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Abstract

A system which combines intravenous microdialysis sampling on-line with fast microbore liquid chromatographic
analysis is described. Using a 14 mm X 1 mm [.D. ODS column, caffeine, theobromine and paraxanthine could be
resolved in under 1 min and acetaminophen and its two main metabolites, the glucuronide and sulfate conjugates,
could be resolved in 30 s. This fast separation allowed on-line microdialysis sampling to be conducted with a 1-min
sampling interval. The system was evaluated by monitoring the pharmacokinetics following intravenous administra-

tion of acetaminophen and caffeine.

1. Introduction

Microdialysis sampling has been shown to be a
powerful technique for pharmacokinetic inves-
tigations [1-5]. Liquid chromatography is com-
monly used for the analysis of microdialysis
samples. The microdialysis sample is protein-free
allowing direct injection mnto the chromatograph-
ic system. However, while microdialysis sam-
pling is a continuous sampling method, liquid
chromatography requires discrete samples. For
chromatographic analysis, the dialysate is col-
lected over some fixed time interval to provide
the required sample volume. The high temporal
resolution of microdialysis is therefore lost and
becomes dependent upon the sample require-
ments of the chromatographic system. To mini-
mize the sample volume required and therefore
increase the temporal resolution of the experi-
ment, microbore chromatographic systems are
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often employed with microdialysis sampling
[1,2,4.6,7].

A difficulty encountered with microdialysis
sampling is collection and injection of the small
sample volumes. Using microbore chromato-
graphic systems samples of 1 ul or less are
common. With such small volumes loss from
evaporation and sample transfer are major limi-
tations requiring sophisticated sample collectors
and autosamplers. That microdialysis samples
are protein-free provides the potential for direct
coupling of the microdialysis system to the chro-
matographic system because no sample clean-up
is necessary. Such an on-line system also elimi-
nates the problems associated with evaporation
and sample transfer. On-line coupling of mi-
crodialysis sampling with microbore liquid chro-
matographic analysis has previously been re-
ported [6-8]. The major limitation of these
systems is that the temporal resolution of the
sampling system is a function of the analysis time
of the chromatographic system. The next sample
cannot be injected until the previous one has
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been completely eluted as no provision for
sample storage is possible. This report describes
the coupling of microdialysis sampling to fast
microbore liquid chromatography to provide
analysis times of less than 1 min and therefore
1-min temporal resolution for the pharmacoki-
netic experiment. This on-line system provides a
near real-time response to multiple chemical
species in an awake, freely moving experimental
animal.

2. Experimental
2.1. Materials

Caffeine, paraxanthine, theobromine, theo-
phylline and acetaminophen (APAP) were pur-
chased from Sigma (St. Louis, MO, USA).
Acetaminophen-4-O-sulfate (APAP-S) was pre-
pared by the procedure of Feigenbaum and
Neuberg [9]. Acetaminophen-4-O-glucuronide
(APAP-G) was isolated from human urine.
HPLC-grade acetonitrile was obtained from
Fisher Scientific (Fair Lawn, NJ, USA). All
other chemicals were reagent grade or better and
were used as received.

2.2. Microdialysis system

Microdialysis sampling was performed using a
CMA/100 microinjection pump from Bioanalyti-
cal Systems (BAS)/Carnegie Medicine (West
Lafayette, IN, USA). The microdialysis pump
was connected to a flexible cannula-style mi-

Syringe Pum

crodialysis probe which was inserted into the
jugular vein of a rat. The microdialysis probe
was constructed from dialysis tubing of regener-
ated cellulose with an inner diameter of 220 pm,
a wall thickness of 22 um and a molecular mass
cutoff of 15000 as described previously [4]. All
connections from the pump to the microdialysis
probe and from the microdialysis probe outlet to
the injection valve were made with 0.1 mm L.D.
FEP (Teflon) tubing. The perfusion solution was
a Ringer’s solution consisting of 155 mM NaCl,
5.5 mM KCl and 2.3 mM CaCl,. A perfusion
rate of 1.5 ul/min was used for all experiments.
The experimental animal was housed in an
awake animal containment system as described
previously [4]. A two-channel liquid swivel was
positioned in the flow path to provide a liquid
connection that allowed free movement of the
animal without tangling of the tubing.

2.3. Chromatographic system

The HPLC system consisted of a PM-60 L.C
pump (BAS, West Lafayette, IN, USA), a SPD-
6A UV absorbance detector (Shimadzu, Colum-
bia, MD, USA), and an electrically actuated
HPLC injection valve with a 0.5-ul internal
sample loop (Model E90; Valco Instruments,
Houston, TX, USA). The injector switching rate
and injection time were controlled by a personal
computer. The dialysate was flushed directly into
the injection valve. A schematic of the complete
on-line microdialysis sampling—microbore chro-
matography analysis system is shown in Fig. 1.

Separation was achieved using a 14 mm X 1

HLC Column
Detector

LC Pump
Fig. 1. Schematic diagram of the on-line microdialysis sampling—fast microbore chromatographic analysis system.
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mm microbore BAS Sep-Stik column packed
with 3-pm ODS material. The mobile phase for
APAP and its metabolites was 0.05 M ammo-
nium acetate buffer, pH 5.0. For caffeine and its
metabolites the mobile phase was 0.05 M am-
monium phosphate buffer, pH 2.5, with 5%
(v/v) acetonitrile. A flow-rate of 200 p1/min was
used for all experiments. For detection of APAP
and its two metabolites the UV detector was
operated at 250 nm. For detection of caffeine
and its two metabolites the UV detector was
operated at 273 nm.

2.4. In vitro experiments

For characterization of the on-line injection
and chromatographic analysis system, the sample
was directly introduced into the injection valve
in a continuous manner. This was accomplished
by directly connecting the microperfusion pump
to the injection valve with the microdialysis
probe replaced by a liquid switch. For these
experiments the perfusion fluid was a Ringer’s
solution containing the desired concentration of
APAP and its metabolites or caffeine and its
metabolites. Up to three syringes can be con-
trolled by a single microinfusion pump and
therefore a blank Ringer’s solution and two
different concentrations of the analytes could be
tested without stopping the system.

The response of the on-line microdialysis sam-
pling—microbore chromatographic analysis sys-
tem was also evaluated in the microdialysis
sampling mode. In this case the microdialysis
probe was placed in a beaker containing a stirred
Ringer’s solution. Concentration steps were
achieved by quickly moving the microdialysis
probe to beakers containing various concentra-
tions of the analytes.

2.5. Pharmacokinetic experiments

Male Sprague-Dawley rates weighing between
300 and 400 g were used. The rat was anesthe-
tized using a mixture of ketamine and xylazine
(140 mg/kg ketamine, 12 mg/kg xylazine) given
as intramuscular injection. The animal’s body
temperature was maintained with a heating pad

beneath its body during surgery. The mi-
crodialysis probe and dosing cannula were im-
planted into the right jugular vein as previously
described [4]. Animals were allowed 24 h to
recover from surgery prior to a pharmacokinetic
experiment. Microdialysis sampling was initiated
at least 1 h prior to dosing the animal. For both
APAP and caffeine, a 30 mg/kg dose of the drug
in 1 ml of Ringer’s solution was administered
intravenously (i.v.). Microdialysis sampling was
continued until the parent compound was no
longer detectable in the dialysate, typically 2 h
for APAP and 6 h for caffeine.

3. Results and discussion
3.1. System characterization

Using the system in the direct on-line injection
mode the separations were optimized and the
linearity and precision were determined. For
APAP and its metabolites the elution order was
APAP-G at 10 s, APAP-S at 19 s and APAP at
29 s, with resolutions of 2.43 and 1.59, respec-
tively (Fig. 2). The response for all three com-
pounds was linear from 0.3 to 20 ug/ml (Table

APAP
11 mAU
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Fig. 2. Chromatogram of direct on-line injection of APAP
and metabolites standard. Peaks: APAP = acetaminophen;
§ = acetaminophen-4-O-sulfate; G = acetaminophen-4-O-
glucuronide.
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Table 1
Linearity and detection limits

Compound Range Slope Intercept r Detection limit
(ng/ml) (MAU pg™'ml™") (AU) (pg/ml)*

APAP 0.3-20 0.0797 -0.023 0.9994 1.25

APAP-G 0.3-20 0.540 —0.035 0.9998 0.3

APAP-S 0.3-20 0.107 -0.026 0.9992 0.3

Caffeine 0.3-25 0.278 -0.001 0.9997 0.3

Theobromine 0.3-25 0.956 0.035 0.9993 0.3

Paraxanthine 0.3-25 0.831 —0.004 0.9998 0.3

‘At S/N=3.

1). For caffeine and its metabolites the elution
order was theobromine at 13 s, paraxanthine at
21 s and caffeine at 46 s, with resolutions of 1.37
and 3.94, respectively (Fig. 3). Again the re-
sponse for all three compounds was linear from
0.3 to 25 ug/ml (Table 1). The precision of
multiple injections was about 2% R.S.D. in all
cases, whether by direct injection or following
microdialysis sampling. The precision appears
slightly worse for microdialysis sampling relative
to direct injection aithough in no case is the
difference statistically significant.

The system response time was then evaluated
by making step changes to the sample concen-
tration. The response time was evaluated using
both direct on-line injection and on-line mi-
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Fig. 3. Chromatogram of direct on-line injection of caffeine
and metabolites standard.

crodialysis sampling. Typical responses to step
changes in APAP concentration are shown in
Fig. 4. There is no difference in the response to
direct sample injection and on-line microdialysis
sampling. Even with a 1-min sampling interval
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Fig. 4. System response to a step change in sample con-
centration of APAP. (A) Direct on-line injection; (B) on-line
microdialysis sampling.
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the microdialysis response can accurately
monitor the sample concentration. It can be seen
in Fig. 2 that the first sample following a step
change in concentration does not give the new
sample concentration. This is because the
dialysate which is analyzed is of finite volume
and reflects the time-averaged concentration of
the sample over the sampling interval. For a step
change in concentration, the sampling interval
rarely begins just at the step and therefore the
first dialysate represents some time at the initial
concentration and some time at the final con-
centration. Fortunately, real processes are sel-
dom instantaneous and this phenomena there-
fore does not result in a distortion of the re-
sponse. Sampling intervals as short as 30 s have
shown no distortion of the response due to slow
sampling through the microdialysis probe. These
results are in agreement with those recently
reported by Newton and Justice [7] and of
Hogan et al. [10].

3.2, Intravenous sampling

The performance of the on-line microdialysis
sampling—fast microbore LC analysis system was
initially evaluated in vivo using APAP. Repre-
sentative chromatograms of a dialysate prior to
dosing and after administration of 30 mg/kg
APAP i.v. are shown in Fig. 5. The blank is
clean except for a void peak due to endogenous
unretained hydrophilic compounds. APAP and
APAP-S are well resolved in 30 s in the dialysate
following dosing with APAP. Unfortunately.
APAP-G is very near the void which limits its
quantification. The resulting pharmacokinetic
curve for APAP is shown in Fig. 6. The results
are plotted as a bar graph because each dialysate
sample represents the time-averaged concentra-
tion in vivo over the sampling interval. This
system provided for near real-time monitoring of
the plasma concentrations of unbound APAP
and APAP-S with a 1-min temporal resolution.
Microdialysis samples the unbound fraction of
the drug in plasma as proteins, and therefore
protein-bound drugs, are excluded by the mem-
brane. The pharmacokinetic curve shown in Fig.
6 is for free APAP. These results can be con-
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Fig. 5. Chromatograms of on-line intravenous dialysates. (A)
Prior to administration; (B) 40 min after administration of 30
mg/kg APAP i.v.

verted to total drug concentrations if the degree
of protein binding is known. Alternatively, the in
vivo binding can be determined by simultaneous-
ly withdrawing a whole blood sample from which
to determine the total drug concentration.

The pharmacokinetics of caffeine were also
examined using the on-line microdialysis sam-
pling—fast microbore LC analysis system. Repre-
sentative chromatograms of a dialysate prior to
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Fig. 6. Pharmacokinetic curve for APAP generated by
intravenous microdialysis sampling coupled on-line to fast
microbore HPLC.
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Fig. 7. Chromatograms of on-line intravenous dialysates. (A)

Prior to administration; (B) 70 min after administration of 30
mg/kg caffeine i.v.
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dosing and after administration of 30 mg/kg
caffeine i.v. are shown in Fig. 7. In this case,
caffeine and its two major metabolites, theo-
bromine and paraxanthine, are all resolved from
each other and the void in 50 s. The chromato-
graphic results from a pharmacokinetic experi-
ment using caffeine are shown in Fig. 8. The
inset shows the individual chromatograms which
constitute the curve in more detail. As can be

!
IO2mAU

Jsm

L cadaaas ol NP P |
59 60

55 56 57 58
Time {minutes)

40 50 60 70 80 90 100
Time (minutes)

0 10 20 30

Fig. 8. Detector output from the on-line microdialysis sam-
pling—fast microbore HPLC system following the plasma
concentration of caffeine and its main metabolites. Caffeine
was administered i.v. (30 mg/kg) at 10 min. The inset shows
an expanded scale of the output from 55 to 60 min.
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Fig. 9. Pharmacokinetic curve for caffeine generated by
intravenous microdialysis sampling coupled on-line to fast
microbore HPLC.

seen, the metabolites as well as caffeine can be
detected in these dialysates. The resulting phar-
macokinetic curve for caffeine is shown in Fig. 9.

4. Conclusions

Microdialysis sampling coupled on-line to fast
microbore LC analysis provides near real-time
monitoring of the in vivo concentration of multi-
ple analytes with temporal resolutions of less
than 1 min. The response time of the system is
less than 1 min and a function of the sample
volume needed for chromatographic analysis.
This provides the possibility of building feedback
into the system such that data from the current
experiment can be used to modify that experi-
ment. It may ultimately be possible to use an
on-line sampling—analysis system such as this to
provide therapeutic drug monitoring of multiple
drugs and metabolites simultaneously.
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