Linköping University Post Print

Monitoring of troponin release from
cardiomyocytes during exposure to toxic
substances using surface plasmon resonance
biosensing

Henrik Andersson, Bertil Kågedal and Carl-Fredrik Mandenius

N.B.: When citing this work, cite the original article.

The original publication is available at www.springerlink.com:
Henrik Andersson, Bertil Kågedal and Carl-Fredrik Mandenius, Monitoring of troponin
release from cardiomyocytes during exposure to toxic substances using surface plasmon
resonance biosensing, 2010, ANALYTICAL AND BIOANALYTICAL CHEMISTRY,
(398), 3, 1395-1402.
http://dx.doi.org/10.1007/s00216-010-4041-9
Copyright: Springer Science Business Media
http://www.springerlink.com/
Postprint available at: Linköping University Electronic Press
http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-59731

Monitoring of troponin release from cardiomyocytes during exposure of
toxic substances using surface plasmon resonance biosensing

Henrik Andersson1, Bertil Kågedal2, Carl-Fredrik Mandenius1

1
2

Division of Biotechnology/IFM, Linköping University, Linköping, Sweden
Division of Clinical Chemistry, Department of Clinical and Experimental Medicine,

Linköping University, Linköping, Sweden.

Corresponding author: Carl-Fredrik Mandenius, Division of Biotechnology/IFM,
Linköping University, 581 83, Linköping, Sweden, Email: cfm@ifm.liu.se

1

Abstract

Troponin T (TnT) is a useful biomarker for studying drug-induced toxicity effects on
cardiac cells. In this paper, we describe how a surface plasmon resonance (SPR)
biosensor was applied to monitor the release of TnT from active HL-1 cardiomyocytes in
vitro when exposed to cardiotoxic substances. Two monoclonal human TnT antibodies
were compared in the SPR immunosensor for analysing of the TnT release. The detection
limit of TnT was determined to 30 ng/ml in a direct assay set-up and to 10 ng/ml in a
sandwich assay format. Exposure of doxorubicin, troglitazone, quinidine and cobalt
chloride to the cardiomyocytes for periods of 6 to 24 hours gave significant SPR
responses, while substances with low-toxicity showed insignificant effects (ascorbic acid,
methotrexate).

The

SPR

results

were

verified

with

a

validated

immuno-

chemiluminescence method which showed a correlation of r2 = 0.790.

Keywords: SPR, Troponin T, Cardiotoxicity, In vitro toxicity, HL-1 Cardiomyocytes,
Cytotoxicity screening

Abbreviations: SPR, surface plasmon resonance; RU, resonance units; cTnT, cardiac
troponin T; mAb, monoclonal antibody; EDC, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride; NHS, N-hydroxysuccinimide; SD, standard deviation; SEM,
standard error of mean
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Introduction
Three troponin forms are released from heart muscle cells during cardiac injury: troponin
T (TnT), troponin I (TnI), and troponin C (TnC) [1]. The release is caused by a
combination of a disruption of the cardiomyocyte membrane and a dissociation of the
thin-filament troponin complex in the cell [2-3].
This mechanism makes cardiac troponins sensitive clinical biomarkers for all heart
muscle related diseases [4-7]. It also makes the cardiac troponins useful as biomarkers
when investigating cardiotoxicity effects induced by drugs [8-12]. In addition to that,
troponins also are potential markers for testing of toxicants of other origin, such as
cosmetic ingredients and other additives used in consumer products and which require
more thorough testing according to new safety regulations [13].
Biosensors have attracted significant interest for developing sensitive troponin assays. In
particular surface-based immunosensors, such as surface plasmon resonance (SPR) [14],
total internal reflection fluorescence and surface acoustic wave sensors [15] provide a
powerful assay format due to their ability to capture protein analytes by specific
antibodies raised towards distinct epitopes [16] in rapid and parallel analytical setups.
For troponins SPR has been applied for analysis of the cardiac troponin I form (cTnI) in
clinical blood samples [17] using conventional SPR instrumentation as well as fibreoptical SPR devices [18]. SPR has for this purpose also been applied to cTnT [20-21]
and TnC analyses [22]. These assays were developed to facilitate rapid and more specific
methods compared to existing ELISA based methods (e.g. Elecsys [16]).
For the analysis of drug-induced cardiotoxicity effects troponins are not exploited, except
a few recent reports [9, 23]. For in vitro toxicity assaying this requires testing system,
with relevant cardiac cells exhibiting a typical pacemaker phenotype [e.g. 24], i.e.
showing beating rates characteristics of ventricular cardiomyocytes and which can be
monitored in close proximity to a sensitive analytical device. In particular biosensors
have appropriate analytical attributes for this purpose – being adaptable to
miniaturization, allowing rapid sampling and specific detection, having the potential of
simultaneously analyzing several analytes (biomarkers) and compensating for changing
media background during culture testing.
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The design of the SPR sensor chips is here particularly useful, due to their robust liquid
conduit flow systems. Also, the SPR chips have the advantage of allowing parallel online analysis, and can be further expanded into multi-protein microarray devices as has
been shown recently [25].
To our knowledge, SPR has not yet been applied to drug-induced cardiotoxicity testing.
In this paper, we demonstrate the use of the SPR technique for testing a few well-known
cardiotoxic compounds on a beating cardiomyocyte cell line, HL-1, and compare the
performance and sensitivity with an existing in vitro method.
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Experimental
Materials
All SPR reagents, including HBS-EP, amine-coupling kit, and regeneration solutions,
were obtained from GE Healthcare (Uppsala, Sweden). The antibodies used were 1F11
(Abcam, UK), 1C11, and 7G7 (HyTest, Finland). Human cardiac troponin T was
purchased from HyTest (Finland). The Elecsys 2010 system and reagents were obtained
from Roche. For cell cultivation was used a Claycomb medium, norepinephrine, and
fibronectin (all from Sigma), fetal bovine serum (Lot 6L0730) (JRH Biosciences, UK),
L-glutamine (Invitrogen), penicillin and streptomycin (Gibco, USA), gelatine (BDH
Prolabo, Germany), T-25 flasks (Sarstedt, Germany), and 48-well plates (VWR,
Sweden). The test substances, doxorubicin, quinidine, cobalt chloride and ascorbic acid,
were obtained from chemical companies.

Cardiomyocyte culture
Cardiomyocyte cells of the cell line HL-1 was provided by Professor William C
Claycomb, Louisiana State University, New Orleans, LA, USA, and were propagated as
previously described [24, 26]. The cells were maintained in Complete Claycomb Medium
supplemented with 10% fetal bovine serum, 10 µM norepinephrine (dissolved in 30 mM
L-ascorbic acid), 2 mM L-glutamine, 100 U/ml penicillin, and 100 U/ml streptomycin in
T-25 flasks. Flasks and multi-well plates were coated with 0.2% gelatine and 5 µg/ml
fibronectin. The HL-1 cells showed characteristic cardiac beating activity. All cultures
were incubated at 37 ˚C in 5% CO2.

Preparation of SPR surfaces
The cTnT antibodies were covalently immobilized on CM5 sensor chips in a Biacore
2000 system (GE Healthcare, Uppsala, Sweden) using amine coupling. HBS-EP (0.01 M
HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% surfactant P20) was used as running
buffer at a continuous flow of 5 µl/min. The carboxylated dextran matrix was activated
with a 7 min injection of a 1:1 ratio of 0.1 M NHS/0.4 M EDC. The antibodies were
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coupled to the surface with a 10 min injection (150 µg/ml in 10 mM sodium acetate
buffer, pH 4.5), followed by a 7 min injection of 1 M ethanolamine (pH 8.5) to block the
remaining activated groups. The surface was washed 5 x 3 min with 10 mM glycine-HCl,
pH 2.5. The immobilization levels of antibodies were 9,000-13,000 RU.

Toxicity testing protocols
Two testing protocols were used in the study.

The first protocol used a direct

immunoassay procedure were the TnT analyte was directly detected on the sensor chip
after binding to the antibody ligand. In the second protocol a sandwich assay procedure
was applied where a secondary antibody amplified the detection (cf. Fig. 1).
In both protocols HL-1 cells were seeded 20 h prior to drug exposure in 48-well plates at
a density of 1.5

105 cells per well. Stock solutions were made of doxorubicin,

quinidine, cobalt chloride and ascorbic acid in H2O, methotrexate in 0.1 M sodium
carbonate buffer and troglitazone in DMSO. Further dilutions to test concentrations were
made in complete Claycomb medium supplemented as described above. At the start of
the experiment, the overnight medium was replaced by media supplemented with drug
compounds, or by media containing solvent as controls. After 24 h, the media samples
were withdrawn from the cells, centrifuged at 13,000g for 10 min, and immediately
analyzed undiluted on SPR sensor chips prepared as described above.
The assayed biochips were continuously purged with a flow of HBS-EP at 5 µl/min into
which samples was injected for 3 min.
When applying sandwich assay protocol, the sample injection was followed by a 3 min
injection of indicated antibody (2 µg/ml in HBS-EP). The surface was regenerated by
injection of 10 mM glycine-HCl pH 2.5, for 1 min.
Human cTnT reference samples were diluted to various concentrations in HBS-EP or
complete supplemented Claycomb media.

Immunochemiluminescence method
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The cTnT concentration in the withdrawn culture samples was also determined by an
automated immunochemiluminescence method (Elecsys 2010, Roche). The assay was
carried out according to the manufacturer’s recommendations. A biotinylated mouse
monoclonal antibody (M11.7) linked to streptavidin coated paramagnetic beads was used
for antigen capture. A mouse monoclonal antibody (M7) labelled with ruthenium
trisbypyridyl complex was used for detection.

Statistical analysis
For cell-free experiments, the response from fresh solution (HBS-EP or complete
supplemented Claycomb medium) was subtracted as background. For cell experiments,
medium from untreated cells was used as background. Data from sandwich assays and
drug testing are presented as means ± SEM. The interassay comparison was analyzed
using linear regression.
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Results and Discussion
Evaluation of antibodies against cTnT for SPR analysis
Three monoclonal antibodies against cTnT were evaluated for their usefulness as ligands
in an SPR-based assay for testing drug-induced cardiotoxicity (see Fig. 2). The 1F11 and
1C11 antibodies are both reported to bind to a conserved region of cTnT, and therefore to
recognize cTnT from several different species, including human and mouse. The 7G7
antibody recognizes a more variable region of cTnT, and is human-specific. Each of the
three antibodies was immobilized in separate flow channels on an SPR sensor chip. The
amount of immobilized antibody per channel was between 8,000 and 13,000 RU. A
fourth flow channel on the same chip was first amine-activated and then deactivated with
ethanolamine and used as reference surface.
Injection of 3 µg/ml of cTnT in complete Claycomb medium for 3 min resulted in typical
SPR response curves for all three antibodies (Fig. 2a). The reference surface showed a
change in refractive index only, with no binding during the injection. Three-minute
injections of increasing concentrations of cTnT in HBS-EP (10-3000 ng/ml) are shown in
Fig. 2b. Antibody 7G7 gave the highest response, followed by 1F11. As well as giving
the lowest response, 1C11 also showed a decreasing response after a repeated number of
injections (n > 30) (data not shown). Antibodies 7G7 and 1F11 showed no significant
reduction in response (n > 100). The lower detection limits for cTnT with 7G7 and 1F11
antibodies were estimated at 30 ng/ml, defined as background response + 2 standard
deviations.
To compare the background effects on the SPR response signal of a typical growth
medium designed for cardiomyocyte culturing, we performed spike-in experiments with
cTnT dissolved in both the complete Claycomb medium and the SPR running buffer
(HBS-EP) (Fig. 3). As seen in the figure, the complete Claycomb medium gave an
additional background response of approximately 100 RU regardless of cTnT
concentration. The Claycomb medium had no effect on the detection limit.
Thus, the cTnT antibodies considered best suited for SPR assaying were antibody 7G7
and 1F11. As mentioned above, while the 7G7 antibody is human-specific, the 1F11
binds to a more conserved region of cTnT and recognizes cTnT from several different
8

species. An assay using 1F11 will therefore be compatible with cell lines and primary
cells from different origin. A benefit of this is that the same assay setup can be applied
when analyzing and comparing preclinical toxicity data from animal with human trials.
The nonspecific adsorption of biomolecules from the cell culture medium gave a
background signal of approximately 100 RU. This did not interfere with the
antibody/antigen interaction and did not affect the detection limit. This background signal
may vary between batches of media components. Therefore these factors need be kept
constant within an experiment.

Sandwich assay
In an attempt to improve the performance of the assay, we investigated whether a
sandwich design could lower the detection limit. Since cTnT is a 36 kDa protein, adding
a secondary antibody of 170 kDa should greatly increase the response (cf. Fig 1). The
7G7 mAb was immobilized on the surface followed by injection of cTnT for 3 min (Fig.
4a). The 1F11 mAb was then injected for 3 min. The response measured after the mAb
injection was approximately 2.5 times higher for all concentrations compared to cTnT
only. Injection of 1F11 without a prior injection of cTnT gave a background response of
8 RU, which was subtracted from the sandwich assay values above. Using 1F11 as
immobilized capture antibody and 7G7 as secondary antibody gave similar results (Fig.
4b). Using this sandwich assay, the detection limit was improved to10 ng/ml.
Thus, the sandwich assay with 7G7 and 1F11 increased the response and improved the
detection limit three-fold; however, this approach could only be used for human
cardiomyocytes since 7G7 is human-specific.

cTnT stability and measurability over time
We investigated the influence of the sample storage time before analysis of the cTnT
samples. Aliquots of cTnT were added to complete supplemented Claycomb medium.
These were stored at + 20 °C, + 4 °C, and - 70 °C for 24 hours. Fresh samples were then
prepared, and all samples were analyzed by SPR (Fig. 5). Regardless of temperature, the
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samples stored overnight gave significantly lower responses than freshly-prepared
samples. Similar results were observed using the Elecsys 2010 for cTnT analysis. All
further cTnT measurements were therefore performed on fresh samples.
The cTnT measurability was strongly reduced when samples were stored, regardless of
temperature and analytical method. This may have been caused by degradation as
previously reported [27], or the fact that cTnT can form tightly bound tetramers in vitro
[28] which may block the antibody binding sites. Hessel et al. [2] showed a degradation
of cTnT in cell culture medium after cell death and the formation of degradation
products. The magnitude of signal loss we observed was similar to the loss of intact cTnT
in their study after 24 hours.

Compound testing
Compounds with or without known cardiotoxic effect and the murine cardiomyocyte cell
line HL-1 were used to investigate whether SPR analysis of cTnT released into the cell
culture medium can be used as a measure of cardiotoxicity. The HL-1 cells were exposed
to doxorubicin in a concentration range of 1.25-320 µM for 6 and 24 hours respectively,
and analyzed on the SPR using the 1F11 mAb in a direct assay (Fig. 6). The response of
medium from cells incubated without drug was subtracted as background. Cells incubated
for 6 hours showed a response of 44 RU at the highest doxorubicin concentration only.
After 24 hours a dose-response curve was observed with a maximum response of 20 RU
at a doxorubicin concentration of 20 µM. The response decreased at higher doxorubicin
concentrations. This is most likely due to cTnT being released at a earlier time point and
the loss of measurability described above.
The SPR responses from HL-1 cells exposed to troglitazone in the concentration range
1.25-160 µM for 24 h are shown in Fig. 7a, and quinidine in the concentration range 100850 µM in Fig. 7b. The dose-response curve showed a maximum response of 20 RU at a
troglitazone concentration of 80 µM, and 21 RU at a quinidine concentration of 550 µM.
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Again the response decreased at higher compound concentrations. The effects of cobalt
chloride in the concentration range 5-320 µM is shown in Fig. 7c. The maximum effect
was 11 RU at 80 µM.
As a negative control we exposed HL-1 cells to non-toxic levels of ascorbic acid in the
range 0.14-35 mM (Fig. 7d) and methotrexate in the range 5 nM to 295 µM (Fig. 7e) for
24 h. No significant response to ascorbic acid was observed. In the methotrexate
experiment the SPR response was approximately 8 RU regardless of compound
concentration, indicating that methotrexate gave a slightly increased background. No
dose response was observed.
Due to the loss of measurability of cTnT in solution over time, mainly cTnT released at
the end of the experiment is detected. Also, untreated cells and cells exposed to low
levels of the toxic compound continue to grow during the 24 hour incubation. This is not
the case for cells exposed to highly toxic levels where lesser cells per well remain after
the exposure period. This makes timing of the release of cTnT an important factor. If the
incubation period is too short only very high concentrations of the toxic compound will
have time to act on the cells. If the incubation time is too long the results will be strongly
influenced by cTnT degradation and uneven cell numbers. The 24 hour incubation time
was considered to be an appropriate trade-off. When testing a new potentially toxic
compound, a broad concentration range and several time points need to be tested to rule
out toxicity.

Interassay comparison of Biacore 2000 and Elecsys 2010
To validate the SPR assay, we made a comparison between SPR (Biacore 2000) and
Elecsys 2010. The Elecsys 2010 system is routinely used to analyze cTnT levels in
human plasma to diagnose acute myocardial infarction. HL-1 cells were exposed to 2.520 µM doxorubicin or 80 µM troglitazone for 24 h. Cell culture medium was analyzed
for cTnT with both methods, and cTnT levels in medium from untreated cells were
subtracted as background. Figure 8 shows a correlation plot between the two methods. A
linear correlation with an r2 value of 0.790 was observed. Thus, the correlation between
SPR and the clinically approved Elecsys method was verified. The value of the
11

correlation factor reflects the methodological differences of the methods, including the
different antibody specificities. Published comparative data between different cTnT
assays are scanty, partly explained by the shortage of commercial assay providers.
However, very recently a comparison between the fourth generation TnT and a highsensitive cTnT method was published that showed great variation in bias across the entire
measurement range [29]. In the low concentration range (10-30 ng/L) the bias varied
from ca 20-290 ng/L, and at higher concentrations the bias was less pronounced. This is
probably due to different molecular forms of TnT are excreted into plasma when the
cardiac infarction varies in magnitude and that these molecular forms are measured with
different specificity. Also in acute myocardial infarction, the intact troponin subunits
rapidly disappear from the circulation during the early hours after infarction, while
immunoreactive troponin fragments remain [11]. Furthermore it could be noted that for
cTnI, for which there are a number of instruments and methods available, including
antibodies and calibrators from several manufacturers, the results vary 20-fold to 40-fold
in the reported clinical investigations [1, 29]. We think that development of new SPR
assays may in future studies contribute to the further understanding of these fundamental
questions.
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Conclusion
A novel SPR based assay for measuring cardiotoxicity using an actively beating
cardiomyocyte cell line and cTnT as a biomarker was developed. As emphasized in this
article, the SPR-based cTnT assay is particularly suitable for study of drug-induced
cardiotoxicity. The concentration of cTnT in cell culture medium from HL-1 cells
exposed to toxic compounds is well within the detection range of this method.
The efficiency and sensitivity of the method was demonstrated using four compounds of
different toxicity and two non-toxic compounds. The benefits of SPR based assay
methods are their short analysis time, no need for sample pre-treatment or labelling and
that very small sample volumes are required. Also, SPR methods can easily be integrated
into cell culture systems for automatic and on-line measurement.
When evaluating the cardiotoxicity of drugs, however, it is necessary to consider several
myopathic effects; for example, effects related to angina, ventricular hypotrophy, and
congestive heart failure conditions [6]. Also, the predictive value can be improved by
monitoring the release of troponins and natriuretic peptides (ANP, BNP) in combination
with other factors such as endomyocardial biopsy and heart rate variability [7]. Moreover,
the release of troponins is associated with myocyte cell death, and has also been shown to
be a predictive factor for cardiac dysfunction, particularly in children when measured
serially.
Recent SPR methods allow parallel analysis using several antibody ligands, thus
enhancing throughput and allowing fine-tuning for compensation for subtile epitope and
media deviations [30].
In this study we has demonstrated how SPR can be used as a platform for a cardiotoxicity
assay based on one biomarker, cTnT. The applied system with four flow cells allows
parallel assaying of up to three biomarkers (and one reference surface) to be analyzed in
parallel. With high-throughput array-based SPR systems, the number of biomarkers that
can be studied simultaneously increases drastically.

13

Acknowledgements
We thank Professor William C. Claycomb for generously providing the HL-1
cardiomyocyte cell line and Mrs. Malin Skala and Cathrine Lauritsen at the Linköping
University Hospital for valuable technical assistance. The project was supported by
Framework 6 of the European Commission, grant LSHB-CT-2007-037636 (Invitroheart).

14

References
1.

Apple FS, Wu AH, Jaffe AS, Panteghini M, Christenson RH, Cannon CP, Francis
G Jesse RL, Morrow DA, Newby LK, Storrow AB, Tang WH, Pagani F, Tate J,
Ordonez-Llanos J, Mair J (2007) National Academy of Clinical Biochemistry and
IFCC Committee for Standardization of Markers of Cardiac Damage Laboratory
Medicine practice guidelines: Analytical issues for biomarkers of heart failure.
Circulation 116: 95-98

2.

Hessel MH, Michielsen EC, Atsma DE, Schalij MJ, van der Valk EJ, Bax WH,
Hermens WT, van Dieijen-Visser MP, van der Laarse A (2008) Release kinetics of
intact and degraded troponin I and T after irreversible cell damage. Exp Mol Pathol
85:90-95

3.

Gaze DC, Collinson PO (2008) Multiple molecular forms of circulating cardiac
troponin: analytical and clinical significance. Ann Clin Biochem 45:349-355

4.

Alpert JS, Thygesen K, Antman E, Bassand JP (2000) Myocardial infarction
redefined--a

consensus

document

of

The

Joint

European

Society

of

Cardiology/American College of Cardiology Committee for the redefinition of
myocardial infarction. J Am Coll Cardiol 36:959-969
5.

Wu AH, Feng YJ, Moore R, Apple FS, McPherson PH, Buechler KF, Bodor G
(1998) Characterization of cardiac troponin subunit release into serum after acute
myocardial infarction and comparison of assays for troponin T and I. American
Association for Clinical Chemistry Subcommittee on cTnI Standardization. Clin
Chem 44:1198-1208

6.

Michielsen EC, Diris JH, Kleijnen VW, Wodzig WK, Van Dieijen-Visser MP
(2007) Investigation of release and degradation of cardiac troponin T in patients
with acute myocardial infarction. Clin Biochem 40:851-855

7.

Lipshultz SE, Rifai N, Sallan SE, Lipsitz SR, Dalton V, Sacks DB, Ottlinger ME
(1997) Predictive value of cardiac troponin T in pediatric patients at risk for
myocardial injury. Circulation 96:2641–2648

15

8.

Expert Workshop Group on Biomarkers of Drug-induced Cardiac Toxicity Report
to the Nonclinical Studies Subcommittee of the Advisory Committee for
Pharmaceutical Science, 2002. NICE website.

9.

Adamcová M, Sterba M, Simunek T, Potacová A, Popelová O, Mazurová O, Gersl
V (2005)

Troponin as a marker of myocadiac damage in drug-induced

cardiotoxicity. Expert Opin Drug Safety 4:457-469
10. O´Brien PJ (2006) Blood cadiac troponin in toxic myocardial injury: achetype of a
translational safety biomarker. Expert Review Molecular Diagnostics 6:685-702
11. O’Brien PJ (2008) Cardiac troponin is the most effective translational safety
biomarker for myocardial injury in cardiotoxicity. Toxicol 245:206-218
12. Stummann TC, Beilmann M, Duker G, Dumontier B, Fredriksson JM, Jones RL,
Hasiwa M, Kang J, Mandenius CF, Mayer T, Minotti G, Valentin YJP, Zünckler
BJ, Bremer S (2009) Report and recommendations of the workshop of the
European Centre for the Validation of Alternative Methods for drug-induced
cardiotoxicity. Cardiovasc Toxicol 9:107-125
13. EU Council Directive 76/788/EEC of 27 July 1976 (Cosmetic Directive – redrafted
2008)
http://ec.europa.eu/enterprise/sectors/cosmetics/documents/directive/index_en.htm
14. Marks RS, et al (2007) Handbook of Biosensors and Biochips. (eds. Robert S
Marks, David C Cullen, Isao Karube, Christopher R Lowe and Howard H Weetall
2007 John Wiley & Sons, Ltd. ISBN 978-0-470-01905-4
15. Spangler BD, Wilkinson EA, Murphy JT, Tyler BJ (2001) Comparison of the
Spreeta (R) surface plasmon resonance sensor and a quartz crystal microbalance
for detection of Escherichia coli heat-labile enterotoxin. Anal Chim Acta 444:149161.
16. Klein G, Kampmann M, Baum H, Rauscher T, Vukovic T, Hallermayer K, Rehner
H, Muller-Bardorff M, Katus HA (1998) Clinical performance of the new cardiac
markers Troponin T and CK-MB on the Elecsys 2010. A multicentre evaluation.
Wien Klin Wochenschr 110 Suppl. 3:40-51

16

17. Wei J, Mu Y, Song D, Fang X, Liu X, Bu L, Zhang H, Zhang G, Ding J, Wang W,
Jin Q, Luo G (2003) A novel sandwich immunosensing method for measuring
cardiac troponin I in sera. Anal Biochem 321:209-216
18. Nedelkov D, Nelson RW (2006) Surface plasmon resonance mass spectroscopy for
protein analysis, Meth Mol Biol 328:131-139
19. Masson JF, Obando L, Beaudoin S, Booksh K (2004) Sensitive and real-time fiberoptic-based surface plasmon resonance sensors for myoglobin and cardiac troponin
I. Talanta 62:865-870
20. Dutra RF, Kubota LT, (2007a) An SPR immunosensor for human cardiac troponin
T using specific binding avidin to biotin at carboxymethyldextran-modified gold
chip. Clin. Chim. Acta 376:114-120
21. Dutra RF, Mendes RK, Lins da Silva V, Kubota LT (2007b) Surface plasmon
resonance immunosensor for human cardiac troponin T based self-assembled
monolayer. J Pharm Biomed Analysis 43:1744-1750
22. Tripet B, De Crescenzo G, Grothe S, O’Connor-McCount M, Hodge RS (2002)
Kinetic analysis of the interactions between troponin C and the C-terminal troponin
I regulatory region and validation of a new peptide delivery/capture system used
for surface plasmon resonance. J Mol Biol 323:245-362
23. Adamcová M, Simunek T, Kaiserová H, Popelová O, Sterba M, Potacová A,
Vavrová J, Malaková J, Gersl V (2007) In vitro and in vivo examination of cardiac
troponins as biochemical markers of drug-induced cardiotoxicity. Toxicol 237:218228
24. Claycomb WC, Lanson NA, Stallworth BS, Egeland DB, Delcarpio JB, Bahinski
A, Izzo NJ (1998) HL-1 cells: a cardiac muscle cell line that contracts and retains
phenotypic characteristics of the adult cardiomyocytes. Proc Nat Acad Sci
95:2979-2984
25. Safsten P, Klakamp SL, Drake AW, Karlsson R, Myszka DG (2006) Screening
antibodyantigen interactions in parallel using Biacore A100. Anal Biochem
353:181-190.

17

26. White SM, Constantin P, Claycomb WC (2004) Cardiac physiology at the cellular
level: use of cultured HL-1 cardiomyocytes for studies of cardiac muscle cell
structure and function. Am J Physiol Heart Circ Physiol 286:H823 - H829
27. Ke L, Qi XY, Dijkhuis AJ, Chartier D, Nattel S, Henning RH, Kampinga HH,
Brundel BJJM (2008) Calpain mediates cardiac troponin degradation and
contractile dysfunction in atrial fibrillation. J Mol Cell Cardiol 45:685-693
28. Lounes KC, Demeler B, Anderson DE, Gomes AW, Potter JD, Nassar R, Anderson
PAW (2008) Cardiac troponin T forms a tetramer in vitro. Biochem 47:1970-1976
29. Giannitsis E, Kurz K, Hallermeyer K, Jarausch J, Jaffe AS, Katus HA (2010)
Aanalytical validation of high-sensitive cardiac troponin T assay. Clin Chem 52:
254-261
30. Christenson RH, Duh SH, Apple FS, Bodor GS, Bunk DM, Panteghini M, Welch
MJ, Wu AH, Kahn SE (2006) Toward standardization of cardiac troponin I
measurements part II: assessing commutability of candidate reference materials
and harmonization of cardiac troponin I assays. Clin Chem 52:1685-1692

18

Figure legends

Fig. 1. Immuno-assays for monitoring drug-induced cardiotoxicity used in the study.
The thin filament-bound troponins are released from the cardiomyocytes exposed to a
toxic compound, as an effect of membrane disintegration and by dissociation of the thin
filament-troponin complex. Extracellular cTnT is sampled and assayed by a direct or a
sandwich assay on an SPR dextran-gold chip with immobilized antibody.

Fig. 2. SPR sensorgrams and response curves for the three monoclonal antibodies
for cTnT injections. Antibody 7G7 (black), antibody 1C11 (red), antibody 1F11 (green),
and control (blue). (a) Sensorgrams for 10 µg/mL of cTnT during 3 min intervals. (b)
Spike-in experiment with human cTnT in concentrations between 10 and 3000 ng/mL.

Fig. 3. Comparison of SPR responses in Claycomb medium and SPR buffer with the
1F11 antibody. Human cTnT was added to complete Claycomb culture medium or HBSEP (blue) at concentrations between 10 and 3000 ng/mL of cTnT.

Fig. 4. Responses of cTnT in the sandwich assay format. (a) 7G7 antibody was
immobilized on the surface. Human cTnT was injected for 3 min at concentrations 10100 ng/mL, followed by injection of 1F11 antibody for 3 min. The relative response was
measured directly after cTnT injection (blue) and again after the 1F11 injection (red). (b)
1F11 antibody was immobilized on the surface. Human cTnT was injected for 3 min at
concentrations 10-100 ng/mL, followed by injection of 7G7 antibody for 3 min. The
relative response was measured directly after cTnT injection (blue) and again after the
7G7 injection (red). The error bars represent mean values of n=3.

Fig. 5. Influence of storage time before analysis of cTnT samples. 300ng/mL cTnT
were added to complete supplemented Claycomb medium. Samples were stored at + 22
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°C, + 4 °C, and - 70 °C for 24 hours. Fresh samples were then prepared, and all samples
were analyzed by SPR.

Fig. 6. The effect of doxorubicin on HL-1 cells. HL-1 cells were exposed to
doxorubicin for 6 hours (a) or 24 hours (b) in the concentration range 1.25-320 µM. The
amount of cTnT released into the cell culture medium was analyzed by SPR. The error
bars represent mean values of n=3.

Fig. 7. The effect of toxicants on HL-1 cells. The HL-1 cells exposed to toxicants for 24
h at varying concnetrations. The amount of cTnT released into the cell culture medium
was analyzed by SPR. (a) exposure of troglitazone in the range of 1.25 to 160 µM. (b)
exposed to quinidine in the range of 100 to 850 µM, (c) exposure to cobalt chloride in the
range of 5 to 320 µM. (d) exposure of ascorbic acid in the range of 140 µM to 35 mM,
and (e) exposure of methotrexate in the range of 5 nM to 295 µM. The error bars
represent mean values of n=3.

Fig. 8. Correlation between Biacore 2000 and Elecsys 2010. HL-1 cells were exposed
to doxorubicin or troglitazone at different concentrations. Cell culture medium was
analyzed for cTnT content by Biacore 2000 and Elecsys 2010. A correlation between the
two methods was observed with r2=0.790.
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