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a  b  s  t  r  a  c  t

Staphylococcus  aureus  is a  major  human  pathogen  causing  health  care-associated  and  community-
associated  infections.  Early  diagnosis  is essential  to  prevent  disease  progression  and  to  reduce
complications  that  can  be  serious.

In this  study,  we  selected,  from  a 9-mer  phage  peptide  library,  a  phage  clone  displaying  peptide  capable
of  specific  binding  to S. aureus  cell  surface,  namely  St.au9IVS5  (sequence  peptide  RVRSAPSSS).The  ability
of the isolated  phage  clone  to interact  specifically  with  S. aureus  and  the  efficacy  of its bacteria-binding
properties  were  established  by using  enzyme  linked  immune-sorbent  assay  (ELISA).  We  also  demon-
strated  by  Western  blot  analysis  that  the most  reactive  and  selective  phage  peptide  binds  a  78  KDa  protein
on the  bacterial  cell  surface.  Furthermore,  we observed  selectivity  of  phage–bacteria-binding  allowing
to  identify  clinical  isolates  of  S. aureus  in  comparison  with  a panel  of  other  bacterial  species.

In order  to explore  the  possibility  of  realizing  a  selective  bacteria  biosensor  device,  based  on  immobi-
lization  of affinity-selected  phage,  we  have  studied  the  physisorbed  phage  deposition  onto  a  mica  surface.
Atomic  Force  Microscopy  (AFM)  was  used  to determine  the  organization  of phage  on  mica surface  and

then  the binding  performance  of mica-physisorbed  phage  to bacterial  target  was  evaluated  during  the
time  by  fluorescent  microscopy.  The  system  is able  to bind  specifically  about  50%  of S. aureus  cells  after
15′ and 90%  after  one  hour.  Due  to  specificity  and  rapidness,  this  biosensing  strategy  paves  the way  to the
further  development  of  new  cheap  biosensors  to be used  in  developing  countries,  as  lab-on-chip  (LOC)
to  detect  bacterial  agents  in clinical  diagnostics  applications.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Staphylococcus aureus is a Gram-positive bacterium often asso-
iated with a broad spectrum of human diseases ranging from mild
kin infections to endocarditis, sepsis, and pneumonia [1,2], and its
athogenic potential is enhanced by several bacterial virulence fac-
ors including exotoxins and adhesins [3]. It also causes infections
n farm animals [4], and the contamination of primary food prod-
cts, become a risk for public health [5,6]. The widespread habitat
f S. aureus in nature makes very difficult controlling the organism,

nd prevention of contamination is almost impossible. Therefore, it
s important for human safety to develop accurate and rapid meth-
ds to detect S. aureus.  Despite the recent development of different

∗ Corresponding author.
E-mail address: sguglielm@unime.it (S.P.P. Guglielmino).

ttp://dx.doi.org/10.1016/j.colsurfb.2017.05.081
927-7765/© 2017 Elsevier B.V. All rights reserved.
detection methods with no need for enrichment as real-time flu-
orescent quantitative PCR for detecting of specific nucleic acid [7],
this requires skilled operators and expensive equipment. Advanced
bio-selective sensors are able meet for isolation requests, concen-
tration of the agents and their immediate real-time detection. So
many researchers have recently geared their efforts towards the
development of quick and reliable strategies [8].

Several biosensors have been described utilized, antibodies, as
well as some antibiotics, proteins, DNA/RNA aptamers and car-
bohydrates, as targeting ligands to probe S. aureus cells [9], as
bioreceptors [10,11] many of these are usually susceptible to envi-
ronmental conditions and they need for laborious immobilization
methods to sensor substrates [12]. Only recent studies employed

phage display technology to screen new single-chain variable frag-
ment (scFv) [26,27] or peptides from landscape phage library
against S. aureus [1,17]. Phage display technology has been applied
to numerous fields as a valid substitute for antibodies or peptides

dx.doi.org/10.1016/j.colsurfb.2017.05.081
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2017.05.081&domain=pdf
mailto:sguglielm@unime.it
dx.doi.org/10.1016/j.colsurfb.2017.05.081
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13–16]. This technique uses filamentous virus (commonly called
acteriophage or phage) that infect the bacterium Escherichia coli.
his phage consists in a cylindrical shell, mostly made up of P8
major coat protein) and P3 (minor coat protein), that encloses

 circular single-stranded DNA molecule. Phage-display allows to
ncorporate random peptide sequences into the coat proteins. The
hages pool, composed by several phages each of them express
nly a peptide sequence (phage clones), was selected against a def-

nite target. Consequently, the phage able to bind a molecular target
an be used in therapeutic target validation, drug design, vaccine
evelopment, as probes to detection of specific targets. Phage dis-
layed peptides and phage function proteins have been successfully
sed as molecular recognition agents for numerous bacteria and
lso for S. aureus to achieve rapid screening. For the detection of
. aureus,  recently Pei Liu et al. [17] immobilized gold nanoparti-
les with target-specific pVIII protein, obtained by isolation from
rotein capsid of engineeredf8/8 bacteriophages, and used them in

 colorimetric biosensor. Rao et al. [1] proposed a synthetic pep-
ide, representing the consensus sequence of the bacteria-binding
hage-display peptides, as a potential diagnostic tool for S. aureus
etection in biological samples. In previous works, we demon-
trated that whole bacteriophage displaying peptides on the major
apsid protein can be used for biosensor applications [14,15,18,19].

However, the whole engineered bacteriophages to be used are
ore robust, stable and resistant to temperature variations and

ard pH conditions and, in the last, every clone presents several
opies of peptide of interest, thus increasing avidity of the specific
arget binding [18,19]. Furthermore, the use of the whole phage
tructure as the recognition system of detection devices responds
etter to the need to develop systems based on more simple and
conomic methods, such as the molecular recognition mode. On
he other hand, the use of the whole phage could have problems
o find the optimal conditions of immobilization on the different
urface, bringing at the change on the capture capacity [20].

In this study, we selected M13  phage display library against S.
ureus whole cells to isolate peptides that specifically bind to sur-
ace surface of bacterium. The ability of isolated phage clone to
nteract specifically with S. aureus and the efficacy of its bacteria-
inding properties during the time were demonstrated using
nzyme linked immunosorbent assay (ELISA), also Western blot
nalysis confirming a 78 KDa protein as the specific recognized tar-
et. We  have also tested the selectivity of phage-bacteria-binding
y comparison with a panel of other bacterial species and the phage
bility to identify clinical isolates, including MRSA strains. Finally
he organization of phage in the Mica surface was analyzed by
tomic Force Microscopy (AFM) and it was evaluated the capacity

o maintain the selectivity in recognizing S. aureus during the time
y fluorescence microscopy, also after one week from the drying
rocess.

. Materials and methods

.1. Bacteria

Staphylococcus aureus ATCC 29213 obtained from the Ameri-
an Type Culture Collection (ATCC, LGC Promochem, Milan, Italy)
as propagated in tryptone soya broth (TSB) broth and Manni-

ol Salt Agar (MSA). Escherichia coli TG1 was used for propagation
f phage clones. Pseudomonas aeruginosa ATCC 27853, Shigella
exneri ATCC 12022, Escherichia coli ATCC 11303, Staphylococcus

pidermidis ATCC 12228, Bacillus subtilis ATCC 6633, Listeria mono-
ytogenes ATCC 7644 and nine S. aureus clinical isolates, were used
n selectivity assessment of phage–bacteria binding. Stock organ-
sms were maintained in LB broth (or TSB, tryptone soya broth, for S.
: Biointerfaces 157 (2017) 473–480

epidermidis, S. aureus,  L. monocytogenes,  B. subtilis and nine clinical
isolates) containing 20% (v/v) glycerol at −80 ◦C.

2.2. Landscape phage library

The landscape phage library (kindly donated by Professor F.
Felici) consists of filamentous phage particles that displays random
9mer peptides, fused to phage the major coat protein (pVIII). The
nonapeptide library was  constructed in the vector pC89 [21], by
cloning a random DNA insert between the third and fifth codon of
the mature pVIII-encoding segments of gene VIII [22].

2.3. Phage peptide selection

Firstly, the library was  used for pretreatment with the plastic
materials which will be used to the selection protocolon-binding
phage clones were used for four rounds of affinity selection against
S. aureus ATCC 29213 whole cells by incubating 1012 phage with S.
aureus cells (OD660 0.5) in phosphate-buffered saline (PBS, 137 mM
NaCl,2.7 mM KCl, 10 mM phosphate buffer, pH 7.4; 1 ml)  for 60 min
at room temperature (RT) with gentle agitation. Bacteria-phage
complex were precipitated by spinning for 5 min  at 16,000 × g, and
separated from unbound phage in solution by a series of 10 washing
and centrifugation steps (16,000 × g, 5 min) with 1mlTBS/Tween
buffer (50 mM Tris–HCl (pH 7.5), 150 mM NaCl,0.05% (v/v) Tween
20) each time. Bound phage were pelleted with cells and finally
eluted with 250 �l of 0.2 M glycine–HCl (pH 2.2) with gentle shak-
ing at RT for 20 min, and sonicated in ice bath at 20KHzfor 10 min. So
the solutions were been neutralized with 25 �l of 1MTris–HCl (pH
9.1). Eluted phage from the four round of affinity selection against S.
aureus cells were used to infect E. coli TG1cells and then These were
plated on LB agar plates containing ampicillin. This cultural condi-
tion was  used to select bacterial colonies, each containing phage
from a single library clone, were randomly selected and propagated
for subsequent analyses.

2.4. Colony immunoscreening

An aliquot of 200 �l of eluted phage suspension was  used to
infect 800 �l of TG1 E. coli cells in exponential phase grow for
45 min  at 37 ◦C. After infection, the bacteria were spread on large
(150 × 20 mm)  LB agar plates containing ampicillin–1% glucose.
After overnight incubation at 37 ◦C, the colonies were recovered
from the agar plates with a glass spreader, and 5–10 ml of LB broth
containing ampicillin was  added to obtain a homogeneous suspen-
sion. 2 ml  of LB–ampicillin was inoculated with 10 �l of bacterial
suspension (OD660 of 0.05–0.1). After growth up to an OD660 of
0.4–0.5 at 37 ◦C, 500 �l culture was  infected with 0.5 �l M13KO7
helper phage (∼1012 TU ml−1, Stratagene). The infected bacteria
were recovered by centrifugation at 6000 × g for 10 min. Bacte-
ria pellet was  gently resuspended in LB–ampicillin–kanamycin and
incubated in agitation for 35 min  at 37 ◦C, then diluted and plated in
LB plates, containing ampicillin, and incubated overnight at 37 ◦C, in
order to obtain single colonies. Bacterial colonies, each containing
phage from a single library clone, were transferred onto a nitrocel-
lulose (NC) membrane (Millipore) for 1 h at RT. The NC membranes
were blocked at RT for 2 h in a blocking solution (5% non-fat dry
milk + 0,05% tween20 in PBS), and then incubated with a suspension
of S.aureus (OD660 0.5) in PBS/1% non-fat dry milk +0,1% Tween20
for 2 h at RT. After washing in PBS/0.05% Tween-20 three times
for 3 min, the membranes were incubated with a 1:3000 dilution
of mouse anti-Lipotheicoic acid antibody(QED Bioscence) for 2 h

in PBS/1% non-fat dry milk +0,1% Tween20. The membranes were
washed for five times (as described above) and then incubated with
a 1:50,000 dilution of goat anti-mouse (AbCAM ab97023) for 1 h.
The membranes were again washed as described above, and the
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ositive spots on the immunoblots were detected by using the
eveloping DAB substrate (Sigma Aldrich, life science).

.5. ELISA test

Wells of a 96-well ELISA dish (NuncMultisorp) were coated
vernight at 4 ◦C with 100 �l suspensions of ∼1012 virions/ml in
BS, washed 3 times with PBS/0.05% Tween 20 on an automatic
late washer, blocked with 5% non-fat dry milk in PBS/0.05% Tween

or 2 h at 37 ◦C and washed again; reacted with S. aureus ATCC 29213
ells (OD660 2.0) 100 �l in PBS/1% non-fat dry milk +0,1% Tween20
or 2 h at RT with shaking; washed again (5 times); reacted with
00 �l of 1:3000 dilution of mouse anti-Lipotheicoic acid antibody
QED Biosence) for 1 h in PBS/1% non-fat dry milk +0,1% Tween20,
ashed again; incubated with a 1:50,000 dilution of goat anti-
ouse-HRP (AbCAM ab97023) for 1 h with shaking and washed

gain; reacted with100 �l of TMB  (3,3,5,5-tetramethylbenzidine)
iquid substrate system for ELISA for 45 min  at RT and stopped with
00 �l of 1 M H2SO4. Wells were then read on a kinetic plate reader
t 405 nm (Multiskan Reader, LabSystem). Phage particles bear-
ng no recombinant insert, from superinfection of phagemid vector
C89-containing cells, served as a negative control for evaluation
f background from non-specific binding.

A similar procedure was used to test the binding capacity
f selected phage against nine clinical isolated S.aureus and a
anel of other Gram positive, Staphylococcus epidermidis ATCC
2228, Bacillus subtilis ATCC 6633, Listeria monocytogenes ATCC
644and Gram negative bacteria Pseudomonas aeruginosa ATCC
7853,Shigellaflexneri ATCC 12022, Escherichia coli ATCC 11303, in
rder to assess its selectivity and specificity of binding.

.6. DNA sequencing and peptide analysis

Phage DNAs for PCR and sequencing derived from colonies
f infected bacteria. The sequencing primers M13–40 reverse
5′- GTTTTCCCAGTCACGAC −3′) and E24 forward (5′ − GCTAC-
CTCGTTCCGATGCTGTC −3′) were obtained from Proligo, Sigma
Milan, Italy). 1 �l of the suspended colony was added to the
CR reaction tube, containing 49 �l of the following PCR mix-
ure: 10 × Mg  free reaction buffer (EuroClone, Milan, Italy) (5
ol); 50 mM MgCl2 (EuroClone) (5 vol); Euro-Taq DNA polymerase
5 units �l−1Euro Clone) (0.5 vol); 2.5 mM dNTPs (Roche) (5 vol);
rimer M13–40 (10 pmol �l−1) (5 vol); primer E24 (10 pmol �l−1)
5 vol); doubly distilled filter-sterilized water (23.5 vol). The PCR
as performed by GeneAmp PCR System 2400 (Perkin Elmer, Nor-
alk, CT, USA) under the following cycling conditions: one cycle

t 94 ◦C for 5 min; 25 cycles at 94 ◦C for 30 s, 52 ◦C for 30 s, 72 ◦C
or 30 s; and one cycle at 72 ◦C for 7 min. The PCR products (3 �l)

ere analysed by agarose gel electrophoresis (1% wt/volagarose,
igma, Milan, Italy) in 1 × TAE buffer. Gel was stained with ethid-
um bromide, illuminated on a Dark Reader, while DNA bands were
isualized by a Kodak imaging system. PCR products were purified
y NucleoSpin PCR Clean-up purification Kit (Macherey-Nagel) and
equenced using the M13–40 reverse primer.

.7. Peptide sequence analysis

The DNA sequences were translated into amino acids by the
translate’ programon the proteomics server of the Swiss Institute
f Bioinformatics Expert Protein AnalysisSystem (ExPASy [http://
ww.expasy.ch/]). The isoelectric points (pI) of the predicted pep-

ide sequences were calculated by ‘compute MW/pI,’ also present

n the ExPASy proteomics server. The amino acid sequences
ere aligned by the CLUSTALX sequence alignment program

available at [http://www.ebi.ac.uk/clustalw/]).GeneDoc software
http://www.psc.edu/biomed/genedoc/) was used for visualize,
: Biointerfaces 157 (2017) 473–480 475

edit and analyze multiple sequence alignments of the peptides.
Statistical analysis of the insert composition was  performed.

A list of the primary amino acid sequences of the variable
inserts is then compiled in the FASTA format and submitted to a
motif-elucidation bioinformatics algorithm called MEME(multiple
expectation-maximization for motif elicitation http://meme.sdsc.
edu/meme/intro.html).

2.8. Bacterial protein extraction

The extraction procedure was  performed according to the pro-
tocol of George c. Paoli et al. [23] with minor modification. Two
aliquots of 5 ml  in PBS of S. aureus (OD660 1) were spun down
at 3500 × g for 10 min, washed two  times with PBS and unified.
The pellet was suspended in 100 �l of extraction buffer (125
mMTris-HCl, pH 7.0 containing 2% SDS, protease inhibitor cock-
tail at 10 �l/mg, 20% glycerol and bromophenol blue) vortexed for
5 min. After incubation for 45 min  at 37 ◦C in agitation 8 rpm, the cell
suspension was centrifuged again, and the supernatant recuperated
in a new tube.

For Western immunoblot analyses, protein lysate from S. aureus
were boiled for 5 min  at 95 ◦C and separated at 25 mA  on Bio-
Rad SDS-10% polyacrylamide gel electrophoresis (PAGE). Following
electrophoresis, proteins were transferred onto a nitrocellulose
membrane (0.45 �m Bio-Rad) by using the Mini-Trans-Blot transfer
cell (Bio-Rad) for 16–20 h at 25 mA.

The membranes were blocked at RT for 2 h in blocking buffer
(5% non-fat dry milk +0.05% Tween20 in PBS), washed for 5 min
with PBS/0.05% Tween 20 and then incubated with 1012 virions of
phage-displayed peptides for 2 h at 37 ◦C in a gently agitation. After
washing in PBS/0.05% Tween 20 for 15 min, the membranes were
incubated with a 1:5000 dilution of anti-M13 peroxidase conju-
gate antibody in PBS/1% non-fat dry milk +0.1% Tween20 for 1 h.
After the membranes were washed as described above, the bands
on the immunoblots were detected by DAB (Sigma, Milan, Italy) for
15 min, dried and preserved in plastic envelop. SDS-PAGE broad-
range prestained markers (Bio-Rad) were used for size estimation
of the bands binding the recombinant phage.

2.9. Binding of phage to mica

As proof-of-concept, we tested the possibility of immobilizing
the affinity-selected phage by simple physisorption onto mica as
model surface.

In particular, 1 cm2 of mica thin sheets were incubated for
90 min  at RT with 90 �l of phage suspension at p.I. of the bac-
teriophage (∼1012 virions ml−1) in Tris-buffered saline (TBS) [pH
5.4. Tris hydrochloride (7.88 g/L) and sodium chloride 140 mM
(8.77 g/L) were mixed and solubilized in ultrapure water. The pH
was adjusted with hydrogen chloride 5 N in order at final pH val-
ues of 5.4.]. After incubation, unbound phage were removed from
samples by washing three times in PBS.

The organization of the physisorbed phage layer on the mica
surface was  analyzed by AFM analysis.

AFM measurements were carried out in tapping mode by using
a Nanoscope IIIA-MultiMode AFM (Digital Instruments, Santa Bar-
bara, CA, USA). The images were captured in tapping mode in air, in
view of the need of highlighting the deposited phage structures at
the best resolution. This may  imply the modification of the struc-
ture of the assembling phages during the drying step. However, in
view of the high reticulation of the deposited phage networks, we
suggest that its essential features are captured in the AFM measure-

ments in air. Accordingly, the force was  maintained at the lowest
possible value by continuously adjusting the set point during imag-
ing. Images were recorded using 0.5–2 � cm−1 phosphorous-doped
(n) silicon tips mounted on cantilevers with a nominal force con-
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Table 1
peptide sequence, displaying on the major coat protein of the engineered bacterio-
phage isolated of the phage display selection against S. aureus ATCC 29213.

Phage clones selected

Clone ID Motif sequence frequency

St.au9IVS1 RVRSSPVVQ 1
St.au9IVS2 RVRSIPHVA 1
St.au9IVS3 RVRSYSPHL 6
St.au9IVS4 RVRSNAASM 3
St.au9IVS5 RVRSAPSSS 17
ig. 1. Selectivity of St.au9IVS5 phage as determined by ELISA. Phage clone were c
f  three separate experiments with multiple cultures. Error bars indicate standar
t.au9IVS5 binding to S. aureus with reference to all the other challenge bacteria.

tant of 40 N m−1 and a resonant frequency of 300 kHz. A negative
ontrol, consisting of mica functionalized with pC89 vector was  also
nalyzed.

.10. Binding of S. aureus to mica-immobilized phage

An overnight culture of S. aureus was washed by centrifugation
ith PBS and diluted to prepare a final 6 ml  suspension in PBS of
4 × 106 CFU/ml.

The phage layer on the mica surface samples were rehy-
rated and blocked at RT for 2 h in a blocking solution (4%
SA + 0.05% tween 20 in PBS), and then incubated for different time
15 min/30 min/1 h/2 h) at RT with a 500 �l suspension of S. aureus
TCC 29213 (with 2 × 106) pre-labeled with DAPI fluorochrome

or 3 min; washed for three times and observed by fluorescence
icroscopy (Leica DMRE). Sequential digital images of cell binding
ere acquired using a CCD camera (Leica DC300F).

A quantitative evaluation of cell binding were performed as
ercentage of input bacterial cells (2 × 106 CFU) and cells number
stimated by Scion Image Software (Windows version of NIH Image
oftware), in terms of integrated density (I.D. = N × (M − B), where

 is the number of pixels in the selection, M is the average grey
alue of the pixels, and B is the most common pixel value) [24].

To assess the stability of the phage adsorbed on the surface,
he mica-immobilized phages were dried and preserved at RT for a
eek. Indeed, the same procedure were used to test the function-

lized.

. Results and discussion

In this study, we used a phage-displayed random peptide library,
o isolate phage clones displaying peptides capable of specific bind-
ng to whole S. aureus cell surface.

Phage clones that bound to S. aureus cells were affinity selected
rom the landscape M13  9mer-phage library by means of a series of
our rounds of a selection procedure against the whole cell suspen-
ion [14,15]. Following the fourth round, individual phage clones
ere randomly selected from the eluted phage population and

ndependently propagated for further analysis.

.1. DNA sequencing and peptide analysis

Thirty phage clones were amplified and their DNA were
equenced to determine the peptide sequence displayed in their

ajor coat protein. Different sequences were present more than

nce, their frequencies being shown in Table 1.
In particular, they have four amino acid (RVRS), present with

 high frequency, immediately adjacent to the N-terminus of the
Consensus by MEME  server RVRS-P-S-

peptide insert, indicating that the invariant amino acid is likely
identical to the native sequence. The amino acids more represented
are the hydrophilic amino acid serine (S) in the 4 and 7 positions,
the basic amino acid arginine (R) in 1 and 3 positions, the hydropho-
bic amino acid valine (V) in the 2 position, and alanine (A) in the 5
position. Also the presence of the serine in the fourth and seventh
position, on the sequence peptide, could have an important role in
bacteria detection since three sequences, isolated more than once,
have in common this amino acid.

The sequences showed the most significant similarity with con-
sensus (MEME  output) when were re-aligned with this. These data
suggest that the group is essential for the recognition of target
bacteria. The relative target binding of the phage clones was  esti-
mated by ELISA test, using as negative control the insert-less vector
pC89 (data not shown), and the phage clone displaying the deduced
sequence RVRSAPSSS, named St.au9IVS5, was  chosen as the most
representative.

3.2. Specificity and selectivity of phage binding to S. aureus

To determine the recognition specificity, we investigated the
ability of clone St.au9IVS5 to preferentially interact with the selec-
tion target (S. aureus)  in comparison to other potential targets
(Fig. 1), including Gram-positives bacteria as S. epidermidis, L. mono-
cytogenes, B. subtilis, and Gram-negatives bacteria as Escherichia coli
ATCC 11303, P. aeruginosa,  S. flexneri. The selected St.au9IVS5 clone
is found to interact more efficiently (roughly a factor 4) with the
selection target than with each of the others tested gram positive
or gram negative bacteria.

In addition, St.au9IVS5 binding capacity was  assessed against
nine clinical S. aureus isolates strains included a MRSA strain (Fig. 2).

ELISA assay confirmed that the St.au9IVS5 is the most specific and
selective phage clone for different S. aureus strains, included the
MRSA strain.
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Fig. 2. St.au9IVS5 phage capacity to detect clinical S. aureus isolates determined by ELISA
Error  bars indicate standard deviations.

Fig. 3. Western blot analysis with the selected phage-displayed clone. Proteins
isolated from S. aureus ATCC 29213 strain were separated by SDS-PAGE and blot-
ted onto nitrocellulose membranes. The membrane were probed with phage clone
S
i

3
p

b
c
f
m

t
a

It is to stress that, as mentioned above, the working pH cor-
t.au9IVS5. SDS-PAGE broad-range pre-stained markers were used (Bio Rad, MW
ndicated in kDa).

.3. Characterization of the binding specificity of the
hage-displayed peptide

The Western blot analysis revealed that St.au9IVS5 phage clone
inds with high avidity to a band with a mobility of about 78 kDa,
onfirming its selective and specific binding to S. aureus cell sur-
ace (Fig. 3). We propose that, probably, this band is associated at a

embrane protein, namely a cell-division protein [25].

This protein is specific to S. aureus as demonstrated by no reac-

ivity both with other gram-positive and gram negative bacteria,
nd is present in many S. aureus strains. Although only a few clin-
. Mean OD450 is the average of three separate experiments with multiple cultures.

ical strains were tested, this phage clone was shown to be able to
detect all clinical S. aureus isolates, also the S. aureus MRSA strains.

Rao et al. [1] identified a phage display peptide VPHNPGLISLQG
that binds specifically S. aureus, recognizing probably a surface
receptor corresponding to an epitope of around 60 kDa and also
with some affinity towards a 50 and a 40 kDa protein bands,
which correspond to a fibrinogen-binding protein and adhesive
matrix respectively. Subsequently the peptide can be evaluated its
diagnostic potential just at reseach level by fluorometry analysis.
However, for more end-user friendly diagnostic assays, detection
platforms with lesser requirement of expertise are needed. Pei
Liu et al. [17] reported a S. aureus-specific recognition element,
GQTTLTTS, isolated by phage-display, and proposed an ingenious
and simple S. aureus colorimetric detection system where gold
nanoparticles were complexed with protein p8 extracted from f8/8
virion, expressing a peptide capable to binding S. aureus cells. How-
ever, the techniques of protein extraction and purification must
take care of the tendency of the p8 proteins to aggregate into
complexes with reduced functionality and are still time expensive.
Interestingly, all of the sequences reported, including ours RVR-
SAPSSS, are able to bind with high specificity and affinity different
components of the cell surface of Staphylococcus aureus and this
may  be useful when, for example, you want to use multiple pep-
tides capable of binding different targets of the same cell to improve
bacterial capture efficiency or in multiple detection systems.

3.4. Phages deposition onto mica

1012 virions/ml St.au9IVS5 phage in TBS at pH 5.4, i.e., the pI of
the phage clone calculated by using “compute MW/p.I” on server
(ExPASy), were physically adsorbed onto mica.

Atomic Force Microscopy (AFM) analysis has been performed
after a careful washing in PBS to remove from the surfaces unbound
phages. Fig. 4 shows the formation of a highly reticulated phage
network densely covering the substrates. The network shows a
two-levels organization, roughly corresponding to two strikingly
different organization mode of the phage particles. The first level
organization occurs at the very substrate surface, where the phages
self-assemble in large bundles, respectively 5.68 ± 0.68 nm thick
and 34.42 ± 3.29 nm wide, forming a network of relatively short
segments (in average less than 200 nm)  of much longer and multi-
connected fibers. The dimensions of the linking bundles is, in
average very homogeneous. The second-level organization mode
occurs above the layer of phage bundles and basically involves
the formation of thin circular platelets, respectively 3.13 ± 0.24 nm
thick and with an average diameter of 40.04 ± 2.56 nm, closely
adhering to the underlying fibers.
responds to the isoelectric point of the phage clone, i.e., to the
formation of neutral zwitterionic systems, which in turn either
interact directly with negatively charged mica surfaces or each
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Fig. 4. AFM images of St.au9IVS5 deposited onto the surface of mica. The phage clones appear to form a highly reticulated, two-level network, entirely covering the substrate.
A  characteristic filamentary bundle of phage strains, assembled at the very surfaces, is shown in the (A) box, while circular platelets, overlaying the bundle fibers, are shown
in  the (B) box.
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ig. 5. Kinetic phage-capture test on mica-physisorbed phages results. Mean OD
onducted at four different times15 min, 30 min, 1 h and 2 h at RT with shaking St.a

ther. In the first case, the globally neutrals phages can be oriented
y the negative charges on mica surface, prompting their assembly

n fibrillar bundles. In the second case, circular platelets would be
ormed, due to the average isotropic non-specific forces dominat-
ng the phage-phage interactions as far as their direct interaction

ith mica surface is hindered by the fibrillary bundles.
At the present stage, the eventual dependence of the relative

bundance of the two different levels of organization upon the
hage concentration has not been investigated, in view of the
pecific interest of the present study in setting the relationship
he biological response of a well-defined concentration with the
orresponding phage organization. However, we suggest that the
elative abundance of the two phage structures should have a low
ependence on the solution concentration, due to the close link
etween bundles of phages and circular platelets, formed on the
undles.”

.5. Binding of S. aureus to the mica-physisorbed phages
The phage layer on the mica surface samples were rehydrated
nd used to evaluated the binding efficiency of S. aureus cells. In
articular, the recognition capability of S. aureus by phage layers
eposited onto mica was studied as a function of time, by mea-
the average of three separate experiments with multiple cultures. Each test was
5 (gray) and control pC89 vector (black).

suring the percentage of the bacteria cell capture by fluorescence
microscopy (Fig. 5).

The mica-physisorbed phages were incubated with S. aureus
cells, labeled with a fluorochrome DAPI, and the bound cells were
counted at different incubation times (15 min/30 min/1 h/2 h). A
quantitative evaluation of cell binding was  performed as percent-
age of input bacterial cells (2 × 106 CFU) and cells number estimated
by Scion Image Software (Windows version of NIH Image Soft-
ware), in terms of integrated density (I.D. = N × (M − B)). To verify
the affinity of the clone, the same protocol was used for pC89 vector.

According to the AFM results above summarized, we suggest
that the S. aureus recognition is mainly achieved by the circular
platelet moieties of St.au9IVS5, which in fact are in direct con-
tact with the bacteria-containing suspensions and may  expose a
rich variety of epitopes to the randomly interacting bacteria, with
respect to the relatively “closed” assembly of the bundle-forming
structures. Indeed, at the present stage we  only may speculate
that phages organized in circular platelets make more accessible
the phage domains relevant to the bacteria recognition. Further
experiments, focusing the bacteria-phage binding at the molecu-

lar level are planned to unravel this point. In particular, after 2 h,
while only a sporadic adhesion of S. aureus is observed to surface
bearing the control phage pC89, a significant adhesion was found
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ig. 6. Fluorescence microscopy images of S.aureus attached to the surface of mica
ector  as negative control (right) phage 50 × magnification.

or the mica surfaces bearing the St.au9IVS5 adsorbed layers above
escribed. Statistical analysis in terms of I.D. shows a significant
ifference between the two types of samples, the I.D. mean values
easured at 15 min, for S. aureus on the St.au9IVS5-coated sur-

ace being significantly higher (P < 0.005) than the ones measured
or pC89 vector-physisorbed mica substrates (Fig. 6); this differ-
nt of value increase during the time get to P < 0.0001 at 2 h. The
electivity of mica surface functionalized with St.au9IVS5 phage
lone was tested also to detect other potential targets (in particu-
ar L. monocitogenes and P. aeruginosa strains). We  were observed
nly a sporadic adhesion of tested bacteria, which was  assigned to
on-specific bond of the bacteria to the mica surface.

The same results were obtained for test on functionalized sur-
ace dried and preserved at RT for a week (data not show).

Instead, phage layers deposited onto mica that we  have pro-
osed forthe recognition of S.aureus is easy to realize and useful for
linical settings. Furthermore, it has a low-cost for rapid detection
f bacteria target.

. Conclusions

In this work we showed that the use of whole engineered bacte-

iophages immobilized onto a mica surface leads to the formation
f a biosensor selective for bacterial detection. Through the anal-
sis of the isoelectric point of the phage clone it was possible to
nd the optimal conditions of immobilization on the mica sur-
 the affinity-selected St.au9IVS5 (left) and to mica previously adsorbed with pC89

face. The phage deposition provided a at two-level network on
mica surfaces that permit to maintain the recognition capability
of St.au9IVS5 phage clone. The physisorbed phage is able to bind
and capture about 50% of S. aureus cells in a few minutes, and the
same results have been obtained after that biosensor surface was
dried and stored at room temperature for a week.

Then phage-based reagents offer many unique advantages in
the context of product development and commercialization, as a
functionalization with low time and cost.

So, it was  possible to achieve a, sensible, specific and rapidness
biosensor which may  be also used in developing countries or in
resource-constrained settings, as lab-on-chip (LOC) to detect bac-
terial agents in clinical diagnostics applications without using any
costly instruments.
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