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Abstract

Caffeine (1,3,7-trimethylxanthine), theobromine (3,7-dimethylxanthine) and theophylline (1,3-dimethylxanthine) are the most important
naturally occurring methylxanthines. Caffeine is a constituent of coffee and other beverage and included in many medicines. Theobromine
and theophylline are formed as metabolites of caffeine in humans, and are also present in tea, cocoa and chocolate products.

In order to improve the chromatographic resoluti®g) (with a good analysis time, experimental designs were applied for multivariate
optimisation of the experimental conditions of an isocratic reversed-phase high-performance liquid chromatographic (RP-HPLC) method used
for the simultaneous determination of caffeine, theobromine and theophylline. The optimisation process was carried out in two steps using
full three-level factorial designs. The factors optimised were: flow rate and mobile phase composition. Optimal conditions for the separation
of the three methylxanthines were obtained using a mixture of water/ethanol/acetic acid (75:24:1%, v/v/v) as mobile phase and a flow rate of
1.0 mL mirr?. The RP-HPLC/UV method was validated in terms of limit of detection (LOD), limit of quantitation (LOQ), linearity, recovery
and the precision, calculated as relative standard deviation (R.S.D.). In these conditions, the LOD yg4 0'1for caffeine, 0.0ug L™*
for theobromine and 0.06g L~* for theophylline. The proposed method is fast, requires no extraction step or derivatization and was suitable
for quantification of these methylxanthines in coffee, tea and human urine samples.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ics and bronchodilator. These substances are widely known
by their properties as stimulants of the central nervous sys-
The methylxanthines caffeine (1,3,7-trimethylxanthine), tem and cardiac stimulanf3,4]. However, the consumption
theobromine (3,7-dimethylxanthine) and theophylline (1,3- of high concentration of these compounds can cause some
dimethylxanthine) are alkaloids naturally presents in plants undesirable effect such as cardiac arrhythmia, excitement,
used as stimulants beverages, such as black and matte temausea and gastric acidity.
coffee, cocoa and soft drink,2]. They also exhibit extraor- The International Olympic Committee (IOC) has classi-
dinary capacity as therapeutic agents and have been utilizedied caffeine as a drug of abuse when it is present in human
in many pharmaceutical formulations as analgesic, diuret- urine with concentrations higher than @g mL=* [2,5,6].
Although theobromine and theophylline are not considered
* Corresponding author. as illicit substances for humans, their administration is pro-
E-mail address: jailsong@ufba.br (J.B. de Andrade). hibited in racing animals, like dogs or hor48s5].
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Several analytical methods have been proposed for deterUV-vis detector were used. Chromatographic separation was
mination of these methylxanthines in fop], pharmaceuti- performed on a LiChrospher 100 RP-18 (244 mm.4 mm
cal productg8] and biological fluid¢9], but the great major-  i.d., 5um; Merck, Darmstadt, Germany) column linked
ity of these methods need extensive sample pre-treatmento a LiChrospher guard column of similar characteristic
or do not allow the complete separation and quantitation (4 mmx 4mm i.d.; Merck). The detection was performed
of different methylxanthines present in a same sample.in UV at 273 nm.
The reversed-phase high-performance liquid chromatogra-
phy (RP-HPLC) has been the technique most commonly used2.2. Chemicals and reagents
for determination and quantitation of these methylxanthines
[10 and references cited hereimjeanwhile, the chromato- Methanol, ethanol acetonitrile (HPLC grade, 99.9%) and
graphic separation between the two isomeric methylxan- glacial acetic acid were obtained from Merck and filtered in
thines, theophylline and theobromine, needs to be improved,0.45um membrane. Caffeine (Carlo Erba, Milan, Italy) was
especially in analysis of complex matrices like biological flu- purified by sublimation; theophylline was obtained by extrac-
ids. tion from medicinal Talofilin® 100 mg (Novartis-Sandoz,

The Optimisation of the Chromatographic Separation was SWitzerIand) and purified by recrystallization; theobromine
based on the following criterion: “an acceptable chromato- (Sigma Chemical Co., St. Louis, MO) was purified by recrys-
graphic resolution in the shortest possible analysis time”. The tallization. Purified water was obtained by distillation and
minimum value of chromatographic resolutigty), between filtration through E-pure Alltech system (Deerfield, IL).
two peaks, that leads to a complete baseline separationis 1.0,
and the maximum value, without to engage the analysis time, 2-3- Preparation of methylxanthines stock and
is 1.5. When this range is not feasible, an alternative could calibration solutions
be to use experimental design for optimisation of factors, ) o ] )
such as, mobile and stationary phases composition, temper- After methylxanthines purification by sublimation and

ature, column length, flow rate, solvent strength, that affect recrystallization, stock solutions of caffeine, theobromine
the ql’JaIity of the sep:aratiorﬁm]i ' and theophylline were prepared by dissolving 40 mg of each

The use of multivariate techniques for optimisation of in 200 mL of ethanpl/water (50:50%, v/v) or methanol_/water
analytical procedures is generally performed in two steps: (90:50%; v/v) andfiltered through a 0.4 membrane filter.
firstly, a preliminary evaluation using factorial design, with 1heYy were kept refrigerated at€ in the dark-glass flasks.
the objective of selecting the significant variables that affect 1 e Standards solutions were prepared by dilution in water
the analytical method and, afterward, estimate a function of the methylxanthines mixture stock solutions, in the con-

fitted among the analytical response and the significant vari- C€ntration range from 1.0 to @ mL~* (=10 points).

ables, allowing calculations for determination of the optimal 1Nese solutions were stored in the dark-glass flasks @t 4

values for these variables in this metHa@—14] In these conditions, they remained stable for 60 days.
The full three-level factorial desigii5,16]is a response

surface methodology that has limited application in exper-

imental design when the factor number is higher than 2,

because the experiment number required for this design is

calculated by expressiavi= 3, whereN is experiment num- : "

ber andk is factor number. However, for two factors it has Variable amounts were used to reproduce normal conditions

efficiency comparable with others designs as central compos-Of use.

ite, Doehlert matrix and Box—Behnkéh7]. Tea: 1.47 g of tea was placed in infusion, in about 150 mL
In this paper, a method for simultaneous determination of of water (approximately one cup), at 100 for 3 min.

the methylxanthines: caffeine, theobromine and theophylline Coffee: 150 mL hot water/3.3 g coffee.

by RP-HPLC/UV were optimised using full three-level facto-  Urine: the urine samples (48 samples), obtained from vol-

rial design. In the optimisation, the response was established unteers people, were stored &t@ defrosted before the

considering resolution among the peaks of the theobromine analysis and centrifuged by 10 min.

and theophylline and also analysis time.

2.4. Sample preparation

All the sample solutions were filtered using Whatman 41
filter paper (twice, double filter) and diluted when necessary.

2.5. Optimisation strategy

2. Experimental procedure The optimisation was performed in two steps. Firstly, a
full three-level factorial design was carried out for optimi-
2.1. Apparatus sation of the variables of mobile phase (polarity and flow

rate). In the first stage, it was studied the influence of the

A Perkin-Elmer liquid chromatograph series 200 equipped strength (polarity) and selectivity of the mobile phase in the
with a Rheodyne (Cotati, CA, USA) injector valve with a chromatographic resolution of the three methylxanthines. For
20pL sample loop and a Perkin-Elmer series 200 model this, methanol, ethanol and acetonitrile were used as organic
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Table 1 vious work[10], we described a chromatographic method

Factors and levels used in the first full three-level factorial design for separation of the methylxanthines in different samples,

Variable Low () Medium (0) High (+) adding acetic acid to the mobile phase (apparent pH<3),

Polarity Acetonitrile Ethanol Methanol ~ Which allowed reasonable separation between theophylline

Flow rate (mL mint) 0.6 0.8 1.0 from theobroming10]. However, taking into account that
the obtained separation is not satisfactory for analysis of the

Table 2 complex matrices (i.e. fluids biological), it is necessary to

Factors and levels used in the second full three-level factorial design study the influence of the other variables that affect a com-

Variable Low () Medium (0) High (+) plete separation (baseline resolution) of the chromatographic

% Acetic acid 20 6.0 10 peaks of these compounds, applying multivariate optimi-

Flow rate (mL mirr?) 1.0 11 12 sation methods, in order to improve the chromatographic
resolution between the two isomeric methylxanthines, theo-

Table 3 phylline and theobromine.

Factors and levels used in the second full three-level factorial design

Variable Low () Medium (0) High (+) 3.1. Optimisation of polarity and flow rate of the mobile

% Acetic acid 0.5 1.0 15 phase

Flow rate (mL mirr1) 1.0 1.1 1.2

The data of the three-level full factorial design performed
modifiers of the mobile phase with the fO“OWing CompOSi' (ln trlpllcatE) for Optlmlsatlon of pOIarity.and flow rate of the
tion: organic modifier/water/acetic acid (20:75:5%, viviv). Mobile phase are describedTable 4 In it, can be seen the
The flow rate was changed from 0.6 to 1.2 mL minMax- responses as c_hro_matogr_aphlc resolutlon_ ar_ld also chromato-
imum and minimum levels of each factor were chosen in 9raphicresolutionin function of the analysis time. The results
agreement with data obtained in previous experiments angOf this factorial were evaluatgd _u_sing analysis of t_he variance
they are shown ifable 1 In all experiments, the response (ANOVA). The effects and significance of the variables con-
was established by ratio among resolution and time analysis.Sidering the tworesponses are shownin Pareto ciagsi

In a second factorial design, for studies of optimisation of and B).
the acidity of the mobile phase, different concentrations of
acetic acid have been used, and are showiables 2 and 3 3.1.1. Results using chromatographic resolution as

The experimental data were processed by using the Statistigesponse
computer prograrfil8]. The results as Pareto chaFig. 1A) shows that the fac-

tor more significant is the polarity of the mobile phase. In
Fig. 2 it can also be seen that the chromatographic resolu-
3. Results and discussion tion increases with the polarity of the mobile phase and it
is independent of the used flow rate. Then, the better con-
Most of the methods described in the literature for ditions for chromatographic resolution were achieved when
methylxanthines analysis uses mobile phases containing onlymethanol was used as mobile phase. However, the use of this
methanol-water (apparent pH §)9], which allows caf- mobile phase implies an analysis time of 13.4 min, which can
feine quantitation but does not separate theophylline from constitute disadvantage for the method.
theobromine. Considering that methylxanthines can suffer
protonation, resulting in ionic species stabilized by reso- 3.1.2. Results using chromatographic resolution in
nant and inductive effects, if the pH decreased below 4, the function of the analysis time as response
xanthines became protonated and the interaction with C18 The resultsEig. 1B) considering chromatographic reso-
reverse-phase columns is increased. In this way, in a pre-lution in function of the analysis time demonstrate that the

Table 4

Design matrix and the results of the chromatographic separation

No. Mobile phase Flow rate (mL mit}) Chromatographic resolution Chromatographic
(theobromine and theophylline) resolution/analysis time

1 + + 2.01 0.191

2 + 0 2.23 0.134

3 + — 1.96 0.086

4 0 + 1.00 0.180

5 0 0 1.03 0.150

6 0 — 1.05 0.116

7 - + 0.86 0.152

8 - 0 0.92 0.133

9 - — 0.86 0.092
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which was advantageous considering the time of analysis of
13.4 min, when the methanol mobile phase was used. Indeed,
203,7058 the ethanol was recommended for the method.

p=.05

(1)Polarity(L)

Polarity(Q o ..
i 3.2. Optimisation of the acidity and flow rate of the
Flow rate(Q) 2076113 mobile phase
e 8, pgi In a second experimental design, for studies of optimi-

sation of the acidity of the mobile phase, different concen-

(2)Flow rate(L) 7650021 R X X
trations of acetic acid were used (0.5, 1.0, 1.5%). Reso-
-50 0 50 100 150 200 250 lution of 1.28 between the two isomeric methylxanthines
(A) Effect Estimate (Absolute Value) (theobromine and theophylline) was obtained in the condi-

tions flow rate optimised of 1.0 mL mirt and composition
of the mobile phase containing 1% of acetic acid, namely
s{! ethanol/water/acid acetic of (24:75:1%, v/v/v). The contour
89,226p2

p=,05

(2)Flow rate(L) line graph that represents this result is showRimn 4.
——— The relationship among the composition of the mobile
par G phase F), flow rate (/) and the chromatographic resolution
Flow rate(Q) in function of the time of analysiskg/:) it is represented by
the equation below:
1Lby2L R
S 2
(1)Polarity(L) = 0.276519+ 0.01227& — 0.033611F
R TR B T = T R R T R +0.036389 — 0.01194/2 (1)

(B) Effect Estimate (Absolute Value)

Fig. 1. Pareto chart considering chromatographic resolution: (A) as analytic ~ Deriving this eql_Jation in function of the Vari?-t_)les can
response and (B) in function of the analysis time as analytic response. (L) get the great conditions for flow rate and composition of the

means linear and (Q) means quadratic. mobile phase,
oR
flow rate was the factor more significaftg. 3shows that the TFS = 0.012278- 2(0.033611} =0 (2)
better responses were achieved with the ethanol mobile phase
(medium polarity) with flow rate in the maximum level. ORs = 0.036389— 2(0.011944y = 0 (3)

These results are very interesting considering the smallest 3V
toxic degree and smaller cost of the ethanol when com- In this way, the optimal responses appears within the
pared to the methanol. Also, the results revedled 1.0 in experimental domain and the corresponding values are
a time of analysis of 5.5 min for the ethanol mobile phase, F=1.09% and/=1.2mL mirr L.

Bl 0.901
B 1,056
B 1.211
= 1.366
1 1521
1675
3 183
Bl 1,985
214
2294 3 ; . i ) \

Bl above 1,2 -0,8 -0,4 0,0 0,4 0,8 1,2

Polarity

Flow rate (mL/min)

Fig. 2. Contour line graph considering chromatographic resolution as analytic response.
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Fig. 3. Contour line graph considering chromatographic resolution in function of the analysis time as analytic response.

Nevertheless, high flow rate of the mobile phase increaseshas shown a better chromatographic resolution for the same
a lot the pressure of the chromatography system which is nottime of analysis, which improves the peak identification and
recommended and, considering that the resolution among thequantification even when applied for complex matrices like
peaks of two isomeric methylxanthing®E 1.28) obtained  human fluids.
for of flow rate 1.0 mL mirr! and composition of the mobile
phase: ethanol/water/acetic acid of (24:75:1%, v/vIv), is satis- 3.3. Method validation
factory, these conditions were chosen for the accomplishment
of the analysis of the samples. The RP-HPLC method was validated in terms of limit
In this case, the objective was to achieve: the best chro-of detection (LOD), limit of quantitation (LOQ), linearity
matographic resolution (18Rs < 1.5)[11] in the shortest  and precision calculated as relative standard deviation
possible analysis time. How the response of the optimum (R.S.D.).
points reached individually for two factors coincide, the The limit of detection of the method, defined as
application of the multiresponse analysis is not necessarysignal equal to three times the baseline noise, were

[20]. 0.07ugmL~1 for theobromine, 0.0agmL~! for theo-
The experiment performed under optimised conditions of phylline and 0.1QugmL~! for caffeine and the limit of
flow rate and mobile phase gives the chromatograRigf5, guantitation, defined as signal equal to 10 times the baseline

in which, within 6 min, all three methylxanthines are sepa- noise, were 0.28gmL~! for theobromine, 0.18gmL"!
rated in both a standard solution and a sample of human urine for theophylline and 0.3gg mL~ for caffeine. These results
This methodology, when compared to our previous Wb} are shown infable 5

I o.166
Il o.18
B 0,194
[ 0,208
[ o221
[ o235
[ 0,249
B 0,263
I 0277
Bl 0.2 E i SO 1 i s

Il above -1,2 -0,8 0,4 0,0 0,4 0,8 152

Acetic acid (%)

Flow rate (mL/min)

Fig. 4. Contour line graph representing the optimised conditions of the method.
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] The accuracy and the matrix effects of the method were
evaluated using recovery tests. Recoveries were calculated by
comparison of the results with those obtained from the anal-
ysis of mixed standard solutions spiked in tea, coffee and
human urine samples. In the case of coffee samples, theo-
phylline was not added because this compound was not found
in any sample analyzed. Spiked recoveries from the samples
ranged from 94 to 105% for all analys®&ple §, which indi-
cated that matrix effects in the samples studied were minor.
The recoveries also demonstrate that this method can be sat-
isfactorily used for determination of these methylxanthines
in these kinds of samples.
The relative standard deviations were determined for dif-
ferent matrices (tea, coffee and urimes 6 replicates) and
are shown inTable 7 In the previous work10], the LOD
and R.S.D. were determined using standard solutions and
in this work they were done with real samples. In this
way, the obtained values herein are not comparable with
those determined previously. Indeed, the results presented
(A) U in Tables 5-7 confirm the feasibility of this method for
the analysis of the three methylxanthines in the samples
0 2 Pl 6 0 2 4 6 analyzed.

3.68

5.52

2.88

Fig. 5. Chromatograms obtained for (A) methylxanthine standards and (B) . L.

a human urine sample with ethanol/water/acetic acetic (24:75:1%, v/v/v) as 3.4. Analytical application

a mobile phase. Numbers in the figure, 2.88, 3.68 and 5.52, represent the

theobromine, theophylline and caffeine retention time, respectively. The optimised methodology was applied for determina-

tion of caffeine, theobromine and theophylline in coffee, tea
The analytical curves were linear for the three methylxan- and human urine samples. In the beverage, variables amounts
thines in the concentration range of 1.046PmL~1 (n=10 were used to reproduce normal conditions the use. The results

points). The calibration curves showed good linearity, as is are described ifable 7and are agreement with data of the

shown inTable 5 literature[5,21,22]

Table 5

Performance characteristics

Methylxanthines Calibration curves 2 LOD (ngmL™1) LOQ (ngmL™Y)
Theobromine Y=0.513-0.2771 0.9990 0.07 0.23
Theophylline Y=0.465% — 0.3925 0.9987 0.06 0.18
Caffeine Y=0.184% - 0.1324 0.9979 0.10 0.33

Note: Y: peak heightX: concentration g mL~1); 2: determination coefficient; LOD: limit of detection; LOQ: limit of quantification.

Table 6
Results of the addition/recovery tests
Xanthines Tea concentratiopg mL™1) Human urine concentratiomg mL~1) Coffee concentrationug mL™1)
MSC Add Found %R MSC Add Found 9¢® MSC Add Found <R
Caffeine 3562 4000 7772 105 794 8.00 15.95 100 650.4 200.0 857.0 103
3342 6000 8998 94 794 8.00 16.17 103 649.8 200.00 856.6 103
35.97 8000 118.8 103 794 8.00 16.17 103 646.6 200.00 202.2 101
Theobromine 04 200 382 94 1083 8.00 18.77 99 17.67 20.00 37.52 99
145 300 443 99 1083 8.00 19.11 103 17.45 20.00 37.27 99
2.28 400 6.06 94 1083 8.00 19.01 102 17.33 20.00 37.32 100
Theophylline 1522 400 1924 101 455 8.00 12.83 103 na na na
15.12 800 2330 102 455 8.00 12.96 105 na na na
15.01 1200 2726 102 455 8.00 12.91 104 na na na

Note: MSC: measured sample concentration; add: addeti;%orecovery; na: not added.
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Table 7

Concentrations of methylxanthines in the samples and the respective R.S.D. (%)

Samples CaffeinegmL~1) (R.S.D.) Theobromineug mL~1) (R.S.D.) Theophyllineiig mL~1) (R.S.D.)
Soluble coffed 77140 (0.02) 1150 (0.01) <006

Mate ted 59.70 (0.01) 1340 (0.06) <006

Sene tea <ao0 <007 1550 (0.03)

Boldo tea <010 180 (0.03) <006

Black tea 6640 (0.03) <007 <006

Carqueja tea <0 <Q07 <006

Human urine (B0-8.70 (0.02) #40-52.4 (0.01) D0-42.30 (0.01)

a Concentrations registered in the literature: caffeine (110—-ga8L 1) [5,20]; theobromine (17—2jg mL™1) [5,20]; theophylline (15-4 g mL~1) [10].
b Concentrations registered in the literature: caffeine (25-8%L~1) [5,22]; theobromine (17—-2g mL~1) [5,22]; theophylline (9-23.g mL~Y) [10].

4. Conclusion [4] L.S. Goodman, A. Gilman, As Bases Farmdmgitas da Teragutica,
McGraw-Hill, 1996.

The Optimisation USing full three-level factorial deSign [5] J.A. Carrillo, J. Benitez, Clin. Pharmacokinet. 39 (2) (2000) 127.
[6] L. Perez-Martinez, S. Sagrado, M.J. Medina-Hernandez, Anal. Chim.

allowed an efficient and fast chromatographic method for Acta 304 (1995) 195.

determination of caffeine, theobromine and theophylline. [7] E.M. Abdel-Moety, Z. Lebensm, Anal. Abstr. 50 (8F) (1988) 51.
The isocratic optimised conditions provided a high resolu- [8] R.L. Stevenson, C.A. Burtis, J. Chromatogr. 61 (1971) 253.

tion of the all xanthines in less than 6 min, with LOD ranged [9] M.J. Llobat-Esteles, R.M. Mam-Saez, M.D. San-Mdr Ciges,

between 0.06 and 0.3y L~ for standard solution. Talanta 43 (1996) 1589.

. . [10] M.S. Bispo, M.C.C. Veloso, H.L.C. Pinheiro, R.F.S. De Oliveira,
The use of the ethanol as constituent of the mobile phase J.ON. Reis, J.B. de Andrade, J. Chrom. Sci. 40 (2002) 45.

is advar)tageoug duetoits |0W cost, its lower toxic level and [11] R. snyder, J.J. Kirkland, Introduction to Modern Liquid Chromatog-
shortening the time of analysis. raphy, John Wiley, New York, 1979.

The method proposed was app“ed for ana|ysis of teas,[12] S.L.C. Ferreira, W.N.L. dos Santos, C.M. Quintella, B.B. Neto, J.M.
coffee and human urine samples. The achieved results for the, _ Bosque-Sendra, Talanta 63 (2004) 1061.

| t with data of literat [13] M.G.A. Korn, W.P.C. dos Santos, M. Korn, S.L.C. Ferreira, Talanta
samples are agreement wi ata or literature. 65 (2005) 710.

[14] V.A. Lemos, P.X. Baliza, J.S. Santos, L.S. Nunes, A.A. de Jesus,
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