Open Access Article. Published on 07 March 2025. Downloaded on 10/3/2025 5:36:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials
Horizons

W) Check for updates ‘

Cite this: Mater. Horiz., 2025,
12, 3878

Received 17th January 2025,
Accepted 5th March 2025

initiatory

DOI: 10.1039/d5mh00099h
xabe

Junyang Jung

rsc.li/materials-horizons

Melanoma is the most malignant skin tumor caused by the malig-
nancy of melanocytes that produce the melanin pigment. Various
methods have been developed to combat melanoma, with photo-
dynamic therapy (PDT) gaining the spotlight for its ability to
eliminate cancer cells by generating reactive oxygen species through
light-sensitive photosensitizers. 5-aminolevulinic acid (5-ALA) is the
most commonly used PDT agent, which could be converted to the
PpIX photosensitizer molecule within cancer cells. However, its high
hydrophilicity limits effective transdermal and oral delivery. In this
work, we present a novel polymer formulation, named 5-AP, designed
for the transdermal delivery of 5-ALA to deep melanoma tumor sites.
5-AP was prepared by the in situ polymerization of dimethylsiloxane,
using 5-ALA as a photosensitizer precursor and a ring-opening poly-
merization initiator. 5-AP exhibited enhanced hydrophobicity com-
pared to 5-ALA, facilitating improved transdermal penetration. In a
melanoma mouse model, 5-ALA was released from the polymer and
then converted to PplX, emitting fluorescence and demonstrating
high tumor treatment efficacy under laser irradiation. We believe
these findings can usher in a new era of transdermal photodynamic
therapy.

Introduction

Melanoma is a tumor caused by the malignancy of melanocytes,
the cell responsible for producing the melanin pigment.'™
Although it can develop in any area where melanocytes exist,
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New concepts

Herein, we present a novel type of transdermal photodynamic therapy
agent. We aimed to develop a new polymeric hybrid material (named
5-AP) based on 5-aminolevulinic acid (5-ALA), the most widely used for
photodynamic therapy of cancer in clinical sites. The material was
prepared by facile acid-induced one-pot ring-opening polymerization.
5-AP has dual-functionality as a transdermal drug delivery carrier and
photodynamic therapy agent. The low transdermal delivery efficiency of
the existing 5-ALA is dramatically improved through dimethylsiloxane
conjugation, with a viscosity-suitable enhancement for transdermal
treatment. The in vivo degradation of 5-AP released the 5-ALA within
the tumor site, and it was confirmed that higher therapeutic efficacy
could be induced by the in situ generation of the protoporphyrin IX (PpIX)
photosensitizer. Since our study is the first report of synthesizing a hybrid
material of 5-ALA as a new transdermal photodynamic therapy agent
rather than simply loading it, we are confident that it can serve as a
pioneer in the development of more diverse types of 5-ALA-based
substances and similar new transdermal delivery photodynamic thera-
peutics.

melanoma most commonly appears on the skin and is recog-
nized as one of the most aggressive forms of skin cancer.* The
primary treatment method for melanoma is surgical removal of
the lesion.>® However, in the case of metastatic melanoma,
chemotherapy is often less effective and can cause serious side
effects due to its non-specific drug targeting.”® To address
these issues, targeted anticancer drugs such as BRAF and
MEK inhibitors have been introduced as new treatment options
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for melanoma.”*°

Despite their advances, these targeted thera-
pies still have limitations due to challenges in individual
biochemical and genetic profiling in clinical practice.'™?
Another melanoma treatment approach is photodynamic therapy
(PDT) using a photosensitizer (PS)."*'* PDT induces cell death by
generating reactive oxygen species (ROS) during the process of
stabilizing the excited energy of PS when PS absorbs external
light.">"'® However, the efficacy of PDT against melanoma has
been limited due to the tumor‘s melanin pigmentation and the
antioxidant defense mechanisms of melanoma cells."”'® Never-
theless, PDT remains a promising treatment, particularly for
localized cutaneous melanoma, as this skin tumor can be effec-
tively irradiated by light."”” PDT can precisely control the light
exposure site and PS activation as needed, allowing for better
selective antitumor activity and fewer side effects compared to
conventional radiotherapy and chemotherapy.>®*!
5-aminolevulinic acid (5-ALA) is the most commonly used
PDT agent, which is converted in situ into the protoporphyrin IX
(PpIX) photosensitizer within cancer cells.”*** This conversion
allows 5-ALA to selectively target cancer cells without inducing
apoptosis in normal cells.”»**> However, despite its effective-
ness as a PDT agent, 5-ALA faces a significant barrier in
melanoma treatment due to its high hydrophilicity and polar-
ity, which limits its penetration into the stratum corneum and
cell membrane through passive diffusion.”®*” In this context,
the development of a new transdermal drug delivery system
(TDDS) utilizing 5-ALA has become essential for effectively
treating melanoma.”® TDDS refers to the delivery of drugs
through the skin, offering several advantages over traditional
methods such as local or intravenous injection and oral
administration.>®*° Being noninvasive, it reduces pain and
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31 TDDS also minimizes side

improves patient compliance.
effects by bypassing the preferential passage effect of drugs
and delivering drugs directly to specific disease sites.** Based
on these advantages, various methods have been explored
using iontophoresis, microneedles, hyaluronic acid, liposomes,
ultrasound, and chemical penetration enhancers such as di-
methyl sulfoxide and oleic acid to deliver 5-ALA transdermally.**~**
However, despite these efforts, a newly developed TDDS using
5-ALA still focuses on carriers for substance delivery and often
encounters various side effects, such as skin tissue damage and
reduced efficacy due to chemical denaturation of the substance
itself.>>=7

Herein, we disclose a novel polymer formulation, 5-ALA-
containing polymeric mixture (5-AP), that can transdermally
deliver 5-ALA to deep melanoma tumor sites. 5-AP was prepared
by the in situ polymerization of dimethylsiloxane using 5-ALA as
a photosensitizer precursor and a ring-opening polymerization
initiator (Fig. 1(a)). Since the siloxane in 5-AP has a strong
tendency for lipophilicity, 5-AP has a chemical structure that
reduces the high hydrophilicity, which hinders the transdermal
delivery of 5-ALA.%® It also has a viscous formulation suitable
for effective transdermal delivery. In addition, as a polymer
containing 5-ALA, 5-AP was able to induce the efficacy of 5-ALA.
These attributes enable targeted treatment of specific melanoma
tumor sites to confirm the successful transdermal delivery
of 5-AP (Fig. 1(b)). Upon treatment of 5-AP, 5-ALA was released
by the hydrolysis of 5-AP and subsequently converted into PpIX
through heme synthesis within the melanoma region, resulting
in fluorescence emission. When irradiated with a laser, it
demonstrated high efficacy in tumor treatment as a PDT agent.
We are confident that 5-AP has the potential to become a
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Fig. 1
of 5-AP in photodynamic therapy (PDT) for melanoma.
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Research rationale and overview. (a) Schematic illustration of the preparation and application of the material (5-AP). (b) The working mechanism
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powerful therapeutic candidate for transdermal delivery photo-
dynamic therapy, effectively penetrating the skin and targeting
melanoma tumors.

Experimental section

Preparation of 5-AP

2,2,5,5-Tetramethyl-2,5-disila-1-oxacyclopentane (TDOP, 5 mL,
26.66 mmol) was mixed with 5-aminolevulinic acid (5-ALA,
5 mmol) in MeOH (5 mL) and refluxed at 80 °C for 48 h under
an argon atmosphere. After the reaction, the resulting product
was washed with MeOH (10 mL) three times to remove any
unreacted TDOP and 5-ALA. The product was then dried under
vacuum to remove the residual MeOH.

NMR analysis of 5-AP

Proton (*H) nuclear magnetic resonance (NMR) spectra were
obtained using a JEOL JNM (500 MHz) at 25 °C. Chemical shifts
(0) in the NMR spectra are reported in parts per million (ppm)
relative to the signal (0.00 ppm), using tetramethyl silane (TMS)
as an internal standard for solutions in CDCl; (7.26 ppm
for 'H). [TDOP]: "H NMR (500 MHz, CDCl;) 6 (ppm): 3.64 (s),
3.42 (s), 1.19 (s), 0.38 (s); [5-AP]: '"H NMR (500 MHz, CDCl,)
0 (ppm): 7.25 (s), 0.75 (s), 0.14 (s).

Characterization of 5-AP

To identify the structural changes of 5-AP, gel permeation
chromatography (GPC) analysis of TDOP and 5-AP was con-
ducted using high-performance liquid chromatography (HPLC,
Agilent 1100 S, Agilent, Santa Clara, CA, USA). The infrared
absorption spectra of TDOP, C2, and 5-AP were analyzed using
attenuated total reflection Fourier-transform infrared (ATR-
FTIR) spectroscopy (Thermo Scientific Nicolet™ iS™ 5 FTIR
spectrometer, Waltham, MA, USA). Contact angles of TDOP,
C2, and 5-AP were measured using a contact angle meter
(DSA100, Kruss, Hamburg, Germany). The viscosity of TDOP,
C2, and 5-AP was measured using a rotational rheometer
(ARES-G2, TA instrument Ltd, New Castle, DE, USA). The
thermal stability of TDOP, C2, and 5-AP was evaluated using
thermogravimetric analysis (TGA) (SDT Q600, TA Instruments,
DE, USA).

Cell culture

HEK293, b.End3 and B16F10 cell lines were obtained from the
Korean Cell Line Bank (Seoul, Rep. of Korea). Cells were
cultured in Dulbecco’s modified Eagle’s media (Hyclone, USA)
supplemented with 10% fetal bovine serum (Hyclone, USA) and
1% penicillin-streptomycin (Gibco ThermoFisher Scientific,
USA). Cell lines were kept at 37 °C in a humidified 5% CO,
incubator.

Cytotoxicity analysis

The cytotoxicity of TDOP, 5-ALA, and 5-AP was evaluated in the
HEK293, b.End3, and B16F10 cell lines using a Cell Counting
Kit-8 (CCK-8, Dojindo Molecular Tech. Inc., Japan) according to
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the manufacturer’s protocols. Cells (5 x 10° cells per well) were
seeded into 96-well plates and incubated for 24 h at 37 °C in a
humidified 5% CO, incubator. The medium was then replaced
with serum- and antibiotics-free medium to starve the cells and
left for 4 h. And then, the cells were treated with diluted
concentrations of TDOP, 5-ALA, and 5-AP. After 4 h, the cells
were washed twice with Dulbecco’s phosphate-buffered saline
(DPBS) to remove residual TDOP, 5-ALA, and 5-AP. After that,
CCK-8 solution (10 pL, 10% working concentration) in serum-
free medium was added to each well of a 96-well plate, and the
cells were incubated for 1 h at 37 °C. Absorbance was measured
at a wavelength of 450 nm using a microplate reader (Multiskan
FC, Thermo Fisher, USA). The percentage of cell cytotoxicity was
calculated using the formula; Cell viability (%) = (Mean OD of
sample x 100)/(Mean OD of the control group) (OD: optical
density). Cytotoxicity results are presented as the mean +
S.EM. (n = 3).

Fluorescence cell imaging

HEK293, b.End3 and B16F10 cells (5 x 10°) were seeded onto
35-mm glass-bottom confocal microscopy imaging dishes (SPL,
Life Science, Rep. of Korea) and incubated for 24 h. The cells were
then treated with 5-ALA and 5-AP and incubated for 24 h at 37 °C
in a humidified 5% CO, incubator. The cells were visualized using
a confocal laser scanning microscope (CLSM, Carl-Zeiss LSM 700
Exciter, Germany). Confocal images of 5-ALA and 5-AP (red
fluorescence) in all cells were obtained under excitation at
488 nm (laser power: 0.23%) with a detector (GaAsP, detector
Gain: 700 V; detection wavelength: 504-700 nm).

Animals

5-Week-old male BALB/c nu/nu mice and BALB/c mice were
obtained from DBL Co., Ltd (Incheon, Rep. of Korea). The mice
were housed five per cage (27 x 22 x 14 cm) with free access to
food and water in the animal room and were kept under a 12-h
light/dark cycle (lights on from 07:30 t019:30) at a constant
temperature (23 = 1 °C) and a relative humidity (60 + 10%).
The mice were acclimated in the animal room for one week
before the start of all experiments. All animal treatments and
maintenance were performed in accordance with the Animal
Care and Use Guidelines of Kyung Hee University. All experi-
mental protocols were approved by the Institutional Animal
Care and Use Committee of Kyung Hee University (Approval
No.: KHSASP-23-354). Animal experiments were conducted
following international IACUC guidelines. According to guide-
lines, the maximum tumor size allowed diameter is 20 mm
(4160 mm?, when calculated to volume), and the experiments in
this work using tumor xenograft mice were conducted within
this range. In addition, no issues with changes in the body
weight of mice throughout the experimental period were
observed. Given these considerations, there were no ethical issues
in the experimental procedures.

Hemolysis assay

Blood samples were obtained from the hearts of the mice
anesthetized with isoflurane. Red blood cells (RBCs) were

This journal is © The Royal Society of Chemistry 2025
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isolated by centrifugation at 4 °C (2000 rpm, 3 min) and
washed twice with cold phosphate-buffered saline (PBS, pH
7.4, 1x). The concentrations of 5-AP for the test were 125,
250, and 500 uM. 5-AP was treated to the purified RBCs (8%
working concentration, v/v, in cold 1x PBS). [Positive control:
0.1% (working concentration) Triton X-100]. The mixture was
incubated in a shaking incubator (200 rpm, 37 °C) for 1 h,
followed by centrifugation at 2000 rpm at 4 °C. Hemolysis
was assessed by measuring the absorbance of the super-
natant at 450 nm.

In vivo toxicity analysis

7-Week-old female ICR mice were randomly divided into three
groups (n = 3 per group) as follows: (i) control group (treated
with PBS), (ii) positive control group (treated with 25% (v/v)
eugenol), and (iii) 5-AP group (treated with 5-AP). The mice were
then administered PBS (pH 7.4), eugenol, and 5-AP to the
back (250 uM, 50 pL per day) for one week. The body weight
and food/water intake were recorded on days 1, 4, and 7. After
sacrifice, auricular lymph nodes and blood samples were
collected. For analysis of serum histamine and immunoglobu-
lin E levels, blood samples were drawn and allowed to clot for
2 h at 25 °C in a serum separator tube. The clotted samples were
then centrifuged (3000 rpm, 15 min). Serum histamine and
immunoglobulin E levels were analyzed after the reagent treatment
according to the manufacturer’s instructions.

Melanoma xenograft mice

B16F10 cells (1 x 10° cells, suspended in 100 uL of a 1:1
mixture of DMEM medium and Matrigel) were subcutaneously
injected into the left or right thigh of each mouse. The
therapeutic efficacy on mouse tumors was evaluated 7 days
after the injection, based on findings from a previous pilot test
that confirmed melanoma tumor detection using 5-AP was
possible from day 7.

In vivo photodynamic treatment

After 7 days of melanoma xenograft, PBS, 5-ALA, and 5-AP were
treated transdermal every 2 days for 10 days, and the Laser
group was treated with a 530 nm (50 mW cm™?) laser for 3 min,
3 h after PBS, 5-ALA or 5-AP (250 pM, 50 pL) treatment. After all
experiments, perfusion and fixation processes were performed,
and then organs including tumor tissues were harvested.

FTIS mouse tissue imaging

After treatment of 5-AP (25 and 50 pL) on the tumor site, the
tumor tissue was dissected for ex vivo analysis. Fluorescence
tissue imaging was performed using a fluorescence tissue
imaging system (FTIS, VISQUE InVivo Elite, Vieworks Co. Ltd,
Rep. of Korea). The imaging experiments were carried out in a
dark room. Data were acquired by tracking the fluorescence
signals of 5-AP (Cy5.5 Channel: 390-490 nm excitation,
690-740 nm detection channel).

This journal is © The Royal Society of Chemistry 2025
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Hematoxylin & eosin (H&E) staining

Tumor tissues were fixed in 10% buffered formalin (HT501640-
19L, Sigma), embedded in paraffin, and sectioned into 6-pm
sliced. Then, the tumor sections were stained with H&E. The
stained sections were observed under a regular light micro-
scope to determine tumor cell death, growth, and hemorrhage.

Immunohistochemistry (IHC) staining

Tumor tissues were processed into frozen blocks using OCT
solution. After freezing, the tissues were sectioned into 6-pm
slices. Each section was blocked with 7% horse serum (Gibco)
for 30 min, then was incubated with primary antibodies against
Ki67 (ab16667, Abcam) or cleaved-caspase 3 (#9661S, Cell
Signaling Technology) overnight at 4 °C. The following day,
the sections were incubated with a biotin-labeled secondary
antibody for 1 h at room temperature, then with the VECTAS-
TAIN Elite ABC universal kit and DAB substrate kit, peroxidase
with nickel (SK-4100, VECTOR) for detection. Observation and
image capture was done using a Evos m7000 (Invitrogen).
Average optical density (AOD) was quantified using Image]
software. The AOD was calculated based on the following
formula:

Mean Gray Value
AOD = —1 _
0810 N ax Gray Value

Statistical analysis

The results were analyzed using ANOVA with Tukey’s multiple
comparison test. All statistical analyses were performed using
Prism 8.0 software (GraphPad, La Jolla, CA, USA).

Results and discussion

Materials preparation and characterization

The 5-aminolevulinic acid (5-ALA) polymer (5-AP), based on the
ring-opening polymerization of cyclic silanes, was synthesized
through an in situ one-pot method under an argon atmosphere.
To characterize 5-AP after its formation, various in vitro ana-
lyses were conducted, including gel permeation chromatogra-
phy (GPC), 'H NMR, attenuated total reflectance Fourier-
transform infrared spectrum (ATR-FTIR) spectroscopy, water
contact angle measurement, viscosity testing, and thermogravi-
metric analysis (TGA) (Fig. 2). In the GPC analysis, the mole-
cular weight of 5-AP was found to be 9878 g mol™ ', while the
molecular weight of TDOP, a cyclic silane monomer, was found
to be 186 ¢ mol ! (Fig. 2(a)). These results demonstrated that
5-AP was formed as a polymer through the ring-opening poly-
merization of cyclic silane. "H NMR was utilized to confirm the
ring-opening polymerization process of TDOP with 5-ALA and
MeOH as initiators (Fig. 2(b)). "H NMR was recorded in CDClj,
(7.26 ppm), confirming that the final compound, 5-AP, con-
sisted of a mixture of 5-ALA-initiated and MeOH-initiated
polymers. To conduct an additional qualitative analysis of 5-AP,
ATR-FTIR spectroscopy was performed (Fig. 2(c)). In the ATR-FTIR
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Fig. 2 Characterization of 5-AP. (a) Gel-permeation chromatography (GPC) analysis spectrum of TDOP (monomer) and 5-AP. (b) *H NMR analysis
of 5-AP in CDCls. (c) Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectra of TDOP, 5-ALA, and 5-AP. Symbols: v = stretching, 6 =
bending. (d) Water droplet images on slide glass coated with TDOP and 5-AP. Inserted numbers indicate the water contact angles on slide glass coated
with each sample. (e) Viscosity as a function of shear rate for TDOP, C2, and 5-AP at 25 °C. (f) Photographs of TDOP, 5-ALA + TDOP, and 5-AP.
(g) Thermogravimetric analysis (TGA) profiles of TDOP, C2, and 5-AP under a nitrogen atmosphere.

analysis, the v (C-H) peak of TDOP at 2800-3000 cm™ ' and
the J(N-H) peak of 5-ALA at 1580-1650 cm ™' remained intact
in 5-AP.**"*! These results indicate that both MeOH-initiated
and 5-ALA-initiated polymers exist in 5-AP, suggesting the
possible presence of residual 5-ALA. After the qualitative ana-
lysis of 5-AP, we confirmed its characteristics as a polymer.
In the water contact angle measurement, the water contact
angle of TDOP in its monomer state was 36.27°, whereas 5-AP,
after polymerization, showed a higher water contact angle of
44.01° (Fig. 2(d)). In addition, the viscosity analysis results
revealed that 5-AP has a higher viscosity than both the mono-
meric form TDOP and the C2 polymer, which was developed in
previous research using citric acid as an initiator (Fig. 2(e)).*>
The results from the water contact angle and viscosity analyses
confirmed that 5-AP is a polymer with significant viscosity,
a finding that was also visually confirmed. The photos illustrate
that while the TDOP and 5-ALA + TDOP groups settled at the
bottom of the vial due to gravity immediately after it was
inverted, 5-AP remained adhered to the top, even when the vial
was turned over, indicating its high viscosity (Fig. 2(f)). Lastly,
TGA analysis was performed to assess the thermal stability
of the polymer, which is known to be relatively high (Fig. 2(g)).
As expected, the TGA results demonstrated that 5-AP exhibits
significant thermal stability. Through various in vitro assays, we
confirmed that 5-AP was synthesized as a polymer formulation
through the ring-opening polymerization of cyclic silanes,
using 5-ALA and MeOH as initiators, and that it is both heat-
stable and highly viscous. Next, we obtained the time-depen-
dent 5-ALA release profile by hydrolysis of 5-AP and confirmed
that 90% of 5-ALA was released over 10 h (Fig. S1, ESIt). Most of

3882 | Mater. Horiz., 2025, 12, 3878-3887

the treated 5-AP were observed through the skin within 1 h, so
the release of 5-ALA occurred in the tumor site, not the skin
surface. We also considered the viscosity change of 5-AP on
the mouse skin surface. As a result, the significant viscosity
changes of 5-AP were not observed in the temperature range of
30-40 °C.

In vitro analysis of 5-AP

After analyzing the characterization of 5-AP through various
in vitro assays, we confirmed its efficacy at the cellular level
(Fig. 3 and Fig. S2-S4, ESIT). Before analyzing the in vitro PDT
efficacy of 5-AP as a photosensitizer, cytotoxicity of 5-AP was
assessed in HEK293, b.End3, and B16F10 cell lines, with and
without laser irradiation (Fig. 3(a) and Fig. S2, ESIt). The results
revealed that 5-AP displayed minimal toxicity in HEK293 and
b.End3 cell lines. However, in the B16F10 cell line, 5-AP
displayed a tendency for toxicity even in the absence of laser
irradiation and caused significantly higher cytotoxicity when
irradiated with a 530 nm laser. In contrast, TDOP and 5-ALA did
not exhibit any toxicity in HEK293, b.End3, and B16F10 cell
lines (Fig. S3, ESIf). These cytotoxicity results suggest that
5-ALA can be released from 5-AP through degradation in bio-
logical media and subsequently converted into PpIX via heme
synthesis in B16F10 tumor cells.*” To visually confirm this
conversion process from 5-ALA to PpIX, we obtained confocal
fluorescence images of HEK293, b.End3, and B16F10 cell lines
(Fig. 3(b) and Fig. S4, ESIt). The images showed no emission in
HEK293 and b.End3 cell lines were treated with 5-AP, but
notable PpIX emission was observed in the B16F10 cell line.
These results confirm that 5-ALA is released from 5-AP and

This journal is © The Royal Society of Chemistry 2025
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5-ALA or 5-AP DCFHDA

Merge

a) Cell viability results of 5-AP in B16F10 cells with/without laser irradiation (530 nm) using a CCK-8 assay

p < 0.05, **p < 0.01 compared to the PBS

group; #p < 0.05, ##p < 0.01, ###p < 0.005 compared to the dark group at the same concentration. (b) Confocal laser scanning microscopy (CLSM)
images of B16F10 cells after treatment with 5-ALA and 5-AP (concentration: 250 uM). Incubation time: 2 h (37 °C). Scale bar: 20 um. (c) The in vitro ROS
generation of 5-ALA and 5-AP (concentration: 250 uM) against B16F10 cells with/without laser irradiation (530 nm). Scale bar: 40 um. Confocal images

were obtained under excitation at 488 nm (laser power: 0.23%) using a detector (GaAsP, detector gain: 700 V; detector wavelength: 504-700 nm).

successfully converts to PpIX in the melanoma cancer cell line.
Next, confocal fluorescence imaging of cells using DCFHDA,
a fluorescent probe that can sense reactive oxygen species
(ROS), was conducted to identify the ROS-mediated tumor cell
killing mechanism during laser irradiation. As a result, we
confirmed that ROS was equally generated from both 5-ALA
and 5-AP when irradiated with laser, and together with the
previous results, we proved that 5-AP is converted to PpIX
inside tumor cells and generates ROS (Fig. 3(c)).

In vivo toxicity analysis of 5-AP

After confirming the cellular PpIX generation from 5-AP and
the photo-induced therapeutic results, we conducted the in vivo
toxicity analysis of 5-AP (Fig. 4). First, a hemolysis assay was
performed to determine the working concentration of the
substance in an in vivo assay (Fig. 4(a)). The group treated with
Triton X-100 demonstrated hemolytic activity, whereas 5-AP did
not show any hemolytic activity within the concentration range
of 125 to 500 uM. Based on these results, the concentration
of 5-AP for the in vivo toxicity analysis was set at 250 uM (50 pL),
and 5-AP was applied to the back skin of the mice daily for
7 days. Eugenol (Eug), a known immunotoxicity agent, was used
as a positive control to assess immunotoxicity. The toxicity

This journal is © The Royal Society of Chemistry 2025

evaluation of 5-AP included monitoring changes in body
weight, food and water intake, lymph node weight, histamine
levels, and immunoglobulin E (IgE) levels. There were no
significant differences in body weight changes between the
5-AP-treated group and the normal group treated with phos-
phate-buffered saline (PBS, pH 7.4) on both day 1 and 7
(Fig. 4(b)). Similarly, food and water intake showed no notable
differences between the 5-AP-treated group and the other
groups on both days 1-4 and 5-7 (Fig. 4(c)). In contrast,
the weight of lymph nodes—the key indicator for assessing
immunotoxicity—showed substantial enlargement in the Eug-
treated group compared to both the PBS-treated and 5-AP-
treated groups (Fig. 4(d)). However, there were no considerable
differences between PBS treated group and the 5-AP-treated
group. The serum histamine level greatly increased in the
group treated with Eug (Fig. 4(e)). In the 5-AP-treated group,
the histamine level was slightly elevated compared to the PBS-
treated group, but this difference was not statistically signifi-
cant. A similar pattern was confirmed in the IgE levels mirror-
ing the lymph node weight results (Fig. 4(f)). In the Eug-treated
group, the IgE level markedly increased compared to both the
PBS-treated and 5-AP-treated groups. However, no meaningful
differences were observed between the 5-AP-treated and the
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compared to the Eug group.

PBS-treated groups. These in vivo toxicity results suggest that
while 5-AP, an external substance, induced a slight increase in
histamine levels, it did not cause overall immunotoxicity. This
confirms its suitability for use as a photosensitizer in vivo.

In vivo therapeutic efficacy analysis of 5-AP

Based on the in vivo toxicity assay results, we performed an
in vivo therapeutic efficacy analysis of 5-AP as a photodynamic
therapy agent in a melanoma mouse model (Fig. 5). A mela-
noma mouse model was prepared by xenografting B16F10 cells
into the thighs of BALB/c nu/nu mice, followed by the admin-
istration of 5-AP with laser irradiation (Fig. 5(a)). Before verify-
ing the efficacy of PDT, we aimed to determine the appropriate
dose of 5-AP and the timing of conversion of 5-AP to PpIX in
melanoma tumors. To this end, we first treated mice with
different doses of 5-AP and examined the fluorescence changes
over time (Fig. 5(b) and (c)). As a result, it was confirmed that 5-
AP has high radiant efficiency over time in a concentration-
dependent manner. To verify the improved bioavailability of
5-AP compared to 5-ALA, we measured the fluorescence inten-
sity in the tumor area over time after treatment of 5-ALA (i.p.,
topical) and 5-AP (topical) (Fig. S5, ESIt). As a result, the 5-AP-
treated set (at the same concentration as 5-ALA) gave a higher
signal compared with the 5-ALA-injected set and 5-ALA-topical
set. These results demonstrate that 5-AP has higher bioavail-
ability in tumors than conventional 5-ALA treatment methods.
Given this rapid PpIX conversion and the mice’s recovery, PDT

3884 | Mater. Horiz., 2025, 12, 3878-3887

using 5-AP and laser (530 nm) was initiated 7 days after the
B16F10 xenograft. PDT was then performed at 2-day intervals
for 10 days (Fig. 5(a)). As this mouse model was xenografted
with B16F10 cells on the thigh, there was no significant change
in body weight over the 10 days (Fig. 5(d)). Non-significant
changes in body weight were also observed in the laser irradia-
tion and 5-ALA or 5-AP treatment sets. In contrast, tumor size
showed a clear difference between each group over time
(Fig. 5(e)). Compared to the group treated with PBS alone, the
groups treated with 5-ALA or 5-AP followed by laser showed a
significant tumor reduction effect. This difference was even
greater in the 5-AP + Laser group, and a significant tumor size
reduction was confirmed when compared to the 5-ALA + Laser
group. These differences were clearly visible in the macroscopic
tumor observations of mice on day 10, and the same pattern
was observed in the harvested tumors (Fig. 5(f) and (g)). We also
confirmed that a marked increase in radiant efficiency was
observed in the harvested tumors, while no fluorescence
change was observed in other organs (brain, heart, lung,
spleen, kidney, liver) (Fig. S6, ESIT). The results indicated that
the 5-AP could minimize drug-induced side effects due to the
localized PpIX generation at the tumor site. To further confirm
that these results were not due to the photothermal effect, we
conducted a thermal imaging analysis to examine the changes
in body temperature after treatment of 5-ALA and 5-AP with a
laser (Fig. S7, ESIt). As a results, the body temperatures were
similar in all mouse groups, and these results indicated that

This journal is © The Royal Society of Chemistry 2025
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the melanoma therapeutic character of 5-AP was derived from
PDT effect. Finally, the therapeutic efficacy of 5-AP against
melanoma was verified through histological analysis (Fig. 5(h)-(k)).
We analyzed the histopathological alteration in melanoma tis-
sues by hematoxylin and eosin (H&E) staining. The PBS + Laser
control group showed similar results to the PBS group, indicating
that the laser alone did not affect the tumor growth. The 5-AP +
Laser-treated group exhibited the most extensive necrotic lesions
(Fig. 5(h)). Further IHC staining was done to determine pathways
related to the proliferation and apoptosis of melanoma. The 5-AP +
Laser group demonstrated suppressed Ki67 expression, indicating
reduced tumor cell proliferation.** Additionally, 5-AP + Laser treat-
ment increased cleaved-caspase 3 expression, suggesting an activa-
tion of the apoptotic program.** These results demonstrate that
nearly all melanomas were apoptotic following 10 days of
5-AP PDT. Analysis of the in vivo therapeutic effect of 5-AP
confirms that 5-AP can act as an effective PDT agent with
transdermal delivery ability.

Conclusions

We disclose a new 5-ALA-based polymer, named 5-AP, through
the ring-opening polymerization of cyclic silane to overcome
the low transdermal absorption rate of 5-ALA for melanoma
treatment. The preparation and characterization of 5-AP were
systematically conducted through various analytical methods.
Cell-based experiments verified that 5-AP retains the charac-
teristics of existing 5-ALA, converts to PpIX, emits fluorescence,
and maintains its PDT efficacy. In melanoma xenograft animal
experiments, 5-AP demonstrated suitable safety for in vivo use
and induced melanoma tumor elimination in a short period
through its high PDT efficacy. We are confident that 5-AP
is a promising new PDT agent capable of transdermal delivery,
and our rationale can usher in new research in melanoma
treatment.
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