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An  effective  tissue  engineering  approach  requires  adjustment  according  to  the target  tissue to be engi-
neered.  The  possibility  of obtaining  a protein-based  formulation  for the  development  of  multivalent
tunable  scaffolds  that  can  be  adapted  for several  types  of cells  and  tissues  is  explored  in  this  work.  The
incremental  substitution  of bovine  serum  albumin  (BSA)  by  human  serum  albumin  (HSA),  changing  the
scaffolds’  hydrophilic/hydrophobic  ratio,  on  a previously  optimized  scaffold  formulation  resulted  in  a
set of  uniform  porous  scaffolds  with  different  physical  properties  and  associated  cell proliferation  pro-
file  along  time.  There  was  a general  trend  towards  an  increase  in  hydrophilicity,  swelling  degree  and
in  vitro  degradation  of  the scaffolds  with  increasing  replacement  of  BSA  by  HAS.  The  set  of BSA/HSA
scaffolds  presented  distinct  values  for the storage  (elastic)  modulus  and  loss factor  which  were  similar
urface wettability
echanical properties

ell proliferation

to  those  described  for different  native  tissues  such  as bone,  cartilage,  muscle,  skin  and  neural  tissue.
The  preferential  adhesion  and  proliferation  of skin  fibroblasts  on  the  BSA25%HSA75%  and  HSA100%  scaf-
folds, as  predicted  by their  viscoelastic  properties,  demonstrate  that the  BSA/HSA  scaffold  formulation  is
promising  for the  development  of scaffolds  that  can  be  tuned  according  to the  tissue  to be  repaired  and
restored.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The development and improvement of clinically effective strate-
ies for the regeneration of healthy and functional tissues is the
riving motivation in tissue engineering. One of the milestones is
he development of three-dimensional polymer scaffolds that will
uide cells to organize into tissues.

Ideally, scaffolds for tissue engineering should meet several
esign criteria: (1) scaffold surface should allow cell adhesion,
romote cell growth and retain differentiated cell functions; (2)
he scaffolds should be biocompatible: neither the biomaterial
or its degradation by-products should provoke inflammation or

oxicity in vivo; (3) the scaffold should be biodegradable to be
liminated eventually; (4) the porosity should provide sufficient
pace for cell adhesion, extracellular matrix regeneration, and min-

∗ Corresponding author.
E-mail address: artur@deb.uminho.pt (A. Cavaco-Paulo).

ttp://dx.doi.org/10.1016/j.ijbiomac.2016.05.012
141-8130/© 2016 Elsevier B.V. All rights reserved.
imal diffusion constraints during culture, and the pore structure
should allow even spatial cell distribution throughout the scaffold
to facilitate homogenous tissue formation; (5) the material should
be reproducibly processable into three-dimensional structure, and
mechanically strong [1].

There are several methodologies being employed towards the
construction of 3D scaffolds, each with specificities, advantages and
disadvantages. A new approach is the salt-induced cold gelation
[2], which takes advantage of the ability of slow salt addition to
a heat-denatured protein solution to screen and disperse charges,
leading to a reduction in electrostatic repulsions between protein
molecules thus inducing gelation. When using divalent cations such
as calcium [3], salt addition may also aid in the formation of salt
bridges between negatively charged groups in proteins assisting in
the gelling process and ultimately improving scaffold properties. As
the gelation process is not immediate after salt addition, it is pos-

sible to cast the protein solution into a mold with the appropriate
properties for the tissue/organ to be regenerated.

dx.doi.org/10.1016/j.ijbiomac.2016.05.012
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2016.05.012&domain=pdf
mailto:artur@deb.uminho.pt
dx.doi.org/10.1016/j.ijbiomac.2016.05.012
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Fig. 1. Macroscopic image of the BSA25%HSA75% scaffold.

Fig. 2. In vitro degradation of the scaffolds incubated in PBS at pH 7.4 for 1, 3, 5,
7,  10 and 15 days at 37 ◦C. Data were reported as mean ± SD of three independent
36 A. Ribeiro et al. / International Journal of 

Using the combination of Ca2+-induced cold gelation and an
xperimental Design approach, a macroporous protein-based scaf-
old suitable for tissue engineering was previously obtained [4]. The
caffold constituted by two distinct model proteins, alpha-casein
nd bovine serum albumin (BSA), and under optimized working
onditions (4.19% of BSA and 0.69% of casein for a pH 7.07) showed
dequate degradation rates; good swelling ratio; appropriate pore
ize, porosity and interconnectivity and good biocompatibility sup-
orting cell adhesion and proliferation [4].

Factors governing scaffold design are complex and though it is
rgued that there is no ideal scaffold design per se and each tissue
equires a specific matrix design with defined material properties
5], the conceptual construction of a multivalent tunable scaffold is
n appealing idea.

For the BSA4.19%/Casein0.69% scaffold, the value range of each
nalyzed parameter was similar to those found in the literature for
ther types of scaffolds designed for specific tissue applications.
hus this scaffold was considered as a good base for the design of
oldable and tunable scaffolds for several types of cells/tissues as

ariations on their composition resulted in changes of the mea-
ured parameters.

BSA is an acidic single polypeptide protein extensively used in
harmaceutical industry for a variety of applications. It is used as

 stabilizer [6], a blocking agent in various immunoassays [7], in
icroarray technologies [8], in cell culture medium as growth sup-

lement for viral vaccine manufacturing [9] and in nanoparticles for
rug delivery [10]. Despite widely used there are studies showing
SA to be a trigger for allergic reactions [11,12].

In this paper, we evaluated the beneficial effect of substituting of
SA by HSA on the physical properties and cell adhesion of a set of
SA/HSA/Casein scaffolds. With the incremental substitution of BSA
y HSA we aimed to reduce possible future allergenic reactions of
he scaffolds given by specific epitopes present on BSA’s sequence.
urthermore, comparing scaffolds with different BSA/HSA ratios for
heir mechanical properties, wettability and ability to support cell
dhesion and proliferation, we intended, using the Ca2+-induced
old gelation technique, to set the basis for multivalent tunable
caffolds adaptable to several types of cells and tissues.

. Materials and methods

.1. Materials

BSA, HSA, Casein Sodium Salt from bovine milk were obtained
rom Sigma-Aldrich, Spain and used without further purification.
ll other reagents were analytical grade and purchased from Sigma-
ldrich, Spain.

.2. Scaffolds preparation

The scaffolds were obtained by salt-induced cold gelation in the
resence of calcium chloride (CaCl2) and DL-Dithiothreitol (DTT)
t pH 7.07 as described previously [4]. Shortly, protein solutions of
SA and HSA in water and Casein in Tris50 mM pH 7.4 were used

or the scaffolds. The solutions were heated at 60 ◦C for 30 min.
fter cooling, the protein solutions at room temperature for 1 h,
aCl2 (25 mM)  and DTT (25 mM)  were added and the mixtures were
tirred to homogenize the samples. The resulting solutions were
ast on 24-well plates, left gel overnight and frozen at −20 ◦C for

 days and freeze dried for 3 days to remove the solvent completely.

esulting scaffolds with a diameter of 14 mm and a height of 9 mm
ere macroscopically opaque white and robust enough to be eas-

ly handle without breaking during experiments (Fig. 1). Scaffolds
ere kept at room temperature until further use.
experiments, each with triplicates.

Total protein content (4.19% w/v  of BSA and 0.69% w/v of
casein) of scaffolds was  previously determined regarding optimal
responses for in vitro degradation, swelling ratio, porosity, pore size
and cell viability [4]. The new set of scaffolds were obtained by
incremental substitution of BSA by HSA while maintaining constant
the amount of casein. For a better comprehension of the degree of
substitution the maximum amount of BSA (4.19%) was defined as
100% and casein was  omitted from the formulation. The incremen-
tal replacement of BSA by HSA resulted in five BSAx/HSAy scaffolds:
BSA100%, BSA75%HSA25%, BSA50%HSA50%, BSA25%HSA75% and
HSA100%.

2.3. Contact angle

Contact angle measurements (sessile drop in dynamic mode)
were performed at room temperature in a Data Physics OCA20
device using ultrapure water as test liquid. The contact angles were
measured by depositing ultrapure water drops (3 �l) on the sample
surface and analyzed with SCA20 software. At least five measure-
ments in each sample were performed in different scaffold surface

locations and the average contact angle was taken as the result for
each sample.
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Fig. 3. SEM micrographs of BSA25% HSA75% sca

.4. Swelling degree

The degree of swelling was assessed by measuring the differ-
nce in weight between dry and swollen samples. The dry scaffolds
ere immersed in PBS at pH 7.4 at 37 ◦C for 24 h. After removal of

xcess of buffer, the wet weight of the scaffolds was  determined.
he swelling degree was calculated as follows and expressed in
erms of percentage to the dry sample:

wellingdegree (%) =
(
Ws  − Wd

Wd

)
× 100

here Ws  is the mass of the swollen material, and Wd  is the initial
ry mass.

.5. In vitro degradation

The set of scaffolds were incubated at 37 ◦C in PBS at pH 7.4, for
5 days. Solutions were changed every 24 h and at designated time
oints, samples were washed thoroughly with distilled water, dried

n a desiccator, and weighed to estimate the extent of degradation
y the following equation:

eightloss (%) =
(
mi  − mf

mi

)
× 100

here mi is the initial dry mass of the sample and mf is the final dry
ass.

.6. Scaffolds porosity

The porosity of the scaffolds was determined in the swollen state
n water using the following equation

orosity (%) =
(
Ws  − Wd

dwater

)
× 100
V

here Ws and Wd are the mass of the swollen and lyophilized scaf-
old, respectively, dwater is the density of pure water, and V = (�r2h)
s the measured volume of the scaffold in the swollen state. All mea-
urements were taken 24 h after soaking the scaffolds in water at
7 ◦C using a paquimeter. Excess surface water was  removed with

 filter paper before each measurement.

.7. Microstructural morphology

Freeze-dried BSAx/HSAy scaffolds were fractured after immer-

ion in liquid nitrogen. All samples were coated with 80%Au and
0% Pd and observed at 5.0 kV with SEM (NOVA NanSEM 200 FEI).
he mean pore size and wall thickness was estimated using Image

 software with at least 10 pores in three different spots.
: General view (A) and cross-sectional view (B).

2.8. Secondary structure analysis

Infrared (FTIR) spectra were acquired at room temperature with
a FTIR Spectrum BX (Perkin Elmer) with attenuated total reflec-
tion mode (ATR) Miracle (Pike). FTIR spectra were collected after
16 scans with a resolution of 4 cm−1 from 4000 to 600 cm−1.

FTIR-derived convoluted curves, corresponding to Amide I spec-
tral interval of [1600; 1720] cm−1, were processed in “Feat Peaks
(Pro)” routine of “Peak Analyzer” menu in OriginPro software,
v.8.5.0 (OriginLab Corporation, USA). For each convoluted curve, no
smoothing was performed prior to fitting. The baseline subtraction
was followed by a multiple pass fit. Discrete initial peak spectral
positions, used for fitting, were identified by a Second Derivative
built-in method. The secondary conformational data, resulting from
individual peaks, were obtained based on the reported peak assign-
ments [13].

2.9. Dynamic Mechanical Analysis (DMA)

The viscoelastic measurements of the scaffolds were performed
using a TRITEC8000B DMA  (Triton Technology, UK), equipped
with the compressive mode. All samples were immersed in PBS
overnight before measurement. DMA  spectra were obtained during
a frequency scan ranging between 0.1 and 10 Hz for all time points.
The experiments were performed under constant strain amplitude,
corresponding to approximately 1% of the original height of the
sample. Samples were tested under close physiological conditions,
i.e.  immersed in PBS and at 37 ◦C.

2.10. Cell culture

The BJ-5ta cell line (normal human skin fibroblasts immortal-
ized by overexpression of telomerase) was  maintained according to
ATCC recommendations (four parts of Dulbecco’s modified Eagle’s
medium (DMEM) containing 4 mmol/l-glutamine, 4.5 g/L sodium
bicarbonate and 1 part of Medium 199, supplemented with 10%
(v/v) of fetal bovine serum (FBS), 1% (v/v) of penicillin/streptomycin
solution and 10 �g/ml hygromycin B). Cells were maintained at
37 ◦C in a humidified atmosphere with 5% CO2 and culture medium
was replaced every 2 days.

2.11. Cytotoxicity evaluation
BJ-5ta cells were used as model of general cytotoxicity. Cyto-
toxicity induced by degradation products and leachables from the
scaffolds was evaluated by exposing cells to culture medium con-
ditioned by 24 h contact with the scaffolds.
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Fig. 4. Secondary structural conformations of the scaffolds elucidated by “de-
convolution” of Amide I spectral region. Casein, BSA and HSA correspond to the
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Table 1
Contact angle of the scaffolds performed at room temperature with ultrapure water
as test liquid.

Scaffold 0′′ 15′′ 30′′ 45′′ 1′

BSA100% 98.4 ± 1.1 92.4 ± 2.3 90.8 ± 2.1 85.9 ± 1.3 85.7 ± 4.1
BSA75%HSA25% 98.9 ± 2.5 93.7 ± 1.1 93.3 ± 4.5 87.1 ± 1.1 84.9 ± 3.7

are several studies which demonstrate that optimal contact angle
◦

ontrols. The variations of BSA and HSA content of the scaffolds are denoted by
umbers, following the abbreviations.

Scaffolds were disinfected by immersion (3X) in PBS supple-
ented with 1% (v/v) PS for 20 min. The conditioned media were

btained by incubating the disinfected scaffolds in 2 ml  of medium
t 37 ◦C in a humidified atmosphere of 5% CO2 for 24 h.

Cells were seeded at a density of 10 × 103 cells/100 �l/well
n 96-well tissue culture polystyrene (TCPS) plates (TPP,
rasadingen, Switzerland) the day before experiments and then
xposed to the conditioned medium and further incubated.
t the end of 24 and 48 h of contact, metabolic viability
as assessed using the MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-

iphenyltetrazoliumbromide) assay [14].

.12. Cell culture in the scaffolds

The influence of scaffold composition on skin fibroblasts cell
roliferation was assessed by quantifying DNA content.

The BSAx/HSAy disinfected scaffolds were equilibrated for 24 h
n medium without FBS at 37 ◦C in a humidified atmosphere of
% CO2. The scaffolds were gently placed in 24-well (TCPS) plates
TPP, Trasadingen, Switzerland) then 200 �l of cell suspension
5 × 105 cells/ml) were loaded onto the upper side of each scaffold
nd allowed to infiltrate into the scaffold. After 1 h incubation, 1 ml
f fresh medium was added to each scaffold and the plate was incu-
ated at 37 ◦C with 5% CO2 for either 120 or 192 h. Half of culture
edia was renewed every 2 days.

At the end of each time point, cells/scaffold constructs were
ollected, rinsed twice with warm PBS. Cells were collected by incu-
ation of the cells/scaffold constructs with trypsin. To ensure the
ollection of all cells from the scaffold the constructs were incu-
ated 3 times in trypsin. Cell proliferation was assessed in terms
f DNA content quantified with Hoechsts 33258 (Invitrogen, CA) as
reviously described [4].

.13. Statistical analysis

Data are presented as average standard deviation (SD), n = 3.
tatistical comparisons were performed by one-way ANOVA with
raphPad Prism 5.0 software (La Jolla, CA, U.S.A.). Tukey’s posthoc
est was used to compare all the results between them, and a Dun-
et’s test was used to compare the results with a specific control.

 P-value of < 0.05 was considered to be statistically significant.
BSA50%HSA50% 95.3 ± 1.3 84.6 ± 1.3 75.9 ± 3.8 40.6 ± 3.3 –
BSA25%HSA75% 83.7 ± 3.4 79.4 ± 2.3 65.0 ± 6.2 20.9 ± 1.6 –
HSA100% 80.6 ± 0.7 60.7 ± 4.5 – – –

3. Results and discussion

The ideal choice of both cell and scaffold sources varies in rela-
tion to the specific tissue to be engineered, and these are intrinsic in
effective tissue engineering. The production of an engineered tissue
in vitro requires the use of cells to populate matrices and produce
matrices resembling that of the native tissue [15]. The cells can be
isolated from the tissue of the patient however more recently stem
cells that will differentiate into the target tissue are widely used.

Regardless of the source of the cells, the physical properties of
the scaffolds are crucial for the success of a tissue engineering strat-
egy, as they should match or mimic  the physical properties of the
target tissue.

Usually tissue engineering research focuses on the design and
development of scaffolds for a specific type of cells. The novelty of
the work presented here focuses on the design of a tunable scaf-
fold formulation that can support the adhesion and proliferation of
different types of cells.

Setting the BSA4.19%/Casein0.69% scaffold formulation defined
as BSA100%, which previously demonstrated to be suitable for
tissue engineering applications [4], as the starting formulation, a
set of five scaffolds (BSA100%, BSA75%HSA25%, BSA50%HSA50%,
BSA25%HSA75% and HSA100%) were obtained by the incremental
replacement of BSA by HSA.

The BSAx/HSAy scaffolds (Fig. 1) were fully characterized
regarding their physical properties and ability to support cell
growth. Furthermore, their mechanical performances in terms of
storage modulus and loss factor were compared with the mechan-
ical performances of several types of tissues described in the
literature to check the tunability of the scaffold formulation and
its potential to be used for different tissue types.

3.1. Contact angle

As surface hydrophobicity is related to differential cell adhe-
sion, indirectly through protein binding, it is of particular interest
to study and understand the materials’ surface behavior in con-
tact with hydrated media. An adequate level of surface wettability
is desirable for optimal cell attachment or releasing since the dif-
ferential adsorption of cell interactive glycoproteins from serum
containing media, depend on surface hydrophobicity [16].

The surface wettability of the BSAx/HSAy scaffolds was  assessed
by measuring the contact angle through spread of a water droplet.
In Table 1 are presented the water contact angle values obtained
for each scaffold.

Considering the porous surface of the scaffolds which creates
a capillary effect influencing the precision of contact angle mea-
surements, only time zero was considered for better comparison
between scaffolds.

Cell adhesion into scaffolds depends on several parameters
which vary depending on the type of cells to be seeded. Despite
there is not an ideal contact angle that promotes cell adhesion there
values should be within 60 and 80◦ [17,18].
At time zero, the BSA25%HSA75% and HSA100% scaffolds pre-

sented contact angles of almost 80◦, close to the optimal conditions
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Table  2
Degree of swelling and in vitro degradation of the scaffolds incubated in PBS at pH
7.4  for 24 h and 15 days, respectively, at 37 ◦C.a

Scaffold Swelling degree (%) In vitro degradation (%)

BSA100% 876 ± 64 27.53 ± 1.87
BSA75%HSA25% 951 ± 156 29.77 ± 3.31
BSA50%HSA50% 1197 ± 102 37.34 ± 2.11
BSA25%HSA75% 1204 ± 150 41.54 ± 1.05
HSA100% 1221 ± 89 48.56 ± 2.55
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Table 3
Pore medium size and wall thickness determined by SEM micrographs observations
of scaffolds surface and cross-sectional views.a

Surface (�m) Cross-section (�m) Wall (�m)

BSA100% 117 ± 26 109 ± 18 4.94 ± 1.59
BSA75%HSA25% 121 ± 15 114 ± 20 4.91 ± 1.40
BSA50%HSA50% 114 ± 9 110 ± 14 4.90 ± 1.50
BSA25%HSA75% 105 ± 11 101 ± 10 3.24 ± 0.78

surface and in cross-sectional views. The results presented on
a Data reported as mean ± SD of three independent experiments, each with trip-
icates.

or cell adhesion and growth, while for the others BSAx/HSAy scaf-
olds the calculated water contact angle was above the optimal
ange. Nevertheless, within the first minute of contact, all the scaf-
olds had wet surfaces favorable for cell adhesion.

It is also possible to observe a general trend toward a decrease
n scaffold hydrophobicity increasing the replacement of BSA by
SA. The scaffolds with 100% BSA and 100% HSA were respectively

he more hydrophobic and more hydrophilic.
This difference in hydrophobicity of structures with BSA and

SA was described before by Egbaria and Friedman in 1992 when
sing different dyes. They suggested that BSA microspheres were
ore hydrophobic than HSA and ovalbumin microspheres [19].

Despite the high homology between the two albumins there are
ome differences; BSA has 582 amino acid residues while HSA has
85 and the net charge is −17 for the first and −15 for the second
20].

Regardless of these differences the decrease on hydrophobic-
ty when the BSA was replaced by HSA was most likely related

ith differences in amino acidic composition between the two
lbumins. HSA has only one tryptophan equivalent to a BSA trypto-
han, buried in a hydrophobic pocket, while BSA has one additional
ryptophan which is more exposed to solvents [20].

There is also a significant difference in the primary sequences
f the two albumins corresponding to the C-terminals and their
hree-dimensional arrangements. The C-terminal helical rod of HSA
s amphiphilic with the hydrophilic residues on a half-side of the
od and the hydrophobic ones on the other side. In contrast, the C-
erminal rod of BSA is rather hydrophobic as whole. This difference
omes from the fact that HSA has one more lysine and glutamic acid
esidues than BSA [21].

These differences, on the amino acidic content and distribution
n the primary sequence, could support the trend on the hydropho-
ic behavior of the BSAx/HSAy scaffolds.

.2. Swelling degree and in vitro degradation

The ability of a scaffold to swell in the presence of water
nfluences the absorption of body fluids and transfer of nutrients
nd metabolites in the cells milieu. The swelling, which strongly
epends on the hydrophobic nature of the constituent materials
nd microstructure of the scaffold, affects, apart from cell adhe-
ion and proliferation, scaffold’s degradation rates and mechanical
trength [22].

Therefore, the BSAx/HSAy scaffolds were characterized for
egree of swelling and in vitro degradation by immersion of the
caffolds in PBS pH 7.4 at 37 ◦C. The results regarding the swelling
egree after 24 h of incubation and in vitro degradation determined
t the end of 15 days are presented on Table 2.

As expected, considering the strong influence of hydrophobicity
n the analyzed parameters, there was an increase on the swelling

egree and in vitro degradation with the incremental substitution
f BSA by HSA. The HSA100% scaffold had the highest swelling
egree (1221 ± 89%) and in vitro degradation (48.56 ± 2.55%) which
HSA100% 102 ± 11 103 ± 10 3.04 ± 0.49

a Data reported as mean ± SD (n = 15).

was explained by the lowest hydrophobicity of this scaffold when
compared with the other BSAx/HSAy scaffolds.

A more hydrophilic material is more capable of uptaking water
which results in higher swelling degrees thus influencing the degra-
dation rates of systems constituted by the material. As HSA is more
hydrophilic than BSA, the scaffolds with higher HSA contents will
be able to swell more and will present higher degradation rates as
consequence of the greater affinity of HSA towards water.

Scaffolds’ degradation profiles should allow cells to adapt to the
body environment and ideally match the rate at which the extracel-
lular matrix replaces the scaffold while maintaining its mechanical
properties and porosity.

Despite the distinct final degradation ratios there were no dif-
ferences across the degradation profiles of the BSAx/HSAy scaffolds
(Fig. 2).

After one day of incubation the degradation rates were around
20% with some variation according to the different scaffold
hydrophobicity. The degradation rates were maintained between
20 and 30% until day 7 with a slight increase for all the scaffolds.
From this day up to the final time point, the degradation profiles
were more pronounced mainly for the scaffolds with higher HSA
content.

Previously we have shown the influence of BSA and casein
amount as well the pH at which the scaffolds were prepared in
the swelling properties and in vitro degradation rates [4]. As the
total amount of protein was maintained constant throughout the
set of the BSAx/HSAy scaffolds, the differences in swelling degrees
and in vitro degradation rates can be attributed to the replacement
of BSA by HSA, which confirms the role of the scaffolds’ hydropho-
bicity on the respective swelling degrees and degradation rates.

3.3. Microstructural morphology and porosity

Pore structure must be considered when developing scaffolds
for tissue engineering as they should have a porous architecture
with high surface area for maximum cell loading and cell-matrix
interactions, as well as nutrient and oxygen flow [23].

If pores are too small, apart from a limited diffusion of nutrients
and waste, cell migration is limited, which results in the forma-
tion of a cellular capsule surrounding the scaffold. On the other
hand, if pores are too large, the surface area is reduced which lim-
its cell adhesion [24]. Pore morphology also affects the scaffold
degradation kinetics and the mechanical properties.

The porosity of BSAx/HSAy scaffolds was quantified in the
swollen state after soaking the samples in water at 37 ◦C for
24 h. The protein based scaffolds showed porosity values between
81.8 ± 2.3% and 85.3 ± 3.4%. Despite the differences were not sig-
nificant, there was  a slight increase in the porosity of the scaffolds
with increasing the degree of substitution.

The pore sizes and respective wall thickness of BSAx/HSAy
scaffolds were measured analyzing SEM micrographs both at the
Table 3 showed a tendency, although not significant, towards
reduced pore sizes and thinner walls with increasing HSA con-
centration. Such relation was  most likely due to the higher
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Fig. 5. Storage modulus (E′) and loss factor (tan �) value

ydrophilicity of the human albumin. For the same volume, a mate-
ial which is more hydrophilic will become more distributed when
n contact with water than a hydrophobic material. The thinner

alls of BSA25%HSA75% and HSA100% scaffolds resulted in a wider
istribution of the proteins leading to the formation of smaller
ores with consequent increased surface area of contact with water.

Independently of the degree of substitution of BSA by HSA,
he pore size, shape and distribution were homogeneous both at
he surface and in the cross-section. The porous structure of the
SA25%HSA75% scaffold observable in the SEM micrographs in
ig. 3 shows its high porosity and the uniformity of the microstruc-
ure. The other BSAx/HSAy scaffolds also presented a highly porous
nd uniform microstructural morphology (data not shown).

.4. Scaffolds’ proteins secondary structure

Amide I spectral shape is known to possess good sensitivity to
he amount and type of secondary structures, and is not strongly
nfluenced by side chains [25]. Amide I vibrational spectra are
herefore commonly used in secondary structure determinations.
nconsistencies in FTIR measurement and the treatment of acquired
ata, found in different papers dealing with lyophilized BSA [26],
AS [27] and casein [28], forced us to use the protocol, described in
ethods. Although the ultimate band assignment was  performed

ccording to Kong [13], the results presented in the three aforemen-
ioned reports were also considered. The resulting discrete peaks,
heir respective contribution to the overall FTIR-derived curves and
he corresponding structural assignments are presented on Table 4.

Four types of resulting protein conformations are presented in
ig. 4. Random is defined as unordered conformation; Helical can
e either �- or 310-helix; b-turned is generally associated with
-sheets, as they can serve as �-sheet folding centers. The dense
ydrophobic structure of �-sheet is designated as “b-Sheated”.
Fig. 4 reveals a tendency towards less stable structure when
omparing the BSA control (unblended) with the HSA control
unblended). It is worth noticing that the helical structure, defined
or all the scaffolds, except BSA-control, is 310-helix. For BSA-
he scaffolds, obtained under immersion in PBS at 37 ◦C.

control the �-helix is considered more stable than the 310
intermediate conformation [29].

Despite the tendency between the controls, a less pronounced
tendency towards destabilization is observed in the BSA/HSA/CAS
blended group.

BSA100% is unusually low in terms of �-related, hydrophobic
content. However, starting from BSA75% towards a subtle but con-
stant decrease in hydrophobic content is seen. Indeed, it was clearly
demonstrated by swelling degree analysis and in vitro degradation
that lower BSA content leads to a less stable scaffold. Yet, during
the lyophilization, cold unfolding [30] and related protein reorga-
nizations [31] occur, resulting in apparent structural uniformity, as
reported by FTIR-derived analysis. Moreover, several unique fea-
tures of the produced scaffolds, like porosity and thickness cannot
be evaluated by the secondary structural analysis, yet they signifi-
cantly influence other tested parameters.

3.5. DMA

Cells that constitute most biological tissues require attachment
to solid substrates to be viable (adherent cells). These solid sub-
strates are usually viscoelastic, i.e.,  their behavior has an elastic
component, and they also show the ability to absorb mechanical
energy (viscous component). In the human body, the range of elas-
tic modulus and damping properties found in different tissues is
wide. The classification of solid tissue includes stiff tissues (bone
and teeth), hard connective tissues (cartilage and intervertebral
discs), as well as soft tissues (skin, brain and adipose tissue). The
damping properties of some human tissues were studied and it was
concluded that practically all tissues are viscoelastic [32] and their
damping properties vary according to the organ function.

We applied factorial design in order to study the effect of sub-
stituting BSA by HSA in the set of scaffolds. DMA  is an adequate

tool to characterize the viscoelastic properties of polymeric mate-
rials. Experiments were performed in a hydrated environment and
body temperature, in an array of biologically relevant frequencies,
in order to assess how samples behave in physiological-like envi-
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Table  4
Resulting discrete peaks, their respective contribution to the overall FTIR-derived curves and the corresponding structural assignments.

Scaffold Deconvoluted data Deconvoluted data assignment

Peak center, cm− Area occupied, % �-Sheated (�-)Turned Helical Random

Casein 1614 11 +
1621 8 +
1627 9 +
1634 8 +
1644 20.5 +
1651  3.5 +
1659  17 +
1667  2.5 +
1673 8.5 +
1681 2 +
1687 10 +

BSA 1617 13 +
1623 4 +
1635 24 +
1645 10 +
1651  1 +
1657  26 +a

1667 0.5 +
1672 9 +
1681 0.5 +
1686 12 +

BSA 100% 1614 11 +
1620 6 +
1625 0.5 +
1632 20.5 +
1644 18 +
1652  8.25 +
1660  12.5 +
1668  4.25 +
1674 4.5 +
1682 14.5 +

BSA 75% HSA 25% 1614 12.5 +
1622 8 +
1634 22.5 +
1644 10 +
1652  13 +
1660  6.5 +
1667  13.5 +
1676 1 +
1682 13 +

BSA 50% HSA 50% 1608 6 +
1613 1 +
1622 17 +
1634 16.5 +
1644 12.5 +
1651  6 +
1658  14.5 +
1667  15 +
1676 4 +
1688 7.5 +

BSA 25% HSA 75% 1614 12.25 +
1622 10 +
1634 20 +
1644 11.3 +
1652  12.5 +
1660  7.6 +
1668  12.3 +
1682 14 +

HSA 100% 1614 12 +
1622 11.3 +
1634 19 +
1644 6.7 +
1652  16.5 +
1658  12 +
1668  8.5 +
1682 14 +
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Table 4 (Continued)

Scaffold Deconvoluted data Deconvoluted data assignment

Peak center, cm− Area occupied, % �-Sheated (�-)Turned Helical Random

HSA 1612 6 +
1623 12.5 +
1626 3 +
1634 12 +
1644 19 +
1651 8 +
1658 13.5 +
1666 6.5 +
1674 7.5 +
1684 12 +

a The only �-helix was encountered for BSA control sample.

Fig. 6. BJ-5ta cell viability measured by MTT  assay at 24 and 48 h of culture with
undiluted conditioned medium pre-conditioned by contact with scaffolds for 24 h.
The  data represents mean ± SD of three independent experiments, each with trip-
l
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Fig. 7. Cell adhesion and growth on the scaffolds 5 and 8 days after seeding. The
number of cells in each sample was  indirectly measured by interpolation of their rel-
ative fluorescence, given by DNA intercalating probe Hoechst 33258 against a DNA

F
s

icates. �P ≤ 0.001 when compared with negative control 24 h, εP ≤ 0.001 when
ompared with negative control 48 h, ıP ≤ 0.01 when compared with negative con-
rol 48 h.

onment. Both storage (elastic) modulus, E′, and the loss factor, tan
 were obtained at different frequencies and are presented in Fig. 5.
′ is a measure of the materials’ stiffness while loss factor is the ratio
f the amount of energy dissipated (viscous component) relative to
tored energy (elastic component), tan � = E′/E′′.

′
The BSA100% scaffolds showed the highest E values (e.g.,
6 ± 26 kPa at 1 Hz) which were kept almost constant along the
requency range. Elastic modulus in this range can be found in the
steoid (i.e.  pre-mineralized bone) [33] and in cartilage [34]. These

ig. 8. Optical (A) and Fluorescence microscopy analyses of BJ-5ta cells seeded in the B
caffold after trypsinization (A) and nuclei of cells growing in the scaffolds stained with H
standard curve. The data represents mean ± SD of two independent experiments,
each with triplicates.

scaffolds showed a loss factor value of 0.20 ± 0.04, within the range
of tan � typical of bone [35,36]. The substitution of 25% BSA by HSA
in the total mass of the scaffold (BSA75%HSA25% scaffold) led to a
statistically significant decrease in the value of E′ (e.g., 40 ± 2.9 kPa
at 1 Hz). These values are in the range of what was previously
measured in muscle [37]. The E′ values were kept approximately
constant along the frequency range. An increase in the loss factor

value for the BSA75%HSA25% condition to 0.6 ± 0.27, at 1 Hz, was
observed, showing an increase in the viscous component of these
scaffolds.

SA25%HSA75% scaffold after 8 days of incubations: Cells being removed from the
oechst 33258 (B).
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A drastic reduction in the values of E′ was observed upon the
ubstitution of 50% of BSA. E′ values decreased one order of mag-
itude, to 3.0 ± 0.1 kPa at 1 Hz. The successive additions of HSA,
orresponding to 75% and 100% of substitution on the albumin
ass, led to a decrease of E′, to 1.7 ± 0.8 kPa and 1.4 ± 0.4 kPa,

espectively. These values are similar to the measured for neural
issue [33,38] and human skin, epidermis from both the thighs and
orearm [39], and dermis [40].

.6. Cell viability and proliferation

Ideally a scaffold should facilitate cell attachment and prolif-
ration. Nonetheless the biocompatibility of the materials which
omposes the scaffold is critical. Neither the substrate materials nor
ts degradation by-products should elicit an inflammatory response
or demonstrate cytotoxicity [1].

To evaluate the cytotoxicity induced by constituents and
eachables from the BSAx/HSAy scaffolds, BJ-5ta fibroblasts were
xposed to undiluted culture medium pre-conditioned by contact
ith the scaffolds for 24 h.

The results of the indirect contact study after fibroblasts incu-
ation for 24 and 48 h with materials’ leachables, depicted in Fig. 6,
howed some variations and trends in cell viability along time and
ith the degree of replacement of BSA by HSA.

There was  a general decrease in cellular metabolic activity
ith exposure time, with statistical significance for BSA75%HSA25%

P ≤ 0.01) and BSA50%HSA50% (P ≤ 0.001) scaffolds when compar-
ng 24 h with 48 h of incubation. Besides scaffold composition, as
ong term effect, the reduction in viability could be related with
he degradation of nutrients from the culture medium since it was

aintained at 37 ◦C during pre-conditioning.
Furthermore, more extensive replacement had a positive effect

n cell viability. Fibroblasts in contact with the HSA100% scaf-
old leachables had similar viability as compared to fibroblasts in
ontact with unconditioned medium (negative control). The trend
owards higher cell viability with increasing HSA content supports
he purpose of replacing the BSA by HSA on the original scaffold
ormulation.

Despite the variations in cell viability with time of incubation
nd degree of replacement, the values obtained with the indirect
ontact showed that the products and leachables released from the
SAx/HSAy scaffolds were not significantly toxic to cells.

To evaluate how BSAx/HSAy scaffolds support cell adhesion and
roliferation, BJ-5ta foreskin fibroblasts were seeded on the scaf-

olds and grown for 5 and 8 days. Cell proliferation was determined
n terms of DNA content measured with Hoechst 33258, a DNA
ntercalating fluorescent probe. The number of cells in each scaffold

as indirectly measured by interpolation of the relative fluores-
ence value against a DNA standard curve (Y = 0.0002X + 23.129;
2 = 0.986) constructed using known numbers of cells.

Fig. 7 shows the proliferation profile of BJ-5ta fibroblasts seeded
n the BSAx/HSAy scaffolds, after 5 and 8 days of cell culture.

Fig. 7 demonstrates that the degree of substitution of BSA by
SA had a positive effect on BJ-5ta cell attachment and prolifera-

ion, after 5 and 8 days of incubation. This effect was  more evident
hen comparing the BSA100% and BSA75%HSA25% scaffolds with

he scaffolds with the highest degrees of substitution. Nevertheless,
n both time points all the scaffolds were suitable for cell culture.

For the BSA25%HSA75% and HSA100% scaffolds despite notice-
ble difference in cell number between the two, was  not statistically
ignificant.

The improvement in foreskin fibroblasts growth within the

caffolds may  be attributed to the increased hydrophilicity of the
caffolds with more extensive replacement of BSA, to the surface
rea provided by the scaffolds as well as to the viscoelastic proper-
ies of the scaffolds.
ical Macromolecules 89 (2016) 535–544 543

The BSA25%HSA75% and the HSA100% scaffolds presented con-
tact angles around 80◦, within the described optimal contact
angles for cell adhesion [17,18]. These scaffolds also presented
the smallest pores thus providing higher surface areas. Hence the
BSA25%HSA75% and HSA100% scaffolds probably stimulated the
initial cell adhesion, resulting in a higher number of fibroblasts able
to proliferate when compared to the other scaffolds.

Besides appropriate hydrophilicity and surface area, which
influences the affinity of the scaffolds for cell attachment and prolif-
eration, the BSA25%HSA75% and HSA100% scaffolds showed Elastic
modulus similar to those measured for human skin, epidermis from
both thighs and forearm [39], and dermis [40].

Considering the great influence of scaffold stiffness on cell
behavior and ultimately in tissue quality, the results of adhesion
and proliferation were consistent with the seeded cells. Regarding
the viscoelastic properties these scaffolds were the most indicated
for BJ-5ta foreskin fibroblasts.

At the end of 8 days of incubation, there was  an increase in the
number of cells growing in the BSAx/HSAy scaffolds, indicating that
these scaffolds, regardless of the described differences, support cell
adhesion and proliferation (Fig. 8).

4. Conclusions

This study has provided additional insight to what is described
in the literature on the influence of composition on the physi-
cal properties of scaffolds as in cell adhesion and proliferation.
The replacement of bovine by human albumin on the formulation
results in scaffolds with higher surface wettability, higher degree
of swelling, higher in vitro degradation and smaller pore size and
wall thickness.

As the total concentration of protein in the scaffolds was main-
tained constant, the differences between the scaffolds were directly
related with the degree of substitution of BSA by HSA.

Moreover, we showed that by varying the proportion of
BSA/HSA, it was  possible to obtain scaffolds with viscoelastic prop-
erties close to some native tissues, which was supported by the cell
adhesion and proliferation results using foreskin fibroblasts.

Also, the results suggested that by exploring more BSA/HSA
ratios it may  be possible to tailor with more precision scaffolds
with viscoelastic properties similar to distinct tissues. This would
facilitate the integration of the scaffold in a particular tissue, as
the cells are in contact with an environment similar to the original
tissue. Furthermore, immediately after implantation the construct
it would show a mechanical/viscoelastic response similar to the
original organ.

In conclusion, using the Ca2+-induced cold gelation and varying
the scaffolds formulation taking into account the balance between
the hydrophobicity and hydrophilicity of its constituents, is here
described as a useful approach for the development of tunable scaf-
folds for tissue engineering and tissue restoration of several types
of tissues and organs.
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