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Abstract

Continuous matrix assisted refolding (MAR) can be achieved on a solid support by using a continuous chromatographic system. Recycling the
aggregate fraction, simultaneously formed during a refolding reaction, can further increase the refolding yield. Due to the nature of this reaction
aggregates are the main reason for arefolding yield below stoichiometric conversion. A preparative continuous annular chromatographic system
(P-CAC) equipped with an ion exchange resin was used to continuously refold the model gflateialbumin. For this purpose, this protein
was denatured, reduced and adsorbed on the ion exchange resin. Elution was performed with or without redox reagents in the buffer system
permitting fast formation of the native disulfide bonds. In the case redox reagents were present, the protein refolds then during its residence
time on the matrix. However, aggregate formation is also increased and refolding yields are lower. Tightly bound aggregates were removed
from the column by 2 M guanidinium hydrochloride. In order to increase the system yield, this aggregate fraction was recycled after lowering
the conductivity by ultradiafiltration and adjustment of the protein concentration by dilution. For on-column refolding, recycling of aggregates
at a recycling rate of 0.17 increased the system yield from 25% to 30%. An algorithm was developed to show interdependencies of the
single influencing parameters. The operability of the system was demonstrated but limitations due to instability of the P-CAC, especially
inhomogeneous flow and peak wobbling, have to be considered.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction CHO and BK cells. Subsequent capture for product isolation

and ensuing product purification is mostly achieved by chro-

At first glance, continuous bioprocesses seem to be morematography in batch mode. Therefore, the concept of a con-

complex and therefore require more effort to be established.tinuous bioprocess is interrupted. By coupling a continuous
However, in most cases, major benefits pay off augmented de-chromatographic process with continuous fermentation, the
velopmenttime and resources. Advantages of continuous bio-harvested broth has not to be stored, dwell times of the chro-
processes compared to batch bioprocesses include reducenhatographic unit can be reduced, sanitation of the column has
space required for storage of the feed and product solutionsnot to be effected as often as in batch mode and throughput is
and lower residence time of the product in the process facility. in general higher for continuous chromatographic systems.
These features of continuous processes are worth thinking ofThis approach was used for fermentation and isolation for
scaling a batch process to a continuous fifje Recombi- blood coagulation factor VII[1].
nant protein production is often effected by continuous fer-  Continuous chromatographic systems have already been
mentation ofE. coli, yeast and mammalian cells, such as developed early including simulated moving bed (SMH)

in 1961, carousel chromatograpidy in 1961 and continuous
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by a true moving bed can be simulated in SMB technology. A further improvement of a refolding procedure is a
An assembly of columns is connected to buffers and to the combination of both techniques. Hence, continuous ma-
feed solution. By switching interconnecting valves in dis- trix assisted refolding was designed using a P-CAC system
tinct time intervals, the moving of the chromatographic bed equipped with an ion exchange sorbent. Other continuous re-
is simulated. The technology has been successfully appliedfolding approaches are fed batch addition of denatured pro-
for separation of enatiomef§], amino acids, sugars, hy- tein to a folding solutiorj20] or development of a ceramic
drocarbons and even proteins. In carousel chromatographyflow type reactof21]. In these examples, simultaneous prod-
multiple batch columns are arranged in a circle. The columns uct purification and refolding is not achieved. During a re-
are rotated like a carousel and distributors on the top and bot-folding reaction, a certain fraction of protein is always lost
tom of the columns are used to direct the respective flows. due to formation of aggregates. Therefore, refolding yields
Annular chromatography is termed annular because the bedare often considerably low. These aggregates can be separated
is filled in an annulus between an inner cylinder and an outer from the monomer with size exclusion chromatography. Re-
glass jacket. The cylindrical assembly rotates whereas thecycling of this aggregate fraction increases the overall yield.
sample solution and the buffers are applied on the top of the The disadvantages of using size exclusion chromatography
bed through fixed nozzles. Separation occurs in crossfloware the limited feed volume that can be loaded on the column
direction, the whole chromatographic bed is used becausefor sufficient resolution and the low flow velocity. Therefore,
the sample migrates not only in horizontal direction but also throughput in size exclusion chromatography is low.
in vertical direction. In contrast to SMB, multicomponent In a previous paper, we described continuous matrix
separation can be achieved. Secondly, the set-up is less comassisted refolding by size exclusion chromatography with
plicated, as switching times of the valves and connections of recycling of the aggregates formed during the refolding
buffer pumps, valves and columns drop out. In CAC, only reaction in the column. These aggregates are separated from
step or isocratic elution can be performed. CAC systems arethe native monomer due to their higher molecular mass. The
commercially available and have been used for preparativeaggregate fraction was than concentrated by a lab scale UDF
purification of sugars, metal ions, amino acids and proteins. unit and recycled at various rates. Due to isocratic elution
The system was further improved by the possibility of ap- of the aggregate fraction, recycling could be performed after
plying a slight pressure, it was then termed pressurized an-protein concentration with an ultrafiltration unit without
nular chromatography (P-CAC). P-CAC has been operatedfurther conditioning. As mentioned earlier in SEC, the feed
with different chromatographic techniques for protein purifi- volume should not exceed 5% of the total column volume
cation. Size exclusion chromatography (SEC) was first stud- [22]. Thus, the feed stream of the P-CAC system operated
ied by Sisson et a|6] and later applied, e.g. for purification in SEC mode was only 1.4% of the sum of all streams. In
of recombinant green fluorescence protgih removal of contrast, in ion exchange chromatography (IEX), the feed
IgG aggregates from the monon{&;9] and purification of volume is not a limiting factor. The feed volume often exceeds
lipase[10]. lon exchange was used for purification of blood the total column volume. Thisis considered as a major advan-
coagulation factor VIII[1], factor IX [11] and antibodies  tage of IEX over SEC for continuous refolding of proteins.
[12]. A model to predict elution behavior in P-CAC was Even extremely dilute solutions can be efficiently processed
developed from ion exchange chromatographic experimentswith a small column compared to SEC. lon exchange media
[13,14] have in general high binding capacities and usually a high
In some biotechnology processes, recombinant proteinflow velocity can be applied. Matrix assisted refolding on
can be directly captured from fermentation supernatants un-ion exchange resins in continuous mode with aggregate recy-
der the precondition that the product is secreted. Bacterial cling combines all advantages of the single methodologies.
host cells often deposit the product in the cytoplasm as insol- Here, we describe continuous refolding of a model protein
uble protein aggregates, termed inclusion bodies. Purificationon an ion exchanger with recycling of the aggregates.
requires previous dissolution with chaotropic agents and sub-
sequent refolding to obtain native protein conformation and
biological activity. As this step suffers from low yield, op- 2. Theory
timization of the refolding procedure is a challenging task
and has been the reason for development of alternative tech- An algorithm was developed to calculate the set-up for
nigues. One of the most promising methodologies is refolding continuous refolding with annular chromatography in com-
on a solid support, termed matrix assisted refolding (MAR) bination with diafiltration. Operation variables are highly
[15—18] With this methodology, highyield of the native prod- interdependent. Only few parameters have to be estimated
uct and reduction of process times and buffer volumes canexperimentally. Some values are given through the operabil-
be realized. Using an ion exchange resin with usually high ity of the system. The set-up of the refolding unit is shown
binding capacities as a matrix, a large volume of dilute feed schematically irFig. L The main parts are the P-CAC unit
solutions can be process§td] in a batch operation. Ad-  (A) and the diafiltration unit (B). The operation of this con-
vantages of both, continuous processes and matrix assistetinuous refolding process consists of three phases. The first
refolding are elucidated. phase is the time interval prior to first elution of the regener-
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Fig. 1. Experimental set-up for continuous MAR with a pressurized continuous annular chromatographic system (A) and recycling of aggregamesioncomb
with an ultradiafiltration device (B)-o—F7: flows; co—C3: protein concentrations in the various sections of the system. For explanations, see text.

ate; the second phase is a transition phase between elution of he yield (Y1) of the chromatographic process is:
regenerate and reaching the steady state when the regenerate 0

is recycled. The third phase starts upon establishment ofY; = 22 (4)
steady state. When starting the operation, the initial protein 01

solution with concentrationg is pumped at a certain volume  The mass flow of the regenerafs was recycled. Prior to
flow rateFq to the P-CAC, yielding a mass flow ofFp = Qo. reloading, it has to be diafiltrated and the protein concen-
In the second phase, the protein concentration of the regen-ration has to be adjusted. The mass flow of the recycling
erate that is then the recycle solution is adjusted to the samesolution after diafiltration and adjustment of the protein
protein concentration as the initial solution. The recycle solu- concentration iQ4. Recycling of aggregates reduces the
tion is mixed at a volume flow rate; with the initial solution mass of protein that has to be provided initially. To express
that is pumped at a volume flow rate B§ to the system.  the benefit of recycling, a system yield is defined. It relates

The resulting volume flow rate of the feed solutiorFis the mass flow of the recovered native protein to the to the
mass flow of the initial solution:
F1=F7+ F 1 02
1=Fr+ Fo 1) Yo = 22 5)
Qo
The mass flow of the feed stream is thiigeo=Q1. The For evaluation of the system, not only the yield of native
recycling rate is defined as: product is of interest, but also total recovery of the protein in
all exit streams of the P-CAC system must be considered to
_Fr  h—-Fy 2 judge if protein is accumulated in the matrix. Additionally,
R= R @ recovery is a measure of protein loss during the process

due to protein precipitation and experimental errors during

In case of no recycling, the mass flow of the feed stream manual collection of the eluate. It is defined as follows:
(Qy) is the mass flow of the initial strear@g). The column 02+ 03 6
is equilibrated with equilibration buffer at a volume flow "= 01 ©6)
rateF», elution is performed at a flow velocity &5 and the
column is regenerated at a regeneration flow velocitly of
The native protein fraction elutes at a certain fleswith a
protein concentrationy, that gives a mass flolsc, = Qo,
whereas the regenerate elutes with a flow velocitifgand

a protein concentratiooz. The mass flow of the regenerate
is Fgc3 = Q3. The mass balance of the system is:

A detailed drawing of the ultradiafiltration process with the
respective streams is shownhig. 2 The regenerate stream
Q3 is pumped to the UDF unit and diafiltrated against a
buffer solution that keeps the protein in the denatured and
reduced state but has a conductivity low enough to permit
reloading to the ion exchanger. The conductivity of the feed
stream is a key parameter and the extent of diafiltration
and subsequent dilution are determined by this parameter.
01=02+ 03 3) The protein regenerate elutes in higher concentration than
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Fig. 2. Detailed drawing of the ultradiafiltration (UDF) process<s: pro-
tein concentrationFp, Fg, Fp, Fr: flow of permeate, diafiltration buffer,
dilution buffer and retentate flowg1, Fo, Fg, F7: flow of initial solution,
feed solution, regenerate and flow of the recycling solutigr; krs, «B,s,
KD,S, ki,s, k1,5 conductivity of regenerate, retentate, dilution buffer, which

is also diafiltration buffer, recycle solution, initial solution and feed solution.

ki s is the conductivity of the initial solution, and sis the
conductivity of the feed solution. Both values are given.

Two preconditions arise to operate the system continu-
ously. First, the conductivity of the recycling solution has to
be lowered to a value that still permits adsorption. Second,
the protein concentration in the recycling solution must be
adjusted to be the same as the initial feed solution in order to
maintain a steady state and thus to be able to develop an al-
gorithm. The algorithm is valid if the following assumptions
apply. At the time the continuous chromatography process is
in steady state, the mass flow of the native protein as well as
the one of the regenerate are constant. The conductivity in
the regenerate stream is constant.

Inthe following, itis described how to calculate the respec-
tive parameters for continuous matrix assisted refolding with
recycling of the aggregate fraction. A short overview about
the order how to calculate the properties of the respective
streams is given ifrig. 3. The process yield of the refolding
reaction must be determined from earlier batch column ex-

the feed solution due to the adsorptive properties of the ion Periments and then the mass flow of the native protein can
exchanger. Thus, after diafiltration the protein solution is be calculated from Ed4). For arecovery of 100%, the mass
adjusted to the initial feed concentration by dilution with the Palance of Eq(3) then gives the mass flow of the regenerate.
same buffer as used for diafiltration. The recycle solution is The flow of the regenerate is one parameter that has to be de-

pumped at the flow rateé; to the feed stream. It was found

that molarity of the guanidine hydrochloride (Gdn-HCI) so-

lution is linearly related to its conductivity for a molarity up

to 2 M. Therefore, volume flow rates and their conductivity

during the UDF process can be equated as follows:

Fsko,s + FekB,s = Fpkr s+ FRKR S (7)

whereFg is the flow of the regenerateg s is its conduc-
tivity, Fg is the flow of the diafiltration buffer andg s the
respective conductivityHig. 2). Fp andFg are the flow of
the permeate and retentate atgls is their conductivity.

During diafiltration, the permeate flow equals the diafil-
tration buffer flow. The retentate is continuously pumped
out of the reservoir of the diafiltration unit. The system is

termined experimentally. The number of fractions containing
the regenerate determines the entire volume. The number of
fractions containing the regenerate is thus dependent on the
base width of the regenerate peak. The protein concentration
in the regenerateap, is derived from the mass flo®@s and

the volume flow rate of the regenerafg;. The regenerate

is pumped withFg to the UDF unit. It is provided that the
diafiltration membranes have a rejection value (Rj) of 1 that
is defined in Eq(11) [23]:

Rj=1- P (11)
CR

cp is the protein concentration in the permeate epds the
protein concentration inthe retentatecsequalsg. Eq.(11)
should demonstrate that this assumptionis only true in case no

balanced if the retentate flow is the same as the regeneratgyrotein is found in the permeate. To maintain constant volume

flow, Fg:

Fs=Fp and Fg= Fr

After diafiltration, the retentate is continuously diluted with
diafiltration buffer in order to adjust the protein concentra-
tion. Again, volume flow rates and respective conductivities

(8)

can be equated by the following expression:

Frkr,s + Fpk,s = Frkp,s

kp,s is the conductivity of the final solution that is recycled

9)

and Fp is the volume flow rate that is used for dilution of

the retentate.

The recycle solution is mixed with initial protein solution
yielding another equilibrium:

Foki s+ Frkp,s = Fik1s

(10)

in the reservoir of the UDF unit, the retentate is continuously
pumped out with the flow that is the same as the regenerate
flow, Fg (see Eq(7)). This solution is then diluted with the
same buffer as used for diafiltration. The ratioaafto ¢y
determines the dilution factor, DF:

c3 Iy

DF = (12)

co  FRr
It further determines the ratio of the resulting recycle stream

(F7) to the retentate streanfg), as the recycle stream is
defined as follows:

F7 = Fp + Fr (13)

Fp is the diafiltration buffer volume flow rate. Combining
Eqg. (12) with Eq.(13) gives an expression féip:

Fp = Fr(DF — 1) (14)
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Initial solution
Co: 0.1 mg/ml Fy: 4.2 mg/ml, Q,: 0.42 mg/min

K o2 0.8 mS/cm

Initial solution
¢t 0.1 mg/ml Fy: 1.37 mg/ml, Q,: 0.137 mg/min

K ¢: 0.8 mS/cm

Yield (experimentally)
Y, =0.31
v

P —

Feed solution
¢yt 0.1 mg/ml Fy: 4.2 mg/ml, Q,: 0.42 mg/min
¥ g' 1.2 mS/em (equ. 1.2)

Mass flow of native eluate
Q,= 0.13 mg/min (equ.4)

Mass flow of regenerate
Q,= 0.29 mg/min (equ.3)

Fe= 1.9 m/min

Flow of regenerate (experimentally)

Cy = Cr=0.153 mg/ml
Ko 110 mS/cm

Protein concentration of regenerate = retentate

AV

Dilution factor
DF = 1.53 (equ.12)

]

Flow of retentate
Fr=1.9 ml/min (equ 8)

Flow of dilution buffer
F=1.01 (equ.14)

Y2

F;=2.91 ml/min (equ.13)

Flow of recycle solution

Recycling rate
Rmax= 0.69 (equ.2)

Kp gt 1.38 mS/cm (equ.15)

Conductivity of recycle solution

Kng 1.58 mS/em (equ.16)

Conductivity of retentate

A4

Fp= 355 mi/min

Flow of permeate

Fig. 3. Flow chart of how respective parameters were calculated for an intended experiment and results of the cited equations.

F7 is the recycling flow for a maximal recycling rate. The
recycling rate can be calculated from Egj). The maximum
possible conductivity of the feed still permitting protein bind-
ing on the resin is a specific value;(s). The resulting con-
ductivity of the recycle solution s) is obtained by combi-
nation of Eqs(1), (2) and (12and subsequent rearrangement:

_ k15— (11— R)kis
R

KD.S (15)
After the maximum conductivity of the recycling solu-
tion (xp ) is calculated, the conductivity of the retentate
(kr,9) that has to be achieved by diafiltration is determined
by the dilution factor, DF, defined in Eq12). Inserting
Egs.(12) and (14)nto Eq.(9) and rearrangement, the con-

ductivity of the retentate can be calculated:

kRr,s = kB,s + DF(kp,s — kB,S) (16)

The task is to design such an UDF process in order to fulfill
this requirement. According to the mass balance of (£).
the permeate flow can be calculated:

_ FRr(kos — kr;s)
KRS — KBS

Fp (17)

The maximal recycling rate is obtained when the whole re-
generate is recycled. The maximal recycling rate is:

Fi
Rimax = 5pE (18)
P
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with 0.1% TFA. Different folding forms of the protein were
10 eluted with a linear gradient from 34% to 45% eluent B in
08 20 min, regeneration of the column was effected by a step
' gradient to 90% B. The detection wavelength was 214 nm
06 and the flow rate was 1 ml/min.
=
0.4 3.3. Equipment
0.2 The continuous annular chromatograph was from Prior
Separation Technology @#zis, Austria). The main eluent
0.0 4 ; . . . was applied with a P-6000 pump, the feed and the elution
0.0 0.2 0.4 06 08 1.0 buffer were pumped with a P-500 pump and the regeneration

R solution was applied to the column with a P-50 pump. All

Fig. 4. Dependency of the system yield on recycling rate according to Eq. pumps were f“?m Amersham BIOSCIEHCGS (Uppsal_a, Swe-
(19) for different process yields®) Y1 =0.05; () Y1 =0.1; (¥v) Y1=0.2; den). For protein HPLC analysis of the concentration and
(V) Y1=0.3; @) Y1=0.4; () Y1 =0.5. conformation, a LC 1100 HPLC system was used (Agilent
Technologies). For diafiltration of the regenerate, a tangen-
The system yieldYo) depends on the recycling rat®)@nd  tja| flow laboratory ultrafiltration unit (Labscale TFF system,

the process yieldYy). The relationship is described by: Millipore) was used. The system was equipped with three
Y1 Pellicon XL Biomax PLCGC membranes with a nominal
Yo= 1% (19)  molecular mass cut off of 10 kDa.

Under the precondition that the protein concentration of the
recycle solution is the same as the one of the feed solution,
the recycling rate is:

_9s
01
As Qs is always smaller tha@;, R can never be 1 and thus

Eq. (20) can always be solved. The increase in system yield
(Yo) with recycling rate for various values &f is shown in

3.4. Continuous matrix assisted refolding

Experimental conditions of MAR on a batch column were
scaled to the continuous column by keeping the superficial ve-
locity uand the column bed height constant. Column volumes
concerning equilibration, feed, wash out, elution and regen-
eration were the same as for the batch column. Conditions
from the batch column were transferred to the continuous
column by the relationship:

R (20)

Fig. 4
t = wb (21)
3. Materials and methods wheretis the time in a batch chromatographyis the angular
velocity and® is the angle at that either buffers are applied at
3.1. Protein and chemicals the top or elution of the respective stream occurs at the bot-

tom. Buffers were designed either to enable protein refolding

C&* depleted bovinex-lactaloumin and monothioglyc-  in the eluate or on the column, respectively, as described in
erol were from Sigma—Aldrich (Vienna, Austria). Guanidine [19]. Conditions such as protein concentration, volumetric
hydrochloride was purchased from Fluka (Buchs, Switzer- flow velocity and bed height were chosen in respect to op-
land). Urea ultra pure grade was from Amresco (Ohio, erability of the P-CAC unit in lab scale. A denatured and
USA). Dithiothreitol was from AppliChem (Darmstadt, Ger- reduced protein solution af-lactalbumin was prepared by
many). Cysteine, cystine, Tris—HCI, acetonitrile HPLC grade dissolution of the lyophilized protein in a buffer containing
and trifluoracetic acid (TFA) were from Merck (Darmstadt, 8 M urea, 20 mM Tris—HCI and 50 mM monothioglycerol,
Germany). NaCl was obtained from Salinen Austria (Aus- pH 8, with a conductivity of 0.8 mS/cm.
tria). DEAE Sepharose was purchased from Amersham Bio- The protein concentration was between 0.94 and

sciences (Uppsala, Sweden). 0.1 mg/ml. As a chromatographic gel, DEAE Sepharose was
used. The slurry was poured into the annulus and the gel was
3.2. Analysis of the folding conformation settled by a flow velocity of 95 cm/h. The outer diameter of

the cylinder was 15cm and the inner diameter was 13 cm,

The folding conformation of-lactalbumin was analyzed  giving an annulus width of 1 cm. The bed height was 11.3 or
by reversed phase (RP) HPLC. A Vydac C4 214TP54 column 8.4 cm giving a bed volume of 550 or 370 ml, respectively.
(4.6 mm 1.D.x 250 mm) was used. Eluent A was deionized The equilibration buffer was 20 mM Tris—HCI, pH 8, sup-
and 0.22.m filtered water, supplemented with 5% acetoni- plemented with 2M urea. Conductivity of this buffer was

trile and 0.1% TFA, eluent B was acetonitrile supplemented 1.5 mS/cm. The elution buffer was the same as equilibration



C. Machold et al. / J. Chromatogr. A 1080 (2005) 29-42 35

buffer but containing additionally 0.5 M NaCl. 2 mM cysteine The solution was diafiltrated against a 20 mM Tris—HCI
and 2 mM cystine were added to the equilibration and elu- buffer, pH 8, containing 4 M urea and 50 mM monothioglyc-
tion buffers to accelerate the refolding reaction and refold the erol, having a conductivity of 1 mS/cm. At a denaturant con-
protein on the column. This ensures that already completely centration of 4 M urea, the protein is kept in its denatured and
folded protein elutes. As a regeneration solution, 2 M Gdn- reduced state. The permeate was measured by collecting the
HCI and 50 mM monothioglycerol in 20 mM Tris—HCI, pH permeate into a measure.
8, was used. The composition of this regeneration solution  After diafiltration the conductivity was checked and the
was sufficient to regenerate the column. This was determinedprotein concentration in the retentate and in the permeate
by scaled down batch column refolding experiment. Addi- was determined. A mass balance was calculated. The protein
tionally, its lower conductivity than a 6 M Gdn-HClI solution  concentration of the diafiltrated regenerate solution (e.g. the
facilitates the subsequent dialfiltration. retentate) was adjusted to the initial protein solution by di-
The sample was applied at a flow velocity of 4.2 ml/min lution with diafiltration buffer. This recycling solution was
and an angle of 0 Elution was effected at a volumetric flow then pumped through a branch connection to the initial feed
of 2.1 ml/min and was applied at 126The regeneration so-  stream. The pumping speed of the recycling solution as well
lution was applied at a volumetric flow of 1.4 ml/min and at as of the initial solution was adjusted to the recycling Rte
214 . The flow of the main eluent was 22 ml/min, so the total
flow was 29.7 ml/min or 40 cm/h. The angular velocity was
84°/h. The bottom of the cylinder was fixed to a ground plate 4. Results and discussion
with 90 exit holes every 4 The eluate was collected in 90
PET tubes through nylon tubes fixed to the exit holes. These  Promising results from previous experiments of matrix as-
90 PET tubes can be easily exchanged by a special annulasisted refolding with ion exchange columns in a batch mode
rig. All 90 fractions were analyzed offline by measuring the encouraged us to transfer this methodology to a continuous
UV adsorption at 280 nm in a two-channel spectrophotome- process. Performance of several matrices has been investi-
ter and by checking the conductivity. As urea and monothio- gated[19]. DEAE Sepharose showed highest dynamic bind-
glycerol have unspecific UV adsorption, the protein content ing capacity for denatured and reduced model protein and
of selected fractions was roughly determined with a Bradford in general, high yield of native protein was obtained. DEAE
assay. The fractions containing protein as determined by thisSepharose was selected for continuous operation. In this pa-
assay were further analyzed by reversed phase chromatogper, continuous refolding of@lactalbumin with continuous
raphy for determination of the folding conformation and the IEX is described.
exact protein content. Continuous refolding was performed in a system com-
As aggregates may be present as well in native fractions,posed of an annular chromatography system and an ultra-
the total protein content in theses fractions was determined bydiafiltration system. The fraction of denatured protein was
denaturing and reducing the sample again in order to dissolvecollected at the bottom of the column, diafiltrated, diluted
the aggregates and allowing quantification by RP-HPLC. The and recycled into the feed stream. A schematic sketch of the
difference in mass of native protein and mass of total protein systems, including notation of the various streams is shown

is designated as mass of aggregates. in Fig. 1
The most critical part is the adjustment of the protein
3.5. Diafiltration and recycling of the regenerate concentration, the Gdn-HCI concentration—expressed as

conductivity—and the volumetric flow rate of the recycle

Due to the experimental limitations in laboratory scale, stream. For conversion of Gdn-HCI concentration to conduc-
diafiltration of the regenerate was carried out in batch mode. tivity, a calibration curve was established with solutions of
According to batch column experiments, the protein elutes defined molarity of Gdn-HCI, dissolved in 20 mM Tris—HClI,
already at a slight increase in conductivity. Therefore, the pH 8. A linear relationship between molarity of Gdn-HCI
maximal value for the conductivity of the feed stream should and conductivity was determined for low Gdn-HCI concen-
be 1.2 mS/cm. The conductivity of the feed stream is depen- tration only. The conversion factor of conductivity measured
dent on the conductivity of the initial solution, that is given, in mS/cm to salt molarity was determined to be 0.018.
and on the conductivity of the recycling solution. The con- There is an interdependency of lo&gbj, eluate stream of
ductivity of the recycling solution is in turn dependent on the the denatured proteirt)g), extend of diafiltrationKg), and
conductivity of the retentate. extend of dilution Fp) prior to recycling.

The conductivity of the retentate that has to be attainedwas  After starting the operation, a transition period has to be
calculated according to E(L6). Prior to pooling the regen-  awaited until steady state conditions are reached. Steady state
erate fractions, the protein content of each single regenerateshould be reached usually after one rotation. The transition
fraction was analyzed by RP-HPLC. In order to minimize phase is composed of the time period until denatured protein
the volume that has to be diafiltrated, only fractions with a can be collected at the outlet of the P-CAC system and the
protein concentration greater than 0.05 mg/ml were pooled time period until the system is again in steady state when
and directed to the UDF unit. the denatured protein is recycled. This transition phase is
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extremely difficult to calculate. As complete modelling was when recycling is started, because the mass flow of the initial
not the scope of this work, we only considered steady statesolution is decreased accordingly and the mass flow of the
conditions. feed solution is kept constant. With a yield of 0.31, the mass

First, the experimental conditions of the continuous re- flow of the refolded protein is 0.13 mg/min. Then, the mass
folding experiment with recycling of aggregates were cal- flow of the regenerateJs) is calculated according to E(B)
culated according to the Egd)—(18)derived in the theory  and is 0.29 mg/min in this case. For reasons of simplicity,
section. The complexity of the system is generated throughwe did not integrate a complete model of elution behavior
the essential conditioning of the regenerate stream prior toof the respective protein fractions from the P-CAC column.
recycling. The Gdn-HCI concentration must be lowered by Therefore, the volumetric flow rate of the regenerate stream
diafiltration and the protein concentration is adjusted by di- (Fg) has to be determined from previous experimefgsvas
lution. Additionally, dilution contributes also to a decrease in 1.9 ml/minin the experiment carried out under the conditions
conductivity of the final recycling stream, therefore the extent assumed for this theoretical consideration. After the P-CAC
of diafiltration is reduced. Similar effects are due to mixing has reached steady state, the mass @aws constant. The
initial solution of low conductivity with the recycle solution.  protein concentration of the regeneregds calculated from

A schematic drawing of the various process streams in- Q3 andFg and is thus 0.153 mg/ml. The conductivity of the
volved in conditioning the regenerate stream prior to recy- regeneratexo s equals the conductivity of the solution used
cling and their notation in respect of protein concentration for regeneration, whichis 110 mS/cm and was measured prior
and conductivity is shown ifrig. 2 A flow diagram how to the start of the experiment. Since the diafiltration step is
the various operating parameters were determined—eitherassumed to have complete retention, mass flow of the regen-
experimentally derived or calculated—is shownFHig. 3. erate Q3) equals the mass flow of the retentafx], which
Chromatographic conditions and parameters of the respec-is continuously pumped out of the UDF reservoir at a vol-
tive flows were scaled from previous batch column experi- umetric flowFg that must be the same &g (see Eq(8)).
ments that in turn were designed in consideration of operabil- SoQr is also 0.29 mg/min anBr is 1.9 ml/min. Therefore,
ity of the P-CAC system in the laboratory. For a particular also the protein concentration in the retentatés the same
case, the various process streams were calculated assumingscs, namely 0.153 mg/mktg determines the dilution factor
a concentration of denatured protein in the initial solution DF according to Eq(12). Consequently, the volumetric flow
of 0.1 mg/ml. The volumetric flow of this solution was cho- of the dilution buffer, l5 can be calculated from E¢14).
sen to be 4.2 ml/min. The upper limit of conductivity in the The dilution factor was calculated to be 1.53 and tkgs
feed solution was 1.2 mS/cm. The conductivity of the initial is 1.01 ml/min. The conductivity of the dilution buffer was
solution was measured to be 0.8 mS/cm. measured to be 1 mS/cm. From the volumetric flow of the

When the operation is started, the P-CAC is loaded with a dilution buffer,Fp, and the volumetric flow of the retentate,
mass flow 0f)p, whichis 0.42 mg/minin this case. Assuming Fg, the volumetric flow of the recycle solutid#y; is calcu-
that after first recycling with a maximal recycling rdgax, lated from Eq(13) for maximal recycling. It is 0.29 ml/min
steady state conditions are reached, the volumetric flow ratefor this set-up. With7 and a selecteH; the recycling rat&®
of the initial solution must be decreased to 1.37 ml/min ac- is, according to E¢(2), 0.69. As the protein concentration of
cordingto Eq(2). Since protein concentration is adjusted, the the recycle solution was adjusted to the same protein concen-
mass flow rate is also decreased by the same factor. In order taration as the initial solutiongo = 0.1 mg/ml, the mass flow
estimate the mass flow of the refolded proté&pa), the yield of the recycle solutioQ is therefore 0.29 mg/min. The con-
(Y1) of the matrix assisted refolding process must be known. ductivity of the recycling solutiornp s is determined by the
Y1 is difficult to predict and has to be determined experimen- recycling rate, and calculated according to Eb). «xp s is
tally for the given system. It has to be noticed that the process 1.38 mS/cm. The conductivityk sthat has to be reached by
yield is depended on the protein concentration in the feed, thediafiltration is dependent on the dilution factor and can be cal-
column volume and the column dimensions. In batch dilution culated from Eq(16). xg swas determined to be 1.58 mS/cm.
experiments, the refolding yield can be calculated when the The threshold value of the conductivity of the retentate de-
folding kinetics and the kinetic constants are known. Deter- termines in turn the performance of the UDF process. This
mination of the folding kinetics during matrix assisted refold- is indicated by the volumetric flow of the permedte, Fp
ing is not straightforward. Ligands and matrix may certainly can be calculated from E¢17) and has to be 355 ml/min.
have an influence on folding kinetics. It is not investigated For maximal recycling, the system yieliy, is 1 accord-
whether the protein refolds in the adsorbed state or duringing to Eq.(19) andFig. 4 The outcome of the theoretical
elution. The process yield is viewed as a stoichiometric con- calculations was that because of the big difference in con-
version of denatured protein to native one and is assumed toductivity between the regenerate solution and the retentate
be constant. The native protein fraction eluting from the col- compared to the difference in conductivity between the re-
umn is completely folded. In this example, process yield was tentate and the diafiltration buffer, the permeate flow has to
assumed to be 0.31. Knowing the yield of the MAR process, exceed the recycling flow to a great amount. The required
the mass flow of the refolded protein is calculated by&Y. permeate flow could not be achieved with the UDF unit used.
Under steady state conditions, it does not further change, everiThe permeate flow can be increased by enlargement of the
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Table 1
Parameters and results of four different continuous matrix assisted refolding experiments

Experiment number

1 2 3 4
Redox potential in buffers None None Cysteine/cystine Cysteine/cystine
Bed volume 550 550 370 370
Feed protein concentratioe, (mg/ml) 0.09 0.94 0.1 0.097
Feed mass flowQ; (mg/min) 0.38 3.95 0.42 0.393
Recycling rateR 0 0 0 0.17
Process yieldY; &+ SD (%) 81+ 14 46+ 6 25+2 24+1
Number of samplings 6 7 7 3
Recoveryr (%) 91+14 56+ 6 91+14 89+ 23
Native mass flowQ, (mg/min) 0.31 1.81 0.104 0.104
System yield)Yp (%) =Y1 =Y1 =Y1 30
Refolding timet (h) 8.7 8.7 1.7 1.7

membrane surface, but required membranes were not availwas then adjusted in the eluate. In a second experiment, a
able and could not be operated. Therefore, the diafiltration protein solution with higher concentration (0.94 mg/ml) was
process was done in batch mode. However, it should not makeapplied, and refolding was also completed in the eluate. In
a big difference concerning yield and recovery whether the a third experiment, refolding of a protein solution of similar
recycle solution is continuously prepared or the recycle so- concentration as used in experiment 1 was refolded during
lution is continuously pumped out of a reservoir containing chromatography and in the last experiment, the aggregate
an already diafiltrated and adjusted protein solution. Hereby, fraction of the third experiment was recycled. fig. 5, a

it is demonstrated that all respective parameters can be calchromatogram of experiment 3 is shown. High UV adsorp-
culated from the derived equations. Furthermore, the inter- tion at 280 nm of the flow through caused by non-retarded
dependency of the single values of the respective streamscompounds of the feed solution (solid line) requires protein
is elucidated. Then four different experiments of continu- determination by the Bradford method for a quick screen. The
ous MAR by ion exchange chromatography were compared. first protein peak corresponds to native protein, the second
The most important parameters and results are summarizegrotein peak is the regenerate, which contains the dissolved
in Table 1 Two different strategies have been applied: The aggregates. Since a continuous monitoring of all different
refolding process can either be completed after elution of the streams is not possible, samples from all 90 outlet ports were
protein or during adsorption and subsequent residence timetaken at several time intervals (see number of samplings in
on the column. Whether the protein refolds in the eluate or Table J). Fromthese samples, UV absorbance at 280 nm, con-
on the column is solely dependent on the addition of redox ductivity and protein concentration by the Bradford method
reagents. For a buffer system devoid of 2 mM cysteine and were determined. As the elution angle and thus the number
2 mM cystine, the protein is not completely refolded after elu- of outlet fraction for native and unfolded protein was either
tion and the chromatographic process serves to remove thesstimated from batch column experiments or similar contin-
denaturing and reducing agents. In this case, no aggregatesous chromatographic experiments, the Bradford assay was
were formed but it takes a certain time intervig) until the performed with each fraction corresponding to the respec-
refolding reaction is completed in the eluate. Addition of the tive elution angle, which was from 1480 184 (fractions
redox reagents in the eluate increases the process yield. Th&7-46) for the native protein and from 23 276 (frac-
refolding time after elution is dependent on the protein con- tions 58—69) for denatured protein. Every fourth fraction of
centration of the eluate. For these experiments, the proteinthe remaining ones was analyzed to check for protein con-
concentration is typically 1-10 mg/ml and consequently, the tent. Those fractions containing a high protein concentration
refolding time was estimated to be approximately 7 h. If the as measured by the Bradford method were further analyzed
running buffers are supplemented with 2 mM cysteine and for native and unfolded protein by RP-HPLC. Standard de-
2 mM cystine, then the refolding reaction is accelerated and viation for recovery and process yielth) was calculated in

the protein elutes in two peaks, a first containing refolded order to evaluate the stability of the system. Except deviation
protein and a second representing the redissolved aggregatef recovery in experiment 4, which was high because only
fraction. The native protein is completely folded after elution three samplings could have been withdrawn, deviation was
and refolding time can be assumed to be similar to the resi- below 15% that is acceptable for this complex system. The
dence time. In the first experiment, refolding was completed reason why only three samplings could have been withdrawn
in the eluate and therefore no redox reagents were added tavas that as mentioned earlier, UDF had to be performed of-
running buffers. The protein concentration of a denatured andfline and therefore, only a limited amount of recycling so-
reduced solution af-lactalbumin that was applied to the con- lution was available. The amount was sufficient for one ro-
tinuous chromatograph was 0.09 mg/ml. The redox potential tation and—as then steady state was reached—uwithdrawal
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Fig. 5. Representative chromatogram of a refolding experiment with annular chromatography. UV adsorption and conductivity of all 90 fraatieasuea
offline and the chromatogram was reconstructed by connection of the data points. (—) UV adsorption at 280 nm; (- - -) conductivity (@ padadrption
at 590 nm after addition of Bradford reagenk;) (protein concentration (mg/ml).

of three samplings. Recovery and yield were low for experi- taining native or denatured protein varied from sampling to
ment 2 because the protein concentration in the feed streansampling.Fig. 8shows mass of native protein represented in
was 1 mg/ml causing protein precipitation and fouling on the light gray bars and mass of total protein represented in dark
top of the column bed. High local protein concentration on gray bars in the regenerate fractions 58—-63 corresponding to
the sorbent may be the reason for precipitation. The columnan elution angle between 23and 252 for seven samplings
had to be repacked after experiment 2, so the bed volumeduring one continuous run. Mass of total protein is the sum
was different for the subsequent experiments. As the ratio of of native protein and coexisting aggregates. It is determined
bed volume to mass of protein loaded was large, the columnby RP-HPLC after denaturing and reduction of the sample,
volume is not a critical parameter. However, approximately as aggregates cannot be quantified directly. Content of aggre-
the same dimensions should be maintained for comparativegates was estimated by subtraction of native protein from the
reasons. A recycling rate of 0.17 in experiment 4 was cho- total protein.
sen so that the volume of recycling solution is still enough
until the system was in a steady state. Thus, sampling was
possible only three times. Figs. 6 and 7a mass balance of Qo Qo
experiment 3 is showrkig. 7 can be compared withig. 3
in order to find deviations from theoretical considerations. Feed
The system was started with a feed stream that is the initial
solution because recycling has not started yet. The mass flow
of the native protein eluting in the first peak was 0.13 mg/ml
or 30.5% of the initial load. Approximately 20% of the na-
tive fraction was determined to be aggregates, formed after
elution. Formation of aggregates in the native eluate was not
considered in the theory. Therefore, the native protein stream
was reduced to 0.104 mg/ml, giving a yield of 25%. The mass Q,
flow of the regenerate was determined to be 0.251 mg/ml,
which is 60% of the initial load. Recovery was thus 91%.
Each single fraction of the regenerate was analyzed by RP-
HPLC. Unexpectedly, native protein was found in the first Qs
eluting fractions of the second peak, which is indicated by 6.7 %
Q2p in Fig. 6. This might be due to dissolution of the aggre-
gate fraction and refolding during migration in the column Fig. 6. Mass balance of a continuous MAR experiment with recycling of
and subsequent refolding in the eluate, as the concentratiorpggregatesQo, Q1, Qz, Qs, andQy are the mass flow of the initial protein
of the chaotrop is low in these early fractions. The mass of solut?on,thefeed solution, the natiye proteiqtheregenerate and the recycling
. L solution. Q4 and Qs are the protein mass in the retentate and permeate,
the native protein in the regenerate could not be neglected.

- i . respectively. Numbers represent the proportion in respect to the amount
It was approximately 13% of the initial load. Fractions con- |paded.

solution

36.2% Qaa

<— UDF
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Fig. 8demonstrates the instability of the system. The num- is the mass flow of regenerate fractions of low protein con-
ber of protein containing fractions varies, the mass of protein centration and was not poole@gz, was 0.016 mg/min. The
in each fraction varies, the ratio of native to total protein varies regenerate was collected for 176 min and the resulting vol-
and the fraction containing most of the protein varied for each ume was 149 ml having a conductivity of 79 mS/cm. Protein
sampling. This makes automated sampling difficult and is a concentration was 0.216 mg/ml. The solution was diafiltrated
severe problem when continuous processing is desired. Thefor 84 min to a final conductivity of 2.6 mS/cm. Due to lim-
phenomenon is called peak wobbling and has been describedted volume of the recycling solution, a low recycling rate was
earlier[1]. Each single fraction has to be analyzed twice, one envisaged and therefore, the conductivity of the recycling so-
time for determination of native protein, and one time de- lutionwas low enough. The retentate could not be completely
natured and reduced for determination of aggregate contentyecovered due to the hold up volume of the UDF unit, which
prior to pooling. Peak wobbling is mostly due to inhomoge- was approximately 7 ml. Protein was also found in the perme-
neous flow that is in turn due to an inhomogeneously packed ate the amount was approximately 11% from the regenerate.
bed. Regenerate fractions containing native protein were notThis was unexpected as ultradiafiltration membranes with a
pooled to the regenerate solution. They could not be added10 kDa molecular weight cut off were used and the protein
on the yield because concentration of chaotrop was higherhaving a molecular mass of 14 kDa. Rejection was lower than
than in the fractions elution in the first peak. The mass flow one caused by a different protein conformation when the pro-
of the pooled regenerate fractioidza was 0.18 mg/minQsp tein is unfolded. This is explained by the molecular shape of

initial solution

Qg [mg/min] 0.42
Co [mg/ml] 0.1
Fo[ml/min] 4.2
kis[mS/cm] 0.8

| Recovery | 90.7% |

[ Yield (Y1) 0.25 |
v
native eluate total regenerate
Q; [mg/min] 0.104 Qa[mg/min] | 0.251
Qopgg [Mg/min] 0.026 Ca[mg/ml] 0.132
Fe [mI/min] 1.9
K 0,5 [MS/cm] 79
v v v

native in regenerate pooled regenerate not pooled regenerate

Qzp [mg/min] 0.055 Qaa [mg/min] 0.18 Qzp, [mg/min] 0.016

Can [Mg/m] 0.141 Cza [mg/ml] 0.21 Cap [mg/ml] 0.025

Fan [mI/min] 0.393 Fea [ml/min] 0.837 Fen [mI/min] 0.665

y
Batch Diafiltration collection time [min] 176

start solution (3a) | retentate (4) | permeate (5)|] hold up

mass [mg] 31.68 26.7 3.64 1.4

¢ [mg/ml] 0.216 0.191 0.0072 0.191

volume [ml] 149 140 496 ~7

conductivity [ms/cm] 79 2.6 n.d n.d

permeate flow Fp [ml/min] 5.9 diafiltration time [min] 84

y
dilution factor
DF [ .91

recycling rate
R ] 017

Fig. 7. Experimental data of MAR with recycling of aggregates for a solution considered in theoretical considerations.
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initial solution recycle solution
Qo [mg/min] 0.33 Q; [mg/min] 0.063
o [mg/mi] 0.098 Co [mg/mi] 0.09
Fo [ml/min] 3.35 F, [mi/min] 0.7
kis[mS/cm] 0.8 k ps[mSfcm] 1.6
feed solution
Qo [mg/min] 0.39
¢; [mg/ml] 0.097
Fy [ml/min] 4.05
ks [mS/em] 0.936
[ Recovery 89% |
[ Yield (Y1) 024 |
v
inative eluate total regenerate
Q; [mg/min] 0.104 Qs [mg/min] 0.214
Quagq [Mg/min] 0.032 Ca[mg/ml] 0.097
Fe [ml/min] 2.206
Y Y Y
native in regenerate pooled regenerate not pooled regenerate
Qap, [mg/min] 0.115 Qa, [mg/min] 0.097 Qap [Mg/min] 0.002
Czp [Mg/mi] 0.133 Caa [M@/ml] 0.097 Cap [Ma/mi] 0.005
Fap [mI/min] 0.861 Fea [ml/min] 1 Fes [MI/min] 0.344

Fig. 7. (Continued.

mg/mi protein
o ©
w B

o
o

Samp lings

proteins in unfolded state. It is a linear molecule and thus a
small fraction may enter the pores of the membrane, whereas
completely folded proteins are retained. So, the final protein
concentration in the retentate was 0.19 mg/ml. Therefore, the
dilution factor was 1.9. The final volume of the recycle so-
lution was 266 ml. The final protein concentration prior to
recycling was 0.09 mg/ml, the deviation from a theoretical
concentration of 0.1 mg/mlis due to protein degradation. The
recycling rate was 0.17 because then more than one rotation
of the system could be performed with this recycling solu-
tion. Sampling was started after one rotation because then
it was ensure to collect recycled protein, but therefore, only
three representative samplings could have been taken. During
recycling, the initial solution was pumped at a flow veloc-
ity of 3.35 ml/min, protein concentration was approximately
0.1 mg/ml. The recycling solution was pumped at the respec-
tive flow of 0.7 mg/ml, giving a mass flow of 0.063 mg/ml.
The resulting feed mass flow was thus 0.39 mg/ml. Yield from
this feed was again 24%, the recovery was about 90%. The ag-
gregate fraction in the native eluate increased to 23.5%. Mass

Fig. 8. Distribution of native and total protein in the regenerate fractions for flow of the regenerate was lower due to lower protein load.

seven subsequent samplings. Light gray bars: native protein (mg/ml); dark Flow of the regenerate stream was higher because of peak
gray bars: total protein (mg/ml).

broadening of the regeneration peak. The elution angle was
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broader and consequently, more fractions with lower protein Fsg
concentration have to be pooled. The amount of native protein Fg
inthe regenerate increased. Mass @y was 0.055 mg/min
without recycling but increased to 0.115 mg/min with recy- F7
cling. This was rather due to an instable process than to theFp
fact that protein is recycled. The regenerate was not againFg
diafiltrated because of emerging instability and an expected Fp
low volume of recycling solution (three samplings only) and Fgr
thus the inability to take representative samplings. Results of Qg
the recycling experiment are listedTable 1for experiment Q1
4 andFig. 7. The system yield could be increased to 30% Q>
under these condition&ig. 7 can be compared teig. 3as Q3
the same starting conditions were used. Experimental results
deviated from the theoretical considerations. First, arecoveryr
of 100% was assumed in theory, which could not be obtained R
in the experiments. Secondly, the regenerate that could beRj
recycled was less in the experiment than in theory becauset
of unexpected native protein in the regenerate and not pooledu
side fractions of the regenerate. Third, the recycling rate was Yy
not maximal in order to have enough recycle solution for one Y
rotation. Next, a steady state could not be obtained because

flow velocity of the native protein solution (ml/min)
flow velocity of the regenerated protein solution
(ml/min)

flow velocity of the recycling solution (ml/min)
dilution buffer flow (ml/min)

diafiltration buffer flow (ml/min)

permeate flow (ml/min)

retentate flow (ml/min)

mass flow of the initial protein solution (mg/min)
mass flow of the feed protein solution (mg/min)
mass flow of the native protein solution (mg/min)
mass flow of the regenerated protein solution
(mg/ml)

recovery

recycling rate

rejection

time (min)

chromatographic velocity (cm/h)

system yield

process yield

of the shift of protein containing fractions and their protein Greek letters

concentration. As already mentioned continuous diafiltration ¢
is a very critical step. It was demonstrated that continuous

. . . . .o kos
refolding of a-lactalbumin with an ion exchange resin is . o
possible. KBS
5. Conclusi o

. Conclusion KiS
KR,S

A methodology for continuous refolding with an annular
chromatographic system using an ion exchange sorbent is,,
presented. The experiment is designed so that eluting protein
is completely folded and concomitantly formed aggregates

elution angle ()

conductivity of the regenerate (mS/cm)
conductivity of the feed protein solution (mS/cm)
conductivity of the dilution and diafiltration buffer
(mS/cm)

conductivity of the recycling solution (mS/cm)
conductivity of the initial protein solution (mS/cm)
conductivity of the retentate and at the same time of
the permeate (mS/cm)

angular velocity {/min)

are separated because of stronger adsorption. This fraction i%cknowledgement

recycled after diafiltration, and therefore the overall yield is

increased. However, peak wobbling and operationinlab scale The project was supported by the Austrian Industrial
did not allow to operate the process in a total continuous way. Research Promotion Fund (FFF). The project number was

A mathematical description of the set-up is provided to show
interdependencies of the single parameters and a scenario is
calculated with parameters similar to the experimental one.
It was demonstrated that a refolding yield up to 100% is
possible in theory.
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