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Nanoparticle PEGylation for imaging and therapy

Nanoparticles (NPs) are synthetic materials with 
dimensions from one to hundreds of nanometers, 
and remarkable applications in biomedicine due 
to the unique way in which they interact with 
matter [1,2]. There are currently more than 35 US 
FDA-approved NPs often incorporating poly-
ethylene glycol (PEG), with a larger number in 
preclinical studies for both imaging and therapy 
(Figure 1A) [1,3–9]. NPs have large payloads, stabil-
ity, avidity, signal enhancement and the capacity 
for multiple, simultaneous applications owing to 
their unique size and high surface area:volume 
ratio [10]. While they are bigger than molecules 
and many proteins, yet smaller than cells, they 
behave differently to other therapies and imaging 
agents, affecting their in vivo applications. For 
example, in cancer tissue, NPs not only extrava-
sate from the leaky tumor vasculature to a higher 
degree than healthy tissue, but also remain in the 
area by the enhanced permeability and retention 
(EPR) effect [11]. NPs lodged in the tumor can 
then perform signaling and/or therapy [10]. 

Despite these advantages, some fundamental 
challenges hamper NP deployment to the clinic. 
These include uptake by the reticuloendothelial 
system (RES), in which NPs are rapidly shut-
tled out of circulation to the liver, spleen or 
bone marrow, and nonspecific binding of NPs 
to nontargeted or nondiseased areas. Concerns 
about NP toxicity often arise because of this 
RES accumulation. Aggregation can lead to NP 
entrapment in the liver, lungs or elsewhere due 
to capillary occlusion [12]. 

The addition of PEG to the NP surface 
(PEGylation) can reduce many of these challenges 
(Figure 1B). PEG is a coiled polymer of repeating 

ethylene ether units with dynamic conformations 
(Figure 1C). In both drug-delivery and imaging 
applications, the addition of PEG to NPs reduces 
RES uptake and increases circulation time versus 
uncoated counterparts [13]. Aggregation decreases 
owing to passivated surfaces, and association with 
nontargeted serum and tissue proteins is dimin-
ished, resulting in so-called ‘stealth’ behavior. 
The PEG chains reduce the charge-based con-
tact typical of proteins and small-molecule inter
actions. Solubility in buffer and serum increases 
due to the hydrophilic ethylene glycol repeats 
and the EPR effect is modulated due to NP size 
changes via addition of a PEG coat [14,15]. Due to 
these attributes, PEGylated NPs generally accu-
mulate in the liver a half to a third of the amount 
of non-PEGylated NPs and demonstrate higher 
tumor accumulation versus background [16]. PEG 
is inexpensive, versatile and FDA approved for 
many applications [12].

This article summarizes PEG utilization 
in NP systems. Rather than a comprehensive 
review, it is an introduction to the many factors 
that need consideration in a PEGylation pro-
tocol. Emphasis will be given to the selection 
of proper PEG type, methods to quantify the 
amount of PEG per NP, and the effect these vari-
ables have on in vivo behavior. Attention is given 
to NPs deployed for imaging and drug-delivery 
applications. Excellent reviews on protein and 
peptide PEGylation exist in the literature [17]. 

Mechanisms of PEG action
All NPs contain at least two fundamental 
spatial components: the core and the corona 
that interact with the environment or solvent. 

Nanoparticles are an essential component in the emerging field of nanomedical imaging and therapy. 
When deployed in vivo, these materials are typically protected from the immune system by polyethylene 
glycol (PEG). A wide variety of strategies to coat and characterize nanoparticles with PEG has established 
important trends on PEG size, shape, density, loading level, molecular weight, charge and purification. 
Strategies to incorporate targeting ligands are also prevalent. This article presents a background to 
investigators new to stealth nanoparticles, and suggests some key considerations needed prior to designing 
a nanoparticle PEGylation protocol and characterizing the performance features of the product.
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While core/shell, core/multishell systems add 
further complexity, for example [18], all still 
possess an area in which NP interfaces with 
the solvent (Figure 1B). PEG chains modify this 
interface layer and increase circulation time. 
Circulation half-time (t

½
) describes blood pool 

residence and is the period over which the con-
centration of circulating NPs remains above 
50% of the injected dose, analogous to a drug’s 
half-life [19]. NP efficacy requires sufficient t

½
 

to not only reach the target, but also remain in 
the affected area (at concentrations sufficiently 
above background tissue) long enough for 
image capture or drug delivery. The RES sys-
tem prevents site-specific accumulation because 
it removes the NPs from circulation, acting as 
a competitor to the intended target site [20]. In 
addition, the NPs must clear from the non-
targeted area to produce imaging contrast or 
dosing efficiency. 

The ideal t
½
 is dependent on application. In 

imaging, 2–6 h is optimal for injection, accu-
mulation at targeted site, clearance from nontar-
geted areas and data collection. The ideal circu-
lation time for therapeutic NPs is longer (days) 
to allow repeated exposure to affected area. 
Unfortunately, this can also expose healthy 
organ systems to the drug and is the motivation 
for targeted NPs, as such systems preferentially 
accumulate in the diseased area. 

Approaches to measuring t
½
 vary with NP 

type. When labeled with radionuclides, g count-
ing of either specific organ systems or blood aliq-
uots determines NP circulation time. One limi-
tation is dissociation of radionuclide from NPs; 
however, radioactivity measurements may always 
be carried out noninvasively [21]. Measurement of 
t

½
 via fluorescence, Raman, inductively coupled 

plasma or chromatography/mass spectrometry is 
very specific to the NP, but requires sequential 
sampling of the blood pool. 

The RES is an immune system component, 
utilizing circulating macrophages and mono-
cytes, liver Kupffer cells and spleen and other 
lymphatic vessels to remove foreign material, 
such as bacteria and viruses, from the body 
[20]. Figure  2 illustrates how opsonin proteins 
associate with foreign bodies and coat its sur-
face [22]. As bacteria and viruses have the same 
negative surface charge as phagocytic cells, 
opsonins are critical to reducing the charge 
repulsion between the two systems [13]. Next, 
phagocytic cells engulf the material and trans-
port it to the liver or spleen for degradation and 
excretion (Figure 2 A3–A4). Additional phagocytic 
macrophages are permanently located in the 
liver. Known as Kupffer cells, these cells serve 
as a major filter for many types of NPs and 
are a major interference with long t

½
 [23]. The 

PEG polymer on a NP surface increases t
½
 by 
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Figure 1. Nanoparticle applications of polyethylene glycol. (A) The use of NPs in imaging 
involves different modalities, including optical and radionuclide techniques. In therapy, diverse NPs 
carry a range of payloads, including radiotherapy, nucleic acids and small molecules. (B) PEGylated 
NP, indicating a firmer metallic or polymeric core (yellow) with a surrounding cloud of flexible PEG 
chains (red). (C) Monomers of ethylene glycol are polymerized into PEG for NP coating. PEG contains 
the linkage group (R1) and a terminus that interacts with solvent (R2).
NP: Nanoparticle; PEG: Polyethylene glycol.
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reducing this opsonization process (Figure 2B2), 
thus preventing recognition by monocytes and 
macrophages, allowing the NPs to remain in the 
blood pool [13,22]. Hydrophobic particles are also 
more vulnerable to the RES and hydrophilic 
PEG reduces these complications [22]. 

In addition to NP–RES interactions, poor t
½
 

can also result from NP–NP interactions (i.e., 
aggregation). NPs aggregate primarily because 
the attraction between particles is stronger than 
the attraction for solvent [13,24]. NPs with a 
high surface energy have a greater tendency to 
aggregate as described by the Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory [25,26]. For 
spherical NPs, the interaction potential is related 
to the electrostatic repulsive potential and the van 
der Waals attraction potential [26]. PEG decreases 
the surface energy of NPs and minimizes van der 
Waals attraction [27–29].

Aggregation can be induced by solvents of 
high (>100 mM) ionic strength (shielding of sol-
vent from NP), highly concentrated solutions of 
NPs (less distance between the NPs), time from 
synthesis, or NP preparations with a very neutral 
(~±5 mV) zeta potential [30]. PEG decreases the 
amount of attraction between NPs by increasing 
the steric distance between them and increas-
ing hydrophilicity via ether repeats forming 
hydrogen bonds with solvent. Other benefits to 
PEGylation include modifying the size of the 

particle. The reduced renal filtration of particles 
larger than 10 nm increases t

½
; however, at too 

large a size (>100 nm), liver uptake increases and 
EPR extravasation may decrease [31]. PEG modi-
fies the NP flexibility and the NP can become 
‘softer’ after PEGylation than the underlying 
material, influencing extravasation. 

PEG applications
Prior to NP applications, PEG was used as a 
nontoxic, water-soluble dispersant/stabilizer. 
Also known as Carboxwax®, it is present in 
health and beauty aids, including laxatives, 
toothpastes and eye drops, and is an excipient 
in tablet formulations [32]. PEG stabilizes organ 
and blood donations. 

Early work with PEGylated NPs stemmed 
mostly from drug delivery [16,33–36]. One of 
the first reports on PEGylation was described 
by Davis and Abuchowski [37,38], where they 
covalently attached methoxy-PEGs (mPEGs) 
of 1900 and 5000 Da to bovine serum albu-
min and to liver catalase. Later, acrylic micro-
spheres functionalized with PEG-modified 
human serum albumin increased t

½
 in vivo [39]. 

Li and colleagues found that 75-nm latex parti-
cles remained in rat circulation 40-times longer 
(half-life 20 min vs 13 h) when coated than 
uncoated with PEG larger than 5000 kDa [33]. 
Klibanov and Huang found that incorporation 
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Figure 2. Polyethylene glycol prevents uptake by the reticuloendothelial system. (A) Nanoparticles (A1) are coated with 
opsonin proteins (A2) and associate with macrophages (A3) for transit to the liver (A4). Macrophages stationary in the liver, known as 
Kupffer cells, also participate in nanoparticle scavenging. (B) Nanoparticles coated with PEG coating (B1) prevents this opsonization 
(B2), resulting in decreased liver accumulation (B3) and increased availability of the NP for imaging or therapy.
NP: Nanoparticle; PEG: Polyethylene glycol.
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of dioleoyl N-(monomethoxy polyethyleneglycol 
succinyl) phosphotidylethanolamine (PEG-PE) 
into posphatidylcholine:cholesterol liposomes 
(1:1) increased t

½
 from 30 min to 5 h without 

increasing leakage of the liposome interior [35]. 
In the mid-1990s, Doxil® (liposomal delivery 
vehicle for doxorubicin) and oncospar (PEG-l-
asparaginase) became the first FDA-approved 
NP therapeutics  [40]. Doxil increases doxoru-
bicin bioavailability nearly 90-fold at 1 week 
from injection of PEGylated liposomes versus 
free drug [41]. The use of PEG on the doxorubicin 
carrier yields a drug half-life of 72 h with circula-
tion half-life of 36 h [42,43]. Later, Abraxane® was 
introduced as an albumin-functionalized NP for 
delivery of taxane without cremphor to enhance 
drug efficiency [44].

Considerations on PEGylation
The PEG monomer and the basic structure of 
the polymer are shown in Figure 1C. Most PEG 
molecules contain the following components: 
one end (designated R

1
) attaches to the NP sur-

face, while the other distal terminal group (R
2
) 

interacts with the solvent. Any number (n) of 
ethylene glycol repeats connect R

1
 and R

2
. PEG 

is also described as polyethylene oxide, espe-
cially when referring to longer PEG repeats or 
mPEG [45]. Below the major factors affecting the 
behavior of PEG–NP constructs are considered, 
in light of increased t

½
. 

�� NP type 
The type of NP to be PEGylated remains the 
most important factor for stability and t

½
. It is 

most affected by the NP size, charge and compo-
sition. For example, ganglioside liposomes have a 
size-dependent distribution (<70 nm accumulate 
in liver and >200 nm in spleen), while identical 
liposomes of phosphatidylserine showed size-
independent liver accumulation [46]. In the case 
of NPs with positive surface charges and sizes 
above 100 nm, the NPs are still rapidly cleared 
from the circulation in the face of even the most 
careful PEGylation strategies [31,47]. PEG types 
appropriate for a liposome NP may fail when 
deployed to solid, metallic NPs as liposomal 
NPs better mimic naturally circulating entities 
(i.e., cells) and, thus, may not require as stringent 
of a PEGylation protocol. NP composition is the 
most important consideration when selecting a 
PEG conjugation approach.

In imaging, one of the first NP applications 
was superparamagnetic iron oxide (SPIO) and 
reports of this material in nanomaterial form date 
from the 1960s [48,49] and had become routine by 

the 1990s [50]. PEGylation or dextran coating 
of SPIO and ultrasmall SPIO (USPIO) length-
ens t

½
 by up to 200 min and improves image 

quality  [51–53]. Targeted SPIO allows molecular 
imaging via MRI, generally impossible without 
exogenous contrast agents [54]. Gold NPs were 
first used as immunogold for transmission elec-
tron microscopy contrast in the 1970s, but are 
now also used for computed tomography and 
radiograph contrast [55,56]. Many applications of 
PEGylated gold NPs and nanorods have since 
been reported [57–62]. A fundamental challenge of 
gold NPs for CT is low sensitivity. High amounts 
are needed to achieve contrast. Silica NPs have 
applications in MRI as gadolinium containers 
or to protect inner imaging cores [63,64]. NPs 
deployed to molecular imaging include quantum 
dots (QDs) for optical reporting [65–67], carbon 
nanotubes and gold nanorods for photoacoustic 
imaging and gold surface-enhanced Raman scat-
tering NPs [68–70]. Both QDs and carbon nano-
tubes suffer from toxicity concerns [71]. Some 
NPs are multimodal – that is, they report signal 
through more than one method (e.g., fluorescence 
and MRI) [72,73]. 

In therapeutic applications, the NP scaffold sta-
bilizes the payload (~104–105 copies of drug mol-
ecules per NP [74,75]), allowing a metered release 
of drug, reducing toxicity and side effects, and 
increasing patient compliance [31]. Hydrophobic 
drugs are protected by the NP interior [15]. Rather 
than the solid metallic NPs used in imaging, most 
therapeutic drug-carrying NPs are in the form 
of liposomes or lipid-based complexes, as well as 
polymeric micelles or biodegradable polymer/
drug composites [76–78]. One of the most com-
mon substrate is a blend of poly(lactic-co-glycolic 
acid) (PLGA) and PEG, (PLGA–PEG). However, 
there are many other PEGylated polymers for 
making drug-containing NPs, including poly-
lactic acid  [79], poly(hexadecylcyanoacrylate) 
(PHDCA) [21], polycaprolactone [80], chitosan [81] 
and poly(sebacic acid) [82]. RNA interference 
(RNAi) via NPs or PEGylated cationic polymers 
and lipids are reported [3,5,83,84]. Metallic NPs are 
also used in tandem with infrared heating for 
therapy; nanoshells and nanorods are the most 
common examples [85]. Other NP types detailed 
in Table 1 include silica, phosphors (NaYF

4
) and 

QDs [86,87].

�� Length & conformation of PEG chain
Larger PEG chains contain more monomer 
repeats, n, (Table 1). Although some reports list the 
number of monomers in the polymer (e.g., PEG

40
 

would be 40 ethylene glycol repeats), the most 
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common way of reporting the size/length of 
the PEG chain is the molecular weight, with 
the weight average molar mass (M

w
) being the 

most common [88]. Some common PEG M
w
 

values include 2000, 3400, 5000, 10,000 and 
20,000 Da (i.e., PEG

20K
). The M

w
 of a given 

PEG can be roughly translated into n monomers 
by dividing M

w
 by 44, which is the approximate 

molecular weight of one ethylene glycol monomer 
moiety or residue. 

Larger PEG chains (n = 103–104) are bigger 
molecules, and the thickness of a grafted PEG 
layer on the NP surface correlates with poly-
mer conformation. Polymer conformation can 
be described in terms of the Flory radius (F) 
according to Equation 1, where n is the number 
of monomers per polymer chain and a is the 
length of one monomer in Angstroms (a = 3.5 
Å for PEG)  [89,90]. The F of some typical PEG 
M

w
 are plotted in Figure 3B. There are two main 

conformations that PEG chains can acquire 
depending on grafting density. If the surface 
density is low (i.e., the distance  D, between 
the attachment points of polymer to a surface 
is larger than F), polymer chains will acquire a 
‘mushroom’ conformation (Figure 4A). In this con-
formation, a polymer chain occupies roughly a 
half sphere with a radius comparable to the Flory 
radius. For increased grafting densities (D < F), 

a polymer will acquire a ‘brush’ regime, with 
long, thin bristles of PEG extending from the NP 
surface (Figure 4B) [89,90]. The number of repeating 
units required to transition from mushroom to 
brush arrangement is highly dependent on the 
type of PEG and NP [91]. Pastor and coworkers 
report that mushroom conformation becomes 
brush-like when the distance between individual 
PEG molecules on the surface nears F [45]. NPs 
with brush PEG generally have longer circula-
tion times as the denser coatings better shield 
the NPs from the RES [92]. These two different 
PEG orientations illustrate the wide diversity in 
PEG footprints in Table 1 and explain footprints 
smaller than F detailed in Table 2. The PEG foot-
print in Table 2 is the average space occupied by 
one PEG on the surface and is not related to 
F. It is the effective distance between graft sites 
and is determined by dividing NP surface area 
by number of PEG ligands. When only the dis-
tal R

1
 occupies NP area, the footprint may be 

smaller than F. 

nF 5
3= a

In general, smaller therapeutic materials use 
larger PEGs [17]. Oligos and small molecules may 
be coated with PEG 20,000–50,000 to prevent 
excretion by the kidneys and maintain a high 

Table 1. PEGylation strategies used to combine ethylene glycol repeats with nanoparticles.

Application Nanoparticle Nanoparticle 
size (nm)

R1 R2 n Molecular 
weight (g/mol)

Ref.

Imaging Gold 13 SH MeO 113 5000 [57]

Imaging Gold 15 DHLA MeO, 
NH2, 
COOH

14 600 [106]

Imaging Silica quantum dots 34.3 DSPE (lipid; 
1,2-distearoyl-sn-
glycero-3-
phosphoethanolamine)

MeO 45 2000 [86]

Imaging NaYF4 17 Phosphate MeO 17, 45 750, 2000 [87]

Imaging Magnetic silica 60 Si(OCH3)3 MeO 6–9 300–400 [64]

Magnetic resonance 
contrast

Fe3O4 9 Dopamine COOH 14–455 600–20,000 [53]

Drug delivery Poly(lactic-co-glycolic acid)/
polyethylene glycol

70–250 NH2 COOH 77 3400 [127]

Drug delivery Gold 3, 6.5 C11–SH OH 4 160 [14]

Drug delivery Poly(hexadecylcyanoacrylate) 150 Cyanoacetate MeO 45 2000 [21]

Phototherapy Gold nanorod 13 × 47 SH MeO 113 5000 [62]

Photosensitizer Cowpea mosaic virus 
Fullerene

30 (cowpea 
mosaic virus)
1 (fullerene)

NH2 Alkyne 23 1000 [116]

The polyethylene glycol system has both units for annealing to nanoparticle surface (indicated by R1) and units to interface with the solvent (R2) (Figure 1). The length 
of polyethylene glycol is influenced by the number of monomers (n). Here, the variety of PEGylation strategies is emphasized, including diverse nanoparticle and 
polyethylene glycol types, as well as conjugation type. 
DHLA: Dihydrolipoic acid.

(1)
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blood pool concentration for longer periods of 
time (by enhancing recirculation). Larger NPs in 
the 50–100-nm range are frequently coated with 
smaller lengths of PEG (3400–10,000) because 
further increases in hydrodynamic radius could 
shorten t

½
 [12]. Kidney excretion of unconjugated 

PEG decreases as a function of molecular weight, 
but liver uptake increases [12]. Mori and Huang, in 
1991, reported that liposome circulation time with 
PEG

5000
 is significantly longer (7 h) than PEG

2000
 

or PEG
750

 (~1 h) [93]. Some reports indicate that 
larger M

w
 PEGs produce longer t

½
 on QDs [94–96]. 

The larger a PEG, the fewer copy numbers can be 
loaded onto a NP in mushroom conformation. 

Important exceptions to the general struc-
ture shown in Figure 1C include star PEG, branch 
PEG and comb PEG [97]. Branch PEGs have 
one to three pendent PEG units deviating from 
a central backbone annealed to the NP surface, 
while star PEGs have several branches emanat-
ing from a central point. Branch PEGs result 
in carbon nanotubes with t

½
 values of 21 h [98]. 

NPs with blended PEG chains (two different 
PEG types on the same NP) are also common 
and typically involve a high-density short PEG 
(M

w
 = 2 kDa) for stealth and a lower density, 

longer (M
w
 = 5 kDa; ratio 1:5) PEG for attaching 

targeting ligands and preventing loop formation 
in the longer components [99]. 

�� PEG terminus
The terminal end of the polymer indicated 
as R

2
 in Figure 1C influences in vivo behavior. 

Whitesides compared PEG with different ter-
minal groups and identified that a PEG meth-
oxy or alcohol terminus reduced nonspecific 
binding of the model proteins lysosyme and 
fibrinogen to self-assembled monolayers of 
alkane thiol repeats by orders of magnitude 
compared with non-PEGylated or alternative 
terminus  [100,101]. mPEG is so ubiquitous that 
it is often implied when an investigator men-
tions PEG. Nevertheless, a broad range of PEG 
types are commercially available, including halo, 
azido, sulfo and thiol derivatives [102]. 

As the cell surface is negative, coating NPs 
with a negative charge (thiol or carboxyl) causes 
fewer phagocytotic events than positive charges 
(amine) [31]. Others have studied simple hydroxyl 
for reducing nonspecific binding [103]. Termini 
other than methoxy are most commonly used 
to localize a succimide-, maleimide- or alkyne-
reactive group on the end of the PEG to facilitate 
later binding of a secondary targeting ligand via 
amine, thiol or click chemistry, respectively [104]. 
One problem is steric crowding. At coating den-
sities below the brush threshold, the reactive site 
can sometimes be hidden deep inside the mush-
room coil, which prevents secondary linkage (see 
‘Ligands’ section). 

�� Linkage to NP 
After selection of the proper PEG, the next 
consideration is annealing it to the NP surface. 
Both covalent and noncovalent approaches are 
used. For solid NPs, such as gold, thiol binding 
is the classic approach where a sulfhydryl-capped 
PEG chain adheres to the gold surface  [105]. 
To increase stability, the Mattoussi group and 
others have deployed multidentate ligands 
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Figure 3. Polyethylene glycol background. 
(A) The number of literature citations for 
‘nanoparticle + PEG’ as determined by Chemical 
Abstract Services indicates a progressive 
increase in the last decade. (B) The Flory radius 
of the PEG coil increases as a function of the 
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Figure 4. Gold spherical nanoparticle with two types of polyethylene glycol 
modifications. Polyethylene glycol orientations on the nanoparticle surface 
include (A) low-density mushroom configurations and (B) high-density brush-type 
arrangements. 
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(e.g., dihydrolipoic acid) for more robust PEG sta-
bilization than simple thiols [106]. Silica NP sur-
faces are generally capped with an organosilane 
such as amino- or mercapto-trimethoxysilane for 
routine bioconjugation [104].

A commonly used approach for noncovalent 
PEGylation is coating the hydrophobic NP sur-
face with lipid–PEG conjugates. For example, 
PEGylated phospholipids with linear or branched 
PEG chains bind to the hydrophobic surface of 
single-walled carbon nanotubes in such a way 
that hydrophilic PEG groups are facing the aque-
ous exterior and provide the nanotubes with 
hydrophilic PEG corona  [107,108]. Other tech-
niques prepare hydrophobic polymeric NPs [109], 
oleic acid-coated magnetic NPs [110] or QDs [111] 
coated with PEGylated lipids. The hydropho-
bic interactions between lipids and NPs anchor 
the PEG chain. For the liposomal preparations, 
it is also feasible to simply include PEGylated 
lipids into the lipid mixture [112], or incubate 
non-PEGylated lipid nanopcapsules with aque-
ous micellar solution of PEGylated lipids [113]. 
Regardless of immobilization chemistry, purifica-
tion of the PEG–NP conjugate is carried out via 
repeated centrifugation and washing steps, fil
tration, dialysis or by separation methods, such as 
size-exclusion or ion-exchange chromatography. 

�� Characterization methods 	
Dynamic light scattering offers three important 
characteristics of the final PEGylated NP: NP 
size, zeta potential and size distribution [114]. 
The zeta descriptor measures the electrostatic 
potential that exists between the shear plane of 
a NP and the solvent, and provides information 
on the colloidal stability of the NP. It is depend-
ent on the solvent, salt type and concentration, 
and pH. High charge differences (>±10 mV) 
lead to greater interparticle repulsion. The zeta 

potential also offers information on the surface 
coating. Thiols and carboxyls have negative val-
ues while amines have positive charge. Sizing 
via dynamic light scattering suffers from poor 
reproducibility, yet it is quick and can be used 
to monitor the sequential size increases that 
occur during PEGylation and bioconjugation. 
The size distribution can be used to measure the 
homogeneity of the final product. Although size 
increases offer evidence for NP PEGylation and 
may discriminate between brush and mushroom 
PEG configurations [115], it cannot answer the 
specific loading level (i.e., the number of PEG 
units bound per NP). 

Unfortunately, this measurement is only 
studied casually with many reports simply using 
NP surface area, PEG size and an assumption of 
complete saturation to determine loading levels. 
Another suboptimal alternative is to measure the 
PEG concentration before and after incubation 
with the NPs, remove the NPs by filtration or 
centrifugation and suggest that the difference 
in solution-phase PEG is immobilized on the 
NPs. While many of the PEGs are attached, a 
large number are also nonspecifically bound. 
This technique often overestimates the loading 
level by orders of magnitude and is especially 
difficult when large excess of PEG is used as the 
measurement of slight differences. 

Different types of analytical chemistry solu-
tions for measuring the PEG:NP ratio are 
detailed in Table 2, and report three different 
metrics for PEG loading levels (PEG:NP ratio, 
pmol of PEG/cm2 and PEG footprint)  [116]. 
While footprints (the area of NP surface occu-
pied by each PEG molecule) smaller than F 
may be counterintuitive, the very dense brush 
coatings created result in the small footprint 
and describe a situation in which only the ter-
minal end of the PEG occupies space on the 

Table 2. Approaches to measuring the polyethylene glycol density on the nanoparticle surface. 

Technique NP type NP size 
(radius; nm)

PEG molecular 
weight (kDa)

Footprint 
(nm2)

Coverage 
(pmol/cm2)

PEG/NP Ref.

Raman Gold nanoshell 107 2000 3.6 47 ± 21 40,500 [91]

Raman Gold nanoshell 107 5000 10.8 15.3 ± 8 13,300 [91]

Gel electrophoresis Cowpea mosaic virus 15 1000 or 2000 91–135 1.2–1.8 21–31 [116]

Thermogravimetry Fe3O4 15–20 200–5000 1–3 57–128 970–3900 [117]

Thermogravimetry Gold NP 1.4–2.6 5000 0.21–0.35 655–1005 98–506 [57]

NMR Microparticle 250–1000 2000 or 5000 4.8 (5000)
1.8 (2000)

34–90 (1.1–2.5) 
×106

[119]

NMR Tripalmitin 126–173 1760 0.25–1 83–540 99,000–
550,000

[118]

A variety of methods have been proposed to determine PEG:NP loading levels. Higher loading levels provide more dense coverage and smaller PEG footprints  
(PEG/NP surface area).
NP: Nanoparticle; PEG: Polyethylene glycol; PLGA: Poly(lactic-co-glycolic acid).
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NP surface. While Raman analysis offers very 
detailed information on loading and conforma-
tion, it is beyond the scope of routine laborato-
ries [91]. Thermogravimetric analysis measures 
change in weight as a function of temperature 
increase (PEG loss) and is reported for this 
purpose, but also requires specialized equip-
ment [117]. For the routine user, NMR is used to 
detect the ethylene protons at 3.65 parts per mil-
lion, but is not quantitative [118,119]. We, and oth-
ers, have successfully used fluorescent analogs of 
the PEG to model the binding densities possible 
at different loading levels [120,121]. This approach 
may not be appropriate for gold NPs because 
of quenching. Other possible methods include 
surface plasmon resonance (mostly for flat sur-
faces), size-exclusion chromatography, gels and 
colorimetric approaches that utilize a reactive 
R

2 
[116,122,123]. Gas or liquid chromatography 

could also be used to not only remove loosely 
bound PEG, but also offer indirect quantitative 
information on the NP’s PEG loading [124]. 

Perhaps the most important characterization 
metric is t

½
, which is measured by injecting 

a known amount of NPs into an animal sub-
ject and serially collecting blood to monitor 
the amount of NP in circulation. Approaches 
to measuring the NP concentration include g 
counting, elemental analysis, and mass spec-
trometry. Some representative t

½
 values for 

PEGylated nanomaterials are presented in Table 3. 
With the proper matching of PEG to NP, long 
t

½
 values are achieved. Circulation times near 

120 h have been reported for PEGylated xyotax 
(paclitaxel encapsulated in a biodegradable poly-
glutamate polymer; also known as OPAXIO) in 
humans [77,125]. 

�� Ligands 
The ideal PEG R

2
 reduces nonspecific protein 

absorption, increases hydrophilicity, prevents 
NP aggregation and facilitates ligand binding 
for targeted NPs. Compared with the passive 

targeting via the EPR effect, targeted NPs com-
bine a recognition element with the PEGylated 
particle for increased accumulation at the site of 
interest [126–128]. Ligands can increase the tumor 
accumulation caused by the EPR effect and tar-
geted NPs offer site-specific accumulation, fol-
lowed by release of a therapeutic not restricted to 
the vasculature. Ligand types include antibod-
ies [129], small peptides or molecules [128,130–132], 
lectins [133], aptamers [134], engineered pro-
teins  [135] and protein fragments  [136]. As NPs 
leave the vasculature to a lesser degree than small 
molecules, they are especially useful for targeting 
markers of angiogenesis [131]. Recent work has 
shown NPs to be effective vehicles of RNAi out-
side the vasculature [5]. Both the VEGF and a

v
b

3
 

integrins have been imaged via PEGylated NPs 
to assess tumor vascularization [137]. Without 
PEGylation, the NPs would have decreased 
opportunity to interface with vascular targets. 
Importantly, the use of such ligands (while 
increasing NP specificity), can also come at the 
expense of NP performance. As these targeting 
molecules have exposed charged regions, they 
can compromise the integrity of the stealth coat 
and increase RES uptake. The mPEGs, which 
offer the least nonspecific binding, have no bio-
conjugation activity, and must be modified or 
replaced with less stealthy options. 

One solution is to use PEGs with reactive 
ends, although this may increase nonspecific 
binding (Figure 5A & Table 4). Another approach 
is blended PEGs, in which one type offers 
stealth character, while another offers binding 
capacity [99]. A further option is to anneal the 
ligand to the NP surface via the same surface 
reactive sites as the PEG molecules, and coat 
the remaining sites with PEG, as shown in 
Figure 5B [138]. One challenge of this approach 
is steric hindrance of the ligand binding sites 
by PEG. An additional challenge is quantify-
ing the number of ligands present on the NP, 
which is important for avidity amplification 

Table 3. Circulation times in mouse for representative nanoparticles. 

NP type Size (nm) PEG PEG molecular 
weight (kDa)

t½ (h) Ref.

QD655 15 mPEG; linear 5000 ~1 [96]

Fluorescent silica 80 mPEG; linear 500 3 [63]

Single-walled carbon nanotube ~100 mPEG; linear 5000 5.4 [107]

Poly(hexadecylcyanoacrylate) 150 mPEG; linear 2000 ~6 [21]

Nanorods 13 × 47 mPEG; linear 5000 17 [62]

Single-walled carbon nanotube ~100 PLGA–PEG; branch 5000 22 [19]

Well-PEGylated NPs have a half-life approaching 1 day.
mPEG: Methoxy-polyethylene glycol; NP: Nanoparticle; PEG: Polyethylene glycol; PLGA: Poly(lactic-co-glycolic acid); QD: Quantum dot.
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measurements. Similar approaches to PEG 
quantification are used; however, since lig-
ands generally have more reactive sites than 
PEG they can be fluorescently tagged and 
this reporter used for ligand:NP ratios for all 
NPs except those that quench fluorescence 
(i.e., gold NPs). 

Targeting of some lipid-based nanocarriers 
can also be achieved by inserting peptide–lipid 
conjugates into the outer layer of a parent 
PEGylated liposome [139]. Alternatively, recep-
tor-targeted nanocomplexes can be prepared 
by mixing PEGylated cationic liposomes with 
peptide and drug (plasmid DNA) at pre-
cise mixing ratios [140]. Using a mixture of 
PEGylated, non-PEGylated polymers, as well 
as polymer–PEG–ligand conjugates during 
NP preparation, allows for single-step surface 
functionalization of polymeric NPs [141].

�� Complications, alternatives  
& future perspective
Despite these achievements, a number of limi-
tations and challenges still hamper complete 
deployment of PEG [12]. Although PEG toxicity 
is low, it does occur with frequency inversely 
proportional to molecular weight, especially 
after oral ingestion. Toxicity after intravenous 
injection is more likely owing to the NP than 
the PEG corona. Immunogenicity has also been 
reported, but generally less so than the immuno-
genicity of the NP [142]. Furthermore, repeated 
injections of PEGylated material show markedly 
decreased t

½
. This ‘accelerated blood clearance’ 

(or ABC effect), is thought to be a result of 
increased splenic production of IgM [143]. While 
the resistance of PEG to serum degradation is 
useful from a stability standpoint, NPs and 
coatings that safely biodegrade in vivo after a 
defined time point are desirable. A final chal-
lenge of PEG is degradation by light, heat or 
sheer stress, which can result in fragmentation 
of the PEG and diminish cloaking ability [12]. 

Alternatives to PEG include natural prod-
ucts, PEG hybrids, and next-generation poly-
mers. Chitons, dextran and other saccharide-
containing products have been used to deliver 
doxorubicin [144,145]. PLGA/PEG copolymer, 
and polyvinyl pyrrolidone have also shown 
promise at maintaining long t

½
 [146,147]. 

Dendrimers offer both a scaffold for NP synthe-
sis and also a stabilizing sheath [148]. Poly amino 
acids have a biodegradable structure, but less 
stealth capacity. Coatings and NPs that better 
mimic the body’s innate stealthing of circulat-
ing materials, such as lipids, are increasingly 
reported  [149]. These particles may offer even 
better shielding and can have site-selective bio-
degradation. Other researchers report micelles 
and liposomes that detach the PEG coat to 
facilitate endosomal escape upon entering the 
cell [150,151]. Alternatively, cell or bacteria have 
been deployed as a ‘Trojan Horse’ to deliver NPs 
[152,153]. Additional NPs are responsive to pH as 
tumors are usually acidic relative to the rest of 
the body (pH ~7.4) [154,155]. Langer and others 
have designed NPs from a triblock copolymer 
of poly(ethylene oxide) and poly(propylene 

A B

Figure 5. Increased affinity for targeted nanoparticles. (A) In targeted 
nanoparticles, the ligand (blue) may either be localized on the distal end of the 
polyethylene glycol chain or (B) at the nanoparticle surface. A wide variety of 
ligand and nanoparticle combinations have been reported, including the examples 
in this article. See Table 4.

Table 4. Ligand and nanoparticle combinations reported to increase affinity for targeted nanoparticles.

Nanoparticle Ligand Target Sample Ligand location Ref.

Quantum dots RGD Integrins U87MG tumor PEG [131]

Iron oxide Folate Folate receptor KB 3-1 cells PEG [132]

Liposome Anisamide s receptor DU-145 cells PEG [130]

Liposome Folate Folate receptor M109 cells PEG [112]

PLGA–PEG Aptamer Prostate-specific 
membrane antigen

LnCaP cells PEG [127]

Fe2O3 Antibody a-fetoprotein Buffer; cell lysate Surface [126]

See Figure 5 for illustrations of targeted nanoparticles.
PEG: Polyethylene glycol; PLGA: Poly(lactic-co-glycolic acid).
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oxide) and poly(b-amino ester), which degrade 
and release their therapeutic payload at pH less 
than 6.5 [156]. 

Conclusion
The use of PEG and similar stabilizers on NP 
surfaces will undoubtedly continue. It is unclear 
how emerging materials will complement PEG’s 
role as the gold-standard cloaking agent. NPs 
that transition from passive targeting via the 
EPR effect to NPs that are truly selective for 
a molecular phenotype will likely require PEG 
or equivalent to promote circulation time and 
inhibit removal by the liver and spleen. Strategies 
to combine the signaling or therapeutic benefits 
of NPs with effective in vivo delivery remain one 
of the primary challenges in nanomedicine. 
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Executive summary

�� The body’s reticuloendothelial system sweeps foreign nanoparticles (NPs) out of the circulation before reaching the intended target. 
Coating the NP with polyethylene glycol (PEG) can reduce this phenomenon and result in longer circulation times.

�� Longer circulation times can result from longer PEG chains, denser (heavier coating on NP surface) PEG chains or branched PEG chains.
�� The terminus of the PEG chain influences charge and stability. Methoxy-capped chains are most effective at preventing recognition by 

the reticuloendothelial system. Targeting ligands bound to the PEG chain terminus can increase uptake at the target.
�� The amount of PEG on a NP is measured by optical and chromatographic methods or gravimetric analysis. The NMR peak is 

approximately 3.7 parts per million. 
�� Alternatives to PEG include saccharides, copolymers and lipids. Cells and bacteria have been used in lieu of NPs as delivery vehicles. 
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