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This paper reports on the production of Ag nanoparticles (AgNPs) in a water solution based on a two-phase
pulsed laser procedure in view of therapeutic ophthalmological applications requiring AgNPs size of <10 nm
with a narrow size distribution. Nanoparticles of this size scale are capable of penetrating the complex ocular
barriers, thus ensuring effective non-invasive drug delivery to the retina. Moreover, the ocular irritation, which is
currently associated to the conventional ocular drug administration routes, would be avoided.

In the first phase, AgNPs larger than 20 nm were fabricated via laser ablation of a Ag target in water by
irradiation with the fundamental wavelength (A = 1064 nm) generated by a Nd:YAG laser. During the second
phase, to reduce the mean size of the as-obtained nanoparticles and properly adjust the size distribution, the
water colloids were additionally irradiated with the ultraviolet harmonics (355 nm and 266 nm) of the same laser
source. The effect of the key laser parameters - wavelength, fluence and laser exposure time - upon the nano-
particles morphology was studied. The most suitable post-ablation treatment of initial colloids was obtained by a
consecutive irradiation with the third (A = 355 nm) and the fourth (A = 266 nm) harmonics of the fundamental
laser wavelength. By using this approach, a synergistic effect between two mechanisms of light absorption by
AgNPs was induced. As a result, contaminant-free colloids of AgNPs with sizes of less than 10 nm and quite a
narrow size distribution with a standard deviation of 1.6 nm were fabricated.

The toxic effect of the as-produced AgNPs on Gram-positive and Gram-negative bacteria and Candida albicans
was explored. The most efficient action was reached against Pseudomonas aeruginosa and Escherichia coli.

A potential application was proposed of the synthesized AgNPs colloidal aqueous solutions with antimicrobial
action as a non-invasive method for ocular infections prevention and treatment.

1. Introduction (catalysis) and biology (optical markers for diagnosis of various bio-

logical objects), to applied sciences, as design and development of a

The unique electronic [1,2], optical [3,4], magnetic [5-7] and cat-
alytic properties [8,9] of noble metals nanoparticles, essentially
different from those of the bulk material, have attracted considerable
research interest. It encompasses various fields, from fundamental sci-
ences, such as physics (surface plasmon resonance (SPR) in visible and
near UV regions or plasma discharge enhancement) [10], chemistry
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variety of electronic devices and sensors, and to industrial areas, as
textile and cosmetics industry.

In what concerns silver particles of nanometer size (AgNPs), besides
being nontoxic, they are known to suppress or destroy various types of
bacteria [11]. Thus, they have provoked particular and wide-ranging
interest for medicinal uses, e.g., improving the anti-bacterial effect of
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antibiotics [12], or as components in unguents for skin application [13].
Their size is smaller than that of human cells by several orders of
magnitude, which is opening unique opportunities for biochemical in-
teractions, either on the cells’ surface or within cells [14]. Elechiguerra
et al. [15] described AgNPs interacting with the HIV-1 virus thus sup-
pressing in vitro its attachment to cells. Furthermore, silver nano-sized
particles were found to inhibit the process of forming advanced glyca-
tion end-products, which could alleviate the adverse effects of diabetes
[16]. Recently, these particles’ beneficial capability in treating malig-
nancies, and in diagnostic and probing were recognized [17]. This list of
applications of silver nanoparticles, emphasizing their use in medicine,
is relevant to the thematic orientation of the article. Their application in
other areas is much wider, e.g.: a) detection by surface enhanced Raman
spectroscopy (SERS) of ultra-low concentration of some molecules
attached to AgNPs [18,19]; b) microelectronics; c) sunscreens and cos-
metics [20,21]; d) clothing [22,23], etc. The increased interest in AgNPs
due to their extremely wide range of applications led to development of
various methods for their fabrication. In general, they can be classified
as chemical [24], photochemical [25], electrochemical [26], sono-
chemical [27], biological [28], or physical [29]. The potential toxicity of
the residual ions as byproducts in colloids produced by various chemical
methods remains a common disadvantage with respect to further bio-
logical application. The inability to fabricate large quantities of AgNPs is
the major limitation of biological synthesis. Vacuum conditions and very
high temperature associated with expensive equipment are connected as
a rule with the use of physical methods. In this context, one promising
physical method for fabrication of AgNPs colloids for medical applica-
tions is pulsed laser ablation in liquids (PLAL) [30]. A major advantage
of this method is the fabrication of contamination-free colloids by using
a simple and low-cost processing setup. The main disadvantage of PLAL
approach compared to the other fabrication methods is the wider size
distribution of the nanoparticles produced.

The object of this study is fabrication of Ag nanocolloids for drug
delivery in ophthalmology. As known, the passage of drugs in the form
of eye drops to the posterior segment of the eye is severely restricted by
eye barriers. Several ways of delivering drugs to the eye are currently
being used: topical infusion and sub-conjunctival injection, trans-scleral
drug delivery, intra-vitreal injection, sub-retinal injection [31,32]. The
above-mentioned invasive methods may sometimes lead to post-
administration complications, such as intraocular infections and
retinal detachment. Nanoparticle delivery systems can reduce the inci-
dence of injections and intraocular complications. In this case, the
nanoparticles size is a key factor for ocular drug delivery efficiency.
Bisht et al. [33] showed that the size of scleral water channels/pores is
about 30-300 nm. Particles smaller than 20 nm can penetrate the
corneal endothelium, which is the first eye barrier [34]. A narrow size
distribution of NPs with sizes of less than 10 nm is an important
requirement for NPs to serve as successful blood-retinal barrier trans-
porters in eye drug delivery. This condition can be implemented via
irradiating already-fabricated colloids with laser light under optimized
parameters (wavelength, time of laser exposure and fluence, the later
defined as the ratio between the laser pulse energy and the laser spot
area) [35,36]. Such an approach (the so-called pulsed laser irradiation in
liquids (PLIL) method) has been employed mostly in laser synthesis of
gold NPs to modify both their size-distribution and morphology
[37-40]. The irradiation procedure could be conducted by either nano-,
pico- or femtosecond lasers [41-44], taking into account the corre-
sponding type of laser-mater interaction in nanoscale range.

We report on a simple approach for fragmentation of silver NPs by
post-laser ablation treatment of water Ag nanocolloids via consecutive
laser irradiation with 355 nm and 266 nm nanosecond pulses generated
by the Nd:YAG laser source. Using this approach, for the first time to the
best of our knowledge, contaminant-free AgNPs were fabricated with a
size below 10 nm and a very narrow size distribution, namely, with a
mean diameter of 5.4 nm and a standard deviation of 1.6 nm. The AgNPs
produced completely conform to the ophthalmology demands for blood-
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retinal barrier transporters in eye drug delivery. Our investigation by a
microbiological assay established strong antibacterial and antifungal
activity of the newly fabricated Ag nanoparticle colloids. The potential
application of the synthesized AgNPs colloidal aqueous solutions with
antimicrobial action was proposed as a non-invasive method for ocular
infections prevention and treatment.

2. Materials and method

Our studies were organized in two steps: i) synthesis of AgNPs in a
water solution by multiple laser ablation of a silver target in water (PLAL
method) with the fundamental wavelength of a multimode Nd:YAG
source to produce the initial colloids; ii) controlled modifications of
AgNPs by a subsequent irradiation with the 355-nm and 266-nm har-
monics (PLIL method) of the same laser source.

Indeed, according to Drude’s theory [45], the coupling of laser light
with metals strongly depends on the wavelength. In particular, Ag
strongly reflects IR (1064 nm) radiation and intensively absorbs in the
UV (355 nm and 266 nm) range. This is why in our experiments the
1064 nm radiation was focused (in a spot of ~0.0095 cm?), while the
355-nm and 266-nm radiations were unfocused.

The idea was to use the first phase (1064 nm) to excavate and
evacuate large NPs from the crater forming on the Ag target surface,
while the other two beams (355 nm and 266 nm) of 6-mm diameter (a
spot of ~0.2826 cm?) intercept quite a large number of the generated
NPs and breaks them into smaller fragments.

In our opinion, the UV radiation can be more efficient in breaking
rather large AgNPs. This behavior can attenuate, if not cancel, the
opposite effects due to the close vicinity of the 266 nm wavelength to the
inter-band transition and that of 355 nm not corresponding to a high
absorption of the SPR.

The experiments were conducted as follows:

2.1. Ag nanoparticle colloids: fabrication in water — “first phase”

A pure silver target (99.99% purity, with a diameter of 30 mm and a
thickness of 2 mm) was subjected to multiple Nd:YAG laser irradiation at
4 =1064 nm with 15-ns laser pulses at a frequency repetition rate of 10
Hz. Prior to immersion, the target was cleaned for 10 min in an ultra-
sonic bath: several times with distilled water, once with ethanol and
again with water.

The target was placed on the slightly conical bottom of a poly-
propylene vessel and immersed in 10 mL double-distilled water (0.8 uS
m™ 1) at 6 mm below surface. To position the target horizontally, an
appropriate round Teflon® holder was manufactured. The upper side of
the holder was softly carved to accommodate the target. The target was
not fixed on the bottom, but was left free under its own weight. How-
ever, its horizontal movement was limited by the walls of the nest. 1800
consecutive laser pulses were applied for synthesis of AgNPs in the so-
lution. In order to keep the ablation efficiency at a reasonable level, the
fluence was gradually increased during the multiple irradiation, from
the initial value of 20 J/cm? to the final value of 26.8 J/cm? for a total
irradiation time of 3 min. The intermediate values and corresponding
irradiation times were found experimentally after optimization and are
summarized in Table 1. The laser beam was focused by a lens (f = 22 cm)
normally to the disc-shaped silver target. A separation distance of 18 cm
was chosen. The experimental setup employed to fabricate the initial
AgNPs colloids is presented schematically in Fig. 1 and is similar to the
one described in Nikov et al. [46]. In the present experiment, the target
was mounted on a computer-controlled stepper-motor x-y table. The
precise control of the target translation motion provided an operating
mode which corresponds to 10 overlapping pulses per laser beam spot.
In the first phase, the laser beam was focused and the diameter of the
spot on the target surface was ~0.0095 cm?. The laser energy per pulse
varied from 190 mJ to 255 mJ, corresponding to a laser fluence in the
range 20.0-26.8 J/cm?.
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Fig. 1. Experimental set-up used in the first phase (1064 nm) of the multi-pulse
laser generation of AgNP colloids.

2.2. Fragmentation of initial colloids by third and fourth harmonics of
Nd:YAG laser source — “second phase”

In the second phase of the experimental procedure, in order to
fragment the silver nanoparticles the initial colloids were irradiated
with the third (A = 355 nm) and the fourth (1 = 266 nm) harmonics
generated by the same Nd:YAG laser source.

In this case, the laser beam was not focused and the diameter of the
spot was ~6 mm (laser spot area of 0.2826 cm?). The laser pulse energy
was varied from 18.5 mJ to 68 mJ at 355 nm and 4.6 mJ to 9.4 mJ at
266 nm. The corresponding laser fluence was in the range (0.05-0.07 J/
cm?) for 355 nm and of 0.02 J/cm? for 266 nm, i.e. about three orders of
magnitude lower than in first phase.

It requires a certain time (number of pulses) to irradiate all nano-
particles in the liquid. For a given laser fluence, the colloids pass through
various intermediate states until an equilibrium is reached, which can be
detected by the changes in the profile of the optical transmission spec-
trum. The transition can be monitored and controlled via the irradiation
time (Table 1). These two wavelengths were selected since they are
located close to the plasmon and to the interband absorption [47] peaks

Table 1
Numerical values of important technological parameters of the laser beam used
in the different experimental phases.

Experimental Mode  Laser Laser Laser Time of
phase wavelength beam spot  fluence exposure
[nm] area [J/cmz] [min]
[em?]
I focused laser 1064 0.0095 20.0 0.83
beam 21.0 0.67
23.7 0.67
24.7 0.67
26.8 0.16
11 unfocused 1 355 0.2826 0.059 85
laser beam 0.068 5
2 266 0.023 55
3 355 0.059 85
0.068 5
266 0.02 20
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of AgNPs, respectively. The experimental set-up was similar to the one
described in Nikolov et al. [35]. The colloids were stored in a container
rotating at a frequency of 4.3 rpm. The unfocused laser beam was
directed normally to the top surface of colloids. The experiments of the
second phase were conducted by irradiating the initial colloid under
three different modes. In the first two modes, the colloid was irradiated
with either the wavelength of 355 nm or with the wavelength of 266 nm
only. According to our studies, both modes reduce the AgNPs mean size
and narrow their size distribution in a different way, but not appropriate
for the medical application discussed above.

Combined irradiation was therefore applied in the third mode, by
using sequentially the wavelengths of 355 nm and 266 nm. To the best of
our knowledge, this procedure was for the first time applied to reach the
main goal of the treatment — fabricating a colloid suitable for use in
ophthalmology (Patent application) [48]. The laser fluence and irradi-
ation times were found experimentally after optimization. These data
are collected in Table 1. The total irradiation time was determined based
upon the effect of laser treatment on AgNPs optical transmission spectra
obtained during the previous step. The optical transmission of colloids
was measured after each step of irradiation lasting 5 min according to
the procedure described in Nikolov et al. [35]. It showed the evolution of
the transmission spectra as the time of laser exposure was increased.

2.3. Physical-chemical characterization of Ag nanoparticles

The optical transmission spectra of AgNPs water colloids in the UV/
Vis range (200-900 nm) were recorded by an Ocean Optics HR 4000
spectrometer. The size and the morphology of AgNPs were visualized by
transmission electron microscopy (TEM). The images were acquired by a
JEOL JEM 2100 at an accelerating voltage of 200 kV. High-resolution
transmission electron microscopy (HRTEM) and selected area electron
diffraction (SAED) were used to characterize the nanoparticles micro-
structure and their phase composition.

2.4. Ag nanoparticles: Microbiological assay

The antibacterial and antifungal activity of the newly fabricated Ag
nanoparticle colloids were assessed by using Gram-positive and Gram-
negative bacteria and Candida albicans. The following strains were
used: Staphylococcus aureus strain 29213 and Escherichia coli strain
35218 from an American Collection of Cell Cultures (ATCC); Pseudo-
monas aeruginosa strain 1390 and Candida albicans strain 74 from the
collection of the Stefan Angeloff Institute of Microbiology, Bulgarian
Academy of Sciences. Suspensions of the respective microorganisms
with a concentration of 1 x 10° CFU mL~! were prepared. The experi-
ments were conducted with an incubation mixture containing equal
volumes of suspensions of microorganisms and AgNPs. The mixture was
poured in 12-well polystyrene plates, continuously shaken, and sampled
at pre-defined intervals (0, 2, 5 and 24 h) in order to count the number of
viable microorganisms. Tenfold diluted solutions of the incubation
mixtures in a nutrient medium (Tryptic soy agar, Oxoid) were seeded
and the colonies-forming units (CFUs) were counted after culturing for
24 h at 37 °C.

To confirm the results, the experiments were repeated three times,
with numerical values presented as an average value +/- mean standard
deviation (SD). The difference between the two means was determined
by a two-tailed unpaired Student’s test.

3. Results and discussion
3.1. Photo fabrication of Ag nanocolloids

Fig. 2 shows the typical TEM micrographs (a), distribution histo-
grams (b) and the corresponding SAED patterns (c) of the AgNPs ob-

tained after pulsed laser ablation and following irradiation, respectively,
in water environment. They were organized in the respective order: Ag
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Fig.2. a) Typical TEM micrographs, b) particles’ size distribution histograms, c¢) corresponding SAED patterns of Ag colloids produced after the first phase (I) - initial
colloid, and the second phase (II) with 355 nm - after 85 min, 266 nm (III) - after 40 min, and consecutive application of 355 (after 85 min) and 266 nm (after 15

min) wavelengths laser pulses, respectively — (IV).

colloids after the first phase (I) and after second phase (II-IV), which
corresponded to the three modes of UV irradiation introduced above.

Fig. 2 I-a is indicative for spherical and spherical-like AgNPs shapes
of the initial colloid prepared during the ablation process in the first
experimental phase. Also, formation of aggregates was observed. Ag
grains with a mean size of ~20 nm (Fig. 2 I-b) exceeds by a factor of
more than two the upper limit of the proper size needed for the specific
medical application [33-34].

As expected, the application of the second phase resulted in frag-
mentation of AgNPs. This demonstrates a significant predominance of
initial NPs splitting against their growth by coalescing for the selected
values of multiple laser irradiation parameters in the second phase. As a
result, a mean NPs size of 15.2 nm, 8.4 nm after irradiation with 355 nm,
266 nm only and 5.4 nm after the consecutive irradiation with wave-
lengths of 355 nm and 266 nm for the three irradiation modes were
obtained, Fig. 2II-IV. The SD decreased significantly in all cases after the
second phase (3.5, 6.4 and 1.6 nm) with respect to the first phase (15.4
nm). It is noteworthy that the smallest mean size and SD values were
observed after the consecutive irradiation with wavelengths of 355 nm
and 266 nm (the third irradiation mode), Fig. 2-IV.

The total number of nanoparticles used to compile the histogram can
be derived directly from Fig. 2: I-b) - about 200, II-b) — about 340, III-b) —
about 125, IV-b) — about 690.

The SAED patterns indicate a polycrystalline structure because of the
small particle size. While the SAED patterns’ indexing confirmed the
presence of a unique phase — cubic silver, with lattice parameter a =
4.0855, conforming to Entry # 96-110-0137 of free-of-charge crystal-
lography open database (COD), incorporated in Match software, Fig. 2c.

As visible in Fig. 2, the number of elongated nanoparticles are
prevalent after the first phase. When continuing with the second phase,
they are gradually converted to become completely spherical after the
subsequent irradiation with the two short wavelengths (355 nm and 266
nm). Figs. 3-5 displays the optical transmission of the colloidal solutions
produced under different irradiation conditions.

In Fig. 3 one can see the changes in the transmission of the colloidal
solutions after the first phase (a) and the second phase with 1 = 355 nm
and a fluence of 0.059 J cm 2 for 30 (b), 50 (c), 70 (d) and 85 (e) mi-
nutes of irradiation time. For comparison, the fluence was raised up to
0.068 J cm 2 and the colloid was exposed to further five minutes (total
irradiation time of 90 min) (Fig. 3f). The following can be concluded by
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Fig. 3. Optical transmission spectra of AgNPs aqueous colloids: a) initial
colloid after laser ablation with 1064 nm followed by irradiation with 355 nm
after: b) 30 min, ¢) 50 min, d) 70 min, e) 85 min, f) 90 min.
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Fig. 4. Optical transmission spectra of AgNPs aqueous colloids: a) initial
colloid after laser ablation with 1064 nm and after the subsequent laser irra-
diation with 266 nm for: b) 20 min, ¢) 40 min, d) 50 min, e) 55 min.

analyzing the data in Fig. 3:

The transmission was the lowest in the case of the initial colloid
produced in the first phase.

It gradually increased with the number of subsequent laser pulses
(total time duration) applied during the second phase.

Saturation appeared when duration exceeded 85 min, even when the
laser fluence was increased to 0.068 J cm 2 (F ig. 3f).

A prominent band within the range of 300-600 nm with a minimum
at ~390 nm is present in all spectra. This band should be most probably
assigned to surface plasmon resonance (SPR) associated with absorption
by free electrons in the silver nanoparticles [49]. It confirms the corre-
lation between the SPR characteristics and the mean size and distribu-
tion of NPs [50]. After completion of each irradiation step, the SPR band
progressively narrowed, the value of its minimum decreased and a
spectrum shoulder extension towards the high-wavelengths region
arose. This behavior was caused by a size-redistribution in the ensemble
of nanoparticles, which might be due to the relatively low laser fluence
values used in our experiments, in accordance with the “particle heat-
ing-melting-evaporation” model proposed by Takami et al. [51]. As is
well-known, the NPs absorption depends on their geometric cross-
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Fig. 5. Optical transmission spectra of AgNPs aqueous colloids: a) initial
colloid after laser ablation with 1064 nm and consecutive laser irradiation with
355 nm after: b) 85 min, ¢) 90 min, followed by 266 nm for: d) 5 min, e) 10 min,
f) 15 min, g) 20 min.

section, i.e. size conditioned by dumping and retardation effects and
the SPR position with respect to the incident radiation wavelength.
Moreover, the smaller NPs in water colloids are characterized by a
higher heat-dissipation rate to the surrounding water [43,50,52]
because of the increased surface/volume ratio.

The laser treatment of colloids initiates two concurrent processes:
fragmentation of big nanoparticles and the concomitant aggregation and
fusion of small ones. The energy of the electrons excited by SPR is
transferred to the lattice by electron-phonon coupling. When the tem-
perature reaches the melting point, latent heat should be further deliv-
ered to reach a complete melting of the NPs. The temperature rise
continues to the boiling and evaporation point, which also needs latent
heat compensation and results in a reduction of the AgNPs mean size by
selective fragmentation of the biggest ones. On the other hand, fusion of
NPs can proceed by aggregation and melting.

The equilibrium between these two processes, fragmentation and
fusion, depends on the laser pulse energy and on the duration of irra-
diation and affects the NPs mean size and size distribution. In the case
discussed, the reduction trend of these characteristics of the NPs
ensemble continued up to 85-min irradiation duration, as evidenced by
the optical transmission spectra in Fig. 3e. During the pulsed laser
exposure, the fragmentation tendency obviously dominated the particle-
size redistribution evolution. However, the following increase of the
irradiation time and/or laser fluence led to a widening of the plasmon
band in the transmission spectrum. This could be the result of enhanced
aggregation and fusion of AgNPs.

The application of the second mode of illumination was therefore
extended in order to preserve the photo-fragmentation predominance. It
was conducted in a way analogous to the previous one (41 = 355 nm),
except for the use of the more energetic photons of the fourth harmonic
(A = 266 nm or 4.66 eV, as compared with 3.49 eV for 355 nm). Very
importantly, the SPR absorption was replaced in this case by an ab-
sorption process due to an inter-band transition [47].

Fig. 4 displays the results obtained by optical transmission spec-
troscopy after the two steps of laser irradiation, i.e. initial colloids
generation by 1064 nm followed by AgNPs fragmentation under 266-nm
irradiation for different irradiation times. One can see a tendency similar
to that observed in Fig. 3, i.e., a progressive narrowing of the SPR band
and a rise of the spectrum wing in the long-wavelengths region.
Nevertheless, saturation appeared again after about 50 min of irradia-
tion. It is followed by a reverse trend of increasing NPs size and widening
of the size distribution.

The best AgNPs colloids were obtained after 40 min of irradiation
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(Fig. 4, spectrum “c”) but the particles’ mean size was still unsuitable for
ophthalmologic applications.

Another feature that should be mentioned when comparing the TEM
images obtained in the two measurement modes was the appearance of
two populations of nanoparticles — bigger and smaller. This process was
barely noticeable in the first irradiation mode (Fig. 2-II), but was very
pronounced in the second one (Fig. 2-III), which was reflected in the
relatively wide nanoparticles’ size distribution in this case. The standard
deviation value (6.4 nm) of the AgNPs mean size in the colloid obtained
after irradiation with only 266 nm (second mode) is nearly twice the
standard deviation (3.5 nm) of the average size of nanoparticles ob-
tained after irradiation with only 355 nm (first mode).

One should conclude that the first two modes of laser irradiation
reduced the AgNPs mean size and narrowed their size distribution in
different ways, without being able however to fully meet the specific
requirements for medical use in ophthalmologic therapy.

This is why we used a combined treatment by the third (A = 355 nm)
and the fourth (A = 266 nm) harmonics successively applied for irradi-
ation of the initial colloid in the third mode of the second phase of the
experimental procedure. It was organized in analogy with the first two
modes. The initial colloid was irradiated during the first 85 min with A =
355 nm at the same laser energy as in Fig. 3. The change of the optical
transmission spectrum of the initial colloid after 85 and 90 min of
irradiation with 355 nm is seen in Fig. 5.

The irradiation was continued with 266 nm for different durations. A
certain narrowing of the plasmonic band was observed after 5 min and
10 min irradiation time. Reducing the number of large particles should
lead to an increase in the transmission values in the long wavelengths
region of the spectrum, which was in fact observed. The maximum effect
was reached after 15 min laser irradiation (Fig. 5, spectrum “f”).

Prolonging further the irradiation duration caused the reverse trend,
as evidenced by the optical transmission spectrum after 20 min (Fig. 5g).
The average size of the silver nanoparticles produced in the third mode
and its corresponding standard deviation (5.4 nm and 1.6 nm, respec-
tively) were the smallest ones compared with those of the AgNPs pro-
duced in the first and second modes. This proved that a synergistic effect
was reached with the third mode of irradiation combining the consec-
utive actions of the two mechanisms of absorption mentioned above in
what concerns the AgNPs average size and size distribution.

Very importantly, the TEM examination showed that the nano-
particles generated preserved the spherical shape in this case, too
(Fig. 2a).

In conclusion, the third mode completely meets the goal of the
treatment, i.e., preparation of silver nanocolloids suitable for use in
ophthalmology. Thus, the fabrication of nearly monodisperse Ag nano-
particles with an average size of 5.4 nm would allow the drugs in the
form of eye drops to pass through most of eye barriers, such as scleral
water channels/pores, and penetrate the corneal endothelium [33-34].

The stability of all colloids generated was studied in Nikov et al. [53],
where results are presented for 30 days of observation. The changes in
the colloids consisted in aggregation of the nanoparticles and their
subsequent settling on the bottom of the storage vessel.

3.2. Antimicrobial assay

The results reported in this Section were obtained with AgNPs of
~5.4-nm mean size produced using the third irradiation mode under
optimum conditions.

The studies showed that the AgNPs were the most effective against
Pseudomonas aeruginosa. They reduced the number of bacteria by four
logs (10,000 times, i.e., lower than the minimum level of viable mi-
croorganisms, (Fig. 6) after two hours. Then, the number of viable
bacteria dropped fast and after five hours they were completely inacti-
vated. A very effective action was obtained against Escherichia coli for
which full inactivation was also observed after five hours. The process of
inactivation ran rapidly between the second and the fifth hour (Fig. 7).
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Fig. 6. Antibacterial action of AgNPs produced by the third mode of irradiation
against Pseudomonas aeruginosa. The number of viable bacteria decreased
10,000 times after the 2-nd hour, while full inactivation was reached after the
5-th hour.
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Fig. 7. Antibacterial action of AgNPs produced by the third mode of irradiation
against Escherichia coli. Full inactivation was obtained after the 5-th hour.

The Ag nano-colloids reduced the number of Staphylococcus aureus
approximately 10 times after five hours and completely inactivated the
bacteria after 24 h (Fig. 8).

The antifungal action against Candida albicans started actively after
five hours. The number of fungi was reduced approximately 150 times.
The process continued for 24 h, when the fungi were completely inac-
tivated (Fig. 9).

The antibacterial action of silver has been widely documented
[54-56], although the exact mechanism causing it is still not completely
understood. It is believed that it might derive from the inactivation of
enzymes essential for the respiratory chain of the pathogen, or by
generating hydroxyl radicals [57]. The latter cause, in turn, pathogens
annihilation.
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Fig. 8. Antibacterial action of AgNPs produced by the third mode of irradiation
against Staphylococcus aureus. The inactivation process started after 5 h. The
number of viable bacteria decreased about 10 times (viable microbes are below
the minimum). Full inactivation was reached after 24 h.
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Fig. 9. Antifungal action of AgNPs produced by the third mode of irradiation
against Candida albicans. Full inactivation was obtained after 24 h. The number
of viable fungi decreased about 150 times after 5 h.

4. Conclusions

Pulsed laser ablation under different irradiation regimes was applied
to produce Ag nano-colloids with controlled mean size and distribution
suitable for potential ophthalmological applications.

To the best of our knowledge, a consecutive application of the third
and the fourth harmonics after the fundamental wavelength of a Nd:YAG
laser source was for the first time investigated with this purpose. It
proved efficient in initiating synergistic effects arising from the
consecutive application of the fundamental and the harmonics (third
and fourth ones) to the same Ag nano-colloidal population. Under the
optimal experimental conditions — consecutive laser irradiation of the
water colloids of silver nanoparticles with 355 nm and 266 nm -
chemicals-free AgNPs were formed with a mean size of 5.4 nm and a
very narrow size distribution (standard deviation of ~1.6 nm).

The antibacterial action of AgNPs was explored showing good results
against Pseudomonas aeruginosa, Escherichia coli, Staphylococcus aureus
and Candida albicans.

The Ag nano-colloids proved most efficient against the Pseudomonas
aeruginosa and Escherichia coli bacteria, for which full apoptosis was
reached after five hours.

The small size of the AgNPs allows one to expect that their use would
result in an efficient treatment of intraocular infections.

One should emphasize the key role of the laser pulse energy in nar-
rowing the AgNPs size distribution after a multiple laser irradiation.

Our results provide a proof of the possibility to carry out an efficient
environmentally-friendly multistep laser procedure of fabrication of
ultrafine monodisperse Ag nanoclusters that can be used in non-invasive
methods of prevention and treatment of several types of intraocular
infections.

One should also note that the laser light used in all phases of the
process — i.e. for both initial generation of Ag nano-colloids and the
following adjustment of their size and size distribution (1064 vs. 355
and 266 nm) — were emitted by the same Nd:YAG laser source. This fact
might have implications in devising low-cost technologies for the large-
scale production of Ag nano-colloids.
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