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SUMMARY 

A high-performance Liquid chromatographic procedure was developed for the determhra- 
tion of caffeine in various biologic fluids and coffee. A reversed-phase column and UV 
detection at 254 run were used to obtain a sensitivity of 0.1 rg/ml caffeine in serum and 
saliva using a sample volume of 0.1 ml. Caffeine metabolites and commonly ingested 
xanthhres do not interfere with the assay. The within-day coefficients of variation were 9.8 
and 9.9% at plasma caffeine concentrations of 2 and 10 gg/mI, respectively_ The day-to-day 
coefficients of variation were 6.8 and 6.6% at plasma caffeine concentrations of 2 and 
10 pg@I, respectively. Serum and sahva caffeine concentrations were determined following 
a single oral dose of coffee and an intravenous infusion of caffeine in one subject. Computer 
estimates of caffeine pharmacokinetic parameters in one subject are in excellent agreement 
with previously published vahms. 

INTRODUCTION 

Caffeine is a commonly ingested drug present in foods and many beverages 
consumed tbroughout the world, Recently, the drug has been used therapeu- 
tically in the management of neonatal apnea [1] _ Studies indicate that the 
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pharmacologic and toxicologic effects of caffeine are incompletely understood 
[ 2,3] _ For example, caffeine is teratogenic in rats 123 and as a consequence it 
has been recommended that pregnant women restrict caffeine intake until 
further studies can determine the applicability of tbis finding to humans [3] _ 
Another study has shown that caffeine is a potent cardiovascular stimulant, but 
it is not known whether caffeine ingestion causes arrhythmias 141. One study 
has demonstrated that among re@ar consumers of caffeine, even a brief ab- 
stinence from the drug may produce anxiety [ 51. All of these findings suggest 
that caffeine is not an innocuous compound and that additional studies on the 
toxicology and pharmacology of caffeine are needed. 

Pharmacologic and toxicologic studies of caffeine both in animals and man 
often require collection of multiple blood samples and detection of caffeine 
concentrations below the limit of sensitivity for many available assays [4,6]. 
It may also be necessary to determine the caffeine content of commonly in- 
gested beverages for pharmacologic studies of caffeine. This report describes 
a sensitive and selective high-performance liquid chromato,mphic (HPLC) 
procedure for the analysis of caffeine in various biologic fluids and coffee_ 
Application of the method to pharmacokinetic and protein binding studies of 
caffeine are demonstrated in one volunteer subject. 

XL4TERL4LS AND METHODS 

Chemicais and reagents 
Caffeine, theophylline and theobromint were purchased from Eastman 

Kodak (Rochester, NY, U.S.A.)_ Paraxantbine and 3-methylxanthine were 
purchased from Adams Chemical (Round Lake, IL, U.S.A.)_ P-Hydroxyethyl- 
theophylline (internal standard) was obtained from Sigma (St. Louis, MO, 
U_S_A_)_ -4cetonitrile and chloroform (UV grade) were purchased from Burdick 
and Jackson Labs. (Muskegon, MI, USA_). Phosphoric acid and 2-propanol 
were obtained from Mallinckrodt (St. Louis, MO, U.S.A_)_ All reagents and 
chemicals were reagent grade or better. 

Standard solutions 
Donor human plasma was obtained from the University Hospital blood bank. 

Analysis of chromatograms obtained from e_xtracts of blood bank plasma sug- 
gested that caffeine and c&feine metabolites were present. Consequently, four 
25-ml quantities of plasma were placed in cellulose dialysis membranes (1.75 in_ 
flat width, 24 A pore size, VWR Scientific, Columbus, OH, U.S.A.) and sus- 
pended in 2 1 isotonic phosphate buffer, pH 7.4, containing 2.5% activated 
charcoal. The buffer solution was stirred at 8°C for 40 h to remove any caffeine 
or caffeine metabolites from plasma_ Volumes (IO ml) -of plasma containing 
O-5, l-0, 2.0, 2.5, 5.0, 7.5 and 10-O r.lg/ml caffeine were prepared. _Aliquots of 
these plasma standards (0.5 ml) were stored in 1.5-ml polypropylene micro- 
centrifuge tubes (VWR Scientific)_ An aqueous reference solution containing 
33 pg/ml theophylline, theobromine, P-hydroxyethyl-theophylline and 20 pg/ml 
caffeine, and an aqueous internal standard solution containing 5 pg/ml- 
p-hydroxyethyl-theophylline were prepared. Chromatographic resolution of 
caffeine, caffeine metabolites, and 8-hydroxyethyl-theophylline was determined 
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daily by injecting 25 ~1 of the reference solution onto the column. All solutions 
were stored at -4°C. 

Apparatus 
Chromatography was performed with a Beckman Model 1OOA HPLC pump 

equipped with a Beckman Model 210 sample injection valve with a 50+1 sample 
loop capacity (Beckman, Berkeley, CA, U.S.A.). The mobile phase effluent was 
monitored with a Beckman Model 153 fixed-wavelength detector (254 nm) 
equipped with an 3~1 flow cell (Beckman). Specificity studies were performed 
with a Beckman Model 155-00 variable-wavelength detector equipped with a 
20-~1 capacity flow cell. A 5+m particle size ODS column, 25 cm X 4.6 mm I.D. 
was used (Altex Scientific, Berkeley, CA, U.S.A.). 

Extraction procedure 
Volumes (0.1 ml) of serum, plasma, or saliva were placed in 16 X 125 mm 

PTFE-capped borosilicate culture tubes (Kimble, Vineland, NJ, U.S.A.) con- 
taining 100 ~1 0.2 N hydrochloric acid and 75 ~1 internal standard solution_ 
Twelve ml of 20% 2-propanol in chloroform were added and the mixture was 
shaken gently for 20 min_ After centrifugation for 5 min the aqueous (top) 
layer was aspirated and the remaining organic layer was transferred to a clean 
disposable culture tube. The organic phase was evaporated at SO% under a 
gentle stream of nitrogen_ The residue was reconstituted with 100 ~1 mobile 
phase and 25 ~1 were injected onto the column_ 

Chromatography and standard curve 
The mobile phase was prepared by diluting a mixture of 260 ml acetonitrile 

and 1 ml of 85% phosphoric acid to a final volume of 2 1 with distilled water_ 
The mobile phase flow-rate was 1-O ml/min and the effluent was monitored 
at 254 nm with detector output recorded at 10 mV on a Beckman Model BD 40 
chart recorder with the chart speed set at 0.25 cm/mm Peak heights of caffeine 
and internal standard were measured following the analysis of plasma standards 
and the ratio plotted against the respective plasma caffeine concentrations_ 
Linear regression analysis was used to determine the slope and intercept values 
of the standard curve, Samples containing caffeine were compared with the 
standard curve using the caffeine:intemal standard peak height ratio. 

Recovery studies 
Plasma was prepared as described above and spiked with caffeine to concen- 

trations of l-0 and 10-O pg/ml_ Volumes of plasma (0.1 ml) were extracted as 
described above with 12 ml 20% 2-propanol in chloroform and 6 ml of the 
organic phase were transferred to a clean disposable culture tube and evaporated 
to dryness. The residue was reconstituted with 100 ~1 mobile phase and 50 yl 
were injected onto the column_ Peak heights of caffeine were measured and 
compared to those obtained following the injection of 25 ~1 of 1.0 and 
10.0 pg/ml aqueous caffeine solutions. 

Five coffee mixtures were prepared by dissolving 2-g quantities of instant 
coffee (Taster’s Choice@, Nest%, White Plains, NY, U.S.A.) in 200 ml water by 
gently heat&g to boiling. The mixtures were cooled to room temperature and 
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ahquots were diluted 1300 and analyzed for caffeine as described above for 
plasma and serum. Recovery of caffeine from coffee was determined by spiking 
aliquots of each coffee mixture with an additional 100 pg/ml caffeine and then 
analyzing the resulting mixture to determine the caffeine content 

Precision 
Replicate plasma specimens containing 2.0 and 10.0 pg/ml caffeine were 

analyzed each day for ten consecutive days to determine the day-today coeffi- 
cient of variation of the assay_ Ten plasma specimens containing 2-O and 
10-O fig/ml caffeine were analyzed on the same day to assess the within-day 
coefficient of variation of the assay. These plasma specimens were stored at 
-4% in glass vials between analyses. 

Specificity sfudies 
Four serum. specimens were obtained from a human subject following 

intravenous caffeine administration. Samples were extracted and injected onto 
the column and the mobile phase effIuent monitored at each of three wave- 
lengths (254, 280 and 290 nm)_ Caffeine concentrations were determined from 
standard curves prepared following the analysis of plasma standards with ef- 
fluent monitoring at the appropriate wavelengths_ 

Human study 
A healthy, non-smoking volunteer received a single, intravenous dose of 

caffeine followed one month later by a single oral dose of coffee_ The subject 
had refrained from ingesting any xanthine containing foods or beverages for at 
least one week prior to the studies_ _An intravenous infusion of caffeine 
benzoate (equivalent to 280 mg caffeine base, Eli Lilly, Indianapolis, IN, 
U.S.A.) was administered into an antecubital vein over 5 min with a sage 
syringe pump (Sage Instruments, Orion Research, Cambridge, MA, U.S.A_). 
Blood was obtained from a heparin-containing syringe placed in a vein in the 
contraIateral arm_ The oral dose consisted of 400 ml instant coffee (Taster’s 
Choice) containing 160 mg caffeine (base). The dose &as ingested over 10 min. 
Five ml blood and mixed saliva samples were obtained at various times over the 
subsequent 24-h periods. Caffeine concentrations in serum and saliva extracts 
were determined according to the present procedure_ Blank serum for caffeine 
protein binding determination was dialyzed against an equal volume of phos- 
phate buffer (pH 7.4) containing 2.0 and 10.0 gg/ml caffeine. Equilibrium 
dialysis was performed at 37’C in a plexiglass two-chambered apparatus of l-ml 
capacity (Technilab Instrument Corp., Pequannock, NJ, U.S.A.) separated by a 
dialysis membrane (Spectrapor, Spectrum Medical Industries, Los Angeles, CA, 
U.S.A.). After 16 h of miId agitation, O-l-ml volumes of serum and buffer were 
extracted for caffeine determination according to the present procedure. 

Phmnmokinetics 
Serum concentration-time data from the intravenous and oral doses were 

simultaneously fitted to a one-compartment open pharmacokinetic model with 
first order absorption following the oral dose [ 7]_ A non-linear regression tech- 
nique [8] was used to generate the least-squares computer estimates of the 
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elimination rate constant, IG the volume of distribution, V; the absorption rate 
constant, K,; and the fraction of the oral dose absorbed, F. Areas under the 
total and free concentration-time curves were determined by trapezoidal 
integration with inclusion of the area from the last measured concentration to 
inftity. Clearance values were determined from the dose to area under the 
serum concentration-time curve quotient for free and total drug concentra- 
tions following the intravenous dose. 

RESULTS 

Column life was at least 3.5 months with almost daily use_ Slight rises in 
pressure and loss of resolution were corrected by flushing the column over- 
night with a solution consisting of 500 ml methanol and 500 ml distilled water 
at a flow-rate of 0.2-0.3 ml/ min. All of the climethylxanthine metabolites of 
caffeine were well separated from caffeine and internal standard (Fig. 1). The 
retention times for caffeine, p-hydroxyethyl-theophylline, theophylline, para- 
xanthine, and theobromine were 8.8, 5.7, 5.2, and 4.0 min, respectively- 
Theophylline and paraxanthine elute with identical retention times on this 
chromatographic system. Caffeine and &hydroxyethyl-theophylline are well 
separated from 3-methylxanthine which has a retention time of 2.4 min. 
Analysis of chromatograms from extracts of blood-bank plasma revealed peaks 
with retention times identical to those of theophylline, theobromine, and 
caffeine (Fig. 1). Serum extracts from. coffee drinkers resulted in similar 
chromatograms. These peaks probably represent dietary xanthines and their 
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Fig. 1. Chromatograms of an aqueous standard mixture and donor plasma- (A) Standard 
mixture of the xantbines theobromine (TB), theophylline (T) and s-hydroxyethyl-theophyl- 
line (BOE) (0.825 pg), and caffeine (C) (0.5 pg); (B) extract of donor human plasma; 
(C) extract of stripped donor plasma; (D) extract of human plasma containing caffeine (C) 
(0.5 pg) with @hydroxyethyl-theophylline (BOE) as the internal standard. 
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metaboIites. Noncoffee drinkers had serum extracts which were free from any 
interfering substances. Dialysis of blood-bank plasma removed any interfering 
peaks (Fig. 1). 

The caffeine:internaI standard peak height ratios determined from the 
analysis of extracted samples were linearly related to caffeine concentration 
over the range of 0_5-50_0 pg/mI_ The lower Iimit of detection for caffeine was 
O-1 pg/mI ahowing a signal-to-noise ratio of 4 and a sample volume of 0.1 ml_ 

The analytical recoveries of caffeine from five plasma specimens averaged 
102 and 95% at piasma caffeine concentrations of 1.0 and 10.0 I.rg/mI, respec- 
tiveIy_ These were not significantly different using an unpaired f-test. Caffeine 
concentrations in five samples of instant coffee ranged from 238 to 258 pg/ml. 
The recovery of caffeine from spiked coffee averaged 92% for these five 
SampIeS_ 

The day-today coefficients of variation of the assay were 6-8 and 6_6% at 
measured plasma caffeine concentrations of 1.98 and 10.1 pg/ml, respectively. 
The withinday precisions of the assay were 9.8 and 9.9% at measured plasma 
caffeine concentrations of 2.09 and 9-50 ccg/ml, respectively_ Serum specimens 
ranging in concentration from CK6-5.5 pg/ml obtained following the intra- 
venous dose were analyzed with mobile phase effluent monitoring at each of 
three different detection wavelengths_ There was excellent agreement between 
thevalues obtained at 254, 280 and 290 nm (Table I)_ Linear regression analysis 
of concentrations determined at 290 and 280 nm (dependent variable) against 
concentrations determined at 254 nm (independent variable) resulted in slope 
and y-intercept values of 0.95 and 0.04 gg/rnI, respectively. These values were 
not si,@icantly different from unity (slope) and zero (intercept)_ 

TABLE I 

SERUM CAFFEINE CONCENTRATIONS (pglml) DETERMINED IN FOUR DIFFERENT 
SERUM SPECIMENS MEASURED WITH HPLC EFFLUENT MONITORING AT THREE 
DETEXTION WAVELENGTHS 

Similar concentration values at each detection wavelength indicate assay specificity. 

254 IlID. 280 nnl 290 nm 

5.5 5.2 5.5 
4.4 4.0 4.2 
2-o 1.8 2s 
0.5 0.4 0.6 

Fig 2 shows the serum caffeine concentrations following the intravenous 
infusion and the oral dose_ Serum caffeine concentrations continued to rise 
slightly for 1 h folIowing the termination of the intravenous infusion due to 
some extravasation of the dose_ The Subject complained of some mild discom- 
fort at the injection site at the end of the infusion_ Serum caffeine concentra- 
tions declined in a log-linear fashion 1 h following the infusion. A peak serum 
caffeine concentration of 3.2 pg/rnI occurred 1 h following the oral dose. 
There was an excellent correlation between observed and computer-predicted 
serum concentration-time values. The largest deviation between observed and 
computer-predicted values was only 13.6% and averaged 5.6% for ah the experi- 
mental data. The fraction of free drug (unbound) in sernm was O.‘i4 at total 
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Fig. 2. Measured and computer predicted serum caffeine concentrations following an 
intravenous infusion of caffeine benzoate (o), and an oral dose of coffee (0). 

(free and bound) post-equilibrium caffeine concentrations of 5.7 and 1.2 pg/ml. 
The non-linear least-squares computer estimates of k,, F, K and V were 

4.21 h-r, 0.93, 0.106 h-l and 0.58 I/kg, respectively. Clearance of total (free 
and bound) and clearance of free (unbound) caffeine from serum was 1.0 ml/ 
min/kg and l-4 ml/mm/kg, respectively. 

There was c&xiderable variability in the saliva caffeine concentration-time 

profile particularly after the oral dose. The saliva :unbound serum caffeine 
concentration ratios ranged from 0.93 to 1.46 and averaged 1.18 with a stan- 
dard deviation of 0.16. Linear regression analysis of saliva (dependent variable) 
and unbound serum (independent variable) caffeine concentrations obtained 
from l-24 h following the oral and intravenous doses gave a slope of 1.27 and 
a y-intercept value of -0.18 p&/ml with a correlation coefficient of O-97 
(n = 14). 

DISCUSSION 

The present procedure for the analysis of caffeine in biologic fluids and 

coffee is rapid, sensitive, and selective. The method employs a single extraction 
step suitable for detection of 0.1 pg/ml caffeine in 0.1 ml serum, plasma or 
saliva and can be used for caffeine determination in solutions of coffee_ 
Previous gas-liquid chromatographic and HPLC methods for the analysis of 
caffeine in biologic fluids or beverages have been proposed [4,6,9-151. This 
method offers some advantages over previously reported procedures_ The small 
sample volume required and good sensitivity of the present method are suitable 
for pharmacologic studies requiring multiple blood samples in neonates and 
small laboratory aninn&. Other methods employ larger sample volumes 
(0.5-1.0 ml serum or plasma) to obtain similar sensitivity [4,6]. Some gas- 
liquid chromatographic procedures involve multiple extraction steps or lengthy 
derivatization steps. for caffeine quantitation [ 12,13]_ In addition, one HPLC 
procedure does not employ an internal standard making sample preparation, 
extraction, and sample reconstitution potential sources of variability [14]_ 
Another HPLC method employs theobromine as an internal standard [lS]. 
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Theobromine is a dimethykanthine metaboiite of caffeine in dogs [14] and 
wouId be expected to interfere with the assay in this species. Furthermore, 
results from the present investigation indicate that theobromine is often 
present in human specimens due to dietary xanthine intake. The present proce- 
dure employs p-hydroxyethyl-theophylline as an internal standard. This com- 
pound is well resolved from caffeine and the dimethylxanthine metabolites of 
caffeine_ 

The results of the single-dose caffeine study agree well with the findings 
reported by other investigators_ Desmond et al. [IS] reported similar caffeine 
distributic+ volumes and .slighUy higher clearance values for caffeine compared 

to the values obtained in the present study, probably due to inclusion of 
smoking subjects in their study. Cigarette smoking can induce drug metab- 
olising enzymes and as a result increase caffeine clearance [17]_ 

Considerable variability was observed in the ratio of saliva to free (unbound) 
serum concentrations following the oral and intravenous doses_ The saliva to 
unbound serum caffeine concentration ratio ranged 15fold in the present, 
study. Caffeine is a neutral compound and partitioning across biologic mem- 

_ branes should not be influenced by pH differences between blood and saliva_ 
The drug is only 26% bound to plasma proteins and yet the saliva to unbound 
serum caffeine concentration ratio averaged 1.18. Active secretion of caffeine 
into saliva or non-specific binding of caffeine to the buccal mucosa would 
account for the high saliva to serum concentration ratio observed in the present 
study. The correlation betmeen serum and saliva caffeine concentrations is 
much higher however than previously reported values in neonates [ 181. Saliva 
caffeine concentrations ob*%ned within 1 h of the oral dose were not included 
in the analysis because those values were several-fold higher than the corre- 
sponding serum concentrations, probably due to buccal adsorption of caffeine_ 
A previous study of another xanthine compound, theophylline, has shown that 
drug concentrations in saliva are relatively higher than drug concentrations in 
serum lo-30 tin following ingestion of a theophylline solution [ 19]_ 
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