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Background: The dynamic binding capacity (DBC) of a chromatography matrix in protein purification is the amount of the total protein
absorbed into the matrix, before occurrence of a significant break in the breakthrough curve. Optimization of the process criteria for
maximum DBC avoids extra process scale-up and reduces the processing time, costs and protein loss. Taguchi method is a simple useful
tool in experimental design to estimate the optimal condition with minimum experiments.

Objectives:In thisresearch, linear flow rate, pH and protein concentration of the feed were checked according to an L9 orthogonal Taguchi
array, to estimate the best conditions for maximum DBC of Q-sepharose fast flow (QSFF) resin in recombinant human erythropoietin
purification process.

Materials and Methods: A crud sample containing human recombinant erythropoietin was harvested from a cell culture of
Chinese hamster ovary (CHO) cell line. Desalted harvests with different total protein concentrations (30, 40 and 50 ug.mL") and pH
values (5, 6 and 7) were loaded into a packed column of QSFF with different linear flow rates (60,120 and 280 cm.h™!) up to 10% of the
breakthrough curve. The total protein loading to the column was checked by UV absorbance and Lowry method, and erythropoietin
concentration was measured by ELISA. Analysis of variance (ANOVA) was applied to determine the optimum condition.

Results: Finally, total protein concentration of 50 pg.mL", pH of 5 and flow rate of 120 cm.h™, were anticipated as the optimal
process conditions with 5.85 mg.mL7of resin as the dynamic binding capacity.

Conclusions: Experiments with anticipated optimal criteria were performed three times and no significant difference was observed (p=

0.136,and 6.06 mg/mL as the average dynamic binding capacity).
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1. Background

Dynamic binding capacity (DBC) of a resin is the
amount of absorbents that bind to the resin under opera-
tional conditions, before the partial saturation of resin
occurs. Breakthrough curve shows the resin saturation
profile (1) and the amount of absorbed protein at 10% of
the curve is usually considered as DBC (2-7). Capacity of
an ion exchange resin may be expressed as total ionic
capacity, available capacity, or dynamic capacity (8).The
actual amount of protein that can be bound to a resin
under defined experimental conditions is called the
available binding capacity of the gel (1, 9). If the defined
conditions include the flow rate, the capacity is called the
DBC (10). Frontal analysis is usually used to determine
the binding capacity (2, 10, 11). In frontal analysis experi-
ments, the sample is injected to the column for a period

of time. As long as absorbent is on the stationary phase,
its concentration in the output effluent is zero. Once the
stationary phase is saturated, absorbent concentration
in the output effluent reaches to its inlet concentration
(10, 12). The target protein can bind to resin, but unde-
sired proteins do not bind and pass the column during
the sample application. Therefore, absorbance rises and
makes a continuous peak called “flow through plateau”.
The maximum product binding capacity is important
to enable economic processing (13-15). The experimental
conditions affecting the observed capacity of an ion ex-
change resin are: pH, ionic strength of the buffer, nature
of the counter-ion, flow rate, and temperature (2, 7, 8, 16-
20). Flow rate is important for dynamic binding capacity.
A flow rate between 100 and 400 cm.h? is usually recom-
mended for ion exchange chromatography (8), consider-
ing that high flow rates will decrease the resolution (21,
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22). Capacity varies from case to case depending on the
protein properties and flow rate, and all manufacturers
have reported some data on DBC of certain proteins; for
example, dynamic binding capacities of Q-sepharose fast
flow (QSFF) resin for thyroglobulin and human serum al-
bumin are 3 and 120 mg.ml ™ of the gel, respectively (8). To
optimize a chromatographic process, it is recommended
to determine the DBC for the target protein. Optimiza-
tion of the process criteria for maximum DBC leads to
less need for excess process scale-up as well as decreased
process time, costs and protein loss (2). Regarding the
adsorptive properties, the optimum operational pH of a
bind- and elute-mode ion exchange (IEX) process is char-
acterized mainly in terms of selectivity and DBC of the
resin. Selectivity and capacity do not always oppose, but
rather complement each other. For example, eliminating
more impurities in the flow-through, allows higher col-
umn capacity for the product because of availability of
more binding sites (23). There are several methods for op-
timization of different process parameters, one of which
is Taguchi method. In the 1920’s, R.A. Fisher introduced a
statistical method to study the effects of several variables
of an experiment simultaneously, called DOE (design of
experiments). Later in the late 1940's, Dr. Genechi Taguchi
carried out a significant research with DOE techniques
and introduced the Taguchi method in the USA in the ear-
ly 1980's. The goal of Taguchi method is to determine and
select the optimum condition by performing minimum
experiments, in a way that the influences of noise factors
on the system performance are kept at minimum levels.
This technique uses the orthogonal arrays, variance, and
signal to noise analysis (24).

2. Objectives

In this research, Taguchi-DOE method was used to
determine the optimal conditions for achieving maxi-
mum DBC of QSFF anion exchange resin in the recom-
binant erythropoietin (EPO) purification process. EPO
is a 166-amino acid glycoprotein with molecular weight
of approximately 30.4 kDa, and is the main hormone
involved in promoting red blood cell production in the
bone marrow (25). Optimization of DBC was performed
by investigation of the influence of three parameters
including flow rate of sample application, pH of equili-
bration solution, and total protein concentration of the
feed. Temperature and conductivity were constant in all
experiments.

3. Materials and Methods

3.1. Cell Culture and Sample Preparation

The Sample necessary for performing the research was
obtained from culturing Chinese hamster ovary (CHO)
cells (dihydro folate reductase or dhfr) producing re-
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combinant human EPO (rhEPO). Briefly, the cell culture
process was performed using Dulbecco's modified Eagle's
medium (DMEM, Gibco, Life Technologies, Grand Island,
USA) supplemented with human recombinant insulin
(Gibco, USA), and consisted of growth, expansion, recov-
ery and harvesting phases. The collected supernatant was
filtered by 0.2 pm filtration cartridge (Sartorius, Gottin-
gen, Germany) and preserved at 4°C. A 10-kDa poly ether
sulfone module (Vivaflow 200, Sartorius, Gottingen, Ger-
many) was used for ultrafiltration and the diafiltered har-
vest was used as the feedstock solution for further work.
For this purpose, harvest was firstly concentrated up to
the desired values at two bar pressure and its buffer was
then exchanged by five volumes of the desired working
buffers.

3.2. Breakthrough Curve and Binding Capacity De-
termination

Anion exchange chromatography was performed on
high-performance liquid chromatography (HPLC) sys-
tem (Waters, Milford, USA). The QSFF resin was packed
in XK-16 glass column (GE Healthcare, Uppsala, Sweden).
Sodium acetate buffer (pH = 5) was used as the equili-
bration buffer, and 2 M NacCl as the regeneration buffer.
The total protein was measured by UV absorbance and
Lowry method (26) and EPO concentration was ana-
lyzed by EPO ELISA kit (Roche, Basel, Switzerland). The
partial purified harvest (clarified and diafiltered cell
culture supernatant) was used as feed stock solution
and some parts of the undesired protein did not bind to
the resin and passed the column during sample appli-
cation. Hence, the flow through peak was observed. Spe-
cific protein (EPO) concentration of the flow through ef-
fluent was measured by ELISA and any erythropoietin
was detected. Temperature and conductivity were kept
fixed at 4-8°C and 3-4.5 ms.cm’, respectively, consider-
ing that most of the proteins are stable at 4°C, although
increasing temperature sometimes increases DBC (27)
and low conductivity usually guarantees protein bind-
ing to the resin (8, 28-30). To determine the binding
capacity, different samples (according to Table 1) were
loaded into the column, up to 10% of the resin satura-
tion. Afterwards, the column was regenerated with 2
M Nacl solution. The flow through plateau and elution
fractions were collected in different bottles and their
total protein concentrations were calculated by mul-
tiplying their volumes by their protein concentrations
(measured by Lowry method). To ensure that the flow
through plateau did not mask the breakthrough curve,
at first, 100% of the feed was loaded to the packed bed
and resin saturation was performed with 50 pg.mL? as
the total protein concentration, with pH =5 and 480
cm.h?linear flow rate, to check all probable peaks and
observe the peak of saturation state. To perform the se-
lected treatments, less column volume was chosen to
decrease the feed usage.
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3.3 Factors and Levels to Investigate

In this experience, according to packing conditions and
real operational process criteria, the chosen levels for
flow rate were 60, 120 and 280 cm.hr?, and for the feed
protein, concentrations were 30, 40 and 50 pg.mL Ac-
cording to the isoelectric point of the target protein, the
equilibration buffer pH was chosen at 5, 6 and 7. An L9
orthogonal array was chosen to design the treatments;
thus, the concentration was chosen as factor one, flow
rate as factor two, and pH as factor three. The criteria for
all nine treatments and their results are shown in Table 1.

4. Results

During the saturation state (Figure 1), no peak overlap
was observed, but the flow through absorbance was fairly
high compared with that of desired proteins (section A),
because of high concentrations of unwanted proteins.
When most of the binding sites were occupied with the
absorbed protein, resin was not capable to absorb more
proteins; thus, unabsorbed proteins left the column and
absorbance rise was observed in the chromatogram ac-
cording to the resin saturation percent (section B). Fi-
nally, the entire column was saturated and absorbance of
the effluent was equal to the feed absorbance (section C).
In this experiment, saturation was observed with a sharp
rise in absorbance, because of the high flow rate.

The breakthrough curve of treatment one is shown in
Figure 2. Chromatograms and breakthrough curves of
other treatments are not shown. To check the saturation
absorbance, the column was bypassed before starting
each treatment, and the sample was passed through the
UV detector. During the sample running for each treat-
ment, when the effluent absorbance was equal to 10% of
the saturation absorbance, sample loading was stopped
(2). The total applied protein to the column per milliliter
of resin was calculated by multiplying the time of appli-
cation by the flow rate and the sample total protein con-
centration, and then dividing the result by the volume of
resin. Total nonabsorbed protein per milliliter of resin
was calculated by multiplying the protein concentra-
tion of flow through effluent by its volume, dividing by
the resin volume. DBC was calculated as the total protein
absorbed per milliliter of resin by subtracting the total
nonabsorbed protein from total applied protein per mil-
liliter of resin (31). Data for first and second run of each
treatment are shown in Table 2.

5. Discussion

In the recent years, design of experiment (DOE) has
been developed for synchronic analysis of parameters
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Figure 2. Breakthrough Curve of Treatment One

and variables. This experiment comprised a set of inde-
pendent factors over a specific section of levels, leading
to a successful optimization. Taguchi’s methodology for
designing parameters uses the orthogonal array, involv-
ing control variables. The signal-to-noise (S/N) ratio is the
value that omits the noise or standard deviation factors,
which cannot be controlled. This ratio is a measure of
signal strength relative to the background noise. During
investigating the optimum conditions for this experi-
ment, the S/N ratio and analysis of variance (ANOVA) were
applied to determine the best configurations of the op-
timized variables. In this study, the raw data were trans-
formed into ratios of S/N and measured as a log.S|N ratio
is correlated to standard deviations of the results and is
calculated as:

Equation 1: S/N= —10 log MSD

MSD: mean of standard deviations

Depending on the type of target, MSD is calculated by
one of the following equations:

Target:
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Equation 2: a) Smaller is better
- 9
2 i=1Yi
T
Equation 3: b) Larger is better

i ()

Equation 4: c) Closer is better

S (Yi-M)?

T

Where: Y;: result; r: runs

For each treatment, the S/N ratio was calculated accord-
ing to equation 3, because our target was “larger DBC” and
the results are shown in Table 3.

After calculating MSD and the S|N ratio for each treat-
ment, the S/N ratio was used to prepare the table of main
effects and for ANOVA analysis. There, all calculations were
the same, but the target was the S/N ratio and the condi-
tion was the larger, the better. Therefore, average of the S/N
ratio was calculated by calculating its average for all the
levels of each factor. These results are shown in Table 4.

The main effect graph was then plotted for each level of
each factor, shown in Figure 3.

The ANOVA technique was applied to measurethe
experiments,such as orthogonal array. ANOVA and main
effect graph show the optimum level for each factor. Lev-
els with greater S|N ratio were the optimum levels. In this
case, Al, B2 and C3 were optimum conditions, meaning
that maximum binding capacity was reached with a pH
of 5 for the working buffer, 50 mg/mL for the protein feed
concentration, and 120 cm/h for the application flow rate.
It was possible to calculate an expected amount for the S/N
ratio (Equations 5 and 6) and the target parameter (dy-
namic binding capacity) by the Taguchi method, accord-
ing to Equations 7-9.

Table 1. The Selected Levels for Three Factors (Concentration, Flow Rate and pH) According to an L9 Orthogonal Array

pH Linear Flow Rate (cm.hr?) Protein Concentration (ug.mL") Treatment
5 60 50 Ti
6 120 50 T2
7 240 50 T3
6 60 40 T4
7 120 40 T5
5 240 40 T6
7 60 30 T7
5 120 30 T8
6 240 30 T9

Table 2. The Selected Levels for Three Factors (Concentration, Flow Rate and pH) According to an L9 Orthogonal Array and Dynamic

Binding Capacity of 9 Treatments @

Treatment Sample Volume, Total Applied Protein, Total Nonabsorbed DBC, mg.mL
mLP mg.mL! of Resin Protein,mg.mL" of Resin IResin
T1 1strun 208 10.4 2.496 7.904
2nd run 184 9.2 3.864 5.336
T2 1strun 56 2.8 1.064 1.736
2nd run 47.2 2.36 0.708 1.652
3 Istrun 108 5.4 2.7 2.7
2nd run 70.4 3.52 1.6896 1.8304
T4 1strun 172 6.88 2.064 4.816
2nd run 16 0.64 0.32 0.32
5 1strun 152 6.08 2.888 3.192
2nd run 88 3.52 1.232 2.288
T6 1strun 88 3.52 1144 2.376
2nd run 52.8 2112 1.4784 0.6336
T7 1strun 70 21 1.82 0.28
2nd run 95 2.85 1.995 0.855
T8 Istrun 63.6 1.908 1.4628 0.4452
2nd run 74 2.22 1.628 0.592
T9 1strun 46.4 1392 1.2992 0.0928
2nd run 69.6 2.088 1.2528 0.8352

@ Abbreviation: DBC, dynamic binding capacity.
Sample was applied to the column up to 10% of the saturation state.
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Table 3. Mean of Standard Deviations and Signal-to-Noise Analysis Data &

Treatment (Y1)%: Square of the 1st Run (Y2)?’Square of the2nd  MSD: S/N:-10 log MSD
Results Run Results
Gz + o
z
T1 62.4732 28.4729 0.025564 15.92371
T2 3.0137 2.7291 0.34912 4.57026
13 7.29 3.3504 0.217825 6.618962
T4 23.1939 0.1024 4.90437 -6.90583
T5 10.1889 5.2349 0.144585 8.398743
T6 5.6454 0.4014 1.334056 -1.25224
T7 0.0784 0.731 7.061522 -8.489
T8 0.1982 0.3505 3.949346 -5.96513
T9 0.0086 0.6976 58.77639 17.6979
- - - - Average (S/[N)= —0.53316
2 Abbreviations: MSD, mean of standard deviations; SIN, signal-to-noise.
Table 4. Analysis of Variance for Each Factor
Parameter S/NMi‘la S/NML2 S/NM1,3 S/N Average
M=A,i=1, Alb 15.9237 4.5703 6.61896 9.037653
M=A,i= 2,A2 -6.90583 8.39874 -1.25224 0.080223
M=A,i=3,A3 -8.489 -5.96513 17.6979 -10.7173
M=B,i=1,B, 15.9237 -6.90583 -8.489 0.17629
M=B,i=2, B, 4.5703 8.39874 -5.96513 2.334637
M=B,i=3, B3 6.61896 -1.25224 -17.6979 -4.11039
M=C,i=1,C; 15.9237 125224 -5.96513 2.90211
M=(i=2,C, 4.5703 -6.90583 -17.6979 -6.67781
M=(,i=3,Cy 6.61896 8.39874 -8.489 2.176233

a SINMi 1 SINMi 2 and /Ny 3 indicate the three results of S/N ratio of treatments ( T1-T9) which each level of each factor involves in it, for Example
(equ1hbrat10n buffer pH 7)1s involved in T3, T5 and T7 treatments so S/NC3 0 S/NC3 ,and S/NC3 5 are S|N ratio of treatment T3,T5 and T7.
Abbrev1at10ns M is substituted with each factor (Concentration, Flow Rate and pH which are shown in this table with A, B and C respectively); i is a

number (1,2 and 3) to show the chosen level of each factor. For Example Al indicates 50 pg.mL" Tof feed protein concentration.

Equation 5:

S/Nexp =

SN average
@

Figure 3. Main Effect of Each Level of Each Factor

T) + (S/Ng—opt —

= S/NA—opt + S/NB—opt + S/Nc—opt -
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Equation 6:

2(/n)

n

T =

According to the Type of targets, equations for the expect-
ed targets are:
Equation 7: a) Smaller is better: Y, =

/MSD,,

Equation 8:b) Larger is better: Yexp=

1
I\'[SD(!xp

Equation 9: c) Closer is better: to a certain amount

M):Y,, =
\V4 MS Dexp

exp

In this research:

S/Nexp = S/Ngy +S/Ngy + S/Nez — 2T

SIN ¢xp=9-037653+2.334637+2.90211-2x (-0.53316) =
15.34072
——8xp —153407 e
Yeop = 107710 = 107134072 = 0.0292367

4 i '/I 1 . / I ~ g .
Yoxp = \/ 35D = \/ tzozser - O-83484

According to the treatments and performed experiments,
5.85 mg protein per milliliter of resin was the maximum
binding capacity for purification of recombinant EPO
by anionic exchange chromatography, using QSFF resin.
This criterion was used to perform an experiment (re-
peated three times). Measured dynamic binding capaci-
ties (6.208, 5.91, 6.054 mg.mL* and mean: 6.0573 mg/mL)
were analyzed by one sample t-test and no significant dif-
ference was observed (P = 0.136).
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