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a b s t r a c t

A review with 98 references. The determination of the opium poppy (Papaver somniferum) alka-
loids and their semi-synthetic derivatives has important applications in industrial process monitoring,
clinical analysis and forensic science. Liquid-phase chemiluminescence reagents such as tris(2,2′-
bipyridyl)ruthenium(II) and acidic potassium permanganate exhibit remarkable sensitivity and
complementary selectivity for many P. somniferum alkaloids, which has been exploited in the develop-
ment of a range of analytical procedures using flow analysis, high-performance liquid chromatography,
capillary electrophoresis and microfluidic instrumentation.

© 2008 Elsevier B.V. All rights reserved.
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Table 1
Selected morphinan alkaloids and their semi-synthetic derivatives

Structure I R1 R2 R3

Morphine OH OH CH3

Codeine OCH3 OH CH3

Normorphine OH OH H

Nalorphine OH OH

Ethylmorphine OCH2CH3 OH CH3

Pholcodine OH CH3

Heroin CH3

Structure II R1 R2 R3

Oripavine OH OCH3 CH3

Thebaine OCH3 OCH3 CH3

Structure III R1 R3 R4

Naloxone OH OH

Naltrexone OH OH

Hydrocodone OCH3 CH3 H
Oxycodone OCH3 CH3 OH
Noroxycodone OCH3 H OH

Structure IV R1 R3
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. Introduction

Medicinal use of the opium poppy (Papaver somniferum) and
pium – the alkaloid-rich latex exuded from surface incisions in
he unripe seed heads – predates written history, but the isolation
f morphine was not described until the early nineteenth cen-
ury [1]. Many P. somniferum alkaloids are now known; the most
ignificant in terms of their quantity within the plant are mor-
hine, codeine, thebaine, noscapine, and papaverine [1]. Opiate
lkaloids and their semi-synthetic derivatives (such as oxycodone,
ydrocodone and pholcodine) are used extensively in medicine,
nd hundreds of tonnes of these compounds are produced by the
harmaceutical industry [2]. Accurate means to determine the P.
omniferum alkaloids are therefore required for samples such as
aw plant materials (to establish or monitor alkaloid abundance in
ifferent crops), industrial process streams (to optimise the extrac-
ion yields and reduce waste) and pharmaceutical formulations
for quality control and regulatory requirements). Furthermore, the

isuse of opiate alkaloids, particularly the illegal trafficking and
buse of heroin (3,6-diacetylmorphine), has created the need to
etect these substances on surfaces and in suspected illicit drug
eizures, and identify and/or quantify the parent compounds and
heir metabolites in biological fluids and hair samples. General

ethodology for the determination of P. somniferum alkaloids has
een discussed in previous reviews [3–7]; the determination of
ingle or multiple analytes in complex sample matrices most com-
only involves GC with mass spectrometric detection, or either
PLC or CE with UV-absorbance, fluorescence, electrochemical or
ass spectrometric detection. Chemiluminescence (the emission

f light from a chemical reaction) is an alternative mode of detection
hat provides high sensitivity using relatively simple instrumenta-
ion [8–11]. Chemiluminescence has been used to determine a wide
ange of P. somniferum alkaloids; many of their chemical structures
re shown in Tables 1 and 2. It should be noted that these tables
nclude derivatives and analogues that do not naturally occur in
. somniferum. The IUPAC numbering of relevant carbon atoms in
tructure I (Table 1) has been shown to clarify the structure of
ome simple derivatives such as 6-monoacetylmorphine and 3-
ethoxycodeine, which were not included in the table.

. Chemiluminescence reagents

.1. Potassium permanganate

Morphine was one of the first organic compounds to be detected
ith acidic potassium permanganate chemiluminescence [11,12],

nd although many other compounds have since been examined,
ery few can be detected at the exceedingly low concentrations
eported for morphine and selected other P. somniferum alkaloids.
he characteristic red emission from these reactions has been
ttributed to the production of an excited manganese(II) species
nd in corrected chemiluminescence spectra, the wavelength of
aximum intensity is 734 ± 5 nm [13,14]. Polyphosphates and

olyphosphoric acids are commonly used to enhance the chemilu-
inescence from reactions with acidic potassium permanganate.

nterestingly, these enhancers shift the wavelength of maximum
ntensity to 689 ± 5 nm [13]. Polyphosphates have been employed
xtensively in the determination of P. somniferum alkaloids, but
ormic acid and formaldehyde, which have been shown to enhance

he chemiluminescence with other analytes [11], have very rarely
een used in the detection of these alkaloids.

Abbott et al. [15] and Barnett et al. [16] compared the chemilumi-
escence intensity from a range of P. somniferum alkaloids and other
arcotic analgesics with acidic potassium permanganate, using

a
s
m
t
t

evallorphan OH

orlevorphanol OH H

ow injection analysis (FIA) methodology (Table 3). Compounds
ith a morphinan backbone, phenolic OH group at carbon-3 and

uran bridge between C4 and C5 (Table 1; Structures I, II and
II: R1 = OH, and buprenorphine) were found to evoke a far more
ntense emission than all other compounds under investigation.
or example, morphine and codeine differ only by their hydroxy
nd methoxy groups at carbon-3, but the response for codeine was
nly 2% of the response for morphine. The response for papaver-
ne (a benzylisoquinoline alkaloid also found in P. somniferum) was
.3%. Analgesics that shared little common structure with mor-
hine, such as methadone, pethidine and fentanyl (not shown in
able), gave a response of less than 0.1% [15].

However, a different relationship between analyte structure and
hemiluminescence intensity was observed when P. somniferum
lkaloids were treated with acidic potassium permanganate and

odium sulfite. Zhang and co-workers used these reagents to deter-
ine papaverine [17] and noscapine [18] (see Table 2) and found

hat morphine, codeine and heroin did not interfere at concentra-
ions two orders of magnitude higher than that of the analytes.
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Table 2
Selected benzylisoquinoline alkaloids and related species

Structure V R1 R2

Papaverine OCH3 H
Papaveraldine OCH3 O

Structure VI R1 R3

Laudanosinea OCH3 CH3

Laudanidineb OH CH3

a S(+) configuration at carbon-1.
b R(−) configuration at carbon-1.

Table 3
Relative chemiluminescence signal for P. Somniferum alkaloids and related species
with acidic potassium permanganate

Compound Relative signal

Dihydromorphine 104
Buprenorphine 104
Normorphine 101
Nalorphine 100
Morphine 100
Morphine-N-oxide 99
6-Monoacetylmorphine 97
Oripavinea 71
Naloxone 59
Pseudomorphinea 29
Benzylmorphine 8.2
Ethylmorphine 3.3
Norcodeine 2.7
Phenazocine 2.2
Pentazocine 2.2
Codeine 2.0
Pholcodeine 1.9
Levallorphan 1.7
Dihydrocodeine 1.4
Morphine-3-glucuronide 0.8
Norlevorphanol 0.7
Thebacon 0.7
3,6-Diacetylmorphine 0.6
Hydrocodone 0.6
Thebaine 0.5
Papaverine 0.3
Oxycodone 0.2

a These compounds were compared to morphine in a separate study [16] under
conditions that were not identical to main study (0.5 mg/mL analyte with 0.6 mM
KMnO4 in 0.1 M polyphosphoric acid, adjusted to pH 1.2 with HCl [15]).

Table 4
Relative chemiluminescence signal for various P. somniferum alkaloids with tris(2,2′-
bipyridyl)ruthenium(III)

Compound Relative signal

Codeine 100
6-Methoxycodeine 98
2,2′-Biscodeine (codeine dimer) 23
Noscapinea 16
Thebaine 15
Narcotinea 11
Narceine 2
Laudanosine 0.6
Papaverine 0.5
Papaveraldine 0.2
Cryptoine 0.1
Morphine-N-oxide 0.05
Oripavine <0.01
Laudanidine <0.01
Morphine <0.01
P
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seudomorphine <0.01

a Although listed as two separate entries in table, these two names refer to the
ame compound (perhaps in this case from two different batches or sources).

pectroscopic evidence presented by Zhang et al. [17,18], and
he fact that a similar emission was observed from the reaction
etween papaverine, cerium(IV) and sulfite [19], point to an alter-
ative light-producing pathway.

.2. Tris(2,2′-bipyridyl)ruthenium(III)

Many compounds react with tris(2,2′-bipyridyl)ruthenium(III)
Fig. 1a), but only certain species evoke the characteristic
range chemiluminescence (�max ∼ 610–620 nm) from this reagent
10,20]. Analytical investigations have largely focused on the
xalate ion and a variety of amines. As a general rule, the emis-
ion intensity from the reaction with amines is in the order:
ertiary > secondary > primary; but subtle differences in chemical
tructure can have a dramatic effect [10,20]. Barnett and co-
orkers measured the response from a range of P. somniferum

lkaloids with tris(2,2′-bipyridyl)ruthenium(III) in acetate buffer
t pH 5.8 (Table 4) [21]. The greatest chemiluminescence intensity
as obtained with compounds such as codeine, 6-methoxycodeine

nd thebaine, which possess a tertiary amine within a mor-
hinan backbone, and a methoxy group at carbon-3 (Table 1;
tructures I and II: R1 = OCH3) [21]. Alkaloid derivatives such as
eroin, oxycodone and 10-oxocodeine have also been found to
voke an intense emission with tris(2,2′-bipyridyl)ruthenium(III)
22,23] and therefore species in Table 1 that evoke an intense
mission with this reagent can be broadened to those where
1 is not a hydroxyl group, and R3 is a methyl or larger alkyl
roup.

Derivatives with aromatic or quaternary amines, such as
odeine-N-oxide and codeine-N-methyliodide, did not evoke the
ntense emission observed for closely related species with ter-
iary aliphatic amines [22]. At pH 5.8, a reasonable response was
btained with noscapine, but most of the benzylisoquinoline alka-
oids and related species shown in Table 2 gave a response that
as less than 1% of that for codeine [21]. In stark contrast to the

electivity of acidic potassium permanganate, phenolic compounds
uch as morphine, oripavine, and laudanidine gave a relatively poor
esponse: less than 0.01% of that observed for codeine [21]. Green-
ay et al. reported similar differences in emission intensity for
odeine and morphine using electrogenerated chemiluminescence
ith tris(2,2′-bipyridyl)ruthenium(II) [24].

At higher pH (between 7 and 12), an intense emission can be
bserved with compounds that gave a moderate or poor response
elow pH 6, including morphine, pseudomorphine, laudanosine,
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Fig. 1. (a) Chemical structure and (b) preparation, reaction a

arceine and noscapine [22], but analysis at high pH is complicated
y the oxidation of water by the reagent [25].

Tris(2,2′-bipyridyl)ruthenium(III) is only moderately stable in
cidic aqueous solutions [25] and therefore it is normally pro-
uced immediately prior to use by chemical or electrochemical
xidation of the corresponding ruthenium(II) complex (Fig. 1b).
ubsequent reaction with a suitable reducing agent (analyte) pro-
uces the ruthenium(II) complex in an electronically excited state
a short-lived d�* triplet), that can emit a photon of light to
eturn to the ground state. If the reagent is immobilised [26–28],
t can be isolated from the spent analyte solution and re-oxidised
o the active ruthenium(III) form (Fig. 1b). Cerium(IV) and lead
ioxide are the two most commonly used chemical oxidants
or the generation of tris(2,2′-bipyridyl)ruthenium(III) [26,27].
erium(IV) has been used for on-line oxidation of the reagent
both solution-phase [29–31] and immobilised [27,32]). In con-
rast, solid lead dioxide is used prior to the analytical procedure
nd the excess oxidant is filtered off. A re-circulating reagent sys-
em, where the ruthenium chelate is continually aspirated from
and returned to) a beaker containing lead dioxide, has been used
o minimise reagent variation [25,33]. The anhydrous perchlo-
ate salt of tris(2,2′-bipyridyl)ruthenium(III) is temporally stable
s a solid or dissolved in dry acetonitrile [34], and has been
hown to be a useful alternative for chemiluminescence detection
34–36].

.3. Other reagents

Luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) is one
f the most commonly used liquid-phase chemiluminescence
eagents, which has been applied to the determination of oxidants,
ransition metal ions and complexes (which catalyse the oxidation
f luminol with hydrogen peroxide), and a wide variety of com-
ounds that either enhance or inhibit the production of light [9].
his approach has been used to determine alkaloids such as mor-
hine [37,38], codeine [37–39] and heroin [40].

Soluble manganese(IV) is a relatively new chemiluminescence
eagent [41,42], which can be prepared by reducing potassium
ermanganate with sodium formate and dissolving the solid
anganese dioxide product in 3 M orthophosphoric acid. The

pectral distribution for reactions with soluble manganese(IV)
�max = 730 ± 5 nm) [42] is similar to that of acidic potassium
ermanganate [manganese(VII)] chemiluminescence, and there is
ubstantial evidence to support a manganese(II) species as the com-
on emitter [13]. Although the light-producing reaction pathways

f these two reagents are related, they do not exhibit the same
electivity. For example, limits of detection for morphine, codeine
nd papaverine are vastly different with permanganate [15,43], but

re all within one order of magnitude with soluble manganese(IV)
42]. Although this reagent is not as sensitive as acidic potassium
ermanganate for phenolic morphinan alkaloids, it could provide
more universal chemiluminescence detection system for HPLC

42].

r
d
i
t
o

generation of the tris(2,2′-bipyridyl)ruthenium(III) reagent.

Methyltriphenylphosphonium permanganate was examined as
n alternative to potassium permanganate for the determination of
orphine in non-aqueous process samples [44]. It was thought that

his reagent may be more available to react with the analyte through
he formation of an ion-pair in the water-immiscible solvent, but
imilar analytical performance to that of the potassium salt was
bserved.

Rezaei and co-workers used tris(1,10-phenanthroline)
uthenium(II) to determine noscapine (using on-line chemi-
al oxidation of the reagent to the ruthenium(III) state) [45]. They
tated that the reagent provided greater sensitivity than tris(2,2′-
ipyridyl)ruthenium(II) (citing previous work involving other
nalytes) but the two reagents were not directly compared for
he determination of noscapine [45]. Michel and co-workers com-
ared the electrochemiluminescence of codeine with four different
uthenium(II) complexes and found that bis(2,2′-bipyridyl)(1,10-
henanthroline)ruthenium(II) produced a more intense signal
2.5-fold greater) than tris(2,2′-bipyridyl)ruthenium(II) [46]. How-
ver, this closely related complex is not commercially available
nd is therefore less practical for routine application.

Papadopoulos and co-workers reported the determination of
apaverine and other aza-aromatics using ‘photostorage chemilu-
inescence’ [47]. The analyte was dissolved in DMF and irradiated
ith a xenon lamp until the characteristic bands in the ultravio-

et region disappeared and the light-producing reaction was then
nitiated by adding a strong base. A linear range for papaverine of
× 10−7 to 1 × 10−4 M was reported.

Gas-phase chemiluminescence detectors have been applied to
he determination of opiate alkaloids [48,49], and chemilumines-
ence has been used to study the microbicidal oxidative function of
uman neutrophils after clinical doses of pharmaceuticals, includ-

ng morphine [50], but a detailed discussion of these approaches is
utside the scope of this review.

. Instrumental approaches and applications

Analytical procedures for the determination of P. somniferum
lkaloids based on chemiluminescence detection with potas-
ium permanganate, tris(2,2′-bipyridyl)ruthenium(III) and other
eagents are shown in Tables 5–7, respectively. Each table is divided
nto various instrumental approaches and then arranged in chrono-
ogical order of publication. The following discussion is focussed on
rocedures that were applied to real samples.

.1. Flow analysis (FIA and related approaches)

Potassium permanganate and tris(2,2′-bipyridyl)ruthenium(III)

eact rapidly with the analytes of interest, and therefore repro-
ucible mixing at (or immediately prior to) the point of detection

s essential for analytical applications. Chemiluminescence detec-
ors for flow analysis are often custom built and generally consist
f a flat reaction coil placed against a photomultiplier tube in light-
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Table 5
Detection of P. somniferum alkaloids with acidic potassium permanganate chemiluminescence

Approach Enhancer Analytes Limit of detection Sample(s) Reference

FIA Polyphosphoric acid Morphine 1 × 10−10 M Not applied [15,51]
FIA Polyphosphoric acid Buprenorphine 1 × 10−8 M Tablets [90]
FIA – Morphine 7 × 10−7 M Not applied [91]
FIA Tetraphosphoric acid Morphine 5 × 10−8 M Process streams [16]
FIA Polyphosphoric acid Codeine 3 × 10−7 M Not applied [43]
FIA Polyphosphate Morphine 1 × 10−10 M Not applied [52]
FIA Sulfite Papaverine 1 × 10−7 M Injections and tablets [17]
FIA Sulfite Noscapine 8 × 10−9 M Synthetic samples [18]
FIAa Sulfite, polyphosphoric acid Morphine 7 × 10−9 M Urine [55]
FIA Polyphosphate Heroin (after hydrolysis to morphine) Not stated Drug seizure samples [35]
SIA Hexametaphosphate Morphine 1 × 10−8 M Process streams [54]
SIA Hexametaphosphate Morphine 1 × 10−6 M Non-aqueous process streams [44]
SIA Polyphosphate Morphine 5 × 10−11 M Not applied [92]
b Tetraphosphoric acid Morphine (and urinary metabolite) 1 × 10−8 M Urine [93]
Batch – Naltrexone 6 × 10−9 M Tablets and capsules [94]
SFAc Polyphosphate Morphine 2 × 10−8 M Process samples [95]
SFA – Naloxone 5 × 10−7 M Pharmaceuticals [53]

SFA Formaldehyde Morphine 1 × 10−8 M Not applied [96]
Naloxone 1 × 10−7 M

HPLC Polyphosphoric acid Morphine 9 × 10−8 M Blood and urine [62]

HPLC Polyphosphoric acid Codeine 3 × 10−6 Md Opium and urine [63]
Heroin 3 × 10−7 M
3-Monoacetylmorphine 3 × 10−8 M
Morphine 4 × 10−10 M

HPLC Polyphosphoric acid, hexametaphosphate Monoacetylmorphine 5 × 10−8 M Not applied [64]
Morphine 4 × 10−9 M

HPLCe Polyphosphate Codeine 5 × 10−7 M Industrial process samples [67]
Morphine 1 × 10−6 M
Oripavine 3 × 10−6 M
Thebaine 2 × 10−6 M

HPLC Polyphosphate Morphine 1 × 10−10 M Industrial process samples [56]
Oripavine 5 × 10−10 M

HPLC Polyphosphate Morphine 3 × 10−9 M Not applied [97]
Oripavine 3 × 10−9 M
Pseudomorphine 1 × 10−8 M

CE Polyphosphoric acid, �-cyclodextrin Heroin 115 fmolf Not applied [77]
6-Monoacetylmorphine 66 fmol
Morphine 23 fmol

CE Polyphosphate Morphine 3 × 10−7 M Industrial process samples [78]
Oripavine 3 × 10−7 M
Pseudomorphine 5 × 10−7 M

a Incorporating a molecular imprinted polymer glass column.
b Papers published in a language other than English and the required information was not included in the English language abstract.
c SFA: stopped-flow analysis.

t
b
p
A

d Corrected limits of detection (see [11]).
e Dual chemiluminescence reagent (permanganate combined with Ru(bipy)3

2+).
f Injection volume not stated.
ight housing (Fig. 2). In most of the flow analysis systems that have
een used for the determination of opiate alkaloids, there is no
hysical separation of the target analyte from the sample matrix.
ccurate measurement therefore depends upon: (i) the inherent

Fig. 2. Components of a chemiluminescence detector for flow analysis.
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electivity of the particular chemiluminescence reagent under the
elected conditions; (ii) sufficiently low concentrations of interfer-
ng species in the sample.

Morphine can be detected at concentrations as low as
× 10−10 M using acidic potassium permanganate in a simple two-

ine FIA instrument [15,51,52]. Alwarthan and Townshend used this
pproach to determine buprenorphine [15], and Murillo Pulgarín
t al. used a related stopped-flow system to determine naloxone
53], in pharmaceutical preparations. In both cases, no sample
re-treatment was required, other than dissolution of the tablets
15,53]. Barnett and co-workers applied this simple configuration

o the determination of morphine in ‘rich extract’ process liquors
nd, in spite of the complexity of the sample matrix, the results
ere in good agreement with those obtained using a validated liq-
id chromatographic method [16]. Interference from non-phenolic
lkaloids, such as codeine, thebaine and papaverine was negligible
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Table 6
Detection of P. somniferum alkaloids with tris(2,2′-bipyridyl)ruthenium(III) chemiluminescence

Approach Method of Ru(bipy)3
2+ oxidation Analytes Limits of detection Sample(s) Reference

FIA Electrochemical Codeine 2 × 10−8 M Not applied [24]
Dextromethorphan 4 × 10−8 M
Heroin 5 × 10−8 M
Morphine 1 × 10−5 M

FIA Chemical (lead dioxide), in on-line solid phase reactor Codeine 5 × 10−9 M Industrial process samples [21]
FIA Chemical (lead dioxide), in re-circulating system Codeine Not stated Not applied [25]
FIA Chemical (chlorine), during preparation of [Ru(bipy)3](ClO4)3 Codeine 5 × 10−9 M Not applied [34]

FIA Electrochemical Codeine a a [98]
Morphine

FIA Chemical (cerium(IV)) oxidation of immobilised reagent Codeine 3 × 10−7 M Not applied [27]
FIA Electrochemical oxidation of immobilised reagent Heroin 1 × 10−6 M Not applied [28]
FIA Chemical (chlorine), during preparation of [Ru(bipy)3](ClO4)3 Heroin Not stated Heroin seizure samples [35]

FIA Electrochemical oxidation of immobilised reagent Codeine 5 × 10−9 M Drugs seized from illegal suppliers [58]
Morphine 3 × 10−8 M

SIA Chemical (cerium(IV)) oxidation of immobilised reagent Codeine 1 × 10−8 M Not applied [27]

SIA Chemical (cerium(IV)) oxidation of immobilised reagent Codeine 5 × 10−10 M Not applied [32]
Thebaine 5 × 10−9 M

HPLC Photochemical (S2O8
2−) Dihydrocodeine a Cough syrup [65]

HPLC Chemical (permanganate), dual chemiluminescence reagent Codeine 5 × 10−7 M Industrial process samples [67]
Morphine 1 × 10−6 M
Oripavine 3 × 10−6 M
Thebaine 2 × 10−6 M

HPLC Electrochemical Oxycodone 2 × 10−9 M Dog plasma and dog urine [23]
Noroxycodone 9 × 10−9 M

HPLC Electrochemical Oxycodone 2 × 10−9 M Human plasma [66]
Noroxycodone 3 × 10−9 M

HPLC Chemical (lead dioxide) Codeine 5 × 10−10 M Industrial process samples [56]
Thebaine 1 × 10−9 M

HPLC Chemical (lead dioxide) Codeine 5 × 10−9 M Not applied [97]
Ethylmorphine 5 × 10−9 M
Thebaine 5 × 10−9 M

CE Chemical (lead dioxide) Codeine 5 × 10−8 M Not applied [79]
6-Methoxycodeine 5 × 10−8 M
Thebaine 1 × 10−7 M

CE Electrochemical Heroin 5 × 10−8 M Contaminated banknotes [80]

MDb Electrochemical oxidation of Ru(bipy)3
2+ or [Ru(bipy)2(phen)]2+ Codeine 1 × 10−7 M (batch) Pharmaceutical products [46]

5 × 10−6 M (FIA)

MD Electrochemical Codeine 1 × 10−4 M Pharmaceutical products [86]
MD Electrochemical oxidation of immobilised reagent Codeine 2 × 10−5 M (batch) Pharmaceutical products [87]
M eine −7
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a Papers published in languages other than English and the required information
b MD: microfabricated device.

ue to the selectivity of the permanganate reagent and, although
comparable signal is obtained from oripavine and pseudomor-

hine (Table 3), these species were present at concentrations 100
imes less than that of morphine [16]. Morphine has been deter-

ined in aqueous [54] and non-aqueous [44] process streams using
equential injection analysis (SIA) with permanganate chemilumi-
escence detection. Samples were collected from numerous points
long the process line and for some samples there was a significant
up to 40%) difference between the SIA chemiluminescence and
onventional HPLC results, which was attributed to matrix effects
ssociated with pH and suspended solids [54].

He and co-workers reported a flow system incorporating a glass

olumn packed with a molecular-imprinted polymer for the deter-
ination of morphine in the urine of heroin abusers [55]. The

ample was pumped through the column, followed by a wash
olution to remove interfering species, and then a mixture of
he wash solution and the acidic permanganate reagent to initi-

p
g
n
i
t

8 × 10 M Not applied [88]

ot included in the English language abstract.

te the chemiluminescence reaction and, finally, the column was
ushed with water. The use of the column increased the toler-
nce ratio of interfering species (e.g. epinephrine, ascorbic acid
nd codeine) to morphine by approximately two orders of mag-
itude. Interestingly, He and co-workers added sodium sulfite to
he wash solution to minimise oxidation of the polymer over time
55]; this reducing agent has been used in conjunction with acidic
ermanganate or cerium(IV) by other researchers to determine
on-phenolic alkaloids (papaverine [17,19] and noscapine [18]) and

t was reported that morphine did not interfere, even at concen-
rations two orders of magnitude greater than the target analytes
17,18]. The flow analysis manifold used to mix the sample with

ermanganate and sulfite reagents was more complex than those
enerally required for acidic potassium permanganate chemilumi-
escence. The authors described the determination of papaverine

n pharmaceutical preparations [17,19] and compound liquorice
ablets [17], and percentage recoveries in spiked urine and serum
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Table 7
Detection of P. somniferum alkaloids with other chemiluminescence reagents

Reagent Approach Analytes Limit of detection Sample(s) Reference

Luminol, hydrogen peroxide
and Reinecke salt

FIA Codeine 2 × 10−6 M Pharmaceutical
preparations

[37,38]

Morphine 2 × 10−7 M
Sinomenine 2 × 10−7 M

Luminol and hydrogen
peroxide

a Heroin 3 × 10−9 M a [40]

Luminol and potassium
ferricyanide

FIA Codeine 1 × 10−7 M Codeine tablets [39]

Cerium(IV) and sulfite FIA Papaverine 9 × 10−8 M Pharmaceutical
preparations
and biological
fluids

[19]

Strong base after irradiation
with a xenon lamp

Batch Papaverine Not stated Not applied [47]

Soluble manganese(IV) FIA Codeine 5 × 10−8 M Not applied [41]
Morphine 8 × 10−8 M

Soluble manganese(IV) FIA (HPLC demonstrated) Codeine 1 × 10−8 M Not applied [42]
Heroin 1 × 10−6 M
Morphine 5 × 10−8 M
Oripavine 5 × 10−9 M
Papaverine 1 × 10−9 M
Pseudomorphine 1 × 10−9 M
Thebaine 5 × 10−9 M

Tris(1,10-phenantholine) FIA Noscapine 7 × 10−8 M Cough syrup [45]
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monoacetylmorphine and morphine. Some tertiary amines (such
as codeine, strychnine and chloroquine) caused false positives
with tris(2,2′-bipyridyl)ruthenium(III), but they did not pro-
duce the markedly increased response with the permanganate
reagent after the hydrolysis procedure, and therefore these species
ruthenium(II) and cerium(IV)

a Paper published in a language other than English and the required information

xtracts [19], but it was not mentioned whether a response was
btained from other species in the biological samples before the
amples were spiked with papaverine.

A limit of detection of 3 × 10−7 M has been reported for codeine
ith an acidic potassium permanganate reagent using FIA method-

logy [43], but the determination of codeine in process liquors
ith this reagent is hindered by the overwhelming response from
orphine. However, tris(2,2′-bipyridyl)ruthenium(III) is far more

elective towards non-phenolic morphinan alkaloids (Table 4) and
etection limits for codeine as low as 5 × 10−10 M have been
eported [32]. This chemistry has been applied to the determina-
ion of codeine in process liquors using FIA methodology [21]. In
hat particular study, a solid-phase reactor containing lead diox-
de was used to oxidise tris(2,2′-bipyridyl)ruthenium(II) on-line,
nstead of the more conventional oxidation prior to injection. Sam-
les were collected from two different points along the process

ine. The results for the FIA-chemiluminescence and conventional
PLC procedures were in good agreement for one sample, but

he standard additions method was required to reach agreement
or the other sample [21]. As with the determination of mor-
hine in process liquors with acidic potassium permanganate [54],
his highlights the susceptibility of FIA and SIA methodology to

atrix effects, in spite of the fact that the high sensitivity of the
eagents allows sample dilution of between 100- and 100,000-fold
16,21,54]. Furthermore, the concentrations of morphine, codeine
nd other alkaloids vary widely at different points of the extraction
nd methylation processes [56] and therefore physical separation of
ample components is often required for an accurate determination
f opiate alkaloids in industrial process samples.

Agg and co-workers reported a rapid method for the detec-
ion of heroin in drug seizure samples, based on a simple

ydrolysis procedure and FIA or SIA with two chemilumines-
ence reagents [35,57]. The concept behind this test is depicted
n Fig. 3. Before hydrolysis, heroin evokes an intense response
rom tris(2,2′-bipyridyl)ruthenium(III) perchlorate and a rela-
ively weak response with potassium permanganate. However,

F
r

ot included in the English language abstract.

he reverse was observed with the hydrolysis products: 6-
ig. 3. Concept for a rapid screening test for heroin. Reprinted from Ref. [57], Copy-
ight (2008), with permission from Elsevier.
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id not interfere in the overall procedure [35,57]. Agg and
o-workers have also described a spray reagent containing tris(2,2′-
ipyridyl)ruthenium(III) for the detection of heroin on surfaces
36]. Qiu and co-workers described an electrochemiluminescence
ow through detector containing tris(2,2′-bipyridyl)ruthenium(II)

mmobilised in a film of organically modified silicates on the elec-
rode surface, which they used to establish the purity of drugs
codeine and morphine) seized from illegal suppliers [58]. The
urity of three samples of each drug (between 81.5 and 97.2%)
stablished using the proposed procedure was in good agreement
ith the results obtained using GC-MS.

Luminol has been used to detect certain transition metal ions
t concentrations as low as 10−11 M [9], but the sensitivity of lumi-
ol systems for enhancers and inhibitors is much poorer [59–61].
etection limits for opiate alkaloids using this approach are gener-
lly poorer than those obtained with potassium permanganate and
ris(2,2′-bipyridyl)ruthenium(III), and the selectivity has not been
s thoroughly explored. Nevertheless, Li [37] and Feng et al. [39]
ave determined several alkaloids in pharmaceutical preparations.

.2. High-performance liquid chromatography

Chemiluminescence detectors designed for FIA can be effec-
ively coupled to HPLC by replacing the carrier line in the T-piece
ith the outlet line from the column (or after the UV-absorbance
etector). Unlike FIA, this approach allows many opiate alkaloids
o be detected without interference from the sample matrix. The

ain complication is that the optimum conditions for separation
ay not match those for detection.
Soon after Abbott and co-workers reported the determination of

orphine with acidic potassium permanganate using FIA [15,51],
hey applied this method of detection to the determination of

orphine in urine and blood using HPLC [62]. An examination
f common HPLC mobile phase solvents revealed that acetoni-
rile completely quenched the chemiluminescence. THF did not
uench, but dissolved the PVC tubing that they used to connect
he T-piece to the manifold tubing. Alcohols caused some loss
f signal, particularly at high concentrations. Therefore, a mobile
hase consisting of 12.5% methanol and 87.5% polyphosphoric acid
0.01 M aqueous solution) was selected. Samples were pre-treated
y solid–liquid extraction and N-ethylnormorphine was used as an
nternal standard. Chemiluminescence was found to be more selec-
ive and sensitive than UV-absorbance under identical separation
onditions [62].

Zhu and co-workers used a similar approach to determine mor-
hine, heroin, 3-monoacetylmorphine and codeine in raw opium
nd the urine from drug addicts [63], but the detection limits
or the three non-phenolic derivatives were between two and
our orders of magnitude poorer than that for morphine. Amiott
nd Andrews modified the procedure reported by Abbott and co-
orkers and determined morphine, 6-monoacetylmorphine and an

nternal standard (nalorphine; a commercially available morphine
erivative) [64].

Tris(2,2′-bipyridyl)ruthenium(III) has also been used for post-
olumn chemiluminescence detection of opiate alkaloids and
heir derivatives [23,65–67]. Gemba and co-workers determined
xycodone (a synthetic opiate agonist) and its N-demethylated
etabolite, noroxycodone, in dog urine [23] and human and

og plasma [23,66] using reversed-phase HPLC after solid-phase
xtraction. The tris(2,2′-bipyridyl)ruthenium(II) reagent was elec-

rochemically oxidised to the ruthenium(III) state, on-line, prior
o merging with the column eluent [66]. In spite of the different
egree of amine substitution (see Table 1: Structure III), similar
etection limits were reported for the two analytes [66]. Chiba and
o-workers used narceine (see Table 2) as an internal standard for

t
a
d
m
s
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he determination of yohimbine (an alkaloid from other plants)
n serum by ion-pair HPLC with tris(2,2′-bipyridyl)ruthenium(III)
hemiluminescence detection [68].

Costin and co-workers recently determined opiate alkaloids
n industrial process samples using monolithic column chro-

atography with chemiluminescence detection [56]. Compared to
onventional packed columns, highly porous monolithic columns
such as the Chromolith SpeedROD) allow high flow rates to be
pplied at low pressure and without a significant decrease in sep-
ration efficiency. This reduces the time required for separation
nd can improve sensitivity though reduced band broaden-
ng and flow-rates that are closer to the optimum conditions
or light-production within coiled flow-through detection cells
69,70]. Costin and co-workers determined codeine and thebaine
ithin 2 min using a flow rate of 3 mL/min, solvent gradient

f acetonitrile in an aqueous solution of trifluoroacetic acid,
nd tris(2,2′-bipyridyl)ruthenium(III) chemiluminescence detec-
ion [56]. Morphine and oripavine could also be determined in
min, using a solvent gradient of methanol in an aqueous solution
f trifluoroacetic acid, and acidic potassium permanganate chemi-
uminescence. These two procedures provided limits of detection
or the four opiate alkaloids that were similar to the best val-
es obtained with FIA and SIA methodology. Samples were taken
rom various points in the process line and diluted between 250
nd 125,000 times to operate within linear calibration ranges. The
esults were in good agreement with those obtained using the Glax-
SmithKline standard procedure, based on ion-pairing HPLC with
V-absorbance detection [56].

This approach could also be useful in forensic entomotoxicology.
unn and co-workers developed a HPLC procedure incorporat-

ng a monolithic column and permanganate chemiluminescence
etection for the determination of morphine in the larvae of the
ustralian blow fly (Calliphora stygia) [71].

As described above, both acidic potassium permanganate and
ris(2,2′-bipyridyl)ruthenium(III) are highly selective towards dis-
inct groups of P. somniferum alkaloids, which often provides
n advantage over other modes of detection. However, in some
nstances, the determination of analytes from both groups is
equired. Two methods to determine a broader range of P. som-
iferum alkaloids with chemiluminescence detection have been
eported [42,67].

In the first [67], a dual function chemiluminescence reagent
as prepared on-line by combining solutions of tris(2,2′-
ipyridyl)ruthenium(II) and acidic potassium permanganate before
erging with the column eluent immediately prior to the flow-

hrough detector. In this system, the permanganate solution also
onveniently served the role of oxidising the other reagent to
he ruthenium(III) state. Morphine, codeine, oripavine and the-
aine were separated with ion-paring HPLC and detection limits
or the four analytes were within one order of magnitude. The dual
eagent was far less sensitive than tris(2,2′-bipyridyl)ruthenium(II)
nd acidic potassium permanganate individually (for codeine and
hebaine and for morphine and oripavine, respectively) but still
uperior to UV-absorbance detection for these compounds in
ndustrial process samples [67].

In the second method to broaden this mode of detection, the
olumn eluent was merged with a formaldehyde solution and then
soluble manganese(IV) reagent [42]. Six opiate alkaloids were

eparated within 4 min using monolithic column HPLC. As with
he dual reagent, analytes that produced a strong response with

ris(2,2′-bipyridyl)ruthenium(III) (codeine and thebaine) and with
cidic potassium permanganate (morphine, oripavine and pseu-
omorphine) both produced a reasonable response with soluble
anganese(IV), but in this case papaverine also gave a comparable

ignal. The limit of detection for all six alkaloids was approxi-
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ately 5 × 10−7 M, when an injection volume of 2 �L was used
42].

.3. Capillary electrophoresis

Capillary electrophoresis (CE) can provide excellent resolution
ithin short analysis times and is a useful alternative to HPLC for

he separation of complex mixtures, particularly biological materi-
ls, as relatively small sample volumes can be analysed [72–74]. As
iscussed by Hindson and co-workers [75], many CE procedures for
he determination of opiate alkaloids in process monitoring, phar-

aceutical and forensic science applications have been reported.
ost of these have incorporated UV-absorbance detection, which

as limited sensitivity due to the small internal diameter of the
eparation capillary [72,73]. Chemiluminescence detection is a
ow-cost option to increase the sensitivity and selectivity, but the
apillary end inside the buffer reservoir complicates the addition of
eagents and the optimal conditions for separation are not always
ompatible with those for the chemiluminescence detection. Con-
equently, much of the research into CE with chemiluminescence
etection has focussed on the development of suitable detectors
72,73,76].

Nevertheless, opiate alkaloids have been determined using
E with acidic potassium permanganate [77,78] and tris(2,2′-
ipyridyl)ruthenium(III) [79,80] as chemiluminescence reagents.
arnett and co-workers determined codeine, 6-methoxy-
odeine and thebaine in a standard mixture using tris(2,2′-
ipyridyl)ruthenium(III) chemiluminescence detection at the
apillary end [79]. In this system, the capillary and electrode were
nserted through a rubber seal into a glass vial that was positioned
n top of a photomultiplier tube (Fig. 4). The vial was filled with
eagent solution prior to each analysis. Separation was complete
ithin 14 min and the detection limits were between 5 × 10−8

−7
nd 1 × 10 M. The direct transfer of this technology to the
etermination of morphine, oripavine and pseudomorphine with
cidic potassium permanganate was problematic, due to migration
f the reagent anion into the separation capillary [78]. However,
his was overcome by reversing the polarity of the electrodes.

ig. 4. A glass cell for chemiluminescence detection after separation using capillary
lectrophoresis. Reprinted from Ref. [79], Copyright (1998), with permission from
he Royal Society of Chemistry.
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exadiamethrine bromide was added to the electrolyte to direct
he electroosmotic flow towards the anode (and detector), and
-cyclodextrin was added to improve the separation efficiency. In
ddition, the use of a flowing reagent increased signal intensity
nd reduced peak width. The three analytes were resolved within
min, with detection limits from 2.5 × 10−7 to 5 × 10−7 M. In a
reliminary evaluation with a process liquor, relatively small peaks
or oripavine and pseudomorphine were detected on either side of
he dominant peak for morphine [78].

Cheng and co-workers developed a sheath-flow chemilumines-
ence detector for CE [81], which they applied to the determination
f morphine, 6-monoacetylmorphine and heroin with acidic potas-
ium permanganate [77]. After removing the last 10 cm of coating
rom the separation capillary (50 �m i.d.), it was inserted into

larger (530 �m i.d.) ‘reaction’ capillary. A third capillary was
sed to deliver the chemiluminescence reagent (by gravity). The
apillaries and grounding electrode were fixed in place within a
our-way Plexiglass joint and a photomultiplier tube was placed
gainst a 1-cm detection window burnt into the reaction capillary.
-Cyclodextrins were added to the separation buffer to enhance
eparation efficiency and the three analytes were resolved within
min.

.4. Miniaturised devices

Miniaturised chemical analysis involves the quantitation of low
oncentrations of analytes in exceedingly small volumes of solu-
ion and therefore highly sensitive and selective modes of detection
uch as laser-induced fluorescence, chemiluminescence and elec-
rochemistry are often more suitable than UV-absorbance [82,83].
hemiluminescence is an attractive option because (unlike other
pectroscopic modes of detection) an external light source is not
equired and therefore the instrumentation is far simpler [76,83].
lectrochemiluminescence detectors for microfluidic devices have
lso been developed [84].

The chemiluminescence or electrochemiluminescence detec-
ion of codeine with tris(2,2′-bipyridyl)ruthenium(II) has been
sed to demonstrate the viability of several miniaturised ana-

ytical approaches. Researchers at the University of Neuchâtel
n Switzerland developed a miniaturised electrochemilumines-
ence detector, where electrode transducer and photodetector
ere incorporated on a 5 × 6 mm silicon chip [46,85–87]. The
erformance of the device was initially evaluated using tris(2,2′-

ipyridyl)ruthenium(II) with tripropylamine [85], but it was later
dapted for use as a flow-though detection cell for FIA (Fig. 5) and
he electrochemiluminescence from a range of ruthenium(II) com-
lexes with codeine was examined, and applied to the analysis of
wo pharmaceutical preparations [46]. This group also immobilised

ig. 5. A flow-through electrochemiluminescence detector for FIA. Reprinted from
ef. [46], Copyright (1999), with permission from Elsevier.
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ris(2,2′-bipyridyl)ruthenium(II) at the surface of these sensors, by
ncapsulating the complex within a sol–gel matrix and grinding
t to a powder for entrapment in a polyhydroxyethyl methacrylate

embrane [87]. This system was less sensitive than the previous
imilar approach with solution phase reagents, but was also applied
o the determination of codeine in a pharmaceutical preparation.
t was reported that the electrochemiluminescence response for
odeine was reasonably consistent for 7 days, but decreased rapidly
fter that period of time [87].

Greenway and co-workers oxidised codeine with tris(2,2′-
ipyridyl)ruthenium(III) within a microfluidic device (20 mm ×
5 mm chip) constructed by etching channels (200 �L width,
00 �L depth) into borosilicate glass [88]. Three solution reservoirs
ere drilled into a glass cover plate and were aligned to the ends

f the T-shaped channel design. A fourth pre-drilled hole in the
over plate was used to position the end of a fibre optic cable above
he emission point, to transfer the light to a small photomultiplier
ube. The solutions were propelled using electroosmotic flow when

voltage was applied. The tris(2,2′-bipyridyl)ruthenium(III) was
enerated off-line by oxidising the ruthenium(II) complex with lead
ioxide.

Wang and co-workers constructed a miniaturised electro-
hemiluminescence detection cell for FIA and CE [89], which
as applied to the determination of heroin and cocaine on
ank notes, using tris(2,2′-bipyridyl)ruthenium(II) [80]. Cell chan-
els were created by wet chemical etching two pieces of glass
20 mm × 15 mm × 1.7 mm) and drilling access holes. Solution and
aste reservoirs, capillary guides and electrodes were glued in
lace and the two glass plates sealed together with epoxy resin.
he cell was placed directly in front of the photomultiplier
ube window. The target analytes were extracted from banknotes
ith an acetic acid solution. Heroin, cocaine and three unknown

ompounds from the banknotes were separated with baseline res-
lution in under 9 min [80].

. Conclusions

Investigations into the chemiluminescence determination of P.
omniferum alkaloids using flow-injection and sequential-injection
nalysis have revealed the remarkable sensitivity and selectivity of
his mode of detection. Tris(2,2′-bipyridyl)ruthenium(III) is most
uitable for the detection of non-phenolic alkaloids that possess
ertiary amine functionality, such as codeine, 6-methoxycodeine,
oscapine and thebaine; whereas acidic potassium permanganate
rovides the greatest limits of detection for phenolic morphinan
pecies such as buprenorphine, morphine, naloxone and oripavine.
apaverine does not produce a relatively intense response with
ither of these reagents, but has been detected with permanganate
nd sulfite, and with manganese(IV) and formaldehyde. The appli-
ation of these reagents for the determination of opiate alkaloids in
omplex samples normally requires a separation procedure to avoid
nterferences (particularly from structurally related alkaloids) and

atrix effects. The use of monolithic columns has considerably
educed the time required for HPLC separation and improved lim-
ts of detection to levels that are equivalent to those obtained

ith FIA or SIA, and coupled with the inherent selectivity of the
hemiluminescence reactions, this approach is far superior to con-
entional HPLC with UV-absorbance detection. CE has been less

horoughly explored, presumably due to the additional complex-
ty of developing a suitable detector. Nevertheless, CE procedures

ith tris(2,2′-bipyridyl)ruthenium(III) and permanganate chemi-
uminescence detection have been developed and this separation
pproach may become more important with the increasing devel-
pment of microfluidic devices.
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