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Protein based hydrogels are a very interesting type of biomaterials with many probed strengths related to their
source and chemical structure. Biocompatibility and biodegradability are accompanied by affordability when it
comes to low cost sources. The main keratin source is agroindustrial waste, such as feathers, horns, hooves,
hair and wool. Thus, the main cost of keratin hydrogels derives from their processing. Here is presented a new
strategy for the obtaining of a keratin hydrogel with enhanced mechanical properties using low cost reagents.
This keratin hydrogel is stiff enough to allow handling without special cares and also presenting a reversible
pH-responsive behavior. Theminimum swelling is observed at low pH due to a collapsed and disordered protein
network with water tightly adsorbed to the hydrophilic sites. The swelling rises significantly above pH 6 and the
maximum swelling appears above pH 8 where an expanded network allows water to enter to the pores.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Stimuli-responsive materials are those that react to a particular
stimulus by changing a well-defined property of the original material.
There have been reported varied stimuli that can trigger this change.
Media pH, ionic strength, light intensity, temperature, electric andmag-
netic fields are the most commonly reported [1]. When these triggers
are environmental changes these materials are prone to serve as sen-
sors, whereaswhen the triggers can be precisely controlled these mate-
rials can be used as actuators. Literature presents a wide spectrum of
technological application fields for stimuli-responsive materials. One
of the main fields is medicine where smart biomaterials are thoroughly
studied for drug delivery, wound dressing or tissue regeneration [1,2].
Nevertheless, there are numerous and varied applications for their use
in sensor and actuator systems, such as swelling hydrogels for optical
lenses or flow valves in microfluidic devices, piezoelectrics for sensing
movement, or electro-actuating systems for controlled movement de-
vices, among others [1,3,4].

Polymeric hydrogels consist in three dimensional networks which
can contain up to 10 g water/g matrix without dissolving and many of
s (UBA), Facultad de Farmacia y
icoquímica, (UBA), Junín 956,
them are responsive to environmental stimuli [5,6]. They may be
formed by a single component, either unmodified or cross-linked, or
by multiple components, such as interpenetrated polymer networks
(IPN) or copolymers [7]. Biopolymer based hydrogels have recently
gathered scientific and industrial attention and lead the efforts for the
development of novel materials. This interest is driven by several prop-
erties typically present in these materials, such as biocompatibility, bio-
degradability and sometimes low cost, which lead to sustainability of
the production process and high acceptability of the product by pro-
ducers, consumers and regulation authorities [6,8–10].

Protein based hydrogels have also demonstrated the advantages of
other biopolymers. The most widely studied protein based hydrogels
have been obtained from collagen, fibrinogen, silk and elastin [11]. Par-
ticularly, keratin hydrogels are obtained by extraction of the soluble
component of different low cost sources of this protein, such as feathers,
hair, nails, wool, hoof, horn, etc. This extraction is mainly carried out by
using an oxidant or a reductant giving origin to keratose or keratein re-
spectively [12]. These extracts are filtered and dialyzed before the final
gelling stage in which the keratin solution or material is obtained. Ker-
atin materials thus prepared have been recently studied with biomedi-
cal purposes without reporting a stimuli-responsive property [13–16].
Up to date most reports make use of chemical grafting in order to
endow keratin with stimuli-responsive behavior. Poly(N-(2-
hydroxypropyl)methacrylamide) and poly(ethylene glycol) have been
used to obtain smart materials in the micelle or nanoparticle form for
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their use in drug delivery [17–19]. Also, keratinmaterials have been ob-
tained in the form of hydrogels and the grafting with methacrylic acid,
N-isopropyl acrylamide and itaconic acid endowed the material with
stimuli-responsive behavior [20–22].

Here we report the development of a smart keratin hydrogel with
enhancedmechanical properties and stimuli-responsive behavior with-
out the need of additional chemical graftings. This was achieved by
using a new and sustainable route of synthesis. Reagents were kept to
a minimum and aqueous salts and ethanol were used in order to aim
for a green production process. Bovine horn was used as the source of
keratin powder. The synthesis strategy was design to overcome two
main issues of the traditional techniques: low protein recovery and
long dialysis times. The swelling behavior of the hydrogel was analyzed
by thoroughly studying the chemical and structural changes of the ma-
terial. The reasons for this behavior were studied by different character-
ization techniques such as ATR-IR, Raman spectroscopy, NMR
relaxometry, ss-NMR, DSC, SAXS, SEM and rheological behavior.

2. Experimental section

2.1. Materials

Sodium hydroxide, K2HPO4, KH2PO4 were purchased from Anedra
(Argentina). Ethanol 96% was acquired from Soria (Avellaneda,
Argentina). Ethyl Acetate was purchased from biopack (Argentina).
Deuterated Chloroform was acquired from Sigma-Aldrich (St. Louis,
USA). Phosphoric acid 85% from Mallinckrodt (USA). All other reagents
were of analytical grade. A complete cow's horn (Bos taurus, Hereford)
was used as keratin source.

2.2. Preparation of keratin materials

Horn was milled and sieved through a 250 μm sieve. Then, the horn
powder was washed three times with distilled water, one time with
ethanol and finally, three times with ethyl acetate to remove fat. After
that, the powder were dried at 37 °C overnight. Keratin (1 g) powder
wasmixed with 7ml dilution of NaOH 1 N in Ethanol (25 ml). The mix-
ture was left at 45 °C for 4 h. After that, the mixture was homogenized
through a syringe and left until complete dryness at 45 °C. This material
was named: keratin block.

2.3. Swelled keratin hydrogel preparation

The keratin blocks obtained,were thoroughlywashedwith deonized
water in order to remove all NaOH residue. After hydration, the hydro-
gel form of the material was obtained. For the achievement of different
swelling ratios the hydrogels were equilibrated in a 10 mM phosphate
solution ranging from pH 4 to pH 8. According of the equilibration pH
the hydrogels were named as KerH-4, KerH-5, KerH-6, KerH-7 and
KerH-8.

2.4. Swelling studies

In order to assess the swelling behavior of the material, 0.02 g of a
keratin blockwere equilibrated in different 10mMphosphate solutions
ranging frompH4 to pH 8. After equilibriumwas reached, the hydrogels
were removed from the solution and accurately weighted. The revers-
ibility of the swelling behavior was determined by equilibrating and
weighting the hydrogels in subsequent 10 mM phosphate solutions of
pH 4 and then pH 8 and vice-versa.

2.5. Spectroscopic characterization

ATR-FTIR (diamond attenuated total reflectance) and FT-Raman
spectra of washed horn powder, and keratin materials were recorded
using a Nicolet iS50 Advanced Spectrometer (Thermo Scientific). ATR-
FTIR spectra were recorded with 32 scans and a resolution of 4 cm−1.
FT-Raman spectra were acquired with an excitation laser beam of
1064 nm, 0.5W laser power, resolution of 4 cm−1, 50 scans. All samples
were previously dried for 24 h at 60 °C to avoid water related bands
interference.

The investigation of the ultrastructure of the hydrogels swelled at
different pH was performed by Small Angle X-ray Scattering using the
SAXS1 beamline of the National Synchrotron Light Laboratory (LNLS),
Campinas, Brazil. The SAXS measurements were performed at room
temperature in transmission geometry with λ = 1.55 Å (8 keV). The
2D SAXS spectra were monitored using a Pilatus 300 K detector. A sam-
ple to-detector distance of 0.9 and 3 m and an exposure time of 60 s
were used. The samples were placed with their surfaces perpendicular
to the direction of the incident X-ray beam and parallel to the X-ray de-
tector. The scattering intensity (I) was measured as a function of the
scattering vector (q) from 0.04 to 4.5 nm−1. The background and para-
sitic scattering were determined by using an empty sample holder and
were subtracted for each measurement.

Proton relaxation time experiments were performed in a Bruker
UltraShield 600.13 MHz spectrometer with Avance III acquisition sys-
tem, BOSS II shim system and Bruker SmartProbe BBO S3 with Z-
gradient and automatic tune. Transverse relaxation curves for water
spin-spin relaxation times (T2) determination were obtained using a
Carr-Purcell-Meiboom-Gill (CPMG) spin echo sequence [23]. The time
spacing (τ) between pulses was varied between 0.1 and 100 ms.

The transversemagnetization decay curveswere fitted using nonlin-
ear least-squares analysis according to Eq. (1) [24]:

A τð Þ∑iA ið Þe
−τ
T2 ið Þ

� �
þ L0 ð1Þ

whereA(τ) is the signal intensity between even pairs of 180° pulses sep-
arated by a time τ, A(i) and T2(i) are the intensity and spin-spin relaxa-
tion time of component i, respectively, and L0 is the decay curve
baseline offset. Assuming only two components eq. 1 will turn in a sec-
ond order exponential decay model.

Solid-state 13C CP-MAS NMR (cross-polarization-magic angle spin-
ning NuclearMagnetic Resonance) spectra were performed on a Bruker
Avance II-300 spectrometer equipped with a 4 mmMAS probe. All the
NMR experiments were performed at room temperature. The operating
frequency for carbonswas 75.46MHz and the spinning ratewas 10 kHz.
AQ: 41 ms, CT: 2 ms, repetition rate 5 s, NS: 2000.

2.6. Rheological behavior

The rheological behavior of the hydrogels swelled at different pH
was studied. Amplitude sweeps were performed first in order to deter-
mine the linear viscoelastic range (LVR). The elastic or storagemodulus,
G′ (ω), the viscous or lossmodulus,G″ (ω) and complex viscosity (η*) of
the studied materials were obtained in small-amplitude oscillatory
shear flow experiments using a rotational rheometer from Anton Paar
(MCR-301) provided with a CTD 600 thermo chamber. The tests were
performed using parallel plates of 25 mm diameter and a frequency
range of 0.1–500 s−1. Themeasurementswere carried out at room tem-
perature (20 °C). All the tests were performed using small strains (γ=
3.0%) to ensure the linearity of the dynamic responses [25]. All the runs
were repeated using different samples. The gap width used was 700–
800 μm.

2.7. Microscopic characterization

Electronmicroscopy imageswere obtained on a Zeiss Supra 40 scan-
ning electron microscope (SEM). The hydrogels swelled at different pH
were freeze-dried and coated with gold, before the observation.



621M.L. Peralta Ramos et al. / Materials Science and Engineering C 78 (2017) 619–626
2.8. Differential scanning calorimetry (thermal analysis)

Differential scanning calorimetry was performed using a Shimadzu
DSC-50 device. The samples, previously freeze-dried, were tested from
20 °C to 260 °C at a heating rate of 10 °C/min, under nitrogen flow. De-
naturation temperature (Td) and Tmwere obtained from the curves.

2.9. Point of zero charge determination

The point of zero charge (pHpzc) of the dry keratin material was de-
termined by the drift method [26]. Briefly, a solution of 0.01 mol L−1

NaCl, was boiled to remove dissolved carbon dioxide and used to pre-
pare several solutions with an initial pH ranging from 4 to 9. Then,
0.05 g of KerH was added to 10 ml of each solution and incubated at
room temperature for 48 h. The final pH was measured and plotted
against the initial pH. The pH point at which the curve of the final pH
crosses the pHinitial = pHfinal line is the pHpzc.

2.10. Statistics

All experiments and their corresponding measurements were con-
ducted in triplicate under identical conditions and statistically analyzed
by one-way ANOVA and by the Tukey Multiple comparison post-test if
ANOVA p b 0.05. Data were expressed as means ± standard deviation
(SD). A value of p b 0.05 was considered to be statistically significant.
R language and environment was used for statistical computing and
graphics [27].

3. Results

3.1. Spectroscopic characterization of the keratin blocks

Infrared and Raman spectroscopy were used with the aim of study-
ing the changes suffered by the keratin powder in the obtaining process
of the keratin blocks (dried hydrogels). By comparing the infrared spec-
tra shown in Supplementary Data 1 (SD1) it could be seen that no ap-
preciable changes in the keratin chemical structure arise in this stage.
Nevertheless, the FT-Raman spectrum of the keratin block shows varia-
tions respecting the keratin powder spectrum (Fig. 1 and SD2). Firstly,
the band corresponding to\\S\\S\\bonds at 510 cm−1 present in the
keratin powder spectrum is undetectable in the keratin block spectrum
[28].α-Keratins are structural, fibrous proteins that are held together by
H-bonding and disulfide cross-linked bonds. The disulfide bridges
Fig. 1. FT-Raman spectra of keratin powder and keratin block.
enhance rigidity of the structure and contribute to the insolubility of
keratin [29]. Thus, the breaking of\\S\\S\\during the obtaining pro-
cess would allow keratin chains to acquire higher mobility and let
them rearrange in a different conformation respecting the powder.
This endows the material with swelling capacity in the presence of
water. Secondly, the before mentioned would be supported by the
change in the symmetry of the amide I band at 1658 cm−1. This band
accounts for the overlapping of the bands corresponding to α-helix
and β-sheets conformation of keratin, where peaks withmaximums to-
wards 1650 cm−1 correspond to the former and peaks towards
1670 cm−1 to the latter [28]. In this regard, the changes observed in
this band would reinforce the assumption of a conformational change
during the obtaining of the keratin blocks.

3.2. Macroscopical characterization, swelling studies and point of zero
charge determination

The dry keratin blocks present rigid structures that swell upon con-
tact with water achieving a hydrogel form. The keratin hydrogels are
stiff and compressible gels that can be easily handled, as can be seen
in Fig. 2a. A reversible pH-responsive behavior was observed in the hy-
drogel form by equilibration between pH 4 and 8 as evidenced in Fig. 2a
and c.

The hydrogel swelling properties were studied in order to assess its
behavior at different media pH and its reversibility and the results are
shown in Fig. 2b and c. As can be seen, at higher pHs (pH 6 to 8), the
hydrogels present a higher swelling (up to 650%) than at low pH
(around 100%). From low to high pHs, the swelling transition appears
between pH 5 and 6 (KerH-5 and KerH-6) (significantly different p b

0.01, Tukey post-test). Although swelling at pH 8 and 7 (KerH-8 and
KerH-7) is higher than at pH 6 (KerH-6), these swellings are significant-
ly different with a p b 0.05 (significantly different p b 0.01, Tukey post-
test). Since most basic aminoacids present their side chain groups pKa
above pH 9, it could be considered that within the pH working range
of this study, the protonation of these groups would remain unaltered.
On the other hand, the acid aminoacids present their pKa around
pH 4. Therefore, the main chemical changes would be related to these
groups. Being the PZC of the keratin hydrogels 7.5 (SD3), it would be ex-
pected that below this point the material would present net positive
charge. Remarkably, the swelling at low pHswas the lowest. Thus, elec-
trostatic repulsion would be negligible as the driving mechanism for
swelling.

With the aim to depict the hydrogels stimuli-responsive behavior
and understand themechanism involved, it was considered that keratin
hydrogels present three types of structures associated with the swell-
ing: 1) a low pH state (KerH-4 and KerH-5), 2) a high pH state (KerH-
7 andKerH-8), and 3) a transition pH state at pH6 (KerH-6). The follow-
ing results will support this classification.

3.3. Microscopical characterization of the hydrogels

In order to study the microscopic topography of the hydrogels, they
were freeze-dried and observed by SEM (Fig. 3). From the SEM images it
can be observed that hydrogels equilibrated at lowpH (KerH-4, KerH-5)
and at the transition pH (KerH-6) present collapsed structures in com-
parison with the ones equilibrated at high pH (KerH-7 and KerH-8),
which show an expanded topography with pores with diameter of
few to several microns. At low pH the keratin structure is collapsed
probably due to an interaction among keratin domains. At high pH,
the chains expand to allowwater to enter the pores. The latter could ac-
count for two main process. On one hand, interchain repulsion, but this
would not be supported as it wasmentioned before. On the other hand,
the mechanism could imply a weakening of interchain interactions be-
cause of the loss of H-bonding and/or changes in the protein tertiary
structure. Both would lead to the exposure of hydrophilic sites that
allow the interaction with water and a subsequent pore filling.

Image of Fig. 1


Fig. 2. a) Images of the keratin block, keratin hydrogel and pH responsiveness of the hydrogel (middle); b) Swelling behavior of the keratin hydrogels vsmedia pH; c) Reversibility of pH-
responsiveness.
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Interestingly, at the transition state (KerH-6) amore expanded network
would be expected due to the swelling values. Nevertheless, a collapsed
structure can be observed.

3.4. Thermal analysis (differential scanning calorimetry)

The thermal behavior of keratin powder and the hydrogels equili-
brated at different pHs was studied by DSC. The thermograms are
shown in Fig. 4a and the results are summarized in Table SD4. All sam-
ples showed an endothermic event around 110–130 °C. This peak ac-
counts for bounded water evaporation, also known in literature as the
denaturation temperature (Td) [30]. Since the main structure of the
Fig. 3. SEM images of th
keratin do not suffer from extensive chemical modification, as observed
from infrared spectra, it could be expected that water binding sites in
the hydrogels remain similar to those in pristine keratin. Thus, the Td
should be similar for all samples. On the other hand, the thermograms
show differences among the keratin powder's and the hydrogels' tem-
perature of melting (Tm), also seen as an endothermic event around
210–240 °C. As could be seen in Fig. 4a and Table SD4, keratin powder
presents the higher Tm, whereas hydrogels equilibrated at low pH and
at the transition pH show a Tm at 224–229 °C and those equilibrated
at high pH present a Tm at 211–214 °C. This peak represents the dena-
turation of the protein and it has been used for the determination of
the extent of structural modification [31,32]. Therefore, the changes
e keratin hydrogels.

Image of Fig. 2
Image of Fig. 3


Fig. 4. DSC thermograms of the keratin powder and the hydrogels (a) and Transverse relaxation curves for water proton spin-spin relaxation (b).
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seen in the Tm could also ascribe to the alteration of protein structures
in the obtained hydrogels. Furthermore, the swelling process at differ-
ent pHswould not only involve awater uptake variation by pore expan-
sion/contraction but also conformational changes in the protein chains.

3.5. Water protons relaxation time determination

Transverse relaxation curves forwater spin-spin relaxation time (T2)
of the hydrogels are presented in Fig. 4b. The shape of a spin relaxation
curve is influenced by variations in themagneticfield thatmolecules are
subjected to. Since molecular motion can affect the homogeneity of the
magnetic field, it influences the relaxation curves shape. For free and
randomly moving nuclei, such as water protons, relaxation time is typ-
ically in the order of seconds. On the other hand, when the same nuclei
suffer a restricted motion their relaxation time becomes shorter, for in-
stance when a molecule is located within a pore or interacting with a
surface. In a system that both types of motion are present, both decay
behaviors should be considered and each would be represented by an
independent decay rate or spin-spin relaxation time (T2) [33]. From
the global decay of magnetization it could be seen that transverse relax-
ation of water protons is faster in KerH-4, KerH-5 and KerH-6 than for
KerH-7 and KerH-8. Being the global decay ofmagnetization a contribu-
tion of all relaxations it could be proposed that the hydrogels would
present two types of water regarding molecular motion. Since the
values of T2 calculated using Eq. (2) are considerably lower than 1 s, it
was considered that the amount of free water is negligible in these
hydrogels. This is probably due to the restriction of water to the pores
and the high interaction with the protein hydrophilic groups. In this re-
gard, Mc Conville et al., proposed that “bound” or motion restricted
water can present two simple types of behavior regarding time scale,
fast and slow, which other authors have assigned for poorly mobile or
exchangeable water protons and bound water protons regarding their
equilibrium between the adsorption surfaces and bulk solution [34,
35]. The relaxation curves where fitted with a 2nd order exponential
decay model considering the global contribution of a T2b and a T2e, ac-
counting for bounded and exchangeable water protons respectively.
As can be seen in Table SD5, all samples presented a T2b in the same
order of magnitude confirming that the behavior of the bound water
to the hydrophilic sites of the protein is similar in all states. This could
be expected since all hydrogels contain the same chemical structure
and, therefore, the same water adsorption sites. On the other hand,
the T2e is similar for KerH-4, KerH-5 and KerH-6 but clearly higher for
KerH-7 and KerH-8. This rise in T2e for the high pH states can be
explained by the higher swelling observed in this state which would
imply higher water mobility. Nevertheless, this is contrasting with the
KerH-6 T2e value. KerH-6 presents a higher swelling that the low pH
states but similar T2e. This would be indicative that, although the mate-
rial uptakes higher amounts of water at pH 6 than at low pHs, this ex-
changeable water do not present the same mobility that at higher pH
states. Probably, at the transition state thewater is taken by thematerial
but adsorbed on the hydrophilic groups of keratin and, thus, its mobility
is restricted. This model would imply that in the transition state confor-
mational changes allowwater to enter among the protein chains and be
adsorbed allowing a transitional swelling.

3.6. Rheological behavior

Fig. 5 and SD6 show the rheological behavior of the hydrogels. G′
was higher than G″ in all the samples, meaning that the elastic behavior
of the material is predominant over the viscous component, a typical
characteristic of a gel-like material [25]. Also, G′ was higher in all sam-
ples (20 to 200 kPa) than other values reported in literature for pure
keratin hydrogels obtained by the classical reduction method (1 to
10 kPa) [36,37].

Also, G′ and the complex viscosity (η*) decreased along with the pH
of hydrogel equilibration (Fig. 5 and SD6). This performance is in con-
cordance with the swelling assay results. At low pH, G′ and η* are high
which is probably due to a strong interaction among keratin domains
when its structure is collapsed. Upon swelling the keratin network ex-
pands and water enter to the pores, which diminishes G′ and η*. Also,
the transition state (KerH-6) presents a distinctive behavior from the
other samples showing a lowerG′ and η* slopeswith the increase of fre-
quency, supporting the assumption that in this state the material con-
formation is different from the low and high pH states. A lower slope
ofG′wouldmean a higher cross-linking in this sample. Since no changes
in the network cross-linking would be expected for this system, this
could probably be due to the behavior of the transition pH state where
keratin domains are reorganizing among states expressing a particular
interaction.

3.7. Small angle X-ray scattering

The structural variations in the nanometric scale of the hydrogels at
the different pH states, keratin blocks and keratin powder were studied
by means of SAXS, as shown in Fig. 6. At low q ranges all samples follow
a power-law behavior which is indicative of certain conformational

Image of Fig. 4


Fig. 5. Storage modulus (G′) (a) and complex viscosity (b) of the keratin hydrogels.
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features for semicrystalline and disordered materials. Keratin powder
and keratin blocks present this behavior in almost all the SAXS range,
and fitted according to the relation I(q)~q−α, they show α values close
to 4 which would account for surface fractals (Fig. 6a and Table SD7).
In contrast, the hydrogels present lower α values. This was expected
since lower values of this exponent would be related to lower network
density [38–40]. The keratin blocks show a sharp correlation peak
which according to Bragg's law (d = 2π/q) represents a distance of
4.6 nm. Being this peak absent in the keratin powder scattering profile,
it indicates a conformational change during the partial hydrolysis pro-
cess that, upon the final drying stage, would lead to a well ordered
structure of keratin domains. Since this feature is absent in all the hy-
drogel samples, it can be inferred that swelling would endow the sys-
tem with higher mobility and, thus, the loss of the semicrystalline
conformation.

SAXS profiles for KerH-4 and KerH-5 samples show a power-law be-
havior up to 0.036 Å−1, whereas in KerH-6, KerH-7 and KerH-8 this be-
havior is shorter and it is followed by a low α regime. This indicates that
the keratin structure at the nanometric level is different at the low pH
states than for the high pH states and the transitional pH state. Also,
the α is lower for the former group of hydrogels than for the latter
which is in accordance with the swelling assay where open network
structures would be expected for higher swellings. In addition, the α
value near to 1 of the middle regime would be related to a rod-like
Fig. 6. SAXS profiles of the keratin powder, keratin block and ke
structure [41]. Since KerH-6, KerH-7 and KerH-8 clearly present multi-
ple structural regimes, unlike the low pH states, in order to determine
the local dimension of this conformation the scattering profiles of the
transition and high pH states wheremodeledwith the Beaucage unified
equation for fractal materials with multiple structural levels [40,42]:

I qð Þ ≈ G
−q2R2g

3

� �
þ B

−q2R2
sub

3

� �
1
q�
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þ G
−q2R2s

3

� �
s þ Bs

1
q�s

� �Ps

ð2Þ

where G and Gs are the Guinier prefactors for the larger and smaller
structures respectively, Rg is the radius of gyration, Rs is the smallest Rg
observed at high q, whereas Rsub is at the high q limit, B and Bs are
prefactors specific to the Power-law scattering, which are specified as
the decay exponent P and Ps respectively, q* = q/[erf (q k Rg/61/2)]3

and qs* = q/[erf (q ks Rs/61/2)]3.
ThemodeledRg values are presented as a inset table in Fig. 6b. As can

be seen, all values are close which implies that the structural conforma-
tion of the transition pH state and the high pH state is similar or at least
presents structures of the same spatial dimensions. In support of this as-
sumption, the Kratky representation (Fig. 6b) shows similar profiles for
KerH-6, KerH-7 and KerH-8. This representation is used for the determi-
nation of the folding state and flexibility of proteins and these profiles
ratin hydrogels. Log-log (a) and Kratky representation (b).

Image of Fig. 5
Image of Fig. 6
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would indicate that the keratin at these pH values is folded or in a joint
conformation of folded and disordered states [43]:

3.8. Solid-state 13C NMR spectroscopy

Fig. 7 and SD8 present the CP-MAS 13C NMR spectra for the keratin
powder and the hydrogels. Supporting the FT-IR and FT-Raman analysis
SD8 shows that the keratin chemical structure is maintained with no
significant changes during the obtaining process. On the other hand,
Fig. 7 shows that the peak corresponding to the amide carbonyl group
at 175 ppm in the keratin powder spectrum shifts to 172–173 ppm in
the hydrogels spectra. In proteins NMR spectra, the position of this
peak accounts for the main-chain carbonyl carbon in the α-helix form
when it is around 175–176 ppm, whereas account for the β-sheet
form when it is around 172–173 ppm [44]. When a protein conforma-
tion involves both α-helix and β-sheet forms this peak results in the
overlapping of both signals. The keratin powder spectra shows a clear
maximum at 175 ppm together with a shoulder at 172 ppm which
would account for both chain conformations in pristine keratin struc-
ture. On the contrary, this peak appears narrow and shifted to
172 ppm in the hydrogel spectra which would account mainly for a β-
sheet conformation. Probably, during the obtaining process, after disul-
fide bridges are reduced,most ofα-helix domains are lostwithout a sig-
nificant alteration of the β-sheet domains. Also, upon pH rise, this peak
slightly shifts towards 173 ppm. This would be due to the higher chain
mobility of the more swelled states rather than a clear change in
conformation.

4. Discussion

In order to depict the pH-responsive behavior of the keratin hydro-
gel, it can beproposed a dynamicmodel ofwater adsorption andprotein
reorganization, which is presented in Scheme 1. During the obtaining
process, the breaking of the -S-S- bridges allows the α-helix in keratin
to reorganize in flexible moieties that endow the final material with
swelling capacity. In the hydrogel, at lower pH, the keratin structure is
collapsed due to the presence of protonated –COOH which are able es-
tablish hydrogen bonds among the protein domains, mainly in a β-
sheet conformation. At this condition the interdomain interaction is
maximum. This leads to a material with low swelling, few pores, and a
tight network which interacts with water only by adsorption to its hy-
drophilic sites.
Fig. 7. Solid-state 13C NMR spectra of keratin powder and the hydrogels.
At the transitional pH, the COO– and the COOH groups are both pres-
ent. Thus, hydrogen bonding density decays, more water adsorption
sites become available and swelling increases. The adsorbed water in
this state is still interactingwith the surface of the protein. Nevertheless,
this adsorption requires a distension of keratin chains leading to the ex-
pansion of thematerial implying amayor reorganization. This reorgani-
zation would involve changes in flexible domains of the protein rather
than a loss of the β-sheet conformation. Yet, in the transition state the
structural change would not be sufficiently extended to be detected
by SEM or DSC but the adsorbedwater would be enough to be detected
as a rise of swelling allowing the change in spatial organization con-
firmed by SAXS. In brief, this is a state that maintains some properties
of the low pH states and express others from the high pH states.

On the other hand, at high pH states the\\COO– groups in the kera-
tin structure would be hydrated rather than forming interchain hydro-
gen bonds. Hence, the main interaction would be due to a few
interdomain interaction. Thus, higher structure associations would be
disfavored allowing a higher swelling. As water enters to the network,
the folded keratin associates would separate from other keratin associ-
ates giving place to larger pores. In this state water molecules can enter
in the large pores and freely interact with the hydrophilic sites.

5. Conclusions

In this work a pH-responsive keratin hydrogel with enhanced me-
chanical properties has been obtained by a partial hydrolysis method.
Two extreme states have been detected. One at lowpH, forwhich swell-
ing is minimum, and one at high pH, for which swelling is maximum. In
both states the hydrogel is stiff enough towithstandhandlingwith good
mechanical properties, which is crucial for several applications. In addi-
tion, the material responsiveness is reversible. The obtaining process of
thematerial would imply the reduction of the\\S\\S\\bridges and the
subsequent loss of most α-helix domains without appreciable loss of
the β-sheet conformation. The mechanism of swelling in response to
themedia pH change would be a protein structural reorganization driv-
en by carboxyl protonation/deprotonation rather than by electrostatic
repulsion.
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