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Abstract

Coating the surface of nanoparticles with polyethylene glycol (PEG), or “PEGylation”, is a
commonly used approach for improving the efficiency of drug and gene delivery to target cells
and tissues. Building from the success of PEGylating proteins to improve systemic circulation
time and decrease immunogenicity, the impact of PEG coatings on the fate of systemically
administered nanoparticle formulations has, and continues to be, widely studied. PEG coatings on
nanoparticles shield the surface from aggregation, opsonization, and phagocytosis, prolonging
systemic circulation time. Here, we briefly describe the history of the development of PEGylated
nanoparticle formulations for systemic administration, including how factors such as PEG
molecular weight, PEG surface density, nanoparticle core properties, and repeated administration
impact circulation time. A less frequently discussed topic, we then describe how PEG coatings on
nanoparticles have also been utilized for overcoming various biological barriers to efficient drug
and gene delivery associated with other modes of administration, ranging from gastrointestinal to
ocular. Finally, we describe both methods for PEGylating nanoparticles and methods for
characterizing PEG surface density, a key factor in the effectiveness of the PEG surface coating
for improving drug and gene delivery.
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1. Introduction

In order to deliver adequate concentrations of systemically administered therapeutics to
target tissues, these materials must circulate in the blood stream for as long as possible.
However, proteins and peptides are rapidly degraded and cleared from the blood stream,
necessitating approaches for increasing circulation time. One such approach is to coat the
surface of the therapeutic with an inert polymer that resists interactions with components of
the blood stream, imparting “stealth” properties. Polyethylene glycol (PEG) is the most
widely used “stealth” polymer in the drug delivery field, due to its long history of safety in
humans and classification as Generally Regarded as Safe (GRAS) by the FDA. Considered
the first reports of PEGylation for drug delivery, Davis and Abuchowski described in 1977
the covalent attachment of PEG to bovine serum albumin and liver catalase proteins [1].
They found that by optimizing the PEGylation chemistry and the extent of PEGylation, they
could increase the systemic circulation time and decrease the immunogenicity of the
proteins without significantly compromising activity. In 1990, the FDA approved the first
PEGylated protein product, Adagen®, a PEGylated adenosine deaminase enzyme for severe
combined immunodeficiency disease [2]. Since then, 8 other PEGylated protein therapeutics
have been FDA approved for treatment of diseases ranging from rheumatoid arthritis to age-
related macular degeneration [2].

The success of protein PEGylation as a method for producing longer circulating, and thus,
more efficacious intravenous therapies led to investigations of nanoparticle (NP) PEGylation
for systemic applications in the early 80’s and 90’s [3-5]. Recognized as foreign objects,
NPs are readily cleared from systemic circulation by the cells of the mononuclear phagocyte
system (MPS), precluding accumulation in target cells and tissues. However, similar to what
was observed with PEGylated proteins, PEG coatings on NPs shield the surface from
aggregation, opsonization, and phagocytosis, thereby prolonging circulation time. The first
FDA approval of a PEGylated nanoparticle (NP) product, Doxil®, came in 1995. Doxil
“Stealth®” liposomes increased doxorubicin bioavailability nearly 90-fold at 1 week from
injection versus free drug, with a drug half-life of 72 h and circulation half-life of 36 h [6-8].
In the years since, PEGylation has become a mainstay in NP formulation. Although much of
the initial development of PEGylated NPs focused on systemic administration, in this review
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we also highlight the benefits of NP PEGylation for overcoming biological barriers to
effective delivery associated with numerous modes of delivery, ranging from injection into
the eye to topical mucosal applications. Special emphasis is given to studies that directly
compare PEGylated to non-PEGylated formulations to specifically demonstrate the benefits
of NP PEGylation. Further, we discuss common methods for PEGylating NPs, as well as
quantifying a critical parameter that influences the efficiency of delivery, the surface PEG
density.

2. Nanoparticle PEGylation for improved systemic delivery

2.1 The potential fates of systemically administered nanoparticles

Systemically administered NPs can potentially reach and deliver therapeutic payloads to
every vascularized organ/tissue in our body. Prolonging the retention time in the blood has
been accepted as the frontline strategy, since it provides higher probability of circulating
NPs to encounter, and partition into, the targets of interest. However, this task has been
challenging primarily due to the presence of the MPS. The MPS consists of dendritic cells,
blood monocytes, granulocytes, and tissue-resident macrophages in the liver, spleen, and
lymph nodes that are responsible for clearing, processing, and degrading exogenous
materials in the blood stream [9]. Unlike other organs, endothelia in organs associated with
the MPS are often fenestrated, which facilitates screening of circulating entities. NPs as
large as 100 nm can passage through the endothelial fenestrae in the liver and spleen, and
also through permeable vascular endothelia in lymph nodes [10, 11]. Thus, the MPS
provides a critical defense mechanism that protects against foreign pathogens, but at the
same time, rapidly eliminates therapeutic NPs from the blood stream. NPs circulating in the
blood are readily recognized by serum proteins called opsonins, including complement
compounds, immunoglobulins, fibronectin and apolipoproteins [12]. Adsorption of opsonins
onto NP surfaces (opsonization) renders NPs more susceptible to phagocytosis by cells in
the MPS. Opsonized NPs are taken up by MPS cells via numerous types of opsonin-
recognizing receptors abundant on the cell surface, including complement, Fc and
fibronectin receptors [13, 14]. Although opsonin absorption to NPs occurs preferentially via
hydrophobic interactions [15, 16], electrostatic interactions and hydrogen bonding
interactions have also been shown to mediate opsonization [17]. Of note, NPs can also be
directly captured by macrophages by opsonin-independent scavenger receptors [18-20] that
often recognize repeating patterns [12]. It has been reported that several tens to hundreds of
types of serum proteins readily interact with circulating NPs, thereby forming a protein
corona on the NP surface [21, 22]. The corona formation non-specifically facilitates uptake
of NPs by cells encountered during their circulation, including endothelial cells [21, 22],
similar to the opsonin-dependent MPS cell uptake. Thus, protein absorption not only reduces
the circulation time, but also weakens the targeting capabilities of NPs functionalized for
targeting specific cells [23].

Aggregation of circulating NPs can also undermine their circulation time, regardless of
uptake by MPS or other non-target cells. Uncharged, hydrophobic NPs rapidly aggregate via
van der Waals and/or hydrophobic forces in aqueous conditions. In contrast, positively or
negatively charged NPs, due to the repulsive forces, generally retain their colloidal stability
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in aqueous solutions with low ionic strength. However, under high ionic strength, such as in
the blood, electrostatic interactions between NPs with counterions neutralize the particle
surface charge, thereby rendering the NP surface amenable to aggregation. Prolonged
exposure to circulating serum proteins also elevates the chance of NP aggregation [22].
Large aggregates formed by NP-NP interactions and/or protein adsorption are prone to
physically block pulmonary capillary beds, providing another mechanism by which NPs are
eliminated from the blood circulation. For example, DNA NPs based on numerous cationic
polymers or lipids were found destined to the lung rather than the liver [24-26], presumably
due to the entrapment of aggregates in narrow capillary beds. Lastly, NPs can be also
cleared by renal excretion, but typical NPs designed for drug and gene delivery applications
are likely to avoid glomerular filtration due to their relatively large sizes (> 10 nm). Overall,
conventional NPs are generally cleared from the blood circulation within 10 min following
systemic administration, irrespective of the NP composition [9, 27].

2.2 The impact of PEGylation on systemically administered nanoparticles

Due to its hydrophilic nature, PEG chains grafted on NPs generate a hydrated cloud with a
large excluded volume that sterically precludes NPs from interacting with neighboring NPs
and/or blood components [28]. In addition, the large conformational freedom provided by
the flexibility of PEG renders interpenetration of foreign matters into the PEG corona
thermodynamically unfavorable [12]. Klibanov and coworkers demonstrated that
PEGylation increased the blood circulation half-life of systemically administered liposomes
from <30 min to up to 5 h [5]. Subsequently, Gref and coworkers introduced the first
PEGylated polymeric NPs, based on poly(lactic-co-glycolic acid) (PLGA) [29]. They
discovered that PEGylation significantly increased the circulation time of NPs while
reducing liver uptake compared to otherwise identical non-PEGylated PLGA NPs. These
pioneering studies led to the future clinical development of PEGylated NP formulations such
as Doxil® (approved by the US FDA in 1995) and Genexol-PM® (approved by Korean
FDA and currently in clinical trials in the US) [30]. In addition to synthetic NPs, PEGylation
has been applied to reduce the immunogenicity and/or prolong the circulation of viral gene
vectors, including adenovirus [31] and adeno-associated virus [32].

The enhanced permeability and retention (EPR) effect provides long-circulating PEGylated
NPs with a unique opportunity to target tumors following systemic administration.
Matsumura and coworkers characterized the poorly developed leaky vasculature and
impaired lymphatic system of tumors, first proposing the EPR effect [33]. The openings
present throughout the tumor vasculature (> 400 nm) are even larger than those of
endothelial fenestrae in the liver, and thus circulating NPs can preferentially accumulate in
tumors [34]. Amongst the numerous examples, Doxil® was shown to provide long
circulation half-life (3 — 4 days in human) and passive accumulation in tumors [35].
Similarly, PEGylated NPs capable of stably circulating in the blood can be potentially
utilized to target other diseases characterized by abnormal neovascularization, including
several ocular disorders, diabetes, obesity, asthma and multiple sclerosis [11]. Increasing
circulation time also increases the likelihood of interactions between ligands displayed on
the NP surface and the respective receptors on cell surfaces. However, incorporation of
ligands adds a layer of complexity in the formulation process and can undermine the
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“stealth” properties provided by surface PEG coatings [9, 36]. Several PEGylated NPs
decorated with active targeting agents are currently under clinical investigation [37].
Recently, Nance and coworkers demonstrated that densely PEG-coated, tissue penetrating
(Fig. 1A), long-circulating (Fig. 1B) NPs can be effectively delivered to the brain following
the application of focused ultrasound (FUS) to reversibly open the blood brain barrier (BBB)
in vivo [38]. FUS provided non-invasive, transient opening of blood vessels with a
submillimeter spatial precision [38, 39], thereby enabling delivery of therapeutic NPs to
target tissues without targeting ligands (Fig. 1C). It should be noted that only NPs capable of
resisting protein adsorption and/or aggregation and circulating long-term in the blood can
fully exploit the benefit of a physical targeting mechanism like FUS.

2.3 Factors that affect the circulation time of PEGylated nanoparticles

There are many factors that influence the interactions and circulation of PEGylated NP in
the blood. Numerous reports have attempted to investigate the effects of individual
parameters on the behavior of PEGylated NP in blood in vitro and in vivo. However, it is
often difficult to carefully control for unintended changes to other physiochemical
properties; for example, increasing PEG molecular weight (MW) often increases the NP size
[40-42], or may affect the PEG surface density. In the case of liposomes formulated with
PEGylated lipids, increasing PEG MW or PEG surface density may impact stability.
Additionally, variations in experimental methods as well as methods for quantification and
analysis can make directly comparisons of separate studies challenging. Nevertheless, here
we summarize and discuss what has been reported for some key factors, including PEG
MW, PEG surface density, and NP physicochemical properties that impact circulation of
NPs in the blood. This topic has been extensively reviewed previously [11, 12, 43, 44], and
here we add additional examples of more recent works.

2.3.1 PEG molecular weight (MW)—To evade interactions with serum proteins and
MPS cells, the PEG corona must provide a sufficiently thick layer to sterically shield the NP
surface. Since the MW of grafted PEG chains is proportional to the polymer chain length,
PEG MW is considered to be an important determinant of effective surface shielding.
Increasing the PEG MW incorporated into polymer-based PEGylated micelles (from 2 to 20
kDa) was shown to prevent aggregation and adsorption to blood components, leading to
increased circulation time in vivo [41]. The blood circulation half-lives were 4.6, 7.5 and
17.7 min for micelles coated with 5, 10 and 20 kDa PEG, respectively. Likewise, while
PEGylated liposomes coated with 750 Da PEG were comparable to non-PEGylated
liposomes, prolonged blood circulation and reduced MPS uptake was observed when the
PEG MW was increased to 5 kDa [42]. In contrast, while PEGylated liposomes exhibited
prolonged circulation times compared to non-PEGylated liposomes, the differences in
circulation time between formulations with increasing PEG MW (range: 350 Da - 2 kDa)
were negligible [45]. Thus, both studies demonstrated an improvement in circulation time
for PEGylated liposomes, but one study did not find additional improvements by increasing
PEG MW, this may be related to physiochemical differences between the liposome
formulations, including core material and particle diameter. Another study evaluated the
adsorption of plasma proteins onto the surfaces of PEGylated poly(lactic acid) (PLA) (PLA-
PEG) NPs with varying PEG MW [40]. They found that the total amount of protein
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adsorbed onto the NP surfaces significantly decreased as PEG MW increased up to 5 kDa,
but no further decrease in protein adsorption was observed as PEG MW was further
increased to 10, 15 and 20 kDa; all PEG MW = 5 kDa tested provided ~75% decrease in
protein adsorption to the PLA-PEG NP surface compared to PLA NPs [40].

It has generally been demonstrated that PEG MW of 2 kDa or higher is required to shield
NP surfaces from protein adsorption and reduce recognition by the MPS [46]. Cui and
coworkers found that increasing PEG MW from 10 to 40 kDa, while maintaining constant
particle size, led to reduced phagocytic blood cell association of PEGylated mesoporous
silica NPs (MSN) [47]. In another study exploring size-controlled MSN, PEG MW at least
as large as 10 kDa was required to effectively shield NPs from protein adsorption and
association with human monocytic leukemia cell line-derived macrophages (THP-1) [48].
Likewise, the circulation half-life of systemically administered PEGylated gold NPs
increased with increasing PEG MW between 2 — 10 kDa [49]. Although NP size was
carefully controlled in these studies, it was unclear whether the surface PEG grafting
densities remained constant as PEG MW was increased. In a study where PLA-PEG NPs
with similar sizes (180 — 200 nm) but with different PEG MW were compared, 20 kDa PEG
resulted in reduced NP associated with macrophages in vitro compared to 5 kDa PEG [50].
In a subsequent study, NPs with 20 kDa PEG exhibited decreased liver uptake in vivo, and
thus, increased circulation time compare to NPs coated with 5 kDa PEG [51]. Bazile and
coworkers also showed that the half-life of ~150 nm PLA-PEG NPs increased as PEG MW
increased [52]. Of note, the PEG surface densities were estimated to be similar regardless of
the PEG MW, though it was assumed that all PEG incorporated into the particle was
displayed on the NP surface. Increasing the PEG MW coating poly(hexadecyl
cyanoacrylate) NPs from 2 to 5 to 10 kDa decreased protein absorption, phagocytic uptake,
and liver uptake, leading to increased circulation time [53]. However, the NPs coated with
higher MW PEG were also coated at higher PEG density, so it is difficult to separate the two
effects. Recently, Yang and coworkers reported that PEG with a MW as low as 559 Da can
effectively shield surfaces of 100 nm polystyrene (PS) NPs when the grafting density is
“high” [54]. Thus, grafting lower MW PEG at a high surface density may be similarly
effective in prolonging circulation time as grafting higher MW PEG. Complement activation
was found to be comparable for PLA and lipid-based NPs coated with 2 kDa and 660 Da
PEG, respectively, incubated in normal human serum, likely due the highly dense PEG
coatings achieved [12].

2.3.2 PEG content, surface density and conformation—In addition to PEG MW,
the surface density of the grafted PEG layer is a critical factor that affects resistance to
protein adsorption and clearance following systemic administration [12]. Braeckmans and
coworkers reported that 10 mol % PEGylated lipids prevented liposome aggregation in
whole blood, whereas liposomes formulated with lower PEG contents (5 and 3 mol %),
agglomerated over time [55]. Small, well-shielded liposomes would be less likely to become
trapped in capillaries in the lung and/or taken up by MPS cells. In another study, stealth lipid
NPs formulated with increasing amounts of PEG exhibited more near-neutral {-potential,
suggesting that inclusion of more PEG led to improved shielding of the anionic NP surface
[56]. Accordingly, increased circulation time in the blood was observed for liposomes with
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greater PEG content following intravenous injection into rabbits. Another study found that
although PEGylation increased the circulation time of lipid nanocapsules (LNC) compared
to uncoated LNCs, the differences in circulation time for liposomes containing 6 - 15 mol%
PEGylated lipids were insignificant [57]. However, the surface charge and PEG density
were not reported. Similarly, although a significant increase in blood circulation time was
observed for PEGylated polycyanoacrylate NPs, doubling the amount of PEG in the
formulation did not further increase the circulation time [58]. These results suggest that
increasing PEG content during the NP formulation may not ensure greater surface coverage
of PEG. In addition, there is a threshold for maximum achievable PEG surface density that
may vary depending on the type of NPs and formulation methods. It is thus essential to
accurately quantify the surface PEG density when interpreting the impact of PEG density on
NP circulation (for methods, see section 4.3).

The average distance between neighboring PEG chains on a NP surface (D) determines the
structural conformation of PEG molecules on the surface, and thus, its effectiveness for
shielding the NP surface. If D is greater than the Flory radius (Re ~ aN3/>, where N is the
degree of polymerization, and thus is proportional to PEG MW, and a is the effective
monomer length = 0.35 nm) of the PEG chain (Re/D < 1), neighboring PEG chains will not
overlap and are said to be in a “mushroom” conformational regime. As the surface PEG
density increases such that adjacent PEG chains overlap (Re/D > 1), the PEG must stretch
away from the NP surface [59] and forms a “brush” layer. It is generally believed that
surface PEG densities in the mushroom-to-brush transition are required to resist adsorption
of serum proteins and avoid uptake of NPs by MPS cells [44, 46]. Further, it has been
reported that higher Rg/D values may be required for longer PEG chains (= 10 kDa),
presumably due to their tendency to entangle with neighboring chains [54]. In the
subsequent discussion of the effect of PEG surface density on NP behavior, Re/D values
were either given or calculated from the measured or estimated surface PEG density. Several
research groups have investigated the effect of PEG coverage on NP stability in serum
and/or circulation time in the blood using PLA-PEG NPs. PLA-PEG NPs with higher
content of 2 kDa PEG (Rg/D > 1.73) efficiently resisted adsorption of complement
compounds, but similar NPs with slightly lower PEG content (Re/D ~1.5) were unable to do
so [60]. Likewise, PLA-PEG NPs formulated with 30% w/w 20 kDa PEG content exhibited
increased circulation times compared to NPs with 10% w/w PEG [51]. Based on the
previously estimated D values for these particles [50], Re/D values for 10% and 30% PEG
NP were ~1.8 and ~3.0. In another study, PLA-PEG NPs formulated with varying content of
5 kDa PEG (0.5 to 20% w/w) were tested for protein adsorption [40]. A drastic reduction in
protein adsorption was observed when the PEG content was increased from 2% to 5% wi/w,
but no significant change was observed as PEG content was further increased up to 20%
wi/w. Similarly, a marked reduction of NP uptake by human MPS cells was observed at 5%
PEG; PEG surface density was estimated assuming that all PEG chains from PLA-PEG
copolymers migrated to the NP surface, yielding Rg/D ~4.3 [40]. Although the MW of PEG
used in these described studies varied, it appears that effective surface shielding was
consistently achieved at PEG densities far beyond the mushroom/brush transition (Rg/D >>
1).
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To isolate the effect of PEG surface density, Yang and coworkers conjugated 5 kDa PEG
chains to carboxyl groups on the surface of 100 nm polystyrene (PS) NPs at varying PEG
grafting concentrations [54]. The advantage of this approach is that all of the incorporated
PEG must be on the surface of the NPs, as opposed to leaving the potential for
interpenetration of PEG into the polymer core during formation. The surface PEG densities
were assessed by quantifying fluorescently labeled PEG chains and unreacted carboxyl
groups. They found that although NPs generally exhibited increasingly near-neutral -
potential with increasing surface PEG coverage, near-neutral surface charge could be
achieved at relatively low grafting densities, suggesting that {-potential may be limited in
accurately assessing the extent of NP surface shielding. It should also be noted that -
potential measurements significantly vary depending on the buffer conditions, including
ionic concentration and pH. Consistent with studies described earlier, they discovered that a
“dense brush” conformation (Rg/D > 2.8) was required for evading uptake by human
monocytic THP-1 cells in vitro (i.e. ~20-fold reduced uptake compared to uncoated control)
(Fig. 2A). In a similar study, a dense brush layer (Rg/D ~3.7) was required to significantly
reduce uptake of PEGylated gold NPs by J774A.1 murine macrophage-like cells in vitro; the
amount of PEG on the NP surface was measured by quantifying unreacted thiol groups of
PEG chains [20]. In comparison, PS NPs grafted with 3.4 kDa PEG chains at Rg/D ~ 2.5
demonstrated 90% reduced adsorption of proteins in human plasma compared to uncoated
PS NPs [61]. Yang and coworkers found that further increases in PEG surface density were
required for increased circulation time in the blood in vivo; NPs with Rg/D < 4.2 were
completely cleared from the blood (Fig. 2B) and accumulated in the liver (Fig 2C) after 2 h,
but only <20% of NPs possessing denser PEG coverage (Re/D > 6.6) were removed from
the circulation at 2 h [54]. The authors suggested that the flexible nature of PEG in
combination with high concentrations of proteins and biomacromolecules in the blood
necessitated extremely dense PEG surface coverage to effectively reduce the chance of
transient gap openings that allow access to the NP surface [54]. In contrast to the
aforementioned studies, Perry and coworkers demonstrated that 5 kDa PEGylated PRINT®
hydrogel NPs coated with PEG in the mushroom conformation (Re/D ~0.9) exhibited
reduced uptake by MH-S macrophages to an extent similar to NPs coated with PEG in a
brush conformation (Re/D ~1.5) [62]. The half-life in circulation increased from 0.89 h for
uncoated NPs to 15.5 and 19.5 h for NPs with mushroom PEG and brush PEG, respectively,
suggesting relatively low PEG surface coverage was sufficient to increase the blood
circulation time of PRINT NPs. The discrepancy is likely due to the deformable nature of
PRINT hydrogel NPs; it has been previously demonstrated that flexible PRINT NPs were
eliminated from blood circulation significantly slower than their rigid counterparts [63].

Despite achieving highly dense surface coatings of PEG, no NP formulation has been
developed that can completely resist interactions with blood components [20, 54]. Thus,
PEGylation likely improved the circulation time of NP formulations reducing rather than
eliminating protein adsorption. Interestingly, the composition of the adsorbed protein layer
on PEGylated NPs appeared to be a function of surface PEG density [20, 40]. For example,
among 10 different serum proteins tested, adsorption of apoprotein (apo)C-11l on PLA-PEG
NPs was completely eliminated when NPs were formulated with 5% PEG by weight [40].
Walkey and coworkers demonstrated that high MW serum proteins were preferentially
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blocked at low PEG densities, whereas blockage of smaller proteins (50 — 80 kDa) was
favored as PEG densities increases [20]. At Re=/D < 2.1, macrophage uptake appeared to be
dependent upon adsorption of serum proteins, such as complement component C3, which
opsonizes foreign materials and facilitates macrophage uptake [51, 64]. Low levels of
protein adsorption on NPs with higher PEG densities did not promote their uptake by
macrophages, suggesting potential serum-independent macrophage uptake mechanisms.

2.3.3 Physiochemical properties of the nanoparticle core—The core
physicochemical and mechanical properties of NPs can also influence protein adsorption and
circulation time [27]. Larger NPs at a given PEG surface density may adhere to MPS cells
more effectively than smaller NPs due to weak, multivalent interactions between the PEG
chains and/or terminal groups with cell surfaces [65]. Smaller PEGylated polymeric and
gold NPs provided more resistance against murine macrophage uptake in vitro and/or
improved blood PK in vivo compared to otherwise identical larger NPs [49, 53, 66].
Phagocytosis of PEGylated LNCs by a murine monocyte/macrophage cell line also
increased with increasing NP diameter [67]. On the other hand, higher PEG density may be
required to effectively shield smaller NPs due to the increased surface curvature [68].
Decreasing NP size from 90 to 15 nm increased the total protein absorption at a fixed PEG
grafting density, since the flexible PEG chains could spread out more [20]. Nevertheless,
larger PEGylated NPs with similar PEG densities exhibited increased macrophage uptake
compared to smaller NPs, presumably due to a serum-independent mechanism that is more
influenced by the collective avidity of interactions with larger NPs [20]. Of note, NPs less
than 10 nm in particle size are readily eliminated from the blood circulation by renal
clearance [11], which sets a minimum size cutoff for achieving increased circulation time.

Jiang and coworkers demonstrated that the in vivo gene transfer efficiency of systemically
administered PEGylated polymer-based gene vectors was dependent upon the shape of the
NPs [69]. They observed significantly higher transgene expression in the liver parenchyma
with rod- and worm-shaped PEGylated NPs compared to spherical PEGylated NPs,
speculating reduced uptake of elongated NPs by MPS cells. Likewise, PEGylated rod-
shaped gold NPs exhibited decreased macrophage uptake in vitro and increased circulation
time in vivo compared to otherwise identical spherical PEGylated NPs [18]. These findings
are in good agreement with a previous finding that elongated worm-like non-PEGylated NPs
were less likely to be taken up by macrophages compared to spherical NPs [70]. Assuming
identical PEG surface density, spherical PEGylated particles may be more susceptible to
opsonization and/or direct interactions with MPS cells due to their higher surface curvature.
The chemical properties of the core materials may also impact the behavior of PEGylated
NPs in the blood, given that complete shielding of NP surfaces is extremely challenging [20,
54]. Indeed, it has been shown that the composition and the extent of protein absorption
were distinct among similarly sized PEGylated NPs formulated with three different core
biodegradable polymers, including PLA, PLGA and polycaprolactone (PCL), and similar
coatings with 5 kDa PEG [40]. Additionally, the integrity of the surface PEG layer on
biodegradable NPs is influenced by rate of hydrolytic degradation of the core material. NPs
composed of more rapidly degrading polymers are likely to lose their stealth properties more
rapidly. The retention of the surface PEG layer on liposomes is also largely dependent on
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the property of core lipids to which PEG chains are anchored. PEGylated liposomes
formulated with an identical amount of PEG anchored to ceramide were more prone to
aggregation in the blood compared to liposomes composed of PEG anchored to 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine (DSPE) [55]; of note, PEGylated DSPE is a
component of Doxil® [35]. It is likely that ceramide molecules gradually diffuse out of the
liposomes [71]. More recently, Anselmo and coworkers demonstrated that softer PEGylated
NPs exhibited reduced uptake by J774 macrophages and increased circulation time
compared to harder particles; NPs with an 8-fold lower elastic modulus exhibited greater
than 30-fold increase in the elimination half-life [72]. This finding suggests that the
circulation time of densely PEGylated NPs can be further increased by modulating NP
elasticity.

2.4 PEGylation for reduced systemic toxicity

The systemic toxicity of NPs is also an important issue, as systemically administered NPs
can theoretically reach any vascularized tissues in the body. Also, NPs can directly interact
with circulating erythrocytes, leading to erythrocyte aggregation and/or hemolysis that is
accompanied by hemoglobin release [73]. Since erythrocytes constitute a markedly greater
volume compared to MPS cells in the blood circulation, NPs are more likely to encounter
erythrocytes in circulation. Although the mechanism has not been fully elucidated, NP
surface properties are known to play a critical role in NP-erythrocyte interactions.
Specifically, disruption of erythrocytes is often observed with cationic NPs, due to their
tendency to interact with negatively charged cell surfaces via electrostatic interactions. For
example, cationic polymers widely utilized to formulate synthetic DNA NPs, including
polyethylenimine (PEI), poly-L-lysine and poly (amido amine) (PAMAM) dendrimers, were
shown to interact with and damage the membranes of erythrocytes [74, 75]. Likewise,
cationic lipoplexes were shown to mediate erythrocyte aggregation [76] and/or hemolysis
[771].

It has been demonstrated in several cases that PEGylation can reduce the hemotoxic
properties of NPs. PEGylation was shown to decrease hemolysis and/or the aggregation of
erythrocytes induced by PEI-based NPs [78] and lipoplexes [76]. Kurosaki and coworkers
also reported that PEG significantly reduced hemolysis by PAMAM-based DNA NPs,
especially as PEG content was increased [79]. In contrast, insufficient shielding of the
cationic surface charge by 550 Da PEG led to hemolysis and erythrocyte aggregation [80].
Similarly, NP-induced hemolysis was significantly reduced by PEGylation of silica NPs, but
only at increased PEG content; hemolysis percentage was less than 1% for MSNs with 0.75
wt% PEG in comparison to 13.2% for MSNs with 0.075% PEG [48]. These findings
indicate that dense surface PEG coatings may be required to minimize interactions between
NPs and erythrocytes, similar to what has been observed for interactions with serum proteins
and MPS cells. Of note, hemoglobin and/or cell debris released by hemolysis may adsorb
onto NP surfaces, facilitating the phagocytosis of NPs by macrophages [73]. Thus, reduction
of hemolysis may be an additional mechanism by which PEGylation increases the
circulation time of NPs.
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2.5 Immunogenicity and alternatives to nanoparticle PEGylation for systemic applications

The widespread use of PEGylation in drug and gene delivery has led to many promising
developments, as well as brought attention to some potential drawbacks to the widespread
use of PEG. Here, we briefly discuss the potential immunogenicity of PEG and the
development of PEG alternatives, which has been thoroughly discussed elsewhere [28,
81-84]. The potential immunogenicity of PEG has gained more attention as an increasing
number of investigators have observed rapid clearance of PEGylated therapeutics upon
repeated administrations [28, 85]. Of note, much of the work on systemic immunogenicity
has focused on liposomes, and thus, additional study of PEG immunogenicity with
polymeric NPs is needed. Indeed, the physicochemical properties of polymeric NPs are
different from those of liposomal NPs, which as previously discussed, influences NP
behavior in systemic circulation, and potentially immunogenicity. Numerous reports have
found that PEG-specific antibodies were formed after a single intravenous injection of
PEGylated liposomes in various animal models and humans [86-88]. Following the first
injection, a significant reduction in the circulation time of subsequently administered
liposomes has been observed, a phenomenon known as accelerated blood clearance (ABC).
Laverman and Dams demonstrated complement activation and a dramatic reduction in half-
life after the second injection of PEGylated liposomes, which they later showed involved
hepatosplenic macrophages [89, 90]. Kiwada and coworkers published a series of reports
regarding the initiation of antibody production and the immunological events that follow. An
early report highlighted IgM anti-PEG antibodies as the main serum factor responsible for
ABC [88]. In agreement with the prior implication of hepatosplenic macrophages, they
found that IgM antibodies were produced by the spleen shortly after one injection of
PEGylated liposomes [87, 91]. Strikingly, it was found that splenectomized mice did not
produce IgM antibodies or exhibit ABC phenomenon with the second injection of
PEGylated liposomes [92]. They went on to demonstrate that IgM antibodies produced by
the spleen bind to liposomes, activating the complement system and enhancing uptake by
Kupffer cells [93]. Furthermore, T-cell deficient Balb/c mice were able to produce anti-PEG
IgM antibodies, indicating that IgM antibodies were produced by B cells in a T-cell
independent manner [87, 94].

Another factor that has been shown to influence the extent of ABC is the cargo inside the
NPs [95-97]. For example, IgM production against PEG was decreased when doxorubicin-
loaded liposomes were administered compared to empty PEGylated liposomes [90, 98]. It
was speculated that the cytotoxic effect of doxorubicin led to apoptosis or anti-proliferation
of splenic B cells, therefore hindering the production of antibodies. Similarly, IgM
production was shown to be dependent on the sequence of siRNA loaded into PEGylated
liposomes [96, 99]. Increased IgM production was observed when siRNA with an immune-
stimulatory sequence was encapsulated within the liposome. Moreover, loading CpG-free or
methylated nucleic acids into NPs helped reduce induction of inflammatory cytokines
[99-101]. Additionally, anti-PEG antibody production has been shown to be inversely
correlated with the amount of PEGylated liposomes injected in the first dose [102, 103].
Increasing the dose may overwhelm the splenic B cells with antigen, leading to immune
tolerance or anergy [82, 103]. Ultimately, injecting a higher initial dose of liposomes could
be a strategy to overcome subsequent immunological responses and accelerated clearance.
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The physiochemical properties of the NPs can also influence the immunogenicity. Xu and
coworkers observed that the extent of the ABC response varied with different phospholipid
core materials in PEGylated liposomes [104]. Shiraishi and coworkers suggested that the
antigenic determinant for anti-PEG antibody production was the chemical linkage between
the PEG chains and the core lipids [105]. They found that hydrophilic PEGylated polymeric
micelles did not appear to induce production of anti-PEG antibodies and rapid clearance
with subsequent doses, whereas hydrophobic PEGylated polymeric micelles experienced
rapid clearance from the systemic circulation [105]. It was also reported that the
physicochemical properties of both the first and subsequent dose of liposomes influence the
immune response [86, 106, 107]. Ishida and coworkers demonstrated that increasing the
PEG surface density reduced the extent of clearance of a subsequent dose of PEGylated
liposomes [86]. Wang and coworkers observed that the presence of PEG on the first
liposome dose was not a prerequisite for observing ABC with a second PEG-coated
liposome dose. Further the size and the surface charge of the first liposome dose had a
significant effect on the clearance rate of the second dose [106]. Similarly, Koide and
coworkers observed that smaller polymeric micelles (9.7 — 31.5 nm) did not initiate ABC
phenomenon in BALB/c mice, whereas larger PEGylated liposomes or micelles triggered
rapid blood clearance and hepatic uptake with the second injection [107]. The PEG
functionality may also play a role; Sherman and Saifer recently performed competitive
analysis of PEG and protein-PEG conjugates to elucidate the role of methoxy end groups in
antibody generation, and reported that the antibody binding affinity depended on the
backbone lengths of the PEG polymers and the hydrophobicities of the methoxy containing
end groups. Antibodies preferentially bound to the PEG backbone when the end functional
group was a hydroxyl, and with lesser affinity than binding to methoxy functionalized PEG
conjugates [108, 109]. Further, factors such as the injection interval may also influence the
observed immune response. Multiple reports indicated that the systemic IgM levels were
remarkably reduced 14 days after the first injection, then became similar to the pre-injection
levels after 28 days [94, 101, 110]. Thus, careful adjustment of the dosing frequency can
potentially offset some of the effects of ABC.

Concern is also growing over pre-existing anti-PEG antibodies; 22-25% of individuals who
were never exposed to PEGylated therapeutics were found to have anti-PEG antibodies,
which is a significant increase from 0.2% reported two decades ago [111]. The driving force
behind this increase is unclear, though it is thought to be related to improved detection
methods and the ubiquitous use of PEG in cosmetic, pharmaceutical, and food products [85,
112]. In clinical settings, pre-existing anti-PEG antibody levels in each patient should be
carefully considered. Measuring anti-PEG antibody levels in an individual could be used to
determine whether a particular therapeutic is a suitable treatment option. As the impact of
dose on immune response becomes more clear, patients with low anti-PEG antibody levels
prior to treatment could be exposed to an adequate amount of placebo PEGylated NPs to
reduce or prevent ABC with subsequent injections.

In addition to the previously described strategies under investigation for reducing ABC of
PEGylated therapeutics, there is also significant effort toward identifying potential PEG
alternatives, including polymers such as poly(amino acids), poly(glycerol) (PG), poly(N-(2-
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hydroxypropyl) methacrylamide) (HPMA), and others [43, 81, 113]. PGA, a biodegradable
poly(amino acid), is perhaps one of the most thoroughly studied PEG alternatives. PGA-
conjugated paclitaxel (PGA-paclitaxel) was the first poly(amino acid) coated drug to reach
phase I11 clinical trials for treatment of ovarian cancer [113]. A phase I/l study of PGA-
paclitaxel and Cetuximab is also in progress for advanced head and neck cancer. Some PGA
derived therapeutics have exhibited complement activation, however it only caused
moderate hypersensitivity reactions [81]. Other poly(amino acid)-based coatings, including
3 kDa poly(hydroxyethyl-L-asparagine) and 4 kDa poly(hydroxyethyl-L-glutamine), have
facilitated prolonged liposome circulation in the blood, but ABC comparable to 5 kDa
PEGylated liposomes was also observed [81]. PG is a non-biodegradable, biocompatible
hydrophilic polymer that has a similar chemical structure to PEG. PG is often used in its
linear or hyperbranched form, and the latter has exhibited prolonged plasma half-life in
some reports (33 h for 106 kDa and 57 h for 540 kDa) [114, 115]. In contrast to the MW
dependent blood circulation characteristics of PEG, no difference in biocompatibility and
complement activation were observed for hyperbranched PG of 106 kDa and 870 kDa;
however, these characteristics are not the only factors that affect the blood circulation (e.g.
complement-independent MPS uptake) [114]. Liposomes and lipoplexes modified with PG
elicited reduced IgM production with repeated injections, compared to their PEGylated
counterparts [116, 117]. Also to be considered, hyperbranched PG has been observed to
slightly increase blood viscosity in vivo, which has been shown to cause a variety of
physiological side effects [118]. To compare the potential of several different PEG
alternatives as surface modifiers to increase circulation time and reduce the ABC effect,
Kiersted and coworkers synthesized a panel of polymer diacyl chain lipids of similar MW
and polydispersity to incorporate into liposomes [119]. They evaluated liposomes ~100 nm
in size containing lipids modified with PEG, HPMA, poly(vinylpyrrolidone) (PVP), poly(2-
methyl-2-oxazoline) (PMOX), poly(N,N-dimethyl acrylamide) (PDMA), and poly(N-
acryloyl morpholine) (PAcM), and compared the circulation time in mice and rats. They
confirmed that HPMA-, PVP-, PMOX-, PDMA-, and PAcM-madified liposomes had
increased circulation time in rodents, and that PVP-, PDMA-, and PAcM-modification did
not induce an ABC effect in rats with a second dose administered one week later. They were
also able to demonstrate for the first time that HPMA-modification did not cause an ABC
effect, whereas PMOX-modified liposomes were rapidly cleared with the second dose in
rats. They confirmed that PMOX-modified liposomes induced an IgM response in rats with
one dose, similar to PEG-modified liposomes [119]. This work suggests that alternatives
such as HPMA or PVP deserve further consideration as polymer coatings to improve the
circulation time of liposomes. However, widespread adoption of any PEG alternative would
ultimately lead to similar concerns about immunogenicity in the population, but simply
having access to a wider array of options for therapeutic formulations is certainly
advantageous.

In addition to polymeric alternatives to PEG, other approaches have been suggested for
increasing NP circulation time. Mitragotri and coworkers suggested a “hitchhike” method, in
which polystyrene NPs were attached to red blood cells for prolonged circulation (Fig. 3A)
[120]. NP binding was mediated by electrostatic and hydrophobic interactions, and thus
reversible under physiological shear stresses experienced by red blood cells in circulation.
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Functionalizing the NPs with anti-ICAM-1 antibodies led to increased accumulation of NPs
in the lungs [120]. Rodriguez and coworkers computationally designed minimal peptide
sequences that mimic CD47, a reported “marker of self” that impedes phagocytosis. When
these “self” peptides were attached to PS NPs, the NPs experienced delayed macrophage-
mediated clearance, increased circulation time, and enhanced tumor accumulation (Fig. 3B)
compared to control PS NPs [121].

3. Non-systemic applications for improved delivery with PEGylated

nanoparticles

For many applications, local rather than systemic delivery can improve efficacy while
minimizing off-target side effects, but every mode of administration has associated barriers
to effective delivery. Although PEGylation was first employed to increase circulation time,
improve stability in circulation, and reduce interactions with serum components, benefits of
coating NPs with PEG have also be observed with various other non-systemic modes of
administration. Discussed in this section, PEG coatings can improve the penetration of
“biological barriers”, including reducing interactions with tissue extracellular matrix,
cellular barriers, and biological fluids such as mucus, leading to improved delivery. Here,
we discuss only studies that directly compared NPs with and without PEG coatings and/or
variations in PEG molecular weight and surface density to demonstrate the effect that the
PEG coating had on delivery.

3.1 PEGylation for improved vaginal nanoparticle delivery

Local delivery to the vaginal tract may be advantageous for treating and preventing various
conditions that affect the female reproductive tract, such as cervical cancer, bacterial
vaginosis, and sexually transmitted infections. However, the viscoelastic and rapidly cleared
mucus layers coating the cervicovaginal tract pose a barrier to NP-based drug and gene
delivery [122-124]. It was demonstrated that polystyrene (PS) NPs 59-1000 nm in size were
completely immobilized in human cervical mucus [125], leading Lai and coworkers to
investigate methods for improving NPs transport across the cervicovaginal mucus (CVM)
barrier [68]. They confirmed using multiple particle tracking [126] that carboxylate-
modified PS NPs 100-500 nm in size were completely immobilized in human CVM,
whereas the same particles coated with PEG (PS-PEG) diffused only a few times slower
than their theoretical diffusion rates in pure water. This result suggested that (i) mucus is a
mesh of proteins with low viscosity fluid-filled pores large enough for 500 nm NPs (if non-
adhesive) to diffuse through, and (ii) NPs without PEG coatings become trapped in mucus
by adhesive interactions [68]. However, it has also been reported extensively in the literature
that PEG can be strongly mucoadhesive via interpenetration effects and hydrogen bonding
[127-129], leading Wang and coworkers to explore the role of PEG molecular weight
surface density on nanoparticle mucoadhesion [130]. They found that 200 nm PS-PEG
particles diffused rapidly in human CVM when coated with low molecular weight (2 or 5
kDa) PEG, but PS-PEG NPs coated with 10 kDa PEG were immobilized. Using a
fluorophore conjugation method, they then determined that 200 nm PS-PEG with 40% less 2
kDa PEG coverage, compared to the densely coated and rapidly diffusing NPs, were
adhesively immobilized in CVM. Thus, they concluded that a dense coating of low MW
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PEG was necessary to effectively shield the NP core from interactions with mucin
components, while also preventing interactions between the PEG and the mucus [130].

It was later confirmed that penetration of NPs through mucus provided improved delivery in
the cervicovaginal tract. Cu and coworkers devised a PEG-coated poly(lactic-co-glycolic)
(PLGA) NP (PEG-NP) formulation using avidin-biotin chemistry that diffused more rapidly
in human cervical mucus than uncoated PLGA NPs [131]. They then went on to demonstrate
that the PEG-NP were retained at significantly higher levels in the cervicovaginal tracts of
Depo-Provera-treated mice for up to 6 h [132]. They further suggested that because PEG-NP
were able to penetrate the mucus barrier, they were also able to penetrate into the vaginal
tissue [132]. Ensign and coworkers went on to demonstrate that by penetrating through
CVM, both PS-PEG NPs and PLGA NPs coated with a physically-adsorbed Pluronic F127-
based PEG coating [133] (PLGA/F127) provided greatly improved and more uniform
coverage of the cervical and vaginal surfaces in mice [134]. They hypothesized that the
uniform coating of the tissue with PEG-coated NPs, including penetration into the more
slowly cleared mucus layers in the vaginal folds (rugae), led to the prolonged retention
observed (60% of PS-PEG NPs compared to 10% of PS NPs 6 h after dosing) [134]. Yang
and coworkers then went on to demonstrate that PEG-coated NPs with non-mucoadhesive
surfaces provided improved suppression of cervical tumor growth after vaginal
administration in vivo [135]. They formulated paclitaxel-loaded, mucus-penetrating PLGA/
F127 NPs (PTX/MPP) and paclitaxel-loaded, mucoadhesive PLGA NPs (PTX/CP) with
similar size and drug loading/release properties. Presumably, the only difference between
the formulations was that the PTX/MPP rapidly penetrated human CVM, whereas the
PTX/CP were mucoadhesive. Thus, the PTX/MPP distributed more uniformly in the mouse
cervicovaginal tract, including up against the epithelial tumor, whereas the PTX/CP
aggregated in the mucus far from the epithelial surface. The vaginally-administered
PTX/MPP suppressed tumor growth compared to PTX/CP and free Taxol, leading to
enhanced median survival time (19, 11, and 9 days, respectively). Importantly, numerous
methods for producing biodegradable NPs with sufficiently dense PEG coatings for rapid
penetration through human CVM have been described [133, 136-138], providing an array of
options for developing NP-based therapies for more efficacious vaginal drug delivery.

The effect of PEG density on vaginal nanoparticle distribution and delivery has also been
studied. Yu and coworkers prepared liposomes composed of standard neutrally charged
lipids (DSPC), cholesterol, and different amounts of lipids conjugated to 2 kDa PEG (DSPE-
PEGo) to produce liposomes with a range of PEG surface densities [139]. They found that
the non-PEGylated liposome formulation was relatively polydisperse and showed some
signs of aggregation, whereas the PEGylated liposomes were relatively uniform in size,
highlighting the added stability provided by PEG coatings. They then used an nuclear
magnetic resonance (NMR)-based method (see section 4.3) to measure the molar fraction of
PEGylated lipids incorporated into the liposomes, which allowed them to estimate the ratio
of the theoretical surface area that would be covered by unconstrained 2 kDa PEG chains to
the actual surface area of the liposome (I'/SA). They concluded that their liposomes
containing 7, 10, and 12 mol% PEG were coated by dense, brush-like PEG coatings,
whereas their liposomes containing 3 and 5 mol% PEG were covered with mushroom-like
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PEG chains that would provide a less effective surface shielding effect. Upon observation of
transport behavior in human CVM, it was evident that the contrast between PEGylated and
non-PEGylated liposomes was not as drastic as what was observed previously with
polymeric NPs, though the PEGylated liposomes uniformly diffused more rapidly. The
authors concluded that the zwitterionic DSPC headgroups may have reduced interactions
with mucus compared to hydrophobic polymer NPs like PS, but nonetheless, adhesion and
aggregation of the liposomes in mucus was reduced by PEG coatings [139]. They then went
on to investigate the impact of the PEG coatings on vaginal distribution in vivo, and found
that the non-PEGylated liposomes distributed very poorly. The 3 mol% liposomes provided
some improvement in vaginal tissue coverage and uniformity, while the 7 mol% liposomes
provided much more uniform vaginal coverage. Although it might be assumed that the 12
mol% liposomes would also distribute much more uniformly in the vagina, the uniformity of
coverage was decreased compared to 7 mol%. The authors concluded that the further
increase in PEG content may have created some instability of the 12 mol% liposomes in the
complex vaginal environment in vivo. They then went on to demonstrate that the 7 mol%
liposomes containing a novel diamagnetic chemical exchange saturation transfer (diaCEST)
magnetic resonance imaging (MRI) contrast agent provided increased retention of the
contrast agent for non-invasive monitoring of vaginally administered liposomes [139]. In
similar studies using biodegradable NPs, Xu and coworkers formulated PEG-coated PLGA
NPs with various PEG surface densities by blending PLGA and PLGA-PEG (5 kDa PEG)
block copolymers [140]. Using an NMR-based method, they determined that a dense, brush-
like PEG coating was achieved for particles containing 5 wt% PEG (PLGA-PEGsg,) and
above (up to 25 wt%, PLGA-PEG>s50,). Indeed, these formulations were stable in mucin
solution in vitro and rapidly penetrated human CVM ex vivo (Fig. 4). In contrast,
formulations containing 3 wt% PEG (PLGA-PEG3y,) and less, were relatively unstable in
mucin solution in vitro and were hindered and/or immobilized in human CVM ex vivo (Fig.
4). The uncoated PLGA NPs were the most unstable in vitro and were completely
immobilized in CVM. They then investigated whether the trends of improved stability with
increasing PEG coverage in vitro and more rapid transport with increasing PEG coverage ex
vivo would translate to improved distribution in the mouse vagina in vivo. Indeed, they
observed that uncoated PLGA NPs aggregated and distributed poorly over the tissue surface
in the mouse vagina, whereas some improvement was observed for PLGA-PEG3q,. Indeed,
the tissue surface coverage was increased even further with PLGA-PEG1 g, With the highest
and most uniform coverage provided by PLGA-PEG;s, (Fig. 4). In contrast to the
liposomal work, increasing the PEG content in these polymeric NPs to 25 wt% did not
introduce instability. They went on to describe several formulations with sufficient PEG
surface density for improved vaginal mucosal delivery containing paclitaxel at various
loadings and with various release rates, providing a framework for tailoring formulations
with improved mucosal delivery [140].

In addition to providing delivery benefits in the vagina, PEG-coated NPs have also been
used as probes to characterize CVM structure using particle tracking microrheology (PTM),
which can provide important insights into how particles and pathogens can penetrate mucus
[141]. PTM assumes that the motions of particles within a complex environment are directed
by the local properties of that material. If particles are larger than the pores within the
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material or adhesive to the material, then the motions of the particles reflect the bulk
viscoelastic properties of the material, which is the most common way that PTM is used to
characterize materials. In contrast, if the particles are sufficiently smaller than the pores in
the material and are non-adhesive to the material, such as densely PEGylated NPs 500 nm or
less in size in human CVVM, then the particles experience the low viscosity of the interstitial
fluid within the pores. For example, Lai and coworkers demonstrated that C\VM transitions
from an impermeable elastic barrier to PEGylated particles 1 um and larger in size to a
highly permeable viscoelastic liquid to PEGylated NPs 500 nm and less in diameter [141].
They also demonstrated that pretreatment of mucus with a detergent caused this transition to
occur on a much shorter length scale (200 nm PEGylated NPs experienced an impermeable
elastic barrier), though the macroscopic viscoelastic properties were unchanged. This
observation gave additional insight into the microscopic structure of mucus as a mesh of
bundled mucin proteins that could be disrupted by the addition of a detergent, but increased
protein entanglements could offset the decreased hydrophobic bundling on the macroscale
[141]. Similarly, PEG-coated NPs revealed microscopic structural changes in CVM that
occurred after the addition of a large amount of mucoadhesive NPs, changes which also
could not be detected using traditional characterization of macroscopic rheology [142]. In
this case, the increased mucin bundling caused by the mucoadhesive particles enlarged the
effective pore size of the mucus mesh on the microscopic scale, which has implications both
for therapeutic delivery and the potential for environmental NPs to disrupt mucus barriers
[142]. The diffusional trajectories of various sized non-adhesive PEG-coated probe NPs can
also be used to estimate the pore size distribution within a biopolymer matrix such as mucus
or tissue. For example, it was estimated that the average pore size in human CVM was 340 +
70 nm with a range of 50-1800 nm [143]. Such a large range was not predicted based on
estimations if mucus was a mesh of randomly arrayed individual mucin fibers (15-100 nm
pores), and further suggested that trapping of pathogens like viruses in the 100-200 nm size
range must be based on adhesive interactions rather than steric obstruction [143]. Such
characterization of changes in the microscopic structure of mucus that cannot be detected on
the macroscopic scale would not be possible without densely PEG-coated, non-adhesive
NPs.

3.2 PEGylation for improved nanoparticle delivery to the airways

Pulmonary administration also presents an opportunity for more efficacious local treatment
and prevention of conditions that affect the airways. However, the airways are also covered
with a layer of mucus that is rapidly cleared and regenerated via mucociliary clearance
(MCC) mechanisms. Mucus is certainly an effective barrier in the normal airways, but in
many inflammatory and obstructive disease states, such as cystic fibrosis (CF) and chronic
obstructive pulmonary disease (COPD), airway mucus is a particularly viscoelastic and
difficult to penetrate barrier. Suk and coworkers investigated the effect of PEG coatings on
NP penetration through freshly expectorated CF sputum [144]. They found that 200 nm
amine-modified PS particles were immobilized, whereas PS-PEG particles 100 and 200 nm
in size were able to penetrate. PS-PEG particles 500 nm in size were sterically trapped in CF
sputum, highlighting that the CF sputum mesh contains smaller pores on average than what
was observed in human CVM (estimated average pore size was 140 + 50 nm, range 60-300
nm). Importantly, the local microviscosity experienced by 100 and 200 nm PS-PEG was
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fluid-like (5x higher viscosity than water), whereas the macroscopic properties of the CF
sputum was indicative of an elastic solid (10,000x higher bulk viscosity than water) [144].
Based on the bulk properties, CF sputum would be expected to be impenetrable, highlighting
the importance of densely PEG-coated NPs for both characterizing CF sputum
microstructure and designing more effective therapeutic strategies for delivery to the CF
airways. Forier and coworkers also thoroughly characterized the transport of amine-
modified, carboxylate-modified, and PEG-coated (both 2 kDa and 5 kDa) PS NPs in
expectorated CF sputum [145]. They also confirmed that PEG coatings on 100 and 200 nm
PS NPs led to improved penetration through CF sputum, though they noted marked intra-
patient variability in the NP transport, highlighting the effect that disease severity can have
on the efficacy of therapeutic delivery. Also, importantly, they investigated the penetration
of NPs through biofilms, which is another significant barrier that may lie under the CF
sputum barrier in the lungs of CF patients. They generally observed that PS-PEG particles
diffused through two species of biofilm cultures similarly to their theoretical diffusion
through pure water, whereas both amine-modified and carboxylate-modified PS NPs were
hindered. However, interactions between the PEGylated NPs and the bacteria were reduced
compared to charged PS NPs, and the authors suggest that the binding observed between
charged NPs and biofilm components would be preferable for antibiotic delivery. However,
the charged NPs were not able to penetrate CF sputum, so they would not be able to reach
the biofilm to deliver the antibiotic payload. The authors concluded that a drug-loaded
nanocarrier with a sheddable PEG coating or an active targeting moiety on the end of the
PEG may be beneficial for first penetrating the CF sputum barrier and then directly
interacting with an underlying biofilm [145].

It has also been discovered that NP PEG surface density plays an important role in the
penetration of CF sputum. In particular for gene therapy strategies, NPs must be able to
penetrate the CF sputum barrier in order to reach target cells for transfection. Boylan and
coworkers investigated the diffusion of a clinically-tested gene vector system [146]
composed of poly-L-lysine conjugated with a 10 kDa PEG segment (CK3gPEG1qk) in CF
sputum [147]. In addition, they formulated CK3gPEGs, and CK3gPEGy, polymers, and all
three polymers produced small, colloidally stable, nuclease resistant DNA NPs. All three
DNA NP formulations provided increased gene transfer in the lung airways in mice in vivo
compared to naked DNA, yet all were also immobilized in CF sputum freshly expectorated
from patients. To explain this phenomenon, they approximated the T'/SA values and the PEG
surface density, and concluded that the density of the PEG coatings were insufficient to
allow for penetration of CF sputum, which would limit their effectiveness as gene delivery
vectors for CF therapy [147]. Suk and coworkers then went on to explore the possibility of
pretreating CF sputum with mucolytics, including a reducing agent (N-acetylcysteine, NAC)
and recombinant human DNase (rhDNase), to attempt to partially degrade the CF sputum
barrier and enhance the penetration of CK3gPEG1gk [148]. They found that pretreatment
with NAC and NAC+rhDNase improved the DNA NP mobility in CF sputum, but a
significant portion of the particles were still hindered. However, even this small
improvement in CK3gPEG1 gk penetration due to pretreatment with NAC led to a significant
increase in in vivo gene transfer in a mouse model of mucus hypersecretion (mice
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challenged with intranasal P. aeruginosa lipopolysaccharide) when the mice were pretreated
with inhalation of 0.5 M NAC solution prior to DNA NPs [148].

However, it would be preferable to design DNA NP platforms that can penetrate CF sputum
without the need for pretreatments. Kim and coworkers utilized cystamine core poly(amido
amine) (PAMAM S-S) dendrimers conjugated to cationic polymers, since the branched
dendrimer structure provided a means for conjugating many molecules of PEG to each
dendron to increase the PEG surface density upon complexation with DNA [149]. Using
both PAMAM G4 dendrimers and polyethyleneimine (PEI) as the cationic polymer, they
were able to produce PEG-dendron-based DNA NPs (dPEG-PAMAM/DNA and dPEG-PEI/
DNA) that were colloidally stable, resistant against nuclease, and rapidly penetrated CF
sputum. Importantly, the PEGylation resulted in minimal reduction in gene transfer
efficiency in vitro compared to the non-PEGylated DNA NPs. In addition, both dPEG-
PAMAM/DNA and dPEG-PEI/DNA NPs were able to transfect cystic fibrosis bronchial
epithelial cells grown in conventional cell culture conditions to produce wild-type cystic
fibrosis transmembrane conductance regulator (CFTR) protein, which is the main target for
CF therapy [149]. Suk and coworkers went on to describe highly compacted DNA NPs
composed of PEGylated PEI (PEI-MPP) and PLL (PLL-MPP) capable of penetrating
through CF sputum [150]. In contrast, non-PEGylated formulations and formulations with
“conventional” PEGylation (meaning lower PEG surface density) were largely hindered or
immobilized in CF sputum. They then went on to demonstrate that PEI-MPP distributed
uniformly in the airways of mice, whereas the non-PEGylated formulation (PEI-UCP)
largely aggregated and distributed poorly in the airways. The improved mucus penetration
and distribution of PEI-MPP also led to prolonged retention in the airways, whereas the PEI-
UCP were rapidly cleared by MCC and accumulated in the stomach. Lastly, they confirmed
that the uniform distribution of PEI-MPP over the epithelial surface in the airways also led
to increased and more uniform transgene expression in the mouse airways, and that the
improved level of transgene expression achieved with PEI-MPP did not decrease after
multiple doses [150]. However, potential concerns over the non-degradability and
immunogenicity of PEI, even though PEGylated versions do not seem to cause the same
toxicity as naked PEI, led Mastorakos and coworkers to develop PEGylated DNA NPs based
on biodegradable poly(B-amino ester) (PBAE) [151]. They condensed plasmid DNA with a
blend of PBAE and PEG-conjugated PBAE polymers to form small, colloidally stable DNA-
NP (PBAE-MPP); conventional non-PEGylated PBAE DNA NPs (PBAE-CP) aggregated
rapidly in bronchoalveolar lavage fluid (Fig. 5A). Further, PBAE-MPP rapidly penetrated
human CF sputum, whereas PBAE-CP were hindered or immobilized (Fig. 5B). As expected
due to the rapid penetration of PBAE-MPP in CF sputum, PBAE-MPP distributed
throughout the mouse large airways and lung parenchyma, whereas the mucoadhesive
PBAE-CP distributed poorly in vivo (Fig. 5C, D). Accordingly, the distribution of gene
expression was similar to the distribution of the DNA NP formulations, with expression
mediated by PBAE-MPP being widespread and highly uniform. The densely PEGylated
PBAE-MPP also provided similar high levels of transgene expression after multiple
administrations, and did not cause significant inflammation in the mouse airways compared
to saline treatment [151]. Thus, in the case of pulmonary administration of DNA NPs, dense
PEG coatings have been demonstrated to provide colloidal stability, protection of DNA
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cargo, improved penetration of mucus leading to more uniform distribution, reduced
toxicity, and the ability to administer multiple doses without decreasing the efficiency of
delivery. The latter may be similar to what was observed by O’Riordan and coworkers
previously with adenovirus; PEGylation could protect the viral vectors from neutralizing
antibody binding in vitro and in the mouse lungs in vivo, leading to maintained infectivity
after multiple administrations [152].

In disease states like CF, sputum can be spontaneously expectorated for studies ex vivo,
whereas it is difficult to obtain undiluted mucus from the healthy airways to study the barrier
properties to NP formulations. Yang and coworkers studied the barrier properties of porcine
tracheal mucus to NPs and pseudorabies virus (PRV) [153]. They found that 200 nm amine-
modified and carboxylate-modified PS NPs were immobilized in porcine tracheal mucus,
whereas PEG-coated NPs rapidly diffused. Although PRV is of similar size to the NPs (246
nm), it was also immobilized in porcine tracheal mucus, indicating that it must interact
adhesively with mucins similarly to uncoated PS NPs. Thus, they then found that
PEGylating the surface of the PRV virus resulted in increased mobility in the tracheal
mucus, further highlighting the role of adhesive interactions with mucus in host defense
[153]. NPs that stick to mucus will also be trapped and removed, whereas dense PEGylation
results in improved penetration. Schuster and coworkers characterized the transport of NPs
in human respiratory mucus collected from the endotracheal tubes of surgical patients with
no pulmonary comorbidities [154]. They found that aside from a subpopulation of 100 nm
carboxylate-modified PS NPs that may have become coated in airway surfactants, the non-
PEGylated NPs were immobilized in normal human respiratory mucus. In contrast, densely
PEGylated NPs as large as 200 nm were capable of penetrating normal human respiratory
mucus as if it were primarily a viscous liquid [154]. As previously discussed, such a
property could be beneficial for NP-mediated delivery to the human airways. Further, using
various sized non-adhesive PEGylated NPs to characterize the structure of normal human
respiratory mucus can provide additional insight into transport mechanisms of respiratory
viruses and environmental NPs.

PEGylation has also been explored for improving NP delivery to the nasal mucosa. Nasal
mucus is also a barrier to NP-based delivery. In particular, highly viscoelastic mucus
accumulates in the sinuses of chronic rhinosinusitis (CRS) patients. Lai and coworkers
observed that uncoated PS NPs were immobilized in CRS mucus (CRSM) [155], similar to
what was previously observed for CF sputum. In addition, PEGylated NPs as large as 200
nm were able to rapidly penetrate CRSM, including samples from more than half of patients
with nasal polyps. They were also able to demonstrate similar penetration for biodegradable
PEG-coated NPs (PLGA/F127), suggesting the possibility of developing new nanomedicine-
based therapies for improved treatment of CRS [155]. In addition to nasal mucus, the nasal
mucosa stands as a significant barrier to absorption. Brooking and coworkers investigating
the absorption of NPs across the rat nasal mucosa and into the systemic circulation [156].
They coated sulfate-modified PS NPs with a poloxamine 908, a PEG-containing diblock
copolymer, which was previously shown to increase the circulation time of NPs after
intravenous administration. They found that the coating reduced intranasal NP uptake, which
they attributed to reduced interactions between the PEG-coated NPs and the nasal associated
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lymphoid tissue (NALT) [156]. However, others have found PEG coatings to be beneficial
for NP absorption across the nasal mucosa. Tobio and coworkers described improved
absorption of tetanus toxoid-loaded PLA-PEG NPs compared to uncoated PLA NPs across
the nasal mucosa [157]. They found that 24 h after intranasal administration, the percentage
of radioactive tetanus toxoid in the lymph nodes, lungs, liver, and spleen was between 3-6
fold higher for PLA-PEG NPs than for PLA NPs. They proposed that the PLA-PEG NPs
could be partially taken up by the NALT, but that they could also be transported by
transcellular or paracellular pathways to be drained to the lymphatics and blood. They also
do not rule out the effect of uptake in the lower respiratory tract and gastrointestinal tract,
considering that intranasal administration does not only target the nasal passages [157]. Vila
and coworkers went on to study the effect of PEG surface density on the absorption of PLA-
PEG NPs across the nasal mucosa [158]. They used NMR to characterize the PEG coating
density, measured as a mass of PEG per 100 mg of particles. The generally found that
smaller, more densely PEG-coated PLA-PEG NPs appeared to be absorbed more readily by
the rat nasal mucosa. However, the absorption was inferred using confocal image stacks of
the mucosa, rather than uptake into the circulation or any particular compartment. They
suggested that increased stability in the presence of mucus and transcytosis may contribute
to the improved absorption of PEG-coated NPs across the nasal mucosa [158].

3.3 PEGylation for improved gastrointestinal nanoparticle delivery

The gastrointestinal (GlI) tract is a common target site for drug and gene delivery, as oral
administration is a simple and often preferred mode of delivery. However, there are
numerous barriers to effective Gl delivery, such as the harsh GI environment. The known
stability enhancing properties of PEG coatings have also been studied for improved NP
delivery to the Gl tract. Tobio and coworkers demonstrated that PEG improved the stability
of PLA-PEG NPs in digestive fluids in vitro, which led to enhanced oral tetanus toxoid
delivery in rats compared to uncoated PLA NPs [159]. They observed 5-times higher
radioactive tetanus toxoid levels in the blood after administration PLA-PEG particles
compared to PLA particles for up to 24 h, despite the belief that hydrophobic NPs are more
favorably absorbed across the GI mucosa [159]. Feeney and coworkers also utilized PEG
coatings to improve the stability of lipid-based formulations (LBFs) containing medium
chain triglycerides (MCT) [160]. They incorporated non-ionic PEG-containing surfactants
with various PEG MWs into the MCT LBFs to attempt to reduce digestion in the Gl tract.
They found a parabolic relationship between the surfactant PEG MW and the resistance to
digestion; increasing PEG MW to 2644 Da provided enhanced resistance to digestion, but
the surfactant with PEG MW 4407 Da caused an increase in digestibility. It is possible that
similar to other lipid-based formulations, incorporating too much hydrophilic PEG can
introduce some instability to the formulation. They went on to demonstrate that oral
administration of the “stealth” PEGylated formulations to rats led to increased absorption of
a poorly water soluble drug, danazol [160]. Cheng and coworkers PEGylated adenoviral
vectors to improve their stability for oral administration as gene delivery vectors for
colorectal cancer [161]. They covalently attached one of three different types of
functionalized 5 kDa PEG to the free lysine groups on the protein capsids, and found that
PEGylation with all three types of PEG actually increased the efficiency of transduction
efficiency in differentiated enterocytes. They then confirmed that the PEGylation improved
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the in vitro stability of the adenoviral vectors in gastric fluid and pancreatic enzymes to
varying degrees depending on the type of PEG used. They selected the vectors PEGylated
with succinimidyl succinate functionalized PEG (SSPEG) for in vivo oral administration
studies, finding significantly increased reporter protein expression throughout the Gl tract
(40-times higher expression in the colon) with the SSPEG vector compared to the
unmodified adenoviral vector. Additional characterization of the internalization of SSPEG
vectors by Caco-2 cells suggested that although they PEGylated 70-80% of the available
attachment sites on the viral capsid, the PEGylation appeared to actually change the type of
receptor interaction that led to internalization, which may have also led to increased gene
transduction in vivo [161].

In addition to the harsh GI environment, NPs administered to the Gl tract encounter rapidly
cleared layers of viscoelastic and adhesive mucus [162]. If the goal is systemic absorption of
NPs or cargo released from the NPs, penetrating through the mucus barrier would provide
closer proximity to the absorptive epithelium. Yuan and coworkers evaluated the potential
for PEGylation to improve the oral delivery of solid lipid NPs (SLN) [163]. They
hypothesized that the PEG coating would increase the hydrophilicity of the SLN and
minimize mucoadhesion. Doxorubicin-loaded, PEGylated SLN (pSLN) were formulated by
incorporating PEG monostearate (2 kDa PEG) into the formulation, though both the SLN
and pSLN were suspended in poloxamer 188 solution (a PEG-containing triblock
copolymer). They found that increasing the amount of PEG in the pSLN decreased the in
vitro cytotoxicity. Further, they found increased drug permeation across Caco-2 cell layers
(non-mucus secreting) for the SLN formulation with increasing amounts of PEG in the
pSLN further decreasing the drug permeability. However, when mucus-secreting HT29 cells
were incorporated into the Caco-2 cell layers, the pSLN formulation with 10% PEG
(pSLN-10%) provided the highest levels of drug permeation across the cell layers.
Accordingly, they found that the pSLN-10% formulation provided higher plasma drug levels
after oral administration to rats, compared to the SLN (~2-fold higher bioavailability) and
oral drug solution (~7.5-fold higher bioavailability) [163]. Chen and coworkers also
explored the effect of coating cyclosporine A (CyA)-loaded liposomes with either PEG or
chitosan, a mucoadhesive polymer, for oral delivery [163]. Unmodified liposomes (Lip)
were made by membrane extrusion, and PEG-coated liposomes (PF127-Lip) were
formulated by incorporating Pluronic F127. Unmodified liposomes were coated in chitosan
to make mucoadhesive liposomes (CS-Lip). All three liposome formulations were relatively
stable in simulated gastric fluid, whereas the CS-lip aggregated extensively in simulated
intestinal fluid. Two hours after oral administration to rats, they found that the PF127-Lip
appeared to penetrate through the mucus and into the Gl tissues throughout the small
intestine. In contrast, the CS-lip appeared to be aggregated and associated with the mucus
layers. As confirmation of the importance of the mucus barrier, they found that hydrolyzing
the mucus prior to oral administration resulted in higher tissue-associated fluorescence for
CS-Lip compared to PF127-Lip (and much higher delivery to the tissue overall), whereas
the PF127-Lip provided higher fluorescent signals when the mucus layers were intact.
Lastly, they confirmed that the PF127-Lip provided increased CyA bioavailability upon oral
administration compared to Lip (1.3-fold higher AUC) and CS-Lip (1.8-fold higher AUC)
[163].
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Inchaurraga and coworkers investigated the effect of PEG molecular weight on orally
administered NPs prepared from methyl vinyl ether-maleic anhydride copolymer (Gantrez®
AN) [164]. In this study, the PEG coating was formed by incubation of the two polymers
and desolvation, rather than covalent conjugation. Interestingly, the {-potential of the NPs
was still highly negative for the PEG-coated particles; the uncoated NPs (NP) were =52 mV
while NPs with 10 kDa PEG (NP10) were —43 mV. They observed that the NP formulations
with PEG had a faster transit time through the GI tract of rats after oral administration,
whereas the uncoated NP were retained longer in the stomach. Fluorescent images of the
ileum suggested that the PEG containing particles were able to reach the villus cell surfaces,
whereas the uncoated NP remained in the luminal mucus away from the tissue. They further
suggested that the effect was more pronounced for NPs containing 2 kDa and 6 kDa PEG
than 10 kDa PEG [164]. Maisel and coworkers investigated the effect of dense PEG coatings
and NP size on both orally and rectally administered NPs [165]. In prior work, the group had
confirmed that uncoated PS NPs (mucoadhesive particle; MAP) were adhesively
immobilized in mouse mucus coating colorectal and small intestine tissues ex vivo, whereas
densely PEG-coated PS NPs (mucus-penetrating particle; MPP) below a certain location-
specific size limit could rapidly penetrate [166]. Maisel and coworkers first demonstrated
that diffusion of 200 nm MPP in mouse small intestine mucus led to more uniform surface
coverage in the small intestine compared to the adhesively immobilized MAP. Due to
natural fluid absorption in the intestines, the MPP were able to distribute throughout the
small intestine lumen, penetrating between villi, whereas MAP largely aggregated in the
center of the lumen away from the epithelium. The striking difference in distribution was
even more pronounced when the particles were dosed orally to fed mice, as the non-adhesive
MPP did not stick to digesta. Further, they demonstrated that using large gavage volumes or
using intestinal loop models artificially distributed adhesive MAP throughout the intestine,
due to high fluid pressures that distended the epithelium and overwhelmed the mucus
barrier, effects that would not normally be present when taking a pill. They then went on to
demonstrate that rectally administered MPP distributed throughout the colorectum,
including into the tissue folds, whereas MAP did not. The benefits of the NP PEG coating
on MPP distribution orally and rectally were also seen in two mouse models of
inflammatory bowel disease (IBD). Furthermore, the PEG-coated MPP were able to
penetrate into ulcerated tissue regions in the colorectum of mice with 2,4,6-Trinitrobenzene
Sulfonic Acid (TNBS)-induced colitis, which may provide additional delivery benefits. It
has yet to be demonstrated whether delivering PEG-coated MPP to more of the absorptive
tissue surface can provide improved drug absorption, as expected [154]. Other work has also
demonstrated potential benefits of PEGylated nano- and microparticles in IBD.
Lautenschlager and coworkers compared the uptake of uncoated PLGA, chitosan coated
PLGA, and PEG-coated PLGA nano- and microparticles into healthy and IBD human tissue
biopsies [167]. Microparticles generally demonstrated low penetration into healthy tissue
biopsies, and only the PEG-coated microparticles (PEG-PLGA-MP) appeared to penetrate
into the inflamed tissue biopsies. The chitosan coated NPs (chito-PLGA-NP) largely
adhered to the healthy tissue surface, and showed limited penetration into the inflamed
tissue. In contrast, the PEG-coated PLGA NPs (PEG-PLGA-NP) appeared to penetrate
extensively into healthy and inflamed human colorectal biopsy samples. The authors further
concluded that the PEG-PLGA-MP demonstrated improved “targeting” to inflamed tissue

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suk et al. Page 24

over healthy tissue (i.e. penetration of inflamed tissue was observed, but minimal
penetration of healthy tissue was observed) compared to PEG-PLGA-NP [167].

3.4 PEGylation for improved nanopatrticle delivery to the brain

As previously described in section 2, PEG coatings on NPs can increase time in systemic
circulation, which can be exploited to increase delivery to the brain. However, once a NP
crosses the blood brain barrier, or if NPs are administered directly to the brain by bolus
injection or convection enhanced delivery (CED), the tissue extracellular matrix (ECM)
presents an additional barrier to reaching target cells. Using intravital imaging in the rat
brain to assess the diffusional spread of commercially available PEGylated quantum dots
(QDs), it was previously determined that the brain ECM contained pores with diameters
ranging from 38-64 nm [168]. However, further highlighting the importance of PEG density,
Nance, Woodworth and coworkers demonstrated that exceptionally densely coated PS-PEG
NPs as large as 114 nm could rapidly penetrate through ex vivo human and rat brain tissue
[169]. Their observations were further corroborated in the mouse brain in vivo using
intravital particle tracking and imaging of particle spread after injection in the mouse brain.
Uncoated PS NPs of any size were adhesively immaobilized in the various types of brain
tissues, and they confirmed that the commercially available PEG-coated QDs were also
hindered in the brain ECM. However, upon subsequent PEG modification of the QD surface
using the optimized reaction conditions, they were able to produce even more densely
PEGylated QDs that could rapidly penetrate rat brain tissue, confirming that insufficient
PEG coatings led to an underestimate of the pore size of the brain ECM. Using the
individual PEG-coated NP trajectories (see section 3.1 for more details on this technique),
they were able to estimate that 25% of all pores in the brain ECM were actually = 100 nm in
size [169]. Nance and coworkers then went on to demonstrate that the increased nanoparticle
spread and distribution achieved with densely PEG-coated NPs in the brain would also
provide enhanced drug delivery and efficacy in a rat model of malignant glioma [170]. They
first demonstrated that dense brain tumor tissue presented an even more significant
diffusional barrier to NP transport, but that densely PEG-coated PS (PS-PEG) 70 nm in size
could rapidly penetrate the tumor tissue ex vivo. Thus, similarly sized PLGA-PEG NPs (69
nm) rapidly diffused in brain tumor tissue, but uncoated PLGA NPs (88 nm) were
adhesively immobilized. Upon direct injection intracranially into the tumor core, densely
PEG-coated and paclitaxel-loaded PLGA-PEG NPs (PTX-PLGA-PEG) spread much farther
throughout the brain than paclitaxel-loaded PLGA NPs (PTX-PLGA) within 24 h. They then
confirmed that the increased distribution of the PTX-PLGA-PEG NPs provided improved
tumor suppression (only 8% of the bioluminescent signal of the control group tumors at day
15) with a single intracranial dose compared to PTX-PLGA (45%) and free PTX (85%),
likely by reaching and delivering paclitaxel to more of the diffuse tumor cells [170].
Mastorakos and coworkers then went on to explore the effect of PEG coatings on DNA NP
delivery in the brain [171]. Using a PEI/PEI-PEG blending strategy to increase PEG surface
density without loss of particle stability, they formulated PEI-based DNA NPs with either
highly dense PEG coatings (brain-penetrating, DNA-BPN), “conventional” lower density
PEG coatings (DNA-CPN), or no PEG coating (uncoated, DNA-UPN). They first confirmed
that the PEG coatings improved the stability of the NPs in artificial cerebral spinal fluid and
reduced the cell toxicity in vitro and in vivo, without significantly compromising the in vitro
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cellular uptake. They then demonstrated that densely PEG-coated DNA-BPN diffused more
uniformly and rapidly than the DNA-CPN, and DNA-UPN were largely adhesively
immobilized. Thus, the DNA-BPN spread to a larger area of the rat brain than DNA-CPN
after direct injection. To further take advantage of the non-adhesive nature of densely PEG-
coated DNA-BPN, they administered the particles by CED; the overall volume of
distribution for DNA-BPN was 3.1-fold higher than the volume of distribution achieved
with DNA-CPN. The increased spread of DNA-BPN also led to a 2.4- and 3.2-fold higher
volume of transfection compared to DNA-CPN and DNA-UPN, respectively [171].
Similarly, Mastorakos and coworkers demonstrated that a densely PEGylated, biodegradable
PBAE-based DNA-BPN provided 11-fold greater volume of transgene expression in the rat
brain striatum compared to non-PEGylated PBAE-based DNA-NP [172].

3.5 PEGylation for improved ocular nanoparticle delivery

Although the eyes are relatively accessible, numerous barriers to efficient drug delivery
preclude effective treatment of the various blinding diseases that afflict the eye. The most
common mode of administration to the eye is topical drops, but it is often cited that because
of rapid clearance and poor absorption, less than 5% of the applied dose reaches intraocular
tissues [173]. NPs have been explored as a way to increase the residence time and/or
penetration of drugs administered to the ocular surface. Giannavola and coworkers explored
the use of PEG as a mucoadhesive to promote interactions between acyclovir-loaded PLA
NPs and the surface of the eye [174]. Although largely described thus far as a mucoinert
surface coating, PEG has a long history of use to promote mucoadhesion by interpenetration
and/or hydrogen bonding with mucus [175]. Their PEGylation approach was to incorporate
PEGylated lipids (DSPE-MPEG) with the polymer prior to a single step nanoprecipitation
process, though both the PLA and PLA-PEG NPs were formulated using various PEG-
containing nonionic surfactants (Tween 80 was used for further development). They
demonstrated that the PLA-PEG NPs provided increased levels of acyclovir in the aqueous
humor of rabbits after instillation into the conjunctival sac compared to PLA NPs or free
drug. They further demonstrated that if the eye was pretreated with NAC to break up the
mucins in the conjunctival sac/tear film, the amount of acyclovir in the aqueous humor after
treatment with PLA-PEG NPs decreased to levels similar to that observed after treatment
with PLA NPs. They attributed this decrease to the reduction of mucoadhesive forces
between the PLA-PEG NPs and the surface of the eye [174]. However, other more recent
work by Schopf and coworkers suggested that nanoparticles coated with a dense, mucoinert
PEG surface coating provided increased loteprednol etabonate (LE) delivery to the cornea
and retina when applied topically to the surface of the rabbit eye compared to nanoparticles
without a mucoinert PEG surface coating [176]. However, the mucoinert surface coating
only led to improved LE delivery for nanoparticles (240 nm) and not microparticles (> 1
um), suggesting that the nanoparticles (LE-MPP) were able to penetrate into the membrane-
bound mucus layer of the eye, providing increased residence time and improved drug
delivery. They then demonstrated that topical LE-MPP significantly prevented vascular
leakage in a pigmented rabbit model of induced retinal vascular permeability [176]. Mun
and coworkers aimed to better characterize the barrier properties of the cornea to
fluorescently labeled NPs [177]. They compared silica NPs (thiol-functionalized) and silica
particles functionalized with 750 or 5000 Da PEG, administered to bovine eyes obtained
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from a butcher the day before use. The eyes were placed in a beaker with a Franz cell donor
compartment on top, and the various NP solutions were exposed to the central cornea. They
found that the thiolated silica NPs (21-45 nm) adhered to the superficial surface of the
cornea, even if the epithelium was removed prior to exposure. Similar observations were
reported for the silica particles functionalized with 750 Da PEG (27-54 nm). The silica NPs
functionalized with 5000 Da PEG (43-69 nm) did not penetrate the intact cornea, but did
penetrate into the stroma when the epithelium was removed prior to treatment. They
attributed the difference in penetration between the corneal epithelium and the stroma to the
difference in the barrier properties of the tissue layers: the cornea is the main barrier
restricting drug absorption into the eye, whereas the stroma is more of an aqueous layer that
provides little resistance to transcorneal permeation [177].

In order to circumvent the various barriers to delivery to the front of the eye, particularly for
drug delivery to the back of the eye, injections into the eye are commonly used. Intravitreal
injections are often used for delivery to the retina, yet the vitreous gel still poses a
significant barrier to effective retinal delivery. Sanders and coworkers studied the impact of
PEGylation on DNA NPs for retinal gene delivery [178]. They hypothesized that PEG
coatings would improve mobility and penetration through the vitreous, which would
increase their proximity to target cells for transfection, but they did not want to negatively
impact the transfection efficiency of the DNA NPs. They prepared DNA NPs by coating
DNA onto cationic liposomes composed of DOTAP and DOPE lipids. The “pre-PEGylated”
lipoplexes contained DSPE-PEG lipids, and were coated with DNA after formation. The
“post-PEGylated” lipoplexes were prepared by preparing non-PEGylated lipoplexes that
were then incubated with ceramide-Cg-PEG lipids. They isolated the vitreous from bovine
eyes that were obtained within half an hour of slaughter and added the various lipoplexes.
They found that the non-PEGylated lipoplexes aggregated extensively upon injection into
the vitreous. In contrast, incorporation of 4 mol% PEG in pre-PEGylated lipoplexes
provided some stability, while the 17 mol% PEG pre-PEGylated lipoplexes appeared to be
stable and well distributed after injection into the isolated vitreous (Fig. 6). Fluorescence
recovery after photobleaching (FRAP) revealed that non-PEGylated and 4 mol% pre-
PEGylated lipoplexes were immaobilized in the vitreous, whereas the 17 mol% pre-
PEGylated lipoplexes were mobile. However, they went on to find that the pre-PEGylation
(using DSPE-PEG) drastically decreased in vitro transfection of retinal pigment epithelium
(RPE) cells. They then demonstrated that the post-PEGylated lipoplexes (using PEG-
ceramides) were internalized by RPE cells similarly to the non-PEGylated lipoplexes, but
maintained stability in the vitreous. Thus, they demonstrated that it was possible to produce
PEG-coated DNA lipoplexes to improve stability in the vitreous without compromising in
vitro RPE cell transfection [178]. Martens and coworkers then went on to more broadly
characterize the barrier properties of bovine vitreous to NPs [179]. Rather than excise the
fragile vitreous gel, they removed the cornea and lens to create a viewing window for
microscopy, injected the NPs into the vitreous through the sclera, and incubated the eyes for
24 h. Cationic PS NPs in the size range of 100-1000 nm aggregated in the vitreous and did
not distribute far from the needle track. In contrast, anionic and PEGylated (2 kDa) PS NPs
up to 1000 nm in size were able to diffuse away from the injection site, though the anionic
NPs diffused more slowly than similarly sized PEG-coated NPs. Having confirmed that
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PEGylation increased the mobility of NPs in the vitreous, they then tested non-PEGylated
and PEGylated DNA polyplexes. As expected, the non-PEGylated, cationic polyplexes
formed large, immobile aggregates in the vitreous, whereas the majority of the PEGylated
polyplexes were stable and mobile in the vitreous gel [179]. Xu and coworkers also
performed broad characterization of the barrier properties of the bovine vitreous, including
using the diffusion of PEG-coated NPs to characterize the pore structure of the vitreous gel
and the local length-scale dependent viscoelastic properties (see section 3.1 for more details
on these techniques) [180]. For these experiments, the bovine eyes were prepared within 3 h
of slaughter by removing the anterior portion of the eyeball and directly injecting NPs into
the vitreous. They also found that 200 nm cationic PS NPs were adhesively immobilized in
the vitreous. Anionic PS NPs 100 and 200 nm in size diffused rapidly, whereas 500 nm and
1000 nm anionic PS NPs were significantly hindered and too extensively aggregated to
track, respectively. In contrast, PS-PEG NPs 100, 200, 500, and 750 nm in size uniformly
diffused rapidly, and steric hindrance (no aggregation) was observed for 1000 nm PS-PEG.
This diffusional data for PS-PEG NPs was used to determine that the average pore size in
the bovine vitreous was 550 + 50 nm, with less than 2% of total pores as large as 1000 nm in
size. They then went on to demonstrate that conventional cationic PEI-based DNA NPs
aggregated and were immobilized in the vitreous, whereas highly compacted, PEG-coated
CK30PEG10x DNA NPs rapidly diffused through the vitreous gel [180].

3.6 PEGylation for improved nanoparticle-based vaccine delivery

As previously discussed, surface PEGylation is routinely used to reduce interactions
between NPs and cells, proteins, etc. in circulation to delay clearance. Thus, it is generally
assumed that surface PEGylation will also decrease desirable cell uptake, such as in the case
of NP-based vaccine delivery to antigen-presenting cells (APCs). Weaver and coworkers
explored the effects of surface PEGylation of human adenovirus serotype 5 (Ad5) on
intranasal immunization as a way to reduce neutralizing antibody inactivation of viral
vectors [181]. Amine-reactive PEG (5, 20, and 35 kDa) was used to PEGylate Ad5 vectors,
and the extent of surface PEGylation was determined by quantifying the amount of free
amines remaining on the viral surface. They found that 65-75% of the free amines on the
viral surface were conjugated to PEG, resulting in an increased in viral diameter. Viral
transduction, as measured by luciferase expression, was seen in the nasal cavity of naive
mice after intranasal administration; virus modified with 5 and 20 kDa PEG produced
approximately 50% of the expression of unmodified Ad5, whereas the transduction signal
achieved by virus modified with 35 kDa PEG was comparable to unmodified Ad5.
Similarly, the anti-luciferase antibody levels in serum after intranasal administration were
similar for virus modified with 35 kDa PEG and unmodified virus, but reduced for virus
modified with 5 and 20 kDa PEG. It was not clear why virus modified with 35 kDa PEG
provided similar efficiency as unmodified virus in naive animals. A key finding was that in
mice with pre-existing anti-Ad5 immunity, the viruses modified with 5 and 35 kDa PEG
were more effective than unmodified Ad5 for generating T cell responses when
administered intranasally as a prime/boost, suggesting that the PEG coating protected the
vectors from existing neutralizing antibodies against the virus [181]. Van den Berg and
coworkers explored the use of PEG to improve the efficiency of cationic DNA nanoparticle-
mediated dermal vaccination [182]. The high density of APCs in the skin makes it an
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attractive site for vaccine delivery, though the skin tissue ECM presents a steric and
adhesive barrier to NPs. Cationic non-PEGylated liposomes were prepared using DOTAP-
DOPE, and DSPE-PEG was incorporated to form PEGylated liposomes prior to
complexation with DNA to form lipoplexes. Polyplexes were formed between DNA and
cationic non-PEGylated and PEGylated poly(amido amine) (PAA) polymers with protonable
amino groups and bioreducible disulfide linkages in the main chain and hydroxybutyl
groups in the side chains. Using isolated human skin cells, they found that in vitro cell
transfection mediated by the non-PEGylated lipo- and polyplexes was increased compared
to naked DNA, yet naked DNA mediated far higher transfection than lipo- and polyplexes
after DNA tattoo application directly to ex vivo human skin. The authors hypothesized that
the interactions between the cationic NPs and the skin ECM led to the dramatic decrease in
transfection ex vivo compared to in vitro. In contrast, luciferase expression mediated by
lipoplexes in ex vivo human skin increased as the mol% of incorporated PEG increased.
Lipoplexes containing 17.5 mol% PEG achieved significantly higher luciferase expression
in human ex vivo skin over at least 18 h compared to naked DNA or non-PEGylated
lipoplexes. Similar results were observed for the PEGylated polyplexes compared to naked
DNA and non-PEGylated polyplexes. They then demonstrated in mice in vivo that mice
tattooed with the PEGylated lipoplexes and polyplexes had similar antigen-specific T cell
responses compared to mice tattooed with naked DNA, whereas the T cell response for non-
PEGylated lipo- and polyplexes was negligible. The authors speculated that further targeting
modifications to the PEGylated NP formulations may increase the immunogenicity
compared to naked DNA [182]. Qiao and coworkers explored PEGylation to reduce the
cytotoxicity of a cationic polymer, poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA) as a gene delivery vector for vaccination [183]. In vitro experiments
demonstrated that PEGylation dramatically reduced the cytotoxicity of the PDMAEMA
polyplexes, but reduced the transfection efficiency compared to PDMAEMA and PEI
polyplexes. However, in an in vivo prime/boost experiment where the polyplexes were used
for intranasal priming followed by an intramuscular boost with vaccinia virus carrying a
vector for the same antigen, the PEGylated PDMAEMA polyplexes provided increased
cellular and humoral responses than conventional PEI polyplexes or naked DNA.
Interestingly, they found that the PEG-PDMAEMA polymer itself stimulated murine
macrophages in vitro, even compared to the polyplexes and the PDMAEMA and PEI
polymers. The authors speculate that the PEG-PDMAEMA polymer also had some adjuvant
properties that contributed to the immune response in vivo [183]. Zhan and coworkers
explored the effect of PEG coatings on NP drainage to the lymph nodes and access and
uptake of NPs by APCs after subcutaneous administration [184]. They used 200 nm
carboxylate-modified PS NPs as fluorescent probes and conjugated 5 kDa PEG at varying
amounts to the NP surface; the size and {-potential of the NPs increased as the PEG surface
density increased. When NPs were injected into the hind footpad or the lateral torso of mice,
there was a non-significant trend toward increasing particle drainage to the lymph nodes
over the 7 days following injection with increasing PEG density. They then characterized
the cells in the draining lymph nodes that were able to take up NPs as a function of the
surface PEG content. They found that increasing PEGylation increased the relative ratio of
dendritic cells to B cells that contained NPs. Interestingly, PEGylation also increased the
amount of NPs internalized by all four dendritic cell subsets examined. The authors
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speculated that although PEGylation of NPs reduces cellular uptake by phagocytic cells in
vitro, the relative increase in the amount of PEGylated NPs that reached the draining lymph
nodes may have resulted in the relative increase in uptake [184]. Xie and coworkers
explored PEG modification of recombinant adenoviral (rAd) vectors to overcome the
vaginal mucus barrier for improved vaginal vaccination [185]. They synthesized two
cationic PEG derivatives to coat the negatively charged rAd with 2-5 kDa MW PEG. They
demonstrated that rAd with a 5 kDa PEG coating (5k-APC-rAd) provided a modest increase
in mucus penetration in an Ussing chamber set up and increased vaginal gene expression in
Depo-Provera-treated mice in vivo compared to non-PEGylated rAd. Using HIVVgag as a
model antigen, they went on to demonstrate that intravaginally administered 5k-APC-rAd
provided increased antigen specific cellular responses, increased levels of IgA in vaginal
lavage fluid, and increased antigen-specific serum 1gG compared to non-PEGylated rAd,
suggesting promise as an intravaginal gene delivery system for vaccination and other
therapeutic purposes [185].

3.7 Achieving efficient intracellular delivery while retaining dense PEGylation

Hydrophobic surfaces readily interact with lipophilic cell membranes, facilitating cellular
uptake of NPs. Amongst hydrophilic NPs, positively charged NPs are generally taken up
well by cells in vitro, due to the ample presence of negatively charged macromolecules, such
as anionic glycoproteins, on cellular surfaces. However, as described previously,
hydrophobic or cationic NPs are unable to retain colloidal stability in physiological
conditions and/or overcome a variety of extracellular barriers in vivo, and thus are unlikely
to efficiently reach target cells. The “stealth” property endowed by NP PEGylation that
minimizes undesired phagocytic clearance can also interfere with the ability of NP to
interact with and be internalized by target cells [186, 187]. Although as described in
previous sections, PEGylation can be optimized to provide increased delivery to target cells
by overcoming extracellular barriers, another approach to increasing intracellular delivery is
to incorporate targeting ligands to the terminal ends of the PEG chains [37]. In order to
balance the increased distribution of PEG-coated NPs in the brain with specificity to cancer
cells, Schneider and coworkers developed fibroblast growth factor-inducible 14 (Fn14)-
targeted NPs that were densely PEG-coated to avoid adhesion to the brain ECM [188]. Thus,
the antibody functionalized NPs would spread throughout the brain, but target Fn14-positive
glioblastoma cells to minimize delivery to healthy cells. They first confirmed that the
antibody functionalization did not affect the stealth properties of the PEG-coated NPs in the
brain. They then demonstrated that although PEG-coated NPs (CNP) and PEG-coated
particles with the antibody functionalization (CNP-ITEM4) spread throughout the mouse,
the CNP-ITEM4 NPs showed more overlap with luciferase-expressing glioblastoma tumor
cells after direct injection to the brain [188]. Likewise, PEGylated cyclodextrin-containing
polymer (CDP)-based NPs decorated with transferrin (Tf) for targeting mediated enhanced
blood circulation and gene transfer to cancer cells in vivo compared to non-PEGylated CDP
NPs and non-targeted, PEGylated CDP NPs, respectively [189]. The blood circulation times
were comparable between non-targeted and Tf-targeted PEGylated CDP NPs, implying that
the incorporation of Tf did not compromise the stealth properties of the PEG coating.
Further, these Tf-targeted, PEGylated CDP NPs (i.e. CALAA-01) have been shown to be
well-tolerated in a phase I clinical trial [190]. PLA-PEG NPs decorated with SS-2-[3-[5-
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amino-1-carboxypentyl]-ureido]-pentanedioic acid to target prostate-specific membrane
antigen (PSMA) (i.e. BIND-014), also currently under clinical investigation, were shown to
provide prolonged blood circulation, as well as enhanced cancer cell uptake [191]. However,
it should be noted that coupling of targeting ligands, particularly at high ligand densities, can
potentially reintroduce non-specific interactions that PEG coatings are meant to reduce, and
potentially elicit immune responses [187]. Alternatively, endocytosis of PEGylated NPs can
be increased simply by modulating NP size; smaller PEGylated NPs have shown increased
cellular uptake compared to larger but similarly PEG-coated NPs [192, 193]. In vitro cellular
uptake of small (<100 nm) PEGylated polymeric gene vectors was found to be
indistinguishable from that of non-PEGylated cationic polymeric gene vectors [90, 171].
The findings here suggest that PEGylation did not inhibit cellular interactions and
subsequent endocytosis of these NPs. Importantly, smaller PEGylated NPs have exhibited
superior resistance against phagocytosis compared to otherwise identical larger NP [49, 53,
66, 67]. Of note, it has also been observed that PEGylated NPs may be internalized by cells
by alternative mechanisms; clinically tested DNA NPs based on CK3gPEG1gk have been
shown to access the nucleolin pathway for cell entry [194].

NPs taken up by cells encounter a molecularly crowded cytoplasm. Cytoplasmic transport of
NPs can be largely hindered by cytoskeletal elements and cellular organelles by adhesive
interactions and/or steric obstruction. PEGylated NPs directly injected into the cytoplasm
demonstrated increased diffusion rates compared to non-PEGylated NPs, likely by reducing
adhesive interactions between NPs and intracellular components [195]. However,
PEGylation often compromises the ability of NPs to escape endosomes, which is a required
step prior to entering the cell cytoplasm [186]. PEGylation has been shown to sterically
interfere with membrane fusion of lipid-based NPs, resulting in the poor endosome escape
[90, 196]. Likewise, reducing PEG content enhanced escape of polymeric micelles from
acidic intracellular vesicles (i.e. endo- and lysosomes) [41]. This is a critical challenge that
must be addressed, since many NP formulations are intended to be internalized by target
cells. Although incorporation of endosomolytic moieties may promote endosome escape of
PEGylated NPs, this approach may add complexity to the formulation and delivery
processes. Alternatively, NPs can be coated with sheddable PEG coatings with
environmentally-sensitive, cleavable linkages. Following endocytosis, PEG chains
conjugated via acid-labile, reducible and/or proteolytic linkers, can be liberated from the NP
surface in intracellular vesicles; this approach has been extensively reviewed elsewhere
[187].

4. Methods for nanoparticle PEGylation and quantification of PEG surface

density

In this section, we highlight the various techniques that can be employed for formulating
PEGylated NPs with a primary focus on polymeric formulations followed by a brief
discussion of lipid-based and micelle type NPs. In general, the methods either involve self-
assembly of PEG-containing molecules, or surface modification of preformed NPs with
PEG. As described in previous sections, the surface density of PEG on NPs is a key factor
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that influences delivery, so here we also describe methods for quantification of PEG surface
density.

4.1. Self-assembly from PEG-containing molecules

PEG is hydrophilic, so when linked to hydrophobic molecules such as polymers and lipids,
the PEG-containing molecules are amphiphilic in nature and will self-assemble. There are
two basic approaches used to formulate PEGylated NPs by self-assembly: nanoprecipitation
(also called solvent diffusion) and emulsification (also called solvent evaporation or
nanoemulsion). Nanoprecipitation has been widely used to prepare long-circulating
PEGylated biodegradable NPs for controlled delivery of therapeutics through intravenous
injection [197-200]. It is a one-step formulation procedure without the need of high energy
or high shear. In the nanoprecipitation method, PEG-containing molecules are dissolved
together with drugs in a water-miscible organic solvent or solvent mixture (such as acetone,
acetonitrile and tetrahydrofuran). The organic phase is then slowly dispersed into an aqueous
phase with or without surfactants. The hydrophilic PEG chains will partition towards the
aqueous phase at the nanoparticle surface, and the hydrophobic segments will separate from
the aqueous phase to form the NP core. Particle size and PEG density can be controlled
through the change of the composition and concentration of the organic solution. In a
targeted cancer therapy study, the optimal drug release profile, range for surface aptamer
content, and maximal stealth properties were precisely controlled through the blending of
PLGA-PEG and PLGA-PEG-aptamer using the nanoprecitation method [198].

One limitation of the nanoprecipitation method is that the drug and PEG-containing
molecules must be dissolved in the same water-soluble organic solvent mixture. Certain
biologics that are poorly soluble or unstable in water-miscible organic solvents can be
challenging to encapsulate into PEGylated NPs with high active drug loading. Furthermore,
the nanoprecipitation method typically provides decreased drug loading compared to other
encapsulation methods; only 1 wt% docetaxel loading into PLGA-PEG NPs could be
achieved using nanoprecipitation [191]. Nanoprecipitation also requires the dropwise
addition of the water-miscible organic phase into a larger quantity of aqueous phase,
resulting in slow and uncontrolled mixing. Uncontrolled mixing can result in incomplete
self-assembly and the potential for PEG chains to remain buried within the NP core rather
than fully partitioning to the NP surface [201]. Xu and coworkers measured the PEG surface
density of PLGA-PEG NPs prepared by nanoprecipitation and found that ~89% of the
incorporated PEG was located on the NP surface [140]. One potential approach for
improving the PEG partitioning, as well as reducing polydispersity of NPs formed by
nanoprecipitation is to use microfluidics (Fig. 7A) [201]. The hydrodynamic flow focusing
provided by microfluidics can result in complete, rapid mixing of the organic phase with the
aqueous phase, providing more complete PEG partitioning and smaller, more uniform NP
size (Fig. 7B) [201]. Furthermore, many microfluidic devices can be parallelized to make it
possible for continuous synthesis and scale-up for clinical scale production [202].

The emulsification method involves dispersing PEG-containing molecules dissolved in a
water immiscible organic phase into an aqueous phase, with the help of emulsifiers, under
homogenization or sonication. As the organic solvent is gradually evaporated, the
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hydrophilic PEG chains will partition towards the oil/water interface in the emulsion
droplets. The relatively slow solidification of the emulsion droplets allows the PEG chains
to more fully partition to the NP surface; Xu and coworkers observed that nearly 100% of
the PEG in PLGA-PEG NPs prepared by the emulsification method was located at the NP
surface, resulting in a more dense surface PEG coating than that achieved using
nanoprecipitation [140]. Additionally, the emulsification method typically provides
increased drug loading in comparison to the nanoprecipitation method. For example, up to
20 wt% docetaxel loading was achieved in PLGA-PEG NPs [203]. Further, the emulsion
method can be implemented on the industrial scale using homogenization, sonication,
mixing, and microfluidics. There are also a large variety of complex emulsion structures that
can be used for NP formulation, including water/oil/water (w/o/w), solid/oil/water (s/o/w),
o/o/w, etc. [201]. Using these complex emulsion structures, NPs have been formulated
loaded with water-soluble drugs (proteins, peptide, nuclide acids, and small molecules) and
water-insoluble drugs. Drawbacks to the emulsification method include high shear and high
energy requirements, which may potentially denature sensitive drugs and biologics.
Diffusion and evaporation of the organic solvent from the emulsion droplets can cause drugs
to accumulate at the particle-water interface, leading to burst release [201].

When preparing NPs by emulsification, the emulsifying agent plays a key role in stabilizing
the emulsion during the solidification process. Without a suitable emulsifier, aggregation,
high polydispersity, and reduced drug encapsulation can occur. Polyvinyl alcohol (PVA) is
the most commonly used emulsifier for making both PEGylated and non-PEGylated NPs. It
has been proposed that the interpenetration of PVA into the hydrophobic emulsion droplets
contributes to the strong stabilization effect, resulting in entrapment into the core matrix of
the NPs [204]. Thus, it is very difficult to wash residual PVA from the NP surface
[204-206]. The amount of PVA associated with NPs depended on the type of NP, the PVA
structure, the PVA concentration, the NP size, and the formulation procedure. As much as
13 wt% of PVA residue was reported for PLA NPs [205]. Considering that numerous reports
studying NP PEGylation used NPs prepared by the emulsification method using PVA of
various MW and degrees of hydrolysis, it is possible that the outcomes could have been
influenced by the residual PVA [207-211], which may partially mask the stealth properties
of these PEGylated NPs. Xu, Yang and coworkers studied the effect of PVA on the
interactions of PEGylated NPs with human mucus, and found that the existence of residual
PVA on the NP surface rendered even densely PEG-coated NPs mucoadhesive [137, 212].
They then went on to explore the use of various small molecule emulsifiers, such as cholic
acid (CHA), sucrose esters and dioctyl sulfosuccinate sodium, to prepare the PLGA-PEG
NPs [137]. The small molecular emulsifiers could produce stable emulsions without
affecting the PEG surface coating (Fig. 8) [137]. In particular, CHA was used to produce
PLGA-PEG NPs as small as 80 nm a PEG surface density of ~13.9 PEG5, molecules per
100 nm?2 [137]. In addition to rapidly penetrating mucus [137], these PEGylated NPs could
penetrate the ECM of brain and brain tumor tissue [170]. Of note, the BIND-014 in clinical
trials utilizes CHA as the emulsifying agent [203].

Polyplexes are core-shell structures formed by the condensation of PEG-polycation or PEG-
lipid with plasmid DNA, and the driving force for self-assembly is the electrostatic
interactions between the phosphate groups of the DNA and the cationic groups of the PEG-
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containing molecules. PEG can be covalently linked to one side of the cationic segment to
form block copolymers, or PEG molecules can be grafted to the sides of cationic segments
to form a comb-like structure. Copolymer structures showed strong influence on the
physiochemical properties and the biological activities of polyplexes. In the latter case of
PEG-grafted polycations, the amount of PEG grafting must be optimized to not interfere
with the condensation and NP formation process. When the amount of 5 kDa PEG grafted
onto PEI was increased, complexation of DNA was impeded and a less compact polyplex
was formed [80]. In contrast, when 20 kDa PEG was grafted to form a PEG-PEI block
copolymer, it formed small and compact nanostructures when complexed with DNA [80].
However, the block copolymer approach may not provide sufficient NP PEG surface
density. As discussed in section 3.2, Boylan and coworkers found that DNA polyplexes
formed from CK3g-PEG1gk block copolymers did not have dense enough PEG coatings to
shield interactions with human CF sputum [147]. To overcome this limitation, Suk and
coworkers prepared densely PEG-coated DNA polyplexes by blending PEG-grafted-PEI
with unmodified PEI at a controlled ratio. These PEGylated polyplexes were sufficiently
coated with PEG to allow for rapid penetration of human CF sputum, whereas polyplexes
formed entirely from PEG-grafted-PEI were large and unstable [150].

PEGylated liposomes or polymersomes are also often formed by self-assembly processes,
also called the pre-insertion approach. Liposomes can be prepared by thin film hydration
with an aqueous medium with the help of sonication, extrusion or freeze-thaw processing
[213]. PEG-containing lipids added during the self-assembly process will insert into the
bilayer with the hydrophilic PEG chains extending toward the aqueous phase. For
liposomes, this means that PEG can partition to the inner and outer sides of the lipid bilayer.
PEG on the liposome interior does not contribute to the PEG surface coating, and may
interfere with drug loading. To overcome this limitation, PEG can also be incorporated by
post-insertion or post-conjugation methods (see next section). PEG density on the liposome
surface can be controlled by changing the ratio of PEG-lipids to unmodified lipids, the type
of PEG-lipid conjugate, and the molecular weight of PEG used for self-assembly. The
presence of PEG on the liposome surface can prevent aggregation of liposomes, though
incorporating too much PEG can compromise liposome formation and stability. Yu and
coworkers reported that when the PEG-lipid conjugate content was increased to 12 mol%,
both the drug loading and in vivo vaginal distribution was reduced [139].

modification of nanoparticles with PEG chains

Modifying preformed NPs with PEG can guarantee that all of the grafted PEG molecules
will be present on the NP surface. In the physical adsorption strategy, PEG-containing
molecules are dissolved in an aqueous phase and interactions with the NP surface are driven
by hydrophobic interactions, electrostatic interactions, or ligand-binding. Pluronics are a
class of polyethylene oxide-b-polypropylene oxide-b-polyethylene oxide (PEO-PPO-PEQ)
triblock copolymer, where the hydrophobic PPO segment is flanked by two hydrophilic PEO
(here PEO is equivalent to PEG) chains. Pluronic molecules can adsorb on hydrophobic NP
surfaces by hydrophobic interactions between the PPO segment and NP surface [133, 135].
Yang and coworkers observed that the PPO chain length played an important role in binding
to the NP surface [133]. A dense PEG surface coating sufficient for NP diffusion in human
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mucus was only achieved with Pluronics with a PPO chain ~3 kDa in MW [133].
Additionally Vitamin-E-TPGS-PEG [214-218], fatty-acid-PEG esters [219], phospholipid-
PEG [220] and others can be absorbed on polymeric nanoparticles and inorganic
nanoparticles to form a PEG corona. NPs with charged surfaces can be coated with
oppositely-charged PEG-containing molecules through electrostatic interactions. For
example, PEG-cationic block polymers such as PEG-PLL and PEG-PEI can bind to
negatively charged PLGA NPs [221]. Although these physioadsorption procedures are a
simple way to prepare PEGylated nanoparticles, the binding of PEG molecules on the NP
surface is a weak non-covalent linkage, so the PEG can get desorbed from the NP surface.
Furthermore, it is difficult to separate and remove the non-adsorbed PEG from the adsorbed
PEG. Biotinylated PEG can bind to avidin-functionalized NPs to form a more stable PEG
coating via protein-ligand interactions [131, 222]. Biotin-avidin interactions can also be used
to attach targeting ligands or drugs to the NP surface [222]. However, the unintended
consequences on delivery and translational limitations arising from having avidin/biotin on
the NP surface must also be considered.

PEGylated NPs can also be produced by chemical conjugation of PEG molecules to
preformed NPs (also called grafting). This approach has been taken to produce PEGylated
PS NPs [130, 223], PEGylated dendrimers [149, 224-226], and PEGylated gold NPs [20,
227]. However, steric limitations can limit the density of PEG that can be grafted to the NP
surface. Nance and coworkers determined optimized reaction conditions for obtaining
sufficiently dense methoxy-PEG-amine coatings on carboxyl-modified PS NPs for
penetration of brain tissue ECM, which required higher PEG density than that required for
penetration through human mucus [169]. Chemical conjugation approaches are also limited
by potential drug leakage from the pre-formed NPs, and batch-to-batch variation.

PEG-lipid conjugates can be inserted into pre-formed liposomes, as the hydrophobic lipid
tail preferentially inserts into the lipid bilayer. The concentration of PEG-lipids added
should be below the critical micellar concentration to avoid the formation of micelles, and
the PEG-lipid solutions should be slowly added at temperatures close to the melting
temperature of the lipids [228]. The post-insertion approach allows for modification of the
outer surface of liposome bilayer, rather than allowing random insertion of PEG into the
liposome interior as may occur with self-assembly. Thus, the post-insertion method has been
demonstrated to require less PEG-lipid conjugate to achieve similar surface PEGylation to
the pre-insertion method and provided longer blood circulation half-life [229]. The post-
conjugation method can also be used to prepare PEGylated liposomes, especially when
modifying the surface with targeting ligands. The fragile nature of liposomes requires
selective and efficient reactions that are suitable for mild reaction conditions, such as
reaction between activated carboxyl groups and amino groups, reaction between
pyridyldithiols and thiols, and reaction between maleimide and thiols [230]. “Click”
chemistry as also been used for PEG post-conjugation, such as reactions between alkynyl
groups on the liposome surface and azide-functionalized PEG [231, 232].
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4.3 Quantification of PEG surface density

Many methods have been used to either qualitatively determine the presence of PEG on the
NP surface or quantitatively measure the PEG surface density. After PEGylation,
nanoparticles will show changes in physiochemical properties, such as surface charge [133],
hydrodynamic diameter [221], hydrophilicity [233] and protein binding capability [20]. By
monitoring changes in these physiochemical properties, surface PEGylation can be
confirmed. For example, grafting PEG on PS NPs resulted in a slight increase of the NP
diameter (from 217 nm to 231 nm), and a dramatic decrease in the surface charge (from -59
mV to -2 mV) [130]. These indirect methods only provide qualitative information about the
relative degree of PEGylation, but fail to quantify PEG density. The advantage of these
indirect methods is that these physiochemical properties can be routinely measured in
laboratory.

Direct methods have been developed and optimized in order to get the quantitative
information about the extent of NP surface PEGylation. Thermogravimetric analysis (TGA)
is able to measure PEG content as the difference in mass before and after PEGylation due to
thermal decomposition, but it is limited to inorganic materials and requires a large sample
amount [234]. The reaction of functionalized PEG (with end groups such as -SH, -NH,, etc)
labeled with molecules or dyes that can be detected by absorbance or fluorescence, can be
used to measure the amount of un-reacted PEG in the supernatant and indirectly calculate
the amount of PEG grafted on the NP surface [20, 235]. A similar method was used to
quantify surface PEG density on PRINT (particle replication in non-wetting templates) NPs
by measuring un-reacted fluorescein-PEG in the supernatant [236]. Measuring the amount of
ligand conjugated to PEG on the NP surface can provide information about the PEG density
and the ligand density [237]. Alternatively, nuclear magnetic resonance (NMR) was applied
to assess the surface PEG density of polymeric NPs both qualitatively and quantitatively
(PEG peak typically observed ~3.65 ppm) [52, 137, 238, 239]. When NPs were dispersed
within the NMR solvent D,0, only the surface PEG, not the PEG buried within the core,
could be detected by NMR [158, 239, 240]. Xu and coworkers also described a modified
NMR method for determining the surface PEG density in which an internal standard (3-
(trimethylsilyl)-1-propanesulfonic acid) was used to generate a calibration curve for PEG
[137]. The NPs were directly prepared in the D,O solution containing the internal standard
to avoid the potential of NP aggregation caused by the standard approach of lyophilizing
NPs and reconstituting in the NMR solvent [137]. In contrast, when PEGylated
nanoparticles were prepared by the surface modification method, the surface PEG density
could be quantified by directly dissolving the freeze-dried NPs in a deuterated organic
solvent containing an internal standard, because all PEG in the formulation is assumed to be
on the NP surface [169]. The NMR quantification method is fairly easy, fast, cheap, and
suitable for routine laboratory quality control.

Other methods have also been applied to measure the surface PEG on PEGylated NPs, such
as x-ray photoelectron spectroscopy (XPS) [241], anti-PEG antibody binding [242-245], and
chromatographic measurements [246] [247]. XPS provides elemental information about the
upper layer of the dried particles (~8-10 nm depth from the surface) with a significant error
margin (~10 to 20%), and the PEG chains are in the collapsed status during XPS
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measurements. Therefore, XPS can provide relative surface chemical composition, rather
than a surface PEG density quantification. Anti-PEG antibodies can specifically bind to PEG
or PEG-containing molecules with high sensitivity (picomolar range), and can potentially be
used to quantify PEG density in complex biological conditions [243-245]. However,
reaction of PEG antibodies can potentially be affected by steric interactions between densely
packed neighboring PEG chains. Free/unreacted PEG can be detected by a refractive index
(RI) detector [248] or evaporative light scattering detector [246], which both allow for
quantification of the content of free PEG after chromatographic separation, such as HPLC.
Chromatographic methods can be used to quantify PEG content without modification or
conjugation to a dye, though they are limited by sensitivity to contaminants, unstable
baselines, and high detection limits when the RI detectors are used. The combination of
evaporative light scattering detection and LC-MS was shown to have better sensitivity with
less interference than an RI detector alone [247].

5. Conclusion

Building on the success of protein PEGylation for improved systemic delivery of therapeutic
proteins, PEGylation of NPs has also proven to be a highly effective approach for improving
systemic delivery of therapeutic cargo. Furthermore, we highlighted here how NP
PEGylation has also been used as an approach to overcome various extracellular barriers
associated with other modes of administration, ranging from mucosal delivery to delivery to
brain tissue. Undoubtedly, PEG coatings will continue to be a mainstay in the design of NP
for drug and gene delivery applications, which will facilitate continued studies into how the
properties of PEG coatings impact NP biodistribution and clearance from the body. It is
unclear what role the emerging PEG alternatives will play as more NP-based products are
translated to the clinical setting, but further investigation of the potential immunogenic
properties of PEG coatings as a function of molecular weight, functional group, surface
density, NP core properties, dosing frequency, etc. will certainly lead to more efficacious
products. Importantly, much more investigation into the impact of these properties on the
systemic administration of polymeric NPs to complement the extensive literature on lipid-
based NPs is needed.
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Figure 1.

Dense PEG coatings provide improved brain tissue penetration and extended circulation
time, leading to improved delivery to the brain with focused ultrasound (FUS). (A) Densely
PEG-coated 60 nm PS-PEG NPs spread widely throughout brain tissue when administered
locally to the brain, which is necessary for distributing throughout the tissue after crossing
the BBB. (B) PS-PEG NPs remained in systemic circulation, whereas uncoated PS-COOH
NPs accumulate in the liver. (C) Long circulating PS-PEG NPs were delivered across the
BBB using reversible opening by FUS, leading to NP penetration and widespread
distribution throughout brain tissue. Adapted with permission from [35].
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Figure 2.
The effect of surface PEG surface density on the uptake of polystyrene NPs by macrophages

in vitro and circulation time in the blood in mice in vivo. (A) Phase diagram mapping NP
uptake by differentiated human THP-1 cells as a function of PEG MW and coating density.
A “dense brush” was most effective at reducing macrophage uptake in vitro. (B) The amount
of NPs and NPs coated with PEG at various grafting densities circulating in the blood of
mice over time, as observed using intravital microscopy. The Re/D values required for
extended circulation time in vivo were increased compared to the PEG density required for
reduced cell uptake in vitro. (C) Biodistribution of the various NP formulations 2 h after
intravenous injection. Increased PEG surface density led to decreased accumulation in the
liver. Adapted with permission from [51].
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Figure 3.
Novel alternative approaches to PEGylation for increasing the systemic circulation time of

NPs. (A) PS NPs were attached to red blood cells via reversible electrostatic and
hydrophobic interactions, prolonging systemic circulation time and increasing accumulation
in the lungs. Adapted with permission from [115]. (B) Attaching minimal “self” peptides
designed to mimic the “marker of self”, CD47, to the surface of PS NPs led to increased
circulation time and enhanced tumor accumulation compared to control NPs. Adapted with
permission from [116].
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The impact of PEG surface density on interactions with mucus in vitro, ex vivo, and in vivo.
A polymer blending approach was used to produce biodegradable PLGA NPs of similar size
with increasing PEG surface densities. Above a certain threshold (5% target PEG content for
this formulation), NPs were more stable in mucin solution in vitro, diffused rapidly in
human cervicovaginal mucus ex vivo, and distributed more uniformly over the vaginal
surface of mice in vivo. A dense PEG coating protected the NP surface from interactions
with mucus, leading to more uniform delivery to the mucosal surface. Adapted with

permission from [135].
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Figure 5.
The effect of PEG surface coatings on the behavior of biodegradable PBAE-based DNA-

NPs invitro, ex vivo and in vivo. (A) PEG-coated PBAE-MPP remained stable in BALF at
37°C, whereas uncoated PBAE-CP rapidly aggregated. (B) PBAE-MPP diffused rapidly in
freshly expectorated CF sputum, whereas PBAE-CP were largely hindered or immobilized.
Immobilization in CF sputum correlated with poor distribution of (C) PBAE-CPs in the
airways of mice in vivo, whereas (D) PBAE-MPPs distributed more uniformly in the mouse
trachea. Adapted with permission from [146].
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Figure 6.
The impact of PEG surface coatings on the distribution of lipoplexes injected into bovine

vitreous. Non-PEGylated lipoplexes aggregated extensively upon injection into bovine
vitreous. Some improvement in distribution was observed with PEGylated lipoplexes
containing 4% PEGylated lipids, but aggregation throughout the vitreous was still observed.
In contrast, lipoplexes containing 17% PEGylated lipids spread diffusely upon injection into
bovine vitreous. Adapted with permission from [172].
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(A) A schematic showing the hydrodynamic flow focusing to form nanoparticles by
nanoprecipitation in a microfluidic device. (B) A schematic illustrating slow mixing in
traditional nanoprecipitation and rapid mixing during microfluidic nanoprecipitation.
Adapted with permission from [194].
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Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 April 01.

Page 58



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Suk et al.

Page 59

PEG low MW emulsifier

(MPP)

Nanoparticle core

Figure 8.
The impact of emulsifiers on the PEG surface layer of NPs formulated using an

emulsification method. The use of low MW emulsifiers resulted in dense PEG coatings on
NPs, facilitating rapid penetration through mucus (mucus penetrating particles, MPP);
whereas, conventional high MW emulsifiers disrupted the PEG coating, resulting in
adhesive interactions and immobilization in mucus (conventional particles, CP). Adapted
with permission from [132].
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