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Importance in the field: Activated cells metabolize albumin to cover their
increased need for amino acids and energy. In inflamed, diseased and malig-
nant tissue, extravasation of macromolecules into the tissue is upregulated.
Drug carriers such as albumin have been used to target specifically diseased
and malignant cells, resulting in higher efficacy of treatment and reduced
side effects.

Areas covered in this review: Owing to its advantageous biochemical and
pharmacological properties, albumin has been regarded as an interesting can-
didate as a drug carrier. Covalent coupling to albumin carries drugs specifi-
cally to tumors and sites of inflammation, leading to reduced side effects as
long as the native structure of albumin is unchanged. In this review, the
means of coupling drugs to native albumin as well as exemplary studies for
the use of albumin as drug carrier are summarized and discussed.

What the reader will gain: An overview of the state-of-the-art using albumin
as drug carrier for specific accumulation in tumors and inflammatory cells
using the advantageous properties of native albumin is given in this review.
Take home message: Native albumin is an effective drug carrier to sites of
inflammation or malignancy.

Keywords: albumin, arthritis, drug delivery, human serum albumin, inflammation, tumor
Expert Opin. Drug Deliv. (2010).7(8):915-925

1. Introduction

Activated cells such as tumor or inflammatory cells metabolize albumin to cover
their increased need for amino acids and energy. Therefore, albumin has been
regarded an interesting candidate as a drug carrier. Serum albumin makes up half
of the protein in human blood plasma. The reference range for human serum albu-
min (HSA) concentrations in serum is 42 — 54 g/l. It has a blood half-life
of ~ 20 days. Albumin is produced in the liver and the molecular mass of the mono-
meric protein is 67 kDa. The human albumin gene located on chromosome 4 is
16,961 nucleotides long from the putative ‘cap’ site to the first poly(A) addition
site. It is split into 15 exons, which are symmetrically placed within the 3 domains
that are thought to have evolved by triplication of a single primordial domain [1].
The tertiary structure of the albumin molecule is formed by eight S-S bonds, which
are formed directly on translation of its mRNA. Albumin has one free cysteine res-
idue, which is important for the scope of this review and will be dwelt on later.
Albumin is a multifunctional protein that is involved in the maintenance of colloid
oncotic pressure, balances the pH of plasma due to the highly abundant amino acids
with functional groups such as 16.8% acidic amino acids (Asp, Glu), 16.9% basic
amino acids (Lys, His, Arg) and the transports of hydrophobic molecules such as
thyroid and other hormones and fatty acids.

Inflammation and tumors share several characteristics and many tumors need
the presence of activated macrophages and mast cells to develop into invasive
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Article highlights.

« In this review, the advantages of native albumin as drug
carrier to sites of disease and malignancy are presented.

» Options for coupling compounds to human serum

albumin are shown, highlighting several examples.

High versus low loading rations are compared for

their effectiveness.

ex vivolin vivo loading approaches are discussed,

showing several examples for both approaches.

The use of different spacers between albumin and drug

are summarized to achieve specific cleavage of the drug

from albumin.

Several examples for in vitro and in vivo applications of

albumin conjugates as well as a proof of concept with

examples for treatment as well as diagnostic uses are

given in more detail to emphasize the key messages.

This box summarizes key points contained in the article.

carcinomas [2]. Several mechanisms are common features in
inflammation and in tumors. These include angiogenesis
and its humoral regulation by growth factors such as VEGF.
Moreover, in inflamed and in malignant tissues extravasation
of macromolecules into the tissue is upregulated in a similar
way. For albumin, the increased extravasation helps to satisfy
the high energy and nitrogen demand of the activated cells. It
has been shown that in chronic inflammatory diseases such as
rheumatoid arthritis (RA) - very similar to tumors - the
extravasation of albumin is increased approximately sixfold (3].
Moreover, patients with RA have an increased catabolism of
albumin that can lead to hypalbuminemia [4]. It was hypoth-
esized that this may be owing to increased degradation of
albumin in the inflamed joints (5]. The similarities of albumin
metabolism in RA as well as other inflammatory diseases and
tumors prompted the development of albumin as a carrier
molecule for drugs into tumors and inflamed tissue. Covalent
coupling to albumin would carry drugs specifically to tumors
and the sites of inflammation, leading to a higher efficiency
and reduced side effects. The native structure of albumin
should not, however, be changed by the conjugation reaction.
Using albumin as carrier, lower concentrations of the drug-
albumin conjugate in comparison with the original drug
would be required. To reach this goal it has been shown
that changes of the molecular structure can be avoided by cou-
pling the drug to albumin in a molar ratio of unity (6. The
target properties and long half-life of albumin are advanta-
geous for its use as carrier for therapeutic drugs and diagnostic
agents [7].

In this review, the means of coupling therapeutic and diag-
nostic agents to albumin as well as some exemplary studies for
the use of albumin as drug carrier for therapeutic and diagnos-
tic purposes are summarized. The review focuses on albumin
conjugates in which the native structure of albumin is retained.
Applications in which albumin is heavily glycosylated to form
neo-glycoproteins to target, for example, liver diseases, are

not covered in detail as these conjugates have lost the
albumin-specific properties.

2. Human serum albumin as carrier

Serum albumin is a protein with many functional groups that
are accessible on the hydrophilic surface of the molecule, and
also in the hydrophobic binding pockets to which hydropho-
bic molecules such as fatty acids and many drugs bind [1].
Therefore, reactions with side chain amino, hydroxyl, carboxy
or carbonyl groups are possible. A selection of such reactions
and the structures of the products with albumin are summa-
rized in Table 1. Contrary to all other plasma proteins, albu-
min contains a cysteine at position 34 (Cys34), which is
moderately accessible to chemical reactions. Moreover, albu-
min is stable against denaturing agents and solvents at moder-
ate concentrations. These properties have resulted in different
approaches to generating covalent albumin drug conjugates.
These approaches include modifications targeting specific
receptors such as the o,f3 integrins by decorating albumin
with RGD peptides to deliver siRNAs to cells expressing these
integrins. This approach was effective iz vitro with heavily
modified albumin (8], and also with albumin carrying an
auristatin derivative. In the latter approach, the authors found
the cellular handling to be equally important as the cellular
uptake of the conjugates [9], a point that will be considered
later in this review where the cleavability of linkers between
drug and albumin is discussed. Folates bound to albumin to
target the folate receptor in addition to paclitaxel aiming to
eliminate the target cells have been shown to be effective
in vitro as well [10]. Such conjugates with heavily modified
albumin are effective in vitro but usually have only moderate
effects in vivo (11,12]. In these studies, the authors observed
that albumin loaded with 10 mol of dexamethason per mol
of albumin resulted in cell-specific targeting of Kupffer cells
as well as sinusoidal epithelia cells in fibrotic liver but had
no effect on the fibrotic process.

Many approaches used highly loaded albumin with and
without specifically targeting molecules to take advantage of
the enhanced permeability and retention (EPR) effect of
macromolecules observed by Maeda ez a/. (13] and Jain [14] in
tumors. In this review, only a selection of such attempts is
presented as the main scope of the review is to summa-
rize approaches using the native properties of albumin for

drug delivery.

3. High versus low loading ratios and native
versus modified albumin

Early work by Chu et al. [15] showed that bovine serum albu-
min (BSA) with up to 20 mol methotrexate (MTX) per mol
BSA was effective in MTX-transport-deficient cells in vitro.
However, no in vivo data have been reported. Similar
attempts by Fiume et al. (reviewed in [16]) with corticosteroid
hemisuccinates linked to HSA at molar ratios between
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10 and 19 were effective in vitro. In these experiments a higher
and selective uptake of the conjugate in comparison with the
drug itself was observed in macrophages. Thereafter, an
attempt was made to develop the compound to target inflamed
liver cells. Stehle ez al. (6] showed that a high loading ratio
(Figure 1) automatically leads to accumulation in the liver,
where modified albumin is taken up by scavenger receptors
and degraded by the reticuloendothelial system. Therefore,
the observed effect is due to the denatured protein and not a
consequence of specific targeting.

The only albumin conjugates shown to be effective and
non-immunogenic in experimental animals and patients were
conjugates with a molar loading ratio close to unity. In this
case albumin retains its native state and has a long half-life in
circulation (17,18]. Therefore, aspects of covalently linking drugs
to native albumin presented in this review are:

e ex vivolin vivo loading of albumin
e variations in spacers between albumin and drug.

Possible direct conjugation reactions, the target amino acid
in albumin and the probability of enzymatic or hydrolytic
cleavage are shown in Table 1.

The aim of drug conjugation to albumin is to achieve a
drug-albumin conjugate that is physiologically indistinguish-
able from native albumin. It has to be stable in circulation
but must be cleaved at the site of inflammation, or in the
tumor, either in the extracellular space or in the cells in lyso-
somes. The most commonly used method to link a drug to
albumin is an amide bond with the €-amino group of lysine.
This bond is chemically and enzymatically very stable. It has
been shown that in the case of methotrexate linked to albumin
by a lysine in albumin (MTX-HSA), methotrexate is liberated
from MTX-HSA in cell culture [19) and in patients [20. How-
ever, it is not possible yet to elucidate the enzyme responsible
for the reaction.

4. ex vivol/in vivo loading of albumin

The advantages of synthesizing and standardizing a drug that
binds to endogenous albumin on infusion as opposed to
ex vivo conjugation of human serum albumin of blood donors
is quite evident and delineated in a review [16]. Kratz’s group
addressed this problem by developing an approach that uses
the free cysteine Cys34 of endogenous albumin for the
in vivo binding of drugs. MTX or other drugs such as platin
derivatives or doxorubicin are linked by a peptide spacer to
maleimide, which then binds to the SH group of Cys34 in
albumin after parenteral administration of the drug. This cys-
teine makes up most of the free thiol groups in plasma, one-
third of the molecules are usually bound as mixed disulfides,
and in the other two-thirds of albumin molecules the thiol
is in its reduced state. Owing to its amino acid environment,
the pKa value of this thiol is ~ pH 5 as opposed to the normal
pH 8 - 9 of cysteine SH. This results in the S™ form under
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physiological conditions and therefore a reactive partner for
the maleimide [11.

In a recent publication [21] the albumin-binding prodrug of
methotrexate AWO54 with the formula 6-maleimidocaproic
acid (EMC)-p-Ala-Phe-Lys-Lys-MTX was introduced (Figure 4).
It was designed to bind specifically to the cysteine 34 position
of endogenous albumin (for reaction, see Table 1). In addi-
tion, the conjugate was cleavable 7z vitro by proteases such
as cathepsin B and plasmin, which are present at the site of
inflammation, leading to albumin and MTX-Lys. AWO54
was tested 77 vitro and in vivo for its effectiveness at reducing
inflammation and joint destruction in rheumatoid arthridis, as
will be discussed later in this review [21].

The property of albumin to avidly bind hydrophobic mole-
cules has been used successfully by Abraxis Bioscience, who
produce albumin nanoparticles with paclitaxel (nab-paclitaxel
ABI-007), a highly insoluble but effective taxol used to treat a
large variety of cancers. The formulation of paclitaxel associated
with albumin eliminates the use of Cremophor as solvent and
thus the pronounced side effects induced by this agent.
Abraxane® (Abraxis Bioscience, Los Angeles, USA) has mean-
while been approved by the FDA [22] and the EMEA [23] for
the treatment of metastatic breast cancer.

Albumin-bound peptides (for a review on these, see [16]) can
be generated either by covalent binding of these to albumin or
by transgenic means, creating fusion proteins. In both cases
the aim is to prolong the very short half-lifes of the peptides,
caused by their rapid clearance in the kidneys. The peptide-
HSA fusion protein with the C terminus of activated recombi-
nant Factor VII [24] fused to albumin is biologically active, as
was an albumin fusion protein with interleukin-2 in mice, in
which this compound induced the proliferation of T cells and
inhibited liver tumor growth [25]. IFN-ai, fused to albumin
was effective against chronic hepatitis C in animals as well as
in Phase II clinical trials (reviewed in [26]). All authors describe
a long plasma half-life of their product as the main advantage
over the peptides used otherwise, without loss of biological
activity. The release mechanism of these peptides in a biologi-
cally active state has not, however, been investigated. If the lib-
eration takes place by lysosomal enzymes that degrade albumin
after its uptake, then the peptides are degraded as well. By con-
trast, if the peptide is set free by extracellular enzymes, then the
mechanism of their pharmacologic activity is unknown.

5. Variations in spacers between albumin and
drug

The quest for a cleavable linker, stable in blood but hydrolyzed
at the target site, is one of the main issues in the development
of drug-albumin conjugates. Conjugates with carboxylic ester
bonds between the highly abundant glutamic and aspartic
acid side chains in albumin 1] are readily synthesized. How-
ever, they have the disadvantage of being unstable in plasma.
Esmaeili ez al. found 50% of a succinic ester derivative of
docetaxel to be hydrolyzed from albumin in 24 h [27]. Similar
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Figure 1. Distribution of radioactive methotrexate-
albumin conjugates with different loading ratios. The
distribution of '"'In-DTPA-labeled methotrexate-rat serum
albumin conjugates in different rat organs is shown. The
ratio of drug-to-albumin ranged from 1 to 20, radioactivity
was assessed 24 h after intravenous administration to rats.
Used with permission from [6].

values were obtained by Tanaka et /. In this approach mito-
mycin C was linked to albumin that had been heavily modified
by reaction with glutarate [28]. Owing to the relatively rapid
hydrolysis of albumin-drug conjugates in plasma the advantage
of targeting the drug to the tumor or the site of inflammation
is lost and side effects similar to those obtained with the free
drug are to be expected. Therefore, carboxylic esters are not
shown in Table 1, which presents stable drug-albumin conju-
gates that may specifically be cleaved at the target site. Kratz
and co-workers constructed conjugates with spacers cleavable
by matrix metalloproteases, cathepsin B or plasmin (reviewed
in 16]). The product of such enzymatic cleavage is always a
drug with the last amino acid linked to it as amide, such as
MTX-Lys. The biological activity of MTX-Lys can be shown
in a murine arthritis model [21]. The cleavage step of MTX-
Lys from albumin most probably takes place in the lysosomal
compartment of the target cell or in the interstitial space by
secreted enzymes in the malignant or inflammatory tissue.

6. In vitro/in vivo evidence for the
effectiveness of albumin as drug carrier

The best analyzed HSA conjugate is albumin-coupled metho-
trexate (MTX-HSA) (18]. It has a molar loading ratio of unity
and has been shown not to be immunogenic after long-
term administration to patients. Studies in cellular systems
with radiolabeled MTX-HSA have shown the release of
MTX from the conjugate and the formation of polyglutamates
of MTX up to a chain length of three extra glutamic acid

residues [19]. MTX resistance based on decreased MTX uptake
could be overcome by MTX-HSA, and thymidylate synthase
was inhibited, an indication for intracellular liberation of
MTX. Cell cycle arrest could be shown as proof of a bio-
logically effective MTX release (29]. The uptake by endocytosis
into a variety of cells could be shown with fluorescently labeled
HSA as well as its lysosomal localization (7,30, where
degradation of albumin by lysosomal enzymes occurs [19].

MTX-HSA was effective against a panel of xenografted
human tumors in severe combined immune-deficient (SCID)
mice, which were not MTX sensitive [31], as well as against
transplantable rat tumors [32. As MTX is not normally used
in the treatment of carcinoma and solid tumors, the tumor
targeting achieved by coupling to albumin opens up new treat-
ment perspectives. This was indeed at least partly verified by
clinical studies [18,3].

MTX-HSA was also tested in a murine graft versus host
disease rat model, in which it was found to prevent very effec-
tively the onset of graft versus host disease without causing
toxicity (34].

MTX-HSA prevented the onset of arthritis in a collagen-
induced arthritis mouse model and a combination with free
MTX was found to be synergistic [3536]. In the SCID mouse
model of rheumatoid arthritis, in which normal human carti-
lage is transplanted together with synovial fibroblasts from
rheumatoid arthritis patients, MTX-HSA decreased cartilage
degradation and synovial fibroblast invasion [37]. As an exam-
ple for a chronic inflammatory disease, the use of albumin as a
drug carrier for rheumatoid arthritis is discussed in detail later
in this review.

The antiproliferative capacity of MTX is limited. There-
fore, the more potent anti-folate aminopterin was coupled
to albumin in order to increase the antitumor efficiency.
Indeed, iz vitro and particularly 77 vivo data with rats showed
an improved antitumor effect of aminopterin-HSA 38]. How-
ever, in the graft versus host model the therapeutic window of
this compound was demonstrated to be narrow and toxicity
occurred [34].

Albumin conjugates with maleimido derivatives of carbopla-
tin or oxaliplatin were as effective in cisplatin-resistant cells as
in the parental cell line. An endocytotic uptake mechanism is
the reason for the observed activity. This was shown by inhibi-
tion of the uptake using bafilomycin Al. This finding points
to an uptake of the albumin conjugates by clathrin-coated
pits [39].

The efficiency of the prodrug concept of derivatizing drugs
with acid or enzymatically cleavable linkers attached to a mal-
eimido group to react with endogenous thiols has been shown
in tumor-bearing rats using camptothecin and doxorubicin
derivatives. In these studies the prodrug was more effective
than camptothecin in a xenograft model [4041]. The same
group developed a prodrug of doxorubicin with an acid-
sensitive linker (INNO-206), which is in clinical trial, and
was found to be effective against anthracycline-sensitive
tumors [42].
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7. Proof of concept for albumin-based drug
delivery in a chronic inflammatory disease:
rheumatoid arthritis

The model of murine collagen-induced arthritis (CIA) is a
commonly used animal model for human RA (43]. Similar to
the human disease, mice with CIA experience arthritis of small
and larger joints, which are histologically characterized by
severe synovitis. After a relatively short time the joints show
severe destruction of cartilage and bone. Owing to the similar-
ity to human RA, albumin was expected to accumulate in the
inflamed joints, where it would extravasate and be taken up
by metabolically active cells of the inflamed synovium (3-51.
Indeed, 3 h after intravenous injection, aminofluoresceine-
labeled human serum albumin (AFL-HSA) is detectable
by laseroptical imaging in the inflamed but not in the
non-inflamed joints of the same paw (Figure 2).

The distribution of radioactively labeled albumin (*''In-
DTPA-HSA) was compared with that of radioactive MTX
(H-MTX) in CIA mice. The albumin conjugates showed a
six- to sevenfold higher accumulation in inflamed in compar-
ison with non-inflamed paws (36]. By contrast, although free
MTX accumulated also in the inflamed paw, the difference
to the healthy leg was much smaller than in the case of albu-
min (Figure 3). MTX covalently coupled to albumin in a
molar ratio of unity (MTX-HSA) was used to treat CIA
mice. Different doses of MTX-HSA or MTX were adminis-
tered to mice after immunization with bovine collagen.
MTX-HSA was significantly more effective at suppressing
arthritis than comparable doses of free MTX [36]. At least a
fivefold higher dose of MTX was required to achieve the levels
of suppression seen with MTX-HSA. Further experiments
showed that MTX and MTX-HSA acted synergistically and
that maximum levels of arthritis suppression were reached
when both drugs were combined [35].

The effect of MTX-HSA is not restricted to murine
models of arthritis. The human SCID mouse model of
RA was used to detect albumin uptake by effector cells of car-
tilage destruction in the synovial pannus and to test thera-
peutic efficiency of albumin-coupled drugs in vive. In this
model human synovial fibroblasts from RA patients are
co-implanted subcutaneously with cartilage in mice with
severe combined immune deficiency [44-46]. After a few days
the implanted RA synovial fibroblasts autonomously invade
the cartilage and induce its degradation. Twenty-four hours
after intravenous injection of AFL-HSA the fluorescence sig-
nal of the albumin conjugate can be detected laseroptically
in sections of the inflammatory pannus, which invades the
cartilage [36]. Moreover, the fluorescence can be localized in
the cytoplasm of cells, demonstrating the cellular uptake of
the conjugate. This confirmed previous findings from
in vitro experiments with cultured RA synovial fibroblasts in
which fluorescence-labeled albumin is taken up into the lyso-
somes of the cells (36]. Treatment of the SCID mice with
MTX-HSA significantly inhibited RA synovial fibroblast
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invasion and reduced cartilage degradation, comparable to
the effects elicited by MTX (37].

Synovial fibroblasts are not the only human cell types that
are able to take up albumin. FACS analyses of mononuclear
cells from healthy donors and RA patients incubated with
AFL-HSA showed its uptake primarily into monocytes.
AFL-HSA was also taken up by granulocytes, and B and
T lymphocytes. A significant difference in AFL-HSA uptake
between RA patients and normal controls was observed,
however, only in T lymphocytes [35].

As described above, studies in animal models of arthritis
show a good effectiveness of MTX-HSA owing to its accumu-
lation in areas of synovial inflammation. Synthetic conjugates
of drugs with human serum albumin have, however, the disad-
vantage of intravenous administration of donor albumin, which
is increasingly subjected to regulatory restrictions. Therefore, a
compound that would bind to endogenous albumin as a
carrier for immunomodulatory drugs to the sites of inflam-
mation would be preferable; this is the case for AWO54
(EMC-p-Ala-Phe-Lys-Lys-MTX) [21], as discussed above.

After intravenous injection of AWOS54 a superior thera-
peutic effect to MTX in the treatment of mice with CIA
was achieved. To obtain a similar effect AWO54 had to be
given at only ~ 20% of the dose of free MTX. The efficacy
of the drug was tested in different stages of CIA in the
mice: whereas MTX lost its efficacy in later stages of the dis-
ease, that is, after onset of RA, AWO54 was active, reducing
disease activity in arthritic mice even in later disease stages. In
conclusion, the use of albumin-binding prodrugs such as
AWO54 is a way to use endogenous albumin to deliver drugs
such as MTX to the site of inflammation and to increase the
efficiency of the anti-arthritic drugs even in later stages of
the disease.

8. Albumin-labeled drugs for diagnostic use

The use of fluorescence-labeled albumin for intraoperative
fluorescence staining of malignant brain tumors has been
described recently [47). After the observation of a very specific
uptake of AFL-HSA into rat glioblastoma (7], this compound
was tested as an agent to guide tumor resection in brain sur-
gery by intravital staining of brain tumor tissue. Patients
received intravenous injections of AFL-HSA 1 - 4 days before
surgery. Intraoperatively, an argon laser was used to guide the
extent of tumor resection by the surgeon. All glioblastoma in
the 10 patients investigated accumulated AFL-HSA. Agree-
ment between fluorescence - or no fluorescence - and histol-
ogy was 83% [47]. It was concluded that albumin is a suitable
carrier system for selective intraoperative imaging of glioblas-
toma as an aid for neurosurgeons. The pharmacokinetic val-
ues for the HSA conjugate agree very favorably with those
published for native HSA in humans, and therefore emphasize
the usefulness of conjugates in which the native structure of
albumin is conserved. A further example for a diagnostic use
of albumin conjugates, an albumin conjugate decorated with
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White light Fluorescence

Figure 2. Uptake of fluorescent albumin into arthritic joints
in vivo. Uptake of human serum albumin labeled with
aminofluorescein (AFL-HSA) by inflamed toes of a mouse
with collagen-induced arthritis determined by laseroptical
imaging. The pictures show images under white and laser
light of an inflamed paw with three arthritic toes, 3 h after
intravenous injection of AFL-HSA. Only toes affected
by arthritis showed strong fluorescence when illuminated
at 488 nm, demonstrating the high rate of albumin
accumulation in inflamed toes.

Used with permission from [36].
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Figure 3. Comparison of uptake of radioactively labeled
albumin and methotrexate in vivo. Uptake of radiolabeled
human serum albumin (*''In-DTPA-HSA) and radiolabeled
methotrexate (*H-MTX) in hind paws of mice with and
without collagen induced arthritis after intravenous injec-
tion of the compounds. Significant albumin amounts
accumulated in arthritic hind paws, exceeding uptake into
non-inflamed paws six- to sevenfold. By contrast, the
difference in uptake of radiolabeled methotrexate into
arthritic and healthy hind paws was found to be
significantly less.

Used with permission from [36].

RGD peptides targeting cells expressing 0,3 and linked
with dyes emitting near-infrared fluorescence, was used suc-
cessfully for in vivo imaging of vasculature and tumor tissue
and confirmed to be dependent on integrin binding of the
conjugate [48].

For the diagnosis of muscle dystrophy in dystrophin-
deficient mice, a model for Duchenne muscular dystrophy,
gadolinum was complexed to diethylenetriamine penta-acetic
acid bound to albumin (Gd-DTPA-HSA) and the distribu-
tion in mice observed by MRI. Gd-DTPA-HSA accumulated
only in damaged fibers. This could be confirmed by histology
and using anti-HSA antibodies [49].

In an early compassion at use study with 23 patients with
bronchogenic tumors using '''In-DTPA-HSA and single-
photon emission tomography (SPEC), albumin uptake into
the tumors of 8 patients with adenocarcinoma and squa-
mous cell carcinoma was seen, but no uptake into small cell
carcinoma could be observed [50].

Comparable techniques have not been tested in inflamma-
tory diseases so far. Preliminary data from animal models
show, however, that fluorescence-labeled albumin might
also be helpful in inflammatory diseases. Studies were per-
formed in the animal model of endotoxin-induced uveitis,
which is based on the induction of an autoimmune uveitis
24 h after intraperitoneal injection of endotoxin. This model
has a lot of similarities to human uveitis and the inflamma-
tion can be visualized by intravital microscopy [51]. When
fluorescence-labeled albumin is given by intravenous injec-
tion it accumulates in the inflamed eye. Using a laser tech-
nique, the fluorescence can be visualized and intravital
microscopy can be used to distinguish anatomic sites of the
eye, which show increased albumin uptake. Figure 5 shows
the macroscopic perspective of endotoxin-induced uveitis
after intravenous injection of fluorescence-labeled albumin
under white and laser light. Intravital microscopy of the
vessels of the iris in the inflamed eye in these mice showed
an increased uptake of albumin in the inflamed vessels.

The model of endotoxin-induced uveitis shows that imaging
techniques using fluorescence-labeled albumin can be used to
detect not only tumors but also autoimmune inflammation
and to distinguish clearly between inflamed and non-inflamed
anatomic structures.

9. Conclusion

Conjugating drugs to native albumin is a promising approach
for drug delivery that has already found its way into clinical
trials. The design of albumin-coupled drugs leading to the
site-specific delivery of a physiologically active drug in the
human organism remains, however, challenging. Mechanisms
of in vivo loading as well as the optimization of specific cleav-
age sites within the construct are being developed. Evidence
from in vitro experiments, as well as from animal models
of different diseases, is promising for the therapeutic and
diagnostic development of albumin as drug carrier.
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Figure 4. Structure of AWO54. AWO54 is a prodrug of methotrexate with the formula 6-maleimidocaproic acid-D-Ala-
Phe-Lys-Lys-MTX that consists of methotrexate, a lysine spacer, and an enzymatically cleavable peptide linker bearing the
albumin-binding maleimido group (EMC).

Used with permission from [21].

conjugates can be lower than that of the low-molecular-
mass drug or an enhanced effect can be obtained with the

same dose. This goal can be achieved owing to the favourable
Mouse with

Y
:endotoxin-induced uveitis
in the right eye

biochemical and pharmacological properties of albumin con-
jugates as long as the albumin molecule retains its native
state. This prerequisite for synthetic albumin conjugates is,
on the one hand, a disadvantage for the conjugation of drugs
with low potency because a molar loading ratio of one
reduces the effective dose per cell; on the other hand, specific
targeting using very effective but toxic drugs conjugated to

albumin will reduce their systemic toxicity and the ensuing
side effects.

The specific cleavage of the drug from the HSA conjugate
at the site of inflammation or tumor is, however, still a bio-
chemical challenge. In addition, intravenous administration
is compulsory for both approaches: the synthetic drug-HSA
conjugates, as well as the prodrug administered to bind
covalently to HSA in the blood.

The goal of continuing and future research is to target spe-
cifically diseased areas (e.g., tumors, inflammation, as well as
sites of tissue destruction). To decrease side effects further
and reduce the required dose are other important issues for

Inflamed right eye Non-inflamed left eye

the development of HSA-coupled drugs. Fluorescence-

guided surgery and the use of fluorescent HSA conjugates
Figure 5. Albumin uptake into an inflamed eye. White light ~ for diagnostic purposes are very promising applications now

and fluorescent images of a BALB/c mouse with endotoxin-  under investigation.
induced uveitis are shown 3 h after intraocular administration To achieve these goals, in vivo loading of a prodrug with a
of endotoxin. Aminofluorescein-labeled albumin was admi- specifically designed spacer and/or cleavage sites to optimize

nistered simultaneously intravenously. Only the inflamed

i : liberation of the drug from the albumin carrier for therapeutic
right eye showed a strong green fluorescence signal.

applications is now being investigated. However, for diagnostic
purposes, ex vivo coupled fluorescent HSA is most probably

.. more suitable.
10. Expert opinion

Albumin-based drug delivery is a promising approach to  Declaration of interest
increase the local effectiveness of the drug by specifically tar-

geting cells in inflamed or tumor tissue. Present data show  The authors state no conflict of interest and have received no
that the required systemic drug concentration of HSA-drug  payment in preparation of this manuscript.
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