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a b s t r a c t

C.E.R.A., a continuous erythropoietin receptor activator, is a new third-generation erythropoiesis-
stimulating agent (ESA) that has recently been linked with abuse in endurance sports. In order to combat
this new form of doping, we examined an enzyme-linked immunosorbent assay (ELISA) designed to
vailable online xxx

eywords:
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.E.R.A.

detect the presence of C.E.R.A. in serum samples. The performance of the assay was evaluated using a
pilot excretion study that involved six subjects receiving C.E.R.A. Validation data demonstrated an excel-
lent reproducibility and ensured the applicability of the assay for anti-doping purposes. To maximize
the chances of detecting the drug in serum samples, we propose the use of this specific ELISA test as a
high-throughput screening method, combined with a classic isoelectric focusing test as a confirmatory
assay. This strategy should make C.E.R.A. abuse relatively easy to detect, thereby preventing the future

ng ag
LISA use of this drug as a dopi

. Introduction

Erythropoietin (EPO) is a 30.4 kDa human glycoprotein hormone
roduced mainly in the kidney [1]. Its chief physiologic effect is the
timulation of erythropoiesis [2], which results in the formation of
ed blood cells and the consequent improvement of blood oxygen-
arrying capacity.

It is well established that patients suffering from chronic renal
ailure, as well as other chronic diseases, frequently develop ane-

ia, the primary cause of which is EPO deficiency [3]. Over the last
wo decades, synthetic EPO analogs, such as recombinant human
PO (rhEPO, epoetins) and darbepoetin alfa – collectively known
s erythropoiesis-stimulating agents (ESAs) – have been developed
Please cite this article in press as: S. Lamon, et al., A high-throughpu
(2009), doi:10.1016/j.jpba.2009.06.038

y the pharmaceutical industry. These compounds are able to sub-
titute for endogenous EPO by the activation of EPO receptors in a
anner identical to that of the native hormone.

Abbreviations: C.E.R.A., continuous erythropoietin receptor activator; DIG, digox-
genin; ELISA, enzyme-linked immunosorbent assay; EPO, erythropoietin; ESA,
rythropoiesis-stimulating agent; IEF, isoelectric focusing; LLOQ, lower limit of
uantification; LLQC, lower limit of quality control; PEG, polyethylene glycol; QC,
uality control; rhEPO, recombinant human EPO; ROC, receiver operating character-
stic.
∗ Corresponding author. Tel.: +41 213 147 100; fax: +41 213 147 095.

E-mail address: neil.robinson@chuv.ch (N. Robinson).

731-7085/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2009.06.038
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© 2009 Elsevier B.V. All rights reserved.

C.E.R.A., a continuous erythropoietin receptor activator, is the
active ingredient of a new drug for the management of anemia in
patients with chronic kidney disease (MIRCERA®, Roche Pharma
AG, Reinach, Switzerland), and a third-generation ESA. C.E.R.A. is
synthesized by integration of a single large polyethylene glycol
(PEG) chain into the epoetin molecule, thus increasing the molec-
ular weight to twice that of epoetin (∼60 kDa) [4]. It has been
reported that integration of PEG molecules may maintain in vivo
biologic activity of some pharmaceutically active molecules [5]. For
C.E.R.A., integration of the PEG moiety has resulted in a prolonged
half-life and increased biologic activity in vivo when compared with
epoetin. Patients treated with short-acting and frequently admin-
istered ESAs can be switched directly to once-monthly C.E.R.A.
administration without compromising efficacy or safety [6].

In endurance sports, an increase in the number of erythrocytes
is known to enhance athletic performance [7]. The availability of
synthetic forms of EPO means that this ergogenic hormone could
be used illicitly in sport [8]. As a result, the International Olympic
Committee (IOC) Medical Commission banned these drugs in 1990.
While the current urinary anti-doping test [9–11], based on isoelec-
tric focusing (IEF) separation, differentiates between the various
t test to detect C.E.R.A. doping in blood, J. Pharm. Biomed. Anal.

ESAs, such as endogenous EPO, rhEPO and darbepoetin alfa, pre-
liminary results indicate that detection of C.E.R.A. misuse in urine
is problematical [12]. For the time being, far less blood samples are
collected compared to urine samples; this probably led to its abuse
by some athletes.

dx.doi.org/10.1016/j.jpba.2009.06.038
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:neil.robinson@chuv.ch
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To combat illegal abuse of this new agent in sport, we have
alidated an enzyme-linked immunosorbent assay (ELISA) for the
etection of C.E.R.A. in serum, using a negative and a positive
eference population, with a pilot excretion study involving six
ealthy subjects. The described assay constitutes a rapid and reli-
ble approach for the screening of C.E.R.A. in blood that will
iscourage the use of third-generation ESA doping in sport.

. Methods

.1. ELISA test principle

A specific ELISA was used for the measurement of C.E.R.A.
sing microtiter plates pre-coated with streptavidin. All mate-
ial, reagents, and antibodies were provided by Roche Diagnostics
Roche Diagnostics GmbH, Penzberg, Germany). A biotinylated anti-
ody against EPO was bound onto microtiter plates and samples
ere added. Serum samples were briefly centrifuged before incu-
ation. The detection antibody used was a monoclonal anti-PEG
ntibody labeled with digoxigenin (DIG). After the secondary anti-
ody incubation, an anti-DIG–Fab–HRP(poly) conjugate was added.
inally, bound conjugate was reacted with an ABTS substrate,
eading to a colorimetric reaction that was detected at 405 nm (ref-
rence wavelength 492 nm). All incubation steps were performed at
oom temperature and lasted 1 h, except the biotinylated anti-EPO
ntibody incubation, which was performed overnight, and the ABTS
ubstrate incubation, which was 40 ± 10 min. Between each incuba-
ion step, the plate was washed three times with a buffer containing
0 mM potassium phosphate buffer pH 7.4 and 0.5 g/L benzylgluco-
ide. Every sample measurement was performed in duplicate and
ll the samples were diluted 5- to 250-fold to ensure that test sam-
les had optical densities in the dynamic detection range of the test
30–1000 pg/mL).

.2. Assay validation

All validation experiments were performed at the Swiss Lab-
ratory for Doping Analyses (Lausanne, Switzerland) during 2
onsecutive weeks by two different technicians. For each ELISA
ssay, the calibration curve was fitted and sample concentrations
ere calculated based on a polynomial mathematical model (four-
arameter Rodbard-function) taking into account the non-linear
ehavior of the curve, especially in the high concentration range.
ach absorbance value of standard, control, or serum sample was
orrected by subtracting the value of the substrate blank. Each mea-
urement was performed at least in duplicate.

Four independently prepared replicates of twofold serial dilu-
ions of positive control (11 concentration points), as well as a
ero standard, were measured on one plate in duplicate in order
o define a suitable dynamic range for accurate measurements
≤15% coefficient of variation [CV]). The lower limit of quantifica-
ion (LLOQ) was defined by the first calibration point that was not
lank where the signal at LLOQ − 1.64 × SD is larger than the signal
f blank + 1.64 × SD (95% confidence interval [95% CI], where SD is
tandard deviation). The lowest quality control (QC) sample (LLQC)
as determined based on the LLOQ concentration. Three additional
Cs (defined as low, medium and high QCs) were established at
oncentrations reflecting different regions of the calibration curve.

Intra-assay precision and accuracy were determined using
ve replicates of the four QC samples. Inter-assay precision and
ccuracy were determined using all values obtained from nine
Please cite this article in press as: S. Lamon, et al., A high-throughpu
(2009), doi:10.1016/j.jpba.2009.06.038

ndependent experimental assays of the same four QC samples. Pre-
ision was expressed as the % CV of the measurements performed,
hile accuracy was expressed as the percent recovery from the

ssigned value for the four QC samples. The acceptance range was
efined as 80–120% for the four QC levels.
 PRESS
Biomedical Analysis xxx (2009) xxx–xxx

Dilutional linearity was evaluated by preparing spiked serum
samples with a concentration that was 1000 times higher than the
highest calibrator. This artificial sample was subsequently diluted
1:10, followed by an additional series of fourfold dilutions in matrix.
The dilutions were also used to exclude a possible high-dose hook
effect.

Matrix effect was assessed by testing 10 individual blank serum
samples spiked with C.E.R.A. in concentrations corresponding to
those of the high and the low QC or unspiked (blank).

The ability of the ELISA to differentiate and quantify the target
analyte in the presence of other compounds in the sample, sim-
ilar to the analyte, was tested. Cross-reactivity with epoetin beta
(Recormon®, Roche Pharma AG, Reinach, Switzerland), darbepoetin
alfa (Aranesp®, Amgen AG, Zug, Switzerland) and PEG (Roche Diag-
nostics GmbH, Penzberg, Germany) at two different concentrations
(corresponding to the physiologic concentration of EPO, which was
estimated at 125 ng/L [15 IU/L], and at 1000 times the physiologic
concentration) was tested at the LLQC and blank (unspiked).

Antibody (anti-EPO antibody and DIG-anti-PEG antibody) sta-
bility was determined after six freeze-thaw cycles. The stressed
reagents were compared with freshly thawed reagents using cal-
ibrators and QCs.

Two additional internal QCs were prepared by spiking a given
concentration of C.E.R.A. into a serum matrix. The expected con-
centration for the negative QC was 0 pg/mL, while the expected
concentration for the positive QC was 150 pg/mL. Both QCs, as
well as a 100 pg/mL standard, were systematically deposited on
each ELISA plate used for the validation process and the follow-
ing assays. Concentrations for these three controls and standard
measurements were recorded for evaluation.

2.3. Positive population: subject characteristics and study
protocol

Six healthy Caucasian men, aged 20–28 years, participated in the
pilot study. The study was conducted according to the Declaration of
Helsinki as amended in the 41st World Medical Assembly and was
approved by the local ethical committee (protocol #05/08). None
of the subjects were involved in semi-professional or professional
sport and all underwent a complete clinical examination before
being included in the study. All participants gave their informed
consent and agreed to blood collection. The subject population was
relatively homogenous, the participants having a mean age of 23.0
years (SD 2.97) and a mean body mass index (BMI) of 23.3 kg/m2

(SD 1.48). Each subject received a single injection of 200 �g C.E.R.A.
(MIRCERA®, Roche Pharma AG, Reinach, Switzerland). Three ran-
domly selected subjects received a subcutaneous injection, while
the other three received an intravenous injection. Over 4 days
post-injection, two blood samples per subject were systematically
collected every morning. The first sample was collected in a serum
gel 7.5 mL monovette, while the second was collected in a classical
EDTA-coated 2.6 mL monovette (Saarstedt, Numbrecht, Germany).
Thereafter, identical blood samples were collected on days 6, 8, 10,
13, 16, 20, 24, and for four of the subjects, day 27 post-injection
(positive population).

A complete red blood cell count was performed, and the reticu-
locyte cell population was quantified using an automatic analyzer
(XT-2000i analyzer, Sysmex, Norderstedt, Germany) to confirm that
all subjects responded to the C.E.R.A. injection. In addition, these
blood tests, which were carried out immediately after blood collec-
tion, allowed the control of hemoglobin concentration to avoid an
t test to detect C.E.R.A. doping in blood, J. Pharm. Biomed. Anal.

excessive increase in blood viscosity. Serum samples were immedi-
ately aliquoted and frozen at −80 ◦C. Stability of C.E.R.A. in human
serum was demonstrated previously for up to 6 h at ambient tem-
perature, for up to three freeze-thaw cycles, and for up to 12 months
at both −20 ◦C and −70 ◦C [13].

dx.doi.org/10.1016/j.jpba.2009.06.038
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Table 1
Validation parameters of the ELISA assay.

QC Conc. (pg/mL) Assay Intra-assay

n Mean SD Precision [% CV] Accuracy [% recovery]

HQC 800 1 5 819.2 39.2 4.8 102.4
2 800.4 55.4 6.9 100.1

MQC 400 1 5 405.6 17.3 4.3 101.4
2 424.6 6.3 1.5 106.2

LQC 200 1 5 190.8 7.1 3.7 95.4
2 203.6 9.8 4.8 101.8

LLQC 50 1 5 50.4 4.3 8.6 100.8
2 52.0 4.6 8.9 104.0

QC Conc. (pg/mL) Inter-assay

n Mean SD Precision [% CV] Accuracy [% recovery]

HQC 800 9 797.2 38.1 4.8 99.6
MQC 400 399.6 20.1 5.0 99.9
LQC 200 195.4 10.2 5.2 97.7
L 46.0
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detectable in any sample. A sharp increase in C.E.R.A. concentra-
tion was observed immediately after injection. In the three subjects
who received intravenous C.E.R.A., the day 1 samples contained
the highest concentration of C.E.R.A., after which the concentration
LQC 50

LISA: enzyme-linked immunosorbent assay; QC: quality control; HQC: high qualit
uality control; SD: standard deviation; CV: coefficient of variation.

.4. Negative population

In an anti-doping context, where false-positive results must be
xcluded, the establishment of a decisional limit (cut-off limit) tak-
ng into account the eventual matrix effect is mandatory. For this
urpose, 140 blank serum samples were used to determine the cut-
ff limit of the assay. These samples were collected during a major
ycling event in 2004, before C.E.R.A. was available on the market
negative population). These samples were aliquoted and stored at
20 ◦C.

.5. Calculations and statistical analysis

A receiver operating characteristic (ROC) curve was established
rom the data obtained from both negative and positive (pilot study)
opulations using Matlab 7.7.0. (R2008b). The ROC was represented
y plotting the sensitivity versus (1 − specificity) of the ELISA as
ts discrimination threshold varied. P values were assessed using
tudent’s t-tests.

. Results

.1. Assay validation

Validation parameters for the ELISA assay are shown in Table 1.
he LLOQ was determined as 30 pg/mL. Based on this, the LLQC
as defined at 50 pg/mL. Our measuring range was 30–1000 pg/mL.

ntra-assay and inter-assay precision were all less than 10%. The
ccuracy between all individual serum samples was 80–120% when
piked with C.E.R.A. concentrations corresponding to those of the
igh and the low QC. Dilutional linearity was assessed in the mea-
urement range and no high-dose hook effect could be observed
data not shown). Fig. 1 shows that high concentrations of either
poetin beta or darbepoetin alfa (1000-fold the physiologic con-
entration) led to a loss of signal in spiked serum samples. No
nterference was observed when both ESAs were present in phys-
ologic concentration. In contrast, a high concentration of PEG

olecules in the samples resulted in a slight, but not relevant,
Please cite this article in press as: S. Lamon, et al., A high-throughpu
(2009), doi:10.1016/j.jpba.2009.06.038

ncrease in signal strength.
No significant degradation was observed after six freeze-thaw

ycles for both anti-EPO and anti-PEG antibodies (data not shown).
Fig. 2 shows the concentrations of the 100 pg/mL standard and

he positive internal QC from the validation process and the follow-
4.1 8.9 92.0

trol; MQC: medium quality control; LQC: low quality control; LLQC: lower limit of

ing assays. All the values were between their individual mean + 2SD
and mean − 2SD values. For the 100 pg/mL standard, the 2SD val-
ues were between 80% and 120% of the target concentration.
Follow-up of the positive control led to a value of ∼180 pg/mL,
compared with the expected concentration of 150 pg/mL. How-
ever, values were always between mean + 2SD and mean − 2SD.
Similar follow-up of the negative internal control resulted in
absorbance levels well below the value corresponding to the
LLOQ.

3.2. Incurred samples: C.E.R.A. administration

As expected, a significant (P < 0.01) increase in reticulocyte count
was observed in all subjects following C.E.R.A. administration, sug-
gesting that all subjects responded to C.E.R.A. (data not shown).
No significant hematocrit or hemoglobin concentration change was
observed throughout the study.

C.E.R.A. serum concentrations were determined using ELISA.
Fig. 3 represents the serum concentration of the molecule during
the 27 days of the study. At day 0 (pre-injection), C.E.R.A. was not
t test to detect C.E.R.A. doping in blood, J. Pharm. Biomed. Anal.

Fig. 1. Cross-reactivity test. LLQC recovery (%) in a blank serum spiked with 125 ng/L
epoetin beta, darbepoetin alfa, and PEG or 125 mg/L (“high”) epoetin beta, dar-
bepoetin alfa, and PEG. EPO: epoetin; LLQC: lower limit of quality control; PEG:
polyethylene glycol.

dx.doi.org/10.1016/j.jpba.2009.06.038
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Fig. 2. Follow-up of 100 pg/mL standard and positive and negative QCs. (A) C.E.R.A.
concentrations obtained for the 100 pg/mL standard over 2 months. Mean = 99.0,
CV = 7.5%, min = 86, max = 114. (B) C.E.R.A. concentrations obtained for the positive
control over 2 months. Target = 150, mean = 182, CV = 12.9%, min = 134, max = 227.
The x-axis represents the number of plates. The continued line represents the mean
value. The dashed red line represents the mean value ±2SD. The dashed line repre-
s
q
t

d
i
6
t
r
t
i
e
r

F
g
T
−

ents the target value ±20%. CV: coefficient of variation; SD: standard deviation; QC:
uality control. (For interpretation of the references to color in this figure legend,
he reader is referred to the web version of the article.)

ecreased rapidly. In contrast, after subcutaneous C.E.R.A. admin-
stration, C.E.R.A. concentration was highest between days 2 and
. Thereafter, C.E.R.A. concentration decreased slowly. Moreover,
he detection window of C.E.R.A. varied greatly among individuals,
anging from 16 to more than 27 days following a 200 �g subcu-
aneous C.E.R.A. injection. Among subjects who received a 200 �g
Please cite this article in press as: S. Lamon, et al., A high-throughpu
(2009), doi:10.1016/j.jpba.2009.06.038

ntravenous injection, C.E.R.A. concentrations returned to basal lev-
ls after 8 days in one subject, while levels in another subject
emained detectable at 27 days post-injection.

ig. 3. C.E.R.A. concentration (ng/mL) measured in serum over time following a sin-
le injection of 200 �g of C.E.R.A. S1, S2, S3 = subcutaneous, S4, S5, S6 = intravenous.
able: detection window of each individual: +, higher than cut-off limit (100 pg/mL);
, lower than cut-off limit (100 pg/mL).
Fig. 4. ROC curve. Specificity and sensitivity of the ELISA according to the cut-off
limit for a single 200 �g injection on week 4. ELISA, enzyme-linked immunosorbent
assay; ROC, receiver operating characteristic.

3.3. Sensitivity of the method

Based on the absorbance levels, we extrapolated the mean mea-
sured C.E.R.A. concentration of the 140 tested blank serum samples
(negative population). Of the samples tested, 138 were below the
LLOQ (median = 0, min = 0, max = 37). The positive population con-
stituted all samples from the pilot study. An ROC curve illustrating
the relationship between the sensitivity and specificity of the ELISA
depending on the chosen cut-off limit is shown in Fig. 4. The cut-off
limit of the assay was fixed at 100 pg/mL. According to this value,
the assay had 100% specificity and 80% sensitivity over a 4-week
period following a single 200 �g C.E.R.A. injection.

4. Discussion

The described ELISA is a simple, rapid, and sensitive immunoas-
say specifically targeting C.E.R.A. molecules in serum based on the
combination of an anti-EPO and an anti-PEG antibody. It allows an
operator to analyze about 70 samples per day. This high through-
put, along with the low cost of the test when compared with classic
IEF separation, constitutes an undeniable advantage for a screening
assay.

Cut-off limit determination of an immunoassay constitutes a
major part of the validation process. In contrast to a diagnostic test,
cut-off limit of an anti-doping assay must be fixed in order to reach
a specificity as close as possible to 100% (no false-positives). In our
study, an ROC curve was used to determine the cut-off limit of the
C.E.R.A. assay at 100 pg/mL. Other standard methods of calculating
cut-offs, such as SD multipliers, yielded values of approximately
50 pg/mL. Empirically, and taking into account the matrix effects,
we set this limit at 100 pg/mL to ensure, with the greatest possi-
ble degree of certainty, that no false-positive results are reported.
The ROC curve (Fig. 4) shows that when the cut-off limit is fixed
at 100 pg/mL, the sensitivity of the assay over a 4-week period fol-
lowing 200 �g C.E.R.A. injection is 80%. Fixing the cut-off limit at
t test to detect C.E.R.A. doping in blood, J. Pharm. Biomed. Anal.

50 pg/mL results in slightly higher sensitivity (82%). If necessary,
this value could be refined in the future with the availability of
more data. However, it should noted that the dose injected in our
pilot study is probably well above the doses used for performance
enhancement. Therefore, further investigations may be needed to

dx.doi.org/10.1016/j.jpba.2009.06.038
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ssess both the sensitivity and the specificity of the assay with doses
f C.E.R.A. likely to be used for doping in sport.

Follow-up of the 100 pg/mL standard and the positive internal
ontrol demonstrated the precision of the method, as all points
ere within individual mean + 2SD and mean − 2SD values. Values

or the negative internal control were located well below the LLOQ.
owever, the mean concentration obtained for the positive con-

rol appeared to be overestimated by ∼20% when compared with
he expected value. This apparent overestimation may be related
o the serum matrix the QC is prepared in, as well as the multiple
ilution steps necessary to obtain such low concentrations from
commercial C.E.R.A. product. Ring testing involving other labo-

atories should be performed to determine the most appropriate
ositive control value.

In accordance with the results of Macdougall et al. [14], the
harmacokinetic profile of the drug in serum differed consider-
bly with route of administration, with intravenous administration
llowing faster distribution of the molecule in blood. This phe-
omenon has also been demonstrated previously with rhEPO [15].
.E.R.A.’s pharmacokinetic profile was not related to any of the other
hysiologic parameters we measured in the subjects, including
MI. Consequently, the large differences in the detection window
bserved between individuals cannot be explained by the route
f administration of the product, or by any apparent physiologic
haracteristics of the subjects.

In summary, the results of the pilot study demonstrated that this
ssay could prove a strong disincentive to use C.E.R.A. as a doping
gent for sports performance, despite its major clinical advantage
f increased dosing intervals. This is compounded by the much
onger detection window for C.E.R.A. (between 8 days and more
han 4 weeks for a single 200 �g injection in healthy volunteers)
han rhEPO and darbepoetin alfa [16,17]. This C.E.R.A.-specific ELISA
onstitutes a fast and reliable screening method that allows one
echnician to test for C.E.R.A. in about 70 samples in less than a
ay. This sensitive assay enables suspicious serum samples to be

dentified quickly for further analysis and confirmation using a
Please cite this article in press as: S. Lamon, et al., A high-throughpu
(2009), doi:10.1016/j.jpba.2009.06.038

omplementary method such as IEF. The use of two different assay
rinciples is a mandatory requirement for anti-doping laboratories
o return an adverse analytical finding [18]. Consequently, a con-
rmation immunoaffinity purification test prior to the ELISA could
lso be considered. This fast ELISA screening method can also be

[
[

[
[
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used for the retrospective analysis of large numbers of samples from
major sports competitions. Therefore, the combination of a C.E.R.A.-
specific ELISA screening test and a confirmatory assay would make
C.E.R.A. abuse relatively easy to detect, providing a strong disincen-
tive for the use of C.E.R.A. as a performance enhancer in sport.
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