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Abstract

Two analytical methods were developed for quantitative determination of DADLE (H N-s¥A&ta—Gly—Phe-s-Leu—
COOH) and its two cyclic prodrugs in rat plasma. For high-performance liquid chromatography with fluorescence detection
(LC-FLU), precolumn derivatization of DADLE was accomplished by labeling the N-terminal amino group with the reagent
naphthalene-2,3-dicarboxaldehyde in the presence of cyanide (NDA/CN) to form a highly fluorescent 1-cydtisbamz|
dole (CBI) derivative. A multi-dimensional LC system was employed to improve selectivity, and solid-phase extraction
(SPE) was used for plasma sample preparation. The cyclic prodrugs were converted to DADLE prior to their derivatization.
With fluorescence detection after derivatization, the limit of quantitation (LOQ) was 6 n§ ml  for the analysis of DADLE,
and good linearity was observed up to 6000 ngl in rat plasma. Quantitative analysis of DADLE and its cyclic prodrugs
was also performed using liquid chromatography interfaced to electrospray ionization tandem mass spectrometry (LC—ESI-
MS-MS). Chromatographic separation was achieved ongga C column using gradient elution in a water—acetonitrile system
containing 0.1% (v/v) formic acid. The tandem mass spectrometric analysis was performed in the multiple reaction
monitoring mode using internal standardization to improve assay precision and accuracy. For plasma sample pretreatment,
acetonitrile was added first to precipitate proteins and SPE was used to minimize matrix effects. Using LC—ESI-MS—-MS, the
LOQ was 0.5 ng mi* for DADLE and 2 to 5 ng mt  for its prodrugs. Good linearity was observed from the LOQ up to
1000 ng mi'* for all compounds. For the analysis of DADLE, both analytical methods showed good precision, accuracy and
stability. However, for prodrug analysis, LC—FLU showed some sensitivity and accuracy problems, while the LC—ESI-MS—
MS method provided consistent and satisfactory results. In conclusion, LC—-ESI-MS—MS is the method of choice for the
analysis of DADLE and its cyclic prodrugs in rat plasma samples due to its good selectivity, high sensitivity, and fast
analysis. Its application was demonstrated through biodisposition and bioconversion studies of the coumarinic acid-based
prodrug after intravenous administration in rats.
0 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recently, the concept of making cyclic prodrugs
of opioid peptides to modify their physicochemical
properties has been introduced by this laboratory
[1-5]. The evaluation of cell membrane permeation
characteristics of these cyclic prodrugs was con-
ducted using a cell culture model of the intestinal
mucosa [6—8]. While the data from these in vitro
experiments allowed the evaluation and correlation
of a particular chemical modification on the cell
membrane permeation characteristics of these pro-
drugs, in vivo pharmacokinetic studies were needed
to determine the effects of these chemical modi-
fications on other pharmacokinetic properties (e.g.,
liver clearance, bioconversion). To support these
studies, the development of analytical methods with
high sensitivity and selectivity for determination of
DADLE (H,N-Tyr-p-Ala—Gly—Phes-Leu—COOH)
and the cyclic prodrugs (Fig. 1) in biological fluids
and tissues was required.

Several high-performance liquid chromatography
(LC) methods using different on-line detectors have
been reported for the analysis of opioid peptides. In

general, these approaches have been based on ultra-

HoN-Tyr-D-Ala-Gly-Phe-D-Leu-COOH H,N-Tyr-Gly-Gly-Phe-Leu-COOH

DADLE [Leu5 ]-enkephalin
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Fig. 1. Chemical structures of DADLE and its internal standard
[Leu®lenkephalin, the two prodrugs of DADLEH and I1a) and
their internal standarddl§ andI1b).
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violet [9—11], electrochemical [11-13], fluorescence

[14-19], or mass spectrometric detection [20,21].
Ultraviolet and electrochemical detection offer the
least sensitivity and are not widely used for low
concentration determination. Fluorescence is the
most commonly used detection method for opioid
peptide analysis due to its high sensitivity and
simplicity. Different derivatization methods have
been employed in attempts to further improve the
sensitivity [14—19]. While mass spectrometry (MS)
was widely used for structural identification and

peptide sequencing in the past, its use as an on-line
detector coupled to LC has been relatively limited
until recently [22—27]. The advances in interfacing
technology between LC and MS have led to the
success of MS detection for both qualitative and
quantitative analysis of peptides. In particular, LC
interfaced to tandem mass spectrometry (MS—MS)
has shown excellent specificity and sensitivity for

rapid analysis of peptides in biological samples

[20,21].

In earlier studies, LC methods with ultraviolet-
and fluorescence-based detection were developed in
support of in vitro studies of DADLE and its

prodrugs [6—8]. However, these analytical methods
could only provide a limit of quantitation (LOQ)
around 50 ng ml* , which was not sensitive enough

for in vivo pharmacokinetic studies where an LOQ

of less than 5 ng ml* was needed. In addition, the

in vivo pharmacokinetic studies presented new chal-

lenges, including sample cleanup and monitoring

conversion from the prodrugs to DADLE in bio-
logical media. Therefore, to develop an analytical
method for in vivo pharmacokinetic studies, the

following issues needed to be addressed: (i) a

separation system that could resolve compounds

having quite different physiochemical properties

(e.g., DADLE that is hydrophilic and charged vs. the

cyclic prodrugs that are hydrophobic and un-

charged); (ii) a detection system that had both high
sensitivity and selectivity; and (iii) a sample hand-

ling procedure that could address the enzymatic

instability of the prodrugs in biological media.

The subject of this paper is the development,
validation, and comparison of two analytical meth-
ods, i.e., liquid chromatography with fluorescence
detection (LC—FLU) and liquid chromatography
with electrospray ionization tandem mass spec-
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trometric detection (LC—ESI-MS—MS), which could
be used for in vivo pharmacokinetic studies of
DADLE and its prodrugs.

2. Experimental
2.1. Materials

The model opioid peptide DADLE and its internal
standard [Lel ]enkephalin were purchased from
Sigma (St. Louis, MO, USA). Prodrugs of DADLE
(la, I1a) and [LeU Jenkephalinlp, I1b) were syn-

thesized following procedures described elsewhere

[28,29]. All solvents used were HPLC grade, includ-
ing deionized ultra filtered (DIUF) water (Fisher,
Fair Lawn, NJ, USA). All other chemicals were of

the highest purity available and used as received. Rat

whole blood and plasma were obtained from male
Sprague—Dawley rats (Animal Care Unit, The Uni-
versity of Kansas, Lawrence, KS, USA).

2.2. Instrumentation

2.2.1. LC—FLU method

LC with fluorescence detection was performed
using a Shimadzu LC-10A gradient system
(Shimadzu, Tokyo, Japan) consisting of two LC-
10AS pumps, an SCL-10A system controller, an
SIL-10A auto injector with a sample cooler, an
RF-535 fluorescence detector (xenon lamp.=420
nm; A,,,=490 nm), and two FCV-2AH high-pressure
switching valves controlled by an SCL-6A control-
ler. The chromatographic data were acquired and
analyzed using the CLASS-VP (version: 4.2) Chro-
matography Data System (Shimadzu).

A multi-dimensional chromatographic system [15]
was implemented for selectivity enhancement. Two
columns with different stationary phases were used;
both were purchased from Wdac (Hesperia, CA,
USA). Column 1 was a diphenyl column (Wdac
219TP54, 2564.6 mm I.D., 5pm) with a Wdac
diphenyl guard column. Column 2 was a,C
versed-phase column (Wdac 218TP54, 2406 mm
I.D., 5 pm). The mobile phase for pump 1 was a
mixture of acetonitrile—water (39:61, v/v) with 0.1%
(v/v) trifluoroacetic acid. The mobile phase for pump
2 was a mixture of acetonitrile—water—tetrahydro-

re-
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furan (42:54:4, v/v) with 0.1% (v/v) trifluoroacetic
acid. The mobile phases were degassed under vac-
uum, and each was delivered at a flow-rate of 1 ml
min~'. The separation studies were conducted at
ambient temperature (approx. 22). For centrifuga-
tion, a Micro-Centrifuge Model 59A from Fisher
Scientific (Pittsburgh, PA, USA) was used.

2.2.2. LC—-ES-MS-MS method
Liquid chromatography with tandem mass spec-
trometric detection was performed using a Micro-
mass VG Quattro Il triple quadrupole mass spec-
trometer (Micromass, Beverly, MA, USA). Liquid
chromatography was conducted using a HP 1100
series HPLC System (Agilent Technologies, Palo
Alto, CA, USA). A Zorbax SB;C columnx3a
mm [.D.pBn) from Agilent Technologies was used
as the analytical column; it was protected with a 0.5
pm precolumn filter (MAC-MOD Analytical,
Chadds Ford, PA, USA). The column temperature
was kept af@3o0 ensure reproducible separation.
Two mobile phases were used to generate a linear
gradient with a 0.2 ml min* flow-rate, which
allowed simultaneous analysis of DADLE and its
prodrugs in a single run. Mobile phase A was water
with 0.1% (v/v) formic acid, and mobile phase B
was acetonitrile with 0.1% (v/v) formic acid. The
linear gradient was from 10 to 100% mobile phase B
in the first 8 min; mobile phase B was kept at 100%
for 3 min and was then reduced to 10% in 1 min;
finally the column was equilibrated in 10% mobile
phase B for 8 min. The total run time was 20 min
with eluent from the first 5 min being directed to
waste to avoid the contamination of the mass spec-
trometer with salts. For direct infusion of sample
solutions, a Harvard “22” syringe pump (Harvard
Apparatus, Holliston, MA, USA) was used to deliver
a continuous and pulse-free flow. A micro-centrifuge
Model 59A from Fisher Scientific was used for
centrifugation.
The LC system was interfaced to the mass spec-
trometer via an electrospray interface. The capillary
voltage and cone voltage were 3.5 kV and 40 V,
respectively. The source temperature was set at
PP0 and the nebulizer gas flow was controlled
around 700 T'h  for effective evaporation of the
solvent. Both MS1 and MS2 resolutions were set at
15.0 and the multiplier voltage was set at 650 V. For
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ion recording, multiple reaction monitoring (MRM)  2.4. Sample preparation
of several channels was used with 0.1-s dwell time
and inter-channel delay set at 0.03 s. Data acquisition 2.4.1. LC—-FLU method
and analysis were performed using MassLynx v3.4 Solid-phase extraction (SPE) was used for plasma
software (Micromass). sample preparation. Aqueous guanid®@e(6 M),
which was acidified with H PQ (0.01%, v/v), was
initially added (160ul) to the plasma sample (§dl)
to denature plasma proteins and release bound
DADLE and its prodrugs. Subsequently, SPE was
performed using Sep-Pak Vac, L cartridges (1 cc/
100 mg, Waters, Milford, MA, USA) according to
the following protocol. An SPE cartridge was con-
ditioned with 1 ml acetonitrile followed by a 1 ml
water wash. The plasma sample (340 was loaded
onto the cartridge. After washing with 1.5 ml
deionized water, 1 ml of acetonitrile—water (70:30,
v/v) was used to elute DADLE and its prodrugs
from the cartridge, and borosilicate glass tubes were
used for eluent collection. The final solution was
evaporated to dryness with nitrogen gas and the
residue reconstituted in 150 of 20% (v/v) acetoni-
trile. A 5000 nominal molecular mass limit (NMWL)
membrane filter unit (Millipore, Bedford, MA, USA)
was used to filter the reconstituted solution to
remove any remaining proteins.

Precolumn derivatization was accomplished using

2.3. Sandard preparation

2.3.1. LC—FLU method

Separate standard stock solutions (Mmwere
prepared in dimethyl sulfoxide (DMSO) for DADLE
and its prodrugs. For solution standards, subsequent
dilutions were made in 20% (v/v) acetonitrile to give
the following concentrations: 0.001, 0.005, 0.01,
0.05, 0.1, 0.5, 1.0, 5.0, and 104M. For working
standards, dilutions were made using DMSO to give
a series of solutions with concentrations covering the
calibration range. Rat whole blood standards were
prepared by adding 4u| of the working standards
containing DADLE or the prodrug to 394l blank
rat blood. The resulting concentrations were 0.01,
0.1, 1.0, and 10.@M. The blood samples were then
centrifuged immediately at 4700 rpm (21@) and
4°C for 10 min to obtain rat plasma standards.

2.3.2. LC-ES-MS-MS method a 50l sample aliquot, to which was added g0 of
Standard stock solutions (10fig ml™') were sodium phosphate buffer (200MmnpH 6.8). The
prepared separately in different solvents. For reaction was initiated by addingl ©® freshly
DADLE and its internal standard, deionized water made potassium cyanide (CN) solutiotM’band
was used; for the prodrugs and their internal stan- (dl0of freshly made naphthalene-2,3-dicarbox-
dards, 10% (v/v) DMSO in water was used to aldehyde (NDA) solution in acetonitrile (80Q. m
improve the solubility of the compounds. A stock After mixing twice and waiting 30 s, the reaction
solution mixture made up of DADLE and its two was complete andub6f the final product solution
prodrugs at 10ug ml™* each was prepared from was injected for analysis. The whole precolumn
individual stock solutions. Subsequent dilutions were derivatization procedure was automated and per-
made with deionized water to prepare a series of formed by the autosampl&C.aBdfore the cyclic
working standards at different concentrations for prodrugs could be analyzed, they first had to be
calibration. An internal standard solution mixture converted to DADLE since the prodrugs do not react
was also prepared at 100 ng T for with NDA/CN. The conversion process was con-
[Leu®]enkephalin and 500 ng mt  for each of the ducted at@with 0.1 M NaOH and HCI aqueous
two internal standarddh andlIb in deionized water. solutions. Briefly, a small aliqguot of NaOH solution
Plasma standards were prepared by adding.L6f was added to a 5@l sample solution to hydrolyze
the working standard solutions containing DADLE the cyclic prodrugs to DADLE. After 10 to 30 min,
and its two prodrugs to 10Ql blank rat plasma. The an equal amount of HCI solution was added to
resulting concentrations were 0.2, 0.5, 2.0, 5.0, 10.0, guench the reaction and to neutralize the solution
40.0, 200, and 1000 ng mt for all three com- before the derivatization of DADLE was conducted.

pounds. The amounts of NaOH and HCI solutions used and
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the reaction time were adjusted accordingly for the
two prodrugs due to their different conversion kinet-
ics.

2.4.2. LC—ES-MS-MS method

For the preparation of plasma samples for LC—
ESI-MS—MS, an SPE method similar to that used for
LC-FLU with some modifications was employed.
To a 110pl plasma sample, 20Q.1 of acetonitrile
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The standard curves were constructed by plotting the
peak areas of the analytes versus the theoretical
concentrations, and a weighted ¢3)/ linear least-
square regression was used. The precision and
accuracy of the method were assessed within the
entire concentration range. Other validation parame-
ters including recovery, specificity, and stability were
also studied.

was added to precipitate the plasma proteins along 2.5.2. LC-ES-MS-MS method

with 10 pl of the internal standard solution mixture.
After vortex mixing, the precipitated proteins were
removed by centrifugation at 6000 rpm (33§0and

4°C for 10 min. Since the supernatant had high

organic content, it had to be evaporated and reconsti-

tuted with water for compatibility with SPE. A
Centrivap Concentrator (Labconco, Kansas City,
MO, USA) was used, and the organic solvent was
evaporated under vacuum. After 1 h, the concen-
trated supernatant (approx. ) was diluted with 1

ml of deionized water, and the solution was loaded
onto the cartridges for extraction. The SPE procedure
was similar to the one used in the LC—FLU method
with four steps: conditioning; loading; washing; and
eluting. It was performed using Waters Oasis HLB
extraction cartridges (1 cc/30 mg, Waters) according
to the following protocol. An SPE cartridge was
conditioned with 1 ml methanol followedyba 1 ml
water wash. The plasma sample (approx. 1 ml) was
loaded onto the cartridge. After washing with 2 ml
deionized water and 1 ml 5% (v/v) acetonitrile with
0.1% (v/v) trifluoroacetic acid, 1 ml of acetonitrile
with 0.1% (v/v) trifluoroacetic acid was used to elute
DADLE and its prodrugs from the cartridge. The
final solution was evaporated to dryness and the
residue was reconstituted in 1gQ of 10% (v/v)
acetonitrile. Then it was centrifuged again at 10 000
rpm (9300 g) and 4°C for 1 min, and a 50l
supernatant was injected for LC—ESI-MS—MS analy-
Sis.

2.5. Method validation

2.5.1. LC-FLU method

Limited method validation was done for the LC—
FLU method due to the success of the LC-ESI-MS—
MS method. The LC—FLU method validation was
focused on the analysis of DADLE and prodrlay

The LC-ESI-MS-MS method validation was
more extensive, with important validation parameters
including precision, accuracy, recovery, specificity
and stability being established. The calibration
curves were constructed from the peak area ratios of
the analytes to the respective internal standards
versus the theoretical concentrations with a weighted
cJlihear least-square regression. Unknown sam-
ple concentrations were calculated using linear equa-
tions y=ac+b) fitted for different calibration
curves. The precision of the method was determined
by replicate anatysés) of rat plasma samples
containing DADLE and its prodrugs at different
concentrations within the calibration range and pre-
sented as the relative standard deviation (RSD). The
accuracy of the method was expressed as [(mean
calculated concentration)/(spiked concentration)]
100. The limit of detection (LOD) was defined as the
lowest sample concentration that could be detected
S/N>3). The Ilimit of quantitation (LOQ) was
defined as the lowest sample concentration that could
be quantified with good precision (R30) and
accuracy (75—125%). The recoveries of DADLE and
its prodrugs along with their internal standards were
determined by comparing the peak areas of the
analytes extracted from plasma to those of standards
made with blank plasma extract injected directly.
The results were obtained from different concen-
trations and the averages were taken as mean re-
coveries. The specificity of the assay was established
by analyzing blank rat plasma samples from six
different sources. Quality control samples at low and
high concentrations were prepared and analyzed on
three separate days. Finally, the sample stability
before and during the analysis was also assessed at
different concentrations. This included freeze—thaw
stability after three cycles and long-term storage
stability at —60°C for up to 1 month.
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2.6. Application of the LC-ES-MS-MS method

Disposition and conversion of prodrugja to
DADLE was studied in rats after a 1 mg ky
intravenous injectionn=3). Blood samples (0.2 ml)
were taken from the jugular vein at 0, 2, 5, 10, 15,
20, 30, 40, 50, 60, 80, 100, and 120 min after

injection. The SPE method described above was used

for plasma sample preparation, and final solutions
were analyzed by the LC-ESI-MS—MS method.

3. Results and discussion
3.1. LC-FLU method

For the LC-FLU method, DADLE was deriva-
tized with NDA/CN to produce the fluorescent N-
substituted CBI derivative (Fig. 2) [16]. The deriva-
tized DADLE gave at least a 10-fold increase in
fluorescence sensitivity over DADLE itself. The
LOD of the LC—FLU assay was approx. 1 ng |
which made the fluorescence method sensitive
enough for detection of this peptide in biological
samples (e.g., plasma) generated during in vivo

CHO
'
CHO

NDA

H,N-Tyr-D-Ala-Gly-Phe-D-Leu-COOH

DADLE

pH 6.8 CN

CN
=
N-Tyr-D-Ala-Gly-Phe-D-Leu-COOH
=

CBI-DADLE derivative

Fig. 2. Derivatization reaction of DADLE with naphthalene-2,3-
dicarboxaldehyde (NDA) in the presence of cyanide ion (CN ) to
produce an N-substituted 1-cyanobefjgoindole (CBI-DADLE
derivative).
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pharmacokinetic studies. The whole precolumn de-
rivatization procedure was performed by the auto-
sampler, which gave consistent results with minimal
human manipulation. However, with the increase in
sensitivity, a significant drop in selectivity was
observed with the LC—FLU method. Unfortunately,
during derivatization, the NDA/CN reagent reacts
with other compounds containing primary amine
groups, which leads to increased background inter-
ferences, especially for rat plasma samples. This
problem was solved by using a two-dimensional
(2D) LC system following the guidelines of previous
workers [16]. Two switching valves were used to
control the flow between two different analytical
columns; thus, chromatographic separation occurred
on both columns, resulting in improved selectivity.

With this two-column system, an improved sepa-

ration of the CBI-DADLE derivative peak from the

background interferences was achieved (Fig. 3).

However, even with this multi-dimensional LC sys-
tem, interfering peaks from rat plasma still existed
and compromised the selectivity of the assay at low
concentratichsng ml™ ).
Using the 2D-LC-FLU method, the LOQ for
DADLE was 6 ng ml in rat plasma, which despite
its limitations was a significant improvement com-
pared to methods that use UV or native fluorescence
to detect DADLE. Good linearity (correlation coeffi-
cient r>0.99) was observed over the 6 to 6000 ng
ml~* concentration range. The LC—FLU method also
provided good precision and acceptable accuracy
(87—114% for DADLE analysis; Table 1). High and
reproducible DADLE recovery (7911%) was
achieved by the SPE method for rat plasma samples.
The extraction method also reduced plasma back-
ground interferences significantly and ultimately led
to improved sensitivity and selectivity for the LC—
FLU method. Since the derivatization procedure was
performed by the autosampler and the CBI-DADLE
product was injected immediately onto the LC
column, no degradation of the derivatization product
was observed. All these results indicated that the
LC-FLU method was reliable and applicable for
DADLE analysis in rat plasma samples.

While the NDA/CN derivatization reaction im-
proved the sensitivity of the analysis for DADLE, it
could not be used with the prodrugs since they do
not have free N-terminal amino groups for reaction
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Fig. 3. Chromatograms showing optimized separation of CBI-DADL
concentration in plasma wasp gy ml~*. (A) Separation with column 1 onl

with NDA/CN. A two-step analysis was developed
to permit detection of both DADLE and its prodrugs
in rat plasma. After SPE, the reconstituted solution,
which contained DADLE and the prodrug, was split
into two equal aliquots. The first aliquot was ana-
lyzed by the LC—FLU method after derivatization

E derivative using the column switching system. The DADLE
y; (B) separation with columns 1 and 2 after column switching.

with NDA/CN in order to determine DADLE con-
centrations. The second aliquot was treated with
NaOH and HCI solutions to convert the prodrug to
DADLE and was then analyzed by the NDA/CN
derivatization method to determine “total” DADLE
concentration. Because DADLE is stable during

Table 1

Precision and accuracy data for the determination of DADLE and prohug rat plasma using the LC—FLU method
Concentration DADLE Prodrugia

(kM) Precisioft Accuracy Precisién Accuraty
0.01 96-106 101 N.D. N.D.

0.1 83-91 87 95-98 96

1.0 96-99 98 135-145 140
10.0 111-116 114 58-69 64

N.D., Not determined because it was below the limit of quantitation.

®Precision expressed as the range of [(calculated concentration)/(spiked concentdififny=2.
® Accuracy expressed as [(mean calculated concentration)/(spiked concentratio)]
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treatment with NaOH and HCI solutions, the “total”
DADLE concentration included DADLE present in
plasma and DADLE formed by chemical conversion
from the prodrug. Taking into consideration the
dilution factors and subtracting the original DADLE
concentration, the concentration of DADLE chemi-
cally converted from the prodrug could be calcu-
lated. Assuming that the chemical conversion from
the prodrug to DADLE was constant throughout the
concentration range of the prodrug, the concentration
of DADLE detected by this method is reflective of
the prodrug concentration. Even though it was not
necessary to know the exact percentages of conver-
sion of the prodrugs to DADLE in NaOH and HCI
solutions, the numbers were needed for validation
purposes. These values could be determined through
repeated conversion experiments at various concen-
trations. The percentages of conversion of prodrugs
la and Ila to DADLE were approx. 60 and 90%,
respectively. Although percentages of conversion
close to 100% were desirable, values as low as 50 to
60% were acceptable as long as the process was
precise, accurate, and reproducible.

Limited method validation was done for prodrug
I a; the results are presented in Table 1. The LOQ for
prodrugla (70 ng mI'*) was much higher than that
of DADLE (6 ng mi™*). The two-step assay for
prodrug la showed some accuracy problems (64—
140%), although reasonable precision was achieved.
There were two problems associated with this pro-
drug analytical method. First, strong binding between
prodrug la and the G, stationary phase of SPE
cartridges led to low and inconsistent prodrug re-
covery (around 50%) from rat plasma. The second
and the most significant problem was the error-prone
conversion process due to the formation of a stable
intermediate. Inconsistent conversions from prodrug
la to DADLE and multi-step sample dilutions re-
sulted in reduced sensitivity, precision, and accuracy
for prodrug analysis. Overall, the LC—FLU method
was suitable for DADLE analysis in biological
media, but significant improvements in sensitivity
and accuracy were needed in order to accurately
measure prodrug levels.

3.2. LC-ES-MS-MS method

The LC-ESI-MS—-MS method employed ESI for
DADLE and its prodrugs. Formic acid (0.1%, v/v)

J.Z. Yang et al. / J. Chromatogr. B 780 (2002) 269281

was used for pH control in the ESI positive mode.

The protonated molecules of DADLE and prodrugs

la and |la were observed an/z 570.3, 698.3, and

Relative Intensity (%)

Relative Intensity (%)

626.3, respectively. The representative parent ion
spectra of DADLE and prodeugre shown in Fig.
4. Interestingly, the sodium and potassium ion
adducts for the prodrugs gave responses much higher
than those of DADLE. Metal ion adduct formation
suppresses the response of the molecular ions and
leads to reduced sensitivity and reproducibility [30—
32]. This problem is very difficult to eliminate due to
the abundance of metal ions. However, the formation
of metal ion adducts could be reduced through

sufficient chromatographic separation of the analytes

100

from the solvent front by coupling the mass spec-
trometry to LC. The molecular ions were chosen for
product ion formation and the product ion selection
was accomplished by adjusting collision energy and

[M+HT (570.3)

DADLE

L
=]

[VE+Na]' (592.3)

[M+K]" (608.2)

l LL _—

600

0
500 700

miz

[MHNa]" (720.3)
0o

Prodrug Ia

5 [MHK]' (736.2)

[MHHT (698.3)

A

|1 N )
600

700
mz

Fig. 4. Parent ion spectra of the protonated molecules in ESI
positive mode: (A) DADLE fn/z 570.3); (B) prodrugl (m/z
698.3).
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collision cell gas pressure. A typical fragmentation
pattern for DADLE is shown in Fig. 5. It was not
surprising to see that the most stable fragments after
high-energy collision were the ones containing aro-
matic groups since they have the most rigid struc-
tures. The product ions chosen for MRM function
were 120.1 for DADLE, 136.1 for prodrutg, and
120.1 for prodruglla with a 60 V collision energy
providing the best response. For LC, a linear gradient
program was developed to effectively separate
DADLE and its prodrugs in a single run.

To achieve good precision and accuracy for the
quantitative analysis of DADLE and its prodrugs,
internal standards were used. As shown in Fig. 1, the
internal standards chosen were [Peu ]Jenkephalin
(an analog of DADLE), and prodrugs of
[Leu®]enkephalin (b, I1b). Internal standardsb and
I1b have the same linkers as the prodrugs of DADLE
la and lla. For plasma sample cleanup, SPE was
used to eliminate background interferences before
the samples were injected onto the LC-ESI-MS-MS
system. Contrary to a commonly held belief, the
reliability of quantitative analysis in biological fluids
using LC—ESI-MS—-MS is not always absolute. One
of the main reasons for this is the lack of specificity
and selectivity due to the ion suppression caused by
matrix effects, especially under ESI conditions [33].
Coeluting, undetected matrix components from bio-
logical samples may interfere with the ionization of
the analytes and reduce their ion intensity, therefore
affecting the reproducibility and accuracy of the

Relative Intensity (%0)
o
2

100

Fig. 5. Product ion spectrum of the protonated molecule of
DADLE (m/z 570.3) in ESI positive mode. The collision energy
was 60 V.
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assay. Matrix effects are especially dependent on the
extent of sample cleanup and the degree of analyte
retention during LC analysis. Therefore, SPE and
gradient separation were improved for the LC—ESI-
MS—-MS method to eliminate the matrix effect. First,
Waters Oasis HLB extraction cartridges were used
instead of G cartridges to eliminate irreversible
binding of the prodrugs to the sorbent. Protein
precipitation with acetonitrile was employed for
more effective plasma protein removal. Last, a
gradient program for LC was developed for effective
separation and retention of these compounds.
Using the LC—ESI-MS—MS method, the LOQs
from rat plasma were 0.5 hg ml  for DADLE, 5 ng
“'ml  for protiaugnd 2 ng mI* for prodrugla.
Representative chromatograms obtained with the
LC—-ESI-MS—-MS method are presented in Fig. 6.
Overall, DADLE had better sensitivity than its
prodrugs; this could be due to the different physio-
chemical properties of the compounds (e.g., DADLE,
hydrophilic, charged; cyclic prodrugs, hydrophobic,
uncharged). The LC—ESI-MS-MS method showed
less than 20% intra-day assay precision and 83—
122% assay accuracy at all concentrations within the
calibration range studied (Table 2). Similar inter-day
precision {RSB) and accuracy (80—-125%)
results were also obtained. Withc avdighting
function, a linear calibration curve was generated for
each of the three compounds from their respective
LOQs up to 1000 ng ml  with correlation co-
efficients0.98. In terms of specificity, no back-
ground interferences were observed from six differ-
ent plasma blanks and excellent selectivity was
achieved through tandem mass spectrometric de-
tection. SPE provided high and reproducible re-
coveries for all three compounds from rat plasma
samples. The extraction recoveries were-4€6 for
DADLE, 88+7% for prodrugla, and 100:6% for
prodruglla (n=6). The internal standards also had
consistent recoveries comparable to their respective
compounds, 639% for [Leu’ Jenkephalin, 826%
for internal standardb, and 84t2% for internal
standard Ib (n=6). Finally, the stability of DADLE
and its prodrugs during sample storage and prepara-
tion was established. After over 1 month period
stored at—60°C and three freeze—thaw cycles, the
compounds remaining were 28% for DADLE,
97+7% for prodrugla, and 978% for prodruglla
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Fig. 6. Representative LC—-ESI-MS—MS chromatograms of plasma samples obtained by MRM of six channels. From bottom to top, the six
channels are [Leu Jenkephalim(z 556.3- 120.1), DADLE (/z 570.3- 120.1), internal standardb (m/z 612.3- 120.1), prodrugla

(m/z 626.3- 120.1), internal standarth (m/z 684.3- 136.1), and prodruda (m/z 698.3- 136.1). (A) Chromatograms of blank plasma
sample; (B) LOQ chromatograms of plasma sample spiked with 0.5 Ag ml  DADLE, 5 iy ml  prbalragd 2 ng mT* prodrudla

along with their internal standards (10 ngthl  [l’eu Jenkephalin, 50 ng'ml internal stahidaghd 50 ng ml* internal standattb).

The numbers in the upper right-hand corners of the chromatograms are the peak heights expressed in arbitrary units.
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Table 2
Precision and accuracy data for the determination of DADLE and its prodrugs in rat plasma using the LC—ESI-MS—MS method
Concentration DADLE Prodrugia Prodruglla
—1
(ng mi™") Precisioft Accuracy Precisin Accuraty Precision Accuracy
0.5 14 119 N.D. N.D. N.D. N.D.
2 12 94 N.D. N.D. 18 102
5 6 97 5 122 10 100
10 15 88 5 104 6 97
40 7 98 7 83 7 103
200 19 104 8 88 7 105
1000 14 99 10 103 7 99

N.D., Not determined because it was below the limit of quantitation.

®Precision expressed as the RSD (%% 5.

® Accuracy expressed as [(mean calculated concentration)/(spiked concentration)]

(n=6). Overall, the LC-ESI-MS—-MS method
proved to be sensitive and reliable enough for
quantitative analysis of DADLE and its prodrugs in

and led to reproducibility problems for the LC—FLU
method; thus, its utilization for routine analysis of
the prodrugs was limited. Overall, the LC—ESI-MS—

rat plasma. MS method was a better choice for analysis of
DADLE and its prodrugs in rat plasma than the

3.3. Comparison of the LC—FLU method with the LC—-FLU method because of its sensitivity, spe-

LC-ES-MS-MS method

cificity, and efficiency. However, LC—ESI-MS—MS

also had its limitations. The instrument was expen-

A side-by-side comparison of the two analytical
methods is presented in Table 3. The LC—ESI-MS—
MS method offered better sensitivity, excellent selec-
tivity and, very importantly, simultaneous determi-
nation of DADLE and its prodrug. It did not require
derivatization or prodrug conversion, and a less
complicated LC system was needed. For the LC—
FLU method, direct analysis of the prodrugs was not
feasible due to the substrate restriction of the NDA/
CN derivatization reaction; the prodrugs must be
converted to DADLE for analysis. The conversion
process and two-step analysis were time-consuming

Table 3

sive, complex, and required high technical expertise
for maintenance and operation. Sample preparation
was still the rate-limiting step for fast analysis due to

the labor-intensive SPE procedure. The matrix effect

encountered in biological samples when using LC—
ESI-MS—-MS could lead to precision and accuracy
problems, and good internal standard selection,
careful sample preparation, and efficient chromato-
graphic separation were required. Therefore, a
through validation had to be conducted to ensure the
reliability and reproducibility of the LC—ESI-MS—
MS method.

Comparison between the LC—FLU and LC-ESI-MS—MS methods for the determination of DADLE in rat plasma

Parameter LC—-FLU method LC-ESI-MS—-MS method
Sensitivity (LOQ, ng ml* ) 6.0 0.5

Specificity Some background interferences No background interferences
Precision and accuracy Within 15% Within 20%

Plasma preparation SPE SPE

Derivatization Yes No

Chromatography (No. columns) 2 1

Run time (min) 30 20

Prodrug analysis Indirect through conversion Direct
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Fig. 7. Concentration—time profile of prodrdg@ and DADLE

after intravenous administration of prodrig (1 mg kg ") to rats
(n=3).

3.4. Application of the LC—ES-MS-MS method

After a 1 mg kg' intravenous dose in rats,
prodrug la was shown to be eliminated rapidly
following a two-phase exponential decay (Fig. 7).
The prodrug had a half-life of 25 min with a
relatively high clearance of 16 ml min . At the
same time, the conversion from prodrug to
DADLE was observed. The disappearance of
DADLE followed the decline in prodruga con-
centrations since DADLE was cleared faster than
conversion from the prodrug. The LC-ESI-MS—-MS
method allowed simultaneous determination of
DADLE and prodrug a concentrations in rat plasma,
and it was sensitive enough for in vivo phar-
macokinetic studies. Therefore, its application for
supporting pharmacokinetic studies was demonstra-
ted.

4, Conclusions

Quantitative analysis of DADLE and its prodrugs
in rat plasma using LC—FLU and LC-ESI-MS-MS
was studied. The excellent sensitivity and selectivity
from tandem mass spectrometric detection simplified
sample extraction procedures and chromatographi
separation and produced significant improvements in
comparison with the conventional method based on
LC with fluorescence detection. LC—ESI-MS-MS

J.Z. Yang et al. / J. Chromatogr. B 780 (2002) 269281

proved to be a reliable technique for the analysis of
DADLE and its prodrugs in rat plasma. Applicability
to biological samples was demonstrated through
disposition and conversion studies of the prodrag

in rats. In conclusion, as compared to derivatization,
2D-LC, fluorescent detection, LC—ESI-MS—MS is
the bioanalytical method of choice for phar-
macokinetic studies.
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