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The incidence andmortality of cancer are gradually increasing. The highly invasive
and metastasis of tumor cells increase the difficulty of diagnosis and treatment, so
people pay more and more attention to the diagnosis and treatment of cancer.
Conventional treatment methods, including surgery, radiotherapy and
chemotherapy, are difficult to eliminate tumor cells completely. And the
emergence of nanotechnology has boosted the efficiency of tumor diagnosis
and therapy. Herein, the research progress of nanotechnology used for tumor
diagnosis and treatment is reviewed, and the emerging detection technology and
the application of nanodrugs in clinic are summarized and prospected. The first
part refers to the application of different nanomaterials for imaging in vivo and
detection in vitro, which includes magnetic resonance imaging, fluorescence
imaging, photoacoustic imaging and biomarker detection. The distinctive physical
and chemical advantages of nanomaterials can improve the detection sensitivity
and accuracy to achieve tumor detection in early stage. The second part is about
the nanodrug used in clinic for tumor treatment. Nanomaterials have been widely
used as drug carriers, including the albumin paclitaxel, liposome drugs, mRNA-
LNP, protein nanocages, micelles, membrane nanocomplexes, microspheres
et al., which could improve the drug accumulate in tumor tissue through
enhanced permeability and retention effect to kill tumor cells with high
efficiency. But there are still some challenges to revolutionize traditional tumor
diagnosis and anti-drug resistance based on nanotechnology.
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1 Introduction

Cancer is still considered as a major threat to human health (Lu, 2023). According to
World Health Organization’s estimates, approximately 10 million individuals pass away
globally each year due to cancer. Low income countries and middle-income countries
account for a large proportion, and the incidence rate is rising rapidly (Tavallaii et al., 2023).

According to the investigation, malignant tumors can be detected by physical
examination, which can prevent their further deterioration in a timely manner. Tumor
cells are highly invasive and metastatic, making detection difficult. Most tumor cells are only
discovered at a late stage. So far, several imaging techniques have been used for tumor
diagnosis, such as magnetic resonance imaging (MRI), computed tomography (CT), and
ultrasound imaging (USI). However, these techniques have certain limitations, for example,
the low spatial resolution of CT (Sharma et al., 2023). MRI provides high-resolution
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anatomical images, but its sensitivity is low and tissue penetration is
poor (Montiel Schneider and Lassalle, 2017).

Commonly used treatment methods include chemotherapy,
surgery, and radiation therapy (Liu et al., 2023). Surgical
resection is recognized as the preferred choice for treating solid
tumors. Given the limitations of tumor resection, additional
methods will be used to assist in targeting tumor residues (Khan
et al., 2022). Chemotherapy and radiation therapy are relatively
important treatment methods, but there are also many side effects,
such as toxicity, drug resistance, and a high probability of late
recurrence (Shao et al., 2022; Richardson et al., 2023).

Along with the deep understanding of cancer, more and more
studies have begun to focus on the application of nanotechnology for
tumor theranostic. The application of nanotechnology in diagnostic
and therapeutic applications holds bright prospects. Nanomedicine
can enhance the bioavailability of drugs, reduce side effects and
extend the duration of drug effectiveness in vivo (Teja et al., 2022;
Hu et al., 2023). New nanomedicine is constantly being applied in
the clinic. Nanotechnology has also made new breakthroughs in
cancer diagnosis. Utilizing nanoimaging technology, the sensitivity
can be significantly improved, offering the possibility of early
detection and timely treatment of cancer. Based on the physical
properties of nanomaterials, their applications are becoming more
and more extensive. In the diagnosis and treatment of cancer,
nanotechnology is seen as a more convenient, highly targeted
delivery system with fewer side effects (Gulia et al., 2023). At
present, there are still many potential problems with
nanotechnology in cancer diagnosis and treatment. This paper
reviews the clinical applications of various nanomedicines and
their applications in the field of tumor diagnosis and treatment.

2 Application of nanotechnology in
tumor detection

With the emergence and development of nanotechnology, the
small size advantage of nanocarriers can be used to harnessed to
enable drugs to engage in nano-level interactions with cells, thereby
enhancing the precision of tumor diagnosis (Chen et al., 2023). At
present, nanotechnology has made great progress in vivo imaging
[magnetic resonance imaging (MRI), fluorescence imaging (FI),
photoacoustic imaging (PAI), ultrasound imaging (USI)] and
in vitro detection (exosome).

2.1 Nanomaterials imaging in vivo

In vivo imaging is a powerful strategy in life science research
and medical diagnosis. People could better understand the
occurrence and development of diseases. The technology is
now widely used in the field of oncology. The combination of
imaging technology with nanomaterials has led to new
breakthroughs in magnetic resonance imaging, fluorescence
imaging and photoacoustic imaging.

2.1.1 Magnetic resonance imaging
MRI is one of the most commonly used imaging modalities

for tumors, but its image resolution is low. The use of contrast

agents such as magnetic nanoparticles (MNPs) can effectively
solve this problem. MNPs are nanoscale particles centered on a
magnetic material and encapsulated in a biopolymer core-shell
structure. MNPs has the advantages of both magnetic materials
and nanoparticles. They have the advantages of large surface area,
strong magnetic responsiveness, high adsorption capacity, good
biocompatibility, and easy manipulation by external magnetic
fields (Eivazzadeh-Keihan et al., 2021). In the field of tumor-
imaging, biomolecule-coated small superparamagnetic iron
oxide nanoparticles (SPIOs) and ultramicroscopic
paramagnetic iron oxides (USPIOs) have been widely used as
magnetic resonance imaging contrast agents for cancer imaging
detection. Subsequently, more MNPs for tumor diagnosis have
been explored through ongoing in-depth studies. In a study
conducted by Rezayan et al. (2016), the impact of
nanoparticles used as contrast agents in MRI was explored.
SPIOs were synthesized by co-precipitation method according
to the synthetic route (Figure 1). The nanoparticles that have
undergone modifications exhibit superparamagnetic properties,
and they are well-dispersed and highly stable in water.
Furthermore, studies have demonstrated that iron oxide
nanoparticles modified with amino acids are the most efficient
contrast agents for MRI. In a study performed by Eivazzadeh-
Keihan et al. (2021), MNPs were subjected to modifications using
various materials such as carbon-based nanomaterials, metal
oxide nanoparticles, synthetic and natural polymers,
antibodies, biomolecules, and amphiphilic polymers. The
research highlight that the adsorption mechanism of magnetic
nanoparticles is influenced by their size, surface energy and
charge. Furthermore, the hydrophilicity of magnetic
nanoparticles is a crucial factor in influencing the selectivity
of protein binding and separation processes.

2.1.2 Fluorescence imaging
FI is an important modality for tumor detection. It is an

indispensable instrument in both physiological and pathological
research and drug development. In recent years, nanomaterials have
many applications in FI for tumor detection, such as inorganic
quantum dots (QDs).

QDs refer to be aggregates composed of a certain number of
atoms in a certain way, which can be used to display the distribution
and concentration of biomarkers in tissues. QDs have exceptional
optical characteristics such as high brightness, strong stability and
the ability to perform multiplexing, so they are expected to be a
promising optical detector (Cheng et al., 2021). The surface of QDs
can be modified to enable object localization imaging. Li et al.
(2023d) used a simple strategy to combine Mn: ZnS QDs, and
TEMPO-CNFs to detect different types of biological molecules. The
biosensor is portable and accurate, make it a valuable tool in
fluorescence detection, not only for the targeted substances but
also potentially for other compounds in samples. It is expected to
provide new ideas for environmental monitoring and biomedical
diagnosis.

Carbon quantum dots (CQD) are fluorescent carbon
nanoparticles with promising applications in cell imaging and
bioimaging due to their photoluminescent properties. Through
the use of photobleaching treatment, Huang et al. (2019)
synthesized highly stable fluorescent carbon quantum dots
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(FCQDs) and obtain fluorescence images at different time
intervals. The FCQDs exhibited fluorescence 5 min after
administration and accumulated at the tumor sites after 3 h.
The authors reported that the total accumulation in tumors was
observed at 12 h and this extended the imaging period. The
researchers also found that the FCQDs efficiently accumulated
in tumors, kidneys, and liver based on anatomical images of
mouse organs. However, there was no detection of fluorescent
signal in organs such as the heart, lung, and spleen. Experiments
involving in vivo cell imaging and bioimaging demonstrated that
the FCQDs exhibited excellent bioimaging properties, low
cytotoxicity, and antioxidant activity.

2.1.3 Photoacoustic imaging
PAI is an advanced technology that integrates ultrasound

imaging with optical imaging systems, offering both precise
spatial resolution and enhanced contrast. But the resolution of
photoacoustic imaging is influenced by many factors.
Photoacoustic imaging and gold nanoparticles can be used in
combination to achieve more accurate biomedical imaging. Gold
(Au) is one of the most chemically stable elements, and Au
nanomaterials have good biocompatibility. Gold nanoparticles
(AuNPs) are easily adsorbed on other biomaterials (Li H. et al.,
2022), and the surface is always covered with protectant molecules.
These molecules are used to interact with specific reagents in order

FIGURE 1
Synthesis of Fe3O4-DPA-PEG-COOH.

FIGURE 2
The procedure involved in producing AuNDs-PTX-PLL and its utilization for responsive drug release in chemotherapy applications.
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to generate certain functional groups with special functions. With
this property, AuNPs can be chemically modified and applied to
imaging analysis, tumor detection and other fields. In particular,
surface passivators, such as protein and peptide capped gold
nanoparticles, are widely used for imaging (Shelar et al., 2023).
Wang et al. (2022) constructed a core-shell integrated diagnostic and
therapeutic nano-system of gold nanodots-paclitaxel-polylysine
(AuNDs PTX-PLL) (Figure 2). AuNDs and PTX are encapsulated
in PLL, with a size of around 30 nm to facilitate the enrichment of
nanoparticles in tumors. Besides, AuNDs can be used for PAI. Given
the direct relationship between the concentration of AuNDs and the
imaging effect, it becomes feasible to employ them for quantitative
analysis. For optimal results, an AuNDs concentration of 1–1.5 mg/
mL is recommended, as the signal strength remains relatively
consistent within this range. The utilization of AuNDs enables
non-invasive and real-time monitoring of drug delivery and
release procedures, showcasing their potential for valuable clinical
applications.

PAI has become a research hotspot and researchers need to
develop ideal nanoparticle transport systems to work with this
imaging technology. Indocyanine green (ICG) is a water-soluble
tricarbocyanine dye, which is one of the most commonly used PAI
agents. Thangavel et al. (2022) added dehydrated ethanol to human
serum albumin aqueous solution, and synthesized ICG-PTX
nanoparticles by using a desolvation process. ICG-PTX
nanoparticles are being used to guide drug delivery targeting
CD44-positive non-small cell lung cancer (NSCLC). The size of
the nanoparticle is about 315.24 nm and the PDI is less than 0.3. HA
(hyaluronic acid) -functionalized-ICG-PTX-loaded nanoparticles
had strong PAI average strength signal with nanoparticles excited
by light with a wavelength of 806 nm. The maximum PAI intensity
was obtained with a detection signal depth of about 10 mm.

2.1.4 Ultrasonic imaging
USI involves the transmission and reception of ultrasound

waves, which encounter varying levels of impedance depending
on the tissue they pass through, resulting in different degrees of
transmission and reflection at the boundaries between different
tissues. Examining the reflected signal can provide insights into
the internal structure of bodily tissues.

Lv et al. (2022) created a type of gold-based nanocarriers called
PGMP-siRNA NPs, which were specifically designed to carry small
interfering RNA (siRNA) targeting STAT6, with a particle size of
about 200 nm (Figure 3). In vitro experiments, PGMP-siRNA NPs

had strong absorption of light in the wavelength range of
600–900 nm. It can efficiently transform near-infrared light into
thermal energy and regulated the temperature by controlling the
laser power. In the in vitro contrast-enhanced ultrasound (CEUS)
mode, the PGMP-siRNANPs exhibited remarkable improvement in
echo intensity. It displayed uniform fine point ultrasonic echo, and
the echo was enhanced with the increase of nanocore concentration.
Based on their superior ultrasound imaging performance, in vivo
USI of nanoparticles has been characterized. Tumor sites in PGMP-
siRNANPs-treated mice were significantly enhanced in CEUSmode
compared to the control group. These findings provide further
validation of the potential of nanoparticles in advancing contrast
imaging techniques. Wu et al. (2023) (Figures 4A, B) synthesized a
PDLIM5 siRNA delivery system (MSN-siRNA@PVA (polyvinyl
alcohol) NPs) based on mesoporous silicon dioxide (MSN)
nanobubbles for the treatment of gefitinib resistant NSCLC. The
nanoparticles have an approximate size of around 200 nm. In the
CEUS test, theMSNsiRNA@PVANPs echo enhancement is evident,
showing a uniform fine-dot high echo. MSN-siRNA@PVA NPs was
compared with SonoVue, a commonly used clinical ultrasound
contrast agent, to produce similar contrast enhancement at the
same concentration (Figure 4C). Therefore, nanoparticles have
the potential to be applied in clinical NSCLC diagnosis.

2.2 Biomarker detection with nanomaterials
in vitro

In tumor detection, the conventional approach is to confirm the
diagnosis with a biopsy, which is invasive and costly for the patient.
Exosomes are ideal analytical targets for liquid biopsies because of
the capacity of carrying genetic molecules (Zhang et al., 2021). High
quality, low-cost nanosensors are a promising method for exosome
protein detection. Compared with other methods, exosomes exhibit
excellent performance in biological analysis, including liquid biopsy
(Zhang L. et al., 2022; Li et al., 2023b). Nanosensors are typically
made of metal or semiconductor nanoparticles whose surfaces are
modified with specific biomolecule recognition molecules (e.g.,
antibodies or nucleic acids) that allow them to bind selectively to
the target biomolecule. Kuznetsov et al. (2022) explored a cost-
efficient approach to create fluorescent nanosensors utilizing
semiconductor nanocrystals. The sensor has excellent
photostability and can be used for in vitro diagnosis of c-Met
positive cells. It exhibits high binding efficacy to the target

FIGURE 3
Synthesis of PGMP-siRNA NPs.
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antigen present on the cell surface and can be utilized for molecular
profiling of tumor tissue. The resulting product is expected to be
useful for biomarker visualization. Ganesh et al. (2022) designed a
self-functionalized nanosensor capable of pathologically identifying
metastatic cancer at an early stage and predicting the likelihood of
metastatic cancer onset. By attaining a sensitivity rate of 98%, this
approach successfully meets the requirements for early detection
and prognosis of cancer metastasis through the identification of
metastasis-initiating cells (MIC). It demonstrates a remarkable
specificity of 99.62% in distinguishing MIC within a diverse
population of tumor-initiating cells. Additionally, the predictive
accuracy of the MIC assay as a biomarker for metastasis in
heterogeneous tumor spheres is 84.6%. In general, this technique
is highly relevant for the early identification of metastatic tumors. A
near-infrared fluorescent biosensor called α-Fuc-DCM was created
by Zhang J. et al. (2022) to enable the quick and ratiometric
monitoring of α-L-fucosidase (AFU) activity in cells and mouse
models of hepatocellular carcinoma (HCC). The biosensor was

found to emit light as a result of the effective catalysis of α
L-fucose residues by AFU. The α-Fuc-DCM nanoparticles are a
stable biosensor that can be used for the early detection of
endogenous AFU activity in a mouse model of HCC. Moreover,
the α-Fuc-DCM probe is capable of detecting AFU in serum samples
from patients with HCC. This approach offers an effective means of
detecting AFU activity, which can be beneficial for the timely
diagnosis of HCC.

3 Application of nanotechnology in
tumor treatment

With the development of nanotechnology, nanomaterials have
contributed to the further development of therapeutic tools such as
hormone therapy, radiotherapy, transplantation, targeted therapy
and immunotherapy. The role of nanomaterials in tumor
therapeutic tools can be briefly summarized into two aspects: the

FIGURE 4
(A) Preparation process and antagonistic strategy of siRNA-MSN@PVA NPs. Characterization of MSN-siRNA@PVA nanoparticles. (B) TEM (C) and
SEM images of MSN-siRNA@PVA nanoparticles. (D) In vitro CEUS imaging of MSN-siRNA@PVA nanoparticles and SonoVue.
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first is the direct fabrication of drug molecules into nanoscale
particles to address the poor dispersion and high toxicity of
existing drugs, such as nanocrystalline drugs; second,
nanomaterials are used as drug delivery systems (including
albumin paclitaxel, liposome drugs, mRNA-LNP, protein
nanocages, micelles, membrane nanocomplexes) for drug delivery.

3.1 Drug nanocrystal

In the past few years, an increasing number of scientists have
centered their attention on utilizing targeted and controlled-release
nanotechnology in the therapy of cancer. with nanocrystalline drugs
in the spotlight. Nanocrystals do not require carrier materials. The
system is comprised of submicron particles made entirely from
drugs, which are arranged in a colloidal dispersion, and there are no
limitations on the encapsulation rate. Nanocrystalline drugs often
exist as crystalline dispersed particles, and when in liquid form, they
are known as nanocrystalline suspensions, which can be defined as
nanoparticles made of pure drugs. This is a general formulation
method that can improve the delivery efficiency of hydrophobic
drugs. This method holds great promise in enhancing the
pharmaceutical attributes of active pharmaceutical ingredients
that have poor-solubility in water (Ma et al., 2023).

PTX nanocrystals are based on this property to enhance the poor
water solubility of paclitaxel. Wei et al. (2015) characterized the
saturation solubility, in vitro release, stability, and pharmacokinetic
properties of PTX nanocrystals. Pharmacokinetic and tissue
distribution experiments have shown that PTX nanocrystals can
reduce the side effects of cancer therapies and are a promising
formulation. PTX nanocrystals have different effects when
combined with other drugs. Patel et al. (2014) developed stable
PTX nanocrystals with high solubility and dissolution.
Clarithromycin was used as a double multi-drug resistance gene
cytochrome P450 3A4 inhibitor to enhance PTX penetration and
anti-cancer efficacy, and its therapeutic effect on xenografted solid
tumor mice was studied. The findings revealed that the
nanocrystalline formulation considerably improved the solubility
and permeability of PTX, resulting in enhanced therapeutic
outcomes. At the same time, co-administration with CLM is a
better way to improve the oral bioavailability of taxanes.

Multidrug resistance predisposes to chemotherapy failure, and
the fabrication of nanoparticles of celastrol (CST) is an effective
solution to overcome the challenges posed by multidrug resistance.
The small size and surface modification of nanoparticles of CST can
improve the bioavailability and targeting of the drug while reducing
drug side effects. Xiao et al. (2022) developed dispersed nanodrugs
by directly assembling CST into nanoparticles. The study also
investigated the impact of these CST nanoparticles (CNPs) on
P-glycoprotein (P-gp) inhibition. Results showed that CNPs were
effective in inhibiting P-gp expression and preventing drug efflux by
inducing HSF-1 expression and promoting nuclear translocation of
HSF-1. The study also found that CNPs promoted apoptosis of
newly established doxorubicin (DOX) resistant cell (MCF-7/ADR)
by activating the ROS/ERK/JNK signaling pathway, compared to
free CST. Moreover, CNPs showed significant inhibitory effects on
the proliferation of MCF-7/ADR spheroids, confirming their
potential to reverse drug resistance. These findings demonstrated

that CNPs have the capability to serve as a translational
nanomedicine for addressing drug resistance in cancer treatment.
It has also been investigated to synergistically combine ryanodine
with doxorubicin Nanocrystals carrier-free for better therapeutic
effects through synergistic effects. Through a straightforward and
eco-friendly precipitation approach, Xiao et al. (2018) created
biocompatible nanoparticles (CST/DOX NPs) that do not require
a carrier. The nanoparticles consisted of CST and DOX, two small-
molecule drugs that are used clinically, and were developed to enable
a synergistic combination chemotherapy strategy that can overcome
resistance to DOX. The findings revealed that CST/DOX NPs had a
substantial impact on the water solubility of CST and led to an
enhanced accumulation of the drug in MCF-7/ADR cells by
activating HSF-1 expression and suppressing P-gp expression
through the NF-κB pathway. Additionally, the study discovered
that CST/DOX NPs triggered apoptosis and autophagy in MCF-7/
ADR cells via the ROS/JNK signaling pathway. Furthermore, CST/
DOX NPs exhibited significant accumulation and infiltration
capabilities in MCF-7/ADR multicellular spheroids (MCs) and
had a notable inhibitory effect on MCF-7/ADR MCs. These
findings suggest that CST/DOX NPs have great potential as a
novel and effective strategy for combating DOX resistance in
cancer treatment.

3.2 Nanodrug delivery system

Nanoplatforms can be designed as a vehicle to co-deliver
multiple drugs, facilitating combination therapy to overcome
drug resistance and improve treatment effectiveness (Li et al.,
2023c). Nanocarriers can reduce the toxicity level of a drug and
improve its therapeutic index. It enables the drug to maintain
homeostatic levels for a longer period of time, thus improving
efficacy (Chatterjee and Kumar, 2022). Several nanomedicines are
gradually entering clinical applications, including nucleic acid-based
nanoparticles, polymeric NPs, and classical liposomes (Chatterjee
and Kumar, 2022; Zhang et al., 2023). The subsequent parts will
discuss the significance of albumin paclitaxel, liposomes, mRNA-
LNP, protein nanocages, micelles, Membrane-Nanoparticle
Composites, and microspheres in the process of delivering drugs.

3.2.1 Albumin paclitaxel
PTX (Figure 5A) is a commonly used chemotherapy drug. In

2005, the FDA approved albumin binding paclitaxel for the
treatment of metastatic breast cancer (MBC) (Karthikeyan et al.,
2023). It was later approved in 2012 for the treatment of locally
advanced or metastatic NSCLC, and in 2013 for metastatic
pancreatic cancer (Kundranda and Niu, 2015). Shi et al. (2023)
compared the efficacy of solvent-based paclitaxel, liposomal
paclitaxel, nanoparticle albumin-bound paclitaxel (Nab-P), and
DOX (Figure 5B) in human epidermal growth factor receptor 2
(HER2) positive and HER2 negative breast cancers. It showed that
the group containing Nab-P was the most effective in treating breast
cancer. Nano-albumin-bound paclitaxel (Abraxane) and solvent-
based paclitaxel (i.e., Cre-paclitaxel) have different advantages in
clinical applications (Spada et al., 2021). Albumin-bound paclitaxel
showed a higher response rate and better tolerance in patients with
advanced MBC and NSCLC compared to solvent-based paclitaxel
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(Yardley, 2013). Yoneshima et al. (2021) compared the therapeutic
effects of Nab-P and DOX n patients diagnosed with either
squamous or non-squamous NSCLC. Finally, the objective
remission rate of albumin-bound paclitaxel was notably higher
compared to that of DOX. These findings strongly indicate that
albumin-bound paclitaxel demonstrates remarkable efficacy,
particularly in patients with advanced NSCLC. The utilization of
albumin-bound paclitaxel in the management of advanced NSCLC
was also progressing and advancing clinically. And Spigel et al.
(2021) evaluated maintenance Nab-P for the treatment of advanced
squamous non-epithelial cell lung cancer. A Phase III trial revealed
that the combination of Nab-P and carboplatin provided significant
benefits for a subgroup of patients with advanced squamous NSCLC.
In addition to advanced NSCLC, Nab-P may also have potential
benefit for patients with recurrent small cell lung cancer. The
progress made in nanotechnology has resulted in the utilization
of Nab-P in conjunction with other drugs, with the goal of
augmenting its efficacy. A retrospective analysis conducted by
Koyama et al. (2018) examined the clinicopathological
characteristics of patients who had stage IIIb or IV non-small
cell lung cancer (NSCLC) and received a combination treatment
consisting of Nab-P and carboplatin (CBDCA). Based on the results
of clinical studies, the combination of Nab-P and CBDCA may be
considered as a viable treatment alternative for patients with NSCLC
and malignant pleural effusion. Multi-drug combination therapies
are also emerging. Paglizumab as a targeting antibody modified on
the surface of the nanoparticle, which enveloped the carboplatin and
albumin paclitaxel by Mazieres et al. (2020). The use of this
technique led to a noteworthy enhancement in the overall
survival rate, progression-free survival rate, and objective
response rate among patients who was untreated metastatic
squamous cell carcinoma. The application of paclitaxel combined
with Nab-P for clinical cancer treatment is a very promising method,
but there are some side effects, such as numbness in the hands and
feet, which is one of the more noticeable side effects. The better
application of Nab-P to clinical treatment still needs to be improved.

3.2.2 Liposomal drugs
Liposomes are phospholipid vesicles composed of single or more

concentric lipid bilayer with hydrophobic and hydrophilic cores, are
also the most widely used nanocapsules. The therapeutic function of

liposomal drugs is strongly related to their lipid composition. In
addition, liposomes have been shown to enhance drug dissolution
rates and modulate drug delivery (Andresen and Larsen, 2020;
Khafoor et al., 2023). Polyethylene glycol doxorubicin liposomes
(Doxil) are the first FDA-approved liposomal formulation to form
adriamycin sulfate nanocrystals within liposomes during active drug
loading (Chakravarty and Dalal, 2018). Researchers are working on
the development of novel liposomes, such as long-acting liposomal
drugs, cationic liposomes drugs, immune agents, and
environmentally sensitive liposomes drugs, in order to enhance
drug effectiveness and safety. Modification of empty liposomes
with new materials can further improve the targeting ability and
safety of liposomes and prolong the half-life of liposomes (He and
Tang, 2018). By modifying their surface with hydrophilic polymers,
liposomes as drug delivery systems have the advantage of lower
leakage rates and longer cycle times. de Oliveira Silva et al. (2019)
synthesized long-cycling PH-sensitive folic acid-coated DOX-
supported liposomes (SpHL-DOX-Fol). The efficacy of the
liposome against tumors was evaluated by conducting both
in vitro and in vivo experiments using a 4T1 breast cancer model
(Figure 6). The novel multifunctional nanoplatform demonstrated
significant tumor targeting and antitumor effectiveness both in vitro
and in vivo.

Cationic liposomes have a positive surface charge and, unlike
their electrically neutral and anionic counterparts. Its low
immunogenicity and toxicity, easy quality control and simplicity
of preparation make it a common delivery system (Halevas et al.,
2019). Various therapeutic payloads can be encapsulated with the
help of phospholipid bilayer vesicles of liposome nanoparticles.
Doping antibodies (immune liposomes/ILP) on the bilayer
surface can amplify the active targeting ability of liposomes. By
increasing the affinity for the target cell, the absorption of the drug
by the target cell can be selectively enhanced, the off-target effects on
normal cells can be mitigated, and the drug efflux can be reduced
(Goswami et al., 2022).

The pH-sensitive liposomes are composed of sensitive lipids that
remain stable at physiological pH but are unstable under acidic
conditions. They possess membrane fusion properties and have
attracted attention for achieving rapid drug release in tumor tissue.
This function stimulates reactive drug release and decreases drug
toxicity. Multi-drug resistance is a key factor in the failure of NSCLC

FIGURE 5
(A) Structure of paclitaxel. (B) Structure of doxorubicin.
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treatment. Wang et al. (2021) prepared porous hybrid paclitaxel-
supported liposomes (PPL) containing ambroxol (Ax). It can re-
sensitize resistant tumor cells and increase the retention of the drug
in the lungs. The combined use of PPL and Ax can achieve
outstanding tumor cell killing effect in multiway and multi-
aspect, and has a broad range of applications. Liposomal drugs
do have clear targeting advantages, but there are also drawbacks,
such as the need for sophisticated instruments, high production
costs, short half-lives, and the need for newer and better technology.

As shown in Figure 7A, Etoposide (ETP) is a widely used
chemotherapy agent and eukaryotic topoisomerase II inhibitor. It
breaks down the DNA structure, leading to cytotoxicity (Le et al.,
2023). Cetuximab (CTX) is a monoclonal antibody that binds to
the epidermal growth factor receptor (EGFR), thereby inhibiting
the development of cancer (Baysal et al., 2020). Jha et al. (2020)
used liposomes to encapsulate DNA biopoints (DNA-BD) and
ETP with CTX as a target agent to modify the surface of
nanoparticles. Carboxylated Vitamin-E TPGS (Vit-E TPGS)
liposomes loaded with ETP were prepared using an improved
solvent injection method, and CTX was coupled to the surface of
Vit-E TPGS liposomes by carbodiimide reaction (Figure 7B),

with a binding rate of 75%. The size range of liposomes was
140–190 nm, PDI < 0.3, and pH 5.5 was the optimal pH for ETP
release. CTX-targeted liposomes have shown strong cytotoxic
effects in A549 cells. EGFR-mediated endocytosis enables
liposomes to target lung cancer cells and deliver site-specific
drugs.

Inhalation administration is a common method for the
treatment of lung disease, which reduces the distribution of
chemotherapy drugs in the body and alleviates systemic toxicity.
In addition, inhalation delivery can improve drug pharmacokinetics
and increase drug retention in lungs (Lee et al., 2018). In order to
overcome the insufficient pulmonary drug deposition caused by
conventional drug delivery methods for treating NSCLC, Sarvepalli
et al. (2022) prepared indomethacin liposomes (IND-Lip) by thin
film hydration method. The fine particle fraction of nanoparticles
was 82.5% ± 0.8%. The median mass values of aerodynamic
diameter and geometric standard deviation are 4.3 ± 0.1 µm and
2.3 ± 0.1 µm, in that order. It was shown that the nanoparticles have
good atomization behavior and can efficiently enter the tumor and
deposit. The cytotoxicity of IND-Lip on three NSCLC cell lines
(H460, H1299, and A549) was detected by MTT assay, and the

FIGURE 6
Synthesis of SpHL-DOX-Fol.

FIGURE 7
(A) Structure of Etoposide. (B) Synthesis of liposomes loaded with Etoposide and DNA-BD and coated with Cetuximab.
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results showed that the IC50 value of IND-Lip was 1.5–4 times lower
than that of ordinary IND. The efficacy of IND-Lip was better than
that of ordinary IND. In vitro 3D globular cell administration
experiments, the IND-Lip at 200 µM could reduce the original
tumor volume by approximately 20%.

Gefitinib (GEB) (Figure 8A) is a selective EGFR-tyrosine kinase
inhibitor (EGFR-TKI) (Lai et al., 2019). In light of the severe side
effects of GEB and the limited effectiveness of using single drugs, Hu
et al. (2020) opted to utilize a thin film dispersion method that
incorporated anhydrous ethanol as a lipid solvent to produce
liposomes containing GEB, denoted as GL (Figure 8B). GL has a
particle size of about 190 nm, the PDI is 0.248, and the IC50 value is
29.63 μg/mL. When the ratio of phospholipid to cholesterol was 3,
the highest encapsulation rate of 60.26% was obtained. The drug
release time of GL is about 12 h, and the cumulative release rate
reaches 80%, which indicates that the GL nanocomposite structure
has a certain stability and can effectively prolong the drug action
time. In in vivo anti-cancer model experiments, the GL group
consistently maintained a tumor size of approximately 100 mm3,
which was significantly smaller than that of the PBS group. The
mean tumor weight was 0.066 g in the GL group and 1.167 g in the
PBS group. Nanoparticle liposomal carriers have promising
applications in the treatment of lung cancer.

Bevacizumab (Beb) is an antibody targeting vascular
endothelial growth factor and it is the first-line drug for
metastatic colorectal cancer. As the first drug approved to
target tumor angiogenesis, Beb is also being used to treat
other cancers, including NSCLC and renal cell carcinoma
(Muhsin et al., 2004). Zhang J. et al. (2022) prepared cationic
liposomes containing anticancer drugs Geb and Beb by thin-film
hydration method. The diameter of the nanoparticle is
approximately 160 nm. Dialysis was utilized to evaluate the
release properties of Geb and Beb. According to the in vitro
release kinetics curves obtained in a PBS buffer at pH 5.0 and
pH 7.4, it can be observed that the nanoparticles exhibit a pH-
responsive behavior for the release of Geb and Beb. In addition,
the drug release rate of MnO2-PDA@Lipo@Geb@Beb
nanomaterial is faster in high glutathione (GSH) conditions
than in non-redox conditions, indicating that the
nanoparticles have GSH response properties. MnO2-PDA@
Lipo@Geb@Beb also significantly inhibits tumor blood vessel
formation. The results obtained during experimentation in a
mouse tumor model validated that it displayed a more
pronounced impact in inhibiting the growth of NSCLC cells
compared to the unbound pharmaceutical agent.

3.2.3 mRNA-LNP
Messenger RNA (mRNA) is an emerging and intriguing form of

tumor vaccine that provides antigen delivery and intrinsic immune
activation-mediated co-stimulation in a spatiotemporally
synchronized manner. mRNA vaccines are designed to instruct
cells to express almost all essential proteins in host cells and
tissues. These proteins may have a preventive effect, which play
the therapeutic role in treating multiple diseases (Granados-Riveron
and Aquino-Jarquin, 2021). Lipid nanoparticles (LNP) are simple,
biocompatible, inexpensive, and versatile nanocarriers, which can be
used to design multifunctional nanosystems (Granja et al., 2023).
Initially, researchers used LNP as a vector to encapsulate full-length
mRNA encoding novel coronavirus stinger proteins. Immune cells
are able to recognize and ingest viral mRNA. Protein antigens can be
efficiently expressed by directed mRNA. Tahtinen et al. (2022)
discovered that the RNA and lipid formulation of RNA vaccines
played a crucial role in the induction of interleukin 1 (IL-1) cytokine
production in human immune cells. The IL-1 pathway is known to
be vital for initiating innate signaling in response to RNA vaccines.
Interestingly, specific lipids used in vaccine formulations containing
N1-methylpseudouracil modified RNA unexpectedly increased this
effect, thereby enhancing the activation of toll-like receptor
signaling. These findings highlight the significance of the lipid
component of LNP in stimulating immune responses to mRNA
vaccines.

To achieve effective cancer vaccines, it is essential to generate a
durable and high-quality CD8+ T cell response. Although systematic
vaccination is widely recognized as the most effective strategy, it is
crucial to meticulously adjust the composition of the LNP carrier to
ensure the successful delivery of mRNA to antigen-presenting cells
(Bevers et al., 2022). The delivery of mRNA-encapsulated LNPs to
the lungs is not without its challenges. One of the difficulties is that
the nebulization process of LNPs can subject them to shear stresses
caused by air dispersion, air jets, ultrasound and vibrational nets.
This shear stress can lead to the clustering or leakage of LNPs, which
can disrupt cross-cellular transport and endosomal escape. To
overcome this problem, Miao et al. (2023) optimized the LNP
formulation, nebulization method, and buffer system to keep the
stability of LNPs during nebulization and preserve mRNA efficiency.

As a potential substitute for traditional drugs, mRNA-based
therapies show great promise in cancer treatment. By encoding
inactivated genes, mRNA therapy can restore the function of tumor
suppressor genes that have been deleted or inactivated, thus
inhibiting the growth of tumors that result from such mutations
(Zong et al., 2023). Additionally, mRNA is translated in the

FIGURE 8
(A) Structure of gefitinib. (B) Synthesis of GL.
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cytoplasm, allowing temporal control of immunotherapy. The
benefits of mRNA immunotherapies have made them an
attractive option for clinical applications, including cancer
treatment modalities such as chimeric antigen receptor T cell
(CAR-T) therapy and tumor infiltrating T cell therapy. The use
of LNPs as a delivery platform is particularly promising, as they are
able to efficiently deliver mRNA to T cells while minimizing toxicity
during in vivo transfection (Patel et al., 2022). LNPs can be
engineered to respond to external stimuli, such as the presence of
tumors or the acidic environment of the endosome, thereby
releasing mRNA in a targeted manner. Furthermore, LNPs can
undergo modifications with targeting ligands and other substances
to augment their affinity for overexpressed target proteins, like
HER2 on cancer cells, and facilitate enhanced absorption by the
intended tissue (Wang et al., 2023). The effectiveness of mRNA
delivery through LNPs is heavily influenced by the lipid composition
of the LNP, with the ionizable lipids being the primary determinant
of delivery efficiency (Zeng et al., 2023). Snow et al. (2022) developed
a new minor histocompatibility antigen (mHA) LNP vaccine using
UNC-GRK 4-V as a target. They hypothesized that the vaccine
might induce an antigen-specific immune response. The result
showed that the UNC-GRK 4-V mRNA LNP vaccine based on
ionizable amino lipids (SM-102) could trigger a robust antigen-
specific T cell response. This could be an effective treatment to
reduce the recurrence rate of tumors after allografts. Zeng et al.
(2023) developed a LNP to deliver mRNA to bone marrow dendritic
cells and evaluated its ability to activate T cells. The researchers
confirmed that the LNP proved to be efficient and well-tolerated in
delivering mRNA, demonstrating its exceptional suitability as a
carrier for mRNA vaccines. Four different LNP formulations
were identified, which effectively induced T cell expansion and
cytokine production, and these formulations will be subjected to
additional in vivo investigations as part of the efforts to create cancer
vaccines.

3.2.4 Protein nanocages
Protein nanocages have attracted significant attention in

different areas of nanomedicine owing to their inherent
characteristics, such as biocompatibility, biodegradability, high
structural stability, and easily modifiable surfaces and internal
cavities (Wang and Douglas, 2021). Protein-based nanocages
have great potential as diagnostic systems in cancer treatment.
Protein-based nanocages, with their physiological properties and
bioengineering versatility, make them a promising candidate for
clinical applications. The integration of imaging and therapeutic
functions within ferritin nanocages is currently considered the most
promising and attractive frontier in cancer diagnostic and
therapeutic approaches (Truffi et al., 2016). Nanocages based on
ferritin contain anthracyclines, including adriamycin, which is
widely used in cancer treatment to inhibit cell proliferation by
blocking isomerase 2 (Palombarini et al., 2020). Protein cage
nanoparticles such as ferritin, coated insulin, and virus-like
particles (VLPs) have significant applications in vaccine
development and imaging. These protein-based nanoparticles
offer unique advantages compared to chemically synthesized
nanomaterials as drug or vaccine carriers. They have many
applications in vaccine development, for example, where they can
be efficiently targeted and retained in the lymph nodes. Protein

nanoparticles can enhance the immune response in various ways,
such as facilitating efficient uptake by antigen-presenting cells and
forming multiple connections with B cell receptors, thereby
improving immunogenicity. Li et al. (2021) developed a new
peptide antigen using VLPs from the phage P22 vaccine delivery
system. The peptide antigens were expressed by fusion expression on
the protein fraction of P22 VLPs. The produced vaccine particles
stimulated a significant production of specific antibodies, with titers
reaching 5.0 × 105. These findings suggest that P22 VLPs are vehicles
for delivering peptide antigens in vaccines and present a versatile
and straightforward technology platform for developing
personalized therapeutic oncology vaccines.

3.2.5 Micelles
Micelles are mostly spherical structures formed by association of

amphoteric molecules at specific temperatures and appropriate
concentrations, with particle sizes ranging from 5–100 nm. The
micelle’s center is created by hydrophobic segments of amphoteric
molecules, while the micelle’s outer layer is made up of hydrophilic
fragments (Milovanovic et al., 2017). Many drugs made from
micelles have been applied in clinical (Sun et al., 2018), and
micelles are mostly used to deliver insoluble chemotherapy drugs
in cancer treatment (Ghosh and Biswas, 2021).

Curcumin (Cur) (Figure 9A) is extracted from the rhizome of
Curcuma longa, which contains two O-methylphenols and one β-
Polyphenol compounds of diketones. Curcumin can regulate
various pathways (NF-kB and PI3K/AKT signaling pathways,
etc.) to induce tumor cell apoptosis and improve its sensitivity to
radiotherapy and chemotherapy (Wang L. et al., 2019). Baicalin
(Bai), which is shown in Figure 9B, is a flavonoid that originates
from the root of Scutellaria baicalensis Georgi. Its capacity to
target multiple signal pathways enables it to inhibit various forms
of cancer (Singh et al., 2021). Wang et al. (2019a) synthesized
quercetin-dithiodipropionic acid-oligomeric hyaluronic acid-
mannose-ferulic acid (QHMF), prepared self-assembled
targeting nano micelles (nano Taraxacum) (Figure 10A),
which can simultaneously target to the tumor tissue. In
addition, Taraxacum nanoparticles targeting CD44 receptors
would recruit more nanoparticles at tumor sites. In addition,
Man could specifically bind to CD206, making the nanoparticle
more susceptible to tumor-associated macrophage (TAM)
engulfment. The disulfide bond connected the hydrophobic
part and the hydrophilic part, which can be destroyed by the
excessive concentration of GSH in the tumor microenvironment
(TME), thus releasing Cur/Bai (Figure 10B). The particle size of
nanometer Taraxacum was 121.0 ± 15 nm, and the Zeta potential
was −20.33 ± 4.02 mV. It was easy to enter tumor tissue and could
be released for a long time (Figures 10C, D). Nanotaxacum has
good cell penetration and tumor cytotoxicity with fewer side
effects.

Itraconazole (ITA) (Figure 11A) is a widely used antifungal
drug with strong anti-angiogenic activity, which can affect
multiple angiogenic pathways (Aftab et al., 2011). Zhang et al.
(2018) co-encapsulated PTX and ITA in PEG-PLA (poly lactic
acid) micelles (PIM) (Figure 11B). There were strong
intermolecular interactions between ITA and PTX, so the
micelle stability was high and the critical micelle
concentration was low. It was concluded from in vitro cell
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experiments that PIM enters cells mainly through endocytosis
and could bypass the elevated efflux caused by P-glycoprotein
over-expression. In vitro experiments showed that PIM was

effective in significantly inhibiting PTX-resistant NSCLC.
Meanwhile, ITA acted as a P-glycoprotein inhibitor, blocking
P-glycoprotein-mediated efflux and increasing the cellular

FIGURE 9
(A) Structure of curcumin. (B) Structure of Baicalin.

FIGURE 10
(A) Synthesis of QHMF. (B) Synthesis process of nano-dandelion and schematic diagramof nano-dandelion targeting A549 cells and TAMs. (C) The in
vivo fluorescence imaging of A549 tumor-bearing mice was conducted at various time intervals (2, 4, 8, 12, and 24 h) subsequent to the intravenous
injection of free DiR, QH@DiR, and QHMF@DiR. (Dir: Near-infrared fluorescent dye) (D) Distribution of free DiR, QH@DiR, and QHMF@DiR in the heart,
liver, spleen, lung, kidney, and tumor.
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uptake of PTX. In xenografts obtained from patients with Kras
mutation, orthotopic models, and subcutaneous models of
paclitaxel resistance, PIM was found to significantly suppress
tumor growth.

3.2.6 Membrane-nanoparticle composites
Biological nanocarriers sourced from bacteria, viruses, and

mammalian cells have become a popular area of research due to
their biodegradable nature and specific functions in the body. They
possess the ability to evade immune system attacks, prolong
circulation time, and enhance selective targeting, making them an
attractive option for various applications (Yoo et al., 2011). Biofilms
also have the function of biological self-recognition and signal
transduction. Based on these characteristics, membrane
camouflage nanocarriers with good biocompatibility, targeting,
and long clearance time were developed (Fang et al., 2014; Liu
et al., 2022). Moreover, this method is easy to prepare with lower
cost (Xu et al., 2023).

As shown in Figure 12A, Osimertinib (Osi) is the third-
generation EGFR-TKI used to treat patients with first or second
generation acquired resistance to EGFR-TKI (Hognasbacka et al.,

2023). Xu et al. (2023) prepared the inner core NP@Osi nanoparticles
by nanoprecipitation using polymeric polyphosphoester (PHEP)
(Figure 12B). The cell membranes were extracted from
HCC827 cells and fused with NP@Osi to obtain CMNP@Osi. The
average particle size was 100 nm, the IC50 value was 14.23 nM, while
the release of Osi was not affected by the cell membrane. In vivo
administration of HCC827 xenografted BALB/c nude mice
confirmed that the nanoparticles had good anti-tumor activity
and biocompatibility. Compared to other cell types, CMNP@Osi

exhibited better affinity and stronger targeting of its homologous
cells. Therefore, homologous targeting can be considered as a
specific targeting function of biofilms. At the same time, Osi, as a
targeted drug, has been selectively used for EFGR sensitivity
mutations and T790M resistance mutations. CMNP@Osi

implemented the dual targeting strategy and facilitated the
application of the membrane coating technique.

Over the past few years, the research for immune checkpoint
blocking (ICB) drugs has progressed significantly with the
development of inhibitors targeting programmed cell death
protein 1 (PD-1) and its associated ligand, PD-L1. Although
the use of antibody inhibitors targeting PD-1 or PD-L1 has

FIGURE 11
(A) Structure of Itraconazole. (B) Construction of fluorescent-labeled PEG-PLA and PEG-PLA micelles.

FIGURE 12
(A) Structure of Osimertinib. (B) Synthesis of CMNP@Osi.
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shown effectiveness in the treatment of lung cancer, they are
unfortunately only effective in 10%–30% of patients (Li B. et al.,
2023). Li et al. (2023a) designed TC1 cells (mouse NSCLC cell
line), prepared PD-1 nanovesicles (P-NVs) by extrusion method,
and loaded DOX and 2-deoxy-D-glucose (2-DG) into P-NVs to
obtain PDG-NV for targeted treatment of NSCLC (Figure 13).
The enhancement of tumor targeting capability was achieved by
incorporating PD-1 onto NVs. Moreover, the combination of
efficient loading of 2-DG and DOX exhibited a synergistic
therapeutic effect on NSCLC in both in vitro and in vivo
experiments, leading to significant cytotoxicity on tumor cells.
PDG-NVs were also found to effectively reduce PD-L1
expression in the TME and improve the antitumor immune
response mediated by CD4+ and CD8+ T cells. Thus, PDG-NV
had great therapeutic potential, but this needs to be confirmed by
further clinical trials.

Cisplatin (CDDP) is a platinum complex and is considered one
of the most efficacious chemotherapy drugs for cancer treatment
(Wang and Lippard, 2005). Despite its considerable anticancer
activity, cisplatin’s clinical application is restricted because of its
acquired resistance and severe side effects (Yimit et al., 2019). Liang
et al. (2021) used tannic acid (TA) to chelate Fe-rich metal-organic
framework nanoparticles (MOF) to create MOF/TA. To create
MOF/TA-CDDP-APT (MTCA), they further equipped the MOF/
TA with CDDP and utilized antagonistic DNA aptamers (Apt) that
specifically target PD-L1. The MTCA was further enveloped in the
cancer cell membrane to create M@MTCA. The complex delivered
the contents precisely to the tumor under the acidic conditions of
TME, then released therapeutic substances and iron ions (Fe2+)
reactively with degradation. In addition to chemotherapy, CDDP
can also be used to treat NSCLC through chemodynamic therapy.
The level of H2O2 in the cell was raised by cascade reaction, and
H2O2 was continuously converted to high cytotoxic •OH by Fenton
reaction. Moreover, the nanocomplex was capable of converting
“cold” tumors into “hot” tumors by promoting immunogenic cell

death in tumor cells, which can enhance the therapeutic
effectiveness when combined with ICBs (Apt).

Outer membrane vesicles (OMVs) are phospholipid bilayer
structures with a spherical shape, ranging in size from 20 to
250 nm. These vesicles are generated from the outer membrane
and periplasm of Gram-negative bacteria. They are naturally
released from the bacterial cell envelope during their growth
process (Schwechheimer and Kuehn, 2015). OMVs are engaged
in a diverse array of physiological activities, such as intracellular
and extracellular communication, quorum sensing, and stress
responses. Kuerban et al. (2020) obtained OMV from attenuated
Klebsiella pneumoniae and loaded DOX onto them (DOX-OMV)
(Figure 14). The results of confocal microscopy and in vivo
distribution studies indicated that the DOX-OMV delivery
system effectively delivered DOX to NSCLC A549 cells. DOX-
OMV also demonstrated a powerful cytotoxic effect, resulting in
the triggering of cancerous cell death. When tested on BALB/c
nude mice with A549 tumors, DOX-OMV was observed to
significantly inhibit tumor growth, while being well-tolerated
and exhibiting desirable pharmacokinetic properties. Moreover,
OMVs are immunogenic and can recruit macrophages in TME
causing corresponding immune responses, so they have great
potential in tumor chemical immunotherapy.

3.2.7 Microspheres
Recently, the importance of long-acting implants has been

increasingly recognized due to their unique advantages such as
fewer medication administrations, high patient compliance, and
low toxicity and side effects (Qiu et al., 2022). Biodegradable
polymer microspheres possess the aforementioned advantages.
These microspheres not only exhibit excellent biocompatibility
but can also be prepared as sustained or controlled release
formulations according to needs. Furthermore, their particle size
distribution is narrow, eliminating the need for screening of
improperly sized microspheres in later stages. As a result, this

FIGURE 13
The assembly process of DOX and 2-DG loaded P-NV.
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characteristic reduces raw material waste and lowers preparation
costs. Additionally, microspheres demonstrate good batch-to-batch
reproducibility and repeatable release behavior, showcasing
significant clinical value (Jin et al., 2020). Microsphere
formulations belong to the high-end and complex field of
pharmaceutical development, with a higher threshold. There is
relatively little homogeneous competition in the pharmaceutical
market for such formulations. For most drugs, there is a
significant market capacity and room for growth, making their
commercial prospects vast.

Poly lactic-co-glycolic acid (PLGA) formulations consist of
different types, such as microspheres, in situ gel systems, and
solid implants, and are commonly utilized for controlled and
sustained drug release (Li X. et al., 2022). So far, there are more
than twenty PLGA microsphere-based commercial products
accessible in the market, including Decapeptyl Depot (Anwar
et al., 2023), Lupron Depot, and Eligard (Kapoor et al., 2015).
Sorafenib is a receptor tyrosine kinase inhibitor that can be taken
orally, and it targets multiple receptors. The drug is capable of
suppressing the proliferation of tumor cells, hindering angiogenesis,
and promoting apoptosis of tumor cells. Sorafenib is primarily
utilized to treat advanced renal cell carcinoma. Li et al. (2020)

used a double-emulsion solvent diffusion method to encapsulate
sorafenib (SOR) and catalase (CAT) into PLGA microspheres,
forming SOR-CAT-PLGA microspheres (SOR-CAT-PLGA MSs).
The size of these microspheres is approximately 73.5 ± 8.3 μm, with
encapsulation efficiencies of 68.7% ± 1.9% for SOR and 76.5% ±
2.3% for CAT. The combined application of SOR and CAT
demonstrates a significant synergistic effect in promoting cancer
cell apoptosis while causing minimal damage to surrounding normal
cells. During in vivo experiments, SOR-CAT-PLGA microspheres
were found to fill tumor blood vessels effectively, impede
neovascularization, and result in the shrinkage of tumor volume
or prompt necrosis in rabbits. Moreover, these microspheres also
downregulate the expression of PD-L1, suppress CD8+ T cell
apoptosis, and elevate IFN-γ levels. Therefore, the combined use
of SOR and CAT may be an effective treatment method for liver
cancer.

Porous microspheres (pMS) possess a large specific surface area
and excellent adsorption performance, with interconnected inner
and outer channels. pMS have broad application prospects in gastric
retention drug delivery, pulmonary targeting drug delivery, high-
speed chromatography, tissue regeneration scaffold development,
and serving as carriers for biopharmaceuticals (Ghosh Dastidar

FIGURE 14
Overview of the anti-NSCLC effects of DOX-OMV. In vitro, DOX in OMV is delivered into A549 cells, resulting in strong cytotoxicity and apoptosis. In
vivo, OMV also induces the recruitment of macrophages in tumor microwells.
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et al., 2018). Due to the low density and light weight of pMS, Yang
et al. (2019) designed a dry powder inhalation drug delivery system
based on pMS for treating EGFR TKI-resistant NSCLC. They loaded
AFT lipid nanoparticles (AFT-SLN) and PTX into PLGA-pMS,
creating AFT-SLN-PTX-pMS. This microsphere complex
exhibited two distinct drug release phases, with PTX releasing
faster than AFT. The aerodynamic properties of AFT-SLN-PTX-
pMS were found to be favorable, with an MMAD value of about
3.25 µm, indicating successful deposition in the alveolar region of
the lungs. According to pharmacokinetic parameters, both drugs
maintained high concentrations within 96 h and were
predominantly concentrated in the lungs. Additionally, the
combination of the two drugs showed synergistic effects, with
PTX significantly enhancing the cancer cell growth inhibitory
effect of AFT. Moreover, AFT’s sustained release inhibited cancer
cell migration. These results suggest that AFT-SLN-PTX-pMS can
evade phagocytic cells and achieve prolonged retention in the lungs.
This drug delivery system demonstrates passive lung targeting
characteristics, enhancing tumor killing efficacy while reducing
systemic side effects.

Tumor treatment is a long-term process, and direct injection of
drugs into the tumor presents a promising approach. Some drugs
have been attempted to be administered directly into tumor tissues.
However, these drugs have poor retention at the administration site
and may leak out of the tumor within a few hours. This significantly
affects drug efficacy and may increase systemic toxicity of the
medication (Nakajima et al., 2000; Wang et al., 2003; Muñoz
et al., 2021). Drug depot technology may be a potential approach
to address these issues. Drugs diffuse and gradually release within a
polymer matrix, (such as PLA or PLGA). However, the stability of
sensitive drugs may be impacted by the properties of the polymer
matrix, including its hydrophobic nature, internal pH, and reactive
functional groups (Lessmann et al., 2023). Thermosensitive hydrogel
is a drug delivery system whose physical state changes with
temperature. By enhancing the adhesiveness of drugs to the
affected area and prolonging local residence time, thermosensitive
hydrogels can effectively improve drug bioavailability (Fan et al.,
2022). Gel solutions undergo a phase transition with changes in
environmental temperature and quickly solidify to block blood
vessels, thereby cutting off the blood supply to tumors.
Additionally, it can effectively address issues of embolism caused
by non-uniform sizes of lipids and microspheres. Compared to
common tumor treatment approaches, thermosensitive hydrogels
can serve as drug depots for controlled release of drugs and targeted
delivery into tumor tissues. The irregular shape of the affected area
in tumor treatment poses challenges for drug administration,
making thermosensitive hydrogels an ideal drug carrier (Ma and
Yan, 2021).

Yu et al. (2019) utilized a modified double emulsion-solvent
evaporation technique to fabricate microspheres of losartan
potassium (LP MSs), with gelatin serving as the inner phase.
These microspheres were then combined with cisplatin-loaded
nanoparticles (CDDP NPs) made of poly (α-L-glutamate) grafted
polyethylene glycol mono methyl ether (PLG-gmPEG). The
microspheres and CDDP NPs were then dissolved in a
temperature-responsive hydrogel, which could prevent drug
leakage from the needle hole and greatly improve the drug
retention time in the tumor. In in vivo experiments, LP MSs/

CDDP NPs gel was found to effectively suppress tumor growth,
decrease tumor volume, and caused no damage to the surrounding
muscle tissue. This microsphere-gel composite has practical
significance for the treatment of solid tumors. Tan et al. (2021)
developed an injectable platform (Cur-MP/IR820 gel) for the
treatment of osteosarcoma and the regeneration of bone tissue,
which consisted of a composite methylcellulose hydrogel containing
Cur microspheres and IR820. In in vitro experiments, after laser
irradiation and heating, Cur was released rapidly, and the
cytotoxicity against tumor cells was significantly higher than in
other groups. Then, the mice in the group that received laser
irradiation and were given Cur-MP/IR820 experienced high
temperatures (approximately 51°C) at the tumor site, leading to
tumor elimination. Subsequently, the platform continued to release
Cur, killing the remaining cancer cells and promoting the
differentiation of mesenchymal stem cells into osteoblasts and
calcium deposition. The Cur-MP/IR820 hydrogel platform offers
a promising avenue for the treatment of bone tumors and the
regeneration of bone tissue, thereby providing a source of
inspiration for future research in this area.

4 Conclusion

The development of nanotechnology has provided an excellent
platform for tumor diagnosis, tumor cell imaging, early prevention
and targeted therapy. The introduction of nanomaterials has
provided novel functional technologies for the early diagnosis
and treatment of major diseases such as cancer. In this paper, we
have summarized the progress of nanotechnology in the early
diagnosis of tumors, including the development status of
nanomaterials for in vivo imaging and in vitro imaging
techniques. The challenges and future directions of nanoprobe
technology in image-guided oncology diagnostics are discussed,
as well as the prospects for the development of biosensors for
high sensitivity detection of tumor biomarkers. They have their
advantages, such as magnetic nanoparticles that can be used as
medical contrast agents for increased sensitivity, nanocrystalline
QDs with high stability, and gold nanoparticles with low toxicity.
These nanoparticles enable ultra-fast, highly sensitive and highly
selective detection and diagnosis. At the same time, however, these
tumor detection techniques suffer from several drawbacks, such as
the large amount of residual nanoprobes in the body, and the
possibility of cell death, oxidative stress and inflammation,
among other side effects, due to too long residence time.

Conventional cancer therapies, targeted therapies and
immunotherapies all come with their own set of limitations,
including resistance, systemic toxicity and rapid elimination rates.
New modalities of cancer treatment may be combined with
nanotechnology to alter the status of treatment with excessive
systemic chemotherapy. There is a growing clinical focus on the
application of nanotechnology with targeted and slow-release
properties to conventional oncology treatments, with
nanomedicine being the leading candidate.

Nanomedicines for the treatment of tumors are generally natural
nanomedicines, polymeric nanodrug carriers, and nanoliposomes.
The emergence of emerging Nab-P, mRNA-LNP, protein
nanocages, micelles, membrane-nanoparticle composites and
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microspheres has solved many problems in clinical cancer
prevention and treatment. Nevertheless, there exist certain
obstacles in the practical implementation of these nanomedicines
in clinical settings. The instability of the phospholipid component of
liposomal drugs has hampered the translation of liposomal research
into clinical practice for more than 50 years. The emergence of
mRNA-LNP has represented a significant advancement in cancer
prevention, yet there is still ample scope for enhancing LNP
effectiveness. This can be accomplished through the refinement
of lipid composition and customizing LNPs to cater to specific
objectives. Cell membrane-coated biomimetic nanoparticles have
shown great potential for cancer targeted therapies due to their
superior molecular identification specificity and cancer cell
targeting. However, there is still a lack of key indicators that can
assess the quality of these bio-inspired nanoparticles and the
resulting therapeutic effects. Additionally, only a few of these
nanoparticles have received clinical approval due to their toxicity,
immunogenicity and reticuloendothelial system isolation.
Microsphere formulations are a type of sustained-release drug
delivery system that can stably release drugs over a prolonged
period. They are mainly used for diseases that require frequent
dosing, such as cancer and psychiatric disorders. This drug delivery
system can significantly improve the bioavailability of drugs and
patient compliance. However, the development and production of
microsphere formulations are challenging, and there are high
barriers to entry in the industry. Therefore, it is necessary to
accelerate the development of corresponding technologies. There
is no denying that nanotechnology will play an important role in the
future of medicine, but there are many aspects of nanotechnology
that are not yet perfect. For nanotechnology to benefit humanity,
further exploration by relevant researchers is needed.
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