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Abstract

A chemometric experimental design has been applied for the optimization of neurotransmitter amino acid separation in
capillary electrophoresis. The optimizations were carried out for normal micellar electrokinetic chromatography (N-MEKC)
and reversed migration micellar electrokinetic chromatography (RM-MEKC). In order to optimize three separation factors
and study the interaction between factors, a response function was optimized via searching its optimum (minimum/
maximum). For this purpose a central composite design with multivariate linear regression (MLR) analysis was utilized.
Modeling with good regression coefficients from the MLR adequately described the interaction of factors such as
background electrolyte and sodium dodecylsulfate concentrations which had a large impact on selectivity and migration
behaviors. Similar optimal conditions regarding resolution and number of theoretical plates but different retention behaviors
as a function of background electrolyte and micellar concentrations were observed for N-MEKC and RM-MEKC. Improved
overall performance from the RM-MEKC separation of five neurotransmitter acids, superior to N-MEKC, is demonstrated in
terms of repeatability, peak symmetry, sensitivity, and in particular, impurity determination in an overloaded separation
system.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction combining with stacking and a so-called sweeping
technique [1–7]. Further, they presented an example

Micellar electrokinetic chromatography (MEKC) of separation of alkylphenyl ketones in uncoated
is one of the most widely used CE separation modes capillaries by reversed migration micellar electro-
and it has been extensively investigated and success- kinetic chromatography (RM-MEKC) where elution
fully applied for the separation of various com- order was reversed as compared to normal micellar
pounds. Recently, Quirino and Terabe have demon- electrokinetic chromatography (N-MEKC) [8]. The
strated an additional advantage of MEKC, the possi- N-MEKC and RM-MEKC separations were, how-
bility to increase the detection sensitivity for neutral ever, performed in different background electrolytes,
and hydrophobic compounds using MEKC mode thus, a true comparison of the two techniques

regarding their optimal conditions and separation
performances could not be done. From a theoretical*Corresponding author. Tel.: 146-54-700-1530; fax: 146-54-
point of view, it was concluded that resolution in700-1424.
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coated capillaries has been reported before [9–14]. (Ala), DL-aspartic acid (Asp), DL-glutamic acid (Glu),
Janini et al. called this technique reversed flow glycine (Gly), g-amino-n-butyric acid (GABA), were
MEKC (RF-MEKC) [12]. However, these authors obtained from Sigma (St. Louis, MO, USA). The
performed micellar separations under acidic con- derivatization reagent, 9-fluorenylmethyl chloro-
ditions on coated capillaries. Since there was no formate (FMOC) and sodium dodecylsulfate (SDS)
EOF, the term reversed flow MEKC seems to be were from Fluka (Buchs, Switzerland). Boric acid
somewhat misleading. So far, the migration be- and tris(hydroxymethyl)aminomethane (Tris) were
haviors in the RM-MEKC mode regarding the from Aldrich (Gillingham, UK). Polypropylene fil-
optimal conditions have not been studied in detail. ters were from Arbor Technologies (Ann Arbor, MI,

Many methods have been applied for optimization USA). Other chemicals used in this work were of
of separation variables in chromatography and capil- analytical grade.
lary electrophoresis [15–22]. In the present work we
wanted to obtain optimization, response surface and 2.2. Apparatus and separation conditions
interaction studies. A comparison of the performance

3Dof six different experimental designs including fac- MEKC separations were performed on a HP CE
torial, fractional factorial, central composite, Plakett– capillary electrophoresis instrument (Hewlett-Pac-
Burman, overlapping resolution mapping and Sim- kard). In the N-MEKC mode on uncoated capillaries,
plex has been given by Altria et al. [21]. In this a normal polarity, e.g., positive high voltage was
comparison central composite design (CCD) gave applied. In the RM-MEKC separation on coated
the performance, including variable interactions, that capillaries, a reversed polarity (negative high volt-
we required, and that was at the lowest number of age) was applied. Detection was by direct UV at 214
experiments. The data were treated by multiple linear nm. The diode array detector was scanned from 190
regression (MLR). MLR is a very useful method for to 400 nm to confirm peak identification. Experimen-
the analysis of data for experimental design. MLR tal designs and multivariate analysis for the optimi-
fits a model to the data such that the sum of the zation and modeling were done using two computer

˚squared y-residuals is minimized. The outcome is a programs, Modde 5.0 (Umetrics, Umea, Sweden) and
model consisting of regression coefficients, which Codex program (Sum IT System, Sollentuna,
are utilized to interpret the influence of the factors. Sweden).
Further, there is a clear cause–effect relationship Fused-silica capillaries, 50 mm I.D., were obtained
(both x and y variables are internally independent) from Polymicro Technologies (Phoenix, AZ, USA).
[23,24]. Coating was with polydimethylacrylamide [32]. The

Capillary electrophoretic separations of neuro- coated capillaries were stable under the conditions
transmitter amino acids using various separation applied in this work. New uncoated capillaries were
modes and detection techniques have been presented first pre-treated by flushing with 0.4 M NaOH for
in a number of publications [25–31]. In this work, 30–60 min and then with water for 10 min. Between
we utilized five primary neurotransmitter amino runs, the capillary was subsequently flushed with 0.2
acids as probes to compare their separation in N- M NaOH for 2 min, water for 1 min and running
MEKC and RM-MEKC. Different retention be- buffer for 3 min. Newly coated capillaries were
haviors in these two separation modes were illus- flushed with Milli-Q water for 10 min before starting
trated. The benefit of reversing elution order to separation and then flushed only with water and
facilitate impurity determination in an overloaded buffer between runs. Samples were normally intro-
system was also demonstrated. duced by pressure (50 mbar, 10 s). Other separation

conditions are given in the corresponding figure
legends and tables.

2. Experimental
2.3. Preparation of samples and buffers

2.1. Chemicals and reagents
Derivatization of amino acids with FMOC was the

Neurotransmitter amino acid standards, DL-alanine same as described before [33]. Each concentration of
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mixed FMOC-amino acids was about 200 mM. In experimental designs and modeling would be of
order to be able to detect impurities a more highly interest.
concentrated sample (1.0 mM) was injected. Borate–
NaOH (pH 8.60) buffer used as background elec- 3.1. Experimental design and optimization
trolyte (BGE) was prepared with purified water
which gave a conductivity of 18.2 MV cm from A CCD [22,23] (bar distance51.682) was utilized
Millipore Milli-Q plus (Millipore, Molsheim, for the optimization of three factors in both N-
France). After degassing and filtering using a 0.45 MEKC and RM-MEKC. Two pairs of resolution,
mm filters, the buffers could be used for more than 2 separation efficiency and migration times were set as
weeks when being stored at 48C. responses, Tables 1 and 2. In total, 19 experiments

including 5 central points were performed. For
experiment number 11, a negative value for SDS was
generated from the design, however, a value 10,3. Results and discussion
which is above the SDS critical micellar concen-
tration (CMC), was selected. Optimal values forThe amino acids were derivatized with FMOC and
three factors from the MLR modeling are presentedtherefore a relatively high pH was required for their
in Table 3. All regression coefficients are given asseparation. Although not optimized, a pH of 8.60
95% confidence.was selected for this work. To perform RM-MEKC,

the capillaries have to be coated however the com-
3.2. Modeling from the MLR in N-MEKC andmonly used polyacrylamide coating is not stable at
RM-MEKCpH 8.60. Therefore, we used a new type of perma-

nent coating consisting of polydimethylacrylamide
In modeling the N-MEKC separation, the MLR[32].

analysis identified 2 sets of data from experiments 10According to Terabe et al. [34], resolution in
and 13 as outliers and these were therefore excludednormal MEKC can be written as:
from the model. In modeling RM-MEKC, the data

]Œ from 4 experiments (3, 9, 10 and 13) were excluded9kN a 2 1 2
] ]] ]]S DR 5 ? ?S Ds from the model. Table 3 gives the optimal values andN-MEKC 94 a 1 1 k2

regression coefficients for corresponding responses
1 2 (t /t )0 m in two separation modes obtained from the MLR]]]]? (1)S D91 1 (t /t )k0 m 1 modeling. Good correlations between the models and

data were obtained (most regression coefficient’swhere a is the separation factor, i.e. selectivity; N is 2 2squares .0.93, see R and Q in Table 3), indicating
9 9the number of theoretical plates; k and k are the2 1 excellent models and model predictions as well. Incapacity factors of solutes 1 and 2 and t and t are 20 m one case low value (Q 50.3211) for Rs1 wasthe migration times of EOF and micellar phase,

observed. This implies a low prediction reliability ofrespectively. In the RM-MEKC mode, electroosmot-
the model for the resolution of Ala and Gly in theic flow (t ) is virtually eliminated by applying a0 RM-MEKC separation mode. In fact, this pair wascoated capillary; as a consequence of minimal t ,0 not baseline resolved in some of the conditionsresolution can be expressed as [8]:
examined. Table 3 shows that optimal BGE and SDS

]Œ concentrations for resolutions and separation ef-9kN a 2 1 2
] ]] ]]S DR 5 ? ? (2)S D ficiencies were similar in N-MEKC and RM-MEKCsRM-MEKC 94 a 1 1 k2

modes (Rs1 is not reliable as mentioned above).
In addition to the difference in resolutions in the However, a large difference in optimal BGE con-

N-MEKC (Eq. (1)) and the RM-MEKC (Eq. (2)), the centration for migration time was observed; for
retention behaviors in RM-MEKC could be different example, a low value of BGE concentration (12.1
from the N-MEKC due to a zero EOF and a reversed mM) was required in the N-MEKC separation of
high voltage applied. Therefore, an evaluation of the Ala, but a high BGE concentration (60 mM) was
two separation modes by means of chemometric needed for Ala in the RM-MEKC mode.
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Table 1
aExperiments and data from a central composite design for N-MEKC

Factors Responses

Name Buffer SDS HV Rs1 Rs2 N-Asp N-Ala Time-Asp Time-Ala
5 5

310 310 (min) (min)

Low 20 10 15
High 60 40 25

Exp01 20 10 15 0.33 0.81 0.089 0.19 7.226 5.410
Exp02 60 10 15 1.11 2.11 0.96 0.35 8.867 6.562
Exp03 20 40 15 1.61 0.95 0.13 0.73 8.547 7.363
Exp04 60 40 15 2.63 2.50 1.00 1.40 9.873 8.755
Exp05 20 10 25 0.20 0.83 0.087 0.039 4.330 3.235
Exp06 60 10 25 1.09 1.90 0.94 0.42 5.103 3.782
Exp07 20 40 25 1.42 0.91 0.13 0.62 4.914 4.250
Exp08 60 40 25 2.35 2.51 1.02 1.35 5.606 4.942
Exp09 6.36 25 20 0.59 0.20 0.20 0.11 5.700 4.468
Exp10 73.64 25 20 2.17 2.79 1.26 1.09 7.177 5.840
Exp11 40 10 20 0.75 1.23 0.34 0.26 5.943 4.443
Exp12 40 50.23 20 2.23 2.02 0.42 1.22 6.977 6.460
Exp13 40 25 11.59 1.48 1.45 0.38 0.52 11.179 9.075
Exp14 40 25 28.41 1.47 1.39 0.35 0.50 4.291 3.476
Exp15 40 25 20 1.50 1.38 0.35 0.50 6.268 5.106
Exp16 40 25 20 1.50 1.37 0.35 0.50 6.226 5.084
Exp17 40 25 20 1.52 1.38 0.34 0.51 6.263 5.190
Exp18 40 25 20 1.50 1.36 0.35 0.52 6.278 5.140
Exp19 40 25 20 1.50 1.36 0.33 0.51 6.262 5.080

a Rs15Resolution for Ala and Gly, Rs25resolution for Glu and Asp; N-Asp and N-Ala are the efficiencies for Asp and Ala; Time-Asp
and Time-Ala are the migration times for the Asp (last eluted peak) and Ala (first eluted peak).

3.3. Different migration time behavior of N-MEKC The influence of SDS concentration also differs in
and RM-MEKC the two modes. Normally, when the SDS concen-

tration is increased, the analyte–micelle equilibrium
In N-MEKC an increase in buffer concentration is shifted towards the micelle. In N-MEKC this leads

leads to a decrease in EOF and thereby to increased to increased migration times and in RM-MEKC it
migration times. In RM-MEKC, there is no EOF, leads to decreased migration times. Analyte–micelle
and the BGE here only affects the analyte-micelle interaction would thus be simply according to ana-
equilibria. In Fig. 1 it is shown that an increase in lyte hydrophobicity. However, interaction may be
BGE concentration in RM-MEKC led to decreased more complex when micelles and analytes have the
migration times which was opposite to that obtained same sign of charge. In the present work, micelles as
in N-MEKC. The different migration behaviors are well as analytes are anionic. Electrostatic repulsion is
also illustrated from the modeling as a function of involved in the analyte–micelle interactions and it
BGE and SDS concentrations in the N-MEKC and competes with the hydrophobicity mechanism. It
RM-MEKC modes, Fig. 2. The results strongly should be noted that, due to the derivatization the
suggests that a low BGE concentration intended for a analytes have a relatively high hydrophobicity. How-
rapid separation in N-MEKC may not be applicable ever, we found that an increase in SDS concentration
to a rapid separation in RM-MEKC. Conversely, a led to increased migration time for Asp, which has a
relatively high BGE concentration has to be applied double charge, but the opposite was observed for
in RM-MEKC in order to achieve short migration Ala, which has a single charge, Fig. 2. This means
times. that for Asp, complexation with SDS decrease with
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Table 2
aExperiments and data from a central composite design for RM-MEKC

Factors Responses

Name Buffer SDS HV Rs1 Rs2 N-Asp N-Ala Time-Asp Time-Ala
5 5

310 310 (min) (min)

Low 20 10 15
High 60 40 25

Exp01 20 10 15 0 1.43 0.18 0.14 10.950 13.772
Exp02 60 10 15 0.73 3.16 1.25 0.51 10.280 17.558
Exp03 20 40 15 1.74 1.32 0.17 0.98 10.660 12.654
Exp04 60 40 15 4.51 3.70 1.25 1.32 13.140 15.975
Exp05 20 10 25 0.24 1.55 0.21 0.047 6.579 13.349
Exp06 60 10 25 1.49 2.80 0.63 0.46 6.214 10.599
Exp07 20 40 25 4.34 2.25 0.21 0.63 9.837 13.725
Exp08 60 40 25 4.30 3.96 1.29 1.13 7.954 9.978
Exp09 6.36 25 20 2.12 0.67 0.011 0.082 11.403 23.288
Exp10 73.64 25 20 4.47 3.86 1.60 1.21 8.725 11.957
Exp11 40 10 20 0 2.55 0.73 0.14 7.901 14.318
Exp12 40 50.23 20 4.27 3.55 0.73 1.02 11.369 13.444
Exp13 40 25 11.59 4.39 3.28 0.92 0.85 16.142 24.390
Exp14 40 25 28.41 3.93 3.00 0.69 0.58 6.607 10.452
Exp15 40 25 20 4.03 2.98 0.75 0.66 9.317 14.247
Exp16 40 25 20 4.02 2.96 0.74 0.66 9.317 14.217
Exp17 40 25 20 3.98 2.95 0.73 0.65 9.303 14.194
Exp18 40 25 20 3.99 2.94 0.73 0.66 9.315 14.210
Exp19 40 25 20 4.01 2.93 0.76 0.64 9.314 14.211

a Rs15Resolution for Ala and Gly, Rs25resolution for Glu and Asp; N-Asp and N-Ala are the efficiencies for Asp and Ala; Time-Asp
and Time-Ala are the migration times for the Asp (first eluted peak) and Ala (last eluted peak).

Table 3
aOptimal values and regression coefficients from MLR modeling

Modes Response Optimal values Regression coefficients
2 2BGE SDS HV R Q

(mM) (mM) (kV)
bN-MEKC Rs1 60 50 15 0.9905 0.9778

Rs2 60 50 15 0.9958 0.9310
N-Asp 60 50 25.8 0.9992 0.9981
N-Ala 60 50 15 0.9918 0.8512
Time-Asp 10 10.3 27 0.9996 0.9950
Time-Ala 12.1 10 28 0.9993 0.9985

cRM-MEKC Rs1 10 44.1 15 0.9892 0.3211
Rs2 60 50 28 0.9986 0.9281
N-Asp 60 50 28 0.9996 0.9982
N-Ala 60 50 15 0.9974 0.8476
Time-Asp 45.2 10 28 0.9990 0.9392
Time-Ala 60 50 28 0.9999 0.9930

a Rs15Resolution for Ala and Gly, Rs25resolution for Glu and Asp; N-Asp and N-Ala are the efficiencies for Asp and Ala; Time-Asp
2 2and Time-Ala are the migration times for the Asp and Ala. R is an overestimated and Q underestimated measure of the goodness of fit of

2 2the model. Values close 1 for both R and Q indicate very good model with excellent predictive power. Separation conditions: Capillary 55
b ccm (47 cm to detector window)350 mm I.D. uncoated capillary. Coated capillary. Background electrolyte, boric acid–NaOH (pH 8.60).
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3.5. Reversal of migration elution order in RM-
MEKC to facilitate impurity determination

A comparison of the separation of 5 neurotrans-
mitter amino acids under optimal conditions is
shown in Fig. 4. It should be noted that although the
lower BGE concentration led to a rapid separation
(decreased migration time) in N-MEKC as shown in
Fig. 1, poor peak shapes and lower separation
efficiencies especially for the resolution of Asp and
Glu were observed at the lower BGE concentration.
Therefore, a relatively high BGE concentration (60Fig. 1. Effects of background electrolyte on separation in N-
mM) was applied in N-MEKC separation at theMEKC and RM-MEKC. Sample, a neurotransmitter amino acid
expense of relatively longer migration time. For thestandard, derivatized with FMOC. Separation conditions, back-

ground electrolyte, boric acid–NaOH (pH 8.60), 10 mM SDS; comparison of separations in N-MEKC and RM-
capillary 55 cm (47 cm to detector window) 350 mm I.D.; MEKC, we used 40 mM SDS as optimal concen-
N-MEKC, uncoated capillary, 125 kV; RM-MEKC, coated

tration when considering selectivity as well as migra-capillary, 225 kV. Sample concentration, 200 mM; injection; 50
tion time. As clearly shown in Fig. 4, a reversedmbar, 10 s. (Buffer composition, not optimized.)
elution order was obtained in the RM-MEKC mode.
The reversal of peak elution order may facilitate

increasing SDS concentration. It may be speculated peak identification and improve impurity determi-
that the two negatively charged groups counteract nation in cases when the small peak of interest is
interaction with the micelles. eluted after a major one. This is illustrated in Fig. 5

The MLR model also clearly shows the significant where an improved impurity determination was
effects of each variable and their interactions on obtained in RM-MEKC, Fig. 5c. The impurities in
migration times in N-MEKC and RM-MEKC, Fig. 3. Fig. 5 were calculated by normalizing the impurity
In N-MEKC mode, an increase in both buffer and peak area to the sum of 5 major peak areas (each
SDS concentrations resulted in increased migration peak area divided by its corresponding migration
times, Fig. 3a,b. However, a variation of SDS time). Moreover, as shown in Fig. 5a and b in
concentration had stronger influences on migration N-MEKC separation, an overloaded injection re-
times for the relatively more hydrophobic FMOC- sulted in distorted peak shapes, such tailed peaks
Ala than for FMOC-Asp. In RM-MEKC, different oftentimes occur when an uncoated capillary is being
effects of SDS on migration times for FMOC-Asp used. Separation efficiencies were similar in both

5and FMOC-Ala were observed, Fig. 3c,d. separation modes, ranging from 2.5 to 3.2?10
theoretical plates per meter. RSDs for migration

3.4. Resolution in N-MEKC and RM-MEKC times (5 consecutive runs) were 0.32 and 0.063% in
N-MEKC and RM-MEKC, respectively. In addition,

Tables 1 and 2 present experimental data for the an increase of about 80% UV absorbance was
central composite design. A comparison of the observed in the RM-MEKC separation under similar
resolutions obtained for N-MEKC, Table 1, and separation conditions and sample injection condi-
RM-MEKC, Table 2, gives that, with a few excep- tions. This is probably due to the fact that the use of
tions, resolutions are higher in the RM-MEKC than a coated capillary minimized the adsorption of
in N-MEKC. This is in accordance with the conclu- analytes at the capillary wall. Suitable sweeping
sions in Ref. [8]. Further, when comparing the conditions contributed to enhanced sensitivity. This
migration time differences, Dt , between Asp and is because the examined amino acids became rela-R

Ala, Tables 1 and 2, it can be seen that Dt is always tively hydrophobic after derivatization with FMOCR

larger in the RM-MEKC than in the N-MEKC mode, and they could therefore be subject to a sweeping-
indicating a wider elution window in RM-MEKC. effect in the RM-MEKC mode on a coated capillary.
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Fig. 2. Plots from simultaneous modeling of two factors, BGE and SDS. Sample, aspartic acid and alanine derivatized with FMOC.
Separation conditions, background electrolyte, boric acid–NaOH (pH 8.60); capillary 55 cm (47 cm to detector window)350 mm I.D., (a)
coated capillary, 220 kV (b) uncoated capillary, 120 kV. Units: time (min), BGE (mM), SDS (mM). Time-Asp and Time-Ala are migration
times for Asp and Ala.

The potential of increasing sensitivity using the and N-MEKC can be adequately described by a
sweeping technique by injecting a large sample chemometric experimental design. In the present
volume was not further investigated as we intended study we used a high pH BGE buffer for the
mainly to compare two separation modes and their resolution of neurotransmitter amino acids. Simulta-
migration behaviors in this work. neous separations of 5 primary neurotransmitter

amino acids were achieved under optimized con-
ditions in both separation modes. Optimal conditions

4. Conclusions regarding resolution and number of theoretical plates
resulting from the optimization and modeling were

The different retention behaviors of RM-MEKC quite similar for the N-MEKC and RM-MEKC
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Fig. 4. Comparison of separation of 5 FMOC derivatized neuro-
transmitter amino acids in N-MEKC and RM-MEKC with re-
versed migration elution order. Sample, a neurotransmitter amino
acid standard. Separation conditions, background electrolyte, 60
mM boric acid–NaOH (pH 8.60), 40 mM SDS; capillary 55 cm
(47 cm to detector window)350 mm I.D., (a) uncoated capillary,
125 kV, 24 mA; (b) coated capillary, 225 kV, 24 mA. Sample
concentration, 200 mM; injection; 50 mbar, 10 s.

the modes are complementary and this can be used
for peak validation in quantitative analysis. However,
the RM-MEKC mode provides some advantages that
the N-MEKC mode does not. First, RM-MEKC
separation in a coated capillary produces relatively

Fig. 3. Bar charts for the percentage main effects and interaction
symmetrical peaks and that is an advantage ineffects of the three main variables for the migration time in
quantitative analysis. Second, RM-MEKC approachN-MEKC, (a) and (b), and RM-MEKC, (c) and (d), of aspartic

acid and alanine derivatized with FMOC. Separation conditions as gives better repeatability of migration times since the
in Table 1. effect of EOF on migration times is negligible.

Third, detection sensitivity can be somewhat en-
modes. Optimal buffer composition regarding migra- hanced as a consequence of the reduced adsorption
tion time was different, however. of analytes at the coated capillary wall. A further

To switch from one mode to the other can be advantage of RM-MEKC, as shown by Quirino and
rewarding. For example, in cases when an impurity Terabe [8], is the improved stacking or sweeping
peak is eluted right after a major peak in one of the effect for sensitivity enhancement for neutral and
two modes, the other mode will offer a reversed hydrophobic compounds as compared to stacking in
elution order, which most often leads to improved N-MEKC mode. In our opinion, the reversed migra-
separation. This problem is often encountered in tion MEKC approach makes the MEKC technique
connection with impurity determinations in over- particularly attractive. The application of RM-MEKC
loaded systems [35]. Thus, a combination of N- to other types of samples will be reported in a future
MEKC and RM-MEKC can be quite powerful since paper.
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