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Pegylation – in search of balance 
and enhanced bioavailability
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ABSTRACT

In the process of fi nding better therapeutics, thousands of new molecules are synthesised every day. Many of 
these can be poorly soluble in water, leading to a potentially promising drug being rejected during testing due 
to its poor solubility. Polyethylene glycol (PEG) has become known as an excellent modifi cation to remedy 
this and was initially used to increase circulation time and reduce the immunogenicity of therapeutic proteins. 
Thus signifi cantly increasing their safety and range of use. Another group of compounds in which signifi cant 
benefi ts of pegylation have been seen are photosensitisers. Used in photodynamic therapy, they are often 
characterised by very high hydrophobicity. Pegylation of their structure signifi cantly increases their affi n-
ity for cancer cells and facilitates their penetration through cell membranes. Classical small-molecule drugs 
can benefi t from temporary combinations hydrolysed in the body or very short PEG chains. This approach 
allows a signifi cant increase in the bioavailability of the drug while avoiding the disadvantages of small mol-
ecule pegylation. However, the most common motive for pegylation recently is the creation of drug carriers. 
Liposomes and nanoparticles make it possible to exploit the advantages of PEG to stabilise their structure 
and increase circulation time while not modifying the structure of the active compound. Unfortunately, PEGs 
also have their drawbacks. The fi rst is their high molecular weight range, especially for longer chains, which 
poses diffi culties in purifi cation. Another is the emergence of antibodies directed against PEG. Nevertheless, 
pegylation is still an up-and-coming method for modifying pharmaceutically active molecules.

Introduction

One of the signifi cant challenges in drug design is 
the poor solubility of many compounds in water. 
Organic molecules used in medicine are mainly 
hydrophobic. However, not all of them require or 

can benefi t from increased solubility. Accord-
ing to the BCS (Biopharmaceutics Classifi cation 
System), there are four classes of drugs. They 
are segregated according to their solubility (high 
vs. low) and intestinal permeability (high vs low). 
Drugs from class 1 are highly soluble and absorb 
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well; ideally, all drugs would eventually have such 
desirable properties. Classes 2 and 3 comprise 
drugs with either low solubility or low permeabil-
ity, while class 4 drugs with the weakest param-
eters have the poorest bioavailability. Most modi-
fi cations to the structure aimed at increasing 
their solubility in water rely on introducing hydro-
philic functional groups (e.g. hydroxyl, amine) 
into their structure or giving these molecules an 
electric charge by introducing quaternary ammo-
nium groups or quickly dissociating groups (such 
as sulfonyl or carboxyl groups). There are sev-
eral disadvantages to using this approach. Such 
hydrophilic compounds are not easily transport-
ed across biological membranes, mostly lipid in 
structure. Therefore, such modifi cation will move 
a drug from BCS class 2 to class 3, not improving 
overall bioavailability. Additionally, acidic groups 
such as carboxyl or sulfonyl groups generally 
increase water solubility only under primary con-
ditions where they can ionise. One of the solu-
tions to improve this is 'pegylation'. It offers the 
possibility of increasing the solubility and, conse-
quently, bioavailability of drugs in a wide range of 
applications. Polyethylene glycol (PEG) consists 
of units containing alternating ethylene groups 
and oxygen atoms, giving it an amphiphilic struc-
ture. The structure is very advantageous from 
the point of view of penetration through biologi-
cal membranes because it has an affi nity for both 
the aqueous environment of body fluids and lipid 
cell membranes. These properties make it a fas-
cinating modifi cation, as it can result in modifi ed 
drugs transitioning to a higher BCS class, thereby 
improving their therapeutic usability. One of the 
most signifi cant advantages of pegylation is that 

Figure 1. Possible ways of attaching PEG (created with BioRender.com)

it can improve solubility and permeability at the 
same time with the use of only one modifi cation. 
However, due to the variety of substituents and 
methods of linking them to active molecules, dif-
ferent drugs require a different approach to this 
up-and-coming method.

PEG can be attached to the target in many 
ways (Figure 1). Due to their large size and slightly 
negative charge owing to the oxygen atoms, they 
can be adsorbed on the surface of nanoparticles. 
In the case of liposomes, PEG is often incorporat-
ed into the membrane by adding it to the mixture 
during formulation. Alternatively, some of the lip-
id chains in phospholipids can be exchanged with 
PEG chains. When modifying molecules, a cova-
lently bonding target with PEG is the preferred 
method and can be used on its own or as a link-
er to another molecule or carrier. This mini-re-
view will focus on modifi cation utilizing covalent 
bonds. There are two possible methods of pegy-
lation of small molecules, permanent attachment 
of the glycol chain or temporary, as in the case 
of pro-drugs. Nevertheless, only one is preferred 
for macromolecules. The irreversible method 
is most commonly used in protein and photo-
sensitiser modifi cation. It provides stability and 
structure invariability even after drug administra-
tion. Still, unfortunately, it can reduce effi ciency 
compared to the original molecule if the size of 
the PEG chain is too large. The most commonly 
used PEG chains contain functional groups that 
react irreversibly with those in the modifi ed com-
pound. Amine, hydroxyl, or thiol groups are com-
mon targets of this reaction. The fi rst can create 
connections, e.g., amide, urethane, secondary or 
tertiary amine and imine. On the other hand, the 



Journal of Medical Science 2022;91(3)314

hydroxyl and thiol groups most often form ether 
and thioether connections. The pro-drug method 
is based on the temporary attachment of a glycol 
chain through bonds that undergo gradual hydro-
lysis (biotransformation) in the patient's body. 
Ester bonds are mainly used for this, ensuring 
better solubility and bioavailability at the formu-
lation and administration stage while not reduc-
ing the effect of the original molecule. The dis-
advantage of this approach, however, is the lower 
stability of such combinations, especially during 
more extended storage, and the high dependence 
of the rate of hydrolysis on the patient's condi-
tions [1, 2].

Proteins and enzymes

Until now, pegylation is most often used to mod-
ify proteins and enzymes. Several of them have 
already completed the clinical trial phase and 
have been approved by the European Medicines 
Agency (EMA) and US Food and Drug Adminis-
tration (FDA) (Table 1). The primary purpose of 
protein pegylation is to increase the time they cir-

culate in the body. The pegylated proteins intro-
duced for treatment include interferons used in 
melanoma and viral hepatitis [3, 4] and fi lgrastim 
to manage bone marrow suppression induced by 
chemotherapy [5]. There are also clinical trials of 
pegylated enzymes such as arginase and aspara-
ginase in treating leukaemia [6, 7]. PEGylated pro-
teins and enzymes are the groups with the most 
prominent and heaviest PEG substituents. They 
usually have a mass of several tens of thousands 
of Da and are very often branched chains. An 
additional advantage of protein pegylation is that 
it usually lowers the immunogenicity of the pri-
mary protein, which reduces the body's immune 
response to the administered drug [4].

Drug carriers

Efforts to increase the bioavailability of drugs 
have given rise to many forms of drug carriers and 
delivery systems. The two main groups currently 
receiving the most attention are liposomes and 
nanoparticles [15]. At the same time incorporat-
ing polyethylene glycol into the structure of drug 
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carriers such as liposomes and nanoparticles is 
gaining more and more popularity. Such usage 
does not require modifi cation of the active com-
pound structure. PEG in liposomes is usually an 
additive to the formulation, while in nanoparticles, 
it depends on their nature. In the case of metal-
lic nanoparticles, it can be a covalent bond that is 
very durable, or it can be adsorption based. In PEG 
liposomes, they most often play a stabilizing and 
protective role [16]. PEG-containing liposomes 
signifi cantly improve pharmacokinetic parame-
ters over conventional liposomes and free drugs. 
PEGs with molar masses in the range of 2–5 kDa 
are best suited for application [17]. Nawalany et al. 
have conducted a comparison study in which they 
test pegylated porphyrin against a non-pegylated 

compound enclosed in pegylated liposomes. They 
note that both approaches reduce the dark cyto-
toxicity but liposomes retain higher activity when 
exposed to light. The liposomes also internalize 
the non-pegylated porphyrin into cells faster and 
in higher concentrations than pegylated porphy-
rin on its own [18]. The EU and US have approved 
pegylated liposomal formulation of doxorubicin 
for treating various cancers for over 25 years. 
Better pharmacokinetic profi le, longer circulation 
time and lower toxicity are characteristics of the 
formultion [19]. Pegylation can also signifi cantly 
improve liposome stability during long-term stor-
age without any negative impact on the delivery 
of the therapeutic, as shown by Knudsen et al. in 
their study. Wherein pegylated liposomes con-

Table 1. Pegylated drugs approved by FDA [8–14]

Brand 
name

Active molecule Attached PEG Therapeutical target Year of 
approval

Adagen Adenosine deaminase 5 kDa – multiple chains Severe combined immunodefi ciency 
disease

1990

Oncaspar Asparaginase 5 kDa – multiple chains Acute lymphoblastic leukaemia 1994
Doxil Liposomal doxorubicin 2 kDa Ovarian cancer, multiple myeloma 1995
PegIntron Interferon α-2b 12 kDa Hepatitis C 2001
Pegasys Interferon α-2a 40 kDa – branched Hepatitis C 2001
Neulasta Filgastrim 20 kDa Neutropenia 2002
Somavert Growth hormone receptor antagonist 4–6 x 5 kDa Acromegaly 2003
Macugen Anti-VEGF aptamer 40 kDa – branched Macular degeneration 2004
Mircera Epoetin-β 30 kDa Chronic kidney disease-associated 

anaemia
2007

Cimzia Anti-TNF Fab 40 kDa – branched Rheumatoid arthritis and Crohn’s 
disease

2008

Asclera Dodecyl alcohol 400 Da Varicose veins 2010
Krystexxa Uricase 9–11 x 10 kDa Chronic gout 2010
Sylatron Interferon α-2b 12 kDa Melanoma 2011
Omontys Erythropoietin-mimetic homodimeric 

peptide
40 kDa – branched Chronic kidney disease-associated 

anaemia
2012

Movantik Naloxone 339 Da Opioid-induced constipation 2014
Plegridy Interferon β-1a 20 kDa Multiple sclerosis 2014
Adynovate Coagulation factor VIII 20 kDa Haemophilia A 2015
Rebinyn Coagulation factor IX 40 kDa Haemophilia B 2017
Jivi Coagulation factor VIII 60 kDa Haemophilia A 2018
Palynziq Phenylalanine ammonia-lyase 20 kDa Phenylketonuria 2018
Revcovi Adenosine deaminase 80 kDa Adenosine deaminase severe 

combined immunodefi ciency
2018

Asparlas L-asparaginase 31–39 x 5 kDa Leukaemia 2018
Udenyca G-CSF 20 kDa Infection during chemotherapy 2018
Ziextenzo G-CSF 20 kDa Infection during chemotherapy 2019
Esperoct Coagulation factor IX 40 kDa Haemophilia A 2019
Nyvepria G-CSF 20 kDa Chemotherapy associated neutropenia 2020
Empaveli Compstatin 40 kDa Paroxysmal nocturnal hemoglobinuria 2021
Skytrofa Human growth hormone 4 x 10 kDa Growth hormone defi ciency 2021
Besremi Interferon α-2b 40 kDa Polycythemia vera 2021
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taining calcipotriol – a synthetic vitamin D ana-
logue used in psoriasis treatment, were examined 
and compared with normal ones [20]. Unfortu-
nately, pegylation is not always a perfect solu-
tion, as demonstrated during the development 
of liposomal formulations of vincristine. One of 
the big problems is its high leakage through the 
membranes outside the liposomes. It was dem-
onstrated that adding PEG slows down this pro-
cess, although further studies are necessary for 
clinical application [21]. Due to their nature, nano-
particles are often accumulated by the phago-
cytic system and thus removed from circulation.. 
Aggregation, which can lead to the congestion of 
capillaries, is still another problem. Therefore, it is 
necessary to protect them by coating them with 
various molecules, out of which PEG is the most 
often used [22]. Covering the surface of nanopar-
ticles prevents aggregation and the response of 
the phagocytic system. As a result, the time they 
stay in the bloodstream increases. The most fre-
quently used PEGs for this purpose have a mass 
of several thousand Da [23]. Pegylation can also 
increase the circulation time of nanoparticles 
made from biodegradable polymers like PLGA 
(poly lactic-co-glycolic acid), an emerging mate-
rial in controlled drug release systems. Adding 
PEG to the polymer shields it from hydrolysis 
and enables copolymer to form micelles for drug 
transport [24]. Similarly, the nanoparticles made 
from mesoporous materials have gained much 
interest recently. Although not fault-free, pegyla-
tion can help overcome them. Zhu et al. showed 
one of the examples in their work on pegylated 
mesoporous silica nanoparticles as drug carriers. 
They demonstrate, as many others, better stabil-
ity and dispersity in aqueous conditions as well 
as lower toxicity of nanoparticles themselves. 
Simultaneously, when loaded with doxorubi-
cin, the pegylated carriers exhibit higher cellular 
uptake and stronger cytotoxic activity against 
cancer cells than free doxorubicin [25]. 

PDT and photosensitisers

Photodynamic Therapy (PDT) uses various 
light-absorbing dyes as photosensitisers (PS) 
and their ability to produce singlet oxygen or 
other Reactive Oxygen Species (ROS) to kill can-
cer cells or pathogenic microorganisms. PS can 

be applied topically or intravenously, and after 
it builds up in the cells, it is irradiated with vis-
ible light. Illumination activates the photosensi-
tiser, which can then transfer its surplus energy 
to a molecule such as oxygen and form ROS or 
directly to the building blocks of cells such as 
DNA, proteins, and structural elements like mem-
brane, mitochondria and cell walls. The main goal 
of PDT is to induce oxygen to its reactive singlet 
state, which then reacts with cellular mecha-
nisms causing damage and leading to apoptosis 
[26, 27].

Photosensitisers, by their nature, are often 
compounds with many conjugated double bonds, 
making them usually highly hydrophobic mol-
ecules with poor water solubility. The feature is 
very unfavourable for its usefulness in photo-
dynamic therapy. One of the main challenges in 
successful PDT is the even distribution of photo-
sensitiser within a tumour and selectivity against 
cancer cells. Only a few photosensitisers have 
been clinically approved, and a few more are in 
the clinical trial phase [28]. The quaternisation of 
pyridyl or amino groups, sulfonation, carboxyla-
tion and pegylation are typical modifi cations to 
increase photosensitisers solubility in water [29]. 
Another possibility is to enclose photosensitisers 
in liposomes, which allows them to be dispersed 
in an aqueous medium. Liposomes can also be 
modifi ed to increase the ability of compounds to 
target cancer [16].

One of the more promising modifi cations of 
the photosensitiser molecule is pegylation, which 
links PS to polyethylene glycol chains to increase 
the water solubility of such conjugates [30]. Other 
advantages of pegylation include increased sta-
bility and better bioavailability. The most com-
mon method of photosensitiser pegylation is 
the permanent introduction of polyethylene gly-
col chains into the photosensitiser molecule 
via a stable covalent bond. The vast majority of 
clinically used photosensitisers have the struc-
ture of pyrrole macrocycles [31]. Macrocyclic 
pyrrole-derived compounds, includes porphyrins, 
benzoporphyrins, chlorins, porphyrazines, phtha-
locyanines, naphthalocyanines, corroles and oth-
ers. These are molecules that usually consist of 
four pyrrole molecules. The core of these mac-
rocyclic molecules is strongly hydrophobic and 
mostly soluble in non-polar solvents or insoluble. 
Numerous solution attempts are being made to 
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incorporate PEG chains or linkers into their struc-
ture. Pavlíčková et al. demonstrated a pegylated 
derivative of purpurin 18 that exhibits signifi cant-
ly higher photodynamic activity against many 
cancer cell lines compared to the parent mole-
cule, even with a lower quantum yield of singlet 
oxygen generation (Figure 3) [32]. Zhdanova et al. 
presented the synthesis of various asymmetric 
pegylated porphyrins in their work. They show an 
easy method to obtain many compounds for high 
throughput studies (Figure 3) [33].

PEG chains are universal linkers, as demon-
strated by Darwish et al. In their work on phtha-
locyanine conjugated to a monoclonal antibody 
directed against multiple myeloma. They achieved 
good photodynamic activity in the nanomolar 
range [34]. Purushothaman et al. report their suc-
cess in creating self-assembled nanoparticles 
of hydrophobic porphyrin and biotin with a PEG 
linker and encapsulated doxorubicin. They show 
synergistic effects of combining traditional che-
motherapy and PDT (Figure 4) [35].

Such amphiphilic molecules can be more eas-
ily tested in aqueous solutions exhibiting dif-
ferent photophysical properties than in organ-
ic solvents. Mandal et al. demonstrated this in 
their publications on unsymmetrical porphy-
rins, chlorins and bacteriochlorins. The authors 
extensively study the photophysical properties 
of water-soluble compounds from these groups 
ready to be combined with other molecules or 

carriers [37–39]. Natural protoporphyrin IX can be 
very easily modifi ed with PEG chains by esterifi -
cation, which signifi cantly increases its photody-
namic activity. At the same time, pegylation sub-
stantially improves the therapeutic index, thus 
increasing the safety of use (Figure 4) [36]. The 
literature mentions the ability to form nanoparti-
cles in the self-assembly of compounds with PEG 
chains in their structure without using additional 
stabilizers or surfactants [35, 40, 41]. In addition, 
the complexing properties of metals by these 
macrocycles make them excellent candidates for 
use in radio imaging with the help of radioactive 
isotopes such as copper 64Cu [42]. The length and 
number of PEG chains have a signifi cant influence 
on the properties of the fi nal compounds. Mew-
is et al. noted that direct comparison is diffi cult 
because many authors publish compounds with 
a different number of substituents and largely 
non-uniform PEG chain length [43]. Kępczyński et 
al. Carried out studies of a hydrophobic porphy-
rin with one very long PEG chain with a mass of 8 
kDa, including studies of aggregation, dissocia-
tion and interaction with liposomes. The authors 
note that adding PEGylated porphyrin increas-
es the liposomes' size slightly while increasing 
their stability [44]. Later, in their work, a part of 
the same team compared the different porphyrin 
chain lengths and their in vitro effi cacy. It is note-
worthy that increasing the chain length increases 
the cytotoxicity in the light without affecting the 
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cytotoxicity in the dark. However, too long a chain 
reduces the effi cacy of the compound. There-
fore, PEG with a mass of approx. 2 kDa turned 
out to be the most optimal [45]. There is, howev-
er, a growing body of research in using short PEG 
chains below 1000Da, utilizing their small size to 
achieve similar results as their bigger brothers. 
Their main advantage is size uniformity which 
allows for much greater precision when tailor-
ing the amphiphilic balance of the studied com-
pound [46]. At the same time, it is worth noting 
that more is only sometimes better. For example, 
Sibrian-Vazquez et al. investigated the penetra-
tion of porphyrins modifi ed with various amounts 
of polyethylene glycol chains inside the cell. They 
noticed that the presence of one and two chains in 
the molecule promotes the penetration of the test 
compound into the cells. Conversely, 3–4 chains 
signifi cantly reduce their ability to penetrate the 
membranes [47]. On the other hand, in the litera-
ture, there are examples of numerous substituted 

phthalocyanines containing up to 8 short chains 
of PEG, which achieve excellent activity against 
cancer cells and viruses at the same time [48].

Classic therapy and small 
molecule drugs

The drugs most commonly used in traditional 
therapies are small molecules that target recep-
tors or active sites in enzymes. Contrary to pho-
todynamic therapy, traditional drugs must fi t 
into small spaces present in macromolecules to 
modify their action. The placement of large func-
tional groups, as PEG chains very often are, can 
have positive and negative consequences. Hami-
di et al. reviewed several advantages, such as 
increased circulation time of PEG-modifi ed drugs 
in the blood, alteration of the elimination profi le 
towards biliary elimination instead of renal fi ltra-
tion, and accumulation in neoplastic cells [49]. 
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An excellent example of the problems associated 
with small molecule pegylation is the research 
by Greenwald et al. Carried out in the 1990s. The 
taxol modifi cations they obtained became much 
more soluble in water, but unfortunately, they lost 
a signifi cant part of their anticancer activity [50]. 
So far, most research has focused on the pegy-
lation of large molecules such as proteins and 
enzymes. In modifying small molecule drug can-
didates, a few, including pegylated derivatives of 
irinotecan, camptothecin (Figure 5), doxorubicin 
and docetaxel, have proceeded to Phase III clini-
cal trials [7, 51, 52]. Many other molecules, often 
PEG-modifi ed cytostatic drugs in use today, are 
at an earlier stage. These include paclitaxel, car-
boplatin (Figure 6), gemcitabine, methotrexate 
and lamellarin derivatives (Figure 6). There are 
also reports on pegylated drugs from other ther-
apeutic groups like e.g. acyclovir, gentamicin, 
zidovudine and amphotericin B [53]. In 2014, the 
EMA and the FDA approved a pegylated deriva-
tive of naloxol for treating constipation caused by 
opioids (Figure 5) [9].

An interesting pegylation variation is combin-
ing active particles with crown ethers (Figure 6). 
These cyclic versions of polyethene glycol can 
complex metal ions such as sodium and potassi-
um. They can also lock small molecules of drugs 
inside them. Thus, they can signifi cantly facilitate 
the penetration of the lipid membranes of cells. 

Their use for creating non-ionic liposomes by 
combining with a lipophilic molecule, e.g. choles-
terol, has also been described [55].

Problems to be solved

Despite its very many desirable properties, the 
use of PEG is not free of drawbacks. In the last 
20 years, reports have begun to emerge about the 
opposite of the expected effects of molecules in 
combination with PEG – shortening of circula-
tion time, no reduction or even increased binding 
of drugs by proteins, and reduced ability to pen-
etrate membranes. Studies of new combinations 
of therapeutics with PEG very often test only one 
type of PEG of a particular length or introduce 
a certain amount of PEG chains into the modifi ed 
molecule without systematically comparing the 
effect of varying their amount on the properties 
of the resulting conjugate. Due to the production 
method, it is natural for the distribution of PEG 
molecular masses to span even often several 
thousand Da. The above contradicts the assump-
tions of bringing strictly formulated therapeutics 
with a defi ned structure to the market. The dis-
covery of antibodies directed against PEG has 
become another problem. They pose a serious 
challenge because they can signifi cantly affect 
the effi cacy of all pegylated therapeutics admin-
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istered subsequently, regardless of whether they 
are directed at treating different ailments [56, 
57]. One of the challenges in using PEG is fi nd-
ing the appropriate balance in the amount. Add-
ing too much PEG to the liposomes or copolymer 
nanoparticles results in too fast a release of the 
transported drug leading to a burst increase in 
concentration which can, of course, cause toxic 
effects. Depending on the modifi ed particle and 
PEG chain chosen, liposomes and nanoparticles 
exhibit shorter circulation times and accumu-
late in the liver in the same way as non-pegylated 
versions. One possible explanation for this is the 
particle size increase after pegylation, making 
them easier to capture by RES (reticuloendothe-
lial system) macrophages [56, 58–60]. A notable 
drawback of PEG is that while it is considered 
biocompatible, it is not biodegradable. Some 
pegylated drugs have been shown to accumulate 
in cytoplasmic vacuoles. Moreover, while current-
ly, there are no known toxicological effects of this 
phenomenon, it still warrants further research. 
Especially as long-term consequences are com-
pletely unknown. An additional concern relates to 
the big size of PEG pendants in proteins and small 
molecules. While protecting them from elimina-
tion they can signifi cantly lower their activity, by 
as much as 93% [61]. Most of this effect stems 
from the same shielding property of PEG as it can 
interfere with the therapeutic binding either to the 
active site where it is supposed to act or block 
the access of substrates to the active site of the 
pegylated enzyme [62]. Many of these concerns 
stem from no detailed research on the effects of 
the PEG chain length on the modifi ed particle. The 
number of substitutions or the amount of PEG in 
a formulation is the second most important con-
sideration.

Summary

Progress in medicine and pharmacy causes 
a constant increase in the number of therapeu-
tics containing polyethylene glycol chains in their 
structure. An increasing representation of this 
compound type appears in the second and third 
clinical trial phases. Literature reports confi rm 
that more and more new compounds are designed 
from scratch, taking into account the favourable 
properties of PEG. The emerging diffi culties in the 

purifi cation and response of the immune system 
are a reason to consider the direction of these 
modifi cations. Pegylation can also offer opportu-
nities for the return to therapy of drugs that may 
have been discontinued due to their pharmacoki-
netic properties. It also improves the proper-
ties of currently used drugs that do not have an 
alternative in the form of newer drugs. Pegyla-
tion also opens up new possibilities for emerging 
compounds that might not proceed to the further 
research phase due to problems with formulation 
or bioavailability. In conclusion, pegylation is an 
excellent modifi cation method, but more detailed 
studies are needed comparing the effects of dif-
ferent lengths and numbers of chains.
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