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ut bioanalytical assay to support
pharmacokinetic interaction study of oxycodone
and diazepam in Sprague Dawley rats
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and Murali K. Matta *

Benzodiazepines potentiate respiratory depression when combined with an opioid leading the U.S Food

and Drug Administration (FDA) to recommend updating the labels of these products with a boxed

warning for respiratory depression with co-use. Potential respiratory depression upon co-administration

of opioids with some psychotropic drugs is not well understood. The FDA is currently investigating

various psychotropic drug interactions with the commonly used opioid, oxycodone, in a rat model

assessing respiratory depression. Pharmacokinetic and/or pharmacodynamic (PK/PD) interaction

between oxycodone and diazepam was evaluated in a positive control arm of these experiments.

Understanding the systemic exposure of these drugs alone and in combination exposures was used to

identify PK/PD interactions. The authors developed a simple, high throughput liquid chromatography-

tandem mass spectrometric (LC-MS/MS) assay for the simultaneous determination of oxycodone and

diazepam in rat plasma. Sample preparation was performed in 96-well protein precipitation plates using

acetonitrile. Processed samples were analyzed using a C18 column with a gradient mobile phase

composed of 2 mM aqueous ammonium formate with 0.1% formic acid and acetonitrile. A Thermo TSQ

Quantum Ultra AM triple quadrupole mass spectrometer with multiple reaction monitoring (MRM) mode

was used to acquire data. The method was validated for selectivity, specificity, linearity, precision and

accuracy, dilution integrity and stability. The validated LC-MS/MS assay was utilized for quantifying

oxycodone and diazepam in concomitantly treated Sprague Dawley (SD) rats.
Introduction

Benzodiazepines and opioids are among the most frequently
prescribed psychoactive drug classes in the world.1,2 In 2014
about 10% of opioid recipients in the US were co-prescribed
a benzodiazepine.3 The benzodiazepine drugs depress central
nervous system (CNS) activity and relieve symptoms of anxiety,
panic attacks, and seizures. They have been deemed safe and
effective when taken as prescribed and directed. However,
benzodiazepines may cause serious or even life-threatening
problems when combined with opioid pain relievers, other
CNS depressants and alcohol.3–5 These serious side effects
include slowed or difficult breathing that has even led to death.
In 2017, about 47 600 deaths were recorded in the U.S involving
opioids alone or in combination with other drugs. In 21% of
these deaths (10 010 deaths), benzodiazepines were used with
ce of Clinical Pharmacology, Office of

aluation and Research, Food and Drug

USA. E-mail: murali.matta@fda.hhs.gov;
the opioid.6 Hence, FDA added boxed warnings to the label of
both drugs for combined use and respiratory depression.6

However, signicant knowledge gaps exist in understanding the
potential interaction of opioids and other psychotropic drugs.
To understand mechanistic interaction between an opioid
(oxycodone) and other psychotropic drugs, FDA is investigating
interaction of these drugs in rat model of respiratory depres-
sion. In these studies, demonstrable PD interaction of oxy-
codone and diazepam was proposed as a positive control. To
understand the relation between systemic exposure and PD
response, it was necessary to measure the in vivo concentrations
of these drugs in small sample volumes. To support this work,
the authors developed and validated a high-throughput liquid
chromatography-tandem mass spectrometric (LC-MS/MS) assay
for simultaneous determination of oxycodone and diazepam in
rat plasma.

Oxycodone is an opioid, used to treat moderate to severe
pain. Oxycodone is extensively metabolized in the liver and
pharmacokinetics are linear across different dosage levels.7,8

Diazepam, is a medication of the benzodiazepine family,
commonly used to treat a range of conditions including
anxiety,9,10 alcohol withdrawal syndrome,11 muscle spasms,12,13
This journal is © The Royal Society of Chemistry 2020
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seizures14,15 and trouble sleeping.16 Diazepam is majorly
metabolized in the liver and mean plasma concentrations
increased in approximate proportion to dose.9

Analytical methods based on LC-MS for determination of
oxycodone alone or with its major metabolites in a variety of
matrices like human plasma,17–25 blood and urine,26 water
samples27 and in rat plasma28,29 have been reported. Similarly,
several LC-MS methods have been published for the quanti-
cation of diazepam in human plasma or whole blood,30–32

human oral uids33 and in rat plasma.34 The reported methods
have limitations in a high-throughput setting, for lower
sample volumes and shorter run times. Also, these methods
cannot be applied to simultaneous analysis of oxycodone and
diazepam in rat plasma. Dixon et al.35 evaluated stability of
oxycodone and diazepam along with other opioids and
benzodiazepines in human urine samples by using LC-MS/MS.
However, this method was not suitable to support the analysis
of oxycodone and diazepam of the proposed study due to
minimal sample volumes and different matrix type. Thus, to
effectively monitor the PK/PD interaction between oxycodone
and diazepam a specic assay was needed. Therefore, the
assay was developed to meet the specic requirements of the
study. As per our knowledge, this is the rst report describing
quantication of oxycodone and diazepam simultaneously in
plasma.

The proposed high-throughput LC-MS/MS assay was devel-
oped and validated for its reproducibility by using deutated
internal standards oxycodone-d6 (IS1) and diazepam-d5 (IS2) for
the quantitation of oxycodone and diazepam, respectively, to
avoid matrix effect problems and variability in recovery between
analyte and the internal standard.36,37 The method offers an
efficient extraction procedure based on protein precipitation
(PP) in a 96-well plate format, with minimum usage of organic
solvents. The method was successfully applied to determine the
pharmacokinetic (PK) prole of oxycodone/diazepam in SD rats
treated with different doses.

Experimental
Standards and chemicals

Reference standards of oxycodone hydrochloride (100% purity)
and diazepam (99.8% purity) were purchased from the United
States Pharmacopeia (Bethesda, MD, USA). Internal standards
Table 1 Tandem mass-spectrometer working parameters

Parameter

Analyte

Oxycodone O

Ion transition, m/z 316.2/298.2 3
Vaporizer temperature, �C 350 3
Capillary temperature, �C 300 3
Sheath gas, psi 30 3
Auxillary gas, psi 10 1
Collision energy, V 18 2
Tube lens offset, V 68 7

This journal is © The Royal Society of Chemistry 2020
(ISs) oxycodone-d6 and diazepam-d5 were obtained from Ceril-
liant (Round Rock, TX, USA). LC-MS grade methanol, acetoni-
trile and water were purchased from Fisher Scientic (Waltham,
MA, USA). GR grade ammonium formate was procured from
Sigma-Aldrich (St. Louis, MO, USA). MultiScreen® solvinert
lter plates (0.45 mm low-binding Hydrophilic PTFE) were used
to precipitate the plasma proteins and were obtained from
Merck Millipore Ltd (Tullagreen, IRL). Control Sprague Dawley
male rat plasma (K3-EDTA) was obtained from Bio-
reclamationIVT (Hicksville, NY, USA).

Instrumentation and chromatographic conditions

An Agilent Innity 1290 series (Agilent Technologies, Santa
Clara, CA, USA) UHPLC system equipped with an Agilent
autosampler was used as the liquid chromatograph. A 2 mL
aliquot of the processed samples was chromatographed on
a Zorbax C18 column (2.1 � 50 mm, 3.5 mm; Agilent Tech-
nologies, Santa Clara, CA, USA), which was kept at ambient
temperature (20 � 5 �C). The analytes were chromatographed
with a mobile phase composed of 2 mM ammonium formate
in 0.1% formic acid buffer (mobile phase A) and acetonitrile
(mobile phase B) with gradient composition. The total run
time was 2.0 min. The gradient program started with 90% of
mobile phase A, held for 0.4 min and then mobile phase B
was linearly increased up to 75% in 0.6 min and then main-
tained until 1.6 min. The combination was brought back to
90% at 1.8 and maintained constant up to 2.0 min. The ow
rate was kept constant at 0.5 mL min�1. A Thermo TSQ
Quantum Ultra AM triple quadrupole mass spectrometer
(Thermo Fisher, Foster City, CA, USA) equipped with
TurboIonSpray™ interface was used for the detection. The
working parameters of the mass spectrometer are summa-
rized in Table 1. Chromatographic data was processed using
Xcalibur™ soware.

Calibrators and QC samples

All primary stock solutions were prepared in methanol and
further diluted with water and methanol (30 : 70, v/v; diluent).
Two separate stock solutions were prepared for analytes and used
for the preparation of calibration curve (CC) standards and
quality control (QC) samples. The CC standards were made in
plasma at concentrations of 2, 4, 20, 100, 300, 600, 800 and 1000
xycodone-d6 Diazepam Diazepam-d5

22.2/304.2 285.1/154.1 290.2/198.1
50 350 350
00 300 300
0 30 30
0 10 10
0 25 25
3 63 33
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ng mL�1 for both analytes. Similarly, the QC samples were
prepared at ve concentration levels, i.e., 2 (lower limit of
quantitation, LLOQ), 6 (low quality control, LQC), 50 (medium
quality control-1, MQC1), 500 (medium quality control-2, MQC2)
and 850 ng mL�1 (high quality control, HQC) for both analytes.
All the plasma samples were stored at �80 �C until analysis.
Similarly, stock solutions (1.0 mg mL�1) of oxycodone-d6 and
diazepam-d5 (1.0 mg mL�1) were prepared in methanol sepa-
rately. A combined working solution for oxycodone-d6 (100 ng
mL�1) and diazepam-d5 (500 ng mL�1) was prepared in
acetonitrile.
Sample preparation

A simple and one step protein precipitation method was
employed for extraction of analytes from plasma samples. All
frozen samples were thawed at room temperature and vortexed
to complete mixing of the content. To each well of a MultiScreen
Solvinert 96-well lter plate (Hydrophilic, PTFE, 0.45 mm, Milli
Pore, Burlington, MA, USA), a 100 mL of IS solution (100 ngmL�1

of oxycodone-d6 and 500 ng mL�1 of diazepam-d5) prepared in
acetonitrile was added followed by 30 mL of the plasma sample.
The samples were shaken for 5 min and were centrifuged at
4000 rpm for 5 min at 5 �C. The ltrate was mixed with 20 mL of
mobile phase A buffer. An aliquot of 2 mL of the sample was
injected in to LC-MS/MS system.
Method validation procedures

The proposed method was validated as per the current US FDA
bioanalytical method validation guidelines.38 The validation
tests include selectivity, specicity, matrix effect, linearity,
precision and accuracy, injector carryover, recovery, dilution
integrity and stability. Selectivity was assessed by analysis of
nine different lots of blank rat plasma (6 normal and 3 hemo-
lyzed) collected with K3-EDTA as anticoagulant. Method sensi-
tivity was determined by analyzing six sets of spiked LLOQ
samples and quantied using calibration curve standards.
Matrix effect was evaluated at LQC and HQC levels. Matrix effect
expressed as IS normalized matrix factor (MF) was assessed by
comparing the mean area response of post-extraction spiked
samples with mean area of aqueous samples (neat samples)
prepared in mobile phase solutions.

IS normalized MF was calculated using the below formula:

IS normalized MF ¼

peak response area ratio in presence of matrix ions

peak response area ratio in absence of matrix ions

Linearity was established with 8-point calibration curve
(non-zero standards) in the range of 2–1000 ng mL�1. In
addition, one blank sample and blank sample with the IS was
also analyzed to check the interference from endogenous
components and to verify the cross talk between analyte and
the IS. Intra-day precision and accuracy were determined by
analyzing six replicates at four different QC levels on the same
day. Inter-day precision and accuracy were determined by
888 | RSC Adv., 2020, 10, 886–896
analyzing six replicates at four different QC levels from three
different days. Carryover was assessed by injecting the
following sequence of samples; six LLOQ samples, blank
plasma sample, ULOQ sample and nally blank plasma
sample. Recovery of the analytes were determined at LQC,
MQC2 and HQC levels, whereas for IS1 was determined at 100
ng mL�1 and for IS2 was determined at 500 ng mL�1. For
recovery assessment, peak area of extracted samples was
compared with the peak area of post-extraction spiked
samples. Upper limit of quantitation (ULOQ) can be extended
by diluting the samples with blank matrix. For dilution
integrity test, six replicates each at a concentration of about
2.5 times of the ULOQ were diluted ve- and ten-fold with
blank matrix. The diluted samples were quantied under
undiluted calibration curve.

Stability of oxycodone and diazepam was extensively eval-
uated under different conditions. The stock solution stability
at room temperature and refrigerated conditions (2–8 �C) was
performed by comparing the response of stability samples
with the response of the sample prepared from fresh stock
solution. Bench top stability (22 h), autosampler stability for
24 h and freeze–thaw stability (three cycles) were performed at
LQC and HQC levels using six replicates at each level. Samples
were considered as stable, if assay values were within the
acceptable limits of accuracy (�15% SD) and precision (#15%
RSD).
Animal study design

Animal experiments were approved by the White Oak Federal
Research Center Institutional Animal Care and Use Committee
and conducted in the accredited program and facilities at the
White Oak Federal Research Center, Silver Spring, Maryland,
U.S.A. in accord with the 8th edition of the Guide for the Care
and Use of Laboratory Animals. Sprague Dawley rats (male) were
acquired from Taconic Farms (Derwood, MD) with indwelling
femoral arterial cannulas and acclimated for a minimum of 3
days in a 12 hour light cycle with water and standard diet
provided ad libitum. Dosing concentrations and timing for co-
administration of oxycodone and diazepam via oral gavage
were selected to observe maximum pharmacodynamic interac-
tion effects on respiratory depression and were derived from
pilot pharmacokinetic studies of oxycodone and diazepam
conducted in our laboratory.39 To have both drugs approach
maximum serum concentrations simultaneously, diazepamwas
administered at 20 mg kg�1 30 minutes aer oxycodone was
given at 150 mg kg�1. To capture these peak concentrations,
blood samples were taken from the femoral arterial cannula
prior to and 15, 30, 60, 120, and 180 minutes aer adminis-
tration of diazepam. Blood was collected in K3 EDTA containing
tubes and was then centrifuged at 2000g for 10 min to obtain
plasma for analysis and frozen at �80 �C. Standard non-
compartment pharmacokinetic parameter calculations and
statistical analyses were performed in R (version 3.4.3) using the
PKNCA package. Calculated pharmacokinetic parameters in rats
for oxycodone and diazepam included area under the plasma
concentration–time curve from 0 to the last time point (AUClast),
This journal is © The Royal Society of Chemistry 2020
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maximum concentration (Cmax), and time of maximum concen-
tration (tmax). The statistical analysis between AUClast and Cmax

for oxycodone and diazepam administered alone or together was
Fig. 1 Product ion mass spectra of [M + H]+ of oxycodonem/z 316/ 29
and diazepam-d5 m/z 290 / 198 (D).

This journal is © The Royal Society of Chemistry 2020
calculated using log-transformed values and one-way ANOVA. A p
value less than 0.05 was considered to be signicantly different.
All data are given as the mean � SD.
8 (A), oxycodone-d6 m/z 322/ 304 (B) diazepamm/z 285/ 154 (C)

RSC Adv., 2020, 10, 886–896 | 889
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Fig. 2 Typical MRM chromatograms of oxycodone (left panel) and oxycodone-d6 (right panel) in blank plasma (A), blank plasma with IS1 (B), an
LLOQ sample (C), a 3.0 h in vivo sample (D).
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Results and discussion
Method development

The objective of the study was to develop a specic, selective
and sensitive high throughput UHPLC-MS/MS method for
simultaneous quantication of oxycodone and diazepam in rat
plasma, suitable for analyzing samples of a PK/PD interaction
study. To achieve this, different options were evaluated
including optimization of mass spectrometry conditions,
chromatography and sample extraction. An aliquot of 5 mL of
tuning solution containing analytes was injected into the
heated electrospray ionization (HESI) chamber of the mass
spectrometer. The most intense and consistent product ion Q3
890 | RSC Adv., 2020, 10, 886–896
MS spectra of analytes were obtained by optimizing the collision
energy in positive ionization mode. The source parameters
namely sheath gas, spray voltage, and source temperature were
optimized to obtain intense and reproducible responses for the
analytes. The most sensitive mass transition was observed from
m/z 316.2 to 298.2 for oxycodone (Fig. 1A),m/z 322.2 to 304.2 for
IS1 (Fig. 1B),m/z 285.1 to 154.1 for diazepam (Fig. 1C), and from
m/z 290.2 to 198.1 for IS2 (Fig. 1D). Multiple reaction moni-
toring (MRM) was used for quantication of both analytes.

Acetonitrile and methanol were used as organic solvents for
LC-MS analysis. Similarly, volatile buffers like ammonium
formate, ammonium acetate, acetic acid and formic acid were
used. Methanol in combination with these buffers gave a much
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Typical MRM chromatograms of diazepam (left panel) and diazepam-d5 (right panel) in blank plasma (A), blank plasma with IS1 (B), an
LLOQ sample (C), a 3.0 h in vivo sample (D).
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broader peak with longer chromatographic run time for oxy-
codone. Hence, acetonitrile was employed with 2 mM ammo-
nium formate, which gave symmetric peak shape and response.
Also, we evaluated the role of formic acid in the mobile phase.
The addition of a small amount of formic acid in the mobile
phase achieved higher detection levels with good peak shape
and reproducible response for oxycodone and diazepam.
Acetonitrile and 2 mM ammonium formate with 0.1% formic
acid was chosen as themobile phase in gradient combination to
separate oxycodone and diazepam from endogenous compo-
nents. The ow was kept constant at 0.5 mL min�1. The Zorbax
C18 column (50 � 2.1 mm, 3.5 mm) gave good peak shape and
response even at LLOQ level for oxycodone and diazepam. The
This journal is © The Royal Society of Chemistry 2020
total chromatographic run time was set at 2.0 min with reten-
tion time of 1.0 � 0.2 min for oxycodone and IS1 and 1.25 �
0.2 min for diazepam and IS2.

The quality and reproducibility of sample preparation
signicantly impacted mass spectrometry results. Improper
sample preparation may lead to the presence of endogenous
components in the sample extract decreasing method robust-
ness and reproducibility. Hence, efficient extraction is required
to develop a selective and reproducible analytical method in
biological samples. Solid phase extraction (SPE)40,41 and liquid–
liquid extraction (LLE)42 are most widely used extraction tech-
niques and can yield a good recovery with minimal or no matrix
effect. But as the studies were planned in rats, the sample
RSC Adv., 2020, 10, 886–896 | 891
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volume was of major concern. Hence, protein precipitation (PP)
with acetonitrile in 96-well plate format was planned as a high
throughput technique. Also, this 96-well plate format is rapid
and consumes minimum solvents.36,37 Addition of 2 mM
ammonium formate in 0.1% formic acid to the extracted
samples helped in achieving good peak shapes for oxycodone
and diazepam.

Internal standard selection is important in mass spectrom-
etry analysis to avoid matrix effect related issues.36,37,43 Use of
stable labeled isotopes as internal standard (IS) increases the
bioanalytical assay precision and accuracy. Hence, for the
present work oxycodone-d6 and diazepam-d5 were employed as
ISs, to quantitate oxycodone and diazepam, respectively.
Selectivity

Nine rat plasma lots (6 normal K3-EDTA and 3 hemolyzed) were
screened for selectivity test and all are found to be free from
interference (0%). Typical chromatograms of oxycodone and
diazepam of blank plasma sample, blank plasma sample spiked
with the internal standards and LLOQ sample are presented in
Fig. 2 and 3. These chromatograms show no interference at
retention time of analytes and the ISs from the plasma. Fig. 2D
and 3D depict representative chromatograms of oxycodone and
diazepam resulting from the analysis of real time 3.0 h sample
aer the single oral dose of oxycodone (150 mg kg�1) and
diazepam (20 mg kg�1).
Matrix effect and sensitivity

Matrix effect was expressed as IS-normalized matrix factor and
the results found were well within the acceptable limits as
shown in Table 2. The average matrix factor value was calcu-
lated as the response of the post-spiked sample divided by the
response of neat sample at LQC andHQC levels; 1.02� 0.08 and
1.05 � 0.09 for oxycodone and 0.87 � 0.12 and 0.94 � 0.06 for
diazepam. These results indicated that the matrix related effect
on method reproducibility and accuracy were negligible.
Table 2 Matrix effect assessment results of oxycodone and diazepam in

Analyte Matrix lota

LQC

Matrix factor Mean � SD

Oxycodone 1 0.9 1.02 � 0.08
2 1.1
3 1.1
4 0.9
5 1.1
6 1.0

Diazepam 1 1.1 0.87 � 0.12
2 0.8
3 1.1
4 1.1
5 0.8
6 1.0

a Lot number.
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LLOQ is the lowest limit of reliable quantication for the
analyte and was set at 2 ng mL�1 for both analytes. The preci-
sion and accuracy results at LLOQ level were 6.98 and 95.5%
and 7.86 and 110% for oxycodone and diazepam, respectively.
The signal-to-noise ratio (S/N) was $5 for both the analytes at
LLOQ level.
Linearity, precision and accuracy

The calibration curve was linear over the concertation range of
2–1000 ng mL�1 for oxycodone and diazepam. We compared
two weighting models (1/x and 1/x2), a regression equation
with a weighting factor of 1/x2 produced the best t for the
concentration-detector response relationship for both oxy-
codone and diazepam in plasma samples. The correlation
coefficient values in all the runs generated during the valida-
tion were $0.9969 for both the analytes.

Table 3 summarizes the intra-day and inter-day precision
and accuracy results of oxycodone and diazepam for three
analytical batches at ve QC concentration levels. The results
revealed good precision and accuracy.
Injector carryover

Carryover test was evaluated to ensure that it does not affect the
accuracy and precision of the proposed method. An equal
proportion of water, isopropanol, acetonitrile and methanol
(1 : 1 : 1 : 1; v/v/v/v) was used as needle wash solvent to elimi-
nate the possible carryover. Results reveals that no signicant
carryover was observed in blank samples aer injection of
ULOQ (upper limit of quantitation) samples of analytes along
with the internal standards.
Extraction recovery

The recoveries of analytes and the ISs were consistent and
reproducible across the QCs. The mean overall recoveries of
oxycodone and diazepam were 100.8 and 89.0, respectively.
Similarly, the recovery of the oxycodone-d6 and diazepam-d5
different plasma lots

HQC

% CV Matrix factor Mean � SD % CV

8.1 0.9 1.05 � 0.09 8.7
1.0
1.1
1.1
1.1
1.2

13.7 1.2 0.94 � 0.06 6.0
1.2
1.1
1.1
1.1
1.1

This journal is © The Royal Society of Chemistry 2020
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Table 3 Precision and accuracy data for oxycodone and diazepam

Analyte
Concentration
spiked (ng mL�1)

Intra-day results (n ¼ 6) Inter-day results (n ¼ 18)

Concentration found,
ng mL�1 (mean � SD) Precision (%) Accuracy (%)

Concentration found,
ng mL�1 (mean � SD) Precision (%) Accuracy (%)

Oxycodone 2 2.2 � 0.2 7.3 108.1 2.0 � 0.2 10.2 98.5
6 6.5 � 0.3 4.6 108.9 6.2 � 0.4 6.9 103.8
50 47.5 � 1.8 3.7 95.1 49.7 � 2.1 4.2 99.3
500 483.0 � 14.7 3.0 96.6 484.9 � 16.5 3.4 97.0
850 816.2 � 31.3 3.8 96.0 844.9 � 31.3 3.7 99.4

Diazepam 2 1.7 � 0.1 4.0 85.3 2.0 � 0.3 13.6 101.7
6 5.3 � 0.1 2.3 88.2 6.1 � 0.6 10.3 101.9
50 47.7 � 3.8 7.9 95.4 49.4 � 3.0 6.0 98.8
500 468.6 � 12.0 2.6 93.7 465.7 � 14.8 3.2 93.1
850 804.0 � 35.2 4.4 102.1 818.1 � 32.1 3.9 96.3

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 4
/4

/2
02

6 
4:

50
:5

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
was 102.5 and 90.5%, respectively. The results are presented in
Table 4.
Dilution integrity

The upper concentration limit of oxycodone and diazepam can
be extended to 2500 ng mL�1 by using 5 and 10-fold dilution
with screened blank plasma. The precision and accuracy for
oxycodone at 5-fold dilution were found to be 1.22 and 96.5%,
and at 10� dilution they were 1.97 and 97.4%, respectively.
Table 4 Recovery results of oxycodone, diazepam and internal standar

Compound name
Sample
concentration (ng mL�1)

Response
extracted (mean � S

Oxycodone 6 27 587 � 2406
500 1 995 203 � 116 219
850 3 240 349 � 54 485

Diazepam 6 2607 � 402
500 231 652 � 7098
850 394 457 � 10 520

Oxycodone-d6 100 1 108 010 � 87 393
Diazepam-d5 500 458 043 � 22 135

Table 5 Stability data for oxycodone and diazepam (n ¼ 6)

Analyte Stability test
QC (spiked
ng mL�1)

Oxycodone Auto-sampler stability (at 5 �C for 24 h) 6
850

Bench top stability (22 h at room
temperature)

6
850

Freeze thaw stability (3 cycles) 6
850

Diazepam Auto-sampler stability (at 5 �C for 24 h) 6
850

Bench top stability (22 h at room
temperature)

6
850

Freeze thaw stability (3 cycles) 6
850

This journal is © The Royal Society of Chemistry 2020
Similarly, the precision and accuracy for diazepam at 5� dilu-
tion were found to be 1.55 and 95.2%, and at 10-fold dilution
they were 3.21 and 102%, respectively.
Stability studies

The stability of oxycodone and diazepam at various conditions
was evaluated. In the different stability experiments bench top
stability (22 h), autosampler stability (24 h) and repeated freeze–
thaw cycles (3 cycles) in plasma, the mean% nominal values of
ds

D)
Response post-extraction
spiked (mean � SD)

Recovery
(%)

Mean � SD
(% CV) recovery

26 919 � 2068 102.5 100.8 � 1.7 (1.7%)
1 978 726 � 105 025 100.8
3 272 659 � 65 269 99.0

2884 � 287 90.4 89.0 � 1.3 (1.5%)
260 583 � 15 181 88.9
449 108 � 10 789 87.8

1 081 432 � 58 706 102.5 —
506 287 � 13 472 90.5 —

concentration, Mean �
SD (ng mL�1)

Precision
(%)

Accuracy/stability
(%)

5.7 � 0.3 5.5 95.1
803.8 � 13.9 1.7 94.6

5.4 � 0.2 3.8 89.8
825.1 � 19.7 2.4 97.1

6.1 � 0.5 7.4 101.8
825.5 � 7.1 0.9 97.1

5.9 � 0.3 4.9 98.2
792.7 � 15.7 2.0 93.3

5.8 � 0.7 11.2 96.5
869.4 � 10.0 1.2 102.3

6.0 � 0.6 10.4 100.1
885.1 � 15.6 1.8 104.1
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Table 6 Pharmacokinetic parameters of oxycodone and diazepam (mean � SD)

Parameter

Oxycodone Diazepam

Standalone (n ¼ 17)
Interaction with
diazepam (n ¼ 18) Standalone (n ¼ 6)

Interaction with oxycodone
(n ¼ 18)

tmax (h) 1.1 � 0.8 1.3 � 0.9 0.3 � 0.1 0.8 � 0.9
Cmax (ng mL�1) 51.2 � 28.3 102.3 � 75.6 286.5 � 148.0 134.3 � 144.7
AUClast (ng h mL�1) 95.1 � 51.9 202.8 � 135.6 367.4 � 190.2 247.9 � 239.0
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the analyte were found to be within �15% of the predicted
concentrations for the analyte at their LQC and HQC levels
(Table 5).

Stock solutions of oxycodone and diazepam were found to be
stable for 24 days at 2–8 �C. The percentage stability (with the
precision range) of oxycodone and diazepam was 106.0 (1.77–
1.99%) and 95.0% (3.12–3.67%), respectively.
Animal study results

The proposed method was applied to in vivo pharmacokinetic
interaction study of oxycodone and diazepam. The study was
conducted in rats in a model for respiratory depression eval-
uation.44�46 During the course of the entire study, the animals
were continuously monitored for their physical activity/
Fig. 4 Mean plasma concentration–time profile of oxycodone (A) and
diazepam (B), in rats following oral dosing of 150 mg oxycodone and
20 mg of diazepam (n ¼ 18).

894 | RSC Adv., 2020, 10, 886–896
movement and consciousness. The co-administered (oxycodone
+ diazepam) cohort was more lethargy in comparison to cohorts
treated with either oxycodone or diazepam alone. Nomortality or
morbidity was recorded throughout the experiments.

The mean pharmacokinetic parameters calculated for oxy-
codone and diazepam are listed in Table 6. The plasma
concentration and time prole of oxycodone and diazepam
aer single oral doses of oxycodone (150 mg kg�1) or diazepam
(20 mg kg�1) alone or in combination with oxycodone are
illustrated in Fig. 4. Co-administration signicantly altered
plasma concentrations of both drugs. An increase in AUClast of
oxycodone was observed when co-administered with diazepam
with a p value of 0.001. In contrast, no signicant effect on the
AUClast of diazepam upon co-administered with a p value of
0.11. However, the mean Cmax of diazepam was decreased (p
value: 0.005) in the presence of oxycodone. In contrast, the
mean Cmax of oxycodone increased (p value: 0.0174) when co-
administered with diazepam.
Conclusions

The described high throughput UHPLC-MS/MS assay method is
selective, specic and sensitive for the simultaneous quanti-
cation of oxycodone and diazepam in rat plasma. The method
was rapid using a 96-well plate high-throughput protein
precipitation technique with short chromatographic run time (2
min) allowing analysis of more samples in a single day. Use of
stable labeled isotopes as ISs helped obtain consistent and
reproducible results. The method employed very low plasma
volume (30 mL) and is well suited for preclinical and clinical
application. The analytes stability in plasma and in aqueous
samples under different conditions was demonstrated. The
method was found to be reliable and reproducible to support
pharmacokinetic interactions studies between oxycodone and
diazepam in rats.
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