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The rapid development of drug nanocarriers has benefited from the surface hydrophilic polymers of par-
ticles, which has improved the pharmacokinetics of the drugs. Polyethylene glycol (PEG) is a kind of poly-
meric material with unique hydrophilicity and electrical neutrality. PEG coating is a crucial factor to
improve the biophysical and chemical properties of nanoparticles and is widely studied. Protein adher-
ence and macrophage removal are effectively relieved due to the existence of PEG on the particles. This
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review discusses the PEGylation methods of nanoparticles and related techniques that have been used to
detect the PEG coverage density and thickness on the surface of the nanoparticles in recent years. The
molecular weight (MW) and coverage density of the PEG coating on the surface of nanoparticles are then
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1. Introduction

Polyethylene glycol (PEG), also known as macrogol, is a poly-
ether consisting of ethoxy units derived from the ring-opening
polymerization of ethylene oxide. The traditional PEG is a
linear polymer with chemically active hydroxyl groups at both
ends, making it easy to conjugate with functional groups, as
shown in Fig. 1a. Biomolecules or nanoparticles can be conju-
gated with linear PEG via functional groups, called the
PEGylation process. The pharmacokinetic properties of pep-
tides, proteins, hydrophobic polymers, drugs, or nanoparticles
can be significantly improved, while the toxicity of the
materials can be statistically inhibited after PEGylation."?
Researchers have recently synthesized many PEG molecules
with different structures, and these PEG entities exhibit good
properties in experiments, as shown in Fig. 1b.> As a result,
PEG has become the most commonly used polymer in bio-
medical research. Its performance extending the elimination
half-life of a drug has become the gold standard for nanoscale
materials.® So far, more than 20 PEGylated liposomes or RNA
have been approved by the Food and Drug Administration of
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described to explain the effects on the biophysical and chemical properties of nanoparticles.

the United States, such as Doxil® and Macugen® for clinical
application, which play an extremely vital role in treating
cancer and neovascular age-related macular degeneration,
respectively.” Compared with linear PEG, other shapes of PEG
were rarely used. Therefore, this review highlighted the linear
PEG in the design of nanocarriers.

Nanoparticles (NPs) have significant advantages such as
small particle size, good stability, improving the insoluble
drug’s solubility, and reducing the drug toxicity.>® However,
NPs that fail to reach the lesion site are removed by the mono-
nuclear phagocytic system (MPS) through opsonization and
activation of the complement system.'®" Therefore, most
stealth drug delivery systems’ research focuses on preventing
NPs from being removed by the MPS in the body or utilizing
the MPS function to inhibit inflammation and infection."” So
far, surface adsorption or grafting of the shielding group is
widely used to prevent NPs from being removed by the MPS."*
Among the shielding groups, PEG is often selected for adsorp-
tion or grafting applications to surfaces of NPs due to its
characteristics, including electrical neutrality, significant
spatial repulsion, and high hydrophilicity.*>*°

After PEGylation, a hydrophilic protective layer is formed
around the NPs, which increases several times for the blood
circulation half-life of the particles through spatial repulsion
rejection.’”'® Also, it is easy for NPs to use PEG as a bridge to
conjugate targeted ligands or peptides onto its hydroxy term-
inal, which can bind the corresponding over-expressed recep-
tors on the surface of cells, to realize targeted drug
delivery.'®?° PEG can improve the targeting delivery capability
of NPs, inhibit the removal of NPs by the MPS, and tune some
physicochemical properties of NPs, such as the mechanical

This journal is © The Royal Society of Chemistry 2021


www.rsc.li/nanoscale
http://orcid.org/0000-0002-0412-3628
http://orcid.org/0000-0002-5660-5602
http://crossmark.crossref.org/dialog/?doi=10.1039/d1nr02065j&domain=pdf&date_stamp=2021-06-23
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1nr02065j
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR013024

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 14 2021. Downloaded on 28-08-2025 9:09:20.

(cc)

Nanoscale
a
o
HO‘F/\O,}/"\/NJ Ho‘l\/\ot\/nuz Ho{\/\otyo\); -
PEG-azide PEG-amine PEG-carboxl
o o
ma S
PEG-thiol PEG-aldehyde = PEG-vinyl sulfone

o
— H0+/\ ,i\/o O~
| \ o Y N
uo{\/\ ,1\/N nT T ]
o \ o |
n S ZNo,

PEG-maleimide

Sy~
A
et ne S
R ;
QANQQ//\\ZZ‘J’O\\/]I{' HO OH

o %= o
S ° *
w«» e S ©0 ;
n\ HO O o007 oH H % E—‘l H

Dendritic PEG

PEG-p-nitropheylcarbonate

o ‘o H\‘J\/\\W

Ring PEG

View Article Online

Review

o
o
HO 6. M N
*l~/\o1'"\/ o {
PEG-NHS ester
"°+/\of\/°\/‘ﬂ
PEG-alkyne

HO 0. 0N
Frely

HO‘P/\OTH\WNHNH,
(<]

PEG-hydrazide

R{\/\o,}-"\/R

Bifunctional PEG

PEG-Benzotriazole carbonate

, H
",'r”o 2{ o

HO'

8-arm-PEG

Fig. 1 The structures of a variety of PEG molecules. (a) Linear PEG derivatives with functional terminal groups. (b) PEGs with nonlinear systems.
Blue and red are the ethoxy units of PEG and functional groups, respectively. n denotes the degree of polymerization.

properties of membranes, stability, and drug loading and
release behavior. Molecular weight (MW) and PEG density are
the key factors affecting the physicochemical and biological
properties of NPs."?!

The PEGylation degree of NPs can be flexibly changed by
adjusting the experimental conditions and methods for pre-
paring NPs. It is indispensable to precisely assess the coverage
density and conformation of PEG on the surface of NPs using
different equipment and techniques. Therefore, this review
introduces the method of PEGylation and the available tools
for quantitative evaluation of the coverage density and confor-
mation of PEG on the surface of NPs and the advantages and
limitations of each technology. Then, the basic properties of
PEG, including MW, density, and conformation on the surface
of NPs, are described to explain the effects on the biophysical
and chemical properties of NPs.

2. PEGylation strategies for
nanoparticles

PEG can significantly change the surface properties of the con-
jugated materials. Among these materials, most of their sur-
faces are hydrophobic and difficult to bind to PEG, resulting in
low efficiency of conjugating PEG onto the surface of the
materials.*” There are three typical coating strategies for PEG
coating on the NP surface: (1) PEG physically adheres to NPs
by physical adsorption, including electrostatic or hydrophobic

This journal is © The Royal Society of Chemistry 2021

interaction; (2) PEG is securely grafted onto the surface of NPs
by forming a stable chemical bond; and (3) PEG can conjugate
with hydrophobic molecules to form macromolecules that can
self-assemble with themselves or other compounds to form
PEGylated NPs in solution, as shown in Fig. 2.

2.1. Physical absorption

Functionalization of the NP surface with PEG in a physical
adsorption manner is the most traditional method with the
advantage of simple operation and easily controlled con-
ditions. The physical adsorption strategy is suitable if (1) the
density of PEG or PEG derivatives on the substrate surface is
not high and (2) there is a strong adsorption capability
between PEG or PEG derivatives and substrates.”> The adsorp-
tion strategy absorbs the hydrophobic or charged groups with
PEG based on hydrophobic interactions or electrostatic adsorp-
tion. For example, Shen et al. used the hydrophobic interaction
between 1,2-distearyl-sn-glycero-3-phosphoethanolamine
(DSPE) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) to graft DOPE-PEG-NH, onto the gold nanoparticle
(GNP) surface with a covering of DSPE.>® Liu et al. used the
electrostatic interaction between the cationic polymer poly-
ethyleneimine (PEI) and the anion-containing heparan sulfate
(HS) to graft PEG-PEI on the surface of the HS micelle.”*
However, the physical adsorption strategy still faces serious
problems such as low adsorption strength, leading to the sep-
aration of PEG chains from the NP surface under certain
conditions.>®

Nanoscale, 2021,13,10748-10764 | 10749
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Fig. 2 PEG is grafted onto the surface of NPs by (a) physical adsorption, (b) covalent coupling, and (c) copolymer self-assembly grafting of PEG to

the surface of NPs.

2.2. Chemical conjugation

NPs can be PEGylated by covalent coupling to avoid the separ-
ation of PEG from the NP surface. Still, it requires that the
reaction between the exposed group on the substrate surface
and PEG terminal groups can occur. So far, the responses of
the covalent conjugate mainly include a Si-O bond formed by
the reaction of mesoporous silica nanoparticles and PEG-
silane,?® a Au-S bond formed by the response of Au and a -SH
group,”” an amide bond formed by the response of the acti-
vated -COOH group and -NH, group,”® thioester bonds
formed by the reaction of activated PEG-COOH with a thiol
group, a triazole group formed by azide-alkyne, or a thioether
bond formed by thiol-alkene in a click reaction.**”*! This strat-
egy’s advantages include mild chemical reaction conditions,
high yield, and stable enough chemical bonds between PEG
and the modified substrate.>> PEG is only presented on the
surface, which avoids the existence of PEG in the NP core.*?
Therefore, the shelf-life of products after PEGylation is longer
than those without PEG conjugation. This strategy’s shortcom-
ing is that the grafting effects are limited by the surface-active
site’s position and density. Therefore, it is difficult to ensure
that the surface graft density can meet application require-
ments.>® On the other hand, because of the space hindrance
and reaction rate differences, they may cause batch-to-batch
variations in the graft ratio.**

2.3. Molecular self-assembly

The self-assembly of PEGylated NPs usually occurs through
nanoprecipitation (also known as solvent diffusion) or emulsi-
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fication (also known as solvent evaporation). Amphiphilic poly-
mers (hydrophilic PEGs conjugated to hydrophobic polymers
or lipids) are used to form spherical NPs by self-assembly with
or without other compounds in water.”> The hydrophobic part
of the polymer comprises the core of NPs, and the coating of
PEG is the outer layer of particles. The researchers have also
synthesized fluorescence-labeled polymers sensitive to light,
enzymes, temperature, pH, ultrasound, or redox to prepare
PEGylated NPs to improve drug delivery and bioimaging.****
The different copolymers are selected to prepare NPs with
other functions and provide very high surface graft density
under self-assembly strategies. However, the synthesis of these
copolymers is relatively complex and requires precise operation
and reasonable condition control.*® Also, studies have shown
that the polymeric NPs prepared by emulsification have higher
PEG coverage than those by nanoprecipitation.**** The emul-
sification process’s disadvantage includes the damage of high
shear force and energy requirements, which may cause harm
to shear force- or heat-sensitive drugs and biological agents.*®

3. Quantitative evaluation of surface
PEG density

The physical and chemical properties of nanoparticles will be
changed after PEG modification, such as hydrophilicity, hydro-
dynamic diameter, surface charge, and the feature of protein
binding.”” The physical and chemical property changes are
monitored to confirm the degree of PEGylation on the surface.
For example, the diameter of NPs is slightly increased (from

This journal is © The Royal Society of Chemistry 2021
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253 to 286 nm). The surface charge is significantly reduced
(from —30.1 to —18.6 mV) after grafting PEG on the surface of
NPs loaded with itraconazole.*® These analyzing protocols only
were the qualitative or semi-quantitative method to assess the
extent of PEGylated modification. Still, they cannot be used to
precisely measure PEG density on the surface of NPs.>* The fol-
lowing techniques are developed and optimized to obtain
quantitative information of the degree of PEGylation on the
NP surface.

3.1. Detection of coordination complexes

Both I,/KI and Fe (SCN); can interact with PEG to produce
colored compounds. The content of PEG was calculated by
quantitative measurement of colored compounds by
spectrophotometry.**® This method has advantages such as
simple operation, low cost of equipment, and high sensitivity.
However, the sensitivity decreases with the extension of detec-
tion time.>" Therefore, PEG can only be quantitatively detected
in solution, which limits the applicability of this method.
Enzymatic reactions can also be used to assess the coverage
rate of surface PEG. Saltzman et al. fixed avidin onto palmitic
acid within poly(lactide-co-glycolic acid) (PLGA) NPs to form a
dense and stable avidin coating on the surface of the PLGA
NPs, calculated the number of avidins per NP surface, and
then grafted biotinylated PEG onto the surface of avidin-coated
NPs whereas the uncoupled avidin on the surface of the same
NPs was coated with biotinylated horseradish peroxidase
(bHRP), as shown in Fig. 3. Finally, the bHRP signals of NPs
were determined to calculate the surface PEG density. This
method’s limitation is that the spatial effects of a high MW
PEG coating can effectively prevent bHRP from binding to
avidin. PEG density may be higher than the actual value.>

3.2. Thermogravimetric analysis

Thermogravimetric analysis (TGA), a precise thermal analysis
method, can analyze the relationship between mass loss with a
temperature increase of samples in a manner of program-con-
trolled temperature.®® The essential characteristics of TGA are
robust quantification with a wide detection range, which can
be used to accurately measure the loss rate of substances.’ To
detect the PEG density on the surface of GNPs, the percentage
of weight loss of PEG, namely the degradation of PEG, is calcu-
lated in the temperature range of 302 to 450 °C. The binding
level of PEG on the surface of GNPs can be measured by com-
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bining with isothermal titration calorimetry (ITC).>> The
content of PEG on the surface of metal NPs measured by TGA
may be underestimated due to the separation of the adsorbed
PEG from the surface of NPs caused by multiple centrifugal
steps to remove the unbound PEG.>® Therefore, TGA needs the
data support of other analytical methods to detect the density
of PEGs on the NP surface accurately.®”

3.3. Ultraviolet and fluorescence spectra

PEG chains are coupled with a chromophore to label the
surface of NPs. Chromatographic separation or ultracentrifuga-
tion methods are used to separate free PEG-chromophore or
PEGylated NPs. The isolated substances will be detected by the
subsequent ultraviolet (UV) or fluorescence signals. The PEG
amount on the NP surface was calculated based on the estab-
lished standard curve of PEG-chromophore.*®**° For PEG with
an -NH, terminal, the -NH, group can be quantified using the
Kaiser test. The Kaiser test is based on the reaction of the
-NH, group with ninhydrin to produce Ruhemann’s purple,
which shows ultraviolet absorption at 256 nm.*® The PEG cov-
erage density is determined according to the established stan-
dard curve of reference standards.’’ The sensitivity of the
fluorophore-labeling detection method is much higher than
that of the Kaiser test; it may because the random coil confor-
mation of PEG often engulfs the available -NH, groups and
reduces their reactivity.®>®> The most common problem of
chromophore-labeled PEG is that the physical and chemical
properties change due to chromophore existence, which may
affect the determination of the PEG density on the NP
surface.**

3.4. Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) is a robust quantitative
analysis method. The chemical shift on the NMR spectrum
reflects the chemical environment of the molecule skeleton.
The peak area is proportional to the number of protons of the
substance measured.®>®> NMR has undergone improvements
in equipment and processing methods and can be used to
determine PEG density on the surface of NPs.**®” The poten-
tial problem with the NMR analytical method is that particle
aggregation after freeze-drying results in a decrease of the ana-
lyzable surface, underestimating the surface of PEG. To avoid
such issues, low-temperature preservatives (usual carbo-
hydrates) are usually added. However, low-temperature preser-

rrf Biotinylated PEG

&  bHRP

Fig. 3 Avidin-NP surface covered with biotinylated PEG. Following PEG binding, biotinylated horseradish peroxidase (HRP) was used to probe the

accessible surface PEG density.
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vatives may interfere with the internal standard of PEG, chan-
ging their NMR signals. This problem can also be solved by
directly preparing NPs by emulsifying D,O containing hydro-
philic internal standards.’® However, after NPs are dispersed
in a deuterated solvent, it is difficult for NMR spectroscopy to
distinguish the signal of PEG in the core of NPs. The call can
be obtained only when PEG is grafted or adsorbed on the
surface of NPs.**7°

3.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is used to analyze the
chemical composition of surfaces.”””> X-rays irradiate PEG on
the surface of NPs and trigger the emission of photoelectrons.
The emitted photoelectrons are collected, and their energy is
identified and quantified by detectors. These data can be con-
verted into the percentage of surface composition to evaluate
the coverage density of PEG.”>*

There are several limitations for XPS quantifying PEG on
particle surfaces: (1) so far, XPS measurement has to be
carried out on a collapsed dehydrated PEG layer (in a vacuum).
The drying process can affect the thickness and surface distri-
bution of the PEG layer;”? (2) it is highly complicated to quan-
tify PEG on a multi-component surface when the surface con-
tains other ether compounds;’® (3) due to the limited electron
penetration ability, the maximum sampling depth of carbon
electrons is about 10 nm, and the maximum sampling depth
of oxygen electrons is about 8 nm.”® Additionally, a combi-
nation of scanning transmission electron microscopy and
energy-dispersive X-ray spectroscopy (STEM-EDS) is a great
technique to scan the surface composition of materials.
Elemental maps by STEM-EDS can precisely and sharply
analyze the distribution of elements in the surface layer but
not damage the samples.””

4. Conformation of the PEG chain

The conformation of the PEG chain on the surface of NPs is
usually described according to the density of PEG, which
is based on the Flory radius of PEG (Ry = aN?, where « is the
length of the ethoxy unit (3.5 nm) and N is the extent of
polymerization of PEG), the distance between two PEG grafting

ApgG > -
FP™: =
L L
RF D>2RF D<2RF
Mushroom Brush
a b
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and S is total NP surface in a sample), or the length/thickness

of the grafted PEG layer (L = N—of). According to these para-
D3

meters, PEG can exhibit two main conformations, namely,
mushroom and brush conformations. The loose PEG coating
has high elasticity if the surface density is low (D > 2Rg), so that
the PEG chains on the surface of NPs cannot be fully extended,
thus forming a mushroom conformation, as shown in Fig. 4a.
Upon increasing the grafting density (D < 2Rg), the dense PEG
coating exerts a high osmotic pressure in the medium, causing
the curled PEG chains on the surface of the NPs to extend
outward, thereby forming a brush conformation, as shown in
Fig. 4b.>*”® When D < Ry, a brush conformation is further
defined as a dense brush by Damodaran, as shown in Fig. 4c.”®
Jameson found no all-mushroom or all-brush conformation of
PEG on the surface of NPs due to the density nonuniformity or
distribution shifts of PEG on the NPs.®* There may exist mul-
tiple conformation types on a single NP. Moreover, mushroom
and brush conformations are found in both low and high cover-
age densities of PEG. The difference between the two cases was
that a more significant proportion of the brush conformation
existed under a higher PEG coverage density.

4.1. Effects of solvent on conformation changes

The influences of solvent on the PEG chain conformation are
very significant. Selli et al. studied PEG chains’ conformation
on the surface of TiO, NPs in different solvents (water and di-
chloromethane) based on atomistic molecular dynamics simu-
lations. Data indicated that PEG had a strong interaction with
water molecules compared with dichloromethane. The trans-
formation from a mushroom conformation to a brush confor-
mation in water started only at a high density (2.25 chains per
nm?®). It has become a brush conformation in dichloro-
methane due to the presence of more Opgg-Ti bonds between
the terminal group of PEG and Ti atoms (2.25 chains per nm?).
Finally, the brush conformation of PEG in water, not in di-
chloromethane, follows the Daoud-Cotton classic scaling

L % PEG chain
Surface
D<Rg ®  Grafting point
Dense brush
c

Fig. 4 PEG conformations on a particle surface: (a) Mushroom conformation, (b) brush conformation, and (c) Dense brush conformation. FP: PEG
footprint (projected area), Apeg: area available to each PEG chain. FP = Apgg in the brush regime, and Apgg > FP in the mushroom regime.
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model, which has been described as a star-shaped polymer
system.®!

4.2. Effects of the molecular weight of PEG on conformation
changes

The MW of PEG affects NP PEGylation.*”® Lu et al. found that
the diffusion rate of free HS-PEG in water decayed exponen-
tially with an increase of MW, resulting in an increased PEG
density on the surface of NPs as its MW decreases.’® Rabanel,
Chan, and Teramura also observed a similar phenomenon
caused by the excluded volume effects.?*

5. Effects of surface PEG on
nanoparticle fate

Although different PEGylation technologies and methods used
to detect the basic properties of the PEG layer on the surface of
NPs, including MW, density, and conformation, have been
reported, the effects of the basic properties of the PEG layer on
the physicochemical properties of NPs need a further study.
The following mainly reviewed the impact of PEG MW, density,
and conformation on the biophysical and chemical properties
of NPs, as shown in Fig. 5.

R
Macrophage 32N

h AR o{

i
Protein corona

ARV

Cobbidonts.
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5.1. Film mechanical feature

Mechanical features are involved in the response of a material
to stress, such as elasticity and stiffness. Elasticity is the ability
of materials to endure the distortion rendered by pressure and
recover their original shape after relief, including compressi-
bility modulus and bending modulus. Stiffness is the resis-
tance of materials to elastic deformation or deflection. The
opposite direction of stiffness is flexibility due to the shape
changes of underused material pressure. In recent years, the
influences of PEG on the mechanical properties of materials
have been widely studied. For example, Alexander and Gennes
predicted that the lipid bilayer membrane’s stiffness increased
with the increase of the MW and graft density of PEG in the
brush conformation based on the scaling theory of polymer
brushes.?”®® Also, Mahendra et al. found that the increase in
the mole fraction of DSPE-PEG increased the repulsion force
between two neighbor PEG chains that increased the bending
modulus in the lipid bilayer membrane. This phenomenon
would be more evident in PEG with a higher MW.%°

5.2. Nanoparticle stability

PEG on the surface of NPs is responsible for colloidal stability
through steric repulsion. This steric repulsion is more evident
for PEG with a higher MW.?°"® The reason is that the distance

f //\/\j d

Fig. 5 The effects of surface PEG on the nanoparticle fate: (a) Film mechanical properties, (b) nanoparticle stability, (c) drug encapsulation and
release behavior, (d) nonspecific adsorption of plasma proteins, (e) mucus penetration, (f) selectivity of active targeting, (g) cellular internalization,

(h) circulation time in vivo, and (i) accelerated blood clearance effects.

This journal is © The Royal Society of Chemistry 2021
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between two NPs increases with the increase of the length of
PEG chains, thus enhancing the steric repulsion of PEG and
avoiding the aggregation of NPs.”* Indeed, the thickness of the
PEG layer is regulated by the MW and the coverage degree of
PEG on the particles simultaneously. Lin et al. found that if
the coverage degree of PEG on the GNP surface was 40% (1.10
chains per nm?), the nanoparticles were stably dispersed in
water by avoiding close contact when the distance reached
7.5 nm (the extent of polymerization of PEG was four or
bigger).”> GNPs with different sizes require different amounts
of PEG to achieve colloidal stability. Quach et al. found that
the incubation rate of PEG: GNPs (PEG per particle surface)
was 1000 to maintain the colloidal stability of PEGylated GNPs
with a particle size of 10 nm. For PEGylated GNPs with particle
sizes of 20, 40, and 80 nm, the incubation rates were 5000,
25000, and 125000, respectively.”® Additionally, some data
have confirmed that increasing the density of PEG on the non-
viral gene fragment loaded nanoparticles can improve the
stability of particles in the physiological saline but decrease
the delivery efficiency of particles.®” %

5.3. Drug encapsulation and release behavior

Most NPs with a core-shell structure are often loaded with
functional molecules, such as anti-cancer drugs and fluo-
rescent agents to kill cancer cells or realize fluorescence
imaging.'”" Therefore, the encapsulation efficiency (the
number of active molecules loaded) plays an extremely vital
role in the quality of NPs. The PEG in NPs often affects the
encapsulation efficiency of loaded molecules. As the PEG-lipid
mole fraction increases, the membrane’s permeability
increases, making the encapsulated drug leak unfavorable for
drug delivery.'®'%* The encapsulation efficiency of water-
soluble drugs decreases with the increase of the PEG-contain-
ing lipid content and the MW of PEG. The possible reason is
that PEG will occupy the volume of NPs, and the bigger the
MW of PEG, the more the volume is taken.'®>'°® The method
used to solve this problem is the introduction of PEG into the
pre-formed NPs so that PEG is grafted on the surface of the
NPs instead of in the core of those, reducing the volume of the
body occupied by PEG.'”” For hydrophobic drugs encapsulated
in the micelle core by hydrophobic interaction, the maximum
drug loading capacity increases significantly with the increase
of the MW of PEG. The reason might be that the hydrophilic
shell formed by long-chain PEG prevents drug desorption from
the micelle core.'®

On the other hand, the way of drug release has a significant
impact on the therapeutic effect of NPs. The ideal way of drug
release is to reduce the administration frequency and ensure a
stable, sustained release. PEG in the core forms the water
channel, which can be a favorite to the diffusion and release of
drugs. The number of water channels is positively proportional
to the content of PEG. As a result, the initial release of the
drug increases with an increase in the PEG content.'®
Micelles composed of PEGylated cationic block copolymers
have PEGs with different MWs or a low PEG content on their
surface to reduce the electrostatic interaction between the
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block copolymer and siRNA, the intracellular siRNA release
being more effective."'*""" Moreover, PEGylated chitosan NPs
whose PEGs with many more MWs have a greater degree of
substitution so that NPs can release drugs faster."

5.4. Nonspecific adsorption of plasma proteins

Non-specific adsorption of plasma proteins is the most influ-
ential factor deciding the fate of NPs. The high resistance of
protein adsorption can reduce the uptake, degradation, and
elimination rate of NPs by the MPS, thus prolonging the half-
life of NPs in blood.'"® The zeta potential (£) on the surface of
NPs is another crucial factor for the adsorption of plasma pro-
teins."'* The increase of MW and density of PEG on the NP
surface will increase the PEG layer thickness, which results in
an ¢ value closely being neutral and improving the anti-protein
adsorption capacity of NPs.''> 18

The flexibility of PEG refers to the degree of free rotation of
the skeleton around the ether bond and describes the free
movement of the molecular structure in solution. Higher PEG
