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a b s t r a c t

The use of solid-phase microextraction (SPME) for in vivo sampling of drugs and metabolites in the
bloodstream of freely moving animals eliminates the need for blood withdrawal in order to generate
pharmacokinetics (PK) profiles in support of pharmaceutical drug discovery studies. In this study, SPME
was applied for in vivo sampling in mice for the first time and enables the use of a single animal to
construct the entire PK profile. In vivo SPME sampling procedure used commercial prototype single-
use in vivo SPME probes with a biocompatible extractive coating and a polyurethane sampling interface
designed to facilitate repeated sampling from the same animal. Pre-equilibrium in vivo SPME sampling,
kinetic on-fibre standardization calibration and liquid chromatography–tandem mass spectrometry anal-
ysis (LC–MS/MS) were used to determine unbound and total circulating concentrations of carbamazepine
(CBZ) and its active metabolite carbamazepine-10,11-epoxide (CBZEP) in mice (n = 7) after 2 mg/kg intra-
venous dosing. The method was linear in the range of 1–2000 ng/mL CBZ in whole blood with acceptable

accuracy (93–97%) and precision (<17% RSD). The single dose PK results obtained using in vivo SPME
sampling compare well to results obtained by serial automated blood sampling as well as by the more
conventional method of terminal blood collection from multiple animals/time point. In vivo SPME offers
the advantages of serial and repeated sampling from the same animal, speed, improved sample clean-up,
decreased animal use and the ability to obtain both free and total drug concentrations from the same
experiment.
. Introduction

Solid-phase microextraction (SPME) is an equilibrium microex-
raction technique which combines sampling and sample prepara-
ion into one step [1]. The amount of an analyte extracted from a
ample by SPME at equilibrium is given by Eq. (1),

= C0KfsVsVf

KfsVf + Vs
(1)

here C0 is the initial sample concentration of the analyte, n is the
mount of analyte extracted, Vs is the sample volume, Vf is the fibre

olume and Kfs is the analyte distribution constant between the
bre and sample matrix. However, under conditions of negligible
epletion, when Vs � VfKfs, Eq. (1) reduces to Eq. (2), in which case

∗ Corresponding author. Tel.: +1 519 8884641; fax: +1 519 7460435.
E-mail address: janusz@uwaterloo.ca (J. Pawliszyn).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.07.060
© 2010 Elsevier B.V. All rights reserved.

the amount of analyte extracted by SPME is independent of the
sample volume.

n = C0KfsVf (2)

From a bioanalytical perspective, Eq. (2) permits the use of SPME
to directly sample blood or tissue of animals in vivo, without hav-
ing to withdraw an appropriate biofluid/tissue sample. Initially,
in vivo SPME was applied to study the pharmacokinetics (PK) of
diazepam and its primary metabolites in the circulating blood of
Beagle dogs because of their large blood vessel size which per-
mitted direct intravenous sampling using an in-dwelling catheter
[2–5]. More recently, in vivo SPME was successfully applied to fish
to study bioaccumulation of pharmaceuticals using direct muscle
sampling [6,7], and to rats for PK studies of benzodiazepine drugs
in the bloodstream [8].
However, although rats are extensively used for traditional PK
studies in drug discovery, there is an increased interest in the use
of mice due to the availability of various strains of gene knock-
out mice and indications that mice data may be more useful than

dx.doi.org/10.1016/j.chroma.2010.07.060
http://www.sciencedirect.com/science/journal/00219673
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mailto:janusz@uwaterloo.ca
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at data for allometric scaling of PK parameters from animals to
umans [9]. Traditional PK studies in mice rely on the sacrifice of
ultiple animals at each time point of interest, which introduces

nter-animal variation and dosing inaccuracies into the PK data.
his disadvantage has been addressed by performing studies where
ll samples are acquired from a single animal by serial blood sample
ithdrawal, but to date such studies have been difficult to execute

n mice due to a limited circulating blood volume (∼1.85 mL/25 g
ouse) and difficulties in the handling and sample preparation of

he small blood sample volumes. To date, successful serial sam-
ling and sample preparation approaches reported in the literature

nclude the manual withdrawal of a small blood volume (4–10 �L)
rom the tail vein [10,11] or withdrawal of 30 �L blood using jugu-
ar vein cannulation [12] or lateral saphenous vein puncture [13]
ollowed by plasma protein precipitation, withdrawal of 50–70 �L
lood using jugular vein cannulation followed by turbulent flow
hromatography on 2 �L aliquots [14] and sorbent sampling of 5 �L
olumes of whole blood obtained from the tail vein in combina-
ion with protein precipitation and on-line solid-phase extraction
15]. In addition to reduced animal use and increased data accu-
acy, the advantages of such single rodent PK studies include: (1)

decrease in the amount of compound needed to perform the
tudy which is particularly advantageous in early drug discovery
here the quantity of test compound is limited, (2) elimination of

he effects of anesthesia from the PK data, (3) the ability to study
nter-animal variation, and (4) the opportunity to perform multiple
nd/or simultaneous pharmacokinetics/pharmacodynamics inves-
igations in mice [10,11,13,16,17]. The major challenges with serial
ampling approaches were that the withdrawal of higher blood vol-
mes limited the number of time points that could be collected
nd sometimes exceeded recommended blood volume sampling
uidelines (<20% of total blood volume). Furthermore, the tail vein
leeding was found to result in hemolysis in samples collected at

ater time points, which caused an overestimation of analyte con-
entrations [12]. The use of in vivo SPME could address both of these
hortcomings, as no blood is withdrawn. SPME is also faster and
ffers the advantage of improved sample clean-up over the protein
recipitation method because only a small amount of biocompati-
le sorbent is used and the partitioning of analytes in the sorbent is
overned by their Kfs values. The main disadvantage of in vivo SPME
s the lack of commercially available probes suitable for this type of
pplication. To address this, Supelco recently developed prototypes
f in vivo SPME probes and their suitability for single-use in biolog-
cal fluids was successfully demonstrated in vitro for a selection of

odel drugs [18].
The primary objectives of the current study were to evaluate
he performance of the new prototype SPME probes in vivo [18]
nd to modify in vivo SPME sampling procedures to make them
pplicable to serial sampling in mice for the first time because the
lood-draw free nature of SPME sampling is particularly valuable

ig. 1. (A) Photographic image of the mouse sampling interface shown with an SPME
robe assembly inserted through the PRN adapter. (B) Close-up image of a prototype

n vivo SPME probe assembly shown with the coating exposed.
. A 1218 (2011) 3367–3375

for animals with such limited blood volume in the context of studies
requiring repeated sampling of the same animal. This method-
ology was then applied to study the PK of carbamazepine (CBZ)
and its active metabolite, carbamazepine-10,11-epoxide (CBZEP),
in individual mice. The PK parameters obtained from total blood
concentration versus time profiles using in vivo SPME were com-
pared directly to the results obtained using automated serial blood
sampling which collects small blood sample volumes and similarly
permits the acquisition of an entire PK profile from a single animal.
The data were also compared to the more traditional approach of
manual blood withdrawal via terminal sampling from multiple ani-
mals at each time point followed by isolation of plasma. In order to
facilitate the comparison between SPME and traditional methods,
the blood to plasma concentration ratios of CBZ and CBZEP were
determined by SPME.

2. Experimental

2.1. Chemicals and materials

CBZ, CBZEP and methyl carbamazepine, which was used as an
internal standard for terminal blood collection experiments, were
purchased from Sigma–Aldrich (Oakville, ON, Canada). Mianserin,
which was used as an internal standard for serial blood col-
lection experiments as methyl carbamazepine was no longer
available commercially, was also purchased from Sigma–Aldrich.
Diazepam was purchased from Cerilliant (Round Rock, TX, USA)
as a 1 mg/mL methanolic solution and used as an internal stan-
dard for SPME experiments. Carbamazepine-d10 (CBZ-d10) was
used for standard-in-fibre calibration and was purchased from
Alltech (Deerfield, IL, USA) as a 100 �g/mL methanolic solution.
Acetonitrile (HPLC grade), methanol (HPLC grade), and glacial acetic
acid were purchased from Fisher Scientific (Ottawa, ON, Canada).
Commercial prototype in vivo SPME assemblies were obtained as
research samples from Supelco (Bellefonte, PA, USA). The two main
components of the in vivo SPME assemblies were (i) a wire with
immobilized SPME coating and (ii) a 22-gauge hypodermic nee-
dle which was used to protect and house the coated wire as well
as pierce the septum of the sampling interface during sampling
(Fig. 1). The SPME coating consisted of 5 �m C18 coated silica
particles mixed with biocompatible binder and was immobilized
on wire made of an inert, flexible metal alloy (200 �m diame-
ter). The coating thickness was 45 �m and the length was 15 mm.
Phosphate-buffered saline (PBS) solution, pH 7.4 was prepared by
dissolving 8.0 g of sodium chloride, 0.2 g of potassium chloride,
0.2 g of potassium phosphate and 1.44 g of sodium phosphate in
1 L of purified water and adjusting the pH to 7.4, when neces-
sary.

2.2. Animals and intravenous (i.v.) administration of CBZ

Groups of male CD-1 mice (Charles River Labs, St. Constant, PQ,
Canada) weighing 20–30 g were used. The mice were housed in
the animal facility at NoAb BioDiscoveries Inc. and maintained on
a 12 h light–dark cycle. Mice had access to water and to Lab Diet®

5015 Mouse Diet (Ren’s Feed, Milton, ON, Canada) ad libitum. The
animals were acclimatized to their environment for a minimum
of 5 days prior to either surgery or dosing. Surgical placement of
catheters was performed under isoflurane anesthesia and animals
were allowed to recover and acclimatize individually to their cage
for at least one day prior to dosing. For SPME sampling, a catheter

was surgically implanted in the carotid artery and animals dosed
i.v. via the tail vein. For automated serial blood draws, catheters
were surgically implanted in the carotid artery (for sample with-
drawal) as well as the jugular vein (for i.v. dosing). For terminal
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lood draws, animals were dosed i.v. via the tail vein. Mice were
dministered single 2 mg/kg CBZ i.v. doses formulated in ethanol,
ropylene glycol and saline (1/1/3, v/v/v). All procedures followed
ere reviewed by NoAb BioDiscoveries’ animal care committee and
ere performed in accordance with the principles of the Canadian
ouncil on Animal Care (CCAC).

.3. SPME experiments

.3.1. In vivo SPME sampling procedure
In vivo SPME sampling experiments were conducted in 7 con-

cious mice. The animals were fully restricted during dosing and
artially restricted during the 2-min SPME sampling periods in
rder to insert SPME device within the interface. Animals were
llowed free unrestricted movement throughout the rest of the
xperimental period. A custom-made sampling interface, consist-
ng of PRN adapter (BD, Franklin Lakes, NJ, USA) on one end was
onnected by a stainless steel tube connector (22 gauge, 2 cm
n length) to the catheter implanted in the carotid artery of a

ouse. For sampling, SPME probes were inserted into the inter-
ace via the septum of PRN adapter. The interface was similar
o but smaller in size than that previously described for sam-
ling from rats [8] in order to reduce total internal volume of
he interface (including tubing from catheter) to 125 �L to permit
ampling of mice. In vivo SPME sampling was performed prior to
osing and at 5, 15, 30, 60, 90, 120, 180 and 240 min post-dose.
pproximately 70 s prior to each sampling time, the interface was
lled with blood using a syringe inserted into the interface via
syringe needle. For each sampling period, a new in vivo SPME

robe was inserted into the blood-filled sampling interface 1 min
efore the stated time and held in the interface 1 min after the
tated time (total sampling time of 2.0 min). To prevent coagu-
ation within the interface and to increase the amount extracted
y SPME, agitation was applied within the interface by a man-
al pull–push action using a syringe. Within each 2 min-sampling
eriod approximately 10 pull/push cycles were completed. After
ampling was completed, the SPME probe was removed from inter-
ace and rinsed immediately for 30 s using purified water. Wash
ime should be kept as short as possible to avoid inadvertent des-
rption of the analytes from the coating. The probes were stored
n the freezer (−20 ◦C) or on ice until analysis. After each sampling
nterval, blood remaining in the interface was returned to the ani-

al and the interface and catheter flushed with heparin-containing
aline.

.3.2. In vivo SPME calibration procedures and in vitro validation
A kinetic on-fibre standardization calibration method was used

or in vivo PK and in vitro validation experiments [4,8,19–21]. Simul-
aneous pre-conditioning and pre-loading of the in vivo probes
ere performed using 1000 ng/mL standard solution of CBZ-d10

alibrant prepared in methanol/water (1/1, v/v) for a minimum
f 120 min with 1000 rpm vortex agitation, which was sufficient
o reach equilibrium [18]. The amount of standard pre-loaded on
he fibre was determined by immediate desorption of five probes
without performing in vivo sampling), followed by LC–MS/MS
nalysis.

Calibration standards and validation samples were prepared
y spiking an appropriate volume of standard stock solution

nto mouse whole blood, plasma (1–2000 ng/mL) or phosphate-
uffered saline (PBS, pH 7.4) in such a way as to keep the organic
olvent concentration at exactly 1% methanol. Spiked blood and
lasma samples were incubated overnight with refrigeration to

ermit protein binding to take place, as 1 h incubation was pre-
iously found to be insufficient [18]. Equilibrium calibration was
erformed in order to determine Kfs in Eq. (3) which is a necessary
arameter in order to accurately calculate initial sample concen-
A 1218 (2011) 3367–3375 3369

tration of analytes. Calibration standards (0.3 mL sample volume in
0.3 mL capacity amber HPLC vial) were subjected to equilibrium
SPME sampling procedure in parallel (16 h extraction, 200 rpm
orbital agitation) using individual in vivo SPME probes for each
standard. Fibres were rinsed for 30 s using purified water to elim-
inate any droplets from the surface of the fibres and desorbed as
described in Section 2.3.3. The calibration curve was obtained by
1/y weighted linear regression analysis using SigmaPlot 2004 for
Windows (version 9.0) software.

To assess the accuracy and reproducibility of the method, vali-
dation samples (n = 4 at three concentration levels) were extracted
from 0.3 mL capacity polypropylene HPLC vials containing 0.3 mL
of each spiked whole blood sample by placing the catheter end of
the interface directly into the vial and performing SPME extrac-
tion exactly as described for in vivo samples in Section 2.3.1. Fibres
were rinsed for 30 s using purified water to eliminate any droplets
from the surface of the fibres and desorbed as described in Section
2.3.3.

2.3.3. Desorption of analytes from probes
The analytes on the probes were desorbed using 300 �L of des-

orption solvent (acetonitrile/water, 1/1, v/v) spiked with 50 ng/mL
diazepam (internal standard used to correct for injection vol-
ume variability). The desorption was performed in 0.3 mL amber
polypropylene HPLC vials (Labsphere, Brossard, PQ, Canada) for
60 min using vortex agitation at 1000 rpm on a multi-tube vor-
texer with a foam insert that can accommodate up to 50 HPLC
vials at one time (model DVX-2500, VWR International, Missis-
sauga, ON, Canada). These extracts were then analyzed directly
using LC–MS/MS. High concentration samples were diluted, when
necessary, by up to 10-fold using desorption solvent in order for the
signal intensity to remain within the linear range of the analytical
instrument.

2.3.4. Determination of blood to plasma concentration ratios
SPME was also used to investigate the blood to plasma concen-

tration ratio of CBZ and its metabolite. This allowed a comparison of
the blood concentration data determined by SPME and serial blood
collection to plasma concentration data which had been obtained
by the traditional method of terminal blood collection and isolation
of plasma for subsequent bioanalysis. If the blood to plasma con-
centration ratio significantly differs from unity as a result of either
exclusion of drug from red blood cells (ratio <1) or the partitioning
into or binding of drug to red blood cells (ratio >1), a correction fac-
tor would need to be applied to the concentration data. The blood to
plasma concentration ratio was determined from the same spiked
blood sample, which was divided into two aliquots. One spiked
whole blood aliquot was used to perform equilibrium SPME extrac-
tion exactly as described in Section 2.3.2 for calibration standards.
The second aliquot was centrifuged (4 ◦C, 15,000 rpm, 15 min) to
isolate plasma and equilibrium SPME extraction was carried out on
0.3 mL plasma aliquots exactly as described in Section 2.3.2 for cal-
ibration standards. The calibration curves from spiked whole blood
and spiked plasma were used to determine the total concentration
of analyte in each matrix.

2.4. Automated serial blood collection experiments

Serial blood sample collection experiments were performed in
3 conscious mice using an automated in vivo sampling system
(Culex®, BASi, West Lafayette, IN, USA) equipped with a rotating
cage (Raturn, BASi), which avoided the use of a liquid swivel. Blood

samples (50 �L) obtained via the carotid artery catheter were col-
lected serially from the same animal prior to dosing and at 5, 15,
30, 60, 90, 120, 180 and 270 min post-dose into a refrigerated
fraction collector (4 ◦C). Following sampling, an equal volume of
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eparin-containing saline (20 IU/mL) was administered to the ani-
al to replace the sample volume. Detailed sample preparation

rocedures following sampling are described in Supplementary
nformation.

.5. Terminal blood collection experiments

The results of SPME sampling were compared to a more tradi-
ional sampling method, in which blood samples were collected by
erminal cardiac puncture from three mice at each time point (total
f 33 mice). Blood samples (0.6–0.8 mL) were obtained pre-dose
nd at 5, 15, 30, 60, 90, 120, 180, 240, 360 and 480 min post-
ose by direct cardiac puncture while under CO2/O2 anesthesia.
he collected blood was immediately transferred into tubes spray
oated with heparin and then centrifuged (6800 rpm for 5 min at
◦C) to isolate plasma. Plasma was stored at −70 ◦C until anal-
sis. For preparation of calibration standards, blank blood was
imilarly collected from a group of undosed animals. Detailed sam-
le preparation procedures following sampling are described in
upplementary information.

.6. LC–MS/MS analysis

For SPME experiments, LC–MS/MS analyses were performed
sing a system consisting of Accela autosampler with cooled sam-
le tray, Accela LC pumps and TSQ Vantage triple-quadrupole mass
pectrometer equipped with HESI source (Thermo Fisher Scien-
ific, San Jose, CA, USA). Xcalibur software (version 2.0.7. SP1) was
sed for data acquisition and processing. The column used for the
eparation of the analytes was Symmetry Shield RP18 with dimen-
ions of 2.1 mm × 50 mm and 5 �m particles (Waters, Milford, MA,
SA). Samples (10 �L) were injected in duplicate and kept at 5 ◦C
n the autosampler while waiting for analysis. Mobile phases used
ere (A) acetonitrile/water/acetic acid (10/90/0.1, v/v/v) and (B)

cetonitrile/water/acetic acid (90/10/0.1, v/v/v). Mobile phase gra-
ient conditions were as follows: hold at 100% A for 0.5 min, linear

ncrease to 90% B in 2.5 min, hold at 90% B for 0.5 min and re-
quilibrate the column to initial conditions for 1.5 min. LC column
ffluent was diverted from the mass spectrometer (MS) for the first
.5 min of run time. MS conditions used were: sheath gas = 50, aux-

liary gas = 10, spray voltage 4000 V, and capillary temperature set
o 275 ◦C. All of the compounds were analyzed in positive ion SRM

ode using instrument settings described in Table S1 (Supplemen-
ary information). Baseline chromatographic separation of CBZ and
BZEP, such as that achieved by this method, was important for
ccurate analysis of CBZEP because approximately 0.3% of in-source
xidative conversion of CBZ to CBZEP was detected. In the absence
f chromatographic separation of the two analytes, this could cause
ystematic bias when trying to simultaneously analyze low con-
entrations of CBZEP in presence of high concentrations of CBZ. For
erial blood collection and terminal plasma collection experiments,
etailed instrumental conditions are described in Supplementary

nformation.

.7. Pharmacokinetics data analysis

Data were analyzed by noncompartmental methods using Win-
onlin Pro (Pharsight Corp., Mountainview, CA, USA). For SPME
nd serial blood collection experiments, blood concentration ver-
us time data from each animal were analyzed individually. For the
erminal plasma collection experiments, the mean plasma concen-
rations (n = 3 animals/time point) were analyzed. Areas under the

oncentration versus time curves (AUCs) were calculated by the
inear/log-linear trapezoidal rule from the time of dosing to the
ime of the last measurable concentration and were extrapolated
o infinity by the addition of Clast/k, where k represents the ter-
. A 1218 (2011) 3367–3375

minal rate constant. k was estimated by unweighted regression
analysis of a minimum of 3 time points from the terminal (log-
linear) portion of the concentration versus time curve. Terminal
half-lives (t1/2) were calculated as ln(2)/k. Mean residence times
(MRT) were calculated as AUMC/AUC, where AUMC denotes the
area under the first moment curve. The total body clearance (CL)
was estimated as dose/AUC. The steady-state volume of distribu-
tion (Vss) was calculated as CL*MRT. The time, tmax, to reach the
maximum concentration, Cmax, was determined from the nomi-
nal values. The PK parameters estimated by SPME and automated
serial blood sampling were compared by an unpaired t-test. A p
value < 0.05 was considered statistically significant.

3. Results and discussion

To date, most in vivo SPME PK studies were performed using ben-
zodiazepines as model analytes [2–5]. CBZ was selected as a model
drug for current study because of its poor solubility and more vari-
able plasma protein binding characteristics. CBZ is widely used for
treatment of epilepsy, while its metabolite, CBZEP, formed through
hepatic oxidative metabolism, is clinically important as it is phar-
macologically active and may also contribute to the appearance of
side effects [22,23]. Therapeutic drug monitoring of unbound (free)
concentrations of CBZ is commonly performed because of signifi-
cant inter-individual variations in free drug fractions while total
CBZ concentrations remain within the therapeutic range [24,25].
This makes it particularly interesting for in vivo SPME sampling
because the amount of drug extracted by SPME is proportional to
the unbound fraction and thereby SPME is also useful for monitor-
ing unbound drug concentrations.

3.1. SPME method development

The main disadvantage of in vivo SPME to date was the lack of
commercially available probes suitable for this type of application.
To address this, Supelco recently developed low-cost single-use
in vivo SPME probes and their suitability for single-use in biolog-
ical fluids was successfully demonstrated in vitro for a selection
of model drugs including CBZ [18]. In this study, the performance
of these prototype probes was tested in vivo for the first time.
Research prototype in vivo SPME probes with three types of coat-
ing: (i) octadecyl silica (C18), (ii) C16 with an embedded amide
group and (iii) cyanopropyl, were previously evaluated in vitro
as described in detail elsewhere [18]. Based on the latter results,
probes coated with C18 were selected for use in vivo because of
high extraction efficiency for CBZ. For optimum desorption of the
analytes from the probes, acetonitrile/water (1/1, v/v) was selected
as this solvent composition was compatible with direct LC–MS
injection and produced a good chromatographic peak shape. The
minimum volume of desorption solvent required for complete
immersion of the coating in solution was 100 �L. However, increas-
ing the volume to 300 �L reduced carryover to less than 0.5% while
still providing adequate analytical sensitivity. As a consequence,
300 �L desorption solvent was used in the current study. All probes
were used as single-use devices as recommended by the manufac-
turer.

Equilibrium sampling of hydrophobic drugs such as CBZ using
these biocompatible prototype SPME probes is not suitable for in
vivo applications due to the very long equilibration times which
result in a loss of temporal resolution in the PK profile. The amount
extracted versus time profiles for CBZ using probes coated with C18

(45 �m thickness), with and without agitation, are reported else-
where [18]. When no agitation was employed, the time required
to reach extraction equilibrium was extremely long (≥1200 min).
However, quantitative analysis can be performed by using very
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hort pre-equilibrium sampling times and an appropriate kinetic
alibration method, such as kinetic on-fibre standardization. The
heory behind this calibration method has been described exten-
ively elsewhere [19,20,26]. Briefly, the SPME probe is pre-loaded
ith an appropriate calibrant (such as the deuterated analogue of

he analyte or CBZ-d10 in the current study). During sampling,
small portion of the pre-loaded calibrant is desorbed into the

ystem under study. The process of desorption is then used to cali-
rate the simultaneous process of analyte extraction into the SPME
oating provided that the kinetics (time constant a) of analyte and
alibrant are similar. The initial concentration of the analyte in the
ample, C0, can then be determined using Eq. (3):

0 = nq0

q0 − Q
· 1

KfsVf
(3)

here Vf and Kfs are the same as defined previously, n is the amount
f analyte extracted into the SPME coating using a short pre-
quilibrium sampling time, Q is the amount of calibrant remaining
n the extraction phase after exposure to the sample matrix for
he sampling time, and q0 is the amount of calibrant that is pre-
oaded in the extraction phase. The product of KfsVf, also referred
o as the fibre constant (fc), is determined by SPME calibration at
quilibrium in the appropriate matrix (PBS for determination of
nbound concentration and whole blood for total concentration).
nder conditions of negligible depletion, fc is approximately equal

o the slope of the calibration curve, such as is the case for plasma
nd whole blood calibrations in the current study (Table S2 of Sup-
lementary information). For PBS, where significant depletion of
he calibrant was observed, fc must be calculated by taking into
ccount the sample volume employed for the analysis (Table S2).
or in vitro sampling (such as calibration in blood or buffer), agita-
ion can be used in order to significantly decrease the equilibration
imes for these fibres. For example, using 2400 rpm vortex agita-
ion, equilibrium was reached in 60 min for CBZ using C18 coatings
n = 3 fibres) [18].

Reproducible calibrant loading is crucial for the success of this
alibration procedure, and our previous studies with the three fibre
rototypes from Supelco indicated that it is important to com-
ine fibre pre-conditioning and standard loading into one step
y using high concentrations of loading standard [18]. The repro-
ucibility of the standard loading procedure was determined by
re-loading five additional fibres with CBZ-d10 and then desorbing
he fibres directly in desorption solvent without sampling. Analy-
is of the desorption solvent indicated that the amount of CBZ-d10
re-loaded onto the fibres (q0) was ∼1.1 ng and excellent precision
as obtained as indicated by 7% RSD (n = 5).

.2. Results of in vitro SPME method validation using mouse
hole blood

The absolute matrix effect on the quantification of CBZ was
valuated by spiking 25 ng/mL CBZ into blank extract, obtained by
erforming the entire SPME sampling procedure on a blank whole
lood sample, and comparing the intensity of the signal obtained
or this preparation to a standard prepared at the same concentra-
ion in the desorption solvent. The intensity of the CBZ signal in the
piked extract relative to the standard solution was 102% indicat-
ng that there was no matrix suppression or enhancement at the
etention time of the analyte.

Extraction efficiency (absolute recovery) was evaluated across
he entire range of concentrations of interest (n = 10 for CBZ, n = 6 for
BZEP). Absolute recovery of CBZ was 68 ± 4%, 2.4 ± 0.3%, 2.1 ± 0.4%
n PBS, plasma and whole blood, respectively, using one lot of SPME
robes. Absolute recoveries of CBZEP were lower than for CBZ due
o the slightly more polar nature of the compound, and were deter-

ined to be 39 ± 6%, 1.5 ± 0.1% 1.0 ± 0.2% in PBS, plasma and whole
A 1218 (2011) 3367–3375 3371

blood, respectively. Inter-probe reproducibility within the same lot
was evaluated at pre-equilibrium and equilibrium and was typ-
ically <15% using short pre-equilibrium sampling times and <7%
using equilibrium sampling times. Lot-to-lot SPME probe variabil-
ity was higher with a mean absolute recovery for CBZ of 45 ± 11%
(in PBS) for the 4 lots evaluated. This is probably caused by slight
variations in the coating thickness between lots of fibres as well as
slight variations in the ratio of the sorbent to biocompatible binder.
Based on this data, it is recommended that probes from a single lot
should be used for in vivo sampling and preparation of calibration
standards, whenever possible.

A 30-s rinse step with purified water was added between the
extraction and desorption steps in order to wash off salts and/or
droplets remaining on the surface of the fibre following sampling.
These rinse solutions were subsequently analyzed for the presence
of CBZ. CBZ was not detected in any of the chromatograms indi-
cating that no detectable loss of CBZ occurred during the rinsing
step. The lower level of quantitation (LLOQ) for the SPME sam-
pling procedure, which was determined using a 10× signal to noise
ratio, was 1 ng/mL for CBZ and CBZEP in whole blood and exhib-
ited acceptable precision (<20% RSD). The linear range evaluated
in the current study was 1–2000 ng/mL for CBZ and 1–150 ng/mL
for CBZEP in whole blood, covering the expected concentration
ranges for the drug and metabolite. The linear concentration ranges
were not limited by the probe extraction capacity and could be
extended, if required. Table S2 (Supplementary information) sum-
marizes the parameters calculated from representative calibration
standards prepared in the 3 matrices (blood, plasma and PBS) and
demonstrates that excellent linearity was obtained (r2 ≥ 0.99) in
all cases even though each standard was extracted using a differ-
ent in vivo SPME probe and internal standard was employed only
to correct for differences in injection volume and not for inter-
probe differences stemming from slight variations in the amount
of immobilized SPME coating. The calibration was performed in
this way because on-fibre standardization method utilized in this
in vivo study does not compensate for inter-probe variability. This
disadvantage of on-fibre standardization is not problematic when
inter-probe variability is good as is the case with these commercial
prototype probes. In addition, the amount of calibrant remaining
on the probe can be used to identify any defective or improperly
conditioned probes.

Accuracy and precision were assessed in vitro using pooled
mouse blood spiked at three concentrations (n = 4 per concentra-
tion). Validation samples were extracted for 2 min by the same
in vivo SPME sampling procedure, except that the catheter end
of the sampling interface was placed in a vial containing 0.3 mL
of spiked whole blood instead of being connected to the arte-
rial catheter implanted in the mouse. The total concentrations of
CBZ in these samples were then calculated from a CBZ calibra-
tion curve prepared in whole blood. Accuracy (% relative recovery)
was calculated as the ratio of the experimentally determined
amount of analyte to the true spiked amount × 100%. At 5,200 and
2000 ng/mL concentrations, mean % accuracy was determined as
96.8%, 109% and 93.1%, respectively, while precision (expressed as
RSD) was 17%, 14% and 8%, respectively. This indicates an accept-
able performance of the method and the on-fibre standardization
approach.

On-fibre standardization approach introduces a small amount of
calibrant into the animal blood stream. In current study, the total
amount desorbed from the fibre into bloodstream was ∼0.5 ng per
sampling point. This small amount of calibrant is not expected to
cause adverse reactions in the animal or affect the accuracy of in

vivo SPME procedure in current application. Alternatively, recent
study shows that any compound can be successfully used as cali-
brant for on-fibre standardization which opens up the possibility
to use non-toxic, physiologically inactive calibrants [27].
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Fig. 2. Evaluation of the response (chromatographic peak area of CBZ) of SPME sam-
pling to a rapid change in concentration in vitro. A fibre was placed in a 50 ng/mL
CBZ solution in PBS for 2 min with 10 pull/push cycles over the sampling period. The
same fibre was also placed in blank PBS for 30 s, then in 50 ng/mL CBZ in PBS for the
remaining 90 s sampling time using 10 pull/push cycles and in blank PBS for 30 s,
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.3. Development of in vivo SPME sampling procedure for mice

In vivo SPME sampling in mice was conducted similarly to
hat was described previously for rats [8]. A sampling interface is

equired for SPME sampling from both rats and mice (unlike dogs)
ecause the size of the blood vessels does not permit direct inser-
ion of an SPME probe without occlusion of the blood vessel and
nterruption of blood flow. Compared to that used for rats, the sam-
ling interface designed for the mice was miniaturized to keep the

nternal volume of the interface to a minimum (total volume of
25 �L including tubing leading from catheter). The interface used
or mice is shown in Fig. 1A. The SPME probe was inserted into
he interface by piercing the septum of PRN luer-lock adapter with
he hypodermic needle of in vivo SPME probe (Fig. 1B). For sam-
ling, the plunger of the probe is depressed to expose the coating
o blood within the catheter tubing. To draw and push blood over
he exposed SPME coating, manual pull and push using the syringe
nserted in the interface was used. This provided the sample agi-
ation required to increase the amount of analyte extracted (and
alibrant desorbed) by the coating within the short 2 min-sampling
ime.

The ability of the SPME sampling method to respond to rapidly
hanging concentrations in vivo was evaluated using an in vitro
xperiment. The analyte peak area determined from a probe which
as initially exposed to a blank PBS solution for 30 s, followed by

0 s sampling from a 50 ng/mL CBZ standard solution in PBS, was
ompared to that of the same probe which was exposed to the
0 ng/mL CBZ standard solution for the entire 2 min of sampling. To
etermine the effect of the agitation rate, the probe was exposed
o the 50 ng/mL CBZ solution following a 30 s delay, but the sam-
ling rate was decreased from 10 to 4 pull/push cycles. As shown

n Fig. 2, no difference was observed between the two conditions
s long as the sampling speed of 10 pull/push cycles over 2 min
as used (the response was decreased at the lower sampling rate).

his indicates that SPME can respond reasonably well to rapidly
hanging concentrations using the sampling parameters employed
n this study. The use of speed faster than 10 pull/push cycles was
ot considered in order to keep the sampling flow rate well below
he animals’ blood flow rate.

.4. Determination of blood to plasma concentration ratio

In order to enable a direct comparison of the whole blood
oncentrations obtained by SPME sampling to the plasma con-
entrations that had been obtained by the traditional approach
f terminal blood sampling from multiple animals at each time
oint, it is important to determine the whole blood to plasma

oncentration ratio, in case the analyte partitions into or binds
o red blood cells (RBC) [28]. The distribution of CBZ and CBZEP
etween whole blood and plasma was investigated in vitro by

able 1
etermination of whole blood to plasma concentration ratio as determined by equi-

ibrium in vitro SPME sampling procedure described in Section 2.3.4.

Total CBZ concentration (ng/mL) Whole blood/Plasma
concentration ratio

Whole blood Plasma

1.19 1.19 1.00
11.7 14.8 0.79
83.4 72.1 1.16
439 323 1.36
769 643 1.20
1370 1440 0.95

Mean (n = 6) 1.1
SD (n = 6) 0.2
% RSD (n = 6) 19
then in 50 ng/mL CBZ in PBS for the remaining 90 s sampling time using 4 pull/push
cycles. RSD of n = 3 determinations was <3%.

spiking drug at various concentrations into whole blood and then
dividing each blood sample into two aliquots. Equilibrium SPME
sampling was performed directly in one aliquot of spiked whole
blood and in plasma obtained after centrifugation of the second
aliquot of spiked whole blood as described in Section 2.3.4. Table 1
summarizes the concentrations of CBZ that were determined in the
blood and plasma samples, using the appropriate matrix-matched
calibration curves. The experimental blood to plasma concentra-
tion ratio for CBZ (1.1 ± 0.2) is not statistically different from unity
as determined by a paired t-test (p = 0.38). This allowed the concen-
trations measured by in vivo SPME sampling of whole blood and
conventional plasma sampling to be compared directly without
application of a correction factor. A similar experiment was per-
formed for CBZEP (1–150 ng/mL) and the whole blood to plasma
concentration ratio was determined as 1.3 ± 0.4. A paired t-test
indicated that the difference between whole blood and plasma
concentrations is not statistically significant (p = 0.43). The results
obtained compare well to literature values of RBC to total plasma
concentration ratio in humans of 1.06 ± 0.21 and 1.53 ± 0.45 for
CBZ and CBZEP [29], respectively, and to blood to plasma concen-
tration ratios of 1.37 ± 0.125 and 1.32 ± 0.134 for CBZ and CBZEP,
respectively, in rats [30].

3.5. In vivo PK after single 2 mg/kg i.v. dose of CBZ

The blood concentration versus time profiles of CBZ and CBZEP
for individual mice that were obtained by in vivo SPME sampling
and by automated serial blood collection after an i.v. dose of 2 mg/kg
CBZ are depicted in Figs. 3 and 4, respectively. Blood concentra-
tions of CBZ, determined by both methods, decreased rapidly over
time. The formed metabolite, CBZEP, appeared rapidly and differ-
ences in the concentrations of CBZEP between individual mice were
apparent. The concentrations and AUC of the metabolite reflect the
formation, distribution and metabolism of the metabolite and not
solely the amount converted. In previously published studies on
rats, the inherent variability in the clearance of CBZ among animals
was estimated as 20–40% [30]. However, the variability between
animals appeared to be more pronounced for the SPME sampling
technique. The reason(s) for this is not clear but may be due to

a variety of experimental factors. One possible factor is the site
of administration. Mice sampled by SPME were restrained dur-
ing administration of CBZ via the tail vein whereas those sampled
by the automated sampler were administered CBZ via the jugu-
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Table 2
Mean (±SD) estimated PK parameters for CBZ following 2 mg/kg i.v. administration of CBZ to mice. Blood was sampled by SPME sampling (n = 7 mice) and by serial automated
blood draws (n = 3 mice) and plasma was sampled by terminal blood draws (n = 3 mice/time point, 2 experiments).

Parameter Units SPME samplinga Serial blood drawsa Terminal blood drawsb

Cinitial
c ng/mL 600 ± 150 820 ± 350 680

Terminal t1/2 min 32 ± 12 50 ± 23 45
AUC0-inf min ng/mL 27,000 ± 10,000 43,000 ± 8000 37,000
CL mL/min/kg 87 ± 35 48 ± 10 55
MRT0-inf min 40 ± 11 50 ± 7 47
Vss mL/kg 3200 ± 800 2400 ± 800 2600

a Parameters are estimated from individual whole blood concentration versus time profiles for each animal.
b Parameters are estimated from the mean plasma concentration versus time profiles.
c Cinitial is initial CBZ concentration extrapolated to time 0.

Fig. 3. Whole blood concentration versus time profiles obtained by in vivo SPME
sampling for CBZ (A) and its formed metabolite, CBZEP (B), in 7 individual mice
(
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Fig. 5. Mean (±SD) concentration versus time profiles of CBZ (A) and the formed
metabolite, CBZEP (B), following 2 mg/kg i.v. administration of CBZ to mice. Sam-
ples were taken by serial SPME sampling (n = 7 mice), by serial automated blood
M01 to M07) following administration of a single i.v. dose of 2 mg/kg CBZ. Samples
ere collected up to 240 min, but no CBZ and CBZEP was detected in some of the

ate time point samples as shown in the figure.

ar vein catheter since the instrument is designed to eliminate
andling of the animals during the dosing and sampling periods.
nother possible factor is that greater variations in the extraction
nd desorption of the analyte and calibrant under in vivo condi-
ions existed as compared to in vitro conditions. The variability

n the concentrations determined by SPME is also determined by
PME-method specific factors which differ from those involved
n traditional analyses, as discussed below. Despite the variability
bserved between individual mice, the mean blood concentrations

ig. 4. Whole blood concentration versus time profiles obtained by automated serial
ampling for CBZ and its formed metabolite, CBZEP, in 3 individual mice (M01 to
03) following administration of a single i.v. dose of 2 mg/kg of CBZ.
draws (n = 3 mice) or by terminal blood draws (3 mice/time point). SPME and serial
blood sampling measured whole blood concentrations whereas terminal sampling
measured plasma concentrations.

of CBZ and CBZEP are similar between the two methods and exhibit
parallel profiles (Fig. 5). The PK parameters estimated by the two
methods for CBZ and CBZEP are summarized in Tables 2 and 3,
respectively. While the systemic clearance (CL) estimated by the
SPME method was generally greater than that estimated by serial
automated sampling, the difference is not statistically significant
(p > 0.05). Similarly, no statistically significant differences were
observed for the steady-state volume of distribution (Vss) or ter-
minal half-life (t1/2) estimated by the two methods. Given that the
PK results obtained by two methods are equivalent, SPME sampling
has a number of advantages over serial blood sample withdrawal

as mentioned previously. The most obvious advantage is that no
blood is withdrawn, thus maintaining a constant circulating blood
volume and composition, and removing the limitation in the num-
ber of samples that can be taken. For serial sampling, 50 �L of

Table 3
Mean (±SD) estimated PK parameters in blood for the formed metabolite, CBZEP,
following 2 mg/kg i.v. bolus administration of CBZ to mice. Blood was sampled by
SPME sampling (n = 7 mice) and by serial automated blood draws (n = 3 mice).

Parameter Units SPME sampling Serial blood draws

tmax min 34 ± 26 30 ± 0
Cmax ng/mL 57 ± 37 33 ± 17
Apparent t1/2 min 36 ± 17 23 ± 5
AUC0-inf min ng/mL 3400 ± 2500 2200 ± 1000
MRT0-inf min 62 ± 20 52 ± 9
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lood was withdrawn at each sampling point (total 450 �L of blood
ithdrawn over entire experiment), which does exceed recom-
ended 20% of total blood volume and can be expected to cause

ome adverse effects. To compensate for blood withdrawn, fluid
eplacement was performed using heparin saline solution, as is
ommon practice in such studies. Theoretically, Culex unit can be
rogrammed to take samples as low as 5 �L, so this method of sam-
ling can be improved to have less impact on the animal in future.
owever, the success of such approach then rests heavily on the
evelopment of appropriate technology that can handle such small
ample volumes with high accuracy and precision as coventional
ample preparation workflows are not suitable. The unbound drug
oncentration in blood, in addition to the total concentration, can
lso be determined by SPME (whereas blood withdrawal typically
etermines total blood or plasma concentrations after disruption
f protein binding). Since extraction by SPME is proportional to the
nbound concentration in the sample, the unbound concentration
an be determined from calibration standards prepared in plasma
ater or buffer while the total concentration is determined from

alibration standards prepared in blood. As well, the difficulties in
andling the small blood and plasma volumes associated with serial
lood withdrawal are avoided, as sampling and sample clean-up
re essentially combined into one step. In vivo SPME also does not
equire the use of automated blood samplers, reducing costs and
ncreasing the number of animals that can be sampled per day.

The mean CBZ plasma concentration versus time profile
btained following a terminal blood sampling experiment with 3
ice/time point is also depicted in Fig. 5A and the PK parameters

stimated from the mean data are summarized in Table 2 (CBZEP
as not measured in the latter experiment). As mentioned in Sec-

ion 3.4, the blood to plasma concentration ratio for CBZ is unity and,
herefore, plasma concentrations could be compared directly to
lood concentrations. Mean plasma concentrations of CBZ obtained
ollowing terminal blood sampling decreased rapidly over time and
ere similar in magnitude to blood concentrations determined by

PME and serial blood collection experiments. The PK parameters
stimated from the terminal collection experiment are also in good
greement with those estimated by SPME and serial blood collec-
ion. The major difference in these PK parameters is that, unlike
erial sampling methods, terminal blood sampling does not allow
ne to assess the inter-animal variability in the PK parameters (as
hey are estimated from the mean concentration versus time pro-
le).

When comparing the differences in results obtained between
erial and discrete terminal sampling in mice, Peng et al. reported
etter precision of drug concentrations estimated from serial sam-
ling (<35% RSD, range 12–33%) than those from discrete sampling
<50% RSD, range 16–50%) [13]. These results are similar to those
btained in the current study with the serial sampling (mean 29%
SD, range 11–47%) and discrete terminal sampling (mean 50% RSD,
ange 4–173%). The overall precision at each time point in CBZ blood
oncentrations determined by SPME ranged from 39–109% RSD
ith mean RSD of 60% which makes it comparable to the results

btained by discrete terminal sampling approaches. The overall
ariability reported for SPME differs from that of traditional analy-
es as it includes inter-probe variability which was estimated using
n vitro experiments to be 5–10%, the experimental error inher-
nt in the determination of the amount of on-probe calibrant and
nter-animal variability in the extent of plasma protein binding,
ince only the unbound drug is extracted by SPME. In humans,
he variability of unbound fractions was reported as 0.15–0.3 for
BZ and from 0.33 to 0.67 for CBZEP following oral CBZ admin-
stration, and no significant relationship was established between
nbound and total CBZ concentrations indicating that degree of
inding can vary significantly in vivo [31]. The variability in plasma
rotein binding which can result in significant differences in the
. A 1218 (2011) 3367–3375

unbound fraction, does not affect total blood or plasma concen-
tration data obtained by conventional methods which include the
disruption of drug–protein binding prior to analysis using organic
solvent as employed in current study. However, this variability in
bound fraction does affect the total concentration determined by
SPME unless the blood of each individual animal is used for calibra-
tion (within-animal calibration) which is not feasible for mice due
to limited blood volume. Therefore, this is one of the major con-
tributing factors to higher RSD values observed for in vivo SPME
versus traditional methods. In contrast, free (unbound) concentra-
tions determined by SPME are very accurate and provide important
information about the biological availability of a given drug and can
also be used to estimate the inter-animal variability of drug–protein
binding in vivo.

4. Conclusions

In vivo SPME sampling was applied for the first time to PK stud-
ies in mice using a miniaturized sampling interface, although the
approach presented here can be easily extended to other types of
studies such as metabolomics. The developed sampling method-
ology for mice was validated against both traditional serial and
terminal sampling approaches. The use of in vivo SPME in small
rodents such as mice permits the construction of an entire blood
concentration versus time profile without a change in blood volume
or composition. It combines sampling and sample preparation into
one step thereby increasing the throughput of sample analysis. The
methodology allows the determination of both total and unbound
drug concentrations, thus presenting an important advantage over
traditional analyses which determine only total drug concentra-
tions, especially for highly protein bound drugs. The results from
the present study indicate that in vivo SPME holds promise as a valu-
able method for blood-draw free sampling from rodents. SPME may
be particularly useful for performing PK studies in ‘precious’ ani-
mals, such as transgenic mice and murine disease models, as well
as being useful in multiple crossover studies. In order to expand
the usefulness of the methodology for early drug discovery and
drug candidate screening in vivo, other pre-equilibrium calibration
methods which do not require the use of any calibrant, are cur-
rently being evaluated. In addition, automation of the pull/push
sampling cycle is currently under development to allow the sam-
pling to be performed without handling the animal and without
restricting animal movement. Most importantly, this new technol-
ogy could play an important role in the fields of metabolomics,
drug metabolism and toxicology by capturing unstable and/or
short-lived metabolites that may be degraded/converted during
procedures based on blood withdrawal.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.chroma.2010.07.060.
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