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Oxidation  in  therapeutic  monoclonal  antibody  is  a common  occurrence  and  it  may  affect  potency.  Thus
controlling  and  monitoring  the  amount  of oxidized  variant  in  the  drug  product  sample  is  important
since  it may  impact  the  purity.  Here,  we  present  the  development  of a fast  and  easy  method  utilizing
size  exclusion  – ultra  performance  liquid  chromatography  (SE-UPLC)  run  under  moderate  hydrophobic
conditions  (mixed  mode)  to  monitor  the  heterogeneity  in drug  product  samples.  The best  separation
was  obtained  using  Waters  Acquity  BEH200  size  exclusion  column  along  with  a mobile  phase  consisting
of  sodium  acetate  and  sodium  sulfate  that  separates  IgG into  aggregate,  monomer,  and  fragment.  The
moderate  salt  concentration  resulted  in  a second  mode  of separation  based  on  hydrophobicity,  resolving
a  monomer  pre-peak  from  the  monomer  main  peak.  Multi-angle  light  scattering  (MALS)  determined  the
xidation
onoclonal antibody

pre-peak  has  a similar  mass  as  the  IgG  monomer.  Characterization  of  the  purified  pre-peak  fraction  using
mass  spectrometry  (MS),  and  bioactivity  revealed  this  degradant  to be a Trp-oxidized  IgG  monomer  with
significantly  reduced  bioactivity.  Method  qualification  of  the mixed  mode  UPLC  method  showed  good
recovery  for  the spiked  monomer  pre-peak  and  Fab  fragment.  However,  the  recovery  of spiked  dimer
was low.  This  method  is  suitable  for determining  the  relative  distribution  of the  oxidized  monomer  and
the  native  monomer  species.
. Introduction

Therapeutic monoclonal antibodies are required to show high
evels of potency, purity, and low level of structural hetero-
eneity. Structural heterogeneity often affects the bioactivity and
fficacy of a drug. Therefore, characterizing and quantifying the
herapeutic monoclonal antibody heterogeneity is important in
harmaceutical drug development. Such heterogeneity arises from
ost-translational modifications as well as inherent chemical mod-

fications during manufacturing and storage conditions. Modifica-
ions that result in structural heterogeneity include glycosylation,
-terminal lysine processing, isomerization, deamidation, and oxi-
ation to name a few [1].  Oxidation of labile amino acid is common

n antibodies. For example, oxidation of methionine was  found
n OKT3 degradation [2],  anti-respiratory syncytial virus human

onoclonal antibody [3],  and rhuMAb HER2 [4].  Recently, tryp-

ophan oxidation has also been reported in monoclonal antibodies
s well. Matamoros Fernandez et al. reported tryptophan oxidation
n a humanized antibody specific against human epidermal growth
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factor receptor [5].  It was also observed in the complementarity
determining region (CDR) of an IgG1 [6],  as well as IgG2 [7].

Measuring oxidative variants can be challenging due to its
similarities to the native antibody molecule in size, charge, and
hydrophobicity. Previous characterization methods for oxida-
tive variants include liquid chromatography–mass spectrometry
(LC–MS) [5,8–10], hydrophobic interaction chromatography (HIC)
[6,11–13], and reverse phase liquid chromatography [7,14]. Each
of these methods has its limitations and disadvantages in measur-
ing tryptophan oxidation. For example, LC–MS sample preparation
is lengthy, and the method can introduce oxidized tryptophan
as an artifact during sample preparation. Separation on reverse
phase and hydrophobic interaction liquid chromatography require
putting samples through denaturing and high salt conditions dur-
ing analysis, respectively. These conditions may cause protein
precipitation and/or loss of activity. In this study, we  present a
mixed mode UPLC method to separate and quantitate an oxidized
tryptophan monomeric IgG under moderate salt native condition.

During stability studies of a therapeutic monoclonal antibody, a
monomer fronting shoulder (called pre-peak) was observed by size

exclusion – high performance liquid chromatography (SE-HPLC).
Further characterizations discovered that the fronting shoulder was
an oxidized tryptophan variant with significantly reduced activity.
In this case, oxidation affected the potency and purity of the final

dx.doi.org/10.1016/j.chroma.2012.10.064
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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rug product. Therefore, an accurate and efficient method of mea-
uring this oxidized variant was necessary. Our goal was  to develop

 quick liquid chromatography method that did not require the use
f denaturing solvent as in the reverse phase or high salt as in the
ydrophobic interaction chromatography to separate IgG variants.

. Experimental

The monoclonal antibody used in this study is a fully human
mmunoglobulin that belongs to the IgG2 subclass. Formulated bulk
FB) of the antibody was produced in Chinese hamster ovary (CHO)
ells and purified using several column chromatography steps. Sta-
ility samples containing various levels of pre-peak were generated
y storing at 5 ◦C for 10 months, and 40 ◦C for 2 or 3 months.

All SE-HPLC data presented in this study were performed using
gilent 1100 HPLC system equipped with a PDA detector (Agilent,
anta Clara, CA, USA), and EMPOWER software (Waters, Milford,
A,  USA) for data analysis. All mixed-mode and size exclusion UPLC

ata were performed using Waters Acquity H-Class Bio UPLC sys-
em equipped with a PDA detector (Waters, Milford, MA,  USA), and
MPOWER software (Waters, Milford, MA,  USA) for data analysis.
ll data were collected at 214 nm and 280 nm.  The aggregate and

ragment were quantified at 214 nm where peptide bonds absorb,
hile the monomer and monomer pre-peak were quantified at

80 nm where aromatic amino acid residues absorb. A wavelength
atio was used to convert the aggregate and fragment areas at
14 nm to the corresponding areas at 280 nm for final calculation
f area percent. The use of two wavelengths for data collection
mproved sensitivity to detect protein aggregates and fragments
n high concentration IgG monoclonal antibody compared to single

avelength SE-HPLC [15].

.1. Size exclusion HPLC (SE-HPLC) procedure

Size exclusion HPLC separation was carried out on a Tosoh
SKgel Bioassist G3SWXL (PEEK) 5 �m,  7.8 mm × 300 mm analyt-
cal column (Tosoh Bioscience, Montgomeryville, PA, USA) and
osoh SWXL (PEEK) 7 �m,  6.0 × 40 mm  guard column (Tosoh Bio-
cience, Montgomeryville, PA, USA). An isocratic elution with
0 mM sodium phosphate, 250 mM sodium chloride, pH 7.0 mobile
hase at 0.4 mL/min flow rate was used. Gel filtration molecular
eight standards (Bio-Rad Laboratories, Hercules, CA, USA), 20 �L

f 1.8 mg/mL, were injected for system suitability, and 20 �L of
0 mg/mL  protein samples were injected for analysis.

.2. Size exclusion UPLC (SE-UPLC) procedure

Size exclusion UPLC separation was carried out on a Waters
cquity BEH200 1.7 �m 4.6 mm × 300 mm analytical column. An

socratic condition with the same mobile phase and flow rate as
he SE-HPLC analysis (20 mM sodium phosphate, 250 mM sodium
hloride, pH 7.0 at 0.4 mL/min) was used. Gel filtration molecular
eight standards (Bio-Rad Laboratories, Hercules, CA, USA), 20 �L

f 1.8 mg/mL, were injected for system suitability, and 20 �L of
0 mg/mL  protein samples were injected for analysis.

.3. Mixed mode UPLC procedure

A mixed mode condition was achieved by using a size exclu-
ion column and moderate salt elution conditions to affect
ydrophobic interactions. During method development, three
ize exclusion UPLC columns were evaluated: two  Waters

cquity BEH200 1.7 �m analytical columns (4.6 mm × 150 mm and
.6 mm × 300 mm)  (Waters, Milford, MA,  USA), and a Sepax Zenix
EC-300 3 �m 7.8 mm × 200 mm analytical column (Sepax Tech-
ologies, Inc., Newark, DE, USA). Various mobile phases evaluated
A 1270 (2012) 153– 161

were 0.25–1.8 M sodium chloride in 20 mM sodium phosphate
buffer, 0.8–1.2 M sodium acetate in 20 mM  sodium phosphate
buffer, 0.2–1.0 M sodium sulfate in 20 mM sodium phosphate
buffer, and a combination of sodium acetate (0.1–0.5 M)  and
sodium sulfate (0.2–0.4 M)  in 20 mM sodium phosphate buffer.
Sodium phosphate at pH 6.0 and 7.0, and sodium acetate at pH
5.0 and 6.0 mobile phases were evaluated for the pH effect on
separation of pre-peak and main peak. Flow rates of 0.1, 0.15,
and 0.2 mL/min, as well as injection mass load of 50–200 �g total
protein were also evaluated to achieve the best separation. The
final mixed-mode UPLC method condition was obtained using the
Waters Acquity BEH200 1.7 �m,  4.6 mm × 300 mm analytical col-
umn  with 20 mM sodium phosphate, 0.1 M sodium acetate, 0.4 M
sodium sulfate, pH 7.0 mobile phase at 0.15 mL/min flow rate.
Gel filtration molecular weight standards (Bio-Rad Laboratories,
Hercules, CA, USA), 10 �L of 1.8 mg/mL, were injected for system
suitability, and 10 �L of 10 mg/mL  protein samples were injected
for analysis. Monomer material was  purified from formulated bulk,
and purified pre-peak material was obtained from 40 ◦C, 9 months
stability sample using the final mixed-mode UPLC method for fur-
ther characterization.

2.4. Multi-angle light scattering (MALS) analysis

A drug product stored at 40 ◦C for 3 months stability sample,
and photo stress forced degraded sample (exposed to 150 h of
white light, followed by 20 h of UV light at 25 ◦C) were analyzed
using the final mixed mode UPLC condition with an online DAWN
HELEOS MALS detector (Wyatt Technologies, Inc., Santa Barbara,
CA, USA). In addition, a drug product stored at 40 ◦C for 6 months
stability sample was  analyzed using the SE-HPLC equipped with an
online DAWN HELEOS MALS detector. Detector angles 3 through
18 at 280 nm were used for MALS analysis. Data were analyzed
using ASTRA v5.3.4.20 software (Wyatt Technologies, Inc., Santa
Barbara, CA, USA). A dn/dc value of 0.185, a UV extinction coeffi-
cient of 1400 mL/g cm,  and a first order Zimm fit was used for all
data analysis.

2.5. Peptide map analysis

Peptide mapping of both the monomer and pre-peak materi-
als purified from the mixed mode UPLC method was performed to
characterize the differences between the samples. Both the purified
monomer and pre-peak materials were denatured with a solu-
tion of 6 M Guanidine–HCl, 100 mM Tris, and 2.5 mM EDTA, pH
8.0. The denatured protein was reduced with 1 M dithiothreitol
at 37 ◦C for 1 h, then alkylated with 1 M sodium iodoacetate for
40 min in the dark, followed by trypsin digestion for 2 h at 37 ◦C.
The resulting peptides were analyzed by RP-HPLC/MS on an Agi-
lent HPLC (Agilent, Santa Clara, CA, USA) with a capillary pump and
diode array detector connected in-line to a Thermo ion trap mass
spectrometer (Thermo Fisher Scientific, Waltham, MA,  USA). The
RP-HPLC separation was performed using a gradient of 0.1% tri-
fluoroacetic acid in water to 0.1% trifluoroacetic in acetonitrile at
a flow rate of 0.2 mL/min on a Vydac C18 2.1 mm × 150 mm  col-
umn  (Grace, Deerfield, IL, USA) at 40 ◦C. Elution of peptides was
monitored by measuring absorbance at 214 and 280 nm.  The chro-
matographic profiles were compared in terms of retention times,
intensities, and presence or absence of peaks. Relative quantifica-

tion was performed by using the total intensity of an extracted
ion chromatogram of the peptides of interest. Post-translational
modifications were calculated as a relative percent of the native
peptide.
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ig. 1. SE-HPLC chromatogram profile at 280 nm showing fronting shoulder on mo
For  interpretation of the references to color in this figure legend, the reader is refe

.6. Bioassay

Antibody bioactivity was assessed by measuring the neutraliza-
ion of proliferation of a nerve growth factor (NGF) sensitivity cell
ine (TF-1) in response to increasing concentration of therapeutic
ntibody. Various concentrations of therapeutic antibody (refer-
nce material, purified monomer, and purified pre-peak) were
eutralized with recombinant human beta nerve growth factor in

 96-well plate for 60 min  at room temperature. Approximately
 × 105 cells/mL TF-1 cells were added to the neutralized antibody,
nd incubated at 37 ◦C, 5% CO2 for 62 h. TF-1 cell incubated with
ecombinant human beta nerve grow factor, but no neutralized
ntibody was performed as a negative control. TF-1 cell incubated
ithout human beta nerve growth factor and neutralized antibody
as performed as a positive control. Alamar Blue (Invitrogen, Gran

sland, NY, USA) was added to the cells and incubated for 6 h as a via-
ility indicator. The absorbance of each well was  measured using
n excitation wavelength of 530 nm and emission wavelength of
90 nm.  The relative potency of the purified monomer and pre-peak
ere calculated using a standard curve.

. Results and discussion

A monomer fronting shoulder (pre-peak) was observed for a
onoclonal antibody by size exclusion – high performance liq-

id chromatography (SE-HPLC) using a Tosoh TSKgel BioAsisst
3SWXL column (Fig. 1). The amount of monomer fronting shoulder

pre-peak) was found to increase in stability samples under recom-
ended storage condition of 2–8 ◦C and accelerated conditions of

5 ◦C and 40 ◦C. The SE-HPLC method was not suitable for quanti-
ying the amount of pre-peak in the drug product sample because
he pre-peak was not well resolved from the monomer main peak.
he pre-peak showed as a fronting shoulder on the monomer main
eak (Fig. 1), which made the integration difficult and inconsistent
cross different samples, especially at low levels of pre-peak. There-
ore, another fast analytical method that separates and quantifies
he pre-peak species under non-denaturing and mild condition was
eeded.

.1. Optimization of mixed mode UPLC conditions
Among the three columns evaluated, Waters Acquity BEH200
.7 �m 4.6 × 300 mm column showed the best separation of the
re-peak from the monomer peak. The longer 30 cm Waters
cquity BEH200 column provided better overall resolution and still
r of a drug product at time zero (red) and 40 ◦C 2 months stability sample (black).
 the web version of the article.)

had a reasonable run time compared to the same column at 15 cm
length. The Sepax Zenix SEC-300 column had an interfering buffer
peak in the aggregate elution region; therefore, it was  unsuitable
for further development.

High salts are often used to promote hydrophobic interactions
between proteins and mildly hydrophobic surfaces [16]. Waters
Acquity BEH200 column separates proteins based on size, but in this
mixed mode method, the addition of salt to the mobile phase were
employed to affect the separation of proteins based on size as well
as on its hydrophobicity. For example, no monomer fronting shoul-
der (pre-peak) was  observed in formulated bulk material under low
salt, 0.25 M sodium chloride in 20 mM sodium phosphate buffer, pH
7.0, SE-UPLC condition (Fig. 2, black trace). However, a progression
from no monomer shoulder to a separate pre-peak was  observed
as sodium chloride concentration was increased to 1.0 M (Fig. 2,
blue – 0.5 M NaCl, green – 0.75 M NaCl, and cyan – 1.0 M NaCl). Fur-
thermore, at 1.25–1.7 M NaCl, more than one pre-peak was  well
resolved from the monomer (Fig. 2, magenta – 1.25 M NaCl, purple
– 1.5 M NaCl, and black – 1.7 M NaCl). At 1.8 M sodium chloride,
the monomer co-eluted with the buffer peak (data not shown), and
therefore this condition was  unsuitable for analysis.

Even though by using mobile phases containing higher than
1.5 M sodium chloride was able to resolve the pre-peak species,
this condition was not preferred for analysis because the high salt
content may  affect the pre-peak and monomer distribution in the
sample during analysis. To avoid the extreme salt conditions sim-
ilar to those used in HIC, other salt compositions were evaluated
in order to provide the same hydrophobic interaction between IgG
variants and column but at a lower ionic strength. A combination of
0.1 M sodium acetate and 0.4 M sodium sulfate in 20 mM sodium
phosphate, pH 7.0 buffer was  found to be the best salt composi-
tion to provide a good separation between aggregates, pre-peak,
monomer, and fragments. Both acetate and sulfate are anions in the
Hofmeister series that provide better salting-out effect than chlo-
ride [17,18]. Moreover, Senczuk et al. found that a dual salt system
increases hydrophobic binding capacity up to two folds over the
traditional single salt system [19]. Therefore, using a combination
of sodium acetate and sodium sulfate, the pre-peak is well resolved
from the monomer at an overall lower salt concentration compared
to sodium chloride. When only sodium acetate or only sodium sul-
fate was  used in the mobile phase, less than desirable separation

was achieved.

Different buffer pH and flow rates were also evaluated to give
the best separation among various IgG species. Mobile phase con-
taining 20 mM sodium phosphate at pH 7.0 and a flow rate of
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ig. 2. Representative chromatograms of formulated bulk separation using 0.25 M
magenta), 1.5 M NaCl (purple), and 1.7 M NaCl (red) sodium chloride in 20 mM s
olumn shown at 280 nm.  (For interpretation of the references to color in this figur

.15 mL/min showed the best separation for the mixed mode UPLC
ethod. The pre-peak and the monomer peak were fractionated

sing the final mixed mode UPLC method for characterization.
ig. 3A shows a typical resolution between pre-peak and monomer
n the formulated bulk material (blue trace), and Fig. 3B shows a
ypical resolution between aggregate, two pre-peaks, monomer,
nd fragment in the 40 ◦C, 9 months stability sample (blue trace)
hat was enriched with impurities. Fig. 3A, black trace, shows the

onomer purified from the formulated bulk material was  free of
ggregate, and fragment. There was however a small amount of
re-peak still remained in the monomer purified material, approx-

mately 1.1%. The purified pre-peak fraction had a small amount
f aggregate (Fig. 3B, black trace), which most likely arose from
ample handling during concentration.

.2. Multi-angle light scattering (MALS) analysis of Trp-Ox
egradant

MALS analysis was employed to determine the molecular
eight of each species observed in the chromatographic separa-

ion using the mixed mode UPLC method. A drug product stored at
0 ◦C for 3 months stability sample (Fig. 4, black trace) and photo
tress forced degraded sample (Fig. 4, blue trace) were analyzed
sing the final mixed mode UPLC condition with an online MALS
etector. Several pre-peaks were separated in both the stability
nd photo degraded samples using this method. The MALS analysis
howed that peak 1 had a mass of approximately 145 kDa, corre-
ponding to monomer species. Multiple peaks in region 2 had an
verage mass of 144–150 kDa (Table 1). The various pre-peaks have
imilar or slightly higher molecular weight than the monomer main
eak. The pre-peaks eluted in region labeled Peak 3 had molecular
eights of about 178–182 kDa, which is slightly higher than that of

 monomer (Table 1). The MALS data confirmed that the pre-peaks
ere separated by the mixed mode UPLC chromatography and not

o-eluted with the dimer or higher order aggregates. Peak eluting
n region 4 corresponded to the dimer species with a molecular

eight of about 297–333 kDa (Table 1). The MALS data from the
ixed mode UPLC method also confirmed that this pre-peak cor-

elated to the pre-peak observed under SE-HPLC condition, which

lso showed a slightly higher molecular weight than the monomer
t about 155–160 kDa.

The pre-peak (peak 3, Fig. 4) with a slightly larger molec-
lar weight compared to the monomer may  be due to
l (black), 0.5 M NaCl (blue), 0.75 M NaCl (green), 1.0 M NaCl (cyan), 1.25 M NaCl
 phosphate, pH 7.0 mobile phase, and Waters Acquity BHE200 4.6 mm × 300 mm

nd, the reader is referred to the web version of the article.)

conformational changes caused by the oxidized tryptophan in the
molecule. These changes may  reflect the larger hydrodynamic
radius for the pre-peak (Table 1). The stability sample and the
photodegraded material both have multiple pre-peaks, suggest-
ing different tryptophan oxidized species present in the sample.
One possibility for the presence of multiple pre-peak species is
having one or both the tryptophan residues oxidized on the CDR
regions in an IgG molecule. Another possibility is having different
oxidized tryptophan byproducts. Previous studies have found four
tryptophan oxidation products: hydroxytryptophan, N-formyl-
kynurenine, kynurenine, and 3-hydroxykynurenine [20–23].  In
addition, the hydroxytryptophan could have the hydroxyl group
addition at any position of the indole ring [24], creating five dif-
ferent hydroxytryptophan structures. These different tryptophan
oxidation products may  contribute to the presence of multiple pre-
peaks observed.

3.3. Peptide map analysis

In order to characterize the purified pre-peak material further
and provide evidence for the hypothesis of multiple tryptophan
oxidation byproducts presented above, peptide map  analysis of the
purified pre-peak material was  performed. Both purified monomer
and pre-peak fractions from the mixed mode UPLC method were
reduced, alkylated, and digested using trypsin enzyme. The resul-
tant peptides were separated using RP-HPLC with an in-line mass
spectrometer. The peptide map  analysis showed significant dif-
ferences between the purified monomer and pre-peak material.
The most notable difference was the relative percent increase
in oxidation at the tryptophan 104 residue of the IgG. Fig. 5
shows UV chromatograms of tryptic peptide map  analysis of
the purified monomer with Trp104-containing peptide eluting
around 140 min  (top), and tryptic peptide map analysis of puri-
fied pre-peak (bottom). There was  a marked decrease in the native
peptide (Fig. 5A, 140 min), and a significant increase in the oxi-
dized peptides spanning a 9 min  window (Fig. 5B, 131–140 min).
A variety of tryptophan oxidation byproducts were identified
by tandem mass spectrometry including kynurenine (+4), N-
formylkynurenine (+32), and hydroxytryptophan (+16), with the

latter being the predominant form.

The native Trp104 peptide was  observed as both doubly and
triply charged states of 1621 and 1081 m/z (Fig. 6), respectively.
The oxidized Trp104 peptide was mostly observed as doubly and
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ig. 3. Representative chromatogram of (A) formulated bulk material (blue) and 

urified pre-peak fraction (black) using the final mixed mode UPLC method at 280 n
o  the web version of the article.)

riply charged state of hydroxytrptophan with 1629 and 1087
/z (Fig. 7), respectively. The estimated ratio of oxidized Trp104
eptide in the purified pre-peak material calculated from the
econstructed ion chromatogram intensities was about 84%. Based
n this value, it is possible that some IgG have one oxidized
ryptophan on the CDR region, whereas some IgG have both tryp-
ophan oxidized on the CDR, one on each Fab. Since the location

f the oxidized Trp104 was in the CDR region, it affected the
otency of the IgG molecule. Bioactivity assay confirmed that
he purified pre-peak fraction had 40–50% lower activity rela-
ive to the reference standard. Whereas, the purified monomer

able 1
olecular mass and hydrodynamic radius (in parenthesis) of mixed mode UPLC species

tressed samples obtained by MALS.

Sample Peak 1 (21.7–22.4 min) Peak 2 (1

Drug product Lot A 40 ◦C, 3 months 145 kDa (30.1 nm)  144 kDa 

Photo  stress 147 kDa (35.3 nm) 150 kDa 
d monomer fraction (black), and (B) 40 ◦C, 9 months stability sample (blue) and
r interpretation of the references to color in this figure legend, the reader is referred

material had about the same level of activity as the reference stan-
dard.

3.4. Comparison of mixed mode UPLC, SE-UPLC, and SE-HPLC
analysis of stability samples

The SE-HPLC has been the gold standard for measuring the

amount of impurities in a therapeutic IgG samples throughout the
pharmaceutical and biotech industry. Since the mixed mode UPLC
method may  also quantify aggregate and fragment impurities, we
want to compare the percent impurities obtained by the mixed

 eluting in regions labeled peak 1–4 for both 40 ◦C, 3 months stability and photo

9.2–20.9 min) Peak 3 (17.5–18.5 min) Peak 4 (16.2–16.8 min)

(29.0 nm)  182 kDa (31.8 nm)  333 kDa (32.8 nm)
(36.3 nm)  178 kDa (38.0 nm) 297 kDa (37.6 nm)
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ig. 4. Chromatogram profiles of drug product 40 ◦C, 3 months stability (black) and
ections  represent peak regions used in the MALS analysis. Table 1 reports the mo
egend,  the reader is referred to the web  version of the article.)

ode UPLC method to those obtained by SE-UPLC and SE-HPLC. The
E-UPLC method was performed with the same column as used in
he mixed mode UPLC method, but run under the SE-HPLC mobile
hase and flow rate conditions. The comparison of results from the
ixed mode UPLC and SE-UPLC showed the additional hydropho-

ic separation due to the use of salt in the mixed mode method.
he comparison of results from the SE-UPLC and SE-HPLC meth-

ds showed the variation in results obtained from different size
xclusion columns.

Comparison of the mixed mode UPLC, SE-UPLC, and SE-HPLC
howed that the mixed mode UPLC method yielded less aggregate

ig. 5. UV chromatograms of tryptic peptide map  analysis of (A) purified monomer mat
aterial with bracket indicating the oxidized Trp-containing peptides.
 stressed (blue) samples using the final mixed mode UPLC method. The numbered
r weight of each peak. (For interpretation of the references to color in this figure

and more fragment (Table 2). This may  be due to the use of mod-
erate salt condition in the mixed mode UPLC method breaking
some of the non-covalent aggregates, and creating more frag-
ment during analysis. Based on the comparison between the mixed
mode UPLC and SE-HPLC, the mixed mode UPLC method was
found unsuitable in quantifying aggregate and fragment due to
the salt condition. In general, the amount of % aggregate and

% fragment obtained were comparable between SE-UPLC and
SE-HPLC, indicating little variation in results obtained from dif-
ferent size exclusion columns. The results of the % pre-peak
and % monomer cannot be compared because the pre-peak was

erial with arrow pointing to the Trp-containing peptide, and (B) purified pre-peak
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ot resolved from the monomer using SE-UPLC and SE-HPLC
ethods.

.5. Assay performance and qualification
For a method to be used as a release and stability assay in quan-
ifying the amount of pre-peak in a drug product sample, it needs
o demonstrate the performance requirements as described in the
CH 2Q(R1) guidelines on validation of analytical procedures.

Fig. 7. Reconstructed ion chromatogram of oxidized Trp104 peptide in the purifi
e-peak material with corresponding parent mass spectrometry data.

Spiking experiments to demonstrate linearity and accuracy of
aggregate, pre-peak, and fragment using the mixed mode SE-UPLC
method were performed. Controls containing small amount of pre-
peak and enriched pre-peak materials were mixed to produce
samples with a range of different amounts of pre-peak, and same

mass of IgG was  injected for each sample. The theoretical amount of
pre-peak in each sample was calculated using the dilution of each
control during sample preparation, and the amount of pre-peak in
each control measured by the mixed mode UPLC method. Same

ed pre-peak material with corresponding parent mass spectrometry data.
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Table 2
Comparison of results obtained from mixed mode UPLC, SE-UPLC, and SE-HPLC methods on two lots of drug product stability samples. Refer to Section 2 for the separation
conditions used.

Aggregate (%) Pre-peak (%) Monomer (%) Fragment (%)

Mixed mode
UPLC

SE-UPLC SE-HPLC Mixed mode
UPLC

SE-UPLC SE-HPLC Mixed mode
UPLC

SE-UPLC SE-HPLC Mixed mode
UPLC

SE-UPLC SE-HPLC

Lot A 5C 10M 0.0 0.1 0.1 1.7 0.0 0.0 95.0 99.9 99.9 3.4 0.0 0.0
Lot  A 40C 2M 0.0 0.5 0.4 4.6 0.0 5.5 92.5 99.5 94.0 3.0 0.0 0.0
Lot  A 40C 3M 0.7 2.2 2.2 27.9 26.4 32.3 69.6 71.4 65.5 1.8 0.1 0.1

Lot  B 5C 10M 0.1 0.1 0.1 1.7 0.0 0.0 94.8 99.9 99.9 3.4 0.0 0.0
Lot  B 40C 2M 0.7 1.7 1.7 25.2 22.2 28.7 72.2 76.0 69.6 2.0 0.1 0.0
Lot  B 40C 3M 2.2 4.6 4.5 37.1 38.0 43.3 59.6 57.3 52.2 1.2 0.1 0.1

Table 3
Summary of % pre-peak and % fragment accuracy in mixed mode UPLC method by spiking experiments.

Theoretical % pre-peak Observed % pre-peak Pre-peak accuracy (%) Theoretical % fragment Observed % fragment Fragment accuracy (%)

28.3 27.7 97.8 2.0 2.0 100.0
22.0  21.2 96.4 1.5 1.5 100.0
15.6  14.9 95.5 1.0 1.0 100.0

9.3  8.8 94.6 0.5 0.5 100.0
1.5  1.6 106.7 0.4 0.3 75.0

0.2 0.2 100.0
0.1 0.1 100.0

R² = 0. 999
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Fig. 8. Mixed mode UPLC linearity regression 

pproach was done for aggregate and Fab fragment linearity and
ccuracy studies. Qualification of the mixed mode UPLC method
howed good accuracy for both the pre-peak and the fragment;
owever, the accuracy of aggregate was less than-optimal. Table 3
hows the pre-peak recovery was between 94.6 and 106.7% for IgG
piked with 1.5–28.3% pre-peak, and Fab fragment recovery was
5.0–100.0% for IgG spiked with 0.1–2.0% fragment. Fig. 8 shows
he linear regression plots for pre-peak and Fab fragment recov-
ry; both with determination of coefficient (R2) closed to 1. The
ggregate recovery was lower, ranging from 75.0 to 88.1% for IgG
piked with 2.0–5.0% aggregate. No linear least square regression
as performed for aggregate recovery due to insufficient data.

The mixed mode UPLC method provided good separation for
re-peak, and accurately quantitated pre-peak and fragment impu-
ities. However, this method was not suitable for quantifying
ggregate due to its narrow range, 2.0–5.0% aggregate. Although the
ixed mode UPLC method resulted in accurate and linear determi-

ation of fragment, the use of this method for fragment quantitation
as not recommended because its value was not comparable to

he values obtained from SE-HPLC as mentioned above. Therefore,
he use of this method should be limited to the determination of
he relative distribution of pre-peak and monomer. Other impuri-

ies, especially aggregates, required a separate SE-HPLC method for
nalysis.

The 1.5% pre-peak was the lowest level of pre-peak accu-
ately determined using the mixed mode UPLC method; this was
Theore�ca l % Fr agment

f % pre-peak (left) and % Fab fragment (right).

confirmed as the pre-peak limit of quantitation (LOQ) by determin-
ing the precision of six replicates. The relative standard deviation
(RSD) for repeatability of six replicates of pre-peak LOQ (1.5%) was
determined as 1.2% on day 1, and 0.5% on day 2 with a differ-
ent lot of column. The RSD for reproducibility of twelve replicates
of pre-peak LOQ (1.5%) over two  days were determined as 3.2%.
The mixed mode UPLC method demonstrated good precision and
reproducibility at 1.5% pre-peak (LOQ), and the method was  robust
with different lots of column. Since this method was limited to
determine the relative distribution of pre-peak and monomer, and
not intended for aggregate and fragment quantitation, the LOQ for
aggregate and fragment was not determined.

4. Conclusion

Our goal to develop a quick liquid chromatography method that
does not require the use of denaturing solvent as in the reverse
phase, or high salt as in the hydrophobic interaction chromatogra-
phy to separate the oxidized IgG variants was achieved. This was
done by developing a mixed mode UPLC method. This method offers
advantages over traditional SE-HPLC method in its ability to sepa-
rate and quantitate different variants of similar molecular weight

IgGs. However, the moderate amount of salt may  affect the % aggre-
gate and % fragment observed in the mixed mode UPLC method
compared to those observed in SE-HPLC or SE-UPLC. Although
a trade-off may  exist between the mixed mode and traditional
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