
Materials Science & Engineering C 120 (2021) 111784

Available online 10 December 2020
0928-4931/© 2020 Elsevier B.V. All rights reserved.

Ohmic heating as a new tool for protein scaffold engineering 
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A B S T R A C T   

Ohmic heating (OH) is recognised as an emerging processing technology which recently is gaining increasing 
attention due to its ability to induce and control protein functionality. In this study, OH was used for the first 
time in the production of scaffolds for tissue engineering. BSA/casein solutions were processed by OH, promoting 
protein denaturation and aggregation, followed by cold-gelation through the addition of Ca2+. The formation of 
stable scaffolds was mostly dependent on the temperature and treatment time during OH processing. The var-
iations of the electric field (EF) induced changes in the functional properties of both gel forming solutions and 
final scaffolds (contact angle, swelling, porosity, compressive modulus and degradation rate). The scaffolds’ 
biological performance was evaluated regarding their ability to support the adhesion and proliferation of human 
fibroblast cells. The production process resulted in a non-cytotoxic material and the changes imposed by the 
presence of the EF during the scaffolds’ production improved cellular proliferation and metabolic activity. 
Protein functionalization assisted by OH presents a promising new alternative for the production of improved 
and tuneable protein-based scaffolds for tissue engineering.   

1. Introduction 

Ohmic heating (OH) is an emerging technology with great potential 
and applicability in the food and biotechnological industry [1–4]. This 
technology relies on the passage of electric current on a semi-conductive 
matrix (e.g. foodstuff or biomaterial), resulting in direct heat deposition 
and, thus, in a fast and homogeneous heating with high energetic effi-
ciency [5]. Furthermore, the use of OH demonstrated the capacity to 
induce specific changes in biomolecules resultant from the action of the 
altering electric field. In fact, the action of moderate electric fields (MEF) 
associated with OH technology has been gaining interest in protein 
functionalization, namely by their ability to disturb the protein- 
unfolding pathways, promote specific structural changes, and influ-
ence the protein’s aggregation and gelation profiles. The use of OH can 
changes protein structure and its interactions, affects the size and shape 
of protein’s aggregates, and thus gives rise to protein-based systems with 
a distinctive morphologies, viscoelastic behaviour, water retention and 
swelling behaviour [6–9]. All of this suggests that OH can be exploited in 
inducing and controlling supramolecular structure formation by glob-
ular proteins, assisting in the development of distinctive protein-based 
systems. 

There is a growing interest on the use of proteins as building-blocks 
for the development of biomedical applications, such as controlled 

delivery systems and scaffolds for tissue engineering [10–13]. Particu-
larly regarding scaffold production, several fabrication techniques – e.g. 
freeze-drying, solvent casting, foaming, electrospinning or 3D printing – 
have been used to attain desired functional properties [14,15]. Associ-
ated with these fabrication techniques, protein functionalization is a 
necessary step, being usually achieved by chemical modification, 
enzymatic hydrolysis or crosslinking through the use of strong reducing 
agents. The use of these strategies may bring negative implications since 
some of these agents and modifications present toxicity or low 
biocompatibility issues [14,16,17]. Physical modification of proteins 
and other methodologies to control protein aggregation and gelation 
offer interesting possibilities on the formation of protein-based systems 
with improved performances. Despite the literature available on the 
subject in other areas (e.g. food-related applications), the process is yet 
to be fully exploited in biomaterials and biomedical applications. A 
particular methodology often used to create protein gels is the cold- 
induced gelation, where proteins in solution are denatured and aggre-
gate, followed by a gelation induction step at room temperature. Gel 
formation is achieved by changing the electrostatic balance of these 
aggregates suspensions by modifying the solution’s pH or by adding 
salts, resulting in enhanced protein/aggregates interactions and, there-
fore, in the formation of a network yielding a gel [18,19]. The possibility 
of independently controlling the processes of aggregation and gelation, 
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allows the gel to be casted onto an intended shape and results on highly 
tuneable gels with distinctive characteristics [20,21]. Ribeiro et al. 
[22,23] have successfully adopted this process to develop scaffolds for 
tissue engineering, using a combination of globular proteins - i.e. bovine 
serum albumin (BSA) or human serum albumin (HSA) - and alpha- 
casein, a smaller and amorphous protein. The developed process relied 
on a mild thermal processing and the use of ditiotreitol (DTT) as a 
reducing agent in order to further destabilize the protein structure, 
followed by Ca2+ addition to induce crosslinking. In fact, DTT is 
commonly used in gel preparation processes and has been applied to the 
development of scaffolds and other biomedical applications [24,25]. 
However, DTT by itself or in synergy with other media constituents may 
compromise cell viability and needs to be eluted from the scaffolds 
[26–28]. Alternatively, the initial denaturation step could be optimized 
to potentiate protein-protein interactions and improve the gelation 
process, possibly eliminating the use chemical agents such as DTT. 

In view of this possibility, the present study intended to explore the 
potential of OH to assist the production of protein-based scaffolds for 
tissue engineering, previously established by Ribeiro et al. [22]. It was 
our goal to optimize the thermal treatment conditions in order to pro-
mote the formation of stable scaffolds without the use of reducing 
agents. Along with this optimization, the use of OH, its potential to tune 
protein functional properties and its impact in the performance of the 
scaffolds was evaluated for the first time. 

2. Materials and methods 

2.1. Materials 

All reagents were of analytical grade and purchased from Merck-
Sigma (Spain). BSA and casein sodium salt from bovine milk were used 
without further purification and milli-Q water was used for the prepa-
ration of all solutions. 

2.2. Preparation of the scaffolds 

The scaffolds were obtained by salt-induced cold gelation in the 
presence of calcium chloride (CaCl2) at pH 7.07. Shortly, protein solu-
tions of BSA in water and casein in Tris 5 × 10− 2 mol.L− 1, pH 7.4, were 
prepared separately and mixed to the final concentration of 4.19% (w/v) 
of BSA and 0.69% (w/v) of casein. The solutions were thermally treated 
to promote protein denaturation and aggregation; cooled down to room 
temperature for 1 h and finally CaCl2 (to a final concentration of 0.1 mol. 
L− 1) was added. The mixtures were stirred to homogenize the samples, 
and were casted on 48-well plates and left gel for 12 h. The samples were 
frozen at − 20 ◦C and freeze dried to remove the solvent completely. The 
resulting scaffolds with a diameter of 10 mm and a height of 5 mm were 
kept on a desiccator at room temperature until further use. 

2.3. Thermo-electric treatments and experimental design 

Thermal treatments were performed in a double-jacketed glass cyl-
inder containing stainless steel electrodes at each edge, as described by 
Rodrigues et al. [29]. For conventional heat exchange treatments (where 
no EF was applied) temperature was controlled by circulating water in 
the vessel jacket from a thermo-stabilized water bath. For the OH 
treatments, the temperature was controlled by regulating the voltage 
output of a function generator at an electrical frequency of 25 kHz (1 
Hz–25 MHz and 1–10 V; Agilent 33220A, Penang. Malaysia) which was 
then amplified in an amplifier system (Peavey CS3000, Meridian, MS, 
USA). Temperature was measured with a type K thermocouple (Omega 
Engineering, Inc., Stamford, CT, USA), connected to a data logger (USB- 
9161, National Instruments Corporation, Austin, TX, USA). The samples 
were magnetically stirred during the treatments to ensure homogeneity. 

In order to optimize the scaffolds’ production conditions, some 
preliminary tests were undertaken using a Box-Behnken design with 3 

factors in 3 levels. The factors selected were temperature, treatment 
time and EF applied, on intervals of 70 to 85 ◦C, 5 to 30 min and 0 to 40 
V.cm− 1, respectively. These conditions were selected based on the 
following criteria: 70 ◦C is the denaturation temperature of BSA and 
85 ◦C was found to be the limit temperature before the occurrence of the 
thermal gelation of the protein solutions; the maximum treatment time 
was 30 min as this was the time necessary to reach equilibrium in the 
aggregation process; the maximum EF of 40 V.cm− 1 was established by 
the maximum voltage output yielded by the system, given the electric 
conductivity of the solution and the defined temperature range. The 
response variables for the optimization were the in vitro degradation, 
swelling and porosity of the obtained scaffolds. These criteria were 
selected since it was aimed at obtaining stable structures with maximum 
porosity (to loge cells) and high swelling ratio to uptake culture me-
dium, thus allowing cellular growth. The desirability function analysis 
(DFA) derived from the model was applied to estimate a desirability 
value, i.e. a measure of how close the fitted value is to a desired value 
within pre-established limits [30]. 

2.4. Characterization of the gel-forming solutions 

In order to improve the understanding of the EF effects on the protein 
denaturation and aggregation process, a characterization of the gel- 
forming solutions was performed after the OH treatments. 

2.4.1. Fluorescence determination 
Fluorescence determinations were performed on the fluorescence 

instrument Aqualog (HORIBAJobin Yvon, Inc. Japan). Intrinsic fluo-
rescence of the protein solutions was determined by exciting the Trp in 
the samples at 295 nm and recording the emission from 300 to 450 nm. 
8-anilino-1-naphthalenesulfonic acid (ANS) was used as a conforma-
tional probe. ANS stock solution (1.2 × 10− 2 mol.L− 1) was prepared in 
methanol and added to the protein test solution at a final concentration 
of 5 × 10− 4 mol.L− 1. The mixture was excited at 370 nm the fluores-
cence emission at 480 nm was recorded. 

2.4.2. Determination of free thiol groups 
Free thiol groups (SH) determination was performed using Ellman’s 

DTNB (5.5′-dithiobis-(2- nitrobenzoicacid)) method [31]. On a glass test 
tube 2.5 mL of phosphate buffer (0.1 mol.L− 1, pH 8), 0.5 mL of protein 
solution and 100 μL of DTNB solution (5 × 10− 3 mol.L− 1) were mixed 
and allowed to react for 1 h at room temperature. The absorbance at 412 
nm was determined on a UV-VIS spectrophotometer (V-560, Jasco Inc., 
Tokyo, Japan). All determinations were performed in triplicate and the 
absorbance of the blank (using buffer instead of protein solution) was 
subtracted to each sample’s absorbance. 

2.4.3. Particle size determinations 
The hydrodynamic radius of the protein aggregates were determined 

by dynamic light scattering (DLS) using a Zetasizer Nano (ZEN 3600, 
Malvern Instruments Ltd., Malvern, U.K.) Samples of proteins aggre-
gates were diluted at 1:10 and 1 mL of the resulting dilute solution were 
poured into disposable sizing cuvettes, the temperature of the cell was 
maintained at 25 ± 0.5 ◦C during the measurement. The poly-dispersity 
index (PDI) derived from cumulant analysis of the DLS measurements 
was also evaluated, describing the width or the relative variance of the 
particle size distribution. All measurements were carried out at least in 
triplicate. 

2.5. Scaffolds characterization 

2.5.1. Functional properties and stability 

2.5.1.1. In vitro degradation. The obtained scaffolds were incubated in 
Phosphate-Buffered Saline (PBS) solution at 37 ◦C for a period of 15 
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days. Solutions were changed every 24 h and at designated time points, 
samples were recovered, washed with distilled water, dried in a desic-
cator, and weighed. The extent of degradation was estimated according 
to Eq. (1). 

Weight loss (%) =

((
mi − mf )

mi

)

× 100 (1)  

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

2.5.1.2. Swelling ratio. Dry scaffolds were submerged in PBS buffer at 
37 ◦C and left for 24 h. The samples were recovered, the excess of buffer 
was gently removed with a filter paper and the wet weight of the scaf-
folds was determined. The swelling ratio was calculated according to Eq. 
(2). 

Swelling ratio =
Ws − Wd

Wd
(2)  

where Ws is the mass of the swollen material, and Wd is the initial dry 
mass. 

2.5.1.3. Porosity. The porosity of the scaffolds was determined by a 
similar procedure to the swelling degree but using distilled water. The 
porosity values were obtained according to Eq. (3). 

Porosity (%) =

(
Ws − Wd

dw

)

×
100
V

(3)  

where Ws and Wd are the mass of the swollen and lyophilized scaffold, 
respectively, dw is the density of water, and V is the volume of the 
scaffold in the swollen state. 

2.5.1.4. Microstructural morphology. The samples were characterized 
using a desktop scanning electron microscope (SEM) (Phenom-World 
BV, Netherlands). All results were acquired using the ProSuite software. 
The samples were placed on aluminium pin stubs with electrically 
conductive carbon adhesive tape (PELCO Tabs™) and gently blown with 
compressed air to remove detached material; no coating was used on the 
imaging process. The aluminium pin stub was then placed inside a 
Phenom Charge Reduction Sample Holder. The analysis was conducted 
at 5 kV with intensity image. 

2.5.1.5. Contact angle. Contact angle measurements were performed in 
a Data Physics OCA20 device. The tests were conducted at room tem-
perature and ultrapure water was used as test liquid. The contact angles 
were measured by depositing water drops (3 μL) on the sample surface 
and analysed with SCA20 software. At least five measurements in each 
sample were performed in different scaffold surface locations and the 
average contact angle was taken as the result for each sample. 

2.5.1.6. Mechanical properties. Mechanical properties were determined 
by uniaxial compression measurements using a TA HD Plus Texture 
Analyzer (Stable Micro Systems. UK) with an aluminium 25 mm probe. 
Prior to mechanical tests, the scaffolds were hydrated in PBS for 24 h at 
room temperature, the excess of liquid was gently removed with filter 
paper and placed on the texture analyzer platform. At least 10 samples of 
each experimental condition were tested using a trigger force of 0.05 N 
and a crosshead speed of 1 mm.s− 1. 

The compressive modulus was calculated from slope of the linear fit 
of the stress–strain curve between 10 and 20% strain. 

2.6. Cell culture 

Normal human skin fibroblasts immortalized by overexpression of 
telomerase (BJ-5ta cell line) were maintained according to ATCC rec-
ommendations (four parts of Dulbecco’s modified Eagle’s medium 

(DMEM) containing 4 mmol/L-glutamine, 4.5 g.L− 1 sodium bicarbonate 
and 1 part of Medium 199, supplemented with 10% (v/v) of foetal 
bovine serum (FBS), 1% (v/v) of penicillin/streptomycin solution and 
10 g.mL− 1 hygromycin B). Cells culture was incubated at 37 ◦C in a 
humidified atmosphere with 5% CO2, and the culture medium was 
replaced every 2 days. 

2.6.1. Cytotoxicity evaluation 
BJ-5ta cells were used as model of general cytotoxicity. Degradation 

and leachable products from the scaffolds were used to evaluate cyto-
toxicity. The scaffolds were disinfected by immersion three times in PBS 
containing 1% (v/v) penicillin/streptomycin for 20 min, followed by 
immersion in sterile PBS for 30 min to remove any remaining penicillin/ 
streptomycin present on the scaffold microstructure. The disinfected 
scaffolds were incubated in 2 mL of medium at 37 ◦C for 24 h, the me-
dium was recovered and used as conditioned media. Cells seeded (10 ×
103 cells/100 μL/well) on 96-well tissue culture polystyrene plates the 
day before experiments, were exposed to the conditioned medium and 
were further incubated at 37 ◦C in a humidified atmosphere with 5% 
CO2. Cells exposed to culture medium incubated without the presence of 
the scaffolds were used as control of the effect of the scaffolds’ leach-
ables. Metabolic viability was assessed at the end of 24 and 48 h of 
contact, using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazoliumbromide) assay [32]. 

2.6.2. Cell culture in the scaffolds 
The scaffolds were disinfected and equilibrated for 24 h at 37 ◦C in 

medium without FBS prior to cell seeding. The scaffolds were carefully 
placed in 24-well plates and 200 μL of cell suspension (5 × 105 cells. 
mL− 1) were poured onto the top of each scaffold and allowed to infil-
trate. After 2 h incubation, fresh complete medium (1 mL) was added to 
each scaffold and the samples were incubated for either 120 or 192 h, 
with half of the culture medium being renewed every 2 days. 

The quantification of the number of cells on the cell-scaffold con-
structs were determined by DNA quantification with the Hoechst 33258 
assay (Invitrogen, CA) according with previous reports [22,23]. After 
each indicated time point, cells/scaffold constructs were collected, 
rinsed with PBS and the cells were harvested by incubating with a 0.25% 
solution of trypsin. Cells were then collected by centrifugation and lysed 
in a Tris 15 mmol.L− 1 pH 7.4 buffer with successive frozen-thawing 
cycles. Cell lysates were incubated with 5 mg.mL− 1 Hoechst 33258 so-
lution at 1:1 ratio, for 40 min at room temperature in 96-well black 
plates. Fluorescence was determined at 350 nm excitation and 445 nm 
emission. The relative fluorescence unit value obtained from samples 
was interpolated against a DNA standard curve constructed using known 
number of cells, to determine the DNA content/number of cells in each 
sample. 

The influence of scaffold’s properties on cell metabolic activity was 
evaluated using the MTS method. The MTS cell proliferation assay is a 
colorimetric sensitive quantification of viable cells in proliferation and 
cytotoxicity assays [33]. At the end of the defined time points, the cells/ 
scaffold constructs were collected to a new 24-well plate and 1 mL of 
fresh medium with MTS was added to each well. The cells/scaffolds 
were incubated for 4 h at 37 ◦C in a humidified atmosphere with 5% 
CO2, and the absorbance was measured at 490 nm. Scaffolds without 
cells were used as control for the influence of the constructs’ compo-
nents on the MTS protocol. The relative absorbance unit value obtained 
from samples was interpolated against a MTS standard curve made using 
known number of cells. 

Cell adhesion was further assessed by SEM for a detailed visualiza-
tion of cell-material interactions. For SEM analysis, the cells/scaffolds 
constructs were soaked in a fixation solution (1 mL of 2.5% glutaral-
dehyde (Merck) in PBS) for 1 h at room temperature, rinsed with 
distilled water and dehydrated by immersion for 30 min in a series of 
successive ethanol-water solutions (55%, 70%, 80%, 90%, 95% and 
100% v/v of ethanol). The samples were then dried at room temperature 
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and coated with a thin gold layer using a sputter coater prior to SEM 
analysis. 

2.7. Data analyses 

All data analysis, fitting, plotting and statistical test procedures were 
performed on the Statistica package software version 10.0.228.8 (Stat-
Soft Inc.). For the preliminary tests used to determine the best condition 
for the scaffold’s formation, a Box-Behnken experimental design was 
performed and a desirability function analysis (DFA) derived from the 
RSM model was applied to estimate a desirability value, i.e. a measure of 
how close the fitted value is to a desired value within pre-established 
limits [30,34]. 

A principal component analysis (PCA) was performed to identify a 
global pattern of the samples distribution and correlate the large amount 
of data from de structural characterization of the proteins’ suspensions 
and the functional properties of the scaffolds. 

Once found the optimal conditions for the scaffolds formation, 
samples produced at different EF values were further analysed by 
applying an analysis of variance to estimate any statistically significant 
differences at a confidence level of 95%. 

3. Results and discussion 

The design of a scaffold depends on the tissue to be engineered, 
specificities for intended mechanical properties and type of cell to be 
cultivated. Regardless of the specific application, the biomaterial must 
present a certain stability and provide support for cellular proliferation 
and maintenance of cells metabolic activity. This work aimed at opti-
mizing the process of protein functionalization, assisted by OH, in order 
to produce biomaterials suitable for tissue engineering. Starting from the 
formulations previously described by Ribeiro et al. [22,23], OH was 
implemented as processing technology and its operational conditions, 
namely temperature, treatment time and voltage gradient applied were 
optimized in order to promote protein denaturation and aggregation, 
followed by cold-gelation and free-drying to obtain stable structures 
with high porosity and swelling capacity. This optimization favoured the 
intramolecular interaction among protein and aggregates, thus pro-
ducing stable structures without the use of reducing agents. The results 
from the experimental design and DFA analysis are presented as sup-
plementary material. Shortly, the temperature was the most decisive 
factor influencing the optimization, only the temperature of 85 ◦C 

allowed the formation of stable scaffolds. Experimental design treat-
ments carried at 70 ◦C did not originate self-supporting gels and thus it 
was not possible to produce stable scaffolds in these conditions. The 
intermediate temperature of 77.5 ◦C produced self-supporting gels and 
scaffolds, but they presented high degradation rates and were not stable 
during the testing procedures. Treatment time was negatively correlated 
with the degradation of the scaffolds, being observed a decrease in the 
degradation rate with the increase of the treatment time. The variation 
of the EF did not determine the formation of stable scaffolds at 85 ◦C, but 
it affected the scaffolds’ functional properties. The intensity of the EF 
during the denaturation/aggregation process increased the scaffold 
degradation rate and this was positively correlated with the increase of 
scaffolds’ swelling and porosity. For further testing, the conditions of 
85 ◦C, 30 min of treatment were used and the EF intensity changed at 
different levels, accessing its potential to tune the scaffold’s functional 
properties driven by EF action. In order to better understand the cor-
relation between the structural changes imposed by the processing and 
the characteristics of the produced scaffolds, the native protein solution 
(control), aggregates solution obtained after thermo-electric treatments 
and scaffolds properties (i.e. swelling, porosity and degradation) were 
subjected to a principal component analysis (PCA) represented in Fig. 1. 

In the PCA, the seven variables under analysis were reduced to two 
principal components, which account for 88% of the samples’ vari-
ability. This allowed representing the data points correspondent to each 
treatment condition on a two-dimensional projection and evaluating 
their relationship according to their positioning. At the centre of the 
referential it is represented the variable correlation plot, showing the 
magnitude and direction of the influence of each individual variable on 
the composition of the principal components. The untreated protein 
solution was isolated from all the OH treated samples on the upper 
corner of the plot. For this solution, degradation was considered to be 
100%, swelling and porosity were considered to be zero. Besides, the 
sample was characterized by high levels of free SH groups, high intrinsic 
fluorescence, and low surface hydrophobicity, characteristic of non- 
denatured protein solutions. Treatment conditions that did not origi-
nate self-supporting networks (samples treated at 70 ◦C, i.e. 1, 3, 5, and 
7) could not be tested for degradation, swelling and porosity, thus these 
variables were also considered to be 100%, zero and zero respectively. 
This group of treatments were distinguished from the unheated protein 
solution by the reduction of the free SH groups, intrinsic and extrinsic 
fluorescence and size increase when compared with the unheated so-
lution. The changes are consistent with the occurrence of low levels of 
protein denaturation and aggregation. The remaining samples corre-
spond to the ones that formed self-supporting networks, and are posi-
tioned on the left side of the projection plot. Their positioning was 
influenced by low degradation, positive swelling and porosity but also 
by the particle size increase and fluorescence intensity reduction. These 
changes are consistent with significant structural changes induced by 
the treatments at higher temperatures. The optimal points (OP1, OP2, 
OP3) and the point 4 of the experimental design (with equivalent 
treatment conditions, i.e. treated at 85 ◦C for 30 min) were positioned at 
the left and upper part of the distributions, corresponding to the scaf-
folds produced by larger aggregates and with lower degradation. The 
remaining scaffolds placed on the negative yy and xx quadrant of the 
projection were less stable but presented higher swelling and porosity. 
This analysis demonstrates that structural modification can be used to 
modulate the functional properties of a protein system, and thus give 
rise to the formation of stable scaffolds with the desired properties. The 
major advance of this process, compared with previous strategies used 
for scaffolds formation, is the use of just physical methods avoiding the 
use of DTT as reducing agent or other chemical compounds, and thus 
decreasing the potential toxicity resulting from its presence. 

3.1. Gel forming solutions characterization 

Protein solutions, untreated and treated at 85 ◦C for 30 min under 

Fig. 1. Principal component analysis of the experimental design points (1–15), 
the produced scaffolds at the optimal conditions under 1 V.cm− 1 (OP1), 20 V. 
cm− 1 (OP2) and 40 V.cm− 1 (OP3), and unheated (native) protein solution. 

R.M. Rodrigues et al.                                                                                                                                                                                                                           



Materials Science & Engineering C 120 (2021) 111784

5

different EF intensities were analysed in terms of intrinsic fluorescence, 
surface hydrophobicity, free thiol groups content and aggregates size. 
This analysis allowed to determine the treatment’s effect on the dena-
turation and aggregation profiles of the protein solutions and the impact 
of the different EF intensities used, prior the cold gelation process. 

The intrinsic fluorescence and surface hydrophobicity, determined 
by the fluorescence of the ANS hydrophobic probe, revealed a sub-
stantial decrease after the processing step (Table 1). Particularly for the 
surface hydrophobicity, it is possible to imply that the hydrophobic 
groups of the proteins might have been occluded by the establishment of 
hydrophobic interactions, characteristic of the protein aggregation 
processes. For the treated samples, differences were observed among the 
different EF intensities applied, suggesting changes on proteins confor-
mation. These changes are the result of different positioning of the 
amino acid residues within the proteins/aggregates as well as in 
different exposure of hydrophobic pockets. This highlights the capacity 
of the EF to influence the denaturation and aggregation processes, which 
may have an impact on the network formation and on the scaffolds’ 
functional properties. OH treatments also induced an increase of the free 
thiol groups content, which is positively correlated with the increasing 
intensity of the EF used. This increase may be related with a structural 
rearrangement of the protein molecules when exposed to thermal stress 
potentiated by the EF action. These changes in free thiol content can also 
be the result of different aggregation mechanisms, where other 

interactions (e.g. hydrophobic, electrostatic, hydrogen bonds) are fav-
oured against disulphide bonds. In practical terms, the change on the 
free thiol content implies changes not only on the aggregates properties, 
but also on the network formation and final gel properties. The aggre-
gates size was also reduced by the treatments and comparing with the 
unheated solution the polydispersivity index decreased as the distribu-
tion shifted from a polymodal to a monomodal peak (results not shown). 
The increase on the EF used during the treatment also resulted on the 
reduction of the aggregates size. These results demonstrate the effect of 
the treatment on the gel forming solutions and highlight the ability of 
the EF’s applied during OH processing to change protein functionality. 

3.2. Scaffolds characterization 

3.2.1. Morphology and microstructure 
The obtained scaffolds, regardless of the condition used in their 

production, presented a white colour, high homogeneity and spongy 
appearance (Fig. 2a). 

Porosity and architecture are relevant factors on the development of 
scaffolds. These structures must present high surface area and pores with 
adequate size to lodge the cells. Pore interconnectivity is also important 
to allow cellular propagation and the diffusion of nutrients and oxygen 
to the interior of the structure [14,35]. The scaffold micro-structure will 
also influence the surface properties, swelling, mechanical properties 
and degradation rate. In Fig. 2b, it is possible to observe the micro-
structure and pore geometry of the produced scaffolds. The samples 
present a high porous structure with uniform pore distribution at the 
surface and in the cross section. While samples treated at 1 V.cm− 1 and 
20 V.cm− 1 present irregular pore shapes with apparent fracture debris 
on the surface, the sample treated at 40 V.cm− 1 show a more regular 
pore geometry on the surface, a good interconnectivity and thinner walls 
in the cross sections. The changes on the scaffold’s geometry may be the 
consequence of the different aggregates size and the interactions 
established during the gelation process, both affected by the EF in-
tensity. This is aligned with previous findings where EF treatments 
demonstrated the ability to change protein structure and aggregation 
profiles, originating differentiated network structures with distinctive 
properties [7,36]. The microstructural changes observed may bring 
implications on the scaffold’s performance regarding cell adhesion and 
proliferation. 

Table 1 
Intrinsic fluorescence, surface hydrophobicity, free thiol groups and aggregates 
size, of the gel forming solutions, untreated and treated at 1 V.cm− 1, 20 V.cm− 1 
and 40 V.cm− 1.   

Fluorescence 
int./a.u. 

Surface 
hydrophobicity/a. 
u. 

Free thiol 
groups/μM 

Size/nm 

Untreated 
solution 

9355.22 ±
14.78a 

9439.88 ± 88.25a 211.46 ±
22.78a 

115.77 
± 1.14a 

EF 1 V.cm− 1 7126.01 ±
16.96b 

1482.29 ± 14.82b 248.81 ±
9.82b 

77.50 ±
0.84b 

EF 20 V. 
cm− 1 

6927.87 ±
51.34c 

1607.98 ± 44.87bc 256.83 ±
12.31b 

74.42 ±
0.33c 

EF 40 V. 
cm− 1 

6813.23 ±
16.09d 

1642.15 ± 89.78c 287.34 ±
11.63c 

70.33 ±
0.59d 

For each column, different letters (a-d) indicate a statistically significant 
different between samples (p < 0.05). 

Fig. 2. Representative images of the BSA/casein scaffold produced by OH followed by cold-gelation, a) macroscopic appearance, b) SEM micrographs of the scaffolds 
surface (top) and cross section (bottom) produced by treatments at 1 V.cm− 1, 20 V.cm− 1 and 40 V.cm− 1. 
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3.2.2. Contact angle, swelling ratio and porosity 
The gel forming solutions, temperature, time of treatment and 

gelation procedure were similar for all tested conditions. Therefore, the 
differences observed in the scaffolds’ properties can only be related with 
the use of different EF intensities during the OH (i.e. 1, 20 and 40 V. 
cm− 1). In order to further elucidate the effect of EF on scaffolds prop-
erties, the contact angle, swelling ratio and porosity of the scaffolds were 
determined and analysed (Table 2). These properties are related with the 
contact, uptake and space occupied by the aqueous media in the scaf-
fold’s matrix and are therefore critical for scaffolds performance. The 
contact angle is associated with the surface properties of the scaffolds, 
therefore influences the scaffold’s wettability, the capacity of the scaf-
fold to rehydrate and the cell adhesion [37]. The increase of the EF in-
tensity resulted in an increase of the contact angle, generally caused by 
the increase of the material’s hydrophobicity. It is interesting to note 
that the sample correspondent to the 40 V.cm− 1, with a significantly 
higher contact angle, also presented a different surface pore geometry. 
The higher uniformity and apparent integrity on the surface of the 
scaffold can explain the higher contact angle determined, as the effective 
surface area in contact with the water drop was higher. It was also 
determined a positive correlation between EF increase and surface hy-
drophobicity (ANS binding) of the aggregates’ solutions, which implies a 
higher exposure of hydrophobic groups caused by the EF action. This 
may affect the type and extent of the network interactions established 
and surface properties of the scaffolds, helping to explain the differences 
in morphology and contact angle observed. 

After stabilization of the scaffolds in PBS or water, the swelling ratio 
and porosity were determined. There was a significant (p < 0.05) in-
crease on the samples swelling degree with the increase of EF strength. 
These differences may be the result of the variation in the microstructure 
or the interactions established with the protein matrix and the aqueous 
media. The increase of swelling ratio brings a positive implication by 
facilitating the infiltration of the cells into the scaffolds, increasing the 
surface area, improving the absorption of fluids, transfer of nutrients 
and metabolites within the matrix [38]. The porosity reflects the fluid 
uptake in relation with the volume of the scaffolds. A porous architec-
ture implies a high surface area, contributing to the in and out-flow of 
nutrients and metabolites, while also allowing higher cell-matrix in-
teractions and cell loading [39]. The variation of the EF causes a change 
on the scaffolds’ porosity, where a positive correlation between the EF 
and the scaffolds porosity was observed (i.e. higher EF corresponded to 
higher porosity). The microstructure analysis revealed, especially for 
sample treated at 40 V.cm− 1, a more regular pore distribution with an 
apparent higher interconnectivity, which would contribute for higher 
fluid uptake, as well as higher swelling and porosity. 

3.2.3. Mechanical properties 
After rehydration, the scaffolds were submitted to mechanical tests 

by compressing them up to 80% of the initial height. This compression 
did not cause rupture of the scaffolds structure and they returned to the 
original shape after removing the load. This revealed the high me-
chanical resistance and flexibility of the obtained structures. Further-
more, the compressive modulus was calculated from the slope of the of 
the stress-strain curve in the linear region between 10 and 20% strain 
(Fig. 3). The compression moduli of the scaffolds yielded values between 
653 ± 55 and 382 ± 33 Pa, being these values consistent with 

mechanical properties of soft tissues such lung, nervous or connective 
tissue [40,41]. Moreover, all the samples presented significant differ-
ences (p < 0.05), being the moduli values inversely correlated with the 
EF used on the pre-treatments. This reduction can be related with higher 
swelling and porosity of these samples, as they uptake more fluid and a 
higher fraction of the samples is composed by aqueous media. The 
scaffolds’ mechanical properties may also contribute to the structural 
resistance as they are dependent of the characteristic of the “building 
block” used in the network formation [42]. The previous analysis of the 
aggregates’ suspension used to produce the scaffolds, demonstrated a 
reduction of the particles size and increase of free SH groups with the EF 
intensity. The fact that the network was constituted by smaller aggre-
gates can explain the compressive modulus, but given the higher amount 
of free SH groups, it would be expected to obtain a higher disulphide 
crosslinking on the scaffolds and thus stronger structures. This was not 
verified and the swelling and compressive data actually suggest a 
weaker and more elastic network. 

3.2.4. In vitro degradation rate 
The degradation rate of a scaffold for tissue engineering is a decisive 

factor for its application. The material ideally must provide a stable 
support for cellular proliferation but progressively degrade to allow the 
tissue to fully form and replace the scaffold [43]. The in vitro 

Table 2 
Contact angle, swelling ratio and porosity of the obtained scaffolds.  

Sample Contact angle Swelling ratio Porosity (%) 

1 V.cm− 1 92.37 ± 6.80a 8.87 ± 0.22a 84.65 ± 3.38a 

20 V.cm− 1 95.17 ± 5.94a 9.53 ± 0.18b 88.29 ± 1.35ab 

40 V.cm− 1 106.39 ± 7.38b 10.03 ± 0.07c 90.89 ± 3.64b 

For each column, different letters (a-c) indicate a statistically significant 
different between samples (p < 0.05). 

Fig. 3. Compressive modulus of the obtained scaffolds produced trough OH at 
different EF values. Different letters (a-c) indicate a statistically significant 
difference between samples (p < 0.05). 

Fig. 4. In vitro degradation rate of the obtained scaffolds, produced by OH 
treatments at different EF values. 
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degradation of the scaffolds was determined in PBS at 37 ◦C for a period 
of 15 days. In Fig. 4, it is possible to observe the degradation profiles 
along the experimental time, with an initial degradation at day 1 around 
12% and above 20% in day 15. The degradation profiles were similar for 
all the samples, with slight increase in degradation rate with the increase 
of the EF used during the pre-treatment. The degradation rate was 
dependent on the physicochemical interaction involved on the network 
formation and of properties like porosity and swelling degree. The 
higher porosity and swelling capacity of the samples treated at 20 V. 
cm− 1 and 40 V.cm− 1 may contribute to higher elution of proteins 
forming the structure and the increase of the degradation rates. 

The degradation of the scaffolds is also related with the physico-
chemical interactions established within the network. The action of the 
EF in protein aggregation and gelation have demonstrated to change the 
ratio of disulphide bonds, hydrogen bonds and hydrophobic iterations 

[36]. Furthermore, during the characterization of the aggregates sus-
pension, it was possible to observe differences in the overall aggregates’ 
properties in response to different EF used during their production. The 
differences in aggregation and the formation of different physicochem-
ical interactions within the network result on the formation of the 
structures with different stabilities and degradation rates. Overall, the 
degradation profile was in line with previous works [22,23] and was 
adequate to be used as a support for cellular growth. 

3.3. Cell viability and proliferation 

The biocompatibility of the scaffold’s material as well as of its 
degradation by-products are essential to ensure an adequate perfor-
mance and should not induce inflammatory response nor cytotoxicity. In 
order to evaluate the cytotoxicity induced by eluted constituents and by- 
products from the scaffolds’ degradation, BJ-5ta fibroblasts were 
exposed to a pre-conditioned culture medium by contact with the scaf-
folds for 24 h. The effect of scaffolds’ leachables on cell viability after 24 
h and 48 h, evaluated by indirect contact, are presented in Fig. 5a. 
Regardless of the exposure time, there was no decrease of cellular 
metabolic activity during the contact with any of the conditioned solu-
tions. These results indicate that none of the scaffolds components 
presented cytotoxicity for the cells, thus supporting its use for tissue 
engineering applications. The absence of cellular cytotoxicity using this 
approach to obtain scaffolds, also represents an improvement facing 
previous formulation of BSA/casein scaffolds, where cell viability was 
between 70 and 95%, thus showing a moderate cytotoxicity [22,23]. 
The improvement in cell viability was probably related with the elimi-
nation of DTT from the original formulation. The optimization of the 
protein processing conditions induced an adequate denaturation and 
aggregation to form the network, allowing eliminating the use of 
reducing agents and improving the scaffolds properties. It is also 
important to highlight that the use of OH and its inherent EF effects do 
not result in cytotoxicity or negative implications to the cells. 

The ability of the scaffolds to support cellular adhesion and prolif-
eration was evaluated by seeding BJ-5ta cells on the scaffolds. The 
scaffolds/cells were incubated for 5 to 8 days at 37 ◦C, 5% CO2 and the 
cells proliferation was evaluated by DNA quantification (Fig. 5b). It was 
possible to observe that after 5 days in culture, the samples produced at 
1 V.cm− 1 increased the initial number of cells by 211%. However, for the 
samples produced at 20 V.cm− 1 and 40 V.cm− 1, the increase of the 
number of cells on the scaffolds was even higher, presenting prolifera-
tion rates of 286% and 334% respectively. After 8 days of culture, the 
number of cells kept increasing for all the tested scaffolds. Comparing 
with the initial number of cells, an increase of 298%, 343% and 408% 
was obtained for scaffolds produced under 1 V.cm− 1, 20 V.cm− 1 and 40 
V.cm− 1, respectively. Despite the good results observed for the three 
scaffolds, there was a preferential cell binding/proliferation profile 
dependent on the scaffold’s production conditions. The increasing cell 
numbers obtained at 1 V.cm− 1 < 20 V.cm− 1 < 40 V.cm− 1 revealed that 
the scaffolds produced by exposure to higher EF presented higher cell 
proliferation rates. This can be related with the functionality changes 
induced by the EF at different intensities, namely the increase of the 
contact angle, swelling, porosity, degradation rate and elastic behaviour 
of the scaffolds. The changes in surface properties may facilitate the 
adhesion of the cells to the matrix, once electrostatic and hydrophobic 
contributions play a decisive role in such phenomenon [37,44]. Higher 
swelling and porosity also facilitate the proliferation and dispersion of 
the cells, as well as allow a better in and out-flow of nutrients, metab-
olites and gas exchanges [15,38]. The higher degradation rates and 
lower stiffness of the structure also contribute to the cell proliferation 
and replacement of the scaffold’s matrix with cellular material [35]. 

The MTS assay is based on the reduction of MTS tetrazolium com-
pound by viable cells to generate a coloured formazan product that is 
soluble in cell culture media. This conversion is thought to be carried out 
by NAD(P)H-dependent dehydrogenase enzymes in metabolically active 

Fig. 5. a) BJ-5ta cell viability measured by MTT assay at 24 and 48 h, b) 
number of cells on de constructs by DNA quantification, after 5 and 8 days, c) 
metabolic rate of the cells on the constructs after 5 and 8 days. 
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cells [45] and is not only dependent on the number of viable cells but 
also on their metabolic activity rate in relation to the standard culture. 
Considering the direct relation between the DNA quantification and the 
total number of cells and the MTS assay with metabolic activity of those 
cells, the relation between these indicators gives back a measure of the 
relative metabolic rate (Fig. 5c). The results obtained by this analysis 
demonstrated a higher metabolic activity on the constructs derived from 
processing at higher EF values. This is particularly relevant if consid-
ering that the higher number of cells could imply higher limitation in 
nutrients and gas exchange, since more volume within the construct was 
occupied. Nonetheless, the scaffolds’ biological performance revealed 
that a positive correlation could be established between EF effects – 
leading to higher porosity and swelling, pore architecture and inter-
connectivity – cellular proliferation and cellular metabolic activity. The 
specific changes imposed by the EF effects, known to cause structural 
rearrangement in protein structure and network formation, may also 
affect the molecular microenvironment within the scaffolds’ structure. 
The changes in surface hydrophobicity of the proteins and of contact 
angle on the scaffolds’ surface are indications of such effects and might 
as well influence the biochemical activity of the cells. However, this is 
just a possibility and further studies must be considered to fully eluci-
date such phenomena. 

Cell adhesion and proliferation was confirmed by SEM on dehy-
drated scaffolds (Fig. 6). In the micrographs, it is possible verify the 
existence of cells perfectly adhered and included in the scaffold’s matrix 
(white arrows). It was not possible to find differences on the number or 
adhesion pattern of the cell for the different treatment conditions, 
nonetheless these possible differentiations might have been dissipated 
by the drying process prior the observation. 

Overall, the results obtained suggested that the BSA/casein scaffolds 
produced by OH pre-treatment are biocompatible and the application of 
increasing EF not only results on higher proliferation of cells, but also 
results in higher metabolic activity of the cells on the constructs. 

4. Conclusions 

The optimization of the processing conditions during the scaffolds’ 
production allowed to obtain stable structures with adequate functional 
properties, while avoiding the use of reducing agents. The formation of 
stable scaffolds’ was mostly dependent on the treatment’s temperature 
and duration, while the variation of the EF intensity influenced their 
functional properties. The obtained scaffolds presented no cytotoxicity 
to BJ-5ta fibroblast cells and were adequate to support cellular growth. 
Cell adhesion and proliferation were favoured by the higher surface 
hydrophobicity, porosity, swelling, elasticity and degradation rates 
promoted by treatments at higher values of EF. OH demonstrated to be a 
promising technique to promote protein functionalization and to tune 
the scaffolds’ functional properties, with clear advantages in their 

biological performance. 
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