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Objective: ALA-PDT (5-aminolevulinic acid photodynamic therapy) is a central modality in the treatment of skin diseases.
Increasing the bioavailability of ALA remains a critical issue. With this in mind, our study explores a novel route of ALA delivery
by loading acrylic nanoparticles (ANPs).

Methods: ALA-ANPs were synthesized by emulsion polymerisation and characterised by scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and nanoparticle tracking analysis (NTA). The effects of ALA-ANPs on HaCaT cell line
were evaluated, including characteristics, morphological changes, protoporphyrin IX (PpIX) fluorescence kinetics, reactive oxygen
species (ROS) levels, mitochondrial membrane potential and ki67 expression in these cells.

Results: The ANPs had uniform sizes, smooth surfaces and excellent light transmittance, with diameters of 150—200 nm. In contrast,
the ALA - ANPs had uneven surfaces and poor light transmittance, with diameters of 220-250 nm. During 12 hours of co-incubation
of HaCaT cells with ALA, the intracellular accumulation of PpIX increased over time. Notably, after 6 hours of incubation, PpIX
levels induced by 1.81 mg/mL ALA-ANPs exceeded those induced by 1.0 mM ALA (p < 0.01). CCK-8 results showed a positive
correlation between PDT-induced inhibition of HaCaT cell proliferation and ALA concentration when ALA concentration remained
below 2.0 mM. Compared to the 1.0 mM ALA group, the 1.81 mg/mL ALA-ANPs group showed decreased mitochondrial membrane
potential, ki67 immunofluorescence intensity and cell proliferation. In contrast, ROS levels were significantly increased in the
1.81 mg/mL ALA-ANPs group (p < 0.01).

Conclusion: Loading ANPs provide improved stability and potency for ALA. The ALA-ANPs-PDT approach has superior inhibitory
effects on HaCaT proliferation in vitro.
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Introduction
Photodynamic therapy (PDT), a clinical modality, uses visible light to activate photosensitizers (PSs) that induce
a cascade of photochemical reactions within targeted cells." ALA and MAL are the most commonly used PSs. ALA
acts as a second generation porphyrin photosensitiser, acting as a precursor to protoporphyrin IX (PpIX) within the haem
biosynthetic pathway.? When ALA is converted to PpIX, which has robust photosensitivity and accumulates preferen-
tially in proliferating cells, excitation with light of a specific wavelength produces abundant singlet oxygen and free
radicals, resulting in apoptosis and necrosis of these unwanted cells.’

Currently, the bioavailability of ALA often falls short of the desired therapeutic effect due to its polarity and the
influence of physiological pH.* To overcome these limitations, nanoporous drug delivery systems such as liposomes,
chitosan nanoparticles (NP) and polylactic glycolate (PLGA) have been investigated.” The liposome delivery system
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offers the advantage of encapsulating hydrophilic drugs such as ALA in its aqueous core.® Polymeric nanoparticles show
potential as ALA carriers due to their smaller pore size, which allows for easier epidermal penetration.” Nanoparticle-
loaded ALA has shown increased PpIX fluorescence and greater photocytotoxicity compared to free ALA at equivalent
concentrations.® The polymeric micellar system allows for a steady and continuous release of ALA while enhancing
cellular uptake.” ALA-loaded nanofibres have also shown potential for drug delivery as a substrate for PpIX
production.'®

However, these NP systems have certain limitations, including instability, potential drug leakage from capsules and
uncertain long-term side effects. To address these concerns, a novel approach involves the use of poly-e-caprolactone-co-
lactic acid (PCLA) prepolymer monomers (PCLAMA)."" These microspheres exhibit excellent biocompatibility and
stability, positioning them as promising materials for advanced drug delivery applications. In this investigation, we have
fabricated and characterized ALA-loaded ANPs and subsequently subjected them to in vitro testing with HaCaT cells.
Our aim is to establish a practical ALA delivery system, thereby introducing new concepts and laying experimental
foundations for the use of ALA-PDT in the treatment of skin diseases.

Materials and Methods

Cell Line and Reagents

The HaCaT cell line (ZQ0044, purchased from Shanghai Zhong Qiao Xin Zhou Biotechnology Co. LTD) was used in this
study. The Enhanced Cell Counting Kit-8 (C0042, Beyotime) was used to assess cell viability, and the Mitochondrial
Membrane Potential Assay Kit with TMRE (C2001S, Beyotime) was used to assess mitochondrial membrane potential.
Experiments were performed using a 96-well black/clear bottom polystyrene microplate (3603, CORNING).

Preparation and Characterization of ALA Nanospheres

Degradable nano-hydrogel microspheres, called ANPs, were synthesized through emulsion polymerization using
PCLAMA as a cross-linking agent and vinyl pyrrolidone along with methyl acryloxyethyl trimethyl ammonium chloride
as monomers. To obtain ALA-coated nanospheres, a specific amount of AL A and ANPs were soaked in ethanol for 24 h,
followed by ethanol removal under vacuum conditions. Subsequent morphological analysis of the ALA-coated nano-

spheres was carried out using scanning electron microscopy (SEM) and transmission electron microscopy (TEM).

Ultrastructure Characterization of ANPs and ALA-ANPs
ANPs and ALA-ANPs powders were collected and fixed with 2.5% glutaraldehyde at 4°C for 4 h. After fixation, they
were washed three times with PBS and dehydrated sequentially through ethanol concentrations of 10%, 30%, 50%, 70%,
90% and two rounds of 100% ethanol for thorough dehydration. Tert-butanol replacement was performed twice for 20
minutes each time, maintaining a temperature of 4°C. The samples were then stored at 4°C for future use. SEM was used
for observation after vacuum drying and ion sputtering of gold.

After Gluta electron microscope fixation, osmic acid treatment, acetone dehydration, epoxy resin embedding and
repair, the specimens were sectioned with a microtome and placed in 200-mesh copper mesh. After treatment with
uranium acetate and lead hydroxide, the specimens were stained. Images were observed by TEM.

Nanoparticle Tracking Analysis (NTA)

The NTA sample chamber was cleaned with pre-cooled ddH20, followed by precise parameter calibration of the
instrument using 100 nm polystyrene microspheres. The sample chamber was then thoroughly washed several times
with PBS phosphate buffer. The sample was appropriately diluted with 1x PBS buffer and introduced into the chamber
for analysis while maintaining a controlled temperature range of 23°C to 30°C. Analysis was performed using ZetaView

8.04.02 SP2 software, and data visualization was a performed using Origin 2019 software.
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Cytotoxicity Assay

HaCaT cells were seeded at 8000 cells per well in 96-well plates and cultured for 24 hours at 37°C in 5% CO,. After
removal of the medium, the wells were rinsed twice with PBS and replenished with medium containing ANPs at
concentrations of 0, 0.1, 0.5, 1.0, 1.5 and 2.0 mg/mL. Each group contained 5 replicate wells and the cells were incubated
for 6, 12 and 24 h. Then 100 pL of CCK-8 reaction reagent was added to each well and incubated for 4 h in an incubator.
The reagent was then read using a microplate reader at a wavelength of 450 nm.

Dynamic Measurement of PplX Fluorescence

HaCaT cells (8x10* cells/well) were seeded in 96-well plates and cultured for 24 h. When the cells reached 80% confluence,
the serum-containing medium was aspirated and the cells were rinsed three times with PBS. 100 uL DMEM supplemented
with different concentrations of ALA (0 mM, 0.1 mM, 0.5 mM, 1 mM, 2 mM, 5 mM and 10 mM), ALA-ANPs (1 mM ALA
equivalent) and ANPs were added to the wells in the dark (96-well plates covered with tin foil) and continued to be cultured
at 37°C 5% CO,. At predetermined time points within the following 12 h, PpIX fluorescence was quantified using
a microplate reader with an excitation wavelength of 400 nm and an emission wavelength of 635 nm. Autofluorescence

data were obtained after background correction. 5 replicate wells were employed for each group (n = 5).

Morphological Observation and Detection of Intracellular Mitochondrial Membrane

Potential

HaCaT cells were seeded in 96-well plates at a density of 8000 cells/well. At 80% confluence, the medium was replaced with
serum-free medium supplemented with 0 mM ALA, 0.5 mg/mL ANPs, 1 mM ALA or 0.5 mg/mL ALA-ANPs. After
incubation in the dark for 6 h, the medium was initially substituted with PBS, and the cells was transferred to red light
(parameters: 80mJ/cm?, perpendicular distance: 15cm) for 15 minutes. Afterward, the cells were transferred to the incubator
under the protection of tin foil, the PBS was replaced with normal medium and the cells were further incubated in the darkness
for an additional 12 h. Cell morphology was observed under a light microscope. The mitochondrial membrane potential was
assessed using a mitochondrial membrane potential assay Kit. 5 replicate wells were employed for each group (n = 5).

Reactive Oxygen Species (ROS) Levels

ROS levels were assessed in the control, 0.5 mg/mL ANPs, 1.0 mM ALA and 1.81 mg/mL ALA-ANPs groups. Cells were
washed twice with buffer solution and then stained with diluted DCFDA (2°,7’-dichloro-dihydro-fluorescein diacetate)
solution. After incubation for 45 minutes at 37°C in the dark, the cells were washed twice more with buffer solution. The
staining results were examined under a fluorescence microscope. 5 replicate wells were employed for each group (n = 5).

Ki67 Immunofluorescence Staining

Cells were fixed with 4% paraformaldehyde for 15 minutes at room temperature, followed by three washes with PBS.
The cells were then permeabilized with 0.2% Triton X-100 for 20 minutes at room temperature. The primary antibody
against Ki67 and the secondary antibody of sheep anti-rabbit I[gG H&L (DyLight 594) were used (1:200). Cell nuclei
were counterstained with DAPI (1:500) for 5 minutes. Imaging was performed using a fluorescence microscope. 5
replicate wells were employed for each group (n = 5).

Statistical Analysis

Each experiment was repeated three times. Statistical analysis was performed using SPSS 25.0 software (IBM
Corporation, Armonk, NY, USA). Two-way analysis of variance (ANOVA) was used to compare the levels of PpIX
generated by ALA ANPs and ImM ALA. The PpIX fluorescence and cell survival were evaluated by independent
T-assay at specific time points in different experimental groups. p < 0.05 indicated statistical significance.
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Results

Characterization of ANPs

Under SEM, the ANPs showed a uniform and spherical shape with good transmittance (Figure 1A), while the ALA-
ANPs showed an elliptical opaque shape (Figure 1B), indicating successful coating with ALA. TEM showed that the
ANPs had low electron density and nucleoid structure in their centres, suggesting that the interior of the ANPS might be
hollow. The surface of the ANPs is smooth, with occasional highly transparent structures, suggesting surface pores
(Figure 1C). In contrast, the ALA-ANPs showed reduced light transmission and an uneven surface (Figure 1D).

Size Analysis of Nanoparticles

The diameter of the ANPs ranges from 150 nm to 200 nm, with a single prominent peak indicating a concentrated
distribution (Figure 2A). The ALA-ANPs are larger than the ANPs, with diameters of 220-250 nm, showing a single
peak of frequency distribution (Figure 2B).

Biocompatibility of ALA-ANPs

The cytotoxicity of ANPs at different concentrations was evaluated: control group, 0.1, 0.5, 1.0, 1.5 and 2.0 mg/mL.
0.5mg/mL ANPs showed comparable cytotoxicity compared to the medium without FBS (p > 0.05) and 1.0 mg/mL
ANPs resulted in a significant decrease in cell viability after 12 h incubation (p < 0.05). This condition can be attributed
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Figure | Characterization of acrylic nanoparticles (ANPs) and 5 - aminolevulinic acid loaded acrylic nanoparticles (ALA-ANPs) by scanning electron microscopy (SEM)
(A and B) and transmission electron microscopy (TEM) (C and D). (A and C) ANPs, (B and D) ALA-ANPs.
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Figure 2 Size analysis of the ANPs (A) and ALA-ANPs (B). The abscissa represents the diameter and the ordinate represents the frequency distribution.

to the cells overtaking the ANPs, triggering their own swelling and subsequent death (Figure 3). Therefore, 0.5 mg/mL
ANPs was chosen for the subsequent ALA-coated ANPs experiments.

Kinetics of PplX fluorescence

ALA at different concentrations, ANPs and ALA-ANPs were added to a culture system which was exposed to a specific
light after 6 hours of incubation. The parameters were set as follows: excitation wavelength is 400 nm, emission
wavelength is 630 nm. The results showed that protoporphyrin IX fluorescence increased over time in the ALA and
ALA-ANPs groups were. Four hours after irradiation, the intensity of PpIX fluorescence in the ALA-ANPs group
(equivalent to 1 mM ALA) was higher than that in the I mM ALA group (p < 0.05). The fluorescence in the ANPs group
was barely visible, indicating that ANPs alone could not induce PpIX production in HaCaT cells (Figure 4).

Morphology of HaCaT Cells After Different Concentrations of ALA-PDT

In the 0 mM ALA group (control), HaCaT cells exhibited a uniform and regular cobblestone-like morphology, forming
cohesive clusters (Figure 5A and B). Cells treated with 0.5 mg/mL ANPs retained the cobblestone-like appearance,
exhibiting strong adhesion and clustered growth (Figures 5C and D). In the ImM ALA group, HaCaT cells exhibited
more uniform morphology, increased cellular permeability, decreased intercellular cohesion and cell death in the medium
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Figure 3 The cytotoxicity of ANPs on HaCaT cells within 24 hours of culture. Vertical axis represents Optical Density (OD:450nm).
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Figure 4 Production of protoporphyrin IX in 9 groups within 12 hours of incubation. OD (Optical Density) is depicted on the vertical axis. (excitation wavelength: 400 nm,
emission wavelength: 630 nm).

Figure 5 Effects of different concentrations of 5-aminolevulinic acid photodynamic therapy (ALA-PDT) on the morphology of HaCaT cells. (A and B):0 mM ALA group
(control group); (C and D):0.5 mg/mL ANPs group; (E and F): 1.0 mM ALA group; (G and H):1.81 mg/mL ALA-ANPs group (equivalent to 1.0 mM ALA) (A, C, E and G:100
%, B, D, F and H) 200 x).

compared to controls (Figures S5E and F). HaCaT cells treated with 1.81mg/mL ALA-ANPs (equivalent to 1.0 mM ALA)
exhibited different cell shapes and sizes. Compared to the ImM ALA group, cellular permeability further increased, more
cells were observed in the culture medium and intercellular junctions were less tight (Figures 5G and H).

Growth Inhibition of HaCaT Cells by Different Concentrations of ALA-PDT

Based on the fluorescence kinetics results and considering the clinical treatment duration, HaCaT cells were exposed to
different concentrations of ALA for 6 hours followed by light exposure (parameters: 80 mJ/cm?, distance: 15 cm) for 15
minutes. The cells were then cultured in a 37°C incubator with 5% CO, for 12 hours in the dark. Using the CCK-8 method
for evaluation, it was observed that 12 hours after ALA-PDT treatment, when the ALA concentration remained below 2
mM, HaCaT cell activity decreased proportionally with the ALA concentration. However, when the ALA concentration
exceeded 2 mM, HaCaT cell activity showed no significant change, indicating a saturation effect without statistical
significance (p > 0.05). Comparing to the 0 mM ALA group, the cell viability of the 0.5 mg/mL ANPs group remained
almost identical, with no statistically significant difference (p > 0.05). Compared to the ] mM ALA group, the cell viability
of the 1.81mg/mL ALA-ANPs group (equivalent to 1.0 mM ALA) decreased significantly (p < 0.05) (Figure 6).
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Figure 6 Effects of different concentrations of ALA-PDT on the activity of the HaCaT cells. Vertical axis indicates Optical Density (OD:450nm). *p < 0.05, **p < 0.01, ***p < 0.001.
Abbreviation: ns, not significant.

Detection of Cell Mitochondrial Membrane Potential (MMP)

To investigate the effect of ALA-PDT on mitochondrial function in HaCaT cells, we used the JC-1 labelling method to
assess changes in mitochondrial membrane potential (MMP). After 12 hours of ALA-PDT treatment, we evaluated MMP
changes in the following groups: control (0 mM ALA), ANPs treated, ] mM ALA treated, and ALA-ANPs treated. Using
immunofluorescence analysis, we observed that the mitochondrial red fluorescence intensity in the control group
(Figure 7A) was very similar to that in the ANPs-treated group (Figure 7B). Compared with the control group, the
fluorescence of the MMP in the ImM ALA group (Figure 7C) was significantly darker, and the fluorescence intensity of
MMP in the ALA-ANPs (Figure 7D) group was also significantly weaker than that in the ImM ALA group (Figure 7E).

Reactive Oxygen Species (ROS)
To verify the level of ROS production in HaCaT after exposure to light, the fluorescent probe H2DCFH-DA was used to
detect the changes in ROS. After treatment with ALA-PDT for 12 h, ROS were detected in the blank 0 mM ALA group
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Figure 7 Effects of different concentrations of ALA-PDT on the mitochondrial membrane potential (MMP) of HaCaT cells. (A): 0 mM ALA group (control group);

(B): 0.5 mg /mL ANPs group; (C):1.0 mM ALA group; (D) 1.81 mg/mL ALA-ANPs group (equivalent to 1.0 mM ALA). (E). the relative expression of mitochondrial

membrane potential. *p < 0.05, **p < 0.01, **p < 0.001.
Abbreviation: ns, not significant.
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(control group), 0.5 mg/mL ANPs group, 1.0 mM ALA group and 1.81 mg/mL ALA-ANPs group (equivalent to 1.0 mM
ALA) by fluorescence probe method, respectively. The results showed comparable ROS fluorescence intensity between
the 0 mM ALA control group (Figure 8A) and the 0.5 mg/mL ANPs group (Figure 8B), with no statistically significant
difference (p > 0.05). Conversely, the ROS fluorescence intensity showed a significant increase in the 1.0 mM ALA
group compared to the 0 mM ALA control (Figure 8C). In addition, a further significant increase in ROS fluorescence
intensity was observed in the 1.81 mg/mL. ALA-ANPs group (corresponding to 1.0 mM ALA), as shown in Figure 8D,
and this difference was statistically significant (p < 0.01) compared to the 1.0 mM ALA group (Figure 8E).

Ki67 Immunofluorescence Staining

To assess the effect of 5-ALA PDT on HaCaT cell proliferation, ki67 immunofluorescence staining was performed. The
results were as follows: compared to the 0 mM ALA control group (Figure 9A and B), the fluorescence intensity of the
0.5 mg/mL ANPs group (Figure 9C and D) showed minimal change, | which was not statistically significant (p > 0.05).
In contrast to the 1.0 mM ALA group (Figure 9E and F), the fluorescence intensity of the 1.81 mg/mL ALA-ANPs group
(corresponding to 1.0 mM ALA) decreased significantly (Figure 9G and H). Importantly, this difference was statistically
significant (p < 0.01) (Figure 91).

Discussion

The efficacy of a drug is determined by the processes of absorption, distribution, metabolism and excretion in the body.'*
However, cell membranes contain potent drug efflux transporters, resulting in suboptimal concentrations of ALA that are
insufficient to overwhelm the normal haem synthesis pathway and undermine the therapeutic effect of ALA-PDT.
Nanocarriers were found to improve the transport efficiency of ALA. Different nanocarriers have been proposed for
topical applications. Currently, polymeric NPs (PLGA), chitosan NPs, silica NPs, metal NPs/gold NPs, nanostructured
lipid carriers (NSLCs), liposomes and nanoemulsions have successfully encapsulated the photosensitiser ALA for the
treatment of skin diseases.'>'* ALA- nanoemulsions in soybean oil O/W systems showed both the highest skin
permeation and flux across porcine skin (2.6-fold higher than the aqueous control).'> The nanostructured lipid carrier
can control the release of ALA in vitro (dialysis membrane method), enhance the in vitro skin penetration of ALA (rat
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Figure 8 Effects of different concentrations of ALA-PDT on the reactive oxygen species (ROS) level. (A): 0 mM ALA group (control group); (B) 0.5 mg /mL ANPs group; (C)1.0
mM ALA group; (D) 1.81 mg/mL ALA-ANPs group (equivalent to 1.0 mM ALA). (E) The relative expression of reactive oxygen species. *p < 0.05, **p < 0.01, **p < 0.001.
Abbreviation: ns, not significant.
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Figure 9 Ki67 immunofluorescence staining of HaCaT cells (A, C, E and G) DAPI; (B, D, F and H) kié7). (A and B) 0 mM ALA group (control group); (C and D) 0.5 mg /mL ANPs
group; (E and F)1.0 mM ALA group; (G and H) 1.8 mg/mL ALA-ANPs group (equivalent to 1.0 mM ALA). I. the relative expression of ki67. *p < 0.05, **p < 0.01, **p < 0.001.

Abbreviation: ns, not significant.
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skin model) and increase the penetration of ALA into deeper skin layers.'®!” This suggests that nanocarriers play an
important role in increasing the permeability of photosensitizers.'®!°

Compared to the size of polymeric nanoparticles (PNPs, 10-1000 nm), liposomes (50—100 nm), nanoemulsions (NEs,
100-300 nm), polymeric micelles and nanospheres (10-80 nm), ANPs (150-200 nm) have advantages in particle size
uniformity, encapsulation and transport efficiency of ALA.”> ALA-ANPs were synthesised via emulsion polymerisation
and served as an innovative nanoparticle drug delivery system (NDDS).?” This system facilitated the efficient transport of
the photosensitiser ALA to HaCaT cells. Experimental results showed that when subjected to PDT, 1.81 mg/mL ALA-
ANPs (equivalent to 1.0 mM ALA) resulted in a significant increase in intracellular ROS levels compared to the 1.0 mM
ALA group. Notably, the ANPs themselves had no intrinsic capacity to generate ROS.*' This highlights the potential of
ALA-ANPs PDT to promote cell death by increasing ROS production within target cells. Taken together, these findings
highlight the multiple mechanisms underlying the efficacy of ALA-ANPs-PDT in inducing cellular responses.

In particular, ANPs exhibit pH-responsive degradation properties, which have been substantiated by a battery of
experiments including in vitro degradation, equilibrium swelling, drug delivery and intracellular drug release.'’ PpIX
accumulation showed a decreasing pattern when the ALA concentration exceeded the optimal threshold (OPT).?* This
phenomenon may be related to pH conditions, where maintaining a pH of 7.0 to 7.6 appeared to be conducive to increasing
PpIX levels within the cells.**** Taken together, these results highlight the exceptional nanomaterial properties of ANPs as
a versatile drug delivery system. Since exceeding a certain concentration of ANPs will lead to nanoparticle aggregation and
potential nanomass precipitation, and excessive ANP uptake by cells will trigger cell swelling and eventual rupture,
a concentration of 1.81 mg/mL of ALA-ANPs, equivalent to 1.0 mM ALA, was chosen in our studies.

When investigating the inhibitory effect on HACAT proliferation in vitro, we observed a significantly increased
inhibitory effect of 1.81 mg/mL. ALA-ANPs compared to 1.0 mM ALA after 12 hours of incubation (p < 0.01). The
1.81 mg/mL ALA-ANPs group showed a rapid increase in PpIX fluorescence at the third hour of incubation, even
reaching levels seen in the 2.0 mM ALA group. This result is similar to the effect of liposomes. At the same time, ALA
concentrations above 1.0 mM did not alter the effect of ALA-PDT on in vitro cell proliferation (p > 0.05). Notably, ANPs
alone had no inhibitory effect on HaCaT proliferation in vitro, reinforcing the fluorescence kinetic findings of PpIX. This
supports the notion that photosensitizers, when coated with ANPs, exhibit enhanced conversion to PpIX by increasing the
rate of uptake into target cells. Ultimately, this enhances the efficacy of PDT at equivalent ALA concentrations.

In this study, ANPs were used as a delivery system to improve the availability or stability of ALA, prevent the
reduction and loss of potency of ALA, and facilitate the transport of the photosensitiser. ANPs effectively inhibited the
proliferation of HaCaT cells in vitro and enhanced the penetration and accumulation of photosensitising agents within the
cells. This breakthrough provides a novel conceptual framework and theoretical basis for improved clinical management
of actinic keratosis. This study highlights the promising potential of ALA-ANPs as a means of optimising photodynamic
therapy outcomes.

Conclusion

The study shows that ALA - ANPs can enhance the efficiency of ALA - PDT in vitro by producing more PpIX at the
same concentration of ALA in HaCaT cells. The combination of ALA and ANPs provides an ideal protocol for the
delivery of ALA for the local treatment of skin diseases.
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