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Experimental Studies

In vitro investigation of the effect

of photosensitizer-mediated 365-nm UV light

and 630-670-nm low-energy laser irradiation

on the fungal flora, Candida albicans and Fusarium spp
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Purpose: To assess in vitro the antimicrobial effect of photosensitizer-mediated 365-nm
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on the suspensions of Candida albicans and Fusarium spp.
Material and Methods: The Mueller-Hinton medium was used to conduct a routine disc
diffusion susceptibility test and assess the antimicrobial activity of the preparations.
Methods for exerting effect on test strains of Candida albicans and Fusarium spp
isolated from the conjunctival sac: The method of low-energy laser irradiation (clinically,
photodynamic therapy or PDT) was as follows. A sterile disc was placed, along with test
strains of microorganisms, on the surface of the medium. Methylene blue 0.1% was instilled
on the surface of the sterile disc until the disc was completely covered. Thereafter, the disc
was irradiated with 630-670-nm low-energy laser for three minutes. The method of UV
irradiation (clinically, collagen cross-linking or CXL) was as follows. The sterile disc was
placed, along with test strains of microorganisms, on the surface of the medium. Riboflavin
0.1% was instilled on the surface of the sterile disc until the disc was completely covered.
Thereafter, the disc was irradiated with 365-nm UV light delivered by the UVX 2000 for 10
minutes.
Results: Growth inhibition zone analysis found that Candida albicans was susceptible to
PDT as well as to CXL. The diameter of the growth inhibition zone after treatment with PDT
plus CXL plus fluconazole was significantly, 6.3 mm, larger than for the control disc with
fluconazole. Fusarium spp was found to be susceptible to PDT plus CXL as well as to PDT plus
CXL plus itraconazole, with the diameter of the growth inhibition zone being significantly,
4.2 mm and 7.8 mm, respectively, larger than for the control disc with itraconazole.
Conclusion: In the in vitro experiment, the combination treatment (365-nm UV light using
riboflavin 0.1% as a photosensitizer and 630-670-nm low-energy laser irradiation using
o methylene blue 0.1% as a photosensitizer) we proposed had a demonstrated antimicrobial
ultraviolet irradiation, low-energy . . . . g, .
laser irradiation, antimicrobial effect on Candida albicans and Fusarium spp, showing fungal growth inhibition. This
effect, Candida albicans, experimental study showed that the approach is promising and warrants further research in
Fusarium spp ophthalmology.
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Introduction

Corneal infections can have a profound effect on  management and effective chemotherapy to preserve
visual function. Infectious corneal ulcers and infectious  vision [3,4].
keratitis are a major global cause of visual impairment and
blindness [1-3].

Although there are numerous antimicrobial agents © Troichenko L. F,, Drozhzhyna G. 1., Moloda A. L., Dolenko L.V,, 2021
available, severe corneal infections require skilled
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If diagnosis and initiation of appropriate antimicrobial
treatment are delayed, it has been estimated that only 50%
of the eyes heal with a good visual outcome [5].

The proportion of keratitis cases attributed to fungi
has been reported from as low as 4.5% to as high as 50%
(Behrens-Baumann W.1999, Said.G.2011). In a large
case series of cases with fungal keratitis reported from
11 tertiary eye care centers across the United States, in
addition to contact lens wear (37%) and ocular trauma,
ocular surface disease was the third most common risk
factor accounting for 29% of cases. Fungal keratitis most
commonly arises from yeasts (such as Candida alb.,
Malassezia spp., Micosporum spp.) and molds (such
as Aspergillus spp., Cephalsporium spp., Mucor spp.,
Fusarium spp., Paecillomices spp.), with the latter causing
more severe ocular lesions, which potentially lead to loss
of the eye [1, 6-8].

Inadequate topical and long-term systemic treatment
for fungal keratitis may induce severe complications.

For decades, antibiotics (particularly, fluoroquinolones)
have been used extensively in the treatments for various
diseases. Concerns that this practice has contributed to
increased bacterial resistance to antimicrobials have led
to developing the novel treatment techniques that can
provide fast and comprehensive microbicidal response on
their target with minimum toxic effect to the body [1].

Riboflavin, or vitamin B2, is a naturally occurring
compound and an essential human nutrient. Japanese
scientists demonstrated in the 1960s that riboflavin, when
exposed to visible or UV light, could be used to inactivate
the RNA containing tobacco mosaic virus. Research
has been underway since 2000 in using riboflavin as a
photosensitizer to inactivate pathogens in plasma, platelet
and red cell products [7-14].

Studies have demonstrated that riboflavin can act as
a photosensitizer useful for the inactivation of pathogens
found in corneal infections, because of its nucleic acid
specificity and its limited tendency toward indiscriminate
oxidation. On the other hand, the antimicrobial activity
of ultraviolet (UV) irradiation includes sporicidal and
virucidal effects [15-17].

Corneal collagen cross-linking (CXL) was established
as a gold standard for the treatment of corneal collagen
cross-linking (CXL) at the World ophthalmology congress
in Vienna in 2011. Photochemical ionization takes place
and riboflavin is destroyed (with release of free oxygen)
by exposure to UV-A radiation generated by the UV-X
system. Free oxygen-derived radicals cause cross-linking
between -CH and —CN groups in collagen molecules,
which induces their binding to form a 3D meshwork.
Numerous additional bounds between corneal collagen
fibers result in a significant improvement of corneal
mechanical strength and rigidity. Biomechanical studies
have shown that corneal rigidity increases by 350%-380%
after cross-linking. An increase in corneal mechanical
strength and rigidity begins immediately after CXL, and
continues during two years [9, 18].

The clinical use of a combination of riboflavin and
UV for CXL and the observations in the laboratory of
keratocyte depletion and apoptosis after its application,
stimulated researchers to use CXL for corneal infection.
CXL has been shown to have antimicrobial, antienzimatic
and anti-inflammatory effects, to result in an increase in
strength of the stroma, and to improve corneal resistance
to degradation by microbial enzymes. The antimicrobial
effect is most important and results from the application
of ultraviolet-A irradiation to a riboflavin-soaked cornea
[14].

An experimental study by Martins and colleagues
(2008) [15] demonstrated that Riboflavin/UVA was
effective  against Pseudomonas aeruginosa (PA),
Staphylococcus aureus (SA), Staphylococcus epidermidis
(SE), and Streptococcus pneumoniae (SP), but was
ineffective on Candida albicans (CA). Although most
researchers agree that CXL has a profound effect in the
treatment of bacterial keratitis and bacterial ulcers, there
is substantial disagreement on the efficacy of CXL in the
treatment of fungal and Acanthamoeba keratitis [15-31].

Since the literature is scarce on the use of CXL for the
treatment of keratitis and corneal ulcers of mixed etiology,
developing novel combination treatments for these severe
corneal disorders is important. Antimicrobial photodynamic
therapy (PDT) with methylene blue as photosensitizer has
been used as adjunct treatment against ocular bacterial and
fungal keratitis since 2012 [6, 32, 34]. The efficacy of PDT
using a laser with a 639-nm to 670-nm wavelength and
methylene blue 0.1% has been demonstrated in a model
of fungal keratitis as well as a model of acute bacterial
endophthalmitis. The proposed technique has been found
clinically effective in the treatment of patients with severe
fungal keratitis, with fungicidal effect as early as week 2
of treatment and subsequent longitudinal improvements in
clinical characteristics [6, 32, 34].

The treatment effect of the combination of CXL with
subsequent methylene blue PDT is based on the UV-induced
damage to the DNA and RNA of microorganisms and
fungicidal and bactericidal effect of PDT. It is noteworthy
that previously published reports on the efficacy of CXL
for the treatment of infectious keratitis include isolated
cases which differ from each other in etiology, and depth
and severity of corneal lesions. Therefore, it is important
to perform experimental in vitro and in vivo studies
on CXL (using riboflavin 0.1%) in combination with
methylene blue PDT using a laser with a 639-nm to 670-
nm wavelength.

The purpose of this study was to assess in vitro the
antimicrobial effect of 365-nm UV irradiation using
riboflavin 0.1% as a photosensitizer in combination with
630-670 nm low-energy laser irradiation using methylene
blue 0.1% as a photosensitizer on the fungal flora, Candida
albicans and Fusarium spp.

Material and Methods

The Mueller-Hinton medium was used to conduct
a routine disc diffusion susceptibility test and assess the
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antimicrobial activity of the preparations as per the national
guidelines MV9.95-143-2007. Concentrated Mueller-
Hinton medium was prepared according to the instructions
of manufacturer (Farmaktiv LLC, Kyiv, Ukraine) and
poured into Petri dishes. Cultures of the organisms
(Candida albicans (CA) and Fusarium spp (FS)) from the
patient’s conjunctival sac were used as test strains.

All the cultures were adjusted to 0.5 McFarland
standard, which is visually comparable to a microbial
suspension of approximately 1.5 x 108 cfu/cm3. The
optical density of the suspension was measured with an
optical density meter.

An aliquot of 1 to 2 cm3 of the standardized inoculum
was pipetted out onto the surface of the Petri dish
containing the medium. After the Petri dish was opened, it
was allowed to dry at room temperature for 10-15 minutes.

Sterile disc, fluconazole disc, and itraconazole disc
were applied to the medium surface by using sterile
forceps.

Methods for exerting effect on test strains of Candida
albicans and Fusarium spp isolated from the conjunctival
sac

The method of low-energy laser irradiation (clinically,
photodynamic therapy) was as follows. A sterile disc
was placed, along with test strains of microorganisms,
on the surface of the medium. Methylene blue 0.1% was
instilled on the surface of the sterile disc until the disc was
completely covered. Thereafter, the disc was irradiated
with 630-670-nm low-energy laser for three minutes.

The method of UV irradiation (clinically, collagen
cross-linking or CXL) was as follows. The sterile disc was
placed, along with test strains of microorganisms, on the
surface of the medium. Riboflavin 0.1% was instilled on
the surface of the sterile disc until the disc was completely
covered. Thereafter, the disc was irradiated with 365-nm
UV light delivered by the UVX 2000 for 10 minutes.

Experimental Methods included the following methods
for exerting effect on test strains of Candida albicans and
Fusarium spp isolated from the conjunctival sac:

Photodynamic therapy (PDT),

Collagen cross-linking (CXL)

PDT plus CXL, and

PDT plus CXL plus either fluconazole (for Candida
albicans) or itraconazole (for Fusarium spp.)

The fluconazole disc and itraconazole disc were used
as control discs for Candida albicans and Fusarium spp,
respectively, and placed on the surface of the medium
in the Petri dish at a distance of at least 5 cm from the
experimental disc.

Immediately after performing experiments and
applying discs, the Petri dishes were incubated in the
upside down position at 35° C for 24 hours.

Recording of results

After incubation, the dishes were placed upside down
on a black diffusing surface, with the light falling on
them at an angle of 45 degrees above the horizontal (the
records were made using the reflected light setting). The

antipathogenic activity was assessed in the dishes based
on the diameters of the growth inhibition zone surrounding
the discs. The diameters of growth inhibition zones were
measured in millimeters with the help of a scale (Figs 1,
2).

Statistical analyses were conducted using Statistica 9.0
(StatSoft, Tulsa, OK, USA) software. Student t-test was
used to determine the significance of differences in mean
values.

Results

Candida albicans was found to be susceptible to PDT
as well as to CXL. The diameter of the growth inhibition
zone after treatment with PDT only ranged from 15 mm to
28 mm (M 21.9+ SD 4.7 mm), which was 7.7 mm smaller
than for the fluconazole control disc (range, 28 mm to 30
mm; M 29.6+ SD 0.69 mm) (p =0.001).

In addition, the diameter of the growth inhibition zone
after treatment with CXL only ranged from 0 mm to 19
mm (M 9.1+ SD 9.6 mm), which was 22 mm smaller than
for the fluconazole control disc (range, 30 mm to 34 mm
(M 31.1+ SD 1.37 mm), and the difference was statistically
significant (Table 1).

Moreover, the diameter of the growth inhibition zone
after treatment with PDT plus CXL ranged from 14 mm to
30 mm (M 22.4+ SD 7.27 mm), which was 8.3 mm smaller
than for the fluconazole control disc (M 30.7+ SD 1.16
mm; range, 29 mm to 32 mm).

The largest diameter of the growth inhibition zone
was observed after treatment with PDT plus CXL plus
fluconazole (range, 36 mm to 38 mm; M 36.9+ SD 0.87
mm), which was 6.3 mm larger than for the control disc
with fluconazole (range, 29 mm to 32 mm; M 30.6+ SD
0.96 mm) (Table 2).

The following results were obtained after experiments
with Fusarium spp. The diameter of the growth inhibition
zone after treatment with PDT ranged from 0 mm to
14 mm (M 8.8+ SD 6.16 mm), which was significantly
smaller than for the control disc with itraconazole (range,
13 mm to 17 mm (M 14.5+ SD 1.43 mm) (p =0.01).

In addition, the diameter of the growth inhibition zone
after Fusarium spp treatment with CXL ranged from 0 mm
to 17 mm (M 9.7+ SD 8.36 mm), which was significantly
smaller than for the control disc with itraconazole (range,
15 mm to 19 mm (M 17.3+ SD 1.3 mm) (p =0.01) (Table
3).

Moreover, the diameter of the growth inhibition zone
after Fusarium spp treatment with PDT plus CXL ranged
from 25 mm to 35 mm (M 32.2+ SD 3.61 mm), which was
4.2 mm larger than for the control disc with itraconazole
(range, 24 mm to 28 mm (M 28.0+ SD 2.0 mm) (p =0.004).

The diameter of the growth inhibition zone after
Fusarium spp treatment with PDT plus CXL plus
itraconazole was 27.9+ SD 6.99 mm (range, 20 mm to 58
mm), compared to 20.1+ SD 3.95 mm (range, 17 mm to
31 mm) for the control disc with itraconazole (Table 4,
Fig. 3).
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Discussion

Growth inhibition zones were found after Candida
albicans treatment with PDT only, as well as with PDT
plus CXL plus fluconazole. In addition, growth inhibition
zones were found after Fusarium spp. treatment with PDT
plus CXL, and with PDT plus CXL plus itraconazole. We
proposed an in vitro combination treatment for fungal
infections of the cornea, because we have failed to find in
the literature a definite scheme of treatment for this severe
disorder, fungal lesions in the cornea.

Said and colleagues (2014) [31] demonstrated that
PACK-CXL may be an effective adjuvant therapy in the
management of severe infectious keratitis (particularly,
fungal keratitis) associated with corneal melting.

In a study by Shetty and colleagues [27], three of six
patients with fungal keratitis resolved following CXL
treatment, but patients with deep stromal keratitis or
endothelial plaque failed to resolve.

Saglk and colleagues (2013) [28] presented a case of
fungal corneal ulcer unresponsive to medical treatment,
successfully treated with the use of UV-A and riboflavin
CXL administered twice with an interval of three weeks.

In a study by Arboleda and colleagues (2014) [29], the
isolates recovered from patients with confirmed fungal
keratitis were used in the experiments, and rose bengal-
mediated PDT successfully inhibited the growth of 3 types
of fungi.

In has been demonstrated experimentally and clinically
by Zborovska [6, 32, 34] that methylene blue mediated
PDT was effective in the treatment of Candida albicans-
induced keratitis.

Recent literature reviews [5, 30] on the diagnosis and
treatment of fungal keratitis concluded that management
of the disease remains a challenge to cornea specialists.
Emerging fungal pathogens and resistance to existing
antifungal drugs have further added to the reasons
for poor prognosis in fungal keratitis [5, 30]. Newer
antifungal agents and newer methods of targeted drug
delivery system can be helpful in treating recalcitrant
cases. Nanoparticles and antimicrobial peptides have
shown promise in experimental studies and offer hope for
improving prognosis in cases of fungal keratitis in future.

In the in vitro experiment, the combination treatment
(365-nm UV light using riboflavin as a photosensitizer and
630-670-nm low-energy laser irradiation using methylene
blue 0.1% as a photosensitizer) we proposed had a
demonstrated antimicrobial effect on Candida albicans and
Fusarium spp, showing fungal growth inhibition zones.
This experimental study demonstrated that the approach is
promising and warrants further research in ophthalmology.
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Table 1. Diameters of growth inhibition zones after treatment of Candida albicans with PDT only or CXL only
Number of

Method of LA i
experiment X Control Experiment difference in p
e influence .
repetitions, n diameter
10 PDT M 29'6;n§D 0.69 M 21.9 £ SD 4.7 mm 7.7 mm 0.001
10 CXL M 31'1;:1'3 1.37 M 9.1 £SD 9.6 mm 22.0 mm 0.000

Table 2. Diameters of growth inhibition zones after combination treatments of Candida albicans

Number of Method of Amount of
experiment . Control Experiment difference in p
e influence .
repetitions, n diameter
10 PDT plus CXL M30.7+SD1.16 | M 224 +SD7.27 8.3 mm 0.022
mm mm
10 PDT plus CXLplus | 3554 096 mum | 36,9 £ 0,87 mu 6,3 MM 0,000
fluconazole
M 30.6+SD0.96 | M36.9+SD 0.87 6.3 mm 0.000
mm mm

Table 3. Diameters of growth inhibition zones after treatment of Fusarium spp with PDT only or CXL only

Number of Method of Amount of
experiment . Control Experiment difference in p
" influence .
repetitions, n diameter
10 PDT M14.5 ;2'3 143 M8.8+ SD 6.16 mm 5.7 mm 0.01
10 CXL M17.3 £ SD 1.3 mm|M9.7+ SD 8.36 mm 7.6 mm 0.01

Table 4. Diameters of growth inhibition zones after combination treatments of Fusarium spp

Number of Method of Amount of
experiment . Control Experiment difference in p
. influence .
repetitions,n diameter
10 PDT plus CXL  |M 28.0 £ SD 2.0 mm M 32'2;n§D 3.61 4.2 mm 0.004
10 PDT plus CXL plus | M20.1+SD 3.95 | M27.9+SD 6.99 78 mm 0.006
itraconazole mm mm
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Fig. 2. Measuring growth inhibition zones

Fig. 3. Growth inhibition zones after treatment of
Fusarium spp with PDT plus CXL plus itraconazole

40




