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ABSTRACT
Molecular PEGylation has redefined the clinical importance of many biomolecules 
by improving their pharmacodynamic and pharmacokinetic properties. From 
its inception, PEGylation has grown substantively into a well-established 
technology to facilitate the clinical translation of macromolecules by overcoming 
their limitations. PEGylation renders a number of benefits to therapeutic 
proteins, such as, increase in hydrodynamic size, extension of circulation half-
life, prevention of proteolytic degradation and reduction of immunogenicity and 
antigenicity. The successful entrance of the PEGylated protein pharmaceuticals 
to the market, can be ascribed to the unique properties of poly (ethylene glycol) 
(PEG) conjugated to these proteins. This article aims to review the precise 
role of PEG in improving the therapeutic efficacy of PEG-protein conjugates 
approved by regulatory bodies. The data presented herein were extracted from 

articles published in peer reviewed journals, official websites of manufacturers 
and safety labeling and drug approval summary of the FDA Centre for Drug 
evaluation and Research (CDER).
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INTRODUCTION
The advent of molecule-altering technologies and improved synthetic 
methods has led to the finding of newer proteins and peptides that 
resemble human proteins and peptides.[1] Although, capable of 
producing potential therapeutic benefits, protein molecules have 
serious biopharmaceutical concerns such as, poor shelf- life, rapid 
degradation in the physiological environment, poor solubility, 
immunogenicity and antigenicity.[2] These concerns can be overcome 
by utilizing the beneficial properties of polyethylene glycols and 
PEGylation. ‘PEGylation’ is the process of chemical attachment of PEG 
to bioactive proteins and peptides, to modify their pharmacokinetic 
and pharmacodynamic properties. Here, we present a brief summary 
of molecular PEGylation and PEGylated proteins currently approved 
for the clinical management of various conditions including oncology, 
infectious diseases and metabolic disorders.

Background
The origin of PEGnology dates back to the 1960’s, when Davis 
and his colleagues were looking for a solution to overcome the 
immunological reactions produced injection of foreign proteins into 
humans. Eventually, they found that coupling monomethoxy PEGs 
to therapeutic proteins yielded PEG-proteins which possessed low 
immunogenicity and longer circulating half-lives in comparison to 
their unpegylated equals.[3] Then onwards PEGylation has grown 
profoundly into a well-accepted and well-established technology to 
produce biomolecules with improved stability and potency.[4] 

Molecular PEGylation
The attachment of PEG to drug molecule to alter its bio-distribution, 
pharmacokinetics and toxicity is termed as molecular PEGylation.
[5] Molecular PEGylation is principally used to configure therapeutic 
proteins and enzymes, although seldom used on small drug molecules.
[6] PEGylating a protein or a peptide by chemical linkage is generally 
intended at improving its water solubility, bioavailability, decreasing 
elimination rate, formation of stable linkage and augmenting the 
therapeutic activity.[7] The most important application of PEG 
conjugation is increasing the circulating half-life of proteins 
and peptides. Research has shown that biological half-life and 
bioavailability of interferon-α-2a,[8] tumor necrosis factor,[9] brain-

derived neurotropic factor,[10] growth hormone-releasing factor,[11] 
asparaginase,[12] lactoferrin,[13] interleukin-2,[14] and streptokinase[15] 
are improved significantly after PEGylation than the native proteins. 
The anticancer activity of interferon-α-2a and tumor necrosis factor 
increased profoundly after conjugation with PEG. Though extensive 
research have hovered towards the advancement in PEGylated proteins, 
only a few products has entered the market owing to expensive costs 
involved in the clinical development and regulatory approval process.
[16] Of the marketed nanomedicines which got approval from the 
regulatory bodies, nearly 40% are based on protein-polymer conjugates 
and liposomal formulations.[17] The list of PEGylated proteins which 
are approved for clinical applications is presented in Table 1.

PEGylation-chemistry and disposition
Polyethylene glycol is considered as an ideal polymer for conjugation 
with proteins owing to its desirable properties such as, non-toxicity, 
non-immunogenicity, non-antigenicity, amphiphilic nature, FDA 
approval and low accumulation in the reticulo-endothelial system 
(RES) organs.[18] PEG is an inert polymer comprising of repetitive 
units of ethylene oxide, either as linear or branched chains as shown 
in figure 1. PEGs are commercially available in different molecular 
weights with functional groups present at one or more termini to 
facilitate conjugation. PEGs with free hydroxyl groups at both ends 
(-OH) or PEGs with methoxylated groups (-OCH3) at one or two ends 
are frequently used in conjugation, of which the latter has important 
application in PEGylation. Reaction conditions and PEGylation 
chemistry are immensely responsible for the functional properties of 
the conjugated proteins.[19] The PEG chemistry for amine conjugation 
include PEG tresylate, PEG succinimidyl carbonate, PEG succinimidyl 
succinate, PEG dichlorotriazine, PEG trichlorophenyl carbonate, 
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PEG p-nitrophenyl carbonate, PEG benzotriazole carbonate and PEG 
carbonylimidazole. PEGylation of cystein involves the utilization of 
thiol reactive derivatives such as PEG iodoacetamide, PEG-maleimide, 
PEG orthopyridyl disulfide. PEG hydrazides are much useful in 
conjugating oxidized carbohydrates or N-terminal serine or threonine.[1]

A PEG derivative with suitable functional chemistry is essential to 
couple a peptide or protein molecule and to prolong its circulatory 
time. This is achieved possibly by two effects; increased protection from 
proteolytic degradation and decreased rate of clearance of kidney. The 
proteolytic degradation is prevented by the stearic hindrance created 

by the hydrated PEG chains, which reduce the interactive collisions 
between reactive domains of proteins and enzymes. The decreased 
rate of clearance occurs in response to the dramatic increase in the 
hydrodynamic volume following conjugation with PEG, which in turn 
reduces the glomerular filtration.[20] 

The following section reviews in brief, the effect of PEGylation on the 
clinical aspects of therapeutic PEG-protein conjugates approved for 
use in patients.

Adagen 
Adagen is Pegademase bovine (PEG-ADA), approved by FDA in 
1990, as a placement therapy for Severe Combined Immunodeficiency 
Disease (SCID), a genetically inherited, fatal disorder, caused by 
deficiency of Adenosine deaminase (ADA).[21] Decrease in the levels 
of ADA results in intracellular and extracellular accumulation of 
toxic substances such as, adenosine (Ado) and 2’-deoxyadenosine 
(d-Ado) and have its intense manifestation on the immune system. 
The successful management of SCID involves hematopoietic stem 
cell transplant, gene therapy and enzyme replacement therapy by 
red cell transfusions. Enzyme replacement therapy using PEG-ADA 
is not a curative therapy, but considered as an important treatment 
option to promote the well-being of the patient. ADA is a cytosolic 
enzyme, which catalyzes the conversion of Ado and d-Ado to inosine 
and 2-deoxyinosine, respectively in the cell location. PEG-ADA does 
not reach the cellular location owing to the PEG component. It can 
produce the same effect on the nucleosides by diffusing through the 
cell. The conjugation of monomethoxy polyethylene glycol (PEG) to 
ADA through a lysine bridge adds immense therapeutic benefits to 
ADA. The circulation half-life of ADA was increased from few minutes 

Figure 1: Structure of Poly (ethylene glycol) (PEG)

Product name Drug PEGylated drug PEG Type and 
Size (Da) Indication Manufacturer Year of 

approval

Adagen Pegadamase PEGylated adenosine 
deaminase

Random, Multiple linear 
5000 Da PEG, amine 

PEGylation

Combined immunodeficiency 
disease caused by deficiency of  

adenosine deaminase

Enzon
Pharmaceuticals

Inc., USA
FDA (1990)

Oncaspar Pegaspargase PEGylated 
L-asparaginase

Random, Multiple linear 
5000 Da PEG, amine 

PEGylation
Acute lymphoblastic leukemia

Enzon
Pharmaceuticals

Inc., USA
FDA (1994)

Somavert Pegvisomant
PEGylated recombinant 
analogue of the human 

growth hormone

Random, 4-6 linear 
5000 Da PEGs, amine 

PEGylation
Acromegaly

Pharmacia & 
Upjohn Company 

LLC., USA

FDA (2003) and 
EMA (2002)

PEG-ASYS Peginterferon- 
a2a

PEGylated interferon 
alfa-2a

Random, branched, 
40000 Da PEG, amine 

PEGylation
Chronic hepatitis C & B Hoffmamn-La 

Roche Inc., USA
FDA (2002) and 

EMA (2002)

PEG-intron Peginterferon- 
a2b

PEGylated interferon 
alfa-2b

Random, linear 12000 Da 
PEG, amine PEGylation Chronic hepatitis C Schering-Plough

Corporation, USA
FDA (2001) and 

EMA (2001)

Macugen Pegaptanib PEGylated anti-VEGF 
aptamer

Selective, branched 
40000 Da, amine 

PEGylation

Age-related macular 
degeneration

OSI 
Pharmaceuticals 

Inc/Pfizer Inc., USA

FDA (2004) and 
EMA (2006)

Cimzia Certolizumab  
pegol

PEGylated tumor 
necrosis factor alpha 

inhibitor

Selective, branched 
40000 Da, Thiol 

PEGylation
Crohn's disease UCB Pharma, 

Belgium FDA (2008)

Neulasta Pegfilgrastim
PEGylated granulocyte 

colony-stimulating factor 
analog

Selective, linear 20000 
Da PEG, N-terminal 

PEGylation
Neutropenia Amgen Inc., USA FDA (2002) and 

EMA(2002)

Krystexxa Pegloticase PEGylated urate oxidase Random,  linear10000 
Da  PEG Chronic Gout Horizon Pharma 

Plc, Dublin FDA (2010)

Mircera mPEG-epoetin-β PEGylated erythropoetin 
receptor activators

Random, linear 30000 Da 
PEG, amine PEGylation

Anaemia associated with 
chronic kidney disease

Roche Inc., 
USA

FDA (2007) and 
EMA (2007)

Table 1: List of FDA approved PEG-Protein conjugate

EMA: European Medicines Agency; FDA: The Food and Drug Administration (USFDA)
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to 24 h by resisting the neutralization by circulating antibodies. PEG 
also protects the enzyme from proteolytic attack and renal clearance.[22]

Oncaspar
Oncaspar, the PEG conjugated version of E-coli derived asparaginase 
is approved as first line treatment for childhood acute lymphoblastic 
leukemia (ALL), in the US. Asparaginase hydrolyses plasma 
asparagines into ammonia and aspartic acid. Since, ALL cells lack 
asparagine synthetase, they depend on plasma asparagine for 
intracellular synthesis of asparagines. L-asparaginase prevents the 
protein synthesis of lymphoblasts by depleting the plasma asparagines 
and consequently cause the cell death.[23] The downside in the 
treatment with native L-asparaginase are the adverse effect on normal 
protein synthesis and recurrent hypersensitivity reactions in patients. 
PEG-asparaginase is well tolerated in patients and the advent of severe 
hypersensitivity reactions is uncommon.[24] The PEG component 
decreases the immunogenic episodes by reducing the development of 
anti-asparaginase antibodies.[25] PEGylation of native L-asparaginase 
increase its circulation half-life from 5.5 h to 1.2 days.[26]

Pegvisomant
Pegvisomant - a genetically engineered antagonist of growth hormone 
(GH) approved for the treatment and management of acromegaly is 
another protein in which the role of PEG is well exhibited. Acromegaly 
is a rare hormonal disorder characterized by the excess production of 
growth hormone (GH) by pituitary adenoma, which leads to increased 
secretion of insulin like growth factor I (IGF-I). The treatment for 
acromegaly is reliant on removal of adenoma or regulation of GH/IGF-I 
levels. Pegvisomant inhibits the metabolic effects of the hypersected 
GH and normalizes the levels of IGF-I. Pegvisomant acquires its 
antagonistic effects due to one of the nine amino acids (G120K), while 
the rest is responsible for the binding to growth hormone receptor 
(GHR).[27] PEGylation of the GH analogue increase its half-life to 100 
h and binding affinity to GH.[28] PEGylated GH analogue can prolong 
the efficacy up to 12 weeks due to the sustained suppression of IGF-I.[29]

Pegasys and Peg-intron
PEGylated Interferon α-2a (Pegasys) and α-2b (Peg-intron) were 
approved by FDA in 2002 and 2001, respectively, as the first line 
treatment for Chronic Hepatitis C infection. The infection of Hepatitis 
C virus (HCV) was dealt previously with Interferon-alpha (INF-α) 
monotherapy or with a more effective combination therapy using INF-α 
and broad spectrum antiviral agent, ribavirin. INF-α inhibits virus 
protein translation and destabilizes viral RNA by inducing interferon-
stimulated genes (ISG) through INF receptor- JAK/STAT mediated 
pathway.[30] The shortcoming of INF-α treatment in its unmodified 
form is its short half-life, frequent administration and fluctuating 
plasma levels. The plasma half-life of INF-α2a is 4-6 h which is reduced 
to undetectable levels within one day following subcutaneous injection, 
persuading the administration of three doses per week. The fluctuating 
levels of INF α-2a in plasma during this treatment regimen pave way 
for entry and replication of virus. PEGylation of INF-α2a using a 
branched 40 kDa PEG prolonged the half-life from 3.8 h to 65 h and 
delayed the clearance by 100 fold. Phase III clinical trials demonstrated 
that the effectiveness of PEG-INF-α2a, given subcutaneously, once a 
week is superior to INF-α2a, given subcutaneously 3 times per week, 
which could be ascribed to the increased circulation half-life and 
reduced existence of virus particles.[31] Similarly, PEGylation of INF-
α2b increases the half-life of native protein from 7 h to 48 h and the 
recommended dose of administration of Peg-intron is 1 mg/kg per 
week for 52 weeks, due to its prolonged effect.[32]

Pegaptanib
Pegaptanib sodium is an RNA aptamer used as an anti-vascular 
endothelial growth factor (anti-VEGF) directed therapeutic agent 

for the treatment of neovascular age related macular degeneration 
(AMD). The degeneration of macula following metabolic stresses in 
AMD results in loss of central vision. Pegaptanib was approved by the 
US FDA in 2004 and is the first aptamer used for clinical application. 
Aptamers are oligonucleotides that bind biological proteins with high 
affinity and specificity. Aptamers are preferred over the naturally 
occurring DNA or RNA molecules as they interact with molecular 
targets using superior binding abilities and adaptive recognition 
capabilities even at picomolar or nanomolar concentrations.[33] VEGF 
is the principal regulator of vascular permeability and pathological 
angiogenesis and hence selected as the target for the development 
of pegatanib in ocular neovascular diseases.[34] Pegaptanib sodium 
(1 mg/3 mg) is administered by intravitreous route, every six weeks 
for 48 weeks. The traditional topical delivery of pegaptanib may not 
produce the clinical benefits in posterior chamber diseases like AMD, 
as they increase the therapeutic concentrations in the anterior chamber 
of the eye but not the posterior chamber. The intravitreal injection 
facilitates the drug to interact with VEGF, responsible for the choroidal 
neovascularization in the posterior chamber. Conjugation of PEG (40 
kDa) to the aptamer reduces its binding affinity to VEGF by four folds, 
but prolongs the residence time and maximizes the efficacy by slowing 
down the diffusion out of the vitreous humor.[29] PEGylation minimizes 
the systemic effects and the occurrence of adverse events is transient to 
moderate and is mostly related to the injection procedure rather than 
the drug itself.

Certolizumab Pegol
Certolizumab Pegol is PEGylated anti-Tumor necrosis factor-alpha 
(TNF-α), approved for the treatment of Crohn’s disease (CD) and 
rheumatoid arthritis (RA). It is an antigen binding fragment (Fab’) of a 
monoclonal antibody that accede to conjugation with PEG which in turn 
enhances the pharmacokinetic properties and reduced immunological 
reactions.[35] TNF-α is a cytokine involved in the pathogenesis of 
autoimmune diseases including CD and RA. Therefore, decreasing 
the levels of TNF-α could improve the conditions of the above said 
immunological diseases.[36] Certolizumab pegol is given alone or in 
combination with methotrexate in RA and as a monotherapy for CD. 
It neutralizes both soluble and transmembrane TNFα and produce a 
longer and effectual effect on the symptoms of these diseases over its 
TNF-α monoclonal antibody counterpart (natalizumab, adalimumab 
and infliximab). The better clinical outcomes of Certolizumab pegol 
can be due to the lack of Fc region which reduces the Fc mediated 
response viz., antibody dependent, cell-mediated and complement-
mediated cytotoxicity.[37,38] Also, the conjugation of a 40 kDa PEG 
molecule increases the stability of Certolizumab, which facilitate 
the administration of the drug by subcutaneous route instead of 
intravenous route. PEGylation alters the pharmacokinetics of anti-
TNF-α by improving its distribution and penetration into inflamed 
tissues preventing the TNF-α induced inflammation.[39]

Pegfilgrastim
Cytotoxic chemotherapy induced neutropenia is a serious condition in 
which the host hematopoietic system is suppressed, compromising the 
immune mechanism of the body. Thus, neutropenia is associated with 
the episodes of life-threatening infections, intolerance to chemotherapy 
dose and impediment in the expected clinical outcomes. Neutrophils 
are key components of innate immunity and are responsible for the 
protection against infections. Chemotherapy suppresses the production 
of neutrophils; as a result, patients with neutropenia show reduced 
signs and symptoms with fever being the only sign of infections.[40] 
Pegfilgrastim (Neulasta) was approved in 2002, for the treatment of 
febrile neutropenia.. Pegfilgrastim is formed by conjugating a 20 kDa 
monomethoxy polyethylene glycol aldehyde to Granulocyte-Colony 
Stimulating Factor G-CSF.[41] PEGylation increases the half-life to 42 
h against 3.6 h of non-PEGylated G-CSF, which reduce the frequency 
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of drug administration. Pegfilgrastim offers lower elimination rate and 
less incidence of febrile neutropenia compared to filgrastim.[42]

Pegloticase
Pegloticase (Krystexxa) is PEGylated mammalian urate oxidase 
approved in 2010 for the treatment of chronic gout in adult patients, 
refractory to conventional therapy. Pegloticase catalyze the oxidation 
of uric acid to allantoin-an inert, water soluble metabolite and thereby 
reduce serum uric acid levels. The inflammation and pain caused due to 
uricase crystal formation in plasma can be prevented by Pegloticase. It 
is more effective in treating gout over other available treatments.[43] The 
PEGylation using 20 kDa to uricase tend to reduce immunogenicity 
reactions and increases its half-life from eight hours to twelve days.[29]

Methoxy polyethylene glycol-epoetin beta
Anemia associated with chronic kidney disease (CKD) is a major 
cause of morbidity which, if untreated, can lead to more devastating 
conditions including deterioration of cardiac function. Frequent 
red cell transfusions was the only treatment available to combat 
anemia in CKD and hemodialysis patients, before the introduction 
of erythropoietin stimulating agents (ESA).[44] First generation ESAs 
(Human recombinant erythropoietins-alpha and beta) and second 
generation ESAs (darbepoetin Alfa and continuous erythropoietin 
receptor agonist (CERA)) have greatly improved the quality of life 
of CKD patients over two decades.[45] Methoxy polyethylene glycol-
epoetin beta (Mircera) is approved for the treatment of patients with 
anemia associated with CKD in 2007. It is synthesized by the addition 
of activated monomethoxy PEG butanoic acid to lysine 46 and 52 
on erythropoietin.[46] The molecular weight of Mircera is 60 kDa, of 
which the polyethylene glycol moiety accounts for 30 kDa. Increase 
in the glycosylation by the conjugation of PEG offered longer half-life 
(130 h) and improved biological activity compared to first generation 
erythropoietins.[47] Mircera requires once monthly administration and 
produces negligible adverse reactions, thereby, considerably improves 
patient compliance than any other ESAs.[21]

Peginesatide
Peginesatide (Omontys) is an erythropoietin stimulating agent 
(ESA) developed by Affymax and Takeda. This functional analog 
of erythropoietin was approved by The US FDA in 2012, for anemia 
treatment associated with CKD in adult patients on dialysis. 
Peginesatide is a synthetic peptide consisting of 21 amino acids bonded 
together by a linker derived from β-alanine and iminodiacetic acid. This 
dimeric peptide molecule is attached to a single lysine-branched bis-
(methoxypolyethylene glycol) (MW=40 kDa) to improve its biological 
half-life and reduce immunogenic reactions. Peginesatide binds to 
erythropoietin receptor and facilitates erythroblast proliferation 
resulting in increased reticulocyte and RBC count. The outcomes of 
Phase III clinical trials showed that Peginesatide is not inferior to 
standard ESA agents in improving hemoglobin levels within the target 
range. However, PEARL (Peginesatide for anemia in patients with 
chronic kidney disease not receiving dialysis) study demonstrated that 
the safety endpoint of cardiovascular events (unstable angina, and 
arrhythmia) and death was inferior for peginesatide than darbepoetin. 
The rate of renal failure was twice as high in patients receiving 
peginesatide. Though there is no clear justification for these adverse 
reactions encountered by patients, peginesatide was voluntarily 
recalled from the market by its manufacturer in 2013.[43] 

Molecular PEGylation of small drug molecule
Research has shown that biologically active drugs, ibuprofen, aspirin, 
benzoylacrylic acids, and ursodeoxycholic acid, on conjugation with 
PEG esters exhibited better therapeutic benefits over unmodified 
molecules. However, the PEG-low molecular weight drug molecule 
conjugates are yet to be approved for clinical use. Of those that entered 

clinical trials, the four important products which are at various phases 
of clinical trials are PEG-Camptothecin (Prothecan), PEG-Naloxol 
(NKTR-118), PEG-Irinotecan (NKTR-102), PEG-SN38- a metabolite 
of irinotecan (EZN-2208). The conjugation of the PEG moiety with 
small organic drugs is much simpler as compared to macromolecular 
PEGylation. As these molecules possess less functional groups and free 
from conformational limitations, purification and characterization of 
PEGylated-drug conjugates is done at ease.[2,4]

CONCLUSION
PEGylation is a versatile technology capable of altering the properties 
of both bioactive molecules and drug loaded particulate carrier systems. 
In the former case, molecular PEGylation could impart distinguished 
pharmacokinetic properties and benefits to proteins and small drug 
molecules over their biosimilars. In the latter situation, PEGylation 
renders steal thing abilities to drug carriers, such as liposomes, 
polymeric nanoparticles, metal nanoparticles, lipid emulsions, etc. 
The PEG molecules adhered or grafted on the surface of these drug 
carriers camouflages them from interactions with plasma proteins 
and subsequent clearance by the mononuclear phagocytic system 
(MPS). Therefore, PEGylation is an essential technique to modify 
the physicochemical properties of the parent drug either free form or 
encapsulated form to improve its immunogenicity, cellular uptake, 
spatial placement and biological activity. The scope of PEGylation 
in the near future is still intensifying as it is the most reliable tool 
available to help the innovative medicinal products meet the clinical 
and regulatory standards.
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