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a b s t r a c t

Bacteriophages are a class of viruses that specifically infect and replicate within a bacterium. They
possess inherent affinity and specificity to the particular bacterial cells. This property of bacteriophages
makes them an attractive biorecognition element in the field of biosensor development. In this work, we
report the use of an immobilized bacteriophage for the development of a highly sensitive electro-
chemical sensor for Staphylococcus arlettae, bacteria from the pathogenic family of coagulase-negative
staphylococci (CNS). The specific bacteriophages were covalently immobilized on the screen-printed
graphene electrodes. Thus, the fabricated bacteriophage biosensor displayed quantitative response for
the target bacteria (S. arlettae) for a broad detection range (2.0e2.0 � 106 cfu). A fast response time
(2 min), low limit of detection (2 cfu), specificity, and stability over a prolonged period (3 months) are
some of the important highlights of the proposed sensor. The practical utility of the developed sensor has
been demonstrated by the analysis of S. arlettae in spiked water and apple juice samples.

© 2016 Elsevier Inc. All rights reserved.
The Staphylococcus genus consists of approximately 40 known
species that are subdivided into coagulase-positive and coagulase-
negative groups based on their ability to produce coagulase enzyme
[1,2]. A majority of these species fall under the coagulase-negative
staphylococci (CNS)1 group. Considered as saprophytic or rarely
pathogenic, the CNS group species were initially dismissed as cul-
ture contaminations. Lately, several of the CNS species have been
discerned as potentially pathogenic bacteria. They have been linked
with bacteremia-related infections in implanted medical devices
such as intravenous catheters, prosthetic heart valves, and
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orthopedic implants [2e5]. The treatment of many of such in-
fections has become complicated over the years as the bacteria
develop antibiotic resistance [6e8]. Conventional methods for the
identification of the CNS species are primarily based on microbio-
logical and biochemical analysis. Although they are highly accurate,
the above detection procedures require long analysis durations and
do not necessarily provide a point-of-care diagnostic solution [9].
Enzyme-linked immunosorbent assay (ELISA), radioimmunoassay
(RIA), and polymerase chain reaction (PCR) are some other popu-
larly used techniques for the quantitative detection of bacteria
[10,11].

Biosensors have been widely considered as an attractive detec-
tion platform for the qualitative and quantitative analysis of bac-
teria due to a low cost of the device, simple handling, and high
sensitivity [12e21]. Among the several classes of biosensors, elec-
trochemical biosensors are predominantly popular due to their
convenient upscaling with microfabrication technologies [22]. The
use of electrochemical impedance spectroscopy (EIS) in the
development of label-free electrochemical biosensors is particu-
larly advantageous because this technique can record even the
smallest changes at the solutioneelectrode interface, which helps
to achieve high detection sensitivities with fast response times
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[23,24]. EIS-based bacterial sensors offer significantly faster ana-
lyses (e.g., 30 min or less) compared with the microbial growth-
based conventional biosensing techniques [25e30].

The important biological recognition elements used in the
development of bacterial biosensors include enzymes/enzymatic
reaction [31e33], antimicrobial peptides [34], aptamers [35], anti-
bodies [36,37], whole cells [36], and bacteriophages [38,39]. The
use of antibodies is very effective in terms of high specificity and
affinity for the target bacterial cell, but their production requires
laborious and time-consuming steps. Moreover, the biological ac-
tivity and specificity of the anti-bacteria antibodies tend to be
influenced by the varying environmental conditions and nature of
samples [30,40,41]. Bacteriophages represent an important class of
biorecognition elements. They are obligate parasites that infect and
hijack the cellular machinery of a host bacterium for their own
growth and multiplication. Bacteriophages use their tail proteins to
recognize the host bacterium with target specificity to the strain
level. The above properties of bacteriophages can be extremely
useful for the development of highly specific bacterial biosensors
with added advantages of differentiation between the viable and
dead cells, no requirement of sample pre-processing, self-signal
amplification, and a favorable cost of device production [38,42,43].
Furthermore, the sensor stability in variable environmental con-
ditions (e.g., change in pH or temperature) becomes a very
important aspect of bacteriophage-based devices [38,44]. In some
recent examples, Shabani and coworkers used the bacteriophage
immobilized carbon electrodes for the detection of Escherichia coli
[27,29]. These methods were based on the bacterial lysis process
and offered a limit of detection (LOD) of 103 to 104 cfu ml�1. It may
be pointed out here that the electrochemical monitoring of the
bacterial lysis process is suitable only for bacteria having short
lifecycles (e.g., 20 min in the case of E. coli). The technique may be
time-consuming for other bacteria that need a longer duration for
their growth [27,28].

In the current study, we demonstrate for the first time the
application of a bacteriophage biosensor for highly sensitive and
selective impedimetric detection of Staphylococcus arlettae. The
chosen bacterium belongs to the CNS species and was first isolated
from the skin and nares of poultry and goats [45]. Recently, path-
ogenic strains of S. arlettae have been reported in the blood of
cardiovascular patients with virulence genes [46,47]. The detection
of S. arlettae and its strains is also useful for the monitoring of
certain environmental processes such as the biodegradation of in-
dustrial textile azo dyes [48] and the reduction of chromium (VI)
[49]. The biosensor proposed here was assembled by immobilizing
a target-specific bacteriophage on screen-printed graphene elec-
trodes (SPEs). We chose screen printed graphene electrodes
because they are readily available in the market and can be
conveniently integrated with modern portable biosensing instru-
mentation as a disposable sensor chip. Moreover, it is easy to
reproduce the results, with these electrode having precise di-
mensions and material coverage. As a transducer material, gra-
phene offers high electron mobility and surface area along with the
possibility of convenient functionalization with eCOOH groups,
Plaque Forming Unitðpfu=mLÞ ¼ no: of plaques� 1000� reciprocal of dilution factor
volume of bacteriophage sampleðmLÞ (1)
which is important for achieving a covalent linkage between the
electrode surface and the bacteriophage head.
A simple monitoring of the electrochemical properties during
the bacteriophageebacteria binding eventmay be highlighted as an
important feature of this work over the previously reported
bacteriophage biosensors where the analyte detection was based
on the lysis of bacteria. As already mentioned, the lysis-based
sensing methods may be time-consuming, particularly for bacte-
ria requiring prolonged growth periods. The proposed biosensor is
environmentally stable and offers a fast response time, high
sensitivity, and analyte specificity. The technique can also be
extended for the rapid detection of several other pathogens.

Materials and methods

Materials

1-(3-Dimethylaminopropyl)ethylcarbodiimide hydrochloride
(EDC), hydrochloric acid, bovine serum albumin (BSA), sodium
chloride (NaCl), potassium chloride (KCl), disodium hydrogen
phosphate (Na2HPO4), and potassium dihydrogen phosphate
(KH2PO4) were purchased from SigmaeAldrich/Merck. Soya casein
digest (SCD) medium (HiMedia Laboratories) was used for propa-
gation of the bacteria and enrichment of the bacteriophage.
Phosphate-buffered saline (PBS, pH 7.4) was prepared by mixing
0.31 M NaCl, 0.002 M KCl, 0.01 M Na2HPO4, and 0.001 M KH2PO4.
Prior to their use, the SCD medium, PBS buffer, and distilled water
were sterilized by autoclaving at 121 �C. The screen-printed gra-
phene electrodes (DropSens) were purchased fromMetrohm India.
The total dimensions of the electrode were 3.4 � 1.0 � 0.05 cm
(length � width � height).

Bacteriophage preparation

Highly specific lytic bacteriophages against S. arlettaewere used
in this study. The isolation and purification of the bacteriophage
was carried out according to an earlier report [50]. Before immo-
bilizing the bacteriophage on electrode surface, the titer was
amplified using the following enrichment procedure. SCD broth
(50 ml) containing 2 mM CaCl2 was taken in a conical flask. It fol-
lowed the addition of 5 ml of bacteriophage solution and 2 ml of
overnight grown S. arlettae culture. The above SCD broth was left
for an overnight incubation (100 rpm, 37 �C). The resulting
enriched phase was then centrifuged (8000 rpm, 10 min) to sepa-
rate out the bacterial debris. The supernatant was then filtered
through a 0.22-mm Millipore filter paper to remove any residual
bacteria. Thus, enriched bacteriophage solutionwas determined for
the titer concentration using the double agar overlay method.
Briefly, 500 ml of the diluted bacteriophage sample (101 to 106 � the
enriched sample) was added to a 300-ml overnight grown bacterial
culture. The different infection mixtures were mixed with sterile
molten top agar and then quickly poured over the SCD agar plates.
The plates were then left for an overnight incubation at 37 �C. A
plate with a suitable number of colonies (106 � sample) was
analyzed, and the titer of the bacteriophage in the stock and other
diluted samples was estimated using the following equation [51]:
Host specificity of the isolated bacteriophage toward S. arlettae
was investigated by the standard spot test method. This important
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desired property of the isolated bacteriophage was tested with
respect to Staphylococcus aureus (gram-positive, coagulase-positive
bacteria), E. coli (gram-negative bacteria), and Staphylococcus lentus
(gram-positive, coagulase-negative member). Briefly, a loopful of
sample bacteria strains (i.e., S. arlettae, S. aureus 96, E. coli 614, and S.
lentus 2292) was inoculated on different zones of an SCD agar plate.
Then 10 ml of the bacteriophage sample was dispensed at the center
of each test zone. This plate was incubated at 37 �C for 24 h before
visual analysis.

Electrode functionalization and bacteriophage immobilization

As a first step, the working electrode area of the SPEs was
electrochemically oxidized to generate carboxyl (eCOOH) groups.
The counter and reference electrodes were masked before the
electrochemical reaction. The SPE with the exposed working elec-
trode area was suspended in a three-electrode cell using Pt and Ag/
AgCl electrodes as separate counter and reference electrodes,
respectively (see Fig. S1 in online supplementary material). A so-
lution of 0.1 M HCl was used as the electrolyte. Electrochemical
oxidation of graphene surfaces of the SPEs was carried out in
chronoamperometry mode at a fixed potential of þ1.0 V (reaction
time: 180 s; equipment model: Autolab PGSTAT 302; acquisition
software: Nova 1.6). The above-treated SPEs were then left in
contact with a solution of 0.1 M EDC in 0.12 N HCl for 10 min in
order to activate their surface eCOOH functional groups. These
electrodes were then incubated with the enriched bacteriophage
solution for 2 h (T ¼ 37 �C) to process the covalent immobilization
of the bacteriophage. As the activated electrodewas incubated with
bacteriophage, the formation of amide bond took place via the
linking between the eCOOH groups (of the electrode surface) and
eNH2 groups (present on the bacteriophage's head). Thus, the SPE
could be modified with the immobilized bacteriophage in an ori-
ented manner, that is, with their head bound to the electrode and
the tail free to bind the target bacteria. Finally, the counter and
reference electrode areas were unmasked, and the bacteriophage
immobilized SPEs were washed with PBS buffer, dried under vac-
uum, and stored at 4 �C.

Characterization of bacteriophage immobilized SPE

Field emission scanning electron microscopy (FE-SEM; Hitachi
S4300 SE/N), atomic force microscopy (AFM; XE-NSOM), and
Fourier transform infrared spectroscopy (FTIR; Nicolet iS10) were
used to confirm the immobilization of bacteriophage on SPEs.
Before FE-SEM and AFM measurements, the sample electrodes
were washed several times with PBS buffer and then dried under
room temperature conditions. Ultravioletevisible (UVeVis) ab-
sorption spectroscopic investigations were carried out with a Var-
ian Cary 5000 system.

Electrochemical detection of bacteria

Cyclic voltammetry (CV) studies were carried out in a standard
cell. Before the analysis, the electrodes were first incubated with
10 ml of the aqueous bacterial solution. A solution of 0.1 M PBS was
used as the electrolyte. The potential was scanned from �1.0
to þ1.0 V at a scan rate of 100 mV s�1. The negative control ex-
periments (with respect to nonspecific S. aureus and E. coli) were
also performed in a similar fashion.

EIS was used for the quantitative analysis of S. arlettae. Aliquots
(10 ml) of a stock bacterial solution (2 � 108 cfu ml�1, concentration
standardized with standard colony counting method) and its serial
dilutions (102, 104, and 106) were incubated with the bacteriophage
immobilized SPE (37 �C). The EIS parameters were then recorded in
the presence of Fe3þ/2þ redox probe
[5 mM K3Fe(CN)6 þ K4Fe(CN)6,3H2O, prepared in 0.1 M PBS]. The
frequency range was selected as 0.1 Hze1 MHz while keeping a
fixed amplitude of 5 mV. The effective number of bacterial colonies
(cfu) analyzed with the bacteriophage sensor was calculated as
follows:

Effective no: of bacterial colonies

¼ Bacterial concentrationðin cfu=mLÞ
100

(2)

The LOD has been calculated from the calibration curve ac-
cording to the formula LOD ¼ 3s,where s is the standard deviation
at C ¼ 0.

Analysis of real samples

A demonstration of the practical utility of the bacteriophage
sensor was carried out by the analysis of S. arlettae in spiked
samples of river water and apple juice. In a typical preparation
method, the samples were spiked with an unknown concentration
of the bacteria. The samples were then filtered with a 0.45-mm
hydrophilic filter paper. The bacteria separated on the filter paper
were resuspended in a similar volume of PBS buffer.

The validation of the data was done with the standard colony
countingmethod. The samples with spiked bacteria were diluted in
different fractions (1�, 102�, 103�, and 104�) and then cultured to
form the colonies. A plate with an easily countable number of
colonies (104�; see Fig. S2 in supplementary material) was
analyzed to determine the bacterial concentration in all of the
prepared samples.

In a separate experiment, the analysis of S. arlettae (known
concentration of 2� 102 cfu) in real samples was also studied in the
co-presence of S. aureus 96, E. coli 614, and S. lentus 2292 (known
elevated concentration of 2 � 106 cfu each). The sensor's output
characteristics were recorded in terms of charge transfer resistance
(Rct).

Results and discussion

Determination of bacteriophage titer

The titer of the stock bacteriophage solution (isolated against
S. arlettae) was assessed before using it for the preparation of
bacteriophage biosensor. The plates of different sample dilutions
are shown in Fig. S3 of the supplementarymaterial. The appearance
of clear zones (plaques) indicated the presence of lytic phage. The
plate with bacteriophage dilution of 106 showed the presence of
approximately 50 plaques. Thus, the titer of the stock bacteriophage
solution was determined as 1 � 108 pfu ml�1 (Eq. (1)). This level of
the enriched bacteriophage concentration is suitable enough for
using it in the preparation of a bacteriophage biosensor [29]. The
studies on the host specificity of the bacteriophage have indicated
its exclusive selectivity for S. arlettae (Fig. S4). The experimental
studies proved that the isolated bacteriophage caused the lysis of
S. arlettae (target bacteria used in the study), whereas other test
zones of S. aureus 96, E. coli 614, and S. lentus 2292 remained
unaffected.

Characterization of bacteriophage immobilized SPE

FE-SEM images of a bare SPE and the bacteriophage immobi-
lized SPE are shown in Fig. 1. A comparison of the blank SPE and



Fig.1. FE-SEM images of blank SPE (A) and bacteriophage immobilized SPE (B).
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bacteriophageeSPE suggested that the proposed method success-
fully modified the SPE with bacteriophage particles. A zoomed
image area indicated the presence of individual bacteriophage-like
structures characterized by a typical length of 200e300 nm. An
AFM scanning analysis of the bacteriophage immobilized SPE is
shown in Fig. 2A (larger area scan) and Fig. 2B (higher resolution).
This study also suggested a successful bacteriophage immobiliza-
tion. The line (indicated by red lines) and region profile (indicated
by green region) analyses in Fig. 2A and B verified a homogeneous
distribution of the bacteriophage particles over the SPE. The surface
roughness of the biosensor's surface was limited to ±10 nm. High-
resolution AFM scanning (Fig. 2B) indicated the presence of some
individual bacteriophage structures with a typical length of
approximately 200 nm, which agreed well with the FE-SEM data.

The immobilization of bacteriophage on SPE was also verified
with reflectance mode UVeVis and FTIR studies. The absorption
spectrum of the bacteriophage sample was characterized by a
shallow maximum at 269 nm (Fig. 3A), in accordance with the
available literature [52]. The absorption spectrum of the bacterio-
phage immobilized SPE also contained the characteristic informa-
tion of the native bacteriophage, thereby again suggesting the
Fig.2. AFM images and line analyses of bacteriophage immobilized SPE: (A) scan of larger s
desired modification of the bare SPE. A comparison between the
FTIR spectra of the bare SPE and the bacteriophageeSPE clearly
highlighted a successful assembly of the bacteriophage particles on
SPEs (Fig. 3B). The bacteriophageeSPE sample showed character-
istic peaks at 3280 cm�1 (broad signal of proteins) and 1650 cm�1

(amide I absorption). Small peaks at 1400 and 1025 cm�1 can be
assigned to the carbohydrates and ePO2 symmetric stretching,
respectively.

Evaluation of biosensor's specificity and response time with CV
studies

Cyclic voltammograms of the bare SPE and bacteriophageeSPE
are presented in Fig. 4. A low degree of current flow in the case of
the bare SPE may be attributed to the surface roughness. CV of the
bacteriophageeSPE was characterized by an increased flow of
current. It has been reported in the literature that the bacterio-
phages may lower the redox potential of surroundingmedium [53],
which explains better charge flow characteristics of the bacterio-
phage modified SPE. As a control experiment, the CV response of
the bacteriophageeSPE was first checked with respect to the two
ample area; (B) scan of smaller area to map the presence of individual bacteriophage.



Fig.4. Cyclic voltammograms of bare SPE, bacteriophageeSPE, and bacteriophageeSPE
toward E. coli and S. aureus (nonspecific bacteria) along with CV characteristics of
bacteriophageeSPE toward S. arlettae for different incubation times.
[S. arlettae] ¼ 2 � 104 cfu ml�1; [E. coli] ¼ 2 � 104 cfu ml�1;
[S. aureus] ¼ 2 � 104 cfu ml�1.

Fig.3. UVeVis (A) and FTIR (B) spectra of SPE, bacteriophage, and bacteriophageeSPE.
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nonspecific bacteria samples, namely S. aureus and E. coli. The CV
curves in these studies were similar to the baseline curve, thereby
proving that the developed biosensor does not respond to the
nonspecific bacteria.

For recording the CV response of the bacteriophageeSPE sensor
for the target analyte S. arlettae, different electrodes were incubated
with a fixed concentration of the bacteria (2 � 108 cfu ml�1 or
2 � 106 cfu) for different time periods (2e30 min, 37 �C). The
biosensor electrode responded to the target bacteria, as seen by the
decrease in the current flow. An incubation time of only 2 min was
sufficient to obtain the desired stability in the signal. The results
were similar for longer incubation times.
EIS detection of S. arlettae

The EIS technique was used for the quantitative detection of
S. arlettae. The electrochemical impedance data are generally
expressed in the form of a Nyquist plot in which the imaginary
impedance component (Z00, out-of-phase) is plotted against the real
impedance component (Z0, in-phase) at different excitation
frequencies. We used Randle's equivalent electrical circuit to model
the data and estimate the values of charge transfer resistance
(Fig. 5).

The Nyquist plots for the SPE, bacteriophageeSPE, and bacteria
incubated bacteriophageeSPE (bacteriaebacteriophageeSPE) are
shown in Fig. 5A. The effective impedance (expressed in terms of
Rct) of the bacteriophageeSPEs did not change in the presence of a
nonspecific bacteria E. coli but showed increasing values with the
increasing concentration of S. arlettae. The expending diameters of
semicircles and the increase in impedance values can be attributed
to the hindered diffusion of the redox probe molecules toward the
electrode surface. The above behavior can be related to the buildup
of the insulating bacteriaebacteriophage layer. The computed
values of Rct were plotted against the corresponding numbers of the
bacterial colonies detected (Fig. 5B). A linear increase was observed
in the values of Rct with respect to the increasing bacteria con-
centration. The LOD from the proposed bacteriophage biosensor
was estimated as 2 cfu, which is an excellent achievement in
comparison with the earlier works [28e30,54,55].

Because the bacterial concentration may also influence the
mobility of charge carriers toward the sensor's surface, we inves-
tigated the sensor's response time towards 2� 106, 2� 104, 2� 102,
and 2 cfu of S. arlettae. The results of these measurements are
shown in Fig. S5 of the supplementary material. In these cases, the
response was measured in term of Rct values. Here again, an incu-
bation time of 2 min was found to be sufficient to achieve a stable
response of the bacteriophageeSPE biosensor.
Reproducibility and stability of biosensor

The reproducibility and regeneration of the biosensor was
investigated by repetitive analysis of 102 cfu S. arlettae solution.
After each test, the electrode was washed with PBS buffer. The re-
sults of five numbers of such analysis cycles are presented in Fig. S6
of the supplementary material. We observed insignificant changes
(coefficient of variation of 2.5%) in the measured values of Rct. The
stability of the bacteriophageeSPE was investigated by recording
its CV scans over a period of time. The values of current (at an
applied voltage of 0.75 V) weremeasured at regular intervals over a
period of 120 min. The sensor's response did not change during the
course of the above experiment (Fig. S7), thereby suggesting its
environmental stability. The long-term stability of the electrode
was also tested by recording its CV response over a period of 3
months. The sensor output was nearly stable (±5%) even after such
a long storage time (Fig. S8). Therefore, it can be highlighted that



Fig.5. (A) Nyquist plots of bare SPE and bacteriophageeSPE along with the data when bacteriophageeSPE was separately exposed to E. coli and different concentrations of
S. arlettae. (B) Variation in the values of charge transfer resistance with respect to the number of bacterial colonies analyzed (2, 2 � 102, 2 � 104, or 2 � 106 cfu S. arlettae).
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the proposed sensor system is reasonably stable for long-term use.
The intra-assay reproducibility of the developed sensor was also
assessed. For this, the response of five different bacter-
iophageeSPEs was studied with respect to a fixed bacterial con-
centration. All five electrodes were prepared using the same batch
of the electrode material under identical experimental conditions.
The observed response was highly reproducible (Fig. S9).
Analysis of S. arlettae in spiked river water and apple juice samples

Fig. 6 and Table 1 show the results of the analysis of S. arlettae in
the spiked river water and apple juice samples. The Nyquist plots
and the corresponding Rct values are shown in Fig. 6. The estimated
analyte concentrations were in close agreement with the analysis
data obtained from the conventional colony counting method
(Table 1). The analysis data of the samples spiked with S. arlettae
along with S. aureus, E. coli, and S. lentus are given in Table 2. No
significant change was observed in the Rct values even when the
samples contained other possible interfering bacteria. This result
Fig.6. Nyquist plots and the corresponding values of Rct during the analysis of different
further emphasized the practical utility of the proposed bacterio-
phage biosensor.

Conclusions

The current work has demonstrated the application of a
bacteriophage biosensor for the electrochemical detection of
S. arlettae. A robust immobilization of the bacteriophage on SPE
and quick response time suggest the practical utility of the sensor.
The CV studies provided useful information on the sensor's
response time and specificity. These studies also revealed some
useful electrochemical characteristics of the biosensor. The use-
fulness of the EIS plots is reflected in the quantitative analysis
experiments. The bacteriophageeSPE biosensor offers the detec-
tion of a very low bacterial concentration. The demonstrated
technique may be an attractive approach to develop rapid, simple,
affordable, and reliable biosensors for pathogen detection in food
samples. Because the method directly records signals for a bac-
teriaebacteriophage binding event, the response is much faster
than the previously reported bacteriaelysis techniques. The
spiked concentrations of S. arlettae in river water (A) and apple juice (B) samples.



Table 1
Analysis of S. arlettae in spiked samples of river water and apple juice using bacteriophageeSPE sensor along with the results of validation studies with colony counting
method.

Spiked concentration of S. arlettae Responsea of bacteriophageeSPE sensor and number of
corresponding colonies detected

Data from colony counting techniqueb

River water sample Unknown cfu/ml Rct ¼ 31.00 KU Concentration ¼ 3 � 106 cfu ml�1

Bacterial colonies detected ¼ 30,675 cfu
Bacterial concentration in solutionc ¼ 3.06 � 106 cfu ml�1

Unknown (102 � dilution) Rct ¼ 25.10 KU Concentration ¼ 3 � 104 cfu ml�1

Bacterial colonies detected ¼ 330 cfu
Bacterial concentration in solutionc ¼ 3.3 � 104 cfu ml�1

Unknown (103 � dilution) Rct ¼ 22.66 KU Concentration ¼ 3 � 103 cfu ml�1

Bacterial colonies detected ¼ 35 cfu
Bacterial concentration in solutionc ¼ 3.5 � 103 cfu ml�1

Unknown (104 � dilution) Rct ¼ 20.05 KU Concentration ¼ 3 � 102 cfu ml�1

Bacterial colonies detected ¼ 2.5 cfu
Bacterial concentration in solutionc ¼ 2.5 � 102 cfu ml�1

Apple juice sample Unknown cfu/ml Rct ¼ 31.01 KU Concentration ¼ 3 � 106 cfu ml�1

Bacterial colonies detected ¼ 30,810 cfu
Bacterial concentration in solutionc ¼ 3.08 � 106 cfu ml�1

Unknown (102 � dilution) Rct ¼ 25.15 KU Concentration ¼ 3 � 104 cfu ml�1

Bacterial colonies detected ¼ 334 cfu
Bacterial concentration in solutionc ¼ 3.34 � 104 cfu ml�1

Unknown (103 � dilution) Rct ¼ 22.74 KU Concentration ¼ 3 � 103 cfu ml�1

Bacterial colonies detected ¼ 38 cfu
Bacterial concentration in solutionc ¼ 3.8 � 103 cfu ml�1

Unknown (104 � dilution) Rct ¼ 20.15 KU Concentration ¼ 3 � 102 cfu ml�1

Bacterial colonies detected ¼ 2.8 cfu
Bacterial concentration in solutionc ¼ 2.8 � 102 cfu ml�1

a The response of the sensor in terms of Rct values was converted to the concentration values with regression equation y ¼ 0.0463x þ 1.2837.
b A stock solution of unknown bacterial concentration was synthetically prepared. Its serial dilutions were analyzed with the bacteriophageeSPE sensor. The validation of

the results was done with the colony counting method.
c Bacterial concentration in the corresponding solution was estimated according to Eq. (2).

Table 2
Analysis of S. arlettae in spiked samples of river water and apple juice in the co-presence of S. aureus, E. coli, and S. lentus.

Spiked concentration of bacteria Response of bacteriophageeSPE
sensor

Variation in
sensor's responsea

River water sample 2 � 102 cfu S. arlettae Rct ¼ 24.63 KU
2 � 102 cfu S. arlettae þ 2 � 106 cfu each of S. aureus, E. coli, and S. lentus Rct ¼ 24.59 KU ±0.05 KU

Apple juice sample 2 � 102 cfu S. arlettae Rct ¼ 24.65 KU
2 � 102 cfu S. arlettae þ 2 � 106 cfu each of S. aureus, E. coli, and S. lentus Rct ¼ 24.58 KU ±0.07 KU

a With respect to the analysis in pure S. arlettae spiked sample only (based on the average of three determinations).
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practical utility of the proposed bacteriophage biosensor was
demonstrated by the analysis of S. arlettae in spiked river water
and apple juice samples.
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