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We analyzed the structural and material properties of small interfering RNA (siRNA)-loaded lipid-
polymer hybrid nanoparticles (LPNs) containing ionizable lipidoid and poly(DL-lactic-co-glycolic acid)
(PLGA) using small-angle X-ray scattering, cryogenic transmission electron microscopy, polarized light
microscopy, the Langmuir monolayer methodology, differential scanning calorimetry, and attenuated
total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy. Scattering analyses showed that
bulk lipidoid self-assemble into lamellar structures with a d-spacing of 38 Å, whereas lipidoid-siRNA lipo-
plexes display an in-plane lateral organization of siRNA in between lipidoid bilayers with a repeat dis-
tance of approximately 55 Å. The siRNA-loaded LPNs adopted a core–shell structure with an interaxial
alignment of siRNA between lipidoid shell bilayers. Langmuir monolayer experiments showed a distinct
interaction between the lipidoid headgroups and siRNA, which was dependent on buffer subphase pH.
Thermal analyses suggested that PLGA and lipidoid interact, which was evident from a shift in the phase
transition temperature of lipidoid, and the thermotropic phase behavior of lipidoid was affected by inclu-
sion of siRNA. ATR-FTIR data confirmed the shift or disappearance of characteristic absorption bands of
siRNA after lipidoid binding. In conclusion, siRNA-loaded LPNs display a core–shell structure, wherein
the polymeric core functions as a colloid matrix support for siRNA-loaded lipidoid shell layers.
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1. Introduction

RNA therapeutics, e.g., small interfering RNA (siRNA), represent
a research area of rapidly growing interest within both academia
and pharmaceutical companies [1]. Nonetheless, the realization
of the full potential of RNA therapeutics is highly dependent on
the design of safe and efficacious delivery technologies that medi-
ate transport of large and negatively charged RNAmolecules across
biological membranes into the target cells. Synthetic nanoparticles
represent interesting delivery systems that can be customized to:
(i) protect the RNA cargo against degradation, (ii) mediate cellular
uptake via endocytosis, and (iii) release the RNA cargo into the
cytosol after endosomal escape. A prime example is the approved
siRNA-based drug Patisiran, which is based on siRNA-loaded lipid
nanoparticles (LNPs) [2].

We recently designed an alternative nanocomposite delivery
system, i.e., lipid-polymer hybrid nanoparticles (LPNs), composed
of so-called lipidoid and poly(D,L-lactic-co-glycolic acid) (PLGA)
[3]. Lipidoids belong to a novel class of ionizable cationic lipid-
like materials that efficiently interact with polyanionic nucleic
acids via electrostatic attractive interactions, and mediate cellular
uptake, endosomal escape, and cytosolic delivery [4]. The lipidoid
analogue referred to as L5 displays a tetraamine backbone linked
to five alkyl chains. The delivery potential of L5-modified LPNs
has been demonstrated both in vitro [3] and in vivo [5,6]. We
hypothesized that PLGA forms the polymeric core of the LPNs
enabling a sustained release of siRNA, and it thus constitutes an
inherent part of the LPN architecture, whereas L5 interacts with
the PLGA core and forms a membrane shell structure around the
core [3,5]. The cationic L5 headgroups neutralize the anionic charge
of the nucleic acid cargo, while the hydrophobic alkyl chains play a
role during cell membrane fusion. However, the detailed nanoar-
chitecture of the siRNA-loaded LPNs remains elusive.

The purpose of the present study was to elucidate the nanos-
tructural and material properties of siRNA-loaded LPNs by using
advanced analytical techniques. Small-angle X-ray scattering
(SAXS) was applied to resolve the nanoscale repeat structure in
the LPNs to gain an understanding of the presence of order in the
delivery system. Cryogenic transmission electron microscopy
(cryo-TEM) provided high-resolution images of the LPNs in their
near-native state to confirm the SAXS patterns. The Langmuir
monolayer methodology and differential scanning calorimetry
(DSC) were applied to study the physical interaction between the
siRNA cargo and the ionizable lipid. Finally, attenuated total reflec-
tance Fourier-transform infrared (ATR-FTIR) spectroscopy was
used to investigate chemical interactions between the different
LPN constituents. To facilitate structural analysis, we synthesized
an array of L5 analogues with systematically increased alkyl chain
length (12, 14 and 16 carbon atoms) denoted L5N12, L5N14, and
L5N16, respectively. The properties of these compounds were ana-
lyzed in bulk, as well as upon incorporation into siRNA lipoplexes
and siRNA-loaded LPNs.
2. Materials and methods

2.1. Materials

20-O-methyl-modified dicer substrate asymmetric siRNA duplex
directed against tumor necrosis factor a (TNF-a siRNA,
17928.334 g/mol) was kindly provided as a dried, purified, and
desalted duplex by GlaxoSmithKline (Stevenage, UK). The
TNF-a siRNA consisted of the following sequences: TNF-a
sense 50-pGUCUCAGCCUCUUCUCAUUCCUGct-30, and antisense

50-AGCAGGAAUGAGAAGAGGCUGAGACAU-30, where the under-
lined capital letters represent 20-O-methylribonucleotides, lower-
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case letters represent deoxyribonucleotides, and p represents a
phosphate residue. The duplex was re-annealed in a buffer consist-
ing of 30 mM 4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic
acid (HEPES) and 100 mM potassium acetate (to give pH 7.5).
L5N12 was synthesized, purified, and characterized as reported pre-
viously [3,7]. PLGA (lactide:glycolide molar ratio 75:25, average
MW: 20 kDa) was purchased from Wako Pure Chemical Industries
(Osaka, Japan). Poly(vinyl alcohol) (PVA) 403 with an 87–90 %
degree of hydrolysis was procured from Sigma-Aldrich (St. Louis,
MO, USA). Quant-iTTM RiboGreen� RNA Reagent and Tris–EDTA buf-
fer (10 mM Tris, 1 mM EDTA, pH 8.0) (TE buffer) were acquired
from Molecular Probes, Invitrogen (Paisley, UK). All chromato-
graphic mobile phases were obtained by mixing solvents from
VWR (Radnor, PA, USA).

2.2. Synthesis of L5N14 and L5N16

The synthesis of L5N14 and L5N16 is described in the Supporting
Information (Figs. S1 and S2). The identity and purity of the com-
pounds were confirmed by using high performance liquid chro-
matography and mass spectrometry, respectively (Supporting
Information, Tables S1–S4 and Figs. S3–S7).

2.3. Preparation of fully hydrated bulk dispersions, non-loaded
liposomes, and lipoplexes

Fully hydrated bulk L5 analogue dispersions in Tris buffer were
prepared and equilibrated as previously described [8]. The final
lipid concentration was 25–100 mg/mL. Non-loaded L5N12 lipo-
somes were prepared using the Nanoassemblr Ignite system (Pre-
cision Nanosystems, Vancouver, Canada). The organic phase
consisted of 3.75 mg L5N12 dissolved in 0.5 mL 0.72 % (v/v) glacial
acetic acid prepared in ethanol at a concentration of 7.5 mg/mL.
The aqueous phase consisted of 1.5 mL 50 mM NaOAc buffer (pH
5.2). The liposomes were prepared by injecting the organic phase
into the first inlet and the aqueous phase into the second inlet of
the microfluidic mixing cartridge. The total flow rate (TFR) and
the flow rate ratio (FRR) were kept constant at 12 mL/min and
3:1 (v/v, aqueous to organic phase), respectively, to produce lipo-
somes with a final lipid concentration of 3.75 mg/mL. For prepara-
tion of siRNA-L5N12 lipoplexes, a stock solution of 30 mg/mL L5N12

was prepared by dissolving L5N12 in a mixture of 30 lL trifluo-
roacetic acid and 170 lL dimethyl sulfoxide, as previously
described [3]. Consequently, 90, 45, and 30 lL, respectively, of this
stock solution were mixed vigorously with 10 lL (180 lg) 18 mg/
mL TNF-a siRNA solution in 2 mL RNase-free glass vials to prepare
L5N12:TNF-a siRNA lipoplexes at weight ratios of 15:1, 7.5:1, and
5:1, respectively. In addition, L5N14 and L5N16 lipoplexes were pre-
pared in the same way at a weight ratio of 15:1. Throughout the
study, we have chosen to use weight ratios, and not amine-to-
phosphate (N/P) ratios, which are commonly used to indicate the
ratio between the number of positively charged amine groups
and the number of negatively charged phosphate groups. The rea-
son for this is that the lipidoid headgroups contain multiple sec-
ondary and tertiary amine groups displaying different pKa values,
which makes estimation of headgroup charge highly challenging.

2.4. Preparation of non-loaded and siRNA-loaded lipidoid-polymer
hybrid nanoparticles

LPNs were prepared by using the double emulsion solvent evap-
oration technique, as previously described [7]. In brief, the water
phase (w1) was composed of 150 lg TNF-a siRNA dissolved in
125 lL TE-buffer for the siRNA-loaded LPNs, whereas TE-buffer
alone was used for preparation of non-loaded LPNs. Subsequently,
w1 was added to 250 lL oil phase (o1) consisting of L5 and PLGA at
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different weight ratios in CH2Cl2 at a constant concentration of
solids (60 mg/mL), eventually resulting in the formation of a pri-
mary emulsion, which was sonicated with a probe tip sonicator
(QSonica, Newtown, CT, USA) for 90 s at 50 % amplitude. A volume
of 1 mL 2 % (w/v) PVA solution was subsequently added to the
emulsion as the second water phase (w2), which was vortexed
for 1 min, thereby creating a phase inversion resulting in a
water-in-oil-in-water (w1/o1/w2) double emulsion. This emulsion
was sonicated for 90 s at 30 % amplitude, and was subsequently
poured into a 25-mL glass beaker with a stirring bar. The vial
was rinsed with 2 � 2 mL 2 % (w/v) PVA solution, which was added
to the beaker, along with a final addition of 1 mL 2 % (w/v) PVA
solution. The content of the beaker was stirred for 45 min, allowing
the CH2Cl2 to evaporate, and the LPNs to form. The resulting dis-
persion was then transferred into three 2-mL centrifuge tubes.
The dispersion was purified by centrifugation (OptimaTM Max Ultra-
centrifuge, Beckman Coulter, Brea, CA, USA) using the following
sequence of centrifugal forces at 4 �C: 6000g for 5 min, 12,000g
for 5 min, 21,000g for 5 min, 34,000g for 5 min, and finally
48,000g for 10 min. The supernatant containing un-encapsulated
siRNA was discarded after each centrifugation step, and the
nanoparticle pellet was re-dispersed in 2 mL DEPC-treated water.
The siRNA-loaded LPNs were prepared at different weight ratios
of L5N12:PLGA and L5N12:siRNA to study the structural effect of
these ratios on the resulting formulation. For example, for the for-
mulation prepared at 15 % (w/w) L5N12:PLGA and 15:1 (w/w)
L5N12:siRNA, 2.25 mg L5N12, 12.75 mg PLGA, and 150 lg siRNA
were used.

2.5. Size, polydispersity index (PDI), zeta potential, and encapsulation
efficiency

Dynamic light scattering was used to determine the hydrody-
namic size (z-average) and polydispersity index (PDI) of the
nanoparticles, while the zeta potential and encapsulation effi-
ciency were determined by using laser Doppler microelectrophore-
sis and fluorescence spectroscopy, respectively, as reported
previously [3]. Briefly, samples (diluted to approx. 0.3 mg/mL solid
content) were analyzed at 25 �C employing a Zetasizer Nano ZS
(Malvern Instruments, Worcestershire, UK) equipped with a
633 nm laser and 173� detection optics. For measurement of the
encapsulation efficiency, a volume of 25 lL LPN dispersion was
centrifuged at 22,000g (4 �C), a volume of 200 lL CHCl3 was added,
and the pellet was resuspended by brief vortexing. A volume of
475 lL HD solution, composed of 100 lM octyl glucoside (OG)
and 1 mg/mL heparin, was added to the CHCl3 mix, and vortexed
for 1 min. The resulting mixture was rotated end-over-end for
5 min for efficient extraction of siRNA into the aqueous phase. Sub-
sequently, the two phases were separated by centrifugation at 4 �C
and 22,000g for 10 min. The supernatant (aqueous phase) was iso-
lated, diluted with TE buffer, and incubated at 37 �C to evaporate
residual CHCl3. The siRNA concentration in the samples was ana-
lyzed using the RiboGreen� RNA reagent according to the manu-
facturer’s instructions employing a fluorescence plate reader
(FLUOstar OPTIMA, BMG Labtech, Ortenberg, DE). The excitation
and emission wavelengths were set at 485 nm and 520 nm,
respectively.

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

The experiments were performed using a Ganesha SAXS system
(SAXSLab, Kongens Lyngby, Denmark) essentially as described pre-
viously [8], with minor modifications. The instrument was
equipped with a 100XL+ microfocus sealed X-ray tube (Rigaku,
Tokyo, Japan), producing a beam with a wavelength of 1.54 Å.
The scattering patterns were recorded with a two-dimensional
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300 K Pilatus pixel area detector (Dectris, Baden, Switzerland). A
q-range spanning from 0.02 to 1.0 Å�1 was used. Silver behenate
[H3C(CH2)20COOAg] with a d-spacing value of 58.38 Å was used
as a standard to calibrate the angular scale for the small-angle set-
ting [9]. For peaks that were less well defined, the highest and most
central point of the peak was assigned as the peak position.

2.7. Cryogenic transmission electron microscopy (cryo-TEM)

Morphological analysis was carried out by cryo-TEM using a
Tecnai G2 20 TWIN transmission electron microscope (FEI, Hills-
boro, OR, USA), as previously described [3]. The samples were pre-
pared by using a FEI Vitrobot Mark IVTM (Thermo Fischer Scientific,
Waltham, MA, USA) by adding 2 lL formulation onto a Pelco Lacey
carbon-filmed grid to form a thin film of approximately 10–
500 nm. Subsequently, the grid was plunged into liquid ethane
and transferred in liquid N2 to an Oxford CT3500 cryo holder con-
nected to the electron microscope. The samples were visualized in
the bright field mode at an acceleration voltage of 120 kV. Images
were captured with a Gatan imaging filter 100 CCD camera (Gatan,
Pleasanton, CA, USA).

2.8. Polarized light microscopy

The L5 analogues were dissolved in CHCl3 at a concentration of
100 mg/mL. A volume of 5 lL was placed on a microscopy slide and
left to evaporate for 2 h. The films were subsequently rehydrated
with 5 lL DEPC water, and cover slips were placed on the samples,
which were imaged with a Leica DM light microscope (Wetzlar,
Germany), equipped with a polarizing and an analyzing filter,
respectively. The magnification was pre-set to 50�, and images
were captured at an exposure time of 2000 ms.

2.9. Langmuir monolayers

Monolayers of neat L5 analogues were formed at 22 �C by
spreading a total amount of 14.85 nmol lipid in CHCl3 on 175 mL
Tris buffer (pH 7.4) and NaOAc buffer (pH 5.2) subphases, respec-
tively, in a KSV Minitrough 1 (KSV Instruments ltd., Helsinki, Fin-
land) with a surface area of 243 cm2 by using a Hamilton micro
syringe. This corresponds to 0.06 nmol L5 analogue per cm2 before
compression. The monolayers were compressed as previously
described [10]. The surface pressure (P) was measured as a func-
tion of the mean molecular area (A) by using a Wilhelmy platinum
plate (KSV Instruments ltd.). Each sample was compressed once in
three independent experiments (N = 3). The KSV NIMA LB software
(v 3.80) and Microsoft Excel were used for data analysis. The phase
transitions and collapse points were estimated from the compres-
sion modulus (Cs�1) versus P dependency, where Cs�1 = �A
(dP=dA). A characteristic minimum for the CS

-1 versus P depen-
dency for the monolayer reflects the phase transition from the
liquid-expanded (LE) to the liquid-condensed (LC) states of the
monolayer, whereas theP-value at (dP=dA) = 0 identifies the point
of the monolayer collapse [11]. To further characterize the mono-
layers, the isotherms were processed to obtain the following
parameters: The mean molecular area at the collapse point (Acol-

lapse), and the limiting molecular area (Alim), which represents the
headgroup area occupied by one molecule when the monolayer
is in an apparent solid (S) phase. Alim was used to calculate the crit-
ical packing parameter (CPP), which is given by equation 1:

CPP ¼ v
Alim � l

where v is the volume of the hydrophobic moiety, and l is the effec-
tive chain length. The values for v and l were calculated based on
the number of carbon atoms in the lipid chain, as reported previ-
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ously [12]. Alim was calculated by extrapolating the apparent S
phase of the isotherm to the x-axis by using linear regression
[13]. Linearity was assessed as a function of the R2 value from the
maximum number of data points (>35) and was found to be >0.998.

2.10. Differential scanning calorimetry (DSC)

Thermal analysis of the liquid formulations was performed by
using a NanoDSC (TA Instruments, Newcastle, DE, USA). A sample
volume of 300 lL was used. The scanning rate was set to 0.5 �C/
min within a temperature range of 20–70 �C, and each sample
was analyzed in three consecutive runs (n = 3). A representative
scan for each formulation was used for data analysis. The phase
transition temperature (Tm) was determined, and the change in
enthalpy (DH) was assessed by integrating the area under the
baseline-corrected excess heat capacity (Cp) curve obtained for
each sample.

2.11. Attenuated total reflectance Fourier-transform infrared (ATR-
FTIR) spectroscopy

Samples were concentrated by solvent evaporation after
depositing solutions onto the surface of a silicon crystal. FTIR spec-
tra between 800 and 3500 cm�1 of the highly concentrated sam-
ples were collected at room temperature by using a Bomem MB
104 IR spectrometer (ABB, Bomem, Quebec, Canada) in ATR mode.
Each spectrumwas recorded by collecting 128 scans at a resolution
of 2 cm�1.

2.12. Statistics

Data was analyzed by using the GraphPad Prism software (Ver-
sion 6, La Jolla, CA, USA). Statistically significant differences were
assessed by using ANOVA followed by a Tukey’s post-hoc multiple
comparison test. A p-value � 0.05 was considered statistically
significant.
3. Results

3.1. Preparation of formulations and initial physicochemical
characterization

The hydrodynamic diameter (z-average), PDI, zeta potential,
and siRNA encapsulation efficiency for the siRNA-loaded LPNs, as
well formulations prepared for control purposes, were measured
(Table S5). All LPN formulations displayed similar size profiles
within the range of 180–210 nm with relatively low PDI values
of 0.06–0.15, as previously reported [3,5,14]. The zeta potential
varied, with L5N12-modified LPNs displaying a zeta potential
of + 19 mV, while L5N14-modified and L5N16-modified LPNs had
significantly lower zeta potentials of + 6 mV (p < 0.01) and
�16 mV (p < 0.001), respectively. We hypothesize that this differ-
ence in zeta potential might be caused by a chain length-
dependent difference in the surface pKa values of the lipid amine
headgroups. Hence, with longer chain length, the ability to remove
a proton in the amine headgroup increases, and, consequently, the
surface pKa value decreases. In this way, the resulting zeta poten-
tial will decrease with increasing chain length. Such chain length-
dependence has been reported for the surface pKa of saturated car-
boxylic acids in monolayers at the air–water interface, displaying
alkyl chain lengths from six to sixteen carbon atoms [15]. The
siRNA encapsulation efficiency was approximately 70 % for all
LPN formulations, as reported previously [14]. The HPLC chro-
matograms of LPNs showed two distinct peaks, corresponding to
PLGA and L5N12 (Fig. S8). Hence, the chromatograms confirm the
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presence of the two main components in the LPNs after ultracen-
trifugation. In addition, we have recently shown that siRNA mole-
cules encapsulated into LPNs are chemically intact [16] and
functional in vitro [3] and in vivo [6].

3.2. Fully hydrated L5N12 self-assembles into a lamellar phase

Fully hydrated bulk L5N12 dispersions were studied by using
SAXS to characterize the structural properties of the self-
assemblies as a function of the lipid concentration. The scattering
pattern for the fully hydrated L5N12 dispersions displayed an
increase in scattering intensity (I) at increasing concentration
(Fig. 1A). The repeat distance, calculated from the q1-value of the
main peak at 0.1645 Å�1, corresponds to 38 Å, and was indepen-
dent of concentration in the examined concentration range. A sec-
ond order peak at a q-value corresponding to 2 � q1 (0.3271 Å�1)
was observed only at the highest tested concentration of
100 mg/mL. Hence, these two reflections correspond to a lamellar
phase, where L5N12 molecules assemble as bilayers, separated by a
water layer, which is evident from the swelling of L5N12 in disper-
sion, owing to the amphiphilic nature of lipidoids (Fig. 1B). The
repeat distance of 38 Å, as calculated from the curve, corresponds
to the total thickness of a bilayer and a water layer (Fig. 1B). The
presence of a lamellar phase was confirmed by using polarized
light microscopy (Fig. 1C). Images of L5N12 showed a high degree
of birefringence, as well as the characteristic Maltese crosses,
which indicate the formation of concentric lipid bilayers (Fig. 1C).

3.3. Complexation of L5N12 with siRNA results in an in-plane lateral
organization of siRNA in between lipidoid bilayers

Subsequently, non-loaded L5N12 liposomes and L5N12 lipoplexes
with siRNA at three different L5N12:siRNA weight ratios (15:1,
7.5:1, and 5:1) were analyzed using SAXS. The non-loaded L5N12

liposomes displayed a scattering pattern characterized by weak,
diffuse, and broad peaks, reflecting the form factor of unilamellar
vesicles (Fig. 2A). This was confirmed by cryo-TEM imaging of
non-loaded L5N12 liposomes that showed non-uniform and flexible
unilamellar vesicles, which were translucent due to the low elec-
tron density of L5N12 (Fig. 2B). In contrast, lipoplexes displayed
scattering patterns characterized by a single peak at a q-value of
0.1135 Å�1, corresponding to a repeat distance of approx. 55 Å,
which increased in intensity when the L5N12:siRNA weight ratio
was reduced from 15:1 to 5:1 (Fig. 2C). This pattern is most likely
the result of siRNA-induced swelling of the water phase between
two adjacent lipid bilayers, forming a lateral lamellar phase
(Fig. 2D). Furthermore, cryo-TEM images of the lipoplexes pre-
pared at an L5N12:siRNA ratio of 7.5:1 (w/w) showed spherical
unilamellar and multilamellar vesicles comprised of one or several
concentric bilayers encapsulating an electron-dense water core
(Fig. 2E and 2F), and the bilayers displayed a higher electron den-
sity than liposome bilayers (Fig. 2B), indicating the presence of
electrostatically adsorbed siRNA. A bilayer thickness of approx.
35 Å was estimated by using ImageJ analysis of the micrograph,
which is slightly smaller than the repeat distance measured for
the fully hydrated L5N12 dispersions (38 Å, Fig. 1).

3.4. LPNs display a core–shell structure with an interaxial alignment of
siRNA between lipidoid shell bilayers

First, the scattering pattern of non-loaded L5N12-modified LPNs
was determined at four different L5N12 contents (Fig. 3A). There
was an apparent shift in the q-value towards the lower q-range
when the L5N12 content was increased, which indicates an increase
in repeat distance. The calculated q-values and repeat distances
seen at L5N12 contents of 5, 10, 20, and 25 % in non-loaded LPNs



Fig. 1. Structural properties of bulk L5N12 dispersions. A: Representative SAXS diffraction patterns of bulk L5N12 dispersed in TE buffer (pH 7.4) at four different concentrations
at 20 �C. One reflection at a q-value of 0.1645 Å�1, corresponding to a repeat distance of 38 Å, is evident at 25 mg/ml (red), 50 mg/ml (blue), and 75 mg/ml (yellow), whereas
two reflections corresponding to a lamellar phase, also with a repeat distance of 38 Å, are evident at 100 mg/ml (green). The scattering intensity on the y-axis has been shifted
vertically for improved visibility. B: Graphical representation of the water layer in between L5N12 bilayers. The purple ovals represent the hydrophilic headgroups, and the
lipid chains are shown in light purple. The solid blue area represents the water layer. C: Representative polarized light microscopy image of bulk L5N12 rehydrated in TE buffer
showing birefringence. The arrows mark Maltese crosses, which are characteristic of a lamellar phase of concentric bilayers. Image B was created with BioRender.com. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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were 0.056 Å�1, 0.049 Å�1, 0.044 Å�1, and 0.041 Å�1, and 112 Å,
128 Å, 142 Å, and 153 Å, respectively. The non-loaded LPNs with
the highest lipidoid content (25 %) showed the largest repeat dis-
tance of 153 Å. In addition, the scattering curves for non-loaded
LPNs with an L5N12 content of 20 % and 25 % displayed a second
order peak, corresponding to 2� q1, which represents a neat lamel-
lar phase. This second order reflection was not evident for non-
loaded LPNs with an L5N12 content of 5 % or 10 %. The reason for
this could be lack of bilayer structure(s) surrounding the PLGA core
when the L5N12 content is reduced, eventually resulting in a struc-
ture where L5N12 molecules on the PLGA particle surface are
embedded in the polymeric matrix through hydrophobic interac-
tions with the alkyl chains. Alternatively, it could be due to a
weaker signal as a result of the lower L5N12 content. The data also
suggest that siRNA is not essential for the formation of this general
core–shell nanoparticle structure.

Next, we investigated how the loading with siRNA affects the
structure of LPNs by preparing siRNA-loaded, L5N12-modified LPNs
at varying L5N12 content (i.e., 5 %, 10 %, 12.5 %, 15 %, 20 %, 25 %, 30 %,
50 % and 70 %: Fig. 3B) at a constant L5N12 to siRNA ratio of 15:1.
Increasing the L5N12 content at a constant L5N12:siRNA ratio also
results in an increase in the content of siRNA in the formulation.
A peak displaying a q-value almost identical to the q-value
(0.1135 Å�1) of the peak for the lipoplexes (Fig. 2C) was observed
when the L5N12 content was increased. This peak is evident in
the scattering pattern at an L5N12 content of 20 % and above, corre-
sponding to a repeat distance of approx. 55 Å. A shift in the q-value
was observed for siRNA-loaded LPNs as the L5N12 content was
increased, indicating an increase in repeat distance. This increase
plateaued at an L5N12 content of 25 % and higher. The calculated
q-values and repeat distances at 10, 12.5, 15, 20, 25, 30, 50, and
70 % L5N12 content in siRNA-loaded LPNs were 0.051 Å�1,
0.050 Å�1, 0.047 Å�1, 0.043 Å�1, 0.039 Å�1, 0039 Å�1, 0.040 Å�1,
and 0.038 Å�1, and 123 Å, 125 Å, 136 Å, 146 Å, 161 Å, 161 Å,
157 Å, and 165 Å, respectively (Fig. S9). The difference between
the formulations with L5N12 contents of 10 % and 12.5 % is subtle,
while the difference was more pronounced at an L5N12 content of
15–25 %. At an L5N12 content higher than 25 %, the q-values are
almost constant. For siRNA-loaded LPNs with a lipidoid content
of 15 % or higher, a second order reflection was apparent corre-
sponding to 2 � q1, which indicates the presence of a neat lamellar
phase. However, this second order reflection could not be observed
for the siRNA-loaded LPNs with a lower L5N12 content.
911
Cryo-TEM images of siRNA-loaded, L5N12-modified LPNs dis-
played spherical nanoparticles with an electron-dense core
(Fig. 3C). However, this density is accentuated by the size of the
nanoparticles, becoming darker as the size increases, suggesting
that this factor might contribute to the observed density (in terms
of electron beam penetration). Some nanoparticles displayed dis-
tinct structures on the surface, observed as variations in contrast
(Fig. 3C). However, whether these can be interpreted as bilayers
or simply artefacts of the image remain unclear. Cryo-TEM images
of the siRNA-loaded, L5N12-modified LPNs prepared with 70 %
L5N12 content suggest a heterogeneous mixture of non-loaded lipo-
somes, lipoplexes, and LPNs (Fig. 3D and 3E). The LPNs formed
were less uniform, and appeared less ordered than the LPNs with
lower L5N12 content. However, the electron-dense core of the LPNs
indicates that PLGA may be present, as the core displays different
electron density. The dense core of the LPNs appear to be sur-
rounded by concentric L5N12 bilayers. Image analysis of the micro-
graphs revealed that the bilayer and water layer thickness is much
larger than that observed for lipoplexes. Distances ranged from 110
to 130 Å, which nevertheless were smaller than those calculated
from the SAXS data. However, the broadness of the scattering peak
suggests that this calculated distance may lack accuracy. The
increased combined thickness of the bilayer and the water layer
seems largely to arise from an enlargement of the water layer.

Next, the effect of L5N12:siRNA ratio on the scattering pattern of
siRNA-loaded LPNs was investigated. To this aim, siRNA-loaded
LPNs were prepared at L5N12:siRNA ratios of 5:1, 10:1, 15:1 and
20:1, respectively, and subsequently analyzed by SAXS (Fig. 3F).
The repeat distance associated with the main peak of the formula-
tions remained constant at 130 Å (q-value of � 0.048 Å�1), inde-
pendently of the L5N12:siRNA ratio. The appearance of a second
order reflection of a lamellar phase is only evident at an L5N12:
siRNA ratio of 15:1, while a peak at a q-value of 0.119 Å�1 (repeat
distance of 53 Å) appears as the siRNA content increases, relative to
the L5N12 content, at ratios of 10:1 and 5:1, presumably caused by
interaxial alignment of siRNA.
3.5. Increasing the L5 chain length results in increased bilayer thickness

To test the effect of chain length, lipoplexes composed of L5N14

and L5N16, respectively, were prepared at a lipidoid:siRNA ratio of
15:1 (w/w), for comparison with the L5N12 lipoplexes. The scatter-
ing patterns for the more hydrophobic L5N14 and L5N16 lipoplexes
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Fig. 2. Structural properties of non-loaded L5N12 liposomes and L5N12:siRNA lipoplexes. A: Representative SAXS diffraction pattern of non-loaded L5N12 liposomes (prepared
by using microfluidic mixing) in NaOAc buffer (pH 5.2) at 20 �C. B: Representative cryo-TEM image of non-loaded L5N12 liposomes in NaOAc acetate buffer. The image shows
flexible and non-spherical liposomes that are translucent, owing to the relatively low electron density of L5N12. C: Representative SAXS diffraction patterns of L5N12-siRNA
lipoplexes in TE buffer (pH 8.0) at 20 �C at L5N12:siRNA weight ratios of 15:1 (red), 7.5:1 (blue), and 5:1 (yellow), respectively. One distinct reflection at a q-value of
0.1135 Å�1, corresponding to a neat in-plane repeat distance of 55 Å between siRNA molecules in between lipid bilayers, is evident for the ratios 7.5:1 and 5:1. The scattering
intensity on the y-axis has been shifted vertically for improved visibility. D: siRNA molecules are sandwiched in between lipid bilayers, with an in-plane 55 Å repeat distance
between them. E-F: Representative cryo-TEM images of L5N12-siRNA lipoplexes at an L5N12:siRNA ratio of 7.5:1 (w:w). Image 2D was created using BioRender.com. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. A: Representative X-ray scattering patterns of non-loaded LPN formulations with varying L5N12 content of 5 % (red), 10 % (blue), 20 % (yellow), and 25 % (green) in DEPC
water at 20 �C. The reflections apparent for the 25 % L5N12 content at 0.041 Å�1 and the second order reflection at 0.083 Å�1 indicate a lamellar phase. The same phase is
evident at an L5N12 content of 20 % at q-values of 0.044 Å�1 and 0.088 Å�1, respectively. The scattering patterns for non-loaded LPNs with 5 % and 10 % L5N12 content show
only one peak at 0.049 Å�1 and 0.056 Å�1, respectively. Hence, there is a shift in the q-value as the L5N12 content increases. The scattering intensity on the y-axis has been
shifted vertically for better visibility. B: Representative X-ray scattering pattern of siRNA-loaded LPNs with constant siRNA:L5N12 ratio and varying L5N12 content of 5 % (red),
10 % (blue), 12.5 % (yellow), 15 % (green), 20 % (purple), 25 % (orange), 30 % (cyan), 50 % (brown), and 70 % (olive), analyzed at 20 �C in DEPC water. For each peak, the reflection
is marked with an arrow. First and second order reflections for a lamellar phase are apparent for siRNA-loaded LPNs with L5N12 contents of 15 %, 20 %, 25 %, 30 and 50 %,
respectively, but not for siRNA-loaded LPNs with L5N12 contents below 15 % or at 70 %. As the L5N12 content increases, a new reflection appears at q-values of �0.117 Å�1,
corresponding to a repeat distance of �55 Å, presumably caused by interaxial alignment of siRNA. C: Representative cryo-TEM image of siRNA-loaded, L5N12-modified LPNs
prepared at an L5N12:siRNA ratio of 15:1 and an L5N12 content of 15 % (w/w). D-E: Representative cryo-TEM images of siRNA-loaded, L5N12-modified LPNs prepared at an
L5N12:siRNA ratio of 15:1 and an L5N12 content of 70 % (w/w). F: Representative X-ray scattering patterns of siRNA-loaded LPNs with varying L5N12:siRNA ratio of 20:1 (black),
15:1 (red), 10:1 (blue), and 5:1 (green), analyzed at 20 �C in DEPC water. The reflections are marked for each peak. The first and second order reflections of a lamellar phase
can be observed for siRNA-loaded LPNs with an L5N12:siRNA ratio of 15:1, but not for all other ratios. As the siRNA content increases relative to the L5N12 content, a new
reflection at a q-value of�0.119 Å�1, corresponding to a repeat distance of 53 Å, may arise from interaxial alignment of siRNA. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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did not show any apparent peaks (Fig. 4A), hence suggesting a lack
of repeated structure. Physical observation of L5N16 lipoplexes
showed aggregation of lipidoid, suggesting that the protocol used
for preparation may be suboptimal for this analogue. To study
the effect of chain length on the structure of siRNA-loaded LPNs,
siRNA-loaded LPNs containing L5N12, L5N14 and L5N16, respectively,
were prepared at an L5:siRNA ratio of 15:1 (w/w) with a total L5
content of 15 % and a PLGA content of 85 %. The scattering patterns
for all three formulations displayed a broad main peak, whereas
siRNA-loaded L5N12- and L5N16-containing LPNs also showed a sec-
ond order reflection corresponding to 2 � q1, eventually represent-
ing a neat lamellar phase (Fig. 4B). However, this second order
lamellar reflection was not evident for siRNA-loaded LPNs contain-
ing L5N14. In addition, there was a clear trend towards increased
repeat distance as the L5 chain length was increased. The calcu-
lated q-values and repeat distances for L5N12, L5N14, and L5N16 LPNs
were 0.046 Å�1, 0.038 Å�1, and 0.032 Å�1, and 136 Å, 165 Å, and
913
196 Å, respectively. Hence, these data confirm that increasing the
chain length leads to an increase in bilayer thickness, as expected.
Cryo-TEM images of siRNA-loaded L5N16-based LPNs showed a
similar spherical nanoparticle structure with a more uniform elec-
tron density throughout the particle (Fig. 4C). For these siRNA-
loaded, L5N16-modified LPNs, clear concentric lipid bilayers were
observed, surrounding an electron-dense core. Furthermore, the
siRNA-loaded, L5N16-modified LPNs displayed channel-like struc-
tures penetrating the LPNs, rather than shell structures surround-
ing the nanoparticle core, giving rise to a ball of yarn-like structure.

3.6. The pH of the subphase affects L5 monolayers

To investigate the effect of pH on L5N12, L5N14, and L5N16 mono-
layers, the Langmuir monolayer technique was applied. The mono-
layers were spread onto two different subphases, i.e., TE buffer (pH
7.4) and 125 mM NaOAc buffer (pH 5.2), respectively. The P was



Fig. 4. Effect of chain length on structural properties. A: Representative SAXS diffraction patterns of lipoplexes composed of siRNA and L5 with varying chain length [L5N12

(red), L5N14 (blue), and L5N16 (yellow)] at a lipidoid:siRNA ratio of 15:1 in TE buffer at 20 �C. The arrow marks a peak at a q-value of 0.1135 Å�1 for L5N12. The scattering
intensity on the y-axis has been shifted vertically for improved visibility. B: Representative scattering patterns of siRNA-loaded LPN formulations containing L5N12 (red), L5N14

(blue), and L5N16 (yellow), respectively, at a lipidoid:siRNA ratio of 15:1 and a lipidoid content of 15 % (w/w) in TE buffer measured at 20 �C. Lamellar phase first and second
order reflections can be seen for L5N12-modified LPNs at q-values of 0.046 Å�1 and 0.092 Å�1 and for L5N16-modified LPNs at 0.032 Å�1 and 0.064 Å�1, respectively. There is
one reflection at 0.038 Å�1 for L5N14-modified LPNs, corresponding to a repeat distance of 155 Å, but there is no clear second order reflection. C: Representative cryo-TEM
image of siRNA-loaded, L5N16-modified LPNs prepared at an L5N16:siRNA ratio of 15:1 and an L5N16 content of 15 % (w/w). The arrowmarks concentric lipid bilayers enclosing
an electron-dense core. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Langmuir isotherms of L5 monolayers are affected by the chain length and the pH of the buffer subphase at 22 �C. A: Isotherms of L5N12 (solid line), L5N14 (dashed line),
and L5N16 (dotted line) monolayers at pH 7.4. B: Reducing the pH to 5.2 results in expanded monolayers, as indicated by an increase in A of L5N12 (solid line), L5N14 (dashed
line), and L5N16 (dotted line), in the gas phase to LE phase, specifically around a mean molecular area of 200 Å2. Isotherms represent mean values of 3–4 independent
compressions (N = 3 for L5N12, and N = 4 for L5N14 and L5N16).
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measured as a function of A (P-A isotherms) at 22 �C upon mono-
layer compression. The lack of any apparent phase transition in the
isotherms for L5N12 suggests that L5N12 exists in the LE phase at
914
22 �C (Fig. 5A). In contrast, L5N14 monolayers appeared to be in
the solid (S) phase, in addition to LE and LC phases, while L5N16

mostly exhibited an LC and S phase (Fig. 5A) [17]. It is evident from



Table 1
Surface pressure (Pcollapse) and mean molecule area at the collapse point (Acollapse), and the limiting molecule area (Alim), for L5N12, L5N14, and L5N16 monolayers on two different
subphases at 22 �C: 10 mM TE buffer (pH 7.4) or 125 mM NaOAc buffer (pH 5.2).a

Monolayer Pcollapse (mN/m) Acollapse (Å2) Alim (Å2)

pH 7.4 pH 5.2 pH 7.4 pH 5.2 pH 7.4 pH 5.2

L5N12 48.9 ± 0.2b*** 47.1 ± 0.5e*** 83 ± 3 93 ± 2f*** 146 ± 2d*** 166 ± 3g***

L5N14 65.4 ± 1.2b*** 63.3 ± 0.8e*** 79 ± 5 71 ± 3 113 ± 8 110 ± 3
L5N16 57.7 ± 1.2b*** 58.1 ± 0.9e*** 91 ± 4 c* 95.4 ± 0.5f*** 108 ± 4 116.0 ± 1.3

a Results denote mean values ± SD (n = 3–4). Statistically significant differences within each of the three parameters at pH 7.4 or pH 5.2 are indicated: *p < 0.05, and
***p < 0.001.

b Significant differences in Pcollapse between chain lengths (p < 0.001).
c Significant differences in Acollapse between chain lengths (p < 0.05, as compared to L5N14).
d Significant difference in Alim between chain lengths (p < 0.001, as compared to L5N14 and L5N16).
e Significant difference in Pcollapse between chain lengths (p < 0.001).
f, Significant difference in Acollapse between chain lengths (p < 0.001, as compared to L5N14).
g Significant difference in Alim between chain lengths (p < 0.001, as compared to L5N14 and L5N16).
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theP-A isotherms that L5N14 and L5N16 monolayers collapse at sig-
nificantly (p < 0.001) higher surface pressures (65.4 ± 1.2 mN/m
and 57.7 ± 1.2 mN/m, respectively, Table 1) than L5N12 monolayers
(48.9 ± 0.2 mN/m, Table 1) at a subphase pH of 7.4.

The pH of the subphase displayed a pronounced influence on
the interfacial behavior of L5N12 monolayers (Fig. 5B). The Alim

increased from 146 ± 2 Å2 to 166 ± 3 Å2 when the pH was reduced
from 7.4 to 5.2, which was accompanied by a decrease in P at the
collapse point from 48.9 ± 0.2 mN/m to 47.1 ± 0.5 mN/m (Table 1).
Interestingly, at pH 7.4, the Acollapse of L5N12 monolayers was signif-
icantly lower (p < 0.05) than the Acollapse of L5N16 monolayers, but
almost identical to the Acollapse of L5N14 monolayers (Table 1), while
at pH 5.2, the Alim of L5N12 monolayers was significantly (p < 0.001)
higher than the Alim of L5N14 and L5N16 monolayers.
3.7. L5N12 monolayers interact with siRNA present the subphase in a
pH-dependent way

To investigate the interaction between siRNA and L5N12, L5N12

monolayers (14.84 nmol) were spread onto buffer subphases con-
taining increasing amounts of siRNA (9.76, 14.7, 19.6 and
39.2 nmol, respectively). Increasing the content of siRNA up to
19.6 nmol in the TE buffer subphase (pH 7.4) did not cause an
appreciable increase in Alim relative to neat L5N12 monolayers,
but the addition of 39.2 nmol siRNA resulted in a shift of the iso-
therm towards the right. However, this shift did not affect Pcollapse

(Fig. 6A), suggesting that siRNA interacts with the headgroup of
L5N12 at pH 7.4 in a way that affects the lateral movement of
L5N12 in the monolayer, but does not influence monolayer packing.
It also suggests that siRNA interacts with the cationic monolayer
and causes steric repulsion.

Increasing the siRNA content (9.76, 14.6, 19.6, and 78.2 nmol) in
the NaOAc buffer subphase (pH 5.2) caused an increase in both
Pcollapse, Acollapse, and Alim of L5N12 monolayers, compared to the neat
L5N12 monolayers (Fig. 6B and 6C). Hence, the Pcollapse of the mono-
layer appears to increase with an increase in siRNA concentration
in the NaOAc buffer subphase (pH 5.2), while remaining relatively
constant for L5N12 monolayers on TE buffer subphase (pH 7.4)
(Fig. 6C). This shows that the interaction between L5N12 and siRNA
is much stronger at pH 5.2 than at pH 7.4. The increase inPcollapse of
L5N12 monolayers appeared to plateau (around 50 mN/m) at
19.7 nmol siRNA in the NaOAc subphase, resulting in an Alim of
180 Å2 (Fig. 6B and 6C). Similar values were obtained when
78.3 nmol siRNA was added, suggesting that only a finite amount
of siRNA can interact with the cationic L5N12 monolayer, and
excess siRNA remains in the subphase. Interestingly, the Alim value
was approx. 143 Å2 when 19.6 nmol siRNA was present in the sub-
915
phase at pH 7.4, but increased to almost 170 Å2 when the siRNA
content was increased to 39.6 nmol (Fig. 6A).

3.8. Thermotropic phase behavior

The thermotropic phase behavior of selected formulations was
analyzed by using DSC. Non-loaded liposomes composed of
L5N12, L5N14, and L5N16, respectively, were prepared by microflu-
idic mixing, and then analyzed to determine the Tm and DH of
the phase transition. In addition, L5N12-, L5N14-, and L5N16-
modified LPNs loaded with siRNA were prepared to investigate
the effect of polymer and siRNA on the thermal behavior, while
non-loaded, L5N16-modified LPNs served as control. A clear thermal
event was observed at 40.8 �C for L5N16 liposomes with a DH of
123.8 kJ/mol (Fig. 7A). This is attributed to a main phase transition
from an ordered gel phase to a liquid disordered phase. The slight
fronting at the beginning of the thermal event may be attributed to
the presence of impurities (e.g., L4N16). The DH associated with the
phase transition of L5N16 is relatively high, as compared to the DH
seen for phosphatidylcholines with two acyl chains [18]. This could
be due to the presence of five alkyl chains. The small exothermic
peak at approx. 52 �C may be attributed to the transition to a
micellar phase. In contrast, there were no apparent thermal events
in the thermograms for L5N12 and L5N14 liposomes. This suggests
that their Tm is below room temperature, and hence the membrane
bilayers are already in the liquid disordered phase.

The thermal event in the thermogram of PLGA nanoparticles in
the temperature range of approx. 35–40 �C (Fig. 7B) is attributed to
the glass transition of PLGA from a solid, glassy state to a rubbery
state [19]. This step change could also be a result of the presence of
PVA on the surface of the LPNs [20]. However, there is a shift in
shape and position of the thermal event when PLGA is incorporated
into siRNA-loaded L5N12-modified LPNs and L5N14-modified LPNs
(Fig. 7B). For siRNA-loaded, L5N16-modified LPNs, a sharp peak
appears at a Tm of 53.9 �C with a DH of 19.9 kJ/mol (Fig. 7B). This
peak is presumably the phase transition of the L5N16 component
of the LPNs.

To investigate whether siRNA has an effect on the phase transi-
tion of L5N16-modified LPNs, non-loaded, L5N16-modified LPNswere
analyzed as well (Fig. 7C). Non-loaded LPNs showed a similar shift
in the L5N16 phase transition to 51.4 �C with a DH of 22.1 kJ/mol,
which is much lower than that determined for non-loaded L5N16

liposomes (123.8 kJ/mol). It is assumed that the shift in the peak
position is due to interaction between L5N16 and PLGA, where
L5N16 forms a monolayer on the surface of a PLGA core, through
hydrophobic interactions. The thermogram also shows that siRNA
does interact with the components of the LPNs and has an effect
on the Tm of the phase transition, which is increased to 53.9 �C.



Fig. 6. L5N12 monolayers interact with siRNA present the subphase in a pH-dependent manner. A: A general siRNA concentration-dependent increase in Acollapse was observed
for L5N12 monolayers spread onto TE-buffer (pH 7.4) subphases. B: A general siRNA concentration-dependent increase in Pcollapse, Acollapse, and Alim was observed for L5N12

monolayers on NaOAc buffer subphases. C: Increase in the stability of L5N12 monolayers at pH 5.2 (squares) when siRNA was added to the subphase, as indicated by an
increase in Pcollapse, as compared to monolayers at pH 7.4 (triangles), for which addition of siRNA did not affect Pcollapse. Isotherms represent means of 1–3 independent
compressions (N = 3 for 0 nmol siRNA, while N = 1 for > 0 nmol siRNA in the subphase). A content 39.2 nmol of siRNA in the NaOAc buffer subphase was not tested due to
sample quantity usage constraints.
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3.9. FTIR spectroscopy

Concentrated nanoparticle dispersions were studied further by
using ATR-FTIR spectroscopy to investigate the lipid packing state
by comparison with bulk PLGA and L5N12. The FTIR absorption fea-
tures were characterized in the wavenumber region from 800 to
1900 cm�1 and 2600 to 3400 cm�1, respectively, because the major
functional groups of PLGA and L5N12 are responsive in these two
regions (Fig. 8A and B). For bulk PLGA, one of the strongest absor-
bance bands was apparent at 1757 cm�1 (Fig. 8A), which is attrib-
uted to the symmetric stretching vibrations of the ester carbonyl
groups [21,22]. Stretching bands from the asymmetric and sym-
metric ester vibrations were also identified between 1000 and
1300 cm�1 with maxima at 1089, 1181, and 1272 cm�1 [21]. The
weaker absorption band at 1386 cm�1 is due to the wagging and
scissoring vibrations of the saturated CAH bonds. The band at
1457 cm�1 represents the scissoring vibration of the methyl groups
CAH [23,24]. These bands were also characteristic for the siRNA-
loaded LPNs (Fig. 8A), which suggests that the polymer structure
is not affected by incorporation of L5N12.

Each L5N12 molecule contains five amide groups and three ter-
tiary amine groups. However, due to the weak polarity of CAN
bonds, the tertiary amines all display weak-intensity stretching
peaks in the range from 1020 to 1250 cm�1, while several strong
916
absorption bands arising from amides are present in the range
from 1400 to 1700 cm�1 (Fig. 8A). With increasing L5N12 content
within the LPNs (from 5 % to 50 %), the absorption peaks at 1544
and 1640 cm�1 became more prominent (Fig. 8C, red arrows),
which can be attributed to the C@O stretching of the secondary
amide groups of L5N12. In addition, the intensity of the absorption
peaks at 2852 and 2923 cm�1 also displayed a pronounced increase
upon increasing the L5N12 content (Fig. 8D, blue arrows), which can
be attributed to the CAH stretching in the alkyl chains. Hence,
these bands are useful fingerprints of the L5N12 component of LPNs.

The FTIR spectrum of L5N12-siRNA lipoplexes provides interest-
ing information. The dominant bands of L5N12 are in the 1500–
1700 cm�1 region (amide I and II, Fig. S10). In solution, siRNA
adopts an A-RNA form displaying characteristic absorption bands
at 811, 860, 913, and 1238 cm�1 [25], and an additional peak at
approximately 1706 cm�1, corresponding to the C@O vibration of
guanine (Fig. S10). In contrast, the characteristic bands at 811
and 864 cm�1 disappeared for the siRNA-L5N12 lipoplexes
(Fig. S10), which suggest that the RNA helix may be partially
unfolded. The bands at 913, 970, and 995 cm�1 in the FTIR spectra
shifted towards higher wavenumbers, which can be a result of the
interaction between L5N12 and 20-OH groups of the ribose groups in
RNA. For A-RNA in solution, the characteristic band at 1238 cm�1

can be assigned to the asymmetric stretching vibrations of the



Fig. 7. Thermotropic phase behavior. A: Effect of chain length on the thermotropic phase behavior of liposomes. Representative DSC thermograms for L5N12 (black), L5N14

(red), and L5N16 (blue) liposomes in NaOAc buffer prepared by using microfluidic mixing. For L5N16, a pronounced gel-to-liquid disordered phase transition is observed at
40.8 �C. B: DSC thermograms of siRNA-loaded, L5N12-modified LPNs (red), L5N14-modified LPNs (blue), and L5N16-modified LPNs (green) are compared to the thermogram of
PLGA nanoparticles (black). C: DSC thermograms of non-loaded (red) and siRNA-loaded (blue), L5N16-modified LPNs, as compared to that of PLGA nanoparticles (black). The
thermograms have been shifted vertically for better visibility. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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phosphate ester groups. After lipoplex formation with L5N12, the
band at 1238 cm�1 shifted towards shorter wavenumbers of
approximately 1201 cm�1, which indicates an alteration of the A-
RNA structure (25).
4. Discussion

The design of safe and efficient delivery systems for nucleic
acid-based therapeutics is essential for their translation into
approved medicines. Elucidation of the nanoscale structure of
these delivery systems, specifically nanoparticles, may facilitate
their optimization via determination of possible structure–activity
relationships. Here, the structure of LPNs was studied by employ-
ing several analytical techniques, as well as by comparison to the
structure of various control formulations. Based on these observa-
tions, a presumed structure of LPNs is proposed.

The critical packing parameter of L5N12 was calculated, using
the Alim of the monolayer isotherms, to be 0.77, which suggests that
L5N12 is likely to adopt a lamellar phase upon dispersion in aque-
ous medium, which is in accordance with our experimental find-
ings: The SAXS data, polarized light microscopy images, and DSC
917
thermograms show that L5N12 self-assembles into a lamellar phase
in the liquid crystalline state with a lamellar repeat distance of
38 Å in the fully hydrated state (Figs. 1 and 7). In comparison,
the phospholipid 1,2-dilauroyl-sn-glycero-3-phosphatidylcholine
with comparable chain length also adopts a lamellar structure
and exhibits a repeat distance of 59 Å with a bilayer thickness of
33 Å in the fluid and fully hydrated state. Manufacture of non-
loaded L5N12 liposomes using microfluidic mixing resulted in unil-
amellar vesicles (Fig. 2A and B). This unilamellar structure is pre-
sumably a result of repulsive electrostatic interactions between
the bilayers at the low pH of the NaOAc buffer (pH 5.2), rendering
the hydrophilic headgroup of L5N12 fully protonated. In amphiphi-
lic systems dispersed in water, electrostatic repulsion between
headgroups, as well as the osmotic pressure that the water exerts
on the membranes, is an important determinant of the inter-
bilayer distance [26]. When the L5N12 headgroups are fully ionized,
it is likely that the repulsion between the cationic headgroups pre-
vents formation of concentric bilayers.

In contrast, cryo-TEM images suggest that lipoplexes of siRNA
and L5N12 prepared in TE buffer form concentric lipid bilayers
(Fig. 2E and F). The SAXS diffraction patterns revealed a repeat dis-
tance of 55 Å, which may be attributed to an interaxial alignment



Fig. 8. A-B: FTIR spectra of siRNA-loaded LPNs containing 5 % L5N12 (black) and 50 % L5N12 (red) and their constituents [bulk L5N12 (green) and bulk PLGA (blue)] in the region
from 800 to 1900 cm�1 (A), and 2600–3400 cm�1 (B). C-D: FTIR spectra of siRNA-loaded LPNs with varying L5N12 content from 5 % to 50 % in the region from 800 to 1900 cm�1

(C), and from 2600 to 3400 cm�1 (D). The spectra have been shifted vertically for better visibility. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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of siRNA (Fig. 2C). The even distribution of the siRNA in the lateral
space between the bilayers may be attributed to residual negative
charge that has not been neutralized by interaction with the
lipidoid headgroups [27]. This causes electrostatic repulsion
between siRNA molecules. This may also explain the increase in
Alim of L5N12 monolayers upon addition of siRNA to the TE
buffer subphase (pH 7.4). A similar oligonucleotide lamellar phase
has been observed for other lipid-based nanoparticles. In
dioleoyltrimethylammoniumpropane (DOTAP)-siRNA complexes,
a lamellar phase with a repeat distance of 55.9 Å (i.e., almost iden-
tical to the repeat distance observed in this study) was attributed
to the lateral distance arising from siRNA molecules sandwiched
between lipid bilayers [28]. However, when incorporated into
DOTAP-PLGA LPNs, this repeat distance decreases to 48.7 Å. This
may be attributed to the presence of impurities or an effect of
the PVA used for stabilization of the nanoparticles. This decrease
is not observed for L5N12 LPNs, where the repeat distance of the
siRNA lamellar phase is largely similar to that found for L5N12 lipo-
plexes. This can be explained by a difference in charge density. If
the lipids in the bilayer exhibit a high charge density, the siRNA
will pack more tightly, effectively reducing the repeat distance
between the molecules. In the LPNs, the charge density of the lipid
at a pH value of 7.4 could be lower than that of DOTAP, inferring
that the distance between siRNA molecules is higher [29].
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Due to the amorphous nature of PLGA, and the fact that non-
loaded PLGA nanoparticles did not show any scattering in the
investigated q-range (results not shown), it is reasonable to
assume that all peaks present in the 1D scattering pattern of LPNs
arise from structures formed by the lipidoid or siRNA. The
formation of lipidoid bilayers in LPNs does not seem to be gov-
erned by siRNA, as inferred by the SAXS patterns of the non-
loaded nanoparticles (Fig. 3A). Both the non-loaded as well as the
loaded LPNs show first and second order lamellar reflections at
L5N12 contents of 15 % and higher (Fig. 3A and B). This contrasts
with a report on the structure of LNPs loaded with a much larger
mRNA cargo [30]. In this delivery system, it was suggested that
the mRNA was important in defining the final structure that the
nanoparticles adopts. The scattering pattern for mRNA-loaded
nanoparticles was much more distinct, as compared to a much
weaker peak in non-loaded nanoparticles. Furthermore, in LNPs
composed of DLin-KC2-DMA/1,2-distearoyl-sn-glycero-3-phospho
choline/cholesterol/PEG-lipid (50:10:38.5:1.5 mol%), where
DLin-KC2-DMA is an ionizable lipid, siRNA was found to influence
the general structure of LNPs by forming a higher fraction of LNPs
with a stacked bilayer structure when the loading of siRNA was
increased [31]. Such a trend is not observed for L5N12 LPNs, where
the general structure forms, regardless of whether siRNA is
incorporated or not.



Fig. 9. A: Illustration of the proposed formation of a monolayer of L5N16 on a PLGA
core through hydrophobic interactions. B: LPNs based on L5N12 and L5N14 form a
core–shell structure. PLGA acts as the hydrophobic core matrix, with a monolayer of
L5 on the surface. Concentric lipid bilayers form around this core, and siRNA
molecules are equally spaced and sandwiched in-between these bilayers through
attractive electrostatic interactions with the amine lipid headgroups. Created with
BioRender.com.
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The lamellar repeat distance observed for LPN bilayers (i.e., the
concentric lipidoid bilayers forming around the PLGA core, sepa-
rated by a water layer between each of the bilayers) is significantly
enlarged, as compared to the repeat distance of dispersed bulk
L5N12. The repeat distance increases by 98 Å to a distance of
136 Å in LPNs with an L5N12 content of 15 %, as compared to the
lamellar repeat distance in dispersion (Fig. 3). This swollen lamel-
lar phase is also observed in siRNA-loaded, DOTAP-modified LPNs
and is attributed to the effect of PLGA on the bilayer [28]. However,
the bilayer swelling does seem to be influenced by the preparation
method. In a separate experiment, PLGA nanoparticles were coated
with a layer of L5N12 by using the thin-film hydration method (re-
sults not shown). The resulting LPNs were large (>300 nm) and
showed a lamellar repeat distance of 38 Å, identical to the bulk
L5N12 dispersion. However, further cryo-TEM studies are required
to support the hypothesis that LPNs are formed, rather than a dis-
persion of separate liposomes and PLGA nanoparticles.

In addition, for both non-loaded and siRNA-loaded LPNs, an
increase in L5N12 content with a decrease in PLGA content led to
an increase in the calculated lamellar repeat distance (Fig. 3). How-
ever, it should be noted that the resolution attained by using
benchtop SAXS could be a limitation due to the broadness of the
peaks. Nonetheless, the data suggests that this change is not
related to siRNA complexation. It is presently unclear why there
is an increase in lamellar repeat distance when the content of
L5N12 is increased and the content of PLGA is decreased. Prelimi-
nary results indicate that this trend could possibly be caused by
the decrease in polymer core size and be influenced by the L5N12

concentration. Furthermore, the cryo-TEM images (Fig. 3D and E)
suggest the existence of a variety of colloidal species (LPNs, lipo-
somes, and lipoplexes), which could explain the peak broadening,
due to sample heterogeneity. Importantly, in pioneering experi-
ments on lipid bilayer structure, a similar increase in repeat dis-
tance was observed with an increase of the concentration of
Aerosol MA; an anionic surfactant [32].

As the lamellar repeat distance is the sum of the bilayer thick-
ness and the water layer thickness, a change in the thickness of
either layer could be the cause of the increased distance. Based
on cryo-TEM images of LPNs containing 70 % L5N12, this change
in distance seems initially to be the result of an increase in water
layer thickness, but this is inconclusive (Fig. 3D and E). Alterna-
tively, it could be attributed to the presence of PVA as an interfacial
polymer between lipid bilayers. It is possible, even with purifica-
tion considered, that more PVA is retained when the L5N12 concen-
tration is increased. A study of PVA retention on PLGA
nanoparticles showed that even trace amounts of residual PVA
has an effect on the physical properties of the nanoparticles [33].
This increase in the content of PVA could result in larger inter-
bilayer distances.

At an L5N12 content of 5 %, the lack of clear structural peaks in
the scattering patterns suggests a less uniform coating of the PLGA
nanoparticles. This L5N12 content is presumably not sufficient for
bilayer formation, and the resulting nanoparticles possibly consist
of a spherical PLGA core with a monolayer of L5N12 embedded in
the polymer matrix through hydrophobic interactions (Fig. 9).
The appearance of lamellar reflections at higher concentrations
suggest that there is a certain threshold for full coating of the PLGA
core before bilayer formation can take place. Furthermore, the
appearance of bilayers in cryo-TEM images is much more pro-
nounced at an L5N12 content of 70 % as compared to 15 %. However,
the general structure of concentric lipid bilayers surrounding an
electron-dense core does not seem to change, when the L5N12 con-
tent is increased.

Complexation of nucleic acids has been reported to decrease the
lamellar repeat distance in monoolein-based lipoplexes [34]. Fur-
thermore, in DOTAP-based LPNs, it is reported that the ratio of
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nucleic acid to lipid seems to affect the bilayer thickness, with a
relative increase in the content of nucleic acid leading to a smaller
lamellar repeat distance. This is explained by the electrostatic com-
plexation between the negatively charged siRNA and positively
charged lipid, where the result of neutralizing the positive charge
on the headgroups is reduced interbilayer repulsion. This reduced
repulsive electrostatic force causes compression of the bilayer,
which becomes more compact, and therefore shows a smaller
repeat distance. This did not seem to be the case for LPNs, which
displayed a relatively constant repeat distance when the ratio of
siRNA to L5N12 was varied (Fig. 3F). This suggests that at pH 7.4,
there insufficient residual positive charge on the ionizable L5N12

to have an impact on the interbilayer distance, and that the alkyl
chains and the water layer thickness are more important determi-
nants of lamellar repeat distance.

LPNs based on L5N14 and L5N16 show similar results to L5N12

LPNs. They all possess a spherical nanoparticle morphology, and
bilayer formation is evident (Fig. 4). This spherical electron-dense
LPN structure, as resolved using cryo-TEM, is similar to that
reported for N1,N3,N5-tris(2-aminoethyl)benzene-1,3,5-tricarboxa
mide (TT3)-based LPNs with a proposed hydrophobic PLGA core
[35].

The increase in lamellar repeat distance associated with these
LPNs can therefore only be explained by the increase in the chain
length of the lipidoids. This is in accordance with lamellar repeat
distances of phosphatidylcholine lipids with variable chain lengths
reported in the literature [36]: For example, at a chain length of 12
carbon atoms, the repeat distance was 30.5 Å, and for a 16 carbon
length tail, the repeat distance was 37 Å. The cationic headgroup of
L5 contains both secondary and tertiary amines, and their degree of
protonation is highly dependent on the pH, which eventually may
affect the interaction with siRNA. The Langmuir monolayer tech-
nique was used to characterize this interaction further. Monolayers
of neat lipidoids were spread on two different subphases of pH 7.4
and 5.2. L5N12, L5N14, and L5N16 have the same headgroup, but dif-
fer by two carbon atoms per alkyl chain, eventually resulting in a
difference of 10 and 20 additional carbon atoms per molecule,
respectively, relative to L5N12. As expected, increasing the alkyl
chain length resulted in a decrease in the Alim and an increase in
the Pcollapse due to stronger van der Waal forces between the alkyl
chains at a constant pH. The same has been observed for saturated
phospholipids when the acyl chain length was increased from 14 to
18 carbon atoms [37]. This highlights that L5N14 and L5N16 form
more stable monolayers than L5N12, most likely due to stronger
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van der Waal forces between their longer alkyl chains [11,38,39].
At pH 5.2, electrostatic repulsive interactions between the cationic
headgroups are stronger, as evident from the expansion of the iso-
therms, which is indicated by an overall shift of the isotherms
toward higher Alim values (Fig. 5B). A comparable pH-dependent
increase in Alim and monolayer expansion have also been observed
for other cationic lipids [40,41].

Nucleic acids are generally deprotonated and hence negatively
charged at physiologically relevant pH values due to their low
pKa values. Interactions between monolayers and molecules pre-
sent in the subphase occur due to electrostatic and hydrophobic
interactions, as well as hydrogen bonding [42]. At a subphase pH
of 7.4, increasing the content of siRNA in the subphase (up to
19.6 nmol) did not cause an appreciable increase in the Alim, while
at 39.6 nmol siRNA, the Alim was increased, which suggests that
siRNA interacts with the headgroup of L5N12 in a way that affects
the lateral movement of L5N12 in the monolayer, but does not influ-
ence monolayer packing. It also suggests that siRNA interacts with
the cationic monolayer and causes steric repulsion due to the
siRNA molecules. This is in agreement with data reported for catio-
nic lipid-DNA interactions [44]. This shows that the interaction
between L5N12 and siRNA is much stronger at pH 5.2 than at pH
7.4. At pH 5.2, the headgroups are more loosely packed than at
pH 7.4 due to a higher degree of protonation [44]. When siRNA is
added to the subphase, the area occupied by the headgroups of
L5N12 at pH 5.2 is significantly larger (p < 0.01) than the area occu-
pied at pH 7.4. In both cases, an interesting observation was the
difference in Acollapse when the content of siRNA in the subphase
was 9.7 or 19.6 nmol (Fig. 6B). It was expected that Acollapse would
generally increase with an increase in the content of siRNA, but
this is not the case here. Previous reports suggest that monolayers
of cationic lipids can be condensed to a greater extent in the pres-
ence of a specific amount of DNA [43]. The subphase pH and the
content of siRNA in the subphase affected the Alim values of the
monolayer (Fig. 6A and B). At a pH of 7.4, the increase in Alim might
primarily be due to incorporation of siRNA in the monolayers caus-
ing steric repulsion, but only secondarily due to protonation of the
headgroups of the L5N12 monolayer. However, at a pH of 5.2, the
monolayer is expanded due to protonation of the headgroups, in
addition to steric repulsion caused by siRNA molecules, resulting
in higher Alim values compared to the ones at pH 7.4. Interestingly,
at pH 5.2, thePcollapse increased with increasing content of siRNA in
the subphase, which may contribute to stabilizing the monolayer
by reducing repulsive electrostatic headgroup interactions. For a
similar system, the Pcollapse of a negatively charged monolayer
increased when a positively charged poly(amidoamine) dendrimer
was added to the subphase [45]. No further increase inPcollapse was
observed beyond 19.6 nmol siRNA in the subphase at pH 5.2, which
might be due to saturation of the siRNA binding sites of the mono-
layer. Several studies indicate that the N/P ratio is a useful param-
eter in the optimization studies of LNPs [46–48]. However, to
describe lipid-like materials, weight ratios are typically used
[35,49,50], most likely due to the multiple pKa centers in the lipi-
doid molecule. This makes it difficult to accurately assess the
mechanistic interactions between the lipid-like materials and
siRNA, because the protonation state cannot be directly related
to the buffer pH.

Thermal analysis of LPNs provides an indication of the interac-
tions between polymer, lipid, and siRNA (Fig. 7). The incorporation
of siRNA had a pronounced effect on the phase transition temper-
ature of L5N16 by increasing the Tm. A similar shift in the Tm was
observed in a study of lipid-DNA complexes [51]. This effect on
Tm was explained by the fact that condensation of nucleic acids
with the positively charge lipid headgroups causes a shielding of
charge in the cationic lipid bilayer. This results in stabilization of
the lipid chains as charged lipid headgroups favor an increased sur-
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face area that is brought about by chain melting. Due to reduced
electrostatic repulsive interactions between the headgroups of
L5N16 bilayers, the Tm increases. However, the increase in Tm mea-
sured for L5N16-modified LPNs is smaller than that observed for
lipid-DNA complexes. This may be explained by the low headgroup
charge density of L5N16 bilayers at pH 7.4. Furthermore, for non-
loaded LPNs, the addition of PLGA resulted in a large increase in
the Tm of 10.7 �C. This could be attributed to the formation of
strong hydrophobic interactions at the surface of a polymeric core.
Similar shifts in Tm of lipid-modified PLGA formulations were
observed for dimethyldioctadecylammonium-modified PLGA for-
mulations [22]. Thermograms were analyzed for formulations with
low PLGA content and low lipid content. Both formulations showed
an increase in Tm, which was higher with increased PLGA content.

From FTIR spectrometric data (Fig. 8), the characteristic absorp-
tion bands of both siRNA and L5N12 were markedly changed after
mixing of L5N12 with siRNA, which confirms strong interactions
and the formation of lipoplex structures in aqueous solution. How-
ever, for the siRNA-loaded LPNs, FTIR absorption of siRNA cannot
be resolved due to the low siRNA content.

The data suggests that LPNs adopt a core–shell structure,
wherein PLGA constitutes a hydrophobic polymer core, with a
monolayer of L5 formed around it through hydrophobic interac-
tions (Fig. 9). At certain concentrations of L5N12, concentric lipid
bilayers are formed, in between which siRNA is sandwiched
equidistantly. Similar conclusions have been drawn in the litera-
ture for other types of hybrid formulations. In a study on
lecithin-PLGA hybrid nanoparticles, a core–shell structure was pro-
posed [52]. The nanoparticles were stained with uranyl acetate,
and then a lipid shell could be observed with TEM. However, fur-
ther analysis by using confocal laser scanning microscopy sug-
gested a hollow water-filled core within the PLGA [53]. This does
not seem to be the case for the LPNs analyzed in the present study,
wherein a matrix PLGA core is indicated to be present. Similarly,
TT3-modified LPNs are also proposed to display a core–shell struc-
ture, based on cryo-TEM images [35]. Furthermore, studies on the
interaction of lipid bilayers with latex show that lipid bilayers, as
well as lipid monolayers, can form around the polymer core [54].
Herein, it was suggested that a lipid bilayer forms initially on the
surface, and then rearranges into a monolayer due to the
hydrophobic interactions between the polymer and the lipid
chains. This indicates that the formation of a monolayer is thermo-
dynamically favorable, even if some latex cores had bilayers
formed around them. The DSC data provided on the interaction
between L5N16 and PLGA could be a preliminary indicator for the
formation of a monolayer, rather than a bilayer, around the PLGA
core.
5. Conclusions

It is evident that L5N12 forms a lamellar liquid crystalline phase
in bulk dispersion. In contrast, non-loaded L5N12 liposomes adopt
flexible multi-shaped unilamellar vesicles, whereas complexation
with siRNA results in lipoplexes consisting of concentric lipid
bilayers in the liquid crystalline phase. The LPN nanostructure
seems to fit with a core–shell model, where PLGA constitutes the
hydrophobic core. Presumably, a monolayer of lipidoid covers the
surface of the PLGA core as a shell, possibly as a result of hydropho-
bic interactions between the lipidoid alkyl chains and the PLGA
core, which is evident from the shift in thermal behavior of PLGA
and L5N16 upon incorporation into LPNs. SAXS data and cryo-TEM
images show that the PLGA core is surrounded by layers of concen-
tric lipid bilayers formed by L5N12. This core–shell structure
adopted by the LPNs is clearly affected by the loading of siRNA,
but the lamellar repeat distance is independent of siRNA loading.
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Furthermore, the lamellar repeat distance increases with an
increasing L5N12 content and lipidoid chain length, and L5N14 and
L5N16 LPNs most likely adopt a similar structure as L5N12 LPNs. Col-
lectively, the characterization data infer that siRNA-loaded LPNs
adopt a core–shell structure. However, further studies are required
to improve our understanding of the internal morphology of these
nanostructures.
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