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Controlled oxidative protein refolding using an ion-exchange column
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Abstract

Column-based refolding of complex and highly disulfide-bonded proteins simplifies protein renaturation at both preparative and process
scale by integrating and automating a number of operations commonly used in dilution refolding. Bovine serum albumin (BSA) was used as a
model protein for refolding and oxido-shuffling on an ion-exchange column to give a refolding yield of 55% after 40 h incubation. Successful
on-column refolding was conducted at protein concentrations of up to 10 mg/ml and refolded protein, purified from misfolded forms, was
eluted directly from the column at a concentration of 3 mg/ml. This technique integrates the dithiothreitol removal, refolding, concentration
and purification steps, achieving a high level of process simplification and automation, and a significant saving in reagent costs when scaled.
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mportantly, the current result suggests that it is possible to controllably refold disulfide-bonded proteins using common and in
atrices, and that it is not always necessary to control protein–surface interactions using affinity tags and expensive chromatograph
oreover, it is possible to strictly control the oxidative refolding environment once denatured protein is bound to the ion-exchang

hus allowing precisely controlled oxido-shuffling.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Escherichia coliis an important host for the efficient ex-
ression of valuable recombinant proteins. However, high-

evel expression of recombinant proteins often leads to the
ormation of dense, insoluble protein aggregates, called in-
lusion bodies[1]. Although the production of protein in in-
lusion bodies can be advantageous, as it allows high protein
oncentrations, limits proteolytic degradation and reduces
oxicity to the host cells, solubilization and subsequent re-
olding is necessary to obtain biologically active protein. The
ain challenge in the production of biologically active pro-

eins via inclusion bodies is to refold the protein at reasonably
igh efficiency[2].

Various process operations have been used for refold-
ng, including diafiltration, size-exclusion chromatography
SEC) and dilution. Dilution is the simplest and most widely
sed method, and involves refolding initiation by reducing
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the denaturant concentration. However, at high protein
centrations, dilution refolding usually leads to protein
gregation. By carefully controlling the protein concentra
at a low level, the formation of protein aggregates ca
minimized[3]. In large-scale protein refolding this leads
a high cost for reagents and buffers and an additional
centration step is often required for further processing
dilution. For diafiltration, accumulation of denatured pro
on the membrane is a major limitation, whereas low col
efficiency limits protein load in large-scale SEC operati
Interestingly, these operations are better able to impose a
timized redox environment on the refolded protein than d
tion refolding. In dilution refolding, residual reducing age
carried from the solubilization/denaturation buffer can d
tically reduce refolding yield for some proteins[4]. In such
cases, dilution refolding must be preceded by a buffe
change operation (e.g. diafiltration or SEC).

An ideal method for the refolding of commercially va
able proteins would be scale invariant, easily automa
generic for a broad range of similar proteins and econ
ical [5]. Column-based refolding is potentially superior to
021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2005.01.063
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of the refolding methods mentioned, as it is the most likely to
fulfill all of these criteria (subject to column scaling difficul-
ties). Using this method, protein aggregation during refolding
can be minimized by spatially isolating the molecules on a
solid matrix. By binding the proteins reversibly to the matrix,
intermolecular interactions between partially folded proteins,
and hence aggregate formation, can be prevented or at least
minimized. The ability to refold on a matrix is, however,
protein dependent and can be hindered by protein–matrix in-
teractions. Because of this, affinity interactions are generally
preferred, since binding through specific domains leaves the
bulk of the protein free from the surface and hence able to
refold [5]. However, affinity matrices are often expensive at
process scale and require the use of affinity-tagged proteins,
from which the tag must be removed. Therefore, the use of
common and less expensive matrices such as ion-exchange
matrices is more feasible, in particular for large-scale appli-
cations. As these matrices are generally used for purification
and concentration after protein refolding, process intensifi-
cation can be achieved by using the matrix to integrate re-
folding, purification and concentration. Moreover, their use
facilitates buffer exchange prior to dilution thus enabling,
in a very simple way, the imposition of an optimized redox
environment.

Refolding on an ion-exchange matrix was first shown by
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2. Experimental

Fatty-acid-free BSA was purchased from Roche (Syd-
ney, Australia). Tris(hydroxymethyl)aminomethane (Tris),
ethylenediaminetetraacetic acid (EDTA), and reduced (GSH)
and oxidized glutathione (GSSG) were from Sigma. Urea
was from Applichem (Darmstadt, Germany) and ace-
tonitrile (HPLC grade) was purchased from Lab-Scan
(Bangkok, Thailand). Dithiothreitol (DTT) was from Pro-
gen Biosciences (Brisbane, Australia). Q-Sepharose Fast-
Flow HiTrap ion-exchange columns (1 ml) were obtained
from Amersham Biosciences (Sydney, Australia). All ion-
exchange chromatography experiments were performed on
anÄKTAexplorer workstation (Amersham Biosciences).

2.1. RP-HPLC analysis

RP-HPLC analysis was performed on a Shimadzu
HPLC-system. A C5 reversed-phase column (Jupiter
5�m, C5, 300Å, 150 mm× 4.60 mm,dp = 5.15± 0.3�m,
dpore= 320± 40Å) was from Phenomenex (Cheshire, UK).
Samples containing between 0 and 10�g protein were in-
jected onto the reversed-phase column. After a 9.5 min equi-
libration period at 40% (v/v) acetonitrile, protein samples
were eluted using a linear acetonitrile gradient containing
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reighton in 1986[6] for horse cytochromecand bovine pan
reatic trypsin inhibitor. Suttnar et al.[7] subsequently use
strong anion exchanger to refold recombinant protein

ived fromE. coli inclusion bodies. Refolding of lysozym
nd superoxide dismutase on an ion-exchange colum
lso been reported[8,9]. Several methods have been
eloped to increase refolding yields for refolding on i
xchange matrices, ranging from two and three-buffer
ems to dual-gradient chromatography[10]. While all the
roteins described above have a relatively simple struc

he refolding of more complex proteins is often complica
y the formation of multiple disulfide bonds, which is

en the rate-limiting step in refolding[11]. As the number o
ossible disulfide bond combinations increases dramat
ith the number of cysteine residues in the protein, more

s needed to form the correct conformational state. Ca
ptimization of the redox conditions in the refolding bu

s necessary to facilitate correct disulfide bond forma
his is usually achieved by the addition of a redox coup
uffer, which facilitates correct disulfide bond formation
process known as ‘oxido shuffling’[12].
This study reports the development of a column-ba

on-exchange refolding procedure for complex and hi
isulfide-bonded proteins using BSA, which contains
isulfide bonds, as a model protein. The effects of inc

ion time and maximum protein load on refolding yield w
nvestigated. The result demonstrates that the on-colum
olding process is able to intensify and automate the bio
essing of highly disulfide-bonded proteins without the n
or specific orientational control of the protein–matrix in
ction.
.05% (v/v) trifluoroacetic acid (TFA), starting at 40% (v
cetonitrile and increasing at 0.4% (v/v) acetonitrile/min
5 min. Protein elution was performed at room tempera
nd monitored by measuring absorbance at 214 nm. The
f total protein eluted from the RP-HPLC column was qu

itatively determined by peak integration, based on a s
ard curve obtained from calibration using native and d

ured BSA standards. Peak tailing was excluded from
ntegration when determining concentrations of native
enatured–reduced BSA in every protein sample, inclu

he standards.

.2. BSA denaturation–reduction

Denatured and reduced BSA was prepared by incub
20–100 mg/ml solution for at least 3 h at room tempera

n denaturing buffer (50 mM Tris–HCl, 3 mM EDTA, 8
rea, 0.1 M DTT, pH 8.5), prior to analysis by RP-HPLC
onfirm the presence of denatured–reduced protein.

.3. Refolding by dilution

To remove DTT from samples, 2.5 ml of concentra
enatured–reduced protein (7–100 mg/ml) was applie
PD10 desalting column (Amersham Biosciences) fo

hange into DTT-free denaturing buffer. After buffer
hange, the protein was RP-HPLC analyzed to deter
rotein concentration after the PD-10 step, and then im
iately diluted 100× into refolding buffer (50 mM Tris–HC
mM EDTA, 1.1 mM GSSG, 2.2 mM GSH, pH 8.5) to fin
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protein concentrations ranging from 50�g/ml to 0.5 mg/ml.
Dilution refolding was performed in a glass beaker by adding
50�l of denatured protein to 4.95 ml refolding buffer, under
constant stirring conditions. Samples were then incubated
for 96 h at room temperature. Two-hundred microlitre sam-
ples were taken for RP-HPLC analysis to monitor refolding
progress over time.

Refolded protein yield and total protein recovery represent
the amounts of refolded protein and total protein. The latter
consists of both intermediate and refolded protein species,
obtained after dilution, given as a percentage of the amount
of denatured BSA recovered from the PD-10 column. Quan-
tification was by RP-HPLC.

2.4. Refolding by ion-exchange chromatography

Refolding was conducted on a 1 ml HiTrap Q-Sepharose
column. A constant flow rate of 0.5 ml/min was used for
all chromatographic steps except on-column protein incu-
bation, which was done under no-flow conditions. The col-
umn was equilibrated with buffer A (50 mM Tris–HCl, 3 mM
EDTA, 8 M urea, pH 8.5) for 10 column volumes (CVs),
before loading with a 1ml sample containing 0.5–20 mg/ml
denatured–reduced BSA in denaturing buffer. After washing
away DTT and unbound protein with 5 CVs of buffer A, re-
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phosphate, pH 7.4. For CD analysis of on-column refolded
BSA, the 40 h on-column incubated fraction was used. Dena-
tured protein was prepared by denaturing–reducing the pro-
tein in 8 M urea, 0.1 M DTT, followed by DTT removal using
a PD-10 column, as DTT absorbs in the region of the spec-
trum used. Protein concentration of 0.2 mg/ml, as quantified
by RP-HPLC, was used. CD measurements were at room
temperature, 23◦C.

3. Results and discussion

3.1. Dilution refolding

BSA refolding by dilution was performed as a control ex-
periment. In the absence of a redox couple, no formation
of completely refolded BSA was observed. Various ratios of
reduced to oxidized glutathione were investigated and the
best result was obtained when a 2:1 reduced to oxidized glu-
tathione ratio was used (data not shown). It was also found
that the presence of NaCl in the refolding buffer, at concen-
trations of up to 0.1 M, had no effect on refolding yield.

Residual DTT is known to have a negative impact on re-
folding yields, even at concentrations lower than 1 mM[4].
Complete DTT removal prior to dilution is necessary for op-
t ad-
d is of
d uffer
l red
p hift
i r
o ution

F ectly
f to
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t

olding was initiated by switching from buffer A to buffer
50 mM Tris–HCl, 1 mM EDTA, 79 mM urea, 1.1 mM GSS
.2 mM GSH, pH 8.5; composition identical to that obtai
fter a 100-fold dilution in the dilution refolding protocol), f
CVs. Flow rate was then set to zero, and the protein wa
n the column to incubate for up to 40 h, followed by a wa

ng step with 6 CVs of Tris–EDTA buffer (50 mM Tris–HC
mM EDTA, pH 8.5). Elution was then initiated by a s
radient. A 20 CVs linear gradient from 100% Tris–ED
uffer containing no NaCl to that containing 1 M NaCl w
pplied to elute protein from the column. Flow through
luate were collected in 1 ml fractions and assayed for

ein. Protein-containing fractions were pooled and anal
y RP-HPLC to determine the concentrations of refolded
artially folded protein. Total protein recovery and refold
ield were calculated as described for the dilution refold
tudy, and are given as a percentage of the amount of
ured protein loaded.

After each run, precipitated and tightly bound protein
emoved from the Q-Sepharose column by washing wi
east 5 CVs of both 1 M NaOH and 70% ethanol.

.5. Circular dichroism (CD) spectra

Far-UV CD spectra of denatured, native and refolded B
dilution and column refolded) were measured on a Ja
10 spectrapolarimeter (Jasco, Japan) using a quartz c
ith 1 mm pathlength (Hellma, Essex, UK). Spectra w
orrected by subtracting the buffer baseline, and were
ged over 10 scans for far-UV CD measurements. Native
efolded protein samples were solubilised in 10 mM sod
imal refolding yields, despite the need to incorporate an
itional unit operation in the process. RP-HPLC analys
enatured BSA after buffer exchange into denaturing b

acking DTT revealed that partial oxidation of the denatu
rotein occurred after DTT removal, resulting in a slight s

n retention time. This shift can be seen inFig. 1as a shoulde
n the denatured protein peak after the PD10 step. Dil

ig. 1. RP-HPLC chromatograms showing the development of corr
olded BSA during refolding. Denatured BSA was diluted 100-fold
0�g/ml into the refolding buffer and 50�l samples were injected on

he column.
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was performed immediately after this buffer exchange step.
A 100-fold dilution factor was chosen to ensure sufficient
dilution of denaturants thus enhancing refolding yield. This
choice led to constraints on the maximum protein concentra-
tion after dilution, as solubility and viscosity problems lim-
ited the concentration of the denatured–reduced BSA solution
and its application in subsequent buffer exchange. Because
of these practical restrictions, the maximum protein concen-
tration after 100-fold dilution was limited to 0.5 mg/ml.

The refolding yield and protein recovery after dilution to
a concentration of 50�g/ml, were monitored over time as
shown inFig. 2. Analysis of the samples by RP-HPLC re-
vealed that no spontaneous refolding of BSA into the native
conformation occurred immediately after dilution (t= 0 h in
Fig. 1). Instead, the broadness of the peak shown at 0 h in
Fig. 1 suggests the denatured protein was re-oxidized into
various misfolded or partially folded protein species. After
3 h of incubation, a large part of the protein present had re-
folded completely into the native conformation, giving a 45%
refolding yield. Misfolded or partially folded protein was
still visible in the RP-HPLC chromatogram as peak tailing at
both sides of the ‘refolded’ peak. However, tailing was also
observed for the native standard, but to a much lesser ex-
tent. Analysis of this native standard on size exclusion chro-
matography showed that this tailing is due to higher molec-
u not
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cantly with time over the first 48 h after dilution, after which
it reached a stable plateau. This increase results from the con-
version of misfolded or partially folded protein into correctly
refolded protein. This process is known to be inherently slow,
due to the rate-limiting ‘oxido shuffling’ process[13]. The
final refolded protein yield achieved was approximately 82%.

3.2. Refolding by ion-exchange chromatography

Optimized buffer conditions which gave the highest yield
in dilution refolding were used for the column-based refold-
ing study (see Section2). Elution profiles obtained after an
extended period of incubation of 2 mg protein bound on the
column are shown inFig. 3. No protein was lost in the flow
through during column loading. The elution profile showed a
single broad protein peak when elution was initiated imme-
diately after refolding buffer was introduced to the column
(0 h). RP-HPLC analysis of the eluted protein (Fig. 4) re-
vealed that this peak corresponds to misfolded or partially
folded protein; neither correctly refolded protein, nor com-
pletely denatured–reduced protein, was present. Strikingly,
the total amount of protein recovered from the column was
less than 20%, when elution was done immediately, indicat-
ing that most protein had precipitated on the column during
the refolding and/or elution step(s).

ith
t n on
t eak
r
s ma-

F the
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lar weight impurities, present in the start material (data
hown). The total amount of protein recovered after 3
ncubation, consisting of refolded, partially folded and m
olded protein species, was approximately 90% (Fig. 2). Total
rotein recovery did not change with time after dilution
as approximately independent of protein concentratio

he tested range of 0.05–0.5 mg/ml after 100-fold dilutio
Analysis of the refolding mixture over an extended pe

f incubation showed that refolding yield increased sig

ig. 2. Refolding yield and total protein recovery for dilution refolding
function of time. The protein concentration after 100-fold dilution

0�g/ml.
The elution profile changed significantly over time w
he emergence of a second peak after 3 h of incubatio
he column. RP-HPLC analysis of the protein from this p
evealed a clear overlap with native BSA (Fig. 4). This re-
ult shows that refolded protein bound less tightly to the

ig. 3. Chromatograms representing the elution profiles of BSA from
on-exchange column after extended column incubation. A 6 CVs wash ste
ith Tris–EDTA buffer was carried out before elution buffer was introdu
1 and F2 represent the fractions which were RP-HPLC analyzed, as

n Fig. 4.



M. Langenhof et al. / J. Chromatogr. A 1069 (2005) 195–201 199

Fig. 4. RP-HPLC chromatograms of fractions eluted from the ion-exchange
column as indicated inFig. 3. F1 and F2 are the eluted fractions after 40 and
0 h column incubation, respectively.

trix compared with the other protein conformations, allow-
ing separation of completely refolded BSA from misfolded
and partially folded BSA. The refolding yield appeared to
increase with incubation time, reaching 55% after a 40 h in-
cubation period (Fig. 5). This increased refolding yield with
time indicates that the protein–matrix interaction was highly
reversible, allowing the structural re-arrangements necessary
for the protein to refold into its most stable form.

The total amount of protein recovered from the column fol-
lowed a similar trend to refolding yield. After 40 h of incuba-
tion, 67% of total protein was recovered. Inability to achieve

F ime
f ml
d n and
e

100% protein recovery suggests that some protein aggregated
and precipitated after being desorbed from the matrix. In fact,
a higher protein recovery (approximately 90%) was achieved
when 8 M urea was added to the elution buffer (data not
shown). The extent of aggregation could be reduced by ex-
tending the incubation period of protein on the column. This
approach allows a higher proportion of intermediate protein
species to refold into the stable native conformation, hence
reducing the amount and concentration of protein that po-
tentially participates in aggregate formation. The increase in
refolding yield and total protein recovery with time support
this hypothesis and suggests that the formation of irreversible
aggregates during incubation is not causing the low recovery
observed for short term incubations, although the formation
of aggregates during incubation cannot be completely ex-
cluded.

For column refolding to be suitable for large-scale op-
erations, the binding capacity of the protein on the column
is an important factor to be considered. In this study, bind-
ing of various amounts of denatured–reduced protein onto
the ion-exchange column was investigated, and the yield and
recovery were quantified (Fig. 6). It was found that 10 mg
of denatured–reduced protein can be bound per ml of Q-
Sepharose resin, without any protein lost in the flow through.
Not surprisingly, refolding yield decreased with increasing
p de-
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ig. 5. Increase in refolding yield and total protein recovery with t
or on-column refolding of BSA. A 1 ml fraction containing 2 mg/
enatured–reduced BSA was loaded onto the Q-Sepharose colum
luted after incubation for the time indicated.
rotein load on the column. Total protein recovery also
reased upon increased protein load, ranging from 6
8% for 2 and 10 mg bound, respectively. This is bec
igher protein load affects the spatial isolation of the

ein molecules on the matrix and consequently promote
regation of incompletely refolded protein. Partially fold

ntermediates will also occur at a higher local concentra
uring elution. Nonetheless, higher protein loads lead t

ig. 6. Refolding yield and total protein recovery as a function of the
mount of denatured–reduced BSA loaded on the column. A 1 ml sa
ontaining between 2 and 20 mg/ml denatured–reduced BSA was l
nto the column and eluted after an incubation period of 40 h.
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Table 1
Mass balance for BSA on-column refolding

Nominal BSA
load (mg)

Actual BSA load (denatured)
(mg in 1 ml)

Actual BSA load
(total) (mg in 1 ml)

Native BSA in eluate
(mg in 7 ml)

Total BSA in eluate
(mg in 7 ml)

2 1.60 1.88 0.91 1.26
5 4.01 4.69 2.10 2.64
7.5 5.90 7.06 2.05 3.28

10 8.00 9.86 2.58 3.40
12.5 9.84 11.76 2.67 3.84
15 11.81 14.12 2.04 3.33
20 16.04 18.76 2.93 4.84

Actual BSA load (denatured) was determined by RP-HPLC, neglecting peak tailing. Actual BSA load (total) was obtained by full integration of the entire
RP-HPLC peak, including tailing. BSA loaded did not contain any native protein.

creased refolded protein concentrations in the eluate, with
concentrations of more than 3 mg/ml when 10 mg was bound
to the column.

A mass balance for BSA on-column refolding is given in
Table 1. All protein amounts were quantified by RP-HPLC.

3.3. Circular dichroism spectrometry

Circular dichroism (CD) was used to compare the physical
characteristics of dilution and column refolded BSA against
native BSA. The secondary structure of refolded BSA was
determined by measuring its CD spectrum in the far UV re-
gion (190–250 nm). The spectra of both dilution and col-
umn refolded protein were very comparable, whereas the un-
folded protein showed a completely different spectrum (see
Fig. 7).

F
r

3.4. Comparison of dilution refolding and ion-exchange
refolding

The refolding yields achieved in this study were higher in
dilution refolding than after on-column refolding. In a direct
comparison, refolding at a protein concentration of 0.5 mg/ml
on-column was compared to refolding at 0.5 mg/ml after di-
lution. This resulted in refolding yields of 55 and 80% after
40 h incubation for column refolding and dilution refolding,
respectively. Additionally, it is clear by comparing the time-
profiles shown inFigs. 2 and 5, that dilution refolding is
a quicker process. After an incubation period of 3 h, a re-
folding yield of 45% was achieved with dilution refolding,
whereas a yield of only 12.5% was achieved for on-column
refolding. NaCl was added to the refolding buffer in an at-
tempt to increase the on-column refolding rate as addition of
NaCl was expected to weaken the reversible protein–matrix
interaction and therefore enhance refolding rate. However,
the NaCl concentrations tested did not appear to accelerate
refolding. High salt concentrations >100 mM even appeared
to reduce refolding yield, probably by promoting hydropho-
bic interactions between partially folded proteins, leading to
increased protein aggregation.

The benefits of on-column refolding lie in a different area.
One obvious advantage of column refolding over dilution re-
f tein
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o e are
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f r. At
l large
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t s of
m for
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p old-
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w ng
ig. 7. Far-UV CD spectra of 0.2 mg/ml native, (dilution and on-column)
efolded and denatured BSA.

p ces-
s ng.
olding is that refolding can occur at much higher pro
oncentrations. It was found that BSA could be refolded
olumn from starting concentrations of up to 10 mg/ml, w
ut any protein loss observed in the flow through. Thes
oncentrations which cannot be reached in refolding by
old dilution, because of the constraints discussed earlie
arge-scale processing this eliminates the need to use
uffer volumes, hence reducing running costs. Furtherm
he ability to recover refolded protein with concentration
ore than 3 mg/ml during elution, overcomes the need
concentration step, which is generally required after

ion refolding. Another advantage of column refolding o
ilution refolding is that the final concentration of buffer co
onents can be controlled carefully during on-column ref

ng, whereas carry-over of denaturants and reducing a
ill always be an interfering factor in the dilution refoldi
rocess. An extra purification step is almost always ne
ary to completely remove them prior to dilution refoldi
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In this study, it was also found that correctly refolded BSA
could be easily separated from misfolded or incompletely
folded protein, showing the ability of on-column refolding
to allow simultaneous purification and refolding in an easily
automated format.

4. Conclusion

This work demonstrates that a commonly used and rela-
tively inexpensive ion-exchange matrix can be used for the
refolding of BSA with high yields of up to 55%. Refold-
ing was not inhibited by protein–matrix interactions, thus
preventing the need for tagged protein in an affinity based
method. Refolded protein was directly obtained from the
column in a highly concentrated form and free from incor-
rectly or incompletely refolded protein. This demonstrates
that the proposed method could contribute significantly to
bioprocess intensification as it integrates the reducing-agent
removal, refolding, concentration and purification unit oper-
ations, used in dilution refolding, into an easily automated

process. Therefore, the method is an interesting alternative
for large-scale or preparative oxidative refolding of complex
and highly disulfide-bonded proteins.
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