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Abstract Optical biosensors are powerful alternatives to the conventional analytical
techniques, due to their particular high specificity, sensitivity, small size, and cost
effectiveness. Although promising developments of optical biosensors are reported,
new bioprobes of cheap and easy synthesis are required, for detection of eukaryotic
cells or dangerous infectious agents. In this regard, silicon nanoparticles (SiNPs) can
be used as nanoplatform owing to their high specific surface area, optical properties
and biocompatibility. They can also be functionalized with bio-probes and used in
diagnostic applications. Different methods are described to obtain a stable bond
between SiNPs and probes such as nucleotides, antibodies or peptides; however, the
latter show many disadvantages about folding instability and sensitivity during the
functionalization. Phage Display is a technique for the screening and selection of
peptide ligands, that uses an engineered filamentous bacteriophage, mostly made up
of 2700 copies of a major coat protein (pVIII) displaying a foreign peptide specific
for a target. The bacteriophage or its coat proteins alone can be used as probes to
functionalize nanomaterials such as SiNPs. In this work, we propose a new approach
to obtain fluorescent bio-probes that can be used for the realization of an optical
biosensor. By pulsed laser ablation in liquid (PLAL), SiNPs are functionalized in
a “one step” process with phages or isolated pVIII-engineered proteins, selective
for Pseudomonas aeruginosa. This process led to complexation of SiNPs with both
bioprobes proposed. The PLAL did not alter the biological function of phage probes,
maintaining their binding capacity to the bacterial target.
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1 Introduction

Nowadays, nanotechnologies are applied in medical field to design new probes for
obtaining innovative diagnostic and theranostic systems [1].

Furthermore, the combination of nanotechnology on microfluidic devices has
allowed the execution of different analyses with time saving and cost reduction. In
addition, the integration of nanoparticles arising from semiconductor materials into
different microfluidic based nanosystems may offer a viable alternative to fluores-
cently labeled particles. In particular, silicon nanoparticles (SiNPs) can be employed
in easy-to-use and cheap sensing systems, offer a lot of advantages for their physical
properties, their surface state can be easily activated, have stability against pho-
tobleaching and a distinctive photoluminescence, exhibit no toxicity and present
biocompatibility [2, 3].

Phage Display is a powerful tool used for the screening and selection of peptide
ligands to a wide variety of targets, therefore it has been used as a valid substitute
for the research of antibodies or peptides. This technique uses M13 filamentous
bacteriophage (phage), which consists in a cylindrical shell, mostly made up of 2700
copies of a major coat protein (pVIII) and other four minor coat proteins (pIII; pVI;
pVII; pIX), that enclose a circular single-stranded DNA molecule. The “in-frame”
insertion of exogenous DNA fragments in the gene encoding themajor capsid protein
pVIII allows the formation of largemolecular libraries, which can be used to discover
new bioprobes [4–7].

Bacteriophage or its protein alone can both be used as probes to functionalize
several metal (gold or silver [8]) and semiconductor nanoparticles. Furthermore, the
whole phage, the isolated pVIII protein or the exogenous peptide alone can be iso-
lated without loss of activity, maintaining their selectivity, specificity and biological
activity [9] at different conditions of temperature and pH, or in the presence of acid
and organic solvents.

In this work, we propose a new approach for biofunctionalization of SiNPs
with M13-engineered bacteriophage or isolated pVIII-engineered proteins, display-
ing specific peptides that selectively recognize Pseudomonas aeruginosa [10]. The
“one-step” functionalization is conducted during the pulsed laser ablation in liquid
(PLAL) of a silicon plate in a solution containing the bio-probes. This proposed strat-
egy demonstrates its potential use for in vitro applications and could be exploited to
realize an optical biosensor to detect a specific target.
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2 Results and Discussion

The phage clone used in this work has been selected from landscapeM13-pVIII -9aa
peptide library. This clone (P9b) displays the foreign peptide QRKLAAKLT which
recognizes and specifically binds the 42 KDa outer membrane protein (OMP) of P.
aeruginosa [10], the most common agent of nosocomial infections.

The two probes (the whole bacteriophage or the isolated pVIII protein alone) have
been used separately during PLAL.

The isolation and purification of the major coat protein pVIII of P9b phage clone
was performed according to the protocol of Pei Liu et al. [9].

SiNPs were generated and simultaneously (one-step) functionalised by PLAL
as follows. High purity (99.99%) monocrystalline silicon plate was immersed in a
glass vessel filled with 2.5 mL of an aqueous solution of pVIII protein (25 µg mL−1;
pVIII-SiNPs) or a phage suspension in TBS buffer (8 × 1011 PFU mL−1; phage-
SiNPs). The ablation process was performed using the second harmonic (532 nm) of
a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser (model New Wave
Mod. Tempest 300), operating at 10 Hz repetition rate with a pulse width of 5 ns
[8, 11]. The silicon target was irradiated at the laser fluence of 7.5 J cm−2 and for
an ablation time of 30 min.

To separate the phage–SiNPs from the unbounded phages and free SiNPs, net-
works were purified by centrifugation at 20,800×g for 30 min, while to isolate the
complex pVIII-SiNPs ultracentrifugation at 44.700×gwas performed, according to
procedure described by Bagga et al. [12].

Preliminarily, we used the above mentioned parameters to test phage and protein
stabilities. Despite the high temperatures, a sufficient amount of the phage population
complexed with SiNPs and kept its structure intact, as demonstrated in our previous
work [13]. In particular, it has been noticed that the phage (800 nm length and 5 nm
diameter) was decorated with numerous SiNPs of different sizes as showed in SEM
image (Fig. 1).

The binding occurred due to the electrostatic interaction between the charges of
SiNPs surface and the phage surface [14], was mediated by ions present in buffer,
forming salt bridges in phage–SiNPs network.

EDX analysis showed the presence of N (nitrogen) atomic species typical of
proteins exposed on the surface of the bacteriophage; moreover, the presence of Si
(silicon), O (oxygen), Na (sodium) and Cl (chloride) confirmed the functionalization
of the nanoparticles with the bacteriophage.

Since the isolated pVIII protein can be easily isolated without loss of its activity,
we verifiedwhether it could be used as functionalizing agent for SiNPs during PLAL.
Although parameters have still to be optimized, the STEM image (Fig. 2) results show
the formation of SiNPs complexed with proteins. Furthermore, the interactions with
pVIII proteins caused changes in size, shape, and aggregation state of SiNPs. The
mean size of the SiNPs and complexes were estimated. The SiNPs had an average
diameter of ∼17.5 nm, while the pVIII-SiNPs of ∼20 nm. Although a portion of
these proteins was altered during the laser ablation, a large portion of pVIII proteins
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Fig. 1 SEMimage showsphage-SiNPs complexes (phages decorated bySiNPs) producedbyPLAL
in a phage suspension

Fig. 2 STEM images: a the SiNPs laser-ablated in H2O; b pVIII-SiNPs complexes produced by
PLAL in a pVIII protein solution

assembled with SiNPs and interacted with the target. The phage proteins are poly-
electrolytes and then tend to aggregate, but during the ablation process, the thermal
and electrostatic variations near the plume may initially determine the disaggrega-
tion of the proteins. As consequence, the proteins adsorbed on the SiNPs surface will
be arranged as monolayer due to the negative charges on the SiNPs (Zeta potential
−31 mV), creating a protein corona on every single SiNP [15].
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Fig. 3 STEM images: a binding of pVIII-SiNPs on P. aeruginosa cell; b detail of image (a)

On the other hand, STEM images showed that a fraction of pVIII-SiNPs could
generate clumps due to electrostatic attractions among the exposed groups of the
pVIII amino acids, leading to the formation of SiNPs-pVIII-pVIII-SiNPs complexes.
Despite this, both single pVIII-SiNPs and larger aggregates are able to recognize the
bacterial target. In fact, when the pVIII-SiNPs solution was tested against P. aerugi-
nosa, STEM images (Fig. 3) showed the binding of the nanoparticles on the surface
of the bacterium, whereas no binding was observed in the control (data not shown).
In addition, the image highlights the lytic effect of the peptide on the membrane,
confirming the maintenance of the structural and functional characteristics of the
exposed peptide.

Consequently, the PLAL did not alter the structure and the properties of the
functionalized bioprobes, so the specific peptide maintained its ability to recognize
and interact with bacterial target.

To evaluate the possibility of using pVIII-SiNPs complexes as fluorescent probes
in the identification of P. aeruginosa, a solution of pVIII-SiNPs was incubated with
P. aeruginosa for 30 min at RT in rotator mixer and then washed in PBS. Finally,
the samples were observed by epifluorescence microscope Leica DMRE (Excitation
filter BP450-490, Suppression filter LP 515).

Figure 4a shows the presence of P. aeruginosa cells covered by the yellow-green
complexes of pVIII-SiNPs, while in Fig. 4b, no fluorescence was observed when P.
aeruginosa cells were treated with SiNPs alone.

These results confirm that pVIII-SiNPs were able to provide a fluorescence
response through the luminescent signal to their bacterial target, then they may be
used as bio-functional nanoprobes.
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Fig. 4 Epifluorescence images at 63X: aBright, yellow-greenP. aeruginosa cells stained by pVIII-
SiNPs complexes, b (Control) P. aeruginosa cells with free SiNPs (absence of pVIII engineered
protein)

3 Conclusions

Fluorescent silicon-based nanoparticles can be functionalized with M13 engineered
bacteriophages or their isolated pVII proteins by a “one step” processwithout altering
their ability to bind the target.

Phages are cheap and easy to produce, and SiNPs luminescence could be a safer
and valid alternative to fluorochrome labeling. Moreover, these phage-SiNPs com-
plexes have demonstrated their potential use for in vitro applications and could be
exploited as an optical biosensor to detect prokaryotic or eukaryotic targets.

The physical and biological features of these complexes offer convenient multi-
functional integration within a single entity with potential for nanotechnology-based
biomedical applications.

Therefore, this strategy allows to obtain low-cost and highly-specific luminescent
complexes, which may be employed in LOC system for diagnostic applications.
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