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bstract

Human erythropoietin produced by recombinant DNA technology, is now marketed worldwide for the treatment of anemias associated with
hronic renal failure and chemotherapy. No sensitive methods, which can determine r-HuEPO dimer or oligomer aggregate content in formulated
roducts, have been published to date. This report describes the development and validation of a sensitive size exclusion high performance
iquid chromatography (HPLC) method for the quantitation of r-HuEPO aggregates in formulations containing 0.03% polysorbate 80. A Waters
lliance 2690 HPLC system connected to a TosoHaas TSKgel G3000 SWxl (7.8 mm × 30 cm, 250 Å pore size, 5 �m particle size) column

nd a Waters 474 fluorescence detector was used. The mobile phase for the SEC-HPLC method consists of isopropyl alcohol–potassium
hosphate (0.1 M)/potassium chloride buffer (pH 6.8 ± 0.1, 0.2 M) (25:75, v/v). The flow rate was 0.3 mL/min and the method run time
as 60 min.
The SEC-HPLC method presented here was shown to be specific for r-HuEPO total aggregates (dimer and oligomers) and allows for their

uantitation at 80 ng/mL or 4 ngs/injection, in the presence of r-HuEPO monomer and the pharmaceutical excipients, glycine (5 mg/mL), sodium

hloride (4.3 mg/mL), and 0.03% polysorbate 80. The finalized method is stability-indicating and is suitable for determining r-HuEPO aggregates
etween 0.2 and 0.5% levels in the formulated product of r-HuEPO. This method offers a robust way to measure total aggregates on a routine basis
ith a high sensitivity for use in product quality control.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Erythropoietin (EPO) is a glycoprotein that is produced pri-
arily by the kidneys and is a main hormone involved in regu-

ating red blood cell production [1]. The protein has a molecular
ass of 34 kilo Daltons (kDa) with carbohydrates comprising

0% of the weight. In 1986, EPO was successfully expressed
y applying recombinant DNA technology [1–3]. Recombinant
uman erythropoietin (r-HuEPO) is now marketed worldwide

or the treatment of anemias associated with chronic renal fail-
re and chemotherapy [4].

∗ Corresponding author. Tel.: +1 908 218 8430; fax: +1 908 218 8056.
E-mail address: sgunturi@cntus.jnj.com (S.R. Gunturi).
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The EPO molecule has been well-characterized [5–9] and is a
table molecule that remains predominantly in monomeric form
hen stored at 2–8 ◦C. However, when the product is exposed

o higher temperatures or to certain stress conditions, dimer and
igher order aggregates of r-HuEPO can be formed [10,11]. As
ith many other marketed biopharmaceuticals, to protect the

ctive protein against denaturation or aggregate formation, non-
onic surfactants such as polysorbate 80 are included as stabiliz-
rs [12–15]. The stability of the EPO protein can be monitored by
ize exclusion high-performance liquid chromatography (SEC-
PLC), which resolves the aggregate forms of r-HuEPO from

-HuEPO monomeric protein. However, polysorbate 80 present

n some formulations can interfere with aggregate quantitation
ecause its peaks elute at similar retention times to that of the r-
uEPO aggregates. This interference becomes significant under

ensitive detection conditions and complicates the development

mailto:sgunturi@cntus.jnj.com
dx.doi.org/10.1016/j.jpba.2006.06.006
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(0.2–0.5%) levels. Spiked samples were prepared by first adding
14 S.R. Gunturi et al. / Journal of Pharmaceuti

f sensitive and quantitative SEC-HPLC methods capable of
uantitating r-HuEPO aggregates in formulated product at very
ow levels (∼0.2%).

Although analytical HPLC methodologies have been
escribed previously, they have been developed either for analy-
is of purified r-HuEPO monomeric protein [16–18] or for inves-
igation into r-HuEPO (monomer) metabolic pathways [19]. No
ensitive methods for measuring r-HuEPO dimer or oligomer
ggregates in formulated products have been published to date.
his report describes the development and validation of a sensi-

ive SEC-HPLC method for the analysis of r-HuEPO aggregates.
The SEC-HPLC method presented here was shown to

e specific for r-HuEPO aggregates in the presence of r-
uEPO monomer and the formulation excipients glycine

5 mg/mL), sodium chloride (4.3 mg/mL), and 0.03% polysor-
ate 80. The validated SEC-HPLC method described here allows
or the quantitation of r-HuEPO aggregates at 80 ng/mL or
ngs/injection in the presence of 0.03% polysorbate 80.

. Methods

.1. Chemicals and reagents

All chemicals were of analytical grade unless stated oth-
rwise. Potassium phosphate monobasic, potassium phosphate
ibasic, potassium chloride, polysorbate 80, sodium chloride,
lycine, guanidine and urea were purchased from Sigma (St.
ouis, MO, USA). HPLC-grade water, methyl alcohol and

sopropyl alcohol were purchased from Burdick and Jackson
Muskegon, MI, USA). Trifluoroacetic acid (TFA) and triethyl
mine (TEA) were purchased from Pierce Chemicals. Recom-
inant human erythropoietin produced at a commercial man-
facturing site was used. Purified r-HuEPO, at 3.1 mg/mL,
as transferred into vials and stored frozen at −70 ◦C until
sed.

.2. Chromatography conditions

The analyses of r-HuEPO aggregates by SEC-HPLC (referred
o as SEC-HPLC method) were performed using a Waters
lliance 2690 HPLC system connected to a TosoHaas TSKgel
3000 SWxl (7.8 mm × 30 cm, 250 Å pore size, 5 �m parti-

le size) column and a Waters 474 fluorescence detector. The
hromatographic control and data acquisition and analysis were
erformed using Empower software via a Waters LACE data
cquisition box. The samples were stored refrigerated in an auto
ampler, which is part of the Waters Alliance 2690 Alliance
ystem. The fluorescence detector was operated at an exci-
ation wavelength of 280 nm and an emission wavelength of
45 nm, at a gain of 1000. The mobile phase for the SEC-
PLC method consists of isopropyl alcohol-potassium phos-
hate (0.1 M)/potassium chloride buffer (pH 6.8 ± 0.1, 0.2 M)
25:75, v/v). The mobile phase was filtered using a 0.45 �m fil-

er (Millipore) and was degassed with an online degasser. The
ow rate was 0.3 mL/min and the column was maintained at
mbient temperature. The method run time was 60 min. The
njection volumes for test samples and standards varied between

t
l
r
m

d Biomedical Analysis 43 (2007) 213–221

0 and 100 �L depending on the sample concentration. The col-
mn was equilibrated with a minimum of 5 injections (50 �L)
f sample diluent buffer (see Section 2.4) until a stable baseline
as obtained.
An existing, second SEC-HPLC method (referred as

EC-HPLC-2 method), for comparison, used a TosoHaas,
0 cm × 7.5 mm, G3000 SWxl column. The SEC-HPLC-2
ethod used citrate buffer (pH 7.0, 20 mM) with 0.1 M NaCl at

s the mobile phase and did not include isopropyl alcohol. The
obile phase was filtered using a 0.45 �m filter (Millipore) and

egassed with an online degasser. The samples were injected
t 100 �L injection volume, at a concentration of 1.0 mg/mL,
nd the mobile phase flow rate was 1.0 mL/min. The chromato-
raphic detection was performed using Waters PDA detector
UV at 280 nm). The SEC-HPLC-2 method was qualified for
he analysis of samples that did not contain polysorbate 80.

.3. Reagents preparation

.3.1. Preparation of sample diluent buffer (SDB)
The sample diluent buffer is prepared in two steps: (A) pre-

are potassium phosphate (0.1 M)/potassium chloride buffer
pH 6.8 ± 0.1, 0.2 M) and (B) dilute formulation placebo 3-
old with the phosphate buffer that was prepared in step A.
he SDB final solution contained 0.01% polysorbate 80 to
inimize non-specific adsorption to the vials. The formula-

ion placebo solution had the following composition: sodium
hloride (4.3 mg), sodium dihydrogen phosphate (1.16 mg), dis-
dium phosphate dihydrate (2.23 mg), glycine (5.0 mg) and
olysorbate 80 (0.30 mg) in 1 mL of water for injection with
pH 6.8 ± 0.1.

.3.2. Preparation of heat induced r-HuEPO aggregates
Heat induced r-HuEPO aggregates were prepared for use as

standard, for r-HuEPO quantitation, by heating the r-HuEPO
olution in 50 mM citrate buffer at 1 mg/mL concentration for
bout 2 weeks at 50 ◦C on a heating block. The resulting aggre-
ates were then characterized by SEC-HPLC-2 method, and
he oligomer, dimer, and monomer r-HuEPO content was deter-
ined for each lot. From this r-HuEPO heat induced aggregate

tock solution, working aggregate controls were prepared with
oncentrations in the range of 0.05–4.0 �g/mL in SDB for the
urpose of generating an aggregate control curve. Aggregate
ontrols prepared this way are stable for 3 days (76 h, at 5 ◦C)
nd were analyzed within that time frame.

.3.3. Preparation of r-HuEPO samples spiked with
-HuEPO heat induced aggregates

Samples of r-HuEPO that contained r-HuEPO at 16.67,
3.33, 83.33 and 333.33 �g/mL strengths in formulation placebo
ere spiked with heat induced r-HuEPO aggregates at LOQ
he formulation placebo to an empty polypropylene vial, fol-
owed by the r-HuEPO stock solution, and then by heat induced
-HuEPO aggregate stock solution. These solutions were then
ixed by gentle inversion (15×) to ensure homogeneity.
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determined by testing for aggregate recovery after slightly vary-
S.R. Gunturi et al. / Journal of Pharmaceuti

.4. Optimization of isopropyl alcohol content in the
obile phase

The following co-solvents and organic modifiers were tested
at levels up to the value indicated in parentheses) to identify
dditives that would minimize placebo interference: methanol
10% v/v), isopropyl alcohol (25% v/v), trifluoroacetic acid
0.5% v/v), triethylamine (0.5% v/v); guanidine HCl (2 M), urea
2 M), and polysorbate 80 (0.03% w/v).

.5. r-HuEPO aggregate stability in the presence of 25%
sopropyl alcohol

The stability of the heat induced r-HuEPO aggregates in
he presence of the 25% isopropyl alcohol containing mobile
hase was investigated by comparing the percent oligomer,
imer, and monomer compositions of 5 r-HuEPO aggre-
ate lots by two different SEC-HPLC methods (see Section
.2).

.6. Linearity, recovery and precision

.6.1. Linearity
The peak area linearity of the heat induced r-HuEPO aggre-

ates with concentration was determined by independently
reparing 6 aggregate controls between 0.05 and 4.0 �g/mL,
ve times each and testing them. The total aggregate area (dimer
nd oligomer peak areas) was plotted against the concentration
�g/mL) to generate the r-HuEPO total aggregate control curves.
inear regression analysis of the peak area was performed on

hese curves and the curve’s slopes, intercepts, correlation coef-
cients, and percent relative standard deviations (% R.S.D.s)
ere determined using Microsoft Excel software. As a system

uitability criterion, the correlation coefficient (r2) had to be
reater than or equal to 0.995. The control curve slope (m), y-
ntercept (c) and the unknown sample fluorescence values (x)
ere used to calculate the concentration of the aggregates (x),
sing the equation y = mx + c. The limit of detection (LOD) was
stablished as a concentration, at a signal to noise ratio of 1.5
r greater, at which one can reliably detect dimer and oligomer
ggregate peaks. The limit of quantitation (LOQ) was estab-
ished as a concentration, at a signal to noise ratio of 2.5 or
reater, at which one can reliably quantify dimer and oligomer
ggregate peaks.

.6.2. Injection precision
Injection precision was determined at the limit of detec-

ion (LOD; 0.05 �g/mL) and at the limit of quantitation (LOQ;
.08 �g/mL) for total aggregates (dimer and oligomer) by inject-
ng six times, from the same vial, and calculating the percent
.S.D.

.6.3. Recovery and precision

Heat induced r-HuEPO aggregate material was spiked into

ormulation placebo that contained r-HuEPO (see Section 2.3.3)
nd the recoveries were determined as a measure of accuracy.
he total aggregate peak areas of aggregate spiked test samples,

i
e
t
m

d Biomedical Analysis 43 (2007) 213–221 215

he slope and intercept of the heat induced aggregate control
urve (0.05–4.0 �g/mL) were then used to calculate the recov-
red concentration of the aggregates in spiked samples. The per-
ent recovery values were then calculated for each spiked sample
ested by expressing the aggregate concentration as a percent of
he r-HuEPO strength of the spiked sample. Inter- and intra-
ssay precision on r-HuEPO samples spiked with aggregates at
our concentrations were determined by testing in triplicate on 3
ifferent days on different machines, operators and the % R.S.D.
ere determined.

.7. Stability-indicating capability

The stability-indicating capability of the method was deter-
ined by testing r-HuEPO samples, at concentrations ranging

rom 16.67 to 333.33 �g/mL, that were either stored refrig-
rated or under stress-temperature condition (40 ◦C) for 2
eeks. The samples were then analyzed by the SEC-HPLC
ethod.

.8. Covalent and non-covalent aggregates detection

The ability of the SEC-HPLC method to detect covalent
nd non-covalent aggregates of r-HuEPO was examined in
his study. Heat induced r-HuEPO aggregate control stock
olutions at 4 �g/mL concentration were prepared and analyzed
s follows: (1) untreated, (2) with the addition of dithiothreitol
DTT) alone to reduce the disulfide bonds formed by thiol
roups, (3) with the addition of guanidine HCl alone to solu-
ilize non-covalent aggregates only and (4) with the addition
f both DTT and guanidine HCl to reduce the disulfide bonds
nd to solubilize non-covalent aggregates. In steps 2, 3 and
, disulfide bonds, which were reduced by DTT were then
lkylated with iodoacetamide to prevent their reformation
nd excess iodoacetamide was neutralized with 2-mercapto-
thanol.

Briefly, r-HuEPO aggregate samples at 4 �g/mL were
repared in phosphate buffer containing 0.015% polysorbate
0 to prevent non-specific adsorption. These samples were then
ncubated at room temperature (RT) for 1 h with DTT (50 mM)
r with guanidine HCl (7.0 M) followed by DTT (1 h) in
equence. After the 1 h incubation with DTT, free thiol groups
n the samples were alkylated by adding 2.0 M iodoacetamide to
revent reformation of disulfide bonds. Excess iodoacetamide
as neutralized with 2-mercaptoethanol in all samples. The

ggregates present in these samples were then quantified by
EC-HPLC.

.9. Robustness determination

The robustness of the SEC-HPLC method performance was
ng the method conditions from optimized values. The param-
ters tested were variability in columns, column’s temperature,
he mobile phase pH, and isopropyl alcohol concentration in the

obile phase.
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Table 1
Effect of 25% isopropyl alcohol in mobile phase on the stability of heat induced r-HuEPO aggregates

r-HuEPO purified bulk lot # Percent (%) total r-HuEPO aggregate content by SEC-HPLC (mean, n = 3) % R.S.D. (N = 3)

With IPA in mobile phase/fluorescence detection Without IPA in mobile phase/UV 280 nm detection

757 54.14 53.11 1.9
759 52.71 52.58 1.9
784 52.25 53.11 1.6
785 50.96 50.98 1.4
786 54.50 54.56 1.9

Five batches of heat induced aggregates were tested by 2 SEC-HPLC methods using different detection systems and mobile phases (see Section 2.2). For each batch,
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he percent total aggregate (dimer and oligomer) content determined by both the
lcohol in the mobile phase did not impact the separation or stability of aggreg
hromatography; R.S.D., relative standard deviation; IPA, isopropyl alcohol.

. Results

.1. Optimization of isopropyl alcohol content in the
obile phase

Isopropyl alcohol was found to decrease the placebo inter-
erence (Fig. 1A) and the interfering peaks from placebo were
ompletely absent when isopropyl alcohol was increased to
0–25% range in the mobile phase (Fig. 2A to E). To ensure
eproducibility in the elimination of placebo peak interference
he isopropyl alcohol concentration was maintained at 25% in
he mobile phase.

.2. r-HuEPO aggregate stability in the presence of 25%
sopropyl alcohol

A close agreement (<2% R.S.D.) was observed between the
esults from the comparison of area percentages of heat induced
-HuEPO total aggregates in the presence and absence of 25%
sopropyl alcohol in the mobile phase, indicating that the pres-
nce of 25% isopropyl alcohol had no impact on the r-HuEPO
ggregates resolution or on the stability by SEC-HPLC method
Table 1).

.3. Selectivity
Size exclusion chromatography was demonstrated to be
elective and capable of resolving dimer and oligomer aggre-
ate species of r-HuEPO from monomeric r-HuEPO and other

w
−
t
0

able 2
epeatability and intermediate precision for percent aggregate recovery from spiked

-HuEPO
oncentration
�g/mL)

Dilution % Aggregate
spiked

Intra-assay variability

Day 1

Mean
(n = 3)

% R.S.D.
(n = 3)

16.67 Undiluted 0.5 99.94 1.98
33.33 Undiluted 0.25 104.71 1.08
83.33 3-fold 0.2 95.43 2.68
33.33 6-fold 0.2 107.01 3.10

EC-HPLC, size exclusion high performance liquid chromatography; R.S.D., relativ
thods was in close agreement (less than 2.0% R.S.D.) indicating that isopropyl
the SEC-HPLC method. SEC-HPLC, size exclusion high performance liquid

xcipients present in the formulation. When the mobile phase
ontained 25% isopropyl alcohol, no interfering peaks were
resent in the 18–27 min retention time range (Fig. 2D). All for-
ulation placebo components, polysorbate 80, glycine, sodium

hloride, and sodium phosphate eluted after 30 min, elute after
5 min and posed no interference to aggregate quantitation (data
ot shown).

.4. Resolution of r-HuEPO aggregates from r-HuEPO
onomer

The SEC-HPLC method was optimized to obtain the best
esolution between r-HuEPO aggregates and monomer without
nterference from excipients. The average resolution parameters
mean ± R.S.D., n = 14 independent runs, 4 �g/mL r-HuEPO)
alculated by the US Pharmacopoeia method [20] between
onomer and dimer was 0.95 ± 0.1, and between dimer and

ligomer was 0.431 ± 0.2.

.5. Linearity, recovery and precision

.5.1. Assay linearity
The correlation coefficient (r2) for r-HuEPO total aggre-

ate control curves was found to be 0.995 or greater. Using
he Waters 474 Fluorescence Detector, the typical slope value

as 1.87 × 107 (fluorescence units) and the y-intercept was
0.014 × 10−7 fluorescence units. Using these control curves

he LOD and LOQ values were determined to be 0.05 and
.08 �g/mL, respectively. Compared to UV detection at 280 nm,

r-HuEPO samples (inter-assay and intra-assay runs)

Inter-assay
variability
(%R.S.D., n = 9)Day 2 Day 3

Mean
(n = 3)

% R.S.D.
(n = 3)

Mean
(n = 3)

% R.S.D.
(n = 3)

90.98 0.87 110.90 1.92 8.72
99.01 0.41 113.25 0.74 5.91
93.52 1.87 107.64 1.55 6.94
98.80 0.56 105.59 3.36 4.36

e standard deviation.



cal and Biomedical Analysis 43 (2007) 213–221 217

w
e
t

3

t
o
(
a

3

i
0
w

3

R
o

3
r
R
o

3

t
b
w
i

Table 3
Stability-indicating study: r-HuEPO aggregate content in samples stored at 5
and 40 ◦C (2 weeks)

r-HuEPO
concentration
(�g/mL)

% Total aggregates (mean, n = 2)

5 ◦C 40 ◦C

Sample 1 Sample 2 Sample 1 Sample 2

16.67 <0.21a <0.21a 0.97 0.82
83.33 <0.08a 0.09a 1.42 1.36
83.33 <0.08a <0.08a 1.61 1.54
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here r-HuEPO aggregates with concentrations less than or
qual to 1.0 �g/mL are barely detectable, fluorescence detec-
ion had a sensitivity gain of over 10-fold.

.5.2. Injection precision
The 6 injections of r-HuEPO (4.0 �g/mL) aggregate solu-

ion had the peak areas (mean ± % R.S.D. values) for
ligomer, dimer, and monomer were 24.15 (×106) ± 1.0, 27.75
×106) ± 1.1 and 25.79 (×106) ± 0.6, respectively. The peak
rea data generated had a percent R.S.D. value of 1.1 or less.

.5.3. Assay recovery
The percent total aggregate recoveries for r-HuEPO samples

n the 16.67–333.33 IU/mL concentration range, spiked with
.2–0.5% of heat induced r-HuEPO aggregates (at LOQ levels),
ere within the 80–120% range (Table 2).

.5.4. Precision
Repeatability, measured as the intra-assay variability (%

.S.D.) in aggregate recovery from spiked samples (n = 3 each
n 3 days) was between 0.41 and 3.4% (Table 2).

.5.4.1. Intermediate precision. Intermediate precision (or
eproducibility), calculated the inter-assay variability (%
.S.D.) in aggregate recovery from spiked samples (n = 9 each
n 3 days) was between 4.4 and 8.7% (Table 2).

.6. Stability-indicating capability

The percent aggregate values measured ranged from less

han LOQ to 0.09% for samples stored at 5 ◦C, and ranged
etween 0.82 and 1.61% for samples stressed at 40 ◦C for 2
eeks (Table 3). The data confirms that the method is stability-

ndicating and can detect changes in aggregates in samples that

g
u
i
a

able 4
on-covalent and covalent r-HuEPO heat induced aggregate detection by the SEC-H

ample description

ntreated r-HuEPO heat induced aggregates
TT reduced and alkylated r-HuEPO heat induced aggregates
uanidine HCl treated r-HuEPO heat induced aggregates
uanidine HCl and DTT treated and alkylated r-HuEPO heat induced aggregates

TT: dithiotretol; HCL: hydrogen chloride; r-HuEPO: recombinant human erythropo

able 5
obustness testing

ample ID
�g/mL, %
ggregate spiked)

Temperature pH

25 ◦C 30 ◦C % R.S.D.
(n = 2)

pH 6.6 pH 6.8

6.67, 0.5% aggregate 111.4 109.2 1.4 113.4 111.4
3.33, 0.25% aggregate 87.8 107.5 14.2 107.9 87.8
3.33, 0.2% aggregate 91.1 95.4 3.3 94.7 91.1
33.33, 0.2% aggregate 98.8 99.3 0.4 103.6 98.8

ercent total aggregate recovery estimated by SEC-HPLC. Parameters tested: temp
nternational units; R.S.D.: relative standard deviation.
33.33 <0.08 <0.08 1.13 1.22
33.33 <0.08a <0.08a 0.98 1.10

a LOQ for 16.67 �g/mL is 0.21% and for 83.33 and 333.33 �g/mL is 0.08%.

ere stored under stress conditions compared to those samples
tored refrigerated.

.7. Covalent and non-covalent aggregate detection

The results showed that the heat induced aggregate stock
olution contained both covalent and non-covalent aggregates
Table 4). The untreated heat induced aggregates control con-
ained 31.8% oligomer, 33.6% dimer aggregates and 34.6%

onomer. Upon treatment with DTT (to reduce disulfide bonds)
ollowed by alkylation, testing by SEC-HPLC resulted in area
ercentages for oligomer and dimer aggregates that were 19.5
nd 14%, respectively. This indicated that 12.3% of the oligomer
nd 19.6% of the dimer aggregates were covalent, and were
ormed by disulfide bonds.

Similarly, the SEC-HPLC results of the heat induced aggre-

ate stock solution treated with guanidine HCl alone (to sol-
blize non-covalent complexes) showed a decrease of 8.0%
n the oligomer content compared to the untreated r-HuEPO
ggregates, suggesting the presence of non-covalent aggregates.

PLC method

Area percentages

Oligomer Dimer Monomer

31.8 33.6 34.6
19.5 14.0 66.5
23.8 37.4 38.7
8.4 21.8 69.8

ietin; SEC-HPLC: size exclusion high performance liquid chromatography.

Isopropyl alcohol content

pH 7.0 % R.S.D.
(n = 3)

24% 25% 26% % R.S.D.
(n = 3)

93.8 1.3 89.1 104.5 107.3 9.8
96.3 14.5 107.1 98.9 96.6 5.5
98.9 2.8 93.1 90.3 86.9 3.4
91.5 3.4 99.8 102.1 107.5 3.8

erature, pH and isopropyl alcohol content in mobile phase. C: Celsius; IU:
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Fig. 1. Interference of formulation Placebo peaks between 18 and 27 min with r-HuEPO aggregate quantitation: recombinant human erythropoietin formulation
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lacebo (no r-HuEPO present) was tested under SEC-HPLC method condition
etween 18 and 27 min of retention time (A). These peaks eluted in similar time ra
lution times of 21, 25, and 27 min, respectively (B).

he decreased oligomer content was recovered as dimers and
onomers, which can be seen by corresponding increases in

heir area percentages (3.8 and 4.1%, respectively). When heat
nduced aggregates were treated with both guanidine HCl and
TT and were alkylated, only 8.4% oligomer was found; the

est being recovered as dimer or monomer. When compared to
TT treatment alone, approximately 11.1% more oligomer was

urther reduced to dimer or monomers with both guanidine HCl
nd DTT treatment, supporting that the oligomers involve non-
ovalent complexes.

.8. Robustness

The robustness testing results indicated that the recovery of
-HuEPO aggregate spiked samples was between 80 and 120%
ange and did not further increase, supporting that the method’s
erformance is robust enough to determine aggregate recovery
ithin 20% variability (Table 5).

. Discussion

Size exclusion chromatography is a routinely used analytical

echnique in quality control, which offers a convenient way to
easure the dimer and oligomer aggregates of proteins present

n test formulations [14]. This is a well-established technique,
ith the advantage that proteins up to 0.2 mg can be loaded on the

a

e
a

out isopropyl alcohol in the mobile phase, and peaks from placebo appeared
s that of the HuEPO oligomer, dimer and monomer (4 �g/mL) with approximate

olumn to detect very small amounts of aggregates in samples.
he sensitivity attained by this technique is mainly dependent
n the detection method used, such as UV, light scattering or flu-
rescence and the latter method offers enhanced selectivity and
ensitivity for biopharmaceuticals [15]. Very few methods have
een published to date, that provide a means of detecting very
mall amounts of r-HuEPO aggregates in formulated samples.
ublications available in literature were mostly on the detection
f unformulated r-HuEPO monomer in samples using various
eparation methods [16,17]. However, there are no published
ethods to quantitate r-HuEPO aggregates in pharmaceutical

ormulations with high sensitivity.
During the SEC-HPLC method development, it was observed

hat r-HuEPO formulation placebo components (no EPO
resent) eluted in the same retention time range (18–27 min) as
hat of the r-HuEPO dimer and oligomer aggregates (Fig. 1A
nd B) interfering with their quantitation. The co-eluting
lacebo component that interfered was identified as the excipi-
nt polysorbate 80 as a solution of polysorbate 80 in water alone
esulted in interference similar to what was seen with formula-
ion placebo. Polysorbate 80 was also found to shorten the life
f the column, as determined by the loss of aggregate resolution

nd decreased performance over time.

Non-ionic surfactants, such as polysorbate 80, are commonly
mployed in many protein formulations, to prevent denaturation
nd formation of aggregates [12–15]. In addition to the formu-
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ation, surfactants are used in sample diluent buffers in the range
f 0.05–0.01% to prevent the non-specific adsorption losses of
rotein in vials and lab-ware when working at concentrations
ess than 1 �g/mL. Although there are no reports in literature
o indicate that polysorbate 80 possesses intrinsic fluorescence
roperties our studies indicate that under the very high detector
ain conditions employed in the method (1000 gain), fluores-
ence from polysorbate 80 was detected and interfered with the
ggregate quantitation.

Among the approaches evaluated to decrease the placebo
nterference, the inclusion of 25% isopropyl alcohol in the

obile phase eliminated the co-elution of polysorbate 80 related
eaks (Fig. 2E). The gradual increase of the isopropyl alco-
ol concentration from 5 to 25%, shifted the retention time of
he placebo peaks between 18 and 27 min to beyond 28 min. It
s hypothesized that the dissociation of these larger molecular
eight placebo excipient components, into smaller components
ith an increase in the hydrophobic strength of the mobile phase

ould explain the above observed shift in the retention times
o beyond 28 min and a decrease in fluorescence. Using 25%

sopropyl alcohol in the mobile phase, r-HuEPO aggregate con-
rols containing low concentrations of r-HuEPO aggregates in
he range of 0.05–4.0 �g/mL, were analyzed in the presence of
.03% polysorbate 80 without interference (Fig. 2E). The col-

b
m
a
g

ig. 2. Optimization of isopropyl alcohol content in mobile phase: the optimal amo
arying its concentration from 5 to 25% (A–D) in mobile phase. Isopropyl alcohol, at
etention time range (D). E shows the elution profile of r-HuEPO aggregates (4 �g/m
he mobile phase.
d Biomedical Analysis 43 (2007) 213–221 219

mn life also improved with the use of 25% isopropyl alcohol
n the mobile phase.

Because there were no commercially available r-HuEPO
ggregate standards, heat induced r-HuEPO aggregates were
sed as standards for the purpose of r-HuEPO aggregate quan-
itation. The stability of the five lots of heat induced aggregate
ontrols tested by two SEC-HPLC methods, both with UV detec-
ion (280 nm) and fluorescence detection, and both with and
ithout 25% isopropyl alcohol in the mobile phases (Section
.5), indicated that the heat induced r-HuEPO controls had sim-
lar compositions of total aggregates. These studies clearly con-
rmed that isopropyl alcohol, up to 25% concentration in mobile
hase, had a negligible impact on the total aggregate composi-
ion (Table 1). Experiments performed with DTT and guanidine
Cl on heat induced aggregates also indicate that at least 11% of

he oligomer content is non-covalent and susceptible to guani-
ine HCl induced dissociation (Table 4). Interestingly, not all
ligomer and dimer could be reduced to monomer, suggest-
ng that the remaining 8.4% oligomers and 21.8% dimers could
nvolve bonds other than disulfides or that they are not reducible

y DTT. These results clearly demonstrate that the SEC-HPLC
ethod is capable of detecting both covalent and non-covalent

ggregates that are present in the heat induced r-HuEPO aggre-
ates.

unt of isopropyl alcohol for decreasing the placebo peaks was determined by
25% concentration, was found to eliminate the placebo peaks in the 18–27 min
L), prepared in 0.03% polysorbate 80 and contained 25% isopropyl alcohol in
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The method measures very low r-HuEPO aggregate con-
entration (LOQ: 0.08 �g/mL) in presence of 200-fold higher
rotein concentration (16 �g/mL of r-HuEPO). Therefore,
igher variability (20% R.S.D.) was observed during the
ggregate recovery measurement of spiked samples prepared
t this threshold LOQ. While the 80–120% recovery range
0.128–0.192 �g/mL) for a 1% (0.16 �g/mL) aggregate spiked

-HuEPO sample (at 16.7 �g/mL) might seem wide at the out-
et, this was observed at the LOQ levels and the method is
till sensitive enough to monitor formulation stability for failing
ggregates specifications (1%). Measurement of absolute recov-

m
p
a
t

ued ).

ry of the aggregates is not possible at these low concentrations,
s the sample diluent buffer (containing 0.01% polysorbate 80)
s necessary to keep the non-specific adsorption losses to a min-
mum.

The data demonstrated that the SEC-HPLC method has reli-
ble precision, recovery, linearity, and selectivity for quantita-
ion of the r-HuEPO aggregates in the presence of r-HuEPO
onomers at various concentrations and with placebo com-
onents (Tables 2–4). The validated method is very sensitive
nd robust (at 20% R.S.D. level) and is suitable for the quan-
itation of r-HuEPO total aggregates in 0.03% polysorbate 80
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ontaining formulated product with LOD and LOQ levels of 0.05
nd 0.08 �g/mL, respectively. The finalized method is stability-
ndicating and is suitable for determining r-HuEPO total aggre-
ates at 0.5, 0.25, 0.2 and 0.2% levels in the formulated prod-
ct of r-HuEPO at concentrations of 16.67, 33.33, 83.33 and
33.33 �g/mL strengths, respectively. The SEC-HPLC method
ffers a robust way to measure total aggregates on a routine basis
ith a high sensitivity for use in product quality control.
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