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A B S T R A C T

Photodynamic inactivation (PDI) has been reported to be effective to eradicate a wide variety of pathogens,
including antimicrobial-resistant microorganisms. The aim of this study was to identify the potential molecular
targets of PDI depending on growth phase of Candida albicans. Fungal cells in lag (6 h) and stationary (48 h)
phases were submitted to PDI mediated by methylene blue (MB) combined with a (662 ± 21) nm-LED, at
360 mW of optical power. Pre-irradiation time was 10 min and exposure times were 12 min, 15 min and 18 min
delivering radiant exposures of 129.6 J/cm2, 162 J/cm2 and 194.4 J/cm2, respectively, on a 24-well plate of
about 2 cm2 at an irradiance of 180 mW/cm2. Scanning electron microscopy (SEM), transmission electron mi-
croscopy (TEM), atomic force spectroscopy (AFS) and Fourier transform infrared spectroscopy (FT-IR) were
employed to evaluate the photodynamic effect in young and old fungal cells following 15 min of irradiation.
Morphological analysis revealed wrinkled and shrunk fungal cell membrane for both growth phases while ex-
tracellular polymeric substance (EPS) removal was only observed for old fungal cells. Damaged intracellular
structures were more pronounced in young fungal cells. The surface nanostiffness of young fungal cells decreased
after PDI but increased for old fungal cells. Cellular adhesion force was reduced for both growth phases. Fungal
cells in lag phase predominantly showed degradation of nucleic acids and proteins, while fungal cells in sta-
tionary phase showed more pronounced degradation of polysaccharides and lipids. Taken together, our results
indicate different molecular targets for fungal cells in lag and stationary growth phase following PDI.

1. Introduction

Antimicrobial resistance is now recognized as one of the most ser-
ious global threats to human health in the 21st century [1]. In response,
several research groups are in pursuit of alternative antimicrobial
modalities. Antimicrobial photodynamic therapy or photodynamic in-
activation (PDI) represents a therapeutic modality that involves the
combination of a photosensitizer (PS) with light of appropriate wave-
length and molecular oxygen to produce reactive oxygen species (ROS)
that can inactivate microorganisms by oxidative stress. PDI itself is
improbable to cause microbial resistance since damage by ROS is sup-
posed to be through a nonspecific killing mechanism [2,3]. Reports in
literature have confirmed its efficacy against pathogenic yeast, para-
sites, viruses, algae and bacteria [4,5,6]. In fact, depending on para-
meters PDI is capable to surpass the antioxidant defenses of cells and
initiate a process of cellular death via different pathways [7].

Although PDI mechanisms seem to be very straightforward and, in
theory, it can affect and destroy all cellular types, literature reports
contradictory results [3,8]. In fact, PDI parameters such as light dosi-
metry [9], type and concentration of the photosensitizer [10] and en-
vironmental conditions (e.g. oxygen supply) [11] can influence its
outcome. In addition, microbial defenses against ROS play a pivotal role
in PDI susceptibility [12].

Microorganisms present many variances in different levels as cel-
lular morphology, metabolism and adaptation to environmental con-
ditions, i. e., cells young or old when living in the community have to
deal with catabolites on the environment that promote different mo-
lecular signaling and according to that they will change their genic
expression in order to survive affecting PDI results [3,13,14]. A mi-
croorganism growth curve is basically represented by five phases [15]
in which microbial cells present distinct characteristics that influence
PDI effectiveness [16]. In general, microbial cells in the log phase are
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more susceptible to PDI compared to other phases [16], however the
mechanisms behind microorganism survival to PDI concerning growth
phase have not been fully established. In addition, microorganisms tend
to form surface-attached biofilm in different environments. Biofilms
consist of microbial cells in different growth phases and a wide-ranging
of self-generated extracellular polymeric substances (EPS), including
polysaccharides, nucleic acids, and proteins [17].

In this study, we cultured Candida albicans cells in lag and stationary
phases and used three radiant exposures to verify cell killing after
methylene blue-mediated PDI. We designed experiments using young
(6 h) and old (48 h) fungal cells to identify molecular targets that could
improve PDI outcome. Thus, we used scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) to visualize mor-
phological and ultrastructural variations following PDI as well as to
analyze cellular nanomechanical and biochemical characteristics
through atomic force spectroscopy (AFS) and Fourier transform in-
frared spectroscopy (FT-IR), respectively. C. albicans is a suitable model
to link PDI tolerance to different growth phases due to its complexity
that includes dimorphism as well as ability to resist to antifungals
[18,19] and oxidative stress [19,20].

2. Material and Methods

2.1. Yeast Strains and Inocula

Candida albicans suspensions (ATCC 90028) were cultured from vial
stocks onto Sabouraud broth dextrose under aerobic conditions at 37 °C
in an orbital shaker (100 rpm). Yeast inocula were taken from 6 h (lag
phase) and 48 h (stationary phase) growth stage. After that, cells were
washed, suspended in phosphate-buffered saline (PBS), and turbidity of
cell suspensions was measured in an optical spectrophotometer
(Spectramax M4, Molecular Devices, Sunnyvale, Ca, USA) to obtain
suspensions of 1 × 107 cells/mL (optical density of 1.0 at λ = 540 nm).

2.2. Photosensitizer/Light Source and Irradiation Conditions

A stock solution of 5 mM of commercially available methylene blue
(MB) (dye content ≥82%, Sigma-Aldrich, MO, USA) was prepared in
distilled water without further purification. The MB solution was fil-
tered through a sterile 0.22 μm membrane and stored in the dark. For
experiments, MB was added to the yeast suspension to give a final
working concentration of 50 μM [12].

The light source used for the MB excitation was a custom-made
single light emitting diode (LED) with peak emission at
λ = 662 ± 21 nm and optical power of 360 mW. The LED tip was
fixed on a holder that kept the beam area at about 2 cm2, which coin-
cided to the single well area from the 24-well microtiter plate (Fig. 1).
The pre-irradiation time was set as 10 min. Aliquots were illuminated
with irradiance of 180 mW/cm2 for 12 min, 15 min and 18 min, deli-
vering radiant exposures of 129.6 J/cm2, 162 J/cm2 and 194.4 J/cm2,
respectively.

2.3. Antimicrobial Photodynamic Therapy

C. albicans suspensions were placed in wells of a 24-well microtiter
plate and irradiated individually from top to bottom. The samples were
divided into six groups as shown in Table 1. For all groups, the ex-
periments were performed with 990 μL of C. albicans suspension adding
either 10 μL of sterile distilled water (control and LED groups) or 10 μL
of MB aqueous solution (control PS and experimental groups). Assays
were performed in triplicate at three different days corresponding to
n = 9/group.

2.4. Microbiological Analysis

C. albicans suspensions were serially diluted in PBS to give dilutions

of 10−1 to 10−5 times the original concentration. Ten-μL aliquots of
each dilution were streaked vertically onto Sabouraud agar plates in
triplicate and incubated at 37 °C overnight [21]. On the following day,
yeast colonies were counted and converted into CFU/mL. The survival
fraction values were calculated by dividing the obtained data by the
mean of control group.

The next assays were performed using only one exposure time de-
termined from the microbiological results.

2.5. Scanning Electron Microscopy (SEM)

Fungal cell suspensions from lag and stationary phases of control
and PDI groups were diluted in distilled water and fixed in 2% glu-
taraldehyde for 2 h. Next, samples were washed three times in distilled
water and incubated in 10 mM Ru(bipy)3 (Sigma-Aldrich, MO, USA)
during 30 min. Specimens were washed again and the supernatants
removed. The suspensions were then deposited on glass coverslips and
air-dried at room temperature. Thereafter, the samples were placed on a
metallic holder and analyzed by a scanning electron microscope (TM
3000 Tabletop, Hitachi, Tokyo, Japan).

2.6. Transmission Electron Microscopy (TEM)

Nontreated and PDI suspension samples of C. albicans (6 h and 48 h)
were fixed in 2% glutaraldehyde overnight, at 4 °C. Samples were then
centrifuged at 1200 rpm, 10 min and fixative solution was replaced by
0.1 M sodium cacodylate buffer (pH 7.2). The cell pellets were postfixed
in 2% OsO4 in sodium cacodylate buffer, dehydrated in a graded al-
cohol series, and embedded in low viscosity Spurr resin (Tousimis,
Rockville, MD). Ultrathin sections were cut on a ultra-microtome

Fig. 1. Illustrative image of experimental setup. Notice the LED tip covering the single
well area of the 24-well microtiter plate (2 cm2). The arrow points to the MB-stained C.
albicans suspension.

Table 1
Experimental groups.

Groups LED MB

Control group (L−/MB−) − −
LED Group, (L+/MB−) (18 min) + −
MB Group 50 μM (L−/MB+) − +
PDI, 12 min + +
PDI, 15 min ++ +
PDI, 18 min +++ +
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(Leica, Germany), collected on uncoated 200-mesh copper grids,
stained with uranyl acetate and lead citrate, and examined on a
transmission electron microscope (JEOL, model 1010, Tokyo, Japan)
using an accelerating voltage of 80 kV.

2.7. Atomic Force Spectroscopy (AFS)

Suspensions of C. albicans in lag and stationary phases from control
and PDI groups were washed out by centrifugation for 3 min at
2400 rpm, had the supernatant removed and resuspended in 1 mL of
sterile distilled water, for three times. After the third discard of su-
pernatant, 10 μL aliquots of the pellets were spread over a clean glass
coverslip and air-dried at room temperature [22].

The SPM-9500 J3 atomic force microscope (Shimadzu Corporation,
Japan) microscope operated in contact mode to image the cells and
obtain force-distance curves. Silicon nitride (Si3N4) cantilevers, with
~20 nm tip nominal radius of curvature were used. The cantilever
deflection was calibrated with an AISI 304 stainless steel sample. Ten
force curves were obtained for each group sample in three different
days, resulting n = 30.

The SPM-9500 series software (2.40 version) was operated to ana-
lyze images and force curves. For force-distance curve evaluation,
cantilever tips with ~0.10 N/m elastic constant were used. The force-
distance curve represents the tip-sample interaction forces X z piezo
position. Nanomechanical properties such as surface stiffness can be
calculated from the slope of the curve. The surface stiffness was esti-
mated through the ratio between tip-sample force and piezo position
[23].

The adhesion force was directly obtained from the minimum force
at the point where the tip is released from the contact with the sample.

2.8. Fourier Transform Infrared Spectroscopy (FT-IR)

Suspensions of C. albicans before and after PDI (6 h and 48 h) were
washed 3 times by centrifugation for 3 min at 2400 rpm followed by
resuspension of pellets in 1 mL of sterile distilled water. Supernatants
were removed and the remaining pellets were suspended in 100 μL of
sterile distilled water, vortexed for 40 s to obtain a homogeneous cell
suspension, and aliquots (5 μL) were deposited on CaF2 windows pre-
viously washed with detergent and water, disinfected with 70% ethanol
and dried with paper towels.

For each sample, we obtained 10 spectra ranging from 4000 cm−1

to 900 cm−1 with 2 cm−1 spectral resolution using a Spectrum
Spotlight 400 FT-IR spectrophotometer (Perkin Elmer Walthan, MA,
USA). The background spectrum was taken at a clean cell-free place on
the CaF2 window at each change of reading.

Spectra were analyzed using the OPUS spectroscopy software (ver-
sion 4.2, Bruker). Spectral curves were subjected to baseline correction
(Rubberband correction, 32 points and CO2 bands subtraction) and the

mean spectrum was obtained using the statistical feature of the OPUS.
The whole spectrum was divided into four spectral windows ac-

cording to main cellular biochemical components [24]. The range be-
tween 3000 and 2800 cm−1, which is influenced by functional groups
of membrane fatty acids; the range between 1800 and 1500 cm−1,
relative to amide I and amide II groups belonging to proteins and
peptides; the range between 1500 and 1200 cm−1, mixed region in-
fluenced by proteins, fatty acids and phosphate-carrying compounds;
the range between 1200 and 900 cm−1, which is informative mostly for
the carbohydrates and polysaccharides in the cell wall.

2.9. Statistical Analysis

Shapiro-Wilk test was applied to check normality of data distribu-
tion. Data were compared using one-way ANOVA and Tukey as a post-
hoc test. Statistically significant differences were considered when
p < 0.05.

3. Results and Discussion

The microbiological analysis showed that the mean values of CFU/
mL (± standard error) of C. albicans control cells or light treated did
not present statistically significant reduction (p > 0.05) as well as a
50 μM concentration of MB did not show any toxicity for yeast cells
after incubation for 10 min in the dark for the two growth phases
(p > 0.05) Fig. 2A). After 12 min and 15 min of irradiation, compar-
able reduction in cell viability was observed in lag and stationary
growth phases. However, after 18 min of irradiation we noticed a
complete eradication in number of viable young cells (6 h) of C. albi-
cans, while old cells reduced only 2 logs (48 h) (Fig. 2B).

Our results corroborate the literature since the efficiency of micro-
organism photoinactivation is intimately related to its physiological
state [16]. This result is probably due to the protection acquired by old
cells against oxidative stress [19]. Although lag phase is a poorly un-
derstood growth phase, it has been assumed that this phase allows the
adaptation required by the cells to begin to exploit new conditions,
developing some resistance against environmental threatening in-
cluding ROS [25].

Interestingly, microbiological analysis showed that 6 h and 48 h-
cells exhibited similar behavior after PDI at the lowest radiant ex-
posures. Thus, we proceeded with experiments using C. albicans in lag
and stationary phases exposed to 15 min of PDI expecting to obtain
some leads to the possible targets of ROS.

SEM images of control groups showed highly dense and compacted
cells exhibiting smooth surfaces (Fig. 3). Cells in lag phase revealed
spherical form and the presence of hyphal filament (Fig. 3A and B),
while cells in stationary phase also showed round shape covered with
EPS (Fig. 3E and F).

Following PDI, cells of both groups shrunk and displayed a wrinkled

Fig. 2. Effects of PDI on C. albicans cells in dif-
ferent growth phases. A: Control (L−/MB−, LED
(L+/MB−) and MB (L−/MB+) groups; B: Three
different radiant exposures were evaluated
(12 min, 15 min and 18 min). The symbol re-
presents a statistically significant difference after
18 min of irradiation (p ˂ 0.05). Data represent
mean values and bars are standard deviations.
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superficial appearance (Fig. 3D to H). In addition, we observed the
removal of EPS after PDI in cells grown for 48 h (Fig. 3G and H). Lit-
erature has demonstrated that EPS is the first target affected by PDI
mainly using cationic photosensitizers [17,26]. As the EPS is also
composed by proteins, it is expected that they quench singlet oxygen
and, therefore, the fungal reduction could be not effective [27]. Fur-
thermore, EPS acts as a physical barrier preventing PS diffusion into
cells, which would allow damage on vital organelles [28,29].

Fig. 4 shows TEM images of untreated and exposed to 15 min cells
of C. albicans cultured by 6 h and 48 h. For both growth phases, control

cells exhibited a regular outlined cell wall, cell membrane integrity, cell
organelles with prominent nucleus, vacuoles and some dense bodies
regularly distributed over the cytoplasm (Fig. 4A–B and 4E–F). It is also
possible to notice that old cells present thicker cell wall than young
cells. In fact, it has been reported that the cell wall in the stationary
phase is thicker and less permeable to macromolecules than those in the
exponential phase [30,31]. Changes in the cell wall occur depending on
the phase of the cell cycle, nutrient availability, and environmental
conditions such as pH, temperature, and availability of oxygen [31].
Significant changes that occur in the medium during stationary phase,

Fig. 3. Electron-micrographs of C. albicans cells ob-
served by SEM. A and B: 6 h-cells of control group; C
and D: 6 h-cells following PDI 15 min; E and F: 48 h-
cells of control group; G and H: 48 h-cells following
PDI 15 min. Black arrows point to the presence of EPS.
Scale bars represent 30 μm (A, C, E, G) and 20 μm (B,
D, F, H).
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as the depletion of available nutrients and pH decrease [32], lead to
stress adaptation [33] and, consequently, cell wall thickening.

After PDI, 6 h and 48 h-cells displayed notable differences in the cell
wall, cell membrane and cytoplasm. Cell membrane and internal
structures were more affected in young cells, while old cells showed
loose fibrillar and inner cell wall layers besides loss of cell membrane
integrity (Fig. 4C–D and G–H).

The literature reports that cell wall plays an important role in the
response to oxidative stress [34], once the cell wall is essential to
maintain the cell integrity, and any severe damage in its morphology
can cause alterations in its function [35]. If morphological and ultra-
structural changes are involved in the mechanisms of adaptation to
oxidative stress, the AFS can be a useful complementary technique to
evaluate stiffness and adhesiveness of the cell wall.

Before PDI, young cells showed higher stiffness compared to old
cells (p < 0.05) (Fig. 5A). After PDI, 6 h-cells decreased rigidity, while
48 h-cells were more rigid (p < 0.05) (Fig. 5A). Conversely, the ad-
hesion force of young cells was lower compared to old cells (p ˂ 0.05).
However, after PDI both 6 h and 48 h-cells diminished adhesiveness

(p < 0.05) (Fig. 5B).
The fungal cell wall consists of polymers that are interconnected to

produce a complex structure composed of an inner layer of a β-1,3-
glucan branched with chitin, that are responsible for mechanical
strength of cell wall, and an outer layer of a β-1,6-linked glucans
branched on the β-1,3-glucan network, also linked to the mannopro-
teins [36]. The elasticity of the cell wall could be attributed to the β-
1,3-glucan fibrillar network [37]. Cell wall construction is mainly co-
ordinated with progress of the cell cycle. During lag phase, and not
during any other phase of the cell cycle, produced chitin is laid down in
the lateral walls stabilizing the wall of the future mother cell [37].
Studies show that chitin plays an important role in the elasticity of the
cell wall [38,39]. The difference in nanomechanical properties of the
cell walls at distinct growth phases are probably connected with its
molecular architecture, even though the cell wall composition is see-
mingly comparable [40].

The cell wall is a dynamic structure and undergoes remodeling in
response to oxidative stress [41]. The ROS generated react with struc-
tures such as polysaccharides, proteins, lipids and nucleic acids

Fig. 4. Electron-micrographs of C. albicans cells
observed by TEM. (A and B: 6 h-cells of control
group; C and D: 6 h-cells following PDI 15 min; E
and F: 48 h-cells of control group; G and H: 48 h-
cells following PDI 15 min. (1) outer mannopro-
teins fibrillar layer; [2] inner cell wall layers with
predominance of glucans and chitin; [3] cell
membrane. White arrows indicate cell membrane
damage. N: nucleus; V: vacuole; Cy: cytoplasm.
Scale bars represent 1 μm (A, C, E, G) and 200 nm
(B, D, F, H).
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inducing molecular alterations that can negatively affect cellular phy-
siology and morphology [42]. After PDI, the apparent lower stiffness in
young cells is probably related with the association of membrane lipid
oxidation and damage of internal structures such as the cytoskeleton.
Hence, in the approach branch of the force spectroscopy, the tip would
push the cell surface more easily. In fact, Schiavone and coworkers
reported that cell wall stiffness is in part dependent on the integrity of
the cell membrane [42].

On the other hand, old cells showed themselves less elastic after EPS
was removed. The protective feature of the EPS in stationary cells
suggests a natural compensatory defense to the lower softness of the
membranes of older cells. Naturally, the cell membranes of young cells
should be more rigid to compensate the lower amount of EPS. In old
cells, the increased rigidity suggests a defense cell mechanism to the
EPS reduction during PDI as the EPS is the first target of the ROS.

Remarkably, AFS measures show that old and young cells decrease
adhesiveness following PDI. This finding fits with SEM images since
cells appeared wrinkled and contracted disregarding the growth phase.
Besides, EPS is removed following PDI, which reduces the adhesion
force.

FT-IR spectral profiles were obtained from untreated and treated C.
albicans in lag phase and stationary phase to identify potential mole-
cular components in yeast cells that are predominant targets of pho-
tooxidation and correlate with data obtained through morphological,
ultrastructural and nanomechanical analysis. Table 2 exhibits the peak
frequencies that have been obtained from the second derivate spectra
(data not shown). Strong absorption bands were detected in all spectral
regions that characterize the major cellular constituents
(1200–900 cm−1; 1500–1200 cm−1; 1800–1500 cm−1 and
3000–2800 cm−1) (Figs. 6A–B, and 7A–D).

We also analyzed the spectra of difference to highlight the bio-
chemical alterations between old and young cells of control group
(Fig. 6C and D) and between control and PDI groups (Fig. 7E and F).
The spectral difference between 6 h and 48 h-cells shows that cells in
stationary phase presented a higher amount of polysaccharides com-
pared to cells in lag phase (Fig. 6C and D). These data corroborate our
previous results once fungal cells in the stationary phase show greater
abundance of EPS than fungal cells in lag phase. In fact, it is well-known
that EPS of C. albicans is composed mainly by polysaccharides [43,44].
On the other hand, young fungal cells displayed a higher amount of

Fig. 5. Comparison of stiffness (A) and adhesiveness (B) of C. albicans cells in lag (6 h) and stationary (48 h) phases. PDI group is related to 15 min of exposure time. The data represent
the mean values of untreated and treated cells. Bars are standard errors. Different letters denote statistically significant differences among groups (p < 0.05).

Table 2
Assignment of peak frequencies obtained for untreated and submitted to PDI young and old cells.

Range spectral Frequency (cm−1) Assignment

1200–900
CeOeC, CeO of ring vibrations of the carbohydrates

911 Mannans
966 CeO ribose, CeC
998 β(1 → 6) glucans
1024 β(1 → 4) glucans
1045 CeO stretching frequencies coupled with CeO bending frequencies of the CeOH groups

of carbohydrates
1060–1030 S]O
1084–1088 P]O stretching of PO¯2 phosphodiesters
1080 β(1 → 3) glucans
1106 β(1 → 3) glucans
1117 CeO stretching vibration of CeOH group of ribose (RNA)
1160 CO stretching

1800–1500
Amide II groups belonging to proteins and peptides

1205 CeOeC, CeO ring vibrations of polysaccharides
1245 PO¯

2 asymmetric (phosphate)
1400 Symmetric stretching vibration of COO¯ group of fatty acids and amino acids δs CH3 of

proteins; CH3 bending vibration (lipids and proteins)

1550 Amide II of proteins
1630 Amide I; α-quitin
1650 Amide I; α-quitin
1727 C]O stretching band mode of the fatty acid ester

2800–3100
CeH stretching vibrations of methyl (CH3) &methylene
(CH2) groups & olefins

CeH; lipid region; CH3, CH2 – lipid and protein; fatty acids
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nucleic acids, lipids and proteins. This finding was also expected since
lag phase fungal cells are adapting to enter the highly proliferative
exponential phase by means of increased nucleic acid metabolism be-
sides protein and fatty acid biosynthesis [25].

Fig. 7E and F exhibit the subtraction of the spectra presented in
Fig. 7A to D. After PDI, we observed a dynamic pattern of formation and
degradation of molecular functional groups above and below the zero
line, respectively. These findings are in agreement with other authors,
since when a cell damage by oxidative stress can occur in cell wall and
cause lipidic peroxidation, protein carbonylation and antioxidant
synthesis [34,41]. C. albicans cells in lag phase showed degradation of
functional groups related to CeO of deoxyribose, CeC of DNA; CeO
stretching vibration of CeOH group of ribose-RNA; PeO stretching
modes originated from the phosphodiester groups of nucleic acids;
C]C, C]N, C]O, N]H of proteins and amides (internal damage). On
the other hand, cells in stationary phase showed further decreases of
CeO groups of polysaccharides, β-glucans, and lipids, suggesting high
levels of cell wall and cell membrane damage.

Taken together, our results suggest that depending on the growth
phase, PDI acts on different structures. In fact, localization of the

photosensitizer plays a pivotal role to determine the possible targets in
PDI.

The MB used in this study was a commercially available dye that
was employed without further purification. It is known upon irradiation
MB suffers degradation and the demethylation of the amino residues
leads to the formation of Azure stains and other products [45]. Different
photosensitizers (e.g., phenotiazines, porphyrins, triarylmethanes) may
alter the affinity of the dye to distinct biological targets [46,47] and
new studies should be performed towards the binding approach of
photoantimicrobials to cell targets in order to improve PDI.

Uptake of exogenous substances by yeast cells is adversely affected
by lipophilicity and positively affected by hydrophilicity besides the
presence of charged groups [48]. Thus, cells in stationary phase, which
are more abundant in polysaccharides are able to retain MB and EPS
within cell wall have the greatest probability of being involved in
photodynamic processes [48]. Contrarily, this barrier for young cells is
not pronounced allowing the diffusion of photosensitizer across the
membrane, promoting the destruction of organelles and other in-
tracellular structures.

Fig. 6. A and B: Normalized FT-IR spectra of C. albicans control cells in lag (6 h) and stationary (48 h) phases. C and D: Spectral difference between old (48 h) and young (6 h) cells.
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Fig. 7. A and B: Normalized FT-IR spectra of untreated and treated C. albicans cells in lag phase (6 h); C and D: Normalized FT-IR spectra of untreated and treated C. albicans cells in
stationary phase (48 h); E and F: Spectral difference between control and PDI 15 min groups for young (6 h) and old (48 h) cells.
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4. Conclusion

For the first time it was identified different targets for MB-medi-
ated PDI depending on growth phase of Candida albicans cells by SEM,
TEM, AFS and FT-IR spectroscopy. Young fungal cells showed greater
internal damage while in old fungal cells, the EPS, cell wall and
membrane appeared to be the first target. Other types of fungal and
bacterial cells as well as different photosensitizers should be tested to
improve PDI outcome. We expected that this work encourages new
researches in pursuing better understanding in PDI biological me-
chanisms.
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