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ABSTRACT: Polysarcosine (pSar) is a polypeptoid based on the endogenous amino acid
sarcosine (N-methylated glycine), which has previously shown potent stealth properties.
Here, lipid nanoparticles (LNPs) for therapeutic application of messenger RNA were
assembled using pSarcosinylated lipids as a tool for particle engineering. Using pSar lipids
with different polymeric chain lengths and molar fractions enabled the control of the
physicochemical characteristics of the LNPs, such as particle size, morphology, and internal
structure. In combination with a suited ionizable lipid, LNPs were assembled, which
displayed high RNA transfection potency with an improved safety profile after intravenous
injection. Notably, a higher protein secretion with a reduced immunostimulatory response was observed when compared to systems
based on polyethylene glycol (PEG) lipids. pSarcosinylated nanocarriers showed a lower proinflammatory cytokine secretion and
reduced complement activation compared to PEGylated LNPs. In summary, the described pSar-based LNPs enable safe and potent
delivery of mRNA, thus signifying an excellent basis for the development of PEG-free RNA therapeutics.
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Messenger RNA (mRNA) delivery holds great promise
for various therapeutic applications, including protein

replacements, immunotherapy, and genome editing.1 The
mRNA platform offers several benefits over other nucleic acid-
based therapeutics as mRNA is non-infectious, it does not
require transport to the nucleus and it does not integrate into
the host genome. mRNA is generally subject to rapid
degradation in biological fluids, which can be considered
useful from a safety perspective. However, for application of
the mRNA as a pharmaceutical product, chemical modification
or encapsulation into carrier vehicles is required for delivery to
the target compartment while maintaining sufficient in vivo
stability.1,2

Lipid-based carrier vehicles have shown a significant
translational promise in the delivery of mRNA in clinical
trials.3−5 One approach for assembling lipid nanocarriers,
initially developed for siRNA delivery, includes direct mixing of
a solution of lipids in ethanol with an aqueous solution of the
nucleic acid to obtain lipid nanoparticles (LNPs).6 Recently,
siRNA-LNPs were approved by the FDA for the treatment of
polyneuropathies induced by hereditary transthyretin amyloi-
dosis (Onpattro).7 In general, LNPs comprise four primary
components: (1) an ionizable-cationic lipid or lipidoid
compound, which complexes the negatively charged RNA
and improves endosomal escape through its pH-dependent
charge; (2) cholesterol, which enhances LNP stability and
promotes membrane fusion; (3) a phospholipid that
structuralizes the lipid bilayer and optionally facilitates

endosomal escape through its fusogenic properties, and (4)
polyethylene glycol (PEG)-conjugated lipid, which prevents
aggregation during particle formation and allows the controlled
manufacturing of particles with defined diameters in the range
between approximately 50 and 150 nm.8

In order to allow nanoparticle formation using an LNP
platform, virtually all research groups have been using PEG-
conjugated lipids. PEG has also been extensively used as a
stealth coating in the pharmaceutical industry. It provides a
hydrophilic steric hindrance resulting in reduced protein
opsonization, increased circulation times, and improved
particle pharmacokinetics. However, the PEGylation of
nanoparticles can also have substantial disadvantages concern-
ing activity and safety, which is named the “PEG dilemma”.
PEGylation may lead to the lowering of the transfection
potency by hindrance cellular uptake and processing. It has
been associated with the accelerated blood clearance (ABC)
phenomenon, typically induced by the formation of anti-PEG
antibodies following repeated systemic administration.9−12

These anti-PEG antibodies are typically found within healthy
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humans due to the increasingly probability of exposure to
PEG-containing products, such as in cosmetics.12,13 PEG has
been shown to trigger complement activation, which can lead
to hypersensitivity reactions, also known as complement
activation-related pseudo-allergy (CARPA) in specific individ-
uals.14,15 The drawbacks associated with the therapeutic use of
PEGylated nanoparticles has stimulated the development of
PEG alternatives, such as poly(glycerol) (PGs), poly-
(oxazolines), sugar-based systems, and poly(peptide)s.16,17

In recent years, a class of polymers based on amino acid
derivatives, the polypeptoids, has been explored as a substitute
for PEG in attaining stealth properties in products for
biomedical applications.18 Among those, polysarcosine
(pSar), a polymer made of repetitive units of the endogenous
amino acid sarcosine (N-methylated glycine), exhibited
stealth-like properties comparable to PEG products.19−27

Maurer et al. reported on the low immunogenicity of pSar
lipids in rabbits and rats, while Feneroli and co-workers
observed an absence of an acute immune response in zebrafish
embryos and mice.21,28 Several studies dealt with the
preparation of sarcosine-based drug carriers. With the present
study, this concept has been extended to the use of
pSarcosinylated lipids for the assembly of lipid nanoparticles
as RNA delivery systems.
In this work, we used pSar lipids as a tool for engineering

mRNA-LNPs with improved biological activity and safety. The
pSarcosinylated lipids were applied instead of using PEGylated
lipids for size control within manufacturing of LNPs based on
established rapid mixing protocols.29 The influence of the
molar fraction and the number of pSar repeat units on the
physicochemical characteristics of the resulting particle systems
was thoroughly investigated and correlated with biological
activity. Hydrophilic pSar chain length was varied whilst
maintaining a consistent hydrophobic hydrocarbon moiety to
optimize the balance between stealth requirements and facility
of cellular uptake. pSar lipid technology was further validated
by assembling pSar LNPs that comprised further ionizable
cationic lipids with improved transfection efficacy. Intravenous
administration of such pSar systems substantially boosted the
mRNA expression in vivo. Finally, liver toxicity and potential
immunostimulatory of pSar-based lipid nanoparticles were
evaluated in comparison to established PEGylated lipid-based
formulations.

■ RESULTS AND DISCUSSION
pSarcosinylated Lipids as a Tool for Particle

Engineering. Initial experiments focused on the investigation
of pSar lipids for engineering mRNA nanoparticles using the
LNP rapid mixing protocol.29 The pSar lipids used in this work
have been synthesized according to Weber et al.26,30 They
contain a single aliphatic carbon chain and a secondary amine
as an end group. pSarcosinylated lipids with different pSar
chain lengths (average of 11−65 sarcosine repeat units) and at
different molar fractions (0−10%) were investigated for LNP
manufacturing. In addition to the pSar lipids, the cationic
ionizable lipid DODMA, the helper lipid DSPC, and
cholesterol at respective molar fractions 40/10/(50 − x)
were used, where x is the fraction of the pSar lipid (Figure 1
and Supporting Table 1). Ethanolic solutions containing the
lipids were mixed with an aqueous phase containing modified
mRNA, at a nitrogen to phosphate (N/P) ratio of 4, using a
commercially available microfluidic device.29 For comparison,
nanoparticles with the same lipid composition were assembled

with PEG-DMG, a commercially available PEG lipid, instead of
the pSar lipids.
Lipid particle formulations containing no grafted lipid

aggregated immediately post-production (data not shown).
In contrast, however, the incorporation of pSar lipid enabled
the formation of colloidally stable lipid nanoparticles, where
the size depended on the chain length and the molar fraction
of pSar lipids (Figure 2A). For all pSar chain lengths, the
particle sizes decreased with the increased amounts of pSar
lipid in LNP compositions, similar to PEGylated systems
(Figure 2B).29,31 The particle size decreased also with
increasing pSar length. In absolute numbers, the particles
comprising pSar were larger than those obtained with PEG
lipids at a similar molar fraction. For instance, LNPs formed
with 1.5 mol % pSar34 (which has an equivalent molecular
weight to PEG-DMG) exhibited a diameter of about 150 nm,
while with PEG-DMG, it was 90 nm. All particles exhibited a
PdI lower than 0.25 and a close to neutral ζ-potential at pH 7.4
(data not shown). Further differences between the PEG and
the pSar LNPs could be observed for the accessibility of the
particle-bound RNA to fluorescent dye molecules (Ribogreen
assay, Figure 2C). Although, for the particles formed at this
N/P ratio and with this lipid composition, in general no
substantial amounts of free RNA were determined (here
exemplary demonstrated by agarose gel measurements for a
pSar and a PEG system, Figure 2D) the RNA inside the pSar
particles showed a systematically higher accessibility to the dye
than that in the particles formed with PEG. This high
accessibility points toward differences in the compactness
inside the pSar and PEG nanoparticles, which may have
consequences for the stability and activity. Lower packing
compactness may be favorable for endosomal processing, while
higher compactness may be favorable for stability with respect
to enzymatic RNA degradation in circulation. However, the
risk of elevated degradation is lower than it would be suggested
by the dye accessibility because enzymes are much bigger than
the dye molecules. Overall, the observed effects of both types

Figure 1. Lipids used for LNP manufacturing. LNPs are generally
composed of ionizable amino lipids, helper lipids, cholesterol, and a
stealth moiety. Here, as lipids, the ionizable 1,2-dioleyloxy-3-
dimethylaminopropane (DODMA) and the phospholipid 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC) were used. As the
stealthy moiety, either 1,2-dimyristoyl-rac-glycero-3-methylpolyoxy-
ethylene (PEG-DMG) or pSar lipids were used. For pSar, n represents
the number of sarcosine repeating unit. The composition of the LNPs
was 40/10/50 − x/x (DODMA/DSPC/cholesterol/grafted lipid,
molar ratio), where x is the fraction of the grafted lipid. The cartoon
at the right shows an artistic representation of the LNPs: the RNA is
thought to be present embedded in the excess lipid matrix, in the form
of organized stacks of few repeat units, complexed with lipid
membranes
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of grafted lipids on LNP design demonstrate their applicability
for particle engineering but require individual adjustment.
The internal organization of the pSarcosinylated and

PEGylated LNPs was investigated by small-angle X-ray
scattering (SAXS) (Figure 3 and Supporting Figure 1). The
scattering profiles display similar features, in which a single
broad maximum dominates the curves at the momentum
transfer, q, of about 1 nm−1, corresponding to the spacing of
about 6−7 nm from the application of Bragg’s law (Methods
section, eq 5). In all cases, the peaks became less pronounced
increasing fractions of grafted lipid. Interestingly, some curves
display a further modulation of intensity at a very low q, with a
maximum at about 0.01 nm−1, which is most clearly visible for
the data from the PEG systems (highlighted in Supporting
Figure 2). Such a pattern could result from the overall particle
form factor (see the Methods section, eqs 2 and 3). With a
model of a solid sphere, one would expect oscillations with the
first minimum at q × R = 4.49. Estimating the minimum
position before the maximum to q = 0.05−0.09 nm−1, one
obtains R = 90−50 nm, which is roughly in the order of the
DLS results (taking also into account that anisotropy and
surface roughness of the particles lead to deviations from the
solid sphere model). The curves are otherwise smooth and

exhibit a steep intensity decay as a function of q, where a
region of linear slope in the q range below the main peak can
be identified.
Quantitative data analysis underlines these qualitative

observations. By using Lorentzian functions, the peak
positions, peak width, and peak area were determined, from
which information on repeat distance, correlation length, and
relative amount of material present in such organization can be
derived (see the Methods section for details), as shown in
Figure 3C (Supporting Information shown in Supporting
Figure 1 and Supporting Table 2). A slight shift of peak
positions (top diagram) as a function of the molar fraction of
the grafted lipid, corresponding to an increase of the repeat
distance, is discernible. This could be due to partial insertion of
the bulky stealthy lipids into the ordered stacks. The peak
width, indicating the correlation length,34 ξ, (see the Methods
section, eq 6), increased slightly, and therefore the correlation
length slightly decreased.
As was already visible by the eye, the peak area decreased

with increasing fraction and chain length of the grafted lipid,
with most pronounced effects observed for the PEG-DMG
data (Figure 3 and Supporting Figure 1).
The above hypothesized partial insertion of the grafted lipids

into the bilayer stacks may be a plausible explanation for the
findings. Their large hydrophilic moieties can account for the
decrease of order as well as for the shift of the peak positions
toward a lower q (larger spacing). Different chemical structures
of the PEGylated and pSar lipids moiety may be the reason for
the larger effect of the PEGylated LNPs.
These peak characteristics are in agreement with the

presence of particles having a low internal organization, in
the sense that some organized stacks are present, but only with
few repeat units. Data sets from samples where no more peaks
are discernible are indicative of the absence of ordered
structures. Accordingly, calculation of the correlation length
from the peak widths using a model for liquid crystals results in
correlation lengths in the same order of magnitude as the
repeat distance itself (see Methods and Supporting Informa-
tion sections). This conjecture is further underlined by
comparison of the experimental data with simulations using
very basic assumptions for form factor and structure factor (see
Methods and Supporting Information sections). The scattering
curves can be fairly well represented by organizing only two to
three repeat units at the distances indicated by the peak
position (eqs 2, 7, and 8 in the Methods section and
Supporting Figure 2).
The range of smooth decay at lower q values was analyzed

using a power law (I ≈ q−x), where from the exponent, x, the
mass fractal dimension of the particles can be derived (Porod
exponent, eq 4).32,33 A Porod exponent of −4 is indicative of
ideally smooth interfaces, lower (negative) numbers, e.g., −4
to −3, is thought to be induced by surface roughness (surface
fractals), while slopes between −3.5 and −2 point toward mass
fractals. Here, a decrease of the Porod exponents (Figure 3 and
Supporting Figure 1) with increasing fractions of grafted lipid
was determined. Therefore, the surface and/or the mass fractal
dimension increased. Molecularly spoken, higher surface
roughness, changes in packing, or a higher anisotropy could
account for such a change in slope. It may be worthwhile
mentioning that the Porod exponents observed here for LNPs
were still relatively high in comparison to other types of RNA
nanoparticle (hybrid polymer and lipid) systems, where values
up to −2 were determined.35

Figure 2. Effect of pSar lipid on LNP characteristics compared to
PEG lipid. (A) Size (hydrodynamic diameter) and polydispersity
index (PdI) as obtained from dynamic light scattering measurements
of LNPs as a function of molar fraction (1.5, 2.5, 5, 7.5, and 10%) of
the pSar moieties with varying degrees of polymerization (blue
squares, 11; green squares, 23; orange squares, 34; red squares, 65).
Data are presented as mean ± standard deviation for n = 2−3. (B)
Size and PdI of LNPs as a function of molar fraction of PEG-DMG
(gray squares, PEG-DMG). (C) Accessibility of the RNA to dye
molecules using the Ribogreen kit. Systematically higher accessibility
is measured for the pSar LNPs than for those comprising PEG. (D)
Determination of free RNA by the agarose gel assay. Both LNPs with
PEG and pSar show equally low values for free RNA. All LNPs had
the same basic composition, with the molar ratios DODMA//DOPE/
cholesterol/grafted lipid 40/10/50 − x/x. In all cases, the N/P ratio
(DODMA to RNA), calculated as outlined in the Methods section,
was 4. (Data presented as mean ± standard deviation, n = 1.)
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The data presented here allow one to further refine the
understanding of the molecular organization inside LNPs as
obtained in earlier studies. Although, so far, only spare
systematic data from X-ray scattering measurements have been
reported,38,39 a variety of investigations with various
independent methods, ranging from cryo-TEM measurements
to molecular modeling, has been performed. Based on these
studies, the LNPs were frequently described as compact
“electron-dense” particles with the RNA embedded in an
excess of unorganized lipid matrix. The RNA is often assumed
to be present either in a hexagonal organization or in the form
of individual inverse micelle (or “current bun”) organiza-
tion.36,37 The quantitative analysis of the present SAXS
measurements points toward an internal organization in
between the two above-described options. With this low
organization, for the present samples, it is not meaningful to
derive a specific type of order, e.g., hexagonal, lamellar, or
cubic. The degree of organization further decreased with
increasing fractions of grafted lipids. The cases, where no more
peaks were visible, would be in accordance with the presence
of individual lipoplexed RNA micelles (the individual currents
in the bun), which are not correlated to each other. This

conjecture is further highlighted by comparison of the
experimental data with simulations using basic formalisms
(see Methods and Supporting Information sections), which
demonstrates that already two to three organized scattering
units allow to reproduce characteristic aspects of the
experimental scattering curves fairly well.
Of note is the general observation that the structure of LNPs

as measured here differs substantially from so-called lipoplex
systems, which may comprise similar lipids, but where lipids in
an aqueous phase (liposomes) instead of the ethanolic lipid
solution are mixed with the RNA. These have been
investigated much more thoroughly than it has been done so
far for the LNP systems.40−45 Studies with a wide variety of
lipid compositions in combination different types of nucleo-
tides (i.e., DNA, siRNA, mRNA) have been performed,
resulting in a profound understanding of structural coherencies
and internal phase properties. For these lipoplexes, typically
much narrower Bragg peaks up to several orders can be
observed, often pointing toward lamellar organization.46,47

LNPs appear to be characterized a much lower internal
organization in comparison to lipoplexes. Taking into account
that LNPs and lipoplexes have proven to be preferential for

Figure 3. Small angle X-ray scattering (SAXS) data from pSar23 and PEG formulations. (A, B) SAXS curves from pSar23 and PEG-DMG-based
LNPs for different molar fractions of the grafted lipids (1.5, 2.5, 5, 7.5, and 10 mol % from top to bottom). In (C), peak position, peak width, and
peak area as a function of molar fraction of pSar23 and PEG-DMG are presented in the first three diagrams from top to bottom. For the PEG-DMG
systems, the peak area at the higher fractions was too low to be clearly quantified; therefore, no values for area and position are given. The fourth
diagram shows the Porod exponent for the scattering curves, determined as described in the text. Further information can be found within the
Methods and Supporting Information sections.

Figure 4. In vitro expression profile of pSarx and PEG LNPs in a human hepatocyte cell line (HepG2). Firefly luciferase expression 24 h post-
incubation with 250 ng/mL mRNA-loaded LNPs comprising increased molar fractions of (A) pSarx and (B) PEG-DMG. Data are represented as
mean ± standard deviation, n = 3.
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different therapeutic applications, respectively, the information
on the structural differences between the two systems might
help for tailoring further optimized delivery systems for a given
therapeutic intervention.
Transfection of pSar LNPs In Vitro. To investigate the

pSar LNP potency, mRNA expression was evaluated in vitro
using a hepatocarcinoma cell line (HepG2). For this purpose,
LNPs comprising firefly luciferase-encoding mRNA were
assembled using either pSar or PEG lipids. Figure 4 shows
the luciferase expression 24 h post-incubation with LNPs
manufactured with pSar lipids of different chain lengths or with
the PEGylated lipid as a function of their molar fraction. In
absolute numbers, the luciferase expression with the pSar
systems was lower than with PEGylated systems; however,
remarkably, for the pSar LNPs, the luciferase expression
increased with increasing pSar lipid content, as can be most
clearly seen for the pSar23 formulations (Figure 4A). In
contrast, the activity of PEGylated systems decreased with
increased PEG lipid fraction. The reduction of luciferase
expression with increasing PEG fractions is in accordance with
the literature, where the increased stealthy effect of PEG has
been correlated with reduced cellular uptake and processing.31

The increase of activity with the pSar fraction could be a result
of the chemical nature of this grafting moiety, where the
secondary amine as an end group might facilitate the
electrostatic binding with negatively charged cell membranes.
The general observation that for pSar the activity increased
with an increasing molar fraction may open novel oppor-
tunities for the combination of particle engineering and
optimization of biological activity: along with increasing pSar
fraction particles size decreases. Small particles can be
manufactured without loss of activity as induced by the high
fraction of grafted lipid. Chemical modification of the pSar

lipids (e.g., with respect to the number and length of
hydrocarbon chains or pSar end groups) may allow to further
extend the nanoparticle design space and the biological activity
of the delivery systems.

Performance of pSar LNPs In Vivo. To investigate the
ability of pSar LNPs to safely and efficiently deliver the mRNA
in vivo, Balb/C mice were intravenously injected with 10 μg of
luciferase-encoding mRNA formulated into pSar LNPs. The
whole animal and extracted organs were analyzed for
bioluminescence. In the primary experiments, the fraction of
pSar lipid in the LNPs was kept constant at 5 mol % whilst the
chain length of pSar was varied from 11 to 65 units. As shown
in Figure 5A, 6 h post-injection, all pSar LNPs mediated high
mRNA expression in the liver and spleen. Differences in the
targeting selectivity and efficacy for the different pSar chain
lengths were observed. While with pSar11 the luciferase signal
from the spleen was the highest, the signal decreased
monotonously with increasing the chain length, and the
targeting selectivity shifted toward the liver (Figure 5B). For
modulation of the spleen signals, also particle size may have
played a role. As reported above, the particle size decreased
with increasing pSar chain length (Figure 1), with the pSar11
LNPs being substantially larger than those with a higher chain
length. Large particles are known to target more efficiently
toward the spleen.3 For liver expression, here no such strong
modulation was observed, although small particles are
considered to be preferential for liver targeting.48 Further
reduction of the particle size may be necessary to induce
stronger effects on the liver signal.
Based on efficacy, the pSar23 was selected for further

investigation, where the molar fraction of pSar lipid in the
LNPs was varied from 2.5 to 10%. As previously shown for
chain length, the molar fraction also has an impact on the

Figure 5. Firefly luciferase expression in Balb/C mice injected intravenously with pSar-LNPs. Transfection at 6 h post-injection of LNPs with an
mRNA dose of 10 μg. (A) Representative bioluminescence and (B) graphical display of ex vivo luciferase expression in the liver and spleen upon
injection with LNPs comprising 5% pSar lipid with increasing chain length (11−65 sarcosine units). Data are presented as the mean of total flux
(photons/second (p/s)) ± standard deviation for n = 3. (C) Representative bioluminescence and (D) graphical display of ex vivo luciferase
expression in the liver and spleen upon injection with pSar23 LNPs comprising increased molar fraction (2.5−10%). Data are presented as the mean
of total flux (p/s) ± standard deviation, n = 4. Statistical significance was calculated with one-way ANOVA with multiple comparisons (*p < 0.05;
**p < 0.01; ***p < 0.001)
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biodistribution of the protein expression (Figure 5C,D).
Formulations with 2.5% pSar23 resulted in an increased
expression in the spleen, likely caused by a larger particle
size (135 nm), whereas 10% pSar23 exhibited a specific
expression toward the liver as a result of a small particle size
(75 nm), reducing then off-target effects. Thus, the particles
can be engineered toward optimized targeting selectivity and
activity in the liver and, potentially, other organs (e.g., spleen).
Additionally, LNPs comprising 5% pSar23 resulted in the
highest expression in the liver (Figure 5D). While the
transfection efficiency of optimized formulations reached the
level of PEGylated LNPs (Supporting Figure 3), it appears
important to investigate differences in safety and biomarker
expression. The potential systemic toxicity of pSar LNPs was
addressed through the analysis of global toxicity markers such
as serum liver enzymes. Alanine aminotransferase (ALT),
aspartate transaminase (AST), and lactate dehydrogenase
(LDH) concentrations in the serum were determined 6 h
after a single administration of LNPs (n = 3/group).
Supporting Figures 4 and 5 show that only pSar11 and lower
molar fractions induced a significant release of liver enzymes
above the reference levels obtained for healthy mice, possibly
associated with low density of pSar lipid. As shown in
Supporting Figure 6, pSar23 LNPs and PEG-DMG induced
similar levels of complement C3a at theoretical plasma
concentrations in vitro. However, at higher doses (5X), pSar-
based LNPs resulted in substantially lower complement
activation when compared to PEG-DMG LNPs.
This data confirm that pSar lipids might allow the assembly

of potent lipid nanoparticles for intravenous mRNA delivery
with an improved safety profile. The particles can be
engineered toward optimized targeting selectivity and activity
in the liver and, potentially, other organs (e.g., spleen).
pSarcosinylated nanocarriers seem to be less immunogenic
than PEGylated systems of comparable composition. Hence,
pSar formulations are promising for RNA delivery in settings

where immunogenicity needs to be avoided or precisely
controlled by the mRNA itself.

Improved Liver Expression from pSar LNPs with
Novel Ionizable Lipid. Based on the above-described
optimized pSar LNP technology, other ionizable lipids were
used for the assembly of the pSar LNPs, with the aim to further
improve the overall therapeutic efficacy. The ionizable cationic
lipid, DPL14, recently reported for siRNA delivery, as well as
the FDA-approved Dlin-MC3-DMA, were used to formulate
pSar LNPs.2,49 The LNPs from the novel lipids have been
demonstrated to be stable and appropriate in all aspects for
intravenous application of the mRNA (Supporting Table 3).
The in vivo expression profile of the pSar-LNPs is shown in
Figure 6. For all ionizable lipids, the luciferase expression was
the highest in the liver and spleen (Figure 6A). Here, the
luciferase signals from pSar LNPs comprising either DPL14 or
Dlin-MC3-DMA were significantly higher than those with
DODMA (Figure 6B). LNPs with DPL14 mediated the
highest signal, with up to 100-fold increase in liver expression
when compared to DODMA, and up to 2- to 4-fold higher
compared to Dlin-MC3-DMA.
For the ionizable lipid with the highest signals, DPL14, the

activity of LNPs with pSar23 and PEG was directly compared.
Supporting Table 4 summarizes the physicochemical character-
istic of both systems. As previously observed for DODMA,
pSarcosinylated and PEGylated LNP containing DPL14
promoted comparable luciferase expression in vivo (Supporting
Figure 7). To further analyze the potency of pSar LNPs,
mRNA encoding a secreted protein erythropoietin (EPO) was
formulated and intravenously injected. Remarkably, in that
case, pSar23 LNPs showed higher and prolonged EPO
secretion compared to PEG-DMG LNPs (Figure 6C),
although, as shown above, the luciferase expression from
PEG-DMG and pSar23 LNPs was similar. The higher durability
of the EPO secretion for the pSar LNPs may be related to
differences in cellular uptake and processing of these two LNP
types, where the lower toxicity of the pSar systems compared

Figure 6. pSar LNP potency with different ionizable lipids. (A) Representative bioluminescence images at 6 h post-injection of pSar-LNPs
comprising the ionizable lipids DODMA, Dlin-MC3-DMA, and DPL14 with 2 μg of luciferase mRNA each. (B) Luciferase expression in the liver
and spleen. Data are presented as the mean of total flux (p/s) ± standard deviation, n = 4. (C) Expression profile of EPO plasma concentrations
after intravenous injection of 3 μg of EPO mRNA-loaded into DPL14-based LNP comprising 5% pSar23 or 1.5% PEG-DMG, mean ± standard
deviation, n = 5. Statistical significance was calculated with two-way ANOVA with multiple comparisons (*p < 0.05; **p < 0.01; ***p < 0.001)
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to PEG systems may be of significance. In contrast to EPO,
luciferase expression is resulting from enzymatic amplification
that may lead to a misinterpretation of the expression results.
Therefore, although the difference between pSar and PEG
systems was not very high and most notable only at the later
time points, pSar LNPs may have the potential to be even
superior to PEGylated LNPs.
Safety Profile of pSarcosinylated LNPs. Toxicity and

immunostimulation can be a limiting factor for clinical
translation of LNPs comprising novel components. Therefore,
we investigated the safety profile (e.g., AST, ALT, LDH, and
total bilirubin) of pSar23-DPL14 LNPs in comparison to their
PEGylated counterparts in mice models after intravenous
administration upon weekly multiple injections at high and low
therapeutic doses for 4 weeks (Figure 7A). An increase in the
release of liver enzymes for all LNPs compared to the vehicle
buffer, 48 h after last injection, can be observed. Notably, pSar-
based LNPs induced similar or lower enzyme levels when
compared with the PEG-LNP counterpart. The body weight
did not alter upon multiple injections (data not shown).
Furthermore, the risk of activating the innate immune system
was examined with an in vitro human cytokine release model.
Whole blood from three healthy human donors was incubated
with mRNA formulated LNPs, including the positive controls
lipopolysaccharides (LPS) and resiquimod (R-848). Plasma
was collected after 24 h and analyzed using a Cytokine 10-Plex
Human Panel.
Analytes included IL-8, IL-6, IL1-β, INF-γ, TNF-α, IL-2, IL-

10, IL-4, IL-5, and GM-CSF. A selection of four analytes (IL-
1β ,IL-6, IL-8, and IL-10) is shown in Figure 7B. The other
analyzed cytokines showed either overall low expression or
only minor changes upon treatment (data not shown). LNPs
formulated with pSar23 showed a reduced cytokine induction
when compared with those prepared with PEG-DMG.

Increasing the PEG fraction could also reduce cytokine
secretion; however, this is coupled with a decrease of LNP
potency.31 This very good safety profile of the pSar LNPs,
combining reduced hepatic and immune toxicity, together with
their high potency in combination with improved ionizable
lipids, make them a promising technology for clinical
development of RNA therapeutics combining reduced hepatic
and immune toxicity and improved activity. Further studies,
like investigation of the tolerability in other animal models like
rat or non-human primates, will be necessary in order to fully
elucidate the applicability of the pSar LNPs as RNA delivery
systems with improved safety profile.

■ CONCLUSIONS
The development of effective and safe lipid-based formulations
for the delivery of mRNA is still one of the biggest challenges
for nucleic acid therapy. Here, the polypeptoid pSar,
functionalized with a lipophilic anchor, was used to assemble
improved LNPs for mRNA delivery. pSar lipids enabled
accurate particle engineering through variation of chain length
and molar fraction. Depending on the particle characteristics,
potent spleen or liver signals were achieved. In combination
with novel ionizable lipids, protein secretion in the liver was
further improved, while toxicity was reduced when compared
to LNPs formulated with PEG-DMG. Furthermore, the
reduced cytokine secretion in an in vitro human whole blood
model indicated lower immunogenicity of pSarcosinylated
LNPs. These findings make pSar-based nanoparticle technol-
ogy promising for the development of next-generation potent
and safe RNA therapeutics for clinical translation.

■ METHODS
Materials. Cholesterol and distearoyl-sn-glycerol-3-phosphocho-

line (DSPC) were from Sigma-Aldrich (St. Louis, MO, USA). The

Figure 7. Comparison of the expression and safety profile of pSar and PEG LNPs comprising DPL14 as an ionizable lipid. (A) Liver enzyme release
profile upon multiple intravenous injections (total of four weekly injections) of 3 and 30 μg of mRNA-LNPs. Measurements were performed 48 h
after last injection, mean ± standard deviation for n = 5. (B) Human plasma cytokine profile in whole blood. Cytokines were analyzed using blood
from three donors. The shown analytes include IL-1β, IL-6, IL-8, and IL-10. The other cytokines (IL-4, IL-5, IL-2, GM-CSF, IFN-γ, and TNF-α)
showed either overall low expression or minor changes upon treatment (data not shown). Data shown as mean ± standard deviation.
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ionizable cationic lipid 1,2-dioleyloxy-3-dimethylaminopropane
(DODMA) was from Merck (Darmstadt, Germany), and the
PEGylated lipid 1,2-dimyristoyl-rac-glycero-3-methylpolyoxyethylene
(SUNBRIGHT GM-020(DMG-PEG)) was from NOF (Frankfurt,
Germany). The lipid (6Z,9Z,28Z,31Z)-heptatriaconta-6,9,28,31-tet-
raen-19-yl]4-(dimethylamino)butanoate (Dlin-MC3-DMA) was syn-
thesized by NucleoSyn (Olivet, France). The pSar lipids were either
synthesized by the Matthias Barz group (Johannes-Gutenberg
Universitaẗ Mainz) or from PTS (Valencia, Spain). DPL14 was either
synthesized by the Dan Peer Lab (University of Tel Aviv, Israel) or
purchased from NucleoSyn (Olivet, France). The EPO and luciferase
mRNA was synthesized using 1-methyl-pseudouridine instead of
uridine, as described elsewhere.50

Lipid Nanoparticle Formulation. Lipid nanoparticles were
prepared by mixing an aqueous phase (0.15 mg/mL mRNA diluted
in 0.1 M citrate buffer, pH 5.4) and an organic phase (a lipid mixture
of ionizable lipid:phospholipid:cholesterol:stealth component dis-
solved in ethanol at a molar fraction of 40:50 − X:10:X, respectively,
with a total concentration of 13.5 mM) at a 3:1 volume ratio and 12
mL/min, using a microfluidic instrument (Precision NanoSystems,
Vancouver, Canada). The mixture was dialyzed against 1x DPBS
(GIBCO) for 2.5 h in a Slide-A-Lyser 10K MWCO dialysis cassette
(Thermo Fisher Scientific, Waltham, MA, USA) and then
concentrated using Amicon 30K Ultra Centrifugal Filters (Merck,
Darmstadt, Germany). Time and conditions for dialysis have been
proven to be appropriate from internal LNP development experi-
ments. In these experiments, residual ethanol was regularly controlled
by osmolality measurements.
Lipid Nanoparticle Characterization. Particle size analysis was

determined by dynamic light scattering using a DynaPro Plate Reader
II (Wyatt, Dernbach, Germany). From the measurements, size (Z-
average), and polydispersity indices (PdI) were calculated from the
cumulant analysis using Dynamics 7.8.1.3 software. mRNA assess-
ment was performed by a modified Quant-iT Ribogreen Assay
(Invitrogen, Carlsbad, CA). LNP samples or buffer were diluted in 1x
TE buffer to a mRNA concentration between 2 and 5 ng/μL.
Accessible mRNA was measured by diluting the sample in 1x TE, and
the total RNA amount was quantified by diluting the sample in 2%
Triton X-100 (VWR International GmbH, Darmstadt, Germany).
Ribogreen reagent was added to each sample, and the fluorescent
signal was quantified in an Infinite F200PRO microplate reader
(Tecan, Man̈nedorf, Switzerland). RNA in solution was then assessed
by agarose gel electrophoresis using 1% agarose gel (PanReac
AppliChem, Darmstadt, Germany) containing 0.05% sodium
hypochlorite (Sigma-Aldrich Chemie GmbH, Darmstadt Germany),
1x TAE Buffer (Rotiphorese 50X TAE, Carl Roth, Karlsruhe,
Germany), and 10 μL of GelRed Nucleic Acid Gel Stain (Biotium,
Hayward, CA, USA). The LNP samples and naked mRNA were
loaded into the gel, which was run at 80 V for 40 min and visualized
using a Chemidoc XRS imaging system (Bio-Rad, Berkeley, CA,
USA).
Small-Angle X-ray Scattering (SAXS). SAXS measurements

were conducted at the EMBL P12 bioSAXS beamline at PETRA III,
DESY (German Electron Synchrotron, Hamburg, Germany). The
measurements were conducted at an X-ray energy of 10 keV and a flux
of 5 × 1012 ph/s; the beam size at the sample position was 0.2 × 0.3
mm2 (v × h, full width half-maximum, FWHM) utilizing the BioSAXS
Sample Changer.51 Low volumes (30 μL) of the sample were
transferred to a quartz capillary mounted in vacuum, and a PILATUS
6M detector was used to collect images. Images of the scattering
signal were processed by the SASFLOW pipeline:52 all images were
radially averaged, and the frames were compared for radiation damage
and excluded from analysis if subjected to radiation damage. Images
were averaged and imported into Origin 9.1. Blank references were
used to subtract the background scattering from the sample
measurements.
X-ray Data Analysis. X-ray scattering data give information on

the electron density profile inside the scattering units, here the RNA
lipid nanoparticles. The scattering intensity, I(q), as a function of the

momentum transfer, q, is directly correlated to the autocorrelation
function of the electron density distribution, ρ(r):

I q r d r( ) ( )eiqr 3
2

∫ ρ∼
(1)

The scattering vector q is given as q = 4π/λ sin(2Θ/2), with the X-
ray wavelength λ and the scattering angle 2Θ. The characteristic
length information scales with 1/q, i.e., scattering at a low q gives
information on large sizes, while the scattering at a high q comprises
information on smaller sizes. For the data observed here, with the
measured q range from about 0.03 to about 5 nm−1, scattering from
structures at length scales between several tens of nanometers down
to the angstrom range becomes relevant, where information on
ordered and non-ordered structures can be derived. In case repeating
stacks of defined structures (such as bilayers) are present, the
scattering intensity can be approximated as a function of the particle
form factor, F(q), and the structure factor G(q):

I q F q G q( ) ( ) ( )≈ × (2)

The structure factor represents repeating patters with defined
organization, such as outlined below. The form factor derives from the
electron density distribution of single or non-ordered scattering units,
which can be the whole particle, or as well the singe bilayer in a stack.
For example, for spherical compact particles, a scattering curve with
oscillations according to
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would be expected (where q is the momentum transfer and R is the
radius of the particle). This curve has a first minimum at q = 4.66/R.
This formalism can be used to get an estimate on the particle size,
neglecting parameters like polydispersity, anisotropy, and surface
roughness of packing compactness.

Some further information on the particle characteristics can be
obtained by analyzing the intensity decay using the power law

I q I q( ) (0) x≈ × − (4)

which provides insight into the packing compactness and fractal
dimensionality of the particles. For particles with smooth surfaces, the
intensity decays with the fourth power of q (Porod law), where the
decay becomes less steep if the roughness increases. For example, a
rough interface is expected to yield a value of 3 for the exponent,
while for Gaussian chains, a value of 2 is expected (also flat particles
or increased polydispersity can have this effect).53

Scattering from ordered structures results in peaks, from which
further information on the internal organization can be derived. Using
Bragg’s law, the repeat distance is obtained from the peak position
according to

d
n

q
2

n

π= ×

(5)

where qn is the maximum position of the nth order peak. Ordered
stacks of lipid based aggregates comprising nucleotides can be present
with different types of organization, depending on the manufacturing
protocol, temperature, type of lipid components, and other
parameters. Typical types of organization are lamellar stacks, resulting
in equidistant Bragg peaks (positions 1, 2, 3, ...), hexagonal structures
(positions 1,√3, 2,√7, 3), or cubic phases (1,√2,√3, 2,√5, ...).54

Since here, basically, only one and very broad peak (n = 1) was
present, a discrimination between these types of organization is not
meaningful because the number of repeat units in the stacks is too
low. Here, the width, w, of the peaks, was analyzed in order to get
information on the number or ordered units or, more generally
speaking, on the positional order of the stacks. Lipidic systems in an
aqueous environment are usually being described as liquid crystalline
phases, where the positional order decays as a function of the
distance. In a generally accepted model to describe liquid crystalline34
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arrays, the correlation length, ξ, defined as the distance, at which the
positional correlation decays to the value 1/e is given as

w
2ξ ≈

(6)

The area of the peaks was taken as a measure for the total amount
of material present in the respective state of organization. The high
peak widths and thus the low correlation lengths observed here
indicate that only a low single digit number of ordered units was
present in the stacks. Therefore, as a further a test for plausibility, the
scattering curves were compared with diffraction patterns from
organized units using basic formalisms in in an utmost reductionist
manner. One-dimensional ordered arrays consisting of scatterers of
homogeneous internal electron density distribution and fixed length, l,
forming stacks with spacing, d, where scattering for increasing
numbers, N (N = 2, 3, 4, ...), in the stacks was calculated. Following
eq 2, for the form factor, a slit function was used:
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and for the structure factor, a lattice with N repeat units is considered:
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Simulations and data analysis were performed with the OriginLab
Corporation (Northampton, MA, USA) software package. The
implemented non-linear fitting protocol was used for the fitting of
Lorentzian peak profiles using the formalism
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2 2π
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× − + (9)

to obtain peak position, qc, peak width, w, and peak area, A, from the
experimental data as shown in the text. A linear baseline was
subtracted from the data manually prior to fitting. In certain cases,
double Lorentzian fitting was tried to model the data. Due to the large
width of the main peaks, there was an indication that these should be
better represented by the superposition of two separate peaks such as
resulting from organized stacks of pure lipids and lipid complexed
RNA with different spacings. With that, lower values of χ2 were
obtained; however, no substantial additional information was
obtained, and therefore, for most cases, only single Lorentzian was
used. Only in the case of the systems with high fractions of pSar11,
where the presence of two peaks was obvious, that both peaks were
fitted.
Cell Culture. HepG2 cells were grown in EMEM (Eagle’s

minimum essential smedium, ATCC) supplemented with 10% non-
inactivated FCS (fetal calf serum, Biochrom, Berlin, Germany) at 37
°C and 5% CO2 environment and subcultured using StemPro
Accutase (Thermo Fisher Scientific, Waltham, MA, USA). HepG2
cells were seeded at 20,000 cells/well in a Nunc white flat-bottom 96-
well plate (Merck KGaA, Darmstadt, Germany) and allowed to grow
for 24 h prior to transfection. Formulations were added at mRNA
concentration at a final dose of 25 ng mRNA per well with a total
volume of 100 μL. After 24 h, luciferase expression (Bright-Glo
Luciferase assay, Promega, Madison, WI, USA) and cell viability (Cell
Titer-Glo assay, Promega, Madison, WI, USA) were performed
according to the manufacturer’s guidelines.
Animal Experiments. Healthy female Balb/C mice were

obtained from Charles River. All mice were kept following the federal
and state policies on animal research at BioNTech SE. For
biodistribution studies, lipid nanoparticles were intravenously
administered through retro-orbital sinus injection at an mRNA dose
of 10 or 2 μg. After 6 h, mice were administered intraperitoneally with
D-luciferin solution (Becton Dickinson GmbH Biosciences, Heidel-
berg, Germany) at 100 mg/kg body weight. Bioluminescence was

performed on mice or isolated organs using an Xenogen IVIS
Spectrum (Caliper Life Sciences, Hopkinton, MA, USA) within 10−
25 min of luciferin administration. Images were quantified by region
of interest for total flux using Living Image Software (Perkin Elmer).
For EPO experiments, mice received a single intravenous injection of
mRNA-loaded LNPs at RNA concentrations of 30 and 3 μg. After 3,
6, 24, and 48 h, a minimal blood volume (18 μL) was withdrawn and
the plasma was obtained by centrifuging the whole blood at the
13,000g for 3 min. EPO levels were determined using a Mouse
Erythropoietin/EPO DuoSet ELISA kit (R&D Systems, Abingdon,
UK) following the manufacturer’s suggestions. For toxicological
studies, the mice received multiple injections, weekly, at an mRNA
dose of 30 and 3 μg. At 48 h after the last injection, blood was drawn,
and the serum was obtained by centrifuging the whole blood for 3 min
at 10,000g. EPO levels were determined using a Mouse
Erythropoietin/EPO DuoSet ELISA kit (R&D Systems, Abingdon,
UK) following the manufacturer’s suggestions. Liver enzyme levels of
alanine aminotransferase (ALT), aspartate aminotransferase (AST),
lactate dehydrogenase (LDH), and total bilirubin levels were
determined using Indiko (Thermo Fisher Scientific, Waltham,
Massachusetts, United States).

Cytokines Release. Human whole blood from three healthy
donors was collected with a Li-heparin vacutainer tube (BD
Vacutainer Li-heparin, Becton Dickinson GmbH, Heidelberg,
Germany). Whole blood was diluted 4X with RPMI culture medium
(RPMI 1640−GlutaMAX−I, Thermo Fisher Scientific, Waltham,
Massachusetts, United States) containing 10% FBS (heat-inactivated)
and plated in a flat-bottom 96-well plate at 180 μL/well. Then, 20 μL
of controls and 20 μL of LNPs at a theoretical plasma concentration
of 0.0125 mg/mL (corresponding to 1 mg/kg) were added to the
whole blood and incubated at 37 °C, 5% CO2 for 24 h. Positive
controls such as resiquimod (R-848) (Merck KGaA, Darmstadt,
Germany) and LPS (lipopolysaccharide) (Invivogen, San Diego, CA,
USA) were added at assay concentrations of 10 mM and 20 ng/mL,
respectively. Plasma was then collected and stored at −80 °C until
analysis. Cytokine levels were measured using a Bio-Pex 200 Luminex
(Bio-rad Laboratories, Hercules, CA, USA) with Cytokine Human
Ultrasensitive Magnetic 10-Plex Pane (Thermo Fisher Scientific,
Waltham, Massachusetts, United States); analytics included the
following: GM-CSF, IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-
10, and TNF-α.

Complement Activation. In vitro C3a levels were determined
using the Human C3a EIA kit (Quidel, San Diego, USA). Briefly,
samples and positive (Cremophor El, Merck, Darmstadt, Germany)
and negative (1x DPBS and EDTA (18 mM)) controls were
incubated with Normal Human Serum Complement (NHS, Quidel,
San Diego, USA) at a ratio of 20:80 (Specimen: NHS) for 1 h at 37
°C. LNPs were incubated with human serum at a final mRNA
concentration of 0.0125 mg/mL, the theoretical concentration
(corresponding to a dose of 1 mg/kg), and 0.0625 mg/mL, five
times the theoretical human plasma concentration. C3a EIA kit
(Quidel, San Diego, USA) was executed according to the
manufacturer’s protocol.

Data Analysis. All statistical analysis was conducted using
GraphPad Prism 8 software. Error bars represent one standard
deviation (sample sizes provided in each figure). To compare two
groups, a one-way ANOVA test was performed, assuming Gaussian
distribution. Groups of three or more were compared by one-way
ANOVA. Statistical significance is indicated by *p < 0.05, **p < 0.01,
and ****p < 0.0001.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.0c01834.

(Supporting Figure 1) General overview of SAXS data
from all systems, (Supporting Figure 2) simulation and
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ACS Applied Nano Materials www.acsanm.org Article

https://dx.doi.org/10.1021/acsanm.0c01834
ACS Appl. Nano Mater. 2020, 3, 10634−10645

10642

https://pubs.acs.org/doi/10.1021/acsanm.0c01834?goto=supporting-info
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c01834?ref=pdf


luciferase expression upon IV injection of PEG LNPs,
(Supporting Figure 4) effect of pSar chain length on the
liver enzyme release profile, (Supporting Figure 5) effect
of pSar molar faction on the liver enzyme release profile,
(Supporting Figure 6) concentrations of C3a post-
incubation of pSar23 and PEG LNPs with human serum,
(Supporting Figure 7) luciferase expression of pSar23
and PEG formulations containing DPL14 as the
ionizable lipid, (Supporting Table 1) quantitative
analysis of the peak as a function of pSar and PEG-
DMG molar fraction, (Supporting Table 2) quantitative
analysis of the peak as a function of pSar and PEG-DMG
molar fraction, (Supporting Table 3) physicochemical
characterization of pSar23-LNPs comprising DODMA,
Dlin-MC3-DMA, and DPL14 ionizable cationic lipids,
and (Supporting Table 4) physicochemical character-
ization of pSar23 and PEG-DMG LNP containing
DPL14 ionizable cationic lipids (PDF)
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FDA, Food and Drug Administration
LDH, lactate dehydrogenase
LNPs, lipid nanoparticles
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mRNA, messenger RNA
N/P, nitrogen to phosphate
PdI, polydispersity index
PEG, polyethylene glycol
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(43) RÄdler, J. O.; Koltover, I.; Salditt, T.; Safinya, C. R. Structure of
DNA-Cationic Liposome Complexes: DNA Intercalation in Multi-
lamellar Membranes in Distinct Interhelical Packing Regimes. Science
1997, 275, 810−814.
(44) Balbino, T. A.; Gasperini, A. A. M.; Oliveira, C. L. P.; Azzoni, A.
R.; Cavalcanti, L. P.; de La Torre, L. G. Correlation of the
Physicochemical and Structural Properties of PDNA/Cationic
Liposome Complexes with Their in Vitro Transfection. Langmuir
2012, 28, 11535−11545.
(45) Majzoub, R. N.; Ewert, K. K.; Safinya, C. R. Cationic
Liposome−Nucleic Acid Nanoparticle Assemblies with Applications
in Gene Delivery and Gene Silencing. Philos. Trans. R. Soc., A 2016,
374, 20150129.
(46) Ziller, A.; Nogueira, S. S.; Hühn, E.; Funari, S. S.; Brezesinski,
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