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Abstract: Albumin has shown remarkable promise as a natural drug carrier by improving pharma-
cokinetic (PK) profiles of anticancer drugs for tumor-targeted delivery. The exogenous or endogenous
albumin enhances the circulatory half-lives of anticancer drugs and passively target the tumors
by the enhanced permeability and retention (EPR) effect. Thus, the albumin-based drug delivery
leads to a potent antitumor efficacy in various preclinical models, and several candidates have been
evaluated clinically. The most successful example is Abraxane, an exogenous human serum albumin
(HSA)-bound paclitaxel formulation approved by the FDA and used to treat locally advanced or
metastatic tumors. However, additional clinical translation of exogenous albumin formulations has
not been approved to date because of their unexpectedly low delivery efficiency, which can increase
the risk of systemic toxicity. To overcome these limitations, several prodrugs binding endogenous
albumin covalently have been investigated owing to distinct advantages for a safe and more effective
drug delivery. In this review, we give account of the different albumin-based drug delivery systems,
from laboratory investigations to clinical applications, and their potential challenges, and the outlook
for clinical translation is discussed. In addition, recent advances and progress of albumin-binding
drugs to move more closely to the clinical settings are outlined.

Keywords: albumin; drug delivery system; cancer-targeted therapy; prodrug

1. Introduction

The targeted drug delivery systems have emerged to achieve an efficient delivery
of anticancer drugs to the tumors [1]. In particular, various nanomaterials, such as poly-
meric nanoparticles, dendrimers, micelles, liposomes and inorganic nanoparticles involve
tumor-targeted drug delivery and have thus received considerable attention over the past
decades [2–7]. These nanomaterials allow a reduced drug dosage for minimal side effects
while resulting in more efficient drug dosing to the tumors to achieve the desired ther-
apeutic efficacy by passive and active targeting [8–11]. Passive targeting describes the
phenomenon where nanomaterials can be extravasated from the leaky angiogenic vessels
and efficiently accumulated in the tumor tissues via the enhanced permeability and reten-
tion (EPR) effect [12–14]. Furthermore, nanomaterials have great amenability to modify
with ligands, including peptides, small organic molecules, oligosaccharides and antibodies
for targeting tumor cells by active targeting [15]. With these distinct targeting mechanisms,
nanomaterials have constituted a central system for targeted drug delivery, but only a
few candidates are clinically approved. This is because of several intrinsic shortcomings
of the systems, i.e., (i) potential toxicity of nanomaterials and (ii) their fairly complex
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structure and synthetic processes, hindering quality control (QC) and scale-up industrial
production. Therefore, there is a desperate need for safe and more precise targeted drug
delivery systems for effective cancer treatment [16].

Albumin, an important nutrient source for the body, has been extensively explored
as a natural drug delivery system due to its several advantages, such as high biocompat-
ibility, easy surface modification and good biodegradability (Figure 1) [17]. Importantly,
albumin can be inherently formulated in the hydrophobic anticancer drugs in its hy-
drophobic interiors, thereby improving pharmacokinetic (PK) profiles with an enhanced
circulatory half-life of drugs for tumor-targeted delivery [18,19]. Its long circulation is
predominately attributable to the neonatal Fc receptor (FcRn)-mediated cellular recycling
and Megalin/Cubilin complex that rescues albumin from renal clearance [20,21]. In addi-
tion, albumin-bound drug formulations efficiently accumulate within tumors by the EPR
effect that is shown in the macromolecular complex by the increased vascular permeability
and low lymphatic drainage [22,23]. Accordingly, several candidates have been evaluated
clinically, and the most successful example is Abraxane, an exogenous human serum albu-
min (HSA)-bound paclitaxel formulation approved by the FDA in 2005 [24]. However, the
additional clinical translation of exogenous albumin formulations has not been approved
to date because many anticancer drugs cannot be easily formulated with albumin owing
to their intrinsic planar structure, polarity and crystallization tendency [25]. Most impor-
tantly, even an effective drug delivery system has been analyzed to have unexpectedly low
delivery efficiency, with less than 1% of administered nanoparticles reaching the tumors in
many preclinical studies [26,27]. It means that a considerable amount of drugs is accidently
released at off-target sites, which can increase the risk of systemic toxicity.

Figure 1. Schematic illustrations to explain three methods for the preparation of exogenous albumin-
bound drug formulation.

To overcome these obstacles in the clinical translation of the albumin-based drug
delivery system, anticancer drugs have been chemically conjugated with albumin-binding
moieties that covalently bind to the endogenous albumin, which allows the application
of more various types of drugs without consideration for their intrinsic characteristics
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(Figure 2) [28]. Their simple and accurate structure is easy for a scale-up industrial produc-
tion with precise quality control (QC), and the covalent binding of albumin and anticancer
drugs prevents drug leakage during circulation. In particular, the critical design is the
cancer-specific cleavable linkers between albumin-binding moieties and anticancer drugs
to release the payload selectively in the tumors. Selective drug release can be achieved via
the design of prodrugs by exploiting intrinsic differences between the tumor and normal
tissues; in particular, hypoxia, low pH and diverse enzymes overexpressed in tumors are
promising biomarkers for targeted drug delivery [29]. As a result, these prodrugs can bind
covalently to in situ circulating albumin for targeting tumors via passive accumulation
and selectively release the anticancer drugs in the tumors owing to structural cleavage
by biomarkers, while systemic toxicity is reduced by minimal drug release in normal tis-
sues [30–34]. The first and most advanced prototype of the albumin-binding prodrug is
the (6-maleimidocaproyl)hydrazone derivative of doxorubicin, Aldoxorubicin, which is
constructed with albumin-binding maleimide molecule, a pH-sensitive linker of hydrazone
and doxorubicin, which is now in phase III clinical trials [35]. Encouraged by these active
clinical approaches, many designed albumin-binding prodrugs that can selectively release
the drugs by different biomarkers in tumors have been developed. In this review, we give
the account of the albumin-based drug delivery from different aspects, including prepara-
tion and properties, half-life extension, targeting mechanisms and therapeutic applications.
In addition, past exogenous albumin-bound anticancer drug formulations are summarized
from laboratory investigations to clinical applications, and their potential challenges and
the outlooks for clinical translation are discussed. Finally, recent advances and progress
of endogenous albumin-binding prodrugs to move more closely to the clinical settings
are outlined.

Figure 2. (A) Structure of the albumin-binding prodrug and explanations about each constituent.
(B) Schematic illustration of the mechanism of action of albumin-binding prodrug.
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2. Properties of Albumin
2.1. Human Serum Albumin (HSA)

HSA is the most abundant protein in blood plasma, presenting in human serum at
a concentration of 33–52 g/L [36]. It is mainly synthesized by hepatocytes at a rate of
0.2 g/kg per day and immediately secreted to blood after its production. HSA not only
circulates within blood vessels, but about 60% of its total mass in the human body is located
in extravascular tissue. Intravascular and extravascular HSA are continuously exchanged
with each other at a rate of 4–5%/h through the neonatal Fc receptor (FcRn)-mediated
transcytosis mechanism, and extravascular HSA is excreted through the lymphatic system
to rejoin the bloodstream [37]. HSA is finally catabolized inside various organs, and the
degraded albumin can be a nutrient to tissues [38]. Approximately 3.7% of intravascular
albumin is secreted or degraded and freshly synthesized at the same rate every day [20].
The blood half-life of albumin is ~20 d.

The primary structure of HSA is a single polypeptide composed of 585 amino acid
sequences, which has 66.5 kDa molecular mass and ~10 nm hydrodynamic diameter [39,40].
It contains 16.8% of acidic amino acid and 16.9% of basic amino acids, and its isoelectric
point is 4.7 [41,42]. HSA has 67% of α-helices but no β-sheet as its secondary structure [43].
Its tertiary structure is found to be heart shaped with three main domains (I to III), each
consisting of two helical subdomains (A and B) [44]. There are 35 cysteine residues forming
17 disulfide bonds themselves, and only one unpaired thiol presents on subdomain IA [45].
HSA is highly water soluble, since it has lots of basic or acidic residues, and its suffi-
cient amount of disulfide groups leads to its high stability at adverse pH or temperature
conditions [46]. Thanks to its abundance in blood plasma and multi-functionality in its
structure, albumin plays an important role in the homeostasis of the body, such as pH
and colloid osmosis [47]. Its complex structure also allows it to construct both ionic and
hydrophobic binding sites inside and transport a variety of nutrients and biomolecules,
such as hormones, lipids and amino acids [48].

2.2. Other Types of Albumins

As an alternative to HSA, albumins from a variety of other sources, such as bovine
serum albumin (BSA), rat serum albumin and ovalbumin (OVA), are commercially available
at a much lower cost. OVA is a single-chain phosphoglycoprotein derived from the egg
white. With globular 3D structures, it has 45 kDa molecular mass and ~3 nm hydrodynamic
diameter [49,50]. OVA is composed of 386 amino acid sequences, including six cysteines,
and two of them are coupled with a disulfide bond. Due to its pH and temperature
sensitivity, OVA is highly applicable for a stimuli-sensitive drug delivery system [51–53].
The secondary and tertiary structures of OVA, however, are far different from those of HSA.
It has four unpaired thiol groups, whereas the HSA holds only one, and its hydrophobic
binding pocket is not similar to that of HSA, making it difficult to be used for the preparation
of albumin-binding anticancer drugs.

BSA is a single-chain polypeptide with 583 amino acid residues, with a molecular mass
of 66.8 kDa and an isoelectric point of 4.7 [54]. Including the heart-shaped tertiary structure,
three domains consisting of six subdomains and a single unpaired thiol group, the structure
of BSA is 76% homologous to that of HSA, since both are mammalian albumins [55–57]. This
structural similarity facilitates the use of BSA as a powerful alternative to HSA, exploiting
the advantage of its low cost and negligible immunogenicity as well [58]. Albumins
obtained from other mammalian species, such as rats, rabbits and pigs, are commercialized
as well; however, only a few studies using them have been reported yet.

3. Albumin Binding of Anticancer Drugs
3.1. Albumin-Binding Methods

Since albumin has a number of free functional residues and their secondary structures,
different types of anticancer drugs can be bound to it in a variety of ways. By binding
drugs to albumin, their pharmacokinetic properties can be improved, showing better
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biodistribution and bioavailability. Binding methods can be generally classified into two
categories, non-covalent and covalent manners. The non-covalent method utilizes the
secondary structures of albumin where drug molecules are reversibly bound through ionic
or hydrophobic interactions. There are two main binding pockets in its substructures, which
are named Sudlow site I and II [59]. Sudlow site I, also known as warfarin-azapropazone
site or fatty-acid-binding site (FA) 7, is located in subdomain IIA and was originally
intended for the transportation of native fatty acids and lipids [60–62]. Sudlow site I binds
certain types of hydrophobic drugs, such as derivatives of warfarin, azapropazone and
phenylbutazone [63–65]. Sudlow site II, also called indole-benzodiazepine site or FA3-
FA4, is in subdomain IIIA and can stereo-selectively interact with drugs, such as profen,
naproxen and diazepam [18,66–68]. Hydrophobic interaction, as well as hydrogen bond
and ionic interaction, are involved in drug formulation in Sudlow site II [69,70]. In addition
to Sudlow site I and II, a binding site in subdomain IB, analogous to FA1, has been recently
reported as a secondary pocket for several drugs, such as indomethacin, naproxen, warfarin
and bilirubin [71,72]. There are other binding sites called FA2, 5, 6, 8 and 9, which bind
fatty acids via simple hydrophobic interactions [73–75].

As albumin contains lots of residues, including lysine, aspartic acid, cysteine and
serine, drugs can be attached with covalent bonding. Amines in albumin can react with
drug molecules through N-hydroxysuccinimide-activated ester, isocyanate or aldehyde
chemistry, and carboxylic acids or hydroxyl groups are also able to be exploited for drug
conjugation. These chemical modifications, however, are rarely used for the preparation of
albumin-binding anticancer drugs, since they cannot specify the binding site of drugs and
lack reproducibility. These approaches even cause the denaturation of albumin and impact
its circulation and metabolism. In this circumstance, the use of thiol chemistry with the 34th
cysteine residue (cys34) is of the greatest interest for anticancer drug conjugation [28,46].
Cys34 is the sole unpaired thiol in the native albumin and is located on its surface. The
simple thiol-maleimide (Thiol-Mal) click chemistry enables the drug–albumin conjugation
with high site specificity and reproducibility without compromising the basic structure of
albumin. The thiol-Mal click chemistry is especially applicable for in situ drug binding,
as the thiol present in albumin accounts for 80% of the thiol content in the total blood
plasma [76].

Genetic fusion of protein/peptide drugs with albumin is another covalent binding
method. By fusing the human albumin expressing gene and protein/peptide drug encoding
gene, active proteins/peptides are selectively introduced to the N-terminal of recombinant
albumin without impairing its structure. The fusion of albumin and protein drugs is
notably advantageous for protein-based therapeutics, since most protein drugs have high
immunogenicity, short half-life and low bioavailability [28]. A variety of protein drugs,
including cytokines, enzymes, growth factors and hormones, have been successfully fused
with albumin throughout the previous studies, exhibiting enhanced pharmacokinetics
and therapeutic efficacy [77–81]. The types of drugs that can be fused with recombinant
albumin via this technology are limited to protein/peptide-based ones. Moreover, the
covalent binding methods, including both chemical modification and genetic fusion, have
a problem in that the drug must be dissociated from albumin in the final step to recover
its active form. The linker between the drug and albumin should be cleavable under the
tumor microenvironment or drugs that exhibit their efficacy regardless of albumin binding
should be chosen.

3.2. Albumin Binding and Anticancer Drug Half-Life

Conventional anticancer drugs have suffered from low therapeutic efficacy due to var-
ious factors, one of which is their poor biodistribution and, thereby, rapid elimination from
the body. The conjugation of poly(ethylene glycol)s (PEGs) or albumin to drug molecules
are two popular strategies widely used elsewhere to improve their pharmacokinetic pro-
files [82,83]. Non-specific PEGylation of drugs, however, may hinder their approach to
the site of action, resulting in deterioration of their activities. The non-biodegradability
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and slight immunogenicity of PEG are further drawbacks compared to albumin [84,85].
Albumin binding can be a better candidate than PEGylation for the drug half-life extension
with its non-immunogenicity and biodegradability. For example, P. Kurtzhals et al. conju-
gated hydrophobic fatty acid chain to the LysB29 residue of human insulin analog [86]. As
the fatty acid on the insulin tightly binds to albumin, the half-life of insulin (4–6 min) was
increased by more than 50 times (5–7 h). This insulin analog finally obtained FDA approval
for treatment of type 1 or 2 diabetes and has been available on the market as Levemir®

since 2005 [87,88].
There are some albumin receptor-mediated pathways that elongate the half-life of

albumin despite its biodegradability. These receptors allow albumin to be recycled and
transported without undergoing lysosomal degradation [18,20]. The glycoprotein (GP)
60 receptor, also known as albondin, is an albumin receptor present restrictively on the
membrane of vascular continuous endothelium cells and alveolar epithelial cells [18,89].
GP60 binds native albumin and provokes the association of caveolin-1, forming albumin-
containing vesicles named caveolae. The caveolae move into the cytoplasm, fuse with the
basal membrane and finally transport albumin to the interstitium [90]. The transcytosis
of albumin by the GP60 receptor rescues it from lysosomal degradation and extends its
half-life. FcRn is another cell membrane receptor involved in the transcytosis of albumin.
Different from GP60, FcRn can be broadly found in various cell membranes, such as
vascular endothelium, intestinal epithelium, interstitium of the central nervous system,
renal epithelium, etc. [91]. Native albumin in the physiological condition generally has a
low affinity for FcRn. As it undergoes endocytosis, albumin strongly interacts with FcRn,
specifically under the endosomal pH (6–6.5). The FcRn-bound albumin can effectively
evade lysosomal degradation and be released back to the interstitium [92,93]. It has been
reported that FcRn plays a major role in maintaining the albumin concentration, as a
significant decrease in albumin was observed from the FcRn-deficient mice [94,95].

Contrary to the action of GP60 and FcRn, GP18 and GP30 facilitate the removal of
denatured or modified albumin [96]. Predominantly expressed on the membrane of hepatic
endothelium and peritoneal macrophage, GP18 and GP30 bind abnormal albumin and
induce its degradation via caveolae-related endocytosis [97–100]. Albumin with denatured
conformation binds to those receptors with a 1000-fold higher affinity than the native
one. As seen in the G18- and GP30-mediated pathways, it is certain that excessive chemi-
cal modification of albumin with drugs may lead to its conformational change, which is
disadvantageous to the pharmacokinetics of drug–albumin conjugate. In addition, Me-
galin/Cubilin receptor is usually located on the membrane of kidney proximal tubule cells,
preventing the renal excretion of albumin [101,102]. Megalin and Cubilin form a complex
with each other, and the albumin binds to Megalin to be endocytosed. K. Weyer et al.
demonstrated that the Megalin/Cubilin complex is essential for inhibiting renal clearance
of albumin using a Megalin/Cubilin-deficient mouse model [103]. However, the interaction
of albumin with Megalin/Cubilin receptor does not extend the lifespan of albumin-binding
anticancer drugs, since the albumin translocated into cells via Megalin/Cubilin receptor-
mediated endocytosis is instantly degraded by lysosomes [104].

3.3. Albumin Binding and Cancer Targeting

Since it was revealed that tumor tissues extensively uptake plasma proteins, albumin
has been intensively studied as a carrier for various anticancer drugs, such as doxorubicin,
paclitaxel, gemcitabine, monomethyl auristatin E (MMAE) and camptothecin, due to its
abundance in serum [105,106]. There are two fundamental mechanisms for the tumor
accumulation of albumin: the EPR effect and receptor-mediated tumor internalization and
catabolism [107–109]. In normal tissues, macromolecules, including albumin, generally
cannot pass through the densely connected vascular endothelium but are only transported
via transcytotic mechanisms. The migrated macromolecules are smoothly excreted from
tissues through the lymphatic system. On the contrary, solid tumors are often hypervascu-
larized with abnormally organized leaky blood vessels and a lack of lymphatic vasculature.
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Due to the highly permeable architecture of tumoral blood vessels, macromolecules are
freely extravasated into tumor interstitium, hardly excreted by lymphatic drainage, and
thereby accumulated in the tumor tissue [110–112]. This phenomenon is widely known
as the EPR effect and has been actively explored for the passive targeting of cancer with
macromolecular and nanoparticulated therapeutics.

After its passive accumulation in tumor tissues, albumin is captured by overexpressed
receptors and selectively endocytosed to cancer cells. Secreted protein acidic and rich in
cysteine (SPARC), also known as osteonectin or basement membrane 40 (BM40), is the
central receptor contributing to the entrapment and catabolism of albumin inside the cancer
cell [90]. The expression of SPARC is strictly regulated in normal cells, whereas it is exces-
sively present on cancer membranes [113,114]. When the SPARC receptor recognizes and
binds to albumin, the complex is endocytosed to cancer cells and then undergoes degra-
dation. The interaction of SPARC with native albumin is considered to be similar to that
of GP60; however, its intuitive experimental proof has not been performed yet [89,115]. In
contrast to the EPR effect, SPARC-related spontaneous uptake by cancer cells occurs selec-
tively for the albumin. Attributed to these passive and active tumor-targeting mechanisms,
albumin has been considered a versatile cargo for anticancer agents.

4. Exogenous Albumin-Bound Anticancer Drug Formulations for Cancer Therapy
4.1. Developments in Exogenous Albumin-Bound Anticancer Drug Formulations

As the usefulness of albumin in terms of its pharmacokinetic property and tumor
specificity was demonstrated, considerable attempts have been made to develop albumin-
based anticancer drug carriers. Stehle et al. synthesized methotrexate (MTX)–albumin
conjugates for anticancer therapy [116,117]. MTX, which has a short half-life of 6–10 h, was
covalently bound to lysine residues in albumin at a molar ratio of 1:1. The pharmacokinetics
of MTX were notably improved, exhibiting 15–18 d of half-life, which is similar to that
of native albumin. After confirming its antitumor efficacy in animal models, this MTX–
albumin conjugate was named MTX-HSA and entered clinical trials in the early 2000s [118].
There are some structural problems with MTX-HSA due to its synthetic method. It is
hard to regulate the specific site of MTX conjugation in the albumin structure, and MTX
is rarely released unless the albumin is degraded. Recently, a couple of studies were
carried out for the synthesis of exogenous albumin-bound anticancer drugs using the
Cys34 as the conjugation site of drugs [119,120]. Utilizing the thiol-Mal click chemistry, the
site-specificity-related issues present in MTX-HSA could be partially cleared.

For the conjugation of protein/peptide-based drugs to albumins, genetic fusion is a
practical approach widely adopted throughout numerous research works. Among albumin-
binding protein drugs, antibody-bound albumins are frequently used for cancer treatment.
P. J. Yazaki et al. manufactured a fusion protein with albumin and single-chain antibody
(scFv) of carcinoembryonic antigen (CEA) to target human colorectal carcinoma [121]. The
fusion of albumin to anti-CEA successfully complemented the rapid clearance of anti-
CEA, demonstrating a dramatic increase in its tumor-specific accumulation up to 4.6-fold.
Since the fusion of protein drugs to albumins rarely affects the structure of albumin,
other hydrophobic anticancer drugs can be additionally loaded to the binding pockets
of albumin [122]. D. Dong et al. fused the antibody of the human epidermal growth
factor receptor 2 (anti-HER2) to albumin and loaded the fatty-acid-conjugated fluorescein
isothiocyanate (FA-FITC) to it as a model drug [123]. The FA-FITC was stably bound to
albumin-fused anti-HER2 via hydrophobic interaction, and the albumin-fused anti-HER2
was efficiently uptaken by HER2-overexpressing cancer cells. In another study, multiple
proteins were fused together with albumin [124]. The antibodies of vascular endothelial
growth factor A (anti-VEGF-A) and hepatocyte growth factor (anti-HGF) were fused to
construct a multi-domain protein. The fusion of multiple antibodies to albumin enabled
to overcome the resistance of cancer against single antibody, as well as improving their
pharmacokinetics. This multi-domain fusion protein was named M0250 and entered the
clinical evaluation.
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4.2. Methods for Albumin Nanoparticle Formation

Strategies to prepare albumin nanoparticles have already been fully established
throughout decades of research. These strategies can be classified as either chemical
or physical methods, depending on how albumins aggregate themselves and what the
driving force is that maintains the particle morphology. Desolvation and emulsification
methods belong to the former, while nanoparticle-albumin-bound (NAB) technology, ther-
mal gelation, nanospray drying, self-assembly and protein salting out are the latter. Each
technique for albumin nanoparticle formation has its distinguished pros and cons, so it
should be carefully selected according to the desired particle property and the type of drug
to be loaded.

Desolvation, initially designed by C. Weber et al., is one of the widely used methods
for albumin nanoparticle formation [125]. This method utilizes the difference in solubility of
albumin to water and ethanol. When ethanol is dropwisely added to the aqueous albumin
solution with continuous stirring, the albumin is gradually precipitated as a nanoparticle
due to the decrease in its solubility to the co-solvent [126]. The precipitated nanoparticle is
then chemically cross-linked utilizing difunctional aldehyde linkers, amination between
albumin residues or disulfide exchange reactions for its further stabilization [127–129].
The desolvation method enables obtaining highly stable albumin nanoparticles with freely
adjustable sizes according to pH and temperature changes. During this particle formation
procedure, however, albumin would be denatured due to the addition of ethanol or changes
in pH and temperature [130,131].

The emulsification method exploits the phase separation between oil and water. An
aqueous albumin solution is poured into an excessive amount of oil phases, such as cotton
seed or castor oil, forming droplets of the albumin solution with rapid agitation. After heat-
ing the emulsion to evaporate water, the albumin nanoparticles dispersed in the oil phase
are chemically crosslinked, mixed with an organic solvent, such as ether or cyclohexane,
and centrifuged to remove the viscous oil [132–134]. Similar to the desolvation method,
particle size can be easily controlled via the emulsification method, but denaturation of
albumin is inevitable. The potential toxicity from the residual organic solvent also hinders
its clinical application [135].

NAB technology is developed by American Bioscience, Inc. for the encapsulation
of hydrophobic drugs into albumin nanoparticles [24]. This technique is well known
for the production method of Abraxane® (paclitaxel-albumin nanoparticle), which is the
sole albumin-bound paclitaxel nanoformulation approved by the FDA [136]. The organic
solution of hydrophobic drugs and the aqueous albumin solution are mixed for their com-
plexation, and the mixture is homogenized under high pressure. The tertiary structure of
drug-bound albumin is partially unfolded by mechanical shear stress, and the unfolded
albumin is aggregated into nanocrystals through electrostatic and hydrophobic interac-
tions [137,138]. The NAB technology is exclusively beneficial due to its high productivity,
but the anticancer drugs that can be loaded in albumin nanoparticles through this method
are limited to hydrophobic ones. Several drugs developed with the NAB technology are
currently undergoing clinical trials [139].

The mechanism of thermal gelation resembles that of NAB technology. In the pro-
cedure of thermal gelation, deformation of the albumin structure occurs, followed by
reassembly into nanoparticles via hydrogen bonding, electrostatic and hydrophobic interac-
tions [140]. Thermal gelation can be accompanied by the intermolecular disulfide exchange
reaction, resulting in the chemical crosslinking of albumin [141]. Unfortunately, there are
no studies that have formed nanoparticles with albumin alone, and mixing with other
macromolecules such as chitosan, dextran and lysozyme, is necessary for it [142,143].

Spray drying is an industrial method to produce ultra-fine powder formulations for
nasal and pulmonary drug delivery [144]. For the formation of albumin nanoparticles
through nanospray drying, albumin and drugs are dissolved together, and the solution
is sprayed through a small-bore nozzle to make nanosized aerosols. Albumin solution
aerosol is dried under reduced pressure by heating, and the resulting nanopowder is
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collected using an electrostatic precipitator [145,146]. The solution that contains albumin
and drug must be extremely clear; otherwise, the nozzle may be clogged. Nanospray
drying is a promising technique for the manufacture of albumin nanoparticles with its
simple procedure and high capability of mass production.

The self-assembly technique exploits the hydrophobic interaction of chemically modi-
fied albumins for their nanoformulation. As the native albumin is highly water soluble,
moieties, such as hydrophobic polymers, drugs or fatty acids, should be conjugated to
modulate its property to be amphiphilic. Poly(L-lactic acid), doxorubicin and fatty acids
with various carbon lengths have been studied as hydrophobic moieties for self-assembled
albumin nanoparticles [147–149]. The chemical conjugation of hydrophobic moieties con-
sumes the lysine residues in the albumin structure, further reducing the hydrophilicity of
albumin itself.

The protein salting-out method is a relatively recently introduced technique for the
fabrication of albumin nanoparticles, which induces an ionic intermolecular interaction
between albumins by adding ionic salts. Mixing the aqueous albumin solution and ionic
crosslinking agents in ethanol solution by their comparable volume ratios, the albumin
is precipitated by the change in its solubility and physically crosslinked by ionic salts at
the same time [150,151]. This technique is quite similar to the desolvation method, except
for not using a chemical crosslinker. Sodium phosphate or potassium phosphate is mainly
used as an ionic crosslinking agent.

The several inorganic nanoparticles can be applied to develop the albumin nanopar-
ticles [152]. The nanosized inorganic materials, such as gold and iron oxide, are highly
unstable in normal condition and carry the risk of potential toxicity; thus, their surface mod-
ification is widely accepted to improve in vivo fate and allow the conversion into promising
nanoparticles [153]. Therefore, many researchers developed inorganic nanoparticle-based
albumin nanoparticles by coating nanoparticles with albumin and using them as drug
carriers to improve the properties of anticancer drugs [154]. Kim et al. modified the surface
of gold nanoparticles with albumin via redox-liable disulfide linkage [155]. Consistently,
the albumin-modified gold nanoparticles showed significantly enhanced antitumor efficacy
with high tumor accumulation. Nosrati et al. coated the iron oxide nanoparticles with
albumin via the surface charge adsorption method. The albumin formulation of iron oxide
nanoparticles improved colloidal stability and biocompatibility for magnetic hyperthermia
therapy [156].

4.3. Developments in Albumin-Bound Anticancer Drug Nanoformulations

According to the methods for drug binding and albumin nanoparticle formation,
various types of albumin nanoparticles have been investigated to improve the therapeutic
effect of anticancer drugs and minimize their side effects. X. Yu et al. chemically modified
gemcitabine with myristic acids (Gem-C14s) and encapsulated them in albumin nanopar-
ticles [157]. Gem-C14s interacted with the hydrophobic binding sites of albumins, and
Gem-C14-bound albumins were formulated via NAB technology. The size of the albumin
nanoparticle was measured to be 150 ± 27 nm, and the nanoparticle encapsulated Gem-C14
with an efficiency of 82.99 ± 3.5%. In another study, docetaxel-bound albumin nanoparticles
(DTX-NPs) were formulated through the protein salting out [158]. Docetaxel was loaded to
albumin nanoparticles via non-specific hydrophobic interaction, and its loading efficiency
was up to 63.1%. The size of DTX-NPs was controlled to less than 200 nm. DTX-NPs exerted
lower systemic toxicity than free docetaxel while maintaining their anticancer activity.

In addition to anticancer drugs, other types of therapeutic substances can be loaded
into albumin nanoparticles. H. Jeong et al. prepared photosensitizer-conjugated HSA
nanoparticles for the tumor photodynamic therapy [159]. Chlorine e6 (Ce6), a photosensi-
tizer that has three carboxylic acid groups in its molecular structure, was mixed with HSA
and chemically crosslinked together through the amination to yield Ce6-HSA nanoparticles
with a size of 88 nm. The nanoformulation of Ce6 with HSA successfully improved the
tumor-specific biodistribution of hydrophobic Ce6. Similarly, IR780 iodide-bound albumin
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nanoparticle was developed for its application in photodynamic and photothermal dual
therapy [160]. IR780 was bound to denatured albumin via hydrophobic interaction; then,
the denatured albumin spontaneously aggregated itself to form particles of ~250 nm in
diameter. IR780 acted as a photosensitizer and a photothermal agent depending on the
wavelength of the irradiated laser. The use of albumin nanoparticles as siRNA carriers
can enhance their transfection efficiency. S. Son et al. synthesized siRNA-bound HSA
nanoparticles by crosslinking the siRNA and HSA with disulfide bonds [161]. The siRNA
was significantly stabilized within the nanoparticle, and its accumulation to the tumor was
increased by 1.7 times.

Albumin nanoparticles are utilized for the co-delivery of therapeutic agents to promote
their synergistic anticancer efficacy. B. Kim et al. fabricated the paclitaxel and curcumin
co-bound albumin nanoparticles (PTX/CCM Alb-NPs) for the treatment of pancreatic can-
cer [162]. As both paclitaxel and curcumin are hydrophobic, they were identically bound to
albumins, and the complexes were formulated through NAB technology. PTX/CCM Alb-
NPs improved the pharmacokinetic properties of paclitaxel and curcumin and exhibited a
71% higher anticancer effect compared to PTX Alb-NPs. Other combinations of anticancer
drugs, including paclitaxel and pirarubicin, paclitaxel and all-trans-retinoic acid, or doc-
etaxel and gemcitabine, have been examined for their co-binding to albumin nanoparticles
and application in cooperative cancer therapy [157,163,164]. X. Yu et al. incorporated
photosensitizers rather than anticancer drugs to gemcitabine-bound albumin nanoparticles
for the combined chemotherapy and photodynamic therapy of pancreatic cancer [165].
Pheophorbide was chemically conjugated to albumin as a photosensitizer. After binding
Gem-C14 to albumin, the particle was formulated via NAB technology. The pheophorbide
in the nanoparticle not only produced reactive oxygen species as a photosensitizer but
also assisted the imaging of the tumor site as a fluorescence dye. Likewise, the co-binding
of drugs and imaging agents, such as gold nanocluster and fluorescence dye, to albumin
nanoparticles leads to the production of theranostic nanomedicines [21,166].

Albumin nanoparticles possess abundant functional residues on their surfaces, so
that various moieties endowing supplementary functionalities can be introduced to them.
S. Choi et al. modified the surface of doxorubicin-conjugated albumin nanoparticles with
tumor-necrosis-factor-related apoptosis-inducing ligands (TRAILs) [167]. Doxorubicin and
octyl aldehyde were primarily conjugated to albumins to yield self-assembled nanoparticles,
and TRAILs were chemically linked on their surfaces. TRAILs on the nanoparticle surface
boosted the apoptosis of cancer cells collaboratively with doxorubicin. In another study,
folic acids were conjugated on the surface of gemcitabine-loaded albumin nanoparticles
(FA-Gem-BSANPs) as targeting moieties [168]. Gem-BSANPs were formulated through
the desolvation method, and folic acids were introduced via amination reaction. Folic
acids on the surface of the nanoparticle facilitated its intracellular uptake by folate receptor-
overexpressing tumors. Biotin (biotin-specific receptor), trastuzumab (HER2 targeting
antibody) and CREKA (tumor homing peptide) have also been assessed to provide albumin
nanoparticles with additional active targeting of tumors [169–171]. The cationic poly-
mers, such as polyethyleneimine or poly(L-Lysine), are another candidate for the surface
modification of albumin nanoparticles. It was confirmed that the coating of the albumin
nanoparticle surface with cationic polymers enhances its cellular internalization [172].

4.4. Clinical Translation of Exogenous Albumin-Bound Anticancer Drug Formulations

Based on the good therapeutic outcomes and progressive achievements in a series
of research works, several exogenous albumin-bound anticancer drug formulations are
commercially available or in clinical trials. The related clinical trials are listed in Table 1.

Among them, MTX-HSA is the first formulation that had undergone clinical evalua-
tions [28]. The phase I study showed that MTX-HSA has a maximum tolerated dose (MTD)
of 50 mg/m2 for every 2 weeks, and its major dose-limiting toxicity was stomatitis [173].
Its phase II trial was conducted on patients with renal cell carcinoma; however, no thera-
peutic response was observed [174]. After the phase II trial, MTX-HSA has been tried in
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combination with other anticancer drugs against various types of cancers, but it does not
seem to be progressing anymore.

Some recombinant albumins have also been in clinical trials, including MM-111 and
M0250, which have been designed for cancer therapy. MM-111, developed by Merri-
mack Pharmaceuticals, Inc., is recombinant albumin fused with the bispecific scFv for
HER2/HER3 receptors (anti-HER2/HER3) [175,176]. Albumin-fused anti-HER2/HER3
efficiently prolonged their in vivo circulation with half-life of 16–20 h, which is 3–4 times
longer than that of free antibody [177]. Since its phase I/II study is still ongoing, there are
few reports about the therapeutic results of MM-111. M0250 is a recombinant albumin-
based drug delivery system that has most recently started clinical trials [124]. It was
designed by Molecular Partners AG and entered phase I/II trials in 2014. In the phase I test,
M0250 exhibited its half-life of 15 d and MTD of 8 mg/kg every 2 weeks. Its dose-limiting
toxicities were thrombotic microangiopathy, gastrointestinal hemorrhage, nephrotic syn-
drome, etc. [178,179].

Abraxane®, also known as nanoparticle albumin-bound paclitaxel (nab-paclitaxel),
was developed by Abraxis BioScience and obtained FDA approval in 2005 for the treatment
of metastatic breast cancer, locally advanced or metastatic non-small cell lung cancer and
metastatic adenocarcinoma of the pancreas [137]. Paclitaxel is hardly soluble in water
and has been conventionally used by mixing with Cremophor EL® into a formulation,
called Taxol® [180]. However, the Cremophor EL® in Taxol® was revealed to induce side
effects, such as hypersensitivity reaction, hyperlipidemia and peripheral neuropathy [181].
Abraxane® was initially designed to manufacture formulations with improved pharma-
cokinetic properties without using Cremophor EL® and has been rapidly replacing Taxol®.
Produced by NAB technology, Abraxane® has a particle size of ~130 nm, and the ratio of
paclitaxel to albumin is 1:9 [182]. As it is injected intravenously, Abraxane® selectively
accumulates via GP60- and SPARC-mediated pathways [183]. The terminal half-life and
AUC of Abraxane® were determined to be 27 h and 18,741 ng/mL, respectively [184].
In phase I studies, Abraxane® showed LD50 of 47 mg/kg and MTD of 300 mg/m2 for
every 3 weeks with sensory neuropathy, stomatitis and ocular toxicity as dose-limiting
toxicities, whereas Taxol® had LD50 value of 30 mg/kg and 175 mg/m2 [185,186]. Its
phase II studies were carried out in patients with metastatic breast carcinoma using an
Abraxane® dose of 300 mg/m2 per 3 weeks, demonstrating 48% of overall response rate
with remarkably relieved paclitaxel-associated adverse effects [187]. Its anticancer activity
was finally compared to paclitaxel solution in phase III, approving its superiority with 33%
of overall response rate against metastatic breast cancers (19% for paclitaxel solution) [188].
Abraxane® also exhibited notable therapeutic outcomes in combination with other agents,
including trastuzumab, bevacizumab, carboplatin, 5-fluorouracil or gemcitabine [189–193].

Encouraged by clinical advances of Abraxane®, anticancer drugs other than paclitaxel,
such as docetaxel, rapamycin and analogs of thiocolchicine, are also bound to albumin
nanoparticles through the same method and have entered clinical evaluations [194–196].
All of these albumin nanoparticles are found to have significantly reduced toxicity and
improved pharmacokinetics compared to the free forms of anticancer drugs, which is
similar to the clinical results of Abraxane®.

Despite the successful commercialization of some drug formulations, the exogenous
albumin-binding anticancer drugs have limitations that diminish their therapeutic efficacy.
Firstly, recent findings noted that the delivery efficiency of nanoparticles is desperately
low, i.e., no matter how effective the delivery system is, its amount to reach the tumor
cannot exceed 1% of the total injection. The remaining 99% of drug delivery systems are
misled to off-target sites and cause undesired systemic toxicity by premature drug leakage,
which is recognized as a chronic complication of nanoparticle-based drug carriers. The
reproducibility- and quality-control-related issues in nanoparticle formation are another
hurdle for the use of exogenous albumin-binding anticancer drug formulations. Further-
more, the use of exogenous albumin is possibly accompanied by the risk of its deterioration
or contamination, and the denaturation of albumin during the nanoparticle formation pro-
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cess is assumed to shorten its half-life [28]. For example, Abraxane® obviously circulates
in the blood much longer than free paclitaxel or Taxol®, but its half-life is only 5% of that
of native albumin. Since all preparation methods for albumin nanoformulation inevitably
bring about the denaturation of albumin, the problem associated with the reduction in
half-life is very hard to solve. In addition, many anticancer drugs of great hydrophobicity
are exclusively hard to formulate with albumins, and high-yield synthesis of albumin is
not a trivial task [197]. In these circumstances, endogenous albumin-binding drugs can be
better candidates for cancer treatment.

5. Endogenous Albumin-Binding Anticancer Drugs for Cancer Therapy

Compared to exogenous albumin-bound anticancer drug formulation approaches, an-
ticancer drugs modified with albumin-binding moieties that can covalently conjugate with
albumin can bind endogenous albumin for targeted drug delivery after intravenous ad-
ministration [198]. These drug conjugates have a relatively precise and concise structure to
achieve industrial scale-up production with appropriate quality control (QC), and most anti-
cancer drugs can be adopted without consideration of their intrinsic characteristics [199]. In
particular, introducing cancer-specific cleavable linkers between drug and albumin-binding
moiety allows selective drug release in tumors. Selective drug release can be achieved via
the design of prodrugs for targeting heterogeneous features in tumors, such as morphology,
biology and biochemistry; in particular, the tumor microenvironment is reflected in the
various biomarkers, such as hypoxia, low pH and diverse range of overexpressed enzymes
compared to normal tissues [200]. As a result, the underlying mechanism is that these
prodrugs can bind covalently to endogenous circulating albumin to target tumors and
selectively release the anticancer drugs owing to structural cleavage by biomarkers, while
systemic toxicity is reduced by minimal drug release in normal tissues. With these distinct
advantages, the first and most advanced prototype of the albumin-binding prodrug is Al-
doxorubicin (formerly known as INNO-266), which consist of albumin-binding maleimide
moiety, a pH-sensitive linker of hydrazone, and doxorubicin [201]. In phase II clinical trials,
Aldoxorubicin significantly improved the median survival of leiomyosarcoma patients, and
the overall tumor response rate by independent review was higher with Aldoxorubicin than
with doxorubicin [35]. In addition, Aldoxorubicin showed superior progression-free sur-
vival (PES) in a relapsed or refractory settings of advanced soft tissue sarcomas compared
to the free DOX in phase III clinical trials [202]. As summarized in Table 2, encouraged by
successful clinical studies, many researchers have developed albumin-binding prodrugs
that can selectively release the anticancer drugs by different biomarkers in tumors, with
enhanced tumor accumulation via the high affinity to the endogenous albumins.

The basis of the progression- and transformation-related biochemical imbalance in
tumors results in a difference in the amount, expression pattern and activity of certain
enzymes [203]. These enzymes play crucial roles in regulating and maintaining the tumor
microenvironment that consists of tumor cells, abnormal vasculature and extracellular
matrix (ECM) [204]. As a result, tumor cells in the tumor microenvironment overexpress
diverse types of enzymes compared to normal cells [205]. Enzymes in the tumor cells are
unique biomarkers for the diagnosis and treatment, especially cathepsins, caspases, matrix
metalloproteinases (MMPs) and other enzymes that have proteolytic activities to recognize
and cleave specific peptide sequences in proteins, which are pivotal in many mechanisms
in cancer biology [206–208]. Thus, many researchers have developed albumin-binding
prodrugs that contain peptide substrates specifically cleaved by enzymes in tumors.

Cathepsin B, a lysosomal cysteine protease, plays a prominent role in intra- and ex-
tracellular proteolysis, which is one of the 11 human cysteine cathepsins [209,210]. Many
clinical results have demonstrated that cathepsin B is involved in the degradation of
the ECM for tumor progression and metastasis and is thus overexpressed in most ma-
lignancies [211,212]. Accordingly, several peptide substrates of cathepsin B have been
exploited for tumor-targeted drug delivery, which showed promising outcomes for the
treatment of tumors in multiple preclinical trials [213–215]. As an application of cathepsin
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B substrate peptide for the design of albumin-binding prodrugs, Cho et al. developed
cathepsin B-overexpressed tumor-cell-activatable albumin-binding doxorubicin prodrug
(Al-ProD), constructed with albumin-binding maleimide, cathepsin B-specific cleavable
peptide FRRG and doxorubicin (Figure 3A) [216]. In in vitro assays, the Al-ProD efficiently
bound to three types of albumin (HSA, BSA, MSA) and induced 30-fold strong cytotoxic-
ity in cathepsin B-overexpressed MDA-MB231 breast cancer cells compared to cathepsin
B-deficient H9C2 cardiomyocytes (Figure 3B,C). After intravenous administration, Al-
ProD showed a significantly extended in vivo half-life than free DOX via binding with
endogenous albumin, thereby increasing tumor accumulation (Figure 3D,E). As a result,
Al-ProD treatment resulted in distinctly delayed tumor progression with minimized side
effects during treatment compared to free DOX (Figure 3F,G). As a similar approach, Kratz
et al. proposed albumin-binding cathepsin B-specific prodrug (HSA-1), which consists
of a maleimide group, cathepsin B-specific cleavable FL peptide, self-immolative linker
(PABC) and doxorubicin [217]. The in vivo properties of HSA-1 were evaluated in MDA-
MB435 breast tumor models, and the standard and maximum tolerated dose (MTD) was
evaluated as 3 × 24 mg/kg, which is a good estimate of the MTD compared to doxorubicin
(2 × 8 mg/kg). Importantly, free DOX exhibited low antitumor efficacy at its optimal dose
of 2 × 8 mg/kg, while HSA-1-treated mice showed minimal tumor growth at the dose of
3 × 24 mg/kg.
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Figure 3. Cathepsin B-specific albumin-binding prodrug. (A) Albumin-binding maleimide moiety
is conjugated with doxorubicin through cathepsin B-specific cleavable peptide FRRG. (B) The resulting
Al-ProD is efficiently bound to three types of albumin (HSA, MSA and BSA). (C) Al-ProD induces a
potent cytotoxicity in MDA-MB231 breast cancer cells, whereas cytotoxicity is greatly minimized in
H9C2 cardiomyocytes. (D) Al-ProD shows extended half-life in vivo via binding with endogenous
albumins compared to free DOX. (E) With extended half-life, Al-ProD efficiently accumulates within
tumor tissues. (F) Al-ProD significantly delays tumor progression by inducing a potent apoptosis
in tumor tissues. (G) Al-ProD greatly minimizes the systemic toxicity by selective drug release in
tumor tissues. * p < 0.05 and *** p < 0.001. Reproduced with permission from [216]. Copyright 2022,
Cho, et al.
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Caspases are an evolutionary conserved family of cysteine proteases that are involved
in cell death [218]. Currently, at least 14 different caspases have been confirmed to ex-
ist, which cleave their substrates in the carboxyl group of the aspartate residue [219]. In
particular, caspase-3 is the most well-known biomarker, as it plays a critical role in the
intrinsic and extrinsic cell death receptor pathways [220]. The caspase-3-mediated tumor-
targeted drug delivery systems are combined with other treatments, such as photodynamic
therapy (PDT), photothermal therapy (PTT) and radiation (RT) [221–225]. This is because
apoptosis should be preceded for overexpression and activation of caspase-3 to trigger
the subsequent release of anticancer drugs from the systems. Chung et al. developed an
albumin-binding caspase-3-specific cleavable prodrug (EMC-DEVD-S-DOX; MPD01), con-
structed with albumin-binding moiety maleimide, caspase-3-cleavable peptide KGDEVD,
self-immolative spacer (PABC) and doxorubicin (Figure 4A) [222]. The EMC-DEVD-S-
DOX showed a significantly extended terminal half-life of more than 19 h, which was
approximately 40-fold longer than that of DEVD-S-DOX (albumin non-binding prodrug;
Figure 4B). With extended in vivo circulation, EMC-DEVD-S-DOX bound to endogenous
albumin efficiently accumulated within the tumor tissues with a detectable amount of
the substances for more than 120 h (Figure 4C). After tumor accumulation, a tumor vol-
ume was decreased by 99% compared to the control group when combined with local RT
for caspase-3 activation to trigger subsequent doxorubicin release, and noticeable body
weight changes during treatment did not occur (Figure 4D). This group also proposed an
albumin-binding caspase-3-specific cleavable monomethyl auristatin E (MMAE) prodrug
(MPD02) [226]. The MPD02, consisting of an albumin-binding maleimide group, caspase-3-
specific cleavable peptide KGDEVD, self-immolative spacer and MMAE, greatly minimized
the systemic toxicity of free MMAE with no noticeable reduction in the body weight during
treatment. In triple-negative breast cancer xenograft models, the mice treated with MPD02
with local RT showed a high tumor growth inhibitor (TGI) of 99% compared to the saline
group. The clinical use of MMAE is strictly hindered owing to its severe toxicity despite
its 100–1000 times stronger efficacy than doxorubicin, whereas MPD02 efficiently reduced
MMAE-related side effects [227].

MMPs are a family of extracellular enzymes involved in the degradation of ECM
for tumor progression, metastasis and recurrence [228]. Normally, MMPs are regulated
in an inactive state by tissue inhibitors of metalloproteinases, hormones, growth factors
and cytokines [229]. However, the activation and overexpression of MMPs are observed
in advanced tumors; in particular, the activity and expression levels of MMPs are sig-
nificantly upregulated in late-stage and malignant tumors [230]. Therefore, MMPs are
valuable biomarkers to achieve tumor-targeted drug delivery [231]. Mansour et al. pro-
posed an albumin-binding prodrug containing maleimide, MMP-2-specific cleavable pep-
tide GPLGIAGQ and doxorubicin [232]. Against A375 melanoma that expressed high
amounts of MMP-2, prodrugs exhibited distinctly superior efficacy to doxorubicin at an
equivalent dose and minimized the severe lymphopenia that was observed in doxorubicin-
treated mice.

Prostate-specific antigen (PSA) is a serine protease overexpressed in prostate carcinoma
and a promising biomarker [233]. Drevs et al. developed PSA4, constructed with maleimide,
PSA-specific peptide spacer (SSYYSG) and doxorubicin [234]. The PSA4 showed a 5–7-fold
increase in the maximum tolerated dose (MTD) in the mice compared to doxorubicin and
induced good antitumor activity in PSA-positive DuPro-1 tumor models. In addition,
even 3-fold or more doses of PSA4 (24 mg/kg) did not induce body weight change, while
doxorubicin (8 mg/kg) treatment resulted in severe systemic toxicity with significant body
weight loss (−36%) compared to control group.

In addition to diverse enzyme biomarkers, oxidative stress in the tumor microenviron-
ment by a high concentration of glutathione (GSH) and reactive oxygen species (ROS) can
be target for efficient drug delivery [235]. In this oxidative condition, the concentrations
of ROS (100–1000 × 10−6) and GSH (2–20 µM) in the tumors are 100-fold and 7–10-fold
higher than those in normal tissues, respectively [236]. Therefore, oxidative stress in the
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tumors rather than other normal tissues is represented and can provide a potential strategy
for the design of albumin-binding prodrugs. Sun et al. designed an albumin-binding
gemcitabine prodrug that consists of maleimide, GSH-specific cleavable S-S linker and
gemcitabine [237]. The albumin binding of the gemcitabine prodrugs was completed within
1 min, and albumin-bound gemcitabine prodrugs exhibited cytotoxicity specifically in ox-
idative stress in vitro. Because of the high hydrophilic structure, gemcitabine showed poor
pharmacokinetic parameters in the mice, whereas gemcitabine prodrugs increased the area
under the curves (AUC) via endogenous albumin binding approximately 9-fold. As a result,
gemcitabine prodrugs efficiently accumulated in the tumor tissues and induced a potent
antitumor efficacy compared to free gemcitabine. Hao et al. conjugated camptothecin (CPT)
with the albumin-binding moiety of 2-acetylphenylboronic acid (APBA) via GSH-specific
cleavable S-S bonds (Figure 5A) [198]. The resulting CPT-SS-APBA readily bound to al-
bumin and induced in situ self-assembly to from nanoparticles with improved colloidal
stability (Figure 5B). As a result, CPT-SS-APBA greatly improved the pharmacokinetic
profiles with 4-fold higher AUC and longer half-life than free gemcitabine and significantly
delayed the tumor progression compared to free camptothecin (p = 0.0006) and control
(p = 0.00004) groups (Figure 5C).
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Figure 4. Caspase-3-specific albumin-binding prodrug. (A) Albumin-binding maleimide moiety
is conjugated with doxorubicin through caspase-3-specific cleavable peptide KGDEVD and self-
immolative linker (PABC), resulting in EMC-DEVD-S-DOX. (B) EMC-DEVD-S-DOX shows long
half-life (~19 h). (C) EMC-DEVD-S-DOX efficiently accumulates within tumor tissues with detectable
substances for 120 h. (D,E) EMC-DEVD-S-DOX significantly inhibits the tumor growth with minimal
systemic toxicity. * p < 0.05 and ** p < 0.005. Reproduced with permission from [222]. Copyright
2016, Elsevier.

Tumor hypoxia is a fundamental feature found in most solid tumor microenviron-
ments [238–240]. The oxygen levels in most solid tumors are much lower than those in
normal tissues owing to their extensive metabolism [241]. Treating hypoxic tumors is one
of the most important directions in cancer oncology, including hypoxia-targeted drugs
that selectively release the anticancer drugs by hypoxia-inducible factors (HIFs) and their
signaling pathways [242]. In addition, certain reductases are more highly overexpressed
in tumors than in normal tissues, and thus a series of hypoxia-specific cleavable linkers
have been studied [243]. By using this framework, Cheng et al. developed hypoxia-
specific albumin-binding prodrugs (Mal-azo-Exatecan) [244] (Figure 6A). They conjugated
the albumin-binding maleimide group with the camptothecin analog, exatecan, via the
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hypoxia-specific cleavable linker of 2-nitroimidazole (Figure 6B). The in vivo distribu-
tion was evaluated in H460 tumor-bearing mice. The results showed that free exatecan
was mainly observed in the livers and spleens with low tumor accumulation, whereas
Mal-azo-Exatecan accumulated within tumor tissues 3.4-fold highly via efficient in situ
albumin-binding (Figure 6C). With a high hypoxic selectivity of Mal-azo-Exatecan, the
tumor growth was significantly more minimized than control and free exatecan groups
(Figure 6D). Finally, free exatecan group exhibited a 20% body weight loss at end of the
treatment, while Mal-azo-Exatecan minimized systemic toxicity, and body weight changes
were similar with control group (Figure 6E).
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bound to albumin endogenously and self-assembled in situ to nanoparticles. (B) The resulting CPT-
SS-APBA induces in situ self-assembly to form nanoparticles with improved stability in mouse se-
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normal tissues owing to their extensive metabolism [241]. Treating hypoxic tumors is one 

Figure 5. GSH-specific albumin-binding prodrug. (A) Albumin-binding 2-acetylphenylboronic
acid (APBA) is conjugated with camptothecin (CPT) through GSH-specific cleavable S-S bond bound
to albumin endogenously and self-assembled in situ to nanoparticles. (B) The resulting CPT-SS-
APBA induces in situ self-assembly to form nanoparticles with improved stability in mouse serum.
(C) CPT-SS-APBA extends half-life of free camptothecin via binding with in situ albumin. There were
no significant differences in the plasma concentration profiles of CPT-SS-APBA and BSA/CPT-SS-
APBA administered after binding with albumin in vitro. (D) CPT-SS-APBA shows a potent antitumor
efficacy compared to free camptothecin. Reproduced with permission from [198]. Copyright 2022,
American Chemical Society.

Table 1. Albumin-binding anticancer drugs in clinical trials.

Carrier Type Trade Name Therapeutic Agent Target Clinical Stage Reference

Native albumin,
exogenous MTX-HSA Methotrexate

Renal cell carcinoma,
advanced or metastatic

transitional cell carcinoma
Phase II [174,245]

Recombinant albumin MM-111 HER2/HER3 antibory
(anti-HER2/HER3)

Breast neoplasm,
Her2-amplified solid

tumors, metastatic
breast cancer

Phase I/II
[246,247]

NCT01097460,
NCT00911898

M0250

Vascular endothelial growth
fact of-A antibody

(anti-VEGF-A), hepatocyte
growth factor antibody

(anti-HGF)

Advanced solid tumors Phase I/II [178,179]
NCT02194426
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Table 1. Cont.

Carrier Type Trade Name Therapeutic Agent Target Clinical Stage Reference

Albumin nanoparticle Abraxane® Paclitaxel

Metastatic breast cancer,
locally advanced or

metastatic non-small cell
lung cancer, Metastatic

adenocarcinoma of
the pancreas

Approved [188]
NCT01583426

ABI-008 Docetaxel Hormone-refractory
prostate cancer Phase I/II NCT00477529

ABI-009 Rapamycin

Non-muscle invasive
bladder cancer, solid

tumors, PEComa,
metastatic colorectal cancer,

high grade recurrent
glioma and newly

diagnosed glioblastoma,
soft tissue sarcoma

Phase I/II

NCT02009332,
NCT00635284,
NCT02494570,
NCT03439642,
NCT03463265,
NCT03660930

ABI-010
17-Allylamino-17-

demethoxygel
danamycin

Solid tumors Withdrawn
(prior to Phase I) NCT00820768

ABI-011 Thiocolchicine dimer Solid tumors
and lymphoma Phase I NCT02582827

Native albumin,
endogenous Aldoxorubicin Doxorubicin

Soft tissue sarcoma,
glioblastoma, HIV positive

Koposi’s sarcoma,
pancreatic ductal
adenocarcinoma

Phase III

[35]
NCT02049905,
NCT02014844,
NCT02029430,
NCT01580397

Table 2. Endogenous albumin-binding anticancer drugs.

Albumin-Binding Moiety Cancer-Specific Cleavable Linker Anticancer Drug Reference

Maleimide Cathepsin B-specific cleavable FRRG peptide Doxorubicin [216]
Maleimide Cathepsin B-specific cleavable FL peptide Doxorubicin [217]
Maleimide Caspase-3-specific cleavable KGDEVD peptide Doxorubicin [222]
Maleimide Caspase-3-specific cleavable KGDEVD peptide MMAE [226]
Maleimide MMP-specific cleavable GPLGIAGQ peptide Doxorubicin [232]
Maleimide Prostate-specific antigen (PSA)-specific cleavable SSYYSG peptide Doxorubicin [234]
Maleimide GSH-specific cleavable S-S linker Gemcitabine [237]

2-acetylphenylboronic acid (APBA) GSH-specific cleavable S-S linker Camptothecin [198]
Maleimide Hypoxia-specific cleavable azo linker Exatecan [244]
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ole, resulting in Mal-azo-Exatecan. (C) Mal-azo-Exatecan showed higher tumor accumulation than 

Figure 6. Hypoxia-specific albumin-binding prodrug. (A) Schematic illustration depicting the
mechanism of action of hypoxia-specific albumin-binding prodrug. (B) Albumin-binding maleimide
moiety is conjugated with exatecan through hypoxia-specific cleavable linker 2-nitroimidazole,
resulting in Mal-azo-Exatecan. (C) Mal-azo-Exatecan showed higher tumor accumulation than free
exatecan. (D) Mal-azo-Exatecan exhibited superior antitumor efficacy to free exatecan, (E) while
minimizing the systemic toxicity. Reproduced with permission from [244]. Copyright 2022, American
Chemical Society.

6. Conclusions

The research and clinical application for albumin-based drug delivery systems were
summarized from the past to the present. In this review, we described the general properties
of albumin for drug delivery. In addition, the development processes and clinical translation
of exogenous albumin-bound anticancer drug formulations were discussed. Finally, recent
progress of endogenous albumin-binding prodrugs was introduced in detail. The mass
clinical results from multiple failure cases of past albumin-based drug delivery systems
would give valuable comments to develop the advanced albumin-binding prodrugs of
the future. Continuous efforts to understand recent trends and progress for albumin-
based drug delivery systems will provide important insights into designing more suitable
methods for their clinical translation.
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151. Kudłacik-Kramarczyk, S.; Drabczyk, A.; Głąb, M.; Gajda, P.; Czopek, A.; Zagórska, A.; Jaromin, A.; Gubernator, J.; Makara,
A.; Tyliszczak, B. The development of the innovative synthesis methodology of albumin nanoparticles supported by their
physicochemical, cytotoxic and hemolytic evaluation. Materials 2021, 14, 4386. [CrossRef]

152. Matei, I.; Buta, C.M.; Turcu, I.M.; Culita, D.; Munteanu, C.; Ionita, G. Formation and Stabilization of Gold Nanoparticles in Bovine
Serum Albumin Solution. Molecules 2019, 24, 3395. [CrossRef]

153. Khullar, P.; Singh, V.; Mahal, A.; Dave, P.N.; Thakur, S.; Kaur, G.; Singh, J.; Singh Kamboj, S.; Singh Bakshi, M. Bovine Serum
Albumin Bioconjugated Gold Nanoparticles: Synthesis, Hemolysis, and Cytotoxicity toward Cancer Cell Lines. J. Phys. Chem. C
2012, 116, 8834–8843. [CrossRef]

154. Boulos, S.P.; Davis, T.A.; Yang, J.A.; Lohse, S.E.; Alkilany, A.M.; Holland, L.A.; Murphy, C.J. Nanoparticle–Protein Interactions: A
Thermodynamic and Kinetic Study of the Adsorption of Bovine Serum Albumin to Gold Nanoparticle Surfaces. Langmuir 2013,
29, 14984–14996. [CrossRef]

http://doi.org/10.1016/j.biomaterials.2011.10.050
http://doi.org/10.1039/C4MD00200H
http://doi.org/10.1080/15321819.2018.1531884
http://doi.org/10.1016/j.nano.2005.12.003
http://www.ncbi.nlm.nih.gov/pubmed/17292111
http://doi.org/10.1016/j.ijpharm.2007.03.028
http://www.ncbi.nlm.nih.gov/pubmed/17482779
http://doi.org/10.1517/14656566.7.8.1041
http://www.ncbi.nlm.nih.gov/pubmed/16722814
http://doi.org/10.1515/abm-2020-0032
http://doi.org/10.1016/j.nano.2007.10.021
http://doi.org/10.1016/j.jddst.2019.101471
http://doi.org/10.1021/jf950529t
http://doi.org/10.1002/bip.20539
http://doi.org/10.1016/j.ijpharm.2010.03.063
http://doi.org/10.1080/07373930600611877
http://doi.org/10.1590/s2175-97902019000317692
http://doi.org/10.1016/j.ijpharm.2010.10.012
http://www.ncbi.nlm.nih.gov/pubmed/20951781
http://doi.org/10.1016/j.ejpb.2020.05.011
http://www.ncbi.nlm.nih.gov/pubmed/32422167
http://doi.org/10.1021/bc1002295
http://doi.org/10.1039/C4RA16346J
http://doi.org/10.3390/ma14164386
http://doi.org/10.3390/molecules24183395
http://doi.org/10.1021/jp300585d
http://doi.org/10.1021/la402920f


Pharmaceutics 2022, 14, 728 25 of 28

155. Ruttala, H.B.; Ramasamy, T.; Poudel, B.K.; Ruttala, R.R.T.; Jin, S.G.; Choi, H.-G.; Ku, S.-K.; Yong, C.S.; Kim, J.O. Multi-responsive
albumin-lonidamine conjugated hybridized gold nanoparticle as a combined photothermal-chemotherapy for synergistic tumor
ablation. Acta Biomater. 2020, 101, 531–543. [CrossRef] [PubMed]

156. Kalidasan, V.; Liu, X.L.; Herng, T.S.; Yang, Y.; Ding, J. Bovine Serum Albumin-Conjugated Ferrimagnetic Iron Oxide Nanoparticles
to Enhance the Biocompatibility and Magnetic Hyperthermia Performance. Nano-Micro Lett. 2016, 8, 80–93. [CrossRef] [PubMed]

157. Yi, X.; Lian, X.; Dong, J.; Wan, Z.; Xia, C.; Song, X.; Fu, Y.; Gong, T.; Zhang, Z. Co-delivery of pirarubicin and paclitaxel by human
serum albumin nanoparticles to enhance antitumor effect and reduce systemic toxicity in breast cancers. Mol. Pharm. 2015, 12,
4085–4098. [CrossRef] [PubMed]

158. Qu, N.; Sun, Y.; Li, Y.; Hao, F.; Qiu, P.; Teng, L.; Xie, J.; Gao, Y. Docetaxel-loaded human serum albumin (HSA) nanoparticles:
Synthesis, characterization, and evaluation. Biomed. Eng. Online 2019, 18, 1–14. [CrossRef] [PubMed]

159. Jeong, H.; Huh, M.; Lee, S.J.; Koo, H.; Kwon, I.C.; Jeong, S.Y.; Kim, K. Photosensitizer-conjugated human serum albumin
nanoparticles for effective photodynamic therapy. Theranostics 2011, 1, 230. [CrossRef]

160. Jiang, C.; Cheng, H.; Yuan, A.; Tang, X.; Wu, J.; Hu, Y. Hydrophobic IR780 encapsulated in biodegradable human serum albumin
nanoparticles for photothermal and photodynamic therapy. Acta Biomater. 2015, 14, 61–69. [CrossRef]

161. Son, S.; Song, S.; Lee, S.J.; Min, S.; Kim, S.A.; Yhee, J.Y.; Huh, M.S.; Kwon, I.C.; Jeong, S.Y.; Byun, Y. Self-crosslinked human serum
albumin nanocarriers for systemic delivery of polymerized siRNA to tumors. Biomaterials 2013, 34, 9475–9485. [CrossRef]

162. Kim, B.; Lee, C.; Lee, E.S.; Shin, B.S.; Youn, Y.S. Paclitaxel and curcumin co-bound albumin nanoparticles having antitumor
potential to pancreatic cancer. Asian J. Pharm. Sci. 2016, 11, 708–714. [CrossRef]

163. Kushwah, V.; Katiyar, S.S.; Dora, C.P.; Agrawal, A.K.; Lamprou, D.A.; Gupta, R.C.; Jain, S. Co-delivery of docetaxel and
gemcitabine by anacardic acid modified self-assembled albumin nanoparticles for effective breast cancer management. Acta
Biomater. 2018, 73, 424–436. [CrossRef]

164. Huang, H.; Shi, H.; Liu, J.; Min, Y.; Wang, Y.; Wang, A.Z.; Wang, J.; Liu, Y. Co-delivery of all-trans-retinoic acid enhances the
anti-metastasis effect of albumin-bound paclitaxel nanoparticles. Chem. Commun. 2017, 53, 212–215. [CrossRef]

165. Yu, X.; Zhu, W.; Di, Y.; Gu, J.; Guo, Z.; Li, H.; Fu, D.; Jin, C. Triple-functional albumin-based nanoparticles for combined
chemotherapy and photodynamic therapy of pancreatic cancer with lymphatic metastases. Int. J. Nanomed. 2017, 12, 6771.
[CrossRef] [PubMed]

166. Khandelia, R.; Bhandari, S.; Pan, U.N.; Ghosh, S.S.; Chattopadhyay, A. Gold nanocluster embedded albumin nanoparticles for
two-photon imaging of cancer cells accompanying drug delivery. Small 2015, 11, 4075–4081. [CrossRef] [PubMed]

167. Choi, S.H.; Byeon, H.J.; Choi, J.S.; Thao, L.; Kim, I.; Lee, E.S.; Shin, B.S.; Lee, K.C.; Youn, Y.S. Inhalable self-assembled albumin
nanoparticles for treating drug-resistant lung cancer. J. Control. Release 2015, 197, 199–207. [CrossRef] [PubMed]

168. Dubey, R.D.; Alam, N.; Saneja, A.; Khare, V.; Kumar, A.; Vaidh, S.; Mahajan, G.; Sharma, P.R.; Singh, S.K.; Mondhe, D.M.
Development and evaluation of folate functionalized albumin nanoparticles for targeted delivery of gemcitabine. Int. J. Pharm.
2015, 492, 80–91. [CrossRef] [PubMed]

169. Cheng, K.; Sun, S.; Gong, X. Preparation, characterization, and antiproliferative activities of biotin-decorated docetaxel-loaded
bovine serum albumin nanoparticles. Braz. J. Pharm. Sci. 2018, 54, 54. [CrossRef]

170. Karmali, P.P.; Kotamraju, V.R.; Kastantin, M.; Black, M.; Missirlis, D.; Tirrell, M.; Ruoslahti, E. Targeting of albumin-embedded
paclitaxel nanoparticles to tumors. Nanomed. Nanotechnol. Biol. Med. 2009, 5, 73–82. [CrossRef]

171. Anhorn, M.G.; Wagner, S.; Kreuter, J.; Langer, K.; Von Briesen, H. Specific targeting of HER2 overexpressing breast cancer cells
with doxorubicin-loaded trastuzumab-modified human serum albumin nanoparticles. Bioconjugate Chem. 2008, 19, 2321–2331.
[CrossRef]

172. Abbasi, S.; Paul, A.; Shao, W.; Prakash, S. Cationic albumin nanoparticles for enhanced drug delivery to treat breast cancer:
Preparation and in vitro assessment. J. Drug Deliv. 2012, 2012, 1–8. [CrossRef]

173. Hartung, G.; Stehle, G.; Sinn, H.; Wunder, A.; Schrenk, H.H.; Heeger, S.; Kränzle, M.; Edler, L.; Frei, E.; Fiebig, H.H. Phase I Trial
of Methotrexate-Albumin in a Weekly Intravenous Bolus Regimen in Cancer Patients. Clin. Cancer Res. 1999, 5, 753–759.

174. Vis, A.; Van Der Gaast, A.; Van Rhijn, B.; Catsburg, T.; Schmidt, C.; Mickisch, G. A phase II trial of methotrexate-human serum
albumin (MTX-HSA) in patients with metastatic renal cell carcinoma who progressed under immunotherapy. Cancer Chemother.
Pharmacol. 2002, 49, 342–345.

175. Kudla, A.; Adiwijaya, B.; Paragas, V.; Richards, D.; Braiteh, F.; Garcia, A.; Denlinger, C.; Conkling, P.; Edenfield, W.; Anthony,
S. Biomarker Analysis of a Phase 1 Study of Mm-111, A Bispecific Her2/Her3 Antibody Fusion Protein, in Combination with
Multiple Treatment Regimens in Patients with Advanced Her2 Positive Solid Tumors. Ann. Oncol. 2014, 25, iv81. [CrossRef]

176. Richards, D.; Braiteh, F.; Anthony, S.; Edenfield, W.; Hellerstedt, B.; Raju, R.; Conkling, P.; McDonagh, C.; Frye, S.; Moyo, V. A
phase 1 study of MM-111; a bispecific HER2/HER3 antibody fusion protein, combined with multiple treatment regimens in
patients with advanced HER2 positive solid tumors. Ann. Oncol. 2012, 23, ix170. [CrossRef]

177. McDonagh, C.F.; Huhalov, A.; Harms, B.D.; Adams, S.; Paragas, V.; Oyama, S.; Zhang, B.; Luus, L.; Overland, R.; Nguyen, S.
Antitumor activity of a novel bispecific antibody that targets the ErbB2/ErbB3 oncogenic unit and inhibits heregulin-induced
activation of ErbB3. Mol. Cancer Ther. 2012, 11, 582–593. [CrossRef] [PubMed]

178. Baird, R.D.; Linossi, C.; Middleton, M.; Lord, S.; Harris, A.; Rodón, J.; Zitt, C.; Fiedler, U.; Dawson, K.M.; Leupin, N. First-in-
human phase i study of MP0250, A first-in-class DARPin drug candidate targeting VEGF and HGF, in patients with advanced
solid tumors. J. Clin. Oncol. 2021, 39, 145–154. [CrossRef]

http://doi.org/10.1016/j.actbio.2019.11.003
http://www.ncbi.nlm.nih.gov/pubmed/31706039
http://doi.org/10.1007/s40820-015-0065-1
http://www.ncbi.nlm.nih.gov/pubmed/30464997
http://doi.org/10.1021/acs.molpharmaceut.5b00536
http://www.ncbi.nlm.nih.gov/pubmed/26422373
http://doi.org/10.1186/s12938-019-0624-7
http://www.ncbi.nlm.nih.gov/pubmed/30704488
http://doi.org/10.7150/thno/v01p0230
http://doi.org/10.1016/j.actbio.2014.11.041
http://doi.org/10.1016/j.biomaterials.2013.08.085
http://doi.org/10.1016/j.ajps.2016.05.005
http://doi.org/10.1016/j.actbio.2018.03.057
http://doi.org/10.1039/C6CC08146K
http://doi.org/10.2147/IJN.S131295
http://www.ncbi.nlm.nih.gov/pubmed/28979117
http://doi.org/10.1002/smll.201500216
http://www.ncbi.nlm.nih.gov/pubmed/25939342
http://doi.org/10.1016/j.jconrel.2014.11.008
http://www.ncbi.nlm.nih.gov/pubmed/25445703
http://doi.org/10.1016/j.ijpharm.2015.07.012
http://www.ncbi.nlm.nih.gov/pubmed/26165611
http://doi.org/10.1590/s2175-97902018000217295
http://doi.org/10.1016/j.nano.2008.07.007
http://doi.org/10.1021/bc8002452
http://doi.org/10.1155/2012/686108
http://doi.org/10.1093/annonc/mdu326.75
http://doi.org/10.1016/S0923-7534(20)33058-1
http://doi.org/10.1158/1535-7163.MCT-11-0820
http://www.ncbi.nlm.nih.gov/pubmed/22248472
http://doi.org/10.1200/JCO.20.00596


Pharmaceutics 2022, 14, 728 26 of 28

179. Azaro, A.; Rodon, J.; Middleton, M.R.; Baird, R.D.; Herrmann, R.; Fiedler, U.; Haunschild, J.; Häuptle, M.; Hermann, F.J.; Schreiner,
S. First-in-class phase I study evaluating MP0250, a VEGF and HGF neutralizing DARPIN molecule, in patients with advanced
solid tumors. J. Clin. Oncol. 2018, 36, 2520. [CrossRef]

180. Gallego-Jara, J.; Lozano-Terol, G.; Sola-Martínez, R.A.; Cánovas-Díaz, M.; De Diego Puente, T. A compressive review about taxol®:
History and future challenges. Molecules 2020, 25, 5986. [CrossRef]

181. Gelderblom, H.; Verweij, J.; Nooter, K.; Sparreboom, A. Cremophor EL: The drawbacks and advantages of vehicle selection for
drug formulation. Eur. J. Cancer 2001, 37, 1590–1598. [CrossRef]

182. Li, C.; Li, Y.; Gao, Y.; Wei, N.; Zhao, X.; Wang, C.; Li, Y.; Xiu, X.; Cui, J. Direct comparison of two albumin-based paclitaxel-loaded
nanoparticle formulations: Is the crosslinked version more advantageous? Int. J. Pharm. 2014, 468, 15–25. [CrossRef]

183. Desai, N.; Trieu, V.; Damascelli, B.; Soon-Shiong, P. SPARC expression correlates with tumor response to albumin-bound paclitaxel
in head and neck cancer patients. Transl. Oncol. 2009, 2, 59–64. [CrossRef]

184. FDA. ABRAXANE®for Injectable Suspension (Paclitaxel Protein-Bound Particles for Injectable Suspension)(Albumin-Bound).
2012. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/021660s040lbl.pdf (accessed on
19 January 2022).

185. Ibrahim, N.K.; Desai, N.; Legha, S.; Soon-Shiong, P.; Theriault, R.L.; Rivera, E.; Esmaeli, B.; Ring, S.E.; Bedikian, A.; Hortobagyi,
G.N. Phase I and pharmacokinetic study of ABI-007, A Cremophor-free, protein-stabilized, nanoparticle formulation of paclitaxel.
Clin. Cancer Res. 2002, 8, 1038–1044.

186. Miele, E.; Spinelli, G.P.; Miele, E.; Tomao, F.; Tomao, S. Albumin-bound formulation of paclitaxel (Abraxane®ABI-007) in the
treatment of breast cancer. Int. J. Nanomed. 2009, 4, 99.

187. Hersh, E.; O’Day, S.; Gonzalez, R.; Ribas, A.; Samlowski, W.; Gordon, M. Phase II trial of ABI-007 (Abraxane) in previously treated
and chemotherapy naive patients with metastatic melanoma. Melanoma Res. 2006, 16, S78. [CrossRef]

188. Gradishar, W.J.; Tjulandin, S.; Davidson, N.; Shaw, H.; Desai, N.; Bhar, P.; Hawkins, M.; O’Shaughnessy, J. Phase III trial of
nanoparticle albumin-bound paclitaxel compared with polyethylated castor oil–based paclitaxel in women with breast cancer.
J. Clin. Oncol. 2005, 23, 7794–7803. [CrossRef] [PubMed]

189. Roy, V.; LaPlant, B.; Gross, G.; Bane, C.; Palmieri, F.; Group, N.C.C.T. Phase II trial of weekly nab (nanoparticle albumin-bound)-
paclitaxel (nab-paclitaxel)(Abraxane®) in combination with gemcitabine in patients with metastatic breast cancer (N0531). Ann.
Oncol. 2009, 20, 449–453. [CrossRef]

190. Socinski, M.A.; Bondarenko, I.; Karaseva, N.; Makhson, A.; Vynnichenko, I.; Okamoto, I.; Hon, J.; Hirsh, V.; Bhar, P.; Iglesias, J.
Results of a randomized, phase III trial of nab-paclitaxel (nab-P) and carboplatin (C) compared with cremophor-based paclitaxel
(P) and carboplatin as first-line therapy in advanced non-small cell lung cancer (NSCLC). J. Clin. Oncol. 2010, 28, LBA7511.
[CrossRef]

191. Lobo, C.; Lopes, G.; Silva, O.; Gluck, S. Paclitaxel albumin-bound particles (abraxane™) in combination with bevacizumab with or
without gemcitabine: Early experience at the University of Miami/Braman Family Breast Cancer Institute. Biomed. Pharmacother.
2007, 61, 531–533. [CrossRef]

192. Yang, Y.; Lu, Z.-S.; Zeng, Z. Clinical efficacy and safety of combination of abraxane and trastuzumab in treatment of recurrent
ovarian cancer. Pak. J. Pharm. Sci. 2018, 31, 2831–2834.

193. Robidoux, A.; Buzdar, A.U.; Quinaux, E.; Jacobs, S.; Rastogi, P.; Fourchotte, V.; Younan, R.J.; Pajon, E.R.; Shalaby,
I.A.; Desai, A.M. A phase II neoadjuvant trial of sequential nanoparticle albumin-bound paclitaxel followed by 5-
fluorouracil/epirubicin/cyclophosphamide in locally advanced breast cancer. Clin. Breast Cancer 2010, 10, 81–86. [CrossRef]

194. De, T.; Trieu, V.; Yim, Z.; Cordia, J.; Yang, A.; Beals, B.; Ci, S.; Louie, L.; Desai, N. Nanoparticle albumin-bound (nab) rapamycin as
an anticancer agent. AACR 2007, 67, 4719.

195. Desai, N.; Trieu, V.; Yang, A.; De, T.; Cordia, J.; Yim, Z.; Ci, S.; Louie, L.; Grim, B.B.; Azoulay, J. Enhanced efficacy and safety of
nanoparticle albumin-bound nab-docetaxel versus taxotere. AACR 2006, 66, 1277–1278.

196. Trieu, V.; De, T.; Labao, E.; Ci, S.; Louie, L.; Tao, C.; Wang, Q.; Yim, Z.; Hawkins, M.; Soon-Shiong, P. Anti-angiogenic and
antitumor activity of nanoparticle albumin bound (nab) thiocolchicine dimer (IDN5404) with a novel dual mechanism of action
on Tubulin and Topoisomerase-1. AACR 2006, 66, 899.

197. Avisar, N.; Pukac, L.; Adar, L.; Barash, S.; Clark, S.; Liu, P.; Bock, J.; Shen, W.D. Recombinant Albumin-Partnering Technology:
Development Of Balugrastim, a Novel Long-Acting Granulocyte Colony-Stimulating Factor. Blood 2013, 122, 4854. [CrossRef]

198. Hao, L.; Zhou, Q.; Piao, Y.; Zhou, Z.; Tang, J.; Shen, Y. Albumin-binding prodrugs via reversible iminoboronate forming
nanoparticles for cancer drug delivery. J. Control. Release 2021, 330, 362–371. [CrossRef] [PubMed]

199. Yousefpour, P.; Ahn, L.; Tewksbury, J.; Saha, S.; Costa, S.A.; Bellucci, J.J.; Li, X.; Chilkoti, A. Conjugate of Doxorubicin to
Albumin-Binding Peptide Outperforms Aldoxorubicin. Small 2019, 15, 1804452. [CrossRef]

200. Alizadeh, A.A.; Aranda, V.; Bardelli, A.; Blanpain, C.; Bock, C.; Borowski, C.; Caldas, C.; Califano, A.; Doherty, M.; Elsner, M.; et al.
Toward understanding and exploiting tumor heterogeneity. Nat. Med. 2015, 21, 846–853. [CrossRef]

201. Mita, M.M.; Natale, R.B.; Wolin, E.M.; Laabs, B.; Dinh, H.; Wieland, S.; Levitt, D.J.; Mita, A.C. Pharmacokinetic study of
aldoxorubicin in patients with solid tumors. Investig. New Drugs 2015, 33, 341–348. [CrossRef]

202. Gong, J.; Yan, J.; Forscher, C.; Hendifar, A. Aldoxorubicin: A tumor-targeted doxorubicin conjugate for relapsed or refractory soft
tissue sarcomas. Drug Des. Devel. Ther. 2018, 12, 777–786. [CrossRef]

http://doi.org/10.1200/JCO.2018.36.15_suppl.2520
http://doi.org/10.3390/molecules25245986
http://doi.org/10.1016/S0959-8049(01)00171-X
http://doi.org/10.1016/j.ijpharm.2014.04.010
http://doi.org/10.1593/tlo.09109
https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/021660s040lbl.pdf
http://doi.org/10.1097/00008390-200609001-00141
http://doi.org/10.1200/JCO.2005.04.937
http://www.ncbi.nlm.nih.gov/pubmed/16172456
http://doi.org/10.1093/annonc/mdn661
http://doi.org/10.1200/jco.2010.28.18_suppl.lba7511
http://doi.org/10.1016/j.biopha.2007.08.008
http://doi.org/10.3816/CBC.2010.n.011
http://doi.org/10.1182/blood.V122.21.4854.4854
http://doi.org/10.1016/j.jconrel.2020.12.035
http://www.ncbi.nlm.nih.gov/pubmed/33359484
http://doi.org/10.1002/smll.201804452
http://doi.org/10.1038/nm.3915
http://doi.org/10.1007/s10637-014-0183-5
http://doi.org/10.2147/DDDT.S140638


Pharmaceutics 2022, 14, 728 27 of 28

203. Sun, I.-C.; Yoon, H.Y.; Lim, D.-K.; Kim, K. Recent Trends in In Situ Enzyme-Activatable Prodrugs for Targeted Cancer Therapy.
Bioconjugate Chem. 2020, 31, 1012–1024. [CrossRef]

204. Brown, J.M. Tumor Microenvironment and the Response to Anticancer Therapy. Cancer Biol. Ther. 2002, 1, 453–458. [CrossRef]
205. Shim, M.K.; Moon, Y.; Yang, S.; Kim, J.; Cho, H.; Lim, S.; Yoon, H.Y.; Seong, J.-K.; Kim, K. Cancer-specific drug-drug nanoparticles

of pro-apoptotic and cathepsin B-cleavable peptide-conjugated doxorubicin for drug-resistant cancer therapy. Biomaterials 2020,
261, 120347. [CrossRef]

206. Lee, S.; Xie, J.; Chen, X.J.B. Peptide-based probes for targeted molecular imaging. Biochemistry 2010, 49, 1364–1376. [CrossRef]
[PubMed]

207. Um, W.; Park, J.; Ko, H.; Lim, S.; Yoon, H.Y.; Shim, M.K.; Lee, S.; Ko, Y.J.; Kim, M.J.; Park, J.H.; et al. Visible light-induced
apoptosis activatable nanoparticles of photosensitizer-DEVD-anticancer drug conjugate for targeted cancer therapy. Biomaterials
2019, 224, 119494. [CrossRef] [PubMed]

208. Yang, S.; Shim, M.K.; Kim, W.J.; Choi, J.; Nam, G.-H.; Kim, J.; Kim, J.; Moon, Y.; Kim, H.Y.; Park, J.; et al. Cancer-activated
doxorubicin prodrug nanoparticles induce preferential immune response with minimal doxorubicin-related toxicity. Biomaterials
2021, 272, 120791. [CrossRef] [PubMed]

209. Aggarwal, N.; Sloane, B.F. Cathepsin B: Multiple roles in cancer. PROTEOMICS Clin. Appl. 2014, 8, 427–437. [CrossRef]
210. Moon, Y.; Shim, M.K.; Choi, J.; Yang, S.; Kim, J.; Yun, W.S.; Cho, H.; Park, J.Y.; Kim, Y.; Seong, J.-K.; et al. Anti-PD-L1 peptide-

conjugated prodrug nanoparticles for targeted cancer immunotherapy combining PD-L1 blockade with immunogenic cell death.
Theranostics 2022, 12, 1999–2014. [CrossRef]

211. Olson, O.C.; Joyce, J.A. Cysteine cathepsin proteases: Regulators of cancer progression and therapeutic response. Nat. Rev. Cancer
2015, 15, 712–729. [CrossRef]

212. Kim, H.Y.; Um, S.H.; Sung, Y.; Shim, M.K.; Yang, S.; Park, J.; Kim, E.S.; Kim, K.; Kwon, I.C.; Ryu, J.H. Epidermal growth factor
(EGF)-based activatable probe for predicting therapeutic outcome of an EGF-based doxorubicin prodrug. J. Control. Release 2020,
328, 222–236. [CrossRef]

213. Kim, J.; Shim, M.K.; Cho, Y.-J.; Jeon, S.; Moon, Y.; Choi, J.; Kim, J.; Lee, J.; Lee, J.-W.; Kim, K. The safe and effective intraperitoneal
chemotherapy with cathepsin B-specific doxorubicin prodrug nanoparticles in ovarian cancer with peritoneal carcinomatosis.
Biomaterials 2021, 279, 121189. [CrossRef]

214. Du, J.; Lane, L.A.; Nie, S. Stimuli-responsive nanoparticles for targeting the tumor microenvironment. J. Control. Release 2015, 219,
205–214. [CrossRef]

215. Kim, J.; Shim, M.K.; Yang, S.; Moon, Y.; Song, S.; Choi, J.; Kim, J.; Kim, K. Combination of cancer-specific prodrug nanoparticle
with Bcl-2 inhibitor to overcome acquired drug resistance. J. Control. Release 2021, 330, 920–932. [CrossRef]

216. Cho, H.; Shim, M.K.; Yang, S.; Song, S.; Moon, Y.; Kim, J.; Byun, Y.; Ahn, C.-H.; Kim, K. Cathepsin B-Overexpressed Tumor
Cell Activatable Albumin-Binding Doxorubicin Prodrug for Cancer-Targeted Therapy. Pharmaceutics 2022, 14, 83. [CrossRef]
[PubMed]

217. Abu Ajaj, K.; Graeser, R.; Fichtner, I.; Kratz, F. In vitro and in vivo study of an albumin-binding prodrug of doxorubicin that is
cleaved by cathepsin B. Cancer Chemother. Pharmacol. 2009, 64, 413. [CrossRef] [PubMed]

218. Van Opdenbosch, N.; Lamkanfi, M. Caspases in Cell Death, Inflammation, and Disease. Immunity 2019, 50, 1352–1364. [CrossRef]
[PubMed]

219. Timmer, J.C.; Salvesen, G.S. Caspase substrates. Cell Death Differ. 2007, 14, 66–72. [CrossRef] [PubMed]
220. Porter, A.G.; Jänicke, R.U. Emerging roles of caspase-3 in apoptosis. Cell Death Differ. 1999, 6, 99–104. [CrossRef]
221. Keane, M.M.; Ettenberg, S.A.; Nau, M.M.; Russell, E.K.; Lipkowitz, S. Chemotherapy Augments TRAIL-induced Apoptosis in

Breast Cell Lines. Cancer Res. 1999, 59, 734.
222. Chung, S.W.; Choi, J.u.; Lee, B.S.; Byun, J.; Jeon, O.-C.; Kim, S.W.; Kim, I.-S.; Kim, S.Y.; Byun, Y. Albumin-binding caspase-cleavable

prodrug that is selectively activated in radiation exposed local tumor. Biomaterials 2016, 94, 1–8. [CrossRef]
223. Zhao, N.; Wu, B.; Hu, X.; Xing, D. NIR-triggered high-efficient photodynamic and chemo-cascade therapy using caspase-3

responsive functionalized upconversion nanoparticles. Biomaterials 2017, 141, 40–49. [CrossRef]
224. Chung, S.W.; Choi, J.U.; Cho, Y.S.; Kim, H.R.; Won, T.H.; Dimitrion, P.; Jeon, O.-C.; Kim, S.W.; Kim, I.-S.; Kim, S.Y.; et al.

Self-Triggered Apoptosis Enzyme Prodrug Therapy (STAEPT): Enhancing Targeted Therapies via Recurrent Bystander Killing
Effect by Exploiting Caspase-Cleavable Linker. Adv. Sci. 2018, 5, 1800368. [CrossRef]

225. Wang, Y.; Du, W.; Zhang, T.; Zhu, Y.; Ni, Y.; Wang, C.; Sierra Raya, F.M.; Zou, L.; Wang, L.; Liang, G. A Self-Evaluating
Photothermal Therapeutic Nanoparticle. ACS Nano 2020, 14, 9585–9593. [CrossRef]

226. Chung, S.W.; Cho, Y.S.; Choi, J.U.; Kim, H.R.; Won, T.H.; Kim, S.Y.; Byun, Y. Highly potent monomethyl auristatin E prodrug
activated by caspase-3 for the chemoradiotherapy of triple-negative breast cancer. Biomaterials 2019, 192, 109–117. [CrossRef]
[PubMed]

227. Francisco, J.A.; Cerveny, C.G.; Meyer, D.L.; Mixan, B.J.; Klussman, K.; Chace, D.F.; Rejniak, S.X.; Gordon, K.A.; DeBlanc, R.; Toki,
B.E.; et al. cAC10-vcMMAE, an anti-CD30–monomethyl auristatin E conjugate with potent and selective antitumor activity. Blood
2003, 102, 1458–1465. [CrossRef] [PubMed]

228. Bloomston, M.; Zervos, E.E.; Rosemurgy, A.S. Matrix metalloproteinases and their role in pancreatic cancer: A review of preclinical
studies and clinical trials. Ann. Surg. Oncol. 2002, 9, 668–674. [CrossRef] [PubMed]

http://doi.org/10.1021/acs.bioconjchem.0c00082
http://doi.org/10.4161/cbt.1.5.157
http://doi.org/10.1016/j.biomaterials.2020.120347
http://doi.org/10.1021/bi901135x
http://www.ncbi.nlm.nih.gov/pubmed/20102226
http://doi.org/10.1016/j.biomaterials.2019.119494
http://www.ncbi.nlm.nih.gov/pubmed/31542518
http://doi.org/10.1016/j.biomaterials.2021.120791
http://www.ncbi.nlm.nih.gov/pubmed/33831739
http://doi.org/10.1002/prca.201300105
http://doi.org/10.7150/thno.69119
http://doi.org/10.1038/nrc4027
http://doi.org/10.1016/j.jconrel.2020.08.046
http://doi.org/10.1016/j.biomaterials.2021.121189
http://doi.org/10.1016/j.jconrel.2015.08.050
http://doi.org/10.1016/j.jconrel.2020.10.065
http://doi.org/10.3390/pharmaceutics14010083
http://www.ncbi.nlm.nih.gov/pubmed/35056979
http://doi.org/10.1007/s00280-009-0942-8
http://www.ncbi.nlm.nih.gov/pubmed/19229536
http://doi.org/10.1016/j.immuni.2019.05.020
http://www.ncbi.nlm.nih.gov/pubmed/31216460
http://doi.org/10.1038/sj.cdd.4402059
http://www.ncbi.nlm.nih.gov/pubmed/17082814
http://doi.org/10.1038/sj.cdd.4400476
http://doi.org/10.1016/j.biomaterials.2016.03.043
http://doi.org/10.1016/j.biomaterials.2017.06.031
http://doi.org/10.1002/advs.201800368
http://doi.org/10.1021/acsnano.9b10144
http://doi.org/10.1016/j.biomaterials.2018.11.001
http://www.ncbi.nlm.nih.gov/pubmed/30447398
http://doi.org/10.1182/blood-2003-01-0039
http://www.ncbi.nlm.nih.gov/pubmed/12714494
http://doi.org/10.1007/BF02574483
http://www.ncbi.nlm.nih.gov/pubmed/12167581


Pharmaceutics 2022, 14, 728 28 of 28

229. Alaseem, A.; Alhazzani, K.; Dondapati, P.; Alobid, S.; Bishayee, A.; Rathinavelu, A. Matrix Metalloproteinases: A challenging
paradigm of cancer management. Semin. Cancer Biol. 2019, 56, 100–115. [CrossRef] [PubMed]

230. Egeblad, M.; Werb, Z. New functions for the matrix metalloproteinases in cancer progression. Nat. Rev. Cancer 2002, 2, 161–174.
[CrossRef]

231. Cathcart, J.; Pulkoski-Gross, A.; Cao, J. Targeting matrix metalloproteinases in cancer: Bringing new life to old ideas. Genes Dis.
2015, 2, 26–34. [CrossRef]

232. Mansour, A.M.; Drevs, J.; Esser, N.; Hamada, F.M.; Badary, O.A.; Unger, C.; Fichtner, I.; Kratz, F. A New Approach for the
Treatment of Malignant Melanoma: Enhanced Antitumor Efficacy of an Albumin-binding Doxorubicin Prodrug That Is Cleaved
by Matrix Metalloproteinase 21. Cancer Res. 2003, 63, 4062–4066.

233. Stamey, T.A.; Yang, N.; Hay, A.R.; McNeal, J.E.; Freiha, F.S.; Redwine, E. Prostate-Specific Antigen as a Serum Marker for
Adenocarcinoma of the Prostate. New Engl. J. Med. 1987, 317, 909–916. [CrossRef]

234. Kratz, F.; Mansour, A.; Soltau, J.; Warnecke, A.; Fichtner, I.; Unger, C.; Drevs, J. Development of Albumin-binding Doxorubicin
Prodrugs that are Cleaved by Prostate-specific Antigen. Arch. Der Pharm. 2005, 338, 462–472. [CrossRef]

235. Cook, J.A.; Gius, D.; Wink, D.A.; Krishna, M.C.; Russo, A.; Mitchell, J.B. Oxidative stress, redox, and the tumor microenvironment.
Semin. Radiat. Oncol. 2004, 14, 259–266. [CrossRef]

236. Aboelella, N.S.; Brandle, C.; Kim, T.; Ding, Z.-C.; Zhou, G. Oxidative Stress in the Tumor Microenvironment and Its Relevance to
Cancer Immunotherapy. Cancers 2021, 13, 986. [CrossRef] [PubMed]

237. Zhang, H.; Wang, K.; Na, K.; Li, D.; Li, Z.; Zhao, D.; Zhong, L.; Wang, M.; Kou, L.; Luo, C.; et al. Striking a Balance between
Carbonate/Carbamate Linkage Bond- and Reduction-Sensitive Disulfide Bond-Bearing Linker for Tailored Controlled Release: In
Situ Covalent-Albumin-Binding Gemcitabine Prodrugs Promote Bioavailability and Tumor Accumulation. J. Med. Chem. 2018, 61,
4904–4917. [CrossRef] [PubMed]

238. Casazza, A.; Di Conza, G.; Wenes, M.; Finisguerra, V.; Deschoemaeker, S.; Mazzone, M. Tumor stroma: A complexity dictated by
the hypoxic tumor microenvironment. Oncogene 2014, 33, 1743–1754. [CrossRef] [PubMed]

239. Jang, E.H.; Shim, M.K.; Kim, G.L.; Kim, S.; Kang, H.; Kim, J.-H. Hypoxia-responsive folic acid conjugated glycol chitosan
nanoparticle for enhanced tumor targeting treatment. Int. J. Pharm. 2020, 580, 119237. [CrossRef]

240. Jang, E.H.; Kim, G.L.; Park, M.G.; Shim, M.K.; Kim, J.-H. Hypoxia-responsive, organic-inorganic hybrid mesoporous silica
nanoparticles for triggered drug release. J. Drug Deliv. Sci. Technol. 2020, 56, 101543. [CrossRef]

241. Brown, J.M.; Wilson, W.R. Exploiting tumour hypoxia in cancer treatment. Nat. Rev. Cancer 2004, 4, 437–447. [CrossRef]
242. Baran, N.; Konopleva, M. Molecular Pathways: Hypoxia-Activated Prodrugs in Cancer Therapy. Clin. Cancer Res. 2017, 23,

2382–2390. [CrossRef]
243. Patel, A.; Sant, S. Hypoxic tumor microenvironment: Opportunities to develop targeted therapies. Biotechnol. Adv. 2016, 34,

803–812. [CrossRef]
244. Cheng, Z.; Huang, Y.; Shao, P.; Wang, L.; Zhu, S.; Yu, J.; Lu, W. Hypoxia-Activated Albumin-Binding Exatecan Prodrug for Cancer

Therapy. ACS Omega 2022, 7, 1082–1089. [CrossRef]
245. Bolling, C.; Graefe, T.; Lübbing, C.; Jankevicius, F.; Uktveris, S.; Cesas, A.; Meyer-Moldenhauer, W.-H.; Starkmann, H.; Weigel, M.;

Burk, K. Phase II study of MTX-HSA in combination with cisplatin as first line treatment in patients with advanced or metastatic
transitional cell carcinoma. Investigational new drugs 2006, 24, 521–527. [CrossRef]

246. Richards, D.A.; Braiteh, F.S.; Garcia, A.; Denlinger, C.S.; Conkling, P.R.; Edenfield, W.J.; Anthony, S.P.; Hellerstedt, B.A.; Raju, R.N.;
Becerra, C. A phase 1 study of MM-111, a bispecific HER2/HER3 antibody fusion protein, combined with multiple treatment
regimens in patients with advanced HER2-positive solid tumors. J. Clin. Oncol. 2014, 32, 651. [CrossRef]

247. Denlinger, C.; Beeram, M.; Tolcher, A.; Goldstein, L.; Slichenmyer, W.; Murray, J.; McDonagh, C.; Andreas, K.; Moyo, V. A phase
I/II and pharmacologic study of MM-111 in patients with advanced, refractory HER2-positive (HER2+) cancers. J. Clin. Oncol.
2010, 28, TPS169. [CrossRef]

http://doi.org/10.1016/j.semcancer.2017.11.008
http://www.ncbi.nlm.nih.gov/pubmed/29155240
http://doi.org/10.1038/nrc745
http://doi.org/10.1016/j.gendis.2014.12.002
http://doi.org/10.1056/NEJM198710083171501
http://doi.org/10.1002/ardp.200500130
http://doi.org/10.1016/j.semradonc.2004.04.001
http://doi.org/10.3390/cancers13050986
http://www.ncbi.nlm.nih.gov/pubmed/33673398
http://doi.org/10.1021/acs.jmedchem.8b00293
http://www.ncbi.nlm.nih.gov/pubmed/29768008
http://doi.org/10.1038/onc.2013.121
http://www.ncbi.nlm.nih.gov/pubmed/23604130
http://doi.org/10.1016/j.ijpharm.2020.119237
http://doi.org/10.1016/j.jddst.2020.101543
http://doi.org/10.1038/nrc1367
http://doi.org/10.1158/1078-0432.CCR-16-0895
http://doi.org/10.1016/j.biotechadv.2016.04.005
http://doi.org/10.1021/acsomega.1c05671
http://doi.org/10.1007/s10637-006-8221-6
http://doi.org/10.1200/jco.2014.32.15_suppl.651
http://doi.org/10.1200/jco.2010.28.15_suppl.tps169

	Introduction 
	Properties of Albumin 
	Human Serum Albumin (HSA) 
	Other Types of Albumins 

	Albumin Binding of Anticancer Drugs 
	Albumin-Binding Methods 
	Albumin Binding and Anticancer Drug Half-Life 
	Albumin Binding and Cancer Targeting 

	Exogenous Albumin-Bound Anticancer Drug Formulations for Cancer Therapy 
	Developments in Exogenous Albumin-Bound Anticancer Drug Formulations 
	Methods for Albumin Nanoparticle Formation 
	Developments in Albumin-Bound Anticancer Drug Nanoformulations 
	Clinical Translation of Exogenous Albumin-Bound Anticancer Drug Formulations 

	Endogenous Albumin-Binding Anticancer Drugs for Cancer Therapy 
	Conclusions 
	References

