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ABSTRACT: A rapid, accurate, precise, reproducible, economi-
cal, and environmentally gentle method using capillary elec-
trophoresis (CE) is presented for the routine analysis of metham-
phetamine, amphetamine, MDA, MDMA, MDEA, and cocaine in
seized drugs.

The methodology uses a 32 cm by 50 �m capillary (length to de-
tector 23.5 cm) with a commercially available buffer kit and diode
array UV detection. Dynamic coating of the capillary surface is ac-
complished by flushing with base for 1 min, a proprietary polyca-
tion for 1 min, and then a proprietary polyanion for 2 min. This ap-
proach provides a relatively high and stable electroosmotic flow
(EOF), even at low pHs. The background electrolyte (BGE) con-
tains 75 mM phosphate buffer (pH 2.5) with the same polyanion as
above.

Using this methodology, amphetamine, methamphetamine,
MDA, MDMA, MDEA, and an internal standard (n-butylam-
phetamine) are baseline resolved in less than 5 min. The run-to-run
migration time %RSDs and peak area %RSDs are typically �0.3%
and �2.1%, respectively. The day-to-day and capillary-to-capillary
migration time %RSDs are �1.5% and �2.1%, respectively. The
%RSDs of the relative migration times compared with the internal
standard on a day-to-day and capillary-to-capillary basis are �0.2%
and �0.06%, respectively. The linear dynamic range using peak ar-
eas range from 0.003 to 0.10 mg/mL. The correlation coefficients
are �0.9998, with all calibration curves passing at or near the ori-
gin. Similar data are obtained for cocaine and its internal standard
henyltoloxamine.

None of the compounds usually encountered in illicit samples in-
terfere with the target compound (e.g., methamphetamine and co-
caine) or the internal standard. Quantitative results for synthetic
mixtures and seized exhibits are in good agreement with actual val-

ues, and also with results obtained from other techniques. The rela-
tively high EOF for the dynamically coated capillary system allows
for the screening of basic, acidic, and neutral adulterants in drug
seizures; identification is facilitated by the use of automated UV li-
brary searches.
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electrophoresis, dynamically coated capillaries, amphetamine,
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For the quantitation of seized drugs such as the various phenethy-
lamines or cocaine, precise, accurate, and reproducible methodology
is required. Chromatographic techniques such as gas chromatogra-
phy (GC) (1–4) and high performance liquid chromatography
(HPLC) (4–7) have traditionally been used for this purpose. Re-
cently, two variants of capillary electrophoresis (CE), micellar elec-
trokinetic capillary chromatography (MECC) (1,3,5,8) and capillary
zone electrophoresis (CZE) (2,4–5,9,10), have also been shown to be
viable for these analyses. CE is advantageous versus GC by virtue of
its ability to handle thermally labile, highly polar and nonvolatile so-
lutes without prior derivatization and/or prior extraction. CE also
provides considerably higher peak efficiencies compared with
HPLC, resulting in faster and improved separations.

An important goal of any analytical technique is to maximize
precision and reproducibility. Precision refers to short-term (run-
to-run) changes while reproducibility relates to long-term (day-to-
day and capillary-to-capillary) changes. Some of the precision and
reproducibility problems found in CE separations arise from failure
to follow good laboratory practice (such as not routinely changing
run buffer vials). Buffer depletion and electrolysis can lead to pH
changes in the background electrolyte (BGE), resulting in varia-
tions of the electroosmotic flow (EOF) and, consequently, changes
in migration times and peak areas. Fouling of the capillary surface
by components of the run buffer or sample can also lead to EOF
changes. Operating at low pH (where the EOF is minimal), per-
forming capillary conditioning between injections, or using coated
capillaries, can minimize these effects. Another source of impreci-
sion is the presence of organic solvents in the BGE. Evaporation of
these solvents (which can occur even in capped vials) can lead to
changes in EOF. Selectivity can also be affected when additives
such as micelles and cyclodextrins are used.

Since the pKa values of most basic drugs are quite high, operat-
ing at pH 2.5 ensures that these solutes will be fully ionized, even
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if subtle changes occur in the BGE due to inconsistent preparation.
As a result, variations in migration times and peak areas due to
changes in mobility with pH will be minimized. However, at this
low pH, the diminutive EOF precludes screening for acidic and
some weakly basic and neutral adulterants. Neutral and uncharged
adulterants would, of course, have a mobility equal to the EOF, and
therefore migrate as one peak.

Permanently or dynamically modified capillaries are used to
limit unwanted adsorption of buffer or sample components to the
capillary surface. Typically, the capillaries are permanently modi-
fied by covalently bonding functional groups (11) or by adsorbing
polymers (12–13), which greatly reduce, eliminate, or reverse the
EOF. Unfortunately, the stability of many of these coatings is ques-
tionable. Dynamically coated capillaries, where the capillaries are
coated with additives from the BGE, give more consistent phases
due to their continuous regeneration. In addition, since the coatings
can be regenerated before each run, unwanted adsorbed solutes are
removed from the capillary wall.

Chevigne and Janssens developed a novel coating procedure in
which the bare fused-silica capillary is first coated with a polyca-
tion followed by a polyanion (14). The first step coats the capillary
with an excess of positive charges. This coated surface is then
treated with a polyanion to form a modified capillary wall that now
contains excess negatively charged sites; this gives rise to a stable
and enhanced EOF over a wide pH range. A similar approach was
reported by Graul and Schlenoff (15). In their procedure, the BGE
contains both the appropriate buffer and the polymeric additive. In-
clusion of the polymer in the BGE helps maintain a stable EOF.
The feasibility of the first approach for the reproducible separation
of seized drugs has been previously demonstrated (16,17).

This paper describes the qualitative and quantitative analysis of
amphetamine, methamphetamine, MDA, MDMA, MDEA, and co-
caine in seized drugs, using a commercially available kit contain-
ing a pH 2.5 BGE which is based on the Chevigne and Janssens ap-
proach (14) for dynamically coating capillaries. For several of
these analytes, a direct comparison with CZE using uncoated cap-
illaries is also presented.

Methods

Instrumentation

For capillary electrophoresis, a Hewlett-Packard Model
HP3DCE Capillary Electrophoresis System (Waldbronn, Germany)
was used for all studies. Bare-silica 32 cm (23.5 cm to detector win-
dow) by 50 �m i.d. capillaries obtained from Polymicro Technolo-
gies (Phoenix, AZ) were used.

A Hewlett-Packard 6890 Gas Chromatograph (Wilmington, DE)
operating in the split mode with an FID detector was used for the
quantitation of methamphetamine exhibits. The capillary (J & W
Scientific, Folsom, CA) was a fused silica, cross-linked and bonded
DB-1 30 m by 0.2 mm i.d. column with a 0.25 �m film thickness.
The carrier gas was hydrogen (zero grade) with a linear velocity of
42 cm/s; the auxiliary gas was nitrogen. The injector temperature
was 230°C, while the detector temperature was 280°C. The oven
program consisted of an initial temperature of 150°C for 2 min, fol-
lowed by a 5°C/min ramp to 190°C, and finally a 0.1 min hold. A 1
�L injection volume was used with a 20:1 split ratio.

Quantitative analysis of methamphetamine exhibits was per-
formed using a Varian Unity 500 MHz NMR (Palo Alto, CA.).
Weighed samples and internal standard (methenamine) were dis-
solved in deuterochloroform, and placed in the NMR. A 5 mm in-
direct detection probe was used with the following settings: com-
puter automated deuterium solvent lock, automatic shimming of Z1

and Z2, computer adjusted receiver gain, pulse width of 10.0 mi-
croseconds (90 degree pulse width of 16.0 microseconds), spectral
width of 4668 Hz (approximately 9 ppm with 1 ppm on each side
of spectrum), filter band set to twice the spectral width (9400 Hz),
delay between acquisitions of 30 s (greater than 5 times T1 maxi-
mum allowing full relaxation of observed nuclei), 32 K data points
(acquisition time of 3.5 s), 2 steady state, nonacquired transients
prior to acquisition of 16 transients, and unweighted Fourier trans-
form with zero filling, phase, drift and baseline correction.

Materials

CElixir Reagent A and CElixir Reagent B (pH 2.5, MicroSolv
Technology Corporation, Eatontown, NJ) were used as received.
Sodium phosphate (monobasic), phosphoric acid, and sodium hy-
droxide were reagent grade. Deionized water was obtained from a
Millipore Milli-Q Gradient A10 water system (Bedford, MA). All
drug standards used in this study were obtained from the reference
collection of the Special Testing and Research Laboratory
(McLean, VA).

Procedures

Prior to first use, the bare-silica capillaries were conditioned
with 0.1 N sodium hydroxide for 5 min, water for 2 min and BGE
for 2 min. For experiments using dynamically coated capillaries,
the columns were conditioned prior to first use with 0.1 N sodium
hydroxide for 5 min, water for 2 min, CElixir Reagent A for 1 min,
and CElixir Reagent B (pH 2.5) for 2 min.

The BGE for the studies using uncoated capillaries consisted of
75 mM phosphate (monobasic) adjusted to pH 2.6 with phosphoric
acid. The capillaries were rinsed with BGE for 2 min between in-
jections. Separations were performed at 15°C at a voltage of 7.5
kV. For certain experiments, a 1 min prewash with 0.1 N sodium
hydroxide or 0.1 M phosphoric acid was also used prior to flushing
with BGE.

The BGE for the studies using dynamically coated capillaries
consisted of 75 mM phosphate, pH 2.5, containing a proprietary
polyanion (CElixir Reagent B, pH 2.5). Between injections, the
capillaries were flushed with either 0.1 N or 1.0 N sodium hydrox-
ide for 1 min, then flushed with CElixir Reagent A for 1 min, and
finally flushed with CElixir Reagent B (pH 2.5) for 2 min. The sep-
arations were performed at 15°C at a voltage of 10.0 kV. For
overnight storage, the capillaries were first washed with water for
3 min and then flushed with air for 1 min.

Experiments comparing uncoated and dynamically coated capil-
laries were performed as follows: standard drug substances were
dissolved in the BGE at a concentration of 0.1 mg/mL (except co-
caine and related compounds, 0.05 mg/mL; cis- and trans-cin-
namoylcocaine were from a cocaine sample at a concentration of
0.10 mg/mL). Pressure injection of 35 millibar seconds (mbs) was
employed (cocaine and related compounds, 20 mbs.). Run-to-run,
day-to-day and capillary-to-capillary precision studies on the dy-
namically coated capillaries were assessed using the phenethy-
lamines dissolved in 3.5 mM phosphate buffer, pH 3.2. The injec-
tion buffer was prepared by diluting the BGE used for uncoated
capillaries by a factor of twenty with water. Solute concentrations
were approximately 0.05 mg/mL, except for n-butylamphetamine
(0.10 mg/mL). The injection size was 100 mbs.

Quantitative analysis by CE was performed using internal stan-
dards. Standards of phenethylamines were prepared at concentra-
tions of approximately 0.05 mg/mL in the injection buffer. A 100
�L aliquot of internal standard (n-butylamphetamine, 1 mg/mL
dissolved in injection buffer) was added to 1 mL of standard. An
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appropriate amount of sample was dissolved in an applicable vol-
ume of injection solvent to give a solute concentration within the
linear range of the method. Internal standard was added to a 1 mL
aliquot of sample as above. For cocaine, the standards were pre-
pared at a concentration of approximately 0.10 mg/mL in the in-
jection buffer. The cocaine internal standard, phenyltoloxamine, 1
mg/mL, was added as noted above. Samples were prepared as for
the phenethylamines. Samples and standards were filtered through
an SRI 0.5 �m Nylon 66 filter (Eatontown, NJ), and 100 mbs in-
jections were employed.

All CE runs were carried out with UV detection at 195 nm with
a bandwidth of 10 nm except for those performed on a standard
mixture of amphetamine, methamphetamine and related basic
compounds (200 nm with a bandwith of 20 nm).

For quantitative analysis of methamphetamine by GC, a standard
solution was prepared at a concentration of 2.0 mg/mL in water. A
3.0 mL quantity of a 1.0 mg/mL of the internal standard solution (n-
butylamphetamine dissolved in chloroform) was added to a 2.0 mL
aliquot of standard solution and 2–3 mL of 0.5 M potassium hy-
droxide. After shaking, the chloroform layer was removed and the
aqueous layer extracted twice more with 2 to 3 mL of chloroform.
The 3 chloroform fractions were combined and dried over sodium
sulfate, then diluted with additional chloroform to a total volume of
10.0 mL. Internal standard was added to 2.0 mL of sample, as above.

Methamphetamine was quantitated using NMR by dissolving an
appropriate amount of sample in approximately 1 mL of internal
standard solution (an accurately weighed amount of 1 mg/mL
methenamine in deuterated chloroform containing tetramethylsi-
lane as internal reference) to give a solute concentration within the
linear range of the method (0.35 mg/mL–58.74 mg/mL.) The sam-
ple was then filtered through a Whatman micro fiber filter (Clifton,
NJ) and transferred to an NMR sample tube.

Results and Discussion

Uncoated Versus Dynamically Coated Capillaries

A comparison of uncoated versus dynamically coated capillaries
for analyses of amphetamine, methamphetamine, and related basic
compounds is shown in Fig. 1. With the exception of procaine, the
resolution for the solutes is similar by either technique; however,
the time for separation is about 50% shorter using the coated capil-
lary. The shorter migration times are due to the higher voltage used
with the coated capillary (10 kV versus 7.5 kV) and the consider-
ably higher EOF present in the latter system (1.2 � 10�4 versus 3.2
� 10�5 cm2/Vs). The voltages were optimized for both systems us-
ing an Ohm’s Law plot. The voltages that provided approximately
a 5% positive deviation from linearity for the current were selected
as optimal for each system.

Procaine (a seldom encountered adulterant in amphetamine and
methamphetamine exhibits (18) undergoes a significant change in
selectivity from uncoated versus dynamically coated capillaries. In
the absence of the coating reagent, procaine co-migrates with am-
phetamine. When the coating reagent is used, it co-migrates with
methamphetamine. This indicates that the coating is not inert, and
that some solutes may interact with it. This is not surprising, as sim-
ilar findings were observed using a form of CE known as “Ion-Ex-
change Electrokinetic Chromatography” in 1990 (19). In that tech-
nique, polymeric ionic reagents (similar to those used here) were
used to modify selectivity.

When applying dynamic coating reagents to new separations, it
is important to check for selectivity changes. Table 1 shows the ef-
fective mobilities for the drug substances reported in this work. The
mobilities for nicotinimide and procaine decrease slightly when the
coated capillary is used, while all of the other drug substances show
slight increases in their mobilities. These changes in mobility,

FIG. 1—CZE separation of a standard mixture of amphetamine, methamphetamine and related compounds using A) uncoated capillary and B) dynam-
ically coated capillary. Experimental conditions are described in the methods sections. Peaks: nicotinamide (a), procaine (b), amphetamine (c), metham-
phetamine (d), norpseudoephedrine (e), pseudoephedrine (f), norephedrine (g), ephedrine (h), n-butylamphetamine (is1), lidocaine (i), caffeine (j),
acetaminophen (k), P2P (l), and aspirin (m).
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though slight, are sufficient to affect the co-migration of procaine
as noted above.

CZE analyses in uncoated capillaries at low pH, i.e., 2.6, is gener-
ally not used for the separation of uncharged substances found in
seized exhibits. Some form of secondary equilibrium is required to
effect a separation for these solutes. In addition, the low EOF in bare
silica at pH 2.5 (t0 � 50 min) results in lengthy separation times.
With dynamically coated capillaries, it is possible to separate neutral
acidic substances and nonionic solutes in the presence of cationic
(basic) drugs (Fig. 1B). The basic drugs elute in approximately 4
min. Caffeine (neutral) and acetominophen (anionic) coelute, but are
separated from phenylacetone (P2P) just ahead of the EOF marker (t0
� 10.5 min), while aspirin elutes after the EOF marker. These inter-
esting selectivity effects could be explained by ion-pairing or hy-
drophobic interactions of the solutes with the charged polymers in
the run buffer, as previously described by Terabe (19).

A comparison of a separation of cocaine and related compounds

using an uncoated capillary versus a dynamically coated capillary
is shown in Fig. 2. Similar results were found as reported above for
the amphetamines. Note that benzoylecgonine (which has low mo-
bility relative to the other compounds at low pH, due to the partial
ionization of the carboxylic acid group) shows a three-fold de-
crease in migration time when the coated capillary is used. This ef-
fect is primarily due to the increased EOF in the latter system.
Since the other solutes show a two-fold decrease in migration time,
the coating is not totally inert towards the solutes, even though no
changes in selectivity are noted (unlike the amphetamine separa-
tion). Phenyltoloxamine is a reasonable internal standard, and this
separation can be applied towards the separation of acidic and neu-
tral solutes present in seized cocaine exhibits.

A comparison, using both coated and uncoated capillaries, of the
run-to-run migration time precision for nicotinamide, metham-
phetamine, and n-butylamphetamine (internal standard) is shown in
Table 2. Regardless of whether a prewash step was used for the un-
coated capillary, or the type of prewash step, the dynamically coated
capillary exhibited improved migration time precision. For the un-
coated capillary, the best precision was obtained using a 0.1 M phos-
phoric acid prewash (% RSD range: 0.35 to 0.54%), which was con-
siderably poor compared with that obtained with the coated capillary
(%RSD range: 0.24 to 0.26%). A comparison of the run-to-run mi-
gration time precision for procaine, cocaine and benzocaine is shown
in Table 2 for an uncoated capillary with a 0.1 M phosphoric acid
prewash versus the coated capillary. For these solutes, there is an
even greater improvement in precision using the coated capillary
%RSD range: 0.83 to 1.61% versus (%RSD range: 0.17 to 0.38%).
Since peak areas for a given solute are proportional to migration
times, improved migration time precision usually provides better
area precision (and therefore better relative area precision). Relative
area precision depends on how well a reference compound compen-
sates for any changes occurring to the target solute.

TABLE 1—Effective mobilities for an uncoated versus a dynamically
coated capillary system.

�ep Uncoated �ep Coated
Solute Capillary Capillary

Nicotinimide 2.15 � 10�4 2.11 � 10�4

Procaine 1.98 � 10�4 1.93 � 10�4

Amphetamine 1.98 � 10�4 2.02 � 10�4

Methamphetamine 1.92 � 10�4 1.96 � 10�4

Norpseudoephedrine 1.84 � 10�4 1.88 � 10�4

Pseudoephedrine 1.79 � 10�4 1.83 � 10�4

Norephedrine 1.79 � 10�4 1.83 � 10�4

Ephedrine 1.75 � 10�4 1.80 � 10�4

n-Butyamphetamine 1.53 � 10�4 1.58 � 10�4

Lidocaine 1.46 � 10�4 1.50 � 10�4

DMSO (neutral marker) 3.2 � 10�5 (�eo) 1.21 � 10�4 (�eo)

FIG. 2—CZE separation of a standard mixture of cocaine and related compounds using A) uncoated capillary and B) dynamically coated capillary. Ex-
perimental conditions are described in the methods sections. Peaks: tetracaine (n), cocaine (o), cis-cinnamoylcocaine (p), trans-cinnamoylcocaine (q), ben-
zocaine (r), benzoylecgonine (s), and phenyltoloxamine (is2). Other peaks as in Fig. 1.
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The relative peak area precision for nicotinamide, metham-
phetamine, and lidocaine is shown in Table 3. Once again, the
coated capillary provided superior results (%RSD range: 0.44 to
0.48% versus %RSD range: 0.71 to 1.10%, relative to n-butylam-
phetamine). For cocaine, the %RSD (n � 8) relative area (relative
to phenyltoloxamine) is 0.81%.

Precision, Reproducibility, Linearity, Selectivity and Accuracy for
Dynamically Coated Capillaries

The precision (run-to-run on different days) and reproducibil-
ity (day-to-day and capillary-to-capillary) for the dynamically
coated capillaries was studied using a test mixture of am-
phetamine, methamphetamine, MDA, MDMA, MDEA, and n-
butylamphetamine (see Fig. 3). The precision for metham-
phetamine and MDA on 5 different days is shown in Table 4.
Excluding the first series of runs on Day 2, excellent precision
values for migration times (%RSD range: 0.10 to 0.26%), relative
migration times (%RSD range: 0.00 to 0.11%) and relative areas
(%RSD range: 0.39 to 2.09%) were obtained for metham-
phetamine and MDA. Although excellent migration time preci-
sion was obtained using a 0.1 N sodium hydroxide wash between
injections (see Tables 2 and 4), the use of a stronger base wash ap-
pears to be a better option (see Table 4). On Day 1 (as in previous
experiments), the capillary was washed between injections with
0.1 N sodium hydroxide. However, on Day 2, there was an ap-
proximate 5-fold increase in the migration time %RSD. On this
same day, the superior precision of the previous day’s work was
restored by using a 1 N sodium hydroxide wash between injec-
tions. This implies that it is better to condition the capillary with
1 N sodium hydroxide before first use.

As shown in Table 5, good day-to-day reproducibility for mi-
gration time (%RSD range: 1.27 to 1.48%), and relative area

TABLE 2—Run-to-run migration time precision (%RSD), n � 8 using a
dynamically coated versus an uncoated capillary system.

Dynamically
Solute Coated* Uncoated† Uncoated‡ Uncoated§

Nicotinimide 0.24 0.74 0.54 0.45
Metham- 0.24 0.74 0.35 0.40

phetamine��
n-butylam- 0.26 0.91 0.44 0.55

phetamine
Procaine 0.17 0.83 … …
Cocaine 0.32 … 1.01 …
Benzocaine 0.38 … 1.61 …

*Prewash 0.1 M sodium hydroxide.
†Prewash 0.1 M sodium hydroxide.
‡Uncoated capillary (prewash 0.1 M phosphoric acid).
§Uncoated capillary (no prewash).
��Amphetamine for dynamically coated capillary.

TABLE 3—Run-to-run relative area (relative to n-butylamphetamine)
precision (%RSD), n � 8 using a dynamically coated versus an uncoated

capillary system.

Dynamically
Solute Coated* Uncoated†

Nicotinimide 0.44 0.71
Methamphetamine‡ 0.48 1.10
Lidocaine 0.46 0.95

*Prewash 0.1 M sodium hydroxide.
†Prewash 0.1 M phosphoric acid.
‡Amphetamine for dynamically coated capillary.

FIG. 3—Electropherogram of a test mixture of phenethylamines using CZE with a dynamically coated capillary. Experimental conditions are described
in the methods sections. Peaks: MDA (t), MDMA (u), and MDEA (v). Other peaks as in Fig. 1.
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(%RSD range: 0.57 to 3.2%), and excellent day-to-day repro-
ducibility for relative migration time (%RSD range: 0.05 to 0.21%)
were obtained for the test mixture solutes which were separated.
Similarly, as shown in Table 6, good capillary-to-capillary repro-
ducibility for migration time (%RSD range: 1.88 to 2.07%), and
relative area (%RSD range: 1.17 to 4.21%), and excellent day-to-
day reproducibility for relative migration time (%RSD range: 0.00
to 0.06% were found for these same compounds. For analytical
purposes, the relative migration time is the most critical parameter,
since it indicates the ability to reproduce the separation.

The linearity ranges and equations of the regression plots for so-
lutes including amphetamine, methamphetamine, MDA, MDMA,
MDEA, and cocaine are shown in Table 7. Good linearity was ob-
tained for each of these compounds (1.0000 	 R2 	 0.9998), with
plots of area standard/area internal standard versus concentration
passing near the origin. However, although linearity was preserved,
band broadening was observed for the various solutes at higher
concentrations (	0.10 mg/mL), presumably due to electrodisper-
sion (20.) For the above solutes, at the lowest concentration within
the linearity range (approximately 0.003 mg/mL), good precision
was obtained for relative area (%RSD range: 1.88 to 3.32%). At the
upper concentration range (approximately 0.05 mg/mL for the
phenethylamines and 0.10 mg/mL for cocaine), excellent precision
for these solutes was achieved for relative area (%RSD range: 0.66
to 0.92%).

Relative migration times (relative to n-butylamphetamine) of
amphetamine, methamphetamine, MDA, MDMA, MDEA, co-
caine, and related compounds are shown in Table 8. There are no

TABLE 4—Run-to-run precision (%RSD), n � 6 on different days for
migration time (MT), relative migration time (RMT) and relative area (R

area) using a dynamically coated capillary system. Data relative to n-
butylamphetamine.

Solute Pre-wash Day MT RMT R Area

Methamphetamine 0.1 M NaOH 1 0.25 0.11 0.39
2 1.20 0.09 0.68
4 0.10 0.00 0.96

1.0 M NaOH 2 0.15 0.11 0.86
3 0.12 0.00 0.96
5 0.10 0.05 1.43

MDA 0.1 M NaOH 1 0.26 0.06 2.09
2 1.26 0.06 1.12
4 0.11 0.05 0.59

1.0 M NaOH 2 0.16 0.06 0.71
3 0.12 0.00 0.41
5 0.10 0.06 1.77

TABLE 5—Day-to-day reproducibility (%RSD), n � 5 for migration
time (MT), relative migration time (RMT) and relative area (R area)
using a dynamically coated capillary system (prewash 1.0 M sodium

hydroxide.) Data relative to n- butylamphetamine.

Solute MT RMT R Area

Amphetamine 1.27 0.21 0.69
Methamphetamine 1.30 0.17 0.57
MDA 1.37 0.09 2.94
MDMA 1.37 0.12 3.20
MDEA 1.44 0.05 2.99
n-Butylamphetamine 1.48 0.00 0.00

TABLE 6—Capillary-to-capillary reproducibility (%RSD), n � 5 for
migration time (MT), relative migration time (RMT) and relative area (R

area) using a dynamically coated capillary system (prewash 1.0 M
sodium hydroxide.) Data relative to n-butylamphetamine.

Solute MT RMT R area

Amphetamine 2.07 0.06 1.29
Methamphetamine 1.88 0.06 1.17
MDA 2.06 0.06 3.40
MDMA 2.06 0.06 4.21
MDEA 2.06 0.00 3.99
n-Butylamphetamine 2.06 0.00 0.00

TABLE 7—Results for linearity study.

Correlation
Linearity Range Coefficient

Solute (mg/mL) (R2)

Amphetamine 0.00318–0.10 0.9998
Methamphetamine 0.00316–0.10 0.9999
MDA 0.00322–0.10 1.0000
MDMA 0.00318–0.10 1.0000
MDEA 0.00316–0.10 1.0000
Cocaine 0.00314–0.40 0.9999

TABLE 8—Relative migration times (RMT) using a dynamically coated
capillary system. Data relative to n-butylamphetamine.

Solute RMT

Doxylamine 0.765
Chlorpheniramine 0.784
Quinine 0.804
beta-Phenethylamine 0.807
Chlorquinine 0.812
Nicotinimide 0.836
Amphetamine 0.868
Methamphetamine 0.883
Procaine 0.883
MDA 0.900
Norpseudoephedrine 0.906
MDMA 0.914
Norephedrine 0.917
Pseudoephedrine 0.919
Tetracaine 0.927
Ephedrine 0.932
Phenylephrine 0.951
MDEA 0.961
Ketamine 0.962
Phenyltoxylamine 0.971
n-Butylamphetamine 1.00
Dextromethorphan 1.00
Cocaine 1.01
Lidocaine 1.03
cis-Cinnamoylcocaine 1.04
trans-Cinnamoylcocaine 1.06
Benzocaine 1.25
Benzoylecgonine 1.68
Acetominophen 2.11
Caffeine 2.14
Guaifenesin 2.14
P2P 2.24
DMSO (neutral marker) 2.40
Aspirin 2.71
Salicylic acid 4.84

†Relative to n-butylamphetamine.
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significant interfering compounds for the quantitation of the com-
pounds of interest. Dextromethorphan overlaps with the internal
standard n-butylamphetamine; however, although the former com-
pound is occasionally encountered in phenethylamine (18) sam-
ples, since these solutes have different UV spectra, diode-array UV
detection (which was used in this study) would indicate interfer-

ence with the internal standard. In addition, procaine co-migrates
with methamphetamine; however, mixtures of these solutes are not
usually found. In addition, the presence of procaine is easily ascer-
tained by examining the 280 nm signal, which is selective for this
solute. Ketamine co-migrates with MDEA; but again, this combi-
nation is not likely be encountered (18). Sugars would have migra-
tion times at or near t0, with very weak UV responses (virtually no
response at wavelengths higher than 200 nm). MDA precursor
compounds such as safrole, isosafrole, piperonal, and 3,4-
methylenedioxyphenyl-2-nitropropene would almost certainly
have migration times at or near t0.

As shown in Table 9, good overall agreement was obtained for
the quantitation of 6 methamphetamine HCl samples via NMR, cap-
illary GC, and CE (dynamically coated capillary approach). Good
recoveries were obtained for amphetamine, methamphetamine,
MDA, MDMA, MDEA, and cocaine when cut with varying
amounts of mannitol and inositol; (recovery range 96.4 to 102%).

For the analysis of samples, PDA-UV detection was used for
peak purity and peak identity. Peak purity was used to determine

TABLE 9—Comparison of quantitation of seized methamphetamine
exhibits (calculated as % HCl salt) using NMR, capillary GC and a

dynamically coated CE.

Sample NMR GC CE

1 15.5 14.3 14.7
2 99.9 97.9 95.0
3 1.90 1.78 2.07
4 10.7 10.1 10.5
5 5.54 5.36 5.68
6 8.85 8.80 8.89

FIG. 4—An electropherogram using a dynamically coated capillary of seized methamphetamine HCl sample containing beta-phenethylamine and nico-
tinamide and the results of a library search for these compounds. Experimental conditions are described in the methods sections. Peaks: beta-phenethy-
lamine (w). Other peaks as in Fig. 1.
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the presence/lack of interfering compounds. Automatic UV library
searches were also performed, which increased the confidence that
the compound being quantitated was correctly identified. In addi-
tion, these library searches aided in the identification of adulter-
ants. An electropherogram of a seized methamphetamine HCl sam-
ple containing beta-phenethylamine and nicotinamide, and the
corresponding results of a library search for these compounds, are
shown in Fig. 4.

References

1. Trenerry VC, Robertson J, Wells RJ. Analysis of illicit amphetamine
seizures by capillary electrophoresis. J Chromatogr A 1995;708:
169–76.

2. Esseiva P, Lock E, Gueniat O, Cole MD. Identification and quantifica-
tion of amphetamine and analogues by capillary zone electrophoresis.
Science and Justice 1997;37:113–9.

3. Trenerry VC, Robertson J, Wells RJ. The determination of cocaine and
related substances by micellar electrokinetic capillary chromatography.
Electrophoresis 1994;15:103–8.

4. Krawczeniuk AS, Bravenec VA. Quantitative determination of cocaine
in illicit powders by free zone electrophoresis. J Forensic Sci 1998;
43:738–43.

5. Sadeghipour F, Giroud C, River L, Veuthey JL. Rapid determination of
amphetamines by high-performance liquid chromatography with UV de-
tection. J Chromatogr A 1997;761:71–8.

6. Jane I, Scott A, Sharpe RWL, White PC. Quantitation of cocaine in a va-
riety of matrices by high-performance liquid chromatography. J Chro-
matogr 1981;214:243–8.

7. Lurie IS. Improved isocratic mobile phases for the reverse phase ion-pair
chromatographic analysis of drugs of forensic interest. J Liq Chromatogr
1981;4:399–408.

8. Krogh M, Brekke S, Tonnesen F, Rasmussen KE. Analysis of drug
seizures of heroin and amphetamine by capillary electrophoresis. J Chro-
matogr A 1994;674:235–40.

9. Sadeghipour F, Varesio E, Giroud C, River L, Veuthey JL. Analysis of
amphetamines by capillary electrophoresis and liquid chromatography:

application to drug seizures and cross-validation. Forensic Sci Int
1997;86:1–13.

10. Walker JA, Marche HL, Newby N, Bechtold EJ. A free zone capillary
electrophoresis method for the quantitation of common illicit drug sam-
ples. J Forensic Sci 1996;41:824–9.

11. Shao X, Shen Y, O’Neill K, Lee ML. Capillary electrophoresis using
diol-bonded fused silica capillaries. J Chromatogr A 1999;830:415–22.

12. Busch MHA, Kraak JC, Poppe H. Cellulose acetate-coated fused-silica
capillaries for the separation of proteins by capillary zone electrophore-
sis. J Chromatogr A 1995;695:287–96.

13. Towns JK, Regnier FE. Polyethyleneimine-bonded phases in the separa-
tion of proteins by capillary electrophoresis. J Chromatogr 1990;516:
69–78.

14. Chevigne and Janssens, US patent #5,611,909, 3/18/97.
15. Graul TW, Schlenoff JB. Capillaries modified by polyelectrolyte multi-

layers for electrophoretic separations. Anal Chem 1999;71:4007–13.
16. Chevigne R, Louis P. Zone and micellar capillary electrophoresis with

controlled electroendosmosis. Abstracts of the 12th International Sym-
posium on High Performance Capillary Electrophoresis and Related Mi-
croscale Techniques, 23–28 January 1999, Palm Springs, California.

17. Lombardi R, Waldman M, Sahai R. Systematic separation optimization
of five tricyclic antidepressants using a novel dynamic coating system in
capillary zone electrophoresis. Abstracts of the 12th International Sym-
posium on High Performance Capillary Electrophoresis and Related Mi-
croscale Techniques, 23–28 January 1999, Palm Springs, California.

18. McKibben TD. U.S. Drug Enforcement Administration, Personal Com-
munication, 1999.

19. Terabe S, Isemura T. Ion-Exchange electrokinetic chromatography with
polymer ions for the separation of isomeric ions having identical elec-
trophoretic mobilities. Anal Chem 1990;62:650–2.

20. Heiger DN. High performance capillary electrophoresis—an introduc-
tion. Walbronn, Germany: Hewlett-Packard GmbH, 1992.

Additional information and reprint requests:
Ira S. Lurie
U.S. Drug Enforcement Administration
Special Testing and Research Laboratory
3650 Concorde Parkway, Suite 200
Chantilly, VA 20151


