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a b s t r a c t

A specific and reliable HPLC-PDA method for the quantitative determination of triamcinolone acetonide,
budesonide and fluticasone propionate (as internal standards) in small volumes of microdialysate and rat
plasma was developed. An efficient solid-phase extraction (SPE) procedure for plasma samples yielded
eywords:
riamcinolone acetonide
udesonide
PLC
icrodialysis

extremely clean extracts with overall recovery of 104.3% and 95.7% for triamcinolone acetonide (TA) and
fluticasone propionate, respectively. Plasma extracts obtained after SPE and microdialysis samples were
directly injected on a C18 columm to separation. The method has been validated with good linearity,
sensitivity, specificity and high accuracy (RE −5.28% to 9.14%) and precision (CV 0.50% to 6.62%) on both
matrices. In stability studies, TA and budesonide were stable during storage and assay procedures. The
method was applied to a pharmacokinetic study in rodents using microdialysis to determine protein

ns in
olid-phase extraction unbound TA concentratio

. Introduction

Microdialysis (MD) is a sampling technique that enables the
onitoring of free drug concentration–time course in extracellu-

ar fluids, i.e. tissue interstitial fluid and plasma. The technique is
ased on passive diffusion of small substances across the semiper-
eable probe membrane inserted into the target site. Some of the

dvantages of MD are the low invasiveness of the technique, and the
ossibility of direct measurement of free drug levels at the biophase
nd continuous sampling without net fluid (blood) loss. This latter
eature of the technique usually provides higher temporal reso-
ution compared to conventional blood sampling, and is especially
seful for pharmacokinetic investigations in populations, like small
nimals and pediatrics, who have limitations of total blood volume
hat can be withdrawn [1]. Additionally, simultaneous MD mea-
urement in blood and selected tissues is feasible and aids in the
nderstanding of the drug distribution characteristics. Interstitial
D has been widely performed in preclinical and clinical pharma-
okinetics (PK) studies; however, continuous monitoring of drug
K by intravenous MD has been applied in only a few studies so far
2,3].
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PK studies involving MD rely on an efficient analytical method
to determine free drug concentrations in microdialysate and at the
same time, total concentration in plasma to assess the relation-
ship between the unbound and bound levels. In addition, the assay
must be sensitive to measure considerably low concentration of the
analyte in small sample volumes since only a few microliters are
obtained from microdialysis sampling (depending on the flow rate
and sampling period used in the investigation, usually 20–30 �L).
Another prerequisite of the bioanalytical assay is the simultaneous
quantification of the analyte and the calibration standard added to
the microdialysis perfusion solution. Nevertheless, MD technique
has the advantage of generation of protein-free samples. Thus, com-
plex and time-consuming sample preparation becomes redundant
and potential for enzymatic degradation is reduced [2].

Triamcinolone acetonide (TA) is a routinely prescribed corticos-
teroid due to its potent anti-inflammatory and immunosuppressant
activity. TA has been used for the treatment of a wide range of dis-
eases in humans and animals, and proved to be the most efficacious
corticosteroid for the treatment of psoriasis and inflammatory dis-
eases of the eye [4]. Although TA has vast clinical importance, it
exerts considerable side effects [5]. Thus, investigation of TA free
fraction in blood and target-sites is needed to manage a favorable
benefit/risk ratio. Since protein unbound drug is directly correlated

to pharmacological effects, the assessment of its concentration is
more relevant for pharmacokinetic/pharmacodynamic investiga-
tions.

The relative recovery of TA by the microdialysis probe should
be determined a priori and monitored by a continuous internal

dx.doi.org/10.1016/j.jchromb.2010.08.048
http://www.sciencedirect.com/science/journal/15700232
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ecovery control. Budesonide was chosen as microdialysis calibra-
ion standard to account for changes in the recovery of the TA since
t has physicochemical properties similar to the analyte [6].

Few LC methods for determination of triamcinolone acetonide
ave been reported [7–13]. The HPLC methods determined TA
oncentrations in human plasma after intravenous, intramuscu-
ar, oral or inhaled administration and were characterized by a
aborious plasma extraction procedure and limited concentration
anges [7–11]. Also, these methods are not suitable for the pur-
ose of the proposed PK study, since none of them simultaneously
etermines TA and budesonide. An ultra-sensitive reversed-phase
apillary LC coupled to tandem mass spectrometry (�LC/MS/MS)
as able to quantify TA in porcine plasma following suprachoroidal

dministration; however, this approach requires more sophisti-
ated instrumentation [12]. Nevertheless, the main disadvantage
f previously reported methods rests on the large plasma volume
equired for sample preparation, minimum of 750 �L, and/or the
ample volume, minimum of 20 �L, subjected to the HPLC analysis.

Therefore, the purpose of this study was to develop an efficient
ethod for reliable quantification of TA in small volumes of rat

lasma and microdialysate using common laboratory equipment.
simple plasma solid-phase extraction followed by HPLC-PDA

etection was developed. The method was validated according to
nternational guidelines [14,15] in terms of specificity, linearity,
recision and accuracy for both matrices. The assay was applied
o the measurement of total TA levels in plasma and unbound TA
nd budesonide in blood and muscle microdialysis samples.

. Experimental

.1. Chemicals and reagents

The synthetic corticosteroids triamcinolone acetonide, budes-
nide and fluticasone propionate were obtained from Sigma (St.
ouis, MO, USA) (Fig. 1). HPLC grade methanol and phosphoric acid
ere purchased from Fischer Scientific (Fair Lawn, NJ, USA). Blank
ale rat plasma was obtained from Lampire Biological Laborato-

ies (Pipersville, PA, USA). Lactated Ringer’s Injection USP were
urchased from Baxter (Deerfield, IL, USA) and used as artificial
icrodialysate. Solid phase-extraction (SPE) cartridges with C18

hase (1/cc capacity and 100 mg sorbent) were purchased from
akerbond SPETM (JT Baker, Deventer, Netherlands).

.2. Apparatus and chromatographic conditions

The HPLC system consisted of an Agilent 1100 series autosam-
ler (G1329A), column oven (G1316A), degasser (G1379A),
uaternary pump (G1311A) and DAD detector (G1315B). Instru-
ent control, data acquisition and processing were performed

sing ChemStation software.
Chromatographic separations were obtained using a Kromasil

18 analytical column (5 �m particle size, 250 mm × 4.6 mm i.d.,
ichrom, Reading, UK) which was protected by a Kromasil C18
uard column (5 �m, 10 mm × 3.2 mm, Hichrom, Reading, UK). The
olumn temperature was maintained at 25 ◦C and the detection
avelength was set at 254 nm. The isocratic mobile phase con-

isted of methanol:water in the ratio of 72:28 (v/v). A flow rate
f 0.8 mL/min was used to achieve desired chromatographic sepa-
ation. The mobile phase was filtered through 0.45 �m cellulose

embrane filter (Millipore, Bedford, MA, USA) and degassed in

n ultrasonic bath (FS110H, Fisher Scientific, USA) prior to use.
he injection volume was 10 �L for microdialysates and 20 �L for
xtracted plasma samples. Samples were maintained at 4 ◦C in the
utosampler prior to injection.
gr. B 878 (2010) 2967–2973

2.3. Preparation of stock and working solutions

Primary stock solutions of TA, fluticasone propionate (plasma
internal standard, IS) and budesonide (microdialysis calibration
standard) were prepared in methanol to yield for each solution con-
centrations of 1 mg/mL. These stock solutions were further diluted
in methanol to get intermediate concentrations of 100 �g/mL for
TA, 75 �g/mL for IS and 75 �g/mL for budesonide.

Working solutions of TA (1.5–750 �g/mL) and budesonide
(7.5–150 �g/mL) required for spiking plasma and microdialysate
calibration and quality control samples were subsequently diluted
from primary and intermediate stock solutions. All methanolic
solutions were stored at −20 ◦C, protected from the light, until used.

2.4. Preparation of calibration standards and quality control (QC)
samples

A 7% spiking with TA working solutions of appropriate con-
centrations were done in either blank rat plasma or Ringer’s
solution to obtain the desired concentration of TA for calibration
and quality control (QC) samples. Four levels of quality con-
trol samples at the lowest limit of quantification (LLOQ), low
(LQC), medium (MQC) and high (HQC) end of the calibration
curve were prepared for both matrices. Microdialysate calibra-
tion standards (0.1, 0.25, 0.5, 1, 2.5, 5 and 10 �g/mL) and QC
samples (LLOQ = 0.1 �g/mL, LQC = 0.2 �g/mL, MQC = 2 �g/mL and
HQC = 7 �g/mL) were prepared prior to each analytical run, whereas
plasma calibration standards (0.5, 1, 2.5, 5, 10, 25 and 50 �g/mL)
and QC samples (LLOQ = 0.5 �g/mL, LQC = 1 �g/mL, MQC = 20 �g/mL
and HQC = 40 �g/mL) were stored at −70 ◦C until analysis.

Microdialysis samples were also spiked with budesonide
working solutions of appropriate concentrations to obtain the
desired level of budesonide for calibration (0.5, 1, 2.5, 5, and
10 �g/mL) and QC samples (LLOQ = 0.5 �g/mL, MQC = 2 �g/mL and
HQC = 7 �g/mL).

2.5. Plasma sample pre-treatment: SPE procedure

Spiked plasma samples were completely thawed in a water
bath at room temperature and vortexed adequately. To 140 �L of
the plasma sample, 10 �L of internal standards solution (fluticas-
one propionate 75 �g/mL containing budesonide 75 �g/mL) were
added to yield a concentration of 5 �g/mL. Samples were mixed 1:1
with 4% phosphoric acid solution to release protein-bound drug.
After thorough mixing, samples were extracted using solid phase-
extraction (SPE) cartridges with C18 phase. The extraction was
carried out on a Vac Elut SPS 24 solid-phase extraction manifold
(Varian, Palo Alto, CA, USA). Each cartridge was conditioned by 1
column volume of methanol followed by 1 column volume of water.
The diluted plasma samples were loaded onto the conditioned SPE
cartridges at a flow rate of 1 mL/min. Washing was done with
600 �L of 2% phosphoric acid. Then, a low vacuum (2–5 mmHg)
was applied for 2–5 min to remove the aqueous part. The analytes
were eluted using 300 �L of methanol and a 20 �L aliquot of each
sample was subjected to HPLC analysis.

2.6. Method validation

2.6.1. Specificity
Six different sources of blank rat microdialysate and rat plasma

were screened for potential endogenous interferences in the reten-
tion times of TA, budesonide (calibration standard) and fluticasone

propionate (IS).

2.6.2. Linearity
The linearity range of the method for TA was evaluated by seven-

point standard curves in the concentration range of 0.1–10 �g/mL
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or microdialysate and 0.5–50 �g/mL for plasma on three valida-
ion days. Budesonide calibration curves in microdialysate were
repared in the range of 0.5–10 �g/mL. Microdialysate calibra-
ion curves were constructed by plotting the analyte peak area vs.
oncentration using 1/x2 linear regression whereas for plasma cal-
bration curves, the TA/IS (fluticasone propionate) peak area ratios
s. TA concentrations were plotted using 1/x2 linear regression.

.6.3. Accuracy and precision
The intra-day precision and accuracy of the method for quan-

ifying TA were determined by analysis of four sets of plasma
nd six sets of microdialysate QC samples at the LLOQ, LQC, MQC
nd HQC levels in a single day. The inter-day precision and accu-
acy were estimated by analysis of all QC samples over the three
alidation days. The accuracy and precision of the method for
udesonide were determined by analysis of six sets of micro-
ialysis QC samples at the LLOQ, MQC and HQC. Accuracy was
alculated as the mean percent deviation (RE) of the observed con-
entration (Cobs) from the nominal concentration at each QC level,
RE = [(Cobs − Cnom)/Cnom] × 100. Precision was expressed as per-
ent of coefficient of variation, %CV = (SD/mean Cobs) × 100.

.6.4. Extraction recovery
The extraction recovery from plasma were carried out in plasma

C samples at low, medium and high TA concentrations (1, 20 and
0 �g/mL) and at one concentration (5 �g/mL) of the IS (fluticasone
ropionate). The absolute percentage recovery was determined by
omparing the mean peak area of four replicates of extracted sam-
les with mean peak areas of unextracted standards of equivalent
oncentration, %AR = (peak area sample/peak area standard) × 100.

.6.5. Stability
Stability tests were performed under settings likely to be

ncountered during sample collection, storage, preparation and
nalysis: microdialysate kept at room temperature (25 ± 2 ◦C) for
2 h, process stability (autosampler at 4 ◦C for 24 h), long-term
tability of plasma at −70 ◦C for 2 months and plasma samples
reeze–thaw stability (three cycles). Experiments were performed
sing three replicates of LQC, MQC and HQC samples of the corre-
ponding matrix.

.7. Microdialysis study

The proposed method was applied in a pharmacokinetic study in
ats involving the simultaneous collection of microdialysate from
lood and muscle to monitor free drug concentrations at steady-
tate in the central and peripheral (tissue) compartments. The
elative recovery of TA was monitored by the calibrator budesonide.
he study was approved by the Institutional Animal Care and Use
ommittee of University of Florida and all procedures involving
nimals were conducted in accordance with the Principles of Lab-
ratory Animal Care. Adult male Sprague–Dawley rats weighting
50–300 g were used in the study (Harlan Lab, Tampa, FL, USA).
nimals were anesthetized by isoflurane inhalation and placed in
heating pad in the dorsal position. Microdialysis probes (CMA/20
lite probe, 14/10 PAES, membrane length 20 mm, cut-off 20 kDa;
MA Microdialysis, Stockholm, Sweden) were placed into the right

ugular vein and right hind leg muscle of rats with the aid of a needle
nd guide cannula.
.7.1. Microdialysis in vivo calibration
As a result of the continuous perfusion of the microdialysis

robe, the drug concentration measured in the microdialysate is
nly a fraction of the true concentration in the sampling site (blood
r muscle extracellular fluid). This fraction is referred to as the
gr. B 878 (2010) 2967–2973 2969

probe’s relative recovery and its value is commonly estimated in
vivo by the retrodialysis method prior to drug administration.

Using this approach of probe calibration, the relative recoveries
by loss (diffusion out of the membrane) of the drug and calibrator
are determined and related to each other by the calculation of their
ratio (Recovery RatioTA:budesonide = RecoveryTA/Recoverybudesonide).
It is assumed that the recovery by loss of the calibrator (budesonide)
into the sampling site is representative for the recovery by gain
of the drug (TA) from the biological fluid during the experiment
[16].

For in vivo relative recovery (n = 3), probes were perfused
with Ringer’s solution containing TA (5 �g/mL) and the calibra-
tion standard budesonide (10 �g/mL) at a flow-rate of 1.5 �L/min
with 20 min sampling interval. TA and budesonide concentra-
tions in the microdialysate samples (Cdial) and in the perfusate
(Cperf) were determined by HPLC. The relative recovery of
each analyte was calculated by the following equation: Recov-
ery(%) = [(Cperf − Cdial)/Cperf] × 100.

2.7.2. Drug administration and sampling
After vascular and muscular probe implantations, probes were

perfused with Ringer’s solution containing budesonide (10 �g/mL)
at 1.5 �L/min and allowed to equilibrate for 1 h. Basal micro-
dialysates were collected at 20 min intervals. Total plasma and free
blood and muscle concentrations of TA were determined at steady-
state after a loading dose (50 mg/kg) of prodrug TA phosphate
(triamcinolone acetonide dihydrogenphosphate dipotassium salt,
Volon A soluble, Dermapharm, Germany) followed by 23 mg/kg/h
infusion (0.5 mL/h) via a catheter in the tail artery. Blood and
muscle microdialysates were continuously collected every 20 min,
stored at 4 ◦C and analyzed within 24 h. Blood samples (300 �L)
were collected every 30 min, centrifuged and stored at −70 ◦C
until analysis. The free TA levels in blood and muscle (CTA free)
were converted from the microdialysate concentrations (CTA dial)
as follows: CTA free = (100 × CTA dial)/(%Recoverybudesonide × Recovery
RatioTA:budesonide), using the calibrator recovery obtained at each
sampling interval (%Recoverybudesonide).

3. Results and discussion

3.1. Development of the sample pre-treatment procedure

Microdialysate samples lack proteins due to the semipermeable
membrane of the probe (molecular cut-off 20 kDa), thus samples
were directly injected into the HPLC system. However, the pre-
analytical treatment of plasma samples was essential to obtain
cleaner extracts. Different liquid–liquid and solid-phase extraction
(SPE) procedures were tested. Liquid–liquid extraction using ethyl-
acetate, dichloromethane and tert-butyl methyl ether as previously
used by other investigators [8,11,12] were tested. However, our
results showed relatively low recovery for TA, around 60%, poor
reproducibility and specificity. Subsequently, SPE procedures were
tested using octadecyl phase sorbent because of its extreme reten-
tive nature for hydrophobic compounds. Initially, the pretreatment
of the plasma samples with 4% phosphate acid (pH = 1) aimed on the
release of TA from plasma proteins which is relatively high in rats
(90% plasma protein binding). The optimization of the SPE proce-
dure was done by varying the proportion of methanol in water used
as washing solvent to minimize polar matrix interferences. The
method proved to be unsuccessful as it did not improve the speci-

ficity of the method. However, an acidic wash (2% phosphoric acid)
removed interfering endogenous substances without causing elu-
tion of the analytes. The volume of methanol as elution solvent was
also optimized to improve the recovery of the analytes. A higher
volume of eluate (300 �L instead of 150 �L) resulted in excellent
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Fig. 1. Chemical structures of triamcinolone acetonide, the calibr

ecovery and minimal residual matrix. All these efforts helped us
chieve an efficient SPE procedure with one wash and one elution
tep with no drying and reconstitution. Thus, this is a simple and
conomical plasma extraction procedure with increased sensitiv-
ty, specificity and throughput for determination of corticosteroids
n small volume of plasma samples.

.2. Method validation

.2.1. Specificity
The specificity is the ability of an analytical method to differenti-

te and quantify the analyte in the presence of potential interfering
ompounds.

Chromatograms obtained from blank microdialysate, blank
lasma, the peak response of TA at the medium end of the calibra-
ion curve in plasma and microdialysate calibration standards, and
lood microdialysate and plasma samples obtained after constant-

ate infusion of TA phosphate to a rat are shown in Figs. 2 and 3.
A, budesonide and IS (fluticasone propionate) were eluted at 6.8,
2.3 and 14.0 min, respectively. The results demonstrated there is
o interference in the determination of the analytes, granting good
ethod selectivity.

0 2 4 6

mAU

0

0.5

1

1.5

2

2.5

3
(A)

(B)

(C)

0 2 4 6

mAU

0

0.5

1

1.5

2

2.5

3

 6
.7

8
8

TA

0 2 4 6

mAU

0

0.5

1

1.5

2

2.5

3

 6
.7

9
0

TA

ig. 2. Representative chromatograms of (A) blank microdialysate, (B) microdialysate c
icrodialysate sample containing TA (2.86 �g/mL) and budesonide (1.92 �g/mL).
udesonide and the internal standard (IS) fluticasone proprionate.

3.2.2. Linearity
The weighted linear regression (weighting factor:

1/concentration2) analysis was used since this option pro-
vided an improvement in the residuals with a similar coefficient
of determination (r2) to the linear model. Calibration curves for TA
in both matrices exhibited consistently good coefficients of deter-
mination, r2 ≥ 0.992 for all microdialysate curves and r2 ≥ 0.996
for all plasma curves. Detailed results for linearity parameters for
TA in microdialysate and plasma are listed in Table 1. Slope and
intercept among microdialysate calibration curves (n = 6) were
not statistically different (P = 0.7407) allowing the construction
of one common curve with slope of 15.49 (±0.12) and intercept
of −0.1046 (±0.0297), r2 = 0.9959. Since differences between
slopes and intercepts of plasma calibration curves (n = 6) were not
significant (P = 0.3727), the pooled slope equals 0.2138 (±0.0027)
and intercept −0.0041 (±0.0031) with r2 = 0.9962. Good linearity
values were also found for budesonide in microdialysate curves
(Table 1). The common curve (P = 0.8998) has a slope of 17.07
(±0.22) and intercept of −4.053 (±0.218) with r2 = 0.9932.
3.2.3. Accuracy and precision
The mean back-calculated concentrations of TA in micro-

dialysate and plasma calibration standards with resulted accuracy
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alibration standard spiked with TA (1 �g/mL) and budesonide (1 �g/mL) and (C)
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Fig. 3. Representative chromatograms of (A) blank rat plasma, (B) plasma calibration standard spiked with TA (5 �g/mL), budesonide (5 �g/mL) and IS (5 �g/mL) and (C)
plasma sample containing TA (42.6 �g/mL).

Table 1
Linear regression parameters for plasma and microdialysate calibration standards.

Linearity TA plasma TA microdialysate Budesonide microdialysate

Intercept Slope r2 Intercept Slope r2 Intercept Slope r2

1 −0.0019 0.2156 0.9996 −0.0386 15.27 0.9916 −4.388 17.22 0.9917
2 −0.0047 0.2234 0.9997 −0.1201 15.15 0.9935 −3.807 16.91 0.9887
3 −0.0064 0.2163 0.9973 −0.1697 15.43 0.9952 −4.458 17.89 0.9992
4 −0.0083 0.2205 0.9961 −0.0262 15.34 0.9975 −3.821 17.03 0.9941
5 0.0003 0.2023 0.9979 −0.2037 16.10 0.9987 −4.210 17.08 0.9934
6 −0.0038 0.2053 0.9996 −0.0692 15.63 0.9992 −3.634 16.33 0.9995

(
o
t
1

r
−
6
T
o
v

p

T
S

Mean 0.2138
SD 0.0083
CV (%) 3.9

%RE) and precision (%CV) are listed in Table 2. The accuracy values
f budesonide for various concentrations in microdialysate calibra-
ion standards ranged from−4.81% to 5.21% with precision between
.74% and 5.51%.

The intra-day precision of TA QC samples for both matrices
anged between 0.50% and 6.62%, and accuracy was between
5.28% and 9.14%. The Inter-day precision was between 3.35% and
.46%, and the accuracy values ranged between −3.19% and 6.30%.

he mean observed value, coefficient of variation and relative errors
f the plasma and microdialysate QC samples used on the three
alidation days are presented in Table 3.

The intra-day accuracy of budesonide in microdialysate QC sam-
les (n = 6 at each concentration) ranged from −1.42% to 9.14%

able 2
ummary of observed TA concentration in microdialysate and plasma calibration standar

Microdialysate

Cnom (�g/mL) Mean Cobs (�g/mL) SD %RE %CV

0.1 0.100 0.004 0.36 3.52
0.25 0.253 0.010 1.26 3.75
0.5 0.481 0.007 −3.75 1.41
1 0.987 0.031 −1.30 3.11
2.5 2.45 0.11 −2.03 4.59
5 5.01 0.18 0.14 3.49

10 10.5 0.2 5.35 1.59
15.49 17.07
0.36 0.50
2.3 3.0

and precision values were between 1.80% and 4.50%. The inter-day
accuracy values were 0.73% for LLOQ and 3.18% for MQC with CV of
3.39% and 4.89%, respectively.

The accuracy and precision values were well within accept-
able limits stated for bioanalytical method validation: ±15% at low,
medium and high range of concentrations and ±20% at the LLOQ.

3.2.4. Extraction recovery

The extent of recovery of the TA and IS from plasma was repro-

ducible and equivalent. The mean absolute recovery (n = 4 at each
concentration) at low, medium and high QC samples were 109%,
103% and 99.6% with precision of 2.02%, 4.57% and 3.94%, respec-
tively. The mean recovery of the IS was 95.7% with CV of 1.81%.

ds (n = 6 at each concentration).

Plasma

Cnom (�g/mL) Mean Cobs (�g/mL) SD %RE %CV

0.5 0.485 0.015 −3.06 3.12
1 1.05 0.04 5.16 3.69
2.5 2.65 0.20 6.15 7.51
5 4.71 0.12 −5.76 2.59

10 9.52 0.41 −4.84 4.35
25 25.1 1.1 0.34 4.19
50 50.9 2.6 1.86 5.12
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Table 3
Intra-day and inter-day accuracy (%RE) and precision (%CV) of observed TA concentrations (�g/mL) in plasma and microdialysate quality controls.

Nominal concentration Intra-day Inter-day

Mean Cobs %RE %CV Mean Cobs %RE %CV

Microdialysate (n = 6)
LLOQ (0.1 �g/mL) 0.103 3.12 5.47 0.104 4.31 4.69
LQC (0.2 �g/mL) 0.207 3.54 4.19 0.206 3.44 5.24
MQC (2 �g/mL) 1.96 −2.11 3.10 1.97 −1.44 5.36
HQC (7 �g/mL) 6.72 −3.96 1.83 7.03 0.42 3.35

Plasma (n = 4)
LLOQ (0.5 �g/mL) 0.495 −0.91 4.99 0.506 0.25 6.46
LQC (1 �g/mL) 1.05 4.64 2.20 1.06 6.30 5.29
MQC (20 �g/mL) 19.4 −3.01 2.19 19.4 −3.19 5.19
HQC (40 �g/mL) 39.6 −1.08 0.89 39.2 −1.94 3.68

Table 4
Stability results of TA in rat plasma and microdialysate under various conditions (n = 3 at each concentration).

Storage condition LQC MQC HQC

Cnom %RE %CV Cnom %RE %CV Cnom %RE %CV

Plasma
3 freeze–thaw cycles 1 97.9 2.68 20 103 3.58 40 99.1 6.17
2 months at −70 ◦C 1 100 2.79 20 95.1 2.62 40 97.4 0.90

◦ 20
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3

3
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0
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3

s
a
i
c
(
f

Process 4 C, 24 h 1 102 2.78
Microdialysate
Room temperature 12 h 0.2 111 1.68
Process 4 ◦C, 24 h 0.2 101 1.84

.2.5. Stability
The results of stability test of TA in plasma and microdialysate QC

amples are summarized in Table 4. TA and budesonide in spiked
icrodialysate proved to be stable after sample preparation and

torage in the sample tray of the autosampler at 4 ◦C for 24 h and
t room temperature for at least 12 h. Average stability for budes-
nide at MQC was 99.2% with precision of 3.95% and 109% with
recision of 6.57% under these respective conditions. The results
f process stability of plasma QC samples demonstrated that the
ostextraction solution is stable at 4 ◦C for at least 24 h. TA was also
table after three freeze–thaw cycles and after storage at −70 ◦C for
months.

Overall, the conducted stability tests indicated reliable stability
or TA and budesonide under the experimental conditions.

.3. Application to a microdialysis study

.3.1. Microdialysis probe recoveries
The validated bioanalytical method has been applied in a micro-

ialysis study of TA using budesonide as calibration standard.
he relative recovery of TA in blood and muscle was 61.3 ± 4.8%
nd 58.3 ± 3.9%, respectively; whereas budesonide recovery in
lood and muscle was 87.0 ± 2.0% and 86.1 ± 4.9%, respec-
ively. The calculated ratio of relative recoveries TA:budesonide,
.70 ± 0.06, and budesonide recovery determined at each sam-
ling interval were used to back calculate the free TA levels in
lood and muscle tissue after drug administration as follows:
TA free = 100 × CTA dial/%Recoverybudesonide × 0.7.

.3.2. TA concentrations
The corrected unbound TA concentrations determined at steady

tate in blood and muscle microdialysates were 4.66 ± 0.37 �g/mL

nd 5.60 ± 0.18 �g/mL, respectively. The free TA levels in rat plasma
s in accordance with the simultaneously measured total TA con-
entration, 43.1 ± 0.7 �g/mL, when binding to plasma proteins
90%) is taken into account. There was a good correlation between
ree drug levels in the muscle and the free plasma concentrations.
96.0 0.75 40 102 3.03

108 6.55 7 100 2.62
97.9 4.07 7 100 1.72

4. Conclusion

The pharmacokinetic analysis of TA via microdialysis relies on an
efficient assay capable of quantifying TA in both plasma and micro-
dialysate matrices at a wide concentration range after systemic
administration. Additionally, the relatively low concentration of
TA and budesonide in minimal sample volume of microdialysates
requires a sensitive assay. Both of these challenges were met by the
analytical method reported here. The present HPLC-PDA analysis
was found to be specific and highly reproducible for both matri-
ces. TA and budesonide were stable during storage and sample
processing. Plasma sample clean-up involves a simple solid-phase
extraction procedure with no reconstitution step, allowing suffi-
cient sample-throughput to be applied to PK studies. Usefulness
of the developed method was confirmed in preclinical microdialy-
sis studies of TA using budesonide as calibrator. In conclusion, the
method developed may be applied for bioanalysis of TA in future
(pre)clinical studies using free drug monitoring via microdialysis
with precision and accuracy.
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