0731-7085/92 $5.00 + 0.00
© 1992 Pergamon Press Ltd

Journal of Pharmaceutical & Biomedical Analysis
Vol. 10, No. 2/3, pp. 109-136, 1992
Printed in Great Britain

Review
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Abstract: A review with 123 references on the analysis of 1,4-benzodiazepines in biological samples using HPLC is
presented. Some important physico-chemical and biopharmacological data for the development of analytical methods are
collected. Different methods of sample pretreatment, chromatographic conditions and detection systems are discussed.
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Introduction

Since the introduction of chlordiazepoxide
(Librium™) in 1960, a large number of other
1,4-benzodiazepines have been investigated for
biological activity. Due to their tranquilizer,
anti-depressive and sedative properties they
have become the most used medicines in the
treatment of anxiety and sleep disturbances.

In recent years a large number of analytical
and pharmacological studies on 1,4-benzo-
diazepines have been described. For the bio-
pharmacological, clinical and toxicological
studies of these drugs the availability of rapid,
sensitive and selective analytical methods for
their determination in biological fluids is
essential.

This article aims to review the literature that
has appeared in the last few years on the
analysis of 1,4-benzodiazepines in biological
fluids using HPLC. Also, it will pay attention
to the physico-chemical and biological data and
properties of these drugs that can be useful in
the development of suitable analytical
methods. Some previous reviews on this sub-
ject have been published [1-3]. Two books
that contain some analytical data pertaining to
1,4-benzodiazepines have been edited by
Schiitz [4, 5].

Physico-chemical Properties

The main chemical characteristic of 1,4-

benzodiazepines is the presence of a benzene
ring fused to a saturated seven membered ring
with nitrogens at the 1 and 4 positions.
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The most important types of 1,4-benzo-
diazepines according to their chemical struc-
ture are the following:

(a) 2-keto derivatives, characterized by the
presence of a C=0 group at position 2 (Fig. 1,
structures A and C);

(b) 4-N-oxide derivatives, with a N-oxide
group at position 4 (Fig. 1, structures B and C);

(c) triazolo derivatives, characterized by the
presence of an additional five membered ring
with two nitrogen atoms at positions 3 and 4
relative to the nitrogen at position 1 (Fig. 1,
structure D);

(d) imidazo derivatives, with an additional
five membered ring but with only one nitrogen
atom (Fig. 1, structure E);

(e) oxazolo derivatives, with the presence of
an additional five membered ring with an
oxygen atom (Fig. 1, structure F).

Other 1,4-benzodiazepines not included in
these major groups are also presented in Fig. 1
(structures G-J). Names and substituents of
the most important 1,4-benzodiazepine drugs
are shown in Table 1.

* Author to whom correspondence should be addressed.
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Figure 1
Chemical structures of some 1,4-benzodiazepines and related compounds. B (R = —CH,): Chlordiazepoxide. B (R =

—H): Desmethylchlordiazepoxide. E (R = —CHj,): Midazolam. E (R = —CH,OH): 1-Hydroxymethylmidazolam. G:
Bromazepam. H: Medazepam. I (R = —CH;): Ketazolam. I (R = —H): Desmethylketazolam. J: Clorazepate. K:
Clotiazepam. L (R = —CHs): Brotizolam. L (R = —cyclohexyl): Cyclotizolam.

Also, 1,4-benzodiazepine analogues have
been synthesized, such as thienodiazepines
(Clotiazepam) or thienotriazolodiazepines
(Brotizolam, Ciclotizolam). In these com-
pounds the basic chemical structure of 1,4-
benzodiazepines has been modified as illus-
trated in Fig. 1, structures K and L.

Data on the synthesis of some 1,4-benzo-
diazepines can be found in the publications of
Seiler and Zimmermann [6], Hiimpel et al. [7]
and Eberts er al. [8].

1,4-Benzodiazepines are basic in character
and as neutral molecules are soluble in organic
solvents such as methanol, ethanol, dimethyl-



111

REVIEW OF THE ASSAY OF 1,4-BENZODIAZEPINES

H— D— H— H— H— HO=0—%HD>— wedazeurd
HO— 0— H— H— H— H— §wedoxowapAxoIpAy-6-AX0Sa(-N
H— D— HO— H— H— H— gwedsxowap(AusydAxorpAy-y)-¢-£x0saq-N
H— D— H— H— Y(*HOINODO— ‘HO— wedozdwe))
H— ZON— H— H— H— fHO— wedazelawiN
H— 10— H— 4— H— tHO— wedozepnpg
H— ) D— H— H— H— >—*HD— wedszeig
H— *HDOOHN— H— H— H— H— juredozenuopiweyaoy-,
H— HN— H— H— H— H— Jwedozenounwy -/
H— ON— H— H— H— H— wedozeniN
H— ‘HOOOHN— H— D— HO— H— JuredazeuodAxo1pAy-¢-opIwerddy -,
H— *HOODHN— H— D— H— H— ‘uwedazeuopoprueiaoy -/
H— ‘HN— H— o— HO— H— Jwedazeuo|dAxoIpAy-g-ourury-/
H— THN— H— D— H— H— Jwedazeuopourury-,
H— {ON— H— D— HO— H— jwedazeuopAx0IpAH-¢
H— {ON— H— 10— H— H— wedazeuo])
H— 0— H— d— H— HOOO*HD— $p1oe onaoe wedozein|d-1-N
H— 10— H— a— HO— H— twedszeinjAxo1pAy-¢-AN[esoq-T1-N
H— D— H— J— H— HO®HO*HO— twedazeinpAyI2Ax0IpAH-T-N
H— n— H— d— H— THN*(*HD)— swedozempyidyissepiq
H— 10— H— d— H— IHHNY(*HD)— JwedozeinyKY)asapouciy
H— D— H— A— H— H— t+uwredazeinyiAyiesaq-1-N
H— D— H— J— H— QAN (*HD)— wedazen){
H— 0— H— D— H— H— <wedozelojpqg
H— 1D— H— D— HO— H— Lwedozeso]
H— 10— H— 1D— HO— ‘HO— wedszeysuuo]
H— ‘HN— H— d— H— H— lwedozenunou-ounuy-/
H— ‘ON— H— a— HO— *HO— jwedozenunyAxoIpAy-¢
H— ) ‘ON— H— 4— H— H— JwedozenyungioN
H— *HOODHN— H— i— H— fHD— Jwedszenunpjoplwe)doy-,
H— HN— H— a— H— ‘HO— jwedozenungounuy-;
H— ‘ON— H— a— H— ‘HO— wedozenun g
H— D— H— H— H— H— Lwedazepion
H— 10— H— H— HO— H— Lwedazexp
H— 10— H— H— HO— *HO— ,uredazewa],
H— 10— H— H— H— *HO— wedazeiq
| d b | 2 a2 N aweN

V aImnpang

T "S14 ul umoys saIMIONIIS dY1 01 UoNE[al Yim souldozeIPOZUSq-p* | SWIOS JO SIUSNINSQNS PUB SOUWEN]

I 3lqeL



L.A. BERRUETA etal.

112

‘wedaxowa(q Jo SAAOqRIAN §
‘Gop u1 pa1o31ap sajoqeRISN *

‘saurdozeipozuag-f* | 9A10E SWOS JO SAUJOQRIAA 4
‘suonje[nuioy ut pasn spunodwios 2a1oe os[e pue souldozelpozuaq-4*] JANIE SWOS JO SIIOQRIDA ,
"auidozerpozuaqg-4* | Jusied Yl MO[Rq PAIII[0D ATk SAN[OqEIAN

I'
:'
D—
D—
10—
D—

H—
H—
HO—
H—
HO—
H—

- :|
mIU'
HO*HD—
HO*HO—
mIU'
mIU'

weoze1sy
wejozeid|y

ureozeLAYIdwAXoIpAY-1-AXOIpAH-

turejozen)jAyIawAxoIpAH-1
tuwrejozelnAxoIpAH-+
wejozeu]

d

2

|

( 21mpnng

sweN

mev'
H—

I—
H—
10—

wejozexoey
we[ozexQ)
we[ozexor)

N

!

I 1mpnng

sweN

HO—
H—

H—
HO—
H—

LuredoxowapAxoIpAH-6
Luredaxowap(jAuaydAxo1pAH-1)-s
wedoxoway

A

N

D 21nonig

sweN

panunuo)
I 3lqeL



REVIEW OF THE ASSAY OF 1,4-BENZODIAZEPINES

formamide and chloroform, but only slightly
soluble in n-hexane or n-heptane and prac-
tically insoluble in water. In contrast, the salt
forms (e.g. Chlordiazepoxide and Flurazepam
hydrochlorides, Loprazolam methanesulph-
onate, dipotassium clorazepate) are water sol-
uble. Data on the water solubility of 1,4-
benzodiazepines can be found in the publi-
cations of Carstensen et al. [9] and Windholz
and Budavari [10]. Despite their very low
solubility in water, 1,4-benzodiazepines are
found to be totally soluble in the concentration
ranges at which they appear in bioanalytical
samples [11]. Thus, aqueous solubility of Di-
azepam is 50 ug ml~' [12]; for Clonazepam
solubility is highest at pH = 2.0 (76 ug ml™")
and lowest at pH = 7.4 (19 pg ml™'); and for
Flunitrazepam aqueous solubility decreases
when pH increases from 850 pg ml™" at pH =
1to 11 wg ml™' at pH = 5.3 [13].

Stock solutions of 1,4-benzodiazepines in
methanol and ethanol are stable for several
weeks with the exception of Medazepam [1,
14]. Thus, 1000 pg mil~' solutions of
Alprazolam, Triazolam, Lorazepam and
Hydroxyalprazolam in methanol are stable for
10 months when they are stored in the dark at
—15°C [15]. 1000 wg ml™' solutions of Di-
azepam, Oxazepam, Nordazepam and
Temazepam in 95% ethanol are stable under
refrigeration for several months [14]. Stock
solutions of Clobazam and Desmethyl-
clobazam in methanol are reported to be stable
for several weeks at 4°C [16]. However, N-
desmethylchlordiazepoxide solutions in meth-
anol are found to be unstable when stored at
4°C in the dark [17].

In aqueous or aqueous-alcoholic solution,
most 1,4-benzodiazepines undergo hydrolysis,
particularly under acidic or alkaline conditions
{11]. Depending upon the different conditions
and the 1,4-benzodiazepine type, hydrolysis
can affect the 3,4-azomethine group, the 1,2-
amidic bonds, or both, producing the corre-
sponding benzophenone.
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The hydrolysis processes have been studied
by several authors and the resulting benzo-
phenones have been used for the detection and
determination of 1,4-benzodiazepines [11, 18,
19]. In these methods the breakdown of differ-
ent 1,4-benzodiazepines to the same benzo-
phenone would seem to be a disadvantage,
however in certain circumstances it could be an
advantage because a particular 1,4-benzo-
diazepine and its metabolites can yield the
same benzophenone, thus increasing sensi-
tivity. Also, in some cases (Nitrazepam, Flu-
nitrazepam and Clonazepam) two or three
different benzophenones can be formed [11].

The acid-base characteristics of 1,4-benzo-
diazepines are due to the nitrogen atom in
position 4 which can be protonated, except in
4-N-oxide-derivatives. Other nitrogen atoms,
as in the 7-amino derivatives, also can be
protonated. The hydroxyl group in the 3-
hydroxy derivatives can be deprotonated at
high pH values whilst the N-oxide group in 4-
N-oxide-derivatives is protonated at low pH
values. pK, values and the acid—base species
proposed for some 1,4-benzodiazepines are
given in Table 2. Acid-base properties and
pK, values of some 1,4-benzodiazepines in the
Hammett acidity region have also been re-
ported [26].

Some physical and chemical properties of
particular 1,4-benzodiazepines can be found in
the publications of Windholz and Budavari [10]
and Florey [27]. Seiler and Zimmermann [6]
have identified a number of relationships be-
tween physico-chemical and structural para-
meters. Other relationships between structure
and electrochemical properties [28], and be-
tween structure and pharmacological activity
[29] have also been studied.

Metabolism and Pharmacokinetic Data
Analysis of 1,4-benzodiazepines in biological

fluids requires a previous knowledge of the
biotransformations that they can undergo

NHR; O R,

R
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Table 2
pK, values for some 1,4-benzodiazepines
Name H,A2%* pk, H,A* pK. HA pK. A~ Ref
7-Acetamidonitrazepam — ‘N—H 3.2 * 12.4 3C=*C—0" 20
7-Aminoflunitrazepam — ‘N—H 3.55 * — 6
7-Aminonitrazepam — ‘N—H 4.51 * 1298 N 6
NH, 2.5 ‘“N—H 4.6 * 13.1 3C=2C—0" 20
Chlordiazepoxide — ‘N—OH 4.6 * —_ 21
Chlordiazepoxide lactam — “N—OH  4-5 * 11.5 3C=C—0" 20
Clonazepam — ‘N—H 1.57 * 1050 N 6
— ‘N—H 1.5 * 10.5 'N 13
Desalkylflurazepam — ‘N—H 2.57 * 11.77 N 6
Delorazepam — ‘N—H 2.17 * 11.80 'N 6
Demoxepam — — * 10.7 22
Diazepam — ‘N—H 3.3 * — 21
—_ 3.4 — 10
— “N—H 3.17 * — 6
— 3.4 * — 23
Fludiazepam — ‘N—H 2.22 * — 6
Flunitrazepam — ‘N—H 1.87 * — 6
— ‘N—H 1.8 * — 13
— ‘N—H 1.86 * — 24
Flurazepam — ‘N—H 1.4 * — 1
Lorazepam — ‘N—H 1.3 * 11.5 3C—0- 1,21
— 1.3 11.5 1
—_ ‘N—H 0.39 * 11.03 N 6
— ‘N—H 09 = 11.15  °C—0- 25
Medazepam — ‘N—H 4.4 * — 21
Nimetazepam — ‘N—H 2.63 * — 6
Nitrazepam — ‘N—H 2.88 * 10.88 ‘N 6
— ‘N—H 3.2 * 10.8 'N=2C—0~ 21
Nordazepam — ‘“N—H 3.48 * 11.82 ! 6
— ‘N—H 3.5 * 120 C="C—0" 20
Oxazepam — ‘N—H 1.62 * 11.24 'N 6
— ‘N—H 1.7 * 11.6 3C—0- 21

*Neutral molecule.

whilst in an organism, a subject that has been
reviewed by Greenblatt et al. [30].

Usually, the administration of these drugs to
the patients is oral, however if a rapid action is
required they can be administered by intra-
venous injection. 1,4-Benzodiazepines are
absorbed from the gastrointestinal tract pass-
ing to the blood, where they are distributed
throughout the organism. Clearly the rate of
absorption will affect the response of an
individual to drug therapy.

In most cases, the administered drug is the
compound responsible for pharmacological
action, however there are cases where the
activity is due to some of the metabolites
produced in the organism from the 1,4-benzo-
diazepine administered (e.g. Clorazepate,
Prazepam and Flurazepam). In these cases, the
1,4-benzodiazepine administered is a precursor
of the pharmacologically active compound.
Sometimes the activity also is due to both the
administered drug and its metabolite (e.g.
Diazepam and Nordazepam).

The possible action of the active compound
is a function of its concentration in the blood
which in turn is dependant upon the amount of
the dose administered and the mode of
administration (oral, intravenous or intra-
muscular), the efficiency of absorption, its
distribution to the tissues, and the velocity with
which the active compound is metabolized.

After administration the blood levels of the
active compound will increase due to the
absorption of the drug or to its formation, if
the active compound is a metabolite. At the
same time, the distribution to the different
tissues and metabolism of the active compound
tend to decrease its blood level. Another
phenomenon is the elimination of the active
compound and its metabolites from the body
through urine and to a minor extent the faeces.
Thus, 70% of Diazepam is excreted in urine
and 10% in faeces [12].

Table 3 shows some 1,4-benzodiazepines
and their metabolites detected in blood and/or
urine.
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Initially, the retention of the active com-
pound predominates over its elimination.
Thus, its blood concentration increases until it
reaches a maximum level, C,.., at a time after
administration, f,,,. From this time, distri-
bution to the tissues and elimination by the
urine predominates and the blood level of the
active compound decreases with a rate defined
by the elimination half-life, fz”.

Usually, the treatment of patients is not in
the form of single doses but a series of
individual doses at various time intervals. This
situation causes an accumulation of the active
drug and its metabolites during the treatment.
Thus, for a continuous treatment during 15
days with single doses of 10 mg of Diazepam
per day Cpax = 84-222 ng ml™" and f. = 7
days for Diazepam and Cp.x = 90-160 ng
ml™! and t,,,, = 7 days for Nordazepam [12].
Some metabolites difficult to detect in urine
can be found during these long treatments.
Thus, Nordazepam, Oxazepam and Tem-
azepam can be detected in urine after several
weeks of treatment with Diazepam [14].

Table 4 shows values of the mean absorption
half-life, ¢,”, elimination half-life, tg”, and

Table 4

L.A. BERRUETA et al.

maximum blood level, Cy,.x and ¢,,.x, for some
1,4-benzodiazepines and their metabolites.
Each individual metabolite will be detected
in blood and/or urine depending on its par-
ticular characteristics and the metabolic re-
action by means of which it has been orig-
inated. Metabolic reactions that different 1,4-
benzodiazepines can undergo are numerous.
Some of the more important being as follows:

(a) Oxidation

Many 1,4-benzodiazepines are biotrans-
formed by oxidative reactions in the liver,
primarily by demethylation or dealkylation of
the nitrogen in position 1 and hydroxylation of
the carbon in position 3. Some examples are:

Diazepam — Nordazepam

(N-Desmethyldiazepam)

Lormetazepam — Lorazepam

Flurazepam  — Desalkylflurazepam

Diazepam — Temazepam
(3-Hydroxydiazepam)

Triazolam — 4-Hydroxy-1-

hydroxymethyltriazolam

Values of the mean absorption half-life, t,”, mean elimination half life, #z”, maximum blood level, C,,,,, and time at
which this level is reached, ¢,,,, for some 1,4-benzodiazepines and their metabolites. The dose for which C,,,, and t,,«

are given, is also indicated

[

Va

ta Dose*/Cax/tmax te

Drug Metabolite (h) (mg/ng ml~'/h) (h) Ref.
Alprazolam Oral 1/25/1 11 30
1/13.4/0.7-1.6 12-15 17
159+ 6.1 42
Bromazepam 12/131/1-4 11.9 17
Brotizolam 3.1-6.1 43
1-Hydroxymethylbrotizolam Rapid 43
(Chlorazepate) Rapid 15/66/0.9 2 17
Nordazepam Oral 15/300/1.18 Slow 30
15/230/1 64.8 17
Chlordiazepoxide Medium 30
0.83 £0.21 81%+093 32
20/978/3.3 13.2 17
N-Desmethylchlordiazepoxide 20/238/16 10-18 17
Demoxepam 20/50/24 45 17
Clobazamt 20/465/1.7 24.5 17
24 30
Desmethylclobazem 20/88/45.6 36-46 17
Clonazepam Oral 2/6.5-13/1-2 18.7-39.0 13
2/10.4/2.6 26.4 17
Demoxepam 45 + 14 22
Diazepam Rapid —/—/0.88 Slow 30
Rapid Oral 10/137-189/1-1.5 21-37 12
iv 10/294-574/0.02-0.08 12
Oral 20/490/0.5 35
iv 20/1600/0.25 35
im 20/290/1 35
Nordazepam Oral 10/26-37/30-48 50-99 12
) iv 10/19-39/30-48 12

20/~100/72 35
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Estazolam
Flunitrazepam

(Flurazepam)

Halazepam
Ketazolam

Loprazolam

Lorazepam

Lormetazepam

Medazepam

Midazelam

Nitrazepam

Oxazepam

Pinazepam

(Prazepam)

Temazepam

Triazolam

Norflunitrazepam

7-Aminoflunitrazepam

N-Desalkylflurazepam

N-Hydroxyethylflurazepam

N-Hydroxyethylflurazepam
(free and conjugated)
Flurazepam aldehyde

Diazepam
Nordazepam and/or
N-desmethyl-ketazolam

0.31 + 0.06

Lorazepam glucuronide

Lormetazepam glucuronide

Diazepam
Nordazepam
N-Desmethylmedazepam

1-Hydroxymethylmedazepam

Slow

Oxazepam glucuronide

Nordazepam
Slow

Nordazepam

Slow

Temazepam glucuronide

Oxazepam glucuronide
0.13
0.05

1-Hydroxymethyltriazolam
glucuronide
4-Hydroxytriazolam
glucuronide
1-Hydroxymethyitriazolam
4-Hydroxytriazolam

Oral 2/10-15/0.5
2/8/2

2/1.5/12

60/1-5/0.5-1

60/30-50/3
Oral 15/10/24

Oral 15/20/1

60/150-250/1-4
Oral 15/3/1

30/4/2
30/17/10

30/127/14

2/23/2.57
2/32.4/6.24
Oral 2/12.4 + 5.472
iv 0.2/4.8 + 3.5/0.03
1/6.3/2.2
Oral 2/60/3
iv 0.2/5/7
1/34/6
30/141/1.5
30/23/1-24
30/28-195/84
30/79/1.5

5/4012.3

Oral 30/500/4
45/1089/2
45/999/3.4
Oral 23.6/—/—
10/36.8/1.8
10/150/3

30/6.6/0.5

Oral 20/50/7.8
30/321/4.25
Oral 30/300/3
20/668/0.75
Oral 17.8/—/—

Oral 17.8/—/—
Oral 17.8/—/—
—/0.72/—

Oral 0.88/8.8/1.3
Oral 0.5/5/1

Oral 0.88/6.1/1.3
Oral 0.88/6.1/2.5

—{1.2/—
—/0.9/—

Medium

20-35
9-25
Medium

31

23

13

3.1

Very rapid
32-100

82

40-144

Rapid

3

Slow

28

50

4-8
8916
15.87

18.5
132+ 1.7

9.9

12-13

*Single dose of administered drug: oral, iv (intravenous) or im (intramuscular).
tClobazam is a 1,5-benzodiazepine.
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(b) Conjugation

The 3-hydroxy substitution of some 1,4-
benzodiazepines such as Oxazepam, Tem-
azepam or Lorazepam allows direct con-
jugation to glucuronic acid, yielding
pharmacologically inactive, water-soluble
glucuronide conjugates that are excreted in
urine:

Temazepam

Usually, an enzymatic hydrolysis is required
in order to liberate 1,4-benzodiazepines from
their conjugates.

(c) Nitroreduction

1,4-Benzodiazepines having 7-nitro sub-
stituents, such as Nitrazepam, Flunitrazepam
and Clonazepam, are biotransformed by
reduction of the nitro group to form biologi-
cally inactive 7-amino and 7-acetamido deriv-
atives.

Table 3 shows the different metabolites
tested for some 1,4-benzodiazepines.

Another factor to consider is that 1,4-
benzodiazepines are extensively bound to
plasma proteins. This fact affects the blood
levels of the free drug. Due to this effect
authors tend to refer to free and bound
fractions of the total drug amount in blood.
Protein binding of 1,4-benzodiazepines varies
widely, ranging from 99% for Diazepam to less
than 70% for Alprazolam, but is apparently
not affected by drug concentration over the
plasma levels encountered during usual thera-
peutic dosage [31, 33]. However, plasma bind-
ing of 1,4-benzodiazepines can be affected by
the presence in the blood of other substances
such as heparin [44]. Table 3 shows the extent
of protein binding for different 1,4-benzo-
diazepines. A deproteination process is re-
quired to liberate the bound fraction of the
drug from proteins.

L.A. BERRUETA et al.
Sample pretreatment

1,4-Benzodiazepines are usually present at
trace levels (pg ml~' or ng mi™") in a complex
biological matrix and the potentially interfer-
ing compounds need to be removed before
analysis. Sample pretreatment should be cap-
able of concentrating the sample and reducing

Glucuronide conjugate

the amount of interfering substances. Two
reviews on sample pretreatment in the trace
determination of drugs in biological fluids have
been published [45, 46].

Collection and storage

Blood, like serum or plasma, and urine are
the biological samples usually analysed. Other
biological samples such as saliva [47], liver
tissues [48] or erythrocytes [14] also have been
analysed. Serum is the supernatant liquid
collected by centrifugation after coagulation
(about 30 min at room temperature) of a blood
sample. Plasma is the supernatant liquid ob-
tained by centrifugation of a blood sample
collected in a tube containing an anticoagulant
(e.g. heparin, EDTA, citrate or oxalate).

Plasma or serum samples can be kept for 6 h
at room temperature, or for 1-2 days at 4°C.
For longer storage periods samples should be
frozen at —20°C. The way in which samples are
collected and stored can affect the final results
of the analysis, as has been demonstrated by
Hoskin et al. in the case of morphine levels in
blood [49].

Urine samples are taken as a single or as 8,
12, 24, 48, ... h specimens. They must be
stored by freezing at —20°C or by the addition
of a preservative agent such as toluene, boric
acid or concentrated hydrochloric acid [45].

Table 5 shows the different collection and
storage conditions used by some authors.
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Direct injection

Frozen samples of plasma, serum or urine
should be brought to room temperature and
mixed to ensure homogeneity before analysis.
These samples can be directly injected into the
HPLC column for analysis. For example, some
drugs can be determined in urine by HPLC
with direct on-column injection [61]. Some 1,4-
benzodiazepines have been determined in
serum by direct on-column injection after
protein precipitation [55].

However, direct injection of complex
samples leads to the contamination of columns
impairing their performance. Contamination
often persists even when a precolumn is used to
protect the analytical column. To avoid these
problems, sample clean-up is required. The
most common procedures are enzymatic
digestion, protein precipitation and solvent
and solid-phase extractions.

1,4-Benzodiazepines are found in biological
fluids as free molecules, conjugated as glucur-
onides or sulphates or bound to the proteins.
Free drug, free and conjugated or total levels
are measured depending on the pretreatment
followed.

Enzymatic hydrolysis

Chemical hydrolysis of conjugates with
hydrochloric acid or sodium hydroxide is not
recommended for 1,4-benzodiazepines be-
cause they can be hydrolysed to the corre-
sponding benzophenones in strongly acidic or
basic media. Enzymatic digestion generally
causes hydrolysis without degradation of the
parent molecule to the corresponding benzo-
phenone. An appropriate enzyme is mixed
with the sample buffered at pH 5 and the
mixture digested at 37°C for 24 h. However,
Tjaden et al. [47] note that a hydrolysis period
of longer than 5 h results in lower recoveries,
owing to the low stability of the 1,4-benzo-
diazepines. B-Glucuronidase has been used to
release 1,4-benzodiazepines from their con-
jugates with the glucuronic acid. Glusulase (-
Glucuronidase + Sulphatase) has been used to
release 1,4-benzodiazepines from any type of
conjugate. Table 5 gives an indication of the
enzymatic hydrolysis conditions used by the
various workers.

Protein removal

Protein removal from blood samples can be
performed by various methods, some of which
were checked by Blanchard [62]. Ultramicro-

L.A. BERRUETA ez al.

filtration and equilibrium dialysis [31, 33] of
the sample remove proteins but the ultramicro-
filtrate or the dialysate contains only the free
fraction of the drug. Recently, an on-line
dialysis process for protein removal in order to
enable the automated HPLC analysis of drugs
in body fluids has been described [63].

Usually, the method used for precipitation
of plasma or serum proteins consists of mixing
one volume of plasma or serum with three
volumes of acid (6% m/v HCIO,, 10% m/v
trichloroacetic acid) or organic solvent
(ethanol, methanol, acetonitrile, acetone)
followed by vortex-mixing and centrifugation
[7, 45, 55]. This method removes 99% of the
proteins [62] and releases the 1,4-benzodiaz-
epines from protein-binding sites. Recoveries
of the bound portion of drug are dependent
upon the nature of the 1,4-benzodiazepine and
the precipitation agent.

Another way to release 1,4-benzodiazepines
from proteins without precipitation is the
addition of fatty acids that compete with 1,4-
benzodiazepines for binding sites of proteins
[44] or the addition of alkyl sulphates such as
sodium octyisulphate that disrupt the structure
of proteins [50].

Table 5 shows the conditions used by some
authors for protein removal in the analysis of
1,4-benzodiazepines.

Liquid-liquid extraction

Liquid-liquid extraction is the most widely
used method for the pretreatment of biological
samples. Usually a single extraction step in-
volving 1 ml of sample and 5 ml of organic
solvent may give over 80% recovery. How-
ever, some 1,4-benzodiazepines need a double
extraction due to their low lipid solubility.
Some workers recommend the use of a back-
extraction with aqueous acid solutions and
basifying followed by extraction with organic
solvent. Complications can arise due to
hydrolysis of the 1,4-benzodiazepines.

Solvent polarity and pH of the aqueous
phases are the major factors to be considered.
pH should be adjusted to a value at which the
drug is in the neutral form but is not hydro-
lysed. 1,4-Benzodiazepines are usually
extracted under weakly alkaline conditions,
such as borate, phosphate or ammonium/
ammonia buffer at pH about 9. Some workers
have extracted 1,4-benzodiazepines at neutral
pH or directly at physiological pH. The organic
solvents usually chosen are diethyl ether,
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chloroform, ethyl acetate, butyl acetate and
others such as toluene, benzene, heptane or
hexane to which a small amount of a more
polar solvent such as methylene chloride,
isoamyl alcohol or isopropanol is added.

Table 6 shows the conditions of liquid—liquid
extraction procedures used for 1,4-benzo-
diazepines.

Usually a solvent evaporation step is re-
quired after extraction. The possible ad-
sorption of the drug onto the glassware can be
prevented by silanization of glassware or by the
inclusion of 1-2% of alcohol (ethanol or 3-
methylbutan-1-0l) in a non-polar extractant
such as hexane or heptane [45].

Solid phase extraction

In solid phase extraction (SPE) the sample
is poured directly onto a column packed with
solid adsorbent (alumina, silica, chemically
bonded silica, Florisil or non-ionic or ionic-
exchange resins). Drugs are retained on the
adsorbent surface. Undesirable compounds
which are also adsorbed may be removed by
washing with an appropriate solvent or buffer.
Drugs and related compounds are then eluted
by passing an appropriate elution solvent
through the column.

Liquid-solid extraction can be performed
with home-made columns, for example a
Pasteur pipette packed with adsorbent. How-
ever, disposable columns of various sizes and
with a wide range of adsorbents are commer-
cially available. This method of sample clean-
up is simpler, quicker and less laborious than
liquid-liquid extraction. Some advantages of
SPE are the minimal handling time, the high
recovery even at low concentrations, the clean
samples extracts and the little or no need for
concentration of the extract. The efficiency
and reproducibility are as good as those of
liquid-liquid extraction.

Celite, activated Charcoal and Amberlite
XAD-2 ion-exchange resin were used as
adsorbent materials in the first studies on SPE
for 1,4-benzodiazepines [78]. More recently,
C-18 bonded-phase extraction columns have
been used for the sample preparation of
Diazepam, Chlordiazepoxide, and their meta-
bolites [79, 80], Triazolam and metabolites [52]
and for general 1,4-benzodiazepines [51]. Silica
columns have been used for the sample pre-
treatment of Triazolam and metabolites in
urine [52].

Three adsorbents

(activated charcoal,

123

Amberlite XAD-2 ion-exchange resin and
Celite) have been compared for the extraction
of Nitrazepam, Diazepam and Nordazepam
[78]. Balkon et al. [81] have used Amberlite
XAD-2 for the isolation of Diazepam from
biological fluids. Porapak-T has been used by
Lloyd and Parry {[50] in connection with the
determination of 1,4-benzodiazepines in
plasma. Douse [17] has used Amberlite XAD-
7 for trace analysis of 1,4-benzodiazepines in
blood. Extrelut-20 has been used for the
analysis of 1,4-benzodiazepines in urine [59].

Table 7 shows the solid-phase extraction
procedures used by some authors.

Internal standard

It is usual to add a fixed amount of an
internal standard to each sample at the earliest
possible stage to permit correction for losses
during sample treatment and to minimize
errors due to variation in column separation or
detector response. Most internal standards for
1,4-benzodiazepines are compounds of the
same family. Thus, Etizolam has been used as
internal standard for Triazolam and its meta-
bolites [S2], Alprazolam for 1-hydroxymethyl-
triazolam [53], Triazolam for Alprazolam [42]
or Flurazepam for Midazolam and its meta-
bolites [72]. However, in toxicological cases, a
more suitable internal standard would be any
1,4-benzodiazepine that is not frequently
encountered in such cases, such as Prazepam,
recommended by many authors [16, 54, 66,
83). Other compounds that are not 1,4-benzo-
diazepines, have been also used as internal
standards such as chlorpromazine [68] and 6-
nitroquinoline [50].

HPLC Analysis

Due to the complexity of biological samples,
a chromatographic separation step is required
for the analysis of drugs in such samples [46].
Chromatography can be avoided by the use of
enzyme multiplied immunoassay techniques
[84, 85], but they are not specific for each drug.

Thin-layer chromatography (TLC) is a
valuable technique as an initial screening
method to narrow the possible identities of
unknown drugs in biological samples. How-
ever, it is relatively nonspecific, time consum-
ing and provides only semiquantitative data.
Gas chromatographic (GC) methods offer
excellent sensitivity. However, they require
somewhat lengthy clean-up procedures and, in
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REVIEW OF THE ASSAY OF 1,4-BENZODIAZEPINES

most cases, derivatization to more volatile
compounds. The high temperatures required
to elute 1,4-benzodiazepines, can lead to on-
column decomposition, for instance Ketazolam
{86], Oxazepam and Chlordiazepoxide [87].

HPLC offers an attractive analytical alter-
native for the routine determination of 1,4-
benzodiazepines in biological samples. The
extraction procedures are relatively simple.
Formation of derivatives is not necessary if the
detection system is UV spectrophotometry or
amperometry, and it is possible to operate at
ambient temperature. Moreover, if the detec-
tion system is not destructive, the eluted drugs
can be easily recovered for further
examination.

HPLC mechanisms {(columns and mobile
phases)

In the 1970s 1,4-benzodiazepines were sep-
arated on columns containing silica [67, 70,
86, 88, 89], anion-exchanger [77], cation-
exchanger [90], Durapak OPN [86, 91] and
Carbowax 400 coated supports [92] and de-
tected by UV measurements detectors. Silica
columns also have been used in the 1980s {42,
93, 94]. Factors affecting chromatographic
separation of basic drugs, such as 1,4-benzo-
diazepines, on silica columns have been
studied [95-97]. Recently, non-modified silica
and alumina have been examined as weak
cation-exchangers for basic drugs [98).

However, the most popular HPLC columns
used for the analysis of 1,4-benzodiazepines in
biological samples are reversed-phase
columns. The packing materials used are silica
chemically bonded with octadecyl, octyl,
methyl, propyl, cyano, hexyl or phenyl groups.
The mobile phases usually consist of a mixture
of acetonitrile or methanol and water or
aqueous acetate or phosphate buffer at weakly
acidic pH. Chromatography normally is per-
formed at room temperature under isocratic
conditions, however in addition elevated
temperatures (40-50°C) and under gradient
elution conditions can be used.

The major problem in reversed-phase HPL.C
analysis of 1,4-benzodiazepines is peak tailing.
To prevent this problem some authors add an
organic modifier and/or a silanol deactivator to
the mobile phase such as isopropanoi [99], 1-
propanol [50], THF [64], triethylamine (TEA)
[58] or butylamine [73]. Other workers use ion-
pair chromatography where penthane sulph-
onate [74] or methane sulphonate [100] is
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added to the mobile phase. Underberg-Chitoe
et al. [98] propose the use of non-modified
silica and alumina stationary phases in com-
bination with water—methanol mixtures, be-
cause under these conditions silica and alumina
have a weak cation-exchange behaviour.

Table 8 shows the chromatographic con-
ditions used by some authors for the separation
of 1,4-benzodiazepines.

Detection systems

The three most popular detectors for HPLC
are UV, fluorimetric and electrochemical. The
first detector system used for 1,4-benzodiaz-
epines was UV spectrophotometry and still it is
the most popular due to the high absorption of
1,4-benzodiazepines in the range of 200-
240 nm. In some cases, 1,4-benzodiazepines
are hydrolysed to their corresponding benzo-
phenones before UV detection {11, 19, 69,
102]. Hydrolysis is usually performed in strong
aqueous acid media (e.g. HCl or H,SO, 1-6
mol dm™) at high temperature (60-120°C)
over various periods of time (0.5-12 h) [11].
The disadvantage of analysis of the 1,4-benzo-
diazepines through their benzophenones is that
hydrolysis of different 1,4-benzodiazepines can
produce the same benzophenone, with the
corresponding lack of selectivity [19]. Re-
cently, UV diode-array detectors have become
commercially available. The sensitivity of this
type of HPLC detector is still relatively low,
but they can be useful for the identification of
peaks and in order to establish their purity
[106].

Fluorimetric detection has been less used.
However, it can reduce the need of excessive
clean-up due to its greater selectivity [46]. The
native fluorescence of 1,4-benzodiazepines is
very fow [24, 38, 107, 108] and an adequate
fluorescence intensity is only reached in
strongly acidic media [24, 26, 82, 109]. The
nature and concentration of the acid and the
addition of an alcohol such as methanol or
ethanol affect the fluorescence intensity [24,
82]. However, an excessive concentration of
acid can lead to hydrolysis of the 1,4-benzo-
diazepine [24]. Another way to get a fluor-
escence enhancement is the use of low tem-
peratures (77 K) [109, 110] or the use of a laser
as excitation source [111].

Most of the assays based on fluorimetric
detection of 1,4-benzodiazepines employ some
form of derivatization reaction, such as trans-
formation to the corresponding quinazolines
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[25, 111] or acridanones [39, 51, 110, 112-114],
or the preparation of derivatives by reaction
with fluorescamine [38, 115, 116]. Photolytic
rearrangement of chlordiazepoxide in alkaline
medium gives a derivative containing 4,5-
epoxide group which exhibits an intense fluor-
escence [107, 117]. This reaction is specific for
1,4-benzodiazepines with a N-oxide group.
Oxazepam exhibits a very intense fluorescence
in alcoholic phosphoric acid solutions after
mild heating due to the formation of a dimer
[118-120]. Other possible derivatization re-
actions are reported by Brooks and de Silva
[121] and Gasparic and Zimak [11].

The presence of reducible groups in 1,4-
benzodiazepines allows their electrochemical
detection. All 1,4-benzodiazepines have the
4,5-azomethine group. Furthermore, most of
them have other electroactive groups such as
nitro, N-oxide or hydroxy groups [20, 21, 28,
121]. Reductions or oxidations are usually
performed on carbon and mercury electrodes.
Electrochemical detection has been used less in
HPLC due to the possible contamination of
electrodes and the need for a small cell
volume. However, advances in electrode
design have enabled the use of these detectors
in the last years. Lund e al. [101] have
designed a simple flow cell with interchange-
able working electrodes made from glassy
carbon, carbon paste and mercury. A detection
limit of 3 ng was achieved for Nitrazepam and
300 ng for Diazepam and Chlordiazepoxide
using the glassy carbon electrode.

The ideal working electrode material should
have large anodic and cathodic potential
ranges with low background currents and the
properties of the electrode surface should not
change with time. Glassy carbon and carbon
paste electrodes are particularly well suited for
detection in the anodic range.

Electrodes made from glassy carbon have a
relatively large cathodic range, but need a
cumbersome polishing procedure, while
carbon paste electrodes exhibit a particularly
low background in the anodic region and a
fresh electrode surface can be obtained by
simply removing the top layer of the carbon
paste [101]. A comparison between UV and
amperometric detection for the HPLC analysis
of several types of drugs has been performed
by Musch et al. [122].

The mercury pool electrode has a similar
cathodic range and background as carbon
electrodes [101]. Hanekamp et al. [123] have
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used a pulse-polarographic detector with a
Dropping Mercury Electrode (DME) for the
detection of four 1,4-benzodiazepines in a
mixture. Hackman and Brooks [99] have deter-
mined Chlordiazepoxide and Desmethylchlor-
diazepoxide in plasma using reductive electro-
chemical detection at a DME operated in the
differential pulse mode. The DME has the
advantage of presenting a continuously renew-
able fresh surface during chromatographic
analysis and so it is not subject to poisoning as
are solid electrodes [99]. Recently, Lloyd and
Parry [50) have reported the use of a Hanging
Mercury Drop Electrode (HMDE) for the
reductive electrochemical detection of 1,4-
benzodiazepines in blood samples. They note
that the installation of an upstream coulo-
metric detector with both of the porous carbon
working electrodes at 0 V lowers the back-
ground current at the mercury electrode to 2—
6 nA.

Reductive detection in all cases require the
removal of oxygen from the mobile phase and
sample.

Oxidation of 1,4-benzodiazepines has been
less studied. The oxidation occurs at the
nitrogen atom of the 1,2-amide group and
produces a N-oxide. In other cases oxidation
also occurs through a nitrogen atom of an
amino substituent, as in Flunitrazepam.
Carbon electrodes are the most commonly
used for oxidations due to their greater anodic
range. Selavka ez al. [73] have described an on-
line post-column continuous photolytic deriv-
atization system previous to the oxidative
electrochemical detection at a glassy carbon
electrode.

Table 9 shows the conditions used for the
detection of 1,4-benzodiazepines by different
authors.

Conclusion

This review has presented a general vision of
the multiple HPLC methods available for the
determination of 1,4-benzodiazepines in bio-
logical samples. Some important physico-
chemical and biopharmaceutical data have
been collected to aid in the development of
new HPLC methods.

Most of the HPLC methods reported have
an acceptable sensitivity and should provide a
useful alternative to GC methods. The clean-
up procedure required depends upon the
format of the analyte: free drug, its conjugated
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form, or protein bound fraction of the 1,4-
benzodiazepine of interest. Equilibrium
dialysis or ultramicrofiltration should be used
for the measurement of the free fraction.
Enzymatic hydrolysis should be used for the
measurement of the free and conjugated por-
tions. Both enzymatic hydrolysis and protein
precipitation, when a measurement of the total
amount of the drug is required. After this
previous treatment liquid-liquid or solid-phase
extractions are necessary. SPE offers some
advantages because it is simpler, quicker and
less laborious than liquid-liquid extraction.

The HPLC columns most used are C18
reversed-phase. However, other packing
materials, addition of organic modifiers or
other chromatographic mechanisms could be
considered for reducing peak tailing.

The most popular detector is UV, however
there is increasing interest in electrochemical
detection in recent years. New studies on this
subject are still necessary.
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