The antifungal agent of silver
nanoparticles activated by
diode laser as light source to
reduce C. albicans biofilms: an
in vitro study

by Mochamad Zakki Fahmi

Submission date: 02-Sep-2021 05:54PM (UTC+0800)
Submission ID: 1640006597

File name: 2._Paper.pdf (1.14M)

Word count: 5634

Character count: 28918



Lasers in Medical Science (2019) 34:929-937
httpsy//doi.org/10.1007/510103-018-2677-4

ORIGINAL ARTICLE

@ CrossMark

The antifungal agent of silver nanoparticles activated by diode laser
as light source to reduce C. albicans biofilms: an in vitro study

Suryani D. Astuti 2@ - Putri S. Puspita® - Alfian P. Putra® - Andi H. Zaidan' - Mochamad Z. Fahmi® .
Ardiyansyah Syahrom5” - Suhariningsih

Received: 21 May 2018 / Accepted: 30 October 2018 / Published online: 9 November 2018
) Springer-Verlag London Ltd, part of Springer Nature 2018

Abstract

Candida albicans is a nommal flora caused fungal infections and has the ability to form biofilms. The aim of this study was to
improve the antifungal effect of silver nanoparticles (AgNPs) and the light source for reducing the biofilm survival of C. albicans.
AgNPs were prepared by silver nitrate (AgNO;) and trisodium citrate (Na3CeHsO-). To determine the antifungal effect of
treatments on C. albicans biofilm, samples were distributed into four groups; L + P+ was treatment with laser irradiation and
AgNPs: L + P— was treatment with laser iradiation only; L — P+ was treatment with AgNPs only (control positive); L — P— was
no treatment with laserirradiation or AgNPs (control negative). The growth of fungi had been monitored by measuring the optical
density at 405 nm with ELISA reader. The particle size of AgNPs was measured by using (particle size analyzer) and the zeta
potential of AgNPs was measured by using Malvern zetasizer. The PSA test showed that the particle size of AgNPs was
distributed between 7.531-5559.644 nm. The zeta potentials were found lower than — 30 mV with pH of 7, 9 or 11. The reduction
percentage was analyzed by ANOVA test. The highest reduction difference was given at a lower level imradiation because
iradiation with a density energy of 6.13 +0.002 J/em?® resulted in the biofilm reduction of 7.07 +0.23% for the sample without
AgNPs compared to the sample with AgNPs that increased the biofilm reduction of 64.48 £0.07%. The irradiation with a 450-
nm light source had a significant fungicidal effect on C. albicans biofilm. The combmnation of light source and AgNPs provides
an increase of biofilm reduction compared to the light source itself.
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Invasive candidiasis (IC) is a form of serious infection caused
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complex three-dimensional structure consisting of solid tissue
of yeast, hyphae, and pseudohyphae included in a matrix of
extracellular material. The B-1.3-glucan within the
C. albicans biofilm matrix plays an important role in the
biofilm-mediated protection of C. albicans from immune de-
fenses and antifungals. The production of (3-13-glucan by
C. albicans biofilms inhibits the production of reactive oxy-
gen species (ROS) and protects fungal cells [9].

Particles in the nano-range have unique physical and chem-
ical properties and useful materials in biological applications
such as medicines, antimicrobial agents, wound dressing, drug
targeting and deliveries, transfection vectors, bioimaging, and
labeling agents [10]. Silver nanoparticles (AgNPs) have
attracted significant attention and interest for their potential
applications in biomedicine as well as antibacterial devices.
Silver is an effective antimicrobial agent can inhibit pathogenic
microorganisms such as viruses, bacteria, fungi, and eukaryotic
microorganisms in the low concentrations. Rahisuddin et al.
showed antimicrobial and antifungal planktonic effect of silver
nanoparticles in the low concentration (microgram per millili-
ter) [11]. Rahisuddin said that the mechanism of inhibitory
action of silver ions on microorganisms has been established
due to the electrostatic interaction with the DNA, cellular pro-
teins, sulfur-containing (especially thiol group) functional
groups of respiratory enzymes or proteins, negatively charged
bacterial cells, and building elements of the bacterial mem-
brane. Thiol group (—SH) possess high affinities towards silver
ions and assumed that inhibitory action might be due to the
reduction of the SH cell membrane by AgNPs [11]. The adhe-
sion of Candida cells was significantly reduced, mainly when
biofilms were pretreated with 54 pg/mL AgNPs [12].
C. albicans biofilms can be inactivated by 90% at concentra-
tions of AgNPs higher than 108 pg/mL. The size of AgNP
particles or its type did not affect the antifungal activity against
Candida biofilm [13]. According to Silva, AgNPs had a sig-
nificantly greater effect on reducing C. glabrata biofilm bio-
mass compared with C. albicans [14]. The AgNP toxicity has
also been associated with ion release, generation of ROS, and
induction of oxidative stress [15].

The combination of light and photosensitizer on photo-
dynamic therapy (PDT) produces radical oxygen species
that provide antimicrobial and antifungal effects. Several
PDT-based researches were reported to against C. albicans
biofilm using organic Ps such as chlorophyll, methylene
blue, toluidine blue, malachite green, allyl isothiocyanate
(AITC), and methanol extracts [16-19]. The organic Ps has
a microsize particle leading to difficult penetration into
biofilm caused by EPS matrix. Consequently, the potential
of materials to reduce the biofilm cannot be effective. The
effective pore size of the biofilm was 50 nm for the loose
floes, but decreased below 10 nm for the dense biofilms;
therefore, particles in the nano-size are the best choice to
be used on biofilm treatment [20].

@ Springer

The development of light treatment combined with AgNPs
against C. albicans biofilm was still being explored. The treat-
ment of light source against C. albicans planktonic has been
done by Imamura et al. which indicates the possibility that
laser irradiation as an effective way for eliminating fungi as
well as bacteria [21]. However, in the biofilm phase, treatment
with a light source is more effective on the top surface of
biofilm. The C. albicans cells mostly in the under cover of
biofilm will be not be affected. Using a visible light laser,
though has limited penetration depth, photothermal therapy
(PTT) shows great heating effect due to surface plasmon res-
onance (SPR) effect. Several studies have been conducted to
apply PTT mediated by metal nanoparticle with a light energy
source from visible light laser [22, 23]. Kojic et al. (2012)
reported that the gold nanoparticle heating-mediated laser
treatment could maintain the morphology of tissue and give
bactericidal effect [23]. The aim of this study is to analyze
effectiveness between AgNPs and light source to reduce
C. albicans biofilm growths.

Materials and methods
Synthesis of silver nanoparticles

The AgNPs were prepared by a chemical reducing method.
Experimentally, 150 mL of 10 M silver nitrate (AgNO;)
{(Merck, Germany) was boiled using hot plate magnetic stirrer
and added with 15 mL of 1% trisodium citrate (Na;CzHs05)
(Merck, Gemmany). During this process, the solution was
mixed until we got a homogeneous solution and the color
change to yellowish brown. Then, it was removed from the
heating element and stirred until ambient temperature [14, 24].
The optical properties of AgNP solution were evaluated with
UV-vis spectrometer (Thermo Scientific, UK) ata wavelength
range of 3001100 nm. The absorption of metal nanoparticles
is due to surface plasmon resonance (SPR). Furthermore, the
size distributions of AgNPs were characterized by particle size
analyzer (PSA) (Malvern, USA) based on the principle of
dynamic light scattering. For changes, the pH values of
AgNPs have used HCL (pH < 7) and NaOH (pH > 7) solu-
tions. The AgNPs was also characterized by high-resolution
transmission electron microscope (TEM) at a voltage of
120 kV in a Hitachi HT7700 to observe the shape and size
of the AgNPs.

Cytotoxicity test

A monolayer of human hepatocyte cells was grown (at 37 °C
in 48 h) in Dulbecco’s modified Eagle’s medium (D-MEM)
supplemented with 5% fetal bovine serum (FBS). The culture
cells were washed 5 times using phosphate-buffered saline
(PBS) and trypsin versene was added to release the cell from
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the tube wall. The cell concentration was adjusted to 2 x 10°
cells/mL with 100 pL fresh media (86% D-MEM, 1%
penicillin/streptomycin (P/S), 100 U/mL fungizone) and then
transferred to a 96-microtiter plate for incubation 24 h at
37 °C. The 5 mg/mL MTT was diluted m PBS and 10 pL of
it was added to each well and incubated for 4 h at 37 °C. The
50 pL DMSO solution was added in each well and centrifuged
at 30 rpm for 5 mm. The result was detected by measuring its
OD (%T) at microplate with enzyme-linked immunosorbent
assay (ELISA) reader [25].

C. albicans biofilm culture

The samples of C. albicans were obtained from Laboratory of
Microbiology, Faeulty of Dentistry, Universitas Airlangga,
Indonesia. The biofilms of C. albicans were studied in poly-
styrene microplates using the in vitro biofilm model.
C. albicans was reactivated in Sabouraud dextrose agar
(SDA) media (Oxoid, UK) incubation for one night at 37 °C
before the experiment. One dose of a culture was inoculated
into 10 mL of sterile physiological solution (0.85% sodium
chloride (NaCl)) and homogenized for a concentration of 0.5
McFarland (107 CFU/mL), followed by a 1:20 dilution in
Sabouraud dextrose broth (SDB) (Oxoid, UK) containing
8% glucose. Then, 100 pL of the suspension was transferred
to each well and incubated at 37 °C for 48 h. Biofilms were
grown on a well plate and washed twice with phosphate-
buffered saline (PBS) (pH 7.0) to remove the adherent cells.
Biofilm production was detected by measuring its OD (%T) at
microplate with an ELISA reader (A= 405 nm) [26].

Light source for in vitro treatment

The light source used was computer numerical control (CNC)
laser diode instrument with a microcontroller for controlling
the position of the sample holder during treatment. Laser di-
ode had an output wavelength of 450.00 +22.34 nm, an out-
put power of 53.16 £ 0.01 mW, and a laser spot size 0f 0.13 +
0.03 cm? at 3 cm of distance irradiation. The laser spot size
was according to the well area of the 96-microwell plate.
Those data were from calibration result using Jasco mono-
chromator CT-10 and Optical Power Meter (OPM) Thorlabs
PM100D with range power detection PW 100-200 W and a
wavelength of 185 nm—25 pm. The energy densities of 6.13 J/
em’, 12.27 Jem®, 36.80 Jem?®, 122.68 J/em?®, 245.35 J/eny’,
and 490.71 J/em?® were used in this treatment. The experimen-
tal setup and the flowchart of this study was shown in Fig. 1.

Sample treatments
Surface zeta potentials were measured using Malvern

zetasizer. The pH was adjusted to the required value (pH 3,
7.9, and 11)using | M HCl and 1 M NaOH. Each sample was

then mechanically stired for 15 min to reach the ionic equi-
librium. After shaking, the equilibrium pH was recorded and
the zeta potential of the metallic particles was measured.
Using the standard C. albicans suspension, we used two treat-
ments following the groups to reduce biofilm (Table 1).

Treatments were divided into the following experimental
groups: L+ P+ was the treatment with laser irradiation and
AgNPs; L+ P— was the treatment with laser irradiation only;
L — P+ was the treatment with AgNPs only (control positive);
L — P— was no treatment with laser irradiation or AgNPs (con-
trol negative). According to the experimental groups de-
scribed, 0.1 mL of the C. albicans suspension was added to
each well of sterile 96-well flat-bottom microtiter plates with
lids. After biofilm growth, 100 pL of the AgNPs was added
for groups L + P+ and L— P+. The plates were shaken for
5 min in an orbital shaker. The well content of the plates of
groups L + P+ and L + P— was then irradiated according to the
protocol described. The irradiation was done completely in the
dark room at laminar airflow. The growth of fungi in the cul-
ture had been monitored by measuring the optical density
(OD) at 405 nm. Then, the antifungal effect was calculated
by the following (Eq. (1)).

|OD¢ gy~ OD ,
%biofilm reduction = °"";‘)“.‘D teament| o 100% (1)
| ‘control |

Statistical analysis

The results obtained were analyzed using a one-way ANOVA
test to significantly determine the difference among treatments
whose degree of confidence was above 95% (P < 0.05).

Results

The photosensitizers (AgNPs) were synthesized by reducing
AgNO; using (Na;CgHsO5). The absorption spectrum of
AgNPs was measured using a UV-visible spectrophotometer.
The full width at half maximum (FWHM) of the AgNP spec-
trum is wide, which means the solution has many absorption
spectrums (not specifically). In this case, the solution can ab-
sorb energy from 360 to 541 nm of wavelength. The absorp-
tion peak which occurs at 441 £ 191.2 nm of wavelength was
0.437+0.002 a.uas shown in Fig. 2. However, the laser diode
spectrum used as light source of 450+ 22.34 nm was still in
the range spectrum of AgNPs.

PSA was used to determine the distribution size of the
synthesized AgNPs. The size of the AgNP distribution has
been recorded against the particles number. The sample test
was carried out at 25 °C, using an aqueous solvent, a refractive
index of 1330, a viscosity degree of 0.8872 cP, and a mean
size of 59.19 nm. Figure 3 shows that the particle size of

@ Springer




Fig. 1 aRepresentative images of
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the experimental setup during the
laser irradiation process. b
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Table 1 Sample treatments for reducing biofilm of C. albicans
Sample treatments AgNPs Laser diode

pH Volume (uL) Concentration (mM) Energy density (Jem®) Energy (J) Time (s)
pH variation 3 100 1 - - -

7 100 1 - - -

9 100 1 - - -

11 100 1 - - -
Laser irradiation - 100 1 6.13 0.8 15

- 100 1 12.27 1.6 30

- 100 1 36.80 478 90

- 100 1 122.68 15.95 300

- 100 1 24535 319 600

- 100 1 490.71 63.79 1200
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Fig. 2 The absorption spectrum of AgNPs

AgNPs was distributed between 7.531-5559.644 nm with a
peak in the range 20—180 nm and PdI value 0.460. The result
of calculation by determining the area of each peak was the
total distribution of 1797.65 particles with a particle distribu-
tion in region I of 29.61 particles; region IT has 1725.7 parti-
cles and region III has 42.34 particles, then the percentage
probability of each area was distributed at 1.64%, 96%, and
2.36%.

The result of cytotoxicity test of AgNPs using human he-
patocyte cells indicated that the cell viability in different con-
centrations (A (1 mM) 72.17%, B (0.05 mM) 71.44%, and C
(0.1 mM) 76.97%) was non-cytotoxic. All of the viability cells
were above 50% and indicated that the AgNPs used in this

10

Intensity (%)

1 10 100 1000
Size (nm)

Fig. 3 The distribution nanoparticles size of AgNPs

10000

study were safe [25]. The stability properties of colloidal
AgNP have been tested with different pH conditions against
zeta potential in Table 2.

A zeta potential was used to determine the surface potential
of the AgNPs. Measurements of zeta potential were also car-
ried out in order to study the stability of nanoparticles as this
extremely important for many applications. The criteria of
stability of nanoparticles are measured when the values of zeta
potential ranged from higher than +30 mV to lower than —
30 mV [27]. The pH is the main factor that was affecting the
zeta potential value.

Therefore, by using the AgNPs, the pH control plays its
role during the treatment. For the obtained nanoparticles, zeta
values were measured and found to fall between —20.53 and

50.10 mV. The results showed that at pH 3, colloidal AgNPs
were unstable with zeta — 20.53 mV due to the addition of the
HCI solution, which could decrease the stability of colloidal
AgNPs. The clone is absorbed into particles resulting in a
decrease in the surface tension as indicated by the low poten-
tial zeta value. The AgNPs at pH values 7, 9, and 11 showed
stable colloidal AgNPs because the values of zeta potential are
lower than — 30 mV. The stability of colloidal AgNPs is due to
the presence of charge on the surface of AgNPs. The amount
of charge on the surface of AgNPs is influenced by the con-
centration of electrolyte present in the dispersing medium.
After testing, the colloidal AgNPs were applied to increase
the C. albicans biofilm reduction.

The shape and size of AgNPs was shown in Fig. 4. The
AgNPs were in a spherical shape with a size of 10-13 nm
which was in the mean particle size. The AgNPs was evenly
distributed and even had a smaller size in several points.

The diagram (Fig. 5) shows that a high reduction percent-
age is caused by different treatments. Sample L + P— was
treated with a laser without AgNPs and sample L + P+ treated
with a combination of laser with AgNPs. Biofilm reduction
(%) without AgNPs was used for the comparison of L+ P
with L — P— treatment and biofilm reduction with AgNPs was
used for the comparison of L+ P+ with L — P+ treatment by
using Eq. (1). Laser treatment was carried out at the same
range time and the energy density in both samples; thus, re-
sults were only the effect of adding AgNPs. The increasing of
biofilm reduction caused by increasing of the energy density
of both treatments was not significantly different based on the
statistical analysis.

Table 2 The results of treatment with AgNPs in various pH

pH Zeta potential (mV) Biofilm reduction (%)
3 —20.53 26.79
7 —45.63 41.14
9 —62.00 29.42
11 - 50.10 30.59
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Fig. 4 The TEM image of AgNPs
with = 100 magnification

Based on Fig. 5, the treatment with a laser diode as a light
source (L + P—) showed an increase of biofilm reduction at
600 s. This result showed that the combination of the laser
diode and AgNPs (L + P+) showed a rapid increase in biofilm
reduction since the start of nradiation. However, in the statis-
tical analysis, iiradiation on 600 s was more effective on both
treatments, although exposure of 1200 s gave a higher effi-
ciency level. The difference in biofilm reduction between the
two treatments was more noticeable at a low energy density of
the laser diode without AgNPs (L +P-) giving a 7.07% bio-
film reduction and laser treatment with AgNPs (L + P+) gave
a 64.48% biofilm reduction.

Discussion

The stability of the AgNPs was affected by the pH value of
solution with Zeta potential. The adjustment of pH value was

100 T T T

Siols T 1200
/"’_-—_ 12005
(600 s
g
g ]
b
a2
B
& o
E
2 04
E 5 s
-]
20 2 -
= Without AgNPs (L+ P-)
* With AgNPs (L+ P+)
40

T T T T T T T T
o 50 100 150 200 250 300 350 400 450 500
Energy Density (J/em’)

Fig. 5 Reduction percentage of C. albicans death cell in various
treatments
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done to maintain the particles in nanosize (Table 2). The size
of AgNPs obtained from TEM image was 10-13 nm in the
range of mean size particles based on the PSA result which
was 7.531-5559.644 nm. The particles would be diffused into
the biofilm and produce a toxic molecule to reduce the bio-
film. The diffusion of particles in general depends on the po-
rous structure of the biofilm, the local accumulation of the
nanoparticles by cell, the non-diffusing macromolecules or
the polysaccharide network, and the adsorption of the solute
to freely diffusing species, abiotic particles, or gas bubbles.

Based on the result of this study, the biofilm reduction
increased with the combination of the laser diode and
AgNPs. Compared to the study of Kim et al., they reported
that the AgNPs could damage the cell membrane structure and
inhibit the normal budding process because of the disintegra-
tion of the cell membrane [28]. The other study conducted by
Lara et al. also reported that the AgNPs with positive charge
could damage the cell membrane. It also could pemmeate the
outer cell wall of bacteria and inhibit the biofilm formation
[29]. Both studies showed that AgNPs had an antibacterial
effect and antifungal effects. Another study from Silva et al.
mentioned that the AgNPs had the antibacterial and antifungal
eftect by reducing Candida biofilm [14]. From all these stud-
ies, they used only AgNPs in reducing the biofilm. On the
other hand, our study implied that the combination of'the laser
diode and AgNPs improved the biofilm reduction, especially
in C. albicans.

In addition to toxic effects resulting from its nature,
AgNPs could also be more toxic due to the release of
Ag+ ions, which have well-known antibacterial and other
destructive agents. It is possible that surface oxidation spe-
cies on the surface of AgNPs, upon contact with cell cul-
ture medium or proteins in the matrix EPS, liberates Ag+
ions that could amplify the toxicity [30]. It is acknowl-
edged and also predicted that due the mechanism when
nanoparticles partially diffuse into the biofilm, AgNPs
are able to bind with thiol (-SH) species of the proteins
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due to its high affinity and atfected on changing its original
structure and properties (denaturation) [15]. This is of par-
ticular concem due to the fact that known thiol groups are
one of the functional groups within antioxidants such as
glutathione and superoxide dismutase [SOD], which be-
come an important point to the antioxidant defense system
for terminating the oxidation reaction that occurs due to the
presence of silver ion. Therefore, thiyl radical produced by
thiol and the AgNP reaction is very reactive with oxygen,
which produces other free radical. AgNPs may deplete cel-
lular antioxidants and accumulate ROS on biofilm (endog-
enous ROS) [15]. ROS are highly reactive compounds
which may bind with biological molecules (such as pro-
tein, lipid, and DN A) whereby causing damage. The ROS
production in the biofilm that exceeds capacity and ability
to remove the protector caused oxidative stress (Fig. 6).

There are three possible mechanisms, namely thiyl radical,
light absomption by biofilm, and localized surface plasmon
resonance (LSPR) which was shown in Fig. 6. Treatment of
the addition of AgNPs causes the formation of free radicals,
when in large quantities, would damage the ROS accumula-
tion. Oxidative stress occurs when the amount of ROS formed
exceeds the number of protectors produced by the cell. After
incubation with AgNPs, samples were irradiated with a laser
that allowed the absorption of photons (exogenous ROS) by
matrix biofilms and particles of AgNPs. One possibility is that
microorganisms sensitive to laser light may have some sub-
stance which acts as an endogenous photosensitizer and that
the sensitivity may vary according to the level or type of this
substance [21]. Furthermore, this possibility leads to produce
ROS and accumulated with ROS from other reaction. But this
mechanism is still unclear.

AgNps

HETHH
_\-'—

Oxidation Glutathione
RSH + Ag=c-AS* + Ag" + H"

RS" + Oz ==R50: |Free Radicals)

Stress
Oksidatif

Mare Calluler
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Protector
(B1,2 glucan)
enzymprolecion

Fig. 6 Schematic mechanism of C. albicans biofilm reduced by silver nanoparticles (AgNPs) only and combination with a light source
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When particles of AgNPs interact with photons from
lasers, it will absorb the energy of laser photons; the elec-
tromagnetic fields of the lasers cause the polarization of
the conduction band electrons (free electrons) on the sur-
face of the nanoparticles. Because the electromagnetic
field of light oscillates, the polarization of the electrons
also undergoes oscillation. The heat generation of silver
nanoparticles interact with visible light is due to the sur-
face localized plasmon resonance (LSPR) phenomenon,
which occurs when the size of nanoparticles is smaller
than the wavelength of light. To explain this phenomenon,
Mie’s theory can be used to quantify the SPR by scatter-
ing and absorption of light by small particles in terms of
their extinction, scattering, and absorption coefficient. By
applying Mie’s theory, the heating generation of silver
nanoparticles which interact with lasers in our case can
be reasonably explained, since the size of the nanoparticle
(in the range 20-180 nm) is far smaller than the wave-
length used (450 nm).

In general, there are four steps involved in heat gener-
ation process: (1) collective free electrons in the surface
of silver nanoparticle (plasmon) absorb the energy of pho-
tons from laser beam on a time scale of 100 fs; (2) the
state of equilibrium distribution is achieved through
electron-electron relaxation on the order of 10-100 fs;
(3) particle temperature in the surface of silver nanoparti-
cle increases due to electron-phonon coupling effect, hap-
pening approximately between 100 fs and 10 ps; (4) tem-
perature rises in surrounding medium through energy ex-
change between the nanoparticle and their surrounding
medium by phonon-phonon coupling on the order of
1 psto 1 ns [31].

Conclusion

In conclusions, irradiation with a 450nm light source has a
significant fungicidal effect on C. albicans biofilm. The com-
bination of light source and AgNPs provides an increase of
biofilm reduction compared to light source itself. Moreover, it
is recommended to use this combination at a low energy den-
sity of the light source.
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