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Bacterial infections from chronic wounds affect about 175 million people each year and are a significant
clinical problem. Through the integration of photodynamic therapy (PDT) and chemotherapy, a new
photosensitizer  consisting  of N,N-bis-(2-hydroxyethyl)-N-(6-(4-(10,15,20-
trimesitylporphyrin-5-yl) phenoxy) hexane)-N-methanaminium bromide, TMP™ was successfully

ammonium  salt
synthesized with a total reaction yield of 10%. The novel photosensitizer consists of two parts,
a porphyrin photosensitizer part and a quaternary ammonium salt part, to achieve the synergistic effect
of photodynamic and chemical antibacterial activity. With the increase of TMP™) concentration, the
diameter of the PCT fiber membranes (POL/COL/TMPY; POL, polycaprolactone; COL, collagen)
gradually increased, which was caused by the charge of the quaternary ammonium salt. At the same
time, the antibacterial properties were gradually improved. We finally selected the PCT 0.5% group for
the antibacterial experiment, with excellent performance in fiber uniformity, hydrophobicity and
biosafety. The antibacterial experiment showed that the modified porphyrin TMP™ had a better
antibacterial effect than others. In vivo chronic wound healing experiments proved that the antibacterial
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Introduction a significant threat to public health. According to WHO statis-
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Open skin wounds resulting from cuts, burns, and surgical
incisions are vulnerable to infection from pathogens and
microorganisms present in the surrounding environment,
mucous membranes, and adjacent skin."* This may lead to
serious complications and chronic wounds, which present
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tics, about 175 million people are affected by infection every
year, and E. coli (17.2%) and S. aureus (15.2%) are the two most
common bacteria for causing wound infection.” To solve this
problem, a series of antibacterial wound dressings, including
antibiotics,> metal ions (Ag')*® and quaternary ammonium
cations (QACs),*” have been extensively studied. Antibiotics are
the most common treatments used to prevent wound infec-
tions. Nonetheless, routine antibiotic therapy results in bacte-
rial resistance and environmental pollution, presenting
a challenge in the treatment of wound infections.® On the other
hand, prolonged exposure to Ag" may lead to skin discoloration
(argyria) or even Ag-resistant bacteria, limiting the effectiveness
of this treatment approach.*® Moreover, QACs are cytotoxic to
normal cells and are prone to inactivation under alkaline
conditions of infected wounds.*” More importantly, the above
antibacterial wound dressings often possess only a single anti-
bacterial function, which wusually necessitates a higher
concentration of the antibacterial substance; the latter may
potentially lead to environmental and safety concerns. There-
fore, there is an urgent need for new strategies to develop novel
wound dressings with antibacterial properties that are not only
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highly effective, but also eco-friendly. This will help reduce the
dosage of drugs used in the treatment, mitigate antimicrobial
resistance, and reduce environmental pollution.

PDT is an effective method for clinical antimicrobial therapy
that employs photosensitizers (PSs) to convert molecular oxygen
into highly bactericidal reactive oxygen species (ROS) upon
exposure to light. Compared to other traditional treatments,
PDT offers three notable advantages.*° Primarily, PDT can
effectively overcome drug resistance from pathogens by gener-
ating ROS that indiscriminately disrupt membrane lipids,
proteins and DNA. Moreover, PDT offers the advantage of
precise spatial and temporal control, thereby reducing the
potential side effects on healthy cells and tissues. Thirdly, PDT
can achieve low-dose drug loading and recycling, when stable,
non-consumable photosensitizers are used. Despite these
advancements, it is imperative to enhance the antibacterial
activity of PSs. In biological systems, the generated highly
reactive 'O, usually has a high decay rate with a half-life of less
than 0.4 ps, resulting in a short diffusion distance of less than
0.02 um.**** To enhance the photo-bactericidal activity, photo-
sensitizers (PSs), such as porphyrin species, have been recently
synthesized or assembled into antibacterial materials, such as
by electrospinning, to ensure the produced 'O, displays effec-
tive cytotoxic activity at the required distance at the infected
sites.™®'* This will ensure that the generated 'O, exerts potent
cytotoxicity at the required distance from the site of infection.
Besides, the incorporation of dual bactericidal mechanisms
including PDT and chemotherapy on the same molecular plat-
form, would be a great strategy to address resistance while
enhancing bactericidal activity.

In recent years, there has been extensive exploration of
cationic porphyrins in photobiological inactivation of Gram(+)
and Gram(—) bacteria.””> Most of the work focuses on the
research of antibacterial materials based on a porphyrin-based
self-assembly system.'>*'>* There are few researches on the
direct modification of porphyrins as the parent.’** However,
due to the -7 interaction of planar large conjugated porphyrin
rings, porphyrins and their derivatives are prone to be self-
quenching, which reduces the production of 'O, and the effi-
ciency of photodynamic antibacterial.”** To address the chal-
lenge of the m-m interaction of the planar large conjugate
porphyrin rings, quaternary ammonium salt cationic groups
with antibacterial properties were designed to inhibit w-m
interaction through electrostatic repulsion, enhance the
generation of 'O,, improve the efficiency of photodynamic
therapy, and achieve synergistic antibacterial effect through the
combination of QAC-based chemotherapy and
phototherapy.'***?¢ More importantly, cations tend to selec-
tively attach to negatively charged microbial cells rather than
electrically neutral mammalian cells, effectively reducing cyto-
toxic effects on healthy tissues.””

In this work, we synthesized a new porphyrin derivative
TMP™) molecule, consisting of a quaternary ammonium salt
part and a porphyrin photosensitizer part. A series of nanofiber
films including PC (POL/COL, nanofiber membranes with only
POL and COL), PCT with different photosensitizer concentra-
tions (0.02%, 0.05%, 0.1%, 0.2% and 0.5%) were obtained by
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electrospinning POL, COL and T™PY), In vitro biological
experiments showed that PCT membranes had low toxicity,
good biocompatibility and high antibacterial activity. ROS
detection showed that PCT membranes had high '0, produc-
tion efficiency and the recycling experiment showed that PCT
membranes could be recycled more than 10 times, demon-
strating their suitability as photodynamic antibacterial mate-
rials. In vivo antibacterial experiments showed that the PCTL
(PCT 0.5% with light) group showed promising bactericidal
properties, while simultaneously accelerating the healing of the
back wound model of Staphylococcus aureus infected mice; the
mechanism of inflammation reduction was also verified.
Through the combination of chemotherapy and phototherapy,
the concentration of traditional antibacterial drugs is reduced,
thus effectively reducing their cytotoxicity. Meanwhile, the ROS
bactericidal strategy can effectively prevent the generation of
drug-resistant strains, providing novel opportunities for
combating bacterial drug resistance (Fig. 1).

Results and discussion

Preparation and characterization of PC and PCT

5-(4-Hydroxyphenyl)-10,15,20-trimesitylporphyrin (TMPOH)
was synthesized according to literature procedures,? with a 'H
NMR single peak of phenyl-OH at ¢ 5.32 ppm (see Fig. S17). The
new intermediate TMP-O(CH,)sBr was obtained by a nucleo-
philic substitution reaction between TMPOH with 1,6-dibro-
mohexane. A "H NMR triplet peak (J = 6.5 Hz) of phenyl-O-CH,
at 6 4.27 ppm (see Fig. S47) together with a singlet of phenyl-O-
CH, at 6 67.97 ppm in "*C DEPT NMR (see Fig. S5T) unambig-
uously confirmed the proposed structure, which was also sup-
ported by ESI-MS (see Fig. S67). The 'H NMR signals of
NCH,CH,OH in N-methyldiethanolamine appear as broad
single peaks (6 3.80 ppm, 3.43 ppm, Fig. S7t). This is due to the
change in relaxation time caused by the presence of anions and
cations on the TMP™. In Fig. S8,1 the single peak of NCH,-
CH,OH with chemical shifts of 63.03 ppm and 62.19 ppm in **C
DEPT NMR, together with the ESI-MS result (see Fig. S9%)
confirmed the structure of TMP'").

The preparation of PC and PCT nanofiber membranes was
accomplished by thoroughly mixing the precursor before elec-
trospinning. The scanning electron microscopy (SEM) images
in Fig. 2A showed that with the TMP(*) mass fraction in nano-
fiber membranes increasing from 0, 0.02%, 0.05%, 0.1%, 0.2%
to 0.5%, the average fiber diameter also presents an obvious
increasing trend from 91 nm, 131 nm, 134 nm, 294 nm, 382 nm
to 458 nm, respectively. This is due to the increased electrical
conductivity of the spinning solution with the addition of
TMPY. To ensure a good micro-nano structure, the TMP(")
volume mass fraction should preferably be controlled within
0.5%. In Fig. 3A, the TGA curves showed that the first-stage
weight loss was 3.35 wt%, occurring at 30-140 °C as a result
of water evaporation. The most significant weight loss
(~77.02 wt%) occurs in the range of 220.0-500.0 °C, related to
the endothermic peaks for the decomposition of PCL and COL
chains. All the dressings remain above 90.0 °C at the time of
thermal decomposition (T95%), proving their good thermal

RSC Adv, 2024, 14, 3122-3134 | 3123
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Fig.1 Schematic illustration of the novel TMP™*) molecule and electrospun nanofibrous dressings PCT for accelerating infected wound healing.

stability for skin tissue engineering. Since the contact angles of
all membranes were less than 90° (Fig. 3B and C), the dressings
still exhibited hydrophilicity to provide a good microenviron-
ment for wound healing.

Biocompatibility

The Cell Counting Kit-8 (CCK-8) was employed to test for cyto-
toxicity in the L929 cell line (Fig. S1371).>° The cells were incu-
bated in the dark at 37 °C for 24 h and then examined. Results
showed that all nanofiber membranes had cell viability above
100%, indicating that there were no adverse effects on
mammalian cells. To eliminate the environmental influence,
3 h under natural light (at room temperature, 0.04 £+ 0.02 mW
cm %) was set as the control group. Owing to the massive
production of ROS under 3 h irradiation, as the concentration of
drug TMP™") increased, the cell survival rates of all the PCT
groups gradually decreased, but remained higher than 75%.
This result not only confirmed that PCT showed low cytotoxicity,
but also verified that irradiation and higher concentration
TMP™ promoted ROS production, as inferred from the decrease
in cell viability. Therefore, the following in vitro and in vivo
experiments were carried out with the PCT 0.5% membrane. In
subsequent analysis, hemolysis was conducted to assess the
blood compatibility of biomaterials (Fig. S141), which found
that the hemolysis rates of PC, PCT 0.02%, PCT 0.05%, PCT
0.1%, PCT 0.2%, and PCT 0.5% were 0.34 + 0.11%, 0.38 =+
0.06%, 0.58 + 0.37%, 0.66 + 0.23%, 0.74 + 0.11%, and 1.2 +
0.14%, respectively, compared to the control group. In the above

3124 | RSC Adv, 2024, 14, 3122-3134

experiments, the average hemolysis rate for PCT is less than 5%,
indicating that it could not cause hemolysis and meet the
clinical blood safety requirements.

Measurement of singlet oxygen (10,)

The production of the highly reactive singlet oxygen species is
essential for photodynamic therapy. The quantities of ROS
generated from different PCT membranes under light exposure
in natural light indoors and at room temperature were quanti-
fied using 1,3-diphenylisobenzofuran (DPBF) as a chemical
sensing agent.*® The detection mechanism is based on the fact
that the generated 10, can irreversibly quench DPBF absor-
bance at 410 nm upon light irradiation. As shown in Fig. 4A
pure DPBF and PC film showed no change in absorbance at
410 nm after continuous irradiation for 80 min, indicating that
the generation of 10, was negligible. However, in the PCT
membranes, the absorbances of DPBF at 410 nm gradually
decreased with an increase in the duration of light irradiation.
In addition, the PCT 0.5% group exhibited the sharpest decline
in DPBF absorbance during the illumination process and then
tended to stabilize the earliest because of exhausted oxygen.
Fig. 4B showed that under the same irradiation conditions,
when DPBF was used as a test probe, the PCT 0.5% group
produced the same amount of ROS as nanofiber membranes
PCP (POL/COL/TMPOH) prepared with 0.5% volume mass ratio
of the unmodified porphyrin precursor TMPOH, indicating that
the structural modification does not affect the production of
ROS. The cycle experiment in Fig. 4C showed that the prepared

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (A) Representative SEM images ((a) PC, (b) PCT 0.02%, (c) PCT 0.05%, (d) PCT 0.1%, (e) PCT 0.2%, (f) PCT 0.5%). (B) Diameter distributions of

corresponding PC and PCT nanofiber membranes.

PCT nanofiber membranes could effectively generate ROS
production by illumination, and could be reused many times,
that is, the absorbance reduction of DPBF solution remains the
same after 10 cycles. Overall, the results indicated that both the
presence of TMP(+) and irradiation are essential for the gener-
ation of ROS from PCT.

In vitro antibacterial activity

If a bacteria-infected wound does not heal quickly, fibroblast
differentiation is impaired, ultimately damaging other normal
tissues in the body and the immune system. Therefore, it is
crucial to develop functional materials that can not only effec-
tively treat bacterial infections on wound surfaces but also resist
bacterial drug resistance. The antibacterial activity of the
synthesized membranes was qualitatively determined by
monitoring the growth of residual bacteria on each membrane
after photo-sterilization, measured by evaluating turbidity at
600 nm.*"* In this study, G' S. aureus and G~ E. coli were
selected as representative pathogens to evaluate the antibacte-
rial activity of PCT with and without 650 nm light (for 3 h, 9.0 +
0.5 mW cm™ ). We calculated the relative bacteriostatic rate of

© 2024 The Author(s). Published by the Royal Society of Chemistry

each group and the number rate of bacteria in the control group
PC at 100%. According to the test results in Fig. 5A and Table
S1,} the average relative G' S. aureus survival rates of PCT
0.02%, PCT 0.05%, PCT 0.1%, PCT 0.2%, PCT 0.5%, and PCP
0.5% were 93.94%, 76.52%, 70.08%, 63.26%, 56.44% and
96.33% in dark; and 77.53%, 50.06%, 36.74%, 34.48%, 2.85%
and 13.59% under irradiation. As in Fig. 5B and Table S27
shown, the average relative G~ E. coli survival rates of PCT
0.02%, PCT 0.05%, PCT 0.1%, PCT 0.2%, PCT 0.5% and PCP
0.5% were 78.01%, 66.91%, 57.13%, 28.73%, 25.83% and
97.82% in dark groups; 58.83%, 58.67%, 39.17%, 7.67%, 6.17%
and 15.41% under irradiation. In conclusion, due to the exis-
tence of quaternary ammonium salt groups, with the increase of
the concentration of TMP(+), the antibacterial effect was also
enhanced compared to PC even without light, and the highest
bactericidal rates of PCT 0.5% were 43.56% (G' S. aureus) and
74.17% (G~ E. coli). Gratifyingly, the PCT 0.5% membrane
showed a highly efficient antibacterial behavior (Fig. 5C and D)
with 650 nm light to generate ROS, which had significant
inhibitory effects on G* S. aureus (97.15%) and G~ E. coli
(93.83%). Compared with much previous literature, such as

RSC Adv, 2024, 14, 3122-3134 | 3125
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nanoparticle systems, there is no lack of metal ion coordination
and bactericidal effects or antibacterial drugs.***® The anti-
bacterial effect of the above systems can reach over 95%. At the
same time, the presence of these auxiliary materials also has

3126 | RSC Adv, 2024, 14, 3122-3134

certain toxicity, so we want to achieve dual antibacterial func-
tions within a single molecule. This result directly proved the
dual antibacterial properties of the PCT, namely the chemical
antibacterial effect of quaternary ammonium salt groups in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dark and the antibacterial effect of porphyrin-based singlet
oxygen production via photosensitization. More importantly, we
supposed that compared with the self-assembly system in the
literature,****” the relatively low drug concentration and high
efficacy were attributed to the intermolecular electrostatic
repulsion of positive charges between porphyrin molecules and
electrospinning, which reduced the self-quenching effect
caused by -7 stacking and thus increased ROS production.

In vivo anti-infection evaluation

To investigate whether the PCT membranes can kill bacteria on
the skin wound surface and thus improve wound healing, we
constructed a full-thickness wound model (8§ mm in diameter)
on the dorsal skin of BALB/C mice which was infected with G* S.
aureus. Subsequently, the wound healing was monitored using
visual photographs which were used to determine the closure
rate. Fig. 6A showed that all wounds developed different degrees
of sepsis after 3 days due to bacterial infection, among which
the abscess symptoms in the PCTL group (PCT 0.5% with
650 nm light) with wound healing rate of 46.84% were slightly
less severe than other groups (the fitted values of Fig. 6B are:
blank 14.79%, 3 M 25.11%, PC 29.12%, PCT 41.97%), which
may be the result of PDT effect during the first dressing therapy.
The PCTL group was treated with PDT once after observation on
the 3rd day. The wound healing results on the 7th day showed
that the PCTL group healed the fastest, with an 81.14% healing
rate, while the healing rates of the blank group, 3 M group, PC
group and PCT group were 73.64%, 74.14%, 74.43% and
76.02%, respectively. Similar to many reports in the literature,
the first week after bacterial infection is usually the most
significant effect of antimicrobial therapy.**** The experimental

© 2024 The Author(s). Published by the Royal Society of Chemistry

results show that the single novel porphyrin cationic derivative
with a double antibacterial mechanism has a definite antibac-
terial effect, especially under the condition of light. The results
on the 10th day showed that the healing rate of the PCTL group
was 94.57%, while that of the blank group, 3 M group, PC group
and PCT group were 84.85%, 89.11%, 91.69% and 93.35%. On
the 14th day, the PCTL group healed almost completely, while
the healing rates of the blank group and 3 M group were 89.09%
and 91.74%. After comprehensive analysis of the above results
(Fig. 6A-C and Table S31), the recovery of the PCT group was
significantly faster than that of the blank group and 3 M group,
indicating that the quaternary ammonium salt structure played
a noticeable antibacterial role when no light was added. The
recovery rate of the PCTL group was faster than that of the PCT
group (without light), indicating that the combination of the
photodynamic antibacterial strategy with the quaternary
ammonium salt antibacterial strategy is very effective, and the
synergistic effect of the two accelerates the repair of the full-
layer skin damage caused by G S. aureus infection. During
the wound healing process, we monitored changes in the weight
of the mice. Significant weight increases were observed in the
first 7 days. This is because the wounds were inflamed and the
tissue healing has increased substantially. After seven days,
changes in the weight of the mice were not significant, and this
was due to autoimmunity in mice (Fig. 6D). To further test its
antibacterial effect, the wound tissue was investigated and the
number of colony formations was counted on the 7th day after
treatment. As shown in the extract of the wound specimen on
the 7th day each group was coated with bacterial culture
(Fig. 6E). The coating results showed that the number of
bacteria in the PCTL group, PCT group, PC group and blank
group decreased successively. This showed that the quaternary

RSC Adv, 2024, 14, 3122-3134 | 3127
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Fig. 6 (A) In vivo evaluation of membranes as an anti-infection wound
of wounds treated with blank, PC, PCT and PCTL at different time poin

PCTL

dressing in S. aureus-infected mice wound model. Representative images
ts. (B) Schematic diagram of the wound area of the damaged skin of mice

over time. (C) The wound area ratio at the indicated time points for each group. * for P < 0.05, ** for P < 0.01, *** for P < 0.001, and **** for P <
0.0001 and NS = no significance (D) the changing trend of body weight in mice during wound healing. (E) The LB-agar photographs of bacteria
colonies on the 7th day were harvested from different wound tissues.

ammonium salt group had an antibacterial effect, and light
could effectively enhance the antibacterial performance of the
material through PDT. The above animal experiments fully
prove that the new antibacterial membrane designed and
synthesized by us has a strong bactericidal effect and can
effectively promote the rapid healing of infected wounds. The
subsequent mechanism experiment further verified its effect.

3128 | RSC Adv, 2024, 14, 3122-3134

As shown in Fig. 7A, histological analysis based on hema-
toxylin and eosin (H&E) staining was performed on days 3, 7
and 14 to confirm the pathology of the infected wound during
the healing progress. On day 3, an obvious inflammation
reaction was found in blank, 3 M and PC groups due to the
bacterial infection, which was reflected by blue staining via
H&E staining. The PCT treatment partly relieved

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7

(A) H&E histological analysis of the regenerated skin tissue on days 3, 7, and 14 with different treatments in S. aureus infected models (scale

bar: 500 um, n = 4 mice per group; for the meanings of the five groups, please refer to Section 3.2.13). (B) Masson's staining on the 3rd, 7th and

14th days.

inflammation, while PCTL treatment significantly inhibited
the inflammation. On the 7th day after treatment, thicker
epithelialized areas, more granulation tissue and neo-
vascularization were observed in the PCTL group. On day 14,
the skin tissue of the wound group treated with the PCTL
group showed near-complete regeneration under 650 nm light
irradiation. Additionally, the epidermal layer of mice appeared
regular, and the thickness of the epidermis was more similar
to normal skin compared with other groups. During the
wound healing process, fibroblasts were widely distributed in
dermal tissues and secreted collagen-rich extracellular matrix
to support angiogenesis, granulation tissue formation and re-
epithelialization.**"*' Masson staining micro-scale examina-
tion indicated that new collagen deposition occurred in the
regenerated skin tissue in all experimental groups throughout
the wound-healing process (Fig. 7B). Under light irradiation,
the newly formed blue collagen in the wounds treated with the
antibacterial PCTL group was more apparent compared with
the other groups, which was ascribed to the synergy between
photodynamic therapy of the porphyrin part and chemo-
therapy of the quaternary ammonium salt group of the PCT
membranes.

Angiogenesis is the key process during wound healing.*”
CD31 is an endothelial cell marker that could reflect the
formation of new capillaries.*®** We analyzed the expression
of CD31 in wound tissues by immunofluorescence histo-
chemistry. As is shown in Fig. 8A and D, on the 7th day,
wounds treated with the drug dressing showed higher
expression of CD31-positive cells compared with naked wound

© 2024 The Author(s). Published by the Royal Society of Chemistry

tissues; in particular, the wounds in the PCTL group treated
with PCT 0.5% antibacterial nanofiber membranes under
650 nm light irradiation exhibited a significantly higher
number of CD31-positive cells compared with other groups.
Macrophages affect wound repair by changing their pheno-
type. In the late stages of wound healing, macrophages
polarize into M2 type and decrease the release of pro-
inflammatory factors such as TNF-a, which is conducive to
the removal of pathogens, apoptosis and necrotic tissue.***°
Thus, we detected the macrophage by the classical marker F4/
80 (Fig. 8B and E) and the production of the TNF-« (Fig. 8C and
F) in the wound tissues by immunofluorescence histochem-
istry and immunohistochemistry, respectively. Experimental
results showed that more macrophage infiltration and signif-
icantly decreased production of TNF-o was observed in the
PCTL group, and to a lesser extent also in the PCT group.
These data show that compared with the blank group, PC
group and commercially available 3 M materials, the PCT
group (without light) also has a certain antibacterial repair
effect, which proves our proposed antibacterial activity of
quaternary ammonium salt groups. Further, the PCTL group
can generate singlet oxygen by light which, combined with
quaternary ammonium salts, achieve dual photodynamic and
chemotherapeutic sterilization effects, thus accelerating
angiogenesis and inhibiting advanced inflammation to
promote the wound healing process. To conclude, the data in
Fig. 8 suggests that PCTL treatment can promote the wound-
healing process by accelerating angiogenesis and inhibiting
the inflammation in late stage.

RSC Adv, 2024, 14, 3122-3134 | 3129
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Fig. 8

Investigation of changes in angiogenesis and cytokines after treatment. (A) The expression of CD31 immunofluorescence in the skin

wound of each group on day 7. (B) The expression of F4/80 immunofluorescence in the skin wound of each group on day 7. (C) Representative
images of THF-a immunohistochemical staining on day 7. (D) CD31 mean gray value in the skin wound of each group on day 7 (n = 4). (E) F4/80
mean gray value in the skin wound of each group on day 7 (n = 4). (F) TNF-a area ratio in the skin wound of each group on day 7 (n = 4). **p <

0.01, ***p < 0.001 and ****p < 0.0001.

Experimental section

Synthesis of 5-(4-hydroxyphenyl)-10,15,20-
trimesitylporphyrin, TMP-OH

The synthesis method was based on existing literature.”® A mixture
of 1388 pL pyrrole, 2213 pL trimethylbenzaldehyde, 818.8 mg
hydroxybenzaldehyde and 864 pL boron trifluoride ether was
added to 1000 mL trichloromethane, stirred for one hour, then
3688.0 mg tetrachloro-1,4-benzoquinone was added. The product
was cooled to room temperature and then distilled under reduced
pressure until a dry solid was obtained. Purification was conducted
through silica gel column chromatography using dichloromethane
(DCM) as solvent. The first purple fraction was meso-tetrakis(4-
methoxyphenyl)porphyrin (TMP), while the second purple frac-
tion was TMPOH with a yield of 16%. "H NMR (600 MHz, CDCl,)

3130 | RSC Adv, 2024, 14, 3122-3134

6(ppm) in Fig. S1:1 8.83 (d, 2H, J = 4.5 Hz, pyrrole H), 8.71 (d, 2H, J
= 4.6 Hz, pyrrole H), 8.67 (s, 4H, pyrrole H), 8.04 (d, 2H, J = 8.3 Hz,
phenyl H), 7.30 (s, 6H, phenyl H), 7.10 (d, 2H, J = 8.3 Hz, phenyl H),
5.32 (s, 1H, phenyl-OH), 2.65 (d, 9H, J = 4.0 Hz, p-CH;), 1.89 (s,
18H, 0-CHj), —2.51 (br, s, 2H, a-pyrrole-NH). '>*C NMR (DEPT, 151
MHz, CDCl;) é(ppm) in Fig. S2:1 135.44 (s, porphyrin carbon),
127.88 (s, porphyrin carbon), 113.54 (s, porphyrin carbon), 21.63
(d, -CH3), 21.41(s, -CHj3). ESI-MS m/z caled for Cs3HyoN,O in
Fig. $3, [M + HJ', 757.3902; found: 757.3901.

Synthesis of 5-[4-(6-bromo-1-hexoxy) phenyl]-10,15,20-
trimesitylporphyrin, TMP-O(CH,)sBr

TMP-OH (300.0 mg, 0.40 mmol) was dissolved in 10 mL of
acetone, and then mixed with NaOH (293.4 mg, 7 mmol) before

© 2024 The Author(s). Published by the Royal Society of Chemistry
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stirring for 4-8 h. After adding 1 mL of 1,6-dibromohexane, the
mixture was heated at 65 °C. The reaction process was moni-
tored by TLC and was stopped after 20 h. At the end of the
reaction, the purple solids obtained by vacuum distillation were
washed with petroleum ether (PE) to remove excess 1,6-dibro-
mohexane. The collected purple solid was separated by silica gel
column chromatography with DCM/PE (1 : 3) as the eluent, and
the first purple component TMP-O(CH,)sBr was collected in
a70% yield. "H NMR (600 MHz, CDCl;) 6(ppm) in Fig. S4:1 8.83
(d, 2H, J = 4.5 Hz, pyrrole H), 8.69 (d, 2H, ] = 4.6 Hz, pyrrole H),
8.64 (s, 4H, pyrrole H), 8.11 (d, 2H, J = 8.4 Hz, phenyl H), 7.28 (d,
8H, J = 8.8 Hz, phenyl H), 4.27 (t, 2H, J = 6.4 Hz, -OCH,-), 3.75
(t, 2H, J = 6.5 Hz, -CH,Br), 2.64 (d, 9H, ] = 4.1 Hz, p-CH;), 2.01
(d, 2H, J = 14.3 Hz, -OCH,CH,CH,CH,CH,CH,Br), 1.87 (d, 18H,
J = 4.3 Hz, 0-CHj), 1.71 (s, 4H, -OCH,CH,CH,CH,CH,CH,Br),
1.59 (s, 2H, -OCH,CH,CH,CH,CH,CH,Br), —2.52 (br, s, 2H, o-
pyrrole-NH). *C NMR (DEPT, 151 MHz, CDCl;) 6(ppm) in
Fig. S5:1 135.37 (s, porphyrin carbon), 127.67 (s, porphyrin
carbon), 112.6 (s, porphyrin carbon), 67.97 (s, phenyl-OCH,-),
33.83 (s, ~OCH,CH,CH,CH,CH,CH,Br), 32.6 (s, -OCH,CH,-
CH,CH,CH,CH,Br), 29.29 (s, -OCH,CH,CH,CH,CH,CH,Br),
28.02 (s, -OCH,CH,CH,CH,CH,CH,Br), 25.46 (s, -OCHs,CH,-
CH,CH,CH,CH,Br), 21.63(d, -CH3;), 21.42 (s, ~CH;). ESI-MS m/z
caled for C5oHgoBrN,O in Fig. S6,1 [M + H]", 919.3945; found:
919.3947.

Synthesis of N,N-bis-(2-hydroxyethyl)-N-(6-(4-(10,15,20-
trimesitylporphyrin-5-yl) phenoxy) hexan)-N-methanaminium
bromide, TMP-O(CH,),N+(C,H,0H),CH;Br-, TMP(+)

A dimethylformamide (DMF) (1 mL) solution of TMPO(CH,)sBr
(100.0 mg, 0.11 mmol) was added to 1 mL of N-methyl-
diethanolamine, heated at 80 °C for 20 h. The solvent DMF was
removed and 30 mL distilled water was added to wash the solid
repeatedly. After drying in the oven, the final yield of the purple
solid TMP(") was 87%. "H NMR (600 MHz, d-DMSO) 6(ppm) in
Fig. S7:1 8.79-8.42 (m, 8H, pyrrole H), 8.03 (s, 2H, phenyl H),
7.26 (s, 8H, phenyl H), 5.25 (s, 2H, -OH), 4.18 (s, 2H, ~-OCH,-),
3.80 (s, 4H, -CH,OH), 3.42 (s, 6H, -NCH,-), 3.06 (s, 3H, -NCH}),
2.43 (s, 9H, p-CH;), 1.69 (s, 27H, -CH;, -
OCH,CH,CH,CH,CH,CH,N-), —2.75 (br, s, 2H, a-pyrrole-NH).
3C NMR (DEPT, 151 MHz, d,-DMSO) 6 (ppm) in Fig. S8:1 135.03
(s, porphyrin carbon), 127.61(s, porphyrin carbon), 112.63 (s,
porphyrin carbon), 67.33 (s, -OCH,CH,CH,CH,CH,CH,N-),
63.03 (s, -N-CH,CH,OH), 62.19 (s, ~OCH,CH,CH,CH,CH,-
CH,N-), 54.59(s, ~N-CH,CH,OH), 48.82 (s, -N-CHj,), 28.42 (s, -
OCH,CH,CH,CH,CH,CH,N-), 25.41 (s, ~OCH,CH,CH,CH,-
CH,CH,N-), 24.99 (s, -OCH,CH,CH,CH,CH,CH,N-), 21.38 (s, -
OCH,CH,CH,CH,CH,CH,N), 21.07 (s, -CH,), 20.95 (s, -CH,),
20.78 (s, —-CHjs). ESI-MS m/z caled for Ce4H,,N50; in Fig. S9,+
[M-Br]', 958.5629, found: 958.5638.

Preparation of PC, PCT and PCP nanofiber membranes

360.0 mg PCL and 240.0 mg COL were dissolved in 10 mL of
hexafluoroisopropanol and then stirred magnetically for 12 h at
room temperature until the solution became homogeneous.
TMP™ with a mass of 0 mg, 2.0 mg, 5.0 mg, 10.0 mg, 20.0 mg,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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50.0 mg and TMPOH with a mass of 50 mg were weighed and
dissolved in 10 mL of the PCL/COL homogeneous solution.
Then, the solution was electrospun using an electrospinning
machine (YFSP-T, Tianjin Yunfan Instrument CO. Ltd, China).
The spinning parameters were set as: the syringe, 10 mL; the
voltage, 16 kV; the flow rate, 1.0 mL h™%; the acceptance
distance, 18 cm; environmental temperature, 28.0 + 3.0 °C, and
humidity, 40.0 £ 10.0%. The resulting nanofiber membranes
are hereafter referred to as PC, PCT 0.02%, PCT 0.05%, PCT
0.1%, PCT 0.2%, PCT 0.5% and PCP 0.5%, respectively,
depending on the amount of porphyrin used. The PC, PCT and
PCP nanofiber membranes were vacuum-dried at room
temperature for three days to remove the residual solvent.

SEM test

The surface of PC and PCT nanofiber membranes were sprayed
with gold and photographed by SEM (EVO LS15, Zeiss, Ger-
many) to observe the surface fiber morphology, pore distribu-
tion and other morphological characteristics. One hundred
fibers were randomly selected for diameter distribution statis-
tics by Image J (National Institutes of Health, USA).

Contact angle test

The contact angles of the PC and PCT nanofiber membranes were
measured by a contact angle meter (SZ-CAMD33, China) based on
the standard solid drop method. The nanofiber membrane was
laid flat on a slide and 1 uL of distilled water was dropped onto it.
When the water drop touched the fiber membrane, the contact
angle image was taken using a high-speed camera. The contact
angle was statistically averaged over 8 trials.

TGA determination

The thermogravimetric analysis (TGA) curves of the PC and PCT
nanofiber membranes were recorded on a thermal analyzer (DSC
3+/1100LF, METTLER TOLEDO, Switzerland). The samples (about
7.5 mg) were placed in the sample holder for testing with the
parameters as nitrogen flow rate, 40 mL min~*; heating range, 25—
500 °C; heating rate, 10 °C min~'; cooling rate, 20 °C min™".

ROS detection

The absorbance of DPBF at 410 nm is irreversibly quenched by
'0,,%° and can be used as a chemical sensing probe to measure
the ROS production by PC, PCT (PCT 0.02%, PCT 0.05%, PCT
0.1%, PCT 0.2% and PCT 0.5%) and PCP 0.5% nanofiber
membranes under light irradiation. A methanol solution con-
taining DPBF (14 pg mL ") and a PCT nanofiber membrane (1.0
x 1.0 ecm®) was continuously irradiated with a 9.0 £+ 0.5 mW
ecm 2 lamp panel (12.0 x 10.0 ecm?) with 650 + 10 nm LEDs
(KTG, JIADENG, China) for 80 min. Then the absorbance at
410 nm was recorded by an ultraviolet-visible spectrometer (DS-
11 FX+, DeNovix, USA) with the control group.

Cycle experiment

A 15 mL (14 pg mL™ ") DPBF solution was prepared, its initial
absorbance under dark conditions was measured, and the

RSC Adv, 2024, 14, 3122-3134 | 3131
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solution was stored in the dark. The PCT nanofiber membrane
(1.0 x 1.0 cm?) with a concentration of 0.5% TMP™") (PCT 0.5%)
was unfolded in 1 mL of the aforementioned DPBF solution.
The absorbance at the beginning of the first cycle was measured
with a UV-visible photometer (DS-11 FX+, DeNovix, USA). Then,
the solution was illuminated for 30 min (9.0 + 0.5 mW c¢m 2,
650 = 10 nm), and the absorbance after the illumination was
measured. After the test, the PCT 0.5% nanofiber membrane
(1.0 x 1.0 cm?) was taken out and another 1 mL of the above
solution was added again, and the absorbance was again
measured after 30 min of 650 nm light irradiation. The cycle
was repeated 10 times.

Cytotoxicity test

The cytotoxicity assay was performed using mouse fibroblasts
(L929) as experimental cells, which were evaluated by the CCK-8
assay.”® Sterilized PC and PCT (PCT 0.02%, PCT 0.05%, PCT
0.1%, PCT 0.2% and PCT 0.5%) nanofiber membranes (1.0 x
1.0 cm?) were placed on the bottom of 24-well plates. L929 cells
were seeded onto the PC and PCT membrane at a density of 5 x
10" cells per well. After 24 hours of incubation in a humidified
environment containing 5% carbon dioxide, the 24-well plates
were removed from the incubator and placed under light (9.0 +
0.5 mW cm ™2, 650 + 10 nm). Parallel experiments without fiber
membranes were used as a control. After 3 hours of illumina-
tion, the medium was removed and incubated with CCK-8
solution. At the end of the incubation, the supernatant was
taken and the OD value at 450 nm was measured using
a microplate reader. The result was recorded as the OD value
relative to the control under dark conditions.

Antibacterial test

G' S. aureus and G~ E. coli were selected as experimental strains to
evaluate their antibacterial activity. The experimental PC and PCT
(PCT 0.02%, PCT 0.05%, PCT 0.1%, PCT 0.2% and PCT 0.5%)
nanofiber membranes (1.0 x 1.0 cm?) were disinfected and spread
on the bottom of the 24-well plate. After adding 100 pL (10° CFU
mL ") of the bacterial suspension to each well, the membranes
were incubated in 37 °C darkness for 5 hours and then illuminated
for 3 hours (9.0 £ 0.5 mW cm ™2, 650 & 10 nm). Subsequently, 900
uL sterile Phosphate Buffered Saline (PBS) was added and the
bacteria on the membrane surface were moved by ultrasound (3
min). Subsequently, 100 pL of diluted G* S. aureus and G~ E. coli
suspensions were placed on sterile LB AGAR plates and incubated
overnight at 37 °C to obtain visible colonies. The number of
colonies on each plate was then counted to estimate the total
number of live bacteria adhering to each sample. Each experiment
was performed three times, and the distribution of bacteria on the
membrane was observed with scanning electron microscopy.

Hemolysis rate test

The hemocompatibility of the dressing was tested using red
blood cells (RBCs) from Balb/c mice (19-21 g, 8 weeks).** After
ultraviolet (UV) sterilization, the PC and PCT (PCT 0.02%, PCT
0.05%, PCT 0.1%, PCT 0.2% and PCT 0.5%) nanofiber
membranes were cut to 1.0 x 1.0 cm?, then placed at the bottom
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of a 24-well culture plate. The eyeballs of Balb/c mice were bled,
then 1 mL of blood taken from the mice was centrifuged to
separate the supernatant from the red blood cells. The RBCs
were then washed twice, re-suspended, and diluted with 30 mL
of PBS (10 mM, pH = 7.2-7.4). Thereafter, 1 mL of the diluted
red blood cells was added onto the nano-dressing of the 24-well
culture plate, then incubated at 37 °C for 1 h. The extracts from
each well were collected and centrifuged at 1000 rpm for 10 min
to separate the supernatant. The absorbance of the separated
supernatant was measured at 540 nm using a microplate reader.
Triton X-100 (0.1%) to red blood cells was used as a positive
control (n = 4, for all groups), and 0.1% PBS was added to red
blood cells as a blank control.

In vivo test

All animal experiments were approved by the Institutional
Animal Care Committee. To better acclimate to the experiment,
the 72 Balb/c mice (19-21 g, 8 weeks) were raised under standard
conditions (24.0 £ 2.0 °C) over 7 days in an animal room. The
mice were randomly divided into 5 groups (12 mice in each
group): the blank group (untreated group), 3 M group (positive
drug controlled group, Tegaderm Film dressing), the PC group
(POL/COL without TMP'"), the PCT group (PCT 0.5% membrane,
without light) and the PCTL group (PCT 0.5% membrane, with
9.0 + 0.5 mW cm ™2, 650 + 10 nm light treatment on the 1st day
and 3rd day for 3 h each time). The mice were anesthetized
through intraperitoneal injection of 7% chloral hydrate (0.6 mL/
100 g), then a full-thickness wound (about 8 mm in diameter) was
created on the dorsal skin of each mouse. Afterward, 20 pL of G
S. aureus suspension (10° CFU mL ') was inoculated into the
wound and maintained for 18 h to establish an infection model.
Treatment after infection involved one of the following strategies:
the experimental (PC, PCT 0.5%, PCTL) and control (3 M) groups
were covered with dressing on the wound, and the blank group
(blank) was not treated. For wound healing data collection, mice
were sacrificed on the 3rd, 7th, and 14th days following surgery.
Fixation, embedding, and cross-sectioning of tissue samples were
performed. Angiogenesis, inflaimmatory cell infiltration, and
fibroblast proliferation were assessed with hematoxylin-eosin
(H&E) staining, and collagen deposition was observed with
Masson's trichrome staining.’**°

Immunohistochemistry and immunofluorescence assays

We performed immunohistochemistry and immunofluores-
cence assays as described earlier.***° Embedded mouse wound
tissue on day 7 cuts was cut into 5 mm slices with a rotatory
microtome (RM2245, Leica Microsystems, Germany) and incu-
bated overnight at 4 °C with corresponding primary antibodies.
For the immunohistochemistry assay, wound tissue slices were
incubated with horseradish peroxidase-labeled secondary anti-
body and stained with diaminobenzidine. The samples were
scanned under a light microscope (DM1000, Leica, Germany).
As part of the immunofluorescent assay, tissue slices were
incubated with fluorescent-labeled secondary antibodies and
4’ /6-diamidino-2-phenylindole (DAPI) for nuclei staining. The
samples were imaged by laser scanning confocal microscopy

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(LSM800, Zeiss, Germany). Quantitative analysis was performed
by Image J (National Institutes of Health, USA).

Statistical analysis

A statistical analysis of the data was performed using GraphPad
Prism 8. All data are expressed as mean + SD (standard devia-
tion). Statistical analysis was performed using analysis of vari-
ance (ANOVA) and P < 0.05 was considered statistically
significant (* for P < 0.05, ** for P < 0.01, *** for P < 0.001, and
*#%% for P < 0.0001 and NS = no significance).

Conclusions

In this study, we designed and synthesized a molecule with a dual
antibacterial function, TMP("), that displays chemotherapy and
photodynamic therapy activities simultaneously. The porphyrin
part of the TMP(") molecule can produce singlet oxygen for
photodynamic sterilization, which enhances the therapeutic
effect and reduces the required concentration of the cytotoxic
quaternary ammonium salt antibacterial agents. Moreover, the
introduction of positive charge centers is beneficial for coun-
tering the self-quenching effect caused by - interaction of the
planar large conjugate porphyrin ring, thereby improving the
efficiency of singlet oxygen production.'*** Last but not least, the
cationic porphyrin molecule TMP™") can bind to negative charges
on the surface of bacteria to improve targeting and thus enhance
the therapeutic effects.”****'=** In vitro antibacterial experiments
fully proved that the antibacterial efficiency could be enhanced
under illumination (660 nm, 9 mW cm ), due to the opening up
of the photodynamic therapy pathway. Based on these results, we
used a novel TMP") molecule to design and construct a new
nanofiber dressing PCT, with photodynamic and chemical anti-
bacterial properties that efficiently promote wound healing in G*
S. aureus infections. PCT was prepared by blending PCL, COL and
TMP™) using electrospinning technology. The results show that
PCT dressing has good biocompatibility and antibacterial effect
in the dark, the latter of which could be enhanced with light. PCT
dressings (either with or without light) also promoted cell
proliferation, tissue granulation and collagen deposition under
light conditions. The expression experiments of related cytokines
(CD31, F4/80, TNF-o) further confirmed the photo-bactericidal
activity of the PCT dressing. In conclusion, PCT is expected to
become an effective dressing for the healing of infected wounds,
providing a reference for the application of PDT therapy in the
biomedical field.
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