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Abstract

The present study describes a generic strategy using capillary electrophoretic
(CE) method for chiral enantioseparation of anti-Alzheimer drugs, namely,
donepezil (DON), rivastigmine (RIV), and antifungal drugs, namely, ketocona-
zole (KET), Itraconazole (ITR), fluconazole (FLU), and sertaconazole (SRT) in
which these drugs have different basic and acidic properties. Several modified
cyclodextrins (CDs) were applied for enantioseparation of racemates such as
highly sulfated o, y CDs, hydroxyl propyl-3-CD, and Sulfobutyl ether-3-CD.
The starting screening conditions consist of 50-mM phosphate-triethanolamine
buffer at pH 2.5, an applied voltage of 15 kV, and a temperature of 25°C. The
CE strategy implemented in the separation starts by screening prior to the opti-
mization stage in which an experimental design is applied. The design of exper-
iment (DOE) was based on a full factorial design of the crucial two factors (pH
and %CD) at three levels, to make a total of nine (3*) experiments with high,
intermediate, and low values for both factors. Evaluation of the proposed strat-
egy pointed out that best resolution was obtained at pH 2.5 for five racemates
using low percentages of HS-y-CD, while SBE-3-CD was the most successful
chiral selector offering acceptable resolution for all the six racemates, with
the best separation at low pH values and at higher %CD within 10-min runtime.
Regression study showed that the linear model shows a significant lack of fit for
all chiral selectors, anticipating that higher orders of the factors are most likely

to be present in the equation with possible interactions.
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1 | INTRODUCTION

Alzheimer disease is a neurodegenerative disorder
characterized by progressive loss of memory followed by
complete dementia which characterized by loss of memory
and progressive deficits in different cognitive domains.
Rivastigmine (RIV) [(S)-N-ethyl-3-[(1-dimethyl-amino)
ethyl]-N-methyl-phenyl-carbamate hydrogen tartrate] is
a carbamate derivative of physostigmine which is able to
react covalently with the active site of the enzyme.? The
chemical structures of the drugs under study are shown in
Table 1. Although its exact mechanism of action is still
unknown, it is thought to exert its therapeutic effect by a
reversible and noncompetitive acetylcholine esterase
inhibitor, selectively inhibiting its activity in certain brain
areas, also enhance choline acetyl transferase activity that
stimulates acetylcholine synthesis.>* A structural feature
of DON is the presence of a chiral center adjacent to a
carbonyl group which makes each enantiomer easily
racemizable via keto-enol intermediate.” On the other hand,
the antifungal drugs, azole compounds have been used
for nearly 40 years. The compounds under investigation in
this work are ketoconazole (KET), itraconazole (ITR),
fluconazole (FLU), and sertaconazole (SRT); these azoles
affect the synthesis of ergosterol because they are potent

TABLE 1 Chemical structures for drugs under investigation

inhibitors of cytochrome P450 (CYP) of the fungus.® They
have a broad and potent antifungal effect, but most of the
azole antifungal drugs have side effects such as KET which
limits its clinical applications due to the hepatic
toxicity.” These azoles are chiral drugs although they are
employed clinically as a racemic mixture 1:1 mixture of
the dioxolane ring in cis configuration as shown in Table 1.

In the last years, special emphasis has been placed on
the synthesis of enantiomerically pure compounds,
particularly in the pharmaceutical industry enantiomers.®
Enantioseparation of racemates is considered one of the
attractive topics in the field of pharmaceutical analysis
as optical purity control needs rapid and highly efficient
analytical methods.” The FDA stated its policy statement
for the method development and determination of chiral
drugs: The stereoisomeric of a drug with a chiral center
should be known as well as the composition of the
material used in pharmacologic, toxicological and clinical
studies.'” DON enantiomers have shown different degrees
of inhibition against acetylcholine in vivo, S-DON having
a 2.2-fold higher affinity than R-DON while both RIV
enantiomers have the same inhibitory activity.'""'* S-KET
was 2-4 fold more potent inhibitor of CYP450 than R-KET
and therefore has stronger antifungal activity in vivo
studies."® ITR has three chiral centers that give rise to eight
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stereoisomers. It was demonstrated that 2S, 4R, 2S-ITR
and 2S, 4R, 2R-ITR possess the greatest antiangiogenic
and antifungal activity.'* Obviously, it was proven in some
cases that the therapeutic effect is limited to one of the
enantiomers. Furthermore, the pharmacologically inactive
eutomer may cause undesirable side effects, in some cases,
antagonist, and even toxic effect.'” The method development
strategy of enantiseparation in capillary electrophoresis (CE)
is considered a time-consuming task, since finding the
appropriate chiral selector is “trial and error” process and
usually performed with a one-variable approach, in which
the analyst examines the variables that can separate one
from one influence while the other factors are constantly
executed.'® It is very hard to predict the selectivity of a chiral
selector towards a certain enantiomer. So, the affinity of all
selectors has to be examined one at a time. Nowadays, the
design of experiment (DOE) is not considered fancy or
complex to apprehend anymore. Many software tools and
guided approaches are available to allow the multivariate
approach which involves the simultaneous change of
several variables. CE is suitable for the use of experimental
design in which the experimental conditions could be varied
from one experiment to another. Up to date, there are only a
few studies that report the use of experimental designs in
the field of chiral enantioseparation in CE.!”?** The
separation strategies are therefore valuable since they
should propose a limited set of experimental conditions,
which maximize the probability to separate numerous
pharmaceuticals with different molecular structures and
properties.®* Literature survey revealed that reported
techniques for estimation of the drugs under investigation
were HPLC,"*>*° TLC,*** CE,*** and LC-MS/MS.>**
This work was aimed to investigate the use of charged
CDs for a generic strategy in order to achieve the
separation of enantiomeric drug substances. Additionally,
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to explore the conditions rapidly at which the separation
of the enantiomers is sufficiently good with acceptable
analysis time. The initial set of experiments was performed
to establish basic requirements and followed by a full
factorial design for variable selection. This approach can
also be considered as the first step for method optimization.
It should be clear that the purpose of the DOE is not only to
find the optimal separation but also to explore the
experimental domain in such a way that a good opportunity
to be implemented by a limited number of experiments.

2 | MATERIALS AND METHODS

2.1 | Materials

All racemic drugs were purchased from Sigma Aldrich
(St. Louis, Missouri). HS-a-CD and HS-y-CD were
purchased from Beckman Coulter (Fullerton, California).
Hydroxypropyl-f-CD and sulfobutylether-3-CD were
purchased from Cyclolab R&D (Budapest, Hungary).
Orthophosphoric acid (85% w/w) and triethanolamine
were obtained from Merck (Darmstadt, Germany).
Ultra-pure water resistivity >18 MQ cm™ at 25°C and
TOC < 5 ppb was obtained from Milli-Q UF-Plus system
(Millipore, Bedford, Massachusetts).

2.2 | Instrumentation

A Beckman P/ACE MDQ Capillary Electrophoresis System
equipped with a diode array detector (Beckman Coulter,
Fullerton, California) with a BeckmanPACE station Version
1.1 used for data acquisition using fused-silica capillaries
(Polymicro Technologies, Phoenix, Arizona) of 50-um ID
cut to total lengths 31.2 cm with an effective separation
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FIGURE 1 Representative CE electropherogram of the enantiomeric separation for A, Ketoconazole; B, Itraconazole; C, Flueconazole; D,
Sertaconazole; E, Donepezil; F, Rivastigmine (100 ug mL™) for each drug under the following conditions: BGE consist of HS-y-CD (10% m/v)
in 50 mM phosphate buffer (pH 2.5), voltage 25 KV, temperature 25 °C and injection pressure 50 m bar for 10 sec
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FIGURE 2 Representative CE electropherogram of the enantiomeric separation for A, Ketoconazole; B, Itraconazole; C, Flueconazole; D,
Sertaconazole; E, Donepezil; F, Rivastigmine (100 ug mL™) for each drug under the following conditions: BGE consist of SBE (2.5% m/v) in 50
mM phosphate buffer (pH 2.5), voltage 30 KV, temperature 25 °C and injection pressure 50 m bar for 10 sec

TABLE 2A  The 37 full factorial design and the measured response results (resolution) for investigated drugs

Coded Real
factors factors Rs

KET ITR FLU SRT DON RIV

pH %CD pH %CD
HS-y- HS-a- HS-y- HS-«- HS-y- HS-«- HS-y- HS-o- HS-y- HS-o- HS-y- HS-a-
Experiment CD CD CDh CD CD CD CD CD cd CDh CD CD

1 -1 -1 25 25 0.922 1.629 2.80 1.581 3.12 0.0 2.81 2.801 3.176 0.0 0.0 0.0
2 =1 1 25 10 0.899 1.165 1.81 1.141 3.31 0.0 0.321 2998 3.176 0451 0.0 0.0
3 1 -1 55 25 0.391 0989 0.575 0.260 0.0 0.0 0.0 0.250 0.0 0.0 0.0 0.0
4 1 1 55 10 0451 1.143 0.710 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 -1 0 25 5 0.999 1.014 4.80 1.528 3.33 0.0 2.80 3.541 3.67 0.341 0.0 0.0
6 1 0 55 5 0.400 2.832 0.790 0.391 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
7 0 -1 4 2.5 0.687 1.116 1.11 0.789 1.81 0.0 1.11 0.671 0.421 0.930 0.0 0.0
8 0 1 4 10 0.790 4.010 1.81 0451 0.0 0.0 1.09 0.377 0.40 2.90 0.0 0.0
9 0 0 4 5 0.780 4.297 0987 0.991 0.0 0.0 1.537 0.689 0.342 3.467 0.0 0.0

TABLE 2B The 3 full factorial design and the measured response results (resolution) for investigated drugs with SBE--CD

Coded factors Real factors Rs (SBE--CD)
Experiment pH %CD pH %CD KET ITR FLU SRT DON RIV
1 -1 -1 2.5 2.5 1.95 1.11 1.51 1.91 2.98 3.31
2 =1l 1 2.5 10 3.67 1.92 1.81 2.33 3.59 4.98
3 1 -1 8.5 2.5 0.0 0.0 0.0 0.0 0.0 0.43
4 1 1 8.5 10 0.0 0.0 0.0 0.0 0.0 0.31
5 -1 0 2.5 5 0.95 0.79 0.89 0.99 1.14 2.87
6 1 0 8.5 5 0.0 0.0 0.0 0.0 0.0 0.41
7 0 -1 5.5 2.5 0.34 0.22 0.65 0.91 0.97 0.98
8 0 1 5.5 10 0.88 0.45 0.78 1.87 1.70 1.21
9 0 0 5.5 5 0.65 0.35 1.03 1.32 1.00 0.99
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length 21.0 cm was employed. The detection wavelength
was fixed at 220 nm.

2.3 | Instrumental conditions

The separations were performed using 50-mM phosphate-
triethanolamine buffer (pH 2.5) with varying concentra-
tions of CDs. The activation and preconditioning step for
a new capillary were performed by rinsing with 1.0 M
NaOH, 0.1 M NaOH, ultra-pure water, and finally BGE
solution. Each preconditioning step was performed at a
pressure of 60 psi for 10 min at temperature 20°C. After
each run, the capillary was first washed with 0.1 N NaOH

WILEY——2

for 3 min. Then, it was rinsed for 2 min with phosphate
buffer (pH 2.5) and equilibrated for 2 min with chiral
selector solution. At the end of the day, the capillary
was flushed with 0.1 M NaOH for 5 min and finally with
water for 10 min.

2.4 | Analysis procedures

Stock solutions of 1.0 mg mL™ of the racemic investigated
drugs were prepared in the least amount of methanol and
diluted with water/BGE solution for method development
studies. Standard solutions of 100 ug mL™ of each

FIGURE 3 A, Main effect plot for the effect of pH and %CD on the resolution of racemates using HS-y-CD. B, Contour plots for the
resolution of six racemates on HS-y-CD. The X-axis shows the pH and the Y-axis shows the %CD
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(B) Contour Plot of Serts vs %C0, pH

FIGURE 3 Continued

compound was obtained by appropriate dilution with
BGE solution.

2.5 | Short-end injection

The samples were injected at the end of the capillary near
to the detector; this could be performed by applying neg-
ative pressure. For successful separation when using the
short-end of the capillary, the CE equipment was oper-
ated in the positive polarity mode which means that the
detection electrode was the cathode.

2.6 | Long-end injection

Long-end injection or conventional injection means the
injection of the analytes was performed at the end of the
capillary away from the detector using positive pressure.
Thus, the electrophoretic separation was done using
negative polarity voltage in which the capillary must be
thermostatted as the short-end was outside the capillary
cartilage.

2.7 | Experimental design

DOE and optimization were performed using Minitab17
software (State College, Pennsylvania). The screening
stage aims to achieve rapid and acceptable separations
for all compounds under investigation. Screening strategy
is based on the use of highly sulfated (HS-a-CD) and
(HS-y-CD). The design of experiment was based on full
factorial design of the crucial two factors (pH and %CD)

Contour Plot of Donp vs %CD, pH

Contour Plot of Keto vs %CD. pH

=D

o

at three levels, to obtain total nine (3%) experiments with
high, intermediate, and low values for both factors.

3 | RESULTS AND DISCUSSION

Enantioseparation of racemates is a unique challenge. In
a symmetric environment, the physical and chemical
properties of optical encounters (except the rotation of
polarized light) are all identical.*** The drugs under
investigation are basic and acidic drugs possessing pKa
values ranging from 2.1 to 8.9 for weak acids and bases
as shown in Table 1. Protonation of the piperidinic nitro-
gen of DON and the tertiary amino group of RIV were
obtained at acidic pH values. Since ionoselective selective
interaction (the dissociated form complexes with the CD)
is expected to occur at low pH values where the analytes
are in their charged form. So pH ranging from 2.5 to 5.0
was selected to represent the levels of pH in the DOE.
Modified CDs were more preferable than natural ones
because they provide a number of advantages in terms
of solubility, increased cavity depth, and the occurrence
of additional combinations that can interact and stabilize
the CD-drug complex.” For screening phase, it is prefera-
ble to start by HS-CDs when developing new chiral
enantioseparation strategy. HS-CDs have a strong electro-
phoretic mobility toward the positive electrode in the CE
environment that may be due the negatively charged
groups. In addition, HS-CDs with phosphate-TEA buffer
(pH 2.5) have been selected to enhance solubility and to
generate mobility by protonation of the amine buffers.
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Adding TEA to the buffers helps to suppress the EOF in
order to increase the enantioselectivity. Under these con-
ditions, the basic compounds (which are strongly cationic
at low pH) would interact with the hydrophobic cavity as
well sonically with the negatively charged sulfates. At pH
from 2.5 to 3, zwitterionic analytes will be positively
charged and behave similarly like basic compounds, while
acidic compounds will be primarily protonated and
interact with the hydrophobic cavity of the HS-CDs.
Compounds comprising two rings in their chemical
structures (KET, SRT, DON, and ITR) have highly enantio-
meric resolution values upon using HS-CDs presumably
due to higher affinity and better fit in the hydrophobic
cavity of the CD. It was observed that a high affinity for

WILEY——~

enantioseparation of all analytes occurred when
performed at low CD concentrations, while drugs having
large chain substituent tend to show the lowest resolution
(RIV, FLU). This could be attributed to the steric
hindrance that may be produced by those chains which
does not allow the molecule to be quite fit with the outer
negatively charged CDs. However, experiments should be
performed in the order: HS-y-CD then HS-a-CD as shown
Figure 1.

After the resolution (Rs) for each drug has been calcu-
lated, some optimization steps were needed except for cases
where Rs exceeded 1.5 meaning baseline acceptable separa-
tion. While in case of 0 < Rs < 1.5 after screening, where the
peaks are only partially separated, some optimization steps

FIGURE 4 A, Main effect plot for the effect of pH and %CD on the resolution of racemates on HS-a-CD. B, Contour plots for the resolution
of 6 racemates on HS-a-CD. The X-axis shows the pH and the Y-axis shows the %CD
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FIGURE 4 Continued

were performed to increase the resolution. Finally, when
Rs = 0 after screening, a limited number of additional exper-
iments are done; however, if separation does not improve,
mixtures of HS-CDs with neutral CDs where tried because
they generally yield to better results. However, it was found
that SBE-B-CD led to the best enantioeparation in most of
the investigated drugs as shown Figure 2.

3.1 | Modeling the separation

Factorial experiments are based on varying all factors
simultaneously at a limited number of factor levels, where
the most influential factors, their ranges of influence, and
factor interactions are not yet known. DOE allows exper-
iments to be performed over the whole range of the factor
space. They show a high degree of accuracy in exchange
with a minimum experimental effort, enabling factor
interactions to be detected. The concentration of CDs
and pH are considered the most crucial parameters that
influence in the chiral separation for drugs under investi-
gation. The influence of two parameters, each at three
levels, on the resolution of investigated drugs was studied.
Nine experiments were carried out in duplicate (3%) with
high, low, and intermediate values for both factors. The
full factorial design and their responses (Rs) for these
compounds are shown in Table 2A, B. For each factor,
three effects can be estimated, for the intervals between
the levels [1,0], [0,-1], and [1,-1]. Only two of those three
effects are independent calculated (Equations 1 and 2

2Y(1) XY(0)
Ex1, o = N3 N3 €y)

Contour Plot of ftra vi %0, pH
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Contour Plot of Donp vi %CD. pH

Contour Plot of Flue v %CD, pH
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in which XY !, 2Y(0), and XY(-1) represent the sum of the
responses were the factor x is at level 1, 0, and —1, respec-
tively, and N is the number of design experiments.
However, the separation also depends on other factors
such as the EOF, the ionic strength and the co-ion of the
BGE, the presence of additives such as TEA. These are
secondary parameters, which were not examined in the
experimental design, and kept constant.

3.2 | Hydroxy propyl-g-CD (HP--CD)

For acidic and basic compounds, lower neutral CD
concentrations were expected to be optimal because of
their lower affinity for the charge selector. Almost no peaks
were detected for HP-3-CD (50-100 mM) and no baseline
separations were obtained. It was found that screening
with neutral CDs does not result in sufficient separation;
it is advised to investigate with charged CDs. Here,
negative polarity is applied since the EOF is very low.

3.3 | Highly sulfated gamma-CD
(HS-y-CD)

While there was no separation for RIV at any pH and
%CD, a study of the main effect showed that %CD was
of little effect on the resolution of KET and DON, with
higher effect on the resolution of FLU and has maximal
effect on the resolution of SRT and ITR. The best separa-
tion was obtained at intermediate values of %CD for those
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two racemates (ITR and SRT). On the other hand, pH has
pronounced effect on Rs of all drugs (except RIV as previ-
ously mentioned), the higher the pH, the lower the Rs.
Best Rs is obtained at pH 2.5 for all five racemates as
shown in Figure 3A. Contour plots clearly show that
max. Rs were obtained at low pH values. %CD has a
variable effect on Rs but is generally best when kept at
low values with different thresholds as shown in
Figure 3B. At a desirability (>0.6) the optimum conditions
for all drugs were pH = 2.5 and %CD = 2.5, except for
KET were Rs was best at 10 %CD. For the various drugs
under investigation accuracy of prediction lies indifferent
confidence intervals and has different desirability in

WILEY——2

terms of whether was maximum Rs achieved for the
various drugs.

3.4 | Highly sulfated alpha-CD (HS-a-CD)

While there was no separation for RIV or FLU, at any of
the studied levels of all factors, the main effect study
showed that for DON, the Rs improved at low values of
pH and low or intermediate values of %CD. For KET,
the Rs improved at low values of pH and %CD. For
ITR, intermediate pH shows better resolution than low
and high values, and at low %CD. For SRT, intermediate

FIGURE 5 A, Main effect plot for the effect of pH and %CD on the resolution of racemates on SBE-3-CD. B, Contour plots for the resolution
of 6 racemates on SBE-B-CD. The X-axis shows the pH and the Y-axis shows the %CD
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(B) Contour Plot of Riva vs %CD, pH
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FIGURE 5 Continued

values of pH and of %CD show the best resolution as
shown in Figure 4A. Contour plots control of %CD and
pH is critical in case of KET and DON where Rs drops
to very low values (<0.5) at pH higher than 4.0 if %CD
over than 5% (blue areas). A very limited space in the
design (dark green) offers an acceptable resolution for
these two drugs; either at intermediate %CD coupled
with low pH or vice versa. SRT has a better design space
with respect to the large robust area (dark green) at
intermediate values of %CD and pH. FLU and RIV
racemates did not resolve at any of the studied condi-
tions as shown in Figure 4B.The optimum conditions
%CD was 2.5 for all drugs, while it varied for the pH.
In the case of KET and DON, pH optimally is 2.5 to
achieve good resolution while it should be 5.5 for
SRT and ITR. The accuracy of estimation lies in different
confidence intervals and has different desirability
in terms of whether was maximum Rs achieved for the
various drugs.

3.5 | Sulfobutyl ether g-cyclodextrin
(SBE-£-CD)

SBE-f-CD was the most successful chiral selector
offering Rs for all the six racemates. In all cases, pH
and %CD had a dramatic effect on the separation. The
worst separation was always obtained at high pH values
and at low %CD as shown in Figure 5A. The contour
plots interestingly show similar resolution pattern two
groups of drugs: for RIV, SRT and KET, at one hand,
and ITR, FLU, and DON on the other hand as shown in
Figure 5B. In all cases, the best resolution occurs at the

Contour Plat of Serta vs %CD, pH

Contour Plot of Keto v %C0, pH
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upper left-hand side of the space, at lowest pH and
highest %CD. Those two factors are more critical to
RIV, SRT, and KET than the others since Rs < 0.5
cannot be prevented at low %CD coupled with high
pH. Consequently, the optimization plot proved again
that the best conditions of pH and %CD for all drugs
were 2.5 and 10, respectively. For the various drugs
under study, accuracy of prediction lies indifferent
confidence intervals and have different desirability in
terms of whether was maximum Rs achieved for the
various drugs.

4 | CONCLUSION

Design of experiment-based screening and optimization
strategies for the separation of six racemic compounds
were studied using four different chiral selectors and
had been successfully applied using full factorial design
approach (3°) that provide high efficiencies with analysis
time less than 10 min. The selection of the experimental
factors to be fixed and of others to be varied is considered
crucial step for the success of this CE strategy. Among
HP--CD, HS-y-CD, HS-a-CD, SBE- 3-CD, the later was
unique leading to good resolution for all six racemates at
low pH values and higher %CD. In addition, the response
surfaces obtained with this chiral selector were able to
visually classify the behavior of the enantiomers accord-
ing to the enatiomeric resolution pattern into two main
groups; the first comprises RIV, SRT, and KET, and the
second ITR, FLU, and DON. However, the regression
results indicate that the linear model shows a significant
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lack of fit for all chiral selectors, anticipating that higher
orders of the factors are most likely to be present in the
equation with possible interactions. For future work, this
strategy will be tested for the development of enantio-
meric separations of other acidic and basic drugs under
the same experimental conditions. One improvement that
we should investigate is if a central point will be added to
the two-level designs can help to find good conditions
occurring at intermediate levels.
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