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Abstract Methadone (MTD) is widely used for detoxifica-
tion of heroin addicts and also in pain management pro-
grams. Information about the distribution of methadone
between blood, plasma, and alternative specimens, such as
oral fluid (OF), is needed in clinical, forensic, and traffic
medicine when analytical results are interpreted. We deter-
mined MTD and its metabolite 2-ethylidene-1,5-dimethyl-
3,3-diphenylpyrrolidine (EDDP) in blood, plasma, blood
cells, and OF by gas chromatography–mass spectrometry
(GC-MS) after adding deuterium-labeled internal standards.
The analytical limits of quantitation for MTD and EDDP by

this method were 20 and 3 ng/mL, respectively. The
amounts of MTD and EDDP were higher in plasma
(80.4 % and 76.5 %) compared with blood cells (19.6 %
and 23.5 %) and we found that repeated washing of blood
cells with phosphate–buffered saline increased the amounts
in plasma (93.6 % and 88.6 %). Mean plasma/blood con-
centration ratios of MTD and EDDP in spiked samples (N0
5) were 1.27 and 1.21, respectively. In clinical samples from
patients (N046), the concentrations of MTD in plasma and
whole blood were highly correlated (r00.92, p<0.001) and
mean (median) plasma/blood distribution ratios were 1.43
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(1.41). The correlations between MTD in OF and plasma
(r00.46) and OF and blood (r00.52) were also statistically
significant (p<0.001) and the mean OF/plasma and OF/
blood distribution ratios were 0.55 and 0.77, respectively.
The MTD concentration in OF decreased as salivary pH
increased (more basic). These results will prove useful in
clinical and forensic medicine when MTD concentrations in
alternative specimens are compared and contrasted.
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Introduction

First synthesized in Germany in the early 1940s for use as
an analgesic and spasmolytic drug, methadone (MTD) was
approved by the US Food and Drug administration in 1965
to treat heroin addiction [1, 2]. Methadone maintenance
treatment (MMT) subsequently became accepted worldwide
for rehabilitation of heroin addicts, although this approach
was not implemented in Taiwan until 2006. Those involved
with the MMT program are well aware that methadone
might be diverted from the licit to the illicit drug market,
thus increasing the risk for methadone-related overdose
deaths [3–10]. For safety and to ensure an effective treat-
ment, the concentrations of MTD in blood, plasma, and
alternative specimens must be carefully controlled by highly
reliable analytical methods.

A 2004 publication by Jones and Larsson [11] empha-
sized the lack of published data on the distribution of drugs
and poisons between plasma and whole blood. This infor-
mation is needed when therapeutic concentrations are com-
pared and contrasted with the concentrations determined in
whole blood, such as in forensic toxicology and legal med-
icine. The uneven distribution of drugs between plasma and
blood cell is also important in clinical pharmacology when
pharmacokinetic parameters are calculated from concentra-
tion–time (C-T) profiles [11]. The parameters will differ
depending on whether C-T profiles are constructed from
the analysis of drugs in plasma or whole blood [12]. Present
knowledge about the distribution of MTD between plasma,
whole blood, blood cell, and oral fluid (OF) is rather limited
despite a growing interest in the use of alternative speci-
mens, such as OF, in clinical, forensic, and especially traffic
medicine when impaired drivers are apprehended and pros-
ecuted [13–15].

This article reports use of a GC-MS method to determine
the distribution of MTD and its metabolite EDDP between
blood, plasma, and blood cell and OF. Experiments were
done in vitro by spiking blood with known amounts of MTD
and EDDP and also by analysis of clinical specimens
obtained from patients undergoing MMT.

This current study contributes to better understanding the
distribution of methadone and its metabolite between plas-
ma, whole blood, and oral fluid. Data made available
through this study will be helpful to the interpretation of
analytical findings derived from (a) compliance testing in
patients enrolled in MMT or pain management programs,
(b) therapeutic concentration determination, and (c) forensic
and traffic screening of motorists suspected of driving under
the influence of drugs.

Materials and methods

Chemicals, calibration standards, and reagents

Authentic standard substances and internal standards (ISs),
MTD, EDDP, MTD-d9, and EDDP-d3 (in 0.1 mg/mL metha-
nol solution) were purchased from Cerilliant (Round Rock,
TX, USA). All solvents and reagents were of analytical or
HPLC grade including ethyl acetate (Ferak, Berlin, Germany);
hexane, isopropanol, and acetonitrile (Merck, Darmstadt,
Germany); sodium carbonate (Na2CO3) and sodium hydrogen
carbonate (NaHCO3; Mallinckrodt, Phillipsburg, NJ, USA);
sodium chloride (NaCl), sodium hydrogen phosphate
(Na2HPO4), and potassium dihydrogen phosphate (KH2PO4;
Merck, Darmstadt, Germany); and potassium chloride (KCl;
Panreac, Barcelona, Spain).

Carbonate buffer (pH 10.2) was prepared from 4.2 g
NaHCO3 (2 M) and 10.6 g Na2CO3 (1 M) in 100 mL
aqueous solution. Phosphate buffer saline (PBS, pH 7.4)
was prepared from 1,428 mM NaCl, 101 mM Na2HPO4,
26.8 mM KCl, and 17.6 mM KH2PO4, and then diluted
ten times.

Calibration curves included seven concentration data
points for MTD (0–300 ng/mL) and EDDP (0–50 ng/mL)
showed a linear response with coefficients of determination
(r2) of 0.9959 and 0.9980, respectively. Calibration stand-
ards were prepared by adding appropriate volumes of 1.0 or
10 μg/mL MTD (in methanol) and 0.1 or 1.0 μg/mL EDDP
(in methanol) to 1 mL of the sample blank. Mean analytical
recoveries of MTD and EDDP from plasma were 84.1 %
(N03) and 93.9 % (N03), respectively.

In vitro experiments (five replicates) with plasma, blood
cell, and whole blood

The specimens of whole blood used for in vitro distribution
studies were obtained from a local hospital blood bank.
Aliquots (3 mL) were spiked with 60 μL of methanol
solution containing 10 μg/mL of MTD or EDDP to give
200 ng/mL of the analytes in the whole blood. Plasma and
blood cells were obtained by centrifugation at 2,500 rpm for
10 min. The supernatant plasma fraction and bottom layer
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(blood cell) were carefully separated and transferred to clean
dry tubes. Whole blood, plasma, and blood cell samples
thereby prepared were then analyzed for their contents of
the analytes (described later). (For samples from clinical
sources, they were mostly stored at −20 °C until analysis,
typically within 1 month after preparation.)

A set of “washing experiments” were conducted to un-
derstand whether the drugs found in the blood cell sample
can be removed. Specifically, the blood cell sample was
washed with phosphate buffer saline (PBS) as follows:
1.5 mL PBS was added to the blood cell portion (derived
from 3 mL whole blood), followed by centrifugation at
2,500 rpm for 10 min. The supernatant (wash solution)
was added to the plasma portion prior to extraction and
analysis of MTD and EDDP. This washing was done 0, 2,
3, and 4 times before the bottom layer (blood cell) was
transferred to a clean glass tube for analysis. Wash solutions
were combined with the plasma portion for analysis to
minimize the number of experiments and to assure the
analytes’ contents are higher than the analytical method’s
limits of quantitation.

Sample preparation

For analysis, to 1 mL of the biological sample (whole blood,
plasma, blood cell, or oral fluid) was added 10 μL (10 μg/
mL) MTD-d9 and 30 μL (1 μg/mL) EDDP-d3 as internal
standards The sample (whole blood and blood cell samples
were first lysed by vortexing) was then deproteinized by
adding 1-mL acetonitrile, followed by centrifugation, and
then removal of the supernatant. This process was repeated
and the combined supernatant was mixed with 1 mL car-
bonate buffer (pH 10.2). Both methadone and EDDP were
extracted with 4.5 mL hexane/isopropanol (8:1) mixture by
mechanical shaking. The extract was evaporated to dry-
ness under a slow stream of nitrogen without applying
heat and re-constituted with 50 μL ethyl acetate before
analysis by GC-MS.

Clinical samples

Specimens of blood and oral fluid were collected from
patients enrolled in a MMT program at E-Da Hospital
(Kaohsiung, Taiwan), after informed consent was
obtained and approval by the ethical review board at
this institution. Dosage and typical patient information,
such as gender, age, weight, etc., are maintained in the
patients’ record files. These information were crtically
evaluated in our report [16] on the effects of genetic
factors upon the drug concentrations in plasma, but not
reported in this current article.

Specimens were collected upon patients’ arrival to take
their daily dose. In general, their last dose was taken

approximately 23 h earlier. Blood specimens were taken
by venipuncture into evacuated tubes with K2EDTA as
preservative. Following specimen collection, the hematocrit
(HCT) of the blood samples was determined by Automatic
Hematology Analyzer 1800i (SYSMEX, Kobe, Japan).
Samples for analysis (whole blood, plasma, and blood cell)
were prepared as described in the “In vitro experiments (five
replicates) with plasma, blood cell, and whole blood”
section without spiking the analytes, then frozen separately
at −20 °C until analysis typically within 1 month.

Near simultaneous samples of oral fluid were collected
without stimulation. Patients were asked to rinse with the
water provided, make tongue and lip movements for about
30 s, then “spit” (through a large-diameter straw) into a
clean centrifugation tube. Oral fluid pH was determined by
METER SP701 (SUNTEX, Taipei, Taiwan). The oral fluid
samples were stored at −20 °C until analysis typically within
1 month. For analysis, saliva specimens were allowed to
thaw, centrifuged (3,000 rpm for 5 min), and a precise
volume of clear supernatant phase was mixed with 1 mL
carbonate buffer (pH 10.2) and extracted with hexane/iso-
propanol (8:1). The extract was evaporated to dryness under
a slow stream of nitrogen and re-constituted with 50 μL
ethyl acetate for GC-MS analysis.

No formal study was conducted to evaluate the stability
of the analytes in the samples (blood and oral fluid) stored
under −20 °C. However, repeated analysis of samples stored
for different times did not indicate any deterioration trend of
the analytes included in this study.

GC-MS analysis

An Agilent 6890N gas chromatograph/5975 mass selective
detector system operating at 70 eV with ion source temper-
ature set at 230 °C was used for this study. The gas chro-
ma t o g r a ph wa s e qu i p p ed w i t h a 30 -m HP -5
(Wilmington, DE, USA) capillary column crosslinked 5 %
phenyl methyl siloxane with 250-μm I.D. and 0.25-μm
film thicknesses. The injector temperature and GC-MS
interface temperature were maintained at 280 °C. The
sample was introduced into the gas chromatograph in
splitless mode and the helium carrier gas flow rate was
set at 1.0 mL/min. The initial oven temperature was
held at 160 °C for 4 min, then raised to 250 °C at
10 °C/min, and held for 1 min. The analytical limits of
quantitation of MTD and EDDP by this method were 20
and 3 ng/mL, respectively.

Based on intensity and cross contribution parameters
made available from our earlier study [17], selected
ion monitoring was done at m/z 72, 223, 294/78, 226,
303 for MTD/MTD-d9, and m/z 262, 276, 277/265, 279,
280 for EDDP/EDDP-d3 and the ions underlined were
used for quantitation.

Methadone concentrations in blood, plasma, and oral fluid 3923



Results

Relative amounts of methadone in plasma, blood cell,
and whole blood

Five replicates of in vitro experiments (starting from spiking
the whole blood with the analytes) were conducted to study
the distribution of MTD in plasma and blood cell portions.
Whole blood, plasma, and blood cell samples were prepared
and analyzed separately. The amounts of drugs found in the
plasma and the blood cell portions were summed and found
to be compatible to the amounts found in the whole sample
(data not presented), indicating the validity of the experi-
mental design.

When whole blood samples were spiked with known
amounts of MTD and EDDP, we found that both drugs were
predominantly contained in the plasma fraction, 80.4 % and
76.5 %, respectively, compared with blood cell, 19.6 % and
23.5 %, respectively (Table 1). This suggests that plasma/
whole blood distribution ratios of MTD and EDDP will be
greater than unity (1.0) and mean concentration ratios (N05)
of 1.27 and 1.21, respectively, were obtained by analysis of
whole blood and plasma.

Effect of washing blood cell with buffer on plasma
concentrations

During in vitro experiments, we studied the effect of wash-
ing blood cell with buffer on the amounts of MTD and
EDDP in the plasma fraction. Table 2 shows that amount
of drug and percentage in plasma increased as the number of
washings increased with a corresponding decrease in
amount and percentage of drug in blood cell. Note also that
the total amount of drug (plasma + blood cell) remained
approximately the same regardless of number of washes,
confirming the reliability of the analytical data.

Methadone in blood, plasma, and oral fluid from patients

Table 3 presents summary statistics for the concentrations of
MTD determined in blood, plasma, and OF in clinical
samples (N046) from patients enrolled in a methadone

maintenance program. The corresponding descriptive statis-
tics for pH of oral fluid and HCT of blood samples are also
shown because these might be important variables in the
distribution of drugs.

The scatter plot in Fig. 1 shows that the concentrations of
MTD in plasma and whole blood are highly correlated with
Pearson’s r00.92 (p<0.001). Furthermore, the plasma/
blood distribution ratio of MTD was positively correlated
(r00.64, p<0.001) with HCT of blood samples (Fig. 2). The
higher the percentage of blood cell in the blood sample
(increasing HCT), the larger was the plasma/blood distribu-
tion ratio of MTD.

A much weaker correlation and larger scatter of the
data points were observed for MTD in plasma compared
with oral fluid (r00.46) and also for oral fluid and
blood (r00.51) as depicted in Figs. 3 and 4.

The OF/plasma concentration ratio of MTD depended to
some extent on the salivary pH (Fig. 5), decreasing as pH
increased (r0−0.51), suggesting lower concentration of
MTD in OF under more basic physiological conditions. A
similar negative correlation (r0−0.46) was observed for the

Table 1 Summary statistics of amounts of methadone (MTD) and EDDP in plasma, blood cell, and whole blood (HCT036.8 %) and the
corresponding percentages of drug in plasma and blood cell fractions

Analyte Amount in plasma, ng Amount in blood cell, ng Amount in whole
blood, ng

% drug in blood cell % drug in plasma Plasma/blood
concentration ratioa

MTD 170±12.2 41±6.9 211±10.0 19.6 80.4 1.27

EDDP 153±4.2 47±5.7 200±2.8 23.5 76.5 1.21

Data represent mean±SD for N05 spiked replicates
a Ratio of concentrations of drug by direct analysis of plasma and whole blood

Table 2 Effect of number of washings of separated blood cell with
phosphate buffer saline on the amounts of methadone (MTD) and
EDDP in plasma and blood cell fractions

Analyte Number of
washings

Amount (ng) and
(%) in plasmaa

Amount (ng) and
(%) in blood cellsb

Total amount
of drug, ngc

MTD 0 508 (80.3 %) 124 (19.6 %) 632

2 524 (89.4 %) 62 (10.6 %) 586

3 582 (92.3 %) 48 (7.7 %) 630

4 557 (93.6 %) 38 (6.4 %) 595

EDDP 0 458 (76.5 %) 141 (23.5 %) 599

2 480 (84.9 %) 85 (15.0 %) 565

3 506 (87.8 %) 70 (12.2 %) 576

4 492 (88.6 %) 63 (11.4 %) 555

Data shown are mean values for (N05) spiked samples
a Significant increase as number of washes increased by one-way
ANOVA (p<0.05)
b Significant decrease as number of washes increased by one-way
ANOVA (p<0.05)
c No significant differences in total drug amount by one-way ANOVA
(p>0.05)
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OF/blood distribution ratio of MTD and salivary pH (data
not shown).

A multiple regression analysis with OF/plasma or OF/
blood ratios of MTD as dependent y variable and salivary
pH and blood HCT as two independent x variables showed
that only salivary pH was statistically significant as an
influencing factor on the drug distribution ratios.

Discussion

Collecting oral fluid samples for accurate quantitation of
drugs is not a trivial matter. Interested readers are referred
to a review [18] on potential variables. We have conducted a
government supported study on this subject matter and
developed a collection device that was granted a patent by
the Taiwanese government [19]. Many commercially avail-
able collection devices are much more convenient for oral
fluid drug screening purpose; however, the oral fluid collec-
tion method adopted in this study can provide the best
quantitative data.

The GC-MS method used for analysis of MTD and
EDDP in biological fluids was highly reliable and was fully
validated in an article published by us in 1991 [20]. Oral
fluid data obtained by this method were found compatible to
those derived from a LC-MS-MS method in another

laboratory (not reported). Furthermore, the sum of analytes
found in plasma and blood cell samples was statistically
identical to the amount found in the whole blood sample
from the same source.

The concentration distribution of drugs and their metab-
olites between different biological specimens is gaining in
importance considering the increasing use of alternative
specimens in clinical, forensic, and traffic medicine [21,
22]. In clinical therapeutics, concentrations of drugs are
traditionally determined in samples of plasma or serum,
whereas in forensic toxicology drugs and metabolites are
determined in whole blood, which is often hemolyzed [23].
This complicates direct comparisons between therapeutic
drug concentrations and the equivalent toxic or lethal con-
centrations, such as in medical examiner cases and in blood
samples from drug-impaired drivers [24]. In order to com-
pare and contrast results from clinical and forensic samples,
it is necessary to know how drugs distribute between the
plasma and erythrocyte fractions of whole blood [25].

Many drugs are tightly bound to plasma proteins, which
means that the concentrations in plasma or serum are higher
than in blood cell and also higher than in the whole blood,
depending in part on HCT [11]. This was found for diaze-
pam [11], which had a plasma/blood distribution ratio of
1.8:1 and also tetrahydrocannabinol (THC), which had a
plasma/blood ratio closer to 2:1 [26]. For water-soluble

Table 3 Descriptive statistics
showing mean (± standard devi-
ation) concentrations (ng/mL) of
methadone in whole blood (B),
plasma (P), and oral fluid (OF)
from MMT patients

Corresponding values for blood
HCT (%) and pH of oral fluid
(OF) are also shown

Variable Mean±SD Median Min–Max

Blood HCT 42.7±2.71 % 42.8 % 38–49 %

Salivary pH 6.93±0.64 7.01 5.5–8.0

Blood (B) conc. 161±66 ng/mL 152 ng/mL 47–307 ng/mL

Plasma (P) conc. 231±107 g/mL 213 ng/mL 63–512 ng/mL

Oral Fluid (OF) conc. 124±98 ng/mL 105 ng/mL 25–401 ng/mL

P/B ratio 1.43±0.22 1.41 0.94–1.89

OF/B ratio 0.77±0.46 0.76 0.13–1.97

OF/P ratio 0.55±0.35 0.75 0.08–1.42
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non-protein bound drugs, such as ethanol, methanol, and
isopropanol, the plasma/whole blood distribution ratios are
in good agreement with the distribution of water in the
specimens, about 1.15:1 [27, 28]. The plasma to blood ratio
defines the drug concentration in plasma compared to whole
blood and provides an indication of the extent of drug
binding to plasma proteins compared with the drug’s affinity
for blood cell. The plasma/blood ratio is an important pa-
rameter in forensic toxicology and also in conjunction with
clinical pharmacokinetics, when volumes of distribution and
elimination half-lives are calculated [29].

According to primary literature and Goodman & Gillman’s
reference book [30, 31], methadone is 89±1.4 % bound to
plasma proteins and the mean plasma/blood concentration
ratio is 1.33:1 as determined by radioimmunoassay [30]. This
result is in good agreement with the present work using spiked
blood samples (mean 1.27:1, Table 1) and also in specimens
from methadone maintenance patients (mean 1.41:1, Table 3).

The discrepancy between the P/B ratio of MTD for
spiked female blood (HCT036.8 %) and the clinical sam-
ples (mean HCT042.6 %), mainly from male MMT patients
(male036, female010), is attributed to the difference in
HCT (see Fig. 2). According to Malarkey and McMorrow

[32], normal HCT values for females and males are 35.9–
44.6 % and 41.5–50.4 %, respectively. The lower the he-
matocrit of the blood specimen the less blood cells are
available to dilute the MTD concentration in plasma, which
means the concentration in whole blood is higher and the
calculated plasma/blood ratio is lower [33].

The amounts of MTD and EDDP in the plasma fraction
of blood increased after blood cell were repeatedly washed
with phosphate buffer (Table 2), which might have implica-
tions for the choice of analytical specimen in therapeutic
drug monitoring programs. After centrifugation to obtain
plasma or serum, unless the blood cell is carefully washed
to remove any residual drug, the concentration is under-
estimated. This problem could be avoided if methadone
was routinely determined in whole blood instead of plasma,
although if this was done, therapeutic concentrations of this
drug would need to be adjusted downwards because the
plasma/blood ratio is greater than unity (1.0). Moreover,
the concentrations of methadone in whole blood will depend
to some extent on the HCT of specimen (Fig. 2) because a
large volume of blood cell, containing little drug, dilutes the
concentration in plasma and in whole blood [33]. Bloods
with an unusually low HCT, such as from patients with
anemia or other blood disorder, would be expected to have
higher concentration of methadone compared with normal
bloods or those with elevated HCT.

Methadone is a basic drug (pKa08.6), which has con-
sequences for its passage across biological membranes in
relation to the pH-partition hypothesis and plasma pH,
which is close to 7.35–7.45 [29]. Moreover, only the
protein-free fraction of drug is capable of transferring from
plasma into saliva and OF [29]. The closer the pH of saliva
to the pKa of methadone, the more free-drug passes by
diffusion from plasma to saliva, which supports the negative
correlation between OF/plasma ratio and salivary pH shown
in Fig. 5 [34]. Normalization of the OF concentration of
MTD to a constant salivary pH was found (as would be
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expected) to improve the correlation with plasma concen-
trations (data not shown).

This study verifies that oral fluid is a viable biological
specimen for analysis of basic drugs, such as methadone
[35, 36], but it would not be correct to predict the concen-
tration in plasma from the concentration measured in saliva.
Although the OF and plasma concentrations were signifi-
cantly correlated (r00.46), the individual data points were
widely scattered as evidenced by the large residual standard
deviations (SD) of ±88 ng/mL (Fig. 3). The residual SD was
about half (±42 ng/mL) for the scatter plot depicting MTD
concentrations in plasma and whole blood (Fig. 1).

The present study gives a detailed appraisal of the distri-
bution of methadone between plasma, whole blood, and oral
fluid in patients enrolled in a MMT program. MTD concen-
trations were higher in plasma than in whole blood as
expected from knowledge of the high protein binding of
this opioid drug. The concentrations of MTD in OF were
lower than in plasma and whole blood with mean OF/plas-
ma and OF/blood distribution ratios of 0.55 and 0.77, re-
spectively (Table 3). These results do not agree with two
previous studies in which concentrations of MTD were
higher in OF compared with plasma [37, 38]. Whether this
discrepancy depends on the way saliva was collected, e.g.,
by spitting or use of specially designed OF collecting devi-
ces, remains to be investigated. Noteworthy however is that
the mean (median) OF/plasma distribution ratio of MTD
reported by us in Table 3 of 0.55 was in good agreement
with the theoretically predicted value of 0.58 (range 0.45–
0.70) determined elsewhere [39].

In conclusion, OF is a suitable non-invasive and alterna-
tive matrix for analysis of MTD in connection with screen-
ing of motorists suspected of driving under the influence of
drugs [40, 41] or when testing compliance in patients en-
rolled in MMT or pain management programs [42]. The
plasma to blood ratios of drugs are important parameters
to consider when therapeutic concentrations are compared
and contrasted with those determined in whole blood in
forensic and traffic medicine.
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