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Abstract

Palladium nanoparticles were potentiostaticallycteteleposited on a gold surface
at a highly negative potential. The nanostructiag, a transducer, was utilized to
immobilize a Brucella-specific probe and the process of immobilizationd a
hybridization was detected by electrochemical mashoThe proposed method for
detection of the complementary sequence and a omplementary sequence was
applied. The fabricated genosensor was evaluatedhé assay of the bacteria in the

cultured and human samples with and without PCRe @énosensor could detect the



complementary sequence with a sensitivity of Qud2dm® mol™, a linear concentration

range of 1.810"%t01.0x10"° mol dni®, and a detection limit of 2x10%° mol dm°.
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1. Introduction

DNA hybridization detection is a key parameterhia tliagnosis of genetic diseases
and pathogen agents. Various techniques such asunoassays, surface plasmon
resonance spectroscopy, quartz crystal microbaladtkvis spectroscopy [1-3] and
electrochemical methods [4, 5] have been develdizsdd on the DNA hybridization
detection. Electrochemical genosensors are onbeobést choices for development of
sensitive, specific, simple and inexpensive devioeslisease diagnosis [6].

Brucellosis is an infectious disease caused bygtlaen-negative bacteria of the
genus Brucella with an intracellular life cycle. Brucellosis imfiions are almost
invariably transmitted to people by contact withnags or animal products that are
contaminated with these bacteria [Brucella organisms are also biological warfare
agents [8]. The etiological agents of brucelloses\ariousBrucella species.

Bacterial culture is the important part in confitioa of the presence of this disease
[9]. However, the growth rate of the bacterium Isws and fastidious leading to
misleading results [10] with low sensitivity [11;is time consuming and poses a risk for
laboratory personnel [12, 13]. Other techniquesehago been developed for brucellosis
diagnosis such as complement fixation test (CFaim agglutination test (SAT), Rose

Bengal plate test (RBT) [14, 15], PCR, rtPCR an@BR16-18], up-converting phosphor



technology-based lateral flow strip [19], monocloaatibody-based assay [20], ELISA
[21], real-time quantitative loop-mediated isothatramplification assay (LAMP) [22],
Raman spectroscopy [23], and serological tests [@dlological techniques suffer from
serological cross-reactions [25, 26], low senditiim the acute phase, low specificity and
high prevalence of Brucella-specific antibodiesepidemic areas of brucellosis. PCR-
based methods have been limitedly employed in husemples [27], need more
expensive equipment, and suffer from difficultytie direct detection of PCR products
[19]. The LAMP method also needs six primers antl glectrophoresis step using
intercalating dyes or fluorescent tags. Moreoveostmof these methods have problems
associated with them such as requiring sophisticatecedures, being time consuming
and needing trained personnel. In addition, thes¢hods are only adapted for the
gualitative or semi-quantitative detection fBrucella assays, which do not meet the
requirements for the rapid and accurate identificadf brucellosis in a shorter time; it
delays the introduction of efficient remedial measu Some immunosensors for
detection ofBrucella have also been reported [28, 29]. However, moshese sensors
are label-dependent and require labeling of biomoés to convert the antibody/antigen
interaction into detectable (optical or electrocieat) signals. Therefore, development of
rapid, inexpensive, and easy-to-use methodologiesdirect detection ofBrucella
directly in real samples has attracted considerialdeest.

Applications of nanomaterials in biosensing prowide advantages of high surface
area of the transducers, enhanced electronic grepeand amplified readout systems,

and electrocatalytic and biocompatibile surface®38]. Palladium nanoparticles have



thermal stability, chemical inertness and affirity the thiol groups, and can be used as a
sensing platform in genosensor fabrication.

In the present study, an electrochemical label-frg@osensor was developed based
on palladium nanoparticles as a transducer fopalraimple and quantitative detection

of Brucella organism in clinical samples.

2. Materialsand methods
2.1. Materials

All chemicals were of analytical grade from Schar(&pain) or Sigma (USA) and
were used without further purification. All soluti® were prepared by redistilled water. A
thiolated oligonucleotide probe (probe oligonud@et p-ssDNA) was designed based on
the common genomic sequence in all Breicella species. The probe sequence was
checked for any possible homology and share segaenith any norBrucella species.
Moreover, the melting temperature of the probe arasured to be within a narrow range
using Oligo software. Then, the probe sequence chasked for potential self-dimmer
and formation of secondary structures using mfoltmsre which may otherwise hinder
the assay. p-ssDNA was ordered from Vivantis (Msiy A complementary-sequence
oligonucleotide (target oligonucleotide, t-ssDNAhda non-complementary sequence
oligonucleotide (nc-ssDNA) were purchased from Sioa BioScience Co. (Iran). The
oligonucleotide sequences are as follows:

p-ssDNA sequence: 5' SH-(GHTGC CGA TCA CTT AAG GGC CTT CAT 3

t-ssDNA sequence: 5-ATG AAG GCC CTT AAG TGA TCG &Q'

nc-ssDNA sequence: 5-AGA CCA AAA AGG CCA CCC CCGEG 3



The oligonucleotide stock solutions were preparéith \®0 mmol dn? Tris-HCI

buffer, pH 7.4 solution (Tris) and kept frozen.

2.2. Apparatus

Electrochemical measurements were carried out @oreventional three-electrode
cell powered by au-Autolab potentiostat/galvanostat (the Netherlands) Ag/AgCl, 3
mol dm?® KCl, a platinum wire, and a palladium nanoparseteodified gold disk (nPd)
electrode (2 mm of diameter) were used as theemeter, counter and working electrodes,
respectively. The system was run on a PC by GPg&Software.

DNA samples for PCR amplification were extracteenir Brucella strains,
Saphylococcus aureus andKlebsiella. The PCR reaction was performed on an Eppendorf
Mastercycler Gradient PCR system (USA). A solutiér50 mmol dn? KCI, 10 mmol
dm? Tris-HCI (pH 9.0), 2 mmol dif MgCl,, 200 umol dm® dNTPs, 20 pmol of each
primers, and 2.5 IU Taq polymerase per BOwas employed. The primer sequences
were as followed:

Forward primer: 5'-GACGAACGGAATTTTTCCAATCCC-3'

Reverse primer: 5-TGCCGATCACTTAAGGGCCTTCAT-3'

For the 1S711 assay, samples were cycled in a twymgter with an initial
denaturation at 95 °C for 5 min; this was followwd35 cycles at 95 °C for 60 s, 60 °C
for 60 s, and 72 °C for 60 s and one final extamsib72 °C for 3 min. Eight microliters
of the amplification reaction mixture was taken drattionated in a 2% agarose gel
containing TBE buffer (100 mmol dinTris-HCI (pH 8.0), 90 mmol difboric acid, 1

mmol dm® Na-EDTA), stained with an ethidium bromide solati(0.5 g dn¥), and



visualized under UV light. To measure the conceiatnaof the extracted DNA samples,
Thermo Scientific NanoDrop 2000c (USA) was employed

Field emission scanning electron microscopy (FESEM)y performed using a
Zeiss, Sigma-IGMA/VP (Germany). The samples weraten by a 2-5 nm thin film of

gold through sputtering.

2.3. Preparation of the modified electrode

Before electrodeposition of palladium nanoparticle® gold disk electrode was
polished on a sand paper and then on a polishingwth 50 nm-alumina powder
lubricated by glycerin. Polishing was continuedattain a mirror-like gold surface. The
electrode was then cleaned by immersion in a 1:3envahanol mixture and
ultrasonication for 8 min in an ultrasound batheTgold disk electrode was then placed
in the cell containing the synthesis solutions cosipg 15 mmol drif PdC} in 1.0 mol
dm* H,SO.. Electrodeposition of palladium nanoparticles wagormed at -4 V for 20 s
in the stationary synthesis solution. The nPd ebeet was then rinsed thoroughly with

distilled water.

2.4. Immobilization of 6-Mercapto-1-hexanol (MCH) on nPd electrode surface
Immobilization of MCH was performed by dropping QQL of 1.0 mmol dn¥

MCH solution dissolved in Tris on the nPd electredeface at room temperature for 30

min. Then the electrode (nPd-MCH) was rinsed witis Bnd double distilled water,

respectively, to remove unspecific absorbed MCH.



2.5. Immobilization of p-ssDNA on nPd el ectrode surface
Immobilization of p-ssDNA probe was performed bypmping 10.0uL of 10.0

pmol dmi® p-ssDNA solution dissolved in Tris on the nPd etete surface and kept
refrigerated at 4C for 8 h [35]. Then the electrode was rinsed Witis. The p-ssDNA-
modified nPd electrode was further treated with ol dm® 6-Mercapto-1-hexanol
(MCH) at room temperature for 30 min to obtain alvadigned p-ssDNA monolayer
[36]. Then the electrode was washed again with Bmsl double distilled water,
respectively, to remove unspecific absorbed p-ssDNAe obtained electrode was

denoted as the genosensor.

2.6. Hybridization

The hybridization process was performed by immerdhe genosensor into Tris
containing various concentrations of t-ssDNA foh &t 37°C. Then, the electrode was
rinsed with Tris to remove the un-hybridized t-ssi)Mind then it was incubated in a
solution containing Tris + NaCl (20 mmol d@n+ methylene blue (MB, 2fmol dni®)
for 5 min at 37°C [35, 37]. Finally, the electrode was rinsed withs to remove the

physically absorbed MB.

2.7. Electrochemical measurements

The real surface area of the nPd electrode wasurezhelectrochemically. The nPd
electrode was transferred to a solution of KCI (@& dm?®) containing K[Fe(CN)] (0.5
mmol dni®) and cyclic voltammograms at different potentiaksp rates were measured.

Using the Randles-Sevcik equation [38] and the evadfi 7.60x10 cm s' for the



diffusion coefficient of [Fe(CNJ* [39], we obtained the real surface area of the nPd
electrode.

Electrochemical detection of the DNA hybridizatiomas performed in an
electrochemical cell containing 10 mL Tris by retiog cyclic voltammograms (CVs)
and differential pulse voltammograms (DPVSs) for teduction peak of intercalated MB.
The parameters of DPV recording were pulse widtBsomV, a pulse time of 50 ms, and
a scan rate of 10 mV's The concentration of t-ssDNA was quantified as MB

reduction peak current.

2.8. Bacteria culture, human samples, and genomic DNA extraction

Brucella agar culture medium with the addition of 5% hdrk®d was used for the
cultivation ofBrucella organisms by incubation at 35+2 °C for 48-72 h.

11 human serum samples with Brucellosis (Wright 2Nt tests were positive in
all samples) were provided from veterinary admratsbn of Fars province. It should be
noted that a healthy blood sample was evaluatel wuitspicious samples. From 11
human serum samples with Brucellosis, 4 were medsafiter amplification by PCR and
7 samples were measured without amplification. Befperforming the required

investigations, the genomes were placed for 5 m@da C.

3. Results and discussion
Fig. 1 shows the FESEM images of the palladium partles with different
magnifications and the corresponding EDS specthee fanoparticles comprised pure

palladium (the main detected element, the goldadigg due to the coating during the



sample preparation) and covered entire the surfélse. nanoparticles have some flat
surfaces and are not perfect spheres with a mearos4&15 nm (n=160).

The potential of the nPd electrode to immobilizkaakthiols was evaluated by
modification of nPd electrode by MCH and its elentrtransfer ability toward redox
reaction of MB. As it is presented in Fig. 2, MBoresented a well define peak in DPV
recorded using the nPd electrode, while its redaxsition is relatively hindered by
blocking the surface by MCH. MB does not have d#ffitro MCH, and MCH layer
formed on the nPd electrode surface repel MB frioensurface confirming formation of a
self-assemble layer of MCH. Self-assemble formatainalkanethiols on palladium
surface has also been previously reported [404&lladium has some advantages
(compared to gold) due to smaller grain size ofilitss leading to low defective and edge
roughness surface, compatibility with complementangtal oxide semiconductor
processing, long term stability, catalytic natuosyer cost, stability and biocompatibility
[44]. Monoloyers of alkanethiols on palladium sedaare self-assembled on a palladium
sulfide interphase, and formed a dense and higiéynied chain [44]. On the other hand,
the real surface area for the nPd electrode wastdb6 times of the gold disk electrode
(the related data was presented in supplementatgriadaS1). Therefore, the nPd
electrode provides a suitable substrate for theidation of the genosensor. Scheme 1
represents the fabrication protocol of the genaseasd detection of t-ssDNA.

Fig. 3 shows DPVs of MB (as a redox marker) intengcowith p-ssDNA before and
after hybridization with different concentrationstessDNA recorded in Tris. MB binds
with ssDNA and dsDNA through different forces irtilog electrostatic attractions and

intercalation [45]. Under the ionic strength of M8 solution employed here, binding of



MB with the free guanine bases of p-ssDNA is faltgd46]. This binding is performed
through hydrophobic forces between the aromatigsrim the structure of guanine and
MB. While the peak current of DPV for nc-ssDNA isnast equal to p-ssDNA, the MB
reduction peak current depends on the t-ssDNA cdraigon, as shown in Fig. 3, inset.
The plot is linear with a regression equation ef ¥0.42580.0098)x - (9.55140.1530)

in the range of 1.0 x1% to 1.0x10" mol dni® of t-ssDNA with a limit of detection
(LOD, as 3SD/m) of 25710%° mol dm® of the Brucella gene sequence. A comparison
between LOD values reported for the Brucella desaahethods is presented in Table 1.

To verify the regeneration of the genosensor, i Wwgbridized with 1.0x18& mol
dm? t-ssDNA, and then immersed in hot water of°@for 5 min to de-hybridize the
formed dsDNA. It was then re-hybridized with thengat-sSDNA concentration and this
cycle was repeated five times. Fig. 4 shows theltesThe peak currents in DPVs
showed a RSD of 2.2% for the regeneration of tirgensor.

In order to detect th8rucella genomic DNA, the DNA genome was extracted
from Brucella abortus, and the DNA concentrations in the extracted samplere
determined. Then, solutions of bacterial genomeh wdifferent concentrations were
prepared. The solutions were placed at 90 °C forirftutes to de-hybridize. After that,
DPVs for the solution were measured and the cooretipg calibration curve was plotted
(Fig. 5). Based on the obtained results, the genoiniBucella species can be detected
with regression equation of y = -(0.32010091)x - (4.58760.1520) and a LOD of
8.2x10%° mol dmi”.

To evaluate the selectivity of the genosensor, SiiNA and two other bacterial

genomes of nomrucella samples oBtaphylococcus aureus andKlebsiella were checked
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as negative controls. DNA genomes were extracteth fthese species, amplified by
PCR, and de-hybridized. A concentration of 2.0 g" from these samples, and a
concentration of 1.0 xI8¥ mol dni® from nc-ssDNA were analyzed with the genosensor.
The results are presented in Fig. 6. For theseepdbe peak currents in DPVs showed
slight decrements, compared to the peak currerthtbgenosensor.

To apply the genosensor for detectionBoficella in brucellosis patients, human
serum samples were analyzed with and without PCRlifications. DNA was extracted
from (11 patients and one healthy) human serum Esmgnd 4 patient's samples were
amplified by PCR. The samples were then de-hylettlizand analyzed using the
genosensor. The PCR amplified samples had a coatientof 1.1x18 nguL™. While
the peak currents in DPVs obtained using the gemsosefor the healthy sample were
almost the same as p-ssDNA, the PCR amplified pigdiesamples represented drastic
decrements. Moreover, decrements in the peak darfen the un-amplified samples
were >10xstandard deviation of the peak currenpfssDNA (n=10). Therefore, these
decrements in the peak currents are significantcamdirm the presence d@rucella in
the un-amplified sample. The results indicated that label-free genosensor is capable
of detectingBrucdlla in the blood samples from patients and did notiirecthe sample to
be processed in any way.

The stability of the genosensor was explored bgnding the peak current in DPVs
for 1.0x10" mol dm?® t-ssDNA, while the genosensor was stored in Tristhie
refrigerator at £#C and measured in the same conditions (Fig. 7xdgalar change was

observed at least for 30 days.
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4. Conclusion

- A simple electrodeposition method was employed fabricate palladium
nanopatrticles at the surface.

-The nanoparticles were checked for the immobiliratof a Brucella-specific
thiolated probe, and the results indicated thatagalm nanoparticles had a great
potential to fabricate the genosensors using tt@dlaensing elements.

- The fabricated label-free genosensor showed & lHgnsitivity to detect

brucellosis in the real samples even without ugiBiR amplification.
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Fig. 1: FESEM images of the palladium nanopartieles different magnifications and
the corresponding EDS spectra.

Fig. 2: DPVs of MB recorded using the nPd and nRdHVelectrodes in a solution of
Tris + 20 mmol drit NaCl + 20umol dmi® MB.

Fig. 3: DPVs of MB interacting with the genosenbefore (blue curve) and after (red
curves) hybridization with different concentratioofst-ssDNA recorded in Tris.
Inset: Dependency of the peak currents of DPV ert-#sDNA concentration (the
corresponding calibration curve).

Fig. 4: DPVs of MB for the regeneration of the gesiesor. Blue curves indicate DPVs
before hybridization, and red curves indicate DRMsthe genosensor after
multiple hybridization with 1.0xI8 mol dni® t-ssDNA.

Fig. 5: DPVs of MB interacting with the genosensefore (blue curve) and after (red
curves) hybridization with different concentrationg Brucella genomic DNA
recorded in Tris. Inset: Dependency of the peakeciis of DPV on th@&rucella
genomic DNA concentration (the corresponding catibn curve).

Fig. 6: DPVs of MB interacting with p-ssDNA beforand after hybridization with
1.0x10" mol dmi® t-ssDNA, 1.0x18° mol dm® nc-ssDNA, 2.0 nguL™
Staphylococcus aureus genome, and 2.0 ng-* Klebsiella.

Fig. 7: Repetitive DPVs of MB interacting with tigenosensor after hybridization with
1.0x10"™ mol dm?® t-ssDNA recorded for 30 days. Inset: Dependenapefpeak
currents for DPVs presented in the main panelmoe.ti

Scheme 1: Fabrication protocol of the genosenstdatection of t-ssSDNA.
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Table 1: A comparison between LOD values reporbedife Brucella detection methods.

Type Detection method LOD Reference
Brucella neotomae PCR/ESI-MS 320 CFU L 47
Brucella spp. PCR 1 ng L 48
Brucella spp. Visual, Spectrophotometry 102.5 pguL™?, 1.36 pguL™ 1
Brucella spp. UPT-LF 5x PACFU mL" 19
Brucella spp. ELISA diagnostic sensitivity>96% 21
Brucella abortus Real-time PCR 1XTfene copies 15
Brucella melitensis PCR 100 CFU mL 49
Brucella canis, Brucella abortus, Real-time PCR 6, 7, 7, 38 copy numbers 17
Brucella melitensis, Brucella ovis
Brucella spp. Multiplex PCR microarray assay 200ayee equivalents 50
Brucella abortus Amperometric immunosensing 0.1ug mL* 51
Brucella abortus Real-time PCR 10-100 fg bactg@mlome 52
Brucella melitensis Visual, Spectrophotometry 170.8 pguL™, 3.32 pguL™ 2
Brucella spp. Fluorescence polarization assay ostgnsensitivity=96.1% 53
Brucella suis Real-time PCR 12.5 fguL™ 16
Brucella spp. PCR 20 pg, 5 pg, 8 fg 18
Brucella melitensis Protein array 1X10FU mL" 54
Brucella spp. Real-time PCR 10 gene copies 55
Brucella spp. Blood culture bottles “Iicroorganisms gfeces 56
Brucella spp. Loop-mediated isothermal amplificatioethod 3.81 CFU 57
Brucella spp. Real-time loop-mediated isothermaplioation 17 genome copies 58
Brucella spp. Electrochemical genosensing 2.7x10%° mol dm? This work

PCR/ESI-MS: PCR paired with electrospray ionizatioass spectrometry
UPT-LF: Up-converting phosphor technology-basedrifibw assay
1. Primers JPF/JPR, primers B4/B5, primers F4/R2



MB MCH

p-ssDNA

t-ssDNA



X-ray Intensity

200 nm

100 nm

T e e
4 5 6 ¥ 8 9 keV.
Encrgy f keV



nPd/MB

nPd-MCH/MB

-250 -200 -150 -100 -50

-300

E/mV



[/ pA

y =-0.4258x - 9.5511
R? = 0.9969

-18 -16 -14 -12
log (C / mol dm™®)

E/mV

60 160




-7

-300

-250

-200

-150

-100
E/mV

-50

50

100



-1.5

-6.5

-250

lp/ pA

y =-0.3911x - 4.5876
R? = 0.9967

-19 -17 -15 -13
log (C / mol dm™)

-150 -50

50 150 250

E/mV




I/ A

-15 }

25

-35 }

45

55

-6.5

— p-ssDNA
—t-ssDNA

nc-ssDNA
Klebsiella

—— Staph

-300

-250

-200 -150 -100 -50
E/mV

0




[/ pA

-1.5

_19 »
2
2.3 + 18 r
Elﬁ-f\/K\//*/A\\f/”
27 t s 14y
12 F
1
Sl 0 10 20 30
Time/ day
-35 - - - -
-350 -150 50 250 450

E/mV





