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Biological Implications of Polyethylene
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and Protein Structure-Based Drug Design
Tools
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Abstract Polyethylene glycol (PEG) is one of the most extensively used biocom-
patible polymer. PEG-modification improves the original properties of conjugates
and thus being exploited in different fields. PEGs demonstrated their ability to bind
DNA, dyes and proteins, in solution and in solid phase via amine and thiol groups.
Covalent linkage of PEG to drug molecules improves water-solubility, bioavailabil-
ity, pharmacokinetics, immunogenic properties, and biological activities. Entrap-
ment of drugs into the PEG vesicle offers substantial benefits in the treatment of
many diseases including type 2 diabetes over conventional injection-based therapies.
Therapeutic enzymes are conjugated with PEG for targeted therapy of diseases in
which the native enzyme was inefficient. PEG has been most extensively investi-
gated polymers for gene delivery due to its capability to form stable complexes by
electrostatic interactions with nucleic acids. Many PEG-enzymes conjugates have
already obtained FDA approval for clinical implications. PEGylated copolymers
have least cytotoxicity and cell-compatibility concern, high efficiency, safety and
biocompatibility and thus considered as an attractive polymer for gene and drug
delivery system. For instance, many tissue engineering applications, PEG and its
derivatives are likely to precise control of cell behaviour in growing tissues. For this
application numerous bioresponsive and intelligent biomaterials are developed and
extensively used in bone and tissue regeneration. PEG-derived hydrogels increase
gene expression of bone-specific markers, secretion of bone-related matrix, and
mineralization and may have a potential impact on bone-engineering therapies.
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PEG-coated poly(amidoamine) exhibits low toxicity to human corneal epithelial
cells and effectively used as antimicrobial agents.

Keywords Polyethylene glycol · Drug delivery system · Molecular imaging ·
TISSUE engineering · PEGylation · Bioconjugation · Gene therapy · Nanocarriers ·
Biomaterials

11.1 Introduction

Proteins are linear chain of amino acid residues that fold into three-dimensional
structures to carry out a wide variety of function inside the cell. About 5–30%
functional regions of proteins are disordered lacking well defined ensemble but
majority of protein domain fold into ordered 3-dimensional conformations due to
physical interaction within the chain (Dawson et al. 2017; Jones and Cozzetto 2015;
Mitchell et al. 2018). The structural features of proteins, in turn, determine the broad
range of functions from binding specificity, forming structure inside the cell, to
catalysis of biochemical reactions, signal transduction or transport. Due to recent
advance in high-throughput sequencing technology, gap is quickly growing between
number of known protein sequence and number of those with experimentally
characterized function. There are more than 60 million protein sequence deposited
in the UniProt database (UniProt 2015), but less than 0.8% of these sequences have
the function manually annotated in SwissProt (Boutet et al. 2016). Automated in
silico protein function prediction thus become crucial for making use of the recent
explosion of genomic sequencing data. In this chapter, we further explore the use of
structural modification of protein and its application in medicine, gene delivery,
pharmaceutical industries, cosmetics, food industries and bone and tissue engineer-
ing. Structural modification of protein mainly included here is PEGylation of protein
surface.

Polyethylene glycol (PEG) is a semicrystalline polymer of ethylene glycol, have
routinely used in biological research as crowding agent, in drug delivery. PEG is a
best polymer of choice in drug delivery systems because of its tunable properties and
well-established safety profile. Recently polymers of different sizes of PEGs are
used on the basis of green chemistry principle for extraction of organic chemicals in
food and pharmaceutical industry because of its inert, hydrophilic and hydrophobic
properties (Guin and Gruebele 2019; Zinov’eva et al. 2020). In addition, it possesses
the prime requisites for the selection of any ingredient in formulation development of
drug delivery carrier. PEGylation technique is commonly used to improve the
properties of biomolecules including, proteins, peptides, enzymes, antibody frag-
ments, oligonucleotides, small synthetic drugs, etc. (D’souza and Shegokar 2016).
Upon covalent attachment of PEG to any biomolecule, it increases the half-life,
solubility, stability and reduced immunogenicity of that molecule. The hydrated
PEG chain protects the conjugated biomolecules from proteases and thus reduces
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nonspecific degradation and improved solubility and stability. All these advantages
of PEGylation are exploited in the pharmaceutical industry routinely.

PEGs are amphiphilic polymers composed of repeating ethylene glycol subunits,
and its number is represented by the whole integer n. Each ethylene glycol residue
has a molecular mass of 44 Da, and n � 44 Da represents the number average
molecular weight of the PEG chain. Chemically, PEGs are inert, nontoxic substance
with hydroxyl groups at both termini that can be chemically activated for diverse
function. In common practice, linear PEG chains, branched PEGs and polymer of
more than one PEG monomers are joined either linearly or branched crosslink which
are differ in their relative chemical reactivity and specificity (Suzuki et al. 1984).

PEG conjugation to biomolecules is currently a common practice to achieve
persistent clinical responses and improved biological features due to thermal and
mechanical stability, lower antigenicity and immunogenicity, reduced enzymatic
degradation, improved solubility, optimal pharmacokinetics and pharmacodynamic
properties, enhanced circulating half-life in body, decreased clearance and enhanced
potency (Bailon and Berthold 1998; Zhang et al. 2014). The improved biological
activity is attributed to the changes in electrostatic-binding properties, conforma-
tional changes, steric interference, hydrophobicity, local charge distribution and pI
value of proteins. In addition, PEGylation significantly alters the binding affinities to
the receptors attributed to the physicochemical changes, resulting in reduced activ-
ities in cell-based assays, in which incubation times are usually short (Inada et al.
1986). Degree of PEG-protein conjugate in the form of unmodified, mono-, di-, tri-
pegylated have great advantages. Generally, with increase in the degree of
pegylation, rate of absorption decreases which prolongs the availability of drug in
circulation and receptor saturation.

Wide range of hydrogels are prepared from PEG which are being used in varieties
of biomedical applications because of diverse nature of PEG and the versatility of
mechanical and biological modification according to physiological requirements
(Alexander et al. 2014; Mendez et al. 2018). The hydrogel formed by PEGs can
release the drug over a long duration of time, meanwhile biocompatible and provide
environment similar to soft tissue and allow diffusion of nutrients due to biodegrad-
able properties with desired safety and efficacy. PEG prevents the molecules of the
hydrogels from being dissolved in a swelling medium by holding the entire molecule
together due to extensive cross linking. Some of the investigated PEG-based copol-
ymers are currently used in biopharmaceutical industry and clinical research (Harris
and Chess 2003). Many PEGylated drugs have been approved by FDA to address
hepatitis, rheumatoid arthritis, neutropenia, various cancers and wound healing
therapy (Katre 1993).

Because of enormous biological and clinical implications of PEG, this chapter
aimed to provide a comprehensive discussion. We provide a brief discussion on
protein structure prediction and different biological applications of PEG along with
underlying mechanism of improved biochemical features.
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11.2 Importance of Structure and Functional Dynamics
in PEGylation

Genome sequencing efforts utilizing high-throughput technologies are yielding
millions of protein encoding sequence that currently lack any functional character-
ization (Molloy et al. 2014). The function of a protein of interest can be inferred from
other homologous protein with common ancestor which are functionally
characterised as well. For this purpose, sequence and/or structure information can
be used. Sequence comparisons methods were used for genome-wide sequence
annotation that are based on sequence alignment to identify homologous proteins.
BLAST, PROSITE and PFAM all are well-known sequence alignment tool for
genome-wide functional annotation tool (Dhifli and Diallo 2016; Molloy et al.
2014). All these tools mentioned above are typically fast but restricted to identifying
pair of proteins with significant sequence similarity (close homolog). Function of an
uncharacterized query protein was determined when sequence alignment tool iden-
tify a homolog with known function and sequence similarity more than 30% with
query. On the other hand, two proteins with identical function cannot be inferred
based on sequence information alone. Sequence based functional annotation may
miss detecting remote homolog which is either branching point or convergent
evolution has resulted in high sequence diverge while preserving structure and
function. First remote homolog identified was myoglobin and hemoglobin which
have similar structure but different sequence. Evolutionary pressure is more on
structure than sequence for preservation; methods that compare structure allow
effectively casting wider lattice at detecting related proteins for functional annota-
tion. Another word, three dimensional structure of a protein is highly conserved
compared to the primary sequence. Thus, it is better to compare overall structure and
shape of a protein and considered to be more eloquent way of assigning function of
query protein. Structure-based function deduction promises to detect remote homo-
log and expand options for assigning function to novel protein sequences. So in
order to implement PEGylation of proteins, one must go through these tools to
predict the best results for the desired protein. These tools reduce the number of
experiments and better strategy for PEGylation of proteins.

11.2.1 Protein Structure-Based Drug Design

Many therapeutic compounds currently available in the market were either discov-
ered from the screening of natural or synthetic compound libraries or through
serendipitously. These indiscriminate approaches entails testing large number of
compound and developing countless high-throughput screening assay (Bonetta et al.
2016). Now days, a rational approach based on structure based route where the
structure of target protein is determined and hypothetical ligand most of the case
predicted by molecular modelling and movement of compounds were predicted by
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molecular dynamics simulation before the synthesis of screened molecules. These
days protein structure is generally determined using three different methods
(a) X-ray crystallography, (b) Nuclear Magnetic Resonance spectroscopy (NMR)
and (c) cryoelectron microscopy (Cryo-EM). X-ray crystallography is oldest and
commonly used technique, relies on the ability of protein to crystallise in a
completely biologically unnatural condition in regular molecular array. NMR has
advantage as it can perform in solution and no protein crystal required. Major
problem associated with NMR is protein size, where it is unable to determine the
structure of large proteins. Cryo-EM is just become available and soon be capable of
providing structural information of proteins in solution and as good as X-ray
crystallography. Present decade has witnessed rapid development of computer
aided drug design with enough accuracy which allows frequent use in discovery of
new therapeutics. Drug design based on protein structure prediction based on
binding mode of small molecules and their relative affinity (Sledz and Caflisch
2018) is delivering better results.

11.2.2 Computer-Aided Drug Design

Computer aided drug design (CADD) methods have played fundamental role in drug
discovery effort from many years. Nowadays, CADD become essential part of the
discovery pipeline for pharmaceutical companies (Sledz and Caflisch 2018). Dis-
covery of quite a lot of approved drugs including captopril, saquinavir, indinavir,
ritonavir, and tirofiban, has benefited to a large extent from the application of CADD
(Hillisch et al. 2015; Muegge et al. 2017). X-Ray structure generally provide proved
quite static picture of the protein but when it is combined with computation tech-
niques to obtain a clear idea of how protein function, the combination become
awesome for drug desighning. CADD techniques are used principally for virtual
screening, hit/lead optimization and design of novel compounds. In virtual screening
a huge database of compounds is examined and subset of compound is picked out on
the binding capacity for further in vitro testing. Further CADD is used for optimi-
zation of hit/lead compound driven by the rationalization of a structure–activity
relationship. After the individuation of key elements for binding, the design of new
compound can be attempted (Salmaso 2018).

11.2.3 Virtual Screening

Virtual screening is a computational method which is used to find potential ligand of
interest by screening an in silico library of diverse chemical compounds. It acts as
filter which allows to pass out unwanted ligands and retains which are of interest
based on filter criteria like stereochemical similarity or stereochemical complemen-
tarity. Virtual screening identifies the potential ligands either based on similarity of
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ligand (ligand based approach) or binding affinity with receptor (receptor based
approach). A comparison between ligand based and receptor methods of screening
are shown in Table 11.1.

This chapter mainly focuses on receptor based or structure based virtual screening
in which a library of small molecules (ligands) is docked to the binding site of
protein in lock and key manner. In this approach three things are required; (1) Protein
structure of protein either determined experimentally in crystal form and solution
form or computationally modelled using homology modelling. One or more known
protein structures with close sequence identity are used as template in homology
modelling to model protein of interest. (2) A library of small molecules is required
for the docking algorithm to calculate binding affinity of ligand with binding site on
protein of interest. (3) Finally a docking protocol is required which defines the
docking parameters used in docking experiment (Fig. 11.1).

11.2.4 Molecular Dynamic Simulation

Molecular Dynamic Simulation provides insight into protein dynamics ahead of that
available crystallographically and unravels novel cryptic binding sites, expanding
the druggability of the target. MD-simulations are applied in the investigation of
numerous dynamic properties and process which is directly applied in structural
biochemistry, enzymology, molecular biology, biophysics, biotechnology and phar-
maceutical chemistry. It allows scientist to study the thermodynamic and kinetic
properties of proteins and other biomolecules.

11.3 PEG in Drug Delivery

PEGs are amphiphilic in nature thus easily dissolved in organic and aqueous
solvents. Because of its non-toxic nature and their property of being easily elimi-
nated by renal and hepatic pathways, PEGs are ideal choice for drug delivery system

Table 11.1 Comparision of receptor based and ligand based virtual screening

Receptor based Ligand based

Based on 3D structural information of receptor’s
binding site

Based on chemical or structural
(3D) information of set of ligands

Molecular docking Similarity searching & pharmacophore
mapping

Uses principle of binding kinetics or interactions
between receptor and ligand

Uses principle of chemical or structural
similarity of ligands

It can find novel class of hit/lead It cannot find novel class of hit/lead

Higher chances of false positives Lesser chances of false positives
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(Rashmi Zabihi et al. 2020). These unusual properties of PEG along with their highly
hydrated polyether backbone, capable as an acceptor hydrogen bonding, a large
exclusion volume make it capable to entrap versatile drugs for the targeted delivery.
Various efforts are being made to develop novel strategies to conjugate PEG with
biomolecules to increase its clinical applications (Yang et al. 2020b). Currently, new
strategies have been undertaken to develop PEG based drug delivery system which
allow the delivery of different active classes of drugs (Han et al. 2019). Clinical
implications of several PEG-conjugated drugs has been routinely reported. Entrap-
ment of IL-2, growth hormone antagonist, haemoglobin, growth factor, anticancer
drugs, cytokines, enzymes, hormones, lactoferrin, antibodies and antibody frag-
ments etc., in the PEG-based polymers are frequently used in medical industry. In
addition, many proteins are conjugated to the PEGylated polymers to extended
circulating plasma life and easily clearance through renal filtration because of
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Fig. 11.1 (a) Diagrammatic representation and comparison between chemical screening versus
virtual screening; (b) Diagrammatic representation of receptor based virtual screening
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increased aqueous solubility, decreased immunogenicity, and permits binding of the
proteins to their receptors (Kolate et al. 2014a). Furthermore, due to the increased
overall volume and molecular mass of PEGylated polymer, it has a greater bioavail-
ability, and thus results in less frequent dosing (Nucci et al. 1991). Generally,
PEGylation is used for the modification of therapeutic molecules by conjugation
with PEG. A natural clinical implication of PEGylated proteins is in the form of
antibodies (both single chain and monoclonal) modifications to achieve greater
solubility and longer circulating life in vivo. PEGylation with longer PEG chain
was more efficient than multiple PEGylation with short PEG chain to increase serum
half-life (Lee et al. 1999). A new and potentially useful application of PEG mAb to
an ADEPT (antibody directed enzyme prodrug therapy) system which is generally
used for targeted drug delivery for the impairment of genetic diseases (AlQahtani
et al. 2019a). Recent advancement in the recombinant DNA technology has
improved the production of proteins at large scale. But, their clinical applications
are limited because of their antigenicity. Protein PEGylation significantly reduces
the antigenicity of recombinant protein and thus associated antibody formation
against them in limited, contributing to their prolonged activity with increased
in vivo life to several hundred folds. During therapeutic uses, PEG protects protein
from proteolytic digestion in the body (Veronese and Mero 2008).

Many small organic molecules and anticancer agents have been conjugated to
PEG which can easily be delivered to the target without any side effect (Elechalawar
et al. 2020). A successful PEGylation of drug molecules can improve the pharma-
cokinetic and pharmacodynamic outcomes. In addition, PEGylation extend blood
residence, decrease enzymatic degradation and reduce immunogenicity of drugs as
well as decrease uptake by reticuloendothelial system. Entrapment of anticancer
drugs into the PEG helps to passively release at target tumor site with less frequent
neutropenia, alopecia and cardiotoxicity (Plosker 2008). A PEG–daunorubicin con-
jugates have been recently synthesized and there in vitro antitumor activity has been
evaluated (Greenwald 2001). PEGylation improves the physicochemical properties
of drug molecules, including optimal degree of modification of molecular weight,
size, hydrophilicity, conformation, steric hindrance and charge which lead to altered
elimination kinetics and thus, several PEGylated therapeutics have entered into the
clinical trials and their successful translation to the clinical use. However, an
accurate assessment of pharmacokinetic and pharmacodynamic parameters of drug
like molecules in animals and patients are highly needed. A sensitive in vivo
quantification and fate of the bound drug in the host body is required after systemic
administration stability, metabolism and bioavailability of PEGylated compounds
(Kolate et al. 2014b). For target-specific therapy and imaging, nanocarrier based
delivery systems have recently emerged as a promising delivery system for thera-
peutics with great potential (Rajan et al. 2014). It was shown that incorporation of
small amounts of gangliosides, glucolipids, phosphatidylinositol impart a weak
negative charge on surface of liposomes which can bypass the reticuloendothelial
uptake. It was found from research charge influence that the uptake for hydrophobic
and neutral to positively charged particles are more prone to reticuloendothelial
uptake in comparison to the negatively charged particles.
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11.4 Gene Therapy

Recently, gene therapy has drawn significant attention of scientific community for
the treatment of diseases associated with the non-functional and mutated genes such
as haemophilia, mucopolysaccharidosis, autoimmune diseases and cancer. The
outcome of gene therapy is depending on the efficiency and safety of its delivery
vectors. In comparison to the gene delivery using viral particle, PEGylation and
hydrogel as gene delivery vectors are less oncogenic, immunogenic, easy to prepare
and specially does not have any limitation of the size of gene to be transferred. In this
context, PEG has gained remarkable attention because of its desired stability in the
systemic circulation (Hashemi et al. 2019). Despite a great advantage of PEG for
controlling the pharmacokinetics of the carriers, but is undesirable for the cellular
association of gene carriers with tumors. To address this problem, various modified
gene delivery systems have been developed. Hatakeyama et al. (2007) developed an
interesting gene delivery system for cancer gene therapy, using a multifunctional
envelope-type nano device modified with enzymatically cleavable PEG-lipid. They
prepared a cleavable PEG-lipid which is composed of a PEG/matrix
metalloproteinase (MMP)-substrate to be specifically cleaved by MMP in the extra-
cellular space in tumor tissues (Hatakeyama et al. 2007). As we know that MMP
expression is higher in the case of tumor cells, thus such system facilitate the site
directed gene delivery. Kim et al. (2006) conjugated the siRNA of vascular endo-
thelial growth factor to PEG via a disulfide linkage. A conjugate of siRNA-PEG
interacting with cationic polyethylenimine form polyelectrolyte complex micelles
and consequently showed a greater stability against enzymatic degradation. Under
condition similar to reductive cytosolic environment, siRNA in its intact form was
released from the siRNA–PEG conjugate after cleavage of the disulfide linkage
which could be potentially applied to RNAi-based anti-angiogenic treatment of
cancer in vivo. Hashemi et al., fabricated PEG coated, calcium doped magnetic
nanograin (PEG/Ca(II)/Fe3O4) as a genome expression enhancer as a promising
strategy for gene therapy (Hashemi et al. 2019). The potential of large scale
production and biocompatibility make PEG-based carriers increasingly attractive
for gene therapy. However, many intra- and extracellular obstacles needs to get
addressed.

PEG-modified adenosine deaminase has been extensively used for the enzyme
replacement therapy for immunodeficiency due to adenosine deaminase deficiency.
Enzyme replacement therapy by modified PEG has restored the metabolic environ-
ment and thus immune function lost due to the adenosine deaminase deficiency
(Hershfield 1995). In many cases, level of functions achieved through enzyme
replacement therapy has been sufficient to protect against opportunistic and life-
threatening infections and diseases (Liu et al. 2009). For gene therapy against HIV in
peripheral blood mononuclear cells, a cationic carbosilane–PEG dendrimers were
used (Sánchez-Nieves et al. 2014). An improved performance was observed as
compared to a PEG-free carbosilane dendrimer. Toxicity significantly decreased in
presence of PEG moety because dendrimers and siRNA interact weakly as compared
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to the homodendrimer analogous. Chemical features like well-defined size and
structure, flexibility, monodispersity and multivalent molecular surface, lower tox-
icity and lower dendriplex strength, are key properties for use of these vectors for the
gene delivery to target cells (Newkome et al. 2008).

11.5 Protein Folding Studies

PEG has been extensively used in research to mimic the cellular environment to
investigate the role of crowding agent in reducing misfolding and aggregation,
conformational change in protein to increase stability and activity. The extent of
PEG-based stabilization of proteins depends on the size of PEG, PEGylation site,
structure of the PEG–protein linker, etc. The strength of a noncovalent interaction,
salt-bridge and hydrogen-bond strength within a protein depends strongly on its
microenvironment and increasing in nonpolar versus aqueous environments. As we
know that protein folds in a crowded cellular environment but most of the studied
performed on protein folding were done on a single protein (Kinjo and Takada 2002;
Tsao et al. 2010; van den Berg et al. 1999). The efficiency of macromolecular
crowding agent is expected to be highest hydrodynamic dimensions of a tested
protein. To mimic the natural cellular milieu, many crowding agent including PEG
have been extensively used as crowding agents for various proteins (Ghosh et al.
2020; Nasreen et al. 2018; Shahid et al. 2019; Shahid et al. 2017). An expected
outcome of the presence of PEG as a macromolecular crowding agent is their ability
to improve the conformational stability of a globular protein due to the excluded
volume effects including alteration of solvent properties (Christiansen et al. 2013;
Stepanenko et al. 2016; Tokuriki et al. 2004). Behaviour of protein dynamics is
affected by the hydrodynamic size and concentration of inert crowder where chem-
ical nature of crowder molecules should not play any role in the modulation of
conformational properties (Fonin et al. 2019). Conformational changes of d-glucose/
d-galactose-binding protein (GGBP) were studied at different PEGs (Molecular
weight, 12,000, 4000, and 600) in varying concentration and a noticeable structural
changes was observed (Fonin et al. 2018). All PEGs promoted compaction of GGBP
and lead to the increase in ordering of its structure. These data support the previous
notion that the influence of macromolecular crowders on proteins is rather complex
phenomenon that extends beyond the excluded volume effects (Fonin et al. 2017).

Stepanenko et al. (2016) has demonstrated the effects of different PEGs of
varying molecular masses (PEG-600, PEG-8000, and PEG-12000) on the spectral
properties and unfolding-refolding processes of the super-folder green fluorescent
protein. The hydrodynamic radii of PEG-600, PEG-8000, and PEG-12000 are
5.6 Å � 0.3 Å, 24.5 Å � 1.9 Å, and 30.9 Å � 2.5 Å, respectively (Kuznetsova
et al. 2014). According to the excluded volume theory, the greatest effect on the
unfolding-refolding processes should be provided by PEG-8000, whose hydrody-
namic dimensions are closest to those of sfGFP. Ferreira et al., demonstrated that
PEG and UCON of similar size produces different changes in the solvent properties
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of water in their solutions and induced morphologically different α-synuclein aggre-
gates (Ferreira et al. 2015; Ferreira et al. 2016). The further extended study to get
deeper insights into the behaviour of proteins in a crowded environment, a similar
study was conducted to determine the secondary and tertiary structure and aromatic
residue solvent accessibility ten different proteins. Both PEG and UCON polymers
affects secondary and tertiary structures of folded and hybrid proteins in a limited
fashion with a slight unfolding. Solvent accessibility of aromatic residues was
significantly increased for the majority of the proteins in the presence of UCON
but not PEG. PEG also accelerated the aggregation of protein into amyloid fibrils
(Breydo et al. 2015). In addition, a large number of studies on PEG has been carried
out to establish the role of PEG in protein folding and dynamics (Parray et al. 2019;
Shahid et al. 2017; Xiao et al. 2019).

11.6 Cosmetic Industry

PEG is one of the best investigated polymer for use in bio-related application due to
its inertness, biocompatibility, biodegradability and versatility. PEG is generally
used in cosmetics, food processing, pharmaceuticals, agriculture, and industrial
manufacturing (AlQahtani et al. 2019b). Because of two terminal alcohol groups,
the PEGs can form a series of derivatives including, mono-, di- and polyesters,
ethers, amines and acetals. PEGs can favour the addition reaction to form new
compounds or complexes on their ether bridges. Some common derivatives of
PEG in cosmetic industry are, fatty acid esters, PEG ethers, PEG amine ethers,
PEG castor oils, PEG propylene glycols, and other derivates with required proper-
ties. PEG is found in many domestic and hygiene products, because of their
solubility, viscosity and low toxicity. PEGs and their fatty acid esters produce a
little irritation and have extremely low acute and chronic toxicities and thus consid-
ered as a highly acceptable polymer in the cosmetic industry (Fruijtier-Pölloth 2005).
Due to the abundant presence of PEG, it likely to be present at or introduced to the
inflammation site. PEG fatty esters, PEGs, and PEG sorbitan fatty esters are slightly
irritating to the skin of rabbits and humans and thus commonly found in the
antiseptic creams. The occurrence of PEG in close vicinity to highly active immune
cells may be enough to elicit the stimulation of anti-PEG antibodies (Yang and Lai
2015). PEGylated pharmaceutical products are used as an indirect molecular probe
for measuring mucosal permeability. Their unique osmotic characteristics in aque-
ous solutions, PEG provides solubility, stability and strength to the degrading sub-
stances (Fordtran and Hofmann 2017). In addition, carcinogenicity studies with
PEGs have been conducted. Interestingly, in most of studies people found no
indication of a tumorigenic effect of PEGs which will further allow the effective
use of PEG in cosmetics. The PEGs and their fatty acid ethers and esters produce a
negligible dermal irritation along with an extremely low acute and chronic toxicities
as they do not readily penetrate intact skin and thus the sensitising potential of these
compounds appears to be negligible (Jang et al. 2015). Furthermore, commonly used
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PEG derivatives in the cosmetic industry are free from reproductive and develop-
mental toxicity, on genotoxicity and carcinogenic properties.

11.7 Food Industry

PEGs are widely used in medical and food industries because of their biologically
inert, non-immunogenic, non-toxic and water-soluble nature. A mild to life-
threatening immediate hypersensitivity for PEG are reported (Ahmed et al. 2018).
PEG hypersensitivity should be considered during the diagnostic management and
therapy. The Food and Drug Administration (FDA) has approved several biological
application of PEGs including as a carrier, preservative of food, cosmetics and
pharmaceuticals, including injectable and bowel solutions (Lim and Hong 2014).
PEGs are extensively used as enhancer of solubility and oral bioavailability of
compounds with poor aqueous solubility (Gullapalli and Mazzitelli 2015). The
nanoparticles and essential oil loaded composite films of PEG are widely used in
the food industry for packaging purposes. These films are capable of exhibiting
antimicrobial effects against bacteria, and extend the shelf-life of meat. Such bio-
compatible films showed are manufactured commercially with increased thermal
stability (Ahmed et al. 2018). The developed bionanocomposites are highly com-
patible to food packaging to control the spoilage and the pathogenic bacteria
associated with the fresh chicken meat (Ahmed et al. 2018). Liu et at. developed
EGylated chitosan modified silver nanoparticles which possess excellent antimicro-
bial activity against both Gram-negative and Gram-positive bacteria (Liu et al.
2017). Such antimicrobial coatings with excellent nonfouling property is available
to resist bacterial attachment to the food materials for long term storage and
transport. However, silver based nanoparticle coating with PEG has dramatically
enhanced antibacterial property and ascribed to the synergism of PEG-based resis-
tance of bacteria due the antibacterial property of silver. Colloidal silver
nanoparticles prepared by chemical reduction using PEG as a reducing agent has
been used as food simulants in apple juice.

11.8 Bone and Tissue Engineering

In recent years different types of biomaterials are developed to support the bone
tissue regeneration process. A relatively new class of nanocomposite biomaterials
are produced from PEG that incorporate a biopolymeric and biodegradable matrix
structure render improved properties including large surface area, high mechanical
strength and stability, enhanced cell adhesion, proliferation, and cell differentiation
(Bharadwaz and Jayasuriya 2020). Cartilage production with the help of PEG and
alginate was successfully done. Collagen, PEG encapsulated with poly-lactic or
-glycolic groups and polyvinyl alcohol, are other examples of biological and
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synthetic polymers that have been combined with chondrocytes (Bryant and Anseth
2003). Recent development in bone tissue engineering have identified and propelled
the need of PEG based biomaterials as a promising approach for effective bone
regeneration because of its high tunable properties, excellent biocompatibility,
controlled biodegradability and good mechanical strength (Wang et al. 2019). In
bone regeneration, the biomaterial scaffold is required to be fabricated having
adequate cell growth and bone tissue regeneration. Such properties may be gained
by PEGs because of their high porosity, surface-to-volume ratio, and crystallinity.
PEG based nanofiber mats exhibited excellent cell attachment and growth, along
with adequate cytocompatibility (Scaffaro et al. 2017). PEG-based membrane incor-
porated with the nanocalcium phosphate was developed to reduce non-functional
scar tissue defects with the help of guided bone regeneration. The addition of
calcium phosphate particles increase in fiber diameter as the addition of the inorganic
calcium phosphate may have reduced the conductivity of the electrospinning solu-
tion. Furthermore, osteogenic differentiation of the cells was aided by the addition of
the calcium phosphate nanoparticles as they increased the concentration of calcium
ions thereby facilitating better storage of the cells (Türkkan et al. 2017). For
surgeries and regenerative engineering tissue adhesives are manufactured with the
help of PEG to achieve a rapid crosslinking, strong wet adhesion and cohesion
strengths, and minimal cytotoxicity remains a critical roadblock for clinical transla-
tion (Lu et al. 2020). Recently, Zhou et al. (2020) designed a (PEG)-based poly
(urethane-urea) for bone tissue repair using cystine dimethyl ester as a cross-linker.
The strength of material was further strengthened by physical blending of nano-
hydroxyapatite. The obtained biocompatible material showed excellent mechanical
strength, biocompatibility and osteogenic capability and thus has good prospects for
bone tissue repair application.

11.9 Bioimaging and Radiotherapy

PEG is an FDA-approved compound, has been extensively used to modify various
anticancer agents to increase long blood circulation, and enhancing their tumor
accumulation. In recent years application of PEG-based nanoparticles have received
greater attention in biomedicine, particularly in diagnostic imaging. Recently, Yang
et al. designed a circular aptamer-PEG structure which is capable of prolonged blood
circulation, and then responds to the acidic tumor microenvironment to deeply
penetrate the solid tumor and selectively recognize cancer cells for in vivo targeted
bioimaging (Yang et al. 2020a). A typical AS1411 aptamer containing G-rich
oligonucleotide sequences with specific recognition of nucleolin was designed to
detect a non-ribosomal protein normally existing in the nucleus and also highly
expressed on the surface of cancer cells. Such materials having deep tumor tissue
penetration and specific targeting of cancer cells, may be employed in efficient drug
delivery strategy as well as bioimaging purposes. Photothermal therapy is an effi-
cient approach employed for cancer treatment. A novel PEG based nanomaterials
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were synthesized which has significant T1-weighted performance to target tumor
and localize for photothermal therapy. This approach holds significant potential for
the clinical application especially in the case of tumor localization and targeted
therapy (Meng et al. 2020).

Pretargeting strategies have recently emerged as an attractive imaging and ther-
apy option for cancer patients. Different types of nanostars are prepared with has
high potential to accumulate in the tumor tissue via an enhanced permeability and
retention and thus implemented in the development of a passive delivery of cytotoxic
compounds to cancer cells. To increase the contrast between uptake in the tumor and
in surrounding healthy tissues, PEG based nanostars are designed for pretargeted
positron emission tomography imaging, using radioligands that are labeled with the
short-living positron emitter fluorine-18 (Goos et al. 2020a). The development of a
pretargeting strategy based on the passive delivery of PEG based nanostars further
expand the cancer imaging and treatment options, with a minimal radiation doses to
healthy cells (Goos et al. 2020b). Recently, a new type of gold-PEG based
nanoparticles are designed which possess excellent X-ray absorption coefficient,
utilized as a contrast agent for computed tomography scan imaging. This nanopar-
ticle shown a reliable aqueous dispensation, low cytotoxicity, and strong X-ray
absorption ability subsequently enhances contrast, having long circulation time in
the blood, and a negligible in vivo toxicity. Hence, such type of nanoparticles have
great potential for clinical application in CT scan imaging (Gao et al. 2020).

Encapsulation of near infrared dyes, indocyanine green in the PEG based bio-
compatible nano carrier has been extensively used for NIR bioimaging,
photothermal and photodynamic therapy. In is interesting to note that the encapsu-
lated dyes remained stable for over long time and slowly accumulating in the liver
and spleen having a wide range with deep penetration into the living tissues, may be
exploited as a promising candidate for cancer treatment and diagnosis (Yeroslavsky
et al. 2020). PEG incorporated silica nanoparticles are developed for improving
efficacy of targeted radiotherapy in melanoma models. PEGylated carbon dots were
engineered to bind alpha melanocyte stimulating hormone cyclic peptide analogs for
targeting the melanocortin-1 receptor over-expressed on melanoma tumor cells.
Such quantum dots are radiochemically stable, biologically active, and exhibited
high affinity cellular binding properties and internalization (Zhang et al. 2020). An
ultrasmall PEGylated quantum dots, covalently encapsulating the near infra-red
emitting dye Cy5 were engineered to display MC1-R targeting cyclic DOTA-α
MSH peptides on their surfaces. This superior property provide selective tumor
uptake and favourable biodistribution properties and improved renal clearance. The
unique and tunable surface features of this targeted radiotherapeutic quantum dots
are coupled with favorable pharmacokinetic properties, substantially improved
treatment efficacy and demonstrated a clear survival benefit in melanoma models.
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11.10 Application of PEGs in Cutting Edge Technologies

PEGs are the most successful precipitants for the protein crystallization especially in
the case of high molecular weight proteins (Gorrec 2016). Various parameters
related to PEG such as types, concentration and molecular mass influence the
crystallizing process. PEG has been used as a component in organ preservation
solutions to reduce injury from cold perfusion in animal organs (Pasut et al. 2016;
Valuckaite et al. 2013). PEGs 4000 and 3350 are commonly used in the gastroen-
terology from a long time. A series of PEGylated polymers are developed for tissue
engineering. Implementing PEG-alt-thiol conjugates, biodegradable polymeric sys-
tem showed in vivo biocompatible cell matrices for tissue engineering and wound
healing (Wang et al. 2008). Further applications of PEG include in plastics and
resins, in printing, as ingredients of soaps and detergents, in the rubber, in the textile
and leather industry, in the paper industry, in the ceramics and glass industry,
petroleum, mining and metal industries, for wood preservation and as chemical
intermediates. Remarkably, PEG as a kind of stable, environmentally friendly and
green surfactant. Many PEG-based aqueous solution are applied in extraction,
separation and preconcentration of various constituents from complex mixture
because it possesses the advantages of low cost, non-volatility, biodegradation,
and non-toxicity (Zhang et al. 2017). Hydrogels composed of PEG and chitosan
have been extensively used in the fields of wound dressing, tissue repair, water
purification, drug delivery, and bone regeneration, and coatings in dental applica-
tions. Hydrogel developed for dental application shows a superior activity in early-
stage adhesion inhibition and displays remarkably long-lasting colony-suppression
activity. In addition, such nanomaterial antifouling and antimicrobial functions with
excellent biocompatibility (Peng et al. 2020).

11.11 Miscellaneous Applications

PEGs are widely used in medical and food industries because of their biologically
inert, non-immunogenic, non-toxic and water-soluble nature. A mild to life-
threatening immediate hypersensitivity for PEG are reported. PEG hypersensitivity
should be considered during the diagnostic management and therapy. The Food and
Drug Administration (FDA) has approved several biological application of PEGs
including as a carrier, preservative of food, cosmetics and pharmaceuticals, includ-
ing injectable and bowel solutions (Lim and Hong 2014). PEG has been used as a
component in organ preservation solutions to reduce injury from cold perfusion in
animal organs (Pasut et al. 2016; Valuckaite et al. 2013). PEGs 4000 and 3350 are
commonly used in the gastroenterology from a long time. PEGylated pharmaceutical
products are used as an indirect molecular probe for measuring mucosal permeabil-
ity. Their unique osmotic characteristics in aqueous solutions, PEG provides solu-
bility, stability and strength to the degrading substances (Fordtran and Hofmann
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2017). A series of PEGylated polymers are developed for tissue engineering.
Implementing PEG-alt-thiol conjugates, biodegradable polymeric system showed
in vivo biocompatible cell matrices for tissue engineering and wound healing (Wang
et al. 2008). Cartilage production with the help of PEG and alginate was successfully
done. Collagen, PEG encapsulated with poly-lactic or -glycolic groups and polyvi-
nyl alcohol, are other examples of biological and synthetic polymers that have been
combined with chondrocytes (Bryant and Anseth 2003). PEGs are extensively used
as enhancer of solubility and oral bioavailability of compounds with poor aqueous
solubility (Gullapalli and Mazzitelli 2015). PEGylation is one of the best approaches
for targeting of anticancer therapeutics.

PEG is one of the best investigated polymer for use in bio-related application due
to its inertness, biocompatibility, biodegradability and versatility. PEG is generally
used in cosmetics, food processing, pharmaceuticals, agriculture, and industrial
manufacturing (AlQahtani et al. 2019b). PEG is found in many domestic and
hygiene products, thus our body got repeated exposure to PEG which may causes
the development of anti-PEG antibodies. Due to the abundant presence of PEG, it
likely to be present at or introduced to the inflammation site. The occurrence of PEG
in close vicinity to highly active immune cells may be enough to elicit the stimula-
tion of anti-PEG antibodies (Yang and Lai 2015). Recent development in bone tissue
engineering have identified and propelled the need of PEG based biomaterials as a
promising approach for effective bone regeneration because of its high tunable
properties, excellent biocompatibility, controlled biodegradability and good
mechanical strength (Wang et al. 2019). PEGs are the most successful precipitants
for the protein crystallization especially in the case of high molecular weight proteins
(Gorrec 2016). Various parameters related to PEG such as types, concentration and
molecular mass influence the crystallizing process.

11.12 Conclusion

PEGs are most commonly used polymers which is inert in nature,
non-immunogenic, non-antigenic which enhance the solubility of hydrophobic
drugs and facilitate the potential for DNA transfection, siRNA delivery and tumor
targeting. PEGylated drug delivery systems are very effective nano-carriers used to
deliver anticancer drugs to the tumor site. The PEGylated polymers had lower
cytotoxicity and hemolytic toxicity with increased solubility, less aggregation,
lower opsonization by RES and higher tumor accumulation by the enhanced per-
meability and retention effect. PEGylation showed a great advantage in overcoming
the unfavourable characteristics of biomaterials by keeping the unique properties.
PEG has also been used as gene delivery vector for the targeted delivery of gene of
interest. PEG-based copolymers play a crucial role as a biomedical material for
biomedical applications, because of its biocompatibility, biodegradability,
thermosensitivity and easy controlled characters. PEG–based hydrogel exhibits
good gelling mechanical strength and minimizes the initial burst effect of the drug.
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The hydrogel developed from PEG is able to release the drug over a long duration of
time, meanwhile is also biocompatible and provide environment similar to soft tissue
and allow diffusion of nutrients due to biodegradable properties with desired safety
and efficacy. Despite the extensive use of PEGs, future biomedical implications are
the matter of concern among the scientists but still to procure the FDA approvals, a
strong investigation in the clinical studies is necessary.
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