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Abstract: Drug delivery system (DDS) is a key technology platform for optimizing the
distribution of drugs in the body. It improves the the efficiency of drug treatment and reduces
side effects by regulating the dose, time and target location. This review focuses on the
application progress of nanomaterials in DDS. Liposomes, albumin nanoparticles and
magnetic iron oxide nanoparticles are widely used due to their good biocompatibility,
targeted drug release ability and imaging application potential. However, these materials also
have certain limitations. Liposomes have low drug loading capacity, and their product Doxil
shows low tolerance and certain adverse reactions. New nanomaterials are being developed
and tried to be used in DDS. Innovative materials such as nano gels and metal organic
frameworks (MOFs) have the capacity of reprinting a large number of drugs and low toxicity
and application potential. These materials are in the research stage and are expected to play a
significant role in future clinical applications.
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1. Introduction

The drug delivery system (DDS) refers to a technological system that comprehensively controls the
distribution of drugs in the body, regulating dosage, timing, and location. Its goal is to deliver the
drug to the required location in time, in order to improve the utilization of drug and therapeutic effects
while reducing economic costs and minimizing side effects. According to a document issued by the
U.S. FDA in 2014, nanomaterials are defined as particles with dimensions smaller than 100 nm, or
materials with dimensions smaller than 1 pm that exhibit properties like nanoparticles. Nanomaterials
are widely used in DDSs [1]. Due to their amphiphilic nature, efficient and stable long-distance drug
loading, and targeted release capabilities, liposomes were used as early as 1995 in the drug Doxil [2].
Plasma proteins, as the most prominent proteins in human plasma, can transport various inorganic
ions and small organic molecules within the body. They also possess a relatively long half-life,
specificity for inflammatory sites, and exhibit almost no toxicity or immunogenicity. Therefore, the
binding of nano albumin particles to drugs has been continuously explored. In 2005, the FDA
approved the drug albumin-bound paclitaxel, Abraxane, for the treatment of breast cancer and other
diseases [3]. Magnetic iron oxide nanoparticles, which can both target drug delivery and serve as a
contrast agent for MRI, improving imaging efficiency, have also been applied in DDS. In 2009, the
FDA approved the nano iron oxide-based drug Ferumoxytol [4].

Nowadays, new nanomaterials are constantly being explored for their application in DDS.
Nanogels are hydrogel nanoparticles composed of crosslinked polymers. Due to their responsiveness
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to stimuli such as pH and temperature, they exhibit excellent targeting capabilities and significantly
reduce the cytotoxicity of drugs. In recent years, nanogels have been extensively studied and are
anticipated to be applied in the treatment of inflammatory diseases and cancer [5]. Metal organic
frameworks (MOFs) are coordination polymers composed of metal ions and organic compounds.
They are characterized by high porosity and surface area, as well as excellent biocompatibility and
non-toxicity. As early as 2006, there were reports on the use of MOFs for drug loading, and over the
past decade, various MOFs based on synthetic and natural polymers have been developed, showing
great potential in DDS [6].

In conclusion, the research on nanomaterials in DDS holds significant importance, as it can
markedly improve drug targeting and utilization while reducing drug toxicity. Emerging
nanomaterials, as drug carriers, can precisely deliver drugs to the target sites, minimizing drug loss
during transport and reducing the impact on healthy cells. They also have the ability to easily
penetrate target cells, increasing the efficiency of drug usage. Moreover, these novel materials are
easily labeled and imaged, allowing researchers to observe the effects of drugs, thus promoting
continuous advancements in the biomedical field.

2.  Nanomaterials that have been widely applied
2.1. Liposome nanoparticles

In 1965, British scientists Bangham and Standish discovered that phospholipid molecules
spontaneously form bilayer vesicles in water, which they named liposomes. A liposome is an artificial
membrane structure; when amphiphilic phospholipid molecules are in water, their hydrophobic tails
gather on the inside, while the hydrophilic heads are exposed to water, forming a bilayer vesicle
structure (Figure 1). This unique structure allows liposome to serve as effective drug carriers, with
lipophilic drugs positioned within the hydrophobic area of the bilayer, and hydrophilic drugs stored
in the aqueous center of the vesicle [7].

Liposome can be prepared by traditional methods which include the thin-film hydration method
and reverse-phase evaporation, as well as newer techniques like crossflow injection and supercritical
fluid methods [8,9]. Among these, the first method is commonly used. In this method, to begin with,
dissolve the lipids with an organic solution in a round-bottom flask. The solvent is then evaporated
to create a thin lipid film. Hydrating this thin lipid film leads to the formation of liposome. Drugs can
be encapsulated in liposome using either passive or active loading methods [10]. In passive loading,
hydrophilic drugs are first dissolved in water, and part of the drug-containing aqueous phase is
captured as the liposome form. However, this method has relatively low efficiency, and active loading
yields better results. In active loading, an ion or EDTA gradient is created to actively transport the
drug into the lipid bilayer [11].

In DDSs, liposome can transport drugs to specific parts of the body. This process mainly involves
liposome carrying drugs that, through antibodies on their surfaces, specifically bind to receptors on
the surfaces of target cells, forming complexes that are then endocytosed by the cells to release the
drugs [12]. Liposomes can also reduce the cytotoxicity of drugs. For example, when free doxorubicin
is encapsulated in liposome, its irreversible cardiotoxicity is significantly reduced [13].

163



Proceedings of the Sth International Conference on Materials Chemistry and Environmental Engineering
DOI: 10.54254/2755-2721/126/2025.20132

Hydrophilic core
Hydrophobic part
Hydrophilic head

Hydrophobic tail

Figure 1: Structure of Liposome [14].

2.2. Albumin nanoparticles

Albumin is the main protein in human plasma, typically accounting for 50% of the total plasma
protein [15]. It is a globular monomeric protein composed of 585 amino acid residues, containing 35
cysteine residues that form sulfthydryl groups and 17 disulfide bonds [16]. In the human body, it plays
a role in maintaining plasma osmotic pressure [17]. Additionally, as a non-specific carrier, it can
reversibly bind to poorly soluble small organic molecules and inorganic ions, enabling their transport
in plasma. This property endows albumin-based nanoparticles with features such as biodegradability,
good tolerance, high biocompatibility, the ability to bind compounds, and no adverse reactions in
serum [18].

Common methods for preparing albumin nanoparticles include desolvation [19], emulsification
[20], and thermal gelation [21]. The desolvation method involves adding an organic solvent, such as
ethanol, to an albumin aqueous solution, reducing the solubility of albumin and initiating precipitation.
At this point, a crosslinking agent is added to solidify the protein, forming nanoparticles [19]. The
emulsification method chemically treats albumin by emulsifying it in an oil phase containing
emulsifiers and then adding a crosslinking agent to stabilize the nanoparticles [18]. In thermal gelation,
the protein solution is continuously heated and stirred to ultimately form a gel [21]. This method does
not require the crosslinking agents.

2.3. Magnetic iron oxide nanoparticles (IONs)

Iron oxide is a common compound found in nature, primarily consisting of a-Fe:0s, y-Fe20Os, and
Fe;O4. Among these, a-Fe20s and FesO4 are widely used as magnetic nanomaterials in medicine [22].
Magnetic iron oxide nanoparticles possess a surface rich in hydroxyl groups, which facilitates
chemical modification. Additionally, when the particle size is below the critical value (generally less
than 20 nm), they exhibit superparamagnetic properties, meaning they can be rapidly magnetized
under an external magnetic field [23]. These characteristics enable their application in DDSs, where
they can be guided by an external magnetic field to deliver drugs to target sites. Furthermore, their
surfaces can be functionalized to release drugs in response to stimuli such as pH changes, and they
can also be utilized for magnetic resonance imaging (MRI) [24].

The synthesis methods for magnetic iron oxide nanoparticles primarily include co-precipitation,
thermal decomposition, and sol-gel reactions. The co-precipitation method involves adjusting a
mixture of ferrous (Fe?*) and ferric (Fe*") ions to alkaline conditions under nitrogen at room
temperature. The key to this method lies in controlling the particle size, as smaller sizes correspond
to narrower Curie temperature ranges and improved magnetic properties [25]. The thermal
decomposition method involves decomposing organometallic iron compounds in high-boiling
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organic solvents to produce magnetic iron oxides. Common iron organometallic compounds include
Fe(CO)s, Fe(CuP)s, and Fe(acac)s [26]. The sol-gel method generates a sol of nanoparticles through
hydroxylation and condensation of molecular precursors in solution, followed by heat treatment to
obtain crystalline structures. Experiments have shown that heat treatment at 400°C can yield iron
oxide nanoparticles with diameters ranging from 6 to 15 nm [27].

3.  Nanomaterials that are still in the research stage
3.1. pH-responsive magnetic nanogel

Nowadays, magnetic nano-metallic particles have been utilized in applications such as magnetic
resonance imaging (MRI) and magnetically guided drug delivery, exemplified by nanomagnetic iron
oxide [28]. To address numerous challenges in magnetically controlled manipulation, biosensing, and
therapeutic applications, integrating responsive nanogels into magnetic metal nano-platforms offers
significant advantages, such as enhanced stability, high drug-loading capacity, and environmental
responsiveness [29].

Wu et al. incorporated Ni-Ag bimetallic nanoparticles into the copolymer gel layer p(EG-MAA),
to synthesize a multifunctional nanogel, Ni-Ag@p(EG-MAA). They treated B16F10 mouse
melanoma cells with a mixture of nanocapsules containing the drug 5-FU (NAG-1 and NAG-2) and
free 5-FU solution. It was observed that a significant number of cells survived even at high
concentrations of the nanogel, whereas cell viability was notably reduced in the presence of the free
5-FU solution, as shown in Figure 2. It indicates that the nanogel effectively reduces the cytotoxicity
of the drug. Additionally, it was found that the IC50 values (half maximal inhibitory concentration)
of 5-FU-loaded NAG-1 and NAG-2 were much lower than the values which they thought should be.
These results suggest that the mixed nanogels provide enhanced anticancer activity, improving the
efficacy of the drug [29].

Concentration of Free Nanogels / pg/mL
0 5 10 15 20

| i 1 i L i 1

100 —L_q;T___.;«’_f“':—:—q%:é__————::_,}_(:xﬂ r

| % :
5°j “\Q{“‘“‘i
289 o Free 5-FU \}\%

{1 —0—Free NAG-1 —m—5-FU-loaded NAG-1
=0=Free NAG-2 —e— 5-FU-loaded NAG-2
T T

0 3 6 a
Concentration of 5-FU / pg/mL

Cell Viability / %

Figure 2: Comparison of B16F10 cell viability following treatments with free 5-FU solutions, free
hybrid nanogels, and 5-FU-loaded hybrid nanogels, respectively [29].

Fattachi et al. created a pH-responsive magnetic nanogel which is CuFe20:@PMAA@Lig-ADH

nanocarrier. This nanogel carrier was capable of loading curcumin (CUR) and delivering it to breast
cancer cells. During the experiment, they found that observed that the cytotoxicity of the drug
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encapsulated in the nanogel carrier was significantly lower compared to its free form. Furthermore,
the IC50 values were remarkably low [30]. This result aligns with the findings of Wu et al., indicating
that the nanogels hold great potential to deliver anticancer drugs, as they can reduce both the
cytotoxicity and the required dosage of the drugs.

3.2. MOFs

Metal-organic frameworks (MOFs) are crystal formed by coordinating organic ligands with metal
ions. They are characterized by their ultra-high porosity and large internal surface area [31,32]. Due
to these properties, MOFs can load a higher amount of drugs, achieving a locally high concentration
during drug release [33]. Some MOFs release drugs in response to stimuli such as pH changes or
ultraviolet light, while others release drugs through the adjustment of functional groups to facilitate
release from the pores [34].

Li et al. developed a Sr-based MOF for loading ketoprofen to treat osteoarthritis. Using high-
performance liquid chromatography (HPLC), they determined that the St/PTA-MOF exhibited a high
drug loading capacity of 36%. Furthermore, it was observed that different concentrations of MOFs
had minimal impact on chondrocyte activity, as depicted in Figure 3 [35]. Therefore, MOFs are
excellent drug carriers with high loading capacity and low toxicity.
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Figure 3: MTT cytotoxicity assay of St/PTA-MOF towards chondrocyte at various concentrations
[35].

4. Conclusion

With the development of technology, the use of nanotechnology in DDSs has become increasingly
widespread. This review first discusses three nanomaterials that are already widely used: liposomes,
albumin, and nano-iron oxide. These materials can reduce drug toxicity, improve targeting, and be
used in imaging. However, these existing materials also have some limitations. For instance,
liposomes have relatively low drug loading capacity, and their product Doxil exhibits low tolerance
and some adverse side effects. Therefore, further development is needed for nanomaterials used in
DDSs. In the later sections of this review, nanogels, which significantly reduce drug cytotoxicity, and
MOFs, which offer high drug loading capacity, are introduced. It is hoped that these nanomaterials,
currently in the research phase, can soon be applied in clinical practice and actual production.
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