Biosensors and Bioelectronics 136 (2019) 23-30

Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

Check for
updates

Vancomycin functionalized WO; thin film-based impedance sensor for
efficient capture and highly selective detection of Gram-positive bacteria

Sanjay Singh”, Akshay Moudgil®, Nishant Mishra™", Samaresh Das”, Prashant Mishra™"

2 Department of Biochemical Engineering and Biotechnology, Indian Institute of Technology Delhi, Hauz Khas, New Delhi, 110016, India
Y Centre for Applied Research in Electronics, Indian Institute of Technology Delhi, Hauz Khas, New Delhi, 110016, India

ARTICLE INFO ABSTRACT

In this study, we report a facile, reusable, and highly sensitive label-free impedance sensor for discriminating
Gram-positive and Gram-negative bacteria. The impedance sensor was fabricated using gold interdigitated
electrodes onto a tungsten oxide thin film. X-Ray diffraction confirmed the formation of polycrystalline tungsten
oxide. Field emission scanning electron microscopy and atomic force microscopy revealed that tungsten oxide
has a porous structure. Tungsten oxide was functionalized with vancomycin, a glycopeptide antibiotic known to
have a specific interaction with the peptidoglycan layer of Gram-positive bacteria. Fourier transform infrared
microscopy and scanning electron microscopy were employed to test the morphological coating of vancomycin
on interdigitated electrodes/tungsten oxide sensor. The functionalized tungsten oxide sensor was highly efficient
in the capture of Gram-positive bacteria. The impedance measurement was also sensitive to differentiate be-
tween viable and non-viable Gram-positive bacteria. Limit of detection 102 colony forming unit/ml, linear dy-
namic range 10%-107 colony forming unit/ml under physiological conditions and reusable nature of this van-
comycin coated impedance sensor provide a label-free strategy for quick, sensitive and highly selective detection
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of Gram-positive bacteria.

1. Introduction

Rapid, sensitive and selective detection of bacteria holds great
promise in control of disease propagation as it can help decide the
course of treatment. It can also help to monitor the antibiotic resistance,
the spread of hospital acquired infections and contamination of surgical
instruments. The traditional protocol of bacterial detection involves the
culture and colony counting, and various biochemical tests but is time
consuming and requires larger sample volumes. This has led to the
development of various newer, more sensitive methods based on nu-
cleic acid amplification (Brakstad et al., 1992), immuno-assays (Freed
et al., 1982), surface plasmon resonance (Koubova et al., 2001), surface
enhanced Raman spectroscopy (Kumar et al., 2015; Lu et al., 2013) as
well as various electrochemical methods (Wang et al., 2011).

Amongst the available techniques, electrochemical impedance
spectroscopy is quite promising due to its simplicity, scalability, low
cost and high sensitivity (10-10° colony forming unit/ml (CFU/ml)). A
number of electrochemical sensors — both label and label-free have been
developed in the past for the detection of pathogens such as E. coli (Xu
et al., 2016). Antibodies immobilized on gold nanoparticles (Barreiros
dos Santos et al., 2013; Wang et al., 2013) and ITO (Barreiros dos
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Santos et al., 2015; Ruan et al., 2002; Yang et al., 2004a,b) have shown
improved sensitivity and specificity. The other biological materials used
for functionalization of electrodes were lectin (Yang et al., 2016) and
antimicrobial peptide (Li et al., 2014; Hoyos-Nogués et al., 2016;
Etayash et al., 2014). Recently biological materials such as proteins
(Kalyani et al., 2017; Moudgil et al., 2018b) have also been used to
develop electronics.

However, most impedance-based sensors employ bacteria-specific
antibodies for the specific detection of only a single species of pathogen
(Barreiros dos Santos et al., 2013; Barreiros dos Santos et al., 2015;
Yang et al., 2004a,b; Wang et al., 2013) and these antibodies are re-
latively of very large size. These antibody-based methods have limita-
tions as they have several functional groups and their binding to the
surface depends on their orientation on the surface (Soukka et al.,
2001). Antibodies also have limited storage stability (Templier et al.,
2016; Etayash et al., 2014). Thus, smaller molecular probes such as
vancomycin (van) (Lin et al., 2005), mannose (Lin et al., 2002) and
antimicrobial peptides (Etayash et al., 2014; Hoyos-Nogués et al., 2016)
have attracted considerable interest to capture bacteria specifically.
Nonetheless, rapid and affordable techniques to differentiate between
Gram-positive and Gram-negative bacteria are needed to help reduce
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antimicrobial resistance and to reduce the prescription of large doses of
broad-spectrum antibiotics.

In this regard, vancomycin, a glycopeptide antibiotic known to be
efficient against mainly Gram-positive bacteria has shown huge po-
tential (Kell et al., 2008; Liu et al., 2011). Interestingly, various studies
demonstrate the interaction of vancomycin with D-alanyl-D-alanine
terminus of peptidoglycan extending from the cell wall of Gram-posi-
tive bacteria (Kell et al., 2008; Wang et al., 2018). This antibiotic does
not penetrate the outer membrane of Gram-negative bacteria and hence
remains ineffective against them. This preferential binding of vanco-
mycin has been exploited for capture and differentiation of bacteria
using vancomycin functionalized silver nanorod array-based SERS (Liu
etal.,, 2011; Wu et al., 2015). Additionally, vancomycin has been shown
to be stable at room temperature for 26 days in solution (Ensom et al.,
2010).

In addition to different materials for impedance sensors, various
strategies have been employed to functionalize them. Earlier, ITO
functionalized with antibodies (Barreiros dos Santos et al., 2015; Ruan
et al., 2002; Yang et al., 2004a,b), gold electrode functionalized with
lectin (Yang et al., 2016), streptavidin (Xu et al., 2016) and anti-
microbial peptides (Li et al., 2014) have been developed to improve the
specific detection of bacteria using impedance-based sensors.

Recently, Zn-CuO nanoparticle and graphene oxide nanosheet de-
posited Ni porous electrode based impedance sensor has been devel-
oped for bacterial capture with high sensitivity (Wu et al., 2018).
Nevertheless, metal oxide nanostructures are of great relevance for bio-
sensing due to porous morphology, better conformation, desired or-
ientation and high binding functionality. Metal oxide materials exhibit
high charge transfer rate and enhanced adsorption property (Topoglidis
et al., 1998), providing the desired environment for immobilization of
biomolecules and resulting increased sensitivity for biodetection
(Solanki et al., 2011).

Amongst metal oxide materials, tungsten oxide (WOj3) is a wide
band gap material having various applications in photocatalysis (Kwon
et al., 2000), photoelectrochemistry (Ohno et al., 1998), photodetection
(Moudgil et al., 2018a), batteries (Li and Fu, 2010) and gas sensing
(Zeng et al., 2012). The properties of WO3 have been shown to depend
on its morphology: mainly size, shape, porosity and structure (Deb,
1973). The nanoporous structure of WO3 has shown enhanced sensi-
tivity for the analyte detection (Barsan et al., 2016; Siciliano et al.,
2008; Hu et al., 2012) and similar enhanced sensitivity has been re-
ported for other transition metal oxides (Topoglidis et al., 1998).

WOs; is a new and effective material for fabrication of impedance
devices due to its tunable electrical behaviour with a band gap of
2.6 eV-3.3 eV. In addition, the presence of oxygen vacancies provides
electrical conductivity (Bringans et al., 1981; Owen et al., 1978). So far
this material has not been employed for developing impedance-based
biosensors. In the present work, vancomycin functionalized WO3 thin
film-based sensor has been exploited for efficient capture and selective
detection of Gram-positive bacteria using S. aureus as a model or-
ganism.

2. Methods
2.1. Device fabrication

The interdigitated gold electrodes (IDE) were fabricated on the
tungsten oxide/silicon-dioxide/silicon (WO53/SiO5/Si). The thickness of
thermally grown SiO on the Si wafer was 1 ym. Then a 20 nm thin film
of tungsten (W) was deposited using radio-frequency (RF) sputtering at
15 mTorr. The polycrystalline tungsten trioxide (WO3) was obtained
after placing the sample in the furnace at 800 °C for 4 h in the presence
of O,/N,. This was followed by a standard lithography process to pat-
tern the WO3/Au-IDE structures (WO3 IDE sensor). The Au electrodes
having 5 um width, 30 pm pitch and 1800 pm length were obtained by
Cr/Au deposition (15nm/80 nm).
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2.2. Functionalization of WO3 with vancomycin

WO; IDE sensor was immersed in a piranha solution (containing
H,SO4 and 30% H,05 (3: 1 v/v)) for 2min. After thoroughly rinsing
with ultrapure water (18.2MQ) (Purelab Option-Q, Elga, UK) and
ethanol (Merck, USA), this sensor was dried with gaseous nitrogen. The
freshly cleaned WO3 IDE sensor was immersed in absolute ethanol and
ultrasonicated for 5 min and dried with gaseous nitrogen. The WO3; IDE
sensor was then incubated with half the minimum inhibitory con-
centration (MIC) of vancomycin for respective bacteria for 1 h at room
temperature to functionalize the WO3 IDE sensor uniformly. This
functionalized sensor was rinsed several times with ultrapure water and
phosphate buffer saline (PBS) (pH 7.4, 10 mM) to remove unbound
vancomycin.

2.3. Bacterial strains and culture conditions

Escherichia coli ATCC 25922, Staphylococcus aureus ATCC 9144,
Pseudomonas aeruginosa ATCC 14886, Bacillus subtilis ATCC 6633,
Pseudomonas ovalis NRRL B-85, Pseudomonas fluorescens NCIM, Bacillus
licheniformis NRRL 1001 and Bacillus polymyxa DSM 366 were grown at
37 °C overnight at 150 rpm in Luria Broth (LB) from HI media, India.
Next 10 cells were subcultured for 2-3h to get the cells in the ex-
ponential phase. These cells were pelleted by centrifugation at 1073 x g
for 10 min and then re-suspended in 1 ml of PBS to obtain 10® CFU/ml
as described in earlier works (Goel and Mishra, 2018; Jaiswal and
Mishra, 2018). For further experiments, the cells were diluted with PBS
or 0.9% NaCl or Foetal Bovine Serum (FBS) to the desired concentration
of cells (10%-10® CFU/ml) to test the effect of media and physiological
conditions on impedance, respectively.

2.4. Cell viability assay

To study the effect of viability of Gram-positive bacteria on im-
pedance, firstly these cells were treated using ultrasonication (Vibra-
cell, SONICS, US) for 15minat 5s ON/5s OFF pulse mode with fre-
quency of 20 KHz (Joyce et al., 2003; Allison et al., 1996; Herceg et al.,
2013) and were pelleted at 6708 x g for 10 min. The cells were washed
with PBS to remove media and finally re-suspended in PBS for viability
assay using impedance measurements. The results were confirmed
using plating and colony counting method as described by Clinical and
Laboratory Standards Institute, USA (CLSI, 2015).

2.5. Characterization of vancomycin functionalized electrode

The WOs; thin film was characterized using UV-Vis spectroscopy
(PerkinElmer, Singapore) and X-Ray diffraction (XRD) (Rigaku Ultima
IV, USA) to confirm the formation of polycrystalline thin film WOs3.
Field emission scanning electron microscopy (FESEM) (JEOL, USA) was
used to analyse the surface morphology of WO; thin film. Fourier
Transform Infrared microscopy (FTIR) (Nicolet iN10, Thermofisher
Scientific, US) was used to analyse the chemical groups present on the
surface of WO3 IDE sensor before and after vancomycin functionaliza-
tion. The vancomycin functionalized region on the sensor was selected
using an optical microscope connected to FTIR, and measurements were
made in the mid-IR region from 400 to 4000 cm ™~ !. Energy dispersive X-
ray spectroscopy (EDX) (Hitachi Tabeltop Microscope Model TM 3000,
Japan) was employed for the elemental analysis of the sensor before
and after functionalization with vancomycin. S. aureus at 10? CFU/ml
were visualized in vancomycin coated WO3 IDE sensor by scanning
electron microscope (SEM) (Zeiss EVO 50, Carl Zeiss, Germany). The
samples were fixed using 2% glutaraldehyde solution, then air-dried,
gold-coated, and viewed under SEM at different magnifications. The
roughness of the WOj3 IDE sensor surface before and after coating with
vancomycin was analyzed using Atomic Force Microscopy (AFM)
(Innova, Bruker, Singapore) in an area of 1 um X 1 um.
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Fig. 1. (a) Schematic representation of vancomycin functionalized WO IDE sensor showing Gram-positive bacteria binding with vancomycin functionalized on WO3
IDE (cross-sectional view). (b) Optical image of the device with 5 um width, 30 um pitch, 1800 um length and 28.30 represents the device number. (c) Illustration of
the interaction of the backbone of vancomycin - D-alanyl-D-alanine of bacterial surface and binding of vancomycin to WO3 surface.

2.6. Bacterial impedance measurements

The vancomycin functionalized WO3 IDE sensor was treated with
4ul of PBS, FBS and 0.9% NaCl solution containing different con-
centrations of bacterial samples. The WO3 IDE sensor was then rinsed
with PBS to remove unbound bacteria. The electrochemical impedance
was measured in a solution containing 5 mM K4Fe(CN)g and K3Fe(CN)g
using an alternating sinusoidal potential with an amplitude of 10 mV.
Impedance spectra were recorded in the frequency range from 0.1 Hz to
1 MHz using a Biologic SP150 scientific analyzer at room temperature.
All measurements were repeated at least three times to obtain con-
sistent results.

3. Results and discussion

3.1. Fabrication and characterization of vancomycin functionalized
electrodes

As illustrated in Fig. 1(a) vancomycin was used to functionalize the
WO;3; IDE sensor surface upon which Gram-positive bacteria bind.
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Adsorption and non-covalent interactions play a significant role in
immobilization of vancomycin on WOj; thin film surface. WO5 has a net
positive charge due to oxygen vacancies (Bai and Zhou, 2014; Gillet
et al., 2003) whereas vancomycin has a small negative charge at neutral
pH (Pfeiffer, 1981) thus coulomb forces are responsible for the func-
tionalization (Chen et al., 2012). Biological probes such as antibodies
have been previously shown to be immobilized by adsorption on metal
oxide without the use of a linker molecule (Li et al., 2008; Solanki et al.,
2011; Topoglidis et al., 1998).

An optical image of the sensor is shown in Fig. 1(b) which re-
presents the WO3 IDE sensor with device number on the wafer. The
device has a dimension of 5 um width, 30 um pitch and 1800 um length
fabricated on the Si/SiO, substrate. Fig. 1(c) shows the schematic of
binding of the heptapeptide backbone of vancomycin with D-alanyl-D-
alanine of the Gram-positive bacterial surface by hydrogen bonds with a
high binding affinity (Rao et al., 1997; Sundram et al., 1996). Thus
vancomycin is well suited for efficient capture and high specificity to-
wards the Gram-positive bacteria (Hubbard and Walsh, 2003).

The WO3 thin film was characterized by X-ray diffraction (XRD) and UV
absorbance spectra. The distinct peaks of XRD pattern shown in Fig. 2(a),
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Fig. 2. (a) X-ray diffraction (XRD) pattern of WOs. (b) FESEM image of WOs3. (c) FTIR spectra of Vancomycin functionalization WO3, Pristine WO and gold electrode.
AFM image of (d) pristine WO3 showing porous nanostructure and (e) vancomycin coated WOz IDE sensor. (f) SEM image (7000 X) of S. aureus at 102 CFU/ml on
vancomycin coated WO3 IDE sensor and inset showing S. aureus at higher magnification (25000 X). (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

confirm the polycrystalline WO5 thin film formation (Moudgil et al., 2018a).
The band gap of WO3 is 2.8 €V as depicted from UV absorbance spectra in
Fig. S1 (supplementary content). The morphology of WO3 with porous
structure is shown in Fig. 2(b) using field emission scanning electron mi-
croscopy (FESEM). The FTIR spectra of different segments of the vanco-
mycin functionalized WO5 IDE sensor (Fig. 2(c)), and their corresponding
images from where spectra were obtained are shown in Fig. S2 (i) (sup-
plementary content). FTIR spectra for WO, peaks at 730cm™' and
910 cm ™! are attributed to stretch vibration (O-W®*-0) as reported earlier
(Zhang et al., 2011). The sharp band around 1030 cm ™" is due to asym-
metric stretching vibrations (W=0) bonds (Zhang et al., 2013). A small
peak at 2932cm ™ corresponds to -OH group of WO3. For vancomycin
coated WO5, peaks at 3450 cm ™, 1680 cm ™ ?, 1505cm ™! and 1230 cm ™!
represent -OH, C=0, C=C and aromatic phenol in vancomycin, respec-
tively (Yang et al., 2011). FTIR peaks for WO3; as well as vancomycin
functionalized WO5 are well characterized and corroborate with earlier
works (Zhang et al., 2011, 2013; Yang et al., 2011). This can be clearly seen
in the (Fig. S2 (ii) (supplementary content)), magnified version of FTIR plot.
No significant peaks were observed for the gold electrode. Thus the FTIR
spectra suggest that there is successful functionalization of vancomycin on
WOs; IDE sensor.

The AFM image shows pristine WO3; Fig. 2(d) and vancomycin
functionalized WO; IDE sensor Fig. 2(e). The images were taken on a
surface area of 1 pm X 1 um. These images provided information on the
shape and size of the grains of WO5 thin film as well as their distribu-
tion in the aggregates. AFM images of WO3 exhibit a porous mor-
phology comprising of grains with sizes in the range of 40-70 nm which
was also confirmed by FESEM as shown in Fig. 2(b). Vancomycin was
directly used to functionalize the WO3 surface. Fig. 2(e) exhibits that
the roughness of the WO3 IDE sensor decreases after functionalization
with vancomycin. Our experiments have demonstrated that after re-
moving non-specifically bound vancomycin by washing, the vanco-
mycin attached to WO3 surface remains bound even after several steps
of subsequent washing. The functionalized sensors were used after re-
moval of excess of vancomycin. This fact is demonstrated by the energy
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dispersive X-ray spectroscopy (EDX) data shown in Fig. S3 (supple-
mentary content), where even after the first step of washing, the peaks
of nitrogen (N,) which is an elemental constituent of vancomycin, re-
main constant. This confirms the fact that vancomycin remains attached
to the surface of WOj3 even after washing several times which is ap-
parent from the reusability of the device.

Fig. 2(f) shows SEM images of the Gram-positive bacteria, S. aureus
on vancomycin functionalized WO; IDE sensor. At 7000 X magnifica-
tion, S. aureus was seen between the electrodes. Inset of Fig. 2(f), shows
S. aureus clearly visible at a higher magnification (25000 X).

3.2. Bacterial impedance measurements

In impedance sensing, a frequency dependent excitation signal (U
(w)) was applied to the device and response was measured in the cur-
rent I (w). Initial calibration was done using open and short circuit
operation of the instrument. Then the complex impedance Z (w) is
calculated using equation (1), where w is the frequency and j = /1.
U(@)

—— =Zye + jZim

@)= T

@

Measurements were performed over a frequency range of
0.1 Hz-1MHz, using an alternating sinusoidal potential with an ampli-
tude of 10mV and direct current bias of 0V applied to the contact
electrodes. The Bode plot (Fig. 3(a)), Nyquist plot (Fig. 3(b)) and phase
change (Fig. 3(c)) of impedance spectra were plotted for S. aureus.

Initially, impedance spectrum in pristine condition was recorded,
which acts as the reference of the WO3; IDE sensor. Then, upon the
immobilization of vancomycin and application of PBS without any
bacteria, the impedance gets reduced from 1600 Q to 1058 Q. The free
ions present in the PBS led to an increase in conductance and a decrease
in the impedance. After repeating the measurements under the same
conditions, we observed similar values ( = 1%) of impedance.

Now WO3 IDE sensor was tested at different concentrations of S.
aureus. A significant change in impedance with the increment in the
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concentration of S. aureus, ranging from 102-10”7 CFU/ml was observed.

In the bode plot (Fig. 3(a)), the segment at low frequency corre-
sponds to the diffusion process of the transport of redox species in the
electrolyte to electrodes, and the segment at high frequency (up to
1 MHz) gives information about Faradaic electron transfer at the elec-
trodes. The relative change in the phase with the increment in the
concentration of S. aureus versus the control is shown in Fig. 3(c). The
increment in phase change with S. aureus corresponds to the higher
imaginary impedance (Z;,,).

The equivalent electric circuit model shown in Fig. 3(d) was ob-
tained to explain the physical origin of the measured output of the WO
IDE sensor. The output characterization results were fitted by applying
the Powell algorithm in EIS spectrum analyzer tool. The extracted
parameters of the equivalent electric circuit for S. aureus detection are
shown in Table S1 (supplementary content) where R is a resistor, C is a
capacitor, CPE is the constant phase element, n is CPE exponent and P is
CPE pre-factor. R; represents the bulk resistance of the electrolyte so-
lution whereas R, represents the charge transfer resistance.

The charge transfer resistance R, is very sensitive to the S. aureus and
vancomycin interaction. As the concentration of S. aureus increased, the
value of R, also increased which reflects the retardation of interfacial
electron transfer kinetics (Ruan et al., 2002). This trend corresponds to the
significant impedance of the charge transfer by the higher concentration of
S. aureus. The defects and inhomogeneity in the WO; are represented by the
CPE (Daniels and Pourmand, 2007), with exponent ‘n’ approaching 1 as
depicted in Table S1 (supplementary content).

To test the repeatability of the WO3 IDE biosensor, the impedance
values were measured on pristine and vancomycin functionalized WO
IDE with Gram-positive bacteria for 10 different cycles of the experi-
ment. Very minute differences were observed for the impedance value,
as shown in Fig. 3(e). This suggests that the device is robust and can be
used several times to detect pathogens.

3.2.1. Efficient capture and selective detection of Gram-positive bacteria
To find the limit of detection (LOD) of the WO; IDE sensor, the
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SD of 10 independent experiments) (d) Equivalent circuit model of the sensor and (e) repeatability of the device for ten measurements.

change in the impedance with respect to control (van) at different
concentrations of S. aureus was extracted. The result of the AZ
(zvan-+bacteria) _ 7(van)y a4 4 function of S. aureus concentration is shown
in Fig. 4(a). In the range of 10>-10° CFU/ml, a linear relationship
AZ = 8.515 (log [S. aureus]) + 13.914; R = 0.9857 was found. The
LOD was calculated using equation; LOD = y + 30, where y is the
charge transfer resistance value of PBS without bacteria and o is the
standard deviation (Miller and Miller, 2005).

The LOD of the WO3 IDE sensor was calculated using change in
impedance vs concentration plot of S. aureus (Fig. 4(a)) and found to be
29.49 Q, which corresponds to S. aureus concentration < 10 CFU/ml.
Hence, this biosensor is well suited for accurate detection of less than
100 CFU/ml of S. aureus. The low value of LOD is due to high affinity
and selectivity of vancomycin functionalized WO IDE for Gram-posi-
tive bacteria. Compared to previous works, the sensor in this study had
either a smaller LOD or a wider linear dynamic range (Table S2 (sup-
plementary content)).

Finally, the specificity of vancomycin functionalized IDE for the
detection of S. aureus was tested by comparing the measured change of
R, (van + bacteria) and R, (van) with respect to R, (van) value of all
four Gram-positive and Gram-negative strains at 10> CFU/ml as shown
in Fig. 4(b). All Gram-negative bacteria; E. coli, P. aeruginosa, P. fluor-
escens and P. ovalis act as non-targeted organisms, and hence the non-
significant changes in spectra were obtained. Indeed, the specificity of
the vancomycin coated IDE is mainly due to specific binding of van-
comycin functionalized WO IDE sensor to Gram-positive bacteria.

Measured percentage (%) change of R, (van + bacteria) and R,
(van) with respect to control R, (van) of all four Gram-positive strains
was found to be nearly 45-50%, whereas this change for Gram-negative
strains was 3.5-4% (Fig. 4(b)) indicating high specificity of Gram-po-
sitive bacteria to bind to vancomycin coated WO; IDE sensor. The small
value for Gram-negative bacteria may be due to non-specific binding.

Earlier methods used for the detection of bacteria were based on
capture of specific bacteria to aptamer bound to different nanomaterials
(Jia et al., 2014; Reich et al., 2017; Ranjbar and Shahrokhian, 2018;
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Fig. 4. (a) Impedance change at different concentrations of S. aureus with a limit of detection fitting. (b) Percentage (%) change between R, (van + bacteria) and R,
(van) with respect to R, (van) for Gram-positive strains and Gram-negative strains at 10> CFU/ml bacterial concentration. R, represents the charge transfer resistance
after vancomycin functionalization (van) and binding of bacteria (van + bacteria) which is very sensitive to the Gram-positive bacteria (S. aureus, B. subtilis, B.

polymyxa and B. licheniformis) and vancomycin interaction. Data represent mean

Shahrokhian and Ranjbar, 2018), specific antibody (Barreiros dos
Santos et al., 2015; Ruan et al., 2002; Yang et al., 2004a,b), lectin (Yang
et al., 2016) and Magainin (Li et al., 2014) with variable specificity
ranging from 1-10° CFU/ml. However, none of these methods was
specific to a major class of bacteria. The device presented in this study
can be used to discriminate between Gram-positive and Gram-negative
bacteria for which the susceptibility to antibiotics is different. This
sensor can thus help determine the course for antibiotic treatment.

Application of metal oxide thin film, WO; for developing impedance
sensor (IDE) and its functionalization with vancomycin show lower limit of
detection with higher selectivity towards Gram-positive bacteria. In addi-
tion, it has provided a rapid detection method (within 15min) for dis-
crimination of Gram-positive and Gram-negative bacteria.

3.3. Impedance measurement under physiological condition

In order to extend the usefulness of impedance measurements to phy-
siological and clinical conditions, impedance was measured in FBS. Similar
changes in the impedance were found when measurement performed in FBS
as compared to in PBS, as shown in Nyquist plot and phase change plot of
impedance (Fig. 5 (a) and 5(b)). The value of impedance increases with
increase in the concentration of bacteria. This suggests that the fabricated
antibiotic functionalized sensor could be used for accurate determination of
S. aureus and other Gram-positive bacteria in samples with complex ma-
trices like human serum. Cell concentration dependent changes in im-
pedance have been observed earlier (Ward et al., 2018) in Luria Broth and
in FBS suggesting the usefulness of impedance under physiological condi-
tions.

To test the effect of growth medium, cells were spiked with 0.9% NaCl
and impedance spectra before, and after incubation, in 0.9% NaCl for 3h
was recorded. Resistance peaks were observed at 1121 Q and 1128 Q2 as
shown in Fig. 5(c). No significant change in the impedance before and after
incubation with 0.9% NaCl was observed. This suggests that no growth
takes place in S. aureus during first 3h of incubation and supports the hy-
pothesis that impedance change was related to cell density and growth.
Similarly, earlier work has also demonstrated that incubation of bacteria in
0.9% NaCl has resulted in no change in impedance, unless 0.9% NaCl was
spiked with different concentrations of bacteria (Ward et al., 2018). In some
of the previous studies (Bonetto et al., 2014; Settu et al., 2015) impedance
has been attributed to biofilm formation. In the present work, cells were
grown for only 3h. During this period biofilm formation does not occur.
Thus impedance changes are attributed to the varying concentration of
bacteria in the medium.
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SD of 10 independent experiments.
3.4. Cell viability assay of Gram-positive using impedance measurement

Rapid determination of live (viable) and dead (non-viable) bacteria is
critical to maintain the efficacy of an antibiotic and to determine con-
tamination in food samples. Recently a rapid method based on synchronous
fluorescence has been developed for viability testing of bacteria (Li et al.,
2018), nonetheless, a simple and facile method of viability test is required.
High-power ultrasound at frequencies around 20 kHz can be used to kill
bacteria. This has been a standard microbiology technique for many years to
disrupt both Gram-positive and Gram-negative bacterial cells (Piyasena
et al., 2003; Allison et al., 1996; Herceg et al., 2013). So, to investigate the
ability of vancomycin coated WO IDE sensor to discriminate between live
and dead bacteria, 10° CFU/ml of S. aureus were ultrasonicated at 20 kHz
(Joyce et al., 2003). Plating and colony counting method, which is a stan-
dard procedure given by Clinical and Laboratory Standards Institute, USA,
(CLSI, 2015) was used to confirm the killing of bacteria (Viability test)
before and after sonication. A 4 log;o reduction after sonication, confirms
that bacteria were dead.

With ultrasonication, the cell wall of bacteria is damaged and the
specific D-alanyl-D-alanine in the surface of the bacterial membrane is
disintegrated due to which vancomycin binding to bacteria is disrupted.
Moreover, lysis of cells leads to release of ionic metabolites which in-
crease the conductance of the solution. Therefore compared to the non-
sonicated (live) cells, the R, value gets decreased in sonicated (dead)
cells as shown in Fig. 5(d).

4. Conclusions

In this study, we have fabricated a facile, sensitive and label-free
impedance-based sensor employing vancomycin functionalized WO3
IDE for the detection of Gram-positive bacteria, e.g. S. aureus. XRD
confirmed the formation of crystalline WO3; and FESEM revealed its
porous morphology. FTIR and AFM revealed the morphological features
of vancomycin coated WOj3 IDE sensor structure. The device has shown
promising characteristics with a low limit of detection (80-100 CFU/
ml) at 29.49 Q and a wide linear range of detection 10?~10” CFU/ml.
The distinct feature of this sensor was the ability to differentiate be-
tween Gram-positive and Gram-negative bacteria due to the efficient
capture of Gram-positive bacteria by vancomycin coated surface of
WO; IDE sensor.

In addition, its ability to differentiate between live and dead Gram-po-
sitive bacteria was required for determination of contamination in food
samples and hospital environments. Interestingly WOz IDE worked under
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plating and colony counting method.

physiological conditions such as in the presence of PBS and FBS. This sensor
has great promise to be used with the minimum processing of clinical
samples. Nonetheless, the complexity of various clinical samples and their
effect on impedance needs to be further explored. Scalability and reusability
of these sensors make them useful for practical applications.
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