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Abstract: The diagnosis and treatment of cancers have become a significant challenge in overcoming malignant diseases. Early
detection of tumors and timely targeted therapy can greatly impede the rapid deterioration of cancers. In recent years, nano-systems
based on photodynamic materials have shown great progress in tumor diagnosis and treatment applications. With the continuous
exploration of tumor-specific targets and the development of photodynamic nanoparticles, the generation of new nanoparticles that are
target-specific, highly sensitive, and biosafe for integrated diagnosis and therapy is realistic. This review introduces the rational basis
for photosensitizer-based materials for integrating cancer diagnosis and anti-cancer therapy, types and characteristics of organic and
inorganic photosensitizers currently used for PDT treatment, photosensitive nano-materials with dual detection and therapeutic
properties the advancement in developing photo-dynamic nano-systems showing potential in integrated diagnosis and therapeutic
applications. We also introduce current strategies for optimizing nano-systems with the properties for enhancing targeting ROS release
and accurate imaging, combining therapeutic efficacy, as well as biosafety of the integrative materials for PDT application, providing
references for the coordinated optimization of photosensitizer design and clinical translation.

Plain Language Summary: The integration of PDT with advanced diagnostic modalities represents a transformative approach in cancer
theranostics, as evidenced by the comprehensive exploration of photosensitizer-based nanomaterials in this review. By leveraging the unique
photophysical properties of organic and inorganic photosensitizers, researchers have developed innovative nano-systems capable of simulta-
neous tumor detection and targeted therapy. Key advancements include the rational design of aggregation-induced emission photosensitizers
(AIE-PS) with redshifted absorption spectra, hypoxia-responsive nanomaterials for enhanced ROS generation, and multifunctional composites
such as UCNP@MOF hybrids that address tumor microenvironment limitations. These systems demonstrate improved targeting precision,
reduced off-target effects, and synergistic therapeutic outcomes when combined with chemotherapy or immunotherapy. Despite these strides,
challenges persist in optimizing light penetration depth, mitigating photobleaching, and ensuring biosafety during clinical translation. The
development of oxygen-independent Type III photosensitizers and stimuli-responsive delivery systems offers promising avenues to overcome
hypoxia-related barriers. Furthermore, the integration of MOFs and UCNPs highlights the potential for real-time imaging-guided therapy. Future
efforts should prioritize scalable synthesis, rigorous toxicological profiling, and combinatorial strategies to enhance therapeutic efficacy while
minimizing systemic toxicity. By bridging nanotechnology, materials science, and clinical oncology, next-generation photodynamic platforms
hold immense potential to redefine precision medicine in oncology and beyond. While PDT nanomaterials offer revolutionary potential in cancer
theranostics, addressing toxicity, stability, and clinical scalability is critical. Integrating PDT with complementary modalities (chemotherapy,
immunotherapy) and advancing TME-responsive designs will bridge the gap between preclinical innovation and clinical application.

Keywords: precision anti-cancer therapy, photodynamic therapy, integrated diagnosis and treatment, novel nano-systems, tumor
targeting, advanced imaging technology
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Graphical Abstract

NNABS

NIR-Ignited UCNPs for Tumor Theranostics:

Precision Imaging-Guided Photodynamic Activation

Introduction

The activity of tumor cells to evolve and spread rapidly frequently causes drug-resistance, recurrence, and metastasis of
cancers, which are characterized by low survival rates. The integration of precise diagnosis, particularly for early-stage
cancers, and treatment is essential for impeding cancer progression in patients.'*? Accurate detection of cancer plays
a crucial role not only in the early diagnosis and treatment of tumors but also in real-time imaging guidance during
surgical resection and monitoring for metastasis and prognosis post-treatment.®>* In addition to the side effects that can
lead to wound infections and accelerate tumor metastasis, the residual or tumor lesions also frequently lead to cancer
recurrence and metastasis.

Chemotherapy frequently encounters problems such as multidrug resistance (MDR).” In recent years, various
functional nanomaterials, such as photodynamic, photothermal, enzyme-catalyzed, and chemokinetic nanomaterials,
have gained widespread attention in cancer treatment due to their controllable and high efficient tumor-eliminating
capabilities, which also reduce the risk of inducing drug resistance. Meanwhile, the emergence of photo-sensitive and
precise diagnostic technologies provided bases for the development of biocompatible systems with integrated cancer

diagnosis and anti-cancer therapeutic application.
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Photosensitive Molecules and Materials with Potential for Exploration of
Integrated PDT and Cancer Diagnosis

Rational Basis for Photosensitizer-Based Materials for Integrated Cancer Diagnosis and
Anti-Cancer Therapy

Compared to surgery, radiotherapy and chemotherapy, photodynamic therapy (PDT) exhibits excellent tumor cell
elimination performance and is controllable during implementation; It also plays a role in enhancing the body’s immune
response.’ PDT utilizes photosensitizers that, once introduced into the body and activated by specific light irradiation
upon the tumor, generate reactive oxygen species (ROS) that can kill tumor cells. This treatment also minimizes damage
to normal tissues and alleviates patient suffering, holding potential for achieving diagnosis and supportive treatment. To
enhance the therapeutic efficacy of photosensitizers while integrating diagnostic functions for prompt patient treatment,
an increasing number of nanosystems with favorable application effects have been developed and improved through
modifications. To systematically evaluate the merits and challenges of PDT, we conducted a comparative analysis
between PDT and conventional therapeutic modalities, with findings summarized in Table 1.

The range of light used in PDT generally spans from blue light to near-infrared (approximately 1350 nm), depending
on the photo-characteristics of photo-sensitive reagents or materials (photosensitizers). This makes it possible for the
selection and optimization of the nanosystems in different treatment applications. For example, for tumors located
deeper, excitation light corresponds to the first near-infrared (NIR-I) biological window (750-1000 nm) has better
penetration than visible light and is more ideal, because living tissues exhibit weak absorption of laser light, resulting in
lower energy loss as the excitation light passes through normal tissues.” To enhance the response of certain photo-
sensitizers in vivo, red-shifting their absorption peaks through modifications are commonly applied. For example, our
research group applied molecular engineering to obtain aggregation-induced emission photosensitizers (AIE-PS) with
a red shift in their absorption spectrum, which largely improved the singlet oxygen quantum yield and anti-tumor
efficiency.® Combined use with upconversional materials can facilitate efficient use of energy through energy transfer,

and generate a set of multiple phototherapy or imaging methods.”*'® During these modifications or combined application

Table | Benefits and Challenges of PDT, as Compared with Standard Treatments

Aspect PDT Surgery Chemotherapy Radiation Therapy
Mechanism | Light-activated photosensitizer generates | Physical removal of Systemic drugs kill rapidly High-energy beams
reactive oxygen species (ROS) to destroy | tumors. dividing cells (cancer and damage DNA in cancer
targeted cells. healthy). cells.
Primary Minimally invasive, Highly targeted, Immediate tumor Systemic reach (metastatic Non-invasive, Effective for
Benefits Minimal scarring, Repeatable removal, Definitive for | cancer), Shrinks large tumors | deep tumors, Preserves
localized tumors pre-surgery organ structure,
Key Limited tissue penetration (<I cm), Invasive, Risk of Severe systemic side effects Cumulative toxicity,
Challenges | Photosensitivity post-treatment, infection/scarring, (nausea, immunosuppression), | Damages healthy tissue,
Requires tumor light accessibility Long recovery time Drug resistance Fatigue/skin damage
Side Localized pain/swelling, Temporary Pain, infection risk, Hair loss, nausea, Bone Skin irritation, Fatigue,
Effects photosensitivity Organ dysfunction marrow suppression Long-term tissue damage
(site-dependent)
Recovery Days (outpatient procedure) Weeks to months Cyclic recovery (weeks Weeks (daily sessions over
Time (depending on between sessions) -8 weeks)
invasiveness)
Cost Moderate (lower hospitalization) High (operating room, | High (drugs, supportive care) | High (equipment, multiple
anesthesia, hospital sessions)
stay)
Best For Superficial cancers (skin, oral), early- Solid, localized tumors | Metastatic cancer, blood Localized tumors (eg,
stage tumors, or palliative care. (eg, breast, colon). cancers (leukemia, prostate, head/neck),
lymphoma). inoperable cases.
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of two or more materials, reducing photon scattering and background fluorescence can enhance the signal-to-noise ratio,
facilitating biomolecular imaging and accurate diagnosis of cancer cells."!

During photosensitive therapy, the incident photons exciting upon the chromophores undergo scattering, transmission,
or absorption.'*'* The absorbed photons transfer part of their energy to the photosensitizers (PS) responsible for
generating cytotoxic ROS. In the photosensitizer, a paired electron typically resides in a relatively stable and favorable
molecular orbital known as the ground state (So) (Figure 1). The excited-state electrons, however, are unstable and
quickly, within approximately 10°° seconds, undergo rapid radiative and non-radiative internal conversion processes
returning to the lowest vibrational energy level.'* '® For photosensitizers, energy returns to the ground state through
fluorescence, phosphorescence, or collision with the environment, generating ROS capable of damaging bio-molecules
and realizing PDT against cancer cells. Modifications of photosensitizers can improve anti-cancer efficacy. For example,
for materials whose properties change under aggregation, modifying the molecular structure to change intramolecular
interactions holds potential for optimizing the photodynamic properties of the materials.'"” These factors provide
possibilities for enhancing the target performance of the materials.

The designing of photosensitizers commonly follow the rational associated with conversion of light energy to
fluorescence, phosphorescence or ROS. The electron in ground state (Sy) of the material, upon absorbing light energy
of a specific wavelength, causes the electron to undergo an electronic transition to the singlet (S;) excited state.'> The
electron rapidly relaxes to the lowest vibrational energy level of the PS excited state. However, the S; (Figure 1) excited-
state electrons is short lived (~ 10 s) and tend to return to Sy, which can occur through three primary pathways.'>'® The
first pathway involves emission of photons in the form of fluorescence to return to Sy. The second pathway involves the
first transitioning of electron from S; level 0 to the excited triplet state (T;) through the intersystem crossover (ISC)
process during which the spin direction of an electron in the higher energy level of the electron pair changes,'* followed
by the release of phosphorescence to return to Sy. Fluorescence typically occurs instantaneously during the excited state,
whereas phosphorescence is emitted over a period after the excited state ends. The third pathway leading to energy
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Figure | Schematic representation of the luminescence and photodynamic excitation mechanisms in photosensitizers.
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dissipation and a return to Sy involves external conversion through collisions with other molecules in the environment,
which may lead to the quenching of fluorescence and phosphorescence. The external conversion processes are key to
enabling photosensitizers to generate ROS for PDT of tumors. Some molecules in the T, excited state can be represented
as “PS*. Through electron transfer, they can form the radical PS™ with substrates such as cell membranes, proteins, and
liposomes. When PS™ reacts with O,, the cytotoxic superoxide anion radical can be generated, and when it reacts with
hydrogen peroxide (H,0,), hydroxide ions (OH") and the similarly cytotoxic hydroxyl radical (*OH) can be generated.'®
Due to environmental variations, additional reactions such as SOD disproportionation and Fenton reactions may occur
during the generation of reactive oxygen species, during which H,O, can also be regenerated.”” The excited photo-
sensitizer can transfer energy to O, through energy transfer, converting ground-state O, into the highly electrophilic
singlet oxygen ('O,), which is a highly cytotoxic ROS.'**" Excessive ROS can oxidize vital biomolecules like proteins
and nucleic acids in cancer cells and in tumor microenvironment, inactivate biomolecules and lead to oxidative stress in
the tumor cells and ultimately resulting in apoptosis and necrosis of tumor tissues. It can affect the membrane
permeability of mitochondria, which are crucial energy-supplying organelles, leading to a decrease in mitochondrial
membrane potential and inducing apoptosis. Furthermore, it damages cells and release tumor associated antigens which
can enhance the body’s immune system.

Both fluorescence and phosphorescence can be used for cancer diagnosis, while ROS can be used for eliminating
cancer cells. On the basis of the rational for exciting photosensitizers to generate fluorescence, phosphorescence or ROS,
photosensitizers can be designed and optimized for integrated cancer diagnosis and anti-cancer therapy.

Present Photosensitizers Used for PDT Treatment
Types of Photosensitizers
At present, major photosensitizers can be divided to two Types. Type I photosensitizers primarily react with biomolecules
to generate ROS through processes such as electron transfer and hydrogen abstraction. Upon activation by light, these
photosensitizers produce free radicals, including *OH and superoxide anions (O,+~).>* These highly reactive species can
inflict oxidative damage on cellular components, such as lipids, proteins, and nucleic acids.”® As a result, Type
I photosensitizers can induce cytotoxicity and cell death, even under hypoxic conditions, making them versatile agents
in photodynamic therapy.'®

In contrast, Type II photosensitizers function by transferring energy to molecular oxygen (O,) to generate 'O,
a highly reactive form of oxygen.”* This mechanism requires the presence of molecular oxygen and occurs when the
excited photosensitizer interacts with O,.%° Singlet oxygen can then react with various biomolecules, leading to oxidative
damage and cellular apoptosis.*> Type II photosensitizers are particularly effective in photodynamic therapy for cancer
treatment, as they specifically target tumor tissues while minimizing damage to surrounding healthy cells in the presence
of adequate oxygen levels.

Organic Photosensitizers

Photosensitizers can be developed based on both organic and inorganic nanomaterials. Common organic photodynamic
sensitizers include porphyrins, chlorin e6 (Ce6), Cyanine dyes, and phthalocyanine.”® Porphyrin is a dye molecule
characterized by a large conjugated m system and is composed of four pyrrole units linked by methylene bridges
(Figure 2A). Due to their unique optoelectronic properties, porphyrins and their derivatives can perform well in
applications such as photodynamic therapy agents, biological imaging probes, and near-infrared fluorescent dyes. The
inherent affinity of porphyrins for tumor cells allows for selective accumulation in tumor cells.?” Porphyrin derivatives
also exhibit good biocompatibility and ease of modification. Derivatives containing heavy atoms and cations demonstrate
high yields of reactive oxygen species, making them suitable for PDT treatment on tumors. Zinc protoporphyrin IX (ZP)
shows a competitive advantage in binding to Heme oxygenase-1 (HO-1), which is highly expressed in solid tumors and
has antioxidant defense functions, thus enhancing the PDT effect.”®*° The first-generation photosensitizer,
Hematoporphyrin derivative (HPD), with its main effective component being dihematoporphyrin ether or ester, was
the first photodynamic drug approved by the US Food and Drug Administration (FDA) in 1993 for the treatment of
bladder cancer, showcasing exciting photodynamic effects while also making researchers aware of its shortcomings
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Figure 2 Some representative organic photosensitizers, based on which derivatives with modified structures and special characterizations or functions can be developed.
(A) Porphyrin. (B) Chlorin e6. (C) Cyanine dye (CII). (D) Phthalocyanines. (E) Methylene blue. (F) 4,4-difluoro-boradiazaindacene.

including low targeting ability of mixed porphyrin agents, poor water solubility, and insufficient photosensitivity during
light treatment. Additionally, porphyrins typically exhibit their maximum absorption peaks between 400 and 600 nm,
with inadequate tissue penetration while causing photosensitivity when excited by sunlight.’® The modification with
heavy metals can block some pathways of fluorescence dissipation in porphyrins, while the addition of lanthanide ions,
Gadolinium (II) (Gd*"), and Lutetium (III) (Lu*") can enhance the ISC of porphyrins while preventing fluorescence
quenching.*' Through strategies for enhancing their performance include amphiphilic modification, physical encapsula-
tion, the construction of supramolecular polymers, and the creation of porphyrin organic frameworks, the application of
porphyrins as photosensitizers in tumor therapy could be optimized.*?

Subsequent discoveries and in-depth studies have been conducted on dyes such as Ce6, cyanine dyes, and methylene
blue, where researchers are increasingly inclined to choose photosensitizers with longer absorption wavelengths and
materials capable of selective accumulation. On this basis, strategies such as modification can induce a red shift in the
absorption peak of the materials without affecting or even enhancing the ROS generation ability of the
photosensitizers.> > Ce6, derived from natural chlorophyll,*® is a well-defined chemical compound (Figure 2B) with
a significant infrared absorption coefficient and photosensitivity, offering advantages for PDT of tumors due to its
favorable singlet oxygen generation efficiency. In a clinical study with a sample size of 52 people, intravenous injections
of the Ce6 photosensitizer demonstrated an 80.8% lesion regression rate in the treatment of human papillomavirus (HPV)

7

and cervical intraepithelial neoplasia.’” Additionally, Ce6 exhibits certain photothermal properties, facilitating

a combined PDT and PPT approach.38‘39 Nevertheless, Ceb6 still faces limitations such as low targeting capability, drug
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resistance, and hydrophobicity, which restrict its clinical efficacy in tumor treatment. Therefore, there is a need to
combine it with other materials to synergistically enhance its performance.

Cyanine dyes are compounds consisting of two heterocyclic units connected by a polymethine chain core structure,*’
exhibiting favorable biocompatibility and fluorescence properties. For instance, Cyanine dye (C11) may have the
potential to cross the blood-brain barrier. (Figure 2C).*' Modified anthocyanin derivatives retain their fluorescent
properties while exhibiting potential for cancer treatment, with modifications including halogenation, incorporation of
metal atoms, and etc. Among them, indocyanine green (ICG) is the only cyanine dye approved by the FDA.*’ ICG
demonstrates high selectivity towards liver cancer cells, aiding in the identification of pathological sites during surgery.
The Sulfo-Cyanine7 (Cy7) cyanine dye series from modified anthocyanins shows high selectivity for cancer cells and
enhanced retention in tumor tissues than in normal tissues when forming covalent complex with albumin, accompanied
with sustained fluorescence indicating tumors.** Its downside includes poor hydrophobicity, necessitating collaborative
actions with other materials. In addition to characteristic fluorescence, anthocyanins also possess potential for improved
photodynamic performance through ROS generation. Amplifying the fluorescence and shifting the emission towards the
red spectrum constitutes an effective strategy to bolster the fluorescence and phototherapeutic efficacy of anthocyanins.
For instance, Jin et al introduced naphthalimides into the anthocyanin backbone, resulting in a novel near-infrared dye,
ML880, which, when co-loaded with chemotherapeutic agents into mesoporous silica, exhibited significantly enhanced
PDT and PPT effects in vivo.*® The introduction of heavy atoms in the fluorophore can improve the spin-orbit coupling
(SOC) efficiency, thus enhancing ISC efficiency.****

The halogenation modifications of anthocyanin dyes can lead to heavy halogen effects that enhance the generation of

free radicals,*>*®

thus can be used to improve anthocyanin derivatives. For instance, Cao et al modified Cy7 with the
heavy atom iodine to create Cyl, which increased ROS production while also generating heat, maintaining its fluorescent
properties, and enabling non-invasive imaging during treatment.*’” Heavy metal like gold or silver was referenced to
modify anthocyanin dyes to achieve both photodynamic and photothermal effects.*®*°

Phthalocyanine (Pc) is a macrocyclic compound formed by the condensation of four isoindole molecules bridged by
nitrogen atoms.>® Its structure is very similar to that of porphyrins widely existing in nature, possessing an 18-electron
large conjugated system and a unique two-dimensional conjugated m-electron structure (Figure 2D). Their extensive
conjugated system provides strong light absorption predominantly in the near-infrared Q band range from 670 to 850 nm,
which corresponds to relatively decent tissue penetration.’’ The diverse molecular structures and ease of modification,
combined with strong coordination abilities, allow for the formation of distinct derivatives. The vacant centers of
phthalocyanine can coordinate with most metals, and the physicochemical properties of the resulting complexes are
significantly influenced by the nature of the coordinating metals. For example, complexes formed by substituting the
central atom of phthalocyanine with zinc (II) (Zn*"), aluminum (III) (A1*"), gallium (III) (Ga®"), or silicon can increase
the cytotoxicity of phthalocyanine.>® Clinically, phthalocyanine demonstrate superior light and thermal stability and
therapeutic effects compared to ICG.>® However, their drawback lies in poor water solubility, which can lead to
aggregation in aqueous media.>* The introduction of sulfonic acid or other substituents can improve this to some extent.>

Methylene blue (MB) is a compound used as a dye, showing favorable lipophilicity (Figure 2E).>*>7 It exhibits
photodynamic activity upon irradiation at wavelengths of 630-680 nm, generating reactive oxygen species and demon-
strating in vitro anticancer efficacy.’®>° Taldaev et al revealed that MB exhibits photodynamic cytotoxicity against
colorectal and breast cancer cells in mouse models.”” However, MB’s low affinity for cancer cells restricts its ability to
exert anticancer effects as a photodynamic agent.®® From early local injections to later modifications involving targeted
conjugation, delivery vehicles, and combination with other materials, all demonstrate the potential of MB as
a photodynamic agent for cancer therapy.®'%>

Another photosensitizer, boron-dipyrrin (BODIPY) derives from a parent structure consisting of two pyrrole rings
connected by a methylene bridge with a boron-nitrogen six-membered ring in the middle, forming a rigid conjugated
planar structure (Figure 2F).>* It has relatively low molecular weight and considerably lower biological toxicity in the
form of monomers. Additionally, the absence of ionic charges in its molecular structure allows BODIPY to avoid
electrostatic interactions with other ions in solution. This reduction of interference sources enhances the photo-sensitivity
of BODIPY as a fluorescent dye. BODIPY emits fluorescence at around 500 nm, which might limit its application in the
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red to near-infrared light regions. The functional modifications of the BODIPY core can be conducted to balance its
various properties during applications. The BODIPY derivatives may possess high fluorescence quantum yields, good
photothermal stability, ease of structural modification, and minimal influence from environmental pH variations, ensuring
stable spectral analysis signals. Therefore, they are widely used for labeling proteins and DNA, with applications in
biological detection and photodynamic therapy. The high molar extinction coefficients also endow them with certain
photosensitizing properties. BODIPY fluorophores can also aggregate due to strong intermolecular mn-m interactions,
leading to aggregation-caused quenching (ACQ) effects, which not only result in fluorescence quenching and reduced
luminescence but also increase the cross-interaction efficiency between material systems.”>** Kang et al designed
materials for reversible activation and deactivation of ISC to allow more flexible applications of these fluorescent
materials in integrated tumor diagnostics and therapy.*

Inorganic Materials for Photodynamic Therapy
Inorganic photodynamic photosensitizers such as noble metals, carbon-based nanomaterials, and upconversional nano-
materials, have shown great potential in PDT therapy. Metallic photosensitizers play a crucial role in PDT due to their
excellent photodynamic properties, long-lived triplet state fluorescence, and good photostability.®? By rational design and
ligand modification, novel metal complexes can be constructed as dual-photon photosensitizers for anticancer research.®*
Additionally, metal-doped carbon-based photosensitizers have shown excellent performance in photocatalytic oxidation,
with FeCu-doped carbon dots (FeCu-CDs) and Co-N-doped carbon materials exhibiting enhanced electron and energy
transfer efficiency by introducing unsaturated metal states, thereby improving photocatalytic oxidation activity.®> ¢’
These metallic photosensitizers have the potential to be used in various applications, including the development of novel
metal complex photosensitizers based on Ru(Il), Ir(Il), and Pt(II) complexes, and the design of metal-doped carbon-
based photosensitizers for enhanced photocatalytic oxidation activity.®®

Carbon-based nanomaterials (CBNs), such as graphene (GE), graphene oxide (GO), carbon dots (C-Dot, CDs), and carbon
nanotubes (CNT), consist of a core made from graphitized carbon and polymer surface groups, with no distinct boundary
between the carbon core and the polymer.®” The advantages of CBNs include good water solubility, biocompatibility, tunable
photoluminescence, high photothermal/photostability, high photoluminescence quantum yields, and a rich variety of func-
tional groups. These characteristics bestow surface-functionalized CBNs with photodynamic and photothermal properties.
CBNs are small in size, easily functionalized, and capable of penetrating natural biological barriers, exhibiting significant
distribution advantages in vivo.”’ They can also serve as carriers for drug delivery. Apart from being components of
phototherapy composite materials, graphene quantum dot (GQDs) are also frequently utilized in cellular imaging, sensing,
and drug delivery due to their low biological toxicity and excellent biocompatibility.”"-”* GO is commonly an important
component in nanocomposites; for instance, prepared nanographene oxides (NGO) and coated AIE nanoparticles with them to
improve their ability to produce ROS upon light illumination.” Additionally, reduced graphene oxide (r-GO), obtained by
removing surface functional groups from GO through various reduction methods, is gradually being applied in photosensitive
therapeutic materials for tumors, assisting composites in achieving synergistic PDT and PTT or significantly enhancing the
effectiveness of one component.”* For example, Campbell et al combined nitrogen-doped GQD, hyaluronic acid (HA) and
ferrocene (Fc) composite materials to increase the ROS production to 3 times that of Fc.”> Due to the structural advantages of
GO, some synthesized composite materials can also trace live cells while exhibiting phototherapeutic effects.”®’” Fluorescent
carbon particles with sizes less than 10 nanometers, including graphene quantum dots, carbon nanodots, and carbonized
polymer dots, can be collectively referred to as CDs, which exhibit certain structural transformation relationships and
relatively simple synthesis.”® During the preparation of CDs, various functional groups such as -OH, -COOH, -CHO, -
NH,, and -SH can be introduced on the surface of CDs depending on the precursors used, and the number of functional groups
will also influence their properties.®” In applications of tumor photodynamic therapy, the amount of active oxygen produced by
CDs under light as photosensitizers is relatively limited, so they are often used in conjunction with traditional photosensitizers.
Furthermore, the water solubility provided by CDs allows for better application of composites in biological contexts.*’

Another nanomaterial with unique optical properties, upconversion nanoparticles (UCNPs), can convert two or more low-
energy photons into a single high-energy photon, transforming long-wavelength light into short-wavelength light, with broad
emission spectral bands that can be adjusted based on material structure or modifications. The short-wavelength light can be
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used to excite the photosensitizers located in deep tumors. The optical properties of UCNPs are not only unique but also
exhibit high fluorescence quantum yields, stability, and dispersion characteristics. Their excellent water dispersibility,
biocompatibility, and low toxicity make them promising candidates for in vivo therapeutic applications. Furthermore, their
surfaces are rich in common functional groups such as amino, carboxyl, and hydroxyl groups, which provide greater potential
for surface modifications. Nanomaterials capable of achieving integrated tumor diagnosis and treatment are highly anticipated,
and this design necessitates a high degree of compatibility among material components. Liu et al have designed a nanomotor,
UCNPs@mSiO,-Au-Cys, based on the optical properties of UCNPs and nanomechanical technology, which can be used for
multimodal imaging of tumors and combined PTT and PDT.” The ability of UCNPs in this material to emit at 659 nm and 800
nm under 808 nm laser irradiation holds promise for real-time online diagnosis and treatment. Additionally, the self-
propulsion generated by UCNPs under this laser irradiation can enhance the permeability of the tumor tissue, while the
gold nanoparticles (Au NPs) act as catalysts for oxygen generation alongside facilitating photothermal, photodynamic therapy,
and photothermal imaging.”® Following this, Hu et al designed down-/up-conversational nanoparticles (D/UCNPs) (wave-
lengths at 660, 1060, and 1550 nm) by conjugating dual-ligands (endogenous glutathione-responsive and doxorubicin-loaded)
-stabilized gold nanoclusters (.;AuNCs), effectively achieving ratiometric NIR-II fluorescence imaging combined with
chemo-photodynamic therapy toward tumors upon exposure to an 808 nm laser (Figure 3).*

1060nm

@ —MB

® DOX

Drug release
1550nm

Figure 3 Single-excitation three-emission D/UCNPs for tumor microenvironment-responsive fluorescence imaging and chemo/photo-dynamic combination therapy. The
NIR-Il fluorescence imaging of .,;AuNCs was enhanced by endogenous glutathione response, while doxorubicin loaded on the nanoparticles was utilized for chemical therapy,
and the photosensitizer methylene blue exerted its photodynamic therapy effects. Source: Reprinted from Hu S, Huang L, Zhou L et al. Single-excitation triple-emission
down-/up-conversion nanoassemblies for tumor microenvironment-enhanced ratiometric NIR-II fluorescence imaging and chemo-/photodynamic combination therapy. Anal
Chem. 2023;95(7):3830-3839. Copyright 2023, with permission from American Chemical Society.80
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Despite having a high fluorescence quantum yield, the luminescence intensity and ROS generation capability of
UCNPs are deemed insufficient to meet the demands of photodynamic therapy for tumor cells directly, particularly in
deeper tissue regions. Thus, one direction to overcome this limitation is to incorporate targeted, environment-responsive
switches to enhance their therapeutic efficacy, such as pH-responsive assembled nanoparticles. Another approach
involves increasing oxygen supply within the tumor microenvironment, utilizing carriers like metal-organic frameworks
(MOFs) and cyanobacteria to assist in oxygen delivery.'®®' This strategy is also an effective approach employed to
improve the photodynamic performance of other photosensitizers.

Photosensitive Nano-Materials with Dual Detection and Therapeutic Properties

With the continuous improvement in the targeting precision of nanoparticles, many drug-delivery nanomaterials have
also shown promising therapeutic and prognostic effects. By combining nanomaterials with different properties and
functions to leverage their complementary advantages, significant improvements can be achieved; for instance, the
addition of nanoparticles often enhances the PDT efficacy of poorly soluble photosensitizers. Furthermore, the strong
specificity of targeted detection materials previously demonstrated can be coupled with therapeutic agents to optimize
their effectiveness in controlling tumor progression early and even achieving tumor elimination while facilitating timely
monitoring of treatment outcomes.***’

Some new nanomaterials have been developed with dual functionalities for detection and therapy, aligning with the
principles of integrated diagnosis and treatment. The phthalocyanine compounds, which possess photosensitive properties,
can effectively balance fluorescence emission with the generation of singlet oxygen.** Chow et al developed biotin-coupled
trimer analogs of phthalocyanine compounds, which were directed towards HeLa tumor cells. These compounds were cleaved
and activated by glutathione (GSH), leading to the formation of a self-quenching complex through disulfide-linked monomers
that enter into an activated fluorescent state upon cleavage, generating fluorescence signals while simultaneously producing
singlet oxygen to achieve PDT (Figure 4).*° Similarly, the IR-822 dye, used as a fluorophore, exhibits a good molar extinction
coefficient and a tendency to preferentially accumulate in tumors.®® When conjugated with the pH-responsive proton acceptor
ethane-1,2-diamine, significant fluorescence within the acidic tumor microenvironment can enable both fluorescence and
photoacoustic dual imaging.®® Karaca et al synthesized DNA/Au/PEDOT/Pt (poly(3,4-ethylenedioxythiophene)/platinum)
micromotor probes labeled with6-FAM (6-carboxyfluorescein) to enhance the targeting of tumor marker miRNA-21, in

&
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Figure 4 Cell-selective biotin conjugated glutathione-responsive tris (phthalocyanine) for smart targeted photodynamic therapy, which achieves fluorescence activation and
photodynamic treatment through the cleavage by glutathione near tumor cells and generates phthalocyanine monomers. Source: Reprinted from Chow SYS, Zhao S, Lo PC
et al. A cell-selective glutathione-responsive tris(phthalocyanine) as a smart photosensitiser for targeted photodynamic therapy. Dalton Trans. 2017;46(34):11,223—11229.
Copyright 2017, with permission conveyed through Copyright Clearance Center, Inc.8
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which, Pt nanoparticles are often designed as photosensitizers. This material effectively recognizes MCF-7 and SJISA-1 cells,
revealing changes in fluorescence intensity, while simultaneously upregulating endogenous pro-apoptotic proteins such as
Bax, Bim, and Bad, downregulating anti-apoptotic factors Bcl-2 and Bel-w, and activating transmembrane receptors of the
TNF family, which regulate the extrinsic apoptotic pathway, thereby inhibiting breast cancer growth to some extent).*’

MOFs are composite materials consisting of metal nodes or clusters linked by coordinate bonds to organic
components. They serve as an effective design strategy or model, allowing for the selection of components with specific
characteristics based on the requirements of the composite material. The resulting structures can vary widely, ranging
from one-dimensional to three-dimensional forms, showcasing remarkable plasticity. The highly flexible structure of
MOFs includes their high porosity, which provides sufficient space for the coupling of other component materials as well
as for drug loading and delivery. For the three main novel tumor treatment strategies mentioned above, MOFs can
enhance tumor targeting capabilities, such as by enabling the attachment of targeting molecules and alleviating hypoxic
constraints in PDT. The adaptable structure and ease of modification make MOFs capable of modulating their light
absorption characteristics to enhance PTA performance. Similarly, they can alter electron transfer pathways in PDT to
increase the yield of ROS. In recent years, MOFs often employed in the synthesis of nanomaterials, have emerged as
promising components to help traditional photosensitizers overcome their limitations, for instance, in addressing the
oxygen-deprivation challenges that hinder the photodynamic performance of UCNPs in the tumor microenvironment.
Zhang et al integrated MOF and UCNPs into an innovative hybrid nanomaterial using a dual-ligand-assisted assembly
approach. This heterostructure can exploit the excess H,O, present in the tumor microenvironment to continuously
generate oxygen, thereby facilitating Type Il photodynamic action of the UCNPs while promoting effective energy
transfer from UCNPs to the MOF, resulting in enhanced near-infrared activated PDT.'® In addition, the UCNP@MnOx-
Hyp designed by Zhao et al disintegrates upon stimulation with glutathione, releasing Mn>" as a coordination center. The
photosensitizer Hyp coordinates with Mn”>* and encapsulates the lanthanide UCNPs as energy donors, forming a cross-
linked aggregate UCNP@Mn”"-Hyp. During this process, the absorbance of Hyp experiences a redshift, increasing the
spectral overlap with the light emitted by the UCNPs, thereby enhancing the energy transfer efficiency from UCNPs to
Hyp by 5.6 times. Simultaneously, the cross-linking enhances the luminescent intensity of UCNPs by resisting aqueous
quenching, and the increase in material size due to cross-linking also aids in the accumulation of UCNPs and Hyp within
cells (Figure 5).%® Chen et al constructed a near-infrared activated material, TPP-UCNPs@MOF-Pt, consisting of UCNP
cores and a porphyrin-based MOF shell containing platinum nanoparticles, which effectively alleviates the limitations
imposed by tumor hypoxia in photodynamic therapy.®” MOFs can alter electron transfer pathways through structural
design and corresponding modifications, thereby increasing the yield of ROS.”® The ligands used for MOFs in
photodynamic therapy are often well-established photosensitizers, including derivatives of porphyrin, chlorin, and
bacteriochlorin with carboxylic acid functional groups.

The n-m interactions among rigid monomers within covalent organic frameworks can frequently lead to aggregation
and quenching of the photosensitizers, negatively impacting the rate of ROS generation. In contrast, flexible organic
frameworks can effectively suppress the aggregation and quenching of porphyrins. For example, the cationic flexible
organic framework nanoparticles (PEI-Por NPs) designed by the researchers address this issue well.”! Zeng et al
developed a metal-organic framework (TBP-MOF) based on benzoporphyrin, featuring 10 connected Zrg clusters. The nt-
extended benzoporphyrin linkers promote the production of 'O, while exhibiting a red-shifted absorption band, strong
near-infrared luminescence for bioimaging, and the ability to stimulate an anti-tumor immune response.’?

Currently, there are many composite materials ingeniously combined to leverage the advantages of each component based
on the needs of integrated tumor diagnosis and therapy, achieving synergistic effects. Compared to the previously mentioned
trimeric phthalocyanine analogs that are activated by the tumor microenvironment for therapeutic applications, our research
group developed a universally applicable and efficient strategy for intracellular activation therapy by designing a GSH-
activatable multifunctional prodrug. The prodrug B-BDP-CL-CPT consists of a GSH-responsive boron-dipyrromethene
(BDP) photosensitizer, the chemotherapeutic agent camptothecin (CPT), and a ROS sensitive linker. After the biotin moiety
connecting BDP to CPT is effectively internalized by GSH-positive cancer cells, the overexpressed GSH by the cells cleaves
the terminator DNBS (2,4-dinitrobenzenesulfonate), thereby activating BDP to generate ROS. This process not only kills
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Figure 5 An in situ convertible nanoplatform with supramolecular cross-linking-triggered complementary functions—UCNP@MnOx-Hyp to enhance cancer photodynamic
therapy. Source: Reprinted from Zhao M, Zhuang H, Li B et al. In situ transformable nanoplatforms with supramolecular cross-linking triggered complementary function for
enhanced cancer photodynamic therapy. Adv Mater. 2023;35(20):e2209944. Copyright 2023, with permission from Wiley-Blackwell. © 2023 Wiley-VCH GmbH.®

tumor cells but also breaks the thioether bond to release CPT, resulting in a combined photodynamic therapy (PDT) and
chemotherapy effect. Additionally, the prodrug emits fluorescence upon GSH activation (Figure 6).”

Approaches for Optimizing Photosensitizers

Conventional photosensitizers exhibit intrinsic limitations including light exposure constraints, limited diffusion pene-
tration and suboptimal targeting, as well as issues related to ROS generation efficiency and oxygen dependence. These
drawbacks necessitate continuous refinement through iterative material design processes. Current nanomaterial develop-
ment efforts demonstrate multifaceted optimization strategies addressing these limitations. An optimized taxonomical
framework for solution strategies was established through systematic classification refinement, representative design
examples are categorized and described in the Table 2 below.

Improving ROS Yields

The conventional photosensitizers have limitations such as restrictions related to light exposure, poor diffusion penetration and
targeting, or issues regarding the efficiency of ROS generation and oxygen dependence. These factors require continual
optimization during material design. Even though different materials have preferred ranges of light sources or relatively effective
light source parameters, many materials face the issue of photobleaching, where the dye’s polymethine chains are oxidized by
singlet oxygen species, leading to decomposition and loss of fluorescence.'® At this stage, photosensitizers exposed to a single or
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singular light treatment may struggle to achieve ideal therapeutic effects.'® Better light stability enables photosensitizers to
continuously generate ROS, addressing the limitations of the limited tissue penetration of NIR light. For instance, Juengpanich
et al combined the porphyrin derivative Pul8 with UCNPs doped with lanthanide elements that possess excellent biocompat-
ibility and high light stability, forming a nanomaterial called stimuli-sensitive tumor-targeted photodynamic nanoparticles
(STPN). Prior to intravenous injection, STPN was subjected to NIR radiation stimulation, allowing it to accumulate at tumor
sites and subsequently enter cells via mediation by HER2 receptors. The continuously luminescent STPN not only generates
ROS but can also be used for diagnostics via magnetic resonance imaging (MRI) and intraoperative NIR navigation.” However,
light exposure may lead to reactions such as skin allergies and edema in affected areas.'® Inappropriate dosing and timing of light
exposure may also provoke immune.**'%> Hydrophobic photosensitizers may accumulate in blood vessels, potentially inducing

Table 2 Challenges Faced by Photosensitizers in Realizing Photodynamic Functions and Effective Solutions

Challenge Strategies for Concrete Examples
Improvement

Limited PDT efficacy caused by insufficient excitation | The absorption spectrum is | Molecular engineering of aggregation-induced emission
light penetration redshifted by photosensitizers (AIE-PS) achieves absorption redshift,
photosensitizer significantly improving antitumor efficiency.®

modification
NIR-mediated PDT UCNPs in UCM nanohybrids absorb NIR light (low energy/

activation via upconversion | high tissue penetration) and activate porphyrin ligands via

nanomaterials energy transfer for enhanced PDT.'°
Photobleaching under high-intensity irradiation Afterglow luminescence Pre-irradiated STPN decomposes in vivo, allowing UCNPs
utilization to continuously stimulate Pul8’s afterglow emission,

avoiding prolonged light exposure.”

Design effective SPN'’s conjugated backbone protects BODIPY derivatives
photobleach shielding to and NIR-emitting Ir(lll) complexes, achieving high 'O, yield
enhance light absorption through FRET (®A=0.97).”

(Continued)
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Table 2 (Continued).

Challenge

Strategies for

Improvement

Concrete Examples

The hypoxic tumor microenvironment impedes the
action of photosensitizers that produce ROS via
type | and type Il pathways

Increased oxygen delivery

O, required for ROS
generation in pathway Il is
generated

Use Class IlI
photosensitizers that do
not rely on O,

The material DRT@Lipo-PS-NBs-O, enhances PDT and
immunotherapy by directly encapsulating 0,.%

Nanohybrid UCM utilizes excess H,0, in tumor
microenvironment (TME) to continuously generate O,
through peroxidase-like capability.Io

NBEX photosensitizers directly target tumor RNA under
irradiation, enabling cancer cell elimination, metastasis

suppression, and immune activation.”®

Photo-toxicity of hypoxic active iridium(lll)-based
sensitizers also showed good photocytotoxicity in hypoxic
3D tumor spheroids.”’

The tumor targeting of the material is not enough to | TME-responsive PDT

activation (pH/GSH/H,0O,)

STPN self-quenches under physiological conditions and
meet the demand disassembles in acidic TME, releasing UCNPs to activate
Pul8 for ROS generation.’

Dual-modal imaging probe Cy-Bio-GSH targets and
consumes GSH in TME, activates PDT and other
treatments.”®

A cascade-augmented nanoimmunomodulator (CMZM)
dissociates under acidic and rich GSH TME, triggering PDT
and enhancing immunotherap)'.99

UCNP@MnOx-Hyp nanoparticles respond to GSH and
H,O, in TME to activate ROS generation and real-time
imaging.88

Human serum albumin-supported photosensitizer C086

(C086@HSA) showed promising PDT therapy based on
100

Biocompatible targeted
delivery systems

enhanced in vivo stability and tumor targeting.
Aptamer-based delivery systems improve PDT selectivity/

efficacy in bladder cancer murine models."®"'

Abbreviations: *OH, hydroxyl radica; 'O,, singlet oxygen; ACQ, aggregation-caused quenching; AIE-PS, aggregation-induced emission photosensitizers; Au NPs, gold
nanoparticles; BBB, blood-brain barrier; BDP, boron-dipyrromethene; BODIPY, 4,4-difluoro-boradiazaindacene; Casp3, apoptosis-related enzyme caspase-3; CBNs, carbon-
based nanomaterials; C-Dot, CDs, carbon dots; Ce6, chlorin e6; CNT, carbon nanotubes; COP, covalent organic polymer; CPT, chemotherapeutic agent camptothecin; CT,
chemotherapeutic drugs; Cy7, sulfo-cyanine7; EPL, e-poly-L-lysine; EPR, enhanced permeability and retention effect; Fc, ferrocene; FDA, Food and Drug Administration;
FeCu-CDs, FeCu-doped carbon dots; GE, graphene; GO, graphene oxide; GQDs, graphene quantum dot; GSH, glutathione; H,O,, hydrogen peroxide; HA, hyaluronic acid;
HO-1, heme oxygenase-1; HPD, hematoporphyrin derivative; HPV, human papillomavirus; HSA, human serum albumin; Hyp, photosensitizer hypericin; ICG, indocyanine
green; ISC, intersystem crossover; MB, methylene blue; MDR, multidrug resistance; MOFs, metal-organic frameworks; MPS, mononuclear phagocytic system; MRI, magnetic
resonance imaging; NGO, nanographene oxides; NIR-I, first near-infrared; NSPC, nanostructured self-assembling peptide-photodynamic agent carrier; O,, oxygen; O,°
superoxide anions; OH", hydroxide ions; Pc, phthalocyanine; PDT, photodynamic therapy; PEG, polyethylene glycol; PEI-Por NPs, cationic flexible organic framework
nanoparticles; PFOB, perfluorooctyl bromide; PFSEA, perfluorohexanoic acid; PGL, porphyrin-grafted lipid; PS, photosensitizers; PSs, photosensitizers; r-GO, reduced
graphene oxide; ROS, reactive oxygen species; Sq, ground state; SOC, spin-orbit coupling; STPN, stimuli-sensitive tumor-targeted photodynamic nanoparticles; T, excited
triplet state; TBP-MOF, metal-organic framework; THPP, 5,10, 15,20-tetra(4-hydroxyphenyl) porphyrin; UCNPs, upconversion nanoparticles; ZP, zinc protoporphyrin IX.

thrombosis. Meanwhile, the ROS generated during light exposure could damage the vasculature. Therefore, selecting optimal
light exposure conditions for achieving the best therapeutic performance must remain within specific biocompatibility limits,
alongside precise control over drug activation timing and tracking to mitigate side effects.”'

Many photosensitizers, particularly organic dye-based ones, exhibit inefficient intersystem crossing from S; to Ty,
making it challenging to achieve ideal high singlet oxygen generation efficiency independently.”* Thus, enhancing the
ROS generation efficiency is a direct method to improve PDT performance of the photosensitizers. Jiang et al designed
dual-emissive semiconducting polymer nanoparticles (SPNs) with near-infrared phosphorescent iridium (III) as the donor
of BODIPY fluorescent derivatives, achieving an excellent singlet oxygen yield of 0.97. The phosphorescence quenching
phenomenon of iridium(IIT) complexes can be used to assist in the early diagnosis of cancer (Figure 7).”* Additionally,
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Figure 7 Dual-emissive semiconducting polymer nanoparticles (SPNs) generate phosphorescent quenching signals and ROS through FRET effect after exposure to light
in vivo. Source: Reprinted from Jiang J, Qian Y, Xu Z et al. Enhancing singlet oxygen generation in semiconducting polymer nanoparticles through fluorescence resonance
energy transfer for tumor treatment. Chem Sci. 2019;10(19):5085-5094. Copyright 2019, with permission from Royal Society of Chemistry.”*

Wan et al optimized the intramolecular charge transfer strategy of electron-rich anion-m” AIE-active luminogens
(AlEgens) to enhance the generation efficiency of ROS by partially suppressing non-radiative internal conversion
while promoting radiative transitions and intersystem crossings.'®

In addition to the above factors, the size of the materials can significantly impact ROS yield and localization, making

size an important consideration in the entire process of nanoparticle design and application the body.

Activating PDT Materials Using Hypoxic Nature of the Tumor Environment

Alternatively, the hypoxic nature of the tumor environment can be exploited as a signal to activate the photodynamic
effects of materials. For instance, Yang et al designed a hypoxia-responsive human serum albumin (HSA) nanosystem
(HCHOA) that cross-links hypoxia-sensitive azo-benzene between the photosensitizer Ce6 conjugated HSA (HC) and
oxaliplatin to create a prodrug HSA (HO).'” Upon exposure to the hypoxic tumor microenvironment, it rapidly
decomposes into ultra-small HC and HO therapeutic nanoparticles with diameter less than 10 nm, which significantly
enhanced their infiltration ability within tumors. Furthermore, the quenching fluorescence of Ce6 in the resultant HC

nanoparticles can provide bioimaging signals.107
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Developing Photosensitizers Independent of Oxygen Molecules
In 2010, Allison et al proposed a Type III mechanism based on the aforementioned Type I and II mechanisms, which
occurs independently of oxygen concentration.”® In addition to being unaffected by this critical factor, the photosensi-
tizers exhibiting this mechanism also possess highly desirable targeting capabilities, specifically toward biomolecules
such as proteins within tumor cells.’® Following this line of thought, Yao et al developed a family of novel photo-
sensitizers NBEX (X = S, Se, Te), which employs the Type III mechanism with specific targeting functionalities. Upon
exposure to light energy, these sensitizers can directly target RNA within tumor cells, effectively killing cancer cells and
inhibiting their metastasis while also inducing immune responses.'®®

Some therapeutic agents based on BODIPY have the advantage of generating photodynamic and photothermal effects
without oxygen, enhancing their tumor treatment efficacy.'® The excellent therapeutic outcomes of these photosensitizers also
drive the continuous optimization of materials, with accumulated experience in material modification and synthesis providing
greater potential and controllability for the performance of nanomaterials, including their integration into diagnosis and therapy.

Targeted Delivery Systems for Enhancing PDT

Targeted delivery systems demonstrate significant potential in improving PDT by precisely delivering photosensitizers to
diseased areas, thereby greatly enhancing therapeutic efficacy and reducing side effects. Traditional PDT often suffers from the
non-specific distribution of photosensitizers throughout the body, leading to phototoxicity in normal tissues and insufficient
light penetration depth. Targeted delivery systems, such as antibody conjugates, ligand-modified nanoparticles, or exosomes,
achieve selective accumulation of photosensitizers at the lesion sites by recognizing tumor-specific biomarkers (such as EGFR
and folate receptors) or responding to tumor microenvironments (such as low pH and high enzymatic activity).”!'*!"!
Furthermore, nanoparticle carriers can encapsulate photosensitizers and integrate imaging probes, enabling a therapeutic-
diagnostic synergy. Some systems can also co-deliver therapeutic agents (such as anti-angiogenic drugs or immune mod-
ulators) to overcome tumor resistance through multi-modal treatment approaches.''* This strategy not only enhances the
spatiotemporal control of PDT but also provides new avenues for treating deep-seated tumors and metastatic lesions.

Optimizing Targeting Activity of ROS

Target strategies highlight an promising pathway for developing photosensitizers (PSs) with selectivity and deep
penetration. Many organic small molecule dyes, which have been studied more recently, also exhibit certain levels of
tumor targeting; however, they still require continuous improvement to meet the increasingly precise targeting demands
for nano-oncological diagnostic and therapeutic materials. This challenge is a key issue throughout various materials and
therapeutic modalities. Our research group employed non-pathogenic Escherichia coli to target tumor delivery of
photosensitizers, enhancing photodynamic therapy and tumor imaging.'"?

The water solubility of many photosensitizers used in photodynamic therapy does not meet expectations during tumor
target applications. Besides modifying the hydrophilicity of the photosensitizers, researchers have attempted to enhance
the assembly of porphyrin nanofibers through apoptosis, which allows the material to be cleaved by apoptosis-related
enzyme caspase-3 (Casp3) and self-assemble into nanofibers upon laser irradiation, increasing the yield of ROS while
inducing cellular apoptosis.''* The short lifespan and action radius of ROS necessitate their generation close to tumor
cells to achieve optimal tumor-killing effects while preventing damage to surrounding healthy cells. Thus, in addition to
red-shifting the absorption peaks of materials to increase treatment depth, optimizing the targeting of photosensitizer-
generated ROS towards tumor cells is crucial.'® Besides introducing tumor-targeting ligands such as the well-known
antibodies, RGD peptide, folate acids and et al,™''® enhancing the rate of photodynamic generation, increasing the
sensitivity of photosensitizer excitation, to magnify the own property of photosensitizers are promising approaches to
improving tumor-specific efficacy.®® In another case, attaching charge-modified moieties with environment-responsive
cell membrane anchoring functionality to porphyrin IX (PpIX) results in a self-transformable pH-driven membrane
anchoring photosensitizer (pPHMAPS) that exhibit an a-helical structure and integrate into cell membranes under mildly
acidic tumor environments. Under 630 nm light exposure, they can generate ROS to disrupt cell membranes and induce
cell death.''® Some natural plant active compounds, such as curcumin and its derivative p-diketone ligands, exhibit good
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antitumor and antibacterial activities. However, they suffer from poor water solubility, necessitating the use of carriers to
improve their dispersion. In our research group, the nanoparticles (CO86@HSA) formed from human serum albumin
(HSA) loaded with curcumin derivative C086 showed not only increased tumor cell uptake of C086 but also enhanced
in vivo stability and tumor targeted location through enhanced permeability and retention effect (EPR) effects, resulting
in improved photodynamic therapy efficacy against tumors.'®

One of the conditions for the photodynamic action, whether through Type I or Type II mechanisms, is a sufficient
concentration of oxygen; however, within solid tumors, the interior often exists in a hypoxic state. This limitation significantly
hinders the therapeutic effectiveness of photodynamic therapy. One approach is to increase the oxygen content in the
surrounding environment. For instance, Tao et al cross-linked 5,10,15,20-tetra (4-hydroxyphenyl) porphyrin (THPP) with
perfluorohexanoic acid (PFSEA) and polyethylene glycol (PEG) through a one-pot esterification reaction, preparing
a fluorinated covalent organic polymer (COP) to achieve simultaneous tumor oxygenation and photodynamic therapy.''”
Lv et al addressed the dependency on oxygen during the generation of singlet oxygen by photosensitizers, modifying Pt(II)
porphyrin with cationic oligo-fluorene. These materials can monitor tumor hypoxia and maintain good reactive oxygen
generation performance.''® Similarly, Liang et al dispersed perfluorooctyl bromide (PFOBY) stably in porphyrin-grafted lipid
(PGL) nanoparticles. The ordered arrangement of porphyrin and alkyl chains within the PGL NPs allows for high fluorescence
without affecting the singlet oxygen yield of porphyrin itself while effectively enhancing the oxygen content in tumors.'"® To
address the weak tumor-targeting ability and oxygen dependence of Ce6, Zhao et al modified it with adamantane and used
hydrogen peroxide enzyme-encapsulated B-cyclodextrin-hyaluronic acid nanoparticles as carriers, increasing the oxygen
concentration and CD44 receptor targeting in the low-oxygen environment for the composite material HA-CAT@aCe6,
consequently achieving a better anti-tumor effect.'*’

The tumor microenvironment and the abnormal expression of growth factor receptors on the surface of malignant
tumors represent exploitable recognition and therapeutic targets.'?! As summarized by Sharma et al (Figure 8).'** The
specific characteristics in the tumor microenvironment that can be utilized to target materials or initiate drug release
include pH,* hypoxia, and elevated glutathione levels.'”® These related biomarkers can be harnessed to design
“responsive switches”, which not only facilitate tumor detection but also trigger the release of drugs loaded in
nanoparticles.'**'** For instance, Zhao et al designed a convertible UCNP@MnOx-Hyp (Hyp, photosensitizer hypericin)
system that, in tumor cells, reacts to glutathione and H,O, and trigger the release Mn”>" and Hyp, PDT of the materials
was improved by in-situ crosslinking.®®

Enhancing Stability

Serum components often lead to the disintegration of composite nanomaterials, resulting in off-target effects, necessitat-
ing the addition of protective components. For example, our research group designed a nanostructured self-assembling
peptide-photodynamic agent carrier (NSPC) made from conjugated phthalocyanine derivatives (MCPZnPc) and e-poly
-L-lysine (EPL) for the delivery of chemotherapeutic drugs (CT). By the interactions between the core and outer layer,
we engineered a highly stable CT@ME NSPC in serum that does not disintegrate, effectively protecting the chemother-

apeutic agent while enabling a combined photodynamic and chemotherapeutic treatment.'

Discussion

Nanomaterials are effectively utilized in the diagnosis and treatment of tumors due to their excellent biological penetration
properties. However, these same characteristics may also result in certain biological toxicity.'?” For instance, metallic
nanoparticles can induce the production of cytotoxic factors, trigger inflammatory responses, and generate ROS, which can
be harmful to the organism.'**'* As more nanomaterials are incorporated into disease diagnosis and treatment research, it is
imperative for researchers to not only focus on the significant specificity and functionality of new materials but also pay
particular attention to the underexplored toxicological characteristics of different materials, as well as considerations regarding
the residuals and metabolism of nanomaterials once they enter the body. The toxicity of nanoparticles is often related to their
size, shape, surface charge, and other characteristics. Therefore, when modifying and engineering these materials, a cautious
and thorough experimental approach is essential; haste should be avoided. Additionally, biomarkers and related expressions
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vary at different stages and degrees of tumor progression. Consequently, precise identification and comprehensive treatment
under such circumstances may prove challenging.'**

In recent years, nanomaterials are gaining increasing attention for their potential to be widely applied in tumor therapy due to
their favorable properties compared to traditional therapeutic agents, such as good water solubility,'** small size that allows for

better penetration and circulation,"' and their capability as drug delivery carriers. However, the integration of diagnosis and
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treatment still faces numerous challenges, particularly the multiple biological barriers that nanomaterials encounter during
delivery of the photosensitizers to the tumor site. Both traditional chemotherapy drugs and nanoparticles first encounter the
body’s natural physical barriers upon entering the system, with the primary barriers being the blood-brain barrier (BBB) and the
peritoneal membrane.'** Once introduced into the body, photosensitive nanomaterials can more readily penetrate tumor tissues
but not normal tissues due to the phenomenon of enhanced EPR.'*? However, a portion of these materials may also accumulate in
non-target tissues.'** The interstitial fluid and tumor microenvironment within this hydrogel system represent significant barriers
that nanoparticles must overcome.'*> The interstitial fluid pressure restricts the entry of nanoparticles to the vicinity of tumor
cells."** Convective interstitial flow can aid in the clearance of nanoparticles from the tumor cell surface. The interstitial fluid also
contains the mononuclear phagocytic system (MPS), which includes phagocytic cells that clear the nanoparticles from the cell
surface, with accumulation occurring in the spleen and liver. MPS recognition presents another critical barrier preventing
nanomaterials from reaching tumors.'?> Moreover, phagocytic cells exhibit a shape preference for nanoparticles. Macrophages
preferentially uptake spherical nanoparticles, while neutrophils tend to ingest rod-shaped nanoparticles.'*> More specifically,
mouse leukemia monocytic macrophages more efficiently uptake triangular gold nanoparticles with larger adhesion areas.'**'*’
Additionally, the cellular membrane can restrict the access of nanoparticles into intracellular compartments.'*® Presence of all
these barriers calls for development of better designed photosensitive nanomaterials with enhanced penetration, prolonged half-
life, low toxicity and the activity to evade non-target cell internalization.

Several agents have been FDA-approved, including aminolevulinic acid (ALA) and Photofrin, primarily for the
treatment of skin cancers and precancerous lesions.'%*'3° Additionally, various novel photosensitizers are currently being
investigated in clinical trials, including red-light-sensitive agents and nanoparticle-enhanced formulations.'*° Preliminary
results from these trials indicate that PDT has shown considerable success in treating specific malignancies, like
squamous cell carcinoma and actinic keratosis, while offering advantages such as reduced side effects and faster recovery
times compared to traditional therapies. These advancements provide new hope for future cancer treatment options.

Photodynamically generated ROS demonstrate multidisciplinary utility: clinically validated in dermatology (acne,
psoriasis, vitiligo) and ophthalmology, combating antimicrobial resistance (MRSA) and biofilm-related infections.
Emerging roles span atherosclerotic plaque stabilization, immunomodulation, and aesthetic rejuvenation via collagen
remodeling. PDT’s dual action—direct cytotoxicity and immunostimulation—supports efficacy in dermatological/ocular
therapies and expands into cardiovascular, immunological, and cosmetic domains. Based on this performance, our
research group also designed a series of photosensitizer material with good antibacterial performance.'*!

In recent years, we have focused on pH and temperature-sensitive materials, such as phase-changeable hydrogels and
degradable polymeric biomaterials, which are responsive to environmental conditions. The nano-to-micro drug delivery and
release systems incorporating these materials show significant potential for applications in integrated tumor-targeting treatment
and diagnosis. Meanwhile, in our present under-going studied, we are exploring novel biochar systems which are highly-
applicable because they are prepared from plant and other organic materials at high temperature, showing decent biocompatibility
and stability, which are promising for facilitation of the efficacy of the PDT materials in combination with diagnosis functions
in vivo.

Photodynamic materials exhibit great potentials across diverse applications; however, their inherent toxicological risks,
instability issues, and translational bottlenecks remain significant challenges, requiring systematic investigation. Future
research should prioritize the development of photodynamic materials with highly-secured safety and stability, while
providing refined and standardized clinical treatment protocols. Concerted interdisciplinary innovation integrating nanotech-
nology, materials science, and clinical oncology will be instrumental in overcoming existing limitations. Such collaborative
advancements are poised to expand PDT’s applicability in oncological interventions, anti-infection treatments, and regen-
erative medicine, ultimately realizing their full translational potential through iterative technological refinement.

Within the current therapeutic paradigm of oncology, a dynamic interplay exists among diverse therapeutic modalities,
each exhibiting distinct mechanistic profiles and clinically validated efficacy advantages. PDT and PTT therapies utilize light-
activated ROS generation or hyperthermia for localized tumor destruction, yet struggle with deep/metastatic tumors.
Immunotherapies (eg, ICIs) enable immune-driven tumor clearance with durable efficacy but face variable responses and
toxicity. Chemotherapy, a systemic DNA/RNA disruptor, remains widely used despite off-target effects and drug resistance.
Emerging synergy arises in combo strategies—PDT/PTT-enhanced immunogenic cell death amplifies immunotherapy, while
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nanoplatforms integrate chemo-photothermal action to overcome resistance. Therapeutic dominance hinges on tumor context,
with precision approaches combining microenvironment modulation, immune activation, and targeted delivery gaining
traction.
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