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Separation of theophylline, caffeine and related
drugs by normal-phase capillary
electrochromatography

A capillary electrochromatography (CEC) method has been developed for the separa-
tion of theophylline, caffeine and five related drugs on a normal-phase column with UV
or photodiode array detection. Several binary, ternary and quaternary mobile phase
compositions are evaluated for optimal resolution and elution of these drug analytes.
The importance of selecting suitable organic solvents, buffer electrolyte, pH and
applied voltage is demonstrated by a systematic study. Excellent separation is
achieved for the eight drugs using a ternary mobile phase composition of isopropanol/
hexane/1 mm Tris (52:40:8, pH 8), with an efficiency of 63 000 theoretical plates per
meter at room temperature. Detection limits are typically at the low pg/mL level. The
developed method is simple to use and it gives acceptable day-to-day reproducibility.
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1 Introduction

Capillary electrochromatography (CEC) is a microsepara-
tion technique that uses the electroosmotic flow (EOF)
generated by an electric field in the interparticle channels
of the packing material to drive the mobile phase and sub-
sequently transport the analytes through a capillary col-
umn [1]. Separation is based primarily on differential inter-
action of the analytes between the mobile and stationary
phases [2]. The plug-like flow profile in capillary electro-
phoresis (CE) is thus combined with the retention selec-
tivity in high performance liquid chromatography (HPLC),
providing high efficiencies and resolutions in the separa-
tion of complex mixtures. In contrast to the parabolic pro-
file of pressure-driven flows in HPLC, the plug-like profile
of EOFs minimizes dispersion in CEC and affords a sig-
nificant reduction in plate height. Since CEC uses 3 um
particles to generate absolute plate counts as high as
400 000 plates/meter [3], it affords better separation effi-
ciencies than micro-HPLC for closely related molecular
species. It also offers improved selectivities relative to
micellar electrokinetic chromatography (MEKC) for very
hydrophobic compounds, without any use of surfactants.

CEC has become an increasingly important method for
chemical analysis. Development and application of CEC
methods have been most active in the pharmaceutical
industry [4]. Rapid and highly efficient CEC separation of
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tipredane from its diastereoisomer was first reported by
Euerby et al. [5], and CEC separation of various tetracy-
cline mixtures was later achieved by Pesek and Matyska
[6]. A large number of pharmaceutical applications (ceph-
alosporin antibiotics, diuretics, macrocyclic lactones, pep-
tides, nucleosides, parabens, phthalates, prostaglandins,
purine bases and steroids) have been reviewed by Rob-
son et al. [7]. Successful application of CEC has also
been demonstrated by Euerby et al. [8] in the analysis of
a wide range of structurally diverse acidic and neutral
pharmaceutical compounds using capillaries packed with
reverse-phase materials [8]. Gradient CEC of benzodia-
zepines, corticosteroids and thiazide diuretic drugs with
UV and electrospray ionization mass spectrometric detec-
tion has recently been reported by Taylor and Teale [9].
Simultaneous CEC analysis of acids, bases and neutral
compounds was first reported by Gillott et al. [10] using a
mobile phase containing triethanolamine phosphate at pH
2.5. The separation of fifteen acidic, basic and neutral
drugs of forensic interest has recently been demonstrated
by Lurie et al. [11] using CEC with a step gradient. As
CEC provides separation results that are often superior to
those obtained from HPLC, pharmaceutical companies
like Astra Charnwood (Loughborough, Leicestershire,
UK) and G. D. Searle (Skokie, IL, USA) use it routinely to
obtain the purity profile of drug actives in a single run with
UV detection [12].

Theophylline is a bronchodilator that is widely used in the
treatment of asthma and bronchospasm in adults. Accord-
ing to a 1992-94 survey published in the American Journal
of Hospital Pharmacy, theophylline is one of three drugs
most frequently monitored by pharmacokinetics services
in the nations’s 160 Veterans Affairs medical centers [13].
Theophylline pharmacokinetics has seen a resurgence of
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interest in the development of new oral macrolide and fluo-
roquinolone antibiotics during the past decade. A number
of interactions with other drugs have been reported for two
new oral macrolides, while some of the fluoroquinolones
can inhibit the cytochrome P-450 enzyme system, thereby
causing increased serum concentrations of drugs like the-
ophylline and caffeine [14]. Since theophylline is a drug
with a narrow therapeutic window (serum concentration =
10-20 mg/L) between efficacy and adverse effects [15],
and its concentration at the active sites strongly depends
on characteristic parameters of the patient’s response dur-
ing the first 8 h after intravenous administration of the drug,
recent arguments have been in favor of an individualiza-
tion of dosage regimen in patients (particularly neonates,
children, aged, or critically ill) receiving theophylline intra-
venously [16, 17]. While theophylline has been used as a
treatment for sleep apnea in infants, caffeine is preferred
for treatment of neonatal sleep apnea because it has a
wider therapeutic range. HPLC in the reverse-phase mode
is used to assay theophylline, caffeine and theobromine in
urine, such as samples collected from athletes during dop-
ing control [18]. As drugs distribute into body compart-
ments after absorption, samples of tissue [14], serum [19]
and plasma [20] (in addition to urine) are used to investi-
gate therapeutic theophylline concentrations in clinical
pharmacokinetic experiments [21] and human liver metab-
olism studies [22].

Currently, CEC is practiced mostly in the reverse-phase
mode for the separation of uncharged compounds and
compared with the best available technology in HPLC.
For organic extracts of drugs from biomedical and clinical
samples, it is more appropriate to develop a normal-
phase CEC method using chloroform (or hexane/hep-
tane) admixed with isopropanol (or methanol), acetonitrile
and a minimal amount of buffer solution as the mobile
phase. Wei et al. [23] have recently demonstrated the fea-
sibility of normal-phase CEC separations for basic drug
compounds. In this work a useful CEC method is demon-
strated for the rapid analysis of drug mixtures containing
theophylline, caffeine and metabolites in organic extracts.
One ultimate goal is to simplify the sample preparation in
such analyses by performing one simple solvent extrac-
tion or direct dissolution in the mobile phase, thereby sav-
ing time and resulting in minimum effort, optimal benefit/
cost ratio, as well as easy timing of blood sampling and
laboratory analysis [24].

2 Materials and methods

2.1 Chemicals

Nine different drugs were obtained from Health Canada
(Ottawa, ON): acetaminophen, caffeine, hydrochlorothia-
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zide, dyphylline, nicotinic acid, phenylbutazone, theobro-
mine, theophylline, B-hydroxyethyltheophylline. All HPLC-
grade solvents were purchased from Caledon (George-
town, ON) and Fisher Scientific (Nepean, ON): acetoni-
trile, hexane, isopropanol and water. Tris-buffer (50 mwm,
pH 8) and acetate buffer (50 mm, pH 4.5) were supplied
by Beckman Instruments (Palo Alto, CA, USA).

2.2 CEC instrument

CEC experiments were performed on two Beckman P/
ACE systems, model 2100 with a UV detector (set at a
wavelength of 206, 214, 254 or 280 nm) and model 5510
with a photodiode array detector (set at a wavelength
range of 190-300 nm). A Unimicro Technologies EP-75-
20-3-Si column; 75 um inside diameter, 20 cm length to
detector, 27 cm total length, 3 um particle size, silica,
(Pleasanton, CA, USA), was used at a temperature of
25°C. The mobile phases were run under an applied volt-
age of 3—-30 kV at a current of 0.5-2.4 pA. Sample injec-
tions were made electrokinetically at 5-10 kV for 1-15 s.
For comparison, reverse-phase CEC was performed on a
Unimicro Technologies column packed with 3 um porous
C18-bonded silica particles.

3 Results and discussion

3.1 Mobile phase compositions

The influence of operating parameters on CEC separation
was studied, including selectivity-controlling organic sol-
vents, buffer electrolyte and buffer pH. A mobile phase
containing a minimal amount of buffer served as a guide-
line in this study. Basically, the EOF rate increases when
the buffer concentration is decreased, down to 1-2 mm
[25]. At the lowest buffer concentration of 1 mm, the elec-
trochemical double layer becomes rather thick (Debye
length, 5-10 nm). When the double layers overlap seri-
ously in the particle pores, the EOF would be restricted to
the interparticle channels, reducing mass transfer and
risking a loss of efficiency [26, 35]. A standard binary
composition for normal-phase CEC [27], acetonitrile/1 mm
Tris (90:10, pH 8) which is best known for its high EOF
rate (typically veor = 1.7-1.8 mm/s at 20 kV) and reason-
able current (/ = 2 pA at 20 kV), was first tested with a
mixture of caffeine and theophylline. Using an applied
voltage of 10 kV, their retention times were 6.00 min and
6.12 min, respectively. This result was good, in contrast
to our previous experience with reverse-phase CEC
where caffeine could not be retained (k' = O) using aceto-
nitrile/4 mm sodium tetraborate (from 20:80 to 90:10,
pH 9.2) as the mobile phase. Resolution was similar
among 10 kV, 8 kV, 6 kV and 4 kV, but it became poorer
at 2 kV despite the longer retention times of 35.02 min

CE and CEC
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Figure 1. (a) CEC separation of a mixture of caffeine, theophylline, aminophylline and five other drugs at the
5 mg/mL concentration level on Unimicro Technologies EP-75-20-3 um Si column at 25°C, using a mobile phase of aceto-
nitrile/1 mm Tris (90:10, pH 8) at an applied voltage of 8 kV with UV detection at 280 nm. Electrokinetic injection at 5 kV for
5 s. (b) HPLC separation of a mixture of caffeine, theophylline, aminophylline and five other drugs at the 15 ug/mL concen-
tration level on 5 um Supelcosil LC-Si column, using a mobile phase of acetonitrile at a flow rate of 1.0 mL/min with UV

detection at 270 nm. Sample injection volume, 20 pL.

and 35.97 min. Under 8 kV separation for optimal resolu-
tion and analysis time, a mixture of caffeine, theophylline,
aminophylline and five other drugs produced the chroma-
togram shown in Fig. 1a. Inadequate resolution was ob-
served between caffeine at 7.70 min and theophylline at
7.85 min, and aminophylline constituted total interference
at a retention time of 7.90 min. The molecular structures
of these drugs are illustrated in Fig. 2 to show both simi-
larities and differences, except for aminophylline which
consists of two moles of theophylline with one mole of
ethylenediamine. A comparison was made with normal-
phase HPLC separation of the same drug mixture using
acetonitrile as the mobile phase, as shown in Fig. 1b.
Despite the longer retention times, this HPLC analysis
provided sufficient resolution for caffeine from theophyl-
line and aminophylline. However, the N values afforded
by HPLC (1200 for acetaminophen and 1300 for theobro-
mine) were significantly lower that those afforded by CEC

(4400 for acetaminophen and 10600 for theobromine).
For this reason, it was desirable to develop a better CEC
mobile phase for the separation of these drugs.

Second, a ternary mobile-phase composition established
for normal-phase HPLC of phospholipids on silica gel col-
umns, isopropanol/hexane/water (52:40:8) [28], was
modified to contain 1 mm Tris (pH 8) for CEC operation.
At 30 kV, elution and good separation of theophylline (at
20.56 min), caffeine (at 26.10 min), and four other drugs
could be achieved. It clearly demonstrated the separation
capability of this mobile-phase composition, which can
potentially be suitable for all kinds of samples prepared in
organic solvents ranging from acetonitrile to chloroform.
Interestingly, the elution order for theophylline and caf-
feine was different from that obtained using the binary
mobile phase of acetonitrile/1 mm Tris (90:10, pH 8). CEC
could also be performed with photodiode array (PDA)
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Figure 2. Molecular structures of theophylline, caffeine
and related drugs.

detection, using the same column and mobile phase com-
position for the analysis of theophylline, caffeine, and the
four other drugs. The results in Fig. 3 illustrate that the
PDA afforded UV detection at multiple wavelengths (e.g.,
214, 254 and 280 nm), thereby providing spectral infor-
mation to assist the identification of individual chromato-
graphic peaks (most notably for acetaminophen which
absorbs very strongly at 254 nm). The signal-to-noise
ratio was excellent in these chromatograms, as well as a
good column efficiency of 63 000 plates/m calculated for
the caffeine peak. This efficiency was not as high as typi-
cal CEC performance in the reverse-phase mode, partly
due to peak tailing for basic drugs using normal-phase
CEC. In comparison, the concentration sensitivity of
CEC-PDA was slightly lower than that for HPLC-UV,
being at the 4 ug/mL level for caffeine when sample injec-
tion was made at 10 kV for 15 s. Similar detection limits
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(5—10 pg/mL) had been reported earlier for the separation
of various tetracycline mixtures by CEC on a Cg capillary
column with UV detection at 254 nm, using electrokinetic
sample injection for 5-10 s at 10 kV [6]. One analogous
comparison of HPLC with CE for the determination of caf-
feine had also been reported previously: in HPLC the
LOD was 0.1 ug/mL for caffeine whereas in CE it was
2 ug/mL [29].

Third, a quaternary mobile-phase composition of acetoni-
trile/isopropanol/hexane/50 mm ammonium acetate
(56:38:5:1, pH 4.5) previously used by Sandra et al. [30]
for the separation of triglycerides was evaluated. CEC of
theophylline, caffeine and the five other drugs using this
composition at 25 kV yielded rapid electrochromato-
graphic elution of all seven drugs within 6 min, as shown
in Fig. 4. Unfortunately, incomplete resolution is evident.
One major advantage of using quaternary mobile phases
in CEC, nonetheless, is their flexibility in the variation of
elution strength at constant veor. Acetonitrile is efficient in
the generation of EOF [31], so its percentage in the
mobile phase composition should be decided first. Hex-
ane is essential for the solubility of chloroform in the
mobile phase, and its low elution strength only justifies a
small percentage in the mobile phase composition. Iso-
propanol is added to ensure compatibility of hexane with
acetonitrile and the aqueous buffer, and its elution
strength is moderate. The acetate buffer provides a con-
stant pH environment for the generation of EOF, and it
contains water that has great elution strength in normal-
phase chromatography on a silica column. Obviously, the
best way to adjust elution times without changing the flow
rate drastically is by varying the relative percentages of
isopropanol and acetate buffer in the mobile-phase com-
position. For hypothesis verification purposes, a stronger
quaternary mobile phase composition of acetonitrile/iso-
propanol/hexane/1 mm acetate (56:31:5:8, pH 4.5) was
next tested for fast separation of the drug mixture by nor-
mal-phase CEC. Using 25 kV, a fast electrochromato-
gram was produced in that the last peak for -hydroxyeth-
yltheophylline coeluted with the caffeine peak at 4.04 min.
Resolution of B-hydroxyethyltheophylline from caffeine
could not be obtained when the applied voltage was
decreased to 20 kV or 15 kV to lower the EOF rate. These
results show that resolution cannot always be enhanced
by allowing more time for CEC separation.

3.2 Applied voltage

The influence of applied voltage on CEC current, reten-
tion time and resolution was further evaluated with theo-
phylline and caffeine, using acetonitrile/isopropanol/hex-
ane/1 mm acetate (56:31:5:8, pH 4.5) as the mobile
phase. Over the range of 3-30 kV, the current varied be-
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Figure 3. CEC separation of a mixture
of theophylline, caffeine and four other
drugs at the 1.0 mg/mL concentration
level on Unimicro Technologies EP-75-
20-3 um Si column at 25°C, using a
mobile phase of isopropanol/hexane/
1 mm Tris (52:40:8, pH 8) at an applied
voltage of 30 kV with PDA detection at
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Figure 4. CEC separation of a mixture of theophylline,
caffeine and five other drugs at the 1.0 mg/mL concentra-
tion level on Unimicro Technologies EP-75-20-3 um Si
column at 25°C, using a mobile phase of acetonitrile / iso-
propanol / hexane / 1 mm acetate (56:38:5:1, pH 4.5) at
an applied voltage of 25 kV with PDA detection at
214 nm. Electrokinetic injection at 10 kV for 2 s.

214, 254 and 280 nm. Electrokinetic
injection at 10 kV for 15 s.

tween 0.5 pA and 2.4 pA, showing a linear relationship
with a correlation coefficient of r> = 0.9941. This indicated
that the influence of Joule heating was not negligible. The
resolution between theophylline and caffeine was maxi-
mal at 3 kV, but the analysis time of 45 min was almost
unacceptable. Higher voltages up to 10 kV could be
employed to reduce the analysis time down to 12 min and
still provide baseline resolution. A further increase in
applied voltage decreased the resolution significantly due
to a large EOF rate as well as Joule heating. Figure 5
shows that a linear relationship exists between retention
time and the inverse of applied voltage for both theophyl-
line and caffeine. This can be understood in terms of CEC
migration rate (vcec in units of mm/s), which is the sum of
EOF rate (veor) and electrophoretic migration rate (vep)
multiplied by the retardation factor 1/(1+k”) [32—34]

veec = (Veor + vep)/(1 + k') = (aE + bE)/(1 + K') =
(a+b) VIL(1 +K') (1)

where both rates are proportional to the electric field
strength E (in units of V/cm) and hence the applied volt-
age V across the capillary column of length L [35]. This
linear relationship between vcgc and E had previously
been noted [26]. Hence,

tr = L/veec = L2 (1+ K')/(a+b) V 2)

Such a linear relationship between retention time and the
inverse of applied voltage had been found to exist in a
previous ion-exchange CEC study [36]. While a (= ugor =
€,800/M) is a constant for the same column and mobile
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phase, k" and b (= Lep = g/6rnr) are characteristic of each
analyte. For this reason, the slopes of the theophylline
and caffeine plots in Fig. 5 are different.

4 Concluding remarks

This work has demonstrated that normal-phase CEC is a
valuable alternative for the traditional HPLC (and MEKC)
analysis of theophylline, caffeine and related drugs when
it can be carried out on a commercial CE instrument with-
out pressurization. These results confirm that CEC can
now be extended to cover the normal-phase chromato-
graphic separation mode for the determination of a broad
range of pharmaceutical compounds. Once all separation
parameters are optimized, the normal-phase CEC tech-
nique is not too difficult to use. Choosing the ternary
mobile-phase composition of isopropanol/hexane/1 mm
Tris (52:40:8, pH 8), a mixture of theophylline, caffeine,
aminophylline and five other drugs can be separated with
good resolution.
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