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Abstract: The presented work deals with the uptake of gold nanoparticles (Au NPs) by M13 phages
in solutions. In particular, the Au NPs uptake modalities and their localization in the filamentous
phages are evaluated and measured. Gold spherical nanoparticles (with an average diameter of
the order of 10 nm) are obtained by laser ablation in water with a sodium citrated surfactant. The
interest of such application comes from the possibility to employ living biological structures to
transport heavy metallic nanoparticles inside cells of tumoral tissues. Indeed, phages have the
capability to introduce Au NPs in the proximity to the cell nucleus, increasing the efficiency of DNA
destruction in the tumoral cells by employing low doses of ionizing radiation during radiotherapy
and hyperthermia treatments. Several analyses and microscopy characterizations of the prepared
phages samples embedding gold nanoparticles are presented, demonstrating that the presence of Au
NPs increases the phages imaging contrast.

Keywords: gold nanoparticles; hyperthermia; M13 phages; radiotherapy

1. Introduction

M13 phage, 880 nm long and 6.6 nm wide, is a virus consisting of ~2700 copies of the
major coat protein (pVIII), surrounding a single-stranded DNA [1,2]. Its properties, such as
high sensitivity to ultrasonication and stability under different conditions, such as organic
solvents [1], allow it to be employed for different applications in virotronics, as well as in
electronics [3], for the development of optical biosensors [4,5] and for medical devices [6].
Specifically, the use of phages in human applications have increased researchers’ interest
due to their absence of tropism for mammalian cells and innate ability to cross biological
membranes, such as vascular endothelium and other mammalian cell barriers [7,8]. It has
been demonstrated that phages rapidly translocate throughout the body upon administration,
with a distribution that depends on the route of administration and initial phage titer [7,8].
The distribution in a specific tissue can be increased by the phage display technology that
allows to display peptide able to specifically bind eukaryotic cells [9,10]. Moreover, phages
can be easily internalized by receptor-mediated endocytosis if they display an internalizing
peptide [7].

M13 phages can be used to promote the nucleation of specific inorganic materials with
a high level of selectivity and control [11] or for templating inorganic nanoparticles. Based
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on the covalent chemical bonds, following a self-assembly approach, gold nanoparticles
(Au NPs) prepared by laser ablation, following the so-called top-down method, can be
embedded into M13 phages [12]. The literature reports that the surface-enhanced Raman
scattering (SERS) nanoprobe based on the M13 phages exhibits bactericidal capabilities and
can be employed for the selective detection and inactivation of Staphylococcus aureus [13].
Moreover, M13 phages fitted together with metallic nanoparticles of Ag or Au, can be em-
ployed to modify the cytotoxicity in healthy and tumor cells generating conditions for cell
apoptosis [12,14]. Such studies highlight how the use of M13 phages with heavy metallic
nanoparticles can open new and interesting avenues in tumor targeting for its treatment.

In this work, it is investigated the affinity of M13 phages to Au NPs by means of
different microscopy techniques, such as SEM (scanning electron microscopy), AFM (atomic
force microscopy) and TEM (transmission electron microscopy) and by complementary
analyses, such as EDX (energy dispersive X-ray spectroscopy), UV–VIS absorption and
Raman spectroscopies. The goal of the study consists of the preparation of phage cultures
to transport metallic nanoparticles toward specific tumoral tissues and to use them as a
contrast medium, increasing the imaging contrast for the radiotherapy diagnostic and
biological studies.

Gold is a biologically compatible element because it is an inert noble metal and is
thermally and chemically stable [15]. Due to the increasing of the effective atomic number
of the organs and tissues in which the Au NPs will be located, a significant increment of the
radiotherapy efficiency and of hyperthermia and imaging improvement are expected [16].
Nano-and microstructures bonded to Au NPs can be better highlighted, thanks to the
fluorescence emission and optical spectroscopy of heavy nanoparticles [17]. Moreover, the
rising of light absorption at specific wavelengths due to the presence of Au NPs, known
as surface plasmon resonance (SPR) [18], represents an important effect in hyperthermia,
destroying the cancer cells inducing controllable heating.

2. Materials and Methods
2.1. Au NPs Preparation

A Nd:YAG laser (1064 nm wavelength, 3 ns pulse width, 50 mJ pulse energy, 10 Hz
repetition rate), was focused on a pure gold target (99.99%), placed into a glass tube filled
with distilled water. The focused laser spot on the target was equal to 1 mm2, irradiating
with a fluence of 5 J/cm2 and an intensity of about 3 × 109 W/cm2. The target surface was
placed at 4 mm depth in the water and the volume of the liquid ranged between 1 cm3 and
2 cm3. The target moves during the laser irradiation due to the shock waves induced by the
laser pulses; this changes the position of the laser ablation surface, producing a uniform
erosion of the target surface in order to obtain a uniform production of the Au NPs in the
liquid, as described in more detail in previous papers [19].

The pulse laser generated plasma, not being able to expand due to the over imposed
liquid, is produced at the solid–liquid interface and gives rise to gas bubbles, which expand
in the liquid up to their implosion with the release of nanoparticles.

Inside the bubble, before its implosion, high interaction between the energetic ions and
the neutral species occurs with clusters and nanoparticles nucleation. The nanoparticles
are released in the liquid having a volume delimited by the glass tube section (3.14 cm2)
and by the water level in the glass of about 1.6 cm. Thus, the nanometric gold particles
are dispersed in a liquid volume of about 5 cm3. The difference in weight of the small Au
target before and after the total laser irradiation allows to evaluate the ablation yield, which
is generally of the order of 50 ng/pulse. With an irradiation of 33 min, a total ablation mass
of 1 mg is produced, and the concentration of the Au NPs solution in water is of about
1 mg/cm3. Thus, fixing the laser parameters, the solution concentration depends on the
irradiation time, which generally ranges between 15 min and 45 min.

Figure 1 shows the pulsed laser during the Au NPs production in water (a), the scheme
of the experimental set-up (b), the absorbance measurements of the prepared solution of Au
NPs with an average size of 20 nm in water (c), and the generated nanoparticles diameter
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distribution evaluated by using TEM microscopy (d). The absorbance peak reported in
Figure 1c, centered at ~520 nm wavelength, is due to the surface plasmon resonance (SPR)
induced by the incident light on the metallic nanoparticles, which increases the light
absorbance proportionally to the size of the conductive spherical nanoparticle [20].
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Figure 1. Experimental set-up photo (a), scheme of the Au NPs production by laser (b), measurement of absorbance vs.
wavelength (c) and produced Au NPs diameter distribution (d).

2.2. M13 Phages Production

The M13 phages (helper phage M13K07, Kan+) were propagated in the bacterial host
Escherichia coli strain TG1 (Kan-, Amp-, lacZ-), grown in modified Luria–Bertani broth
(LB) medium (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl) added with kanamycin
(10 mg/L). The culture was incubated overnight at 250 rpm in an orbital shaker (ARGO
lab SKO-DXL) at 37 ◦C. After the incubation, the phage particles were recovered from
the bacterial host culture by means of several centrifugation steps in PEG/NaCl solution,
containing 200 g PEG-8000 (polyethylene glycol; Sigma-Aldrich, Milan, Italy) and 150 g
NaCl (Sigma-Aldrich, Milan, Italy) per liter. Specifically, the culture was centrifuged
at 8000× g for 20 min at 25 ◦C; the supernatant was recovered and mixed with 25%
(v/v) of PEG/NaCl solution. The mixture was cooled in ice for 4 h and precipitated by
centrifugation at 15,000× g for 45 min at 4 ◦C. The pellet was recovered, resuspended in
10% (v/v) of TRIS buffered saline (TBS, 7.88 g/L of Tris hydrochloride and 8.77 g/L of
NaCl in deionized water), mixed again with 25% (v/v) of PEG/NaCl, cooled in ice for 4 h,
and the solution was centrifuged as above. The pellet, containing phage particles, was
suspended in 10% (v/v) of TBS, filtered through 0.22 µm pore size membrane (Millipore),
and stored at 4 ◦C. The M13 phage concentration was deduced by tenfold serial dilutions.
Specifically, 10 µL from each dilution sample was dispensed into sterile micro-centrifuge
tubes containing 90 µL of E. coli TG1 culture at OD600 equal to 0.7. Tubes were incubated
at 37 ◦C in a static condition for 15 min and at 250 rpm on a rotary shaker for 20 min.
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After the incubation, 100 µL of each phage/E. coli TG1 suspension was dispensed into
LA plates containing kanamycin (10 µg/mL) and incubated at 37 ◦C overnight. Plates,
containing between 30 and 300 colonies, were counted to derive the number of active viral
particles able to infect the host cell and express the transgene. Thus, the active particles
were determined by transducing units per milliliter (TU/mL), according to the following
Equation (1):

TU
mL

=
(number of colonies)

volume (0.1 mL)× dilution factor
(1)

2.3. Preparation of Au NPs@TA Nanoparticles

In order to allow binding with phages, the Au NPs were modified by thioctic acid
(TA), according to Volkert with some modifications [21]. The Au NPs solution, filtered by a
0.45 µm filter to remove any aggregate, was adjusted at pH = 11 with 1 M NaOH. Then,
1 mL of the 10 nM Au NPs solution was added with 0.1 mL of 10 mM TA ethanolic solution
(v/v ratio of 1 to 10). The mixture solution was stirred at 20 ◦C in the dark for at least 16 h.
After this period, the TA excess was removed by 11,500× g for 20 min, and Au NPs@TA
was resuspended in distilled water and kept at 4 ◦C.

2.4. Preparation of Au NPs@TA@phages

The M13 phages embedding was mediated by TA covering Au NPs. In fact, Au
NPs@TA, prepared as above, exposes free carboxylic acid groups able to covalently bind
the M13 phages amine groups by the carbodiimide linkage. For this purpose, the 10 nM
Au NPs@TA was washed twice with 1 mL of 2-(N-morpholino) ethanesulfonic acid
(MES) buffer (pH 6.0) by alternating steps of stirring and centrifugation at 11,500× g
for 20 min and resuspended in the 0.25 mL MES buffer containing 10 mg 1-ethyl-3 [3-
dimethylaminopropyl] carbodiimide (EDC). Then, the activated Au NPs@TA was added to
100 µL of the M13 phage (1012 TU/mL) and incubated in a rotator shaker for 2 h at rt. After
the incubation, the supernatants were discarded and Au NPs@TA@phage was washed
thrice with phosphate buffer saline (PBS) (pH 7.1) and kept at 4 ◦C.

2.5. Microscopy Analyses of M13-Phages

TEM images of the prepared samples were acquired by a FEI Talos TEM with a FEG
gun operating at 200 kV and a FEI Ceta CMOS camera with an exposure of 1 s.

SEM images were acquired using a field emission scanning electron microscope FE-
SEM ZEISS Merlin with Gemini II® column, at an acceleration voltage of 10 kV. Before the
analysis, the samples were deposited (as drops) on a clean mirror aluminum substrate,
dried in air at 30 ◦C for 1 h, and successively put in vacuum at a pressure of 1 mbar for
24 h, without any metallization.

EDX spectroscopy (energy dispersive X-ray spectroscopy) coupled to the SEM mi-
croscope operating with a 5 keV electron beam allowed to obtain information about the
Kα lines of B, C, N, and O, as well as about the Au NPs characteristic M-lines in a range
of energy from 183 eV to 5 keV. Sweeping the electron gun, it was possible to record the
distribution spectra of the characteristic X-rays of Au and of other elements present in the
sample surface.

AFM topography measurements were carried out in the non-contact mode, at room
temperature and ambient pressure, with a Nanosurf microscope (AG, Liestal, Switzerland)
having a 3 × 3 µm2 scanning area and relative zooms. Measurements were accomplished
with Si cantilever tips (Nanoworld AG, Liestal, Switzerland) at a constant force of 48 N/m
and with a resonance frequency of 190 kHz.

The optical absorption response of the Au NPs in the solution was performed, em-
ploying a PerkinElmer LAMBDA 25 UV–VIS double-beam spectrometer, operating in the
210–800 nm wavelength range. The employed radiation source consists of a tungsten,
halogen and deuterium lamps combination with an automatic light source change at about
326 nm wavelength. Furthermore, few solution drops, containing the prepared phages
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with Au NPs, were deposited on silicon substrates, and once dried, were analyzed by a
Horiba-Jobin Yvon Raman system (model HR800) equipped with a confocal microscope,
using the 633 nm emission from a helium–neon laser.

3. Results

Samples with a high phage concentration (1012 TU/100 µL) were prepared for the
SEM analysis, depositing microdrops on a thin Cr metallization film to avoid charge accu-
mulation during the microscope observation. It was possible to observe the assembled M13
phages with Au NPs, deposited on polished silicon substrates, at different magnifications.
In the acquired images, it is possible to see, mainly, the solution salts and micrometric
agglomerations with no perception of the phage filamentation. Au NPs are observed at
the highest magnification of 70,000×. The image quality was improved, employing an
aluminum polished substrate. Additionally, in this case, it was not possible to observe the
single nanoparticles (of the order of 10 nm) but only near-spherical aggregated particles
(of the order of 200 nm or larger), as shown in Figure 2a, and the global characteristic
spectrum of the elements present in the observed zone (Figure 2b). The EDX analysis
performed on the area confirms the presence of Au NPs by the gold X-ray characteristic M
lines, as it is possible to observe from the shown spectrum. It is even possible to observe
the characteristic peaks of C, O, Na, and Si, typical elements of both the phage solution and
the used substrate. These nanoparticle aggregations may be originated by their addition
to the chemical biological molecular environment in the M13 solution or by the sample
preparation technique adopted for the sample observation at the electron microscope. The
SEM preparation, in fact, needs a thin metallic cover film to make the samples conductive,
while, instead, for the TEM observation, it is needed to drip the solution onto a transparent
thin polymer film covering a thin metallic grid.
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Figure 2. SEM images of the M13 phages with Au NPs compounds (a) and relative EDX spectrum of
the drops deposited on silicon substrate (b).

AFM topographic images allowed to observe the filamentous phage structures. In
particular, it was possible observe the Au nanoparticles as white spots, and the phages as
whitish traces. In the acquired images, the M13 phages are detected as small peaks (X–ray
profile), while the Au NPs are larger and intense peaks in the orthogonal Z dimension. The
phages usually include several small nanoparticles along their length. The nanoparticles
have a distribution ranging mainly between 10 nm and 100 nm, and the M13 filamentous
phages, a length ranging mainly between 0.5 microns and 2 microns and a thickness lower
than 10 nm. As it is possible to observe, generally, in each termination of a single phage,
2–8 Au NPs are attached, on average. The Au NPs adhesion to the phages occurs through
the protein external layers. Studies of the adhesion of Au NPs with proteins are reported in
the literature [22]. In facts, their exposition to biological fluids induces proteins and other
biomolecules adsorption onto the surface to form a protein coating sphere around the Au
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NPs [23]. The literature reports about the protein interaction with the Au NPs, proposing
different biological effects. For example, the protein may be altered by this adhesion to the
Au NP and its physiological functions can be modified [24,25].

A series of M13 phages with Au NPs observed by AFM is shown in Figure 3. The first
figure (Figure 3a) shows the Au NPs as brilliant nanospheres distributed on an aluminum
surface. The average size of the Au NPs is about 10–20 nm ranging between 2 nm and
50 nm. Sometimes the nanoparticles appear joined to each other, especially near the
phages, whose proteins may induce nanoparticle coalescence. Far from the phages, the
average distance between the nanoparticles is of about 500 nm but near the phages, the
average distance decreases and some nanoparticles are in contact. Observing many TEM
images, the nanoparticles show thickening when very near the phages. It seems that
phages act as attractors of the gold nanoparticles. From two to eight nanoparticles are
bonded together with the phage, as it is observable in the detailed contrasted image of
Figure 3b (corresponding to the image of phase contrast generally used to highlight the
different nature of the materials, thus putting in evidence the metallic nanoparticles with
respect to the biological structures) relative to the morphology observation of Figure 3a,
which enhances the Au NPs image reducing the contrast of the light elements present in
the biological structures. In the background, it is barely possible to observe the phage
filamentation, not well resolved and focused, showing a significant density of NPs attached
to phages. In this figure, it is possible to observe a phage with about 8 Au NPs (bottom),
a second phage with about 10 Au NPs or more (top) and a third phage, to the far left,
with more than 5 Au NPs. Some nanoparticles appear larger due to the accumulation of
nanoparticles. Generally, the spherical Au NPs are aligned along the phage filamentation,
and they are always present in the head and tail of the phage. The AFM images show that
the phage filamentation has a length of about 1 micron and a thickness less than 10 nm.
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Figure 3c shows a detailed image of a phage, where the Au NPs near the head are
about 20–30 nm distant from one another. The tail contains also small Au NPs but, being
out of focus, it is not well resolved. In this case, the phage length is about 2 µm, and
12 nanoparticles are adherent to the phage with a linear density of 12 Au NPs/1 µm.
Figure 3d shows another detailed phage of the solution distributed on the Al substrate.
It is about 2 m in length and contains Au NPs from 5 nm up to 50 nm in diameter. The
nanoparticle linear density on the phage observed in this case is 18 NPs/2 µm.

TEM imaging has allowed to obtain detailed information about the size of Au NPs and
M13 phages. It is possible the identification of two main sizes of Au NPs, with dimensions
of 10 nm and 50 nm. Moreover, it is observed that, generally, the NPs are attached at the
two extremities of the phages, in clusters ranging from 1 to 3 nanoparticles of 10–20 nm
each. TEM indicates that the average size of the nanoparticle is equal to 20 nm, while
the average phages filamentation length is 1 micron. TEM images are well defined and
contrasted by the presence of the heavy metal nanoparticles bonded to the phages surface.

Figure 4 shows four TEM images of single phages and their bonded nanoparticles.
The marker length is 102 nm. Figure 4a shows a phage with one single Au NP centered
with respect to the filamentation and a couple of Au NPs, one bonded to the phage and the
other bonded to the first nanoparticle. The phage length and thickness are about 500 nm
and 10 nm, respectively, while the Au NP diameter is about 40 nm. The NPs are bonded
almost in the center of the filamentation. Figure 4b shows a phage with a NP bonded
to the tail and another bonded near the head. In the phage head position is bonded a
very little nanoparticle with a dimension comparable with the phage thickness of 10 nm.
The small Au NP is less brilliant than the other, due to its lower size. Figure 4c shows a
phage at which a single Au-NP with a diameter of about 40 nm is bonded. In turn, this
nanoparticle is linked to others, forming a row of more than 4 nanoparticles. Figure 4d
shows a phage with a length of about 1 micron at which one nanoparticle is bonding to the
head. Observing the filamentation seems that very little NPs, lower than 10 nm, evaluated
at about 2 nm, are centered with the filamentation and arranged in alignment with it and
equally spaced. A big nanoparticle of about 40 nm is not bonded to the phage, but it may
be that the preparation of the sample took place before such adherence occurred.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 8 of 12 
 

The small Au NP is less brilliant than the other, due to its lower size. Figure 4c shows a 
phage at which a single Au-NP with a diameter of about 40 nm is bonded. In turn, this 
nanoparticle is linked to others, forming a row of more than 4 nanoparticles. Figure 4d 
shows a phage with a length of about 1 micron at which one nanoparticle is bonding to 
the head. Observing the filamentation seems that very little NPs, lower than 10 nm, eval-
uated at about 2 nm, are centered with the filamentation and arranged in alignment with 
it and equally spaced. A big nanoparticle of about 40 nm is not bonded to the phage, but 
it may be that the preparation of the sample took place before such adherence occurred.  

 
Figure 4. TEM images of single phages with bonded Au NPs in numbers of 2–3 in the 
centrum (a), of 2–3 in the head and tail (b), with 4 or more aggregated nanoparticles (c) 
and with low number of NPs of different size in micrometric phage filamentation (d). 

4. Discussion 
Assuming the average phage length of 1 micron and 10 nm thickness, its volume is 

about 78 × 10−6 μm3 and, being that its density is about 1 g/cm3, its weight is about 7.8 × 
10−17 g = 0.078 fg. Assuming that, on average, the Au NPs adherent to the phages have a 
diameter of 40 nm, the volume of the single NP is 3.35 × 104 nm3 and, being that the Au 
density is 19.3 g/cm3, its mass is about 6.37 × 10−16 g= 0.64 fg, i.e., about a factor ten higher 
than that of the single phage. Because about 4 Au NPs generally are adherent to a single 
phage, it means that the phages mobility is strongly influenced by the Au NPs that anchor 
them in the biological substrate and burden the viruses in their diffusion within a biolog-
ical solution. 

At the same time, the Au NPs are aggregated by the phages, reduce their mobility in 
the solution and can be anchored by the phage filamentation. These aspects find important 

Figure 4. TEM images of single phages with bonded Au NPs in numbers of 2–3 in the centrum (a), of
2–3 in the head and tail (b), with 4 or more aggregated nanoparticles (c) and with low number of
NPs of different size in micrometric phage filamentation (d).



Appl. Sci. 2021, 11, 11391 8 of 11

4. Discussion

Assuming the average phage length of 1 micron and 10 nm thickness, its volume
is about 78 × 10−6 µm3 and, being that its density is about 1 g/cm3, its weight is about
7.8 × 10−17 g = 0.078 fg. Assuming that, on average, the Au NPs adherent to the phages
have a diameter of 40 nm, the volume of the single NP is 3.35 × 104 nm3 and, being that
the Au density is 19.3 g/cm3, its mass is about 6.37 × 10−16 g= 0.64 fg, i.e., about a factor
ten higher than that of the single phage. Because about 4 Au NPs generally are adherent to
a single phage, it means that the phages mobility is strongly influenced by the Au NPs that
anchor them in the biological substrate and burden the viruses in their diffusion within a
biological solution.

At the same time, the Au NPs are aggregated by the phages, reduce their mobility in
the solution and can be anchored by the phage filamentation. These aspects find important
applications in the field of radiotherapy, hyperthermia and imaging contrast. The high
atomic number Z of Au, of 79, is about 5 times higher than that of oxygen and carbon, the
main components of biological structures. This higher atomic number determines a high
photoelectric cross section µph when struck by ionizing radiations since it depends on the
following relationship:

σph ∝
Z4

hν3 (2)

where hν is the photon energy. Consequently, the mass absorption coefficient µph of the
medium can be significantly enhanced by the presence of the heavy Au NPs because

µph = σph
ρ

A
NA ∝

(
Z
hν

)3
(3)

where ρ is the medium density, A the atomic number, and NA the Avogadro number.
Thus, the ionization processes employing Au NPs can be enhanced by a factor of

up to 600 times higher than for the carbon and oxygen biological elements. The use of
Au NPs, also at concentrations lower than 1% in atomic composition, may increase the
absorbance of photons inducing the photoelectric effect mainly in the energy range of
about 5–500 keV. The Au NPs embedded in different materials, such as in biological fluids,
cells and tissues, permit to absorb high photon energy and to modify the properties of the
irradiated medium also at relatively low absorbed doses.

Radiotherapy, both using classical X-rays and electron beams and innovative proton
and carbon ion beams, represents one important case which reaches the goal to destroy the
tumoral cells employing Au NPs transported inside the cells by phages and by diffusive
processes. The internalized nanoparticles near the cell nucleus under ionizing irradiation
produce high electron emission damaging the DNA of the cell, destroying the cell at
absorbed doses lower than the case without Au NPs [26].

To use Au NPs bonded to phages and anchored inside the cell is also advantageous for
hyperthermia treatments because the heavy conductive Au element permits to enhance the
conduction of heat through the biological fluids. The rate of heat transfer dQ/dt through a
material is proportional to the negative gradient in the temperature dT/dx and to the area
A through which the heat flows, according to the following heat transport equation:

dQ
dt

= −kA
dT
dx

(4)

where k is the thermal conductivity of the medium. Thus, although at a low concentration,
the insertion of Au NPs having a k conductivity of about a factor 500 times higher than
that of water produces a higher heat transfer to the tissues and cells, permitting to damage
the tumoral cells containing Au-NPs during hyperthermia cycles for temperatures of about
38–40 ◦C maintained for times of the order of one hour [27].

Finally, Au NPs can be useful for the image identification of M13 phages and of other
biological nanostructures because the heavy element permits to be easily identified by
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different fluorescence characteristic lines, which can be detected by high energy resolution
detectors. Thus, near nano structures, such as the phages, or macroscopic structures,
such as the organs of animals, can be detected thanks to the fluorescence response of Au
nanoparticles, for example detecting the L and M characteristic lines of X-ray maps and to
the SPR absorption bands in the visible region of optical absorbance spectra [28,29].

Further information about the M13 phage structure and their interaction with the
Au NPs can be evinced by Raman spectroscopy. Such spectra show some characteristic
peaks in the (600–1600) cm−1 region due to the presence of proteins, alanine, C–C, C–N,
C–O, CH2 and CH3 chemical bonds. These peaks depend on the presence of the Au NPs,
indicating that proteins and other molecules can be altered by their presence, as reported in
the literature [12]. As an example, Figure 5a shows the X-ray image of the Au L fluorescence
lines detected in the TEM image of Au NPs adherent to a phage filamentation (yellow
dots), while Figure 5b shows a typical Raman spectrum in the (600–1800) cm−1 region of
the phage with the Au NP solution.
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With respect to our previous measurements, some of which are published else-
where [12], the advancements reported in this paper concern the use of solutions containing
a different concentration of surfactant to reduce Au NPs coalescence, the different prepara-
tive of the SEM and TEM samples to better observe Au NPs adhesion to the M13 phages,
the evaluation of the average number of nanoparticles adherent to the phages per unit of
length and of the average size and shape of the produced NPs. Such investigation confirms
the previous data analysis, i.e., that the Au NPs are bonded to the phages head and tail
and to their lateral surface, and that the NPs are spherical and generally of an average size
of about 20 nm. Such size and the spherical shape may confer high penetrability of the cell
membrane; however, further investigation should be performed to assert that this size is
the best.

The uptake effect seems high and limited to a maximum of about 12 particles/phage,
a very low number with respect to that of nanoparticles immersed in the solution which is
orders of magnitude higher. The performed measurements are only preliminary and up to
now, do not allow to establish the level of stability of the Au NPs–phage adhesion. It prob-
ably depends on a combination of different factors, such as the time, the temperature, the
PH of the biological liquids and by other effects which were not investigated in this paper.



Appl. Sci. 2021, 11, 11391 10 of 11

5. Conclusions

In this work, the bonding effect of Au NPs to M13 phages was studied. Microscopy
investigation has shown that each phage is capable to transport clusters of Au nanoparticles,
generally attached to the filament terminations. The different number of Au NPs attached
to the phages measured by SEM and TEM can be due to the different method of sample
preparation for the two microscopies. The dimension of the Au NPs and of phages was
measured by AFM and TEM images, which have also allowed to estimate the number of
Au NPs bonded to the phages.

M13 phages, engineered to expose peptides able to specifically recognize tumor cells,
can diffuse into the human body through the blood flux, moving from the extracellular to
the intracellular membrane [30].

The phages, encountering Au NPs locally injected with a biological solution, can come
in contact with them, and/or force some NPs to block where they are, or convey them
through the flow into the cell and bring them close to the cell nucleus. In this way, it is
possible employ the Au NPs transported by phages to localize them in tumoral cells. It is
important take into account that the nanoparticles can be functionalized in order to adhere
to the phages and with them, in fluids, reach the target (tumoral cells) in order to preserve
the healthy cells. This can be possible by employing biocompatible and heavy elements,
such as Au, which allow to increase the cell’s effective atomic number and its electron
density. The higher effective atomic number allows to deposit higher energy doses during
radiotherapy both using traditional radiotherapy (X-rays and electrons) and innovative
proton radiotherapy. In fact, both the absorption mass coefficient for X-rays and the ion
and electron energy loss increase in targets with a high atomic number, depositing high
energy and doses. Moreover, the use of the Au NPs at low concentration, below 1% in
weight, allows to enhance the heat transport in cells during hyperthermia applications and
to obtain a high contrast imaging of biological samples thanks to the fluorescence emission
of the Au atoms and to the optical SPR effects [31]. Thus, if the hyperthermia process is
obtained using lamps or lasers whose emitted radiation is transported to the tissue through
light fibers, for example, it will be possible to enhance the temperature by the Au NPs
absorbance band with a maximum value at the lamp or laser wavelength, obtaining good
and local treatment of heat.
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