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Abstract

L-Asparaginase-fatty acid bioconjugate was prepared by coupling the carboxyl group of fatty acids to NH, groups of lysine of the
enzyme. In this study, the physicochemical properties of L-asparaginase were modified by incorporating surfactant with this
amphiphilic structure. The preparation process of micellar nanocarrier was optimized by a systematic multi-criteria optimization
approach in terms of particle size and enzyme activity. The final particle size, PDI, and enzyme activity were 387.6 + 9.8 nm,
0.341+0.031, and 92.1 & 1.3%, respectively. Results are in an optimum condition. Furthermore, results showed that the opti-
mized formulation is more resistant to proteolysis, is more stable at different pH (6.5 to 10), and has prolonged plasma half-life
(56.8 h) in comparison to the native enzyme. Also, the longevity in the circulation by micellar nanocarriers was confirmed by the
data on the pharmacokinetic study. This method can be used as a suitable method to provide a new formulation of L-asparaginase

for the treatment of related diseases.
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Introduction

L-Asparaginase (L-ASNase) is one of the most efficient drugs
in the treatment of lymphoblastic leukemia [1-3]. Today,
Escherichia coli strains or Erwinia chrysanthemi are the two
primary sources of L-ASNase [4, 5]. Until recently, attempts
were made to increase in vitro and in vivo efficacy of L-
ASNase, for instance, its biological half-life, stability, and
reduced antigenicity. One successful approach is the chemical
modification of L-ASNase, which leads to an increase in en-
zyme stability by prolonging its biological half-life [6, 7].
Colominic acid is one such compound when conjugated with
L-ASNase reduces antigenicity, leading to circulatory half-life
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3—4-fold higher than the native enzyme [8]. Silk fibroin, silk
sericine [9, 10], oxidized inulin [11], N,0-carboxymethy] chi-
tosan [12], and carboxymethyl dextran [13] are the other bio-
compatible compounds. In addition to that, some other
nanoparticulate systems are also used for conjugation [14,
15] or immobilization of L-ASNase [16, 17]. Recently, our
research group presented a L-ASNase-fatty acid bioconjugate
with three types of fatty acids with different chain lengths (i.e.,
lauric acid, palmitic acid, and behenic acid) [18]. Our results
revealed excellent stability for the conjugated enzyme by/and
improvement in its in vitro half-life and enzyme affinity to its
substrate.

We proposed a binary micellar system, in which surfactants
were added to L-ASNase-fatty acid bioconjugate. This struc-
ture has presented physicochemical properties different from
the native form, which was investigated in this experiment
[19]. Over the last decades, the development of mixed micelle
among the variety of surfactants [20], fatty acids/surfactants
[21], and other amphiphilic polymers has been observed. In
this experiment, we attempted to explore the optimum condi-
tions for obtaining micellar nanocarriers with small particle
size, while maintaining high residual activity, using statistical
response surface methodology. The optimization method was
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performed in its traditional way by changing one parameter at
the same time while others were kept constant at a fix level,
but it is time consuming. In contrast, with experimental de-
sign, a researcher can efficiently determine the effects of a
factor with significantly less experimental effort and identify
factors, find optimum condition, offer greater precision [22],
and facilitate system modeling [23, 24]. Consequently, a se-
ries of in vitro characterization test were carried out on the
optimized micellar nanocarriers to evaluate their potential im-
pact on the final step of in vivo investigations in animal
models.

Materials and methods
Materials

L-Asparaginase from E. coli strain with a molecular weight of
140 kDa was obtained from Medac®, Hamburg, Germany.
The palmitic and lauric acid used for conjugation were from
Merck Co. (Darmstadt, Germany), and behenic acid was pur-
chased from Fluka Co. Ltd. (Buchs, Switzerland). Other
analytical-grade chemical reagents were purchased from
Sigma (St. Louis, MO, USA) or purchased locally.

Synthesis of L-ASNase-fatty acid bioconjugate

The carboxylic group of three types of fatty acids with differ-
ent chain lengths (i.e., lauric acid, palmitic acid, and behenic
acid with 12, 16, and 22 chain lengths) were conjugated with
the amine group of lysine in L-ASNase using carbodiimide
activator [25]. At the first step, 3.57 pmol of fatty acids dis-
solved in 5 mL of dimethyl sulfoxide (DMSO). Then,
3.93 umol N-(3-dimethyl aminopropyl)-N-ethyl
carbodiimide-hydrochloride (EDC) and 3.57 umol N-
hydroxysuccinimide (NHS) were added to the mixture. The
mixture was stirred at 25 °C for 3 h. Then, 0.0714 pmol of L-
ASNase in 5 mL of water was added to the mixture dropwise.
After the reaction time, unreacted lipid, EDC, NHS, and
DMSO were removed by dialysis (12 kDa) against an exces-
sive amount of water for 24 h. Differential scanning calorim-
etry and calorimetric method are used to determine the effica-
cy of dialysis for removing unreacted fatty acids [26]. After
this, samples were lyophilized for 48 h using a freeze drier
(Christ, x1-4 LD plus, Germany). All experiments were per-
formed in triplicate.

Micellar preparation of the bioconjugate
Preliminary study for surfactant selection

To obtain nanomicellar structures of the L-ASNase-fatty acid
bioconjugate, several groups of surfactants were utilized and
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their effects on enzyme activity retention and particle
size of resulted micellar nanocarriers were evaluated.
The surfactants were in different HLB values and alkyl
chain of nonionic (Brijs: 35, 52, 92, 72; Tweens: 20,
40, 60, 80; Spans: 20, 40, 60, 85, 83; Pluronics: F-127,
F-68, and Triton X-100), anionics (sodium lauryl sulfate
and sodium cholate), cationic (cetyl pyridinium chlo-
ride), and soybean lecithin.

At a preliminary step, an appropriate amount of the surfac-
tants was dispersed in distilled water and added to about
10 mL of bioconjugate suspension (1 mg/mL of enzyme), to
prepare a concentration above the critical micelle concentra-
tion (CMC) value of that surfactant, while stirring at room
temperature for 60 min [27]. For lyophilization, the total vol-
ume of the resulting micelles was divided into different con-
tainers with a liquid depth of about 1 cm and was lyophilized
for 48 h.

Experimental design

Throughout the present study, a systematic multi-criteria op-
timization approach used for the optimization of the micellar
nanocarrier preparation in terms of the final particle size and
enzyme activity of the resulting micelles after the reconstitu-
tion of lyophilizate.

Optimization

A D-optimal design planned to determine the best experimen-
tal conditions for the preparation of micellar nanocarrier. This
design uses the points that minimize the variance associated
with the estimates of the specified model coefficients. This
design scientifically settles to declare the most accurate esti-
mates of the model equations. The D-optimal design was used
for the best model fitting of the test data. The data was ana-
lyzed by using the Design-Expert statistical software (version
6.0.10, Stat-Ease Inc., Minneapolis, USA), which was used
for the generation of the experimental design matrix. In this
design, a statistical model suggested on describing the effects
of preparation conditions based on the data of micellar
nanocarrier particle size and enzyme activity. Next, a stepwise
regression model was employed to fit the polynomial model to
the data [28]. For detection of outliers, the normal probability
plot and Cook’s distance were tested. A lack-of-fit test with
the analysis of variance (ANOVA) model, a plot of the pre-
dicted values versus residuals, leverage, and a graphical dia-
gram of the predicted versus experimental data proved the
suitability of the models. The interaction plots were prepared
to analyze the optimum conditions for the dependent vari-
ables. The factors and the corresponding levels involved in
the study are shown in Table 1.
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Table 1 Applied levels of
independent variables in D- Factor =~ Name Type Low actual High actual Low coded  High coded
optimal design
A Lipid/protein Numeric 50 200 -1 +1
B Lipid type Categorical ~ Lauric acid; palmitic acid; B [1] B [2]
behenic acid +1 0
0 +1
-1 -1
C Surfactant type ~ Categorical ~ Pluronic F-127; sodium cholate -1
+1

Preparation of optimum micellar nanocarrier

In the optimum condition, an appropriate amount of pluronic
F-127 was dispersed to the bioconjugate suspension to prepare
a0.79-mM (i.e., 1%, w/v) concentration while stirring at room
temperature for 60 min for equilibration. In this condition, the
concentration of L-ASNase was 1 mg/mL (i.e., 0.1%, w/v).
The resulting micellar nanocarriers were frozen at —70 °C
and then freeze dried. The freeze-dried samples were then
subjected to further evaluations.

Determination of suitable surfactant concentration

To evaluate the effect of surfactant concentration (Pluronic
F-127) on the bioconjugated enzyme activity and particle size
of the micelles, three different concentrations (below the CMC
value, CMC value, and above the CMC value) of the surfac-
tant were tested.

Assay methods

Two colorimetric methods were used to evaluate the degree of
modification in lysine residues in the native and bioconjugate
enzymes [29, 30]. Ninhydrin and TNBS can bind to the free
amine group of lysine from the native and modified enzyme,
so the degree of chemical modification of the enzyme could be
evaluated [10]. In this study, Nessler’s reagent was used to
quantify the ammonia for in vitro experiments [31, 32], which
are the byproduct of L-asparagine activity. Bradford protein
assay was used to determine the protein concentration in vitro
[33] in the concentration range of 0.25-20 pg/mL.

In vitro characterization tests

Stability against proteolysis and determination of pH-activity
profile

The given amounts of the micellar nanocarriers were added to
2 mL phosphate-buffered solution (pH 8.5) containing 50 TU
trypsin. Then, the residual enzyme activity of each sample was
measured at time points of 10, 20, 30, 40, and 60 min after

incubation at 37 °C. All data were the average values of trip-
licate measurements.

The influence of pH on the activity of micellar nanocarriers
were studied by changing the pH from 3 to 12. The incubation
of the enzyme determined the enzyme activities in phosphate
buffer (0.05 M) in different ranges of pH. All experiments
were performed in triplicate.

Kinetic measurements and time-activity profile in PBS
and plasma

In the kinetic study, the Michaelis constant (K,,,) from the
Lineweaver—Burk equation [34] was used as a parameter to
determine the affinity of the native and micellar nanocarrier
for the substrate. Different L-asparagine concentrations (0.4 to
2 mM) in 0.05 M tris buffer, pH 8.5 was used to measure the
K, value. All experiments were performed in triplicate.
Catalytic activity and enzyme in vitro half-life of the mi-
cellar nanocarriers were determined by using phosphate-
buffered saline (PBS, pH 7.4) and human plasma. For this test,
equivalent preparations (1 mg of the optimized formulation)
were added into 2 mL of PBS or plasma. Then, samples were
incubated at 37 °C for 0, 1,2, 4, 8, 10, 12, 24, 48, 72, 96, 168,
and 336 h. After that, 0.1 mL of each sample was taken at
mentioned time intervals and analyzed for their in vitro cata-
lytic activity. All experiments were performed in triplicate.

Determination of CMC, particle size, size distribution,
and surface charge

The surface tension of surfactant and micellar nanocarriers
was measured by the DuNouy ring tensiometer (KSV’s
Sigma 702 instrument). The platinum ring used in the mea-
surements was cleaned by washing with ultrapure water
(Millipore) followed by washing with n-hexane and acetone.
The surface tension of double-distilled water used for calibra-
tion purposes was 71.85 mN/m at 25.0+0.1 °C. The CMC
values were then obtained through a conventional plot. In this
method, the surface tension was plotted versus the logarithm
value of the surfactant concentration.
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The mean diameter of the nanocarriers was measured by a
laser diffraction approach using a particle size analyzer
(Shimadzu, model SALD-2101, Japan). Samples were
reconstituted to appropriate concentrations (0.1 mg/mL) with
distilled/filtered water. Measurements were conducted at
25 °C. Zeta potential measurements were also performed
using the Malvern Zetasizer (Zetasizer V-R 3000-HS,
Malvern Instruments, UK) which operates based on electro-
phoretic light scattering technique.

Morphology

The morphology and possible aggregation of the optimized
formulation (behenic acid bioconjugate/pluronic F-127) were
characterized using transmission electron microscopy (TEM)
(Zeiss, model EM10C, Germany). For imaging, samples were
fixed on the copper grids, dried at room temperature, and
examined using a TEM without being stained.

Pharmacokinetic analysis

Twenty-one adult male Sprague-Dawley rats (about 200-250
body weight) were divided into three groups (n=7); A cock-
tail of ketamine-xylazine (ketamine 100 mg/kg and xylazine
10 mg/kg) was used to anesthetize the rats through IP injec-
tion. Rats were then cannulated by inserting a polyethylene-
silicone rubber cannula into the right jugular vein using a
standard surgical protocol [35]. Rats were then placed in clean
single cages and left overnight for complete recovery. The
animals were cared for according to the instructions of the
ethics committee of Shiraz University of Medical Sciences.
Native L-ASNase, behenic acid bioconjugate, and optimum
micellar nanocarrier formulation (behenic acid bioconjugate/
pluronic F-127) with a dose of 10 mg/kg (2500 1U/kg) pre-
pared in sterile saline. The animals in each group were given
one dose of each formulation intravenously. Blood samples
were aseptically collected after intervals of 0, 1, 2, 4, 6, 8, 12,
24, and 48 h, and serum were isolated. Normal rat serum
(NRS) obtained from rats, which had never received L-
ASNase was used as a negative control.

For in vivo quantification of the enzyme activity, the com-
mercially available L-ASNase activity assay kit (Abnova
Company, Cat #KA1429) was used. The L-ASNase concen-
tration from the pharmacokinetic study was determined using
the manufacturer’s specified protocol.

Statistical analysis

The significance of the observed differences between the data
sets was evaluated statistically using the statistical ¢ test and
one-way ANOVA, the statistical non-parametric Mann-
Whitney U test, and Kruskal-Wallis one-way analysis of
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variance (SPSS 16.0; SigmaPlot 11.0) whenever applicable
at a significance level of 0.05.

Results and discussion
Synthesis of L-ASNase-fatty acid bioconjugate

In this study, three different chain lengths of fatty acid conju-
gated with L-ASNase were synthesized. The carboxylic group
of the fatty acids was conjugated with the amine groups of
lysine and N-terminal amino groups of the enzyme. The im-
proved properties of L-ASNase-fatty acid bioconjugate were
characterized as reported previously by the authors [18].

Preparation of micellar nanocarriers
Preliminary study for surfactant selection

In this study, among different surfactants mentioned before
(“Preliminary study for surfactant selection”), pluronic
F-127, and sodium cholate provided the smaller particle size
and higher enzyme activity than other agents throughout the
procedure. To find the suitable surfactant (between pluronic F-
127 and sodium cholate) for the preparation of fatty acid
bioconjugated micellar nanocarrier, a D-optimal design was
utilized through the 19 experiments.

Experimental design

The classical method of optimization based on changing one
parameter at a time while keeping the others at fixed levels is
laborious and time consuming. This method requires a com-
plete series of experiments for each factor of interest.
Moreover, such a method does not provide a complete over-
view of possible interactions between the different factors.
Contrary to the classical method, factorial experimental design
is advantageous. For instance, the researcher could simply
control the effects of a factor that has considerably less exper-
imental effort, identify factors, find optimum condition, offer
greater precision [22], and facilitate system modeling [36].
Table 2 shows the design and results of the experiments car-
ried out throughout the D-optimal design.

Particle size optimization

The particle size obtained from all 19 experiments was fitted
to polynomial models according to Cook’s distances with no
detectable outliers. No data transformation was done. The F'
value of the model (/= 8.04) shows that the model is signif-
icant. Also, it is not significant based on the lack-of-fit test,
relative to the pure error (P value =0.1386). The relatively
high R-squared (0.9096) and adjusted R-squared (0.7965)
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Table 2 Experimental design

matrix and results of D-optimal Run No. Lipid/pr Lipid type Surfactant type Particle size (nm) Enzyme activity %

design
1 162.5 Behenic acid Pluronic F-127 615 + 106 923 +£6.3
2 50 Behenic acid Sodium cholate 471 + 61 71.6 £ 4.8
3 50 Lauric acid Sodium cholate 417 £2 69.3 +£2.9
4 162.5 Palmitic acid Sodium cholate 643 + 100 448 £32
5 200 Palmitic acid Pluronic F-127 732 + 46 78.4+0.5
6 200 Behenic acid Sodium cholate 636 + 43 62.0 £ 0.8
7 87.5 Lauric acid Pluronic F-127 491 + 104 82.7 £ 8.0
8 87.5 Palmitic acid Pluronic F-127 482 + 60 85.6 £ 8.2
9 200 Lauric acid Sodium cholate 607 + 74 43.0 £ 1.1
10 50 Behenic acid Pluronic F-127 435+ 14 98.0 £33
11 50 Palmitic acid Sodium cholate 456 + 41 56.1 £3.8
12 200 Lauric acid Pluronic F-127 823 £ 91 79.0 £23
13 125 Lauric acid Sodium cholate 687 + 22 414+33
14 125 Behenic acid Sodium cholate 696 + 15 63.8 +7.7
15 50 Lauric acid Pluronic F-127 428 £ 28 719 +£2.6
16 50 Palmitic acid Sodium cholate 469 + 64 50.2 £ 6.6
17 200 Palmitic acid Pluronic F-127 720 + 54 70.1 £ 8.3
18 200 Behenic acid Sodium cholate 621 + 25 63.0 £6.7
19 162.5 Palmitic acid Sodium cholate 752 £9 353+£54

values indicated an acceptable correlation between the test
data and those of the fitted models. The software offered the
final mathematical modeling in terms of coded factors for the
micellar nanocarrier particle size that developed as follows,
where A, B, and C are “lipid/protein ratio,” “lipid type,” and
“surfactant type,” respectively:

Particle size = 642.20 + 134.37A + 11.16B[1]-3.97B[2]
+ 8.24C-87.21A2 + 20.49AB]1]
+23.61AB[2]-38.184C-33.13B[1]C
+17.99B2]C (1)

The interaction graphs are shown in Fig. 1a—c based on the
particle size of the final model. Figure 1a shows the interaction
between the lipid/protein ratio and lipid-type factors. The par-
ticle size is increasing while varying the lipid/protein ratio to
higher levels in its experimental range. This phenomenon is
observable for all lipid types. On the other hand, mixed mi-
celles prepared from lauric acid bioconjugate have a larger
particle size in comparison to palmitic and behenic acid ones.
Behenic acid bioconjugate mixed micelles do not show paral-
lel behavior through the lipid/protein experimental range with
the other two. Also, as seen in Fig. 1b, particle size is increas-
ing with both surfactant types by increasing the lipid/protein
levels. However, in lower lipid/protein ratios, pluronic F-127
has led to smaller micelles. This graph demonstrates the inter-
action between surfactant type and lipid/protein factors.
Moreover, palmitic and behenic acid bioconjugate mixed

micelles have a smaller particle size with pluronic F-127,
while mixed micelles prepared by lauric acid bioconjugate
have presented their smaller size by sodium cholate surfactant
(Fig. 1c).

Enzyme activity optimization

The enzyme activity obtained for all 19 experiments are fitted
to polynomial models with no detectable outliers according to
Cook’s distances. No data transformation was done. The F
value of the model (/' =10.13) indicates that the model is
significant. Also, the lack-of-fit test revealed that it is not
significant relative to the pure error (P value =0.1382). The
relatively high R-squared (0.9268) and adjusted R-squared
(0.8352) values implied that there is a good relationship be-
tween experimental data and appropriate models.

The final mathematical modeling in terms of coded factors
offered by the software for the mixed micelles enzyme activity
developed as follows, where A, B, and C are “lipid/protein
ratio,” “lipid type,” and “surfactant type,” respectively:

Enzyme activity
= 67.34-5.19A-4.81B[1]-6.94B[2]-15.16C
+ 2.56A2—-0.26AB[1]-2.23AB[2]-2.91AC
+2.16B[1]C-2.82B[2]C (2)

According to the interaction graph obtained from the en-
zyme activity final model, it was obvious that in the
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Fig. 1 Interaction plots; a interaction between lipid/protein ratio and
lipid-type factors based on particle size; b interaction between
surfactant-type and lipid/protein factors based on particle size; ¢ interac-
tion between surfactant-type and lipid-type factors based on particle size;
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d interaction between lipid/protein ratio and lipid-type factors based on
enzyme activity; e interaction between surfactant-type and lipid/protein
factors based on enzyme activity; f interaction between surfactant-type
and lipid-type factors based on enzyme activity
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experimental range of lipid/protein factor, the activity of lon-
ger chain lipid bioconjugate was higher than shorter ones
(Fig. 1d). It can be due to the protective effect of these lipid
chains on the enzyme bioactivity via steric hindrance. This
phenomenon was seen in the bioconjugtion process too.
Moreover, the mixed micelles prepared with pluronic F-127
also had a higher enzyme activity compared with the sodium
cholate mixed micelles (Fig. 1e). The enzyme activity decre-
ment by increasing the lipid/protein levels is notable in this
graph. Figure 1f is an informative graph. It can conclude that
the pluronic F-127 led to less activity reduction compared
with the sodium cholate. On the other hand, almost in all
cases, the activity was increased with longer chain lipids, as
described earlier. From these interaction graphs, one can con-
clude that the pluronic F-127 and behenic acid bioconjugate
have relatively more acceptable results.

Multi-criteria optimization

The main goal in the optimization studies is the identification
of the experimental conditions, which results in the best re-
sponses. However, dependent variables may sometimes be
antithetical, and accommodation of optimal condition be-
tween them is needed. To overcome this problem, in a process
known as a multi-criteria optimization (MCO), desirability
functions are used [37]. This approach was first introduced
by Derringer and co-workers [38]. The Derringer’s desirabil-
ity or “D” was characterized as the geometric mean of the
individual desirability values. The Derringer’s desirability
function id defined as follows:

D=1[dlxd2x..xdnl/n0<D< 1 (3)

where n is the number of responses and di is the separate
desirability value of each response resulted from the transfor-
mation of the individual response of each test. The individual
desirability function orders were between di=0 for a fully
undesired response and di=1 for a completely desired re-
sponse. For a value of “D” near 1, response values are closed
to the target parameters.

In this study, the main forces that dictated the responses are
a minimization of particle size and maximization of enzyme
activity. For these purposes, MCO was used, based on the
desirability index of Derringer and carried out via the comput-
er program (Design-Expert software 6.0.10). It appeared that
the most significant factors that influenced the enzyme activity
were the surfactant type, lipid type, and lipid/protein ratio,
respectively. On the other hand, only the lipid/protein ratio
had a significant effect on particle size. The best solution for
the optimal conditions specified in A =50, B =Dbehenic acid,
and C=Pluronic F-127 derived from the differentiation of
quadratic models are given in Egs. (1) and (2). The predicted
optimal particle size and enzyme activity corresponding to

these values were 395.9 nm and 95.95%, for this top solution,
respectively. This condition within the range of experimental
values (i.e., D=0.984) corresponds to the maximum desir-
ability function. To confirm the model adequacy, three addi-
tional experiments based on this optimum condition were car-
ried out. The three replicate experiments yielded an average
particle size and enzyme activity of 411+ 12.6 nm and 92.1 +
1.4%, respectively. Appropriate agreement between the pre-
dicted and experimental results verifies the validity of the
models and the existence of the optimal points.

Determination of suitable surfactant concentration

After an experimental design investigation, to evaluate the
proper concentration of pluronic F-127, three different con-
centrations of pluronic F-127 were used for preparing micellar
nanocarrier. Based on the past studies on pluronic F-127 [39],
the CMC value of this nonionic surfactant in the water at
25 °C is 0.55 mM. Results from Table 3 demonstrated that
the 0.79-mM concentration of pluronic F-127 show the sig-
nificant smaller particle size and also retained the enzyme
activity better than the other two concentrations. Therefore,
we used the 0.79-mM concentration of pluronic F-127 for
subsequent investigations.

In vitro characterization tests

Stability to proteolysis and determination of pH-activity
profile

The stability of native L-ASNase and micellar nanocarriers
against trypsin digestion is shown in Fig. 2b. Micellar
nanocarriers demonstrated higher stability against trypsin di-
gestion than the native forms of the enzyme. The free form of
the enzyme has low stability and, after 10 min of the reaction,
lost half of its original activity; 86.2% of the initial activity of
the native enzyme was reduced after 30 min, whereas the
micellar nanocarrier retained about 70% of enzyme activity
at the same time. The micellar nanocarriers kept more than
half of their original activities during the 60 min of incubation
in trypsin solution. It is known that the peptide bonds
consisting of lysine or arginine residues are selectively hydro-
lyzed by trypsin [12]. Two different mechanisms may lead to
the increase in proteolysis stability which include, (a) the ste-
ric hindrance effect of the fatty acids which protect the mod-
ified enzyme from the contact with protease, and so on the
proteolysis reaction was prevented; (b) the modification of L-
ASNase lysine residues with fatty acids may prevent selective
proteolysis reaction on the peptide bonds with lysine residues.
Furthermore, many hypotheses have proposed the possible
effect of nonionic surfactant on maintaining the protein’s na-
tive state. It is suggested that surfactants with their amphiphil-
ic properties can compete with the enzyme for a denaturing
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Table 3 Optimum pluronic F-127 concentration, calculated CMC, particle sizes, and polydispersity index (PDI) for the micellar nanocarriers after
reconstitution of the lyophilizes
L-ASNase-fatty acid bioconjugate Pluronic F-127 Enzyme activity % Particle size (nm) PDI Calculated CMC by

conc. (mM) the DuNouy ring

tensiometer (mM)

Pluronic F-127 0.582 £ 0.09
Behenic acid bioconjugate 0.79 92.06 + 1.35 388 +£9.85 0.34 + 0.03 0.441 £ 0.082

0.55 86.72 +2.76 831 +294.08 0.64 = 0.16

0.079 75.57 +£3.18 1344 + 227.69 0.58 + 0.36
Palmitic acid bioconjugate 0.79 81.66 + 2.50 344 +12.60 0.25 +0.19 0.462 + 0.043

0.55 74.28 +2.73 661 + 44.01 0.69 + 0.13

0.079 67.59 +2.06 1258 + 117.38 0.72 + 0.04
Lauric acid bioconjugate 0.79 7493 + 1.44 422 £7.71 0.39 £ 0.10 0.441 = 0.082

0.55 71.12 £2.72 826 + 318.05 0.80 + 0.16

0.079 65.53 +2.10 4718 £ 17.68 0.66 + 0.40

surface and stop the surface-induced denaturation, specifically
when added to a protein solution. Other investigations suggest
that the surfactant can lower the Gibbs free energy of the
system and increase the native enzyme conformation’s stabil-
ity by minimizing the potential energy of a surfactant-
adsorbed protein through weak hydrophobic bonding [40].
Therefore, the micellar nanocarriers may present better stabil-
ity than the native and even L-ASNase-fatty acid
bioconjugate.

In this experiment, phosphate buffer with pH from
3.0 to 12.0 was used to investigate the influence of
pH on the activities of native L-ASNase and micellar
nanocarriers (Fig. 2a). The pH range was 6.5 to 9 for
the modified enzyme, which was significantly broader
than that for the native enzyme (7.5 to 8.5). The mech-
anism of protein stability in this wide range of the pH
might be as a result of active site preservation [11, 41].

120

80

60

Relative Activity %

40 Native L-Asparaginase

~—m— Behenic acid bioconjugate/Pluronic F-127
20 ~——e— Palmitic acid bioconjugate/Pluronic F-127

- === Lauric acid bioconjugate/Pluronic F-127

0 2 4 6 8 10 12 14
PH

a

Fig. 2 a Effect of different pH on the activity of the optimized
formulation in comparison with native LASNase. The highest activity
has been set as 100% activity. b The relative activity of the optimized
formulation in comparison with native L-ASNase after trypsin digestion
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Kinetic measurements and time-activity profile in PBS
and plasma

The Lineweaver-Burk plots for the native and micellar
nanocarriers are shown in Table 4. For the native and micellar
nanocarriers, four linear equations were obtained. As shown
in Table 4, micellar nanocarriers showed smaller values of the
K, and higher affinity for the substrate compared to the native
form. The difference in K,, constant between micellar
nanocarriers and native form may be attributed to the limited
accessibility of substrate to the active site of the modified
enzyme due to the changes in protein conformation, steric
hindrance, and diffusional effects [42, 43]. In the process of
an enzymatic reaction, the substrate interacts with the enzyme
to produce a substrate—enzyme intermediate. Following the
formation of the intermediate complex, the release of the en-
zyme is performed and is recycled back to react with more

Native L-Asparaginase
—#— lauric acid bioconjugate/Pluronic F-127
+++e-- Palmitic acid bioconjugate/Pluronic F-127

— ® — Behenic acid bioconjugate/Pluronic F-127

Relative Activity %
(5
o

0 10 20 30 40 50 60

Time (minute)

(pH 8.5, 50 IU trypsin, 37 °C). The highest activity of native and modified
L-asparginase has been set as 100%
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Table 4 The in vitro half-lives, kinetic parameter, and zeta potential of the optimized formulation in comparison with native L-ASNase

Modified L-ASNase Zeta potential (mV) K, (mM) PBS Plasma

1y, (h) K (b ty, (h) K ®)
Native L-ASNase -212 383+ 1.79 22.12+4.76 0.032 +£0.008 19.14 +1.71  0.036 £ 0.003
L-ASNase-Lauric acid bioconjugate/PF-127 ~ —2.50 1.03 £0.53 20.41+2.15 0.034 +£0.004 4826 +3.14 0.014 £0.001
L-ASNase-palmitic acid bioconjugate/PF-127 —4.38 2.05+0.99 40.55+10.07 0.018 £0.004 49.81 +11.52 0.014 + 0.004
L-ASNase-Behenic acid bioconjugate/PF-127 —8.12 0.80 £0.08 44.90+2.59 0.015+0.001 60.00+ 16.86 0.012 + 0.004

substrate molecules. Thus, in this study, while conjugation
and micellization decrease K, enzyme substrate-mediated
production may be simplified (due to higher substrate affinity
for the enzyme).

A longer in vitro half-life for L-ASNase is desirable be-
cause more clinical effectiveness can be achieve by maintain-
ing higher human plasma concentration. The results of native
L-ASNase and micellar nanocarrier stability towards PBS and
human plasma are summarized in Table 4 that was achieved
by the first-order model.

The native enzyme loaded in human plasma without ALL
exhibited a reduction of 68.97 + 6.27% in enzymatic activity
after 10 h. This fact is explained by the presence of non-
specific antibodies or proteases in human plasma being capa-
ble of inactivating L-ASNase. In order to verify if the enzyme
modified with fatty acid and surfactant presented in this work
results in more excellent enzyme stability in the same condi-
tions, the micellar nanocarriers were mixed to the same human
plasma samples. The modified enzyme retained its activity for
96 h when it was incubated in the same manner. These results
suggest that the modification with fatty acid and pluronic F-
127 protects L-ASNase by a steric hindrance to the binding of
non-specific antibodies or at enzymatic hydrolysis caused by
proteases in human plasma [9, 44]. Optimized formulation (L-
ASNase- behenic acid bioconjugate/pluronic F-127), because
of sterically stabilizing effect of pluronic F -127 [45], can
circulate in the blood for extended time periods (2.1 times
longer half-life) in comparison to the native enzyme.

Determination of CMC, particle size, size distribution,
and surface charge

The comprehensive set of CMC results for pluronic F-127 and
micellar nanocarriers are presented in Table 3. The surface
tension is plotted vs. surfactant concentration for the determi-
nation of CMC. For each of the systems, a drop in surface
tension was observed at a certain concentration. The tangent
intersection points are drawn on the two curved sections de-
noted as CMC [46—48]. The CMC value of the micellar
nanocarriers is significantly lower than the CMC of the
pluronic F-127 alone. Since bioconjugate space out the

individual surfactant molecules, it may reduce the repulsion
and make it easier to incorporate monomeric surfactant mole-
cules into micelles. This may effectively remove most of the
active monomeric surfactant from the solution and allows us
to focus on micellar effects [49].

The results of particle size and surface charge of the micel-
lar nanocarriers are shown in Tables 3 and 4, respectively. In
this study, the particles in terms of both central tendency in-
dices and dispersity indices were uni-disperse (unimodal
curves). In micellar nanocarriers, the pluronic F-127 has a
superior effect on the size and charge reduction. This result
is following other investigations on pluronic F-127 along with
nanoparticles [45, 50].

Morphology

Similar to the results from the light scattering method, the
morphological studies (Fig. 3) also demonstrated the uni-
dispersed particle size and size distribution of the nanostruc-
tured carriers while showing a spherical shape for the opti-
mized formulation (i.e., behenic acid bioconjugate/pluronic
F-127). Notably, the smaller particle sizes and narrow size
distribution for the behenic acid bioconjugate/pluronic F-127
was obtained in comparison with L-ASNase-behenic acid
bioconjugate.

Pharmacokinetic analysis

A pharmacokinetic study was carried out by formulating ad-
ministration to animals via a catheter inserted intravenously.
In general, a comparative pharmacokinetic experiment was
carried out by determining drug levels in serum up to 24 h
after i.v. administration. The half-life of the behenic acid
bioconjugated samples was about 1.5 times, and its related
micellar nanocarrier (the optimized formulation) was two
times longer than the half-life of the native L-ASNase (n =3,
P <0.05). Also, the in vitro half-life of bioconjugated and
micellar nanocarrier of L-ASNase demonstrated that fatty acid
conjugation and combination with surfactant could increase
the #,, of L-ASNase (Fig. 4). It is also shown that the clear-
ance of behenic acid bioconjugate and behenic acid
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Fig. 3 TEM images of L-
ASNase-fatty acid bioconjugate
(0.1 mg/mL of enzyme) (left side)
and L-ASNase-behenic acid
bioconjugate/pluronic F-127

(0.1 mg/mL of enzyme) (right
side)

bioconjugate/pluronic F-127 is changed significantly.
Clearance of the behenic acid bioconjugate/pluronic F-127
was significantly lower than the clearance of the native and
its relevant bioconjugated form. Moreover, a higher and sig-
nificant increase in vivo half-life can be detected in L-
ASNase-behenic acid bioconjugate, and its micellar
nanocarrier compares to the native enzyme (Fig. 4). This ob-
servation can be explained by some suppressing effect on drug
elimination as a result of conjugation and using a surfactant.
As mentioned before, the in vitro results also showed the more
stability of L-ASNase-fatty acid bioconjugate and related mi-
cellar nanocarriers to proteolysis and also presented longer
activity half-lives. The long-term circulation of the drug
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observed in this study is probably due to the effect of surfac-
tant. On account of surfactant treatment, the rate of the
nanocarrier uptake by the natural body phagocyting cells
and the reticuloendothelial system (RES) may reduce [51].
This phenomenon is a possible explanation for the long-
lasting effect of the behenic acid bioconjugate/pluronic
F-127. MRT values are about 1.4- and 2.2-fold higher than
the native L-ASNase for behenic acid bioconjugate and its
related micellar nanocarrier, respectively (Fig. 4). The lower
RES uptake can explain it following the surface treatment
with hydrophilic surfactants. These results were also con-
firmed by MRT values of the bioconjugated and micellar
nanocarrier of the enzyme.
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Fig. 4 Elimination half-life and = Elimination Half-life (hr)
mean residence time (MRTinf) = MRT (hr)
and clearance of L-ASNase fol- 127 e = Clearance (mi/min) [ 400
lowing i.v. administration of na-
tive enzyme, behenic acid bio- 10 E
conjugates, and optimum micellar £
nanocarrier (50:1 lipid:protein ra- ey >
tio) at the dose of 10 mg/kg; a § 8 €
significant with native L-ASNase; = Q
b significant with related fatty g s P
acid bioconjugate = ©
©
3 2
(&)
2 -
0

Native L-ASNase

Conclusion

Today, micellar nanocarrier, owing to their advantages, have
dominated drug delivery efforts. They exhibit properties such
as smaller particle size and higher stability superior to those of
the mono-micellar system, emulsion, and nanoparticles. In this
study, a simple and readily available preparation method was
set up, optimized, and validated successfully via the systematic
multi-criteria optimization approach in terms of the final parti-
cle size and enzyme activity for the fabrication of L-ASNase-
fatty acid bioconjugate micellar nanocarrier. A series of in vitro
characterization tests were carried out on the optimized micellar
nanocarrier (behenic acid bioconjugate/pluronic F-127). The
optimized formulation showed increased in vitro half-life,
lengthened the range of optimum pH of activity, and advance
proteolysis stability. Alteration of L-ASNase with fatty acid and
surfactants also indicates a promising stabilized product for
in vivo experiments. This study explains the new delivery can-
didate for the medical purposes of L-ASNase in the future.
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