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Abstract: Photodynamic therapy (PDT) is an effective approach for inducing tumor cell death through reactive oxygen species (ROS)
generated by light-activated photosensitizers (PSs). Despite its selectivity in tumor treatment, PDT still faces significant challenges in
targeting deep-seated tumors due to limitations in tissue penetration and precise localization. Graphene-based nanomaterials, such as
graphene oxide (GO), reduced graphene oxide (rGO), graphene quantum dots (GQDs), and graphene nanosheets (GNS), offer
innovative solutions by enhancing light penetration, boosting PS activity, and improving tumor-targeting precision. This review
highlights how graphene-based nanomaterials address these challenges through functionalization strategies, including receptor-
mediated tumor targeting, size-dependent penetration, optical synergy, and hypoxia modulation. Additionally, it explores the synthesis
and production challenges associated with these materials. Focusing on four key graphene derivatives—GO, rGO, GQDs, and GNS—
this article examines how reaction conditions, catalyst types, and precursor purity influence their structural properties and functional
performance in PDT. To facilitate the translation from laboratory research to clinical application, strategies for scaling up production
are discussed, emphasizing the need to simplify synthesis processes and improve efficiency for broader biomedical use. This review
provides valuable insights into advancing graphene-based nanomaterials for clinical PDT applications, bridging the gap between
nanomaterial design and therapeutic precision.
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Introduction

Malignant tumors, more commonly known as cancer, pose a formidable threat to human health and are a significant public
health challenge globally. The progression of cancer from a localized tumor to a metastatic disease is a sophisticated and multi-
faceted process, which remains the leading cause of death among cancer patients.! According to the latest projections from
CA: A Cancer Journal for Clinicians,2 an estimated 2,041,910 new cancer cases and 618,120 cancer-related deaths are
expected to occur in the United States in 2025. These estimates are based on the most recent population-based cancer
incidence data collected through 2021 and mortality data gathered through 2022. Despite significant advancements in anti-
cancer treatments over the past decade, the battle against this relentless disease continues to be arduous. Currently, the primary
clinical strategies for combating tumors include surgery, radiotherapy, chemotherapy, and immunotherapy. These methods
have proven effective in curbing the proliferation of cancer cells. However, their lack of specificity often results in the
inadvertent targeting of rapidly dividing normal cells, such as those in hair follicles, bone marrow, and the gastrointestinal
tract, leading to substantial adverse effects.’
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In this context, the development of new targeting strategies becomes crucial to strike a balance between treatment
efficacy and the minimization of side effects. Photodynamic therapy (PDT) has emerged as a promising approach,
leveraging photosensitizers (PSs) activation to generate cytotoxic singlet oxygen ('O,) and reactive oxygen species
(ROS) for tumor cell apoptosis.® It offers precise spatial control, allowing light exposure to be finely tuned for maximized
effectiveness in tumor areas. Its non-invasiveness, controllability, reduced toxicity, and high efficiency make it
a promising standalone or synergistic treatment option. However, conventional PSs often suffer from nonspecific
accumulation in normal tissues, leading to off-target toxicity.” Additionally, light attenuation and hypoxia in deep tumors
restrict ROS generation, thereby reducing therapeutic efficacy.® Ongoing advancements in light sources and light delivery
technologies continue to underscore the pivotal role of appropriate PS selection in enhancing the tissue penetration of
PDT, marking substantial progress in its application.

In the evolving domain of nanomedicine, graphene and its derivatives - including monolayer graphene, graphene oxide
(GO), reduced graphene oxide (rGO), graphene quantum dots (GQDs), and graphene nanosheets (GNS) - have gained
significant attention for their unique structural, chemical, and optical properties. Among their numerous applications, they
have shown considerable promise in targeted drug delivery, bio-detection, bio-imaging, and phototherapy, including photo-
thermal therapy (PTT) and PDT.” ' Specifically in PDT, these graphene-based nanomaterials are lauded for their broad-
spectrum light absorption capabilities, which enable them to harness energy across a wide range of wavelengths. This quality
not only boosts the excitation efficiency of PSs under targeted light conditions but also enhances the generation of 'O, and
ROS, crucial mediators in the therapeutic efficacy of PDT. Furthermore, graphene-based materials facilitate a more efficient
transfer of light energy, reducing energy loss and non-radiative decay, thus amplifying the overall effectiveness of the PDT
process. Beyond their optical advantages, graphene nanomaterials improve PDT by enhancing PS delivery, promoting tumor-
selective accumulation, and mitigating tumor hypoxia through oxygen transport mechanisms. Their ability to encapsulate PSs
prevents premature deactivation, improving treatment stability. Moreover, integrating graphene-based PDT with other
therapeutic strategies holds promise for synergistic effects, potentially enhancing overall efficacy.

Despite the significant potential of these materials, there remains a notable gap in comprehensive reviews on the
application of graphene in PDT, especially in the context of tumor treatment. This study aims to address this gap by
reviewing recent advancements in graphene-based nanomaterials, focusing specifically on the synthesis and development
of GO, rGO, GQDs, and GNS. It thoroughly examines the performance and therapeutic efficacy of these materials in
PDT, offering insight into how they may overcome existing challenges and limitations in cancer therapy.
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Literature Search and Selection Methodology

To systematically review advancements in graphene-based nanomaterials for PDT in tumor treatment, a structured
literature search strategy was implemented. First, a preliminary search was conducted in the PubMed database using
the Boolean phrase “Nanomedicine AND Graphene AND Photodynamic Therapy AND Tumor AND Review” to identify
relevant review articles published between 2020 and 2025, yielding 18 results. To broaden the scope, an ad hoc
supplementary search was performed on Google Scholar, which identified additional reviews. These reviews provide in-
depth discussions on specific topics, such as the synthesis and modification strategies of GO or rGO, and PDT
combination therapies. A detailed review revealed that they typically focus on a single material type or address only
particular aspects, such as drug delivery or imaging analysis. There is a notable gap in the systematic evaluation of the
targeting accuracy and tissue penetration enhancement mechanisms of the four primary graphene-based materials-GO,
rGO, GQDs, and GNS in PDT. Furthermore, these reviews lack a comprehensive analysis of the clinical feasibility and
safety of these materials.

Subsequently, a comprehensive systematic review was conducted across four databases: ScienceDirect, PubMed, Web
of Science and Scopus. This review used the predefined search string “Nanomedicine AND Graphene AND Photodynamic
Therapy AND Tumor AND NOT Review” to identify original research articles published from 2020 to 2024.

Inclusion criteria encompassed:

1. Studies focusing on graphene-based nanomaterials for tumor-targeted PDT applications with demonstrated
enhanced tumor-targeting precision or improved tissue penetration;

2. Experimental or preclinical research with robust data;

3. Studies that introduced innovative structural designs or functionalization strategies for graphene-based nanoma-
terials to to enhance PDT performance.

Exclusion criteria were:

1. Non-primary research (eg, reviews, conference abstracts);
2. Studies unrelated to graphene-based nanomaterials, PDT, or tumor therapy;
3. Duplicate publications or incomplete datasets.

Review provides an in-depth analysis of studies that meet the aforementioned screening criteria. These articles form the
core of the review, representing the most relevant studies, while additional references may also be cited to support
broader context and trends. The search was focused on the period from 2020 to 2024. This was due to significant
breakthroughs in the surface functionalization of graphene-based nanomaterials over the past five years, including
targeting ligand conjugation and optimized PS loading, which have greatly enhanced their tumor-selective accumulation
capabilities.

By examining research over the past decade and analyzing the key advancements in graphene-based PDT applica-
tions, we observe a notable increase in studies emphasizing enhanced targeting precision and improved tissue penetration
strategies since 2020. This rising trend is anticipated to continue as more research integrates multimodal therapies and
advanced bioengineered graphene nanocarriers to achieve superior tumor-specific delivery and deeper light penetration in
PDT. The following sections provide a detailed breakdown of various functional modifications of graphene-based
nanomaterials and their specific contributions to targeting precision and tissue penetration, ultimately enhancing PDT
efficacy.

Synthesis of Graphene-Based Nanomaterials in Photodynamic Therapy

The synthesis of graphene from carbon atoms is achieved through the process depicted in Figure 1, involving the formation of
a covalent sp® bond with a single-free electron.'? The structure of graphene—consisting of a single, densely packed layer of
carbon atoms—yields a specific surface area as high as 2600 m?/g,'? vastly surpassing that of microporous activated carbon,
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Figure | (a—c) graphene bonding properties and (d) scanning electron microscope (SEM) image of single-layer graphene. Reprinted from Tiwari SK, Sahoo S, Wang N,
Huczko A. Graphene research and their outputs: status and prospect. | Sci. 2020;5:10-29."'

which has a specific surface area ranging from 718 to 1591 m?/g."* This large surface area provides ample opportunities for
modification and functionalization, making graphene an ideal platform for carrying PSs in PDT.
Graphene can be synthesized using various methods, which generally fall into two categories:

1. Redox Method: This method involves the oxidation of graphite to introduce oxygen-containing functional groups,
followed by reduction to obtain graphene. This approach is favored for its simplicity and cost-effectiveness,
making it suitable for industrial production. However, it typically results in a lower yield of graphene.''

2. Non-Redox Methods: These include techniques such as tape stripping, ultrasonic stripping with organic solvents,
and electrochemical stripping. Although these methods produce higher-quality graphene, they tend to be more
expensive and less efficient compared to the redox method.'® The choice of graphene preparation method depends
on specific requirements, considering factors such as cost, efficiency, and final product quality.

However, graphene’s lack of a bandgap and poor water solubility limit its biomedical applications. To address these
challenges, researchers are exploring the development of graphene derivatives. These derivatives aim to enhance the
material’s solubility, stability, and functionality, thereby broadening its applicability in biomedical fields, including PDT."®

Synthesis of Graphene-Based Nanomaterials

Preparation of GO

To provide a thorough understanding of GO synthesis, this section explores both traditional and modern methodologies,
tracing their evolution over time. Traditional methods, such as those developed by Brodie and Hummers, established the
foundational approaches for GO synthesis, though they came with safety and scalability challenges. In contrast,
contemporary techniques, like the Tour method and its advancements, have refined these earlier methods by enhancing
efficiency, safety, and product quality. Both traditional and modern approaches are vital in optimizing GO synthesis for
large-scale production and diverse applications.

Traditional Synthesis Methods
British chemist B.C. Brodie pioneered the investigation into GO properties. In the Brodie method, graphite was
combined with potassium chlorate (KCIlO3) in a 1:3 ratio and reacted with fuming nitric acid (HNOj3) at 60°C for 3 to
4 days to produce GO.'” This was the earliest method for preparing GO,'® though the use of KCIO; introduced
a significant risk: the formation of chlorine dioxide (ClO,), a compound with explosive potential.

In 1958, Hummers and Offeman developed an alternative approach, known as the Hummers method,'® which has since
become one of the most widely used and effective techniques.”® This method employs excess potassium permanganate
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(KMnQ,), sulfuric acid (H,SO,), and a small amount of sodium nitrate (NaNO3) to synthesize GO rapidly, typically within 8
to 12 hours. The combination of KMnO, and NaNOj results in a more ordered GO structure, enhancing its water solubility
and ease of lamination.'” One of the key advantages of the Hummers method is the replacement of KCIO; with KMnOy,,
which mitigates the risk of explosive ClO, formation, thus improving safety. However, this method has its drawbacks,
including the release of nitrogen oxides, which contribute to air pollution, and challenges in removing Na" and NO;~ from
the final product.?' Additionally, manganese heptoxide (Mn,O5), a highly explosive substance posing significant safety risks,
may form inadvertently during the process. Specifically, Mn,O; is synthesized when solid potassium permanganate reacts
with cold concentrated sulfuric acid, initially forming permanganic acid (HMnQ,) that subsequently dehydrates to Mn,O-.
Critically, Mn,O, decomposes explosively when heated to 55 °C,** which severely limits the process scalability due to
thermal instability under practical operating conditions.

In 1999, Nina et al*® introduced a pre-oxidation step to enhance the synthesis process. This method involved pre-
oxidizing graphite with a mixture of H,SO,, potassium peroxodisulfate (K,S,0g), and phosphorus pentoxide (P,Os) at
80°C, followed by the synthesis of GO using the Hummers method. This modification accelerated the oxidation rate,
resulting in a higher degree of oxidation in the produced GO.

In 2017, NI Zaaba and collaborators®* further advanced GO synthesis by refining the Hummers method. Their
improved technique removed the need for NaNOj3 and an ice bath, allowing the reaction to proceed at room temperature.
This innovation demonstrated that NaNOjs is not essential for GO synthesis, and GO with comparable properties can be
produced without it. The revised method reduces costs and minimizes the emission of toxic gases, representing
a significant improvement in the scalability and safety of GO production.

In 2022, Chen Xiaodong et al*> conducted an in-depth study on the Hummers method for the preparation of GO,
detailing a four-stage process. Initially, concentrated sulfuric and nitric acids infiltrate the graphite layers through
molecular thermal motion, forming a HNO3-H,SO,4-graphite intercalation compound (GIC). Subsequently, potassium
permanganate reacts with sulfuric acid at low temperatures, generating Mn,O-. This Mn,O5 then intercalates between the
graphite layers, displacing some sulfuric acid molecules to form Mn,0;-H,SO4-GIC. In the third stage, Mn,0O,
decomposes thermally to produce oxygen atoms that oxidize the defects in the graphite layers, resulting in the formation
of partially oxidized graphite oxide (PGO). Finally, the GO is purified using deionized water, hydrogen peroxide, and
hydrochloric acid. This study offers a refined explanation of the oxidation mechanism involved in the Mn,07,-H,SO,
oxidation method for GO preparation.

Modern Synthesis Methods
Tour’s Graphene Oxide (TO-GO) Method: In 2010, Dimiev and Tour introduced improvements to the Hummers method
by substituting nitric acid with slightly corrosive phosphoric acid.*®*” Their process involves mixing phosphoric and
sulfuric acids in a 1:9 ratio, adding potassium permanganate and graphite in a 6:1 ratio in an ice bath, and then heating
and stirring the mixture at 50°C for 12 hours. This modification enhances oxidation efficiency and product quality. After
cooling the mixture, it is poured onto ice, and 30% hydrogen peroxide (H,O,) is added to neutralize any excess
potassium permanganate, as depicted in Figure 2.>® Phosphoric acid serves as a dispersant and etchant while stabilizing
the oxidation process, thereby facilitating safer synthesis of GO. This method improves temperature control, avoids
exothermic reactions, and mitigates the release of toxic gases, making it suitable for large-scale production.”® The GO
produced by this method exhibits higher yield, greater oxidation levels, and a more uniform structure compared to the
Hummers method, with improved hydrophilicity and reduced defect concentration.*®

In 2021, V.O. Kotsyubynsky et al*" further refined the Tour method to produce a GO colloidal solution. By adding
sodium hydroxide (NaOH) to adjust the pH to 2.0-2.2 in the final oxidation stage, they induced additional fragmentation
of multilayer graphene particles, which were approximately 7.5 nanometers thick and consisted of 9-10 graphene layers.
This increase in electrostatic repulsion between graphene particles enhanced the adsorption of hydroxide anions (OH ),
resulting in improved colloidal stability and oxidation efficiency of the GO.

Beyond the Hummers and Tour methods, several other techniques such as Hofmann, Ruess, Scholz-Boehm, Nakajima-
Matsuo, Lerf-Klinowski, and Dekany methods also produce GO with varying structures and properties tailored for diverse

3.32

applications, as shown in Figure The choice of oxidizing agents plays a crucial role in determining the structure of GO,
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Figure 2 Photographs describing preparation process of GO by Tour’s method: (A) before addition of potassium permanganate; (B) after oxidation; (C) after pouring on
ice; (D) after addition of HO2. Reprinted from Jifickova A, Jankovsky O, Sofer Z, Sedmidubsky D. Synthesis and Applications of Graphene Oxide. Materials. 2022;15(3):920.
Under Creative Common CC BY license.?®
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Figure 3 Structure of graphene oxide obtained by different synthesis methods. Reproduced from Khan ZU, Kausar A, Ullah H, Badshah A, Khan WU. A review of graphene
oxide, graphene buckypaper, and polymer/graphene composites: properties and fabrication techniques. ] Plast Film Sheeting. 2016;32(4):336-379. doi:10.1177/
8756087915614612. Sage is the original publisher of this figure.*?

making the exploration of oxidation and exfoliation mechanisms vital for practical applications. The objective is to achieve
a moderate degree of oxidation that allows for full exfoliation into single layers while maintaining the integrity of the carbon
framework as much as possible.?’ Oxides obtained through different methods exhibit distinct structures and properties, making
them suitable for various applications.32
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Preparation of rGO
1. Chemical Reduction Method: rGO is synthesized from GO through chemical reduction or heat treatment.** The
chemical reduction process, illustrated in Figure 4,* involves the use of reducing agents like hydrazine hydrate
(N,H4 H;0) or other alternatives. This method is cost-effective and can be performed at room temperature or
under mild heating conditions. The reduction typically takes place in an electrochemical cell with a buffered
aqueous solution. GO, after being stripped by ultrasound, is reduced for 2 hours using N,H4-H,O to yield rGO.

Stankovich et al*> were pioneers in using N,H,-H,O as a reducing agent, appreciated for its water resistance, which
facilitates its role as a dispersing solvent during the reduction process. The reaction mechanism resembles that of alkene
reduction by N,H,.2¢ However, due to the hazardous nature of N,H,, alternative reducing agents are employed. Sodium
borohydride (NaBH,), ascorbic acid, and iodine (HI) serve as safer options. Ascorbic acid, in particular, is crucial for
large-scale rGO production. It reduces Mn(VII) ions to Mn(II), causing GO’s color to shift from yellow-green to black.
The reduction leads to the loss of rGO’s hydrophilicity, causing precipitation upon cooling, which is then filtered and
freeze-dried to obtain rGO. This method is advantageous as it does not produce toxic gases.’’

With increasing focus on green chemistry, alternative methods for rGO synthesis using natural materials and chemicals are

3840 a]kaline solutions such as

gaining attention. Potential green reducing agents include metals like iron, zinc, and aluminum,
sodium and potassium hydroxides,*' phenols like gallic acid,** alcohols,* sugars,** microorganisms, and substances like
glycine and vitamin C.** Despite their potential, these alternatives often introduce impurities or require harsh conditions,

limiting their practical application.*® Notably, caffeic acid (CA), a phenolic compound, has emerged as an eco-friendly and
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Figure 4 The route of rGO synthesis by chemical reduction method. Reproduced from Alam N, Sharma N, Kumar L. Synthesis of Graphene Oxide (GO) by Modified
Hummers Method and Its Thermal Reduction to Obtain Reduced Graphene Oxide (rGO) * Open Access. Graphene. 2017;6(01):1-18. Under CC BY 4.0 https:/
creativecommons.org/licenses/by/4.0/.3
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efficient reducing agent.*® rGO produced with CA exhibits a high C/O ratio (7.15) and demonstrates exceptional performance

in applications such as electronic gas sensors and supercapacitors, showing rapid response to NO, and NH; and high specific

capacitance. This suggests that CA not only offers high reduction efficiency with minimal residual impurities but also boasts

advantages such as low cost, environmental friendliness, and suitability for scalable production.

1.

Thermal reduction method: Compared to chemical reduction, the thermal reduction method for preparing rGO has the
notable advantage of not leaving harmful residues.® This process involves the thermal elimination of oxygen
functional groups, resulting in the release of CO or CO, gases and the separation of the graphene/GO layers.>* High-
quality rGO with excellent electrical conductivity can be obtained through rapid annealing at temperatures as high as
1100°C. Despite its benefits, this method typically requires prolonged high-temperature treatment under protective
gases like nitrogen (N,) or Ar. The energy-intensive nature of this process and the evolution of oxygen functional
groups during reduction can lead to surface defects, such as nanoscale holes from carbon loss and Stone-Wales defects
from carbon atom rearrangement. Additionally, the stable ether and carbonyl groups that form between the oxygen
functional groups can hinder the reduction efficiency.*” Recent advancements, including microwave*’ and photo-
assisted thermal reduction methods,*”® have emerged to enhance the reduction efficiency by generating ultra-high
temperature hot spots that promote the removal of oxygen groups and recovery of graphene structures.*’
Electrochemical Reduction Method: Electrochemical reduction is an innovative technique for producing rGO,
accomplished through electron exchange between the electrode and GO.>® This method, producing electrochemi-
cally reduced graphene oxide (ERGO), is particularly attractive for fabricating GO-modified electrodes.”’ The
absence of external reducing agents in electrochemical reduction means that ERGO is free from external
contamination. By adjusting the applied potential, the degree of GO reduction can be controlled, allowing for
selective removal of specific oxygen-containing groups.>> This feature not only makes electrochemical reduction
an environmentally friendly method but also enables the production of various ERGO coatings, such as porous
networks or dense films.>® The simplicity and mild reaction conditions of electrochemical reduction—without the
need for high temperatures or pressures—make it a practical option for industrial applications. Furthermore,
electrochemical reduction can be combined with other methods, such as adjusting the composition of the
electrolyte or electrode materials, to tailor the properties of ERGO to specific requirements. Beyond structural
and procedural distinctions, specific synthesis routes impart functional features to rGO that directly influence its
photodynamic performance. For example, chemical reduction using N,H,4-H,O often results in residual nitrogen
dopants, which can enhance electron mobility and promote ROS generation under light irradiation.’* Likewise,
thermally reduced rGO typically exhibits defect-rich surfaces, which facilitate m—n stacking interactions with
PSs,>” thereby improving drug loading capacity and tumor cell uptake. Although these synthesis-application
correlations are not detailed in synthetic protocols, they are integral to the rational design of rGO-based PDT
platforms and are further explored in later application-focused sections.

Preparation of Graphene Quantum Dots

GQDs can be prepared using two main approaches: the top-down method and the bottom-up method.

Top-Down Method

1.

Chemical Oxidation Method: This widely-used method involves strong oxidants such as KClO3; and KMnO,,
along with acids like H,SO,4 and HNO;, to cleave carbon bonds in materials such as graphene, GO, or carbon
nanotubes.’® This process effectively oxidizes and fragments carbon precursors into nanoscale GO fragments,
which are then reduced and stabilized into GQDs.?” Although this method is cost-effective and suitable for large-
scale production, it presents challenges such as the difficulty in removing by-products, which can negatively
impact environmental sustainability.”® The use of aggressive chemicals also introduces safety concerns and
potential increases in production costs, necessitating careful waste management and optimization of reaction
conditions to mitigate environmental impact and enhance efficiency.
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2. Ultrasound-Assisted Method: This technique uses ultrasonic waves to create bubbles in a liquid medium that
generate forces capable of breaking carbon-carbon bonds, thereby producing GQDs. The liquid medium typically
consists of organic solvents such as N-methyl-2-pyrrolidone (NMP), dimethylformamide (DMF), y-butyrolactone
(GBL), 1,3-dimethyl-2-imidazolidinone (DMEU), isopropanol (IPA), or tetrahydrofuran (THF).”®°' These sol-
vents play a critical role in stabilizing the dispersed graphene sheets by modulating the liquid-phase surface
tension, preventing reaggregation during ultrasonication. While water and ethanol alone are generally ineffective
for graphene dispersion,® blending them with other solvents can optimize dispersion conditions, enabling a stable
suspension for efficient GQDs production. While this method is physically straightforward, it is less efficient and
not ideal for large-scale production due to its long processing times and low yield.®® Traditional atmospheric
pressure ultrasonic treatment often yields uneven graphene sheets, with variable size and shape.®* However, high-
pressure ultrasonic treatment can overcome these limitations by providing sufficient energy to disrupt the van der
Waals forces between graphene layers more effectively.®” This enhanced method accelerates reaction rates,
increases yield, and shortens preparation time, showing promise for more efficient and scalable GQDs production.

Other top-down approaches, such as hydrothermal methods,*®®’

electrochemical oxidation with an external power
source,”® chemical vapor deposition (CVD),* pulsed laser ablation (PLA),”"”" or their combinations,”* offer additional
avenues for GQD synthesis. These methods can enhance environmental friendliness, stability, and overall performance in

producing high-quality GQDs.

Down-Top Method

The down-top preparation method for GQDs involves the gradual assembly of carbon atoms or small molecules into
graphene structures.”® This technique leverages the conversion of small polycyclic aromatic hydrocarbons (PAHs) and
related molecules into GQDs.”* Typically, carbon source materials, which are small organic molecules, are carefully
selected and subjected to specific heating conditions to produce carbon atoms or clusters. These carbon atoms or clusters
are then deposited and crystallized in the presence of suitable catalysts through techniques such as CVD or alternative
methods.”

During the deposition process, the morphology and size of the graphene structures can be finely controlled by
adjusting parameters such as temperature, atmospheric conditions, and deposition duration. Additionally, surfactants or
ligands are often incorporated during the preparation to regulate the morphology of the GQDs and enhance their stability.
The final GQDs are obtained through a series of extraction, separation, and purification steps.’®

The down-top method can be further categorized into four primary techniques based on the external energy supply
and manufacturing characteristics: hydrothermal method, microwave-assisted hydrothermal method, soft-template
method, and metal catalysis.”* These techniques allow for precise control over the graphene structure, facilitating the
tuning of optical, electrical, and chemical properties of the GQDs. However, this method has its limitations. Despite the
environmentally friendly nature of molecular carbonization, it often results in products with lower purity.”” Additionally,
the down-top approach involves complex reaction steps and requires specific organic materials, making condition
optimization challenging.”® Electron beam irradiation, while capable of producing large quantities rapidly, is costly.”’
Therefore, the choice of preparation technique must be carefully considered based on the specific application
requirements.

Preparation of GNS

GNS can be prepared through various methods, one of which is the longitudinal unzipping of multi-walled carbon
nanotubes (MWCNTSs) using sulfuric and nitric acids. This method is favored for its minimal cytotoxicity®® and allows
for the oxidation and reduction of GNS.Potassium permanganate is used to oxidize GNS into GO nanosheets, while
concentrated ammonium hydroxide (NH4OH) and N,H, are used to reduce GO to rGO nanosheets. Dimiev et al have
detailed that GNS formation involves oxidative decompression of MWCNTs, which is likely driven by intercalation,
oxidation, and subsequent peel-off.®'
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Guoxiu Wang et al refined the Hummers and Offeman method to synthesize GNS from natural graphite.®” In their
approach, graphite powder is reacted with concentrated nitric and sulfuric acids (in a 1:2 volume ratio), followed by the
addition of KCIO; in an ice bath. The mixture is oxidized for 120 hours to produce GO. After washing the GO with
deionized water to achieve a neutral pH, it is suspended in a mixture of ethanol and water and treated with ultrasonic
waves for one hour, yielding a yellow-brown nanosheet suspension. The GO solution is then reduced to GNS by
refluxing with hydroquinone for 20 hours. This method is advantageous due to its thorough oxidation and reduction
processes and its emphasis on environmental sustainability.

Furthermore, Zhi Yang et al developed a shear-assisted supercritical CO, exfoliation (SSCE) process in 2016.%* This
technique utilizes the shear stress exerted by supercritical CO, fluid under high temperature and rotational speed to
expand and delaminate graphite into GNS. This method offers a novel approach to graphene nanosheet preparation,
leveraging the unique properties of supercritical CO, for effective exfoliation. Characterization results reveal that 90% of
the graphene produced via the SSCE method comprises sheets with fewer than 10 layers, with approximately 70% having
5 to 8 layers. This graphene exhibits exceptional electrical conductivity, reaching up to 4.7x10° S/m. The SSCE method
demonstrates superior GNS production efficiency compared to traditional methods involving the reduction of GO,
offering a streamlined, rapid, and cost-effective approach for large-scale production of high-quality GNS.

Rational Design of Graphene-Based Nanomaterials for Toxicity Reduction
Despite diverse synthesis methods for GO, rGO, GQDs and GNS enabling the modulation of hazardous by-products
generation, surface chemistry and structure, their inherent toxicity remains a key barrier to tumor therapy. Unmodified

graphene-based nanomaterials can induce physical membrane damage via nanoknife-like edges,**%°

trigger oxidative stress
through surface-bound reactive oxygen moieties (eg, epoxide groups),* and accumulate in reticuloendothelial organs due to
size-dependent clearance limitations.®” Such inherent toxicity poses a critical barrier to future clinical translation, necessitating
rational design strategies to transform graphene-based nanomaterials into biocompatible PDT platforms.

To fully exploit the therapeutic potential of graphene-based nanomaterials in cancer treatment while minimizing
toxicity, recent research progress has been centered around the engineering design of graphene interfaces guided by the
structure-activity relationship. Researchers have systematically adjusted the surface chemistry, dimensionality, and
composite structure of graphene. As a result, they have developed “stealth” graphene-based nanomaterials. These
materials may enhance PDT efficacy while ensuring biosafety, reducing harm to healthy tissues and cells. The
functionalization of graphene-based nanomaterials with organic chromophores mitigates toxicity by passivating reactive
graphene interfaces and enhances therapy through precise optoelectronic tuning, further contributing to the improved
performance of graphene-based nanomaterials in PDT.

Organic chromophores form dense n-n stacked layers or covalent networks on graphene surfaces, effectively masking
reactive edges and oxygen-containing groups.®® For porphyrin-graphene covalent coupling, amide and diazo bond additions
are common strategies. However, amide bond addition is limited by the scarcity of carboxyl groups on GO, while its oxygen-
containing defects compromise graphene’s intrinsic properties. In contrast, diazo bond coupling forms stable networks that
may better shield reactive sites and preserve graphene’s performance in ultralow-voltage photonic synaptic devices.®
Meanwhile, ultrafast electron transfer from organic polymer nanoparticles or photoswitchable chromophores to GO reduces
its oxidation potential, thereby suppressing ROS formation and mitigating oxidative toxicity. For instance, rapid electron
transfer minimizes oxygen-induced oxidation, effectively lowering ROS generation.”® Additionally, modulating the dipole
moment of chromophores through isomerization regulates charge transfer with graphene,”’ further stabilizing its oxidation
state and reinforcing toxicity shielding via chromophore-graphene interactions.

There are mainly two strategies for the functionalization synthesis of graphene-based nanomaterials and organic
chromophores. In Strategy 1, the chromophore serves as the core element, functioning both as a PS and a toxicity-
shielding layer. This inherent multifunctionality eliminates the need for additional functional modules, thereby simplify-
ing synthesis. To support long-term therapeutic use, covalent bonding with graphene ensures structural stability and
sustained performance. This is evidenced by rGO-porphyrin, where diazonium coupling improves solubility and non-
linear optical responses.”? The advantage of Strategy 1 lies in the direct coverage of graphene’s reactive sites by
chromophores, which mitigates oxidative stress and mechanical damage. Nevertheless, graphene-based nanocomposites
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derived from Strategy 1 tend to possess limited functional versatility due to their single-component design. Moreover, the
efficiency of covalent functionalization is limited by the availability of surface reactive sites on graphene, posing
a challenge for GO-organic chromophore conjugates, particularly given the low density of carboxyl groups on GO.

In Strategy 2, the chromophore is integrated with other functional modules, such as targeting ligands, catalytic
nanoparticles, and imaging probes, to enable multimodal therapy and diagnosis. This integration allows for
a combination of PDT, targeted drug delivery, and catalytic therapy (eg, alleviating hypoxia). The synergistic actions
of the different modules enhance therapeutic efficacy by overcoming the limitations of single-modality treatments.
Strategy 2 often employs non-covalent interactions to accommodate high loading capacity and enable dynamic respon-
siveness. A representative example of Strategy 2 is the rGO quantum dot (rGOQD)/IR820/MnO, nanocomposite, in
which the chromophore IR820 is combined with the catalytic module MnO,. MnO, catalyzes the decomposition of H,O,
into 0,.”> This multimodal system enhances ROS generation under NIR light, improves PDT efficacy, and enables
targeting of hypoxic or hard-to-reach tumors, aligning with the principles of multifunctional integration and synergistic
enhancement. However, the multicomponent integration in Strategy 2 necessitates precise control over the stoichiometric
ratios and spatial arrangement of each functional module. This increases the complexity of the nanoplatform design.
These two representative strategies are illustrated in Figure 5, which provides a schematic overview of their respective

design principles, functional components, and therapeutic mechanisms.

Strategies in PDT for Tumor Treatment

Development of Advanced Photosensitizers

PSs are pivotal to the success of PDT as they are responsible for transferring light energy to a reactant, catalyzing
a chemical reaction while remaining unchanged chemically.”® The representative of the first generation of PSs are
hematoporphyrin derivatives (HPDs).”> HPDs’ ability to selectively target tumor cells and accumulate within them has
been a cornerstone of its usage, though the exact mechanisms of its action are yet to be fully elucidated.”® While HPDs
exhibit preferential tumor uptake, their prolonged retention in normal tissues induces severe dark cytotoxicity and
cutaneous phototoxicity, necessitating weeks of post-treatment light avoidance.”” Moreover, the strong
hydrophobicity®® of HPDs limits their solubility in physiological environments, leading to aggregation and reduced
bioavailability. This aggregation not only diminishes their photodynamic efficacy but also restricts their ability to diffuse
effectively through the tumor extracellular matrix (ECM),” thereby impairing deep tissue penetration.

Synthesis strategies for non-toxic grapheme-based nano composites in PDT

Strategy 1 Strategy 2

Single-component integration MlllllelIlg. tOXICIty & Multicomponent integration
Organic chromophore Enhan(:lng PDT Combines PDT

efficacy

GatalyticiNanop

(9555 \110))

Outcomes:
is & long-term stability Advanced Multimodal Therapy

Figure 5 Two functionalization strategies for producing non-toxic graphene-based nanocomposites to enhance PDT efficacy.

International Journal of Nanomedicine 2025:20 hetps: 8369



Liang et al

The quest for improvement led to the development of second-generation PSs, which include substances like 5-aminole-
vulinic acid (5-ALA), dihydroporphyrin, chlorophyll degradation derivatives, metal phthalocyanines, and
benzoporphyrins.'® The development of second-generation PSs was primarily driven by the need to address the shortcomings
of their first-generation counterparts. These second-generation PSs offer several notable advantages, including longer
absorption wavelengths, activation by near-infrared (NIR) light, greater penetration depth, higher singlet oxygen quantum
yields, improved tissue selectivity, and a faster metabolism that helps reduce side effects.”* Despite extended absorption into
the NIR range, tissue penetration remains a significant limitation, as exemplified by 5-ALA, which penetrates only <2 mm into
tissue when externally applied, restricting its ability to reach and eliminate affected lesions.'®" Concurrently, rapid renal
clearance necessitates precise coordination between PS administration and light delivery, a challenge compounded by
heterogeneous tumor vascularization.'®? Furthermore, another critical drawback of certain second-generation PSs, such as
metal phthalocyanines, is their inherent tendency to self-aggregate. This aggregation significantly reduces 'O, production, as
their photochemical activity is primarily attributed to monomeric species.'”® Beyond diminishing photoactivity, aggregation
also hinders cellular uptake and bioavailability, further limiting therapeutic efficacy.

These persistent challenges have spurred the development of third-generation PSs. This latest iteration is character-
ized by innovative modifications, such as the conjugation of PSs with specific molecular components like antibodies,
carbohydrates, amino acids, or peptides, or their encapsulation in biocompatible carriers such as liposomes, micelles, and
nanoparticles.'® These enhancements are designed to mitigate off-target effects and optimize pharmacokinetic proper-
ties, thus increasing the accumulation of PSs at targeted sites.'®

The rapid advancements in nanotechnology have played a pivotal role in this evolution, leading to the emergence of
various nanomaterials that serve as either nano-PSs or carriers for PSs.”* These third-generation PSs are engineered to
rapidly metabolize, minimizing long-term presence in the body and reducing side effects. They exhibit a heightened
selectivity for cancer cells, ensuring that they precisely target and destroy malignant cells while sparing healthy tissue.
Enhanced hydrophilicity is also critical, improving systemic dispersion and enabling more effective drug distribution
throughout the body.'” Due to the limited water solubility of many PSs, employing nanomaterial-based carriers has
become crucial for effective delivery to target cells, enhancing both targeting capabilities and overall therapeutic efficacy.
These carrier platforms not only improve the biocompatibility and stability of PSs but also enhance their targeting ability,
thus optimizing pharmacokinetic properties in vivo and increasing accumulation within tumor cells.

With ongoing innovations in nanotechnology, the potential to further refine and expand the design and application of
third-generation PSs continues to grow. This advancement promises more precise and effective treatment options for
various tumor types, representing a significant step forward in the field of PDT. Such progress may potentially
revolutionize cancer treatment by providing increasingly sophisticated and effective therapeutic tools.

Graphene-based nanomaterials, including GO, rGO, and GQDs, introduce innovative solutions that enhance the
performance of third-generation PSs. By precisely tailoring their structure and electronic properties, these materials
significantly enhance the excitation efficiency of PSs and their ROS generation capabilities. Specifically, GO and rGO are

noted for facilitating efficient energy transfer and dynamic electron interactions, as evidenced in recent studies.”®'"’

Concurrently, GQDs offer tunable photoluminescence properties that are critical for boosting ROS generation.'®®
Furthermore, GNS, characterized by their high surface area and excellent biocompatibility, improve the loading and
targeted delivery of PSs.'”’ These advancements effectively address critical limitations such as solubility and aggrega-

tion, thus opening new avenues for more precise and effective PDT.

Enhancing Photodynamic Therapy Efficacy Through Optimized Light Source Selection
PDT critically hinges on the intricate interplay between light and tissue, a process that directly influences the activation of the
PS. The nature of this interaction is primarily dictated by the light’s inherent properties along with the absorption and
scattering characteristics of the biological tissue.''®'!! Importantly, the optical penetration depth of the light within tissue is
highly dependent on its wavelength, with depths ranging merely between 5—6 millimeters for wavelengths of 700800 nm.''*
Given that PDT mandates localized light delivery, its application is predominantly confined to tumors that are either directly
accessible to light or reachable through optical fibers. The limited light penetration depth further restricts PDT’s therapeutic

application, confining its use mainly to superficial cancers.'"?
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During PDT, light excitation leads to the generation of either free radicals (Type I process) or 'O,, (Type II process).
These reactive species interact with surrounding oxygen, initiating cellular mechanisms that culminate in cell death. The
generation of 'O, is notably the most prevalent reaction pathway in PDT.!'* However, the penetration depth of the light -
and thus the reach and effectiveness of PDT - is curtailed not only by the light’s wavelength but also by scattering
mechanisms and PS absorption. This combination of factors limits the broader applicability of PDT.''®> The penetration
depth of light in tissue correlates with the effective attenuation coefficient, encompassing both absorption and scattering
properties, and is influenced logarithmically by various PS characteristics including concentration, absorption coefficient,
quantum yield, and other phenomena like saturation and photobleaching. Additionally, the light intensity and exposure
duration are pivotal in determining the therapeutic outcome.''®

The selection of an appropriate light source for PDT should be guided by the tumor’s location, the required light
dosage, and the properties of the chosen PS. Currently, clinical implementations of PDT utilize a spectrum of light
sources. Laser sources such as the red argon (Ar) dye laser and the neodymium-doped yttrium aluminum garnet (Nd:
YAGQ) laser provide precise light delivery. Alternatively, non-laser sources like traditional lights and LEDs (with red at
635 nm, green at 520 nm, and blue at 420 nm) offer a broader range of application.''” ' Even natural daylight has been
effectively harnessed in certain treatment protocols, showcasing the adaptability and broad potential of PDT in clinical
settings.'? This strategic choice of light sources underscores the necessity of integrating advanced optical science with
therapeutic precision to enhance PDT’s efficacy against diverse cancer types.

Laser sources are highly valued in PDT for their precision and efficiency. Among non-laser alternatives, LEDs
stand out due to their affordability, safety, minimal risk of thermal damage, and the flexibility in array design
configurations.'?! Despite these advantages, both laser and non-laser light sources face a significant challenge:
their penetration depth is limited to a modest 1-6 mm.® This restriction greatly undermines their effectiveness in
treating deeper-seated tumors. The primary obstacles to deeper light penetration are twofold. Firstly, endogenous
chromophores such as hemoglobin, myoglobin, and cytochromes can absorb visible light, directly competing with the
PS and thus diminishing the efficacy of the photodynamic process.'*? Secondly, the complex heterostructure of
biological tissues can cause light to scatter, diffuse, and become disoriented, further impairing the therapeutic impact
of PDT.'*

Addressing the challenge of limited light penetration has become a pivotal focus in enhancing PDT efficacy. Recent
advancements indicate that nanomaterial carrier platforms, especially those customized with specific functional sub-
stances, provide a promising avenue to optimize PS subcellular localization and overcome these limitations.'?* !¢
Notably, platforms constructed from graphene and graphene-based nanomaterials are being explored due to their
exceptional optical properties, presenting a viable solution for enhancing PDT’s reach.

A notable development in this arena is the innovative approach by Proshkina’s research team at the Russian Academy
of Sciences, as published in Light: Science & Applications.'”” They introduced a gene-encoded bioluminescence
resonance energy transfer (BRET)-activated PDT using a synthesized pair of NanoLuc-miniSOG BRET. This pair
combines NanoLuc luciferase with the phototoxic flavoprotein miniSOG, creating a system that effectively generates
ROS upon the injection of the luciferase substrate-without the need for external light exposure. Their experiments
demonstrated impressive outcomes, achieving up to 72% tumor growth inhibition in mice solely through the internal
generation of light. Furthermore, through the HER2-specific lentiviral delivery of the NanoLuc-miniSOG gene, tumor
inhibition in xenograft mice reached 67%. These findings underscore the potential of the gene-encoded NanoLuc-
miniSOG pair as a powerful nanoplatform for PDT, showing substantial promise for the treatment of deep-seated lesions

and expanding the therapeutic scope of photodynamic interventions.'*®

Biological Mechanisms of PDT-Induced Tumor Control

PDT has emerged as a potent anti-tumor phototherapy strategy, with its clinical applications in oncology tracing back to
1978 at the Roswell Park Cancer Institute.'* The process of PDT involves two critical stages: first, the administration of
a photosensitizing agent, followed by the activation of this agent using non-thermal light at a specific wavelength.'?® This
section delves into the mechanisms through which PDT exerts its anti-tumor effects, which can be broadly categorized
into three distinct areas:
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1. ROS: Photodynamic reactions produce ROS, which can aggressively target tumor cells, culminating in either
apoptosis (programmed cell death) or necrosis.'*°

2. Vascular Disruption: PDT directly damages the vascular system of the tumor and adjacent healthy blood vessels,
leading to a disruption in oxygen and nutrient supply. This results in ischemia and hypoxia within the tumor
microenvironment (TME), as illustrated in Figure 6.

3. Immune Response Activation: PDT can trigger inflammatory responses and initiate anti-tumor immunity, ulti-

mately contributing to tumor destruction.'?*'**

Resistance to apoptosis is a hallmark of cancer progression, where the regulation of key apoptotic signaling pathways
significantly impacts the efficacy of PDT in inducing tumor cell death.'*> Apoptosis is a precisely regulated and
extensively studied mode of cell death, playing a crucial role in cellular growth, anti-tumor defenses, and the main-
tenance of the intracellular environment. Under PDT, autophagy may serve as an initial rescue mechanism, where cells
attempt to phagocytize and remove damaged proteins. Apoptosis is typically triggered when PDT-induced damage
surpasses the cell’s capacity to repair, leading to irreparable cellular injury.'*

Caspases, the executioners of apoptosis, induce characteristic biochemical and morphological changes in dying
cells."*® These changes include the cleavage of nuclear lamins accompanied by chromatin condensation and nuclear
shrinkage; fragmentation of DNA following the cleavage of the inhibitor of caspase-activated DNase (CAD); and the
breakdown of cytoskeletal proteins, which facilitates the formation of apoptotic bodies."’
Two primary pathways activate apoptosis:

1. Intrinsic Apoptotic Pathway: Initiated when the PS binds to mitochondrial membranes under light exposure,
resulting in the release of cytochrome C and other cysteine activators from the mitochondria into the cytoplasm.
This cascade activates caspases 3, 6, 7, and 8, with caspase 8 particularly involved in cleaving the endoplasmic
reticulum protein Bap 31, triggering apoptosis.'**

2. Extrinsic Apoptotic Pathway: Triggered by the activation of death receptors such as DR3, TNFaR, Fas, and DR4
by their respective ligands. These ligands initiate signal transduction, oligomerizing the receptor and activating the

caspase cascade. Ligands activates and initiates apoptosis by summoning the initiator Caspase-8.'*®

Furthermore, the Bcl-2 family of proteins, which are known to regulate mitochondrial apoptosis, play a pivotal role.'*
Photodamage to Bcl-2 proteins in human cell lines can significantly enhance the apoptotic process by reducing the
activity of caspases 3 and 6, thus promoting cell death.'*® This dual-pathway activation underscores the complexity and
efficacy of PDT in cancer treatment, offering multiple avenues for therapeutic intervention.

Blood vessels Tumor cells Vascular

destruction cell destruction

Activation of
/immune response
PDT

ROS 10,

Vascular occlusion

Figure 6 Mechanism of PDT destruction of tumor. Reproduced from Correia JH, Rodrigues JA, Pimenta S, Dong T, Yang Z. Photodynamic Therapy Review: principles,
Photosensitizers, Applications, and Future Directions. Pharmaceutics. 2021;13(9):1332. Under CC BY 4.0 https://creativecommons.org/licenses/by/4.0/.">'
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PDT involves the selective destruction of tumor cells through either Type I or Type II photochemical reactions. The
PS absorbs photons and transitions to its first excited singlet state (S;).'*! In a Type I reaction, the PS, after absorbing
light energy, loses an electron from the S, state to form a radical cation (PS").'** This radical cation then reacts directly
with surrounding O,, producing ROS such as '0,, superoxide anions, and hydroxyl radicals. These ROS are highly
oxidative and can damage cellular structures, kill bacteria, or inhibit the growth of abnormal cells. Type I reactions are
advantageous because the PS has a lower oxidation potential, making it effective even in hypoxic environments where it
can still produce 'O,, which is more toxic than the products of Type II reactions.'**

In Type II reactions, the PS relaxes rapidly to its first excited triplet state (T;) upon light absorption. From this state,
the PS interacts with O,, converting triplet oxygen (‘0,) to '0,, leading to tumor cell eradication.'** The ROS generated
in this process can interact with various cellular molecules, triggering a cascade of chemical reactions that result in
cellular damage, apoptosis, or inhibition of abnormal cell growth. Figure 7 illustrates the reaction pathways of Type I and
Type II photochemical reactions in PDT under PS activation.'*> The effectiveness of PDT is contingent upon adequate O,
supply, and its efficacy can be compromised in hypoxic tissues.'*® Currently, most researchers believe that the primary
mechanism by which PSs damage tumor cells is via Type II reactions.'*?

PDT is predicated on the synergistic interaction of three primary components: the light source, molecular oxygen, and
the PS. Together, these elements are crucial for the generation of highly cytotoxic ROS. The yield of ROS is a pivotal
factor in determining the efficacy of PDT, as a higher ROS output correlates with enhanced apoptosis of malignant cells
and, consequently, more effective tumor treatment. The performance of the PS is particularly significant as it influences
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Figure 7 Schematic diagram of photochemical reactions of Type | and Type Il involved in PDT under the action of PS. Reproduced from Li W-P, Yen C-J, Wu B-S, Wong T-W.
Recent Advances in Photodynamic Therapy for Deep-Seated Tumors with the Aid of Nanomedicine. Biomedicines. 2021;9(1):69. Under CC BY 4.0 https://creativecommons.
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both the light source’s effectiveness and oxygen utilization, ultimately affecting the precision of the tumor-targeting
mechanism. PDT leverages the selective accumulation of the PS in pathological tissues, enabling the targeted destruction
of these tissues while sparing surrounding healthy tissues. This selectivity and therapeutic efficacy position PDT as
a preferable option compared to other oncological treatments,'**'4°

The chemical architecture of the PS is vital as it affects its photosensitivity, photostability, and subcellular localiza-
tion, which in turn determines the sites within the cell where ROS are generated. For instance, PSs that accumulate in
mitochondria can inflict direct damage to these organelles, triggering apoptosis. A unique advantage of PDT is its spatial
control over treatment; light is precisely directed to the tumor, ensuring ROS generation is confined to the tumor site and
immediate vicinity. This localized activation of the PS minimizes damage to adjacent healthy tissues. Moreover, by
adjusting parameters such as light wavelength, intensity, and exposure duration, clinicians can finely tune PDT to

maximize its impact on tumor cells while minimizing collateral damage."°

Utilization of Graphene-Based Nanomaterials in Photodynamic Therapy
Graphene, a remarkable material consisting of a single layer of carbon atoms arranged in a two-dimensional honeycomb
lattice, stands out for its exceptional properties. With its monolayer thickness of just 0.335 nm, graphene is one of the
thinnest stable crystal structures known.'”' Unlike spherical nanoparticles, the ultrathin nature of graphene-based
nanomaterials minimizes steric hindrance'>® and allows them to slip through the dense ECM network more
efficiently.'>* This structural advantage significantly enhances their intratumoral penetration compared to bulkier three-
dimensional nanoparticles. It boasts extraordinary electrical conductivity, an impressive specific surface area, notable
mechanical strength and biocompatibility. Notably, graphene is one of the most thermally conductive materials known.'>*
Its exceptional optical properties further enhance its biomedical applications. With a transmittance rate of up to 97.7% as
the highest among two-dimensional materials, graphene allows deep tissue penetration of light in PDT, thereby
improving PS excitation efficiency and enhancing therapeutic effects.'> Moreover, its extremely low reflectivity,
which is less than 0.1%, and minimal light absorption, at approximately 2.3%, result in reduced energy loss. This
ensures efficient light utilization in PDT."®

The photophysical and photobiological performance of graphene-based nanocomposites in PDT is strongly governed
by their electronic structures and excited-state behaviors. Ground-state electronic properties, such as bandgap and charge
carrier dynamics, significantly influence light absorption and energy conversion. For example, due to GO’s abundant

157

oxygen-containing groups, exhibits a finite bandgap (about 4 eV),”’ enabling absorption in the visible region. In

contrast, with rGO’s partially restored sp® carbon network, displays a narrower bandgap (<1 eV),'®

making it highly
responsive to NIR irradiation. This bandgap modulation enables rGO to support plasmonic resonance under NIR light,
thereby amplifying local electromagnetic fields and enhancing PS excitation. Charge carrier dynamics also play a crucial
role. Surface defects in GQDs act as electron traps that extend exciton lifetimes, enhancing ROS generation.'*” Nitrogen-
doped graphene quantum dots exhibit prolonged exciton lifetimes compared to undoped GQDs, leading to enhanced ROS
generation.'® This characteristic significantly improves the efficacy of PDT by increasing oxidative stress on target cells,
thereby enhancing the therapeutic outcome.'®' In the excited state, graphene-based nanocomposites mediate diverse
interactions that further influence PDT outcomes. Forster resonance energy transfer (FRET) can occur when GQDs act as
energy acceptors,'®® quenching PS fluorescence while channeling energy to neighboring PS molecules. Additionally,
under NIR excitation, plasmonic rGO can inject hot electrons directly into PSs such as IR780,'®® bypassing the
conventional singlet-triplet transition and enabling Type I PDT pathways that are more tolerant to hypoxia. Moreover,
the non-radiative decay pathways associated with graphene materials, particularly GO with high defect densities, convert
a large fraction of absorbed light into thermal energy. A molecular dynamics study demonstrated that the thermal
conductivity of GO decreases monotonically with increasing oxidation. When the oxidation level reached 10%, the
thermal conductivity dropped by approximately 90%, suggesting that higher defect densities hinder phonon transport and
enhance local heat retention, thereby facilitating more efficient photothermal conversion.'®* This localized hyperthermia
not only enhances PS uptake through increased tumor membrane permeability'® but also contributes directly to protein
denaturation and tumor ablation, creating a synergistic effect with PDT.'®
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Functional Role of GO in PDT

GO is produced by treating graphite with strong oxidizing agents, which introduces epoxy, hydroxyl, and carboxyl
groups to the graphite surface. These oxygen-containing functional groups enhance GO’s hydrophilicity relative to
graphene, improving its solubility and dispersion in various solvents.'®” This high hydrophilicity and extensive surface

area facilitate GO’s interaction with water molecules in living organisms,'®®

thereby improving its bioavailability and
therapeutic efficacy in PDT for tumors. Furthermore, the reactive oxygen-containing groups on GO enable its chemical
modification, promoting the development of GO-based nanomaterials.'®” However, GO’s dispersibility in protein- or salt-
rich environments, such as cell culture media and serum, can be low, which may lead to dose-dependent toxicity. Thus,
GO typically requires modification through covalent or non-covalent conjugation before it can be effectively used as
a nanocarrier in PDT.'”°

TME, GSH levels significantly mitigate the cytotoxic ROS produced through PDT and nanoenzyme catalysis.
However, GO demonstrates promise in modulating oxidative stress within the TME due to its GSH-depletion and
peroxidase-like activities.'”' These capabilities have spurred modifications of GO to enhance PDT efficacy. For example,
Xianhe Sun et al explored the application of PEGylated nano-graphene oxide (NGO) incorporating aggregation-induced
emission (AIE) nanoparticles as an innovative PDT agent. Despite the high potential of AIE nanoparticles in PDT, their
stability and efficacy in physiological saline solutions remain suboptimal. To overcome this limitation, the team enhanced
the stability of NGO in phosphate-buffered saline (PBS) through PEGylation and incorporated dual-functional AIE
molecules, creating NGP-TPE-red nanoparticles. These nanoparticles, which comprise PEGylated NGO encapsulating
tetraphenylethylene (TPE), not only exhibit red fluorescence under certain conditions but also effectively image blood
vessels in mouse ears and UMUC3 cells. More importantly, NGP-TPE nanoparticles have shown significant tumor
growth inhibition in both in vitro and in vivo models, demonstrating the stability and potential of AIE nanoparticle-
encapsulated NGO in PDT.'”?

In a complementary approach, Feng Liu et al demonstrated that while unmodified GO alone does not generate 'O, its
combination with gold nanoparticles (AuNPs) leads to significant 'O, production, enhancing its utility in PDT. They
developed a multifunctional nanocarrier (NGO-AuNPs-FA/methylene blue, MB) by loading AuNPs onto NGO, surface-
modifying the complex with SH-PEG1000-FA via Au-S bonds, and electrostatically adsorbing MB as a PS. This
configuration substantially augmented the antitumor effects in vitro, showcasing a strategy to exploit GO’s surface
properties for synergistic enhancement of PDT.'”

Further enhancing targeted PDT, Peng Huang et al utilized folic acid-conjugated GO (FA-GO) to load PS chlorin e6
(Ce6). The Ce6 was efficiently loaded onto FA-GO through hydrophobic interactions and m-m stacking, resulting in
enhanced Ce6 accumulation within tumor cells and a potent photodynamic effect against GC cells MGC803. The folate-
mediated targeting of this system takes advantage of the overexpression of folate receptors on many cancer cells,'”
improving targeting of tumor cells for more efficient Ce6 delivery than to normal cells. The FA-GO-Ce6 is internalized
via a folate receptor-mediated pathway and releases Ce6 in the lysosomal environment, triggering a PDT effect upon
irradiation with appropriate wavelength and dose. This nanocarrier system not only improves drug solubility and
bioavailability but also enhances cytotoxicity against tumor cells while minimizing toxicity to normal tissues. Future
research could focus on refining the size and modifying the surface properties of GO-based delivery systems to prevent

fluorescence quenching and further boost PDT efficacy.'”

Given GO’s strong absorption in the NIR region,'”®

it has been utilized for low-power NIR laser PTT. The
combination of GO-based PDT with PTT presents promising new avenues for next-generation cancer therapies. A dual-
mode treatment platform under single-wavelength laser irradiation represents a highly promising development direction
with substantial potential for biomedical applications.'”” Poliraju Kalluru et al demonstrated that in GO-PEG-Folate, GO
acts as a PS by directly absorbing light energy and facilitating the formation of '0,.'”® This approach eradicated B16-FO0
melanoma tumors in mice using dual-mode nanomaterial-mediated PDT (NmPDT) and PTT (NmPTT) with an ultra-low
NIR light dose (0.36 W/cm?) at 980 nm in vivo, negating the need for additional PS.

Tian et al developed a method for loading PS Ce6 onto PEG-functionalized GO through supramolecular n-n
stacking.>? The resulting GO-PEG-Ce6 complex exhibited excellent water solubility and substantially enhanced intra-

cellular PS transport, thereby improving targeted destruction of tumor cells. The combination of PDT and PTT with this
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complex markedly increased Ce6 delivery to tumor cells.'” Figure 8 illustrated that after a 20-minute incubation of GO-
PEG-Ce6 with tumor cells, followed by 5 minutes of 660 nm laser irradiation, effective tumor cell kill was achieved.®?
Further, a combined treatment with 20 minutes of 808 nm laser irradiation followed by 5 minutes of 660 nm laser
exposure resulted in even greater tumor cell death, demonstrating the significant therapeutic enhancement from the PDT-
PTT synergy.

These studies underscore the progress in enhancing PDT and combined therapies through functionalized GO,
improving stability in aqueous solutions and PS accumulation in tumor cells. Xianhe Sun’s PEG-NGO encapsulated
AIE nanoparticles demonstrated significant tumor inhibition in both in vitro and in vivo PDT applications.'”* Feng Liu’s
NGO-AuNPs-FA/MB nanocarrier exhibited excellent performance in combined PDT and PTT therapy.'”® Peng Huang’s
FA-GO-Ce6 showed notable photodynamic effects in targeted PDT.'”> Poliraju Kalluru’s'’® GO-PEG-FA nanomaterial
enabled dual-mode PDT and PTT under ultra-low-dose NIR. Tian’s research highlighted the potent tumor-killing
efficiency of GO-PEG-Ce6 under the synergistic action of PDT and PTT.'” These findings showcase the immense
potential of GO-based nanomaterials in PDT. Continuous optimization of GO’s structure and functional modifications is
crucial, offering valuable insights for developing next-generation tumor treatment platforms.
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Functional Role of rGO in PDT

In recent years, rGO has emerged as a significant component in the field of PDT, primarily due to its enhanced electrical
conductivity and functional versatility following the reduction of GO. The reduced oxygen content and improved
conductivity of rGO make it a favorable candidate for PDT applications.

One notable advancement is the modification of rGO with polyvinylpyrrolidone (PVP),'* as reported by researchers
who covalently attached an integrin-specific peptide (ACDCRGDCFCG, RGD4C) onto the PVP backbone via hydrogen
bonding. This modification allows for the effective loading of the aromatic PS Ce6 into the tGO-PVP-RGD system
through hydrophobic interactions and n-n stacking. This approach markedly enhances the accumulation of Ce6 in tumor
cells compared to the use of Ce6 alone, thereby significantly improving PDT efficacy.

Further research highlights the utility of rGO’s specific surface area and its non-covalent interactions with porphyrins
and drugs to enhance drug solubility in aqueous environments. For example, Ma et al developed an rGO-based
nanocarrier platform that utilizes rGO’s high surface area to improve the water solubility of THPPEG and various
drugs.'®" As shown in Figure 9, this platform not only leverages the synergistic effects of PTT, PDT, and chemotherapy
but also utilizes rGO as an efficient carrier for PS and drug delivery, thereby greatly enhancing antitumor efficacy.

In a related study, Kandasamy Vinothini and team engineered a versatile rGO-based system for combined chemother-
apy and PDT.'"® This system involved functionalizing the rGO surface with magnetic nanoparticles and camptothecin
(CPT), while cross-linking the PS 4-hydroxycoumarin (4-HC) with an allylamine linker. The CPT-loaded MrGO-AA
-g-4-HC nanocarrier demonstrated pH-sensitive drug release and exhibited higher cytotoxicity against MCF-7 breast
tumor cells compared to normal cells. Laser irradiation at 365 nm further amplified ROS production from 4-HC,
promoting apoptosis in cancer cells. In vivo experiments confirmed the system’s superior antitumor efficiency through
the synergistic effects of chemotherapy and PDT, underscoring its potential for effective tumor treatment.

Wei-Jane Chiu et al demonstrated that FeOxH-rGO could generate ROS via the Fenton reaction and exhibit high
photothermal conversion under NIR irradiation.'®® This combination of PDT and PTT proved effective in eradicating
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tumor cells with minimal recurrence or acute side effects, highlighting its potential clinical value. Similarly, Wenjing

184 which was further

Jiang et al introduced a novel tumor-targeting nanoplatform using dopamine-rGO (rGO-PDA),
coated with mesoporous silica and hyaluronic acid. This design enhanced photothermal conversion and allowed for
controllable drug release under NIR irradiation. The platform efficiently delivered Ce6 to CD-44 over-expressing tumor
cells, resulting in significantly improved singlet oxygen production and PDT efficiency. By integrating NIR-induced
photothermal conversion with controlled Ce6 release, this nanoplatform effectively destroyed tumor cells, demonstrating
robust potential for multimodal tumor therapy and targeted treatments.

Lastly, Smita et al reported on rGO modified with protoporphyrin IX (PPIX).

rGO-PPIX system significantly increased ROS production in HeLa cells compared to HADF cells. This result indicated

'%5 When exposed to a 635 nm laser, the

that the PDT system effectively eradicates tumor cells through Caspase-3 activation, further validating its potential in
PDT applications. However, traditional PDT is constrained by factors such as low bioavailability, limited absorption
bands, and inadequate tissue oxygenation. Kapri et al addressed these issues by developing a composite of MoS,
nanosheets, approximately 5 nm thick, combined with nitrogen-doped reduced rGO.'®® This composite was further
enhanced with PEG modification and MnO, surface decoration, significantly improving biocompatibility and colloidal
stability. MnO, reacts with endogenous H,O, in cancer cells to alleviate hypoxia by increasing intracellular O, levels.
Under NIR irradiation, this composite markedly increased HeLa cell apoptosis and PDT efficacy, showcasing its
substantial potential for therapeutic applications.

Despite advancements, some PDT nanomaterials, like Fe-soc-MOF nanoparticles,'®”'®® face therapeutic limitations
and potential immunogenicity.'® Bruna L. Melo et al tackled these challenges by functionalizing dopamine-rGO with
sulfobetaine methacrylate brushes to create IR780/SB/DOPA-rGO."° This innovative NIR-responsive nanocomposite,
designed for combination PDT-PTT, demonstrated excellent biocompatibility in vitro (cell viability >78%) and reduced
breast cancer cell survival to 21% at low doses without causing immunogenicity.'®" This approach provides fresh insights
into overcoming the limitations of existing nanomaterials in tumor treatment.

Functional Role of GQDs in PDT

GQDs are emerging as exceptional carriers for PS delivery due to their small size, expansive surface area, and
remarkable biocompatibility. GQDs excel in PDT by generating 'O, through polymorphism sensitization (MSS: S;—T,
T—S,). Their outstanding photoluminescence, strong water dispersibility, and high biocompatibility facilitate efficient
cellular uptake and enhanced 'O, production. Under 470 nm blue light irradiation, GQDs produce ROS that induce
oxidative stress and lead to the death of U251 cells.'®? Compared to traditional PS PPIX, GQDs generate 102 at twice the
rate, demonstrating superior PDT performance in both in vitro and in vivo studies.'”?

GQDs, consisting of monolayers of graphene ranging from several to dozens of nanometers, exhibit distinct optical
penetration properties due to quantum confinement and edge effects.'”* These properties enable GQDs to perform
effectively in PDT. ROS generation by GQDs is facilitated by all oxygen-containing functional groups, with ketone
groups inducing the highest levels of ROS.'”> Notably, GQDs do not induce cytotoxicity in dark conditions.'*®

Markovi et al'®? reported that electrochemically prepared GQDs generate ROS, including 'O,, under blue light (470
nm, 1 W), leading to apoptosis and autophagy in U251 glioma cells. As shown in Figure 10, Ge J et al found that GQDs,
as PS, exhibit superior photostability compared to PPIX and CdTe quantum dots.'”® Unlike conventional PS that require
UV/Vis irradiation, which limits light penetration depth and therapeutic efficacy, GQDs operate across a broader range of
wavelengths, thus enhancing PDT effectiveness.'®’

Du et al developed innovative redox-responsive, photoactive GQD nanocomposites by integrating Ce6 onto GQDs
through disulfide bonds, with Pluronic F127 used as a stabilizer.'”® Upon reaching tumor tissues, glutathione (GSH)
within the cells cleaves the disulfide bonds, releasing Ce6 and reactivating its phototoxicity. Despite fluorescence
quenching and mild phototoxicity under illumination, the nanocomposites effectively restore the PS’s activity in the
presence of reducing agents. Both in vitro and in vivo studies demonstrated that this redox-responsive GQD nanocom-
posite significantly inhibits HeLa cell growth.

J. Anjusha et al prepared an up-conversion nanocomposite using amino acid-functionalized GQDs (af-GQDs

fUCNPs).]Q9 They employed the DCFH-DA reagent as a fluorescent probe to detect intracellular ROS. After entering
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Figure 10 (a) Comparison of photostability for GQDs, PPIX, and CdTe, indicated by the absorbance ratio at 470 nm over time post-irradiation with a 500 W xenon lamp.
(b) Bright-field image and (c) red-fluorescence image of a mouse following subcutaneous GQD injection. (d) Tumor volume measurements over time for three treatment
groups (n = 5 per group), with significant differences (P < 0.05). PDT: GQD with irradiation, Cl: GQD alone, C2: light irradiation alone. (e) Photographs of mice post
various treatments, with the numbers indicating days after the initial treatment. Reproduced with permission from Ge ], Lan M, Zhou B, et al. A graphene quantum dot
photodynamic therapy agent with high singlet oxygen generation. Nat Commun. 2014;5(1):4596..'”

the cells, DCFH-DA was hydrolyzed to the non-fluorescent compound DCFH, which was subsequently oxidized by ROS
into the highly fluorescent dichlorofluorescein (DCF). In the referenced study, HeLa cervical cancer cells were co-
incubated with af-GQDs/UCNPs, stained with Hoechst, and then irradiated with a 532 nm laser (0.1 W/em?2, 1 min) to
induce ROS generation. The resulting DCF emitted strong green fluorescence at 535 nm when excited at 485 nm.
Fluorescence imaging was performed using 485 nm excitation, and cells treated with the nanocomposite exhibited
intense green fluorescence post-irradiation, confirming elevated ROS production and demonstrating the nanocomposite’s

potential for light-activated PDT against tumor cells,?*’

as shown in Figure 11.

Curcumin, a biocompatible polyphenol derived from turmeric, has demonstrated enhanced water solubility when
loaded onto GQDs, as shown by Sana Mushtaq et al.>°" This combination significantly improves the PS activity of
curcumin, leading to an increased production of ROS and enhanced anticancer efficacy under visible light. Curcumin-
loaded GQDs further exhibit potent inhibitory effects on human colon cancer cells during PDT.?** To address the
challenges of repeated PDT cycles, acidity-activated GQD nanotransformers (GQD NTs) have been developed to
optimize PS delivery and mitigate side effects.’>® These nanotransformers facilitate improved tumor targeting, retention,
and penetration through acidity-triggered deformation. Moreover, laser-induced mild hyperthermia enhances PS uptake,
enabling efficient repeated PDT with significantly reduced PS doses and minimized toxicity, thereby demonstrating their
potential to improve PDT efficacy.

In another significant development, Banendu Sunder Dash et al introduced a rGOQD/IR820/MnO, nanocomposite
that generates enhanced ROS production under NIR light.”> The MnO, component of this nanocomposite plays a critical
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Figure |1 Imaging analysis of in vitro PDT on Hela cells with and without 532 nm laser using DCFDA fluorescent probe (L and C4 represent light and af-GQDs/UCNPs,
respectively). Reprinted from Anjusha A}, Thirunavukkarasu S, Resmi AN, Dhanapandian S, Krishnakumar N, Krishnakumar N. Multifunctional amino functionalized graphene
quantum dots wrapped upconversion nanoparticles for photodynamic therapy and X-ray CT imaging. Inorg Chem Commun. 2023;149:110428. with permission from Elsevier.2%°

role in alleviating tumor hypoxia by catalyzing the conversion of H,O, into oxygen, thereby improving oxygen levels
and promoting ROS generation. This enhancement substantially increases the effectiveness of PDT by facilitating tumor
apoptosis. Furthermore, the ability of this nanocomposite to cross the blood-brain barrier holds promise for targeting
challenging brain tumors, such as glioblastoma. Collectively, these advancements improve PDT by ensuring increased
oxygen availability and selective nanoparticle accumulation at difficult-to-reach tumor sites.

In the context of combining PDT with immunotherapy, polyethylene glycol-functionalized GQD (GQD-PEG) has
demonstrated remarkable synergistic effects.”** In an oral squamous cell carcinoma model, laser-activated GQD-PEG
achieved approximately 70% tumor inhibition by inducing apoptosis and producing 'O,, with selective tumor targeting
confirmed. Under irradiation, GQDs not only enhanced immune responses by boosting CD*" T cell activity but also
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promoted the release of pro-inflammatory cytokines. In the absence of irradiation, GQDs modulated dendritic cells
through autophagy, thereby suppressing inflammation. This dual mechanism highlights the potential of GQD-PEG in
synergistic cancer therapies.

Building on these advances, a plasmonic nanohybrid consisting of thiolated chitosan-coated gold nanostars (AuNS-
TCS) and riboflavin-conjugated N,S-doped GQD (Rf-N,S-GQD) has been developed to overcome the limitations of
conventional dual-therapy strategies that rely on a single low-power laser.'’® This integrated system combines two
therapeutic modalities, targeted photodynamic therapy (TP-PDT) and PTT, achieving enhanced stability, improved 'O,
generation, and superior antitumor efficacy in both 2D and 3D tumor models. These findings underscore the potential of
such advanced nanohybrids for clinical cancer therapy, offering a promising route toward more efficient, multifunctional
therapeutic platforms.

GQDs have shown immense potential in PDT through various functional modifications and composite developments.
Their size-dependent penetration, particularly sub-10 nm GQDs, enables deep tumor infiltration, enhancing treatment
efficacy.?’> GQDs are effective in generating ROS to induce tumor cell death while maintaining photoreactivity under
specific conditions without causing cytotoxicity. As research progresses, GQDs are anticipated to emerge as a next-
generation material for PDT, offering novel approaches and methodologies for tumor treatment.

Functional Role of GNS in PDT

In recent years, GNS have gained attention as a promising material for tumor treatment via PDT. GNS are characterized by
their high surface area-to-volume ratio, which provides substantial drug-loading capacity for the efficient delivery of PS to
targeted tumor cells. Furthermore, GNS exhibit excellent photothermal conversion efficiency under NIR irradiation, which
enhances ROS production—critical for inducing cytotoxic effects on cancer cells. Targeted ligand-functionalized GNS can
specifically recognize and bind to tumor cells, thereby improving the accumulation of PS within the TME.

For instance, Gang Liu et al developed an effective liquid-phase exfoliation method to prepare GNS-Ce6 with a high
loading ratio of Ce6.?%° This composite demonstrated a remarkable enhancement in PDT efficacy, with improvements
ranging from 7 to 75 times compared to previously reported nanomaterial-Ce6 composites. Additionally, Kaviyarasu et al
highlighted that zinc oxide nanocrystal-modified GO nanosheets (GONS) can be utilized for high-performance photo-
catalytic applications.”®” Miao et al further demonstrated that PEG-functionalized GONS, when used as co-delivery
carriers for anticancer agents and PS, significantly increased tumor cell targeting.”’® Functionalized GONS enhance drug
uptake by tumor cells while promoting greater drug accumulation and aggregation within tumor tissues.

Dilpreet Singh et al have highlighted the innovative integration of graphene-peptide nanosheets, which combine gra-
phene’s remarkable mechanical strength with peptide functionalities.”’’ These peptides are either covalently or non-covalently
attached to the graphene surface, allowing for the precise customization of short-chain amino acids tailored to specific
applications. When exposed to targeted wavelengths of light for PDT, these graphene-peptide nanosheets exhibit exceptional
light absorption properties. They function as PSs, efficiently concentrating light on tumor cells within a short duration. This
leads to a significant production of ROS in the tumor cells, initiating apoptosis and providing a targeted approach to tumor
therapy.”'*

However, the TME is often characterized by severe hypoxia, which poses a challenge to effective treatment. Tumors
frequently adapt by overexpressing antioxidants such as GSH, leading to drug resistance and diminishing therapeutic
efficacy. To address this issue, Peng Liu et al have introduced a novel multifunctional nanoplatform incorporating
manganese dioxide-doped GONS.?!" This platform is designed for the co-delivery of Cisplatin (CisPt) and Ce6. As
depicted in Figure 12, the approach involves alleviating tumor hypoxia through self-oxygenation mechanisms and
reducing intracellular GSH levels.”'' This modulation of the TME enhances the combined effects of PDT and
chemotherapy, significantly improving tumor treatment outcomes.

In another development, Weihong Guo et al created GONS functionalized with PEG and oxidized sodium alginate
(OSA), and loaded with paclitaxel (PTX).?'? This strategy was aimed at overcoming paclitaxel resistance in gastric
cancer (GC). The GO-PEG-OSA nanosheets demonstrated high stability and excellent biocompatibility. They improve
drug solubility, enhance bioavailability, and increase cytotoxicity against cancer cells while minimizing side effects.
Upon NIR irradiation, these nanosheets exhibit significant photothermal effects, ROS generation, and accelerated PTX
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release due to heat. This combination of PDT, mild PTT, and chemotherapy markedly enhances drug sensitivity in drug-
resistant GC cells, providing a synergistic therapeutic effect. This multifaceted approach represents a promising strategy
for addressing drug-resistant gastric cancer.

Reza Hosseinzadeh et al investigated the interaction between MB as a PS and GONS in aqueous solutions for PDT
applications.>'> Their research demonstrated that the GO-MB nanosheets, formed through electrostatic and n-n stacking
interactions, exhibited effective cytotoxicity against MDA-MB-231 breast cancer cells under red LED light, reducing cell
viability by up to 20%. The study underscored that the GO/MB ratio significantly affects the PDT efficacy of the
nanocomposite, with higher proportions of GO enhancing dimerization and catalytic efficiency. This finding underscores
the potential of GO-based nanocomposites to markedly improve tumor cell eradication in PDT therapies.

Huaxiang Lu et al demonstrated a sophisticated approach utilizing rGO nanosheets (rGONS) combined with MnO,
nanoparticles to enhance both PDT and chemotherapy.>'* The study involved loading doxorubicin (DOX), a chemotherapeutic
agent, and MB onto the GO via strong physical interactions, which were subsequently released rapidly at elevated temperatures in
the form of rGONS@MnO,/MB/DOX. The MnO, nanoparticles played a crucial role by catalyzing the conversion of tumor-
internal H,O, into O,, facilitating the PDT process. In an in vivo carotid body tumor model, localized injection of rtGONS@MnO,
/MB/DOX followed by 808 nm NIR laser irradiation led to a significant reduction in tumor cell numbers and tumor volume, with
no observable side effects. This innovative strategy presents a promising avenue for the integrated treatment of carotid body
tumors. Additionally, the use of graphene nanosheets and their functional modifications enhances drug delivery efficiency and
targeting accuracy. Multifunctional modifications and synergistic treatment approaches effectively tackle the challenges posed by
the TME and drug resistance, offering valuable insights and laying a foundation for advancing PDT-based tumor therapies.

The advantages and disadvantages of graphene-based nanomaterials in PDT for tumor treatment are summarized in Table 1.
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Table | Advantages and Disadvantages of Graphene-Based Nanomaterials in PDT for Tumors Treatment

Name

Advantages

Disadvantages

GO

I. Rich in oxygen-containing groups (eg, carboxyl, hydroxyl), allowing tunable
solubility and biocompatibility'®”

2. Enhances PS drug-loading capacity and targeting through chemical
modifications'®’

3. Enables multimodal therapy (PDT+PTT) in conjunction with NIR light

4. High reactivity in biological environments improves therapeutic efﬁcacy|68

178

I. Poor dispersibility in high-protein or high-salt
environments'”°

2. Dose-dependent toxicity may limit
applicationsI7o

3. Unmodified GO cannot independently generate

IO;_I73

rGO |. The reduced oxygen content of rGO restores its sp>-hybridized carbon network, | |. Unmodified rGO may have insufficient stability
enhancing electron delocalization and thereby improving its electronic in complex biological environments'®2
conductivity'%‘2I5
2. Non-covalent interactions (eg TI-TT stacking, hydrophobic forces) enable high 2. PDT efficacy limited by tumor hypoxia and low
loading capacity and protect payloads from premature leakage, facilitating controlled | bioavailability'®
release and improved tumor-targeting efﬂciencyI8I
3. The extended T-conjugated domains and large surface area of rGO improve
energy transfer between the PS and incident light, thereby enhancing ROS
generationI83
4. Combined with MnO, to alleviate tumor hypoxia'®

GQDs | |. Unique quantum size and edge effects provide tunable fluorescence intensity and | |. Light absorption efficiency limited by surface
wavelength'** chemistry and photon energy'®?
2. Efficient 'O, production under blue light without dark toxicity'*® 2. PDT efficiency restricted by light source
3. High biocompatibility and dispersibility, allowing for functional modifications'”> | wavelength and depth'®’
4. Superior photodynamic stability compared to traditional PS (eg PPIX)'*?

GNS I. High surface-to-volume ratio offers superior PS loading capacity*”’ I. TME hypoxia and overexpression of

- Excellent photodynamic and ROS generation efficiency under NIR?*®

2. Multifunctional modifications (eg, PEG, MnO,) regulate the TME for enhanced
therapy?''

3. Strong mechanical properties and biological stability?'°

antioxidants (eg, GSH) may hinder efficacy®"'

2. High drug-loading capacity may reduce

212
controlled drug release

To systematically summarize the targeting and penetration optimization strategies of graphene-based nanomaterials in

PDT, this review compiles representative cases from the literature and categorizes them based on their optimization

mechanisms. These strategies include receptor-mediated targeting, size-dependent penetration, optical synergy, and

hypoxia modulation. Table 2 provides a clear overview of how these approaches enhance the therapeutic efficacy of

graphene-based nanomaterials in PDT, further supporting the preceding discussion on their advantages and limitations.

Sometimes, these four strategies are not mutually exclusive. Instead, they often work in concert to enhance the

targeting precision and tissue penetration of graphene-based nanomaterials in PDT. This interplay underscores the

Table 2 Representative Cases for Targeting and Penetration Optimization Strategies of Graphene-Based Nanomaterials in PDT

Optimization Graphene-Based Brief Mechanism Summary Reference(s)
Strategy Nanomaterial
Receptor- NGO-AuNPs-FA/MB, FA- | Folate ligand enhances selective PS delivery to tumor cells. [173, 175]
mediated GO-Ceb
targeting
rGO-PVP-RGD system RGD modification promotes integrin-mediated uptake, boosting PS [180]
internalization.
GQD-PEG, PEG- PEG modification improves systemic circulation and enhances tumor [204, 208]
functionalized GONS accumulation.
(Continued)
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Table 2 (Continued).

Optimization Graphene-Based Brief Mechanism Summary Reference(s)
Strategy Nanomaterial
Size-dependent | GQDs as PS Superior photostability and broader wavelength absorption improve light [193, 197]
penetration penetration and PDT efficacy.
Electrochemically Small size facilitates tumor penetration while generating ROS under blue light, [192]
prepared GQDs inducing apoptosis and autophagy in glioma cells.
Optical synergy | Combination of PDT, mild | GO-PEG-OSA nanosheets enhance drug solubility and bioavailability while [212]
PTT, and chemotherapy enabling ROS generation, photothermal effects, and heat-triggered PTX release

under NIR, achieving PDT-PTT-chemo synergy to overcome drug resistance in
gastric cancer.

PDT-PTT IR780/SB/DOPA-rGO enables NIR-triggered PDT-PTT synergy, reducing breast [190, 191]

cancer cell survival to 21% at low doses without causing immunogenicity

Hypoxia rGONS@MnO,/MB/DOX | rGONS serves as a structural scaffold, facilitating MnO, dispersion and stability [214]
modulation while enhancing drug loading. MnO, reacts with excess H,O, in tumors,

generating O, to relieve hypoxia and improve PDT efficacy.

rGOQD/IR820/MnO, rGOQD ensures MnO, stability and controlled release. IR820 enables NIR- [93]
triggered PTT for synergistic therapy.

multifaceted nature of nanomaterial-based PDT optimization. This review examines the current research perspectives in
the field of PDT, with a specific focus on the applications of graphene-based nanomaterials to enhance PDT efficacy. Key
challenges in the TME, such as hypoxia, will be discussed, along with strategies to address these issues, including O,
delivery systems and the integration of multimodal therapies. By exploring these strategies, the review aims to highlight
innovative approaches that can advance the development of graphene-based PDT platforms.

Challenges and Prospect

Graphene-based nanomaterials hold significant promise in advancing PDT for tumor treatment due to their versatile
properties. These materials can serve as platforms for loading PSs and drugs or function as PSs themselves, potentially
enhancing the efficacy of PDT. Their unique attributes enable several strategies to improve tumor-targeted PS delivery
and treatment outcomes.

One of the primary advantages of graphene-based nanomaterials is their ability to encapsulate PSs optimally, thereby
protecting them from premature deactivation or leakage due to plasma interactions. This encapsulation also enhances the
uptake of PSs within tumor tissues and cells, facilitating more precise and effective treatment. Moreover, the high
transmittance of graphene-based materials allows for deeper light penetration, overcoming the inherent limitations of
light sources in PDT and improving PS excitation efficiency.

Recent studies highlight the potential of graphene-based nanoplatforms for integrating PDT with other therapeutic
modalities, leveraging the synergistic effects of combined treatments. This multimodal approach can lead to more
comprehensive and effective tumor eradication strategies. However, there are notable challenges that need to be
addressed.

A critical issue in PDT is O, transport to tumor cells. TMEs are often hypoxic due to uncontrolled cell proliferation
and abnormal blood vessel formation. This hypoxia complicates PDT, as the process itself can deplete O, levels, further
exacerbating hypoxic conditions and reducing therapeutic efficacy. Under such conditions, the generation of ROS is
limited, which can restrict the depth of PDT penetration, affect the uniform distribution of PSs within tumors, and impair
targeting precision. Additionally, hypoxic conditions can prompt tumor cells to enter dormancy or activate antioxidant

mechanisms, further diminishing the effectiveness of PDT.
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Graphene-based nanomaterials, with their high surface area, offer a promising solution to these challenges. They can
be engineered to incorporate molecules or nanoparticles capable of delivering and releasing O, directly to the tumor site.
Furthermore, these materials can embed catalysts that generate O, from endogenous substances such as H,O,, enhancing
their therapeutic potential. However, this design requires precise control over the timing and location of O, release to
synchronize with PS activation and ROS generation. Optimizing the release rates is crucial, as either excessively rapid or
slow release can undermine treatment effectiveness. Additionally, catalysts must be specifically activated within the TME
to avoid damaging normal tissues, and interactions between PSs and O, carriers need to be finely tuned to prevent
interference and maximize synergistic effects.

In summary, while graphene-based nanomaterials offer significant potential for improving PDT outcomes, addressing
these challenges requires further research. Advances in material design and understanding of tumor biology will be
essential in overcoming these obstacles and enhancing the overall efficacy of PDT in cancer treatment. To facilitate
clinical translation, future efforts should focus on optimizing surface functionalization to enhance biocompatibility and
minimize immunogenicity. Development of stimuli-responsive and ligand-directed delivery systems may further improve
tumor-specific targeting. In addition, integrating photothermal or immunomodulatory functions can potentiate synergistic
therapeutic effects. Rigorous in vivo evaluations of metabolism and long-term safety remain essential to ensure clinical
applicability. These efforts will be pivotal in bridging the gap between laboratory research and clinical application,
paving the way for the next generation of PDT strategies based on graphene-based nanomaterials.
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