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Abstract 
 

Over the past few decades, nanoparticles have been attracting significant attention of researches in chemical, biomedical, 
pharmaceutical sciences, due to their unique physicochemical properties. This includes ultra small size, large surface area, 
good biocompatibility and high reactivity. In particular, nanoparticles are promising for pharmaceutical and biomedical fields, 
as they have been applied as drug carriers and diagnostic tools. However, nanoparticles can be easily detected and cleared out 
by the mononuclear phagocyte system before delivering the drug to the target site. One of the most widely applied approaches 
to prolong circulation of nanoparticles is to modify their surfaces with polyethylene glycol (PEG). This paper describes how 
PEGylation occurs, as well as application of various PEGylated nanoparticles in drug delivery.  
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Introduction 

 
Nanoparticles (NPs) have a significant potential 

for drug delivery due to their unique physicochemical 
properties, including their ultra small size, high 
reactivity and large surface area to mass ratio which 
can offer significant benefits compared to traditional 
therapeutic and diagnostic agents [1]. Due to these 
reasons, nanoparticles have been attracting a 
considerable interest in biomedical and pharmaceutical 
sciences over the last two decades. They have been 
successfully applied as drug carriers [2, 3], diagnostic 
tools [4, 5], labelling and tracking agents [6, 7]. A large 
group of inorganic nanomaterials for biomedical 
application have been described, including gold, 
titanium, iron oxide and silica. Whilst gold has been 
widely explored and has a long history of use, silica 
nanoparticles are less well defined but appear 
promising and are the subject of recent investigations 
for drug delivery [8]. Silica nanoparticles are 
inexpensive and easy to prepare and separate, safe and 
biocompatible, also their surfaces can be easily 
functionalised, and thus have an ongoing role in both in 
vitro and in vivo biomedical nanotechnology [9].  

The advantages of using nanoparticles for drug 
delivery include fine control over particle size [10–13], 
site-specific targeting [14, 15], the potential for surface 
modification [16, 17], controlled and sustained release 
of the drug [18–20] and the potential to use different 
routes of drug administration. However, there are some 
significant limitations, including the possibility that 
nanoparticles can be easily detected by the immune 
system once in the blood stream, and may be cleared by 
the mononuclear phagocyte system (MPS) (liver, 
spleen, lungs and bone narrow) via opsonisation  
(a binding enhancer for the process of phagocytosis) 
before they can deliver the drug to the target site  
[21, 22]. Opsonins are the blood serum components 
involved in the phagocytic recognition process, the 
most common of which are C3, C4, C5 proteins and 
immunoglobulins [22]. 
 

How does PEGylation work? 
 

There are two main approaches to prolong the 
circulation of nanoparticles and to minimise 
opsonisation; surface functionalisation of nanoparticles 
with hydrophilic polymers/surfactants and/or synthesis 
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of nanoparticles using biodegradable copolymers with 
hydrophilic segments (polyethylene glycol, poloxamer, 
poloxamine and polysorbate 80) [21]. Among those, the 
most widely used strategy is surface modification of 
nanoparticles with polyethylene glycol (PEG) [23], 
which shows low adverse effects in vivo [22] and is 
approved for human intravenous administration [24]. 
Grafting or adsorption of PEG or PEG-containing 
copolymers to the surface of nanoparticles prolongs 
blood circulation half-life up to several orders of 
magnitude and provides a hydrophilic protective layer 
which limits recognition by opsonin proteins due to 
steric repulsion forces [22]. PEG surface coverage can 
occur in “mushroom” and “brush” configurations.  
The first is observed at low surface chain densities 
where PEG molecules are located close to the surface 
of nanoparticles and have a broad range of motions.  
At higher surface coverage, PEG chains are in a semi-
linear configuration and their range of motion is 
significantly restricted (“brush” configuration).  
The optimal surface coverage is between the 
“mushroom” and “brush” configurations allowing the 
PEG density to be high enough to avoid gaps in the PEG 
protective layer whilst PEG chains are mobile [21, 22]. 

PEG-containing polymers can be either adsorbed 
or covalently attached to the surface of nanoparticles 
but both of these approaches have limitations. The first 
method is simple to achieve but adsorbed PEG 
polymers can desorb leaving some areas of nanoparticle 
surface uncovered and available for opsonins to bind. 
When PEG molecules are covalently attached, it may 
be difficult to determine whether they are on the 
surface of the NPs, or in the bulk and it is difficult to 
control and optimise the coverage density and PEG 
conformation. However, covalent surface modification 
with PEG is usually the preferred approach for 
biodegradable nanoparticles. In the synthesis of 
biodegradable NPs, PEG is typically used with 
poly(lactic acid), poly(lactic acid-co-glycolic acid), and 
poly(alkylcyanoacrylates) [22].  
 

PEGylation of different nanoparticles 
 

PEGylation is widely used to optimise the surface 
properties of various types of nanoparticles, including 
gold nanoparticles which are reported to be nontoxic 
[25]. Apart from preventing them from being 
recognised by phagocytes system, PEGylation of gold 
nanoparticles enhances their solubility and stability 
under physiological conditions and enables further 
surface modification via coupling reactions [26]. It was 

demonstrated that both laser-generated and chemically 
synthesised gold nanoparticles (NPs) can be PEGylated 
through covalent attachment of thiol-bearing PEG 
chains, but the former ones exhibit improved stability 
and controllable surface coverage [26].  

PEGylated NPs can be efficient drug delivery 
platforms, as PEG provides water-soluble and 
biocompatible cage-type protection for hydrophobic 
drug molecules and allows their delivery to the target 
site, as demonstrated by Cheng and coworkers with 
PEGylated gold NPs-silicon phthalocyanine 4 (Pc4) 
conjugates. The cage-type protection caused by steric 
repulsion leads to separation of Au NPs, stabilisation of 
Pc4 due to van der Waals interactions and protects the 
drug from aqueous media. Drug delivery time to the 
target tumor was significantly reduced to 2 hours with 
PEGylated Au NP-Pc 4 conjugates, compared to 2 days 
for the free drug [24]. PEGylation can also convert the 
hydrophobic nanoparticle surface into a hydrophilic 
one acting as a linker and allowing further 
functionalisation with the drug molecules, improving 
biocompatibility and resulting in superior ability to 
penetrate the cell nucleus compared to the drug alone [27].  

In contrast to gold nanoparticles which can be 
PEGylated through surface functionalisation, 
PEGylated polymer nanoparticles are usually 
synthesised from PEG containing block-copolymers 
[28, 29]. For example, poly(ε-caprolactone)/poly 
(ethylene glycol) (PCL/PEG) nanoparticles were 
developed from a PCL/PEG/PCL triblock copolymer 
by a solvent extraction method using acetone [29].  
The PCL/PEG/PCL copolymer was synthesised by 
ring-opening polymerisation of ε-caprolactone using 
PEG as a macroinitiator. PCL/PEG/PCL NPs were 
loaded with doxorubicin, a potent anticancer agent, by 
a pH-induced self-assembly method with 91.7 % 
encapsulation efficiency. Improving doxorubicin 
delivery and safety is important since it is a highly 
cytotoxic compound that can damage normal tissue 
before reaching the target tumor. Doxorubicin loaded 
PCL/PEG/PCL nanoparticles were found to be a 
promising delivery system owing to their ability to 
release doxorubicin more quickly at pH 5.5 than at pH 
7.0, which allows the drug to be only slowly released in 
the plasma (pH = 7.4) but rapidly released at the solid 
tumor site (pH = 5.5). In vitro studies demonstrated 
reduced cytotoxicity of doxorubicin encapsulated in 
PCL/PEG/PCL nanoparticles in the C-26 cell line and 
doxorubicin in PCL/PEG/PCL nanoparticles was 
shown to treat mice bearing subcutaneous C-26 tumors 
more efficiently than the free drug [29].  
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For drug delivery to mucosal epithelia, PEGylation 

is a useful approach for enhancing drug transport 
through mucus by reducing the interactions of a 
nanoparticulate carrier with the mucus layer, which is a 
physical and enzymatic barrier protecting epithelial 
cells of the human body [30–32]. Conventional 
nanoparticles, once administrated to mucosal tissues, 
are trapped in mucus by steric or adhesive forces and 
then eliminated by mucociliary clearance, whereas 
PEGylation enables the particles to overcome this 
barrier and penetrate into the mucus layer [31]. Lai and 
coworkers studied the diffusion of PEG-modified 
polystyrene nanoparticles in fresh undiluted human 
cervical mucus. They found that a dense coating with 
low molecular weight (2 kDa) PEG enhanced the 
transport of nanoparticles (100–500 nm) by up to  
3 orders of magnitude, which correlated with a 
decreased number of particles immobilised by the 
mucus (less than 0.5 % for PEGylated versus 32–45 % 
for uncoated nanoparticles). The study also showed that 
both low molecular weight PEG and a high density of 
surface coverage were crucial for PEG-modified 
nanoparticles to rapidly penetrate through the mucus 
[31]. In addition, polystyrene PEGylated nanoparticles 
were able to penetrate through the highly viscoelastic 
mucus layer which is a challenge in the treatment of 
chronic rhinosinusitis [32]. Cu and Saltzman [30] 
demonstrated that the addition of PEG of different 
molecular weights (2, 5, 10 kDa) improved dispersion, 
neutralised charge and enhanced diffusion of 
poly(lactic-co-glycolic)acid (PLGA) in cervical mucus 
in a manner strongly dependent on the molecular 
weight and density of the polymer (5–100 %) on the 
particles surface. They revealed that diffusion of 
PEGylated PLGA nanoparticles was 3–10 times higher 
than that of uncoated PLGA nanoparticles. 

PEGylated nanoparticles can also be used for oral 
drug delivery since they are able to diffuse across the 
mucus layer and thereby target specific regions for 
vaccination [33]. Yoncheva and coworkers reported the 
synthesis of poly(methyl vinyl ether-co-maleic 
anhydride) (PVM/MA) PEGylated nanoparticles, with 
PEG of different molecular weights (400, 1000 and 
2000 Da) attached, for reaching the gastrointestinal 
mucosa. Particles were prepared by a solvent 
displacement method and PEGylation was found to be 
efficient with PEGs of molecular weight higher than 
400 Da. Additionally, PEGylation with 2000 Da PEG 
was twice as effective as that of 1000 Da and gave a 
“brush” conformation of PEG chains which enhanced 
penetration through the mucus layer and facilitated 

contact with the intestinal mucosa, illustrating their 
promise as carriers for drug delivery to the small 
intestine [33].  

Among nanomaterials for biomedical application, 
silica nanoparticles exhibit great potential due to their 
straightforward synthesis and separation, low cost, 
safety, biocompatibility and possibility to further 
functionalization. PEGylation is a widely-employed 
approach to modify the surfaces of silica nanoparticles. 
Different levels of PEGylation can be achieved by 
varying the quantity of PEG added to the reaction 
mixture. Irmukhametova and coworkers [34] 
demonstrated that the presence of a PEG-based corona 
on the surface of NPs allows formation of hydrogen-
bonded interpolymer complexes with poly(acrylic acid) 
(PAA) under acidic conditions. In their study, self-
assembly of PEGylated NPs with PAA occurred in 
aqueous solution and on silicon wafers. The first 
approach led to the formation of larger aggregates, 
while the second resulted in multilayered coatings.  

Stability of PEGylated silica nanoparticle colloidal 
suspensions in water depends on the PEG/silica mass 
ratio. With appropriate PEG concentrations, surface 
modified silica NPs can remain stable to oxidation for 
up to 6 months [35]. In addition, PEGylation enhanced 
colloidal stability of silica nanoparticles over a wide 
range of pHs [34]. The colloidal stability of PEGylated 
silica nanoparticles in aqueous solutions can be 
improved by employing a grafting layers procedure 
[36]. To achieve water stability, a newly-developed 
approach utilised a two-step method of pre-coating 
silica nanoparticles with amino-groups (amination), 
followed by PEGylation with N-succinimidyl ester of a 
mono-methyl poly(ethylene glycol) carboxylic acid via 
covalent binding of N-succinimidyl moieties to primary 
amino-groups. As an amino-source, a combination of 
(3-aminopropyl)triethoxysilane with bis-(trimeth-
oxysilylpropyl)amine or bis-(triethoxysilyl)ethane was 
used, improving the water stability of PEGylated silica 
nanoparticles in aqueous dispersions. Additionally, this 
approach prevented nanoparticles from aggregation in 
the dry state [36]. By preventing aggregation, PEG also 
provides a homogeneous distribution of silica 
nanoparticles inside the poly(ε-caprolactone) (PCL) 
matrix, when acting as an interfacial agent in 
biodegradable PCL/PEG/silica nanocomposites. 
Increasing the content of PEGylated silica 
nanoparticles resulted in higher elastic moduli of these 
nanocomposites, as was confirmed by dynamic 
mechanical measurements [37].   
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Thiolated organosilica nanoparticles exhibited 

excellent mucoadhesive properties due to the number of 
SH groups present and can be modified to be 
nonadhesive via PEGylation [38]. Thiolated 
fluorescently-labelled nanoparticles were retained on 
the surface of bovine cornea even after five wash cycles 
with artificial tear fluid, whereas PEGylated 
nanoparticles were completely removed after the third 
wash. The ability of PEG to screen the functional 
groups on the surface of organosilica nanoparticles was 
further investigated by the same research group, 
providing a better understanding of the role of 
PEGylation in designing novel formulations [39–41]. 
Studying the retention of thiolated and PEGylated silica 
nanoparticles on the surface of porcine bladder mucosa 
in vitro demonstrated a more rapid wash-off profile of 
PEGylated silica nanoparticles than that of their parent 
particles indicating poorer mucoadhesive properties of 
PEGylated nanoparticles [41]. This was in agreement 
with the previously published data [38]. Poorer 
retention on the mucosal tissues of PEGylated 
nanoparticles arose an interest in studying their 
capability of permeating biological tissues due to the 
screening of functional groups of silica nanoparticles 
by PEG molecules and preventing them from 
interacting with the mucosal layers. That was 
investigated by assessing the capability of PEGylated 
silica nanoparticles to penetrate through the ocular 
surface [40]. It was shown that silica nanoparticles 
PEGylated with PEG of higher molecular weight  
(5000 Da) can penetrate de-epithelialized corneal 
surface into the stroma. This was due to the effective 
screening of thiol-groups and preventing them from 
interacting with cysteine domains of the ocular stroma 
[40]. These findings were in a agreement with the data 
reported by Hanes et al, revealing no interactions of 
PEGylated nanoparticles with biological tissues, such 
as human mucus, due to strong hydrophilicity and 
neutral charge provided by PEG molecules, helping the 
diffusion [31, 42]. Understanding the diffusion of 
PEGylated silica nanoparticles in complex fluids is 
essential in designing novel drug delivery formulations. 
Therefore, the diffusion of PEGylated silica 
nanoparticles was studied in polymer solutions of 
different chemical nature as prototypes of biological 
hydrogels [39]. It was demonstrated that PEGylation 
can greatly affect interactions between nanoparticles 
and the medium, hence the diffusion. In this way, 
PEGylated silica nanoparticles exhibited higher 
diffusivity in poly(ethylene oxide) solution than their 

thiolated counterpart due to no interactions between 
PEGylated surfaces and PEO macromolecules as a 
result of their chemical similarity. However, in 
polymers of a different nature, such as poly(acrylic 
acid) at lower pH values, PEGylation can significantly 
hamper the diffusion due to formation of strong 
hydrogen bonding between PEG moieties on the surface 
of nanoparticles and carboxyl groups of PAA [39].  

PEGylated silica nanoparticles can be employed in 
the formation of blood pool contrast agent with 
encapsulated Fe3O4 nanocrystals. Wu and coworkers 
[43] demonstrated the advantages of a novel  
H-Fe3O4@SiO2-PEG agent for magnetic resonance 
imaging (MRI), reduced opsonisation and prolonged 
intravascular circulation due to the PEGylation.  
This provided an extended imaging window, enhanced 
vessel-to-background signal and minimised haemolytic 
activity of the nanoparticles. Due to these enhanced 
characteristics, H-Fe3O4@SiO2-PEG performed better 
than Resovist as demonstrated by recording excellent 
high-resolution images of rat cerebral microvasculature 
[43]. PEGylated fluorescein-doped magnetic silica 
nanoparticles can penetrate the blood-brain barrier 
(BBB), as was demonstrated in vivo by Ku et al. [44]. 
These nanoparticles were found to cross the BBB in 
rats via transcytosis of endothelial cells, followed by 
diffusion into cerebral parenchyma and subsequent 
distribution in the neurons. In addition, PEGylated 
magnetic silica nanoparticles did not show cumulative 
toxicity to the brain. However, their non-PEGylated 
counterpart was not found to penetrate the BBB. This 
demonstrates that PEGylated silica nanoparticles may 
offer a good platform for investigations of drug 
delivery systems and imaging in the treatment of brain 
diseases [44]. In intravenous drug delivery application 
of silica nanoparticles, PEGylation was employed to 
avoid the reticuloendothelial system. In addition, 
protein adsorption of silica nanoparticles was 
significantly decreased by PEGylation, and this 
reduction was constant with the PEG chain length of 
3000 g/mol [45].   

PEGylation reduces the toxicity of mesoporous 
silica nanoparticles (MSNPs) which are of a 
considerable interest for drug delivery due to their 
facile synthesis, tunable pore morphologies, potential 
for further surface functionalisation and inclusion of 
various payloads [46]. PEGylated mesoporous silica 
nanoparticles can be formed using an emulsion method 
[47], sol-gel reaction [48], or facile one-pot synthesis in 
aqueous solution [49]. PEGylated MSNPs exhibit long-
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term stability in biological media, reduced aggregation 
and improved colloidal dispersity, showing potential 
benefits for drug delivery [49]. Singh and coworkers 
synthesised MSNPs coated with a polymer that 
degrades in response to external stimuli as temperature 
and biological microenvironment (protease).  
They proposed a new technique for mesoporous silica 
NPs double-coating through electrostatic binding of 
acrylamide with subsequent attachment of a covalently 
cross-linked PEG-based polymer shell, omitting the use 
of any catalysts or surfactants. PEGylated MSNPs 
displayed no significant in vitro cytotoxicity in HeLa 
cells, compared to uncoated MSNPs that were found to 
be cytotoxic. The polymer shell provided colloidal 
stability, prolonged blood circulation, was temperature 
sensitive, improved imaging capability, offered high 
core- and shell-loading capacities, generated localised 
drug release in vitro and in vivo and enabled tunability 
of drug loading and release characteristics [46].  

Silica nanoparticles are widely used to deliver 
hydrophilic drugs, such as doxorubicin [50–52].  
In the study of Xie et al. [52], the development of anti-
cancer drug delivery and simultaneous bioimaging 
based on mesoporous silica nanoparticles was reported. 
MSNPs were functionalised with carboxyl groups to 
provide a more negative charge of the pore surface than 
that of the parent counterpart, which allowed binding 
through the attractive forces between silica 
nanoparticles and positively charged doxorubicin 
hydrochloride. PEGylation enabled conjugation of 
MSNPs with folate, as a cancer targeting moiety, and 
near infrared fluorescent dye, as a labelling agent. 
Additionally, introducing PEG to the nanoparticle 
structure increased their water dispersibility [52].  

In targeted doxorubicin delivery to liver cancer 
cells, a new silane-free approach of functionalisation of 
mesoporous silica nanoparticles with a PEG layer was 
used [53]. This method involved the modification of the 
external surface of MSNPs with PEG and galactose 
ligands, while leaving the internal surface preserved for 
doxorubicin encapsulation. This was achieved by 
carrying out the two-step modification with surfactant 
remaining in the pore channels of MSNPs, which was 
removed upon completion of the functionalisation. PEG 
was introduced to prevent recognition of the drug 
delivery system as a foreign substance by the body 
defense mechanism. The PEG layer was also 
demonstrated to provide effective shielding of MSNPs 
from human serum protein adsorption. PEG-galactose-
modified silica nanoparticles exhibited the maximum 

loading of doxorubicin at 900 mg/g, revealed pH-
dependent drug release and significantly higher cellular 
uptake, compared to pristine MSNPs. This 
demonstrated the clear potential of PEGylated 
mesoporous silica nanoparticles for intracellular 
delivery of anti-cancers drugs [53]. However, the 
delivery of hydrophobic anti-cancer drugs can also 
benefit from employing PEGylated silica nanoparticles. 
A layer of PEG conjugated phospholipids was shown to 
enhance the cell fusion capability and biocompatibility 
of silica nanoparticles for docetaxel delivery, protecting 
the drug from exposure to physiological fluids [54].  

Porous silica NPs can also be modified by 
electrostatic self-assembly of polyethyleneimine-
polyethylene glycol (PEI-PEG) copolymers onto their 
surfaces. Their biointerfacial properties can be 
improved by self-assembling PEI-PEG copolymers 
preventing biologically nonspecific adsorption events 
[55]. Surface modification with PEG can be effective 
for drug release control from hollow silica 
nanoparticles (HSNPs) with a large cavity, synthesised 
using magnetic assemblies as a template [56].  
The authors demonstrated 10-times lower release rates 
of doxorubicin from the PEGylated HSNPs than from 
magnetic silica NPs due to the reduced size of the 
nanoparticle cavity as well as of the pores on silica 
wall. Additionally, burst release from the former was 
insignificant [56]. 

PEG molecular weight and chain density have an 
influence on nonspecific binding of PEGylated 
mesoporous silica nanoparticles to serum proteins and 
cellular responses [57]. It was shown that the optimal 
molecular weight of PEG was > 10 kDa with optimal 
chain densities of 0.75 and 0.075 wt % for MSNPs-
PEG 10 and 20 kDa, respectively. The adsorbance of 
PEGylated silica nanoparticles to human serum 
albumin was revealed to be significantly lower than for 
bare MSNPs. Additionally, PEGylation provides the 
reduced percentage of human THP-1 phagocytosis and 
human red blood cells hemolysis, 0.1 and 0.9 %, 
respectively, in comparison to 8.6 and 14.2 % of those 
of MSNPs [57]. PEGylation also affects bio-
degradation of colloidal mesoporous silica 
nanoparticles in simulated body fluid (SMF). It was 
shown that PEGylation reduces the degradation rate of 
silica nanoparticles in SMF at 37 °C, providing 
enhanced bio-stability, which is beneficial for 
developing injectable blood-persistent biomedical 
systems [58]. The stability and dispersity of hollow 
mesoporous silica nanoparticles (HMSNPs) in aqueous 
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solutions were also improved by PEGylation [59].  
The uptake of PEGylated hollow silica nanoparticles, 
synthesised by covalent attachment of 
poly(oxyethylene)bis(amine) to amino-functionalised 
hollow silica matrix, in HeLa and NIH3T3 cells was 
twice that of unmodified HMSNPs. In addition, 
PEGylated HMSNPs exhibited sustained release  
of doxorubicin hydrochloride as a model anticancer 
drug [59].  

PEGylated silica nanoparticles found an 
application as a hybrid inorganic/organic system in 
achieving a constant release of large biological 
molecules over extended period of time [60].  
PEG-coated mesoporous silica nanoparticles underwent 
hydrothermal treatment for pore expansion, followed 
by loading with a trypsin inhibitor. It was revealed that 
PEGylation prevents the initial burst release of protein, 
which was observed for uncoated MSNPs, and provides 
sustained release over several weeks through diffusion 
controlled release [60]. 

 
Conclusion 

 

In summary, PEGylation is a useful tool for 
surface modification of nanoparticles, enhancing their 
properties and improving their functionality for drug 
delivery. PEGylation prevents nanoparticles from being 
recognised by the mononuclear phagocyte systems 
which prolongs their circulation in blood and allows 
drug delivery to the target tissue. In addition, 
PEGylation enhances solubility and stability of the 
nanoparticles, their penetrating ability through the 
mucus layer and makes the particles more compatible 
with the biological environment by converting 
hydrophobic surfaces of NPs to hydrophilic ones which 
reduces drug delivery time and toxicity.  PEGylated 
nanoparticles offer a wide range of potential 
applications as drug carriers since they can provide safe 
and controlled delivery even for highly toxic anticancer 
agents such as doxorubicin.   
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