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Experimental cancer therapeutics are rapidly advancing, with novel approaches emerging to reduce
global cancer burden. This review focuses on challenges hindering the clinical integration of
photothermal therapy (PTT), despite its therapeutic potential. Key PTT considerations include
photothermal agent (PTA), laser properties andstrategies for better application, efficacy andprecision.
Common parameters for PTA evaluation demonstrate biocompatibility, biodistribution and efficacy
assessments. However, for clinical emphasis, targeting efficiency and post-therapy fate
determination of PTA, sophisticated engineering of photonic devices, precision assessments as well
as pain mitigation are critical. Directed future endeavours, keeping these insights, may facilitate
application of PTT as a viable cancer treatment in clinical settings.

According to the World Health Organization (WHO) report in 2022,
approximately 20 million new cases of cancer and 9.7 million deaths were
reported. The number of individuals estimated to have survived for onlyfive
years after diagnosis was 53.5 million. Looking ahead to 2050, the projected
increase in the global cancer burden is substantial, with over 35million new
cases anticipated, representing a 77% rise from the estimated cases reported
in 2022 (https://www.who.int/news/item/01-02-2024-global-cancer-
burden-growing–amidst-mounting-need-for-services). It is estimated that
approximately one in nine men and one in twelve women will develop
cancer during their lifetime. Clearly, the conventional standard of care
treatment procedures, which primarily include surgical interventions,
radiation therapy, and chemotherapy or a combination of these, are not
enough to win the ‘war against cancer’. Further, due to high risk of
treatment-related toxicity, chance of invariable disease relapse and meta-
static spread aswell as compromised living experiencepost-therapy inmany
aggressive types or subtypes of cancers, global cancer burden status and
healthcare cost are reaching to an alarming state. In this context, clinical
practice must look for accommodating newer therapeutic approaches such
as nanomedicine, immunotherapy and other novel experimental treatment
approaches developed demonstrating exemplary precision and efficacy1.

The application of heat for cancer treatment started in the 20th
century2. The temperature-driven cellular ablation strategy induced by non-
ionizing radiation was termed as ‘hyperthermia’. Eventually, hyperthermia
became a field of active research, where clinical trials combining hyper-
thermiawith radiation or chemotherapywere attempted in various cancers,
including breast, head and neck, and bladder cancers3. Among different
modes of hyperthermic treatment,magnetic induction, focused ultrasound,
andphotonic laser-guided therapyprocedures showeddistinctive efficacyas
an anti-cancer therapeutic strategy. In PTT, synthetic nanoscale

photothermal agents (PTAs) convert incident light energy into a sharp
increase of heat, and thereby causing tissue ablation4 (Fig. 1). Upon near-
infrared (NIR) irradiation on the target tissue area with accumulated PTAs,
a localized hyperthermia triggers cell death due to irreversible protein
denaturation anddamage of the cancer cells. This same effect does not apply
for the neighbouring tissue environment where either the PTA or the
photonic exposure is absent4,5. Temperature-dependent modes of cell death
post PTT report a higher percentage of cells undergoing necrosis upon
temperature elevation > 49 °C while 46–49 °C induce apoptosis as themore
relevant mode of cell death6. Moreover, the autophagic mode of cell death
has also been popularly reported as a result of protein disruption, causing
unfolded protein response (UPR) pathway upregulation and increased
reactive oxygen species (ROS), causing DNA damage7,8.

As this research field is growing, a good number of PTAmaterials are
developed and tested for their therapeutic efficacy in preclinical model
systems. PTT procedure using several suchmaterials developed has proven
tobeminimally invasive, precise and relativelynon-toxic innature.As anew
entity in the realm of cancer treatment approaches developed through
research, prospective use of PTT tomanage radiation- and chemo-resistant
cancers was also demonstrated in a preclinical model7. The ability of PTT
procedure to treat a primary tumour that cannot respond to standardized
care procedures, indicates themerits and potential this procedure holds. For
example, PTT can be less invasive than surgery for treating localized
tumours, potentially reducing patient morbidity and recovery time.
Importantly, this physicalmode of treatment procedure represents a limited
risk of developing resistance against the treatment procedure. Here, we take
an account of the important validation steps from past preclinical and
clinical studies, where promising PTAs were tested for solid tumour
treatment.
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Applications of PTT as cancer therapeutics
A wide range of nano-sized materials or chemical moieties were tested as
PTAs, which showed that the efficacy of a PTA is directly related to the
optical property of the material. An ideal PTA should have high photo-
thermal conversion efficiency (PCE), thermal stability, provision of suitable
surface modification with proper peak tunability, and more importantly,
effortless scale-up ability9,10. Further to enhance tumour targeting
and reduce off-target effects, PTAs are often conjugated with targeting
moieties on the material surface, such as antibodies, peptides, polymers etc.
The point to be noted here is that such modifications may only help
material’s selectivity and improvebioavailability, but not intrinsic properties
such as the photothermal conversion efficiency of the PTA itself. Table 1
summarizes different classes of PTAs synthesized along with their merits
and demerits.

The development and application of a variety of plasmonic nanoma-
terials have been extensively studied, demonstrating their utility for PTT.
For clinical use, it is crucial to evaluate for material toxicity, pharmacoki-
netics, survival benefits after treatment, treatment precision, as well as

bystander effects using physiologically relevant preclinical models. Clinical
trials involving larger animals like canines and felines have also been
attempted, showing promising therapy efficacy in treated solid tumours,
outlined in Table 2. However, beyond these attempts, clinical transition of
various other PTAs with promising preclinical results have not moved
towards translation. Therefore, in this review, we discuss the key factors and
challenges for translating this procedure, and strategies to overcome those
obstacles.

Major factors influencing PTT efficiency
It is important to note that the efficiency of PTT is influenced by two check-
points, PTA localisation and laser incidence. Enhanced activity at the site of
a solid tumour can be reached by ensuring maximal PTA concentration at
the site and laser incidence tailored to achieve the desired elevation in
temperature, thereby reducing risk of bystander effects. Needless to say,
PTA design and laser properties play a major role in the efficiency of this
therapy. Here we summarize the major considerations for these compo-
nents of PTT (Fig. 2).

Fig. 1 | Principle of PTT. NIR laser irradiation on
plasmonic nanoparticles leads to the generation of
localised heat at the tumour site, leading to cell
ablation primarily by necrotic, apoptotic, or autop-
hagic processes.

Table 1 | Types of photothermal agents (PTAs) and their implications

Photothermal Agents Examples Advantages Disadvantages

Organic dye
compounds

Indocyanine green (ICG)117,118, Prussian blue119–122 IR dyes like BF2
123,124,

IR780, IR800, IR825, Porphysome125
• Excellent PCE
• Thermostable
• Used for photoacoustic
imaging purpose

• Photobleaching
• Instability
• Solvent toxicity
• Poor tumour targeting ability

Carbon
nanomaterials

Carbon nanotubes126–129,Graphene and graphene oxide130,131 • Excellent biocompatibility
• Better bioavailability
• Enhanced cargo-loading
capacity

• Lower PCE
• Poor biodegradability
• Toxicity
• Complex synthesis methods

Metal-based agents Zinc-based gold nanocomposite132,133, Copper-based NPs132,134–136, Gold
nanostructures137–139, Plasmonic gold nanostars139–142, Plasmonic gold
semi-shells143, SPIONS144,145

• Excellent PCE
• Easier surface modification
• Thermostable
• Non-toxic
• Enhanced specificity

• Stability concerns (potential for
aggregation)

• Immunotoxicity
• Limited selectivity

Conjugate-based
agents

Polypyrrole nanomaterials146,147,
Conjugated polymers30,46,148, Carbon-silica nanocomposites149, Gold-
decorated melanin nanoparticles118, Lanthanide ion-based up-conversion
nanomaterial150, Biomimetic gold nanoformulation151

• Enhanced PCE
• Increased tumour targeting
and accumulation

•Multimodal imaging
support

• Versatile surface
modifications

• Often complex synthesis and
characterization procedures

• Toxicity concerns
• Limited thermostability
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Physical properties of PTAs
The route of administration for the photothermal agent depends on the
size, morphology and surface functionalisation of the nanomaterial. The
size and shape of the PTAs directly affect the properties of localized surface
plasmon response (LSPR)11. Gold nanospheres smaller than 40 nm exhibit
stronger absorption in the visible to near-infrared (NIR-I) range due to
LSPR, while larger nanospheres (>40 nm) predominantly scatter light12.
However, anisotropic nanoparticles like gold nanorods (AuNRs) demon-
strate distinct optical behaviour. For example, miniaturized AuNRs
(5–11 nm) with optimized aspect ratios can achieve LSPR peaks in the
second near-infrared (NIR-II) window (1000–1350 nm), enabling strong
absorption for PTT and photoacoustic imaging13. These smaller AuNRs
also exhibit enhanced thermal stability and photoacoustic signals due to
their high surface-to-volume ratio, which improves heat dissipation and
reduces structural degradation under pulsed laser irradiation14. Nanoma-
terials having branched structures exhibit LSPR peaks in the NIR region
due to increased cross-sectional area for light absorption. A strong elec-
tromagnetic field develops due to the branched patterns, thus enhancing
the overall light absorption. Also, the compact arrangement of the com-
ponents in the nanomaterials generates a strong plasma coupling effect,
which leads to a broad absorption of light in NIR wavelengths15. Gold
nanostars with sizeable cross-sectional areas have excellent surface-
enhanced Raman scattering properties for PTT and multi-modal photo-
acoustic imaging16. Alterations of surface functionalization also influence
LSPR of the nanoparticles by changing thematerial’s refractive index. This
modification contributes to enhanced targeting efficiency, improved sta-
bility and light absorption efficiency, and improved photoacoustic signals
for multi-modal imaging and photothermal conversion11.

The safety and pharmacokinetics of PTT agents are critical for their
clinical application,withorganic agents showing significant advantages over
inorganic ones. Organic photothermal agents, such as single-component
organic phototherapeutic agents (SCOPAs), are highly biocompatible,
biodegradable, and exhibit low systemic toxicity17. These materials,

including near-infrared dyes like indocyanine green, can be metabolized
and cleared efficiently from the body,minimizing long-term retention risks.
Their modular design allow for tumour-specific activation mechanisms,
enhancing therapeutic precisionwhile reducing damage to healthy tissues18.
For example, organic agents like aza-BODIPY derivatives leverage tumour-
specific triggers (e.g., reactive oxygen species) to ensure selective activation,
improving safety and efficacy in vivo19. In contrast, inorganic PTT agents,
such as gold nanoparticles and metal-based nanomaterials, face challenges
in clinical translation due to poor biodegradability and potential cytotoxi-
city. While these materials exhibit excellent photothermal conversion effi-
ciency, their prolonged retention and inflammatory side effects demand
selective use of the constituent material. Strategies to enhance their safety
include surface modifications and combinational therapies; however,
achieving regulatory approval remains challenging.

Properties of Laser
Photonic incidenceused inPTT, primarilyNIR range lasers, varieswidely in
several parameters such as laserwavelength, powerdensity, andpulsewidth.
TheNIRwavelength range varies between 700–950 nm range is well known
to conferbetter tissuepenetrationaswell as higherphotothermal conversion
efficiency by the PTAs20,21. Use of NIR source in PTT is attributed to: (i)
minimal photonic absorption by the tissue components; (ii) greater tissue
depth penetration ability, and (iii) low toxicity due of lesser energy mini-
mizes alteration of cellular biochemistry in tissue environment, thus ren-
dering it a safer source than higher energy light sources like UV radiation.
The choice of laser wavelength also influences penetration; for instance,
lasers in the NIR-II window exhibit deeper penetration as compared to the
NIR-I window, the lasers used in most of the PTT applications.

Advanced laser systems confer precisive control for illuminating a tar-
geted area. Radiation characteristics like spectral width and laser power
output are also critical to achieve efficacious therapy22. The power density of a
laser source represents the amount of energy delivered per unit area upon
laser irradiation. Lower power densities (0.12–0.22W) coupled with

Table 2 | Quantitative outcomes from large animal-preclinical and clinical studies

Study Referrance Model PTA Type Clinical Success Rate Safety Profile

Preclinical study in large mammals152 Canine mast cell tumour Gold-coated silicone NPs 100% response, 94% remission No toxicity in vital parameters

Preclinical study in large mammals153 Canine/feline mammary Gold nanorods Median survival 315.5 ± 20.5 days No toxicity, normal organ function

Clinical pilot safety study154 Human metastatic breast cancer Indocyanine green (ICG) 75% clinical beneficial response rate Favourable safety profile

Clinical trial97 Human prostate cancer Gold-silica nanoshells 94% (15/16 patients) Safe, no major adverse events

Fig. 2 | Schematic showing major factors influen-
cing photothermal efficacy. Tumour debulking
post application of PTT.
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optimized pulse durations enable deeper tissue penetrationwhileminimizing
thermal damage to healthy tissue23,24. High power densities (>1W/cm²) risk
collateral damage but can bemitigated using pulsed irradiation, which allows
heat dissipation between pulses25,26. Conversely, prolonged exposure at lower
power densities enhances nanoparticle accumulation in tumours via the EPR
effect27. The laser’s pulse width influences the thermal distribution in the
tissue. Shorter pulse widths restrict thermal energy within target tissue,
reducing bystander effects, while, longer pulse widths allow increased heat
dissipation which is beneficial for deeper tissue penetration but requires
careful precision to avoidnon-specific side effects onadjacent healthy tissue28.
Previously, we have shown the precision achieved in PTT-treated ex vivo
tumour tissue samples using a Raman-spectroscopic map, which is based on
the change in endogenous biochemical signatures5. Duration of photonic
incidence influences heat conversion and, therefore determination of com-
plete remission as per laser duration and doses is important. Application of
non-invasive, longitudinal assessment using firefly luciferase-based biolu-
minescence imaging in preclinicalmodels canbe a very valuable procedure in
this context, resulting a definite survival benefit (Fig. 3a-b).

Challenges of PTT application at clinical setting
In the following section,wediscuss themajor clinical impediments, outlined
in Fig. 4, to overcome for better translation implications of PTT.

Tumour targeting strategies of PTAs
A majority of preclinical studies used intra-tumoural injection of PTA to
measure the PTT effect on a palpable solid tumour. This strategy serves a
preliminary testing purpose for a new PTA synthesized. The other strategy
of material delivery that is also very common is based on a tumour

vasculature property well characterised, i.e., the enhanced permeability and
retention (EPR)29,30. In this strategy, commonly known as 'passive targeting',
variousPTAshave beendesignedmaintainingphysical parameters required
for EPR. In this context, vitamin E modified Au-PLGA nanoshell (Toco-
photoxil) was shown to have significant EPR mediated accumulation in
subcutaneousHT1080xenograft and4T1orthotopic breast tumourmodels,
resulting in enhanced localization and tumour ablation31. Vitamin E deri-
vatives enhance the EPR effect by modulating tumour vasculature. These
compounds inhibit angiogenesis by suppressing vascular endothelial
growth factor (VEGF)production, normalizeblood vessel permeability, and
increase cell membrane fluidity, facilitating nanoparticle extravasation into
tumours. Additionally, its hydrophobic nature ensures stable integration
into lipid layers, enabling consistent delivery of therapeutic nanoparticles to
tumour sites32. Use of carbonmonoxide (CO) has been reported to enhance
EPR phenomena, where CO-carrying palladium nanosheet (PdNS-CO)
augmented EPR effect, resulting in higher photothermal ablation in A549
xenograft model33–35. CO also enhances the EPR effect through its potent
vasodilatory properties, which increase tumour blood flow and promote
nanoparticle extravasation via leaky vasculature. CO also inhibits tumour
cell proliferation, induces apoptosis, and modulates the immune micro-
environment by reducing inflammation. The controlled delivery of CO-
releasing molecules (CORMs) enhances nanoparticle accumulation at
tumour sites while improving therapeutic efficacy in cancer treatment34.
However, the point to be noted in this context is that passive uptake of
nanomaterials highly varies among various tumour types and/or their tissue
of origin. This heterogeneity is a function of the degree of angiogenic and
lymphangiogenic vasculature, perivascular neoplasm, stromal density,
intra-tumoural pressure as well as tumour immune microenvironment36.
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Fig. 3 | Photothermal efficiency in preclinical murine model. a Unpublished
results representing PTT efficacy using preclinical xenograft tumour in an immu-
nocompromised nude mouse. Upper series represents luciferase reporter imaging
guided non-invasive monitoring of tumour growth kinetics for the first 12 days after
performing 3 doses of PTT on day 1. Lower panel represents the photographic

capture of the same mouse with additional follow up till day 30, b Representative
non-invasive imaging-guided monitoring of orthotopic breast tumour xenograft-
bearing mice with optimized PTT procedure performed on day 20 at the primary
tumour site as indicated. Compared to untreated control mice, life expectancy
doubled in PTT-treated mice.
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For the purpose of potential clinical translation, tumour targeting
efficiency (either passive or active) of the PTA from systemic circulation is a
crucial evaluation. There are several aspects to judge how a PTA interacts
and accumulates within the biological/physiological milieu in the body.
Upon systemic administration of the PTA, the material encounters endo-
thelial impediments such as serum proteins and opsonins within humoral
circulation37,38. Such adsorbed components on thematerial surface form the
particle-protein complex, commonly known as protein corona. The protein
corona may get recognised by the mononuclear phagocyte system (MPS),
thereby enhancing PTA clearance by the reticuloendothelial system (RES).
Other than increasing the immunogenicity of the material, the presence of
protein corona may also impact the size and stability of the material and
consequently its pharmacokinetic properties and trafficking to the tumour
site38,39. The third parameter that influences uptake of PTA after it intra-
vasates at the tumour sites is intracellular interactions and uptake in the
cancer cell. Thehigh diversity among cancer cell surface receptor expression
has driven various target-specific PTA design strategies to ensure uptake
efficiency. Literature reported preparation of overexpressed receptor or
cancer cell-specific biomarker targeted PTA development (Table 3). Fur-
ther, the interaction of PTAs with the immune system in vivo cannot be
ignored40. As many nanomaterials can act as immunomodulators,
researchers must evaluate this aspect, and PTAs can be suitablymodified so
that they are not recognized by body’s immune system. Strategies to either

suppress or stimulate the immune system can also be applied to deliver PTA
in a targetedmanner. In a biomimetic delivery system, doxorubicin (DOX)-
loaded MnFe2O4-DOX-MCM nano-cubes (NCs), camouflaged with mac-
rophage cell membranes (MCM), enhanced immune evasion and cancer
cell uptake while imparting chemo-photothermal therapy41. These physio-
logical complications could be the reasons that entail why, despite avid
research in this field, just a handful of PTAs have succeeded in the clinic36,42.

Laser penetration power and photothermal heat conversion at
tumour site
Photothermal ablation essentially involves NIR laser incidence over loca-
lised plasmonic nanoparticles. Use of NIR laser in PTT is important as it
provides higher tissue penetration power with minimal absorption and
scattering attenuation within the tumour bed. The factors affecting the laser
penetration power are laser wavelength, power density and pulse width43.
Critical optimizationof these parameters can ensure targeted and controlled
cell death within the tumour volume. In a study, micro-sized thin-film
thermocouple (TFTC) arrays were developed and placed on free-standing
Si3N4 thin-film windows as sensors. These sensors demonstrated linear
responses in output voltage to laser power density within the wavelength
range of 325–1064 nm. The sensors also provided information about the
local temperature at the laser spot. Measurements taken through thick
porcine tissues revealed effective single log-fold attenuation for different
tissues: 5.1 ± 0.4 mm for porcine fat, 4.7 ± 0.7 mm for porcine skin-fat
combination, and 3.5 ± 0.1 mm for porcine muscle44. In a study, Au Tri-
angular Nanoprisms (BATrisms) modified with Leucine (L)- and lysine
(K)-rich cell-penetrating peptides (LK-BATrism) were reported showing
improved cell penetration and enhanced photothermal conversion effi-
ciency using a very small dose (2.5 μg) of Au and very low power (0.25W/
cm2) 808 nm laser45. Another study suggested that the use of gold nano-
bipyramids with an infrared absorption peak located in the NIR I window,
in combination with femtosecond laser irradiation, could be an effective
approach for photothermal ablation of liver cancer cells46. In this context, it
is worth noting the development of a gold nanosphere PTA where the core
material used was a thermolabile polymer composed of chitosan and poly-
(N-vinyl caprolactam) (PNVCL). This material also exhibited a high pho-
tothermal conversion efficiency of 63.17% using a 750 nm laser wavelength
and 650mW laser power and therefore demonstrated high photothermal
efficacy47.

NIR wavelength has two transparency windows: NIR-I (700–900 nm)
andNIR-II (1000–1700 nm).WhileNIR-I lasers have beenmajorly used for
PTT, NIR-II (1000–1700 nm) also gained some attention to achieve deeper
penetration and higher safety limits. The 1300–1400 nm range is preferred
over 1500–1700 nm to avoid increased water absorption and minimized
adverse photon scattering effects in brain tissue48,49. FDA has approved a
1275 nmwavelength laser for physical therapy, demonstrating its safety and
efficacy for treatment of chronic pain and fibromyalgia. In an interesting
study, using polyethylene glycol (PEG)-stabilized copper sulfhide nano-
particles, exhibiting similar absorption efficiency at both 808 nm and

Fig. 4 | Challenges hindering translation of pho-
tothermal treatment to clinics. Inefficient homing
and retention of PTAs at the tumour site, low laser
penetration power, and low photothermal heat
generation at the tumour site, pain induction at the
treatment site.

Table 3 | Targeting strategies for tumour homing adopted by
some PTAs synthesized

Nanoformulation Targeting strategy Reference

Cy7-TCF-IMC NPs COX-2-mediated targeting 155

Bio-PPh3 -PT Biotin receptor and
mitochondria targeting

156

HSA/dc-IR825/GA NPs Endocytic cell uptake and
molecular targeting

157

CyT NPs Oestrogen receptor and
mitochondria targeting

158

4T1-HANG-GNR-DC NPs Homotypic biomimetic
targeting

159

HA-IR-780 NPs HA-based tumour targeting 160

FA–NGO–PVP/DOX NPs FA based tumour targeting 161

Ti3C2/Apt-M nanosheets MUC1 tumour targeting 162

Ts-PT-RGD NPs RGD-based tumour
targeting

163

Cy7-TCF-IMC heptamethine cyanine dye linked to indomethacin, Bio-PPh3 -PT biotin and
triphenylphosphine based photothermal agent,HSA/dc-IR825/GA human serum albumin- cyanine
dye IR825- gambogic acid, CyT tamoxifen linked Cy, 4T1-HANG-GNR-DC 4T1 cloaked hyaluronic
acid tagged gold nanorod with doxorubicin encapsulation, FA–NGO–PVP/DOX folic acid-
nanographene oxide- polyvinylpyrrolidone- doxorubicin, Ti3C2/Apt-M Titanium carbide/MUC1-
aptamer,MUC1mucin1, Ts-PT-RGD 4-methylbenzenesulfonamide- hemicyanine dye- RGD
peptide.
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1275 nmwavelengths, a direct comparison between the two lasers related to
the nanoparticle absorption spectrum was shown. This study reported the
superiority of the 1275 nm laser in terms of temperature rise in vitro and
tumour destruction in vivo49.

Management of pain induction
Post-therapy pain management is a complex issue that involves unique
sensory and emotional experiences of the patient undergoing a therapy
procedure. Understanding pain perception for PTT is crucial as this process
is essentially creating a burn wound at the treated site, and thereby, sec-
ondary clinical challenges may arise. The subjective nature of pain, as
defined by the IASP (International Association for the Study of Pain) and
WHO, is centred on individual’s experience rather than just tissue
damage50,51. This distinction between nociceptive and non-nociceptive sti-
muli, and how nociceptors encode these, reveals variability in pain experi-
ences. Acknowledging patients' pain reports, regardless of origin, is vital in
clinical care, reflecting the subjective nature of pain.

Monitoring the rise of temperature at the site while performing PTT is
vital to ensure both treatment efficacy aswell as patient comfort/discomfort.
As changes in tissue temperature affect optical properties like absorption
and scattering, the potential to measure temperature indirectly through
monitoring alterations of physical properties has been attempted. Invasive
methods like interstitial thermometry offer accuracy but cause high
discomfort51–53. Infrared (IR) device for real-time monitoring of surface
temperature at the site of treatment is commonly used. There are alsoMRI-
basedmethods that relied on temperature-dependent properties like proton
resonance frequency shift or T1/T2 relaxation times. This method is
potentially accurate but complex to calibrate and often expensive for
practical application51,54. Given these challenges, alternative non-invasive
deep tissue temperature monitoring during PTT was attempted. It is worth
noting an interesting application based on Raman spectra analysis for
measurement of subsurface temperature, called Temperature SORS (T-
SORS)55,56. Later, combining Raman signal and surface-enhanced Raman
spectroscopy (SERS) nanoparticles, T-SESORS enabled deep tissue tem-
perature monitoring and precise photothermal treatment57. Researchers
have also developed a nanoprobe using gold nano-stars for heating and
CaF2:Nd3+, Y3+ nanothermometers for temperature measurement,
achieving real-timemonitoringwithin tissues58. Thiswork design harnessed
different light windows for tracking and accurate temperature sensing,
offering a resolution of around 4 °C. Such integrated approaches provide

non-invasive, real-time deep tissue temperature monitoring during PTT,
which is a vital step in optimizing PTT outcome.

Newer strategies adopted to improve clinical
potential of PTT
Recent advances have focused on several innovative strategies to enhance
the therapeutic potential of PTT while addressing key limitations. The
following critical approaches target the major barriers to clinical adoption,
from improved tumour targeting and precise temperature control to post-
treatment considerations like agent clearance and pain manage-
ment (Fig. 5).

Directing delivery of PTAs to the tumour site
TheefficacyofPTTheavily relieson the concentrationofPTAat the tumour
site. Intra-tumour injection is effective in delivering a large amount of PTA
directly to the tumour site, allowing for localized heating and tumour
ablation. While direct injection localizes nanoparticles to tumour sites,
unevendistribution throughout the tumour due to factors likefluid pressure
and vascularization can lead to incomplete tumour ablation, increasing
recurrence risks. Therefore, strategic development of PTA is crucial for PTT
treatment efficacy59. Researchers continue to explore various strategies by
attaching cancer cell surface receptor targeted antibody, peptide, etc., on
PTA surface to enhance the delivery, distribution, and retention within the
tumour, whileminimizing systemic side effects andmaximizing therapeutic
efficacy.Mooney et al. addressed this byusing tumour-targetingneural stem
cells (NSCs) as carriers for gold nanorods (AuNRs), enhancing their dis-
tribution after intratumoural administration without compromising NSC
viability. This approach reduced recurrence rates in breast cancer xeno-
grafts, surpassing direct AuNR injections in efficacy while minimizing off-
target effects60. To enhance tumour targeting of PTA, dual-targeted pho-
tothermal agents, leveraging both extracellular as well as subcellular targets,
have gained immense popularity61. Improving tumour specificity and the
ability to navigate physiological barriers forms a critical focus in the
development of the PTT nanomedicine.

Stimuli-responsive PTA targeting
In recent times, stimuli-responsive targeting in nano-formulation has
gained popularity. Some of these strategies are implicated in PTAs devel-
oped as well, where the nanoparticles can respond to specific stimuli,
thereby enhancing the specificity and efficacy of PTT. These responsesmay

Fig. 5 | Strategies to improve clinical potential of
PTT.Directing delivery of PTAs, stimuli-responsive
PTA targeting, physiological clearance of PTA post-
treatment, combination therapy, pain mitigation
strategies and integration of AI and ML in photo-
thermal therapy. CT Chemotherapy, IT Immu-
notherapy, RT Radiotherapy, PDT Photo-dynamic
therapy, AI Artificial Intelligence, ML Machine
Learning.
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be triggered by external physical stimuli, such as light/laser, ultrasound,
magnetic or electric fields, or internal triggers based on tumour physiology
such as pH or enzyme action. These approaches enable nanoparticles to
“shield” themselves in the bloodstream and selectively activate their tar-
geting capabilities at the tumour site62,63. Some common stimuli-based PTA
targeting strategies are outlined in Fig. 6.

The pH-responsive NPs exploit tumour acidity to undergo changes
(such as swelling, degradation, or release of payloads), enabling controlled
release of therapeutic agents. In a recent study, pH-responsive per-
ylenediimide nanoparticles (PPDI-NPs) were functionalized with a piper-
azine ring to enhance NIR absorption in acidic environments. The
protonation of piperazine groups inhibited the photoinduced electron
transfer, leading to enhancedNIRF emission at 760 nm64. The development
of an innovative dual-stimuli-responsive theranostic nanoprobe for active
tumour targeting, fluorescence imaging, and guided PTT was engineered
using asymmetric cyanine and glycosyl functionalized gold nanorods (Acy
and Glu@AuNRs). Higher levels of matrix metalloproteinases (MMPs) in
the acidic microenvironment triggered peptide cleavage, releasing Acy,
which fluoresced in the acidic environment and served the purpose of
imaging. The retained Glu@AuNRs and Acy also enabled targeted PTT
when exposed to an 808 nm laser. This strategy of using a cleavable peptide
linker can be adapted for other tumour-specific enzymes, enhancing
versatility65. Such programmed targeting approaches hold great promise in
overcoming the challenges associated with immune recognition, aggrega-
tion, and shortened circulation time of nanoparticles, thereby improving
their efficacy in targeted drug delivery and reducing off-target effects.

Physiological clearance of PTA after treatment
Post-treatment degradation andphysiological clearance of PTAs is a pertinent
yet often overlooked component66,67. These specialized materials—ranging
from noble metal nanostructures and carbon-based nanomaterials to organic
compounds and semiconducting polymers—undergo complex transforma-
tions once their primary therapeutic function concludes. The degradation
pathways are multifaceted, involving structural decomposition triggered by
repeated heating cycles, surface oxidation from reactive species generated
during treatment, interactions with biomolecules in physiological environ-
ments, and enzymatic breakdown within cellular compartments68,69. This
post-treatment evolution significantly impacts both treatment efficacy and
patient safety. Here, biodegradable or thermolabile PTAs undergo controlled
breakdown after fulfilling their purpose and undergo faster body clearance via
the renal route. These systems often incorporate organicmaterials or naturally
degradable polymers like PLGA or PCL that form a scaffold for active pho-
tothermal components. PLGA undergoes hydrolytic degradation, breaking
down into lactic and glycolic acids, which are naturally occurringmetabolites.
Lactic acid is metabolized through the tricarboxylic acid cycle into carbon
dioxide and water, while glycolic acid can be directly excreted or converted to
glycine70,71. Similar biodegradable polymers include PCL, which produces
6-hydroxycaproic acid, and chitosan, which yields glucosamine derivatives72.
Organic PTAs like indocyanine green undergo hepatic metabolism with
minimal transformationbefore biliary excretion73,while porphyrinderivatives
are enzymatically processed into tetrapyrrole fragments eliminated through
bile andurine.Even inorganicmaterials canbeengineered forbiodegradability
—copper sulfide nanoparticles gradually dissolve into copper ions that bind to

Fig. 6 | Different types of stimuli responsible for
activation of photothermal agents at tumour.
Impact of external physical stimuli such as light/
laser, ultrasound, magnetic/electric field or internal
physiological stimuli such as tumour pH, hypoxia,
redox potential, enzyme action trigger activation in
dormant PTAs.
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transportproteins, ironoxide releases iron for incorporation intophysiological
ironstores, andblackphosphorusdegrades tobiocompatiblephosphate ions74.
Excretion routes vary based on degradation product size: smaller fragments
(<10 nm) undergo renal filtration47,75, larger components follow hepatobiliary
elimination, and some materials integrate into normal metabolic processes,
providingmultiple routes fornatural elimination fromthebody.The temporal
aspects of degradation can also be strategically leveraged for secondary ther-
apeutic advantages, such as targeted release of encapsulated drugs or the
generation of reactive oxygen species as degradation byproducts. These
degradation strategies represent a significant advancement toward clinically
viable photothermal therapy systems with improved safety profiles.

Combination treatment for therapy enhancement
Photothermal therapy can be significantly enhanced through both tem-
perature modulation and combination with other treatment modalities.
Mild photothermal therapy (mPTT), operating at temperatures of
42–45 °C, represents a significant advancement over traditional PTT by
reducing risks to healthy tissues while breaking tumour architecture,
enhancing blood perfusion, and inducing the immunosuppressive
microenvironment76. Despite an unverified possibility of cancer cells
developing thermotolerance by over-expressing heat shock proteins, stra-
tegies have been developed by including the use of advanced nanoplatforms
for precise heat delivery.Meanwhile, combining PTTwith other treatments
amplifies therapeutic outcomes by leveraging complementary strengths.

In photoactivatable therapies, such as PDTandPTT, light illumination
triggers ROS or heat generation, respectively, inside cancer cells. Significant
strides have been made in understanding their biological effects inside the
cellular environment or even in the tumour microenvironment, aiding
clinical application. Nanoplatforms combining PDT and PTT compatible
materials facilitate the synergy emerging due to their complementary
mechanisms and differing toxicities, promising enhanced efficacy77,78. PTT
enhancesPDTby improvingmaterial’s entry inside the cell andoxygenation
through increased blood flow, while both PDT and PTT enhance ROS
production and accumulation inside the cancer cells. Challenges include
sequential laser irradiation due to different absorption spectra, prompting
research into dual-mode agents for simplified, effective treatment77,79,80.

The combination of chemotherapeutic drugs with PTT (CT-PTT)
represents a promising strategy in cancer treatment, leveraging the syner-
gistic effects of both modalities. Chemotherapy employs cytotoxic agents
that target rapidly dividing cancer cells by inducingDNAdamage, arresting
cell cycles, or inhibiting oncogenic pathways. However, it faces challenges
such as drug resistance and off-target toxicity. PTT causes localised heating-
mediated tumourmass ablationwhile enhancing the capability of local drug
permeability inside the tumour due to hyperthermia-induced vasodilation.
This synergy overcomes PTT’s light penetration issues and thereby
increases the coverage area inside the treated tumour. CT-PTT combats
multidrug-resistant cancer cells, improves delivery in hypoxic core of the
tumours, while lowering toxicity by allowing for reduced drug doses. In a
recent study, co-delivery of cisplatin with the photothermal agent
PDPPDTPusingbiodegradable nanomicelles enhanced tumour eradication
under lower drug doses81. Another study used methotrexate (MTX)
encapsulated in polyaniline (PANI) nanoparticles, demonstrating burst
drug release uponnear-infrared (NIR) light irradiation, leading to enhanced
apoptosis and tumour suppression82 This dual approach enhances efficacy
by targeting cancer cells through multiple mechanisms, leading to greater
tumour shrinkage compared to either therapy alone.

Moreover, PTT raises tumour temperature, increasing oxygenation
and sensitivity to X-ray and gamma-ray radiation, while it also impedes
repair of radiation-induced double-strand breaks (DSBs), which enhances
the effectiveness of radiation therapy. This integrated approach may also
minimize side effects and therapy cycles, thereby promising a significant
advancement in cancer treatment77,78,83. In recent times, combining PTT
with immunotherapy has emerged as a promising approach in cancer
treatment by inducing a systemic anticancer immune response. PTT and
PDT cause immunogenic cell death (ICD), releasing damage-associated

molecular patterns that boost tumour immunogenicity. This process can
effectively activate immune cells present in the area, turning the treated
tumour into an in situ vaccine.CombiningPTT/PDTwith immunotherapy,
including immune-checkpoint inhibitors (such as anti-PD-1, anti-PD-L1,
and anti-CTLA4 antibodies), amplifies the immune response, increasing
cytotoxic CD8+T cell infiltration and effector memory T cells into the
tumour microenvironment. This strategy targets the primary tumour,
reduces recurrence andmetastasis, and holds promise for preventing future
tumour development and providing a potential cure84,85.

To overcome the bottlenecks of single-mode anti-cancer treatment
methods such as PTT, PDT or others, preparation of multifunctionality
compositematerialsmayappear an attractive solution andhelp inproviding
better therapeutic coverage through such a multi-prong approach. How-
ever, such compositesmay also naturally suffer from complications due to a
large number of confounding factors associated, which impair the pro-
gression of such complex systems to clinics86,87. Where a combinatorial
treatment approach could compensate for the sub-optimal PTT effect and
requirement of PTA dosage, alleviating potential side effects, a multi-
functional material may face adversities in clinical trial entry in terms of
receiving regulatory approval and/or their scale-up production scope
beyond an academic laboratory.

Pain mitigation strategies
Managing pain is an important side effect that should be considered as a
crucial factor for patient comfort and acceptance of photothermal treat-
ment. Pain sensations, like stinging or burning, are common side effects of
these therapies, affecting patient compliance. Nociceptors, sensing pain, are
deeper within the skin layers and are stimulated by heat conduction,
necessitating high temperatures (>60 °C) to induce intense pain88. Effective
strategies include combining laser irradiation with water cooling of the skin
surface to minimize pain and tissue damage caused by high temperatures.
Clinical approaches involve pre-medicationwith anaesthetics, nerve blocks,
cold air cooling, and pulsed laser irradiation. A-delta (Aδ) nerve fibres,
involved in skin overheating pain, can be targeted for nerve blocking89–94.

Clinical studies using photoimmunotherapy formelanoma, applied laser
irradiation along with topical medications and anaesthetics for pain man-
agement. The visual analogue scale (VAS) measures pain intensity at points
butmaynot captureoverall pain variation95. In2002,Dowlatshahi et al. treated
54 breast cancer patients using 805 nm laser via a 16G needle inserted into
tumours with sensors on the needle monitored real-time temperatures near
the tumour. Treatment ceased when all sensors reached 60 °C. Skin cooling
was optional for tumours close to the skin. Post-treatment, patients received
oral analgesics and ice pack. In a clinical trial updated in February 2017,
patientswithheadandneckcancer receivedAuroShell (TM)particles forPTT.
Three groups, AuroShell-3.5, AuroShell-4.5, and AuroShell-5.0, were treated
with varying particle doses and laser powers. Adverse events were docu-
mented, irrespective of their relation to treatment. AuroShell-3.5 patients
reported flushing, hypoxia, hypertension, and pain. AuroShell-4.5 patients
experiencedhypertension, urinary tract infection, andpain.AuroShell-5.0had
minimal complications, with one patient reporting none96. In another trial
conducted using laser-excited gold–silica nanoshells (GSNs) in 16 prostate
tumour patients was delivering the NIR laser light using a water-cooled
catheter. Needle thermocouplesmonitored temperatures of critical structures,
while patients received a nerve block and continuous cooling irrigation during
the procedure. Out of the 16 patients, just one patient reported temporary
substernal epigastric pain linked to the cold GSN suspension97.

Maintaining temperatures≤ 45 °C during PTT is key to managing pain,
and therefore achieving control on thermal gain of PTAmaterial could be the
key. Those materials that sharply rise to a temperature range above 60-65 °C
may not be compatible from the angle of patient comfort and safety. Nano-
particles, which help achieve therapeutic temperatures with less laser pow,er
reduce skin burning and normal tissue damage. Local anaesthesia is con-
ventional for pain management during PTT but may have limited applic-
ability. Alternative strategies like distraction techniques can complement
anaesthesia, tailored to patient needs and procedural context51,92,98,99.
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Artificial intelligence and machine learning in photothermal
therapy
The integration of artificial intelligence (AI) andmachine learning (ML) into
PTT marks a significant leap forward in precision cancer treatment. AI and
ML address key challenges in PTT by enhancing the design of photothermal
agents (PTAs), optimizing treatment parameters, and improving real-time
monitoring. AI algorithms predict the physicochemical properties and bio-
logical interactions of PTAs, enhancing their biocompatibility and targeting
efficiency100.MLmodels analyze extensive datasets todetermineoptimal laser
parameters (e.g., wavelength, power density, duration) for specific tumour
types, maximizing therapeutic effects while minimizing damage to healthy
tissues101,102. Deep learning models process thermal profiles and infrared
imaging data to optimize treatment in real-time, ensuring precise tempera-
ture modulation and protecting surrounding tissues103. Advanced imaging
analysis powered by AI precisely delineates tumour margins, guiding more
accurate PTA delivery104. Predictive modelling enables personalized treat-
ment plans tailored to individual patients105,106. Techniques like convolutional
neural networks (CNNs) and super-resolution imaging in photothermal
radiometry enhance tumour characterization, improving treatment planning
and monitoring107,108. AI also predicts patient-specific pain responses and
optimizes analgesic regimens109, while ML algorithms analyze pharmacoki-
netic data to predict PTAclearance rates, reducing toxicity risks110. Preclinical
studies show that AI-driven PTT systems improve therapeutic accuracy and
reduce systemic side effects102. As these technologies progress through clinical
trials, they promise to transform PTT into a safer and more effective cancer
treatment modality.

Outlook
The last two decades have seen active research growth generating diverse
forms of photothermal nanomaterials. The capacity to convert photonic
energy into localized heat, offering precise control over the spatiotemporal
therapeutic effects,was demonstrated in preclinical small animalmodels.As
discussed above, optimizing the PTT capabilities of these nanomaterials
involves external parameters like laser localization at the surface accessible
tumour site, operation parameters of the laser, i.e., power density and
irradiation time, accumulation of the PTA within tumour tissue, as well as
morphological factors such as the size and shape of the nanomaterials.
While the external laser-based photothermal ablation has been successful in
treating tumours throughout the body in preclinical mouse models, chal-
lenges arise in treating lesions located deeper than a centimetre inside.
Limitations existwith the laser light-induced thermal ablation for superficial
tumours, owing to the strong absorption of visible light in human tissue,
posing risks to non-cancerous tissues. Tissue absorption and scatter effects
naturally limit the photonic strength required for optimal heat generation.
Additionally, a treatment site located in the vicinity of a major vasculature
may also cause a significant impediment due to heat dissipation, resulting in
sub-optimal photothermal efficiency.

Therefore, combining PTTwith conventional therapy approaches was
attempted by various groups, demonstrating improved tumour ablative
efficacies as compared to PTTmonotherapy. Functionalized nanomaterials
with targeting ligands have shown potential in improving stability, bio-
compatibility, and specificity for tumour tissue. Sophisticated photonic
delivery mechanisms are also pivotal for successful clinical transition.
Challenges involving the penetration depth of laser light in biological tissues
have prompted recommendations for using NIR lasers due to their reduced
scattering and tissue absorption, enabling deeper tissue treatment. Strategies
involving the use of fibre-optic NIR lasers, combinational PTTwith surgery
on laser-exposed surgical beds, and developing PTT agents optimized for
NIR II (1000–1700 nm) hold promise for deeper tissue tumour treatment
and imaging. The strategic co-delivery of anti-tumour agents with
nanoparticle-drug delivery systems111 or advanced drug-loaded PTT fibre-
optics112–115 requires careful consideration to maximize therapeutic effects.

As clinical transition doesn’t solely rely on superior treatment efficacy,
careful evaluationsofmultiple aspects, such as safety evaluations concerning
their fate, body elimination, biodegradation, haemotoxicity, and

immunotoxicity parameters of PTA should be considered116. Additionally,
addressing tumour type and stage-specific selectivity and ways to improve
their concentration at tumour sites are also crucial for enhancing ther-
apeutic benefit. In the era of precision medicine, future applications should
also carefully evaluate PTT dose requirement, patient compliance, man-
agement of pain and post-treatment long-term follow-up for clinical inte-
gration. Transitioning innovative PTT platforms, such as enhanced laser
fibre optic devices and optimized PTT agents, from laboratories to the
clinics demands meticulous design enhancements as well as strategic
experimentations. In summary, future innovations providing more specific
information on targeting and safety profiles can push the boundary,
widening the scope of PTT application in the clinic.

Received: 31 December 2024; Accepted: 12 September 2025;

References
1. Qi, K., Sun, B., Liu, S. & Zhang, M. Research progress on carbon

materials in tumor photothermal therapy. Biomed. Pharmacother.
165, 115070 (2023).

2. Kleef R. &Hager E.D. Fever, Pyrogens andCancer. InMadameCurie
Bioscience Database [Internet].

3. Hyperthermia to Treat Cancer - NCI https://www.cancer.gov/about-
cancer/treatment/types/hyperthermia.

4. Vats, M. et al. Near Infrared fluorescence imaging in nano-therapeutics
and photo-thermal evaluation. Int J. Mol. Sci. 18, 924 (2017).

5. Mishra, S. K. et al. Raman micro-spectroscopic map estimating
in vivo precision of tumor ablative effect achieved by photothermal
therapy procedure. Nanomedicine 37, 102437 (2021).

6. Zhang, Y. et al. Temperature-dependent cell death patterns induced
by functionalized gold nanoparticle photothermal therapy in
melanoma cells. Sci. Rep. 8, 8720 (2018).

7. Mishra, S. K. et al. Photothermal therapy (PTT) is an effective treatment
measure against solid tumors which fails to respond conventional
chemo/radiation therapies in clinic. Biomater. Adv. 143, 213153 (2022).

8. Kadkhoda, J., Tarighatnia, A., Tohidkia, M. R., Nader, N. D. &
Aghanejad, A. Photothermal therapy-mediated autophagy in breast
cancer treatment: Progress and trends. Life Sci. 298, 120499 (2022).

9. Yang, K. et al. Low temperature photothermal therapy: Advances
and perspectives. Coord. Chem. Rev. 454, 214330 (2022).

10. Shinde, V. R., Khatun, S., Thanekar, A. M., Hak, A. & Rengan, A. K.
Lipid-coated red fluorescent carbon dots for imaging and
synergistic phototherapy in breast cancer. Photodiagn. Photodyn.
Ther. 41, 103314 (2023).

11. Yan, T., Su, M., Wang, Z. & Zhang, J. Second near-infrared
plasmonic nanomaterials for photoacoustic imaging and
photothermal therapy. Small 19. (2023).

12. Jain, P. K., Lee, K. S., El-Sayed, I. H. & El-Sayed, M. A. Calculated
absorption and scattering properties of gold nanoparticles of
different size, shape, and composition: applications in biological
imaging and biomedicine. J. Phys. Chem. B 110, 7238–7248 (2006).

13. Chen, Y.-S., Zhao, Y., Yoon, S. J., Gambhir, S. S. & Emelianov, S.
Miniature gold nanorods for photoacousticmolecular imaging in the
second near-infrared optical window. Nat. Nanotechnol. 14,
465–472 (2019).

14. Shao, W., Zhao, F., Xue, J. & Huang, L. NIR-II absorbing organic
nanoagents for photoacoustic imaging and photothermal therapy.
BMEMat 1. https://doi.org/10.1002/bmm2.12009 (2023).

15. Liu, D. et al. Black gold: plasmonic colloidosomes with broadband
absorption self-assembled from monodispersed gold nanospheres
by using a reverse emulsion system. Angew. Chem. Int. Ed. 54,
9596–9600 (2015).

16. Becerril-Castro, I. B. et al. Gold nanostars: synthesis, optical and
SERS analytical properties. Anal. Sens. 2. https://doi.org/10.1002/
anse.202200005 (2022).

https://doi.org/10.1038/s42004-025-01705-w Review article

Communications Chemistry |           (2025) 8:324 9

https://www.cancer.gov/about-cancer/treatment/types/hyperthermia
https://www.cancer.gov/about-cancer/treatment/types/hyperthermia
https://www.cancer.gov/about-cancer/treatment/types/hyperthermia
https://doi.org/10.1002/bmm2.12009
https://doi.org/10.1002/bmm2.12009
https://doi.org/10.1002/anse.202200005
https://doi.org/10.1002/anse.202200005
https://doi.org/10.1002/anse.202200005
www.nature.com/commschem


17. Fang, L. et al. Recent advances in strategies to enhance
photodynamic and photothermal therapy performance of single-
component organic phototherapeutic agents. Adv. Sci. 12, https://
doi.org/10.1002/advs.202409157 (2025).

18. Li, Y., Qi, H., Geng, Y., Li, L. & Cai, X. Research progress of organic
photothermal agents delivery and synergistic therapy systems.
Colloids Surf. B Biointerfaces 234, 113743 (2024).

19. Chen, D. et al. A tumor-mitochondria dual targeted aza-BODIPY-
based nanotheranostic agent for multimodal imaging-guided
phototherapy. J. Mater. Chem. B 6, 4522–4530 (2018).

20. Sun,W. et al. Synergistic triple-combination therapy with hyaluronic
acid-shelled PPy/CPT nanoparticles results in tumor regression and
prevents tumor recurrence and metastasis in 4T1 breast cancer.
Biomaterials 217, 119264 (2019).

21. Liu, H. et al. Nanomaterials-based photothermal therapies for
antibacterial applications.Mater. Des. 233, 112231 (2023).

22. Gallo, J. & Villasante, A. Recent advances in biomimetic nanocarrier-
basedphotothermal therapy for cancer treatment. Int J.Mol. Sci. 24,
15484 (2023).

23. Okuyama, S. et al. Avoiding thermal injury during near-infrared
photoimmunotherapy (NIR-PIT): the importance of NIR light power
density. Oncotarget 8, 113194–113201 (2017).

24. Kim, D. & Kim, H. Analysis of optimal treatment starting time for
photothermal therapy through analysis of diffusion behavior of gold
nanoparticles. Int J. Nanomed. ume 19, 3167–3186 (2024).

25. Deckelbaum, L. I. et al. Reduction of laser-induced pathologic tissue
injury using pulsed energy delivery. Am. J. Cardiol. 56, 662–667 (1985).

26. Ilic, S. et al. Effects of power densities, continuous and pulse
frequencies, and number of sessions of low-level laser therapy on
intact rat brain. Photomed. Laser Surg. 24, 458–466 (2006).

27. Aloss, K. & Hamar, P. Augmentation of the EPR effect by mild
hyperthermia to improve nanoparticle delivery to the tumor.
Biochim. Biophys. Acta (BBA) - Rev. Cancer 1879, 189109. (2024).

28. Shan, N., Wang, Z. & Liu, X. Influence trend of temperature
distribution in skin tissuegeneratedbydifferent exposuredosepulse
laser. In, R. Li, U. N. Singh, andR. F.Walter, eds., p. 92661 A. https://
doi.org/10.1117/12.2070696 (2014).

29. Matsumura, Y. & Maeda, H. A new concept for macromolecular
therapeutics in cancer chemotherapy: mechanism of tumoritropic
accumulation of proteins and the antitumor agent smancs. Cancer
Res 46, 6387–6392 (1986).

30. BAZAK, R., HOURI, M., ACHY, S. E. L., HUSSEIN, W. & REFAAT, T.
Passive targeting of nanoparticles to cancer: A comprehensive
review of the literature.Mol. Clin. Oncol. 2, 904–908 (2014).

31. Chauhan, D. S. et al. Enhanced EPR directed and Imaging guided
Photothermal Therapy using Vitamin EModified Toco-Photoxil. Sci.
Rep. 8, 16673 (2018).

32. Neophytou, C.M. &Constantinou, A. I. DrugDelivery Innovations for
Enhancing the Anticancer Potential of Vitamin E Isoforms and Their
Derivatives. Biomed. Res Int 2015, 1–16 (2015).

33. Wang, C. et al. Use of an NIR-light-responsive CO nanodonor to
improve the EPR effect in photothermal cancer treatment. Chem.
Commun. 54, 13403–13406 (2018).

34. Fang, J. et al. Carbon monoxide, generated by heme oxygenase-1,
mediates the enhanced permeability and retention effect in solid
tumors. Cancer Sci. 103, 535–541 (2012).

35. Fang, J. et al. Augmentation of EPR Effect and efficacy of anticancer
nanomedicine by carbon monoxide generating agents. Pharmaceutics
11, https://doi.org/10.3390/pharmaceutics11070343 (2019).

36. Danhier, F. To exploit the tumor microenvironment: Since the EPR
effect fails in the clinic, what is the future of nanomedicine? J.
Control. Release 244, 108–121 (2016).

37. Rosenblum,D., Joshi, N., Tao,W., Karp, J.M., andPeer, D. Progress
and challenges towards targeted delivery of cancer therapeutics.
https://doi.org/10.1038/s41467-018-03705-y.

38. Li, H. et al. The protein corona and its effects on nanoparticle-based
drug delivery systems. Acta Biomater. 129, 57–72 (2021).

39. Zhang, M. et al. Influencing factors and strategies of enhancing
nanoparticles into tumors in vivo. https://doi.org/10.1016/j.apsb.
2021.03.033.

40. Aljabali, A. A. et al. Nanomaterials and their impact on the immune
system. Int J. Mol. Sci. 24, 2008 (2023).

41. Ju, Y. et al. A pH-responsive biomimetic drug delivery nanosystem
for targeted chemo-photothermal therapy of tumors. Nano Res. 15,
4274–4284 (2022).

42. Sharifi,M. et al. AnUpdatedReviewonEPR-basedsolid tumor targeting
nanocarriers for cancer treatment. Cancers 14, 2868 (2022).

43. Farkas, J. P., Hoopman, J. E. & Kenkel, J. M. Five parameters you
mustunderstand tomaster control of your laser/light-baseddevices.
Aesthet. Surg. J. 33, 1059–1064 (2013).

44. Han,D. et al. Penetrating effect of high-intensity infrared laser pulses
through body tissue. RSC Adv. 8, 32344–32357 (2018).

45. Ha, M. et al. Highly efficient photothermal therapy with cell-penetrating
peptide-modifiedbumpyau triangularnanoprismsusing low laserpower
and low probe dose. Nano Lett. 21, 731–739 (2021).

46. Liu, X. et al. Highly localized, efficient, and rapid photothermal
therapy using gold nanobipyramids for liver cancer cells triggeredby
femtosecond laser. Sci. Rep. 13, 3372 (2023).

47. Reddy,B. P. K. et al. Preclinical evaluationofmulti stimuli responsive
core-plasmonic nanoshell for photo-triggered tumor ablation: A
disintegrable nanohybrid. Appl. Mater. Today 20, 100684 (2020).

48. Zhang, Y. et al. Recent progress onNIR-II Photothermal Therapy. Front.
Chem. 9, https://doi.org/10.3389/fchem.2021.728066 (2021).

49. Wu, X. et al. Deep-tissue photothermal therapy using laser
illumination at NIR-IIa Window. Nanomicro Lett. 12, 38 (2020).

50. Raja,S.N. et al. The revised InternationalAssociation for theStudyof
Pain definition of pain: concepts, challenges, and compromises.
Pain 161, 1976–1982 (2020).

51. Salimi, M. et al. Nanoparticle-mediated photothermal therapy
limitation in clinical applications regarding pain management.
Nanomaterials (Basel, Switzerland) 12, 922 (2022).

52. Wust, P. et al. Rationale for using invasive thermometry for regional
hyperthermia of pelvic tumors. Int. J. Radiat. Oncol. Biol. Phys. 41,
1129–1137 (1998).

53. Vanderzee, J., Peervalstar, J., Rietveld, P., Degraafstrukowska, L. &
Vanrhoon, G. Practical limitations of interstitial thermometry during
deep hyperthermia. Int. J. Radiat. Oncol. Biol. Phys. 40, 1205–1212
(1998).

54. Feddersen, T. V., Hernandez-Tamames, J. A., Franckena, M., van
Rhoon, G. C. & Paulides, M. M. Clinical performance and future
potential of magnetic resonance thermometry in hyperthermia.
Cancers 13, 31 (2020).

55. Mosca, S. et al. Spatially Offset Raman Spectroscopy—How deep?
Anal. Chem. 93, 6755–6762 (2021).

56. Gardner, B., Matousek, P. & Stone, N. Temperature Spatially Offset
Raman Spectroscopy (T-SORS): Subsurface chemically specific
measurement of temperature in turbid media using anti-stokes spatially
Offset Raman Spectroscopy. Anal. Chem. 88, 832–837 (2016).

57. Gardner, B., Matousek, P. & Stone, N. Direct monitoring of light
mediated hyperthermia induced within mammalian tissues using
surface enhanced spatially offset Raman spectroscopy (T-
SESORS). Analyst 144, 3552–3555 (2019).

58. Quintanilla,M. et al. Thermalmonitoringduring photothermia: hybrid
probes for simultaneous plasmonic heating and near-infrared
optical nanothermometry. Theranostics 9, 7298–7312 (2019).

59. Zhao, L. et al. Recent advances in selective photothermal therapy of
tumor. J Nanobiotechnol 19, 335 (2021).

60. Mooney, R. et al. Neural stem cell-mediated intratumoral delivery of
gold nanorods improves photothermal therapy. ACS Nano 8,
12450–12460 (2014).

https://doi.org/10.1038/s42004-025-01705-w Review article

Communications Chemistry |           (2025) 8:324 10

https://doi.org/10.1002/advs.202409157
https://doi.org/10.1002/advs.202409157
https://doi.org/10.1002/advs.202409157
https://doi.org/10.1117/12.2070696
https://doi.org/10.1117/12.2070696
https://doi.org/10.1117/12.2070696
https://doi.org/10.3390/pharmaceutics11070343
https://doi.org/10.3390/pharmaceutics11070343
https://doi.org/10.1038/s41467-018-03705-y
https://doi.org/10.1038/s41467-018-03705-y
https://doi.org/10.1016/j.apsb.2021.03.033
https://doi.org/10.1016/j.apsb.2021.03.033
https://doi.org/10.1016/j.apsb.2021.03.033
https://doi.org/10.3389/fchem.2021.728066
https://doi.org/10.3389/fchem.2021.728066
www.nature.com/commschem


61. Wang, K. et al. Dual-targeted photothermal agents for enhanced
cancer therapy. Chem. Sci. 11, 8055–8072 (2020).

62. Hu, Z. et al. Study on the effectiveness of ligand reversible shielding
strategy in targeted delivery and tumor therapy. Acta Biomater. 83,
349–358 (2019).

63. Sun, L. et al. Smart nanoparticles for cancer therapy. Signal
Transduct. Target Ther. 8, 418 (2023).

64. Li, J. et al. pH-responsive perylenediimide nanoparticles for cancer
trimodality imaging and photothermal therapy. Theranostics 10,
166–178 (2020).

65. Zhao, X., Yang, C.-X., Chen, L.-G. & Yan, X.-P. Dual-stimuli
responsive and reversibly activatable theranostic nanoprobe for
precision tumor-targeting and fluorescence-guided photothermal
therapy. Nat. Commun. 8, 14998 (2017).

66. Melnik, E. A. et al. Transfer of Silver Nanoparticles through the
Placenta and Breast Milk during. vivo Exp. Rats. Acta Nat. 5,
107–115 (2013).

67. Bi, J. et al. Immunotoxicity of metal and metal oxide nanoparticles:
from toxicmechanisms tometabolismandoutcomes.Biomater. Sci.
11, 4151–4183 (2023).

68. Singh, B. et al. Synthesis and degradation mechanism of renally
excretable gold core–shell nanoparticles for combined
photothermal and photodynamic therapy. Nanoscale 15,
1273–1288 (2023).

69. Fromain,A., Perez, J. E., VandeWalle,A., Lalatonne,Y.&Wilhelm,C.
Photothermia at the nanoscale induces ferroptosis via nanoparticle
degradation. Nat. Commun. 14, 4637 (2023).

70. Makadia, H. K. &Siegel, S. J. Poly Lactic-co-Glycolic Acid (PLGA) as
biodegradable controlled drug delivery carrier. Polymers 3,
1377–1397 (2011).

71. Kobielarz, M. et al. Laser-modified PLGA for implants: in vitro
degradation and mechanical properties. Acta Bioeng. Biomech. 22,
179–197 (2020).

72. Pappalardo, D., Mathisen, T. & Finne-Wistrand, A. Biocompatibility
of resorbable polymers: a historical perspective and framework for
the future. Biomacromolecules 20, 1465–1477 (2019).

73. Marino, M. V., Latteri, A. & Gomez Ruiz, M. The application of
indocyanine green fluorescence as imaging modality during robotic
liver surgery. Laparosc. Surg. 4, 31–31 (2020).

74. Zhou, Z., Zhang, L., Zhang, Z. & Liu, Z. Advances in photosensitizer-
related design for photodynamic therapy. Asian J. Pharm. Sci. 16,
668–686 (2021).

75. Rengan, A. K. et al. In vivo analysis of biodegradable liposome gold
nanoparticles as efficient agents for photothermal therapyof cancer.
Nano Lett. 15, 842–848 (2015).

76. He,X., Zhang,S., Tian, Y.,Cheng,W.&Jing,H.Researchprogressof
nanomedicine-based mild photothermal therapy in tumor. Int J.
Nanomed. 18, 1433–1468 (2023).

77. Li, X., Lovell, J. F., Yoon, J. & Chen, X. Clinical development and
potential of photothermal and photodynamic therapies for cancer.
Nat. Rev. Clin. Oncol. 17, 657–674 (2020).

78. Han, H. S. & Choi, K. Y. Advances in nanomaterial-mediated
photothermal cancer therapies: toward clinical applications.
Biomedicines 9, 305 (2021).

79. Kong, C. & Chen, X. Combined photodynamic and photothermal
therapy and immunotherapy for cancer treatment: a review. Int J.
Nanomed. 17, 6427–6446 (2022).

80. Overchuk, M., Weersink, R. A., Wilson, B. C. & Zheng, G.
Photodynamic and photothermal therapies: synergy opportunities
for nanomedicine. ACS Nano 17, 7979–8003 (2023).

81. Di, Y. et al. Synergistic chemotherapy/photothermal therapy for
cancer treatment using a co-delivery system of cisplatin and novel
conjugated polymers. Polym. Chem. 15, 2883–2898 (2024).

82. Nguyen, H. T. et al. Multifunctional nanoparticles as somatostatin
receptor-targeting delivery system of polyaniline and methotrexate

for combined chemo–photothermal therapy. Acta Biomater. 68,
154–167 (2018).

83. Khafaji, M., Zamani, M., Golizadeh, M. & Bavi, O. Inorganic
nanomaterials for chemo/photothermal therapy: a promising
horizon on effective cancer treatment. Biophys. Rev. 11, 335–352
(2019).

84. Miller, I. C. et al. Enhanced intratumoural activity of CAR T cells
engineered to produce immunomodulators under photothermal
control. Nat. Biomed. Eng. 5, 1348–1359 (2021).

85. Tang, Y. et al. TGF-β blocking combined with photothermal therapy
promote tumor targeted migration and long-term antitumor activity
of CAR-T cells.Mater. Today Biol. 20, 100615 (2023).

86. Zhang, X. et al. A targeting black phosphorus nanoparticle based
immune cells nano-regulator for photodynamic/photothermal and
photo-immunotherapy. Bioact. Mater. 6, 472–489 (2021).

87. Zhou, T. et al. A hepatocellular carcinoma targeting nanostrategy
withhypoxia-amelioratingandphotothermal abilities that, combined
with immunotherapy, inhibits metastasis and recurrence.ACSNano
14, 12679–12696 (2020).

88. Haimi-Cohen, R., Cohen, A. & Carmon, A. A model for the
temperature distribution in skin noxiously stimulated by a brief pulse
of CO2 laser radiation. J. Neurosci. Methods 8, 127–137 (1983).

89. Beissner, F. et al. Quick discrimination of Adelta and C fiber
mediated pain based on three verbal descriptors. PLoS One 5,
e12944 (2010).

90. Serra-Guillen,C.etal.Comparativestudybetweencoldairanalgesiaand
supraorbital and supratrochlear nerve block for themanagement of pain
duringphotodynamic therapy for actinic keratosesof the frontotemporal
zone. Br. J. Dermatol. 161, 353–356 (2009).

91. Halldin, C. B., Paoli, J., Sandberg, C., Gonzalez, H. &Wennberg, A.-
M. Nerve blocks enable adequate pain relief during topical
photodynamic therapy of field cancerization on the forehead and
scalp. Br. J. Dermatol. 160, 795–800 (2009).

92. Chaves, Y. N., Torezan, L. A., Niwa, A. B. M., Sanches Junior, J. A. &
Festa Neto, C. Pain in photodynamic therapy: mechanism of action
and management strategies. Bras. Dermatol 87, 521–529 (2012).

93. Stangeland, K. Z. & Kroon, S. Cold air analgesia as pain reduction
during photodynamic therapy of actinic keratoses. J. Eur. Acad.
Dermatol. Venereol. 26, 849–854 (2012).

94. Tyrrell, J., Campbell, S.M. &Curnow, A. The effect of air cooling pain
relief on protoporphyrin IX photobleaching and clinical efficacy
during dermatological photodynamic therapy. J. Photochem
Photobio. B 103, 1–7 (2011).

95. Li, X. et al. Clinical effects of in situ photoimmunotherapy on late-
stage melanoma patients. Cancer Biol. Ther. 10, 1081–1087 (2010).

96. Dowlatshahi, K., Francescatti, D. S. & Bloom, K. J. Laser therapy for
small breast cancers. Am. J. Surg. 184, 359–363 (2002).

97. Rastinehad, A. R. et al. Gold nanoshell-localized photothermal
ablation of prostate tumors in a clinical pilot device study.Proc. Natl.
Acad. Sci. 116, 18590–18596 (2019).

98. Ang, J. M. et al. Photodynamic therapy and pain: A systematic
review. Photodiagn. Photodyn. Ther. 19, 308–344 (2017).

99. Fink, C., Enk, A. & Gholam, P. Photodynamic therapy – Aspects of
painmanagement. JDDG: J.Dtsch.Dermatol.Ges.13, 15–22 (2015).

100. Fekrazad, S., Hamblin, M., and Fekrazad, R.. The Role of Artificial
Intelligence in Photomedicine. Photobiomodul. Photomed. Laser
Surg. https://doi.org/10.1089/photob.2024.0153 (2025).

101. Agboklu, M., Adrah, F. A., & Agbenyo, P. M.. From bits to atoms:
machine learning and nanotechnology for cancer therapy. J.
Nanotechnol. Res. 06, https://doi.org/10.26502/jnr.2688-85210042
(2024).

102. Kanelli, M., et al. AMachine Learning-optimized system for on demand,
pulsatile, photo- and chemo-therapeutic treatment using near-infrared
responsive MoS 2 -based microparticles in a breast cancer model.
Preprint, https://doi.org/10.1101/2023.04.16.536750 (2023).

https://doi.org/10.1038/s42004-025-01705-w Review article

Communications Chemistry |           (2025) 8:324 11

https://doi.org/10.1089/photob.2024.0153
https://doi.org/10.1089/photob.2024.0153
https://doi.org/10.26502/jnr.2688-85210042
https://doi.org/10.26502/jnr.2688-85210042
https://doi.org/10.1101/2023.04.16.536750
https://doi.org/10.1101/2023.04.16.536750
www.nature.com/commschem


103. Rosa, R. G. et al. Advanced thermal imaging processing and deep
learning integration for enhanced defect detection in carbon fiber-
reinforced polymer laminates.Materials 18, 1448 (2025).

104. Wang, J. et al. The clinical application of artificial intelligence in
cancer precision treatment. J. Transl. Med. 23, 120 (2025).

105. Pinto-Coelho, L. How artificial intelligence is shaping medical
imaging technology: a survey of innovations and applications.
Bioengineering 10, 1435 (2023).

106. Singh, P. K., Gupta, P. K., Gupta, V., Singh, S. & Akhtar, S. Making
Cancer Imaging Smarter: Emerging Techniques and Computational
Outlook to Guide Precision Diagnostics. Open Bioinforma J 17, https://
doi.org/10.2174/0118750362344593241111114723 (2024).

107. Özyurt, F., Sert, E. & Avcı, D. An expert system for brain tumor
detection: Fuzzy C-means with super resolution and convolutional
neural network with extreme learning machine.Med Hypotheses
134, 109433 (2020).

108. Ahmadi, S., Kastner, L., Hauffen, J. C., Jung, P. & Ziegler, M.
Photothermal-SR-Net: A customized deep unfolding neural network
for photothermal super resolution imaging. IEEE Trans. Instrum.
Meas. 71, 1–9 (2022).

109. Salama, V. et al. Artificial intelligence andmachine learning in cancer
pain: a systematic review. J. Pain. SymptomManag. 68, e462–e490
(2024).

110. Singh, A. V. et al. Artificial intelligence and machine learning in
computational nanotoxicology: unlocking and empowering
nanomedicine. Adv. Healthc. Mater. 9, https://doi.org/10.1002/
adhm.201901862 (2020).

111. Yang, Y.-L., Lin, K. & Yang, L. Progress in nanocarriers codelivery
system to enhance the anticancer effect of photodynamic therapy.
Pharmaceutics 13, 1951 (2021).

112. Zhang, Y. et al. Fiber-optic drug delivery strategy for synergistic
cancer photothermal-chemotherapy. Light Sci. Appl. 13, 228 (2024).

113. Deng, K. et al. A biodegradable, flexible photonic patch for in vivo
phototherapy. Nat. Commun. 14, 3069 (2023).

114. Chen, G. et al. Temperature-adaptive hydrogel optical waveguide
with soft tissue-affinity for thermal regulated interventional
photomedicine. Nat. Commun. 13, 7789 (2022).

115. Ran, Y. et al. Fiber-Optic Theranostics (FOT): Interstitial fiber-optic
needles for cancer sensing and therapy. Adv. Sci. 9, https://doi.org/
10.1002/advs.202200456 (2022).

116. Chauhan, D. S. et al. ComparativeAnalysis of ClinicalOutcomesand
Financial Aspects of Phototherapies and Immunotherapy for
Cancer. Advanced Science. https://doi.org/10.1002/advs.
202417657 (2025).

117. Tseng, W. W., Saxton, R. E., Deganutti, A. & Liu, C. D. Infrared laser
activation of indocyanine green inhibits growth in human pancreatic
cancer. Pancreas 27, e42–e45 (2003).

118. Chen, Q. et al. Photothermal therapy with immune-adjuvant
nanoparticles together with checkpoint blockade for effective
cancer immunotherapy. Nat. Commun. 7, 13193 (2016).

119. Tang, K. et al. Recent advances in Prussian blue-based
photothermal therapy in cancer treatment. Biomater. Sci. 11,
4411–4429 (2023).

120. Jing, L. et al. Prussian blue coated gold nanoparticles for
simultaneous photoacoustic/CTbimodal imaging andphotothermal
ablation of cancer. Biomaterials 35, 5814–5821 (2014).

121. Hoffman, H. A., Chakrabarti, L., Dumont, M. F., Sandler, A. D. &
Fernandes, R. Prussian blue nanoparticles for laser-induced
photothermal therapy of tumors. RSC Adv. 4, 29729 (2014).

122. Cano-Mejia, J. et al. Prussianbluenanoparticle-basedphotothermal
therapy combined with checkpoint inhibition for photothermal
immunotherapy of neuroblastoma. Nanomedicine 13, 771–781
(2017).

123. Laxman, K. et al. BF2-Oxasmaragdyrin nanoparticles: a non-toxic,
photostable, enhanced non-radiative decay-assisted efficient

photothermal cancer theragnostic agent. ACS Appl Mater.
Interfaces 12, 52329–52342 (2020).

124. Laxman, K. et al. Bioinspired carrier-free peptide conjugated BF2-
oxasmaragdyrin dye-based nano self-assemblies: a photostable
NIR cancer theragnostic agent. NPG Asia Mater. 12, 75 (2020).

125. Wei,W., Zhang, X., Zhang, S.,Wei, G. &Su, Z. Biomedical and bioactive
engineered nanomaterials for targeted tumor photothermal therapy: A
review.Mater. Sci. Eng.: C. 104, 109891 (2019).

126. McKernan, P. et al. Targeted single-walled carbon nanotubes for
photothermal therapy combined with immune checkpoint inhibition
for the treatment of metastatic breast cancer. Nanoscale Res Lett.
16, 9 (2021).

127. Wang, X., Li, B., Jing, H., Dong, X. & Leng, X. MWCNT-mediated
combinatorial photothermal ablation and chemo-immunotherapy
strategy for the treatment of melanoma. J. Mater. Chem. B 8,
4245–4258 (2020).

128. Dong, X. et al. Simultaneous monitoring of the drug release and
antitumor effect of a novel drug delivery system-MWCNTs/DOX/TC.
Drug Deliv. 24, 143–151 (2017).

129. Wang, C. et al. Immunological responses triggered by photothermal
therapy with carbon nanotubes in combination with anti-CTLA-4
therapy to inhibit cancer metastasis. Adv. Mater. 26, 8154–8162
(2014).

130. Chauhan, D. S. et al. Plasmonic carbon nanohybrids for repetitive
and highly localized photothermal cancer therapy. Colloids Surf. B
Biointerfaces 172, 430–439 (2018).

131. Wang, Y. et al. Graphene-based nanomaterials for cancer therapy
and anti-infections. Bioact. Mater. 14, 335–349 (2022).

132. Shetty, A., Mishra, S. K., De, A. & Chandra, S. Smart releasing CuS/
ZnS nanocomposite dual drug carrier and photothermal agent for
use as a theranostic tool for cancer therapy. J. Drug Deliv. Sci.
Technol. 70, 103252 (2022).

133. Zhang, Y. et al. ZnO-based multifunctional nanocomposites to
inhibit progression and metastasis of melanoma by eliciting
antitumor immunity via immunogenic cell death. Theranostics 10,
11197–11214 (2020).

134. Chen, Z. et al. Light-triggered OVA release based on
CuS@poly(lactide-co-glycolide acid) nanoparticles for synergistic
photothermal-immunotherapy of tumor. Pharm. Res 158, 104902
(2020).

135. Guo, L. et al. Combinatorial photothermal and immuno cancer
therapy using chitosan-coated hollow copper sulfide nanoparticles.
ACS Nano 8, 5670–5681 (2014).

136. Ma, J. et al. In vivo synergistic tumor therapies based on copper
sulfide photothermal therapeutic nanoplatforms. Exploration 3
https://doi.org/10.1002/EXP.20220161 (2023).

137. Sun, Y., Mayers, B. T. & Xia, Y. Template-engaged replacement
reaction: a one-step approach to the large-scale synthesis of metal
nanostructures with hollow interiors. Nano Lett. 2, 481–485 (2002).

138. Oldenburg, S. J., Averitt, R. D., Westcott, S. L. & Halas, N. J.
Nanoengineering of optical resonances. Chem. Phys. Lett. 288,
243–247 (1998).

139. Liu, Y. et al. Plasmonic gold nanostar-mediated photothermal
immunotherapy for brain tumor ablation and immunologic memory.
Immunotherapy 11, 1293–1302 (2019).

140. Etemadi, M., Golmohammadi, S., Akbarzadeh, A. & Rasta, S. H.
Plasmonic photothermal therapy in the near-IR region using gold
nanostars. Appl Opt. 62, 764 (2023).

141. Song, C. et al. Gold nanostars for cancer cell-targeted SERS-
imaging and NIR light-triggered plasmonic photothermal therapy
(PPTT) in the first and second biological windows. J.Mater. Chem. B
7, 2001–2008 (2019).

142. Arami, H. et al. Remotely controlled near-infrared-triggered
photothermal treatment of brain tumours in freely behaving mice
using gold nanostars. Nat. Nanotechnol. 17, 1015–1022 (2022).

https://doi.org/10.1038/s42004-025-01705-w Review article

Communications Chemistry |           (2025) 8:324 12

https://doi.org/10.2174/0118750362344593241111114723
https://doi.org/10.2174/0118750362344593241111114723
https://doi.org/10.2174/0118750362344593241111114723
https://doi.org/10.1002/adhm.201901862
https://doi.org/10.1002/adhm.201901862
https://doi.org/10.1002/adhm.201901862
https://doi.org/10.1002/advs.202200456
https://doi.org/10.1002/advs.202200456
https://doi.org/10.1002/advs.202200456
https://doi.org/10.1002/advs.202417657
https://doi.org/10.1002/advs.202417657
https://doi.org/10.1002/advs.202417657
https://doi.org/10.1002/EXP.20220161
https://doi.org/10.1002/EXP.20220161
www.nature.com/commschem


143. Sood, K. et al. Plasmonic semi shells derived from simultaneous in situ
gold growth and anisotropic acid etching of ZIF-8 for photothermal
ablation of metastatic breast tumor. Commun. Chem. 7, 231 (2024).

144. Liu, X. et al. SPION@Cu 2−x S nanoclusters for highly sensitive MRI
and targeted photothermal therapy of hepatocellular carcinoma. J.
Mater. Chem. B 4, 4119–4129 (2016).

145. Bilici, K.,Muti, A., Sennaroğlu, A. &Yagci Acar, H. Indocyaninegreen
loaded APTMS coated SPIONs for dual phototherapy of cancer. J.
Photochem Photobio. B 201, 111648 (2019).

146. Chen, H. et al. Biomimetic copper-doped polypyrrole nanoparticles
for enhanced cancer low-temperature photothermal therapy. Int J.
Nanomed. 18, 7533–7541 (2023).

147. Zhou, B. et al. Polypyrrole-based nanotheranostic agent for MRI
guided photothermal-chemodynamic synergistic cancer therapy.
Nanoscale 13, 19085–19097 (2021).

148. Chen, P. et al. Facile syntheses of conjugated polymers for
photothermal tumour therapy. Nat. Commun. 10, 1192 (2019).

149. Wang, H. et al. Degradable Carbon–Silica Nanocomposite with
Immunoadjuvant Property for Dual-Modality Photothermal/
Photodynamic Therapy. ACS Nano 14, 2847–2859 (2020).

150. Paściak, A. et al. Highly-doped lanthanide nanomaterials for efficient
photothermal conversion – selection of themost promising ions and
matrices. J. Alloy. Compd. 934, 167900 (2023).

151. Zhang, D. et al. Intracellularly Generated Immunological Gold
Nanoparticles for Combinatorial Photothermal Therapy and
Immunotherapy against Tumor. Nano Lett. 19, 6635–6646 (2019).

152. Parshley, L. et al. Using nanoparticles and laser induced photo
thermal ablation to treat low grade canine mast cell tumors:
evaluation of efficacy and safety. J. Nanotechnol. Res. 04, https://
doi.org/10.26502/jnr.2688-85210030 (2022).

153. Abdoon, A. S. et al. Efficacy and toxicity of plasmonic photothermal
therapy (PPTT) using gold nanorods (GNRs) against mammary
tumors in dogs and cats. Nanomedicine 12, 2291–2297 (2016).

154. Li, X. et al. Preliminary safety and efficacy results of laser
immunotherapy for the treatment of metastatic breast cancer
patients. Photochem. Photobiol. Sci. 10, 817–821 (2011).

155. Mu, X. et al. A Simple small moleculewith synergistic passive and active
dual-targeting effects for imaging-guided photothermal cancer therapy.
ACS Appl Mater. Interfaces 13, 36958–36966 (2021).

156. Wang, H. et al. A dual-targeted organic photothermal agent for
enhanced photothermal therapy. Angew. Chem. Int. Ed. 58,
1057–1061 (2019).

157. Gao, G. et al. Molecular targeting-mediated mild-temperature
photothermal therapy with a smart albumin-based nanodrug. Small
15, https://doi.org/10.1002/smll.201900501 (2019).

158. Zou, Y. et al. A Single molecule drug targeting photosensitizer for
enhanced breast cancer photothermal therapy. Small 16, https://
doi.org/10.1002/smll.201907677 (2020).

159. Gao, J. et al. Hyperthermia-triggered on-demand biomimetic
nanocarriers for synergetic photothermal and chemotherapy. Adv.
Sci. 7, https://doi.org/10.1002/advs.201903642 (2020).

160. Lin, T. et al. Self-assembled tumor-targeting hyaluronic acid
nanoparticles for photothermal ablation in orthotopic bladder
cancer. Acta Biomater. 53, 427–438 (2017).

161. Qin, X. C. et al. Folic acid-conjugated graphene oxide for cancer
targeted chemo-photothermal therapy. J. Photochem Photobio. B
120, 156–162 (2013).

162. Bai, Z. et al. AptamermodifiedTi3C2 nanosheets application in smart
targeted photothermal therapy for cancer.Cancer Nanotechnol. 14,
35 (2023).

163. Wang, K. et al. An endoplasmic reticulum-targeted organic
photothermal agent for enhanced cancer therapy.Chin. Chem. Lett.
33, 793–797 (2022).

Acknowledgements
WeacknowledgeTMC-ACTRECandDAE for intramural research funding to
AD [Ref. DAE-ACTREC Grant No: 1/3(7)/2020/TMC/R&D-II/8823
Dt.30.07.2021] andPhD research fellowship toCP,SR. Institutional research
infrastructure and core facilities are also gratefully acknowledged.

Author contributions
Conceptualization: A.D. Project administration: A.D. Supervision: A.D.
Investigation: A.D.,C.P. Visualization: A.D., C.P., S.R.Writing –original draft:
C.P., S.R. Writing – review & editing: A.D., C.P., S.R.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42004-025-01705-w.

Correspondence and requests for materials should be addressed to
Abhijit De.

Peer review information Communications Chemistry thanks Arpan
Pradhan and the other anonymous reviewers for their contribution to the
peer review of this work. Peer review reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to thematerial. If material
is not included in thearticle’sCreativeCommons licenceandyour intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s42004-025-01705-w Review article

Communications Chemistry |           (2025) 8:324 13

https://doi.org/10.26502/jnr.2688-85210030
https://doi.org/10.26502/jnr.2688-85210030
https://doi.org/10.26502/jnr.2688-85210030
https://doi.org/10.1002/smll.201900501
https://doi.org/10.1002/smll.201900501
https://doi.org/10.1002/smll.201907677
https://doi.org/10.1002/smll.201907677
https://doi.org/10.1002/smll.201907677
https://doi.org/10.1002/advs.201903642
https://doi.org/10.1002/advs.201903642
https://doi.org/10.1038/s42004-025-01705-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/commschem

	Avenues for integrating photothermal therapy in cancer clinic
	Applications of PTT as cancer therapeutics
	Major factors influencing PTT efficiency
	Physical properties of PTAs
	Properties of Laser

	Challenges of PTT application at clinical setting
	Tumour targeting strategies of PTAs
	Laser penetration power and photothermal heat conversion at tumour site
	Management of pain induction

	Newer strategies adopted to improve clinical potential of PTT
	Directing delivery of PTAs to the tumour site
	Stimuli-responsive PTA targeting
	Physiological clearance of PTA after treatment
	Combination treatment for therapy enhancement
	Pain mitigation strategies
	Artificial intelligence and machine learning in photothermal therapy

	Outlook
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




