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Abstract: This study explores the mechanism of nanotechnology-based targeted drug delivery
in cancer treatment, particularly focusing on the preparation and application of nanodrugs for
specific types of cancer. The article first analyzes the physicochemical properties and drug
delivery advantages of common carriers such as liposomes, gold nanoparticles, and
polysaccharide nanoparticles. It then discusses the classification, preparation, and application
of nanoparticle-based delivery systems and nanoemulsion-based delivery systems. Following
this, the drug delivery mechanisms of nanodelivery systems are examined, particularly how
pH, temperature, light, or magnetic field-responsive nanodelivery systems enable targeted
release. Furthermore, this paper focuses on the compatibility of combined drugs, the stability
of the mixture, and potential toxic side effects. Finally, while enhancing the therapeutic
efficiency of drugs, nanotechnology-based targeted drug delivery systems offer new
approaches for personalized cancer treatment and provide a theoretical foundation and
reference for the future development of such systems.
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1. Introduction

Cancer is one of the leading causes of death worldwide. According to a report by the World Health
Organization (WHO), the number of deaths caused by cancer has been increasing annually. China is
currently undergoing a transitional phase in cancer, with both the mortality and incidence rates
approaching those of developed countries [1]. Although traditional treatment methods, such as
surgery, radiotherapy, and chemotherapy, have delayed tumor growth to some extent, their general
shortcomings include a lack of selectivity, often leading to severe side effects and reduced quality of
life for patients. In response to these issues, scientists are dedicated to developing more precise and
efficient treatment strategies, with nanotechnology-based targeted drug delivery systems gradually
becoming a research focus in the field of cancer treatment.

Nanomedicine-based targeted delivery systems are drug delivery technologies based on
nanomaterials, with the core principle being the use of the properties of nanoparticles to achieve drug
accumulation at tumor sites while reducing drug distribution in healthy tissues. This system relies on
the Enhanced Permeation and Retention (EPR) effect, which allows drugs to enter cancer cells
through the highly permeable blood vessels in the tumor region, while avoiding uptake by normal
cells [2]. For example, carriers such as liposomes [3] and polysaccharide nanoparticles not only
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improve the solubility and stability of drugs but also achieve active targeted delivery through surface
modification [4].

In recent years, with the deepening research into the cancer microenvironment, environment-
responsive nanotechnology systems have become a hot topic of study. These systems can respond to
the local acidic environment of cancer cells, temperature changes, or external magnetic field stimuli,
enabling directional drug release. For example, research by Li Kunzhao and others has shown that
gold nanoparticles (AuNPs) can be used not only for photodynamic therapy but also for triggering
drug release through external light exposure, thus reducing damage to healthy tissues [5]. However,
most existing research focuses on single-response systems, and the development of multi-responsive
systems remains to be explored.

The complexity of cancer necessitates a combined drug treatment strategy, which also places
higher demands on the drug compatibility and toxic side effects of nanotechnology systems. Current
research lacks sufficient understanding of the long-term stability of multi-drug delivery systems and
the potential side effects of mixing drugs. This paper aims to summarize the recent advancements in
nanomedicine-based targeted drug delivery systems and explore their application in combined drug
therapy. The focus will be on drug compatibility, stability after mixing, and toxic side effects, with
the goal of addressing the shortcomings of current systems and improving the precision and
effectiveness of cancer treatment. Furthermore, this paper also discusses the preparation processes of
various nanocarriers and their applications in the treatment of multiple types of cancer, providing
theoretical foundations and references for the development of more efficient targeted delivery
systems.

2.  Basic Concept of Liposomes
2.1. Definition and Composition.

Liposomes are spherical lipid vesicles composed of one or more lipid bilayers (with a typical diameter
range of 50—-500 nm). They result from the emulsification of natural or synthetic lipids in an aqueous
medium (see Figure 1) [6, 7].
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Figure 1: Schematic Diagram of Liposomes

2.2. Advantages of Liposomes in Anticancer Drug Delivery.

Liposomes are widely used as carriers in nanomedicine primarily due to their biocompatibility,
stability, ease of synthesis, high drug-loading efficiency [8, 9], high bioavailability [10], and the
safety of excipients used in these formulations [11].

Based on their structure, liposomes are categorized into four types according to the size and
number of bilayers: small unilamellar vesicles (SUV), large unilamellar vesicles (LUV),
multilamellar vesicles (MLV), and multivesicular vesicles (MVV). Liposomes have a single lipid
bilayer in unilamellar structures, whereas they possess an onion-like structure in multilamellar forms.
MVVs form multilayer arrangements with concentric phospholipid spheres, as many unilamellar
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vesicles are generated within larger liposomes [12]. The encapsulation efficiency of liposomes
increases with the size of the liposome, whereas for hydrophilic compounds, the encapsulation
efficiency decreases as the number of bilayers increases [13]. The size of the vesicle is a key factor
in controlling the circulation half-life of liposomes. Both the size and the number of bilayers affect
the amount of encapsulated drug.

3.  Research Progress on Liposomes
3.1. Development of Novel Liposome Materials.

Liposomes can be categorized into conventional liposomes, charged liposomes, stealth stable
liposomes, active-targeting liposomes, stimulus-responsive liposomes, and bubble liposomes,
depending on their composition and application. In recent years, scientists have also developed novel
liposomes for clinical use, including long-circulating liposomes, precursor liposomes, and polymeric
membrane liposomes [14].

3.2. Liposome Surface Modification and Functionalization.

Common strategies for liposome surface modification are divided into active-targeting carriers and
passive-targeting formulations. Active-targeting carriers functionalize the surface of liposomes with
corresponding ligands based on tumor-specific markers, including peptides, antibodies, aptamers,
small molecules, and other types of liposomes. In contrast, passive-targeting formulations are
represented by traditional liposomes and long-circulating liposomes [15].

4. Nanoparticle Delivery Systems
4.1. Classification of Nanoparticles

Nanoparticle delivery systems can be divided into inorganic nanoparticles and organic nanoparticles.
Inorganic nanoparticles include gold nanoparticles and mesoporous silica nanoparticles, while
organic nanoparticles include protein nanoparticles, polysaccharide nanoparticles, and composite
nanoparticles.

1)  Gold Nanoparticles (AuNPs) (see Figure 2): AuNPs can be modified with different chemical
groups due to their unique surface properties, allowing for targeted release in tumor tissues. Currently,
scientists have developed spherical, shell-like, star-shaped, cage-like, flower-like, and linear gold
nanoparticles. Compared to traditional anticancer drug carriers, AuNPs offer advantages such as high
stability, high permeability, improved drug solubility, and targeted drug delivery. These can be
applied in clinical chemotherapy, photothermal therapy, photodynamic therapy, immunotherapy, and
gene therapy [5].

Figure 2: TEM Image of Gold Nanoparticles
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2)  Mesoporous Silica Nanoparticles (MSNs): MSNs possess a unique mesoporous structure,
good biocompatibility, non-toxicity, high drug-loading capacity, and can control drug release for
targeted delivery. Therefore, they have gained significant attention from scholars in the biomedical
field in recent years. MSNs can be functionalized with targeting peptides, stimulus-responsive
peptides, or multifunctional chimeric peptides (see Figure 3), enabling their application in
immunotherapy and other clinical scenarios. In addition, researchers have functionalized MSNs with
antibodies or nucleic acid aptamers for tumor-targeted therapy [16].
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Figure 3: Molecular Modification of Mesoporous Silica for Nanodelivery Systems

3) Protein Nanoparticles (PNP): PNPs exhibit high biocompatibility, low immunogenicity,
multifunctionality, and degradability. In the field of tumor drug delivery, protein nanoparticles can
form complexes with drugs, targeting tumor sites, extending the drug’s circulation time in the body,
improving drug development properties, reducing toxicity, and enhancing solubility [17].

4)  Polysaccharide Nanoparticles: Polysaccharide nanoparticles have low toxicity and high
safety. They can enhance the body’s immune response and increase the bioavailability of anticancer
drugs, promote tumor cell apoptosis, and reduce the damage of anticancer drugs to normal cells.
Natural polysaccharides play roles in reducing drug toxicity, regulating the tumor microenvironment,
improving drug targeting, enhancing immune modulation for better therapeutic effects, and serving
as drug delivery carriers [4].

5) Solid Lipid Nanoparticles: Solid lipid nanoparticles are an emerging protein delivery
nanotechnology with good biodegradability and biocompatibility. Compared to liposomes, solid lipid
nanoparticles are more stable for biological applications [18].

4.2. Preparation and Application of Nanoparticles

Regarding the preparation and application of nanoparticles, the mainstream methods include solvent
precipitation, pH-shift methods, and solvent evaporation.

Solvent Precipitation is a commonly used technique for preparing nanoparticles. Its principle is
based on the differences in distribution coefficients of substances between the solvent and the
antisolvent. By adding an insoluble or slightly soluble liquid (antisolvent) to the solution of the target
substance, the solubility of the solute in the solution is altered, leading to supersaturation and the
precipitation of the solute to form nanoparticles or precipitates [19]. For example, Yin et al. used this
method to prepare zein nanoparticles [20].

pH-Shift Method involves adjusting the pH of the reaction system to alter the ionic or molecular
state of substances in the solution, thereby influencing the nucleation and growth of nanoparticles.
Changes in pH can affect the solubility of reactants, reaction rates, and the stability of products, thus
controlling the morphology and size of the nanoparticles.

Solvent Evaporation involves evaporating a solution containing a dissolved solute. As the solvent
gradually evaporates, the concentration of the solute increases. When it reaches a supersaturated state,
the solute molecules aggregate, nucleate, and grow into nanoparticles. During this process, the size,
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morphology, and dispersion of the nanoparticles can be controlled by adjusting the evaporation
conditions. For example, Wang Weiguang et al. used the solvent evaporation method to prepare novel
nanoparticles loaded with disulfiram [21].

5. Nanoemulsion Delivery System
5.1. Basic Concept of Nanoemulsion

Nanoemulsion is a type of kinetically stable colloidal system formed by two immiscible liquids, in
which spherical droplets of one liquid are surrounded by another liquid, forming a continuous phase.
The average particle size of nanoemulsions is less than 200 nm, and based on their stability and
droplet size, nanoemulsions differ from traditional emulsions and microemulsions, among other types
of emulsions [22]. Nanoemulsions can be classified into oil-in-water (O/W), water-in-oil (W/O), and
double continuous phase (W/O/W or O/W/O) nanoemulsions [23], with the dispersing phase used as
the distinguishing factor.

Compared with traditional emulsions, nanoemulsions have advantages such as kinetic stability
[24], optical transparency [25], stability against gravity separation, high chemical reactivity, and a
larger emulsifying layer [26]. When used as a drug delivery system, nanoemulsions also offer
functions such as increasing the bioavailability of drug molecules [27], enhancing drug stability [28],
and improving the solubility of poorly soluble drugs [29].

5.2. Preparation Methods of Nanoemulsions

The preparation methods for nanoemulsions are generally categorized into high-energy
emulsification methods and low-energy emulsification methods based on the energy input used. High-
energy emulsification methods include high-speed shear stirring and high-pressure homogenization,
while low-energy emulsification methods include spontaneous emulsification and phase transition
component methods [30].

1)  High-speed shear stirring is a commonly used high-energy physical method for preparing
nanoemulsions. A high-speed rotating stirrer generates a strong shear force in the liquid, allowing the
oil phase and water phase to mix thoroughly, ultimately forming a nano-sized oil droplet dispersion
system [31]. This method is simple to operate, fast, and pollution-free, making it suitable for small-
scale production of nanoemulsions.

2)  High-pressure homogenization is a commonly used high-energy technique for preparing
nanoemulsions. It utilizes high pressure to force the initial emulsion through a narrow nozzle,
generating intense shear force, collisions, and vortex effects, dispersing larger oil droplets into the
nanoscale to form a stable nanoemulsion. This method offers advantages such as ease of operation,
small particle size of the resulting sample, and good stability [32].

3)  Spontaneous emulsification does not require external mechanical energy input; it relies on
the physicochemical properties of the system components, especially the self-assembly and diffusion
behavior of surfactants, to form a stable nanoemulsion. This method is relatively simple to use in
preparing nanoemulsions, consumes less energy, and is particularly suitable for applications that
require gentle preparation conditions [33]. It has advantages such as simple processing, mild
conditions, and improved loading capacity.

4)  The phase transition component method induces phase transitions between the oil phase and
water phase by adjusting the ratios of the oil phase, water phase, and surfactant in the system, thereby
forming a stable nanoemulsion. This method is suitable for a variety of systems, energy-efficient, and
mild in condition [34]. For example, Zheng Xiaoyang [34] et al. used nanoemulsion technology to
prepare sunscreen agents.
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6. Targeted Delivery Mechanism of Nano Delivery Systems
6.1. Passive Targeted Delivery

Passive targeted delivery refers to the accumulation and retention of drugs in specific tissues through
the physicochemical properties of nanoparticles (such as particle size, shape, and surface
characteristics) and the unique physiological and pathological features of the target site (such as
increased vascular permeability and imperfect lymphatic drainage), without relying on molecular-
level targeting recognition mechanisms [35]. In cancer treatment, passive targeted delivery can
enhance the therapeutic efficiency of drugs and reduce toxicity to normal tissues. Currently, passive
targeted delivery has become a relatively mature method applied in research. Rajan et al. [36] used
this technology to target curcumin delivery to the human colon to inhibit cancer cell proliferation;
Zhang et al. [37] utilized chitosan nanoparticles for passive targeted delivery of curcumin to human
colorectal cancer cells to suppress cell proliferation.

6.2. Active Targeted Delivery

Active targeted delivery refers to the modification of nanoparticles’ surfaces with specific targeting
molecules (such as antibodies, ligands, peptides, sugars, or small molecule drugs), enabling them to
bind to specific receptors or antigens on the surface of target cells or tissues, thereby achieving precise
drug delivery. This method utilizes the specificity of molecular recognition mechanisms, allowing
nanoparticles to actively locate and selectively accumulate in cancerous cells [38]. Active targeted
delivery can significantly increase the drug’s concentration at the target site, enhance therapeutic
effects, and reduce toxicity to normal tissues. Therefore, active targeted delivery has become one of
the research hotspots in the field of drug delivery in recent years. Wang et al. [39] used hyaluronic
acid-modified ribonuclease A (RNase A) to create nanoparticles that significantly increased the
uptake of RNase A by lung cancer cells.

6.3. Environment-Responsive Targeted Delivery

Environment-responsive targeted delivery refers to the design of nanoparticles that can respond to
specific pathological or physiological microenvironments (such as acidity, redox state, enzyme
activity, temperature, or external stimuli like light, electromagnetic fields, etc.), triggering drug
release or altering their distribution behavior in the body. This targeted delivery method utilizes the
differences in the microenvironments of cancerous regions and normal tissues, enabling the
nanoparticles to release drugs at specific sites and reduce toxicity to normal tissues [40]. Fang
Xueyang et al. [41] designed multifunctional targeted nano-selenium particles, using environment-
responsive targeted delivery to transport baicalin to liver cancer cells for treatment.

7.  Biocompatibility of Nano Delivery Systems

The potential of nano delivery systems in drug delivery has attracted extensive attention, but their
biocompatibility remains a major obstacle to clinical application. The toxic side effects of
nanocarriers and the metabolic and clearance pathways of nano drugs are core considerations in
ensuring their safety.

7.1. Toxic Side Effects of Nanocarriers

Currently, the toxic side effects of nanocarriers are still a key issue in evaluating their biocompatibility.
The chemical composition, surface properties, size, and shape of nanomaterials can cause cytotoxicity
or inflammatory responses. Studies have shown that certain metal nanoparticles, such as silver
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nanoparticles, generate reactive oxygen species (ROS), which can lead to cell damage and DNA
mutations [42]. Even organic nanomaterials can induce toxic reactions. For instance, Lee et al. found
in their study on lipid nanoparticles (LNPs) used in mRNA vaccine delivery that, although LNPs have
good biocompatibility, the polyethylene glycol (PEG) portion of their surface modification could
trigger rare immune allergic reactions [43].

7.2. Metabolism and Clearance of Nano Drugs

The metabolism and clearance of nano drugs are another important aspect of ensuring their
biocompatibility. Some nanocarriers, especially non-degradable or poorly degradable inorganic
materials, may persist in the body for long periods, leading to toxic accumulation. For example,
Khlebtsov et al. found that gold nanoparticles, due to their chemical stability, are difficult to clear
through biological pathways, making the design of degradable or surface-modified nanocarriers that
facilitate clearance an urgent challenge [44]. In contrast, degradable polymer nanoparticles (such as
PLGA) have shown better safety. These carriers can gradually degrade in the body into non-toxic
metabolites, which are then eliminated through normal metabolic pathways [45]. However, how to
maintain the stability of nanoparticles in different biological environments while ensuring their rapid
metabolism and clearance after completing drug delivery remains a key direction for future research.

8.  Applications and Challenges of Nano Delivery Systems

Nano delivery systems have shown great potential in modern medicine, particularly in areas such as
cancer treatment, gene therapy, and vaccine development. However, with the deepening of their
applications, nano delivery systems also face many challenges.

8.1. Applications of Nano Delivery Systems

Due to their unique physical and chemical properties, such as high surface area, good biocompatibility,
and ease of surface functionalization, nano delivery systems have become an ideal platform for drug
delivery. One of the most common applications is the delivery of anticancer drugs. Compared with
traditional drug delivery systems, nanomaterials can precisely target tumor sites through the enhanced
permeability and retention (EPR) effect, reducing the damage to healthy tissues and improving the
targeted therapy and bioavailability of the drug [46]. In addition, the application of nano delivery
systems in gene therapy is also increasing. By effectively delivering gene editing tools such as
CRISPR/Cas9 to target cells, these systems are expected to play a major role in the treatment of
genetic diseases [47].

Moreover, nano delivery systems hold great promise in vaccine development. Studies have shown
that nanoparticles, as antigen carriers, can significantly improve the immunogenicity of vaccines. For
example, Zhang et al. made significant progress in the development of a COVID-19 mRNA vaccine
using nano delivery technology, providing technical support for the rapid market release of the
vaccine [48]. In other medical applications, nano delivery systems have also shown great potential
for precise drug release, such as in the delivery of anti-inflammatory drugs, antibiotics, and
immunomodulatory drugs.

8.2. Challenges Facing Nano Delivery Systems

Despite the great potential of nano delivery systems, their clinical application still faces many
challenges. Biocompatibility remains a primary concern for nano delivery systems. While many
nanomaterials show good biocompatibility in vitro, their long-term toxicity in vivo has not been fully
studied. Some nanoparticles may accumulate in the body, triggering immune responses or causing
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irreversible side effects [49]. Therefore, designing delivery carriers that can efficiently deliver drugs
while avoiding toxicity remains an urgent challenge for researchers.

The stability and delivery efficiency of nano delivery systems in vivo also pose significant
challenges. For example, Lee et al. found that in blood circulation, nanoparticles are prone to plasma
protein adsorption, forming a protein corona, which affects their delivery efficiency and targeting
ability [50]. To overcome this issue, researchers are developing various surface modification
techniques, such as polyethylene glycol (PEG) modification, to reduce protein adsorption and extend
the circulation time of nanoparticles in the body. However, these modifications may, to some extent,
reduce the interaction between nanoparticles and target cells, thereby affecting the drug release
efficacy.

9. Conclusion

Research on nano systems for targeted drug delivery has shown that the differences in structural
design and surface modifications of various nano carriers determine their effectiveness and
applications in drug delivery. Carriers such as liposomes and gold nanoparticles demonstrate
excellent biocompatibility and drug encapsulation efficiency, and are widely used in cancer treatment.
However, how to design environment-responsive delivery systems based on the tumor
microenvironment remains an important focus of current research.

By designing nano systems that respond to the acidic environment, temperature, or light of tumors,
precise drug release can be achieved, reducing damage to normal tissues. The application of nano
systems in combination drug therapy has shown great potential, but the compatibility between drugs
and the toxic side effects after mixing still remain unresolved issues. Stable nano systems must not
only possess good biocompatibility but also ensure the metabolism and clearance of drugs within the
body.

Future research needs to further explore how to optimize the structure and surface modification of
nano carriers to improve their targeting ability and delivery efficiency. Additionally, combination
therapy strategies targeting multiple cancers and viral infections are expected to become a research
hotspot. In conclusion, the development of nano systems provides new pathways and directions for
cancer treatment, and their application potential in precision medicine is enormous.
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