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Abstract
A continuous purification process can be beneficial to the purification of biologics due to its higher productivity and efficiency 
than a conventional batch purification process. However, regulatory issues and lack of established cases render deployment of 
the continuous process difficult in industrial settings. Here we report a case study for design and optimization of an advanced 
continuous process for purifying a low-titer enzyme as a model biologic. To convert a conventional batch process to an 
advanced continuous one in purification of biologics, conventional unit operations (UOs), including ultrafiltration/diafiltra-
tion (UF/DF) and batch chromatography, were replaced by advanced ones such as in-line dilution conditioning (IDC) and 
periodic counter-current chromatography (PCC). The UF/DF UO was changed to IDC UO to adjust pH and conductivity. The 
mixing ratio of the sample and the conditioning buffer in IDC was determined by experiments with three buffers. PCC was 
optimized with two variables, column height and sample loading residence time, as the delta pressure in the columns was less 
than 1.0 bar. A graph indicating the operating area was plotted to efficiently control the PCC. Although the sample volume 
increased in IDC, PCC had a complementary advantage in that purification was performed faster than batch chromatography. 
We observed at least 25% increase in economic advantage when the advanced continuous process was applied to purify a 
low-titer enzyme. We propose not only a continuous process with the substitution of UF/DF and batch chromatography with 
IDC and PCC but also a method to optimize PCC by plotting operating areas.

Keywords Low-titer enzyme · Integrated Continuous process · In-line dilution conditioning · Periodic counter-current 
chromatography

1 Introduction

In many industries, such as petrochemical, food, and chemi-
cal ones, a batch process has been converted to a continuous 
one [1, 2]. Continuous processes can improve the productiv-
ity and reduce cost and equipment footprint [3]. Recently, 
they have been studied in the pharmaceutical industry pri-
marily to reduce costs due to frequently changing market 
demand [4, 5]. However, regulatory issues and lack of 

established cases render deployment of the advanced con-
tinuous process difficult in industrial settings. A primary 
regulatory hurdle in the implementation of continuous man-
ufacturing processes is the challenge of integrating and vali-
dating equipment capable of real-time quality monitoring. 
Due to the need for investment in new facilities and research, 
there are still limited cases of applying continuous processes 
to drug development in the pharmaceutical industry [6].

A typical biopharmaceutical manufacturing process is 
composed of two main stages: The upstream process (USP), 
which involves cultivating cells in a bioreactor to express 
proteins, and the downstream process (DSP), which entails 
the separation and purification of the target protein from the 
culture medium containing the expressed proteins. In the 
early stages of pharmaceutical continuous process develop-
ment, USP studies were mainly conducted by replacing fed-
batch cultures with perfusion cultures. Although the produc-
tivity of USP was increased by running perfusion cultures, 
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the cost of DSP to purify high-productivity USP products 
soared [7]. Subsequently, the advanced continuous process 
in DSP was studied in the capture step (1st chromatogra-
phy) by replacing batch chromatography with multi-column 
chromatography. This process leads cost reduction with high 
productivity in DSP [8–10].

Periodic counter-current chromatography (PCC) employ-
ing multi-columns allows cost reduction and productivity 
increase by maximizing resin capacity. Studies on PCC have 
been conducted using many types of equipment such as 
AKTA PCC 75 and CaptureSMB as well as the multi-column 
counter-current solvent gradient purification (MCSGP) pro-
cess. The dynamic binding capacity (DBC) for PCC where a 
sample is continuously loaded into serial columns is higher 
than that for batch chromatography. The residence time (RT) 
can be reduced because the volume of each column in PCC 
is smaller than that in the batch process [11–13].

Most studies on PCC have focused on high-titer antibod-
ies (> 5 g/L) with perfusion culture in USP and protein A 
resin in DSP [14–16]. However, the application of PCC to 
low-titer enzymes has rarely been reported. To facilitate the 
application of ion-exchange multi-columns to purify low-
titer native enzymes and to verify economic advantages in 
non-antibodies continuous processing cases, we designed 
and optimized an advanced continuous processing method 
for low-titer enzymes using in-line dilution conditioning 
(IDC) and PCC.

2  Materials and methods

2.1  Biologic sample

In this experiment, the utilized protein was a low-titer natural 
enzyme with a molecular weight of approximately 60 kDa. 
It was characterized by the attachment of various glycans, 
conferring an isoelectric point (pI) that varied between 5.5 
and 6.5. The starting material was 4 L of clarified culture 
media (Harvest) and the target protein concentration was 
0.19 mg/mL.

2.2  Description of the conventional batch process

The conventional batch process consisted of ultrafiltration/
diafiltration (UF/DF) and ion exchange chromatography 
(Table 1). For UF/DF step, membrane with a 30 kDa cutoff 
(P3C030C01, Merck) was used that concentrates 13-fold and 
exchanges buffer pH and conductivity. The retentate of UF/
DF unit operation (UO) was injected for anion exchange 
chromatography (Q Sepharose Fast flow, 17-0510, Cytiva) 
with a column volume of 53 mL. The target protein was 
obtained by increasing the sodium chloride molarity at the 
elution step.

2.3  Description of the advanced continuous process

In the advanced continuous process, the IDC UO was used 
instead of the UF/DF UO of the conventional batch process 
(Fig. 1). The sample which was conditioned by the IDC was 
directly injected into the PCC. IDC featuring in-line liquid 
mixing has advantages over UF/DF because IDC is sim-
pler. For this mixing, two pumps (EW-77916-20, Master-
flex) were operated and connected to the harvest sample and 
conditioning buffer. After finding the conditioning buffer, 
the mixing ratio of the sample and the conditioning buffer 
was determined. And then, a multi-column process was per-
formed using AKTA PCC 75 (29457820, Cytiva). Finally, 
the performance was compared to that of the conventional 
batch process.

2.3.1  IDC buffer scouting

The pH and conductivity of the starting material (harvest) 
were about 7.2 and 9.7 mS/cm, respectively. To adjust the 
sample pH to 7.5 and conductivity to less than 6 mS/cm, the 
conditioning buffer was researched. The pH values of 7.5, 
7.7, and 8.0 were tested in a 10 mM-Tris buffer in the con-
ditioning buffer. The sample and buffer in-line were mixed 
using two pumps. The pH and conductivity were observed as 
the ratio of the flow rates of the two pumps changed.

2.3.2  Breakthrough (BT) curve test

To confirm the DBC of resin and determine the process 
parameters in PCC, a BT curve test is needed. The BT curve 
is the same as that of the DBC test of batch chromatography. 

Table 1  Information of start material and conventional batch process 
conditions

UF/DF ultrafiltration/diafiltration, CIP cleaning-in-place

Start material Parameters

Titer: 0.19 g/L
Harvest volume: 4 L
pH ≒ 7.2
Conductivity ≒ 10 mS/cm

Unit operation Step

UF/DF Ultrafiltration (≥ 13X)
Diafiltration (≥ 3 DV)

Q chromatography (column volume: 
53 mL)

Sample load (unbound)
Unbound wash (5 CV)
Elution (5 CV)
Column wash (5 CV)
CIP (5 CV)
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The Hitrap Q 1 mL column (17-1153-01, Cytiva) was used 
for the test. The chromatographic process was the same as 
that in Table 1, with a RT of 1 min, and the load volume 
injected into the column was 1600 mL. By inserting a BT 
curve into the method design tool (MDT) of AKTA PCC 75, 
a design space plot of the PCC was obtained. The plot shows 
the correlation between the sample loading RT in the PCC 
and the BT (%) portion in the sub-loading column. The PCC 
development was based on this plot.

2.3.3  PCC parameter development

This study aimed to transform conventional batch process 
into an advanced continuous one. In the case of batch chro-
matography, it must be replaced by a PCC. We established 
PCC process parameters with similar performance to the 
batch chromatography. A 4-column PCC was used, and 
column height and sample loading RT were set as process 
parameters. Owing to the variation in height when the col-
umns are packed, it is quite possible that different delta pres-
sures will occur in the columns. Therefore, the delta pressure 
for the four columns was set to under 1 bar.

2.3.4  Holding vessel design between IDC and PCC

A holding vessel is essential for correcting the flow-rate 
error of the two pumps in the IDC step. It can delay the 
process just by filling a tank when any accident occurs dur-
ing manufacturing and provide sufficient mixing with the 
sample and buffer by holding in the tank. Determining an 

appropriate vessel volume is important to achieve a sta-
ble process. We estimated the vessel volume according to 
Eqs. (1)–(4):

FA is the flow rate of the sample, FB that of the dilution 
buffer, and FPCC that of the PCC load; V is the vessel vol-
ume; and tPCCload is the total time of sample loading of the 
PCC.

2.4  Analysis

The yield and purity of the target proteins were compared 
by the two processes. Reversed-phase high-performance 
liquid chromatography (RP-HPLC) was used to measure 
the concentration of the target protein. The gradient elution 
method was applied by mixing acetonitrile (1.00030.4000, 
Merck) and water (AH365-4, BURDICK & JACKSON). 
The purity was analysed with size exclusion (SE)–HPLC 
with phosphate buffer saline using the (17-516, Lonza) iso-
cratic method. Finally, sodium dodecyl-sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE) was performed to 

(1)F
A
+ FB ≥ FPCC load

(2)Faccumulation in vessel = F
A
+ FB − FPCC load

(3)V
accumulation in vessel

= F
accumulation in vessel

⋅ t
PCC load

(4)Vvessel ≥ Vmax,accumulation

Fig. 1  Process diagrams of 
two processes. A Conventional 
batch process including UF/
DF and batch chromatography. 
B Advanced continuous process 
including IDC and 4 column-
PCC. UF/DF: ultrafiltration/dia-
filtration, IDC: in-line dilution 
conditioning, PCC: periodic 
counter-current chromatography
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compare band patterns with those of processes in a 4–12% 
Bis–Tris gel (NP0321BOX, Invitrogen).

3  Results

3.1  Overview of advanced continuous process

We developed the advanced continuous process for purifica-
tion of a low-titer native enzyme with 5.5–6.5 of pI value 
in capture step (Fig. 1). We used cultures from fed-batch 
reactors in USP and an ion-exchange resin in DSP. An IDC 
UO was used for sample preparation. IDC is usually used 
so that the target concentration of buffer can be prepared by 
controlling the mixing ratio of a stock solution and water. By 
extending this principle, the pH or conductivity of a sample 
can also be conditioned. We changed the conventional batch 
process, which included UF/DF and ion-exchange chroma-
tography (Fig. 1A), to an advanced continuous process with 
IDC and PCC (Fig. 1B). The combination of the simple IDC 
UO and PCC UO has the advantage of increasing efficiency 
by eliminating the complicated UF/DF UO. AKTA PCC 
75 was used for the multi-column process. It can execute 
three or four column processes and minimize the loss of 
target proteins in the process by a post-load wash (PLW) 
step. This step prevents the yield loss from system hold-up 
by washing a column to a tandem column when the loading 
valve is switched [11, 12]. In addition, it uses a MDT that 
calculates PCC run parameters from a BT curve test which 
facilitates PCC design [13]. In addition, the PCC operat-
ing area was plotted and verified to account for scale-up. 
Moreover, we analysed the impact of costs by plotting the 
correlation among resin reuse number, resin re-packing, and 
total cost for managing the process.

3.2  Optimization of parameters in advanced 
continuous process

Before developing the advanced continuous process, the 
conventional batch process was conducted as the control to 
compare process performance. The harvest was concentrated 
to approximately 13-fold and exchanged to threefold with a 

diafiltration buffer via UF/DF. The step yield of UF/DF was 
80.4%. The concentrate was purified by batch chromatogra-
phy with a yield of 86.8%. The purity of the final product 
was 62.6%, and the overall yield and purity were 69.8 and 
62.6%, respectively (Table 2). Once we established a cus-
tomized advanced continuous process, we set out to optimize 
parameters for IDC and PCC.

3.3  Optimization of IDC parameters in advanced 
continuous process

To find a suitable conditioning buffer that adjusts pH 
7.5 ± 0.2 and a conductivity of less than 6 mS/cm, three buff-
ers were used (Table 3). The mixing ratio range between 
the sample and buffer was determined by controlling the 
pump flow rate (Table S1). The pH was adjusted to 7.5 ± 0.2, 
regardless of the mixing ratio of the sample and buffer. How-
ever, we believed that using a conditioning buffer with a pH 
of 7.5 may have hindered the control of the process because 
all conditions were below pH 7.4. Based on these results, 
the minimum pH was set above 7.5. The ratio of 1:0.9 of the 
sample to buffer was sufficient to meet the conductivity. The 
operating range of mixing was set above 1:1, considering 
the safety margin. The conditioning buffer had a pH of 7.7 
to 8.0, 10 mM Tris, and the mixing ratio was set above 1:1.

3.4  Optimization of PCC parameters in advanced 
continuous process

A BT curve test was performed to determine the PCC pro-
cess parameters by confirming the DBC. After preparing 
the sample with a 1:1 mixture of harvest and pH 7.7 buffer, 
1,600 mL was loaded with a RT of 1 min (1 mL/min). The 
flow-through was collected per 40 mL, and each fraction was 
quantitatively analysed using by RP-HPLC. The C/C0 value 
reached 1.0 at 400 mL loading corresponding to 10 fractions 
(Fig. 2A). The values of C/C0 were entered into the MDT in 
the AKTA PCC 75. The correlation between the BT portion 
and sample loading RT was plotted (Fig. 2B). Because the 
red zone (lower zone) is an impossible condition for the PCC 
operation, the user can operate the PCC after the operating 
condition in the green zone (upper zone) is determined [13]. 

Table 2  Results of conventional 
batch process

UF/DF ultrafiltration/diafiltration
a Protein concentration

Unit operation Volume (mL) Concentrationa 
(mg/mL)

Total amount 
(mg)

Yield (%) Purity (%)

Start material 4000 0.190 760.0 – –
UF/DF 310 1.972 611.3 80.4 –
Q chromatography 265 2.002 530.5 86.8 62.6
Overall 69.8 62.6
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Moreover, the conditions were calculated from MDT for the 
maximum capacity (BT 100%) and maximum productivity 
(BT 5%) (Table 4). The higher the titer of the sample was, 
the higher productivity in Table 4 would be, because PCC 
would purify much amounts of proteins during the same 
time. Other studies with high-titer sample naturally con-
cluded to have higher productivity in PCC than batch mode 
[14–16]. Therefore, this study is valuable because we show 
the application case of continuous process with a low-titer 
sample and low productivity.

Because one of the advantages of PCC is that less rea-
gents are needed, the total resin volume of the 4-column 
PCC was set under batch mode (53 mL). The column height 
(H) was set as a variable, whereas the inner diameter (I.D.) 
of the column was set to 1.6 cm to consider scale-up. Param-
eters for IDC and PCC had to be optimized simultaneously. 
The flow rates of the two pumps were set to 5 mL/min and 
the sample loading flow rate was 8.66 mL/min in PCC. 
Based on the flow rates, the holding vessel volume was set 
to 2 L. The volume can be varied to control the two flow 
rates. The volume of the vessel was fixed with a large safety 
margin because we controlled the two flow rates manually. 
However, the volume of the vessel could be reduced by con-
trolling the flow rates automatically. We designed a PCC 
with a delta pressure (ΔP) of < 1.0 bar for process safety 
because the critical pressure of the resin used is < 3 bars 
[17]. ΔP was checked with an equilibrium buffer because 
the correlation between the BT portion and sample loading 
RT graph does not reflect the delta pressure in the column 
depending on the geometry (H and I.D.). When the sample 
loading RTs were 1.0 and 1.5 min, ΔP values were approxi-
mately 1.2 and 0.8 bar, respectively.

Run 1 was tested with maximum column volume of 52 mL 
(13 mL/column × 4 columns). The condition for the run 1 was 
determined as 13 mL of each column volume and 1.5 min 
(8.66 mL/min) of sample loading RT. Other steps, such as 
unbound wash, elution, column wash (CW) and cleaning-
in-place (CIP), were set with a RT of 2.0 min and the same 
injection volume of buffers as in batch mode. The value of 
BT in PCC was set at 5%, which was the maximum pro-
ductivity condition, because the volume of load material 
increased by approximately 40-fold compared that in the 
conventional method due to the replacement of UF/DF UO 

by IDC step. The conditions of the run 1 had column geom-
etry (I.D./H = 1.6/6.5) and 1:1 mixing in in-line condition-
ing with 4 L of starting material. The pH and conductivity 
of the load sample into PCC were 7.34 and 5.18 mS/cm by 
IDC step, respectively. Three periodic peaks were observed 
(PLW, elution, and CW) in a chromatogram of PCC. PLW 
is a specific tool in AKTA PCC 75 that prevents the loss of 
target proteins in the pathways. Eleven eluents were purified 

Table 3  Sample dilution buffer scouting for IDC

IDC in-line dilution conditioning
a Tris buffer was used for the scouting

Buffer no pH Concentrationa (mM)

1 7.5 10
2 7.7
3 8.0

A

B

Possible zone

Impossible zone
R

es
id

en
ce

 ti
m

e 
(m

in
)

Breakthrough level (%)  

0                                                50                                             100   

Fraction number

0           5          10        15         20       25         30        35        40   

C
/C

0

1.0

0.8

0.6

0.4

0.2

0.0

4

2

Fig. 2  Results of experimental C/C0 curve and simulation in MDT. A 
A C/C0 curve from the breakthrough curve test. B A plot of sample 
residence time as a function of breakthrough level. The possible zone 
of PCC operation is coloured as green. MDT: method design tool, 
PCC: periodic counter-current chromatography

Table 4  Optimized PCC conditions for max productivity or max 
capacity calculated from MDT in AKTA PCC 75

PCC periodic counter-current chromatography, MDT method design 
tool, DBC dynamic binding capacity

Parameter Max productivity Max capacity

Sample loading residence time 
(min)

0.75 2.5

Breakthrough (%) 5 100
Productivity (g/L/h) 1 < 1
DBC (g/L) 4 15
Capacity utilization (%) 29 100
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in the run 1 unlike the conventional batch process which has 
just one eluent, and the process yield and product purity were 
70.2 and 69.3%, respectively. The yield was similar to the 
conventional batch process, and the purity was slightly higher 
than before. The results of the run 1 were better than those 
of the conventional batch method. The comparison of chro-
matogram between two processes was performed (Fig. 3). 
Figure 3A indicates chromatogram of purification that has a 
different number of eluates, and Fig. 3B represents that the 
purity of the advanced continuous process was higher.

A higher mixing ratio in the IDC step and a faster sample 
loading RT in the PCC were tested in run 2. The harvested 
sample and conditioning buffer were mixed at a ratio of 1:2. 
To set the sample loading RT to 1 min, the column height was 
lowered to 5.0 cm while maintaining the same inner diam-
eter. The maximum sample loading RT was treated for 1 min 
by considering both the maximum productivity condition 
(Table 4), and the safety margin. The delta pressure in the 
column was approximately 0.7–0.8 bar at 1 min of sample 
loading RT (10 mL/min) using equilibrium buffer. For in-line 
conditioning, pumps A and B were operated at 3.5 and 7.0 mL/
min, respectively. Then, the sample was injected into the PCC 
at 10 mL/min. After IDC step, a pH of 7.49 and a conductivity 
of 3.87 mS/cm were measured. Although 4 L of the starting 
material was also used in the run 2, the PCC load sample was 
much larger than that in the run 1 due to the mixing ratio. Fif-
teen eluents were prepared with a yield of 75.0% and purity 
of 64.9% (Fig. S1). The yield was higher than run 1 with a 
decrease in resin volume. The reason for the yield increase is to 
strongly capture the target proteins to the ligand by decreasing 
the conductivity in ion-exchange chromatography. In addition, 
the impurities in the conditioned sample might be higher than 
in conventional batch process because there was no separation 
in IDC step, unlike UF/DF UO. Because the process under 
study was a capture chromatography focused on the recovery 
of the target protein, the mixing ratio in IDC was set to 1:2 
after the run 2. The performance of the advanced continuous 
process was verified in runs 1 and 2. In terms of column height 
and sample loading RT, the operating range was rigid because 
there were only two points.

To obtain the operating range as an area, run 3 was per-
formed with a column height of 5 cm and 1.2 min of sam-
ple loading RT (8.33 mL/min). To avoid a longer process 
time, the sample loading RT was determined to be close to 
8.66 mL/min. Therefore, the harvest and conditioning buff-
ers were mixed at 3 and 6 mL/min, respectively, and the PCC 
loading flow rate was 8.33 mL/min in the run 3. The results 
of IDC step were a pH of 7.60 and conductivity 3.13 of mS/
cm. The yield and purity were 73.3% and 64.7%, respec-
tively, for 14 eluents, similar to the run 2 (Fig. S2). After the 
run 3 was performed, the operating area could be plotted as 
a triangle in the graph, indicating the correlation between 
sample loading RT and column height.

To determine the working area, after selecting any point 
in the triangle, the process was operated as run 4. We used 
3.4 L of the harvest, and the mixing ratio in the IDC step 
was 1:2. Each column volume in the PCC was 11  mL 
(I.D./H = 1.6/5.5), and the sample loading RT was 1.25 min 
(8.8 mL/min). The conditioned sample had a pH of 7.50 and 
a conductivity of 3.37 mS/cm. The analysis showed that the 
yield and purity were 78.6% and 63.8%, respectively, and the 
triangular zone proved to be appropriate (Fig. S3).

The operating range and results of yield and purity of 
advanced continuous process were compared to those of the 
conventional batch process (Fig. 4). The operating range was 
plotted according to the column height and sample loading 
time. We separated out three risk zones from the triangular 
range: a high-pressure risk zone, a risk zone with longer 
process time (non-effective process), and a non-recommen-
dation zone with harsh conditions in terms of flow rate and 
column capacity (Fig. 4A). Because the results of all operat-
ing conditions were higher than those in conventional batch 
purification, the superiority of advanced continuous process 
regarding the results and cost was demonstrated (Fig. 4B and 
C). The SDS-PAGE results revealed that all products were 
equal in their sizes and the purity was similar (Fig. S4). The 
results of the advanced continuous process 4 runs showed 
that the quality was the same or better than that of the con-
ventional method under all conditions (Table 5).

In this study, it was confirmed that the UF/DF UO for 
sample preparation and the batch chromatography in the 
conventional batch process can be converted to the advanced 
continuous process including IDC and PCC UO. The appli-
cation of the new process enables to automate manufactur-
ing process from a bioreactor to a capture chromatography. 
Automated operation can reduce manual errors and prevent 
contamination in pharmaceutical manufacturing.

3.5  Cost comparison of advanced continuous 
process with conventional batch one

We compared the cost of the two types of process as the 
advanced continuous process might be not cost effective 
because we had to purify too low-titer samples. As the amount 
of sample is increased, more reagents are also needed. There-
fore, we had to verify the effectiveness in terms of cost. The 
cost was calculated based on the amounts of reagents used 
(Table 6). The cost standard was set to the resin of the con-
ventional batch process. The amount of resin in the advanced 
continuous process was applied to minimum volume. The 
membrane cost was the highest. When comparing UF/DF with 
IDC, the cost decreased by 756-fold.

In case of chromatography, PCC could save 13% of cost 
than that in batch mode, which was calculated by using 
Eqs. (5)–(6):



Design and optimization of a continuous purification process using ion‑exchange periodic…

(5)
Cost of conventional process

= 30� (membrane) + � (resin) + 0.25� (Buffer)
(6)

Cost of advanced process

= 0.75� (resin) + 0.25� (Buffer)

Fig. 3  Results of conventional 
batch and advanced continuous 
processes. A Chromatogram of 
a column (top side) and result 
of the purity (bottom side) in 
conventional batch process. B 
Chromatogram of 4-columns 
PCC (top side) and result of 
the purity (bottom side) in 
advanced continuous process. 
PCC: periodic counter-current 
chromatography, RT: residence 
time
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The advanced continuous process could reduce the cost 
by 31 times when comparing two processes just with one 
batch. However, because this benefit was derived from 

just one batch, we attempted to adjust the reuse num-
bers of the membrane and the resin. Then, we com-
pared the total cost ratio for managing the process and 

Fig. 4  Comparison of advanced 
continuous process with con-
ventional batch process by oper-
ating range, yield and purity. 
A Operating range of periodic 
counter-current chromatography 
(PCC) with the combination of 
column height and sample load-
ing residence time. B Yield with 
PCC 4 runs versus that with 
conventional process. C Purity 
with PCC 4 runs versus that 
with conventional process
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calculating the cost effectiveness between two processes. 
We assumed run number as r, reuse number of the resin 
as k, and re-packing number of the resin as c. The value 
of c was defined as r/k (n ≥ 1). The number of membrane 
reuse was set permanently; thus, we did not consider the 
change of membrane.

In case of the cost of buffer, because two types of pro-
cess had the same cost, the buffer cost was neglected while 
comparing the cost ratio. Moreover, the resin of advanced 
continuous process was reused four times than that of con-
ventional batch process because the PCC consisted of four 
columns and periodic elution. Therefore, if the reuse num-
ber of the resin is too small, it would be not cost effective. 
In considering these points, Eqs. 5–6 were rearranged by 
the total cost Eqs. (7)–(8):

(7)Total cost of conventional process = 30 +

∞
∑

r=1

�

Based on these equations, the impact of the resin reuse 
number and the re-packing number on the total cost was 
investigated (Fig. 5A). In terms of the resin re-packing num-
ber, it was effective if the re-packing number was less than 
14 while performing r batches (Fig. 5B). When it was higher 
than 8, we found that the advanced continuous process was 
cost effective (Fig. 5C). Although the resin reuse test was 
not conducted, we could reason that the number is at least 
12 considering the runs 1–4 (total 50 eluates). We concluded 
that the advanced continuous process could save 25% costs 
compared to the conventional batch process cost when k was 
12 (Fig. 5C). The gain will be larger as k increases.

We analysed the total cost for both processes-the con-
ventional batch process and the advanced continuous pro-
cess-by UOs (Fig. 6 and Table 6). The initial operation, 
UF/DF in the conventional batch process and IDC in the 
advanced continuous process, was critical in determin-
ing the total cost: the improvement of cost saving was 
over 750-fold (30.24α for the conventional process vs. 
0.04α for the advanced process). The overall cost saving 
by employing the advanced continuous process was over 
30-fold (31.34α vs. 1α).

To confirm cost effectiveness, we compared the produc-
tivity index (Table 7). The productivity index was calculated 
by dividing amount of product by process time, number of 
the laborer, and process cost. We compared the results of 
the conventional batch process (Table 1) and run 1 of the 
advanced continuous process. The whole process time of 
the conventional batch process was 15 h, shorter about 30% 
than advanced continuous process (22 h). However, more 
laborers and UOs were needed in the conventional process, 
counterbalancing the advantage in terms of the process time. 
By contrast, the advanced continuous process required only 2 

(8)Total cost of advanced process =

∞
∑

r=1

0.75� ∗ 4

Table 5  Results of advanced continuous process

PCC periodic counter-current chromatography, IDC in-line dilution conditioning, RT residence time
a Unit of conductivity: mS/cm

Run no IDC conditions PCC running conditions Product quality

Start material Dilution buffer Mixing ratio PCC load sample Column 
height 
(cm)

Sample load-
ing RT (min)

Break-
through 
(%)

Yield (%) Purity (%)

1 pH 7.2
Cond. 9.7a

pH 7.7
10 mM Tris

1:1 pH 7.34
Cond. 5.18

6.5 1.5 5 70.2 69.3

2 1:2 pH 7.49
Cond. 3.87

5.0 1.0 5 75.0 64.9

3 1:2 pH 7.60
Cond. 3.13

5.0 1.2 5 73.3 64.7

4 1:2 pH 7.50
Cond. 3.37

5.5 1.25 5 78.6 63.8

Table 6  Comparison of cost between advanced continuous process 
with conventional batch process by unit operations

UF/DF ultrafiltration/diafiltration, IDC in-line dilution conditioning, 
PCC periodic counter-current chromatography

Process Unit operation Material Cost

Conventional process UF/DF Membrane 30.00α
Buffer 0.24α

Anion exchange (batch) Resin 1.00α
Buffer 0.10α

Sub-total 31.34α
Advanced process IDC Buffer 0.04α

Anion exchange (PCC) Resin 0.75α
Buffer 0.21α

Sub-total 1.00α
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laborers although the whole process time was longer than that 
of the conventional batch process because IDC & PCC could 
be operated automatically. The productivity index was 0.28 in 
the conventional batch process and 12.1 in the advanced con-
tinuous process. In short, the continuous process is more than 
43 times more effective than the conventional one. The main 
key factors for superior productivity index for the advanced 
continuous process were the number of labourer and the pro-
cess cost due to automation. Application of the advanced 
continuous process enabled us to purify the low-titer enzyme.

4  Discussion

In this study, a conventional batch process that included UF/
DF and batch chromatography was converted to PCC by 
IDC. The pH and conductivity of the sample were adjusted 
by mixing with a conditioning buffer in the ratio of sample to 

buffer (1:1–1:2) instead of UF/DF. The results of advanced 
continuous process were better than those of the conven-
tional batch purification. Because the yield and purity of 
advanced continuous process were 0.4–10.8% and 1.2–6.7% 
higher, respectively, conversion to continuous process has 
advantages not only automation but also quality improve-
ment. To control the advanced continuous process, the oper-
ating area was plotted from three experiments with two vari-
ables: column height and sample loading RT. This area was 
demonstrated with an arbitrary point run (run 4). Further, 
we confirmed that it is possible to save the cost by adopt-
ing advanced continuous processes. Our results could help 
scale-up study of IDC because real-time monitoring system 
could be adopted in larger scales to set-up the mixing con-
dition in IDC. Also, the result suggests that advanced con-
tinuous purification have the economic advantage of dimin-
ishing UO (UF/DF) and decreasing resin volume by up to 
25%. Replacing the UF/DF with the IDC not only reduces 

Fig. 5  Results of cost analysis. A Total cost according to resin re-packing number and resin reuse number. B Total cost according to resin re-
packing number. C Total cost cording to resin reuse number
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manpower and time required for membrane maintenance, but 
also offers advantages in terms of cost. Additionally, it aids 
in complying with regulatory requirements for pharmaceuti-
cal approval, including control over batch-to-batch variation 
of membrane filters, process validation, and data integrity 
issues. The transition to the IDC involves the adoption of 
system automation technologies, thereby enhancing compli-
ance with regulatory standards for pharmaceutical approval.

This study could give a guidance for developing continu-
ous process in a capture step, which containing fed-batch 
bioreactor, UF/DF, and chromatography with low-titer 
enzymes. Because GC Biopharma has various modalities 
apart from antibodies, we intend to expand our advanced 
continuous process study to vaccines, plasma-derived mate-
rials, mRNA and so on.

The advanced continuous process presented here has 
advantages in terms of cost and convenience. By eliminating 
the need for UF/DF UO, costs are much reduced. This shows 
that low-titer enzymes can also be used as the advanced con-
tinuous process with economic advantages. Process control 
was simplified by the introduction of IDC step. In addition, 
a new PCC development approach is proposed to determine 

the triangular operating zone, which has advantages. One of 
advantages is that it can be scaled up by changing the column 
diameter, and the other that the sample loading RT can be 
controlled according to the column height. Because columns 
must be packed by hand, it is possible that the height does not 
match the target. The triangle allows process control regard-
less of the deviation from the column packing. Moreover, 
implementing cost analysis, we could know that costs will be 
reduced. The biggest factor to reduce the cost is to eliminate 
the unit process (UF/DF), and the other is that the volume 
is decreased in transforming batch chromatography to PCC.
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Unit operation Detailed steps Laborers
Time (hrs)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Conventional 
Batch 

Process

Harvest Harvest from bioreactor

2
UF/DF

Conditioning before running

Running with the sample

Cleaning after running

Batch chromatography

Conditioning before running

2Running with the sample

Cleaning after running

Advanced 
Continuous 

Process

Harvest Harvest from bioreactor

2
IDC&PCC

Conditioning before running

Running with the sample
& Cleaning after running

Fig. 6  Comparison of process time and number of laborers between conventional batch process and advanced continuous process. UF/DF: ultra-
filtration/diafiltration, IDC: in-line dilution conditioning, PCC: periodic counter-current chromatography

Table 7  Comparison of 
productivity index between 
conventional and advanced 
processes

a  Productivity index =

Amount of product

(Process time) (Number of laborer) (Process cost)
  

Process Process 
time (h)

Number of 
laborer

Process cost (α) Amount of 
product (mg)

Produc-
tivity 
 indexa

Conventional process (Table 1) 15 4 31.34 530.5 0.28
Advanced process (run 1) 22 2 1.00 533.5 12.10
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