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Abstract
Albumin is a major plasma protein that has become ubiquitous in regenerative medicine research. As such, many studies
have examined its structure and advantageous properties.
However, a systematic and comprehensive understanding of
albumin’s role, capabilities and therapeutic potential still
eludes the field. In the present work, we review how albumin
is applied in tissue engineering, including cell culture and storage, in vitro fertilization and transplantation. Furthermore, we
discuss how albumin’s physiological role extends beyond a
carrier for metal ions, fatty acids, pharmacons and growth factors. Albumin acts as a bacteriostatic coating that simultaneously promotes attachment and proliferation of eukaryotic
cells. These properties with the combination of free radical
scavenging, neutrophil activation and as a buffer molecule

already make the albumin protein beneficial in healing processes supporting functional tissue remodeling. Nevertheless,
recent data revealed that albumin can be synthesized by
osteoblasts and its local concentration is raised after bone
trauma. Interestingly, by increasing the local albumin concentration in vivo, faster bone healing is achieved, possibly
because albumin recruits endogenous stem cells and promotes the growth of new bone. These data also suggest an
active role of albumin, even though a specific receptor has not
yet been identified. Together, this discussion sheds light on
why the extravascular use of the albumin molecule is in the
scope of scientific investigations and why it should be considered as a local therapeutic agent in regenerative medicine.
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1. Albumin as a Molecule for Tissue
Engineering Applications
Regenerative medicine seeks to create functionally viable cells
in damaged tissue. The culturing of these cells requires a supportive environment that recreates or augments the original
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milieu. Essential nutrients for metabolism are applied to provide a fluid medium that is tailored to the requirements of the
cell type and to the experiment [1]. However, cells live and
proliferate better in the presence of biological supplements
such as plasma or serum. These provide complex biological
molecules including growth factors, hormones, trace elements,
attachment and spreading factors, transport molecules, fatty
acids, lipids and numerous low molecular weight nutrients [2].
Albumin is the most abundant human plasma protein,
accounting for over 50% of the total protein present in the
blood stream [3,4], and, as such, is implicated in a variety of
roles related to the survival and regeneration of cells. Maurice
R. Hilleman and coworkers reported as long ago as 1980 that
using fetal bovine serum (FBS) with a complete substitution of
human albumin promoted high growth and interferon production by human lymphoblastoid cells [5]. Specifically, bovine
fetus serum albumin (BSA) or human serum albumin (HSA)
transported in the serum with bound molecules [6–8] seems to
account for the positive outcomes. Since then, albumin has
been a major component of cell therapy but its growth-
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promoting potential and recently discovered effects raises the
need to examine current understanding of it’s role in the tissue
engineering and regenerative medicine fields.

1.1. Albumin in Cell Culture
Different mammalian cell cultures have been used as models
for cell differentiation since the ’50s with the aim of maintaining a physiological environment for in vitro, organ, or tissue
cultures by regulating pH, osmolality, oxygen and carbon dioxide levels. Despite the distinctive requirements of cell types,
commercial media are available containing the common salts,
sugars, amino acids, and vitamins for an optimal system.
Extracts derived from adult or newborn animal tissues, the
most widely used of which is FBS, are added to provide biological substrates. Due to donor variability, the concentrations of
the components in FBS are not precisely known. However, it is
clear that one of its most important proteins is albumin
(23 mg/mL) [9]. The advantages of FBS are (i) its general
applicability for cell proliferation and maintenance, since it is
a cocktail containing most of the required molecules; (ii) its
suitable for both human or animal cells. Independently of the
tissue type, FBS is currently the optimal medium supplement
for cell culture.
Yet the complexity of FBS-containing cell culture medium
introduces variability and uncertainty to experiments, and
because its mechanism for facilitating cell growth is not clear,
standardizing and increasing the availability of FBS remains
problematic. Despite the fact that protocols specify how to
extract FBS, small variations in serum content appear among
laboratories and from animal to animal. This batch-to-batch
quantitative and qualitative variability [10] cannot be regulated, and the providers of extracts on the market do not analyze each sample due to time and cost constraints.
To minimize deviations, several methods have been proposed by different laboratories retaining albumin fosters positive alterations in the living conditions of cell culture compared
to simple media (Table 1) [11–33]. Since variability in FBS
influences cell properties as fundamental as proliferation
kinetics and potency, this has wide-scale implications for regulation of cell therapy methodology and FBS supply [34]. Understanding how FBS, including one of its main constituents, albumin, supports cell growth is a crucial step in addressing the
challenge of FBS standardization.
To demonstrate this, cell viability was tested on human
cancellous bone explants. Bone pieces were cultured under
standard conditions with FBS-supplemented Dulbecco’s modified Eagle’s medium (DMEM). After two days, media were
changed and several albumin compositions, including serum
albumin and recombinant solutions were alternatively added
to DMEM instead of FBS. After 5 days cell number was determined by an XTT cell viability assay. All of the supplemented
media resulted in the same cell number, which was slightly
increased compared to the unsupplemented fluid (Fig. 1).
These results show the beneficial effects of medium supplementation and also show that albumin compositions could be
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acceptable FBS replacements in terms of simplifying serum
additives to cell culture media.

1.2. Albumin and In Vitro Fertilization
Autogeneic or allogeneic serum was commonly used in in vitro
fertilization (IVF) methods as well, however, some patients
were found to have embryotoxic factors in the serum [35,36].
Serum heat-inactivation procedures are performed against the
transmission of microbes, however these methods do not eliminate prion-mediated diseases like Creutzfeldt-Jacob. At present, the majority of fertility clinics use commercial media in
which FBS has been replaced by HSA as a protein source.
Aside from the benefit of being purified, HSA seems to have
further advantages in IVF outcomes: M. Dhont and coworkers
performed a prospective randomized study of patients undergoing IVF or intracytoplasmic sperm injection, where embryos
were cultured in Earle’s balanced salt solution containing
either 8% (v/v) fetal cord serum or 0.4% (w/v) HSA as protein
source [37]. Their data demonstrate that the use of the latter
supplement is associated with improved morphological embryonic quality and significantly higher pregnancy rates. Furthermore, Bungum compared IVF outcomes by using a standard
commercial culture medium containing HSA and a culture
medium in which the protein component has been replaced
with recombinant human albumin (rHA). They concluded that
culture media containing rHA seem to produce embryos of
higher quality comparable to media containing HSA, without
the risk of contamination [38]. According to these studies, the
treatment of cells with autologous, allogeneic or recombinant
albumin can provide better results compared to the use of any
other supplements.

1.3. Albumin in Transplantation
The addition of albumin may be a useful technique not only
for in vitro experiments, but also for transplantation. For this,
cells or tissues have to be cultured in vitro using preservation
medium before they are implanted into the human body. Bertera and colleagues observed 30% increase in yields of rodent
islets when 0.2% BSA was added to the isolation protocol, and
the islet function also improved when BSA was present in the
transplantation medium [39]. They suggest that the protease
inhibitor activity of BSA suppresses endogenous proteolytic
enzyme activity, which could be the reason for higher islet viability. FBS and BSA, because of their xenogenous nature may
not be suitable to human cells, so media should be supplemented with an alternative such as human cord blood serum
or HSA. For example, the current standard washing protocol
for stem cells of cord blood, peripheral blood, and bone marrow is a two-step dilution in the presence of 2.5% HSA [40,41].

1.4. Albumin in Low-Temperature Storage of Cells
Cryopreservation is the maintenance of a variety of tissues,
cell types and subcellular materials at sub-zero temperatures
for long-term or indefinite storage. To avoid damage to the
cell during freezing, a cryoprotective agent (DMSO or glycerol,
10%) is added to the basal medium, and an optimized ratio
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TABLE 1

Cell culture media

Features
FBSsupplemented
media

- Composed of
DMEM or a-MEM
basal medium, antibiotics and FBS

Advantages
- All cell type can
grow effectively

Disadvantages

Albumin content

References

5 mg/mL

[11–15]

- Unknown factors
are still present

Decreased with the
dilution factor.

[16]

- Limited use

Usually 1 mg/mL

- Has to be
characteristic for
each cell type, and
the long-term effect
for the cells has to
be examined

Zero or unknown,
depending on
media type

- Batch-to-batch
variability and
unidentified
components
- Unexpected cell
growth
characteristics
- Risk of possible
contamination with
viruses, prions,
bacteria,
mycoplasma, yeast,
fungi, and
endotoxins
- FBS-cultured cells
show high immunogenicity in
patients
- Ethical questions of
the blood
harvesting of fetal
calves
- Anti-FBS antibodies
were detected after
allogeneic transplantation of MSCs
cultured in FBScontaining media

Serum reduced
culture media

Chemically
defined
serum-free
media
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- The FBS content of
the medium is
decreased from 10
to 2 v/v %
supplemented by
known factors in
well-defined
amount and ratios

- Serum free media
supplemented with
growth factors and
nutrients

- More precisely
controlled content
of the culture
environment

- Absence of
animal
compounds
(xenofree)

[17–22]
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TABLE 1

(Continued)

Features

Advantages
- Free of
microorganisms
and prions

Disadvantages

Albumin content

References

- Expensive to
produce and test

- Safer clinical
application
possibilities
Human plateletderivatives

- Platelets contain
large amounts of
growth factors and
cytokines that are
involved in the
blood-clotting
process

- Can be
autologous

- Morphological
variances were
observed

Platelets endocytose
albumin from
plasma, the
albumin content of
their lysate is
considerably
higher than FBS.

[23–25]

In case of 10%
human serum
5 mg/mL.

[26–29]

- Donor-to-donor
variations

Thrombinactivated
platelet
releasates
(t-PRs)
Collagenactivated
platelet
releasates
(c-PRs)
Human platelet
lysate (hPL)
Human serum
supplemented
medium

Can be autologous
or allogeneic

Safe for therapy

Inhibitory effect in
case of MSCs
limited availability

Only-BSA
supplemented
medium

Major protein of FBS

Ideally doesn’t
contain unknown
molecules

Xenogeneic in case
of human cell
culture

5-10 mg/mL

[30,31]

Human serum
albumin (HSA)

- Pooled prodcut
from healthy
donors

About 96% purity

Growth factor
content is low

5-10 mg/mL

[32]

Recombinant
human
albumin

- Purest source of
albumin

- No risk of
contamination

- Post-translational
modifications are
missing

5–10 mg/mL

[33]

- No batch-to-batch
variation

- Less potent activity
than serum-derived
HSA

Different albumin supplementation protocols in general cell culture routine.
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FIG 1

Cell viability on human cancellous bone explants
(XTT assay). FBS supplementation increases cell proliferation as much as HSA and different rHA
additives.

(20-90%) of FBS is added for improved cell viability and cell
recovery after thawing. Albumin has shown success as a cryoprotective agent in a variety of specific tissues: Plenert et al.
have found that the combination of 20% HSA, 20% autologous
serum and 5% DMSO gives the most favourable freezing protection for bone marrow cells [42]. HSA alone was used as the
cryoprotective agent in case of human corneal keratocytes
[43]. HSA also had a high (more than 25%) cryoprotective
effect on the recovery of lyophilized human red blood cells,

FIG 2
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allowing cellular hemoglobin recovery to exceed 70% [44]. The
majority of freezing and thawing solutions used for oocyte vitrification (non-equilibrium freezing) also contain serum albumin [45]. Although in Hreinsson and his coworker’s comparison, no significant difference was found between solutions
containing serum versus HSA in cryopreservation of follicles
[46], reduced viability was seen 4 hr after thawing in culture
when cryopreserved with serum, but not HSA [47].
Cryopreservation is the most common way of storing
human sperm as well, although it leads to a decline in sperm
quality including significant DNA damage [48]. Riel et al.
reported a method in which sperm are maintained without
freezing in an electrolyte-free medium composed of glucose
and bovine serum albumin [49]. Other research groups
showed that the additives BSA and FBS provided a protective
effect on the motility, morphological integrity, plasma membrane integrity and DNA integrity following liquid storage of
sperm up to 72 hr at 58C [50,51]. They suggest that BSA may
provide beneficial factors such as energy substrates or scavenger ions and small molecules.

2. Albumin Binding: More than Just a
Carrier?
Approximately 500 g of albumin is present in the human body,
mainly as part of the blood circulation, lymphatic system,
extra and intercellular compartments. The molecule is a nonglycosylated, helical, heart-shaped polypeptide with a molecular weight of 66,500 Da containing 585 amino acids (Fig. 2).
Since the binding effect of albumin was discovered in the 60’s
[52,53] and the atomic structure was described by

€ dinger, LLC.). Domain IA
Schematic drawing of the HSA molecule (The PyMOL Molecular Graphics System, Version 1.8 Schro
is shown in green, domain IB in pale green, domain IIA in pink, domain IIB in red, domain IIIA in blue, domain IIIB in pale blue.
Details of the two specific drug-binding sites of albumin are shown in inserts.
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TABLE 2

Metal binding sites

Binding site
N-terminal binding site

Metal ion

Reference

Cu21 (picomolar)

[61–63]

21

Ni

(micromolar)
Co21

Cu21 (micromolar)

Multimetal binding site (MBS A)

[64–66]

Ni21 (micromolar)
Zn21 (micromolar)
Cd21 (nanomolar)
Mn21
Cd21

Multimetal binding site (MBS B)

[67]

Co21
Sole thiol group of HSA at Cys34

Pt21 and Au1 complexes (nanomolar)

[68,69]

Metal binding sites of the albumin molecule.

crystallographic studies conducted in the 90’s [54,55], there
have been numerous articles examining the characteristics of
albumin as a carrier protein. It comprises three binding
domains, namely domain I (1-195), II (196-383) and III (384585). The three domains are further divided into sub-domains
A and B [8]. While the domains have similar structures they
reveal different ligand-binding affinities and make albumin
one of the most promising drug-delivery systems [56]. The
main binding sites are shown on Fig. 2 and the ligand binding
details are summarized in Tables 2 and 3.
Due to its binding properties, it is an often-revisited
hypothesis that the effects exerted by albumin in cell culture
media are due at least partly to the molecules it carries rather
than albumin per se. Although there are no specific studies
focusing on this issue alone, it is possible to single out potential effective agents in tissue engineering that are commonly
bound to albumin molecules.

2.1. Metal Binding
One prominent binding function of albumin is metal transport,
however, specific differences occur between the mammalian
albumin types [57–59] and human mutations which may also
alter metal ion binding [60]. Typical metal ions transported by
HSA are listed in Table 2 [61–69].
Metals transported as complexes may bind several active
centers of the HSA molecule. There are experiments concluding that there are ion-specific binding sites, for example, Cd21
binding site [66] and Zn21 binding site [70], which is also a
specific Mn21 binding site [67]. Albumin transports other
essential metals as well, for example, calcium, iron, mercury,
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vanadium, but their characterizations are still ongoing [71,72].
Based on the available data, the albumin molecule could be an
essential additive in cell culture media because it supplies ions
to the system. However, it is unlikely that metal binding plays
a significant role in in vitro and in vivo tissue engineering
applications, since necessary ions are generally provided from
other sources.

2.2. Fatty Acid Binding
In extracellular fluid, the main role of HSA is the transport of
non-esterified fatty acids (FA) [73,74]. HSA works as a detergent, thus enabling the solubilization of fatty acids and ensuring the homogenous distribution through different tissues.
Under physiological conditions, 0.1–2 mol fatty acids are
bound to 1 mol HSA, but this ratio can rise above 6:1 in case
of extreme exercise or under pathological conditions, for
example, liver disease, diabetes or cardiovascular diseases
[75,76]. Generally, fatty acids with various chain lengths and
degree of unsaturation bind to seven binding sites on albumin
although eleven fatty acid binding sites have been identified so
far [77]. Long-chain fatty acids bind preferentially to the five
binding sites initially identified for myristic acid, while
medium-chain fatty acids bind preferentially to the drugbinding sites [78].
Fatty acid binding modulates the reactivity of HSA via the
–SH group at the Cys34, but, interestingly, FA binding is not at
this Cys34 thiol group [79]. This configuration permits synergistic changes in scavenger capacity and antioxidant properties when fatty acids are bound to HSA. Using lipid-rich BSA
as an additive of a knockout serum replacement media was
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TABLE 3

Drug and therapeutic agent binding

Drug/chemical

Bond

Binding specification

Advantage

Reference

Aspirin

Non-covalent
association

E-amino group at low
concentration and
acetylation of Lys-199
at high concentration

Improved
transportation

[55]

Anionic drugs generally

Non-covalent
association

IIA

Improved
transportation

[8],[82]

Doxorubicin

Non-covalent
association

IB

Improved
transportation

[83]

Azapropazone,
azapropazoneindomethacin, diiodosalicylic acid, iodipamide,
oxyphenbutazone, phenylbutazone, phenylbutazone- indomethacin

Myristic acid-HSA
complex

site 1 in IIA

Increased half life

[84]

Diflunisal, diazepam,
ibuprofen, indoxyl sulfate

HSA-drug complex

site 2 in IIIA

Increased half life

[84]

Levemir

Myristic acid, fatty
acid binding

IIA

Improved
transportation

[85]

Abraxane

Composite
nanoparticle

non-specific binding

Increased water
solubility,
reduced toxicity

[90]

Technetium99m

Denaturated
albumin
aggregate

non-specific binding

Improved
transportation for
imaging

[91]

Nitric oxide

S-nitrosylation

Cys-34

Increased half-life

[92]

INNO 206 (doxorubicin
derivative)

Covalent albumin
conjugate

Cys-34

High plasma
stability, reduced
toxicity

[93,94]

AFL-HSA, a fluoresceinlabeled albumin
conjugate

Covalent albumin
conjugate

N-terminal of lysine
group

More effective
tissue binding for
imaging

[95]

Albuferon (fusion protein of
albumin and interferon-a2b
(INFa-2b))

Genetic fusion

N-terminal of lysine
group

Increased half-life

[96]

Thiol introduced siRNA

Chemical
crosslinking
(nanosized)

via reactive amine
groups converted to
thiol groups

Reduced
cytotoxicity

[97]

Affibody

secondary bonds

sterically engineered
proteins for high
affinity

Increased half life

[98]

Drug and therapeutic agent binding of the albumin molecule.
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FIG 3

Semiquantitative Proteome Profiler analysis of serum albumin infusion. Using a dot-blot array, 85 different cytokines and
growth factors were analyzed. Endoglin, Dipeptidyl peptidase-4, TIMP-1, CXCL16 and siCAM-1 were found in the purified albumin solution, all of which are related to the TGF-b superfamily. Note that other abundant serum-derived proteins, such as
VEGF or PDGF are not observed, indicating that those that are there, are so well attached that they survive the industrial albumin purification processes.

also shown to support in vitro systems, namely it stimulates
long term self-renewal of human embryonic stem cells, it
inhibits aggregation in suspension cultures of human induced
pluripotent cells and also promotes growth without any influence on pluripotency [80,81]. Fatty acid removal, on the other
hand is often included in the purification steps of different
albumin solutions, therefore these beneficial effects of the molecule is only active when the molecule becomes lipidated
again.

2.3. Drug and Therapeutic Agent Binding
Although the main use of albumin is as a 20% solution blood
substitute, a protein present at such concentration with the
previously mentioned unique binding properties is also an optimal target for specific drug delivery. Albumin solutions for tissue engineering are prepared from healthy donors who are
not on any prescription drugs, so it is unlikely that drug binding interferes with the efficacy of albumin in these settings.
Nevertheless, clarifying albumin drug binding is important for
understanding its role when applied to tissue engineering. In
this section, albumin binding is discussed in relation to drug
pharmacokinetics and pharmacodynamics. Specific drug delivery can be achieved by forming albumin complexes, and the
main type of complexes used for medical purposes are summarized in Table 3.
According to the listed pharmaceutical formulations,
hydrophobic and hydrophilic drugs can be transported bound
to albumin throughout the blood circulation system noncovalently at the binding sites on domains IIA, IIIA and IB
[8,55,82,83]. Drugs and pharmacological agents containing a
fatty acid chain can also bind to albumin at the appropriate
fatty acid binding site [84,85]. Fatty acid binding is generally
an advantage in the vehicle role of HSA, but may also
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introduce binding modifications [86]. When using octanoic
acid, the HSA binding causes allosteric change at site 2, which
resulted in suprofen and ketoprofen displacement. At elevated
concentration the acid binds directly at site 1 and can cause
drug displacement in a competitive manner [87]. The allosteric
effect also took place with the use of oleic-acid isotope [88].
However, it was also proven that competitive binding at the
binding sites may also occur using drugs: apomorphine and
benserazide binding for example, is inhibited by warfarin [89].
In addition, composite nanoparticles can also be formed to
increase drug bioavailability and water solubility and to
reduce toxicity [90]. Metal binding sites allow radiopharmaceuticals, for example, Technetium99m derivatives, to be distributed in the bloodstream as suitable tracers for imaging
[91]. The well-known vasodilator nitric oxide (NO) forms a
covalent bond at Cys34, and also has an increased half-life
when bound to albumin [92]. There are more specific products
including for example, INNO 206, which is a covalently bound
prodrug for higher stability or reduced toxicity [93,94]. Covalent binding can also be formed at the N-terminal of a lysine
group to enhance binding to human tissue for better imaging
[95]. Another albumin-based delivery system that is a promising formulation is the genetic fusion of INFa-2b with recombinant HA to treat hepatitis C with increased half-life, and thus
less frequent dosing [96]. To treat cancer, siRNA and thiolated
albumin were crosslinked in a nano-sized formation to reduce
toxicity in order to make the treatment more effective [97].
Even the formulation of Affibody contains the drug covalently
bound to high affinity HA peptide, proving the transportation
and stabilizing effect of albumin [98]. Since albumin improves
drug efficiency and controls the release rate of drugs at the
target location, HA will likely have an increasingly prominent
role in various pharmaceutical fields.

Serum Albumin As a Local Therapeutic Agent

2.4. Cytokine and Growth Factor Binding
Probably the most commonly cited effect of serum albumin in
cell culture is that it provides growth factors and cytokines
originating from platelets or white blood cells [2]. These factors and endogenous mixtures like platelet rich plasma (PRP)
preparations are well investigated in cell culture systems, but
no first-hand data is available whether purified albumin preparations contain any growth factors or cytokines. Therefore,
we used protein arrays (Human Angiogenesis Array Kit, Cytokine Array Kit, R&D system, #ARY007, #ARY005) to screen for
the most suspected growth factors and cytokines, and
observed that surprisingly few are detected in a commercially
available albumin solution (Serum Albumin, Biotest, 10%, lowsalt) (Fig. 3). Interestingly, all that are there are regulated by
or themselves regulate the activity of Transforming Growth
Factor-b (TGF-b). CXCL16 is an important transmembrane
chemokine in the maintenance of bone integrity [99,100].
Endoglin, also known as, CD105, is a component receptor of
the TGF-b complex in angiogenesis [101,102]. siCAM-1, the
circulating form of ICAM-1 (CD54), is inhibited by TGF-b [103].
As part of the tissue inhibitors of the metalloproteinase family,
TIMP-1 has an angiogenic effect in endothelial cells and promotes cell growth in a wide array of cell types, [104]; its
recombinant form has been studied for TGF-b regulation in
tumour cells [105]. DPPIV, Dipeptidyl peptidase-4, is a protease that promotes cell invasiveness and tumor growth as well
as acting as a fibroblast activation protein whose inhibition
leads to TGF-b suppression [106,107]. TGF-b has structural
and morphological similarities with albumin. TGF-b is a
growth factor superfamily that includes a diverse group of
cytokines such as bone morphogenetic proteins (BMPs) and
activins [108]. These act as cellular and physiologic process
regulators in proliferation, differentiation, migration, cell survival, angiogenesis and immunosurveillance [109]. Notably,
TGF-b receptors play important roles in albumin binding and
endocytosis [108,110]. Siddiqui stated that the endothelial cell
surface albumin-binding protein is actually the TGF-b receptor
type II, and albumin and TGF-ß are competitive ligands at the
TGF-ß receptor [108]. It is important to note that there is a
complete omission of expected components, such as PDGF or
Platelet factor 4, in the purified albumin preparation screened,
indicating that the TGF-b related proteins remain selectively
bound to albumin. This observation raises the need for further
research to uncover how TGF-ß-related growth factors and
cytokines in serum albumin affect its use in tissue engineering.

3. Local Albumin Administration
Even though the intravenous and in vitro biotechnological
applications of albumin are well-known and the local use of
serum products like PRP recieve increasing clinical attention,
the local administration of albumin in regenerative processes
remains less investigated. It is interesting to consider to what
extent albumin’s roles are due to its known non-oncotic
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features like free radical scavenging, neutrophil activation or
molecule transportation versus its own biological effects on
molecular pathways. In other words, is albumin the active
molecule, or is it simply a highly compatible, bacteria repellent
scaffold useful for tissue engineering purposes?

3.1. Albumin As a Bacteriostatic Coating of
Biomaterials
The anti-bacterial properties of albumin are widely investigated. By raising the negative surface energy and increasing
the hydrophility of different biomaterials, albumin functions as
an anti-attachment protein and prevents biofilm formation
[111,112]. While proteins like fibrinogen, laminin and fibronectin promoted bacterial adherence onto polymethylmethacrylate
(PMMA) surfaces, albumin coating almost completely reduced
the adherence of S. aureus and various coagulase negative
Staphylococcus strains [113]. In addition, bacterial colonization was also reduced by human albumin coating on polyethylene intravascular catheters in vitro [114]. Moreover, Kinnai
used HSA to reduce the occlusion and contamination of various tympanoplasty tubes. In these experiments, the authors
tested the attachment of fibronectin and showed significantly
lower protein amount associated with the albumin coated surface, making the development of reactive granulation tissue
less favorable [115]. They have also tested bacterial adherence
and found that serum albumin coating significantly reduces S.
aureus and P. aeruginosa contamination on titanium surfaces
[116]. Similar results are also available with S. epidermidis,
showing that cross-linked bovine serum albumin reduces the
adherence of the bacteria on titanium surfaces in vitro
[117,118]. In addition, after intense bacterial exposure, BSAcoated and uncoated implants were inserted in rabbit femora
and abscess formation was investigated [119]. Clinical abscess
was found in 62% with uncoated material, which was significantly reduced to 27% if BSA-coated implants were used,
showing the potential biomedical application in orthopedic
interventions. In more recent experiments, Ruiz, del Prado
and Naves confirmed that serum albumin applied on polystyrene surface is a potent inhibitor of bacterial (E. coli, S. pneumoniae) biofilm formation in vitro [112,120,121]. For this reason these authors also suggested the application of albumin
coating on biomedical materials like tympanostomy tubes,
cochlear implants and urinary catheters in order to reduce
complications associated with bacterial colonization.
All implants investigated so far were non-resorbable materials, but in tissue engineering, the implants are expected to
reabsorb and remodel into living tissue. Albumin coating as a
potential anti-bacterial agent has not been investigated so far
on any resorbable materials, though it has widespread applications in clinical settings like in routine traumatologic injuries
or septic implant revisions. This research line therefore has
further implications for sutures, cartilage scaffolds, or even living tissues.
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3.2. Albumin as an Attachment Protein for Cells
In contrast to the anti-attachment characteristics with bacteria, albumin was shown to promote the adherence of eukaryotic cells. Different biomaterials with albumin coating are under
investigation. We used serum albumin as an attachment protein for stem cells on absorbable suture materials, whereby
the protein coating was achieved through a freeze-drying step
[122]. We found significantly higher attached cell number 48
hr after the seeding on the albumin coated surface compared
to fibronectin or poly-l-lysine. Bioactive sutures were then
implanted into rat skeletal muscle, where stem cells detached
from the vehicle and migrated deeper into the tissue, proving
the method to be successful for cell delivery. This technique
could be useful in surgical interventions, allowing tissue repair
with sutures despite the presence of only a limited number of
multipotent cells.
Bone-related biomaterials coated with albumin are also
studied as adherence facilitators for various cell types. Bernard investigated cell attachment onto hydroxyapatite (HAP)
coated with bone sialoprotein and osteopontin [123]. BSA was
used to block non-specific binding sites, but interestingly, BSA
attached the highest number of osteoblasts. Importantly, they
have also tested other commercially available albumin solutions and found the same attachment pattern, which suggests
that albumin itself, and not impurity of the solution, promotes
cell adhesion. In these experiments, the albumin coating was
achieved by soaking the material in heat-denatured solution
and the adsorbed albumin influenced osteoblast attachment in
a concentration-dependent manner. They concluded that even
though albumin does not have a known cell binding site, it
influences cell adhesion and proliferation positively, therefore
albumin should be incorporated into biomaterials to improve
bone regeneration [123].
We found similar results with lyophilized bone allografts
[124]. In this experiment mesenchymal stem cell adherence
was tested at 3 and 18 days after seeding. Albumin attracted
mesenchymal stem cells significantly better compared to fibronectin and collagen 1, an effect that was further enhanced
under dynamic seeding conditions [124]. According to this
study, the albumin-coated surface not only increased the
attachment of stem cells, but also supported their long-term
survival and proliferation. The phenomenon, however, was
only present if freeze-drying was used to attach the albumin to
the allograft surface. This supports the concentrationdependent characteristics of albumin described by Bernards,
since the adsorbed amount of serum albumin was potentially
higher after freeze-drying compared to soaking [123]. Additionally, these albumin-coated mineralized allografts successfully bridged non-union femoral defects and increased trabecular thickness in rats, while uncoated materials failed
[124,125]. This animal study has recently been confirmed in
humans. First as a case series, then as a double-blind controlled study we shown that serum albuin coated bone allografts show excellent remodeling characteristics in patients
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FIG 4

Cellular attachment pattern after 12 hr on demineralized bone matrix with rHA and HSA coatings. MTT
cell viability test showed that rHA slightly increases
cell attachment, while serum albumin coating
resulted in significantly higher cell numbers (OneWay ANOVA, P < 0.001).

[126,127]. Another widely used bone substitute was also tested
with albumin coating. Our recent data showed the same
attachment pattern of mesenchymal stem cells on albumin
coated demineralized bone matrix (DBM) after 6, 12 and 24 hr
[128]. DBM alone is capable of fully regenerating even bone
defects of critical size, but due to the low concentration of
osteogenic factors, the process is rather slow [129]. By making
the biomaterial attractive for multipotent cells, albumin possibly increases the local stem cell number and speeds up the
ossification. In fact, after implanting albumin-coated DBM into
rat critical size calvaria defects, faster ossification, increased
bone volume and mechanically stronger bone proved the efficacy of the albumin treatment [128]. In addition, Liu investigated the surface modifications of BSA-treated titanium nanotubes and tested the early attachment, spreading and
proliferation of human gingival fibroblasts [130]. According to
this study, surface roughness plays an important role in cellular attachment, and by coating the inert biomaterial with BSA,
the surface irregularity is increased, creating a much more
favorable environment for fibroblast adherence. In addition,
albumin raised the negative surface energy and increased the
hydrophilicity, which promotes macromolecule adsorption
eventually leading towards eukaryotic cell adherence [130].
Interestingly, the same mechanisms and characteristics are
responsible for making the surface repellent for bacteria. Liu
also highlighted that by being suitable for gingival fibroblasts
and unattractive for bacteria, albumin coating potentionally
improves the integration of titanium implants and simultaneously reduces infectious complications in oral cavity interventions [130]. In the above mentioned experiments albumin was
used as a purified serum fraction, which raises the question
whether albumin alone or the attached cytokines and growth
factors are responsible for the attachement pattern. To investigate this issue, we completed an adherence study with rat
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mesenchymal stem cells and DBMs using recombinant albumin
as well. We found that after 12 hr of incubation the recombinant protein slightly increased cell attachment, while the
serum originated albumin resulted in even higher cell number
(Fig. 4). According to these results, albumin by itself is a
potent attachment protein, but accessory molecules in the
albumin solutions could have an important role in making the
surface more suitable for cellular adherence. We showed that
the recombinant and the serum originated protein similarly
increased cell proliferation on bone explants (Fig. 1). As a
medium additive, however, the recombinant protein could
immediately function as a carrier and attach molecules produced by the cultured cells. In the attachment experiment on
the other hand the time was rather limited for this action,
since unattached cells are less metabolically active. Taken
together, these data indicate that albumin coating on implants,
either resorbable or permanent, favors human cell colonization and blocks bacterial contamination, as a result supporting
a more successful implantation.

3.3. Albumin Scaffolds
Engineered tissues grow on scaffolds that support their growth
and guide regeneration. A new approach for the production of
albumin scaffolds is based on the electrospinning of albumin
fibres [131,132]. This requires a fibre-forming agent, for
example, beta-mercaptoethanol [131] or polyethylene oxide
[132], since the native form of albumin is globular. The scaffolds can either have a mat-like form [132], or be tailored to a
vessel-like morphology [131]. Cross-linking of HSA can be
achieved using microbial transglutaminase or glutaraldehyde
as polymerizing agents [133–135], Li showed that albumin
scaffolds produced mechanical and physical results in vitro
similar to those of collagen-based scaffolds in osteogenic
induction medium. Whereas collagen-based, natural scaffolds
are limited by their rapid degradation, the albumin tissue scaffolds maintained their dimension and shape 28 days later
[135]. Biocompatibility and biodegradability are considerations
for in vitro and in vivo use of electrospun albumin scaffolds.
Nseir concludes that albumin scaffolds are biodegradable and
provoke a milder inflammatory response compared to synthetic scaffolds, which were furthermore not enzymatically
degraded as the albumin scaffolds were [131]. Noszczyk found
that the albumin electrospun mats can be used as antiadhesive dressing in vitro due to their cell suppression characteristics; in vivo, the mats are completely resorbable in 6 days
and elicit only limited local inflammatory responses [132].
Gallego performed both in vivo and in vitro studies to verify the biocompatibility of the scaffold, and found induction of
ectopic bone formation and no inflammatory response at the
scaffold surface [134]. Human osteoblasts are capable of closing critical-sized rat mandibular defects in conjunction with
the scaffold [36]. Another approach is the incorporation of
albumin into ceramic scaffolds. Mueller suggests the incorporation of albumin into complex-shaped HAP scaffolds as biodegradable bone substitutes or drug delivery platforms [136].
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These scaffolds can be used in non-load bearing applications.
After 8 weeks of implantation, the hydroxyapatite (HA) scaffold
with albumin in vivo had the highest bone formation and bone
regeneration rates [136]. Hess suggests that it is possible to
obtain HA/protein scaffolds with controllable properties, concluding that adding BSA can tailor the porosity and adding
fibrinogen increases the material’s strength. This illustrates
how active proteins can be directly incorporated into a
ceramic suspension by sample preparation [136]. Together,
experiments point to the use of albumin, either alone or in
combination with traditional materials, as promising scaffolds
in tissue engineering applications.

3.4. Albumin As the Active Agent in Bone
Regeneration
There are already a few studies in which albumin proves to be
an acting molecule, not only a bacteriostatic structure, biomaterial coating or highly biocompatible scaffold. According to in
vitro studies, serum albumin probably recruits endogenous
stem cells, and thereby fuels bone regeneration with potential
progenitors locally [124,125,128]. Once cells are present, albumin also provides a convenient millieu for osteoblast function
according to previously described findings from Gallego [134].
The idea also supports the in vivo results from Klara, who
demonstrated intensive osteoblast function twelve months after
implanting large structural allografts with albumin in revision
arthroplasty [126]. Even though there are experiments investigating albumin as the active molecule, the mode of action is
not well elucidated. An important series of study was completed by Yamaguchi et al. investigating albumin in bone
regeneration experiments. First, they have showed that albumin production increases locally after bone fracture [137].
They also tested bovine serum albumin as a medium supplementation on bone explants in vitro and showed that albumin
addition increases the calcium and DNA content of the bone
fragments [137]. Next, they have showed that not only hepatic
cells are capable of albumin production, but bone marrow
derived cells and osteoblasts also have this capability [138].
Moreover, osteoblasts have receptors for bone stimulating molecules like PTH and IGF-1. Interestingly, albumin production
can also be enhanced by these molecules, proving again the
connection between osteoblast function and albumin production [138]. Further investigation revealed increased proliferation of osteoblasts after albumin supplementation in the cell
culture media, possibly responsible for the growing DNA content in bone fragments as well [139].
Albumin supplementation also decreased the ALP activity
of osteoblasts via inhibition of the Runx2 pathway. The suppression of the Runx2 pathway inhibits the differentiation of
the osteoblasts, therefore albumin probably indirectly supports
the proliferation activity [140]. Since the authors showed abolished effects of albumin supplementation after inhibiting
molecular pathways, they suggested that albumin behaves as
an extracellular signaling molecule, but the receptor and the
precise pathway are yet unknown [141]. The existence of a
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specific albumin receptor was already mentioned in 1981, but
no evidence was found since then [142]. The theory is recently
supported by the fact that a very similar molecule, AFP does
have a specific receptor [142] and that the albumin molecule
uses receptor mediated endocytosis to deliver its ligands to the
intracellular compartment [142–144]. Moreover, the albumin
molecule has a relatively long half-life in serum, which is due
to the salvaging mechanisms of albumin-binding cellular
receptors [145,146]. The neonatal Fc receptor (FcRn), for
example, protects the albumin molecule from intracellular
degradation, which provides equivalent amounts of albumin as
the liver produces [147], while the cubulin-megalin complex
supports reabsorbtion from the glomerular filtrate [146]. Other
surface glycoproteins, like gp18, 30 and 60 also have albumin
binding affinity and play an important role in the homeostasis
of the molecule [145,146]. Even though these albumin binding
receptors exist, no certain pathway was identified proving the
albumin molecule to be an extracelluar messenger.
Even so, albumin seems to act as a self-supporting molecule after bone injury, since it is produced by osteoblasts at
the trauma site and increases cell proliferation locally. According to the in vitro findings showing increased stem cell adherence onto albumin coated surfaces, it is also possible that the
therapeutically increased local concentration of albumin
recruits endogenous osteoblasts and supports their proliferation. After the albumin concentration decreases, osteoblasts
differentiate resulting in faster ossification. This mode of
action supports the in vivo experiments where serum albumin
coated allografts and DBM were shown to successfully treat
various bone defects [124–126,128]. Thus, albumin possibly
supports bone tissue regeneration as an active molecule in
addition to its bacteriostatic behavior and cell attachment
properties.

4. Conclusion
Various serum fractions such as platelet-rich plasma have
been at the forefront of current tissue engineering approaches.
Serum albumin, a major plasma protein, is ubiquitous and
complex in ways that are still being uncovered. By elucidating
mechanisms of the albumin molecule’s multiple roles as binding protein, carrier, scaffold, and active agent, we can harness
its potential for functional healing and tissue remodeling. It
acts as a pro-attachment protein for mammalian cells, especially stem cells, while at the same time blocking bacterial colonization, making it a very favorable coating material for tissue engineering implants. Moreover, albumin acts as a carrier
molecule for cytokines and growth factors. In addition, serum
albumin shows direct beneficial regenerative effects in tissue
engineering applications, promisingly in bone healing. These
novel treatment strategies will benefit greatly from investigating albumin and redefining its place in the field of tissue engineering and regenerative medicine.
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