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Preparative protein refolding
Anton P.J. Middelberg
The rapid provision of purified native protein underpins both structural biology
and the development of new biopharmaceuticals. The dominance of
Escherichia coli as a cellular biofactory depends on technology for solubilizing
and refolding proteins that are expressed as insoluble inclusion bodies. Such
technology must be scale invariant, easily automated, generic for a broad range
of similar proteins and economical. Refolding methods relying on denaturant
dilution and column-based approaches meet these criteria. Recent
developments, particularly in column-based methods, promise to extend the
range of proteins that can be refolded successfully. Developments in preparing
denatured purified protein and in the analysis of protein refolding products
promise to remove bottlenecks in the overall process. Combined, these
developments promise to facilitate the rapid and automated determination of
appropriate refolding conditions and to simplify scale-up.
Published online: 19 August 2002

Structural biology promises to add significant value
to information obtained from the human genome
project. In the race to define protein structure, and
hence binding sites, the ability to rapidly convert gene
sequences into soluble and crystallizable protein is a
http://tibtech.trends.com

source of significant competitive advantage in both
academic and industrial laboratories. Escherichia coli
retains its dominant position as the first choice of host
for reasons of speed and simplicity, although a key
disadvantage is the formation of insoluble inclusion
bodies for some gene sequences.
Inclusion bodies are dense aggregates of misfolded
polypeptide. They are formed intracellularly because
of the aggregating characteristics of the protein or the
inability of the cellular processes to ensure that the
expressed polypeptide is soluble and folded correctly.
Formation of inclusion bodies might be considered as a
dynamic equilibrium between the addition and removal
of partially folded proteins from the aggregate (Fig. 1)
[1], with the dominant driving force often towards the
insoluble state. The likelihood of the formation of
inclusion bodies will thus be determined by the
interplay between the molecular processing systems of
the cells and the thermodynamic drivers that cause the
self-association of polypeptides. Inclusion bodies are
usually located in the bacterial cytoplasm, although
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Fig. 1. Inclusion body (IB)
formation as a dynamic
process involving the
addition and removal of
incorrectly or incompletely
folded proteins (adapted
from [1]).
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secreted proteins can form inclusion bodies in the
periplasmic space. Some proteins incorporated into
inclusion bodies might possess elements of native
structure but this is usually considered to be minimal.
The protein must therefore be released from the
inclusion body and ‘refolded’ or ‘renatured’ to give its
native 3D structure. There is no universal method
for refolding proteins and the usual course when
confronted with an inclusion body is to search for an
effective refolding protocol or to examine an alternative
method of expression. If an effective refolding protocol
can be defined, the aim is to scale it rapidly to provide
preparative quantities (10–100 mg) of protein.
Protein refolding is also important in the
commercial manufacture of biopharmaceuticals.
The commercial driver for new products is speed –
the advantage of being first to market means that
moderate refolding yields can be tolerated.
Considerations are very similar to those in structural
biology and preparative protein refolding will
dominate during the early stages of new
biopharmaceutical development. As patent protection
expires, the driver will shift from speed to cost and the
aim will be to optimize refolding yields, maximize
volumetric productivity and minimize cost.
With speed being a driver for both structural biology
and biopharmaceutical development, only a limited set of
refolding strategies can be tested for any given protein.
Technology for protein refolding should therefore be:
• scale invariant – to ensure that results from
screening can be translated to preparative systems
and manufacture without significant changes in the
technology used;
• easily automated – to address the issue of speed and
to enable high-throughput processing of samples;
• generic for a broad range of similar proteins – so
that the technology does not have to be reinvented
for each new gene sequence;
http://tibtech.trends.com

• economical – to ensure that resources are not being
wasted if a large number of gene sequences or
protein variants is being examined, and possibly to
ensure streamlined transfer to manufacture.
This article focuses on those techniques that are
most likely to meet the above criteria. First, we discuss
inclusion body preparation and solubilization because
this is often a bottleneck in the overall preparation
of refolded protein. Then we focus on refolding
techniques that seem to meet the above criteria –
dilution refolding and column based refolding. Finally,
we review developments in assaying for renaturation.

Methods for preparing denatured protein involve
isolation of the inclusion bodies, with some removal
of contaminants, followed by solubilization using
concentrated chemical denaturant (typically urea or
guanidinium chloride, which are also known as
chaotropes because of their ability to disrupt the
structure of water) [2].
Inclusion bodies are usually released mechanically
or chemically from the cell [3], followed by
centrifugation or filtration. The success of this
separation can be variable and depends on differences
in the underlying composition, structure and
polypeptide conformation of the inclusion bodies.
For example, β-lactamase inclusion bodies have been
shown to contain 35–95% intact product, 5–50%
contaminating polypeptides, 0.5–13% phospholipids
and traces of nucleic acids, depending on the
expression system and growth conditions [4].
There is increasing evidence that contaminants
present in preparations of inclusion bodies can
significantly reduce refolding yield. In a study using
lysozyme from hen egg-white, contaminants were
selectively added to refolding mixtures and the effects
on the rates of folding and aggregation were monitored
[5]. Increases in aggregation, and hence decreases in
refolding yield, were observed when plasmid DNA,
lipopolysaccharide or proteins that aggregate on
folding were added to the renaturation mixture.
In a study on the refolding of recombinant human
macrophage colony stimulating factor, renaturation
yield was increased substantially when reduced and
denatured protein was purified by reversed-phase
chromatography before refolding [6]. Additionally,
some proteins will be sensitive to proteases associated
with the cell outer membrane. Babbitt et al. [7]
examined the recovery of creatine kinase from E. coli
and obtained a 100-fold increase in yield by detergent
washing to remove components of the cell wall from
the inclusion bodies. A similar beneficial effect of
improved debris removal has been observed for the
pilot-scale centrifugation of recombinant insulin-like
growth factor II inclusion bodies [8]. In a generic
sense, there is clear benefit in removing contaminants
before preparative protein refolding.
Contaminant removal during centrifugation can be
maximized by considering the physical processes
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involved. In density gradient separation, inclusion
bodies of in situ density 1.3–1.4 g ml−1 can be separated
from lighter outer membrane vesicles (1.22 g ml−1) and
denser ribosomes (1.5 g ml−1) [9]. However, density
gradient separation does not satisfy the aforementioned
criteria, and is rarely used for preparative work.
Consequently, the most common method of inclusion
body preparation involves mechanical or chemical cell
disruption followed by differential centrifugation to
separate the dense inclusion bodies from the lighter
cell-membrane components and soluble contaminants.
Figure 2a shows the size distributions of a suspension of
E. coli cell debris and protein inclusion bodies following
mechanical breakage of the cells [10]. A significant shift
in debris size is observed with repeated mechanical
disruption but debris distributions overlap with the
inclusion bodies. Fractionation cannot be achieved on
the basis of size. Figure 2b shows the size distributions
plotted against settling velocity – the denser inclusion
bodies settle faster. The importance of repeated cell
disruption on the efficiency of centrifugal separation is
apparent because particles with an identical settling
velocity will not be separable by centrifugation. The
benefits of repeated mechanical disruption are clear. In
general, the separation achieved by centrifugation will
be imperfect and will vary with culture conditions (i.e.
inclusion body properties), the efficiency of mechanical
cell disruption (i.e. cell debris properties) and centrifuge
geometry. The optimum can be calculated for any
system but this is impractical unless optimization is
required for subsequent scale-up. The normal approach
is therefore to use harsh centrifugation conditions that
collect most of the inclusion bodies and a significant
amount of the particulate contaminant. Repeated
washing with denaturant (1–4 M urea), sucrose or
detergents is then performed to reduce contaminant
levels, but this is at the expense of increased cost and
complexity [11]. The success of this washing strategy
can also be system specific, depending on the ease of
inclusion body resuspension following centrifugation.
However, a robust laboratory method is available and
involves a combination of enzymatic and mechanical
disruption on harvested cells, enzymatic digestion of
DNA, treatment with Triton X-100, centrifugation to
harvest the inclusion bodies and finally resuspension in
Tris buffer followed by another centrifugation step [12]
(Fig. 3a). This procedure is often simplified during
scale-up, resulting in reduced inclusion body purity.
Following preparation of an acceptably pure
inclusion body paste, inclusion body solubilization is
usually conducted in concentrated denaturant (urea
or guanidinium chloride, GdmCl) [11]. Reducing agent
(e.g. 1–500 mM dithiothreitol, DTT) is added to reduce
any misformed disulphide bonds [11]. An interesting
alternative is the use of non-detergent sulfobetaines,
which both solubilize and stabilize the denatured
protein and which might interfere with the formation
of aggregation-prone intermediates during refolding [13].
Detergent (cetyltrimethyl ammonium chloride, CTAC)
has also been used to solubilize and denature inclusion
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Fig. 2. (a) Size distributions of cell-wall particulate material (cell debris) and
of recombinant inclusion bodies in the same suspension. N is the number
of times the material was passed through a laboratory homogenizer.
Frequency distributions for cell debris were derived from the cumulative
size distributions reported previously (see Table 2, fermentation C1
in [10]). The inclusion bodies were assumed to have a normal size
distribution of mean 0.38 µm and standard deviation 0.1 µm (see Fig. 7
in [10]). (b) The frequency data from (a) plotted against settling velocity.
Velocity was calculated using the Stokes equation with a viscosity of
1.85 × 10−3 kg m−1s−1, cell debris density of 1085 kg m−3, and inclusion body
density of 1260 kg m−3 [10]. Note that [10] determined settling velocity
distributions directly, and then transformed them to size distributions
using the Stokes equations and the stated values of viscosity and density.

bodies of recombinant porcine growth hormone [14].
Protein solubilized using CTAC was shown to have
some secondary structure (10–15% α-helix and
30–40% β structure), whereas protein solubilized in
6 M GdmCl or 7.5 M urea showed no α-helix content.
This increase in starting secondary structure
following solubilization translated into a higher
refolding yield (50% versus 20%). The generic
applicability of these methods still needs to be
demonstrated, thus the current method of first choice
remains complete solubilization and reduction.
It is apparent from the preceding discussion that
the most common method for inclusion body
preparation, namely cell disruption followed by
centrifugation, meets none of the criteria specified
earlier. This has led to a search for alternative methods
of preparing solubilized and denatured protein ready
for refolding. Direct chemical extraction methods
employing minimal centrifugation washes offer the
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Fig. 3. Alternative methods for preparing denatured protein by solubilizing inclusion bodies.
Method (a) purify then solubilize; method (b) solubilize then purify. Specific protocols are from [12] for
method (a) and [17] for method (b). Method (b), as reported in [17], used an immobilized metal-affinity
chromatography (IMAC) matrix with an iminodiacetic acid (IDA) or nitrolotriacetic acid (NTA) ligand.
Numerous variations exist for each protocol. The time for extraction in method (b) can be minutes at
low cell concentration in the presence of a reducing agent [16]. An alternative chromatographic
purification method (e.g. hydrophobic interaction or ion exchange) might then be needed to prevent
the reduction of metal ions during IMAC.

best promise for automated preparative work.
Swartz and co-workers pioneered this technique for
periplasmic inclusion bodies [15]. E. coli cells in
fermentation broth were extracted under alkaline
Table 1. Common additives used in refolding buffers
Additive

Typical concentration

Urea (denaturant)
Guanidinium chloride
Arginine
Glycerol
Sucrose
Lauryl maltoside
Polyethylene glycol (3550 MW)
Tris buffer
Triton X-100
Acetamide
n-hexanol
Salts (NaCl, Na2SO4, K2SO4)

2M
1M
0.5 M
0.4 M
0.4 M
0.3 mM
0.05% w/v
0.5 M
10 mM
2M
5 mM
0.5 M

http://tibtech.trends.com

conditions (pH 10) in the presence of 2 M urea and
10 mM DTT. The low concentration of urea enabled
simultaneous extraction and refolding, and integration
with a two-phase recovery method gave 70% cumulative
yield of insulin-like growth factor I (IGF-I). For
cytoplasmic inclusion bodies, virtually complete
extraction of a variant of IGF-I from cytoplasmic
inclusion bodies has been achieved using 6 M urea,
3 mM EDTA and 20 mM DTT at pH 9.0 [16]. This
approach has been extended to the direct extraction of
a recombinant viral-coat protein from the cytoplasm of
E. coli, at high cell density (OD600 = 130) and without
the use of reducing agent [17]. Extraction was done
directly on cells in fermentation media, overcoming
the need for a cell harvest stage. DNA was removed
selectively by the addition of 35 mM spermine directly
into the extraction mixture, followed by low-speed
centrifugation [17,18]. The extracted denatured protein
was recovered at 70% overall yield and 89% purity by
immobilized metal affinity chromatography, following
the addition of calcium chloride to bind residual EDTA.
The procedure is summarized in Figure 3b. The
protein, following elution, is ready for refolding
assessment or for column refolding.
The preparation of purified denatured protein is a
major bottleneck in preparative protein refolding. The
techniques most likely to satisfy the criteria specified
earlier are summarized in Figure 3. The outcome is
denatured protein ready for use in either dilution
refolding or in further column-based operations.
Refolding by dilution

Protein refolding is initiated by a reduction in denaturant
concentration and, in oxidative protein refolding,
by altering the redox environment to enable disulphide
bond formation. The simplest and most widely used
method for reducing denaturant concentration is by
dilution into an appropriate refolding buffer. Two
processes occur: first-order refolding and higher order
aggregation [19]. Refolding at dilute protein
concentrations (<10 µg ml−1) minimizes aggregation.
Such low concentrations are impractical for preparative
work, so yield is maximized by altering the mode of
denaturant dilution or by using folding enhancers.
As the kinetic scheme for protein refolding involves
competing first- and higher-order reactions, theory
tells us that selectivity for the desired monomeric
product is maximized by maintaining a low
concentration of denatured protein [20]. Rudolph and
co-workers first recognized this and patented a ‘pulsed
renaturation’ method, whereby the denatured protein
is added to the refolding buffer in pulses [21]. This
strategy is useful for preparative work but impractical
when searching for a suitable refolding buffer. Various
additives are therefore used to enhance refolding yield
and minimize aggregation. A summary of commonly
used additives is provided in Table 1, and further
specific details are provided elsewhere [12].
As no universal refolding buffer can be identified,
it is necessary to screen a limited set of conditions for
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each protein. Yasuda et al. [22] conducted an extensive
screen of refolding additives in buffer containing
various concentrations of guanidinium chloride.
Water-soluble polymers [e.g. polyvinyl pyrrolidone
(PVP) and poly(ethylene glycol) (PEG)] and
surfactants (e.g. Triton-X 100 and Triton N57) exerted
a negative influence on refolding yield, whereas urea,
urea derivatives, acetone and acetoamide improved
refolding yield. Cleland and Wang have previously
shown that the addition of PEG to refolding buffer
improved the yield of carbonic anhydrase (CAB)
during refolding [23], emphasizing that additives that
are good for some proteins might be bad for others.
Formal screening methods have been developed.
One of the first studies used a matrix of 50 different
buffers originally developed for crystallization [24].
Buffer conditions were identified that facilitated
the refolding of eight of the nine proteins tested.
A fractional factorial folding screen involving eight
factors and two levels has been used to optimize the
refolding of procathepsin S and cathepsin S [25]. An
alkaline pH was beneficial for each protein but it was
found that addition of arginine improved the yield of
procathepsin but not of cathepsin. The final buffer for
cathepsin refolding contained only Tris buffer, glycerol
(vital) and a redox couple. By contrast, procathepsin
refolding required arginine, detergent, sodium
chloride and a redox couple. This study emphasizes
that distinct but related proteins will fold differently
in different buffers. A partial factorial design has also
been used to optimize refolding conditions [26]. Twelve
factors are tested in 16 different folding conditions.
A factorial screening kit based on this method is now
available commercially as the FoldIt kit (Hampton
Research, Laguna Niguel, CA, USA).
Buffers will also need to be supplemented with
appropriate redox agents if the formation of disulphide
bonds is required for native structure. This is discussed
in detail elsewhere [11]. Refolding from mixed
disulphide has been successful for numerous proteins.
The denatured protein is incubated with either oxidized
glutathione or a mixture of sodium sulfite and sodium
tetrathionate. Disulphide interchange is then initiated
by introducing a low concentration of a reducing agent
(e.g. cysteine or DTT). As an alternative, the glutathione
renaturation system is simple and is widely used for
preparative work. A mixture of reduced and oxidized
glutathione is added to the renaturation buffer in a ratio
ranging from 10:1 to 1:1, with a reduced glutathione
concentration in the range 0.1–1 mM. Refolding is
usually conducted at alkaline pH (pH 8–9), to promote
thiolate anion formation and hence disulphide
exchange. The cost of glutathione agents
is substantial and, in some cases, the use of a
cysteine–cystine couple provides a cost-effective
alternative. For example, human retinal-binding
protein has been refolded successfully in a buffer
containing 3 mM cysteine and 0.3 mM cystine [27].
Dilution is a simple and approximately
scale-invariant method of protein refolding.
http://tibtech.trends.com
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Generic screens that aid in the identification of
suitable refolding conditions for some proteins have
been developed. Cost effectiveness is achieved by
avoiding expensive additives and thiol agents,
depending on the intended scale of preparative work.
Finally, refolding yields can be further improved on
transfer to manufacture by altering the mode of
reactor operation (e.g. by using ‘pulsed renaturation’).
Column refolding

Refolding using packed columns is attractive because
it is easily automated using commercially available
preparative chromatography systems. There are three
basic approaches: (1) immobilization of the denatured
protein onto a matrix and subsequent denaturant
dilution to promote refolding; (2) denaturant dilution
using size exclusion chromatography (SEC); and
(3) immobilization of folding catalysts onto
chromatographic supports so that the column behaves
like a catalytic folding reactor.
Immobilization of denatured protein onto a matrix
can be achieved through non-specific interactions or
through specific affinity interactions. The aim is to
isolate individual protein molecules spatially, thus
inhibiting aggregation. Creighton [28] showed that
horse cytochrome c could be adsorbed from urea
onto an ion exchange matrix and subsequently
refolded. Success is very protein specific because
protein–matrix interactions can prevent refolding.
Significant empirical optimization is required for each
protein. Affinity interactions are generally preferred
because these allow binding through specific domains,
with the bulk of the protein free from the surface
and hence able to refold. N- or C-terminal cationic
hexa-arginine peptides have been fused to
α-glucosidase to enable specific immobilization on
a polyanionic support [29]. Refolding conditions
require careful optimization because of non-specific
protein–matrix interactions. Low concentrations of
salt promoted ionic interactions with the matrix and
hence reduced yield, whereas high salt promoted
hydrophobic interactions that prevented renaturation.
Other conditions, including pH, temperature,
cosolvents and matrix material, had to be screened
carefully. However, under optimized conditions,
folding could be conducted at significantly higher
concentrations than those achieved in dilution
refolding (5 mg ml−1 compared with 15 µg ml−1).
Nickel-chelating chromatography has also been
used for affinity immobilization and refolding.
Rogl et al. used this approach to refold membrane
proteins produced as inclusion bodies in E. coli [30]
and it has also been used for the oxidative refolding of
mammalian prion proteins [31]. Nickel-chelating
chromatography is attractive because cloning vectors
with N- or C-terminal histidine tags are readily
available. However, conditions must be optimized
carefully to ensure that metal-ion reduction does not
occur because of the carryover of reducing agents from
solubilization. An alternative and interesting method

442

Review

TRENDS in Biotechnology Vol.20 No.10 October 2002

using a cellulose-binding domain (CBD) has also been
reported [32]. In 6 M urea, the CBD retains its ability
to bind specifically to a cellulose matrix, whereas the
attached fusion protein is denatured and free to refold.
High yield refolding of single chain antibodies was
obtained (~3 times the yield obtained by dilution).
Refolding by SEC aims to inhibit aggregation by
restricting the diffusion of various protein forms in the
refolding mixture. The technique was developed by
Werner et al. [33]. The refolding of hen egg-white
lysozyme (HEWL) and bovine carbonic anhydrase has
subsequently been achieved using Sephacryl S-100
size exclusion matrix from very high initial protein
concentrations of up to 80 mg ml−1 [34]. High dilution
factors are achieved during SEC refolding and
consequently the final sample concentration is
significantly reduced. For HEWL, overall refolding
yield varied between 46% and 83%, depending on the
starting and hence final protein concentration.
Comparable yields were achievable by simple
batch dilution but at high residual denaturant
concentration. For example, the highest SEC yield of
83% was achieved for a feed containing 9.6 mg ml−1
of denatured protein, giving a refolded protein
concentration of 0.18 mg ml−1 after dilution in the
SEC column. By direct dilution into refolding buffer,
a yield of 85% was achievable at a similar final protein
concentration for a fourfold dilution from the
denatured state. A variation is to equilibrate the
SEC column with a gradient of denaturant [35].
The denatured protein then experiences a gradual
decrease in urea concentration as it passes through
the column. Results for HEWL suggest that the
efficiency of this approach, based on the mass of
protein refolded per volume of chromatographic resin,
is threefold that of standard SEC refolding. These
studies suggest that SEC refolding offers no
significant advantage over simple dilution in terms of
the yield at a given final protein concentration, at least
for lysozyme. However, SEC has a key advantage over
simple dilution refolding – material leaving the
column has been fractionated on the basis of size. It is
therefore possible to obtain refolded protein free from
any contaminants present in the initial solubilization
solution, and also free of aggregates and any residual
unfolded protein. For preparative work these benefits
can be of significant advantage.
Catalytic column refolding exploits the action of
naturally occurring enzymes. Fersht and co-workers
developed an oxidative refolding chromatography
column that has three components immobilized on
agarose: (1) GroEL minichaperone, which can prevent
aggregation; (2) DsbA, which catalyses the oxidation
and shuffling of disulphide bonds; and (3) peptidylprolyl isomerase. The matrix has been used to refold
denatured and reduced scorpion toxin Cn5 [36],
which has not been previously refolded in reasonable
yield. A yield of 87% was achieved. Oxidative
refolding chromatography has also been used to refold
and assemble CD1, a major histocompatibility
http://tibtech.trends.com

complex (MHC) class I-like antigen-presenting
molecule [37]. Previous attempts to refold MHC class I
molecules in vitro have required the presence of
ligand. This form of column-based catalytic refolding
promises to extend the range of proteins that can be
refolded preparatively from inclusion bodies.
Analytical methods

The production of native protein via the inclusion body
route is practical only if there is a sensitive analytical
method to determine the success, or otherwise, of
refolding. Obvious analytical methods exist, depending
on the nature of the protein that has been refolded.
Enzyme renaturation can be probed using a suitable
activity assay, as commonly done for lysozyme.
Therapeutic proteins can be assayed using
immunoassays when a suitable antibody exists, or by
using suitable bioassays. Proteins that possess internal
aromatic amino acids can be probed using intrinsic
fluorescence (e.g. tryptophan). Protein aggregation can
be determined by measuring turbidity at 450 nm.
Circular dichroism measurements give an indication
of secondary structure, although interpretation of
spectra can be difficult, as can automation. Limited
proteolysis has been used routinely to assess the
compactness of native states and, logically, can be
used to compare proteins refolded in different
environments. Heiring and Muller developed the
‘folding screen assayed by proteolysis’ method to
exploit this type of analysis in a screening format [38].
Newer techniques are also being developed to
complement these traditional assays and to provide
information on the success or otherwise of protein
refolding for those proteins that cannot be assayed
using an obvious method. Online determination of
molecular weight following SEC is now possible [39].
The eluate from an SEC column is probed with online
light scattering and a refractive index detector to give
the molecular weight of the polypeptide. This is
particularly useful for detecting so-called soluble
aggregates, which have been demonstrated following
the expression of viral-coat protein fused to
maltose-binding protein [40]. An interesting
development is online capillary isoelectric focusing
electrospray ionization mass spectrometry [41]. This
technique detects refolding intermediates containing
different numbers of disulphide bonds, and even
mixed disulphides, following blockage of free thiols
with iodoacetate. It can also determine conformational
heterogeneity among groups of refolding
intermediates. Real-time nuclear magnetic resonance
(NMR) could also be developed as a viable analytical
technique [42]. Finally, sophisticated variants of
normal spectroscopy, such as multispectroscopic
monitoring (far and near UV circular dichroism,
fluorescence and UV spectrometry), coupled with
detailed analysis of spectra, can give information on
different protein conformations in solution [43].
New analytical methods will continue to be
developed as the drive towards automation in the
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proteomics field continues. At present, a combination
of the methods outlined above can provide information
on the success of refolding and allow a comparison of
different refolding environments or methods.
Conclusions

The aim of preparative protein refolding is to obtain
renatured protein from inclusion bodies quickly and
using procedures that are minimally complex and
easily automated. The first step involves preparing
denatured and reduced protein of adequate purity for
subsequent refolding (suitable methods are outlined
in Fig. 3). Subsequent refolding can be achieved
either by direct dilution or by column-based
operations. Dilution is simple and enables the
easy screening of additives and redox agents.
Column-based methods can improve yield or
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integrate the separation and renaturation steps.
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