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In recent years, the effective purification of PEGylated therapeutic proteins from reaction media has received particular attention.
Although several techniques have been used, affinity-based strategies have been scarcely explored despite the fact that, after
PEGylation, marked changes in the molecular affinity parameters of the modified molecules are observed. With this in mind,
future contributions in the bioseparation of these polymer-protein conjugates are expected to exploit affinity in chromatographic
and nonchromatographic techniques which will surely derive in the integration of different operations. However, this will only
occur as novel ligands which are simultaneously found. As it will be mentioned, these novel ligands may be screened or designed.
In both cases, computer-aided tools will support their identification or development. Additionally, ligand discovery by high-
throughput screening (HTS) is believed to become a fast, economic, and informative technology that will aid in the mass
production of ligands along with genetic engineering and related technologies. 0erefore, besides analyzing the state of the art in
affinity separation strategies for PEGylated molecules, this review proposes a basic guideline for the selection of adequate ligands
to provide information and prospective on the future of affinity operations in solving this particular bioengineering problem.

1. Introduction

0e chemical or physical attachment of polyethylene glycol
(PEG) to a molecule or a therapeutic protein is defined as
PEGylation [1–3]. Among the benefits that have been asso-
ciated to this strategy at a general therapeutic level are the
increase in protein solubility, size, and thermal and me-
chanical stability [4], which confer proteolysis resistance and a
reduction in renal clearance, immunogenicity, and toxicity
[5]. In 2017, the global market of PEGylated therapeutic
proteins was valued at US$ 10, 388 million with an estimated
compound annual growth rate (GAGR) of 6.9% from 2018 to
2025 [6]. To date, there are more than 12 FDA-cleared PEG-
modified drugs and about 30 more in research and/or clinical
trials [7].

0e PEG used in PEGylation can be linear or branched
with diverse sizes, depending on the size of the biomol-
ecule to be modified [7]. Polymer molecular weights of 40
to 60 kDa are preferred [2]. To do so, PEG is functionalized

with different chemical groups (i.e., amino, hydroxyl,
imidazole, histidine, thiol, disulfide, carboxylic, hydro-
phobic, or electrostatic residues) [8]. Depending on the
kind of reaction used, PEGylation can be classified into
noncovalent or covalent, and the last one is subdivided
into random or site-specific [9]. Noncovalent PEGylation
exploits hydrophobic or ionic interactions to form coor-
dination complexes between the protein and the polymer
[9]; however, these are scarcely used because the PEG
coating can be easily removed [10]. On the contrary, co-
valent techniques involve the formation of fixed chemical
bonds which can be site-specific in some cases. PEG-
carboxylates, PEG-carbonates, or PEG activated with
N-hydroxysuccinimide are examples of agents that lead to
random or unspecific PEGylations [9]. Among the strategy
examples to obtain site-specific conjugation, we can find
N-terminal thiol bridging or enzymatic PEGylations [9].
Although a site-specific modification is always preferred, it
can be expensive, it is not always feasible, or it may require
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a high expertise and development time [11]. Furthermore,
if the molecule presents several of these target-specific
sites, the reaction tends to produce PEGylated species that
vary in modification degree (number of attached chains)
and positional isomerism [11] as it occurs with random
PEGylation. In this context, the mono-PEGylated conju-
gate is usually the most adequate isomer regarding the
desired properties and biological activity for its thera-
peutic function. 0us, the recovery and purification of the
right conjugate with the desired yield and purity result in a
sophisticated and resource-consuming procedure.

Current separation methods to purify the mono-
PEGylated conjugates can be classified into two main
groups: chromatographic and nonchromatographic tech-
niques [12]. Within the nonchromatographic techniques,
ultrafiltration has been applied in the recovery of PEGylated
ovalbumin, bovine serum albumin, α-lactalbumin, and ri-
bonuclease A (RNase A) [13], with the disadvantages of
obtaining low recoveries and the high cost of the mem-
branes. On their part, aqueous two-phase systems (ATPS)
have demonstrated to be a promising technique in the
fractionation of PEGylated proteins in PEG-phosphate
systems [14, 15], but until now, the operation has not been
carried out at pilot or industrial scales. Polyacrylamide gel
electrophoresis (PAGE) is used mainly for the character-
ization or analysis of the modified molecules, requiring the
use of an additional step to remove the dyes used in the
staining of the proteins [12].

On the contrary, chromatographic techniques are still
the preferred method for PEGylated conjugate purifica-
tion. Size exclusion chromatography (SEC) has been ef-
fective to remove low molecular weight impurities and
nonreacted proteins, nevertheless SEC has been unable to
distinguish between conjugates and positional isomers
causing poor resolution, high buffer consumption, large
sample dilution, and long processing times [16, 17]. Ion
exchange chromatography (IEX) takes advantage of pro-
tein charge modification due to PEG shielding, that is to
say, the covering of the protein surface and the loss of a
positive charge for each linked PEG chain [18]. However,
the negative aspects of this methodology are low dynamic
binding capacity of proteins with long PEG chains [19],
short support lifetimes, and low column loads. On its part,
reverse phase chromatography (RPC) has been applied for
the analysis of PEG-conjugates in HPLC systems more
than in preparative levels because the high temperatures
and the use of organic solvents in the mobile phase cause
protein denaturation [16]. Hydrophobic interaction
chromatography (HIC) has been successfully implemented
for the recovery of modified proteins with different degrees
of PEGylation, but in this method, free PEG is also linked
to the stationary phase, and there is a lack of predictive
understanding of molecule retention which makes HIC
not suitable for its use at large scales [20].

One of the discussed aspects of protein PEGylation is
the change in the affinity parameters of the protein after
its reaction. In this sense, affinity-based separations
might be an effective and attractive option in the puri-
fication of protein-polymer conjugates considering the

high selectivity that characterizes the interactions in-
volved. 0is review analyzes different studies about the
effects of PEGylation on the affinity of the modified
molecules and presents current reports on affinity-based
purification strategies for these conjugates. Distinctive
tools in the screening/design and production of novel
ligands are also referred. Future trends and challenges in
the bioseparations of PEGylated proteins by affinity
methods are elucidated, and a guide procedure to select
the adequate ligand and operation for the purification of a
PEG-modified protein is proposed.

2. Effects of PEGylation on Protein Affinity

As it has been mentioned, PEGylation has been used as a
strategy to reduce the immunogenicity of some therapeutic
biomolecules, proteins, or antibodies and to diminish dose
frequency in patients [4]. In general terms, the affinity of
PEGylated proteins towards biological agents is affected and
is expected to change depending on the extent of the
PEGylation procedure, [21] but there is still a lack of un-
derstanding on how this occurs. In this aspect, some reports
have registered a decrement on the affinity of the PEGylated
enzyme towards its biological counterpart. For instance,
native ribonuclease A (RNase A) had a dissociation constant
(kd) of 7.6×10− 8M, while modified RNase A with 4 and 9
PEG molecules had kd of 1.3×10− 7M and 1.2×10− 6M,
respectively [22]. Chapman [4] concluded from his research
with antibodies that affinity is reduced in random PEGy-
lation more severely employing amine-reactive chemistries
and in the cases when two or more attached PEG molecules
per antibody molecule are found. He also reports a 50%
inhibition of the Fc (fragment crystallizable) receptor
binding in the antibody when 25% of the available amines
were modified by random PEGylation. Furthermore, Fc
activity was more affected than the antigenic binding ac-
tivity. 0is report describes, as well, that, in site-specific
PEGylation of complete antibodies or antibody fragments,
the affinity binding is retained. However, it also suggests that
binding loss may be caused by ionic interference rather than
affinity interference [4]. In summary, Chapman states that
the changes in affinity vary in every case depending on the
protein size, surface density, length of the PEG chains, and of
course the PEGylation strategy used [4]. All these factors
have an accumulative effect, and the closer the modification
site is to the binding or active site, the most severe is the
effect in its affinity. In those cases in which affinity loss
occurs during the PEGylation of some drugs, the negative
effect may be compensated through the application of the
multivalence concept (the binding of more than one bio-
molecule to a macroligand) as it has been observed in the
conjugation of PEGylated ligands to nanoparticles [23].

3. Current Advances in the Purification of
PEGylated Proteins through
Affinity Procedures

Affinity-based bioseparations are techniques that exploit a
biological recognition phenomenon, which is reversible and
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specific, to achieve the separation of one or several of the
desired biomolecules from their contaminants [24]. Such
procedures require operations such as chromatography,
precipitation, membrane-based purifications, and two-phase
extractions. [24] 0ese can also be grouped as affinity
nonchromatographic and chromatographic techniques. 0e
essential steps in a protein affinity-based bioseparation
(regardless of the operation type) are (1) the capture of the
protein with the ligand (which can be free or linked to a
particular matrix), (2) washing or separation of the con-
taminants of the mixture, and (3) elution or recovery of the
target protein [25].

Even when affinity bioseparations have been highly
demanded for the isolation of pharmaceutical proteins, their
use in polymer-protein conjugates recovery has been poorly
studied. 0e change in affinity properties has been mainly
addressed in chromatographic techniques mostly because
chromatography will continue to be the preferred method
for biopharmaceutical purification because of its high-res-
olution capabilities [26].

Affinity chromatography (AC) is a selective and pow-
erful purification operation which is based on a highly
specific biological interaction between a target and a ligand
[27–30]. 0e advantages attributed to AC are high selectivity
and specificity, high sample concentration, high level of
purification (greater than 1,000-fold), scalability [31], con-
servation of biological activity using gentle operations, and
time saving. Until now, the applications of affinity chro-
matography for the purification of PEGylated proteins after
a PEGylation reaction are scarce. 0ere are only two works
dealing to some extent with affinity chromatography of
PEG-modified proteins. In one of these works, the purifi-
cation of 20 kDa mono-PEGylated lysozyme with heparin
affinity chromatography was optimized through an exper-
imental design [32], and the elution curves for the operation
were later simulated [33]. 0e other studies deal with the
PEGylation of ligands in AC supports or resins, with the aim
of improving their stability using as model concanavalin and
protein A [34, 35].

Regarding possible ligands for PEGylated proteins, the
discovery of induced immunogenicity in patients and ani-
mals administered with PEG-protein conjugates was the
antecedent for the identification and isolation of anti-PEG
antibodies [36]. 0e existing anti-PEG antibodies are of IgG
and IgM isotypes, and several of them are available com-
mercially (Table 1). However, much has been questioned
regarding their specificity [37], but in current studies, in-
teresting conclusions have been obtained. One of them is
that none of the monoclonal or polyclonal anti-PEG anti-
bodies are totally methoxy or backbone-specific, so these
show relative specificities. For example, the anti-PEG an-
tibodies inducted by HO-PEG-proteins target the backbone
but not the hydroxyl end-group [38, 39]. In those antibodies
raised against metoxi-PEG (mPEG)-proteins, the affinity
depends on the hydrophobicity of their end-groups and the
backbone lengths of the polymers, so anti-mPEGs presented
a few hundreds of times more affinity for 10 kDa mPEG than
for mTEG (tri(ethylene glycol) monomethyl ether) [38]. 0e
reported applications using anti-PEG antibodies enclose

diagnosis, analysis, and quantification of both PEG and
PEGylated proteins. Only in one work, the anti-PEG anti-
body PEG B-47 (rabbit IgG1monoclonal antibody) was used
as part of an immunoaffinity purification, and the antibody
was bound to streptavidin-coated magnetic beads for the
capture of the MK-2662 peptide PEGylated with 40 kDa
branched PEG at C-terminus [40]. 0e captured peptide was
digested and injected in 2D-HPLC followed by a triple-
quadrupole mass spectrometer detector [40]. However, in
this work, the peptide is destroyed making the application
fundamentally analytic, which is not recommended if
peptide recovery is wanted. In the same way, our research
group is attempting to use anti-PEG antibodies as selective
ligands in PEG-protein downstream processes but from a
preparative perspective.

Approaches on using affinity chromatography for
carrying out PEGylation reactions with better effectiveness
(denominated affinity on-column PEGylation or solid-
phase PEGylation) have also been performed. 0is
methodology consists on integrating the reaction and
purification operations in a single step with the goal of
doing a more site-specific PEGylation and protecting the
active or binding site in enzymes or proteins from PEG
alteration [41]. 0e protein is adsorbed onto the affinity
matrix, and then PEGylation is performed during protein
retention [42]. Table 2 shows examples in which solid-
phase PEGylation with affinity chromatography has been
applied to important therapeutic proteins. On-column
PEGylation ensures the catalytic activity after the PEG-
modification, especially in proteins with modifiable amino
acids in the binding site as it happens with the presence of
lysines, which can be attacked during N-terminal PEGy-
lation [8]. As consequence, protein biological activity is
more conserved than in random PEGylation. Table 2
displays, for the most part, relative bioactivities greater
than 50%, whereas in unplanned PEG conjugations, the
achieved bioactivity is only 40% or even null. In general,
solid-phase PEGylation has improved yields for the mono-
PEGylated protein in comparison to liquid-phase PEGy-
lation [44, 46]. Furthermore, on-column PEGylation
represents an attractive integration of operations obtain-
ing a desirable product with less downstream steps [47] in
less time and with guaranteed biological activity. Never-
theless, this is not always true since in some cases, affinity
changes between the nonmodified and the mono-PEGy-
lated product are not enough to resolve both proteins in
the elution step of the AC [44, 45]. Also, when multiple
conjugates are formed due to the high number of modi-
fiable amino acids in the protein surface [42], a second
purification chromatography (SEC or IEX) could be
mandatory.

In general, the affinity property for the isolation of
PEGylated proteins has only been exploited with chro-
matography in a small number of works. 0e integration
of PEGylation and chromatography is a common ap-
proach with the aim of improving PEGylation yields and
reducing isomer appearance. However, the use and study
of preparative affinity chromatography needs to be
encouraged.
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4. FutureTrendsandPerspectives in theAffinity
Purification of PEGylated Proteins

Future advances in the affinity purification of PEGylated
proteins will be highlighted in two main pathways. One
being the search or generation of novel ligands for PEG-
modified proteins and the second one centered in the de-
velopment of nonchromatographic affinity strategies. Re-
garding the first aspect, there are still very few known ligands
for PEGylated proteins (basically heparin and anti-PEG or
anti-PEGylated protein antibodies). 0is leads to promote
the search or design of novel ligands at high production

levels. 0e strategies to look for novel ligands will be
addressed in the next section of this review.

Regarding the need of nonchromatographic affinity
techniques, the unit operations considered until now are
aqueous two-phase systems (ATPS), affinity-membrane
separations, affinity precipitation, and magnetic strategies
(Figure 1). ATPS are a promising liquid-liquid recovery
operation for their simplicity, economy, having low en-
ergy consumption, high scalability potential, and pres-
ervation of the biological activity [48–50]. Affinity ATPS
have been used to separate a great variety of proteins,
molecules, and cells [51, 52], but there is an opportunity

Table 1: Commercial anti-PEG antibodies and recommended applications.

Antibody Isotype Class Source Company Specificity Suggested applications
B-47 G Monoclonal Rabbit RabMAb® Metoxi-PEG of conjugates ELISA, WB, IHC
PEG-2-128 M Monoclonal Rabbit RabMAb® PEG backbone ELISA, WB

RM105 G Monoclonal Rabbit RabMAb® Metoxi-PEG ICC,WB, ELISA, IHC, flow Cyt,
IP

5D6-3 G1 Monoclonal Mouse RabMAb® PEG backbone ELISA, WB

PA5-32247 G Polyclonal Rabbit 0ermo Fisher
Scientific® PEG WB

09F02 G3 Monoclonal Mouse Lifespan BioSciences® PEG ELISA
THE™ PEG
antibody M Monoclonal Mouse Lifespan BioSciences® PEG backbone and

conjugates ELISA, IHC, IP, WB

E11 G1 Monoclonal Mouse Lifespan BioSciences® PEG backbone ELISA

3.3 G1 Monoclonal Mouse Lifespan BioSciences® PEG backbone and
conjugates ELISA, WB, flow Cyt

6.3 G1 Monoclonal Mouse Lifespan BioSciences® PEG backbone ELISA, WB, flow Cyt
15-2b G2 Monoclonal Mouse Lifespan BioSciences® Metoxi-PEG ELISA, WB, flow Cyt
r33G G3 Monoclonal Rat Lifespan BioSciences® PEG backbone ELISA
AGP3 M Monoclonal Mouse Lifespan BioSciences® PEG backbone ELISA, WB, flow Cyt, IHC
rAGP6 M Monoclonal Mouse Lifespan BioSciences® PEG backbone ELISA, WB
PEGPAB-01 G Polyclonal Rabbit Lifespan BioSciences® PEG WB
ELISA: enzyme-linked immunosorbent assay, WB: western blot, IHC: immunohistochemistry, ICC: immunocytochemistry, and IP: immunoprecipitation.

Table 2: Affinity solid-phase PEGylation of some important proteins.

Protein Affinity support Used PEG reagent
Mono-

PEGylated
yield (%)

Formation of multi-
PEGylated

Relative
bioactivitya

(%)
Reference

L-Asparaginase
L-Asparagine
Sepharose CL-

4B

5 kDa cyanuric
chloride mPEG — No 50.2b [43]

Catalase
Procion Red
Sepharose CL-

4B

6 kDa cyanuric
chloride mPEG — No 46.5c [43]

Recombinant fibroblast
growth factor 2 (FGF-2)

Heparin
Sepharose

20 kDa mPEG
butyraldehyde 58.3 No 105.4d [44]

Recombinant human
keratynocite growth factor
1 (RhKGF-1)

Heparin
Sepharose

20 kDa mPEG
butyraldehyde 40 No 89.6d [45]

His-tagged recombinant
staphylokinase (trSak)

Ni2+-IDA
Sepharose 4FF

Succinimidyl
carbonate mPEG (5,10,

20 kDa)

5 kDa> 40
10 kDa> 30
20 kDa> 28

Yes (di-PEG) in
PEGylation with 5 and

10 kDa

5 kDa> 83e
10 kDa> 81
20 kDa> 75

[42]

aKept bioactivity after PEGylation respect to bioactivity of the unmodified protein. Bioactivity was measured in a different way for each protein. bMeasured
absorbance at 500 nm of ammonia with Nessler’s method. cSpectrophotometrical measure of the decrease in absorbance of H2O2 at 240 nm. dMitogenic
activity measured by NIH3T3 cell proliferation assay. eIn vitro bioactivity was measured as the diameter of the halo around the well in Petri dishes with the
fibrinogen powder.
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area for PEG-modified proteins. In affinity-ATPS, the
preferred systems have been PEG-dextran systems using
antibodies, enzymes, or binding molecules as affinity el-
ements. Affinity ATPS may be constructed for the puri-
fication of PEGylated proteins using the already known
ligands for them.

It should be mentioned that by themselves, some indi-
vidual PEGylated proteins (mono-PEGylated RNase A and
α-lactalbumin) have showed preference for the top-phase (or
PEG-rich phase) in PEG-phosphate systems [15, 53], but the
use of affinity ligands may increase the recovery of these
proteins in the PEG-rich phase. Incorporation of anti-
PEGylated protein antibodies as ligands of PEG-modified
proteins could favor the partitioning of these conjugates
toward a determined phase. Reports about partitioning of
antibodies in PEG-phosphate systems have shown that the
polymers with low molecular weights favor the antibody
partitioning in the PEG-rich phase unlike of systems using
large PEGs in which antibodies are found in the salt-rich
phase (KP< 1). However, in this last case, the use of neutral
salts like NaCl modifies the recovery of antibodies to the
upper phase minimizing the polymer exclusion effects [54].
In PEG-dextran systems, antibodies partition to the bottom
dextran-rich phase, but the use of some ligands for the
antibody or modified PEGs [55] has enabled the partition of
these antibodies to the top PEG-rich phase. With this in
mind, further studies should be performed on the partition
of those antibodies intended to be used for the primary
recovery of PEGylated proteins to identify those systems in
which these conjugates could be recovered. As it has been
seen with most antibody partitioning studies, similar results

could be expected leading to a good application for these
purposes.

Affinity filtration, on its part, retains a protein that
normally would pass through the membrane pores with the
use of an affinity ligand. Its advantage is the specificity
combined with the speed and the high-volume processing
capacity of the membranes [56]. During the last few decades,
affinity membranes have been coupled with chromato-
graphic equipment giving place to membrane affinity
chromatography (MAC) and to monolithic supports. MAC
offers less risk of fouling or clogging and faster separations at
semipreparative level [57].

Another alternative for the purification of PEGylated
proteins is affinity precipitation. 0is technique can be
defined as the specific and scalable solid-liquid separation of
an insoluble substance (precipitate) induced by chemical or
physical changes [58]. Temperature, pH, and salt concen-
tration are factors involved in precipitate formation. For
PEG-proteins, three different formats of affinity precipita-
tion can be proposed: simple one-ligand, mixed-ligand and
macroligand, or indirect precipitation. One and mixed-li-
gand formats can be categorized as primary or direct pre-
cipitation [58], where a unique and selective ligand (e.g.,
anti-PEGylated protein antibody) is used for capturing
PEGylated proteins (Figure 2(a)). Mixed-ligand formats
require a mixture of two ligands (e.g., anti-PEGylated
protein and native protein antibodies) to fractionate the
PEGylation reaction with different sedimentary velocities.
Here, the separation is characterized basically for the ability
of a first ligand to recognize only PEGylated proteins and a
second ligand that recognizes the native unreacted protein

Membrane
separations 

ATPS

Magnetic
separations Precipitation

Affinity
ligands 

Y
Y

Y
Y

Y
Y

PEGylated proteins

Native protein

Affinity ligands

Macroligand

Figure 1: Potential nonchromatographic affinity-based strategies to be highlighted in the future recovery and purification of PEG-modified
proteins.
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(Figure 2(b)). To be successful, the fractionation according
with the size of the complexes could be achieved through
gradual precipitation. In the third format, macroligands,
which are bifunctional agents formed by a first molecule and
the ligand, in which the first molecule can be a biomolecule
(e.g., protein A, tags, and carrier proteins) binding one or
several ligands (Figure 2(c)); stimuli-responsive polymers
belong to this group and are well represented by acrylamide
copolymers [59]. Application of stimuli-responsive poly-
mers would have to be evaluated in the case of PEG-proteins
due to the interactions between the polymers and the
protein.

Magnetic affinity separations are characterized as simple,
fast, gentle, versatile, scalable, and automated processes
[60, 61]. For proteins, there are two modes of affinity
magnetic separations: direct and indirect. In the direct
method, the ligand must be coupled to the magnetic particle
to capture the target protein; in the indirect method, the
ligand and magnetic particles are added separately, leaving
the ligand the function to interfere in the union of the target
and the magnetic particle [60]. Nowadays, magnetic parti-
cles and separators are available commercially; the particles
are sold with functional groups, in activated forms or with
the embedded ligands, which make their procurement and
use relatively easy. 0e application of the presented affinity
nonchromatographic separation for PEGylated proteins will
be conditioned by overcoming some hurdles such as
abundance, recycling, and stability of the ligand in the
purification media, so as the use of an efficient methodology
for conjugate tracking and characterization.

0e use of nanoparticles may be interesting in affinity-
based separations of PEGylated proteins because of the
multivalency and high avidity that nanoparticles present [23].
0rough this route, PEGylated angiotensin II receptor type 1
has been bound to multivalent nanoparticle counterbalancing
the affinity loss (up to 600-fold affinity decrease) caused by

PEG-modification [62]. Ligands for PEG-proteins such as
anti-PEGylated protein antibodies or those developed in the
future might be immobilized firstly on nanoparticles
(Figure 3) and in this way, improve the affinity capacity of the
nonchromatographic technique and affinity loss and recov-
erability of the ligand.

A general trend in bioseparations is the design of simple
one-stage operations commonly called process integration
[63]. Many of the described nonchromatographic options can
be combined with each other or with chromatography (as in
MAC) in a unique purification stage and increase the efficiency
of the individual operations until reaching the observed
performance of chromatographic techniques. 0is integration
is not restricted only to separation stages but also to pro-
duction as it is visualized in “solid-phase PEGylation.” Fol-
lowing the trend of process integration, affinity magnetic
ATPS or so-called magnetic extraction phases (MEP) are not
far away from being considered for the recovery of PEGylated
proteins as well. Works dealing with this alternative for a
mixture of lysozyme and ovalbumin have already been assayed
[64]. In this work, a cationic magnetic adsorbent and a
nonionic surfactant (Triton X-114) are added to the protein
mixture. 0e magnetic adsorbent captured lysozyme, and a
biphasic system is later formed heating at 30°C and excluding
the magnetic particles to the lower surfactant-rich phase. 0e
top-phase is eliminated, and lysozyme was eluted and sepa-
rated of the magnetic particles increasing temperature again.
0e purity (>80%) and yield (74%) of the lysozyme are then
comparable to those where only the magnetic cation exchange
was performed [64]. In this context, this integral approach
results interesting if applied to PEGylated proteins since
modified and native proteins may be separated from the re-
action media in a first phase elimination to later elute each
protein isomer, varying the process conditions. Another ap-
propriate combination might be affinity ATPS and precipi-
tation, in which selective recognition of PEGylated proteins

(a) (b) (c)

Macroligands
PEGylated proteins

Native protein
PEG

Affinity ligands
Stimuli-responsive

polymer 

Figure 2: Proposed designs for the affinity precipitation of PEGylated proteins.
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with amacroligand would be partitioned to the upper phase in
a PEG-salt or PEG-dextran system [25] and later performing
the separation of this phase to have a precipitation induced by
a mild change in the system.

As conclusion, trends point to the development of
nonchromatographic affinity techniques and their integra-
tion in the recovery of proteins modified with PEG, in-
cluding the use of multiple ligands or macroligands.

5. Guidelines in the Selection and
Development of Affinity Purification
Strategies for PEGylated Proteins

When a protein affinity purification method is needed and
the experience in downstream processing is limited, a
common query is how to choose the best strategy to do
this. 0is same doubt is not foreign to PEGylated protein
purification. Considering that the ligand and unit oper-
ation selections must be based firstly on getting a fast,
economic, and practical purification process, one starting
point to choose the best strategy is to know if the
PEGylation procedure for a protein has already been re-
ported and if it keeps part of the required biological ac-
tivity. Although this can seem redundant, for novel
PEGylated proteins, it constitutes a way of knowing if a
joint PEGylation-separation process is feasible or if it
should focus solely on its purification. If the PEGylation
strategy and activity of the protein have been widely
studied, the procedure will focus exclusively on purifica-
tion. On the contrary, PEGylation and purification should
be treated at the same time with the aim to achieve ef-
fectiveness in both processes, and this last might lead to the
use of solid-phase PEGylation. 0is is recommended es-
pecially when the protein possesses in its binding site
amino acids susceptible to alteration under a particular

PEGylation chemistry. One alternative for overcoming this
is engineered mutations, as long as the knowledge and
costs allow it.

Following the line in which a PEGylation tactic has been
preset, a second question is how much protein needs to be
purified. 0e response steers to decide between a non-
chromatographic or chromatographic technique since
nonchromatographic operations are oriented to obtain large
amounts of protein at low costs although resolution and
purity may be somewhat compromised [65]. However, the
decision on what technique should be used is closely related
to how abundant and expensive is the ligand and if the ligand
is commercially available. So, for costly and/or low-pro-
duction ligands, AC is a suitable alternative, especially if the
recovery of the ligand has not been addressed. Storage,
sterilization feasibility, and stability are other factors re-
garding the ligand that can influence the decision [27]. In
this point, other questions related to the ligand must be
fulfilled (Figure 4). 0e first question in ligand selection
involves having evidence of the existence of any ligands for
the protein. It may be an antibody or even the target of its
biological function. When the ligand is very expensive,
unknown, scarce, or not isolated, one first trial is the use of
pre-existing affinity chromatographic supports. 0is alter-
native can be cheap, rapidly developed, powerful, and
functional if there is any evidence or suspected affinity in-
teraction between the support and the target molecule. A
clear example of this application is the purification of mono-
PEGylated lysozyme with heparin chromatography which
can be regarded as an example of novel applications of
existing supports for protein purification [32]. Among the
most common affinity supports that can be tried to purify
proteins are Heparin Sepharose, Lectin Sepharose, Blue
Sepharose, Gelatin Sepharose, Lysine Sepharose, Streptavi-
din Sepharose, Protein A Sepharose, and IMAC Sepharose.

(a) (b)

PEGylated proteins

Anti-PEGylated protein antibody

Heparin

Figure 3: Improved affinity by immobilizing PEGylated protein ligands on multivalent nanoparticles.
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If no separation in those pre-existing affinity chromato-
graphic supports is detected, the next alternative is to localize
a ligand. 0e identification of a potential ligand can be
reached through two main strategies: searching for natural
ligands and to design them.

In the first approach, traditional experimental searching
involves genetic engineering, antibody production plat-
forms, and high-throughput screening (HTS). On its part,
antibody production can be done by exploiting the tradi-
tional method of the hybridoma technology, which consists
in the creation of a hybrid cell combining a B cell of the
spleen of an immunized animal with its antigen and a
myeloma cell, with high reproduction of the new cell
[66, 67]. However, one drawback of this option is time
consumption. On the contrary, a nontested technology yet is
phage display, cloning genes of Fab antibody regions in a
vector, which transforms a bacterium using a bacteriophage
[66, 68]. On their part, aptamers, which are oligonucleotides
of ribonucleic acid (RNA) or single-strand deoxyribonucleic
acid (ssDNA) with three-dimensional structure, also rep-
resent viable ligands with high thermal stability and low
immunogenicity, capable to be bound with high specificity

to proteins [69]. 0e aptamers have the advantage of being
synthetized in great quantities with accuracy at large scale in
less time and recognizing a wide spectrum of molecules or
biomolecules in comparison with antibodies [69]. In fact,
their implementation for the capture of proteins, specifically
plasma-derived factors VII, H, and IX, in chromatography
has already started [70]. Mutation of ligand gene sequences,
alteration of the epitope, or affinity site in antibodies are
another options. When the designated ligands are based on
mimicking a natural binding, those are called biomimetic
affinity ligands [25]; these may be created by chemical,
enzymatic, or combined synthesis of their posteriori design
and prediction. However, it is essential to have in mind the
time investment, cost, and low yields that these synthesis
methods may present depending on the nature availability
and complexity of these compounds or raw materials.

On the contrary, high-throughput screening techniques
(HTST) seem to be a safer and direct choice for screening
ligands. 0is approach, emerged around the end of the
1990’s, gained importance in drug discovery inside the
pharmaceutical industry [71]. It is based on the assaying of a
larger number of candidate compounds (10,000 or even

Testing of
existing affinity
supports in AC

Any ligand is known
for the protein?

Are there natural
ligands?

Is the ligand
abundant?

Start

Choice of separation

Nonchromatographic
affinity

purification

No

Yes

Design of
ligands

Chemical
synthesis

Phage
Display

Technology

Chromatographic
affinity purification
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Technology
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economical ligand and a fast

developed bioseparation?

Yes

Yes
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Define coupling chemistry

Genetic
engineering
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Figure 4: Ligand selection for an affinity-based bioseparation for PEGylated proteins.
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100,000) against specific targets. [72] Putative compounds
are taken from existing libraries of natural molecules or
biomolecules. 0eir benefits include fast testing, low cost,
and high-quality data [71]. Some of these characteristics are
relative because workstations and automated devices are
expensive, and maintenance is mandatory.

As it can be appreciated in Figure 4, when natural ligands
are not located and the tridimensional structure and se-
quence of the protein are known, mimetic ligands may be
chemically synthetized, biosynthesized, or chemo-bio-
synthetized. 0e design of ligands implies the synthesis of a
novel chemical or biochemical ligand (in silico), not pre-
viously known. Ligand design can be helped by computa-
tional tools as it is described as follows.

Ligand definition can be assisted by computer-aided
screening (CAS), computer-aided drug design (CADD),
[73] and/or high-throughput screening techniques
(HTST). CAS or CADD tests several molecules or bio-
molecules as possible ligands with tools such as molecular
docking (MDK), molecular dynamics (MD), and quan-
titative structure-activity relationship (QSAR). MDK is a
method emerged in the 1980’s, which attempts to find
interactions between molecules [74] as putative ligands
and predicts the binding affinity changing their orien-
tation [75]. 0e used software for MDK is Auto Dock,
Dock, Gold, V Life MDS, and Flex X. On its part, MD
simulation is a predictive computational method which
allows to understand the structure, folding, conforma-
tions, and behavior in biological systems of a specific
biomolecule, involving iterative numerical calculations of
forces that consider molecules as a set of atoms connected
by strings (bounds) governed under classical laws of
motion [76]. 0ere are several free and commercial
packages used for MD like GROMACS, GROMOS,
AMBER, NAMD, CHARMM, COSMOS, and ORAC [77].
MD assists MDK with putative structures of the ligand or
target and the estimation of the binding free energies.
However, it is also important to mention the limitations
when these two modelling tools are considered in ligand
design. For example, the need of training and the long
time that simulations can take (i.e., weeks or even months
in some cases) but setting aside those aspects predicted
binding constants are not always accurate since multiple
factors (temperature, pH, and environment) can impact
the quality of simulations and allosterism can occur in
some ligand-target interactions [77]. QSAR has been
more widely employed in medical chemistry, and it
generates a model that describes the activity as a function
of several descriptors of the molecule structure [78].
0ese descriptors can be constitutional (i.e., molecular
weight, atoms number, and bond type), electrostatic,
topological (number of bonds, valence electrons, and
atom connectivity data), or geometrical [78, 79]. In all
these computer-aided tools, experimental execution will
be the best way to confirm the obtained results by sim-
ulation. Due to the strengths and weaknesses cited for
each specific tool in the screening or ligand development,
some authors agree to make an integration, for example,
an initial CAS or CADD followed by other experimental

options like HTS [73]. Reiterative selection processes are
suggested too like the case of CAS/CADD-HTS-CAS/
CADD processes. 0e success of these tools in ligand
definition will depend heavily on having the right ex-
perience in the field as well as the resources for invest-
ment [27]. It should be mentioned that related results
might be lengthy and costly as much as experimental
searching. As mentioned previously, the synthesis or
biosynthesis of these proposed ligands must go hand-in-
hand with organic chemistry synthesis or biochemical
synthesis.

In this same line, after the selection of the ligand (in-
dependently of its search or design), and in correlation with
the protein abundance and requirements, the choice of the
purification operation should be performed. As it has been
said, when ligands and proteins are in high amounts,
nonchromatographic affinity techniques are recommended.
However, there is not yet a guide to select a specific oper-
ation between these, so the best option must be selected
through experimentation by trial-and-error.

Another consideration is the immobilization method of
the ligands when these require to be fixed to a support (i.e.,
resin, membrane, or particles). At first, the available
chemical groups in the affinity ligand must be checked to
perform the immobilization as well as to know the chemistry
in the support or beads even if these have been previously
activated for a particular function and application condi-
tions.0e omission of these considerations might result on a
decrease in target binding, ligand degradation, or presence
of unspecific interactions with contaminants. For PEGylated
proteins, hydrophobic, or ionic groups could entail non-
specific interactions. Tentative analysis using docking al-
gorithms can also predict these situations.

Immobilization methods can be classified basically
into two branches: covalent and noncovalent methods.
0e first offers a chemical stable and durable bond be-
tween the support and the ligand avoiding leakage of this
last during the normal operation. Covalent methods are
performed between immobilized ligands with amine
groups and supports having N`N-carbonyldiimidazole,
cyanogen bromide, N-hydroxysuccinimide, or tresyl/tosyl
chloride and between sulfhydryl groups with supports
having divinylsulfone, epoxy, bromoacetyl, yodoacetyl,
maleimide, and tosyl chloride groups [29, 80]. 0e as-
sociated drawbacks of these covalent immobilizations are
improper orientation or steric hindrance because these are
not site-directed. However, there are also covalent site-
directed attachments, which increase the functionality of
the ligands [81]. Inside this group, we can find metal-
carrying supports (e.g., iminodiacetic or nitrilotriacetic
acids) or attachment via protein bridges. In antibodies, the
carbohydrate residues are oxidized with periodate and
then bound to hydrazine or amine-activated supports,
which might be the most efficient option of those de-
scribed. However, care must be taken in doing this since
overoxidizing promotes denaturing, and oligosaccharide
moieties can result damaged in the purified ligands [82].
On their part, noncovalent immobilization tactics rely on
a physical and temporal adsorption of the ligand with the
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support, and the ligand can be retained under conditions
of elution of the target. Modified avidin/streptavidin,
protein A or G supports are used for this purpose. A
disadvantage is that a large amount of ligand can be
needed due to loss [80].

In brief, the guide proposed here for the operation se-
lection of an affinity-based-strategy for the recovery and/or
purification of PEG-modified proteins is founded in the
previous knowledge of the protein properties, its PEGylation
process, the availability of known ligands, and previously
described immobilization methods. Also, multidisciplinary
support (computational techniques, genetic engineering,
and organic/biochemical synthesis) is suggested, but eco-
nomic resources, experience, and time are critical factors in
the decision about its use and involvement degree.

6. Conclusion

0e recovery and purification of PEGylated proteins
continue to be a challenge, despite the fact that several
techniques have been studied and employed. Although
affinity loss has been reported in many cases after
PEGylation reactions, the change in this property of the
modified proteins can be exploited for their purification.
In this context, affinity-based strategies are envisioned as
the future of the recovery and purification of PEG-
modified proteins due to their selectivity and specificity.
So far, affinity chromatography has been the unique af-
finity-based bioseparation tested for PEGylated proteins.
Selection and abundance of the ligand and the type of
technique will be key points in the successful imple-
mentation of affinity separations for PEG-protein con-
jugates. Until now, only two potential ligands have been
identified for PEGylated proteins: anti-PEG antibodies
and heparin. 0erefore, the search or design of novel
ligands is fundamental for the growth of this area. At this
point, high-throughput screening and several computer-
aided tools (i.e., molecular docking, molecular dynamics,
and quantitative structure-activity relationship) could be
very useful. In the same way, large-scale production of
ligands can be promoted through phage display, aptamer
production, and genetic engineering along with tradi-
tional chemical organic synthesis and biosynthesis.
Nonchromatographic affinity techniques like precipita-
tion, aqueous two-phase systems, and membrane and
magnetic separations are expected to emerge in this
context with integrated operations that will surely im-
prove the yields of the desired PEGylated protein con-
jugate, saving resources and reducing processing times.
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[35] J. González-Valdez, A. Yoshikawa, J. Weinberg, J. Benavides,
M. Rito-Palomares, and T. M. Przybicien, “Toward improving
selectivity in affinity chromatography with PEGylated affinity
ligands: the performance of PEGylated protein A,” Biotech-
nology Progress, vol. 30, no. 6, pp. 1364–1379, 2014.

[36] R. P. Garay and J. P. Labaune, “Immunogenicity of poly-
ethylene glycol (PEG),” ?e Open Conference Proceedings
Journal, vol. 2, no. 1, pp. 104–107, 2011.

[37] H. Schellekens, W. E. Hennink, and V. Brinks, “0e immu-
nogenicity of polyethylene glycol: facts and fiction,” Phar-
maceutical Research, vol. 30, no. 7, pp. 1729–1734, 2013.

[38] M. G. P. Saifer, L. D. Williams, M. A. Sobczyk, S. J. Michaels,
and M. R. Sherman, “Selectivity of binding of PEGs and PEG-
like oligomers to anti-PEG antibodies induced by methox-
yPEG-proteins,” Molecular Immunology, vol. 57, no. 2,
pp. 236–246, 2014.

[39] P. Zhang, F. Sun, S. Liu, and S. Jiang, “Anti-PEG antibodies in
the clinic: current issues and beyond PEGylation,” Journal of
Controlled Release, vol. 244, pp. 184–193, 2016.

[40] Y. Xu, J. T. Mehl, R. Bakhtiar, and E. J. Woolf, “Immu-
noaffinity purification using anti-PEG antibody followed by
two-dimensional liquid chromatography/tandem mass
spectrometry for the quantification of a PEGylated thera-
peutic peptide in human plasma,” Analytical Chemistry,
vol. 82, no. 16, pp. 6877–6886, 2010.

[41] C. J. Fee and J. M. Van Alstine, “PEG-proteins: reaction
engineering and separation issues,” Chemical Engineering
Science, vol. 61, no. 3, pp. 924–939, 2006.

[42] J. Wang, Y. Wang, T. Hu et al., “An oriented adsorption
strategy for efficient solid phase PEGylation of recombinant
staphylokinase by immobilized metal-ion affinity chroma-
tography,” Process Biochemistry, vol. 47, no. 1, pp. 106–112,
2012.
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