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A B S T R A C T

Antimicrobial Photodynamic Therapy (aPDT) has been proposed as a means to treat Candida infections.
However, microorganisms in biofilms are less susceptible to aPDT than planktonic cultures, possibly because the
matrix limits the penetration of the photosensitizer. Therefore, the goals here were: (1) to target biofilm matrix
components of a fluconazole-susceptible (S) and a fluconazole-resistant (R) C. albicans (Ca) strains using the
hydrolytic enzymes β-glucanase and DNase individually or in combination; (2) to apply the best enzyme protocol
in association with aPDT mediated by Photodithazine® (PDZ); (3) to verify under confocal microscope the pe-
netration of PDZ in biofilms pre-treated or not with DNase at different periods of incubation. CaS and CaR 48h-
old biofilms were incubated with the hydrolytic enzymes (5min) and evaluated by cell viability, biomass, and
matrix components. DNase showed the best outcomes by significantly reducing extracellular DNA (eDNA) and
soluble proteins from the matrix of both strains; and water-soluble polysaccharides from CaR matrix.
Subsequently, 48h-old biofilms were incubated with DNase for 5min, followed by incubation with PDZ for
20min and exposure to LED light (660 nm, 50 J/cm²). Controls were biofilms treated only with aPDT without
DNase, PDZ only, PDZ+DNase, light only, light+DNase, and biofilm without treatment. Pre-treatment with
DNase allowed PDZ penetration into deeper biofilm layers, and the aPDT effect was enhanced, showing a sig-
nificant reduction of the cell viability (p= 0.000) and eDNA amounts (p≤ 0.047). DNase affected the matrix
composition improving the penetration of the photosensitizer, thereby, improving the effectiveness of sub-
sequent aPDT.

1. Introduction

Candida albicans asymptomatically colonizes the oral cavity, gas-
trointestinal and reproductive tracts, and the skin of most humans [1].
Nevertheless, changes in the host microbiota, variations in the host
immune response or alterations in the local milieu may promote the
overgrowth of C. albicans and cause infections [1,2]. Most of Candida
infections are associated with biofilm formation [3]. The biofilm de-
velopment exhibits the following stages: adherence of planktonic cells
to a surface, cell proliferation, hyphal development, production of ex-
tracellular matrix (ECM) and, then, biofilm maturation [4]. The ECM is
considered essential for the existence of the cells and protects them
from the attack by the immune system and antifungals [3,5]. Bio-
chemical analyses have revealed the general composition of C. albicans
biofilm ECM, which includes polysaccharides, proteins, lipids, and
nucleic acids [6]. The ECM mediates adhesive and cohesive

interactions, providing mechanical stability to the biofilms [6] and
acting as a digestive system that provides a nutrient source for the
conglomerate of cells [7].

The resistance of Candida biofilms to conventional antifungal drugs
is considered multifactorial and is associated to the physiological state
of the cells, the activation of drug efflux pumps and the protective effect
of the ECM performed by β-glucans [8,9]. Hence, Candida biofilms are a
reason for concern, since their cells may have reduced vulnerability to
azoles and polyenes [10–12]. It has been shown that β-1,6 glucan and
α-mannan in the ECM of C. albicans biofilms interact to form a mannan-
glucan complex (MGCx) [7,13]. This interaction was found to be the
key to protect biofilm from drug treatment with fluconazole and am-
photericin-B [8,9,13]. Besides that, the extracellular DNA (eDNA) also
contributes to the structural integrity of C. albicans biofilm and re-
sistance against antifungals [6,14,15].

The antimicrobial Photodynamic Therapy (aPDT) has been studied
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as an alternative method to treat Candida infections. This treatment is
based on the topical application of a photosensitizer (PS) followed by
the irradiation with a light source in an appropriated wavelength. The
light activates the PS and, in the presence of the oxygen, free radicals
and singlet oxygen that are lethal to microorganisms are generated
[16].

Photodithazine® (PDZ) is a chlorine e6 derived PS activated by a
light in the red region of the spectrum (660 nm) [17]. Chlorine e6
products penetrate deep into tissues/biofilms, and they can produce a
high amount of oxygen singlet [17]. The use of PDZ to mediate aPDT
eradicated planktonic cultures of C. albicans [18]. In contrast, the ap-
plication of aPDT mediated by PDZ against biofilms has not yet
achieved complete eradication of C. albicans [18,19]. In vivo studies
using PDZ-mediated aPDT to treat mice with induced oral candidiasis
demonstrated that one or five consecutive sessions of aPDT significantly
reduced Candida infection, but the eradication of the microorganism
was not observed [20,21]. Therefore, when microorganisms are orga-
nized in biofilms, they are less susceptible to aPDT in comparison with
their planktonic counterparts, probably because the ECM acts as a
physical barrier [6] that limits PS penetration.

As the ECM is recognized as a critical characteristic related to bio-
film protection, the use of enzymes that are capable of hydrolyzing
polysaccharides and nucleic acid from its structure has been in-
vestigated as an alternative way to make C. albicans biofilms more
susceptible to the available antifungals. Mannan accumulation was
blocked with α-mannosidase―an enzyme that catalyzes the hydrolysis
of terminal mannosides―enhancing the activity of fluconazole against
susceptible C. albicans biofilms [13]. It has been demonstrated that 24 -
hs exposure to the enzyme β-1, 3 glucanase at 2.5 units/mL eliminated
the biofilm process in a rat catheter model [8]. Furthermore, 24 h-old
biofilms challenged with RPMI 1640 containing different concentra-
tions of antifungals alone or in combination with DNase showed that
the addition of DNase enhanced the susceptibility of C. albicans cells to
amphotericin B [14]. Moreover, it has been shown that the combination
of biofilms with DNase plus amphotericin B and caspofungin sig-
nificantly improved antifungal susceptibility in Aspergillus fumigatus
biofilm [15].

Thus, the hypothesis studied here was that the hydrolytic enzymes
potential to disturb the ECM could improve the weak PS penetration
through biofilms, enhancing aPDT efficacy against C. albicans biofilms.
Therefore, the goals of the present study were (1) to target ECM com-
ponents of a fluconazole-susceptible and a fluconazole-resistant C. al-
bicans strains using the hydrolytic enzymes β-glucanase and DNase in-
dividually or combined; (2) to select the best enzyme protocol to be
associated with aPDT mediated by PDZ against biofilms of the fluco-
nazole-susceptible C. albicans strain; (3) to verify under confocal mi-
croscope the penetration of PDZ in biofilms pre-treated or not with
DNase at different periods of incubation.

2. Materials and methods

2.1. Biofilm formation

The microorganisms used for this study were C. albicans ATCC
90,028 (fluconazole-susceptible; CaS) and C. albicans ATCC 96,901
(fluconazole-resistant; CaR). The microorganisms stored at −80 °C
were seeded onto Petri dishes with SDA (Sabouraud dextrose agar)
culture medium supplemented with chloramphenicol (50mg/L) and
incubated at 37 °C for 48 h. Next, starter cultures containing about five
colonies were grown using YNB medium (Yeast Nitrogen Base- DIFCO,
Detroit, Michigan, USA) supplemented with 100mM of glucose, and
incubated at 37 °C. After 16 h of incubation, the starter cultures were
diluted with fresh YNB medium supplemented with 100mM glucose
(1:20 dilution). These inoculum cultures were incubated at 37 °C until
the two strains reached the mid-log growth phase [22]. Then, the
OD540nm of the inoculums was adjusted to reach 107 CFU/mL. Next,

1 mL of the inoculum of each strain was individually added to the wells
of a 24-well polystyrene plate (Techno Plastic Products- TPP, Trasa-
dingen, Switzerland). The culture plate was incubated at 37 °C under
stirring (75 rpm) for cell adhesion to the substrate, which was the
bottom of the 24-well polystyrene plates. After 90min, the wells were
washed twice with sterile 0.89% NaCl solution to remove non-adhered
cells. Subsequently, one mL of Roswell Park Memorial Institute medium
(RPMI 1640) buffered with morpholinepropanesulfonic acid (MOPS)
(Sigma-Aldrich, St. Louis, Missouri, USA) at pH 7 was added to each
well. After 24 h of biofilm formation, the culture medium was removed
by aspiration and fresh RPMI 1640 buffered with MOPS (1mL, pH 7.0)
was added to each well, followed by another incubation during 24 h.
After 48 h of biofilm formation, the wells were washed twice with
0.89% sterile NaCl solution, and the incubation of enzymes in the
biofilms was performed.

2.2. Enzymes application in the biofilms

Stock solutions of β-(1→3)-D-Glucanase from Helix pomatia (67138,
Sigma-Aldrich, St. Louis, MO, USA) and DNase I from bovine pancreas
(AMPD1, Sigma-Aldrich, St. Louis, MO, USA) were freshly prepared
before each experiment in 0.1M sodium acetate buffer (pH 5.5). To
disorganize the ECM, but not to destroy it, the concentrations of the
enzymes were chosen based on previously determined alkali soluble
polysaccharide (ASP), water-soluble polysaccharides (WSP), and eDNA
content [22]. Additionally, preliminary tests were performed using the
concentrations cited ahead and distinct incubation times (data not
shown). The shortest time that indicated hydrolysis of ECM components
was 5min; hence, it was chosen for the study (data not shown). Thus,
the final concentrations of the working solutions were 2 units/mL of β-
glucanase and 20 μnits/mL of DNase. The enzymes combination
(β+DNase) were used in the same final concentrations mentioned
above for each enzyme. The control solutions were 0.89% NaCl and
0.1M sodium acetate buffer (pH 5.5).

After 48 h of biofilm formation, the culture medium was removed;
the biofilms were washed twice with 1mL of 0.89% NaCl solution and
250 μL of enzyme solutions and control solutions were added to the
biofilms. The volume of 250 μL is sufficient to cover the biofilm formed
in the bottom of 24-well plates and was determined during pilot studies
performed before starting the present study (data not shown). Plates
were incubated at 37 °C for 5min. Later, for the groups that DNase was
applied, 20 units/mL of stop solution from the DNase I kit (AMPD1,
Sigma-Aldrich) were applied to the biofilms. All biofilms, including
those of the control groups, were washed twice with 0.89% NaCl so-
lution. Then, the biofilms were removed by scraping each well with a
pipette tip and 2mL of sterile 0.89% NaCl. At this point, biofilms were
vortexed and processed according to a previous study [23]. From the
biofilm suspension, an aliquot of 0.1 mL was used for 10-fold serial
dilution for CFU determination, and an aliquot of 0.1mL was used for
the total biomass determination (total dry-weight) [24], which com-
prehends cells and all ECM components. The remaining volume
(1.8mL) was centrifuged at 5500 xg for 10min (4 °C). The supernatant
containing the soluble part of the ECM was stored in another tube, and
the precipitate with the cells and the insoluble components of the ECM
was washed twice with 1.8 mL of sterile milli-Q water (5500xg
/10min/ 4 °C). The detailed methodology for the characterization of C.
albicans ECM was described before [23]. Briefly, the supernatant
(1.8 mL) was separated for quantifying WSP [25], eDNA [26] and
proteins [27]. The pellet was resuspended in 1.8 mL of water, of which
0.8 mL was used to calculate the insoluble dry-weight (which includes
cells and insoluble ECM components that were not removed during
biofilm suspension washes), 0.05mL for the quantification of total
proteins [27] and 0.95mL for the determination of ASP [25]. All ex-
periments were repeated on three distinct occasions in triplicate
(n= 9).
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2.3. aPDT treatment in association with DNase

2.3.1. Photosensitizer and light source
Photosensitization of biofilms cells was performed with

Photodithazine (PDZ, produced by VETA-GRAND Co., Russia). PDZ has
a characteristic absorption peak in 660 nm and was supplied by the
Biophotonics Laboratory of the São Carlos Institute of Physics (IFSC),
University of São Paulo (USP). PDZ was applied at a concentration of
200mg/L [19]. Thus, before each experiment, PDZ stock solution
(5000mg/L) was diluted in 0.89% NaCl solution to obtain the final
concentrations of 200mg/L. PDZ was irradiated with a red light emit-
ting diode (LED) device (660 nm) at the dose of 50 J/cm². This LED
apparatus is composed of red LEDs (LXHL-PR09, Luxeon® III Emitter,
Lumileds Lighting, San Jose, California, USA) homogeneously dis-
tributed, with a constant power output of 30mW/cm. Table 1 contains
information about irradiation and pre-irradiation time for each ex-
perimental group.

2.3.2. Experimental groups
As a proof of concept that the use of DNase may allow the PS to

reach the deeper layers of biofilms, the strain C. albicans ATCC 90,028
(CaS; fluconazole-susceptible) was selected as a standard for estab-
lishing parameters. DNase was applied as described on item 2.2. For
this purpose, biofilms were grown at the same conditions as described
on item 2.1. After 48 h of biofilm formation, the culture medium was
removed and biofilms were washed twice with 0.89% NaCl solution.
Then, biofilms were divided into the study groups (n= 9) described in
Table 1.

2.3.3. Evaluation of the treatments
After the application of treatments, ECM was characterized as pre-

viously described in the literature [22,23], the viability of Candida cells
was quantified (CFU/mL), as well as the dry-weight (mg) of the bio-
films. Moreover, PDZ penetration was observed under a confocal laser
scanning microscope (CLSM).

To verify the penetration of PDZ in biofilms pre-treated or not with
DNase (20 units/mL) for 5min, images were obtained under CLSM at
the incubation periods of 10, 20 and 30min with PDZ (200mg/L). After
each incubation time, biofilms were washed twice with 0.89% NaCl and
incubated for 30min at 37 °C with 100 μg/mL of conjugated fluor-
ophore Concanavalin Alexa Fluor 488 (CON-A) prepared in PBS. CON-A
has an affinity for the polysaccharide cell wall and shows the contour of
the fungal cell wall in green color. In contrast, PDZ per se emits red
fluorescence. After 30min incubation, the fluorophore was removed,
and biofilms were washed twice with 0.89% NaCl. As controls, C. al-
bicans ATCC 90,028 biofilms images without incubation with PDZ were
obtained with and without the pre-treatment with DNase. Biofilms
formed in the bottom of 24-well polystyrene plates were then examined
under a CLSM inverted microscope (Zeiss LSM 800 Confocal, Zeiss)
using a 553 nm–700 nm filter for CON-A fluorophore and
483 nm–560 nm filter for PDZ detection [17].

Three-dimensional images were acquired using Zeiss software with

20x magnification at regular optical intervals across a depth of biofilms
to create z-stacks. The evaluated area was 98,463,817 μm2. Different
fluorophores can be detected at different channels in CLSM. Con-A was
detected in channel 1, and PDZ was detected in channel 2. For each
group, the percentage of PDZ fluorescence was calculated based on the
values obtained from channels 1 and 2. Two biofilms of each experi-
mental group were evaluated, and one image of each was obtained.

2.4. Statistical analyses

Normality and homogeneity of variances were verified by Shapiro-
Wilk and Levene's test, respectively. Data that met the assumption of
normality were analyzed by one-way ANOVA with Tukey post-hoc test
for homoscedastic data and Games-Howell post-hoc test for hetero-
scedastic data (α=0.05). Data that did not meet the assumption of
normality were rank-transformed and analyzed by the Kruskal-Wallis
test (α=0.05). If significant differences (p < 0.05) were found,
pairwise multiple comparison procedures (Dunn test) were performed
(α=0.05). Analyzes were performed using SPSS software (IBM® SPSS®
Statistics, version 20, Chicago, IL, USA).

3. Results

3.1. Enzymes screening

Fig. 1 shows WSP (μg) data for CaR. It was observed that the CaR
has a significantly higher quantity of WSPs than CaR+DNase
(p=0.010) and CaR+β+DNase (p=0.023). The same was observed
for CaR+Buffer, which has statistically higher WSP than,
CaR+DNase (p=0.002) and CaR+β+ DNase (p=0.004). Fig. 2
represents the eDNA (μg) for CaS and CaR. It was observed that eDNA
content was significantly reduced by DNase (CaS+DNase) when
compared to the control groups CaS (p=0.020) and CaS+Buffer
(p=0.015). In CaR, statistical analysis showed that the presence of the
enzyme DNase (CaR+DNase) significantly reduced the amount of
eDNA in comparison to the control CaR (p=0.002). In addition, CaR
+β+DNase (p=0.001) also showed significantly lower amounts of
eDNA compared to the control CaR. Besides, the enzyme DNase
(CaR+DNase) caused a significant reduction of eDNA in comparison
to CaR+Buffer (p=0.044). Furthermore, the group CaR+β+DNase
(p=0.045) also presented significantly lower amounts of eDNA than
the group CaR+Buffer.

Soluble proteins (μg) data for CaS and CaR are represented in
Fig. 3. It was observed that all enzymes studied, individually or in
combination, significantly reduced the amount of soluble proteins
compared to the control group CaS (p≤ 0.004). Likewise, statistical
analysis of CaR soluble proteins data showed that there was a sig-
nificant reduction in the amount of soluble proteins in all groups
treated with enzymes (individually or in combinations) when compared
to the control groups CaR (p≤ 0.002) and CaR+Buffer (p≤ 0.004).

No statistical differences were observed for fluconazole-susceptible
C. albicans strain in Log10 (CFU/mL), biomass (mg), insoluble biomass

Table 1
Name of the groups and description of the treatments for aPDT treatment in association with DNase.

Name of the groups Description of the treatments

P+L+ Biofilms incubated with PDZ (200mg/L for 20min in the dark), then, illuminated with red LED light (28min, 50 J/cm2)
P+L+DNase Biofilms incubated with DNase I (20 units/mL) for 5 min. DNase was removed and the stop solution (AMPD1, Sigma-Aldrich) was added (20 units/mL),

washed twice with saline solution and aPDT treatment was applied
P+L- Biofilms were incubated only with PDZ (200mg/L, 20min)
P+L- DNase Samples treated with DNase I (20 units/mL) for 5 min and then incubated with PDZ (200mg/L, 20min)
P-L+ Biofilms solely illuminated with red LED light (28min, 50 J/cm²)
P-L+DNase Biofilms treated with DNase I for 5min and illuminated with red LED light (28 min, 50 J/cm2)
P-L-DNase Biofilms treated with DNase I (20 units/mL) for 5 min
P-L- Samples that did not receive an application of DNase, PDZ neither illuminated with LED light (control group).
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(mg), proteins (μg), ASP (μg) and WSP (μg) values between the groups
treated or not with enzymes individually or combined (p > 0.05). For
the fluconazole-resistant strain, no statistical differences were observed
for Log10 (CFU/mL), biomass (mg), insoluble biomass, proteins (μg) and
ASP (μg) between the groups (p > 0.05). Supplementary material on
Tables S1 and S2 show the aforementioned data.

3.2. aPDT treatment in association with DNase

Regarding CaS viability after treatments (Log10 CFU/mL), it was
observed that P-L- and P-L-DNase groups were statistically similar
(p=0.159) (Fig. 4 A). The group P+L+DNase presented the highest
Log reduction in comparison to all the other groups (p= 0.000).
Compared to P-L-, this reduction was equivalent to 35.1%, corre-
sponding to 2.16 Log10; and compared P+L+, this reduction was
13.7%, corresponding to 0.84 Log10. When comparing the group sub-
mitted to aPDT (P+L+) with the respective control (P-L-), it was
observed a significant reduction in the number of viable cells (p=
0.000), which was 21.5%, equivalent to 1.32 Log10 reduction. P+L-
DNase showed a significant decrease in viability (0.43 Log10) compared
to P-L- (p=0.003). However, P+L-DNase exhibited a higher number
of viable cells than P+L+DNase (p < 0.001) and P+L+
(p < 0.001). In contrast, the number of viable cells of P+L- is sta-
tistically comparable to P-L- group (p=0.712). P-L+DNase also
showed a significant reduction in cell viability compared to P-L-
(p < 0.001). Finally, P-L+ (p=0.598) and P+L- groups (p=1.000)
were statistically similar to P-L-.

Concerning total biomass (Fig. 4 B), the group with the greatest
reduction compared to all the others was P-L+DNase (p≤ 0.039), and
it was statistically comparable to P-L+ (p=0.057). In contrast, there
were no statistically significant differences among the groups regarding
the insoluble biomass (p > 0.05) (Fig. 4 C). Regarding proteins from
the matrix, the group P+L-DNase showed higher amounts of this
component compared to P-L-, P+L+, P+L+DNase (p < 0.03)
(Fig. 4 D).

ASP amount in P+L- was significantly higher than the other
groups (p < 0.017), however, it is statistically comparable to P+L-

DNase (p=0.162) (Fig. 5 A). ASP amount of the other groups was
statistically similar (p> 0.218). Regarding WSP amount (Fig. 5 B), the
group P-L+DNase showed the most significant reduction of this com-
ponent compared to P-L- and P-L-DNase (p=0.000), followed by P-L
+ (p < 0.002), and P+L- (p < 0.032). However, all groups showed
a significant reduction compared to P-L-DNase and P-L- (p≤ 0.032).

Regarding eDNA (Fig. 5 C), the highest reduction was observed in
the P+L+DNase group, being this reduction statistically significant
in comparison to all the other groups (p≤ 0.047). Moreover, the pre-
sence of DNase significantly reduced eDNA amounts in the group P-L-
DNase compared to P-L- (p=0.018).

As shown in Fig. 5 D the soluble proteins amount from P-L-DNase
group was significantly smaller than the other studied groups
(p≤ 0.020). In contrast, regarding insoluble protein amounts (Fig. 4 D),
the group P+L-DNase showed substantially higher amounts of this
component than P-L- (p=0.003), P+L+DNase (p < 0.001) and
P+L+ (p=0.003). The other groups presented a similar amount of
insoluble protein (p > 0.05).

Fig. 6 shows biofilm images obtained under CLSM. At 10min of
incubation with PDZ without pre-treatment with DNase, the mean
fluorescence intensity value emitted by CON-A was 40.932 and the
mean fluorescence intensity value emitted by PDZ was 13.316. When
comparing with the control group, it represents 32.5% of PDZ detec-
tion. In contrast, when pre-treatment with DNase was applied, the mean
fluorescence intensity value emitted by CON-A was 43.876 and the
emission by PDZ was 29.740, which is equivalent to 67.8% of PDZ
detection. Thus, when C. albicans cells were incubated with PDZ for
10min, the pre-treatment with DNase increased the PDZ detection by
35.2% in comparison to the non-pretreated biofilm.

After 20min of incubation with PDZ, the group not treated with
DNase presented fluorescence mean intensity value emitted by CON-A
of 43,006 and the mean PDZ intensity was 12,122. This is equivalent to
28.2% of PDZ detection when compared to the control group. In con-
trast, the group pre-treated with DNase presented mean of fluorescence
intensity value emitted by CON-A of 38.021 and mean PDZ intensity of
24,436. It represents PDZ detection of 64.3% when the pre-treatment
with DNase was applied. Thus, the presence of DNase increased the PDZ

Fig. 1. Means and standard deviations of WSP (μg) of CaR after
exposure to β-glucanase (β), DNase and the combination of these
enzymes. 48 h-old biofilms were incubated at 37 °C for 5min with
2 units/mL of β-glucanase, 20 units/mL of DNase and with the
combination of these enzymes (β+DNase) following the same
individual concentrations of each enzyme. Equal letters mean
statistical correspondence (p > 0.05).

Fig. 2. Means and standard deviations of
eDNA (μg) of CaS and CaR after exposure to β-
glucanase (β), DNase and the combination of
these enzymes. 48 h-old biofilms were in-
cubated at 37 °C for 5min with 2 units/mL of
β-glucanase, 20 units/mL of DNase and with
the combination of these enzymes (β+DNase)
following the same individual concentrations
of each enzyme. Equal letters mean statistical
correspondence (p > 0.05).
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detection is 36.1%, after 20min of PDZ incubation.
After 30min of incubation with PDZ without DNase pre-treatment,

the mean value of fluorescence intensity emitted by CON-A was 47.046
and the mean PDZ intensity was 13.594. This outcome represents
28.9% of PDZ detection. In contrast, the pre-treatment with DNase re-
sulted in a mean of fluorescence intensity value emitted by CON-A of
46,092 and a mean of PDZ intensity of 36,358. This represents 78.9% of
PDZ detection on the biofilm. Therefore, after 30min of incubation
with PDZ, the pre-treatment with DNase increased the detection of PDZ
by 50% compared to the biofilms that were not pre-treated.

4. Discussion

Based on the importance of the ECM for the protection of Candida
cells in the biofilm [6], the present study focused on finding alternatives
to open pathways through the ECM that may improve the action of
antifungal therapies. The intention was to disorganize the ECM using
hydrolytic enzymes. Overall, the quantities of ECM components are
similar between the fluconazole-susceptible and -resistant strains stu-
died, as shown previously [22]. However, the response to short time
exposure to distinct hydrolytic enzymes and combinations of these
enzymes yielded distinct patterns of ECM components amounts, in-
dicating possible structural differences in the linkages of ECM building
blocks that may contribute to C. albicans strains innate resistance to
conventional antifungal drugs.

DNase was chosen for hydrolysis of the eDNA content from the
ECMs of both strains, and β-glucanase was chosen for the hydrolysis of
β-1,6-glucan. However, the presence of DNase alone and in combina-
tion with β-glucanase had an effect of reducing WSP in CaR. DNase also
reduced soluble proteins from CaS and CaR matrices. Therefore, it is
possible that polysaccharides and proteins are tangled with eDNA in the
ECM of these biofilms, and when the enzyme acts on eDNA, it can also

happen a reduction of the components intertwined to it. The reduction
of soluble protein and WSP content by DNase indicates that eDNA
might be linked to and/or enclosed by soluble and insoluble poly-
saccharides in this strain. It has been described that the secretion of β-
1,6-glucan may be only possible because of its tight physical interaction
with water-soluble mannans [7]. Moreover, the polysaccharides in C.
albicans ECM are physically associated in the mannan-glucan complex
(MGCx) [7,13]. Thus, it is hypothesized that DNase hydrolysis of eDNA
breaks down the organization of complexes of eDNA-polysaccharides,
consequently decreasing the amount of WSP in which eDNA molecules
are attached to. However, none of the enzymes or combinations of them
altered WSP content in the ECM of CaS or ASP in both strains. Appar-
ently, the physical interaction between polysaccharides in the MGCx
complex is different in each strain.

Considering the importance of eDNA to the ECM of C. albicans,
contributing to biofilm structural integrity and resistance against anti-
fungals [13–15], targeting eDNA via DNase demonstrated a positive
result in the present study, as this enzyme significantly reduced the
eDNA amounts in biofilms of both fluconazole-susceptible and -re-
sistant strains. Moreover, the combination of DNase with β-glucanase
was also effective in reducing the eDNA amounts in CaR. This result
reinforces the possibility that eDNA is linked to and/or surrounded by
the components of the MGCx complex in the ECM of C. albicans strains.

Proteins in the ECM may operate as an outer digestive structure that
disrupts extracellular biopolymers as an energy source [7]. In the pre-
sent study, the soluble protein (from the ECM) content was significantly
reduced by the treatment with the enzymes alone and with the com-
binations of them, both in C. albicans strains used. In contrast, none of
the enzymes or combinations of them reduced the total protein amount
in fluconazole-susceptible and -resistant C. albicans biofilms. The total
protein content includes proteins from the ECM that were not removed
during the biofilm washes and proteins from the cells per se. Thus, as

Fig. 3. Means and standard deviations of so-
luble proteins (μg) of CaS and CaR after ex-
posure to β-glucanase (β), DNase and the
combination of these enzymes. 48 h-old bio-
films were incubated at 37 °C for 5min with 2
units/mL of β-glucanase, 20 units/mL of DNase
and with the combination of these enzymes
(β+DNase) following the same individual
concentrations of each enzyme. Equal letters
mean statistical correspondence (p > 0.05.

Fig. 4. Data are means and standard deviations
of A) Log10 (CFU/mL), B) total biomass (mg),
C) insoluble biomass (mg) and D) proteins
from the insoluble part (μg) from fluconazole-
susceptible C. albicans biofilms after the fol-
lowing treatments: P+L+: biofilms in-
cubated with PDZ (200mg/L, 20min) and il-
luminated with red LED light (28min, 50 J/
cm2); P+L+DNase: biofilms incubated with
DNase (20 units/mL, 5min) and treated with
aPDT (as described in P+L+); P+L-: bio-
films incubated only with PDZ; P+L- DNase:
biofilms treated with DNase and incubated
with PDZ; P-L+, biofilms solely illuminated
with red LED light; P-L+DNase: biofilms
treated with DNase and illuminated with red
LED light; P-L-DNase: biofilms treated solely
with DNase; P-L-: samples that did not receive
any treatment (control group). Equal letters
denote statistical similarity between the factors
evaluated (p > 0.05).
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none of the enzymes or combinations of them acted on the population
of fluconazole-susceptible and -resistant strains, the unaltered quantity
of total protein might be related to the unchanged number of cells. It
has been demonstrated that proteins adhere to polysaccharides in the
ECM [29,30]. Whereas proteases would certainly affect those proteins,
which interact with polysaccharides within biofilms, it has been de-
monstrated that polysaccharases and polysaccharide lyases have a
much greater effect [28,29,31]. The results of the present study support
these previous observations, as β-glucanase and DNase reduced soluble
proteins. Moreover, the present study demonstrates that the ECM
components (polysaccharides, eDNA, and proteins) are interconnected
in the ECM of fluconazole-susceptible and -resistant strains.

Overall, DNase treatment showed satisfactory outcomes decreasing
eDNA and soluble proteins in both fluconazole-susceptible and -re-
sistant C. albicans biofilms and reducing WSP in fluconazole-resistant
strain. Moreover, DNase is cheaper, and its application is more practical
than β-glucanase. Thus, DNase treatment might be an adjuvant to anti-
biofilm therapies, since it reduces most of ECM components that can
hinder antifungal drug penetration into biofilms without interfering in
the cell viability.

Based on the conclusions above, DNase was selected to test the

hypothesis that degrading ECM components may improve the efficacy
of aPDT mediated by Photodithazine® in fluconazole-susceptible C. al-
bicans biofilms. Confirming this hypothesis, the group P+L+DNase
presented greater Log10 reduction than the other groups (p= 0.000),
corresponding to 2.16 Log10 (35.1%) when compared to the control
group P-L-. In contrast, group P+L+ presented a significant decrease
in cell viability compared to the control group, corresponding to 1.32
Log10. It has been reported that PDZ-mediated aPDT promotes a sig-
nificant reduction in the viability of Candida strains [18,21,32].

A reduction equivalent to 0.9 Log10 in clinical isolates of C. albicans
was observed when biofilms were treated with 125mg/L of PDZ and
irradiated with LED light (37.5 J/cm2) [18]. Later, it was verified that
the use of PDZ at 100mg/L and 37.5 J/cm² of LED light promoted a
reduction of 1.01 Log10 in C. albicans ATCC 90,028 [32], the same
strain evaluated here. Finally, PDZ at the concentration of 150mg/L
and a light dose of 37.5 J/cm2 caused a reduction of 1.2 log10 in the cell
viability of C. albicans ATCC 90,028 [21], a result very similar to this
study. For this reason, the greater reduction observed in the group
P+L+DNase in the present investigation may be because DNase
would favor the penetration of PDZ and light through the biofilms’ ECM
leading to higher efficacy of the treatment. Indeed, the presence of

Fig. 5. Box-plot of A) ASP (μg), B) WSP (μg),
C) eDNA (μg) and D) soluble proteins (μg) from
fluconazole-susceptible C. albicans biofilms’
ECMs after the following treatments: P+L+:
biofilms incubated with PDZ (200mg/L,
20min) and illuminated with red LED light
(28min, 50 J/cm2); P+L+DNase: biofilms
incubated with DNase (20 units/mL, 5min)
and treated with aPDT (as described in P+L
+); P+L-: biofilms incubated only with PDZ;
P+L-DNase: biofilms treated with DNase and
incubated with PDZ; P-L+, biofilms solely il-
luminated with red LED light; P-L+DNase:
biofilms treated with DNase and illuminated
with red LED light; P-L-DNase: biofilms
treated solely with DNase; P-L-: samples that
did not receive any treatment (control group).
Equal letters denote a statistical similarity be-
tween the factors evaluated (p > 0.05).

Fig. 6. Images of fluconazole-susceptible C.
albicans biofilms obtained by CLMS. Upper
images show biofilms that were not pre-treated
with DNase and bottom images show biofilms
that were pre-treated with DNase I (20 units/
mL) for 5min. Biofilms were incubated for 10,
20 and 30min with PDZ (200mg/L), except for
the controls, and examined under a CLSM mi-
croscope (Zeiss LSM 800 Confocal, Zeiss) using
a 553 nm–700 nm filter for CON-A fluorophore
and 483 nm–560 nm filter for PDZ detection.
CON-A has an affinity for polysaccharide and
shows the contour of the fungal cell wall in
green color (Channel 1). PDZ emits red color
(Channel 2). Multidimensional imaging of the
cells can be observed at different depths of the
biofilms (z-stacks). The calculation of the per-
centage of PDZ fluorescence was based on the
values obtained from channel 1 and channel 2.
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DNase increased the penetration of PDZ into C. albicans biofilms, as
shown in CLSM images (Fig. 7).

The separate application of PDZ (P+L-) or light (P-L+) did not
show to reduce the number of viable colonies compared to the control
P-L-. Inversely, when DNase was associated with PDZ or light (P+L-
DNase and P-L+DNAse groups, respectively), a significant reduction in
the cell viability was observed in comparison to P-L-. A previous study
demonstrated that the isolated application of PDZ or light did not re-
duce cell viability of planktonic C. albicans cells [33]. In contrast, the
application of red light for at least 1 min reduced the CFU of C. albicans
biofilms [34].

Pre-treatment with DNase increased PDZ penetration into the bio-
film in all evaluated periods. PS uptake by microorganism cells is cru-
cial for the effectiveness of aPDT since singlet oxygen and hydroxyl
radicals have a short half-life, and only molecules and structures that
are proximal to the area of their production (i.e., areas of PS localiza-
tion) are directly affected by aPDT and, subsequently, destroyed [35].
To determine if disruption of C. albicans biofilms was solely due to
photoinactivation of biofilm-associated cells or also involved the ex-
tracellular matrix of the biofilm, the effect of aPDT on the components
of the ECM was measured, associated or not with DNase.

It was observed that the total biomass of P-L+DNase and P-L+
groups were lower than those obtained in the other groups, which were
statistically similar among them, and that eDNA and WSP amounts in P-
eL+DNaseand P-L+ are significantly lower than the controls P-L-
and/or P-L-DNase. Thus, the presence of light reduced the soluble
components (WSP, eDNA) of the ECM, leading to a significant decrease
of the total biomass in the P-L+DNase and P-L+ groups. Previous
studies reported that light could reduce biofilm biomasses by reducing
ECM components [34,36]. The effects of twice-daily blue light treat-
ment (72 J/cm²) on the dry-weight and soluble and insoluble exopo-
lysaccharides of Streptococcus mutans UA159 biofilms have been eval-
uated, and it was found that insoluble exopolysaccharides and dry-
weight were significantly reduced after light application [36]. More-
over, red and blue light treatment without a photosensitizer prevented
C. albicans biofilm development by significantly reducing viable colony
count and biomasses, and there was a slight tendency of reduction of
soluble and insoluble exopolysaccharides by the lights [34]. Therefore,
our results corroborate with previous studies that showed that the lights
by itself influence biofilms and their ECMs.

There was no alteration in the ASP amounts, except for the P+L-
group, which showed higher amounts of ASP compared to the other
groups. It was also observed higher amounts of soluble proteins in
P+L-DNase group. Since there was no light activation of the photo-
sensitizer for these groups, one possible explanation for these results is
that the photosensitizer could have penetrated the ECM and had its ASP
quantified by the phenol-sulfuric acid test, and also its proteins might
have been quantified in the Bradford test. A noteworthy finding of this
study is that the pre-treatment with DNase for 5min followed by aPDT
(P+L+DNase group) significantly reduced the eDNA content of CaS
biofilms in comparison to all the other evaluated groups. This result is
important since eDNA is related to the physical integrity and resistance
to antifungals in C. albicans biofilms [14–16]. Previous studies have
evaluated the effects of aPDT on the ECM components on different
biofilms. The eDNA of Pseudomonas aeruginosa PAO1 biofilms after
aPDT mediated by a cationic porphyrin was quantified [37]. The au-
thors observed a decrease in biofilm eDNA of samples treated with
aPDT and concluded that the disruption of P. aeruginosa PAO1 biofilms
by aPDT was partially due to its effect on the eDNA matrix and not just
by the photoinactivation of the cells within the matrix [37].

Enzymes can disturb the ECM arrangement enabling the detachment
of biofilm, but an additional method is necessary to target the detached
cells [38]. The aPDT parameters used in this study have been success-
fully applied clinically [39], which means that this amount of treatment
time is clinically acceptable. However, within the limitations of this in
vitro study, here we provide a method to improve aPDT results and

reduce the treatment time for further clinical application. Enzymes can
be applied as a synergistic assistant to aPDT to improve the photo-
sensitizer penetration, consequently improving aPDT outcomes and
reducing its time of application.

In conclusion, the reduction of biofilm ECM components is relevant,
since it can open pathways in that could facilitate the diffusion of an-
tifungal agents into the biofilm, overcoming the resistance derived from
ECM components. Moreover, the reduction of extracellular poly-
saccharides and protein content by DNase indicate that these ECM
components are intertwined with eDNA. Therefore, the exposure of
48h-old biofilms for 5min to DNase reduces eDNA, polysaccharides,
and soluble proteins from the ECMs of fluconazole-susceptible and
-resistant C. albicans, being a promising adjuvant to anti-biofilm
therapies. The association of enzymes to enhance aPDT effectiveness is
a promising strategy to be further investigated.
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