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Lung transplantation is one of the most difficult and delicate procedures among organ transplants. For the success of the procedure
and survival of the new organ, the sterilization step for acellular lungs prior to recellularization is important to ensure that they are
free of any risk of transmitting infections from the donor to the recipient subject. However, there are no available information
concerning the lung mechanical parameters after sterilizing photodynamic therapy. The aim of this study was to evaluate the
extracellular matrix (ECM) and lung mechanical parameters of decellularized lungs undergoing sterilizing photodynamic
therapy (PDT). Besides, we also analyzed the lung after controlled infection with C. albicans in order to evaluate the
effectiveness of PDT. The lung mechanical evaluation parameters, resistance (R;) and elastance (E;), exhibited no significant
differences between groups. In addition, there were no PDT-induced changes in lung properties, with maintenance of the
viscoelastic behavior of the lung scaffold after 1 h exposure to PDT. The ECM components remained virtually unchanged in the
acellular lungs of both groups. We also showed that there was a reduction in fungal infection population after 45 minutes of
PDT. However, more studies should be performed to establish and verify the effectiveness of PDT as a possible means for
sterilizing lung scaffolds. This manuscript was presented as a master thesis of Nadua Apostélico at the postgraduate program in
rehabilitation sciences, University Nove de Julho—UNINOVE.
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1. Introduction

According to the World Health Organization (WHO), organ
transplantation is frequently the only treatment for end-state
organ failure, such as liver, lung, and heart failure. However,
as a biomaterial, all implanted or transplanted material from
human origin presents serious risks of several disease trans-
missions. Besides the biological risks, the extremely low avail-
ability of organ/tissue donors is the most important restriction
for such procedures all over the world. In this scenario, tissue
engineering has emerged as an alternative that is aimed at
developing functional tissue substitutes with the goal of
improving health and quality of life in terminal patients.

Tissue engineering has the specific target of promoting
regeneration of structures and functions of tissues/organs
compromised by disease or surgery. Research in the field
of lung bioengineering has been particularly active in
recent years due to the lack of viable lungs designated to
transplant and the reduced long-term patient survival after
transplantation [1, 2].

An important step in handling acellular lungs before
they are subjected to recellularization is sterilization to sup-
press any risk of transmission of viruses or bacteria from the
donor to the receiver of the transplanted tissue/organ.
Indeed, potential transmission of infections, such as HIV
and hepatitis C, has been reported in tissue engineering
applications [3-5]. Therefore, the effects of different sterili-
zation methods on a variety of tissue types have been studied
to determine the optimal procedures. To this end, it is
imperative to take into account that aggressive sterilization
methods that ensure full elimination of pathogens may also
deteriorate the structural components of the tissue, specifi-
cally its mechanical performance [6, 7].

Not all sterilization methods used in the health indus-
try are applicable to bioscaffolds. At first, sterilization
methods, such as those based on gamma irradiation, ethyl-
ene oxide, or other chemical agents, could be used. How-
ever, all sterilization procedures have their side effects,
since any action to destroy infectious microorganisms at
the same time can affect the different structures of the
molecular scaffold.

It has been reported that both ethylene oxide and irradi-
ation can interact with molecules and scaffolds and poten-
tially degrade their function. It has recently been suggested
that peracetic acid (PAA) can be a useful chemical agent
for sterilizing scaffolds for tissue engineering [8]. However,
it was not fully effective to sterilize pulmonary scaffolds [9].

Thus, appropriate sterilization procedures that pre-
serve the mechanical properties of lung scaffolds after
decellularization are essential for safe repopulation. Partic-
ularly, photodynamic therapy (PDT) could be a tool for
obtaining viable lung scaffolds necessary for the repopula-
tion process [10, 11].

The PDT was discovered in 1900 by Oscar Raab and
Hermann Von Tappeiner [12], who found that Paramecium
spp. protozoans were killed following acridine orange stain-
ing and subsequent exposure to bright light [13]. In the
1970’s, PDT was initially developed to be used in cancer ther-
apy after it was discovered that porphyrins selectively local-
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ized in tumors [14]. Since then, PDT has been clinically
used for the treatment of various malignancies and is an
approved therapy for the destruction of choroidal neovascu-
larization (CNV) in age-related macular degeneration.
Recently, antimicrobial PDT has been proposed as an alter-
native approach for treating localized infections [12-16].

A photosensitizer plays a key role in the efficacy of PDT.
Protoporphyrin IX (PpIX) is actively transported into the cell
through an uptake mechanism induced by growth under
nutritionally restrictive conditions. For instance, in C. albi-
cans, the surface properties and composition are complex
and dynamic and hydrophobicity is one of the many poten-
tial factors that may influence uptake. Previous studies dem-
onstrated that filamentous forms and biofilms of Candida
albicans were sensitive to PDT using porphyrin as a photo-
sensitizer [17-19].

Understanding the mechanical consequences of lung
scaffold sterilization is particularly relevant since the lung is
an organ with high structural and mechanical complexity
that is physiologically subjected to continuous deformation
cycling during breathing. Therefore, the mechanical proper-
ties of the organ scaffold should be preserved as much as pos-
sible after sterilization to ensure optimal organ regeneration.
However, studies concerning the efficacy of PDT in the ster-
ilization of lung scaffolds and its repercussions on the
mechanical properties are lacking. Thus, the aim of this study
was to evaluate the extracellular matrix and lung mechanical
parameters of decellularized lungs undergoing PDT with the
purpose of sterilization and to perform a proof of concept of
microbiological analyses of lungs infected with Candida albi-
cans to determine the effectiveness of PDT.

2. Material and Methods

2.1. Experimental Animals. Male C57BL/6 mice (7-8 weeks
old) were kept under standard housing conditions in venti-
lated rooms (12h light-dark cycles, temperature at 23°C,
and 60-70% humidity), with food and water provided ad libi-
tum. Experimental procedures were carried out after submis-
sion and approvals by the Ethical Committee for Animal
Research of the Universitat de Barcelona and by the Research
Ethics Committee of Universidade Nove de Julho (UNIN-
OVE) (protocol 0038/2011).

2.2. Experimental Setting. This study was divided into two
phases: phase 1—decellularized mice lungs were mechanically
evaluated and the extracellular matrix morphology was
assessed before and after PDT and phase 2—decellularized
mice lungs experimentally contaminated with C. albicans
(ATCC 90028) were submitted to PDT; microbiological anal-
yses were performed to evaluate the efficacy of PDT on C. albi-
cans decontamination (Figure 1).

The animals were weighed, intraperitoneally anesthetized
with 1.0g/kg urethane, and sacrificed by exsanguination.
Immediately, lungs were perfused via the pulmonary artery
with phosphate-buffered saline (PBS) containing 50 U/mL
heparin (Sigma-Aldrich, St. Louis, MO, USA) and 1 yg/mL
sodium nitroprusside (SNP) (Fluka Analytical, St. Louis,
MO, USA) to prevent the formation of blood clots. Then,
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the lungs and heart were removed together with the trachea
and esophagus. The whole block was stored at —80°C until
the decellularization protocol was performed.

2.3. Lung Decellularization. At the day of the experiment, the
tissues were thawed decellularized as previously described
[20]. Briefly, once the trachea and pulmonary artery were
cannulated (Figure 2(a)) and placed into the experimental
system, the following sequence of reagents was perfused:
PBS for 30 min, deionized water (DI) for 15 min, 0.1% triton
for 30 min, DI for 5 min, 1% sodium dodecyl sulfate (SDS) for
150 min, and a final wash of PBS for 30 min, resulting in a
translucent acellular lung (Figure 2(b)).

2.4. Addition of a Photosensitizer and Sterilization with Red
LED (660 nm). The first set of experiments consisted in a test
to prove that PDT would be able to quell a controlled infec-
tion with C. albicans. A number of 12 decellularized mouse
lungs were randomly divided into two groups of six animals:
a group injected with protoporphyrin IX (group PpIX or
GPpIX) and a control group injected with PBS (control).
For the second stage, a total of eight decellularized mice lungs
were randomly divided into four groups, each containing two
animals: a control group of infected mice (CG), a group
treated with PpIX (group photosensitizer or GPS), a group
treated with PDT for 15 minutes (group PDT 15 minutes
or GPDT15), and a group treated with PDT for 45min
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FIGURE 3: (a) Setup of the irradiation system with the LED; (b) lungs being irradiated with the LED.

TaBLE 1: Spectroscopic parameters used to irradiate the lungs with
the LED.

Wavelength (nm) 660
Operation mode Continuous wave
Average radiant energy (mW) 2000

Beam area (cm?) 8.50
Intensity (mW/cm?) 236
Polarization Aleatory
Beam profile Multimode
Exposure time (min) 15, 45, 60

1808, 5424, 7232
212.5, 637.5, 850

Radiant energy (J)

Radiant exposure (J/cm?)

(group PDT 45 minutes or GPDT45). After decellularization,
GPpIX, GPS, GPDT15, and GPDT45 mice were tracheally
injected with 1 mL PpIX (10 uM; Sigma-Aldrich), while both
control groups were injected with 1 mL PBS. Each stage-one
decellularized lung was irradiated for one hour using a light-
emitting diode (LED) with a wavelength of 660 nm, con-
trolled by a current source of 1400 mA at 7.5V (Figure 3).
For the second stage, decellularized lungs were irradiated
for 15 minutes in GPDT15 and 45 minutes in GPDT45.
The parameters of irradiation are showed in Table 1.

2.5. Evaluation of Pulmonary Mechanics. To evaluate the
resistance and elastance of acellular lungs, a custom-built sys-
tem was used. The trachea was cannulated, and the lung was
vertically connected to the system. Flow signal was recorded as
the pressure drop across a pneumotachograph with a differen-
tial pressure transducer (DCXLO1DS, range +2.5 cmH,0) and
tracheal pressure (P,) was measured using a pressure trans-
ducer (176PC14HD2, +35cmH,0) on a side port between
the pneumotachograph and the cannula. Acellular lungs were
subjected to conventional pressure-controlled ventilation with
a quasi-sinusoidal flow pattern at a frequency of 80 breath-
s/min. A positive end expiratory pressure (PEEP) of 2 cmH,0O
was applied through the ventilator to counteract the absence
of physiological negative pleural pressure. Flow and pressure
signals were recorded with LabView (© 2011 National Instru-
ments Corporation, Austin, Texas, USA) and postanalyzed

TaBLE 2: Values of positive end-expiratory pressure (PEEP) and
lung volumes of the control group and protoporphyrin IX group
(GPpIX).

Control GPpIX
Volume PEEP Volume PEEP
(mL) (cmH,0) (mL) (cmH,0)
Mean 0.15 1.95 0.12 1.93
SD 0.04 0.03 0.01 0.02

with MATLAB (© 1994-2015 The MathWorks Inc., Natick,
Massachusetts, USA). Effective lung resistance (R;) and elas-
tance (E; ) were computed by linear regression of the recorded
signals P, (tracheal pressure), V' (volume), and V (flow),
using the conventional respiratory mechanics model P, = P,
+(E..V) + (R..V"), where P, is a parameter to account for
the external PEEP applied by the ventilator. For each decellu-
larized lung, R; and E; were computed from data including
five ventilation cycles [21].

2.6. Immunofluorescent Microscopy. For conventional fluo-
rescence microscopy analysis, decellularized lungs were fixed
with a mixture of optimal cutting temperature compound
(OCT) (Sakura Finetek, Torrance, CA, USA) and PBS in a
3:1 ratio and frozen at —80°C. Ten-micrometer sections of
lung samples were obtained using an HM 560 CryoStar
Cryostat (Thermo Scientific, Waltham, MA, USA). Then,
sections were rinsed with PBS to remove the OCT, fixed with
4% paraformaldehyde for 30 minutes at room temperature,
and incubated for 10 min with 4',6-diamidino-2-phenylin-
dole (DAPI). To assess extracellular matrix proteins follow-
ing PDT, cryosections were rinsed as previously described
and incubated with a blocking solution (1% bovine serum
albumin, 6% fetal bovine serum, and 0.5% triton in Tris-
buffered solution) for 30 minutes, washed with PBS, and
incubated overnight with the following primary antibodies:
anti-collagen-I (Abcam, Cambridge, UK), anti-laminin
(Sigma-Aldrich), anti-collagen-IV (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), and anti-elastin (Santa Cruz Bio-
technology). The primary antibodies were detected using
appropriate secondary antibodies. Images were taken using
an Eclipse Ti fluorescence microscope (Nikon, Tokyo, Japan).
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FIGURE 4: Values of pulmonary resistance and elastance of the control group and protoporphyrin IX group in relation to time during

photodynamic therapy.

2.7. Scanning Electron Microscopy (SEM). Decellularized
lungs were analyzed by SEM after PDT in both groups. Tis-
sue samples were fixed with 2% glutaraldehyde and 2.5%
paraformaldehyde in 0.1 M cacodylate buffer for 2h at room
temperature. Then, samples were rinsed in cacodylate buffer,
sliced, and dehydrated over an ethanol gradient. Samples
were dehydrated in hexamethyldisilazane for 10min, dried
overnight, coated with a 14.4nm layer of gold using a sputter
coater (SC510; Fisons Instruments, San Carlos, CA, USA), and
analyzed using a DSM 940A microscope (Zeiss, Oberkochen,
Germany) with an acceleration of 15kV.

2.8. Candida albicans Growth Conditions and Inoculum
Preparation. Candida albicans (ATCC 90028) was cultivated
in Sabouraud dextrose agar (SDA) at 37°C for 24 h. Cells were
harvested, suspended in PBS, and homogenized in a vortex
shaker. The concentration was estimated by the turbidity of
the suspension at 15% transmittance [22]. The concentration
of the inoculum was confirmed by culture on SDA and
CFU/mL count, according to methodology proposed by Jett
et al. [23].

2.9. Microbiological Evaluation. For microbiological analysis,
we conducted a sagittal cut into the left lung. After slicing,
half of the left lung was subjected to manual maceration.
After maceration, serial dilutions were performed and plated
on SDA and plates were incubated at 37°C for 24 h. After 24
hours, a count colony-forming unit of the plated content
(CFU/g) was conducted.

2.10. Statistical Analysis. All rates are expressed as the mean
+ standard deviation (SD). To verify the normality of groups,
we used the Shapiro-Wilk test. One-way ANOVA was used
to test for differences between groups. The group means were
analyzed with the Tukey test and Levene test for comparison
of variances. Comparisons between the values obtained for
R; and E; measured in each group pre- and postirradiation
were carried out using a paired Student’s ¢-test. The p value
was considered statistically significant at the 5% level. For
these analyses, we used the Statistical Package for Social Sci-
ences (SPSS) version 21.0 (SPSS Inc., Chicago, IL, USA).

PBS group PpIX group

Laminin Collagen IV Collagen I

Elastin

DAPI

Ficure 5: Immunofluorescent images of extracellular matrix
components of acellular lung sections of the control group and the
protoporphyrin IX group after LED irradiation.

3. Results

Pulmonary mechanics were evaluated in all 12 mice lung
scaffolds divided in two groups: the control (n = 6) adminis-
tered 1 mL PBS and GPpIX (n = 6) injected with 1 mL PpIX
in the lungs, both of which were irradiated with a 660 nm
LED. Mean of ventilation volumes and PEEPs are described
in Table 2.
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FIGURE 6: Scanning electron microscopy images of decellularized lungs submitted to photodynamic therapy for one hour with phosphate-

buffered saline (a) or photosensitizer protoporphyrin IX (b).

There were no significant differences between the control
and GPpIX groups, which represents an equal ventilation for
both evaluations. The lung mechanical evaluation parame-
ters, R; and E;, exhibited no significant differences between
both PDT intervals (Figure 4). Also, there were no changes
observed over time of irradiation, representing the mainte-
nance of the viscoelastic behavior of the lung scaffold after
1 h exposure to LED light.

Figure 5 demonstrates that extracellular matrix compo-
nents responsible for the maintenance of the 3D lung
structure, such as elastin, laminin, and collagens I and IV,
remained virtually unchanged in the acellular lungs of both
the control and GPpIX groups following application of the
LED. The SEM analysis, observed in Figure 6, suggests that
the microscopic lung structure has been maintained in both
groups (control, Figure 6(a) and PpIX, Figure 6(b)), after
application of photodynamic therapy. Also, the pulmonary
scaffolds obtained from the decellularization process after
irradiation LED compared to acellular lungs subjected to
photodynamic therapy showed the absence of cell nuclei
assessed by DAPI staining.

For the second stage of this study, eight mouse lungs were
decellularized and divided into four groups: CG (n = 2), GPS
(n=2), GPDT15 (n=2),and GPDT45 (n = 2). In the CG, no
intervention of any kind was performed. For the group-
denominated GPS, there was no application of LED, just
addition of the PpIX photosensitizer. We observed that the
PDT protocol promoted a reduction in the fungal population
by about 1.60 log,, (CFU/g) (4.87 £0.16 and 3.27 + 0.45 for
GPDT15 and GPDT45, respectively) when compared to GPS
(4.24 £ 0.23; p < 0.05). When comparing the CG (4.38 + 0.31)
with the GPS (4.24 + 0.23), there was no significant reduction
in microbial counts observed (Figure 7).

4. Discussion

Tissue engineering is a rapidly evolving field that aims at
developing functional tissue substitutes with the goal of
improving the quality of life in patients by promoting true
regeneration of the structure and function of tissue compro-
mised by disease or surgery. Hence, it is especially important

6 p<0.05
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FIGURE 7: Values of the population of Candida albicans according to
the protocol of photodynamic therapy with protoporphyrin IX. NS:
no significance; control: infected lungs; GPS: infected lungs treated
with protoporphyrin IX; GPDTI15: infected lungs treated with
protoporphyrin IX for 15 minutes; GPDT45: infected lungs treated
with protoporphyrin IX for 45 minutes.

that an appropriate sterilization method is chosen to ensure
safety and maintain the mechanical properties of the lung
scaffolds after sterilization for effective regeneration of the
organ. Sterilization is required for bioengineering organs
because there is a risk of contamination during the whole
process of creation and due to the existence of potentially
infectious organisms in the donor tissue. The organism
microbiota considered benign in a healthy individual can
become pathogenic to scaffolds when submitted to a bioreac-
tor during the repopulation procedure.

In the past few years, researchers have explored alterna-
tive methods of sterilization due to the limitations of the
conventional ones used for tissue engineering [8, 9, 24].
Siritientong et al. analyzed the effects of sterilization on scaf-
folds of polyvinyl-alcohol and freeze-dried sericin and came
to the conclusion that gamma irradiation degraded the scaf-
folds by almost 70% after 24 hours, but it was the most
appropriate method for sterilization [25]. Rainer et al.
remarked that dry heat and autoclave treatments resulted in
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an increase in crystallinity, while low-temperature UV and
hydrogen peroxide plasma preserved the structural proper-
ties [26]. Shearer et al. verified that PAA and antibiotic solu-
tions were effective in sterilizing hollow fiber and flat sheets
of poly (lactide: glycolide) but obtained unfavorable changes
in morphology [27]. The limitations found in these studies,
mentioned previously, included a lack of uniform model
organisms tested; many did not specify the source or the
identity of the contaminating bacteria or another microor-
ganism, making it difficult to compare sterilization method
scaffolds for tissue engineering. Preliminary studies have
shown that sterilization of scaffolds in tissue engineering is
as much about maintaining the properties of materials and
architecture, as about killing microbes [25-27]. Sterilization
assumed major significance in scaffolds containing proteins
or biological material, where the risk of denaturation is real
and can result in the reduction or loss of important biological
activity [8].

Finsen, Raab, and Von Tappeiner demonstrated that a
combination of light and administration of drugs led to
photochemotherapy emergence as a therapeutic tool and iso-
lation of porphyrins and discovery of phototoxic effects on
cancer cells led to the development of PDT [12, 28]. The
ECM is important for tissue organization in multicellular
organisms and is a complex network of macromolecules
secreted by the cells, residing between cells as both a barrier
and a scaffold on which tissues are built. Studies have demon-
strated that PDT alters the extracellular matrix [29]. Pazos
et al. demonstrated that ECM components are affected, even
when they are not the primary targets [30]. However, we
should also keep in mind that the action of PDT on specific
molecular pathways depends on the fluence rate and photo-
sensitizer used.

It has been reported that both ethylene oxide and irradi-
ation can interact with molecules and scaffolds and poten-
tially degrade their functions. It has recently been suggested
that peracetic acid can be a useful sterilizing chemical agent
in the tissue engineering of scaffolds [8, 31]. By contrast, in
our study, we demonstrated that there were no apparent
changes in the relevant extracellular matrix components of
elastin, laminin, and collagens I and IV. These components
remained almost unchanged in the acellular lungs of both
groups following LED application.

Sterilization methods involving high temperature must
obviously be discarded due to the denaturation of proteins
and other biomolecules under these conditions. In a study
on the impact of gamma radiation, the pulmonary valve scaf-
folds applied with a dose of 25-40 kGy exhibited great reduc-
tion in the collagen content fragmentation of the extracellular
matrix, caused by oxidative damage following irradiation.
This resulted in considerable biomechanical changes to tissue
integrity, causing structural damage of collagen fibers and
significant changes in the mechanical behavior [32]. More-
over, Uriarte et al. demonstrated that irradiation of acellular
lungs with a typical “®Co gamma sterilization dose for health
applications resulted in a significant increase in the mechan-
ical resistance of lung scaffolds [33].

Remarkably, in the present study, we observed that there
were no changes in the values of pulmonary elastance (E;)

and pulmonary resistance (R;) after irradiation by LED for
60 min with addition of photosensitizer. This was in contrast
to previous reports on gamma irradiation, which causes
degradation and fragmentation of the peptide chain and
also damages collagen fibers, resulting in changes to lung
mechanical properties [34].

PDT has been used successfully to treat different localized
infections [35, 36], and our results are a proof of concept that
PDT is also a suitable method to promote the reduction of C.
albicans. Our study provides evidence that the photosensi-
tizer PpIX does not exhibit any antifungal activity when used
alone without the application of LED. It is also well described
in the literature that the use of lasers alone, without the addi-
tion of a photosensitizer, similarly does not reduce fungal
populations. We observed that there was a reduction in the
fungal population after 45min of PDT when compared to
only 15min of PDT. It is supposed that from the moment
at which PDT acts, C. albicans disintegrates when a part of
the cell detaches, forming another cell, which may be confused
with a yeast recolonization. Teichert et al. demonstrated that
the total reduction in fungal load was dependent on the con-
centration of the photosensitizer and light parameters, using
red and methylene blue lasers in the oral mucosa of a mouse
model [37].

5. Conclusion

In summary, this is the first study evaluating the mechanical
behavior of lung scaffolds subjected to LED irradiation with a
photosensitizer, with the objective of sterilizing lung scaf-
folds. We found that irradiation doses that effectively can
reduce infection do not modify the structural and mechanical
properties of decellularized lungs. This study opens the door
to further research to confirm the suitability of PDT as a tool
for routinely sterilizing lung scaffolds in the process of lung
biofabrication.

Data Availability

The data that support the findings of this study are available
from the corresponding author, upon reasonable request.

Additional Points

Highlights. The following were highlighted: behavior of the
mechanical properties of pulmonary scaffolds submitted to
photodynamic therapy, application of photodynamic therapy
in the sterilization of pulmonary scaffolds, and use of LED in
the process of sterilization of lung scaffolds in regenerative
medicine.
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