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Bacteriophages are considered excellent sensing elements for platforms detecting bacteria. However, their
lytic cycle has restricted their efficacy. Here, we used the minor coat protein pIII domain (N1N2) of phage
CTXφ to construct a novel surface plasmon resonance (SPR) biosensor that could detect Vibrio cholerae.
N1N2 harboring the domains required for phage adsorption and entry was obtained from Escherichia coli
using recombinant protein expression and purification. SDS-PAGE revealed an approximate size of 30 kDa
for N1N2. Dot blot and transmission electron microscopy analyses revealed that the protein bound to the
host V. cholerae but not to non-host E. coli K-12 cells. Next, we used amine-coupling to develop a novel
recombinant N1N2 (rN1N2)–functionalized SPR biosensor by immobilizing rN1N2 proteins on gold substrates and using SPR to monitor the binding kinetics of the proteins with target bacteria. We observed
rapid detection of V. cholerae in the range of approximately 103 to 109 CFU/ml but not of E. coli at any tested
concentration, thereby confirming that the biosensor exhibited differential recognition and binding. The
results indicate that the novel biosensor can rapidly monitor a target pathogenic microorganism in the
environment and is very useful for monitoring food safety and facilitating early disease prevention.
Keywords: SPR biosensor, bacteriophage CTXф, coat protein pIII, Vibrio cholerae

Introduction
Vibrio cholerae cause the epidemic diarrheal disease,
cholera, which is connected with the consumption of
contaminated seafood worldwide [1]. V. cholerae colonize
the human intestine and secrete cholera toxin to trigger
the diarrhea of cholera. Each year, this fatal disease
affects millions of people worldwide and causes an
estimated 120,000 deaths [2]. To halt the fast spread of
pathogenic bacteria, rapid monitoring of pathogenic
microorganisms is essential. The methods currently
used to reliably detect microorganisms, such as serologi*Corresponding author
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cal assays and culture-based biochemical assays, can be
time-consuming (taking 24 to 52 h) and labor-intensive,
and are often not cost effective [3, 4]. An attractive alternative is the biosensor, which comprises a biological
sensing element that can specifically recognize a target
analyte plus a transducer that generates a measurable
signal when the analyte is recognized. Biosensors have
been developed to detect various environmental pollutants [5−7] and microorganisms [8−10], and researchers
have explored the use of various sensing elements [11−
14] and transducers [15−19].
Bacteriophages have recently gained interest as sensing elements for bacteria-detecting platforms; they offer
the benefits of being abundant in nature, stable under
harsh conditions (e.g., extremes of temperature, pH,
ionic strength, etc.), and specific to their target host
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bacteria [10]. The highly specific receptor recognition
and binding of phages means that they are particularly
useful for bacterial typing; they are also considered to be
excellent potential sensing elements in biosensors [17,
20]. Several groups developed biosensors that used
intact phages as recognition elements [17, 20−24].
However, intact phage-based detection faces some
limitations, such as the risk for the biosensor signal to
be lost if the captured bacteria undergo lysis [9], and the
fact that the SPR-based biosensor is a distance-dependent
sensing platform, and thus may not have efficacy to cope
with the relatively large intact phages [10]. As an alternative strategy, researchers have sought to use phage
proteins for bacterial detection [9, 25, 26]. For example,
cysteine-tagged P22 phage proteins were used to detect
Salmonella enterica serovar Typhimurium [9, 26] and a
glutathione-S-transferase fusion protein from phage
NCTC 12673 was used to detect Campylobacter jejuni
[25]. We recently showed that a SPR biosensor whose
sensing element was a tail protein (6HN-J) fragment
from phage lambda could specifically bind to the host, E.
coli K-12, but not to other bacteria [27]. However, we
observed transient nonspecific attachment of the sensor
to non-host bacteria and hypothesized that partial
domain selection could be the cause. We further constructed a novel SPR biosensor containing the fulllength Det7 phage tail protein (Det7T), and found that it
exhibited rapid and selective detection of host S.
Typhimurium, but no response (not even transient
attachment) with non-host E. coli [28]. The previous two
findings showed that the proper domain selection of
phage proteins is required to obtain good signal-to-noise
ratio in SPR biosensor.
In this study, proper N1N2 domain of minor coat
protein pIII from phage CTXφ was selected as a biosensing platform to enable the recognition and capture of V.
cholerae. CTXφ is a filamentous bacteriophage that
encodes cholera toxin [29, 30]. Under CTXφ infection,
cholera toxin-encoding genes and other CTX cluster
genes integrate into the V. cholerae chromosome as a
prophage. For infection, the CTXφ minor coat protein
pIII must directly interact with the toxin-coregulated
pilus and the periplasmic protein, TolA, of V. cholerae
[30, 31]. The minor coat protein pIII is thought to consist
of three domains (N1, N2, C) separated by glycine-rich
regions (LCR1, LCR2) that serve distinct roles in phage
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entry and release. The two N-terminal domains are
required for adsorption and entry, while the C-terminal
domain is responsible for the assembly and release of
phage particles from host cells [31, 32]. CTXφ pIII-N1N2
showed high levels of infectivity for V. cholerae when
fused to domain D3 of fd (a filamentous phage that
infects E. coli) pIII for fd hybrid phage display [31].
Infectivity was reduced but measurable when only CTXφ
pIII-N1 was present in the fd hybrid phage, whereas no
infectivity was detected when only CTXφ pIII-N2 was
present; this demonstrated that the N2 domain is
important for efficient phage uptake and the N1 domain
is crucial for infectivity [31].
In the present study, we cloned and purified the
rN1N2 domain of minor coat protein pIII, and verified
its binding to V. cholerae versus E. coli K-12 using dot
blot assays and TEM. Following this verification, we
immobilized rN1N2 on a gold substrate to form a novel
SPR biosensor and analyzed its bacterial capture ability.
Rapid detection was observed against host V. cholerae,
whereas there was no response (not even transient
attachment) against non-host E. coli. The results suggest that, when constructing a biosensor, the inclusion of
the domain related to host recognition and binding could
resolve the issue of nonspecific transient attachment
between truncated proteins and non-host cells. Importantly, the newly developed biosensor described herein
could prove useful for the rapid real-time monitoring of
target microorganisms.

Materials and Methods
Chemicals
The utilized reagents and kits were obtained as follows: culture reagents (tryptic soy broth, bacto tryptone,
Bacto agar, yeast extract, and NaCl) from Difco (USA);
plasmid isolation kit (QIA prep Spin Miniprep Kit) from
Qiagen (Germany); gel extraction kit (NucleoSpin Gel
and PCR Clean-up) from Macherey-Nagel (Germany);
pET Express & Purify kits (In-Fusion Ready, PT3865-2)
and horseradish peroxidase (HRP)-conjugated monoclonal
anti-His antibody (anti-mouse Cat. #631210) from Clontech (USA); ultrasensitive HRP substrate (Western
BLoT Ultra Sensitive HRP Substrate, T7104A) from
TaKaRa (Japan); and the CM5 Sensor Chip (series S),
N-hydroxyl succinimide (NHS), N-ethyl-N-dimethyl
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aminopropyl carbodiimide (EDC), ethanolamine, and
phosphate buffered saline (PBS) running buffer from
BIAcore (Sweden). All other utilized reagents were of
analytical grade and applied without further purification.
Bacteria and culture conditions
E. coli DH5α (hsdR, recA, thi-1, relA1, gyrA96) was
purchased from TaKaRa and used to maintain plasmids.
V. cholerae (Non-01 ATCC 25872) was obtained from a
stock room in Department of Microbiology of Pusan
National University (Korea). Tryptic soy broth was used
to grow E. coli K-12 (ATCC 47076) and V. cholerae overnight at 37℃. E. coli BL21 (DE3) (hsdS, gal, ëclts857,
ind1, sam7, nin5, lacUV5-T7gene1) was purchased from
TaKaRa and used to express the fusion protein. TYS
medium (1% tryptone, 0.5% yeast extract, and 0.5%
NaCl) containing 30 μg/ml ampicillin was used to grow
plasmid-containing E. coli DH5α and BL21 (DE3) cells
overnight at 37℃. Cells were heat-killed for 15 min,
stained with methylene blue, and counted with a hemocytometer (Incyto Co., Korea) under a microscope (100 ×
magnification; Zeiss Axiocam, Germany).
Cloning of N1N2
The DNA encoding the N1N2 domain of the coat protein from phage CTXφ was subjected to PCR amplification using specific primers (forward 5'-AAG GCC TCT
GTC GAC CCA TCG GTA ACG GCT TCC GCC AT-3',
reverse 5'-AGA ATT CGC AAG CTT CGG AAC GAC
AGT CCC ACC GA-3'). The generated PCR products
were gel isolated and an In-Fusion Ready cloning kit
was used to clone them into the N In-Fusion Ready
vector (pET-6xHN-N). The generated vector (pN1N2)
was transformed into E. coli BL21 (DE3), and transformed cells were identified by colony PCR. Standard
methods were used for cloning, ligation, and transformation [33].
Protein purification
pN1N2-harboring E. coli BL21 (DE3) cells were
induced to overexpress the fusion protein by incubation
with isopropyl-β-D-thiogalactopyranoside (IPTG). The
fusion protein was purified using a HisTALON purification kit as recommended by the manufacturer. Briefly,
overnight-cultured cells were sub-cultured in 500 ml
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TYS-ampicillin; when the sub-culture reached OD600 nm
= 0.8, expression was induced for 20 h with 1 mM IPTG
at 19℃. The induced cells were collected by 20 min of
centrifugation at 10,000 ×g, and the obtained cell pellet
was frozen at -20℃. The frozen cells were suspended in
the provided 1X equilibration buffer (1/10 volume relative
to the initial culture volume; 50 mM Na3PO4, 300 mM
NaCl, 20 mM imidazole; pH 7.4) and sonicated on ice (3
rounds; 10 s each with 30 s pauses between bursts). The
obtained cell extract was centrifuged for 20 min at
10,000 ×g and 4℃. The supernatant was transferred to a
clean tube and subjected to SDS-PAGE analysis. Tractor
buffer (5 ml; 150 mM NaCl, 1.0% NP-40, 50 mM Tris-Cl;
pH 7.4) containing 10 M urea was used to suspend the
cell debris pellet, which were then incubated for 1 h in
ice and then centrifuged for 20 min at 10,000 ×g and 4℃.
Tractor buffer was used to dilute the collected supernatant to a final concentration of 5 M urea, and the sample
was centrifuged for 20 min at 10,000 ×g and 4℃. The
supernatant was collected and applied to a HisTALON
cartridge (cat. No. 635650; Clontech) that had been previously equilibrated (10 ml equilibration buffer). Column
washing was performed with 10 ml wash buffer (50 mM
Na3PO4, 300 mM NaCl, 5 M urea, 40 mM imidazole;
pH 7.4) and elution was performed with 5 ml elution
buffer (50 mM Na3PO4, 300 mM NaCl, 300 mM imidazole;
pH 7.4). The amount of protein in 1 ml of the eluted fraction was quantified.
Western blot analysis
Insoluble and purified protein fractions were resolved
by SDS-PAGE and the separated proteins were transferred to nitrocellulose membranes using standard techniques [38]. Each membrane was incubated at room
temperature for 1 h with 20 ml blocking buffer (5%
nonfat dry milk in 0.2% Tween-20/PBS), and then incubated (with shaking) at room temperature for 1 h with
horseradish peroxidase (HRP)-conjugated monoclonal
anti-His antibody diluted 1:4000 in blocking buffer [28].
The membrane was washed three times (10 min/wash)
with washing buffer (0.2% Tween-20 in PBS), incubated
for 5 min with shaking in a chemiluminescent HRP substrate, and used to expose an X-ray film.
Dot blot analysis
The dot blot assay was performed using rN1N2 and
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bacteria dotted to a nitrocellulose membrane. Overnight
cultures (~109 CFU/ml) of V. cholerae and E. coli K-12
cells were heat-killed for 15 min in a 100℃ water bath
and serially diluted to 100, 10-1, and 10-2. The cells were
spotted onto a nitrocellulose membrane (2 μl per spot),
which was then blocked with blocking buffer and incubated for 1 h with rN1N2 (~25 μg/ml) at 37℃ with shaking. The membrane was washed and incubated with
HRP-conjugated anti-His monoclonal antibody (diluted
1:2000 in blocking buffer). The results were visualized as
described above for the Western blot analysis.
TEM
Overnight cultures (~109 CFU/ml) were centrifuged
for 5 min at 10,000 ×g, and the collected cell pellets were
suspended in 1 ml PBS. A Formvar-coated copper grid
was placed sequentially on the following: a 1:1 mixture
of 0.05 M NHS and 0.2 M EDC for 20 min; purified
rN1N2 (~25 μg/ml) or BSA (1 mg/ml, negative control)
for 30 min; PBS for 5 min (3 times); and 1 M ethanolamine (pH 8.5) for 15 min. The grid was washed several
times with PBS, exposed to microorganisms as indicated
for 30 min, washed with PBS three times, dried, and
observed by TEM (Hitachi H-7600; Hitachi, Japan).
SPR
The kinetics of the binding between rN1N2 and microorganisms were studied with a BIAcore T200 instrument (GE Healthcare, UK). rN1N2 was diluted with
running buffer (PBS), and a standard amine-capture
method was used to immobilized it on a Series S CM5
Chip. During the immobilization procedure, the two cells
of the chip were treated separately: flow cell 1 was not
loaded with rN1N2 and was used as a blank reference
surface; and flow cell 2 was coupled with rN1N2.
Running buffer (PBS) was used to prime the chip. The
chip was primed using the running buffer (PBS) and
then activated using 0.4 M EDC with 0.1 M NHS (1:1)
mixture for 420 s. The chip was immobilized for 420 s
with rN1N2 (10 μg/ml) in the immobilization buffer
(10 mM sodium acetate, pH 4.0), and deactivated for
420 s with 1 M ethanolamine (pH 8.5). The chip was
then exposed for 20 min to different numbers of microorganisms that had been heat-killed for 15 min in boiling
water. The microorganisms were serially diluted in
running buffer for different numbers of cells and flowed
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through the cells of the chip. Binding was analyzed at a
flow rate of 5 μl/min at 25℃, except during the regeneration step, when the flow rate was 30 μl/min. The sensor
surface was regenerated by applying 10 mM NaOH for
20 s. During each run, monitoring of the association
phase and subsequent dissociation phase was conducted
for 10 min. The obtained reference-subtracted sensorgrams (representing that of flow cell 2 minus that of flow
cell 1) and a steady-state affinity model were applied to
estimate binding sensorgrams for each microorganism,
using the Biacore T200 evaluation software (version
3.0).

Results and Discussion
Overexpression, purification, SDS-PAGE, and Western
blot analyses of rN1N2
The initial step of phage CTXφ infection is mediated
by direct interactions of the CTXφ minor coat protein
pIII with the pilus and the TolA protein of Vibrio cholerae
[30, 31]. The minor coat protein pIII is composed of three
domains (N1, N2, and C), which are separated by two
glycine-rich regions (LCR1, LCR2) (Fig. 1A, top). The
two N-terminal domains (residues 1 to 116 for N1 and
134-252 for N2: called ‘N1N2’ here) are required for
adsorption and entry of phage CTXφ, while the C-terminal domain is responsible for the assembly and release of
phage particles from host cells [31, 32].
Two primer pairs for PCR are designed to amplify the
DNA region encoding the whole N1 and N2 together
with LCR1 (Fig. 1B, in bold) as described in ‘Materials
and Methods’. The PCR product was inserted into the N
In-Fusion Ready vector (pET-6xHN-N) according to the
manufacturer’s (Clontech, USA) protocol. The encoding
region for N1N2 was fused to the (His)6-tag at its Nterminal (named His-pIII-N1N2) (Fig. 1A, bottom) and
placed under the control of the IPTG-inducible T7lac
promoter. Then, pN1N2-harboring E. coli BL21 (DE3)
cells were induced to overexpress the rN1N2 protein
by incubation with IPTG. The cells were harvested,
sonicated, and centrifuged to separate soluble and insoluble fractions. SDS-PAGE analysis (Fig. 2A, lane 5)
revealed that the rN1N2 was overexpressed in the insoluble fraction of IPTG-induced cells.
We initially denatured this insoluble fraction with 6 M
urea, diluted the fraction down to 2 M urea and applied
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Fig. 1. Schematics of CTXφ pIII and His-pIII-N1N2 (A) and amino acids sequence of pIII containing the N1N2 cloning region
(B). (A) Putative domain organization of CTXφ pIII, as generated based on sequence analysis and secondary structure predictions.
The protein construct cloned in this study (His-pIII-N1N2) is shown at the bottom. LCR, low complexity region; TM, transmembrane
segment. (B) The amino acids sequence of pIII are shown, with the N1N2 cloning region marked in bold.

the mixture to a HisTALON affinity column. However,
we found that the rN1N2 did not bind to this Ni column
under the denaturing conditions that we used for
routine purification. Our testing of additional denaturation conditions revealed that the insoluble fraction was
dissolved completely with 10 M urea and showed optimal
binding to the Ni column with 5 M urea (data not

shown). Therefore, 5 M urea was included in all the solutions of purification process. The rN1N2 protein was
purified using a HisTALON purification kit. The purified
rN1N2 had an apparent size of ~30 kDa on SDS-PAGE
(Fig. 2A), which was consistent with the predicted size.
The identity of purified rN1N2 containing (His)6-tag
was confirmed by Western blotting with an anti-His

Fig. 2. SDS-PAGE (A) and Western blot (B) analyses of rN1N2. (A) E. coli cells harboring pN1N2 were induced in the absence (lanes
2 and 3) or presence (lanes 4 and 5) of 1 mM IPTG. The cells were lysed, and pellet (P) and soluble (S) fractions were obtained. The
purified rN1N2 protein (lane 6) had an apparent molecular weight of ~30 kDa on 12% SDS-PAGE. Lane 1, molecular size markers.
(B) The resolved proteins were electro-transferred to a nitrocellulose membrane and incubated with an HRP-conjugated anti-His
monoclonal antibody (1:4,000). Lane 1, pellet fraction from the IPTG-induced sample; lane 2, purified rN1N2.
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monoclonal antibody (Fig. 2B). The IPTG-induced insoluble fraction and the purified rN1N2 fraction were
boiled with sample loading buffer and separated by
SDS-PAGE. Separated proteins were transferred onto
nitrocellulose membrane and incubated with horseradish
peroxidase (HRP)-conjugated monoclonal anti-His antibody. The presence of His tag was detected by chemiluminescent HRP substrate with X ray film. This clearly
shows that the overexpressed protein band in the IPTGinduced insoluble fraction and the purified rN1N2 fraction have (His)6-tag.
Together, our results indicate that we obtained an
overexpressed and purified protein corresponding to the
expected (His)6-tagged fusion protein. We thus set out to
renature the relatively small purified rN1N2 protein by
buffer change and test its potential to be used for constructing an SPR-based biosensor.
Dot blot analysis of rN1N2 binding
The binding ability of the purified rN1N2 to host V.
cholerae or non-host E. coli was tested by dot blot assay
(Fig. 3). Given that N1N2 binds to the F pilus tip and the
periplasmic protein, TolA, on the surface of host cells
[31, 32], we questioned whether rN1N2 could distinguish between the F pilus and TolA proteins of host V.
cholerae cells versus non-host E. coli. For our dot blot
assay, 2-µl dots of bacterial cells (~109, 108, or 107 CFU/ml)
were immobilized on a nitrocellulose membrane, blocked
with blocking buffer, and incubated with rN1N2
(~25 μg/ml) for 1 h at 37℃ with shaking. The membrane
was then washed and incubated at room temperature

Fig. 3. Dot blot analysis. A nitrocellulose membrane was
dotted with 2 μl of heat-killed V. cholerae or E. coli K-12 cells
(100, 10-1, 10-2 diluted), incubated with purified rN1N2 protein
(~25 μg/ml), washed with PBS, and treated with HRP-conjugated
anti-His monoclonal antibody (1:2,000).
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with HRP-conjugated anti-His monoclonal antibody.
Very strong binding was observed with undiluted V.
cholerae cells (~109 CFU/ml), some binding was observed
with 10-1 diluted cells (~108 CFU/ml), and no binding
was observed with 10-2 diluted cells (~107 CFU/ml)
(Fig. 3). Cells were treated with BSA (instead of rN1N2)
as a control, and no response of HRP-conjugated antiHis monoclonal antibody was observed. We hypothesize
that the simple physical attachment of cells on the nitrocellulose membrane did not withstand the washing/
shaking step of the dot blot assay, such that the diluted
samples were washed out and did not yield a binding
signal, whereas the more concentrated (undiluted)
sample did not fully wash away and thus yielded a
signal. Despite this, the obtained results clearly indicate
that rN1N2 formed a tight bond with V. cholerae cells
but exhibited no detectable specific binding with E. coli
(Fig. 3). Thus, rN1N2 recognized the F pilus and TolA
protein of host V. cholerae cells but not those of non-host
E. coli. Similar results were observed with the purified
6HN-J protein in a dot blot assay [27], demonstrating
binding of 6HN-J with host E. coli K-12 cells but not
non-host Pseudomonas aeruginosa.
TEM analysis of rN1N2 binding
The binding of rN1N2 to the surface of V. cholerae
cells or E. coli (control) was visualized with TEM (Fig. 4).
Here, rN1N2 was chemically attached to the grid surface
rather than being physically attached to a nitrocellulose
membrane, as in the dot blot assay. Consistent with the
results of our dot blot assays, we observed binding of
host V. cholerae cells to the rN1N2 immobilized on the
surface of grid (Fig. 4A), but did not observe binding of
non-host E. coli with rN1N2 (Fig. 4B) or that of V.
cholerae cells with grids that lacked surface-immobilized
rN1N2 (Fig. 4C; negative control). We observed only two
E. coli cells bound to the entire grid space of the relevant
experiment, and believe that they represented unwashed
cells (Fig. 4B). This result agrees with our recent observation that purified 6HN-J protein bound with host E.
coli K-12 cells, but not non-host P. aeruginosa [27]. In
another study, Det7T was observed to bind with the
surface of host S. Typhimurium but not that of non-host
E. coli K-12 [28]. Our dot blot and TEM results could be
further explained by ‘distinct protein-binding interfaces’
described in a previous report [30]. V. cholerae TolA-C
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Fig. 4. Electron microscopic analysis. A Formvar-coated copper grid was sequentially exposed to an NHS/EDC mixture, rN1N2 (~25
μg/ml) or BSA (1 mg/ml, negative control), and ethanolamine, as described in the Experimental section. The grid was then washed
several times with PBS, exposed to the microorganism (~109 CFU/ml), and observed by TEM. (A) V. cholerae was exposed to rN1N2
immobilized on the grid surface. (B) E. coli was exposed to rN1N2 immobilized on the grid surface. (C) V. cholerae was exposed to
BSA immobilized on the grid surface (negative control).

and CTXφ pIII-N1 are structurally similar to E. coli
TolA-C and coliphage pIII-N1 respectively, but the two
pairs have distinct protein-binding interfaces [30]. CTXφ
pIII accesses TolA through retraction of the toxincoregulated pilus: The phage is brought through a pilus
secretin-formed channel in the outer membrane. In
contrast to CTXφ pIII, a pilus-induced unfolding event
unblocks the TolA-binding site on pIII of coliphage, and
pIIIis able to interact with host TolA [30]. The presence
of a distinct protein-binding interface could offer a mechanistic explanation for the host binding of rN1N2
observed on our dot blot and TEM analyses.
Binding kinetics of the rN1N2 functionalized-SPR biosensor
The binding kinetics of rN1N2 with host V. cholerae or
non-host E. coli were assessed using an SPR instrument
(BIAcore T200) with a Series S CM5 Chip. As a blank
reference, we processed flow cell 1 without adding
rN1N2; using the data from flow cell 1, the Biacore T200
evaluation software (version 3.0) could then subtract the
nonspecific microbe binding signals from the obtained
sensorgrams. We obtained a good response sensorgram
when the sensor surface was coupled with ~10 μg/ml
rN1N2 (data not shown), and thus used this concentration in our subsequent binding assays. Given that heatkilled microbes were more stable and showed less oscillation in their sensorgrams, we used heat-killed microbes
for our binding assays. The changes in SPR angle
obtained with various concentrations of bacteria were
taken as indicating the interaction of the bound rN1N2

with bacteria. Typical binding kinetics (association and
dissociation) were obtained with V. cholerae cells in the
range of ~103−109 CFU/ml (Figs. 5A and 5B). The
detected SPR signal intensities (~40) of rN1N2 with
~107−109 CFU/ml V. cholerae were 10 times higher (Fig.
5A) than those (~4) obtained with ~103−106 CFU/ml V.
cholerae (Fig. 5B).
We obtained a significant bacterial capture signal with
as little as ~103 CFU/ml V. cholerae (Fig. 5B). We previously obtained comparable detection limits of 2 × 104
CFU/ml for E. coli K-12 with 6HN-J [27] and 5 × 104
CFU/ml for S. Typhimurium with Det7T [28]. Similarly,
the detection limit of Staphylococcus aureus was found
to be 104 CFU/ml with the lytic phage SPR-based
SPREETATM sensor [17], and the detection sensitivity
obtained with P22-functionalized SPR was 103 CFU/ml
[9]. Thus, the detection limit of a SPR biosensor for bacterial detection might be ~103−104 CFU/ml [9, 17, 27,
28]. Importantly, we did not observe any binding
response (even transient attachment) to non-host E. coli
(Fig. 5C). Sensorgrams for E. coli demonstrated negative
responses below those obtained with the reference, indicating that rN1N2 did not recognize the surface of E. coli
as a binding receptor (Fig. 5C). These data are consistent with the SPR binding results obtained with fulllength tail protein Det7T [28], but differ strikingly from
those obtained with the mutant P22 tail protein, which
showed a significant response with non-host E. coli K12) [9], and the 6HN-J protein, which showed transient
non-specific attachment [27]. We speculate that although
rN1N2 is a truncated protein, it might not exhibit tran-
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Fig. 5. Detection of microorganisms using the SPR biosensor. (A) rN1N2 (~10 μg/ml) was attached to the CM5 chip for 420 s,
and different amounts (107-109 CFU/ml) of V. cholerae cells were flowed over the sensor surface for 20 min at a flow rate of 5 μl/
min. (B) Lower concentrations (106-103 CFU/ml) of V. cholerae cells were flowed over the sensor surface for 20 min at the same flow
rate. (C) E. coli (107-109 CFU/ml) cells were flowed for 20 min under the same conditions.

sient non-specific attachment to non-host cells because it
contains the domains involved in recognizing and tightly
binding with its receptor on the bacterial surface. However, we cannot exclude the possibility that rN1N2 or
Det7T might quickly recognize and bind to the outermost flagella or lipopolysaccharide of their host, whereas
6HN-J might need time to search for and recognize its
surface receptor, LamB.
Overall, our rN1N2-functionalized SPR biosensor
showed binding with host V. cholerae but no response
(even transient attachment) with non-host E. coli, and
resolved the drawbacks of intact phages and truncated
or mutant phage tail proteins. Going forward, we will
seek to enhance the sensitivity of our SPR strategy by
using sandwich-format nanoparticles as a signal
enhancer and by experimenting with directional coupling of rN1N2 for the direct detection of bacteria in
real-world samples.
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