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a  b  s  t  r  a  c  t

Pulsed  laser  ablation  of iron  rod target  in  water-based  solutions  were  carried  out,  varying  the  ablation
parameters.  The  structural,  morphological  and  compositional  characteristics  of the  nanoparticles  were
studied by  micro-Raman,  dynamic  light  scattering  (DLS),  X-ray  photoelectron  (XPS)  spectroscopies  and
electron  scanning  microscopy  (SEM/STEM).  Slight  changes  in the  ablation  parameters  result  in significant
variations  in the nanoparticles  morphology.  As observed  by STEM  imaging,  particles  size  and  distribution
was  tuned  from  agglomerated  to  nearly  spherical  structures,  mainly  changing  the  medium  (water  or
taphylococcus aureus
VA water solution
icosecond laser source
TEM
TT  assay

polyvinyl  alcohol  PVA water  solution).  On  the  other  hand,  the  polymeric  phase  increases  the  iron  oxide
nanoparticles  stability,  biocompatibility  and  interactive  functions  on  the  surface.  Antimicrobial  activity
of  iron  oxide  nanoparticles  on  Staphylococcus  aureus  was  studied  by means  of  MTT  assay.  The  results
indicate  that  the  iron  oxide  nanoparticles  are interesting  for potential  applications  as vector  for  drug
delivery  and  as constituent  of 
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specific  platforms  for  drug  targeting.
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1. Introduction

In the rapidly emerging field of nanopiotechnology, metal
nanoparticles (MNPs) are extensively used in drug delivery [1],
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http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfa.2015.11.034&domain=pdf
mailto:enfazio@unime.it
dx.doi.org/10.1016/j.colsurfa.2015.11.034


E. Fazio et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 490 (2016) 98–103 99

F r, var
o  2 min

b
f
a
s
h
i
m
c
b
m
n
a
b
p
h
i
d
n
(
i
d
A
t
i
c
t
a
t
m
I
i
R
p
c
o
a
s

n
n
f
l
w
t

ig. 1. (a) Optical absorption spectra of the iron oxide nanocolloids prepared in wate
f  the sample prepared in water, at the laser power of 0.5 W,  for an ablation time of

iosensors [2], bio-imaging [3], antimicrobial activities [4] and
ood reservation [5], by exploiting their unique physical chemical
nd biological properties. Their nanoscale size, three-dimensional
tructure, large surface area and negligible side effects make them
ighly effective for biomedical applications such as molecular

maging [3] and cancer therapy [6]. Nontoxic superparamagnetic
agnetic nanoparticles with functionalized surface coatings can

onjugate chemotherapeutic drugs or active molecules which can
e released on a specific target manipulating the MPs  by an external
agnetic field. The effect of size and surface coating of mag-

etic nanoparticles are very important for their role as diagnostic
nd therapeutic agents [7]. Iron oxide has been widely used in
iomedical research because of its biocompatibility and magnetic
roperties. Iron oxide nanoparticles, with sizes less than 100 nm,
ave been developed as contrast agents for magnetic resonance

maging [8] as hyperthermia agents [9] and as carriers for targeted
rug delivery to treat several types of cancer [10], by using an exter-
al magnetic field to direct FeO nanoparticles to desirable sites
such as implant infection) for immediate treatment. Several stud-
es report that iron nanoparticles exhibit antibacterial activity in
ependence of their size, concentration and oxidation state [11].
ntimicrobial activity of the nanoparticles is known to be a func-

ion of the surface area in contact with the microorganisms. The
ons released by the nanoparticles may  attach to the negatively
harged bacterial cell wall and rupture it, thereby leading to pro-
ein denaturation and cell death [12]. Xiu et al. [13] found that the
naerobic dechlorinating bacteria Dehalococcoides sp. was sensitive
o nanoscale zero valent iron exposure when they studied the biore-

ediation of trichloroethylene, using a mixture of bacterial species.
ncreasing the Fe nanoparticles concentration substantially inhib-
ted the growth of Escherichia coli and Staphilococcus aureus [14].
ecent attention has been turned to the development of synthetic
rocedures that are environmentally friendly in order to minimize
hemical waste as well as potential safety issues associated. On the
ther hand, the attention is focused to fully understand the inter-
ction mechanisms between iron oxide nanoparticles and living
ystems.

The present study is focused on the synthesis of iron oxide
anocolloids by means of a picoseconds pulsed laser ablation tech-
ique. This latter is a fast and clean technique which allowed the

ormation of chemically and morphologically stable Fe2O3 nanocol-
oids with a narrow size distribution. Our technological challenge
as been to optimize the ablation process parameters that make
he Fe2O3 nanostructures stable, both at rest and under high
ying the laser power; (b) Raman spectrum and (c) Ag 3d XPS photoemission spectra
.

light/magnetic flux, with a narrow size distribution and to assess
their antibacterial activity.

2. Material and methods

Pulsed laser ablation of high purity (99.9%) iron rod target in
pure water (H2O) and in PVA water solution has been carried out
using the second harmonic (532 nm)  of a laser operating at 100 kHz
repetition rate with a pulse width of 6–8 ps. The target was  irradi-
ated for typical laser power of 0.1 0.5 and 1.5 W and an irradiation
time of 16 min  in water. The ablation processes in the PVA water
solution were carried out also with steps of 1 min  for a total time
of ablation of 16 min, by spending 10 min  between an ablative
process and the other one. The PVA water solution has so been
obtained: 7.5 gr of PVA (PM = 86,000) are dissolved in 30 mL  of dis-
tilled water. The dispersion was heated up to the temperature of
90 ◦C and, subsequently, left to reflux under magnetic agitation for
2 h; then, cooled down to room temperature. The dispersion was
further diluted in water to obtain a 7.5% P/V final solution. The iron
oxide content was estimated to be about 0.2% P/V.

The micro-Raman responses of the materials were investigated
after the deposition of some drop of the water colloids on a CaF2
substrates. Raman spectra were excited by the 638 nm radiation of
a 30 mW diode laser, for an integration time of 80 s. The backscat-
tered radiation, collected by an Olympus BX 40 microscope optics
using a 50X objective lens, was  analyzed by an XploRA 1800 cm−1

monochromator equipped with a Peltier CCD sensor. The optical
transmission of the iron oxide colloids was  analyzed by means of a
PerkinElmer Lambda 750 UV–vis spectrometer in the 190–1100 nm
range, using quartz cells. The size of the nanoparticles was deter-
mined by dynamic light scattering (DLS) measurements using a
Horiba NanoParticle Analyzer SZ-100 (range: 0.3 nm–8 �m). Using
the same Horiba NanoParticle Analyzer SZ-100, the Zeta potential
was quantified with a laser Doppler method, based on the principle
of electrophoretic mobility under an electric field. A fraction of the
same colloids was  deposited on carbon substrates to carry out Scan-
ning Electron Microscopy (SEM) characterization. SEM images were
taken by a scanning electron microscope (Merlin; model ZEISS-
Gemini 2) operating at an accelerating voltage of 30 kV and at a
working distance of 4 mm  when the measure was carried out in
transmission mode (STEM) and at an accelerating voltage of 3 kV

for the collection of the SEM images. X-ray photoelectron spec-
troscopy (XPS) spectra were acquired using a K-Alpha system of
Thermo Scientific, equipped with a monochromatic Al-K� source
(1486.6 eV) and operating in constant analyzer energy (CAE) mode
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Fig. 2. SEM image of the sample prepared in water at the laser power of 0.5 W

ith a pass energy of 20 eV for high resolution spectra and a spot
ize of 400 mm.

Nanoparticles antimicrobial activity was tested against S.
ureus ATCC 29213 (S. aureus), from the American Type Culture
ollection (ATCC). Stock organisms were maintained in Trypti-
ase Soy Broth (TSB) containing 20% (v/v) glycerol at −80 ◦C.
TT  [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
ide, Sigma M-5655] was purchased from Sigma–Aldrich (St. Louis,
O). MTT  was dissolved in distilled water to a concentration of

.0 g/L and stored in 1.5-mL centrifuge tubes at −20 ◦C. A single
olony of S. aureus was inoculated into 10 mL  of Muller Hinton Broth
MHB, 70192 Fluka). Bacteria were incubated at 37 ◦C in an orbital
haker–incubator (350 rpm, ARGOLab SXO-D-XL) for another about
4 h. Then, the bacteria solution was diluted in MHB  and incubated
t 37 ◦C under agitation at 350 rpm. The pH was not adjusted dur-
ng the course of cultivation. S. aureus cell growth was  monitored
y measuring the optical density of the broth at 600 nm (OD600).
fter three hours, bacterial culture shows an optical density (OD)
f 0.9 at 600 nm.  According to the standard curve correlating bac-
eria number with optical density, this value was equivalent to

 × 106 cells/mL. Iron oxide nanoparticles, both in water or PVA
queous solutions, were added to bacteria cultures. A culture of
acteria without nanoparticles served as control. MTT reduction
ssay was carried out according to the procedure described by

ang et al. [15]. To initiate the reduction reaction, 20 �L of 5 g/L
TT  stock solution was added to 200 �L of each sample (diluited

o OD600 0.01–0.18 in MHB) and the mixtures were incubated at
7 ◦C with the tube cap open for 20 min. The formazan crystals
roduced were collected by centrifugation of the 1.5-mL centrifuge
ubes at 10,000 × g for 1 min  (Eppendorf Centrifuge 5418) and the

edium was pipetted off without shaking. The supernatant was
iscarded and the pellets resuspended in 2500 �L of DMSO (DMSO,
udiPont 11836-11) and the tubes were vortexed. The formazan
rystals were dissolved at room temperature. The ODs were mea-
ured using DMSO as the blank. In this case, the absorbance values
t 550 nm (A550) was collected for monitoring formazan produc-
ion. The MTT  reduction activities of S. aureus cells were presented
s MTT  reduction unit (MRU) per OD600 and per milliliter culture.
ne MTT  reduction unit (MRU) is defined as an A550 value of 1.0
roduced by the dissolved formazan crystals from the cells in the

edium at 37 ◦C in 20 min. All experiments were conducted in

riplicate and repeated three times.
nd the iron oxide particles diameters distribution estimated by DLS data (b).

3. Results and discussion

3.1. Structural and morphological analyses

Being known that the nature of antibacterical response depends
on the structural and morphological properties of the iron oxide
nanoparticles, it is of paramount importance to determine the
appropriate ablation parameters to obtain nanoparticles with
tailored size distributions and concentration. Hence, first we inves-
tigated the effects of the solvent level above the target and the
optical system positions on the ablated spot which, in turn, deter-
mines the operative fluence. Now, to discerne the appropriate
conditions (in terms of the optical system position and water level)
to obtain the higher nanoparticles productivity, we carried out the
ablation processes at the fixed laser power of 0.1 W and for an
ablation time of 2 min, varying the water thickness and the dis-
tance between the target and the optical system. The iron oxide
nanoparticles concentration were indirectly estimated carrying out
optical absorption measurements in the UV–vis spectral region (not
shown) and also collecting, by means of a magnet, the particles on
the wall of the vial containing the colloidal solution. Then, the iron
oxide solid phase is weighed. It emerges that the higher iron oxide
particles concentration was obtained when the level above the tar-
get is 5 mm and the target-optical system distance is 40 mm.  Then,
we carried out an ablation process for a time of 5 min. The obtained
colloidal solution falls only after a few minutes. Hence, the opti-
mal  ablation time is of 2 min. Therefore, keeping fixed the ablation
parameters for which we found the highest productivity of parti-
cles, we carried out the ablation processes varying the laser power
between 0.1 and 1.5 W (Fig. 1).

The optical characteristic of the colloids vs the laser power are
shown in Fig. 2. The optical absorption spectra in the 190–1000 nm
are not generally representative of the iron oxide nanoparticles
occurred formation, since there is not a well defined absorbance
band in this spectral region. However, the optical absorbance spec-
trum is characterized by an absorption threshold for wavelength
lower than 400 nm, typical of different iron oxide phase (hematite
�-Fe2O3, maghemite �-Fe2O3 or Fe3O4) as well as of the Fe3 C
bonds [16].

On the overall, the optical absorption spectra give indirectly

semi-quantitative informations of the nanoparticles concentra-
tions, fixed the ablation time, varying the laser power. The higher
nanoparticles concentration is obtained at the higher laser power
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Fig. 3. (a) Raman spectrum of the iron oxide nanoparticles prepared in water in comparison to PVA Raman spectrum; (b) STEM images of the samples prepared in the PVA
water  solution.
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Fig. 4. SEM images of the samples prepared, at the lase

1.5 W).  However, the nanocolloids prepared at this laser power
tart to precipitate after few hours from the ablation, while the
olutions prepared at the lower laser power remain stable for some
ays. Hence, the optimal ablation time and laser power are 2 min
nd 0.5 W,  respectively.

The structure of the iron oxide particles was defined carrying out
aman and X-ray photoelectron (XPS) measures. In Fig. 2a is shown
he Raman spectrum of the sample prepared in water. It is charac-
erized by some contributions centred at about 226.8, 292.5, 400,
86.5 and 600 cm−1, ascribed to the Fe O vibrational stretching
odes in the hematite phase (�-Fe2O3). Really, the Raman features

entred at 226.5 cm−1 is the convolution of the A1g and Eg(1) modes
t 226 and 245 cm−1. Analogously, the band centred at 292.5 cm−1

s due to the Eg(2) and Eg(3) vibrational modes, generally located
t 293 and 298 cm−1. Moreover, the Raman contributions, located
t the higher wavenumber, refer to the Eg(4), A1g(2) and Eg(5) vibra-
ional modes, expected at 410, 500 and 610 cm−1, respectively [16].
he XPS analysis show the presence in the sample of C (39%), O
43%), Fe (16%), Na (1%) and Cl (1%). Information about the bond-
ng fractions are obtained by the high resolution XPS profiles of the

ecorded atomic species. In Fig. 2b is shown the Fe 2p lineshape.
his profile is characterized by two main contributions, ascribed to
he Fe 2p3/2 and Fe 2p1/2 spin-orbit components, centred at 710.7
er of 0.5 W,  in water (a) and in PVA water solution (b).

and 724.2 eV, respectively [17]. Moreover, it is evident the satellite
peak at about 719 eV. According to these evidences, the hematite
�-Fe2O3 and maghemite �-Fe2O3 phases coexist in our sample.
This is not in contradiction with the Raman data, whereas XPS is a
technique that probes the surface layers, generally more oxidized.

Information about the particles dimensions and their distribu-
tion are obtained from the analysis of the SEM images and also by
the DLS data. In Fig. 2a is shown a SEM image of the sample prepared
in water at the laser power of 0.5 W while in Fig. 2b are reported
the Fe2O3 particles dimensional distribution, estimated by the DLS
data. SEM image shows spherical nanoparticles with dimensions
ranging between 20 and 100 nm.  These results are in good agree-
ment with DLS evidences. Upon increasing the laser power from
0.1 W up to 1.3 W,  a bimodal dimensional distribution is observed.
The dimensions of the nanoparticles increase from 40 nm up to
1 �m,  at the maximum laser power used. As well known from liter-
ature data [18], the dimension of the materials can be “controlled”
by acting on the ablation parameters (ablation time, laser fluence
etc. . .)  but also with an appropriate choice of the solvent in which
the ablation process occurred, known that the nanoparticles for-

mation is strongly related to the nucleation time which, in turn,
changes according to the medium in which the plasma expansion
happens. Furthermore, it is known that, by increasing the plasma
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ig. 5. (a) Optical density at 600 nm (OD600) of Staphylococcus aureus in MHB me
taphylococcus aureus in MHB medium supplemented with Fe2O3 in H2O and in PV

onfinement, decreases the nucleation time. Therefore, to inves-
igate the possibility to further control the Fe2O3 nanoparticles
istribution and dimensionality were carried out, under the same
ynthesis conditions used in water, some ablations of Fe target in
n aqueous solution of polivininyl alcohol (PVA).

In Fig. 3 is shown the Raman spectrum of the sample prepared
n PVA (for comparison the Raman spectrum of PVA is reported).
he Raman spectrum of the sample shows the characteristic fea-
ures of the hematite in the 200–300 cm−1 region, whose intensity
s lower with respect to ones reported for the water ablated sam-
le, and some of the PVA Raman contributions. On the overall,
aman results indicate that the hematite Fe2O3 phase character-

ze the samples, also in presence of a polymer environment. In
his contest, to investigate about the confinement effect induced by
he polymeric matrix which, in turn, determines the nanoparticles
imension and distribution, STEM characterizations were carried
ut. The Fe2O3 sample prepared in PVA shows spherical nanopar-
icles with size ranging between 5 and 10 nm (see Fig. 3b).

A further evidence of the effect of PVA on the nanoparticles size
s given comparing SEM images of the samples prepared in water
nd in PVA water solution (see Fig. 4). An higher and uniform dis-
ribution of the Fe2O3 nanoparticles, whose size ranges between

 and 10 nm,  occurs in the polymer matrix with respect to what
bserved for the colloids prepared in water (sizes between 20 nm
nd 100 nm). As a general trend, we observe that, for the same abla-
ion parameters (laser power and ablation time), the presence of
VA can significantly change the nanoparticles size and their dis-
ribution. Above all, it avoid nanoparticles aggregation process and
ts interface with a surrounding oxide shell. Finally, Zeta poten-
ial value, which measures the electrostatic potential that exists on
he nanoparticles surface, reveals information regarding the surface
harge and stability of the nanosystem. Both Fe2O3 nanoparticles
repared in water and in PVA show a negative charge. However,
he Zeta potential values are very different: −30 mV  (in water)
nd −8 mV  (in PVA). The value estimated in PVA indicates a rel-
tive stability of the colloidal solution, ruling out the possibility of
ggregation processes.

.2. MTT  reduction assay for anti-bacterial activity

Several studies report that iron nanoparticles exhibit antibac-
erial activity in dependence of their size, concentration and
xidation state [19], while the same does not occur in eukaryotic
ells. The antibacterial activity of Fe2O3 nanoparticles prepared by

ulsed laser ablation in water and in PVA aqueous solutions was
ssessed by a cell metabolic activity assay, using bacterial func-
ional activities as an indicator of cell viability. According to the
rocedure described by Wang et al. [15], MTT  reduction activity of
 supplemented with Fe2O3 in H2O and in PVA; (b) MTT  reduction unit (MRU) of

S. aureus cultures, indicated by the parameter MRU  (MTT reduction
unit), can be estimated as follows:

MRU  = A550 ×
(

2500�L
200�L

)
×

(
1000�L
200�L

)
×

(
K

OD600

)
(1)

where the terms A550, OD600 and K indicate the optical absorption
values of the cultures, at the wavelength of 550 nm, the opti-
cal density at the wavelength of 600 nm (per milliliter) and the
dilution rate of the S. aureus samples, respectively. The formazan
dissolution, related to the cellular metabolic activities, was tracked
collecting the absorbance values at 500 nm (A550) of formazan crys-
tals formed within the 20 min  of the reaction. Moreover, 200 �L is
the volume of the S. aureus cell dilution, and 220 �L is the total vol-
ume  of the mixture of 200 �L of cell and 20 �L of MTT stock. The
presence of Fe2O3 nanoparticles (in absence of S. aureus culture) do
not interfere with the MTT  assay, as indicated by the optical absorp-
tion value acquired on the Fe2O3 nanoparticles incubated only with
the medium (data not shown).

In Fig. 5a are shown the optical density values at 600 nm (OD600)
of Staphylococcus aureus in MHB  medium, supplemented with
Fe2O3 in H2O and in PVA. No differences during the growth phase
between Fe2O3 in water, Fe2O3 in PVA and in control sample is
observed by the optical density value of the cultures. However, the
respiratory activity of the cultures treated with iron nanoparticles
in water and PVA is different, as observed by the absolute values
of S. aureus MTT  reduction unit (MRU) in MHB  medium supple-
mented with Fe2O3 nanocolloids. MRU  values as a function of time
are shown in Fig. 5b. After 9 h of incubation, MRU  values are sig-
nificantly lower in the solution with Fe2O3 in water respect to the
control sample. On the other hand, PVA–Fe2O3 solution has a min-
imum effect on S. aureus growth. Thus, the presence of PVA does
not induce an additional toxic effect of bacteria growth in com-
parison to what reported in literature [20]. After 24 h, MRU  values
are not statistically different in all tested samples, indicating that
the antibacterial activity of the water-Fe2O3 nanocolloids is par-
tial. Furthermore, we outline that, for the water prepared sample,
no significant MRU  values differences occur between 9 h and 24 h
while, in the control and PVA prepared samples, a decrement of the
MRU  values is evident at around 24 h (see Fig. 5b). This behaviour
is explained taking into account the bacterial culture is in a station-
ary growth phase in which the respiratory activities are reduced. On
the overall, iron oxide nanoparticles prepared by pulsed laser abla-
tion in water show a partial bactericidal effect on Staphylococcus
aureus. Conversely, a minimum effect is observed for the bacte-
rial growth in the PVA–Fe2O3 nanocolloids. This behaviour could
be due to the Fe2O3 nanoparticles surface properties given by the

polymeric matrix around the single distributed iron oxide particles,
in good agreement with Zeta potential data. However, the results
reported in this work do not allow any more detailed explanation
of these observations.Therefore, they can be regarded as prelimi-
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ary results for a successive more systematic and comprehensive
tudy of the PVA influence on the iron oxide surface properties.
evertheless, being the PVA–Fe2O3 nanoparticles not toxic, they

an be integrated in drug carrier multiblock-polymeric nanocom-
osites [21,22] and, in turn, they could be potentially employed to

mprove drug therapies.

. Conclusion

Iron oxide nanoparticles were prepared in water and in a
VA water solutions. The synthesis, by means of a high-power
icosecond laser ablation, allowed the preparation of iron oxide
anocolloids chemically and morphologically stable with a nar-
ow size distribution, mainly in the polymeric matrix. Great efforts,
o our best knowledge for the first time, have been done to cor-
elate the samples properties which, in turn, are tailored by an
ppropriate choose of the ablation conditions in terms of laser
ower, ablation time and solvent, to the antibacterial activity. On
he overall, it emerges that the laser ablation represents a fast and
lean technique to obtain, in a one step and in a relatively short
ime (few minutes), hybrid polymer–Fe2O3 nanostructures with

 well defined composition and morphology. Unlike the chemical
pproach, no post-preparation purification procedure is necessary
dopting the pulsed laser ablation technique. Furthermore, the
ossibility to tailor the antibacterical activities of the iron oxide
anoparticles make them interesting materials for potential appli-
ations as efficient vectors for drug delivery and/or as constituent
f specific platforms for drug targeting.
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