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Novel hybrid hydrogels based on alginate and keratin were successfully produced for the first time. The self-

assembly properties of keratin, and its ability to mimic the extracellular matrix were combined with the

excellent chemical and mechanical stability and biocompatibility of alginate to produce 2D and 3D

hybrid hydrogels. These hybrid hydrogels were prepared using two different approaches: sonication, to

obtain 2D hydrogels, and a pressure-driven extrusion technique to produce 3D hydrogels. All results

indicated that the composition of the hydrogels had a significant effect on their physical properties, and

that they can easily be tuned to obtain materials suitable for biological applications. The cell–material

interaction was assessed through the use of human umbilical vein endothelial cells, and the results

demonstrated that the alginate/keratin hybrid biomaterials supported cell attachment, spreading and

proliferation. The results proved that such novel hybrid hydrogels might find applications as scaffolds for

soft tissue regeneration.
Introduction

Advanced synthesis techniques are leading to the development
of innovative biomaterials that can better reproduce the
mechanical nature of biological tissues, exhibiting higher
potential in tissue engineering applications. Hydrogels from
naturally occurring polymers are widely used due to their
unique properties, especially regarding the cell environment
and morphology similar to the extracellular matrix of native
tissues.1–3

Some recent studies have indicated that hydrogels, especially
those derived from proteins and polysaccharides, are attractive
matrices for tissue engineering, since they provide a suitable
three-dimensional (3D) setting that mimic the extracellular
environment of native tissues.4–8 Furthermore, their aqueous-
milieu allows transport of substances such as nutrients and
bioproducts of the cell metabolism. One specic material that
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has been extensively studied for tissue engineering applications
due to its particular ability to form hydrogel is alginate.
Hydrogel formation can be achieved through various
approaches, such as ionic and covalent crosslinking.9,10 In
addition, alginate is a suitable material for novel tissue engi-
neering application concepts including cell encapsulation and
biofabrication.11,12 However, alginate does not promote cell
attachment, causing poor cell–material interactions, followed
by slow degradation and unfavourable degradation kinetics.13–15

To overcome these drawbacks of alginate, several approaches
are being considered. For example, the use of specic proteins
is being investigated due to their similarity with the extracel-
lular matrix to enhance cellular interaction and to tailor the
degradability, biocompatibility and availability of the hydro-
gel.6,16,17 Among different proteins, those based on the structure
of extra cellular matrix, such as collagen, elastin, brin, and
keratin are of interest due to their potentially high bioactivity. In
this context, keratin is a promising protein since it is the major
component of hair, feathers, nails and horns of mammals,
reptiles and birds and is being widely tested for biomedical
applications.18,19 At the molecular level, this protein can be
distinguished from other brous proteins due to its high
concentration of cysteine residues (7–20% of total amino acid
residues).20,21 The keratin proteins can be classied as alpha-,
gamma-, and beta-keratins.22 The alpha-keratins, which reside
in the hair bre cortex, are characterized by the low sulphur
content and have an alpha-helical tertiary structure, and an
average molar mass in the range of 60–80 kDa.23 The beta-
keratins are primarily protective and form the majority of the
J. Mater. Chem. B, 2014, 2, 5441–5451 | 5441
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cuticle, thus being difficult to extract. Moreover, they do not
form especially useful reconstituted structures.22 Gamma-kera-
tins, on the other hand, are globular, high in sulphur content,
and lower in molar mass (approximately 15 kDa) compared to
the other types of keratins. Due to their high sulphur content
they behave as disulphide crosslinkers, holding the cortical
superstructure together.24–26 Importantly, keratins extracted
from wool and human hair contain cellular binding motifs such
as, RGD (arginine-glycine-aspartic acid), and LDV (leucine-
aspartic acid-valine), which mimic the sites of cellular attach-
ment found in the extra cellular matrix.27–31 Several methodol-
ogies have been presented in the literature regarding the
chemical extraction of keratin from wool and hair for further
development of various biomaterials with different geometries,
such as hydrogels matrices for tissue engineering
applications.32–36

In this context, it was our goal to prepare a novel type of
hybrid hydrogel based on alginate and keratin protein extracted
from wool to develop and study the effect of two different
hydrogel geometries; lms (2D) and hydrogel microcapsules
(3D) regarding cell–material interaction. The synergistic effects
of each blend component were analysed using different tech-
niques. Furthermore, the cell–material interaction was assessed
using primary human endothelial cells.
Experimental section
Materials

Sodium alginate (sodium salt of alginic acid from brown algae,
suitable for immobilization of micro-organisms, MW 100 000–
200 000 g mol�1, guluronic acid content 65–70%) was acquired
from Sigma-Aldrich, Germany. Calcium chloride di-hydrate
(CaCl2$2H2O) was purchased from VWR International, Belgium.
All other reagents were analytical grade and purchased from
Sigma-Aldrich, Germany.
Keratin extraction from wool

The keratin (K) solution of 1% (w/v) was prepared by immersing
1 g of delipidated wool fabric, provided by Albano Antunes
Morgado Lda (Portugal), in 10 mL of a solution containing 8 M
urea, 0.2 M sodium dodecyl sulphate (SDS), and 0.5 M Na2S2O5.
The mixture was heated to 60 �C for 12 h. The solution was then
diluted with 90 mL of distilled water, ltered, and dialyzed
against distilled water using cellulose tubing (molecular-weight
cut off of 12 000–14 000 Da) over approximately 3 days.
Determination of free sulydryl (–SH) groups

The amount of free sulydryl groups in keratin extracted from
wool was determined spectrophotometrically via Ellman's
reagent (5,50-dithiobis(2-nitrobenzoic acid)), as described
previously.37 Briey, 250 mL of keratin (1%) was added to 2.5 mL
of 0.5 M phosphate buffer (pH 8.0), containing 50 mL of Ellman's
reagent solution (4 mg mL�1). The samples were mixed, incu-
bated for 30 min at room temperature in the dark and the
absorbance was measured at a wavelength of 412 nm. The
5442 | J. Mater. Chem. B, 2014, 2, 5441–5451
amount of sulydryl groups was determined from the calibra-
tion curve obtained using L-cysteine as a standard.
Sonochemical preparation of 2D hydrogels

The experimental set-up used was composed of a probe type
ultrasound source (20 kHz Sonics & Materials Vibracell CV 33)
tted with a 3 mm diameter titanium micro-tip and the power
delivery was controlled as percentage amplitude. The reaction
vessel was a similar device used in a previous investigation
(open glass cell with 19 mm of diameter and 75 mm of height),
containing 14 mL of sample solution.38

The alginate solution (2%; w/v), previously heated to 37 �C to
improve handling by pipetting, was added to the prepared
protein solution (1%; w/v). The blend solution of alginate/
keratin (Alg/K) and only alginate solution were further
submitted to an ultrasound treatment. The sonication treat-
ment was carried out for 3 min and monitored in 58 s incre-
ments. A pulsed duty cycle of “8 s on, 2 s off” was used. 14 mL of
blend solution was transferred into a 10 cm glass Petri dish
(VWR, Germany) and le at 37 �C for approximately 30 min to
dry. 0.1 M of calcium chloride solution was poured on the
formed hydrogel-lms and le for 15 min to allow the ionic
gelation. Aerwards, lms were washed three times with
ultrapure water (Direct-Q®, Merck Milli-Pore, Germany) or with
cell culture medium and discs of 13.5 mm in diameter were
punched out using a stainless steel cutter.
Pressure driven extrusion preparation of 3D hydrogels

Microcapsules were produced according to a previously pub-
lished method17 by applying a pressure-driven extrusion tech-
nique. In brief, alginate solution (2%; w/v) and the blend
solution of Alg/K (2% and 1% w/v, respectively) were transferred
into an extrusion cartridge (Nordson EFD, USA) connected to a
high precision uid dispenser (Ultimus V, Nordson EFD, USA).
Microcapsules obtained by applying different air pressure (0.55
bar to 2.5 bars) were collected in a beaker containing calcium
chloride solution (0.1 M) and kept for 10 min to allow ionic
gelation. A further washing procedure was performed three
times with water or cell-culture medium (in the case of cell
encapsulation) in order to remove adherent calcium chloride,
and to form microcapsules in the size range of 700–800 mm.
Physico-chemical characterization of 2D and 3D hydrogels

Water uptake. For water uptake measurements the 2D and
3D hydrogels were previously dried using a critical point dryer
(Leica EM CPD300, Germany).

The water uptake ability of the hydrogels with known weight
was determined by soaking them in two different media: Dul-
becco's modied eagle medium (DMEM, Gibco, Germany) and
Hanks' balanced salt solution (HBSS, Sigma-Aldrich, Germany)
at pH ¼ 7.4 up to 3 days at 37 �C. The swollen hydrogels were
removed at predetermined time points. Aer removing the
excess water using a lter paper (Whatman Pergamyn Paper),
the hydrogels were weighed with an analytical balance (Scaltec,
Germany). The water uptake was calculated, where Ww and Wd
This journal is © The Royal Society of Chemistry 2014
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are the weights of swollen and dried hydrogels, respectively,
according to the eqn (1).

Water uptakeð%Þ ¼ ðWw �WdÞ
Wd

� 100 (1)

Each experiment was repeated 4 times and the average was
considered to be the water uptake value (�standard deviation).

Weight loss. Degradation of hybrid hydrogels was evaluated
through their immersion in HBSS and DMEM at 37 �C for a
period up to 21 days. The weight of the hydrogel samples was
measured aer the drying process with the critical point dryer
before and aer incubation. The percentage of weight loss was
calculated using eqn (2), where Wi and Wd correspond to the
initial weight and dried sample weight, respectively:

Weight lossð%Þ ¼ ðWi �WdÞ
Wi

�100 (2)

Each experiment was repeated four times, and the average
value was considered to be the weight loss value (�standard
deviation).

Protein quantication over time. The 2D and 3D hybrid
hydrogels were immersed in 2 mL of HBSS and serum free
DMEM (Gibco), respectively at 37 �C and pH 7.4. At selected
times, the solution was removed and collected for protein
release analysis, and fresh media of HBSS and DMEM (2 mL)
were added. The keratin concentration in the released buffer
was determined by colorimetric protein assay via the Lowry
method,39 using bovine serum albumin as a standard. The total
protein concentration is exhibited by a colour change of the
sample solution in proportion to the protein concentration,
which can then be measured using colorimetric techniques.
The absorbance was measured at 750 nm, using a UV-Vis
spectrophotometer (Specord 40, analytik Jena, Germany). The
percentage of protein released from the hybrid hydrogels was
calculated by using eqn (3), as follows:

Protein releasedð%Þ ¼ ½C�f
½C�i

�100 (3)

where, [C]i and [C]f are the initial and nal concentration of
protein, respectively.

Measurements were recorded in triplicate and the results
were expressed as mean value � standard deviation.

Fourier transform infrared spectroscopy (FTIR). The chem-
ical structure of the samples was assessed by Fourier transform
infrared (FTIR) spectrometer (Nicolet 6700, Thermo Scientic,
USA). The previously dried hydrogels were used to record
attenuated total reectance Fourier transform infrared (ATR-
FTIR) spectra of 2D-hydrogels of Alg and Alg/K.

Thermogravimetric analysis. Thermogravimetric analysis
was carried out with a SETARAM SETSYS TG/DTA 16/18
instrument. Samples were placed in alumina crucibles and an
empty alumina crucible was used as a reference. Alg and Alg/K,
2D dried samples were heated from ambient temperature to
800 �C in a 50 mLmin�1

ow of dry air at a heating rate of 10 �C
min�1. Continuous recordings of sample temperature, weight
This journal is © The Royal Society of Chemistry 2014
and heat ow were taken. Thermogravimetric experiments were
also performed on the above mentioned samples, Alg and Alg/K,
in microcapsule form (dry state), under the same conditions as
the hydrogels lms.

Scanning electron microscopy (SEM). The morphological
analysis of the 2D and 3D hydrogels was performed using
scanning electron microscopy (SEM). The samples for SEM
analysis were dried with a critical point dryer. For 2D hydrogels
the samples were analysed using AURIGA-Zeiss and in the case
of 3D hydrogels, they were visualized using a LEO 435 VP (LEO
Electron Microscopes Ltd, Cambridge, UK).

Mechanical characterization. Mechanical properties of the
2D hydrogels were determined with a dynamic mechanic
thermal analyser (DMTA, Rheometric Scientic). The measure-
ments were performed in compression at 25 �C in a dynamic
frequency sweep (0.1 Hz to 15 Hz), at which a sinusoidal
deformation of constant amplitude was applied on the cylin-
drical samples (16 mm of diameter). All measurements were
carried out in the linear viscoelastic regime with a strain of
0.1%. During the time of themeasurement it was proven that no
change in materials properties occurred due to evaporation of
water. Measurements were recorded in quadruplicate and the
results were expressed as mean value � standard deviation.
Cell–material interaction using human umbilical vein
endothelial cells (HUVEC)

Cell culture-human umbilical vein endothelial. Human
umbilical vein endothelial cells (HUVECs) were isolated from
freshly collected umbilical cords by standard techniques, and
grow in endothelial cell growth medium (Promo Cell, Heidel-
berg, Germany) with endothelial cell growth supplement con-
taining 5% fetal calf serum, 4 mL mL�1 heparin, 10 ng mL�1

epidermal growth factor, 1 mg mL�1 hydrocortisone, 50 mg mL�1

gentamycin sulphate, and 50 ng mL�1 amphotericin B, at
humidied 7.5% CO2 atmosphere. In all experiments, HUVECs
at passage 1–2 were used.

Cell seeding onto 2D hydrogels. The prepared circular 2D
hydrogels of Alg and Alg/K were placed in 24-well plates (VWR
Iint., Germany) and washed with cell culture medium. For
analysis, 3 � 105 cells per lm were seeded and incubated in a
humidied atmosphere of 95% relative humidity and 7.5% CO2,
at 37 �C. The culture medium was changed the day aer seed-
ing, and then every two days.

Cell encapsulation into 3D hydrogels. The cell suspension
was mixed with 10 mL of blend solution of Alg/K and 10 mL of
Alg in a 10 mL syringe at a density of 1 � 106 cells mL�1 of
solution of Alg or Alg/K. The capsules were subsequently formed
using the procedure described above (in the section Pressure
driven extrusion preparation of 3D hydrogels). Aerwards, the
microcapsules were incubated in a humidied atmosphere of
95% relative humidity and 7.5% CO2, at 37 �C. The culture
medium was changed on the day aer seeding, and then every
two days.

Mitochondrial activity. Mitochondrial activity of the
HUVECs grown on different 2D and 3D hydrogels was assessed
through the enzymatic conversion of tetrazolium salt (WST-8
J. Mater. Chem. B, 2014, 2, 5441–5451 | 5443
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assay kit, Sigma Aldrich, Germany) aer 3, 7 and 10 days of
cultivation in the case of the 2D hydrogels, and aer 4 weeks of
cultivation in the case of the 3D hydrogels. Culture media were
completely removed from the samples and freshly prepared
culture medium was added containing 1 vol% WST-8 assay kit,
and followed by incubation for 2 h. Subsequently, 100 mL of
supernatant from each sample was transferred into a well of a
96 well-plate and the absorbance was measured at 450 nm with
a microplate reader (PHOmo, autobio labtec instruments co.
Ltd. China).

Cell staining. To assess the viability of cells, live staining was
performed with calcein acetoxymethyl ester (InvitrogenTM, USA)
aer 3, 7 and 10 days of cultivation (2D hydrogels), or aer 4
weeks of cultivation (3D hydrogels). The nuclei were visualized
by blue nucleic acid stain, DAPI (InvitrogenTM, USA) which
preferentially binds to A (Adenine) and T (Thymine) regions of
DNA. To investigate the cell morphology at the same time
points, cells were stained with rhodamine phalloidin
(Invitrogen™, USA), which selectively stains F-actin and nuclei
were visualised with green nucleic acid stain, SYTOX® (Invi-
trogenTM, USA). The images of calcein-DAPI and phalloidin-
SYTOX stained cells were taken by uorescence microscope
(FM) (Axio Scope A.1, Carl Zeiss Microimaging GmbH,
Germany).

Cell counting. Automatic cell counting in the uorescence
images taken as described above was performed using the
ImageJ soware (version 1.47v, National Institute of Health,
Bethesda, MD, USA). Six images at two different magnications
(10� and 20�) per samples were used to analyse the cell
numbers by counting the nuclei of cells. The entire area of the
image was analysed and the result was presented as number of
cells per unit area of sample.
Statistical analyses

Statistical analyses were performed by one-way analysis of
variance (ANOVA) on the 2D and 3D hydrogels. The pairwise
comparison of the means was performed with the Bonferroni's
test (post hoc comparison), where p-values < 0.05 were consid-
ered statistically signicant.
Fig. 1 FTIR spectra intervals (1800–1100 cm�1) from the pure keratin
without ultrasound treatment and 2D-hydrogels of Alg and Alg/K.
Results and discussion
Quantication of sulydryl groups

Keratin was extracted from wool by sulphitolysis,40 where the
cysteine disulphide bonds are cleaved by sulphite to give
cysteine thiol (reduced keratin) and Bunte salts residues.40–42

Therefore, in order to analyse the presence of the sulydryl
groups in the extracted keratin, the Ellman's reagent was used.
The results showed that the extraction of keratin from the wool
(1% w/v) leads to 0.13 mM of sulydryl groups. These groups,
present in cysteine residues, are a common site for free radical
reactions and hence the small amount of residues present in
keratin can also contribute toward the gelation of keratin. Upon
sonication, cysteine residues can be oxidized and establish
inter-protein disulphide bonds that crosslink the proteins
5444 | J. Mater. Chem. B, 2014, 2, 5441–5451
resulting in gelation and more organized structure, which was
further conrmed by FTIR.
Physico-chemical characterization of 2D and 3D hydrogels

Chemical composition: ATR-FTIR assessments. Fig. 1 shows
representative infrared absorption spectra of the materials,
which characterize the alginate (Alg) and alginate/keratin (Alg/
K) 2D hydrogels.

The FTIR spectrum of Alg is widely reported in the literature
and is characterized by the peaks which fall around 3447, 1615,
1421, and 1035 cm�1 and are attributed to the stretching of
O–H, –COO (asymmetric), –COO� (symmetric), and C–O–C,
respectively.43 The FTIR spectra of pure keratin and hydrogel
lms of Alg/K show characteristic absorption bands assigned to
the peptide bonds (–CONH–) characterized with the bands
known as amide I (1600–1700 cm�1, C]O stretching), amide II
(1540–1520 cm�1, NH bending and C–H stretching vibration)
and amide III (1220–1300 cm�1 combination of C–N stretching
and C]O bending vibration).44,45 Concerning the literature, it
has been shown that the spectral peaks from amide band I,
which are mainly related to the C]O stretching are commonly
used to identify the protein secondary structure. The positions
of these bands indicate the conformations of the protein
materials: 1650 cm�1 (random coil) and 1630 cm�1 (b-sheet) for
amide I; 1540 cm�1 (random coil) and 1520 cm�1 (b-sheet) for
amide II; 1230 cm�1 (random coil) and 1270 cm�1 (b-sheet) for
amide III.46,47 The spectrum from pure keratin (before ultra-
sound treatment) shows a peak at 1650 cm�1 from amide I, 1530
cm�1 with a shoulder at 1513 cm�1 amide II and 1230 cm�1

amide III. The absorption value of amide I band indicates that
the secondary structure of keratin consist of a-helix and random
coil conformation. The spectrum of Alg/K aer ultrasound
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Mass loss (%) and derivative thermogravimetric analysis (DTG)
curves of 2D (a) and 3D-hydrogels (b) obtained from Alg, and Alg/K.

Paper Journal of Materials Chemistry B

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ne
 2

01
4.

 D
ow

nl
oa

de
d 

on
 1

/1
0/

20
26

 8
:1

4:
53

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
treatment presents a peak of amide I around 1626 cm�1 fol-
lowed by a small shoulder at around 1650 cm�1, and amide II
showed a broad peak around 1522 cm�1. The presence of these
bands can indicate that aer hydrogel formation, keratin
protein assumes mainly a b-sheet conformation. However, the
peak from amide II is not well dened, giving an indication that
some disorder structures are also present. This occurs because
ultrasound treatment leads to a change in the protein confor-
mation, enhancing the electrostatic interactions and changes in
the hydrophobic hydration, which can result in the accelerated
formation of physical cross-links, such as initial chain interac-
tions related to more organized structures. It is well known that
the sonication treatment due to mechanical vibration causes
the formation and collapse of bubbles, leading to the
phenomena of cavitation, where the media may experience
extreme local effects; including heating (10 000 K), high pres-
sure (200 bar), high strain rates (107 s�1)48–50 and production of
hydroxyl (cOH) and hydrogen (Hc) radicals, and in the presence
of oxygen (O2), superoxide (O2c

�) and hydroperoxyl radicals
(HO2c).51–53 Moreover, these radicals (cOH, O2c

�, and HO2c) are
potential protein crosslinking agents. Thus, keratin can be
crosslinked through disulphide bonds resulting from cysteine
oxidation, since keratin contains cysteine residues in its
constitution, which are in the form of sulydryl groups aer
the reduction treatment. As a consequence, the molecular
chains become closer and this organization can stabilize the
supramolecular b-sheet structure of keratin.

Thermogravimetric analysis. The results of the thermogra-
vimetric analysis experiments for the 2D and 3D hydrogel
samples are presented in Fig. 2.

Generally, the thermogravimetric curves follow the same
trend for both samples, indicating that the decomposition steps
were practically the same. However, for 2D hydrogels the
thermal stability of the samples was affected by the presence of
keratin protein (Fig. 2a). The rst decomposition stage starts
almost immediately (aer 30 �C), ranges up to 220 �C and
corresponds to the dehydration process and water desorption of
the samples. The temperature range between 220 and 470 �C
corresponds to the gradual degradation of both samples and
represents two different degradation steps. The rst step for
Alg/K begins at 225 �C presenting also a peak at 277 �C and for
Alg starts at 240 �C. In the case of Alg/K hydrogels the peak at
225 �C is related to the melting/degradation of a-helices of the
intermediate laments proteins and the peak at 277 �C corre-
sponds to the degradation of keratin associated proteins that
comprise the high-sulfur (highly cross-linked) keratins of the
intermacrobrillar matrix. For Alg lms the peak around 240 �C
indicates the decomposition of alginate by the dehydration of
the saccharide rings, breaking up of C–H bonds and breaking of
the C–O–C glycoside bonds in the main polysaccharide chain.
In the second stage, the blend with keratin presents higher
thermal stability while the alginate sample exhibits lower
thermal stability. In both degradation stages, dehydration and
C]O and C–C bond cleavage processes occur accompanied by
the formation of carbon structures as previously determined by
gas chromatography-mass spectrometry.54 The decomposition
step, which occurs at the temperature range 475–530 �C, is also
This journal is © The Royal Society of Chemistry 2014
present in both samples, and represents a very fast and abrupt
process, as indicated in derivative thermogravimetric analysis
(DTG). This specic phenomenon is a consequence of a violent
combustion and oxidation of the sample. The 2D hydrogel of
Alg loses the highest percentage of its mass during this step (20
wt%), which starts at 510 �C. However, the blend with keratin
protein presents the higher thermal stability up to that point,
and starts this second degradation step at 513 �C loosing just
3% of its initial mass. This fact can be associated with the ability
of keratin to form the disulphide bond during ultrasound
treatment, which increases the thermal stability of the hybrid
hydrogel, as previously mentioned. At the temperature range
from 530 to 730 �C almost a plateau is formed in the thermo-
grams of both hydrogel lms, while from 730 to 800 �C the nal
degradation step of all samples is obvious, as indicated also in
the DTG graphs. The decomposition of calcium carbonate,
which had been formed during the heating process at low
temperatures, is taking place at that temperature range.
Regarding the remaining mass loss percentages, the Alg sample
degraded almost completely and the mass residue was about
9%, while Alg/K the mass residue was approximately 14%. In
the subsequent analyses, the thermal stability of the samples in
microcapsule form was also studied under the same conditions
as used for 2D hydrogels (Fig. 2b). However, the results from the
thermogravimetric experiments performed on themicrocapsule
samples did not reveal signicant differences in the thermal
J. Mater. Chem. B, 2014, 2, 5441–5451 | 5445
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Fig. 3 Water uptake studies of hydrogels in two different media
(DMEM and HBSS): (a) 2D hydrogels and (b) 3D hydrogels.

Fig. 4 Weight loss measurements of 2D hydrogels (Alg and Alg/K)
after 21 days of incubation in HBSS and DMEM.
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degradation between Alg and Alg/K 3D hydrogels. The trend
observed during the degradation process was almost identical
for both samples. A small difference was detectable at the
turning point of 440 �C. Up to that temperature, the sample with
keratin exhibited higher thermal stability than the Alg micro-
capsules demonstrating once again that keratin protein
increases the thermal stability of the blend. From that point, Alg
decomposed at slower rates than the hybrid samples, a fact
which resulted in higher mass residue of Alg. Compared to the
lms, microcapsules underwent the same degradation steps at
slightly elevated temperatures, but the most signicant differ-
ence was that the fast decomposition, which was seen in the
lms at 475–530 �C, was not observed in microcapsules. This is
an indication that this geometry contains a large amount of
water (almost 94–98% w/w), which is evaporated at around
100 �C in addition to a small amount of materials which
degrade aer certain time. This conclusion was further
conrmed by the derivative of the mass loss signal.

Water uptake. Water uptake represents the ability of a
biomaterial to keep and diffuse a buffer solution, and is one of
the important properties of hydrogel-based biomaterials. This
parameter is related to the capacity to supply nutrients to the
interior of the composite matrix. Moreover, it is an important
indicator of the surface area for the cells to adhere, which is
essential for tissue engineering scaffolds. However, an
increased water uptake affects negatively the mechanical
properties of the material, thus a controlled water uptake
behaviour is required for successful biomedical application.55

In this study, the water uptake behaviour of the Alg and Alg/K
blend was investigated in the presence of different media,
namely HBSS and DMEM (Fig. 3). The aim of using different
solutions was to investigate whether specic water uptake
effects occur upon using a normal medium which mimics the
cell environment (e.g. DMEM) in comparison with an isotonic
solution such HBSS.

The results demonstrate that in both geometries produced
the addition of keratin protein leads to a decrease of the amount
of water uptake in the presence of either HBSS or DMEM
medium (pH 7.4). This fact can be attributed to the diffusion of
water inside the network, which decreases due to the electro-
static and hydrophobic interactions that occur between the
protein chains and also with alginate molecules. However,
comparing the 2D and 3D-hydrogels, the water uptake is higher
for the 3D-hydrogels corroborating the results from thermog-
ravimetric analysis, which veried the high content of water in
microcapsules. Moreover, no obvious differences were observed
for the water uptake analyses in different media. This result
indicates the ability of these matrices to transport nutrients
inside of the matrix which is extremely important for cell
encapsulation purposes. However, it should be taken into
account that the observed effect is not a linear relation since an
increase of water uptake can also affects negatively the prop-
erties of a biomaterial, as previously mentioned, and therefore a
balance should be found.55

Degradation studies: weight loss and protein release. The
degradation behaviour of 2D hydrogels was evaluated in terms
of weight loss over 21 days in the presence of HBSS and DMEM
5446 | J. Mater. Chem. B, 2014, 2, 5441–5451
at 37 �C. As shown in Fig. 4, the weight loss of hybrid hydrogels
(Alg/K) is lower when compared with Alg. This fact can be
related to the sonication treatment as, according to the litera-
ture,56 the ultrasound induces the degradation of poly-
saccharides producing fragments with lower molecular weight
that lead to a decreased stability of the hydrogels formed.
Furthermore, the presence of keratin contributes to the
formation of a denser crosslinking network because it provides
thiol groups, which can be further oxidized by the radicals
This journal is © The Royal Society of Chemistry 2014
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Fig. 6 SEM cross-section images of Alg (a) and Alg/K (b) 2D hydrogels
showing the network of 2D hydrogels.
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produced upon the sonication treatment. The higher crosslink
density is reected in the reduced swelling behaviour discussed
before. Comparing the two different media no signicant
difference in degradation behaviour was observed. However, for
the 3D-hybrid hydrogels, the weight loss was not possible to
determine due to the loss of microcapsules during the drying
process.

For a better understanding of the degradation processes of
the investigated 2D and 3D hydrogels, the protein release was
monitored over time. For that purpose, the analysis of the effect
of different solutions (HBSS and DMEM solution at pH 7.4,
37 �C) on the behaviour of keratin release from 2D and 3D-
hybrid hydrogels was performed (Fig. 5).

For both geometries, the release of protein started immedi-
ately aer immersion in the medium, with the protein release
rate being slowed down with prolonged incubation time. This
result can be related to the fact that a crucial molecular force
involved in the formation of Alg/K hybrid hydrogels is a
hydrophobic interaction, and the high initial protein release
may be due to the slight instability of the protein network
immediately upon rehydration. Comparing both geometries,
the 2D hybrid hydrogels present lower amount of protein
released, probably due to the fact that the sonication treatment
can promote the stability of the network. Furthermore, the
surface area of 3D hydrogels is higher and therefore a higher
amount of proteins is released over time. The amount of keratin
released from 2D geometries was found to be lower than from
3D hydrogels, indicating that a signicant quantity of keratin
remained in the material that could enhance cell–material
interactions due to the presence of the cell adhesive peptide
sequences.

SEM analysis. Biomaterials for tissue engineering should
have porous architecture to improve the transport of nutrients
and oxygen into and out of the matrix. However, as the
morphology of the pores also affects the degradation kinetics
and the mechanical properties, a compromise should be found
to achieve a stable and functional biomaterial. Therefore, the
morphology of 2D and 3D hydrogels was evaluated by SEM
(Fig. 6 and 7). In the case of 2D hydrogel, the morphology of
Fig. 5 Cumulative keratin release (%) as a function of incubation time
in HBSS and in DMEM of the different hydrogels investigated: 2D
hydrogels and 3D hydrogels.

This journal is © The Royal Society of Chemistry 2014
samples was analyzed in cross-section (Fig. 6). The SEM images
demonstrate that the presence of keratin in the 2D hydrogels
formulations appears to lead to smaller pores, but no quanti-
tative analyses was carried out.

Regarding the morphology analysis of the 3D-hydrogels, it
was possible to verify that alginate microcapsules exhibit a
folded surface structure in regular congurations (Fig. 7). The
blend with keratin protein leads to a less folded, smoother
surface, indicating a more homogeneous material.
Mechanical properties

DMTA has been shown to be an adequate technique for char-
acterizing the mechanical features of biomaterials under
physiological-like conditions. In this study, DMTA was carried
out to monitor the variations of viscoelastic properties of the 2D
hydrogel upon immersion in DMEM in order to mimic the cell
environment. Fig. 8 shows the results obtained by frequency
Fig. 7 SEM images of 3D hydrogels: Alg (a), whole and surface of
microcapsule and Alg/K (b) whole and surface microcapsule.
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Fig. 8 DMTA scans of Alg and Alg/K hydrogels immediately after
preparation and after 21 days of incubation in DMEM: (a) storage
modulus (kPa); (b) tan d.

Fig. 9 Fluorescent staining with calcein/DAPI of HUVECS on 2D
hydrogels after 3 days and after 10 days of cultivation: (a) Alg and (b)
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scans from hydrogel samples that were immersed in DMEM for
21 days.

A small increase in storage modulus (E0) with the increase of
frequency is veried for all samples. The data from Fig. 8 show
that the blend with keratin promotes an increase of E0 from
z100 to z400 kPa (evaluated to 10 Hz), indicating that the
addition of protein leads to a stiffer material when compared
with Alg hydrogels. The damping properties of the materials
were also analysed and these data were obtained by monitoring
the variation of tan d with frequency as it is depicted in Fig. 8.
tan d is dened as the loss factor, is an important parameter
due to the fact that it can give information about the energy that
is being dissipated by viscous mechanisms relative to the energy
stored in the elastic component.57 From our data, it is possible
to observe that tan d tends to decrease with the increase in
frequency, indicating that the materials became less viscous
and more elastic. Furthermore, within the uncertainty tan d is
constant for Alg which implies the formation of a real gel. For
Alg/K tan d is constant at high frequencies (higher gel behav-
iour) but increases at lower frequencies. This gives some indi-
cation of an additional relaxation process due to the presence of
the keratin. Moreover, as shown in Fig. 8, tan d exhibits higher
values for Alg hydrogel, indicating that this material possesses
higher capacity to dissipate energy in comparison to Alg/K.
Additionally, the tan d values of the Alg hydrogels do not exhibit
signicant variation over time, suggesting that the damping
properties are not dependent on time. However, the presence of
5448 | J. Mater. Chem. B, 2014, 2, 5441–5451
keratin results in a decrease of tan d values aer 21 days, which
indicates that the hybrid hydrogels dissipate less energy over
the storage time.
Cell–material interactions using human endothelial cells

The biocompatibility of tissue-engineered scaffolds is a decisive
factor that must be considered prior to any in vivo application. It
is therefore critically important to test the cell–material inter-
actions in vitro, in order to verify the suitability of biomatrices
for their potential use in humans. Alginate constitutes a matrix
with a relatively poor cell compatibility prole.17 To investigate
whether the cell–material interactions are improved by the
presence of keratin in the hydrogel, the attachment and growth,
as well as cell morphology andmitochondrial activity of primary
HUVECs were analysed and compared between pure alginate
and alginate/keratin blend, in two different geometries.

Cell viability and cell proliferation. Fig. 9 shows the living
HUVECs (stained with Calcein AM) on Alg and Alg/K hydrogels
aer 3 and 10 days of incubation.

The viability and morphology of living cells was evaluated
using the calcein AM, which stains the cytoplasm of living
cells.58 Esterases present in the cytoplasm of the living cells
break down calcein, resulting in a orescent green product
which is impermeable to cell membranes. Moreover, calcein
staining further gives information about the cell shape and
membrane integrity which are the hallmarks of the normal cell
equilibrium. Furthermore, the cells were also stained with
DAPI, a nucleic acid stain, to study the integrity of the nucleus.59

In Fig. 9, a strong reduction in viable cell numbers on alginate
hydrogel aer 3 days of incubation is shown. The results of
morphological evaluation furthermore demonstrated that on
hybrid Alg/K hydrogels, signicantly more viable cells with
intact nuclei and cell membranes were found as compared with
pure alginate hydrogels.

Aer 3 days post-seeding on Alg/K lms, the cells were
attached and spread showing a typical endothelial morphology
Alg/K. The cells were stained for living cells (green) and nuclei (blue).

This journal is © The Royal Society of Chemistry 2014
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Fig. 11 Fluorescent staining with Phalloidin/Sytox of HUVECSs on 2D
hydrogels after 3 days and after 10 days of cultivation: (a) Alg and (b)
Alg/K. The cells were stained for F-actin (red) and nuclei (green).

Fig. 12 Fluorescent staining with calcein/DAPI of HUVECs into 3D
hydrogels after 4 weeks of cultivation. The cells were stained for live
cells (green) and nucleus (blue).
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with an increase in the number of adherent cells being observed
with time. At day 10, the lms were completely covered with a
densemonolayer of HUVECs. These results suggest that keratin-
containing hydrogels are able to provide a suitable anchorage
and a growth-supporting environment for endothelial cells.
Initial attachment of cells promotes cell survival and plays a role
in regulation of cell function and signalling.60,61 Once the
endothelial cells are rmly attached, they can spread and
proliferate, thus forming a monolayer. This step is critically
important for the physiologic function of these cells, as endo-
thelial responsiveness, vitality and barrier-function depend on
the cell–cell contacts.62 Moreover, endothelial proliferation is
essential for angiogenesis, which is necessary for efficient
tissue/organ regeneration in vivo.61

The cell proliferation on 2D hydrogels was analysed by
counting of uorescently stained cell nuclei with Image J so-
ware aer specic cultivation periods (Fig. 10). However, this
analysis was performed only for alginate/keratin 2D hydrogels
since it was not possible to count cells on pure alginate due to
aggregation, which is shown in the uorescence images of
Fig. 9. The data showed that the cell number increased with
cultivation time where a higher number of cells per unit area of
hydrogel (cells per mm2) was found.

Furthermore, to visualize cell morphology and cell spreading
on to the hydrogels, actin cytoskeleton staining of the cells was
performed using rhodamine phalloidin. Cell morphology plays
an important role in the general cell hemostasis, and can be an
early indicator of apoptotic responsiveness,63,64 or growth
arrest.58 The F-actin cytoskeleton staining showed that cells
were having typical cobblestone-like endothelial morphology on
Alg/K and, with increase in time, an increase in cell number was
observed as shown in the Fig. 11. As expected, on the Alg
hydrogel, there were fewer cells as compared to the Alg/K
hydrogels at day 3 and day 10. Moreover, cellular morphology
was disturbed and typical endothelial morphology was not
observed (Fig. 11), which is in accordance with the results
observed by calcein staining.

In the case of the cell-encapsulation into the Alg/K micro-
capsules, uorescent analyses demonstrated that the cells were
Fig. 10 HUVECs proliferation on Alg/K 2D hydrogels after 3 days and
10 days of cultivation. A statistically significant difference is indicated:
***p < 0.001 (Bonferroni's post-hoc).

This journal is © The Royal Society of Chemistry 2014
able to grow and proliferate aer four weeks of incubation
(Fig. 12). This fact was not observed when the cells were
encapsulated in alginate, proving the fact that the use of
keratin, which provides cell adhesion motifs, enhances cell–
material interaction.

Compared with the 2D geometry, where the typical HUVEC
morphology was observed, HUVECs grown in the microcapsules
showed more rounded cell bodies, with less spread phenotype.
This may suggest that by encapsulation, an atypical mechanical
load acting on the cells is created, limiting their full spreading
ability and migration out of the microcapsules.

Gathering the results achieved, it is possible to conclude that
the geometry of the biomaterial is an important parameter to
take in consideration with relation to the type of application
and the target cells.

Mitochondrial activity. Cell vitality plays an important role in
living tissues, and in tissue engineering and regeneration.65

Mitochondrial activity is an important aspect of normal cellular
function. Mitochondria are not only an energy production hub
of the cell but also play a role in cell proliferation, apoptosis or
cell death and hence in regulation of the cellular functions.66 In
our study, high numbers of viable cells growing on the Alg/K
hydrogels were detected, but their mitochondrial activity was
unknown. For this purpose, the metabolism of the HUVECs on
J. Mater. Chem. B, 2014, 2, 5441–5451 | 5449

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4tb00776j


Fig. 13 Mitochondrial activity of HUVECs on 2D (a) at different times of
cultivation, and 3D (b) after 4 weeks of cultivation. Statistically signif-
icant differences are indicated comparing with Alg hydrogels in each
time point: *p < 0.05, **p < 0.01 and ***p < 0.001 (Bonferroni's post-
hoc test).
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2D and 3D hydrogels was investigated by analysing the mito-
chondrial activity of cells with WST-8 assay, as presented in
Fig. 13.

In the metabolically active cells, tetrazolium compound is
metabolized in the mitochondria and the product, formazan, is
secreted into the medium, resulting in change of the colour
which is measured spectrophotometrically. In the case of 2D
hydrogels, aer 3 days of incubation, the mitochondrial activity
of HUVECs grown on hybrid hydrogels was signicantly higher
compared to those grown on alginate. Similar results were
obtained for the HUVECs encapsulated into hybrid hydrogels,
where a signicant increase in the mitochondrial activity of the
cells was observed. These results are in accordance with the
results of the uorescence staining of HUVECs which are pre-
sented in Fig. 9, 11 and 12. Our ndings indicate that hydrogels
composed of Alg/K blend possess superior endothelial
compatibility and constitute a suitable matrix for example for
applications in vascular tissue regeneration.
Conclusions

This study focused on the development and production of two
different geometries of hybrid hydrogels based on a novel blend
between polysaccharide (alginate) and protein (keratin). The
hybrid hydrogel was successfully produced in 2D and 3D forms
and an extensive physico-chemical characterization was carried
5450 | J. Mater. Chem. B, 2014, 2, 5441–5451
out. Furthermore, cell studies performed with primary HUVECs
demonstrate the ability of these hybrid hydrogels to promote
cell attachment, proliferation, spreading and viability. The cells
seeded on the surface of 2D hydrogels remained viable over 10
days of culture, forming a monolayer and demonstrating the
typical cobblestone-like endothelial morphology. The encapsu-
lated cells were viable over 4 weeks of cultivation. Within this
culture time the number and mitochondrial activity of cells
were increased and cells began to spread.

Thus, the developed alginate/keratin hybrid hydrogels
represent a promising candidate biomaterial for tissue engi-
neering and regenerative medicine applications.
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