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a  b  s  t  r  a  c  t

Polyvinyl  alcohol-pectin  (PVA-P)  films  containing  enrofloxacin  and  keratinase  were  developed  to  treat
wounds  and scars  produced  by burns  and  skin  injuries.  However,  in  order  to  prevent  enzyme  inactiva-
tion  at  the interface  between  the  patch  and  the scars,  crosslinked  enzyme  aggregates  (CLEAs)  from  a
crude  extract  of keratinase  produced  by  Paecilomyces  lilacinus  (LPSC#876)  were  synthesized  by precipi-
tation  with  acetone  and  crosslinking  with  glutaraldehyde.  Soluble  vs. CLEA  keratinase  (K-CLEA)  activities
were  tested  in 59%  (v/v)  hydrophobic  (isobutanol  and  n-hexane)  and  hydrophilic  (acetone  and  dime-
thylsulfoxide)  solvents  mixtures.  K-CLEA  activity  was  1.4,  1.7  and  6.6  times  higher  in  acetone,  n-hexane
and  isobutanol  than  the  soluble  enzyme  at 37 ◦C after  1  h  of incubation,  respectively.  K-CLEA  showed  at
least  45%  of enzyme  residual  activity  in  the  40–65 ◦C range,  meanwhile  the soluble  biocatalyst  was fully
inactivated  at  65 ◦C after  1  h  incubation.  Also,  the  soluble  enzyme  was  completely  inactivated  after  12  h
at  pH  7.4  and  45 ◦C,  even  though  K-CLEA  retained  full  activity.  The  soluble  keratinase  was  completely

◦
inactivated  at 37 C  after  storage  in buffer  solution  (pH  7.4)  for 2  months,  meanwhile  K-CLEAs  kept  51%
of  their  activity.

K-CLEA  loaded  into  polyvinyl  alcohol  (PVA)  and  PVA-P  cryogels  showed  six  times  lower  release  rate
compared  to  the  soluble  keratinase  at skin  pH  (5.5).  Small  angle  X-ray  scattering  (SAXS)  analysis  showed
that  K-CLEA  bound  to pectin  rather  than  to PVA in  the  PVA-P  matrix.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

As previously reported, keratinase isolated from Paecilomyces
ilacinus strain LPSC#876 was immobilized into polyvinyl alcohol-
ectin (PVA-P) cryogel showing a controlled release profile without

oss of enzymatic activity [1]. The use of PVA-P cryogel in wound
ealing, however, exposes the biocatalyst to harsh environmental
onditions at the interface and over the skin wound area. The kerati-
ase activity can be influenced by changes of CO2 partial pressure,
utolysis–proteolysis, ionic strength, temperature and pH gradi-

nts, and desolvation–solvation processes. Partial pressure of CO2
pCO2) is enhanced in a wound microenvironment because it is
nsoluble at hyperoxial conditions during the healing process. This

∗ Corresponding author. Tel.: +54 221 4833794x132.
E-mail address: grcastro@gmail.com (G.R. Castro).

ttp://dx.doi.org/10.1016/j.colsurfb.2014.02.049
927-7765/© 2014 Elsevier B.V. All rights reserved.
phenomena has been observed in animals were ambient pCO2 was
increased up to 5% producing respiratory acidosis. The damaged
tissue tends to metabolically compensate this effect by alkalosis
response reducing collagen deposition [2]. Also, autolysis is a com-
mon  inactivation phenomenon reported for many proteases [3].
Either combined or individual factors can be a serious drawback
during shelf storage of therapeutic devices containing keratinase.
Therefore, the main challenge is to keep the enzyme active inside
the cryogel, at interfacial conditions and in the wound microenvi-
ronment.

Crosslinked enzyme aggregates (CLEAs) are a promising alter-
native to enhance protein structural stability and to extend the
half-life of the biocatalyst even at harsh operational conditions.

CLEAs can be produced by a simple method of enzyme precipitation
under non-denaturing conditions followed by cross linking with
bifunctional reagents, such as glutaraldehyde [4]. Enzyme precip-
itation can be produced by the addition of many compounds such

dx.doi.org/10.1016/j.colsurfb.2014.02.049
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2014.02.049&domain=pdf
mailto:grcastro@gmail.com
dx.doi.org/10.1016/j.colsurfb.2014.02.049
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s salts, organic solvents, non-ionic polymers or acids [5]. In addi-
ion, hyperactivation has been observed in the synthesis of CLEAs
f some enzymes, such as lipase and penicillin acylase [6,7].

In order to study enzyme stability at harsh environmental con-
itions such as interface and solvation changes, the use of organic
olvents was proposed as a model system. Solvents partition coef-
cient (Log P) values regards to solvent’s ability to replace water
olecules bound to enzymes. Also, dielectric constant (ε) values

f the different solvents used was taken into account to study the
eplacement of water molecules bound to the enzyme and how this
henomenon affects enzyme stability [8].

The aim of the present work is to develop and study CLEAs of
eratinase (K-CLEAs) from crude extracts of P. lilacinus LPSC#876.
ffects of polar and non-polar solvents, kinetic constants, temper-
ture and ionic strength are compared between soluble keratinase
nd K-CLEA. K-CLEAs were analyzed by electron microscopy. Inclu-
ion of K-CLEAs into PVA and PVA-P cryogels was  analyzed by small
ngle X-ray scattering spectrometry (SAXS). Finally, K-CLEA con-
rolled release was monitored under simulated skin conditions.

. Materials and methods

.1. Materials

Dimethyl sulfoxide (DMSO), ethanol and isobutanol were of ana-
ytical grade and provided by Biopack (Buenos Aires, Argentina).
cetone and buffers were provided from Anedra S.A. (Buenos Aires,
rgentina). Azocasein, bovine serum albumin (BSA, fraction V),
olyvinyl alcohol (PVA, MWav = 13–23 kDa, 98–99% hydrolyzed)
nd serine protease (from Streptomyces griseus)  were purchased
rom Sigma–Aldrich (Buenos Aires, Argentina). Pectin of 55%

ethoxylation degree was kindly supplied by CPKelco (Buenos
ires, Argentina). All remaining reagents were of analytical grade
r higher quality.

.2. Keratinase extract

P. lilacinus strain LPSC #876 was used as source of kerati-
ase [1]. The strain was maintained in potato-dextrose agar slants
nder mineral oil at 4 ◦C. P. lilacinus LPSC#876 was cultivated in
00 ml  Erlenmeyer flasks with 100 ml  of medium containing (per

iter): 10.0 g hair waste, 0.50 g NaH2PO4, 2.49 g K2HPO4, 0.16 mg
eCl3·6H2O, 0.13 mg  ZnCl2, 0.10 mg  MgCl2, and 0.011 mg  CaCl2, 2 g
east extract and 5.0 g of glucose adjusted to pH 6.0. The culture
asks were sterilized at 121 ◦C for 15 min  and then inoculated after
ooling with 2 × 107 conidia per ml.  The cultures were incubated in

 shaker at 200 rpm and 28 ◦C for about 5 days. Later, the culture
as centrifuged at 5000 × g and 4 ◦C for 20 min  and the biomass
iscarded. The cell-free supernatant was used as a source of kerati-
ase.

Keratinase crude extract (2.0 mg/ml) was precipitated with one
olume of cold acetone on ice bath. The resulting suspension was
entrifuged at 10,000 × g for 10 min. The supernatant was collected
nd the enzymatic activity was determined as described before. The
ellet was redissolved in 500 �l of 100 mM Tris–HCl buffer (pH 7.4)
nd enzymatic activity was measured.

.3. Enzymatic assays

Enzymatic activity of soluble keratinase was assayed using azo-
asein as substrate as reported previously [1]. In the case of CLEA,

0 mg  of enzyme were used. One unit of keratinase activity (EU)
as defined as the amount of enzyme that causes an increase of

.10 units of absorbance/min at 440 nm under the experimental
onditions.
: Biointerfaces 117 (2014) 284–289 285

2.4. Preparation of CLEAs

Firstly, 100 ml  of acetone were added under agitation to 10 ml
of 2 mg/ml  of crude extract to precipitate the enzyme. After
30 min, 4.36 ml  of glutaraldehyde solution (25%, v/v) were added
to crosslink the enzyme precipitate and the mixture was kept
under stirring for 1 h. The resulting K-CLEA was washed four times
with 5 ml  of 100 mM Tris–HCl buffer (pH 7.4) and centrifuged at
10,000 × g for 10 min. All the steps were performed at 0 ◦C.

2.5. Determination of kinetic parameters

Kinetic parameters of soluble keratinase and K-CLEA were deter-
mined by measuring initial reaction rates at different azocasein
concentrations in the range from 0.153 to 30 mg/ml in 100 mM
Tris–HCl buffer pH 9.0 at 37 ◦C. The Km and Vmax values of soluble
keratinase and K-CLEA were calculated from Hanes-Hultin nonlin-
ear regression fitting of the initial reaction rates corresponding to
different azocasein concentrations.

S0

V0
= Km

Vmax
+ S0

Vmax
(1)

where S0 is the initial substrate concentration (time 0), V0 is the
initial reaction rate, Km is the Michaelis-Menten constant, and Vmax

is the maximum enzyme rate.

2.6. Preparation of aqueous solution of polymers

Stock solutions of 30% (w/v) PVA were prepared in distilled
water. The mixture was  heated at 80 ◦C for 90 min  under slow stir-
ring until total dissolution. Solutions of 2.0–4.0% (w/v) pectin were
prepared in distilled water with gentle stirring.

2.7. Preparation of cryogel films and soluble keratinase and
K-CLEAs immobilization in the cryogels

Aqueous stock solutions of 30% (w/v) PVA were mixed with 2–4%
(w/v) pectin and properly diluted to make 15/0.5% (w/v) PVA/pectin
solutions. In typical experiments 3.5 EU of soluble keratinase and
K-CLEA (100 mg)  were added to the gels. Each solution was cast into
Petri plates, frozen at −18 ◦C for 20 h and then thawed at room tem-
perature (25 ◦C) for 8 h. This freezing/thawing cycle was  repeated
three times. The films were then dried at room temperature.

2.8. Protein quantification

Protein quantification was assayed by the Coomasie blue tech-
nique [9]. Calibration curve was  performed with BSA (fraction V) as
protein standard.

2.9. Enzymatic activity under harsh environmental conditions

2.9.1. Effect of solvents and NaCl in soluble enzyme and K-CLEA
stability

K-CLEA (10 mg)  and keratinase (3.5 EU) were incubated in 2.0 ml
vials containing 100 mM Tris–HCl buffer (pH 7.4) and properly
diluted with acetone, ethanol and DMSO to obtain concentrations
of 20, 39, 60 and 79% (v/v) at 37 ◦C for 1 h.

K-CLEA (10 mg)  and keratinase (3.5 EU) were incubated in 2.0 ml
50 mM buffer acetate (pH 5.5) in the range from 250 to 1000 mM
NaCl at 37 ◦C for 1 h.
At defined time intervals samples were withdrawn to analyze
the enzyme activity. The enzymatic activity was  referred to the
keratinase activity in aqueous medium without solvents and NaCl
under the same experimental conditions. All experiments were
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Table 1
Kinetic parameters of free keratinase and K-CLEA.

Keratinase Vmax (EU) Km (mg/ml)
86 Y.N. Martínez et al. / Colloids and Sur

erformed at least by two independent experiments run in dupli-
ates.

.9.2. Effect of temperature on enzymatic stability
K-CLEA (10 mg)  and keratinase (3.5 EU) were incubated in

00 mM Tris–HCl buffer (pH 7.4.) in the range from 37 to 65 ◦C
or 1 h and residual enzymatic activity was assayed as previously
escribed.

Inactivation kinetics of soluble enzyme and K-CLEA were deter-
ined in 100 mM Tris–HCl buffer (pH 7.4) at 45 ◦C at times ranging

rom 30 min  to 12 h, residual enzyme activity being analyzed as
entioned before.

.9.3. Stability and storage of soluble keratinase and K-CLEA
K-CLEA (100 mg)  and soluble keratinase (3.5 EU) were incubated

n 100 mM Tris–HCl buffer (pH 7.4) at 37 ◦C. Aliquots of 100 �l of
oluble enzyme were taken at 1, 12, 24 h and 2 months. K-CLEA
amples were centrifuged 10,000 × g for 10 min  and 10.0 mg  were
emoved at each time interval. Enzyme activity was  assayed as
entioned before.

.10. Release of soluble keratinase and keratinase CLEAs from
VA-P cryogels

K-CLEA (100 mg)  and soluble keratinase (3.5 EU) were incubated
ith 1.5 ml  of 15% and 30% (w/v) PVA solutions mixed with 1.5 ml

f 1% (w/v) pectin. The cryogels were prepared as described before.
PVA cryogels (40 mg)  were placed in 2-ml glass vials containing

00 �l of 50 mM acetate buffer (pH 5.5) and incubated at 37 ◦C. At
efined time intervals, the whole volume of the vial was withdrawn
o determine protein and enzyme activity. Release experiments
ere performed at least by two independent experiments run in
uplicates.

.11. Characterization of K-CLEAs

.11.1. Scanning electron microscopy
The morphology of K-CLEAs was analyzed by SEM Philips SEM

05 (Rochester, USA).

.11.2. Small angle X ray scattering (SAXS)
SAXS measurements were carried out with an incident beam

f 8 KeV and � = 1.55 Å at D1B-SAXS beamline using a Pilatus
000K detector (National Laboratory of Synchrotron Light, Campi-
as, Brazil). Solid samples were placed into stainless steel sample
olders and covered in both sides with Kapton tape. All samples
ere measured at room temperature. Silver behenate powder was
sed to calibrate the distance between samples, detector and beam
irection. Samples were measured at a distance of 0.8 m between
ample and detector. Scattering vector (q) was analyzed vs. inten-
ity where:

 =
(

4˘

�

)
sen � (2)

here 2� is the dispersion angle and � the wavelength.
The scattering vector (q) is reaching a maximum (qmax) when

he intensity is the highest.

. Results and discussion

.1. Optimization of CLEA production
Keratinase with specific activity of 18.35 EU/mg was precip-
tated with increasing concentrations of acetone. Full enzyme
recipitation was detected in 75% (v/v) acetone without loss of ker-
tinase activity (Fig. 1 of additional material). Keratinase activity
Soluble 62.5 2.43
K-CLEA 50.0 5.50

was fully recovered up to 90% (v/v) acetone after solvent evapo-
ration and redissolution in buffer (Fig. 2 of additional material).
However, the recovery of keratinase was only 60% when acetone
concentrations were higher than 90%. Over 90% acetone concentra-
tion, essential water molecules involved in enzyme structure and
catalysis were sequestered by the solvent molecule rigidifying the
protein structure. Hence irreversible changes in the tridimensional
structure of the biocatalyst are probably the cause of keratinase
inactivation.

K-CLEAs expressed 15% of the starting soluble keratinase activ-
ity. The reduction of enzyme activity could be attributed to protein
structure rigidification and/or diffusional restrictions of substrate
and products. Despite the reduced activity, the advantages of using
keratinase CLEA over the soluble enzyme are described below.

3.2. Kinetic parameters of soluble and CLEA keratinase

There is a significant difference between the Km and Vmax values
of soluble keratinase and K-CLEA (Table 1), being the apparent Km of
K-CLEA twice the value of the intrinsic Km of the soluble keratinase.
Such difference can be explained in terms of enzyme rigidity and
substrate diffusional restrictions.

3.3. Effect of temperature, organic solvents and ionic strength on
soluble keratinase and keratinase CLEAs stability

The choice in using polar and non-polar solvents to study their
effect on keratinase activity was based on their physicochemical
properties (see Table 1 of additional material). The low solubility of
isobutanol and n-hexane in water was overcome by using ethanol
as “solvent helper” leading to a monophasic solvent reaction con-
dition.

The effect of solvents on the enzymatic activity was  studied
at increasing concentrations of solvents in order to determine the
minimum concentration needed to reduce the enzyme activity after
1 h of incubation at 37 ◦C. Once this concentration was determined,
it was  used to study and compare the effect of organic solvents
between soluble keratinase and K-CLEA.

Keratinase showed high stability in the tested range of polar
solvents such as acetone and DMSO. No inactivation of soluble
enzyme was observed up to 79% (v/v) acetone, meanwhile kerati-
nase showed enhanced activity in presence of 20–30% DMSO, and
kept 100% activity at 60% (v/v) DMSO, but the enzyme was fully
inactivated at 79% (v/v) DMSO. This is an unusual high DMSO con-
centration for enzyme inactivation because DMSO is regarded as
strong chaotropic solvent, so inactivation at lower solvent concen-
trations was expected as in most of the enzymes reported [10].
When comparing the ε values for both solvents, the ε value for
DMSO is 2.2 times higher than the one for acetone (see additional
material). At 79% (v/v) DMSO, it is probable that most of the enzyme
molecules are interacting with the solvent rather than with water.
In this way, DMSO has more tendency than acetone to interact with
the residual electric charges of the protein, establishing stronger
interactions with enzyme polar residues and so rigidifying the
enzyme structure (Fig. 1).
The ε values of polar organic solvents are lower than that of
water; consequently, strong ionic interactions between enzyme
and solvent are favored, rigidifying the enzyme structure. Also,
water molecules intimately linked to the protein molecular
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ig. 1. (A) Effect of polar solvents on soluble keratinase incubated at 37 ◦C for 1 h (S
eratinase stability incubated at 37 ◦C for 1 h (SD ≤ 12%, n = 2). Symbols: ©,  n-hexan

tructure are displaced by the polar solvents and consequently the
atalysis is strongly affected [11].

On the other hand, at 79% (v/v) non-polar solvent concentra-
ion the enzyme is not completely inactivated, but the keratinase
ctivity was reduced to 60–30% depending on the solvent (Fig. 1B).
n such case, hydrophobic patches of the enzyme are interacting

ith non-polar solvents; meanwhile keratinase, a serine protease
ith polar microenvironment in the active center was  not strongly

nhibited. Similar results were found studying the stability of sev-
ral proteases in organic solvents [12,13].

The experiments in organic solvents showed that keratinase
tability is generally higher in polar solvents than in non-polar sol-
ents, that is to say solvents with negative log P values and ε values
igher than the ones of non-polar solvents (see Table 1 of addi-
ional material). Because of the low solubility in aqueous media of
on-polar solvents, like isobutanol and n-hexane, and also in order
o avoid interfacial problems, experiments were done solubilizing
reviously the non-polar solvent in ethanol. Control activity assays

ere performed in ethanol as well (Fig. 2).

On the other side, the residual activity of K-CLEAs was 1.4, 1.7
nd 6.6 times higher than the soluble enzyme (P ≤ 0.05) in presence
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or 1 h (SD ≤ 13%, n = 2). Symbols: �, keratinase; �, K-CLEA.
%, n = 2). Symbols: �, acetone; ©,  DMSO. (B) Effect of non-polar solvents on soluble
Isobutanol; �, ethanol.

of 59/41 water–solvent mixtures of acetone, n-hexane and isobu-
tanol respectively incubated at 37 ◦C for 1 h (Fig. 2). The higher
stability of K-CLEA with respect to the soluble keratinase could be
attributed to the structure stabilization promoted by crosslinking
and/or to solvent partition in the CLEA microenvironment. The high
stabilizing effect of CLEA in organic solvents has been also observed
in subtilisin (a serine protease from Bacillus sp.) [14].

Effect of temperature on K-CLEA stability showed 45% of residual
enzyme activity at 65 ◦C after 1 h of incubation; meanwhile the free
biocatalyst was  completely inactivated under the same experimen-
tal conditions (Fig. 3). Based on the previous results, inactivation
kinetics of soluble keratinase and K-CLEA were studied at 45 ◦C.
After 12 h of incubation at such condition, K-CLEA retained 51% of
the enzymatic activity while the soluble keratinase was  completely
inactivated (Fig. 5).

Effect of ion strength in keratinase catalytic activity is consid-
erable. For instance, it has been reported that enzyme activation
occurs after enzyme liophilization in the presence of salts. This

phenomenon is related to possible coordination effects of water
molecules on enzyme biomolecule which leads to a more flexible
enzyme structure and higher activity [15]. Kosmotropic ions are in
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Fig. 3. Thermal stability of free keratinase and K-CLEA incubated at 37 ◦C for 1 h
(SD ≤ 10%, n = 2). Symbols: �, keratinase; ©,  CLEA.
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tern of K-CLEA and a semi-crystalline scattering pattern of PVA and
PVA-P samples with qmax = 0.7 nm−1 were detected (Fig. 7). Incor-
poration of K-CLEA into PVA cryogels showed an amorphous scat-
ig. 4. (A) Thermal stability of free keratinase and K-CLEA incubated at 45 ◦C (SD ≤ 1
t  37 ◦C (SD ≤ 10%, n = 7). Symbols: �, keratinase; �, K-CLEA.

eneral those with a high charge density and, consequently, they
re able to order water molecules and make stronger interactions
han water molecules among themselves. The entropy value result-
ng of the breaking of H bonds between water molecules is lower
ecause water molecules are better organized around ions [16].
oluble keratinase and K-CLEA were activated after incubation in
he presence of 0.75 and 1 M NaCl (Fig. 3 additional material).

Storage of proteolytic enzymes, like keratinase, in aqueous solu-
ions is a disadvantage because of autolysis [17]. Hence, soluble
eratinase and K-CLEA stability was studied, measuring residual
ctivity after 1, 12, 24 h and 2 months at 25 ◦C in buffer solu-
ion at (pH 7.4). Soluble keratinase retained around 60% and 10%
f the initial enzyme activity after 24 h and 2 months respec-
ively (Fig. 4B). On the other hand, K-CLEA retained 51% of its
nzymatic activity after 2 months under the same experimental
onditions.

These results altogether show the protective effect against
dverse conditions of temperature, solvents and prolonged storage
onferred to the enzyme by aggregation and crosslinking.

.4. CLEA and soluble enzyme release kinetics from the cryogel

atrices

Immobilization and release experiments of keratinase were car-
ied out onto PVA and PVA-P cryogels as previously reported [1].
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ig. 5. Controlled release of soluble keratinase and CLEA from PVA and PVA-P cryo-
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,  PVA-K; �, PVA-P K. Abbreviation: K, keratinase.
= 7). Symbols: �, keratinase; ©,  CLEA. (B) Stability of soluble keratinase and K-CLEA

The presence of pectin in the PVA cryogel formulation reduced K-
CLEA release rate from the cryogel matrix to the solution six times
with respect to the release rate from the PVA cryogel alone. Besides
PVA and PVA-P K-CLEA release kinetics were slower than the one of
soluble keratinase from the same cryogel type after 3 h of incuba-
tion (Fig. 5). This fact can be explained by the dimension of K-CLEAs,
whose particle size is much bigger than the molecular size of soluble
keratinase (37.0 kDa, approximately 8.7 nm)  [18]. It was expected
then, that CLEAs were retained through the polymeric chain net-
work impairing their release from the polymeric matrix.

3.5. CLEA characterization

K-CLEAs were characterized by scanning electron microscopy
(SEM, Fig. 6). Two K-CLEA size distribution populations were found
with average diameters (d) of 3.15 ± 0.25 and 2.13 ± 0.24 �m.

X-ray diffraction patterns were obtained for all the K-CLEA sam-
ples in order to gain insight about the polymer pattern changes after
incorporation into the cryogels. Amorphous SAXS scattering pat-
tering of the cryogel, leading to a wider crystalline size distribution.

Fig. 6. Scanning electron microscopy of keratinase on CLEA.
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hat is, in the presence of CLEA the distance between PVA nanodo-
ains is wider due to qmax shifting to lower values so the polymeric

etwork is more relaxed than PVA-P CLEA network where qmax

alue is the same as PVA and PVA-P. In the presence of pectin,
VA semi-crystallinity is not affected because the qmax vector value
oes not change in any of the samples (qmax = 0.7 nm−1). It can be
oncluded that K-CLEA aggregates preferably bind to pectin and
ot to the PVA chain network in the PVA-P cryogel matrix leading
o intermolecular chain interactions in PVA structure preserving
ts semi-crystalline structure. The polymeric network of PVA-P K-
LEA cryogel is tighter than PVA-K-CLEA network. So it is expected
hat release of K-CLEA is retarded. In the presence of soluble ker-
tinase, PVA and PVA-P crystalline size distribution is not affected
qmax = 0.7 nm−1) (Fig. 7). The faster release of keratinase from PVA-

 matrix may  be explained in terms of pectin solubilization leading
o the fast diffusion of the enzyme.

. Conclusions

The development of CLEAs for keratinase has many advantages
uch as higher enzyme stability compared to soluble keratinase

nder harsh environmental conditions, e.g. in the presence of
rganic solvents, high temperatures and ionic strength, and pro-
onged storage. In addition, the procedure for the production of
-CLEAs developed is simple, reproducible and scalable.

[
[
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Immobilization of CLEA in PVA and PVA-P cryogels was  tested
in kinetic release experiments. In the presence of pectin, K-
CLEA release is retarded six times compared with PVA K-CLEA.
As observed after SAXS experiments, K-CLEAs bind preferably to
pectin in the PVA-P cryogel matrix. In this way is possible to tailor
cryogel matrices in order to regulate K-CLEAs release from the cryo-
gel which can be significantly slower than soluble enzyme release.

Further studies will be conducted in skin models in order to
test the results found in the present work and apply the developed
system in the treatment of skin injuries.
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