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Abstract Albumin-based biomaterials prepared using
heat-aggregation or cross-linking agents have been used in
various biomedical applications such as solder materials
for laser-assisted tissue welding, anti-bacterial coatings and
drug carriers. In this study, solid albumin-based materials
were prepared via heat aggregation of albumin solution.
The study aimed to determine the influences of the prep-
aration parameters such as albumin concentration in solu-
tion, solution pH and temperature, on the mechanical
properties as well as the biodegradation rate of heat-
aggregated albumin-based materials. The results demon-
strated that the materials prepared from the albumin
solution with the pH of 8.5 had the highest mechanical
strength. Augmenting the albumin concentration in solution
led to an increase in mechanical strength, and the materials
prepared from the solution with isoelectric albumin pH (pH
4.8) possessed the lowest biodegradation rate and those
prepared at pH 12 showed the highest biodegradation rate.

1 Introduction

Biomaterials prepared from different animal or plant
matrix proteins (e.g. collagen, gelatin, elastin, fibrin,
hyaluronic acid, chitosan/chitin and alginate) have been
widely studied and used in various therapeutic or surgical
applications including tissue engineering, drug delivery,
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anti-post surgical adhesion barriers, wound dressings, and
haemostatic control materials [1-3]. Such biomaterials are
generally fabricated in various forms and shapes such as
sponge, mesh, foam, fibre, film, coating, or as a composite
with another type of material. Most protein-derived bio-
materials exhibit superior properties over synthetic mate-
rials due to their excellent biocompatibility, and high
affinity to and compatibility with other matrix proteins and
growth factors [1-3]. Such biomaterials are naturally bio-
degradable, facilitating their eventual replacement with
regenerated native tissues. However, the lack of mechani-
cal strength, high biodegradation rate, and risk of adverse
reaction of immune system after implantation may limit
certain clinical applications of protein-derived biomateri-
als. To fabricate a proteinaceous solid structure, the protein
chains must be cross-linked either by direct reaction
between functional groups of protein molecules (self cross-
linking) [4], or by chemically cross-linking agents such as
aldehydes (e.g. glutaraldehyde, formaldehyde) [5, 6]. To
obtain a proteinaceous solid structure, self cross-linking
between protein chains offers advantages over using toxic
chemical cross-linking agents. Although the percentages of
agents added to cross-link the protein chains are generally
low and they are trapped between the molecules, some free
agents or those leached out over time from the protein
structure can interfere with surrounding living tissues,
impairing tissue function or regeneration during the healing
process.

Heating can result in self cross-linking between protein
chains, forming a solid proteinaceous network without the
use of any cross-linking agents. Using this technique
albumin-based biomaterials in the form of coatings, strips,
or tubes have been successfully developed and fabricated
[7-10]. Albumin is a water-soluble protein synthesised in
the liver, and is the protein with the highest concentration
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in blood plasma (55-60%). Unlike other protein-based
biomaterials (e.g. collagen, elastin, hyaluronic acid, etc.)
that are largely extracted from different animal tissues
through complicated extraction and purification process,
albumin can be extracted from human blood. This offers
the advantage of minimising the risk of inter-species host
responses. Furthermore, human blood is a widely available
source of protein, substantially decreasing the fabrication
costs of biomaterials that are albumin-based.

Albumin-based biomaterials in different forms and
shapes have been studied and applied in several biomedical
applications, such as solder materials for laser-assisted
tissue welding [7, 8], coating materials for preventing
bacterial adhesion [11, 12], and drug carrier materials—
particularly for anti-cancer agents [13, 14]. However, the
physico-chemical and mechanical properties of albumin-
based biomaterials, which have a crucial impact on their
function and performance, have as yet received little
attention. This study aimed to determine the effects of
fabricating parameters such as albumin concentration, pH,
and denaturation/aggregation temperature on mechanical
properties and biodegradability of proteinaceous solid
albumin-based material. The materials were fabricated
from albumin solution using heat-denaturation/aggregation
process.

2 Materials and methods
2.1 Materials preparation

Albumin-based materials were prepared by heating 50 ml
albumin solution (ZLB, Behring) poured into a 15 cm
diameter cylindrical container. The container was sealed
with aluminium foil, placed in a water bath, and then the
ensemble was placed in a pre-heated oven for 60 min. Three
fabrication parameters were analysed: albumin concentra-
tion in solution, pH of solution and temperature varied in 20
experimental groups. The parameters that were used to
prepare the samples in different groups as well as those of
other groups which were not prepared due to various diffi-
culties are listed in Table 1. pH of 4.8 is the isoelectric point
of albumin, and pH of 7.1 is the pH of purchased albumin
solution (adjusted by the manufacturer). The materials were
prepared using solutions with 25, 35 and 45% albumin
concentrations. At the end of the heat-denaturing/aggre-
gating process, the solid albumin-based materials were
removed from the container and cut to 12 strips of 5 mm
width, 6 mm thickness and 60 mm length. To keep the water
content of the samples constant, the albumin strips were kept
in a humidor at 20°C and relative humidity (RH) of 90% for
24 h prior to the tensile test. The tensile tests were carried
out the following day of the sample preparations.
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Table 1 The parameters used to prepare the albumin-based materials
in each experimental group

Group Conc. pH Temp. Group Conc. pH Temp.
(%) °O (%) O
1 25 4.8 120 1° 25 4.8 140
2 25 7.1 120 12 25 7.1 140
3 25 8.5 120 13 25 8.5 140
4 25 10 120 14 25 10 140
5 25 12 120 15 25 12 140
6 35 4.8 120 16" 45 4.8 120
7 35 7.1 120 17 45 7.1 120
8 35 8.5 120 18 45 8.5 120
9 35 10 120 19° 45 10 120
10 35 12 120 20 45 12 120

* The material was not prepared: torn or broken when were removed
from container-because of very low flexibility

° The material was not prepared: impossible to adjust the pH—
albumin denaturation/aggregation occurred during the pH adjustment

2.2 Tensile test

The strips of materials were placed between two grips of
tensile tester (Instron, 5655). The test was performed using
a 100 N loading cell with 5 mm/min loading rate. The
maximum load at failure, maximum extension before
failure and elastic modulus (the ratio between tensile load
and material’s elongation in the linear region of the stress—
strain curve) were measured using the software on Instron
machine. At least 10 strips were tested in each group. The
statistical differences between groups were determined
using analysis of variance (ANOVA) followed by post hoc
multiple comparison test (Tukey test). A P-value of less
than 0.05 was considered significant.

2.3 Biodegradation assay

Once the mechanical tests were carried out, the materials
were cut into small cubes (about 2 x 2 x 2 mm3) and
totally dried overnight in an oven at 37°C. The cubes of
materials were placed individually in 1.5 ml eppendorf
tube and 0.05% of trypsin solution (in Phosphate Buffer
Solution, pH 7) was added to each tube. The material
weight-to-solution volume ratio was adjusted at 0.08 (e.g.
40 mg/500 pl). The tubes were closed, sealed with paraffin
film, vortexed and incubated in oven at 37°C for 1, 2,
3 week incubation time. The samples were vortexed every
3 days until the end of the incubation period. In order to
determine the effect of trypsin on protein measurement, the
tubes containing only 500 pl of 0.05% trypsin solution
(without albumin-based material) were also incubated
under the same condition.
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2.4 Measuring biodegradation rate using protein assay

At the end of each time point, the samples were vortexed
and centrifuged (5 min, 6000 rpm). The solution was
carefully transferred from each tube to another tube with-
out disturbing the precipitated materials. The samples were
stored in a freezer (—20°C) until usage. The percentage of
the protein in the solution was measured using BioRad Dc
Protein Assay kit with a plate reader at 750 nm absorption
wavelength. The concentration of protein in the solution
was calculated by comparing it to that of the standard
protein concentration curve. Statistical differences between
groups were determined using analysis of variance
(ANOVA) followed by post hoc multiple comparison test
(Tukey test). A P-value of less than 0.05 was considered
significant.

3 Results
3.1 Appearance

By varying the pH of albumin solution from 4.8 to 12, the
colour of materials changed from white opaque to cream
and then to translucent yellow.

3.2 Mechanical properties of heat-denatured/
aggregated albumin-based materials

Figure 1 shows the mechanical properties of solid albumin-
based materials prepared at 120°C. The maximum tensile
load at failure was measured for different groups and
presented as a function of albumin concentration and
the pH of albumin solution. For all tested albumin
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Fig. 1 Maximum tensile load at failure of different albumin-based
materials as a function of the albumin concentration in solution and
solution pH. The materials were prepared at 120 °C. * Significantly
(P < 0.05) higher than that of the other pHs for the same albumin
concentration (35% albumin). ** Significantly (P < 0.05) higher than
that of the other concentrations for the same pH (pH 8.5)

concentration (25, 35 and 45%), materials that were pre-
pared from albumin solution with the pH of 8.5 demon-
strated the highest tensile strength compared to those
prepared using other pHs. The tensile strength was sub-
stantially lower for the materials prepared from the solution
with the pH of 12. Increasing the albumin concentration
from 25% to 45% led to a more than two-fold increase in
the tensile strength of the materials (Fig. 1). For the
materials prepared from 45% albumin solution, there was
no significant difference in tensile strength between pH 7.1
and 8.5. It should be noted that due to the agglomeration of
solution during the pH adjustment, the samples corre-
sponding to the pHs above 8.5 and below 7.1 were not
prepared for the 45% albumin concentration.

Figure 2 shows the elastic modulus of albumin-based
materials increased constantly as a function of albumin
concentration in solution, thus the materials became stiffer
when they were prepared using a higher concentration of
albumin in solution. The effect of pH on elastic modulus was
in opposite direction than that of albumin concentration. As
Fig. 2 shows, at higher pHs (pH 10 or 12) the materials were
more flexible than those prepared at the pH of 7.1 and 8.5.
However, the elastic modulus slightly decreased (not sig-
nificant) by decreasing the pH from 7.1 to 4.8.

An increase in denaturation temperature from 120°C to
140°C decreased the tensile strength of materials only
when they were prepared from the solutions with the pH of
10 and 12 (Fig. 3). Increasing the temperature did not
demonstrate any significant changes in the tensile strength
for the samples prepared from the solution with the pH of
7.1 or 8.5 (Fig. 3). Compared to the samples denatured at
120°C, the elastic modulus of those prepared at 140°C
were slightly higher (except for the pH of 12). However,
these differences were not significant (Fig. 4).

Elastic modulus (Load/Extension) - 120C
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Fig. 2 Elastic modulus of different albumin-based materials as a
function of the albumin concentration in solution and solution pH.
The materials were prepared at 120 °C. * Significantly (P < 0.05)
higher than that of the other concentrations for the same pH (pH 8.5)
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materials as a function of the denaturation temperature (120 and
140 °C) and solution pH. The concentration of albumin in solution
was at 25%. * Significantly (P < 0.05) higher than that at 140 °C
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Fig. 4 Elastic modulus of different albumin-based materials as a
function of the preparation temperature (120 and 140 °C) and solution
pH. The concentration of albumin in solution was at 25%
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Fig. 5 Percentage of degradation of different albumin-based mate-
rials after 1, 2 and 3-weeks incubation in an enzymatic solution. The
materials were prepared from 25, 35 and 45% albumin solution with
different pHs and aggregated at 120 °C

3.3 In vitro degradation rate of heat-denatured/
aggregated albumin-based materials

Figure 5 shows the degradation rate of different albumin-

based materials after 1, 2 and 3-week incubation periods in
0.05% trypsin solution. For each time point the degradation
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Fig. 6 Percentage of degradation of different albumin-based mate-
rials after 1, 2 and 3-weeks incubation in an enzymatic solution. The
materials were prepared from 25, using solutions with different pHs
and aggregated at 120 and 140 °C

rate increased as a function of increasing in the pH of
albumin solution (Fig. 5). The degradation rate almost
reached a plateau from pH 7.1 to pH 10 and was changed
substantially by increasing the pH to above 12, or by
decreasing the solution pH to below 4.8 (Fig. 5). For all of
the incubation time points (1, 2 and 3 weeks), the degra-
dation rate of samples prepared from the solution with the
pH of 4.8 were lower than those prepared using higher pHs
(Fig. 5). The amount of proteins detected in solution
(representing the percentage of degraded materials) did not
increase significantly by increasing the incubation period,
especially between 2 and 3 week incubation times (Fig. 5).
The results did not demonstrate any significant differ-
ences in the degradation rates of the samples prepared at
120°C compared with those prepared at 140°C (Fig. 6).

4 Discussion

In the present study, albumin-based solid materials were
fabricated by denaturing and aggregating albumin chains in
aqueous solution using heat. Heating albumin solution
above 65°C results in protein denaturation—that is irre-
versible three dimensional structural changes of molecules
from their native forms [15]. The structural changes in the
heat-denatured albumin molecules include the formation of
beta-sheets as well as the transformation of some alpha-
helices to random coils [15, 16]. These structural changes
vary as a function of albumin concentration in solution, pH,
temperature and ionic strength [15]. If the concentration of
denatured molecules in solution reaches a certain threshold,
further heating can lead to an aggregation of the adjacent
denatured albumin molecules, forming a three-dimensional
solid network enclosing water (a gel structure) [10]. Protein
“denaturation” does not always result in protein “aggre-
gation”. In a solution with low protein concentration,
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although heating can cause denaturation of proteinaceous
molecule, cross-linking (aggregation) between the protein
chains does not occur due to large spaces between the
molecules and their neighbours. In general, the protein
chains are heat-aggregated via the formation of hydrogen
bonds, disulfide bonds, hydrophobic association, or a
combination of these [15]. When an albumin solution is
heated, aggregation between the denatured albumin mole-
cules starts through the hydrogen bonding between the
beta-sheet orientation of protein chains. Increasing the
temperature causes further distortion of beta sheets,
unfolding the sheets and thereby exposing the cysteine
group (Cys-34) [15]. The exposed Cys-34 groups form
disulphide bonds between the adjacent albumin molecules,
resulting in a greater rate of aggregation, and therefore a
stronger solid albumin-based material. Both the mechanical
properties and the degradation rate of the solid protein-
based materials are governed by the percentage and the
strength of the afore-mentioned hydrogen and disulphide
bonds. In turn, the exposure of these bonds depends on
preparation parameters, namely: (i) denaturing tempera-
ture, (ii) denaturing time, (iii) solution pH, (iv) protein
concentration and (v) presence of salts [17-19]. Greater
aggregation may be achieved either by increasing protein
concentration or by adjusting the pH closer to the iso-
electric point. At the isoelectric point, the surface net
charge of protein molecules is at its lowest level, mini-
mising the repulsing forces between two adjacent mole-
cules and decreasing the spaces between the protein chains.

The results of the present study showed when the
albumin-based materials were prepared from albumin
solution at isoelectric pH of albumin (pH 4.8), the materials
demonstrated the lowest biodegradation rate compared to
those prepared from solutions with the higher pHs. The
shorter distance between the albumin molecules at iso-
electric pH can result in a greater aggregation between the
neighbouring molecules, leading to a lower degradability
of the material. Using FTIR analysis Park et al. [10]
reported that the albumin solution that denatured at the pH
value near isoelectric point (pH 4.8) was more cross-linked
(aggregated) than the other samples prepared at other pHs.
In our study, the biodegradability of materials varied based
on the pH of the solution in which they were prepared. As
mentioned above isoelectric pH resulted in the lowest
biodegradation, between pH 7 and 10 the biodegradation
reached a plateau, and then biodegradation increased sub-
stantially by increasing the pH solution from 10 to 12. The
materials prepared at pH 12 also demonstrated the lowest
mechanical strength. These results suggest that at a pH
above 10 the inter-molecular spaces were at their greatest
value, allowing the maximum amount of water to be placed
in the spaces between the albumin molecules. Due to the
largest inter-molecular distances of materials prepared at

pH 12, the mechanical properties was the lowest and the
biodegradation was the highest in these materials in com-
parison with those prepared at lower pHs.

As expected, increasing the albumin concentration from
25% to 35% and then 45% decreased the biodegradability
of materials. A greater number of molecules per volume
(higher albumin concentration) will increase the possibility
and the frequency of cross-linking between the albumin
molecules, forming a stronger aggregation between them,
which will result in lower biodegradability. Accordingly
the tensile strength and the stiffness of materials were also
increased by augmenting the albumin concentration in the
solution.

Unexpectedly, denaturation of albumin solution at the
isoelectric pH (pH 4.8) did not lead to a stronger material.
The materials were substantially stronger, and achieved the
best mechanical properties, when the solution pH increased
to 8.5. As mentioned, in solution at isoelectric point the
spaces between neighbouring albumin molecules are at their
minimum. Very short intra-molecular spaces can cause a
rapid aggregation between molecules once heat is applied,
causing formation of a non-uniform 3-dimensional struc-
ture. The albumin molecules may then be heavily and rap-
idly aggregated in some areas, and poorly or non-aggregated
in other areas. A highly-localised aggregation prevents the
formation of a large and homogenous network structure
made of the cross-linked albumin chains. In a non-homog-
enous solid structure, the frequency of structural defaults
and inconsistencies are high, resulting in a weaker
mechanical strength. The study demonstrated that the
materials prepared from a solution with a pH of 8.5 had the
highest tensile strength compared to those materials pre-
pared at other pHs. The tensile strength of materials became
lower at the pHs 10 and 12, which is probably due to larger
intra-molecular spaces at these pHs (particularly at pH 12),
decreasing the possibility and concurrency of cross-linking
between the neighbouring albumin molecules.

The study of biodegradation revealed that there was no
significant increase in the amount of degraded materials
between the second and third weeks of incubation in
enzymatic solution. Given the trypsin solution was not
refreshed during the incubation period, after the first week
of incubation, the concentration of soluble proteins
detached from the material may reach a saturation thresh-
old, and as a consequence lower degradation or no degra-
dation occurred in the second and third weeks of
incubation. Secondly, albumin-based materials may be
composed of microscopic areas with different protein
conformation and aggregation rates. In the first week of the
biodegradation test, the regions with a higher degradation
rate may be completely degraded while the remaining
materials remain intact and do not degrade in the second or
third weeks of incubation.
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Antibodies circulating around a protein-based biomate-
rial implanted in body recognise the three dimensional
structure of the native form of protein and, therefore, in
general only bind to proteins in a highly specific interac-
tion. Slight changes of the native protein three-dimensional
structure have a crucial role in antibodies’ recognition/
binding to protein-based materials, and will dictate the
host’s reaction to the materials. Our previous study eval-
uating in vivo interactions between heat-denatured albu-
min biomaterials and tissue in a jugular vein ovine model,
did not demonstrate any noticeable foreign body response
at 1 and 6 weeks post-implantation period [20]. Fabricating
solid albumin-based biomaterials by heat-denaturing and
aggregating process greatly alters the three dimensional
structure of albumin. The altered structure prevents the
recognition of the denatured proteinous structure by anti-
bodies, resulting in the biomaterials not inducing the
recruitment of marcrophages and/or foreign body giant
cells at the tissue/material interface. The animal studies on
heat-denatured/aggregated albumin based biomaterials
showed that these types of biomaterials are totally bio-
compatible and non-toxic [7, 8, 20]. It should be noted that
the biological activities/tissue responses of the prepared
materials in this study are directly affected by the degree
and the forms of the cross-linking between and within
albumin chains. Further studies to evaluate the correlation
between preparation parameters of albumin-based bioma-
terials and the biological activities of these materials, will
help us to have a better understanding of the biomedical
applications of such biomaterials.

In conclusion, the study demonstrated that albumin-
based materials prepared from the albumin solution with
45% albumin concentration and a pH of 8.5 possessed the
highest mechanical strength. The materials prepared from
the solution with isoelectric pH (4.8) had the lowest bio-
degradation in an enzymatic solution. The biodegradation
rate of materials was increased by increasing the pH of the
solutions from which they had been prepared.
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