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Upconversion nanoparticles (UCNPs) have become a versatile nanoplatform with promising potential in

photothermal applications. By efficiently converting near-infrared (NIR) light into heat, UCNPs offer

a non-invasive approach to induce hyperthermia in specific target tissues, such as cancer cells, while

preserving surrounding healthy cells. The utilization of UCNPs in combination therapies, multifunctional

nanosystems, and regenerative medicine applications highlights their versatility and adaptability in

addressing complex healthcare challenges. By leveraging the multifunctionality of UCNPs, researchers

can develop approaches for disease management, drug delivery, and monitoring, opening the path for

more effective and tailored biomedical interventions. However, challenges such as NIR light penetration

limitations, biocompatibility considerations, photothermal conversion efficiency optimization, tumor

targeting strategies, and clinical translation studies need to be carefully considered and overcome to

maximize the efficacy of UCNPs in photothermal applications. We aim to provide an inclusive

exploration of the potential applications of UCNPs in photothermal therapy, highlighting their unique

properties and versatility in targeted therapeutic interventions. This review explores the photothermal

conversion efficiency, tumor-targeting strategies, and future prospects of UCNPs, aiming to highlight the

challenges and opportunities in employing these nanoparticles for precise and effective applications in

cancer therapy, tissue engineering, and personalized medicine.
1 Introduction

Upconversion nanoparticles (UCNPs) have attracted signicant
interest in photothermal applications due to their unique
ability to convert near-infrared (NIR) light into higher-energy
visible or ultraviolet light, a process known as upconversion.1,2

This property makes UCNPs promising candidates for various
photothermal therapies and imaging techniques. One of the
most promising applications of UCNPs is in precision cancer
therapy. Through functionalization of UCNPs with targeting
agents, they could be directed to the specic tumor sites.3,4

Upon exposure to NIR light, UCNPs produce heat, which leads
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to localized hyperthermia that selectively eliminates cancer
cells while preserving healthy tissue. This targeted photo-
thermal therapy (PTT) holds great promise for improving
treatment outcomes while minimizing side effects. PTT is an
innovative cancer treatment that involves injecting materials
with high photothermal conversion efficiency into the body,
where they accumulate near tumor tissues. Upon irradiation
with an external light source, these materials convert the
absorbed light energy into heat, effectively raising the temper-
ature to kill tumor cells while minimizing damage to
surrounding healthy tissues. This targeted approach offers
a minimally invasive and precise method for cancer therapy by
leveraging the localized heating effect generated through pho-
tothermal conversion.5 Photothermal conversion is an efficient
method of harnessing solar energy by converting light into heat
through three main mechanisms: plasmonic localized heating,
where metal nanostructures generate heat via electron oscilla-
tions; non-radiative relaxation, where excited electrons in
semiconductors release energy as heat without emitting light;
and thermal vibration, involving the conversion of absorbed
light into molecular or lattice vibrations that produce heat.
These processes enable various applications such as solar
energy harvesting, photothermal therapy, and water purica-
tion by effectively transforming electromagnetic radiation into
thermal energy.6 UCNPs are also developing the eld of
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra02303c&domain=pdf&date_stamp=2025-06-24
http://orcid.org/0000-0003-3985-7928
http://orcid.org/0000-0003-0391-1769
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02303c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015027


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 9
:0

7:
25

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
photothermal imaging. By utilizing UCNPs as contrast agents,
researchers can visualize temperature changes with exceptional
spatial resolution in biological tissues. This real-time moni-
toring of heat generation provides valuable insights into disease
progression, drug delivery efficiency, and tissue responses to
treatment, making it a powerful tool in biomedical research and
diagnostics.3,7–9

In addition to their use in photothermal monotherapy,
UCNPs are being integrated into multimodal therapeutic
approaches.10 By combining photothermal treatment with
chemotherapy, immunotherapy, photodynamic therapy (PDT),
or other modalities, synergistic effects can be harnessed to
enhance therapeutic outcomes. UCNPs play a pivotal role in
these combinatorial therapies by improving drug delivery,
enhancing immune responses, and optimizing treatment effi-
cacy.11 They were studied for their immunomodulatory effects
when used in combination with immunotherapy. By leveraging
the photothermal properties of UCNPs to stimulate immune
responses, researchers can enhance the body's natural defense
mechanisms against cancer cells. This multimodal approach
not only could target tumors directly but also could enhance the
immune system's ability to recognize and eliminate cancer
cells, leading to more effective and sustained antitumor effects.
In addition, multimodal therapeutic strategies with UCNPs
hold promise in the eld of precision medicine. By tailoring
treatment regimens to individual patients based on their
unique disease characteristics and genetic proles, clinicians
could enhance therapeutic results while reducing adverse
Fig. 1 Application of upconversion nanoparticles for photothermal ther

© 2025 The Author(s). Published by the Royal Society of Chemistry
effects. UCNPs are essential in this personalized approach,
providing accurate and effective transfer of therapeutic agents
to affected tissues.10,12,13

In PTT using UCNPs, the nanoparticles (NPs) are function-
alized with targeting agents to enable selective accumulation at
tumor sites (Fig. 1).14 Upon exposure to NIR light, UCNPs
effectively transform light energy into heat, resulting in local-
ized hyperthermia in the tumor microenvironment.15 This tar-
geted approach allows for the selective destruction of cancer
cells while minimizing damage to healthy tissues, offering
a more effective and less invasive treatment option for various
types of cancer. UCNPs exhibit excellent photothermal conver-
sion efficiency, meaning they can efficiently convert NIR light
into heat. This property enables precise control over the amount
of heat generated in the target tissue, allowing treatment regi-
mens to be tailored to the specic characteristics of the tumor.
By adjusting the intensity and duration of NIR light exposure,
clinicians can optimize the therapeutic outcome and reduce
side effects of conventional cancer treatments. In addition to
cancer treatment, PTT with UCNPs can be utilized for real-time
monitoring and imaging of the treatment process. By incorpo-
rating UCNPs as contrast agents of different imaging modali-
ties, researchers can observe the distribution of NPs in the body
and monitor thermal changes in the target tissue during
therapy. This imaging modality provides valuable feedback on
the efficacy of the treatment and allows for adjustments to be
made in real-time, enhancing treatment precision and patient
outcomes.15–17
apy and imaging applications.
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Imaging-guided therapy incorporating UCNPs represents an
advanced approach in precision medicine, offering simulta-
neous diagnostic imaging and targeted therapeutic interven-
tions.8,18 UCNPs play a central to this approach, acting as
versatile contrast agents for imaging techniques such as uo-
rescence imaging, photoacoustic imaging, and computed
tomography (CT), while also enabling targeted therapy
delivery.19 A major benet of UCNPs in imaging-guided therapy
is their capacity to deliver high-resolution, real-time imaging of
diseased tissues. By functionalizing UCNPs with specic tar-
geting ligands, researchers can direct these NPs to disease sites
and visualize them using various imaging techniques. This
precise imaging allows for early detection, accurate localization,
and monitoring of disease progression, thereby supporting
personalized treatment strategies and improved patient
outcomes. UCNPs can be customized to carry therapeutic
agents and target specic cells or tissues, allowing for precise
drug delivery and localized therapy. In imaging-guided therapy,
UCNPs could be acted as both imaging contrast agents and drug
carriers, allowing clinicians to visualize the accumulation of
NPs in target areas and monitor the release of therapeutic
payloads. This targeted method reduces unintended effects and
improves the treatment efficacy. Researchers can track the
distribution of UCNPs, assess the uptake of therapeutic agents,
and visualize changes in tissue characteristics during therapy.
This dynamic feedback loop allows for the real-time adjust-
ments to treatment parameters, ensuring optimal therapeutic
outcomes and enhanced patient safety.9,18,20

The integration of UCNPs and PTT in tissue engineering
offers signicant potential for progressing regenerative medi-
cine and tissue repair strategies.21 By combining the unique
properties of UCNPs for imaging and therapeutic applications
with the targeted heat generation capabilities of PTT,
researchers are exploring innovative approaches to enhance
tissue regeneration, scaffold design, and therapeutic delivery in
tissue engineering.22 UCNPs offer exceptional imaging capabil-
ities, allowing for high-resolution visualization of tissue struc-
tures, cell behavior, and biomaterial interactions in real time.
By incorporating UCNPs into tissue engineering constructs,
researchers can monitor cell migration, proliferation, and
differentiation, offering valuable insights into the dynamics of
tissue regeneration.8,18,22Moreover, the photothermal properties
of UCNPs enable localized heat generation through PTT, which
can be harnessed to stimulate cellular responses, promote
tissue growth, and improve the integration of biomaterial
scaffolds with host tissues.23 The combination of UCNPs and
PTT in tissue engineering provides researchers with a powerful
tool to modulate the tissue microenvironment in a controlled
and spatially precise manner.22,24 By selectively activating
UCNPs in specic regions of the engineered tissue, researchers
can induce localized heating, alter cellular behavior, and create
gradients of biological signals to guide tissue development.22,24

This level of precision offers new opportunities for designing
complex tissue constructs with tailored properties and func-
tionalities. UCNPs can also act as carriers for therapeutic agents
in tissue engineering applications, allowing for targeted drug
delivery and controlled release within the engineered tissue. By
21584 | RSC Adv., 2025, 15, 21582–21603
functionalizing UCNPs with bioactive molecules or growth
factors, researchers can improve the regenerative potential of
tissue constructs and promote specic cellular responses.
When combined with PTT, UCNPs can facilitate on-demand
drug release and localized treatment, further improving the
therapeutic outcomes in tissue engineering applications.22,24

This review aims to comprehensively examine the photo-
thermal applications of UCNPs in tissue engineering, imaging-
guided therapy, and targeted cancer therapy, highlighting their
potential in advancing personalized medicine and precision
healthcare. This review examines the synergistic effects of
UCNPs and PTT in targeted cancer treatment through localized
hyperthermia, addressing challenges in treatment optimization
and the potential for personalized therapeutic strategies. By
examining the integration of UCNPs and PTT in tissue engi-
neering, challenges such as biocompatibility, long-term
stability, and clinical translation are addressed, while future
perspectives focus on optimizing UCNP design for enhanced
regenerative strategies. In imaging-guided therapy, the
emphasis is on employing UCNPs for precise diagnostic
imaging and targeted therapeutic delivery, with a vision for real-
time treatment monitoring and personalized treatment regi-
mens. Future perspectives encompass the exploration of novel
therapeutic approaches, advancements in imaging modalities,
and the translation of UCNPs and PTT into clinical settings,
aiming to develop tissue engineering, imaging-guided therapy,
and cancer treatment paradigms.

2 Photothermal therapy using UCNPs
2.1 Principals and mechanisms of photothermal therapy

PTT represents a novel therapeutic approach that uses localized
hyperthermia to treat different types of diseases. It is based on
the injection of photothermal agent into the target tissue and
exposing it to light for a predetermined duration, resulting in
a localized temperature increase. Regarding the human body,
any increase in body temperature beyond the 37 °C is consid-
ered as an abnormal state and indicates as fever. In some cases,
this can cause irreversible tissue or organ damage, and even-
tually causes organ failure.25 The rst indication of the thera-
peutic benets of thermal therapy occurred in 19th century. The
cancer patient experienced a fever aer receiving living bacteria
that caused a partial regression of the tumor tissue. Around the
same time, circulating hot water was successfully used to treat
uterine cervical cancer.26 For many years, treatment options for
cancer patients were limited to surgery, radiation therapy, and
chemotherapy, alone or in combination form. However, the
limitations of these traditional therapies-from adverse side
effects to insufficient efficacy against metastatic tumors-led to
the introduction of novel therapeutic methods among them is
thermal therapy.27,28 From then on, a new age of thermal therapy
for cancer treatment began, and it was eventually adopted as
a method for treating several other illnesses as well.29 The
technological advantage has driven a shi in the design of
modern PTT platforms toward multifunctional nanomaterials
capable of both treatment and real-time monitoring. NP induce
PTT is a type of these new methods that is based on the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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injection of NPs with optimized photothermal conversion effi-
ciency (PCE) to transduce light into thermal energy. These
agents, upon systemic administration, are designed to partic-
ularly target and accumulate near tumor sites. Illumination by
external NIR source starts the absorption of photons by the NPs
and converting them into the localized heat that leads to
increasing the temperature within tumor microenvironment
and so facilitating the eradication of targeted tumor cells
(Fig. 2).30

The thermal properties of NPs, their target accumulation,
and the intensity of applied light are essential for controlling
the PTT performance. Necrosis and apoptosis are the primary
mechanisms of cells treated by PTT. Necrosis results in the loss
of plasma membrane integrity and the release of damage-
associated molecular patterns (DAMPs) into the surrounding
tissue that can trigger harmful inammatory reactions, making
necrosis an unfavorable outcome. By contrast, apoptosis
maintains membrane integrity and signals for phagocytosis
without causing inammation. However, it should be noted
that when cells lose membrane integrity and release DAMPs but
do not initiate phagocytosis, an apoptotic process can transition
to secondary necrosis.31,32 The main challenge in PTT is to
Fig. 2 Schematic illustration of PTT process. Created by https://www.b

© 2025 The Author(s). Published by the Royal Society of Chemistry
protect healthy tissues adjacent to the tumor from collateral
thermal damage. To ensure precise energy deposition, the laser
parameters such as wavelength and power must be optimized
together with the design of an applicator. In addition, to
perform targeted ablation, it is necessary to maintain tumor
tissue temperature within therapeutic limits while taking into
account the physical and optical characteristics of tissues.33

To achieve this precision, two main strategies are employed:
accumulating photosensitizers inside the targeted site using
targeting agent and utilizing low-temperature techniques. Li
et al., use of Lyp-1 ligands targets overexpressed p-32 protein in
breast cancer cells. With this technique, the concentration of
therapeutic drugs inside the tumor was increased and the
exposure to healthy tissues was decreased since the NPs were
more likely to adhere to and be absorbed by the cancer cells.34

They used gambogic acid (GA) in PEGylated 1D metal organic
frameworks (MOFs) to inhibit the synthesis of heat shock
proteins (HSPs), particularly HSP90. This inhibition reduced
the thermal resistance of tumor cells, providing efficient PTT at
lower temperature and thus reducing the risk of incidental heat
damage.35 Similarly, Shao et al. applied the HSP90 inhibitor
SNX-2112 on a graphene-based nanoplatform, demonstrating
iorender.com.
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that low-temperature PTT could induce autophagic cell death in
tumor cells. On the other hand, it could activate the immune
system, contributing to long-term tumor suppression.36

Another key factor in maximizing therapeutic results in PTT
is the choice of laser, either in pulse or continuous mode. The
desired degree of heat damage and the anticipated depth of
tissue penetration must be considered while choosing laser
mode. Using high-power lasers-typically >100 W- the pulse
mode delivers energy in bursts to raise the temperature of
tumor tissue and cause irreversible damage. In contrast, the
continuous mode maintains a steady laser exposure, with the
duration adjusted according to the laser's power to achieve the
desired thermal effect without harming surrounding tissues.37

Historically, the clinical application of laser radiation in the
visible range was limited due to its strong absorption by human
tissues. The emergence of NIR lasers, calibrated to operate
within special biological windows (the l z 650–1064 nm), has
signicantly advanced PTT. These biological windows include
the rst window (NIR-I, 650–950 nm) and the second window
(NIR-II, 1000–1350 nm), both characterized by reduced
absorption by water and hemoglobin, thereby enhancing tissue
transparency and enabling deeper laser penetration.38

In the absence of targeted photothermal agents, PTT lacks
selectivity, potentially damaging both tumor and healthy cells.
Particularly in cases where the target cancer tissue is located
into the deeper part of body, it may damage protective tissues.
To mitigate such risks, it is essential to employ agents that can
enhance the light absorption of cancer cells and so protecting
the surrounding healthy cells.32
2.2 Commercially available photothermal therapy agents

As the clinical and preclinical perspective, several PTT agents
have been developed and evaluated for cancer treatment and
other biomedical applications. These agents vary in terms of
chemical composition, photothermal conversion efficiency,
biocompatibility, and clinical trials. Nanomaterials with size
between 1–100 nm are good candidates in this case. Through
either active or passive mechanisms, NPs are internalized by the
targeted cells. In passive targeting, the unique permeability of
tumor vasculature allows NPs to accumulate within tumor areas
via enhanced permeability and retention (EPR) effect. Physico-
chemical properties of NPs, such as shape, size, and surface
charge, inuence this process.39 On the other hand, active tar-
geting is achieved by biofunctionalizing NPs' surface with
ligands, including small molecules, antibodies, peptides, or
aptamers, specically designed for high affinity to receptors
overexpressed on the tumor cells. In addition, NPs encapsulated
in cell membranes use the natural homing abilities of carrier
cells such as red blood cells, T lymphocytes, macrophages and
neutrophils to enhance tumor targeting.39,40 This approach not
only facilitates access to tumor sites but also uses biomimetic
covering techniques to avoid the detection of antibodies and
respond to the microenvironment's specic features, such as
acidity or light. Furthermore, transcytosis provides a comple-
mentary mechanism, enabling NPs to traverse cellular barriers
via vesicular transport across endothelial cells and facilitating
21586 | RSC Adv., 2025, 15, 21582–21603
entry into tumor tissue.41 Gold-based nanomaterials (e.g., gold
nanorods, nanocages, and nanoshells) are among the most
extensively studied PTT agents due to their tunable surface
plasmon resonance (SPR) in the near-infrared (NIR) region and
high photothermal conversion efficiency. Gold nanorods, for
instance, can efficiently absorb NIR light and convert it into
localized heat.42 However, their long-term retention in the body
and lack of biodegradability raise safety concerns.43 Moreover,
their synthesis can be cost-prohibitive and sensitive to aggre-
gation under physiological conditions.44 Carbon-based nano-
materials, including graphene oxide, carbon nanotubes, and
carbon dots, exhibit excellent NIR absorption and thermal
stability. These materials offer high photothermal performance
and can be functionally modied for enhanced tumor target-
ing.45 Nonetheless, concerns remain regarding their biode-
gradability and long-term toxicity.46 Copper sulde (CuS)
nanoparticles are another class of PTT agents with strong NIR
absorbance and favorable biodegradability, that offer a cost-
effective alternative to noble metals and demonstrate good
photothermal stability. However, their photothermal conver-
sion efficiency is generally lower than that of gold-based
agents.47,48 Polydopamine (PDA)-based nanoparticles have
gained attention due to their strong photothermal effects and
excellent biocompatibility. PDA mimics natural melanin and
can be easily connected to other compounds, making it
a versatile nanoplatform.49 However, their moderate photo-
thermal conversion efficiency (PCE) and performance degrada-
tion under repeated laser exposure may limit long-term
application.50 Indocyanine Green (ICG), a small-molecule dye
FDA-approved for imaging, has also been utilized for clinical
PTT due to its strong NIR absorption. However, ICG suffers
from poor photostability, rapid degradation, and nonspecic
biodistribution, which limit its therapeutic utility in long-term
or deep-tissue applications.51,52

Each of these agents brings a unique set of capabilities and
challenges. Their main important limitations are included poor
biodegradability, suboptimal targeting, low thermal conversion
at low doses, or systemic toxicity; highlight the need for next-
generation PTT platforms. This creates a compelling rationale
for the use of UCNPs, which offer multifunctionality, deep-
tissue imaging, and potential for controlled heating and drug
delivery.
2.3 Upconversion nanoparticles and photothermal therapy

UCNPs have emerged as promising agents in photothermal
therapy (PTT) due to their unique ability to absorb low-energy
near-infrared (NIR) light and emit higher-energy photons in
the visible or ultraviolet (UV) range. Normally, UCNPs have
three main components; the host matrix alongside the sensi-
tizer (absorbing or donating) and activator (accepting or emit-
ting) ions.53,54 The luminescence process is driven by activator
ions, which are supported by sensitizer ions that absorb near-
infrared (NIR) light. These sensitizer ions are excited by the
light source and efficiently transfer the absorbed energy to the
activator ions, which then emit light.55 The most commonly
used matrix materials include uorides, oxides, and suldes.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Among these, uorides are the most frequently utilized due to
their larger band gap and lower phonon energy. The rare earth
elements Er3+, Tm3+, Ho3+, and Eu3+ are frequently employed as
activators. They control the UCNPs' light emission to a signi-
cant extent. As an example, UCNPs doped with Er3+ glow green,
but UCNPs doped with Tm3+ and Ho3+ uoresce blue and red,
respectively. Because of its wide absorption cross section and
efficient energy transfer, the rare earth element Yb3+ is
commonly used as a sensitizer for 980 nm-excited upconver-
sion. However, the 980 nm wavelength signicantly overlaps
with the strong absorption band of water, which can cause local
heating and tissue damage during biological applications. To
overcome this limitation, recent developments have focused on
808 nm-excited UCNPs, using Nd3+ as an alternative sensitizer-
oen co-doped with Yb3+- to reduce tissue heating while
maintaining efficient upconversion. In addition, organic dyes
are emerging as a novel class of sensitizers with promise
upconversion luminescence (UCL) capabilities when combined
with other reagents.56 The efficiency of the upconversion
process depends on selecting an appropriate host matrix, which
inuences the energy transfer dynamics between sensitizer and
activator ions. To have an ideal host matrix material it needs to
(i) integrating luminescent centers while preserving the crys-
talline architecture; (ii) having low phonon energy to decrease
non-radiative losses (vital for improving quantum yield); (iii)
being permeable to near-infrared photons, allowing for effective
energy distribution within the matrix; and (iv) demonstrating
chemical and thermal stability to maintain the crystallinity of
the matrix.57–59 To incorporating lanthanide absorbers and
emitters, host matrices are categorized into two primary clas-
sications: amorphous and crystalline.60 Factors other than
atomic size or spacing that ensure a homogeneous distribution
of ions between emitters and absorbers inuence the choice of
an appropriate host matrix. The low phonon energy of the
lattice is an important criterion that must be achieved to reduce
the radiative loss and thereby improve its luminescence. In
addition, even if the dopants remain the same, the specic
interaction dynamics of the rare earth ions in the different
lattices can signicantly inuence the upconversion
emissions.61

Some of the UCNPs, especially those with optimized doping
concentrations or specic host matrix, can generate heat
directly upon NIR irradiation. This effect is related to the non-
radiative relaxation processes, including multi-phonon relaxa-
tion and lattice vibrations, which convert absorbed photon
energy into heat. This intrinsic photothermal conversion can be
used to induce localized hyperthermia in cancerous tissues,
leading to cell apoptosis or necrosis.62,63 The integration of
UCNPs into PTT not only addresses some of the limitations of
the current available photothermal agents, but also enables
advanced theranostic applications through simultaneous
imaging and treatment. Unlike conventional photothermal
agents that rely solely on heat generation upon NIR irradiation,
UCNPs absorb low-energy NIR light and emit higher-energy
visible or UV photons through nonlinear multiphoton
processes. This property enables them to act simultaneously as
deep-tissue imaging agents, localized heat sources, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
photoactivators for light-sensitive therapeutic compounds.
Most traditional agents lack this level of spatiotemporal control
and multi-functionality. Moreover, UCNPs exhibit sharp emis-
sion peaks, minimal autouorescence interference, and excel-
lent photostability, which are advantageous for real-time
imaging and temperature monitoring during treatment. Their
emission-based temperature sensitivity provides built-in feed-
back for controlled hyperthermia, an area where other inor-
ganic agents typically require external thermometry.64–66

Another distinguishing factor is programmability. UCNPs
can be doped and coated in modular architectures (e.g., core/
shell structures) to tune both optical and thermal properties,
or to co-load imaging/therapeutic agents. This makes them an
ideal scaffold for theranostic platforms, particularly in combi-
nation therapies or where precise thermal dosing is critical.
Therefore, while other inorganic nanomaterials offer high
photothermal conversion or strong NIR absorption, UCNPs
uniquely integrate diagnostic, therapeutic, and monitoring
functionalities in a single nanoplatform. These features justify
their increasing use in advanced PTT systems, particularly for
deep-tissue and image-guided therapies where conventional
agents fall short.67

As mentioned before, during an upconversion process two or
more photons must be absorbed by the NPs to give enough
energy. In this context, ve fundamental UC mechanisms
(Fig. 3) exist including: (1) excited-state absorption (ESA): it
shows the sequential absorption of excitation photons by
a single ion through a three-level system, involving two
consecutive photon absorptions. This process occurs because of
the similar distances between G and E1 and E1 and E2, as well
as the intermediate level E1's reservoir capacity. Due to the
relatively long-lived nature of the E1 excited state, an ion that
has reached this level is more likely to absorb an additional
pump photon, enabling its transition to a higher excited state,
E2. Upconverted emission from the E2 level will therefore
happen. Lanthanide ions such as Er3+, Tm3+, and Ho3+ exhibit
a series of intrinsic, well-dened energy levels arranged in
a ladder-like conguration. This inherent structure allows for
the sequential absorption of multiple photons via ESA,
a process essential for efficient upconversion luminescence.
These ions are well-suited for the excitation wavelengths
provided by commercially available diode lasers, typically
around 975 and 808 nm,68 (2) energy transfer upconversion
(ETU) that operates through the interaction of adjacent ions,
namely an activator and a sensitizer, facilitating energy transfer.
The harvested photons are continually transferred to the excited
state E1 of the activator by the sensitizer, which absorbs the
pump photons and moves them from the ground state to the E1
energy level. Simultaneously, the sensitizer reverts to the
ground state, allowing the activator to achieve the higher
emission state, E2. The efficiency of ETU is inuenced by the
proximity between sensitizer and activator ions, as well as the
ion concentration. ETU plays a crucial role in explaining the
UCL mechanism in UCNPs.69,70 (3) Cooperative sensitization
upconversion (CSU) involves the interactions among two ions or
between a pair of ions and an additional ion.71 Cooperative
upconversion and energy transfer upconversion share several
RSC Adv., 2025, 15, 21582–21603 | 21587

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02303c


Fig. 3 Schematic illustration of upconversion mechanisms in UCNPs. The diagram delineates the five primary pathways through which
upconversion occurs: (a) Excited State Absorption (ESA), (b) Energy Transfer Upconversion (ETU), (c) Cooperative Sensitization Upconversion
(CSU), (d) Cross-Relaxation (CR), and (e) Photon Avalanche (PA). The red line signifies photon excitation, illustrating the initial absorption of
photons that elevates the energy state of the particles. The grey line represents energy transfer processes, where energy is transferred between
ions within the UCNPmatrix. The yellow line indicates emission processes, where the relaxation of ions to a lower energy state results in photon
emission. Created by https://www.biorender.com.
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theoretical similarities in their underlying mechanisms. When
a photon with sufficient pump power excites ions 1 and 3 to the
E1 energy level, dopant ion 2 is simultaneously elevated to
a higher energy state (E1) through cooperative interactions. An
upconverted photon is then emitted as ion 2 undergoes radia-
tive relaxation back to the ground state. Although CSU and ETU
are somewhat similar, CSU deals with quasi-virtual levels, which
are theoretically explicable in terms of a higher-order distur-
bance.72,73 (4) Cross-relaxation (CR) ion–ion interaction is the
basic cause of cross-relaxation, which is the transfer of energy
between two ions. During CR, an ion in the higher excited state
transfers part of its energy to a neighboring ion in the ground
state (G), leaving both ions in the intermediate state. Although
CR is essential for ne-tuning the emission color of UCNPs, it is
also a principal cause of concentration-induced quenching.68 (5)
Photon avalanche (PA): The ESA and CR processes combine to
form the Photon avalanche (PA) process. In particular, the PA
process starts at ESA, when ion 2 moves from El to the higher
21588 | RSC Adv., 2025, 15, 21582–21603
energy state E2. PA upconversion requires an excitation inten-
sity threshold, above which the generation of upconversion
luminescence occurs. Below this threshold, minimal upcon-
version luminescence is observed. In contrast, an increase in
upconversion luminescence intensity occurs when the excita-
tion intensity exceeds this threshold. Ion 2 experiences a non-
resonant ground-state absorption (GSA) that populates its
energy level E1. It is important to remember that the pump
wavelength only resonates between the higher energy level E2
and the metastable state E1. Next, using the ESA procedure, ion
2 is excited from the E1 level to the emitting energy level (E2).
Two ions (ion 1 and ion 2) are formed in the E1 state as a result
of an active CR process between ions 1 and 2. In other words,
using this circular mechanism, two ions in the E1 state can
function as sensitizer ions to create four more ions, which in
turn will create eight more ions. If this pattern is maintained,
the population at the E1 level rises (avalanche effect), which
© 2025 The Author(s). Published by the Royal Society of Chemistry
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causes the E2 UC emission. Consequently, the PA process has
a threshold intensity limit and is time-consuming.74

The UCL property of UCNPs could be affected by their
different features, for instance the size of these NPs could
impacts their luminescence efficiency, so that upconversion
emission efficiency diminishing at the nanoscale. This effect is
pronounced for UCNPs under 10 nm, where efficiency oen
falls below 1%.75,76 They may experience non-radiative deacti-
vation due to interactions with the surrounding medium,
surface defects, or ligands, owing to their considerably higher
surface-to-volume ratio compared to bulk materials.77

The low conversion efficiency of conventional UCNPs,
particularly when subjected to low-intensity laser excitation, is
a signicant drawback. This is mostly because sensitizer Yb3+

ions absorb light at very low wavelengths in the near-infrared.
Therefore, improving NIR light absorption and optimizing the
excitation light wavelength into a reasonable range are required
to make UCNPs more suited for biological applications.78 The
easiest way to change the excitation wavelength is to use
a material that can both absorb and promote the photon
upconversion process at the desired wavelength. To address
this, incorporating UCNPs with components that strongly
absorb around 800 nm is essential. The strong absorption cross-
section of Nd3+ at approximately 800 nm and the effective
energy transfer from excited Nd3+ to Yb3+ ions make Nd3+ ions
a very promising candidate as the sensitizer to realize the UCL
of UCNPs. Accordingly, the excitation wavelength of UCNPs
could have blue-shied with the help of the careful design of the
core@shell nanostructure.78

The upconversion quantum yield of lanthanide ions is
signicantly inuenced by the composition and structure of the
crystal host matrix. Changes in the local crystal eld and
phonon energy within the matrix affect both radiative and non-
radiative transitions, and so play a critical role in determining
the overall upconversion efficiency. It is crucial to minimize the
phonon energy inside the matrix in order to avoid phonon
suppression of UC emission.77 The crystal structure of the host
material impacts the optical properties of the nanocrystals as
well. For instance, the hexagonal phase of NaYF4:Yb/Er showed
better upconversion performs than its variant in the cubic
phase.79 This efficiency difference is related to the crystal-eld
environment created by the host material's symmetry, which
affects the behavior of the trivalent lanthanide ions. Within
PTT, the application of excited UPCNs with a wavelength of
around 800 nm is noticeable due to its ability to deeply pene-
trate tissue and serve as an excitation source for different pho-
tothermal agents. This is especially important in cases where
Nd3+ sensitized UCNPs that shown strong in vivo tumor
suppression via photothermal effects when paired with Au
nanoclusters or CuS.80

The concentration of dopants in the nanoscale matrix has
a major impact on the ability of materials to absorb energy and
their upconversion efficiency.81 Dopant levels need to be care-
fully managed to limit cross-relaxation events that have the
potential to deactivate the higher energy states of the activator
ions. To maximize upconversion efficiency, Yb3+ is typically
doped at concentrations between 20% and 30%, depending on
© 2025 The Author(s). Published by the Royal Society of Chemistry
the host matrix and desired emission properties. Activator ions
such as Er3+ or Tm3+ are usually incorporated at lower concen-
trations (around 1–2%) to minimize cross-relaxation and
concentration quenching.82 For example, Tm3+ levels are kept
below 1% while Er3+ dopant levels are typically maintained
between 1–3%.83 This proportion of dopants reduces energy
migration between sensitizers (Yb3+–Yb3+) and substantially
assures the isolation between two activating atoms and a piece
of Yb3+. This enhances the possibility of transferring energy
during the upconversion (ETU) process.84

The distance between UCNPs and plasmonic structures can
inuence their upconversion (UC) emission, either enhancing
or reducing it depending on the interaction conditions.85,86 The
UC efficiency of UCNPs located near plasmonic structures is
inuenced by the oscillation of plasmonic electrons in three
distinct ways: rst, by increasing the absorption of lanthanide
ions (Ln3+) through the enhanced intensity of incoming light;
second, by increasing the emission intensity through a higher
radiative rate of Ln3+ ions; and third, by decreasing the emis-
sion as a result of enhanced non-radiative decay processes. This
effect is caused by the plasmon's electron oscillation.87 To
achieve effective PTT, plasmonic NPs like Au or Ag are
frequently combined with UCNPs that results in high extinction
coefficient and surface plasmonic resonance (SPR) absorption.88

Besides, UCNPs were used in combination with other types of
nanomaterials for PTT applications. Numerous carbon-based
materials, including graphene, graphene oxide, carbon nano-
tubes, graphene dots, and graphene nitride, were successfully
used as agents and conjugated with UCNPs for PTT due to their
low toxicity and high PT stability.89 In another research, hollow
structures containing lanthanide ions and photothermal agents
were developed using GdOF : Ln nanocomposites covered with
a silica coating for use in chemotherapy and PTT.90 Continuing
with the development of innovative materials for PTT,
researchers have investigated chalcogenide semiconductors
such as CuxS. They used CuxS as a photothermal agent in two-
layered hollow spheres made of Y2O3:Yb,Er/mSiO2-CuxS. This
combination has demonstrated enhanced effectiveness in PTT
and chemotherapy for cancer treatment.91,92 Additional tests
with DOX-loaded LaF3:Yb

3+/Er3+/Tm3+/Nd3+ hollow mesoporous
spheres demonstrated that NIR laser irradiation signicantly
improved release efficiency of DOX. Results suggested that
LaF3:Yb

3+/Er3+/Tm3+/Nd3+ hollow mesoporous spheres could be
an excellent choice for multifunctional materials, particularly
for PTT due to their enhanced optical heating effect and
improved drug release efficiency under NIR laser irradiation.93

The enhanced photothermal conversion and upconversion
emission were observed in NaGdF4:Yb

3+/Er3+@NaYbF4 and
NaGdF4:Yb

3+/Er3+@NaGdF4:Nd
3+/Yb3+ core/shell NPs that were

attributed to their spatial separation from the emission core
and heating shell, which was in contrast to the NPs that con-
tained only the core. In the case of NaGdF4:Yb

3+/
Er3+@NaGdF4:Nd

3+/Yb3+ core/shell NPs, the optical heating and
upconversion luminescence were further dependent to the
concentration of Nd3+ in the shell layer. For these Er/Yb@Yb/
0.7Nd core/shell NaGdF4 NPs, the temperature increased up
to approximately 10.3 °C when exposed to 808 nm laser light.94
RSC Adv., 2025, 15, 21582–21603 | 21589
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Therefore, UCNPs hold great potential for PTT due to their
unique ability to convert low-energy NIR light into the higher-
energy visible or UV emissions. Their multifunctionality,
ranging from deep-tissue imaging and targeted heat generation
to photoactivation of therapeutic agents, makes them superior
to traditional photothermal materials. The efficiency of UCNPs
depends on several factors, including the choice of host matrix,
doping ions, particle size, and upconversion mechanisms like
ESA, ETU, CSU, CR, and PA. Recent advancements, such as
using Nd3+ ions for 808 nm excitation and designing optimized
core@shell structures, have signicantly improved their
performance while minimizing tissue damage. These advances
position UCNPs as powerful tools in next-generation thera-
nostic platforms, particularly for precise and image-guided
cancer treatment. In the following section, some of the
current researches done on the application of UCNPs for PTT
are mentioned in detail.
3 Applications of UCNPs in
photothermal therapy
3.1 Cancer treatment and targeted therapy

PTT is a localized treatment that has proven to be highly
effective in tumor treatment and targeted therapy.95 This treat-
ment method relies on the generation of heat to damage the
targeted cells, and its effectiveness depends on the amount of
localized heating produced when exposed to NIR light. Accurate
temperature monitoring and control during PTT are essential,
as they help minimize damage to surrounding healthy tissues
and enhance the precision of the treatment.96 The optimal
temperature range for effectively eliminating tumors is typically
in the range of between 42 °C and 45 °C. Maintaining this range
is crucial, as it ensures sufficient heat to damage or kill cancer
cells without causing excessive harm to surrounding healthy
tissue.97 Temperatures that are too lowmay result in incomplete
tumor destruction, whereas high temperatures can cause
damage to surrounding healthy tissues. Therefore, precise
temperature control is essential for maximizing the efficacy of
PTT. UCNPs are a promising tool for enhancing the precision
and efficacy of PTT, particularly in the context of tumor-targeted
therapy. These NPs have the potential to improve targeted
treatment and localization of the photothermal effect. The
integration of UCNPs into PTT offers signicant potential for
advancing the eld of targeted therapy, offering new possibili-
ties for precise and effective treatment of tumors.98

The rapid heating of targeted tissue in PTT plays a critical
role in reducing damage to the normal cells.99 Reaching the
desired therapeutic temperature in a shorter time minimizes
heat diffusion, thereby reducing the risk of damaging
surrounding healthy tissues. Application of UCNPs could
provide the rapid heating of targeted tissue in PTT. For
instance, Liu et al. developed a hydrogel complex composed of
AuNPs, UCNPs, and alginate hydrogel (UCNPs-Au-Alg) that
demonstrated rapid heat generation upon exposure to the
808 nm laser (Fig. 4A), leading to the complete elimination of
subcutaneous solid tumors. Under the 808 nm irradiation for 3
21590 | RSC Adv., 2025, 15, 21582–21603
minutes, the complex was able to rapidly increase the temper-
ature to 84 °C (DT = 52.9 °C) (Fig. 4B) through the activation of
AuNPs by the visible light emitted from the UCNPs. This
increasing in the temperature was directly related to the
concentration of UCNPs and was specically achieved locally at
the tumor site (Fig. 4C). In vitro test showed signicant reduc-
tion in proliferation of cancer cells in the case of hydrogel
exposed with 808 nm laser for 3 minutes (Fig. 4D). Furthermore,
tumor growth was inhibited aer the initial laser treatment and
completely eradicated following a second laser irradiation in
a mouse model (Fig. 4E).99 As could be seen, in here, high level
of energy was produced via using low-energy light with that has
the ability of penetrating into deep part of the body as well.
Thus, this formulation could be used for treating cancers in the
deep part.

Chu et al., fabricated an UCNPs (NaYF4:Yb/Er/Nd@NaYF4:-
Nd)@AgBiS2 core–shell NPs with rapid heating capability under
808 nm laser irradiation, so that utilizing 100 mg mL−1 of the
nanostructure led to increasing temperature from 25 °C to
56.5 °C aer 3 minutes. In contrast, in control group experi-
enced only about 2.3 °C increase in temperature was seen. The
ndings of this study revealed that the photothermal conver-
sion efficiency of AgBiS2 was signicantly increased from 14.7 to
45% when combined with UCNPs. In vitro experiments
demonstrated no cytotoxicity effect against normal cell line
even at the concentration of 160 mg mL−1, while no cancer cells
survived when both of core–shell nanocomposite and NIR
irradiation were used. The in vivo thermal behavior of this core–
shell structure in tumor-bearing mice was investigated and the
results indicated that under 808 nm laser irradiation (0.5 W
cm−2, 10 min), the temperature of the tumor regions rapidly
increased to 56.3 °C, while the temperature of tumor in the
control group was not obviously change. This substantial
temperature elevation effectively suppressed the proliferation of
tumor so that no tumor was observed aer two weeks of treat-
ment. It was while utilizing NIR or NPs alone couldn't show
signicant results. Importantly, the treatment had no systemic
toxicity, as evidenced by stable body weight in tumor-bearing
mice. These results emphasize the potential of
UCNPs@AgBiS2 core–shell NPs for targeted and controlled PTT
applications.100

UCNPs exhibit responsive luminescence, rendering them
valuable as non-contact temperature sensors. Their lumines-
cence intensity and emission wavelength demonstrate sensi-
tivity to temperature uctuations. Consequently, integrating
UCNPs with PTT facilities real-time temperature monitoring
during the treatment process and enhances targeting precision
and control in cancer therapy.101 In a study conducted by Zhu
et al. (2016),96 the temperature-dependent luminescence prop-
erties of UCNPs were utilized for real-time monitoring of
temperature during PTT. The research aimed to explore the
differences between macroscopic and microscopic tempera-
tures and to assess the effectiveness of PTT at low macroscopic
temperatures for tumor ablation. To address this, a carbon-
coated core shell upconversion nanocomposite (NaLuF4:-
Yb,Er@NaLuF4@Carbon) was synthesized to precisely detect
microscopic temperatures. The ndings of the study revealed
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Schematic image of synthesize and application of UCNPs-Au-Alg hydrogel. (B) Thermal behavior of different materials exposed with
808 nm laser with 1 W cm−2 for 3 min. (C) Infrared thermal images of the 808 nm laser irradiated mice after injection. (D) Results of cell viability
assessment of cancer cells treated with UCNPs-Au-Alg hydrogel in the presence and absence of laser irradiation. (E) Effect of different treatment
on size (I) and volume (II) of tumors during 14 days. Reprinted with permission from ref. 99. Copyright 2021, Wiley.
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a signicant variance between the apparent and microscopic
temperatures when exposed to the same irradiation.96 Via better
understanding the temperature dynamics at both macroscopic
and microscopic levels, it may be possible to optimize the
therapeutic outcomes while minimizing potential adverse
effects.

The integration of UCNPs and PTT offers promising oppor-
tunities for precise and targeted drug delivery. This synergistic
approach employs stimuli-responsive nanocarriers that release
therapeutic agents in response to specic triggers such as light,
heat, or changes in the tumor microenvironment. UCNPs play
a critical role in this system by enabling real-time temperature
monitoring to maintain optimal drug release conditions.
Moreover, their ability to emit UV light upon NIR excitation
allows them to break chemical bonds between drugs and their
carriers, thereby facilitating on-demand, localized release and
enhancing the overall precision and efficacy of the treatment.102

This innovative integration allows for remote drug triggering
© 2025 The Author(s). Published by the Royal Society of Chemistry
through thermo-responsive nanocarriers that release drugs at
specic temperatures. The photothermal effect converts light to
heat, and by incorporating UCNPs, it becomes possible to
monitor and achieve the desired temperature for drug release
using a non-contact approach. A novel temperature-responsive
upconversion core–shell nanostructure was designed in
a study for cancer therapy (Fig. 5). This nanostructure demon-
strated temperature-dependent luminescence when excited
with a 980 nm laser, allowing for precise monitoring of micro-
scopic temperature changes. Moreover, a thermal responsive
compound (1,2-dipalmitoyl-sn-glycero-3- phosphocholine) was
employed for controlled drug delivery. Under NIR excitation at
730 nm, the nanostructure exhibited both photothermal effects
and triggered drug release. The core of the nanostructure
comprised UCNPs that emitted luminescence, while the
surrounding mesoporous silica shell was loaded with the pho-
tothermal agent, octabutoxyphthalocyanine palladium(II)
(PdPc), and the chemotherapeutic drug doxorubicin. Upon
RSC Adv., 2025, 15, 21582–21603 | 21591
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Fig. 5 (A) A schematic diagram illustrating the programmed combination therapy. (B) The release behavior of doxorubicin from the nanosystem
under external heating (I), the release rate of doxorubicin from the thermo-responsive nanocomposite over time upon 730 nm laser irradiation
(II). (C) Photothermal cytotoxicity based on the viability of cancer cells incubatedwith YSUCNP-PdPc@DPPC-DOX. (D) Tumor growth in different
groups of mice following treatment. (E) Representative images of tumor-bearing mice with programmed combination therapy. Reprinted from
ref. 103 under the terms of the Creative Commons CC BY license. Copyright 2018, Nature Inc.
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exposure to 730 nm laser irradiation, the temperature of the
core–shell nanostructure increased to 41.5 °C, thereby trig-
gering controlled drug release. In vitro experiments showed
a remarkable improvement in therapeutic effect compared to
no laser irradiation group. Furthermore, in vivo results
conrmed the high efficacy of this therapeutic approach, with
complete tumor inhibition observed in tumor-bearing mice.103

b-NaYF4:Yb,Tm UCNPs were functionalized with two
different types of conjugated polymers, PPVBT-COOH and
PDTPBT-COOH, which exhibited ideal photodynamic and
photothermal features, respectively. Indeed, irradiation of NPs
with NIR laser (980 and 808 nm) led to produce UV and visible
light by the upconversion part which were adsorbed by the
conjugated polymers and led to producing reactive oxygen
species (ROS) and increasing temperature by them. The fabri-
cated system showed photothermal stability for a long-time
period of application, as well as concentration dependent PD
and PT effects, so that the best PD activity was seen at 1 : 1 ratio
of conjugated polymers, and the highest increase in tempera-
ture was related to the 1 : 2 ratio of PPVBT-COOH to PDTPBT.
21592 | RSC Adv., 2025, 15, 21582–21603
Therefore, 1 : 1 ratio was selected as the best, and applied
against cancer cells. Results of in vitro cytotoxicity assay showed
no signicant toxicity against cancer cells in the absence of
light, while irradiating NPs with both of 808 nm and 980 nm
laser led to exhibiting signicant cytotoxicity (about 90%) at the
concentration of 50 mg mL−1. Results of in vivo tests showed fast
increasing in the temperature of cancer tissue aer 5 min
exposing with both 808 nm and 980 nm laser to about 59.3 °C,
that was higher than utilizing one laser light. Utilizing both of
laser irradiation led to completely remove of tumor, that was
while utilizing single laser couldn't completely remove tumor.104

3.2 Imaging-guided therapy using UCNPs

UCNPs are highly versatile and promising tools in the eld of
biomedical imaging that offer several advantages over tradi-
tional imaging agents. Their strong resistance to photo-
bleaching and photoblinking makes them highly suitable for
prolonged bioimaging applications. Additionally, their ability to
emit visible or UV upon excitation by NIR light allows for deeper
tissue penetration and reduced background autouorescence,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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resulting in clearer and more accurate imaging. Additionally,
their low toxicity and high biocompatibility make them ideal for
in vivo imaging applications. One of the key factors contributing
to their versatility is their ability to be doped with various
imaging agents. This characteristic enables UCNPs to be used in
multimodal imaging approaches, which can utilize the
strengths of different imaging modalities.105,106 For instance,
a matrix of K0.3Bi0.7F2.4 UCNP was synthesized with excellent
upconversion luminescence under 980 nm laser irradiation.
The strong upconversion luminescence emitted by
K0.3Bi0.7F2.4:Yb

3+/Tm3+ NPs make them suitable for deep tissue
optical imaging. The fabricated NPs showed high signal-to-
noise ratio at the tumor site and good biocompatibility in in
vivo test.107 Choi et al., developed a multi-shell structured UCNP
composed of NaYF4:Yb/Er core covered with three different
shells contained Tm3+/Nd3+ that was then functionalized with
Rose Bengal and Chlorin e6 (as photosensitizers (PSs)) and folic
acid (FA) (as targeting agent). Presence of FA led to enhancing
cellular uptake of NPs by the cancer cells that overexpressed FA
receptor so that much higher uorescence intensity was
observed by these cells. Exposing NPs with 808 nm laser led to
the production of ROS so that the amounts of ROS in the case of
NPs with both PSs was higher compared to each PS alone.
Results of cell viability test showed that cells exposed with
different concentrations of NPs had no toxicity effect at dark
conditions, while utilizing laser irradiation led to a signicant
reduction in viability of cancer cells. Results of cytotoxicity test
showed concentration and intensity dependent cytotoxicity
effect so that higher toxicity was observed by increasing the
concentration of NPs and intensity of laser.108

A switchable core–shell NP was fabricated via covering the
NaYF4:Yb, Er (the core part) with mesoporous polydopamine
(mPDA) (as shell) functionalized with L-Arg and indocyanine
green (ICG), which were used as nitric oxide (NO) generator and
phototherapeutic compound, respectively. It was a theranostic
compound that exhibited upconversion luminescence aer
irradiated with 980 nm laser light, that was switch to therapy
format aer exposing with 808 nm light. In here, ICG acted as
both photosensitizer and photothermal compound that
produced ROS and increased the temperature of its surrounded
environment aer exposing with 808 nm light. It could also aid
L-Arg in producing NO gas through acting as an oxidant mole-
cule. The fabricated formulation showed dose and time
dependent photothermal performance so that utilizing
concentration of about 400 mg mL−1 and 10 min irradiation led
to increasing the temperature to about 52.8 °C. Results of in
vitro tests showed no signicant cytotoxicity effect in the
absence of light, while irradiating cells with NIR laser led to the
toxicity effect.109

Ye et al. proposed a multifunctional targeted nanoplatform
for simultaneous diagnosis and treatment of cancer cells. It was
composed of NaYF4:Yb, Er UCNPs covered with polydopamine
(PDA) and functionalized with ICG and FA attached to the
poly(ethylene glycol) (PEG). The presence of ICG in the structure
of this system enhanced its PDT and PTT properties. FA, on the
other hand, provided the targeting ability of the formulation
and PEG enhanced circulation time of the fabricated NP.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Presence of UCNP provided the capability of imaging from the
cells contained NPs irradiated with 980 nm NIR light. Besides,
irradiating cells with 808 nm laser led to a rapid increase in the
temperature to about 60 °C, that conrmed PTT effect of the
NPs related to the presence of both ICG and UCNP. Besides, ICG
induced the production of ROSs inside cells in a time depen-
dent manner. Moreover, the loaded ICG showed much higher
amounts of ROSs compared to the free ICG. The combination of
these two method led to a signicant anticancer activity aer
just 10 min NIR irradiation.110 Therefore, the combination uses
of UCNPs and ICG could introduce an ideal candidate for
diagnosis and treatment of cancer. It has been found that X-ray
f-lanthanide ions (e.g., Lu3+, Yb3+) possess signicant potential
for X-ray attenuation and can effectively function as Computed
Tomography (CT) contrast agents.111

In another study, the development of a nanohybrid core-
multi-shell (NaYF4:Yb,Er@NaLuF4:Yb@NaNdF4:Yb@NaLuF4:-
Yb–Bi2Se3) was developed, enabling the integration of bimodal
imaging and efficient photothermal conversion. The presence
of Lanthanide (Lu, Yb) and Bi elements in this nanohybrid
enabled reasonable computed tomography (CT) imaging capa-
bilities, while efficient luminescence was provided by Lu3+-
based UCNPs. Under 808 nm near-infrared laser irradiation, the
UCNPs emitted visible light, and the Bi2Se3 nanomaterial effi-
ciently converted light into heat. The UCNP–Bi2Se3 nanohybrid
demonstrated satisfactory therapeutic efficacy in vitro. Under
808 nm irradiation, almost no viable cancer cells were observed
due to the photothermal effect. Additionally, when cells incu-
bated with UCNPs and exposed to 980 nm laser power, green
luminescence emission was detected. The Hounseld Unit (HU)
value demonstrated a concentration-dependent increase, and
cells incubated with the nanohybrid exhibited enhanced and
distinguishable CT contrast. Overall, this nanohybrid exhibited
effective cancer cell killing, strong upconversion luminescence,
and clear CT contrast, highlighting its potential as a promising
theragnostic agent for non-invasive dual imaging-guided
PTT.112

In addition to photoluminescent imaging, it is possible to
incorporate imaging contrast for other modalities such as
magnetic resonance imaging (MRI) and positron emission
tomography (PET) into UCNPs. By doping different elements
into the UCNP structure, it becomes possible to integrate mul-
timodality imaging capabilities with PTT functionalities within
a single platform.111 For instance, Zhang et al. have developed
a multifunctional nanocomposite using UCNPs and black
phosphorous nanosheets (BPNs) for multimodal imaging and
therapy. This nanocomposite, composed of UCNPs from the
NaYF4:Yb/Er/Nd type exhibited PTT, PDT, and multimodal
imaging (MR, uorescence, optoacoustic, ultrasonic imaging)
for efficient cancer treatment and diagnosis. The UCNPs con-
verted low-energy light to high-energy type, which was then
absorbed by black phosphorous and Chlorin e6 (Ce6) for PTT
and PDT as well as a uorescent imaging agent. MnO2 was used
for the conversion of H2O2 to the O2 in tumor microenviron-
ment, which was essential for Ce6 and BPNs mediated PDT
therapy. Doping Fe3O4 and MnO2 NPs provided T1 and T2 MRI
contrast, respectively. Under 808 nm laser irradiation, the
RSC Adv., 2025, 15, 21582–21603 | 21593
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temperature of physiologic solution was increased with
increasing nanocomposite concentration, resulting in a photo-
thermal conversion efficiency of about 33.4%. In vitro experi-
ments showed sufficient generation of ROS by the
nanocomposite that conrmed its potential application for
PDT. Cellular uptake investigations revealed that the nano-
composite could enter to the cytoplasm but not the cell nuclei.
When treating cancer cells with the nanocomposite under NIR
irradiation, cell viability was signicantly reduced, while no
cytotoxicity results were obtained at dark condition. The
nanocomposite demonstrated effective PTT, with tumor
temperatures exceeding 50 °C within ve minutes of 808 nm
Fig. 6 (A) Scheme of fabricating, optimizing, and applying NaDyF4:Lu@P
map related to the T1 (top) and T2 weighted MR and CT (bottom) imag
capability of fabricated NaDyF4:Lu@Prussian blue nanomaterial: T1- (C)
amounts of NaDyF4:Lu@Prussian presented in tumor and vital organs of m
(3) heart, (4) liver, (5) spleen, and (6) tumor.) (H) Effect of different treatme
.114. Copyright 2016, Wiley.

21594 | RSC Adv., 2025, 15, 21582–21603
laser irradiation in tumor-bearing mice, resulting in signicant
tumor growth inhibition. Importantly, the nanocomposite
induced no systemic adverse effects on mice body weight, and
all mice receiving both the nanocomposite and irradiation
survived (100% survival). The T1 and T2 longitudinal relaxivity
of nanocomposite had linear relationship with the concentra-
tion of Mn2+ and Fe3O4, respectively. Additionally, when Ce6
was doped into the nanocomposite, it exhibited a high photo-
luminescence intensity, albeit lower than free Ce6.113

A hybrid core–shell NP of NaDyF4:Lu@Prussian Blue was
fabricated in a study for multifunctional imaging-guided PTT
(Fig. 6). This nanocomposite demonstrated the ability to
russian blue used for multifunctional imaging-guided PTT. (B) Color-
es of different concentrations of NaDyF4Lu@PB. Multimodal imaging
and T2-weighted MRI (D), CT scan (E), and photothermal (F). (G) The
ice after 1 and 4 h of injecting NaDyF4:Lu@Prussian ((1) lung, (2) kidney,

nt on tumor volume during 14 days. Reprinted with permission from ref.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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generate both T1 and T2-weighted MRI contrast, attributed to
the presence of Dy3+ and Lu3+ ions and Prussian blue, as well as
CT signal from the Dy3+ and Lu3+. Additionally, Prussian Blue
served as the PTT agent. The nanocomposite exhibited an
enhanced contrast signal in T1- and T2-weighted MRI.
Furthermore, it achieved enhanced contrast signals in CT
imaging compared to water. The multifunctional nano-
composite demonstrated a high CT value of 253 HU at the
concentration of 10 mg mL−1. Notably, the nanocomposites
effectively accumulated in tumors within an hour, indicating
passive tumor targeting. Injection of the nanocomposite at the
tumor site led to enhanced contrast in both MR and CT
imaging, facilitating improved tumor visualization. Photo-
thermal imaging demonstrated increasing in thermal signal at
the tumor site, reaching to about 45 °C within 5 min. In vivo
experiments demonstrated that the relative tumor volume
decreased to zero, indicating that the nanocomposite, upon NIR
light irradiation, served as a highly effective modality for pho-
tothermal cancer therapy. Overall, the fabricated nano-
composite held promise as a MRI, CT imaging and PTT agent.114

Ni et al. synthesized a theranostic nanoplatform that inte-
grated PTT, radiotherapy (RT), and multimodal MRI/CT/UCL
imaging. The nanoplatform consisted of CuS NPs (as the pho-
tothermal agent) wrapped around UCNPs with a manganese
dioxide (MnO2) coating. The UCNPs, composed of NaGdF4:-
Yb,Er@NaGdF4:Yb,Nd, provided luminescence imaging and
enhanced photothermal conversion. The MnO2 coating acted as
a T1 contrast agent for MRI, while the inherent properties of the
UCNPs, due to the presence of Yb3+, provided T2 contrast
enhancement. There was a linear relationship between MR
signal intensity and the concentration of nanocomposite. The
nanocomposite demonstrated strong CT imaging capability,
with CT values increasing proportionally with its concentration,
indicating excellent contrast-enhancing properties. Addition-
ally, MnO2 interacted with H2O2 in the tumor microenviron-
ment, leading to abundant oxygen generation and reducing
hypoxia. This enhancement in oxygen availability contributed to
the improved RT outcomes. The nanoplatform demonstrated
biocompatibility and successful internalization by HepG2 cells.
Photothermal conversion efficiency of the nanoplatform
showed increasing the temperature to about 40 °C under the
1064 nm laser irradiation. Furthermore, in a combination
radiation and photothermal treatment, most of the cells were
destroyed. In vivo uorescent imaging revealed the accumula-
tion of the nanocomposite at the tumor site. Notably, in mice
treated with the nanocomposite under NIR irradiation and
radiotherapy, tumor volume was signicantly suppressed.
Importantly, this nanoplatform showed no systemic adverse
effect and all mice treated with the combinational RT/PTT
remain in good health.115

A core–shell nanoplatform consisting of Ag2Se nanodots on
the surface of chitosan coated UCNP (UCNPs@CS@Ag2Se) was
developed for multimodal imaging-guided PTT (Fig. 7). This
multifunctional nanoplatform integrated various imaging
modalities (UCL, DSL, CT, and photoacoustic (PA)) with PTT for
cancer theranostic. The UCNP (NaYF4:Yb/Er@NaLuF4:Nd/
Yb@NaLuF4) was acted as upconversion luminescence imaging
© 2025 The Author(s). Published by the Royal Society of Chemistry
(UCL) compound and downshiing luminescence (DLS) agent
that converted low-energy light to the high energy one, while the
Ag2Se nanodots efficiently absorbed NIR light and converted it
to heat, leading to localized hyperthermia. Lutetium ions (Lu3+)
and ytterbium ions (Yb3+) were applied as CT imaging
compounds. The chitosan coating improved biocompatibility
and stability of nanoplatform. In this study, the signal intensity
of PA, CT and UCL exhibited a linear increase with rising
nanocomposite concentrations. It was a biocompatible nano-
composite that exhibited a photothermal conversion efficiency
of about 37.6% and was capable of raising the temperature
above 50 °C in aqueous solution under 808 nm laser irradiation.
Notably, Under NIR-laser irradiation, tumor size was signi-
cantly decreased in tumor-bearing mice injected with the
nanocomposite. Furthermore, aer the injection of the nano-
composite, the signal intensity gradually increased in all types
of imaging within 2 h. This gradual increase indicated homo-
geneous accumulation of nanocomposite at the tumor site.
Subsequently, the intensity decreased by 24 h, likely due to the
metabolism of a portion of the nanocomposite. Taken together,
the fabricated UCNPs-based nanocomposite showed great
promise as a multifunctional theranostic agent.116
3.3 UCNPs in tissue engineering and regenerative medicine

The integration of UCNPs and PTT in tissue engineering shows
great potential. UCNPs can convert NIR light to higher energy
light, making them valuable for non-invasive tissue engi-
neering. PTT offers diverse applications within tissue engi-
neering eld, including antibacterial effects, promotion of
angiogenesis and cell growth, tumor ablation, and targeted
drug delivery. However, PTT have limitations that UCNPs can
address to enhance their applicability in tissue engineering.
Different applications require specic temperature ranges: mild
local heat (41–43 °C) stimulates cell proliferation and angio-
genesis, while moderate heat (45–50 °C) can selectively damage
tumor cells and hyperthermia (>50 °C) can inhibit bacterial
proliferation but risks harming healthy tissue. Therefore,
precise temperature control is crucial. UCNPs, with their
temperature-dependent luminescence, can aid in monitoring
tissue temperature during PTT, ensuring safety and optimal
therapeutic outcomes.117,118

The development of NIR-upconversion hydrogels (NIRUH)
has brought about several advantages, including the ability to
penetrate deep tissues safely and trigger hydrogel precursors'
photopolymerization. Additionally, NIRUH possesses anti-
biolm features by emitting UV light. A modied NIRUH (NIR
mediated orthogonal upconversion photochemistry (NIROUP)),
was fabricated by Liu et al., to address the challenges of low NIR
upconversion efficiency and photochemical efficiency, and
moderate mechanical properties (Fig. 8). The NIRUCH
precursor was consisted of ruthenium complex (Ru(bpy)3

2+),
persulfate salt, UCNPs (NaYbF4:Gd

3+/Tm3+@NaGdF4:Nd
3+/

Yb3+@NaGdF4:Nd
3+/Yb3+), gelatin, and polymerizable mono-

mers. Under 808 nm NIR irradiation, UCNPs emitted 450 nm
uorescence which was absorbed by Ru(bpy)3

2+, leading to the
generation of radical sulfate and initiating the polymerization
RSC Adv., 2025, 15, 21582–21603 | 21595
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Fig. 7 (A) Schematic image related to the fabrication and application of UCNPs@CS@Ag2Se nanocomposites for multifunctional imaging-guided
PTT. (B) Representative photographs of mice on different groups after various treatments (I), mean tumor weight of each group after various
treatments from the last day of the experiment (II). (C) In vitro and in vivo, PA images (I), CT images (II), NIR images (III). Reprinted with permission
from ref. 116. Copyright 2019, Elsevier Inc.
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of vinyl monomers, resulting in the formation of a gel network.
The UCNPs were interfacially engineered with oleic acid,
improving their interactions with the gel matrix and mini-
mizing unwanted energy transfer to water in the surrounding
medium. Additionally, upconvert uorescence quenching was
minimized, allowing efficient energy transfer to the Ru(bpy)3

2+
21596 | RSC Adv., 2025, 15, 21582–21603
complexes. The enhanced uorescence acted as an initiator for
gel formation, enabling the rapid fabrication of underlying
tissue structures within just 45 to 240 seconds. Mechanical
parameters of NIROUP were also improved by UCNPs so that the
critical strain, maximum stress, and toughness reach to 10 kPa,
275 kPa and 900 kJ m−3, respectively (2, 3.5 and 6 times higher
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) Schematic image of fabrication of UCNP-based hydrogel (NIRUCH) and its application as antibacterial wound healing compound. (B)
Antibacterial activity of NIRUCH in the presence/absence of NIR irradiation against E. coli (I) and S. aureus (II). (C) Effect of NIRUCH (with/without
NIR irradiation) on wound area. (D) Anti-inflammatory effect of NIRUCH (with/without NIR irradiation) during 14 days. (E) Image of wound healing
process during 14 days for different samples. Reprinted with permission from.119 Copyright 2024, ACS.
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than those in single-network hydrogels). Furthermore, the
NIRUH exhibited∼75% elasticity recovery within just 2 min and
near complete recovery within 5 min. In vitro results showed
that the hydrogel inhibited the growth of Gram-positive and
Gram-negative bacteria nearly 100% under NIR irradiation by
© 2025 The Author(s). Published by the Royal Society of Chemistry
releasing hydroxyl radical. In vivo experiments also revealed
antibiolm properties so that effectively killed Staphylococcus
aureus (S. aureus) through hydroxyl radical generation under
NIR irradiation. Moreover, the hydrogels exhibited excellent
wound healing ability, with wound closure rates exceeding 95%
RSC Adv., 2025, 15, 21582–21603 | 21597
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aer 14 days. More importantly, this strategy demonstrated the
capability for tissue repair underneath due to the deep pene-
tration of NIR irradiation. 21 days aer injecting the precursor
into wounds beneath rabbit skin, the wounds were almost fully
healed. Taken together, the fabricated modied-NIRUH offered
rapid gel formation, impressive mechanical properties, wound
healing capabilities, and biolm resistance under NIR irradia-
tion. The ability to trigger gel formation remotely via NIR made
them compatible with remote printing technology.119

UCNPs, in combination with photoactivatable ligands,
enable precise control over biological processes. By utilizing
NIR light, researchers can activate these ligands on demand,
guiding cells to attach and form new blood vessels in
a controlled manner within a 4D hydrogel environment. Zheng
et al. developed a NIR-reactive hydrogel by integrating UCNPs
and hydrogels to control the differentiation of endothelial cells
and trigger angiogenesis in 3D culture. UCNPs (NaYF4:TmYb)
were embedded in PEG thiol/(maleic anhydride alt-1-
octadecene) hydrogel (UCNP-PMAO) containing a UV-
triggerable cell-adhesive peptide (cyclo(RGD(DMNPB)FC)).
Under 974 nm laser irradiation, the emitted UV light from
UCNPs activated the peptide as a model photoactivable mole-
cule. Besides, under NIR irradiation, L929 cells spread within
the hydrogel, resulting in an increased aspect ratio, while in the
absence of NIR, cells remained spherical and did not spread.
Furthermore, Human umbilical vein endothelial cells
(HUVECs) embedded in the hydrogel exhibited angiogenesis
under NIR, forming an interconnected microvascular network
aer 24 h of laser irradiation. But, in the absence of NIR light,
cells maintained the rounded morphology and didn't form
microvascular network. Therefore, UCNPs embedded in pho-
toresponsive hydrogels could hold promise for use in 4D tissue
engineering and regenerative medicine applications.120

Non-invasive monitoring of tissue-engineered implants in
the body is a challenge in the eld of medical research. One
potential solution is the use of UCNPs as a photoluminescence
agent within the scaffold. In a study conducted by M. Trifanova
et al., UCNPs were incorporated into scaffolds to impart pho-
toluminescence properties. In this investigation, both natural
and synthetic polymer were loaded with NaYF4:Yb

3+, Er3+/NaYF4
nanocrystals without any surface modication. Notably, scaf-
folds exhibited no cytotoxic effect on Bj-5ta broblasts. The
polymeric scaffold was subcutaneously implanted in female
BALB/c mice, resulting in an intensity of photoluminescence
that monotonically decreased with time due to the gradual
degradation of the scaffolds within the animal tissue. Histo-
logical analysis of the implantation zone revealed a moderate
inammatory response in the tissue surrounding the implanted
scaffolds. Based on these results, the UCNPs-assisted lumines-
cent bioimaging enabled continuous monitoring of the
scaffold.121

4 Challenges

The photothermal applications of UCNPs present a set of
challenges that need to be addressed to optimize their effec-
tiveness in various biomedical elds. One of the key challenges
21598 | RSC Adv., 2025, 15, 21582–21603
is maximizing the photothermal conversion efficiency of
UCNPs, ensuring that they can efficiently convert NIR light into
heat for targeted therapy. Achieving uniform heating across the
target tissue area while minimizing damage to surrounding
healthy cells is crucial for successful PTT. Additionally, chal-
lenges related to the stability and biocompatibility of UCNPs
need to be carefully considered to prevent potential toxicity or
adverse effects in biological systems. The design of UCNPs,
including their size, shape, surface modications, and targeting
ligands, plays a critical role in overcoming these challenges and
enhancing their performance in photothermal applications.
Furthermore, issues such as optimal dosing, biodistribution,
and clearance of UCNPs from the body are important factors
that require thorough investigation to ensure their safe and
effective use in clinical settings.3,122–124

Biocompatibility considerations are integral to the success-
ful integration of UCNPs and PTT in various biomedical appli-
cations.125 Challenges related to biocompatibility involve
various factors that must be carefully addressed to guarantee
the safety and effectiveness of UCNPs in clinical settings. One
key challenge is the potential cytotoxicity of UCNPs, which can
arise from factors such as particle size, surface charge, and
composition. Understanding the interactions of UCNPs with
biological systems and their impact on cellular function is
essential for evaluating their biocompatibility. Additionally,
immune responses triggered by UCNPs must be carefully
studied to assess any inammatory reactions or immune cell
activation.126 The long-term effects of UCNPs within the body,
including their biodistribution, accumulation, and potential
toxicity over time, are also critical considerations that need to be
thoroughly investigated. To address these challenges,
researchers are exploring novel surface modications, biode-
gradable coatings, and bioconjugation strategies to enhance the
biocompatibility of UCNPs while preserving their photothermal
properties. Additional explorations ought to be focused on
advancing biocompatibility testing methods, conducting in-
depth studies on the biological fate of UCNPs, and developing
standardized protocols for evaluating the safety of UCNPs in
biomedical applications. By overcoming these challenges and
prioritizing biocompatibility considerations, the integration of
UCNPs and PTT holds signicant promise for revolutionizing
personalized medicine, regenerative therapies, and targeted
cancer treatments with enhanced safety and efficacy.

Tumor targeting strategies are vital in improving the efficacy
and specicity of photothermal applications using UCNPs in
cancer therapy.4,10 Several methods have been devised to target
tumors selectively and deliver UCNPs to the tumor microenvi-
ronment, maximizing the photothermal effect on cancer cells
while minimizing damage to healthy tissues. One common
strategy involves functionalizing UCNPs with targeting ligands,
such as antibodies or peptides, that can recognize and bind to
specic receptors overexpressed on cancer cells. This targeted
approach enables UCNPs to accumulate preferentially in tumor
tissues, enhancing the precision of PTT. Additionally, passive
targeting mechanisms exploit the EPR effect of tumors,
enabling UCNPs to accumulate in tumor tissues owing to their
leaky vasculature and compromised lymphatic drainage.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Combining active and passive targeting strategies can further
enhance the specicity and effectiveness of UCNPs in tumor
targeting. Challenges in tumor targeting include optimizing the
design of targeting ligands for efficient tumor recognition,
improving UCNPs' circulation time and stability in the blood-
stream, and overcoming biological barriers to reach deep-
seated tumors. Future directions in tumor targeting strategies
using UCNPs may involve the development of multifunctional
nanosystems that combine targeting moieties with imaging
capabilities, drug delivery functionalities, and theranostic
properties to enable personalized and precise cancer treat-
ments. By advancing tumor targeting strategies, researchers
aim to develop cancer therapy by leveraging the unique capa-
bilities of UCNPs for targeted photothermal applications, ulti-
mately improving patient outcomes andminimizing side effects
associated with traditional cancer treatments.105,106

One of the signicant challenges in the application of UCNPs
in PTT is the limitations posed by NIR light penetration in
biological tissues.10 NIR light is commonly used to excite UCNPs
and induce photothermal effects; however, its penetration
depth is limited by tissue absorption and scattering properties.
As a result, deep-seated tumors or tissues located beyond the
reach of NIR light may not receive sufficient light energy to
activate UCNPs effectively. This shallow penetration depth of
NIR light poses a challenge in achieving uniform heating and
therapeutic efficacy in deeper tissues, potentially compromising
the success of PTT using UCNPs. Researchers are exploring
various strategies to overcome this limitation, such as opti-
mizing the wavelength of light used for excitation, developing
advanced light delivery systems, and incorporating imaging
techniques to guide light delivery to target tissues more accu-
rately. Additionally, efforts are being made to enhance the
tissue-penetrating capabilities of UCNPs by improving their
photothermal conversion efficiency and exploring alternative
light sources with deeper tissue penetration, such as photo-
acoustic or multiphoton excitation methods. By addressing the
limitations of NIR light penetration in biological tissues,
researchers aim to improve the depth of tissue treatment and
expand the applicability of UCNPs in PTT for a broader range of
clinical scenarios.1,125 Future advancements in this area may
lead to innovative solutions that enhance the therapeutic
outcomes and effectiveness of UCNPs in cancer treatment and
tissue engineering applications.

Optimizing the photothermal conversion efficiency of
UCNPs is crucial for maximizing their efficacy in photothermal
applications, including cancer therapy and tissue engi-
neering.127 The photothermal conversion efficiency refers to the
ability of UCNPs to efficiently convert absorbed light energy into
heat, which is essential for inducing localized hyperthermia in
targeted tissues. Several strategies can be employed to enhance
the photothermal conversion efficiency of UCNPs, including
optimizing their composition, size, and surface properties. By
carefully selecting thematerials used in UCNPs and tuning their
structural characteristics, researchers can improve the absorp-
tion of light at specic wavelengths and enhance the conversion
of light energy into heat. Surface modications, including
plasmonic coatings or functional groups, can signicantly
© 2025 The Author(s). Published by the Royal Society of Chemistry
enhance photothermal conversion efficiency of UCNPs by
enhancing their light absorption and thermal stability.
Furthermore, controlling the aggregation state of UCNPs and
minimizing energy loss mechanisms, such as non-radiative
decay processes, can further boost their photothermal perfor-
mance. Future research directions may focus on developing
novel nanomaterials, exploring advanced light-matter interac-
tions, and optimizing the design of UCNPs to achieve higher
photothermal conversion efficiencies for more effective and
targeted photothermal therapies.1,2 By enhancing the photo-
thermal conversion efficiency of UCNPs, researchers strive to
enhance treatment outcomes, shorten treatment durations, and
reduce side effects linked to conventional cancer therapies,
ultimately advancing the eld of nanomedicine and personal-
ized healthcare.

The clinical translation of UCNPs for biomedical applica-
tions requires careful consideration of regulatory requirements,
safety proles, and scalability for widespread clinical use.125,128

As UCNPs move towards clinical trials and potential commer-
cialization, regulatory agencies play a critical role in evaluating
their safety, efficacy, and quality standards to ensure patient
safety and treatment effectiveness. Addressing regulatory
considerations involves conducting comprehensive preclinical
studies, optimizing manufacturing processes, and obtaining
regulatory approvals for clinical testing. Furthermore, collabo-
rations between researchers, clinicians, industry partners, and
regulatory agencies are essential to facilitate the successful
translation of UCNPs from the laboratory to clinical practice. By
navigating regulatory challenges, establishing safety guidelines,
and meeting quality standards, the clinical translation of
UCNPs holds the potential to revolutionize healthcare practices,
improve patient results, and shape the future of nanomedicine
as a vital component of modern medicine.

Future research directions will focus on addressing these
challenges through advanced NP design, innovative imaging
techniques, and comprehensive biocompatibility studies to
unlock the full potential of UCNPs in PTT and other biomedical
applications. By overcoming these challenges, researchers aim
to harness the unique properties of UCNPs for precise and
targeted photothermal treatments, ultimately improving
patient results in several medical scenarios.

5 Future prospects

The future prospects of photothermal applications using
UCNPs hold tremendous promise for advancing precision
medicine, cancer therapy, and tissue engineering. By harness-
ing the unique photothermal properties of UCNPs, researchers
aim to develop innovative strategies for targeted hyperthermia,
localized therapy, and theranostic applications. Future
advancements in this eld may focus on optimizing the design
of UCNPs for enhanced photothermal conversion efficiency,
improving light delivery systems for deeper tissue penetration,
and exploring new approaches for combining PTT with other
treatment modalities. Additionally, advancements in imaging-
guided therapy using UCNPs for real-time monitoring of treat-
ment responses and personalized treatment regimens are
RSC Adv., 2025, 15, 21582–21603 | 21599
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expected to drive the development of more effective and tailored
therapeutic approaches. The integration of UCNPs in combi-
nation therapies, multifunctional nanosystems, and regenera-
tive medicine applications holds the potential to transform
healthcare practices by providing precise, targeted, and mini-
mally invasive treatment options.

The future prospects of UCNPs in biomedical applications
involve the development of multifunctional UCNPs that can
offer enhanced therapeutic outcomes. By integrating multiple
functionalities into UCNPs, such as imaging, drug delivery, and
PTT capabilities, researchers aim to create versatile nanoplat-
forms that can address various aspects of disease diagnosis and
treatment simultaneously. Multifunctional UCNPs have the
potential to develop personalized medicine by enabling
customized and precise treatment strategies based on indi-
vidual patient characteristics. These advanced nanosystems
may open new avenues for targeted therapy, theranostics, and
regenerative medicine applications, offering innovative solu-
tions for complex healthcare challenges.

Combination therapies involving UCNPs represent a prom-
ising approach to enhance the efficacy of cancer treatments and
overcome drug resistance. By integrating UCNPs with other
therapeutic approaches, such as chemotherapy, immuno-
therapy, or gene therapy, researchers can develop synergistic
treatment regimens that target multiple pathways involved in
tumorigenesis. These combination therapies have the potential
to improve treatment outcomes, reduce side effects, and
prevent disease recurrence by harnessing the distinct properties
of UCNPs for targeted drug delivery and localized therapy.
Future research efforts will focus on optimizing combination
therapy protocols, identifying synergistic treatment modalities,
and translating these innovative approaches into clinical prac-
tice for improved patient care.

Advancements in NP engineering are essential for unlocking
the full potential of UCNPs in biomedical applications. By
rening the design, synthesis, and characterization of UCNPs,
researchers can enhance their physicochemical properties,
biocompatibility, and therapeutic efficacy. Innovative NP engi-
neering strategies, such as controlled drug release mechanisms,
stimuli-responsive coatings, and bioconjugation techniques,
offer new opportunities to tailor the behavior of UCNPs for
specic biomedical applications. Future advancements in NP
engineering will concentrate on creating next-generation UCNPs
with improved stability, targeting capabilities, and therapeutic
functionalities, setting the stage for advanced nanomedicine
solutions and personalized healthcare interventions.

6 Conclusion

UCNPs have attracted considerable attention in recent years
because of their distinctive optical properties. These NPs have
the ability to convert low-energy photons into higher-energy
photons through a process called upconversion. This property
makes UCNPs highly suitable for a variety of photothermal
applications. However, there are several challenges that need to
be addressed to further optimize and advance this technique.
One of the key challenges in the use of UCNPs for PTT is
21600 | RSC Adv., 2025, 15, 21582–21603
ensuring their biocompatibility. While UCNPs have shown low
toxicity in many studies, it is crucial to conduct thorough
investigations to evaluate their long-term effects on the body.
Grasping the interactions between UCNPs and biological
systems is crucial to minimize any potential side effects and
maximize their therapeutic benets. Strategies need to be
developed to enhance the accumulation of UCNPs specically
in tumor tissues while minimizing their uptake by healthy
tissues. Improving the selectivity and specicity of UCNPs for
tumor cells will greatly enhance the effectiveness of PTT and
reduce off-target effects. Although UCNPs have the advantage of
converting low-energy NIR light into higher-energy visible light,
the penetration depth of NIR light in tissues is limited. This
restricts the application of PTT to supercial tumors or requires
invasive procedures for deep tissue targeting. Overcoming this
challenge will involve developing innovative strategies to
enhance NIR light penetration and delivery to the target site. In
addition, the photothermal conversion efficiency of UCNPs is
another important factor to consider. Higher conversion effi-
ciency would allow for lower light doses to achieve the desired
therapeutic effect, reducing the risk of damaging healthy
tissues. Enhancing the photothermal conversion efficiency of
UCNPs through material design and optimization is an ongoing
area of research. Future developments in UCNPs for PTT will
focus on designing multifunctional NPs that combine PTT with
other therapeutic modalities or imaging techniques. By incor-
porating drug delivery systems or imaging agents onto UCNPs,
synergistic effects can be achieved, leading to more effective and
personalized cancer treatments. Combining PTT with other
treatment modalities, such as chemotherapy or immuno-
therapy, offers signicant potential for improving cancer treat-
ment outcomes. UCNPs can be utilized to transfer therapeutic
agents to the tumor site, amplifying the synergistic effects of
combination therapies and overcoming drug resistance.
Advancements in NP engineering will further enhance the
properties and functionalities of UCNPs. Tailoring the size,
shape, and surface chemistry of UCNPs can optimize their
photothermal conversion efficiency, biocompatibility, and
tumor-targeting capabilities. Moving forward, efforts should be
focused on the translation of UCNPs for PTT from the labora-
tory to clinical settings. Extensive preclinical studies, toxicity
evaluations, and optimization of synthesis and scale-up
methods are necessary steps towards clinical trials. The
purpose of this review is to analyze and assess the current state
of research, highlight the potential benets and challenges of
utilizing these NPs in PTT, and provide valuable insights for
further advancements and applications in the eld.
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