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a b s t r a c t

In this study, size exclusion high performance liquid chromatography was evaluated for its application in
separation and quantitation of free polyethylene glycol (PEG) and its PEGylated-protein-conjugate (PEG-
conjugate). Although the large mass of the free PEG (2-fold greater than the protein) made separation
difficult, chromatographic conditions were identified enabling resolution and quantitation of the free
PEG, PEG-conjugate and non-PEGylated protein with Shodex Protein KW803 and KW804 columns in
series and refractive index detection. The optimum resolution of 1.7 and 2.0 was achieved for the free PEG
and PEG-conjugate as well as the free PEG and non-PEGylated protein using 20 mM HEPES buffer at pH
6.5. Under this condition, the plot of log10MW of all the pertinent analytes against retention time showed a
linear relationship with a correlation coefficient of 1. Limited assay performance evaluation demonstrated
that the method was linear in the concentration range of 10 to 250 �g/mL of free PEG with correlation
coefficients of ≥0.99. When free PEG in this concentration range was spiked into PEG-conjugate samples at

1 mg/mL, the recovery was in the range of 78%–120%. Detection and quantitation limits were determined
to be, respectively, 10 and 25 �g/mL for free PEG. The R.S.D. for intra- and inter-day precision was 0.09% or
less for retention time measurements and 2.9% or less for area count measurements. Robustness testing
was performed by deliberately deviating ±0.2 pH units away from the desired pH as well as by increasing
the flow rate. These deviations resulted in no significant impact on area percent distribution of all species.
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However, separation was

. Introduction

Since the first PEGylated protein drug (Adagen®) was approved
or the treatment of severe combined immunodeficiency by the
DA in 1990 [1], at least five other PEGylated proteins and one
EGylated oligonucleotide are on the market for treatment of vari-
ty of conditions [2]. These include PEG-asparaginase (Oncaspar®)
or treatment of acute lymphoblastic leukemia [3]; PEG-interferon
2a (Pegasys®) and PEG-interferon �2b (PEG-Intron®) for treat-
ent of hepatitis C [4,5]; PEG-growth hormone receptor antagonist

Pegvisomant, Somavert®) for treatment of acromegaly [6]; PEG-G-
SF (PEGylated granulocyte colony stimulating factor, Neulasta®)
or treatment of neutropenia during chemotherapy [7] and a

ranched PEG-anti-VEGF aptamer (MacugenTM), for treatment of
ge related macular degeneration [8]. PEGylated proteins have cer-
ainly increased the therapeutic value of the original proteins.
he improvement may have resulted from any changes in the

∗ Corresponding author. Tel.: +1 636 247 6359; fax: +1 636 247 5030.
E-mail address: ning.x.li@pfizer.com (N. Li).
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to be sensitive to high ionic strength and buffer species.
© 2008 Elsevier B.V. All rights reserved.

hysical/biochemical/pharmacokinetic properties of the original
roperties, such as solubility, stability, duration of action, and/or
oxicity/safety [2,9–14]. Such an improvement could also lead to

ore patient compliance.
However, addition of a PEG moiety to the original protein

omplicates the analytical assays for monitoring the quality
nd quantity of PEGylated protein products during the devel-
pment, production and release. It is known that quantitative
etermination of free PEG in the presence of the PEGylated-protein-
onjugate (PEG-conjugate) is challenging because free PEG has
ery limited UV resonance, preventing direct detection by UV
r florescence, commonly used in HPLC systems [15]. Addition-
lly, due to the large hydrodynamic radius of PEG in solution,
he apparent molecular weight of free PEG could be 3–5 times
reater than that of a protein of comparable molecular weight
2]. Thus, the size difference between free PEG and the PEG-

onjugate is diminished, especially when the molecular weight
f PEG is greater than the non-PEGylated protein. This results in
ifficulty resolving and quantifying the free PEG in the presence
f the PEG-conjugate by size exclusion high performance liquid
hromatography (SE-HPLC), the method commonly used for char-

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:ning.x.li@pfizer.com
dx.doi.org/10.1016/j.jpba.2008.09.027
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cterization and quantitation of molecules based on their size
ifference.

Traditionally, two analytical methodologies have been used
or detection of free PEG [16–18]. Both are based on the for-

ation of a barium iodide complex with PEG. The first involves
eparation of the free PEG by SDS-PAGE and PEGylated-protein
ollowed by staining with a barium iodide reagent [16]; and the
econd utilizes UV–vis at 535 nm following reaction of the free PEG
ith barium chloride and iodine solution [17,18]. Both techniques
ave considerable limitations. SDS-PAGE analysis with iodine as
visualization agent is at best semi-quantitative and, as a com-
on knowledge, SDS-PAGE analysis is extremely tedious and time

onsuming. This method, therefore, is not ideal for real-time, quan-
itative monitoring of the PEGylation process. Further, entry of PEG
nd PEG-conjugate into the gel could be limited by their large
izes. In comparison, the colorimetric method relying on the UV–vis
bsorbance at 535 nm only measures the total quantity of PEG and
EGylated protein, unless a separation is included [18], a challeng-
ng step as noted above. Additionally, low-sensitivity is associated

ith the colorimetric method, as background at 535 nm is high
n the blank sample [15]. In searching for better tools to mon-
tor the PEGylation process, attention has been turned to mass
pectrometric techniques. Both MALDI and electrospray mass spec-
rometry have been reported as potential alternatives, but both
echniques are more suitable for characterization than for quan-
itation [15,19,20].

Therefore, there is an immediate need for developing an easy,
obust, and sensitive assay for monitoring free polyethylene glycol
n PEG-conjugate samples during production process and stabil-
ty studies. Such an assay would be an essential tool not only
n maintaining product quality but also in satisfying regulatory
equirements. In this paper, a quick and easy SE-HPLC method
s reported for resolving and quantitating the free PEG in PEG-
onjugate samples without any sample manipulation. This method
ses Shodex Protein KW803 and KW804 columns in series with
n UV and refractive index (RI) dual detector system and 4-(2-
ydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) as a buffer

n mobile phase. The free PEG, PEG-conjugate and non-PEGylated
rotein are successfully quantitated within 60 min.

. Experimental

.1. Materials

The model protein with a molecular weight of 22 kD was pro-
uced in house. Polyethylene glycol with a molecular weight of
3 kD was purchased from Shearwater Polymer Inc. The PEG-
onjugate in phosphate buffered saline solution (PBS) was prepared
n house. The concentration of PEG-conjugate was generally
5 mg/mL. It was diluted to 1 mg/mL using PBS before use. 4-

2-Hydroxyethyl) piperazine-1-ethanesulfonic acid and its sodium
alt were purchased from Sigma–Aldrich with purity of 99.5% and
9%, respectively. Sodium phosphate monobasic, monohydrate was
rom J.T.Baker. Phosphate buffered saline (PBS) was purchased from
nvitrogen Corporation. All reagents were used as received.

.2. SE-HPLC method

Size exclusion high performance liquid chromatography was

erformed using Agilent 1100 series HPLC system (Agilent Tech-
ologies Inc., California, USA). Two tandem Shodex Protein KW803
8.0 mm × 300 mm, 5 �m) and KW804 (8.0 mm × 300 mm, 7 �m)
olumns were used at ambient temperature. The mobile phase is
n aqueous solution containing 20 mM HEPES buffer at pH 6.5 (pre-

i
h
i
e
r
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ared by dissolving 4.42 g of HEPES and 0.38 g of HEPES sodium salt
n 1000 mL of water and filtered through a 0.45 �m filter before use)
nd the flow rate was 0.5 mL/min unless specified otherwise. Thirty
icroliters of sample was injected. The HPLC trace was monitored
ith a UV/vis detector at a wavelength of 214 nm and with a RI
etector at an attenuation of 7.8 × 103. The chromatographic con-
rol system, data acquisition and analysis were performed using
urbochrome (PerkinElmer) software.

.3. Sample preparation

Polyethylene glycol stock solution was prepared by dissolving
.6 mg of lyophilized PEG powder in 2.6 mL PBS. Serial dilutions
ere made volumetrically using PBS to obtain 0.5, 0.25, 0.1, 0.05,
.025, 0.01, and 0.005 mg/mL of free PEG solution for the linearity
tudy. Spike recovery samples were prepared by spiking a known
mount of free PEG into 2 mg/mL PEG-conjugate solution at 1:1
atio (V:V) so that the total protein concentration was 1 mg/mL.

. Results and discussion

.1. Resolving free PEG from PEG-conjugate

Because of the anticipated difficulty in revolving free PEG and
EG-conjugate, our initial efforts were focused on identification of
onditions separating these two species. Several brands of SE-HPLC
olumns from a variety of vendors in combination with different
obile phase species, concentration, pH, ionic strength, and flow

ate were evaluated to resolve free PEG from PEG-conjugate. Shodex
rotein KW803 and KW804 in series were found to be able to sep-
rate free PEG from PEG-conjugate with a resolution of 1.7 when
sing 20 mM HEPES buffer at pH 6.5 with a flow rate of 0.5 mL/min
s shown in Fig. 1A. After this, the non-PEGylated protein was
ncluded in the sample and it was resolved from free PEG with a res-
lution of 2.0. The elution order of these species was PEG-conjugate
ollowed by free PEG and non-PEGylated protein. Multi-PEGylated
pecies were also separated. These species were eluted before the
esired product. Therefore, with one HPLC injection, the profile of
ll species present in the PEGylation process was obtained within
n hour as shown in Fig. 1C.

.2. Impact of ionic strength on resolution

It is a common practice to add sodium chloride into SE-HPLC
obile phase to eliminate non-specific interaction between col-

mn packing material and analytes so that the analysis is based
olely on the size difference of the analytes. In this study, the poten-
ial impact of increasing ionic strength in the mobile phase on the
esolution of free PEG and PEG-conjugate was examined. Addi-
ion of sodium chloride to HEPES buffer resulted in complete loss
f resolution as demonstrated in Fig. 2C. Careful examination of
he HPLC chromatogram revealed that the loss of resolution was
ue to a longer retention time of the PEG-conjugate on the col-
mn, whereas the retention time of free PEG remained unchanged.
his resulted in the PEG-conjugate peak merging together with the
ree PEG peak. According to the vendor, Shodex Protein KW803
nd KW804 columns are silica-based; these SE-HPLC columns are
eakly anionic and slightly hydrophobic. Since proteins are ampho-

eric; they can be positively charged when mobile phase pH is
elow their pI and be negatively charged when mobile phase pH
s above their pI. Proteins are also amphipathic, possessing both
ydrophilic and hydrophobic properties. Therefore, non-specific

nteractions between column matrix and analytes can occur. Gen-
rally, these non-specific interactions can result in analytes being
etained on a column longer than would be expected based on
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ig. 1. Separation of free-PEG from PEG-conjugate and non-PEGylated protein: A:
rocess buffer. Samples were analyzed using 20 mM HEPES pH 6.5 at flow rate of
ttenuation of 7.8 × 103.

heir size, due either to hydrophobic interactions with the col-
mn packing material or to an electrostatic attraction between
he negatively charged column matrix and any positively charged

haracter of the analytes. Alternatively, an analyte with a negative
harge(s) may be eluted sooner than expected due to charge repul-
ion between column matrix and analytes. The optimized SE-HPLC
obile phase condition had pH of 6.5. At this running condition,

a
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ig. 2. Mobile phase impact on resolution: A: 20 mM HEPES buffer pH 6.5, free PEG and PE
EG-conjugate are not resolved; C: 20 mM HEPES pH 6.5 with 100 mM sodium chloride i
ate of 1.0 mL/min. The injection volume was 30 �L. The peak was monitored by RI detect
EG spiked into PEG-conjugate; B: formulation buffer; C: in-process sample; D: in-
/min. The injection volume was 30 �L. The peak was monitored by RI detector at

EG-conjugate and non-PEGylated protein should be negatively
harged because they have a pI of about 5. Therefore, the interaction
etween PEG-conjugate and column matrix should be repulsive

nd result in shortened retention time. As discussed, the study
howed the opposite trend. It is believed that this is likely due
o increased hydrophobic interaction between PEG-conjugate and
olumn packing material after addition of sodium chloride. Fig. 2C

G-conjugate are resolved; B: 20 mM sodium phosphate buffer pH 6.5, free PEG and
n it, free PEG and PEG-conjugate are not resolved. Samples were analyzed at flow
or at attenuation of 62.5 × 103.
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Fig. 3. Overlay of SE-HPLC chromatograms of free PEG (A), non-PEGylated protein
(B) and in-process sample (C and D): A, B, and D were RI traces; C was UV 214 nm
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race. Free PEG and non-PEGylated protein were overlapping with each other at
his condition even though the resolution between free PEG and PEG-conjugate was
etter at this condition. Analysis was done using 10 mM HEPES buffer pH 6.5 at flow
ate of 0.5 mL/min. The injection volume was 30 �L.

lso demonstrated that retention time of non-PEGylated protein
as lengthened as well. However, this impacts non-PEGylated pro-

ein much more than PEG-conjugate. This could be the result of
EG sheltering the protein from interaction with the column sur-
ace. The impact of sodium chloride on the interaction of the
rotein with the SE-HPLC column matrix observed in this study is
onsistent with that reported by Mant et al. for a series of non-
EGylated polypeptides [21]. In their studies, it was found that
ncreasing sodium chloride concentration in SE-HPLC mobile phase
ncreased hydrophobic interaction of polypeptides with column

atrix; which resulted in an elution profile based on the hydropho-
ic character of the analytes not the size of the molecules [21].

.3. Impact of buffer concentration on resolution

HEPES buffer was used in the mobile phase and its optimum
oncentration in mobile phase was found to be 20 mM. When
EPES concentration was increased from 20 to 50 mM, the res-
lution between free PEG and its PEG-conjugate was reduced
rom 1.7 to about 0.8. This reduction of resolution was caused by
EG-conjugate shifting to longer retention time whereas free PEG
etention time remained unchanged. Decreasing HEPES concentra-
ion to 10 mM, the resolution between free PEG and PEG-conjugate
ncreased to >2. However, the non-PEGylated protein started over-
apping with free PEG as shown in Fig. 3. Interestingly, this overlap
as caused by shortened retention time of non-PEGylated protein
hereas that of the free PEG remained unchanged. Initially, it was

hought that this apparent impact of buffer concentration on the
esolution was likely caused by a decrease in ionic strength since
he HEPES buffer at pH 6.5 was prepared with HEPES free acid
nd its sodium salt. The reduced ionic strength would reduce the
ydrophobic interaction of PEG-conjugate and non-PEGylated pro-

ein with column matrix. However, by comparing to effect of adding
00 mM sodium chloride to HEPES mobile phase as shown in Fig. 2C,
he reduction of sodium salt in this running condition is insignifi-
ant, but the impact on the retention time is significant. Therefore,
he impact of mobile phase buffer concentration on retention time

t
n
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annot be simply explained by the change in ionic strength. One
ossibility is that sodium chloride is small and can provide better
hielding effect, which promotes greater hydrophobic interaction
f the analytes with the column matrix.

.4. Impact of buffer species on resolution

Buffer species in the mobile phase can also impact on the sep-
ration. Replacement of HEPES with phosphate buffer, a common
uffer species used for size exclusion chromatography, resulted in
complete loss of resolution as demonstrated in Fig. 2B. Appar-

ntly, the protein related peaks, including those PEG-conjugate and
on-PEGylated protein, shifted to a longer retention time; but the
etention time of free PEG remained unchanged. As a result, the
EG-conjugate merged with free PEG resulting in a single peak.
he peak shape/pattern is similar to that observed when 100 mM
aCl was added to the mobile phase containing 20 mM HEPES at pH
.5 (Fig. 2C). Therefore, the peak shifting of protein related species
ight partially be the result of inorganic salt present in the mobile

hase, which increases the hydrophobic interaction between the
nalytes and column matrix.

.5. Other factors potentially affecting the assay

Other factors potentially affecting the resolution between free
EG and PEG-conjugate were also investigated, including mobile
hase pH, flow rate, number and order of columns. Alteration of the
obile phase pH in excess of 0.3 pH units will result in a reduction

n peak resolution between free PEG and PEG-conjugate (data not
hown). Similarly, increasing the flow rate reduced the resolution
nd resolution R was 1.7, 1.5, and 1.3 at a flow rate of 0.5, 0.75, and
.0 mL/min, respectively. The clear disadvantage associated with
lower flow rate is the increase in assay time and peak width.

ncrease in peak width would reduce the sensitivity of the assay.
he potential impact of the number and order of columns were
nvestigated as well. Experimental results showed that the column
rder had minimum impact on the resolution but the number of
he columns did have significant impact. Use of a single column,
ither Shodex Protein KW803 or KW804 showed ∼30% reduction
n resolution. Increasing the number of columns to three in the
rder of KW803 → KW804 → KW804 did increase the resolution
rom 1.7 to 2.0. However, this resulted in a significant increase in
nalytical time and peak width, thus making the method less attrac-
ive and less sensitive as an in-process analytical tool. Since the
nalytical trace was monitored using a refractive index detector
he detector attenuation setting was investigated. The sensitiv-
ty of the refractive index detector is adjustable by changing the
etector attenuation. Decreasing the attenuation increases the sen-
itivity. However, the response and attenuation do not have a linear
elationship and unlimited decreasing of the attenuation does not
lways increase the sensitivity due to baseline noise. In this study,
n attenuation of 7.8 × 103 was found to be the optimum. Therefore,
t was used throughout the study.

.6. Log10MW vs. retention time

After all the above investigations, it was found that the optimum
onditions for the assay include use of Shodex Protein KW803 and
W804 columns in series and a mobile phase containing 20 mM
EPES buffer at pH 6.5 and a flow rate of 0.5 mL/min. Under
hese conditions, the log10MW of PEG-conjugate, free PEG and
on-PEGylated protein were plotted against their retention times.
inear regression of the curve let to the equation: y = 0.075x + 6.91
ith correlation coefficient of 1; a perfect linear relationship was

btained (Fig. 4). Alteration in the buffer concentration, such as
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ig. 4. Plot of log10MW vs. retention time of analytes: analysis was done using
0 mM HEPES pH 6.5 at flow rate of 0.5 mL/min.

0 mM HEPES or 50 mM HEPES, significant departure from the
inear relationship was observed. This linear relationship sug-
ests that any non-specific interactions between analytes and
olumn matrix is likely to be minimal in the chosen mobile phase
21].

. Preliminary evaluation of method performance

.1. Linearity and accuracy

Linearity was assessed by varying the PEG concentration
n sample matrix from 250 �g/mL down to 10 �g/mL with an
njection volume of 30 �L. The absolute area count was plot-
ed against PEG concentration. The equation of linear regression
as y = 193898604.3x − 1349706.2 with a correlation coefficient
f ≥0.99. When the free PEG in the concentration range from
50 �g/mL down to 10 �g/mL was spiked into PEG-conjugate sam-
les (protein concentration at 1 mg/mL), the recoveries varied from
8% to 120%. The recovery obtained in this concentration range is
onsidered acceptable when this assay is used as an in-process tool
or monitoring PEGylation of proteins.

.2. Limit of detection and quantitation

The limit of detection (LOD) was established as the minimum
oncentration at which the free PEG can be detected with signal-to-
oise ratio of ≥3. The limit of quantitation (LOQ) was established as
he minimum concentration at which the free PEG can be reliably

easured with signal-to-noise ratio of ≥10 and with reasonable
recision (±5% R.S.D.) and accuracy (≥70% and ≤130% spike recov-
ry). With the above criteria, the LOD and LOQ for free PEG in the
resence of PEG-conjugate were determined to be around 10 �g/mL
nd 25 �g/mL, respectively. At the LOD, the signal-to-noise ratio
as 10. At the LOQ, the signal-to-noise ratio was 35 with a preci-

ion and accuracy of R.S.D. of 1.9% and recovery of 88%, respectively.
he LOQ by this method is higher than the colorimetric method
eported by others [18] due to poor baseline resolution and rela-
ively broad peak width. However, this method improved sample
hroughput and simplified analysis procedure significantly com-
ared to any of the quantitative analytical methods for free PEG in
he published literature.
.3. Repeatability

Repeatability was assessed using a single sample preparation
nd three replicate injections within the same day. For PEG reten-
ion time and PEG area count, the repeatability was demonstrated

c
m
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i
w
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y R.S.D. of 0.03% and 1.6%, respectively. The repeatability by SE-
PLC analysis using RI detector was better than the colorimetric
ethods reported in the literature [18]. When compared to gel-

ased methods for quantitating free PEG, the SE-HPLC method
ffers much improved precision (gel is used as a qualitative tool
15]).

.4. Intermediate precision and reproducibility

Intermediate precision was evaluated by two individual analysts
ith independent sample preparation and analysis using the same

nstrument. The data was pooled together for statistic analysis.
gain, good intermediate precision for PEG retention time mea-
urement and area count measurement was demonstrated with
.S.D. of 0.09% and 2.9%, respectively. This intermediate precision
as better than the one measured using calorimetric method in the

iterature [18]. Reproducibility has not been performed due to early
tage of the assay development and lack of a secondary laboratory
o perform the analysis.

.5. Specificity

Specificity is defined as the ability to discriminate between com-
onents of closely related structures as well as other species which
re likely to be present in the sample, e.g. PEG-conjugate, non-
EGylated protein, chemical reagents for PEGylation and buffer
pecies that may overlap with the peak of interest. Thus, it is neces-
ary to demonstrate the absence of interferences. As shown in Fig. 1,
pecificity was demonstrated by near baseline resolution between
ree PEG and PEG-conjugate and baseline resolution between free
EG and non-PEGylated protein as well as the absence of any RI sig-
als in the retention time of interested in when the process buffer
atrix and placebo was analyzed.

.6. Robustness

Robustness is an indication of analytical method reliability. It
an be determined by deliberately varying key method parame-
ers and assessing the impact on the method performance and
nal results. For this method, mobile phase preparation is one of
he key parameters that could potentially introduce variation and
ffect performance. As discussed earlier, the method is sensitive to
onic strength and adjusting the mobile phase pH back and forth

ith sodium hydroxide and hydrochloric acid could increase the
alt concentration in the mobile phase and lead to a reduction or
ven loss of resolution. The other factor is the flow rate. As a com-
on knowledge, increasing flow rate increases the through-put.
owever, this will sacrifice the resolution and could potentially
ffect assay accuracy. To test the robustness of this method, the
obile phase pH was challenged, and the flow rate was also

aried.

.6.1. Mobile phase pH challenging study
In this study, an in-process sample without pre-treatment, con-

aining free PEG, PEG-conjugate, high molecular weigh species
HMWS: multi-PEG-species), and non-PEGylated protein due to
ncomplete reaction, was used. While keeping all other method
arameters constant, the mobile phase pH was intentionally altered
y ±0.2 pH units (pH 6.3 and pH 6.7) to evaluate whether these

hanges would have any effect on the method performance. A
inimum of three injections were performed under all pH condi-

ions. The results showed that changing the pH did induce changes
n retention times but the maximum variation of retention times

ere 1.92, 0.36, 0.08 and 0.50 min for HMWS, PEG-conjugate, free
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Table 1
Mobile phase pH challenging studies.a.

Assay parameters at different pHs HMWSb Conjugatec PEG Proteind

Retention time (min)
Desired pH 6.5 28.99 28.59 30.93 34.54
Change at pH 6.3 −0.20 −0.36 −0.08 −0.50
Change at pH 6.7 −1.92 +0.11 −0.08 +0.21

Area distribution (%)
Desired pH 6.5 7.99 34.98 45.84 11.19
Change at pH 6.3 +0.33 +0.92 −0.61 −0.63
Change at pH 6.7 +0.76 +0.13 −0.15 −0.73
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Single sample preparation, 3 injections per condition.
b High molecular weight species.
c PEG-conjugate.
d Non-PEGylated protein.

EG, and non-PEGylated protein, respectively. The largest varia-
ion was seen at a pH of 6.7 (+0.2 units) where the retention
ime for HMWS was clearly decreased. However, this decrease in
etention time was in the direction of improving the resolution
etween HMWS and PEG-conjugate. The variation of area percent
istribution was 0.92% or less for all species. This demonstrated
hat the SE-HPLC method can be operated in a controllable mobile
hase pH range from 6.3 to 6.7 without significantly impacting
he accuracy of free PEG quantitation. A summary of the data is
n Table 1.

.6.2. Variation of flow rate
The same in-process sample used for pH challenging study

as also used in this study. While keeping all other parameters
nchanged the flow rate was increased from 0.5 to 1.0 mL/min. The
ariations in area percent distribution for HMWS, PEG-conjugate,
ree PEG, and non-PEGylated protein were 1.61%, 2.09%, 0.27%,
nd 0.76%, respectively. Among all the variations, the impact on
ree PEG quantitation was the least. This, again, suggests that
he method can be operated under relatively broad range of flow
ate without significantly affecting the quantitative output of the
nalyte.

. System suitability and assay acceptance criteria

The system suitability test includes three replicate injections
f in-process buffer/drug product diluent and reference standard,
espectively. The reference standard used in the system suitability
est is an artificially blended material containing known amount
f PEG-conjugate, free PEG and non-PEGylated protein. The accep-
ance criteria for system suitability include: (1) the last injection
f in-process buffer/drug product diluent must have no peaks
ithin the retention time window for PEG-conjugate, free PEG and
on-PEGylated protein (20–40 min). (2) The resolution between
EG-conjugate and free PEG as well as free PEG and non-PEGylated
rotein must be ≥1.3 and 1.6, respectively. (3) The R.S.D. of reten-
ion time for three replicate injections of PEG-conjugate, free PEG
nd non-PEGylated protein must be ≤5%. (4) The R.S.D. of peak area
ount for three replicate injections of PEG-conjugate, free PEG and
on-PEGylated protein must be ≤5%, respectively.

The assay acceptance criteria include (1) system suitability must
e met prior to sample injection. (2) All reference standard injec-
ions must meet resolution requirement. The resolution between
EG-conjugate and free PEG as well as free PEG and non-pegylated

rotein must be ≥1.3 and 1.6, respectively. (3) The R.S.D. of reten-
ion time in reference standard injections for PEG-conjugate, free
EG and non-PEGylated protein must be ≤5%. (4) The R.S.D. of peak
rea count in reference standard injections for PEG-conjugate, free
EG and non-PEGylated protein must be ≤5%, respectively.

[

[

[
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. Method comparison

The method reported here provides a simple and robust tool
or monitoring free PEG in PEG-conjugate samples, thus offering
dvantages to the cumbersome gel and colorimetric methods tra-
itionally used for PEG detection and quantitation. First, it does not
eed any sample pre-treatment whereas the colorimetric method
entioned earlier needs free PEG to be isolated from other PEG

onjugated species before analysis can be performed, otherwise
nly the total amount of PEG-related species will be obtained
18]. Second, the SE-HPLC method reported here takes only 1 h
o see the entire PEGylation profile whereas SDS-PAGE analysis
akes at least 24 h. Finally, SE-HPLC analysis methods in general,
ave been proven to be a more reliable, robust, and accurate tech-
ique than the traditional colorimetric techniques and gel-based
ssays.

. Conclusion

With tandem Shodex Protein KW803 and KW804 HPLC columns,
ree PEG was successfully separated not only from the PEGylated
rotein but also from the non-PEGylated protein. Extensive method
evelopment revealed that the HEPES buffer species, in addition to
uffer pH and buffer concentration, is a key element resulting in
he resolution of the free PEG and PEGylated protein. The optimum
ssay conditions were identified, including use of 20 mM HEPES
uffer at pH 6.5 as the mobile phase, flow rate of 0.5 mL/min, and RI
etector attenuation of 7.8 × 103. It is also shown that both addition
f sodium chloride to the HEPES buffer or replacement of HEPES
ith phosphate buffer resulted in a complete loss of resolution

etween free PEG and PEG-conjugate.
Limited evaluation of assay performance demonstrates accept-

ble linear response, precision, accuracy, specificity, and robust-
ess. Although the limit of detection and limit of quantitation
eem to be slightly higher than those for the colorimetric method
eported in the literature, this rapid SE-HPLC method (60 min) does
ot require additional sample manipulation as required by the
olorimetric method, and quantitation proves to be much more
ccurate and reliable than the gel-based SDS-PAGE analysis. This
E-HPLC/RI technique has been successfully used as an in-process
ool for monitoring the protein PEGylation reaction and would be
n indispensable assay in the development of PEGylated protein
roducts.
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