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a b s t r a c t

For the quantification of therapeutic monoclonal antibodies in biological specimens, enzyme-linked
immunosorbent assay (ELISA) is the most widely used technique. ELISA’s have some limitations and
therefore alternative analytical techniques are being explored. In this study we describe the development
of a bioanalytical assay using high-performance liquid chromatography (HPLC) coupled with fluorescence
detection for the bioanalysis of the monoclonal antibody trastuzumab. Different extraction procedures
were explored, like isolation using protein A and protein G. Finally a method using immuno-affinity purifi-
cation has been developed. Trastuzumab is isolated from human serum using sepharose coupled with
anti-trastuzumab idiotype antibodies. After extraction samples are injected onto a Zorbax 300SB C8 col-
umn at 75 ◦C using the organic solvents isopropanol and acetonitrile with high eluotropic strengths. The
assay quantifies trastuzumab from 5 to 40 �g/mL in human serum with accuracies <20%. Samples with
concentrations above the upper limit of quantification (>ULOQ; >40 �g/mL) can be diluted 5 times with
control human serum prior to sample pre-treatment. The assay can now be used to analyse serum sam-
ples of patients treated with trastuzumab. The obtained results are comparable to those obtained using

ELISA. This is the first report describing a bioanalytical assay using HPLC and fluorescence detection for
the quantification of a monoclonal antibody at the intact protein level in human serum. This unique
approach has the advantage compared to ELISA that a HPLC separation step is introduced to improve
the selectivity. This method is a potential alternative to ELISA to support pharmacokinetic evaluations.
However, for purification of trastuzumab from serum anti-idiotype antibodies are necessary. These anti-
idiotype antibodies are also used in ELISA and as ELISA is more sensitive and less labor-intensive, ELISA

lytica
probably remains the ana

. Introduction

In recent years, monoclonal antibodies (mAbs) have been used
ncreasingly for targeted therapy. Around 20 mAbs are currently
n the market and are used in various therapeutic areas including
ncology, infectious diseases and immune diseases [1]. The number
f registered mAbs will likely increase in the coming years as more
han 100 mAbs are currently in clinical development [2].

The preclinical and clinical development of these mAbs requires

ensitive and selective bioanalytical methods to support pharma-
okinetic studies. Immunoassay techniques are the most frequently
sed bioanalytical methods for the quantification of mAbs.
lthough immunoassays are efficient for high throughput analysis

∗ Corresponding author. Tel.: +31 20 5125008; fax: +31 20 5124753.
E-mail address: carola.damen@slz.nl (C.W.N. Damen).
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l technique of first choise.
© 2009 Elsevier B.V. All rights reserved.

and are very sensitive, there are also some disadvantages. For exam-
ple proteins in the analyzed biological fluid can interfere with the
assay and give high background signals. Recently an enzyme-linked
immunosorbent assay (ELISA) for the quantification of rituximab
in human serum has been described [3]. Two different approaches
were followed. The first approach used the antigen as catcher on
the ELISA plates, the second approach used anti-rituximab idio-
type antibodies as catcher on the ELISA plates. Although both assays
were validated and fulfilled the required criteria a discrepancy was
observed when clinical samples were analysed using both assays.
This may be due to the fact that ligand binding assays for macro-
molecules are typically run without separation of the molecule of

interest from any of its biotransformation products or endogenous
macromolecules, which are also present in serum or plasma [4].
Another explanation can be that one catcher can only bind the
free rituximab and that the other catcher can bind total rituximab
leading to different results.

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:carola.damen@slz.nl
dx.doi.org/10.1016/j.jpba.2009.04.031
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In the search for an alternative for the quantification of mAbs
n biological specimen, high-performance liquid chromatography
HPLC) coupled to tandem mass spectrometry (MS/MS) has been
escribed [5–8]. These methods typically create a trypsine digest
f the serum sample and quantitate the mAb of interest by analysis
f a peptide specific for that mAb. As internal standard the same
eptide, but then isotopically labelled [6] or another protein can
e used [5,8]. The most variable step, however, is the execution of
he trypsin digestion. To correct for this variable step, Heudi et al.
7] labelled the entire mAb isotopically and added this as inter-
al standard to the sample before trypsin digestion. This approach
ppeared to be very successful. Unfortunately, the labelling of mAbs
s expensive and limited to settings where the mAb is produced
tself.

Trastuzumab (Herceptin®) is a humanized immunoglobulin
amma 1 (IgG1) mAb, which is directed against the human epi-
ermal growth factor receptor-2 (HER2/neu). This receptor is
ver-expressed in about 25% of breast cancer patients [9,10]. In the
earch for an alternative for immunoassays and to avoid the error
rone trypsin digestion step reported LC–MS methods we aimed to
evelop a bioanalytical method for the intact trastuzumab protein.

n this paper we describe the development of the assay using HPLC
oupled with fluorescence detection.

. Materials and methods

.1. Chemicals and materials

Trastuzumab (Herceptin®) was supplied as a lyophilized powder
nd originated from Roche (Basel, Switzerland). This pharmaceu-
ical formulation contains additionally l-histidine hydrochloride,
-histidine, �-�-trehalose dihydrate and polysorbate 20. Glycine
as purchased from Sigma–Aldrich (St. Louis, MO, USA). Sterile
hosphate buffered saline (PBS) and sterile water were purchased

rom Fresenius-Kabi (Bad Homburg, Germany). Acetonitrile (HPLC
rade) was from BioSolve Ltd. (Amsterdam, the Netherlands).
yanogen bromide (CNBr-) activated sepharose 4B originated

rom Pharmacia/GE Healthcare (Uppsala, Sweden). Pepsin was
rom Sigma–Aldrich (St. Louis, MO, USA). Freeze buffer was
btained from Sanquin Diagnostics (Amsterdam, the Netherlands).
nti-trastuzumab idiotype antibodies were produced in-house as
escribed elsewhere [11] and were present as 0.5 mg/mL solution

n PBS. All other used reagents were of analytical reagent grade and
urchased from Merck (Darmstadt, Germany). Serum was obtained

rom healthy volunteers from the Slotervaart Hospital (Amsterdam,
he Netherlands).

.2. Instrumentation

The HPLC procedure was carried out using an 1100 series
inary solvent delivery system with a column heater, an online
obile-phase degasser and an autosampler (Agilent Technolo-

ies, Santa Clara, CA, USA). The system was used without
olvent mixer [12]. Mobile phase A consisted of 0.1% (v/v) TFA
n water and mobile phase B consisted of 0.1% (v/v) TFA in
sopropanol–acetonitrile–water (70:20:10, v/v/v). Gradient elution

as applied at a flow rate of 0.5 mL/min through a Zorbax 300SB
8 column (150 × 2.1 mm ID, particle size 5 �m, pore size 300 Å
Agilent Technologies)) protected with a 0.5 �m filter (Upchurch
cientific, Oak Harbor, WA, USA) and thermostatted at 75 ◦C. After

n isocratic hold of 2 min with 10% B, a linear gradient was
tarted from 10% to 25% B in 2 min followed by a gradient from
5% to 40% B over 21 min. Then the percentage B was increased

mmediately to 100% to wash the column for 5 min before the
luent composition returned to the starting conditions. The col-
nd Biomedical Analysis 50 (2009) 861–866

umn was equilibrated for 5.5 min before the next injection, leading
to a total runtime of 35.5 min. The HPLC column was coupled
to a FP2020 fluorescence detector (Jasco, Easton, MD, USA) set
at an excitation wavelength of 278 nm and an emission wave-
length of 343 nm. The band width was set to 40 nm and the
gain to 100. Chromatograms were acquired and processed using
Chromeleon Software version 6.5 (Dionex Corporation, Sunnyvale,
CA, USA).

2.3. Trastuzumab isolation using protein G

Prepacked protein G columns (Nab Protein G Spin columns
0.2 mL (Pierce Biotechnology/Thermo Fisher Scientific, Rockford, IL,
USA)) were used for sample purification according to the instruc-
tions from the manufacturer. In brief, columns were equilibrated
with PBS. A volume of 200 �L of serum was applied and incu-
bation was performed with end-over-end mixing during 10 min.
The columns were washed 3 times using PBS. Finally, elution was
performed using 400 �L 0.1 M glycine pH 2.5. Elution was per-
formed 3 times and fractions were collected separately and injected
on the LC-fluorescence system. Besides blank serum and serum
spiked with 500 �g/mL trastuzumab, also PBS with 500 �g/mL
trastuzumab was tested. From this aqueous solution all incubation
and washing steps were injected on the HPLC to get information
about the various processes.

2.4. Trastuzumab F(ab’)2 isolation using protein A

Trastuzumab was cleaved in F(ab’)2 fragments using pepsin.
Serum was adjusted to pH 4.3 and pepsin was added in amounts
of 130, 220, 500 and 1250 �g/mL serum. Digestion was allowed
for 18 h at 37 ◦C. Subsequently, the pepsin was inactivated by
the addition of 1 M Tris pH 7.5. After digestion extraction was
performed using prepacked protein A columns (Nab Protein A
Spin columns 0.2 mL (Pierce Biotechnology/Thermo Fisher Scien-
tific, Rockford, IL, USA)) according to the instructions from the
manufacturer as described in paragraph 2.3 for protein G spin
columns. Tests were performed using blank serum, serum spiked
with 210 �g/mL trastuzumab and an aqueous trastuzumab solution
of 210 �g/mL.

2.5. Coupling of anti-idiotype antibodies to sepharose

Anti-trastuzumab idiotype antibodies were coupled to CNBr-
activated sepharose according to the instructions from the
manufacturer. In brief, an amount of sepharose, corresponding 100
times the mass of anti-idiotypes, was added to PBS containing
0.01 M EDTA and 0.3% (w/v) bovine serum albumin (BSA). A volume
of 100 mL 1 mM HCl was added and the CNBr-activated sepharose
was allowed to swell for 15 min by end-over-end mixing. The sus-
pension was centrifuged and the supernatant was discarded. The
sepharose was washed 3 times with coupling buffer (0.5 M NaCl,
0.1 M NaHCO3, 4 N NaOH, pH 8.5) prior to antibody coupling. An
amount of 4.1 mg anti-trastuzumab idiotype antibodies was diluted
to 10 mL using coupling buffer and this mixture was added to
the sepharose. The coupling was allowed by end-over-end mixing
for 18 h at 4 ◦C. After centrifugation, the anti-trastuzumab con-
centration in the supernatant was determined by measuring the
absorbance at 280 nm.

After coupling, the sepharose was washed alternated with 1 M
NaCl, 0.1 M sodium acetate, 0.046 M citric acid, pH 4 and 1 M NaCl,

0.2 M boric acid, 0.05 M NaOH, pH 8 to remove non-covalently
bound proteins. The sepharose was inactivated with 0.5 M glycine
buffer pH 8.5 during end-over-end mixing for 2 h at 4 ◦C. Groups
that did not react were blocked by this procedure. The mixture
was centrifuged and the supernatant was discarded. Finally the
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epharose anti-trastuzumab suspension was diluted and stored as a
mg/mL suspension in PBS containing 0.01 M EDTA and 0.3% (w/v)
SA.

.6. Trastuzumab isolation using anti-trastuzumab idiotype
ntibodies

The affinity purification was executed using 1 mL of the 2 mg/mL
epharose-anti-trastuzumab suspension per sample. For optimal
ixing during incubation, the volume of the sepharose suspen-

ion was reduced. The sepharose-anti-trastuzumab suspension was
entrifuged for 1 min and 450 �L of the supernatant was rejected.
ubsequently, 150 �L serum sample and 100 �L Freeze buffer were
dded. The mixture was incubated for 18 h using end-over-end mix-
ng at ambient temperatures.

After incubation, the samples were centrifuged during 1 min.
ubsequently, the samples were washed by rejecting 600 �L of
he supernatant and adding 600 �L washing buffer (0.15 M NaCl
n 8.6 mM Na2HPO4–1.3 mM NaH2PO4 buffer, pH 7.5). This proce-
ure was repeated 5 times. After the last washing step, a volume of
5 �L washing buffer remained behind.

Trastuzumab bound to sepharose was eluted by adding 100 �L
.1 M glycine, pH 2.5 and using mechanical shaking (200 rpm) for
h at ambient temperatures. Thereafter the tubes were centrifuged
nd 100 �L of the supernatant was transferred to an autosampler
ial with insert. Volumes of 13 �L aliquots were injected onto the
C-fluorescence system for quantification.

.7. Preparation of stock solutions, calibration standards and
uality control samples

Trastuzumab was dissolved in water for injections according to
he instruction from the manufacturer resulting in a stock solution
f 21 mg/mL. This stock solution was stored at nominally 4 ◦C and
as found to be stable for at least 6 months [12].

The stock solution was serially diluted with drug-free human
erum to obtain calibration standards at concentrations of 5, 10, 15,
0, 25, 30, 35 and 40 �g/mL trastuzumab.

For the preparation of quality control (QC) samples a simi-
ar procedure was followed. Another stock solution was serially
iluted in a different batch of drug-free human serum as was
sed to prepare the calibration samples to obtain QC sam-
les containing trastuzumab at concentrations of 15, 40 and
5 �g/mL. The validation sample at 85 �g/mL was prepared to
ssess the accuracy and precision after dilution in drug free human
erum.

.8. Plasma pharmacokinetics

Samples of patients treated with trastuzumab were anal-
sed with the developed assay. The Committee on the Med-
cal Ethics of The Netherlands Cancer Institute authorized
his study and written informed consent was obtained from
ll patients. The calibration standards were prepared freshly
nd were processed and analysed in triplicate. Calibration
urves (peak area versus nominal concentration) were fitted
y Logit regression according to the formula Ln((response-
lank)/(Bmax-response)) = slope × Ln conc + intercept, where the
ighest (40 �g/mL) en lowest (5 �g/mL) points were used as
nchoring points.

QC samples were processed and analysed in triplicate, besides

he QC mid level (15 �g/mL) that was processed and analysed in
uintuplicate. The QC sample of 85 �g/mL was diluted 5 times with
ontrol human serum before processing. Deviations from the nom-
nal concentrations should be within 80–120%. At the lower limit of
uantification level (LLOQ level, 5 �g/mL) and upper limit of quan-
nd Biomedical Analysis 50 (2009) 861–866 863

tification (ULOQ, 40 �g/mL) level a deviation of 25% was permitted
[13–15].

3. Results and discussion

3.1. HPLC-fluorescence

For structural characterization and investigation to the hetero-
geneity of mAbs, reversed-phase chromatography was investigated
extensively by Dillon et al. [16]. Using a Zorbax-300SB C8 column
at high temperatures (>70 ◦C) with a mobile phase containing sol-
vents of high eluotropic strength like isopropanol and acetonitrile,
they developed a chromatographic system that is capable of sep-
arating different isoforms of a mAb. Due to the high resolution
of this system, we used it as a starting point for our bioanalyti-
cal method, making separation of trastuzumab from endogenous
IgG molecules possible. We made a small adjustment to the sys-
tem. Dillon et al. [16] used a linear gradient from 25% to 32% B
in 21 min. However, by applying this gradient no trastuzumab peak
was observed in the chromatograms. As trastuzumab strongly inter-
acts with the stationary phase it was found in the final washing
step of the gradient (100% B). Therefore the gradient was changed
to run from 25% to 40% B in 21 min, leading to a trastuzumab
retention time of 16.8 min. Additionally we investigated whether
enough selectivity could be obtained. Therefore we injected other
therapeutic mAbs like adalimumab, bevacizumab and rituximab
together with trastuzumab. Other therapeutic mAbs were almost
baseline separated from trastuzumab and therefore was likely that
trastuzumab could additionally be separated from endogenous
IgG.

At first we tried to couple the system to an API365 triple
quadrupole mass spectrometer equipped with a turbo ion spray
source (Applied Biosystems, Foster City, CA, USA). Although Dillon
et al. [16] managed to combine the system with a mass spectrom-
eter (MS), our results were not satisfactory. The sensitivity was
very poor and this was probably due to two effects. First of all,
the viscosity of the mobile phase was high due to the presence
of isopropanol, resulting in a poor spray performance. Secondly,
trifluoroacetic acid (TFA) was present as ion pairing agent in the
mobile phase, leading to severe ion suppression [17]. Dillon et
al. [16], however, used a Z-spray source and these authors claim
that this configuration might circumvent these problems. As we
have demonstrated before [12] the dynamic range of a mass spec-
trometer for intact mAbs is very small due to spray saturation.
Therefore, we have decided to discontinue the use of MS as detec-
tion method.

The dynamic range of LC coupled to UV detection at 278 nm
by a previously described method is 19–200 �g/mL [12]. mAbs
contain three aromatic amino acids: phenylalanine, tryptophan
and tyrosine explaining the intrinsic fluorescence. We therefore
investigated if LC-fluorescence could improve the selectivity and
sensitivity of our assay. With an excitation wavelength set to
278 nm, emission was found at 343 nm. Trastuzumab was diluted to
different concentrations in 0.1 M glycine pH 2.5 in water to deter-
mine the LLOQ with the LC-UV and LC-fluorescence system. The
LLOQ was defined as a signal to noise ratio (S/N) of at least 5.
Volumes of 20 �L were injected onto the HPLC column. The LLOQ
for the LC-UV method was 12 �g/mL (240 ng on column) and for
LC-fluorescence method 2 �g/mL (40 ng on column). A calibration
curve in 0.1 M glycine pH 2.5 was constructed and linearity using
the fluorescence detector was observed until 30 �g/mL. Concentra-

tions of 35 �g/mL and higher were out of range of the fluorescence
detector.

In summary, our final chromatographic system consisted
of a reversed phase column using a mobile phase with iso-
propanol for high eluotropic strength and TFA as ion paring
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gent with fluorescence detection (�excitation: 278 nm; �emission:
43 nm).

.2. Extraction procedure

The major challenge in developing a chromatographic method
or an intact mAb in biological specimens is the extraction of the
nalyte from the matrix. Human serum from healthy adults con-
ists of approximately 11 mg/mL IgG, 1.5 mg/mL IgA and 1.1 mg/mL
gM [18,19]. The group of IgG’s can be subdivided into subgroups

ith concentrations of approximately 7 mg/mL IgG1, 3 mg/mL IgG2,
.7 mg/mL IgG3 and 0.5 mg/mL IgG4 [20]. Trastuzumab is a human-

zed IgG1 molecule that shows high resemblance to endogenous
mmunoglobulins. However, serum concentrations of trastuzumab
re rather low in comparison with endogenous immunoglobulin
evels. Serum trough concentrations of approximately 27–52 �g/mL
re reported during a 3 weekly trastuzumab monotherapy schedule
nd the steady state concentration was calculated to be 65 �g/mL
21]. To extract trastuzumab from human serum we investigated
ifferent approaches.

.2.1. Evaluation of trastuzumab isolation using protein G
The first approach was to extract trastuzumab from human

erum using protein G columns. Protein G is a bacterial cell wall
rotein isolated from group G streptococci and is known for its abil-

ty to bind selectively immunoglobulins of the IgG isotype. Protein
does not bind to human IgM, IgA or IgE. The results from the

queous solution revealed that all trastuzumab was bound to the
rotein G columns, additionally no losses were observed during the
ashing steps. A fraction of 56% of all trastuzumab was found in the
rst elution fraction and the total recovery was 59%. However, the
esults obtained with blank and spiked serum were not satisfactory.
eparation of trastuzumab from endogenous compounds was not
ccomplished, even the HPLC gradient was prolonged.

To improve the selectivity of the sample pre-treatment using
rotein G, the influence the pH of the elution step was then investi-
ated. For protein A it is known that different IgG subclasses could
e separated by changing the pH of the elution solvent [22–26].

n an aqueous solution no trastuzumab was found in the elution
raction when using 0.1 M glycine pH 4 or higher. At pH 3.5 a small
mount of trastuzumab eluted from the protein G column. There-
ore the effect of an extra washing step with respectively 0.1 M
lycine pH 4 or 0.1 M glycine pH 3.5 was investigated using serum
amples. Results revealed that endogenous immunoglobulins are
till present in the final extracts, interfering with the detection of
rastuzumab.

Our last effort to optimize the protein G extraction was to test
n additional washing step consisting of 3 M NaCl, 1 M glycine, pH
.9 as from literature it is known that non-specific bound serum
ompounds can be washed from protein G using glycine with a high
alt content [27–29]. However, addition of this extra washing step
id not improve the selectivity of the sample pre-treatment.

In conclusion, Protein G columns are not capable to extract
rastuzumab at the intact protein level selectively from serum.
he separation between trastuzumab and these endogenous com-
ounds using the described HPLC method was insufficient.

.2.2. Evaluation of trastuzumab F(ab’)2 isolation using protein A
The interaction between protein A and human IgG is established

hrough the Fc regions of the immunoglobulin. The protein A bind-
ng site is located on the CH2 and CH3 domains of the Fc region of

uman IgG [30,31]. For trastuzumab however, we found that the
(ab’)2 fragments also bind to protein A [11] and this is an excep-
ional but known property of some IgG and IgA antibodies [32]. To
btain more selectivity for trastuzumab during the extraction pro-
edure we tried to use this rather unique property of trastuzumab.
nd Biomedical Analysis 50 (2009) 861–866

F(ab’)2 fragments in an aqueous solution were created by adding
pepsin and then the sample was injected on the HPLC system. A
single peak with a retention time of 18.0 min was observed. As
the chromatogram showed a single peak with a different retention
time compared to intact trastuzumab (Rt = 16.8 min) we concluded
that the cleavage was complete. The created F(ab’)2 fragments were
subjected to extraction using protein A columns. As no F(ab’)2 frag-
ments were present after the incubation nor in the washing steps,
it could be concluded that all trastuzumab F(ab’)2 fragments were
bound to the column. Elution with 0.1 M glycine pH 2.5 showed
100% recovery in the first elution step.

However, digestion of serum using pepsin and subsequent
extraction using protein A, revealed that the selectivity was poor.
First we tested pepsin amounts of 130 and 220 �g/mL serum, based
on IgG and total immunoglobulin concentrations in serum. The
chromatogram revealed a peak with a retention time of 16.7 min
between the endogenous compounds. The hypothesis was that the
digestion of intact trastuzumab to F(ab’)2 fragments was not com-
plete. As the total protein concentration in serum is approximately
80 mg/mL, much higher pepsin concentrations of 500 and 1250 �g
pepsin per millilitre serum were tested. The peak at 16.7 min dis-
appeared, however too many interfering compound were observed
in the chromatogram, no distinctive trastuzumab F(ab’)2 peak was
visible.

In conclusion, not enough selectivity could be reached using
production of F(ab’)2 fragments and subsequential extraction using
protein A. Therefore, this approach was abandoned and considered
as not useful for the bioanalysis of trastuzumab in human serum.

3.2.3. Evaluation of trastuzumab isolation using
anti-trastuzumab idiotype antibodies

As the previously described extraction procedures did not
obtain sufficient selectivity, an extraction procedure more specific
for trastuzumab itself was explored. Therefore, anti-trastuzumab
idiotype antibodies, which were produced in-house [11], were
covalently coupled to a solid support. As solid support cyanogen
bromide (CNBr-)activated sepharose 4B was selected. In alka-
line environment the CNBr reacts with the hydroxyl groups on
sepharose. The result is a cyanate ester or a cyclic imidocarbon-
ate. These groups react with primary amines in the antibody which
results in covalent coupling of the antibody to the sepharose.

After execution of the coupling the protein concentration in the
supernatant was analysed using UV absorbance at 280 nm. No pro-
tein could be detected in the supernatant leading to the conclusion
that all added anti-trastuzumab idiotype antibodies were bound to
the sepharose carrier.

The anti-trastuzumab idiotype sepharose was used to extract
trastuzumab from serum. The sepharose was not packed in columns
but used batchwise as in a radio immunoassay (RIA) format, which
means that the serum sample and the sepharose were brought
together with Freeze buffer in a tube and binding was allowed by
end-over-end mixing.

First, the binding capacity of the sepharose was determined.
Therefore, 2 mg of sepharose was incubated with 150 �L serum
spiked with trastuzumab in different concentrations from 0.5 to
33 �g/mL. Binding was allowed during 18 h using end-over-end
mixing. Thereafter the tubes were centrifuged and the amount of
trastuzumab in the supernatant was determined. In the sample of
33 �g/mL 2% of the trastuzumab was not bound. At lower concen-
trations the unbound amounts were between 0% and 1%, leading to
the conclusion that the binding capacity of the sepharose is excel-

lent in the range of the LC fluorescence method (2–30 �g/mL).

In the next step blank serum and serum samples spiked with
trastuzumab were analysed. Fig. 1A shows the chromatogram of
blank human serum extracted with the anti-trastuzumab idiotype
sepharose. No interfering peaks were observed at the retention
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ig. 1. Chromatograms of blank serum (A) and spiked at LLOQ level (5 �g/mL, B)
fter immuno-affinity purification using anti-trastuzumab idiotype antibodies. The
etention time of trastuzumab is around 16.8 min.

ime of trastuzumab. Serum samples spiked with 35 and 40 �g/mL
rastuzumab were processed and fluorescence responses above the
ange of the detector were obtained. Therefore it was decided to
ower the injection volume from 20 to 13 �L. The LLOQ was evalu-
ted again but now in extracted serum samples instead of aqueous
olutions. With 5 �g/mL a S/N of 6.6 was obtained and therefore
his concentration was chosen as LLOQ. The extraction recovery
as determined in triplicate at all concentrations of the calibra-

ion curve by comparing the peak area of an extracted serum
ample with the peak area obtained with trastuzumab in 0.1 M
lycine pH 2.5. The average recover was 90.1% (range 74.8–108%).
ith an injection volume of 13 �L a dynamic range from 5 to

0 �g/mL trastuzumab in human serum was established. Fig. 1B
hows a chromatogram of a spiked serum sample at the LLOQ of
�g/mL. S/N was 6.6 and the peak shape was acceptable for a
Ab with an asymmetry factor (As) of 2.3 and the retention factor
as 16.8.

Fig. 2 shows a representative calibration curve (n = 3. This

urve was fit with a Logit regression according to the formula:
n((response-0.4957)/(7.31 × 1011 − response)) = 1.5533 × Ln conc
27.1 with a regression coefficient of 0.9949. The curve is S-shaped,
hich is common for antibody binding experiments [4]. QC sam-

able 1
ssay performance data of quality control serum samples containing trastuzumab.

ominal concentration (�g/mL) Mean measured concentration (�g/mL)

5.0 15.8
9.9 42.8
4.8** 93.1

onc.: concentration, No.: number.
* One result was rejected due to a failure during sample processing.

** Sample was diluted 5 times in control human serum before processing.
Fig. 2. Representative calibration curve of trastuzumab (n = 3).

ples were analysed together with clinical samples. Accuracies and
precisions of the QC samples are presented in Table 1 and fulfilled
the required criteria [13–15]. Additionally it can be concluded that
acceptable accuracy and precision values were obtained when a
serum sample was diluted 5 times with control human serum
before processing and this is necessary as it was known on forehand
that at the end of trastuzumab infusion these high concentrations
could be expected. From the results in Table 1 the use of an internal
standard appeared to be unnecessary. However, the extraction
procedure is labour intensive and error prone. Therefore, the use of
an internal standard would be advantageous, however due to the
extraction with anti-idiotype antibodies for trastuzumab it is not
possible to add an internal standard that corrects for the extraction
procedure.

In conclusion, an extraction procedure with high specificity has
been developed. With this extraction procedure in combination
with HPLC with fluorescence detection trastuzumab concentrations
in human serum can be quantified in the therapeutic relevant range
of 5–40 �g/mL [21]. Additionally, samples above the upper limit of
quantification (>ULOQ) can be diluted 5 times prior to the extrac-
tion procedure. However, anti-idiotype antibodies are necessary
to extract trastuzumab from serum. These anti-idiotype antibod-
ies are used in the ELISA as well, so basically the method is based
on the same principle but with a chromatographic separation step.
As the ELISA is more sensitive and less labour-intensive than this
HPLC-fluorescence method, the ELISA will stay the method of first
choice for bioanalysis of trastuzumab. Therefore, not a full val-
idation procedure was executed but QC samples were analysed
together with clinical samples to demonstrate the possibilities with
the LC-fluorescence method.

4. Application of the method
yse serum samples of patients treated with trastuzumab. Fig. 3A
shows an example of the serum concentration–time curve one
of our patients who started with trastuzumab therapy. Initially,
a loading dose of 310 mg was given (equivalent to 4 mg/kg) as

Intra-assay bias (%) Intra-assay precision (%) No. of replicates

106 17.0 5
107 5.12 3
110 3.95 2*
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Fig. 3. (A) Concentration versus time profile of a 77 kg female treated with a starting
dose of 310 mg trastuzumab followed by 155 mg trastuzumab weekly. Samples were
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aken before the start of infusion, at the end of infusion and 2 h after the end of
nfusion. (�) Samples analysed using the described immuno-affinity purification
nd LC-fluorescence assay. (�) Samples analysed using ELISA. (B) Comparison of
C-fluorescence and ELISA analysis.

n intravenous infusion during 1.5 h. Thereafter a dose of 155 mg
equivalent to 2 mg/kg) was given weekly. Serum samples were
aken pre-dose, immediately at the end of infusion and 2 h after
nfusion. Additionally, Fig. 3A also shows the results of the same
amples analysed using ELISA [11]. In Fig. 3B the obtained concen-
rations using ELISA and LC-fluorescence method are compared. The
uantified trastuzumab levels are similar: only at one time point
he deviation between the methods is 29.1%. At all other time point
eviations between −10.4% and 16.5% were found.

. Conclusion

The goal of this study was to develop a bioanalytical method
or the quantification of trastuzumab at the intact protein level
n human serum using a different approach than an ELISA. Differ-
nt strategies were followed to extract trastuzumab from serum.
nfortunately, no general applicable sample pre-treatment method
ppeared efficient. Specific antibodies against trastuzumab were
ecessary to extract the drug from serum. The production of
nti-idiotype antibodies using rabbits is a simple procedure and
herefore the described method may also be applicable for other
herapeutic monoclonal antibodies than trastuzumab. However,

hese anti-idiotype antibodies can be used in an ELISA format as
ell and as an ELISA is more sensitive and less labour-intensive,

LISA is at this moment still the analytical method of first choice.
The dynamic range of the assay is within the therapeutic range

f trastuzumab. Additionally, the LLOQ of 5 �g/mL makes quantifi-

[
[
[

[

nd Biomedical Analysis 50 (2009) 861–866

cation of trastuzumab in serum possible for several weeks after
the last dose, as the terminal half-life of trastuzumab is approxi-
mately 3 weeks. The results obtained with the described assay are
in consensus with the results obtained using when ELISA.

A bioanalytical assay for a monoclonal antibody at the intact
protein level using chromatography with fluorescence detection
has not been described before, as far as we know. We have now
demonstrated that there are other possibilities than ELISA for the
bioanalysis of trastuzumab although a very specific extraction pro-
cedure from human serum is needed.
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