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Abstract: Nanosystems, renowned for their remarkable
physical and chemical attributes arising from their unique
morphology and structure, such as elevated specific surface
areas, pronounced macroscopic quantum effects, distinctive
dielectric properties, and notable small size effects, are
poised to transform cancer treatment paradigms by poten-
tially supplanting conventional chemical drugs. This revo-
lutionary potential has generated significant buzz and
attracted considerable interest within the medical di-
agnostics and therapeutics landscape. Extensive research
has underscored the exceptional capabilities of nano-scale
diagnostic agents, which have been extensively employed in
imaging and anti-tumor applications, heralding a promising
horizon for their utilization. This review endeavors to offer
an exhaustive synthesis of the latest research strides in
nanomedical theranostic candidates. It delves into the
design strategies and prospective applications of various
nanomaterials within the domains of tumor therapy and
imaging, aiming to furnish valuable perspectives and di-
rectives for the future trajectory of nanomedicine. Specif-
ically, the review meticulously explores and elucidates
methodologies for enhancing tumor elimination through the
judicious modification of nanomaterials. Furthermore, this
work meticulously discusses the formidable challenges and
intricacies associated with the development of optimal
therapeutic nanomaterials, as well as the hurdles impeding
their clinical translation. The overall aim is to advance the
application and development of nanomaterials for effective
and precise collaborative diagnosis and treatment of
disease.
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1 Introduction

Accurate diagnosis and treatment of tumor diseases have always
been a crucial objective pursued by the medical field, as it can
save valuable time and costs, capitalize on the critical treatment
window, alleviate patient discomfort, and foster the healthy
progress of society.! In pursuit of this objective, researchers
across various disciplines have devoted considerable time and
energy to the investigation of innovative technologies and ap-
proaches. It is widely acknowledged that conventional clinical
cancer therapies, such as surgical intervention, radiotherapy,
and chemotherapy, are not without their constraints. Regret-
tably, these approaches pose risks such as harming normal cells,
undermining the immune system, and elevating the recurrence
rate of cancers.>* With the swift advancement of science and
technology, the emergence of nanomaterials has heralded a new
era of precision diagnosis and treatment, effectively addressing
these shortcomings. These nanomaterials are extensively
employed in the realm of medical oncology, garnering wide-
spread attention and yielding satisfactory outcomes.’

Currently, the main nanomaterials for anticancer stra-
tegies include radiotherapy (RT),° photothermal therapy
(PTT),”™ photodynamic therapy (PDT),”* ™ sonodynamic
therapy (SDT)'*"® and emerging gastherpay (GT).'** RT em-
ploys high energy X-ray/ion beam to carry out cell killing by
radioactive energy transfer. PTT achieves cell death mainly
through effective photothermal conversion by light irradia-
tion, the temperature above 50 °C can achieve good thera-
peutic effect.'” PDT performs anticancer activity by employing
reactive oxide species (ROS) induced by light irradiation. SDT
is similar with PDT, the light irradiation is replaced by ul-
trasound. Interestingly, GT can generate the poisonous gas to
damage cells under external action. Due to the unique ad-
vantages of these therapeutic modalities, nanomaterials with
different therapeutic capabilities have been continuously
developed in recent years.

Furthermore, achieving convenient and rapid tumor
diagnosis poses a significant challenge to the realm of
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precision medicine, which aims to deliver swift and well-
reasoned treatment plans tailored to cancer patients. In
clinical practice, X-ray computed tomography (CT) and mag-
netic resonance imaging (MRI) with the advantages of non-
invasive, high intensity penetration depth, real-time 3D to-
mography acquisition capabilities are the two most common
diagnostic methods and can provide detailed anatomical im-
age information.' In the process of using these imaging
techniques, it is easy to cause the loss of image information
when processing anatomical information due to the particu-
larity of soft tissue or lesions. Therefore, most cases require
the use of clinical contrast agents (CAs) for image information
enhancement. However, most clinical contrast agents are
mostly small molecule drugs, although they can achieve good
image signal enhancement, body fluid cycle is short due to its
small molecule characteristics, and easy to be rapidly
metabolized, generally require a large amount or continuous
injection, which will inevitably cause side effects.”* Nano-
materials can effectively prolong the blood circulation time,
and high atomic number aggregation can achieve better ray
attenuation and relaxation ability*** Thus, employing
nanomaterials as imaging contrast agents (CAs) holds promise
for generating clearer image data, thereby offering invaluable
insights for the precise diagnosis of diseases.

Recently, a variety of nanomaterials have been reported
to achieve the theranostic application of tumor, further
extending our horizons. Although these reports presented
good pre-clinical capabilities, a comprehensive overview
and systematic classification of nanomaterial theranostic
agents (TAs) are still insufficient. A critical aspect that has
been hitherto underexplored is how to enhance the thera-
peutic efficacy of nanomaterials to fully harness their
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Scheme 1: Classification and application of nanoscale theranostic
agents.
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potential. In this context, the present work undertakes a
comprehensive review of the advancements in nano-
material research concerning the diagnosis and treatment of
cancer. It encapsulates the applications of diverse nano-
material types in both diagnostic and therapeutic domains,
alongside a succinct overview of their antitumor mecha-
nisms and factors influencing imaging efficacy (as depicted
in Scheme 1). Crucially, the work delves deeper into the
pivotal factors that can be manipulated to augment the
diagnostic and therapeutic performance of nanomaterials,
thereby serving as a cornerstone for the development of
more potent nanomaterial-based interventions.

2 Classification of nanomaterials

Briefly, nanomaterials can be classified as organic and
inorganic materials. Inorganic compounds are mainly
composed of inorganic elements, in nature known elements,
in addition to hydrocarbon oxygen and other gas elements,
most can be divided into inorganic components. Inorganic
nanomaterials are also the most widely used. Specifically, by
compounds that can be divided into different elemental
bases. For instance, bismuth-based nanomaterials, =% iron-
based nanomaterials,” >  gadolinium-based  nano-
materials**~*° etc. Organic compounds do not contain inor-
ganic elements and are mainly composed of elements such
as carbon, hydrogen and oxygen etc. For example, poly-
mers,** ™ jonic liquid derivatives,’*® phosphorus**~* etc.
The morphologic classification can be divided into nano-
materials with one dimensional (1D), two dimensional (2D)
and three dimensional (3D) structures. Nanomaterials with a
special structural orientation can perform different func-
tions, such as 0D nanomaterials mainly include quantum
dots, nanoparticles and nanoclusters, due to their unique
optical and electronic properties, 0D nanomaterials have
been widely used in optoelectronics and biomarkers. In the
meantime, 0D nanomaterials can achieve photoexcited
luminescence and good kidney clearance;*”** 1D nanofibers/
nanotubes have a porous structure, higher specific surface
area and volume ratio, and unique physicochemical prop-
erties;” 2D nanomaterials can achieve good surface drug
loading ability and modification due to their ultra-thin
nanostructure, large specific surface area;”>> 3D nano-
materials are the most common and pervasive, with high
specific surface area, good biocompatibility and controllable
pore size, and have important applications in the fields of
drug carriers and biomedical imaging.”® Different shapes
and sizes can be effectively regulated during the preparation
process, and the creation of nanomaterials of different di-
mensions through different synthesis methods can provide
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Table 1: Overview of nanomaterials with different morphologies and sizes.
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Materials Morphology Type Size Application Ref
GNBPs 1D Inorganic 137 x 22nm ocT 36
Fe,0;@BSA 0D Inorganic 3.47nm MRI 3
BGQDs 0D Organic 4.6nm MRI >
Zn0 0D Inorganic 5.7nm Therapy 58
Ce0, 0D Inorganic 4.8nm T 59
SBBHs 3D Inorganic - T €0
Carbon dots 0D Organic 4.7nm MRI o1
Fe;0,/MnO 3D Inorganic 20 nm MRI 62
NaLuF,:Yb/Gd/Er 1D Inorganic - ocT 63
Pd nanomaterials 2D Inorganic 21-51nm PA >4
MIONCs 3D Inorganic 80-100 nm Theranostic 64
BSO-FeS, 0D Inorganic 7.27 nm Theranostic 65
TiOq 4 « 1D Inorganic 1.8 x 28.6 nm Theranostic 66
CoFe-LDH 2D Inorganic 200 nm Theranostic 67
MnO, 3D Inorganic 116/128 nm Theranostic 68
Sns, 3D Inorganic 500 nm Therapy 69
FeS,@C-ICG-PEG 3D Inorganic 200 nm Theranostic 70
BiOCI 2D Inorganic 150-250 nm Theranostic n

GNBPs: gold nanobipyramids. OCT: optical coherence tomography. BGQDs: boron-doped graphene quantum dots. SBBHs: SP—Bi biohybrids. PA:

photoacoustic imaging. MIONCs: hollow magnetic nanoclusters.

effective methodological support for precise diagnosis and
treatment. In order to deepen the understanding of nano-
materials with different morphology, a summary of nano-
materials with different morphology is provided in Table 1.

3 Synthesis methods of
nanomaterials

The synthesis approach employed for nanomaterials exerts
a profound influence on bhoth their morphology and physi-
cochemical attributes. By finely tuning parameters such as
morphology, size, crystal phase, and surface properties,
diverse synthesis techniques can significantly modulate the
mechanical, optical, electrical, magnetic, and catalytic per-
formances of these materials. Alterations in their physical
and chemical properties, coupled with morphological
transformations, hold immense potential for enhancing the
precision of disease diagnosis and treatment strategies.
Consequently, strategic selection of an appropriate synthesis
method is pivotal for the fabrication of nanomaterials with
desired characteristics, thereby facilitating their application
in advanced precision medicine.

3.1 Hydro/solvothermal fabrication

As a well-established nanomaterial synthesis technique, the
hydrothermal method primarily involves inducing atomic

nucleation and crystallization under specific temperature
and pressure conditions, followed by precipitation from the
resultant mixture. Miaomiao Yuan et al. synthesized porous
Co304 nanoplates by using hydrothermal strategy for per-
forming highly efficient tumor killing.”* The morphology of
the synthesized Co;0, nanomaterials was observed by TEM
(Figure 1a), suggesting a porous structure. HRTEM images
showed lattice fringes with interfacial spacing of approxi-
mately 0.243 nm, corresponding to the (311) plane of stan-
dard Cos0, (Figure 1b). Meanwhile, the results also verified
the good crystallization. Similarly, Guannan Zhu et al. used
hydrothermal strategy to fabricate the GAVO,Eu®', Bi**
nanoparticles for bioimaging application.*” The synthesized
nanomaterial has a tetragonal-phase GdVO, structure, and
showed a stable crystal structure (Figure 1c). Importantly,
during the hydrothermal synthesis process, pH of the system
has a significant effect on the morphology of the synthetic
system, which played a key role in biomedical applications.
Ziming Cui et al. achieved the synthesis of different Bi,WOq
materials by adjusting the pH in the reaction environment.”
As a result, when the pH of the reaction system is acidic, the
morphology of the prepared samples mainly presents
flower-like structures. When the pH is 7, a large number of
sheet structures are produced. When the pH is more alka-
line, the synthesized Bi,WOg nanomaterials are transformed
into irregular flake-like structures (Figure 1d). In addition,
surface coating also influenced the morphology of nano-
materials. Bi,Te; nanoparticles of varying sizes were pre-
pared by using the surfactants including ethylene glycol,
polyethylpyrodanone (PVP) and ethylenediamine tetraacetic
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acid.” Thus, reasonable adjustment of pH and surface acti-
vator during hydrothermal reaction can achieve satisfactory
preparation of nanomaterials. Solvothermal is similar to
hydrothermal synthesis, with the key distinction being the
substitution of water with an organic liquid as the primary
solvent. Yuanchun Si et al. employed solvothermal method to
synthesize the gadolinium-doped iron oxide nanoclusters
(HSi0,@GAIONC).” The target product was prepared by a
three-step synthesis method. The first step was to prepare
the GAIONC core, and the core structure was prepared by
heating at 270 °C in PVP-EG mixed solution. Subsequently,
the outer shell is wrapped and SiO, was used as the shell
structure. Finally, the SiO,@GdIONC was collected by mag-
netic separation and wash three times with distilled water
(Figure 1e). In total, the required material synthesis process
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Figure 1: Synthesis and morphological characterization. (a) TEM image
of Co304. (b) HRTEM image of C030,7. Copyright 2020, Elsevier. (c)
Schematic illustration of the as-prepared GdVO,:Eu®", Bi** structure.”’
Copyright 2019, American Chemical Society. (d) SEM images of Bi,WOg
nanomaterials under different pH reaction system.”® Copyright 2016,
Springer Link. (e) Solvothermal fabrication of HSi0,@GdIONC.”> Copy-
right 2019, Elsevier.

DE GRUYTER

can be realized through the reasonable coordination of
water and organic solvent. Importantly, because the size and
morphology of synthetic nanomaterials significantly affect
their physicochemical properties, the ability to prepare
morphologically controllable nanomaterials is critical.”®

3.2 Microwave fabrication

Microwave synthesis primarily leverages microwave radi-
ation for energy transfer, enabling substances to absorb
microwave energy and undergo thermal energy conversion.
This process facilitates the synthesis of organic/inorganic
materials during heating, offering notable advantages such
asrapid reaction rates, uniform heating, and high selectivity.
Xiaoyang Wang et al. constructed BiOBr nanomaterials by
employing microwave technique.”” The synthesis tempera-
ture was controlled by adjusting the microwave irradiation
time, and the generation of BiOBr nanomaterials with
different sizes was realized by adjusting the concentration of
precursors. The results showed that the concentration of
precursors and the microwave irradiation temperature had
important effects on the energy band gap of BiOBr nano-
materials.”® Xinhua Zhu et al. prepared single crystal
perovskite type nanocrystals by microwave-assisted hydro-
thermal method, which were microwave reacted for 60 min
at 180 °C, and then cooled to room temperature.”® The final
products were collected by centrifugation and dried to
obtain the product powders. In this process, the utilization of
microwave and hydrothermal method can effectively regu-
late the particle morphology and size distribution. In addi-
tion, large-scale products can be easily synthesized using
microwave-assisted methods. The operation is both conve-
nient and straightforward, while also mitigating the safety
risks associated with the high-temperature and high-
pressure conditions required in hydrothermal methods.

3.3 Reduction-coprecipitation fabrication

During the reaction, a reagent with redox activity can be added
to achieve rapid reaction to prepare nanomaterials, which has
the advantage of fast and efficient. Among reducing agents, the
most commonly used representative is sodium borohydride
(NaBH,). Maryam Hosseini et al. employed NaBH, to carry out
the fabrication of spirulina—bismuth biohybrids (SBBHs).*’
Dissolving Bi(NO3)3'5H,0 in an aqueous solution of HNOs, then
transfer it to a round-bottled flask and place it in a controlled
temperature bath (40 °C). Spirulina powder was added into the
mixture and mixed with the above solution, and then different
proportions of NaBH, solution were added. Color changes were
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observed during continuous addition, indicating that the
mixture was reduced during the reaction process, and the
reaction product SBBHs was obtained by further centrifuge
washing and purification (Figure 2a). In addition to the use of
reducing chemical reagents, the reduction activity of biolog-
ical macromolecules can also be used to synthesize nano-
materials. Shuai Xu et al. used bovine serum albumin (BSA) to
prepare magnetic Fe,0;@BSA nanomaterials (Figure 2b).*' In
this study, Fe,03; was synthesized by BSA reduction precipi-
tation method. Under N, protection and 37 °C water bath, the
BSA solution was added to the iron salt solution, and then
NaOH and hydrogen peroxide were injected to accelerate the
Fe nucleation and growth. Finally, the obtained mixture un-
derwent washing and drying procedures. The method was
used by Pratap C. Naha et al. to prepare CeO, nanomaterials.>’
In the presence of dextran, CeO, nanoparticles were formed
by adding ammonium hydroxide to precipitate cerium salt. In
the meantime, the introduction of dextran on the CeO, surface
enhanced the stability in phosphate-buffered saline (PBS).
Sung Jun Park et al. used a facile co-precipitation method to
prepare the Gd,03:Pr*" nanospheres.® The size of the syn-
thesized nanomaterials varies with different reaction times.
Using compounds with reducing groups to facilitate the
growth and preparation of nanomaterials can often lead to
time and cost savings. However, during the reduction process,
there is a risk of agglomeration among smaller nano-
materials, which can ultimately decrease the yield of the final
nanomaterial products.

3.4 Radiation methods

The fundamental principle underlying the synthesis of
nanomaterials involves harnessing the high-energy char-
acteristics of radioactive rays, particularly gamma rays and

(a)
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electrons, to initiate chemical reactions conducive to the
production of nanoscale materials. Throughout the course
of the reaction, these rays interact with the substance,
giving rise to highly reactive species such as free radicals
and ions.®® These species subsequently participate in the
chemical reaction, leading to alterations in the chemical
composition and structural arrangement of the sub-
stance.** Sajid Ahmad et al. introduced the gamma
radiation-assisted synthesis of polyaniline-based nano-
particles and nanocomposites.®* It is suspected that the
main advantage of irradiation is convenient delivery, and
the pollution of secondary products is reduced to a certain
extent compared with chemical methods. Junchang Chen
et al. considered that electron energies are orders of
magnitude higher than any chemical bond, and that many
highly active substances can be supplied in situ by stable
molecules under ionizing irradiation to significantly acti-
vate and accelerate synthesis. In addition, the radiation
etching effect is present at the same time, which may be
beneficial to enhance several properties such as catalysis
and mass transfer. Therefore, they recently used irradia-
tion by high-energy electron beams generated by industrial
accelerators as a unique energy source to activate the for-
mation reaction of Na-A molecular sieves.®® In short, the
effective use of radiation energy to achieve the preparation
and growth of nanomaterials, can save energy and reduce
chemical pollution, and then can achieve industrial grade
preparation under appropriate circumstances, is a prom-
ising preparation method.

3.5 Other methods

In addition to the above more mainstream synthesis
methods, some synthesis methods are also widely used in the
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Figure 2: The synthetic pathways of nanomaterials. (a) Schematic illustration of the fabrication of spirulina—bismuth biohybrids.®® Copyright 2020,
American Chemical Society. (b) Illustration of the synthesis of Fe,05 nanoparticles.>' Copyright 2020, American Chemical Society.
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synthesis of nanomaterials. For instance, the sol-gel method
mainly uses compounds containing high chemical active
components as precursors, and mixes these raw materials
uniformly in the liquid phase, and carries out hydrolysis and
condensation chemical reactions to form a stable trans-
parent sol system in the solution. The sol slowly polymerizes
between the aged colloidal particles to form a gel with a
three-dimensional network structure, and the gel network is
filled with the solvent that loses fluidity, forming a gel. The
gel was dried and sintered to produce molecular and even
nanostructured materials. Different nanoscale materials
were constructed by the sol-gel method, reported by Maleki
et al®* Zhang et al.*° The microemulsion method uses two
kinds of insoluble solvents to form emulsion under the ac-
tion of surfactants, and nanoparticles are obtained by
nucleation, coalescence, agglomeration and heat treatment
in microbubbles. Cao et al. employed the microemulsion
strategy to fabricate the various BiVO, composites,®
providing an insightful view for the regulation synthesis of
nanomaterials. Although the microemulsion method offers
an effective approach for synthesizing nanomaterials with
high purity by circumventing impurity contamination, it
often comes with a substantial cost. Moreover, the relatively
low activity and inadequate stability of emulsifiers during
the preparation process can hinder the widespread appli-
cation of this method. Vapor deposition represents a tech-
nological approach that leverages physical and chemical
phenomena occurring in the gaseous phase to deposit a
metal or compound coating, endowed with unique proper-
ties, onto the surface of a workpiece. Through the modifi-
cation of the workpiece’s surface composition, this method
enables the fabrication of films featuring super-hard, wear-
resistant layers or exhibiting exceptional optical and elec-
trical characteristics. Vapor deposition technology is mainly
divided into chemical vapor deposition (CVD) and physical
vapor deposition (PVD). Long et al. used CVD to carry out the
Mo$; growth,®’” and the film was formed by chemical reac-
tion of gaseous compounds or elements containing film el-
ements on the substrate surface. The ball milling method is
to grind the powder for a long time to achieve the prepara-
tion of micron or submicron particles. Alessandro Barge
et al. performed an efficient, solvent-free synthesis of several
organic molecules by using the energy generated by the
mechanochemical activation of a planetary ball mill.*® In
general, choosing the appropriate synthesis method ac-
cording to the actual situation is conducive to the synthesis
of nanomaterials with high efficiency and good application.
A thorough understanding of the synthesis strategies of
various nanomaterials will help to select the most suitable
method to prepare satisfactory nanomaterials.
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4 Antitumor applications
4.1 Photothermal strategy

Photothermal therapy constitutes an innovative treatment
modality that employs nanomaterials characterized by
exceptional photothermal conversion efficiency. These
nanomaterials are introduced into the body and subse-
quently directed to tumor tissues via targeted recognition
technologies. Upon exposure to an external light source,
typically near-infrared light, the nanomaterials convert light
energy into thermal energy, thereby inducing the demise of
cancer cells. The higher the photothermal conversion effi-
ciency, the better the therapeutic effect can be achieved. In
PTT, the most critical is the photothermal conversion effi-
ciency, and high photothermal conversion efficiency means
that more light energy is absorbed and utilized to achieve
outstanding anti-tumor advantages. In general, surface
modification to improve the efficiency of photothermal
conversion is the most commonly used method. Different
surface modification components play a different effect,
which leads to different photothermal conversion efficiency.
LiWang et al. employed 2D CoFe-LDH nanosheets to perform
highly efficient PTT for antitumor (Figure 3a).®” The CoFe-500
was rapidly heated to ~ 70 °C under 808 nm laser irradiation,
while the temperature of CoFe-LDH or PBS solution was
negligible under laser illumination (Figure 3b). The results
showed that the photothermal conversion efficiency (1) of
the CoFe-500 was about 51 %, which was higher 2.5 times
than that of FDA-approved indocyanine green (15.1 %). Dong
Wang et al. constructed SnS, for efficient PTT (Figure 3c).*°
Different compounds also show different photothermal
conversion efficiency. For instance, the as-prepared SnS,
exhibited helical bowl-like structure and had excellent
photothermal properties and good biocompatibility, and 1 is
as high as 57.8 %. Because of its outstanding photothermal
response, it can be used as a highly efficient near-infrared
photothermal agent, which can effectively inhibit and kill
cancer cells. Ruiping Zhang et al. designed molecular dye SYL
to carry out PTT (Figure 3d).®° A novel small-molecule dye
SYL nanoparticles (SYL NPs) was designed using an opti-
mized DD-A-DD scaffold with 3,4-ethylenedioxythiophene,
dialkylfluorene and diphenylamine as donor units. The
synthesized SYL was applied to photothermal conversion,
the calculated n of SYL NPs was 21.8 %, exhibiting an efficient
photothermal conversion. Further in vitro studies, the re-
sults showed that more than 90 % of cell death was achieved.
In the animal model study, the 808 nm laser irradiation area
has obvious tumor ablation, and in a long-term recording
process, the mouse tumor has been effectively suppressed.
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Figure 3: Photothermal therapy. (a) Schematic illustration of CoFe-LDH PTT procedure. (b) Thermal images of different samples.®” Copyright 2020,
American Chemical Society. (c) Schematical illustration of NIR-driven PTT of SnS,.%? Copyright 2020, Elsevier. (d) Schematic illustration of the synthesis and

PTT of molecular dyes.® Copyright 2019, Royal Society of Chemistry.

Table 2: Summary of nanomaterials with PTT capability.

Sample Photothermal efficiency n Reference
Bi,S3/FeS,@BSA 38.7% %
MnO, 62.4% o
Sn, W05 18.6% 92
NBP@TIO, (933 £5.2)% "
Gd:CuS@BSA 32.3% 7
MoS,/Cuy g5 32.5% %3
Mxenes 30.6 % 8

PTT uses high heat for local tumor ablation to achieve good
results, and high photothermal conversion efficiency is
one of the most sought performance indicators in the
study. Other nanomaterials with photothermal conversion
capability are summarized in Table 2. While photothermal
therapy has demonstrated significant promise in the realm
of tumor treatment, it currently remains confined to
the realms of fundamental and clinical research, with a
notable gap separating it from widespread clinical imple-
mentation. This predicament primarily stems from the ex-
istence of several technical hurdles that necessitate
resolution, including the restricted penetration depth of
laser beams, the precise determination of optimal treatment

temperatures, and the selection of suitable materials for
photothermal conversion reagents.

4.2 Photodynamic strategy

Compared with traditional therapies, PDT has received
increasing attention due to their low systemic toxicity, high
selectivity and minimal invasiveness.” Photodynamic
therapy primarily functions by activating photosensitizers,
which then generate reactive oxygen species (ROS) endowed
with redox activity. These ROS subsequently interact with
cellular components, leading to the disruption of cellular
structures. Typically, the efficacy of antitumor treatment is
positively correlated with the quantity of ROS produced by
the photosensitizer; that is, a greater yield of ROS tends to
yield more robust antitumor outcomes. Johannes Karges
et al. designed a ruthenium (II) polypyridine complex with
(E, E "-4,4-distyrene 2,2-bipyridine ligands for photody-
namic therapy.” The utilization of photosensitizers is con-
strained by several factors, including their inadequate water
solubility, propensity for aggregation, susceptibility to pho-
tobleaching, and sluggish clearance from the body. The re-
sults show impressive photon absorption with a higher
absorption amplitude than has been published to date.
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Although non-toxic in the dark, these compounds are photo-
toxic in a variety of 2D monolayer cells, 3D multicellular tumor
spheres, and are capable of eradicating multidrug-resistant
tumors within mouse models under clinically relevant photon
excitation. Wenxian Du et al. fabricated Ce6/MnOy@HMSNs-
PEG (CMHP) to carry out the theranostic of tumor (Figure 4a).
For the first time, they proposed an intelligent “on/off” strategy
co-anchored by MnOy and Ce6 in MSNs. The multi-functional
therapeutic nanoplatform CMHP exhibits a sensitive longitu-
dinal relaxation signal to overexpressed hydrogen. At the same
time, Mn*" reacted with hydrogen peroxide to produce high-
intensity ROS, which promoted cell death. Rongcheng Han
et al. constructed AUNC@DHLA to perform two-type photonic
excited PDT. The therapeutic effect of the AUNC@DHLA ma-
terial was evaluated by the tumor model in vivo.” As shown in
Figure 4b, compared with the control group, the treatment
group with light and AuUNC@DHLA material injection observed
a significant tumor inhibition effect, providing that
AuNC@DHLA was very effective in inhibiting xenograft tumor
growth. The five mice treated with AUNC@DHLA showed a
more significant reduction in tumor volume compared to the
control group (Figure 4c¢). During the course of nanomaterials-
based therapy, the issue of toxicity remains a significant
concern. To evaluate the potential toxicity of the material,
tissue sections were obtained from mice that had undergone
treatment. The findings revealed no discernible abnormalities
or pathological lesions following treatment with
AuNC@DHLA, suggesting that this therapeutic approach does
not elicit any notable toxic reactions (Figure 4d). PDT stands as
an innovative therapeutic modality that harnesses the syner-
gistic interaction between photosensitizers, specific wave-
lengths of light, and oxygen molecules to selectively eradicate
diseased cells or tissues. Its underlying principle is straight-
forward and well-defined, offering notable advantages such as
high precision and minimal collateral damage during the
treatment process. As technological advancements continue to
unfold and the scope of its applications expands, photody-
namic therapy is poised to assume an even more prominent
role in the treatment of a broader array of medical conditions
in the foreseeable future.

4.3 Sonodynamic strategy

Sonodynamic therapy, a low-intensity ultrasound therapy
combined with acoustic sensitizers, has emerged as a
promising cancer treatment since it was developed in the
late 1980s.'® SDT is similar to the PDT, the difference is that
the stimulation light source is replaced by an ultrasound
device. Compared with PDT, ultrasound has stronger pene-
tration ability and can eliminate deep tumors. Xianwei
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Wang et al. designed TiOy, for SDT.?® To improve the ther-
apeutic response to SDT, a more effective and stable acoustic
sensitizer TiO,,x was designed. Compared with traditional
acoustic sensitized TiO, nanoparticles, TiO,.x, due to the
introduction of oxygen vacancy defects, can act as a defect
trap of ultrasound-induced carrier to inhibit the carrier
reflow recombination, increase the carrier utilization rate,
and thus induce the generation of reactive oxygen species
(ROS) more effectively, showing a stronger SDT effect
(Figure 4e). To further improve the catalytic activity of
traditional TiO,, heterostructures Nb,C/TiO,/BSO-PVP have
also been developed by Xin Guan et al. to enable efficient
SDT. As shown in Figure 4f, the Nb,C nanosheets were
employed as a scaffold to house the TiO, acoustic sensitizer
and L-butylthionine-sulfoxylamine. The findings revealed
that Nb,C/Ti0,/BSO-PVP effectively mitigates ROS consump-
tion by impeding glutathione synthesis. Additionally, it
significantly enhances the efficiency of electron-hole pair
utilization and promotes the separation of electron-hole
pairs within heterogeneous structures, thereby augmenting
ROS production. Wenwen Yue et al. also fabricated nano-
sonosensitizers (HMME/R837@Lip) to perform SDT. The
liposome was used as a carrier to co-encapsulate a sonar
sensitizer (haematoporphyrin monomethyl ether (HMME))
and an immune adjuvant (imiquimod (R837)). As a result, the
as-prepared HMME/R837@Lip enhanced SDT by combining
with anti-PD-L1, and further inducing an anti-tumor
response. This results not only hindered the advancement
of primary tumors but also curtailed the incidence of lung
metastasis. These significant advancements offer profound
insights and guidance for the development of highly effec-
tive SDT nanoplatforms. In contrast to optical therapies, SDT
represents an innovative approach to tumor treatment with
extensive application potential. It leverages the activating
effects of ultrasonic energy and sonosensitizers to dismantle
tumor tissue, offering advantages such as non-invasiveness,
minimal discomfort, reduced side effects, and a broad
spectrum of treatment capabilities.

4.4 Radiosensitizer strategy

Radiation therapy is a form of treatment that uses ionizing
radiation beams applied externally to eradicate tumors.’®
However, radiotherapy technology requires high ionizing
radiation energy to deal with damaged tumor cells, and also
has a killing effect on normal tissues, which may have strong
side effects. In order to reduce the side effects of radio-
therapy, the use of nano radiotherapy sensitizer can reduce
the energy of radiotherapy beam, while increasing the pro-
duction of ROS, so as to achieve good radiotherapy effect.
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Based the purposed mentioned above, Ruyi Zhou et al.
designed Fe,Se,W;5 nanoclusters to carry out the RT.” In
addition to enhancing X-ray deposition to reduce dose,
Fe,Se,Wyg NCs also exhibited catalytic activity in response to
the tumor microenvironment, primarily through GSH
dissipation and Fenton reaction. Under X-ray irradiation,
Fe,Se;Wyg NCs produced a cascade of hydroxyl radicals,
enhances tumor-specific oxidative stress, and not only
selectively ablates local tumors, but also effectively activates
anti-tumor immune responses (Figure 4g). Meanwhile,
Guosheng Song et al. further summarized the application of
nanosensitizers in the radiotherapy process, providing a
reliable perspective for the development of more advanced
nanosensitizers.”® Radiation therapy is an important means
of tumor treatment, which has wide application prospect
and remarkable curative effect. However, before receiving
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ntitumor."* Copyright 2020, Elsevier. (b) Photographs of mice with different
different tissues." Copyright 2019, American Chemical Society. (e) Schematic
I Society. (f) SDT illustration of Nb,C/TiOo/BSO-PVP."” Copyright 2020, Wiley.

treatment, it is necessary to fully understand its principle,
treatment mode, precautions and possible side effects, and
then work hard to alleviate the side effects of radiotherapy,
with the advantages of nanomaterials to reduce side effects.

4.5 Gas strategy

Gas therapy is mainly the use of nanomaterials to deliver or
produce cytotoxic gases under external action, such as car-
bon monoxide, nitric oxide, sulfur dioxide and hydrogen
sulfide etc., for anti-tumor therapy. Carbon monoxide (CO) is
an endogenous gas molecule that has been found to have a
wide range of effects on apoptosis. Direct use of carbon
monoxide is also thought to have a pro-apoptotic effect on
cancer cells while reducing toxicity to normal cells.”® CO is a
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colorless, odorless gas that is known to be toxic and even
deadly in high concentrations. Ying Zhu et al. carried out the
GT by using the CO release under the light irradiation.® They
designed the POBNS-PEG by introducing the intermediate
band for the bismuth nanomaterials, as a sensitive producer
of intracellular CO, it can reduce CO, to CO under red exci-
tation (Figure 5a). In the meantime, the CO generated by
POBNS-PEG has the potential to enhance the efficacy of
chemotherapy while concurrently mitigating the inflamma-
tory responses induced by PTT. When compared to alterna-
tive nanosystems, this standalone, multifunctional
POBNS-PEG system exhibits distinct advantages, including a
straightforward composition, streamlined production pro-
cesses, and heightened biosafety. These findings serve as a
pivotal reference point for the advancement of gas therapy
(GT) nanomaterial systems. Within the realm of gaso-
transmitters, nitric oxide (NO) stands as the pioneering
member, playing a critical role in both physiological and
pathological processes. NO can even engage in reactions with
ROS to yield highly reactive peroxynitrite (ONOO™) molecules
and other reactive nitrogen species (RNS). These reactive
species are believed to be exceptionally potent oxidants,
capable of intensifying cellular damage through the initiation
of free radical-induced peroxidation reactions and augment-
ing the therapeutic impact of ROS on tumor tissues. Never-
theless, given the high reactivity and exceedingly brief half-
life of NO (ranging from 1.5 to 6 min) in buffered solutions or
plasma, the challenge persists in effectively delivering NO
within biological systems and orchestrating the synchronized
release of NO and ROS to generate RNS. Therefore, Jie An et al.
employed the GSNO/Ce6@ZIF8@Cytomembrane to kill tumor
after generating the NO.”’ Firstly, the compound GSNO, which
has the activity of NO production, is linked to the surface of
nanomaterials through chemical coordination, and then
coated with some fluorescent materials for photo-induced
ROS production, and modified by specific tumor cell mem-
branes to improve homologous targeting ability (Figure 5b).
As a result, NO released by GSNO and ROS produced by Ce6
are both triggered by US and react with each other to produce
highly active ONOO™ molecules and other RNS, significantly
enhancing tumor clearance. This effective tumor therapy
approach provides a new strategy for exploring high-
performance antitumor methods.

4.6 Synergistic strategy

Collaborative therapy is a treatment mode formed by the
combination of two or more treatments, which can avoid the
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shortcomings of insufficient combination of single treatment
mode and achieve more efficient tumor treatment. This
treatment mode is also the most widely used and the most
popular treatment program. For instance, PTT/PDT,’ %8104
PTT/RT,'” PTT/PDT/chemo-therapy,®>'®® chemo-therapy/
PDT,'”” chemo-PTT,”*'**"% PTT/RT,"" SDT/GT’ etc. Collab-
orative treatment strategies offer significant advantages in
achieving precise diagnosis and targeted therapy, ultimately
enhancing tumor cell eradication. The localized hyperther-
mia generated by PTT not only directly eliminates tumor
cells through thermal ablation but also improves tumor
tissue oxygenation by disrupting tumor vasculature and
impeding nutrient supply. This, in turn, augments the effi-
cacy of ROS production in PDT, creating a synergistic ther-
apeutic effect. Similarly, the integration of radiotherapy
techniques with SDT can induce tumor vascular normali-
zation, alleviate tumor hypoxia, and amplify radiotherapy
outcomes. Radiotherapy is inherently more effective against
oxygenated cells, yet hypoxic tumor cells in the core regions
often exhibit resistance. Photothermal therapy addresses
this limitation by dilating tumor blood vessels, increasing
oxygen delivery, and thereby sensitizing hypoxic cells to
radiotherapy-induced damage. In summary, the strategic
application of collaborative treatment modalities-such as
photothermal-radiotherapy  combinations—demonstrates
superior efficacy. By leveraging the complementary
strengths of these approaches, clinicians can achieve more
precise disease management and more potent anti-tumor
responses, ultimately advancing patient outcomes.

5 Possible antitumor mechanisms

The tumor microenvironment is an important place for tu-
mor occurrence, development and metastasis. Nano-
materials can play an antitumor role by regulating the tumor
microenvironment. Some nanomaterials can produce cyto-
toxic substances, which can destroy biological macromole-
cules such as DNA, proteins and lipids of tumor cells, leading
to tumor cell apoptosis. In addition, nanomaterials can also
activate apoptosis signaling pathways of tumor cells, such as
mitochondrial pathway, death receptor pathway and endo-
plasmic reticulum stress pathway, so as to induce apoptosis
of tumor cells (Figure 6)."'* Nanomaterials can also activate
the immune system to exert anti-tumor effects. By designing
immunologically stimulating nanomaterials, immune cells
in the tumor microenvironment, such as macrophages,
dendritic cells and natural killer cells (NK cells), can be
activated to enhance their ability to recognize and attack
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tumor cells. In addition, nanomaterials can also act as im-
mune adjuvants to improve the immune effect of vaccines,
thereby inducing a stronger anti-tumor immune response.
Nanomaterials can also be combined with other therapies to
play a synergistic anti-tumor role. For example, nano-
materials can be used as sensitizers for phototherapy, hy-
perthermia or radiotherapy, improving the efficacy of these
treatments. In addition, nanomaterials can also be combined
with chemotherapy drugs, targeted drugs or immuno-
therapy drugs, etc., to form a multi-modal treatment strat-
egy, so as to more comprehensively inhibit tumor growth
and metastasis.

Copyright 2020, Elsevier.

6 Imaging CAs applications
6.1 X-ray CT CAs

CT imaging is a widely used disease diagnosis method in
clinical practice, and the location of the disease and related
anatomical information can be clearly observed through 3D
imaging mode. Although this method can achieve non-
destructive and rapid disease diagnosis, due to its strong
X-ray absorption imaging ability for high-density sub-
stances, it cannot achieve good imaging function for soft
tissues with light density mass, especially for the diagnosis of
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diseases such as blood vessels. Therefore, contrast agents are
needed to enhance the function of contrast imaging and
achieve accurate diagnosis of diseases. At present, small
molecule compounds containing iodine, such as iodohexyl
alcohol and iodoxanol, are used as contrast agents in clinical
practice, which can achieve good imaging function. How-
ever, due to the rapid metabolism of solution with short
circulation time of small molecules, it is not conducive to the
grasp of imaging time, usually requiring large amounts of
injection, and easy to cause renal toxicity. Therefore, in or-
der to solve the disadvantages of clinical contrast agents,
nanomaterials with appropriate scale can extend the cycle
time, and large specific surface area can achieve modifica-
tion and reduce cytotoxicity. Using nanomaterials as CT
contrast agents points out a new direction for the study of
novel CAs. Pratap C. Naha et al. designed CeO, as CAs to
perform CT imaging.>® As shown in Figure 7a, compared to
clinical contrast agents, CeO, nanomaterials can also achieve
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Figure 6: Schematic illustration of possible
antitumor mechanism." Copyright 2023,
Elsevier.

a good enhanced imaging capability, showing a clear gastro-
intestinal profile. It was noteworthy that the CeO, had a longer
retention time in the body after injection, which can be more
convenient to observe the lesion clearly, without strictly con-
trolling the time and large dose of injection, reducing the side
effects of the contrast agent on the body. Maryam Hosseini et al.
used SBBHS to carry out the CT imaging.*®® After intravenous
injection, the results can show enhanced imaging effect. Clin-
ical contrast agents can be metabolized by the kidney due to the
small molecule properties described above, while SBBHs is
basically absorbed and metabolized by the liver. Similarly,
small molecule drugs have a relatively short cycle time and are
quickly metabolized from the body, while nanoparticles have a
longer cycle time and are able to accumulate over a period of
time, a result consistent with most studies (Figure 7b). Impor-
tantly, the use of contrast media can play a more accurate
function in the diagnosis of vascular diseases (Figure 7c), and
provide a reference for making up for the deficiency of clinical
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Figure 7: Nanomaterials for CT imaging. (a) CT imaging of gastrointestinal tract in vivo.>® Copyright 2020, American Chemical Society. (b) CT images of
mice before and after injection of SBBHs CAs.®® Copyright 2020, American Chemical Society. (c) X-ray imaging of vascular system.""® Copyright2020, Royal
Society of Chemistry. (d) T1-weighted MRI images of Gd,03 nanoparticles.3® Copyright 2020, Elsevier. (e) MRI angiography of rat brain."* Copyright 2019,

Royal Society of Chemistry.

angiography. CT contrast agent can optimize the tissue struc-
ture information, so that it can be better diagnosed.

6.2 MRI CAs

Magnetic resonance imaging has great advantages in
detecting soft tissue, which relies on proton relaxation
ability in water to obtain image information. MRI is divided
into two imaging modes, including T1 and T2, generally in
order to clearly obtain more useful tissue information,

usually use contrast media. In most cases, Gd-based contrast
agents are used, which can lead to renal fibrosis and renal
impairment due to the leaching of free Gd** ions from gad-
olinium complexes. In addition, after repeated exposure to
Gd*, gadolinium can accumulate in a patient’s bones and
even brain tissue and remain in these organs for years.*** In
order to solve these problems, the use of nanomaterials for
imaging can effectively reduce toxicity and enhance imag-
ing time. Wen Cai et al. constructed Gd,0; nanoplates for
performing Tl-weighted MRI** The as-prepared Gd,Os
exhibited an average size of 95nm, and the R1 value was



14 —— H.Tian et al.: Review of nanocarriers for biomedical applications

1413 mM s, achieving a stronger MRI capability. As
shown in Figure 7d, a false-color T1-weighted MR Images
before and after injection of Gd,03 clusters and commercial
Gd-DTPA (control group) with SCC-7 xenograft tumor were
recorded on a 9.4T MRI apparatus. It can be seen that the
contrast of tumor areas was significantly enhanced after
injection of Gd,05 cluster. In addition, T2-weighted MR im-
aging also exhibited good tissue information. The safety
concerns of Gd-based drugs have prompted research into
alternative materials, and recently, superparamagnetic
based nanomaterials have been reported to achieve T2
enhanced MR Effects. Lateral (T2) contrast is enhanced by
inducing local magnetic field inhomogeneity, which de-
grades nearby water particles and shortens T2* and T2
relaxation."™ Chongchong Miao et al. constructed dual-
functional Fe,0; CAs for T1/T2 MR imaging® The as-
prepared  Fe,0; CAs achieved a  satisfactory
R1=10.7mM 's-1 and R2 = 38 mM s, indicating an effec-
tive T1/T2-weighted imaging ability. The T1l-weighted
contrast effect of Fe,0; CAs on in angiography was evalu-
ated in vivo. The results showed that the injection dose of
150 mmol Fe/kg can clearly observe the blood vessel images,
even the small blood vessels in the renal artery and the
branches around the pulmonary artery could be well
observed, which fully demonstrated the good angiographic
ability of Fe,05; CAs. Moreover, T2-weighted MRI images of
rabbit popliteal lymph nodes were obtained. The results
showed that the lymph node signal intensity decreased
significantly, suggesting the great potential of Fe,03; CAs as a
bifunctional contrast agent. Importantly, the change of
morphological structure can significantly affect the relaxa-
tion ability of the material, and thus affect the contrast
ability in magnetic resonance imaging.""® Yao Cai et al. pre-
pared good biocompatible iron oxide nanoparticles to ach-
ieve T2 angiographic imaging, providing good guidance for
the diagnosis of vascular diseases (Figure 7e). Other MRI CAs
are studied and shown in Table 3. Although the re-
performance of these nano-contrast agents is better than
that of clinical small molecule contrast agents, their
biosafety is very important, and more attention should be

Table 3: Classification of MRI CAs.

Sample Imaging mode Reference
Fe,05/Mn0, T1/T2 62
Cu-Fe,03 m 34
M-HFn T 14
y-Fe,0; 1 "
Ba,GdF, T 53,118
Fe,0; T2 9
NaGdF, T 120
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paid to the study of biosafety in the subsequent clinical pre-
conversion research.

6.3 Photoacoustic imaging CAs

Photoacoustic imaging operates on the fundamental princi-
ple of the photoacoustic effect. Upon exposure of biological
tissue to a pulsed laser, light-absorbing entities within the
tissue absorb the incident light energy and convert it into
heat, leading to localized temperature elevation and rapid
thermoelastic expansion. When specific thermal and pres-
sure thresholds are attained, this transient elastic thermal
expansion of the tissue generates pressure waves,
commonly referred to as ultrasonic waves or photoacoustic
signals. These photoacoustic signals encode information
pertaining to the optical absorption properties of the tissue.
These signals are received by the ultrasonic detector located
on the surface of the tissue, and after appropriate signal
processing and image reconstruction algorithms, the optical
absorption distribution of the tissue can be reconstructed.'®
Typically, to acquire superior image information, photo-
acoustic contrast agents are employed to augment the
quality of image signals. When utilizing photoacoustic
contrast agents, the pivotal factor to be considered for
achieving optimal imaging outcomes is the photothermal
conversion efficiency, as a high thermal efficiency facilitates
the generation of enhanced signal output. Chengyuan Hong
et al. employed defective BiOCl to carry out a satisfactory PA
imaging."" In this study, the PA signal was enhanced with
imaging time, and the position signal reaching the target was
clearly observed, achieving a good diagnosis of tumor dis-
ease (Figure 8a). At the same time, it also shows that good
thermal efficiency achieves good photoacoustic signal
transmission. Similarly, Yuemei Wang et al. constructed 2D
bismuthene as PA CAs for high-performance diagnosis. The
photoacoustic signal was significantly improved before and
after the use of contrast agent.”® Generally speaking, pho-
toacoustic imaging presents fewer side effects and causes
less damage compared to X-ray imaging. Furthermore,
photoacoustic imaging offers a more user-friendly approach,
thereby facilitating precise diagnosis and effective treat-
ment of tumors.

6.4 Fluorescence imaging CAs

Fluorescence is produced by the interaction of photons and
molecules. Under normal conditions, most molecules are in
the lowest vibration level of the ground state, when excited
by light energy, electrical energy, chemical energy and other
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Figure 8: Different nano-diagnostic models. (a) PA imaging of defective BiOCl as CAs.'*' Copyright 2025, Elsevier. (b) Fluorescence imaging of mice after
injection of nanoparticles with Ce6 loading.’* Copyright 2020, Springer Nature. (c) Schematic illustration of ultrasonic imaging-guided cancer treat-

ment.'? Copyright 2024, American Chemical Society.

energy, the electrons around the nucleus will transition
from the ground state level to the higher energy excited
state (the first or second excited state). The excited elec-
trons are in a high energy state and unstable, and will
release energy back to the ground state in two ways: a
radiative transition in the form of photon release of energy
(including fluorescence and phosphorescence processes),
and a non-radiative transition in the form of energy release
such as heat. Typically, upon excitation, electrons outside
the nucleus transition from the ground state to an excited
state. Subsequently, they rapidly descend to the lowest
vibrational level via a non-radiative transition. From this
level, they return to the ground state, releasing energy in
the form of photon radiation. This emitted light is termed
fluorescence. The theoretical underpinning of fluorescence
imaging lies in the linear correlation between the intensity
of the fluorescence signal emitted by the excited fluores-
cent substance and the quantity of fluorescein present
within a specific range. When the fluorescence probe is
excited by a specific wavelength of light, it will emit a
specific wavelength of fluorescence, and these fluorescence
signals can be captured and recorded by the fluorescence
imaging system. Therefore, in order to achieve good fluo-
rescence imaging, the contrast agent needs to have good
light absorption capacity and luminous efficiency. Most of
the usual fluorescent contrast agents are fluorescent dyes.
Nan Yang et al. employed the Ce6 for fluorescence imaging
(Figure 8b).** In addition to fluorescent dyes, studies
have found that ultra-small quantum dots can achieve
fluorescent luminescence, so they are used as luminous

imaging."®® These studies not only enrich the diagnostic
applications of nanomaterials in cancer therapy, but also
provide guidance for the design of other nanosystems for
cancer therapy. Although fluorescence imaging is rela-
tively safe, the tissue penetration depth of its luminous
efficiency and wavelength still limits its wide application.

6.5 Ultrasonic imaging CAs

Ultrasonic imaging represents a fusion of acoustics, medi-
cine, optics, and electronics. This technology employs ul-
trasonic sound beams to scan the human body, and by
receiving and processing the reflected signals, it generates
images of internal organs. Ultrasonic imaging technology is
constantly evolving, with advantages such as safety and
radiation-free."* The use of ultrasonic contrast agents can
enhance the quality of the images to obtain more informa-
tion. Binbin Chu et al. innovatively designed a nanomaterial
containing ammonium bicarbonate to achieve ultrasound
enhanced imaging.'” Ammonium bicarbonate exists unsta-
ble in acidic environment, releases carbon dioxide by
forming salt substances, and thus achieves the function of
enhancing ultrasonic imaging. The release of carbon dioxide
under laser irradiation can enhance the capture of ultra-
sonic signals and provide methodological support for tumor
diagnosis (Figure 8c). In addition to carbon dioxide as a
contrast signal enhancing gas, nitrogen, hydrogen and oxy-
gen can also be used as CAs."* In summary, the effective
encapsulation of gases using nanomaterials as carriers is



16 —— H.Tian et al.: Review of nanocarriers for biomedical applications

both the key and the foundation for achieving high-quality
ultrasonic imaging.

6.6 Other imaging CAs

In addition to the aforementioned imaging techniques,
which have long served as cornerstones in medical di-
agnostics, several emerging and specialized modalities are
increasingly being leveraged to enhance diagnostic preci-
sion and therapeutic decision-making. Positron Emission
Tomography (PET) using isotopes such as PET,'” for
instance, offers unparalleled insights into metabolic and
functional processes at the molecular level, enabling cli-
nicians to detect early-stage diseases, monitor treatment
responses, and identify recurrence with heightened sensi-
tivity. This non-invasive imaging approach capitalizes on
the biological behavior of radiotracers, which accumulate
preferentially in areas of increased metabolic activity—a
hallmark of many pathologies, including cancers and in-
flammatory disorders. Optical coherence tomography
(0CT),%*'? another cornerstone of high-resolution imaging,
employs near-infrared light to generate cross-sectional
images of biological tissues at micrometer-scale resolu-
tions. Where its ability to resolve subsurface structures in
real time is invaluable. OCT’s capacity to differentiate be-
tween tissue layers, detect microstructural abnormalities,
and guide minimally invasive interventions underscores
its versatility in both diagnostic and therapeutic contexts.
Photoluminescence (PL),"”’ including fluorescence and
phosphorescence techniques, exploits the emission of light
from molecules excited by external energy sources. This
modality is particularly promising in molecular imaging,
where fluorophore-labeled probes can target specific bio-
markers, cells, or tissues, enabling visualization of biolog-
ical processes at the cellular and subcellular levels.
Magnetic particle imaging (MPI)'*® is a relatively novel
technique, and leverages the magnetic properties of
superparamagnetic iron oxide nanoparticles (SPIONS) to
generate high-resolution images of their distribution
within the body. Unlike traditional MRI, MPI offers superior
sensitivity to trace amounts of magnetic nanoparticles,
making it ideal for tracking cell trafficking, monitoring
drug delivery, and imaging vascular processes. Its quanti-
tative capabilities and lack of ionizing radiation further
position MPI as a safe and effective tool for longitudinal
studies and personalized medicine. The integration of these
imaging modalities—each with its unique strengths and
complementary applications—forms the backbone of
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multimodal imaging strategies. By combining anatomical,
functional, and molecular information, clinicians can ach-
ieve a more comprehensive understanding of disease
pathogenesis, progression, and response to therapy. This
synergistic approach not only enhances diagnostic accu-
racy but also facilitates tailored treatment plans, reduces
unnecessary interventions, and improves patient out-
comes. As imaging technologies continue to evolve, their
fusion will undoubtedly play a pivotal role in the future of
precision medicine.

7 Modification strategies for
enhanced therapeutic
applications

In the pursuit of achieving precise optical diagnosis and
treatment, the photothermal conversion efficiency and cat-
alytic performance of nanoscale diagnostic and therapeutic
agents stand as pivotal determinants within photothermal
and photodynamic anti-tumor paradigms. These attributes
directly govern the generation of thermal energy and the
production of reactive species, thereby exerting a substan-
tial influence on anti-tumor efficacy. Consequently,
enhancing light absorption and utilization emerges as a
prerequisite for attaining robust photothermal/photody-
namic anti-tumor capabilities. An ideal nanoscale diagnostic
agent should exhibit superior light absorption and utiliza-
tion efficiency, coupled with high photothermal conversion
efficiency and efficient photoelectron migration capabilities.
Regrettably, many simple nanotherapeutics encounter ob-
stacles such as limited light absorption spectra, suboptimal
light energy conversion rates, and photoelectron recombi-
nation, all of which culminate in diminished optical activity
and subpar diagnostic and therapeutic outcomes. Address-
ing these challenges to effectively augment optical efficiency
and activity remains a formidable endeavor. Below, several
strategic recommendations are proposed to mitigate these
issues.

7.1 Defect construction and heterojunction

The introduction of defects can achieve extended light ab-
sorption capacity and enhance the optical PDT effect by
boosting the separation of electron induced by defective
electron trap.***° At the same time, the existence of defects
of different concentrations can trigger electron relaxation,
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reduce the migration distance of electrons, and cause the
phenomenon of photothermal conversion.**' Chen Dai
et al. designed defective engineering BiOCl for carrying out
PTT.” In this work, they reasonably regulated the oxygen-
defects for enhancing the photothermal conversion effi-
ciency by controlling the ultraviolet irradiation time. As
shown in Figure 9a, the temperature of BiOCl with different
defect concentrations was dramatically increased with the
ultraviolet irradiation time. The temperature of BiOCI can
achieve 65°C after 12h ultraviolet irradiation treatment.
Further, this work provided a valuable insight for exploring
highly efficient PTT candidates by regulating the defective
concentrations. Additionally, oxygen defects can be con-
tained in some oxygen, and oxygen molecules can be
released in the oxygen-poor environment to improve tumor
hypoxia, and then exogenous and endogenous oxygen mol-
ecules are effectively converted into superoxide anions to
enhance the therapeutic effect.** Heterogeneous materials,
serving as a crucial medium for ROS generation, leverage the
interface effect between disparate materials to effectively
integrate light-absorbing materials and catalysts, thereby
forming heterogeneous structures. These structures mark-
edly enhance the efficiency and selectivity of photocatalytic
reactions for ROS production, consequently facilitating

(a)
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potent PDT effects. Moreover, heterogeneous architectures
also play a pivotal role in photothermal catalysis. Through
reasonable material selection and structural design, efficient
light energy absorption and heat energy conversion can be
achieved, so as to improve the efficiency of photothermal
catalysis.**'** It facilitates the coupling of efficient light
absorption with low thermal conductivity, thereby elevating
the irradiation temperature of photothermal materials. This
enhancement aids in driving a greater number of catalytic
reactions, ultimately improving the efficiency of photo-
thermal catalysis. Concurrently, by optimizing the design
and synthesis of heterogeneous structures, higher photo-
thermal conversion efficiency can be achieved, allowing for
the conversion of more light energy into heat energy, which
can be harnessed to drive photothermal therapy PTT. The
heterojunction can construct the insert electric field to
adjust the photoinduced carrier migration efficiency, so that
more carriers can be converted into ROS to enhance the PDT
effect (Figure 9b). Meanwhile, the electrons stimulated by
light irradiation can migrate across the interfaces of nano-
materials, effectively impeding the backflow and recombi-
nation of photogenerated carriers, thereby enhancing the
PDT efficacy. Consequently, the judicious design of hetero-
geneous materials can orchestrate a synergistic effect of
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multiple therapeutic modalities, ultimately yielding more
satisfactory treatment outcomes.

7.2 Morphological effect and facet exposure

There is a close relationship between morphological effect
and light absorption capacity and drug carrying capacity.
For example, ultra-thin structures have the advantages of
large specific surface area, electron limitation, and more
atoms exposed on the surface, allowing for efficient con-
struction of active sites and surface structural modifications
that exhibit different physicochemical properties.”*’*° The
ultra-thin structure allows a short migration distance for the
rapid diffusion of photoexcited carriers from the body to the
surface, thereby inhibiting electron-hole pair recombina-
tion."° Unfortunately, despite the widespread application of
nanomaterials with diverse morphologies in photocatalytic
applications, nanosystems with varying morphological
structures remain understudied in the context of tumor
therapy. Consequently, it is imperative to delve into the
morphological antitumor effects. By finely tuning the facet
exposure of nanomaterials, it is possible to efficiently ach-
ieve satisfactory photodynamic therapy (PDT) outcomes,
while favorable surface exposure can also bolster photo-
thermal conversion efficiency.'*! The structural attributes of
distinct crystal faces vary significantly, encompassing as-
pects such as atomic arrangement, surface density, and the
quantity of active sites, all of which collectively dictate the
catalytic activity of a catalyst for various reactions. Typically,
catalysts with fewer atoms on their crystal surfaces (indi-
cating lower surface density) exhibit a greater number of
active sites, thereby resulting in heightened reaction activ-
ity. Furthermore, different crystal faces may exert an in-
fluence on the PDT activity of nanomaterials, rendering the
investigation of PDT nanomaterials with varying crystal face
exposures of paramount importance. Li et al. demonstrated
that exposure on the surface of anisotropic crystals allows
the directed transfer of photoexcited electrons (e”) and holes
(h"), enabling space charge separation and thus enhancing
photocatalytic activity."** Jingyu Sun et al. designed BiOI
with different exposed facets, such as {001} (BI-001) and {110}
(BI-110) for high-performance antibacterial activity. The
BI-110 can absorb more oxygen and bacteria, resulting in the
production of large singlet oxygen for bacterial elimination
(Figure 9c¢). This research has substantiated the optimization
capabilities of crystal facet engineering in enhancing pho-
tocatalytic activity, thereby playing a pivotal role in aug-
menting photocatalytic performance. These findings further
suggest that substantial efforts can be directed towards facet
engineering to explore efficient avenues for PDT.
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7.3 Ion doping

Ion doping can introduce intermediate impurity levels be-
tween the band gaps, reduce the electron transition distance,
and increase the light absorption capacity.'*® Simulta-
neously, ion doping has the potential to induce lattice
distortion and generate defects through the introduction of
impurity ions, phenomena that can significantly influence
optical properties and may stimulate photothermal conver-
sion processes. Jun Li et al. verified the Zn-doping that can
decrease the bandgap of nanomaterials,®® further
enhancing the light absorption. Of note, the effective dopant
can generate the enhancement of photothermal conversion
(Figure 9d). The potential mechanism underlying photo-
thermal conversion can be attributed to the enhanced elec-
tron relaxation capacity facilitated by a reduction in the
bandgap. This phenomenon bears similarities to the photo-
thermal conversion triggered by defective engineering.
Collectively, the judicious application of effective ion doping
serves as a source of inspiration for augmenting the syner-
gistic effects of PTT and PDT.

8 Conclusion and outlook

In conclusion, this review offers a comprehensive summa-
tion of the recent advancements in the diagnostic and
therapeutic realms of nanomaterials. It emphasizes the
classification and in-depth application of nanomaterials,
thereby establishing a solid foundation for precise diagnosis
and treatment. Significantly, the discourse on augmenting
the therapeutic efficacy of nanomaterials acts as a corner-
stone guide for the development of highly effective nano-
scale theranostic agents. Although nanobiomedical
materials exhibit promising clinical potential, their pro-
gression is hindered by several factors, thereby impeding
their rapid clinical translation and application. To facilitate
the rapid evolution and clinical integration of nano di-
agnostics, several critical issues demand attention:

(D While numerous studies highlight the promising clin-
ical prospects of nanomaterials, there remains a dearth
of comprehensive research on their biological toxicity,
particularly regarding metabolic implications.
Nanomaterials retain high biological activity for a finite
duration post-preparation, but prolonged retention
may lead to particle aggregation or deactivation, a
phenomenon worthy of consideration.

The tumor microenvironment encompasses numerous
factors that can influence the therapeutic efficacy of
solid tumors. Adjusting various parameters within this

I

)
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environment through nanomaterials, such as allevi-
ating tumor hypoxia, reducing tumor pH, and
normalizing tumor blood vessels, requires ongoing
research to ultimately achieve effective anti-tumor
outcomes.

In addition to magnetic fields and light, preclinical
exploration should also encompass microwaves, radio
frequencies, and high-intensity focused ultrasound for
achieving deep tumor therapy.

Efforts should be intensified to develop nanoparticles
featuring suitable surface modifications and optimized
tumor targeting and retention capabilities, thereby
further enhancing tumor specificity and mitigating
immune system damage.
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