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A B S T R A C T

The dramatic increase of antibiotic-resistant bacteria is considered one of the greatest threats to human health at
global scale. The antibacterial activity of noble metal nanoparticles, could be the solution against bacterial
infectious diseases which currently do not respond to conventional treatments.

In this work, copper nanoparticles were produced by laser ablation using two different lasers. A nanosecond
laser operating at 532 nm and a picosecond laser at 1064 nm were used to ablate a copper target submerged in
water and methyl alcohol. The obtained colloidal solutions consisted of copper oxide nanoparticles in suspension
with diameters ranging from few nanometers to 45 nm. The nanoparticles formation process is highly influenced
by laser parameters, but the solvent plays a crucial role on their characteristics. Cu oxide nanoparticles obtained
in water present chain-like nanostructure, while those obtained in methyl alcohol are spherical with lower
presence of oxide. All the obtained nanoparticles are crystalline and noticeably stable.

Microbiology tests confirm their strong activity against Aggregatibacter actinomycetemcomitans.
Cytocompatibility with human periodontal ligament stem cells is also confirmed. The biological assays evidence
that ions release is not the main parameter responsible for the bactericidal activity of copper nanoparticles.
Other factors such as oxidation state, size and crystallographic structure, have a greater influence on the process.

1. Introduction

Nowadays, more and more infections caused by resistant micro-
organism, fail to conventional treatments. According to the Centre for
Disease Control and Prevention (CDC), antibiotic resistant bacteria
cause at least 2 million infections per year with 23,000 deaths in the
U.S. and 25,000 deaths in Europe [1]. The excess and improper use of
antibiotics, has made the treatment of infections more difficult and
expensive; some voices in the health system claim we are facing a new
global health crisis [2,3]. In this sense, Gram-negative bacteria are a
huge threat, because of the rapid evolution of their resistance me-
chanisms what results in insusceptibility to nearly all available anti-
biotics [4].

In dentistry, some of the more extended diseases caused by bacterial
infections are periodontitis and periimplantitis. In both cases, the in-
flammation and destruction of soft and hard tissues surrounding teeth

or dental implants, ultimately leads to loss of teeth or dental implant
failure as the most common consequences [5]. Although many risk
factors are related to the origin of periimplantitis [6], pathogenic mi-
croflora are the main cause of this periodontal disease [5]. Ag-
gregatibacter actinomycetemcomitans is a Gram-negative bacteria and
commonly part of the normal flora of human mouths, especially in
gingival and supragingival crevices [7].

In light of this situation, it is necessary to explore new alternatives
in the treatment of diseases caused by infections such as periimplantitis.
Nobel metal nanoparticles have become an attractive alternative source
to fight against such resistant microorganisms. The antibacterial ac-
tivity of noble metal nanoparticles have been extensively studied be-
cause of their high surface to volume ratio, that increases reactivity
allowing to kill the pathogens efficiently [8]. Particularly, copper na-
noparticles are of special interest because they are potentially effective
against different bacterial pathogens [8,9], and are very attractive in
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terms of cost when compared for example with Ag nanoparticles [10].
Although a great number of studies in the recent years have tried to

explain the mechanisms of the bactericidal process, this still represents
a gap in our knowledge. Previous researches have addressed that not
only the size is behind this remarkable antibacterial activity, also shape
and crystallographic structure of the nanoparticles [11], which depend
on the fabrication method. In this sense, Laser ablation of solids in li-
quids (LASL) is a key technique to obtain pure nanoparticles with no
need of chemical precursors which can contaminate the obtained ma-
terial, resulting in a potential harmful agent not only for the target
bacteria but also for the healthy tissues.

In previous works, other noble metal nanoparticles such as Ag NPs
were obtained by means of laser ablation in open air [12] and water
[13,14] and their bactericidal effects were demonstrated. Copper and
copper oxide nanoparticles were already synthesized by laser ablation
in different solvents such as distilled de-ionized water [15], acetone
[16] or organic solutions such as phenanthroline [17]. These works
show that the characteristic features of the obtained nanoparticles can
be controlled by varying the laser parameters and the liquid properties.
Although all of them demonstrate the bactericidal properties of copper
nanoparticles, none of them establishes the relationship between bac-
tericidal activity and physicochemical properties, neither their bio-
compatibility.

In the present work, the bactericidal properties of the Cu nano-
particles are evaluated against A. actinomycetemcomitans (a Gram ne-
gative bacteria) one of the main pathogens responsible for inducing
localized aggressive periodontitis [18], peri-implantitis [5] and various
non-oral infections [7]. In order to assess their biocompatibility, the
cytotoxic effects were evaluated using human periodontal ligament
stem cells. The mechanism responsible for the bacterial growth in-
hibition is also studied and discussed. The present study provides some
insights as to the influence of nanoparticle size, morphology, oxidation
state, crystallographic structure, stability and ion release on the bio-
cidal process.

2. Materials and methods

2.1. Laser ablation

Copper foils with 99.99% of purity (Thermo Fisher Scientific), were
used as laser ablation targets. In order to analyze the influence of the
laser parameters and the liquid medium used in the process, the targets
were submerged in two different solvents and ablated by two different
diode-pumped Nd:YVO4 laser sources.

Sample nomenclature with the corresponding assay conditions are
listed in Table 1.

The first laser source was a nanosecond laser providing pulses at
wavelength of 532 nm (Green – Nanosecond), with 0.26 mJ of pulse

energy and 14 ns of pulse duration. The second laser source was a pi-
cosecond laser emitting radiation at 1064 nm (IR – Picosecond), with
0.03 mJ of pulse energy and 800 ps of pulse duration. The laser beam
spot diameter on the target surface was estimated to be 132 µm giving a
fluence of 1.90 J/cm2 in case of Green – Nanosecond laser and 196 µm
giving a fluence of 0.09 J/cm2 for IR – Picosecond laser.

Processing parameters used with both lasers are listed in Table 2.
In the laser ablation process, pure deionized water and methyl al-

cohol were used as solvents. In order to assure the minimum energy loss
as well as the complete cavitation bubble formation inside the solvent,
the liquid layer thickness over the target was 2 mm in both cases. The
experimental setup is shown in Fig. 1.

NPs were produced at room temperature and atmospheric pressure
by using a rectangular scanning pattern of about 2.5 × 6 mm2 with
90% overlapping. The ablated mass was determined by weighing the
targets before and after the ablation process (Δm ± 0.001 g). In all
experiments, the laser beam was focused on the upper surface of the
target and was kept in relative movement with respect to the metallic
plate at 50 mm/s of scanning speed.

2.2. Physicochemical characterization

2.2.1. Obtained nanoparticles
After each experimental assay, drops of the obtained solutions were

deposited and allowed to dry on carbon-coated copper micro-grids and
on Si substrates for examination of particle morphology and micro-
structure. Transmission electron microscopy (TEM), selected area
electron diffraction (SAED) and high-resolution transmission electron
microscopy (HRTEM) images were acquired with a JEOL JEM 2010F
high-resolution transmission electron microscope equipped with a slow
digital camera scan, using 200 kV accelerating voltage. Identification of
phases was achieved by comparing the measured distances from SAED
with the diffraction patterns from ICDD (JCPDS) database.
Additionally, Field Emission Scanning Electron Microscopy (FESEM)
images were taken with a JEOL JSM 6700F microscope. Nanoparticle
size distribution derived from a histogram was obtained by measuring
the diameter of about 400 particles from TEM images.

The UV-VIS absorption spectrum of the copper nanoparticles (Cu-
NPs) in colloidal suspension was measured in the range from 190 to
800 nm in a Hewlett Packard HP 8452 spectrophotometer with 3.5 ml
volume and 10 mm pathlength, by using a quartz cuvette previously
washed.

The stability of each sample was studied by means of Z-Potential
measurements obtained with a Zetasizer Nano ZS ZEN3600 (Malvern
Instruments). The cuvette used in the measuring process was a
DTS1060 capillary cell. Before each ZP measurement, the cell was
cleaned with deionized water. Thereafter, the cell was filled with each
sample completely and slowly, to avoid the formation of air bubbles.
After measuring, the quantity of sample employed was rejected in order
to prevent the sample degradation caused by the electrophoresis.

2.2.2. Immobilized nanoparticles
To conduct the biological assays, the obtained Cu-NPs (according to

Table 1) were immobilized on plates of commercial pure titanium grade
4, (10 × 10 × 1 mm3). To this purpose, the titanium plates were
submerged in the colloidal solutions, covering the whole surface and
allowing to evaporate at room temperature.

Coating and morphology of the particles on the Ti plates, were

Table 1
Samples produced and analyzed.

Sample Laser source Solvent

a Green – Nanosecond Water
b Green – Nanosecond Methyl alcohol
c IR – Picosecond Water
d IR – Picosecond Methyl alcohol

Table 2
Laser parameters.

Laser source Wavelength (nm) Pulse length (ns) Pulse frequency (kHz) Pulse energy (mJ) Scanning speed (mm/s)

Green – nanosecond 532 14 20 0.26 50
IR – picosecond 1064 0.8 200 0.03 50
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characterized by using a Ga ion beam in an FEI Helios NanoLab 600
dual beam microscope. SEM images and energy dispersive spectroscopy
of x-rays (EDS) about the sectioning layer of nanoparticles were ob-
tained after protecting them from FIB (Focused Ion Beam) damage with
an electron beam deposited Pt layer.

To study the influence of copper ions in the bactericidal process,
copper ions release from the immobilized nanoparticles, was tracked.
Since both media used in the bio response assays are different, distilled
de-ionized water was used for that purpose. The titanium plates with
each type of immobilized nanoparticles (3 pieces for each condition)
were submerged in 25 ml of distilled de-ionized water.

In order to verify that the deposited nanoparticles are not detached
from the surface during the assays, UV-VIS spectroscopy was also used.
Absorbance of liquid in which the Ti plates were submerged, was
measured regularly during the first 21 days with the purpose of de-
tecting supernatants.

Afterwards, 3 ml of each sample were laid away regularly during
21 days. To ensure the non-presence of nanoparticles when quantifying
the ion release, in addition to the spectrometry, this volume was also
centrifuged by using an Eppendorf miniSpin centrifuge at 13,400 rpm
for 30 min at room temperature. After centrifuging, only 2 ml from the
upper surface of each sample were taken to analyze the ions content by
inductively coupled plasma optical emission spectrometry (ICP-OES)
with an Optima 4300 DV (Perkin Elmer). After sampling, removed
volume was refilled with fresh water in order to keep a constant vo-
lume.

2.3. Bio response of the immobilized nanoparticles

The biological assays were conducted with the immobilized nano-
particles on titanium plates. Three replicas per condition were used to
conduct each test.

The antibacterial properties of the obtained Cu-NPs were evaluated
with a Gram negative bacterial strain Aggregatibacter actinomycetemco-
mitans, a representative pathogen of periimplantitis.

The strain was grown in BHI broth or agar (Brain Heart Infusion)
and incubated in a 5% CO2 atmosphere at 37 °C for 48 h. From a grown
plate, bacteria were transferred to fresh BHI medium to a density

equivalent to McFarland 0.5 standard. Each sterilized titanium sample
was placed into glass tube with screw cap. Then, 3 ml of the inoculum
were added to each tube, and incubated for 48 h in a 5% CO2 atmo-
sphere at 37 °C. After the incubation period, antibacterial activity was
evaluated by total viable counts on each titanium surface. The titanium
samples were removed from the tubes, washed 3 times with Phosphate
Buffer Saline (PBS) and incubated with a 0.88 wt% NaCl solution and
1% Tween 80 for 10 min to detach the adherent bacteria from the ti-
tanium surfaces. Samples of 100 μL were taken from the bacterial
suspension, diluted and plated in BHI agar. After 48 h of incubation at
37 °C in a 5% CO2 atmosphere, the colonies were counted and the
colony forming units per mL (CFUs) were calculated for each titanium
surface.

Cytotoxic effects of the Cu nanoparticles were evaluated using
human periodontal ligament stem cells (PDLSCs) within the same
concentration used in the evaluation of the antibacterial properties.
PDLSCs were isolated from surgically extracted human third molars
extracted for orthodontic reasons at the Dental Clinical of the
University of Chile following the procedure described elsewhere [19].
The cytocompatibility of the titanium surfaces in human dental pulp
stem cells (hDPSC) was evaluated by reducing the salts of [3-(4,5-di-
methyl-thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium] (MTS) and an electron coupling reagent (phenazine
ethosulfate; PES) (CellTiter Aqueous One Solution cell proliferation
assay kit from Promega). These assays were performed at 1 and 5 days
of incubation of 2 × 104 cells with the titanium samples in Dulbecco’s
Modified Eagle Medium (DMEM) in a humidified 5% CO2 atmosphere.

2.4. Statistical analysis

Data collected from the antibacterial assay and the cytocompat-
ibility analysis were statistically analyzed. All quantitative values were
presented as mean ± standard deviation (SD). All experiments were
performed using three replicates. First, antibacterial activity was ana-
lyzed by Dunnett’s test to compare the mean of each group with the
mean of the control group with a level of significance p-value < 0.05.
Afterwards, Tukey’s test was applied to compare the means of all groups
in pairs. In this case, two levels of significance p–value < 0.05 and p-

Fig. 1. Laser ablation experimental set-up.
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value < 0.01 were established. The viability of cells cultured on the
samples was studied by means of one-way analysis of variance
(ANOVA). The difference between group means were accepted as sta-
tistically significant when p-value < 0.05.

3. Results and discussion

Cu-NPs in suspension were produced by laser ablation in two dif-
ferent solvents without using any chemical precursors. Nanoparticle
formation was directly detected because of the change in the solvent
color, from colorless to the final coloring (see Fig. 2). The colloidal
solutions obtained in water (a and c) exhibit greenish color indicating
oxidized Cu. The nanoparticles obtained in methanol show lighter color
due different level of oxidation and particle size.

Despite the different color of the obtained colloidal solutions, all of
them present the same concentration. Since the process parameters
(shown in Table 2) were adjusted to achieve the same concentration of
nanoparticles (30 mg/L) for each sample, this can lead to particles with
different properties.

3.1. Physicochemical characterization of the obtained nanoparticles by
laser ablation

3.1.1. Morphology and size distribution
Several FESEM and TEM images were recorded and used to perform

an analysis of morphology and size distribution. Representative FESEM
and TEM micrographs of each obtained sample can be observed in
Figs. 3 and 4 respectively.

Close inspection of Figs. 3 and 4 reveals that size and morphology of
the particles obtained are deeply influenced by the laser parameters and
the solvent.

In order to provide a deeper analysis, the diameters of more than
400 nanoparticles were measured from several TEM images of each
sample and the resulting size distributions are shown in Fig. 5.

Cu-NPs obtained in methyl alcohol show small size and rounded
shape. When water is used as solvent, the obtained nanoparticles ex-
hibit a chain-like structure with larger mean size than the corre-
sponding ones obtained in the same conditions but using methyl alcohol
as solvent.

According to the effect of laser parameters on the resultant nano-
particles, it is noteworthy to mention that size decreases in both cases
(water and methyl alcohol) if Green – Nanosecond laser is used, com-
paring with the case of using the IR – Picosecond laser.

This difference in size and shape reveals the mechanisms involved in
the nanoparticle formation process. When the laser beam strikes on the

copper plate, the incident radiation is absorbed, heating up the copper
above its melting point. This heating leads to the plasma plume for-
mation which is entirely confined within the liquid layer. In this pro-
cess, the material on the surface of the plate is pulled out and confined
by the surrounding liquid to nucleate and grow by coalescence [20].
Nucleation and growth of particles are governed by the cooling rate and
the reaction between the species from the surrounding medium and the
target. In this sense, although water possess at room temperature a
higher heat transfer coefficient than methyl alcohol [21], results evi-
dence the remarkable effects of the solvent molecules from the de-
composition at high temperatures in the ablation process. While in
water, molecular oxygen reacts with the ejected species from the target,
leading to oxidation and allowing the coalescence; in methyl alcohol,
carbon species (C*) take part covering the surface of the embryonic
particles and stopping the growth of nuclei [20,22].

On one hand, the nanoparticle formation process is influenced by
laser pulses duration. When nanosecond laser pulses impact on the
material, there is a temporal overlap between the pulses and the abla-
tion event. Therefore, in presence of a long laser pulse, the plasma
plume can absorb part of the incoming laser energy, increasing the
plasma temperature and boosting the atomization of the material, as
reported in previous works, which evidences that the ablation process
starts a few tens of picoseconds after the laser irradiation and the
plasma lasts for tens of nanoseconds [23]. This process gives as a result
NPs with small average diameters.

On the other hand, the absorption coefficient of copper is higher for
a 532 nm radiation (green) than for a radiation of 1064 nm of wave-
length (IR) [24]. The aforementioned effect could be potentially in-
creased by the self-absorption process that takes place at 532 nm. Since
Cu-NPs absorb part of the laser energy at 532 nm of wavelength, the
final intensity reaching the surface of the target is reduced [25]. This
process, although reduces the efficiency of laser ablation, resulting in
fragmentation and consequently in smaller nanoparticles. On the con-
trary, the high overlapping of IR laser favors the appearance of the
nanoparticle surface charge and determines the interaction between the
plume species (ions, clusters, free atoms…) and nanoparticles during
the ablation process. The growth process will be determined by the
attractive and repulsive forces between them, being responsible for a
broader size dispersion [16].

3.1.2. Crystallography and composition
All the particles obtained in the present work are crystalline. This

aspect can be observed in the corresponding HRTEM micrographs
(Fig. 6). As shown, when using water as a solvent in the laser ablation
process (samples a and c), the clear crystalline interface continuity

Fig. 2. Photograph of the Cu-NPs suspensions obtained by laser ablation using (a) Green – nanosecond laser in water, (b) Green – nanosecond laser in methyl alcohol,
(c) IR – picosecond laser in water, (d) IR – picosecond laser in methyl alcohol. Images taken the day of production (day 0).
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between particles corroborates the slow cooling during the particles
growth process. On the contrary, samples (b and d) obtained in me-
thanol seem to be a combination of different crystallographic orienta-
tions.

Regarding the nanoparticle composition, the measured interplanar
distances and the corresponding FFT of single particles, confirmed that
the predominant lattice spacing can be indexed to cubic Cu2O in case of
using water as solvent and metallic copper in case of methanol. In ad-
dition, the presence of a carbon layer around the nanoparticles when
methanol is used as solvent is signaled with red arrows.

In order to elucidate the crystalline phases of each sample, SAED
was performed on several groups of particles as shown in Fig. 7. The
measured interplanar distances from Fig. 7 are listed in Table 3. Ac-
cording to the data collected in Table 3, the main reflections of each
sample correspond with diffraction patterns of metallic copper and
different oxidation states of copper from ICDD (JCPDS) database.

Note that, main reflection hkl of Cu-NPs obtained by laser ablation
using Green – nanosecond laser in water (sample a), can be indexed on
the cubic crystal lattice of Cu2O (JCPDS-ICDD ref. 005-0667), corre-
sponding to a combination of cubic Cu2O and monoclinic CuO (JCPDS-

Fig. 3. FESEM micrographs of Cu nanoparticles obtained by laser ablation using (a) Green – nanosecond laser in water, (b) Green – nanosecond laser in methyl
alcohol, (c) IR – picosecond laser in water, (d) IR – picosecond laser in methyl alcohol.

Fig. 4. TEM micrographs of Cu nanoparticles obtained by laser ablation using (a) Green – nanosecond laser in water, (b) Green – nanosecond laser in methyl alcohol,
(c) IR – picosecond laser in water, (d) IR – picosecond laser in methyl alcohol.
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ICDD ref. 041-0254) if IR – picosecond laser is used (sample c).
Otherwise, the indexation of the main reflections of Cu-NPs ob-

tained by laser ablation using the IR – picosecond laser in methyl al-
cohol (sample d), corresponds to metallic copper with cubic unit cell
(JCPDS-ICDD ref. 004-0836) and presence of copper oxide.

Despite the fact that copper oxidation also takes place when Green –
nanosecond laser is used in methyl alcohol (sample b), it is clearly
evident that Cu-NPs present higher oxidation state when water is used
as solvent than when methyl alcohol is utilized. These results corro-
borate that the use of alcohol as solvent in the LASL prevent the total
oxidation of the NPs.

These results are in good agreement with previous ones obtained by
Marzun et al. which evidence that the nanoparticle oxidation during
laser synthesis, is mainly caused by reactive oxygen species from the
decomposition of the liquid medium as a result of the laser interaction
with the solvent [22]. In this sense, while water molecules decompose
into reactive oxygen species, methanol molecules can release carbon
atoms in the plasma. These carbon atoms form a layer around Cu na-
noparticles and act as an oxygen scavenger.

3.1.3. Optical properties
In general, metal nanoparticles have unique features under elec-

tromagnetic radiation [26]. In order to study the optical properties of
the obtained nanoparticles, the absorption of each sample was mea-
sured in the range of 190–800 nm by UV-visible spectroscopy. The UV-
VIS absorbance spectra of the obtained solutions are shown in Fig. 8.

Due to the surface plasmon resonance (SPR) effect, the Cu-NPs ab-
sorption is normally within the range of 500–600 nm, while Cu2O NPs
show absorption in the range of 300–500 nm [27] and CuO NPs be-
tween 250 and 300 nm [28–30]. However, the exact position of the
absorption peak depends on stability and particle size, being around
560 nm if Cu-NPs diameter is ranging between 10 and 40 nm [31].

Note that samples obtained in methyl alcohol (samples b and d),
present similar absorbance profiles. The first absorbance peak, observed
at 250 nm can be ascribed to CuO NPs while the second peak at 380 nm
clearly corresponds to Cu2O NPs [28]. Despite the indexation of the Cu-
NPs obtained in methyl alcohol with the IR – picosecond (sample d)
substantially corresponds to metallic copper, the spectrum shows no

peak at 560 nm.
Regarding the Cu-NPs obtained by using the Green – nanosecond

laser in water (sample a), a maximum absorption peak appears at
230 nm of wavelength. It is worthwhile to mention that most works
previously reported [21–24], show only values from 290 nm to 800 nm
without taking into account the UV region between 190 and 290 nm. In
this sense, when absorbance measurements of Cu2O NPs are made in
this range, a peak near to 210 nm appears [32].

Additionally, Cu-NPs obtained by laser ablation with the IR – pi-
cosecond laser in water (sample c), exhibit two absorption peaks. While
the first peak at 200 nm seems to correspond with Cu2O NPs, the second
one at 300 nm matches with the characteristic absorbance peak of CuO
NPs.

In order to study the stability of the colloids, suspensions were
stored in darkness without stirring during 14 days. Fig. 9.A shows how
the colloidal suspensions look like after the storage time. Note that the
appearance of the samples has changed from day 0 (see Fig. 2). Whereas
Cu-NPs obtained by laser ablation with Green – nanosecond laser in
water are precipitated (sample a), those obtained in water by using IR –
picosecond laser (sample c) have changed the color from dark green to
yellowish brown (Fig. 9B), which at first sight seems to suggest a higher
state of oxidation. Furthermore, colloidal Cu-NPs obtained in methyl
alcohol (samples b and d) seem to form small aggregates staying in
suspension without relevant change in color. These aggregates disin-
tegrate instantly when submerged in ultrasonic bath at room tem-
perature, as evident from the Fig. 9B.

According to the preliminary inspection, spectrophotometric ana-
lysis of sonicated colloidal suspensions after 14 days shows in rough
outlines, no change in the absorbance (see Fig. 10). Only the suspension
obtained by laser ablation with Green – nanosecond laser in water
(sample a) shows a change of its absorbance spectrum. On one hand,
the absorbance peak is notably softened which is indicative of de-
gradation because of a change in the oxidation state [22,33]. On the
other hand, the broad absorption peak is red shifted. This shifting
nearby 500 nm of wavelength may be attributed to agglomeration,
which contributes to increase the particle size [33]. As copper is highly
sensitive to oxidation, the obtained nanoparticles in aqueous medium
undergo first stage oxidation in their nucleation. With aging, oxidation

Fig. 5. Size distribution of Cu nanoparticles obtained by laser ablation using (a) Green – nanosecond laser in water, (b) Green – nanosecond laser in methyl alcohol,
(c) IR – picosecond laser in water, (d) IR – picosecond laser in methyl alcohol.
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continues to transform the initial nanoparticles obtained in water into
CuO ones. In this sense, the lack of changes in the UV-vis absorbance
despite the appearance modification of the suspension obtained in
water with IR – picosecond laser, can be attributed to a change in the
Cu2O and CuO proportion [34].

On its behalf, the nanoparticles obtained in methanol showed more
disparity and smaller size than those obtained in water under the same
conditions. As it was previously mentioned, the highly exited species
(C*) ablated from methanol can act as capping layer limiting the
growth of nanoparticles and preventing them from total oxidation. This
is also consistent with their stability and formation of kind of non-
precipitated chains. This effect has also been reported by other re-
searchers when organic solvents are used, the presence of enolates and
alcoholates can polymerize on the nanoparticle surface producing a
stabilizing effect [22,35].

3.1.4. Stability and pH
Z-Potential (ZP) provides information towards the nature of surface

charge. This surface charge is responsible for attractive and repulsive
forces, determining the interactions among the particles and therefore,
the stability. Moreover, surface charge and particle size are factors re-
sponsible for a range of biological effects of NPs (cellular uptake,
toxicity and dissolution) [36]. However it is worthwhile to mention that
both magnitude and sign of zeta potential depend highly upon the
concentration. The ZP values obtained are presented in Table 4.

The high values (over 20 mV) of ZP for the obtained NPs, confirm

the stability of the colloidal suspensions. With the purpose of verifying
the long term stability, ZP measurements were repeated after 14 days.
According to the data, Cu-NPs obtained in water (samples a and c),
show a remarkable stability. These results are in accordance with pre-
vious studies which show that a high oxidation state of the particle
surfaces causes electrostatic repulsion, resulting in a high stability [22].
In contrast, ZP values of Cu-NPs obtained in methyl alcohol (samples b
and d) decrease notably with time. This tendency to reduce the ZP
values in time, approaching to the isoelectric point, shows a lower time
stability and certain tendency to aggregation.

ZP and colloidal stability is also related to pH [36]. pH measure-
ments of the obtained suspensions are reported in Table 5. According to
the data, all samples present basic pH close to neutrality. After 14 days,
pH values decrease. This pH decrease in time can be attributed to the
absorbed carbon dioxide in solution from the ambient gas. In case of
aqueous solutions, the dissociation of CO2 in water can reduce the pH
from 7 to 5.5 [37].

Although the isoelectric point (IEP) of the colloidal suspensions was
not reached during our study, our results are in agreement with pre-
vious works that stablish the IEP for aqueous Cu, CuO, Cu2O suspen-
sions in pH values of 2.3, 4.5 and 6.5 respectively [38].

3.2. Physicochemical characterization of the immobilized nanoparticles

Due to the natural drying process, an irregular layer covers the
whole surface of the titanium substrates (see Fig. 11A). FIB-prepared

Fig. 6. HRTEM of Cu nanoparticles obtained by laser ablation. Processing conditions correspond to those collected in Table 1. Measured interplanar distances and the
corresponding FFT of single nanoparticles (inset). Red arrows indicate the presence of amorphous carbon. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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cross-section shows the arrangement of immobilized Cu-NPs on the ti-
tanium plate (Fig. 11B and E). EDS mapping allows to identify the
copper NPs layer between the Pt protecting layer and the Ti substrate
(Fig. C, D).

Although the exact pathway of killing microbes by copper oxides
remains unclear, few researches have addressed that ionic Cu release is
behind this antimicrobial effect [30,39,40]. In order to study the ion
release kinetics from the immobilized nanoparticles on Ti plates, copper
ions content was measured during 21 days.

As shown in Fig. 12, samples obtained by laser ablation in water
(samples a and c) show a higher rate of ion release than the others

obtained in methyl alcohol (samples b and d). This difference can be
attributed to the presence of the carbon protective layer on the nano-
particle surface produced when ablation takes place in methanol [35].

For all samples, the ion release seems to become stable after 7 days
(168 h).

Additionally, the results obtained by measuring the absorbance of

Fig. 7. SAED pattern obtained over a group of Cu nanoparticles by means of laser ablation in water using (a) pulse nanosecond laser in water, (b) pulse nanosecond
laser in methyl alcohol, (c) pulse picosecond laser in water, (d) pulse picosecond laser in methyl alcohol.

Table 3
Lattice spacing measured in nm from SAED and the corresponding diffraction
patterns from the ICDD database of metallic Copper, CuO and Cu2O.

a b c d Cu (hkl) CuO (hkl) Cu2O (hkl)

0.246 0.248 0.243 0.247 (1 1 1)
0.252 0.252 ( −1 1 1)

0.203 0.209 (1 1 1)
0.214 0.216 0.212 0.214 (2 0 0)

0.155 0.155 0.158 (2 0 2)
0.149 0.149 0.150 ( −1 1 3)

0.151 0.151 (2 2 0)
0.120 0.128 (2 2 0)

0.129 0.132 0.129 (3 1 1)
0.110 0.109 (3 1 1)

0.083 0.083 (3 3 1)

Fig. 8. UV-vis spectrum of Cu nanoparticles obtained by laser ablation using the
Green – nanosecond laser in (a) water, (b) methyl alcohol and using the IR –
picosecond laser in (c) water, (d) methyl alcohol.
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the liquid where the Ti plates with the immobilized NPs were sub-
merged, showed no detectable absorption peak during these 21 days,
indicating that particles remain attached to the surface.

3.3. Bio response of the immobilized nanoparticles

3.3.1. Bacterial growth inhibition assay
The antibacterial properties of the titanium surfaces modified with

the Cu-NPs was assessed against A. actinomycetemcomitans (Fig. 13).
The antibacterial assay reveals that A. actinomycetemcomitans is

susceptible to the obtained Cu-NPs, showing a greater inhibitory effect
for those nanoparticles obtained by laser ablation with IR – picosecond
laser in water (sample c).

Fig. 9. (A) Photograph of the Cu-NPs suspensions 14 days after having been obtained. (B) Same samples after sonication.

Fig. 10. UV-vis spectrum of the obtained Cu nanoparticles after 14 days.

Table 4
Z-Potential measurements.

Sample a b c d

Z Potential (mV) day 0 23.8 25.1 40.6 28.2
Z Potential (mV) day 14 23.5 13.0 39.4 18.5

Table 5
pH measurements.

Sample a b c d

pH day 0 8.23 8.74 8.46 7.76
pH day 14 8.03 7.84 7.62 7.33
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Comparing the effects of the samples with each other, we can ob-
serve that those obtained in water (samples a and c) have a greater
bactericidal effect comparing with the analogous obtained in methyl

alcohol (samples b and d, respectively). These results confirm that
copper oxide increases substantially the antimicrobial activity [26,41].

Moreover, Cu-NPs obtained by using the IR – picosecond laser
(samples c and d) are potentially more effective than those obtained
with the Green – nanosecond laser (samples a and b). Even though
previous studies stablish a direct relationship between smaller particle
size and higher antibacterial activity of Cu-NPs [30], our results seem to
suggest the influence of a preferred particle size. According to this, the
presence of larger particles seems to make the bactericidal process more
effective. Whereas morphology does not seem to influence the process
significantly.

These results confirm that unlike silver, ions release is not the main
responsible parameter for the bactericidal activity of copper nano-
particles [42].

3.3.2. Cell culture
In order to verify that colloidal suspensions are effective against

bacteria, but do not produce harmful effects for healthy tissues, we have
carried out cytocompatibility analysis of those suspensions. Cell pro-
liferation and viability was performed with human periodontal liga-
ment stem cells (PDLSCs), and a live/dead assay was conducted to
evaluate the cell viability. The results of in vitro tests indicate that the
samples with nanoparticles present statistically similar results to bare Ti

Fig. 11. (A) SEM micrograph of the thin film of Cu-NPs on the titanium plate. (B and E) SEM images of FIB-prepared cross-section showing the arrangement of
immobilized Cu-NPs on the titanium plate. (C) EDS Mapping corresponding to the cross-sectional view. The elements are color-coded as clear blue for Pt, yellow for
Cu, dark blue for Ti and pink for Ga ions. (D) Sum spectrum obtained from the cross-section. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 12. Kinetics of copper ion release from the immobilized copper nano-
particles on Ti plates.

Fig. 13. Antibacterial activity of Titanium with Cu
nanoparticles obtained by laser ablation using (a)
pulse nanosecond laser in water, (b) pulse nanose-
cond laser in methyl alcohol, (c) pulse picosecond
laser in water, (d) pulse picosecond laser in methyl
alcohol compared with the control (Titanium discs
without nanoparticles). Data is presented in form of
mean ± SD. In each group, n = 3. Significant
difference of each group with the control group
(#p–value < 0.05) and significant difference
among the different experimental groups
(*p–value < 0.05 and **p-value < 0.01).
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used as biocompatible control, as can be seen from Fig. 14.

4. Conclusions

Feasibility of laser ablation of solids in liquids to produce crystalline
copper nanoparticles without any additional chemical compound is
demonstrated. The type of solvent has more influence over size and
stability of the obtained nanoparticles than the laser source used and
determines to a large extent the characteristics of the nanoparticles.

Cu-NPs obtained by laser ablation in methyl alcohol are spherical
with low degree of oxidation, while those obtained in water present
chain-like nanostructure and correspond with a total oxidation state.
All obtained NPs are crystalline and its high stability seems to be related
to a high oxidation state. On its behalf, Cu-NPs obtained with the Green
– nanosecond laser are smaller and homogeneous in size than those
obtained by using the IR – picosecond laser.

The obtained results from the biological assays confirm that unlike
silver, ions release is not the main responsible parameter in the bac-
tericidal activity of copper nanoparticles. Other factors such as oxida-
tion state, size and crystallographic structure of the nanoparticles, have
a greater influence on the process.

Bactericidal activity of produced Cu nanoparticles against
Aggregatibacter actinomycetemcomitans as well as their cytocompatibility
encourages their use as anti- periimplantitis agent in oral implants.
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