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Assay of Creatine Kinase Isoenzyme MB in Serum with Time-Resolved Immunofluorometry

E. S. Lianidou,'? T. K. Christopoulos,’ and E. P. Diamandis'3+*

We describe the first time-resolved immunofluorometric assay
for creatine kinase (EC 2.7.3.2) isoenzyme MB (CK-MB) in
serum. The assay is based on the formation of the complex:
solid-phase anti-CK-MB—CK-MB—biotinylated anti-CK-BB—
streptavidin-8cPpA-Eu3*, where anti-CK-MB and anti-CK-BB
are monoclonal antibadies against the CK isoenzymes MB
and BB, respectively, and BCPDA is the europium chelator
4,7-bis(chlorosulfophenyl)-1,10-phenanthroline-2,9-dicarbox-

ylic acid. The solid-phase complex is fluorescent and is
measured on the dry solid-phase (microtiter well) in a specially
designed time-resolved fluorometer that uses laser excitation.
" The assay requires 25 ul of serum and is not affected by the
presence of either CK-MM (up to 5000 ug/L) or CK-BB (up to
1000 ug/L) in the sample. Precision and accuracy indices for
the assay were satisfactory.

Additional Keyphrases: acute myocardial infarction - biotin—
streptavidin europium chelates

Measurement of serum creatine kinase (ATP:creatine
N-phosphotransferase, EC 2.7.3.2) MB isoenzyme (CK-MB)
(1) is still the most specific and sensitive indicator of
myocardial necrosis and the most reliable and critical
laboratory test for the biochemical diagnosis of acute myo-
cardial infarction (AMI) (2, 3).° Thus, the specificity and
sensitivity of laboratory tests for the determination of
CK-MB are of critical importance (4).

Several methods for determining CK-MB in serum have
been developed. Methods based on determining catalytic
activity after separation of CK-MB from the CK-BB and
CK-MM isoenzymes by electrophoresis or ion-exchange
chromatography are generally semiquantitative and labor
intensive (5). Immunological methods for CK-MB based on
immunoinhibition or immunoprecipitation of CK-MM and
measurement of catalytic activity of CK-MB are suscepti-
ble to interferences from CK-BB isoenzyme and macro-CK
type 1 or mitochondrial CK (macro-CK type 2) (6, 7).

Recently developed two-site immunoassays for CK-MB
are superior to other immunochemical methods in sensitiv-
ity and specificity. These “sandwich”-type assay configura-
tions use highly specific anti-CK-MM, anti-CK-BB, or
anti-CK-MB monoclonal antibodies. Several highly specific
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two-site immunoassays for CK-MB have recently become
commercially available, e.g., the Stratus two-site fluoro-
metric radial partition immunoassay (Baxter Healthcare
Corp., Miami, FL 33152) (8), the MagicLite chemilumino-
metric immunoassay (Ciba Corning Diagnostics Corp., E.
Walpole, MA 02032) (9), the Icon QSR assay (Hybritech,
San Diego, CA 92126) (10), and the IMx fluorometric assay
(Abbott Diagnostics, Abbott Park, IL 60064). Newly devel-
oped assays for CK isoforms in serum purportedly are even
more specific markers for AMI but are not yet widely used
an.

Among the possible problems of the immunometric-type
CK-MB assays are the falsely positive interferences by
heterophilic antibodies (e.g., anti-mouse IgG antibodies
present in human sera), which have been reported for
many two-site immunoassays that involve mouse monoclo-
nal antibodies (12). False-positive results were also re-
ported for the Stratus CK-MB assay because of the pres-
ence of a high-molecular-mass form of alkaline phospha-
tase (13), although this interference seems to have been
eliminated (13).

Recently, highly sensitive two-site immunoassays based
on time-resolved fluorescence measurements of europium
have been developed (14). Here, we describe the first
time-resolved immunofluorometric assay of CK-MB in se-
rum. The assay is based on the formation of an immuno-
complex involving CK-MB, a specific monoclonal antibody
to CK-MB immobilized on a solid phase (microtiter well),
and a biotinylated monoclonal antibody specific for the B
subunit. The formed immunocomplex is quantified by add-
ing a highly sensitive 4,7-bis(chlorosulfophenyl)-1,10-
phenanthroline-2,9-dicarboxylic acid (BCPDA)-labeled
streptavidin-based macromolecular complex, which has
been recently described (15), and by measuring the specific
Eu®* fluorescence in a time-resolved fluorometer.

Materials and Methods
Instrumentation

For time-resolved solid-phase fluorescence measure-
ments we used the CyberFluor 615™ Time-Resolved Fluo-
rometer/Immunoanalyzer (CyberFluor Inc., Toronto, Can-
ada) with an excitation wavelength of 337.1 nm (nitrogen
laser source) and an emission wavelength of 615 (+5) nm
(interference filter). Specially designed software provides
automated data reduction. White opaque microtitration
wells (assembled in 12 wells per strip, Immulon II) were
products of Dynatech Labs, Alexandria, VA 22314.

Materials

The europium chelator, BCPDA, was synthesized as pre-
viously described (16). Streptavidin and bovine serum albu-
min (BSA) were purchased from Sigma Chemical Co., St.
Louis, MO 63178. Sulfosuccinimidyl 6-(biotinamido) hex-
anoate (NHS-LC-biotin) was from Pierce Chemical Co.,
Rockford, IL 61105.

Creatine kinase isoenzymes. CK-MB from human heart
tissue (purity =99%), CK-MM from human skeletal muscle
(purity =98%), and CK-BB from human brain (purity
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=95%) were purchased from Scripps Laboratories, San
Diego, CA 92131. All purities were established by electro-
phoresis. All other chemicals were from Sigma Chemical
Co.

CK-MB standards. CK-MB standards at concentrations
of 0-100 png/L were prepared by appropriate dilutions of
CK-MB in heat-inactivated and filtered normal pooled
human serum. These standards were calibrated with the
Stratus CK-MB assay and were kept at 4 °C when not in
use and at —20 °C and for longer storage (>1 week).

Serum samples. Serum samples, obtained from 66 pa-
tients admitted to the coronary care unit of Toronto West-
ern Hospital, were found positive for CK-MB by a screening
immunoinhibition method (see below). Fifty-seven samples
were obtained from a mixed population (Caucasian men
and women) of apparently healthy subjects (blood donors),
ages 2040 years, for estimating the reference range.

Monoclonal antibodies. We purchased monoclonal anti-
- bodies for the B subunit of CK, anti-CK-BB (clone nos.
027-11288, 027-11612, 027-15712, 027-18812, 027-11267,
027-18432), as well as for the M subunit of CK, anti-CK-
MM (clone nos. 027-17186, 027-18367, 027-12859, 027-
11310, 027-14110), from OEM Concepts Inc., Toms River,
NJ 08755. We have also purchased a specific monoclonal
antibody for CK-MB, anti-CK-MB (lot no. 709107), and a
specific monoclonal antibody for the B subunit of CK (lot
no. 734916) from International Immunoassay Laborato-
ries, Inc., Santa Clara, CA 95054. All monoclonal antibod-
ies used in this study were purified from ascites fluid with
an AffiGel protein A “MAPS” kit (Bio-Rad Laboratories,
Richmond, CA 94804).

Procedures

Preparation of biotinylated antibodies. Monoclonal anti-
bodies used as detection antibodies were biotinylated with
sulfosuccinimidyl 6-(biotinamido) hexanoate (NHS-LC-bio-
tin) as previously described (17). Working solutions of the
biotinylated antibodies were prepared by diluting them to
~2.5-5 mg/L in 50 mmol/L Tris buffer, pH 7.40, containing
9 g of NaCl, 5 g of BSA, 0.5 g of NaN,, 5 mL of normal
mouse serum, 0.5 g of bovine y-globulins, 0.5 mol of KCI,
and 0.02 mL of Tween 40 per liter.

Preparation of labeled streptavidin. A streptavidin-based
macromolecular complex, a very sensitive detection re-
agent, was formed by conjugating streptavidin with BCPDA-
labeled thyroglobulin, as described elsewhere (18), and
incubating the reaction mixture with Eu®* as previously
described (15). The concentration of streptavidin in this
stock solution was 15 mg/L. Labeled streptavidin working
solution was prepared by diluting the stock solution 50-fold
in a 50 mmol/L Tris buffer, pH 7.20, containing, per liter,
40 g of bovine serum albumin, 9 g of NaCl, 0.1 g of sodium
azide, and 40 umol of Eu3*.

Coating of microtitration wells. The wells were coated
overnight at room temperature with the coating solution
(50 uL/well), a 50 mmol/L Tris solution, pH 7.40, contain-
ing 10 ug of coating antibody per milliliter. After coating,
the wells were washed with a wash solution containing 9 g
of NaCl, 0.5 mL of polyoxyethylene sorbitan monolaurate
(Tween 20), and 0.5 g of NaNj; per liter, and blocked for 30
min at room temperature with 200 uL per well of a 50
mmol/L Tris solution, pH 7.40, containing 60 g of BSA and
0.5 g of sodium azide per liter. The wells were stored in the
blocking solution and were washed just before use as
described above.
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Comparison methods. We used four different methodolo-
gies for comparison and other studies. As a screening
procedure, we used the immunoinhibition method, with
reagents from Boehringer Mannheim Diagnostics, India-
napolis, IN 46290, and a chemistry analyzer (Hitachi
Model 717; Boehringer Mannheim). Sera found positive by
this method were further analyzed by three different two-
site sandwich immunoassays specific for CK-MB, i.e., the
Stratus, the Icon QSR, and the IMx CK-MB assays, accord-
ing to the manufacturers’ recommendations.

Assay procedure. Wash coated and blocked wells twice
with the wash solution before the assay. Add 50 uL of the
working biotinylated antibody solution (2.5 mg/L) to each
well, and pipet 25 uL of standards or serum samples (in
duplicates) into each well. After shaking the plates for 30
min (or 15 min for the rapid procedure) at room tempera-
ture, wash the wells once with the wash solution, then add
50 uL of the labeled streptavidin working solution to each
well. After 30-min incubation (or 15 min for the rapid
procedure), wash the wells and then dry them with a
forced-air plate dryer for 5 min at room temperature. The
fluorescence of Eu®* on the solid phase is measured with
the CyberFluor immunoanalyzer. Data reduction is auto-
matic.

Results

Selection of monoclonal antibodies. Thirteen monoclonal
antibodies were tested in various combinations in an initial
effort to establish workable pairs. In all cases, we used a
solid-phase antibody (immobilized on microtiter wells) and
a biotinylated detection antibody. For coating, we tested
the seven anti-CK-BB antibodies in combination with five
anti-CK-MM detection antibodies (35 different pairs) and
an anti-CK-MB detection antibody (seven pairs). Addition-
ally, we tested the anti-CK-MB antibody for coating and
used either the anti-CK-BB (seven) or the anti-CK-MM
antibodies for detection (total of 12 pairs). From the total 54
pairs tested, 24 pairs gave calibration curves. Further
studies on cross-reactivity showed that only the pair of
anti-CK-MB (coating antibody, lot no. 709107):anti-CK-BB
(detection antibody, lot no. 734916) was free from both
positive and negative interference by CK-MM (up to 5000
ug/L) or CK-BB (up to 1000 ug/L). To assess positive
interference, we measured samples containing only CK-
MM or CK-BB; we assessed negative interference by check-
ing the percent reduction in the values found for a CK-MB
sample initially measured as 20 ug/L in the presence of

Table 1. Interference Studies for the Proposed CK-MB
Assay (Protocol A)

Detection Positive interference® Negative interference®
antibody,
ng/well CK-MM CK-BB CK-MM CK-BB
500 ND (0)¢ 0.10 (0.01) 21.9 (109) 21.9 (109)
250 ND (0) 0.26 (0.03) 19.7 (98.5) 21.6 (108)
125 ND (0) 0.35 (0.04) 20.1 (100) 22.4 (112)

2Expressed as ug/L of CK-MB; CK-MM and CK-BB were added to
CK-MB-free serum at concentrations of 5000 and 1000 ug/L, respectively.

®Values shown are pg/L of CK-BB measured for a sample originally
containing 20 ug of CK-MB per liter and then supplemented with CK-MM and
CK-BB at concentrations of 5000 and 1000 ug/L, respectively.

°Numbers in parentheses represent % cross-reactivity (positive interfer-
ence studies) or % of expected values (100% when negative interference is
zero).

ND, not detected.




CK-MM or CK-BB (Table 1). Thus, we finally selected
anti-CK-MB as the solid-phase capture antibody and anti-
CK-BB (lot no. 734916) as the biotinylated detection anti-
body for the development of this assay.

Assay optimization. The coating of wells was optimized
for antibody concentration. An antibody concentration of
500 ng/50 uL per well was chosen for maximum signal. We
found that coating with 250, 125, or 60 ng per well yielded
a signal of about 70%, 50%, and <40% of maximum,
respectively.

With use of 500 ng per well of coating antibody, the assay
was optimized for biotinylated-antibody concentration. An
antibody concentration of 2.5 mg/L (125 ng/50 uL per well)
was chosen as optimum because it gave the lowest back-
ground signal, even though additional antibody (250 and
500 ng per well) gave practically the same fluorescence
signals but a higher background. To study the effect of
incubation time on the first step, we incubated the samples
in the coated wells with biotinylated antibody for 15, 30,
60, and 120 min, but kept the streptavidin-binding incuba-
tion step constant at 30 min. Fluorescence signals were
increased by increasing the incubation time up to 120 min
but with no significant increase in assay detectability
because nonspecific binding (zero standard signal) also
increased. The same studies were performed with the
streptavidin incubation step.

On the basis of these studies, we devised two assay
protocols: a 15 min-15 min rapid protocol (A) and a 30
min—30 min normal protocol (B); the times refer to the first
and second incubation steps, respectively. To minimize
errors caused by variable incubation times between wells
(delay effect), we first pipetted the detection antibody in the
wells and then we pipetted all standards and patients’
samples within 10 min, for both protocols. We also added 5
mL of mouse serum per liter of antibody diluent to avoid
any possible falsely increased results for CK-MB, owing to
rheumatoid-like factors and anti-mouse immunoglobulin
antibodies in some human sera (12).

Assay characteristics. Typical standard curves for both
assay protocols are shown in Figure 1. Both curves are
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Fig. 1. Calibration curves for the proposed CK-MB assay for both
protocols

[, rapid protocol (30 min); ¢, normal protocol (60 min). The fluorescence of
the zero standard has been subtracted from all other fluorescence readings

linear at concentrations of CK-MB =100 ug/L. The detec-
tion limit, defined as the analyte concentration correspond-
ing to the fluorescence reading of the zero standard +2 SD,
was 0.46 and 0.36 pg/L for the rapid and the normal
protocol, respectively. The detection limit of the normal
protocol showed no significant improvement because in-
creasing the incubation times increased both the back-
ground and specific signal proportionally.

Precision. Within-run precision was determined by ana-
lyzing serum samples at three different concentrations, 12
times each, by both protocols. Day-to-day precision was
assessed by analyzing another three serum samples 10
times over a period of 10 days (Table 2).

Dilution test. We evaluated the linearity of the method by
diluting five different serum samples of known CK-MB
concentrations (2030 ug/L) with heat-inactivated normal
serum (already found negative for CK-MB by the Stratus
method) and by reassaying them by both protocols. For all
cases, linear dilution curves at dilution factors ranged from
three- to 20-fold.

Analytical recovery. Serum samples supplemented with
CK-MB at two different concentrations were prepared by
adding known concentrations of exogenous CK-MB to four
pooled serum samples with CK-MB values between 0.5 and
1.1 ug/L. To assess analytical recovery, we analyzed the
samples before and after the two additions of CK-MB (~18
and 40 ug/L), with mean analytical recoveries of 82.8%
+5.7% and 91.9% *4.6% for protocols A and B, respec-
tively.

Reference interval. We analyzed 57 serum samples from
apparently healthy blood donors, ages 2040 years, by both
proposed protocols. The reference interval, defined as the
range of values between the 2.5th and 97.5th percentile,
was 0—4.1 ug/L. Measured values ranged from undetect-
able to 6.0 ug/L.

Correlation with other methods. We compared the results
from the proposed time-resolved immunofluorometric as-
say for CK-MB with those obtained by three commercially
available immunoassays for CK-MB in serum, i.e., the
Stratus, Icon QSR, and IMx CK-MB (Table 3). The pro-
posed assay correlates well with the Stratus (r = 0.978) as
well as with the Icon (r = 0.987) and IMx (r = 0.984).
However, the slope of the regression equation is close to
unity (0.84-0.90) only with the Stratus system and is
significantly lower (0.58-0.71) for the Icon and IMx meth-
ods. This is expected in that the Icon assay reportedly gives
higher values than the Stratus (19, 20). Although the IMx
assay (21) has not been widely used, it seems to give higher
readings than the Stratus assay.

Table 2. Precision of the CK-MB Assay

Protocol A Protocol B
Mean (SD) Mean (SD)

Sample CK-MB, ug/L CV, % CK-MB, ug/L CV, %
Within-run (n = 12)

1 7.4(0.4) 5.4 8.4 (0.5) 6.0

2 16.2 (1.0) 6.2 18.9 (1.1) 5.8

3 39.6 (1.6) 4.0 45.2 (1.9) 4.2
Day-to-day (n = 10)

1 8.8 (1.1) 12.3 8.2(0.9) 11.0

2 26.0 (1.9) 7.3 22.8 (1.8) 7.9

3 48.5 (4.0) 8.2 46.6 (4.6) 9.9
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Table 3. Comparison of the Proposed CK-MB Assay with Three Two-Site Immunoassays for CK-MB

Proposed
Comparison method (y), CK-MB range,
method (x) protocol g/l
Stratus, n = 66 A 1.4-370
B 0.9-309
Icon, n = 43 A 1.4-130
B 0.9-122
IMx, n = 43 A 1.4-130
B 0.9-122

2 Linear regression.

Slope” Intercept, ug/L r S,
0.90 -0.29 0.978 17.0
0.84 3.75 0.962 20.9
0.59 4.38 0.987 54
0.58 5.01 0.983 6.3
0.71 1.59 0.984 6.0
0.71 2.17 0.982 6.4

Discussion

The availability of specific monoclonal antibodies for the
M and B subunits and MB isoenzyme of CK enabled the
development of very specific and sensitive two-site immu-
noassays that measure CK-MB mass and use radiometric,
fluorometric (8), chemiluminometric (9), or absorbance (10)
detection systems. Correlation between measurements of
CK-MB mass and activity is well established (22) and
studies have successfully compared these two assay princi-
ples (23-25).

Time-resolved fluorescence has become an established
analytical technique in the field of nonisotopic immunoas-
say and can achieve sensitivities equivalent to or better
than those obtained with radiolabeled tracers (14). Here we
describe a time-resolved immunofluorometric assay for
CK-MB in serum. The assay is based on the formation of a
complex involving CK-MB bound by a specific monoclonal
antibody for CK-MB immobilized on the solid-phase and a
biotinylated specific monoclonal antibody for the B subunit.
The formed immunocomplex is quantified by a highly
sensitive, recently described (15) streptavidin (SA)-based
macromolecular complex of the approximate composition
SA(TG); 3BCPDA 450, Wwhere TG is bovine thyroglobulin. This
solid-phase complex is fluorescent and is measured on the
surface of a microtiter well by a specially designed laser-
excited, time-resolved fluorometer.

The proposed assay for CK-MB is highly sensitive, with
a detection limit <0.4 ug/L, equivalent to that reported for
Stratus (0.4 ug/L) but better than the reported detection
limit of the MagicLite (0.8 ug/L) and the Icon (0.6 ug/L)
assays (19). The reported detection limit of the IMx assay
(0.2 pg/L) is superior (21). Only 25 uL of sample is required
for a single assay. The assay is free from positive and
negative interferences by CK-MM (up to 5000 ug/L) and
CK-BB (up to 1000 ug/L), and calibration curves are linear
to CK-MB concentrations of 100 ug/L. Serum dilution
curves were linear over a wide range.

We have developed two different protocols, with total
incubation times of either 30 or 60 min. Comparison
studies with other commercially available immunoassays
reveal good correlation although the absolute values differ,
especially with the IMx and Icon assays. The reason for the
discrepancies is unknown. We conclude that standardiza-
tion must play a role because our assay is in close agree-
ment with the Stratus assay, the method we used to assign
values to our standards.

Our assay design, which incorporates a specific anti-CK-
MB coating antibody and a specific anti-CK-B subunit
antibody, is theoretically the most preferable. Assays that
use anti-CK-B subunit coating antibody (the Icon assay)
may suffer negative interference if high concentrations of
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CK-BB are present in serum. Also, use of anti-CK-B
subunit detection antibody is preferable to the use of
anti-CK-M subunit detection antibody (as used in the IMx
assay) because of better specificity. The presence of high
amounts of CK-MM in serum may cause problems if the
coating antibody is not highly specific for CK-MB or if there
is nonspecific binding of CK-MM.
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