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1 Introduction

NIR light-triggered photodynamic antibacterial
nanofiber membrane based on polycaprolactone
and phthalocyanine derivative for biomedical
applicationsT

Asmaa M. Abd El-Aziz, 2 Eman Serag &2 °° and Mohamed E. El-Khouly & *<

Photodynamic therapy (PDT) is gaining recognition as a promising alternative method for the treatment of
diverse biomedical applications. Toward this goal, we report herein the fabrication of an electrospun
membrane utilizing polycaprolactone (PCL), and a phthalocyanine derivative, namely 1,4,8,11,15,22,25-
octabutyloxy-29H,31-phthalocyanine (OBuPc). The designed OBuPc—PCL membrane aims to function as
a dressing with the potential to facilitate the management of wound healing. The absorption and
fluorescence studies of OBuPc have been examined by the steady-state and time-resolved absorption
and fluorescence techniques. From direct detection of the weak emission of the singlet oxygen in the
NIR region (at 1270 nm), the quantum yield of singlet oxygen was determined to be 0.05. The
physiochemical properties of the nanofibers and membranes that were prepared were determined. The
photo-activity of all the modified PCL nanofibers against Gram-positive S. aureus and Gram-negative E.
coli was observed. The PCL/4.8 OBuPc nanofiber exhibited the highest effectiveness, primarily attributed
to the enhanced effect of photosensitizer OBuUPc as its concentration increased within the fibre. This
resulted in S. aureus bacterial inhibition% of 62.5% + 0.38 and 78.5% + 0.49 after exposure to near
infrared emission NIR at 630 nm for 15 minutes and 30 minutes, respectively. The inhibition of E. coli
bacteria was observed to be 51.51% + 0.49 and 62.44% + 0.12% after exposure to near infrared (NIR)
emission at a wavelength of 630 nm for durations of 15 minutes and 30 minutes, respectively.
Additionally, it was observed that the membranes displayed dark bacterial inhibition. These unique
features of the examined nanofibers render them a potential photodynamic antibacterial nanofiber
membrane for efficient wound healing treatment and practical antibacterial uses.

Individually, these three compounds are not harmful.**
However, when they are combined, they create reactive oxygen

Photodynamic therapy is a highly accurate and minimally
invasive procedure employed in the clinical treatment of various
malignant and nonmalignant diseases." This approach
demonstrated various benefits, including minimal toxicity,
precise control, and consistent treatment outcomes.> This
therapy entails the introduction of photoactive molecules,
known as photosensitizers (PSs), along with the application of
light and the presence of molecular oxygen in tissues.
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species (ROS) such as singlet oxygen (*0,*), hydrogen peroxide
(H,0,), superoxide ions (O, 7), or hydroxyl radicals (OH"). These
ROS cause oxidative damage, leading to the death of target
cells.®

Several research studies have focused on the use of photo-
dynamic therapy (PDT) to avoid and/or treat infections caused
by wounds.* PDT has shown significant potential in speeding up
the wound healing process. Due to the proliferation of drug-
resistant microorganisms, this therapy emerges as a highly
promising and effective alternative to antibiotics.® However, PS
has several drawbacks that must be considered, such as insuf-
ficient chemical stability, inability to dissolve in water, and
a tendency to self-agglomerate in physiological conditions. The
limitations greatly hinder the ability to produce reactive oxygen
species (ROS), thereby impeding the use of PS in wound care.”
Currently, the strategy of integrating PS with carriers has been
successfully employed as a highly efficient solution to address
a problem. Electrospun nanofibrous membranes (NFMs)
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possess significant advantages such as the capacity to regulate
pore size, a substantial specific surface area, and the capability
to facilitate the passage of oxygen. These characteristics
promote the attachment of cells and accelerate their
proliferation.®

The use of biodegradable nanofibers containing PSs in the
development of DDS holds potential as a therapeutic strategy
for achieving targeted and controlled drug delivery over
a specific period of time.” This method ensures that the exact
amount of medication is consistently present at the intended
location for the necessary duration. Moreover, the structure of
the nanofiber mats can mimic the extracellular matrix (ECM)
and create a conducive environment for cell growth. Conse-
quently, this promotes the growth of new skin cells and speeds
up the process of healing.*

Several research studies have focused on the use of PDT to
prevent and/or treat infections associated with wounds, which
has been found to significantly expedite the wound healing
process. Gutberlet, et al. developed a platform using poly(p,L-
lactide) nanofibers incorporating curcumin and indocyanine
green. This platform is designed specifically for antimicrobial
therapy. The antimicrobial activity was assessed against Staph-
ylococcus saprophyticus subsp. bovis and Escherichia coli DH5
alpha. The nanofibers, which contained both photosensitizers
and were exposed to both wavelengths, resulted in a (~4.4 logy,
99.996%) reduction in bacterial viability, equivalent to
a 99.996% decrease. In comparison, nanofibers loaded with
only one photosensitizer or exposed to only one wavelength
showed a less significant reduction of less than (<1.7 logo,
97.828%). In addition, our formulation successfully eradicated
persistent adhered bacteria by more than (>4.3logo,
99.995%)."*

Previous studies have demonstrated that phthalocyanines,
chlorins and their derivatives (PCs) can be utilized to deactivate
bacteria in photodynamic therapy (PDT)."> Several metal-free
and metallophthalocyanines were examined for their antibac-
terial activity, and it was observed that these phthalocyanines
possess photoinactivation properties.”> Kocaaga et al. conduct-
ed a synthesis of Schiff base substituted phthalocyanine
complexes (Znlc, Zn2c) and their quaternized derivatives (Q-
Znlc, Q-Zn2c), which exhibit considerable potential as photo-
sensitizers for photodynamic therapy (PDT) targeting PC3 cell
lines.*®

The objective of this work was to develop a novel photody-
namic antibacterial nanofiber membrane for the treatment of
infected wounds. To achieve this objective, this study sought to
assess the effects of varying concentrations of octabutyloxy
phthalocyanine (OBuPc) as a photosensitizer for photodynamic
therapy (PDT) loaded on polycaprolactone nanofiber
membranes. The utilization of OBuPc in this study can be
rationalized by its strong light absorption in the UV-visible-near
infrared regions, as well as other unique physical and chemical
properties. The antimicrobial activity of nanofiber membranes
was examined against Gram-positive S. aureus and Gram-
negative E. coli bacteria as model organisms. The specific
surface area and porosity of the synthesized nanofibers were
exceptionally high. They facilitate the healing process by
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replicating the intricate three-dimensional architecture of the
natural cytoplasmic matrix. A novel method for healing infected
wounds has emerged by combining the advantages of electro-
spinning nanofibers with the singlet-oxygen photosensitizer.

2 Material and methods

2.1. Materials

Polycaprolactone with a molecular weight of 80 000 g mol ' and
1,4,8,11,15,18,22,25-octabutyloxy-29H,31H-phthalocyanine
(OBuPc) was obtained from Aldrich Chemicals. Dimethyl sulf-
oxide (DMSO), tetrahydrofuran (THF), and dimethylformamide
(DMF) were purchased from Merck. Chloroform and methanol
were also obtained from Merck. The strains E. coli (ATCC 25922)
and S. aureus (ATCC 25923), nutrient broth, and agar bacterio-
logical BBL Muller Hinton were purchased from Davies
Diagnostics.

2.2. Preparation of polycaprolactone nanofiber composites

A polymeric solution was prepared by dissolving poly-
caprolactone (PCL) with a molecular weight of 80 000 g mol "
in a mixture of chloroform and methanol in a ratio of 3: 1. The
resulting solution had a final concentration of 15% by weight. A
20 mL syringe with a blunt-end needle was used to transfer the
polymer solution into the electrospinning setup. A high voltage
was applied between the tip of the needle and the grounded
target (collector) to electrostatically draw the polymer solution
from the tip of the needle. The optimization of the solution flow
rate for nanostructured fibres was conducted at a rate of 1.0 mL
h™", with an applied voltage of 20 kV and a needle tip and
collector distance (air gap) of 15 cm. The outcome derived from
this procedure is referred to as control or unmodified (PCL-NF).
The PCL solution was supplemented with phthalocyanine
nanoparticles at varying concentrations (0.9 x 10~ %, 1.8 x 10~ %,
4.6 x 10~ ") g mL ™. The same parameters have been utilized to
achieve the electrospinning process.

2.3. Characterization of prepared nanofiber composites

The optical absorption and fluorescence spectra of OBuPc were
performed using UV-Vis-NIR spectrophotometer (Shimadzu
model UV-2600) and spectrofluorometer (Shimadzu model RF-
6000), respectively. The weak emission band of singlet oxygen
via the triplet OBuPc was recorded using TCSPC technique
(FluoTime 300, PicoQuant, Germany) equipped with NIR-PMT
detector with spectra range of 950-1400 nm. LDH-P-C-640B
laser head for picosecond pulses was used as an excitation
source. The morphology of the nanofiber samples was analyzed
using a scanning electron microscope (SEM JEOL JSM 6360LA,
Japan) and transmission electron microscopy (JEOL 2100 PLUS,
Japan). The Bruker Alpha IR (100 FT-IR) spectrophotometer was
used to record the infrared (IR) spectra. The hydrophilicity of
the nanofibers was assessed through static contact angle
measurement, specifically by examining the right/left drop
phase (water) in relation to the external phase (air) and the solid
phase (polyethylene).
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X-ray diffraction (XRD) analysis was performed on OBUPC
and nanofiber membranes using the X-ray 7000 Shimadzu-
Japan. The degree of crystallinity of the prepared materials
was determined by measuring the Bragg angle (26) within the
range of 10 to 80°. The X-ray source consists of a copper target
that operates at a scan speed of 4° per minute. A voltage of 30 kV
a current of 30 mA powers it. The tensile properties of the
material were examined using a universal testing machine (AG-I
model, Shimadzu, Kyoto, Japan). The nanofiber membranes
were divided into rectangular pieces measuring 5 cm in length,
5 cm in width, and 0.8 mL in thickness. Subsequently, these
rectangular objects underwent evaluations of their stress-strain
curves under tensile conditions.

Thermogravimetric analysis (SDT module-TGA) was used to
assess the thermal stability of the polymer that was prepared.
Thermogravimetric analysis (TGA) is a testing method used to
measure the weight loss of samples (5 mg) in response to
changes in temperature. This analysis is conducted using
a TGA-50 instrument manufactured by Shimadzu in Japan. The
experiment was conducted within a temperature range of 20 to
200 °C, with a heating rate of 10 °C per minute, and under
a nitrogen flow rate of 20 mL per minute. Geometry optimiza-
tions were carried out using the Becke3LYP functional and the
6-311G basis set, with the restricted Hartree-Fock (RHF)
formalism and as implemented in the Gaussian 16 (Revision
A.03) software package. Graphical outputs of the computational
results were generated with the Gauss View software program
(ver. 16) developed by Semichem, Inc.

2.4. Physiochemical characterization

2.4.1 Porosity test. The porosity of nanofiber composites
was determined using the Image J software for scanning elec-
tron microscopy (SEM) images taken at 100 randomly selected
locations. The measurement of membrane thickness was con-
ducted using a micrometre. The membrane's apparent density
and porosity were determined using eqn (1) and (2),
respectively.

Apparent density(g cm™) =

mass of membrane(g)

: 1
membrane thickness(cm) x membrane area(cm?) (1)
. apparent density(g cm™)
P %) = (1= 1 2
orosity(%) ( bulk density(g om ) ) <10 @)

2.4.2 Test for swelling. The nanofiber mats were immersed
in water for a predetermined duration at ambient temperature.
Subsequently, the samples are extracted and subjected to blot-
ting using filter paper prior to weighing. The swelling test was
replicated three times for each sample. The swelling percentage
of each nanofiber mat is calculated using eqn (3).**

Swelling% = (%) x 100 (3)

S
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The weight of the nanofibers after soaking at a specific time
interval and subsequent drying is denoted as Wy, whereas the
weight of the swollen nanofibers at a specific time is repre-
sented as Wi.

2.4.3 The roughness test. The nanofiber mats' surface
roughness was assessed by employing a surface roughness
tester (SJ-201P, Japan). A set of nanofiber mats measuring
25 mm X 25 mm were fixed onto a glass slide using double-
sided tape. The measurements were conducted in three repli-
cates, with each replicate consisting of three samples (n = 3).

2.4.4 Hemocompatibility test. The biocompatibility of the
prepared NFs membranes was evaluated through a hemolysis
test, which quantified the release of haemoglobin caused by the
interaction between red blood cells (RBCs) and the tested NFs
membranes. The hemolysis test is performed following the
guidelines established by the American Society for Testing and
Materials (ASTM) in document F756-00, published in 2000.** In
brief, a recently acquired blood sample from a rabbit was
combined with an anticoagulant called EDTA to produce an
ACD blood sample. Before coming into contact with rabbit
blood, each membrane (1 cm?) was submerged in a test tube
filled with 7 mL of phosphate buffer solution (PBS) with a pH of
7.0. The immersion took place at a temperature of 37 °C for
a period of 72 hours. The nanofiber membranes were incubated
with 1 mL blood samples at a temperature of 37 °C for 3 hours.
The blood samples were subjected to centrifugation at a speed
of 2000 RPM for 15 minutes. The supernatant was collected for
analysis using UV spectroscopy. The measurement of absor-
bance was performed at a wavelength of 540 nm in order to
assess the concentration of released hemoglobin. The negative
and positive controls were generated by combining equal
amounts of ACD blood with 7 mL of PBS and water, respectively.
The experiments on blood hemolysis were done three times
under the same conditions, and eqn (4) was used to figure out
the percentage of hemolysis.

Hemolysis% = (ODS — OD") x 100

OD, — OD, )

OD;, represent the optical density of the sample being tested,
OD,, represents the optical density of the negative control, and
OD,, represents the optical density of the positive control.

2.4.5 Thrombogenicity test. The development of thrombus
on the surface of the developed membranes was assessed using
a gravimetric method.' The matrices were initially submerged
in PBS and subjected to incubation at 37 °C for 48 hours.
Subsequently, the PBS was extracted, and the ACD rabbit blood
was applied onto the surfaces of the objects under investigation.
An equivalent quantity of blood was added to an empty Petri
dish as a positive control. A volume of 20 pl of a calcium chlo-
ride solution with a concentration of 10 M was applied onto the
membrane to initiate the blood clotting reaction. The reaction
ended after 45 minutes by introducing 5 mL of H,O. The clots
were subsequently rectified using a 5 mL solution of formal-
dehyde (36%), followed by drying with tissue paper prior to
being measured in terms of weight. Each test was supported by
three replicates.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.4.6 Degradation test. The samples’ in vitro degradation
was studied by immersing them in phosphate buffer saline
(PBS) (pH = 7.4) at 37 °C. Dry samples, pre-weighed (W;), were
placed in sterile glass test tubes and immersed in 5 mL of PBS.
The samples were then incubated for varying durations of time
(3, 14, 15 days). Following a particular period of time, the
samples were extracted from the PBS solution, rinsed with
deionized water, air-dried at room temperature until the mass
stabilized, and quantified (W,). Ultimately, the dry weight of the
samples was reevaluated, and the degree of biodegradation was
determined using eqn (5).

(W‘%lwv x 100 (5)

2.4.7 Photodynamic antibacterial assay. The photody-
namic antibacterial ability of PCL and PCL/OBuPc Nanofiber
was evaluated using representative strains of Gram-negative E.
coli (ATCC 25922), and Gram-positive S. aureus (ATCC 29213). In
summary, the bacterial strains were cultured overnight in
Luria-Bertani (LB) medium with agitation at a temperature of
37 ©°C. Afterwards, the bacterial solution was diluted to
a concentration of 107 CFU mL ™" using PBS buffer (0.1 M, pH =
7.0). Subsequently, nanofibers were prepared by weighing three
pieces of PCL and PCL/OBuPc (10 mg each) and placing them in
a 24-well plate with 100 pL of bacterial solution (107 CFU mL ™)
which were pre-cultured in the absence of light for 30 minutes
and exposed to visible light at a wavelength of 630 nm (100 mW
cm?) for 15 min and 30 min. The control sample was placed in
a dark environment for a duration of 60 minutes. Following
that, a volume of 0.9 mL of PBS was introduced to each sample,
and the bacteria that were attached to the membranes were
eliminated through sonication for a duration of 15 minutes.
Subsequently, the bacteria supernatant was diluted with PBS
using a 10-fold gradient, and 100 pL of each dilution gradient
was inoculated onto LB agar plates. The agar plate that had
undergone treatment was placed in an incubator with
a constant temperature and humidity of 37 °C for a duration of
18-24 hours. The colonies on the agar plate were quantified to
assess its photodynamic antibacterial efficacy. This procedure
was repeated three times for each sample.

2.4.8 Biocompatibility studies. For this experiment, we
utilized Human Peripheral Blood Mononuclear Cells (PBMCs)
that were purified following a specified reference protocol.*”
PCL and PCL/OBuPc nanofibers with 10 mm in diameter (circle
shape) were excised and positioned within a 96-well plate (TC
Plate, Standard F, Sarstedt). The cells were placed in each well at
a density of 300 000 cells per well. The well plate was placed in
an incubator and kept at a temperature of 37 °C with a 5%
concentration of CO, for the purpose of allowing the cells to
attach to the fibres. After a period of 48 hours, the medium was
taken out and 250 pL of MTT reagent with a concentration of
0.2 mg mL ™" was introduced into each well. The specimens
were placed in a controlled environment with a temperature of
37 °C and a carbon dioxide concentration of 5% for a duration
of 2 hours. Subsequently, the MTT reagent was cautiously
eliminated, and the formazan crystals were dissolved in 0.5 mL
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of DMSO by placing the well plate in an incubator shaker (IKA
KS 4000 ic control, IKAWerke GmbH & Co. KG, Staufen, Ger-
many) at a speed of 150 revolutions per minute and a tempera-
ture of 37 degrees Celsius for a duration of 20 minutes. A
volume of 200 pL of this solution was transferred into a 96-well
plate (NUNC, Thermo Fischer Scientific GmbH, Germany), and
the absorbance was determined at a wavelength of 490 nm
using a plate reader (Microplate reader Biored, Germany). The
viability of cells incubated with medium was 100%, while
a positive control was established using 0.1% Triton X.

Cell Vlablhty% = ODyreated/ODcontrol (6)

A OD treated represents the test sample's experimental
absorbance (nanofiber membrane + cell), and a OD control
positive represents the positive control absorbance (media +
cells).

2.4.9 Statistical analysis. Data is presented as mean and
standard deviation, conducted using Origin pro software. The
statistical significance between groups was determined using
one-way analysis of variance (ANOVA). A significance level at of p
< 0.05 was deemed to be statistically significant.

3 Results and discussion

3.1. Photophysical studies of OBuPc

The molecular geometry of OBuPc, was performed by using ab
initio B3LYP/6-311G methods. For this, in a first step, the
starting moieties, OBuPc was fully optimized to a stationary
point on the Born-Oppenheimer potential energy surface and
allowed to interact. In the optimized structure, the N-N
distance between the four central nitrogen atoms in the cavity
was found to be 4.07 A, while the edge-to-edge distance was
found to be 12.97 A. To gain insights into the molecular
geometry of OBuPc, computational studies were performed by
using ab initio B3LYP/6-311G methods (Fig. S17). For this, in
a first step, the starting moieties, OBuPc was fully optimized to
a stationary point on the Born-Oppenheimer potential energy
surface and allowed to interact. In the optimized structure, the
N-N distance between the four central nitrogen atoms in the
cavity was found to be 4.07 A, while the edge-to-edge distance
was found to be 12.97 A. The highest occupied molecular
orbitals (HOMOs) were found to be 4.56 eV, while the energy of
the lowest unoccupied molecular orbital (LUMO) was found to
be 2.69 eV. Based on these values, the HOMO-LUMO gaps was
determined to be 1.86 eV.

The optical absorption and emission studies of OBuPc have
been recorded in DMSO to check its ability to absorb and emit
the light in the visible-NIR regions. As shown in Fig. 1a, the
absorption spectrum of OBuPc exhibited an intense Q-band in
the red end of the visible spectrum of light between 600-700 nm
with a maximum at 762 nm, and B-bands at 435 and 329 nm.*®
The intense Q-band arises from a doubly degenerate m—7*-
transition between the A1g(afu) ground state to the first excited
single state, which has E,(ai,eg) symmetry, while the second
allowed m—7t* transition (B-band) is due to a transition between
either an a,, or a b,, orbital to the e, orbital (LUMO). As

RSC Adv, 2024, 14, 24424-24437 | 24427
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(a) Absorption and fluorescence spectra of OBuPc in DMSO:; inset: molecular structure of OBuPc. (b) Nanosecond transient absorption

spectra at the indicated time intervals of OBuPc in argon saturated DMSO. Insets: (Left) Decay profiles of the triplet OBuPc in argon saturated and
air saturated DMSO. (Right) Emission spectra of the generated singlet oxygen for the examined OBuPc and the standard Cgq in air saturated

DMSO solutions.

reported in the case of metal-free phthalocyanine derivatives, all
states are non-degenerated due to the reduced D,;, molecular
symmetry.*® The Q-band transition is polarized in either the x or
y direction, and is therefore split into two bands. Upon photo-
excitation of OBuPc with 640 nm excitation light, the fluores-
cence spectrum of OBuPc displayed a prominent fluorescence
peak at 783 nm. From the fluorescence maximum wavelength,
the energy of the singlet-excited state of OBuPc was determined
to be 1.58 ev.*®

To get information about the triplet excited state of OBuPc,
complementary nanosecond laser photolysis measurements
have been performed in argon saturated DMSO using 615 nm
excitation light (Fig. 1b). The transient absorption spectra of
OBuPc exhibited absorption in the range of 400-650 nm with
maximum band at 600 nm that attributed to the triplet-triplet
transition of OBuPc. From the decay profile at 600 nm, the rate
constant of T-T transition was found to be 5.66 x 10* s~ . Based
on the rate constant, the lifetime of the triplet OBuPc was
calculated to be 17.7 ps. It should be noted the decay profile of
the triplet OBuPc was accelerated in the presence of air-
saturated DMSO, where the rate constant and lifetime of the
triplet state were determined to be 2.07 x 10°> s~* and 4.80 s,
respectively. This significant quenching of the triplet excited
state of OBuPc is attributed to the energy transfer from the
triplet OBuPc to O, generating the singlet oxygen (*0,), as chief
cytotoxic species, which subsequently damages cancer cells
during the PDT activation.”®?* The quantity of the singlet
oxygen quantum yield is a sign of the capability of the
compounds to act as photosensitizers in photodynamic therapy
of cancer applications.”>" As shown in the inset Fig. 1b, the
quantum yield of singlet oxygen (®,) of the examined OBuPc
was determined to be 0.05 by direct observing the characteristic
weak emission band of 'O, in the near-infrared region with
a maximum at 1270 nm and comparing it with @, of the stan-
dard Cgp.*°

24428 | RSC Adv, 2024, 14, 24424-24437

3.2. Morphological and characterization of PCL nanofiber
and PCL/OBuPc nanofiber membranes

Poly(caprolactone) (PCL) and OBuPc were utilized to fabricate
a nanofiber membrane that mimics the characteristics of the
extracellular matrix (ECM) and developing a flexible and bio-
logically active substance that can enhance the process of
wound healing. Nanofibers of PCL and PCL/OBuPc were fabri-
cated using the electrospinning technique. The successful
achievement of producing nanofibers with a consistent struc-
ture and the absence of beads was attained by employing our
optimized electrospinning parameters. Fig. 2 depicts the scan-
ning electron microscopy (SEM) analysis of the matrices for PCL
and PCL/OBuPc. The nanofibers displayed a random orienta-
tion and their lengths ranged from several micrometres, the
diameters of the samples exhibited variation, with pure PCL NF
measuring 343.9 nm, PCL/0.09 OBuPc NF measuring 562 nm,
PCL/1.8 OBuPc NF measuring 822.17 nm, and PCL/4.6 OBuPc
measuring 864.82 nm. Furthermore, the pure PCL nanofibers
displayed a smooth surface texture. The identification of OBuPc
particles was observed upon examination of images (c), (e) as
well as (g) in Fig. 2.

Fig. 3 displays the utilization of transmission electron
microscopy (TEM) and energy-dispersive X-ray spectroscopy
(EDS) mapping techniques to validate the incorporation of
OBUPC into PCL nanofibers. The findings of this study indicate
that the distribution of OBuPc on the nanofibers was uniform.

The infrared spectra of PCL and PCL/OBuPc matrices are
illustrated in Fig. 4. Based on the data presented in Fig. 4a, it
can be observed that the absorption bands observed at 2951 and
2860 cm™ ' in PCL are indicative of the stretching vibrations
associated with asymmetric CH, and symmetric CH,, respec-
tively.?>* The adsorption band observed at 1722 cm ™" corre-
sponds to the carbonyl group (C=0), whereas the C-O and C-C
stretching bands are observed at 1296 cm™".2° Additionally, the
absorption band at 1239 em ' indicates the asymmetric
stretching of the C-O-C bond.** Otherwise, PCL/OBuPc

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM of the synthesized nanofibers (A), (C), (E) and (G) for PCL, PCL/0.9, PCL/1.8, and PCL/4.6 OBuPc, respectively. (B), (D), (F), and (H)
present the diameter histogram of each membrane, respectively.

nanofibers spectra exhibited different absorption bands, which at wavenumbers of 732, 1051, 1011, 1136, 1162, and

confirm the incooperation of OBuPc into the fiber. The OBuPc 1255 cm™ 2! The observed peaks at dimensions of 721 and
exhibits a range of stretching C-H bands, specifically observed 886 cm™* are indicative of out-of-plane C-H bend modes.?* The
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Fig. 3
OBuUPc particles. (c) EDS map for PCL/4.8 OBuPc.

bands observed at 1329 and 1408 cm™ " correspond to the in-
plane stretching of pyrrole and isoindole, respectively.>® The
peaks observed at 1512, and 1706 cm™* are associated with the
C-C benzene stretch while C-H of aromatic at 3090 cm™*.?” The
observed peak at 1722 cm ™" correspond to the C-H stretching
vibration, while C-H stretching vibration was recorded at
3090 cm™".*® The presence of observed bands in the PCL/OBuPc
nanofiber networks provides confirmation of the successful
incorporation of OBuPc into the fibre, which is consistent with
the results reported in previous studies.**°

Fig. 4b exhibited the X-ray diffraction (XRD) patterns of PCL
nanofiber, PCL/4.8 OBuPc nanofiber membranes, in addition to
the PCL nanofiber and OBuPc. For PCL nanofibers, Fig. S1f
reveals the presence of two prominent diffraction peaks at
Bragg angles of 21.4° and 23.8°, these peaks are in a good
agreement with the reported diffraction values of the (110) and
(200) lattice planes of semi-crystalline PCL, respectively.** The

24430 | RSC Adv, 2024, 14, 24424-24437

(a) Transmission electron microscope images of PCL/4.8 OBuPc (a), with a 50 nm zoom on the same nanofiber membrane, and (b) of

OBuPc pattern exhibits distinct peaks at 23° and 26°.>> However,
when compared to pure PCL fibres, the peak intensity of 21.4°
showed significantly decrease in the presence of OBuPc.
Therefore, we can conclude that the interaction between
nanofibers and OBuPc solely influences the degree of crystal-
linity without changing the type of PCL crystal nanofibers. We
observed the primary peak of PCL at 21.4° and 23.8° for all
materials, and the crystal structure remained unaltered. This
finding is consistent with previous study.>

An investigation was conducted to analyze the decomposi-
tion characteristics of pure PCL and PCL 4.8 OBuPc nanofibers
in the absence of oxygen. By utilizing thermal gravimetric
analysis, as depicted in Fig. S3.f The TGA curves clearly
demonstrate that the PCL/4.8 OBuPc nanocomposite fibre
undergoes degradation and maximum decomposition at higher
temperatures compared to the pure PCL nanofibers. The
degradation temperature at which the PCL/4.8 OBuPc

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) FTIR, (b) XRD of the synthesized nanofibers membranes.

nanocomposite fibers experience a 5 wt% weight loss increased
from 59.39 °C for the pure PCL nanofibers to 61.79 °C for PCL/
4.8 OBuPc. In comparison, the maximum temperature (Ty,.x) for
pure PCL was found to be 190.6 °C, while for PCL/4.8 OBuPc it
was found to be 190.9 °C. The thermal decomposition curve of
PCL 4.8 OBuPc shifts towards a higher temperature, suggesting
that the presence of OBuPc can enhance the thermal stability of
PCL nanofibers. The outcome is comparable to that observed in
tetraamino phthalocyanine zinc (TAPcZn) micro-crosslinked
polyimide films. The incorporation of phthalocyanine rings
enhanced the heat resistance of the PI/TAPcZn films.*

3.3. Physical and biological properties of nanofiber
membranes composites

The contact angle is a crucial factor that influences the surface's
wetting capacity and significantly affects its biocompatibility
capability. Frequently, the application of hydrophilic coating
materials aids in the elimination of biological substances by
creating a water layer at the interface.*® Electrospun fiber
contact angle depicted in Fig. 5. The PCL nanofiber demon-
strated a contact angle of 86.7 £ 1.61°, as the addition of OBuPc
to the PCL nanofibers resulted in a significant increase in the
contact angles of the PCL (p < 0.01). The contact angle of PCL/
0.9 OBuPc, PCL/1.8 OBuPc, PCL/4.8 OBuPc are (106.5 =+
0.56°), (114.5 £ 1.32°) and (116.8 + 2.58°) nanofibers, respec-
tively. The experimental results demonstrated that the contact
angle of PCL fiber exhibits a range of 86 to 120°. This is
attributed to electrospun materials have rough, rippled surfaces
that trap air between them. This makes the materials water-
resistant. As a result, this trapped air keeps liquids, like water,
from going through the ripples and stays on top as whole
droplets.*® This result was consistent with the reported work,*
which found that the hydrophobicity of polyvinyl alcohol and
polyethylene nanofiber was increased by incooperative silicon
phthalocyanine. When the results of the swelling test were
compared to the contact angle results, as shown in Fig. 5a, the
swelling ratios decrease with increasing the amounts of OBuPc.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In certain applications, such as wound dressing, there is
aneed for a layer that possesses both high porosity and effective
protection. The permeability of wound dressings to oxygen,
regulation of water vapor release, and facilitation of fluid
passage are attributed to the elevated porosity within the
nanofiber layer, thereby contributing to the process of wound
healing.*® Table 1 presented the porosity and roughness of the
nanofiber composites. As listed, the porosity of PCL/4.8 OBuPc
and PCL reached a minimum value of 64.84 + 12.39% and
a maximum value of 104.18 £ 7.16%, respectively. The poros-
ities of the PCL/gelatin nanofiber membranes in previous
studies have been observed to fall within the range of 60-80%.3
The regulation of porosity is a crucial factor in the development
of a suitable nanofibrous matrix, as it facilitates effective oxygen
and nutrient exchange within the wound tissue.’” The study
revealed that the porosity of nanofiber membrane composites
with proper percentage and did not have a significant impact on
the mechanical properties of the composites.

The roughness parameters of PCL/OBuPc nanofibers are
presented in Table 1. The average roughness of nanofibers
increases as the ratio of OBuPc increases. The obtained result
demonstrates a satisfactory average roughness, as an increase
in roughness may impede cell connectivity, while a decrease in
roughness may result in reduced cell adhesion to the nanofiber
membrane. Otherwise, the previous study employed polyvinyl
alcohol and hyaluronic acid as scaffolds, which yielded average
roughness values ranging from 3.5 to 5.5 pm across different
concentrations of hyaluronic acid.*®

The physiological stability of nanofibers composites is
essential during their application, as the rate of degradation
should align with the improvement in functional recovery. The
deterioration of the control and nanocomposite nanofibers
mats was examined in a PBS solution over a period of 15 days.
Table 1, and Fig. S41 demonstrated that the inclusion of OBuPc
in the scaffolds resulted in a notable reduction in the rate of
degradation. The degradation rates of the scaffolds were found
to be dependent on the OBuPc contents. As an illustration, the

RSC Adv, 2024, 14, 24424-24437 | 24431
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Fig. 5 Swelling test (a) and contact angle (b) of PCL nanofiber membranes composites.

control nanofiber exhibited a degradation rate of 20.59%, 20%,
and 23.45% on the third, tenth, and fifteenth days, respectively.
While, the 4.6 PCL nanofibers scaffold exhibited a degradation
rate of 12.72, 13.34, and 14.82%, respectively. This phenom-
enon can be attributed to the interactions between the polymer
and the OBuPc, which result in the formation of a nanofibers
structure that is both more stable and compact.* The increased
stability due to the compact and intricate network that is
created when OBuPc is incorporated into PCL. Moreover, the
observed decrease in degradation is in line with previous
research that has shown BBG-based scaffolds to exhibit reduced
degradation.*

In addition, nanofibers’ mechanical strength and formability
greatly affect cell morphology-related processes including
migration, proliferation, and differentiation.** Therefore, the
tensile strength of the nanofiber composites that were prepared
was measured and is illustrated in Fig. 6. The addition of
various concentrations of OBuPc resulted in enhanced
mechanical properties of the nanofibers. Specifically, the young
modulus of pure PCL fibre was measured to be 9.068 + 0.11,
PCL/0.9 OBuPc was found to be 10.7 + 0.34, PCL/1.8 OBuPc was
determined to be 24 4+ 0.56, and PCL/4.8 OBuPc was measured
to be 28.5 £ 0.43. The obtained results match with the human
skin tensile strength which is about 1-40 MPa. Otherwise the
behavior of the nanofiber membrane composites in tensile
strength exhibit similarities to those obtained through the
functionalization of polystyrene superfine fibre with copper

phthalocyanine.*> Otherwise chitosan (Cs)-polycaprolactone
(PCL)/polyvinylalcohol ~ (PVA)-melatonin = (MEL)/chitosan-
polycaprolactone three-layer nanofiber wound dressing was
designed and provide tensile strength (14.21 MPa).*

3.4. Hemocompatibility studies

Biomaterials coming into contact with blood, whether directly
or indirectly, need to have their blood compatibility evaluated.
The hemolysis test holds significant importance as an in vitro
preliminary screening and assessment of blood compatibility.
The hemolytic percentages of the nanofiber mats investigated
are depicted in Fig. 7a. The results of the study indicated a tiny
boost in hemolytic efficiency when comparing the modified and
unmodified membranes. Nevertheless, the observed hemolysis
rate in all the samples that were prepared remains below 2%,
a threshold deemed safe according to the ASTM F 756-00, 2000
standard. The compatibility of PCL/OBuPc nanofiber mats with
non-hemolysis materials was observed and these findings align
with prior research and are consistent with the results reported
in previous studies.***

An important property of the material for wound healing is
its thrombogenicity. In comparison to the PCL/OBuPc nano-
fiber membranes, the PCL nanofiber showed a decreased
tendency for thrombus formation (Fig. 7b). Previous research
has shown that photodynamic photosensitizers can improve the
procoagulation capabilities of endothelial cells.**** As a result,
using PCL/OBuPc nanofibers as a biodressing material to keep

Table 1 The porosity, roughness, and biodegradability of the nanofiber composites

Degradation, %

Samples Porosity, % Roughness, pm 3 days 10 days 15 days

PCL 104.18 + 7.16 0.639091 + 0.423614 20.59 £ 12.61 20.0 + 8.99 23.45 £10.15
PCL/0.9 OBuPc 90.5 £ 15.45 0.931818 + 0.216278 11.45 £ 7.365 12.33 £ 6.128 15.47 £ 1.68
PCL/1.8 OBuPc 94.18 £+ 19.32 1.266667 £ 0.199423 10.34 £ 11.12 10.71 £ 1.46 11.59 £ 2.18
PCL/4.8 OBuPc 64.84 £+ 12.39 1.882727 £ 0.562585 12.72 £ 12.72 13.34 £ 3.87 14.82 £+ 4.50
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wounds moist and maintain mechanical integrity while they
heal has shown remarkable effectiveness.

3.5. Photodynamic inactivation of Staphylococcus aureus,
and Escherichia coli

An investigation was conducted to evaluate the photodynamic
efficiency of PCL/OBuPc nanofiber against Staphylococcus
aureus and Escherichia coli. The effectiveness of nanofibers in
inhibiting the growth of S. aureus and E. coli was assessed by
subjecting them to red light exposure (with a wavelength of 630
nm) for durations of 15 and 30 minutes, as depicted in Fig. 8a-
d. The obtained results are expressed in bacteria account log;,
CFU mL " and bacterial survival%.

A comparison was made between the photodynamic effi-
ciency of all nanofiber samples and that of the control in dark
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conditions. It was observed that there was no significant
decrease in the activation of bacterial strains in dark conditions
compared to light conditions. However, the efficiency of
photodynamic activation was affected by the duration of expo-
sure to light radiation. However, it should be noted that PCL
nanofiber membranes containing higher concentrations of
OBuPc exhibited greater inhibition of bacterial growth. Specif-
ically, PCL/4.9 OBuPc resulted in a reduction of 1.95424 + 0.213
log CFU mL ™" in Gram-positive S. aureus, while PCL/0.9 OBuPc
led to a reduction of approximately 5.81291 + 0.324 log CFU
mL ™" in Gram-positive S. aureus after being exposed to near-
infrared (NIR) radiation for a duration of 30 minutes. In
contrast, the usage of PCL/4.9 OBuPc resulted in a decrease in
the population of Gram-negative E. coli by 2.10309 £ 0.495 log
CFU mL™*, whereas the use of PCL/0.9 OBuPc led to a reduction
in Gram-negative E. coli by approximately 4.65321 £ 0.654 log
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(a) The hemolysis analysis, and (b) thrombus analysis for the nanofiber membranes composites.
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Fig. 8 The effect of nanofibers membranes composites on (A) the account, (B) the survival% of Gram-positive S. aureus. The effect of nanofibers
membranes on the account (C) and (D) survival% of Gram-negative E. coli. Data are presented as means + SD (n = 3, *p < 0.05, **p < 0.01, and

*xxp < 0.001).

CFU mL ™" following a 30 minute exposure to near-infrared NIR
radiation. The findings highlight the significance of the
production of singlet oxygen (0,) by the PS.

After being exposed to near-infrared (NIR) radiation, OBuPc
has the potential to generate singlet oxygen, which can lead to
damage to the outer membrane of bacteria. This damage can
impact the permeabilization of the bacterial cytomembrane and
ultimately compromise the integrity of the bacteria. The cyto-
membrane of Escherichia coli was disrupted, resulting in
significant leakage of cytoplasm. Bacterial death results from
the disruption of the bacterial membrane, which also causes the
loss of structural integrity and membrane function.* On the
other hand, the cell wall of Gram-positive bacteria is composed
of lipoteichoic and teichoic acids, which are arranged in several
layers of peptidoglycan.*® The permeability of this envelope is
enhanced, thereby promoting the photodynamic activity of
photodynamics on bacterial cells. Gram-negative bacteria have

24434 | RSC Adv, 2024, 14, 24424-24437

a cell wall composed of an intricate outer membrane made up of
phospholipids, lipopolysaccharides, lipoteichoic acids, and
lipoproteins. This envelop forms a selectively impermeable
protective barrier against multiple antimicrobial agents.>* That
explains why the nanofibers were slightly more effective in
killing S. aureus than E. coli.

3.6. The compatibility of nanofiber materials

The nanofiber formulations were assessed for cellular biocom-
patibility using Human Peripheral Blood Mononuclear Cells
(PBMCs), as shown in Fig. 9. None of the nanofiber membranes
exhibited significant toxicity, with the lowest survival rate of
71.8% observed for the PCL/1.8 OBuPc membrane. This
phenomenon may be attributed to the fibrous composition of
the structure, which closely resembles that of tissue. As a result,
the cells are able to settle into the structure in a three-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Cell viability of PBMCs as a contact of the nanofibers mats.

dimensional manner and survive.” This phenomenon has
frequently been depicted, and it enhances the process of heal-
ing wounds on the skin. Overall, the produced formulations did
not exhibit any toxicity, indicating their safe usage.

4 Conclusion

Near-infrared absorbing octabutyloxy phthalocyanine has been
incorporated polycabrolacton nanofibers (OBuPc/PCL) was
successfully prepared by electrospinning a blend solution of
PCL/OBuPc particles. The homogeneous distribution of the
OBuPc and the porous structure of the nanofibers were
demonstrated through various characterizations. The inclusion
of OBuPc results in an extended contact angle, reduced hydro-
philicity, and improved mechanical characteristics of the
nanofibers. Moreover, the incorporation of OBuPc into the fiber
leads to an augmentation in the photodynamic antibacterial
efficacy against both Gram-positive S. aureus and Gram-negative
E. coli bacteria. These unique features of the synthesized
nanofibrous membranes, in addition to their extremely low
significant cytotoxicity, render them as potential potentials for
the biomedical applications.
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