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Abstract The overall objective of this study is to evalu-
ate the morphological [scanning electron microscopy
(SEM)], physicochemical [differential scanning calorime-
try (DSC), thermogravimetric analysis (TGA), chemical
composition analysis, Fourier-transform infrared spectros-
copy (FTIR), nuclear magnetic resonance (NMR)], and
biochemical properties of Candida rugosa lipase (CRL)
immobilized on a natural biopolymer poly(3-hydro-
xybutyrate-co-hydroxyvalerate) (PHBV) in aqueous solu-
tion. CRL was immobilized by physical adsorption with
efficiency of 30%. Compared with free CRL enzyme, there
were slight changes in immobilized CRL activity as a
function of temperature (from 37°C to 45°C), but a similar
optimal pH value of 7.0. Inactivation rate constants for
immobilized CRL enzyme were 0.009 and 0.334 h™', and
half-lives were 77 and 2 h at 40°C and 60°C, respectively.
Kinetic parameters obtained for immobilized CRL include
the Michaelis—Menten constant of K, = 213.18 mM and
maximum reaction velocity of V., = 318.62 U/g. The
operational stability of immobilized CRL was tested
repeatedly, and after 12 cycles of reuse, the enzyme
retained 50% activity. Based on our results, we propose
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that PHBV-immobilized CRL could serve as a promising
biocatalyst in several industrial applications.
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Introduction

Enzymes offer a distinct advantage over chemical cata-
lysts, because of their specificity and stereoselectivity,
catalytic efficiency under mild conditions, biodegradabil-
ity, and limited formation of side-products [2]. In addition,
enzymes can catalyze reactions in different states: as
individual molecules in solution, in aggregates with other
entities, and while attached to surfaces. The attached, or
immobilized, state has been of particular interest to efforts
aimed at exploiting enzymes for technical purposes [10]. In
fact, immobilization of enzymes already plays an important
role within applied biotechnology. The main reason for
immobilizing enzymes is that it enables isolation of the
reaction products and reuse of the biocatalyst, thus increasing
productivity [19].

The characteristics of the matrix or support are impor-
tant factors which influence the performance of the
immobilized enzyme system. Supports can be classified as
inorganic or organic, according to their chemical compo-
sition. Organic supports can be made from natural or
synthetic polymers [10]; for example, lipase has been
successfully immobilized onto many different types of
carriers, such as Celite, sporollenin, and silica [27, 31].
Free or immobilized lipases are versatile biocatalysts for
hydrolysis, transesterification, esterification, and other
reactions, which are useful in industrial applications [23].
The most common procedures for enzyme immobilization
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involve enzyme adsorption to a support matrix, because of
its ease of use and low cost.

Contact forces between the support and the enzyme
include hydrogen bonding, van der Waals forces, and
hydrophobic interactions [31]. Each technology has been
further optimized, and new materials have been devel-
oped for adsorption or encapsulation techniques [19, 21].
Several eco-friendly supports have been reported in the
literature for enzyme immobilization, such as chitin,
chitosan, acetyl cellulose, dextran, alginate, and others [8,
10, 17, 30].

Although there is still no universal support that is suitable
for all enzymes and all applications, any material that is to be
considered as an enzyme support must fulfill certain require-
ments: high affinity for proteins, availability of reactive
functional groups (for direct reaction with enzymes or
chemical modification of the support), mechanical stability,
rigidity, feasibility of regeneration, and high loading capacity.
Depending on the application, nontoxicity and biodegrad-
ability may also be required [8].

Various eco-friendly supports have not yet been tested for
enzyme immobilization, for example, poly(hydroxybuty-
rate) (PHB) and poly(3-hydroxybutyrate-co-hydroxyvalerate)
(PHBYV). These polyesters are produced biologically by var-
ious microorganisms in nature, as reserve materials stored as
intracellular granules. In addition, they have been produced on
an industrial scale, using bacteria such as Alcaligenes eutro-
phus. These commercially available biopolymers have
attracted much attention for use in agriculture, marine, and
medical applications. The major advantages of these ther-
moplastic polymers are their biocompatibility and biode-
gradability [29].

However, PHB is stiff and brittle, restricting its range of
application. On the other hand, PHB copolymers with
3-hydroxyvalerate (PHBV) are less stiff, tougher, and
crystalline [5]. Recently, use of poly(3-hydroxybutyrate-
co-hydroxyvalerate) (PHBV) in biomedical applications
has increased, mainly because of the fact that it is possible
to prepare an appropriate controlled drug delivery system
that gradually degrades in the body [3]. Based on the above
properties, we propose that PHBV could serve as a good
alternative enzyme immobilization support because of its
biocompatibility, biodegradability, strength, easy reab-
sorption, non-toxicity, and eco-friendliness.

To the best of our knowledge, no reports exist in the
literature on use of PHBV as a lipase immobilization
support. In this study, the biochemical, morphological, and
physicochemical properties of PHBV-immobilized lipase
have been studied. The effect of temperature and pH were
investigated, and thermal stability, reusability, and kinetic
properties were analyzed. In addition, PHBV-immobilized
lipase was characterized by scanning electron microscopy
(SEM), thermogravimetry (TGA), differential scanning
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calorimetry (DSC), infrared spectroscopy (FTIR), and '*C
nuclear magnetic resonance.

Materials and methods
Enzyme and chemicals

Lipase from Candida rugosa (CRL, type VII) was purchased
from Sigma Chemical Co. (St. Louis, MO, USA). Nominal
lipase activity was 2,381 U/g. Poly(3-hydroxybutyrate-co-
hydroxyvalerate) (PHBV), a natural biopolymer, was used as
a support for CRL immobilization. PHBV was kindly supplied
by PHB Industrial S.A. Hexane and acetone were obtained
from Isofar (Rio de Janeiro, Brazil); ethanol 95% was
obtained from Vetec (Rio de Janeiro, Brazil); gum Arabic was
obtained from Cromoline (Sao Paulo, Brazil); olive oil was
purchased at a local market. Other chemicals were of analyt-
ical grade and used as received.

Activity of lipase in hydrolysis of emulsified olive oil

The hydrolytic activities of free and immobilized lipase
were assayed by the olive oil-water emulsion method,
according to the modification proposed by Soares et al.
[25]. The substrate was prepared by mixing 50 mL olive oil
with 50 mL gum Arabic solution (7% w/v). A reaction
mixture containing 5 mL of the emulsion, 2 mL 0.1 M
sodium phosphate buffer (pH 7.0), and either free (100 mg)
or immobilized (100-250 mg) enzyme was incubated for
5 min for free and 10 min for immobilized at 37°C under
stirring. The reaction was stopped by addition of 2 mL
acetone—ethanol-water solution (1:1:1). Liberated fatty
acids were titrated with 0.01 M potassium hydroxide
solution in the presence of phenolphthalein as an indicator.
One unit (U) of enzyme activity was defined as the amount
of enzyme that liberated 1 pmol free fatty acid per min
(umol min~") under assay conditions (37°C, pH 7.0,
150 rpm). Analyses of hydrolytic activities performed on
free and immobilized lipase were used to determine the
coupling yield # (%) according to Eq. 1.

U
n(%) = =2 x 100 (1)
Uy
in which Ug corresponds to the total enzyme activity
recovered on the support and Uy represents the enzyme
units offered for immobilization.

Effect of solvents on lipase activity
To select the optimal solvent for enzyme immobilization

on the PHBV support, different samples of 0.1 g free CRL
enzyme were incubated in the presence of dichloromethane,
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chloroform, hexane, and heptane for 10, 20, 40, and 60 min at
30°C and 40°C. After the end of the incubation period, the
supernatant was removed and the remaining solvent was
evaporated. Then the activity was determined, as described
previously [25].

Enzyme immobilization

Control tests to verify the stability of support (PHBV) in the
presence of lipase were carried out under similar conditions
to test the hydrolytic activity of the enzyme over the support,
in the absence of olive oil at different incubation times (5, 10,
15, 30, 60 min, 24, and 48 h). Tests were conducted with
0.1 gPHBV, 0.1 gfree CRL,2 mL 0.1 M sodium phosphate
buffer (pH 7.0), and 5 mL gum Arabic solution (7% w/v)
(test 1). Another test was performed with 0.1 gPHBV, 0.1 g
free CRL, and 7 mL sodium phosphate buffer (test 2). All
tests were performed at 37°C with agitation. The analysis of
control tests was carried out by titration with 0.01 M
potassium hydroxide solution to identify the presence of
acids produced by support degradation.

Lipase from Candida rugosa was immobilized by physical
adsorption on PHBV using a procedure modified from Soares
et al. [28]. Briefly, 20 mL hexane was added to 2 g support
with vigorous agitation at room temperature for 2 h, then
20 mL enzymatic solution (mass of the enzyme solubilized in
20 mL 0.1 M sodium phosphate buffer pH 7.0) was added to
the hexane and support suspension and agitated for 2 more
hours. The enzyme—support support was then incubated for
24 h at 4°C. Immobilized lipase was recovered by vacuum
filtration coupled with repeated washes with hexane. The water
content (dry weight) and enzyme activity of the immobilized
biocatalyst were then quantified. Filtrates and washes were
collected and used for activity determination. The prepared
immobilized lipase was then stored at 4°C until use.

To determine the optimal amount of lipase, we tested the
effect of various amounts of enzyme/support ratios (0.15,
0.225, 0.3, 0.375, and 0.45) on immobilization.

Biochemical properties of free and immobilized lipase
Effect of pH and temperature on activity

The effect of pH on the relative activity of free and
immobilized lipase was assayed in phosphate buffer
(0.1 M) at pH values ranging from pH 5.0 to 9.5.

The effect of temperature on the relative activity of the
free and immobilized lipase was determined at pH 7.0 in
the temperature range from 30°C to 70°C. Relative activ-
ities for both assays were calculated as the ratio of enzyme
activity measured at different temperatures to the maximal
activity of the enzyme measured as described previously
[25].

Thermal stability

Free and immobilized lipase preparations were stored in
sodium phosphate buffer solutions (0.1 M, pH 7.0) for 4 h at
40°C and for 2 h at 60°C, respectively. Samples were peri-
odically withdrawn for activity assays. Residual activities
were calculated as the ratio of the activity of enzyme measured
after incubation to the maximal activity of the enzyme.

The thermal inactivation constant (kq) and half-life (¢;,,)
for immobilized CRL were calculated using Eqgs. 2 and 3,
respectively, according to the literature [7, 26]

Ain = Aino exp(—kd . f) (2)
tij2 =1n(0,5)/—kq (3)

where A;, is the residual activity after heat treatment for a
period of incubation (U), Ajy, is the initial enzyme activity
(U), kq is the inactivation constant (h™'), and f,,, is the
half-life (h).

Reusability of immobilized lipase

The operational stability and reusability of the immobilized
system was determined by conducting hydrolysis reactions
in consecutive batches using the same immobilized
enzyme. Each batches consisted of 10 min of hydrolysis
reaction at temperature of 37°C and pH 7.0. After each
batch, the immobilized enzyme was washed with hexane
once and reused for the next cycle of hydrolysis. This
procedure was repeated for 20 cycles.

Determination of K,,, V,uan and catalytic efficiency

To calculate the Michaelis—Menten constant (K, and
Vmax), Teaction systems were prepared containing fatty
acids at concentrations ranging from 37 to 2,232 mM,
obtained from emulsions containing different proportions
of olive oil (1-60%) and aqueous solution of gum Arabic
(7% wlv). Initial hydrolysis reaction rates, catalyzed by
free and immobilized CRL, were determined according
to methodology described in “Activity of lipase in the
hydrolysis of emulsified olive 0il” The apparent values of
K., and V.« were calculated by nonlinear fitting using the
program Origin® 8.0. Catalytic efficiency were calculated
using the program Graphpad Prism 5.0

Morphological and physicochemical properties

Scanning electron microscopy (SEM) was used to character-
ize the free enzyme (CRL), support (PHBV), and immobilized
biocatalyst (PHBV-CRL) samples.

Sample weight loss upon heating was determined using
a thermogravimetric analysis (TGA) apparatus (Shimadzu
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TGA-60 thermogravimetric analyzer) over the tempera-
ture range of 30-550°C. Samples with mass variation of
2-6 mg were put in a sealable aluminum pan, and analyzed
under nitrogen atmosphere with a heating rate of 20°C/min.

Differential scanning calorimetry data were recorded using
a Shimadzu DSC-60H differential scanning calorimeter.
Support (PHBV) and immobilized biocatalyst (PHBV-CRL)
samples with mass variation 2-6 mg were put in a sealable
aluminum pan, which was heated from 30°C to 200°C at arate
of 20°C/min.

Free enzyme (CRL), support (PHBV), and immobilized
biocatalyst (PHBV-CRL) samples were also analyzed by
Fourier-transform infrared (FTIR) (BOMEM MB-100
spectrophotometer). FTIR spectra were obtained over the
wavelength range from 400 to 4,000 cm ™.

For the support (PHBV) and immobilized biocatalyst
(PHBV-CRL) samples, the structure was characterized by
recording '*C NMR spectra. Solid-state '*C cross-polariza-
tion magic-angle spinning (CP-MAS) NMR spectra were
obtained on an NMR Inova 400 spectrometer at 75 MHz. The
samples were spun at a magic angle of ca. 100 kHz. The pulse
interval time was 3 s, and the pulse duration was 0.050 s. For
this atom type, chemical shifts was measured using Si (CH3),4
as reference and hexamethylbenzene (17.13 ppm) for C.

Results and discussion
Effect of solvents on lipase activity

The choice of the solvents heptane and hexane to study the
effect on lipase activity in organic solvents was motivated
by the routine use of these solvents in adsorption immo-
bilization techniques. The effect of solvent on lipase
activity was also studied using dichloromethane and chlo-
roform because PHBV is soluble in these solvents and
another technique of enzyme encapsulation in PHBV
(core—shell formation) is under study by our group.
Figure 1a and b shows stability results for free CRL in
the presence of the four different organic solvents at 30°C
and 40°C, respectively. Based on these results, the enzyme
showed similar activities in the presence of hexane and
heptane at the two temperatures studied. Hexane was
selected to perform immobilization of CRL on the PHBV
support by physical adsorption, because hexane is gener-
ally used as a solvent for the immobilization technique by
adsorption as reported in the literature [6, 18, 34].

Immobilization of lipase by physical adsorption
on PHBV

To evaluate the loading capacity of the PHBV support, a
particle size distribution between 100 > X > 200 mesh
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Fig. 1 Effect of solvents on the activity of free CRL at a 30°C and
b 40°C. Error bars are standard deviations from triplicates

was evaluated. To determine the optimal amount of lipase,
we studied the immobilization of various amounts of
enzyme on 2.0 g PHBV support. The effect of enzyme/
support ratio on activity is shown in Fig. 2. Lipase activity
was significantly increased when the enzyme/support ratio
was increased from 0.15 to 0.3 (w/w), while above a ratio
of 0.3 (w/w) the activity remained practically constant, due
to saturation of the PHBV support with lipase. Because the
highest activity (325.75 U/g) was achieved when a ratio of
0.3 was used, this enzyme/support (w/w) ratio was selected
for immobilization of CRL on PHBV. To obtain this ratio,
926 Uenzyme/€support Were applied. For these conditions,
the immobilization yield obtained was 30%, considered
satisfactory result when compared with other enzymes
immobilized on several types of support such as commer-
cially available acrylic polymers (recoveries from 8% to
20%) [4].
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cess. In fact, pH is one of the most influential parameters
for enzymatic activity in an aqueous medium. In addition,
immobilization is likely to result in a conformational
change in the enzyme, which may lead to enzyme inacti-
vation, and may cause a shift in the pH dependence of
the enzyme activity. This pH shift depends mainly on the
method of immobilization and the interaction between the
enzyme and support.

The effect of pH on the relative activity of free and
immobilized CRL during hydrolysis of emulsified olive oil
was determined between pH 5.0 and 9.0, and the results are
shown in Fig. 3a. The maximum value of relative activity
was observed at pH 7.0 for immobilized CRL, the same pH
value obtained for the free enzyme. The pH values
obtained are similar to results described in the literature for
silica-matrix-encapsulated CRL [28].

In general, the immobilized enzyme was less stable to
pH effects than the free enzyme, despite having the same
optimal pH (7.0); below or above this pH value, the
immobilized enzyme activity exhibited an abrupt drop that
was not observed around the maximum region of the free
enzyme, suggesting that the immobilization technique
caused negative changes to the conformation of the
enzyme. Similar results have been previously reported for

Candida rugosa lipase immobilized on electrospun

25 30 35 40 45 50 55 60 65 70 75
Temperature (°C)

Fig. 3 Effect of a pH and b temperature on the relative activity of
free and immobilized CRL. Error bars are standard deviations from
triplicates

cellulose nanofiber membrane [11] and cyclomaltodextrin
glucanotransferase from Thermoanaerobacter immobilized
by sol—gel technique [1].

The resistance of immobilized lipase to temperature is
an important potential advantage for practical applications
of this enzyme. The temperature dependence of the relative
activity of free and immobilized lipase was investigated
and compared by measuring hydrolysis of emulsified olive
oil at different temperatures, and the results are shown in
Fig. 3b.

As can be seen in Fig. 3b, the optimal temperature for
the free enzyme was approximately 37°C, while for the
immobilized enzyme the optimal temperature was in the
range of 37-45°C. In other words, immobilized CRL has
increased tolerance to heat compared with free CRL.
Similar results were reported by Tutar et al. [31] for CRL
immobilized on sporopollenin and Li et al. [13] for PPL
immobilized on rod-like SBA-15.
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One of the main reasons for enzyme immobilization is
the anticipated increase in enzyme stability. Immobilized
enzymes display resistance to various deactivating forces,
due to their restricted conformational mobility [20]. This
was may be due to conformational limitations to enzyme
movement as a result of electrostatic interactions and
hydrogen bonding between the enzyme and the support.
Thus, immobilized enzymes show increased catalytic
activities at higher reaction temperatures [33]. At higher
temperatures, free lipase could easily undergo thermal
denaturation, while immobilized lipase is protected, prob-
ably because of the more rigid conformation provided by
the support, and therefore is able to retain its catalytic
activity.

Thermal stability

The thermal stability of free and immobilized CRL was
investigated and compared by measuring the hydrolysis of
emulsified olive oil by lipase at 40°C and 60°C for different
reaction times. As shown in Fig. 4, the thermal stability of
the immobilized enzyme was greater than that of the free
enzyme. The thermal stability of lipase has been shown to
correlate with its structure [35]. At 40°C, the residual
activity of the free enzyme was approximately 21%, while
the residual activity of the immobilized CRL was 94% after
4 h temperature exposure. At 60°C, the free enzyme lost all
of its activity after 3 h exposure, while PHBV-CRL still
retained residual activity of 18% after 4 h exposure at this
temperature.

It is possible that the enhanced hydrophobic interactions
offered by the PHBV support could increase the thermal
stability of immobilized CRL. However, aggregation of
enzyme on the support could also weaken the hydrophobic
characteristic of the support. In any case, based on the
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Fig. 4 Thermal stability of free and immobilized CRL (incubated at
40°C and 60°C). Error bars are standard deviations from triplicates
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above results, the thermal stability of the CRL enzyme was
clearly improved upon immobilization, in agreement with
reported results [14, 35].

Data from the natural logarithm of hydrolytic activity
versus time were adjusted to calculate the inactivation rate
constant (ky) and half-life (¢,,), using Eqs. 2 and 3. The values
calculated at temperature of 40°C were kg = 0.009 h!,
t1» = 77 h and at 60°C were kg = 0.334 h!, tip = 2.1 h.

Reusability of immobilized lipase

The reusability of immobilized enzymes is very important
for various applications, especially in industrial applica-
tions. Figure 5 shows the variation in relative activity of
immobilized CRL after multiple cycles of reuse. We found
that immobilized CRL can be reused up to 12 times, while
retaining 50% of its initial activity. Although somewhat
decreased immobilized CRL activity was found with each
successive reaction, this may be due to CRL leaching out
from the surface of PHBV during the multiple soaking,
separation, and washing with hexane steps employed dur-
ing the recycling reaction, because the enzyme is only
attached by weak interaction forces [32]. Li et al. [13]
reported that activity of PPL immobilized on rod-like SBA-15
mesoporous material by adsorption decreased with reuse,
retaining 32% of its original activity after five reuses.
Huang et al. [11] also reported decreased activity with
covalent immobilization of Candida rugosa lipase on a
cellulose nanofiber membrane, the remaining activity being
about 30% after eight cycles of batch operation. Based on
our results, lipase immobilized on PHBV is very suitable
for commercial applications because of its easy recovery
from the reaction system and efficient reuse.
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Kinetic parameters

The kinetics of the hydrolytic activity of the free enzyme
(CRL) and immobilized biocatalyst (PHBV-CRL) were
investigated at various concentrations of olive oil substrate
(at 37°C, pH 7.0). The Michaelis—Menten equation was
used to fit the kinetic parameters and data from the initial
reaction rate to evaluate the constants, K;,, and V., using
the program Origin® 8. The K, and V.. of the free
enzyme were 835.59 mM and 4,354.61 U/g, respectively,
whereas the apparent K, and apparent V,,,, of the immo-
bilized enzyme were 213.18 mM and 318.62 U/g, respec-
tively. Lipase immobilized on PHBV showed a decrease in
apparent K,,,. The K, value is known as the criterion for the
affinity between enzyme and substrate. The higher affinity
for substrate obtained in the case of immobilized enzyme
could be explained by the microenvironment of the
immobilized enzyme being hydrophobic, with low water
content, whereby the substrate which is also hydrophobic is
attracted, thus justifying the obtained values for K.
However, in the case of free enzyme, the greater extent of
hydrophilicity of the medium reduces the attraction
between the enzyme and substrate. This behavior was
confirmed by the determination of the catalytic efficiency,
where the values obtained were 0.45 and 0.14 for immo-
bilized and free enzyme, respectively. This is, however, not
reflected in the apparent V.. Lipase immobilized on
PHBYV showed a decrease in apparent V... These results

Fig. 6 Scanning electron
microscopy of the free enzyme
(CRL), support (PHBV), and
immobilized biocatalyst
(PHBV-CRL)

suggest that the enzyme could have undergone a conforma-
tional change during immobilization on PHBYV, affecting the
rate of the reaction. A change in orientation could lead to
improper positioning of the active sites for binding to the
substrate. Besides the not so favorable conditions for
increased reaction rate by the immobilized enzyme in this case
could be because the substrate being insoluble, the immobi-
lized enzyme may act only on the available fraction while the
free enzyme could interact freely with the substrate [12].
Similar results of a decreased apparent K,, and decreased
apparent V.., which is not usually seen, was obtained for
immobilized Candida rugosa lipase by Montero et al. [16],
Thermomyces lanuginosus lipase immobilized through
crosslinking using glutaraldehyde and hen egg white by
Karimpil et al. [12], and for enzymes co-immobilized onto
alkylamine glass beads by Minakshi and Pundir [15].

Morphological and physicochemical properties
Scanning electron microscopy (SEM)

SEM was used to characterize the morphology of the free
enzyme (CRL), support (PHBV), and immobilized bio-
catalyst (PHBV-CRL). The resulting SEM photomicro-
graphs are shown in Fig. 6. The image corresponding to
PHBV-CRL shows a higher concentration of granules
versus with PHBV alone, indicating the presence of the
CRL enzyme immobilized on the support surface.
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Differential scanning calorimetry (DSC)

DSC curves for the support (PHBV) and the immobilized
biocatalyst (PHBV-CRL) showed similar behaviors, with
both presenting a single peak for the temperature range
studied, as shown in the supplementary material (Online
Resource 1). For the PHBV, a melting temperature of
T, = 166.6°C and enthalpy of fusion of AH,, = 84.59 J/g
were determined, being similar to those reported by Gon-
calves et al. [9]. For the immobilized biocatalyst (PHBV-
CRL), T, = 166.8°C and AH,, = 66.43 J/g were found.
Based on these data, immobilized PHBV-CRL absorbed
less heat to reach the melting temperature compared with
the PHBV support alone. This fact is possibly caused by
differences in thermal conductivity between the immobi-
lized biocatalyst and support, promoting a reduction in heat
flow.

Thermogravimetric analysis (TGA)

TGA is an important tool that enables determination of the
temperature range at which a heated sample undergoes a
major conformational change, by means of monitoring its
thermal weight loss profile. The weight loss curves were
divided into three regions: region I (0-200°C), region II
(200—400°C), and region III (400-550°C).

Figure 7 shows that, in region I, free CRL loses mass
from the beginning, while for the support (PHBV) and the
immobilized biocatalyst (PHBV-CRL), the mass loss
remained nearly constant. Region II shows high mass loss
with increasing temperature for all three samples. Free
CRL in this region experienced lower mass loss compared
with the support and the PHBV-CRL, which displayed
similar behaviors. For PHBV, the maximum degradation
occurred at 340°C, with onset (Tiniia) at 254°C, consistent
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Fig. 7 Thermogravimetric curves for free enzyme (CRL), support
(PHBV), and immobilized biocatalyst (PHBV-CRL)
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with previous reports in the literature stating that PHBV is
thermally unstable above 250°C. During PHBV thermal
degradation, chain scission and hydrolysis was shown to
lead to a reduction in molecular weight and the formation
of crotonic acid [22]. For PHBV-CRL, the maximum
degradation occurred at 315°C, with onset at 250°C. The
immobilized biocatalyst (PHBV-CRL) is more stable than
free CRL, as shown in region II of Fig. 7, and for free
CRL, sharp weight loss was observed from the initial
heating stage (regions I, II, and III).

In region III a slight variation in mass was observed
after thermal degradation of both the support and the
immobilized biocatalyst (PHBV-CRL). For the free CRL
the mass loss was still substantial in region III. This fact is
probably associated with the decomposition of organic
compounds from the biocatalyst [28].

FTIR analysis

The FTIR spectra obtained for the free enzyme (CRL),
support (PHBV), and immobilized biocatalyst (PHBV-
CRL) are shown in Fig. 8.

The free enzyme displayed a typical FTIR protein spec-
trum, with bands in the range 1,650-1,540 cm~! associated
with characteristic primary and secondary amino groups
(CONH). Although those bands are very faint in FTIR spectra
of the immobilized biocatalyst, they reveal the presence of the
CRL amino groups.

The FTIR spectra for PHBV and PHBV-CRL were
similar, with a small increase in the number of bands for
the immobilized biocatalyst versus the support, consistent
with the presence of CRL enzyme on the support surface,
verifying once again that the immobilization technique by
physical adsorption was efficient.

In the FTIR spectrum of PHBV, bands assigned to C—O-C
group stretching vibrations between 1,245 and 1,319 cm™"
are present, as well as bands associated with double bond C=0O
stretching, at 1,700-1,760 cmfl, in agreement with results
reported by Gongalves et al. [9]. Bands were also present at
approximately 1,240, 1,220, and 1,160 cm™! (marked with
arrows), which are sensitive to the degree of crystallization.
In addition, bands at approximately 1,130, 1,090, and
1,020 cm™! are also sensitive to the degree of crystallization,
but to a lesser extent [22].

NMR analysis

3C NMR spectra of the support (PHBV) and the immo-
bilized biocatalyst (PHBV-CRL) also showed similar
behavior, with a small displacement and decrease in peaks
seen for the immobilized biocatalyst compared with the
support, as shown in the supplementary material (Online
Resource 2). The chemical shifts associated with the
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Fig. 8 FTIR spectra of the free
enzyme (CRL), support
(PHBV), and immobilized
biocatalyst (PHBV-CRL)
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resonance peaks observed in the spectrum of the PHBV
support are similar to that reported by Slater et al. [24],
however a small peak at approximately 117 ppm was
identified, which is probably due to the presence of
impurities in the composition of the support.

In the NMR spectra of the support (PHBV), four peaks
of greater intensity were observed: peak 1, 2, 3, and 4.
Peak 1 corresponds to a carbonyl group (C=0), peak 2 to
a methylene group (—-CH,-), peak 3 to a methine group
(=CH), and peak 4 to a methyl group (—-CHj3). In the
NMR spectrum of the chemical structure of PHBV, we
also observed various carbon resonances for the two
monomers in the polymer, including side-chain methyl
and methylene groups and the backbone chain methine
and methylene groups. In addition, the spectrum for the
carbonyl carbons is shown with assignments to '*C-3-
hydroxybutyrate-3-hydroxyvalerate (3HV, peak 5) and
13C-3-hydroxyvalerate-3-hydroxybutyrate (3HB, peak 1)
at approximately 169 ppm. This indicates a random
sequence distribution of monomers as previously descri-
bed in the literature [24].

Evaluation of biodegradability

The evaluation of possible degradation of the biopolymer
was conducted during the immobilization process by
physicochemical analysis and control tests in the same
reaction conditions of hydrolysis with the immobilized
enzyme.

The structure of the immobilized lipase and support was
maintained as shown in the analysis according to the elec-
tronic supplementary materials (DSC in Online Resource 1
and NMR in Online Resource 2) and in this article (TGA in
Fig. 7 and FTIR in Fig. 8).

900 800 700 600 500

Wavenumber (cm ™)

Control tests in the same reaction conditions of hydro-
lysis of the immobilized enzyme at different time intervals
showed the absence of acids produced by degradation of
support. In this sense, we can affirm that the enzyme does
not cause degradation of the biopolymer structure during
the immobilization process and the hydrolysis reaction.

Conclusions

Novel eco-friendly supports, such as poly(hydroxybuty-
rate) (PHB) and poly(3-hydroxybutyrate-co-hydroxyvale-
rate) (PHBV), have a promising future for enzyme
catalysis in biotechnology, because they allow easy lipase
immobilization through a simple, inexpensive process and
are biodegradable. One of the most important aims of
enzyme technology is to enhance the conformational sta-
bility of the enzyme. The extent of enzyme stabilization
depends on the enzyme structure, enzyme immobilization
methods, and the type of support. In this study, Candida
rugosa lipase was successfully immobilized on PHBV by
physical adsorption. Optimum conditions for CRL enzyme
immobilization were as follows: 4 h immobilization time,
immobilization temperature 25°C, and enzyme/support
ratio of 0.3 (w/w) in hexane solvent. The stability of the
immobilized CRL with respect to changes in pH and
temperature, as well as the reusability and kinetic prop-
erties of the enzyme, were also improved versus the free
enzyme, in agreement with the literature. Moreover,
physicochemical analysis (FTIR, DSC, TGA, and NMR)
showed that immobilization of CRL on PHBV by physical
adsorption was effective. These results imply that PHBV
is an excellent biocompatible support for enzyme
immobilization.
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