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NiZnFe2O4 superparamagnetic nanoparticles were coated with silica by impregnation with tetraethoxysilane
(TEOS) and further activated with divinylsulfone (DVS) and p-benzoquinone (BQ) for covalent immobilization
lipase from Pseudomonas fluorescens (PFL), producing the biocatalysts TEOS-NANO-DVS-PFL and TEOS-NANO-
BQ-PFL. The optimal conditions for enzyme immobilization were found to be pH 7 and 0.1 M of both activating
reagents. PFL was also immobilized on TEOS nanoparticles without any activation as a reference (TEOS-NANO-
PFL). Results indicated that TEOS could be released from the nanoparticles at alkaline pH value. Optimal TEOS-
NANO-PFL exhibited a recovered activity of 55% and a t1/2(60°C) of just over 150 min; while TEOS-NANO-DVS-
PFL showed 82% of activity recovered and t1/2(60°C) of 225 min; being the TEOS-NANO-BQ-PFL the biocatalyst of-
fering the best results (89% of recovered activity and a half-life over 1440 min), the maximum enzyme load was
≈300 U/g.
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1. Introduction

Biocatalysis permits to perform the most complex processed under
very mild conditions [1–3]. Lipases (triacylglycerol hydrolases EC
3.1.1.3) are hydrolytic enzymes and are the most used enzymes in in-
dustry, catalyzing many reactions, namely hydrolysis, esterification,
transesterification, acidolysis, aminolysis, among others [4,5]. Although
lipases have a wide range of applications in reactions of industrial inter-
est, their soluble form has poor stability and their reuse becomes prob-
lematic [3]. To overcome these drawbacks, lipase immobilization has
been extensively studied in order to produce active, stable and reusable
biocatalysts [2,6]. A proper immobilization process may simplify the
separation of the biocatalyst from the reaction media and permit a
more effective control of the reaction, enabling the application of
biocatalysts in continuous processes [3,7]. In addition, immobilization
techniques can improve most enzyme properties, such as activity, sta-
bility, specificity or selectivity [8,9]. Therefore, enzyme immobilization
has become an important tool to produce economically viable industrial
biocatalysts with suitable performance [10].

The selection of a proper immobilization protocol is critical to fully
benefit from it [3,11]. Therefore, in this paper we have compared two
e), lrg@ufc.br (L.R.B. Gonçalves).
different support activation reagents (divinylsulfone and p-
benzoquinone) to analyze their possibilities to produce enzyme immo-
bilization and stabilization via multipoint covalent attachment [11–13].
Both bifunctional reagents may react with hydroxyl groups of a support
to produce its activation. Divinylsulfone (DVS) is a bifunctional mole-
cule that has been used to modify supports for enzyme immobilization
[13–16] and they have been recently proposed as almost ideal immobi-
lization supports to get very intense multipoint covalent attachment
[13]. Vinyl sulfone groups can react with different moieties of enzymes,
such as amine, hydroxyl, phenyl, thiol, among others, producing highly
stable biocatalysts [13,14]. Therefore, some homo and heterofunctional
supports have been raised using vinyl groups for enzyme immobiliza-
tion, such as divinylsulfone-activated agarose, octyl agarose activated
with divinylsulfone, amino functionalized SBA-15 activated with
divinylsulfone, Fe3O4 magnetic nanoparticles coated with oleic acid
and activated with divinylsulfone, among others [16–19].

p-Benzoquinone (BQ) is another bifunctionalmolecule that has been
used for support activation and enzyme immobilization [15,20,21]. Sim-
ilar to DVS, BQ can react with amine, hydroxyl or thiol moieties among
other groups of the proteins. Despite its high potential as an activating
agent, p-Benzoquinone has not been properly studied to stabilize en-
zymes viamultipoint covalent attachment. Thus, in this paperwe intend
to compare DVS as the most promising reported support activator to
produce an intense multipoint covalent attachment with BQ.
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To the best of our knowledge, silica coated NiZnFe2O4 nanoparticles
have never been activated with DVS or BQ to produce TEOS-NANO-DVS
or BQ support for enzyme immobilization. In this context, the activation
protocol of TEOS nanoparticles with DVS and BQ should be investigated
to produce active and stable biocatalysts after lipase immobilization.

Another critical point in the design of immobilized biocatalysts is the
support. In this regard, superparamagnetic nanoparticles are considered
very suitable supports for enzyme immobilization due to their high sur-
face area, large surface-volume ratio and minimized diffusional limita-
tions [22–29]. Moreover, superparamagnetic nanoparticles enable the
separation of biocatalyst from the reaction medium by applying an ex-
ternal magnetic field [22,30]. This allows the use of the immobilized en-
zyme even in a medium containing solids, as it does not require the use
of filters [31]. The immobilization of the enzyme in the external surface
of the support enables the use of the immobilized enzyme to modify
even solid substrates [32], although this also causes the enzyme to be
unprotected from the environment (e.g., from interaction with hydro-
phobic interfaces [33]).

Lipases from Pseudomonas genus are extracellular enzymes that play
an important role in biotechnological process, due to their application in
biofuels, food and pharmaceutical products [34,35]. For this reason, as
model enzyme to check the possibilities of BQ as support activating re-
agent, we have selected the lipase from Pseudomonas fluorescens (PFL)
[34,35].

Thus, in this work, mixed nanoparticles (NiZnFe2O4) were
synthetized. This material has remarkable chemical stability, good me-
chanical resistance, moderate saturation magnetization and anti-
corrosion properties [36,37]. In this approach, NiZnFe2O4 nanoparticles
were coated with silica (tetraethoxysilane) to enhance its chemical sta-
bility, preventing the aggregation of the superparamagnetic core in liq-
uid media and improving its biocompatibility [38,39]. Supports coated
with silica have some very adequate physical and chemical properties
for enzyme immobilization, such as nontoxicity, stability to redox reac-
tions and facility to chemical derivatization, enabling the easy activation
[40]. The silica-coated nanoparticlewas activatedwithDVS andBQ, pro-
ducing TEOS-NANO-DVS andTEOS-NANO-BQ supports in order to cova-
lently bind the lipase on them. Fig. 1 shows a scheme of the
immobilization strategies used in this paper. Therefore, PFL was
Fig. 1. Schematic representation of the preparation of
immobilized on superparamagnetic NiZnFe2O4 coated with silica and
activated or not with DVS or BQ and the biocatalysts performances
were compared.

2. Materials and methods

2.1. Materials

PFL (Lot: MKBW 5216 V), tetraethoxysilane (TEOS) (purity 98% v/v),
p-nitrophenyl butyrate (pNPB) ≥ 98%, divinylsulfone (97% purity), p-
benzoquinone (≥98% purity), Triton X-100, cetyltrimethylammonium
bromide (CTAB) and sodium dodecyl sulfate (SDS) were purchased
from Sigma Chemical Co (St. Louis, MO, USA). The chemical reagents
for the synthesis of magnetic nanoparticles were FeCl3·6H2O (97%),
NiCl2·6H2O (97%) and ZnCl2 (99%) and they were purchased from
Dinâmica Química Contemporânea LTDA. All other reagents and sol-
vents were of analytical grade.

2.2. Methods

2.2.1. Synthesis of superparamagnetic NiZnFe2O4 nanoparticles
The hydrothermal synthesis of superparamagnetic NiZnFe2O4 nano-

particles was performed according to the procedure reported by Freire
et al. [41], with somemodifications. Solutions of chloride salts of the dif-
ferent metals were prepared (molar ratio was (0.25):Ni2+ (0.25):Zn2

+(1):Fe3+) and mixed under vigorous stirring (6000 rpm) for 10 min.
After that, 10 mL of 35 mM sodium hydroxide was added dropwise to
precipitate the desired hydroxides. The mixture was transferred to a
Teflon-lined autoclave for 30 min reaction at 250 °C. The precipitate
was recovered with a magnet and washed several times with distilled
water until neutral pH. Finally, the NiZnFe2O4 nanoparticles were
dried in a vacuum desiccator (360 mmHg) at 25 °C.

2.2.2. Functionalization of superparamagnetic NiZnFe2O4 nanoparticles
with tetraethoxysilane (TEOS)

The functionalization of NiZnFe2O4 nanoparticles was performed ac-
cording to Thangaraj et al. [39], with some modifications. A mass of
100 mg of nanoparticles was dispersed in 50 mL of a solution formed
TEOS-NANO-DVS-PFL and TEOS-NANO-BQ-PFL.
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by 90% (v/v) ethanol and 10% (v/v) distilled water by sonication. Then,
TEOSwas added to theNiZnFe2O4 nanoparticles suspension (nanoparti-
cle:TEOS ratio: 1:5w/v). Subsequently, 10 mL of 25% (v/v) aqueous so-
lution of ammonium hydroxide was added slowly dropwise and the
mixture was maintained under stirring (750 rpm) for 6 h at 25 °C. The
silica functionalized nanoparticles (TEOS nanoparticles) were collected
with a magnetic bar and washed with distilled water and ethanol. Fol-
lowing that, the material was dried in a vacuum desiccator
(360 mmHg) at 25 °C for 48 h.

2.2.3. Activation of TEOS functionalized nanoparticles with divinylsulfone
(DVS) or p-benzoquinone (BQ)

1 g of TEOS nanoparticles was suspended in 10 mL of DVS or BQ so-
lutions at the indicated concentrations at 25 °C. The pH (5, 7, 10 and
12.5) and reagents concentrations (0.05, 0.1, 0.25, 0.5 M) were altered
in the activation process. TEOS nanoparticles were activated with DVS
for 35 min. The procedure for TEOS nanoparticles activation with p-
benzoquinone was conducted according to Brandt et al. [42]. 1 g of
TEOS nanoparticles was suspended in 10 mL of p-benzoquinone solu-
tions, containing 20% (v/v) of ethanol, during 1 h at room temperature.
After that, the TEOS nanoparticles activated with DVS (TEOS-NANO-
DVS) or BQ (TEOS-NANO-BQ)were extensively washed with immobili-
zation buffer to be used for subsequent lipase immobilization.

2.2.4. Characterization of superparamagnetic modified and non-modified
NiZnFe2O4 nanoparticles

Fourier Transform Infrared spectroscopy (FTIR) analysis was con-
ducted in order to identify the vibration binding profile of the non-
modified and modified NiZnFe2O4 nanoparticles. The typical vibration
mode of the NiZnFe2O4 nanoparticles was identified on a Perkin Elmer
spectrometer. For thesemeasurements, the sampleswere previously di-
luted in KBr and then the data were collected in the range of
400–4000 cm−1. In addition, some studies were carried out on an ATR
spectrometer (Agilent) and the data were collected in the range of
600–4000 cm−1.

2.2.5. Immobilization of PFL on TEOS functionalized nanoparticles
PFL was immobilized by two different strategies, namely: physical

adsorption and covalent attachment. The PFL immobilization processes
were carried out undermechanical stirring, at 25 °C. The enzyme load of
immobilizationwas 20U/g of support to prevent diffusion limitations or
enzyme-enzyme interactions that could alter the observed properties of
the immobilized enzymes [43,44].
Fig. 2. FTIR spectra of samples of unmodified NiZnFe2O4 nanoparticles and TEOS nanoparticles.
FTIR Agilent technologies ATR spectrometer (4000–600 cm−1). On the right: measures conduc
2.2.5.1. Immobilization of PFL on TEOS-NANO-DVS or TEOS-NANO-BQ. Ly-
ophilized PFL was dissolved in 5 mM sodium phosphate buffer pH 7
(20% w/v). Afterwards, 100 mg of TEOS-NANO-DVS or TEOS-NANO-BQ
support was added into 1 mL of 5 mM buffer solutions (sodium acetate
buffer pH 5, sodium phosphate buffer pH 7 and sodium bicarbonate
buffer pH 10), containing b5% of the lipase solution The pH was
rechecked after mixing enzyme and immobilization buffer solutions.
The process of immobilization was conducted in a batch reactor and
the effect of immobilization time was investigated. The biocatalysts
were named TEOS-NANO-DVS-PFL and TEOS-NANO-BQ-PFL.

2.2.5.2. Immobilization of PFL on no treated TEOS-NANO. A PFL solution
was prepared as in the previous point, but only in 5 mM sodium phos-
phate at pH 7. Afterwards, 100 mg of TEOS nanoparticles was added
into 1 mL of this enzyme solution. The process of immobilization was
conducted in a batch reactor for 24 h.

2.2.6. Enzyme activity
PFL activity was determined by hydrolysis of pNPB at pH 7 and

25 °C, according to the methodology described by Garcia-Galan
et al. [45]. 50 μL of 50 mM pNPB in acetonitrile were added to
2.5 mL of 25 mM sodium phosphate at pH 7 and 50 μL of the sam-
ple at 25 °C. The product, p-nitrophenol, released during the hydro-
lysis of pNPB, was measured at 348 nm (ᶓ = 5.236 mol−1·cm−1).
One unit (U) is defined as the amount of enzyme capable of hydro-
lyzing 1 μmol of substrate per minute under the described
conditions.

2.2.7. Immobilization parameters
The immobilization parameters were calculated in order to evaluate

the efficiency of the produced biocatalysts. The immobilization yield
(IY) was defined as initial activity (Ati) minus the supernatant activity
(Ats) divided by the initial activity (Ati) [46]. The theoretical activity
(AtT) was defined using the immobilization yield and the amount of li-
pase offered per gram of support [46]. The recovered activity (AtR)
was defined as the ratio between the lipase activity observed in the
biocatalysts (AtD U g − 1) and the theoretic activity (AtT U g − 1) [46].

2.2.8. Thermal inactivation of immobilized enzymes
10 mg of immobilized preparations were suspended in 0.5 mL of

25 mM sodium phosphate buffer at pH 7 and 60 °C. Periodically, sam-
ples were withdrawn, and their activities were determined employing
the pNPB assay. The enzyme deactivation profile was built using the ini-
tial measure before incubation at 60 °C as 100%. The half-life time (t1/2)
Experiments were performed as described inMethods. On the left: measures conducted at
ted at Perkin Elmer spectrometer (760–400 cm−1).



Table 1
Values of the parameters of immobilization and thermal stability of TEOS-NANO-DVS-PFL
biocatalyst. Immobilization conditions: sodium phosphate buffer, 5 mM, pH 7; Triton X-
100 0.1% (v/v), during 24 h, at 25 °C. Other specifications are described in methods. Inac-
tivation conditions: 60 °C in presence of sodium phosphate buffer, 25 mM, pH 7.

Immobilization parameters TEOS-NANO-PFL biocatalyst

Immobilization yield (IY -%) 60.89 ± 0.5
Immobilized lipase activity (AtD - U/g) 6.75 ± 0.0
Theoretic activity
(AtT - U/g)

12.18 ± 0.1

Recovered activity
(AtR - %)

55.46 ± 0.5

Half-life
(t1/2 – min)

152.2

Fig. 3. Effect of different surfactants on the stability of free PFL. A: Anionic surfactant – SDS; B: Cationic surfactant – CTAB; C: Non-ionic surfactant - Triton X-100. Experiments were
performed at pH 7 and 25 °C, other specifications are described in methods. Concentration of surfactants: Control – 0%: Solid line (■); 0.01%: Dashed line (●); 0.05%: Solid line (▲);
0.1%: Dashed line (□). The relative activity was calculated considering as 100% the lipase activity in initial time of assay. The lines represent the tendency of the experimental data.
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for each immobilized preparation was calculated according to Sadana
and Henley deactivation model [47], using a Microcal Origin program,
version 8.1.

2.2.9. Support loading capacity
The support loading capacity was determined by increasing the

amount of enzyme offered per gram of support (from 20 to 750 U/g).
These assays were performed using optimal activated supports and
protocols.

2.2.10. Operational stability of immobilized biocatalysts
The feasibility of the biocatalysts capture and the operational stabil-

ities of the biocatalysts in aqueous media were evaluated in the hydro-
lysis of 0.962mM pNPB in 25mMsodiumphosphate buffer pH 7.0, at 25
°C for 5 min. Consecutive cycles of hydrolysis reaction were performed
using 10 mg of biocatalyst. Between the cycles, the biocatalyst was cap-
tured with a magnet bar and washed with sodium phosphate buffer
(pH 7.0, 25 mM). Afterwards, the relative activity of the biocatalyst
was determined, taking as 100% the activity in the first cycle of pNPB
hydrolysis.

3. Results and discussion

3.1. Fourier transform infrared spectroscopy (FTIR) of TEOS-NiZnFe2O4

superparamagnetic nanoparticles

In order to study the incorporation of TEOS groups on the surface of
NiZnFe2O4 superparamagnetic nanoparticles, infrared spectroscopy of
the naked samples of NiZnFe2O4 nanoparticles and TEOSmodified nano-
particles was conducted (Fig. 2). The broad band between 1000 and
1250 cm−1, absent in the case of the naked particles, in the TEOSmodi-
fied nanoparticles spectrum represents the asymmetric vibrations of
Si\\O bonds [39]. In addition, the new bands at 950 and 800 cm−1 are
assigned to the presence of silanol groups (Si\\OH) and the symmetri-
cal tension of Si\\O bonds, respectively [48]. The appearance of all these
bands on the TEOS-NiZnFe2O4 demonstrates the successful
functionalization of the nanoparticles with silica.

In Fig. 2 (right-hand side), all samples present bands at 585 and
360 cm−1, which are attributed to the ion vibrations in the crystal lattice
of NiZnFe2O4 nanoparticles. Therefore, these bands represent the
stretching vibrations of Fe\\O and Zn\\O bonds in tetrahedral sites



Fig. 4. Immobilization of PFL on TEOS nanoparticles activated with BQ at different pH
values and 25 °C. These assays were performed using 0.1 M of BQ in acetate, phosphate,
carbonate-bicarbonate or carbonate buffer at pH values 5, 7, 10 and 12.5, respectively.
Experiments were carried out as described in methods, Immobilization yield (●);
Immobilized enzyme activity (■). The lines represent the tendency of experimental data.

940 N.S. Rios et al. / International Journal of Biological Macromolecules 134 (2019) 936–945
(585 cm−1) and the stretching vibrations of Fe\\O and Ni\\O bonds in
octahedral sites (396 cm−1) [49]. Thus, it is possible to confirm that the
functionalization process of NiZnFe2O4 nanoparticles with silica does
not affect the internal structure of the NiZnFe2O4 nanoparticles.

3.2. Effect of surfactants on the stability of PFL

Several studies have shown that lipases can be immobilized in the
presence of surfactants to improve the activity of the immobilized en-
zyme active biocatalysts [50–53]. The presence of surfactants has sev-
eral effects on the lipase behavior. PFL is typically known for forming
bimolecular aggregates, changing some of its properties due to the exis-
tence of an open but partially blocked active center of the lipase in the
intersection between the two lipase molecules [54,55]. That is, it is pos-
sible that in a covalent immobilization, dimer and monomer mixtures
may become immobilized, making the results hardly reproducible and
having its activity/stability properties fully altered. The presence of sur-
factants has been shown to break these aggregates, allowing the indi-
vidual enzyme molecules to bind to the support. If detergents are used
in an immobilization process, this may produce biocatalysts with im-
proved activities and easier to reproduce, as only monomeric enzyme
molecules will be immobilized. Moreover, surfactants shift the open-
closed equilibrium of lipases towards the open and more active form,
in some instances, the immobilization can freeze this open form of the
lipase [50–52,56]. Additionally, surfactants avoid enzyme immobiliza-
tion on fairly hydrophobic supports via interfacial activation, leaving
the covalent reaction of the enzymewith the support as the only reason
Table 2
Values of the parameters of immobilization and thermal stabilities of TEOS-NANO-BQ-PFL bioca
sodium phosphate buffer, 5 mM, pH 7; Triton X-100 0.1% (v/v), during 24 h, at 25 °C. Other spe
phosphate buffer, 25 mM, pH 7.

Immobilization parameters BQ concentration

0.05 M

Immobilization yield
(IY -%)

66.68 ± 1.2

Immobilized lipase activity (AtD - U/g) 6.11 ± 0.0
Theoretic activity
(AtT -U/g)

13.34 ± 0.2

Recovered activity
(AtR - %)

45.81 ± 0.8

Half-life
(t1/2 – h)

N24
for enzyme immobilization [12,16]. However, the use of detergentsmay
also have negative effects on enzyme properties, e.g., reducing enzyme
stability or producing the enzyme inhibition [53].

Therefore, before using a detergent in the immobilization of a lipase,
it is worth investigating their effects on the lipase stability. Fig. 3 pre-
sents the effect of three distinct surfactants (Sodium dodecyl sulfate –
SDS/anionic surfactant, cetyltrimethylammonium bromide – CTAB/cat-
ionic surfactant and Triton X-100/non-ionic surfactant) at various con-
centrations (0.01, 0.05 and 0.1% v/v) on the evolution of the activity of
free PFL along time.

In the first hours of incubation with 0.01% SDS, the free PFL main-
tained 100% of its activity. However, after 24 h of incubation, free PFL
presented slightly lower activities (See Fig. 3 - A). At high concentra-
tions of SDS (0.05 and 0.1%), lipase progressively lost activity, maintain-
ing only 10% of its relative activity after 72 h of incubation in both
concentrations of SDS. Fig. 3 –B shows the effect of CTAB on enzyme sta-
bility. It is possible to observe that 0.01% (v/v) CTAB (during 48 h) did
not significantly decrease the PFL activity. However, using 0.05 or 0.1%
the activity progressively decreased (residual activity around 20% after
24 h of incubation). This way, both detergents did not seem appropriate
for their use in PFL immobilization.

Fig. 3-C shows that Triton X-100 even increased the activity of the
enzyme when compared with the enzyme in absence of detergent (al-
though the samples were much diluted during the activity assay (max-
imal concentration was 0.0192% (v/v)). In the presence of 0.1% (v/v)
Triton X-100, the relative activity of free PFL remained over 100% during
72 h of incubation. This hyperactivation can be explained by the stabili-
zation of the open and monomeric form of lipase molecules
[51,53,57,58].

Taking into account these results, the PFL immobilizationswere per-
formed in the presence of 0.1% (v/v) Triton X-100.

3.3. Immobilization of PFL on TEOS-NANO support

PFL was incubated in the presence of TEOS-NANO support in the
presence of 0.1% (v/v) detergent, producing the biocatalyst TEOS-
NANO-PFL and Table 1 shows the results. PFL was adsorbed on TEOS-
NANO support, presenting an immobilization yield about 60% and re-
covered activity about 55%, after 24 h of immobilization. In addition,
the biocatalyst TEOS-NANO-PFL showed a significant thermal stabiliza-
tion at 60 °C (t1/2 about 150min). The increase of the detergent concen-
tration (to 0.5%) or the increase of the ion strength (using 200mMNaCl)
do not avoid enzyme adsorption, suggesting that the enzyme was
immobilized in a mixed way, including ion exchange and interfacial ac-
tivation versus the support. This way, the influence of enzyme adsorp-
tion (or at least the enzyme/support interactions later one) on the
nanoparticle surface cannot be discarded when the particle was acti-
vated with BQ or DVS. As these effects were positive for enzyme stabil-
ity, they do not look a problem.
talysts produced at different concentrations of activating agent. Immobilization conditions:
cifications are described in methods. Inactivation conditions: 60 °C in presence of sodium

0.1 M 0.25 M 0.5 M

66.31 ± 0.2 62.88 ± 4.3 68.45 ± 2.7

11.87 ± 1.1 10.38 ± 2.7 3.75 ± 0.4
13.26 ± 0.0 12.57 ± 0.9 13.69 ± 0.2

89.50 ± 8.7 81.98 ± 16.2 27.37 ± 2.5

N24 18.3 17



Table 3
Half-lives of different TEOS-NANO-BQ-PFL immobilized at pH 5, 7 or 10 for
24 of contact (enzyme-support). Other specifications are described in
methods. Inactivation conditions: 60 °C in presence of sodium phosphate
buffer, 25 mM, pH 7.

Immobilization condition Half-life (min)

pH 5, 24 h 243.42
pH 7, 24 h N1440
pH 10, 24 h 350.11

Fig. 5. PFL Immobilization course on TEOS-NANO-BQ. Other specifications are described in
Methods. Relative activities of supernatant during immobilization at pH 5 (▲); pH 7 (●)
and pH 10 (■). The lines represent the tendency of experimental data.
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3.4. Immobilization of PFL on TEOS-NANO-BQ support: optimization of the
support activation

Fig. 4 shows that the immobilization yield decreased when increas-
ing the support activation pH, while the immobilized enzyme activity
was improved, achieving maximum activity values when the support
activation was performed at pH 10, shortly followed by the support ac-
tivated at pH 12.5. The lower immobilization yield at high pH value is
not easy to explain, as it may be expected that the activation of the hy-
droxyl groups in the support is more efficient at alkaline pH value, and
the number of active groups in the support should determine the immo-
bilization rate. This may be explained considering the stability of the
silanol bonds of TEOS with the nanoparticle, silica become solubilized
at alkaline or acid pH values and that way the number of active groups
in the support decreased at alkaline pH values even though very likely
the hydroxyl activation is more efficient. The lower amount of reactive
groups in the support will give a lower enzyme-support reaction, per-
mitting to maintain a higher activity of the immobilized enzymes,
even though the amount of immobilized enzyme is lower.
Fig. 6. Schematic representation of PFL immobilization at pHs 5, 7 and 10. This
Table 2 shows the results of immobilization parameters and thermal
stabilities of PFL immobilized on supports activated at various BQ con-
centrations. The best results were achieved using 0.1 M of BQ, since
high recovered activity (about 89.5%) and high thermal stability (t1/2
N 24 h, at 60 °C) were obtained. This was much higher than that ob-
served using the TEOS nanoparticles and shows the importance of the
BQ activation in the biocatalyst performance. The use of higher concen-
trations of BQ produced a decrease of these parameters, perhaps due to
some BQ polymerization that can generate non homogenous and longer
spacer arms and generate some steric hindrances for the reaction of the
enzyme with the non-polymerized BQ moieties (that is, the longer
spacer arms will produce both steric hindrances for the reaction with
the BQ groups below this “long pacer arms” and a lower enzyme rigidity
for each of the enzyme-support bonds formed).

3.4.1. Immobilization of Pseudomonas fluorescens lipase on TEOS-NANO-
BQ support: optimization of immobilization conditions

The immobilization pH value plays many roles. In the case of DVS
and very likely BQ, enzymes may become immobilized in a wide
range of pH values, but in each pH the most reactive group may be dif-
ferent. Therefore, the enzyme can be immobilized following different
orientations, only varying the immobilization pH [16,18]. This may be-
comemore important considering that BQ has a certain anionic charac-
ter [20]. In this context, the influence of the immobilization pH of PFL on
BQ activated support was studied, and results are shown in Fig. 5.

Fig. 5 shows the PFL immobilization course at pH 5, 7 and 10 on
TEOS-NANO-BQ that has been activated under optimal conditions. At
pH 5, 50% PFL is immobilized in the first hours of immobilization and,
at longer incubation times (48 h), 60% of enzyme activity was
immobilized. At pH 7 and 10, PFL was also immobilized, achieving the
maximum immobilization yield after 24 h of contact (relative activities
about 35 and 55% for pH 7 and 10, respectively). Therefore, immobiliza-
tion rates at pH 7 and 10 were lower in relation to immobilization rates
figure was made using pymol educational version (PDB lipase code: 2LIP).



Fig. 7. Immobilization of PFL on TEOS nanoparticles activated with DVS at different pH
values. These assays were performed with 0.1 M of DVS in acetate, phosphate,
carbonate-bicarbonate or carbonate buffer, 200 mM, at pHs 5, 7, 10 and 12.5,
respectively, at 25 °C. Other specifications are described in methods. Immobilization
yield (●); Expressed activity in the biocatalyst (■). The lines represent the tendency of
experimental data.
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at pH 5. This is against the expected results considering just the reactiv-
ity of the enzyme groups with BQ, which should increase with pH. Even
more important, at pH 10 it is possible to observe how the enzyme
started to be released from the support after 24 h of immobilization.
Considering that the enzyme-support covalent bonds should be irre-
versible, the likeliest explanation for this result is that the TEOS moiety
where the enzyme molecules are immobilized become released to the
medium at pH 10, taking the immobilized enzyme molecules with
them. This agrees with the results on support activation. To confirm
this point, an enzyme immobilized at pH 7 was incubated at pH 10 for
48h. It was again detected that a significant percentage of enzymeactiv-
ity (around 30%) was released to the medium (not shown results).
However, at pH 7 no enzyme leakagewas detected after oneweek of in-
cubation at 4 or 25 °C.

The faster immobilization rate at pH5 compared to pH7 could be ex-
plained by the anionic character of p-benzoquinone groups, that can
produce an ion exchange with the cationic groups of the lipase, whose
isoelectric point is around 5.9. Fig. 6 presents a scheme of possible
ionic character (anionic or cationic) of PFL at immobilization pHs 5, 7
and 10. At pH 5, PFL has a cationic character, enabling a fast first adsorp-
tion on the anionic BQ activated support. At pH 7 and pH 10, PFL has an
anionic character, avoiding the first adsorption via ion exchange and
yielding a low immobilization rate.

After this first adsorption, the enzyme molecules can become cova-
lently immobilized via an intramolecular reaction, as in othermultifunc-
tional supports [12,14]. At pH 7, the enzyme immobilization must be
directly via covalent bonds. Other authors also reported low
Table 4
Data of parameters of immobilization and thermal stabilities of TEOS-NANO-DVS-PFL biocatal
scribed inmethods. Immobilization conditions: sodium phosphate buffer, 5 mM, pH 7; Triton X
phosphate buffer, 25 mM, pH 7.

Immobilization parameters DVS concentration

0.05 M

Immobilization yield (IY-%) 62.30 ± 3.5
Immobilized lipase activity (AtD - U/g) 3.38 ± 0.4
Theoretic activity
(AtT - U/g)

12.46 ± 0.7

Recovered activity
(AtR - %)

27.24 ± 4.9

Half-life
(t1/2 – min)

108.5
immobilization rates at pH 10, when bovine serum albumin was
immobilized on agarose activated with p-benzoquinone at various pHs
(3 to 10). They observed that the highest immobilization rate of the pro-
teinswas achievedwhen immobilizationwas conducted at pH around 3
and, on the other hand, the lowest amount of immobilized proteinswas
obtained at pH 10 [42]. Again, a likely explanation may be reached by
the different cationic/anionic state of the enzyme at different pH values.
Similar results are described for aminated supports activated with glu-
taraldehyde, but, in this case, the result is the opposite, as the enzyme
adsorption is via anion exchange [59].

The incubation of some of the immobilized enzyme preparations at
1MNaCl showed the release of a certain percentage of enzyme (around
20%), suggesting that some of the enzyme molecules could be just
immobilized on the support via ion exchange. Table 3 presents the
half-lives of biocatalysts immobilized at pH 5, 7 and 10. The results
show that the highest stabilitywas obtainedwhen PFLwas immobilized
on TEOS-NANO-BQ at pH 7 for 24 h.
3.5. Immobilization of PFL on TEOS-NANO-DVS support: optimization of
support activation

The optimal activation of supports such as agarose with DVS are de-
scribed at pH 12.5, but the supports used here have very different prop-
erties, as previously commented in this paper. Thus, the effect of the pH
during DVS activation of the TEOS-NANO support was studied. The im-
mobilization of PFL was performed at pH 7, optimal conditions found
using BQ. Fig. 7 shows that the increase in the pH (in the pH range
from 5 to 12.5) of support activation causes a slight decrease in immo-
bilization yield, as using BQ.

At alkaline pH, the reaction of DVS with the hydroxyl groups in the
supports occurs faster than at neutral or acid pHs, introducing larger
amounts of DVS groups on the support. Therefore, the expected result
when increasing the activation pH is that more DVS groups are intro-
duced on the support as long as the active group is stable. If we have
more groups on the support, enzyme molecules are immobilized on it
in faster, increasing the immobilization speed. However, an opposite
trend occurred in this paper (see Fig. 7), that makes results fully differ-
ent to the ones obtained using agarose [18]. DVS molecules may un-
dergo inactivation or polymerization at very alkaline pH values, but
that will occur also when using agarose and activation time is relatively
short.

The distinctive property of the newmaterial is the fact that the TEOS
bound to the nanoparticles is unstable at drastic pH values [60,61], that
is, silica is dissolved in themedium at drastic pH values and the number
of groups in the support decreased instead of increasing as it may be ex-
pected, when using this drastic alkaline pH value. Fig. 7 also shows the
final enzyme activities of PFL immobilized on supports activated
under different pH values. The most active immobilized preparation
was obtained when activation was conducted at pH 10. Explanations
may be like in the case of BQ activation, the lower activation at high
ysts produced at different concentrations of activating agent. Other specifications are de-
-100 0.1% (v/v), during 24 h, at 25 °C. Inactivation conditions: 60 °C in presence of sodium

0.1 M 0.25 M 0.5 M

65.61 ± 5.5 60.07 ± 4.6 61.29 ± 2.1
10.78 ± 0.7 5.46 ± 0.0 2.81 ± 0.0
13.12 ± 1.1 12.01 ± 0.9 12.26 ± 0.4

82.18 ± 1.6 45.60 ± 3.5 22.90 ± 0.5

225 138.5 95



Fig. 8. Theoretic activity versus offered activity of TEOS-NANO-BQ-PFL (A) and TEOS-NANO-PFL (B). The lines represent the tendency of experimental data. Other specifications are
described in methods.
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pH values produce a slower immobilization, but also a lower enzyme
distortion.

Next, the effect of concentration of DVS in the activation step on
immobilized enzyme properties was analyzed. Table 4 presents some
parameters of immobilization and thermal stabilities of PFL
immobilized on supports activated at different DVS concentrations.

It is possible to highlight that the best results were obtained using
0.1 M of DVS and support activation at pH 10. In this condition, the bio-
catalystwasmore active and stable (AtD=10.8U/g and t1/2=225min).
Moreover, this biocatalystwas able to retain a large percentage of its ini-
tial activity after the process of immobilization, yielding 82% of recov-
ered activity. When 0.25 and 0.5 M of DVS were used, recovered
activities (45.6 and 22.9%) and enzyme stabilities (half-lives of 138.5
and 95 min) decreased quickly, for 0.25 and 0.5 M of DVS preparations,
respectively. This could be due to the polymerization of DVS, that gives a
heterogeneous surface to immobilize the enzyme on and even the
growing of the length spacer arm will reduce the positive effects of
each enzyme-support bond on enzyme stability.

The best biocatalysts TEOS-NANO-BQ-PFL and TEOS-NANO-DVS-PFL
were obtained under similar support activation conditions. This demon-
strates that the bifunctional agent p-benzoquinone and divinylsulfone
Fig. 9. Operational stability of TEOS-NANO-BQ-PFL (●) and TEOS-NANO-PFL (■)
preparations. Hydrolysis of pNPB was carried out at 25 °C, aqueous medium and pH 7.
Other specifications are described in methods. The lines represent the tendency of
experimental data.
act similarly during the process of support activation, as mentioned by
other authors [15]. However, the use of p-benzoquinone allows produc-
ing a more robust biocatalyst in this specific case, with higher thermal
stabilities than the NANO-DVS-PFL preparations. For instance, at opti-
mized conditions, the half-life of TEOS-NANO-BQ-PFL was higher than
24 h,while TEOS-NANO-DVS-PFL half-life was lower than 4 h. Thus, fur-
ther work was performed using TEOS-NANO-BQ-PFL, comparing it with
the enzyme immobilized in the non-activated TEOS-NiZnFe2O4

nanoparticle.
3.6. Enzyme load of TEOS-NANO-BQ-PFL and TEOS-NANO-PFL biocatalysts

The loading capacity is an important feature of the support, mainly
for industrial applications in biocatalysts. In this context, the enzyme
load capacity of TEOS-NANO-BQ and TEOS-NANO was investigated
and results are presented in Fig. 8.

Initially, the theoretic activity increases with the offered amount of
PFL and after 300 and 100 U/g for TEOS-NANO-BQ-PFL and TEOS-
NANO-PFL, respectively, the values of theoretic activity remained al-
most constant. Considering that the surface should be similar for both
supports, this suggested that the physical immobilization on non-
activated TEOS nanoparticles may be more complex that using the BQ
activated ones, with perhaps a competition between free enzymes and
the support (e.g., this has been described for immobilization via interfa-
cial activation on hydrophobic supports) [58].
3.7. Operational stability of immobilized PFL

TEOS-NANO-BQ-PFL and TEOS-NANO-PFL were utilized in several
cycles of pNPB hydrolysis and the results are shown in Fig. 9. TEOS-
NANO-BQ-PFL maintained higher residual activity (70%) compared to
the TEOS-NANO-PFL (35%) activity after 7 cycles of reaction. A similar
difference in the operational stability was also observed by Bezerra
et al. [50], when PEI coated Fe3O4 nanoparticles were used to immobi-
lize lipase from Thermomyces lanuginosus by covalent attachment (glu-
taraldehyde coupling) and adsorption. The covalent and adsorbed
biocatalysts showed about 40 and 20% of their initial activities after
8 cycles of in pNPB hydrolysis, respectively. It is worth pointing out
that the biocatalysts produced in this work are operationally more sta-
ble than the biocatalysts produced by Bezerra et al. [50]. This shows
that the p-benzoquinone coupling produces robust biocatalysts with
high stabilities than the biocatalysts producedwith the standard glutar-
aldehyde coupling.
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4. Conclusion

The results obtained in this study show that experimental changes in
the activation and immobilization conditionsmay alter the final proper-
ties of the biocatalyst. Although bifunctional agents (divinylsulfone and
p-benzoquinone) with similar groups involved in the process of activa-
tion and immobilization were used, changes in the enzyme-support re-
activity were observed. This can be attributed to the fact that quite
different biocatalysts, mainly in relation to thermal stability, were
prepared.

One of the main conclusions is that using these TEOS coated sup-
ports, the changes in the pH of activation and immobilizationmust con-
sider the risks of TEOS release to the medium, when using drastic pH,
and that can make the understanding of the results more complex.
This also limits the range of conditions where these biocatalysts may
beused to thosewhere TEOS release to themediummaybe not relevant
(e.g., pH near to neutrality).

BQ activation permits a rapid immobilization via cation exchange at
moderately acid pH, that later is followed by covalent bonds. The prep-
aration of TEOS-NANO-BQ-PFL under optimized conditions allowed
obtaining a robust biocatalyst that maintains almost 90% of its activity
after immobilization. Also, remarkable parameters of thermal stability
were obtained in one-step immobilization of PFL on TEOS-NANO-BQ
at optimized conditions (t1/2 N 24 h at 60 °C).
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