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A B S T R A C T

Rheumatoid arthritis (RA) is a common autoimmune disease, which is characterized by painful chronic in-
flammation in the joints, and novel safe and efficacious treatments are urgently needed. RNA interference
(RNAi) therapy based on small interfering RNA (siRNA) is a promising approach for silencing specific genes
involved in inflammation. However, delivery of siRNA to the target site, i.e. the cytosol of immune cells, is a
challenge. Here, we designed lipid-polymer hybrid nanoparticles (LPNs) composed of lipidoid and poly(DL-
lactic-co-glycolic acid) loaded with a therapeutic cargo siRNA directed against the proinflammatory cytokine
tumor necrosis factor (TNF), which plays a key role in the progression of RA. We compared their efficacy and
safety with reference lipidoid-based stable nucleic acid lipid particles (SNALPs) in vitro and in vivo. Cryogenic
transmission electron microscopy, atomic force microscopy and small-angle X-ray scattering revealed that the
mode of loading of siRNA in lamellar structures differs between the two formulations. Thus, siRNA was tightly
packed in LPNs, while LPNs displayed lower adhesion than SNALPs. The LPNs mediated a higher TNF silencing
effect in vitro than SNALPs in the RAW 264.7 macrophage cell line activated with lipopolysaccharide. For both
types of delivery systems, macropinocytosis was involved in cellular uptake. In addition, clathrin-mediated
endocytosis contributed to uptake of SNALPs. LPNs loaded with TNF siRNA mediated sequence-specific sup-
pression of inflammation in a murine experimental arthritis model upon intra-articular administration. Hence,
the present study demonstrates that LPN-mediated TNF knockdown constitutes a promising approach for ar-
thritis therapy of TNF-mediated chronic inflammatory conditions.

1. Introduction

Rheumatoid arthritis (RA) is an autoimmune disease characterized
by chronic synovial inflammation, leading to cartilage and bone de-
struction in the joints [1]. In RA, the regulation of the inflammatory
process is deficient, and immune responses against self-antigens are
triggered. Currently, medication is directed towards relief of symptoms
by the use of disease-modifying anti-rheumatic drugs (DMARDs). These
drugs target the immune inflammatory response in a non-specific way,

and undesired side effects are frequently experienced by RA patients.
Hence, there is a need for novel and more specific treatments, which are
efficacious and safe. The pro-inflammatory cytokine tumor necrosis
factor (TNF), which is produced by monocytes and macrophages among
other cell types, plays a key role in the progression of a wide variety of
chronic inflammatory disorders, e.g., RA. It is found in high con-
centrations in the serum and synovial fluid of patients with RA [2]. TNF
does not only induce other pro-inflammatory cytokines, but also the
secretion of matrix-degrading proteases produced by fibroblasts,
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eventually resulting in destruction of cartilage. Currently, patients with
RA are treated with anti-TNF biopharmaceuticals, which consist of
monoclonal anti-TNF antibodies and soluble TNF receptors. Infliximab
(monoclonal TNF antibody) and etanercept (soluble TNF receptor) are
the most commonly used anti-TNF biopharmaceuticals. In combination
with methotrexate, they are relatively efficacious in inducing disease
remission [3,4]. However, one of the disadvantages of this treatment
strategy is that infliximab and etanercept may induce antibodies, which
can result in response failure [5]. RNA interference (RNAi) therapy can
be used to suppress disease-associated exacerbated inflammation and
inhibiting TNF overexpression with small interfering RNA (siRNA) can
prevent the problem of antibody formation.

However, a drug delivery system is needed to deliver siRNA in-
tracellularly to target the RNAi pathway in the cytosol, because siRNA
cannot permeate cellular membranes. A vast number of different ca-
tionic lipids and helper lipids have been intensively studied for delivery
of exogenous nucleic acids into cells [6]. Cationic lipids form lipoplexes
with nucleic acids by complexation with polyanionic nucleic acids via
attractive electrostatic interactions. Owing to their fusogenic properties
and ability to undergo structural changes from bilayer to hexagonal
structures, certain cationic lipids or helper lipids can improve the
transfection efficiency [6]. However, lipoplexes are highly unstable in
serum-containing physiological media, eventually resulting in poor in
vivo performance [7].

A solution to this problem is to combine a polymeric core with a
cationic lipid shell layer to form colloidally more stable lipid-polymer
hybrid nanoparticles (LPNs) for nucleic acid delivery [8]. We have
demonstrated that LPNs composed of poly(DL-lactic-co-glycolic acid)
(PLGA) and the cationic lipid 1,2-dioleoyl-3-trimethylammonium pro-
pane (DOTAP) efficiently deliver siRNA to cells and mediate high
transfection efficiency [9,10]. However, a main challenge is the toxicity
of many cationic lipids. Therefore, replacement of the toxicity-asso-
ciated cationic lipids with alternative and more transfection-competent
lipids as the lipid component of LPNs might enable more efficient gene
silencing. This would allow for dose reduction, thus improving the
overall safety and efficacy of the delivery system. The so-called lipi-
doids are examples of such compounds that constitute a novel class of
lipid-like components based on an alkylated tetraamine backbone [11].
Depending on the alkylation degree, different subtypes are obtained
e.g., the penta-substituted lipidoid (i.e. L5, which appears as an isomeric
mixture) and the hexa-substituted lipidoid (i.e. L6 being a single fully
alkylated entity) [11,12]. We recently showed that if siRNA is en-
capsulated in LPNs based on PLGA and lipidoids, the intracellular de-
livery of siRNA is enhanced [12,13]. In contrast to commonly used
cationic lipids like DOTAP, lipidoids contain several secondary and
tertiary amines, rendering them more efficient in interacting with
siRNA without significantly increasing the net charge of the delivery
system. Therefore, the siRNA loading is enhanced and the effective dose
of cationic lipid needed in lipidoid-LPNs is much lower than that of
DOTAP-LPNs at equimolar siRNA concentrations, thereby reducing the
side effects. Nevertheless, it is of major concern that bulk lipidoids are
able to activate Toll-like receptor (TLR) 4 [13]. However, inclusion of
lipidoid into the LPNs structure was shown to abrogate TLR4 activation
in vitro [13].

To date, we have limited knowledge about the capability of lipidoid-
based LPNs to deliver a therapeutic siRNA cargo and ensuing trans-
fection efficiency in vitro and in vivo. Hence, we investigated the po-
tential of LPNs for intracellular delivery of TNF siRNA resulting in TNF
silencing in the murine macrophage cell line RAW 264.7 activated with
lipopolysaccharide (LPS). For comparison, we prepared and char-
acterized a reference formulation of TNF siRNA-loaded stable nucleic
acid lipid particles (SNALPs) using lipidoid as the cationic lipid com-
ponent, and investigated how the particle structure and surface prop-
erties of these two systems differentially affected the siRNA delivery to
activated macrophages in vitro. Furthermore, their therapeutic capa-
cities were tested in vivo in a murine experimental arthritis model.

2. Materials and methods

2.1. Materials

L5 was synthesized, purified and characterized as previously re-
ported [11,12]. 2′-O-methyl modified dicer substrate asymmetric siRNA
duplexes directed against TNF (TNF siRNA), negative control siRNA
and Alexa647-labeled siRNA were kindly provided by GlaxoSmithKline
(Stevenage, UK) as dried, purified, and desalted duplexes
(Supplementary data, Table S1). Primers were purchased from TAG
Copenhagen (Frederiksberg, Denmark). PLGA (lactide:glycolide molar
ratio 75:25, Mw: 20 kDa) was purchased from Wako Pure Chemical
Industries (Osaka, Japan). Polyvinylalcohol (PVA) 403 with an 80.0%
degree of hydrolysis was provided by Kuraray (Osaka, Japan). Choles-
terol and C16 PEG2000 ceramide were purchased from Avanti Polar Li-
pids (Alabaster, AL, USA). Quant-iT™ RiboGreen® RNA Reagent and
Tris–EDTA buffer (10mM Tris, 1 mM EDTA, pH 7.5) were acquired
from Molecular Probes Invitrogen (Paisley, UK). RNase-free diethyl
pyrocarbonate (DEPC)-treated Milli-Q water was used for all buffers
and dilutions. Additional chemicals were obtained commercially at
analytical grade (Sigma-Aldrich, St Louis, MO, USA).

2.2. Preparation and physicochemical characterization of LPNs and
SNALPs

The PLGA nanoparticles (NPs), the non-loaded LPNs, and the siRNA-
loaded LPNs were prepared using a double emulsion solvent evapora-
tion method as previously reported [12,14]. Briefly, a volume of 125 μL
of Tris-EDTA buffer or 66.7 mM TNF siRNA solution (w1) was emulsi-
fied in 250 μL of a 15mg PLGA in CH2Cl2 or 2.25mg lipidoid/12.75 mg
PLGA binary mixture in CH2Cl2 (o) by sonication to form a primary
emulsion, which was dispersed in 2% (w/v) PVA aqueous solution (w2),
resulting in the formation of a water-in-oil-in-water (w1/o/w2) double
emulsion. With the evaporation of CH2Cl2, the emulsion droplets were
gradually solidified as LPNs. The LPNs were washed and freeze-dried as
previously reported. L5-based SNALPs loaded with TNF siRNA were
prepared using the ethanol destabilization method as previously re-
ported [11,12]. For the Alexa647-labeled particles, TNF siRNA was
replaced with the corresponding Alexa647-labeled siRNA.

The intensity-weighted average hydrodynamic diameter (z-average)
and polydispersity index (PDI) of the NPs were determined by DLS
using the photon correlation spectroscopy technique as previously de-
scribed [12]. Laser-Doppler electrophoresis was used to determine the
zeta-potential of the NPs as previously described [12]. The RiboGreen®
RNA reagent was used to determine the siRNA encapsulation efficiency
and practical loading as previously described [9].

2.3. Cryo-transmission electron microscopy (cryo-TEM)

Morphological analysis was carried out by cryo-TEM using a Tecnai
G2 20 TWIN transmission electron microscope (FEI, Hillsboro, OR,
USA) as previously described [9]. In brief, samples for cryo-TEM were
prepared using a FEI Vitrobot Mark IV. A small droplet was deposited
onto a Pelco Lacey carbon-filmed grid and spread carefully; excess li-
quid was removed, resulting in the formation of a thin sample film. The
samples were immediately plunged into liquid ethane and kept at
−180 °C. The vitrified samples were subsequently transferred in liquid
nitrogen to an Oxford CT3500 cryo holder connected to the electron
microscope. The sample temperature was continuously kept below
−180 °C. All observations were made in bright field mode at an ac-
celeration voltage of 120 kV. Digital images were recorded with a Gatan
Imaging Filter 100 CCD camera (Gatan, Pleasanton, CA, USA).

2.4. Atomic force microscopy (AFM)

LPN dispersions were added to freshly cleaved muscovite mica and
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air-dried before characterization using a MultiMode 8 microscope
(Bruker, Santa Barbara, CA, USA) operated in PeakForce QNM mode.
TAP525A probes (nominal spring constant 200 N/m, nominal tip radius
8 nm) and TAP150 (nominal spring constant 5 N/m, nominal tip radius
8 nm) (Bruker AFM Probes, Camarillo, CA, USA) were calibrated before
and after characterization of each sample using an absolute method.
Full force distance data was acquired and post processed using the Nano
Scope Analysis v 1.80 (Santa Barbara, CA, USA). A nominal force of 100
nN was applied to indent the sample and the Young’s Modulus was
determined using the Hertz indentation model, while the maximum
step height between the baseline and the minimum value of the curve
was used to determine adhesion [15].

2.5. Small-angle X-ray scattering (SAXS)

SAXS data were recorded using a modified flux-optimized
NanoSTAR SAXS instrument (Bruker AXS) with a rotating Cu source
( =λ 1.54Å) [16], a two-pinhole setup with a home-built scatterless slit/
pinhole in front of the sample, a semi-transparent beamstop, and a
thermostated sample cell (Anton Paar, Graz, Austria). A home-built
flow-through quartz capillary sample cell (∅ = 2mm) was used for the
measurements. Data were recorded with a VÅNTEC-500 2D-area de-
tector (Bruker AXS). LPNs (10mg/mL) or SNALPs (1mg/mL) were
exposed for 900 s and Milli-Q water was subtracted as buffer back-
ground and used for absolute scale calibration. Data analysis was per-
formed with the program package SUPERSAXS developed in-house
(Oliveira, C. L. P.; Pedersen, J. S., unpublished).

2.6. Cell culture

The murine macrophage cell line RAW 264.7 was purchased from
the American Type Culture Collection (TIP71, Manassas, VA, USA). The
cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM,
Fisher Scientific Biotech Line, Slangerup, Denmark) and supplemented
with 100 U/mL penicillin, 100 µg/mL streptomycin, 2 mM glutamine
(all from Sigma-Aldrich) and 10% (v/v) fetal bovine serum (FBS, PAA
Laboratories, Pasching, Austria). The cells were grown in a 5%
CO2–95% atmospheric air incubator at 37 °C, the growth medium was
renewed every second day, and the cells were sub-cultured twice a
week by detaching them from the culture flask by scraping.

2.7. Determination of silencing efficiency in vitro

Silencing of TNF expression in activated RAW 264.7 cells was de-
termined essentially as previously described [10,17]. In brief, cells were
seeded in 24-well tissue culture plates (Sigma) at a density of
1.0× 105 cells per well and incubated overnight. Subsequently, nano-
particle suspensions were added to each well in triplicates, resulting in
a final siRNA concentration of 100 nM, and then the cells were in-
cubated for 21 h. To each well, 5 ng/mL (final concentration) LPS
(Sigma-Aldrich) was added, and the cells were incubated for additional
3 h. Untreated cells were incubated with PBS, negative control cells
received LPS but not siRNA or particles, and cells dosed with LPS and
TNF siRNA complexed with Trans-IT TKO (Mirus Corp, Madison, WI,
USA) served as the positive control. In addition, cells transfected with
NPs loaded with scrambled siRNA were used as negative control. RNA
was isolated and purified using the RNA Stat-60 (AMS Biotechnology,
Abingdon, UK), and reverse transcription of RNA was performed by
applying the iScript cDNA synthesis kit (Bio-Rad Laboratories, Her-
cules, CA, USA). The PCR reactions were conducted in duplicates using
a LightCycler® 480 (Roche, Basel, Switzerland) and the SYBR Green®
Master mix (Roche). The reference genes β-actin (ACT) and β-glucur-
onidase (GUS) were used for normalization. The LightCycler® 480
software v.1.5.0 (Roche) was used for crossing point (CP) analysis,
followed by quantification relative to the LPS-treated cells using the
comparative ΔΔCP method as previously described [10,17]. The

concentrations corresponding to 50% TNF silencing (IC50 values) for
the dose-response curves were calculated using curve fitting algorithms
(GraphPad Prism, La Jolla, CA, USA).

2.8. Viability assay

The effect of LPNs and SNALPs on the viability of RAW 264.7 cells
was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay. RAW 264.7 cells were seeded at a
density of 10,000 cells per well in 96-well plates and cultured for 24 h.
The cells were incubated with dispersions of LPNs or SNALPs in
medium at different TNF siRNA concentrations for 24 h at 37 °C. Cells
incubated with lipofectamine2000 (Invitrogen) were used as positive
control, while untreated cells were used as negative control. After in-
cubation, the cells were washed with PBS, and 100 µL of freshly pre-
pared MTT reagent in HBSS buffer was added to each well followed by
incubation at 37 °C for 4 h. The cell viability was determined by mea-
suring the absorbance of the solubilized formazan at 595 nm.

2.9. Cell apoptosis and necrosis analysis

Cell apoptosis and necrosis were determined essentially as described
previously [10,17]. RAW 264.7 cells were seeded in 24-well culture
plates (Sigma) at a concentration of 4.0× 105 cells per well. The
apoptosis of cells, exposed to LPNs and SNALPs (at TNF siRNA con-
centrations of 100, 200, 400, and 800 nM) for 24 h, was determined.
After treatment, cells were collected, washed with PBS, and stained
with FITC-labeled Annexin V and propidium iodide (Life Technologies,
Carlsbad, CA, USA) following the manufacturer’s instructions. The
numbers of cells undergoing necrosis (positive for propidium iodide),
early apoptosis (positive for Annexin V), and late apoptosis (double-
positive for Annexin V and propidium iodide) were quantified by flow
cytometry using a Gallios flow cytometer (Beckman Coulter, Brea, CA,
USA) as previously described [10,17].

2.10. Cell uptake

Cellular association of siRNA was quantified by using flow cyto-
metry. RAW 264.7 cells were seeded in 24-well plates (2.0× 105 cells
per well) 24 h before the experiment, which was initiated by incubating
the cells with nanoparticles at a concentration of 100 nM Alexa647-
labelled siRNA in medium at 37 °C for 0.5, 1, 3, 6 and 24 h. Cells were
rinsed twice with PBS, scraped and diluted with medium. After washing
and centrifugation, the cell pellet was resuspended in 200 μL PBS and
analyzed by flow cytometry using a Gallios flow cytometer (Beckman
Coulter) as previously described [18]. Data were analyzed using FlowJo
7.6.5 (Three Star, Ashland, OR, USA).

In the uptake experiments conducted at 4 °C, RAW 264.7 cells were
preincubated in medium at 4 °C for 10min before NP suspensions were
added, and the cells were incubated for 3 h either at 37 or 4 °C. For the
endocytic inhibition assays, RAW 264.7 cells were washed with PBS,
and fresh medium was added containing endocytosis inhibitors as
previously described [19]. The cells were treated with NPs in the ab-
sence or presence of endocytosis inhibitors including nystatin (20 μg/
mL, Sigma) chlorpromazine (5 μg/mL, Sigma), cytochalasin D (2 μg/
mL, Sigma), amiloride (100 μg/mL, Sigma) and dynasore (26 μg/mL,
Sigma). The compounds were added to the cell culture medium 0.5 h
prior to addition of the LPN or SNALP suspensions. The concentration of
Alexa647 siRNA in the cell culture medium was 100 nM in all the ex-
periments. The fluorescence level in the cells was determined after 3 h.

2.11. Cellular siRNA distribution

Confocal laser scanning microscopy was used to visualize uptake of
Alexa647 siRNA in RAW 264.7 cells [18]. Cells were seeded in 12-well
tissue culture plates containing a cover slip at a density of
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4.0×105 cells per well. The cell culture medium was aspirated and
replaced with fresh culture medium. Cells were incubated with NPs at a
concentration equivalent to 100 nM of Alexa647 siRNA for 3 h at 37 °C.
After incubation, the cells were washed three times with PBS and in-
cubated for additional 1 h with Lysotracker DND99 (200 nM, Molecular
Probes) to stain late endosomes and lysosomes. After washing with PBS,
the cells were fixed with fresh 3% (v/v) paraformaldehyde, and the
cells were incubated with 4́, 6-diamidino-2-phenylindole (DAPI, 0.2 μg/
mL, Invitrogen) for 5min to stain the nuclei. After washing, the cover
slips were placed on a slide using the Vectashield® mounting medium
(Vector Laboratories, Peterborough, UK). The cells were imaged by
confocal microscopy using a Zeiss LSM 710 confocal microscope (Carl
Zeiss, Jena, Germany). The obtained images were processed using the
Zeiss Zen black 2012 software.

2.12. Mice

Female Balb/cAnNCrl mice, 18–20weeks old were purchased from
Charles River laboratories (Sulzfeld, Germany). Animals were fed ad
libitum, housed in groups of six mice per cage and kept under standard
conditions of the animal facility. All experiments were approved by the
Animal Experiment Committee of Utrecht University
(AVD108002016467).

2.13. Induction of PGIA

Human proteoglycan (hPG) was isolated from human articular
cartilage as previously described [20]. To induce arthritis, Balb/c mice
were injected twice intraperitoneally with a mixture of 2mg di-
methyldioctadecylammonium (DDA) (Sigma Aldrich) and 250 µg hPG
with a 21 day interval [21]. Subsequently, mice were randomized
among the experimental groups, and arthritis scores (0–4 per ankle,
maximum score per mouse is 16, but the humane end point is 12) were
determined three times a week in a blinded fashion using a visual
scoring system based on swelling and redness of paws as previously
described [22]. Briefly, the arthritis score is the result of the redness
and swelling of each individual paw with a maximum score of 4 per
paw. A score of 1 reflects mild inflammation (redness, swelling) of a
single toe. A score of 2 represents either inflammation at two toes, or
swelling and redness of the paw itself. A score of 3 reflects a more se-
vere inflammation of both toes and the paw, and a score of 4 represents
the maximal score, where the entire foot and all four toes are severely
inflamed with significant reduced range of motion. Usually, the arthritis
development in the individual paws follow different kinetics, and hence
the scores can fluctuate in this relapsing and remitting model. NP dis-
persions (10 µL/mouse) were administered twice by intra-articular in-
jection in the left ankle joint with 29G insulin syringes (1 mL, BD
Medical, Le Pont de Claix Cedex, France) at day 25 and 27. The positive
control group received three times a week an intraperitoneal injection
with 125 µg dexamethasone in 100 µL PBS [23].

2.14. hPG ELISA

Blood was sampled from the submandibular vein of the mice by a

cheek puncture on day 27 and 46. Serum was separated by centrifuging
the blood at 10,000 g for 10min. The hPG specific antibodies in serum
were measured by enzyme-linked immunosorbent assay (ELISA). The
hPG-specific IgG1 and IgG2a Ab levels were compared with a standard
of pooled sera from arthritic mice. Flat-bottom Costar assay 96-well
plates (Corning, Kennebunk, ME, USA) were coated with hPG (5 µg/
mL), and the free binding sites were blocked with 1% BSA (Sigma
Aldrich, St Louis, MO, USA) in PBS (Lonza, Maastricht, The
Netherlands). Sera were applied in increasing dilutions, and levels of
both total hPG-IgG and hPG-IgG2a were determined using horse radish
peroxidase conjugated goat anti-mouse IgG2a (Southern biotech,
Birmingham, USA). For detection, 2,2′-azinobis [3-ethylbenzothiazo-
line-6-sulfonic acid]-diammonium salt (ABTS, Roche, Woerden, The
Netherlands) was used. Optical density was measured at 405 nm with a
microplate reader (Bio-rad, 550 model).

2.15. Statistics

Experiments were performed in triplicate, and data are presented as
mean values ± SD. The difference of experimental data between two
groups was assessed using the two-tailed Student's t test, and one-way
analysis of variance (ANOVA) followed by a Tukey’s post hoc test was
used to analyze the mean difference among groups. The statistical
significance level was set to p < 0.05.

3. Results and discussion

3.1. Preparation of LPNs

A double emulsion solvent evaporation method was applied to
prepare non-loaded and TNF siRNA-loaded, L5-modified LPNs, as pre-
viously reported [12,14]. The mean hydrodynamic diameter (z-
average) of the resulting nanoparticles was approximately 210 nm and
the polydispersity index (PDI) was approximately 0.11, inferring rela-
tively narrow size distributions (Table 1). We used the previously re-
ported ethanol destabilization method to prepare L5-based SNALPs
[11,12]. Dynamic light scattering (DLS) results indicated that the
average size of the siRNA-loaded SNALPs (74 ± 8 nm) was sig-
nificantly smaller (p < 0.001) than the size of the LPNs (Table 1). The
size distribution of the SNALPs was relatively narrow (PDI= 0.09 ±
0.01). The LPNs had a positive zeta potential (12.5 ± 6.5mV), while
the SNALPs displayed an almost neutral zeta potential
(-1.3 ± 4.4 mV). The siRNA encapsulation efficiencies of the LPNs and
SNALPs were 93.3 ± 5.7% and 84.9 ± 1.5%, respectively, indicating
high siRNA entrapment efficiency for both types of nanoparticles
(Table 1). An important observation is that the encapsulation efficiency
measured for the TNF siRNA (93%) is higher than the encapsulation
efficiency that we previously reported for an siRNA targeting enhanced
green fluorescent protein (EGFP), as the latter LPNs displayed an en-
capsulation efficiency in the range of 60–80% [12]. We speculate that
the encapsulation efficiency is sequence-specific and may depend,
among other factors, on the chemical modification pattern of the bases,
which influences the hydrophobicity and hence the siRNA encapsula-
tion during emulsification. The practical siRNA loading was

Table 1
Physicochemical properties of nanoparticles (NPs). Data represent mean values ± standard deviation (SD, n= 3).

Formulation z-average (nm) PDI Zeta potential (mV) Encapsulation efficiency (%) siRNA loading (µg/mg NPs)

PLGA NPs 195.6 ± 1.9 0.08 ± 0.01 −17.6 ± 1.1 – –
Non-loaded LPNs a 174.7 ± 2.2 0.09 ± 0.01 19.5 ± 1.4 – –
LPNs a,b 210.2 ± 9.1 0.11 ± 0.01 12.5 ± 6.5 93.3 ± 5.7 9.1 ± 0.6
SNALPs c 73.6 ± 8.2 0.09 ± 0.01 −1.3 ± 4.4 84.9 ± 1.5 98.9 ± 1.9

a
L5:total solid content of 15% (w/w).

b L5:siRNA ratio 15:1 (w/w).
c siRNA:total lipids weight ratio 1:7.5.
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approximately 10 times higher for the SNALPs than for the LPNs, as
previously reported [12].

The shape, morphology and size of LPNs and SNALPs loaded with
TNF siRNA were examined by cryo-TEM (Fig. 1). The LPNs were
spherical (Fig. 1A), and the particle sizes corresponded to the size
distributions and PDIs measured by dynamic light scattering (Table 1).
We observed a pronounced structural difference between LPNs and
SNALPs (Fig. 1A and B). The electron density profile across the surface
of LPNs reveals a uniform structure (Fig. 1C), while the profile of
SNALPs demonstrates that SNALPs are multilamellar vesicles with an
outer shell of approximately 10 nm (Fig. 1D). No visual difference was
evident between the appearance of the non-loaded LPNs and the cor-
responding nanocarriers loaded with siRNA cargo. A similar mor-
phology was demonstrated in our recently reported cryo-TEM studies of
lipidoid-modified LPNs [12]. Interestingly, previous SAXS studies in-
dicated that lamellar lipid structures are present on the surface of
DOTAP-modified LPNs [9]. The multilamellar vesicle model was pro-
posed for the self-assembled SNALPs based on studies showing that the
outer shell layer is composed of helper lipid and cationic lipid, while
the nucleic acid cargo is localized between the onion-like lipid bilayers
[24,25]. However, a nanostructure core model and a homogeneous
core-shell model have also been proposed for such self-assembled lipid
nanoparticles [26,27]. It must be noted that the preparation method,
the specific type of lipids, the formulation parameters, and the specific
RNA cargo significantly contribute to the cargo loading, the particle
volume and the resulting particle structure.

3.2. Nanomechanical characterization of nanoparticle stiffness and
adhesion

Characterization of the structure and stability of LPNs is essential
for improving the understanding of the physicochemical and material
properties of the LPNs, and they constitute important parameters for
the ability of LPNs to efficiently deliver siRNA. The stiffness of nano-
particles may affect their cellular uptake. Soft particles tend to deform
upon contact with the cellular membrane, which necessitates a higher
energy required for cellular internalization, in comparison to rigid
particles [28,29]. We examined the effect of L5 and siRNA loading on
the stiffness and adhesion of PLGA particles by using quantitative na-
nomechanical mapping (QNM), which is an atomic force microscopy
(AFM)-based method [30]. The stiffness of the non-loaded PLGA par-
ticles was found to be 5.90 ± 1.44 GPa (mean value ± SD of the
normal distribution, Fig. 2A and Table S2), corresponding to the stiff-
ness reported for the bulk material [31]. Inclusion of L5 in the particle
structure resulted in a significantly decreased particle stiffness of
2.16 ± 0.57 GPa, which indicates that L5 is either adsorbed to the
PLGA surface or integrated in the particles. Subsequent loading of

siRNA resulted in an increased stiffness of 3.48 ± 0.92 GPa. This is
likely caused by a more dense packing of the cationic lipidoid due to
reduction of electrostatic repulsion between cationic headgroups by the
presence of anionic siRNA. This indicates that both L5 and siRNA in-
teract with the PLGA matrix of the LPNs. The opposite zeta potential of
the LPNs with L5 incorporated as compared to that of unmodified PLGA
NPs (Table 1), shows that the cationic L5 is located on the surface of the
LPNs. However, the adhesion force measured between the silicon AFM
probe and the PLGA NPs was not affected by the incorporation of L5 and
loading of siRNA (Table S2). This could indicate that the main parts of
L5 and siRNA are integrated within the bulk of the PLGA NPs, ac-
counting for the lack of internal structure observed by cryo-TEM.
SNALPs were deformed upon attachment to the surface used for the
AFM studies. Therefore, the nanomechanical stiffness of SNALPs could
not be accurately determined. In an AFM-based study of similar-sized
vesicles composed of cationic DOTAP lipids, a stiffness of 20MPa was
reported [32], which is two orders of magnitude lower than the stiffness
measured for LPNs in the present study. The deformation of SNALPs
indicates a vesicle structure with a water core, as also inferred by the
cryo-TEM studies. Hence, based on the composition and observed de-
formation, we consider SNALPs to be significantly softer than LPNs.
Furthermore, compared to LPNs, a significantly stronger and more
variable adhesion of SNALPs was observed (Fig. 2B and Table S2). The
small negative zeta potential of SNALPs, combined with the variable
adhesion, indicate that the surface presents both the cationic L5 and
anionic siRNA.

3.3. SAXS characterization of L5 and siRNA loading in LPNs

To verify the formation of the bilayer structures observed by cryo-
TEM and further investigate the packing of L5 and siRNA, we char-
acterized LPNs and SNALPs by SAXS. The SAXS data of the LPNs, dis-
played as intensity as a function of the modulus of the scattering vector,
q, showed strong scattering at low -q values originating from the overall
particle size in the nano range (Fig. 2C, cyan, red, and black curves).
The smaller-sized SNALPs showed a distinctly different signal indicative
of vesicular structures, where a low -q upturn, originating from the
overall shape, was observed along with a characteristic broad bilayer
core–shell cross-section bump in the medium q range (Fig. 2C, blue
curve). No Bragg-like peaks were observed for the unmodified PLGA
NPs (Fig. 2C, cyan curve), indicating that there is no ordered structural
organization of the PLGA polymer on the nanometer length scale, in
agreement with previously published results [8]. Inclusion of L5 re-
sulted in the appearance of peaks at q-values of approximately 0.0455
and 0.091 Å−1, respectively (red curve). Using Bragg’s law, these peaks
can be assigned to structures with d spacings of approximately 138 Å
and 69 Å, respectively (Fig. 2C, red curve, red arrows). Considering the

Fig. 1. Representative cryo-TEM images of siRNA-loaded LPNs (A) and SNALPs (B). Electron density profiles across the edge of particles (black lines) show a uniform
structure of siRNA-loaded LPNs (C) and a core-shell structure of SNALPs (D). Scale bars= 100 nm.
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amphiphilic structure of L5, these peaks were identified as the char-
acteristic first and second order reflection of a lamellar phase with a
periodicity of approximately 69 Å. Lamellar L5 structures have not
previously been studied, but for dispersions of bulk L5, we observed a
periodic structure of approximately 50 Å (results not shown). Loading
of siRNA into the LPNs resulted in the appearance of an additional
broad peak at a q-value of 0.125 Å−1, corresponding to a d spacing of
50 Å (blue arrow). The first and (less visible) second order peaks of L5
were also present with d spacings of approximately 135 Å and 69 Å,
respectively (Fig. 2C, black curve, red arrows). Therefore, these data
suggest that L5 forms a bilayer structure when included in the PLGA
NPs. However, in the absence of counter charges, e.g., provided by the
siRNA, this structure has a significantly larger d spacing than the native
bilayer, probably as a result of interbilayer repulsive electrostatic in-
teractions between the cationic groups. Hence, the siRNA is integrated
with the L5 in the PLGA NPs, where bilayers of similar thickness as the
native L5 bilayers are formed. This is in agreement with our previous
results, where it was observed that increased loading with siRNA re-
sulted in a decreased thickness of the DOTAP bilayers in the LPNs [9].
The weak peak at a d spacing of approximately 69 Å could indicate the
coexistence of non-complexed L5. Further experiments are needed to
elucidate the structural properties of L5 in greater detail, as the mole-
cule displays four amine functionalities and five hydrocarbon chains
that could result in alternative structures in addition to the observed
bilayer structure.

The SAXS data for the SNALPs (Fig. 2C, blue curve) were simplis-
tically modeled using a single-layered polydisperse vesicle model to
obtain information about the particle morphology and the bilayer cross-
section structure. The fit suggested a vesicle diameter of approximately
76 nm, correlating well with the hydrodynamic diameter measured by
DLS (Table 1), and a bilayer cross-section thickness of approximately
10 nm, which is in the same range as the width of the electron density
distribution measured by using cryoTEM (Fig. 1B).

3.4. siRNA-loaded LPNs mediate dose-dependent TNF mRNA silencing

The ability of siRNA-loaded LPNs and SNALPs to mediate RNAi in
vitro was evaluated in LPS-activated RAW 264.7 cells by real-time re-
verse transcription (RT) PCR as previously described [10,16]. The TNF
silencing mediated by LPNs and SNALPs was dose-dependent (Fig. 3A).
The half-maximal inhibitory concentration (IC50) of LPNs
(21.5 ± 2.2 nM) was significantly lower (p < 0.05) than the IC50

value of SNALPs (38.1 ± 5.3 nM). In comparison, we previously de-
termined the TNF silencing mediated by DOTAP-modified LPNs using
the same cell line and found an IC50 value > 100 nM [17]. Negative
control LPNs loaded with scrambled siRNA did not induce any silencing
of TNF expression, whereas the commercial siRNA transfection reagent
TKO induced TNF silencing in a dose-dependent manner (Figure S1).
These results indicate siRNA-dependent induction of RNAi mediated by

LPNs and SNALPs. Our previous study showed that the IC50 value for
the transfection efficiency of LPNs loaded with EGFP siRNA was in the
range of 4–10 nM in the human non-small cell lung carcinoma cell line
H1299 stably transfected with EGFP [12]. This discrepancy may be a
result of cell line-dependent differences in transfection efficiency. The
present study also shows that L5-modified LPNs are much more efficient
in mediating TNF silencing in vitro than DOTAP-modified LPNs, as also
demonstrated for LPNs loaded with EGFP siRNA in H1299 cells stably
transfected with EGFP [12].

Subsequently, the cell viability was examined in order to exclude
that the observed TNF silencing effect was influenced by NP-induced
toxicity. Cell viability measurements using the MTT assay showed that
neither LPNs nor SNALPs caused any significant toxicity in vitro in RAW
264.7 cells in the tested concentration range (Fig. S2). Potential
apoptotic and necrotic effects of the particles, which may not be ap-
parent from the MTT assay, were investigated by flow cytometry using
a combination of fluorescein isothiocyanate (FITC)-labeled annexin V
and propidium iodide (Fig. S3). Compared with the negative control
(PBS), no significant apoptosis or necrosis was observed for LPNs or
SNALPs at siRNA concentrations of 100 nM and 200 nM, respectively
(Fig. 3B). At the highest siRNA concentration tested (400 nM), both
types of particles induced low levels of apoptosis (< 10%). In addition,
a significant increase in induced apoptosis/necrosis was observed for
SNALPs as compared to that found for LPNs at an siRNA concentration
of up to 800 nM (p < 0.01). Induction of apoptosis or necrosis at such
high concentrations could be attributed to the undesired side effects
mediated by the cationic lipidoid component of the LPNs [13].

3.5. RAW 264.7 cells internalize siRNA more efficiently when encapsulated
in LPNs and SNALPs, and the NP-mediated uptake is energy-dependent

To quantitatively investigate cellular uptake in RAW 264.7 cells,
Alexa647-labelled siRNA was loaded in LPNs and SNALPs, respectively,
and the uptake in cultured living cells was compared to the uptake of
unloaded Alexa647-labelled siRNA by measuring the Alexa647 fluor-
escence intensity after incubation for 0.5, 1, 3, 6, and 24 h (Fig. 4A).
After a relatively short incubation period (0.5 and 1 h), the levels of
cellular siRNA delivered by LPNs appeared to be higher than the levels
delivered by SNALPs. However, the cellular levels of siRNA were sig-
nificantly higher in the case of SNALPs after continued treatment in
new culture medium for 3, 6, or 24 h. The uptake data were analyzed
using pseudo-first and pseudo-second order kinetics, which have been
employed to characterize uptake profiles [33]. The LPNs and SNALPs
tended to exhibit pseudo-first order uptake characteristics (Fig. 4A). In
a pseudo-first order model, the fraction of intracellular siRNA delivered
by LPNs and SNALPs increases exponentially as a function of incubation
time, and the uptake efficiency is dependent on the specific type of NPs.
In addition, the r2 values of fits in both models for the unloaded siRNA
were found to be<0.9, indicating that the uptake of unloaded siRNA

Fig. 2. (A) AFM-based nanomechanical stiffness characterization of unmodified PLGA NPs (cyan), non-loaded LPNs (red) and siRNA-loaded LPNs (black). (B)
Adhesion of LPNs (black) and SNALPs (blue). (C) SAXS diffraction patterns for SNALPs (blue), PLGA NPs (cyan), non-loaded LPNs (red) and siRNA-loaded LPNs
(black). Red and blue arrows, respectively, indicate the Bragg-like peaks corresponding to lamellar structures. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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neither follows pseudo-first order nor pseudo-second order kinetics. In
contrast, very little unloaded siRNA was taken up by RAW 264.7 cells,
which is consistent with the hypothesis that large biomolecules like
siRNA are hardly endocytosed by cells [34]. To investigate the energy
dependency of the cellular internalization, the uptake of the particles
was compared at 4 and 37 °C. Endocytosis is an energy-dependent
process that is inhibited at low temperatures [35]. There was a

remarkable reduction of intracellular siRNA accumulation at 4 °C
(which was 88% for LPNs and 98% for SNALPs, respectively) as com-
pared to the experiments performed at 37 °C (Fig. 4B). These findings
indicate that both LPNs and SNALPs are internalized via energy-de-
pendent processes. SNALPs are softer than LPNs and deform sig-
nificantly when imaged by AFM. It is possible that SNALPs will also
deform upon contact with the cell membrane, which requires more

Fig. 3. (A) TNF mRNA silencing in RAW 264.7 cells incubated with LPNs (blue triangles) or SNALPs (orange circles). Results are normalized to non-transfected, LPS-
treated cells (100%). (B) Comparison of apoptotic (black) and necrotic (grey) cells for RAW 264.7 cells incubated with LPNs and SNALPs for 24 h, respectively,
measured relative (in percentage) to the values for untreated RAW 264.7 cells (control). Data represent mean values ± SD (n= 3). **p < 0.01. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. (A) Intracellular Alexa647 siRNA level in RAW 264.7 cells exposed to non-encapsulated Alexa647 siRNA, LPNs and SNALPs, respectively for 0.5, 1, 3, 6, and
24 h at 37 °C, and plot of the data with nonlinear regression fits (full lines). (B) Endocytosis of NPs loaded with Alexa647 siRNA at 4 °C. Cells were pretreated at 4 °C
for 10min prior to subsequent incubation of NPs at 4 °C for 3 h. ****p < 0.0001 when compared with cells incubated at 37 °C. (C) RAW 264.7 cells were pre-
incubated with inhibitors for 0.5 h, and they were subsequently cultured in medium containing NPs. The concentration of Alexa647 siRNA in the cell culture medium
was 100 nM in all the experiments. The fluorescence level of Alexa647 siRNA was determined at 3 h. **p < 0.01, ***p < 0.001, as compared to untreated cells.
Data represent mean ± SD (n= 3). D) Representative confocal microscopy images of RAW 264.7 cells (blue: nuclei) transfected with LPNs, SNALPs and non-
encapsulated Alexa647 siRNA, respectively. In all experiments a concentration of 100 nM Alexa647 siRNA was used. The co-localization patterns (yellow) of siRNA
(red) with LysoTracker (late endosome/lysosome marker, green) 3 h after treatment with NPs show different intracellular siRNA distribution patterns. Scale
bars= 20 µm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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energy for cellular internalization, as compared to uptake of LPNs. This
matches the higher reduction in the uptake of SNALPs, as compared to
that of LPNs, at low temperature. However, further studies are needed
to systematically investigate the influence of particle stiffness on the
cellular uptake.

3.6. Macropinocytosis and clathrin-mediated endocytosis are possible
mechanisms involved in the uptake of LPNs and SNALPs

A considerable difference between the siRNA uptake profiles of the
LPNs and SNALPs was noted, indicating that the siRNA delivery
mediated by these two types of nanoparticles is likely to involve dif-
ferent endocytic pathways. Hence, we performed selective inhibition
assays to elucidate which endocytic pathways are involved in the cel-
lular internalization of lipidoid-based nanoparticles [19]. We studied
the effects of selective inhibitors of macropinosome-mediated en-
docytosis (i.e., cytochalasin D), clathrin-mediated endocytosis (i.e.,
chlorpromazine), or caveolae-mediated endocytosis (i.e., nystatin) on
the uptake of Alexa647-labeled siRNA-loaded LPNs and SNALPs in
RAW 264.7 cells (Fig. 4C). In comparison to cell-associated fluorescence
in the absence of inhibitors, treatment with cytochalasin D led to re-
duced siRNA uptake, suggesting that the cellular uptake pathway for
LPNs and SNALPs may be macropinocytosis (Fig. 4C). Furthermore, a
significant decrease in SNALP-associated fluorescence was observed for
cells treated with chlorpromazine (Fig. 4C). Therefore, clathrin-medi-
ated endocytosis may also contribute to the uptake of SNALPs in RAW
264.7 cells. In contrast, incubation with nystatin did not influence
cellular internalization, which infers that caveolae-mediated en-
docytosis is not involved in uptake. The effects of amiloride (an in-
hibitor of macropinosome-mediated endocytosis) and dynasore (an in-
hibitor of clathrin-mediated endocytosis) treatment on the uptake of
nanoparticles in RAW 264.7 cells were also studied. The obtained re-
sults demonstrated comparable endocytic pathways for LPNs and
SNALPs (Fig. S4). The experimental results indicate that macro-
pinocytosis appears to be the primary endocytic mechanism for uptake
of both LPNs and SNALPs in RAW 264.7 cells. This is probably a result
of the unique phagocytic capacity of macrophages, which generally
serve as scavengers by engulfing foreign particles [35]. In addition, the
particle size is a major parameter affecting endocytosis of NPs [36].
Clathrin-coated vesicles have a general diameter of approximately
150 nm [36]. Since the diameter of SNALPs is in the range of 60–80 nm,
it is likely that clathrin-coated vesicles may also be involved in the
intracellular trafficking of SNALPs. Likewise, lipid NPs with an average
diameter of approximately 60 nm have been shown to enter cells via
clathrin-mediated endocytosis, as well as macropinocytosis [37]. Apart
from inhibitors, endocytic markers and endogenous protein knock-out
cell lines may also be employed to verify or exclude specific endocytic
pathways for nanomedicines [38]. The mechanisms of LPN uptake in
cell culture remain to a large extent unknown, and further studies are
needed to elucidate the exact endocytosis mechanisms. The present
results suggest that SNALPs mediate significant higher cellular uptake

of siRNA than LPNs. However, the transfection efficiency of SNALPs
(IC50 of 38.1 ± 5.3 nM) is much lower than that of LPNs (IC50 of
21.5 ± 2.2 nM), which may be attributed to a higher intracellular
delivery capacity of LPNs.

To examine further how LPNs and SNALPs are taken up by antigen-
presenting cells, we used confocal microscopy to investigate qualita-
tively their distribution and extent of cellular accumulation in RAW
264.7 cells upon incubation for 3 h at concentrations corresponding to
100 nM Alexa647 siRNA (Fig. 4D). A strong red fluorescence signal
from Alexa647 siRNA was observed in RAW 264.7 cells incubated with
both types of nanoparticles (Fig. 4D), indicating that both LPNs and
SNALPs mediate intracellular delivery of a considerable amount of
siRNA. In contrast, only a weak fluorescence signal was present in cells
treated with non-encapsulated siRNA, which confirms that the use of a
delivery system is important for siRNA transfection. In order to obtain
more details on the intracellular trafficking of the particles, we per-
formed co-localization studies using lysotracker to distinguish labeled
siRNA present in endosomes and lysosomes. Co-localization of the
fluorescence signals (yellow color) from Alexa647 siRNA and lyso-
tracker demonstrates that both LPNs and SNALPs may be transported to
late endosomes and lysosomes following endocytosis in RAW 264.7
cells (Fig. 4D). In addition, red fluorescence signals from Alexa647
siRNA were observed in cells treated with LPNs and SNALPs, which
indicates that siRNA escapes from the lysosomes into the cytosol.

3.7. LPNs and SNALPs loaded with TNF siRNA reduce experimental
arthritis in vivo after intra-articular administration

To test the effect of TNF siRNA-loaded LPNs and SNALPs on arthritis
progression, we made use of the proteoglycan-induced arthritis (PGIA)
model [21]. Arthritis was induced by intraperitoneal injection (i.p.) of a
mixture of hPG and DDA. After two injections with hPG/DDA (on day 0
and day 21), the mice were dosed twice (on day 25 and day 27) with
LPNs or SNALPs loaded with TNF siRNA or scrambled siRNA, while
non-encapsulated siRNA was used as control (Fig. 5). Local adminis-
tration was performed via intra-articular injections, where dose vo-
lumes of 10 µL of the nanoparticle dispersions or non-encapsulated
siRNA were injected, respectively. As positive control, mice were in-
jected three times a week until termination of the experiment (day 65)
with dexamethasone, which is an immune-suppressing drug used for RA
treatment. This dexamethasone dosing regimen has previously been
shown to result in complete immune-suppression [23] Dexamethasone
has a relatively short plasma half-life; hence, frequent administration is
required for optimal efficacy. The treatment with dexamethasone was
initiated four days earlier than the other treatments to obtain maximal
immunosuppressive activity and to prevent induction of autoimmunity.
Hence, this dosing regimen induces the maximal suppression of disease.
From day 23 onwards, mice were scored three times a week for arthritic
symptoms to monitor disease progression.

Mice that were dosed twice with LPNs or SNALPs (loaded with 1 µg
TNF siRNA) showed significantly less arthritic symptoms than the

Fig. 5. Experimental scheme. Mice were
immunized twice intraperitoneally (i.p.)
with a mixture of 250 µg hPG and 2mg DDA
at day 0 and day 21. The mice were dosed
twice at day 25 and day 27 with the dif-
ferent treatments. From day 21, the animals
were scored three times a week for arthritis
symptoms. As positive control, animals were
dosed i.p. three times a week with 125 µg
dexamethasone from day 21. Blood samples
were collected at day 27 and 46 for mea-
surement of hPG-specific antibodies.
Animals were euthanized at day 65, and
hPG-specific antibodies were measured in
the blood.
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control groups (Fig. 6). In contrast, mice that were dosed twice with
TNF siRNA loaded in DOTAP-modified PLGA NPs did not show reduced
arthritis (Fig. S4). The explanation for this is that the DOTAP-modified
LPNs are not as efficient in mediating gene silencing as the L5-modified
LPNs, as shown by us previously [12], and as demonstrated clearly in
the present work. Therefore, higher doses of siRNA are needed for the
formulation based on DOTAP-modified LPNs to achieve in vivo efficacy
[10]. Although non-encapsulated TNF siRNA alone also reduced ar-
thritic symptoms (Fig. 6), it should be noted that the dose of the non-
encapsulated TNF siRNA was ten times higher than the siRNA dose of
the administered NP dispersions (10 µg vs 1 µg). For the treated paws
only, the same effects were observed (Fig. S6), although the differences
were less pronounced due to the inherent problem related to in-
traarticular injection, which also induces swelling of the joints in some
cases, eventually hampering the clinical scoring and reducing the ap-
parent treatment efficacy. These results show that L5-modified LPNs
loaded with siRNA deliver their cargo efficiently in vivo, and that two
locally administered doses are sufficient for therapeutic efficacy, which
is attractive from a clinical perspective. The effect of repeated dosing
(> 2 doses) could not be tested in the present studies, because only two
injections were allowed for ethical reasons.

Furthermore, mice that were treated with TNF siRNA encapsulated
in SNALPs or LPNs did not only show a reduced disease severity (as
shown by the maximum arthritis score) but also a delayed onset of
arthritis (Table 2). Mice that were injected with non-encapsulated TNF
siRNA experienced the first arthritic symptoms at a similar time point as
the control groups treated with scrambled non-encapsulated siRNA.
This indicates that loading of siRNA in NPs enhances the delivery of the
siRNA also in vivo. In contrast, mice that received a higher dose of NPs,
corresponding to 10 µg siRNA, showed inflammatory symptoms im-
mediately after injection (data not shown), indicating that this dose
induces immune activation. Since the results showed a systemic effect
of the NPs (when the arthritis score from the injected paw was sub-
tracted, the mice that received LPNs and SNALPs containing TNF siRNA

remained significantly less sick than the control groups), systemic ad-
ministration of the cargo would be an option in future experiments
[39]. Additional studies are needed for pharmacokinetic profiling of the
siRNA and the nanoparticles after intraarticular injection.

3.8. Snalps reduce the Th1-mediated immune response

Besides the disease-suppressing effects, it was tested whether TNF
siRNA loaded in LPNs and SNALPs, respectively, could modify the
adaptive immune response. To determine whether TNF siRNA treat-
ment had an effect on antibody production, we compared serum anti-
body levels at three different time points (t= 27, 46, and 65 days, re-
spectively, Fig. 7). Disease-inducing, hPG-specific IgG2a antibodies
were measured for all groups and time points. At the first time points
(t= 27 and 46 days), there were no significant differences in the levels
of hPG-specific IgG2a antibodies between the groups. However, at the
last time point (t= 65 days), the mice that were dosed with TNF siRNA
loaded in SNALPs showed a significantly decreased level of hPG-specific
IgG2a antibodies similar to the positive control group treated with
dexamethasone. Treatment with non-encapsulated TNF siRNA or LPNs
loaded with TNF siRNA did not reduce the hPG-specific IgG2a antibody
levels in serum, as compared to the antibody levels measured for the
control group treated with scrambled, non-encapsulated siRNA. In the
applied PGIA model, mice that accommodate a response against auto-
logous proteoglycan, and thus develop arthritic symptoms, have been
shown to exhibit an increase in Th1-supported IgG2a antibodies [40].
As shown by the measurements in serum, SNALPs but not LPNs influ-
ence the production of hPG-specific-IgG2a antibodies (Fig. 7). Since
IgG2a antibodies are driven by the Th1 cytokine interferon γ (IFN-γ), it
is possible that SNALPs inhibit the production or neutralize this cyto-
kine, whereas non-encapsulated TNF siRNA and LPNs containing TNF
siRNA do not affect IFN-γ [41]. Therefore, the effects evident from the
in vivo scoring cannot solely be attributed to a Th1-inhibiting effect.
Furthermore, no differences in the levels of hPG-specific IgG1 anti-
bodies were observed (data not shown), which indicates that non-en-
capsulated TNF siRNA, TNF siRNA-loaded LPNs, and TNF siRNA-loaded
SNALPs do not affect the Th2 response. Further in vivo experiments are
required to address in more details the T-cell differentiation after
treatment, and to study both the inhibition of pro-inflammatory effector
T cells and possible induction of regulatory T cells in the PGIA model.

4. Conclusions

In conclusion, we have designed a new type of lipidoid-based LPNs,
for which the siRNA delivery efficiency was compared to that of SNALP
nanoparticles. LPNs were larger in size and more stable than SNALPs,
and siRNA was incorporated into the particle matrix as opposed to
being displayed mainly on the surface of SNALPs, as seen from cryo-

Fig. 6. Therapeutic effect of TNF siRNA-loaded
LPNs and SNALPs in vivo, shown as the arthritis
score as a function of the number of days after
the first hPG/DDA immunization. Two intra-ar-
ticular injections were given in the left ankle
joint of the mice at day 25 and 27 of LPNs (1 μg
siRNA, blue triangles), SNALPs (1 μg siRNA, red
diamonds) and non-encapsulated TNF siRNA
(10 μg siRNA, black asterisks); this reduced ar-
thritis compared to the control groups treated
with scrambled siRNA (10 μg siRNA, grey
squares) and LPNs loaded with scrambled siRNA
(10 μg siRNA, grey inverted triangles). As posi-
tive control, animals were treated three times a
week with dexamethasone by intraperitoneal in-
jection (125 µg in 100 µL PBS, black circles). The

control groups are shown in all plots. Statistical analysis at day 65: two-way analysis of variance (ANOVA) and Tukey’s post hoc test. Data represent mean values,
n= 6. **p < 0.01, and ****p < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Maximum arthritis score and day of onset of disease. Data represent mean
values ± SD (n= 6). As day of onset of disease is considered the first day on
which a mouse has a score of 1 or more at one of the paws or toes. The max-
imum arthritis score is the maximum arthritis score during the entire experi-
ment (i.e., not at the day of euthanization).

Treatment Maximum arthritis score Day of onset

Dexamethasone 1.7 ± 0.9 50.0 ± 6.6
TNF siRNA SNALPs (1 µg) 7.4 ± 3.2 43.2 ± 7.8
TNF siRNA LPNs (1 µg) 7.4 ± 2.7 46.3 ± 9.4
TNF siRNA (10 µg) 6.1 ± 3.9 35.3 ± 5.4
Scrambled siRNA LPNs (10 µg) 10.0 ± 2.4 33.0 ± 8.0
Scrambled siRNA (10 µg) 10.9 ± 1.6 35.3 ± 4.9
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TEM and validated by AFM and SAXS experiments. The in vitro ex-
periments show that both LPNs and SNALPs are efficient delivery sys-
tems for TNF siRNA due to their ability to reduce the expression of TNF
in LPS-activated macrophages. Both particle types were taken up via
macropinocytosis, while only SNALPs could be taken up via clathrin-
mediated endocytosis. In vivo results indicate that two doses of LPNs
and SNALPs administered locally by intraarticular injection can effi-
ciently suppress inflammation in an experimental arthritis model at a
relatively low TNF siRNA dose (1 μg). Furthermore, treatment with
SNALPs lead to a reduced Th1 response. However, additional studies
are required to optimize the dosage regimen towards efficacious and
safe treatment. These findings may guide future rational design of li-
pidoid-based nanocarriers for siRNA delivery in chronic inflammatory
disorders and autoimmune diseases.
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