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ENZYME MEMBRANE IMMUNOASSAY (EMIA) 
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Homogeneous enzyme membrane immu
noassays (EMIAs) have been developed 
for thyroxine (T 4) and human immuno
globulin G (IgG). Liposomes tagged with 
T 4 and containing alkaline phosphatase 
were used as a model system for optimiza
tion of (a) liposome membrane attack in 
the presence of T 4 antiserum and guinea 
pig complement and (b) subsequent mea
surement of unmasked enzyme activity. 
Using a one-incubation-step format, the 

Liposomes are spherical, membranous vesicles often 
prepared from phospholipids, sterols, and charged am
phiphiles. Depending on the method of preparation, 
these vesicles are either multilamellar or unilamellar and 
have a variety of sizes. Because liposomes can be engi
neered to mimic the properties of biological membranes, 
they have been used as a model system to study the 
mechanism of complement-mediated immune cytolysis 1• 

concentration of T 4 in human serum sam
ples was measured. Alkaline phosphatase 
activity was inversely proportional to the 
concentration of T 4 in the sample. The T 4 

values obtained by EMIA correlated well 
with values obtained by radioim
munoassay (r = 0.96). Likewise, there was 
an excellent correlation between IgG val
ues obtained by EMIA and radialimmuno
diffusion or nephelometry (r = 0.99). 

For example, Haxby et al.2 demonstrated that liposomes 
prepared from sheep erythrocyte membranes and con
taining glucose as a marker could be damaged immuno
specifically in the presence of rabbit anti-sheep erythro
cyte serum and guinea pig complement. The extent and 
rate of glucose loss from these damaged liposomes was 
found to be dependent upon the amount of Forssman 
hapten incorporated into the vesicles, the concentration of 
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TAIi.i I Effect of reaction components on complement-mediat
ed T 4 liposome damage. Reaction mixtures contained the 
following components: a. 0. 1 ml Buffer A (see Experimental 
Protocol), 0. J ml complemem-liposome cocktail (made by 
diluting guinea pig com plement I : 15 in Buffer A and adding 
0.5 µl liposome su pension per 0. 1 ml of this solution), and 
0.05 ml sheep anti-T4 serum diluted l :75 in Buffer A; b. 
lacked T 4 anuserum and c. lacked complement; d . contained 
guinea pig complement treated at 56°C for 30 minutes prior 
to use; e. contained l 00 ng of T 4 (0.1 ml of a 1000 ng/ml stock 
solution in Buffer A) in place of 0. 1 ml of Buffer A. The 
react.ion mixtures were incubated at 37°C for 20 minute , then 
I ml of 3.8mM p PP in Buffer B ( ee Experimental Protocol) 
wa added and the reactions incubated an additional 15 
minutes at 37°C. The reactions were term inated by addition 
of l ml 0.5M Na OH and the absorbance at 4 IO nm was 
recorded. 

Reaction Components 

a. liposomes, T 4 antiserum, 
complement 

b. minus T 4 antiserum 
c. minus complement 
d. heat treated complement 
e. plus 100 ng T 4 

(S) 

l.64 
0.09 
0.09 
0.09 
0.09 

Forssman antiserum, and active complement in the reac
tion mixture3 • 

As a result of these observations, liposome-based immu
noassays were developed to quantitate analytes in biologi
cal fluids4-8 . For example, Wei et al.4 produced an immu
noassay that measured glycolipids in aqueous media. In 
this system, Forssman hapten was incorporated into lipo
somes prepared from dipalmitoylphosphatidylcholine, 
cholesterol, and dicetylphosphate. After reaction with 
Forssman antiserum and guinea pig complement, the 
liposomes released the spin label marker tempocholine 
bromide. Free Forssman hapten added to the reaction 
competed with hapten on the bilayer of the liposome for 
Forssman antibody molecules in the mixture. As the 
concentration of free Forssman glycolipid increased, the 
release of trapped marker decreased. 

We have extended these concepts to develop a homoge
neous, one-incubation-step, colorimetric immunoassay 
system. With this system, an enzyme marker is encapsulat
ed within liposomes and serves as a signal generator9 • We 
call this system EMIA (Enzyme Membrane lmmunoAs
say). The assay is amenable to measuring haptens or 
macromolecular antigens. In this paper, we describe an 
EMIA for the thyroid hormone thyroxine (T 4) and one 
for the immunoglobulin IgG. 

RESULTS 
EMIA is based on the ability of guinea pig complement 

to damage antigen-tagged liposomes when immunospeci
fic antigen-antibody complexes are formed on the surface 
of the vesicles 1 • Damage to the liposome membrane is 
monitored by measuring unmasked alkaline phosphatase 
activity. Consequently, initial experiments were designed 
to investigate the conditions for these reactions to take 
place. T4-liposomes were chosen for these experiments. 
During an initial incubation (Step 1), complement-mediat
ed damage to T 4-liposomes occurred in the presence ofT4 
antiserum. A second incubation (Step 2) was then per
formed in a high ionic strength buffer. This buffer 
inhibited complement activity (data not shown) and per
mitted measurement of unmasked enzyme activity. The 
enzyme activity observed as the result of complement
mediated damage to the liposomes was defined as the 
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TAIi.i 2 Location of enzyme activir after complement-mediat
ed lipo ome damage. omplement-mediated damage of T4 
lipo ome (Step I ) wa carried out in the pre ence and 
absence of T. anti erum as de cribed in Table l for reactions 
a and bin con ical pla tic tube . Lipo ome were then epar.it
ed from the other reaction component by centrifugauon at 
10,000xg for 10 minute at 4°C. The upernatant was careful
ly removed and the lipo ome pellet was re u pended in a 
volume of Buffer equal to the olume of the upernatant. 
0.10 ml samples were taken from each fraction and tested for 
alkaline phosphata e activit as described in Table l. 

- T 4 Antiserum 
+ T. Antiserum 

Supernatant 

0.07 
0.16 

(S) 

Pellet 

0.06 
1.49 

signal, (S). The enzyme activity observed in the absence of 
complement-mediated liposome damage was defined as 
the intrinsic background, (B). 

Conditions required for liposome damage. T 4-lipo
somes were susceptible to complement-mediated mem
brane damage when incubated in the presence of T 4 
antiserum and guinea pig complement (Table l). The 
liposomes were resistant to damage when T 4 antiserum or 
complement were omitted from the reaction mixture, 
heat inactivated complement was substituted for active 
complement, or 100 ng of T 4 was added to the reaction 
mixture (Table l). When liposomes lacking T 4 were 
incubated in the presence of T 4 antiserum and comple
ment, (S) and (B) values were identical (data not shown). 
These results demonstrated that antigen-antibody com
plexes must form on the surface of the liposome before 
complement-mediated membrane damage can oc
cur3, 10.' '· 

Following complement-mediated membrane damage, 
alkaline phosphatase molecules can either remain within 
the damaged liposomes or can be released into the exter
nal medium. To discriminate between these two possibili
ties, we allowed complement-mediated damage of T 4 

liposomes to occur (Step 1), then separated the damaged 
liposomes from the medium by centrifugation. The lipo
some pellet and the liposome-free supernatant were then 
tested for alkaline phosphatase activity by the addition of 
pNPP. As shown in Table 2, little enzyme activity was 
present in either the supernatant or liposome pellet 
fractions when T 4 antiserum was absent from the reaction 
mixture. When T 4 antiserum was added, the majority of 
the unmasked enzyme activity remained associated with 
the liposome pellet. Less than 6% of the unmasked 
enzyme activity was found in the supernatant fraction. 
Control experiments demonstrated that alkaline phospha
tase does not bind nonspecifically to the liposome surface 
(data not shown). These results indicate that with the 
conditions used in EMIA, encapsulated enzyme remains 
within the liposomes after complement-mediated damage. 

Kinetics of Step 1 and Step 2. The kinetics of comple
ment-mediated T 4 liposome damage (Step 1) and the 
subsequent measurement of unmasked alkaline phospha
tase activity (Step 2) are shown in Figure 1. For Step 1, 
reactions were performed with concentrations of comple
ment and T 4 antiserum that produced maximum (S) 
values. An initial lag in the appearance of enzymatic 
activity was observed (Fig. IA). A similar lag has been 
reported in the hemolytic assay for complement activity 12. 

Following the lag period, (S) values increased until at 30 
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FNUII I Effect of Step l and Step 2 incubation time on pNP 
production. A. Step l incubation time. Reaction mixtures 
contained the same components to generate (S) (e - e ) and 
(B) (X- X) values as described in Table la and e, respectively, 
and were incubated for the indicated time periods at 37°C. 
One ml of 3.8mM pNPP in Buffer B was added and the 
solutions were incubated for 15 minutes at 37°C. T he reac
tions were terminated and the absorbance values recorded as 

minutes complement-mediated liposome damage was es
sentially complete. For Step 2, pNPP conversion to pNP 
was linear for at least 35 minutes at 37°C (Fig. lB). This 
result indicated that pNPP was not limiting in the assay. 
(S) values for complement-damaged liposomes were gen
erally 80- 90% of the values obtained with detergent-lysed 
liposomes (data not shown). (B) values remained consis
tently low throughout the time course of these experi
ments, suggesting that little complement-independent 
membrane damage occurred under these conditions and 
that alkaline phosphatase activity was negligible in the 
guinea pig serum that served as the source of complement 
(see also Table 1). 

Optimization of Step 1. T he affinity of antibody mole
cules for their antigens and the hemolytic activity of 
complement can be altered by changes in pH and ionic 
strength 12 •13 • In addition, guinea pig complement re
quires Mg++ and Ca+ + ions for optimal activity12• Since 
Step I involved T 4 antibody binding to liposomes followed 
by complement-mediated damage to the vesicles, we opti
mized the composition of the buffer for these events to 
occur. 

Figure 2 represents (S), (B), and (S)-(B) values pro
duced when Tris buffers of varying ionic strengths were 
used in Step l. (B) values were elevated with Tris buffe rs 
having ionic strength values between 0.02 and 0.1 5M 
(0.09 to 0.35 osmolar). T his may be the result of osmotic 
damage to the liposomes, since they were routinely pre
pared in PBS (0.33 osmolar). (B) values were low when 
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described in Table l. I. Step 2 incubation time. Reaction 
mixtures were prepared to generate (S) and (B) values as 
described in Table l a and e, respectively, and were incubated 
for 30 minutes at 37°C. One ml of 3.8mM pNPP in Buffer B 
was added and the reactions were incubated at 37°C fo r the 
indicated time periods. The reactions were terminated and 
the absorbance values recorded as described in Table l. 

1.2 
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C: 
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st= 0 .8 
., 
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.0 
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FIGURE 2 Effect of ionic strength on complement-mediated T 4 

liposome damage. The assay components used to measure 
each (S) (0-0 ) and (B) (X- X) value were prepared in 0.02M 
Tris, 0.5mM MgCI2 , 0.15mM CaC12, 3. lmM NaN3, pH 7.2 at 
37°C. The ionic strength of each buffer was varied with NaCl 
between 0.023 and 0.422M. Reaction mixtures contained the 
same components as described in Table I a and e. The 
reaction mixtures were incubated for 30 minutes at 37°C. One 
ml of 3.SmM pNPP in Buffe r B was then added and the 
reactions were incubated an additional 20 minutes at 37°C. 
The reactions were terminated and the absorbance values 
recorded as described in Table 1. (S)-(B) values are represent
ed as (e - e ). 

BIO/TECHNOLOGY APRIL 1984 351 



© 1984 Nature Publishing Group  http://www.nature.com/naturebiotechnology

352 

• 
T~ 3 Effect_ of buffer composition on complement and 
anttbody requirements for T 4 EMIA. a. Reacpon mixtures 
contained components prepared in Buffer A and Buffer C as 
described in Table la. Guinea pig complement was diluted 
~vit), Buffer A or C between I :300 and I :5 to prepare the 
~omplement-liposome cocktails. The reaction mixtures were 
incubated and proces ed as described in Figure 2. The (S) 
values were plotted as a function of guinea pig· complement 
dilution and the volume of complement required to achieve a 
(SJ of 0.9 was calculated. b. ·Reaction miinures contained 
eomponents prepared in Buffer A dr C as described in Table 
ia. Reactions were initiat d by the addition of 0.05 ml sheep 
anti-T4 serum diluted between 1 :2000 and I :75 iri Buffer A or 
G. The (S) ·values were plotted a a function of the T 4 

antiserum dilution and th~ volume of antiserum required to 
achieve a {S) of 0.9 was calculated . 

Buffer A Buffer C 

a. Complement (µ.l ) re- 3.6 1.1 
quired to generate 
a (S) of 0.9 

b. T 4 antiserum (µ.l ) 0.17 0.10 
required to gener-
ate a (S) of 0.9 

1.2 

E 
C 

0 
0.8 ~ ... 

<.> 
C 
0 

-e 
0 0 .4 .,, 

.s:, 
<t 

.. 

0 0.1 10 100 1000 

Thyroxine ng / ml 

FNHIRI 3 T 4 EMIA standard curves-sensitivity as a function of 
T 4 anti-serum concentration . Reaction mixtures contained the 
following components: 0.1 ml various T4 solutions, the con
centrations of which are noted on the abcissa in ng/ml; 0.1 ml 
complement cocktail (guinea pig complement diluted l: 15 in 
Buffer C containing 1.0 µ.l of concentrated liposome suspen
sion per 0.1 ml solution), and 0.05 ml of sheep anti-T4 serum 
at dilutions of 1:2000 (.6-.6) , 1: 1500 (6-6), 1:1000 (X-X), 
I :750 (0 - 0), or I :300 <•-•J in Buffer C. The reaction 
mixtures were incubated and processed as described in Figure 
2. 

TAIU 4 Measurement of T 4 in pooled human serum spiked 
with T 4 . Pooled huinan serum was spiked with T 4 and 
dilutions subsequently made with 0.9% NaCl. The T4 content 
of each sample was measured using the one-incubation-step 
protocol outlined in Figure 4. 

Dilution of 
spiked serum 

Undiluted 
1:2 
1:4 
1:8 

T4 measured 
byEMIA 
(ng/ml) 

180 
94 
47 
22 
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T 4 calculated 
in spiked 

serum (ng/ml) 

180 
188 
188 
176 

1.0 

0 .8 

E 
C 

0 0 .6 
st ... 
V 
C 
C 
.0 

0 0.4 <I> 
.c 
<t 

0 .2 

0 20 60 100 160 300 
T4 (ng/ml) 

FIGUll 4 One incubation step T 4 EMIA. 0.2 ml of 0.08N HCI. 
was distributed into test tubes containing 0.025 ml of T 4 

standard at the concentrations indicated on the abcissa in 
ng/ml. 0.7 ml of a complement-enzyme substrate-liposome 
cocktail (prepared by diluting 0.5 ml guinea pig complement 
with 11 ml of Buffe r C containing 8.6mM pNPP and 0.015 ml 
of liposome suspension) was added to each tube. This was 
followed by the addition of 0.1 ml of sheep anti-T4 serum 
diluted 1 :500 in Buffer C. The reaction mixtures were incu
bated at 37°C for 30 minutes. The reactions were terminated 
with 1 ml of 0.5N NaOH and the absorbance at 410 nm 
determined . 

liposomes were incubated in Tris buffers having ionic 
strengths between 0.15 and 0.4M. Optimal ionic strength 
for complement-dependent lysis of antibody-sensitized 
liposomes occurred between 0.15 and 0.2M, as demon
strated by the high (S)-(B) values. However, between 0.20 
and 0.25M a decline in (S)-(B) values occurred. This result 
is consistent with the inactivation of complement activity 
at high ionic strength 12 • 

Complement-dependent damage to T4 ITosomes was 
also optimized with respect. to pH, Tris, Mg +, and Ca+ + 
concentrations. (S) and (B) values were generated .for 
buffers in concentrations from 0.01 to 0.3M Tris, 0 to 
0.25mM MgCh, 0 to 0.5mM CaC!i, and pH from 7 to 9. 
The ionic strength of the buffers was maintained at 0.16M 
with NaCl in each of the expetirnents. Buffer C (see 
Experimental Protocol) was found to be optimal for the 
reactions of Step 1 (data not shown). The superiority of 
this buffer was demonstrated when complement and T 4 
antiserum were titrated in the presence of 1 µI of T 4 

liposomes, using either Buffer A (see Experimental Proto
col), the original buffer used for EMIA9 , or Buffer C. As 
shown in Table 3, 3.6 µI of complement were required to 
generate an arbitrary (S) of 0.9 in Buffer A compared to 
1.1 µl of complement in Buffer C. In addition, 42% less 
T4 antiserum was required to produce an (S) of 0.9 in 
Buffer C than in Buffer A. 

Influence of T4 antiserum and exogenous T4 on the 
EMIA system. The measurement of antigen concentra
tion by EMIA is based on the suppression of complement
mediated damage to liposomes, which occurs when pro
gressively fewer antigen-antibody complexes form on the 
liposome surface as the antigen concentration increases. 
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FIGURE 5 Correlation between EMIA and RIA. Serum samples 
were obtained from a local hospi ta l and stored at 4°C until 
use. The samples and T 4 standards (0.025 ml each) were 
assayed as described in the legend to Figure 4. The T 4 

standards were used to construct a standard curve, which was 
employed to determine the T 4 concentrations in the serum 
samples. The T 4 concentration in each serum sample was also 
measured by RIA according to the protocol provided by the 
manufacturer (Clinical Assays). T he T 4 concentration mea
sured in each serum sample by EMIA is plotted on the abcissa 
and that by RIA on the ordinate. 

In addition , when progressively lower concentrations of 
antiserum are added to the system, less antigen is required 
to prevent antibody binding to the liposome surface; 
consequently, less antigen can be detected. These princi
ples are demonstrated in Figure 3. At a fixed concentra
tion of T 4 antiserum, (S) declined with increasing concen
trations of T 4• As less antiserum was added to reaction 
mixtures, less T 4 was required to suppress (S) and the 
midpoint of the standard curve shifted to lower T 4 

concentrations. The sensitivity of the assay was therefore 
increased as the T 4 antiserum concentration decreased. 

One-incubation-step assay of total T4 in human serum. 
Complement-mediated damage of T 4-liposomes and the 
subsequent measurement of unmasked enzyme activity 
were combined in a single incubation step because the 
activity of bacterial alkaline phosphatase was found to be 
compatible with Buffer C (data not shown). Complement, 
liposomes, and pNPP were mixed with T 4 standards at 
concentrations ranging from 0 to I 000 ng/ml (0-25 ng 
total) in Buffer C. T 4 antiserum was added to initiate 
complement-mediated damage to the liposomes and the 
reactions were allowed to proceed for 30 minutes. Stan
dard curves similiar to those using the two-incubation-step 
format were generated (Fig. 4). 

By adjusting the concentration of the T 4 antiserum 
appropriately, the standard curve was positioned in order 
to quantitate T 4 in human serum (45-115 ng/ml1 4). T 4 

was released from endogenous thyroxine-binding globu
lins by pretreatment of the serum with 0.2 ml of 0.08N 
HCl1 5 • This treatment also completely inactivated any 
endogenous phosphatase activity present in the test sam
ple (data not shown). T4 values for 19 individual serum 
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FIGURE 6 One-incubation-step IgG EMIA. (S) was generated at 
various IgG concentrations according to the following proce
dure. All reaction components were prepared in Buffer D (see 
Experimental Protocof); human IgG standards (0.1 ml , at the 
concentrations shown on the abcissa) and human lgM (0.1 ml, 
0.01 mg), were distributed into test tubes. 0.4 ml of 19mM 
pNPP was added followed by 0.2 ml of guinea pig comple
ment (diluted 1:8) and 0.2 ml of anti-IgG serum. One µI of 
F(ab')i-liposomes was added and the reaction mixtures were 
incubated at 37°C for 30 minutes. One ml of 0.5N NaOH was 
added to terminate the reactions and the absorbance at 410 
nm determined. 

samples were determined by EMIA and radioim
munoassay (RIA). Figure 5 shows that there was excellent 
agreement between the two tests. The correlation coeffi
cient was 0.95, the slope of the regression line was 0.95, 
and the y-axis intercept was l .97 ng/ml. 

To assess further the performance of the assay , the 
following experiment was performed. A serum pool mea
suring 94 ng/ml by EMIA and RIA was spiked with T 4 to a 
final concentration of 180 ng/ml. The sample was diluted 
I :2, I :4, and 1 :8 with 0.9% NaCl. The measured concen
tration of T 4 titrated as a function of the spiked serum 
dilution (Table 4) . Therefore, the test was accurate 
throughout the concentration range tested in this experi
ment (22-180 ng/ml, 0.55- 4.5 ng total). 

Human IgG EMIA. To demonstrate that EMIA could 
measure macromolecular analytes, an EMIA for human 
IgG was developed. A general coupling procedure (see 
Experimental Protocol) was used to attach human lgG 
F(ab'h fragments to liposomes. The resulting assay (Fig. 
6) , could detect concentrations of IgG between 1 and 30 
µg/ml (0.1 and 3 µg total) . Thirteen serum samples were 
obtained from a local hospital. Each sample was diluted 
1000-fold with Buffer D (see Experimental Protocol) since 
the concentration of IgG in healthy individuals ranges 
between 8 and 18 mg/ml1 6 • The concentrations of IgG 
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FIGUIE 7 Correlation of EMIA and radialimmunodiffusion/ne
phelometry. Serum samples were obtained from a local hospi
tal, where IgG concentrations were measured by radialim
munodiffusion or nephelometry. For measurement of the 
IgG concentration by EMIA, each serum sample was diluted 
1000-fold in Buffer D. 0.1 ml of the diluted sample and the 
IgG standards (shown in Fig. 6) were assayed according to the 
procedure outlined in Figure 6. The IgG concentration 
measured in each serum sample was plotted on the abcissa 
and that by radialimmunodiffusion or nephelometry on the 
ordinate. 

were then determined by EMIA and compared to the 
concentrations measured by radialimmunodiffusion or 
nephelometry in the hospital laboratory. Figure 7 shows 
that the correlation between radialimmunodiffusion, or 
nephelometry, and the IgG EMIA was 0.99, the slope of 
the regression line drawn through the points was 1.07 and 
the y-axis intercept was 0.91 mg/ml. These results indicate 
excellent agreement with conventional methods for mea
suring human IgG. 

DISCUSSION 
We have described a liposome-based diagnostic technol

ogy that we call EMIA. In this system, the antigen
antibody complexes that form on a liposome surface 
trigger the classical complement cascade. As a result, the 
liposome is damaged and the enzyme encapsulated within 
it is no longer separated from the external enzyme sub
strate. 

Kataoka et al. 17 were able to separate enzyme molecules 
from complement-damaged liposomes by ultracentrifuga
tion through sucrose followed by gel filtration. We have 
demonstrated that the enzymatic activity unmasked by the 
action of complement is retained within the damaged 
liposomes (Table 2). We observed this result when testing 
liposomes with different lipid compositions and different 
surface antigens (D.B., unpublished data). Our findings 
are consistant with the results of recent experiments 
investigating the action of complement on resealed eryth
rocyte ghosts. In these experiments, even when mem
branes were treated with high concentrations of comple
ment, 80% or more of an entrapped macromolecular 
marker remained inside the vesicles 1B--21 • 

In the EMIA system, the enzymatic activity unmasked 
by complement-mediated liposome damage converts a 
colorless substrate to a colored product. The amount of 
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product measured reflects the extent of complement
mediated liposome damage. Free antigen in a test sample 
competes with the antigen on the liposome surface for 
antibody molecules in the mixture and, as a result, re
duces the number of antigen-antibody complexes that 
form on the liposome surface. Consequently, the amount 
of substrate converted to colored product is also reduced. 
The amount of colored product formed is inversely 
correlated with the amount of free antigen present in a 
test sample. EMIAs for thyroxine and IgG are described 
to demonstrate the versatility of the system. 

A number of immunoassay methods employing lipo
somes and complement have been developed4-8• One of 
these, an assay for T 48, used a spin label as the encapsulat
ed marker to monitor complement-mediated membrane 
damage. An immunoassay for theophylline 7 utilized lipo
somes containing horseradish peroxidase. Damage was 
measured by following oxygen depletion with an oxygen 
electrode when NADH was supplied as the electron 
donor. The routine use of these assays in the clinical 
laboratory is limited because of the need for specialized 
equipment. 

Janoff et al. 22 recently described a qualitative test for 
systemic lupus erythematosus (SLE) utilizing liposomes 
entrapping the cation-responsive red dye Arsenazo III. 
Release of the dye, and subsequent formation of a blue 
complex, requires divalent cation-dependent membrane 
rearrangement. Sera from patients with active SLE stabi
lize the liposomes in the presence of divalent cations, and 
the red color of the vesicles is maintained. However, this 
type of liposome-based test is not easily applicable to the 
detection of other analytes. 

The EMIA technology offers several advantages over 
current immunoassay methodologies. First, in contrast to 
many other liposome based tests4-8 , the liposomes used in 
EMIA encapsulate enzyme molecules that generate a 
product easily detected by eye or measured with a visible 
light spectrophotometer. Second, in contrast to the ELISA 
technology23 •24, EMIA employs a homogeneous phase 
reaction and requires only one incubation step. This 
makes EMIA attractive for automation. Third, in contrast 
to RIA, EMIA does not employ radionuclides, and elimi
nates the need for radioactive handling, storage, and 
waste disposal. Finally, in contrast to EMIT25, the EMIA 
technology is amenable to measuring both low molecular 
weight and high molecular weight analytes. 

EXPERIMENTAL PROTOCOL 
Buffers. Buffers employed were Buffer A: 0.02M Tris, 

0.15M NaCl, 0.5mM MgCJi, 0.15mM CaC!i, 3.lmM 
NaN3 , pH 7.2 at 37°C; Buffer B: 0.IM Tris, 0.4M NaCl, 
pH 8.0 at 37°C; Buffer C: 0.3M Tris, 0.5mM MgClz, 
0.15mM CaCli, 3.lmM NaN3, pH 8.0 at 37°C; Buffer D: 
0.15M Tris, 0.03M NaCl, 0.5mM MgC12, 0.15mM CaC!i, 
3.lmM NaN3, pH 8.0 at 37°C; Buffer E: 0.IM sodium 
acetate, 0.lM NaCl, pH 4.5; and PBS: 0.0lM sodium 
phosphate, 0.15M NaCl, 3.lmM NaN3, pH 7.2 at 37°C. 

Preparation of phosphatidylethanolamine conjugates. 
Dipalmitoyl D,L-alpha-phosphatidylethanolamine was con
verted to its hemisuccinamide derivative (93% yield) by 
treatment with succinic anhydride and triethylamine ( 1.2 
equivalents each) in dimethyl formamide (DMF)/CHCh 
( 1: I) at 60°C for I h. After silica gel preparative thin 
layer chromatographic (TLC) purification using CHClJ 
CH3OH/H2O (65/25/4) as the solvent, the hemisuccinamide 
group was activated with 1.2 equivalents each of ethyl 
chloroformate and triethylamine in CHCl3 at 5°C. 0.8 
equivalents of L-thyroxine in an equal volume of DMF was 
added and allowed to react for 18 h at room temperature. 
The resulting product, a succinamide conjugate of dipalmi-
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(PEA-suc-T4), was isolated in 16% yield by two sequential 
preparative silica gel TLC purification steps using 
CHCl:i/CH3OH/CH3COOH (60/20/3) followed by 
CHCh/CH3OH/H2O (54/40/5) as the solvents. Further de
tails of the synthesis of PEA-suc-T 4 will be published (Myles, 
A., and Law, S.-L., manuscript in preparation). 

Liposome preparation. T 4-liposomes were prepared 
from a mixture of dipalmitoyl D,L-phosphatidylcholine 
(25 mg, 0.034 mmol), cholesterol (13.5 mg, 0.035 mmol) , 
dicetyl phosphate (1.7 mg, 3.09 µmol) , PEA-suc-T4 (0.16 
mg, 0.103 µmol) and I 000 units of alkaline phosphatase 
(Sigma Type IIIR, dialyzed against PBS and adjusted to a 
final concentration of 1000 units per ml) by either the 
vaporization method26--28 or the reverse-phase evapora
tion method29 • The resulting liposome suspensions were 
incubated for five hours at room temperature and subse
quently dialyzed overnight against two liters of PBS at 
5°C. Free enzyme was removed by repeated washing with 
PBS and centrifugation (32,000xg for 30 minutes). After 
the final wash the liposomes were resuspended in 3 ml 
PBS and stored at 4°C. Using the reverse-phase evapora
tion method, 45-50% of the phospholipid components 
and 15-20% of the alkaline phosphatase were recovered 
in the liposomes. With the vaporization method, 65-70% 
of the phospholipid and 5-8% of the enzyme were 
recovered. Liposomes prepared by either method were 
suitable for use in the EMIA system (data not shown). 

Liposomes with 3-(2-pyridyldithio)propionyl (DTP) 
groups on their surface were prepared by similiar proce
dures from a mixture of dipalmitoyl D,L-phosphatidylcho
line (25 mg, 0.034 mmol), cholesterol (13.5 mg, 0.035 
mmol), dipalmitoyl N-[3-(2-pyridyldithio )propionyl]-D,L
phosphatidylethanolamine (0.16 mg, 0.18 µmol3°) and 
alkaline phosphatase (1000 units, Sigma Type IIIR). Hu
man IgG liposomes were prepared by coupling human 
IgG F(ab'h fragments31 to these liposomes30 •32 • F(ab'h 
fragments (1.0-2.0 mg/ml in PBS) were reacted with a 20-
fold molar excess of N-succinimidyl 3-(2-pyridyldithio) 
propionate for 1 h on ice and dialysed against Buffer E at 
4°C overnight. The 2-thiopyridyl groups were removed 
from the protein by reduction with lmM dithiothreitol in 
Buffer E, followed by chromatography on Sephadex G-25 
equilibrated with PBS. This reaction yielded 4-6 thiol 
groups per F(ab')i. The thiolated F(ab')z fragments were 
coupled to DTP-liposomes by incubating 3.0 mg thiolated 
F(ab')z with 1 ml DTP-liposomes for 3 h at 37°C. The 
resulting IgG liposomes were washed as described above, 
then resuspended in 1 ml PBS. Using this procedure 
liposome preparations containing 60-100 µg F(ab')z per 
ml liposomes were obtained. 

Antisera and Complement. Lyophilized guinea pig 
complement (Grand Island Biological Company) was rou
tinely dissolved in Buffer A and stored in 1 ml aliquots at 
-20°C. Rabbit anti-human IgG serum was obtained from 
Miles Laboratories. Lyophilized sheep anti-T4 serum 
(Benenden Chest Hospital, Cranbrook, Kent, England) 
was dissolved in deionized H 20 and stored in 0.1 ml 
aliquots at -20°C. T 4 radioimmunoassay kits (Tetra Tab) 
were purchased from Clinical Assays Inc. 
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