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a  b  s  t  r  a  c  t

The  Hepatitis  B Virus  X  (HBx)  protein  is  a potential  therapeutic  target  for the  treatment  of hepatocellular
carcinoma.  However,  consistent  expression  of  the protein  as  insoluble  inclusion  bodies  in  bacteria  host
systems  has  largely  hindered  HBx  manufacturing  via  economical  biosynthesis  routes,  thereby  impeding
the  development  of  anti-HBx  therapeutic  strategies.  To  eliminate  this  roadblock,  this  work  reports  the
development  of  the  first  ‘chromatography  refolding’-based  bioprocess  for  HBx  using  immobilised  metal
affinity  chromatography  (IMAC).  This  process  enabled  production  of  HBx  at quantities  and  purity that
facilitate  their  direct  use  in structural  and  molecular  characterization  studies.  In line  with  the  principles
of  quality  by  design  (QbD),  we  used  a statistical  design  of  experiments  (DoE)  methodology  to design
the  optimum  process  which  delivered  bioactive  HBx  at a productivity  of  0.21  mg/ml/h  at a  refolding
esign of experiments
ioprocess intensification

yield  of  54%  (at  10 mg/ml  refolding  concentration),  which  was  4.4-fold  higher  than  that  achieved  in
dilution  refolding.  The  systematic  DoE  methodology  adopted  for  this  study  enabled  us  to obtain  important
insights  into  the effect  of  different  bioprocess  parameters  like  the  effect  of  buffer  exchange  gradients  on
HBx  productivity  and  quality.  Such  a bioprocess  design  approach  can  play  a pivotal  role  in  developing
intensified  processes  for other  novel  proteins,  and  hence  helping  to resolve  validation  and  speed-to-
market  challenges  faced  by  the  biopharmaceutical  industry  today.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The Hepatitis B Virus X protein (HBx) is envisaged to be a
otential therapeutic target for the treatment of hepatocellular
arcinoma (HCC) which affects millions of lives every year [1,2].
he current medications approved for HCC within the USA have
een rather ineffective in ensuring a complete cure and pose the
hreat of development of viral resistance and serious side effects
mongst the treated patients [3,4]. There is therefore an urgent
eed for the development of new therapeutic strategies. HBx, being

 multi-functional viral regulator, has been well-established as a
ausative factor for host cellular transformations, which makes
t an optimal therapeutic target [5–7]. However, the inherently
ow HBx expression in the infected host cells and the incessant
nsoluble expression of the protein in microbial expression sys-
ems pose a tremendous challenge for HCC scientists involved in
tructural characterization and subsequent drug designing stud-

es of HBx. This challenge forms the basis of this study which
ims to establish good understanding of how different bioprocess
arameters and their interaction affect HBx refolding, leading to

∗ Corresponding author. Fax: +65 6794 7553.
E-mail address: SLeong@ntu.edu.sg (S.S.J. Leong).

021-9673/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.12.037
the rational development of an intensified bioprocess for HBx pro-
duction.

We chose to develop a HBx bioprocess based on immobilised
metal affinity chromatography (IMAC), which enables simultane-
ous purification and refolding of the 6His-tagged protein, thus
minimising the number of unit operations involved to improve
productivity and process cost [8,9]. Bioprocess studies for proteins
like HBx, which has no commercially available native standards,
demands a methodical and rational approach in process devel-
opment [10]. Instead of adopting a trial and error approach for
optimising the IMAC refolding process, we  employed a statisti-
cal design of experiment (DoE) methodology to extract maximum
information about the impact of different refolding process param-
eters on the quality of the HBx product. Our systematic DoE
based approach for designing and optimising the IMAC refold-
ing process are aligned with the requirements of drug regulatory
authorities to implement quality by design (QbD) principles in
biopharmaceutical manufacturing operations [11,12]. Although
several IMAC refolding processes have been reported in the lit-
erature for various model proteins [17,18],  the interaction effects

of the different process parameters on the critical to quality
attributes (CQA) of the product has not been systematically
studied, which renders the need for each IMAC process to be opti-
mised empirically for different proteins. Using this DoE-directed

dx.doi.org/10.1016/j.chroma.2011.12.037
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:SLeong@ntu.edu.sg
dx.doi.org/10.1016/j.chroma.2011.12.037
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pproach to design and optimise the IMAC refolding process, an
ntensified IMAC-based bioprocessing platform which enabled the
roduction of bioactive HBx at ∼350 mg/L and >95% purity in a
treamlined process flowsheet was successfully developed. We
xpect this IMAC bioprocess platform to open the way  for scal-
ble production of bioactive HBx proteins, which can also be
eadily extended for refolding of other Histidine-tagged model pro-
eins.

. Methods and materials

All chemicals were obtained from Sigma–Aldrich (Singapore),
nless stated otherwise.

.1. HBx Protein expression and solubilisation

The gene sequence for the HBx protein, from the HBV subtype A3
Isolate Cameroon), was cloned into a pET28b+ vector and was used
or expression in E. coli BL21(DE3)RIL cells (Stratagene, Singapore).
xpression and purification of the inclusion bodies (IB) containing
he HBx protein were carried out using the same methods described
n our earlier work [13]. The prepared HBx IBs were solubilised
n a denaturing–reducing buffer (8 M urea, 1 M NaCl, 10 mM DTT,
0 mM  imidazole, 50 mM Tris, pH 7.4) at 0.8–1.2 mg/ml  protein
oncentration for 3 h. The dissolution buffer composition used to
ind denatured-reduced HBx on an IMAC column was designed to
ind the protein at high amounts and selectivity. 8 M urea helps
o denature/unfold the protein, 1 M NaCl minimises non-specific
lectrostatic interaction on the column resins, 10 mM DTT is added
o reduce HBx disulfide bonds which will interfere with further
efolding, a low concentration of Imidazole (20 mM)  is added to
revent non-specific binding of contaminant proteins containing
romatic residues. The dissolution time was optimised during our
reliminary studies; the minimum time required for homogenous
issolution of the IBs was found to be 3 h, as determined by RP-HPLC
nalysis. The denaturing-reducing buffer used for solubilising the
Bx protein was also used for pre-equilibrating the IMAC columns
nd would be referred to as IMAC binding buffer in the following
ections.

.2. IMAC refolding of the HBx protein

Refolding studies for the HBx protein were performed on
MAC columns using the AKTA Explorer Fast Protein Liquid Chro-

atography (FPLC) system (GE Healthcare, Singapore). The process
owsheet for IMAC refolding and purification of HBx is shown

n Scheme 1 (Fig. 1). All experiments were performed using 1 ml
i2+ Sepharose HisTrap HP columns (GE Healthcare, Sweden) at

 ml/min flow-rate. 5–10 mg  of solubilised denatured–reduced IBs
as determined by Bradford assay and gel densitometry analysis)
ere loaded on the Ni2+ Sepharose columns which were pre-

quilibrated with IMAC binding buffer. After protein loading, the
olumn mobile phase was changed from IMAC binding buffer
o refolding buffer (2 M urea, 0.25 M Arginine, 0.1 mM GSH and
.01 mM  GSSG in 50 mM Tris, pH 7.4) over 0–5 column volumes
CVs), followed by equilibration with 15 CV of refolding buffer.
he Ni2+ Sepharose columns containing the bound proteins were
hen incubated at 4 ◦C for different time periods (1–3 days), and
he proteins were then eluted in a single step by the refolding elu-
ion buffer (2 M urea, 0.25 M Arginine, 0.1 mM GSH and 0.01 mM

SSG, 1 M Imidazole in 50 mM Tris, pH 7.4), followed by determi-
ation of the refolding yield. The column was then washed with
0 CV of IMAC binding buffer and a stripping step was performed
sing the stripping buffer (8 M urea, 1 M NaCl, 10 mM DTT, 1 M
Fig. 1. HBx refolding process flowsheets based on (1) IMAC refolding, and (2) dilu-
tion refolding.

imidazole, 50 mM Tris, pH 7.4) to remove strongly bound pro-
teins.

2.3. Dilution refolding of HBx IBs

The process flowsheet for HBx dilution refolding and purifica-
tion is shown in Scheme 2 (Fig. 1). The prepared IBs were first
purified with a 1 ml  Ni2+ Sepharose HisTrap HP column using the
AKTA Explorer FPLC system at a constant mobile phase flow rate of
1 ml/min. 10 mg  of the solubilised denatured–reduced HBx IBs were
loaded into a Ni2+ Sepharose column which was pre-equilibrated in
the IMAC binding buffer. The bound proteins were then eluted with
the stripping buffer. Dilution refolding was performed in a Hi-Trap
Desalting column (GE Healthcare, Sweden) which was equilibrated
in the refolding buffer (2 M urea, 0.25 M Arginine, 0.1 mM GSH and
0.01 mM  GSSG in 50 mM  Tris, pH 7.4). The purified HBx IBs were
loaded into the desalting column, and the eluate which was 1.33-
fold diluted was collected, incubated overnight at 4 ◦C, and the HBx
refolding yield determined.

2.4. Analytical methods

Protein concentrations were measured by Bradford assay.

2.4.1. Determination of HBx soluble yields
HBx soluble yield and purity were measured by a chip-

based electrophoresis method performed on an Agilent 2100
Bioanalyzer® (Agilent, Singapore) in combination with the Protein
230 LabChip® kit. Protein signal detection within this instrument is
based on laser-induced fluorescence of an intercalating dye inter-
acting with protein–SDS complex which is then analysed by the
Agilent 2100 Bioanalyzer software. Due to the absence of any
commercially available native HBx standards, for each chip based
analysis, the solubilised HBx IBs (concentrations determined by
Bradford assay) were diluted to different concentrations and used
to generate a calibration curve for determining HBx concentrations
after dilution and IMAC refolding. The samples and chips were pre-

pared according to the protocol provided with the Protein 230Plus
LabChip® kit. All samples used for the analysis were centrifuged
and filtered using a 0.2 �m filter prior to analysis. HBx soluble yields
were determined by Eq. (1):
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Table  1
Independent (process) variables and the corresponding coded values used for the
DoE study.

Factors Coded symbol Actual values of the
coded levels
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Table 2
DoE experimental design for HBx IMAC refolding and corresponding results.

Coded levelsa Soluble yield (%) Concentration
(mg/ml)

X1 X2 X3

−1 +1 −1 55 0.5
+1 −1  +1 20 0.1
−1  −1 +1 70 0.3
+1 +1  −1 40 0.37
−1  −1 −1 20 0.07
+1  +1 +1 21 0.2
+1  −1 −1 20 0.15
+1 −1  −1 18 0.12
+1 +1 +1 25 0.2
−1  +1 −1 60 0.55
−1  +1 +1 65 0.65
+1  +1 +1 20 0.2
−1  +1 −1 60 0.54
−1  −1 −1 25 0.08
−1  +1 +1 61 0.61
+1  +1 −1 40 0.4
+1  −1 +1 24 0.12
−1  −1 +1 75 0.32
−1  −1 −1 20 0.09
−1  −1 +1 75 0.35

0  0 0 43 0.315
+1  −1 +1 25 0.13
−1  +1 +1 62 0.62
+1  −1 −1 15 0.13
Incubation period (days) X1 1 2 3
Protein load (mg) X2 5 7.5 10
Buffer exchange gradient (CV) X3 0 2.5 5

oluble yield = Mass of soluble HBx as determined by chip−based electrophoresis
Mass of denatured − reduced HBx loaded

× 100% (1)

.4.2. Determination of HBx refolding yields
HBx protein refolding yields were determined by an ELISA

it developed in-house for exclusively determining the refold-
ng yields of 6His-tagged HBx proteins [14]. This ELISA system is
ased on the ability of bioactive HBx protein molecules to interact
ith the GST-tagged p53 protein ligand. The GST-p53 molecules
ere immobilised on a GSH functionalised maleimide surface to

vail the p53 ligand to bind with bioactive HBx molecules present.
he amount of refolded HBx molecules bound to the p53 surface
as determined by measuring the absorbance signal generated by

he interaction between bound 6His-HBx and Horse Radish Per-
xidase (HRP)-tagged 6His primary antibody (Abcam, USA). Since

 maleimide surface can specifically bind to proteins containing
ree sulfhydryl groups, a calibration curve needed to determine
he amount of p53-bound bioactive HBx was generated by incu-
ating standard 6His-GST proteins (immobilised directly on the
aleimide functionalised surface under mild reducing conditions)
ith the HRP-tagged 6His primary antibody. As reported in our pre-

ious study, the validity of the ELISA assay was demonstrated by
he low coefficient of variation (<6%) for all the tested samples. HBx
efolding yields were calculated based on Eq. (2).

efolding yield = Mass of bioactive HBx as determined by ELISA
Mass of denatured − reduced HBx IBs loaded

× 100% (2)

.5. Development of an optimised IMAC refolding process using
tatistical DoE

The design of the IMAC refolding process was guided by the sta-
istical design of experiments (DoE) methodology. The impact of
ifferent process parameters on our product CQA (i.e. HBx protein
ields and concentration) were determined by an Ishikawa dia-
ram, which helps to identify all the parameters affecting the CQA
f the process [15,16]. Optimisation of the IMAC refolding process
as performed by employing a two level full factorial central com-
osite experimental plan with three operating parameters as the

ndependent variables: (i) on-column incubation period (number
f days), (ii) protein load, and (iii) the rate of change of denatur-
ng buffer to refolding buffer (number of CVs used to perform the
uffer exchange). The levels of the factors considered and the corre-
ponding coded symbols used for the DoE analyses are summarised
n Table 1. The experimental plan consisted of 25 trials including
ne centre point as detailed in Table 2. The response variables (i.e.

Bx protein yield and concentration) were fitted into a polynomial
quation (Eq. (3)):

i = ˇo +
∑

ˇixi +
∑

ˇijxixj +
∑

ˇijkxixjxk (3)
+1 +1 −1  45 0.35

a Details of symbol explained in Table 1.

where Yi is the predicted response variable, while xixj are the inde-
pendent variables. ˇo is the offset term, ˇi is the ith linear coefficient
for the main effects, ˇij is the coefficient for the two-way inter-
actions while ˇijk is the interaction coefficient for the three-way
interactions. The polynomial coefficients were calculated and ana-
lysed using the ‘Minitab 15’ (Minitab Inc., State College, PA, USA)
statistical software package. Statistical analyses of the models were
performed by the analysis of variance (ANOVA).

3. Results and discussion

3.1. DoE scheme and data analysis method for HBx bioprocess
development

The DoE approach adopted to guide the development of the HBx
IMAC refolding process is summarised in Fig. 2. The overall aim
for employing the DoE approach is to systematically (i) determine
the effects of different variables or process parameters of the IMAC
refolding process on the process CQA (i.e. HBx refolding yield and
concentration), and (ii) obtain the design space which can provide
the optimum CQAs for the target product, HBx. An Ishikawa dia-
gram was  constructed to identify different process parameters that
can directly impact the process CQA for the DoE analysis [12,15].
Based on the number of parameters selected, a set of experiments
were then designed at statistically determined points to obtain
maximum information with minimum number of experiments. The
experimental design, in general, largely depends on the number
of parameters to be tested and the feasibility of the experimental
set-up required or the resolution desired [17]. In this study, a two-
level full factorial central composite design was  used along with one
centre point to obtain full resolution data for the HBx refolding pro-
cess. A standardised effects plot was  then constructed to identify
which of the parameters, or their combined interactions, signifi-

cantly affected the response variables. The terms that significantly
influenced the response variables (or the CQAs) were then chosen
to develop semi-empirical models which would provide the pre-
dicted responses of the CQA parameters within the tested range of
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ig. 2. DoE scheme employed for rational development of a HBx refolding process.

he process variables. Statistical quality of the models was assessed
y ANOVA studies which can provide information on: (a) the signif-

cance of the parameters used within the models, and (b) the source
f residual errors obtained from the models. In general, the residual
rror possesses two important components: lack of fit (error due to
mproper model fitting) and pure error (experimental error). Any
ritical process parameters if excluded from the study would result
n a significant lack of fit error (P < 0.05), necessitating a reconsid-
ration of the process variables tested. Graphical plots from the
eveloped models were then used to determine the optimum pro-
ess design which maintains the CQA parameters within the desired
ange. The model-predicted outcomes were subsequently validated
ith experimental results.

.2. Selection of IMAC refolding parameters for DoE studies

The aim of this study is to develop a bioprocess that would allow
he production of HBx protein at concentrations and purity which
nable their direct use in structural and drug designing studies. To
his end, the two most important CQA requirements that the pro-
ess must achieve are (i) high HBx refolding yield, and (ii) high HBx
rotein concentration. To accelerate data acquisition in the optimi-
ation study of IMAC refolding parameters, HBx soluble yields were
easured instead of HBx refolding yield for preliminary screening

f refolding conditions to indicate correct refolding. This decision
as made based on the results of our earlier study, where HBx solu-

le yield was found to positively correlate with HBx refolding yield
14]. Based on the DoE approach employed, as discussed in Section
.1, three process parameters from a large number of parameters
hat were considered to be able to significantly affect the IMAC
efolding process (Fig. 3) were chosen for optimisation studies.
Since all column refolding experiments were performed on pre-
acked 1 ml  Ni+2 Sepharose columns (with fixed dimensions) at

 fixed flow rate, process parameters such as column equilibra-
ion, bed height and flow rate were not chosen for optimisation
ogr. A 1223 (2012) 64– 71 67

in this study. Protein load was  chosen as the first process vari-
able to be studied, where protein binding behaviour on-column
has been reported to significantly affect refolding yield [18–20].
We hypothesised that a higher protein load may  reduce protein
intermolecular distances leading to unwanted protein aggregation
during on-column refolding. The total mass of protein loaded was
thus chosen as a process parameter for our DoE study. The highest
protein concentration used in previously reported IMAC refolding
studies was approximately 5 mg  protein per ml  of resin [20]. Since
the aim of this study is to develop an intensified refolding plat-
form to increase HBx productivity, a high protein load is desired.
The effects of protein concentration in the range of 5–10 mg/ml on
HBx refolding yield and concentration was therefore chosen to be
studied.

The success of any refolding process relies on the use of
an optimal refolding buffer that gives maximum refolding yield.
We previously reported a second virial coefficient (SVC) based
methodology for obtaining the optimal refolding buffer for dilution
refolding of the HBx protein [13,21]. The same refolding buffer was
used in this study. Upon immobilisation of the denatured–reduced
HBx protein molecules on the Ni2+ resin, successful protein refold-
ing would depend on the flexibility of the HBx polypeptide to refold
within the physicochemical environment of the mobile phase
[9,22]. We  hypothesise that refolding will be influenced by the rate
of change of mobile phase from denaturing to refolding, which
would largely depend on rate of mobile phase buffer exchange
from denaturing to refolding [17,23,24].  Buffer exchange gradients
were hence chosen as another process variable for the DoE study.
With the aim to minimise refolding time for increased productivity,
buffer exchange gradients from 0 to 5 CV were employed for our
IMAC refolding studies. In our earlier dilution refolding studies, we
observed that maximum refolding yields of the HBx protein (∼55%
at a refolding concentration of 0.1 mg/ml) were obtained only after
3 days of protein incubation at 4 ◦C [14], which indicates a relatively
slow refolding kinetics for the HBx protein. Hence, in this work,
the incubation period (number of days) was  chosen as the third
process variable for the DoE study. The maximum incubation time
under refolding conditions was kept at 3 days. To maximise protein
concentration during elution, step elutions rather than gradient
elutions were employed for all the IMAC refolding experiments.
The process variables (independent variables) chosen for the DoE
along with the levels and coded symbols are presented in Table 1.

3.3. Development and optimisation of an IMAC refolding
bioprocess for HBx production

As per the DoE strategy, three process variables were studied
to optimise HBx refolding on the IMAC column. The impact of dif-
ferent combinations of the process variables on HBx soluble yield
and the final protein concentration is summarised in Table 2. Pre-
liminary ANOVA studies of the experimental data did not show
any significant contribution to data variability due to curvature or
non-linearity (P > 0.05) of the response variables within the limits
of the tested independent variables (data not shown). Since the
centre point (X1, X2, X3 = 0, i.e. incubation time = 2 days, protein
load = 7.5 mg  and buffer exchange gradient = 2.5 CV) within our DoE
design is representative of the curvatures within the experimental
range, we  excluded this point during our subsequent data anal-
yses. Fig. 4 is a pareto chart which compares the importance of
the different single parameters and also interaction between the
parameters studied on HBx soluble yield and protein concentra-
tion during IMAC based on the results obtained in Table 2. It is clear

that the protein incubation period has a major impact on both the
soluble yield and concentration of the HBx protein. The parame-
ters having a significance level higher than 95% (as indicated by the
vertical line in Fig. 4) were then chosen for model development to
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Fig. 3. Ishikawa diagram showing the different factors t

redict HBx soluble yield and protein concentration under varying
onditions. The models developed for prediction of soluble yield
nd protein concentration after IMAC refolding are shown in Eqs.
4) and (5) below.

oluble yield (%) = 40.04 − 13.96X1 + 6.13X2 + 5.21X3 − 8.79X1X3

− 9.04X2X3 + 2.79X1X2X3 (4)

R2 = 98.85%; R2(pred) = 97.70%; R2(adj) = 98.44%]

oncentration (mg/ml) = 0.3 − 0.092X1 + 0.135X2 + 0.019X3

− 0.054X1X2 − 0.066X1X3 − 0.038X2X3 (5)

R2 = 99.31%; R2(pred) = 98.62%; R2(adj) = 99.06%]

The quality of the developed models are indicated by the R2,
2(pred) and R2(adj) values, where R2 indicates the net variability
ithin the data that is explained by the respective model. Therefore,

he closer the value is to 100%, the better the model. The pre-
icted R2[R2(pred)] indicates how well the model will describe any
uture data, while the adjusted R2[R2(adj)] is a modified form of R2

hat takes into consideration the number of terms used within the
odel. The models developed through this DoE strategy describe

he experimental results obtained well (in Table 2), and could there-

ore be used to predict the optimum process conditions for the
MAC refolding strategy. Furthermore, ANOVA results for our devel-
ped models indicate that the error due to lack of fit is insignificant
P > 0.05) (Table 3), indicating that the variable process parameters

ig. 4. Pareto plot showing the influence of the parameters (in order of their importance
efolding conditions). (A) Incubation period (days); (B) protein loaded on to the column (
5%  confidence level.
n affect the performance of a column refolding process.

chosen for our investigation was  sufficient to explain the observed
data variability seen in Table 2.

3.4. Designing the optimum IMAC refolding strategy and
comparison with dilution refolding

With reliable predictive models (i.e. Eqs. (4) and (5)) developed
for the HBx IMAC refolding process, our next aim was to determine
the optimum refolding parameters for HBx refolding on-column.
From Fig. 4A, it is clear that the most important parameter affecting
the soluble yield of IMAC-refolded HBx was  the incubation period,
where extended incubation time was detrimental due to the prob-
able oxidation of the glutathione molecules in the refolding buffer
catalysed by the presence of Ni+2 ions [25]. This observation is
in agreement with our earlier findings, where we  observed that
a net reducing environment is crucial for the improved stability
of the HBx protein [13]. As the physicochemical environment sur-
rounding HBx in the column becomes more and more oxidising, the
efficiency of disulfide re-shuffling may  be reduced. For some pro-
teins which need to form disulfide bonds before other secondary
structures develop [26,27],  a redox-optimised physicochemical
environment will be critical. The importance of incubation period
on protein concentration is also reflected in Fig. 4B, where it is
the second most important parameter affecting the concentra-
tion of IMAC-refolded HBx. The results in Table 2 also show that
extended incubation time negatively impacts the two  CQA param-

eters. Therefore the optimum on-column incubation time for the
HBx protein was  determined to be one day.

We  next investigated the effects of different protein loads and
buffer exchange gradients on HBx soluble yield and concentration

) on (A) HBx soluble yield and (B) concentration of the eluted HBx protein (under
mg); (C) rate of buffer exchange (CVs). Bars crossing the 2.12 line are significant at
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Table  3
ANOVA table for (A) Eq. (4), and (B) Eq. (5).

A B

Source DF Seq SS Adj SS Adj MS  F P DF Seq SS Adj SS Adj MS F P

Main effects 3 6227.5 6227.46 2075.82 295.61 0 3 0.64665 0.64665 0.21555 613.7 0
2-Way interactions 2 3817.1 3817.08 1908.54 271.79 0 3 0.20918 0.20918 0.06973 198.52 0
3-Way interactions 1 187 187.04 187.04 26.64 0 N.A. N.A. N.A. N.A. N.A. N.A.
Residual error 17 119.4 119.38 7.02 17 0.00597 0.00597 0.00035
Lack  of fit 1 3.4 3.38 3.38 0.47 0.505 1 3.7E−05 3.7E−05 3.7E−05 0.1 0.755
Pure  error 16 116 116 7.25 16 0.00593 0.00593 0.00037
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Total  23 10351 

F: degrees of freedom; Seq SS: sequential sums of squares; Adj SS: adjusted sum o

t a fixed on-column incubation period of 1 day in the refold-
ng buffer. The results based on our prediction models (Eqs. (4)
nd (5))  are shown in the form of contour plots in Fig. 5. We
bserve that although the best soluble yields can be expected at
ower protein loads (5 mg)  and by using 5 CV buffer-exchange
radients (Fig. 5A), the protein concentration obtained would be
elatively low (0.3–0.4 mg/ml). It is also clear from Fig. 5 that at

 fixed protein load, soluble yields can be improved by increas-
ng the length of buffer exchange gradients. The refolding kinetics
f different proteins have been found to be significantly affected
y the slope of the free energy landscape which in turn is directly

nfluenced by the refolding physicochemical environment [28–31].
ur results demonstrate the importance of optimising the topog-

aphy of the free energy landscape in on-column refolding studies,
here the protein remains largely flexible to refold as only the 6His-

ontaining portion of the protein remains bound to the charged Ni2+

esins. Therefore, the rate of change in the physicochemical envi-
onment will have a similarly important effect on governing the
efolding behaviour such as efficiency and kinetics of the bound
Bx proteins as it would have on free HBx proteins in solution.

Considering that a soluble yield of 60–70% at a concentration
f >0.6 mg/ml  would provide an acceptable product amount that
nables their direct use for structural and other characterization
tudies, the following parameters, i.e. 10 mg  protein load with 5
V refolding buffer exchange and 1 day protein incubation, would
rovide the optimal parameter combination for IMAC refolding of
he HBx protein. We  set out to perform the IMAC refolding studies
sing those conditions and obtained a HBx soluble yield of 63% and

luted HBx concentration of 0.64 mg/ml, which validated our pre-
icted models. HBx soluble yield and concentration were analysed
y a chip-based electrophoresis method (Fig. 6). The bioactivity of
he refolded HBx fraction was determined by ELISA to give a HBx

ig. 5. (A) Contour plot of soluble yield (S. Yield) versus buffer exchange gradient and pr
ersus  buffer exchange gradient and protein load at 1 day of incubation.
23 0.8618

res; Adj MS:  adjusted mean squares.

refolding yield of 54 ± 12%. Although an iterative refolding strategy
can be employed to refold the recovered HBx proteins in the strip-
ping step to further improve process yield [20], the eluted protein
concentration is likely to be lower than the allowable range spec-
ified in our QCA for this study, and this recycle step was therefore
not considered.

As stated earlier, in our previous dilution refolding studies [14],
we observed that the HBx protein has a slow refolding kinetics,
where maximal yields (∼55%) were achieved at a protein con-
centration of 0.1 mg/ml  only after 3 days of incubation. Refolding
the HBx protein using our optimised IMAC refolding process also
achieved similar refolding yield but at an incubation period of
one day and a refolding protein concentration of 10 mg/ml. Spatial
isolation of the HBx molecules, achieved through protein immo-
bilisation on an affinity chromatography based platform, seems
to be vital for improving refolding productivity of the HBx pro-
tein. To compare the refolding performance of our IMAC refolding
strategy with the conventional dilution refolding method, HBx
was  refolded and purified using two  process schemes in paral-
lel (Fig. 1), starting with a fixed protein load of 10 mg  solublised
denatured-reduced protein. The results show that the IMAC refold-
ing process achieved a bioactive HBx amount and productivity
that were 2.6 and 4.4-fold higher than the dilution refolding
based process, respectively (Table 4). These results are not unex-
pected, considering the fact that the protein concentration range
at which the dilution refolding is performed (i.e. ≥5 mg/ml) would
almost certainly readily induce intermolecular protein interaction,
thereby accelerating non-native off-pathway protein aggregation

reactions. HBx protein production was thus found to be signifi-
cantly improved through our optimised IMAC refolding process.
From the results of this study, the effectiveness of employing a DoE
methodology to generate process parameter information to guide

otein load at 1 day of incubation. (B) Contour plot of product concentration (Conc.)



70 A. Basu, S.S.J. Leong / J. Chromatogr. A 1223 (2012) 64– 71

Fig. 6. (A) Electrophoresisresults obtained from Bioanalyser analysis of the optimised IMAC and dilution refolding processes. L: Protein marker; lanes 1–4: denatured reduced
HBx  IBs, diluted at different concentrations (consisting of 25, 50, 75, and 100%, respectiv
eluted  fractions after IMAC refolding; 8: column stripping protein fractions; 9: dilution-r
in  lanes 1–4 [Y = 0.41*X; R2 = 0.9797].

Table 4
Comparison of the HBx product characteristics obtained from process Schemes 1
and 2 at a fixed denatured-reduced protein load of 10 mg.

Process

1 2

HBx purity (%) >95 >95
HBx soluble yield (%) 63 ± 3 40 ± 4
HBx  refolding yield (%) 54 ± 12 21 ± 3
HBx  protein concentration (mg/ml) >0.6 ∼2.0

t
p

4

s
a
r
r
b
i
r

Overall bioactive HBx (mg) 5.4 ± 1.2 2.1 ± 0.3
Refolding process productivity (mg/ml/h) 0.21 ± 0.05 0.05 ± 0.01

he design, development and optimisation of the HBx refolding
rocess is clearly demonstrated.

. Conclusions

Significant efforts are being directed to establish proper design
paces for the manufacturing of biopharmaceuticals which forms

 crucial part in establishing QbD approaches, a mandate for cur-
ent pharmaceutical manufacturing practices to meet stringent

egulatory requirements. The development and optimisation of a
ioprocess platform based on a DoE design methodology reported

n this study is beneficial in establishing the optimised bioprocess
ight at the development stage, which saves time and resources

[
[
[

ely of the solubilised HBx IB solution); lane 5: flow through fractions; lanes 6–7:
efolded HBx. (B) Calibration curve obtained from denatured-reduced HBx samples

while maximising information output. As shown in this study,
the DoE approach provided useful information on the important
parameters affecting the chromatography refolding behaviour for
the HBx protein, while simultaneously providing the design space
needed for subsequent regulatory approval procedures in the near
future. The systematic methodology adopted for the current study
is the first study of its kind for refolding the HBx protein, leading to
the first intensified chromatography-based refolding platform for
HBx production, to the best of our knowledge. The models devel-
oped through this study can be used to facilitate scale-up of the HBx
IMAC refolding process which will then open the way for an effi-
cient and cost-effective supply of the HBx protein to the scientific
community striving to develop new drug candidates against HCC.
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