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Abstract

Lipid nanocapsules (LNCs) and lipid nanoemulsions (LNEs) are biomimetic synthetic nanocarriers. Their in vitro and in vivo
performance was evaluated as a function of their size (25, 50 and 100 nm) and the surface PEG chain length. Analysis methods included
complement activation test, particle uptake in macrophage and HEK293(B33) cells and biodistribution studies with tumor-grafted mice by
fluorescence imaging. A particular attention was paid to keep the concentration of each nanocarrier and to the amount of fluorescent dye in
comparable conditions between the in vitro and in vivo studies. Under these conditions, no significant differences were found among the
three tested particle sizes and the two nanocarrier types. Longer PEG chains on the LNE surface provided better stealth properties, whereas
PEG modification on the LNC formulations inhibited the production of stable nanocarriers. Passive accumulation of LNCs and LNEs in
different tumor types depended on the degree of tumor vascularization.

From the Clinical Editor: This study of lipid nanocapsules and lipid nanoemulsions compares their vitro and in vivo performance as a function
of size and surface PEG chain length, demonstrating no significant difference among the tested particle sizes. Longer PEG chains on the LNE
surface provided better stealth properties, whereas PEG modification on the LNC formulations inhibited the production of stable nanocarriers.
© 2013 Elsevier Inc. All rights reserved.
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(LNEs)*” are two types of synthetic particles, with tunable
diameters ranging between 25 and 100 nm that offer versatility for
the delivery of drugs,®'? DNA,'*!'* radiotherapeutics'>"” and
imaging agents. 1819

They are spherical, made of biocompatible materials, and exhibit
good dispersion stability. Their surfaces contain polyethylene
glycol (PEG) chains that provide stealth properties. They are both
produced in solvent-free conditions, using easily scalable processes:
LNCs are prepared by a low-energy phase inversion temperature
method, while LNEs are formed using homogenization by
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Figure 1. Schematic presentation of the LNC (A) and LNE (B) preparation methods, and the structures of LNCs and LNEs (C). The major difference between LNCs and
LNEs is coming from the type of energy provided for their formation: heating is used for LNCs and sonication for LNEs. LNCs are expected to be more rigid than LNEs.

ultrasonication (Figure 1). Both LNCs and LNEs can be
characterized as hybrids of micelles (with a swollen lipid core)
and polymer nanocapsules (shell consisting of a mixture of lecithin
and a PEGylated surfactant). However, although their structures are
similar, they present subtle differences (Supplementary Figure 1,
available online at http://www.nanomedjournal.com). LNCs have a
fairly rigid shell that stably anchors the PEGylated surfactant in the
lipid core. In comparison, the LNE shell surfactant is more mobile.
The particle’s stability is ensured by the low water solubility of the
lipid core and the use of a complex lipid/surfactant structure that
increases the particle’s entropic stability.® The length of the PEG
chains can also be modified to decrease protein adsorption and
increase the stealth properties of nanocarriers because PEG chain
length is correlated with protein adsorption and stealth
characteristics. >

Their size ranging from 25 to 100 nm favors their accumulation
in tumors via the enhanced permeability and retention (EPR)
effect.”! LNCs and LNEs are thus powerful tools for studying how
physicochemical variations can influence nanocarrier biodistribu-
tion in vivo.

In this study, we evaluated the pharmacokinetics and organ/
tissue distribution of fluorescent LNCs and LNEs. The effects of
nanocarrier diameter (25, 50 and 100 nm) and surface modification
by different PEG chains were assessed. The following methods
were used for in vitro evaluation: the CHS50 complement activation
test and particle uptake studies using macrophage (THP-1) and
HEK293(B3) cells. The HEK293([33) cells are a human embryonic
kidney cell line that overexpresses o, 33 integrins, making them a
good model for nanocarriers grafted with RGD-type targeting
peptides.”* In vivo biodistribution studies were performed with
mice with HEK293 tumors, in addition to three other tumor models
that exhibited various degrees of vascularization.

Methods

Materials

Solutol HS15 (PEG 660 12-hydroxystearate) was a gift from
BASF (Ludwigshafen, Germany) and stearate of PEG 1500
(DUB S PEG 30 S) was donated by Stéarinerie Dubois (Boulogne


http://www.nanomedjournal.com

S. Hirsjdrvi et al / Nanomedicine: Nanotechnology, Biology, and Medicine 9 (2013) 375-387 377

Billancourt, France). Myr 53 (PEG 40 stearate, 1980 Da), Myrj
49P (PEG 20 stearate, 800 Da), and Super Refined Soybean Oil
were obtained from Croda Uniquema (Chocques, France).
Labrafac WL 1349 (caprylic/capric acid triglycerides) and
Suppocire NC were bought from Gattefossé S.A. (Saint-Priest,
France), and Lipoid S75-3 (lecithin with more than 75%
phosphatidylcholine) was bought from Lipoid GmbH (Ludwig-
shafen, Germany). MilliQ185 water (Waters, Saint-Quentin-en-
Yveline, France) was used in all experiments. The fluorescent
dye, DiD (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocya-
nine perchlorate), was obtained from Invitrogen (Cergy Pontoise,
France). All other reagents were of analytical grade.

Preparation of LNCs and LNEs

LNCs were prepared according to the phase inversion
temperature method described by Heurtault et al' (Figure 1).
Briefly, a mixture of Solutol (or PEG 1500), Lipoid, Labrafac,
NaCl (5% in water) and water was heated to 85 °C (95 °C with
the PEG 1500 formulation) at a rate of 5 °C/min, followed by
cooling at the same rate to 65 °C. This cycle was repeated twice.
When the mixture reached 78 °C (85 °C with the SPEG 1500
formulation) during the phase inversion zone of the last cooling
cycle, the system was diluted with cold (0 °C) water, leading to
formation of stable LNCs. Fluorescent dye (DiD), dissolved in
acetone, was added to the formulation vial, followed by
evaporation of the acetone before adding the LNC components.
The final local dye concentration in the nanocarriers was
approximately 1.2 mM. The LNC dispersions were filtered
through 0.22 um filters (Minisart High-Flow, Sartorius Stedim
Biotech, Goettingen, Germany).

LNEs were prepared as described by Goutayer et al®
(Figure 1). 80 uL of 10 mM dye solution in CH,Cl, was poured
into a 5 ml vial, for a final dye concentration in the nanocarriers
of about 1.2 mM. The solvent was evaporated under vacuum
before the oil premix (Soybean oil, Suppocire NC and Lipoid)
was added. Myrj 53 or Myrj 49P was dissolved in 154 mM NaCl
aqueous solution and added to the oily premix. The mixture was
placed in a 60 °C water bath and sonicated for 5 min using a
VCX750 Ultrasonic processor (power output 190 W, probe
diameter 3 mm, Sonics, Newtown). LNEs were dialyzed
overnight at room temperature against an aqueous buffer
MwCO 12-14 kDa membranes, ZelluTrans) and filtered
through 0.22 um filters (Minisart High-Flow, Sartorius Stedim
Biotech, Goettingen, Germany).

The size of both nanocarriers could be adjusted by changing
the proportions of the components (see supplementary Table 1).
For a given PEG length, three sizes were formulated: 25 nm,
50 nm, and 100 nm. Another PEG length (1500 Da for LNC; 880
Da for LNE) was tested with 50 nm particles.

Characterization of LNCs and LNEs

Size distributions and zeta () potentials were determined
using a Zetasizer ZS (Malvern, Worcestershire, United Kingdom).
Particle sizing was based on photon correlation spectroscopy
(PCS); the results were analyzed by the CONTIN algorithm,
and the sizes were presented based on the volume distribu-
tions and the polydispersity indices (PDI). PDI is a

dimensionless value that represents the width of the particle
size distribution. Electrophoretic mobilities were converted to
{-potentials using Smoluchowski’s equation.

Complement activation evaluation

Complement consumption was assessed in normal human
serum (Etablissement Francais du Sang, Angers, France). The
residual haemolytic capacity of the complement system was
measured after contact with LNCs or LNEs. Poly(methyl
methacrylate) (PMMA) nanoparticles, strong complement
activators,” were used as a positive control. This technique
determines the amount of serum needed to lyse 50% of a fixed
number of sheep erythrocytes (CHS50) that were previously
sensitized by rabbit anti-sheep erythrocyte antibodies, as de-
scribed elsewhere.”* Complement activation was expressed as a
function of the LNC/LNE surface area, in order to compare
particles of different diameters. Nanoparticle surface areas were
calculated using the following equations: S=n4mr? and V=n(4/3)
(mr), leading to S=3 m/rp, where S was the surface area (cm?)
and V was the volume (cm®) of n spherical particles of average
radius 7 (cm), m was the weight (ug) and p was the volumetric
mass (ng/cm?).? All experiments were performed in triplicate.

Uptake by THP-1 and HEK293(B3) cells

THP-1 cells (human monocyte/macrophage cell line, ATCC,
Manassas, VA, USA) were grown in suspension in a humidifier-
incubator (5% CO,) at 37 °C, in RPMI 1640 supplemented with
10% fetal bovine serum (FBS), 10 mM HEPES, 1 mM sodium
pyruvate, 1.5 g/L bicarbonate (Lonza, Verviers, Belgium),
0.05 mM 2-mercaptoethanol, and 100 U/mL penicillin G and
100 pg/mL streptomycin (Sigma, Saint-Quentin Fallavier,
France). Cells were harvested and counted using the Trypan
blue exclusion assay. Approximately 5x10° cells/500 pL were
seeded in sterile 24-well cell culture dishes and differentiated >
by culturing in the same medium with 100 mM Phorbol 12-
myristate 13-acetate (PMA, Sigma, Saint-Quentin Fallavier,
France) for 48 h. Before the experiments the medium was
replaced with a PMA-free medium. HEK293(p3) cells, a human
embryonic kidney cell line stably transfected with the human (33
integrin gene (kindly provided by J-F. Gourvest, Aventis,
France), were cultured as described in”® in DMEM supplemen-
ted with 1% glutamine, 10% FBS and 700 pg/mL Geneticin
(G418 sulfate, Gibco, Paisley, United Kingdom). Both types of
cells were incubated with DiD-labelled LNCs and LNEs with the
same fluorescence intensity. After 15 min or 1.5 h incubation at
37 °C, the cells were washed, trypsinized and analyzed by FACS
(LSRII, Becton Dickinson, San Jose, USA). The results are
presented as DiD histogram counts. Experiments were per-
formed in triplicate.

In vivo distribution

Female NMRI nude mice (6—8 weeks old, Janvier, Le Genest-
Saint-Isle, France) were injected subcutaneously with 10x10°
HEK293(B3) cells/mouse (n=6/group). After tumor growth
(6 weeks), anesthetized mice (isoflurane/oxygen 3.5%—-4% for
induction and 1.5%—2% thereafter, CSP, Cournon, France) were
injected in the tail vein with 200 pL of DiD-containing particles
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Nanocarrier type PEG chain length (Da)  Diameter (nm)  PDI C-Potential (mV)
LNC 25 660 24+2 0.07 242
LNC 50 660 501 0.03 =31
LNC 100 660 102+1 0.05 -4+1
LNC 50 1500 44+2 0.16 -4+1
LNE 25 1980 26=1 0.17 -11+1
LNE 50 1980 501 0.19 -7+2
LNE 100 1980 87+2 0.25 -6+2
LNE 50 880 431 0.15 -10£2
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Figure 2. Physico-chemical parameters. LNCs and LNE:s differ from the length of the PEG chains covering their surface. The diameters, Polydispersity index and ¢-
potentials of the nanocarriers (above), and size distributions of the nanocarriers prepared with PEG 660 Da (LNC) or PEG 1980 Da (LNE) (below) are presented.

suspension. Fluorescent images were acquired by a back-thinned
CCD camera at —80 °C (ORCAII-BT-512 G, Hamamatsu, Massy,
France), 1.5 h, 3 h, 5 h and 24 h after injection. Three mice/group
were sacrificed at 5 h and 24 h in order to image the organs and
analyze the plasma. Image display and analysis were performed
using the Wasabi software (Hamamastsu, Massy, France). Semi-
quantitative data were obtained by drawing regions of interest
(ROI) around each organ. All procedures and experimental
protocols were approved by the ethical committee of Grenoble for
the use of animal research.

The amount of injected particles was standardized and
equalized according to their intensity of fluorescence. Addition-
ally, injected concentrations of nanocarriers were adjusted in
order to allow comparison with the complement activation test
(mg of nanocarrier/mL serum; further converted to surface area
of nanocarrier/mL serum). The total mouse blood volume was
found to be 72 mL/kg and contained 55% serum. The injected
nanocarrier concentrations were between 13 and 20 mg/mL,
depending on the formulation, resulting in approximately 2.5—
3.7 mg/mL serum in vivo. The studied range in the complement
activation test was 0—6.25 mg/mL serum.

The ability of 50 nm LNCs and LNEs to accumulate into
tumors was also tested. Four groups with 3 mice/group were

given subcutaneous tumors. We used human liver cancer (HUH-
7, 5x10° implanted cells), HEK293(B3) (5x10° implanted
cells), human glioblastoma (US7MG, 5x10° implanted cells),
and murine breast cancer (TSA/pc, 10x 10 implanted cells).
Confocal microscopy of frozen sections (7 um) was carried
out on an LSM710 LNO confocal microscope (Carl Zeiss, Jena,
Germany) using a 40 oil immersion objective of 1.0 N.A. The
633-nm laser was set up at 3% of its maximum intensity. Nuclei
were labeled by 1 ng/mL of Hoechst 33342 in PBS for 5 min RT.

Results
Preparation of LNCs and LNEs

The size distributions of the different formulations were
homogeneous (Figure 2). LNCs were highly uniform (Polydis-
persity Indices (PDIs) less than 0.1), while LNEs had slightly
higher PDIs (0.1-0.2). The {-potential for both nanocarriers was
weakly negative. Consistent with previous studies,”” the
formulations were stable for several months, except for the
50 nm LNCs with PEG 1500 chains, for which a temperature-
dependent size increase was observed after one month of storage
(1.9-fold (at 4 °C) and 2.6-fold (at 37 °C)).

Figure 3. Complement consumption (37 °C) of the nanocarriers. (A) The effect of particle’s size with LNCs (black) or LNEs (grey) on the complement
consumption is presented as a function of the area of particles. We also positioned several flags (‘c” for LNCs and ‘e’ for LNEs), which correspond to the amount
of particles injected in mice in the rest of the study. (B) Effect of modification of the PEG length on the surface. LNCs with “short” PEGs of 660 Da or longer
ones (1500 Da), as well as LNEs with short PEGs of 880 Da versus 1980 Da are studied.
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Complement activation

Complement consumption was evaluated based on the lytic
capacity of the serum on 50% of antibody-sensitized sheep
erythrocytes (CHS0 units) after exposure to LNCs and LNEs
(Figure 3). PMMA nanoparticles of +150 nm, were used as
positive, highly complement-activating controls. Indeed, they
consumed 73% of the CH50 units when used at a concentration
equivalent to a membrane surface of 1673 cm?/mL. LNCs and
LNEs only mildly activated the complement compared to
PMMA and no major differences were seen between them:
e.g., at 1700 cm?/mL, CH50 consumptions were approximately
5%, 9% and 17% for 25, 50 and 100 nm particles, respectively. A
clear correlation existed between the diameter of the particle and
the amount of complement activation: increasing particle size
from 25 to 100 nm increased complement activation. The CH50
unit consumption profiles were modified by exchanging the
shorter PEG chain (660 or 880) for a longer one (1500 or 1980),
while keeping the particle diameter constant (50 nm). A long
PEG on the LNE surface lowered the CH50 unit consumption,
while a short PEG caused the LNCs to have lower complement
activation. Because the longer PEG did not benefit LNCs and
rendered them unstable, the 50 nm LNCs with PEG 1500 were
not included in subsequent tests. Similarly, because LNEs
benefited from the longer PEG chain (1980 Da), LNEs with
the shorter PEG chain (880 Da) were excluded from further
in vitro tests. Encapsulation of fluorescent dyes in the LNCs
and LNEs did not affect the complement activation profiles (data
not shown).

Particle uptake by THP-1 macrophages and HEK293(B3) cells

Stealth particles are not expected to bind and to be
internalized rapidly by cells. This was investigated in vitro by
flow cytometry on THP-1 macrophages and HEK293(33) cells
at 37 °C (Figure 4). All of the tested nanocarriers showed a
barely detectable internalization by THP-1 (Figure 4, 4). Only
100 nm LNCs were slightly more internalized at 1.5 h, but the
intensities of fluorescence remained under the cut-off value
(vertical lane), indicating weak staining. Similar results were
obtained with the HEK293(B33) cells (Figure 4, B). In this case,
100 nm LNCs, as well as 50 and 100 nm LNEs, showed a very
weak internalization.

In vivo distribution

LNCs of 25, 50 and 100 nm were homogeneously distributed
and remained in the circulation for 24 h after intravenous
injection (Figure 5, A). Liver accumulation was weak (regardless
of the particle size), while elevated levels of fluorescence were
detected in lymph nodes (left cervical lymph node). Plasma
fluorescence measurements indicated significant quantities of
circulating LNCs. Macroscopically, tumor accumulation was
weak in the HEK293(B3) model, but the staining intensity of the
cervical lymph node (LN) was similar to that observed in the
liver. Importantly, this LN is not located on the tumor-bearing
side of the mouse, which suggests that the particle accumulation
in this LN was not due to tumor drainage. In addition, similar
results were observed in nude mice without tumors, suggesting

that the LN tropism of these LNCs is not related to tumor-
mediated activation of the LN. Histologic analysis of these
lymph nodes demonstrated that most of the signal was located in
the trabeculae and paracortex of the lymph nodes, without
major observable differences between the different particles
(data not shown).

The biodistribution patterns differed when the experiments
were performed with 25 to 100 nm LNEs (Figure 5, B). The skin
staining and hepato-biliary evacuation were more pronounced
with the smallest LNEs. Liver uptake of the LNEs was low and
not affected by LNE’s size, while the lymph nodes showed
positive labeling. Apart from this difference, the 50 and 100 nm
LNEs performed similarly to the LNCs. Lastly, replacing
PEG1800 by PEG900 did not modify the biodistribution. But
the fluorescent signal was weaker even though the quantities of
injected fluorescence were similar.

Tumor accumulation

As presented in Figure 5, tumor accumulation of LNCs and
LNEs did not differ significantly when evaluated in the
HEK293(p33) model. This was verified on tumor sections and
confocal microscopy (Figure 6). The fluorescent signal was
always observed, in particular in the periphery of the tumors. The
staining was enriched in and around tumor blood vessels but also
within the tumor nodules themselves. According to their
proximity with the nuclei, fluorescent inclusions were observed
in the cytoplasm of tumor and stromal cells as well as in the
interstitium space. No major differences are observed between
LNEs and LNCs or between 25, 50 or 100 nm large emulsions.

To evaluate the effect of tumor type on particle accumulation,
one nanocarrier size (50 nm) was tested on different tumors.
Accumulation of particles in the tumors was similar, regardless
of the nanocarrier type (LNC/LNE). Instead, the accumulation
significantly differed between tumor types, while exhibiting
consistent organ distribution profiles (Figure 7). Similar to
HEK293(p33),HUH-7 tumors presented poor particle accumula-
tion (poor EPR effect). In comparison, both U§7MG and TSA/pc
tumors showed strong particle accumulation.

Discussion

LNCs were prepared by spontaneous formation of emulsion
droplets driven by a temperature change, whereas LNEs were
formed from a homogenization process by a high-energy source
(sonication). Because of the spontaneous formation of LNCs, the
quantity of the PEG-surfactant plays a more important role in the
LNC fabrication process than in the LNE formulations. Indeed,
the amount of Solutol decreased from 69% to 28% (of the overall
content) as the LNC particle size increased from 25 to 100 nm,
while the amount of Myrj 53 decreased from 58% to 34% in
LNEs (see supplementary Table 1). Spontaneous particle
formation without a homogenization step resulted in narrower
size distributions (lower PDIs) (Figure 2), as previously
observed for polymeric nanoparticles formed either spontane-
ously (nanoprecipitation) or after homogenization (emulsifica-
tion techniques).?’ Particle size selection (25, 50 and 100 nm)
for this study was decided according to two factors: we wanted
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Figure 5. In vivo biodistribution of LNC (A) and LNE (B) in HEK293(33) xenografted nude mice. Three sizes of LNCs and LNEs and two sizes of PEGs for
LNE 50 nm were studied. Fluorescence images (200 ms integration time) are recorded at different times after injection and superimposed to visible light images
(white and black) (a and d). Fluorescence images are then performed on isolated organs 24 h after injection (an example of organs extracted from a mouse treated
with LNC 50 nm is presented in (b)). ROIs are then defined on the extracted organs in order to semi-quantify the amount of photons detected per pixels after a
100 ms exposure. The results of these measurements in each organ and in the plasma are presented in (¢) for LNCs and in (e) for LNEs.

to test the extremities of the available size range (25, 100 nm)
together with an intermediate size (50 nm), and on the other
hand, studies made with a phase diagram of LNCs provided the

narrowest size distributions for these three sizes.” The PEG

chains on the surface created a nearly neutral charge, while
stabilizing the particles by steric repulsion. The observed
slightly negative {-potentials could be explained by the presence
of a small proportion of hydrolyzed surfactants, leading to a few
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Figure 6. Subcutaneous HEK293(33) tumors were extracted and cryo-sectioned before confocal microscopy observation. In blue: Hoechst staining of the nuclei.
In red: DiD signal. No major differences can be detected in the distribution and intensity of the different nanoparticles within the tumor.

negatively charged polar groups.”® Considering the theoretical
calculations of particle quantities (see Materials and Methods),
and that all of the PEG surfactants introduced were incorporated
into particles, the PEG densities (mol/m?) were lower on the
LNE surface as compared to the LNCs, regardless of size
(Supplementary Figure 1). This difference in surfactant densities
is compensated for by the difference in PEG chain length (LNC:
660 Da, LNE: 1980 Da), providing one major difference
between LNCs and LNEs.

In their “standard” formulations, LNCs are prepared with
Solutol (PEG 600 Da), while LNEs are made with Myrj 53
(PEG 1980 Da) to provide satisfying pharmacokinetics.>'? In
this study, LNEs were also prepared with shorter PEG chains
(880 Da), while an increased PEG length (1500 Da) was
explored in LNC formulations. However, the LNCs with
SPEG 1500 were not stable. For the longer PEG chains, no
phase inversion zone (from w/o to o/w) was observed;
instead, a transition from an o/w emulsion to a multiple w/o/
w emulsion was seen.”’ This formation mechanism left a

remarkable amount of PEG stearate 1500 micelles that did not
participate in LNC formation in the dispersion medium. During
storage, these structures dissolved and adsorbed on the LNC
surface, causing a size increase. Removal of the excess PEG
1500 surfactant was not possible: dialysis could not eliminate
the excess material, and other methods such as size exclusion
chromatography, led to particle destruction (not shown). Longer
PEG chains could be attached to the LNC surface, but this step
would require a post-modification procedure.'® In comparison,
LNEs could use a wider variety of PEG surfactants. This
versatility comes from the fact that they are not self-assembled
emulsions but require energy input (sonication) to process them
and achieve their non-thermodynamically (but long-term
kinetically) stable state.®

Macrophages can remove nanoparticles from the bloodstream
after intravenous administration.*° They do not directly identify
the nanoparticles, but recognize specific opsonin proteins, such
as complement proteins, adsorbed on their surface.’’ The
complement activation test was used to assess the capacity of
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Figure 7. In vivo biodistribution of LNC 50 nm (A) and LNE 50 nm (B) in nude mice and evaluation of the EPR effect of the different tumors, 24 h after
injection. Human liver cancer (HUH-7), human glioblastoma (U87MG), human embryonic kidney cells HEK293((33) and murine breast cancer (TSA/pc).

the LNCs and LNEs to inhibit the adsorption of complement
proteins on their surface. LNCs and LNEs weakly activated the
complement system because their high-density PEGylated
surface provided a good shield.?® The longer PEG chains
provided the LNEs with better protection against complement
protein adsorption, but the longer PEG (SPEG 1500) caused
higher CH50 unit consumption for the LNCs, which resulted
from the instability (increased size) of these nanocapsules.
Relatively higher amounts of lecithin (Lipoid) on the LNEs’

surface structure (Supplementary Figure 1) did not seem to
provoke higher protein adsorption compared to LNCs.

Higher complement activation, associated with larger particle
size, could be related to the reduced surface curvature of bigger
particles that reduces the spatial mobility of the PEG chains
(there is more space for the extremities of the PEG to move in the
case of smaller particles) and thus facilitates complement
adsorption.** Tt should be noted that the interfacial density of
PEGylated surfactant is almost the same, regardless the particle
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size (Supplementary Figure 1), and does not affect complement
activation even though the proportion of PEG is higher in the
smaller particles.

In vivo experiments were designed to have comparable
parameters to evaluate the size, PEG chain length, and
nanocarrier (LNE or LNC) effects on particle biodistribution.
Particle concentrations were adjusted based on their fluorophore
payload, which is a function of the particle volume. One particle
of 100 nm has a surface area of 120,000 nm?. Accordingly,
8 particles of 50 nm or 125 particles of 25 nm should be injected
to obtain similar quantities of fluorophore, corresponding to
8x30,000=240,000 nm”> or 125x5000=625,000 nm”> of a
particle’s surface, respectively. Plotting the in vivo nanocarrier
concentrations in the complement activation graph (Figure 3, 4)
showed that all particles consumed between 15% and 25% of the
available CH50 units, except for the 25 nm LNEs, which
consumed nearly 40% of the available CHS50 units. The
differences in the exact particle sizes and injected amounts
explained this observed difference: the “25 nm” LNEs had
diameters of 22 nm and 20 mg/mL concentration, while the
“25 nm” LNCs had diameters of 28 nm and a concentration of
19.0 mg/mL. The difference might seem negligible but when it
was converted to particle amount (see Materials and Methods),
the difference was about 3.8x10'* particles. In the case of
50 and 100 nm nanocarriers, the differences between the in vivo
injected LNCs and LNEs were less than 1x 10'* particles. Thus,
the difference in surface area available for protein adsorption was
greater for the 25 nm LNEs than for the corresponding LNCs.
Therefore, for delivering an equal amount of drug payload, the
total surface area of the injected particles should only impact
complement activation when using the 25 nm LNEs. No other
particles showed surface area-dependent effects on complement
activation. The higher drug payload in larger particles counter-
acts the disadvantage of their surface curvature, which could
favor opsonin binding.

No differences of uptake by THP-1 macrophage were
observed among the different nanocarriers. In both in vitro and
in vivo studies, one goal was to retain the same fluorescence
intensity regardless of the nanocarrier size. Because LNCs and
LNEs were prepared with the same dye concentration in the oily
core (1.2 mM), the particle quantity had to be increased with
decreasing particle size, as discussed earlier. A larger quantity of
smaller nanocarriers most likely compensated for a possible
decrease in the uptake rate of the smaller particles. According to
our previous studies, when LNCs (25—-100 nm) were incubated
at the same molar concentrations with macrophages, an increased
uptake rate was observed with increasing particle size (and
increased fluorescence).”* Under the same conditions,
HEK293(p3) cells showed similar, negligible uptake of the
nanocarriers as seen in THP-1 cells, but as previously
established, LNE internalization can be increased by attaching
RGD-ligands.’

The biodistribution profiles of the nanocarriers presented
minor but interesting variations due to their size and/or
composition (Figure 5). At early times (1.5 h and 3 h), the
25 nm LNCs and LNEs presented elevated levels of fluorescence
in the skin (“green” pseudo color of the animals treated with
25 nm nanocarriers as compared to the “blue” appearance of

those treated with larger nanocarriers). This may be explained by
an augmented circulation of small particles in the capillaries of
the skin and/or a “burst-release” of the hydrophobic DiD dye,
which could be more pronounced with small nanocarriers. The
released DiD could be captured by the skin and also evacuated by
the hepatobiliary route. A pronounced accumulation of fluores-
cence with 25 nm LNEs was measured in the intestine and skin at
24 h, suggesting that, although both types of small particles
circulate efficiently in the microcapillaries, the 25 nm LNEs may
be more easily destabilized than LNCs and can release DiD in the
skin and circulation.

It is accepted that small-sized nanoparticles have longer
circulation times in blood.?****® This is usually observed if
particles >100 nm are compared with particles <100 nm.
However, when nanoparticles with diameters between 10 and
100 nm are evaluated, the trend is not always obvious. For
example, when PEGylated polyacrylate nanoparticles increased
from 20 to 60 nm, the systemic clearance rate and liver
accumulation decreased significantly.”* Similarly, 25 nm
polymer micelles exhibited much shorter circulation half-lives
than 60 nm micelles.’ In the latter study, the authors
hypothesized that this observation was due to more efficient
clearance of the smaller micelles by hepatobiliary excretion
because ~70% of the (mouse) liver fenestrations are narrower
than 100 nm. In another study, the longest blood half-life of 10—
100 nm PEGylated gold nanoparticles was achieved by
compromising between the particle size and PEG chain length,
resulting in ~60 nm particles.>® Our results with the 25 to 100 nm
nanocarriers are consistent with previous studies showing
constant (or sometimes even random) distribution profiles in
different organs: no clear relationship between the particle size
and the biodistribution profiles has been established.***
Biodistribution results from the current study are compatible
with the in vitro complement activation and macrophage uptake
evaluations, as no clear differences were observed between the
types of nanocarriers. In addition, the PEG-containing surfaces
of both LNCs and LNEs provide appropriate stealth properties
for the nanocarriers.

Fluorescence imaging only allows the tracking of the (DiD)
fluorophore in vivo, which might be different from that of the
nanocarriers. However, despite the fact that the in vivo integrity
of these lipid nanocarriers cannot be directly confirmed, free DiD
dye displays different kinetics and biodistribution than that
observed in these studies, and does not fluoresce in aqueous
medium.'® Therefore, it is assumed that these results reflected
the kinetics and biodistribution of the nanocarriers or of the DiD
captured locally by tissues.

Tumor vasculature is irregular, leaky, dilated, and the
vascular endothelial cells are poorly aligned with large
fenestrations.***° This morphology results in increased leakage
of macromolecules and nanocarriers out of the circulatory system
into the tumor tissue by the EPR effect.*'*? Although Human
Embryonic Kidney HEK293 cells form tumors in nude mice,
they are not tumor cells but normal embryonic cells transformed
with adenovirus 5 DNA. When injected subcutaneously in mice,
they form a slow-growing tumor (~6 weeks to reach 5 mm),**
resulting in well-structured, neo-angiogenic vasculature with
tight endothelial junctions.?®** Therefore, HEK293(3) tumors
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can be classified as “weak EPR” tumors. TSA/pc cells originate
from chemically induced tumors in mice. They grow rapidly
(~10 days to 5 mm), leading to leaky fenestrations.*’
Additionally, tumors from U87MG cells exhibit highly porous
vasculature.*® The results from the 50-nm LNCs and LNEs
support these conclusions: significantly more nanocarriers were
found in the TSA/pc and U87MG tumors, compared to the
HEK293($33) and HUH7 tumors. In addition, four independent
experiments confirmed that the biodistribution of these nano-
carriers was highly reproducible and homogenous. The particles
stained the skin, liver, LNs and tumors. In summary, LNCs and
LNEs showed good stealth properties and can target passively
the lymph nodes and EPR “positive” tumors, which is promising
for clinical applications.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.nano.2012.08.005.
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