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Bioluminescence sin읺e-site immunometric assay for methamphetamine (MA) using the native aequorin, a 
photoprotein, as a signal generator was developed for the first time. MA is a potent sympathomimetic amine 
with stimulant effects on the central nervous system. MA abuse induces hallucinations and, thus, may cause a 
serious social problem. The sin읺e-site immunometric MA assay was optimized and its dose-response behavior 
was examined. The dose-response curve shows that the detection limit is LI x 10-1°M and a dynamic range is 
four orders of magnitude with 15 jig/mL BSA-MA conjugate and L0 x IO-8 M anti-MA antibody-biotin 
conjugate. In order to evaluate this assay, the structurally similar compounds, amphetamine, ephedrine, 
norephedrine, benzphetamine and jV-4-(aminobutyl)methamphetamine were examined for their cross
reactivity. None of these five compounds showed any cross-reactivity. Additionally, an artificial urine solution 
spiked with MA was analyzed by the MA assay, and the result of the analysis demonstrated the usefulness of 
the present assay for the determination of MA in urine.
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Introduction

Immunoassay has emerged as one the most powerful tool 
with simplicity, specificity and sensitivity in the selective 
detection of various physiological, biological and environ
mental substances at trace levels?-3 Luminescence derived 
from a biological reaction at ordinary temperature is called 
bioluminescence or “cold light", In contrast to fluorescent 
and phosphorescent molecules, bioluminescent proteins 
generate the emission of light on the return to the ground 
state from an electronically excited species which is 
produced by a biological reaction. It is not any associated 
generation of heat, which means it does not need optical 
excitation. Thus, there is virtually no background signal that 
degrades sensitivity in assay Bioluminescent reporter 
proteins have been used as an excellent label in immuno
assay systems due to their advantages of low background, 
large dynamic range, high sensitivity, and no need of 
substrate or enhancer 4-6

Aequorin is one such luminescent protein. Aequorin is a 
photoprotein originally found in the jellyfish Aequoria 
Victoria. It has been used extensively as a calcium indicator7 
and more recently as a highly sensitive quantitative label in 
analytical assay systems?-10 Aequorin consists of the 
apoaequorin (22,400 amu), coelenterazine (luminophor) and 
molecular oxygen. When Ca2+ binds to the aequorin 
complex, aequorin undergoes a conformational change, and 
then coelenterazine is oxidized to coelenteramide, with 
release of CO2 and light (為获 〜469 nm)?1 The flash-type 
emission (less than 5 s) of blue light occurs as a single
turnover event.

Methamphetamine (MA) is a potent sympathomimetic 
amine with stimulant effects on the central nervous system. 
MA abuse induces hallucinations and, thus, may cause a 

serous social problem. MA is excreted in urine rapidly and 
unchanged form of MA (approximately 40% of the initial 
dose) is eliminated within the first 24 h?2 Thus, various 
detection methods13-13 have been developed to te마 for MA in 
urine.

Here, a bioluminescence immunoassay is developed for 
determining MA using aequorin as a label for the first time. 
A signal-generator should retain a useful residual activity, 
thus, various aequorin-biotin conjugates were prepared by 
reacting aequorin with different am)imts ofNHS-biotin, and 
the residual activities of each conjugate were characterized. 
In order to determine the am이mt of anti-MA antibody to be 
used in this experiment, a binder dilution study was 
performed. After evaluating the various parameters such as 
optimum amount of conjugate, antibody and time, a single
site immunometric MA assay was optimized and its dose
response behavior was examined. In order to evaluate this 
assay, artificial urine solution spiked with MA was analyzed, 
and structurally similar molecules were examined for their 
cross-reactivity to determine the specificity of this assay

Experimental Section

Reagents. MA, benzphetamine and amphetamine were 
purchased from Sam Eung Industry (Seoul, Korea). Noreph
edrine and ephedrine were obtained from Sigma (ST. Louis, 
MO, USA). Bovine serum albumin (BSA) was purchased 
from Pierce (Rockford, IL, USA). MA-BSA and mono
clonal anti-MA antibody (from mouse) were obtained from 
Fitzgerald (Concord, MA, USA). Aequorin type III, 
tris(hydroxymethyl)-aminomethane (Tris) free base, N- 
hydroxysuccinimidobiotin (NHS-Biotin)? ethylenediamine
tetraacetic acid (EDTA) disodium salt, coelentrazine, 
sodium azide and Tween 20 were purchased form Sigma 
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(ST. Louis, MO, USA). jV-(4-aminobutyl)methamphetamine 
was prepared by the literature method?6 All chemicals were 
of analytical-reagent grade or better All solutions were 
prepared using deionized (Milli-Q water purification system, 
Millipore, Bedford, MA, USA) distilled water

Apparatus. Bioluminescence measurements were made 
on an MLX-microtiter plate luminometer from Dynex 
(Chantilly, VA, USA) using a 100 jiL fixed volume injector 
All luminescence intensities reported are the average of at 
least triplicates and have been corrected for the contribution 
of the blank. Immuno plate (maxisorp) from Nunc (Denmark) 
was used.

Preparation of conjugates. Aequorin-biotin conjugate 
was prepared by reacting aequorin with NHS-biotin (initial 
molar ratio of aequorin vs NHS-biotin was 1 : 50). The 
required am이mt of NHS-biotin dissolved in anhydrous 
DMF was added to 1 mL of coupling buffer (50 mM sodium 
bicarbonate buffer, pH 8.3 containing 4 mM EDTA) 
containing a given amount of aequorin (L12 x IO-9 mol) and 
the solution was stirred for 24 h at 4 °C. The reaction 
mixture was dialyzed again마 30 mM Tris-HCl? pH 7.4 
containing 10 mM EDTA to remove the excess NHS-biotin, 
and then diluted to a final concentration of 5.6 x 10-7 M 
aequorin (stock solution of conjugate) with dialysis buffer

Antibody-biotin conjugates were also prepared by reacting 
antibody with different am이mts ofNHS-biotin (initial molar 
ratios of antibody vs. NHS-biotin were 1 : 25, 1 : 50 and 1 : 
100, respectively). Here, 6.73 x IO-6 mol of antibody was 
used in each coupling solution. The resulting antibody-biotin 
conjugate was dialyzed against 30 mM phosphate buffer, pH 
7.4 and then diluted to a final concentration of 2.02 x 10-6M 
antibody (stock solution of conjugate). All conjugates were 
kept at 4 °C.

Activity study of aequorin-biotin conjugates. The bio
luminescence activity of aequorin-biotin conjugate was 
determined by measuring the bioluminescence emission at 
469 nm. A calibration curve for this aequorin-biotin conju
gate was constructed in order to determine the lowest 
am)unt of aequorin-biotin conjugates to be used in this 
study, Serial dilutions of aequorin-biotin solution were made 
from the aequorin-biotin stock solution using assay buffer-A 
(30 mM Tris-HCl? pH 7.4 containing 150 mM NaCl? 0.1% 
(w/v) BSA, 4 mM EDTA). The calibration curve of 
aequorin-biotin conjugate was prepared with 100 卩L of 
varying concentrations of aequorin-biotin solution in a 96- 
well microlite-1 plate. The contents of the wells were mixed 
and positioned in the MLX luminometer And the 
bioluminescence light was measured after injection of 100 
卩L of bioluminescence-triggering solution (100 mM CaCb 
in 100 mM Tris-HCl? pH 7.5). The emission signal in each 
well was collected at 0.1 s interval over a 3 s time period. A 
test well containing 100 卩L of assay buffer-A without 
aequorin-biotin conjugate was used as a blank.

Optimization of assay conditions (concentrations both 
of competitor; BSA-MA and antibody-biotin conjugates). 
In single-site immunometric assay, the detection limit of 
analyte, MA can be controlled according to the concen

trations both of BSA-MA coated on plate and of antibody
biotin conjugate used, Thus, this assay was optimized by 
varying concentrations of both.

Association-Time study. For this study, incubation time 
periods of each step were varied and investigated.

Dose-response curves for MA. By using assay buffer-B 
(30 mM sodium phosphate, pH 7.4, 0.15 M NaCl? 0.1% 
(w/v) BSA), antibody-biotin and MA standard solutions 
were prepared. A stock solution of MA standard (539 x 10-3 
M) was serially diluted and prepared as ranging in 
concentration from 2.0 x 10-3 M to 2.0 x 10-14 M. And three 
differing concentrations of biotinylated monoclonal 
antibody (6.4 x IO-9 M, 2.0 x 10-8M and 2.0 x 10-7 M) were 
prepared. A mixture containing 100 卩L of each antibody
biotin and 100 卩L of each MA standard was incubated for 1 
h at RT with shaking.

The BSA-MA conjugate was diluted to a concentration of 
5 gg/mL (15 gg/mL) with a coating buffer (50 mM sodium 
bicarbonate, pH 9.6). BSA-MA conjugate, 100 卩L, was 
immobilized on a plate with constant shaking overnight at 4 
°C, The unbound BSA-MA conjugate was removed by 
washing with wash buffer-B (30 mM sodium phosphate, pH 
7.4, 0.15 M NaCl? 0.2%(w/v) BSA, 0.05% Tween 20), 
twice, Then, 100 卩L of the preliminary arranged mixture, 
200 卩L (containing 100 卩L of each antibody-biotin and 100 
卩L of each MA standard) was added to the wells containing 
the immobilized BSA-MA. The plate was incubated for 1 h 
at RT with shaking, and washed twice with wash buffer-B. A 
solution (100 卩 L) of Avidin (6.46 x IO-6 M) in assay buffer- 
A was added to each well and incubation for 1 h at RT was 
followed. Unbound avidin was removed by washing with 
wash buffer-A (30 mM Tris-HCl? pH 7.4, 0.15 M NaCl? 4 
mM EDTA, 0.2%(w/v) BSA and 0.05% Tween 20). A 
solution (100 卩L) of aequorin-biotin conjugate (5.6 x IO-9 
M) in assay buffer-A was added to each well and the plate 
was additionally incubated for 1 h at RT, The plate was then 
washed three times with wash buffer-A, and the biolumine
scence intensity was measured after injecting 100 卩L of the 
luminescence-triggering solution.

Cross-reactivity study. A cross-reactivity study was 
accomplished in the same manner as the studies performed 
for MA in buffer The compounds structurally similar to MA 
such as amphetamine, ephedrine, norephedrine, benzphet
amine and j^(4-aminobutyl)methamphetamine were appli
ed. The percent cross-reactivity was calculated from the 
dose-response curve for MA.

Matrix effect study. To evaluate the analytical usefulness 
of this MA assay in urine samples, MA was spiked to 100 
卩L of artificial urine solution (L94% Urea/0.80% NaCl/ 
0.11% MgS04*7H20/0.06% CaCl2? %(w/w)), and the lumine
scence intensity was measured as described previou이y.

Res미ts and Discussion

In heterogeneous assays, signal-generator should retain a 
useful residual activity「지 & Thus, various aequorin-biotin 
conjugates were prepared by reacting aequorin with different 
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amounts ofNHS-biotin. The initial molar ratios of 0 : 1,10 : 
1, 25 : 1, 50 : 1 and 100 : 1 of NHS-biotin:aequorin were 
examined and the residual activities of each conjugate were 
characterized to be 100, 98, 87, 67 and 0%, respectively 
(%residual activity was calculated as percentage of the 
activity of unconjugated aequorin being considered to be 
100%). In general, higher initial NHS-biotin/aequorin molar 
ratios used during the conjugation reaction yielded lower 
residual activity and greater conjugate inhibition by a given 
excess of binder. Thus, we decide to use 50 : 1 conjugate 
based on good bioluminescence activity. Also, 5.6 x 10-9 M 
of the aequorin-biotin conjugate, 1 : 50 was selected from 
the calibration study for further studies. A relatively low 
concentration of protein is capable of generating a signal that 
is well above the background and thus, achieve a low 
detection limit. This chemically conjugated aequorin-biotin 
conjugate shows a flash-type bioluminescence emission 
with more than 95% of the total light being emitted within 3 
s. Therefore, luminescence light intensity was collected over 
3 s period of time in all subsequent experiments.

Anti-MA antibody-biotin conjugate, 1 : 50 was prepared 
by similar method as for aequorin-biotin conjugates above 
by using NHS-biotin. In order to determine the amount of 
anti-MA antibody to be used in this experiment, a binder 
dilution study was performed and binder dilution curve 
obtained by varying the amount of anti-MA antibody. From 
this study, the linear portion of the binder dilution curve was 
10-7-10-9 M concentration of anti-MA antibody.

To reduce the total assay time, the optimum times required 
for bindings of the free MA to the antibody-biotin conjugate, 
the BSA-MA to the antibody-biotin conjugate, the antibody
biotin conjugate to the avidin, and the avidin to the aequorin

biotin conjugate were determined by generating each 
association curve. An association time of 1 h was selected 
fbr each step since there is no substantial increase in binding 
after 1 hof incubation.

After evaluating the various parameters such as optimum 
amount of conjugate, antibody and time, several dose
response curves were constructed using 5.6 x 10-9 M of the 
aequorin-biotin conjugate, 1 : 50 according to a single-site 
immunometric assay. A sin이e・site immunometric assay19 
gives advantages for small chemicals having a few epitope 
on molecules. Here, sample or standard, MA was first 
incubated with an anti-MA antibody-biotin conjugate. After 
the reaction, unbounded anti-MA antibody-biotin conjugate 
is removed from the solution by the addition to a large 
excess of solid-phase immobilized BSA-MA, competitor. 
The solution including standard MA/anti-MA antibody
biotin conjugate was removed o任 by washing step. Avidin 
was incubated with anti-MA antibody-biotin immobilized 
through avidin/biotin interaction on the BSA-MA/anti-MA 
antibody-biotin coated for 1 h followed by washing step. 
And then aequorin-biotin conjugate, 1 : 50 was added to this 
plate and incubated for additionally 1 h followed by washing 
step again. The Ca2+/Tris luminescence triggering solution 
was injected into this mixture through fixed volume injector 
and the resulting luminescence intensity was measured.

Empirically there are two major variants of sin이e-site 
immunometric assay: One is the antibody in concentrations 
that are limited. And the other is the competitor, in concen
tration that is immobilized on the solid surface. Thus, dose
response curves were con아meted with conditions optimized 
by controlling concentrations of both the competitor (5 卩g/ 
mL and 15 卩g/mL) and the antibody (1.0 x 10-7 M, 1.0 x

Figure 1. Dose-response curves for MA. The amount of BSA-MA conjugates was: 15.0 jig/mL (a) and 5.0 jig/mL (b). The amount of 
antibody-biotin conjugates (1 : 50) was: A ( • ); 1.0 乂 10-7 M,B ( O ); 1.0 乂 10-8 M, C ( ▼ ); 3.2 乂 10-9 M. Data are the average plus 土 one 
standard deviation (n = 5).
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Figure 2. Dose-response curves for MA. The amount of anti-MA antibody-biotin conjugates (1 : 50) was: 1.0 乂 10-7 M (a); L0 乂 10-8 M 
(b); 3.2 x IO” M (c). The amount ofBSA-MA conjugate was: A ( • ); 15.0 jig/mL, B ( O ); 5.0 jig/mL. Data are the average plus 土 one 
standard deviation (n = 5).

log [MA], M

(a)
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10-8 M and 3.2 x 10-9 M), and then with plotting lumine
scence light intensity vs. MA concentration in standards. 
The dose-response curves were obtained fbr MA by fixed 
amounts of 5.6 x 10-9 M aequorin-biotin conjugate, 1 : 50 
and 6.46 x 10-6M Avidin. Figure 1(a) obtained by using 1.0 
x 10"7 M, 1.0 x IO-8 M and 3.2 x IO-9 M of anti-MA 
antibody-biotin conjugate, respectively, with fixed amounts 
of 15 卩g/mL BSA-MA, competitor. The higher concen
tration of antibody-biotin conjugate is used, the larger signal 
difference shows on dose-response curve as we expected (A 
in Figure la). Among these three conditions examined, the 
dose-response curves show that detection limit is 1 x 10一응 M 
and a dynamic range is two orders (10一응〜 1(厂6 M) of 
magnitude with A, 1 x 10-10 M and four orders (1(尸°〜10* 
M) of magnitude with B, and 1 x 10-11 M and three orders 
(10-11~10-8M) of magnitude C. Figure 1(b) also obtained by 
similar conditions as Figure 1(a) with fixed amounts of 5 卩g/ 
mL BSA-MA, competitor. And it shows same trends as 
Figure 1(a). The detection limits were determined by 
measuring the signal at 3 times the standard deviation of the 
blank.

Dose-response (Figure 2(a), 2(b) and 2(c)) curves recon
structed with different coating concentrations of BSA-MA 
conjugates with same amounts of antibody used. It is 
examined the influence of the concentration of competitor in 
sin이e-site immunometric assay. Figure 2 shows that the 
detection limit is getting worse with higher concentration of 
BSA-MA conjugate. In Figure 2(a), the maximum signal has 
no difference between with 5 卩g/mL of competitor and 15 
pig/mL of it. It could be explained that the 5 pg/mL of 
competitor is an optimized amount to be interacted with 
given amount of antibody (1 x 10-7 M). In the case of Figure 
2(c), the signal-difference is only 150 RLU through wh이e 
range, the concentration of 10-3-10-b M free-MA. Thus, it 
is unsuitable as assay-condition.

Figure 3. Dose-response curve and calibration curve for MA. 5.6 乂 

10一9 M biotin-aequorin conjugates (50 : 1) and 6.46 乂 IO-6 M 
avidin were used. 1.0 乂 10-8 M antibody-biotin conjugates (1 : 50) 
and 15.0 gg/mL BSA-MA conjugates were used. RLU = -114.38 x 
log[MA] - 628.55 (R2 = 0.9907). Data are the average plus 土 one 
standard deviation (n = 5).

Among these conditions examined, the dose-response 
curve (Figure 3) shows that the detection limit is 1.1 x 10-10 
M and a dynamic range is four orders of magnitude (1.0 x 
IO* M〜L0 x 1(尸° M) with 15 j^g/mL BSA-MA competitor 
and 1.0 x 10-8 M anti-MA antibody. The correlation plot 
(inset) of the luminescence light intensity vs. standard MA
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Figure 4. Cross-reactants ofMA.

was con아meted on dynamic range. Least-squares regression 
of this data gave the following relationship: RLU = -114.38 
x log[MA] - 628.55, (R2 = 0.9907).

The specificity of the assay is very critical in assay 
development.20 Specificity in immunoassay describes the 
ability of an antibody to yield a measurable response only 
fbr the target molecule and an important part of the 
evaluation of any immunoanalytical technique, because 
many drugs (or proteins) have closely related structures with 
highly conserved epitopes. Thus, the presence of similar 
structure to the target molecule in the sample solution can 
reveal the serious errors in results if the assay has poor 
specificity. Five structurally similar molecules21 (Figure 4) 
to MA, amphetamine, ephedrine, norephedrine, benzphet
amine and iV-(4-aminobutyl)methamphetamine were ex
amined for their cross-reactivity. Various concentrations of 
these compounds spiked to aliquots of buffer in the absence 
of MA. The assay was conducted using 5.6 x 10-9 M 
aequorin-biotin conjugate, 6.4 x 10-6M avidin, 1.0 x 10-8M 
anti-MA antibody-biotin conjugate and 15 卩g/mL BSA-MA 
conjugate, and then the percent cross-reactivity (Table 1) 
was determined from the dose-response curve (Figure 5). 
These results represented that none of these five compounds 
showed any cross-reactivity with the anti-MA antibody used.

Table 1. Cross-reactivity study

Reactants 50% B/Bo Cross
reactivity

Methamphetamine 1.41 x 10% 100.00
Benzphetamine 8.51 x 10- 5：m _ a

Amphetamine 3.55 1(尸 M -

Ephedrine 5.13 x 10* -

Norephedrine 1.86 x 10~3M -

M(4-aminob냐 tyDmethamphetamine L66 x 10~6M -

”less than 1%

Figurer 5. Cross-reactivity study for cross-reactants. 5.6 乂 10-9 M 
biotin-aequorin conjugates (50 : 1) and 6.46 乂 IO-6 M avidin were 
used. 1.0 x 10一8 M antibody-biotin conjugates (1 : 50) and 15.0 jig/ 
mL BSA-MA conjugates were used. A ( • ): Methamphetamine; B 
(v )： Amphetamine; C ( O ): Ephedrine; D ( ■ ): Benzphetamine; 
E ( ▼ ): Norephedrine; F ( □ ): jV-(4-aminobutyl)meth amphet
amine.

To demonstrate the usefulness of the present assay fbr the 
determination of MA in urine, standard amounts of MA 
corresponding to the detection range were spiked into the 
each artificial urine solution. Even though this condition 
isn't exactly same as the real urine samples, it can serve as a 
good model. The correlation plot of the luminescence light 
intensity obtained both in buffer and in urine: RLU (in urine) 
=1.1304 x RLU (in buffer) - 0.1116, (R2 = 0.9954).

In conclusion, bioluminescence single-site immunometric 
assay for MA using the native aequorin, a photoprotein, as a 
signal generator was developed for the first time. A detec
tion limit fbr MA of 1.1 x 10-10 M was achieved using 15 
卩g/mL BSA-MA conjugate and 1.0 x 10-8 M anti-MA anti
body-biotin conjugate. Furthermore, no significant cross
reactivity was observed from structurally similar compounds 
to MA. Additionally, an artificial urine solution spiked with 
MA was analyzed by the MA assay, and the result of the 
analysis demon 아rated the usefulness of the present assay for 
the determination of MA in urine.
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