Materials Today Bio 37 (2026) 102872

L3

.
MATERIALS
TODAY

Contents lists available at ScienceDirect

Materials Today Bio

FI. SEVIER

journal homepage: www.journals.elsevier.com/materials-today-bio

A paradigm shift from penetration: Material-based solutions for
multidimensional spatiotemporal, hypoxic, and optical challenges in
cutaneous photodynamic therapy

Xun Feng a’l,. Hua Fan ! Lubin Zhou ', Zhilong Zhao ©, Mu Yang “ , Xinxing Sun®:",
Yang Chen """

& Department of Sanitary Chemistry, School of Public Health, Shenyang Medical College, Shenyang, 110034, China

b Department of Pharmaceutics, School of Pharmacy, China Medical University, Shenyang, 110122, China

¢ Liaoning Inspection Examination & Certification Centre, Liaoning Provincial Institute for Drug Inspection and Testing, Shenyang, 110031, China
4 Wenghou Institute, Institute of Translational Medicine, Shanghai University, Shanghai, 200444, China

ARTICLE INFO ABSTRACT

Keywords:
Photodynamic therapy
Smart material

Despite considerable advancements in pharmaceutical strategies (e.g., nanocarriers, physical enhancement) to
overcome the skin barrier for topical photodynamic therapy (PDT), clinical translation remains impeded by
unresolved challenges. While previous reviews have predominantly focused on enhancing photosensitizer

zﬂi’;gii?;nézrir delive permeation, this work shifts the paradigm to systematically address three critical yet under-reviewed barriers:
Microneedle & Y insufficient spatiotemporal precision in photosensitizer delivery, hypoxia-induced therapeutic resistance, and
Nanozyme inefficient photon utilization. This review critically evaluated the transformative evolution from conventional

formulations toward “smart” therapeutic architectures, presenting a coherent framework of material-based so-
lutions engineered to overcome these specific challenges: (1) depth-resolved, stimuli-responsive, and molecular-
targeted release mechanisms; (2) transdermal oxygen self-replenishing systems (e.g., catalase-mimetic nano-
materials or perfluorocarbon-based reservoirs); and (3) synergistic optical components to enhance photon uti-
lization, including tissue optical clearing agents, light-guiding channels, and multifunctional light-responsive
platforms. These integrated strategies enable the dynamic synchronization of photosensitizer bioavailability with
pathological microenvironmental demands, allowing precise modulation across spatial, temporal, and dosage
dimensions. Furthermore, we incorporated an analysis of commercially available and clinically investigated
photosensitizers, providing critical context for the current state and future trajectory of the field. By bridging
interdisciplinary insights from materials science, drug delivery, and photobiology, this work outlines a trans-
formative roadmap for next-generation, precision-based dermatological therapies, marking a clear departure
from penetration-centric approaches.

1. Introduction

Photodynamic therapy (PDT) is a clinically validated photochemical
treatment modality that operates via light-activated photosensitizers
(PSs), which produce reactive oxygen species (ROS) to exert cytotoxic
effects on targeted tissues [1,2]. Through effective PDT, multifactorial
therapeutic effects can be achieved, including effectively facilitating the
eradication of neoplastic cells, inactivation of microbial pathogens,
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disruption of vascular networks, and modulation of immune responses
[3,4]. Given the easy accessibility of skin to PSs and light, topical PDT is
particularly preferred for treatment of both malignant and nonmalig-
nant cutaneous diseases [5].

Current clinical guidelines, supported by robust evidence, strongly
recommend PDT for the management of actinic keratosis, superficial
cutaneous malignancies (such as Bowen's disease and superficial basal
cell carcinoma), reversal of photoaging, treatment of acne vulgaris,
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recalcitrant verrucae, cutaneous leishmaniasis, and onychomycosis [6].
PSs are generally administered externally to the skin, which enables
direct access to the targeted organ of topical PDT and avoids their sys-
temic phototoxicity [7]. The therapeutic efficacy primarily depends on
photophysical processes involving PSs excitation: upon light absorption,
ground-state PSs molecules undergo intersystem crossing to excited
triplet states, subsequently initiating oxygen-dependent ROS generation
through either electron transfer (Type I reaction) or energy transfer
(Type II reaction) pathways [2,8]. Of these, the Type II mechanism
involving singlet oxygen (105) production predominates in clinical PDT
applications due to its superior cytotoxic potential, though its
oxygen-dependent nature imposes inherent limitations in hypoxic tumor
microenvironments [9].

Despite two decades of clinical implementation, significant trans-
lational challenges persist that constrain PDT optimization [10,11].
While existing reviews have predominantly focused on enhancing skin
penetration of PSs [12,13], critical limitations beyond permeability
including imperfect spatiotemporal control of PSs activation,
hypoxia-induced therapeutic resistance, suboptimal light penetration
and utilization efficiency, and formulation-dependent PSs instability
remain systematically underexplored. Key limitations include imperfect
spatiotemporal control of PSs activation, hypoxia-induced therapeutic
resistance, suboptimal light penetration and utilization efficiency, and
formulation-dependent PSs instability. To address these interconnected
barriers, this review systematically examines recent advances at the
convergence of materials engineering, targeted drug delivery systems,
and optical innovation. In accordance, this review would provide a
systematic dissection of these multidimensional barriers hindering the
clinical translation of topical PDT, and propose critical solutions that
integrate material science, intelligent drug delivery, and optical engi-
neering (Fig. 1). The paper uniquely maps the technological evolution
from conventional formulations to next generation “smart” therapeutic
architectures, highlighting their potential to synchronize PSs bioavail-
ability with dynamic microenvironmental demands.
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Fig. 1. Challenges in cutaneous PDT and innovative strategies.
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2. Spatiotemporal constraints of the PSs and material-based
strategies

2.1. Spatiotemporal constraints

Conventional topical formulations usually exhibit poor spatial
selectivity because of the passive diffusion mechanisms. The trans-
portation of PSs in the skin follows two distinct spatial trajectories:
lateral diffusion within the stratum corneum and adjacent epidermis,
and vertical permeation through the dermal-epidermal junction into
systemic circulation [14]. This spatial dichotomy poses dual risks. The
lateral dispersion facilitates PSs accumulation in perilesional healthy
tissues, where unintended light exposure triggers localized phototox-
icity (erythema, edema, desquamation, and hyperpigmentation).
Conversely, vertical permeation enables systemic PSs absorption, risk-
ing hepatic sequestration and distant organ photosensitization, partic-
ularly in sun-exposed regions [15,16].

The contribution of lateral spread and vertical permeation of a PS is
governed by both the skin microenvironment and its physicochemical
properties [14]. The surface of the skin is covered with a unique blend of
lipids (ceramide, cholesterol, and fatty acids) derived from the inter-
cellular space of the stratum corneum or secreted from sebum lipids
[17]. Below the stratum corneum are viable epidermis, dermis, and
hypodermis, all of which are composed of about 90 % water and thus
greatly hydrophilic [18]. For highly lipophilic compounds, they
demonstrate preferential epidermal sequestration due to stratum cor-
neum partitioning effects, subsequently manifesting centrifugal diffu-
sion kinetics through intercorneocyte lipid matrix remodeling. By
contrast, moderately lipophilic compounds preferentially undergo lon-
gitudinal diffusion, generating obconical concentration gradients [19].
Although the lateral lipid diffusion may show no dependence on mo-
lecular weight, its contribution to the total drug penetration would be
significant for larger molecules [20]. Hydrophilic compounds demon-
strate limited stratum corneum permeability due to their poor parti-
tioning with the intercellular lipid matrix; however, their transdermal
delivery can be significantly enhanced by co-administration with
chemical penetration enhancers or utilization of transappendageal
routes. Upon breaching the epidermal barrier, they display accelerated
systemic absorption through enhanced capillary network accessibility,
particularly under conditions of compromised skin barrier integrity
[20-22].

As systematically categorized in Table 1, PSs molecules can be
categorized into distinct families based on their inherent structural
motifs and features, generally including porphyrins, porphyrin pre-
cursors, chlorins, phthalocyanines, natural sensitizers, and fluorescent
dyes. These structural variations critically govern their physicochemical
profiles, particularly molecular weight (MW) and logarithm of the
octanol-water partition coefficient (log Ko/w, commonly abbreviated as
log P), both of which collectively determine their skin penetration pat-
terns. Theoretical mathematical models (QSAR) can predict that PSs
with varying MW and log P would have different tendencies to systemic
absorption (governed by transdermal permeation coefficients, Kp) or
lateral diffusion (dependent on stratum corneum lipid fluidity, Klateral).
Hydrophobic agents (log P > 3) preferentially undergo centrifugal
dispersion through intercorneocyte lipid lamellae, whereas hydrophilic
counterparts (log P < 0) favor vertical permeation into capillary
networks.

In addition, conventional PSs molecules, lacking intrinsic molecular
recognition capabilities, often fail to achieve precise spatiotemporal
targeting, resulting in suboptimal therapeutic outcomes. For those dis-
eases (e.g., acne vulgaris) originating from cutaneous appendages, the
absence of appendage-targeting mechanisms would also result in inef-
ficient appendage penetration and non-specific activation consequences.
Therefore, the non-specific permeation of PSs molecules necessitates
tailored formulation strategies to optimize their target-site accumula-
tion while minimizing off-target effects.
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Table 1
The commonly used PSs and their physicochemical properties.
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Type Name Mw Log P Log Kp; (transdermal, cm/s)” Log Kpy (transdermal, cm/s)” Log Kp (lateral, cm/s)“
Porphyrins Porfimer sodium 1179.36 2.8 —7.93 —7.56 —8.65
Verteporfin 1437.59 2.1 —10.00 -9.46 —-8.77
Hemoporfin 598.7 2.74 —4.43 —4.34 —8.66
Porphyrin precursors 5-aminolevulinic acid ALA) 131.12 -1.5 —4.58 —4.52 /
Methyl ALA 145.16 -1.2 —4.46 —4.40 /
Chlorins Chlorin e6 (Ce6) 596.67 1.2 —5.51 -5.35 —9.02
Natural sensitizers Curcumin 368.38 3.62 —2.40 —2.47 —8.54
Hypericin 504.44 3.92 —3.01 —3.04 —8.50
Resveratrol 228.24 2.57 —2.29 —2.38 —8.69
Fluorescent dyes Methylene blue 319.85 3.61 -2.11 -2.21 —8.54
Indocyanine green 774.97 6.05 -3.15 -3.15 —8.32
Rhodamine B 479.02 1.34 —4.69 —4.60 —8.97

Note for this table.

@ Calculated according to the empirical equation (Potts and Guy): log K, = —2.72 + 0.71logP - 0.0061 MW.
b Calculated according to the empirical equation (US-EPA): log K, = —2.80 + 0.66logP - 0.0056 MW.

¢ Calculated according to the empirical equation: log K, = 0.7log P - 9.09691.

2.2. Material-based strategies

The effectiveness of skin PDT relies on a meticulously designed
system that addresses three primary delivery challenges: restricted
vertical penetration, unintended activation, and inadequate lesion-
specific accumulation. This section explores microneedles (MNs) medi-
ated deep tissue delivery, disease-responsive material platforms, and
molecular recognition strategies. These approaches collectively facili-
tate anatomical precision, pathologically triggered activation, and sub-
cellular targeting, thereby transitioning PDT from passive diffusion to
active interaction with the local microenvironment.

2.2.1. MNs mediate depth-resolved delivery in the skin

MN arrays are micron-sized projections that enable spatially
controlled transdermal delivery through minimally invasive micro-
channel creation, bypassing the stratum corneum barrier to achieve
localized drug deposition within specific skin strata (epidermis, dermis,
or hypodermis). They can be fabricated from diverse materials including
stainless steel, silicon, and biomacromolecules (e.g., hyaluronic acid),
and engineered into structurally distinct forms such as solid, coated,
hollow, or dissolvable configurations for meeting different delivery de-
mands [23].

Generally, the human skin is anatomically organized into three
layers, progressing from superficial to deep: the stratum corneum (a
keratinized barrier layer, 10-20 pm), the viable epidermis (hosting
active metabolic activity, 50-100 pm), and the dermis (providing
structural support through collagen and elastin networks, 1-2 mm) [24].
Therefore, the length of MNs is a critical design parameter that can be
elaborately modulated for layer-specific delivery in the skin. Generally,
they require a minimum length of 20 pm to effectively penetrate the
stratum corneum for epidermal delivery and 150 pm to traverse the
viable epidermis and reach the dermis. In addition, it should be noted
that the penetration depth can also be affected by other factors, such as
the insertion force and the structural features of the MNs [25].

Tip-loaded dissolving MNs are the preferred design for layer-specific
drug delivery due to their unique layered architecture. The drug-loaded
tip layer confines therapeutic agents (e.g., PSs) to the needle apex,
ensuring localized release within the targeted skin region, while the rest
layer provides mechanical robustness during insertion while rapidly
dissolving post-application to minimize residual material [26,27]. This
stratified design enables depth-resolved control of drug release, making
it ideal for PDT applications requiring precise PSs activation.

In conventional tip-loaded MNs, drug payloads (e.g., PSs) can be
loaded throughout the entire needle body with a non-therapeutic
backing layer, which significantly reduces superficial drug diffusion
and retention in the upper epidermis. For example, Zhao et al. developed
such a sodium hyaluronate MN patch containing 122 pg ALA mainly

distributed in the tips with a height of 907 + 20 pm (Fig. 2a). After
treatment of the skin for 2 min, the MNs could effectively pierce the skin
and achieve an insertion depth of 218 + 52 pm (Fig. 2b-d), which was
shorter than the MN height, probably due to the presence of skin elas-
ticity and the rapid dissolution of the MN. This insertion capacity en-
ables the MNs to pierce through the stratum corneum and reach the
dermis layer, facilitating their PDT efficacy against subcutaneous tumor
(97 % inhibition rate versus 66 % in the injection group) (Fig. 2e-h)
[28]. Similarly, He et al. engineered a comparable MN system to achieve
the localized delivery of 5-ALA and enhance the intratumoral accumu-
lation of protoporphyrin IX, namely the photosensitive metabolite
derived from 5-ALA [30].

Modern advancements pioneer apex-specific drug loading, where
only the needle tip contains the active compound, while the remaining
shaft and backing layer are fabricated from identical or different matrix
materials (e.g., hyaluronic acid, PVP). This structural refinement en-
hances vertical penetration precision, enabling targeted delivery to
deeper dermal layers. With sodium hyaluronate and polyvinyl alcohol as
the matrix in different sections, an MN array consisting of a hemoporfin-
loaded apex (140 pm) and a transparent needle shaft (660 pm) was
fabricated (Fig. 2i and j). The transparency of the needle body facilitated
the light penetrating through the MN (Fig. 2k). After insertion into the
skin, the HA tips could fully dissolve within 5 min (Fig. 21-q). At a high
insertion ratio, the MNs achieved a relatively narrow distribution of the
payload in the skin, starting from 40 pm to 180 pm (Fig. 2r-t). This
optimization enhances the utilization rate of PS, and its dosage was
reduced to 0.17 % of the amount used in the clinical method [29].

However, it should be noted that upon dissolution of the MN matrix,
the released drug relies entirely on passive diffusion governed by con-
centration gradients, with no active mechanism to regulate spatiotem-
poral distribution or penetration depth. This lack of post-dissolution
control would also compromise their efficacy in targeting deep-seated
lesions or confining drug action to specific microenvironments, often
resulting in off-target effects and suboptimal bioavailability. Conse-
quently, the current dissolvable MNs remain inadequate for precision
therapies requiring dynamic control over drug migration, which is a
challenge driving the development of next-generation systems incor-
porating stimuli-responsive materials, actively targeted molecules, or
external guidance modalities (e.g., magnetic fields, ultrasound) to steer
drug behavior post-administration [31].

2.2.2. Stimuli-activatable functional materials enable on-demand release at
pathological sites beneath the skin

Stimuli-activatable platforms significantly improve the localized
precision of PDT by restricting PSs activation to pathological microen-
vironments, thereby minimizing off-target phototoxicity. These smart
carriers exploit disease-specific endogenous cues (e.g., acidic pH,
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Fig. 2. Tip-loaded MNs (a-h) and apex-loaded MNs (i-s) for depth-resolved delivery in the skin, including (a) stereomicroscopy image of the conventional tip-loaded
MNs, (b) histological section of the mouse skin treated by MNs, (c) CLSM images of the mouse skin after insertion of the rhodamine 6G loaded MNs for 2 min, (d)
bright-field micrograph of the treated skin, (e) tumor growth curves tumor-bearing mice after PDT by the ALA-loaded MNs, (f) representative images of tumor-
bearing mice after 14 days' treatment, (g) weight of excised tumor, (h) images of excised tumor, (i) schematic illustration of the apex-loaded MNs, (j) schematic
illustration of the transparent needle body, (k) the light guiding effect of the MNs illuminated by 525 nm green light, (1) photo of the apex-loaded MNs, (m) photo of a
single MN, (n) SEM of the MNs (scale bar: 200 pm), (o) photo of the MNs after the tips dissolved, (p) photo of a single transparent needle body, (q) SEM of the MN
after the tips dissolved (scale bar: 200 pm), (r) bright field image of the mouse skin after insertion of the MNs, (s) CLSM images of the skin from the skin surface
(0 pm) to 180 pm beneath the skin (scale bar: 100 pm), (t) scheme of needle insertion. Copied with permission [28,29]. Copyright 2018, Elsevier. Copyright
2022, RSC.

hypoxia, elevated ROS/H20, levels, or overexpressed enzymes) or structural/chemical transformations (e.g., bond cleavage, phase transi-
externally applied triggers (light, heat, magnetic fields) to transition tions) to release PSs and generate cytotoxic ROS in situ, enhancing the
from a quiescent state (“off”) during delivery process to an activated selectivity and accuracy of PDT [32-34].

state (“on”) at target lesions. Upon stimulus exposure, they undergo For endogenous stimuli-responsive strategies, PSs can be engineered
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as prodrug-based precursors or assembled into stimuli-labile nano-
carriers. These systems remain pharmacologically inert until encoun-
tering diseased microenvironmental cues, such as acidic pH or elevated
H,02/ROS/enzymes, triggering the pro-photosensitizer or PS-loaded
carrier degradation via responsively cleavable bonds or linkers
[35-37]. This spatiotemporally precise activation ensures localized
release of active PSs, minimizing off-targeted phototoxicity while
enhancing intralesional ROS generation. For instance, a hydrophilic
protophorphyrin IX (PpIX) derivative conjugated to the adipic dihy-
drazide (ADH) functionalized hyaluronic acid (HA) was introduced into
a tumor acidic microenvironment activatable dissolving MN via the
crosslinking its hydrazide bond to the aldehyde group of proto-
catechualdehyde-Fe*>* complex to form the matrix material with pH
sensitive acylhydrazone bond. With the pH decreased from 7.4 to 5.0,
the drug release rate was dramatically increased, ensuring an enhanced
chemo-PDT towards melanoma [38]. Since MNs enable direct cellular
delivery of therapeutic payloads, other stimuli-responsive nanocarriers
or PS prodrugs, originally engineered for injectable systems, can be
synergistically integrated with MN platforms to achieve spatiotemporal
control over PDT activation. These responsive strategies (e.g.,
enzyme-cleavable coatings, hypoxia-responsive nanocarriers) have been
systematically reviewed elsewhere, with recent advances demonstrating
enhanced specificity and reduced off-target phototoxicity in preclinical
models [32,36].

External stimuli (e.g., light, magnetic fields, or ultrasound) would
also enable spatiotemporally precise localization of PSs to targeted skin
regions (e.g., dermal or subcutaneous tumors) [39]. For instance, a
magnetic nanocomposite film based on bacterial cellulose was engi-
neered as a stimuli-responsive platform for enhanced transdermal PDT
and chemotherapy. This system integrates superparamagnetic Fe304
nanoparticles co-loaded with the PS hematoporphyrin monomethyl
ether and chemotherapeutic doxorubicin. Surface modification with
folic acid (FA) conferred active tumor-targeting capability by binding to
overexpressed folate receptors on breast cancer cells. Under external
magnetic guidance, the nanocomposite achieved deep-seated lesion
targeted delivery and achieved breast cancer treatment [40].

The stimulus-responsive strategies successfully implemented in other
therapeutic areas can be directly adapted to innovate the cutaneous PS
delivery systems. Notable examples include the glucose-sensitive insulin
patches pioneered by Gu’ group [41,42] and the wound-responsive
smart dressing developed by Shen’ group [43,44]. Their underlying
material-design concepts offer a valuable framework for enhancing PS
delivery. For instance, the closed-loop co-delivery platform for insulin
and glucogon provides a paradigmatic inspiration for self-optimizing
both drug availability and therapeutic microenvironment via the
simultaneous release of a PS and a complementary modulator in
response to real-time microenvironment feedback [45].

2.2.3. Targeting moieties orchestrate the precise localization of PSs to
disease-specific targets within pathological skin microenvironments
Targeting moieties, such as antibodies and ligands, can be used to
develop functionalized carriers or conjugates for precision delivery of
PSs to disease-specific biomarkers (e.g., EGFR, CD44, IL-23R) within
cutaneous pathologies [46-48]. By leveraging molecular recognition
mechanisms, this strategy achieves pathogenic molecule/cell-level
spatial resolution. It can bypass limitations of traditional targeting
mechanisms that rely on passive diffusion or on responses to changes in
microenvironment (e.g., pH/ROS level), which often suffer from tar-
geting inaccuracies due to fluctuating pathological gradients.
Ligand-functionalized PS carriers, which represent the most exten-
sively employed targeted delivery systems, exploit modular ligand-
receptor interactions to achieve subcellular precision in PDT. These in-
teractions include folic acid with the folate receptor, which is overex-
pressed in the membranes of skin tumor cells [49]; RGD with integrin
avps, a key player in melanoma angiogenesis [50]; and hyaluronic acid
(HA) with CD44, which is abundant in inflamed and cancerous skin cells
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[51]. For example, RGD-functionalized liposomes co-loaded with the PS
chlorin e6 (Ce6) and capsazepine (TRPV1 antagonist) were engineered
to amplify the tumor-specific ROS generation and block
TRPV1-mediated pain signaling during PDT. The RGD motif selectively
binds avps integrins overexpressed on tumor vasculature, enhancing
intracellular liposomal uptake. Delivered via hyaluronic acid-based
dissolvable MNs, the RGD functionalized liposomes demonstrated
outstanding effectiveness in PDT against melanoma in mouse skin, of-
fering a paradigm for pain-managed oncology therapies [52]. In
antibody-engineered PDT, PSs are either directly conjugated to anti-
bodies (forming antibody-PS conjugates, APCs) or loaded into
antibody-decorated nanocarriers (e.g., liposomes, polymeric nano-
particles) that recognize antigens specifically overexpressed in
disease-associated cells. By functionalizing gold nanoparticles (AuNPs)
with anti-Melanoma Inhibitory Activity (MIA) antibodies, the system
achieved precise delivery of zinc phthalocyanine tetra-sulphonic acid
(ZnPcSy), a soluble and potential PS. The anti-MIA antibodies selectively
bound MIA antigens overexpressed on melanoma cells, enhancing
tumor-specific uptake and treatment efficacy [53].

Aptamer-targeted PDT represents a cutting-edge advancement in
precision medicine, leveraging nucleic acid aptamers to enhance PS
specificity and therapeutic control. As a short oligonucleotide sequence
with a folded three-dimensional structure, aptamers can act as ligands
modifiable to diseased cells [54]. In a recent study, the PS Ce6 was
attached to a DNA probe containing the AS1411 aptamer for targeting
the nucleolin expressed on tumor cells and a linear antisense oligonu-
cleotide for down-regulation of Survivin expression and thus avoidance
of tumor resistance to PDT. The resulting complex exhibited targeted
delivery and activation, exhibiting enhanced PDT efficacy towards
squamous cell carcinoma [55].

The integration of active targeting and stimuli-responsive drug
release offers a transformative approach to enhance PDT efficacy while
addressing tumor microenvironmental barriers. A prime example is the
synergistic combination of RGD peptide-mediated active targeting and
GSH-responsive drug activation, which enables spatiotemporal control
over therapeutic delivery. In this paradigm, a RGD-modified platinum
nanozyme co-loaded with a GSH-responsive PS prodrug was con-
structed. The GSH responsiveness could ensure the PS release from the
nanoparticle at the tumor site, and the RGD peptide could enhance its
targeting delivery and permeability in the cancer cells [56].

Beyond targeting human pathological markers, emerging strategies
in photodynamic antimicrobial therapy exploit pathogen-specific mo-
lecular signatures to enhance therapeutic precision. An innovative MN
patch was engineered with a dual-functionalized PS: pyridinium cations
to amplify electrostatic adherence to negatively charged bacterial
membranes (e.g., Staphylococcus aureus), and benzoxaborole moieties to
selectively bind to peptidoglycan in Gram-positive bacterial cell walls.
Upon dermal application, the MN could rapidly disintegrate at the
wound site, releasing the above PS into the biofilm microenvironment.
This targeted approach achieved the eradication of the multidrug-
resistant bacterial biofilms in diabetic chronic wounds [57].

2.3. Translational barriers and implications

Despite their innovative designs, these material-based strategies
discussed for overcoming PS spatiotemporal limitations face significant
translational barriers. For MN-mediated delivery, key challenges
encompass the variability in penetration depth due to heterogeneous
skin anatomy, the risk of structural failure from mechanical stress, and
constrained drug-loading capacities that may limit therapeutic dosing
[58-60]. The promise of stimulus-responsive systems is weakened by the
relatively broad specificity of their triggers (e.g., pH, enzymes), which
can lead to premature or off-target release, thereby compromising
spatiotemporal precision [61,62]. Similarly, active targeting via ligands
is challenged by the dynamic and complex skin microenvironment.
Factors such as suboptimal ligand-receptor binding affinity, rapid
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clearance, and patient-to-patient variability in target biomarker
expression collectively reduce in vivo targeting efficacy [63,64].

In addition, safety considerations represent a critical and non-
negligible aspect in the clinical translation of biomaterials and consti-
tute a primary bottleneck limiting the successful transition of most
preclinical research findings into clinical practice. For instance, while
topically applied nanoparticles are largely confined to the skin with
limited systemic absorption, they may still penetrate into deeper dermal
layers and exhibit localized accumulation, leading to prolonged tissue
exposure [65-67]. In contrast, physical enhancement strategies such as
MNs can disrupt the skin barrier more profoundly, thereby significantly
increasing the risk of systemic entry. Once carriers or their payloads
enter the systemic circulation, their subsequent biodistribution, meta-
bolism, and elimination require comprehensive investigation. For ma-
terials that degrade slowly or not at all, such systematic assessment is
particularly important, as they pose potential risks such as long-term
retention in the body, accumulation in specific organs, and delayed
clearance pathways.

The technical limitations of these strategies, along with their asso-
ciated safety concerns, highlight critical directions for future research.
Regarding safety considerations, precise monitoring of the in vivo
transport pathways and degradation behaviors of nanomaterials via
emerging technologies enables timely identification of potential safety
risks, thereby providing critical data for risk mitigation [68,69].
Furthermore, with the ongoing advancement of Al and organoid tech-
nologies, the prospective prediction of biomaterials' in vivo exposure
risks using large-scale models holds promise for circumventing research
and development challenges at an early stage and substantially accel-
erating their clinical translation [70]. Also, future efforts should focus on
combining multiple delivery strategies to enhance the precision of
therapeutic transport, while incorporating real-time monitoring and
dynamic adjustment capabilities throughout treatment. Illustratively,
Fu et al. developed barbed MNs via advanced 3D printing for wound
monitoring and drug delivery, enabling real-time intervention based on
the wound state [71]. Similarly, Gu's team designed a MN patch for
growth hormone that improves bioavailability through rhythmic release
profiles [72]. Such advances underscore the potential of physiologically
responsive, closed-loop systems. Integrating sensing, feedback, and
regulation within future delivery platforms will substantially enhance
the precision and adaptability of PDT, offering meaningful clinical
benefits.

3. Hypoxia-mediated therapeutic resistance and material-based
strategies

3.1. Hypoxia in dermal PDT

Oxygen plays a pivotal role in PDT, acting as the source of the
cytotoxic ROS, particularly the singlet oxygen (105) generated by the
Type Il photochemical pathway. While both Type I and Type II reactions
can occur concurrently, their relative predominance is governed by the
properties of PSs, the characteristics of substrates, and the availability of
oxygen. However, most of the reported PSs are Type II dependent, and
unfortunately, hypoxia is an intrinsic hallmark of many dermatological
diseases, such as malignant solid tumors and chronic wounds. The ox-
ygen tension (pO2) in most solid tumors typically ranges below 5 mmHg,
starkly contrasting with the physiological norm of 10-80 mmHg in
healthy tissues [73]. In contrast to normal skin tissue, where the pO, is
maintained in the range of 35-50 mmHg, chronic wounds also exhibit
markedly reduced oxygen levels (5-20 mmHg), with values plummeting
further to 0-10 mmHg in the hypoxic wound core [74].

The oxygen present in the skin arises from two primary pathways,
namely the centrifugal oxygen diffusion from subcutaneous vasculature,
where oxygen carried by dermal capillaries passively diffuses outward to
nourish epidermal layers, and the atmospheric oxygen permeation, with
environmental oxygen traversing the stratum corneum to supplement
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superficial epidermal oxygenation (Fig. 3). This dual-source mechanism
establishes distinct physiological oxygen gradients across skin layers: a
centrifugal gradient decreasing from the oxygen-rich hypodermis to the
metabolically active dermis, and a superficial gradient decreasing from
the stratum corneum to the stratum basale due to the transepidermal
oxygen diffusion [75]. As shown in Fig. 3, the well-vascularized dermis
maintains a physiological pO5 of ~10 %, while the epidermis exhibits a
descending gradient from moderately hypoxic (pOs ~5 %) in superficial
layers to moderately or severely hypoxic microenvironments (pOgz
<1 %) within pilosebaceous units (e.g., hair follicles, sebaceous glands)
[76]. In accordance, two approaches can be used to increase the oxygen
supply to the local skin: inhalation of gaseous oxygen via the respiratory
tract and topical delivery of oxygen. While respiratory oxygenation
ensures whole-body supply, its delayed cutaneous effects limit its utility
in acute dermatological interventions accompanied by vascular damage.
In contrast, topical oxygen therapies bypass systemic delays by directly
elevating cutaneous pO, through stratum corneum permeation [77].
Especially, it has been demonstrated that the superficial skin layers
(0.25-0.40 mm depth) are primarily oxygenated through atmospheric
diffusion via transepidermal oxygen permeation, whereas
vascular-derived oxygen from blood capillaries plays a negligible role in
this region [78].

Intrinsically, the skin has a certain ability to regulate oxygen ho-
meostasis through a coordinated network of molecular, vascular, and
metabolic pathways that dynamically adapt to environmental and
physiological challenges. Central to this regulation is the hypoxia-
inducible factor (HIF-1a) pathway, which is stabilized under condi-
tions of hypoxia to drive angiogenesis, vascular blood flow, glycolytic
metabolism, and erythropoiesis, enhancing oxygen delivery and utili-
zation in hypoxic disorders such as chronic wounds [79]. HIF-1a sta-
bility and activity are tightly regulated by oxygen-dependent
hydroxylases. Under normoxia, prolyl hydroxylases (PHD1-3) hydrox-
ylate HIF-1a at specific proline residues (Pro402/Pro564), marking it for
von Hippel-Lindau tumor suppressor protein (VHL)-mediated protea-
somal degradation. Asparaginyl hydroxylase FIH-1 leads to the hy-
droxylation of asparagine 803 in the HIF-1a, further suppressing its
transcriptional activity by blocking co-activator (p300/CBP) binding. As
oxygen levels decline, PHD/FIH-1 activity diminishes due to substrate
(02) limitation and mitochondrial ROS-mediated oxidation of Fe(II) in
their catalytic centers, stabilizing HIF-1a. PHD2 preferentially targets
HIF-1a, while PHD1/3 favor HIF-2a. Stabilized HIF-1a translocates to
the nucleus, dimerizes with HIF-1p, recruits p300/cyclic-AMP response
element binding protein (CBP), and activates hypoxia-response genes
regulating angiogenesis, metabolism, and survival. This oxygen-sensing
cascade enables adaptive responses to hypoxia through transcriptional
reprogramming [80,81].

3.2. Material-based strategies

Strategies to address hypoxia in PDT can be primarily categorized
into three approaches, including structural optimization of PSs, combi-
nation with hypoxia-activated prodrugs, and direct oxygen supply or
generation. The first two represent “adaptive” strategies, either modi-
fying the PS to maintain activity under low oxygen or designing pro-
drugs in which the PS is chemically linked or physically co-delivered
with a chemo-/immunotherapeutic agent [82]. The former aims to
preserve the intrinsic photodynamic action under hypoxia, while the
latter leverages the PDT-augmented hypoxic microenvironment to
trigger a combined therapeutic response [83-86]. However, these ap-
proaches often face significant synthetic complexity, potential systemic
toxicity, and mechanisms that extend beyond the core photodynamic
action. In contrast, material-based “active oxygen-replenishing” strate-
gies offer a more direct and controllable solution by actively alleviating
hypoxia in situ, thereby enhancing PDT in a more targeted and efficient
manner [87]. Accordingly, the following sections provide a systematic
evaluation of these material-based approaches, including natural
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Fig. 3. The oxygen level and gradient characteristics across different skin tissues.

enzymes, nanozymes, oxygen-loaded carriers, oxygenic precursors, and
photosynthetic materials (Table 2), with emphasis placed on their
design principles, translational potential, and remaining challenges.

3.2.1. Topical application of external catalase enables transdermal O,
delivery based on catalase-based biochemical reactions

Topical application of catalase-based formulations represents an
innovative strategy to overcome hypoxia in PDT by enabling enzymatic
oxygen generation directly within the HyO, over-expressed microenvi-
ronment. Previous studies have shown that a high amount of native
catalase is present in the skin, which can effectively catalyze the topical
Hy0, to O,. However, it requires a high concentration of peroxide
substrate (0.5-1 mM H203) to generate a substantial amount of O,
which may cause severe skin burn and blistering [88,89]. In addition,
the expression of catalase would be significantly decreased in the case of
skin disorders like vitiligo and UV radiation [90,91]. Fortunately,
topical application of catalase effectively enhances cutaneous oxygen-
ation, achieving dozens of times reduction in HoO> concentration.

To address the hypoxic limitation of PDT in bacterial infections (e.g.,
Staphylococcus aureus) in the skin, a PS (Ce6)-catalase conjugate was
developed and dermally delivered via incorporation into the fluorinated
polyethylenimines (F-PEI) to form the transdermal nanoparticles for
enhanced PS delivery. The system showed a unique advantage in the
penetration depth through the skin by comparison with non-fluorinated
counterparts. The in vivo abscess animal model demonstrated that
topical application of Ce6-CAT@F-PEIL, followed by light irradiation,
could trigger the decomposition of HyO» for O self-supply and achieve
highly effective PDT towards Staphylococcus aureus [92].

To enhance antitumor efficacy by PDT, Huang et al. engineered a
self-oxygenating MN patch via simultaneous incorporation of the cata-
lase and the PS, such as 5-ALA and 2-(1-hexyloxyethyl)-2-divinylpyr-
opheophorbic-a. For further achieving the ion-interference effect (e.g.,

Table 2
Comparative analysis of hypoxia-alleviating strategies in cutaneous PDT.

Cu®*/Ca?* respectively for GSH depletion and oxidative stress-mediated
apoptosis) and the sustained release effect, metal-based nanoparticles
such as the Cu?* doped calcium phosphate nanoparticles and zeolitic
imidazolate frameworks (Fig. 4a and b) could be used as their carriers,
providing sufficient loading and encapsulation. In response to the
increased oxygen, ALA-synthetase (ALAS) would be up-regulated via a
heme negative feedback mechanism (Fig. 4c). To evaluate hypoxia
alleviation and PS efficacy, intracellular oxygen generation was assessed
using the RDPP probe, revealing an almost 30 % reduction in fluores-
cence (FL) signal for CAT-loaded nanoparticles, confirming CAT-
mediated Oy production via HyO, decomposition (Fig. 4d-f). For 5-
ALA/CAT-loaded nanoparticles, the generation of PpIX was signifi-
cantly improved after 24 h post-incubation, achieving 4 times as high as
the PpIX FL intensity when 5-ALA alone was used (Fig. 4g-i). Real-time
PpIX metabolic profiling showed 5-ALA/CAT-loaded nanoparticles
(CCPCA) delayed peak FL intensity to 24 h (vs. 6 h for 5-ALA; 10 h for no
CAT-loaded nanoparticles), extending the metabolic time window for
repeatable PDT (Fig. 4j). Catalase-mediated elevation of endogenous Oz
levels inhibited the expression of HIF-1a under both normoxia (21 % O5)
and hypoxia (1 % O2) conditions with time- and concentration-
dependent profiles (Fig. 4k-n). The down-regulation of HIF-1a would
amplify PpIX accumulation via reduction of ferrochelatase (FECH)
expression and protoporphyrin IX (PpIX) efflux, but upregulation of
ALAS. This dual CAT/PS co-delivery system synergistically resolves
hypoxia, enhances PpIX accumulation, and prolongs therapeutic activ-
ity, enabling precision PDT with sustained efficacy [30,93].

However, the topical application of enzymatic formulations faces
significant challenges due to their inherent instability and rapid activity
loss during storage and application. While nanocarrier-based immobi-
lization strategies offer partial mitigation, these methods often fail to
fully address sustained enzymatic activity during practical use, partic-
ularly in chronic dermatological treatments requiring prolonged

Approaches Example Mechanism

Advantage Limitation

Natural enzymes catalase-PS conjugate or co-

loaded system

catalyze HyO2 — H20 + O

Nanozymes MnO, and prussian blue
nanoparticles
Oxygen-loaded hemoglobin, perfluorocarbon, encapsulate/load and release
carriers and MOF molecular O,

Oxygenic precursors H,0,, Ca0y3, MgO,, and
2Na,C0O3-3H20,

cyanobacteria

hydrolyzed or decomposed to
generate Oy
photosynthetic O, generation
under light

Photosynthetic
materials

high catalytic specificity; enzyme denaturation; Immunogenicity;

biocompatibility limited tissue penetration

stable, tunable activity, low cost, and  potential toxicity, multi-enzymatic
scalability properties

high O, capacity; sustained release; potential toxicity; high cost
biocompatibility

high O, yield; water-triggered rapid O, depletion; pH elevation
release

continuous O supply immune clearance; light penetration

limitations
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Fig. 4. MNs containing CAT/PS-loaded nanoparticles for improvement of PDT, including (a) the MN containing 5-ALA/CAT co-loaded copper-doped calcium
phosphate nanoparticles (CCPCA), (b)the MN containing 2-(1-hexyloxyethyl)-2-divinylpyropheophorbic-a (HPPH)-loaded zinc imidazolate framework (ZIF), (c)
increased intracellular O, induced PpIX accumulation through a heme negative feedback mechanism, (d, e) FL images and quantitative analysis of RDPP after
treatment by different nanoparticles at equivalent concentrations (80 pg mL™') for 24 h, scale bar = 100 pm, (f) HyO, levels in A375 cells, (g, h) FL images and
quantitative analysis of PpIX in A375 cells after treatment by equivalent amounts of free 5-ALA (5.4 pg mL 1) or 80 pg mL ! nanoparticles, scale bar = 100 pm, (i)
intracellular PpIX content in the lysate, (j) Real-time FL quantitative analysis of PpIX metabolism, (k) real-time FL quantitative analysis of PpIX metabolism, (I, m)
immunofluorescence images and quantitative analysis of anti-a-tubulin (green) and anti-HIF-1a (red) in A375 cells, (n) western immunoblots analysis of HIF-1a
expression at different time and concentrations. Copied with permission [30,93]. Copyright 2022, Springer. Copyright 2022, ACS.

therapeutic windows [94,95]. PEGylation of catalase has recently been
proposed to increase its stability. The PEGylated CAT was demonstrated
to increase half-life by > 5-fold, although PEGylation reduced specific
activity (more pronounced with higher MW PEGs) [96].

3.2.2. Nanozymes can substitute natural catalase in PDT and produce
catalase-like oxygenous effect

The emergence of nanozymes with enzyme-mimicking activities has
revolutionized healthcare and biomedicine, offering distinct advantages
over natural enzymes, such as superior stability, tunable catalytic ac-
tivity, and cost-effective scalability. Among these, the catalase nano-
zyme with HyOs-decomposing capability has garnered significant
attention, enhancing oxygen supply in hypoxic microenvironments, a
critical barrier in therapies like PDT [97,98].

The initial report of catalase-mimetic nanozymes was first published
in 2009, when core-shell Au/Pt bimetallic nanoparticles were found to
have dual superoxide dismutase- and catalase-like activities, offering
therapeutic potential for oxidative stress-related pathologies [99].
Subsequent advancements have expanded this field to encompass
diverse nanomaterials, including metal-based, metal oxide-based,
MOF-based, and carbon-based nanomaterials [100]. Among the
diverse nanozyme platforms, metal-based nanoparticles, particularly

those incorporating platinum (Pt), manganese (Mn), and gold (Au), are
predominantly employed due to their superior catalytic efficiency,
biocompatibility, and multi-enzyme activity, making them ideal candi-
dates for hypoxia-alleviated PDT.

Specifically, Mn-based nanozymes, leveraging their robust catalase-
mimetic activity, have become the foremost candidates for enhancing
PDT in dermatology, particularly in treating hypoxic skin tumors and
chronic wounds through the in situ oxygen generation [101]. They can
be integrated into PDT systems through three principal configurations:
Mn-doped composites, manganese dioxide (MnO3) nanostructures, and
Mn-porphyrin coordination complexes (e.g., Mn-based metal-organic
frameworks, MOFs). Among them, MnO, nanoparticles stand out as the
most widely employed agents for hypoxia alleviation in PDT, owing to
their excellent CAT-like activity. For example, MnO; nanoparticles and
the PS Ce6 were co-loaded into a polymeric nanocarrier coated with
polyethylene glycol (PEG). Under hypoxic nitrogen atmospheres, the
addition of HyO, markedly enhanced the light-triggered singlet oxygen
(*0,) generation by Ce6@MnO,-PEG nanoparticles, restoring 'O, yields
to levels comparable to those achieved by free Ce6 or Ce6@MnO,-PEG
nanoparticles under normoxic (air) conditions. Furthermore, the Mn?t
ions released during nanoparticle degradation function as an
adjuvant-like stimulator to activate the host immune system. This
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immunomodulatory effect synergizes with light-triggered PDT, enabling
both clearance of S. aureus-induced skin abscesses and long-term
immunological memory against reinfection [102]. Simultaneously, the
substantial released Mn?* ions can be utilized to enhance T1-magnetic
resonance (MR) imaging contrast for all-in-one theranostic tools due
to the tumor-specific imaging capacity [103]. In addition, MnO3 nano-
particles can be further hybridized with other metals (e.g., Cu, Pt, Au) to
enable multi-enzyme catalytic cascades (e.g., catalase-, peroxidase-,
oxidase-like activities) for amplified oxidative damage, while simulta-
neously achieving photothermal (PTT)-PDT synergy under near-infrared
(NIR) irradiation. For instance, Li et al. engineered a nanocomposite
(Cu-TCPP@MnO3) which enabled the triple-modal synergistic therapy
including PDT, PTT, and chemodynamic therapy (Fig. 5a). After topical
application, the two-dimensional Cu-TCPP nanosheets could not only
act as the PS to produce ROS (Fig. 5b), but also as the photothermal
agent to convert light energy into heat under dual-laser radiation. The
produced PTT effect would also enhance the ROS generation during
PDT, promote the release of metal ions (Mn2+ and Cu2+) serving as the
reactant in Fenton-like reactions to convert HyO5 into hydroxyl radicals
(eOH) and consuming the overexpressed GSH to reduce the ROS scav-
enging effect (Fig. 5c-i), and accelerate the catalysis of HyO5 into O3 by
MnO; (Fig. 5j). These synergistic effects have shown remarkable
bactericidal properties for infected wound healing [104].

Recently, Prussian blue (PB) nanoparticles, a type of iron-based
metal-organic framework, have emerged as multi-enzyme mimics with
excellent catalase, superoxide dismutase, and peroxidase-like activities
for ROS scavenging due to the redox-active Fe®*'/Fe®" centers [105].
Typically, PB has a chemical formula of Fe4[Fe(CN)gls [IUPAC name:
Iron (II, II) hexacyanoferrate (II, III)]. In the presence of HyO,, the PB
nanoparticles exhibit a shift in the catalytic behavior from POD to CAT
as the pH transitions from acidic to neutral conditions [106]. In addi-
tion, unlike other nanozymes exhibiting depletable catalytic activity, the
enzyme-like activities of PB nanoparticles can be well maintained and
even slightly enhanced over time, which may be due to the pre-oxidation
effect of HyO and the subsequent increase in the valence state of surface
Fe [107]. Tong et al. developed Ce6-loaded PB nanoparticles that syn-
ergistically integrate catalase-mimetic activity with PDT. This
dual-functional platform ensured the effective eradication of MRSA due
to the hypoxia alleviation (4 times enhancement in oxygen production).
After topical use, the MRSA-infected mice revealed accelerated wound
healing through VEGF-mediated tissue regeneration, while maintaining
favorable biosafety profiles [108].

3.2.3. Oxygen-loaded carriers enable localized cutaneous oxygen
supplementation for improvement of PDT

Oxygen-loaded carriers represent a transformative class of bio-
materials engineered to address hypoxia-related pathologies through
precision-controlled gas transport. These systems, encompassing he-
moglobin (Hb)-based vesicles, perfluorocarbon (PFC)-based carriers,
and synthetic oxygen-loaded materials such as MOF, actively modulate
tissue oxygenation due to the high oxygen affinity and stimuli-
responsive release properties [109,110]. For example, leveraging the
near-infrared (NIR)-responsive photothermal conversion, the black
phosphorus quantum dot modified MNs encapsulating Hb achieve the
temperature-modulated oxygen release, since the generated heat would
decrease the oxygen binding capacity of Hb. Each hemoglobin molecule
exhibits a tetraoxygen-binding capacity, with oxygen-loading efficiency
demonstrating a positive correlation to the encapsulation efficiency of
the Hb. Critically, the dissolved oxygen pressure demonstrated stable
even after the complete release of oxygen, confirming the maintenance
of release equilibrium and no detectable reabsorption (Fig. 6a) [111].

As chemically inert organofluorine compounds, PFCs act as artificial
red blood cells with exceptional oxygen solubility [114]. Perfluorooctyl
bromide and perfluorodecalin are the two most commonly used PFCs as
oxygen carriers, which can respectively dissolve 527 and 403 mL O,/L
PFC compared to 9-10 mL O,/L water in water and 200 mL O,/L blood
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in blood at 1 atm [115]. When formulated into a nanoemulsion, per-
fluorooctylbromide could achieve targeted supply of oxygen to the hair
follicle through the skin for promoting hair growth under anoxic con-
ditions [116]. Simultaneously, the chitosan-based dressings conjugated
with PFC were found to deliver and sustain oxygen for the enhancement
of wound healing after topical use [117-119]. In addition, it was sug-
gested that the PFC-engineered nanodroplets incorporating the drug
rifampicin and the PS indocyanine green could address antibiotic
resistance in acne vulgaris by synergizing photodynamic, chemothera-
peutic, and probiotic actions. Leveraging PFC's oxygen-rich microenvi-
ronment, the system achieved increased 10, generation for amplified
PDT efficacy against Propionibacterium acnes under NIR irradiation
(808 nm) [120].

3.2.4. Oxygenic precursors ameliorate hypoxia through self-decomposing
reaction or hydrolysis

Oxygenic precursors represent a class of chemically active materials
capable of autonomous oxygen generation through self-decomposition
or hydrolysis reactions, offering on-demand hypoxia alleviation in
biomedical applications. Beyond conventional liquid peroxides such as
hydrogen peroxide (H205), solid-state metal peroxides, including cal-
cium peroxide (Ca0,), magnesium peroxide (MgOs), and sodium per-
carbonate (SPC, 2NapCO3-3H205), can also serve as oxygen reservoirs
[110].

By integrating sodium percarbonate with poly(vinyl pyrrolidone)
MNs loaded with Ce6, the system achieved gas-driven PS delivery in the
skin tissues and hypoxia alleviation. As an oxygen propellant, SPC could
react with the surrounding fluid to generate oxygen bubbles upon hy-
dration, creating convective fluid flows that increased Ce6 penetration
from 918 pm to 1130 pm. Simultaneously, oxygen release boosted ROS
production and enhanced the PDT effect towards the hypoxic breast
cancer cells under irradiation. In vivo studies on an intradermal breast
cancer mouse model demonstrated the tumor growth suppression in
murine models after 20-day treatment, attributed to synergistic effects
of accelerated PS permeation and sustained oxygen supply (Fig. 6b)
[112].

3.2.5. Photosynthesis can be utilized as an oxygen-evolution method for
oxygen replenishment

As the largest oxygen-producing system existing in nature, photo-
synthesis can produce oxygen based on photosynthetic microorganisms,
chloroplasts, or thylakoids, among which photosynthetic microorgan-
isms are most used. A photosynthetic oxygen generation system com-
prises three core components: (1) photosynthetic microorganisms as the
oxygenic reaction subject, (2) biocompatible carriers for localized and
deep delivery, and (3) tunable light sources (400-750 nm) to driven situ
oxygen replenishment [121]. By comparison with other methods, this
approach can avoid the toxicity of toxic ionic products such as Mn?* and
keep stable activity under the harsh and complex pathological envi-
ronments [122,123].

Cyanobacteria, the earliest photosynthetic bacteria on Earth, can
utilize water as an electron donor to reduce CO into organic carbon
compounds while releasing oxygen under sunlight. As natural oxygen
carriers, their unique oxygen-evolving capability has been applied to
avoid the hypoxic issue in the PDT [122,124]. For instance, an inno-
vative dual-layered hydrogel system was developed by integrating
cyanobacteria-driven oxygen production with PDT to address the chal-
lenges of hypoxia for PDT of bacterially infected diabetic wounds. The
outer hydrogel layer harnesses photosynthetic cyanobacteria to
continuously generate oxygen under natural light, effectively alleviating
tissue hypoxia and creating an oxygen-enriched microenvironment. This
sustained oxygenation synergizes with the inner layer's photodynamic
MOF (i.e., PCN-224), amplifying ROS generation to eradicate resilient
bacterial biofilms. Beyond enhancing antimicrobial efficacy, the
cyanobacteria-derived oxygen promotes critical regenerative processes:
accelerating cell migration, suppressing chronic inflammation, and
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stimulating angiogenesis. By bridging hypoxia mitigation, infection
control, and tissue repair, this biohybrid platform demonstrates a
self-sustaining therapeutic strategy that leverages cyanobacteria's innate
photosynthetic capability to transform wound management (Fig. 6¢)
[113].

3.3. Translational barriers and implications

While the strategies discussed above offer promising avenues to
alleviate hypoxia in PDT, each faces distinct developmental and trans-
lational challenges [125]. Natural enzymes are limited by poor delivery
efficiency, non-specific accumulation, and a lack of spatiotemporal
control [126]. Nanozymes, though more stable, generally exhibit infe-
rior catalytic efficiency compared to their natural counterparts, and the
mechanisms governing their activity regulation are not fully elucidated.
The molecular basis for synergy in multi-enzyme systems, especially
where substrate competition exists, remains poorly defined, necessi-
tating deeper study into electron transfer pathways and microenviron-
mental modulation. Off-target effects due to insufficient specificity
further complicate their application. Critically, the biosafety of
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metal-based nanozymes constitutes a major concern. The potential for
metal ion leakage, tissue accumulation, and collateral damage resulting
from Fenton-like reactions necessitates thorough evaluation. It is crucial
to precisely quantify the in vivo dosage, biodistribution, and clearance
kinetics of these metallic components, particularly those with potential
toxicity, to ensure safety [127,128].

Oxygen carrier strategies, which primarily function as passive res-
ervoirs, encounter significant challenges in stability and control. These
include the physical and chemical stability of the carrier materials
themselves, the stability of their oxygen-loading capacity during storage
and circulation, and critically, the spatiotemporal stability of oxygen
release rates. Often, the release profile fails to align with the rapid and
fluctuating oxygen consumption rates within tumors, leading to ineffi-
cient reoxygenation [129]. Furthermore, the adverse effects associated
with these carriers are not fully characterized, their clinical indications
remain inadequately defined, and a more comprehensive understanding
of their in vivo metabolic fate and tissue oxygenation efficacy is
required. Oxygenic precursors contend with challenges such as exces-
sively rapid reaction kinetics and byproducts that can alter the micro-
environment. Photosynthetic materials, such as cyanobacteria, as living
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systems, encounter significant obstacles related to immunogenicity and
limited light penetration depth [130].

In the future, with the deep integration of materials science and life
sciences, the development of safer and more stable nanozymes and self-
oxygen-supplying systems is anticipated to effectively mitigate the
hypoxic microenvironment in PDT, thereby further enhancing its ther-
apeutic efficacy. For instance, an engineered cyanobacterium designed
and constructed using synthetic biology approaches, when modified
with MnO,, exhibits stable oxygen generating capacity and enables
synergistic integration of PDT and immunotherapy [131]. Ultimately,
achieving a safe, efficient, and precisely controllable oxygen supply will
be pivotal for advancing the clinical translation of next-generation PDT.

4. Light-related issues and material-based strategies

4.1. Limited light penetration in the skin and spectral mismatch with other
phototherapy

Therapeutic light irradiation serves as the cornerstone of PDT, not
only activating PSs through precise wavelength-tuned photon delivery
but also functioning as a versatile platform for multi-modal photo-
therapeutic integration [8]. Usually, by employing distinct yet coordi-
nated wavelengths, PDT and PTT can be synergistically integrated to
enable complementary therapeutic action while overcoming the
inherent limitations of monotherapy. The thermogenic effect elicited by
PTT potentiates the PDT efficacy through dual mechanisms: (1) hemo-
dynamic modulation via localized hyperthermia enhances microvas-
cular perfusion and vascular permeability, facilitating oxygen and PS
delivery; (2) proteostatic disruption through ROS-mediated oxidation of
heat-shock proteins (HSPs, e.g., HSP70/90), the molecular chaperones
critical for DNA repair and anti-apoptotic signaling, thereby sensitizing
cancer cells to PDT-induced oxidative stress [132].

A fundamental challenge in light-based dermatological therapies lies
in overcoming the skin's stratified optical barriers, which impose
wavelength-dependent limitations on effective light penetration [133].
The depth of light penetration into cutaneous tissue exhibits a biphasic
relationship with wavelength, and it progressively increases from the
ultraviolet (200-400 nm) through visible (400-750 nm) spectra before
declining in longer infrared wavelengths (750-1000 nm) due to the
water absorption. During transdermal light propagation, the optical
energy density undergoes nonlinear attenuation with increasing tissue
depth, stemming from the dual mechanisms of photon absorption and
scattering within cutaneous layers. For example, the ultraviolet radia-
tion at 300 nm demonstrates limited cutaneous penetration, with 37 %
of incident photons attaining depths of 15 pm (epidermal stratum cor-
neum), while 340 nm wavelengths achieve deeper permeation (54 pm)
into the viable epidermis. In the visible to near-infrared spectrum,
450 nm and 650 nm light demonstrate 1 % residual fluence rate at
depths of 1.6 mm (superficial dermal plexus) and 5.2 mm (subcutaneous
adipose interface), respectively [134]. Therefore, optimal therapeutic
outcomes in cutaneous PDT necessitate precise optimization of optical
parameters, requiring sufficient fluence at critical depths while main-
taining wavelength-specific biocompatibility. In addition, the imple-
mentation of synergistic PTT-PDT combination therapy also requires
precise spectral congruence to simultaneously activate PSs and photo-
thermal agents, thereby enabling spatiotemporal coordination of ROS
generation and hyperthermia effects within an identical treatment
modality.

4.2. Material-based strategies

Based on the above discussion, this section outlines material-based
strategies to address the three key challenges related to light of cuta-
neous PDT: shallow light penetration, inaccurate spatial delivery, and
limited treatment flexibility. Specifically, skin optical clearing agents
enhance photon travel through tissue; MN-based systems provide
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precise intradermal illumination; and miniaturized LEDs offer portable,
on-demand activation. These innovations improve targeting precision,
treatment control, and usability, advancing PDT for more efficient and
accessible clinical use.

4.2.1. The skin optical clearing agent enhances light penetration and
absorption in target tissue layers to optimize the utilization of light in PDT

The skin optical clearing (SOC) technique represents a biomedical
method that enhances the transparency of the skin tissue by temporarily
reducing optical scattering, enabling improved light penetration and
absorption in the local skin tissue for diagnostic or therapeutic purposes.
This is usually achieved through the application of optical clearing
agents (OCAs) such as glycerol, propylene glycol, or hyperosmotic so-
lutions, which penetrate the skin, alter its refractive index, and dehy-
drate cellular components to minimize light scattering during PDT [135,
136]. However, the stratum corneum (SC) acts as a critical barrier,
impeding the penetration of OCAs into deeper skin layers and thereby
compromising optical clearing efficacy. To address this limitation,
strategies such as mechanical methods (e.g., tape stripping), chemical
permeation enhancers, and physical devices (e.g., microneedling) have
been developed to enhance OCA delivery and optimize tissue trans-
parency [137,138].

Among several common chemical permeation enhancers (Azone,
oleic acid, and propylene glycol), oleic acid exhibited the strongest
enhancement effect on the transdermal penetration of the OCA glycerol
in a Carbomer 940 gel matrix, with the effect escalating proportionally
with concentration until reaching a maximum efficacy at 4.0 wt%
(Fig. 7a—c). Treated by the SOC gel, the porcine skin gradually became
transparent with the prolongation of the treatment time, indicating its
optical clearing effect in the visible light window (Fig. 7d). The in vivo
study confirmed the reversible nature of this optical clearing effect: the
533 nm light transmittance of mouse skin increased from approximately
35 %-60 % upon SOC gel application and returned to baseline levels
(37 %) following a recovery period, demonstrating the transient and
controllable modulation of tissue optical properties (Fig. 7e-g). Its
biosafety was also confirmed by both H&E and Masson's trichrome
staining results (Fig. 7h and i). In tumor eradication experiments, the
experimental group demonstrated a several-fold increase in localized
ROS generation efficiency compared to controls, driven by enhanced
optical clearing efficacy that improved visible light penetration [139].

The MN approach can not only improve optical clearing efficacy for
enhanced tissue transparency but also synergize with PDT by optimizing
PS activation through precise light-tissue interactions. The minimally
invasive nature of MN ensures targeted OCA deposition, reduces treat-
ment time, and amplifies PDT outcomes while minimizing collateral
damage to surrounding healthy tissues. For example, the dissolvable MN
patches prepared from hyaluronic acid (HA) can be used as the OCA for
minimally invasive optical clearing. The HA-MN platform (16 x 16,
1200 pm length) significantly enhanced light penetration in turbid
porcine skin due to the refractive index matching, elevating 655 nm
transmittance from 0.02 % to 12.13 % in vitro. This optical clearing
effect facilitated high-resolution visualization of subcutaneous struc-
tures, including a 6-fold improvement in confocal imaging clarity of
tattoo dyes and direct naked-eye observation of blood vessel networks in
vivo. Crucially, in a simulated subcutaneous tumor model, the skin
pretreatment by the HA-MN amplified the PDT efficacy towards tumor
cells with ablation efficiency increased from 60.1 % to 86.9 %,
demonstrating its capacity to optimize PS activation through enhanced
photon utilization [140].

4.2.2. MN-based light-guiding channels direct therapeutic light delivery to
the target site within the skin

Light-guiding channels represent an innovative approach for
enhancing precision in phototherapy by enabling controlled delivery of
therapeutic light to specific dermal regions. These specialized optical
pathways, often engineered wusing advanced materials or
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Fig. 7. Skin optical clearing technology for deepened PDT, including (a) scheme of the diffusion cell used to evaluate transdermal penetration of glycerol, (b) effect
of different skin enhancers on the cumulative penetration amount of glycerol in 24 h (Q24h), (c) the permeation enhancement effects of oleic acid (OA) at different
concentrations, (d) photographs of the porcine skin treated by SOC gel for different times (scale bar: 1.0 cm), (e) photographs of living mice skin treated by SOC gel
for different time (scale bar: 1.0 cm in the original photograph, 2.0 mm in the enlarged pictures), (f) Gray value analysis of the white dashed line in the enlarged
photograph e (line 1: left, line 2: right), (g) transmittance of the untreated and treated mice skin by the SOC gel treatment for 30 min and the recovered skin, (h)
histological hematoxylin-eosin (H&E) staining of the SOC gel-treated mice skin tissue (scale bar: 100 pm), (i) Masson's trichrome staining of untreated and SOC gel-
treated mice skin tissues (scale bar: 100 pm). Copied with permission [139]. Copyright 2024, ACS.
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microstructured devices, optimize light transmission through skin layers
while minimizing scattering and absorption in non-target tissues [141].

Transparent MN arrays can be engineered to function as dual-
purpose, self-contained light-guiding channels, where the MN body it-
self serves as an optical conduit for direct therapeutic light delivery. By
fabricating MNs from optically transparent and biocompatible mate-
rials, the needle structure inherently transmits light from its base to the
tip with minimal loss, effectively merging the mechanical penetration
and light-delivery functions into a single unified system. This design
obviates the necessity for distinct light guiding components, enabling
the physical channel of the MN, established upon insertion into the skin,
to concurrently direct light to specific subdermal targets [142].

To mitigate optical interference caused by the payloads in the MN,
particularly the light-scattering effects of nanoformulated therapeutics,
a strategic hierarchical configuration can be implemented, where the
nanotherapeutic PSs are selectively deposited at the MN tip, while the
remaining shaft is fabricated from a pristine, optically transparent ma-
trix material. This compartmentalized design preserves the MN's light-
guiding performance by isolating light-scattering drug components to
the tip region, ensuring unimpeded light transmission through the
transparent body. For example, Zhao et al. developed a dual-function
MN array consisting of a dissolvable needle tip (height: 140 pm) with
the PS dissolved in sodium hyaluronate and a transparent needle body
(height: 660 pm) prepared from 15 % (w/w) PVA with a transparency of
98.7 %-99.96 %. This MN could markedly raise the incident fluxes via
reducing the light scattering and absorption occurring in the stratum
corneum, and lower the therapeutic light irradiance by 40 % (from
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100 mW cm 2 to 60 mW cm~2) to achieve a comparable incident flux
beneath the stratum corneum [29]. In another investigation on the
phototherapy-immunomodulation treatment of psoriasis (Fig. 8a), a
similar two-segment MN consisting a transparent body layer made from
poly(methyl methacrylate) (PMMA) and a less transparent drug layer
was fabricated (Fig. 8b), and it was shown to enhance the light trans-
mittance (Fig. 8c—e) and the drug to subcutaneous tissue (Fig. 8f). Such a
design could maintain up to 80 % of initial light power even at 500 pm
beneath the skin (160 % increase compared with the control) to increase
the efficacy of both PDT and PTT against psoriasis [143].

4.2.3. Compact integrated LED in local device enables portable and on-
demand PDT

To enable localized, on-demand light emission directly at the target
tissue site, miniaturized electroluminescent modules can be integrated
onto light-guiding MNs. This embedded design eliminates reliance on
external light sources, improving treatment portability, precision, and
spatiotemporal control over therapeutic activation. For example, an all-
in-one MN device [2 cm (L) x 1.7 cm (W) x 1.2 ecm (H), weighing 3.6 g]
powered by battery and controlled through Bluetooth® wireless link
was developed for point-of-care PDT therapy (Fig. 9), which was far
smaller than the typical clinical used light source instrument
[>48.5 cm (L), 22 cm (W), 40.5 cm (H), >19 kg in weight]. On the light-
guiding MNs, other four layers are assembled from bottom to top,
including a light emitting diode (LED) as the light source, a graphene
membrane as heat dissipating component, a control module enabling
remotely stimulate LED to emit therapeutic light, and a lithium battery

HAMNs PVA MNs PLAMNs PMMA MNs

I mm

Fig. 8. Two-segment MN for the phototherapy-immunomodulation treatment of psoriasis, including (a) Schematic diagram of the MN preparation and its application
the treatment of immune-related psoriasis, (b) morphology and elemental distribution of the MN, (c) 808 nm NIR transmittance of MNs made from various materials,
(d) light absorbance of MNs, (e) transmittance of MNs at 808 nm, and (f) OCT images of the MN penetration and subdermal insertion. Copied with permission [143].

Copyright 2025, ACS.
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Fig. 9. Application of the all-in-one MN device to treat superficial skin diseases, including (a) the application scheme, (b) the schematic diagram of the MN, (c) the
photograph of the MN, (d) the emitting therapeutic light from the MN at 525 nm, (e) exploded view of the MN, (f) the schematic diagram of the single needle, (g) SEM
of the MN (scale bar: 300 pm), (h) photograph of a single MN (scale bar: 100 pm), (i) SEM of MNs after tips dissolved (scale bar: 300 pm), and (j) photograph of a
single PVA light-guide (scale bar: 100 pm). Copied with permission [144]. Copyright 2024, Springer.

providing power for the device [144]. Alternatively, small LED chips
could be assembled and fixed onto the MN array with the aid of a flexible
bandage, and then triggered by electromagnetic induction for wireless
illumination to optically activate the PS [145].

To enable multi-wavelength therapeutic adaptability in PDT, a dual
wavelength microLED system can be introduced to the above system.
The device utilizes two frequency-matched resonant circuits to enable
independent, interference-free activation of connected microLEDs via
resonant inductive coupling, allowing the light emitted at different
wavelengths to be emitted independently. Such dual-wavelength emis-
sion modules could be employed to sequentially trigger the release of the
PS from nanocarriers prepared from light-responsive polymers (e.g.,
405 nm for photolysis of PEG45-b-PNBMA30) and activate the PS to
generate the ROS (e.g., 660 nm for Rose Bengal lactone as the PS) [146].

However, conventional light sources like LED still have their limi-
tations, such as the difficulty in fitting the human body and patient
discomfort during the long-term treatment. Alternating current elec-
troluminescence (ACEL) has emerged as an energy-efficient, flexible
light source for biomedical applications due to its low power con-
sumption, mechanical adaptability, and compatibility with large-area
fabrication. Meanwhile, triboelectric nanogenerators (TENGs) offer a
sustainable solution for self-powered systems by harvesting biome-
chanical energy (e.g., body motion) into alternating current electricity
[147]. For example, a wearable, self-powered metronomic PDT (mPDT)
platform was developed using a fully flexible ACEL module with a ZnS:
Cu, Al/PDMS emissive layer sandwiched between conductive hydrogel
electrodes, one loaded with PS rose bengal (RB). Driven by an
origami-inspired TENG that harvests biomechanical energy (e.g., human
motion), the system generates pulsed green electroluminescence to
activate rose bengal for localized 10, production to eradicate wound
multidrug-resistant bacteria infection [148].
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4.2.4. Multifunctional materials leverage single-wavelength PDT/PTT
synergy to enhance therapeutic efficacy

The combination of PDT and PTT has gained significant interest in
recent years, particularly with the advent of multimodal nanoplatforms
capable of co-delivering both photodynamic and photothermal agents
[149,150]. This strategy has a potent synergistic effect through dual
complementary pathways whereby the PDT-generated ROS can down-
regulate heat shock proteins to sensitize cells towards PTT, and the
PTT-induced hyperthermia can improve tissue oxygenation and molec-
ular diffusion to mitigate the oxygen dependence of PDT [151]. In
addition, both of them can boost the efficacy of the immunotherapy by
inducing the immunogenic cell death (ICD) to reshape the tumor im-
mune microenvironment [152-154]. Especially, the PDT/PTT combi-
nation can overcome the immunosuppressive barrier via a coordinated
cascade process [155,156]. Their synergistic cytotoxic effect initiates
the release of tumor associated antigens (TAAs) and inflammatory cy-
tokines, which in turn triggers an adaptive immune response and am-
plifies ICD. This process leads to the further release of
damage-associated  molecular patterns (DAMPs), activating
antigen-presenting cells (APCs) to secrete proinflammatory cytokines
and thereby trigger effective immune response. The ROS-induced
cellular damage could relieve immunosuppression and stimulate T
cells and natural killer (NK) cells, thereby boosting anti-tumor effect
[155]. Therefore, the combined PDT and PTT strategy presents a highly
promising avenue for further therapeutic development.

Due to the distinct wavelengths for activation of PSs (600-800 nm,
630 nm, and 660 nm used mostly) and photothermal agents
(650-1100 nm, 808 nm used mostly), dual-wavelength strategy is often
utilized to ensure efficient activation of both agents and maximize their
respective functions [157,158]. However, this approach faces limita-
tions including technical complexity, the requirement of dual light
sources, and potential energy interference from overlapping absorption
spectra. The unification of PDT and PTT under a single-wavelength
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platform represents a transformative advancement in light therapy,
addressing critical limitations of conventional dual-wavelength photo-
therapeutic approaches.

Indocyanine Green (ICG), a clinically approved NIR fluorescent dye,
exhibits dual functionality for both PDT and PTT at a single wavelength
(typically 808 nm) [158-160]. It can also be synergistically combined
with other photothermal agents (e.g., polydopamine nanoparticles) to
harness complementary mechanisms of PDT and PTT at a shared
wavelength (e.g., 808 nm) [161]. Considering the poor permeability
into deep skin, such cyanine dye with strong mitochondrial selectivity
can be formulated into nanoparticles (such as ethosomes) to achieve
effective transdermal PDT/PTT. The incorporation of the dye into such
nano-carriers would also lead to an aggregation-induced emission (AIE)
enhancement to avoid luminescence quenching. This system was found
effective in the treatment of hypertrophic scars, via promoting fibroblast
apoptosis and collagen remodeling [162].

Recent advances in nanotechnology have driven the development of
composite nanomaterials capable of simultaneously enabling PDT and
PTT under a single excitation wavelength. For example, the polydop-
amine/Ce6/black phosphorus nanosheets can provide both PDT and
PTT effects at the wavelength of 660 nm [163]. By precisely tuning the
localized surface plasmon resonance (LSPR) of photothermal noble
metal-based nanomaterials (e.g., graphene-gold nanostar hybrids) to
align with the excitation wavelength of the PS Ce6 (e.g., 660 nm) and
simultaneously serving as a carrier, both the absorption band of the
nanomaterial and the activation wavelength of Ce6 can be synergisti-
cally matched. This dual alignment enables simultaneous heat genera-
tion and singlet oxygen production at the identical wavelength [164].
The PS brominated hemicyanine can be loaded into the photothermal
AgoS quantum dots, and achieve both effects at 640 nm irradiation
[165].

However, conventional composite materials for combined PDT/PTT
therapy have historically relied on a simplistic “two-in-one” design via
mechanical blending or physical encapsulation. While functional, this
approach suffers from inherent drawbacks like multi-step synthesis,
weak interfacial coupling between components, and premature PS
leakage or photothermal agent aggregation, ultimately compromising
therapeutic synergy and reproducibility. Recent advances in MOF-based
nanomedicine have spotlighted “all-in-one” platforms for single-
wavelength synergetic PDT/PTT. For example, Fu et al. developed an
iron-doped zinc-centered organic framework mesoporous carbon de-
rivative (Fex-Zn-NCT) with strong absorption within the range of
600-1000 nm wavelength. Under 808 nm laser, it exhibited excellent
photothermal conversion ability () ~ 81.3 %), as well as strong 'O,
generation capability (® ~ 0.0041, ICG as reference) [166]. Such a
design paves the way for scalable, patient-friendly phototherapy systems
with extensive applicability and adaptability while reducing healthcare
burden and costs.

4.3. Translational barriers and implications

The material-based strategies previously discussed, although inno-
vative, present distinct challenges that must be addressed to facilitate
their clinical translation. In the case of OCAs, significant limitations
include the potential for skin irritation, the temporary nature of the
clearing effect necessitating repeated applications, and the challenge of
achieving uniform penetration sufficient for treating deep-seated lesions
[167]. MN-based light guides face issues related to mechanical strength,
such as ensuring painless penetration without fracture, as well as po-
tential inflammatory responses due to the materials embedded in the
skin. Although compact integrated LED devices provide excellent
portability, their therapeutic efficacy is limited by their restricted power
output and the need for precise control over irradiance and thermal
effects at the target site [168]. The advancement of multifunctional
materials for the synergistic application of PDT/PTT is hindered by the
complex synthesis processes necessary to optimize the properties of both
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therapeutic modalities. Additionally, challenges arise from the risk of
uncontrolled heat diffusion, which may lead to collateral tissue damage,
and the difficulty of achieving a precisely synchronized therapeutic ef-
fect at a single wavelength [169]. Importantly, these strategies must
address critical safety concerns, including the long-term biocompati-
bility and biodegradation pathways of novel materials, potential im-
mune responses to foreign components, and the need for precise
spatial-temporal control of thermal energy in PTT to prevent adverse
effects such as scarring or hyperpigmentation, particularly in cosmeti-
cally sensitive regions such as the skin.

Future research directions are anticipated to concentrate on the
development of more intelligent, integrated, and safety-oriented sys-
tems. It is expected that composite MNs will emerge, integrating light-
guiding capabilities with biodegradable polymers and encapsulated
OCAs to enhance light delivery. The forthcoming generation of wearable
LED devices is likely to feature real-time dosimetry and thermal feed-
back mechanisms that automatically adjust parameters to ensure both
safety and efficacy. A significant overarching trend will be the conver-
gence of these strategies [170,171]. For instance, employing MNs for
OCA delivery and implantable biodegradable light guides, in conjunc-
tion with a topically applied photosensitizer, all regulated by a wearable
smart LED patch. Ultimately, the successful translation of these
advanced material-based approaches will depend on comprehensive
safety assessments and a holistic design philosophy that emphasizes
patient-specific applicability, minimal invasiveness, and robust control.

5. Advanced PS formulations from clinical trials to market

Despite remarkable progress in PDT, translating advanced PS for-
mulations from laboratory innovations into clinical investigation and,
ultimately, commercial products remain a persistent challenge, with
only a handful have reached the global market for practical use. These
include injectable agents such as porfimer sodium (Photofrin®) and
talaporfin (Laserphyrin®), both as lyophilized powders for injection;
hematoporphyrin (HiPorfin®) and temoporfin (Foscan®) as solutions
for injection; and agents for intravenous infusion like padoporfin (Too-
kad®), chlorin derivatives (Radachlorin®), and liposomal verteporfin
(Visudyne®) as lyophilized powder, as solutions for infusion. The
landscape is further broadened by targeted biologics such as cetuximab
sarotalocan sodium (Akalux®), an antibody-dye conjugate for infusion,
which has received its first global approval by Japan in 2020, as a pio-
neering photoimmunotherapy agent [172].

By contrast to the above systemically administered PSs, the clinical
translation of topically applied PSs has been more constrained. The
cornerstone of topical PDT is the use of prodrugs, primarily 5-ALA and
its ester derivative methyl aminolevulinate (MAL). They are commer-
cially formulated for direct application to the skin: ALA as a topical
solution (Levulan® Kerastick®) and, more recently, in an enhanced
nanoemulsion gel (BF-200 ALA/Ameluz®), while MAL is available as a
cream (Metvix®/Metvixia®) [15]. Beyond the barriers detailed herein,
this translational gap is further driven by a spectrum of translational
challenges, including the intrinsic complexity of the therapeutic system,
manufacturing scalability constraints, variable in vivo performance,
insufficient long-term safety evidence, and hurdles in achieving seam-
less integration with medical devices such as light source and MNs.

To assess the current status and emerging trends of PSs in clinical
development, we conducted a search on ClinicalTrials.gov. Using
“photodynamic therapy” as a key term, this search identified 95 active
clinical trials for PS formulations, of which those focusing on dermal
applications are summarized in Table 3. These investigated strategies
follow two complementary pathways: developing novel PSs and repur-
posing existing commercialized formulations. They are realized through
several key approaches including combination with other treatment
modalities, exploration of new therapeutic indications, optimization of
light sources and dosimetry parameters, development of personalized
treatment regimens, and investigation of PDT-induced immunity as well
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Table 3

Overview of active PS clinical trials registered on ClinicalTrials.gov.

PSs Dosage form Delivery route Light Target condition Phase  Study objective
ALA O/W emulsion combined with Topical Red Chronic wounds N/A To investigate the clinical effectiveness of topical ALA-PDT combined with a hydrogel
hydrogel dressing dressing towards chronic wounds.
Chlorin-e6 N/S Topical Red Moderate to severe acne I To evaluate the efficacy, safety and tolerability of chlorin-e6 based PDT towards
moderate to severe acne.
HAL Cream Topical N/S Superficial basal cell cancer 1&I1 To compare efficacy of different PSs based on fluorescence measurement.
ALA Nanoemulsion gel (BF-200)
MAL Cream (Metvixia®)
ALA Solution (Levulan® Kerastick®) Topical Blue (BLU-U Model Multiple basal cell carcinoma 1 To test the therapeutic outcome of the PDT combined with sonidegib
combined with oral sonidegib 4170E) lesions
ALA Solution (Levulan® Kerastick®) Topical Red (630 nm) Dermal neurofibromas I To assess the therapeutic effect by determining the time to disease progression and
analyzing tumor growth rates.
ALA Solution (Levulan® Kerastick®) Topical Blue Actinic keratosis N/A To compare the feasibility of two ALA incubation times (0 vs. 1 h).
Toluidine blue Gel combined with ciclopirox 8%  Topical Red (635 nm) Onychomycosis in diabetes N/A To evaluate the effectiveness and safety of PDT combined with conventional
antifungal therapy.
Methylene blue Solution Local intracavitary Red (665 nm) Deep tissue abscesses I To evaluate the efficacy of methylene blue based PDT during percutaneous drainage
instillation for deep tissue abscess disinfection.
Methylene blue Solution Local intracavitary Red (665 nm) Breast abscesses I To evaluate the efficacy of methylene blue based PDT during percutaneous drainage
instillation for breast disinfection.
Methylene blue Solution Topical Red (660 nm) Wound and tissue repair in the N/A To evaluate the impact of antimicrobial photodynamic therapy (aPDT) on wound
diabetic foot quality and tissue repair in diabetic foot ulcers using the Bates-Jensen scale.
MAL Cream Topical Red (630 nm, half Actinic keratoses N/A To compare the efficacy and tolerance of full-dose versus half-dose red light PDT, and
and full dose) to analyze their biomolecular-level effects.
Methylene Blue Solution combined with 40 % Topical LED (different doses) =~ Onychomycosis N/A To determine the optimal light dose and treatment frequency of home-based PDT for
urea cream onychomycosis.
ALA Nanoemulsion gel (BF-200, Topical Red (RhodoLED- Facial cutaneous squamous cell I To test the safety and effectiveness to treat early form of cancer cells found in the
Ameluz®) XL®) carcinoma upper skin layer of the face.
Zn(11) Gel Topical Red (630 nm) Moderate-to-severe acne N/A To evaluate the safety, tolerability, and efficacy of a novel zinc phthalocyanine-based
Phthalocyanine vulgaris PDT for moderate-to-severe acne vulgaris.
ALA Solution (Reformulated Topical Blue (BLU-U® model  Actinic keratosis on upper 1L To evaluate the efficacy and safety of a reformulated ALA-PDT for the field-directed
Levulan® Kerastick®) 4170E) extremities treatment of actinic keratosis on the upper extremities.
ALA Solution (Reformulated Topical Blue (BLU-U® model  Actinic keratosis on face and I To evaluate the efficacy and safety of a reformulated ALA-PDT for field-directed
Levulan® Kerastick®) 4170E) scalp treatment of actinic keratosis on the face or bald scalp.
ALA Nanoemulsion gel (BF-200, Topical Red (RhodoLED®) Superficial basal cell carcinoma  III To evaluate the safety and efficacy of BF-200 ALA and BF-RhodoLED® in the
Ameluz®) treatment of superficial basal cell carcinoma (sBCC) with PDT.
ALA Nanoemulsion gel (BF-200, Topical Red (RhodoLED®) Moderate to severe acne I To evaluate the safety and efficacy of BF-200 ALA and BF-RhodoLED® in the
Ameluz®) vulgaris treatment of moderate to severe acne vulgaris with PDT.
ALA Nanoemulsion gel (BF-200, Topical Red LED Actinic keratosis (AK) on the 111 To evaluate the safety, tolerability and efficacy of BF-200 ALA in the field-directed
Ameluz®) (RhodoLED®) extremities and neck/trunk treatment of actinic keratosis on the extremities and neck/trunk with PDT (PDT) using
a RhodoLED lamp.
ALA Solution (Levulan® Kerastick®) Topical Red Actinic keratoses I To test imaging techniques to monitor photosensitizer and sO, levels during PDT of
actinic keratoses.
ALA N/S Topical Blue Nonmelanoma skin cancer N/A To test effects of vitamin D on immune microenvironment of nonmelanoma skin
cancer after PDT.
ALA N/S Topical Blue Basal cell carcinoma I To better understand the immune response to basal cell carcinoma treated with PDT.
ALA Nanoemulsion gel (BF-200, Topical Broad band light Actinic keratoses and 1 To provide a treatment of both actinic keratoses and photodamage within one ALA

Ameluz®)

photodamage

based PDT using broad band light.

Note for this table: Data are current as of January 1, 2026. The drug label marked as Levulan® is uniformly standardized as Levulan® Kerastick®; the formulation marked Ameluz® is consistently referred to as
“Nanoemulsion gel (BF-200, Ameluz®)”. Abbreviation: aminolevulinic acid, ALA; hexylaminolevulinate, HAL; methylaminolevulinate: MAL; NA: not available; N/S: not specified.
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as singlet oxygen/PplIX imaging. Topical application is the primary route
of administration in dermatological PDT, with local injection also
employed. Despite considerable promise in preclinical studies, the entry
of advanced material-based carriers for PS dermal delivery into clinical
trials has been exceptionally scarce. This huge gap not only reflects the
formidable challenges in biocompatibility, scalable manufacturing, and
regulatory approval but also positions them as a compelling yet long-
term frontier for innovation in PDT.

6. Conclusion and further perspective

PDT has transformed dermatologic care by offering a minimally
invasive, targeted treatment for various skin conditions, from precan-
cerous lesions to inflammatory disorders. By using light-activated PSs to
create localized oxidative stress, it selectively destroys tissue while
maintaining cosmetic appearance, especially in sensitive areas like the
face and scalp. Despite challenges in clinical application, such as con-
trolling PS delivery and photon efficiency, along with persistent con-
cerns regarding the biocompatibility, in vivo biological fate, and long-
term toxicity of materials employed in PDT systems, advancements in
materials, bioengineering, and optics are enhancing its therapeutic
potential.

Emerging paradigms in PDT now incorporate theranostic platforms
that seamlessly integrate real-time diagnostic imaging with adaptive
light delivery or controlled PS release. This integration facilitates dy-
namic treatment modifications based on biomarker or biosignal feed-
back. Concurrently, synergistic approaches that combine PDT with
immunomodulatory agents are enhancing therapeutic efficacy and
inducing systemic immune responses. The co-development of device and
drug technologies signifies a transformative advancement in PDT,
wherein light delivery systems and PS formulations are designed as
synergistic, interdependent elements rather than as separate technolo-
gies. This integrated platform represents a shift towards “intelligent PDT
ecosystems,” where devices not only deliver light but also actively in-
fluence drug pharmacokinetics. Additionally, the application of artificial
intelligence in personalizing PDT protocols optimizes treatment by
aligning parameters with individual skin profiles and lesion character-
istics, thereby minimizing side effects and enhancing therapeutic pre-
cision across diverse patient populations.

The transition of next-generation PDT from experimental innovation
to a standard clinical practice necessitates a comprehensive integration
of multidisciplinary expertise, scalable manufacturing frameworks, and
patient-centered design. Although substantial progress has been made in
overcoming biological and technical challenges, the ultimate success of
PDT depends on effectively bridging the gap between laboratory
breakthroughs and real-world application. Future efforts must prioritize
clinical translation strategies that address cost-effectiveness, reproduc-
ibility, regulatory harmonization, and key biosafety considerations, such
as assessing material biocompatibility, elucidating in vivo biological
fate, mitigating long-term toxicity risks, and addressing other associated
clinical translation obstacles. By fostering collaborations among mate-
rial scientists, clinicians, and industrial partners, the field can expedite
the development of adaptive PDT platforms tailored to diverse derma-
tological needs. As these innovations converge, PDT is poised to tran-
sition from a supplementary therapy to a first-line modality, offering
precise, accessible, and aesthetically conscious solutions that redefine
standards of care in global dermatology.
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