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Diseases caused by typhoidal salmonella have led to a wide range of panic. It is thereby critically
urgent to develop higkfficiency, ultraensitive techniques for typhoidal salmonella detection.
Carboxylated graphene oxide (CGO), features as one of the most crucial substrates to immobilize
probe DNA for the fabrication of DNA biosensor, has been studied extensively so far. However, the
reagats involved in the protocols proposed previously due to their strong alkalinity and extremely
high reducing properties would impose significant impact to their performance and application.
Herein, we develop a novel strategy for effective carboxylatiaptggne oxide with sodium citrate and
chloroacetic acid. Xay photoelectron spectroscopy (XPS) results demonstrate the density of carboxyl
Is improved more than twice, in consistent with the results of nuclear magnetic resonance (NMR).
Furthermore, decoratl with costeffective FeOs4 NPs, the conductivity of CGO could be enhanced
remar kabl vy, f ur t-én@ ammmo faleled prober DNAnwaould be 5t@bly grafted. The
performance of stepwise modification of the bioelectrodes is carried out by cychonmattry (CV)

and electrochemical impedance spectroscopes (EIS). Differential pulse voltammetry (DPV) studies
exhibit a linear response ranging front1@ 10° M for target DNA analysis with the detection limit

up to 3.1610*8 M, using methylene blueMB) as a redox indicator under optimal conditions. In
addition, the aprepared biosensor provides predominant capability for discriminating the similar
target DNA sequences. Eventually, the proposed biosensor is surveyedabyamplesand it shows
outstanding performance. Consequently, the developed ssDiBYH¢Ps/CGO/GCE can be a
promising candidate for real patient samples analysis.
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1. INTRODUCTION

Salmonella isolates frequently cause human infection diseases from mild gastroenteritis to
death, especially for the infants, the elderly, and immunocompromised hosts [1]. Salmonella is
regarded as the riskiest bacteria owing to its extremely high raemdlity (31%) among numerous
bacterial pathogens that trigger foodborne diseases [2]. Typhoid fever, as one of the foodborne disease
caused by salmonella, is estimated to cause 12 million of cases worldwide annually and approximate
120000 deaths [3]. Ehorganisms are often transmitted via the fecal route and the diseases
commonly attack in low/middle income countries such as south southeast Asia and subsaharan Africe
due to poor quality of potable water, unhygienic living conditions and envirosnagwt improper
sanitation system and utilitied,[5]. Conventional and contemporary methods are only available at
advanced stages of infections and suffering with numerous limitedjoMNsgvertheless, approaches of
advanced molecular diagnosis technigaed immunological techniques, such as PCR, NASBA and
ELIA require welttrained personnel and expensive equipmeiitserefore, the development of
facilities for accuate and immediate detection is of great importance for food safety and clinical
diagnosisT].

The vast achievements in nanomaterials and bioelectronics have made the development of
various biosensors for the discrimination of a great deal of analytstbleosuch as optical biosensors
for the screening potential xenoestrogens and tumour necrosis-dhuttarB,9], biosensor based on
fluorescent for the detection of hydroquinone and glutathiofe J1], and electrochemical nucleic
acid-based biosensdor the detection of CYFRAZ21 and specific target DNA 1 13]. Among them,
electrochemical DNA biosensor takes advantage of strong specific binding between a probe DNA
sequence and a certain target DNA fragment to produce electrochemical signal response
transformation. Consequently, it offers the analytic results with higher reliability and selectivity, and
meanwhile, the designed facilities possess the merit of miniaturization and reusadiliy] [1

To date, diversified electrochemical DNA biosensawé already been designed based on a
broad range of nanomaterials such as gold +pamticle (GNA) [16], carbon nanotubes T}, graphene
[18, 19], and miscellaneous noble metals to enhance the performance of DNA biosensors for the screer
of I-cysteine anchomocysteine [@ and breast cancer biomarkers diagnostit].[Among various
nanomaterials, graphene provides immense active detection a2ganiizh higher electron mobility
and densities than semiconductors and met&ls §tremely high light transittance ~98% [2], and
excellent mechanical strengthb]2

Graphene oxide (GO), a derivative of graphene, inherits most of the properties of graphene. In
addition, GO can be modified extensively with presence of a variety of functional group®Hike
COOH, -CHO and-C=0. The reactive groups like carboxyl of GO often act as the anchor for the probe
DNA assembly via the formation of amide to achieve covalent connection between the carboxyl and
the probe DNA labeled with amino §R From this perspective, aimization the content of the
carboxyl of GO can potentially enhance the number of immobilized probe DNA. As a result, the
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sensitivity of the proposed biosensor can be improved.

Selective liquidphase extraction have been reported with high yield of ggHyach graphene
oxide quantum dots [2. A route was also designed to convert the other oxypgeaining functional
groups of GO into the carboxyl & However, these methods cannot be accomplished without using
reagents like chloroform, hydrazine mtwydrate. Alternatively, Hongjie Dai proposed an approach of
carboxylation of GOZ9, 30], which also suffers from the defect of being quick deoxygenation in the
strong alkali conditions [B, so very limited amount of the carboxyl is obtained. Furthernstuglies
have shown that the conductivity of GO decreases dramatically with the increase of oxidation degree.
As a consequence, GO loaded with the other materials have aroused extensive interests, since th
nanocomposites can vastly enhance the performah¢eO. FeOs NPs/GO composites due to its
superiority of being easily collected, cedtective and biocompatible have been utilized as drug
carriers [2].

In this work, we design a novel protocol for effective carboxylation of GO for the first time,
which greatly enhances the density of the carboxyl of GO and avoids the application of hypertoxic and
risky reagents. Based on this strategy and deposited with low cost and facile fabricatigD,dffe
via electrostatic selissembly, we propose a DNA biaser aiming at the detection of typhoidal
salmonella. The fabricated DNA biosensor exhibits the capability of achieving low detection limit of
3.1610%® M and broad dynamic detection range from'1@o 10° M. In addition, it offers
outperformance for dcrimination of the similar target DNA sequences by monitoring the oxidation
peak of DPV using methylene blue as a redox indicator. When the constructed DNA biosensor is
evaluated in the real serum samples, it displays the desirable analysing results.

2. EXPERIMENTAL

2.1. Materials and Apparatus

Sodium nitrate, potassium permanganate, graphite, hydrogen peroxide, ethylene glycol,
hydrochloric acid, sodium acetate, chloroacetic acid, sulphuric acid, sodium citrate, nitric acid, sodium
chloride, iron (Ill) dloride hexahydrate (Feg®H.O) were obtained from Tianjin Fengchuan
Chemical Reagent Technologies Co. LTD (Tianjin, Chinahydroxysuccinimide (NHS), Methylene
blue (MB), ethylenediaminetetraacetic acid (EDTA), Tris(hydroxymetagi)nomethane (TrisiCl),
N-(3-dimethylamminopropyNj-ethylcarbodiimide hydrochloride (EDC) were all purchased from
Shanghai Aladdin Industrial Corporation Co. LTD (Shanghai, China). Human serum were purchased
from Peopleds Hospital of T igrade without further purificagoa.g e n
The DNA sequences used for biosensor preparation are as follows:

SsDNA Probe: pNH2-(CH2)e-CGTGCGCGACGCCCGCCGGG;

It is noteworthy that this DNA sequence does not match to any other related species of family
Enterobateriaceae and with other mieooganisms [3].

Target DNA sequenceji-&GCGGCGGGCGTCGCGCACG

Non-complementary DNA sequencg:GTAACCTGCCTGTAAGACTG3;j

One base mismatch DNA sequenceG&CGCCGGGCGTCGCGCACG;
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The DNA sequences above were purified bghhperformance liquid chromatography and
supplied by Shanghai Invitrogen Biotechnology Co. LTD (Shanghai, China). Ultrapure wagsr (18.
Mq ¢ mesistance) was used throughout the experiment.-HRis buffer solution (50
mM, Tris(hydroxymethyBaminomethae and 20 mM, NaCl, pH=7.4). 2xSSC buffer solution (0.3 M
NaCl and 0.03 M trisodium citrate). TE buffer solution (10 mM THHCI, 1ImM EDTA, pH=7.4).
Phosphate buffer 0.1 M NaFQsand 0.1 M NaHPQ [V(NaxHPQy):v (KH2PQy)=8:2, tris-HCI buffer
(50 mMTris-HCI, 20mM NacCl, pH=7.4)

Fourier transform infrared (FTIR) spectrum was collected by fourier infrared spectrometer
(Thermo Fisher, Nicolet 6700, USA).-bay photoelectron spectroscopy (XPS) was recorded using an
X-ray photoelectron spectrometer (P580Q America).'H of nuclear magnetic resomance (NMR)
spectroscopy was recorded by nuclear magnetic resomance spectrometer (Bruke, Advatided
Germany). Scan electron microscopy (SEM) micrographs were carried out using a sigma300 (ZEISS,
Germany). Electrochemical signal was collected by ParStat 4000 electrochemistry workstation
(AMETEK, USA).

2.2. Preparation of CGO

GO was synthesized according to a modified Hummers metdpdgBefly, 2 g sodium nitrate
and 3 g potassium permanganatere dissolved in 92 mL of 98% sulfuric acid in an ice bath with
constant stirring. Subsequently, 2 g graphite powder was slowly added with vigorous agitation in case
of sudden increase of temperature. Af tbathavndr d,
kept continuous stirring for 1h. Then 192 mL of ultrapure water was gradually added in the mixture
and then the temperature of the mixture was i
oxidation of graphite, the solution became auresbevly. Whereafter, 30% #D. wasadded with
caution in order to eliminate excessive potassium permanganate. After being set aside for severa
hours, the supernatant of the solution was removed carefully, and the product was washed with
sufficiently 5% hydochloric acid and ultrapure water, respectively. Finally, the desirable product was
dialyzed for two days and dried under vaccum.

16 g chloroacetic acid was added into an agqueous suspension of 2 gimL GO.
Subsequently, 16.6 g trdium citratevas dispersed uniformly in the mixture, and then the solution
was sonicated for 1h to assure the reaction can be accomplished totally. Eventually, the suspension we
purified by dialysis at room temperature for two days to obtain the resultant whichriecsidder
frozen and vacuum conditions.

2.3. Preparation of F#€4 NPs/CGO

FexO4 NPswere synthesized on the basis of the hydrothermal metldifBbrief, 1.35 g of
FeCk®H.O was dissolved by 40 mL of ethylene glycol with constant mechanical stiritiga
uniform solution was observed. Th&laAc of 3.6 g was added. After being sonicated for 30 min the
mi xture was kept for 9 h at 200 : Subsequent
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magnet. The product was finally washed by absolute ethanol for three times to remove titeegmpu
before being dried in the oven under vacuum condition.

FesOs NPs with a positively charged surface were prepared by dispersig REs in 1 M
HNOs [36]. Then 10 mg positively charged & NPs were added to 1 mg ™10 ml CGO
suspension. Afteranstant stirring of the mixture for 5 h, a homogeneous suspension was obtained.
The resulting nanocomposites were collected by applying an external magnetic field for several hours
to collect the precipitate. The nanomaterials were ultimately dried uhdefrazen and vacuum
conditions. Finally, we obtained & NPs/CGO. Similarly, -4 NPs/GO, FgD4s NPs@GO (without
being treated by HN§) were prepared as well.

2.4. Fabrication of the ssDNA/E®4s NPsCGO/GCE

Pretreatment of the glassy carbon electr@@€E) was operated as follows. A 3 mm diameter
GCE was polished successively with O and 0.05nm alumina slurry to a mirrdike surface.
Subsequently, it was sonicated in ultrapure water, ethanol and ultrapure water for 5 min, respectively.
And then t was electrochemically cleaned in 0.50 MS&@ using a repetitive cyclic potential
scanning for 20 cycles fror®.3 to +1.50 V with a scan rate of 100 mV t® remove any possible
residuals. It was finally sonicated for five minutes in ultrapure waterdaied in the flow of nitrogen.
10 pL, 1 mg mt prepared Fg. NPs/CGO solution was coated on the clean GCE and dried at room
temperature for 24 h to obtain the modified electrode, which is denotec@s Nes/CGO/GCE.
Subsequently, 10 uL tdBICI buffer (containing 25 mM EDC and 10 mM NHS) was dropped on the
surface of Fg04 NPs/CGO/GCE at 2%C and incubated for 1 h. After being washed byHGI buffer
and ultrapure water, 10 yuL amihabeled probe DNA was deposited onto theQzeNPs/CGO/GCE
surfaceand incubated for 1 Hinally, the functionalized electrode was followed by rinsing with 10 pL
tris-HCI buffer and ultrapure water to remove unbound ssDNAe biosensor was denoted as
ssDNA/FeOs NPs/CGO/GCE. Via the similar procedures of treatment, biheelectrode of
sSSDNA/FeOs NPs/GO/GCE was also obtained.

2.5. Optimization of assay conditions

Experimental conditions for DNA hybridization were optimized by EIS. Initially, the
hybridization temperature was fixed at 30 and recorded the curved EIS ranging from 20 to 60
min. Then the hybrizating incubation time was kept at 50 min to record the EIS diagram imposed by
temperature ranging from 15 to 35. The concentration of target DNA were IRl both used in the
process.

Each of the bicelet r odes was tested i nFedb¥ andl5and s ol
Ka[Fe(CNY], containing 0.1 mol 1* KCI) at the potential of 0.17 V and within the frequency ranging
from 0.01 to 100000 Hz wusing an AC ampptobetthed e ¢
impedance of a modified electrode surface.
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2.6. Sensitivity for target detection

Sensitivity verifications were carried out by immersing biosensors of probe Dj@yFe
NPs/CGO/GCE into 2xSSC buffer solution containing various concentratidtn@ r get DNA at
for 50 min. The hybridized bioelectrodes were rinsed with 5eH@G$ buffer to remove the extra target
DNA. Subsequently, the hybridized bioelectrodes of dsDNAYEeNPs/CGO/GCE were further
immersed into TridHCl buffer containing 10 M MB and 20 mM NaCl for 5 min with continuous
stirring. The hybridized DNA biosensors were denoted as dsDN@4RF¢Ps/CGO/GCE. DPV curves
were measured in phosphate buffer frdh®5 to 0.1 V, with the pulse height of 50 mV, step height of
25 mV, step widt of 0.05 s and pulse width 0.005 s. The procedures for the stepwise fabrications of
the biosensor were illustrated in Fig. 1.

COOH COOH
Y/ fO0H Q%)H .COOH
Y
SHe Vo N cooH Hooe. 5“3 ot gg\ ™
) Lo . ﬁﬁoﬁc HOO!
7 AR 32% ‘Pi ﬂ;% o
b\ ‘COOH %%H %

c H
Carboxylation Posmve Charged Fe304 ‘Jl‘s, %@

f’g’,i; i?

COOH COOH

Figure 1. Schematic diagram of the assembly process of the working electrode.

3. RESULTS AND DISCUSSION

3.1Morphology anccharacterization of GO, CGO, @1 NPs/GO, FeOs NPs/CGO

There are typical crumpled and wrinkled regions of GO in Fig. 2A, indicating that graphite has
been oxidized into graphene oxide. Much more wrinkle domains are observed in CGO (Fig. 2C) than
GO, whch could be contributed to carbgation process. It can also be observed from the SEM
images of FgD4 NPs/GO (Fig. 2B) and E®4NPs/CGO (Fig. 2D), the &4 NPs have been absorbed
onto the surface of GO and CGO successfully by electrostatiassdimbl, moreover, compared to
the F@O4 NPs/GO, the K04 NPs are wrapped more closely by CGO.
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Figure 2. SEM images of (A) GO, (B) E®:NPs/GO, (C) CGO, (D) E®&sNPs/CGO.
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Figure 3. FTIR spectra of GO, E®4/GO, CGO, FeD4/CGO.
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As shown in Fg. 3. FTIR is employed to characterize GO, CGQCOE&Ps/GO and FH®s
NPs/CGOA broad band is observed at ~ 3400'grwhich can be ascribed to the stretching vibrations
of O-H, the peak at 1720 chis an indication of the C=0 carboxylic acid groupg][3he aromatic
C=C ring stretching can be observed at 1620',c8tOH stretching vibrations in epoxy groups is at
1224 cmt, C-O stretching vibrations in carboxylic acid is at 1050'¢88]. Via being carboxylated by
citric sodium and chloroacetic acid, can be seen that CGO can retain all the functional groups
exhibited in GO. After being decorated:Be NPs with GO and CGO, respectively, significant change
occurs to each functional group, this could be attributed to the successful depositigudfilFe onto
the surface of GO and CGO.

XPS is utilized to monitor the transformation of surface chemistries from GO to CGO as well
as the changes of chemical composition triggered by the depositioa@fN#es. In the Fig. 4A&B,
via being deconvoluted, fivenain carbon bonds of C1 can be observed for GO and CGO. C=C at
284.6 eV and 284.8 eV are assigned tbrsly b r i ds . Wi¥Caat 2855 ewhand 285.4 € are
subject to sphybrids B9]. C-O is at 287.13 eV and 287.03 eV, C=0 is at 288 eV and 288.2dV,
O-C=0is at 288.97 eV and 289.1 eV, respectively. The percentage of@0n oxygen containing
functional groups increases from 16.5% of GO to 38.3% of CGO and oxggeaining functional
groups in the whole groups only decrease 1.07% becaubke otrboxylation, which is indicative of
effectively carboxylated GO. Eventually, as depicted in XPS curves of Fe 2p (Fig. 4C), peakof Fe
NPs/CGO descends due to the carboxylation, which causes the elimination of fractional functional
groups of GO nawsheet.
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Figure 4. XPS spectra of (A) GO, (B) CGO, (C) &= NPs/GO& Fes0OsNPs/CGO.

NMR is an extremely powerful tool used to characterize functional groups. It is currently
employed to confirm the structural transformation led by carboxylafithough the carboxyl does
exist on the surface of GO, their concentration is too low for NMR to det@gtthét is, no peak is
found in the range af (9 to 13) in Fig. 5A. Whereas, a peak is observel{Xt.7) in Fig. 5B, which is
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caused by the incremg density of the carboxyl of CGO in agreeable with the conclusion obtained
from XPS. Furthermorej(1.3),d(2.5),d(3.5) andd(4.25) are attributed to the presence e€R, HG

C=0, GOH and HCRy, respectively.
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Figure 5. NMR spectra of (A) GO(B) CGO.
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3.2 Electrochemical characterization of the functionalized electrodes

CV is harnessed to probe the behavior of the GCE surface functionaifiedvarious
materials. As illustrated in Fig. 6, a pair of reversible redox peaks are observed, amtehattributed
to [Fe(CN}]® " / trdnsformationThe magnitude of th@eak current increases in the order of GO/GCE,
Fes0O4s NPs@CGO/GCE, &4 NPs/GO/GCE, CGO/GCE, kes NPs/CGO/GCE and bare GCE. Bare
GCE (a) manifests the highest peak current, owingstextellent charge transfer capability. Whereas,
since the repulsive interaction between the negatively chargddojd/gencontaining functional
groups of GO and the ions in the electrolyte, which results in the signal response of GO/GCE (f)
reduces to t minimum. FeOs NPs are used to neutralize the negatively charged capability of GO,
and it is achieved via directly physical absorptionsgzeNPs@GO, curve e) and electrostatic -self
assembly (F€4NPs/GO, curve d)

Figure 6. CV diagram of the GCEuhctionalized by various materials in 5 mAe(CN)]3'/ 4’
containing 0.1 M KCI solution at 50 mV!s(a) bare electrode, (b) & NPs/CGO/GCE, (c)
CGO/GCE, (d) F#4 NPs/GO/GCE, (e) R®4 NPs@GO/GCE, (f) GO/GCHnset shows
oxidation current & reductionurrent of CVof the GCE functionalized by various materials.

Compared to the GO/GCE, almost negligible change appears in 16e Wes@GO/GCE.
Nevertheless, apparent increase occurs to tk@sMPs/GO/GCE, proving electrostatic sasembly
can providemore favorable conditions for §&+ NPs to accelerate the electron transfer kinetic of



