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Abstract: Cryptococcal cells can manifest skin infections in immunocompromised persons. While it
may be easy to diagnose cryptococcal infection, treatment often fails due to the ineffectiveness of
current antifungal agents. To this end, the present study explored the repurposing of primaquine
(PQ), as a photosensitizer. PDT was carried out using a germicidal ultraviolet (UV) lamp, which has
a radiation output of approximately 625 µW/cm2 at a distance of 20 cm. When compared to the
non-treated cells, the metabolic activity of cryptococcal cells was significantly (p < 0.05) limited. The
photolytic products of PQ were observed to alter the ultrastructure of treated cells. The latter was not
incidental, as the same cells were also documented to lose their selective permeability. Importantly,
PDT also improved the efficiency of macrophages to kill internalized cryptococcal cells (p ≤ 0.05)
when compared to non-treated macrophages. Equally importantly, PDT was not detrimental to
macrophages, as their metabolic activity was not significantly (p > 0.05) limited, even when exposed
to 20× the MIC (determined for cryptococcal cells) and an exposure time that was 4× longer. Taken
together, the results suggest PQ has the potential to control the growth of cryptococcal cells and limit
their survival inside the macrophage.

Keywords: Cryptococcus; inactivation; macrophages; photodynamic therapy; photosensitizer; Pri-
maquine (PQ); Ultraviolet Light (UV)

1. Introduction

The skin is home to complex microbial communities, reflecting the biodiversity of the
ecosystems they inhabit [1]. Importantly, the skin also provides the first line of protection
against pathogens [2], for example, by the tactical arrangement of dendritic cells (CD103+)
for the cross-presentation of skin-tropic pathogens [3].

Presentation of a portal of entry, i.e., a mechanical injury to the skin due to insertion of
a medical device, can create an opportunity for commensal organisms to invade a host. In
this regard, the chances of direct inoculation are also increased. Cryptococcus (C.) neoformans
is an example of an airborne environmental fungus that can cause a primary skin infection
following direct inoculation—although such instances are rare [4,5]. In the main, follow-
ing a primary lung infection in a person with a weakened immune system, cells could
disseminate “freely” in the blood or hide inside invaded macrophages in a Trojan horse-
like manner [6,7]. Such cells can practically reach every organ system of the body [6,7],
including the skin [4].

Rajasingham et al. documented that sub-Saharan Africa has the highest cryptococcal
meningitis mortality rate in the world, i.e., 75% of all recorded cases [8]. This high mor-
tality rate is in part due to the limited number of available antifungals [9]. The current
treatment regimen is limited to amphotericin B, fluconazole, and flucytosine. However,
flucytosine, which is more effective against cryptococcal infections, is less frequently used
in resource-limited settings due to cost implications. Amphotericin B and fluconazole are

Photochem 2021, 1, 275–286. https://doi.org/10.3390/photochem1020017 https://www.mdpi.com/journal/photochem

https://www.mdpi.com/journal/photochem
https://www.mdpi.com
https://orcid.org/0000-0002-7886-0524
https://orcid.org/0000-0002-0485-2273
https://orcid.org/0000-0001-6928-5663
https://orcid.org/0000-0002-0182-1084
https://doi.org/10.3390/photochem1020017
https://doi.org/10.3390/photochem1020017
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/photochem1020017
https://www.mdpi.com/journal/photochem
https://www.mdpi.com/article/10.3390/photochem1020017?type=check_update&version=1


Photochem 2021, 1 276

generally used in South Africa [10], and their mechanism of action targets the fungal cell
membrane [11]. Unfortunately, therapy with these two drugs has contributed to unaccept-
ably high mortality rates due to clinical failure [12]. Additionally, amphotericin B has been
associated with considerable nephrotoxicity and poor ability to penetrate the blood–brain
barrier due to its chemical and physical nature [13–15]. Conversely, fluconazole has been
reported to be associated with poorer clinical outcomes due to clinical relapse and the risk
of inducing drug resistance [16–18]. It is, therefore, crucial to explore alternative therapy
to combat antifungal host toxicity and resistance, as the evolution of this resistance is
outpacing the current antifungal agents. Several treatment options have been reconsidered
in the quest for alternative treatment.

The current study considers photodynamic treatment (PDT) as a possible solution
to control primary cutaneous cryptococcosis (PCC). PDT has, for some time, been a well-
studied therapeutic option that involves the optimal combination of a light-sensitive
compound (photosensitizer) and light of a specific absorption wavelength in the presence
of ambient air [19,20]. The treatment induces the accumulation of harmful radicals that
fix on cellular components of a targeted organism leading to cell death [19–23]. An ideal
photosensitizer is a chemical compound with suitable photo-physical characteristics that
can induce a specific photo-activity effect [24]. To this end, a few compounds have been
proven to be ideal photosensitizers when applied against several microbes [25]. A well-
known photosensitizer is phenothiazinium salt (methylene blue), which has been shown to
inactive the growth of bacteria, fungi, and protozoa [26].

In this study, PQ is repurposed as a photosensitizer that may inactivate the highly aero-
bic cryptococcal cells. Traditionally, PQ is widely used in malaria therapy, and it is thought
to disrupt the mitochondrial function of the aerobic Plasmodium [27–30]. Notably, the idea
of repurposing PQ is not foreign, as it has successfully been shown to control the growth of
Pneumocystis jirovecii [31,32]. It is, therefore, theorized that PDT would be successful when
used against aerobic microbes, similarly to Plasmodium and Pneumocystis jirovecii, given
their natural susceptibility to oxidative damage [19,33].

2. Materials and Methods
2.1. Materials

Yeast extract, malt extract, peptone, glucose, agar (Merck, Johannesburg, South Africa),
phosphate buffer solution (PBS) (Sigma-Aldrich, Johannesburg, South Africa), RPMI-
1640 medium, fetal bovine serum (Biochrom, Berlin, Germany), penicillin, streptomycin
(Sigma-Aldrich, St. Louis, MO, USA), l-glutamine (Sigma-Aldrich, Johannesburg, South
Africa), trypan blue stain, 0.1% Triton X-100 (Sigma-Aldrich, South Africa), hemocytometer
(Marienfield, Germany), sterile disposable 96-well flat-bottom microtiter plate (Greiner Bio-
One, Frickenhausen, Germany), absolute ethanol (Merck, South Africa), propidium iodide
(PI) (Life Technologies, Carlsbad, CA, USA), Toxilight (Lonza Rockland, Inc., Rockland,
ME, USA), sodium-phosphate-buffered 3% glutardialdehyde (Merck, Johannesburg, South
Africa), sodium-phosphate-buffered 3% osmium tetroxide (Merck, Johannesburg, South
Africa), 5, 2′,7-dichlorofluorescein diacetate (DCFHDA) (Sigma-Aldrich, Johannesburg,
South Africa), 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-
tetrazolium hydroxide (XTT; Sigma-Aldrich, Johannesburg, South Africa), menadione
(Sigma-Aldrich, Johannesburg, South Africa), 1.5 mL plastic tubes (Merck, South Africa),
germicidal ultraviolet light (UVL) lamp (ESCO, Johannesburg, South Africa), Airstream®

Class II Biological Safety Cabinet (ESCO, Johannesburg, South Africa), SEM coating
system (Bio-Rad Microscience Division, Johannesburg, South Africa), Shimadzu Super-
scan SSX 550 SEM (Shimadzu, Tokyo, Japan), spectrophotometer (EZ Read 800 Research;
Biochrom, United Kingdom), and Fluoroskan Ascent FL microplate reader (Thermo Scien-
tific, Waltham, MA, USA).
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2.2. Cells, Cultivation and Standardization

The prototypical cryptococcal reference strain, i.e., C. neoformans H99, was used in
the study. This organism was streaked out on fresh, sterile, yeast-malt-extract (YM) agar
(3 g/L yeast extract, 3 g/L malt extract, 5 g/L peptone, 10 g/L glucose, 16 g/L agar). The
plates were incubated for 48 h at 30 ◦C. After 48 h, a single colony was scooped with an
inoculation loop and streaked onto a fresh, sterile YM agar plate before incubating for
24 h at 30 ◦C. After the incubation period, five colonies were suspended in 5 mL of sterile
distilled water. A McFarland standard of 0.5 was prepared to obtain a cell concentration
between 0.5 × 105 and 2.5 × 105 colony forming units (CFU) per mL.

A murine macrophage cell line, RAW 264.7 (TIB-71 from ATCC), was cultivated in
a tissue flask containing 10 mL of RPMI-1640 medium. The medium was supplemented
with 20 mg/mL streptomycin, 2 mM L-glutamine, 20 U/mL penicillin and 10% fetal
bovine serum. The flask was incubated at 30 ◦C in a 5% CO2 incubator until confluence
was reached. The cells were harvested, and their viability was determined to be 90%
after staining with trypan blue. Thereafter, the cell concentration of macrophages was
determined using a hemocytometer. The cell concentration was adjusted to a final cell
concentration of 1 × 106 cells/mL using a 10 mL solution of fresh, sterile RPMI-1640
medium. A 100 µL suspension of cells was then dispensed into wells of a sterile 96-well
flat-bottom microtiter plate. The plate was incubated overnight in 5% CO2 at 37 ◦C. Before
use, the overnight spent media was aspirated and replaced with 100 µL of fresh, sterile
RPMI-1640 media.

2.3. UV Radiation

Photosensitizer: PQ was obtained from Sigma-Aldrich as a standard powder. The PQ
stock solution was prepared in distilled water to yield a stock solution of 1200 µM. The
drug was further diluted in RPMI-1640 medium to reach final concentrations of 0, 6, 15, 30,
60, and 600 µM. The final amount of distilled water in RPMI-1640 media never exceeded
1%. The UV/Vis absorption of PQ was determined to be 260 nm (data not shown), which
was in the UVC range of the germicidal lamp.

Light source: A germicidal ultraviolet C (UVC) lamp that was fitted in a Class II
Biological safety cabinet (ESCO, South Africa) was used as the light source. The lamp is
reported to have a nominal power of 30 watts. In the current study, the cells were kept at a
distance of approximately 20 cm from the lamp. At this distance, the lamp is estimated to
have a radiation output of 625 µW/cm2 [34].

2.4. Preparation of Cells for Experimental Assays

A 100 µL standardized inoculum of cryptococcal cells (0.5× 105 and 2.5 × 105 CFU/mL)
was dispensed into wells of sterile 96-well flat-bottom microtiter plates. To the same wells,
100 µL of the prepared compounds were added. A number of experimental conditions
were set up at room temperature to assess the effect of PDT using PQ on cryptococcal cells.
These were: (1) cryptococcal cells with 0 µM of PQ and exposed to dark light (DL) for
2 min (i.e., non-treated (non-Rx) cells); (2) cryptococcal cells with 6 µM, 30 µM or 60 µM of
PQ and exposed to DL for 2 min (i.e., drug effect); (3) cryptococcal cells with 0 µM of PQ
and exposed to ultraviolet light (UVL) for 2 min (i.e., UV effect), and (4) cryptococcal cells
with 6 µM, 30 µM or 60 µM of PQ and exposed to UVL for 2 min (i.e., PDT effect). The
cells were first allowed to react to PQ for 30 min (in the dark) prior to exposure to UVL
(where appropriate).

2.5. Metabolic Activity Assay of Cryptococcal Cells

Following the handling of cryptococcal cells per the above conditions, they were
reacted with a tetrazolium salt (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-
5-carboxanilide, XTT) and menadione. This reaction produces a soluble formazan salt.
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The plates were incubated for 3 h at 37 ◦C in 5% CO2. After 3 h of initiating the
tetrazolium reaction, the absorbance of the wells was measured at 492 nm. The amount of
formazan formed is directly related to the metabolic activity of cells.

2.6. Effects of PDT with PQ on the Accumulation of Reactive Oxygen Species (ROS)

The levels of accumulated ROS were measured using 2′,7-dichlorofluorescein diacetate
(DCFHDA). In brief, following the treatment of cells as indicated in the in vitro susceptibil-
ity assay section, the micro-well contents were aspirated and dispensed to corresponding
wells in a black microtiter plate. Thereafter, 10 µL of DCFHDA (1 mg/mL) was reacted with
90 µL of the aspirated cells suspension. The plates were incubated at room temperature
for 30 min in the dark. Induced fluorescence was measured at excitation and emission of
485/535 nm using a fluorescence plate reader.

2.7. Effects of PDT with PQ on the Ultrastructure and Cell Membrane Integrity

As it was expected that the PQ photolytic products would target cellular structures, it
was sought to determine the effects of the resultant reactive oxygen species on the cells’
ultrastructure and membrane integrity. A scanning electron microscope (SEM) was used
to study the cells’ ultrastructure. The SEM protocol was based on the method detailed
by Swart and co-workers [35]. In brief, after treatment, cells of the same experimental
condition were aspirated and pooled together into 1.5 mL plastic tubes. The plastic tubes
were centrifuged for 5 min at 1000× g at 30 ◦C to pellet the cells. The pelleted cells
were then fixed with 1 mL of 3% phosphate-buffered glutaraldehyde for 3 h and washed
afterwards with the same buffer. The cells were fixed a second time with 1% sodium
buffered osmium tetroxide glutaraldehyde for 1.5 h. Thereafter, graded acetone series
of 30, 50, 70, 95 and 100% were used to dehydrate the fixed cells. Following this, cells
were critical-point dried, mounted on stubs and coating with gold. The samples were
viewed with scanning electron microscopy. A number of images were taken from different
positions on the stub. Furthermore, 100 randomly selected cells were considered, and their
cell diameters were measured.

Two assays were also performed, viz. a propidium iodide (PI) assay and a Toxilight
assay, to assess the impact of PDT on membrane integrity. The PI stain is excluded by
a healthy cell with an intact membrane [36], while Toxilight measures the amount of
adenylate kinase (AK), an intracellular enzyme that is only secreted into the cultivation
media of dead cells once they have lost selective permeability. Once more, the contents
of the wells were aspirated and dispensed to corresponding wells in either black (PI) or
white (AK) microtiter plates. For the Pl exclusion assay, 1 µL of PI stain (10 µg/mL) was
added to the wells to react with the cells. The plate was incubated in the dark for 1 h at
room temperature and the induced fluorescence was measured at an excitation of 485 nm
and emission of 538 nm with a fluorescence plate reader. The reader converts logarithmic
signals to relative fluorescence units. For the AK assay, 100 µL of Toxilight reagent was
added to the wells to react with the supernatant, and the plate was incubated at room
temperature for 10 min in the dark. The induced luminescence was measured after the
incubation period with the Fluoroskan Ascent FL microplate reader. The reader converts
logarithmic signals to relative luminescence units.

2.8. Effects of PDT with PQ on the Phagocytic Efficiency of Murine Macrophages

We explored the influence of PDT with PQ on the phagocytic capability of macrophages
against cryptococcal cells. Here, a number of co-cultured (1 (macrophage): 1 (cryptococcal
cell)) experimental conditions were set up at room temperature inside microtiter plates:
(1) co-cultured cells with 0 µM of PQ and exposed to DL for 2 min (i.e., non-Rx co-cultured
cells); (2) co-cultured cells with 6 µM of PQ and exposed to DL for 2 min (i.e., drug effect);
(3) co-cultured cells with 15 µM of PQ and exposed to DL for 2 min (i.e., drug effect);
(4) co-cultured cells with 30 µM of PQ and exposed to DL for 2 min (i.e., drug effect);
(5) co-cultured cells with 0 µM of PQ and exposed to UVL for 2 min (i.e., UV effect);
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(6) co-cultured cells with 6 µM of PQ and exposed to UVL for 2 min (i.e., PDT effect);
(7) co-cultured cells with 15 µM of PQ and exposed to UVL for 2 min (i.e., PDT effect), and
(8) co-cultured cells with 30 µM of PQ and exposed to UVL for 2 min (i.e., PDT effect). The
cells were first allowed to react to PQ for 30 min (in the dark) prior to exposure to UVL
(where appropriate).

Following the handling of co-cultured cells as indicated above, the plate was incubated
at 37 ◦C in 5% CO2 for 18 h. After the incubation period, the supernatant was aspirated and
replaced with 200 µL of phosphate-buffered solution (PBS) to wash out the non-internalized
cryptococcal cells. The macrophages with internalized cryptococcal cells were harvested
by transferring to 1.5 mL plastic tubes. Macrophages were then lysed using 300 µL of 0.1%
Triton X-100. At this concentration, Triton X-100 has been reported not to have any effect on
the viability of fungi but can lyse macrophage cells [37,38]. A 10 times serial dilution using
distilled water was carried out on cryptococcal cells, and 50 µL of the dilution was plated
out on YM agar plates. The plates were incubated for 48 h at 30 ◦C, and colony-forming
units (CFUs) were counted.

2.9. Effects of PDT with PQ on the Metabolic Activity of Murine Macrophages

The effect of PDT using PQ on the metabolic activity of murine macrophages was also
investigated. The macrophages that were grouped to yield the following experimental
conditions at room temperature: (1) macrophages with 0 µM of PQ and exposed to DL for
8 min (i.e., non-Rx macrophages); (2) macrophages with 6 µM of PQ (0.2× the MIC) and
exposed to DL for 8 min (i.e., drug effect); (3) macrophages with 60 µM of PQ (2× the MIC)
and exposed to DL for 8 min (i.e., drug effect); (4) macrophages with 600 µM of PQ
(20× the MIC) and exposed to DL for 8 min (i.e., drug effect); (5) macrophages with 0 µM
of PQ and exposed to UVL for 8 min (i.e., UV effect); (6) macrophages with 6 µM of PQ
(0.2× the MIC) and exposed to UVL for 8 min (i.e., PDT effect); (7) macrophages with 60 µM
of PQ (2× the MIC) and exposed to UVL for 8 min (i.e., PDT effect), and (8) macrophages
with 600 µM of PQ (20× the MIC) and exposed to UVL for 2 min (i.e., PDT effect). The
macrophages were first allowed to react to PQ for 30 min (in the dark) prior to exposure to
UVL (where appropriate).

Following the handling of macrophages as indicated above, they were reacted with
XTT and menadione before incubating for 3 h at 37 ◦C in 5% CO2. After 3 h, the absorbance
of the wells was measured at 492 nm to estimate the metabolic activity of macrophages.

2.10. Statistical Analyses

For each study, three independent experiments were performed. No technical repeats
were included for each independent experiment. GraphPad Prism 8.3.1 was used to
calculate mean values and the standard deviation of the means. The same program was
used to perform the multiple comparison test using Tukey as an option. For proper
interpretation of the data, box plots were used as recommended by Weissgerber et al. [39].

3. Results
3.1. Cryptococcal Cells Were Susceptible to the Photodynamic Action of PQ

The response of C. neoformans H99 to PDT using PQ is summarized in Figure 1. There
was no significant difference (p ≥ 0.5) in the absorbance readings obtained for the non-
treated cells (0 µM and no UVL) when compared to cells treated with PQ alone at 6, 30, or
60 µM. This suggested there was no drug effect. However, there was a UV effect. Despite
the noted UV effect, the implementation of PDT (by exposing PQ to UV) resulted in a
significant combinatorial effect when compared to non-treated cells (p ≤ 0.01), drug effect
(p ≤ 0.05), and UV effect (p ≤ 0.05). PQ at 30 µM was sufficient to inhibit the metabolic
activity of the test population of cells by more than 50% when compared to the other two
PQ concentrations. Thus, PQ at 30 µM was defined as the MIC in the current study. This
concentration was used henceforth as the MIC.
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Figure 1. Effect of PDT with PQ on the metabolic activity of C. neoformans H99. The decrease in
absorbance is against the maximum absorption value of the non-Rx control. A p value of less than or
equal to 0.05 was considered significant. A box plot that has a different alphabet to the other box
plot implies there is a significant difference (p < 0.05) while those with the same alphabet are not
significantly different (p > 0.05). Black bars = medians; circles = the distribution of the data points.

3.2. PDT with PQ Induces Accumulation of ROS

The ROS data are summarized in Figure 2. The data for non-treated cells were
comparable, i.e., no significant difference (p ≥ 0.4), to that of the drug-alone test. The
tested cell population experienced a UV effect. When PDT was implemented, there was a
significant accumulation (p ≤ 0.01) of ROS when the PDT data were compared to that of
non-treated cells as well as cells exposed to UVL-alone (p≤ 0.04). The accumulation of ROS
suggests a type I reaction. This assertion is supported by literature that further documents
that the PQ decomposes photochemically by oxygen-dependent reaction mechanisms,
wherein free radicals (OH•· and O2•−) are formed in the photochemical reactions [40].

Figure 2. Effect of PDT with PQ on the production of ROS in C. neoformans H99. The increase in RFUs
is against the maximum fluorescence value of the non-Rx control. A p value of less than or equal to
0.05 was considered significant. A box plot that has a different alphabet to the other box plot implies
there is a significant difference (p < 0.05) while those with the same alphabet are not significantly
different (p > 0.05). Black bars = medians; circles = the distribution of the data points.
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3.3. The Photolytic Products of PQ Alter the Cryptococcal Ultrastructure and Compromise
Cell Membranes

The SEM images that allow for the comparison of the cryptococcal ultrastructure
across the different experimental conditions are collated in Figure 3. The outer structure of
the non-treated cells (with neither PQ nor UVL) appeared to have rough surfaces covered
with an extracellular matrix. The cells were determined to have an average cell diameter
(3.6 µm (+/− 0.1)). Cells exposed to the drug alone (PQ at 30 µM) seemed to have a slight
to no reduction in the extracellular matrix; moreover, there was no significant reduction
(p ≥ 0.05) in their cell diameter (3.5 µm (+/− 0.3)) when compared to non-treated cells.
However, cells exposed to UVL seemed to have lost the extracellular matrix and were
significantly (p ≤ 0.05) smaller (2.9 µm (+/− 0.3)) when compared to non-treated cells.
Cells exposed to PDT also lost the extracellular matrix and were significantly (p ≤ 0.05)
smaller (2.5 µm (+/− 0.3)) when compared to non-treated cells.

Figure 3. SEM images showing the morphological differences of cryptococcal cells’ ultrastructure after being handled in
designed experimental groups. The images were taken after studying C. neoformans H99 cells.

To further assess the integrity of the cell wall following treatment, the accumulation
of PI inside the cells (Figure 4), as well as the release of AK enzyme into the cultivation
media (Figure 5), were considered.

Figure 4. Effect of PDT with PQ on membrane selective permeability in C. neoformans H99. Accu-
mulation of propidium iodide was used as an indicator for loss of membrane integrity. The increase
in RFUs is against the maximum fluorescence value of the non-Rx control. A p value of less than or
equal to 0.05 was considered significant. A box plot that has a different alphabet to the other box
plot implies there is a significant difference (p < 0.05) while those with the same alphabet are not
significantly different (p > 0.05). Black bars = medians; circles = the distribution of the data points.
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Figure 5. Effect of PDT with PQ on membrane selective permeability in C. neoformans H99. Accumu-
lation of adenylate kinase was used as an indicator for loss of membrane integrity. The increase in
RLUs is against the maximum luminescence value of the non-Rx control. A p value of less than or
equal to 0.05 was considered significant. A box plot that has a different alphabet to the other box
plot implies there is a significant difference (p < 0.05) while those with the same alphabet are not
significantly different (p > 0.05). Black bars = medians; circles = the distribution of the data points.

For PI, the data for the non-treated cell was comparable, i.e., no significant difference
(p ≥ 0.1), to that of the drug-alone test. However, the exposure of cells to UVL for 2 min
led to a UV effect (p ≤ 0.05). Despite this UV effect, when combined (30 µM of PQ and
2 min UVL), there was a significant accumulation of PI inside the cells when compared to
non-treated cells (p ≤ 0.03) and cells exposed to UVL-alone (p ≤ 0.05). For Toxilight, the
data for the non-treated cells was comparable, i.e., no significant difference (p ≥ 0.2), to
that of the drug-alone test. However, the exposure of cells to UVL for 2 min led to a UVL
effect (p ≤ 0.05). Despite this UVL effect, when PDT was effected, there was a significant
accumulation (p ≤ 0.01) of AK in the cultivation media when compared to non-treated cells
(p ≤ 0.05) and cells exposed to UVL-alone (p ≤ 0.05).

3.4. PDT Improves the Phagocytic Efficiency of Macrophages

Figure 6 represents the CFU counts that were obtained for all the experimental con-
ditions. Co-cultured cells treated with PQ (6, 15, or 30 µM) did not show any significant
decrease (p ≥ 0.3) in cryptococcal CFU counts compared to the non-treated co-cultured
cryptococcal cells. There was also a decrease in the cryptococcal CFU counts of co-cultured
cells exposed to UV only; however, it was not significant (p ≥ 0.4) when compared to the
co-cultured cells without any treatment. Exposure of co-cultured cells to PDT with PQ (6 or
15 µM PQ) did not result in any significant (p ≥ 0.09) decrease in cryptococcal CFU counts
compared to non-treated co-cultured cells. Importantly, a significant decrease (p < 0.05)
in cryptococcal CFU counts was obtained with the co-cultures that were subjected to the
effect of UVL and 30 µM PQ (MIC that was defined for cryptococcal cells).

3.5. PDT Does Not Negatively Affect the Macrophages

Figure 7 summarizes the response of macrophages to the effect of PDT. There was
no notable difference (p ≥ 0.6) in the absorbance readings obtained for the macrophages
that were non-treated (0 µM, no UVL and in 8 min of DL) when compared to macrophages
that were exposed to PQ alone (6, 60, or 600 µM), UVL-alone (8 min) or PDT (6 µM and
UVL for 8 min, 60 µM and UVL for 8 min, or 600 µM and UVL for 8 min). These results
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speak to the suitability of applying PDT (even at a higher drug concentration and a longer
exposure time) to these immune cells, which are often manipulated by cryptococcal cells
during dissemination.

Figure 6. Effect of PDT with PQ on macrophage phagocytic efficiency. A p value of less than or
equal to 0.05 was considered significant. A box plot that has a different alphabet to the other box
plot implies there is a significant difference (p < 0.05) while those with the same alphabet are not
significantly different (p > 0.05). Black bars = medians; circles = the distribution of the data points.

Figure 7. Effect of PDT with PQ on the metabolic activity of macrophages. The decrease in absorbance
is against the maximum absorbance value of the non-Rx control. A p value of less than or equal to
0.05 was considered significant. A box plot that has a different alphabet to the other box plot implies
there is a significant difference (p < 0.05) while those with the same alphabet are not significantly
different (p > 0.05). Black bars = medians; circles = the distribution of the data points.

4. Discussion

Fungal infections may manifest life-threatening diseases, and cryptococcal infections
are particularly dangerous to people living with HIV/AIDS. To compound this, short-
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comings associated with the current antifungal regimen contribute, in part, to the high
cryptococcal mortality rate. This has necessitated the need to consider repurposing PQ as a
photosensitizer to inactivate cryptococcal cells. This drug has previously been successfully
used outside its prescribed scope in treating Pneumocystis pneumonia [31,32].

The current study provides evidence that exposing PQ to UVL was sufficient to sensi-
tize this drug to display an anti-cryptococcal quality. More importantly, it is theorized that
these resultant radicals from the photolysis of this compound may have led to cells losing
their cell wall integrity and selective permeability. This, in turn, induced cell death. These
results support the findings in literature wherein the susceptibility of C. neoformans and
Candida albicans to PDT directly correlates with cell membrane permeability function [19,41].
To illustrate this point, Fuchs et al. demonstrated that the use of polycationic conjugate of
polyethyleneimine and photosensitizer chlorin(e6) compromised the integrity of cell walls
of C. neoformans following PDT [19].

Numerous limitations faced by this type of therapy still need to be overcome for it
to be fully appreciated as a therapy for infectious diseases. The crucial issues to address
will be modes of delivery of both the light and the photosensitizer to sites of infection.
The current knowledge on PDT delivery for infection is limited to the parts of the body
that light can reach quite easily, such as skin and body cavities [20]. More to the point,
antimicrobial PDT is better applied exclusively to localized diseases, in contrast to systemic
infections such as cryptococcal pneumonia, cryptococcal meningitis, and sepsis, among
others [19,42]. Importantly, it is necessary to determine the appropriate illumination devices
with well-defined parameters and accurate dosimetry [42].

5. Conclusions

The current study has given insight into the potential of PQ as a photosensitizer when
used in in vitro studies. However, further in vivo studies should be carried out to validate
the obtained results wherein several aspects of photosensitizers need to be well defined
in a clinical setting. These include the dose to be delivered and patient acceptability [43].
Moreover, care should be taken to prevent continuous photoreaction by keeping patients
away from sources of UVC, as this radiation is damaging. To remedy this, treatment
could be administered in the presence of a molecule that could modify how skin epithelial
cells receive UV radiation [33]. Fortunately, UVC radiation from the sun is filtered by the
atmosphere and, therefore, does not reach the earth’s surface.
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