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Abstract: Nanoparticle-based systems are extensively investigated for drug delivery. Among others, with superior biocompatibility
and enhanced targeting capacity, albumin appears to be a promising carrier for drug delivery. Albumin nanoparticles are highly favored
in many disease therapies, as they have the proper chemical groups for modification, cell-binding sites for cell adhesion, and affinity to
protein drugs for nanocomplex generation. Herein, this review summarizes the recent fabrication techniques, modification strategies,
and application of albumin nanoparticles. We first discuss various albumin nanoparticle fabrication methods, from both pros and cons.
Then, we provide a comprehensive introduction to the modification section, including organic albumin nanoparticles, metal albumin
nanoparticles, inorganic albumin nanoparticles, and albumin nanoparticle-based hybrids. We finally bring further perspectives on

albumin nanoparticles used for various critical diseases.

Plain Language Summary: Albumin appears to be a promising carrier for drug delivery with superior biocompatibility and
enhanced targeting capacity. This review focuses on the importance of albumin nanoparticles in drug delivery and concludes the
recent fabrication techniques to prepare albumin nanoparticles, the modification strategies to require functional albumin nanoparticles,
and critical applications of albumin nanoparticles in various diseases. The aim of this review is to help readers understand the
significant potential of albumin nanoparticles in drug delivery.
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Introduction

Nanoparticle delivery systems have attracted much attention as a drug delivery strategy. It has the advantages of unique
drug targeting, slow controlled release features, and protection function, especially in the transfer of hydrophobic drugs.
Nanotechnology Initiative (NNI) defines nanotechnology as a size of approximately 1 to 100 nanometers (nm), but it can
be extended to 1000 nanometers over a wide range.' The ideal nanoparticle carrier should have the following properties:
specific targeting, drug release controllability, carrier non-toxic, and biodegradable.

Albumin is a very soluble protein, which is consisting of 585 amino acid residues. The relative molecular weight of
albumin is 66,500 Da, and it can maintain biological activity under conditions of pH 4-9, 40% ethanol, or heating at 60
°C for 10 hours.” The three-dimensional structure of albumin, including hydrophilic and hydrophobic domains and
charged amino acids, enables it to deliver drugs with different physicochemical properties. Meanwhile, the amino and
carboxyl groups on the surface of albumin provide binding sites for polymers or ligands.® In addition, albumin is more
suitable as a carrier for drug delivery owing to its ready availability, nontoxicity, biodegradability, immunogenicity, and
preferential accumulation and uptake in tumors and inflamed tissue.* Many therapeutic drugs and metabolic compounds
in blood plasma are transported by human serum albumin (HSA), one of the smallest proteins and abundant in blood

plasma.” HSA affects the drug metabolism process and therapeutic effect in vivo, which has attracted researchers to
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explore the mechanism and influencing factors of drug albumin binding.®® Large amount of clinical trials on albumin-
based nanoformulations have been described elsewhere.” Here, we listed marked albumin nanodrug in Figure 1. In fact, it
has been a long history for albumin being used for drug delivery, reported as early as 1960s, initially as a diagnostic
agent.'® Nano-sized albumin drug carrier emerged in 1970s'' and 1980s,'? whereas the latter one was developed into
Nanocoll®, [*’mTc]-labeled nanocolloidal albumin, approved for oncology rheumatology in 1995."* Some other albumin
nanoformulations were developed during 1990s, including hydrocortisone-albumin, which was reported for treating eye
inflammation,'* and methotrexate—albumin conjugate, which was conducted in a Phase I trial for cancer treatment.'> The
latter one was reported capable of rheumatoid arthritis treatment in 2003.'® Among others, due to the fast development of
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nanoparticle albumin bound (nab) technology, one useful and proven drug delivery platform that poorly water-soluble
active pharmaceutical ingredients can be encapsulated into nanoparticles,'’ Abraxane® (nab-paclitaxel) was approved by
the Food and Drug Administration (FDA) in 2005. It showed the advantage of avoiding solvents/solubilizers during the
formulation process, high tolerated dose, long drug residence time in the tumor, short infusion time, and it reduced risk of
hypersensitivity reactions. Abraxane® (~130nm) is considered to dissociate into a 10 nm albumin bound paclitaxel (PTX)
complex during intravenous administration'® and widely used for clinical tumor treatment due to its accumulation in
tumors, increasing the concentration of PTX in the tumor stroma and enhancing its anti-tumor activity.'® The successful
launch of Abraxane®, is a milestone in the development of albumin drug delivery systems and is also seen as a turning
point in nanomedicine. In 2007, just two years after its launch, annual sales reached approximately $300 million. Based
on the nab technology, Fyarro® (nab-sirolimus) was approved in November 2021.2° Fyarro® is able to inhibit the
mammalian target of rapamycin (mTOR), which controls key cellular processes such as cell survival, growth, and
proliferation, and is often dysregulated in human cancers. Compared to oral mTOR inhibitors, intravenous administration
of nab-sirolimus demonstrated higher intratumoral accumulation, stronger mTOR inhibition, and higher tumor growth
inhibition. Fyarro® was approved for the treatment of unresectable or metastatic malignant perivascular epithelial cell
tumors (PEComa) in adults.”’ Besides, Nanozora™, an albumin-binding nanobody directed against human TNF-o, was
approved in Japan for the treatment of rheumatoid arthritis in 2022. Other drug formulations that bind to albumin in vitro
or in vivo are currently at different clinical stages.**

Albumin nanoparticles as drug delivery systems have been mainly used for drug delivery and targeted therapies in the
last two decades. Figure 2 shows the numbers of publications in PubMed combining the key word “albumin nanopar-
ticle” with different applications from 2004 to 2023, with anti-tumor being a major area of research. However, with the
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Figure 2 Number of peer-reviewed publications from 2004 to 2023 combining key words “albumin nanoparticle” and different applications (PubMed database).
International Journal of Nanomedicine 2024:19 https: 6947

Dove:


https://www.dovepress.com
https://www.dovepress.com

Qu et al Dove

increasing health impact of inflammatory diseases globally, research on albumin nanoparticles in the field of anti-
inflammation is on the rise. Great potential of using albumin nanoparticles for different applications remains covered.
Therefore, in this review, we first discuss various albumin nanoparticle fabrication methods, from both pros and cons.
Then, modification strategies used for the functionalization or stabilization of albumin nanoparticle will be introduced,
including organic albumin nanoparticles (targeted and non-targeted modification with organic building blocks), metal
albumin nanoparticles, inorganic albumin nanoparticles, and albumin nanoparticle-based hybrids. Finally, further appli-
cation on albumin nanoparticles used for various critical diseases will be discussed.

Albumin
Human Serum Albumin (HSA)

HSA is abundant in plasma protein (35-50 g/L human serum), which has the inherent characteristics of ligand binding,
wide tissue distribution, and long cycle half-life. There is a total of 35 cysteine residues within the HSA molecule, of
which 34 residues form 17 disulfide bonds with each other. These 17 disulfide bonds make the structure of proteins more
stable and can be modified under certain conditions.>>?* The three structural domains I, II, and III of Albumin have
flexibility. Further, the major three structural domains and their subdomains stabilized with disulfide bonds in the albumin
molecule offer the different binding sites of the drug, which can not only bind to multiple compounds to improve the
solubility of hydrophobic compounds, but also bind to specific ligands and antibody molecules to achieve targeted drug
accumulation.” There are two ways for drugs to bind to albumin: one is by covalent bond, and the other is by
hydrophobic embedding in the albumin hydrophobic cavity. For Abraxane®, PTX and albumin are combined by

hydrophobic interaction.®*

Bovine Serum Albumin (BSA)

BSA and HSA exhibit high homology in structure, making them widely studied as model proteins. BSA is a water-

26,27

soluble spherical protein containing a polypeptide chain composed of 583 amino acid residues, with an isoelectric

point of ~4.7. It makes up approximately 60% all proteins animal serum.”® BSA has a unique hydrophobic region in its

2729 and is also used to study the interaction between albumin and drugs.’>' The properties of rich,

molecular structure
low cost, easy to purify, unusual ligand-binding properties, and widely accepted characteristics in the pharmaceutical
industry (easy process ability and scalability) have been widely used in drug delivery systems.**?* BSA is rich in
functional groups, such as carboxyl and amino groups, and has a strong affinity®* with metal nanoparticles. It is often
used as a coating agent for metal nanoparticles to improve their colloidal stability and biocompatibility, and endow them
with the characteristics of easy functionalization and low toxicity, which is conducive to the application of metal
nanoparticles in biomedicine and other fields.?>>*® Compared to HSA, the limitation of BSA is its potential immunogenic

response.33

Preparation Techniques

Desolvation

The preparation of HSA nanoparticles by desolvation is reproducible and relatively simple.>’ This method has a short
preparation cycle without surfactants and widespread applications in the encapsulation of hydrophilic and hydrophobic
drugs.” In this method, acetone or ethanol as a desolvation agent is added to the aqueous solution of albumin with the
condition of a constant stirring and it continues until the solution becomes turbidity.*** The effect of desolvating agents
is to gradually alter the tertiary structure of albumin, leading to phase separation and aggregation of proteins.***'
A crosslinking agent, such as a glutaraldehyde solution, is necessary to stabilize the unstable particles. In order to
completely crosslink the amino acid residues in the protein, the suspension is stirred continuously. The guanidino side
chains in the arginine residues and amino moieties in lysine residues of albumin are solidified with the aldehyde group of
glutaraldehyde by a condensation reaction.*”** And then, the nanoparticles are purified with centrifugation. The
preparation process is shown in Figure 3A. Langer et al*® confirmed that the rate of ethanol addition, the pH of the
solution and the concentration of the albumin had an impact on the particle size of nanoparticles in this method. The
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Figure 3 Albumin nanoparticle preparation. (A) Desolvation; (B) Emulsification; (C) Nab technology; (D) pH-condensation; (E) Thermal gelation; (F) Nano spray drying;
(G) Self-assembly; (H) Microfluidic technology.

smaller nanoparticles were formed with the smaller the ethanol addition rate and the high pH levels achieved proper
particle size. At an albumin concentration of 50mg/mL, the smallest particles were obtained.

A tubing pump is an essential instrument to carefully control desolvation agent addition speed. Some studies reported
manually adding ethanol using a syringe. Bax et al*> optimized the design of the device and reported a method for
simplifying the program by controlling the addition of ethanol to the device. It is important to note that, in this study,
N-(3-Dimethylaminopropyl)-N-ethyl carbodiimide hydrochloride (EDC) as a cross-linker was used, which is a zero
space cross-linker and can be easily removed instead of glutaraldehyde, resulting in reducing the preparation time of
nanoparticles to 3 hours. Although reports of albumin nanoparticles used for drug delivery have used glutaraldehyde for
stabilization, in vivo studies have shown that residual aldehydes have a certain toxicity, which restricts their use
considerably.***” Luna-Valdez et al*® reported the formation of nanoparticles from wheat bran water extract by a cold
setting desolvation approach, which avoided using glutaraldehyde (toxic) and organic solvent. Besides, physical cross-

27

linking methods include drying, heating and ultraviolet radiation®" and other potential crosslinking agents such as

glucose®” are developed.

Emulsification

The emulsion-solvent evaporation method is more suitable for producing nanoparticles with a smaller size and lower
polydispersity index, and it is a reliable method with good repeatability and amplification potential.**>' Compared to pH-
condensation technology or microfluidic methods, this method is less time-consuming, less complex, and uses fewer
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chemicals. An albumin solution (aqueous phase) is stirred with a non-aqueous solution (oily phase) containing an
appropriate amount of emulsifier to obtain a crude emulsion. The organic solvents such as dichloromethane or chloro-
form are usually used as oil phase. The emulsion can be homogenized by ultrasonic treatment or homogenization. Then,
the emulsion droplets are solidified by chemical crosslinking or heating deformation, and finally, the residual organic
solvent is removed to collect albumin nanoparticles. This method is suitable for hydrophobic drug encapsulation by
binding with hydrophobic cavities on HSA molecules. However, the use of toxic organic solvents is major setbacks of
this method.>* Besides, surfactants are required for emulsion stabilization. Figure 3B shows the preparation process.
Alfagih et al’* prepared nanoparticles encapsulating model antigen and BSA via double emulsion solvent evaporation. In
addition, by adding chitosan hydrochloride (CHL) into the outer phase of the lotion solvent, a hybrid cation CHL
nanoparticle was formed, which led to surface adsorption on the nanoparticle. It may be used to transport proteins to the
lungs for immune stimulation applications such as vaccines.

Nab Technology
Nab technology can mostly not alter the physiological properties of HSA among these techniques.’* Nab technology
(Figure 3C) is an albumin nanoparticle preparation technology that uses albumin as a matrix and stabilizer. Under high
shear forces, an oil phase containing an aqueous insoluble drug and an albumin-containing aqueous phase are mixed to
prepare an O/W emulsion in which the drug is in the absence of any conventional surfactant or any polymer core. First,
the drug is dissolved in an organic solvent (usually chloroform, dichloromethane) at a high concentration as an oil phase.
Secondly, albumin is dissolved in an aqueous medium to obtain an aqueous phase. Then, the oil and water phases mix
under high-pressure homogenization, followed by vacuum evaporation of the solvent quickly to obtain a colloidal
dispersion system composed of ultra-fine nanoparticles. The cavitation during homogenization makes the free sulfhydryl
group of albumin cross-linked to form a disulfide bond. During the process, the drug is wrapped inside the nanoparticles,
preserving the physiological properties of HSA. Compared with the traditional preparation method, nab technology has
no conventional surfactants or any polymer core and no special infusion equipment.’ Furthermore, the albumin acts as
a lyophilization agent without adding the other conventional freeze-dried protective agent. He et al’> assessed the risk of
nab-PTX-related adverse events (AEs) compared with traditional taxanes in various primary solid organ malignancies.
Although nab-PTX increases the risk of general hematological and non-hematological AEs, allergic reactions are
significantly reduced, and the neurotoxicity is easier to recover. Compared to the traditional PTX, lower doses of nab-
PTX administered weekly had better tolerance. However, it still carries ocular adverse effects.’® A significant decrease in
visual acuity was observed in patients receiving nab-PTX treatment. In clinical, when the treatment cannot be stopped
due to the patient’s general condition, the effective alternative treatment is topical dorzolamide or steroidal treatment.
In a recent study, the palmitate albumin nanoparticles loaded with PTX were prepared based on the nab technology:
anhydrous ethanol and chloroform are used as the solvents for emulsification and homogenization under high pressure
without surfactants. Albumin was not easily denatured at low temperatures during the preparation process. Finally, the
organic solvents were removed through ultrafiltration.’” In 2016, Furedi et al*® prepared Voriconazole nanoparticles
(VCZ-NPs) by nab technology. The concentration of HSA in water was controlled at 2% because during high-pressure
homogenization processes, higher HSA concentration can cause sample foaming in the samples, resulting in unstable and
unpredictable VCZ concentration. An acceptable PDI value (below 0.3) for VCZ-NPs was obtained under the condition
of six homogenization cycles at 1800 bar. And the optimized particles met the requirements for intravenous administra-
tion with an average particle size of 8§1.2 + 1 nm. Furthermore, VCZ-NPs showed a good encapsulated concentration of
69.7 = 4.2% and increased the water solubility of VCZ greatly.

pH-Condensation

The pH-condensation method (Figure 3D) is to dissolve the drug in an HSA solution at room temperature and incubate it
in the dark with the adjusted pH value. The solution is stirred or sonicated to accelerate the coagulation process of
albumin followed by crosslink with glutaraldehyde. Then, HSA nanoparticles (HSA-NPs) are obtained by centrifugation,
washing, and freeze-drying. However, it is not convenient to control the particle size of the nanoparticles by adjusting the

6950 e International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Qu et al

pH value. It usually controls the particle size by adjusting the salt concentration or adding other organic solvents to obtain
uniform particle size and spherical nanoparticles.

Lin et al** reported the preparation of HSA-NPs with approximately 100 nm in diameter using the pH-condensation
method without surfactants. The particles were prepared by dropping acetone into an HSA aqueous solution with a pH of
7-9, then cross-linking with glutaraldehyde and purification by gel permeation chromatography. The study showed that
as the pH value of the HSA solution increased, the particle size decreased, which was clear as the ionization of HSA
increased, and the repulsion of HSA molecules occurred during particle formation. HSA nanoparticles with sizes between
90 and 250 nm were obtained through the control of the pH and the addition of acetone. Merodio et al*’ added
ganciclovir and a cross-linking agent in an albumin aqueous solution. Then, the pH of the solution was adjusted to the
isoelectric point of the protein. The aqueous phase is washed with ethanol (Viater/Vethano=1:2) to obtain albumin
nanoparticles. The main drawback of this method was that the pH value was adjusted under salt-free conditions, while
the glass electrode had limited reliability, especially in high protein concentrations.

Thermal Gelation

In brief, protein conformational changes and unfolding can be induced by heating the albumin solution, subsequent
protein—protein interactions (hydrogen bonding, electrostatic and hydrophobic interactions, and disulfide sulfhydryl
exchange reactions) and aggregation of albumin particles. This method avoids the potential toxicity caused by adding
organic solvent. The properties of the obtained nanoparticles depend on the process conditions, such as pH, protein
concentration, and ionic strength.” However, this method is not suitable for heat-sensitive drugs. Figure 3E shows the
preparation process. Li et al>® proposed a novel self-assembly method through thermal-driven to prepare BSA-NPs. BSA
and vanillin (non-toxic, as a crosslinking agent) were dissolved in deionized water at 37 °C. Then, the solution was
incubated at 70 °C for 2 hours to form BSA-NPs. During the heating process, a large number of covalent bonds were
formed, such as amide and disulfide bonds between BSA molecules, which greatly improved the stability of
nanoparticles.

Nano Spray Drying

Spray drying is a mature method of producing dry powder from liquid phases commonly used in the pharmaceutical
industry with the advantage of integrated particle formation and drying.®®®' In this method, particle formation
occurs in a continuous, single-step process. Moreover, through the simple operation of process parameters or
configuration changes, the ideal particle properties, such as particle size, flow property, and bulk density, can be
adjusted. Compared with liquid formulations, the solid products through this method have the advantages of
physicochemical properties and stability.**®* Therefore, nano spray drying may be a general and commercially
feasible technology for preparing peptide and protein drugs. A conventional spray drying process includes the
following steps: Liquid raw materials are atomized into small spray droplets, and then contact with hot dry gas at
high temperature to evaporate water. When water evaporates from a droplet, it forms a solid product and recovers
the powder from the dry gas.®**> However, albumin is prone to deformation and inactivation.®® The preparation
process is shown in Figure 3F.

However, due to the product loss in the drying chamber wall and the separation of fine particles by the cyclone
separator (<2 pum), the capacity of spray drying is low, and the yield of traditional spray drying on a laboratory scale is
not optimal (20-70%). In order to improve the technology and expand the application range, B ii chi (Switzerland
Labortechnik AG) has developed the fourth laboratory-scale spray dryer B-90 (following previous generations).®” This
equipment is suitable for producing fine particles (300 nm — 5 um) at a satisfactory, even a small amount of sample
(milligrams).®® The latest development in technology and the successful launch of the nano spray dryer B-90 have
produced submicron spray drying particles.®® Although the nano spray dryer B-90 has significant advantages, the mini
spray dryer B-290 with dual fluid nozzles can more directly expand the process to the initial pilot stage, and then to the
industrial production stage. The feed flow rate is 1.41 kg/h, much higher than the previous 0.60 kg/h, which greatly
improves production efficiency.
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Self-Assembly

Self-assembly technology (Figure 3G) increases the hydrophobicity of albumin molecules through certain methods, such
as the reduction of disulfide bonds within protein molecules by the addition of denaturants (f-mercaptoethanol,
dithiothreitol and cysteine),”” and the reduction of primary amine groups on protein surfaces by the addition of lipophilic
drugs.”® The drug molecules can combine with the hydrophobic region of albumin under stirring conditions, thus
inducing the formation of albumin nanoparticles. Self-assembly technology mainly forms a clear and stable structure
through non-covalent interaction between molecules. Nanoparticles have the characteristic of small particle size and good
flexibility due to the solidification of nano micelles. However, this method is only used for lipophilic drugs and has
difficulties in scaling up.”" In addition, the addition of reducing agents has incidences of potential toxicity. In the self-
assembly method, glutathione (GSH) can be used as a reducing agent to prepare a redox-sensitive albumin nanoparticle.
GSH disrupts disulfide bonds in albumin molecules, exposing hydrophobic cavities and binding with hydrophobic drugs,
which then re-oxidize to form disulfide bonds. This nanoparticle can rapidly release drugs in tumor tissue, as tumor tissue
result in higher levels of GSH compared to normal tissue.””’> Safavi et al’* reported a strategy for preparing
BSA nanoparticles loaded curcumin (CCM-BSA-NPs) by self-assembly with high ionic strength of buffer solution
instead of reducing agents at room temperature. Compared to CCM-BSA-NPs with DTT, the CCM-BSA-NPs had better
antioxidant and more effective biological activity. Their group also synthesized piperine-loaded HSA-NPs (PIP-HSA-
NPs) with self-assembly and desolvation methods, respectively. The results indicated that the self-assembled nanopar-
ticles had significantly higher drug encapsulation efficiency and drug loading efficiency than the particles obtained by the
desolvation method. And the self-assembly method maintained the secondary structure of HSA. Besides, the NPs by self-
assembly method exhibited more cumulative drug release, making them have better therapeutic effects on tumor cells.”'

Microfluidic Technology

Recently, studies have shown that microfluidic systems can accelerate clinical translation of nanoparticles due to their
ability to generate nanoparticles in a well-controlled and reproducible manner.”” The microfluidic device can produce
nanoparticles from milliliters or even several liters by viscously mixing nanofluids. Compared to the traditional
preparation methods, the liquid is in the laminar flow state in the microfluidic chip, and the flow rate of the liquid is
consistent, with a high mixing efficiency. Therefore, the size distribution of nanoparticles is uniform, with good
repeatability and high efficiency.”® The preparation process is shown in Figure 3H, where the aqueous phase and the
organic phase flow into the mixture from multiple inlet ports on the chip. Samples are collected within specified time
intervals. Nanoparticles with different requirements were prepared by adjusting the flow rate and the shape of the chip.
For example, Sun et al”’ prepared cabazitaxel-HSA NPs with an inverted W-type microfluidic chip through microfluidic
technology without any cross-linking agent and toxic solvents. The nanoparticle showed a higher efficiency and higher
drug loading than that prepared by the traditional preparation.

Albumin Nanoparticles Modification

Organic Albumin Nanoparticles

Albumin is typically negatively charged at a pH of 7 (PI=4.7),”% %

which makes it carry different types of chemotherapy
drugs. Although albumin nanoparticles reduce drug side effects and improve the curative effect, because of the antibody
targeting or protein adsorption in plasma, easily results in the mononuclear macrophage system identification and
consumption, thus, the nanoparticles are cleared in the systemic circulation.®'**% In this section, we briefly introduce
albumin-based organic nanoparticles for efficient delivery. The high content of carboxyl and amine groups and different
binding sites offer a great possibility that albumin nanoparticles can be easily coated with different polymers or ligands,
through covalent coupling to change surface properties (such as PEG modification to improve the hydrophilic, avoid the
macrophage phagocytosis), binding with ligands (such as folic acid modification of tumor cells with rich folate receptors
targeting, immune antibody interacts with antigen (antibody-mediated system)), and other measures to realize the active
target of drugs.
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Table | The Examples of Albumin Nanoparticles Modified with Non-Targeted Modification Polymers

Polymer Mechanism NP Diameter Preparation Ref
Techniques of
Nanoparticles
PEG Coupled with the active amino PEGylation of HSA-NPs 120~150 nm Desolvation [84]
group on the surface of albumin
PEG Coupled with the active amino PEG conjugated onto the Cys-34 residue of HSA loaded PEGg):105 nm Self-assemble [85]
group on the surface of albumin with PTX PEGyo: 141 nm
PEG Coupled with the active amino Apatinib-loaded HSA-PEGg, Before and after lyophilization were Emulsification [86]
group on the surface of albumin 131.7 £ 3.5 and 169.6 + 5.2 nm
PEG Coupled with the active amino HSA-PEGgs,-NP loaded with PTX 176 £ 3.6 nm Self-assemble [87]
group on the surface of albumin
Chitosan Electrostatic adsorption Chitosan -coated BSA-NPs loaded with Tetrandrine 2379 + 3.6lnm Desolvation [88]
Chitosan Electrostatic adsorption Chitosan-BSA nanoparticles loaded with abaloparatide and | 289 * 34 nm Desolvation [89]
acetylsalicylic acid
Chitosan Electrostatic adsorption Reduced bovine serum albumin and glycol chitosan 349 £ 26 nm Self-assemble [90]
nanoparticles loaded with PTX
Chitosan Electrostatic adsorption Chitosan -coated-HSA loaded with gemcitabine 200 £ 4 nm Desolvation [9on
PEI Electrostatic adsorption BSA-PEI NPs for efficient delivery of CRISPR/Cas9 system | 102.50 nm - [92]
PEI Electrostatic adsorption PEI-HSA-NPs loaded with chlorhexidine 465.2 £ 11.3 nm Desolvation [93]
PEI Electrostatic adsorption BSA-PEI was utilized to modify gold nanospheres (AuNSs) | 200 nm - [94]
and gold nanorods (AuNRs)
PEI Electrostatic adsorption e-caprolactone modified polyethylenimine-OVA NPs Around 200 nm Self-assemble [95]
PEI Electrostatic adsorption pGL3 plasmid-PEl-coated HSA NPs 191 + 4 nm Desolvation [96]
Polycation/ Albumin surface coating Poly(arginine) (pPARG) and poly (ethylene glycol)-block- 100~140 nm Desolvation [97]
polyanion poly (L-aspartic acid)-based nab-PTX nanoparticles
deposition
Polycation/ Albumin surface coating L-b-L by coating of the HSA-IFN-o. NPs with poly(sodium- | 10 £ 5 nm pH-condensation [98]
polyanion 4-styrene) sulphonate and chitosan
deposition
Polycation/ Albumin surface coating Dox-BSA-NPs with HA and Poly (L-lysine hydrobromide) 143 + 3.79 nm Desolvation [99]
polyanion by LBL
deposition

Note: -: no date.

Abbreviations: PEG, Polyethylene glycol; PEl, Polyethylenimine; HSA, human serum albumin; NPs, nanoparticles; BSA, bovine serum albumin; LBL, layer-by-layer; Dox, doxorubicin; PTX, Paclitaxel.
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Non-Targeted Modification

Circulating albumin nanoparticles can passively accumulate in tumor tissue through enhanced penetration and retention
(EPR). In addition, the properties of nanoparticles can be controlled by changing particle size, surface coating, and
binding with ligands to achieve tissue-specific targeting. These approaches enable the capacity of HSA NPs avoiding the
uptake of macrophages mainly located in the reticuloendothelial system (RES) of the liver.** Table 1 shows the examples

of albumin nanoparticles modified with non-targeted modification polymers.***°

Polyethylene Glycol (PEG)

Since the albumin nanoparticles are cleared in a few seconds or several minutes after intravenous administration, they
cannot be applied to tumor therapy. PEG is a hydrophilic, non-toxic, non-immunogenic Polymer material, and has good
biocompatibility.'°%!°! It can be covalently linked to albumin to modify nanoparticles. Studies have shown that albumin
nanoparticles coated with PEG could reduce the recognition of RES, resulting in a prolonged plasma-circulating half-
life.'®* Then, they can passively penetrate malignant tissue, where they are retained and accumulated to improve
therapeutic efficacy. In addition, PEG also can be used as a linker to connect albumin and ligands, making it

targeted.'*1%*

Fahrlinder et al®

developed several PEGylated HSA NPs and the PEGylation extent was characterized and
quantified. Actually, this study aims to develop a quantitative PEG method and monitor the effect of different PEG
reagents on the amount of PEG attached to the surface of HSA NPs. PEGylation is a potential way to improve the blood
circulation time of nanoparticles. Results confirmed that modifying HSA NPs covalently with a suitable PEG derivative
could enhance plasma circulation in vivo. In Sharma’s study, 5-FU conjugated PEG-HSA-NPs were developed to
improve the pharmacokinetic of 5-FU and therapeutic profiles. The results indicated that the IC50 value of PEG-
modified nanoparticles was significantly lower than that of unmodified nanoparticles, and the half-life was significantly

prolonged.'%’

Chitosan

Chitosan is a cationic, alkaline polysaccharide polymer, which has unique biological activity. It has excellent biocompat-
ibility and biodegradability, less toxic, meantime low prices.'® The deacetylation levels and molecular weight of
chitosan have a certain impact on its toxicity. Lower toxicity is related to less molecular weight.'®” Chitosan-coated

198 the antitumor drug,”® the nose to brain drug,'’® and the

albumin nanoparticles have been studied for delivery of DNA,
ocular drug.®® The surface charge of nanoparticles has a significant impact on its interaction and absorption with the cell
membrane.'?’ Positively charged nanoparticles demonstrate an enhanced internalization on account of the ionic interac-
tions with the negative-charged cytomembrane, and then they are able to escape from lysosomes. So, positive-charged
nanoparticles exhibit perinuclear localization, whereas the negatively charged and neutral nanoparticles prefer to
colocalize with lysosomes.''®'"! Modified by chitosan coating, albumin nanoparticles can shift the original negative
charges to positive charges, which exhibits the potential for drug delivery.''> The use of water-soluble chitosan
modification can effectively improve the surface hydrophilicity of nanoparticles and adjust the surface charge to near
neutrality, thus avoiding the adsorption of plasma protein and macrophage phagocytosis, and extending the cycle time of
the nanoparticles in the blood.''*!'* However, excessive positive charge brings greater toxicity. In Esfandyari-Manesha’s

studies, chitosan-coated HSA-NPs showed more cytotoxic effects than the negatively charged HSA-NPs.''?

Polyethylenimine (PEI)
PEI is a cationic polymer, which can provide positive charges to the albumin nanoparticles’ surface to facilitate the
transport of negatively charged small molecules as well as facilitate transport across the Blood-Brain Barrier
(BBB).()(),IIS

Mohammad-Beigi et al’® developed polyethyleneimine-coated HSA (PEI-HSA) NPs applied to different neurode-
generative disorders. The aggregation of the 140-residue protein a-synuclein (aSN) shows an important role in the
pathogenesis of these diseases. However, aSN could interact strongly with PEI-HSA NPs, resulting in significant changes
in the secondary structure of aSN. These findings emphasized the potential role of PEI-HSA NPs in reducing the
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pathogenicity of aSN in vivo. In 2016, the group prepared cationic PEI-HSA NPs loaded with the antioxidant gallic acid
(GA) through adsorption which could inhibit aSN aggregation. They concluded that PEI-HSA-GA NP is a potential
delivery system for transporting GA to the brain.''

PEI is also an effective carrier for nucleic acid delivery.!'” Rahimi et al®* developed PEI-coated BSA NPs (BSA-PEI
NPs) for efficient delivery of CRISPR/Cas9 system in both ribonucleoprotein and DNA (px458 plasmid) forms. Through

electrostatic interactions, PEI with a positive charge binds to the surface of BSA and increases cellular uptake.

Polycation/Polyanion Deposition

In cancer-targeting therapy, layer-by-layer nanoparticles (LbL-NPs) displayed their growing important positions, which
were prepared by depositing polycation and polyanion on the surface of colloids.''® LbL NPs offer unique benefits,
including improved stability of nanocarrier in circulation, controlled release of drug, and storage stability. The electro-
static effect is the main driving force for multi-layer assembly, and other forces include hydrophobic interaction,

hydrogen bond, covalent bond and so on. Ruttala et al’’

reported that polyarginine and poly(ethylene glycol)-block-
poly (L-aspartic acid) deposit alternately onto an albumin conjugate for the formation of the LbL-based nanoparticle
albumin-bound PTX (nab-PTX). The colloidal stability was improved because of the presence of polyamino acids, which

prevented the dissociation of nab-PTX even in the case of high dilution.

Targeted Modification

In addition to passive targeting, the active targeting of nanoparticles further improves the therapeutic effect of tumors.
Tumor cells differ from normal cells in their biology and physiology and generally express specific markers on the cell
surfaces that can be exploited for drug-targeting approaches. The clinical treatment of the tumor is not ideal; the main
reason is that anti-tumor drugs produce a variety of serious adverse reactions. Receptor-mediated targeting agents are
therefore developed to deliver the drug to tumor cells specifically, reduce damage to normal cells, and reduce side
effects.!’” Active targeting can be achieved by a specific modification (Figure 4). The ligand modified on the surface of

the nanoparticle has specific targeting and high affinity, which leads to specific targeting of the tumor cells.'?'?! Table 2
122-141

shows the examples of albumin nanoparticles modified with targeted ligands.

([ J
o_O
e [ )
[ )
Albumin
@® Druy
L] Endosome
Ligand (such as HA, Folic o L] g&&
acid, Transferrin, TRAIL) o
QD Receptor (such as CD44, gﬂ\

FR, TfR, TNF receptor)

Figure 4 The formation of targeted modified albumin nanoparticles and the drug release in the cancer cells.
Abbreviations: HA, hyaluronic acid; CD44, surface antigen differentiation group 44; FR, folate receptor; TfR, transferrin receptor; TRAIL, tumor necrosis factor-related
apoptosis-inducing ligand; TNF, tumor necrosis factor.
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Table 2 The Examples of Albumin Nanoparticles Modified with Targeted Ligands

Ligand | Receptor | NP Diameter Preparation Mechanism Ref
Techniques of
Nanoparticles
HA CD44 HSA-HA-NPs loaded with erlotinib 112.5 £ 2.8 nm Emulsification A precipitation method through Intermolecular [122]
interaction force
HA CD44 HA-Cation BSA-NPs loaded with small molecule drugs Around 300nm Nab technology Electrostatic adsorption [123]
HA CD44 HA-HSA-NPs loaded with DOX 120 + 3.4 nm Desolvation The active amino group on the surface of albumin [124]
coupled with HA
HA CD44 HA-BSA NPs loaded with Flurbiprofen 257.12 + 2.54 nm | Emulsification Adsorption of negatively charged HA onto the NPs | [125]
surface
FA FR FA-BSA-NPs loaded with dimethylindole red Around 140 nm Desolvation The active amino group on the surface of albumin [126]
coupled with FR
FA FR FA-HSA-coated Fe3O4 NPs for synergistic delivery of 108.4nm - The active amino group on the surface of albumin [127]
5-fluoroura- cil and curcumin coupled with FR
FA FR FA-BSA NPs loaded with raloxifene hydrochloride Around 163.9nm Desolvation The active amino group on the surface of albumin [128]
coupled with FR
FA FR FA-BSA-NPs loaded with Ginsenoside Rg5 201.4 nm with Desolvation The active amino group on the surface of albumin [129]
a PDI of 0.081 coupled with FR
Tf TR Gold/polydopamine-Methylene Blue@Bovine Serum - - Intermolecular interaction force [130]
Albumin—glutaraldehyde—Transferrin composite particles (Au/
PDA-MB@BSA-GA-Tf NPs)
Tf TR Minocycline-loaded tf-BSA-NPs 168 £ 6nm Desolvation Couple with the active amino group on the surface | [131]
of albumin using coupling agent (NHS-PEG-MAL-
5000)
Tf TR Tf-inspired histamine (HA)-functionalized BSA-NPs 78.3 £ 0.9nm Self-assemble Couple with the active amino group on the surface | [132]
of albumin using coupling agent Histamine
hydrochloride and EDC
Tf TR Tf-HSA-NPs 183 £ 10 nm Desolvation Couple with the active amino group on the surface | [133]
of albumin using coupling agent (NHS-PEG-MAL-
5000)
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mAbs HER2 Antibody- nanoparticle conjugate of trastuzumab/nab-PTX. 139.18 + 32.06 nm | Nab technology Couple with the active amino group on the surface | [134]
of albumin using coupling agent (EDC/NHS)
mAbs HER2 MnCulnS/ZnS@BSA-Anti-HER2 Around 333.8 nm Desolvation Couple with the active amino group on the surface | [135]
of albumin using coupling agent (EDC/NHS)
mAbs Alphav HSA-NP-Dox-DI17E6 181.4 £ 16.4 nm Desolvation Couple with the active amino group on the surface | [136]
integrins of albumin
mAbs CD20 Rituximab coated nab-PTX Around 109 nm - Non-covalently bound to the albumin scaffold [137]
TRAIL DR4 or TRAIL/Dox HSA NPs 121.3 £ 84 nm Nab technology Electrostatic adsorption [138]
DR5
TRAIL DR4 or TRAIL/PTX HSA-NP 170~230 nm Nab technology Electrostatic adsorption [139]
DR5
TRAIL DR4 or TRAIL/ALG (alginate) -DOX@BSA. Around 111.9 nm Desolvation Consecutive adsorption of oppositely charged ALG | [140]
DR5 and TRAIL on the nanoparticles using the LbL-
fabrication based on centrifugation technique
TRAIL DR4 or TRAIL/Dox HSA-NP Around 340nm Self-assemble Electrostatic adsorption [141]
DR5

Note: -: no date.

Abbreviations: HA, hyaluronic acid; CD44, surface antigen differentiation group 44; FA, folic acid; FR, folate receptor; Tf, transferrin; TfR, transferrin receptor; mAbs, monoclonal antibodies; HER2, human epidermal growth factor
receptor 2; TRAIL, Tumor necrosis factor-related apoptosis-inducing ligand; HSA, human serum albumin; NPs, nanoparticles; BSA, bovine serum albumin; Dox, doxorubicin; PTX, Paclitaxel; EDC, |-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride; NHS, N-hydroxy succinimide.
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Hyaluronic Acid (HA)

Surface antigen differentiation group 44 (CD44) is a widely distributed glycoprotein on the cell surface.'**!'** As one of
the important receptors of hyaluronic acid, CD44 is overexpressed on the surface of malignant cells, it therefore can be
used as an active target by HA and CD44 receptor, mediating tumor-targeted therapy.'** The active amino group on the
surface of albumin nanoparticles can be coupled with hyaluronic acid to achieve the targeting modification.

Huang et al'*® prepared HA-coated FITC-Cx43 MP-HSA NPs, while Connexins (Cx) are transmembrane proteins
and Cx43 mimetic peptide (Cx43 MP) has the effect to reduce inflammation, edema, and vascular leakage. Experimental
results showed that HA-coated HSA NPs led to higher cellular uptake in vitro and enhanced in vivo tissue penetration
through ligand-receptor interactions between CD44 receptors and HA, as compared to uncoated HSA NPs. In addition,
HA-coated HSA NPs were also a sustained-release system with better cell biocompatibility, which reduced injection
frequency in clinical practice.

Folic Acid (FA)

Elevated expression of the folate receptor (FR) was found in tumor cells.'*® Based on the research, 97% of investigated
ovarian carcinomas overexpressed FR. Hence, FA becomes an attractive targeting molecule besides its small molecular
weight (Mw441.4 g/mol), low immunogenicity, as well as its good biological compatibility. Albumin nanoparticles
decorated by FA can activate targeting to tumor cells, which helps to reduce drug side effects, and improve therapeutic
effect.'*”"'*° Usually, EDC and N-hydroxy succinimide (NHS) are used to activate the carboxyl group of folic acid and
prepare an active ester intermediate (FA-NHS), which can couple with albumin.

Chen et al'>® prepared a FA-conjugated HSA magnetic nanoparticle (FA-CDDP/HSA MNP). Characterization
indicates that FA-CDDP/HSA MNPs could be prepared successfully with an average size of 79 nm. Wang et al'”!
developed FA-decorated HSA loaded with nanohydroxycamptothecin (nHCPT) nanoparticles (FA-HSA-nHCPT-NPs),
and determined the antitumor activity of FA-HSA-nHCPT-NPs adopting the MCF-7 cells with FR overexpressed on the
surface. In the meantime, BALB/c mice were inoculated with human MCF-7 cells in situ and ectopic, respectively. FA-
HSA-nHCPT-NPs showed more effective antitumor activity than that of raw HCPT. Meanwhile, the concentration of
HCPT in tissue distribution analysis was much higher in the mice treated with FA-HSA-nHCPT-NPs. The group of FA-
HSA-nHCPT-NPs also showed a higher tumor inhibitory rate than the raw HCPT. In conclusion, FA-HSA-nHCPT NPs
can serve as a feasible delivery system with significant targeting effects on tumors. The examples above indicate that
HAS-NPs can play a different role by modifying different polymer materials in cancer treatment. Based on previous
research,'>? our group developed FR-targeted HSA NPs of cabazitaxel (FA-NPs-CTX) by a self-assembly method. FA-
NPs CTX did not affect the drug release of NPs and has good biocompatibility and physicochemical properties, such as
sustained release and colloidal stability. Compared with FA-unmodified NPs-CTX, FA-NPs-CTX showed a greater

inhibitory effect on tumor cells overexpressing FR in the cytotoxicity experiments.'>

Transferrin (Tf)
Endocytosis mediated by membrane Tf receptors (TfR) is an effective cellular uptake pathway during the administration
of anticancer drugs. The TfR is overexpressed on a great many tumor cells,'>* so that Tf and the antibodies against the
TfR have been widely studied. Due to the presence of TfR in the BBB, Tf-coupled solid lipid nanoparticles can enhance
drug delivery to the brain.'>® The mechanism by which nanoparticles bound to Tf enhance therapeutic efficacy seems to
be that cells have a higher absorption of drugs.'**!3

Ulbrich et al'** prepared the Tf-coupled HSA NPs and the TfR-antibody-coupled HSA NPs. NHS-PEG-MAL was
used as a cross-linking agent to couple transferrin or TfR-mAb to connect HSA-NPs. Loperamide-loaded HSA NPs
coupled with transferrin or TfR-mAb had a strong anti-nociceptive effect, while IgG2a-modified HSA NPs could not
transport the drug through the BBB. Therefore, these TfR mAb or Tf-mediated nanoparticles are effective carriers for
drugs to cross the BBB.

Monoclonal Antibodies (mAb)
Tumor-specific ligands can be coupled to the surface of nano-carrier systems to achieve targeted drug delivery.'”” Among
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them, mAbs have great potential. Hasan et al developed a targeted delivery system of anti-human epidermal growth
factor receptor 2 (anti-HER2) mAbs using polyethylene glycol albumin nanoparticles for breast cancer cells. A new mAb
(1F2) targeting the HER2 extracellular domain connected to the surface of albumin nanoparticles was proved to have the
highest cell uptake rate.'”®

Wagner et al'*® covalently coupled DI17E6 to the surface of HSA NPs loaded with doxorubicin. DI17E6 is
a humanized and de-immunized mAb against av integrin, which can inhibit the growth of melanoma in vitro and
in vivo, and can inhibit angiogenesis by interfering with avb3 integrin. They demonstrated that compared to free
doxorubicin, targeted HSA NPs loaded with the cell-inhibitory drug doxorubicin showed increased cytotoxic activity.

In addition, the modification of DI17E6 also improved the therapeutic effect of the nanoparticles.

Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL)

TRAIL belongs to the Tumor necrosis factor (TNF) receptor superfamily, which is a type Il membrane protein.'>*'% In
humans, death receptors (DR4 or DRS) overexpress on neoplastic cells, while healthy normal cells do not significantly
express death receptors.'®’ Therefore, TRAIL is considered a safe and selective anticancer and apoptotic drug with
minimal toxicity to normal cells. The combination of chemotherapy drugs and TRAIL is a method for treating cancer.
Due to the positive charge of TRAIL, it usually combines with HSA through electrostatic adsorption, as HSA is
negatively charged under neutral pH conditions.'*’

Min et al'*” developed a formulation of PTX-bound HSA NPs with embedded TRAIL (TRAIL/PTX HSA-NP) to
treat pancreatic cancer. They investigated a series of characteristics of the nanoparticles, including surface morphologies,
particle sizes, zeta potentials, loading efficiency, cytotoxicity, and apoptotic activity. Moreover, TRAIL-coupled nano-
particles showed stronger anti-tumor activity. Choi et al'*' designed and prepared HSA-NPs with surface modification
with TRAIL, meanwhile containing doxorubicin. The results showed that the nanoparticles had significant cytotoxicity in
most types of tumor cells with general or drug-resistant characteristics, especially on CAPAN-1 cells, which are human
pancreatic cancer cells. These studies have proved that it is a useful targeting agent that can affect tumor cells in various
tissues and organs.'*' Recently, the regulation of TRAIL-mediated exogenous apoptosis pathways in vitro through

5162 studies, F. cretica methanolic

nanoparticles has also been reported as a strategy for cancer treatment. In Ahmed
extracts based albumin nanoparticles, liposomes and silver nanoparticles were prepared. F. cretica albumin and silver
nanoparticles upregulated the in vitro TRAIL, DR4, DRS, and FADD gene expression in Hep-2 cell lines and exhibited

high anticancer activity.

Metal and Inorganic Albumin Nanoparticles
Metal and inorganic nanoparticles provide intrinsic advantages to biomedical fields due to their unique physical proper-
ties, controllable structure, and diverse surface chemistry. Metal nanoparticles are wildly applied to inhibit bacterial

and antitumor treatment which can combine

tolerance growth with expansion of the range of antimicrobial activity
with radio- and chemotherapy.'® However, the low hydrophilicity of metal nanoparticles can lead to aggregation and
their therapeutic potential remains to be justified. Inorganic nanoparticles can be divided into metal-based and non-carbon
sources. Their physiochemical properties and released metal ions/trace elements contribute to various therapeutics
without acute toxicity. Functionalized inorganic albumin nanoparticles can be generated with inorganic NPs through
chemical conjugation, coating, or biomineralization. The coupling of albumin and inorganic nanoparticles makes full use
of the benefits of albumin (high hydrophilicity, large amount of binding sites, and performance as a reduction reagent) in
photothermal therapy and immunotherapy.'®'®’ In this section, we outline the main metal albumin NPs (gold, silver,
copper) and main inorganic albumin nanoparticles (magnetic albumin and albumin-template nanoparticles). We further

elaborate on their applications in drug delivery and biomedical treatment (Figure 5A).

Silver Albumin Nanoparticles

Among metal nanoparticles, silver nanoparticles (AgNPs) are widely used due to their excellent antimicrobial and
photoelectron behavior.'®*'7? Unmodified AgNPs will form aggregates due to their poor stability in aqueous media. In
Korolev’s study,'”> AgNPs were modified by the addition of either HSA or Tween-80 (Polysorbate-80) to increase the
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Figure 5 (A) lllustration of albumin metal nanoparticles fabrication and application; (B) Docking studies of C1-C3 and HSA using Autodock. a) The overall structure of the HSA
complex; b) C1-C3 located within the hydrophobic pocket in subdomain IIA of HSA; c) the interaction mode between CI-C3 (showing stick representation) and HSA (cartoon
form).'®® (License Number: 5778641204720. Reprinted from Journal of Inorganic Biochemistry, 153, Gou Y, Zhang Z, J. Q, et al. Folate-functionalized human serum albumin carrier for
anticancer copper(Il) complexes derived from natural plumbagin, 13-22. Copyright 2015 with permission from Elsevier.'®® (C) a) Synthetic process and therapeutic mechanism of BSA-
IrO, NPs. b) TEM image and photograph (inset) of BSA-IrO, NPs. c) HAADF-STEM image and EDX elemental mapping. d) UV/Vis absorption spectrum of BSA-IrO2 NPs in aqueous
solution. (Reprinted with permission from Zhen W, Liu Y, Lin L, et al. BSA-IrO(2): catalase-like nanoparticles with high photothermal conversion efficiency and a high X-ray absorption
coefficient for anti-inflammation and antitumor theranostics. Angew Chem Int Ed Engl. 2018;57(32):10309—10313.© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.'®®
Abbreviations: FRET, fluorescence resonance energy transfer; PTT, Photothermal therapy; MRI, magnetic resonance imaging; BSA, bovine serum albumin; PDT,
Photodynamic Therapy; PAT, Photoacoustic tomography; CT, Computed Tomography; CAT-like, Catalase-like; ROS, reactive oxygen species.

stability of AgNPs in aqueous suspensions. AgNPs with Tween-80 showed significant hemolysis incubation, while non-
modified and albumin-coated AgNPs had minimal hemolytic activity. The cytotoxicity of the albumin-coated AgNPs on
human adipose-tissue-derived mesenchymal stem cells was lower than that of the native and Tween-80-covered AgNPs.
Meanwhile, albumin-coated AgNPs and non-modified AgNPs were equally effective in terms of bactericidal activity
against pathogens. The targeting abilities, cellular uptake, and toxicity of nanoparticles can be influenced by a protein
coating,'” which provides a new strategy for drug delivery. In earlier research, the protein coating may decrease the

1176

toxicity and cellular uptake of AgNPs.'”> Recently, Park et al'’® studied the role of protein coatings on the toxicity of
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AgNPs to liver hepatocellular carcinoma (HepG2) cells. The protein on the surface forms a protective coating that
inhibits AgNPs dissolution. However, HSA-coated AgNPs are more toxic to HepG2 cells than uncoated AgNPs, and that
the mechanism of toxicity cannot be simply explained by AgNP dissolution. The observed differences in toxicity
reactions may be caused by various factors, including the size and concentration of nanoparticles, different cell types,
exposure time, and the selection of toxicity measurements.

There are also scholars using silver nanoparticles of quantum dot immunoassay on HSA competitive fluorescence
immunoassay. If the antibody-loaded CdSe quantum dots are aggregated with HSA-coated silver nanoparticles, fluores-
cence resonance energy transfer (FRET) will be caused by the distance between the two nanoparticles being reduced
enough.'”” In this case, the Ab-QD fluorescence detector is overcome. However, if HSA is added to Ab-QD, their
surfaces will be blocked, and they will no longer be polymerized with HSA-AgNPs. The decrease in fluorescence
intensity (peak 570 nm) was negatively correlated with HSA concentration in the sample. HSA concentration in the range
of 30—600 ng/mL can be determined with this method. The data show that anisotropic silver nanoparticles and quantum
dots as energy donors can be successfully applied to various competitive immunoassays for sensitive detection of any
analyte based on resonance energy transfer.

Gold Albumin Nanoparticles

Gold and silver nanoparticles are hotspots in chemistry, condensed matter physics, nanomaterials, and clinical immunol-
ogy research in recent years.'”* '8! The AuNP albumin system could be used in various biomedical areas, including
photo-thermal therapy, drug delivery, diagnostics, theranostics and immunoassays.'®? AuNPs could be capped with

184 used

albumin molecules or encapsulated into albumin nano capsules to deliver drugs to target sites.'®* Mocan et a
BSA bound to gold nanoparticles (GNPs) as active vectors to target liver cells with laser treatment. Compared with
GNPs, BSA-GNPs showed their high affinity to liver cancer cells. Murawala et al'® provided methotrexate (MTX)
loaded Au-BSA NPs, which were extremely stable under strong electrolyte and pH conditions. And Au-BSA NPs
showed better proficiency in inhibiting human breast cancer cells (MCF-7) compared with free MTX. Chen et al'®
designed albumin-based cisplatin-conjugated AuNPs with radiation therapy (RT), in which Au can increase RT-induced
immunogenic cell death and potentiate the abscopal antitumor immunity. Compared with cisplatin, albumin AuNPs

loaded cisplatin showed reduced side effects which can be safely administered concurrently with ablative RT.

Copper Albumin Nanoparticles

The interaction of metal compounds with HSA applied in anti-cancer research is increasing. According to the research,
HSA can increase the solubility of the metal compound copper(Il), and enhance its anti-tumor effect'®”'*® Fluorescence
spectra and molecular docking show that the Cu(IT) complex binds to the IIA subdomain of HSA (Figure 5B).'®® Cu(II)
compounds produce intracellular reactive oxygen species (ROS) in tumor cells, and the complexes of HSA and copper-
(IT) compounds are, to some extent, able to selectivity accumulate in cancer cells compared to the individual Cu(Il)
complex, but do not improve the normal cell cytotoxicity levels in vitro. Gou et al'®® prepared a component by the
reaction of CuCl,/ Cu(NO3;),/CuBr, with HL to obtain a novel phenoxy-bridged binuclear copper(Il) compound C3. (C3)
and mononuclear copper compounds (C1 and C2) showed stronger anticancer effects. The HSA nano carrier functiona-
lized with folic acid (FA) was combined with Cu(II) to study its anti-cancer properties and mechanisms. FA-HSA-metal
drug complexes exhibited high cytotoxicity to tumor cells with high expression of FA to a certain extent and showed the
inhibition of the activity of proliferative Bcl-2 family proteins and CDK1/cyclin B1.

Jiang et al'®® developed a Cu(Il) reagent based on the specific residue of HSA NPs, which was used for multitargeted
tumor microenvironment (TME) to inhibit cisplatin resistance. The structure of the HSA-Cu complex indicated that two
Cu compound (C4) molecules bind and hide in the hydrophobic cavities of the IB and IIA subdomains of HSA, forming
a stable HSA-C4 complex that effectively protected C4 from damage by endogenous ions/macromolecules/compounds.
In addition, HSA NPs could serve as an effective carrier for C4 and transport them to tumor tissue.

Magnetic Iron Oxide Albumin Nanoparticles
Magnetic nanoparticles, especially Fe;04 nanoparticles, are widely studied nanomaterials with special magnetic proper-
ties, easily synthesized, and low toxicity.'”' "> It has been reported that there is a great potential in biomedical,
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biological separation, DNA hybridization, and detection.'”*'*” However, the characteristic of being easily oxidized by
pure Fe;04 may affect magnetic properties. In order to overcome this problem, various coatings have been added to its
surface, but due to their toxicity, resulting in low biocompatibility and high immunogenicity. BSA protein can be
immobilized on the surface of magnetic nanoparticles by physical adsorption or covalent binding. Among them, covalent

1'% used BSA as a biosensor to

conjugation can make the BSA coated magnetic nanoparticles more stability. He et a
protect Fe;O4 nanoparticles. In addition, iron oxide nanoparticles loaded with cytotoxic drugs were injected intrave-
nously into blood vessels, and accumulated in the tumor tissue through a gradient magnetic field, the drug bioavailability
effectively improved and side effects reduced, respectively, in MDT. Zaloga et al'®® proposed a method for magnetic
drug targeting with superparamagnetic iron oxide nanoparticles (SEON) coated with lauric acid (LA) and BSA (SEON
LA-BSA). It is necessary to retain protein on the particle surface for drug adsorption by using anchoring molecules such
as octanoate, which is a common stabilizer applied in clinically approved formulations. However, the protein was
difficult to achieve the current good manufacturing practice (¢cGMP) standard, because octanoate could block albumin-
binding sites, reducing the binding efficiency of protein and lauric acid loaded superparamagnetic iron oxide nanopar-
12° presented a new SEON LA-HSA formulation that used pure HSA and octanoate-stabilized

HSA as excipients and compared it with SEON LA-BSA. As a result, the structure of the core-shell structure surrounding

ticles. Thereby, Zaloga et a

the iron oxide nanoparticles was confirmed by frozen fracture transmission electron microscopy. Through the character-
ization of reproducibility of the synthesis, chemical structure, biocompatibility, cellular uptake, stability of the drug
adsorption, and kinetics of drug release, SEON LA-HSA demonstrated feasibility for local drug delivery. In order to
further investigate the adsorption and desorption mechanisms of drugs on SEON LA—HSA, in 2018, Zaloga et al**'
prepared Mitoxantrone loaded SEON LA-HSA. The results showed that most likely the drug is located on the outer
organic shell through the electrostatic adsorption.

In another study, Ostroverkhov et al>** developed photosensitizer loading on HSA-coated magnetic nanoparticles (PS
loading HSA-coated MNPs) which could use non-invasive magnetic resonance imaging (MRI) to track drug accumula-
tion in dynamics. The PS loading HSA-coated MNPs provided up to 17% of injection dose/g to tumors, accurately
tracking drug accumulation in malignant tumors, and could be used to adjust irradiation time to achieve the most

significant tumor growth inhibition in photodynamic therapy (PDT).

Albumin-Template Inorganic Nanoparticles via Biomineralization

Chemical grafting has been the main strategy to bind protein/peptide to inorganic particles for decades, but harsh
synthetic conditions ineluctably mask protein/peptide bioactivity. As an alternative, biomineralization is a mild way to
produce hard materials with highly ordered structures. By combining protein/peptide (organic phase) and inorganic ions,
inorganic nucleation is first determined via preassembled organic macromolecules, then the crystal grows under the
control of molecular recognition at the organic/inorganic interface; thereafter, the mineralized subunits are regulated and
assembled through organic molecules and different forces (eg, hydrogen bonding interaction, electrostatic interaction,
polarity).2*

Among all biomineralization proteins/peptides, albumin has been extensively employed as a biotemplate to collect
inorganic albumin nanoparticles. The good performance of albumin as a biotemplate results from its biocompatibility and
lack of immunogenicity, as well as its covalent binding and reducing capability (eg, 35 Cys residues and 21 Tyr resides in
BSA). The general albumin biomineralization process includes first adsorption or conjugation of ions to albumin through
the affinity of the free thiol group, carboxyl and amino groups, and then sequester ions to form albumin-coated metal
oxide nanoclusters by increasing pH value with NaOH. Catalase-like BSA-IrO, NPs were prepared using such
biomineralization method, which is promising to overcome tumor hypoxia by cleaving H,O, for O, generation, and
further protect normal tissues against H,O,-induced inflammatory cytokines (Figure 5C (a—d)).'®® Another common
example is inorganic BSA-MnO, nanoparticles.’** 2% Chen et al**® prepared multicomponent HSA-MnO,-Ce6&Pt
nanoparticles for combined tumor photodynamic and chemotherapy, permitting stimuli-responses of nanoparticles to
acidic and hypoxia tumor microenvironment, releasing small size albumin-drug complex for intratumoral permeabiliza-

tion. These biomineralized inorganic albumin nanoparticles can further combine with other inorganic nanoparticles, for
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instance, mesoporous silica nanoparticles, to make full use of advantages of different materials.>***°” A similar strategy
165,208

has also been seen in nanodots for in-vivo fluorescence/photoacoustic and photothermal imaging.
Other Inorganic Albumin Nanoparticles

Other inorganic albumin nanoparticles are also popular but are not our focus in this review, considering their limited
number of reports. For example, zinc oxide nanoparticles (ZnO NPs) attract considerable concern due to their unique UV
filtration properties, antifungal, antibacterial, and photochemical activity.”*” S Sudheer Khan et al analyzed the toxicity of
ZnO NPs with or without BSA. The results indicated that BSA-coated ZnO NPs decreased the toxic effect and could be

more amenable to applications in bioengineering and biotechnology.*'”

Albumin Nanoparticle-Based Hybrids

As we have shown, organic or inorganic functionalization on albumin nanoparticles can bring them multiple passive,
targeting, or photothermal ability. In this section, instead of discussing physiochemical modification on albumin itself, we
give a short review of the bottom-up manufacturing strategy to make albumin nanoparticles-based hybrids. This section
is divided into first biomimetic albumin hybrids with cell membrane camouflage, and second albumin nanoparticle hybrid
scaffold.

Cell Membrane Camouflaged Albumin Nanohybrids

Biomimetic albumin hybrid can be achieved by albumin/vaccine complex,'" albumin/living cell conjugation,?'? or cell
membrane camouflage. Compared with other two methods, cell membrane camouflage is easier for fabrication with
higher availability. A variety of cell membranes, derived from different cell origins, including cancer cells,?'* red blood
cells (RGB),>' and stem cells,”'> have been exploited for nanoparticle encapsulation. Surprisingly, few reports were
described for cell membrane camouflaged albumin nanoparticles, which may result from the intrinsic properties in
albumin of great biocompatibility and lack of immunity. However, introducing cell membranes to albumin nanoparticles
contributes to albumin stability and targeting capacity towards tumor treatment.>'® Cao et al*'’ described a macrophage
membrane camouflaged albumin nanohybrids. In this study, they displayed that compared to albumin nanoparticles,
improved tumor targetability, and enhanced cellular uptake efficiency are found in albumin nanohybrids. Additionally,
the presence of macrophage membranes induced more specific accumulation at the tumor site and stronger antitumor
efficacy. Wen et al*'® prepared cRGD-modified RBC membranes to encapsulate gefitinib-loaded albumin nanoparticles.
Such RBC membrane-camouflaged albumin nanohybrid demonstrated a prolonged drug release of less than 70% in 120
h, lower RAW 264.7 macrophages, and higher tumor cell uptake. The in vivo SPECT imaging showed that compared to
only BSA nanoparticles, a significant increase of nanoparticle accumulation at the tumor site was found after cell
membrane camouflage, illustrating a high targeting efficiency of cell membrane/albumin nanohybrid. As cell membrane
isolation and modification techniques rapidly progress, it emerges as a promising strategy that employs cell membranes,
exosomes, or secreted vesicles to prepare albumin-based nanohybrid for tumor targeting, inflammation treatment, and
tissue repair.

Albumin Hybrid Scaffolds

Controlled local drug delivery is required for tissue engineering scaffold. The superior drug loading efficiency and
biosecurity permit excellent performance of albumin nanoparticles in both systematic and local drug delivery. BSA/bone
morphology protein type 2 (BMP-2) nanocomplex formulation is widely used to stabilize BMP-2.'"*?° Liu et al*"’
conjugated BSA/BMP-2 nanoparticles to poly-l-lysine functionalized graphene oxide (GO-PLL/BMP-2) by electrostatic
attraction, showing a prolonged BMP-2 release over 14 days and significantly increased alkaline phosphatase activity. Nano-
in-nano engineering, in which drug-loaded albumin nanoparticles are embedded in electrospun nanofibers, emerges as
a promising approach for efficient tissue repair.***2***! In this approach, polymers such as chitosan are often performed as
a coating on the albumin surface for drug capping, with polymeric nanofiber used as another capping layer. In addition to
nano-in-nano engineering, micro/nano engineering demonstrates successful applications. Recently, porous poly (I-lactic acid)
(PLLA)/BSA micro/nano particles had been introduced to deliver recombinant human soluble TNF receptor type II (rths
TNFRII) for nucleus pulposus regeneration (Figure 6A—C).?** In this study, rhs TNFRII was loaded in BSA, with further
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Abbreviations: PLLA, poly(l-lactic acid); W/O, oil-in-water; PVA, Polyvinyl alcohol; BSA, bovine serum albumin; BNP, bovine serum albumin nanoparticles; MS-BNP, antagonist-
functionalized injectable porous microspheres; Rhs TNF RIl, recombinant human soluble tumor necrosis factor (TNF) receptor type Il; TNF- a, tumor necrosis factor a.

chitosan coating, then the BSA nanoparticles were introduced into hollow PLLA microparticles for in-situ injection. Without
an apparent burst release, the loading drug was released to around 79.85% at day 35. Histological staining suggested that
more residual NPs were found in the micro/nano group, with a lower TNF-a expression. The authors also emphasized that
this achievement was attributed to a proper microenvironment for drug delivery.

Albumin Nanoparticle Application
Anti-Tumor Therapy

In some studies, the long circulating half-life of ~19 days of albumin is associated with Megalin Cubilin receptor-
mediated renal rescue®?® and its binding to endothelial and epithelial cell cycle neovascularized Fc receptors (FcRn).?**
HSA level is maintained by FcRn through the intracellular sorting mechanism that protects from lysosomal
degradation:**> HSA is internalized into cells through pinocytosis and then combines with FcRn at low pH within the
acidic endosome, recycles to the extracellular chambers and dissociates at a physiological pH, which avoids degradation
in the lysosome.?** However, other non-receptor bond plasma components are degraded (Figure 7).

The enhanced tumor accumulation of HSA NP is due to the EPR effect passively mediated uptake enhancement. In
brief, the extensive angiogenesis of tumor tissue can lead to leakage of the vascular system, and larger molecules can
enter the tumor stroma through the vascular system. Another pathway is to rely on active receptor transport. The most
well-known albumin receptor, gp60, a 60 kDa glycoprotein (albondin), which mediates the endocytosis of natural HSA in
endothelial cells, is widely expressed and involved in vascular endothelial cells except for the brain. Albumin combined
with gp60 causes internalization and transcytosis: Albumin binds gp60 receptors and activates caveolin-1 and cell
phagocytosis through endothelial cells.”***”*?° Besides, gp18 and 30 can be found in a wide variety of cells, such as

6964 e International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Qu et al

Bloodstream (pH 7.4)

0 ¢
O Fluid-phase
P
pinocytosis Recycling

> 50 )

c

® o
O 4 O Sorting endosome
( pH 5~6
FcRn-receptor
A HSA binding (@) © Degradation

pH 5~6
(O other plasma components
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macrophages, fibroblasts, and brain cells. However, gp18 and gp30 do not preferentially bind to native albumin and only
have affinity for modified albumin. The entered albumin drug complex binds to the overexpressed secretory acidic
cysteine-rich protein (SPARC) in tumor cells, which promotes drug entry into the tumor cells.**’ However, few clinical
studies have suggested that the concentration of SPARC in tumor tissue has no significant impact on treatment
efficacy.?*° Figure 8 shows the HSA-NPs delivery strategy.

K-Ras is one of the driver genes for pancreatic cancer, and tumor cells with mutated K-Ras exhibit high levels of
endocytosis. HSA is its main source of nutrition.*" Lu et al**? prepared BSA — polycaprolactone (PCL) nanoparticles
loaded with albendazole (ABZ) for the treatment of pancreatic cancer by desolvation method, and in the cytotoxicity
experiment, the IC50 value of BSA-PCL nanoparticles was 1.32 + 0.35 pg/mL, and the IC50 value of free ABZ was 3.17
+ 0.36 pg/mL, which was about 2.4 times the concentration of BSA-PCL nanoparticles, indicating that the uptake of
BSA-PCL nanoparticles by cancer cells was higher than that of free ABZ. In this literature, it is shown that the optimal
particle size of albumin nanoparticles is between 100 and 200 nm, and it may be that the larger the particle size, the larger
the area where the nanoparticles contact the cell membrane. Tumor-associated macrophages (TAMs) are the most
abundant immune cells in the tumor microenvironment (TME), which promote tumor growth and metastasis.
Therefore, eliminating TME can achieve anti-tumor efficacy.>>® Previous studies have shown that palmitic acid (PA)-
modified albumin can target the scavenger receptor-A of polarized macrophages such as TAM.?** Feng et al>*® prepared
palmitic acid-modified HSA NPs (PSA NPs) loaded with pirubicin (THP) to achieve double targeting of tumor cells and
TAMs, and the inhibition rate of THP-PSA NPs on tumor volume in mice reached 81.0%, without causing damage to
normal tissues. The mechanism of action is shown in Figure 9.

Anti-Virus Therapy

In 2020, the rapid spread of severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) worldwide was
associated with reduced albumin levels, cytokine levels, etc., and more recently, there have been reports of a complete
recovery in patients with severe COVID-19 infused with immune serum rich in albumin, antibodies, and plasma
proteins.”*® The mechanism of action should be similar to that of convalescent plasma, ie, albumin prevents histone
H4-mediated platelet activation and aggregation.®” Park et al**® proposed drug-loaded albumin nanoparticles as
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therapeutic agents to address the clinical outcomes observed in patients with severe SARS-CoV-2. Polyethylene
glycolated nanoparticle albumin binding can alter the pharmacokinetic behavior of ginsenoside soap, such as reducing
clearance and prolonging blood circulation time. Analysis of plasma samples from COVID-19 patients revealed
decreased serum albumin levels, increased coagulation and NETosis associated with elevated histone H4, and severe
cytokine storms and inflammation in blood and lung tissue. Therefore, albumin was chosen as a vehicle for ginsenoside
delivery to simultaneously address blood clotting, NETosis, and cytokine storms. It is hypothesized that another effect of
albumin is to inhibit platelet aggregation, pulmonary hemorrhage, and endothelial necrosis by binding to extracellular
histones secreted by viral infections in patients with severe COVID-19. Steroid glycosides, found in ginsenosides, can
inhibit severe inflammation and prevent death from hypotension due to septic shock in critically ill patients.*** HSA can
combine a variety of endogenous and exogenous compounds, these properties can affect the distribution and efficacy of

compounds in the body, HSA can store many compounds and can greatly increase the solubility of compounds.?*° Li

et al®*!

studied the interaction of ribavirin and lamivudine with HSA using fluorescence spectroscopy and X-ray
crystallography, and the X-ray structure showed that ribavirin, lamivudine and lamivudine bind to the IIA subregion
of HSA mainly through the formation of hydrogen bonds and hydrophobic interaction forces, which provided guidance

for the subsequent albumin delivery system of ribavirin and lamivudine.

Anti-Inflammatory Therapy

Inflammatory diseases are caused by the adhesion of polymorphonuclear neutrophils to the lining of the circulatory
system or vascular endothelium, and transmigration of the uncontrolled neutrophils.**> Therefore, it is a useful ther-
apeutic strategy to target neutrophils through nanodrug delivery systems.”*> Albumin nanoparticles are reported to be
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Abbreviations: THP-PSA NPs, palmitic acid-modified human serum albumin nanoparticles; M2-TAMs, M2-tumor-associated macrophages; IL-10, interleukin-10; TGF- B,
transforming growth factor-B1; IL-12p70, interleukin-12p70; TNF- a, tumor necrosis factor o; IFN- v, Interferon y; MDSCs, Myeloid-derived suppressor cells.
internalized by neutrophils and have effects on acute inflammation®** and chronic inflammation.?*> BSA nanoparticles
can internalize into neutrophils through Fcy receptors on the surface of neutrophils. Recently, Liu et al** prepared an
RGD peptides-modified BSA NPs loading with Celastrol (CLT) (CBR NPs) using a desolvation method to induce
apoptosis of circulating inflammatory neutrophils to treat theumatoid arthritis, while CBR NPs could decrease the toxic
side effects of CLT. The results showed that CBR NPs effectively inhibit the recruitment of inflammatory neutrophils in
inflammatory joints. Besides, neutrophils could be like “a bus” to deliver therapeutic nanoparticles across the blood
vessel barrier for inflammatory treatment. Zhu et al*** reported BSA NPs loaded with glucose oxidase (BSA-GOx-NPs)
to treat endometriosis, which is a chronic inflammatory disease, by the neutrophil hitchhiking strategy. BSA-GOx-NPs
internalized by neutrophils in vivo and neutrophils consistently enriched in ectopic lesions. GOx could be released to
deplete glucose and induce apoptosis. The results provided a promising direction for the treatment of endometriosis.

Across BBB

BBB is a major challenge in brain cancer treatment, and the characteristics of brain microvascular endothelial cells are
high expression of tight junction proteins and poor cross cell endocytosis. The BBB is not a static barrier, in fact, there is
a large exchange of substances on the BBB through nutrient transporters,**® transporters in the brain barrier can be used
for the delivery of brain drugs. Albumin is an important source of nutrition for the body, but it is excluded by the brain,
due to the rapid growth of tumors and active metabolism, it is very thirsty for nutrients, in this case, the intake of albumin
in tumor tissues will be greatly increased and used as an energy source. Albumin-binding proteins, such as SPARC and
gp 60, are the main mechanisms by which tumors take up albumin,*” and SPARC is overexpressed in brain tumors. Lin
et al**® provided a green method for the synthesis of BBB-penetrating albumin nanoparticles with the ability to co-
encapsulate different drugs and does not require cross-linking agents (Figure 10). The hydrophobic drugs PTX and
fenreta amine produce a synergistic effect to induce albumin self-assembly, forming double-loaded nanoparticles. The
albumin nanoparticles were modified by the cell-penetrating peptide LMWP (low molecular weight protamine), which
offers a promising pathway of biomimetic targeted administration of brain tumors in combination therapy. T807 is
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(Reprint with permission from Lin T, Zhao P, Jiang Y, et al. Blood-brain-barrier-penetrating albumin nanoparticles
248

a novel tau positron emission tomography agent for Alzheimer’s disease that has a low molecular weight and can
effectively cross the BBB. Hahn et al**
nanoparticles (T807-ETm/HSA NPs), red blood cell membrane coating can prolong the circulation time of nanoparticles

% prepared erythrocyte membrane (ETm) coating and T807-modified HSA

in the blood, and T807 ligand can target the brain. In mouse in vivo imaging experiments, T807-ETm/HSA NPs had the
largest distribution in the brain, so this vector can cross the BBB and be used to transport drugs to treat brain diseases.

Lymph Node (LN) Transport

LNs are attractive therapeutic targets for treating various unmet clinical needs. However, due to the anatomical structure and
nature of LNs, high concentrations of therapeutic agents in these tissues are difficult to achieve through the administration of
free drugs or conventional formulations. Albumin-hitchhiking approach is attributed to the drug/vaccines targeting towards
LNs and enhancing immunogenicity (Figure 11). Antigens-bond albumin is taken to the lymphatic vessels and then flowed
into the LN until it has been processed to the surface of dendritic cells.>>® Zhang et al*>' designed a novel HSA nanoformula-
tion loaded with an immunosuppressant tacrolimus (TAC) (TAC-HSA-NPs), which had high lymphatic targeting efficiency to
further enhance the efficacy of lymphatic immunosuppression. Wherein, hydrophobic TAC triggers the self-assembly of
albumin and enhances the adhesion between HSA molecules without crosslinking. TAC-HSA NP could target and drain LNs
via cell surface Fc y receptors and inhibit the proliferation of immune cells via cell surface Fc y receptors, which was
considered consistent with the reported targeted delivery of albumin nanoparticles to inflammation site infiltrated with
adherent neutrophil.>** In order to further improve the efficiency of LN targeting, albumin nanoparticles coupled with
antibodies that could recognize lymphocytes or LN vasculature have also been widely studied. Tumor-draining lymph
nodes (tdLNs), including Tregs and MDSCs, are the first site of metastasis and abound with immunosuppressive factors,
which play a crucial role in generating and regulating tumor-related immune responses.”>* They experience antigen priming
during lymphatic drainage of tumor-associated antigens (TAAs). Albumin nanoparticles modified with TAAs targeted tdLNs
by lymphatic drainage as an anticancer vaccine will also be a field worth studying.
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Besides, sentinel lymph node (SLN) resection is one of the traditional methods for tumor treatments. SLNs are the
first regional LNs that receive lymph flow from primary tumors. The detection of SLN is crucial for estimating tumor
staging and treatment decisions. SLN localization has been used for the diagnosis of solid tumor metastasis. 99mTc-
labeled Mannose-based HSA (MSA), which binds to a blue dye, has been reported as an SLN imaging agent by binding
to macrophages in LNs.>* Indocyanine green loaded HSA (ICG-HSA) nanoparticles which radiolabeled with
technetium-99 m (99mTc) were prepared to locate SLNs and inhibit tumor metastasis. The photothermal treatment of
SLN enhanced the inhibitory effect on lung metastasis in mice and significantly prolonged their survival time.*>*

Immunotherapy combined with chemotherapy is one of the current options for cancer treatment. LNs play a crucial
role in initiating the progression and metastasis of cancer.>> The therapeutic strategies for regulating the immune
suppression microenvironment of LNs are receiving increasing attention. Various immune modulators have been
developed to reshape the tumor immunosuppressive microenvironment and improve treatment effectiveness. However,
currently, most immune modulators have limited accumulation in tumor sites or LNs after intravenous or oral admin-
istration, which hinders their clinical efficacy. Albumin nanoparticles show great potential in the delivery of immune
modulators. Song et al>>® developed an albumin nanoparticle to encapsulate PTX and PI3Ky inhibitors which increased
the drug delivery to macrophages in both tumors and LNs.

Regeneration

The Regeneration of complex structures after injury requires different processes, such as wound healing, cell death,
dedifferentiation, and stem cell (or progenitor cell) proliferation. Tissue regeneration is related to the apoptotic program
and inflammation.>>” Research on model organisms has begun to characterize the source of regenerated cells, determine
their efficacy, and determine the molecules required for supplementary events.”>® Albumin nanoparticles have shown

259-261

great potential for application in the delivery of regeneration promoters in regenerating bone tissue, wound
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healing, repairing spinal cord injury, and so on. Lin et al®® provided a nanofiber scaffold containing chitosan-
stabilized BSA nanoparticles for controlling the delivery of dual drugs to create an osteogenic microenvironment for
bone regeneration. The nanoparticles were prepared through desolvation with BSA as the nano carrier to maintain the
bioactivity of drugs. Then, a chitosan stable layer was prepared by the electrostatic self-assembly method. The results
indicated that the scaffold promoted the differentiation of osteoblasts, which could provide a new approach for designing
functional biomaterials for bone tissue engineering that can be used in regenerative medicine. The basic fibroblast growth
factor (bFGF) is one of the key components that promotes dermal cell proliferation and migration for wound healing.
However, due to the rapid decomposition of bFGF in physiological microenvironments, its unstable nature greatly limits
its clinical application. As shown in Figure 12, Son et al**? presented the bFGF-loaded HSA NPs (HSA-bFGF NPs) to
improve their stability with a simple desolvation and crosslinking method. Due to the short half-life of bFGF, the strong
cross-linking of bFGF and HSA to form nanoparticles is basically beneficial for the long-term supplementation of
bioactive bFGF in tissue regeneration. The HSA-bFGF NPs retained the complete characteristics of the bFGF protein,

especially improving tissue regeneration in terms of microstructure and functional recovery in vivo.

Outlook

Albumin is an attractive protein for preparing nanoparticles with potential therapeutic applications. However, current
reports indicate that various albumin-based nanocomplexes are usually synthesized by strategies such as electrostatic
adsorption, chemical conjugation and biomineralization.”®” These methods may lead to the presence of multiple
components in the complexes, and there is a lack of comprehensive studies on the biocompatibility and toxicity of
these complexes, which has seriously hindered the further development and widespread clinical application of albumin-
based complexes. In response to these problems, measures could also be taken to focus on the reduction of impurities and
more comprehensive toxicity testing of the complexes during the process of design and synthesis. The use of glutar-
aldehyde as a crosslinking agent or UV irradiation” for crosslinking during the preparation of albumin nanoparticles can
increase the potential toxicity of the obtained albumin nanoparticles. Therefore, some natural cross linking agents such as
tannic acid, ascorbic acid, municipal acid, and glucose268 have been studied. Besides, for the drug-loaded albumin
nanoparticles, physical instability and premature release during a long-term storage are still the challenges. Further,
whether albumin nanoparticles can maintain uniform and stable particle size and high drug loading in large-scale
production and the reproducibility are urgent issues that need to be considered in the clinical translation process.
Careful design and formulation optimization are necessary. Albumin as a drug carrier also has the limitations, such as
albumin variability, high cost, limited sources of HSA, and mild immune reactions when BSA is used for injection. Some
studies have reported that proteins isolated from other species can also be used as drug delivery carriers. For example,
soybean protein-based nanoparticles are considered as potential natural delivery carriers because of their structural

characteristics. Gong et al**’

enumerated a variety of preparation methods for soy protein-based nanoparticles and
described the improvement of functional properties of bioactives after encapsulation. It provides a theoretical basis and
reference for the subsequent preparation of novel soy protein nanoparticles. Besides, it offers a potential pathway for the
application of soy proteins and natural bioactives in the food and pharmaceutical fields. Silk protein has been widely used
as scaffolds for vascular, skin, bone, cartilage and neural tissues.?’® Silk fibroin nanoparticles (SFN) have the advantages
of simple preparation method, good biocompatibility, good degradation, and easy chemical modification. Lozano-Perez

et al®”!

prepared SFN loaded with hydrophobic platinum precursor (PtBz), which successfully improved the delivery of
insoluble PtBz and showed high selectivity for tumor cells, reducing the killing of normal cells.

Albumin has potential in delivering antibacterial, analgesic and antifungal drugs as well as active substances for
obesity prevention. In future studies, more attention could be paid on chemical modifications of albumin, which could
broaden the application of albumin nanoparticles. Besides, albumin nanoparticles can passively target tumor sites through
the EPR effect; however, albumin is also an essential protein for tumor maintenance and growth. Therefore, how the
administration of albumin formulations affects the development of tumors and the changes in the immune environment of
albumin carriers after treatment of tumors, as well as the effects of subsequent tumor metastasis and recurrence are the
interesting studies.”’* The field of nanomedicine is attracting more and more attention as it offers efficient and smart

therapeutic options for the treatment of cancer, inflammatory and other diseases. In this field, albumin nanoparticles are
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Phosphatidylinositol 3-kinase; ERK, extracellular regulated protein kinases; AKT, protein kinase B.

attracting attention due to their high affinity for hydrophobic drugs, surface modification possibilities and high loading
capacity, which allows us to overcome the formidable hurdles posed by many of the compounds currently on the market.’
Although there is a lot of research on nanotechnology, some synthetic polymers, metal nanoparticles, etc. are limited in
clinical applications due to their own toxicity. With the continuous development of the biomedical field and the increase
of application demand, the market potential of albumin nanoparticles will be further released, and it is expected to
become an area with greater market potential and commercial application prospects. Especially with the rise of
personalized medicine and precision therapy, the targeted delivery advantage of albumin nanoparticles will be more
valued. We expect albumin nanoparticles to be promising drug delivery systems in the clinical development of disease.
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