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a b s t r a c t

A crude extract rich in plant cysteine peptidases was obtained from the latex of the fruits of Araujia hor-
torum, a South American climbing plant. The highly concentrated extract was immobilized onto titanium
dioxide to produce biocatalysts through a simple adsorption procedure. Absorbance measurement at
280 nm and Bradford’s method for protein quantification revealed that the protein content of the crude
extract was selectively adsorbed onto the titanium dioxide surface at a very high rate. In 5 min of contact
with the support all protein present in the crude extract was selectively withdrawn from the solution,
leading to an immobilized biocatalyst with a high protein concentration. Caseinolytic assays indicated
that, except for the catalyst obtained with the highest crude amount contacted with the support, all
itanium dioxide
midasic activity

the proteolytic activity present in the crude extract was adsorbed onto TiO2. The amidasic activity of
the immobilized catalysts (Ah/TiO2) was tested in the hydrolysis of a synthetic chromogenic substrate
(PFLNA) showing partial deactivation with respect to the native enzyme. In amidasic activity assays the
ionic strength of the buffer medium showed to be a key feature to consider in order to avoid protease des-
orption from the support, indicating the importance of electrostatic interactions between the enzymes
and TiO2. Reuse of the produced biocatalysts with PFLNA as substrate revealed that after five successive

re th
uses Ah/TiO2 retained mo

. Introduction

In the last years enzymes have shown to be powerful catalysts
or a number of reactions. In comparison with chemical catalysts
nzymes show higher selectivities, they work under milder condi-
ions, and they are environmentally friendlier. Proteases are a family
f enzymes that play a prominent role in plant physiology, being the
atalysts of processes such as the storage of proteins during seed
ermination, activation of proenzymes, degradation of defective
roteins, etc. [1]. Moreover, proteolytic enzymes are widely used

n medicine and industry due to their good solubility, stability and
dor. Proteases also play an important role in biotechnology, since
roteolysis changes chemical, physical, biological and immunolog-

cal properties of proteins. This wide range of applications insures
roteases the first place in the world market of enzymes. In partic-
lar, in the last decades proteolytic enzymes of plant origin have
eceived special attention due to their property of being active in

wide range of temperature and pH. The plant proteinases most
idely used in industry are papain and bromelain, both included

n the papain-like family [2]. Although the market of commercial
roteases includes a high number of those enzymes with high pro-

∗ Corresponding author. Tel.: +54 291 486 1700; fax: +54 291 486 1600.
E-mail address: lforesti@plapiqui.edu.ar (M.L. Foresti).

927-7765/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.colsurfb.2009.03.013
an 20% of its initial activity.
© 2009 Elsevier B.V. All rights reserved.

teolytic activity and available at a low cost, there is a need for
discovering new plant resources of more active and more specific
proteases.

Immobilization of enzymes is a widely used procedure which
enables their use in continuous processes, easy separation of
product from enzyme, and biocatalyst reuse. Besides, immobi-
lization of enzymes is known to enhance the stability of the
immobilized derivative allowing operation at higher tempera-
tures and in some cases in a wider range of pH. For reactions
performed in organic media, immobilization may protect the
enzyme from solvent denaturation and it may also prevent bio-
catalyst agglomeration, enhancing the effective area available for
catalysis. Among the immobilization methods, adsorption appears
as the simplest technique, which implies ionic interactions and
other weak bonds such as hydrogen bonding and van der Waals
interactions. Adsorption is a mild immobilization method which
usually does not affect enzyme activity [3], promoting interac-
tions very similar to those established in biologic membranes.
However, under certain conditions adsorption may be reversible,
mainly when pH, ionic strength or temperature changes take

place. Besides, substrate presence may also lead to enzyme
desorption.

The selection of a suitable support for enzyme immobilization
must be preceded by characterization studies that yield fundamen-
tal information which could then be used as guidelines for other

http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:lforesti@plapiqui.edu.ar
dx.doi.org/10.1016/j.colsurfb.2009.03.013
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nzyme/support systems. In this contribution cysteine proteases
btained from the latex of Araujia hortorum fruits (a climbing plant
hat grows in Brazil, Paraguay, Uruguay and Argentina) are immo-
ilized onto titanium dioxide by simple adsorption. The search for
lternative supports (different from commercial resins and ceramic
aterials usually used for enzyme immobilization), motivated the

ssay of inorganic oxides as matrices for enzyme immobilization,
nd in particular for proteases. It has been reported that oxide
upports in the presence of water impart a specific pH at the
urface, which is measured from electrophoretic measurements
s the surface pH at the point of zero charge (pzc) [4]. Since
ater is the immobilization medium used in this contribution,

he inorganic oxides evaluated as potential matrices for proteases
dsorption (MgO, �-Al2O3, ZrO2, TiO2, Nb2O5, SiO2) were ana-
yzed in terms of their surface pzc [4]. Searching for a “neutral”
urface that would not deactivate enzymes due to a high acidic
r basic nature, TiO2, with a pH at pzc of 6.0–6.4, was the oxide
hosen.

TiO2 (titania) is the principal white pigment in the world,
nding use in paint, color pigment, color-printing ink, plastics,
namel, artificial fibers, paper, and rubber [5]. It is non-toxic to
he environment and humans, and since 1968 it has been cer-
ified as food additive by US [6]. Currently, titanium dioxide is
sed in a wide range of industries such as in the manufacture
f white chocolate, cosmetics, tooth paste, sunscreen and cheese.
he fact that titania has no chemical activity in organisms and
s not poisonous, makes it attractive not only for food additives
ut also for food dying, food packaging, cosmetics and medicine.
n reference to the properties of the support material chosen,
itania has good mechanical, electronic, and optical properties.
lthough immobilization of other kinds of enzymes on TiO2 and
iO2-coated surfaces has been reported (i.e., pesticide degrad-
ble enzyme immobilized on polypropene loaded titanium dioxide
embrane [7], adsorption of horseradish peroxidase on TiO2 nan-

tube arrays, and on titania sol–gel thin films [8,9], etc.), at the best
f the authors’ knowledge this is the first report dealing with the
mmobilization of proteases onto titanium dioxide of the anatase
ype.

. Experimental

.1. Materials

High surface and high purity titanium dioxide support,
egussa P-25 (TiO2 anatase, 20–50 nm particles) was kindly sup-
lied by Lehigh University (USA). After calcination at 500 ◦C
or 5 h, titanium dioxide with a BET area of 45.7 m2/g was
btained. Special nylon filters for small particle powder (0.45 �m)
ere purchased from Osmonics. Coomassie Brilliant Blue G-
50 (Merck), bovine albumin and casein from bovine milk were
urchased from Sigma Chemical Co. PFLNA (l-pyroglutamyl-l-
henylalanyl-l-leucine p-nitroanilide) was supplied from Bachem,
A. 1,4-Dithio-d,l-threitol (DTT) was from Invitrogen. The rest of
he chemicals and solvents used in this work were of analytical
rade.

.2. Crude extract (CE) preparation

Fruits of A. hortorum Fourn. were obtained from plants grown
n Arana, La Plata, state of Buenos Aires, Argentina (Argentinean

olk name: tasi, doca). Fresh latex obtained by superficial inci-
ions of the fruits was gathered on 0.1 M citric acid–citrate buffer
pH 4.5) containing 5 mM EDTA (ethylenediamine tetraacetic acid).
he latex suspension was centrifuged at 9600 × g for 30 min in
rder to discard most gums and insoluble materials. The result-
aces B: Biointerfaces 72 (2009) 16–24 17

ing supernatant was lyophilized for further immobilization. Protein
content of the crude extract was then determined by compari-
son with a calibration curve of Bradford assay with BSA as the
protein standard. In this way, the protein content of the crude
extract was estimated as 25% respect to the mass of lyophilized
powder.

Cation exchange chromatography of the crude extract revealed
the presence of six protein fractions, three of which showed pro-
teolytic activity [10]. Isolation and characterization of the three
endopeptidases obtained, named araujiain h I, araujiain h II and
araujiain h III were previously described [10,11].

2.3. Immobilization procedure

Different amounts of the lyophilized CE (200, 400 and 800 mg)
with a protein concentration of approximately 25% and an enzy-
matic activity in the standard PFLNA assay of 2.3–2.5 UI/mg of
protein were dissolved in 50 ml of distilled water and centrifuged
at 9600 × g for 45 min at 4 ◦C. Then the solution was contacted with
1.00 g of titanium dioxide at 4 ◦C with 350 rpm magnetic stirring
for 24 h. The immobilization conditions were selected based on
previous experience on: (a) the immobilization of other enzymes
on different supports; (b) previous knowledge of the group on CE
preparation and peptidases characterization of A. hortorum (Ascle-
piadaceae) fruit latex, and (c) non-deactivating conditions for the
proteases present in CE, such as the use of low temperatures and
moderate stirring [10–14]. 0.1 M boric acid–sodium borate buffer
of pH 8.5 was also tested as immobilization medium since the
CE had shown highest caseinolytic activity at alkaline range [11].
Moreover, as the biocatalysts were designed to perform their activ-
ities not only in aqueous medium but also in organic media, the
pH value was important, since it is well established that enzymes
“remember” the pH of the last aqueous solution in which they were
dissolved and, after water removal, their ionization state remain
unchanged (i.e., the optimum to display its maximum activity)
[15].

The progress of the immobilization was followed through
UV–Vis spectrophotometric determinations of the solution of the
CE in contact with the support. The measurement was performed
at 280 nm in an Agilent 8453E system. With this purpose, 0.5 ml
of the supernatant solution was withdrawn at definite intervals
during immobilization, filtered with nylon filters (0.45 �m) and
conserved at −20 ◦C for later spectrophotometric determinations.
It was demonstrated that the proteolytic activity of the CE remains
unaltered after storing at −20 ◦C for extended periods of time (data
not shown).

At the end of the immobilization period, the solution was
centrifuged at 9600 × g for 3 min at 4 ◦C. Supernatant was dis-
carded, and the biocatalyst produced (Ah/TiO2) was washed with
distilled water and subjected to further centrifugation. The recov-
ered solid was then dried to constant weight in a regular oven
used to grow microorganisms at 25–30 ◦C and at ambient pres-
sure. Other procedures for drying the solid (i.e., under vaccum,
in the presence of activated silica, etc.) were discarded since
they led to a lower recovered activity. UV–Vis absorbance spec-
tra for the initial and the remaining CE solutions after 24 h of
contact with TiO2 in the 200–700 nm range were also recorded.
The theoretical spectrum of the CE adsorbed onto titania was
calculated as the difference between the above mentioned spec-
tra.
2.4. Protein determination

Proteins present in CE were determined by Bradford’s method
[16] using BSA as standard. Supernatant samples withdrawn during
immobilization were also subjected to protein content determina-
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pH 8.5 buffer as immobilization medium. For both immobilization
media, adsorption of CE extract reaches the same plateau of approx-
imately 41–43%. After adsorption of that fraction of the CE, and
irrespectively of the immobilization medium, no further crude is
8 C.R.F. Llerena-Suster et al. / Colloids an

ion, after being conveniently diluted in order to obtain absorbance
alues in the appropriate range.

.5. Caseinolytic activity assay

Proteolytic assays of CE and of the supernatant immobilization
amples were performed using casein as substrate [17]. The reaction
ixture was prepared by mixing 0.1 ml of sample (crude extract

olution or supernatant immobilization samples) with 1.1 ml of
% casein containing 5 mM cysteine, in a 0.1 M Tris–HCl buffer
pH 8.0). The reaction was carried out at 37 ◦C and stopped after
0 min by addition of 1.8 ml of 5% TCA (trichloroacetic acid). Tubes
ere centrifuged at 3900 × g for 10 min and the absorbance of

he supernatant was measured at 280 nm. Caseinolytic activity
as quantified in terms of the caseinolytic unit (Ucas) defined by

riolo et al. [18] as the amount of protease which produces an
ncrement of one absorbance unit per min in the assay condi-
ions.

.6. Amidasic activity of the immobilized biocatalysts

Hydrolytic activity of the immobilized biocatalysts was
etermined using a specific synthetic substrate for plant cys-
eine endopeptidases l-pyroglutamyl-l-phenylalanyl-l-leucine p-
itroanilide (PFLNA) [19]. Reaction medium consisted on 0.1 M
hosphate buffer (pH 6.5) with 0.1 mM EDTA and 3 mM DTT. Addi-
ion of different amounts of KCl to obtain concentrations ranging
rom 0 to 0.3 M in the reaction medium was assayed in order to
etermine the best condition for the hydrolytic assay in terms of
iocatalyst activity and stability. The biocatalyst chosen for this test
f KCl effect was the one obtained from 200 mg of CE in distilled
ater.

For the immobilized catalyst the amidasic activity test implied
he preparation of a suspension containing 5 mg/ml of Ah/TiO2 in
he phosphate buffer. For comparison, an adequate dilution of the
E solution was also tested. The buffer solution (1.5 ml) and 0.18 ml
f a PFLNA stock solution (1.5 mM) in DMSO were added to 0.12 ml
f the above mentioned biocatalyst suspensions, giving a final con-
entration of 0.15 mM in the synthetic substrate. Incubation was
erformed at 37 ◦C for 10 min in an orbital shaker at 200 rpm. After
hat time, reactions were stopped by adding acetic acid 30% (v/v)
0.5 ml). Tubes were centrifuged at 3900 × g for 20 min and the
bsorbance of free p-nitroaniline in the supernatant was measured
t 410 nm. A calibration curve allowed the determination of the
nzymatic international units (IU) defined as the amount of enzyme
hat produces 1 �mol of p-nitroaniline per min in the assay condi-
ions. The activity of the immobilized biocatalyst was compared
ith that found in the CE in order to determine the percentage of

etained activity in Ah/TiO2.

.7. Biocatalyst reuse

Biocatalyst reuse was assayed in the hydrolysis of PFLNA fol-
owing the procedure described in the previous section. For reuse
ssays the biocatalyst chosen was the one obtained from 200 mg
nd 1 g of TiO2 contacted in distilled water medium. After the
rst use of Ah/TiO2 reaction was stopped by cooling in an ice-
ater bath at 0 ◦C. Immediately after, the solution was centrifuged

nd acetic acid was added to the supernatant in order to stop the
eaction. Meanwhile, the solid was washed with distilled water,
entrifuged in the same conditions as described above, resus-

ended in 0.1 M phosphate buffer (pH 6.5), and the activity of
he washed biocatalyst was measured on PFLNA. This procedure
as repeated four more times. Reuse results were expressed with

espect to the activity determined in the first batch (100% activ-
ty).
Fig. 1. UV–Vis spectra of the initial CE solution (before adsorption process onto
TiO2), final CE solution (supernatant remaining after the adsorption) and adsorbed
CE onto TiO2. Assay performed for the 400 mg/50 ml of distilled water biocatalyst.

3. Results

3.1. Amount of crude extract immobilized onto TiO2

UV-spectra, comprised in the wavelength range between 200
and 700 nm, were recorded for the initial and final CE solution.
The difference between both spectra was calculated to obtain
the theoretical spectrum of the adsorbed CE for the biocata-
lyst obtained from 400 mg of CE contacted with 1 g of support
(Fig. 1). Comparison of both spectra reveals that they are very
similar; however, a slight shift of the maximum signal at about
280 nm – the wavelength that is traditionally attributed to amino
acid aromatic residues of proteins [20] – takes place for the
adsorbed CE.

As stated in the previous section, during immobilization UV–Vis
spectra of supernatant samples were collected in order to deter-
mine their absorbance at 280 nm. Fig. 2 shows the time course of
CE adsorption obtained when 200 mg of the crude extract were
contacted with a gram of support using both, distilled water and
Fig. 2. Time course of CE adsorption onto TiO2. 200 mg of CE, 1 g of TiO2, 50 ml of
distilled water/pH 8.5 buffer, 4 ◦C, 350 rpm.
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proteins have been withdrawn from solution.
As it was previously pointed out, the results obtained do not

imply that the active proteases withdrawn form solution would
necessarily remain with the same activity after intimate contact
ig. 3. Time course of CE adsorption onto TiO2. Effect of the mass of CE contacted
ith the support. 1 g of TiO2, 50 ml of distilled water, 4 ◦C, 350 rpm.

ithdrawn from the supernatant solution. However, as it is shown
n Fig. 2, the use of pH 8.5 buffer as immobilization medium leads to
higher immobilization rate with respect to that found in distilled
ater medium. In the boric acid–sodium buffer case, constant CE

oncentration in the supernatant solution seems to be reached in
nly 5–10 min of contact with TiO2 (in the case of distilled water
pproximately 6 h were needed).

Fig. 3 illustrates the time course of CE adsorption for increasing
mounts of CE contacted with 1 g of support. In all cases distilled
ater was used as immobilization medium. As illustrated in Fig. 3,

ime courses corresponding to 200 and 400 mg of CE show a sim-
lar final immobilization yield of approximately 40%. In terms of
otal mass of extract adsorbed, the amount of CE adsorbed for
00 mg doubles the mass adsorbed when 200 mg of the crude
reparation were used. In the case of 800 mg of CE contacted with
he support, adsorption data revealed that only 18% of the initial
mount of CE could be withdrawn from solution. As it will be
urther analyzed in Section 4, it appears that although the use of
00 mg of the enzymatic preparation leads to the highest adsorp-
ion rate, agglomeration effects and support saturation limit the
otal mass of CE adsorbed, therefore reducing the immobilization
ield.

.2. Amount of protein immobilized onto TiO2

The protein content of the supernatant samples was determined
y Bradford method as described in Section 2 [16]. Comparison of
hose values with the initial protein content of the CE solutions,
llowed the determination of the time course of protein adsorp-
ion. Fig. 4 shows the time courses obtained for 200 mg of CE
ontacted with 1 g of titanium dioxide in distilled water and in
H 8.5 buffered media. Irrespectively of the pH of the immobiliza-
ion medium chosen, results show that when contacted with TiO2
lmost all protein present in solution is rapidly adsorbed. As it is
llustrated in Fig. 4, in 5 min of contact with the support 97–98%
f the initial protein abandons the enzyme solution, suggesting
strong attraction among proteins present in CE and the titania

urface.
Similar results were obtained when the mass of CE contacted
ith TiO2 was increased to 400 mg (Fig. 5). However, when 800 mg
f CE were contacted with the support, protein adsorption was not
omplete. In this case, a maximum protein adsorption of 69% was
chieved.
Fig. 4. Time course of protein adsorption onto TiO2. 200 mg of CE, 1 g of TiO2, 50 ml
of distilled water/pH 8.5 buffer, 4 ◦C, 350 rpm.

3.3. Caseinolytic activity

Proteolytic activity recovered in the supernatant samples was
measured on casein as substrate, according to the method described
by Arribére et al. [17]. Reduction of caseinolytic activity in super-
natant samples may be used as an indirect method for the
determination of the protease activity recovered in the immobi-
lized biocatalyst. If all peptidases adsorbed on the support retained
the activity shown by their free counterparts, this measurement
should give a first approximation of the activity recovered in the
different catalysts synthesized. Results for increasing amounts of
CE are shown in Fig. 6. Data from the immobilization of 200 mg of
CE in buffered medium have also been included.

Fig. 6 illustrates the reduction of proteolytic activity registered
in the supernatant solution during the immobilization process.
While experiments with 200 and 400 mg evidence a rapid deple-
tion of proteases in the supernatant (5 min after immobilization
no caseinolytic activity is detected), the assay with 800 mg of CE
achieves a plateau after approximately 64% of the active proteolytic
Fig. 5. Time course of protein adsorption onto TiO2. Effect of the mass of CE contacted
with the support. 1 g of TiO2, 50 ml of distilled water, 4 ◦C, 350 rpm.
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Fig. 7. Enzyme liberation profile for Ah/TiO2 in pH 6.5 buffer, measured in terms of
ig. 6. Caseinolytic activity of supernatant samples during immobilization of CE
nto TiO2. 1 g of TiO2, 50 ml of distilled water/pH 8.5 buffer, 4 ◦C, 350 rpm.

ith the support. For those type of conclusions activity assays of
he immobilized biocatalysts included in the following section are
eeded.

.4. Amidasic activity

The hydrolysis of PFLNA substrate was used to check the amount
f active enzyme immobilized onto TiO2. In its original version
he method proposed by Filippova et al. included the use of KCl
or enhancing the hydrolytic activity of the biocatalyst towards
FLNA [19]. Taking into account that the increase of the ionic
trength of reaction medium caused by KCl might induce enzyme
esorption, the beneficial effect of KCl on the amidasic activ-

ty of araujiain towards PFLNA was checked prior to its addition.
esults obtained for the free enzyme showed that for the cur-
ent system there is no significant difference of amidasic activity
ith or without KCl addition (2.3 IU/mg protein with no KCl vs.

.6 IU/mg protein in 0.3 M KCl). The next assay implied proving
he hypothesis of enzyme desorption from the immobilized bio-
atalyst upon use of KCl. For this purpose the biocatalyst chosen
as the one obtained from 200 mg of CE in distilled water. Results,
hich implied the measurement of the amidasic activity of the

mmobilized biocatalyst and of the supernatant after incubation
f Ah/TiO2 in buffered medium, are shown in Fig. 7. Clearly, the
ncrease in KCl concentration enhances enzyme liberation. In the
resence of 0.3 M KCl, the activity found in the supernatant accounts
or 85% of the total activity. On the other hand, reaction in the
bsence of KCl reduces enzyme leaching to 23%. Moreover, in ref-
rence to the activity of the desorbed enzyme, for the reaction
ith 0.3 M KCl the desorbed enzyme showed a lower activity than

he native one, with a total recovered activity of 17–26% of that of
E (percentages depend on the biocatalyst assayed). These results
uggest that contact of enzyme with the dioxide surface induce
ome degree of irreversible deactivation. In view of the previ-
us, the standard PFLNA activity determination was modified in
rder to minimize enzyme desorption induced by the high ionic
trength imposed by KCl presence, and in further assays no KCl
as added to reaction medium. In those conditions, the activ-
ty of the immobilized catalysts in PFLNA assay was 0.19 IU/mg
f protein (corresponding to 0.15 IU/m2 per surface area unit of
he oxide support for the biocatalyst obtained from 200 mg of CE
n distilled water). Results in terms of IU per mg of protein were
imilar for all biocatalysts obtained, except for the immobilization
hydrolytic activity towards PFLNA of the immobilized biocatalyst and of the super-
natant solution.

performed in buffered medium which led to an amidasic activ-
ity of approximately 40% of the one obtained in distilled water
medium.

In reference to the percentage of activity retained by the syn-
thesized biocatalysts with respect to the CE, serious deactivation of
the enzyme was observed. Immobilized proteases showed a total
recovered activity of approximately 8% of the crude extract activity
(in the same conditions the CE in the PFLNA assay showed an activ-
ity of 2.47 IU/mg of protein). As it will be further discussed in the
following section, conformational rearrangements of the enzyme
upon contact with the titania surface may have reduced the enzy-
matic activity of the immobilized enzyme. Moreover, the drying
step showed to be determinant for the activity of the immobi-
lized biocatalyst. In particular, the time devoted to the drying of
the immobilized biocatalyst up to constant weight showed to be a
key factor, with a final enzymatic activity three times higher when
the drying time was reduced from 48 to 24 h. In spite of the pre-
vious comment, comparison with literature on the topic evidences
that the activity of the immobilized catalyst is still attractive, not
only in absolute terms but also in reference to the percentage of
retained activity (with respect to the native enzyme activity). In
the immobilization of papain and funastrain on polyamide residual
enzymatic activity using PFLNA as substrate showed a remaining
amidolytic activity of 25% and 23%, respectively [21]. Moreover,
immobilization of a food-grade acid protease on derivatized agarose
was reported to retain 16% of the activity of its original soluble
counterpart [22]. Although further attempts to optimize the activ-
ity recovered in Ah/TiO2 are still needed, considering the low cost
of the crude extract used as a protease source in this contribution,
the recovered activity for Ah/TiO2 appears attractive. Moreover, the
activity and stability of the produced biocatalysts could be tested in
organic media (for example in the synthesis of peptides and other
related compounds). In this context, it has been reported that the
insolubilization of the biocatalyst by immobilization to a solid car-
rier represents the most relevant biocatalyst engineering strategy
for producing robust enzyme catalyst well suited to withstand the
harsh conditions prevailing during the reactions of synthesis [23]
as well as a tool for enhancing the function of biocatalysts in organic

solvents [24]. For this kind of application, the adsorption of the
enzyme on a support material before adding it to the solvent by sim-
ple methods, is one of the most popular immobilization methods
[25]. It has been widely demonstrated that peptidases (papain and
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ig. 8. Retained activity in subsequent uses of the immobilized catalyst expressed as
percentage of the initial activity (100%). 5 mg of biocatalyst, 1.62 ml of phosphate
uffer, 37 ◦C, 10 min.

rypsin, among others), as well as other enzymes, deposited onto
elite, polyamide and other supports by simple adsorption tech-
iques, are the biocatalyst configuration of choice for these kind of
pplications, even for semipreparative scale of synthesis of valuable
roducts [21,26–28].

.5. Biocatalyst reuse

Reuse of Ah/TiO2 was assayed in the hydrolysis of PFLNA without
ddition of KCl. Data included in Fig. 8 show the amidasic activity
egistered for subsequent uses of Ah/TiO2. As it is shown in Fig. 8,
he activity of the immobilized catalyst is gradually reduced with
he number of uses. Although lower than if KCl was added to reac-
ion medium, leaching of enzyme which is attached to the support
y simple adsorption surely accounts for a fraction of the activity
ost. Moreover, vigorous stirring necessary for renewed suspension
f the biocatalyst after centrifugation may also be responsible for
artial enzyme deactivation promoted by the high stresses devel-
ped.

. Discussion

.1. Selective adsorption of a fraction of the crude extract

As illustrated in Figs. 2 and 3 of Section 3, contact of 200 and
00 mg of CE with 1 g of TiO2, led to a similar immobilization
ield of approximately 40%. In the case of using buffered medium
nstead of distilled water, adsorption of CE led to the same final yield
lthough the process was significantly faster: the mentioned final
ield was achieved in only 5–10 min of contact, compared with the
h required by the non-buffered media. A plausible explanation

or the previous observation is the reinforcement of electrostatic
nteractions established between the support and the peptidases
ue to the development of opposite charges (in enzymes and the
upport) at pH 8.5. At the mentioned pH, TiO2 shows negative sur-
ace charge, being Ti2O− the predominant species [29]. Besides, at
H 8.5 endopeptidases present in the crude extract have a posi-
ive charge since araujiain h I and araujiain h III have a pI higher
han 9.3, whereas pI of araujiain h II is 8.9 [10,11]. Although at

H 8.5 endopeptidases are close to their pI (and thus the positive
harges developed should be small) the negative charges developed
n titania seem to be enough for an intense and rapid interaction. At
ower pH values (those of distilled water, ca 5.0), the predominant
uperficial groups of TiO2 are Ti2OH, which could be the respon-
aces B: Biointerfaces 72 (2009) 16–24 21

sible for the slower adsorption of proteins onto the surface due
to a weaker interaction. Adsorption of different proteins on var-
ious synthetic adsorbents in many cases has been attributed to
electrostatic interaction [29–34]. Furthermore, adsorption of dif-
ferent amino acids and proteins onto TiO2 has also been described
in terms of the following electrostatic interactions: (a) interactions
between the slightly negatively charged TiO2 surface and posi-
tively charged groups (e.g.–NH3

+); (b) moieties of the biomolecule
and electrostatic binding between the TiO2 surface and negatively
charged groups of the amino acid (–COO−); (c) domains in the
protein through Ca2+ bridges. Moreover, direct coordination of
the carboxylate (–COO−) group with Ti cations replacing hydroxy
groups at the hydroxylated oxide surface has also been proposed
[35].

Irrespectively of the kind of forces involved in the enzymatic
extract adsorption onto TiO2, the plateau at 40% of CE, suggests
the presence of a component – or a group of components – in
CE that account for approximately 40%, and that are selectively
adsorbed onto TiO2. After these components have been with-
drawn from the supernatant solution, no further adsorption takes
place.

The increase of the amount of CE contacted with titania up
to 400 mg also gave a final constant yield of approximately 40%.
The fact that duplicating the amount of CE contacted with the
support allowed the withdrawal from solution of twice the mass
of CE, indicates that the area available in 1 g of TiO2 does not
limit CE adsorption to 40% in the experiments with 200 mg
of CE added. Moreover, the repeated final yield reinforces the
hypothesis that there are some compounds in CE that account
for approximately 40% which are selectively adsorbed onto the
surface of the titanium dioxide. Other components of CE that
absorb at 280 nm but are not withdrawn from solution upon con-
tact with the support may be peptides and other compounds
containing purine and pyrimidine rings, such as nucleic acids
and nucleotides which could interfere with this determination
[20].

In the case of the assay of 800 mg of CE, UV–Vis results indicate
that the immobilization percentage is approximately 18%, which
implies that the amount of CE adsorbed for this assay is similar to
the one adsorbed for the assay in which 400 mg of CE were used
(144 vs. 156 mg, respectively). The lower immobilization efficiency
obtained for the assay with 800 mg of CE may be explained in terms
of both, (a) CE agglomeration, and/or (b) support saturation. CE is
known to have gums and other compounds such as nucleic acids
and peptides. Although the centrifugation step highly reduces the
concentration of the gums and other insoluble material present
in the latex, some of them may remain in solution, promoting CE
aggregation. This effect, which is surely enhanced for increasing
masses of CE, could promote the formation of enzyme aggregates
leading to a lower effective area available for the contact with TiO2
surface.

On the other hand, the fact that the total amount of CE adsorbed
per mass of catalyst and surface area unit of the oxide support
for the biocatalyst obtained from adsorption of 800 mg was very
similar to the one measured for the assay with 400 mg of CE,
also introduces the possibility of the saturation of the support for
immobilization achieved with CE amounts close to 400 mg (see
Table 2 later on). If the enzyme powder was a purified prepara-
tion containing a single protease whose dimensions were known
(as it is the case of papain or several lipases such as CALB [36,37]),
a simple calculus considering the BET area of TiO2 could give a

theoretical value of the amount of enzyme needed for a mono-
layer adsorption. Then, the mass of enzyme determined from
UV–Vis at 280 nm measurements could be contrasted with the
theoretical monolayer value, and it could be determined whether
saturation of the support has been achieved. This kind of calcu-
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Table 1
Protein concentration and enzymatic activity of the CE (starting material); mass of CE and mass of protein adsorbed onto titanium dioxide in the first 5 min and after 24 h of
contact with the oxide support.

Mass of CE contacted
with TiO2 (mg)

Protein concentration
(mg/ml)a

Enzymatic activity
(IU/ml)b

Enzymatic activity
(Ucas/ml)c

Amount adsorbed in
5 min (mg)

Maximum amount
adsorbed (mg) (24 h)

CEd Proteine CEd Proteine

200 0.95 2.44 6.8 50 50.5 84 50.5
400 2.19 4.91 11.5 96 89.6 156 89.6
800 3.65 7.69 20.0 112 108 144 129.2
200b 0.92 2.08 7.0 76 44.1 84 44.1

Subscript b accounts for buffer medium.
a Protein concentration determined as the average of three Bradfordı̌s assays.
b IU/ml: amount of enzyme that produces 1 �mol of p-nitroanilina per min per ml of sample.
c nit pe
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Ucas/ml: amount of enzyme which produces an increment of one absorbance u
d The absorbance at 280 nm of the starting mass of CE was used as a reference to
e Bradford results for the starting mass of proteins (determined from the protein

f protein adsorbed upon time.

us, which is only possible for highly purified preparations, is also
seful to infer if monolayer or multilayer immobilization is taking
lace.

.2. Selective adsorption of proteins

Protein quantification assays of the supernatant samples with-
rawn during immobilization, allowed the determination of the
mount of protein remaining in the solution. In the case of experi-
ents with 200 mg of CE in distilled water and in buffered media,

nd also for the experiment with 400 mg of CE, those assays
evealed complete protein adsorption in only 5 min of contact with
iO2. This is a remarkable result, since it reveals that although only
0% of CE is withdrawn from solution, all proteins present in the
rude are selectively (and almost instantaneously) adsorbed onto
iO2. This idea is reinforced by the shift of the absorbance relative
aximum of the calculated spectrum for the adsorbed CE towards

he UV region of 280 nm (Fig. 1).
Moreover, comparison of the time courses of adsorption

btained from absorbance at 280 nm (total CE, Figs. 2 and 3) and
rom protein assay (total protein, Figs. 4 and 5) for 200 and 400 mg
eveal that, while the protein time courses reach a plateau in the
rst 5 min of immobilization, the temporal evolution of CE adsorp-
ion show a two-step increment. As it is shown in Figs. 2 and 3,
n 5 min of contact CE time courses reach a first value of approxi-

ately 24–25%, followed by a slower increment which finally leads
o the final 40% plateau. Considering that the amount of protein
f the enzymatic extract accounts for approximately 25% (Section
.2), and that protein quantification assays reveal that proteins
re adsorbed in 5 min of contact with TiO2, it appears clear that
he first components which account for the initial adsorption evi-
enced in the 280 nm time courses are proteins. The remaining
dsorbed components (approximately a 15% of the total CE), which

lso contribute to absorbance at 280 nm, are not detected by the
radford’s quantification method and caseinolytic activity assays.
urthermore, those components show a lower attraction for the
xide support, which is evidenced by their adsorption at a lower
ate.

able 2
ass of CE and mass of protein adsorbed per total mass and per surface area unit of supp

ass of CE contacted
ith TiO2 (mg)

Mass of CE/mass of
catalyst (%)

Mass of CE/sur
of support (mg

00 7.7 1.8
00 13.5 3.4
00 12.6 3.2
00b 7.7 1.8

ubscript b accounts for buffer medium.
r min.
ate the amount of CE adsorbed.
ntration and the volume of solution) was used as reference to calculate the amount

In reference to the assay with 800 mg of crude contacted with
1 g of titania, results of protein quantification assay by Bradford’s
method reveal a first step of 58% of protein withdrawn in the first
5 min of contact, followed by a second slower adsorption step which
leads to a final value of 70% of the protein measured in the initial
solution (Fig. 5). Besides, considering the time courses of total CE
adsorption, Fig. 3 shows a first step which achieves an adsorption of
14–15% of CE in 5 min of contact with TiO2. After that time adsorp-
tion continues at a lower rate to finally reach a plateau for 18% of
CE withdrawn from solution. Taking into account that CE contains
approximately 25% of protein, these results imply that also for the
assay with 800 mg of CE, in the first 5 min of contact proteins are
selectively adsorbed. In fact, for this catalyst, comparison of final
values of the adsorption time courses (Table 1, third line) reveal that
practically only proteins are adsorbed, accounting for the total 18%
of the CE withdrawn from solution and determined by absorbance
at 280 nm measurements. The high concentration of proteins in
the catalyst obtained from 800 mg of CE is evidenced in Table 2, in
which immobilization data is reported in terms of both mass of CE
and protein per total mass of catalyst and surface area of the oxide
support.

Finally, in reference to the assay performed in buffered medium
(last line of Table 1), a different behavior is observed: in this
case a unique rapid adsorption step is shown by absorbance at
280 nm measurements (see also Fig. 2). As it has been introduced
in the previous section the electrostatic interactions established
between negatively charged titania and the slightly charged pro-
teins could be the driving force for a higher adsorption rate in
buffered medium. In that case ionic forces established between
charged species promote a one step complete adsorption of the final
yield of 39–42%.

4.3. Activity recovered in the immobilized biocatalysts
Activity determinations were performed on casein and PFLNA as
substrates. While the PFLNA assay was performed on supernatant
solution as well as on the immobilized catalyst, casein determi-
nations were only used for supernatant samples. The large size of

ort in synthesized biocatalysts.

face area
/m2)

Mass of protein/mass
of catalyst (%)

Mass of protein/surface
area of support
(mg/m2)

4.8 1.1
8.2 2.0

11.4 2.8
4.2 1.0
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asein molecule is suspected to lead to diffusion-controlled rates
hen immobilized catalysts are assayed [38].

As it is shown in Fig. 6, caseinolytic activity results reveal that
or the biocatalysts obtained from 200 and 400 mg adsorption is
apid and complete, while when using 800 mg of CE only a frac-
ion of active enzyme is withdrawn by the support. However, and
s it was pointed out in Section 3, withdrawal of active enzyme
rom solution does not imply that all peptidases will remain in its
ative active conformation once adsorbed on the titania surface.

n fact protein conformational change, which results in entropic
ain, is thought to be one of the important driving force of pro-
ein adsorption [34]. The structural rearrangement will usually
roduce more disordered states, and the corresponding change in
ntropy will provide an extra driving force for adsorption [40]. It has
een reported that this extra driving force may overcome appar-
ntly unfavorable protein–surface interactions which may adsorb
n under unfavorable electrostatic interactions [40].

In the case of the immobilized biocatalysts, although an
ttractive amidolytic activity was determined, PFLNA assays
emonstrated that, in comparison with the native proteases, the
iocatalysts produced evidence a high percentage of enzyme deac-
ivation after contact with the support. Changes on the native
onformation of the enzymes upon contact with the support surface
ay have distorted its secondary structure, reducing its activity. In

he adsorption of �-chymotrypsin onto silica OX-50 and Teflon sup-
orts, the proteolytic enzyme showed an important loss of activity
pon adsorption [34]. Spectrophotometric as well as calorimetric
xperiments indicated severe structural rearrangements resulting
rom adsorption. Moreover, authors found that the loss of activity
as in general agreement with structural features, which in the case
f silica was evidenced by an important loss of �-helix structure
etermined by circular dichroism [34]. In the case of the current
dsorption of CE onto titania, immobilization in a medium of pH 8.5
ed to the highest reduction of activity. Evidently, stronger electro-
tatic interactions generated in that medium might have enhanced
nzyme structure distortion, since higher protein–surface interac-
ions are known to cause a larger degree of conformational change
n adsorption. In this context, Kondo and Mihara [39] concluded
hat electrostatic interactions were one of the important factors
hich determine the extent of conformational changes of adsorbed
roteins.

Another reason for activity loss of the immobilized catalysts was
he drying step performed after recovery of the supported catalyst
rom the immobilization solution. Experiments devoted to the opti-

ization of the recovery process are currently been performed in
rder to increase the percentage of activity retained.

Finally, the results obtained from the assays in the presence of
Cl evidenced high enzyme leaching, reinforcing the hypothesis of
n adsorption mechanism based on electrostatic interactions. Even
hough desorbed peptidases showed higher activity than the immo-
ilized catalysts, measured activity was lower than that of their
ative counterparts, suggesting that the deactivation imposed by
he adsorption step could not be totally reverted upon desorption
n a medium of high ionic strength. In the work of Zoungrana et al.
34] authors also found that during incubation of �-chymotrypsin
nto a silica support, exchange of protein molecules between the
ydrophilic surface and the solution leads to a strong reduction
f helical structure and the original structure is not restored upon
elease from the surface.
. Conclusion

A crude extract rich in plant cysteine peptidases was successfully
mmobilized onto titanium dioxide following a simple adsorption
rocedure. UV–Vis determinations revealed that the adsorption

[
[
[
[

[

aces B: Biointerfaces 72 (2009) 16–24 23

was highly selective towards proteins, which were selectively with-
drawn from the immobilization solution in 5 min of contact with
TiO2.

Activity determinations performed on immobilization solution
samples confirmed that adsorption of peptidases is rapid and com-
plete. However, the immobilized enzymes do not retain the activity
of their crude counterparts, showing a recovered amidasic activity
of 8%. Severe structural rearrangements resulting from adsorption
must have taken place, leading to an immobilized enzyme with
lower activity than their soluble counterpart. Drying of the immobi-
lized biocatalyst after recovery from the enzyme solution also must
have played a role in the reduction of enzyme activity observed.

In spite of the previous, the low cost of the crude extract used
as protease source, and the high concentration of proteins of the
synthesized biocatalyst still reveal Ah/TiO2 as an attractive immo-
bilized proteolytic catalyst with a retained enzymatic activity close
to the ones found in literature for other proteases.
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