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Abstract Recombinant human erythropoietin is a

valuable therapeutic protein used in the treatment of

several serious diseases. It exists in different isoforms

and is produced by genetically modified mammalian

cells such as Chinese hamster ovary or human

embryonic kidney cells. As for other biopharmaceu-

tical drugs, a key factor for its successful industrial

production is to achieve a high degree of purity and to

decrease the content of critical impurities to trace

amounts. This goal is achieved in the separation

sequence which substantial part is formed by chro-

matographic steps. Therefore, downstream processing

forms an essential part of production costs. This

review presents the overview of published separation

sequences and, analyzes the use of different types of

chromatographic media such as affinity, ion-ex-

change, reversed-phase, hydrophobic interaction,

multimodal, and size-exclusion chromatography

adsorbents. Their application is discussed with regard

to their place in the purification stages generally

denoted as capture, intermediate purification and

polishing.
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Introduction

Erythropoietin (EPO) is a human hormone that

regulates the production of red blood cells in order

to meet tissue oxygen demands. Recombinant human

erythropoietin (rhEPO) is a therapeutic biotechnolog-

ically produced protein which entered the market in

1989. It is used in the treatment of secondary anemia

arising from the disorder of natural EPO production in

patients with chronic kidney disease, AIDS or cancer.

The high market potential of rhEPO and the

expiration of the patents protecting the production of

original rhEPO-a and rhEPO-b are two essential

factors for more than 700 similar products being

currently either in the process of development or on

the market (Epstein et al. 2014). This high competition

naturally forces companies to reduce production costs.

Cultivation-associated costs can be reduced by breed-

ing a new cell line that can provide a higher bioreactor

productivity and/or higher rhEPO concentration.

Subsequent separation steps are optimized either

through the development of new chromatographic

adsorbents with better performance or through better

design of individual steps in the separation train.
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Erythropoietin purification steps utilize not only

more common chromatographic adsorbent types such

as ion-exchange, size-exclusion, hydrophobic, or

reverse-phase but also affinity and immunoaffinity

chromatography adsorbents. Affinity/immunoaffinity

chromatography can reduce the number of separation

steps due to the high selectivity of the adsorbents. On

the other hand, the affinity adsorbents are substantially

more expensive. This review article analyzes the

existing knowledge that could assist in finding the

relationship between the suitable purification technol-

ogy and the rhEPO structure and physicochemical

properties. An overview of chromatographic steps

applied in the separation of rhEPO mainly on the

laboratory scale is presented. These steps are dis-

cussed in regard to the state-of-the-art and future

trends in the field of therapeutic protein purification.

rhEPO structure and biological production

EPO belongs to glycoproteins. Its molecule is formed

by a polypeptide chain containing 165 amino acids and

four carbohydrate chains bound to the polypeptide

chain (Fig. 1). Glycosides represent about 40% of the

total weight of EPO. A substantial part of the

carbohydrate chains is formed by sialic acid. EPO is

a conglomerate of isoforms differing in the structure of

carbohydrate chains, which have isoelectric point in

the range from 4.4 to 5.2 (Schmidt et al. 2003). The

average molecular weight of EPO is 30,400 g/mol

(Jelkmann 2007). The carbohydrate chains affect the

glycoprotein conformation, and thus determine the

intracellular transport and protein secretion, its solu-

bility, sensitivity to proteases, in vivo activity as well

as the affinity to receptors (Dordal et al. 1985; Wasley

et al. 1991; Yamaguchi et al. 1991).

The road to the production of rhEPO was opened

after the EPO amino acid sequence was determined

(Lai et al. 1986) and gene coding rhEPO formation

was successfully cloned (Jacobs et al. 1985; Lin et al.

1985). Today’s rhEPO preparations are produced

exclusively using mammalian host cells. Microbial

host cells cannot guarantee the required carbohydrate

chain structure essential for rhEPO biological activity;

yeast and fungi do not provide suitable glycosylation

pattern and bacteria can be used only for the produc-

tion of non-glycosylated recombinant proteins (Jelk-

mann 2007).

rhEPO can, in principle, be formed in any mam-

malian cell after the insertion of the appropriate gene;

their glycan structure and therewith also in vivo

activity will differ in some extent (Yuen et al. 2003).

The most commonly used cell lines include Chinese

hamster ovary (CHO) cells, baby hamster kidney

(BHK) cells and human cell lines. CHO cells are, in

general, the most important host cells for the produc-

tion of biopharmaceuticals. Other mammalian cells

successfully employed for rhEPO production for

clinical purposes include African green monkey

kidney cells (Delome et al. 1992), canine kidney cells

(Kitagawa et al. 1994), murine fibroblasts (Terashima

et al. 1994) or mouse mammary cells (Hayakawa et al.

1992).

These rhEPO preparations differ from the endoge-

nous EPO mainly in the glycan structure and biophys-

ical properties (Storring et al. 1996; Storring and

Gaines Das 1992;Wide and Bengtsson 1990). The first

clinically used products were epoetin-a and epoetin-b
obtained using CHO epithelial cells. The term epoetin

characterizes the rhEPO form with its peptide core

identical to that of the endogenous EPO. The Greek

letter distinguishes isoforms with different glycosyla-

tion. Epoetin-a is more homogeneous and contains

less basic isoforms than epoetin-b, but it is less

glycosylated overall (Storring et al. 1998). Epoetin-b
exhibits higher specific in vivo activity than epoetin-a
(Storring et al. 1998). Epoetin-x is produced by BHK

fibroblastoid cells (Nimtz et al. 1995; Skibeli et al.

2001). Another rhEPO is epoetin-d which is a gene-

activated product of human HT-1080 cells (Kwan and

Pratt 2007). CHO cells have also been employed in the
Fig. 1 EPO structure. Reproduced with permission fromWang

et al. (2012). Copyright by John Wiley and Sons
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production of darbepoetin-a, which has also modifi-

cations in the intrinsic polypeptide chain (Egrie and

Browne 2001).

rhEPO purification technologies

Cultivation of mammalian cells in the production of

rhEPO in the pharmaceutical industry creates new

challenges for its production and purification in active

form. Proteins intended for therapeutic purposes must

meet the high requirements declared in the European

Pharmacopoeia. It is important that purified rhEPO

preparation keeps high in vivo activity and does not

contain substances that could endanger human health.

In general, critical contaminants are viral particles,

bacterial endotoxins, proteins, nucleic acids and toxic

medium components. Many of these contaminants

often occur in minute amounts but can cause an

undesirable response of the immune system. Some

host-cell proteins have similar size, charge, polarity or

solubility as rhEPO. Another problem is the presence

of natural proteases of the host cell that destroy the

active protein form. Inactive rhEPO isoforms add

another degree of difficulty to the purification proce-

dure. The effectiveness of each phase of the purifica-

tion process to remove or inactivate the contaminants

has to be validated. rhEPO purification is therefore

complicated and represents a significant part of the

manufacturing cost.

The development of first industrial rhEPO separa-

tion processes was built on the experience from the

purification of endogenous EPO from urine from

patients with aplastic anemia which has a higher EPO

content than urine of healthy persons. Of course, the

objective of the endogenous EPO separation was not

to produce a drug but to obtain a sufficiently pure EPO

sample suitable for the investigation of structure and

basic properties of this hormone.

Miyake et al. (1977) described a seven-step sepa-

ration method with a total EPO yield of 21%, which

included ion-exchange, size-exclusion, and multi-

modal hydroxyapatite chromatography. The isolated

and purified EPO fraction had an in vitro activity of

70,400 U per mg of protein, which represented a

purification factor of 740. In order to increase the EPO

yield, several authors utilized the affinity interaction

of EPO either with lectins (Krystal et al. 1986; Lee-

Huang 1986; Yanagi et al. 1987) or with EPO antibody

(Lee-Huang 1986; Miyazaki et al. 1988; Wojchowski

et al. 1987; Yanagawa et al. 1984). Using an

immunoaffinity adsorbent with murine hybridoma

monoclonal antibody, (Yanagawa et al. 1984a; Yana-

gawa et al. 1984b) reduced the number of separation

steps to two and achieved the yield of 63% and high

EPO specific activity of 81,600 U/mg.

A key factor in the development of the rhEPO

purification steps is the need to scale up the processes

from laboratory to large industrial dimensions. This

requirement is best reflected in the numerous patents

on this subject. Among journal publications on rhEPO

purification, three works have emerged presenting a

technology viable at a large scale (Hu et al. 2004;

Surabattula et al. 2011; Zanette et al. 2003). Industry-

friendly technology must not use any hazardous

organic solvents. All chromatographic media must

withstand many separation and sanitation cycles. It is

necessary to reduce the elution risk of biological

components, such as antibodies, lectins or peptides,

into the environment.

Figure 2 presents a generic scheme of the rhEPO

purification steps sequence. Since rhEPO is an extra-

cellular protein, the cultivation broth is first processed

in cell-removal equipment. The filtrate is further

treated by membrane processes which typically

include microfiltration, ultrafiltration, and diafiltra-

tion. These steps remove microbial contaminants,

larger biological macromolecules and low-molecular

compounds and concentrate the protein fraction con-

taining rhEPO. This desalted protein solution enters a

sequence of chromatographic separations which can

be classified as capture, intermediate purification and

polishing steps. The sequence of chromatographic

steps is often followed by the membrane nanofiltration

process to ensure safe removal of viruses.

Chromatographic purification processes

Figure 2 shows that some types of chromatographic

media are associated with several purification phases

while other ones are associated only with one purifi-

cation phase. For example, anion-exchange chro-

matography can be found in any of these phases. On

the other hand, size-exclusion chromatography is

applied only in the polishing phase. This limitation

of size-exclusion chromatography follows from that

the protein capacity factors (the equilibrium amount in
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the solid phase to the amount in the liquid phase) are

always lower than one. Consequently, column loading

is much lower than in other types of chromatography.

A detailed overview of published rhEPO purification

procedures is presented in Table 1. Except for some

earlier works, rhEPO was produced exclusively by

CHO cells. However, many patents make broader

claims where the cell line source of rhEPO is

concerned (Lukowsky and Painter 1972; Takeuchi

et al. 1990). Some performance characteristics such as

yield and available specific activity of rhEPO streams

are also provided in Table 1. They are however often

not disclosed in the patents, which have been the

prevailing references on rhEPO purification in the

recent period.

No chromatographic adsorbent provides such

selectivity to purify rhEPO in a single step (Fig. 2

and Table 1). Nonetheless, Amadeo et al. (Amadeo

et al. 2003) used a single step lectin affinity chro-

matography process optimized by the design of

experiments method and achieved a product with only

72% purity albeit in a high yield of 89%. A sequence

of 2–4 steps was required to provide a product with the

purity of above 90%. Table 1 however documents that

at least 99% purity is the declared standard. Naturally,

the higher the purity, the higher the number of

chromatographic steps and the lower rhEPO yield.

The highest yield reported for 99% purity was 30%

and it was achieved in four steps (Carcagno et al.

2006). A similar efficiency was obtained in a five-step

procedure where the yield of 25% was observed (Burg

et al. 2002). On the other hand, a three-step procedure

provided the required purity on the expense of higher

rhEPO loss (Koh et al. 2014). The yield was only 18%.

It is important that, in spite of the complexity of rhEPO

separation, none of the studies examined the opti-

mization of the separation sequence or screening of

adsorbents in the individual steps.

Figure 2 classifies the chromatographic processes

used in the rhEPO separation as capture, intermediate

purification and polishing steps. The objective of the

capture step is to concentrate rhEPO by removing

easily separable proteins. Purity of the product stream

in the capture step is about 50% (Burg et al. 2002; Koh

et al. 2014). Most remaining proteins are removed in

the intermediate steps where the purity of 99% can be

achieved (Burg et al. 2002). Polishing steps thus serve

either for the removal of minor impurities forming a

few percent of the feed or for the elimination of some

critical impurities such as host cell proteins to

negligible amounts (Goletz and Stöckl 2012).

Capture steps

A typical concentration of the rhEPO feed entering the

capture step is about 100 mg/L (Surabattula et al.

2011) but protein concentration is by one order of

magnitude higher (Hu et al. 2004; Zanette et al. 2003).

In order to achieve the rhEPO purity of 50%

mentioned above, more than 90% of protein impurities

had to be removed in the capture step (Burg et al. 2002;

Koh et al. 2014). A highly selective adsorbent with

high capacity is needed for that purpose. The chro-

matographic bed is loaded with a large amount of feed

so that the rhEPO loss in the breakthrough during the

Fig. 2 Typical flowsheet of rhEPO purification steps. AEC

anion-exchange chromatography, AFC affinity chromatogra-

phy, CEC cation-exchange chromatography, HIC hydrophobic

interaction chromatography, RPC reversed phase chromatogra-

phy, MMC multimodal chromatography, SEC size-exclusion

chromatography
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Table 1 Sequences and performance of chromatographic steps used in the purification of rhEPO

Chromatographic sequence Performance characteristics References

AEC ? RPC ? SEC n.a. Lai and Strickland

(1985)

HIC ? AFC Total yield (%): 100 ? 55

Specific in vivo activity (kU/mg): 0.6 ? 10

Wojchowski et al.

(1987)

CEC ? RPC ? SEC Total yield (%): 60 ? 50 ? 41

Purification factor: 7 ? 2?1

Beck and Withy

(1988)

AFC ? AEC ? RPC Total yield (%): 65 ? 49 ? 35

Specific in vitro activity (kU/mg):

6 ? 32 ? 84

Broudy et al. (1988)

AEC ? RPC ? AFC Total yield (%):[ 95 ?[ 85 ?[ 80

Specific in vitro activity (kU/mg):

10 ? 180 ? 200

Quelle et al. (1989)

AFC ? AFC ? AEC Total yield: 80% (in the first step)

Final specific in vivo activity: 200 kU/mg

Merrifield (1990)

AFC ? AEC Total yield (%): 73 ? 53

Specific activity (kU/mg): 144 ? 176

Ghanem et al. (1994)

AFC ? AFC ? SEC Total yield (%): 79 ? 54 ? 40

Specific ELISA activity (kU/mg):

32 ? 123 ? 208

Final specific activity (kU/mg):

233 (in vitro), 9 (in vivo))

Sugaya et al. (1997)

AFC ? HIC ? HAC ? RPC ? AEC Final total yield: 25%

ELISA purity (%):

40–50 ? 90 ? 95 ?[ 99 ?[ 99

Burg et al. (2002)

AFC ? SEC Final specific in vitro activity: 240 kU/mg Hsu and Chang (2002)

AFC ? AEC ? SEC Total yield (%): 76 ? 60 ? 30

Specific ELISA activity (kU/mg):

30 ? 96 ? 155

Zanette et al. (2003)

AEC ? HIC ? HAC ? AEC Total yield (%): 80 ? 72 ? 54 ? 35 Bavand and Blasev

(2004)

AEC ? HIC ? SEC Total yield (%): 51 ? 46 ? 43

Specific in vivo activity (kU/ml):

07 ? 653 ? 186

Hu et al. (2004)

AEC ? Sulfur precipitation ? RPC ? AEC ? SEC Yield (AEC): 50–60% Alliger and Palma

(2006)

HIC ? AEC ? CEC ? SEC Total yield (%):70 ? 56 ? 40 ? 30

Final SDS-PAGE purity: higher than 99%

Carcagno et al. (2006)

Sulfur and zinc chloride

precipitation ? MMC ? RPC ? SEC

Total yield (%):

59.4 ? 45.6 ? 21.4 ? 16.5

Specific ELISA activity (kU/mg):

1.4 ? 8.6 ? 32.6 ? 879.9

Final SDS-PAGE purity[ 98%

Lee et al. (2009)

AFC ? AEC ? RPC ? CEC ? SEC Final SDS-PAGE purity: higher than 99% Hinderer and Arnold

(2011)

AEC or MMC ? CEC ? AEC or MMC n.a. Koticha and

Chaudhari (2011)
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loading phase is minimal and the captured product is

not too diluted during the elution phase.

Affinity chromatography

Affinity chromatography in general and immunoaffin-

ity chromatography in particular offer very high

selectivity for rhEPO capture (Wojchowski et al.

1987; Ghanem et al. 1994; Sugaya et al. 1997).

However, restrictive costs of EPO antibodies that must

be cultured and purified before use prevented their

testing in preparative preparations. The very high costs

also explain why immunoaffinity chromatography was

not included in the patented purification processes

listed in Table 1. The application of lectin affinity

chromatography had a similar fate (Dordal et al. 1985;

Merrifield 1990; Quelle et al. 1989). Lectins are not

cheap and the high cost of lectin affinity chromatog-

raphy is moreover associated with the cost of elution

agents such as N-acetylglucosamine and N, N-di-

acetylchitobiose (Merrifield 1990).

Dye-ligand chromatography, called also pseudo-

affinity chromatography, is often a good compromise

between the price/robustness and selectivity. Cibacron

Blue is the most often used ligand in rhEPO capture

(Beck and Withy 1988; Broudy et al. 1988; Burg et al.

2002; Hinderer and Arnold 2011; Merrifield 1990;

Schmalz and Schmelzer 2016; Surabattula et al. 2011).

This ligand binds more strongly rhEPO than other

typical protein impurities such as albumins (Broudy

et al. 1988; Burg et al. 2002). Since Cibacron Blue-

based adsorbents tolerate low salt concentrations, a

non-modified supernatant can be loaded into the

adsorbent bed (Broudy et al. 1988; Surabattula et al.

2011). Less glycosylated rhEPO isoforms are usually

removed already in the washing step using an acidic

solution (Bavand and Blasev 2004; Surabattula et al.

2011). Elution is typically carried out using a step

gradient of 1–1.5 M NaCl (Burg et al. 2002; Hinderer

and Arnold 2011; Merrifield 1990; Surabattula et al.

2011).

Less common affinity ligands used in the purifica-

tion of EPO are phenylboronate (Goletz and Stöckl

2012; Zanette et al. 2003) and heparin, which is a

highly sulfated glycosaminoglycan with the molecular

weight of 5000–30,000 (Borowski 1997; Lee et al.

2009). Phenylboronate interacts with 1,2-cis diol

structures of the carbohydrate chains of glycoproteins.

An advantage of phenylboronate adsorbents is that

they tolerate the presence of some organic solvents.

Bound molecules can be eluted either with other 1,2-

cis-diol-containing compounds such as sorbitol or

with Tris or citrate buffers. In heparin affinity

chromatography, EPO and other glycoproteins are

easily desorbed with 0.2–0.5 M NaCl (Borowski

1997; Lee et al. 2009). Nowadays, both phenyl-

boronate and heparin affinity chromatography are also

considered as a form of multimodal chromatography

since these adsorbents can act as cation exchangers in

certain pH range (Carvalho et al. 2014; Nascimento

et al. 2018).

Finally, synthetic peptides specifically designed for

rhEPO purification should be mentioned as a potential

affinity ligand (Kish et al. 2018; Martı́nez-Ceron et al.

2011). The efficiency of adsorbents with this type of

ligand has been demonstrated in the separation of

Table 1 continued

Chromatographic sequence Performance characteristics References

AFC ? AEC Final total yield: 42% Surabattula et al.

(2011)

RPC ? AFC ? SEC ? AEC Final host cell protein content less than

0.01%

Goletz and Stöckl

(2012)

AEC ? HAC ? AEC Total yield (%): 60.1 ? 54.2 ? 18.1

Purity (%): 60.1 ? 94.0 ? 99.0

Koh et al. (2014)

AFC ? HIC ? HAC ? RPC ? AEC Purity (%):

40-50 ? 90 ?[95 ?[99 ?[99

Schmalz and

Schmelzer (2016)

AEC ? MMC ? AEC ? CEC ? AFC ? AEC ? SEC Purity (%): C 98% Bandi et al. (2017)
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rhEPO from artificial mixtures but the materials are

not commercially available.

Anion-exchange chromatography

Ion-exchange chromatography is the second common

type of chromatography used as the capture step. Both

weak anion exchangers with a DEAE functional group

(Hu et al. 2004; Lai and Strickland 1985; Quelle et al.

1989) and strong anion exchangers with a quaternary

amine functional group (Alliger and Palma 2006;

Bavand and Blasev 2004; Koh et al. 2014; Koticha and

Chaudhari 2011) were examined for this purpose. It is

noteworthy that the former type was presented only in

journal articles whereas the latter one only in patents.

The selectivity of these adsorbents is incomparably

lower than that of the affinity ones. During the loading

phase, the anion exchangers do not bind proteins with

pI higher than 6–8; therefore, only a small fraction of

feed proteins leaves the bed in the breakthrough

stream. As most proteins including rhEPO are bound,

the optimization of the eluent ionic strength is

essential to achieve the separation effect (Surabattula

et al. 2011). The product fraction often forms only a

small part of the eluted liquid phase (Hu et al. 2004).

Intermediate purification steps

Both the specific activity and purity values in Table 1

document that purification steps following the capture

step result in the reduction of impurity proteins

amount to a small fraction of their initial amount in

the cultivation broth, which makes rhEPO the dom-

inant protein in the mixture. The portion of removed

proteins after these purification steps can be more than

99% of the initial amount (Zanette et al. 2003).

Although a single intermediate purification step has

sometimes been declared as sufficient (Hu et al. 2004;

Koh et al. 2014), a combination of different chro-

matographic steps has been reported more frequently

(Alliger and Palma 2006; Bandi et al. 2017; Carcagno

et al. 2006; Goletz and Stöckl 2012; Hinderer and

Arnold 2011; Koticha and Chaudhari 2011; Schmalz

and Schmelzer 2016). The bind-and-elute mode is

typical for all these processes while the flowthrough

mode is used only in rare cases (Alliger and Palma

2006; Koticha and Chaudhari 2011).

Ion-exchange chromatography

Ion-exchange chromatography has been the most

frequent choice in the intermediate stage of chromato-

graphic purification sequence or rhEPO. Table 1

documents that anion-exchange chromatography is a

true workhorse of rhEPO chromatographic purifica-

tion. The key impurity proteins in this step are

albumins (Zanette et al. 2003). Since the overall load

is about one order of magnitude lower in the interme-

diate steps compared to the capture step, smaller

columns can be used here. On the other hand, the

proportion of EPO on the total protein content is much

higher.

A demand to remove a substantial part of protein

impurities in the intermediate step requires a column

with good separation efficiency in regard to the critical

impurities. A washing step with acidic 6 M urea

solution is commonly used before the elution to

remove incorrectly glycosylated rhEPO forms (Ba-

vand and Blasev 2004; Koh et al. 2014; Surabattula

et al. 2011). Elution is usually carried out using a

stepwise change of the NaCl concentration in the

range from 150 mM (Zanette et al. 2003) to 500 mM

(Carcagno et al. 2006; Hinderer and Arnold 2011).

The application of linear gradient is a rare exception

(Nascimento et al. 2018).

Cation-exchange chromatography has been used in

the flowthrough mode to remove not sufficiently

sialylated rhEPO isoforms with higher pI values

(Koticha and Chaudhari 2011). In another work, the

primary incentive to use cation-exchange chromatog-

raphy was to remove organic solvent and rhEPO

aggregates transported from the previous reversed

phase chromatographic step (Hinderer and Arnold

2011). The conventional bind-and-elute mode with

elution by concentrated NaCl solution was mentioned

only in two patents without providing details on the

separation efficiency of this step (Bandi et al. 2017;

Koticha and Chaudhari 2011).

Reversed phase and hydrophobic interaction

chromatography

Reversed phase and hydrophobic interaction chro-

matography use the principle of different surface

hydrophobicity of proteins for their separation. The

most typical ligand functional group in both adsorbent

types is the butyl group (Bavand and Blasev 2004;
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Burg et al. 2002; Hinderer and Arnold 2011; Hu et al.

2004; Lai and Strickland 1985). Octyl group is the

functional group in some reversed phase adsorbents

used in rhEPO purification (Beck and Withy 1988;

Broudy et al. 1988). Similarly, the phenyl functional

group is typical for hydrophobic interaction chro-

matography adsorbents (Carcagno et al. 2006; Woj-

chowski et al. 1987).

Table 1 shows that these chromatographic adsor-

bents have often been applied in the intermediate

purification step in spite of the use of organic eluents,

associated with the reversed phase chromatography,

being considered controversial. The objections

include the risk of protein biological activity loss

and unfavorable environmental aspects and waste

disposal costs. On the other hand, declared benefits

include, for example, direct binding of proteins from

untreated supernatant to these adsorbents (Goletz and

Stöckl 2012) or successful inactivation of potentially

present viruses by the organic solvent (Hinderer and

Arnold 2011). However, the major advantage of both

reversed phase and hydrophobic interaction chro-

matography is the effective separation of different

rhEPO isoforms (Alliger and Palma 2006; Hinderer

and Arnold 2011).

Multimodal chromatography

Multimodal chromatography is based on adsorbents

which ligands are intentionally designed to exhibit

multiple interactions depending on the binding/elution

conditions. Adsorbents with multimodal ligands can

bind proteins by combining ionic interactions, hydro-

gen bridges, hydrophobic or hydrophilic forces, or

affinity attraction. First modern multimodal adsor-

bents have been developed to find an alternative to

protein A-based affinity adsorbents for the purification

of monoclonal antibodies.

The use of multimodal chromatography with spe-

cially developed ligands has since been extended to

many other substances, such as nucleic acids (Bischoff

and McLaughlin 1984), plasmid DNA (Matos et al.

2014), viruses (Fitchmun 2017), recombinant proteins

(Sejergaard et al. 2014) or oligosaccharides (Neville

et al. 2009). In the area of rhEPO purification, only a

few works can be found that mention the use of

multimodal adsorbents (Bandi et al. 2017; Koticha and

Chaudhari 2011). Both cited patents reveal almost no

details about the separation conditions. One of the

patents claims that the multimodal adsorbent Capto

Adhere can be used instead of an anion exchanger

(Koticha and Chaudhari 2011).

Hydroxyapatite chromatography exploits ligand-

free adsorbents combining the affinity and ion-

exchange mechanisms (Cummings et al. 2009). Bind-

ing and elution conditions depend on the acido-basic

properties of bound proteins. Basic proteins are bound

via the ion-exchange mechanism and are eluted using

increased ionic strength. Affinity binding is charac-

teristic for acidic proteins when their elution requires

the presence of phosphates (Cummings et al. 2009).

Since rhEPO belongs to the group of acidic proteins, it

is advantageous to feed it into a column at relatively

high salt concentrations to impede the binding of basic

impurity proteins. The elution of rhEPO occurs at low

phosphate concentrations when acidic impurity pro-

teins remain bound (Bavand and Blasev 2004; Burg

et al. 2002). Recovery of rhEPO from the flowthrough

fraction in the binding mode has also been docu-

mented when the feed contained a low amount of

phosphate (Koh et al. 2014).

Polishing steps

While the capture and intermediate purification steps

substantially increase the content of rhEPO in the

product streams, the objective of polishing steps is

either to remove eluent components or critical impu-

rities to a specified degree. Table 1 shows that size-

exclusion chromatography and anion exchange chro-

matography are the most important polishingmethods.

In case of rhEPO polishing, the application of size-

exclusion chromatography for the removal of eluent

components has often been emphasized (Alliger and

Palma 2006; Beck and Withy 1988; Carcagno et al.

2006; Goletz and Stöckl 2012; Hinderer and Arnold

2011; Hu et al. 2004; Lai and Strickland 1985; Zanette

et al. 2003).

The size-exclusion step typically follows after

reversed-phase chromatography (Alliger and Palma

2006; Beck and Withy 1988; Goletz and Stöckl 2012;

Hinderer and Arnold 2011; Lai and Strickland 1985)

or hydrophobic interaction chromatography (Car-

cagno et al. 2006; Hu et al. 2004). Organic solvents,

such as ethanol, isopropanol or acetonitrile, were used

as desorbents in the gradient mode in the cited

reversed phase chromatography applications. The

size-exclusion chromatography served then for the
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so-called solvent exchange which was also realized

using weak anion exchangers (Burg et al. 2002;

Schmalz and Schmelzer 2016). In case of hydrophobic

interaction chromatography, ammonium sulfate was

used to promote protein binding and rhEPO was

recovered during elution carried out in the gradient of

this kosmotropic salt. Size-exclusion chromatography

was thus utilized here as a desalting step.

Critical impurities in the rhEPO polishing are

rhEPO oligomers. Size-exclusion chromatography is a

standard separation technique for the removal of

inactive protein oligomers or aggregates in spite of its

limited separation efficiency and the need of much

longer column beds compared to other chromatogra-

phy types. It has also been applied for this purpose in

rhEPO polishing (Alliger and Palma 2006; Hinderer

and Arnold 2011; Hu et al. 2004; Zanette et al. 2003).

Table 1 includes also one case where size-exclusion

chromatography was applied in the removal of viruses

(Goletz and Stöckl 2012).

Strong anion exchangers with a quaternary amine

have often been used in the polishing steps reported in

the patent literature to remove weakly sialylated forms

(Bavand and Blasev 2004; Goletz and Stöckl 2012;

Koh et al. 2014; Koticha and Chaudhari 2011). Weak

DEAE anion exchangers have been applied to remove

N-acetylglucose amine after a lectin affinity column

(Merrifield 1990). As it was shown above in the

discussion of separation sequence presented in Fig. 2,

nanofiltration, a non-chromatographic procedure, is

often applied for virus removal as the final polishing

step.

Concluding remarks

Recombinant human erythropoietin is an important

biopharmaceutical product. Although it has been

produced for more than two decades now, the

cultivation production of its different isoforms by

mammalian cells is still subject of both academic and

industrial research. Industrial implementation of

rhEPO production requires also good design of

downstream processing steps since they form a

substantial part of production costs. The results of

research on rhEPO purification have been rarely

reported in open literature. Recent results are mainly

scattered in patents.

This review analyzes the existing work on rhEPO

purification. Since the most information was extracted

from patents, these research results did not get the

feedback typical for work published in scientific

journals. A critical analysis of patent results is often

complicated by the extent of claims. Nonetheless, we

made an effort to assess the chromatographic tech-

niques that were applied in different stages of rhEPO

purification from the cultivation broth to the final pure

protein.

The most valuable aspect of this analysis is that it

presents adsorbent material types with good selectiv-

ity in the rhEPO purification steps. When it was

possible, performance data such as yield and purity

were included in this review. It is however necessary

to emphasize that almost all presented results were

obtained in small columns with limited efficiency. On

the other hand, this means that much better perfor-

mance of the same chromatographic materials can be

achieved when they are used in the process scale.

Synthesis of the existing knowledge provided in this

review can thus be a good platform for further

optimization of separation sequences in the process

development stage.
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