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Rapid high-throughput detection of peroxide with an
acridinium-9-carboxamide: A homogeneous chemiluminescent

assay for plasma choline
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Abstract—Hydrogen peroxide generated from the enzymatic oxidation of choline was detected using a chemiluminescent acridini-
um-9-carboxamide. The dose–response for choline (0–50 lM) was established in buffer and was applicable to the quantification of
choline in human plasma. This homogeneous assay was performed in a 96-well microplate format and required minimal sample
volume (1 lL) and analysis time (<5 s per well).
� 2006 Elsevier Ltd. All rights reserved.
Competitive homogeneous chemiluminescent assays
that rely on the signal modulation of acridinium-9-car-
boxamide-modified ligands upon binding to ligand-spe-
cific proteins have been previously reported. Examples
have included biotin–avidin,1 folic acid–folate binding
protein,2 vitamin B12-intrinsic factor,3 and most recent-
ly, boronate–glycoprotein.4 In each case, the signal
recorded from the unbound acridinium-9-carboxam-
ide-labeled ligand is more intense than the bound species
when triggered with a large excess of basic hydrogen
peroxide.

In this communication, we present a different type of
homogeneous chemiluminescent assay, one that is con-
ceptually very simple, namely the acridinium-9-carbox-
amide mediated detection of hydrogen peroxide
generated from an analyte-specific oxidase. This ap-
proach was demonstrated using choline/choline oxidase
and resulted in an assay for choline in human plasma.

Choline oxidase (ChO, Alcaligenes sp.) in the presence
of oxygen converts choline 1 to betaine aldehyde 2, then
finally to betaine 3, with the production of 2 equiv of
hydrogen peroxide (Scheme 1).5 The peroxide thus gen-
erated reacts with acridinium-9-carboxamide 4 under
basic conditions giving rise to a strained dioxetanone
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intermediate that decomposes to the acridone 5 with
the emission of light.

When light from acridinium-9-carboxamide 46 is trig-
gered with a large excess of basic peroxide, a ‘flash’
chemiluminescence profile is observed (Fig. 1). The
chemiluminescence response from the enzymatic conver-
sion of choline to betaine and hydrogen peroxide pro-
duced a different profile that was dependent on the
delay time between the addition of the oxidase enzyme
and acridinium-9-carboxamide 4 (Fig. 2). Choline bitar-
trate (1 lL, 50 lM) was distributed in a black round-
bottomed polystyrene 96-well microplate, and using a
Berthold Mithras microplate reader equipped with three
reagent injectors, each well was analyzed separately for
2 s after the addition of choline oxidase (10 lL, 10 U/
mL), a delay time of 1–20 s, then addition of acridini-
um-9-carboxamide 4 (10 lL, 4 lM) and aqueous sodium
hydroxide (30 lL, 0.25 N). As the delay time lengthened
from 1 to 20 s, the chemiluminescence profiles changed
from ‘pseudo-flash’ to ‘glow.’ Regardless of the delay
time, the chemiluminescent signal required approxi-
mately 10 min to decay to background (data not
shown). The intensity of the response rose to a maxi-
mum at a delay time of 2 s (120,000 RLU) and then de-
creased by two-thirds (40,000 RLU) after 20 s. The
signal intensity was not further diminished for delay
times up to 20 min (data not shown).

The chemiluminescence profiles over range of choline
concentrations (1 lL, 0–50 lM) using a delay time of
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Scheme 1. Conversion of choline to betaine and hydrogen peroxide.
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Figure 1. ‘Flash’ chemiluminescence profile. Conditions: 0.18 N

NaOH, 0.7% H2O2, 1% Triton X-100, and 0.05% diethylenetriamine-

pentacetic acid.
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Figure 2. Effect of delay time on chemiluminescence response. Sample:

choline (1 lL, 50 lM, pH 8, 0.2 M sodium phosphate). Berthold

Mithras microplate luminometer analysis sequence: (a) add choline

oxidase solution (10 lL, 10 U/mL, pH 8, 0.2 M sodium phosphate,

0.1% sodium cholate,); (b) 1–20 s delay; (c) add 4 (10 lL, 4 lM in

water, 0.1% sodium cholate); (d) add sodium hydroxide (30 lL,

0.25 N); (e) read for 2 s.
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2 s are shown in Figure 3. A chemiluminescence dose–
response curve was constructed by plotting the maxi-
mum relative light units (RLUmax) versus choline con-
centration (Fig. 4).

Having demonstrated a dose–response, we next investi-
gated the detection of hydrogen peroxide generated
from the action of choline oxidase on choline in human
plasma.

The importance of choline 1 as an analyte has been
emphasized by its identification as an essential human
nutrient with physiological activity in phospholipid,
cholinergic, and methionine metabolism.7 It has been
investigated as a biomarker during pregnancy and in
neonates,8–11 end stage renal disease,12 neurological
disorders,13–15 and ischemia.16–21 The normal mean
concentration of choline in plasma is 10 lM (range 7–
20 lM)7 (28–35 lM, newborns)8,10 and rises 3- to 4-fold
under pathological conditions.

While chemiluminescent assays for choline from plasma
samples are known, they have most often been reported
using choline oxidase (ChO) coupled with luminol and a
second enzyme, horseradish peroxidase (HPRO)22,23,13

or a metal catalyst.24,23,25 With the exception of Das
et al.,13 all employed immobilized enzyme(s). Recently,
de Silva et al.26 demonstrated that an acridan could re-
place luminol as the HRPO substrate. Others have ap-
proached the analysis using a flow injection method
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Figure 3. Choline-dependent chemiluminescence response. Sample:

choline bitartrate (1 lL, 0–50 lM, pH 8, 0.2 M sodium phosphate).

Berthold Mithras microplate luminometer analysis sequence: (a) add

choline oxidase solution (10 lL, 10 U/mL, pH 8, 0.2 M sodium

phosphate, 0.1% sodium cholate,); (b) 2 s delay; (c) add 4 (10 lL,

4 lM in water, 0.1% sodium cholate); (d) add sodium hydroxide

(30 lL, 0.25 N); (e) read for 2 s.
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Figure 4. Choline dose–response.
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Figure 5. Analysis of normal donor plasma. Standards: choline

bitartrate (1 lL, 0–50 lM, pH 8, 0.2 M sodium phosphate). Samples:

human plasma collected in lithium heparin tubes (1 lL). Berthold

Mithras microplate luminometer analysis sequence: (a) add choline

oxidase solution (10 lL, 10 U/mL, pH 8, 0.2 M sodium phosphate,

0.1% sodium cholate,); (b) 2 s delay; (c) add 4 (10 lL, 4 lM in water,

0.1% sodium cholate); (d) add sodium hydroxide (30 lL, 0.25 N); (e)

read for 2 s.
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based on immobilized enzymes and peroxyoxalate
chemiluminescence.27

Akin to assays for choline, 9-acridinecarbonylimidaz-
ole,28 and phenoxy-substituted acridinium esters29 were
used to detect hydrogen peroxide generated from glu-
cose oxidase, while 10-methyl-9-(p-formylphenyl)-acrid-
inium carboxylate trifluoromethanesulfonate30 was used
to quantitate peroxide in natural waters.

We found that the homogeneous choline oxidase/acrid-
inium-9-carboxamide system rapidly detects choline in
plasma directly without any sample extraction, addition-
al enzymes or catalysts. Frozen normal donor plasmas
(N = 50) from the Abbott Specimen Collection Bank
that had been collected on lithium heparin were
analyzed in triplicate and the results calculated from
a point-to-point fit of the dose–response curve using
MikroWin 2000 on the Berthold Mithras. The distribu-
tion of results is shown in Figure 5. The mean
concentration of this normal population was 11.97 ±
2.83 lM, which is in agreement with the expected values
from the literature.7
The application of the homogeneous chemiluminescent
detection of oxidase-generated peroxide to other sample
matrices and analytes is underway.
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