen-
tration range than the stochastic microsensor based on Ag-
rGO paste. In Figs. 5b and 6b, the calibration curves for both
hormones were presented, and in the inset, the equation of
calibration for each sensor for the determination of each hor-
mone is shown, with very good correlation coefficients.

Selectivity

Stochastic detection is very sensitive and also quite selective.
Stochastic sensors do not need to contain a selective element,
since each analyte has a specific signature (¢,). Each biolog-
ical molecule is unique and the molecular recognition is based
on the size of the biological molecule, geometry of the bio-
logical molecule and the folded or unfolded form of the bio-
logical molecule [14].

The selectivity of the pore during the on and off processes
of individual molecules is due to the high time resolution and
high current sensitivity of the technique, with no prior infor-
mation about the molecule sequence required. Moreover, this
proposed method can be used to select small components of
complex samples [33].

Due to this aspect, the confusions that generally arise in all
other analytical techniques by which the signal of some sim-
ilar structures overlaps in the analysis of the analyte of interest
are eliminated. The different 7,4 values for each hormone

Response characteristics of the stochastic microsensor and biosensor for determination of FSH and LH

Table 1

Limit

Sensitivity

lofr (S)

Linear

Calibration equation* and correlation coefficient (r)

Stochastic sensor based on

of determination (UI/L)

s 'urLh

concentration range (UI/L)

FSH

1.0x1073 14%107"!

2.6

1.4x10'-1.4x 10"

iy =0.026 (5.8 x 107 +9.8 x 107 (7.9 x 107°) x Crsy

Ag1GO

0.9996
Vtgn=0.023 (4.1 x 107" +4.0x 10 (6.5 x 10 ) x Crgny

V=

—2

1.4x10

40x107*

2.6

1.4%x1072-1.4 x 10?

Myb-Ag-rGO

0.9995

V=

LH

85x1072

20%107°

1.9

8.5x%102-8.5x 10°

Vtyn=0.042 (9.9 1074 +2.0 x 107 (2.1 x 1074 x Cpp

Ag1GO

0.9996
Vtn=0.023 (£6.5%x 10 +8.8x 107 (1.8 x 10 %) x C

V=

85x%1073

88x107°

1.9

8.5%10°-8.5x 10%

Myb-Ag-rGO

0.9996

V=

=UI/L

*Cpsy=UIL; Cry
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using the stochastic microsensor based on Ag-rGO paste and
the stochastic biosensor based on Myb-Ag-rGO paste are pre-
sented in Table 3 and they make possible the identification of
both hormones in a mixture, or in a biological sample.

It follows from Table 3 that the binding times (¢, values)
of each hormone are similar for both proposed stochastic sen-
sors, due to the size and geometry of each hormone, which
remains the same before entering the pores of both materials.

Analytical applications

The saliva samples for this study were collected from obese
children patients with ages between 7 and 13 years old, 4 girls
and 5 boys, and from a teenager girl patient.

The maximum values of the concentration range for
healthy and normal weight children patients were
11.1 UI L™ for FSH and 11.9 UI L™ for girls under
14 years old and 4.6 UI L' for FSH and 7.8 UI L'

for boys under 14 years old (Synevo Medical
Laboratories standards). The average levels of hormones
in saliva samples measured using the proposed method
were higher than the normal levels and they were cor-
related with high body mass index (BMI) of the chil-
dren patients (above 97th BMI percentile), knowing that
obesity is a contributing factor for precocious puberty.
So, all obese children patients showed high salivary
levels of LH and FSH.

The stochastic microsensor based on Ag-rGO without
Myb covers a smaller linear range of concentrations for
both hormones: from 0.14 UI L' until 14 UI L™ for
FSH and from 0.085 UI L' until 8.5 Ul L' for LH.
Higher amounts like in the case of the samples involved
in this study (from obese children) cannot be measured
using the stochastic microsensor based on Ag-rGO
paste, only using the stochastic biosensor based on the
Myb-Ag-rGO paste (Table 4). The stochastic

a <C>= Ul L1 00es] D
8.5x102 8.5x101 3.0x10° 6.0x10° 8.5x10° 0.060 -
) fy
;fm /‘j \h 0.057 4
E f ﬁ{ ‘ L ~ 0.0544
- [ ] °
S JJ—\ ] w _5 0.051-
= ; (1 =
3 h
3 ( \ }. 0.048
l ‘ / ‘ 0.045 - o 3 _ 4 3 -4
' f | | r\ o % Mt =0.042(£9.9x10)+2.0x10°(£2.1x107)xC ,,
B J on
1 .H‘,J"-, iy ¥ % 0.042 r=0.9996
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Fig. 5 Chronoamperometric peaks corresponding to qualitative
parameter, #,;r=1.9 and increasing quantitative parameter, 1/¢,, values
extracted from the measurements recorded using (a) the Ag-rGO paste
microsensor and (c) the Myb-Ag-rGO paste biosensor in PBS 0.1 mol L™
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Fig. 6 Chronoamperometric peaks corresponding to qualitative
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extracted from the measurements recorded using (a) the Ag-rGO micro-

sensor and (c) the Myb-Ag-rGO paste biosensor in PBS 0.1 mol L™
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containing also different concentrations of FSH. Calibration curves for
FSH determination using (b) the Ag-rGO paste microsensor and (d) the
Myb-Ag-rGO paste biosensor

Table 2 Analytical methods for determination of LH and FSH
Method Limit of determination (g/mL) Samples Reference
LH
Enzyme immunoassay 25x107"2 Chicken plasma [28]
Immunosensor 25x%x1071° Serum sample [29]
SPR immunoassay 1.0x107° Serum sample [30]
Sandwich immunoenzymometric assays 6.5x107" Urine sample [31]
Enzyme-linked immunosorbent assay 24x107° Tilapia fish [32]
Myb-Ag-rGO stochastic microsensor 20x107"2 Children saliva samples This work
FSH
Immunosensor 24x1071° Serum sample [29]
SPR immunoassay 1.0x107° Serum sample [30]
Sandwich immunoenzymometric assays 20x1071° Urine sample [31]
Enzyme-linked immunosorbent assay 15x107° Tilapia fish [32]
Myb-Ag-rGO stochastic microsensor 1.0x107"2 Children saliva samples This work
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Table 3  Qualitative signature based on #.¢ values for FSH and LH
using Ag-rGO paste microsensor and Myb-Ag-rGO paste biosensor

Stochastic sensor based on Selective parameter #.g (s) for

FSH LH
Ag1GO 2.6 19
Myb-Ag-1GO 2.6 19

microsensor based on Ag-rGO paste can be used for
normal weight children patients (Fig. 7a), without any
other reproductive disorder (which can provoke an in-
crease in hormonal level even for normal weight pa-
tients), just for a routine checkup.

The amounts of hormones found using the stochastic bio-
sensor based on Myb-Ag-rGO in the saliva samples collected
from obese children were higher than the normal levels for
healthy children (Table 4), proving the correlation between
childhood obesity and the onset of precocious puberty.
Figure 7b shows the stochastic diagram for the determination
of LH and FSH from saliva sample using the stochastic bio-
sensor based on the Myb-Ag-rGO.

Also, one can say that the stochastic biosensor based on the
Myb-Ag-rGO paste may be able to determine low levels of
LH and FSH, due to the fact that it reaches lower determina-
tion limits for LH and FSH, than the standard method detec-
tion limit (0.1 UI L™, Synevo Medical Laboratories stan-
dards). Low levels are present in infants, toddlers and children

under age of 7 years and are not detectable with the standard
method, but knowing the concentration of these hormones is
important to prevent the possible onset of precocious puberty.

Conclusions

In this paper, two stochastic microsensors based on Ag-rGO
and Myb-Ag-rGO pastes respectively were evaluated for the
simultaneous determination of LH and FSH from saliva sam-
ples. The Myb modification of the Ag-rGO paste showed
improvements in the determination of each hormone such as
the following: the concentration ranges were wider for the
determination of FSH 1.4 x 10 > UIL™'-1.4 x 10> UIL ™", in-
stead of 1.4x 107" UL L™'~1.4x 10" UI L™, and for the de-
termination of LH 8.5 x 10> UIL'-8.5 x 10? UI Lfl, instead
of 8.5x 107> Ul L™'-8.5 UI L™'; the limits of determination
were lower: 1.4 x 102 UI L™ for FSH and 8.5x 10> UI L™’
for LH; also the sensitivities were higher: for FSH determina-
tion 4.0 x 107 s™'/UI L™, instead of 1.0x 107 s /UL L™,
and for LH: 8.8 x 10 s '/UI L™, instead of 2.0 x 10 s~/
UIL . The Myb biomolecule can easier bind LH and FSH,
which are larger molecules, in the pores of the modified
graphene paste. Using the proposed stochastic biosensor
based on Myb-Ag-rGO, the salivary hormonal levels of LH
and FSH were determined and correlated with high body mass
index (BMI) of the children patients (above 97th BMI
percentile).

Table 4 FSH and LH levels in

saliva sample using the stochastic Age (years) Sex  Weight profile  Stochastic paste biosensor based on Standard method (ECLIA®)
biosensor based on Myb-Ag-rGO Myb-Ag-rGO
paste
Amount found (UI/L) Normal ranges (UI/L)
of (regarding age and
gender)
FSH LH FSH* LH**
7 F Obese 12.9 2.8 0.3-11.1 0.1-14
11 M Obese 8.5 574 0.4-4.6 0.1-7.8
16 F Obese 244 147.2 1.7-21.5 1.0-95.6
11 M Obese 10.9 60.9 0.4-4.6 0.1-7.8
14 M Obese 21.3 90.1 1.5-12.9 1.3-9.8
7 M Obese 9.1 22 04-3.8 0.1-14
13 M Obese 5.3 66.8 0.4-4.6 0.1-7.8
11 F Normal weight 7.1 19.6 2.1-11.1 0.0-11.9
11 F Normal weight  10.3 8.6 2.1-11.1 0.0-11.9
14 F Normal weight  15.0 10.5 1.7-21.5 1.0-95.6

Z Electrochemiluminescence immunoassay

*Normal level range of FSH regarding age and gender from Synevo Medical Laboratories standards

**Normal level range of LH regarding age and gender from Synevo Medical Laboratories standards
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Fig. 7 Example of the stochastic diagram recorded for the assay of FSH
and LH in saliva samples using (a) the Ag-rGO paste stochastic micro-
sensor and (b) the Myb-Ag-rGO paste stochastic biosensor. The t, is the
qualitative parameter having different value for each of the two
hormonoes (t,g=1.9 for LH and t,z=2.6 for FSH)and t,, is the quantita-
tive parameter
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