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Abstract: Magnetic nanoparticles (MNPs) have great potential in biochemistry and medical science.
In particular, iron oxide nanoparticles have demonstrated a promising effect in various biomedical
applications due to their high magnetic properties, large surface area, stability, and easy functional-
ization. However, colloidal stability, biocompatibility, and potential toxicity of MNPs in physiological
environments are crucial for their in vivo application. In this context, many research articles focused
on the possible procedures for MNPs coating to improve their physic-chemical and biological proper-
ties. This review highlights one viable fabrication strategy of biocompatible iron oxide nanoparticles
using human serum albumin (HSA). HSA is mainly a transport protein with many functions in
various fundamental processes. As it is one of the most abundant plasma proteins, not a single drug
in the blood passes without its strength test. It influences the stability, pharmacokinetics, and biodis-
tribution of different drug-delivery systems by binding or forming its protein corona on the surface.
The development of albumin-based drug carriers is gaining increasing importance in the targeted
delivery of cancer therapy. Considering this, HSA is a highly potential candidate for nanoparticles
coating and theranostics area and can provide biocompatibility, prolonged blood circulation, and
possibly resolve the drug-resistance cancer problem.

Keywords: iron oxide nanoparticles; functionalization; coating; serum albumin; drug delivery;
toxicity; biostability

1. Introduction

Magnetic nanoparticles (MNPs) open a wide range of applications, including contrast
agents area for magnetic resonance imaging (MRI), material science, magnetic delivery,
magnetic fluid hyperthermia, structural biology, drug and gene delivery, theranostics [1–17].
Iron oxide MNPs are promising tags due to their high stability, cost-effectivity, and optimal
MRI and hyperthermia characteristics [18]. Manipulation with an external magnetic field
provides easy separation of MNPs from any liquids and desired location. Moreover, com-
bining approaches of induction local heating in the tumor region, anticancer drugs, and
effective monitoring by MRI has a great potential in targeted drug delivery and theranostics
area (therapy + diagnostics) [7,11,12,15]. One of the most perspectives ferromagnetic MNPs
is magnetite, Fe3O4. However, Fe3O4 is not stable upon oxidation and possesses high
surface energy, leading to aggregation. Therefore, surface functionalization is required for
such MNPs. The wrong coating leads to instability in the bloodstream and acute or delayed
toxicity due to the highly reactive oxygen species (ROS) formation in cell lines and animal
models [2,11,19–24]. Protein coating usually possesses biocompatibility, biodegradability,
less immunogenicity, and lower cytotoxicity of MNPs [25–28]. Recently, biotechnolog-
ical applications of human serum albumin (HSA), including bioinspired materials and
nanoparticles coating, were reported [29–32]. Instead, the above-mentioned protein coating
features, albumin, one of the major human plasma proteins, reduces unwanted adsorption
of blood components and increases the efficiency of tissue and cell targeting [29–31,33].
Albumin-constructions transcytosis in the cells is provided by gp60, g30, gp18, and FcRn
receptors binding. Moreover, accumulation in a tumor is facilitated by binding to the
SPARC receptor and the enhanced permeation and retention effect (EPR) [34–41]. The
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albumin structure contains many drugs or natural ligand binding sites, which can be used
for therapeutics loading.

Herein, we combined human serum albumin features for magnetic nanoparticles coat-
ing. For the first time, this review summarizes the present possibilities and provides ideas
about the potential future technologies. In Section 2, we focused on the albumin structure,
drug binding sites, and its passive and targeted delivery, representing the biocompatibility
and versatility of albumin. Section 3 presented the possible albumin modification with
reporter groups, drugs, imaging residues that can be used to further MNPs coating. Such
procedures are suitable for multimodal imaging or theranostics smart platforms produc-
tions based on MNPs core. Section 4 shows the advantages of MNPs coating by albumin as
water solution and biosystems stability, low toxicity, targeted delivery in vivo, and some
improvements in physical properties. Studying MNPs stability and coating procedures
opens a doorway for multifunctional and bioinspired material, probes, and devices.

2. Role of Albumin in Humans

Human serum albumin (HSA) is a well-known major protein in human plasma [42–44].
Its general concentration varies between 0.2 and 0.7 mM in plasma. In lower concen-
trations but the higher amount, it can be found in the extravascular spaces of tissues,
the cerebrospinal fluid, etc. [43–46]. During the long circulation time, the protein un-
dergoes several posttranslational modifications: S-homocysteinylation, S-cysteinylation,
S-glutathionylation, nitrosylation, N-homocysteinylation, glycosylation, etc. [44,47–49].
Albumin is synthesized in liver hepatocytes but can distribute to the various tissues. How-
ever, there are many «blank spots» in the protein distribution mechanism and its different
concentrations. Moreover, HSA is the primary carrier of endogenous and exogenous com-
pounds and displays an extraordinary binding capacity to «fatty» ligands. Indeed, HSA
represents the carrier for fatty acids, heme, nucleic acids, cholesterol, nitric oxide, bile
pigments, hormones, and metals ions (ex. calcium (II), zinc (II), nickel (II)), and renders
potential toxins harmless [44,50,51]. As one of the most abundant plasma proteins, not
a single drug in the blood will pass without its «strength test». It influences the stability,
pharmacokinetics, biodistribution of drug-delivery systems by binding or forming its pro-
tein corona on the surface. Albumin has various (pseudo-)enzymatic properties such as
esterase, RNA-hydrolyzing, enolase, lipid peroxidase, etc., activities [44,50,51]. These weak
activities are essential considering the large amount of HSA in the body [43,52]. HSA level
in the blood is a valuable biomarker of different pathologies, including ischemia, cancer,
rheumatoid arthritis, etc. [44,53,54]. The free SH-group of Cys34 leads to high antioxidant
properties of albumin. For this reason, HSA level and its oxidated forms are associated with
predicting severe coronavirus disease 2019 (COVID-19) and mortality [55–59]. However,
the precise mechanism of such prediction is openly debated [55,59].

2.1. Albumin Structure

HSA is a three-domain allosteric macromolecule with molecular weight 66.5 kDa and
half-life ~20 days responsible for plasma oncotic pressure and fluid distribution between
body compartments [44,51]. HSA consists of 65–68% α-helices with some turns, extended
loops, and little β-sheets content (~1–3%). The whole structure of HSA contains the
following three homologous α-helical domains, I (residues 1–195), II (196–383), and III
(384–585), which are divided into two subdomains (Figure 1). It has 585 amino acids but
no attached sugars or carbohydrates. It contains a high number of Cys, Leu, Glu, Arg,
and Lys residues, an average amount of aromatic amino acids, a low number of Met,
Gly, and Ile residues, and only one Trp. HSA comprises 35 cysteine residues involved in
17 disulfide bridges. Only one Cys34 exposes the free thiol group. However, the Cys34
thiol group has a vital role in the redox status of tissues and protection against reactive
oxygen and nitrogen species [42,43]. In healthy individuals, up to 70–90% of the Cys34
has a free thiol called mercaptoalbumin (HMA). The other 20–30% is bound in a disulfide
bond with low molecular weight thiols, precisely cysteine, glutathione, and homocysteine,
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called nonmercaptoalbumin (HNA1). Less than 10% converts to the higher oxidation forms
as sulfenic, sulfinic, or sulfonic acid (HNA2). Under pathologies, the amount of HNA
increases up to ~50–80%, which can be used as several diseases biomarker [43,44,54,60,61].

Figure 1. The process of HSA reversible dimerization with further formation of stable covalent
dimers. The structure of HSA (PDB ID: 1AO6) is shown schematically as a heart-like structure of
helical ribbons. FA—fatty acids binding sites, Sudlow’ sites I and II—multi ligand huge binding sites.

HSA can form stable dimers, trimers, and highly polymeric structures whose mech-
anism formation is unknown. Some covalent dimers have a disulfide bond linking their
Cys34 [60]. The other covalent dimers have an unknown nature dimer with a free SH-group
in Cys34. Recently, the formation of reversible noncovalent dimers was shown to be the
possible first step of the larger structures formation (Figure 1) [62]. The equilibrium be-
tween monomer and dimer form will alter processes involving HSA and the detection and
treatment of diseases. For example, the dimer is formed by protein domains I. The Cys34,
in subdomain IA, acts as an antioxidant by attacking free radical species. Conversely, the
rate of oxidized albumin to the total albumin can be enhanced in multiple diseases such
as cancer, COVID-19, etc. [59]. HSA dimers formation by the allosteric effect affects the
albumin ligand binding, transport, enzymatic activities, modifications, body distribution
by the molecular weight, and receptor binding, which reregulate many processes.

HSA has two major binding sites called Sudlow’s site I and II and is spotted on
subdomain IIA and IIIA of the protein molecule, respectively. Site I binds bulky heterocyclic
anions. Site II prefers aromatic carboxylates with an extended conformation [44]. Besides
these multi-binding sites, albumin has nine fatty acid-binding sites (FA, Figure 1), two
metal ions sites, and some other interdomain hydrophobic or hydrophobic/electrostatic
cavities. Sudlow’s sites are capable of attaching with a wide range of drugs [63]. Therefore,
they are well recognized and thoroughly investigated [43,44,50,54,63]. For example, the
crystal structures of HSA with bilirubin, fatty acids, heme, thyroxine, and various drugs
diazepam, ibuprofen, warfarin, aspirin, phenylbutazone are known [63]. Sudlow’s site I
is huge and roughly divided into three nonoverlapping subsites with positively charged,
hydrophobic, and aromatic cavities. Sudlow’s site II is much smaller and accommodates
the binding of hydrophobic drugs. Besides Sudlow’s sites, the most relevant drug binding
sites are FA1, FA3-FA4, and FA7 [50,63]. It should be noted that fatty acids binding to HSA
play a crucial role in regulating its antioxidant and binding properties. Upon binding, HSA
reveals conformational changes in all protein domains (allosteric effect), which influence
drugs binding to the protein [50]. During the pathologies, the concentration of native
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albumin ligand can be changed, altering the affinity of the drugs and having important
consequences for pharmacokinetics, pharmacodynamics, and drug interactions [43,48–50].

2.2. Binding of Receptors to Albumin

Many drugs and therapeutic constructions with a smaller size than the renal filtration
threshold are rapidly excreted from the body. Improving the drugs’ therapeutic index is
necessary to find a suitable carrier that provides targeted delivery and release in the tissue.
This bottleneck may be overcome by using albumin as a versatile drug carrier system with
an extremely long half-life (~20 days) in the bloodstream. Association, conjugation, or
fusion of drugs to albumin is a well-accepted and established half-life extension technol-
ogy. Understanding the mechanism of such long albumin circulation time is necessary to
improve drugs pharmacokinetics and pharmacodynamics.

Such extraordinarily albumin lifetime is employed to protein size and interaction
with the neonatal Fc receptor (FcRn) mediated recycling pathway. FcRn is an intracellular
receptor widely distributed in many tissues and cells (Table 1). It rescues both IgG and
albumin from degradation and renal clearance. The FcRn protects albumin from proteolysis
by binding at low pH in the acid endosome and diverting them from a lysosomal pathway.
At physiological pH, albumin is released, thereby prolonging circulation [64–66] (Figure 2).
It is essential to mention that albumin nanoparticles show good epithelial transcytosis via
the FcRn receptor [67]. This fact shows high perspectives of albumin constructions for oral
drug delivery or the possibility of the enhancement efficiency drug delivery of the drugs
with poor intestinal permeability.

Figure 2. The process of FcRn-mediated albumin recycling or proteolysis.

In kidneys, albumin passes through the glomerular basement membrane and accu-
mulates before the slit diaphragm by transcytosis. FcRn binds albumin and excretes it
into the glomerular capsular space. The albumin then passes into the proximal tubule
and is reabsorbed by the renal tubular apparatus’s proximal tubule epithelial cells [64,65].
The processes are required FcRn, megalin, and cubilin receptors (Table 1). In healthy in-
dividuals, less than 1% filtered by kidneys albumin appears in the urine [39]. Cubilin is
responsible for capturing normally filtered levels of albumin. In contrast, megalin has a
lower affinity to HSA. Its expression is essential for enabling the recovery of high albumin
concentrations in the fluid phase [68]. Moreover, a primary function of megalin is to main-
tain cubilin-dependent uptake under normal conditions and to enable fluid-phase uptake
of albumin in nephrotic states. Interestingly, megalin binds to cubilin with high affinity,
and it was proposed that megalin contributes to the internalization of cubilin complexes as
a co-receptor [35,68].
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Table 1. Albumin binding receptors [35,65,67,69–73].

Receptor/Protein Tissue/Cells

FcRn
Renal, brain and intestinal endothelium, vascular and
antigen-presenting cells, gut, kidneys, liver, lungs, and the
blood–brain barrier (endothelium and choroid plexus)

Cubulin Kidney proximal tubule, absorptive intestinal, placenta, and visceral
yolk-sac

Megalin
Kidney proximal tubule, absorptive intestinal, placenta, visceral
yolk-sac, choroid plexus, thyrocytes, ciliary epithelium, lungs,
parathyroid, endometrium, oviduct, inner ear

gp60 (Albonding) Continuous endothelium excluding the brain, alveolar epithelium

gp18 *, gp30 * Endothelium, macrophages, fibroblasts, and breast cancer

SPARC Endothelial, vascular smooth muscle, skeletal muscle, fibroblasts,
testicular, ovarian, pancreatic, and a range of tumor cells

* Only for modified albumin.

Dysregulation of FcRn cellular recycling may account for enhanced intracellular albu-
min, endogenous HSA binding drugs, and HSA drug conjugates uptake associated with
metabolic reprogramming of cancers (Figure 2). Furthermore, downregulation of FcRn
expression in individuals was obtained in non-small cell lung carcinoma, breast, prostate,
and colorectal cancer [73]. The low FcRn expression was associated with poor patient
survival. On the contrary, high FcRn expression in both cancerous was associated with a
favorable prognosis [73]. Cancer cells acquire sufficient amino acids for growth by albumin
proteolytic degradation in lysosomes [65,69]. The active internalization of HSA by tumor
cells was recognized long before its interaction with FcRn was discovered. The interaction
of albumin with FcRn passes through the C-terminal domain III (DIII) and N-terminal
domain I (DI) [74]. Precisely, the loops I and II of DI and DIII nearby Lys466 are in proximity
with the receptor. Therefore, the chemical or posttranslational modification in such sites and
ligand binding possibly leads to conformation changes, lower FcRn binding, and better al-
bumin degradation in lysosomes; for example, Cys34 (DI domain) oxidation, cysteinylation,
or cysteinylglycinylation act negatively on HSA–FcRn interaction [75]. Moreover, one of the
major albumin modifications, glycosylation, leads to reduced affinity with FcRn. This, in
turn, reduces transcytosis and increases intracellular catabolism, resulting in the excretion
of albumin fragments and rapid vascular clearance [75,76]. It should be noted, among the
investigated modifications (Lys525, Lys195, and Lys233), only Lys525, which alters the
conformation changes in domain III, decreases HSA–FcRn binding. These data show that
significant structural changes occurring to albumin with modification, particularly in the
FcRn-binding region, could be used in the drug design for cancer treatment.

Besides FcRn, a number of the receptors can bind albumin (Table 1) and participate
in its transport between compartments, degradation, etc. [35,39,70]. HSA binds to gly-
coprotein receptors (gp60, gp30, gp18), which results in the activation of caveolin-1 and
transcytosis through endothelial cells. Gp60, also called albondin, is a glycoprotein that
binds albumin and facilitates its internalization and subsequent transcytosis. Caveolin-1 in-
duces invagination of the surface membrane with gp60-albumin complex and compounds
bound or associated with albumin and forms vesicle or caveolae with a large volume of the
surrounding liquid. Such a process does not lead to degradation by the endosome–lysosome
system. It should be noted that gp60 can bind only native albumin or its complexes. On the
contrary, gp18 and gp30 have a 1000-fold higher affinity for denatured or modified albumin
(ex. oxidated, non-enzymatic glycation, albumin–gold nanoparticles, chemically modified,
etc.). These receptors are perhaps part of the organism’s protective pathway to select and
remove old, damaged, altered, or potentially toxic albumin species [35,39]. However, only
~50% of albumin leaves the capillary lumen via albondin, with the remainder traversing
this barrier through intercellular junctions and/or fluid-phase mechanisms. Moreover,
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solid tumors usually have an immature, highly permeable vasculature. They disrupt the
lymphatic system, which leads to the accumulation of macromolecules or nanoconstruc-
tions (>40 kDa) within the tumor interstitium and does not facilitate the reentry into the
circulation. This effect is known as the enhanced permeation and retention effect (EPR).
The long albumin time of albumin is increasing such effect. It is still unclear whether the
precise mechanism makes the greatest contribution to albumin tumor delivery. It perhaps
depends on the type of tumor and requires a detailed study [35,39].

Another protein that can bind albumin is SPARC (secreted protein acidic and rich
in cysteine) [35,77,78]. SPARC is also known as highly expressed in various cancers.
SPARC specifically interacts with native albumin similarly to gp60, sharing the same
binding domains [35]. Recently, SPARC mediates active targeting of HSA in glioma tumors
was shown [77]. Therefore, the SPARC pathway has excellent potential for HSA-based
drug delivery.

3. Albumin Modification for Further MNPs Coating as a Versatile Tool for
Theranostics Production

Nanomaterials have been used widely for drug delivery. However, when designing
universal delivery systems, there are a number of fundamental problems associated with
the requirements for starting nanomaterials. One of the most important is that nanoma-
terials must be non-toxic and biocompatible. Protein–nanoparticle corona has gained
importance due to stability, biocompatibility, reduced toxic side effects, etc. Preformed
albumin coating has decreased non-specific association with blood proteins and liver associ-
ation and reduced the body’s clearance due to specific receptor interactions (see Section 2.2).
Modifying the surface of nanomaterials by albumin provides a target tumor delivery, drug
or ligands binding, and improves the solubility of hydrophobic drugs, possible surface
modification. Functionalization with a specific address or reporter groups increases ther-
anostics efficiency and allows molecular probe imaging. Herein we present two main
strategies for albumin drug/probes/reporter groups loading or modification, which can be
perspective for the further MNPs coating. One of them is albumin therapeutics, in which
the molecules are covalently bound to the protein. The second one is preformed albumin
binding or in situ binders [78].

3.1. Covalent Strategy

HSA is a negatively charged at neutral pH very stable protein in various conditions:
(1) under heating, (2) in a wide pH range from 4 to 10, (3) and soluble in an organic solvent
such as 40% ethanol or DMSO. Covalent attachment of therapeutic molecules to proteins
is a feature. Under the non-specific modification, most proteins can lose their biological
function and form oligomers or aggregate with further precipitation. Therefore, site-specific
well-proved methods are required [79–81]. One of the possible proven procedures is the
modification of only one cysteine No. 34 residue with a free SH-group. As mentioned
above, the thiol group can be in various oxidation states (R-SH, R-S-S-R, R-S-OH, R-SO3H).
Commercial HSA usually has not more than 30% SH-group. Therefore, the thiol enrichment
method was proposed by reducing disulfides with dithiothreitol (DTT) before reacting
to thiol-coupling reagents [82]. Such a mild condition does not lead to the reduction in
proteins disulfide bridges. Three site-selective types of the active reagents are used for
SH-group labeling: (1) maleimide, (2) methanethiosulfonate, (3) and alkylating (Figure 3).
Methanethiosulfonate derivatives are considered to be the most selective at labeling a
wide range of biomolecules. Maleimide and alkylating reagents can be not so specific
in the case of using high excess of the reagent or too high pH > 8. However, the Cys34
has unexpectedly low pKa ~ 5 [83], which leads to a high rate and good efficiency of the
reaction using low excess of the reagents. However, this method introduces the albumin
one residue per molecule. Usually, the procedure is used for fluorescence dye for the
cell experiments [84], fluorescence imaging [38,85] applications, or spin-label conjugation
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for the protein complexes investigation [62,86–88]. For drug delivery, another method is
required for better therapeutic effect, which possesses multi-conjugation.

Figure 3. Covalent and noncovalent strategy features and examples of albumin modification. The
most common, easy-synthesized, cheap, and commercially available reagents for the covalent proce-
dure are presented.

HSA harbors 59 lysines, which also can be used for covalent modification. However,
conjugation to lysine tends to result in non-specific conjugation of albumin due to the
multiple amino acid residues available. In Figure 3, the most common acylation reagents
are presented. A balance should be observed between the degree of modification, the
reagent activity, and its excess. The highly active reagents such as anhydrides possess
protein precipitation. Protein over-labeling usually leads to significant changes in protein
conformation and oligomerization. For artificial polymer synthesis, thiolactone chemistry
was recently used [89]. This approach is suitable for the albumin lysine residues modifica-
tion under physiological conditions [84,90,91]. The reaction proceeds site-specifically and
involves only “high-reactive” lysine residues [85,91]. The main conjugation site is Lys525,
one of the lowest pKa among the albumin residues. Moreover, the lysine residues, known
for the natural N-homocysteinylation modification, are susceptible to the reaction with
N-substituted homocysteine thiolactone [91].

The thiolactone ring-opening results in releasing a free sulfhydryl group, which can
be used for further modification (Figure 3). Therefore, this reaction can introduce two
different residues into the polymer chain [92]. Using N-substituted HTL derivatives, several
probes for the glioma 19F-MRI [84,90] and 1H-MRI based [91] on HSA were synthesized.
The standard toxicity test confirmed the safety of HSA conjugates [84]. Using maleimide
derivatives of anticancer drugs, further modification of the new SH-groups leads to ther-
anostic constructions for imaging and chemotherapy [85,93]. Initial animal experiments
have shown the efficiency of the construction for glioma tumor imaging by 19F MRI [84]
and fluorescence [85]. N-homocysteinylation of HSA by natural homocysteine thiolac-
tone causes protein damage and increases the radical formation and oligomer formation
with subsequent amyloid transformation [92,94]. On the contrary, the reaction with N-
substituted thiolactone derivatives leads only to slight changes in α-helical and β-sheet
content and inhibits aggregation and radical formation [84,92]. The unique properties of
the thiolactone tool open the area of theranostics production based on artificial or natural
polymers, involving proteins, in mild conditions.
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3.2. Noncovalent Strategy

Another approach to promote interaction with albumin is to alter targeted deliv-
ery [7,95–98]. Several technologies with albumin are possible to encapsulate the drugs
in the nanoparticles. They are self-assembly, nab-technology, double emulsification, des-
olvation, thermal gelation, nano-spray drying, emulsification, etc. [99–101]. Most of the
presented methods lead to high-sized albumin oligomers or nanoparticles. Therefore, these
structures after MNPs coating will lead to nanoparticles with a higher than appropriate
«biological size limit» of about 100 nm. Nanoparticles ranging between 10 and 100 nm in
diameter tend to represent optimal properties. However, several works on drug-loaded
albumin-coated MNPs preparation via desolvation and chemical co-precipitation method
are known [102–104]. In this method, a desolvation agent such as acetone was added to
the albumin and iron salts solution. Some therapeutic reagents can be added to obtain the
theranostic construction. After obtaining the optimal size of nanoparticles, a cross-linker
reagent has to be added to stabilize the nanoparticles. However, looked perspective method
is not typical for protein-coated MNPs. Therefore, we focused on the albumin drug loading
suitable for further MNPs coating.

Some natural ligands and drugs can form a stable complex with HSA (see Section 2.1) [63].
In order to improve the binding effect, some natural or some fatty and aromatic residues
non-natural residues can be used [63,97,98,105]. For example, some of the albumin-bound
gadolinium chelates such as Multihance, Vasovist, or Primovist have the group presented
in Figure 3. The medical advantages of such gadolinium complexes can be found elsewhere.
One more feature is the relaxivity increase of gadolinium chelates after binding with
albumin, which also highly increases the sensitivity in the MRI method.

The reversible and multivalent affinity to albumin significantly increases the pro-
longed circulation and tumor-targeting efficiency in vivo [96]. The comparative study on
the covalent approach and albumin-binding molecules approach [96] for targeted tumor
delivery showed that both assays have good results in SCC7 tumor-bearing mice after
intravenous injection. Moreover, the noncovalent assay using palmitic acid residue shows
higher tumor-targeting efficiency. This fatty acid-based albumin prodrug demonstrated the
potential of in vivo albumin-binding prodrugs for safe and efficient anticancer therapy with
reversible and multiple binding capabilities, in vitro and in vivo. Besides the increased
drug half-life and targeted delivery, such an approach possesses better drug solubility,
decreased toxicity, and enhanced stability.

One other possibility is to combine the covalent and noncovalent albumin binding
in one construct to improve the properties of the two assays. Moreover, usually for the
molecules with a fatty tail, such as in the noncovalent assay precomplex with albumin, is
suitable to provide better solubility and relatively high dose injection. This means that
before the organism’s injection, a solid-state or solution albumin–drug complex forms in a
tube in vitro. Such precomplex approach possesses less toxicity and removes some possible
adverse effects related to the low solubility in water.

4. Albumin-Coated Magnetic Nanoparticles Properties

Nanocarriers provide new perspectives in the delivery of anticancer drugs and imag-
ing probes. In particular, MNPs have various applications such as MRI, hyperthermia,
controlled drug delivery, etc. (Figure 4). However, several disadvantages have to mention.
Low biostability, possible toxicity, and low tissue specificity are among them. Recently,
novel strategies such as bioinspired surface coating, coating functionalization with address
molecules, and reporter groups have emerged [13]. This study presents the mechanism of
the below-presented problems and their possible solutions due to albumin protein coating
with further surface functionalization. Albumin is a good candidate for the biosensor,
bioimaging, and theranostics carrier [53,101,106]. Due to its unique properties, albumin
coating has several advantages mentioned in the previous sections. Possible surface
modification leads to various smart systems with address groups, imaging probes, drug
complexes, and conjugates (Figures 3 and 4, Section 3). Another advantage is a passive
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(EPR-effect) and targeted delivery to cancer tissue due to the albumin receptor interactions
(see Section 2).

Figure 4. Applications of albumin-coated MNPs.

4.1. Albumin Coating Effect on MNPs Water Solution Stability and Biostability

The main issue of MNPs is long-term inherent instability. MNPs tend to agglomer-
ate due to the high surface energy and the strong magnetic attraction between particles.
Moreover, simple physiological-like high salt concentrations strongly affect the colloidal
stability of MNPs. For the Fe3O4 MNPs, magnetism loss occurs under oxygen oxidation.
These two main routes can be handled by surface functionalization [12,13,19,33]. Coated
MNPs have various advantages over bare MNPs. One more thing is once MNPs enter
the blood, biological molecules, especially proteins, cover their surface. So-called protein
corona is one reason for the rapid clearance of nanoparticles from the bloodstream after
intravenous injection [33]. Since preventing such irregular coating is complex, forming
stable pre-coating with optimal characteristics before the injection is required. Organic
polymers and low-molecular-weight surfactant coating are among the most popular proce-
dures [10,12,19,107].

A modern approach is using biomolecules coating for improved biocompatibility [3,12].
Albumin adsorption prevents nucleation and the aggregation of MNPs, increases colloidal
stability, and is optimal for the in vivo use of nanoparticles [26,107–116]. For example,
BSA-coated MNP remained excellent colloidal stability at 0.15 M sodium chloride concen-
tration for more than one week. In comparison, tannic acid-coated MNPs already formed
aggregates at 0.05 M and higher sodium chloride concentration [107]. The albumin-coated
nanoparticles size did not alter for a long time in various pH and bioreagents temper-
ature storage range and under 37◦C [26,109,111]. There were no significant changes in
blood serum/plasma [26]. Albumin preformed MNPs corona is good protection of non-
specific interactions with blood components, immune response, and extended half-life
(see Section 2) [26,33,107,108,115,116]. Some approaches use tannic, carboxylic acid (lauric,
myristic, or oleic), hyaluronic acid, etc., for ferrofluid colloidal stabilization and optimal
nucleus size formation with further albumin coating for biostability [114,117–121].

4.2. Preventing Toxicity and Targeted Delivery In Vivo of Albumin-Coated MNPs

The toxicological research of MNPs is a significant step for in vivo application. The
main mechanisms of the cytotoxic effects of MNPs are reactive oxygen species (ROS) for-
mation, ferrous ions release, change in the activity of ion channels, cytoskeleton disruption,
and dysregulation of gene expression [13,24]. The possible concepts of toxicity are sum-
marized in Figure 5. Besides the mentioned advantages, most of the works are related
only to the simple toxicity test such as MTT cell assay [122,123]. However, cancer cells
usually have better activated survival systems than normal cells. MTT test has not shown
non-specific interaction with blood components, tissue-specific toxicity, chronic toxicity, etc.
Only some of the MNPs demonstrated acute toxic effects. However, most of them have
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chronic toxicity or can cause disorders such as inflammation, ulceration, metabolic disor-
ders, immune response, decreases in growth rate, or changes in animal models [20,21,24].
MNPs accumulation in some organs may interfere with the physiological iron metabolism
after the degradation with further mitochondria, membrane, and nucleic acid damage
(somatic or inherited mutation). It is oblivious that the extended toxicity experiment is
a laborious work of many researchers [24]. However, the simplest tests combinations as
plasma stability, ROS formation, and several cell types (for MTT assay) are required for any
research, which claims that their MNPs can be used for further clinical investigations.

Figure 5. Schematic representation of possible biological responses to MNPs [2,21,124]. The pre-
formed albumin coating inhibits MNPs sub effects.

Albumin coating usually results in very moderate particle uptake and low ROS production
cytotoxicity, as many works on in vitro and cell experiments [23,37,102,103,112,120,125–131]. It
should be noted that albumin coating has to be enough for the surface of the nanoparticles.
If the nanoparticles’ Zeta potential has not changed to the negative or, perhaps, stayed pos-
itive, it is not such an incredible effect of protection can be obtained [132]. Albumin-coating
improves the in vitro therapeutic outcome of drug-loaded MNPs, highlighting the potential
for success in vivo studies [102,112,114,125]. Moreover, albumin coating could prevent
cardiac effects of MNPs [133]. No changes in central hemodynamics, microcirculation,
and endothelial integrity factors were detected [134]. The presented results show that
albumin coating provides a stable and biocompatible shell and prevents cytotoxicity of
magnetite core.

As mentioned above (see Section 2.2), albumin can bind with various receptors, which
possess the targeted delivery of albumin-coated MNPs [135]. However, the possibility of
surface functionalization provides the feasibility to accumulate or increase the accumulation
at specific locations and organs using specific receptor-mediated targeting [13,29,136,137].
Some of the possible albumin surface functionalization chemistry is presented in Section 3.1
(Figure 3). For albumin surface modification, vitamin or vitamin-like derivatives (biotin,
folate), carbohydrates (glucose, galactose, lactose, and mannose), and peptides (RGD or
cell-penetrating peptides) are widely used [29,136,137]. For example, due to the interaction
with specific receptors biotin modified HSA targets breast and cervical cancer [136]. Folic
acid conjugated albumin–MNPs are effective for cell targeting and brain tumor MRI imag-
ing [136,138,139]. The rare possibility is to conjugate the albumin–MNPs with antibodies
(anti-EGFR and VEGF) [128,140]. However, anti-EGFR and VEGF antibody-conjugated
HSA–MNPs effectively targeted breast tumor and brain glioma delivery in a mice model,
respectively [128,140].
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4.3. Albumin-Coated MNPs for MRI

MRI is a great non-invasive diagnostic tool. Various contrast agents can improve
anatomic resolution and diseased tissue region. The contrast agents are usually divided
into longitudinal T1 and transverse T2 contrast agents. Using T1 agents MRI image becomes
brighter and T2 darker. The contrast ability of a contrast agent can be quantitatively
characterized by relaxivity (r1 and r2), which is a proportionality coefficient between
relaxation time T and contrast agent concentration. MNPs usually are T2 contrast agents
with high r2. MNPs coating influences both T1 and T2 relaxation processes due to changes
in the availability of water molecules near the magnetic core [141]. However, the universal
recipe to obtain the best MRI agent is unknown [141]. The thin coating usually highly
decreases r1 but does not influence r2 values due to the different relaxation mechanisms.
Some layer is required to have relevant stability and biocompatibility effect. As expected,
albumin absorption of the MNPs surface decreases r1 from 12 to 6 mM−1 s−1 and increases
r2 from 480 to 600 mM−1 s−1 (magnetic field 1.5 T) [107]. Interestingly, the coated MNPs
have about six times higher r2 value than the contrast agent Resovist® (coated Fe3O4),
which is recommended to use only in low doses due to the sub effects [107]. Another
example is that 30 nm HSA-coated MNPs have an r2 of 314 mM−1 s−1, 2.5 times higher
than Feridex [37,142]. Some other works show the same tendencies on slightly or high
enhancement of the r2 relaxivity, which is the feature of their magnetic nucleus formation
procedure and size [26,37,107,109,125,140,142–145]. Enhanced r2 values and potential for
MRI of albumin-coated iron oxide nanoparticles were previously reported in a number of
in vitro and in vivo studies [37,107,128,135,140,142,144–146].

4.4. Albumin-Coated Multimodal Imaging or Theranostics MNPs

Recently, albumin-coated MNPs were actively used for the multimodal imaging
or theranostics production [102,103,112,114,117–119,121,127,130,135,138,139,145,147–150].
The albumin-coated MNPs surface was labeled by 64Cu-DOTA complex (for positron emis-
sion tomography, PET) and fluorescence dye (Cy5.5) to assess the possibility of multimodal
imaging. Triple-imaging (PET, near-infrared fluorescence imaging, and MRI) was success-
fully tested on the glioma mouse model [142]. Another possibility is tumor-targeted folate
delivery with simultaneous bimodal imaging by fluorescence and MRI [138]. A possible
albumin surface labeling technique by the fluorescence reporter group is widely useful for
simple cell uptake experiments or in vivo fluorescence imaging using NIR fluorescence
dye [138,142,150].

An even more difficult goal is to obtain theranostic constructions based on albumin-
coated MNPs [102,103,114,117,121,125,139,145,148,149]. Theranostics MNPs offer great
potential in drug-resistance cancer treatment. However, the progress in the area is limited
and has been raised in the last several years. Some potential for MRI and drug release
was conducted with paclitaxel anticancer drug loading on albumin-coated MNPs [114].
The significant results were obtained using albumin-coated MNPs loaded with doxoru-
bicin [149], methotrexate [121], curcumin [102,103,145], or synergistic delivery of curcumin
with 5-fluorouracil [139], which was shown on the cell line model. An excellent therapeutic
effect on rat models with gliosarcoma tumors was obtained [121]. Integrating hyperthermia
and chemotherapy was shown in vitro on cell lines using paclitaxel [125] and etoposide
(topoisomerase-II inhibitor) [148]. These results highlight the great potential of simulta-
neous imaging and therapy on one nanoparticle species. Several therapy strategies are
preferable to solve the problem of the drug-resistance cancer problem.

5. Conclusions

Nanoparticles are a promising platform for creating new drugs for simultaneous ther-
apy and diagnostics (theranostics). Such systems can take an important place in creating
new generation drugs due to the possibility of manipulating their physicochemical and
biological properties, targeted regulation of the composition, size, and surface functional-
ization. MNPs are a promising nucleus of theranostics due to possible MRI diagnostics,
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external field guiding, and hyperthermia effect. The main problem of the MNPs coating
is to possess the biostability and targeted delivery to the tumor. It is vital to save and/or
improve physical properties under the functionalization process. The biochemical and
biophysical properties of albumin make it an ideal candidate for MNPs’ coating. Its ex-
cellent biocompatibility, biodegradability, and outstanding cancer tissue accumulation,
due to the enhanced permeation and retention effect and specific receptor binding, have
great proven potential. The possibility of albumin surface modification with reporter or
address groups can simultaneously possess better tissue targeting and imaging procedures.
Furthermore, the diversity in the preparation of covalent or binding an albumin-based
drug delivery system gives numerous opportunities to include a wide range of therapeutic
or theranostic agents. Combining the effects of MNPs, albumin coating, and albumin
modification provides the resulting system with outstanding properties.
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