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Enzyme immobilization can offer a range of significant advan-
tages, including reusability, and increased selectivity, stability,
and activity. In this work, a central composite design (CCD) of
experiments and response surface methodology (RSM) were
used to study, for the first time, the L-asparaginase (ASNase)
immobilization onto functionalized carbon xerogels (CXs). The
best results were achieved using CXs obtained by hydrothermal
oxidation with nitric acid and subsequent heat treatment in a
nitrogen flow at 600 °C (CX� OX-600). Under the optimal
conditions (81 min of contact time, pH 6.2 and 0.36 g/L of

ASNase), an immobilization yield (IY) of 100% and relative
recovered activity (RRA) of 103% were achieved. The kinetic
parameters obtained also indicate a 1.25-fold increase in the
affinity of ASNase towards the substrate after immobilization.
Moreover, the immobilized enzyme retained 97% of its initial
activity after 6 consecutive reaction cycles. All these outcomes
confirm the promising properties of functionalized CXs as
support for ASNase, bringing new insights into the develop-
ment of an efficient and stable immobilization platform for use
in the pharmaceutical industry, food industry, and biosensors.

1. Introduction

Nearly 1 out of 3 diagnoses of cancer in children and teenagers
is leukemia, making it the most common form of this disease.[1]

Unlike cancer in adults, most childhood cancers do not have a
known cause and are acute, which means they develop
rapidly.[2] It is the case of acute lymphoblastic leukemia (ALL), a
form of blood cancer that rapidly spreads and affects white
blood cells. With advances in the development of recombinant
therapeutic enzymes, specifically L-asparaginase (ASNase), the
long-term outcome of ALL has improved substantially over the
last decades, with survival rates in children reaching 90%[3] and
30–40% in adults.[4] ASNase (E.C.3.5.1.1) is a tetrameric enzyme
that catalyzes the hydrolysis of L-asparagine (L-Asn) into
ammonium and L-aspartic acid (L-Asp).[5] In contrast to normal
cells, leukemic ones lack or have little asparagine synthetase,
being unable to produce L-Asn (an important amino acid for
their proliferation).[6] As a result, by depriving malignant cells of
this essential growth factor, ASNase causes cell death and has
an antileukemic effect.[7,8] Additionally, ASNase is also used in
the food industry to stop the Maillard reaction, which occurs
mainly in starch-rich foods between reducing sugars and L-Asn
at high temperatures[9] and results in the creation of acrylamide
(a carcinogenic and toxic substance).[10] Besides, its use as a
biosensor to detect L-Asn levels in both industries has also
been reported.[11]

ASNase can be found in several animals, plants, and
microorganisms (bacteria, fungi, algae).[12] However, the enzyme
frequently employed in the management of ALL is derived from
bacterial sources, specifically Escherichia coli (EcASNase II)[13] and
Erwinia chrysanthemi.[14] Although progress in using ASNase is
encouraging, its application faces certain challenges.[15] The
widespread use of recombinant enzymes in the pharmaceutical
industry is still affected by their high cost, primarily associated
with the purification processes.[16] Besides, bacterial ASNase has
a short half-life, and a fast plasma clearance, and has been
associated with some adverse side effects.[17,18] Therefore, many
researchers have been searching for novel microorganisms that
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produce ASNase with fewer adverse effects,[19] and finding
strategies to optimize the related purification methods.[20]

Moreover, its unstable and thermolabile nature has also
affected its use in the food industry.[21] As a result, by allowing
their reuse over multiple cycles, the improvement of ASNase's
stability can lead to a significant increase in catalytic efficiency
and contribute to its affordability.

ASNase immobilization onto solid supports is a promising
method used to overcome the problems associated with its use
in the food and therapeutic fields.[22] Improved catalytic
performance, tuned selectivity and specificity, reusability, resist-
ance to different environmental factors and inhibitors, and
easier separation are some of the main aims of enzyme
immobilization in these fields.[23,24] If properly designed, immobi-
lization can also be associated with enzyme purification.[25]

Various solid supports, comprising organic, inorganic, and
hybrid compounds, have been reported to immobilize
ASNase.[26,27]

Carbon-based nanomaterials have gained significant atten-
tion as supports for enzymes due to their impressive phys-
icochemical properties, such as large surface area and adsorp-
tion capacity, unique porous size and structure, and ability to
introduce functional groups, all of which provide exciting
features for the development of new biocatalytic processes.[28–32]

Carbon gels present a promising and innovative class of
carbon-based nanomaterials for immobilizing proteins.[33] These
materials are synthesized through the carbonization of organic
gels, formed by polymerizing resorcinol and formaldehyde in
water using a basic catalyst to promote the reaction.[34] The
drying method used determines the type of gel produced, with
supercritical,[35] cryogenic,[36] or subcritical drying[37] resulting in
aerogels, cryogels, or xerogels, respectively. Subcritical is the
cheapest and fastest drying method available, which makes
carbon xerogels (CXs) the best choice for large-scale production
and application.[36] The most interesting particularity of these
materials is their porous structure and controlled pore size
distributions, which can be tailored with relatively high
precision.[38]

Like with other carbon-based nanomaterials,[39] it is possible
to change the surface chemistry of the CXs by increasing the
number of oxygenated groups to enhance the surface reactivity
and hydrophilicity. That is done by an oxidation treatment
called functionalization in the gas or liquid phase.[40–43] HNO3 is
commonly used during the CXs functionalization due to its
highly controllable oxidizing properties with temperature,
concentration, and treatment duration changes.[44] Despite CX's
promising properties, to the best of our knowledge, no study
on the functionalization of these materials for ASNase immobi-
lization has been reported in the scientific literature. Therefore,
this study focuses on the immobilization of ASNase onto a new
form of functionalized CXs, for the first time, as a tool to obtain
an enhanced performance of the enzyme while contributing
towards its sustainable use. Research in enzyme immobilization
is still very much needed.[25] Our previous research demon-
strated that a straightforward physical adsorption method can
effectively immobilize ASNase onto pristine CXs.[45] While this
approach showed great potential in terms of preserving ASNase

activity, the formation of stronger linkages between the support
and the enzyme is extremely recommended since it normally
results in bioconjugates with increased stability and
reusability.[46] For this purpose, surface functionalization of CXs
can be a promising solution.

In this work, CXs functionalized by hydrothermal oxidation
with nitric acid and subsequent treatment at different temper-
atures were studied for the first time in the immobilization of
commercial E. coli ASNase by simple physical adsorption. To
achieve maximum immobilization yield (IY) and enzyme relative
recovered activity (RRA), the immobilization conditions were
optimized by testing various contact times, pH values, and
enzyme concentrations. For this, an in-depth experimental
central composite design (CCD) and response surface method-
ology (RSM) were used. Additionally, the immobilized ASNase
operational and storage stabilities were tested, and the kinetic
parameters were obtained.

2. Results and Discussion

2.1. Characterization of CX and ASNase/CX

To confirm the effective immobilization of the enzyme on the
material, the CX� OX-600 and the bioconjugate morphology
were evaluated by SEM using the optimized ASNase immobili-
zation conditions (0.36 g/L of ASNase, 81 min of contact time,
and pH 6.2). According to the SEM micrographs (Figure 1), by
comparing the structure of the CX before and after the
immobilization with ASNase, the bioconjugate material appears
to be much more compact and aggregated. Therefore, it is
possible to confirm that ASNase covers the CX's surface almost
like the material was coated with the enzyme. These results are
useful to verify the successful preparation of the bioconjugate
promoted by physical adsorption.

Through TG analysis, we tried to confirm ASNase immobili-
zation onto CX� OX-600. According to Figure 2, in the thermo-
gram of the original CX� OX-600, there was practically no
weight loss up to c.a. 500 °C. Above 650 °C, the carbon material
was completely gasified. Conversely, the TG profile of the
ASNase/CX bioconjugate reveals its first weight loss at about
250 °C, which corresponds to the thermal decomposition of the
enzyme. The second weight loss begins at 500 °C and is related
to the simultaneous pyrolysis of ASNase and CX. A plateau is
reached at a temperature close to 600 °C with 8.7% of the initial
mass remaining until 800 °C, corresponding to the approximate
mass content of the enzyme in the bioconjugate. Regarding the
DTG profiles, it is possible to observe a decrease in the
temperature at which the maximum carbon gasification occurs
(from 613 °C and 540 °C for the CX and ASNase/CX, respec-
tively). This shift can be related to the interactions between the
amine groups of ASNase and the oxygenated surface groups of
the functionalized CX� OX-600 at high temperatures, which may
boost carbon gasification.

The changes in the CXs surface upon ASNase immobiliza-
tion can be confirmed using Raman spectroscopy (Figure 3).
There are two primary characteristic bands (D and G) visible in
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the spectra of both the CX� OX-600 and ASNase/CX bioconju-
gate. The ratio of the intensities of the D and G bands (ID/IG) is

typically used to evaluate the existence of defect sites, the
degree of purity in the CXs, and the degree of functionalization.

Figure 1. SEM micrographs of CX� OX-600 (left) and ASNase/CX bioconjugate (right).

Figure 2. TG and DTG profiles of CX� OX-600 before and after ASNase immobilization.

Figure 3. Raman spectra of CX and ASNase/CX bioconjugate.
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For the CX� OX-600 and ASNase/CX bioconjugate, the ID/IG
values were 0.78 and 0.89, respectively. This increase in the ratio
indicates that the CX surface was slightly disturbed by the
enzyme immobilization, which increased the degree of disorder
and confirmed the correct immobilization.

2.2. Effect of CX Surface Chemistry on ASNase Immobilization
and Activity

The screening of functionalized CXs for ASNase immobilization
was carried out under the optimal conditions obtained in
previous studies for pristine CXs (time of contact of 49 min,
pH 6.7 and 0.26 g/L of ASNase).[45] However, the IY results were
shallow for almost all the materials tested under these
conditions. These results suggest that too much enzyme was
added, saturating the material, and the high activity of the
ASNase present in the supernatant masked the activity in the
material, translating into null IY values. Therefore, it was
decided to decrease the ASNase concentration to 0.1 g/L for
more reliable screening of the novel materials. Table 1 shows
the RRA and IY results obtained after the immobilization of
ASNase onto the different functionalized CXs, under the
adjusted conditions mentioned above.

For all the materials used, the IY values were always
maximum (around 100%), indicating that the concentration of
the enzyme solution was fully adsorbed onto the support.
However, the attained RRA was relatively low for CX� OX and
CX� OX-700. In fact, under the conditions studied, none of the
functionalized CXs reached RRA close to 100%, meaning that
these materials could probably adsorb higher enzyme concen-
trations. The results obtained can be justified by a possible loss
of activity during the immobilization process. The process of

adsorption can cause the enzyme to immobilize in such a way
that the active centers are not available to react with the
substrate, causing mass transfer restrictions.[47] Noma et al.
reported the use of p(HEMA� GMA) cryogels for ASNase
immobilization with 69.3% of activity recovered and 68.8% of
immobilization yield.[48] Similarly, when ASNase was immobi-
lized onto Fe3O4@Au nanoparticles, reporting an immobilization
yield of 68%.[49]

It should be noted that the functionalization treatments
applied to CXs did not significantly change the surface area of
the resulting materials (Table 2). The treatment of CXs with
HNO3 results in materials with a high concentration of surface
oxygen groups, mostly carboxylic acids, but also lactones,
anhydrides, and phenol groups.[50,51] These surface oxygen
groups may be quantified by TPD analysis through their
decomposition into CO and CO2 when submitted to specific
temperatures.[52] As shown in Table 2, the amount of CO and
CO2 released by each sample is obtained by integrating the
Temperature-Programmed Desorption (TPD) spectra (Figures S1
and S2 of the Supporting Information). As expected, the
oxidation of CXs drastically increased the number of oxygen
functionalities at the material’s surface, as the sum of the
amount of CO and CO2 released increased from 216 to
9234 μmol/g for CX and CX� OX, respectively. It can also be
observed that CX� OX is the sample with a lower CO/CO2 ratio,
which means that this is the most acidic material, as also
confirmed by the pHPZC value of 3.0. The carboxylic acid groups
are removed by heating at 400 °C, while phenols and carbonyl/
quinones remain at the surface of the CX� OX-400 material. An
increase in the temperature of the treatment up to 600 °C
(CX� OX-600) promotes the removal of carboxylic acid and
phenolic groups. In comparison, nearly complete removal of
surface groups is perceived after treating the CX� OX sample at
700 °C (CX� OX-700).[50,51]

FTIR-ATR spectrum of CX was subtracted from the spectrum
of the ASNase/CX bioconjugate to validate the presence of
ASNase (Figure S3 in the Supporting Information). Both the
ASNase and ASNase/CX spectra contain distinctive bands of
N� H stretching and bending at 1638 and 1530 cm� 1, from
amide I and II, respectively.[53] In the region of 1200–800 cm� 1,
several common bands are seen for ASNase and ASNase/CX
bioconjugate, which corresponds to the vibrations of C� C, C� O,
C� N, N� H, and C� H bonds in amino acids.[54] However, the
typical band corresponding to the aromatic C=C bending of the
enzyme in the region of 1700–1500 cm� 1[55] is not present in the

Table 1. Screening of functionalized CXs for immobilization of 0.1 g/L of
ASNase at pH 6.7 during 49 min of contact time based on the activity per
mg of CXs (U/mg), RRA and IY achieved.

Nanomaterial Activity (U/mg) RRA (%) IY (%)

Pristine CX 0.056�0.002 41�2 99.2�0.3

CX� OX 0.049�0.005 37�4 99.9�0.2

CX� OX-400 0.082�0.003 62�2 99.8�0.1

CX� OX-600 0.086�0.009 65�7 99.7�0.4

CX� OX-700 0.040�0.014 30�10 99.4�0.8

Table 2. CX characterization: surface area (SBET), pH of the point of zero charge (pHPZC) and amounts of CO and CO2 released obtained by integrating the
areas under the TPD spectra.

Materials SBET
(m2/g)

pHPZC CO
(μmol/g)

CO2

(μmol/g)
CO+CO2

(μmol/g)
CO/CO2

Pristine CX 579 6.0 146 70 216 2.1

CX� OX 561 3.0 5167 4067 9234 1.3

CX� OX-400 572 4.5 4700 1708 6407 2.8

CX� OX-600 576 5.2 1500 489 1989 3.1

CX� OX-700 580 5.8 312 91 403 3.4
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ASNase/CX bioconjugate, along with some shifts in the
common bands of the 1200–800 cm� 1 region, which may
indicate a possible contribution of aromatic stacking caused by
π-π interactions in the immobilization mechanism.

To identify the adsorption mechanism, the analysis of the
protonation state and hydrophobicity/hydrophilicity of the
ASNase structure was performed (Figure 4). The isoelectric point
of ASNase is 5.2.[56] Therefore, at the pH of the aqueous solution
used in the adsorption tests (pH 6.7), the surface structure of
ASNase II is charged mainly by positive charges of amino acids
(arginine, lysine and N-terminus) (Figure 4A). However, glutamic
acid, aspartic acid and C-terminus are negatively charged and
may contribute to the adsorption process. The hydrophobic/
hydrophilic surface of ASNase II is depicted in Figure 4B.
According to the results, the contribution of hydrophobic
amino acids (alanine, glycine, leucine, valine, proline, isoleucine,
methionine, tryptophan and phenylalanine) is to provide
structural stability of ASNase. In addition, cysteine contributes
to disulfide bridges promoting ASNase folding. Thus, the
hydrophilic amino acids (threonine, glutamine, asparagine and
serine) are more exposed to interact with CXs.

Since the CXs displayed different treatments, the surfaces
will present different interactions with the ASNase II. The
Pristine CX and CX� OX-700, which showed low RRA, are the
materials with the highest hydrophobicity. The absence of
treatment on pristine CX leads to the absence of functional
groups on the material surface. On the other hand, heat
treatment at higher temperatures leads to the almost complete
removal of functional groups. Therefore, these CXs primarily
interact by hydrophobic, Van der Waals and π-π stacking
interactions. The CX� OX, which displays the highest number of
functional groups, interacts with ASNase mainly by electrostatic
interactions between the negatively charged groups of CX� OX
with ASNase guanidinyl group (arginine) and ɛ-amino group
(lysine and N-terminus). The electrostatic interaction leads to
relatively weak adsorption due to the repulsion promoted by
negatively charged amino acids, which can contribute to this
behavior even in a smaller presence. The RRA of ASNase
immobilized in this support is also low. The CX� OX-400 and

CX� OX-600 exhibited the highest RRA (62�2% and 65�7%,
respectively). However, the CXs materials display different
surface characteristics that can determine the adsorption
stability of ASNase/CX bioconjugate. The CX� OX-400 presents
more functional groups at the CX surface and lower hydro-
phobicity.

On the other hand, CX� OX-600 shows the opposite. Despite
presenting similar RRA values, the presence of functional groups
charged in excess could lead to easier ASNase leaching and
reduce the possibility of promising operational stability using
CX� OX-400, by repulsion of negatively charged amino acids,
and leading to a lower possibility of reuse of the ASNase/CX
bioconjugate. Thus, CX� OX-600 lower number of functional
groups and higher hydrophobicity promotes a balance of
interactions (electrostatic and hydrophobic) favorable to opera-
tional stability and higher activity of adsorbed ASNase.

Overall, considering the balance between the RRA and IY
(Table 1) and adsorption interactions of ASNase/CX bioconju-
gate, CX� OX-600 may be regarded as the most promising
material, and, for this reason, it was selected as support for the
optimization of the immobilization of commercial ASNase
through a CCD experimental plan. Finally, as the IY values were
maximum for all the materials tested, it was decided that the
CCD of experiments would be primarily useful for optimizing
the RRA of the immobilized ASNase.

To further explore the immobilization mechanism, the
influence of the ionic strength of the buffer solution on the
adsorption of the enzyme to the material was studied. The
decrease in the ionic strength of the buffer resulted in a brutal
decrease in the IY (from 100% to 12%), which indicated the
significant influence of hydrophobic interactions between the
enzyme and the support on the immobilization process,
confirming the previously obtained results.

Figure 4. 3D surface of ASNase II structure (PDB: 3ECA) at pH 6.7: (A) Electrostatic charge surface (minimum (� 5 kT/e, red) and maximum (5 kT/e, blue) surface
potential), (B) Hydrophobic/Hydrophilic surface (red – hydrophobic amino acids, white – hydrophilic amino acids).
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2.3. Improvement of Immobilization Conditions – CCD of
Experiments

The CCD is a valuable experimental tool in RSM that allows the
creation of a second-order model for the dependent variable
without the need for a complete three-factorial experiment.[57]

This method is very helpful since it allows the analysis of
different parameters simultaneously, extending the evaluation
to a wider range of possible combinations between the
variables and decreasing the number of necessary tests.

The enzyme/support contact time is thought to have an
impact on the efficiency of enzymatic immobilization onto the
support because it influences the likelihood of interactions
among the enzyme and the adsorption sites at the surface of
the support,[58] as well as the pH of the solution, since it defines
the superficial charges and, hence, influences the affinity
between the enzyme and the CXs.[59] ASNase concentration is
also an important parameter to evaluate since it determines the
amount of enzyme the support can adsorb. As a result, a CCD
experimental approach was used to evaluate the influence of
these variables on the RRA of the immobilization process.
Table S1 of the Supporting Information shows the levels of each
variable, as well as the RRA experimental outcomes for all 19
studies conducted.

Using the experimental values obtained, a second-order
polynomial model (Equation S1 on the Supporting Information)
was fitted to the results and presented in terms of coded factors
X1, X2, X3 (time, pH, and enzyme concentration, respectively),
translated by Eq. 1.

Y ¼ � 450:38 � 0:15X1 þ 154:94X2 þ 473:47X3 � 0:09X1X2�

3:69X1X3 þ 26:61X2X3 þ 0:01X 2
1 � 12:63X 2

2 � 469:45X 2
3

(1)

Analysis of variance (ANOVA) and Pareto chart were used as
valuable tools to evaluate the statistical significance of the
polynomial model obtained. The significance of the coefficients
was determined by a p-value test, considering 95% confidence.

Coefficients of high significance (p <0.05) are highlighted in
red in Table S2 of the Supporting Information.

The Pareto chart makes it simple to see the statistically
significant impacts of each component on the answer. The
impacts on the right of the divisor line are significant and are
ranked from largest to smallest (Figure 5).

The strong relevance of enzyme concentration (X3) on RRA
value indicates that this parameter is the most important for
the efficacy of ASNase immobilization onto CXs. This factor
indicates the amount of ASNase accessible for adsorption on
the surface of CXs. The low significance of the pH is related to
the similarity between the isoelectric point (pI) of ASNase
(5.2)[56] and the pHPZC of the CX� OX-600 (5.2 – Table 2), showing,
once again, that electrostatic interactions do not affect this
immobilization procedure. It was anticipated that longer
periods of immobilization would result in increased RRA. Never-
theless, within the range of values studied, the contact time
between the enzyme and the support did not have a significant
impact on ASNase immobilization.

2.3.1. Response Surface Methodology

The response surface plots (Figure 6) show the relationship
between two factors and the achieved RRA for ASNase
immobilization onto CX� OX-600, while the third factor was
maintained constant (central value). Specifically, Figures 6a, 6b
and 6c, illustrate the surface plots as a function of pH and time,
ASNase concentration and time, and ASNase concentration and
pH, respectively.

From Figure 6a, it is possible to conclude that the maximum
RRA is reached for pH values around the central value (pH 6),
whereas, at these conditions, RRA values of 100% are only
touched for times of contact above 100 min. Moreover, it is also
possible to observe that RRA minimum values are reached at
contact times between 20–80 min and at pH values between
4.0–4.5 and 7.5–8.0. Comparing the factors pH and contact

Figure 5. Pareto chart of standardized effects of CCD for ASNase immobilization onto CX� OX-600.
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time, the pH proved to have a higher influence on the RRA
since the bigger the surface curvature, the higher the signifi-
cance of the parameter. However, from Figure 6a, it is not
possible to predict the optimal conditions of immobilization,
which indicates that the optimum conditions are found for
another ASNase concentration.

Figure 6b shows that the RRA increases with high ASNase
concentration for any contact time value. So, minimum RRA
values are obtained at low contact times (0–40 min) and
enzyme concentrations (0–0.05 g/L), while maximum values are
obtained at low contact times (0–20 min) and high ASNase
concentrations (0.30–0.40 g/L). Therefore, it is possible to
conclude that the ASNase concentration contributes more
significantly to the response (RRA) than the contact time
between enzyme and substrate, given the steeper slope of the
straight line relative to this factor.

Figure 6c indicates that for any pH value, the higher the
ASNase concentration, the higher the RRA. As the ANOVA data
shows, the enzyme concentration is the most significant

parameter. In this plot, it is already possible to see a value close
to the optimum, with maximum values obtained at more
neutral pH values (6.0–7.0) and high ASNase concentration
values (0.30–0.40 g/L).

2.3.2. Critical Relative Recovered Activity and Model Validation

As mentioned before, the experimental design and the
statistical analysis only considered the RRA values as the IY
remained unchanged throughout the different experiments,
ranging from 99.4% to 99.9%. Hence, the CCD methodology
facilitated the prediction of the critical values for each
parameter that corresponds to the highest RRA achievable for
optimizing ASNase immobilization onto functionalized CXs. The
results indicate that with a time of contact of 81 min, at pH 6.2
and with an ASNase of 0.36 g/L (optimum conditions), the
predicted RRA of ASNase immobilized onto CX� OX-600 is
111%. The adequacy of the proposed model was evaluated by

Figure 6. Response surface plots for RRA of immobilized ASNase over CX� OX-600 as a function of: (a) pH and time with an enzyme concentration of 0.2 g/L,
(b) enzyme concentration and time at a pH of 6, and (c) enzyme concentration and pH, with a time of contact of 60 min.
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performing new experiments of ASNase immobilization over
functionalized CX� OX-600 in triplicate at the predicted opti-
mum conditions. Under those experimental conditions, an RRA
of 103�2% and IY of 100% were achieved, which is in good
agreement with the ones predicted by the CCD, validating the
adequacy of the proposed model. Comparing these results with
the ones obtained during the immobilization of ASNase over
pristine CXs with a similar pore radius, where, under the optimal
conditions of immobilization (116 min of contact time, pH 5.2,
ASNase 0.19 g/L), an RRA of 85% and an IY of 100% were
reached,[45] is it possible to conclude that the functionalization
of CXs allowed the increase of the enzymatic loading capacity
of the support (since the optimal concentration of adsorbed
ASNase is higher), increasing the RRA achieved. Moreover, the
results obtained in this work are also promising when
compared to those reported by Almeida et al.,[39] regarding the
use of functionalized multi-walled carbon nanotubes (MWCNTs),
with IY and RRA of commercial immobilized ASNase around
95%.

2.4. Characterization of the Bioconjugate ASNase/CX

2.4.1. Operational, Storage and pH Stabilities

The operational stability of ASNase/CX bioconjugate was
evaluated throughout 6 cycles of L-Asn hydrolysis and
represented in terms of activity per mg of CX (U/mg) after each
cycle (Figure 7). After 6 cycles, using CX� OX-600 as immobiliza-
tion support allowed ASNase to retain 97% of its original
activity (0.129 U/mg), displaying exceptional operational stabil-
ity. The functionalization of CXs promoted the balance between
the electrostatic and hydrophobic interactions of the bioconju-
gate, allowing ASNase to maintain its initial activity for practi-
cally 6 reaction cycles without loss, as opposed to the 26% loss
of activity verified when using pristine CXs where only hydro-
phobic interactions are present (Figure S4 on the Supporting
Information).

Other authors studied the reusability of E. coli ASNase
immobilized over other functionalized supports and different
immobilization methods. For example, after 6 successive
reaction cycles at 60 °C, the ASNase covalently immobilized
onto graphene oxide functionalized with L-aspartic acid main-
tained about 50% of its original activity, while when physically
absorbed, it retained only about 35% of its initial activity.[60]

ASNase covalently immobilized onto functionalized aluminum
oxide nanoparticles and titanium oxide nanoparticles preserved
approximately 93% and 94% of their initial enzyme activity,
respectively, also after 6 consecutive cycles.[61] Moreover, a
study by Ulu et al.[62] showed that ASNase entrapped onto
calcium� alginate/functionalized multi-walled carbon nanotubes
was able to keep approximately 45% of its initial activity after 6
reuses. In turn, the ASNase physically adsorbed onto amino and
carboxyl functionalized Fe3O4/SiO2 nanoparticles showed to
retain about 88% of its initial activity after 6 reuse cycles,[63]

while the absorption onto maltose functionalized magnetic
core/shell Fe3O4@Au nanoparticles resulted in an operational
stability of around 78% after 6 cycles.[64] All these results
highlight the promising reusability properties of the functional-
ized CXs used in this work as support for ASNase immobilization
by physical adsorption.

For enzyme immobilization, another important parameter
to consider is storage stability. This parameter is important to
evaluate the sustained use and economic viability of the
immobilization process. The storage stability of free and
immobilized ASNase was studied at 4 °C and 25 °C and is
presented in Figure 8. After 10 days of incubation, the bioconju-
gate was able to retain 85% and 91% of its initial activity at
4 °C and 25 °C, respectively. In comparison with the free
enzyme, the use of CX� OX-600 as immobilization support
allowed ASNase to remain stable over time with no significant
activity loss, with the added value adding of being reusable,
unlike the free enzyme. Results obtained by Ulu et al.[65] using
ASNase covalently bound to pHEMA-starch composites showed
that the free and immobilized ASNase preserved 80% and 60%
of activity, respectively, after 15 days of storage at 4 °C in dry
conditions. At 25 °C, the immobilized ASNase protected 22% of

Figure 7. Reusability of 0.36 g/L of immobilized ASNase onto 2 mg of CX� OX-600 at pH 6.2 over 81 min of contact time.
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its initial activity. Considering that the use of covalent bonds for
the immobilization procedure is responsible for stronger
interactions between the enzyme and the material, these
reported findings highlight the promising results found in this
study considering that only a physical adsorption method was
employed.

According to the results shown in Figure 9, the immobilized
ASNase showed almost no activity loss in the range of pH
studied, being more stable at pH 7, while the free enzyme
showed a slight decrease in activity at more acidic pH values.
Even though there was no significant activity decrease in any
case, the immobilized enzyme proved to be more stable in a
wider range of pH, highlighting the ability of CX� OX-600 to
protect ASNase through a simple yet very efficient physical
adsorption interaction.

2.4.2. Kinetic Parameters

The kinetic parameters obtained for free and immobilized
ASNase are summarized in Table 3. The results suggest a 1.25-

fold increase in the immobilized enzyme affinity for the
substrate. That is most likely due to the immobilized enzyme’s
better conformational changes (greater cooperativity), which
results in increased availability of the active sites and higher
affinity for L-Asn, like when ASNase was immobilized onto
pristine CXs (Figure S5 on the Supporting Information). If h
were equal to one, the Hill equation (shown in the Experimental
Section) would reduce to the Michaelis-Menten equation.
Positive cooperativity is shown by h values higher than one,
which was the case in this work. This suggests that binding one
substrate molecule causes conformational changes in the

Figure 8. Storage stability at 4 °C (left) and 25 °C (right) of free and immobilized ASNase onto CX� OX-600.

Figure 9. pH stability of free and immobilized ASNase onto CX� OX-600 for an incubation time of 120 min.

Table 3. Hill kinetic parameters obtained for free and immobilized ASNase
(0.36 g/L) onto CX� OX-600 by physical adsorption.

Free ASNase Immobilized ASNase

vmax (mM/min) 0.40 0.34

S50 (mM) 251 314

h 1.7 1.9

kcat=S50 (mM� 1min� 1) 0.011 0.012
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enzyme, increasing the affinity at other sites. As a point of
comparison, Tarhan et al.[64] reported a 1.86-fold KM decrease
after the physical adsorption of ASNase onto Fe3O4@Au nano-
particles, Noma et al.[66] a 2.13-fold KM decrease with the use of
L-asparaginase@hybrid nanoflowers, and Dik et al.[67] a 1.46-fold
KM decrease after the physical adsorption of ASNase onto
magnetic nanoparticles. However, the decrease in vmax values
after immobilization has been frequently reported for ASNase
immobilized by physical adsorption,[64,67] and it might be
explained by the greater mass transfer limitation of the
diffusion layer that surrounds the ASNase particles[68] and by
localized charges changes near the active sites of the enzyme,[69]

which limit substrate diffusion towards the ASNase/CX bio-
conjugate. The calculated kinetic parameters translate into
relatively similar catalytic efficiencies (kcat/S50) of the free and
immobilized ASNase. Furthermore, the obtained Hill coefficients
show that both forms of the enzyme exhibit allosteric behavior
with positive cooperativity, as already verified when the
immobilization of ASNase onto pristine CXs was studied
(Table S3 on the Supporting Information). Figure 10 shows the
Hill equation fitting to the experimental data.

3. Conclusions

A simple physical adsorption approach was shown to be an
effective method for the immobilization of commercial ASNase
onto functionalized CXs. With good model accuracies and
useful data on the impact of the variables and their interactions,
the CCD was an excellent tool for optimizing the immobilization
conditions. As opposed to the minor influence of pH and
contact time, the variable with the highest impact on immobi-
lization efficiency was ASNase concentration. Under the ideal
conditions (contact time of 81 min, ASNase concentration of
0.36 g/L, pH of 6.2), CX� OX-600 was the support that provided
the most favorable characteristics for ASNase immobilization,
with remarkable RRA and IY values of 100%. Compared to the
native form, one of the key benefits of using immobilized

enzymes in biotechnological approaches is their ability to be
reused. The adsorption onto functionalized CX� OX-600 allowed
an excellent ASNase operational stability, preserving 97% of its
initial activity after 6 continuous reaction cycles. Furthermore,
the observed kinetic constants show that the immobilized
enzyme has a 1.25-fold higher affinity for the substrate than the
free enzyme. The results reveal that CXs are promising supports
for ASNase immobilization and that their functionalization is an
exciting upgrade, especially for improved enzyme stabilities.
The practical application of the immobilized enzyme is crucial
to evaluate its feasibility and effectiveness in various fields such
as biocatalysis, the food industry, pharmaceuticals, environ-
mental remediation, and biosensors. This evaluation normally
focuses on several key aspects, such as catalytic activity,
stability, reusability, operational stability, substrate specificity
and selectivity, and cost-effectiveness. Another important
aspect of an enzyme, mainly to the pharmaceutical industry, is
biodisponibility which refers to the extent to which these
enzymes are available and active within a given system. The
immobilization process can improve the accessibility and
activity of the enzymes making them more bioavailable. There-
fore, although practical applications were not evaluated in the
present work, these discoveries make a valuable contribution
towards identifying a simpler and more cost-effective process
for immobilization which can be employed in various fields and
future studies regarding enzyme-immobilized biodisponibility is
one of our future targets.

Experimental Section

Enzyme and Reagents

Lyophilized and purified recombinant ASNase from E. coli ASI.357[70]

(�96.0%, P1321-10000; 10000 IU) with a specific activity of 225 IU/
mg and without any additives was provided by Deltaclon S.L.,
Spain. One IU of ASNase is defined as the amount of enzyme
required to generate 1 μmol of ammonia per minute at pH 8.6 and
37 °C. L-Asn (�99.0%), disodium hydrogen phosphate (�99.0%)
and tris(hydroxymethyl)aminomethane (TRIS) (�99.0%) were ac-

Figure 10. Initial reaction rates (v0) of free (circles) and immobilized (squares) ASNase (0.36 g/L) onto CX� OX-600 by physical adsorption. The solid (free) and
dashed (immobilized) lines represent the fit of the experimental data to the Hill equation.
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quired from VWR International, LLC. Trichloroacetic acid (TCA) (�
99.0%) was bought from J.T. Baker, while citric acid (�99.5%) and
Nessler’s reagent (dipotassium tetraiodomercurate (II)) were ob-
tained by Merck Chemical Company (Germany). Sigma-Aldrich
provided sodium hydroxide (�98.0%) and hydrochloric acid (37%).

Synthesis and Characterization of CXs

The CXs were initially synthesized through the polycondensation of
formaldehyde and resorcinol at pH 6, resulting in CXs with an
average pore diameter of 12 nm, as described in earlier
publications.[40,45] Later, these materials were functionalized by
hydrothermal oxidation with nitric acid (CX� OX) and subsequently
treated at different temperatures under a nitrogen flow: 400 °C
(CX� OX-400), 600 °C (CX� OX-600) and 700 °C (CX� OX-700), accord-
ing to the procedure described in detail elsewhere.[71]

N2 adsorption-desorption at � 196 °C allowed to determine CXs
textural properties by using a Quantachrome NOVA 4200e
apparatus. The specific surface areas (SBET) were calculated by
Brunauner-Emmett-Teller (BET) from N2 adsorption in the relative
pressure range from 0.05 to 0.15.

A Hitachi SU-70 high-resolution field emission scanning electron
microscope (HR-FESEM) running at 15 kV was used to obtain the
structural characterization of the CX and ASNase/CX bioconjugate.

Thermogravimetric (TG) analyses were performed using an STA 490
PC/4/H Luxx 134 Netzsch thermal analyzer. In each experiment,
approximately 10 mg of the sample was loaded onto a crucible.
The sample was then heated at a rate of 10 °C/min, ranging from
50 °C to 800 °C under a continuous airflow, while monitoring and
recording the weight continuously.

Raman spectra were obtained using a WITec alpha300 R-Confocal
Raman Imaging Microscope with a laser wavelength of 532 nm and
1 mW power.

To obtain pore size distribution curves and cumulative pore
volume, the BJH method was employed on the desorption branch.
TPD was used to characterize and quantify the surface chemical
groups. The samples were heated at a rate of 5 °C/min until 1100 °C
under helium flow using an AMI-300 Catalyst Characterization
Instrument (Altamira Instruments) equipped with a quadrupole
mass spectrometer (Ametek, Mod. Dymaxion). By integration of the
TPD spectra, the total amount of CO and CO2 evolved from the
samples were obtained. Additionally, the pH of the point of zero
charge (pHPZC) of the different materials was calculated according to
a drift method suggested in the literature.[72]

FTIR was performed to compare the spectra (2000–700 cm� 1) of
ASNase and ASNAse/CX. The analyses were performed using 256
scans with a resolution of 4 cm� 1 in a JASCO FT/IR-6800
spectrometer (JASCO Analytical Instruments, USA) equipped with a
MIRacleTM Single Reflection ATR (attenuated total reflectance ZnSe
crystal plate) accessory (PIKE Technologies, USA).

ASNase Immobilization over Functionalized CXs

The physical adsorption of ASNase onto functionalized CXs was
studied by adding 200 μL ASNase solution (from 0.02 to 0.38 g/L, or
4.5 to 85.5 IU/mL) prepared in an appropriate citrate/phosphate
buffer (50 mM) at different pH values to 2 mg of each CX. The
mixtures were agitated at 50 rpm in a vertical mini rotator (Grant
Instruments Lda., model PTR-35) before being centrifuged at 100 g
for 6 min. A control using free ASNase was made for each
experimentally tested condition.

A CCD was used to optimize the experimental parameters (contact
time, pH, and ASNase concentration).

ASNase Activity Measurement

The reaction between the enzyme (ASNase) and the substrate (L-
Asn) defines the enzyme's specific activity. The amount of product
created (ammonium) is then used to calculate the extension of the
reaction using the Nessler technique. The Nessler method is a
simple, quick, and inexpensive approach to quantify the
ammonium in solution, and the FDA approves it for pure ASNase
formulations.[73] The characteristic yellow-to-brown reaction mixture
resulting from the reaction between Nessler reagent and
ammonium can be quantified by spectrophotometry at 436 nm.[73]

For this, a calibration curve was made beforehand, using
ammonium sulfate.

The experimental procedure has been previously reported in detail
elsewhere[45] and involves the addition of enzyme solution or
ASNase/CX bioconjugate to the reaction mixture (50 mM Tris� HCl
buffer pH 8.6, 189 mM L-Asn solution, and distilled water), which
were then incubated at 37 °C for 30 min under stirring. The linearity
of the reaction over 30 min under the described conditions has
been verified.[74] After incubation, TCA (1.5 M) was used to stop the
reaction. The amount of ammonium released was measured by
mixing each sample with Nessler’s reagent and distilled water and
quantified by spectrophotometry at 436 nm (JASCO V-560 UV-Vis
spectrophotometer). One unit of ASNase activity (U), for the free
enzyme, is equal to the enzyme amount necessary to produce
1 μmol of ammonium per minute at 37 °C and pH 8.6. In the case of
the immobilized enzyme, it is defined as the quantity of enzyme
that produces 1 μmol of ammonium per minute, per unit mass of
support, at the same temperature.

Effect of Functionalization and Optimization of
Immobilization Conditions by Experimental Design

The effect of the functionalization of CX was evaluated under
different conditions (CX� OX, CX� OX -400, CX� OX-600, and CX� OX-
700) on the RRA and IY. The screening of the materials was tested
through the immobilization of ASNase onto 2 mg of each of the 6
different types of functionalized CXs under the optimal conditions
obtained in previous studies for non-functionalized CX (time of
contact of 49 min, pH 6.7 and 0.26 g/L of ASNase). The material that
allows higher RRA and IY was then used to optimize the
immobilization conditions by CCD of experiments (detailed explan-
ation in the Supporting Information).

Characterization of Free and Immobilized ASNase

Operational and Storage Stability of the Immobilized ASNase

To study the reusability of the bioconjugate, 2 mg of ASNase/
CX� OX-600 was incubated with the reaction mixture containing L-
Asn (189 mM), Tris� HCl buffer (50 mM, pH 8.6), and distilled water,
for 30 min, under stirring, at 37 °C. At the end of each cycle, a
sample was withdrawn, the supernatant was separated from the
material, and the enzymatic reaction was stopped with the addition
of TCA (1.5 M) to the supernatant. Afterward, the bioconjugate was
washed with 1 mL of citrate/phosphate buffer at optimal pH value
and resuspended in fresh substrate solution. Each assay was
performed in triplicate over the course of 6 successive cycles.

To determine the storage stability, the activities of free and
immobilized ASNase were measured after 5 and 10 days of storage
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at 4 °C and 25 °C. The immobilized enzyme was stored in 200 μL of
citrate/phosphate buffer at optimal pH value. The initial activity was
assumed as 100% and the relative activities were calculated by
comparison.

pH Stability

To evaluate the pH stability, the free and immobilized ASNase were
incubated at 25 °C with different buffers (phosphate� citrate buffer
50 mM from pH 5 to 8) for 120 min. The relative activity was
calculated from the sample’s residual activity to initial activity ratio.
For each assay, duplicate runs were made, and the standard
deviation was determined.

Kinetic Parameters

The kinetic parameters of free and immobilized ASNase onto
CX� OX-600 were obtained by measuring ASNase activity with L-Asn
as the substrate at 1–700 mM concentrations. CurveExpert software
was used to obtain the nonlinear curve fitting of the reaction rate
vs. L-Asn concentration plot. The kinetic behavior of the reaction
followed an allosteric sigmoidal model, which is commonly
characterized by the Hill equation (Eq. 2):

v ¼
vmax S½ �

h

S50ð Þh þ S½ �h (2)

where S50 measures the enzyme affinity to the substrate (equivalent
to the Km parameter in the Michaelis-Menten equation) and the
parameter h describes the degree of cooperativity. The kcat
(turnover number) to S50 ratio was used to calculate the ASNase
efficiency.[75]

Computational Analysis

The surface charge and hydrophobicity of E. coli ASNase II were
analyzed using PDB: 3ECA. ASNase II protonation state was
analyzed using ProteinPrepare (PlayMolecule web server –
playmolecule.org).[76] The PDB file was downloaded from the Protein
Data bank and uploaded to the ProteinPrepare application. The pKa
calculation was performed at pH 6.7, with no water molecules and
ligands from the input PDB file. The protonated PDB file and
protonation table were downloaded and assessed after calculation.
The electrostatic surface was calculated using automatically con-
figured sequentially focusing multigrid calculation on Adaptive
Poisson-Boltzmann Solver (APBS), and surface hydrophobicity was
estimated by Eisenberg’s scale.[77] Both surfaces were created using
PyMOL Molecular Graphics System, Version 2.5.2 Schrödinger, LLC.
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carbon xerogels is the focus of this
work. The results reveal the impor-
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paraginase achieved through immobi-
lization.
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