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a b s t r a c t

A direct recovery of recombinant nucleocapsid protein of Nipah virus (NCp-NiV) from crude Escherichia
coli (E. coli) homogenate was developed successfully using a hydrophobic interaction expanded bed
adsorption chromatography (HI-EBAC). The nucleic acids co-released with the recombinant protein have
increased the viscosity of the E. coli homogenate, thus affected the axial mixing in the EBAC column.
Hence, DNase was added to reduce the viscosity of feedstock prior to its loading into the EBAC column
packed with the hydrophobic interaction chromatography (HIC) adsorbent. The addition of glycerol to
xpanded bed adsorption
ydrophobic interaction chromatography
ecombinant nucleocapsid protein
ipah virus
scherichia coli
henyl ligand

the washing buffer has reduced the volume of washing buffer applied, and thus reduced the loss of the
NCp-NiV during the washing stage. The influences of flow velocity, degree of bed expansion and viscosity
of mobile phase on the adsorption efficiency of HI-EBAC were studied. The dynamic binding capacity at
10% breakthrough of 3.2 mg/g adsorbent was achieved at a linear flow velocity of 178 cm/h, bed expansion
of two and feedstock viscosity of 3.4 mPa s. The adsorbed NCp-NiV was eluted with the buffer containing
a step gradient of salt concentration. The purification of hydrophobic NCp-NiV using the HI-EBAC column
has recovered 80% of NCp-NiV from unclarified E. coli homogenate with a purification factor of 12.5.
. Introduction

In an expanded bed adsorption chromatography (EBAC) opera-
ion, the adsorbents are expanded in the column with an upward
ow of liquid and the target protein is captured by the adsor-
ent from unclarified crude feedstock while allowing the passage
f suspended solids of cell debris and contaminant proteins [1,2].
BAC combines the process of clarification, concentration and ini-
ial purification into one unit operation; thus, a significant increase
n product yield is expected due to the decrease in the number of
rocess steps and the shortened overall process time [1,3]. EBAC has

een demonstrated to be able to process a large volume of feedstock
4] from various sources such as Escherichia coli [5,6], and yeast [7]
omogenates, mammalian cell culture [8], and chicken egg white
9].
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The hydrodynamic behaviour of the EBAC and the adsorption
efficiency in the column are affected significantly by the complex
nature of feedstock (liquid viscosity and density) and the super-
ficial velocity [10,11]. The presence of solids and other colloidal
components such as DNA in the loading of crude feedstock leads
to a non-specific interactions between cells and adsorbent, which
cause aggregation of adsorbents that deteriorates the bed stabil-
ity of adsorbent and protein adsorption efficiency [12–14]. Flow
velocity affects the retention time of the EBAC column, hence when
EBAC is operated at high flow velocity, early breakthrough of pro-
tein occurs and thus reduces the adsorption efficiency [15–17]. In
order to improve the hydrodynamic performance of the bed during
the washing stage, the use of enhanced viscosity of washing solu-
tion with glycerol was found to be efficient in removing weakly
adsorbed proteins from the expanded bed [18,19].

The nucleocapsid protein of Nipah virus (NCp-NiV) has been

successfully cloned and expressed in E. coli [20] and in bac-
ulovirus system [21]. The recombinant NCp-NiV self-assembles
into herringbone-like structures, resembling the native nucleocap-
sid isolated from the live virus [20–22]. The recombinant NCp-NiV is
a safe and cost-effective epidemiological diagnostic reagent which

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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an be used to detect the anti-NiV antibodies in the event of an
utbreak [21,23]. Chong et al. [24] demonstrated the purification
f NCp-NiV using a conventional packed bed adsorption (PBA) of
IC adsorbent, which requires clarification of crude feedstock prior

o chromatography separation. The removal of biomass is one of
he downstream operation steps that causing a longer process-
ng time, and also resulting in higher product loss and decrease
n the throughput and final product yield [3,25]. Therefore, a single
tep protein purification process combining feedstock clarification,
oncentration, and purification is needed to improve the yield of
Cp-NiV and reduce overall processing time. Purification of recom-
inant NCp-NiV using a HI-EBAC column has not been described
o far. In the present study, the adsorption of recombinant NCp-
iV from unclarified E. coli homogenate was performed using a HIC
dsorbent, streamline phenyl, in an EBAC column.

. Materials and methods

.1. Materials

Streamline phenyl was purchased from GE Healthcare (Uppsala,
weden). It has phenyl groups coupled to highly cross-linked 6%
garose quartz core based with a size distribution of 100–300 �m
nd average density of 1.2 g ml−1.

All EBAC operations in the present study were conducted
sing a commercially available FastlineTM 10 contactor (UpFront
hromatography A/S, Copenhagen, Denmark). A peristaltic pump
Watson Marlow, UK) was used to circulate the liquid to the EBAC
ontactor throughout the EBAC operation in this study.

.2. Preparation of unclarified feedstock

E. coli BL21(DE3) containing plasmid pTrcHis2 carrying the NCp-
iV gene [20] was cultured as reported by Chong et al. [26]. The
iomass harvested from the culture was first weighed and resus-
ended in buffer A (20 mM sodium phosphate buffer, 615 mM
mmonium sulfate, pH 7.5) to yield a 5% (w/v) of cell biomass. Cell
isintegration was performed with ultrasonication as described
y Ho et al. [27]. The homogenate was then treated with DNAse
15 �g/ml) for 1 h with gentle shaking at 4 ◦C.

.3. Measurements of viscosity

The viscosity of the various feedstocks (mobile phase) was mea-
ured using the Spindle 14–18 of the DV-II+ Viscometer (Brookfield
ng. Lab., USA). The sample was stirred at a constant speed of
0 rpm, for 10 s to achieve equilibrium before measuring viscosity.

.4. Equilibrium of adsorption isotherm

A series of batch adsorption experiments of NCp-NiV onto
treamline phenyl were obtained by challenging with a range
f unclarified feedstock with various biomass concentration val-
es. The unclarified feedstocks were prepared in buffer A (20 mM
odium phosphate buffer, 615 mM ammonium sulfate, pH 7.5) and
ixed with pre-equilibrated 1 ml adsorbents. The mixtures were
ixed well on a rotator for 2 h at 25 ◦C to allow equilibrium between

he solid and liquid phase. The NCp-NiV concentration during the
quilibration, C, was measured and the adsorbed NCp-NiV, Q, was
alculated based on the mass balance of NCp-NiV in the feedstock
efore and after adsorption.
.5. Operation of EBAC

The Fastline 10 EBAC column was filled with 8 ml of streamline
henyl adsorbent corresponding to a settled bed height of 10 cm.
A 1217 (2010) 1293–1297

Bed expansion and equilibration was done by pumping buffer A
through the mixing chamber and onto the column at a flow rate
of 2.33 ml/min (linear flow velocity of 178 cm/h) until a constant
bed height was obtained. The bed was allowed to expand to a bed
height of 20 cm (corresponding to a two-fold expansion) and the
adaptor was positioned at 22 cm prior to the loading phase. The
unclarified feedstock was then loaded into the column followed by
washing with buffer A with and without the addition of 10% (v/v)
glycerol to remove weakly or unbound proteins from the voids of
bed. Elution was carried out with buffer B (20 mM sodium phos-
phate buffer, 410 mM ammonium sulfate, pH 7.5) and followed by
buffer C (20 mM sodium phosphate buffer, 205 mM ammonium sul-
fate, pH 7.5). The adsorbents were then regenerated based on the
supplier’s protocols.

2.5.1. Expansion characteristic of adsorbent
The expansion characteristics of streamline phenyl adsorbent

were investigated in a Fastline 10 column at 25 ◦C. The adsorbent
bed was expanded using equilibration buffer (buffer A) or oth-
erwise stated with increasing superficial velocity. The degree of
bed expansion corresponding to each velocity was recorded and
expressed as a ratio of the height of the expanded, H, to the sed-
imented, H0, bed adsorbent. The data were then fitted with the
Richardson–Zaki correlation:

u = utε
n (1)

where u is the superficial velocity, ut is the terminal settling veloc-
ity, ε is the expanded voidage, and, n is the bed expansion index.
The settled bed voidage, ε0, was assumed to have a value of 0.4 [28].

2.5.2. Dynamic binding capacity
Dynamic binding capacity was studied in an EBA column loaded

with streamline phenyl to a settled bed height of 10 cm. The adsor-
bent bed was expanded to a degree of 2 with buffer A at a superficial
velocity of 178 cm/h. Subsequently, the unclarified feedstock was
loaded and protein fractions were collected and assayed for the
NCp-NiV concentration. The dynamic binding capacity, QB (mg of
protein adsorbed per ml of settled adsorbent), was calculated as

QB = C0Vb

Vs
(2)

where C0 is the initial concentration of the feedstock (mg/ml), Vb is
the volume at 10% breakthrough (ml) and Vs is the settled volume
of the adsorbent (ml).

2.6. Analysis and quantitation of protein

The yield and purity of the NCp-NiV were determined by com-
paring the intensity of the protein bands on Western blots to the
standard curve using the Quantity One® Quantitation software (Gel
Doc; Bio-Rad, USA) [26,29]. The Bradford assay [30] was performed
to estimate the total protein content at the optical density of 595 nm
with a microtiter plate reader (Model Elx 800; Bio Tek Instruments
Inc., USA).

The antigenicity of the NCp-NiV was determined with ELISA by
measuring the optical density at 405 nm using the microtiter plate
reader, as described by Tan et al. [20].

3. Results and discussion
3.1. Equilibrium adsorption isotherm

The equilibrium adsorption isotherm of NCp-NiV from unclari-
fied feedstock onto the streamline phenyl was observed and fitted
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ig. 1. Adsorption isotherm of NCp-NiV from unclarified feedstock on the streamline
henyl adsorbent.

o the Freundlich isotherm [31] as shown in Fig. 1 (R2 = 0.9565).

= k(C)n (3)

here Q and C are the adsorbed and the unbound concentration
f NCp-NiV, respectively, during equilibrium; k is the dissocia-
ion constant and; n is the Freundlich coefficient. The Freundlich
sotherm has an n value of 0.924 and the k of the adsorption of NCp-
iV onto the streamline phenyl was 11.08 (mg/g)(ml/mg)n. This

esult suggests that the binding of NCp-NiV by streamline phenyl
n 615 mM ammonium sulfate is a favorable adsorption. Indeed, as
eported by Tiselius [32], Porath et al. [33] and Hjertén et al. [34], the
inding of hydrophobic proteins to HIC adsorbents was promoted
t high concentration of salt, which stabilizes protein structures.

.2. Expansion characteristic of adsorbent

The degree of bed expansion is influenced by liquid superficial
elocity, density of adsorbent particles and viscosity of feedstock,
s reviewed by Anspach et al. [1]. The bed expansion characteris-
ics of streamline phenyl were evaluated in various mobile phases,
aken as the 5% (w/v) biomass containing unclarified feedstock with
nd without treatment of DNase (15 �g/ml), and the equilibration
uffer, as shown in Fig. 2. The results show that the bed expan-
ion increased linearly with the superficial velocity, until 474 cm/h.
t a constant superficial velocity of 178 cm/h, the adsorbent was
xpanded evenly at a degree of 2 by using the equilibration buffer.
hen the non-DNase-treated unclarified feedstock was loaded

t 178 cm/h, the bed expanded was higher by a degree of 3. As
result, channeling within the bed, over-expansion and unsta-

le bed were observed. These phenomena were also observed by
ncreasing the superficial velocity. This observation contradicts our
revious work [35], using the feedstock from a different E. coli
train which has a lower DNA content, in which the increase in
iquid dispersion within the bed was minimum, with 5% (w/v)

iomass of feedstock. The highly viscous feedstock as a result of
igh level content of DNA, can be overcome by adding DNase
rior to purification [36,37]. Thus, the crude feedstock was further
reated with DNase and its viscosity was measured using a viscome-
er (Table 1). The DNase-treated unclarified feedstock had a 24%

able 1
iscosity of equilibration buffer, non-DNase-treated and DNase-treated unclarified feeds
btained from the linearized plot of Richardson–Zaki equation.

Mobile phase Viscosity

Equilibration buffer (20 mM phosphate, 615 mM ammonium sulfate, pH 7.5) 1.80 ± 0
Unclarified feedstock (5% (w/v) biomass, non-DNase-treated) 4.50 ± 0
Unclarified feedstock (5% (w/v) biomass, DNase-treated (15 �g/ml)) 3.40 ± 0
Fig. 2. Bed expansion characteristics of streamline phenyl in equilibration buffer
(�), DNase-treated (©) and non-DNase-treated (�) unclarified feedstocks.

lower viscosity compared to that of non-DNase-treated one. Other
researchers also showed that adding DNase into the unclarified
feedstock can improve the stability of the expanded bed signifi-
cantly [36,37].

A linear regression of the Richardson–Zaki equation was used to
assess the hydrodynamic stability of the fluidization of the adsor-
bent bed. The values of n and ut for different mobile phases were
obtained and are summarized in Table 1. An increase in the viscosity
in the mobile phase had resulted in a decrease in the value of ter-
minal settling velocity. This is in line with the findings as by other
researchers [38]. The n value obtained for the DNase-treated feed-
stock is 5.07, which is close to the value in the laminar flow regime
of 4.8 [17]. Therefore, the DNase-treated feedstock was applied for
HI-EBAC operation throughout this study.

3.3. Dynamic binding capacity

Frontal analysis observed from the breakthrough curve is impor-
tant to estimate the maximum loading amount of target protein
passed through adsorbent bed with a target permissible loss of 10%
of protein in the effluent. The breakthrough curve of the NCp-NiV
adsorbed onto the streamline phenyl described above is shown in
Fig. 3. At breakthrough of 10%, the dynamic binding capacity, QB
calculated from Eq. (2) was 3.2 mg/g adsorbent.

3.4. Direct recovery of NCp-NiV from unclarified feedstock

The results of the comparative EBAC profile with two dif-
ferent washing strategies are shown in Fig. 4. The performance
of the HI-EBAC for the recovery of NCp-NiV from unclarified
feedstock is summarized in Table 2. When the bed expan-
sion was stable at a degree of 2, the DNase-treated unclarified

feedstock containing the NCp-NiV and other contaminant pro-
teins was applied onto the column. The solid particles flowed
through the bed voids and left the column through the outlet
pipe.

tocks and the Richardson–Zaki coefficient, n and the terminal settling velocity, ut

(mPa s) Richardson–Zaki coefficient (n) Terminal settling velocity (ut , cm h)

.2 4.70 993.3

.2 5.49 541.5

.2 5.07 871.3



1296 F.C. Chong et al. / J. Chromatogr. A 1217 (2010) 1293–1297

rom u

u
t
c
i
w
l
o
i
o
i
b
t

F
m
(

Fig. 3. Breakthrough curve of the NCp-NiV f

Subsequently, an intensive washing (approximately 10 CVs) was
sed to remove contaminant proteins and unbound proteins from
he expanded bed (Fig. 4A). During the washing step, the sudden
hange in the viscosity in the washing buffer has led to a buoyancy-
nduced mixing. This resulted in an improper washing, thus more

ashing buffer was used to remove the contaminant proteins. This
arge volume of washing buffer applied has resulted in a 19.5% loss
f the NCp-NiV. Fee [18] has addressed this issue by adding glycerol
nto the washing buffer to reduce the overall volume consumption

f buffer and to shorten the operation time. In this study as shown
n Fig. 4B, after applying 10% (v/v) glycerol in the washing buffer, the
uffer consumption was reduced by half and the contaminant pro-
eins were removed efficiently with minimal loss of the NCp-NiV

ig. 4. Separation of 250 ml unclarified E. coli feedstock on streamline phenyl in EBA
ode at a superficial velocity of 178 cm/h. (A) The washing buffer without glycerol.

B) The washing buffer with 10% (v/v) glycerol. (�) NCp-NiV, (♦) total protein.
nclarified feedstock onto streamline phenyl.

(2%). Moreover, this study demonstrates that the washing buffer
with enhanced viscosity was 1.5 times more efficient in removing
the contaminant proteins.

The strongly adsorbed NCp-NiV was eluted from the streamline
phenyl adsorbent in an expanded mode. As shown in Fig. 4B, the
adsorbed NCp-NiV was eluted with a step gradient elution buffer
at salt concentration of 410 mM and 205 mM. Fig. 5 shows the SDS-
PAGE analysis (Fig. 5A) on a 12% polyacrylamide gel and Western
blot analysis (Fig. 5B) of the protein fractions collected from the
HI-EBAC operation. A yield of 80% and a purification factor of 12.5
were obtained in this single step direct recovery of the NCp-NiV
from unclarified feedstock (Table 2). Moreover, the antigenicity of
the purified NCp-NiV from the HI-EBAC operation was still pre-

served as demonstrated by ELISA (Fig. 6) using an anti-NiV rabbit
serum.

Fig. 5. Graphical illustration of the pooled protein fractions collected in HI-EBAC
operation. SDS-PAGE analysis (A) and Western blot analysis (B) of the protein
fractions. The NCp-NiV bands in (B) were detected by anti-histidine antibody.
Lane 1: molecular mass markers; lane 2: unclarified E. coli homogenate; lanes 3:
flowthrough; lane 4: washing; lane 5: elution with 410 mM salt concentration; lane
6: elution with 205 mM salt concentration.
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Table 2
The purification performance of NCp-NiV from unclarified feedstock using HI-EBAC column.

Operation time: 3 h 15 min Flow rate: 178 cm/h

Purification stage Total volume (ml) Total protein (mg) Amount of NCp-NiV (mg) NCp-NiV purity (%) Yield (%) Purification factor

(A) Washing buffer without glycerol
Unclarified feedstock (5% (w/v) biomass) 250 1045.6 58.6 5.6
Flowthrough 250 936.0 10.4 1.1
Washing 100 28.9 11.4 39.4
Elution 1 50 24.6 2.1 8.4
Elution 2 50 56.1 34.4 60.5 58.7 10.8

Operation time: 2 h 55 min Flow rate: 178 cm/h

Purification stage Total volume (ml) Total protein (mg) Amount of NCp-NiV (mg) NCp-NiV purity (%) Yield (%) Purification factor

(B) Washing buffer with 10% (v/v) glycerol
Unclarified feedstock (5% (w/v) biomass) 250 1110.9 63.0 5.7
Flowthrough 250 938.1
Washing 50 77.1
Elution 1 50 24.7
Elution 2 50 71.0
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ig. 6. ELISA analysis of the purified NCp-NiV samples from HI-EBAC operation with
he rabbit anti-NiV antibody. The uninfected rabbit serum was used as the negative
ontrol in every assay. The mean ± standard deviation of triplicate assays is shown.

. Conclusion

HI-EBAC has been applied successfully to purify the NCp-NiV
rom a DNase-treated unclarified E. coli homogenate. The EBAC

ode combined clarification, capture and purification of the NCp-
iV in a single step process, thus gave rise to a high product

ecovery. The washing buffer containing 10% (v/v) glycerol has
nhanced the removal of contaminant proteins efficiently and thus
educed the volume of washing buffer. The elution of the NCp-
iV using a step gradient elution buffer containing 410 mM and
05 mM salt concentration has eluted successfully all the adsorbed
Cp-NiV which led to a yield of 80% and purification factor of
2.5.
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