Available online at www.sciencedirect.com

ScienceDirect

Journal of Pharmaceutical and Biomedical Analysis 46 (2008) 449455

JOURNAL OF
PHARMACEUTICAL
AND BIOMEDICAL
ANALYSIS

www.elsevier.com/locate/jpba

Quantitative aspects of the analysis of the monoclonal antibody
trastuzumab using high-performance liquid chromatography
coupled with electrospray mass spectrometry

Carola W.N. Damen®*, Hilde Rosing?, Jan H.M. Schellens "¢, Jos H. Beijnen®"

& Department of Pharmacy & Pharmacology, Slotervaart Hospital/The Netherlands Cancer Institute,
Louwesweg 6, 1066 EC Amsterdam, The Netherlands
b Beta Faculty, Department of Pharmaceutical Sciences, Division of Biomedical Analysis, Utrecht University,
P.O. Box 80082, 3508 TB Utrecht, The Netherlands
¢ Department of Medical Oncology, Antoni van Leeuwenhoek Hospital/The Netherlands Cancer Institute,
Plesmanlaan 121, 1066 CX Amsterdam, The Netherlands

Received 14 September 2007; received in revised form 25 October 2007; accepted 3 November 2007
Available online 13 November 2007

Abstract

The analytical possibilities of quantification of the intact monoclonal antibody trastuzumab by high-performance liquid chromatography coupled
with electrospray mass spectrometry (HPLC-ESI-MS) were investigated. To clarify the results obtained by LC-MS, complementary experiments
were performed using direct UV-spectrophotometry and high-performance liquid chromatography coupled with ultraviolet detection (HPLC-UV).
A polystyrene—divinylbenzene (POROS) column was applied with gradient elution using formic acid 0.08% (v/v) in water and formic acid 0.08%
(v/v) in acetonitrile as mobile phase for chromatographic analysis. Quantification on LC-MS was performed by using the peak area of the total ion
current (TIC) chromatograms of one charge state. Non-linearity and sensitivity loss were the major limitations observed with the LC-MS method,
of which the non-linearity is most likely caused by detector saturation. The sensitivity loss during analysis could be reduced by lowering the MS
source temperature. This parameter is critical in creating a robust LC-MS system for the quantitative analysis of trastuzumab.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Monoclonal antibodies (Mabs) encompasses a new group of
therapeutic compounds which are used to treat cancer, auto-
immune diseases and systemic infections [1]. Trastuzumab
(Herceptin®) is a humanized monoclonal immunoglobulin
gamma 1 (IgG1) antibody directed against the HER2/neu recep-
tor which is over-expressed in about 25% of all breast cancer
patients [2,3]. An IgG monoclonal antibody (Fig. 1) is a
tetrameric glycoprotein (approximately 150 kDa) composed of
two identical heavy chains and two identical light chains, linked
to each other by disulfide bonds. Asparagine at position 297
in the heavy chains is N-glycosylated and heterogeneity in this
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glycosylation profile is common for IgG antibodies produced in
mammalian cells [4—12]. The most common glycan structures
are shown in Fig. 1 and differ by each other in their glucose or
mannose residues.

For qualitative identification of monoclonal antibodies mass
spectrometry is the analytical tool of first choice. For the
quantification of monoclonal antibodies in biological matri-
ces enzyme-linked immuno sorbent assay (ELISA) is the
most widely applied technique. Quantification of trastuzumab
in human serum with ELISA methods have been described
[13-15]. The aim of our research was to investigate analytical
strategies for the quantification of the intact monoclonal anti-
body trastuzumab with liquid chromatography coupled online
with mass spectrometry. The major advantage of mass spec-
trometry is that a protein specific charge envelope is being
generated. Structural changes in the molecule can be detected by
the mass spectrometer which is helpful to obtain more insight in


mailto:carola.damen@slz.nl
dx.doi.org/10.1016/j.jpba.2007.11.002

450 C.W.N. Damen et al. / Journal of Pharmaceutical and Biomedical Analysis 46 (2008) 449—455

Code Glycan Structure
F
G2 ] 7GN7M/M—GN—G
s N “~M—GN—G
\ F
LC G1 —en—aN—p T eNTe
3 en ~M—GN
F
| M—GN
Go —GN—6N—M7
M—GN
Glycosylation-N297 N297-Glycosylation F ~M
| M
1 MANS5 _GN_GN_M< ~m
M
HC F Fucose 146 Da
G Glucose 162 Da
M Mannose 162 Da
GN N-Acetylglucosamine | 203 Da

Fig. 1. Structure of monoclonal IgG antibody with the most common glycosylation forms. LC are the light chains, HC are the heavy chains, these are connected by

disulfide bonds.

degradation patterns of Mabs or to detect post-translational mod-
ifications. ELISA however, generates a result based on antibody
binding properties and does not reveal changes in the structure
of Mabs. When the structure of the Mab is changed but the
molecule is still able to bind to the ELISA plate, the changes are
obviously not detected.

Quantification of proteins by mass spectrometry is often
described [16-18] but, to the best of our knowledge, there
are no reports available for proteins as large as mono-
clonal antibodies. As quadrupole MS detection is usually
preferred for quantification purposes due to its sensitivity
and large dynamic range [17,18], we selected this type of
mass spectrometer coupled with HPLC to set up an analyt-
ical method for trastuzumab analysis. For clarification of the
results, complementary experiments were executed using UV-
spectrophotometry and HPLC-UV.

2. Experimental
2.1. Chemicals

Trastuzumab (Herceptin®) was supplied as a lyophilized
powder from Roche (Basel, Switzerland). This pharmaceutical
formulation contains additionally L-histidine hydrochloride, L-
histidine, a-a-trehalose dihydrate and polysorbate 20. Formic
acid was obtained from Merck (Darmstadt, Germany), HPLC
grade acetonitrile and ethanol were purchased from Biosolve
Ltd. (Amsterdam, The Netherlands). Double distilled water was
used throughout the analysis.

Trastuzumab was dissolved in water for injections according
to the instruction from the manufacturer resulting in a stock
solution of 21 mg/mL. Stock solutions were stored at 2-8 °C
and are stable for at least 6 months. Stock solutions were diluted
in different concentrations in the range of 1-200 pwg/mL in water
or 10% (v/v) acetonitrile and used immediately for analysis.

2.2. Instrumentation

HPLC analysis was performed using an 1100 series binary
pump with mobile-phase degasser, a column heater and a ther-

mostated autosampler (Agilent Technologies, Santa Clara, CA,
USA). A POROS R2/10 2000 A column (10 mm x 2.1 mm i.d.,
particle size 10 wm) (Applied Biosystems, Foster City, CA,
USA) was heated to 75 °C and used at a flow rate of 0.2 mL/min.
Eluent A consisted of 0.08% (v/v) formic acid in water and
eluent B of 0.08% (v/v) formic acid in acetonitrile. A lin-
ear gradient from 10 to 30% B in 2min was followed by a
linear gradient from 30 to 90% B in 30s. This mixture was
pumped through the column for 3 min before the eluent com-
position returned to the starting condition. The column was
equilibrated for 5.5 min before the next injection. The injection
volume was 20 L and the temperature of the autosampler tray
was 7°C.

For HPLC-MS analysis, the eluent was directed to an
API365 triple-quadruple mass spectrometer equipped with a
turbo ion spray source (Sciex, Thornhill, ON, Canada). This
mass spectrometer can operate in the range m/z 50-3000.
The mass spectrometer was used in the positive ion mode
and programmed to scan different masses in de range of
m/z 2400-3000. Nebulizer gas, turbo gas (both compressed
air) and curtain gas (Np) were set at 6psi, 7.5mL/min
and 8psi, respectively. The ionspray voltage was kept at
5500V, with a source temperature of 450 °C. For quantifica-
tion TIC chromatograms were used and integrated with Analyst
software version 1.2 (Sciex). Samples were injected in tripli-
cate.

UV spectrophotometric analysis of the aqueous trastuzumab
samples were carried out on a UV-1650PC visible spectropho-
tometer (Shimadzu, Kyoto, Japan) with UV Probe software
version 2.20 (Shimadzu). The UV-vis spectrum of trastuzumab
was generated with an aqueous solution of 50 pg/mL ina 1 cm
quartz cuvette. Calibration curves were generated by measuring
the absorption at 198 and 278 nm.

For HPLC-UV analysis the chromatographic system was
directly coupled to a 1100 series programmable wavelength
UV detector (Agilent Technologies, Santa Clara, CA, USA) set
at a wavelength of 278 nm. Samples were injected in dupli-
cate and chromatograms were processed using Chromeleon
Software version 6.5 (Dionex Corporation, Sunnyvale, CA,
USA).
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3. Results and discussion
3.1. HPLC development

Reversed phase chromatography for intact proteins can sep-
arate species with minor structural differences [19]. For this
separation a powerful ion-pairing agent is needed. Trifluo-
roacetic acid (TFA) is often used for this purpose. TFA, however,
forms very strong ion pairs with the protein which do not desinte-
grate in the electrospray ionization (ESI) interface. This prevents
the ionization of the protein, therefore leading to signal suppres-
sion in ESI-MS [20]. For the analysis of intact antibodies or
their reduced and alkylated chains, perfusion chromatography
using polystyrene—divinylbenzene (POROS) columns is often
described [7,8,21-23]. POROS R1 and R2 columns are reversed
phase columns which can be used without TFA as ion pairing
agent. Instead, acetic acid, propionic acid or formic acid can be
used [8,20]. A disadvantage of perfusion chromatography is the
high optimal flow rate of 0.5-3 mL/min which makes this tech-
nique less compatible with mass spectrometry. Recently an LC
method coupled directly to an electrospray mass spectrometer
for the characterization of intact monoclonal antibodies using a
POROS column was developed [19]. This platform was oper-
ated at a flow rate of 0.45 mL/min and used formic acid as ion
pairing agent. We have used this system as a starting point to
develop a chromatographic system for trastuzumab.

For anIgG1 antibody Le and Bondarenko [19] used a gradient
of formic acid in water with formic acid in acetonitrile—ethanol
80:20 (v/v). In our hands, this gradient composition resulted in
extremely high noise levels in combination with MS. By direct
infusion of the separate components of the eluent in the MS, it
became clear that the high chemical noise was caused by the
presence of ethanol. When ethanol was omitted from the eluent,
the noise level was reduced by a factor of 4.2 and the excellent
peak shape and peak height of the analyte remained unchanged.
Trastuzumab eluted 0.3 min later compared to the retention time
in the system with ethanol. A typical chromatogram is depicted
in Fig. 2. The capacity factor (k') was 3.1, the peak asymmetry
(Ag) was 2.6 and the peak width at 10% height was 12 .
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Fig. 2. Representative TIC chromatogram of a full spectrum scan across the
range of m/z 2741-2754 after injection of trastuzumab (1000 ng on-column).
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Fig. 3. Gradient performance with and without solvent mixer at a flow rate of
1 mL/min (A) and 0.2 mL/min (B). Dotted line indicates the gradient settings.

Using this HPLC system, substantial carry-over was experi-
enced. When a blank sample was injected after a trastuzumab
injection (2000 ng on-column), a peak appeared of 35% of the
height of the original trastuzumab injection. Experiments proved
that the carry over originated from the column material. This has
been described earlier for POROS material [22] and is ascribed
to the interior structure of the pores in the stationary phase trap-
ping proteins [20]. The carry-over was reduced substantially to
8% by increasing the period when 90% 0.08% v/v formic acid
in acetonitrile was flushed over the column from 1 s to 3 min and
was reduced to 1.9% by removing the solvent mixer from the
HPLC system. The volume of a standard mixer in the system is
420 L, which is apparently not suitable for the low flow rates
used with online mass spectrometry. Fig. 3 shows an LC-UV
experiment without analytical column performed at a flow rate
of 0.2 and 1.0 mL/min with and without solvent mixer. Eluent
A was isopropanol-water 10:90 v/v, eluent B was 0.5% ace-
tone in eluent A. Absorbance was measured at 265 nm. In Fig. 3
the gradient is shown with the dotted line. Every 3 min the per-
centage of eluent B was increased by 20%. Fig. 3A shows the
absorbance with a solvent flow of 1.0 mL/min. It can be clearly
seen that the eluent composition follows the programmed gradi-
ent almost immediately both with and without solvent mixer. On
the other hand when the solvent flow is reduced to 0.2 mL/min
(Fig. 3B) solvents A and B are not adequately mixed. With a
solvent mixer the delay time is approximately 7 min before the
eluent composition is the same as the programmed. With a steep
gradient and an isocratic hold for 3 min as with our trastuzumab
method the amount of eluent B remained too low to elute all
trastuzumab from the HPLC column. The mixing of solvent A
and B at a flow rate of 0.2 mL/min also takes place without a



452 C.W.N. Damen et al. / Journal of Pharmaceutical and Biomedical Analysis 46 (2008) 449—455

(A) 1.6E+05 . .
+56 +55 +54 | *52
_ 1.2E+05 -
w
o
S
2 8.0E+04 -
w
=
2
£
4.0E+04 - l l
GBS SAN Hﬂﬂ i J.W "
2400 2500 2600 2700 2800 2900 3000
m/z (amu)

(8)

8.0E+04 1

6.0E+04 1

4.0E+04 -

Intensity (cps)

2.0E+04 -

0.0E+00 ity M_ k _JL

2730 2780 2830 2880 2930 2980
m/z (amu)
8.0E+04 -

6.0E+04 A

4.0E+04

Intensity (cps)

2.0E+04 A

0.0E+00 T T T T T T
2741 2743 2745 2747 2749 2751 2753

m/z (amu)

Fig. 4. Positive ESI mass spectrum scan from m/z 2400 to 3000 (A) featuring
multiple charged ions from 50+ to 61+. Spectrum scans across the range from
m/z 2730 to 3000 (B) and m/z 2741 to 2754 (charge state +54, C), 4 distinctive
peaks in each charge state were observed.

solvent mixer. Thus, our final system consisted of a gradient of
0.08% v/v formic acid in water with 0.08% v/v formic acid in
acetonitrile at a flow rate of 0.2 mL/min without a solvent mixer
in the system.

3.2. LC-MS

Fig. 4 shows a full spectrum scan across the range from
miz 2400 to 3000, showing multiple charged ions from 50+ to
61+ as is common for proteins when using mass spectrometry
[24,25]. When a smaller scan is performed from m/z 2730 to
3000 (Fig. 4B) and from m/z 2741 to 2754 (charge state 54+,
Fig. 4C) it can be seen that each charge state consists of four dis-

tinctive peaks. When the spectrum is deconvoluted the masses
of the four clustered peaks are 148,066, 148,228, 148,390 and
148,552 Da with mass differences of 162 Da. This correlates
with the difference of one hexose residue (Fig. 1). For quan-
tification the area of the TIC chromatogram of the scan m/z
2741-2754, with charge state 54+ was used because this charge
state has the highest signal to noise ratio. Furthermore, the area
of the TIC chromatogram of a single sugar moiety in this charge
state (m/z 2745.2-2746.7) was tested. The LLQ of our method
with both scans is approximately 1 wg/mL with 20 pL injec-
tion on column. With the scan range from m/z 2741 to 2754 the
signal to noise ratio is 10, as with the narrow range from m/z
2745.2 to 2746.7 the signal to noise ratio is 7. Chromatograms
of the blank and LLQ samples are shown in Fig. 5. As the
scan range m/z 2741-2754 has higher signal to noise ratio then
the narrower scan range, this scan range was used for further
experiments.

The quantitative results of LC-MS analysis of aqueous
trastuzumab solutions by using the peak area of the TIC chro-
matograms of the scan range from m/z 2741 to 2754 are shown in
Fig. 6A. In the low concentration range, no linear relationship
exists. The second part from 5 to 15 pug/mL seems to be lin-
ear with correlation coefficients better than 0.986. In the higher
concentration range the curves are flattening. Furthermore the
MS signal decreased when calibration samples were injected
sequentially as can be seen in Fig. 6A.

To investigate whether HPLC-UV is a useful tech-
nique for clarifying these results, experiments using UV-
spectrophotometry were set up first. The UV spectrum of
trastuzumab was recorded. The spectrum shows a distinct max-
imum at 198 nm and a less abundant maximum at 278 nm. The
absorption of diluted aqueous trastuzumab samples were mea-
sured at both wavelengths. At 198 nm the LLQ is I pg/mL
and a linear correlation is found up to 35 pg/mL. Above this
concentration maximal absorption is reached. At 278 nm the
LLQ is 6 pg/mL and a linear correlation is found over the
entire concentration range up to 200 wg/mL. The non-linearity
in the low concentration range as seen with LC-MS is not
observed with UV-spectrophotometry at 198 nm. As linear
relationships are found with UV spectrophotometry over the
entire tested concentration range, UV detection in combina-
tion with high-performance liquid chromatography can be used
for further clarification of the non-linearity as observed with
LC-MS.

As 198 nm s not a specific wavelength because eluent compo-
nents like formic acid and acetonitrile absorb at this wavelength
as well and because the maximum measurable concentration is
35 wg/mL, quantitative analysis using LC-UV was performed at
278 nm. The LLQ of HPLC in combination with UV detection
at 278 nm is 19 pg/mL with linear calibration curves from 19 to
200 pg/mL and regression coefficients of 0.996 or better. The
calibration standards were injected sequentially and no loss in
sensitivity was observed.

Employing LC-MS, non-linearity in the low concen-
tration range (<5 pg/mL) was observed, in contrast with
UV-spectrophotometry using a wavelength of 198 nm. LC-UV
at 278 nm has an LLQ of 19 pg/mL. Thus, this technique does
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Fig. 5. TIC chromatograms of blank (A) and 1 pg/mL solution (B) in the scan range of m/z 2741-2754 and of blank (C) and 1 pg/mL solution (D) in the scan range

of m/z 2745.2-2746.7.

not explain the non-linearity of LC—MS in the low concentra-
tion range. The non-linearity in the low concentration range
was found to result from loss of analyte in the system, but
could be prevented by using 10% acetonitrile as solvent instead
of water for the preparation and dilution of calibration stan-
dards. Linearity was now observed in the range of 1-15 pwg/mL
trastuzumab.

From 15 pg/mL on, no linear relationship exists and the curve
is flattening. On LC-UYV the calibration curves are linear up to
at least 200 pg/mL. Thus, this non-linearity is caused by the
mass spectrometer and not by the chromatographic system. The
observed non-linearity using LC-MS may occur in the source
(sample introduction and ionization processes), in transit from
the source region to the detector (absorption), and in the detector
(saturation processes) [18]. Quantification is performed on one
single charge state. For peptides, linearity of two orders of mag-
nitude has been reported when one single charge state was used
for the quantification in selected ion monitoring (SIM) [26,27].
For proteins as large as monoclonal antibodies, as far as we
know, no data are present in literature about quantification on
one single charge state, therefore it is unknown what dynamic
range can be expected.

By sequential injection of the calibration samples on LC-MS
the MS signal decreased (see Fig. 6A). When these samples
were injected on LC-UYV, no signal decrease was observed and
the calibration curves superimposed. A robustness test of the
LC-MS method was performed by injecting a 15 pwg/mL solu-

tion in 10% acetonitrile 50 times. After 10 injections the peak
area was decreased by 11%. After 30 injections the decrease was
22% and the signal stabilized at this level for the other injec-
tions. The same phenomenon was seen by Aronov et al. [28] for
the small molecule kinoprene-PTAD (MW 451) while running
200 samples. After 50 injections the sensitivity decreased 85%
and then remained stable for the rest of the analysis. The loss
of sensitivity was probably due to accumulated residue on the
sample cone and hexapoles. When the same behavior occurs for
a molecule as large as trastuzumab then this could explain that
by injecting the trastuzumab dilution series multiple times on
our LC-MS system the sensitivity becomes lower within each
series.

In order to improve the robustness of the method we investi-
gated whether maintaining 90% eluent B (0.08% v/v HCOOH in
acetonitrile) for 4 min after the standard gradient, could clean the
sample cone and hexapoles and prevent sensitivity loss during
the run. Unfortunately no improvement was observed. However,
when we lowered the source temperature from 450 to 375 °C and
injected the 15 pg/mL solutions 100 times by using the origi-
nal gradient no sensitivity loss was noted anymore. The relative
standard deviation for the peak area of the TIC chromatograms
was 6.9%. At this lower source temperature we injected the
trastuzumab dilutions from 1 to 15 wg/mL three times sequen-
tially. Fig. 6B shows that the curves superimposed and that no
sensitivity loss was observed. The explanation for this observa-
tion remains to be elucidated.
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Table 1
Assay performance parameters for quantifying intact trastuzumab
Method Detection LLQ Linear range (g/mL)
UV-Spectrophotometry 198 nm 1 pg/mL in 1 cm cuvette 1-35
UV-Spectrophotometry 278 nm 6 wg/mL in 1 cm cuvette 6-200
LC-UV 278 nm 380 ng on column 19-200
LC-MS mlz 2741-2754 20 ng on column 1-15
LC-MS mlz 2745.2-2746.7 20ng on column 1-15
Ay 0E+07 in creating a robust analytical system on LC-MS. By lowering
the source temperature from 450 to 375 °C no sensitivity loss
was observed anymore during the run.
® 408407 1 Our mass spectrometric method is less sensitive than the
g & 1.0E407 ELISA methods reported however, using mass spectrometry
Q . . . .
8 < oE0s // quantification is more specific. The mass of the molecule can
~ o . . .
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Fig. 6. Calibration curves of trastuzumab (1-200 pwg/mL) in water based on peak
area measurements in TIC chromatograms of the scan range m/z 2741-2754 (A).
Calibration standards were injected sequentially in triplicate: (¢) represents the
first, (M) the second and (A) the third series of injections. The inset in (A) shows
the range from 1 to 15 pg/mL for the first injection series. (B) The improved
system using 10% acetonitrile instead of water and with a MS source temperature
of 375°C.

4. Conclusion

The assay performance parameters of the investigated meth-
ods for the monoclonal antibody trastuzumab are summarized
in Table 1. The results on UV-spectrophotometry at 278 nm and
LC-UV show linear relationships up to at least 200 pg/mL. No
sensitivity loss is observed by injecting samples sequentially.
Therefore, the loss in sensitivity on LC-MS is due to the mass
spectrometric detection and not due to deterioration of samples
in de-autosampler. As linear relationships exist on LC-UYV, the
non-linearity in the LC—MS method is not caused by the lig-
uid chromatographic system, but due to the coupling with mass
spectrometry. The adsorption at low concentrations is substan-
tially reduced by using 10% of acetonitrile instead of water as
dilution solvent. The source temperature is a critical parameter
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