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a b s t r a c t

Aggregation and gelation of globular proteins can be an advantage to generate new forms of nanoscale
biomaterials based on the fibrillar architecture. Here, we report results obtained by exploiting the pro-
teins' natural tendency to self-organize in 3D network, for the production of new material based on BSA
for medical application. In particular, at five different pH values the conformational and structural
changes of the BSA during all the steps of the thermal aggregation and gelation have been analyzed by
FTIR spectroscopy. The macroscopic mechanical properties of these hydrogels have been obtained by
rheological measurements. The microscopic structure of the gels have been studied by AFM and SEM
images to have a picture of their different spatial arrangement. Finally, the use of the BSA hydrogels as
scaffold has been tested in two different cell cultures.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Many globular proteins have the ability to form gels, both by
heat and cold treatments. It is well known that under appropriate
conditions, native proteins can undergo conformational changes
associated with partial unfolding or denaturation that may lead to
aggregation [1,2] up to gelation, above a critical protein concen-
tration [3]. Protein aggregation is a complex process made by
different and simultaneous steps: first the protein partially unfolds
and goes towards molten globule forms or intermediate states also
called amorphous pre-aggregates [4,5]; second, these different
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aggregates in appropriate experimental conditions can form
amorphous aggregates, fibrils and fibers [6]. Under appropriate
conditions, depending on several factors among which the protein
concentration, the temperature and the pH, these aggregates can be
the bricks of protein hydrogels [7,8].

Recently, the fabrication of gels from biological molecules, in
particular from proteins, has received increasing interest due to
their applications in the field of biomedical research [9e12]. The
protein-based hydrogels can be biocompatible and biodegradable
[12], can entrap large amounts of water or biological fluids [13],
have a microporous structure and provide an excellent mechanical
support through their three-dimensional structure [14,15]. These
properties make them ideal biomaterials also to be used as devices
for encapsulation and protection of sensitive materials and pH-
sensitive hydrogels for the controlled delivery of biologically-
active drugs [16e18]. As an example, the microscopic and macro-
scopic properties of these hydrogels can be controlled by changing
the pH value: particulate, brittle and opaque gel can be formed
close to the protein isoelectric point, while more flexible and
transparent gel, made of linear aggregates, far from the isoelectric
point [19].

mailto:giovanna.navarra@unipa.it
mailto:chiara.peres85@gmail.com
mailto:chiara.peres85@gmail.com
mailto:marco.contardi@iit.it
mailto:pasquale.picone@ibim.cnr.it
mailto:pasquale.picone@ibim.cnr.it
mailto:pierluigi.sanbiagio@cnr.it
mailto:di-carlo@ibim.cnr.it
mailto:daniela.giacomazza@cnr.it
mailto:valeria.militello@unipa.it
mailto:valeria.militello@unipa.it
http://crossmark.crossref.org/dialog/?doi=10.1016/j.abb.2016.07.020&domain=pdf
www.sciencedirect.com/science/journal/00039861
http://www.elsevier.com/locate/yabbi
http://dx.doi.org/10.1016/j.abb.2016.07.020
http://dx.doi.org/10.1016/j.abb.2016.07.020
http://dx.doi.org/10.1016/j.abb.2016.07.020


G. Navarra et al. / Archives of Biochemistry and Biophysics 606 (2016) 134e142 135
Recent studies have demonstrated that gels formed by fibrillar
aggregates are more prone to promoting cell attachment and neu-
rite outgrowth, while hydrogels, having different structure, do not
show any biological activity [15,20]. Thus, the well-known general
tendency of the globular proteins to fibrillation and gelation can be
taken as an advantage to generate new forms of nanoscale bio-
materials based on the amyloid fibrillar architecture, since they are
characterized by well-ordered and stable structures that can be
formed by self-association in aqueous solution [21,22]. The surplus
value, consisting in their highly ordered network stabilized by
intermolecular and/or intramolecular hydrogen bonding, electro-
static interactions, and hydrophobic effects, makes the fibrillar
hydrogels a versatile device usable as scaffold in tissue engineering
[20]. Gels made by biocompatible physically cross-linked protein
molecules, should be used for scaffolds, controlled drug delivery, or
uptake of biological molecules [23]. Indeed, biodegradable hydro-
gels capable of phase transition in response to external stimuli such
as temperature or pH values represent an alternative method of
preparing injectable hydrogels for biomedical applications [23].

It is important to emphasize that the relevant properties of
biocompatibility are not affected by using a gel formed by mature
fibrils. Fibrils are the final state of aggregated and re-organized
protofibrils and it is now established that prefibrillar oligomers
[24e27] rather than mature fibrils are the prime toxic agents
[27e29] responsible of the amyloid-induced cellular toxicity.

In this paper, we report results obtained byexploiting the natural
tendency of bovine serum albumin (BSA) to self-organize in 3D
network, for the production of new protein-based materials. The
main aim of our work has been to determine the appropriate
experimental conditions to obtain hydrogels of BSA aggregates and
to characterized the hydrogels thus formed. Albumin is an abundant
and low-cost protein with a molecular weight of 66 kDa, in some
forms also human-compatible and with well-known properties
[1,30,31]. It is an important natural carrier of hydrophobicmolecules
and a polyampholyte with pH-dependent charge. After heating or
cooling treatments it can form hydrogels [32], ideal candidates for
loading and releasing drugs, since its sites can be reversibly used to
bind and release drugs by regulating pH value [18,33]. In this work
we have characterized the conformation and themorphology of the
BSA heat-induced aggregates, namely the fundamental “bricks” of
the network, and investigated if the modifications of the pH and
protein concentration can induce hydrogels with different struc-
tural properties when subjected to prolonged heating. The confor-
mational and structural changes of the protein during incubation at
60 �C were studied by FTIR spectroscopy. The aggregation growth
and the gelation process were followed by FTIR and rheological
measurements up to 20 h from the beginning of the experiments.
Information about the morphology of the aggregates during the
gelation process were obtained by atomic force microscopy (AFM).
Finally, micrographs of the different kinds of hydrogels were made
by SEM measurements and biological tests on LAN5 cell cultures
have been also performed. Our results indicate that it is possible to
modulate thefinal texture of the hydrogels by tuning pHandprotein
concentration for the appropriate applications.

2. Experimental

2.1. Sample preparation

Bovine serum albumin was purchased from Sigma-Aldrich.
Powdered protein was dissolved in the appropriate buffer solu-
tion, prepared in H2O or D2O (99.9%, Aldrich) to obtain the wanted
pH (or pD). In particular, phosphate buffers 0.1Mwas used to obtain
pH5.9, 7.4 and8.5; samples prepared at pH2.7 and3.9weremadeby
diluting the protein powder in different amounts of KCl solution
0.1 M and HCl solution 1.2 M. The protein final investigated con-
centrations were 0.5 and 1 mM pH values have been corrected for
the difference between pD and pH (pD ¼ pH þ 0.4); in the text all
values are reported as pH. After dilution, the protein solutions were
centrifuged (3800 g for 8 min). The collected supernatant was
filteredwith Sartorius filters having a pore diameter of 0.20 mm. The
freshly prepared samples in D2Owere divided in several aliquots for
FTIR and rheological measurements, in order to characterize the
heating phase at 60 �C of native protein solution. D2O solutionswere
used to avoid the IR spectral overlaps between Amide I band and the
strong water absorption band in the region at around 1650 cm¡1.

2.2. FTIR measurements

The first 2 h of BSA incubation were fully characterized through
FTIR kinetics at 60 �C. The conformational changes of BSA solutions
and the growth of b-aggregates caused by the heating treatment
were followed by FTIR measurements continuously or taking small
aliquots (30 mL) of the solution samples at different times (15, 30,
60, 120 min, 7 and 20 h). The instrument was a Bruker Vertex 70
spectrometer. The beam splitter ismade by KBr and the detector is a
DLaTGS (Deuterated L-Alanine Doped Tryglycene Sulphate) with
KBr windows. The instrument operated in themid IR spectral range
with a globar light source (i.e. a U-shaped silicon carbide piece) and
a spectral resolution of 2 cm�1. Each spectrum was averaged over
100 scans. The errors associated with the determination of the
position and amplitude of the IR bands were ±1 cm�1 and less than
1%, respectively. The absorption spectrum of the sample-holder
(CaF2 windows) and the contribution from buffer absorption were
subtracted from the spectrum of each sample. The resultant spectra
were smoothed with a 13-point Savitzky-Golay function. The use of
D2O allowed to study the Amide I band and the H/D exchanges
between the Amide II and the Amide II0 bands [34]. Deuterated
samples were placed between two 2 mm CaF2 windows, with a
0.05 mm teflon spacer.

The conformational changes of the protein secondary structure
were obtained by the Amide I composite band. Its profile consists of
several spectral components related to the different types of sec-
ondary structures [34]. The main band at about 1655 cm�1 in the
Amide I region is assigned to a-helices. Bands at 1672 and
1681 cm�1 reflect the contribution from b�turns, and the band at
1636 cm�1 is assigned to b-sheets. Information on the intermo-
lecular aggregation (b-aggregates growth) can be obtained from
two shoulders at about 1620 and 1680 cm�1 [34] due to the vi-
brations of the carboxylic groups of b-sheets in intermolecular
structures [34]. The information on changes of the tertiary struc-
ture was obtained by Amide II and II0 bands (1400-1580 cm�1) [34].
When H-D exchange occurred, an increase of Amide II0 simulta-
neous to a decrease of Amide II was observed. In order to identify
the time evolution of each spectral component under the broad
amide bands during infrared kinetics, difference spectra were ob-
tained by subtracting to the spectrum at a generic time t and at a
givenwavenumber,, the spectrum at t0 (where t0 was chosen 6 min
after the beginning of the experiment to reach the thermal equi-
librium) at the same wavenumber:

DAbsðt; yÞ ¼ Abs ðt; yÞ � Absðt0 � yÞ (1)

when different aliquots had to be compared, spectra were analyzed
using:

DAbsðtÞ ¼
Abs
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where bagg and ahelix identify the spectral position of the signal
due to the vibrations of intermolecular b-sheets and a-helices
structures, respectively.

Structural information on the protein modifications in depen-
dence of pH were monitored by specific infrared bands localized at
1567, 1584, 1706 and 1713 cm�1. These bands are due to the vi-
bration modes of COO� and C]O of Glutamic (Glu) and Aspartic
(Asp) acids, charged residues contributing to the stabilization of the
protein structure. Data were made at least in triplicate.
2.3. Rheological measurements

Rheological measurements were performed on a stress
controlled AR-G2 rheometer (TA Instruments, USA) using a
titanium-cone/plate geometry (angle 0.0174 rad, radius 20mm, gap
26 mm). Kinetic measurements were obtained from cycles of
viscoelastic spectra, with a pause of 50 min, performed in the fre-
quency range 0.02e30 Hz, at a strain of 8 � 10�2, well within the
linear viscoelastic region. The protein suspension at the appro-
priate pH and at the two concentrations used (0.5 and 1 mM) was
gently stirred and placed on the rheometer plate, set at the tem-
perature of 60 �C. The thin sampleeair interface was coated with
silicone oil to avoid water evaporation. All measurements were
done in triplicate both for samples prepared in D2O and H2O to
detect effects due to the different solvents.
2.4. Atomic force microscopy

The atomic force microscopy was used to characterize the
morphology of the aggregates growing during the incubation
leading to the gel formation. Small aliquot (30 ml) of protein solu-
tion was deposited on freshly cleaved mica after appropriate dilu-
tion. The samples were dried overnight by a gentle nitrogen flux
and imaged in air. The instrument used for the AFMmeasurements
in tapping mode was a Veeco MultiMode V Scanning Probe Mi-
croscope. Etched-silicon probes with Al-coating on detector side
having a pyramidal-shape tip with a nominal curvature <10 nm
were used. During scanning, the 125 ± 10 mm long cantilevers, with
a nominal spring constant in the range of 40 N/m, oscillated at its
resonance frequency (330 kHz). Height, phase and amplitude error
images were collected by capturing 512 � 512 points in each scan,
Fig. 1. Normalized absorption spectra of BSA solution (0.5 mM) prepared at pH 8.5
(dotted line), 7.4 (solid line), 5.9 (dash dotted dotted line), 3.9 (short dashed line) and
2.7 (long dashed line) different pH values. Measurements were made at room
temperature.
and the scan rate was maintained below 1 line per second. The
worsening of the tips was monitored by using a test pattern before
and after every measurement session.

2.5. Scanning Electron Microscopy

The morphology of the final gels was observed by Scanning
Electron Microscopy (SEM) with a FEI Quanta 200 FEG Microscope.
Gold sputtered samples, previously dehydrated, were observed at
10 KV.

2.6. Cell culture and treatment

Immortalized mouse cerebral endothelial cells, bEnd.3 (Amer-
ican Type Culture Collection, Manassas, VA) were grown in DMEM
with 4.5 g/l glucose and supplemented with 10% fetal bovine serum
(FBS), 3.7 g/l sodium bicarbonate, and 4 mM glutamine, and 1%
antibiotics (penicillin 50 mg/ml and streptomycin 50 mg/ml). LAN5
Neuroblastoma cell line were cultured in RPMI 1640 medium
supplemented with 10% FBS and 1% antibiotics (penicillin 50 mg/
ml�1 and streptomycin 50 mg/ml). Both cellular cultures were
maintained in a humidified 37 �C incubator with 5% CO2. The
Fig. 2. a) Difference absorption spectra of Amide II and II0 of BSA at 0.5 mM and pH 3.9
incubated at 60 �C. b) Time evolution of the Amide II intensity at 1540 cm�1 for BSA
solutions at pH 8.5 (triangles up), 7.4 (circles), 5.9 (triangles down), 3.9 (squares) and
2.7 (diamonds).



Fig. 3. a) Difference absorption spectra in the spectral range of Amide I of BSA solution
0.5 mM at pH 5.9 incubated at 60 �C. b) Time evolution of absorbance intensity at
1616 cm�1 for BSA solutions at pH 8.5 (triangles up), 7.4 (circles), 5.9 (triangles down),
3.9 (squares) and 2.7 (diamonds).
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bEnd.3 cells were pre-seeded at a cell density of 1� 105 cell/ml in a
96-well plate. After seven days the bEnd3 monolayer was formed
and cell-cell junctions were developed. LAN5 cells were pre-seeded
on a 96-well plate (1 � 106 cell/ml) and growth for one day. Both
cell lines were incubated with the three different synthesized BSA
hydrogels capable to supply appropriate mechanical support (pH
3.9, 5.9, 7.4) at two different concentrations (0.5 and 1mM) for 48 h.
After these treatments both the cell lines were submitted to
viability assay and microscopic inspection.

2.7. Determination of cell viability

Cell viability was measured by MTS assay (Promega Italia, S. r.l.,
Milan, Italy). MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium],
utilized according to the manufacturer's instructions. LAN5 and b.
End.3 cells, two models already tested to verify the cell viability
after treatment with nanogels systems [35], were treated as
described above and after treatment, 20 mL of the MTS solutionwas
added to each well, and the incubation was continued for 1 h at
37 �C in humidified incubator with 5% CO2. The absorbance was
read at 490 nm on the Microplate reader Wallac Victor 2 1420
Multilabel Counter (PerkinElmer, Inc. Monza, Italy). Results were
expressed as the percentage MTS reduction in the control cells.
Moreover, the treated cultured cells and the controls were also
morphologically analyzed by microscopic inspection with an Axio
Scope2 microscope (ZEISS).

2.8. Statistical analysis

The results shown in cytotoxicity experiments are presented as
the mean ± standard deviation (SD). Results were expressed as the
percentage MTS reduction in the control cell.

3. Results and discussion

3.1. Characterization of native BSA

The formation of heat-set gel occurs as a consequence of a
structural organization of protein aggregates growing during in-
cubation at 60 �C [20,36]. The final characteristics of the gel are
highly dependent on the protein conformation [3], pH value [37], as
well as on other physical parameters.

In order to monitor the dependence of the protein initial
conformation on the pH, FTIR measurements were performed at
room temperature for all protein solutions. The proteinwas diluted
in D2O to allow investigation of the Amide I0 and II0 bands and
prepared at different pH values. Absorption spectra performed at
25 �C are reported in Fig. 1.

The datawere imaged after normalization at Amide I absorption
maximum value. Marked differences in the absorption profile as a
function of pH value were revealed at about 1540 cm�1, where the
Amide II resulted more intense for BSA at pH 5.9 and 7.4, while it
was characterized by a very low intensity at pH far from the iso-
electric point of the protein. Moreover, the amplitude of the com-
posite band at about 1575 cm�1 markedly decreased at decreasing
the pH values. For the samples at acid pH, 3.9 and 2.7, a band at
about 1710 cm�1 clearly appeared.

These modifications observed as a function of pH change can be
interpreted in close connection with the changes of BSA confor-
mational isomerization and charge state [38]. At pH values below
4.3, the BSA conformation was transitioning towards the isomer
Fast (F) [38]. It is well known that this isomeric form is character-
ized by a tertiary structure less compact than the Normal (N) form
of BSA, that is the isomeric conformation of the protein when the
pH ranges between 4.3 and 8 [38]. In the transition from N to F
isomer, the BSA protein exposes to the solvent the dominium III
causing partial opening of the molecule and modification of the
protein secondary structure by reduction of the a�helix content, as
probed by the slight shift of the Amide I towards lower wave-
numbers (Inset of Fig. 1). Because of these structural modifications,
at acid pH the internal H atoms of the protein were more easily
accessible to the atoms of deuterium (D), thus resulting displaced.
This led to an increase of the amide II0 band [1,39] to the detriment
of the amide II intensity (Fig. 1). However, at basic pH far from the
isoelectric point, due to the increase of the charged residues, the
protein assumes a loose tertiary structure.
3.2. Characterization of the structures leading to gelation

FTIR kinetic measurements at 60 �C and at the different pH
values and at two protein concentrations have been performed.

In Fig. 2a the difference FTIR spectra of the Amide II and Amide
II0 bands as a function of time of the BSA at pH 3.9 are shown. As it is
evident, the heating caused the decrease of the Amide II and the



Fig. 4. a) G0 values recorded at 60 �C as a function of time for BSA solutions (1 mM) at pH 3.9 (squares), 5.9 (triangles down), 7.4 (circles), 8.5 (triangles up) and 2.7 (diamonds). G00

values are not reported for an easier reading. The oscillation frequency was 1 Hz and the strain 0.008. b-f) Values of the elastic (empty symbols) and viscous (solid symbols) moduli
recorded as a function of the frequency obtained at the end (20 h) of the kinetic measurements for BSA solutions (1 mM) at pH 3.9 (squares), 5.9 (triangles down), 7.4 (circles), 8.5
(triangles up) and 2.7 (diamonds).
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simultaneous increase of the Amide II’. The same behavior was
common to all samples. The increase of the Amide II0 intensity to
the detriment of the Amide II indicated that the heating caused a
partial unfolding of the protein molecules. The time evolution of
the Amide II intensity at different pH values is reported in Fig. 2b. If
for one hand the partial protein unfolding ran out substantially
within 40 min at all pH values, on the other hand the extent of the
Fig. 5. Time evolution of the relative increase of b-aggregated structures, as obtained by the
and 1655 cm�1, pertinent to a-helices in BSA samples incubated at 60 �C at pH 3.9 (squares),
0.5 (a) and 1 mM (b). Solid lines represent the best fit of the experimental points. Data obtain
been recorded during the whole observation time.
tertiary structure changes strongly depends on the pH. The
observed differences are in agreement with the different native
conformations of the protein at different pH [38] as commented in
Fig. 1.

The conformational changes of the secondary structure were
monitored by the Amide I band.

By the analysis of the difference spectra, reported in Fig. 3a for
ratio of the intensities of the bands at 1616 cm�1, related to the b-aggregated structures,
5.9 (triangles down), 7.4 (circles) and 8.5 (triangles up) at the protein concentrations of
ed for sample prepared at pH 2.7 are not reported because not significant changes have



Fig. 6. Morphology of BSA gel prepared at the concentration of 1 mM at pH 3.9 (a, d), 5.9 (b, e) and 7.4 (c, f) after 20 h of incubation at 60 �C as observed by SEM (aec) and AFM
(def) experiments. AFM high color scale has maximum at 5 nm. Images were obtained at room temperature.
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the BSA at pH 3.9, it can be observed that the heating caused a
conversion of a-helix structure band localized at about 1650 cm�1

into antiparallel intermolecular b�sheet bands at 1616 and
1685 cm�1. In agreement with our previous results obtained at pH
values close to the physiological pH [32,40], no presence of intra-
molecular b�sheets is observed as indicated by the absence of the
band localized at about 1634 cm�1. The same behavior was
observed for all samples independently on the pH value, except for
BSA at pH 2.7. In this case, the thermal incubation causes a con-
version of a-helices in intramolecular b-sheets and no supramo-
lecular aggregate structures could be observed (data not shown). In
Fig. 3b, the time evolution of the Amide I intensity at 1616 cm�1,
due to the molecular vibrations in the groups involved in the
intermolecular b�sheets, is reported. Aggregation was not
observed for the BSA sample prepared at pH 2.7, on the contrary a
large formation of b-aggregated structures occurred in the BSA
solution at pH 3.9. The samples prepared at pH 5.9, 7.4 and 8.5
showed a behavior similar to that observed in the case of pH 3.9,
but at a lower extent. Samples prepared at pH 3.9, 5.9, 7.4 and 8.5
exhibited an initial fast growth of the signal and no significant
variation of the band intensities were observed after 40 min. For
each pH value, similar results were obtained for the samples pre-
pared at the BSA concentration of 1 mM.
3.3. Characterization and morphologies of BSA hydrogels

To investigate about the physical properties of gels prepared at
different pH, FTIR, rheological, AFM and SEM measurements were
performed on aliquots incubated up to 20 h. The mechanical
properties of the BSA samples have been recorded by rheological
measurements during 20-h incubation at the different pH values
investigated. Rheological results obtained with BSA solutions at the
concentration of 1 mM are shown in Fig. 4aef and discussed. In
agreement with FTIR results, the sample prepared at pH 2.7 did not
form any macroscopic network up to 20-h incubation at 60 �C as
evidenced in Fig. 4a and f. The mechanical spectra, recorded after
20 h exhibited the typical behavior of a viscoelastic liquid with G00

larger than G0, at the lower frequencies and a strong frequency
dependence (Fig. 4f). Samples prepared at pH 5.9, 7.4 and especially
3.9 exhibited a marked solid-like character few minutes after the
beginning of the kinetic measurements as evidenced by the large
initial G0 values (Fig. 4a). Furthermore, mechanical spectra recorded
at the end of the incubation time showed the G0 plateau in the
whole frequency range explored (Fig. 4b, c and d). A different
behavior is exhibited by samples incubated at pH 8.5. In this case,
only a weak gel is obtained as indicated by the low G0 values
(Fig. 4a). Furthermore, the mechanical spectra displayed that the G0

plateau appears only at frequencies lower than 1 Hz, then the
viscous behavior dominated as suggested by the strong frequency
dependence and the G00 values greater than those ones of G’
(Fig. 4e). Same results can be obtained at the lower concentration of
protein (0.5 mM).

By FTIR spectroscopy, we monitored the growth of the
b�aggregated structures to have a deep insight into the gel for-
mation processes. In Fig. 5 the behavior of the ratio of the in-
tensities related to the b�aggregated and a-helices structures as a
function of time, for both BSA at 0.5 (Fig. 5a) and 1 mM (Fig. 5b), is
reported.

A comparison between both these results suggests that the
formation of the macroscopic gel is simultaneous with



Fig. 7. BSA Hydrogels are cytocompatible. bEnd.3 (a) and LAN5 (c) cell lines incubated with BSA hydrogels at the concentration of 0.5 (black) and 1 mM (gray) and submitted to MTS
assay. The results are presented as the mean ± SD. Microscopic inspection of bEnd.3 (b) and LAN5 (d) cells in presence of BSA hydrogels prepared at the concentration of 1 mM at
different pH values (7.4, 5.9, 3.9). Representative image of hydrogel deposition on LAN5 neuroblastoma cells.
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conformational changes recorded by FTIRmeasurements within 5 h
from the beginning of the protein incubation for all the samples
studied.

In order to obtain a characterization of the different 3D network
morphologies, SEM and AFM measurements on gel samples with a
strong solid-like character have been performed. In Fig. 6aef im-
ages of the sample at pH 3.9, 5.9 and 7.4 are reported.

It could be noted that the gel formed at pH 3.9 (Fig. 6a) pre-
sented a well neat structure. Furthermore, the walls of the cages
formed by the network architecture were compact on the contrary
of what happened in the case of pH 5.9 where, although the di-
mensions of the cages were smaller, they seemed sponge-like with
the presence several holes. Different aspect had the sample pre-
pared at pH 7.4 in which the microscopic assembly appeared
constituted by lamellar structures with few cages. These data were
in perfect agreement with results obtained by rheological and FTIR
experiments. The gradual lack of compactness was responsible of
the different values of the elastic modulus observed in the
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rheological experiments and of the lower b-aggregate content
recorded at decreasing pH.

AFM images allowed to put in evidence that the BSA hydrogels
formed at pH 3.9 and 7.4 were constituted by long and thin fibrillar
structures. Moreover, at pH 7.4 numerous oligomers coexisted with
long fibrils. Indeed, the BSA hydrogel formed at pH 5.9 was char-
acterized by the presence of thickener fibrils. These different
aggregated forms produced a coarser and narrow network in the
case of pH 5.9, a well ordered structure for pH 3.9 and a loose
structure for pH 7.4.

These morphologies were in agreement with the visual obser-
vation of the samples: the gel at pH 5.9 appeared as turbid white,
opalescent and firm gels; the gel at pH 3.9 was transparent and
strongly firm, evidencing that it was made by a highly ordered
structures; the gel at pH 7.4 was transparent too, less firm than that
obtained at pH 3.9. In general, the presence of structural order is a
plus value to form porous scaffold, a physical support for guiding
the formation of new tissue-related extracellular matrix molecules
[41].

3.4. Biological properties of BSA hydrogels

The possible use of BSA hydrogels as cell scaffold for tissue en-
gineering applications have been tested on cell model systems. To
test in vitro cytotoxicity of BSA hydrogels we utilized endothelial
bEnd.3 and neuronal LAN5 cell types. These cells were incubated
with two different concentration (0.5 and 1 mM) of the three
different BSA synthesized hydrogels, for 48 h. Data reported in
Fig. 7a and b, demonstrated that no significant difference in cellular
viability was detected for BSA hydrogels in both cell lines at the
tested concentrations relatively to the control. The results of the
MTS assay were confirmed by microscopic inspection of the un-
treated and treated cells (Fig. 7c and d). A number of recent studies
have revealed that cells sensitively respond to mechanical prop-
erties of their environment modifying its adhesion properties (the
so-called mechano-response) [42e44]. Fig. 7e is a representative
image of the hydrogel deposition on adhered neurobastoma cells.
Proximity to or contact of the hydrogel with the cells did not induce
any alteration in, neurite outgrowth, extension of cellular body,
morphology or contact between cells and cell-substrate. These re-
sults suggested that the hydrogels tested are promising candidates
for applications in tissue culture.

4. Conclusions

The main aim of the present work has been to determine the
best experimental conditions to obtain hydrogels of protein ag-
gregates of BSA at different pH and concentration. In particular, at
different pH, we have analyzed the conformational and structural
changes of the protein during all the steps of the thermal aggre-
gation and gelation. The mechanical properties of the diverse
hydrogels fully agreed with spectroscopic results. Hydrogels mor-
phologies, seen by AFM and SEM techniques, suggested that
different arrangement of the protein aggregates lead to different
hydrogels network with peculiar properties. The biological tests
demonstrated that these gels did not affect the viability of two
different cell model systems. Finally, our results indicated that it is
possible to modulate the final texture of the hydrogels by tuning
the pH value for appropriate tissue engineering applications.
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