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ABSTRACT
Purpose Lipid-based nanoparticles are extensively studied for
drug delivery. These nanoparticles are often surface-coated with
polyethylene glycol (PEG) to improve their biodistribution. Until
now, the effects of varying PEG surface density have been studied
in a narrow and low range. Here, the effects of high and a broad
range of PEG surface densities on the in vivo performance of lipid-
based nanoparticles were studied.
Methods Oil-in-water nanoemulsions were prepared with PEG
surface densities of 5–50 mol%. Confocal microscopy was used
to assess intracellular disintegration in vitro. In vivo pharmacokinet-
ics and biodistribution in tumor bearing mice were studied using a
small animal optical imager.
Results PEG surface density did not affect intracellular
nanoemulsion stability. Surprisingly, circulation half-lives decreased
with increasing PEG surface density. A plausible explanation was
that nanoemulsion with high (50 mol%) PEG surface density
activated the complement in a whole blood assay, whereas
nanoemulsion with low (5 mol%) PEG density did not. In vivo,
nanoemulsion with low PEG surface density was mostly confined
to the tumor and organs of the mononuclear phagocyte system,
whereas nanoemulsion with high PEG density accumulated
throughout the mouse.

Conclusions Optimal PEG surface density of lipid-based nano-
particles for tumor targeting was found to be below 10 mol%.
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ABBREVIATIONS
ICA Intensity correlation analysis
ICQ Intensity correlation quotient
NE Nanoemulsion
PDM Product of differences from the

mean
PEG Polyethylene glycol
PEG-DSPE 1,2-disteraoyl-sn-glycerol-3-

phosphoethanolamine-
N-[methoxy(polyethylene-
glycol)-2000]

PX (with X=5, 10, 30, 50) Nanoemulsion containing
X mol% PEG-DSPE

SBR Signal to background ratio
TCC Total complement complex
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INTRODUCTION

In the field of nanomedicine, utilization of nanoparticles as
intravenously administered drug delivery systems has become
an established approach. Although nanotherapies are being
developed for the treatment of a variety of pathologies, like
atherosclerosis [1] and arthritis [2], cancer treatment has re-
ceived the most attention so far. Solid tumors are characterized
by an angiogenic, disorganized neovasculature which is highly
permeable [3,4]. This enhanced vascular permeability results
in the extravasation of nanoparticles into the tumor intersti-
tium. Combined with the often poor lymphatic drainage from
solid tumors, this leads to high accumulation of intravenously
injected nanoparticles in the tumor tissue. This phenomenon
has been called the enhanced permeability and retention (EPR)
effect [5,6], and is the key mechanism by which today’s clini-
cally approved nanomedicines deliver drugs [7].

One of the most widely studied class of nanoparticles for
drug delivery are self-assembled lipid-based nanoparticles.
Well-known examples are liposomes, of which multiple for-
mulations have been clinically approved [8], and
nanoemulsions which are being intensively investigated
[9,10]. Moreover, lipid coating of hydrophobic cores has
evolved into a powerful strategy to solubilize, stabilize, and
introduce functionality and biocompatibility to a variety of
polymer and inorganic nanoparticles, like poly(lactic-co-
glycolic acid) (PLGA) [11], iron oxides [12] or qdots [13].

To obtain sufficient levels of nanoparticles in tumors upon
intravenous injection, limited recognition by the mononuclear
phagocyte system and sufficiently long circulation times are
prerequisites. A common approach to achieve both is to coat
the nanoparticle surface with polyethylene glycol (PEG)
[14–17]. In the majority of lipidic nanoparticles this is
achieved through the incorporation of PEG conjugated lipids,
or PEG-lipids. PEG is very hydrophilic, is not toxic, has a low
level of protein or cellular adsorption, and numerous
PEGylated therapeutics have now been FDA-approved
[8,15,17]. PEGylation of self-assembled lipid-based nanopar-
ticles provides improved colloidal stability through sterical
stabilization [14,18], decreases non-specific cellular uptake
[19], and typically increases circulation half-lives [14,20].
Additionally, the vascular permeability for PEGylated as com-
pared to non-PEGylated liposomes was found significantly
increased, resulting in an improved utilization of the EPR
effect [16,21].

One parameter which highly influences the effect PEG
surface coatings have on nanoparticle characteristics and be-
havior is the PEG coating density. The self-assembled nature
of lipidic nanoparticles provides high control over this surface
density, which has been found to modulate circulation times
[18,22,23], non-specific cellular uptake [19], and ligand-
targeting efficiency [24]. Most of the available knowledge of
effects that PEG surface densities have on the behavior of

lipid-based nanoparticles has been obtained by studying lipo-
somes. The maximum achievable PEG surface density for
liposomes without affecting their morphology (obtaining
much smaller micellular aggregates instead of liposomes) is
below 10% [25]. However, in nanoemulsions and the emerg-
ing lipid-coated nanoparticles, achievable PEG surface densi-
ties are much higher. Therefore, we investigated the effect of a
wide range of PEG surface densities on several critical prop-
erties of drug delivery systems utilizing a recently introduced
nanoemulsion (NE) platform [24,26]. The unique features of
this platform allow increasing the PEG surface density up to
50 mol% without significantly affecting size and size distribu-
tion. This makes it possible to study the influence of
PEGylation on nanoparticle behavior in a much wider range
of PEG surface densities. In a previous study, this platformwas
successfully used to demonstrate that increasing PEG surface
density reduces ligand targeting efficiency both in vitro and
in vivo [24]. In the current study we synthesizedNEs with 5, 10,
30, and 50 mol% PEG surface density and studied several
important aspects of NE behavior such as in vitro cellular
uptake and intracellular stability in tumor cells, toxicity in cell
cultures and human whole blood, in vivo circulation half-lives,
and biodistribution and passive tumor targeting in tumor
bearing mice.

MATERIAL AND METHODS

Preparation of Nanoemulsions

NEs with 5, 10, 30, and 50% surface PEG density
(referred to as P5, P10, P30, and P50, respectively) were
prepared using a method based on swift evaporation of
organic solvents as previously described [26]. 1,2-disteraoyl-
sn-glycero-3-phosphocholine (DSPC), cholesterol, and 1,2-
disteraoyl – sn – glycerol – 3 -phosphoethanolamine – N –
[methoxy(polyethylene glycol)-2000] (PEG–DSPE) (all from
Avanti Polar Lipids) were used at molar ratios as denoted in
Table I. The amount of soybean oil was defined as mg per
μmole of amphiphilic lipid mixture (Table I). For fluorescence
0.1 mol% of NIR664–PEG2000–DSPE (NIR664-PEG-
DSPE, SyMo-Chem) and/or 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-lissamine rhodamine B sulfonyl am-
monium salt (rhodamine-PE; Avanti Polar Lipids), or 1,1′-

Table I Composition of the Different Nanoemulsions

P5 P10 P30 P50

DSPC (mol%) 62 57 37 17

Cholesterol (mol%) 33 33 33 33

PEG2000-DSPE (mol%) 5 10 30 50

Soybean oil (mg/μmol amphiphilic lipid) 2.7 3.2 4 5.4
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Dioctadecyl-3,3,3′,3′-Tetramethylindotricarbocyanine Iodide
(DiR, Invitrogen) were incorporated. All components were
mixed in chloroform and added to 3 ml heated sterile filtered
HBS buffer (75°C, pH 7.4) under vigorous magnetic stirring
(1,100 rpm) in order to evaporate chloroform. The obtained
crude emulsion was then sonicated for 20 min (Heat System
Ultrasonics, W-225R, duty cycle 35%, 30 W and 20 kHz) at
ambient temperature. After this, the NEs were stored in the
dark at 4°C until use. From previous work, we know the zeta
potential of the NEs to be below −30 mV for all formulations
and to become more negative with increasing PEG-DSPE
content, see [24].

The particle concentrations used in this study were all given
in amphiphilic lipid concentrations as that is themost reported
concentration of liposomes and emulsions found in the litera-
ture, and it relates linearly to the fluorophore and PEG
concentrations.

Dynamic Light Scattering

The hydrodynamic diameter and size distribution of the NEs
were measured by dynamic light scattering (DLS) using a
Zetasizer Nano (Malvern, UK) following a protocol described
previously [24]. Briefly, for size measurements 8 μL of NE
suspension was dispersed in 800 μL of 200 nm filtered hepes
buffered saline in an ordinary cuvette.

Protein Adsorption on Nanoemulsions

The NE (P5, P30, and P50, n=3 for each) was mixed in
PBS containing 10% fetal bovine serum (FBS) and incubat-
ed at 37°C under gentle shaking. The size of the NEs was
measured before incubation and after 1 and 24 h using
DLS. The results are represented as change in size as
compared to the control experiment which was performed
in the exact same manner as described above, but in pure
PBS without FBS.

Cell Culturing

The human PC3 prostate cancer cell line was grown in
monolayers in the presence of Dulbecco’s modified eagle
growth medium (DMEM, Gibco/Invitrogen) supplemented
with 10% FBS at 37°C and 5% CO2.

Cellular Uptake of Nanoemulsions

Cellular uptake of NEs was measured by flow cytometry
(Gallios, Beckman Coulter). 120,000 PC3 cells/well were
seeded in 12-well plates (Corning) in 800 μL of DMEM.
After 24 h, DMEM was removed and cells were incubated at
37°C and 5%CO2 for 2 and 4 h with 400 μL of either DMEM
with NE (1 mM amphiphilic lipid) or as a control only DMEM.

After incubation, the cells were washed 3 times with PBS (1ml),
trypsinized (300 μL), resuspended in ice cold PBS supplement-
ed with 10% FBS (700 μL) and kept on ice until flow cytometry
analysis. NIR664 was excited at 633 nm and fluorescence was
detected at 650–670 nm. For each sample, 10,000 cells were
counted. The dead cells, debris and aggregates were excluded
by gating the fluorescence on a dot plot of the forward light
scatter signal against the side scatter signal. The cellular uptake
was measured both as percentage of cells with higher fluores-
cence intensity than cellular autofluorescence as well as the
level of internalized NE, which was obtained from the median
fluorescence intensity divided by median autofluorescence and
normalized to the observed maximum cellular uptake. Cellular
uptake was measured in independent experiments (n=3 for P5,
P10, P30 and n=2 for P50) with 2–3 samples per incubation
condition in each experiment.

Intracellular Nanoemulsion Integrity

To study intracellular integrity of the NEs and the effect of
PEG surface density on this integrity, PC3 cells were incubat-
ed with double labeled (with both rhodamine-PE and
NIR664-PEG-DSPE) P5 and P30. Colocalization of the two
fluorophores was assessed using confocal laser scanning mi-
croscopy (CLSM, Zeiss LSM 510 Meta, Carl Zeiss Jena
GmbH). 25,000 cells/well in 300 μL were seeded on Lab-
Tek 8-well detachable chamber slides (VWR International).
After 24 h, DMEM was removed and cells were incubated
with 200 μLDMEM containing NE (1 mM amphiphilic lipid)
for 2 h. After incubation, NEs were removed and the cells
were washed 3 times with 400 μL DMEM. The cells were
subsequently fixed on ice with 400 μL 4% paraformaldehyde
in PBS to avoid movement artefacts in the microscopy. After
30 min, the paraformaldehyde was removed and the cells
were washed 2 times with 400 μL PBS. The samples were
mounted with Vectashield antifading reagent (Vector Lab),
and the cover glasses were sealed with nail polish. 8-bit, 2
channel z-stack images (652×652 pixels of 0.110×0.110 μm)
were obtained with a Plan Apochromat 63x/1.4 oil immer-
sion objective. Rhodamine-PE was excited at 543 nm and
detected at 569–623 nm. NIR664-PEG-DSPE was excited at
633 nm and detected at 655–719 nm. The thickness of each
optical slice was∼0.9 μm and the interval between slices∼
0.45 μm. Detector gain and laser powers were optimized to
record the full range of pixel intensities with a minimum of
under and over exposure. To visualize the whole cells, they
were imaged using differential interference contrast.

Quantitative Colocalization

Quantitative analysis of colocalization between rhodamine-
PE and NIR664-PEG-DSPE in three-dimensional z-stacks
was performed in ImageJ (NIH) using the plug-in Intensity
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Correlation Analysis (Tony Collins, University Health
Network Research, Toronto, Canada). After background sub-
traction, single cells were manually segmented using differen-
tial interference contrast images, thus only the fluorescence
from internalized NEs was taken into account. Scatter plots,
Pearson’s correlation coefficient (Rr), Manders’ colocalization
coefficients (M), intensity correlation analysis (ICA) plots, and
the intensity correlation quotient (ICQ) were determined. For
convenience we refer to channel A in case of the NIR664-
PEG-DSPE and to channel B in case of the rhodamine-PE.

In a scatter plot, the pixel intensities of the two channels are
plotted against each other and distributions along a straight
line indicate perfect colocalization. The Rr determines the
spread of the distribution around this line by estimating the
goodness of a linear approximation and ranges from −1
(perfect negative correlation) to 1 (perfect positive correlation).
Hence, the Rr reports covariance and is independent of signal
offset (background), but sensitive to noise and variation in
fluorescence intensities throughout the image. In practice,
values below 0.5 are difficult to interpret [27].

Manders coefficients provide the ratio of the signal in one
channel colocalizing with signal in the other channel and
range from 0 to 1. As such MB describes the fraction of
rhodamine signal colocalizing with NIR664 fluorescence
and MA the fraction of NIR664 signal colocalizing with rho-
damine fluorescence. Manders coefficients are independent of
signal intensity, but they are affected by signal offset
(background) and noise.

ICA results are presented in two ICA plots, where the voxel
intensities in the two channels are plotted along the Y-axis as a
function of the product of differences from the mean (PDM)
values along the X-axis. PDM is defined as (A-a) (B-b), where A
and a are the voxel intensity and mean intensity in channel A
and B and b the voxel intensity and mean intensity in channel
B. Colocalized voxels have a positive PDM value and are
found on the right side of the Y-axis, whereas segregated voxels
have a negative PDMvalue and are found on the left side of Y-
axis. More quantitative information than ICA plots possess is
provided by the ICQ. This parameter reflects the degree of
dependency between the two channels, not necessarily imply-
ing a large number of colocalized voxels, but rather a high
covariance. ICQ is defined as the ratio between the number of
voxel pairs with positive PDM and the total number of voxel
pairs subtracted by 0.5. As such the ICQ ranges from −0.5 to
0.5 and the values −0.5, 0, 0.5 indicate complete segregation,
random staining, or dependent staining, respectively.

Cell Viability Assay

Cell viability was assessed using Alamar Blue assay
(Invitrogen, DAL1025). In this assay cells are incubated with
non-fluorescent resazurin, which is metabolized to fluorescent
resorufin by viable cells. PC3 cells were seeded in 96-well

plates (Corning, black bottom) at 10,000 cells/well in
DMEM. After 24 h, the cells were incubated for 2 h with
DMEM containing NEs at 0.1 mM, 0.3 mM, 0.5 mM, 1 mM,
and 1.5 mM amphiphilic lipid and then washed with phenol
red free DMEM, containing penicillin. Subsequently, the cells
were incubated with resazurin (10 μL into 100 μL of DMEM)
for 2 h, and resorufin fluorescence was measured in a micro-
plate fluorometer with excitation at 530 nm and detection at
590 nm. The assay was performed two times with four sam-
ples for each condition.

Human Blood Monocyte and Whole Blood Assay

Cytokine production and activation of complement by P5 and
P50 was assessed in human blood monocytes and whole
blood. Peripheral blood mononuclear cells were prepared
from A+ buffy coats given by healthy donors at the blood
bank of St. Olavs University Hospital (Trondheim, Norway),
by density gradient centrifugation with Lymphoprep (Axis-
Shield) based on a method by Bøyum [28]. Monocytes were
isolated from the other mononuclear cells by adhesion for
90 min in 96 well culture plates (4x106cells/ml in RPMI
1640 medium with Gentamicine, L-Glutamine and 5% A+
human serum, referred to as complete medium). After wash-
ing 3 times with Hank’s balanced salt solution (HBSS) the cells
were primed with 100 pg/ml lipopolysaccharide in complete
medium for 4 h before exposure for 4 h to P5 or P50 in
concentrations 1.04×10−5 – 10.04 mM (amphiphilic lipid)
in dilutions steps of 1:10. Concentrations of IL-1β and
TNFα were assessed by ELISA and 17 different cytokines
(IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, IL-
13, IL-17, G-CSF, GM-CSF, IFN-γ, MCP-1, MIP-1β,
TNF-α) were assessed by multiplex (Bio-Rad, Bio-Plex Pro,
M50-00031YV) in two different experiment series, respective-
ly, with three donors in each series.

The whole blood assay was performed according to
Mollnes et al. [29] with blood from four human donors.
500 μL whole blood with anticoagulant Lepirudin was ex-
posed to 1.04 mM (amphiphilic lipid) P5 or P50 for 0, 15, 30,
60, 120 or 360 min for analysis of complement receptor 3
(CD11b) expression by granulocytes with flow cytometry (0,
15 and 60 min), total complement complex (TCC) with
ELISA (0, 30 and 120 min) and 17 different cytokines with
multiplex (360 min) (Bio-Rad, Bio-Plex Pro, M50-00031YV).
Complement activation was assessed by analysis of CD11b
and TCC. Positive controls were zymosan, lipopolysaccha-
ride, ATP and Leu-Leu-OMe and the negative control was
sterile PBS. Monocytes were differentiated from granulocytes
by the presence of CD14 assessed by binding of anti CD14
fluorescent antibody and flow cytometry.

Approval no. 2009/2245 was received from the Regional
Committee for Medical and Health Research Ethics in
Central Norway (REC Central), The Norwegian Ministry of
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Education and Research, to perform the human whole blood
and monocyte experiments. Written informed consent was
obtained from all participants.

Animals

The animals used in this studyweremale athymic Balb/cNu/nu
mice of approximately 20 g. They were kept under pathogen-
free conditions at a temperature of 19–22°C, 50–60% humidity,
and 65 air changes per h and were allowed food and water ad
libitum. The experiments were approved by the local ethical
committee and adhered to the “Principles of Laboratory
Animal Care”.

Circulation Times

The circulation half-lives of the NEs were determined using a
previously published protocol [26]. In short, mice were
injected with DiR labeled P5, P10, P30, and P50 NE (n=3
for all) at an amphiphilic lipid dose of 80 μmole/kg. Blood
samples were collected from the saphenous vein before and at
5, 15, 30, 60 min and 2, 4, 6, and 24 h post-injection. DiR
fluorescence intensity in serum was measured using an optical
imager (Pearl Impulse, Licor) and normalized to the weight of
the blood sample taken. The obtained fluorescence intensity
versus time curves were most accurately fitted by mono-expo-
nentials, from which the circulation half-lives were obtained.

Biodistribution

The biodistribution of DiR labeled P5 and P50 was assessed in
tumor bearing mice using a whole body optical imager (Pearl
Impulse, Licor). Mice were inoculated with 1–2×106 PC3
cells on the right hind leg and after 4–8 weeks, when the
tumors were 0.5–1 cm in diameter, the mice were used for
experiments (n=4 for P50, n=4 for P5). Before intravenous
administration of the NE, a pre-injection image was taken.
Subsequently, the NE was injected (amphiphilic lipid dose of
80 μmole/kg) and the mice were imaged at 24 h post-injec-
tion, sacrificed and the organs were excised and imaged as
well. From the in vivo images the pre- and post-injection, signal
to background ratio (SBR) was determined for the tumor and
as controls also for the opposite left hind leg where no tumor
was present. The fluorescence intensity measured from the
organs was normalized to the organ weight.

RESULTS

Characterization of Nanoemulsions

NEs with different molar content of PEG-DSPE (5, 10, 30,
and 50 mol%) were synthesized. Figure 1a shows a schematic

of the NEs. DLS measurements showed that the different NEs
were all around 100 nm in size and had a similar polydisper-
sity index (polydispersity index corresponds to the square of
the standard deviation divided by the mean size), Fig. 1b.
Furthermore, incubation of the different NEs in 10% FBS at
37°C did not result in significant increases in size for any of the
NEs, indicating limited protein adsorption occurring on either
of the NE surfaces (Fig. 1c and supplementary material S1).

Cellular Uptake of Nanoemulsions

From z-stacks obtained with CLSM we observed that the
majority of cell-associated nanoemulsion was internalized by
the PC3 cells, see supplementary material S2. Cellular uptake
of NIR664-PEG-DSPE labeled P5, P10, P30, and P50 was
quantified using flow cytometry. Figure 2a and b shows
representative flow cytometric logarithmic fluorescence
histograms. Cellular uptake decreased with increasing
PEG surface density. P5 was taken up by 76±12% and
93±7% of the PC3 cells after 2 h and 4 h of incubation,
respectively (Fig. 2c). P50 was internalized only by 20±8% of
the cells after 2 h exposure and by 34±14% following 4 h of
incubation (Fig. 2c).

The median fluorescence intensity of cells incubated for 2 h
with P5 was 4.0±1.0 and in case of P50 it was 2.4±1.1. After
4 h of incubation, the median fluorescence intensity for P5
increased and reached 5.4±2.3, whereas for P50 it did not
change significantly (Fig. 2d).

Nanoemulsion Intracellular Stability

Intracellular stability of double labeled (rhodamine-PE
and NIR664-PEG-DSPE) P5 and P30 was studied using
CLSM and colocalization analysis. From visual inspec-
tions of images in which the NIR664 (red, Fig. 3a and e) and
rhodamine (green, Fig. 3b and f) channels were superimposed
(Fig. 3c, d, g and h), only partial colocalization of NIR664 and
rhodamine probes can by subjectively identified by the ap-
pearance of yellow color. This indicated partial intracellular
disintegration of both P5 and P30.

This was confirmed by the quantitative colocalization anal-
ysis (Fig. 4). From the ICA plots it can be observed that the
majority of the voxels have a positive PDM value indicating
dependent fluorescence intensity in the two channels for both
P5 and P30 (Fig. 4a, b, e, f). The scatter plots show a cloud with
the tendency of a positive correlation between the intensities in
the two channels for both P5 and P30 (Fig. 4c and g).
The Rr value for P5 was 0.45±0.19 and for P30 0.52±
0.22 (Fig. 4d and h). The ICQ values for P5 and P30 NEs
were 0.31±0.04 and 0.30±0.05, respectively (Fig. 4d and h).
The MA, describing which fraction of NIR664-PEG-DSPE
colocalized with rhodamine-PE, was 0.60±0.18 for P5 and
0.69±0.18 for P30. The MB, describing which fraction of
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rhodamine-PE colocalized with NIR664-PEG-DSPE, was
0.5±0.15 for P5 and 0.46±0.19 for P30 (Fig. 4d and h).

Taken together this colocalization analysis indicates partial
intracellular disintegration to a similar extend for both P5 and
P30, showing that the PEG surface density did not affect
intracellular stability/disintegration of the NEs.

Toxicity and Complement Activation

In the Alamar blue assay it was observed that the viability
of PC3 cells incubated with P5, P10, P30, or P50 slightly
decreased with increasing NE dose, reaching the lowest
viability slightly below 80% at the highest incubation
concentrations, see Fig. 5a. However, no significant effects
of NE concentration or PEG surface density on cell via-
bility were observed, indicating the NEs are well tolerated
by the cells.

In the monocyte assays, no or only very low levels (non-
significant; unpaired, two-tailed t-test) of cytokines were
observed after exposure to P5 or P50. In the first experi-
ment series positive controls for inflammasome activation
Leu-Leu-OMe and ATP showed 195.0±39.0 and 470.9±
74.6 pg/ml IL-1β, respectively. In the second experiment
series the responses to the positive controls were also nor-
mal and no significant increase in concentration of any of
the 17 cytokines analyzed with multiplex were observed
after exposure to P5 or P50. Also in the whole blood assay,
no significant changes in cytokine concentrations were ob-
served after exposure to the NEs. These results are in line
with the Alamar blue assay, indicating the NEs are well
tolerated by different cell types.
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Fig. 1 Nanoemulsion characteristics. (a): Cartoons of the nanoemulsions with the 4 different PEG surface densities and the different fluorophores. (b): Results
from dynamic light scattering size and size distribution measurements. (c): The change in size of the nanoemulsions as a function of incubation time in 10% FBS in
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Importantly, in whole blood CD11b expression on
granulocytes and the concentration of TCC were in-
creased after exposure to P50, but not after exposure to
P5 (Fig. 5b and c). This indicated that P50 activated the
complement system, whereas P5 did not.

In Vivo Circulation

The circulation half-lives for DiR labeled P5, P10, P30 and
P50 are shown in Fig. 6a. No difference in circulation half-
lives for P5 and P10 was observed. P30 circulated shorter
than P5 and P10, and P50 had a significantly shorter
circulation half-life than P5, P10 and P30. The circulation

half-life decreased from approximately 200 min for P5 to
40 min for P50.

In Vivo Biodistribution

The biodistribution of DiR labeled P5 and P50 was studied
in tumor bearing mice using whole body in vivo fluorescence
imaging and ex vivo fluorescence imaging of the excised
organs 24 h post-injection. In vivo, tumor accumulation of
both agents was observed, and seemed more pronounced in
case of P50, as indicated by the higher SBR in the tumor
(Fig. 6b and e). However, from the images in Fig. 6e it can
be observed that P50 was distributed throughout the
mouse, whereas P5 was to a large extent confined to the

a b

c d

e f

g h

Fig. 3 CLSM images of PC3 cells
incubated with either P5 (a–d) or
P30 (e–h). NIR664 fluorescence is
shown in red (a, e) and rhodamine
fluorescence in green (b, f).
Overlays of the two channels are
shown in (c) and (g). In (d) and (h)
both NIR664 and rhodamine
channels are overlain on the
corresponding DIC image showing
the cells. Scale bars: 5 μm.
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organs of the mononuclear phagocyte system (e.g. liver/
spleen) and the tumor. Additionally, the SBR of the control
leg (containing no tumor) was higher in the mice injected
with P50 (Fig. 6b). Combined with the ex vivo observation
that actual tumor accumulation was very similar for both
agents (Fig. 6c, d and f), this indicated that increased PEG
surface density does not result in increased accumulation in
the tumor.

Furthermore, both P5 and P50 showed highest accumula-
tion in the liver and spleen 24 h after injection in the ex vivo
organ imaging. Although this was much more pronounced for
P5, especially in case of the spleen, this may in part be
explained by the much longer circulation residence time of
P5 as compared to P50.
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DISCUSSION

The effect of PEG surface density on several important aspects
of the in vitro and in vivo behavior of NEs was studied. The NE
platform we utilized allowed for variation of the PEG surface
density in a wide range from 5 to 50 mol%. It was found that
increasing PEG surface density resulted in complement acti-
vation and reduced in vivo circulation half-lives, did not in-
crease intracellular stability and passive tumor targeting and
led to an increased accumulation in organs other than the
spleen, liver and tumor.

There was a tendency of the nanoparticle size becoming
smaller with increasing PEG-DSPE content. In PEG-DSPE,
the hydrophilic part is very large in comparison to its double
hydrophobic fatty acid tail. Consequently, the curvature of the
membrane in which PEG-DSPE is incorporated increases,
resulting in a decrease of the NE diameter. Since the size of
nanoparticles can affect cellular uptake [30], the diameter of
NEs was kept nearly constant by increasing the amount of
soybean oil in the core with increasing PEG-DSPE content.

Increasing PEG surface density has been shown to result in
decreased non-specific cellular uptake of lipid-based nanopar-
ticles [19,24] and our in vitro experiments were in line with this.
As protein absorption was very similar for the different NEs

studied, the decrease in cellular uptake may be explained by
the more negative zeta potential at the higher PEG surface
densities [24]. The cell membrane is slightly negatively
charged, hence electrostatic repulsion between the NE and
the cell membrane increases with increasing PEG surface
density.

Cellular internalization of intact nanoparticles is an impor-
tant aspect of nanoparticle drug delivery [31]. Thus, intracel-
lular nanoparticle stability and drug release play a vital role.
Furthermore, PEG-DSPE is known to sterically stabilize lipid-
based nanoparticles in aqueous dispersion [14,18]. However,
to the best of our knowledge, no work on intracellular stability
of lipid-based nanoparticles as a function of PEG surface
density has been published. For these reasons we studied the
intracellular stability of the NE as a function of PEG surface
density. Our colocalization study of double labeled P5 and
P30 showed that the intracellular stability is not affected by
PEG-surface density. This indicates that once internalized, the
NE PEG surface density does not affect NE stability/disinte-
gration. As such, varying the PEG surface density does not
seem to be a tool allowing for tuning of drug release profiles in
a potential therapeutic application.

In vivo, we observed a remarkable decrease in circulation
half-life with increased NE PEG-DSPE content. Others have
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observed that in vivo circulation times of liposomes were in-
creasing with PEG2000 surface density up to 5 mol% and for
5 and 10 mol% no difference was observed in case of these
liposomes, which is in line with our results for P5 and
P10 mol% [22,23]. In another study, the blood concentration
30 min post-injection was similar for NEs containing 12 and
35 mol% PEG-PE [18]. This deviates from our observations,
which may be due to the other amphiphiles and oil used or
due to the fact that we assessed circulation times over 24 h and
Liu et al.measured blood concentrations 30min after injection
[18].

The complement receptor CD11b was found to be up-
regulated on granulocytes after exposure to P50, but not
after exposure to P5. CD11b generally binds to complement
opsonins and facilitates phagocytosis, hence plasma clear-
ance of opsonized substances. As such, our observations
provide a strong indication that complement activation re-
sulted in enhanced plasma clearance and explain the de-
creased circulation times for the NEs with higher PEG
surface density.

PEGylation of nanoparticles generally reduces immuno-
genic potency by masking potential antigen binding sites on
the nanoparticle surface [32,33]. Therefore it could be ex-
pected that P5 would adsorb more proteins when exposed to
FBS and produce more pronounced complement activation
than P50 in this study. However, observed protein adsorption
during incubation in 10% FBS was minimal for all NEs
studied and complement activation was only observed in case
of P50 and not in case of P5.

Interestingly, in accordance with our observations, com-
plement activation has been reported to increase with increas-
ing PEG concentration [34]. Moreover, it has been
established that PEG [34,35] and the anionic PEG-
phospholipid conjugates [36,37] can activate the complement
system under certain conditions. Reduced PEG-chain mobil-
ity, as is the case for increased PEG surface density, has also
been proposed to allow for more permanent binding of
opsonins and as such increased complement activation
[38]. Although these observations are in line with our
findings, the exact molecular mechanisms playing a role in
complement activation by PEGylated nanoparticles remain
elusive [39].

Despite the difference in circulation times, no clear differ-
ences were observed in tumor accumulation at 24 h post-
injection. In case of P5, 24 h represents 7.2 circulation half-
lives, whereas in case of P50 it represents 36 circulation half-
lives, which may indicate that at earlier time points post-
injection accumulation of P50 may have been higher than
P5. However, P50 was observed to accumulate nonspecifically
throughout the mouse to a much higher degree than P5 at
24 h post injection. Therefore, also for a favorable
biodistribution and tumor specificity, relatively low PEG-
DSPE content is most suitable.

CONCLUSION

In conclusion, we have prepared NEs with diameters of ap-
proximately 100 nm with the level of PEG surface density
varying from 5 to 50 mol%. The NEs were found not to be
cytotoxic, which is important for in vivo applications. To the
best of our knowledge the current study is the first to investi-
gate the effect of PEG surface density on the intracellular
stability of lipid-based nanoparticles. An important novel
finding was that intracellular stability of nanoemulsions is
unaffected by PEG surface density. Unexpectedly, in vivo cir-
culation half-lives decreased with increasing PEG surface
density. A plausible explanation is the observed complement
activation by NE with high PEG-DSPE content, but not by
NE with low PEG-DSPE content. The biodistribution and
tumor accumulation of P5 and P50 in tumor bearingmice was
similar, however, P50 was found to accumulate throughout
the mice, whereas P5 was to a large extent confined to the
organs of the mononuclear phagocyte system and the tumor.
Taken together, this demonstrates that the optimal PEG-
DSPE content of lipid-based drug delivery systems for tumor
targeting is below 10 mol%.
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