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ABSTRACT

A novel synthesized gold (Au)-reduced graphene oxide composite
(rGO) was used for the fabrication of an electroactive paste inserted
in a three-dimensional (3D)-printed platform for the determination of
bisphenol A (BPA). The proposed method exhibits good response
towards oxidation of BPA in the linear concentration range from
1.00 x 10~ mol L' to 1.00 x 1072 mol L™". The Au-rGO based 3D-
printed platform determined BPA with a detection limit of
3.52x 102 mol L™, in comparison with rGO based 3D-printed plat-
form, where the limit of detection was 3.05x 10~° mol L~'. Gold
modification of rGO improves the sensitivity and electrochemical
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behavior of the material for BPA oxidation. The method was vali-
dated using five saliva samples collected from children.

Introduction

Changes that occur in a pubertal period are due to excessive weight gain and exposure
to toxic environmental substances. Many substances used in plastic fabrication have
been identified as potential endocrine disrupting compounds, having a great impact on
the normal development of the reproductive system and on average age of reaching
puberty (Berger et al. 2018). Once one of the most generally plastic materials employed
worldwide is bisphenol A (BPA), today this substance is forbidden for use as a precur-
sor in the fabrication of plastics, especially those used for toys, baby feeding bottles, and
pacifiers (Vandenberg et al. 2010).

Children are the most vulnerable to this toxic material when consumed, much more
than adults, due to the fact that BPA migrates from plastic recipients into milk, water
or food (Morgan et al. 2011). BPA affects the hormonal balance, which is very import-
ant in the growth and development period of a baby or a child (Goldman et al. 2004;
DiVall 2013). The amounts of BPA found in urine and blood are responsible for early
appearance of second sexual characteristics in boys and girls and also for reaching
puberty at early age (Watkins et al. 2017).
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Leonardi et al. in their recent review (Leonardi et al. 2017) concluded that BPA plays
an important role only in girls that present early onset of puberty or premature the-
larche. In many of the studies, they found only hypothesizes of the potential interfer-
ence with metabolism as an endocrine disruptor (Leonardi et al. 2017). Because of these
limitations in the investigation of BPA and its correlation with precocious puberty, our
present study presents a fast and easy method for the determination of BPA from bio-
logical samples, such as saliva. Our study will allow researchers to evaluate more sam-
ples faster, so the molecular mechanism that underlies the activity of BPA as puberty
disruptor may be evaluated and elucidated.

From an analytical point of view, electrochemical methods are a good alternative due
to their response, simple and easy procedure, high sensitivity and selectivity. For the
determination of BPA, since it is an electrochemically active molecule, electrochemical
sensors (Stefan-van Staden et al. 2014; Pogacean et al. 2016) have been previously pro-
posed. Classical carbon paste electrodes (CPEs) (Adams, 1958) formed from graphite-
based powders mixed with different types of oils for the detection of bisphenol A
(Huang, 2005; Li et al. 2016; Ianesko et al. 2018) are presented in Table 1. Also, modi-
fied glassy carbon electrodes have been reported in large numbers for determination of
bisphenol A from water samples or plastic products (Table 1). To the best of our know-
ledge, there are few electrochemical methods for determination of BPA from bio-
logical samples.

Three-dimensional (3D) printed sensors represent, nowadays, a very good alternative
to classical sensors, which can overcome the limitations brought by traditional manufac-
turing methods such as expensive instrumentation, qualified personnel, and difficult
and time-consuming fabrication processes (Xu et al. 2017). Three dimensional (3D)-
printing technologies are improving every day and provide many applications such as
force sensors (Kesner and Howe, 2011); strain sensors (Frutiger et al. 2015); pressure
sensors (Laszczak et al. 2015); displacement sensors (Jerance, Bednar, and Stojanovic
2013); optical sensors (Igrec et al. 2016); electromagnetic sensors (Sanz-Izquierdo and
Parker 2014); biosensors (Mandoon, Blum, and Marquette 2016; Lind et al. 2017); che-
mosensors (Kit-Anan et al. 2012; Kadimisetty et al. 2016); and gas detection sensors
(Staymates et al. 2016).

Biological and chemical detection 3D printed sensors are of great interest for the
medical field. A 3D-printed electrochemiluminescent protein immunoarray was devel-
oped for detection of three cancer biomarkers from biological animal serum samples
within 35min with very low detection limits (0.3-0.5 pg/mL) (Kadimisetty et al. 2016).
The future for these 3D printed sensors is promising and is more appropriate for small
devices and devices used in implantable therapeutics (Xu, Wang, and Hu 2017).

In the last three decades, graphene became an intensively studied electrode material
due to its increased conductivity, high catalytic response, and good biocompatibility
(Bharath et al. 2015). Among the techniques developed so far to produce graphene
(Bhuyan et al. 2016), the chemical reduction of graphene oxide (GO) is considered the
most attractive for many applications because its surface is full of oxygen containing
reactive groups which make it a suitable platform for functionalization (Parnianchi
et al. 2018). Reduced graphene oxide (rGO), due to its stable structure of single layer of
six-membered ring of carbon atoms, possesses special features such as high surface area,



ANALYTICAL LETTERS 2585

“sujuefdoojeyd

1[eqod> o) ‘suopljolAdjAuinfjod :gpad ‘soppredoueu JaAjIs By-u ‘Splwolq wniuowwe [AYlawLyf1ad :gyl) ‘sopiuedoueu siowAjod pajuudwi Apendsjow dnaubew SN

SAIWW ‘@pos1daje d1sed uogued :3d) ‘pin

d1Uol ) ‘upIXapoAd-g :gd-g w aporda)e diejeyiydalsy auajhyrakjod pjob :13dny awelde YN papuess dbuls HaweldeyNQdss dnjq aud|

-Ay1aw gy ‘Spoi1dsfe pajuud usaids :34S ‘sappniedouru uogqued :sdND ‘esepixosad asauebuew :dupy Buljiuedjod :INvd ‘S1ejAideylsw [AyswAjod :yWINd uiwejAusyd (sukyisAusdouisy
-p) :ZHN-24 ‘@pi1xo auaydesb padnpal-apixo snoidnd :0HI-0tn) ‘uesouyd ) ‘s19ays auaydesb padop-uaboiu :SH-N ‘sajpiuedouru pjob [SNNY- SIQNIOURU UOGIRD PIjleMINW I NDMINE

SOM SIyL uaJp|iy> wouy sajdwes ealjes 6 0L X TSE Answweyjon asind |enuaiayig wuoyied pajuud-gg paseq aised Ooi-ny
A1awiweyjon
(8L07) ‘| 12 oysaue) sa|dwes Ja1ep ¢ 0L X 05T aAeM 31enbg A1awweljon d1PA) 3dD/dAd-byu
(CIN4NLERER spnpoud dnseld g0l X 00 A1dwiweyjon daams Jeual] 3dD-11/uoqued snolodosaw paIspIQ
spnpoud dnsed
(¥1L07) oe) pue ‘oe) nyz pue sa|duies sa1epm ,0LX00L Answweyjon >1pA) 3dD/4V12/5dN SAIWW
spnpoid dnsed
(€107) "o 33 NA pue sajduies Jarem g-0L X 0€'8 Answweyjoa ssind [enuasayiq 3dD-1/ad-¢
(0L07) ‘[e 3@ o1dRUOd - ,0LX05'L Kiypwweyjon d1PpA) 3dD/aseuisoly-suiuoly |
A1owiweyjon
as|nd jenuasaylq ‘A1awiweljon
(6007) IV pue ‘noyz ‘uip synpoid dnseyd ¢-0L X010 aAem asenbg ‘Anawweyjon 2124 3dD/2d0D
(500t ‘Bueny) spnpoid dnsejd aisepm 60l X 05 Aiawweyjon 1Ay 3dy/av1D
(s3dD) sapo41d3jd d1sed uogied payIpoR
(610T) noxaly
pue ‘Issoy ‘lieadue) sa|dwes Ja1ep 601 X 00'L Answiweyjon asind [enuaiayig SAND-094-3dS
A1dwweyoa
(610) '|e 12 eqempis - 0101l X 0L°L anem aJenbg Aiswuwieyjon 1A 309/°01L-YWWd-INVd/dUN
(6107) |2 3 NA spnpoid dnseld 2 0L X SL A1dwweyjon daams Jeaur 13dny/1werdeyNQass-aIN
0L X 1671
(9107) ‘|e 12 ueadebod - M-o_ X 1€°1 A1dwweyjon daams Jeaur 9p0JIIF3 NY/NINY-ID 3P0II3I3 Ny/nHby-1H
Andwoiadweouosy)
(£107) "le 32 1yS sa|dwies Ja1em ¢ 0L X 0€'S Aiawwieyjon d1pAy 309/094-0%ND
A1pwiweyjon
(50T “|e 32 Bueny) sa|dwes iy 601 X007 asind [enuaiaylg Answweljon d1pA) 309/5dNNY-CHN-24-0D4
(£107) "|e 32 pnoessaly sa|dwies Ja1em 6.0l X001 Answweyjon 1Ay 309/5dNNY-LNDMIN
Anawosadweouosy)
(¢107) "Ie 33 ueyq s9|dwies Ja1em JaAly 6-0L X009 Anpwweyjon 1pA) 305/53-S5-N
(s30D) s9p0I1I3[2 uoqued Asse|b paiipon
SIUIJRY 9|dweg (.7 low) poylay .9P01123[3
uoi313Q

"Vdg JO UONRUILLIIAP YD

10} S9p0JII3[3 uogued Asse|b pijos palipow pue sapoJ1ddjd d1sed uogied payipow Buisn pauleigo sivlaweled [EIIWRY0J1I39 Y} Jo uosuedwo) | 3jqel



2586 L. A. GUGOASA ET AL.

excellent electrical and thermal conductivity, and exceptional mechanical, electronic,
and optical properties.

Graphene-nanoparticle composites have shown great adaptability in the manufacture
of electrochemical sensors and biosensors with excellent analytical properties demon-
strated in the detection of organic molecules (Xu, Wang, and Hu 2017). Two bimetal-
lic-graphene composites were used previously as sensor materials for the quantitative
detection of BPA reaching micromolar detection limits (Pogacean et al. 2016). Many
rGO sensors often modified with noble metal particles, such as Ag (Kalambate et al.
2016), Au (Wang, Cokeliler, and Gunasekaran 2015), Pt (Wan et al. 2016), and Pd
(Yang et al. 2014), have been used for BPA detection. For most work, these sensors
were not employed for analysis of biological samples. For biological samples, some other
analytical methods have been employed (Table 2).

In this publication, a electrochemical 3D printed platform used a paste based elec-
trode for the working electrode, which covers the necessary concentration range of BPA
from 1.0 x 1077 to 1.0 x 10~> mol L™" for the analysis of biological samples collected
from pre-pubertal children. Because the concentration of BPA in childrens body during
puberty time is high, a very low limit of detection was not a goal for this publication.
Also, being a paste electrode, its surface is very rapidly renewed, easily be used by per-
sonnel without medical qualification, and inexpensive comparing to chromatographic
methods. The amount of saliva samples needed is very small (less than 1 mL) and the
measurement of the samples is done within minutes. With the method proposed in this
publication, only one sample can be analyzed at a time, while ELISA method needs
many more samples at once to use the measurement Kkit.

Saliva samples represent noninvasive biological samples and are safer and easier col-
lected from infants or children. Also, it is easier to obtain consent from parents to col-
lect saliva from their offspring than to collect blood or urine samples. BPA was
investigated from saliva samples in previous studies (Yang et al. 2011; Stefan-van Staden
et al. 2014).

In this study, gold nanoparticles-reduced graphene oxide composite (Au-rGO) was
proposed as the material for the working electrode. The obtained modified Au-rGO
paste was inserted in a 3D printed platform used for the rapid determination of BPA
from saliva samples from children.

Experimental
Materials and reagents

Reduced-graphene oxide nanopowder, bisphenol A (BPA), potassium ferricyanide,
dimethylsulfoxide (DMSO), monosodium phosphate, disodium phosphate, potassium
chloride, sodium chloride, potassium nitrate and paraffin oil (d*, 0,86¢g cm ') were
purchased from Sigma Aldrich (Milwaukee, USA). Chloroauric acid (HAuCl,) and
sodium ascorbate were purchased from Alfa-Aesar (Germany). Distilled water obtained
from a Millipore Direct-Q3 system (Molsheim, France) was used for the preparation of
all solutions.

Monosodium phosphate and disodium phosphate were used to prepare buffer solu-
tions of different pH values equal to 6.0; 6.5; 7.0; 7.5; and 8.0. Potassium ferricyanide
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Table 2. Analytical methods employed for the determination of BPA in biological samples.

Method" Limit of detection Biological sample References
HPLC-ED 0.05ng mL™’ Serum Inoue et al. (2000)
0.20ng mL™" Urine Ouchi and Watanabe (2002)
HPLC-FL 0.05ng mL™! Serum/plasma Watanabe et al. (2001)
0.11ng mL™" Breast milk Sun et al. (2004)
LC-EI-MS 49pg mL™" Saliva Yang et al. (2011)
Amperometric sensors 0.056 nmol L™ Serum Zhu et al. (2015)
Amperometric/ 9.92 pmol L™ Saliva Stefan-van Staden
stochastic sensors 1.00 fmol L™ et al. (2014)
GC-MS 15.00 pg mL™ Serum Sajiki, Takahashi, and
Yonekubo (1999)
0.10ng mL™" Urine Kuklenyik et al. (2003)
Tsukioka et al. (2003)
ELISA 0.03ng mL™" Urine Lei et al. (2013)
0.20ng mL™" Maternal serum Yamada et al. (2002)

'LC - liquid chromatography; HPLC - high performance liquid chromatography; El — electronspray ionization; MS —
mass sprectrometry; GC-gas chromatography; ELISA — enzyme linked immunosorbent assay; FL — fluorescence; ED —
electrochemical detection.

stock solution (10~' mol L") was prepared in distilled water. BPA stock solution
(107" mol L") was prepared in dimethylsulfoxide. Serial dilution was used for the
preparation of different concentration for BPA solutions (107" mol L' to
107> mol L") prepared in phosphate buffer solution at pH 7.4. When not in use, all
solutions were stored at room temperature in a drawer.

Preparation of Au-rGO composite

For the preparation of the Au-rGO composite, 300 mg graphene oxide synthesized by a
modified Hummers method (Pruneanu et al. 2015) were sonicated in 80 mL H,O for
25min.Next, 129 uL of 1% chloroauric acid were added. The resulting mixture was
stirred for 2h at room temperature and a solution of sodium ascorbate (800 mg in 5mL
H,0) was added in order to simultaneously reduce both the gold precursor and gra-
phene oxide and stirred for another 30 min at room temperature. The mixture was
heated to 90-100 °C and maintained at this temperature for 3 h. The resulting homoge-
neous black suspension was filtered, washed with water several times, and dried by
lyophilization.

Design of 3D printed platform based on Au-rGO composite

3D-printed platform

The Stratasys objet 24 printer uses the polyjet technology to build 3D models layer-by-
layer. The material used is vero white plus - a rigid white opaque polymer. The support
material fullcure 705 is an acrylic, easily washable, nontoxic gel-like photopolymer. The
printer accuracy was 0.1 mm. The operating temperature was 18-25°C, and the relative
humidity 30-70%.

The time needed for printing the model shown in Figure 1 was 2h and 18 min. The
model was printed in a glossy polymer and placed vertically on the printing table to
diminish the amount of support material used. The surface diameter of the working
electrode was 300 yum.
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RE

Figure 1. Schematic design of 3D printed platform where is the RE Ag/AgCl reference electrode; WE
is the working electrode; and CE is the Pt wire counter electrode.

Preparation of graphene pastes

Graphene based powders (rGO and Au-rGO) were mixed with paraffin oil until homo-
genous pastes were obtained. The pastes were placed in the middle cylinder of the 3D
printed platform (Figure 1). A silver wire was used for the electrical contact (0.3 mm in
diameter). A Ag/AgCl sensor and Pt wire served as reference and auxiliary electrodes in
the cell. Before each measurement, the sensors were cleaned with deionized water.
When not in use, they were stored in a dry place at room temperature.

Apparatus and methods

All electrochemical measurements were performed with a potentionstat/galvanostat
Autolab PGSTAT 100 (Methrom, Utrecht, The Netherlands) connected to a personal
computer. To record the measurements, GPES and NOVA 2.1 software were used. All
measurements were carried out at 25°C.

For electrochemical impedance (EIS) measurements, an Ivium Compactstat was used.
IviumSoft and Ivifit software were used to interpret and fit the results.

For the 3D printed platform, a Stratasys objet 24 3D printer, connected to a personal
computer, was employed using Objetstudio' ™ as the printing software. 123 design was
the software used to design the support for the electrochemical cell.

For preliminary electrochemical characterization of the 3D printed electrochemical
platforms, cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were
employed. Differential pulse voltammetry parameters were optimized and presented
in Table 3.

The morphology of the Au-rGO composite was investigated by transmission electron
microscopy (TEM), scanning electron microscopy (SEM) and scanning transmission
electron microscopy (STEM) with energy dispersive X-ray (EDX) spectroscopy for the
elemental mapping of atom (C, Au, O) distribution (SU-8230 STEM system,
Hitachi, Japan).

X-ray powder diffraction (XRD) patterns were recorded with Diffrac Plus XRD
Commander with a Bruker D8 advance diffractometer (40kV, 0.5mA) equipped with a
Lynexe detector employing a scan speed of 0.02° s~' and using CuK,; radiation at a
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Table 3. Working parameters used in differential pulse voltammetry for the determination of BPA.

Differential pulse voltammetry parameter Value
Potential range (V) 0.2-1.0
Step potential (V) 0.05
Modulation amplitude (V) 0.025
Scan rate (V/s) 0.1

wavelength of 1.5406 A. A Ge (111) monochromator in the incident beam was used in
order to increase the resolution and to remove the K,, radiation. Before plotting the
experimental results, the spectrum background was corrected. The background correc-
tion of the patterns was performed in the WinPLOTR software.

A Christ Alpha 1-4 LSC freeze dryer was used for sample lyophilization.

Saliva samples

Five saliva samples were collected from children patients in the same morning before 9
a.m., almost 12h since the last meal, drink and mouth wash. Saliva samples were col-
lected following a mouth rinse with water. Approximately 2mL of saliva was collected
from each child and after centrifugation, the samples were stored in a freezer (-80°C)
in 1 mL aliquots. The ethics committee approval was number 158/2018, awarded by the
University of Medicine and Pharmacy “Carol Davila” in Bucharest. Informed consent
was obtained from all parents or legal tutors of the patients.

The samples were analyzed using the proposed sensors, without any sample pretreat-
ment and the differential pulse voltammetry measurements were performed in the same
day using the proposed 3D printed platform.

The percentile of body mass index (BMI) was categorized as follows: obese children
>95th percentile; overweight children: 85th-95th percentile and normal weight children:
<85th percentile (Centers for Disease Control and Prevention 2019).

Results and discussion
Morphological and structural characterization of Au-rGO composite

Figure 2 shows the typical scanning electron and transmission electron micrographic
(SEM, TEM) images of the composite material, Au-rGO. TEM images reveal the
wrinkled morphology of the graphene sheets with attached gold nanoparticles (the dark
spots shown in Figure 2a). The gold nanoparticles are barely visible in the SEM images
because they are trapped between the graphene sheets.The edges of the graphene sheets
are represented by the bright lines (Figure 2b).

In order to determine the elemental distribution within the Au-rGO composite,
STEM-EDX mapping was employed (Figure 3). The spectrum in Figure 3b clearly ilu-
strates the presence of carbon and gold with a small percentage of oxygen (3.3 wt%)
which originates from the graphene oxide sheet.

The choice of the reducing agent is very important since the most popular, hydrazine
and hydrazine derivatives are toxic and may contaminate the final product.
Alternatively, the employment of sodium ascorbate leads to a green and rapid reduction
method with nontoxic solvents. In this case, this reducing agent was shown to be highly
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500nm

Figure 2. (a) Transmission electron microscopy and (b) scanning electron microscopy images of the
Au-rGO sample. Scale bar 500 nm; magnification 70,000 x; accelerating voltage 200 kV.
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Figure 3. Representative transmission electron microscopy image of (a) Au-rGO. Scale bar 500 nm;
magnification 70,000x; accelerating voltage 200kV. (b) Corresponding energy dispersive X-ray spec-
troscopy analysis: C 55.2 wt%; Au 41.5 wt%; O 3.3 wt%.

effective as demonstrated by the XRD pattern of the sample. Thus, we observe the
almost complete disappearance of the diffraction line from 20 equal to 11.91°, corre-
sponding to graphene oxide (GO, Figure 4), and the presence of the characteristic band
of reduced graphene oxide (rGO) at 20=22.19° (Figure 4). Additionally, peaks related
to the (111), (200), (220), (311) and (222) reflections of gold are observed, which dem-
onstrate the successful formation of the Au-graphene composite.

XRD provides three types of structural information: the number of graphene layers
(n), the interlayer distance (d) and the mean crystallite size (D). The mean crystallite
sizes of graphene (D equal to 0.98 nm) and of gold nanoparticles (D equal to 24.7 nm)
attached to graphene were determined using the Scherrer equation (Srinivas et al. 2010).
The interlayer distance was found using Bragg’s equation (Jun 2015), while the average
number of layers was determined from the relationship n=D/d.

The structural parameters obtained from the diffraction data are presented in
Table 4. The starting material, graphene oxide, had seven layers (D equal to 5.197 nm)
and after the nanoparticle deposition and simultaneous reduction, the final material
consisted of bilayer graphene with a 0.401 nm interlayer distance.
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Figure 4. X-ray diffraction pattern of graphene oxide and the Au-rGO composite, showing distinct dif-
fraction peaks for graphene and gold. JCPDS file number 04-0784; a scan speed of 0.02° s™' was
employed using monochromatic Cu K,; radiation.

Table 4. Structural parameters of GO and Au-rGO samples from XRD pattern: graphene crystallite
size (D), interlayer distance (d), and average number of layers (n).

Sample 20 (degrees) Graphene crystallite size (D) (nm) Interlayer distance (d) (nm) Average number of layers (n)

GO 11.91 5.197 0.7404 7
Au-rGO 22.2 0.98 0.401 2

Electrochemical characterization of graphene based 3D-printed platform

The preliminary electrochemical characteristics of the Au-rGO and rGO based 3D-
printed platforms were characterized by cyclic voltammetry and electrochemical imped-
ance spectroscopy.

Cyclic voltammograms were recorded in K;[Fe(CN)g] (0.1 mol L' in 0.1mol L™*
KNO; supporting electrolyte) with rGO and Au-rGO based 3D-printed platform at a
scan rate of 100 mV/s. The results are shown in Figure 5a. In the case of Au-rGO based
3D printed platform, the anodic and cathodic peak currents are well defined and the
peak potential separation is 60 mV, characteristic of a reversible redox systems. In con-
trast, for the rGO based 3D printed platform, the peak currents are considerably lower
by more than three times and the peak potential separation is 300 mV, characteristic of
quasi-reversible redox systems. The differences between the two electrodes were even
further demonstrated by the use of electrochemical impedance spectroscopy.

The impedance spectra were recorded between 0.1 and 10° Hz and were interpreted
based on an equivalent electrical circuit (Figure 5b inset). This circuit contains the solu-
tion resistance (R,), the Warburg impedance (Z) in series with the charge-transfer
resistance (R.), and a constant phase element (CPE) that replaces the double layer cap-
acitance (Bard and Faulkner 1980). The constant phase element arises due to the rough-
ness of the electrode surface, porosity and dynamic disorder associated with diffusion
(Ganesh, Pitchumani, and Lakshminarayanan 2006).

The R, values for the two electrodes were determined by fitting the experimental
data with the proposed equivalent electrical circuit. In the case of rGO based 3D printed
platform, its value can be also obtained from the high-frequency semicircle. Figure 5b
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Figure 5. Cyclic voltammograms in 0.1mol L~' K;[Fe(CN)s]*/*" solution in 0.1mol L~ KNOs.
Conditions: potential range: 0.5 to 1.0 V; step potential: 0.01 V. (b) Electrochemical impedance spec-
tra of 3D-printed platforms containing rGO paste (black) in comparison with Au-rGO paste (red) in
50mmol L' Ks[Fe(CN)¢]>/*" solution in 0.1mol L~" KNO,. The frequency range was between 0.1
and 10° Hz. Inset: equivalent circuit diagram of the electrochemical interface used to fit the imped-
ance spectra where Rs is solution resistance; Zw is the Warburg diffusion resistance; Rct is the electro-
n-transfer resistance, and CPE is the constant phase element.

shows that for rGO based 3D printed platform, the R, value is very large (2.9 x 10° Q),
indicating a slow transfer of electrons between the [Fe(CN)g]® ions and the electrode
surface. In contrast, the Au-rGO based 3D printed platform has a considerably lower
value for R, equal to 300 Q, which highly favors the electron transfer during the oxida-
tion of [Fe(CN)g]*™ to [Fe(CN)¢]*".
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Figure 6. Cyclic voltammograms recorded with various scanning rates in 0.1mol L™" Ks[Fe(CN)e]
using the 3D printed platform based on (a) rGO and (b) Au-rGO. Conditions: potential range from
—0.7 to 1.0 V; step potential of 0.01 V.

Based on the electron-transfer resistance calculated for each electrode from the corre-
sponding impedance spectra, the apparent electron transfer rate constant (k,,,) was
determined by (Nkosi et al. 2010):

Koo - RT (0
PP n2F2AR,C
where n is the number of electrons transferred during the redox reaction; F is the
Faraday constant (96485 C/mol); R is the ideal gas constant (8.314 J/(mol K)); T is the
temperature (298 K); A is the active area of the electrode (cm?); R is the charge-trans-
fer resistance obtained from the fitted Nyquist plots (Q); and C is the concentration of
the redox species (mol/cm?).
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Figure 7. Linear regression of the anodic peak current for the 3D printed platform based on (a) rGO
(r equal to 0.9980) where Ipa=-8.29 x 10 7/+4.42 x 10 >xv""? and (b) Au-rGO (r equal to 0.9982)
where Ipa=-1.29 x 107%+4.99 x 10 °xv"2,

In the case of rGO based 3D-printed platform, K,,, was determined to be
2.77 x 10~* cm/s, which is three orders of magnitude smaller than the value corresponding
to the rGO-Au electrode (2.37 x 10" cm/s). This difference may be attributed to gold nano-
particles attached to graphene surface which enhances the transfer of electrons.

Effect of scan rate - Surface area study

Cyclic voltammetry was employed to study the surface area of the rGO and Au-rGO
pastes using a 0.1 mol L [Fe(CN)g]>"* redox couple. The influence of the scan rate
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Figure 8. Linear regression of the cathodic peak current for the 3D printed platform based on (a)
rGO (r=0.9971) and (b) Au-rGO (r=9988).

on the redox process of 0.1mol L™' Kj[Fe(CN)] using these graphene-based 3D-
printed platforms are shown in Figure 6.
Using the Randles—Sevcik equation, which describes the process of a reversible redox

couple, the peak current is direct proportional with the square root of scan rate (v''?)
(Zanello, 2003):

Ip=*(2.69 x 10°) n*/?AC,Dg"/?v!/? )

where Ip is the anodic peak current (A), n is the number of electrons involved in the
redox reaction (in this case, n=1), A is the active surface area of the electrode (cm?),
C, is the concentration of K;[Fe(CN)4] (mol cm ™ ?), and v is the scan rate (V/s).

The diffusion coefficient Dy is equal to 6.20 x 10~® cm® s~ at a temperature of 25°C
(298.15 K). For scan rates from 15 to 100mV/s, both anodic and cathodic peaks (Ip,
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Figure 9. Differential pulse voltammograms recorded using 3D-printed platforms based on rGO and
Au-rGO in a solution of 1x 107> mol L™ BPA in pH 7.4 phosphate buffer and 0.1mol L™ KCl.

Working conditions: step potential of 0.05 V; modulation amplitude of 0.025 V; and 0.100 V/s
scan rate.

and Ip.) obtained with the graphene-based 3D printed platform depend linearly on the
square root of the scan rate (Figures 7 and 8), indicating a redox process controlled by
diffusion. Thus, from Eq. (2), the surface areas (A) of the proposed paste based 3D
printed platforms were determined to be 0.066 mm?* for rGO based 3D printed platform
and 0.074 mm? for Au-rGO based 3D printed platform.

Repeatability

The repeatability of Au-rGO and rGO based 3D-printed platforms was investigated by
five replicate cyclic voltammograms recorded in 0.1 mol L' K;[Fe(CN)g]. A set of five
3D printed platforms using each paste were newly built at the beginning of each day.
The relative standard deviation calculated for the peak currents was 5.60% for the rGO
based 3D-printed platform and 6.50% for the Au-rGO based 3D-printed platform.
These relative standard deviations demonstrate the good repeatability of the peak cur-
rent responses obtained with the proposed 3D printed platforms in a solution of
0.1 mol L™ K;[Fe(CN)g].

Regarding the 3D-printed platforms described above, the Au-rGO-based platform
showed a higher analytical signal when introduced into a solution containing
107> mol L™! BPA, pH 7.4 phosphate buffer solution, and 0.1 mol L™' KCI (Figure 9).
Thus, the Au-rGO-based 3D printed platform has been used to provide optimal param-
eters for BPA determination from biological samples collected from children.

Effect of pH on the oxidation of BPA

The effect of pH on the oxidation response of 1 x 10> mol L' BPA at the surface of
developed Au-rGO-based 3D printed platform was investigated using differential pulse
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Figure 10. (a) Differential pulse voltammograms of 1 x 10~ mol L™' BPA at the Au-rGO 3D-printed
platform in phosphate buffer solution at pH values of 6.0; 6.5; 7.0; 7.4; and 8.0. (b) Variation of peak
current with pH (left) and linear regression of the peak potential with pH (right). Working conditions:
step potential of 0.05 V; modulation amplitude of 0.025 V; and a 0.100 V/s scan rate.

voltammetry (Figure 10a). The buffer solutions were prepared as discussed previously at
pH values of 6.0; 6.5; 7.0; 7.4; and 8.0. The oxidation potential negatively shifted while
the pH value was modified with a maximum peak current at pH 7.4 (Figure 10b, left
axis), and was lower than the acid dissociation constant of BPA (pK,;=9.59). BPA is
considered to be a weak organic acid, which may dissociate in solution to anionic and
dianionic species (Staples et al. 1998), but when the pH is less than the pK,, the non-
dissociated species are predominant in solution (Tian, Wang, and Song 2009). The non-
dissociated form of BPA is easily adsorbed to the electrode surface.

The oxidation potential was plotted versus pH (Figure 10b, right axis), providing a
linear relationship, described by: Ep, (V)=1.146-0.100 pH (R equal to 0.9974), indicat-
ing that protons were directly involved in the oxidation of BPA. A pH value of 7.4 is
widely used for the electrochemical analysis of different compounds in biological sam-
ples and hence was employed for subsequent analytical measurements.
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Figure 11. Differential pulse voltammograms in pH 7.4 phosphate buffer solution containing
1.0 x 1073 mol L™" BPA with three supporting electrolytes: 0.1 mol L™' NaNOs; 0.1mol L' KCl; and

0.1mol L™" NaCl. Working conditions: step potential of 0.05 V; modulation amplitude of 0.025 V; and
a 0.100 V/s scan rate.

Effect of supporting electrolyte in determination of BPA using Au-rGO 3D-
printed platform

To evaluate the effect of supporting electrolyte in the determination of BPA, differential
pulse voltammetry measurements were done in a solution of 1x 10> mol L™' BPA
containing phosphate buffer at pH 7.4 and three types of alkaline salts as supporting
electrolyte: 0.1 mol Lt NaNOs;; 0.1 mol L' KCl; and 0.1mol L' NaCl. Figure 11
shows that an increase in anodic peak current was obtained when 0.1 mol L™' KCl was
used, and consequently this material was employed as the supporting electrolyte for fur-
ther electrochemical measurements of BPA.

Electrochemical response characteristics of Au-rGO composite based 3D-
printed platform

Differential pulse voltammetry was used to evaluate the response characteristics of the
Au-rGO based 3D printed platform for the BPA oxidation process. Solutions were
investigated containing succesive dilutions of BPA from 1x 10~ "% to 1 x 10~> mol L™"
prepared in phosphate buffer at pH 7.4 and 0.1 mol L™' KCl. As it can be seen in
Figure 12a, a shift in potential occurred. The shift of BPA peak potential may be caused
by a well-known Fouling effect caused by the phenol group due to the adsorption of
the oxidation products on the electrode surface (Li et al. 2011).

The increase in the peak current recorded is also directly proportional to the concen-
tration of BPA. The linear calibration plots for both 3D-printed platforms are presented
in Figure 12¢ and show that the peak current recorded for the rGO based 3D printed
platform is lower than the peak current recorded for the Au-rGO based 3D printed
platform. Also, the Au-rGO based 3D printed platform provided a lower detection limit,
3.52 x 1072 mol L™, than 3.05 x 10~° mol L™" for the rGO based 3D printed platform.
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Figure 12. (a) Differential pulse voltammograms with the rGO composite based 3D-platform in BPA
solutions from 1x 107> to 1x 102 mol L™". (b) Differential pulse voltammograms recorded using
the Au-rGO composite based 3D-platform in BPA solutions from 1x 107> to 1x 102 mol L™". (c)
Calibration curves obtained using the rGO and Au-rGO composite based 3D-platforms. Working condi-
tions: step potential of 0.05 V; modulation amplitude of 0.025 V; and a 0.100 V/s scan rate.
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Figure 13. (a) Differential pulse voltammograms obtained with the Au-rGO composite based 3D-plat-
form in pH 7.4 phosphate buffer containing 107® mol L™ hydroquinone (HQ - red line);
107° mol L' monobenzylphthalate (MBzP - blue line); and 107 mol L™' hydroquinone +
107® mol L™' monobenzylphthalate + 107° mol L™ BPA (black line). (b) Calibration relationships
showing the linear variation of BPA concentration in the absence (black line) and presence of interfer-
ing species: 107° mol L~ hydroquinone + 10~° mol L~ monobenzylphthalate. Working conditions:
step potential of 0.05 V; modulation amplitude of 0.025 V; and a 0.100 V/s scan rate.

Interference study

Hydroquinone (HQ) and monobenzylphthalate (MBzP) were investigated as interfering
species to characterize the selectivity of Au-rGO composite based 3D-printed platform
for the oxidation of BPA. For this purpose, solutions of the same concentration
(1.0 x 107® mol L") of hydroquinone and monobenzylphthalate were prepared in pH
7.4 phosphate buffer solution and 0.1 mol L™' KCI.

Figure 13a shows the differential pulse voltammograms for pH 7.4 phosphate buffer
solution (green line): 1.0 x 10~® mol L™' hydroquinone (red line); 1.0 x 10® mol L™*
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Table 5. Determination of BPA in saliva samples from children in correlation with body mass index,
age and gender.

Sample Body mass index percentile Age (years) Gender Measured BPA (umol LM
1 88th 12 F 17.0+£2.3
2 43rd 14 F 6.48+0.8
3 >95th 1 F 40.2+9.3
4 >95th 10 M 33.1+0.3
5 >95th 11 M 19.7+£79

monobenzylphthalate (blue line); and 1.0x10"°® mol L' hydroquinone +
1.0x10°° mol L! monobenzylphthalate + 1.0 x 107° mol L™ BPA (black line). In
the mixed solution, a single oxidation peak appears for both interfering species (E of
0.05 V) shifted towards more positive potential, while the oxidation for each species
alone occurs at E equal to —0.05 V. Also, in the mixed solution, the oxidation of BPA
may be observed at the same potential E of 492mV as in a solution of BPA without
interfering species. In Figure 11, for 1.0 x 10~% mol L™, the BPA oxidation occurs at E
equal to 496 mV.

Figure 13b shows that the addition of interfering species, hydroquinone and mono-
benzylphthalate, reduces the peak current of the BPA oxidation, even when the lower
concentration is not distinguishable.

Analytical applications

The main application of the developed 3D printed platform based on Au-rGO was to
evaluate the levels of BPA in pre-pubertal children saliva samples to predict precocious
installation of puberty because BPA is an endocrine disrupting chemical. For this pur-
pose, five saliva samples collected from pre-pubertal, bottle fed, obese or over-weight
children were investigated, knowing the correlation of childhood obesity and precocious
puberty. In this study, high body mass index values were correlated with high levels of
BPA in saliva samples (Table 5).

Childhood obesity is one of the main factors for reaching puberty at early ages and
coupled with BPA exposure. Obese children are most likely to develop secondary sexual
characteristics earlier than normal weight children (Burt Solorzano and McCartney,
2010). BPA is found in many products with which children come in contact and affects
the hypothalamic-pituitary axis, by sending false signals to produce gonadotropins,
which are responsible for the maturation of sexual organs.

Conclusion

A novel gold-reduced graphene oxide nanocomposite was used for the fabrication of a
3D-printed platform employed in the determination of BPA from saliva samples col-
lected from children. The gold nanoparticles exhibit an enhancement BPA oxidation
and provide a low detection limit and high sensitivity. For this reason, the proposed
method was successfully applied in the analysis of saliva samples collected from children
to evaluate the predisposition to reach puberty at early ages.
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