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Abstract: L-asparaginase (ASNase, EC 3.5.1.1) is an amidohydrolase enzyme known for its anti-
cancer properties, with an ever-increasing commercial value. Immobilization has been studied to
improve the enzyme’s efficiency, enabling its recovery and reuse, enhancing its stability and half-
life time. In this work, the effect of pH, contact time and enzyme concentration during the ASNase
physical adsorption onto pristine and functionalized multi-walled carbon nanotubes (MWCNTs
and f-MWCNTs, respectively) with different size diameters was investigated by maximizing
ASNase relative recovered activity (RRA) and immobilization yield (IY). Immobilized ASNase re-
usability and kinetic parameters were also evaluated. The ASNase immobilization onto f-MWCNTs
offered higher loading capacities, enhanced reusability, and improved enzyme affinity to the sub-
strate, attaining RRA and I'Y of 100 and 99%, respectively, at the best immobilization conditions (0.4
mg/mL of ASNase, pH 8, 30 min of contact time). In addition, MWCNTs diameter proved to play a
critical role in determining the enzyme binding affinity, as evidenced by the best results attained
with f-MWCNTs with diameters of 10-20 nm and 20—-40 nm. This study provided essential infor-
mation on the impact of MWCNTSs diameter and their surface functionalization on ASNase effi-
ciency, which may be helpful for the development of innovative biomedical devices or food pre-
treatment solutions.

Keywords: L-asparaginase; carbon nanotubes diameter and functionalization; enzyme immobiliza-
tion

1. Introduction

Recently, interest in the production of biopharmaceuticals has grown due to their
high sensitivity, specificity, low risk and adverse effects for the patient [1]. Biopharma-
ceuticals are mostly therapeutic recombinant proteins obtained by biotechnological pro-
cesses [2]. L-asparaginase (ASNase) (EC 3.5.1.1) is an example of a biopharmaceutical with
extensive use in the treatment of acute lymphoblastic leukemia (ALL), which is the most
frequent type of leukemia in children up to 14 years old [3]. ASNase circulates in the blood
system for only a short time before being hydrolyzed by native proteases. This property
can lead to a restriction of enzyme effectiveness. They are also primarily unstable and
thermolabile enzymes. Therefore, to prolong its lifetime, reduce its potential side effects,
and enhance drug effects in blood, the native ASNase is often immobilized on various
supports. It is reported that this process can reduce immunity, toxicity and improve the
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resistance to proteolysis [4]. The commercial approved PEG-asparaginase is an example
of a confined enzyme obtained from an Escherichia coli-derived ASNase that is subse-
quently covalently linked to polyethylene glycol. It is reported to cause 18% of hypersen-
sitivity reactions, compared with 32% for native ASNase [5].

ASNase application in the food industry is also very relevant since it can promote
acrylamide mitigation without flavor changes. Acrylamide is considered a probable car-
cinogen to humans, formed by Maillard reaction between L-asparagine and reducing sug-
ars of starchy foods [6]. Nevertheless, ASNase must be more stable during all the pro-
cessing steps in the food industry.

ASNase immobilization is a technique that can overcome the hindrances of its appli-
cation in the pharmaceutical and food industries, increasing enzyme stability and half-life
without activity loss [6]. Over the last twenty years, carbon-based nanomaterials, such as
carbon nanotubes (CNTs), have started to be used to immobilize enzymes [5,7,8]. CNTs
are carbon allotropes constituted by sheets of graphene with cylinder form. When multi-
ple concentric graphitic tubes are wrapped around a single axis, they are designated
multi-walled carbon nanotubes (MWCNT). CNTs have excellent mechanical, chemical,
optical, and electrical properties, presenting a high loading capacity [7,9]. These charac-
teristics, together with their biocompatibility, makes CNTs appropriate nanomaterials for
the use in the pharmaceutical industry [10,11]. Additionally, CNTs’ surface can be easily
functionalized, tuning their properties towards precise applications and improving their
efficacy as enzymes support [12].

Immobilizing biomolecules onto CNTs can be carried out by different methods, ex-
plicitly non-covalent processes, such as direct physical adsorption, physical adsorption
onto CNTs functionalized with biomolecules, polymers, or surfactants and layer-by-layer
deposition, and covalent attachment, either with or without crosslinkers [13-15]. Adsorp-
tion is the preferred method for enzyme immobilization onto CNTs since it is a conserva-
tive and straightforward method concerning the conformational structure of the biomol-
ecules and CNTs properties [16]. However, the main disadvantage of this method con-
cerns the detachment of the biomolecules from the CNTs surface [17]. This can be battled
by CNTs functionalization by introducing different surface groups such as carboxyl,
amine, glycol, among others [18,19]. Moreover, the surface modification increases the
CNTs’ compatibility with biomolecules, such as enzymes, by permanent or reversible
modifications that change their chemical properties [4]. Although promising results using
modified CNTs can be found, only a few works reporting the immobilization of ASNase
onto functionalized CNTs are published [20,21]. Studies on MCWNTs still lack key pa-
rameters, such as their structure, size, surface chemistry, charge, and shape, determinant
for the nanomaterials’ biocompatibility.

In previous works, we studied the ASNase adsorption onto pristine [9] and oxidized
MWCNTs with a specific diameter [22]. To fully explore the enzyme-CNT complex po-
tential, it is essential to also find the optimal diameter for CNTs. Zhao et al. [23] found
that adsorbed bovine serum albumin (BSA) stability is determined by the diameter and
surface area of CNTs. Mu et al. [24] also reported a selective protein (BSA, carbonic anhy-
drase, hexokinase) binding depending on the protein and MWCNTs diameter. In this
work, the immobilization of commercial ASNase was studied for the first time onto pris-
tine and f-MWCNTs with different diameter ranges (from <10 to 100 nm). The wide range
of diameters tested, together with the functionalization of the MWCNTs surface, are key
for the novelty of this work and represent a step forward in the study of enzyme’s immo-
bilization over nanomaterials. Two important MWCNTs characteristics were evaluated:
the specific surface area and pH of the point of zero charge (pHrzc), along with the deter-
mination of the ASNase isoelectric point (pI). The adsorption conditions such as contact
time, medium pH and ASNase concentration were also improved to reach the maximum
RRA of immobilized enzyme and IY. Finally, the ASNase-MWCNT complex was charac-
terized in terms of kinetic properties and operational stability.
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2. Materials and Methods
2.1. Materials, Enzyme and Chemicals

Deltaclon S.L., Spain, provided E. coli ASNase type II (>96% purity) 10,000 IU lyoph-
ilized with no additives and with 269 IU/mg (ENZ-287) specific activity. Pristine
MWCNTs of different outside diameter ranges were purchased from NTP Shenzhen Nan-
otechnologies Co. Ltd., presenting the manufacture advertised characteristics shown in
Table 1. L-Asparagine (299.0%), tris (hydroxymethyl) aminomethane (TRIS) (299.0%) and
disodium hydrogen phosphate (=99.0%) were supplied by VWR International, LLC. Tri-
chloroacetic acid (TCA) (299.0%) was purchased from J.T. Baker. Citric acid (299.5%) and
Nessler’s reagent (dipotassium tetraiodomercurate (II)) were obtained from Merck Chem-
ical Company (Darmstadt, Germany). Sodium hydroxide (298.0%) and hydrochloric acid
(37%) were provided by Sigma-Aldrich.

Table 1. Multi-walled carbon nanotubes (MWCNTs) physical properties according to manufacturer
data.

Diameter Length Purity Specific Sur-
Base Material Range (uum) (%) Ash (wt %) face Area
(nm) Range (m?/g)
MWCNT-10 <10 >5 >97 <3 250-500
MWCNT-1020 10-20 >5 >97 <3 100-160
MWCNT-2040 2040 >5 >97 <3 80-140
MWCNT-60100 60-100 >5 >97 <3 40-70

2.2. Characterization Techniques

The Brunauer-Emmett-Teller (BET) specific surface area (Sser) of every type of
MWCNTs used was calculated using the N2 adsorption data at =196 °C in the relative
pressure range 0.05-0.20 by means of a Quantachrome NOV A 4200e apparatus. The pHprzc
of the MWCNT samples was determined using a drift method described elsewhere [25].

2.3. Determination of ASNase Isoelectric Point

The pI of ASNase was determined by measuring the zeta potential of aqueous solu-
tions of ASNase (0.086 mg/mL) in a wide range of pH values. Aqueous solutions of NaOH
and HCl 0.01 M were used to adjust the pH. The results were acquired by the equipment
Malvern Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, United Kingdom) at
room temperature (25 °C) and using an appropriate cell to perform this experiment. The
zeta potential was read at least 20 times, and the test was performed in triplicate.

2.4. MWCNTs Functionalization

Hydrothermal oxidation of the pristine MWCNTs was performed in a Teflon-lined
stainless-steel autoclave using 0.5 M HNOs aqueous solutions at 200 °C, as described else-
where [26]. Briefly, 0.2 g of MWCNTs was added to 75 mL of an HNOs aqueous solution.
After being sealed, the vessel was put into an oven at 200 °C for 2 h. Then, the MWCNTs
were recovered, rinsed with water until neutral, and dried overnight at 120 °C.

2.5. ASNase Immobilization over MWCNT

The ASNase immobilization by physical adsorption onto different MWCNTSs was in-
vestigated according to the procedure described elsewhere [27] by combining 2 mg of each
material with 200 pL of several ASNase solution concentrations, ranging from 0.05 to 0.7
mg/mL (ASNase activity ranging from 4 to 9.5 U/mL) in a suitable buffer. The pH value
was varied using different buffers: citrate-phosphate buffer for pH 4.0, phosphate buffer
for pH 6.0 and 8.0 and carbonate-bicarbonate buffer for pH 9.0. Immobilization was
achieved by swirling the mixtures in a multifunctional tube rotator (Grant Instruments
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Lda., model PTR-35) for a set amount of time and then the samples were centrifuged at
112 g using a MicroStar 12 VWR centrifuge for 10 min to separate the MWCNTs from the
supernatant. The contact time was improved at the selected best pH by immobilizing dur-
ing different periods (30, 60, 120 min). At the same time, control was made with free
ASNase under the studied conditions. For each assay, duplicate runs were made.

2.6. ASNase Activity Measurement

According to the procedure used in previous studies of the research group [9], the
ASNase activity was evaluated by measuring the amount of ammonia produced after L-
asparagine (substrate) hydrolysis. The experimental method involves the stirring for 30
min at 37 °C of 50 pL of L-asparagine (189 mM) with 50 uL of ASNase solution (initial free
enzyme or supernatant after immobilization) or with 2.0 mg of ASNase adsorbed on
MWCNTs (immobilized enzyme) in 500 uL of TRIS-HCI buffer (50 mM, pH 8.6), and 450
uL of deionized water. After incubation, the reaction was stopped by adding 250 uL of
TCA 1.5 M to the free enzyme, while the supernatant was removed from the immobilized
one. The amount of generated ammonia was then measured by mixing 100 uL of the prior
free ASNase solution or supernatant with 2.15 mL of deionized water and 250 puL of Ness-
ler’s reagent. The rise in absorbance was measured during 30 min at 436 nm, using a
JASCO V-560 UV-Vis spectrophotometer at room temperature. Ammonium sulfate was
used to establish a calibration curve.

The determination of free and immobilized ASNase activity, as well as the determi-
nation of the immobilization yield (IY) and of the relative recovered activity (RRA) of the
immobilized enzyme are defined by Equations (51)-(54), respectively, in the supporting
information.

2.7. Operational Stability of Immobilized ASNase

The operational stability of immobilized ASNase was evaluated by incubating 2 mg
of the ASNase-MWCNT bioconjugate with 50 pL of L-asparagine (189 mM) in 500 uL of
TRIS-HCI buffer (50 mM, pH 8.6), and 450 pL of deionized water at 37 °C under stirring.
The reaction was halted after 30 min of each cycle by removing the supernatant and add-
ing 250 pL of TCA 1.5 M. To start the next cycle, the bioconjugate was washed twice with
phosphate buffer pH 7.0 (+500 uL per wash) and resuspended in a fresh L-asparagine
solution. Six cycles of operational stability testing were performed, with triplicate runs for
each experiment.

2.8. Enzymatic Kinetic Parameters

The Hill Equation (Equation (1)) was used to evaluate the kinetic behavior of free and
immobilized ASNase:

_ Vmax[S]"
= Sty @)

where Ssois the substrate concentration (S) at which the initial reaction rate (v) is equal to
50% of the maximum reaction rate (vmw) and #n is the Hill coefficient.

The ASNase activity was measured using L-asparagine as substrate throughout a
0.5-750 mM range of initial concentrations to determine the kinetic parameters Sso, Vmax
and n. The parameter values were acquired using CurveExpert software to fit a nonlinear
curve to the reaction rate vs. L-asparagine concentration plot. The ratio of ke (turnover
number) to Ss was used to evaluate the ASNase efficiency, while k«: was determined by
dividing vm by the total concentration of ASNase [28].
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3. Results and Discussion
3.1. Characterization of MWCNTs

CNTs have been reported as adequate support for enzymes immobilization, mainly
due to their high specific surface area and high enzyme loading capacity [29-31]. Addi-
tionally, CNTs’ surface can be easily functionalized, tuning their properties towards spe-
cific applications, and enhancing their efficiency as enzyme support. In this way, the pris-
tine MWCNTs were oxidized with HNOs (0.5 M) in order to generate materials with large
amounts of surface oxygen groups, namely carboxylic acids, anhydrides, quinones, or
phenols [30]. Two important characteristics of the support to the immobilization of en-
zymes are the pHrzc, i.e., the pH at which the net charge of total particle surface is equal
to zero, and the Sser. The pHrzc of the pristine MWCNTs was determined using a drift
method, being the value around 7, a value close to other CNTs reported in the literature
(7.3) [32]. The introduction of acid groups on the surface through oxidation of pristine
MWCNTs lead to a pHrzc of f-MWCNTs around values of 3—4.

The Sger of pristine and f-MWCNTs determined by the BET method through N2 ad-
sorption-desorption isotherms are displayed in Table 2. As the MWCNTs diameter in-
creases, there is a decrease in their surface area, as reported by Pigney et al. [33] and Chen
et al. [34]. On the other hand, the hydrothermal oxidation treatment led to an increase in
the surface area of MWCNTs, explained by the creation of defects on the MWCNTs side-
walls along with the opening of the MWCNTs end caps, causing an increase in the poros-
ity [15]. These additional apertures allow access to the MWCNTs cavity, increasing Sger.
According to Silva et al. [15], this type of materials functionalization produces MWCNTs
mainly with carboxylic acid (-COOH) surface groups. Therefore, an acidity increase in the
MWCNTs surface and a decrease in pHprzc to lower values is expected after treatment with
HNO:s.

Table 2. Brunauer-Emmett-Teller specific surface area (Sser) of pristine and functionalized multi-
walled carbon nanotubes.

Sger (5 m?/g)
MWCNT F-MWCNT
MWCNT-10 350 408
MWCNT-1020 104 123
MWCNT-2040 67 85
MWCNT-60100 30 33

An easy separation from the aqueous solution is an intuitive advantage for protein
immobilization. However, after centrifugation, some pristine MWCNTs, especially those
with diameters of 20-40 nm and 60-100 nm, tended to remain in solution, hindering the
separation process. This occurrence can be explained by the extreme hydrophobic charac-
teristics of pristine MWCNTs with high diameters that may cause their aggregation [35].
f-MWCNTs demonstrated a more effortless and faster separation by centrifugation, as
their different functional groups contributed to a decrease in hydrophobicity [36].

3.2. Determination of ASNase Isoelectric Point

The pl is the pH of a solution at which the net charge of the enzyme becomes zero.
Thus, the pI determination allows verifying the enzyme charge at a given pH value, an
important parameter for the enzyme’s immobilization. When the solution pH value is
equal to pl, the enzyme shows an absence of inter-particle repulsive forces, being the en-
zyme more compact and hydrophobic and, consequently, less soluble and stable [37].
Thus, the pI determination by isoelectric precipitation consists in varying the pH of a
highly concentrated solution until protein precipitation. The knowledge of ASNase pI and
MWCNTs pHrzc is fundamental for understanding the type and forces of interaction be-
tween the support and the enzyme after immobilization [13].
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The accession number in the UniProt database of the commercial ASNase from E. coli
used in this work is P00805, meaning that it has about 348 amino acids and a mass of 139
kDa. The corresponding protein accession number was transferred to the ExPASy Prot-
Pram tool, which estimated that the ASNase theoretical pI is around 5.66. However, this
estimate may have some errors associated with ASNase quaternary structure and the
probable methylation, deamidation reported [38] and post-translational modifications not
accounted for in the ProtPram model used. Several authors reported an ASNase pI of 4.9
[39,40], ranging between 4.6 and 5.1, accounting for different mutations [41], which is
somewhat different from the estimated theoretical pl.

In this work, the ASNase pI was determined using a method based on zeta potential,
where the enzyme pI corresponds to the pH value where the zeta potential equals zero
[37]. Figure 1 shows that the ASNase pl! is around 5.2, close to the values reported in the
literature [42]. The slight differences can be explained using different methods or ionic
environments, such as ionic strength and ion type [37].
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Figure 1. L-asparaginase (ASNase) zeta potential values for different pH values. ® Experimental
data; @ isoelectric point.

3.3. Effect of pH on ASNase Immobilization onto MWCNTs

The immobilization of commercial ASNase was studied through physical adsorption
onto MWCNTs and f-MWCNTs. The first parameter to be evaluated was the pH of the
immobilization medium. The enzyme immobilization onto support is expected to be in-
fluenced by pH since it determines the protein and the MWCNTSs’ superficial charges and,
consequently, the affinity or repulsion between them [13]. However, it must be considered
that, at specific pH values, the enzyme may exhibit low activity or even be denatured,
making the results inviable. This way, the immobilization of 0.086 mg/mL of ASNase onto
2 mg of both pristine and -MWCNTs during 60 min was tested at different pH values (4,
6, 8 and 9). A control experiment with MWCNTs without enzyme was also performed,
and no reaction or interference was detected in the enzyme activity method. According to
Figure 2, the highest RRA of immobilized ASNase occurred at pH 8 for almost all the
MWCNTs tested. Similar results were obtained by Noma et al. [42] during the immobili-
zation of ASNase on tannic acid-modified magnetic mesoporous particles. It was also pos-
sible to verify that the ASNase immobilized onto f-MWCNTs showed higher RRA than
when immobilized onto pristine MWCNTSs with the same diameters and pH values. This
result can be explained by the larger specific surface areas available for ASNase adsorp-
tion and the higher hydrophilicity of -MWCNTs, which increases their dispersibility in
aqueous medium and therefore the availability of adsorption sites.
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Figure 2. Effect of pH and diameter of multi-walled carbon nanotubes (MWCNTs) on the relative
recovered activity (RRA). Immobilization of 0.086 mg/mL of L-asparaginase (ASNase) onto 2 mg of
pristine multi-walled carbon nanotubes (MWCNTs) and functionalized MWCNTs (f-MWCNTs) for
60 min of contact time. Error bars correspond to the standard deviation between replicates.

The efficacy of the immobilization should be analyzed through a balance between
the enzyme RRA and the IY results. Nevertheless, similar IY values were noticed for al-
most all the conditions studied, attaining above 90% (Figure S1 in the Supporting Infor-
mation), which corresponds to almost total ASNase adsorption onto MWCNTs.

Considering that the pI of ASNase is 5.2 and the pHrzc of pristine and f-MWCNTs is
around 7 and 3, respectively, at pH > 8, where the highest RRA were obtained, both en-
zyme and support surfaces are negatively charged. Thus, it is possible to conclude that
electrostatic interactions do not seem to be the main driving force for the immobilization
of ASNase under the tested conditions. Other interactions such as -7 interactions, CH-mt
interactions and hydrophobic interactions can be the cause of adsorption between
MWCNTs/f-MWCNTs and ASNase [17].

The MWCNTs that displayed the best RRA (around 80%) were the -MWCNT-1020, re-
vealing that they have the adequate diameter (10-20 nm) and specific surface area to maintain
the ASNase activity after immobilization as much as possible. Although MWCNT-10 have a
higher specific surface area leading to IY values above 97% (Figure S1 in the Supporting Infor-
mation), their diameter seems to be too small to keep all the enzyme molecules active. This
correlation indicates that the surface area of the MWCNTs is an important parameter during
the ASNase immobilization, but MWCNTs need to have an adequate diameter so that the
adsorbed enzymes have their active sites available to react with the substrate.

3.4. Effect of Contact Time on ASNase Immobilization onto MWCNTs

To attain the maximum IY and RRA values, we assessed the influence of immobili-
zation contact time. The adsorption of 0.086 mg/mL of ASNase onto 2 mg of MWCNTs/f-
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MWCNTs was evaluated for three different contact times (30, 60 and 120 min) and at pH
8 (best immobilization pH for most materials). The results of the effect of the immobiliza-
tion time on the RRA are displayed in Figure 3, where it is possible to observe that when
using pristine MWCNTs as immobilization support the RRA values increase until an im-
mobilization time of 60 min for all the materials studied, except for MWCNT-10, where
the best RRA was found for a contact time of 30 min. Nevertheless, when the adsorption
is performed onto f-MWCNTs, 30 min seems to be enough to attain the highest RRA val-
ues of immobilized ASNase, showing that it is not necessary to leave the enzyme in con-
tact with the functionalized support for more time, reducing the overall processing time
and costs consequently. It is worth noting that, for all cases, the RRA increased after
MWCNTs functionalization, indicating the importance of this step for the efficiency of the
biocatalytic process, promoting larger surface areas, as was already verified. It must be
noted that the best results have been achieved with the f-MWCNT-1020 reaching almost
90% of RRA at the end of 30 min. These results open prospects for modifying the biocom-
patibility of MWCNTs by varying their size and surface by chemical modification.

Once again, very high IY values (above 96%) were attained for all the studied samples
with a contact time of only 30 min, reaching values of 100% after 120 min of immobiliza-
tion time also practically for almost all the MWCNTs (Figure S2 in the Supporting Infor-
mation), meaning that the enzyme is totally adsorbed.

Due to the high RRA and IY yields attained, it seems that in general, the enzyme-to-
MWCNT mass ratio used is close to the maximum enzyme adsorption capacity of most of
the f-MWCNTs used; however, this ratio was optimized as described below.
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Figure 3. Effect of immobilization time and diameter of multi-walled carbon nanotubes (MWCNTs)
on the relative recovered activity (RRA). Immobilization of 0.086 mg/mL of L-asparaginase
(ASNase) onto 2 mg of pristine multi-walled carbon nanotubes (MWCNTs) and functionalized
MWCNTs (f-MWCNTs) at pH 8. Error bars correspond to the standard deviation between repli-
cates.
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3.5. Effect of Enzyme Concentration on ASNase Immobilization onto MWCNTs

The analysis of the enzyme concentration to be immobilized is essential since it al-
lows to know the maximum amount of enzyme that the support can adsorb. Different
tests were conducted with varying ASNase concentrations, ranging from 0.05 to 0.6
mg/mL when immobilized onto 2 mg of pristine MWCNTs at pH 8.0 during 60 min of
contact time and from 0.1 to 0.7 mg/mL when immobilized onto 2 mg of -MWCNTs, at
pH 8.0 during 30 min of contact time. In Figure 4; Figure 5 is visible an increment in
the RRA with the increase in the ASNase concentration up to a particular value for all the
tested MWCNTs. This behavior is due to the higher amount of ASNase molecules availa-
ble to adsorb onto MWCNTs surface. From that ASNase concentration value, a plateau is
reached where the RRA value no longer increases with the increase in the enzyme con-
centration, suggesting that the MWCNTs surface attained its maximum adsorption capac-
ity. The ASNase concentration where the RRA plateau is reached is considered the optimal
concentration to be used in the immobilization process. Figure 4; Figure 5 also show
almost total adsorption of ASNase onto all MWCNTs studied, with IY close to 100%,
mainly until reaching the optimal enzyme concentration. After that concentration, there
was a slight decrease in the I'Y value in some situations due to the high amount of non-
adsorbed ASNase after the saturation of the support. Tang et al. [43] reported a reduction
in enzyme activity at high concentrations, suggesting that this might be attributed to the
hiding of certain active sites induced by enzyme aggregation. Furthermore, Li et al. [44]
demonstrated that increasing enzyme concentration might also cause mass transfer block-
age owing to congested space.
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Figure 4. Effect of L-asparaginase (ASNase) concentration on the immobilization yield (IY) (w) and
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Figure 5. Effect of L-asparaginase (ASNase) concentration on the immobilization yield (IY) (M) and
relative recovered activity (RRA) ( ). ASNase immobilization onto 2 mg of functionalized multi-
walled carbon nanotubes (f-MWCNTs) at pH 8.0 for 30 min. Error bars correspond to the standard
deviation between replicates.

The best RRA and IY values were obtained with MWCNTs with diameters between
10 to 20 nm and 20 to 40 nm for both pristine and f-MWCNTs ( Figure 4; Figure 5). How-
ever, note that the results are very similar for the different diameters studied. The slightly
poor results for MWCNTs with diameters below 10 nm may be due to the very small pore
size, hindering the ASNase adsorption. When pristine MWCNTs with diameters of 60—
100 nm were used, a certain agglomeration of the support particles was observed due to
their hydrophobicity, leaving part of the support surface inaccessible, potentially affecting
the attained results. One more time, the balance between the RRA and IY values attained
was more favorable for the -MWCNTSs, making them the preferable support for the im-
mobilization of ASNase.

ASNase immobilization on MWCNTs has already been described in the literature
(Table 3). Haroun et al. [21] studied f-MWCNTs as a carrier for an ASNase from Aspergillus
versicolor and found that physical adsorption yielded greater I'Y values (54.4%) than cova-
lent binding, with a retained ASNase activity of 100%. The immobilization of ASNase has
also been reported for other different supports, for example, Bahreini et al. [45] described
an immobilized ASNase on chitosan-tripolyphosphate nanoparticles with an entrapment
efficiency of around 72%. Agrawal et al. [46] showed a maximum IY of 85% after optimiz-
ing the covalent ASNase immobilization on aluminum oxide pellets using response sur-
face methodology. Golestaneh & Varshosaz [47] obtained values of IY 95% on silica nano-
particles using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide HCl (EDC) and glutaral-
dehyde as crosslinkers. These findings demonstrate the improved ability to use the f-
MWCNTs of this work as support for ASNase immobilization, attaining RRA of 100% and
IY of 99% without needing additional crosslinkers.
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Table 3. Comparison of immobilization yield (IY) and relative recovered activity (RRA) values re-
ported in the literature on L-asparaginase (ASNase) immobilization with those obtained in this

work.
: Immobilization Immobilization
Organism Source Iy RRA Ref
Support Method
Aspergillus versicolor ~ -MWCNTs Physical adsorption 54% 100% [46]
hitosan-tripolyphosphat -
E. coli chttosali-trpolyphosphate na Entrapment - 72% [47]
noparticles
E. coli aluminum oxide pellets Covalent linkage 85% = [48]
E. coli silica nanoparticles Cross-linkage 95% - [49]
E. coli f-MWCNTs Physical adsorption 99% 100% This work
3.6. Operational Stability
The enzyme reusability is vital from the commercial point of view since it enables
process costs reduction. The immobilization of ASNase enables enzyme recovery and re-
use after each reaction. Six L-asparagine hydrolysis cycles were performed to assess the
reusability of the ASNase immobilized onto pristine and -MWCNTs-1020 (as one of the
best-determined diameters) at the optimal conditions, by analysis of RRA, where the first
cycle’s RRA was established as 100%. After six continuous reaction cycles, the ASNase
immobilized onto pristine MWCNTs retained 57 + 8% of its initial activity (Figure 6a). The
supernatant solution was analyzed via the enzyme activity method at the end of each cy-
cle, indicating almost no active ASNase leakage in the supernatant solutions. Therefore,
the reduction in the enzymatic activity might be related to the deactivation of the immo-
bilized enzyme. When immobilized onto f-MWCNTs, the ASNase could be reused at least
six times without losing significant activity, maintaining 74 + 2% of its initial activity (Fig-
ure 6b). The MWCNTs functionalization provides a stronger linkage between the enzyme
and the support, preventing the ASNase denaturation. The slight decrease in activity seen
after repeated use could be due to active site deformation caused by frequent interactions
among L-asparagine and the active site of the immobilized ASNase.
100 100
(a) (b)
~ 80 80
S <
~ =
= =
g o .
P g
LI =
2 Z
< 7
< 20
20
0
0 1 2 3 4 5 6
1 2 3 4 5 6

Cycles
Cycles
Figure 6. Operational stability of immobilized L-asparaginase (ASNase) onto (a) pristine and (b)
functionalized multi-walled carbon nanotubes (f-MWCNTs-1020). Error bars correspond to the
standard deviation between replicates.

Ulu [48] reported similar operational stability of ASNase immobilized onto metal-
organic frameworks. The enzyme retained roughly 78% of its original activity after five
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cycles. Furthermore, after ten cycles, approximately 45% of the original activity was pre-
served. These results can also be compared with the ones obtained by Noma et al. [49]
using poly (2-hydroxyethyl methacrylate-glycidyl methacrylate) cryogels as enzyme car-
riers, where ASNase was able to retain 52% after ten cycles. These results highlight the
suitability of the ASNase immobilization onto -MWCNTs employed in this study to
maintain equivalent enzyme activity and avoid considerable enzyme leaching due to de-
sorption during continuous usage.

3.7. Kinetic Parameters Determination

Changing the L-asparagine concentration through the hydrolytic reaction made it
possible to investigate the kinetics of free and immobilized ASNase onto pristine and f-
MWCNTs. Figure 7 depicts the sigmoidal dependence of the ASNase enzymatic reaction
rate on L-asparagine concentration, which is typical of allosteric enzymes. This kinetic
behavior is described by the Hill Equation (Equation (1)) [16], and Figure 7 proves the
excellent fit of experimental data to this allosteric sigmoidal model. Although Hill’s model
for the immobilized enzyme was assumed, in these cases it is important to consider that
the mathematic interpretation of reaction—diffusion equations for immobilized catalyzers
is much more complex [50]. In fact, the “apparent constants” are highly dependent on the
working conditions (e.g., the use of rotating electrodes are essential for mass transport,
diffusion and solution stirring can modify the real concentration at the enzyme layer, im-
mobilization protocol leads to steric hindrance or claimed multilayers, etc.) [51].

0.040
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0.035
0.035

0.030
0.030

0.025
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0.020
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0.015
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vo (mM/min)
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0.005 0.005

0.000
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L-asparagine (mM)

0 200 400 600 80(
L-asparagine (mM)

Figure 7. Initial reaction rates (vo) for both (e) free and (w) immobilized L-asparaginase (ASNase)
onto (a) pristine and (b) functionalized multi-walled carbon nanotubes (f-MWCNTs-1020) by phys-
ical adsorption. The solid lines represent the experimental data fit to the Hill equation.

Table 4 summarizes the kinetic properties of free ASNase and both types of ASNase-
MWCNT bioconjugate, also presenting the resultant catalytic efficiencies (ket/Ss0). The Sso
values for 0.3 and 0.4 mg/mL of free ASNase were 288 and 258 mM, respectively; never-
theless, a reduction in these values was noted when analyzing the immobilized ASNase:
114 and 74 mM, when pristine and f-MWCNTs were used, respectively. The reduction
confirmed in Sso for the ASNase-MWCNT complex, similar to the Michaelis-Menten con-
stant (Kum), indicates that the affinity of the enzyme for the substrate improved as a conse-
quence of immobilization, hence enhancing its activity. The ASNase particle may be
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stretched over the MWCNTs surface with better positioning, resulting in increased active
site availability and improved affinity for L-asparagine [52]. Through evaluation of Sso for
the immobilized enzyme, it was also possible to verify an improved affinity to the sub-
strate when using -MWCNTs as support. The determination of Sso values also allowed to
verify that the use of 189 nm of L-asparagine for the ASNase activity measurement, as
reported in the literature [53], was well applied in the case of free ASNase. For the immo-
bilized ASNase lower L-asparagine concentrations could have been used, but it would not
allow us to make the intended comparisons. In addition, reported concentration of L-as-
paragine in leukemia blood serum samples varies from 10~ to 102 M, while in healthy
blood serum samples varies from 10-¢ to 10 M [7,54,55].

Table 4. Kinetic parameters for free and immobilized L-asparaginase (ASNase) onto pristine and
functionalized multi-walled carbon nanotubes (f-MWCNTs).

MWCNT f-MWCNT
Free ASNase Immobilized Free ASNase Immobilized
(0.3 mg/mL) ASNase (0.4 mg/mL) ASNase

Umax (MM min-?) 0.044 0.017 0.043 0.010
S50 (mM) 258.0 113.6 288.3 73.8
h 1.7 1.6 1.6 2.1
keat/Sso (mM-1min?) 4.65 1.83 3.40 0.81

A 2.6-fold reduction on vm« values from 0.044 to 0.017 mM-min™ was observed com-
paring free and immobilized ASNase onto pristine MWCNTs. This decrease was even
more pronounced when immobilizing 0.4 mg/mL of ASNase onto -MWCNTs, with a 4.3-
fold decrease in the vm value. The lower vmr detected after immobilization is due to the
diffusion layer around ASNase molecules exhibiting a more significant mass transfer lim-
itation [56], hindering the diffusion of L-asparagine in the direction of ASNase-MWCNTs
bioconjugate. The immobilization of enzymes can also decrease molecular flexibility,
which is often reflected in an inferior catalytic activity [56] and, subsequently, in a fall in
vmar value upon immobilization. When paralleled to the ASNase free form, these kinetic
constants resulted in lower catalytic efficiencies (keat/Ss0) of immobilized ASNase (Table 4)
due to changes in its three-dimensional structure resulting from the adsorption to a solid
support and the consequent steric hindrance. In addition to the lower catalytic efficiency,
the immobilized enzyme showed a higher affinity for the substrate and it is important to
take into account the good reusability presented by the immobilized ASNase, thus prov-
ing that carbon nanotubes are a good matrix for immobilization of this enzyme Analogous
results were reported by Ulu et al. [5] and Orhan and Uygun [57] where the vma of immo-
bilized ASNase was also lower than that of free ASNase and the enzyme affinity towards
its substrate also increased after immobilization.

The Hill coefficient, n, represents the degree of cooperation among the enzyme sub-
units and the substrate molecules number that can attach to the enzyme complex. Equa-
tion (1) is simplified to the Michaelis-Menten equation when # equals 1. Positive cooper-
ativity (homotropic regulation) is indicated by a value of n > 1, which means numerous
substrate molecules attach to the enzyme concurrently. A value of n <1 shows negative
cooperativity; the attachment or catalysis of the second substrate molecule is hampered
by the first’s binding. In this study, the determined Hill coefficient values above 1 (Table
4) indicate that both free and immobilized ASNase forms have allosteric regulation with
positive cooperativity.

4. Conclusions

The immobilization of ASNase onto pristine and f-MWCNTs with different size di-
ameters proved to affect the properties of the ASNase bioconjugate. The hydrothermal
treatment with nitric acid promoted a higher specific surface area of the material due to
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the creation of defect sites and holes on the sidewalls of the tubes, improving the support
capacity to bind more enzyme particles and, consequently, to achieve higher enzyme
RRA. In turn, the best RRA results of adsorbed ASNase were obtained with f-MWCNTs-
1020 and f-MWCNTs-2040, showing the importance of the nanomaterial diameter size for
the enzyme binding. MWCNTs with diameters smaller than 10 nm showed to be too small
for total enzyme binding, even presenting larger specific surface areas. MWCNTs with
diameters larger than 40 nm revealed lower ASNase activity after immobilization, proba-
bly due to the smaller surface areas and, consequently, fewer ASNase molecules adsorbed.

The optimization of the immobilization conditions made it possible to attain RRA
and IY values of 100 and 99%, respectively, when immobilizing 0.4 mg/mL of ASNase
onto 2 mg of f-MWCNTs-1020 during 30 min of contact time, at pH 8. The calculation of
the ASNase pl! (5.2) together with the determination of the pHrzc of the -MWCNTs (3-4)
showed that under the optimal conditions, the primary binding forces responsible for the
ASNase adsorption onto f-MWCNTs are most likely rt-rt, CH-m and hydrophobic interac-
tions.

Exceptional operational stability was achieved when immobilizing the ASNase onto
f-MWCNTs, allowing its reuse for six reaction cycles with a retained activity of 74 + 2%,
value 1.3 times higher than when immobilized onto pristine MWCNTs (57 + 8%). Deter-
mining the kinetic parameters for this allosteric enzyme also proved that the immobiliza-
tion onto MWCNTs improved the ASNase affinity for the substrate, especially when using
the functionalized materials.

This work demonstrates the impact of MWCNTSs diameter and surface functionali-
zation on the binding of ASNase and biocompatibility of the bioconjugate, maximizing
their potential application in the pharmaceutical, food or biosensing industries.

Supplementary Materials: The following supporting information can be downloaded at:
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walled carbon nanotubes (MWCNTSs) on the immobilization yield (IY). Immobilization of 0.086
mg/mL of L-asparaginase (ASNase) onto 2 mg of pristine (MWCNTs) and functionalized MWCNTs
(f-MWCNTs) for 60 min of contact time. Error bars correspond to the standard deviation between
replicates. Figure S2. Effect of immobilization time and diameter of multi-walled carbon nanotubes
(MWCNTs) on the immobilization yield (IY). Immobilization of 0.086 mg/mL of L-asparaginase
(ASNase) onto 2 mg of pristine (MWCNTs) and functionalized MWCNTs (f-MWCNTs) at pH 8.
Error bars correspond to the standard deviation between replicates.
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